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blocking groups to restrain ground-state reactivity. 
Should methods be found to circumvent this, a num- 
ber of useful procedures would become available. 
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The addition of nucleophiles, N:-, to unsaturated 
carbonyl compounds, 1 (or other electrophiles), can 
occur either by direct nucleophilic addition to form 
the product 4 or as a two-stage reaction in which only 
an electron is transferred from N:- to 1 in the first 
stage. Subsequent coupling of radical intermediates 2 
and 3 to form 4 constitutes the second stage of this 
latter process. A distinction between these mechanis- 
tic possibilities has several practical consequences. 
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In the two-stage pathway, the equilibrium position 
for the first step, the reversible transfer of an elec- 
tron, can be estimated from the electrode potential, 
E,,, for oxidation (loss of an electron) of the nucleo- 
phile, N:-, and the corresponding potential, Ered, for 
reduction (gain of an electron) of the carbonyl com- 
pound 1. The electrode potentials, E,, and Ered, used 
in this Account refer to the potential, measured by 
standard polarographic or cyclic voltammetry tech- 
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niques in an aprotic solvent (usually dimethylform- 
amide) with respect to a saturated calomel electrode, 
associated with the following reaction: oxidized reac- 
tant + e- e reduced reactant. With this sign conven- 
tion, the most powerful reducing agents, N:-, have 
the most negative E,, values and the most difficultly 
reduced unsaturated carbonyl compounds 1 have the 
most negative Ered values. Thus, when the value Ered 
- E,, is positive, transfer of an electron from N:- to 
the carbonyl compound 1 is energetically favorable. 

To obtain sufficient concentrations of intermedi- 
ates 2 and 3 (ca. low3 M or greater) so that the sec- 
ond coupling reaction, 2 + 3 -+ 4, can occur a t  a rea- 
sonable rate, the electrode potential difference, Epd 
- E,,, should be more positive than -0.4 V. Conse- 
quently, any reaction that proceeds only by the two- 
stage process would be expected to fail (or to proceed 
very slowly) if structural changes in N:- and/or the 
enone 1 cause the potential difference Ered .- E,, to 
become more negative than -0.4 V. 

For reactions that can occur by either pathway, the 
mechanism would be expected to change with struc- 
tural changes in the reactants that cause the value, 
Ered - E,,, to change from values more negative than 
ca. -0.4 V to more positive values. Of particular im- 
portance is the possibility that this change in mecha- 
nism may be accompanied by a change in product 
structure since the charge densities in the original 
reactants 1 and N:- and the spin densities in the rad- 
ical intermediates 2 and 3 may differ. Thus, the loca- 
tions of highest spin density in the intermediates 2 
and 3 could be useful in predicting the structure of 
the major product formed by a two-stage reaction. 

Finally, in any two-stage reaction where the rate of 
electron transfer is comparable to or more rapid than 
the subsequent coupling of intermediates 2 and 3, the 
lifetime of these intermediates may be sufficient to 
allow other reactions to intervene. For example, one 
or both of these intermediates 2 or 3 might dimerize 
or might undergo a stereochemical or structural rear- 
rangement prior to coupling. 
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Conjugate Addition Reactions of Lithium 
Organocuprates 

The relative rates of reaction of the enone 5 with 
MeLi (to form 6) and with MeCuP(Bu-n)3 (to form 
7) were both substantially faster than the addition of 
MeMgBr (to form 6 and 7).l However, saturated ke- 
tones, which also reacted rapidly with Grignard re- 
agents, failed to react with MeCuP(Bu-n)3 and react- 
ed only slowly with the more reactive reagent, 
Me2CuLi.l For example, the ketones 8 reacted with 
MezCuLi to form a mixture of an enolate and an alk- 
oxide; quenching with D20-DOAc gave the deuterio 
ketones 10 accompanied by the alcohols 11.2 Thus, 
the organocopper(1) reagents exhibited the curious 
behavior of apparently being very reactive nucleo- 
philes in additions to unsaturated carbonyl com- 
pounds but poor nucleophiles in additions to noncon- 
jugated carbonyl compounds. 
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Both this seemingly contradictory behavior and 
various other o b ~ e r v a t i o n s l ~ ~ ~  have led us to believe 
that the conjugate addition of lithium organocu- 
prates to unsaturated carbonyl compounds4 is an ex- 
ample of a two-stage reaction involving an initial 
electron transfer. The R groups of various R2CuLi re- 
agents are transferred with retention of configura- 
t i ~ n , ~  excluding the intermediacy of an R. free radical 
and supporting the presence of an intermediate such 
as 12b in which the group R is transferred from the 
cuprate to the carbonyl compound by an intramolec- 
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ular rearrangement. 
The limited structural information presently avail- 

ablelas6 suggests that the cuprate reagents should be 
formulated as dimers, R4Cu2Li2, with all R groups 
equivalent. This information, taken with the facts 
that both RCu compounds7 and many RLi com- 
poundss have tetrameric metal clusters (either planar 
or tetrahedral) with bridging alkyl groups, led us to 
adopt structure 12a as a working hypothesis for lithi- 
um organocuprates. Using this structural hypothesis, 
we suggest the reaction pathway indicated in Scheme 
I to account for the various facts concerning the reac- 
tion of lithium organocuprates with unsaturated car- 
bonyl compounds. 

