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Abstract

The Pd-catalyzed cross coupling of either a-haloenones with organometals or a-metalloenones with organic halides is
intrinsically more problematical than the corresponding reaction of [B-substituted enones or ordinary alkenyl derivatives.
Nonetheless, satisfactory procedures have been developed for cross coupling with organometals containing Zn, Sn, B and Cu to
give a-organylenones in high yields. As in the other cases, organozincs generally display the highest reactivity. In highly
demanding and/or delicate situations, some indirect protocols involving protection of carbonyl groups or their temporary
reduction help overcome difficulties encountered in direct a-substitution. Conjugate reduction and conjugate addition of
a-substituted enones provide the corresponding saturated carbonyl compounds in completely regiocontrolled manner. Together
with the ability to accommodate unsaturated organic groups, such as aryl, alkenyl, and alkynyl, the new Pd-catalyzed
a-substitution protocols developed since 1987 promise to become synthetic tools of widespread application. © 1999 Elsevier
Science S.A. All rights reserved.

Keywords: a-Substitution of carbonyl compounds; Pd-catalyzed cross coupling; a-Halo-o,B-unsaturated carbonyl compounds;
a-Metallo-a, B-unsaturated carbonyl compounds

1. Introduction metal- based methodology is limited to the introduction

of sp® carbon groups of relatively low steric require-

1.1. Objective

Introduction of simple hydrocarbon groups in the
a-position of ketones and other carbonyl compounds is
most typically achieved by alkylation of enolates and
related compounds [1]. As basic and important as it is,
it has been associated with some limitations and unde-
sirable features. Firstly, the alkali and alkaline earth

* This paper is dedicated to Professors Jiro Tsuji and Richard F.
Heck in recognition of their pioneering works in the area of
organopalladium chemistry.

* Fax: + 1-7650494-0239.

E-mail address: negishi@chem.purdue.edu (E.-i. Negishi)

ments, such as Me, primary alkyl, allyl, benzyl, and
propargyl groups. Introduction of sterically hindered
groups, such as tertiary alkyl and many secondary alkyl
groups, is not practical, and sp> and sp carbon groups,
such as aryl, alkenyl, and alkynyl groups, cannot be
introduced. Secondly, the reaction is prone to multiple
substitution, and it is often difficult to achieve clean
monosubstitution. Thirdly, although so called ‘kinetic’
and ‘thermodynamic’ enolates can be selectively gener-
ated in a number of cases, strict regiochemical control
requires special procedures, such as generation of eno-
lates via conjugate reduction of o,B-unsaturated enones,
which must then be followed by regiospecific alkylation.

0022-328X/99/$ - see front matter © 1999 Elsevier Science S.A. All rights reserved.

PII: S0022-328X(98)01057-2



180 E. Negishi / Journal of Organometallic Chemistry 576 (1999) 179—194

Despite all these difficulties and limitations, a-substitu-
tion of carbonyl compounds is a highly desirable syn-
thetic operation. Critically needed is a methodology
permitting introduction of all types of carbon groups,
especially, aryl, alkenyll, and alkynyl groups with strict
control of the degree of substitution and regiochemistry.
To this end, we chose to develop a novel and highly
selective methodology based on Pd- or Ni-catalyzed
cross coupling of either o-halo-o,B-unsaturated car-
bonyl compounds or the corresponding o-metallo
derivatives. A few representative enone-based a-substi-
tution methodologies are shown in Scheme 1.

In this account, the a-haloenone-based methodology
involving Pd-catalyzed cross coupling is presented. As
is clear from Scheme 1, direct a-substitution of enones
represents an ultimately satisfactory methodology.
However, no such methodology of general applicability
has as yet been developed. In the meantime, develop-
ment of the a-haloenone-based methodology requiring
at least one additional step may be justified if it leads to
high selectivity, high product yields, and other syntheti-
cally desirable features that can more than offset the
requirement for extra steps. Equally significant is that,
in cases where a-substituted enones are the desired
products, the o-haloenone-based methodology may
provide one of the ultimately satisfactory efficient
routes to such products.

1.2. Brief summary of related methodologies

Over the past 25 years or so, a number of attempts to
promote o-arylation, o-alkenylation, and a-alkynyla-
tion of carbonyl compounds via direct a-substitution of
enolates have been made, and some successful results
have been observed along with various limitations and
difficulties. a-Arylation of potassium enolates in NH;
via Sgn1 process [2] appears to be a reasonable method
which has been applied to the synthesis of some com-
plex natural products, such as cephalotoxinone [3].
However, this method does not appear to be readily
adaptable to selective a-alkenylation. o-Arylation of

