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Reaction between mesityl oxide and the ate complex formed by mixing endo-2-norbornyl(tri-n-butylphos-
phine)copper(I) (endo-2) and tert-butyllithium yields the conjugate adduct, +-methyl-i-(endo-2-norbornyi )pentan-
2-one (3), with high stereoselectivity; no detectable 4-methyl-{-(exo-2-norbornyl)pentan-2-one (4) is formed.
This stereochemical outcome excludes a free norbornyl radical as an intermediate in this particular conjugate
addition reaction. Similar stereochemical results are obtained using either the analogous trimethyl phosphite
complex or the ate complex formed by mixing endo-2 with methyllithium: the same mechanistic conclusion can be
drawn concerning these reactions. The copper-catalyzed conjugate addition of endo-2-norbornylmagnesium
bromide (endo-1) to mesityl oxide yields an 81: 19 ratio of endo and exo conjugate adducts; the conjugate addition
of 2 itself occurs with extensive loss of stereochemistry. Mechanistic interpretation of these latter reactions is
complicated both by the formation of conjugate adduct in relatively low yields, and by the two possibilities that
epimerization of the copper reagents competes with their conjugate additions and that the endo and exo organo-
metallic reagents differ in their reactivity in these additions. A comparison of the combined yields of 3 and 4
obtained on reaction of mesityl oxide with 1 in a copper-catalvzed reaction, with 2, and with a number of ate
complexes containing 2 and primary, secondary, tertiary, and aromatic lithium reagents indicates that the mixed

ate complex of 2 and lert-butyllithium is uniquely active in the transfer of the 2-norbornyl group in rhe conjugate

addition.

Both the copper-catalyzed conjugate addition of
organomagnesium and -lithium reagents to a.8-un-
saturated ketones and the rapid stoichiometric con-
jugate addition of lithium dialkylcuprates to these
substances are well established and synthetically im-
portant reactions.* However, the mechanism by which
the copper ion cncourages addition of the anionic or-
ganic moiety to the 8-carbon atom of the unsaturated
ketone moiety at the expense of addition to the car-
bonyl group is not understood.? Several experimental
generalizations known or believed to be true for it
follow.

(a) Copper(I) is the valence state that is active
in the conjugate addition; further, the copper(I)
is apparently not oxidized or reduced irreversibly
during the course of the reaction.

(b) Copper(I) alkyls add to a number of types of
carbon-carbon multiple bonds in the absence of a
conjugating carbonyl moiety; in particular, lithium
dialkyleuprates add smoothly to «.3-unsaturated epox-
ides® and ethynylcarbinyl acetates,” and organocopper-
(I) compounds themselves add to terminal acetylenes?®
and nitroaromatics.® Thus, the presence of a conjugat-

(1) (a) Supported by the National Science Foundation, Grants GP-
28586X and GP-14247, and by the International Copper Research Associa-
tion: (b) National Science Foundation Trainee, 1970~1971.

2) For reviews and references, see (a) H. O. House, W. L. Respess, and
G. M. Whitesides, J. Org. Chem., 31, 3128 (1966); (b) H. O. House and
W. F. Fischer. Jr., 1bid., 33, 949 (1968).

(3) The eatalytic activity of copper in organic reactions has been reviewed:
R. G. R. Bacon and H. A. O. Hill, Quart. Rev., Chem. Soc., 19, 95 (1965);
0. .A. Chaltykian, “Copper-Catalytic Reactions,” A. E. Stubbs, Translator,
Consultants Bureau, New York, N. Y., 1966.

(4) Alkylcopper(I) compounds frequently precipitate on reaction of the
corresponding lithium dialkylcuprates with a,8-unsaturated ketones.?>?®

(5) H.O. House and W. F. Fischer, Jr., J. Org. Chem., 34, 3615 (1969).

(8) R. W. Herr and C. R. Johnson, J. Amer. Chem. Scc., 92, 4979 (1970);
R.J. Anderson, ibid., 92, 4978 (1970).

(7) P. Ronaand P. Crabbé, ibid., 91, 3289 (1969).

(8) J.F. Normant and M, Bourgain, Tetrahedron Lett., 2583 (1971).

(9) M. Nilsson, C. Ullenius, and O. Wennerstrom, tbid., 2713 (1971).

ing carbony! group is not necessary for the addition of
an organic moiety bonded to copper to a carbon-carbon
multiple bond.

(¢) Conjugate addition can occur successfully to
a,B-unsaturated ketones confined to a transoid con-
figuration; a cyelic transition state for the addition.
involving a cisoid conformation for the ketone, is thus
not required.3-10-11

Four basic classes of mechanisms have been pro-
posed to account for the influence of copper on reac-
tions of organometallic reagents with a.8-unsaturated
ketones. First, the reaction has been suggested to
involve as its basic step the nucleophilic addition of
an anionic alkyl group to the carbon-carbon double
bond. In this mechanism (represented schematically
by eq 1), the copper atom might serve either to orient

i i
R—Cu(DLi  — Cu() (v
=
R.Cu(IID —
B —0 .
R.Cu™Li + H:CJ Y, O7Li _

RCu + RL/—O'IF (2)

the alkyl group in a position favorable for attack on
the g-carbon atom of the enone moiety by coordination
with the double bond, or to activate this bond for

(10) H. O. House, R. A. Latham, and C. D. Slater, J. Org. Chem., 31,
2667 (1966).
(11) C.P.Casey and R. \. Boggs, Tetrahedron Lett., 2455 (1971).
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addition.!? Second, the copper atom might take
part directly in the reaction by an oxidative addition
process yielding an intermediate copper(III) species,
followed by reductive elimination of the conjugate
adduct from this intermediate (eq 2).'*-'* Third,
conjugate addition might take place through a free
radical chain process (eq 3-3). In this reaction se-

initiation

RCuLi ——=« R 3)
. =0 R 0-
R+ H_.C=/_ — / 4)
R /7% + rouLi —

R .
\_//—OL‘ + RCu + R 5)

quence, the copper(I) would serve as the metallic
center in a radical displacement reaction (eq 5). The
conjugate addition of trialkyvlboranes to «,8-unsatu-
rated ketones is reported to be a free-radical process,
presumably taking place by a sequence of reactions
analogous to those represented by eq 3-5, and provides
precedent for the involvement of free radicals in con-
jugate additions.'® Finally, conjugate addition has
been suggested to involve electron transfer in an im-
portant step (eq 6).2'* The catalvtic activity of cop-

5
RCubLi + o =/=O —’&{,Cu(mu ~ch—/— J

RCwD + R\__//— OLi

(6)

(12) The structures of the ate complexes formed between organocopper(I)
compounds and organolithium reagents have not been established. For
simplicity, we will refer to these materials as ‘‘lithium dialkylcuprates.”
and represent them by formulas of the type R;CuLi or R:Cu~Li*, with no
conviction that these descriptions of the structures of the copper ate com-
plexes necessarily bear any relationship to those actually existing.

(13) The activation of carbon-carbon double bonds toward nucleophilic
attack by coordination with transition metals is illustrated, inter alia, by
the Wacker process and many reactions of the type i — ii.

M M
o
! i

See, for examples, J. Halpern, Advan. Chem. Ser., 70, 1 (1968); P. M.
Heary, sbid., 70, 126 (1968); M. M. Jones. ‘Ligand Reactivity and
Catalysis.” Academic Press, New York, N. Y., 1968, pp 84-85: P. M.
Maitlis, ““The Organic Chemistry of Palladium,’” Academic Press, New York,
N. Y., 1971; A. Panunzi, A. De Renzi, and G. Paiaro, J. Amer. Chem. Soc.,
92, 3488 (1970); G. N. Schrauzer, J. H. Weber, and T. M. Beckham, ibid.,
92, 7078 (1970).

