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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, 4-methy1-4-(endo-Z-norbornyl)pentan- 
2-one (3), with high stereoselectivity ; no detectable 4-methy1-4-(ezo-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 arid 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 
epimerisation 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-catalyzed 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 terl-butyllithium is uniquely active in the transfer of the 2-norbornyl group in the conjugate 
addition. 

Bot'h the copper-catalyzed conjugate addition of 
organomagnesium and -lithium reagents to a,p-un- 
saturated ketones and the rapid stoichiometric con- 
jugate addition of lithium dialliylcuprates to these 
substances are well est,ablished and synthetically im- 
portant reactions.2 However, the mechanism by which 
the copper ion encourages addition of the anionic or- 
ganic moiety to the b-carbon atom of the unsaturated 
ket'one moiety at the expense of addition to the car- 
bonyl group is not' unde r~ tood .~  Several experimental 
generalizations known or believed to be true for it 
follow. 

(a) Copper(1) is the valence state that is act'ive 
in the conjugate addition; further, t'he copper(1) 
is apparently not oxidized or reduced irreversibly 
during the course of the r e a ~ t i o n . ~  

(b) Copper(1) alkyls add to a number of types of 
carbon-carbon multiple bonds in the absence of a 
conjugating carbonyl moiet'y ; in part'icular, lithium 
dialkylcuprates add smoothly to a,p-unsat,urated epox- 
ides6 and ethynylcarbinyl acetates,' and organocopper- 
(I) compounds themselves add to terminal acetyleness 
and nitroaromati~s.~ 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) Kational Science Foundation Trainee, 1970-1971. 

(2) For reviews and references, see (a) H. 0. House, W. L. Respess, and 
G. 11. Whitesides, J. Org. Chem., 31, 3128 (1966); (b) II. 0. House and 
TV. F. Fischer, Jr., ibid., 83, 949 (1968). 

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

( 4 )  Alkylcopper(l) compounds frequently precipitate on reaction of the 
corresponding lithium dialkylcuprates with a,@-unsaturated ketones.2b'6 

(5) H. 0. House and W. F. Fischer, J r . ,  J .  Org. Chem., 34, 3615 (1960). 
( 6 )  R. W. Herr and C. R .  Johnson, J .  Amer. Chem. Soc., 92, 4979 (1970); 

( 7 )  P. Rona and P. CrabbB, ibid., 91, 3289 (1969). 
( 8 )  J. F. Normant and M .  Bourgain, TetrahedronLett., 2583 (1971). 
(9) M. Xilsson, C. Ullenius, and 0. Wennerstrom, ib id . ,  2713 (1971). 

R. J. Anderson, ibid., 92, 4978 (1870). 

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

(c) Conjugate addition can occur successfully t o  
a,@-unsaturated ketones confined to a transoid con- 
figuration; a cyclic transition state for the addition, 
involving a cisoid conformation for the ketone, is thus 
not r e q ~ i r e d . ~  'lo 

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

(1) 

RCu + R\o-Li+ (2) 

the alkyl group in a posit,ion favorable for attack on 
the @-carbon atom of the enone moiet,y by coordination 
with the double bond, or to activate this bond for 

(10) H. 0. House, R.  A. Latham, and C. D. Slater, J. Ow. Chem., 31, 

(11) C .  P. Casey and R.  A. Bogge, Tetrahedron Lett.,  2456 (1971). 
2667 (1966). 
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addition.12 Second, the copper atom might take 
part directly in the reaction by an oxidative addition 
process yielding an intermediate copper(II1) species, 
followed by reductive elimination of the conjugate 
adduct from this intermediate (eq 2).l3vl4 Third, 
conjugate addition might take place through a free 
radical chain process (eq 3-5). In  this reaction se- 

initiation R2CuLi - R. (3) 

R\o’ + R,CuLi ---j. 

R<oLi + RCu + R. ( 5 )  

quence, the copper(1) would serve as the metallic 
center in a radical displacement reaction (eq 5).17 The 
conjugate addition of trialkylboranes to a,p-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.lB Finally, conjugate addition has 
been suggested to involve electron transfer in an im- 
portant step (eq 6).2,19 The catalytic activity of cop- 

R 
1 

RCu(1) + UoLi 
(6) 

(12) The structures of the ate complexes formed between organocopper(1) 
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 RlCuLi or R?Cu-Li+, with no 
conviction tha t  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. 

i 11 

See, fo r  examples, J. Halpern, Aduan. Chem. Ser. ,  70,  1 (1968); P. LM. 
Henry, ibid. ,  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, i b i d . ,  
92,7078 (1970). 

(14) Oxidative addition of carbon-containing residues to copper(1) has 
been discussed previously in connection with the reactions of lithium dialkyl- 
cuprates with organic halides,16,1@ and a,@-unsaturated epoxides.5 However, 
no firm experimental evidence bearing on the importance of this process in 
organocopper(1) chemistry is presently available. 

(15) G. M. Whitesides, W. F. Fischer, Jr., J. San Filippo, Jr.. R .  W. 
Bashe, and H. 0. House, J. AmeT. 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 a t  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 references in each. 

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

(19) (a) I. N. Rozhkov and 9. M. Makin, Zh. Obshch. Khim. ,  34,  59 
(1964); Chem. Abslr., 60,  10576 (1964); (b) H. 0. House and M. J. Umen, 
J .  Amer. Chem. Soc., 94, 5495 (1972). 
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per(1) in a reaction of this type would be due to the 
accessibility of the copper(I1) valence state, and the 
resulting ease of one-electron oxidation of organo- 
copper(1) compounds. Lithium dialkylcuprates do in 
general react readily with oxidizing agents. However, 
the principal organic products from these reactions 
are the corresponding alkyl dimers,16J0 and oxidative 
dimerization of alkyl groups derived from the organo- 
metallic component of a conjugate addition reaction 
mixture is not a common side reaction. 

