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1. INTRODUCTION

1.1 Nucleophilic 1,4 addition

Nucleophilic 1,4 addition to electrophilic, unsaturated systems has been a cornerstone carbon-carbon bond-
forming reaction of the twentieth century.' Discovered by Komnenos and Claisen®* in 1883, the scope and broadly
applicable nature of the reaction was investigated by Michael.* Well-known now as conjugate or Michael
addition,*® the process (e.g. eq 1*) is well-described as a base-catalyzed vinylogous aldol condensation: generally,
a stabilized enolate acting as an o carbon nucleophile (conjugate donor) attacks the electron deficient § carbon of
an a.B-unsaturated ketone or ester (conjugate acceptor), leading to the product or conjugate enolate. Subsequent
protonation and tautomerization leads to the conjugate adduct, a 1,5-dicarbonyl compound. Historically run in

ONa
CO.Et CO.Et
J i COEt  NaOEt ~ "OEt H,0* 2
+ M
Ph CO,Et EtOH - CO,Et oh CO,Et
CO,Et CO,Et

protic solvents to minimize competition of the conjugate enolate with conjugate donor for acceptor,
heteronucleophiles and other stabilized carbon nucleophiles may be used. Regardless, the reaction is observed to
be reversible, and chemical yields usually are in the range of 50 - 70%. The advent of modern organocopper

chemistry,” which allows the use of nonstabilized carbon nucleophiles,'*'® and advances in organosilicon'' and

12,13

organotin'*"* chemistry, providing access to these valuable heteronucleophiles, have established 1,4 addition as

a powerful and efficient method for chemical bond construction. Applications of 1,4 addition to multibond-

forming reactions, such as annulations'**® 17.18

8.19.20

and tandem dialkylations,'"'®* provide convergent access to complex

natural products.

1.2 Extended nucleophilic addition: 1,6 and 1,8 addition

On the other hand, extended conjugate addition reactions to polyunsaturated carbonyl compounds have been
much less extensively exploited in organic synthesis.?' Early observations of 1,6 additions of ethyl acetoacetate
to sorbate esters’? have been followed by other reports of exclusive 1,6 addition,”"*?* 1,4 and 1,6 addition of
nucleophile to conjugate acceptor,” and exclusive 1,4 addition in extended conjugated systems.'*? A
representative 1,6 addition of dimethyl malonate to 3-vinyl-2-cyclohexenone? is shown in eq 2. Exceptionally
rare 1,8 additions (e.g. eq 3*%) have infrequently found synthetic utility.?

O O

CO,Me NaOMe

COZMe MeOH (2)
CO,Me

CO,Me
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1.3 1,6 and 1,8 additions involving natural products

Many natural product antibiotics contain polyunsaturated carbonyl functional groups. Recently, a number
have been discovered to exert their antibiotic activity by way of extended conjugate addition reactions. The
antibacterial properties of structurally simple but highly reactive y-methylene-y-butenolide are almost certainly
due to its nature as a conjugate acceptor.’® The prototypical bioreductive alkylation agent Mitomycin C (1, Scheme
1) is presumed to alkylate DNA in vitro via 1,6 addition to a quinone methide intermediate (2).>' It has been
suggested that the antitumor agent illudin S (3) and its derivatives®® may be activated by a similar bioreductive

process, as may the antibiotic azinomycin®® (4).
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Scheme 1. Alkylation of DNA by Mitomycin C.
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1.3.1 CC-1065 and the duocarmycins. A surprising degree of structural variety can be found in these natural
product conjugate acceptor classes: formal all sp’~ hybridized polyunsaturated carbonyl moieties can be replaced
with almost fantastic conjugate acceptor motifs. DNA alkylation agent CC-1065 (5, Scheme 2), the duocarmycins,
and many of their biologically active structural analogs share a formally sp’- and sp’-hybridized conjugated
cyclopropylenone moiety which undergoes 1,6 addition of nucleophilic residues on DNA.** A similar motif can
be found in the DNA alkylating agent ptaquiloside (6);* recently, highly cyclopropanated, fungicidal metabolites
of stearic acid , U-106305 and FR-900848 (7) have been isolated and synthesized.® Interestingly, the simplest
model studies?”*® of this functional group as a conjugate acceptor indicate exclusive 1,4-not 1,6-addition (eq 4°7).

H.N
2 %O
N OH
OMe
x NH
DNA:
N"¢
OH
H OMe
0 5
H+

Scheme 2. Alkylation of DNA by CC-1065.

HO
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O
HN
O
N
0
_ o Ao
) OH
7
Ajﬁza 1. (n-Bu),Culi CO,Et (4
— CozEt 2. CH2=CHCHZBI' COZE’(
n-Bu
98%

1.3.2 Endiyne antibiotics. Similarly, the widely studied endyine antibiotics® share formally sp- and sp>-
hybridized conjugated enyne moieties essential for Bergman cyclization to provide diradical intermediates which
ultimately cause DNA double strand scission. One of these antibiotics, neocarzinostatin chromophore, is triggered
to undergo Bergman cyclization following a 1,8 epoxide opening (Scheme 3);* numerous models of this ring
system, including cyclodec-4-en-2,7-diynone 8,"' behave similarly.* It has been suggested that an alternative
triggering reaction of dynemicin may also involve a 1,6 addition.** Again, referring to simple model studies,
various outcomes are reported: early results of conjugate additions to 3-hexen-5-yn-2-one indicate a
thermodynamic preference for 1,6 addition (eq 5).* On the other hand, nitrile 9* and ester 10" are found to
undergo exclusive 1,4 and 1,6 additions of organocopper reagents, respectively, while reductive epoxide opening
of 11 is highly dependent upon alkyne substitution (eq 6).”

SAc

MeHN o

Scheme 3. Thiol Addition to Neocarzinostatin.
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The potential wide-ranging utility of extended conjugate additions to mixed hybridization state,
polyunsaturated carbonyl substrates suggests an examination of reaction scope, regioselectivity, parameters, and
mechanism would be valuable for development of these variants of the Michael reaction. Concentrating on

conjugated alkenynones and alkenynoates, this review highlights current contributions to this development effort.
2.1,6 ADDITIONS TO ALKENYNONES AND ALKENYNOATES

2.1 Alkenynone and alkenynoate synthesis

A variety of methods can be used to prepare conjugated B-alkynyl alkenones, alkenals, and alkenoates,
including thermal rearrangements,* 1,4 addition-eliminations,* palladium-catalyzed cross-coupling reactions,’"*
and organocopper-mediated substitutions of iodoalkynes.”> Among these methods, 1,2 addition-elimination
reactions of protected 1,3-diketones,”**” Horner-Wittig olefinations of propiolaldehyde derivatives,***® and
palladium-catalyzed condensations of alkynes with propiolates or alkynones give the most rapid access to the
desired conjugate acceptors from readily available starting materials. 3-Ethynyl-2-cycloalkenones 12, for example,
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are easily prepared from the reaction of an alkynylmetal reagent with monoenol ethers of 1,3-cycloalkanediones,
followed by aqueous acidic workup (eq 7 and Table 1).** Yields vary but the reaction sequence is relatively
general, tolerating various alkynylmetals and cycloalkanediones. It does not succeed when poorly nucleophilic
alkynylmetals are used. Rather, competing enolate formation of the cycloalkanedione monoenol ether results in
aldol--dehydration products. Additionally, if very bulky ' substituents are present in the enol ether starting
material, addition of the alkynylmetal to the carbonyl group can be difficult or impossible (e.g. 12i).

oiBu - oBu | 0
RL_~ (CH,). LiC=CY RL_~ (CH,), _"'2___ R1 \ (CHy), .
R Yy— R? R?
(@] R® 0 R® // R2
h - Y
12
Table 1. Alkenynone Synthesis via eq 7.

n R! R? R’ Y Yield, %
12a 1 Me H H H 56
12b 1 Me H H CH,=C(Me)- 30
12¢ 1 Me H H HC=C- 28
12d 2 Me H H H 71
12e 2 H H H 43
12f 2 H H T™S 82
12g 2 Me H H Ph 63
12h 2 Me Me Me H 28
12i 2 Me +-Bu H H NR

Horner-Wittig olefination also proves to be very versatile: 2-alkynals, prepared from the reaction of the
corresponding acetylide with DMF,” react with Horner ylides derived from commercially available trialkyl
phosphonoacetates and dialkyl acetylmethylphosphonates to provide the desired adducts in high yields and
stereochemical purities® (e.g. eq 8°2). Use of trialkyl 4-phosphonocrotonates allows extension of the method to
alka-2,4-dien-6-ynoates. Finally, regio- and stereospecific palladium-catalyzed cross-coupling of two alkynes
provides a general route to a wide variety of 3-substituted alk-2-en-4-ynyl ketones, esters, and sulfones®'? (eq 9
and Table 2%%). The method is most efficient when hindered, strongly basic triarylphosphine ligands such as
tris(2,6-dimethoxyphenyl)phosphine (TDMPP) or tris(2,4,6-trimethoxyphenyl)phosphine (TTMPP) are used. The
starting ketones and esters are readily available from the corresponding acetylides and alkyl chloroformates or acyl
chlorides.5 In the case of ketone 13e, small amounts of (£)-13e (8%) and heterotrimer 14 (10%) also form.
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CHO