(14) Oxidative addition of carbon-containing residues to copper(I) has
been discussed previously in connection with the reactions of lithium dialkyl-
cuprates with organic halides, '8 and a,8-unsaturated epoxides.® However,
no firm experimental evidence bearing on the importance of this process in
organocopper(I) chemistry is presently available.

(15) G. M. Whitesides, W. F. Fischer, Jr., J. San Filippo, Jr., R. W.
Bashe, and H. O. House, J. Amer. Chem. Soc., 91, 4871 (1969), and references
cited therein.

(16) J. R. Collman, Accounts Chem. Res., 1, 136 (1968).

(17) A rapidly increasing body of evidence indicates that radical dis-
placements at metallic centers may be very rapid processes: P. J. Krusic
and J. K. Kochi, J. Amer. Chem. Soc., 91, 3942 (1969); A. G. Davies and
B. P. Roberts, J. Organometal. Chem., 19, P17 (1969); K. U. Ingold and
B. P. Roberts, ““Free Radical Substitution Reactions,” Wiley, New York,
N. Y., 1971; and referencesin each.

(18) H. C. Brown, et al., J. Amer. Chem. Soc., 92, 710 (1970): H. C.
Brown and G. W. Kabalka, 16id., 92, 712, 714 (1970).

(19) (a) I. N. Rozhkov and S. M. Makin, Zh. Obshch. Khim., 34, 59
(1964); Chem. Abstr., 60, 10576 (1964); (b) H. O. House and M. J. Umen,
J. Amer. Chem. Soc., 94, 5495 (1972).
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per(I) in a reaction of this tyvpe wruid b~ due to the
accessibility of the coppertIl) vaience state and the
resulting ease of one-electron oxidatinn of  rzano-
copper(I) compounds. Lithium dialkvicuprat~~ & -
general react readily with oxidizing agents. H .-
the principal organic products from these rea *: :.-
are the corresponding alkyl dimers,'®® and oxuiar+
dimerization of alkyl groups derived from the orzar -
metallic component of a conjugate addition react: :.
mixture 1S not a common side reaction.

The work reported in this paper was designed to
detect free alkyl radicals that might be present ax
intermediates in representative conjugate addition
reactions, vz., the reactions of lithium dialkylcuprates
derived from endo-2-norbornylcopper(I) with mesityi
oxide (2-methylpent-2-en-4-one). The intermediacy
of free 2-norbornyl radicals (eq 3-3) in these reactions
would be expected to result in the formation of con-
jugate adduct containing norbornyl groups epimer-
ized at C-2;*! nucleophilic addition of the norbornyvl
moiety to the carbon-carbon double bond (eq 1) or
an oxidative addition-reductive elimination path (cq
2) would be expected to take place with retention ot
stereochemistry at C-2, by analogy with the sterco-
chemical outcome of reactions of 2-norbornyleuprates
with alkyl halides and tosyiates.'**  The stereochem-
ical course of an electron-transfer mechanism not
involving free alkyl radicals (eq 6) is difficult to pre-
dict, but might also involve retention of configuration
at C-2.

Results

endo-2-Norbornyimagnesium bromide (endo-1) was
obtained from a mixture of endo and exo epimers by
preferential destruction of the exo epimer using the
procedure of Jensen and Nakamaye;* its conversion
into  endo-2-norbornvl(tri-n-butylphosphine)coppertl
(endo-2) was accomplished by reaction with bromo-
(tri-n-butviphosphine)copper(I) in ether at —787.%
The diastereomeric purity of the resulting 2 was deter-
mined by glpe analysis of the mixture of endo- and exo-
2-methylnorbornane formed on nitrobenzene oxidation
of the solution obtained by addition of methyllithium
to 2. This oxidative coupling has been demonstratcd
previously to take place stereospecifically with reten-
tion of configuration.®

Reactions of a number of organometallic derivatives
of the 2-norbornyl moiety with mesityl oxide were sur-
veved to find conditions that would give high conver-
sions to the 2-norbornyl conjugate adduct. For con-
venience, these reactions were carried out using the
epimeric mixture of alkyl metal compounds obtained
from the cquilibrium mixture of exo- and endo-2-nor-
bornvimagnesium bromides (~33 ex0:65 endo),'® and.

(20) G. M. Whitesides, J. San Filippo, Jr.. C. P. Casey, and E. J. Panex,
J. Amer. Chem. Soc., 89, 3302 (1967). These oxidative dimerizations an-
parently do not involve free aikvl radicals as intermediates: cf. G. M.
Whitesides, J. San Fillippo, Jr.. E. R. Stedronsky, and C. P. Casey, 1hui..
91, 6542 (1969).

(21) For previous studies in which a reaction involving an intermediate
free 2-norbornyl radical has been characterized by loss of stereochemistry
at C-2, see P. J. Kropp, ibid., 91, 5783 (1969); A. Fang, Ph.D. Theus,
Massachusetts Institute of Technology, Cambridge, Mass., 1966; P. D
Bartlett, G. N. Fickes, F. C. Haupt, and R. Helgeson, Accounts Chem. Re- ..
3, 177 (1970); D. L. Davies and 8. J. Cristol, Advan. Free Radical Chem., 1,
155 (1965): G. M. Whitesides and J. San Filippo, Jr., J. Amer. Chem. Su-..
92, 6611 (1970).

(22) F.R.Jensenand K. L. Nakamaye, :bud., 88, 3437 (1966).
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in several instances, no effort was made to analyze the
resulting mixtures of the adducts 4-methyl-4-(endo-2-
norbornyl)pentan-2-one (3) and 4-methyl-4-(exo-2-
norbornyl)pentan-2-one (4) for epimeric compositions.
Instead, product mixtures were analyzed for the com-
bined yield of 3 and 4. Results of these experiments

ﬂb+ o =
) _

are listed in Table I. In this table, the entries in the
column headed “X” are not intended to imply the ex-

TaBLE
CosBINED YIELD OF THE EPIMERIC
4-METHYL-4-(2-NORBORN YL )PENTAN-2-ONES 3 AND 4 FROM
CoONJUGATE ADDITION OF ORGANOMETALLIC DERIVATIVES
NornorNaNE-2-X To MEesiryr OXIDE®

Yield
X 3+4, 7%

MeBr 0
MgBr + 5 mol ¢, ICuPBu, 18
MgBr + 12 mol ¢ BrAgPBu; 3
MgBr + 5 mol ¢ (Ph;P);Ni(CH,=CH,) 0
MgBr + 5 mol ¢ (Ph;P).NiBr, 0
MgBr + 4 mol % (Ph;P),Pt(CH,~CH,) 0
A\IgBr + 5 mol % (PhsP)thClz 0
MgBr + 5 mol ¢, ClAuPEt; 0
Cu(HhPBu; 16
CU(I)PBlla + CuF.Ll 0
Cu(I)PBu; + n-CH,Li 2
Cu(IDPBu; + n-CH,Li-TMEDA 18
Cu(INPBu; + n-CH,Li Qe
Cuw(HhPBuy + s-CH,Li 4
Cu(IHPBu; + (CsHs);CLi1 4
CU(I)PBHJ + C-C;,HgLi b}
Cuw(IPBu; + C4H;Li 5
Cll(I)PBll; + CqHs(CH1)1CHzLI 6
Cu(IDPBu; + CH;Li 84
Cu(I)PBu; + 3 ¢t-C,H,Li 35¢
Cu(I)PBu; + 5 ¢t-C H,Li 59/
CU(I)PBU:; -+ f-C¢H9Li 66