Alternatively, conjugate addition has been suggest- 
ed5a to proceed by direct nucleophilic addition of the 
cuprate 12a to form the intermediate 12b, a process 
analogous to that believed operative in most reac- 
tions of cuprate reagents with alkyl halidesga and 
alkyl t o ~ y l a t e s . ~ ~  We believe that this alternative 
mechanism does not adequately account either for 
the very large kinetic preference for conjugate addi- 
tion rather than 1,2 addition of cuprate reagents or 
for a number of other subsequently described experi- 
mental observations. 

The two-stage mechanism (Scheme I) requires a 
relationship between the success or failure of the re- 
action and the value of the potential difference, E r e d  
- Eox.  With a given cuprate reagent (e.g., MezCuLi), 
when the reduction potential of the carbonyl com- 
pound (e.g., E r e d  for 1 -+ 2) becomes sufficiently neg- 
ative, conjugate addition should no longer occur. This 
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Table I 
Results of Treating Various Unsaturated Carbonyl Compounds with (CH3)2CuLi i n  E t h e P  

Forms conjugate adduct 

PhCH=CHCOCH, (-1.64) 
(CH,),C=C(C02Et), (-2.13) 
CH,C02C (CH,)=C(CH,)COCH, (-2.14) 

t -Bu-- -C)=CHC~C~ (-2.12) 

(CH ) KH CH 
0 

n-PrC=CC02CH, 

(-2.20) 

(-2.26) 

(-2.25) 

a Ered values in volts vs. SCE measured in an aprotic solvent, 

Scheme I1 
Estimation of Ered for 

a,o-Unsaturated Carbonyl Compoundsa 

R2 
I ,Rd 

Base value -1.9 V 

Increment 
R4 

\ 
R1-C-C=C 

I1 
0 

Substituent a, R* R, or R, 
Alkyl -0.1 -0.1 -0.1 
First alkoxyl -0.3 0 -0.3 
First phenyl +0.4 +0.1 +0.4 

R,-C-CZC-R, Base value -1.8 V 
II 

Increment 0 

Substituent R. R, 
Alkyl -0.1 -0.1 
First alkoxyl -0.3 Not determined 

a 
I 

Suggested base value -2.3 V for R,C=C--C=N 

a Ered values in volts vs. SCE in an aprotic sdwent. 

result was observed when a series of unsaturated car- 
bonyl compounds were treated with ethereal MezCu- 
Li (Table I). Compounds with E r e d  values less nega- 
tive than -2.4 V underwent conjugate addition, 
whereas compounds with E r e d  values more negative 
than -2.4 V were recovered ~nchanged .~  While this 
potential-reactivity correlation is clearly compatible 
with a process requiring initial reduction of an unsat- 
urated carbonyl compound 1 to its anion radical 2, we 
have been unable to discern any obvious relationship 
between the E r e d  values for various unsaturated car- 
bonyl compounds and their reactivity as acceptors in 
Michael reactions (nucleophilic additions of carban- 
ionic  intermediate^).^^ 

The synthetic utility of such correlations lies in the 
ability to predict whether a given lithium organocu- 
prate is likely to add to an unsaturated carbonyl 
compound from a knowledge of the reduction poten- 
tial, E r e &  of the carbonyl reactant. To facilitate use 
of this correlation in planning a possible synthetic se- 
quence, the simple empirical rules summarized in 

Forms conjugate adduct 

C H,C H=C HCOzC H, (-2 3 3 )  
(CH,)~C=C(CH,)COCH, (-2.3 5) 

Recovered 

(-2.43) 

(-2.54) 

(-2.50) 

(-2.55) 

Scheme I1 provide estimates of E r e d  values for unsat- 
urated carbonyl compounds that are usually reliable 
to within f O . l  V.l0 

A knowledge of the potentials, E,,, associated with 
the oxidation of cuprate reagents 13 containing vari- 
ous R substituents is clearly desirable. Estimates of 
the E,, values associated with the oxidation steps 13 
-. 14 and 14 -. 15 can be derived from several reac- 
tions of cuprates. The successful conjugate addition 
of MeaCuzLiz only to substrates having E r e d  values 
less negative than -2.4 V, considered with the idea 
that the value E r e d  - E,, should be less negative than 
-0.4 V, suggests that the value of E,, of the first 
step, 13 + 14, in the oxidation of Me4CuzLi2 is about 
-1.9 V. When lithium organocuprates, 13, are treated 
with various oxidants [e.g., 0 2 ,  PhN02, or Cu(I1) 
salts] having electrode potentials, E,, more positive 
than -1.2 V, a two-electron oxidation occurs (pre- 
sumably via intermediates 14 and 15) to form cou- 
pled products, 16,3t9 suggesting an E,, value of ca. 
-1.0 V for the second oxidation step, 14 --* 15. It is 
apparently this possibility for transferring two elec- 
trons that leads to reduction products rather than 
conjugate addition products when very easily re- 
duced unsaturated carbonyl compounds [e.g., (Et- 
02C)2C=C(C02Et)2, E r e d  -0.97 v (first electron) 
and -1.10 V (second electron)] are treated with Me4- 
C u ~ L i 2 . ~ ~  Although studies with other cuprates are 
presently incomplete, the most negative enone E r e d  
values that permit successful reaction appear to be: 
(allyl)&uLi, -2.1 V;lla PhzCuLi, -2.3 V;llb Me2Cu- 
Li, -2.35 V;293 and (vinyl)&Li, ca. -2.4 V.2 