EtO),P(0)CH,CO,Et X CO,Et
/ ( ),P(O)CH,CO, /\/ 2

NaH R
90-91%

O
O
/\ 1 ) 2 mol % Pd(OAc), |
P R + R*=———H
R 4 TTMPP, CgH, R
R? 13
Table 2. Alkenynone and Alkenynoate Synthesis via eq 9.
R R! R? Yield, %
13a n-Pr OBn T™S 90%
13b Me OMe ™S 95%
13¢ Me OBn T™MS 99%
13d n-Pr OMe T™S 90%
13e Me Me TMS 70%
13 Me Me CH,=C(Me)- 74%
T™MS 0]
NG
=
TMS
14

2.2 Organocopper-mediated 1,6 additions

8

)

Both alkenynones and alkenynoates undergo facile, virtually regiospecific additions of organocopper

reagents. Generally, the conjugated ketones undergo addition more rapidly than the corresponding esters,

especially when geometrically constrained, as are cycloalkenynones 12 (eq 10). Table 3 summarizes organocopper

addition studies® of compounds 12 and indicates that: (1) the nucleophilic reagent invariably attacks the distal sp

hybridized carbon of the conjugated system. After protic quench, dienones 15 result; (2) the reaction is insenitive

to ring size, substitution patterns on the ring, and substitution of the distal carbon of the alkyne moiety; and (3)

there is a distinct stereopreference for formation of (Z)-15. Moreover, it is apparent that the larger the alkyl group

appended, the greater the (Z) stereodiscrimination.

This last observation contrasts with the use of the
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heteronucleophile PhSLi, which also adds to 12a without complication, but provides an (£) adduct after protic

quench (eq 11).8

12 + RM

1. E4,0,-78 °C
2. NH,Cl, H,0

Table 3. Synthesis of Dienones 15 via eq 10.

RM R Yield, %  Ratio, (Z) : (E)
12a | (Me),Cu(CN)Li, Me 91 25:1
12¢ | (Me),Cu(CN)L, Me 75 12:1
12g | (Me),Cu(CN)Li, Me 89 2.5:1
12h | (Me),Cu(CN)Li, Me 75 6:1
12i | (Me),Cu(CN)Li, Me 86 all (2)
12a | (Et),Cu(CN)(MgBr), Et 77 3:1
12a | (J-Pr),Cu(CN)(MgCl), I-Pr 87 4:1
12g | (J-Pr),Cu(CN)(MgCl), I-Pr 81 6:1
12g | (#-Bu),Cu(CN)Li, n-Bu 81 7:1
12a | (+-Bu),Cu(CN)Li, t-Bu 93 34:1
12e | (#-Bu),Cu(CN)Li, t-Bu 83 9:1
2g | (+-Bu),Cu(CN)Li, +-Bu 89 35:1
12a | (Ph),Cu(CN)Li, Ph 88 6:1
12g | (Ph),Cu(CN)Lj, Ph 81 all (2)
12i | (Ph),Cu(CN)Lj, Ph 78 all (2)
12a | (CH,=CH),Cu(CN)Li, CH,=CH- 83 5:1
12g | (CH,=CH),Cu(CN)Li, CH,=CH- 82 3:1
12i | [p-(n-Cp,H,5)Ph,Cu(CN)Li,  p-(n-C,,H,)Ph 59 all (2)

1. E4,0, -78 °C

12a + PhSLi

2. NH,Cl, H,0

PhS

(10)

an
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Taken together, these data strongly suggest adduct formation via a 1,6 addition of organocopper reagents, with the
intermediacy of an allenyl enolate (e.g. Scheme 4). Subsequent to m-complex formation of the cuprate with the
double bond proximal to the carbonyl group and either intramolecular rearrangement leading to alkylation,
intermolecular rearragement leading to alkylation, or direct attack leading to alkylation,® a delocalized, conjugated
allenyl enolate intermedate forms. When protonated, this allenyl enolate may protonate at oxygen to produce an
allenyl enol; tautomerization then leads to the thermodynamically preferred®® dienone. Alternatively, the
enolate may protonate at the sp-hybridized allenic carbon directly. Regardless, tautomerization of the enol or
direct protonation of the enolate should prefer to occur from the face opposite that of the bulkier alkyl substituent
of the distal allene carbon, causing (Z) adducts to predominate.

9 A cut 9y (RCuMm)*
2-u 0
e R>:.:—5
74
12a H+

:Q:&lj@
NS

\

H R

(2)-15

Scheme 4. 1,6-Addition of Organocopper Reagents to Alkenynones.
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In agreement with the stereochemical outcome of the reaction, the bulkier the substituent that is appended,
the greater the stereodiscrimination that results. It is not, however, essential that the stereodirecting substituent
be the one appended by the organocopper reagent: in the case where substrate 12g with a phenyl group at its distal
sp-hybridized carbon is reacted with (Me),Cu(CN)Li,, the 1,6 (Z) adduct still forms in 89% diastereomeric excess
(Table 3, entry 4). The unique preference for (£) adduct formation using lithium thiophenoxide as nucleophile
suggests the B-coordinating potential of the phenylthio group®’® may be sufficient to ensure syn protonation of
the allenyl enolate (eq 12).

O

H+

PhSLi _ H a

12a

wn
A\l
o

PhS

Observation and trapping of the requisite allenyl enolate intermediate confirms the experimental description
of these reactions as 1,6 additions: when 12a is reacted with Me,Cu(CN)LIi, at -78 °C, the carbonyl and both
alkynyl carbon resonances of the *C NMR spectrum are found to disappear, with concomitant observation of four
new sp’-hybridized carbon and one sp-hybridized central allene carbon resonances.** Even more convincing is the
isolation of alleny! enol triflates when N-phenyltriflimide is added subsequent to organocopper additions to
alkenynone 12d (eq 13). Such triflates are useful as allenyl enolate equivalents,”’ and can be exploited in any of
the reactions of vinyl triflates.” Other ketones have been found to undergo 1,6 additions of organocopper reagents,
including the 3-hexen-5-yn-2-one derivatives 16.°%"

T
1. (t-Bu),Cu(CN)Li,
124 -
2. (Tf),NPh _
l% 13)
80% By
o}
N 16a R=Ph
=Z 16b R =(CH,),C=CHCH,CH,
R 16¢ R=1¢Bu
16

Slower-reacting alkenynoates require higher temperatures (-20 - 0 °C, depending upon the identity of the
organocopper species) for efficient 1,6 additions (eq 14 and Table 4).°262” Yields of 1,6 adducts are good and
wide variation in substrate structure is possible. Sterically demanding esters (Table 4, entry 7), a,-unsaturated
analogs of which would not successfully undergo classical 1,4 additions of cuprates, provide routes to sterically
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shielded allenes; ester 10,* lactone 20,%? and dioxanone 21%2™ all provide 1,6 adducts as major products. 1,6
Additions of organolithium reagents are found to be particularly effective when 3-5 mol % of trimeric 2-(N N-
dimethylaminomethyl)phenylthiocopper(I)’ is used as catalyst.*?

0 B oM’
OEt R2M = “OEt H-Z
‘ —_— —_—
R~ Z
7 hd
R2
17 (14)
0 O
OEt l OEt
/ +
RY/ ' ‘
&2 R™" SR
18 19
Table 4. Synthesis of Allenes and Dienes via eq 14.
R R'M R? H-Z Yield 18,%  Yield 19, %
17a | Ph  (Me),CuLi Me  2NH,S0, 79 -
17b | n-Bu  (Me),Culi Me 2N H,SO, 76 8
17b | n-Bu  (Me),CuLi Me  1-BuCOH 71 -
17a | Ph  (n-Bu),Cu(CN)Li, #n-Bu 2NH,SO, 49 12
17a | Ph  (n-Bu),Cu(CN)Li, n-Bu +BuCOH 70 -
17b | n-Bu  (Ph),CuLi Ph 2N H,S0, 62 -
17a | Ph  (-Bu),Cu(CN)Li, tBu 2NH,SO, 81 -
17¢ | +-Bu  (t-Bu),Cu(CN)Li,  -Bu 2 NH,S0, 91 -
t-Bu
o) O/'\O
I ° o
Z 4
t-Bu Z t-Bu

20 21
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In a reaction not observed with other alkenynoates, berzy! ester (E)- 13g undergoes an anomalous reduction”
when reacted with methylcopper reagents (eq 15 and Table 5).” Deuterium labeling studies suggest the
intermediacy of a dianionic species, 25, perhaps formed via reductive elimination of a progenitor &-
copper(lll)-allenyl enolate. The extent of reduction is influenced by the addition of ligating adjuvants to the
cuprate: Lewis acidic TMSCI® promotes 1,6 addition, whereas Lewis basic (n-Bu);P” promotes conjugate
reduction. Moreover, the choice of organocopper reagent is important if reduction is to be observed. For instance,
the use of (Ph),Cu(CN)Li, as nucleophile provides only 1,6 addition products. Finally, the isolation of isomerized

starting material supports initial, reversible formation of a copper-n complex.®

CO,Bn 1.neq RM CO,Bn CO,Bn
| —_ (D9 o+ + |
2.aq NH,CI =
Z f |
(E)-13g 22 23
(15)
CO,Bn
+
=
P
24

Table 5. Reactions of (E)-13g (eq 15).