+ Reactions were carried out between 1 mmol of norbornyl-
metal compound and I mmol of mesity] oxide in 20 ml of ether
at 0° for 0.5-2.0 hr, unless otherwise noted. Solutions contained
1 mmol of magnesium bromide. ® Reproducibility in yields
was ~=2¢.. ¢ The solvent in this reaction was 50:50 ether—
pyridine. 4 A 9077 vield of 4,4-dimethylpentan-2-one was ob-
tained in this reaction. ¢ Ca. 4 mmol of mesityl oxide was used.
£ Ca. 6 mmol of mesityl oxide was used.

istence of discrete, characterized ate complexes having
compositions related in some simple way to the quan-
tities of reagents present; the entries refer simply to
the components that have been added to the solution.
Thus, “Cu(I)PBu; + C¢H;Li"” indicates a solution pre-
pared by adding 1 equiv of phenyllithium to a solution
of  2-norbornvi(tri-n-butylphosphine)copper(I); the
name “lithium norbornylphenyleuprate” is used only

WHITESIDES AND KENDALL

for convenience in referring to this solution. Although
both chemical and spectroscopic evidence suggests that
solutions prepared in this manner do in fact contain
organometallic clusters having more than one type of
organic moiety on the cluster, such clusters have not
been characterized.? ‘

One feature of the data of Table I may have per-
tinence to the synthetic application of organocopper
reagents in conjugate addition that extends beyond the
immediate stereochemical object of this work. The
high yield of 3 + 4 obtained on reaction of lithium
norbornyl-tert-butylcuprates with mesityl oxide sug-
gests that ‘“mixed” copper ate complexes may have
useful practical application in their own right: this
yield is sufficiently higher than that obtained in the
other experiments summarized in Table I that it would
clearly be the method of choice in a preparative pro-
cedure.?

The origin of the marked superiority of the mixed ate
complex, lithium tert-butyl-2-norbornyl(tri-n-butyl-
phosphine)cuprate, in transferring the norbornyl group
in conjugate addition reactions is not clear. The prod-
uct distribution observed in reaction of lithium
methyl-2-norbornyleuprate with mesityl oxide indi-
cates, in this instance, that the conversion of the a.8-
unsaturated ketone to its conjugate adducts containing
either methvl or norbornyl moieties proceeds in very
high vield (Table I), and that the important factor in
determining the composite yield of 3 4 4 is apparently
the relative facility with which the norbornyl and
methyl moieties transfer from the metal cluster to the
a,B-unsaturated ketone (eq 7). However, the limited

"RRCuLi” + >‘fo _. Ho

0 + oM
R R’

data available in Table I are not sufficient to establish
whether steric bulk, alkyl group basicity, or aggregate
structure determine this facility of transfer.

Taking the data of Table I as a guide in selecting
reaction systems for examination. the stereochemistry
of the conjugate addition of several metal derivatives
of the endo-2-norbornyl moiety to mesityl oxide was
determined. In order to prove the stereochemistry of
the products, and to obtain materials for glpe calibra-
tion. an authentic sample of 4 was prepared following
the reaction sequence outlined in Scheme I;* an anal-

(23) J. San Filippo, Jr., Ph.D. Thesis, Massachusetts Institute of Tech-
nology, Cambridge, Mass., 1970. For structural analogies in related
organometaliic series, see also T. L. Brown. .tdvan. Organometal. Chem., 3,
365 (1966): J. P. Oliver, ibid., 8, 167 (1970:: T. L. Brown. Accounts Chem.
Res., 1, 23 (1968); M. Y. Darensbourg, B. Y. Kimura, G. E. Hartwell, and
T. L. Brown, J. Amer. Chem. Soc., 92, 1236 11370).

(24) We presume that lithium dinorbornyicuprate would compete in yield
in these conjugate addition reactions with lithium norbornyl-tert-butyleu-
prate. However, in this system, as in maoy of synthetic interest, the Grignard
reagent of one component can be obtained more easily and in higher purity
than can the corresponding alkylithium compound. Thus the copper ate
complex obtained by mixing 1 equiv of the Grignard reagent of a component
of interest and 1 equiv of tert-butyllithium may provide a practical alterna-
tive to the ate complex obtained from the lithium reagent of this component.

(25) Diastereomerically pure endo- and ero-norbornane-2-carboxylic
acids were obtained from a mixture of endo- and ero-norborn-5-ene-2-car-
boxylic acids by the procedure of J. .\. Berson and D. A. Ben-Efraim,
J. Amer. Chem. Soc., 81, 4083 (1959), and references cited therein.
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ScHEME [
SYNTHESIS OF ex0-2-NORBORNYL-4-METHYPENTAN-2-ONF. (4)

NaOH
A I, KI
COgH

& ;b COH Pd/C

5%
i _
CHyLi_ (C,H;0),PCHCOC,H; Na~
T, 55° 16 hr, 57%
CO.H
T30°, 50%
0
4

ogous procedure starting with the endo-2-norbornyl
carboxylic acid yielded a 70:30 mixture of 3 and 4.2

Table II summarizes data pertinent to the stereo-
chemistry at C-2 of the norbornyl group of a number of

TaBLe II
STEREQOCHEMISTRY OF CONJUGATE ADDITION OF THE
ORGANOMETALLIC DERIVATIVES NORBORNANE-2-X
TOo MESITYL OXIDE®

X endo-X:exo-X 3 (endo):4 (exo)

MgBr + 5 mol ¢, ICuPBu, 65:33" 62:38

99: 1¢ 81:19
CuPBu;, 65:35% 17:83

99: 1¢ 47:53
CuPBu; + CH;Li 65:35¢ 1:99

99:1¢ 94:6
CuPBu; + (CH,;);CLi 65:35% 40:60

99: 1¢ 99: 14
CuP(OCH;); + (CH;);CL1 99: ]c.e 99: 1¢

s Reactions were carried out at 0° in diethyl ether. ¢ This
ratio was not measured for each experiment. These samples
were derived from 2-norbornylmagnesium bromide that had
been allowed to reach epimeric equilibrium, and the 65:35 ratio
is the value characteristic of this equilibrium. ¢ This ratio is a
minimum value. ¢In a separate experiment Mg?* was pre-
cipitated with dioxane before addition of tert-butyllithium, and
its concentration was reduced to 5% that of the Cu*; however,
~6CS% epimerization was observed in the mixture of 3 and 4
obtained in this reaction, presumably due in major part to
epimerization occurring during manipulation of the solution.
The yield of 3 and 4 in this reaction was 57¢,. ¢ The yield of 3
in this reaction was 40°7.

de{rivatives of 2 on conjugate addition to mesityl oxide.
Discussion of these data is complicated by the facts
that the exo epimer of each of the organometallic rea-

(26) The conversion of the a,8-unsaturated ester 5 to 4 by reaction with
lithium dimethylcuprate is carried out under conditions in which the organo-
metallic compound is decomposing thermally, and presumably proceeds by
initial conversion of 8 to iii, followed by rapid subsequent conjugate addition
of remaining lithium dimethylcuprate to iii.

(CH,),CuLi —= CH,Li + "CH;" + Cu(0)

CHL + m_ﬂ — ;bk/k, (CH.),CuLi
\ 0 ()
5 i
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gents examined appears to have greater reactivity to-
ward a.8-unsaturated ketones than the endo epimer.
and that epimerization at C-2 competes ih certain in-
stances with conjugate addition. Nonetheless. the
stereochemistry of several of the conjugate additions is
readily interpreted.