The work reported in this paper was designed to 
detect free alkyl radicals that might be present as 
intermediates in representative conjugate addition 
reactions, viz., the reactions of lithium dialkylcuprates 
derived from endo-2-norbornylcopper(I) with mesityl 
oxide (2-methylpent-2-en-4-one). The intermediacy 
of free 2-norbornyl radicals (eq 3-5) in these reactions 
would be expected to result in the formation of con- 
jugate adduct containing norbornyl groups epimer- 
ized at C-2jZ1 nucleophilic addition of the norbornyl 
moiety to the carbon-carbon double bond (eq 1) or 
an oxidative addition-reductive elimination path (eq 
2 )  would be expected to  take place with retention of 
stereochemistry at C-2, by analogy with the stereo- 
chemical outcome of reactions of 2-norbornylcuprates 
with alkyl halides and tosylates.16,20 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 (3-2. 

Results 
endo-2-Norbornylmagnesium 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 Kakamaye;22 its conversion 
into endo-2-norbornyl(t~ri-n-butylphosphine)copper(I) 
(endo-2) was accomplished by reaction mit’h bromo- 
(tri-n-butylphosphine)copper(I) in ether a t  - 78” .20 

The diastereomeric purity of the resulting 2 was deter- 
mined by glpc analysis of the mixture of endo- and exo- 
2-methylnorbornane formed on nitrobenzene oxidation 
of the solution obt’ained by addition of methyllithium 
t’o 2.  This oxidative coupling has been demonstrated 
previously to t’ake place stereospecifically with reten- 
tion of configuration.20 

Reactions of a number of organometallic derivatives 
of t’he 2-norbornyl moiety with mesityl oxide were sur- 
veyed to find condit’ions 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 equilibrium mixture of exo- and endo-2-nor- 
bornylmagnesium bromides (-35 exo: 65 endo),19 and, 

(20) G. M. Whitesides. J. San Filippo, Jr., C. P .  Casey, and E. J. Panek, 
J .  Amer. Chem. Soc.,  89, 5302 (1967). These oxidative dimerizations ap- 
parently do not involve free alkyl radicals as intermediates; e/ .  G. M. 
Whitesides, J. San Fillippo, Jr.,  E. R.  Stedronsky, and C. P. Casey, ib id . ,  
91, 6542 (1969). 

(21) For previous studies in which a reaction involving an  intermediate 
free 2-norbornyl radical has been charncterized by loss of stereochemistry 
a t  C-2, see P. J. Kropp, ibid. ,  91, 5783 (1969); A. Fang, Ph.D. Thesis, 
Massachusetts Institute of Technology, Cambridge, Mass., 1966; P .  D. 
Bartlett, G. N. Fickes, F. C. Haupt, and R.  Helgeson, Accounts Chem. Res., 
3 ,  177 (1970); D. I. Davies and 8. J. Cristol, Aduan. Free Radical Chem., 1, 
156 (1965); G.  M. Whitesides and J. San Filippo, Jr., J .  Amer. Chem. SOC., 
92, 6611 (1970). 

(22) F. R. Jensen and K.  L. Nakamaye, ibid. ,  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 

3 

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

TABLE I 
COMBINED YIELD O F  THE EPIMERIC 

4-hIETHYL-4-( 2-KORBORNYL)PENTAK-%ONES 3 AND 4 FROM 

COKJUGATE ADDITION O F  ORGANOMETALLIC DERIVATIVES 
NORBORNASE-2-X TO A ~ E S I T Y L  OXIDE“ 

Yield 
X 3 + 4, % b  

MgBr 0 
NgBr + 5 mol % ICuPBu3 
MgBr + 12 mol 70 BrAgPBu3 
NgBr + 5 mol % (Ph3P)2Ni(CH2=CH2) 
MgBr + 6 mol % (Ph3P)tNiBrz 
MgBr + 4 mol 76 (Ph3P)zPt(CHz=CH2) 
MgBr + 5 mol % (Ph3P)SPtClz 
MgBr + 6 mol 76 KzPtCla 
MgBr + 5 mol % ClAuPEts 

Cu(I)PBu3 + CeFsLi 0 
Cu(I)PBu3 + n-CaH&i 2 

Cu(1)PBus + n-CaH9Li O C  

Cu(I)PBu3 f s-C&Li 4 
Cu(I)PBu3 + (C6Ha)sCLi 4 
CLI(I)PBU~ + c-CiHaLi 6 
Cu(1)PBua + CeHbLi D 

Cu(1)PBua f ceHb(cI&)&I*~Li 6 
Cu(I)PBu3 + CH3Li 8 d  

Cu(I)PBu3 + 3 t-CaHsLi 358 
Cu(I)PBu3 + 5 t-CIH9Li 591 

18 
3 
0 
0 
0 
0 
0 
0 

Cu(1)PBus 16 

Cu(1)PBua + n-CaH9Li.TXEDA 18 

CLI(I)PBU~ + t-C,HsLi 66 
Q Reactions were carried out between 1 mmol of norbornyl- 

metal compound and 1 mmol of mesityl 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 7 ~ .   the solvent in this reaction was 50:50 ether- 
pyridine. d A 90% yield of 4,4-dimethylpentan-2-one was ob- 
tained in this reaction. e 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)PBu3 + CeH5Li” indicates a solution pre- 
pared by adding 1 equiv of phenyllithium to a solution 
of 2-norbornyl(tri-n-butylphosphine)copper(I); the 
name “lithium norbornylphenylcuprate” is used only 