R,Cu?Li, -+ [R,Cu,2Li,]f 5 [R4Cu&J2+ -+ 

-e- 

13 14 15 

R-R + 2Li+ + 2RCu 

Our efforts to obtain the value of E,, for Me4- 
CuzLi2 by electrochemical measurement were frus- 
trated by the failure to observe any oxidative current 

16 

(10) H. 0. House, L. F. Huber, and M. J. Umen, J.  Am. Chem. SOC., 94, 
8471 (1972). 
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(1969); (b) H. 0. House and J. M. Wilkins, to be published; ( c )  H. 0. House 
and P. D. Weeks, J .  Am. Chem. Soc., 97, 2770, 2778, 2785 (1975); (d) H. 0. 
House and C. Y. Chu, to be published. 
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Scheme I11 

lZa 

17 

[R,Cu,LiJt + R-C=CH-CHR 
I 
0- 

18 

during attempted electrolysis of Me4CuzLiz solutions 
throughout the range -0.5 to -2.5 V.lld However, 
these same solutions are capable of transferring an 
electron to reactants containing a carbonyl group 
that are reduced within this potential range. For ex- 
ample, both fluorenonela (Ered = -1.29 and -1.95 V) 
and benzophenonelld (Ered  = -1.80 and -2.34 v) 
react with ethereal solutions of Me4Cu2Li2 to give 
relatively stable solutions of the corresponding radi- 
cal anions that react only slowly to form adducts. 
Consequently, we believe that the transfer of an elec- 
tron from the cuprate reagent to a metal electrode 
(required for successful electrochemical measure- 
ment) is kinetically very slow and that rapid electron 
transfer from cuprate reagents requires prior coordi- 
nation of the carbonyl component with the cuprate 
metal cluster such as structure 17 in Scheme 111. If 
dissociation of this complex 17 with electron transfer 
(a process analogous to inner-sphere electron transfer 
in redox reactions of metal ions) to form anion radi- 
cal 18 is energetically favorable, this transfer presum- 
ably occurs followed by the steps indicated in 
Scheme I. In reactions with saturated ketones (e.g., 8) 
where dissociation of a complex analogous to 17 
would be energetically unfavorable (Ered more nega- 
tive than -2.9 V for saturated ketones), the complex 
17 may serve as the intermediate leading to the for- 
mation of enolate anions 9 or to a slow 1,2 addition 
producing alcohols 11. 

The need for initial coordination of MedCuaLiz 
with a doubly bound oxygen (e.g., 17) is indicated by 
the observation that substrates without this func- 
tionality such as cinnamonitrile-(Ered = -1.84 or 
anthracene (Ered  = -1.93 V)lld fail to react with 
Me4Cu2Li2. However, substrates reduced with com- 
parable difficulty that have a doubly bound oxygen 
function (e.g., Table I and PhCH=CHS02C6H4Cl- 
p,4b Ered = -1.70 V) do yield conjugate addition 
products with MeeCuzLiz. 

Use of E,,, Values and Spin Density 
Measurements 

A survey of the Eo, values for several common car- 
binionic nucleophiles and reducing agents is collect- 
ed (Table II).11ci12 The values obtained are consistent 
with the expectation that the most negative electrode 

Table I1 
Electrode Potentials for the Oxidation of 

Various Common Carbanionic Nucleophiles 
and Reducing Agents 

Compound Solvent E,,, V, v s .  SCE 

Na HMP -2.96 
C r  (en),(OAc), DMF -1.59 
Ph,C -Lit DME -1.3 (-1.4)O 
Ph,CH-Li‘ DME -1 .1 

0- 

P h C H = k H ,  Na’ DMF -0.2 

pi+ DME -(-0.1)= - 
(Et02C),CH-Na+ DMF +0.4 

a Calculated from data in ref 12c. 

potentials are found with carbanions such as Ph3C:- 
that can be oxidized to rather stable free radicals 
(e.g., Ph3C.). Simple enolate anions have Eo, values 
(-0.2 to +0.4 V) sufficiently positive that reaction 
with typical unsaturated carbonyl compounds (Ered 
= -1.4 to -2.5 V) by an electron-transfer process is 
most improbable. Although our efforts to measure di- 
rectly Eo, values for several common main-group 
metal derivatives (e.g., MeLi, MezMg, LiAlH4) have 
not been succe~sfu1,~~ two subsequently discussed re- 
actions of these reagents with simple enones suggest 
that these reactions also do not occur by initial elec- 
tron transfer. Inspection of Eo, values for organome- 
tallic compounds14 suggests that various transition- 
metal derivatives tend to be most easily oxidized 
(typical Ered values -1.0 to -2.5 V) and are, there- 
fore, the classes of compounds most likely to react 
with electrophiles by an electron-transfer process. 
This facile oxidation of transition-metal derivatives 
presumably reflects the availability of two or more 
relatively stable valence states. 