The reactions listed in Table II can be classified into
two groups on the basis of their stereoselectivity. The
first, including the reactions of the phosphine and phos-
phite complexes of lithium tert-butyl-endo-norbornyi-
cuprate with mesityl oxide, clearly is characterized by
retention of configuration at C-2 of the norbornyl
group during the step that results in carbon-carbon
bond formation in the conjugate addition. The cor-
responding reaction of lithium methyl-endo-2-nor-
bornylcuprate should probably also be included in this
group. The second, including the reaction between
mesityl oxide and endo-2-norbornyl (tri-n-butyvlphos-
phine)copper and possibly also the copper-catalyzed
conjugate addition of endo-2-norbornylmagnesium bro-
mide to this ketone, takes place with significant loss of
stereochemistry.

Control experiments carried out in the first group of
reactions, using cuprate solutions containing approxi-
mately 63:33 mixtures of endo- and ezo-2-norbornyl
moieties (Table II), establish that the high stereo-
selectivity observed in these reactions is not an artifact
resulting either from the differences in reactivity of
endo- and ero-2-norbornvl diastercomers in the con-
jugate addition or from isomerization of the conjugate
adduct, once formed. The origin of the loss in stereo-
chemistry observed in the second group of reactions is
more difficult to identify. Attempts to determine the
stereochemical  stability  of  endo-2-norbornyl(tri-n-
butvlphosphine)copper(I) (2) under the conditions of
the conjugate addition did not yield easily interpreted
results.” Thus, a solution of 2 (99.5% endo) was
allowed to react with 0.5 equiv of mesityl oxide for 15
min at 0°.  Analvsis of the stercochemistry of the re-
maining 2 by conversion to 2-methylnorbornane®
demonstrated that it was composed of a 94:6 mixture
of endo and exo diastereomers. This result could be
interpreted to indicate either that epimerization of 2 ix
relatively slow under the conditions of the conjugate
addition, or that epimerization is rapid, but that the
exo-2 reacts preferentially with the mesityl oxide as it ix
formed. However, although reaction of a 74:26 mix-
ture of endo- and exo-2 with limiting amounts of mesityl
oxide under similar reaction conditions demonstrated
enhanced reactivity for the exo epimer, the difference
in reactivity between epimers appears insufficient to
account for all of the loss of stereochemistry observed
on reaction of endo-2 with mesityl oxide (see Experi-
mental Section). Thus it appears that some epimer-
ization may actually take place during the conjugate
addition of 2 to mesityl oxide. However, the yields or
3 and 4 obtained in this reaction were sufficiently small
that this result unfortunately cannot be considered to
be of great mechanistic significance (Table I).

In an effort to test the proposal of a free-radical mech-
anism for the conjugate addition of trialkylboranes to

(27) The epimerization of 2-norbornyl(tri-n-butylphosphine}copperi]) is
known to be faster than its thermal decomposition: however, quantitative
rate data are available for neither of these reactions: ¢f. C. P. Casey,
Ph.D. Thesis, Massachusetts Institute of Technology, Cambridge, Mass.,
1968.
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a,3-unsaturated ketones, we attempted to add tri-exo-
2-norbornylborane to mesityl oxide using reaction con-
ditions described by Brown (see Experimental Sec-
tion)." Essentially no conjugate addition was ob-
observed under these and a variety of other conditions,
and the experiments were abandoned.

Conclusions

The conjugate addition of norbornyl groups to
mesity| oxide from a mixture of 2 and tert-butyllithium
takes place in good yield with essentially complete re-
tention of stercochemistry at the 2 position of the nor-
bornyl moiety. This observation, taken together with
the loss of stereochemistry at this position character-
1stic of reactions involving free 2-norbornyl radicals,?!
excludes the mechanism of eq 3-5 for this conjugate
addition.  The stereochemistry of the remaining sys-
tems summarized in Table I1 is less clear-cut; however,
the predominant retention of stereochemistry observed
in the stoichiometric reaction between mesityl oxide
and lithium methyl-endo-2-norbornyleuprate and in its
copper-catalyzed reaction with 1 suggest that the same
mechanistic conclusions can be applied to these reac-
tions. No mechanistically  significant  interpretation
- eoncerning the stereochemistry of the addition of 2 to
mesitvlh oxide can be drawn at present, for reasons dis-
cus=ed above.  Using a different stereochemical test,
Casey and Boggs'' have concluded that free vinylic
radicals ard not involved in the conjugate addition of
Lthium dipropenyleuprate to eyclohexenone.

House and Umen have successfully correlated the
suseeptibility of 4 number of a.3-unsaturated ketones
roward conjugate addition with their one-electron re-
duction potentials.'®®  Further, products easily ration-
a:ized on the basis of a.8-unsaturated ketone radical
anions have been detected in certain conjugate addi-
tion reactions.®  These observations are consistent
with the hypothesis that eleetron transfer from the
copper ate complex to the a.3-unsaturated ketone 1s an
important part of conjugate addition (eq 6). How-
ever. neither observation necessarily establishes that
iree-radical anions derived from the a.,3-unsaturated
ketones are necessarily intermediates in the conjugate
addition. since the reduction potentials may correlate
with other properties of the ketones [e.g., susceptibility
to attack by the cuprates or ability to complex with
Cu(l)], and the anion radical-derived products?® mav
originate in reactions unrelated to the conjugate addi-
tion. Thus, although the data presented in this paper
exclude free 2-norbornyl radiecals in the conjugate addi-
tion of derivatives of 2 to mesityl oxide (and presum-
ably exclude free radicals in other related reactions by
analogy?!), it is not yet possible to differentiate rigor-
ously between mechanisms for conjugate addition in-
volving electron transter to the enone moiety (eq 6) and
those requiring nucleophilic attack of an alkyl anion or
metallate anion on it (eq 12).%

23) Similar stereochemical results have been obtained by F. Nif and
P. Degen, Helv. Chim. Acta. 54, 1939 (1971); F. Nif, P. Degen, and G.
Ohloff, ibid., 58, 32 (1972).

29) J. A, Marshall and R. A. Ruden, Tetrahedron Lett., 2875 (1971);
J. Hooz and R. B. Layton, Cun. J. Chem., 48, 1626 (1970).

130) For pertinent proposais concerning the mechanism by which copper
acts as a catalyst in decarboxylation of aromatic acids, see T. Cohen and
R. \. Schambach. J. .Lmer. Chem. Soc., 92, 3189 (1970); \. Cairneross, J. R.

Roland, R. M. Henderson, and W. A. Sheppard, hid., 92, 3187 (1970).
[f the catalytic aeuvity of copper(I) in conjugate addition reactions is
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Experimental Section?

S-Norbornene-2-carboxylic acid (371 g), bp 131-134° (11 Torr)
{lit.® bp 132-134° (22 Torr)], was obtained from cyclopentadiene
and acrylic acid in 879, yield following the procedure of Diels
and Alder.

endo-Norborn-5-ene-2-carboxylic Acid.—Norborn-5-ene-2-car-
boxylic acid (278 g, 2.01 mol) was dissolved in a solution of 255,
sodium hydroxide (80.0 g, 2.00 mol) and the solution was cooled
to 0°. Sodium bicarbonate (50 g, 0.6 mol) was added, followed
by a solution of iodine (370 g, 2.20 mol) dissolved in 430 ml of a
saturated aqueous solution of potassium iodide. The reaction
mixture was stirred for 2 hr, and the organic layer was extracted
into diethyl ether. The ether phase was separated, washed with
a saturated solution of sodium thiosulfate until clear, washed with
water, and dried (MgSO,). Ether was removed on a rotary evap-
orator to yield 4135 g of crude iodolactone. Recrystallization of
this material from a mixture of ethvl acetate and n-pentane (1:3)
gave 316 g (63%) of pure iodolactone, mp 57.0-57.5° (lit.% mp
5R.5°).

