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Abstract: Treatment of 5-bromopenta-1,3-diene with indium metal
in the presence of o,B-unsaturated ketones resultsin initial y-penta
dienylation to generate the hydroxy-1,4-diene. In the case of aro-
matic conjugated ketones or cyclohexenones the indium alkoxide
undergoes spontaneous oxy-Cope rearrangement to afford the 1,4-
addition product. The second double bond is required for this [3,3]
sigmatropic rearrangement as allyl groups fail to under go this in
situ rearrangement. This behavior is consistent with an indium(l)
pentadiene species and appearsto be thefirst example of anindium-
mediated oxy-Cope rearrangement.

Key words: indium, oxy-Cope, [3,3] sigmatropic rearrangement,
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Previously we have established that treatment of 5-bro-
mopenta-1,3-diene (1) with indium metal, in DMF,
DM SO, or water, in the presence of carbonyl compounds
2 or 6 resulted in y-pentadienylation to generate the 1,4-
diene alcohol 3 or 7 exclusively (Scheme 1).! This behav-
iour isin contrast to many other cases of organometallic
pentadienyl anionsin which the reactions are not regiose-
lective, and the del ocalized anion may react at either the a
or y position depending upon the metal counter ion select-
ed. In addition, magnesium metallopentadienyl systems
aso afford dimerization products.? Elimination of water
from the dienols 3 afforded trienes of type 4 which we
have employed to prepare multicyclic systems represent-
ed by 5 via atandem diene transmissive strategy.’*® Re-
cently Schreiber and co-workers have extended our in situ
domino tetra-cycloaddition protocol to diversity oriented
syntheses for the preparation of more than 29,000 multi-
cyclic compounds.*

Conjugate addition to unsaturated aldehydesis often trou-
blesome, but this pentadienylindium anion reacted only at
the carbony! group of 6. Subsequent anionic oxy-Copere-
arrangement (reagent: KH) provided direct access to the
conjugate addition product 8 for further manipulation to
hydrindanes after installation of a chiral dienophile.®

In order to extend the utility of thisreagent we haveinves-
tigated aseries of unsaturated ketones as partially summa-
rized in Scheme?2 and tabulated in Tables1 and 2.
Unexpectedly, the reactivity pattern was not uniform and
initially rather perplexing asit appeared that in some cases
the 1,2-addition compound dominated while other sub-
strates appeared to generate the 1,4-addition product from
the direct conjugate addition of the a-pentadienyl anion.

Mesityl oxide (12) reacted sluggishly to afford the 1,2-ad-
dition product 13in (30% yield, 72 h). In contrast the phe-
nyl substituted unsaturated methylketone 14 gave only the
conjugated system 15 in 55% yield (Table 1, entry 2). *H
NMR analysis revealed the geometry of the double bond
to be exclusively cis (J =10.9 Hz), a result that differed
from the exclusively trans orientation we observed previ-
ously with the unsaturated aldehydes after potassium
anionic oxy-Cope rearrangement.® The trans stereochem-
istry has al'so been reported for the rearrangement of zinc
alkoxides related to 7.5 Unexpectedly, the related diphe-
nyl ketone 16 was less selective. However, the cisisomer
was still the dominant product as determined from the
1.7:1 ratio of the cisltransisomers 17.

The mixed stereochemistry observed in Table 1, entry 3
suggested there was either a competition between the di-
rect carbonyl and conjugate addition pathways or else a
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Schemel Summary of previous y-pentadienylindium reactions with carbonyl compounds
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Scheme 2 Possible In(l)-mediated oxy-Cope sequence to conjugate addition product

Table1l Addition of y-Pendadienylindium to Unsaturated K etones

Entry  Conjugated Ketone  Product Yield (%)
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more subtle 1,2-carbonyl addition was followed by avery
rapid indium-mediated oxy-Cope rearrangement under
these mild conditions (Scheme 2, Path 1, Scheme 3). If
Path 1 was preferred then the stereochemical divergence
was likely a consequence of competing transition states.
The chair transition state is usually favored for Cope rear-
rangementsin which the non-bonded interactions are min-
imized.” The fact that the cis-olefin dominates implies the
chair conformation with an axial vinyl group is preferred
(Scheme 3). We have established below that allylindium
species do not rearrange spontaneously and thus a second
alkenyl group isrequired for thisin situ [3,3] sigmatropic
reaction. Consequently, there may also be afavorable di-
pole and orbital interaction with the oxygen anion and the
adjacent axial olefin substituent that overrides the normal
preference for an equatorial vinyl group en route to the
trans product. Additional support for this contention is
provided by the established influence of vinyl substituents
on the rate of rearrangement. Theoretical studies assumed
that only the trans product was formed and concluded that
a 3-vinyl substituent decreased the activation enthalpy by
ca. 5 kcal/mol. Conjugated phenyl groups also lowered
the enthalpy of activation for chair transition states |ead-
ing to increased alyl radical-like featuresin the transition
region that have been termed ‘ chameleonic’ based on cal-
culations with phenyl substituents.®