ketones catalyzed by Ni [3] and Pd [4,5] also appears to
be reasonably satisfactory. In particular, recent modifi-
cations of the Pd-catalyzed arylation using bidentate
phosphines [6,7] have yielded some very satisfactory
results. Here again, however, the corresponding o-
alkenylation [5b,8] has been much more problematical,
and satisfactory results have been observed mainly with
methyl ketones. Furthermore, the critical issue of a-
versus o/-substitution in non-obvious cases has been
largely ignored in the studies mentioned above. Further
development is clearly needed before its widespread
application. Related Ni- and Pd-catalyzed o-arylation
and a-alkenylation of ester enolates containing Li [9]
and Zn [10] have also yielded reasonably satisfactory
results, but their synthetic scopes remain to be further
investigated. It should also be noted that, in these
reactions and Pd-catalyzed o-arylation of 1,3-diketones
[11,12], regioselectivity is not an issue. Although none
of the above-mentioned methods has been applied to
a-alkynylation, organolead-based a-substitution of B-
ketoesters [13] has been applied to a-alkynylation [14].
The reaction of lithium enolates with chloroalkynes
also gives a-alkynyl ketones [15], but its applicability
appears to be limited to o-alkynylation of ketones
containing an o-methine group.

Although space limitation does not permit elabora-
tion, there are a number of more indirect methods of
a-substitution including the reaction of organoboranes
with enolates derived from a-haloketones [16], a-aryla-
tion via bismuth enolates [17], the reaction of arylcop-
pers with a-bromoketone  derivatives [18],
a-alkenylation of ketone enolates with enol ether—iron
complexes [19], a-selenylaldehydes [20], and a-silylalde-
hydes [21], and reductive rearrangement of alkynyl
halohydrins [22]. There also are various enone-based
a-substitution methods [23] permitting distinction be-
tween the o and o' positions of ketones, and some of
them have been applied to a-arylation [24], a-alkenyla-
tion [24], and a-alkynylation [15]. While many of these
methods appear to be promising, their applications
have thus far been limited to the syntheses of simple

+ RX
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MH (or MR") g'_y_'c (l: | _PdorNicat) I (|: R
—c=p—— N | —e—c—(C—
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methodology H H
P M
_C_IC=C ( HMR1)
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g |
@ | MR @
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M

Scheme 1.
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Scheme 3.

model compounds, and their true synthetic scopes re-
main to be delineated.

2. a-Haloenone-basaed methodology for a-substitution
of carbonyl compound via Pd-catalyzed cross coupling

2.1. Some synthetic protocols to be developed

With the goal of developing a selective synthetic
protocol for a-substitution of carbonyl compounds via
Pd-catalyzed cross coupling, we initially generated cy-
clopentenolates containing Zn [25], Sn [4,5], and B [26]
and reacted them with p-tolyl iodide and (E)-1-octenyl
iodide as two representative unsaturated iodides in the
presence of 5 mol% of Pd(PPh,),, Cl,Pd(PPh,),, and
CLNi(PPh;), in THF. However, none of these reac-
tions gave the desired a-substituted cyclopentanones in
more than 30% yields, typical yields being < 10% [27].
Although disappointing, the results were not surprising
in view of the previously documented difficulties ob-
served with cyclohexenolate derivatives [4,5]. Turning
our attention to some indirect approaches, the reaction

of 2-bromo-2-cyclohexenone and 2-iodo-2-cyclo-
hexenone with bis[(£)-1-hexenyl]zinc in the presence of
5 mol% of a Pd—PPh; complex was carried out in
THF at 25°C. No desired product was obtained from
2-bromo-2-cyclohexenone even though all of it was
consumed. The reaction of 2-iodo-2-cyclohexenone did
produce 2-[(E)-1-hexenyl]-2-cyclohexenone in 31%
yield [28], but the rest of the starting iodoenone had
been consumed. In sharp contrast, the corresponding
reaction of 3-bromo-2-cyclohexenone gave 3-[(E)-1-
hexenyl]-2-cyclohexenone in 75% yield, with the bal-
ance of the starting bromoenone still remaining
unreacted. The sluggish nature of a-substitution and
the greater instability of o-haloenones are clearly indi-
cated in the competitive experiment summarized in
Scheme 2 [28].

In principle, a number of related but different pro-
tocols for a-substitution of enones via Pd-catalyzed
cross coupling are conceivable, and several such proto-
cols summarized in Scheme 3 appeared to deserve
special attention. For the sake of simplicity, a-substi-
tution of 2-cyclopentenones and 2-cyclohexenones are
shown as representative cases.
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Table 1
Effects of reaction parameters in the Pd-catalyzed reaction of 2-iodo-2-cyclopentenone with (E)-1-hexenylmetals®

o I Pd catalyst 0 Bu-n
%j T A Bu-n solvent @/\/

M/\/Bu-n Pd Catalystb Solvent Temp. (°C) Time (h) Product Yield (%)°
Y B“"’)2 1 THF 25 1 3
PG B“"’)Z I THF-DMF 25 1 87
Zne B“"’)2 1 DMF 25 1 100 (869
Y B“'")2 it DMF 25 1 88
Zt B“'")2 1 DMSO 25 1 80
PG B“'")2 I NMP 25 1 74

Me,al” - BU7 I DMF 25 1 71
i-BupAl” X BUT I DMF 25 1 89
i Bugal” B I DMF 25 i 4
Cicpyze” - Bon © 1 DMF 25 1 27
Bugsn™ X Bu I DMF 25 1 trace
Bugsn™ - B I DMF 60-65 13 64

4 The alkenylmetals were prepared by treatment of (E)-1-hexenyllithium with appropriate metal halides, unless otherwise mentioned.
[ = CL,Pd(PPh;),+2n-BuLi. 11 = Pd(PPh,),.