This iodolactone (436 g, 1.80 mol) was dissolved in 800 ml of
glacial acetic acid, and the resulting solution was cooled to 15°.
Zine dust (245 g, 3.74 g-atoms) was added to the mixture over a
20-min interval. An additional 250 ml of glacial acid was added,
and the reaction mixture was stirred for an additional 2 hr at 15°.
The reaction mixture was warmed to 23° for 2 hr, and the remain-
ing solids were then removed by filtratton. The reaction solution
was diluted with 1 1. of water and extracted with five 200-ml por-
tions of diethyl ether. Distillation of the ether phase yielded
endo-norborn-3-ene-2-carboxylic acid (134 g, 3473), bp 127° (12
Torr) [lit. ¥ bp 134° (16 Torr)).

endo-2-Norbornanecarboxylic  Acid.—v¢ndo-Norborn-3-ene-2-
carboxylic actd (93 g, 0.688 mol) was dissolved in ea. 100 ml of
ethyl acetate, mixed with 3 wt <7 palladium on charcoal (109;),
and charged into a Parr hydrogenation apparatus.  The solution
was shaken under a hydrogen atmosphere until no further hydro-
gen uptake was observed, and was then pressurized to 40 psi and
shaken for an additional 1 hr. The catalyst was removed by
filtration, and solvent was removed under vacuum to yield crude
endo-2-norbornanecarboxylic acid.  Nmr spectroscopic analysis
of the resulting crude acid indicated that the starting material
had been completely consumed. The acid could be recrystallized
from n-pentane to yield pure endo-2-norbornanecarboxylic acid,

based on its ability to coordinate with Jdouble bonds, it is curious that
derivatives of a number of other transition metals, some of which are known
to coordinate with double bonds more strongly than copper, show little or
no catalytic activity in conjugate addition Table [). However, many of
these salts either form organometallic derivatives or are reduced in solutions
containing organoiithium reagents: thus, the apparent lack of catalytic
activity of these ions may simply retect their conversion to noncoordinating
substances under the reaction conditions.

(31) All melting points and boiling points are uncorrected. Infrared
spectra were determined with a Perkin-Elmer Model 237 grating spectro-
photometer. Nmr spectra were determined with 2 Varian T-60 nmr spec-
trometer. Mass spectra were determined on a Hitachi Perkin-Elmer RMTU-
6 mass spectrometer. Analytical analvses were performed by Midwest
Microlabs, Ltd., Indianapolis, Ind. Samples for elemental and spectral
analyses were purified on a Hewlett-Packard Model 700 thermal conductivity
gas chromatograph. Analytical gipc analyses were performed on F & M
Model 810 flame ionization instruments. Absolute vields of products were
calculated from peak areas using internal standard techniques, with response
factors obtained from authentic samples. Diethyl ether and tetrahydro-
furan were distilled from lithium aluminum hvdride before use. Olefins
were removed from hydrocarbon solvents by treatment with sulfuric acid.
and the olefin-free hydrocarbons were purified by distillation from a suspen-
sion of sodium benzophenone kety! before use. Dimethoxyethane was
distilled from a solution of sodium benzophenone dianion before use. Methyl-.
cyclopentyl-, n-butyl-, and tert-hutyllithium reagents were supplied by
Foote Mineral Corp. sec-Butvllithium was supplied by Alpha Inorganics.
Inc. Grignard reagent solutions were analyvzed following the procedure of
Eastham,! and lithium reagents were analvzed by the Gilman double
titration method.3? All reactions involving organometallic reagents were
carried out under prepurified nitrogen, using standard inert atmosphere
techiniques.3?

(32) 8. C. Watson and J. F. Eastham, /. Organometal. Chem., 9, 165
(1967); H. Gilman, F. K. Cartledge. and 3.-Y. Sim. ibid., 1, 8 (1963);
G. M. Whitesides, C. P. Casey, and J. K. Knieger, J. Amer. Chem. Soc., 93,
1379 (1971).

(33) D. F. Shriver, *“The Manipulation of \ir-Sensitive Compounds,’
McGraw-Hill, New York, N. Y., 1989, Chapter 7.

(34) O. Diels and IX. Alder. Justus Liebigs Ann. Chem., 460, 117 (1928).

(33) C.D. VerNooy and C. 8. Rondestvadt, J. A mer. Chem. Soc., TT, 3583
11955).
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mp 63.5-65.52 (lit.? mp 64-66°). The major part of the acid
was not recrystallized, but was stored at —235° until use.

Methyl Norborn-5-ene-2-carboxylate.—Norborn-3-ene-2-car-
boxylic acid (370 g, 2.68 mol, a mixture of epimers) was added to
1300 g of absolute methanol containing 7 ml of concentrated sul-
furic acid, and the resulting solution was refluxed for 5 hr. The
solution was diluted with 11. of water, and the aqueous phase was
extracted with four 200-ml portions of diethyl ether. The com-
bined ether extracts were washed with 50 ml of a saturated aque-
ous solution of sodium bicarbonate and two 30-ml portions of
water, and dried (Mg30,). Distillation gave methyl norborn-3-
ene-2-carboxylate (300 g, 737,): bp 70° (8 Torr) (lit.* bp 63.5°
(5 Torr)]; nmr (CCl)) 8 5.8-6.3 (2, m), 3.65 (1.1, s), 3.58 (1.9,
3), 1.0-3.4 (7, various multiplets).

Epimerization of Methyl Norborn-5-ene-2-carboxylate.—
Methyl norborn-5-ene-2-carboxylate (330 g, 2.31 mol, predom-
inantly the endo epimer) was added to a solution of sodium
methoxide (185 g, 3.43 mol) in ca. 800 ml of methanol, and the
mixture was refluxed for ca. 50 hr, at which time it appeared to
have partially polymerized to a thick gel. Solvent was removed
by distillation, and 500 ml of water was added to the resulting
solids.  Distillation of residual methanol, with periodic addition
of water, was carried out until the boiling point of the distillate
reached 95°.  The distillation residue was then cooled, its acidity
was adjusted to pH 3 with hydrochloric acid, and it was extracted
with three 30-ml portions of diethyl ether. The combined ether
portions were washed with 100 m!l of water, dried (MgS0y), and
distilled to give 139 g of norborn-3-ene-2-carboxylic acid. The
acid was shown to contain ca. 6097 of the exo epimer by nmr spec-
troscopy. An additional 100 g of methyl norborn-3-ene-2-
carboxylate, shown to be ca. 7077 exo epimer by nmr spectros-
copy, was recovered from the initial water and methanol distillate,