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 charac te r i~ed .~~ 

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. 24 

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-norbornylcuprate with mesityl oxide indi- 
cates, in this instance, that the conversion of the a,/?- 
unsaturated ketone to its conjugate adducts containing 
either methyl or norbornyl moieties proceeds in very 
high yield (Table I), and that the important factor in 
determining the composite yield of 3 + 4 is apparently 
the relative facility with which the norbornyl and 
methyl moieties transfer from the metal cluster to the 
a,/?-unsaturated ketone (eq 7). However, the limited 

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

Taking the data of Table I as a guide in selecting 
reaction systems for examination, the stereochemistry 
of tBhe conjugate addition of several metal derivatives 
of the endo-2-norbornyl moiety to mesityl oxide \Tas 
determined. I n  order to  prove the stereochemistry of 
the products, and to obt,ain materials for glpc calibra- 
tion, an authent’ic sample of 4 was prepared following 
the reaction sequence outlined in Scheme I;26 an anal- 

(23) J. San Filippo, Jr., Ph.D.  Thesis, Massachusetts Institute of Tech- 
nology, Cambridge, Mass., 1970. For structural analogies in related 
organometallic series, see also T. L. Brown, Aduan. Organometal. Chem., 8 ,  
365 (1966); J. P. Oliver, ib id . ,  8, 167 (1970); T. L. Brown, Accounts Chem. 
Res., 1, 23 (1968); it{. Y. Darensbourg, B. Y. Kimura, G. E. Hartwell, and 
T. L. Brown, J .  Amer. Chem. SOC., 92, 1236 (1970). 

(24) We presume that  lithium dinorbornylcuprate would compete in yield 
in these conjugate addition reactions with lithium norbornyl-tert-butylcu- 
prate. However, in this system, asin many of synthetic interest, the Grignard 
reagent of one Component can be obtained more easily and in higher purity 
than oan the corresponding alkyllithium 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 B practical alterna- 
tive to the ate complex obtained from the lithium reagent of this component. 

(25) Diastereomerically pure endo- and em-norbornane-2-carboxylic 
acids were obtained from a mixture of endo- and exo-norborn-5-ene-2-cRr- 
boxylic acids by the procedure of J. A. Berson and D .  A. Ben-Efraim, 
J .  Anzer. Chem. SOC., 81, 4083 (1959), and references cited therein. 
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SCHEME I 
SYNTHESIS O F  eXO-2-NORBORNYL-4-METHYPEP;TAN-2-ONE (4) 

NaOH 

5 4 

ogous procedure starting with the endo-2-norbornyl 
carboxylic acid yielded a 70:30 mixture of 3 and 4.26 

Table I1 summarizes data pertinent to the stereo- 
chemistry at  C-2 of the norbornyl group of a number of 

TABLE I1 
STEREOCHEMISTRY OF CONJUGATE ADDITION OF THE 

TO MESITYL OXIDE" 
ORGANOMETALLIC DERIVATIVES NORBORNANE-2-X 

X endo-X: em-X 
MgBr + 5 mol % ICuPBua 65:35b 

99: 1c 
C U P B U ~  65:  35b 

99: l C  

CuPBu3 + CHaLi 65:  3 j b  
99: l C  

CUPBUS + (CHs)&Li 65:35b 
99: 1c  

CuP(OCH3)3 + (CH&CLi 99:Lc'e 

3 (endo) : 4 (exo) 

62:38 
81: 19 
17:83 
47: 53 

1:99 
94: 6 
40: 60 
99: 1Qd 
99: l C  

a 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. c This ratio is a 
minimum value. a separate experiment NgZi was pre- 
cipitated with dioxane before addition of tert-butyllithium, and 
its concentration was reduced to 5% that of the Cu"; however, 
-6% 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 577". e The yield of 3 
in this reaction was 407,. 

derivatives of 2 on conjugate addition to mesityl oxide. 
Discussion of these data is complicated by the facts 
that the ex0 epimer of each of the organometallic rea- 

(26) The conversion of the *,@-unsaturated ester 6 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 6 to iii, followed by rapid subsequent conjugate addition 
of remaining lithium dimethylcuprate to iii. 

(CH3)@Li CH3Li r "CHI" .t Cu(0) 

CH,Lj + &:-, - (CH3)2CUL1r 4 

0 
5 111 
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gents examined appears to have greater reactivity to- 
ward a,p-unsaturated ketones than the endo epimer, 
and that epimerization at  C-2 competes in certain in- 
stances with conjugate addition. Nonetheless, the 
stereochemistry of several of the conjugate additions is 
readily interpreted. 

The reactions listed in Table 11 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-norbornyl- 
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-butylphos- 
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 65 : 35 mixtures of endo- and exo-2-norbornyl 
moieties (Table 11), establish that the high stereo- 
selectivity observed in these reactions is not an artifact 
resulting either from the differences in reactivity of 
endo- and exo-Znorbornyl diastereomers 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- 
butylphosphine)copper(I) (2) under the conditions of 
the conjugate addition did not yield easily interpreted 
results.27 Thus, a solution of 2 (99.5% endo) was 
allowed to react with 0.5 equiv of mesityl oxide for 15 
min at 0". Analysis of the stereochemistry of the re- 
maining 2 by conversion to 2-methyln0rbornane~~ 
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 is 
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 is 
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 of 
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). 