Since the E,, value for Ph3C-Li+ is sufficiently 
negative (-1.3 V) to permit electron transfer with 
easily reduced enones, we examined the reactionllC of 
this reagent with a readily reduced enone, 19, and 
with a difficultly reduced enone, 20. EPR studies15 of 
the radical Ph3C. suggest that about 65% of the spin 
density is located at  the central carbon atom. In the 
corresponding carbanion from PhsCLi, only 13% (lH 
NMR spectrum)16 to 38% (13C NMR spectrum)17 of 
the negative charge appears to  be located at the cen- 
tral carbon atom. The values suggest that the trityl 
radical may have more tendency to couple with an- 
other radical a t  the central carbon than would be the 
case for reaction of the trityl anion with an electro- 

(12) (a) K. W. Bowers, R. W. Giese, J. Grimshaw, H. 0. House, N. H. Kol- 
odny, K. Kronberger, and D. K. Roe, J .  Am. Chem. SOC., 92,2783 (1970); (b) 
H. 0. House, R. W. Giese, K. Kronberger, J. P. Kaplan, and J. F. Simeone, 
ibid., 92,2800 (1970); (b) R. Breslow and S. Mazur, ibid., 95,584 (1973); (d) 
H. 0. House and E. F. Kinloch, J .  Org. Chem., 39,1173 (1974). 

(13) From a study of the electrochemical oxidation of several R2Mg com- 
pounds by T. Psareas and R. E. Dessy [J .  Am. Chem. SOC. ,  88,5132 (1966)], 
we estimate the electrode potentials vs. SCE to  be about -0.7 V. 

(14) C. K. Mann and K. K. Barnes, “Electrochemical Reactions in Non- 
aqueous Systems,” Marcel Dekker, New York, N.Y., 1970, pp 403-446. 

(15) (a) D. B. Chesnut and G .  J. Sloan, J .  Chem. Phqs., 33,637 (1960); 35, 
443 (1961); (b) P. B. Ayscough, A. P. McCann, and R. Wilson, Proc. Chem. 
SOC., London, 16 (1961). 

(16) (a) V. R. Sandel and H. H. Freedman, J. Am. Chem. Soc., 85, 2328 
(1963); (b) J. B. Grutzner, J. M. Lawlor, and L. M. Jackman, ibid., 94, 2306 
(1972). 

(17) H. 0. House, A. V. Prabhu, and W. V. Phillips, to be published. 
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phile.18 Reaction of Ph3CLi with the enone 19 ( E r e d  
- E,, = -0.1 V, electron transfer favorable) occurred 
in less than 10 min to form the adduct 21 (80% yield). 
However, the red color of the Ph3C- anion was not 
discharged even after reaction with the enone 20 
( E r e d  - E,, = -0.9 V, electron transfer unlikely) for 
4 hr. In this latter case the products were the mono- 
meric adduct 22 (23% yield) and a mixture of poly- 
meric materials. 

Ph 
Ph,CLi H 0 I 

trans-PhCH=CHCOPh - Ph,CCHCH,COPh 
DME 

19 (Ewd = -1.41 v) 21 

Ph,CLi H,O 
trans-t-BuCHZCHCOBu-t ---+ --+ 

DME 
20 (Ered = -2.22 V) 

t-Bu 
I 

CHCH2COBu-t + polymeric products 

22 

trans-PhCH=CHCOBu-t trans-t-BuCH=CHCOPh 
% (EWd = -1.70 v) 23b ( E r e d  = -1.69 v) 

0 

0 
24 

CH3 
0 

25 

Although these results appeared encouraging, com- 
parable studies of the reaction of PhsCLi with the 
isomeric enones 23 ( E r e d  - E,, = -0.4 V, electron 
transfer favorable in each case) revealed that al- 
though both enones 23 reacted rapidly with PhsCLi, 
the product from 23a had a structure analogous to 21 
whereas the product from 23b had a structure analo- 
gous to 22. Consequently, although the relative reac- 
tion rates are compatible with the idea that enones 19 
and 23, but not 20, are capable of reaction by an elec- 
tron-transfer process, the structures of the products 
(21 or 22) are apparently determined by the amount 
of steric hindrance a t  the 0 carbon and not by elec- 
tron density differences in the trityl anion and the 
trityl radical. 

Another example suggesting a possible correlation 
of product structure with the spin density of radical 
intermediates from electron transfer is provided by a 
study of the reaction of easily reduced quinones (Ered 
values less negative than -0.7 V) with 7r-methallyl- 
nickel bromide.lg Quinones such as 24 (spin density 
of anion radical indicated) reacted to form products 

(18) Examples of the reaction of trityllithium with carbonyl compounds 
at  both the central carbon and at  a para position are known P Tomboulian 
and K Stehower, J Org Chem ,33,1059 (1968) 

(19) L S Hegedus and E L Waterman, J Am Chem Soc,  96, 6789 
(1974) 

such as 25 in which coupling with the methallyl group 
had occurred at the site of higher spin density. 

Stereochemical Isomerization of Radical Anion 
Intermediates 

Although a knowledge of appropriate E r e d  and E,, 
values can be used to decide whether a reaction pro- 
ceeding by initial electron transfer is energetically 
reasonable, it is uncertain whether a correlation of 
product structures with the spin density of radical in- 
termediates provides evidence for an electron-trans- 
fer process. Consequently, other experimental tests 
were needed to distinguish between the two mecha- 
nisms under consideration. The less stable cis enones 
26 and 27 (Scheme IV),12a*b when converted to the 
corresponding anion radicals 30, very rapidly equili- 
brated via the trans anion radicals 31 to the trans en- 
ones 28 and 29. Because electron exchange between 
anion radicals and the corresponding precursors is 
very rapid (typically lo9 M-l sec-1),20 the presence 
of even a small concentration of one of the anion rad- 
icals 30 or 31 can catalyze the practically complete 
isomerization of the cis enones 26 or 27 to the trans 
isomers 28 or 29. 