rro-2-Norbornylcarboxylic Acid.—Norborn-3-ene-2-carboxylic
acid (obtained from epimerization of methyl norborn-3-ene-2-
carboxylate, ca. 607 exo, 157 g, 1.10 mol) was dissolved in 1
equiv of 307, aqueous sodium hydroxide solution. Sodium bi-
carbonate (3.0 g, 0.04 mol) was added, followed by a solution of
todine (132 g, 0.52 mol) in ca. 500 ml of a saturated solution of
aqueous potassium iodide.”  The mixture was shaken for 13 min,
and the resulting heterogeneous mixture was extracted with four
250-ml portions of diethyl ether. The combined ether fractions
were worked up as described above to obtain the iodolactone.
The aqueous phase was treated with sodium thiosulfate until
colorless, made acidic (pH 3) with hydrochloric acid, and ex-
tracted with three 250-ml portions of diethyl ether. The com-
bined ether extracts were washed with 100 ml of water, dried
(MgS0y), and distilled, yielding norborn-3-ene-ero-2-carboxylic
acid (88 g, ca. 967°0), bp 85° (0.05 Torr) (lit.* bp 134° (16 Torr)].
The distilled acid was washed with 5 ml of a saturated solution of
sodium thiosulfate and with 5 ml of water, and dried (MgsSO,).
Recrystallization from n-hexane gave pure norborn-3-ene-ezo-2-
carboxylic acid, mp 43.0-44.5° (1it.* mp 44.0—45.0°). Norborn-
3-ene-ero-2-carboxylic acid (12.2 g, 0.0885 mol) was dissolved in
10 ml of ethyl acetate, and the solution was mixed with palladium
on charcoal (109, 0.5 g, 4+ wt €¢). The mixture was charged into
a Parr hydrogenation apparatus, and was hydrogenated at 40 psi
until no pressure drop was observed for 1.5 hr. The resulting
solution was filtered to remove the catalyst, and solvent was re-
moved using a rotary evaporator to give crude ezo-2-norbornyl-
carboxylic acid (12.2 g, 99¢%). Recrystallization from n-hexane
gave pure exo-2-norbornylearboxylic acid: mp 57-38° (lit.» mp
37-38.5°); nmr (CCly) 6 12.2 (s, 1), 2.57 (m, 1), 2.29 (m, 2),
1.20-2.00 (m, 8).

endo-2-Norbornyl Methyl Ketone.—endo-2-Norbornylcarbox-
vlic acid (17.1 g, 0.124 mol) was dissolved in 130 ml of dimethoxy-
ethane, and the solution was transferred to a three-necked 500-ml
flask fitted with a reflux condenser and mechanical stirrer.
Methyllithium (1.68 .V, 148 ml, 0.248 mol) was added dropwise
through a cannula at a rate that maintained the solution at gentle
reflux. The mixture was refluxed with exrernal heating for 18 hr
after the addition was completed, and was then transferred
cautiously into 300 ml of a stirred solution of saturated aqueous
ammonium chloride.  The water and ether layers were separated,
and the aqueous phase was extracted with three 100-ml portions of
diethyl ether. The combined organic fractions were washed with

(36) J. D. Roberts, et ul., J. Amer. Chem. Soc., 72, 3116 (1950).

(37) Ivis important to have only a slight excess of iodine, relative to the
amount of endo epumer believed to be present, in order to avoid reactions
involving the exo epimer.
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25 ml of water and dried (Na.SO,). Distillation gave endo-2-
norbornyl methyl ketone (10.1 g, 60¢), bp 33° (2.5 Torr) [lit.*
bp 91° (30 Torr)]. Glpc analysis showed the ketone to be ca.
909, pure, and samples were collected by glpc for spectral and
elemental analyses. Pure samples had nmr (CClL) § 2.65-2.97
(m, 2), 2.23 (m, 1), 2.03 (s, 3), 1.10~1.70 (m, 8); ir (CCL) 2940,
2860, 1705, 1450, 1350, 1305, 1190, 1176, 1166, 1110, 947 c¢m ~1;
mass spectrum m, e (rel intensity): 138 (3), 120 (8), 105 (8), 93
(53), 80 (51), 71 (74), 67 (57), 43 (100).

Anal. Caled for CH,O: C, 78.21; H, 10.21. Found: (,

"78.50; H, 10.46.

ezo-2-Norbornyl Methyl Ketone.—ezo0-2-Norbornylcarboxylic
acid (12.0 g, 83.7 mmol) was dissolved in 20 ml of DME and dried
over molecular sieves for 10 hr. The solution of the acid was
transferred to a three-necked, 1-l., round-bottomed flask fitted
with a dropping funnel, condenser, and mechanical stirrer, and
was diluted with an additional 80 ml of DME. Methyllithium
(1.68 .V, 102 ml, 171 mmol) was transferred into the addition
funnel, and added to the acid solution ot a rate sufficient to main-
tain gentle reflux. The reaction mixture was heated to retlux for
15 hr after addition had been completed, and was then transferred
rapidly through a cannula into 300 ml of a stirred saturated
aqueous solution of ammonium chloride. The resulting aqueons
and organic phases were separated, and the aqueous phasze wux
extracted with two 100-ml portions of diethyl ether. The com-
bined ether fractions were washed with 25 ml of water and dried
(Na:S04).  Distillation gave exo-2-norbornyl methyl ketone 17.0
g, 39%), bp 36° (3.0 mm) {lit.® bp 91° (30 mm)]. Samples were
collected by glpe for analyses: nmr (CCL) 6 2.25-2.39 (m. ),
2.08 (s, 3), 1.03=1.90 (m, 8); ir (CCL) 2940, 2860, 1710, 1450,
13553, 1310, 1173, 1060 ¢cm™!; mass spectrum m/e (rel intensity)
138 (4), 95 (100, SO (13), TL(33), 67 (551, 43 (34).

Anal. Caled for CH,,O: C, 73.2%; H, 10.21.
78.12; H, 10.35.

Ethyl 3-(rro-2-Norbornylibut-2-enoate (5).—Triethyl pho-~-
phonoacetare®® (5.35 g, 23.0 mmol) was added slowly to a shury of
sodium hydride (0.600 g, 25.0 mmol) in 50 ml of DME, and the
mixture was heated to 50° until the sodium hydride had reacred.
exo-2-Norbornyl methyl ketone (3.5 g, 25.3 mmol) was added 1o
the solution, and the reaction mixture was stirred at 33° for 16 hr.
The reaction mixture was poured into 300 ml of water, and the
resulting aqueous phase was extracted with two 50-ml portions of
diethyl ether. The combined ether fractions were washed with
20 ml of warer, dried (Na.S0,), and distilled to yield ethyl 3-icro-
2-norbornylbut-2-enoate (3.0 g, 37%): bp 70° (0.06 Torr:;
nmr (CClL) §5.51 (m, 1), 4.04 (, 2), 1.98-2.35 (m, 3), 2.08 (4, 5,
1.25 (t, 3), 1.02-1.80 (m, R); ir (CCl) 2935, 2860, 1720, 1645,
1450, 1370, 1325, 1265, 1170, 1150, 1050 em ™!,

Ethyl 3-i1¢ndo-2-Norbomyl)but-2-enoate.—Triethyl pho-pho-
noacetate (10.6 g, 47.1 mmol) was added dropwise to a stirred
slurry of sodium hydride (1.10 g, 45.8 mmol) in 100 ml of DM
at 23°. The mixture was heated to 60° for 3 hr, and the remain-
ing sodium hydride was allowed to settle. The supernatant
solution was transferred to a clean, dry 230-ml round-bottomed
flask, and was cooled to 10° in a water bath. endo-2-Norbornvi
methyl ketone (6.50 g, 47.1 mmol) was added, and the resulting
solution was stirred for 14 days at 10°. (A higher reaction tem-
perature resulted in unacceptable epimerization of the starting
ketone.) The reaction mixture was poured into 300 ml of water,
and the resulting aqueous phase was extracted with two 100-ml
portions of diethyl ether. The combined ether fractions were
washed with 10 ml of water, dried (Na.30,), and distilled to give
ethyl 3-(endo-2-norbornyDbut-2-enoate (3.6 g, 279%), bp 5’
(0.3 mm). Nmrspectroscopy indicated that the material was ca.
857, endo epimer and 157 exo epimer. Samples for analyzes
were collected by glpe: nmr (CCly) 8 5.63 (m, 1), .06 (q, 2:,
D922 67 (m, 3), 2.20 (d, 39, 1.25 (t, 3), 1.20-1.40 (m, S); ir
(CCly) 2945, 2860, 1710, 1638, 1450, 1360, 1310, 1260, 1210,
1145, 1070, 1035 em ™! mass spectrum m/e (rel intensity) 208
(15), 193 (6, 163 (L4), 145 €235, 95 (44), 79 (46), 67 (92), 50 180,
43 (68), 41 (100},

Anal. Caled for CiHuyOs:
74.68; H, 9.66.