¢By '"H-NMR and/or GLC.

d Isolated yield.

¢ Prepared by appropriate hydrometallation of 1-hexyne.

f2-Iodo-2-cyclopentenone remained unreacted to the extent of 18%.
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2.2. Pd-Catalyzed o-arylation and a-alkenylation of
acetal-protected enone derivatives (Protocol I)

In view of the low intrinsic reactivity and high insta-
bility of o-haloenones in the Pd-catalyzed cross cou-
pling discussed earlier, we adopted a highly
precautionary measure and chose acetal-protected o-
bromoenones [29] as key intermediates. Our notion was
to exploit the previously developed Pd-catalyzed
alkenyl-alkenyl and alkenyl-aryl cross coupling
methodologies [30] as fully as possible in the develop-
ment of Pd-catalyzed o-substitution of carbonyl com-
pounds. The Pd-catalyzed cross-coupling reaction of
a-bromoenones  with  organozincs and  other
organometals was quite sluggish. On the other hand,
their conversion to the corresponding zinc derivatives
via lithiation with butyllithium permitted clean and
high-yield cross coupling not only with aryl halides but,
more significantly, with both E and Z alkenyl iodides
using 1 mol% of Pd(PPh;), (Scheme 4) [27]. The corre-
sponding alkenyllithiums were totally ineffective under
comparable conditions. Conjugate reduction of 2-[(E)-

0]
I
ij/ + oz Bu-n)2
O
OTf
lij/ + o7 Bu-n)2

I OMOM
@/ + Ban/\)\Pent—n
7 OTf
F L

Ci;:o + Ban/\)\Pent-n

I-octenyl]-2-cyclopentenone with LiAIH(OMe); and
Cul [31] followed by protonolysis with 2N HCI at 0°C
cleanly provided 2-[(E)-1-octenyl]cyclopentanone in ex-
cellent yield. Thus, the putative dienolate intermediate
must have undergone exclusive o protonation. Full
retention of the regiochemistry is clearly indicated in
the exclusive formation of 2-[(£)-1-octenyl]-6-methylcy-
clohexanone from 6-methyl-2-cyclohexenone in 55%
overall yield (Scheme 5) [27].

Although the feasibility, dependability, and highly
selective nature of Protocol IB have been firmly estab-
lished by the results shown in Schemes 4 and 5, it is
nonetheless cumbersome. So, we decided to explore
other more efficient protocols, such as Protocols I1A
and IIB, rather than further develop Protocol IB.

2.3. Pd-Catalyzed o-arylation and a-alkenylation of
a-iodoenones (Protocol 114)

As discussed earlier, direct o-substitution of a-bro-
moenones with organozincs and other organometals
catalyzed by Pd or Ni complexes appeared very prob-

OSiMe,Bu-t

5% CLPd(PPhs), 0
10% n-BuLi X Bun
25°C, 1h 81(75)%
o 0
5% CLPA(PPhy),
10% n-BuLi o BU”
25°C, 1h 83%
5% CL,Pd(PPhs), 0 OMOM
10% n-BuLi 2 Pent-n
25°C, 1h 89%
5% CL,Pd(PPhs), o]
10% n-BuLi &\/ Bu-n
25°C, 1h Me 38U
Bu-n
o A\
5% C1,Pd(PPhsy),
10% n-BuLi o
0,
3°C1n 82(66)%
n-Pent
OSiMe,Bu-¢
A\
Pd cat. 0

Pd Cat, Solv.  Temp(°C) Time(h)  Yield (%)
C1,Pd(PPhs), DMF 25 I 13
+2 n-Buli
Pd(dba), THF 50 24 <5
+2 PQ2-furyl)s
Pd(dba), DMF 20 3 87 (75)
+ 2 PQ-furyl),

Note: The yields are determined by NMR and/or GLC.
The numbers in parentheses are isolated yields.