Yield. %
RM n (Z2)-13g 22 23 24
(n-Bu),Cu(CN)Li, 1.2 28 13
(Me),Cu(CN)Liy TMSCI 5.0 20 60
(Me),CulLi-P(n-Bu), 5.0 20 64
(Ph),Cu(CN)Li, 5.0 41
o-
~~ “OBn
=
>

25
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3. REACTION OF ALLENYL ENOLATES WITH ELECTROPHILES

3.1 The ambident nature of alleny! enolates

Allenyl enolates can be described as classic, ambident, delocalized anions: negative charge may be associated
with the oxygen, a-carbon, or y-carbon atoms (Scheme 5). As O anions, they may adopt (E) or (Z) enolate
geometries; either may prefer an s-frans or s-cis enallene conformation. Similar considerations apply for the y-C
anion isomers. The stereogenic allene moiety consequently is epimerizable, which may reduce or eliminate any
inherent stereofacial bias during reactions with electrophiles. Analogy would strongly suggest that allenyl enolates
have nucleophilic properties and conformational preferences similar to those of dienolates, which typically undergo
kinetically controlled reactions as a-C nucleophiles or O nucleophiles in the presence of soft or hard electrophiles,
respectively.®* In fact, the formally mixed hybridization state of allenyl enolates leads to unique and
unanticipated regio- and stereoselectivities in reactions with electrophiles.

ol 0o T
= >R R
P |
& 0 |
R R
0] (EZ)-s-trans - R‘ (EZ,EZ)-s-trans
o R' RM =
-4
P | i R{ N
7| o
]
R R
= - | ~N (o)
7 R
R
(EZ)-s-cis (EZ EZ)-s-cis

Scheme 5. O-, a-, andy-Allenyl Enolate Resonance Isomers.

3.2 Hydrogen electrophiles

Using the conformationally locked (E)-s-trans allenyl enolate derived from addition of (+-Bu),Cu(CN)Li,
to ethynylcyclohexenone 12e, deuterium quenching studies indicate regiospecific ydeuteration with no detectable
o incorporation of label (eq 16). In contrast, the dienolate derived from 3-ethenyl-2-cyclohexenone is
regiospecifically o deuterated, either directly or via enol-keto tautomerization (eq 17).**#2# Thus, (E)-s-trans
allenyl enolates formed from 1,6 additions of organocopper reagents to cycloalkenones 12 are nucleophilically
reactive only at their sp-hybridized y carbons in the presence of a proton source. As previously discussed,



Ambiphilic allenyl enolates

10211

protonation of the y carbon occurs from the less sterically shielded face, reliably leading to an excess of (Z) adduct

15.
0 [ o |
(t-Bu),Cu(CN)Li, ND,CI (16)
DO D
12¢ -Bu -Bu t-Bu
0 B o | 0
(t-Bu),Cu(CN)Li, NH,CI
i o an
= - 2 4
L t-Bu -Bu | t-Bu

Conformationally labile acyclic allenyl enolates are more challenging: regioselectivity of protonation varies
according to both structure of the allenyl enolate and proton donor reagent. Although NMR studies®®*'* of the
1,6 addition of (t-Bu),Cu(CN)Li, to (E)-ethyl 6,6-dimethyl-2-hepten-4-ynoate in THF might predict formation of
the corresponding (E)-s-trans allenyl enolate, in fact the (Z)-s-trans isomer forms predominantly.®* Otherwise,
this and similarly derived enolates appear to be well-described as O-bound metal enolates. When alkenynoates
are used as substrates, there is a marked influence of the effective size, relative Lewis hardness, and acidity of the
protonating agent on regioselectivity.®’ The 1,6 adduct enolate of ester 17a, when quenched with excess 2 N
H,S0O, at 25 °C, provides a mixture of o.- and y-protonated products. When the quench is performed at -80 °C
using ca. 2 equiv. of pivalic acid followed by warming to room temperature, however, y-protonation is strongly
disfavored and only the e-protonated allenyl ester is found to form (eq 18).”> When alkenynones are used as
substrates, far less regioselectivity in protonation is observed regardless of quenching method. This may be due
to the greater thermodynamic acidity of ketones relative to esters, enhancing equilibration to the conjugated

dienone adduct via the progenitor enol.

O 0
1. (n-Bu),Cu(CN)Li,,
-20 °C OEt | OEt
17a - 18
2. quench n_BuY/'/ + l (18)
Ph n-B Ph

2N H,S0,,25 °C: 61%
pivalic acid, -80 °C:  70% >

8~
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3.3 Carbon electrophiles

Alkylations of enolates derived from conjugate additions of organocopper reagents can be difficult. The
enolate appears to be relatively unreactive, and only excellent electrophiles, such as methy! iodide, allyl bromide,
benzyl bromide, or carbonyl substrates normally provide efficient alkylation. Adjuvant, transmetallation, and
enolate equivalent strategies can be employed to overcome this limitation.”#!72°

3.3.1 Alkyl halides. The regioselectivity of methylations of allenyl enolates derived from cycloalkenones
12 is determined by steric interactions that develop during a presumably late transition state. Ring size, ring
substituents, and the bulkiness of the group appended during 1,6 addition are observed to exert influences (eq 19
and Table 6).2%¢ Addition of Me,CuLi to cyclopentenone 12a followed by Mel quench provides only y,5-
dimethylated adducts, whereas the corresponding reaction of cyclohexenone 12d provides a nearly 1:1 ratio of 8-
and vy,6-dimethylation. In the case of a five-membered ring, developing pseudo 1,3-diaxial interactions make -
methylation of the allenyl enolate unfavorable and the less sterically demanding y-methylation dominates. In the
six-membered ring, gauche and eclipsing interactions which develop during y-methylation become approximately
equivalent in energy to the pseudo 1,3-diaxial interactions devioped during a-methylation and a mixture of
products is formed. The size of the « substituent therefore should be important, but only if it is conformationally
significant. For this reason, the a:y methylation ratio is similar for substrates 12d and 12j. Steric control as
exhibited by ring size is reiterated when bulkier (¢-Bu),Cul.i is added to the alkenynones. The relative contribution
of gauche and eclipsing interactions to hindering y-methylation is enhanced in both five- and six-membered rings,
so that ¢-methylation becomes more competitive, as indicated both by the increased o:y methylation ratio for 12d
and the appearance of overmethylated adducts for 12a and 12d. Finally, when no « substituent is present as in
substrate 12e, a-methylation is clearly preferred in order to mitigate any guache interactions between the r-Bu and
C4 methylene substituents of the ring which develop during y-methylation.

Methylations of acyclic allenyl ester enolates are unsuccessful when Mel or BnBr are used as quenching
agents; however, the very reactive electrophile MeOTf provides a-methylated adducts exclusively ®'#¥" In these
cases, regiochemistry is entirely insensitive to the steric environment of the allene moiety (eq 20). On the other
hand, when allyl or propargyl bromide is used to quench the allenyl enolate, exclusive y-alkylation is observed,
and there is considerable sensitivity to the steric environment of the allene moiety during the reaction (eq 21).

1. RZCULI
12
2 (CHZ) (CHZ)
0 (19)
E E
R’ *
15 26 —(CH,),
4
R

27 28
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Table 6. 1,6 Addition-Enolate Trapping of 12 with Mel (eq 19).

R! R EX 15 26 27 28
12a Me Me Mel 64
2.3:1)
12a Me t-Bu Mel 9° 34
12d | Me Me Mel 50 40
(1:3)
12¢ H +-Bu Mel 42 (R'=Me) 20 20
(1:1)
12d | Me t-Bu Mel 51 20 29
(1:>99)
12j | PhS Me Mel 21 29
(2.5:1)
a. 2,2,5,5-tetramethyl adduct.
O
1. Me,Culi, -20 °C OEt
17 |
2. EX E
R
R =#-Bu, EX=CH,=CHCH,Br:  60%, 1:1(Z:E)
R =¢-Bu, EX=CH,=CHCH,Br: 80%, >99:1 (Z:E)
0]
E
1. Me,Culi, -20 °C OEt
17
=
2.EX Px

R

R =n-Bu, EX =MeOTf: 71%
R =t-Bu, EX=MeOTf: 51%

10213

(20)

21
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3.3.2 Aldehydes, ketones, and acyl halides. Although reversible, aldol-type enolate alkylations are facile
compared to those using alkyl halides as eletrophiles. When p-tolualdehyde replaces Mel in eq 19, y-aldol adducts
are formed exclusively (Table 7).2% Again, a strong preference for anti-addition of nucleophile and electrophile
is observed. This stereochemical outcome often is obscured by the rapid equilibration of the stereoisomeric
adducts, however. As seen before, the allenyl enolate intermediates appear to react as simple, O-bound metal
enolates: when lithium enolate 29 is generated from its corresponding enol triflate and allowed to react with
acetaldehyde, only the y-aldol adduct is isolated (eq 22).”" This compares very favorably with 1,6 addition of
Me,Cu(CN)Li, to 12d, followed by addition of acetaldehyde, to result in a mixture of stereoismoeric y-aldol
adducts in 86% yield.®

Table 7. 1,6 Addition-Enolate Trapping of 12 with p-
Tolualdehyde (eq 19).