I n  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)copper(I) is 
known to be faster than its thermal decomposition; however, quantitative 
rate data are available for neither of these reactions: cf. C. P. Casey, 
Ph.D. Thesis, Massachusetts Institute of Technology, Cambridge, Mass., 
1968. 
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alp-unsaturated ketones, we attempted to add tri-exo- 
2-norbornylborane to  mesityl oxide using reaction con- 
ditions described by Brown (see Experimental Sec- 
tion).18 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 
mesityl oxide from a mixture of 2 and tert-butyllithium 
takes place in good yield with essentially complete re- 
tention of stereochemistry at  the 2 position of the nor- 
bornyl moiety. This observation, taken together with 
the loss of stereochemistry at  this position character- 
istic of reactions involving free 2-norbornyl radicals,21 
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-norbornylcuprate and in its 
copper-catalyzed reaction with 1 suggest that the same 
mechanistic conclusions can be applied to  these reac- 
tions. N o  mechanistically significant interpretation 
concerning the stereochemistry of the addition of 2 t o  
mesityl oxide can be drawn a t  present, for reasons dis- 
cussed above. Using a different stereochemical test, 
Casey and Boggs" have concluded that free vinylic 
radicals are not involved in the conjugate addition of 
lithium dipropenylcuprate to cyclohexenone.28 

House and Umen have successfully correlated the 
susceptibility of a number of a,@-unsaturated ketones 
toward conjugate addition with their one-electron re- 
duction potentials. lgb Further, products easily ration- 
alized on the basis of alp-unsaturated ketone radical 
anions have been detected in certain conjugate addi- 
tion reactions.29 These observations are consistent 
with the hypothesis that electron transfer from the 
copper ate complex to the a#-unsaturated ketone is an 
important part of conjugate addition (eq 6). How- 
ever, neither observation necessarily establishes that 
free-radical anions derived from the a,@-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(1) I, and the anion radical-derived products29 may 
originate in reactions unrelated to  the conjugate addi- 
tion. Thus, although the data presented in this paper 
exclude free 2-norbornyl radicals in the conjugate addi- 
tion of derivatives of 2 to mesityl oxide (and presum- 
ably exclude free radicals in other related reactions by 
analogyll), it is not yet possible to  differentiate rigor- 
ously between mechanisms for conjugate addition in- 
volving electron transfer to the enone moiety (eq 6) and 
those requiring nucleophilic attack of an alkyl anion or 
metallate anion on it (eq 12) -30 

(28) Similar stereochemical results have been obtained by F. NBf and 
P .  Degen, Helv. Cham. Acta, 64, 1939 (1971); F. Naf, P. Degen, and G. 
Ohloff, abad., 65, 82 (1972). 

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

(30) For pertinent proposals concerning the mechanism by which copper 
acts as a catalyst in decarboxylation of aromatic acids, see T. Cohen and 
R.  A. Schambach, J .  Amer. Chem. Soc., 92, 3189 (1970); A. Cairncross, J. R. 
Roland, R. M. Henderson, and W. A. Sheppard, z b d ,  92, 3187 (1970). 
If  the catalytic activity of copper(1) in conjugate addition reactions is 

Experimental Section31 
5-Norbornene-2-carboxylic acid (371 g), bp 131-134' (11 Torr) 

[lit.30 bp 132-134' (22 Torr)], was obtained from cyclopentadiene 
and acrylic acid in 8770 yield following the procedure of Diels 
and Alder. 34 

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 257, 
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 (570 g, 2.20 mol) dissolved in 460 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 415 g of crude iodolactone. Recrystallization of 
this material from a mixture of ethyl acetate and n-pentane (1 : 5 )  
gave 316 g (63%) of pure iodolactone, mp 57.0-57.5' (lit.36 mp 
58.5 O ). 

This iodolactone (456 g, 1.80 mol) was dissolved in 800 ml of 
glacial acetic acid, and the resulting solution was cooled to 15'. 
Zinc 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 a t  15'. 
The reaction mixture was warmed to 25' for 2 hr, and the remain- 
ing solids were then removed by filtration. The reaction solution 
was diluted with 1 1. of water and extracted with five 200-nil por- 
tions of diethyl ether. Distillation of the ether phase yielded 
endo-norborn-5-ene-2-carboxylic acid (134 g, 547c), bp 127" (12 
Torr) [lit.26 bp 134' (16 Torr)]. 

endo-2-Norbornanecarboxylic Acid.-endo-Piorborn-5-ene-2- 
carboxylic acid (95 g, 0.688 mol) was dissolved in ca. 100 ml of 
ethyl acetate, mixed with 3 wt % palladium on charcoal (lo%), 
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 double bonds, i t  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 I). However, many of 
these salts either form organometallic derivatives or are reduced in solutions 
containing organolithium reagents; thus, the apparent lack of catalytic 
activity of these ions may simply reflect their conversion to noncoordinating 
substances under the reaction conditions. 

Infrared 
spectra were determined with a Perkin-Elmer Model 237 grating spectro- 
photometer. Nmr spectra were determined with a Varian T-60 nmr spec- 
trometer. Mass spectra were determined on a Hitachi Perkin-Elmer RMU- 
6 mass spectrometer. Analytical analyses 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 glpc analyses were performed on F & M 
Model 810 flame ionization instruments. Absolute yields 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 hydride 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 ketyl before use. Dimethoxyethane was 
distilled from a solution of sodium benzophenone dianion before use. Methyl-, 
cyclopentyl-, n-butyl-, and tert-butyllithium reagents were supplied by 
Foote Mineral Corp. sec-Butyllithium was supplied by Alpha Inorganics, 
Inc. Grignard reagent solutions were analyzed following the procedure of 
Eastham,S' and lithium reagents were analyzed by the Gilman double 
titration method.82 All reactions involving organometallic reagents were 
carried out under prepurified nitrogen, using standard inert atmosphere 
techniques. 3 3  

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

(33) D. F. Shriver, "The Manipulation of Air-Sensitive Compounds," 
McGraw-Hill, Kem York, N. Y.. 1969, Chapter 7. 

(34) 0. Diels and I<. Alder, Justus Liebigs Ann. Chem., 460, 117 (1928). 
(35) C. D.  VerNooy and C. S. Rondestvedt, J .  Amer. Chem. Soc., 77, 3583 

(31) All melting points and boiling points are uncorrected. 

(1955). 
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mp 63.5-65.5" (lit.26 mp 64-66'), The major part of the acid 
was not recrystallized, but was stored at  -25' until use. 