Scheme 6.
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Table 2

Pd-catalyzed reaction of o-arylation and o-alkenylation of a-iodoenones with organotins and organoboranes®

Product
a-lodoenone Organometal Catalyst® Solvent Temp.(°C) Yield (%) Ref.
0
I CH,=CHSnBuj I NMP 25 80 (331
{j Me,C=CHSnBu; I NMP 80 76 [33]
70 P-MeCgH,SnBuy I NMP 50 66 [33]
Z=Ac or TBS
@—B(OH)Z i1 THF 25 97 [34]
0
I Me,C=CHSnBus 1 NMP 110 83 [33]
p-MeCgH,B(OH), I THF 25 78 [34)
0
1 m-TBSOCgH,SnBu; 1 NMP 70 81 [35]
OPr-i
0
| Me;C=CHSnBu, 1 NMP 80 80 [33]
70 p-MeCgH,SnBu; 1 NMP 60 95 [33]
p-MeCgH,B(OH), i THF 25 100 [34]
OAc
Z=TIPS
Ph 1 CH,=CHSnBu, I NMP 35-50 47-65 [33,36]
H COMe P-MeCgH,SnBu, 1 NMP 85 87 [33]

21=5 mol% CLPd(PhCN),, 10 mol% Ph;As, 10 mol% Cul. II
Pd,(dba);"CHCI;, Ph;As, Cul.

lematical. Despite rather poor results observed in the
reaction of 2-iodo-2-cyclohexenone with bis[(£)-1-hex-
enyl]zinc in the presence of a Pd catalyst (5 mol%)
generated by the treatment of Cl,Pd(PPh;), with two
equivalents of n-BuLi in THF, we decided to optimize
its reaction conditions. It was soon found that the use
of polar aprotic solvents would significantly improve
the product yield. Thus, the use of DMF, DMSO, and
NMP (N-methylpyrrolidone) improved the cross cou-
pling yield to >88,80 and 74%, respectively. This
investigation has proved to be a major breakthrough in
the development of Protocol ITA. (E)-1-Hexenyldialky-
laluminums prepared by treating (E)-1-hexenyllithium
with ClAIMe, and ClAl(Bu-i), were also satisfactory
producing the desired product in 71 and 89% yields,
respectively, whereas alkenylaluminums generated by
hydroalumination were less effective. Also unsatisfac-
tory was the corresponding zirconocene derivative
which led only to a 27% yield of the desired product.
The n-Bu,ySn-containing reagent was practically unreac-
tive at room temperature, but it gave the desired
product in 64% yield in 13 h at 60—65°C. These results
of reaction conditions optimization are summarized in
Table 1 [28]. In summary, the use of organozinc
reagents and DMF as a solvent appear to be optimal.
In most cases, Cl,Pd(PPh;), and Pd(PPh;), are satisfac-
tory catalysts. In some more demanding cases, however,
the use of more effective catalysts, e.g. CLPd[P(2-

=3 mol% CLPd(PhCN),, 6 mol% Ph;As, 1.6 equivalents Ag,O. IIl =

furyl);], [32], has been shown to be desirable (Scheme 6)
[28].

As indicated in Table 1, organotins are considerably
less reactive than organozincs, but their reactions pro-
ceeds satisfactorily in many cases at elevated tempera-
tures, typically around 100°C [33]. Under those
conditions that are satisfactory for organozincs, the
corresponding organoboron compounds show little re-
activity [28]. However, the use of Ph;As as a ligand
together with an excess of Ag,O (1.5-6.0 equivalents
relative to the substrates) permits facile o-arylation in
THF even at 25°C [34]. Some representative results
observed with organotins [33,35,36] and organoborons
[34] are summarized in Table 2. The organotin-based
method has been applied to the synthesis of (—)-
methyl shikimate [37] and ( + )-epibatidine [38] (Scheme
7).

2.4. Pd-Catalyzed o-alkynylation of o-iodoenones
(Protocol 11A4)

Discovery of natural products of various potentially
significant ~ biological  activities  featuring  o-
alkynylenones within the last decade prompted the
development of procedures for o-alkynylation of
enones that might be more direct and more satisfactory
than those discussed earlier [14,15]. Several independent
studies have shown that applications of the methods for
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=5 mol% Pd(dba),, 10 mol% P 4 O\) 3 DMF, 25 °C. The products in these cases were racemic mixtures

Scheme 8.

a-arylation and a-alkenylation discussed above involv-
ing Sn [39] and Zn [40] permit the desired a-alkynyla-
tion in good yields. The Cu-based Sonogashira
alkynylation was reported in one study to be unsatisfac-
tory for the synthesis of tricholomenyn A [41], but
some other studies have shown that satisfactory results

procedures have been applied to very efficient synthesis
of harveynone and tricholomenyn A (Scheme 8)
[40,41,43]. Since their synthesis does not require subse-
quent conjugate reduction, these recently reported syn
theses appear to represent some ultimately satisfactory
constructions of this class of compounds. Some other

may be obtained using this reaction [42,43].