R n R EX 28, % (Z:F)
12a | Me 1 Me  p-TolCHO 86
(1:27)
12a | Me 1  +Bu p-TolCHO 942
12d | Me 2  t+Bu p-TolCHO 95
(1:1)
12j | PhS 2 Me  p-TolCHO 27

a. Facile equilibration of (Z) and (E) isomers.

oTf 0 0
2 Meli, MeCHO  HO
P TMEDA = @
+-Bu L %Bu | tBu
29 80%

Strongly contrasting with the y-selectivity of these conformationally restricted, cyclic allenyl enolates,
acyclic allenyl ester enolates provide only a-aldol adducts 30 when reacted with benzaldehyde, pivalaldehyde,
acryladehyde, or acetone (e.g. eq 23).*' A study of the stereochemistry of this regiospecfic aldol condensation®
indicates that the (Z)-s-trans allenyl enolates formed from 1,6 addition of copper reagents to (RS, E)-ethyl 6,6~
dimethyl-2-hepten-4-ynoate in ether procede with moderate simple diastereoselectivity® via a non-Zimmerman-
Traxler transisition state to provide anti adducts. Diastereofacial bias, however, is low. If the corresponding (E)-
s-trans allenyl enolate is prepared from (RS)-ethyl 5,6,6-trimethyl-3,4-heptadienoate and LDA, syn adducts are
isolated. Transmetalation of the (E)-enolate with MgBr,'Et,0O reverses simple diastereoselectivity, and
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diastereofacial selection away from the bulkier /-Bu group of the allene moiety is enhanced (eq 24).
HO R ©
1. Me,CulLi, -20 °C R OEt
17b P
o}
2 K ey -
R” TR
R
3. 2N H,80, 30
R=H,R'=Ph: 79%
R =H,R'= CH,=CH 53%
R =Me, R'=Me: 71%
Q HO O
I OEt t-B ; OEt
Me,Culi P
4 t-Buy/-/
tB — -7
17¢ ?
1. t-BuCHO
2= Eeadiod "
_ 2. H+ (24)
t-Bu -
Y o o
7 t-Bu/\;)j\ OEt
OEt LDA :
=
P :

FBY-

Allenyl enolate formation anti ; syn
1,6 addition of Me,CuLi 6.7:1
LDA 1:19
LDA + MgBr, Et,0 52:1

Like the y-selectivity of cyclic allenyl enolates, the a-selectivity of these acyclic alleny! enolates is not

mediated or particularly influenced by the presence of copper(I): when the lithium enolate of 6-methyl-4,5-

decadien-2-one is generated from its corresponding trimethylsilyl enol ether

8190 and allowed to react with allyl

bromide, only the a-allyl adduct is isolated.

The outcomes of enolate acylations can be difficult to predict.”’ When AcCl is used to quench allenyl

enolates, both cyclic and acyclic substrates yield only a-adducts;**? B-diketones and B-keto esters are isolated.

In the latter case, subsequent reaction of the adducts with excess organocopper reagent present in the reaction

mixture leads to coproduction of acetone-aldol adducts (eq 25).*"
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0] o] HO 0]
1. Me,Culi, -20 °C OEt OEt
17b . + P
2. AcCl n-Bue o7 n-Bu. -
3.2 N H,SO0, u\{ u\{ 25)
R R

3.4 Heteroatom electrophiles

3.4.1 Silyl halides, tin halides, and triflating reagents. Only the hardest of electophiles-silyl halides and
triflating reagents-appear to react at the oxygen atom of allenyl enolates. As implied above, the allenyl enolate
from 1,6 addition of Me,CuLi to ketone 31 can be trapped using TMSCI1**?? (eq 26);*' there is a preference for
formation of the (Z) enol ether. On the other hand, a similar reaction of cyclopentenone derivative 12a leads to
a y-trimethylsilyl adduct as the only silicon-containing product (eq 27);%** the unique (Z) stereochemistry of this
adduct may indicate alternative syn 1,2-carbometallation when reaction conditions for 1,6 addition are modified
with TMSCI. Similarly, the softer electrophile (#-Bu);SnCI1* also provides only y-adducts.3

O OTMS

1. Me,CulLi =
| —_— (26)
2. TMSCI, Et,N =
/ .
n-B “«];/
Bu

31 76%

AN

(B):(2) 1:2
O

1. Me,CulLi

1202 ——2— »
2TMSCL EtN, TMS

HMPA |

27

37%

Very synthetically useful allenyl enol triflates® (e.g. eq 22) can be prepared in an analogous mannet, using
N-phenyltriflimide as electrophile. The acyclic enol triflate analogous to the silyl enol ether of eq 26 is, like many
enol triflates, extremely sensitive to hydroysis. Those derived from the 3-ethynyl-2-cycloalkenone series, on the
other hand, are more stable: they can be isolated chromatographically and stored neat temporarily or as hexane
solutions for more prolonged periods. The reactivity of these triflates is similar to that of simple vinyl triflates (eq
28).%
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oTf
1. R,Cu(CN)Li, Z Me,CuLi Z
e 28
2. NPhTE, —(CH), —(CHy), 28
4 ¢
R R
n=1,R=¢Bu 78%
n=2,R=Me: 85%
n=2,R=n-Bu: 79% n=2 R=nBu: 82%
n=2,R=Ph: 50%

3.4.2 Halogens. lodine and bromine are quite soft electrophiles. When reacted with allenyl enolates derived
from esters 17, it is reasonable to anticipate a high a-selectivity. It is surprising at first glance, then, to discover
that no a-iodo adducts are isolated when the allenyl enolate generated from 1,6 addition of Me,CuLi to either 17b
or 17¢ is quenched with I, (eq 29).% A reasonable mechanistic hypothesis for the observed products can be
formulated based upon the following observations: (1) the ratio of y-iodo and a-methyl adducts changes to favor
the latter when a larger excess of Me,CuLi is used or when the ligating agent (#-Bu),P is used; (2) no y-iodo
adduct forms with substrate 17¢, where R=¢-Bu; and (3) when ester 17b is reacted with Me,CulLi prepared from
Cul and is quenched with either Br,, O,, or CuCl,, the y-iodo adduct still forms. It is likely therefore that 1,6
addition-iodination does result in formation of a reactive, allyic a-iodo adduct (32, Scheme 6). This adduct suffers
substitution of the a-iodo group by the excess Me,CuLi present in the reaction, which is competitive with S2'
reaction with nucleophilic iodide,” present as the initial counterion of the copper(I) salt used to prepare the cuprate,
or formed during a.-iodination using I,. Steric hindrance to this latter substitution will be caused by bulky R groups
on the allene, making direct substitution more favorable.

0
1. Me,Culi . OFt
17 — P 29
2.1, 2 @9
R

17b: 48% (2E,4Z).(2EAE) 5:1 7%
17¢: --- 70%
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ot 1-MeCuli

| 2.1, >:—J-1__ OEt
S

A

17
>—_~—.»‘H OEt
<]
R | o)
32
Me,CuLi I
A/sNz SNZ\*
0
OEt
=

.
R

Scheme 6. Me,Cul.i 1,6 Addition-lodination Reactions of 17.

4. REACTION OF ALLENYL ENOLATES WITH NUCLEOPHILES

A cursory glance at the structural formula of an allenyl enolate is sufficient to imply the ambident
nucleophilic character of these intermediates. Their Lewis structural resonance isomers suggest, and experiment
confirms, that these vinylogous enolates may react as O, «-C, or y-C nucelophiles in reactions with electrophiles.
As allenes, however, these species also may exhibit electrophilic character. For example, allenes are known to
undergo carbo- and silacuprations.’®*® Moreover, the observed regioselectivity of these reactions indicates that
addition of an organocopper reagent can be predicted to occur at the less substituted sp’-hybridized carbon of an
allene and distal to any electron donating group. The enolate moiety of an allenyl enolate certainly qualifies as
an electron donating substituent with respect to the allene group; thus, it is not unreasonable to hypothesize a
tandem 1,6 addition-5,6 addition sequence, which would result in a dianion adduct, 33 (Scheme 7). This dianion
would have its formal negative charges in a favorable, orthogonal orientation, constituting a vinylog of known «-
lithioenolates.'®
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(O R>—M
RZ—M ypkw . R>£ Z H R
\}4 R x_<O-M -

R3 M/"’. ..*\H_ R' H+
—— i
L,
33

Scheme 7. gem-Dialkylation via 1,6-5,6 Double Addition.