Methyl Norborn-5-ene-2-carboxylate.-Norborborn-5-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 1 1. of water, end 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 50-ml portions of 
water, and dried (htgSO4). Distillation gave methyl norborn-5- 
ene-2-carboxylate (300 g, 737,): bp 70" (8 Torr) [lit.*a bp 63.5" 
(5 Torr)]; nmr (CClr) 6 5.8-6.3 (2, m),  3.65 (1.1, s), 3.58 (1.9, 
s), 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, a t  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 50-ml portions of diethyl ether. The combined ether 
portions were washed with 100 ml of water, dried (MgSOa), and 
distilled to give 159 g of norborn-5-ene-2-carboxylic acid. The 
acid was shown to contain ca. 60% of the exo epimer by nmr spec- 
troscopy. An additional 100 g of methyl norborn-5-ene-2- 
carboxylate, shown to be ca. 70yc exo epimer by nmr spectros- 
copy, was recovered from the initial water and methanol distillate. 

ezo-2-Norbornylcarboxylic Acid.-Norborn-5-ene-2-carboxylic 
acid (obtained from epimerization of methyl norborn-5-ene-2- 
carboxylate, ca. 60% exo, 157 g, 1.10 mol) was dissolved in 1 
equiv of 30% aqueous sodium hydroxide solution. Sodium bi- 
carbonate (5.0 g, 0.04 mol) was added, followed by a solution of 
iodine (132 g, 0.52 mol) in ea. 500 ml of a saturated solution of 
aqueous potassium iodide.37 The mixture was shaken for 15 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 
(MgSOa), and distilled, yielding norborn-5-ene-ezo-2-carboxylic 
acid (88 g, ca. 96%), bp 85' (0.05 Torr) [lit.25 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 (MgSO4). 
Recrystallization from n-hexane gave pure norborn-5-ene-ezo-2- 
carboxylic acid, mp 43.0-44.5' (lit.26 mp 44.045.0'). Norborn- 
5-ene-ezo-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 (loyo, 0.5 g, 4 wt yo). 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 ezo-2-norbornylcarboxylic acid: mp 57-58' (lit.as mp 
57-58.5"); nmr (CClr) 6 12.2 (s, l ) ,  2.57 (m, I ) ,  2.29 (m, 2), 
1.20-2.00 (m, 8) .  

endo-2-Norbornyl Methyl Ketone.-endo-2-Norbornylcarbox- 
ylic acid (17.1 g, 0.124 mol) was dissolved in 150 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 N ,  148 mi, 0.248 mol) was added dropwise 
through a cannula a t  a rate that maintained the solution at  gentle 
reflux. The mixture was refluxed with external heating for 18 hr 
after the addition was completed, and was then transferred 
cautiously into 500 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 al., J .  Amer. Chem. Soc., 73, 3116 (1950). 
(37) It is important to have only a slight excesg of iodine, relative to  the 

amount of endo epimer believed to be present, in order to  avoid reactions 
involving the exo epimer. 
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25 ml of water and dried (XaJ30,). Distillation gave endo-2- 
norbornyl methyl ketone (10.1 g, 60%), bp 53" (2.5 Torr) [lit.as 
bp 91' (30 Torr)]. Glpc analysis showed the ketone to be ca. 
90% pure, and samples were collected by glpc for spectral and 
elemental analyses. Pure samples had nmr (CClr) 6 2.65-2.97 
(m, 2), 2.23 (m, l),  2.03 (s, 3), 1.10-1.70 (m, 8); ir (CCla) 2940, 
2860, 1705, 1450, 1350, 1305, 1190, 1176, 1166, 1110, 947 cm-l; 
mass spectrum m/e (re1 intensity): 138 (5), 120 (8), 105 (8), 95 
(53), 80 (51), 71 (74), 67 (57), 43 (100). 

A n a l .  Calcd for CDH140: C, 78.21; H,  10.21. Found: C, 
'78.50; H, 10.46. 

ezo-2-Norbornvl Methvl Ketone.-ezo-2-Norbornvlcarboxvlic 
acid (12.0 g, 85.fmmol) was dissolved in 20 ml of D G E  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 N ,  102 ml, 171 mmol) was transferred into the addition 
funnel, and added to the acid solution at  a rate sufficient to main- 
tain gentle reflux. The reaction mixture was heated to reflux 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 aqueous 
and organic phases were separated, and the aqueous phase was 
extracted with two 100-ml portions of diethyl ether. The com- 
bined ether fractions were washed with 25 ml of water and dried 
(NazSO4). Distillation gave ezo-2-norbornyl methyl ketone (7.0 
g, 59%), bp 56' (3.0 mm) [lit.38 bp 91' (30 mm)] . Samples were 
collected by glpc for analyses: nmr (cc14) 6 2.25-2.39 (m, 3), 
2.08 (s, 3),  1.03-1.90 (m, 8);  ir (ccl4) 2940, 2860, 1710, 1450, 
1355, 1310, 1175, 1060 cm-l; mass spectrum m/e (re1 intensity) 
138 (4), 95 (loo), 80 (13), 71 (33), 67 ( 5 5 ) ,  43 (84). 

Anal .  Calcd for CsH140: C, 78.21; H,  10.21. Found, C, 
78.12; H ,  10.35. 

Ethyl 3-(ezo-2-Norbomyl)but-2-enoate (5).-Triethyl phos- 
phonoacetatea@ (5 .55  g, 25.0 mmol) was added slowly to a slurry 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 reacted. 
ezo-2-Norbornyl methyl ketone (3.5 g, 25.3 mmol) was added to 
the solution, and the reaction mixture was stirred at  55' 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 water, dried (Na2S04), and distilled to yield ethyl 3-(ezo- 
2-norbornyl)but-2-enoate (3.0 g, 57%): bp 70' (0.06 Torr); 
nmr (CCl,) 65.51 (m, 1),4.04 (q,2) ,  1.98-2.35 (m, 3), 2.08 (d, 3), 
1.25 (t, 3), 1.02-1.80 (m, 8); ir (CCld) 2935, 2860, 1720, 1645, 
1450, 1370, 1325, 1265, 1170,1150, 1050 cm-I. 