However, differentially substituted unsaturated aromatic
ketones with 1,3-diene anions have not received system-
atic scrutiny and to draw unambiguous conclusions fur-
ther examples were investigated. The pentadienyl reagent
displayed homogenous reactivity when it was heated at

Path1 (1) y-1,2-addition
(2) in situ oxy-Cope

/\/\/Br + In

) DMF, 22 °C

eh

Path 2 Direct a-1,4-addition

\/’—/ ®

S / —— trans
Ph T~ T Me
/\rMe Ph

o@ln®

B

> Cis

O®|n® O@In®

Scheme 3 Possible competetive pathways and oxy-Cope transition states
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Scheme 4 y-Penatdienyl additon to cyclohexeneone (18)

60-80 °C for two hours before quenching with cinnamal-
dehyde and only the expected alcohol from y-addition was
produced. In addition, a sample of the unsaturated a cohol
3 (Scheme 1) was heated at 80 °C in the absence of base
and no rearrangement was observed.

In an attempt to clarify these results, areaction with cyclo-
hexenone (18, Table 1, entry 4) was examined at different
time intervals in order to determine the product reactivity
profile. In addition to the new major product 23 after 24
hours, lesser quantities of the expected product 19 and 24
were also observed (Scheme 4). The most abundant new
product 23 contained a substitution pattern in which the
pentadiene moiety was attached to the alkene while the
minor product 24 was consistent with ‘ Grignard type’ ad-
dition to the carbonyl. This result could have involved
competitive 1,2- and 1,4-additions, although the forma-
tion of the cis-diene implicated the intervention of the sig-
matropic rearrangement from the minor isomer. Two days
later the ratio had changed and 19 was the major product
asobserved previously, although some of the carbony! ad-
duct 24 still remained. These results clearly imply that
these reactions proceed by aninitial carbonyl addition fol-
lowed by an indium-mediated oxy-Cope rearrangement as
illustrated in Scheme?2 and summarized in Path 1 of
Scheme 3.

In principle, the conjugate addition to 4,4-dimethylcyclo-
hexenone (20) should be impeded relative to reaction at
the carbonyl center. Therefore, the isolation of 21 was
also consistent with the initial formation of the 1,2-prod-
uct followed by room temperature (22 °C) [3,3] sigmatro-
pic rearrangement (Table 1, entry 5). In aparallel manner
to cyclohexenone (18), the newly generated ketone was
then attacked by a second molecule of the reagent. It was
anticipated that the bulky tert-butyl vinyl ketone (21)
would inhibit the carbonyl addition in favor of conjugate
addition, but experimentally it was completely inert pro-
viding circumstantial evidence that carbony! addition was
preferred when feasible and conjugate addition were dis-
favored (Table 1, entry 6).

The fact that 14 gave a single isomer but 16 gave an iso-
meric mixture suggested a difference in the transition
states (above) or possibly an electronic influence at the
carbony! center as a consequence of phenyl substitution,
which may influence the preferred transition state. In or-
der to access whether different electronic and steric pa-
rameters were important modulators of the product
distribution for phenyl ketones a second serieswith differ-
ent functional groupsin the aryl ring was selected plus an
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example in which the competition between a phenyl vinyl
ketone versus avinyl ketone could be compared.

Four representative phenyl vinyl ketones 25-28 were pre-
pared by Grignard addition to cinnamyl aldehyde fol-
lowed by benzylic oxidation with manganese dioxide. The
ketones were examined under controlled conditions
(DMF, 22 °C, 4 h)'° to establish the initial product mix-
ture rather than to seek high yields. In this manner, the
yield variation could be attributed to the nature of reac-
tants and not the reaction conditions. It appeared, as men-
tioned above, that a second double bond might be a
prerequisite for facile[3,3] rearrangement and to establish
if this was the case, the allylindium reagent was al so add-
ed to these ketones under identical conditionsfor compar-
ison (Table 2).