3-Ethynyl-2-cycloalkenones 12 are observed to undergo this tandem geminal double addition®'*' (eq 30 and
Table 8). While the initial 1,6 addition is facile, ocurring rapidly at -78 °C, the subsequent 5,6 addition is not
observed unless the reaction is warmed to at least -30 °C. This temperature difference allows two different
organocuprates to be added in sequence. Alternatively, a mixed homocuprate capable of transferring both'* of
its alkyl ligands can be used. Given the presence of RCu(CN)Li in the reaction milieu from initial 1,6 addition,
the second nucleophile undergoing 5,6 addition need not be an organocopper reagent per se, as long as it is capable
of forming a heterocuprate in situ at a rate competitive to that of addition. The order of addition, however, can
influence the efficiency of the process: when possible, initial 1,6 addition of the smaller of the substituents to be
appended minimizes steric interactions during subsequent 5,6 addition. NOE difference spectroscopy confirms
that the double addition is (£) stereospecific,* although there is rapid isomerization of (£)-35 to conjugated 34
when n=1. Allenyl enolates derived from cyclohexenone 12d are considerably less reactive as electrophiles
compared to those derived from cyclopentone 12a. As in reactions of electrophiles with these alleny! enolates, in
reactions with nucleophiles steric interactions developing in a presumably late transition state leading to the
dianion determine the facility of reaction. Gauche interactions between the ethylidene and C4 methylene groups
in the s-frans intermediate conformation and between the a-methyl and ethylidene groups in the alternative s-cis
intermediate conformation together are considerably greater in the six-membered analog, retarding its formation.
This effect is reiterated when the tandem, one-pot reaction is compared to functionally equivalent, two-pot
sequential 1,6 addition. For instance, in side-by-side experiments, ketone 12a can be reacted with Me,Cu(CN)Li,
according to eq 10 and 1,6 adduct 15a (76%) isolated, then the adduct in turn reacted with Ph,Cu(CN)Li, to
provide 34 (R=Me, R'=Ph, n=1) in 70% yield, for an overall two-step effective yield of 53% from 12a. If the order
of addition of Ph and Me substitutents is reversed, the overall yield decreases to 18%. Using the one-pot tandem
reaction (entries 4 and 5, Table 8) of eq 30 provides the same overall yields. However, when two Me groups are
added to ketone 12d using the two-pot, sequential method, overall yield (step one, 80%; step two, 52%) of 35
(R,R1=Me, n=2) is 42%. The one-pot tandem reaction (entry 8, Table 8) provides the double addition adduct in
11% yield.
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0]
1.RM, -78 ¢C
2. R1M, -23°C

12 —_— \
3. NH,Ci, H,0O (CHZ)n
R1
R
34

35

Table 8. Tandem Nucleophilic 1,6-5,6 Additions via eq 30.

Yield. %

RM R'M R R 34 35
12a | (Me),Cu(CN)Li, (Me),Cu(CN)Li, Me Me 50
12a | (Me),Cu(CN)Li, (PhMe,Si),Cu(CN)Li, Me PhMeSi 42
12a PhMe,SiCu(CN)MeLi, Me PhMeSi 60
12a PhCu(CN)MeLi, Me Ph 53
12a | (Ph),Cu(CN)Li, MelLi Ph Me 20
12a | (Me),Cu(CN)Li, PhLi Me Ph 38
12a | PhMe,SiCu(CN)MeLi, PhMe,SiLi Me PhMeSi 21

12d | (Me),Cu(CN)Li, (Me),Cu(CN)Li, Me Me 1

12d | (Me),Cu(CN)Li, (PhMe,Si),Cu(CN)L, Me  PhMe,Si 37

12d PhCu(CN)MeLi, Me Ph 7

5. CONCLUSION

(G0

Alkenynones and alkenynoates are functionally rich molecules that offer good potential for exploitation by

the synthetic chemist using proven, reliable carbon-carbon bond-forming reactions. Ultimate reagent-derived

regioselection for any mode of nucleophilic addition-1,2- 1,4- or 1,6-should provide routes for rapid elaboration

of mixed hybridization state, conjugated systems.*”'* In particular, the ambiphilic alleny! enolate products of 1,6

additions provide many unique features for synthetic exploitation: enantiodifferentiating conjugate addition'™ may

lead to enantiomerically enriched allenes; conformational direction

of allenyl enolate reactions with electrophiles

may allow effective regio- and stereochemical control elements to be designed into the original susbstrate, while

reactions with nucleophiles suggest a host of convergent methods for new quaternary carbon syntheses, annulation,

and bicycloannulation.'*®



Ambiphilic allenyl enolates 10221

6. ACKNOWLEDGEMENTS

We are grateful for support in part by the Donors of the Petroleum Research Fund, administered by the
American Chemical Society, the Research Corporation, and the National Science Foundation.

7. REFERENCES AND NOTES

Perlmutter, P. Conjugate Addition Reaction in Organic Synthesis; Pergamon Press: Oxford, 1992.

Claisen, L.; Komnenos, T. Liebigs Ann. Chem. 1883, 218, 158.

Claisen, L. J. Prakt. Chem. 1887, 35, 413.

Michael, A. Am. Chem. J. 1887, 9, 112,

Bergmann, E.D.; Ginsburg, D.; Pappo, R. Org. React. 1959, 10, 179.

House, H.O. Modern Synthetic Reactions; 2nd ed, W.A. Benjamin: Menlo Park, 1972, pp. 595-623.

Organocopper Reagents.: A Practical Approach; Taylor, R.J.K., Ed., Oxford University Press: Oxford, 1994.

Lipshutz, B.H.; Sengupta, S. Org. React 1992, 41, 135.

Kozlowski, J.A. In Comprehensive Organic Synthesis; Trost, B.M.; Fleming, 1., Eds., Pergamon Press:

Oxford, 1991, Vol. 4, Ch. 1.4.

10. Posner, G H. Org. React. 1972, 19, 1.

11.  Colvin, E.W. Silicon Reagents in Organic Synthesis, Academic Press: New York, 1988.

12. (a) Piers, E.; Roberge, J.Y. Tetrahedron Lett. 1991, 32, 5219. (b) Piers, E.; Morton, H.E.; Chong, JM. Can.
J. Chem. 1987, 65, 78.

13. Nishida, M.; Nishida, A.; Kawahara N. J. Org. Chem. 1996, 61, 3574.

14.  Spitzner, D. In Studies in Natural Products Chemistry; Rahman, A., Ed., Elsevier: Amsterdam, 1991, Vol.
8 (Part E), pp. 409 - 431.

15. Posner, G.H. Chem. Rev. 1986, 86, 831.

16. Galway, R.E.; Synthesis 1976, 777.

17. Hulce, M.; Chapdelaine, M.J. In Comprehensive Organic Synthesis; Trost, BM.; Fleming, 1., Eds.,,
Pergamon Press: Oxford, 1991, Vol. 4, Ch. 1.6.

18. Noyori, R.; Suzuki, M. Chemtracts 1990, 173.

19. For arecent example: Snider, B.B.; Vo, N.H.; O’Neil, 8.V_; Foxman, B.M. J 4m. Chem. Soc. 1996, 118,
7644.

20. Chapdelaine, M.J.; Hulce, M. Org. React. 1990, 38, 225.

21. Hulce, M. In Studies in Natural Products Chemistry; Rahman, A., Ed., Elsevier: Amsterdam, 1992, Vol. 10
(Part F), pp. 147 - 199.

22. (a) Kohler, E.P.; Butler, F.R. J. Am. Chem. Soc. 1926, 48, 1036. (b) Farmer, E.M.; Mehta, T.N. J. Chem.
Soc. 1931, 1904. (c) Ames, D.E.; Bowman, R.E. J. Chem. Soc. 1950, 329.

23. (a) Saito, S.; Yamamoto, H. J. Org. Chem. 1996, 61,2928. (b) Lohray, B.B.; Jayachandran, B.; Bhushan,

V.; Nandanan, E.; Ravindranathan, T. J Org. Chem. 1995, 60, 5983. (c) Lui, H.; Gayo, L. M.; Sullivan,

R.W.; Choi, A.Y.H. Moore, HW. J. Org. Chem. 1994, 59, 3284. (d) Yanagita, M.; Inayama, S.; Hirakura,

M.; Seki, F. J. Org. Chem. 1958, 23, 690. (e) Campbell, J.A.; Babcock, J.C. J. Am. Chem. Soc. 1959, 81,

4069. (f) Irie, H.; Mizuno, Y.; Taga, T.; Osaki, K. J. Chem. Soc., Perkin Trans. 11982, 25. (g) LaFontaine,

W ® NNk



10222

24.

25.

26.

27.

28.
29.

30.
31.

32.

33.

34.

35.

36.

37.
38.