0
I
@/ , cat. P(PPhy),

These

Bu-¢
O

@]
J,
, cat. Pd(PPh
M (PPhs)y

37% [39]

I Z
_ cat. PdL,
+ BrZnC=CBu-n —_—
Bu-1

results of a-alkynylation are shown in Schemes 9-11.

0 Bu-n

N

o o o
\ # N\

4

Bu,;SnC=CBu~ 33% [39] Catalyst Solvent Yield (%) Ref,
o 5% CL,Pd(PPhy), hexane, 28 [40]

Q/ I Bus THF, DMF
, cat. Pd(PPh3), 5% Pd(dba), hexane, 45 [40]

0,

Me Me 33% [39] 10% P(furyl-2); THF, DMF

5% Pd(dba), DMF 90 [40]
Me Me 10% P(furyl-2);
Scheme 9. Scheme 10.
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o Table 3
I Pd-catalyzed a-alkylation of a-iodoenones® [45]
o~
7
1, TBSO
70% [43] Alkylzine Method of Product
TBSO a-lodoenone Derivative Generation®  Catalyst®  Yield (%)
2 0 85
I P O Me,Zn A I
Z ! (n-Hex),Zn B I 85 (81)
— / 1, n-Hex),!
= 75% [43] (-Bu)yZn B I 85 (73)
o (s-Bu),Zn B I 72 (61)
I 1 trace
70 o (PhCH,),Zn B 1 N
& o PhCH,ZnBr C
1 oz 70 I
74% [43] (n-Bu),Zn B I 76 (66)
Me
oz o
) I
1 =5 mol% Cl,Pd(PPhy),, 10 mol% Cul, i-Pr,NH, THF (nBuyyzn B | 67(59)
Scheme 11. Me n-HexZnBr B I 9%
I PhCH,ZnBr C I 94
2.5. Pd-Catalyzed a-alkylation of a-iodoenones Me;SiCEC(CHp)pZnl € | 80 (61)
(Protocol IIA) 5 H,C=CH(CHy),ZnBr D I 36
! C I 72
Although a-alkylation of alkali metal enolates and " PhCH,ZnBr
. . . . €
related derivatives, such as enamines, proceeds satisfac- o
. . . g - . n-BuZnBr B 1 84
torily in many cases, it still is desirable to develop a I PhCH,ZnBr c 1 7
complementary a-haloenone-based a-alkylation Me Ph(CH,),ZnBr D I 83
Me

methodology for the following reasons. Firstly, it
would provide an efficient route to a-alkyl-substituted
enones. Secondly, it might provide a satisfactory route
to a-alkyl-substituted ketones even in cases where the
conventional alkylation methodology is unsatisfactory.
During the course of our study, an efficient synthesis of
prostaglandin E, involving Pd-catalyzed a-alkylation of
2-iodo-4-(z-butyldimethylsiloxy)-2-cyclopentenone with
B-(6-methoxycarbonyl)hexyl-9-BBN, where 9-BBN is
9-borabicylo[3.3.1]Jnonane, was reported (Scheme 12)
[44].

A systematic investigation of the Pd-catalyzed cross-
coupling reaction of «-iodoenones with alkylzinc
derivatives [45] indicates that both alkylzinc halides and
dialkylzincs containing Me, primary alkyl, benzyl, ho-
mobenzyl, and homopropargyl groups react satisfacto-
rily (Table 3). Benzylzinc derivatives prepared by
treating benzylmagnesium bromide with ZnBr, are inef-
fective, but benzylzinc bromide prepared by treating
PhCH,Br with Zn is satisfactory. Secondary alkylzinc
derivatives give cross coupling products in high yields,
but it has thus far been difficult to avoid extensive

4 Unless otherwise mentioned, the reactions were carried out at
23°C in DMF or DMF-THF using either 0.65 molar equivalents of
a dialkylzinc bromide or iodide.

® A = commercially available. B=RMgX+1/2 ZnBr, (X = Br or
I). C=RX+Zn. D=RX+Mg+ZnBr,.

¢1=35 mol% CL,Pd(PPh,),. Il = 5 mol% CL,Pd(TFP),.

4By NMR and/or GLC. The numbers in parentheses are isolated
yields.

¢ Completely isomerized to n-butyl. Additionally,
butyl)cyclopentanone was also obtained in 12% yield.

3-(s-

secondary-to-primary isomerization observed with
CL,Pd(PPh;), or conjugate addition with concomitant
deiodination  observed with CLPd(dppp) and
CLPd(dppf) [46]. The results appear to indicate that
substitution of a-iodoenones is significantly more de-
manding than that of other ordinary alkenyl halides.
Somewhat surprisingly, all attempts to allylate a-iodo-
cyclopentenone led to 1,2-addition of either allylzinc
bromide or diallylzinc to the carbonyl group without
the involvement of the C—1I bond (Scheme 13) [45]. The

0
X
+ ? B(CH,)¢COOMe
70

1. Li;Me(CN)Cu _~~_ Pent-n
oz
2. HF, pyridine, MeCN

O,

H

5 mol% Cl,Pd(dppf)
10 mol% AsPh; o)

Cs,CO; (1.8 equiv.) @/ (CH,)¢COOMe
DMF, THF, H,0 \

Z =t-BuMe,Si 720 70-80%

o
(CH,)¢COOMe
Z Pent-n

O

H

Scheme 12.