Selective carbonyl addition to 25 and 26 produced the al-
lyl products 30 and 32 (Table 2, entries 1 and 2). In con-
trast, the steric bulk of the mesitylene system 27 appeared
to inhibit 1,2-addition and reluctantly afforded a small
amount of the conjugate addition product 34 (Table 2, en-
try 3). Further evidence for the preference of the alyl
group towards 1,2-addition was provided from the results
with 28, which afforded 37 in yield 54%. Again there was
no rearrangement product in spite of the presence of the
unsubstituted double bond. These results confirmed that
the indium-mediated oxy-Cope rearrangement required a
second double bond and were only observed with the pen-
tadienyl reagent. The electron-withdrawing influence of
thetrifluoromethyl groupin 25 favored thetrans[3,3] sig-
matropic rearrangement product 29 whilefor 26 amixture
of the cisand trans products 31a/31b (1:1) were generated
(Table 2, entry 2). Thisimplied that these products arose
from different transition states. In the case of the sterically
hindered mesitylenyl ketone 27 the carbony! addition was
clearly inhibited but the cis rearrangement product 33 was
formedinlow yield (Table 2, entry 3). The pentadienyl re-
agent is more sterically demanding than the allyl system
and the product distribution from compound 28 should
provide a definitive conclusion of the importance of the
competitive pathways. The cis-olefin product mixture
consisting of 35 and 36 indicated the conjugate addition
was not operative. Instead, the dominant 1,2-addition
route was followed by the preferred, spontaneous rear-
rangement to the unsubstituted olefin to give 36 followed
by sequential formation of 35. In contrast, as mentioned
above, thereaction with the allyl reagent terminated at the
carbony! addition stage to generate 37 and failed to under-
go further rearrangement (Table 2, entry 4).
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Table2 Addition of y-Pentadienyl- and Allylindium to Conjugated Aromatic K etones'°
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Chan and Y ang'! have established that the reaction of alyl
bromide with indium metal in either DMF or water gener-
ated an alylindium(l) species [CH,=CHCH_—In(1)] that
could be detected by itstransient *H NMR signal. This ob-
servation, coupled with the results above, is consistent
with asimilar conclusion for the structure of the indium(l)
pentadienyl anion { CH,=CHCH[In(1)]-CH=CH,} gener-
ated from the reaction of indium metal with the 5-bro-
mopenta-1,3-diene. The monovalent species is aso
favored by the relatively low first ionization potential of
indium metal compared to the second and third ionization
values. The conjugate addition products are thus a conse-
guence of an indium(l)-mediated oxy-Cope reaction pre-
ceded by the generation of the alkoxide from the initial
carbonyl addition of the In(l) y-pentadienyl anion.

In conclusion, we have established that the addition of y-
pentadienylindium(l) to unsaturated ketones afforded the
conjugate addition product preferentially, via a tandem
carbonyl addition In(l) oxy-Cope rearrangement pathway.
This discovery augments the catalogue of subtle effects
that influence these [3,3] sigmatropic rearrangements
such as the enone-accelerated carbocyclic Cope reaction

we observed recently.!? and the fact that allylic ethers re-
tard oxy-Cope rearrangements.*3

Addition of y-Pentadienyl- and Allylindium to Conjugated Ar-
omatic K etones; 3-Phenyl-1-(4-trifluor omethylphenyl)octa-5,7-
dien-1-one (29); Typical Procedure (Table 2)*°
5-Bromopenta-1,3-diene (0.21 g, 1.44 mmol, 3.98 equiv) was added
to a solution of 3-phenyl-1-(4-trifluoromethylphenyl)propenone
(25; 0.10 g, 0.36 mmol, 1.0 equiv) in DMFH,0, (2:1, 1 mL). The
suspension was cooled to 0 °C and HCI (10 pL) was added followed
by the addition of indium metal powder (0.083 g, 0.72 mmol, 2.0
equiv) in portions. The reaction mixture was warmed to 60 °C and
stirred for 4 h. After cooling to 22 °C, the mixture was diluted with
CH,CI, (5 mL) and poured into Et,O (25 mL). The suspension was
filtered through a silica gel pad, washed thoroughly with Et,O
(2% 10 mL) and purified by flash column chromatography [petro-
leum ether (bp 4060 °C)-Et,0, 98:2] to afford 29 as a colorless oil
(66%).

IR (neat): 3086-2839, 1693 cm™.

H NMR (CDCI4/TMS, 500 MHz): § = 7.96 (d, J=8.1 Hz, 2 H),
7.67 (d, J=8.2 Hz, 2 H), 7.24 (m, 5 H), 6.24 (ddd, J = 16.9, 10.3,

10.3 Hz, 1 H) 6.05 (dd, J = 15.2, 10.5 Hz, 1 H), 5.58 (ddd, J = 15.0,
7.5,7.5Hz, 1H),5.07 (dd, J = 16.9, 1.3 Hz, 1 H), 5.02 (dd, J = 10.2,
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1.3 Hz, 1 H), 3.52-3.46 (m, 1 H), 3.31 (d, J = 7.0 Hz, 2 H), 2.51 (t,
J=7.3Hz 2 H).

1¥C NMR (CDCIy/TMS): § = 197.94, 143.92, 136.78, 133.27,
129.37, 128,53, 127.45, 127.43, 126.56, 125.59, 125.56, 125.53,
125.50, 44.73, 41.11, 39.44, 34.25.

ESI *NH,: m/z=362[344 + 18].

