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Enantioselective Cobalt-Catalyzed [47 + 2x + 27] Cycloadditions
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Summary: Cobalt-catalyzed [47 + 27+ 27] cycloaddition
reactions are reported. Various 2-substituted butadienes
have been shown to undergo cycloaddition with enanti-
oselectivities of up to 79% ee.

Metal-catalyzed cycloaddition processes are of current
interest due to the mild reaction conditions and unique
reactivity and selectivity which can be imparted by the
metal. Four-, six-, and eight-electron processes have been
studied with encouraging results.25 We have focused on
determining the scope and limitations of the metal-
catalyzed [27 + 27 + 27] homo Diels-Alder (HDA)
reaction as a method for the synthesis of strained polycyclic
compounds.®1® A cobalt complex in the presence of
catalytic quantities of a chiral phosphine leads to sub-
stituted deltacyclenes with high enantioselectivity where
six stereocenters were created in a single operation, eq 1.
Enantiomeric excesses up to 91% were obtained.610
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As part of a synthetic program aimed at the synthesis
of terpenoids such as longicyclene and the pseudo-
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guianolides,!’-20 we investigated a related [4x + 27 + 27]
cycloaddition process between a 1,3-diene and norbor-
nadiene (NBD).? In contrast to the excellent methods
which exist for achieving good asymmetric induction in
[2x + 2#] and [47 + 2x] cycloadditions, reports of
successful enantioselective higher order cycloadditions are
sparse.lbi2 We now describe an enantioselective higher
order cycloaddition reaction with enantiomeric excesses
>70%. The diene-norbornadiene coupling reaction gen-
erates a seven-membered ring and a cyclopropane in one
operation, eq 2.

Our initial studies focused on the cycloaddition between
norbornadiene and isoprene (eq. 2, R = Me), Table .18
Typical reaction conditions consisted of the use of 2mol %
of the cobalt salt, 2 mol% of the chiral phosphine, and 4
equiv of Et,AICI (based on Co).6 An excess of diene (1.5~3
equiv) vs norbornadiene was necessary to minimize the
competitive homodimerization of norbornadiene!é and the
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loss due to polymerization of the diene. Enantioselectivity
was measured for a series of phosphines. In contrast to
our results in the HDA study where (8S,S)-chiraphos gave
the highest ee’s, (R)-prophos was found to be superior in
the eight-electron cycloaddition. The other phosphines
led to reduced yields of the desired cycloadduct and an
increase in the presence of the norbornadiene dimer and
a cycloadduct from [47r + 2#] cycloaddition of the
unsubstituted olefin with norbornadiene, Table I.2!

Co(acac); or Co(acac)s in the presence of the reducing
agent were both effective as precatalysts and gave similar
levels of asymmetric induction but catalysts formed from
the in situ reduction of Co*2 gave higher yields and so this
system was used for the remainder of the studies. The
[4n + 27 + 27] reaction was substantially slower than the
acetylene-NBD cycloadditions® and required >24 h for
allsubstrates. Benzene or benzene/toluene mixtures were
the only solvents studied which led to cycloadduct. We
had previously noted that addition of THF minimized the
NBD-dimerization by deactivating the catalyst; however,
the complexing ability to THF to the metal catalysts totally
inhibited the [47 + 2x + 27] cycloaddition.

In order to study the generality of the reaction, other
dienes were prepared and subjected to the standard
conditions, Table II.15 In contrast to the reaction of NBD
and acetylenes where significant effects were noted as R
was varied, very little change in the ee was observed for
the 2-substituted dienes. However, the yields were gen-
erally in the 40-65% range probably due to the competing
polymerization of the dienes under the reaction conditions.
Remote oxygens in the form of silyl ethers or esters had
little or no effect on the ee nor did an allylic silicon (T'able
II, entries 4-6).

The ee of the cycloadducts was determined using the
same strategy as previously described for the HDA
reaction. Hydroboration—oxidation (BHs, NaOH, H;05)
gave a single regio- and stereoisomeric alcohol which was
esterified with the Mosher acid chloride. The diastere-
omeric ratio was measured by 'H and/or 1°F NMR. This
approach was not suitable for 2¢ since selective hydrob-
oration of the endocyclic olefin was not possible in the
presence of the remote olefin. Instead the ee was
determined by conversion of 2d into 2¢ and comparison
of the optical rotations. This process involved cleavage
of the acetate protecting group, Swern oxidation of
the alcohol to the aldehyde, and Wittig olefination
(Me;C=PPh;, THF, rt).

The absolute stereochemistry of the cycloadducts can
be assigned by using Mosher’s model.}4 (R)-prophos gives
the cycloadducts with the absolute stereochemistry as
depicted ineq 2. Thesame sense of asymmetricinduction

(21) Structure of (i) NBD dimers. (ii) [4r + 2x) cycloadducts.
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Table I. Asymmetric [4x + 2x + 2x] Cycloaddition
between NBD and Isoprene with Different Chiral

Phosphine Ligands
ligand catalyst yield, % [alp,deg ee, %

(R)-PROPHOS Co(acac)z 66 -20.6 72

Co(acac)g 57 -21.5 74
(S,S)-CHIRAPHOS Co(acac)e 25 +11.5 40
(S,8)-Me-BPE Co(acac)s 40 +10.1 35
(R,R)-iPr-BPE Co(acac)z 12 +11.5 40
(S,S)-Me-DuPHOS  Co(acac); 18 -2.4 9

Table II. Asymmetric [4x + 2x + 2x] Cycloaddition
between NBD and Various 2-Substituted Buta-1,3-dienes

[4+2+2] yield? [alp}

diene cycloadduct % deg ee, %
66 -20.8 72
\—(Me
1a 2AM°
40 -5.1 74
Me Me
1b 2%
49 -10.5 79
\YSUR
1e 2c¢
40 -5.4 73
\—(/\,OTBS oTBS
1d 2d
52 -6.3 73
\‘(/\,OAC OA¢
1e 2e
49 -13.5 71
L sime,
1t 2~ M

¢ In case of 2a, 3¢, and 2f, 5-10% of NBD dimer was inseparable
from the [4 + 2 + 2] cycloadducts. The yields indicated above were
corrected from the unseparated NBD dimers. ¢ The [«]ps of 2a, 2¢c,
and 2f were also corrected from the unseparated NBD dimer by
correcting the concentration.

was observed in the [27 + 27 + 27] homo Diels—Alder
reaction.® The assignment was supported by X-ray
crystallography.2

In summary, we have found the first catalysts for
promoting a catalytic asymmetric [47 + 27 + 2]
cycloaddition. Application of this reaction in the synthesis
of natural and unnatural products is underway.
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