Ethyl 3-(endo-2-Norbornyl)but-2-enoate.-Triethyl phospho- 
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 DME 
a t  25'. 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 250-ml round-bottomed 
flask, and was cooled to 10' in a water bath. endo-2-Norbornyl 
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 500 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 (Na2S04), and distilled to give 
ethyl 3-(endo-2-norbornyl)but-2-enoate (3.6 g, 27%), bp 85" 
(0.3 mm). Nmr spectroscopy indicated that the material was ca. 
85% endo epimer and 15% exo epimer. Samples for analyses 
were collected by glpc: nmr (cc14) 6 5.63 (m, l ) ,  4.06 (9, 2), 
2.22-2.67 (m, 3),  2.20 (d, 3), 1.25 (t ,  3), 1.20-1.40 (m, 8) ;  ir 

1145, 1070, 1035 cm-'; mass spectrum m/e (re1 intensity) 208 
(15), 193 (6), 163 (14), 145 (23), 95 (44), 79 (46), 67 (92), 59 (80), 
43 (68), 41 (100). 

A n a l .  Calcd for ClaHzoO:!: C, 74.96; H,  9.68. Found: C, 
74.68; H, 9.66. 
4-Methyl-4-(endo-2-norbomyl)pentan-2-one (3).-Methyllith- 

ium (1.68 N ,  35.4 ml, 60.0 mmol) was added to cuprous iodide 

(CClr) 2945, 2860, 1710, 1638, 1450, 1360, 1310, 1260, 1210, 

(38) J. G. Dinmiddie, Jr., and S. P. McManus, J .  Org.  Chem., 30, 766 

(39) Triethyl phosphonoacetate was obtained commercially from Aldrich 
(1965). 

Chemical Co., and was used without further purification. 
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(6.05 g, 30.3 mmol) a t  -30' in a 100-ml round-bottomed flask, 
and the mixture was warmed to room temperature after the 
cuprous iodide had dissolved. Ethyl 3-(endo-2-norbornyl)but- 
2-enoate (ca. 85% endo, 0.9174 g, 4.58 mmol) was added slowly, 
and the reaction was stirred for 36 hr a t  25'. The reaction was 
quenched in 500 ml of a saturated aqueous solution of ammonium 
chloride, and the aqueous and ether phases were separated. The 
aqueous phase was extracted with three 60-ml portions of diethyl 
ether, and the combined ether fractions were washed with 20 ml 
of water, dried (NanS04), and distilled to give a mixture of 4 and 3 
(0.405 g, ca. 457,), bp 60" (0.05 mm). The nmr spectrum indi- 
cated that the material was ca. 707, endo epimer and 30% exo 
epimer, and this conclusion was verified by glpc analysis. Sam- 
ples of 3 were purified by glpc for analyses: nmr (CC14) 6 2.28 
(s, 2), 2.22 (m, 2), 2.03 (s, 3), 1.08-2.00 (m, 9), 1.04 (a,  3), 0.98 
(s, 3); ir (CClr) 2940, 2860, 1715, 1460, 1380, 1360, 1300, 1200, 
1150 cm-l; mass spectrum m/e (re1 intensity) 194 (I) ,  136 (21), 
107 (20), 95 (35), 67 (26), 43 (100). 

Anal. Calcd for C13H2?0: C, 80.46; H, 11.33. Found: C, 
80.44; H, 11.18. 
4-Methyl-4-(ezo-Z-norbornyl)pentan-2-one (4).--Methyllith- 

ium (1.68 A', 47.7 ml, 80.6 mmol) was added to cuprous iodide 
(9.01 g, 47.3 mmol) a t  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- 
cuprate was warmed to 25', and ethyl 3-(ezo-2-norbornyl)but- 
2-enoate (ca. 2.0 g, 9.7 mmol) was added by syringe. The 
solution was stirred for 24 hr a t  25O, and was then poured into 300 
ml of a saturated aqueous solution of ammonium chloride. The 
aqueous and ether phases were separated, and the aqueous phase 
was extracted with two 50-ml portions of diethyl ether. The 
combined ether fractions were washed with 20 ml of water, dried 
(LIgSOd), and distilled to give 4-(ezo-2-norbornyl)-4-methyl-2- 
pentanone (0.90 g, ea. SO%), bp 60' (0.05 Torr). Samples were 
collected by glpc for analyses: nmr (CCla) 6 2.21 (a,  2), 2.08 (m, 
2), 2.06 (s, 3), 1.00-1.52 (m, 9), 0.93 (s, 3), 0.87 (9, 3); ir (cc14) 
2950, 2870, 1715, 1460, 1380, 1360, 1350, 1295, 1205, 1140, 1020 
cm-l; mass spectrum mle (re1 intensity) 136 (18), 121 ( 5 ) ,  107 
(16), 95 (49), 67 (28), 43 (100). 

Anal. Calcd for Cl3Hz?O: C, 80.46; H, 11.33. Found: C, 
80.62; H, 11.14. 

endo-2-Norbornylmagnesium bromide (endo-1) was prepared 
following the description of Jensen and Nakamaye.22 An 
equilibrium mixture of diastereomers of 2-norbornylmagnesium 
bromide (20 ml, 1.175 N, 23.5 mmol) was cooled to  -70" in a 40- 
ml centrifuge tube capped with a No-air stopper and containing a 
magnetic stirring bar. The tube containing the Grignard 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 LY, 
14.1 mmol) was injected into it using a syringe. The reaction 
mixture was stirred at  ambient temperature for ea. 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-norbornylmagnesium bromide was transferred to a 
clean, dry centrifuge tube by cannula, cooled to -78", and 
titrated.31 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 
(vide infra) indicated that it contained >99.57, endo diastereo- 
mer. 