The results to be expected in reactions proceeding 

Scheme IV 

,COBu-t R\  /H 
R 

H \ H  H /C=C\COBu- t 
>=C 

26, R t-Bu(Ered -2.207 V) 28, R t-Bu(E,, = -2224 V) 
27, R = Ph(E,,d = -L710 v) 29, R = Ph(E,,d = -1.698 V )  

0- I 
e- ll 

30 I 
0- 

31 

,COBu-t 
MeLi or LiAIH, H,O 

t-Bu -- 
Et20 

‘c-c 
H/ \ H  

26 (excess) 
OH 

COBu-t 
I 

t-Bu /C(R)Bu-t t-Bu 
\ /c=c\H + ‘C=C’ 

H/ ‘H H 
32% R = CH, 26 

b , R = H  

26 or 27 (excess) 
R 

I R H 
CH,CHCH,COBu-t + \C=C’ 
33a, R =  t-BU H’ \COBu-t 
b, R = Ph 28 or 29 

(20) For example, see N. Haran, Z. Luz, and M. Shporer, J .  Am. Chem 
Soc., 96,4788 (1974). 
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Scheme V 
e- H+ 

RCH-CHCOR f R-CH-CH-CR = 
34 I 

0- 
35 

e- - 
R~H-CH=CR - RCH-CH-CR - RCH~CH=CR 

I 
0- 

I 
OH 

I 
OH 

36 37 38 

R ,COBu-t Li, t.BuOH H 0 
>=C - RCH2CH,COBud + 

liq. NHz Et,O H 'H 
26 or Z7 (excess) 

R >=C ,COBu-t + R 'c=c YH 

H \ H  H ' \COBu-t 
(75438% of (12-25% of 

recovered enone) recovered enone) 

without initial electron transfer are illustrated by the 
reaction of a twofold excess of the cis enone 26 with 
LiAlH4 or MeLi.llc In each case practically no stereo- 
chemical isomerization of the C-C double bond was 
observed either in the product 32 or in the recovered 
excess enone 26. The corresponding reactions with 
the trans enone 28 produced alcohol products in 
which the trans stereochemistry of the C-C double 
bond was retained. Similar results were obtained 
from reaction of the more easily reduced cis enone 27 
with MeLi. 

In contrast, reaction of an excess of either cis 
enone 26 or 27 with MezCuLi produced the conjugate 
adduct 33 accompanied by trans enone 28 or 29 
where stereochemical isomerization was practically 
complete.llc A comparable result was obtained from 
the conjugate reduction of excess cis enone 26 with 
the chromium(I1) reagent, C r ( e n ) z ( O A ~ ) z . ~ ~ " J ~ ~  
Thus, in the cuprate and Cr(I1) reactions, but not in 
the MeLi and LiAlH4 reactions, there was clearly a 
species presept in the reaction solution that rapidly 
isomerized the cis enones 26 and 27 to the trans iso- 
mers 28 and 29. 

A crude estimate of the minimum time required 
for the cis -+ trans enone isomerizations (26 or 27 - 
30 -+ 31 - 28 or 29) was obtainable from studying 
the conjugate reduction of an excess of the cis enone 
26 or 27 (Scheme V) with Li and t-BuOH in liquid 
"3, where the recovered excess enones were only 
partially isomerized from cis (26 or 27) to trans (28 or 
29).11" Since the second electron-transfer step (36 - 
37) in this reaction is believed12a3b to be responsible 
for the rapid consumption of the anion-radical inter- 
mediate 35, the rates of enone isomerization and re- 
duction of the radical 36 are apparently similar. A 
study21 of the metal-ammonia reduction of a cis alk- 
enyl chloride indicated that the rate of electron 
transfer from a metal-ammonia solution to a radical 
intermediate was comparable to the rate of equilibra- 
tion of an a-substituted vinyl radical (less than lo8 
sec-') ,22 suggesting that the enone isomerization 

(21) (a) H. 0. House and E. F. Kinloch, J .  Org. Chem., 39,747 (1974); also 
see (b) G.  D. Sargent and M. W. Browne, J.  Am. Chem. Soc., 89, 2788 
(1967); ( e )  A. J. Fry and M. A. Mitnick, ibid., 91,6207 (1969). 

(e.g., 26 - 30 --L 31 - 28) requires a time longer than 

The foregoing data indicate that the cis -+ trans 
isomerization of certain unsaturated compounds can 
be used to detect the presence of radical-anion 
species in a reaction mixturez3 provided appropriate 
control experiments have demonstrated that ionic 
species in the reaction mixture do not cause stereo- 
chemical isomerization. However, this stereochemical 
test, like the detection of ion-radical species by EPR 
spectrometry, does not establish that radical species 
detected lie on the reaction path leading from reac- 
tants to products. Thus, one could imagine that al- 
though an enone, l, and a nucleophile, N:-, exist in 
equilibrium with small amounts of radical species 2 
and 3, the reaction leading to products 4 involves the 
direct nucleophilic addition of N:- to the enone 1. 