M. A. FREDRICK and M. HULCE

J.; Mongrain, M.; Sergent-Guay, M.; Ruest, L.; Deslongchamps, P. Can. J. Chem. 1980, 58, 2460. (h)
Utimoto, K.; Wakabayashi, Y.; Horiie, T.; Inoue, M.; Shishiyama, Y.; Obayashi, M.; Nozaki, H.
Tetrahedron 1983, 39, 967. (i) Bigorra, J.; Font, J.; Ortuna, R.M.; Sanchez-Ferrando, F.; Florencio, F.;
Martinez-Carrera, S.; Garcia-Blanco, S. Tetrahedron 1985, 41, 5577, 5589. (j) Seijas, J.A.; Vizquez-Tato,
M.P; Castedo, L.; Estévez, R.J.; Ruiz, M. J. Org. Chem. 1992, 57, 5283.

For examples of acid-catalyzed 1,6 additions: (a) Kuo, Ch.H.; Taub, D.; Wendler, N.L. J. Org. Chem. 1968,
33,3126. (b) Darvesh, S.; Grant, A.S.; MaGee, D.1.; Valenta, Z. Can. J. Chem. 1989, 67, 2237.

(a) Bloom, I.; Ingold, C.K. J. Chem. Soc. 1931, 2765. (b) Marshall, J.A.; Ruden, R.A.; Hirsch, L.K;
Phillipe, M. Tetrahedron Lett. 1971, 3795. (c) Marshall, J.A.; Roebke, H. J. Org. Chem. 1966, 31, 3109.
(a) Tamaru, Y.; Harada, T.; Iwamoto, H.; Yoshida, Z. J. Am. Chem. Soc. 1978, 100, 5221. (b) Marshall,
J.A.; Audia, J.E.; Shearer, B.G. J. Org. Chem. 1986, 51, 1730. (¢) Cooke, M.P. Gooswami, R.J. Am. Chem.
Soc. 1977, 99, 642.

Kaswamata, T.; Harimaya, K.; Inamyama, S. Bull. Chem. Soc. Japan 1988, 61, 3770.

Farmer, E.H.; Martin, S.R.W. J. Chem. Soc. 1933, 960.

(a) Brocchini, S.J.; Eberle, M.; Lawton, R.G. J. Am. Chem. Soc. 1988, 110, 5211. (b) Barbot, F.; Kadib-
Elban, A.; Miginiac, P. J. Organomet. Chem. 1988, 345, 239. (c) Machiguchi, T.; Wada, Y.; Hasegawa, T.;
Yamabe, S.; Minato, T.; Nozoe, T. J Am. Chem. Soc. 1985, 117, 1258.

Biggora, J.; Font, J.; Jaime, C.; Ortuno, R.M.; Sanchez-Ferrando, F. Tetrahedron 1989, 72, 5577.

(a) Li, V.S,; Choi, D.; Tang, M.S.; Kohn, H. J. Am. Chem. Soc. 1996, 118, 3765. (b) Kumar, M.; Lee, S.J.;
Cassady, J.M.; Hurley, L.H. J Am. Chem. Soc. 1996, 118, 9209. (c) Schkerynatz, J.; Danishefsky, S.J.
Synlett 1995, 475. (d) For an application to the design and synthesis of an endiyne prodrug: Shair, M.D.;
Yoon, T.Y.; Mosny, K.K.; Chou, T.C.; Danishefsky, S.J. J. Am. Chem. Soc. 1996, 118, 9509.

(a) McMorris, T.C.; Kelner, M.J.; Wang, W.; Diaz, M. A ; Estes, L.A.; Taetle, R. Fxperientia 1996, 52, 75.
(b) McMorris, T.C.; Hu, Y.; Kelner, M.J. J. Chem. Soc. Chem. Commun, 1997, 315.

(a) Armstong, R.W.; Moran, E.J. J. Am. Chem. Soc. 1992, 114, 371. (b) Bryant, H.J.; Dardonville, C.Y .;
Hodgkinson, T.J.; Shipman, M.; Slawin, A.M.Z. Synlett 1996, 973.

(a) Boger, D.L.; Garbaccio, R-M. Bioorg. Med. Chem. 1997, 5,263. (b) Boger, D.L.; Han, N.; Tarby, CM;
Boyce, C.W_; Cai, H,; Jin, Q.; Kitos, P.A. J. Org. Chem. 1996, 61, 4894. (c) Boger, D.L.; McKie, J.A ;
Nishi, T.; Ogiku, T. J. Am. Chem. Soc. 1996, 118, 2301. (d) Boger, D.L.; McKie, J.A.; Cai, H.; Cacciari,
B.; Baraldi, P.G. J Org. Chem. 1996, 61, 1710. (e) Boger, D.L.; Meésini, P. J Am. Chem. Soc. 1995, 117,
11647. (f) for applications to the design of DNA-DNA interstrand cross-linking reagents: (i) Park, H.J.;
Kelly, R.C.; Hurley, L.H. J. Am. Chem. Soc. 1996, 118, 10041. (ii) Seaman, F.C.; Hurley, L. J. Am. Chem.
Soc. 1996, 118, 10052.

Kushida, T.; Uesugi, M.; Sugiwa, Y.; Kigoshi, H.; Tanaka, H.; Hirokawa, J.; Ojika, M.; Ymada, K. J. 4m.
Chem. Soc. 1994, 116, 479.

(a) Barrett, A.G.M.; Hamprecht, D.; White, A.J.P.; Williams, D.J. J. Am. Chem. Soc. 1996, 118, 7863. (b)
Barrett, A.G.M.; Kasdorf, K. J. Am. Chem. Soc. 1996, 118, 11030. (c) Charette, A.B.; Lebel, H. J. Am.
Chem. Soc. 1996, 118,10327. (d) Falk, J.R.; Mekonnen, B.; Yu, J.; Lai, J.Y. J. Am. Chem. Soc. 1996, 118,
6096.

Grieco, P.A.; Finkelhor, R. J. Org. Chem. 1973, 38, 2100.

Danishefsky, S.; Rovnyak, G.; Cavanaugh, R. J. Chem. Soc., Chem. Commun. 1969, 636.



39.

40.

41.
42.

43,

44.
45.
46.
47.
48.
49.

50.
51.

52.
53.
54.
55.
56.
57.

58.
59.
60.
61.
62.
63.

Ambiphilic allenyl enolates 10223

For leading references: (a) Shair, M.D.; Yoon, T.Y.; Mosny, K.K.; Chou, T.C.; Danishefsky, S.J. J. 4m.
Chem. Soc. 1996, 118, 9505. (b) De Voss, J.J.; Hangemand, J.J.; Townsend, C.A. J Org. Chem. 1994, 59,
2715.

(a) Myers, A.G.; Arvedson, S.P.; Lee, R W. J Am. Chem. Soc. 1996, 118, 4725. (b) Myers, A.G.; Cohen,
S.B.; Kwon, BM. J Am. Chem. Soc. 1994, 116, 1670.

Hirama, M.; Tokuda, M.; Fujiwara, K. Synlett 1991, 651.

(a) Toshima, K.; Ohta, K.; Yanagawa, K.; Kano, T.; Nakata, M.; Kinoshita, M.; Matsumura, S. J Am. Chem.
Soc. 1995, 117, 10825. (b) Lamothe, M. Fuchs, P.L. J. Am. Chem. Soc. 1993, 115, 4483.

Niclolaou, K.C.; Maligres, P.; Suzuki, T.; Wendeborn, S.V.; Dai, W.M.; Chadha, R.K. J Am. Chem. Soc.
1992, 714, 8890.

Magnus, P.; Eisenbeis, S.A.; Rose, W..C.; Zein, W.C.; Solomon, W. J. Am. Chem. Soc. 1993, 115, 12627.
Bowden, K.; Braude, E.A.; Jones, E.R.H.; Weedon, B.C.L. J. Chem. Soc. 1946, 45.

Bennani, Y.L.J Org. Chem. 1996, 61, 3542.

Kraus, N.; Hohmann, M. Synlett 1996, 89.

Genus, J.F.; Peters, D.D.; Bryson, T.A. Synlert 1993, 759.

(a) Daniel, D.; Middleton, R.; Henry, H.L. Okamura, W.H. J. Org. Chem. 1996, 61, 5617. (b) von Bilinski,
V.; Karpf, M.; Dreiding, A.S. Helv. Chem. Acta 1986, 69, 1734.

Molander, G.A.; Brown, H.C. J. Org. Chem. 1977, 42, 3106.

(a) Trost, B.M.; McIntosh, M.C. J. Am. Chem. Soc. 1995, 117, 7255. (b) Jeffery, T. Synthesis 1987, 70. (c)
Jeffery, T. Synth. Commun. 1988, 77.

Krause, N. Chem. Ber. 1990, 123, 2173.

JanakiramRao, C.; Knochel, P. J. Org. Chem. 1991, 56, 4593.

Cheng, M.; Hulce, M. J. Org. Chem. 1990, 55, 964.