4-Methyl-4-(endo-2-norbornyl)pentan-2-one (3).—Methvllirh-
ium (1.68 .V, 35.4 ml, 60.0 mmol) was added to cuprous iodide

Found, ('

C, 74.95; H,9.65. Found:

(38) J. G. Dinwiddie, Jr., and S. P. McManus, J. Org. Chem., 30, Thn
(19635

(39) Triethyl phosphonoacetate was obtained commercially from \irien
Chemical Co., and was used without further purification.
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16.05 g, 30.3 mmol) at —30° in a’ 100-ml round-bottomed flask,
and the mixture was warmed to room temperature after the
cuprous lodide had dissolved. Ethyl 3-(endo-2-norbornyl)but-
2-enoate (ca. 355 endo, 0.9174 g, 4.58 mmol) was added slowly,
and the reaction was stirred for 36 hr at 25°. The reaction was
quenched in 300 mi of a saturated aqueous solution of ammonium
chloride, and the aqueous and ether phases were separated. The
aqueous phase was extracted with three 50-ml portions of diethyl
ether, and the combined ether fractions were washed with 20 ml
of water, dried (Na,30,), and distilled to give a mixture of 4 and 3
10,4053 g, ca. 45%), bp 60° (0.0> mm). The nmr spectrum indi-
cated that the material was ca. 709, endo epimer and 309, exo
epimer, and this conclusion was verified by glpc analysis. Sam-
ples of 3 were purified by glpc for analyses: nmr (CCL) § 2.28
(s, 2),2.22 (m, 2), 2.03 (s, 3), 1.08-2.00 (m, 9), 1.04 (s, 3), 0.98
s, 35; ir (CCly) 2940, 2860, 1715, 1460, 1380, 1350, 1300, 1200,
1150 em ~!; mass spectrum m/e (rel intensity) 194 (1), 136 (21),
107 1209, 95 (35), 67 (26), 43 (100).

Anai. Caled for C;3H20O:  C, 80.46; H, 11.33. Found: C,
S0.44: H, 11.158.

4-Methyl-4-(exo-2-norbornyl )pentan-2-one  (4).—Methyllith-
ium :1.68 .V, 47.7 ml, 80.6 mmol) was added to cuprous iodide
0l g, 47.3 mmol) at 0° in a 100-ml flask fitted with a magnetic
stirring bar, and the mixture was stirred at 0° until solution of this
cuprous iodide was completed. The resulting lithium dimethyl-
cuiprate was warmed to 23°, and ethyl 3-(exo-2-norbornyl)but-
Z-enoate ca. 2.0 g, 9.7 mmol) was added by syringe. The
soattion was stirred for 24 hr at 23°, and was then poured into 300
miof a saturated aqueous solution of ammonium chloride. The
acueous and ether phases were separated, and the aqueous phase
wus extracted with two 50-ml portions of diethyl ether. The
combined ether fractions were washed with 20 ml of water, dried
Me=O4, and distilled to give 4-(exo-2-norbornyl)-4-methyl-2-
pentanone 10.90 g, ca. 509%), bp 60° (0.05 Torr). Samples were
collected by glpe for analvses:  nmr (CCL) 6 2.21 (s, 2), 2.08 (m,
2,208 s, 3, LLOO=1.52 (m, 9), 0.93 (s, 3), 0.87 (s, 3); ir (CCly)
2050, 2570, 1715, 1460, 1380, 1360, 1350, 1295, 1205, 1140, 1020
em T mass spectrum m/e (rel intensity) 136 (18), 121 (5), 107
1o, 95 (49, 67 (28), 453 (100).

Anal. Caled for C3H20O:  C, 80.46; H, 11.33. Found: C,
s0.82; H, 11.14.

»ndo-2-Norbornylmagnesium bromide (endo-1) was prepared
following the description of Jensen and Nakamaye.?®* An
equilibrium mixture of diastereomers of 2-norbornylmagnesium
bromide (20 ml, 1.175 .V, 23.5 mmol) was cooled to —70° in a 40-
mi centrifuge tube capped with a No-air stopper and containing a
magnetie stirring bar.  The tube containing the Cirignard reagent
solution was removed from the cold bath and was stirred vigor-
ously as a solution of benzophenone in ether (7.40 ml, 1.91 .V,
14.1 mmol) was injected into it using a svringe. The reaction
mixture was stirred at ambient temperature for ca. 1 min, the
tube was transferred to a centrifuge, and the precipitated solids
were compacted by centrifugation. The clear, deep red solution
of endo-2-norbornylinagnesium bromide was transferred to a
clean, dry centrifuge tube by cannula, cooled to —78°, and
titrated.’ The Grignard reagent solution was stored at —78°
until used. Analysis of the diastereomeric composition of the
solution by conversion first to 2 and then to 2-methylnorbornane
tvide infra indicated that it contained >99.5% endo diastereo-
mer.

Copper-Catalyzed Conjugate Addition of 1 to Mesityl Oxide.—
Bromo(tri-n-butylphosphine lcopper(I) (0.0186 g, 0.0538 mmol)
and n-heptadecane (0.0770 g, 0.321 mmol, an internal glpc stan-
dard) were weighed into a 40-ml centrifuge tube and dissolved in
20 ml of diethyl ether. The solution was cooled to —78°, and 2-
norbornylmagnesium bromide (1.175 .V, 0.853 ml, 1.00 mmol)
was added by syringe. The resulting solution was warmed to 0°,
and mesityl oxide (0.098 g, 1.00 mmol) was added by syringe.
The reaction was stirred for 2 hr at 0°, and then poured into 100
ml of a saturated aqueous solution of ammonium chloride. The
aqueous and ether layers were separated, and the aqueous phase
was extracted with two 20-ml portions of diethyl ether. The
combined ether fractions were washed with 10 ml of water and
dried (Mg30.1.  Analyses for total yields of 3 and 4 were carried
outona b fr X 0.125in. 104 UC-W9R8 on Chromosorb P column
at 140°. Foranalyses of relative vields of 3 and 4, the unresolved
peak corresponding to these materials was collected from an 8 ft
X 0.25in. UC-WYS column at 180° and reanalyzed on a 48 ft X
0.125 in. 197 SE-30 eolumn.  Results of these experiments are
summarized in Tables [and L.
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Conjugate Addition of 2-Norbornyl(tri-n-butylphosphine)-
copper(I) (2) to Mesityl Oxide.—Bromoftri-n-butylphosphine)-
copper(I) (0.345 g, 1.00 mmol), tri-n-butylphosphine (0.404 g,
2.00 mmol), and n-heptadecane (0.0839 g, 0.338 nimol) were
weighed into a 40-ml centrifuge tube capped with a No-air
stopper, and dissolved in 20 ml of diethyl ether. The solution
was cooled to —78°, and 2-norbornyimagnesium bromide (1.175
N, 0.853 ml, 1.00 mmol) was added by syringe. The resulting
solution was warmed to 0°, and mesityl oxide (0.098 g, 1.00 mmol)
was added by syringe. The reaction was stirred for 2 hr at 0°
and then poured into 100 ml of a saturated aqueous solution of
ammonium chloride. The aqueous and ether layers were sepa-
rated, and the aqueous phase was extracted with two 20-ml por-
tions of diethyl ether. The combined ether fractions were
washed with 10 ml of water and dried (MgSO,). Analyses were
carried out as desecribed previously.