73%
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5% C1,Pd(PPhy),
1:1 THF-DMF

X =Brorallyl

@/\/

(o]
1
+ /\/Z“X HO ; =
80-90%

Scheme 13.

corresponding reaction of propargylzinc derivatives
proceeds similarly via 1,2-addition.

2.6. Synthesis of a-iodoenones

One crucial requirement for the development of o-
substitution procedures based on Protocol IIA is the
availability of satisfactory procedures for the prepara-
tion of a-iodoenones. The reaction of cyclopenenone
and cyclohexenone with IN; generated in situ from ICIl
and NaN; in MeCN was known to give the correspond-
ing o-iodo derivatives in low yields [47]. However,
adaptation of a procedure for a-bromination of enones
[48] to a-iodination using I, and a tertiary amine, such
as pyridine, has proved to be much more satisfactory
(Table 4) [49]. Although persuasive comparative data
are not presented, the use of 1,, Me;SiN;, and pyridine
has been claimed to be superior to I, and pyridine alone
in cases where enones are [-substituted (Table 4)
[50,51].

One of the main incentives for developing the enone-
based a-substitution methodology in our laboratories
was the ready access to a-silyl- and a-stannylcyclopen-
tenones via the Zr-promoted ene-yne cyclization-car-
bonylation [52]. Both monocyclic [53] and bicyclic [52]
cyclopentenones are available by one-pot reactions. 2-
Stannyl-2-cyclopentenones can be readily converted to
the corresponding 2-iodo derivatives in excellent yields
(80-95%) by iodination with I, or NIS [54]. However,
the preparation of 2-stannyl-2-cyclopentenones by ei-
ther the reaction of n-Bu,ZrCp, with stannylated eny-

Table 4

0 0
SiMe, 1

ICI, AICI 3%

—_— 0

Me Bu-n
SiMe; I
Scheme 14.
NIS
(.)H Me
MeCC=CEt m jC=C\ 85%
s H COEt
Scheme 15.

nes or that of Et,ZrCp, with stannylated alkynes must
avoid destannylation by the action of unreacted n-BuLi
or EtMgBr. We also hoped to avoid altogether organ-
otins for toxicity and other reasons. As 2-silyl-2-cy-
clopentenones can be prepared in a more reliable
manner than the corresponding stannyl derivatives, we
sought a method for their conversion to 2-iodo deriva-
tives. Although those procedures that are satisfactory
for converting parent enones to 2-iodoenones discussed
above were very sluggish and uniformly unsatisfactory,
the use of either two equiv. of ICl or one equiv. each of
ICl and AICI; proved to be very satisfactory (Scheme
14) [55].

Acyclic a-iodoenols and a-iodoenones have been pre-
pared by treating propargyl alcohols with I, and pyri-
dinium dichromate (PDC) [56] and NIS in the presence
of a catalytic amount of PhI(OH)(OTs) (Scheme 15)
[57].

2.7. Pd-Catalyzed o-substitution of o-metalloenones
(Protocol 1IB)

The ready accessibility of a-stannyl enones by Zr-
promoted ene-yne cyclization-carbonylation prompted

Conversin of enones to a-iodoenones with iodine and pyridine in carbon tetrachloride

Carbon number a-lodoenone Yield (%) Reference

5 2-Iodo-2-cyclopentenone 63 49

6 2-lodo-3-methyl-2-cyclopentenone 56-63 49, 51
2-Iodo-2-cyclohexenone 60-80 34, 49, 50

7 2-lodo-4-acetoxy-2-cyclopentenone 77 49
2-Iodo-3-methyl-2-cyclohexenone 70 49

8 2-lodo-3-ethyl-2-cyclohexenone 70 50

9 2-Iodo-3-(n-butyl)-2-cyclopentenone 56 50
2-lodo-3-isopropyl-2-cyclohexenone 78 50

10 (Z)-3-1odo-4-phenyl-3-buten-2-one 38 49
2-lodo-3-(3'-butenyl)-2-cyclohexenone 35 50

12 2-lodo-3-pivaloyloxymethyl-2-cyclohexenone 80 35

13 2-lodo-3-[(4'-trimethylsilyl-3'-butyn-1'-yl)]-2-cyclohexenone 85 50

18 2-lodo-4-acetoxy-6-triisopropylsilyloxy-2-cycloheptenone 88 49
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I Hex-n o}

cat. Pd(PPhs), @/\/ Hex-n64°/
0

o HMPA, 50 °C

@/ SnMe;,
=0 i
cat. Pd(PPhy), ‘ 65%
HMPA, 90 °C

Scheme 16.