Structural Isomerization of Radical-Anion 
Intermediates 

An alternative chemical test might be devised if 
one examined reactions with an enone, 39, in which 
the group R was capable of undergoing intramolecu- 
lar structural rearrangement when the radical anion 
40 was formed. If intramolecular rearrangement of 
the anion radical 40 is more rapid than coupling with 
N. to form the normal product 41, then the reaction 
could be diverted from its normal course to form a 
rearranged product. 

sec. 

N 
I 

RCH-CH=CBu-t 
I 
0- 

41 

s. /? 
e- transfer 

RCH=CHCOBu-t RCH-CH=CBut 
39 I 

0- 
40 

intramolecular 
rearcamgement 1 

rearranged _N. rearranged 
product radical anion 

To explore this idea the two radical rearrange- 
m e n t ~ ~ ~  selected for study were the cyclization of a 
hexenyl radical, 42 - 43, and the ring opening of a 
cyclopropylcarbinyl radical, 44 -, 45 (Scheme VI). 
To study the possible rearrangement of radical an- 
ions such as 50 and 51 to 52 and 53, the electrochemi- 
cal reductions of enones 46-4911c>25 were studied. The 
Ered  values of these enones (-2.16 to -2.20 V) do not 
differ significantly from the value (-2.22 V) for the 
enone 28 that forms a relatively stable anion radical 
31 (half-life ca. 20 min).12" Cyclic voltammetry re- 
vealed that the radical anions derived from each of 
the enones 46-49 were also surprisingly stable, the 

(22) L. A. Singer, Sel. Org. Transform., 2,239 (1972). 
(23) Other examples of the use of this general procedure include: (a) G. 

Levin, T. A. Ward, and M. Szwarc, J .  Am. Chem. Soc., 96,270 (1974); (b) Y. 
Ito, T. Konoike, and T. Saegusa, Tetrahedron Lett., 1287 (1974). 

(24) K. U. Ingold, Free Radicals, 1,37 (1973). 
(25) H. 0. House, W. C. Liang, and P. D. Weeks, J .  Org. Chem., 39, 3102 

(1974). 
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Scheme VI 

rate lo* Sec-' 
C>-CH,. CH,=CHCH,CH,. 

44 45 

CH, &C+HCH,CH&(CHj),CH=CHCOBu -t 
47, R = H 

KCH=CHCOBu-t 48. R = CH, 
CHZ=CHCH,C(CH,J,CH=CHCOBu-t 

49 

46 

0- 
I 0- 

I - CH,CH,C(CH,)=CHCH=CB~-~ 
CH-CH-CBu-t 

52 
KCH3 

50 
0- 

I 
CH,=CHCH,CH&(CH,),CH- CH= CBu-t 

51 

0- 
53 

half-lives for 50 and 51 being ca. sec and 5 sec, 
respectively. These values, which correspond to the 
maximum rates for the rearrangements 50 -* 52 and 
51 -* 53, suggest that the rearrangement rates24 for 
localized radicals 42 and 44 are each retarded by a 
factor of lo6 or more when the radicals are delocal- 
ized in anion radicals 50 and 51. 

The reaction of each of the enones 46-49 with 
MezCuLi, with Li and t-BuOH in liquid "3, and 
with Cr(en)z(OAc)2 yielded only the normal products 
of conjugate addition or reduction such as 54 and 55, 
and neither of the rearranged products 56 or 57 was 
detected.'lc These results indicate that the lifetimes 
of radical anions in these reactions are less than 
sec and, taken with the electrochemical data, indicate 
that radical cyclizations of the type 51 -, 53 are too 
slow to be of value in intercepting anion radicals. 

M e b L i  in Et,O H,O KCH3 +4 
C H = C H C O B ~ - ~  or Li, t-BuOH in 

liq. NH3 4.6 

R 
54a, R = CH, 

b, R = H  
Me,CuLI in Et-0 H 0 

or L, t-BuOH in 

hq "8 

R 

CHz=CHCH&H&(CHj)zCH=CH COBU -t c -  

47 

I 
CH,=-CHCH&H,C(CHj)2CHCH,COBu-t 

55% R =CH,  
b, R = H  

Although the reaction of the cyclopropyl enone 46 
(Scheme VII) with Me2CuLi parallels the behavior of 

RCH*CH&(CH,)=CH CH2 CO Bwt (CH& t 
56 57 

Scheme VI1 

CH3 7 Me,CuLi Me&uLi 

46 (ERd -2.16 v) 58 (estimated" 

100% 

$CH=CHCOBu-t [t-CH=C(COEt)2 

Erd =-20 V) 

CH* 

-0 a -xed 
63 (half-life 10-3 sec) 64 

1 

CH3 

%-H - e- 

CHJ 
0 

HJC CHJ 
65 ( E r e d  f -221 v) 

CHJ CH3 

-0 q H  CH3 - - 0 q;Jj& 
H3C CHJ H3C CH, 

66 (half-life sec) 67 

the cyclopropyl diester 5826 in forming only a normal 
conjugate adduct, two other cyclopropyl enones, 59 
and 60, do give mixtures of products from normal 
conjugate addition (e.g., 61) and from rearrangement 
prior to addition (e.g., 62).27 The half-life of the 
anion radical 63 (from 59) indicated that the rear- 
rangement 63 -. 64 was significantly faster than the 
rearrangement 50 -. 52,llC a result attributable to 
the more rigid geometry present in the anion radical 
63 which holds a cyclopropane bond in an approxi- 
mately perpendicular orientation to the plane of the 
enone system favoring ring opening. A similar en- 
hanced rate of rearrangement was found in the anion 
radical 66 derived from the enone 65llC which gives a 