Conjugate Addition of Lithium Alkyl(2-norbornyl)cuprates to
Mesityl Oxide.—Ilodo(tri-n-butylphosphinejcopper(I) (0.396 g,
1.01 mmol) and n-heptadecane (0.0816 g, 0.340 mmol) were
weighed into a 40-mli centrifuge tube capped with a No-air stopper
and dissolved in 20 ml of diethvl ether. The solution was cooled
to —78°, and 2-norbornvlmagnesium bromide (1.175 .V, 0.833 ml,
1.00 mmol) was added. The solution was mixed, and the appro-
priate alkyllithium reagent (1.05 mmol) was added by syringe.
The resulting solution was warmed to 0° with stirring, and
mesityl oxide (0.103 g, 1.05 mmol) was added by syringe. The
reaction mixture was stirred at 0° for 2 hr and then poured into
100 ml of a saturated aqueous solution of ammontum chloride.
The aqueous and ether layers were separated, and the aqueous
phase was extracted with two 20-ml portions of diethyl ether.
The combined ether fractions were washed with 10 ml of water
and dried (MgsSO,).  Analyses were carried out as described
above.

Attempted conjugate additions of tri-ero-2-norbornylborane to
mesityl oxide, carried out using ca. S mmol of borane, 10-20
mmol of mesityl oxide, and 10-20 mmol of water, with oxygen or
irradiation (3000- and 3500-A lamps in a Ravonet photochemical
reactor) for inttiantion failed over reaction times of up to 48 hr.

Bis(triphenylphosphine )(ethylene)platinum(0) (72.0 mg, 50%,),
mp 121-124° (lit.’8 mp 122-125°), was obtained from ethylene
and bisttriphenyviphosphine iplatinum(IT) oxide following the
procedure of Cook. ¥

Bis(triphenylphosphine )(ethylenenickel(0) (2.34 g, 73%) was
obtained from bistacetylacetonatomickel(I1), ethylene, and tri-
phenylphosphine following the procedure of Wilke.#!

Attempts of catalyze the conjugate addition of 1 to mesityl
oxide using catalvsts other than copper were carried out using the
same procedure as deseribed above: rthe results of these experi-
ments are summarized in Table [,

Bromobis(trimethyl phosphiteicopper(I).—Trimethyl phos-
phite (46.7 g, 0.376 mol) was mixed with a slurry of cuprous bro-
mide (27.0 g, 0.187 mol) in 200 ml of diethyl ether. The ether
solution was refluxed for 30 min and filtered while hot. The
resulting solution was cooled to 0°, at which temperature bromo-
bis(trimerhyl phosphite)copper() precipitated. The crude com-
plex was reerystallized from 400 ml of diethyl ether to give 49.7 g
(68°%) of bromobis(trimethyl phosphiteicopper(I), mp 61.0-
62.5°, nmr (CClL) 6 3.68 (d. J = 10.6 Hz).

Anai. Caled for CslIuBrCuOsP:: C, 18.40; H, 4.63; Br,
20.40. Found: C, 18.98; H,4.86; Br, 19.6S.

Analysis of the Diastereomeric Composition of Mixtures of
endo- and vro-2.—Samples of 2 in an ethereal solvent containing
ca. 0.25 mmol of organocopper reagent were transferred through
a cannula into a clean 40-ml centrifuge tube held immersed in a
Dry [ce-acetone bath.  Methvllithium (ca. 5 equiv, in ether) and
nitrobenzene (ca. 1 ml) were added in succession to the tube by
syringe. The oxidation reaction appeared to be complete on
mixing. Samples of the reaction mixture were injected directly
onto an 3 ft X 0.25in. 20¢: UC-W9s on Chromosorb P column ar
110°, and rhe unresolved peaks due to the diastereomeric 2-
methyvlnorbornanes were collected.  This mixture of diastereo-
mers was diluted in ca. 250 gl of solvent, and analvzed for diaster-
eomeric composition by glpe on a 43 ft X 0.25 in. 19 SE-30
column at 65°.  Under these conditions, the endo-2-methylnor-
bornane has the longer retention time.

Epimerization of ¢ndo-2-Norbornyl(tri-n-butylphosphine)cop-
pertI} (2).—A solution of ¢ndo-2 was prepared and shown to con-

(40) C.D.Cookand G. 3. Jauhal, J. .{mer. Chem. Soc., 90, 146+ (1968).
(t1) G. Wilke and G. Herrmann, .tngew. Chem., T4, 693 (1962).



STEROIDAL 3-KETO-19-CARBOXYLIC ACIDS

tain >99.5% endo diastereomer. Equal portions of this solution
were transferred into two 40-ml centrifuge tubes containing mag-
netic stirring bars immersed in a Dry Ice-acetone bath. The
tubes were warmed to 0° with stirring. Mesityl oxide (0.5 equiv)
was added to one tube. Aliquots from both solutions were taken
periodically by transferring into 40-ml centrifuge tubes held at
Dry Ice temperatures. These aliquots were analyzed for the
diastereomeric cortent of the remaining 2. Immediately after
warming to 0°, the diastereomeric purity of the 2 in the solution
not containing mesityl oxide was 98.5%,; after standing for 5 min
at 0°, it was 97.19,. The sample containing mesityl oxide con-
tained 2 that was 98.69, endo immediately after warming to 0°,
99.5%, after 1 min at 0°, and 93.79% after 15 min.

Competition of a Mixture of endo- and exo-2 for Limiting Quan-
tities of Mesityl Oxide.—An epimeric mixture of 2 was prepared
at —78° and was shown to be 749, endo and 269, exo. Aliquots
calculated to contain 1.19 mmol of 2 were transferred to 40-ml
centrifuge tubes and warmed to 0°. Calculated amounts of
mesityl oxide were added, and the reaction mixtures were stirred
at 0° for ca. 2 min. The reaction mixtures were then cooled to
—78°, and the remaining 2 was analyzed for epimeric composition

e

J. Org. Chem., Vol. 37, No. 23,1972 3725

by treatment with methyllithium and oxidation with nitroben-
zene. The conjugate additions of 2 and of lithium methyl-2-
norbornylcuprate to mesityl oxide at —78° are very slow. The
results of these experiments are as follows: for 0.250 equiv of
mesityl oxide/equiv of 2, the epimeric composition of the 2 re-
maining after quenching was 67.89, endo; for 0.336 equiv, 69.67
endo; for 0.503 equiv, 74.89, endo; for 0.675 equiv, 77.6% endo.

Registry No.—endo-1, 13058-87-2; endo-2, 24473-
67-1; ezo-2, 35616-99-0; 3, 35623-77-9; 4, 35623-73-0;
ezo-5, 35623-75-7; endo-5, 35623-79-1; mesityl oxide,
141-79-7; endo-2-norbornyl methyl ketone, §24-38-S;
exo-2-norbornyl methyl ketone, 824-39-9; bromobis-
(trimethyl phosphite)copper(I), 35617-00-6.

Acknowledgments.—Samples of dibromobis(triphen-
ylphosphine)nickel(IT) were supplied by Dr. T. L.
Newirth, and dichlorobis(triphenylphosphine)platinum-
(II) was obtained from Dr. S. L. Regen.
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