us to develop procedures for their Pd-catalyzed cross
coupling with organic halides. We found that 2-
trimethylstannyl-2-cyclopentenone prepared as a test
substrate via lithiation-stannylation of cyclic acetal-pro-
tected 2-bromo-2-cyclopentenone reacted with (F)-1-
octenyl iodide in the presence of 5 mol% of Pd(PPh,),
to give the desired cross-coupling product in 80% yield
[28]. Under comparable conditions, 2-trimethylstannyl-
2-cyclohexenone reacted with (E)-1-octenyl iodide and
phenyl iodide to give the corresponding cross-coupling
products in about 65% yields (Scheme 16) [45]. Unfor-
tunately, attempts to alkenylate 2-trimethylstannylbicy-
clo[3.3.0]oct-1-en-3-one by the same reaction were
unsuccessful, the yield of the desired product being
< 10%.

More recently, direct conversion of a-iodoenones
into the corresponding o-zinco derivatives has been
achieved using either an excess of Zn dust [58] or
Zn—Ag couple (four equivalents) in the presence of
TMEDA (one equivalent) [59]. The Zn reagents thus
generated are less reactive than more usual alkenylzinc
derivatives. Nonetheless, some satisfactory results have
been obtained with aryl halides. On the other hand,
variable results were obtained with alkenyl halides
(Table 5) [58,59]. In summary, the a-zincoenone-based
procedures appear to be somewhat more involved than
the corresponding a-iodoenone-based procedures, and
the cross-coupling yields tend to be lower. On the other
hand, they do not require strongly basic organolithiums
or Grignard reagents. Thus, they can tolerate a wider
range of heteroatom functionalities.

Table 5
Pd-catalyzed a-arylation and o-alkenylation of a-zincoenones®

Aryl or Alkenyl p Product
Enone Halide Catalyst” vi.jq %) Reference
O
Znl Hex-
@/ I I 80 58
O
/@ I 7 58
I
/©\ I 78-88 58
I X
o (X = CF3, NO,, COOEY)
Znl
| /@\ I 70-81 58
II\I I X
Bz (X = CF3, NO,, COOEY)
o]
Znl A Pent-n
ilj[ S I 48 59
Me
B X~ COOEt m 32 59
(o]
Znl Cl
/©/ i 89 59
Me' Me Br
/@\ i 70 59

B F

-

21.3 to 2 equiv. of organozinc reagents were used.
b = 1 mol % Pd(dba), and 4 mol % Pé(’;\)).3
1 = 5 mol % Pd(dba), and 15 mol % AsPhs. I =5 mol % Pd(PPhs),.

2.8. Pd-Catalyzed o-substitution of o-haloenols and
a-metalloenols (Protocols IIIA and IIIB)

As mentioned in the previous section, the scope of
Protocol 1IB involving the use of a-stannyl and o-zin-
coenones appears to be generally more limited than
that of Protocol IIA. And yet, it is very desirable or
even mandatory in some cases to be able to use enone
derivatives as nucleophiles rather than electrophiles. In
such cases, Protocol I involving carbonyl-protected o-
metalloenones may be considered. In our recent synthe-

Me;Si0 , OTBS OH
ZnBr  Me;SiO o}
OTBS BN 3 steps N
—_—
I, DMF x x
OTBS 95% OTBS OH
MeaSiO nakienone A
3
17 ZnBr
S @ Mesio  (~OTBS o oH
N TBSO A 2 steps RS
—_—
II, DMF x >
1=5mol % CLPA(TFP)y, 10 mol % n-BuLi ~ 1BSO  68% OH
nakienone B

1T = 5 mol % Pd(PPhs),

Scheme 17.
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OTBS
SnMe; A, NMP N dow
cat. Pd(dba),, AsPh;, Cul
(0] (0]

1. n-BuyZrCp,
C=smmre (T -
A n-Pent
A l L OTBS
=1 Pent-n B= BrZn Pent-n B. DMF
= = s
\/\OrTBS \/\gTBS I 5% Cl,Pd(TFP), N 7
10% n-BuLi
o] (0]
1. n-BuyZrCp, SnMes
/_Cf—San 2. CO /___<:\i>: o
TBSO(CHp) x TBSO(CH,)4 n-Pent
76% OTBS
B, DMF N
' I 5% CloPd(TFP),
NIS 10% n-BuLi
—_— —— (9] — O
TBSO(CH,)4 TBSO(CH,)4
83%
Scheme 18.
1.NaBH,
I CeClye7 H,0
MeOH ,
= o " — OSiMes
THPO(CH,), 2. Me3SiCl, NEt3 THPO(CH,), 84%
n-Pent n-Pent
OTBS OTBS
1. n-BuLi then ZnBr, A\ \
2. A, 5% CLPA(TFP), PCC, NaOAc
10% n-BuLi o CH,Cl, o
3.KC05, MOH  Typociy), TH' POCHY,
84% 78%
Scheme 19.