Nakatani, K.; Arai, K.; Hirayama, N.; Matsuda, F.; Terashima, S. Tetrahedron Lett. 1990, 31, 2323.
Rathjen, H.J.; Margaretha, P.; Wolff, S.; Agosta, W.C. J. Am. Chem. Soc. 1991, 113, 3904.

(a) Lee, A.S.; Norman, A.W.; Okamura, W.H. J Org. Chem. 1992, 57, 3846. (b) Enas, J.D.; Shen, G.Y.;
Okamura, W.H. J. Am. Chem. Soc. 1991, 113, 3873.

Nakamura, T.; Namiki, M.; Ono, K. Chem. Pharm. Bull. 1987, 35, 2635.

Brandsma, L. Preparative Acetylenic Chemistry, 2nd ed, Elsevier: Amsterdam, 1988, pp. 102-103.

Trost, B.M.; Chan, C.; Ruhter, G. J. AM. Chem. Soc. 1987, 109, 3486.

Trost, B.M.; Mastubara, S.; Caringi, J.J. J Am. Chem. Soc. 1989, 111, 8745.

Haubrich, A.; van Klaveren, M.; van Koten, G.; Handke, G.; Krause, N. J. Org. Chem. 1993, 58, 5849.
Representative procedure: A solution of 1.31 g (10.5 mmol) of methyl 2-hexynoate, 1.80 g (11.9 mmol)
trimethylsilylethyne, and 30 mL of dry C¢H, was stirred under Ar as 45.8 mg (0.19 mmol) of Pd(OAc), and
96.0 mg (0.19 mmol) of TTMPP were added sequentially. The reaction was stirred at room temperature for
16 h, after which time TLC (silica, 24:1 hexanes:Et,0) indicated nearly complete reaction. Evaporation of
the C¢H, by rotary evaporation was followed by flash chromatography to provide 2.12 g (90%) of ester 9d:
IR (thin film) 2960 (s), 2140 (w), 1720 (s), 1610 (s), 1150 (s), 860 (s), 760 (m) cm™'; '"H NMR & 6.05 (t, 1H,
J=0.6 Hz), 3.68 (s, 3H), 2.69 (t, 3H, J=8.5 Hz), 1.53 (m, 2H), 0.91 (t, 3H, J=6.8 Hz) 0.18 (s, 9H); MS (m/z)
224 (23), 209 (100), 193 (28), 151 (50), 120 (70), 105 (93), 89 (76), 73 (77). A sample was prepared for
combustion analysis by desilylation using a suspension of KF in wet Et,0 with Bn(Bu),NCl as a phase



10224

65.

66.
67.
68.
69.
70.
71.
72.
73.
74.
75.
76.

77.

78.

79.

80.

M. A. FREDRICK and M. HULCE

transfer catalyst, followed by MPLC (silica, 40:1 hexanes:Et,0): Anal. calcd for C;H,0,: C, 71.03; H,
7.95. Found C, 70.91; H, 7.94.

Brandsma, L. Preparative Acetylenic Chemistry; 2nd ed, Elsevier: Amsterdam, 1988, pp. 101, 105-106.
Typically, nucleophilic addtions of thiolates to simple alkynes are anti additions, leading to (E)-thioenol
ethers. Propiolates, on the other hand, are less stereoselective, and often syn addition predominates: (a)
Eliel, E.L.; Wilen, S.H. Stereochemistry of Organic Compounds; Wiley-Interscience: New York, 1994, p.
557. (b) Rutledge, T.F. Acetylenes and Allenes; Reinhold: New York, 1969, pp. 170-171; 233-234.
Krause, N. J. Org. Chem. 1992, 57, 3509.

Amos, R.A; Katzenellenbogen, J.A.; J. Org. Chem. 1978, 43, 555.

Tsuboi, S.; Sakamoto, J.; Kuroda, A.; Utaka, M.; Takeda, A. Bull. Chem. Soc. Japan 1988, 61, 1410.
Gschwend, H.W.; Rodriguez, H.R. Org. React. 1979, 26, 1.

Griffen, E.J.; Roe, D.G.; Snieckus, V. J. Org. Chem. 1995, 60, 1484 and references therein.

Lee, S.H.; Hulce, M. Synlett 1992, 485.

Ritter, K. Synthesis 1993, 735.

Krause, N. Chem. Ber. 1991, 124, 2633.

Handke, G.; Krause, N. Tetrahedron Lett. 1993, 34, 6037.

Knotter, D.M.; van Maanen, H.L.; Grove, D.M.; Spek, A.L.; van Koten, G. Inorg. Chem. 1991, 30, 3309.
(a) Schuster, H.F.; Coppola, G.M. Allenes in Organic Synthesis; Wiley-Interscience: New York, 1984, p.
27. (b) Wipf, P.; Fritch, P.C. J. Org. Chem. 1994, 59, 4875. (c) Amos, R.A.; Katzenellenbogen, J.A. J. Org.
Chem. 1977, 42, 2537. (d) Dollat, J.M.; Luche, J.L.; Crabbé, P. J. Chem. Soc., Chem. Commun. 1977, 761.
(e) Baret, P.; Barreiro, E.; Greene, A.E.; Luche, J.L.; Teixeira, M.A.; Crabbé, P. Tetrahedron 1979, 2931.
(f) Anderson, S.J.; Hopkins, W.T.; Wigal, C.T. J Org. Chem. 1992, 57, 4304. (g) Mu, Y.; Gibbs, R.A.;
Eubanks, L.M.; Poulter, C.D. J. Org. Chem., 1996, 61, 8010.

Nakamura, E. in Organocopper Reagents: A Practical Approach; Taylor, RJK., Ed., Oxford University
Press: Oxford, 1994, ch. 6.

Hulce, M. Abstracts of Papers, 26th Midwestern Regional Meeting of the American Chemical Society,
Omaha, NE, 1991; ORGN 134.

(a) Alexakis, A.; Marek, L; Mangeney, P.; Normant, J.F. Tetrahedron 1991, 47, 1677. (b) Marek, I.;
Mangeney, P.; Alexakis, A.; Normant, J.F. Tetrahedron Lett. 1986, 27, 5499. (c) Alexakis, A.; Marek, 1.;
Mangeney, P.; Normant, J.F. Tetrahedron Lett. 1989, 30, 2387; 2391. (d) Mitani, M.; Matsumoto, H.;
Gouda, N.; Koyama, K. J. Am. Chem. Soc. 1990, 112, 1286.

(a) Petragnani, N.; Yonashiro, M. Synthesis 1982, 521. (b) Yamamoto, Y.; Hatsuya, S.; Yamada, J.
Tetrahedron Lett. 1989, 30, 3445. (c) Fan, R.; Hudlicky, T. Tetrahedron Lett. 1989, 30, 5533. (d) Hudlicky,
T.; Maxwell, M.H., Jr. Synth. Commun. 1989, 19, 1847. (¢) Yamamoto, Y., Hatsuya, S.; Yamada, J. J.
Chem. Soc., Chem. Commun. 1988, 86; 1639. (f) Biichi, G.; Wiiest, H. J. Am. Chem. Soc. 1974, 96, 7573.
(g) Parra, M.; Mestres, R.; Aparicio, D.; Durana, N.; Rubiales, G. J. Chem. Soc., Chem. Commun. 1989,
327. (h) Seebach, D.; Misslitz, U.; Uhlmann, P. Angew. Chem. Int. Ed. Engl. 1989, 28, 472. (i) Petasis,
N.A.; Teets, K.A. J Am. Chem. Soc. 1992, 114, 10328. (j) van Maanen, H.L.; Kleijn, H.; Jastrzebski,
J.T.B.H,; Lakin, M.T.; Spek, A.L.; van Koten, G. J. Org. Chem. 1994, 59, 7839. (k) Smith, M.K.; Semerad,
C.L.; Berkowitz, D.B. Abstracts of Papers, 31st Midwestern Regional Meeting of the American Chemical
Society, Sioux Falls, SD, 1996; ORGN 71.



81.

82.

83.

84.

8s.

86.

87.
88.

89.
90.

91.

92.

93.

94,

9s.

Ambiphilic allenyl enolates 10225

Arndt, S.; Handke, G.; Krause, N. Chem. Ber. 1993, 126, 251. For a related use of BHT to enhance
diastereoselection of protonation of a dianion: Stork, G.; West, F.; Lee, H.Y ; Issacs, R.C.A.; Manabe, S.
J. Am. Chem. Soc. 1996, 118, 10660.

Lee, S.H.; Shih, M.J.; Hulce, M. Tetrahedron Lett. 1992, 33, 185.

(a) Rathke, M.W_; Sullivan, D. Tetrahedron Lett. 1972, 4249. (b) Malhotra, S.K.; Ringold, H.J. J Am.
Chem. Soc. 1963, 85, 1538. (c) Ringold, J.H.; Malhotra, S K. Tetrahedron Lett. 1962, 669.

Krause, N.; Wagner, R.; Gerold, A. J. Am. Chem. Soc. 1994, 116, 381.