(26) P. A. Crieco and R. Findelhor, J.  Org Chem., 38,2100 (19731. 
(27) J. A. Marshall and R. A. Ruden, J .  Org. Chem., 37,659 (1972). 
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normal conjugate reduction product, 67, with Li and 
EtOH in liquid N H S . ~ ~  These results suggest that the 
lifetime of the anion radical formed in reaction with 
MezCuLi is ca. low3 sec. Thus, cyclopropyl enones 
with appropriate E r e d  values are satisfactory sub- 
strates to detect radical-anion intermediates in cu- 
prate additions provided that the rearrangement rate 
of the initially formed enone anion radical is ca. lo3 
sec-l or greater. The results further indicate that the 
lifetime of the enone radical-anion intermediates 
formed in metal-NH3 reductions is less than sec 
and, taken with the earlier stereochemical isomeriza- 
tion results, suggests that the lifetimes of these inter- 
mediates are somewhere within the range to 

The foregoing comments concerning cyclopropyl 
carbonyl compounds would appear to be in disagsee- 
ment with the recent  observation^^^,^^ that lithium 
organocuprate reagents react slowly with each of the 
nonenolizable esters 68-70 to open the cyclopropane 
ring. However, consideration of both the very nega- 
tive E r e d  values of these estersllC and the fact that 
each of the esters also reacts with diethyl sodiomalo- 
nate and other nucleophiles to form similar ring- 
opened products"O indicates that tnese ring-opening 
reactions of esters 68-70 with cuprate reagents are 
examples of nucleophilic displacement reactions and 
do not involve an initial electron-transfer step. Addi- 
tional evidence in support of this idea is gained from 
the fact that the cyclopropyl ketones 71 and 72 do 
not add M ~ ~ C U L ~ ~ ~ ! ~ ~ ~  in spite of the facts that the 
E r e d  values for these ketones31 are less negative than 
the E r e d  values for esters 68-70 and that these ke- 
tones are reduced with ring opening when they are 
treated with a more powerful seducing agent, an al- 
kali metal in liquid NH3.32 

sec. 

Me,CuLi Me,CuLi 

6 (CO2Et 12 2 C02Et 
68 ( E r e d  = -2.98 V) 

69 (Er4 = -293 V) 

MeLCuLi 
J 

C H ? = C H 7  (COdEt )2 

MeLCuLi 
J 

C H ? = C H 7  (COdEt )2 

70 7l (Ered = -2.81 V) 

F C O C H 3  

72 (Ere,i = -288 V) 

(28) R. B. Bates, G. Buchi, T. Matsuura, and R. R. Shaffer, J .  Am. Chem.  
Soc., 82,2327 (1960). 

(29) (a) G. Daviaud and Ph. Miginiac, Te t rahedron  Lett., 997 (1972); (b) 
R. D. Clark and C. H. Heathcock, ibid., 529 (1975); (c) E. J. Corey and P. L. 
Fuchs, J .  Am. Chem. Soc., 94,4010 (1972). 

(30) (a) E. D. Bergmann, D. Ginsberg, and R. Pappo, Org. React . ,  10,205 
(1959); (b) R. W. Kierstead, R. P. Linstead, and B. C. L. Weedon, J .  Chem. 
Sac., 3616 (1952); (c) J. M. Stewart and G. K. Pagenkopf, J .  Org. Chem., 34, 
1 (1969); (d) S. Danishefsky and G. Rovnyak, ibid., 40, 114 (1975); J .  Chem.  
Soc., Chem. Commun., 820 (1972); (e) S. Danishefsky, G. Rovnyak, and R. 
Cavanaugh, J .  Chem. Soc., 636 (1969); S. Danishefsky, M. Y. Tsai, and J. 
Dynak, J .  Chem.  Soc., Chem. Commun., 7 (1975); (f) J. E. Dolfini, K. Men- 
ick, P. Corliss, R. Cavanaugh, s. Danishefsky, and §. Chakrabartty, Te t ra -  
hedron  Lett., 4421 (1966). 

(31) H. 0. House and A. V. Prabhu, to be published. 
(32)  S. W. Staley, Sel .  Org. Transform. ,  2,309 (1972). 

Finally, it is appropriate to note two recently pub- 
lished reactions of MedCuzLi2 with unsaturated car- 
bonyl compounds that are clearly compatible with an 
initial electron-transfer step to from an enone anion 
radical. Reaction of the enones 7333 and 7434 with 
Me4CuzLiz failed to yield conjugate addition prod- 
ucts. Instead, each of the anion-radical intermediates 
eliminated a relatively stable anion and was then fur- 
ther reduced34b to form the products 75 and 76. 