Copper-Catalyzed Conjugate Addition of 1 to Mesityl Oxide.- 
Bromo (tri-n-buty1phosphine)copper (I) (0.0186 g, 0.0638 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 iV, 0.853 ml, 1.00 mmol) 
was added by syringe. The resulting solution was warmed to O",  
and mesityl oxide (0.098 g, 1.00 mmol) was added by syringe. 
The reaction was stirred for 2 hr a t  O", 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 (MgS04). Analyses for total yields of 3 and 4 were carried 
out on a 6 ft  x 0.125 in. lOyo TiC-W98 on Chromosorb P column 
at  140'. For analyses of relative yields of 3 and 4, the unresolved 
peak corresponding to these materials was collected from an 8 ft 
x 0.25 in. UC-W98 column a t  180' and reanalyzed on a 48 ft  X 
0.126 in. 1% SE-30 column. Results of these experiments are 
summarized in Tables I and 11. 

Conjugate Addition of 2-Norbornyl(tri-n-butylphosphine)- 
copper(1) (2) to Mesityl Oxide.-Bromo(tri-n-butylphosphine)- 
copper(1) (0.345 g, 1.00 mmol), tri-n-butylphosphine (0.404 g, 
2.00 mmol), and n-heptadecane (0.0859 g, 0.358 mmol) were 
weighed into a 40-ml centrifuge tube capped with a Xo-air 
stopper, and dissolved in 20 ml of diethyl ether. The solution 
was cooled to -78", and 2-norbornylmagnesium bromide (1.175 
117, 0.853 ml, 1.00 mmol) was added by syringe. The resulting 
solution was warmed to On, and mesityl oxide (0.098 g, 1 .OO mmol) 
was added by syringe. The reaction was stirred for 2 hr a t  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 wiih two 20-ml por- 
tions of diethyl ether. The combined ether fractions were 
washed with 10 ml of water and dried (MgSOd). Analyses were 
carried out as described previously. 

Conjugate Addition of Lithium Alkyl(2-norborny1)cuprates to 
Mesityl Oxide.-Iodo(tri-n-butylphosphine)copper(I) (0.396 g, 
1.01 mmol) and n-heptadecane (0.0816 g, 0.340 mmol) 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-norbornylmagnesium bromide (1.175 S, 0.853 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 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 (iLIgsO4). Analyses were carried out as described 
above. 

Attempted conjugate additions of tri-ezo-2-norbornylborane to 
mesityl oxide, carried out using ea. 8 mmol of borane, 10-20 
mmol of mesityl oxide, and 10-20 mmol of water, with oxygen or 
irradiation (3000- and 3500-*% lamps in a Rayonet photochemical 
reactor) for initiation failed over reaction times of up to 48 hr. 
Bis(triphenylphosphine)(ethylene)platinum(O) (72 .0 mg, 50%), 

mp 121-124" (lit.36 mp 122-125'), was obtained from ethylene 
and bis(triphenylphosphine)platinum(II) oxide following the 
procedure of Cook.40 

Bis(triphenylphosphine)(ethylene)nickel(O) (2.34 g, 73%) was 
obtained from bis(acetylacetonato)nickel(II), ethylene, and tri- 
phenylphosphine following the procedure of M7ilke.41 

Attempts of catalyze the conjugate addition of 1 to mesityl 
oxide using catalysts other than copper were carried out using the 
same procedure as described above; the results of these experi- 
ments are summarized in Table I. 

Bromobis(trimethy1 phosphite)copper(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 t o  On, at which temperature bromo- 
bis(trimethy1 phosphite)copper(I) precipitated. The crude com- 
plex was recrystallized from 400 ml of diethyl ether to give 49.7 g 
(68%) of bromobis(trimethy1 phosphite)copper(I), mp 61 .O- 
62.5', nmr (CC1,) 6 3.68 (d, J = 10.6 Ha). 

Anal. Calcd for C6H1BBrC~06P2: C, 18.40; H, 4.63; Br, 
20.40. Found: C, 18.98; H,4.86; Br, 19.68. 

Analysis of the Diastereomeric Composition of Mixtures of 
endo- and ezo-Z.--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 Ice-acetone bath. hIethyllithium (ca. 5 equiv, in ether) and 
nitrobenzene (ea. 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 8 ft X 0.25 in. 20% UC-W98 on Chromosorb P column at  
110", and the unresolved peaks due to the diastereomeric 2- 
methylnorbornanes were collected. This mixture of diastereo- 
mers was diluted in ca. 250 p 1 of solvent, and analyzed for diaster- 
eomeric composition by glpc on a 48 ft X 0.25 in. 1% SE-30 
column at  65". Under these conditions, the endo-2-methylnor- 
bornane has the longer retention time. 

Epimerization of endo-2-Norbornyl(tri-n-butylphosphine)cop- 
per(1) (2).---4 solution of endo-2 was prepared and shown to con- 

(40) C.  D. Cook and G. S. Jauhal, J. Amer. Chem. Soc., 90, 1464 (1968). 
(41) G. Wilke and G. Herrmann, Angew. Chem.,  74, 693 (1962). 
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tain >99.570 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 content of the remaining 2 .  Immediately after 
warming to O " ,  the diastereomeric purity of the 2 in the solution 
not containing mesityl oxide was 98.5%; after standing for 5 min 
at O " ,  it was 97.1%. The sample containing mesityl oxide con- 
tained 2 that was 98.6Y0 endo immediately after warming to O " ,  
99.5% after 1 min at  O " ,  and 93.770 after 15 min. 