Laux, M.; Krause, N.; Koop, U. Synlett 1996, 87.

Lee, S.H. Reactions of Ambiphilic Cyclic Allenyl Enolates and Enol Trifluoromethanesulfonates as Enolate
Equivalents, University of Maryland Baltimore County 1992.

Krause, N.; Hohmann, M. Synlett 1996, 89.

For an alternative approach to generate y-selectivity in dienolates: (a) Schlessinger, R.H.; Mjalli, AM.M,;
Adams, A.D.; Springer, J.P.; Hoogsteen, K. J. Org. Chem. 1992, 57,2992. (b) Igbal, J.; Kahn, M.A. Synth.
Commun. 1989, 19, 515. (c) Igbal, J.; Mohan, R. Tetrahedron Lett. 1989, 30, 239. (d) Dellassoued, M.;
Ennigrou, R.; Gaudemar, M. J. Organomet. Chem. 1988, 338, 149.

Eliel, E.L.; Wilen, S.H. Stereochemistry of Organic Compounds; Wiley-Interscience, 1994, pp. 913-919.

(a) Colvin, E.W. Silicon Reagents in Organic Synthesis, Academic Press: New York, 1988, p.106. (b)
Binkley, E.S.; Heathcock, C.H. J. Org. Chem. 1975, 40, 2156. (c) Snider, B.B.; Yang, K. J. Org. Chem.
1992, 57, 3615. (d) Stork, G.; Hurdlik, P.F. J. Am. Chem. Soc. 1968, 90, 4464.

Black, T.H. Org. Prep. Proc. Int. 1989, 21, 179.

Perlmutter, P. Conjugate Addition Reactions in Organic Synthesis; Pergamon Press: New York, 1992, pp.
41-42.

Representative procedure: A dry, Ar-purged 25 mL round bottom flask was charged with 40.8 mg (0.45
mmol) of CuCN and 3 mL Et,0. Stirring was begun as the suspension was cooled to 0 °C and 720 uL (0.90
mmol) of a 1.25 M solution of MeLi in Et,0 added dropwise. Cooling to -78 °C was follwed by dropwsie
addition of 35.8 mg (0.30 mmol) of 8a in 2 mL Et,0. After 1.5 h, the supernatant of a centrifuged mixture
of 212 pL ( 5.0 mmol) TMSCI, 220 uL Et;N, and 1 mL HMPA was added all at once. The reaction was left
to stir overnight as it slowly warmed to room temperature. Dilution with 40 mL of hexanes was follwed by
pouring the flask contents into 0 °C aq. satd. NaHCO,. Extraction, separation, and washing of the organic
phase once with 0 °C aq. satd. NaHCO, was followed by drying (Na,SO,); filtration and evaporation of the
solvents gave the crude product, the IR spectrum of which contained no allene band. Preparative TLC (3:1
hexanes:Et,0) gave 12.6 mg (37%) of a mixture of (E)- and (Z)-2-methyl-3-(1-methylpropenyl)-2-
cyclopentenone and 23.1 mg (37%) of (Z)-2-methyl-3-(1-trimethylsilylpropenyl)-2-cyclopentenone. 'H
NMR & 5.92 (q, 1H, /=6.2 Hz), 2.45 (br s, 4H), 1.56 (d, 3H, /=6.2 Hz), 1.54 (t, 3H, J=1.4 Hz), 0.08 (s, 9H).
NOE difference spectroscopy established both regiochemistry and stereochemistry of silylation: upon
irradiation of the & 0.08 singlet, a substantial enhancement of the 8 1.56 doublet was observed.

(2) Suzuki, M.; Yanagisawa, A.; Noyori, R. J. Am. Chem. Soc. 1985, 107, 3348. (b) Tardella, P.A.
Tetrahedron Lett. 1969, 1117. (c) Nishiyama, H.; Sakuta, K.; Itoh, K. Tetrahedron Lett. 1984, 25, 223;
2487.

(a) Ritter, K. Synthesis 1993, 735. (b) Dieter, R.K.; Dieter, J.W.; Alexander, C.W.; Bhinderwala, N.S. J.
Org. Chem. 1996, 61, 2930.



10226

96.

97.

98.

99.

100.
101.
102.

103.
104.

105.

106.

M. A. FREDRICK and M. HULCE

Krause, N.; Arndt, S. Chem. Ber. 1993, 126, 261.

For a complementary isomerization of 5-choro-2,3-alkadienones to 3-chloro-2,4-alkadienones: Santelli-
Rouvier, C.; Lefrére, S.; Santelli, M. J. Org. Chem. 1996, 61, 6678.

(a) Kleijn, H.; Eijsinga, H.; Westmijze, H.; Meijer, J.; Vermeeer, P. Tetrahedron Lett. 1976, 947. (b)
Alexakis, A.; Normant, J.F. Isr. J. Chem. 1984, 24, 113. (c) Koosha, K.; Berlain, J.; Capmau, M.L.;
Chodkiewicz, W. Bull. Soc. Chim. France 1975, 1284; 1291. (d) Lipshutz, B.H. Synlett 1990, 119. (e)
Lipshutz, B.H.; Wilhelm, R.S.; Kozlowski, J.A. Tetrahedron 1984, 40, 5005. (f) Chen, H.M.; Oliver, J.P.
J. Organomet. Chem. 1986, 316, 255. (g) Berlain, J.; Baltioni, J.P.; Koosha, K. Bull. Soc. Chim. France Il
1979, 183.

(a) Fleming, .; Pulido, F.J. J. Chem. Soc., Chem. Commun. 1986, 1010. (b) Fleming, I.; Rowley, M.,
Cuadrado, P.; Gonzalez-Nogal, A.M.; Pulido, F.J. Tetrahedron 1989, 45, 413. (c) Cuadro, P.; Gonzalez-
Nogal, A.M.; Pulido, F.J.; Fleming, 1. Tetrahedron Lett. 1988, 29, 1825.

Kowalski, C.J.; Weber, A.E.; Fields, K.W. J. Org. Chem. 1982, 47, 5088.

Lee, S.H.; Hulce, M. Tetrahedron Lett. 1990, 31, 311.

(a) Marino, J.P.; Linderman, R.J. J. Org. Chem. 1981, 46, 3696. (b) Posner, G.H.; Whitten, C.E.; Sterling,
1.J.; Brunelle, D.J. Tetrahedron Lett. 1974, 2591.

Krause, N. Liebigs Ann. Chem. 1993, 521.

(a) Sasai, H.; Arai, T.; Satow, Y., Houk, K.N.; Shibasaki, M. J. Am. Chem. Soc. 1995, 117, 6194. (b)
Alexakis, A. In Organocopper Reagents: A Practical Approach;, Taylor, R.J.K., Ed., Oxford University
Press: Oxford, 1994, ch. 8. (¢) Miao, G.; Rossiter, B.E. J Org. Chem. 1995, 60, 8424. (d) Handke, G.;
Krause, N. Tetrahedron Lett. 1993, 34, 6037.

Martinelli, M.J.; Peterson, B.C.; Khau, V.V; Hutchison, D.R.; Leanna, M.R.; Audia, J.E.; Droste, J.J.; Wu,
Y.D.; Houk, K.N. J Org. Chem. 1994, 59, 2204.

(a) Ho, T.L. Tandem Organic Reactions, Wiley-Interscience: New York, 1992. (b) Wang, K.K.; Wang, Z.;
Tarli, A.; Gannett, P. J. 4m. Chem. Soc. 1996, 118, 10783.

(Received 4 December 1996)



Ambiphilic allenyl enolates

Biographical Sketch

Mark A. Fredrick Martin Hulce

Mark A. Fredrick received his B.S. in Chemistry from Nebraska Wesleyan University in Lincoln,
Nebraska in 1993. Following an appointment as a visiting research associate in the Department of
Chemical Process Engineering at the University of Qulu, Finland, he joined the Department of
Chemistry at Creighton University in Omaha, Nebraska in 1994 as a research chemist with the
Laboratory for Metaloorganic Chemistry. In 1996, he accepted a graduate appointment in the School
of Criminal Justice at Michigan State University in East Lansing, Michigan, where he is pursuing
an M.S. degree in forensic chemistry.

Martin Hulce received his B.S. in chemistry from Butler University in Indianapolis, Indiana in
1978. Graduate studies with Gary H. Posner at the Johns Hopkins University in Baltimore,
Maryland led to M.A. and Ph.D. degrees in organic chemistry in 1980 and 1983, respectively. After
two years as a research chemist in the Agricultural Chemicals Department of E.I. du Pont de
Nemours and Co., Inc., in Wilmington, Delaware, he joined the faculty of the University of
Maryland, Baltimore County, as an Assistant Professor of Chemistry and Biochemistry. In 1991,
he joined the faculty of Creighton University, in Omaha, Nebraska, where he is an Associate
Professor of Chemistry and Director of the Laboratory for Metaloorganic Chemistry. He is a recent
recipient of the Robert F. Kennedy Memorial Student Award for Teaching Achievement.

10227