CH,O' G\OCH3 
73 

Me4Cu2Liz -TsO- 

0 m-,om - 
74 

further reduction H,O 

with Me,Cu2Li, +-LEI 0 

76 
0 

Summary 
To predict whether an addition proceeding via an 

initial electron-transfer process rather than a direct 
nucleophilic addition is energetically favorable, the 
values E r e d  - Eo, for the reaction under consider- 
ation are useful in any case where the Eo, value of 
the nucleophile, N:-7 can be estimated. In cases 
where the success or failure of a reaction can clearly 
be correlated with the value E r e d  - E,,, this correla- 
tion provides rather compelling evidence that the re- 
action proceeds by an initial electron-transfer step. 
The correlation of product structure with the spin 
densities of radical intermediates such as 2 or 3 may 
provide circumstantial evidence for a process involv- 
ing initial electron transfer, especially if the product 
structure can be shown to vary in a predictable way 
with the E r e d  - Eo, value. 

The use of cis - trans isomerization of certain en- 
ones appears to be one of the more sensitive methods 
(other than EPR spectrometry) to detect the pres- 
ence of short-lived anion radicals in a reaction mix- 
ture. Unfortunately this observation of cis - trans 
isomerization, even when accompanied by appropri- 
ate control experiments, does not establish that the 
anion radicals are necessarily intermediates on the 
reaction path to products. The lack of stereochemical 

(33) A. Nilsson and A. Ronlan, Te t rahedron  L e t t ,  1107 (1975). 
(34) (a) D. J. Hannah and R. A. J. Smith, Te t rahedron  Le t t . ,  187 (1975). 

(b) Although the authors formulated this reaction as an initial reduction of 
the enone 74 to its dianion, we believe that the very negative potentials ( E d  
more negative than -3.0 V)12a,b that would be required to reduce a simple 
enone anion radical to the corresponding dianion makes this alternative very 
unlikely. 
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isomerization as evidence against an electron-trans- 
fer process is probably a more valid use of this test. 

A test for an electron-transfer process based on the 
structural rearrangement of an initially formed anion 
radical appears to be useful with certain cyclopropyl 
enones. Provided the rate of rearrangement of the cy- 
clopropyl ketone is sufficient, this experimental test 
offers compelling evidence for an anion-radical inter- 
mediate. Since this experimental probe also provides 
information about the lifetime of a radical-anion in- 
termediate, hopefully a series of cyclopropyl ketones 
can be found whose anion radicals rearrange at  sig- 

nificantly different rates. Finally, the use of an enone 
whose anion radical is capable of eliminating an an- 
ionic substituent also offers compelling evidence for 
the presence of an intermediate formed by initial 
electron transfer. 
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A paramagnetic transition-metal compound con- 
tains ions with unpaired electron spins. It is attracted 
into a magnetic field, whereas diamagnetic com- 
pounds have filled shells and are repelled by a field. 
Quantitative measurement of this effect is conve- 
nient for diagnosis, since the degree of attraction into 
a field, the susceptibility, is proportional to the num- 
ber of unpaired electrons. Thus, magnetic properties 
at  high temperatures (that of liquid nitrogen and 
above) are often used in a subsidiary fashion in order 
to help characterize a transition-metal compound. 

Paramagnetism is a single-ion effect in that, given 
the electronic structure of the constituents, the sus- 
ceptibility may be calculated exactly by straightfor- 
ward thermal averaging pr0cedures.l The interac- 
tions between ions are negligible. 

A simple model of a paramagnet suggests that the 
field aligns the spins parallel to it, while thermal agi- 
tation opposes this alignment, and leads1 to the Curie 
law, which says the susceptibility is inversely propor- 
tional to temperature. The Hamiltonian used is the 
usual Zeeman one, 

* 

= gbBszHz (1) 
where g is a splitting constant, characteristic of a 
given system, is the Bohr magneton, H, is the 
magnitude of the field, and S, is the usual spin oper- 
ator. The Curie law is then found1 as 
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Ng2pB2S(S + 1) 
3kT X =  

where N is Avogadro’s constant, S is the spin of the 
ion, and k is the Boltzmann constant. 

The magnetic susceptibility of a typical Curie law 
paramagnet, manganese Tutton salt, is illustrated in 
Figure la. This is the behavior typical of all isotropic 
materials a t  temperatures high with respect to any 
magnetic interactions, such as magnetic exchange, 
between the ions. Other substances, such as copper 
salts, obey the Curie law but with susceptibilities an- 
isotropic because of g-value anisotropy. In order to 
observe this effect it is necessary to measure oriented 
single crystals, especially since there is more than one 
source of magnetic anisotropy, as we shall see. 

A more important paramagnetic anisotropy arises 
when zero-field splittings occur,l that is, when the 
ground state may not be described only by the total 
spin, S. When the ground state of a system has spin 
degeneracy, such as with the 3A2 state of vanadi- 
um(III), an axial distortion described by the spin 
Hamiltonian, 

(3 )  
where D is the zero-field splitting parameter, can re- 
solve the system into a doubly degenerate m = f l  
state, separated Dlk in energy from the m = 0 state. 
Note that D/k not only has magnitude, but also sign. 

As is illustrated in Figure lb ,  at  temperatures high 
with respect to D/k the susceptibilities are Curie- 
like, but susceptibilities measured parallel and per- 
pendicular to the axis of quantization at  tempera- 
tures comparable to D/k are different and quite un- 
like Curie behavior. A representative system with be- 

3f = D [ S z 2  - )sS(S + I)] 

(1) R. L. Carlin, J. Chem. Educ., 43,521 (1966). 