1-Phenyl-3-(4-trifluor omethylphenyl)hexa-1,5-dien-3-ol (30)
Allyl bromide (0.28 mL, 2.88 mmol, 3.98 equiv) was added to a so-
Iution of 3-phenyl-1-(4-trifluoromethylpheny!)propenone (25; 0.20
0, 0.725 mmol, 1.0 equiv) in DMFH,0, (2:1, 2 mL). The suspen-
sion was cooled to 0 °C and indium metal powder (0.17 g, 1.45
mmol, 2.0 equiv) was added in portions. The reaction mixture was
warmed to 60 °C and stirred for 4 h. After coolingto 22 °C, the mix-
ture was diluted with CH,CI, (10 mL) and poured into Et,O (50
mL). The suspension was filtered through a silica gel pad, washed
thoroughly with Et,O (2x 20 mL) and purified by flash column
chromatography [petroleum ether (bp 40-60 °C)—Et,0, 95:5] to af-
ford 30 asacolorless oil (96%).

IR (neat): 3553, 3463, 3081-2855 cm™.

IH NMR (CDCl4/TMS, 500 MHz): § = 7.65-7.60 (m, 4 H), 7.37 (d,
J=75Hz 2H),7.31(t, J=7.5Hz, 2H), 7.24 (t, J = 7.3 Hz, 1 H),
6.66 (d, J=16.0 Hz, 1 H), 6.50 (d, J = 16.0 Hz, 1 H), 5.70 (dddd,
J=17.2,10.2,7.2,7.2Hz,1H),5.25(d, J= 10.3 Hz, 1 H), 5.20 (d,
J=17.9Hz, 1H),2.80(d, J=7.3Hz, 2 H), 2.39 (s, 1 H).

13C NMR (CDCI4/TMS): § = 149.32, 136.36, 134.29, 132.38,
129.16, 128.58, 127.83, 126.56, 125.87, 125.26, 125.23, 125.20,
120.74, 75.50, 47.07.

HRMS (El): m/z calcd for C,gH,;F;O (M*), 318.1231; found
[M*—H,0], 300.1130.

Acknowledgments

We are grateful to the National Sciences and Engineering Research
Council of Canada for financia support of this research. N. P. Vil-

Synthesis 2003, No. 5, 790-794

lava-Servin thanks CONACYT (Consegjo Nacional de Ciencia y
Tecnologia) for a Graduate Scholarship.

Reference

(1) (a8 Woo, S;; Squires, N.; Fallis, A. G. Org. Lett. 1999, 1,
573. (b) Hirashita, T.; Inoue, S.; Yamamura, H.; Kawai, M .;
Araki, S. J. Organomet. Chem. 1997, 549, 305.

(2) Negishi, E.-I. Organometallicsin Organic Synthesis, Vol. 1;
Wiley: New York, 1980, 30-59.

(3) Woo, S; Legoupy, S; Parra, S,; Fallis, A. G. Org. Lett.
1999, 1, 1013.

(4) Kwon, O.; Park, S. B.; Schreiber, S. L. J. Am. Chem. Soc.
2002, 124, 13402.

(5) Melekhov, A.; Fallis, A. G. Tetrahedron Lett. 1999, 40,
7867.

(6) (a) Gerard, F.; Miginiac, P. Bull. Soc. Chim. Fr. 1974, 1924.
(b) Wilson, S. R.; Mao, D. T.; Jernberg, K. M.; Ezmirly, S.
T. Tetrahedron Lett. 1977, 2559.

(7) Evans, D. A.; Nelson, J. V. J. Am. Chem. Soc. 1980, 102,
774.

(8) Hrovat, D.A.; Beno, B.R.;Lange, H.; Yoo, H.-Y.; Houk, K.
N.; Borden, W. T. J. Am. Chem. Soc. 1999, 121, 10529.

(9) Doering, W. E. von; Wang, Y. J. Am. Chem. Soc. 1999, 121,
10112.

(10) General Procedure: 5-Bromopenta-1,3-diene (7.21 mmol)
and theketone (1.81 mmol) weredissolvedinDMF (1.3 mL)
at 0 °C. Indium(powder) was added and the reaction was
stirred at 21 °Cfor 4 h. Thereaction was diluted with CH,Cl,
(5mL) and Et,O (15 mL) and filtered through a silica pad
and purified by flash chromatography.

(11) Chan, T.H.; Yang, Y. J. Am. Chem. Soc. 1999, 121, 3228.

(12) Forgione, P.; Wilson, P.D.; Yap, G. P. A.; Fdlis, A. G.
Synthesis 2000, 921.

(13) Heeffner, F.; Houk, K. N.; Reddy, R.; Paquette, L. A. J. Am.
Chem. Soc. 1999, 121, 11880.

ISSN 0039-7881 © Thieme Stuttgart - New York