Competition of a Mixture of endo- and ezo-2 for Limiting Quan- 
tities of Mesityl Oxide.-An epimeric mixture of 2 was prepared 
at  -78" and was shown to be 7470 endo and 26% 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 

by treatment with methyllithium and oxidation with nitroben- 
zene. The conjugate additions of 2 and of lithium methyl-2- 
norbornylcuprate to mesityl oxide a t  -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 67.8y0 endo; for 0.336 equiv, 69.6% 
endo; for 0.505 equiv, 74.870 endo; for 0.675 equiv, 77.6% endo. 

Registry No.-endo-1, 13058-87-2; endo-2, 24473- 
67-4; exo-2, 35616-99-0; 3 ,  35623-77-9; 4, 35623-78-0; 
exo-5, 35623-75-7 ; endod, 35623-79-1 ; mesityl oxide, 
141-79-7; endo-2-norbornyl methyl ketone, 824-58-8; 
exo-2-norbornyl methyl ketone, 824-59-9; bromobis- 
(trimethyl phosphite)copper(I) , 35617-00-6. 
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The treatment of 3,17-dioxoestr-4-en-Ig-oic acid (1) with iodine in pyridine yielded estra-4,9-diene-3,17-dione 
(6). This compound reacted further with iodine to give 3-hydroxyestra-1,3,5( 10),9(11)-tetraen-17-one (7). The 
reaction of estra-4,6-diene-3,17-dione (1 1) under the same conditions afforded 3-hydroxyestra-1,3,5( 10),6-tetraen- 
17-one (12). When 3,17-dioxoandrosta-4,6-dien-19-oic acid (IO), 3,17-dioxo-5~-androstan-19-oic acid (16), and 
3,17-dioxo-5~-androstan-19-oic acid (16a) were treated with iodine in pyridine, they yielded, respectively, the lac- 
tones 15, 17, and 17a. Pyridine-iodine appears t o  be a new reagent capable of yielding y-lactones and unsatu- 
rated phenols from suitable y-keto carboxylic acids and conjugated dienones. A deviation from the helicity rule 
of the homoannular diene 13a is reported. 

I n  1960 Hagimara, et u Z . , ~  reported that treatment of 
androst-4-en-3,17-dion-19-oic acid (1) in hot pyridine 
solution afforded estr-ti(lO)-ene-3,17-dione ( 2 )  in al- 
most quantitative yield. Subsequently, Perelman, 
et al. , 3  reported the synthesis of estra-4,9-diene-3,17- 
dione (6) in unspecified yield by the reaction of estr- 
5(10)-ene-3,17-dione (2 )  with bromine in pyridine solu- 
tion. These authors reported that pyridine is unique 
in transforming the resulting 5,lO-dibromo a interme- 
diate into the dienone 6 instead of phenolic products, 
obtained when the reaction is carried out in other sol- 
vents. 

The possibility of obtaining the dienone 6 in a single 
reaction by decarboxylation of the acid 1 in pyridine 
solution in the presence of halogen was considered. 
This type of decarboxylation should produce the inter- 
mediate enol 4 via the anion 3 ,  which in principle may 
be "trapped" by an electrophilic reagent, such as 
positive ha10gen.~ 

With this aim, the following transformations were 

(1) This paper represents Contribution No. 389 from Syntex Research, 
Institute of Organic Chemistry, Palo Blto, Calif. 

(2) H. Hagimara, S. Koguchi, and M. Kishikama, Chem. Pharm. Bull., 
8, 84 (1960). 

(3) M. Perelman, E. Farkas, E. S. Fornefeld, R .  S. Kraay, and R.  T. 
Rapala, J .  Amer. Chem. Soc., 83, 2402 (1960). 

(4) K.  S. Pedersen, ahzd.,  61, 2098 (1929); 68, 250 (1936); F. 8. Fawcet, 
Chem. Rev., 47, 219 (1950). For a similar type of trapping of carbanion 
intermediates derived from carboxylic acids having strong electron-attracting 
groups, see K. S. Pedersen, J. Phys. Chem., 88, 559 (1934). 

carried out, Reaction of androst-4-ene-3,17-dion-19- 
oic acid (1) in pyridine solution with 1 mol of io- 
dine at  60-65" led to an immediate evolution of car- 
bon dioxide and formation of a heavy crystalline pre- 
cipitate of pyridine hydriodide. After isolation of 
the products, an oil with strong ultraviolet absorption 
at  302 mp, characteristic of a A4'9-3-ketone chromo- 
p h ~ r e , ~  was obtained. Purification of the reaction 
mixture by elution chromatography on activated alu- 
mina yielded 59% of estra-4,9-diene-3,17-dione (6). 

Under the conditions of the experiment, the C-10 
iodo derivative 5 (X = I) (probably with the lop 
configuration) proved to be unstable, decomposing 
rapidly with elimination of 1 mol of hydrogen iodide to  
produce the dienone 6. In  the more polar fractions, 
a mixture of ring A phenolic steroids with ultraviolet 
absorption at  264 mp was obtained, suggesting the 
presence of an estra-l,3,5,9(11)-tetraene chromophore. 
Apparently estra-4,9-diene-3,17-dione (6) undergoes 
further attack by iodine, the intermediate iodo com- 
pound being transformed into 3-hydroxyestra-l,3,5,9- 
(ll)-tetraen-17-one (7) by elimination and rearrange- 
ment. To support this proposal, the following experi- 
ments were carried out. Treatment of the dienone 6 
with 1 mol of iodine in pyridine solution at reflux for 6 
hr yielded 48% of 3-hydroxyestra-l,3,5,9(1l)-tetraen- 
17-one (7 ) .  Treatment of the acid 1 with 2 mol of io- 
dine in refluxing pyridine afforded the A9(I1) compound 
7 in 30% yield. This appears to be thc first example of 