ses of nakienones A [60] and B [61], however, it was
very desirable to avoid acidic workup. Moreover, all
attempts to lithiate (Z)-2-iodo-2,4-pentadien-1-ol
derivatives with BuLi at — 110 to — 78°C failed. Even
attempts to trap the desired alkenyllithiums with ZnBr,
or Bu,;SnCl at extreme low temperatures did not pro-
duce the corresponding organometals. To over-come

Table 6
Pd-catalyzed a-substitution of a-halo-o,B-unsaturated bicyclic lactams

these difficulties, the TBS-protected a-iodoenones were
reduced with NaBH, and CeCl;-7H,0, protected with
Me;SiCl, lithiated with n-BuLi, and zincated with
ZnBr,. The Pd-catalyzed cross coupling of the organo-
zincs proceeded cleanly in good yields, and both
nakienones A [60] and B [61] were selectively synthe-
sized after a few additional steps (Scheme 17). Even

RN 0 RN 0
~N , Pd catalyst ~N
(\ /_‘\)>__X + RSnR3 (\ _ ) R
0% (or RBX3) 0 R
Product

R! Rr? X R Metal Catalyst®  Yield (%)
Ph Me orH TorBr Ph Sn I 57-75
Ph Me or H TorBr CH,=CH Sn I 55-100
Ph MeorH TorBr 2-Furyl Sn I 42-70
Ph Me I n-Hex B 18 64
i-Pr Me I pMeOCH, B I 76
Ph Me I 2-Furyl B v 86

21 =5 mol % Pd(OAc),, 10 mol % Cul, 10 mo! % PPh;, NMP, 100 °C. Il =5 mol %
ClyPd(dppf), 14 mol % AsPh;, n-Hexyl-9-BBN. (1.6 equiv.), Ba(OH),*8 H,0 (1.5 equiv.), DMF,
room temp. III =9 mol % Cl,Pd(PhCN),, 15 mol % AsPhj, aq. Na,CO; (1.5 equiv.), benzene, 74
°C. IV = 9 mol % Cl,Pd(PhCN),, 15 mol % AsPhs, NayCOj; (1.2 equiv.), DME, 74 °C.
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10% CLPd(McCN),
40% AsPh,
4 equiv. Ag,O Ar
— + ArB(OH), —
COOMe (63] COOMe

Ar = 0-MeOCgH, (88%), p-MeOCgH,, (79%), p-FCgH, (52%)

Scheme 20.

though the requirements for reduction, protection, de-
protection, and reoxidation make Protocol III rather
cumbersome, the generally clean and high-yielding Pd-
catalyzed cross coupling seems to more than offset the
disadvantages mentioned above in cases where Proto-
cols ITA and IIB are not very satisfactory.

In a recent synthesis of carbacyclin [54], a need for
Protocol IITA was encountered, when neither Protocol
ITA nor Protocol IIB was shown to be satisfactory
(Scheme 18) [54]. A clean and selective synthesis of the
desired compound was achieved by resorting to Proto-
col IITA, as shown in Scheme 19 [54].

It is clear that Protocol II is the most desirable of all
discussed herein. However, the need for Protocol III as

SnBuj

COOMe

ROI
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discussed above indicates that there still is room for
improvement of Protocol II. In the meantime, Protocol
III may be employed as a reliable, if cumbersome,
alternative for selective a-substitution of enones.

3. Other related Pd-catalyzed a-substitution
methodologies

3.1. Pd-Catalyzed o-substitution of o-halo- and
a-metallo esters and related amides

Various procedures for Pd-catalyzed o-substitution
of a,B-unsaturated esters, amides, and related com-
pounds have been developed since 1993 through appli-
cation of Protocols ITA and IIB for a-substitution of
enones. Although some procedures based on Protocol
IIA involving Sn [62] and B [62,63] were found among
early examples as summarized in Table 6 [62] and
Scheme 20 [63], most represent applications of Protocol
IIB using o-stannyl o,B-unsaturated esters, as summa-
rized in Scheme 21 [64-68]. These procedures are gen-

R
10 mol % Pd(PPhs),
70 mol % Cul
DMF
64
641 COOMe

R =NO, (76%), CF3 (72%), Ac (78%), COOMe (66%), H (87%), Me (71%), Br (92%),

OMe (42%)
10 mol % PA(PPhs),
75 mol % Cul
SnBu, R,
— + R'1 DMF =
K COOEt (65] K COOEt
R Rr! Yield (%)
n-Bu Ph 87
n-Bu EtOOC o~ 66
Ph Ph 75
Ph 2-Thienyl 79
8 mol % Pdy(dba),
22 mol % AsPh,
MeO SoB 75 mol % Cul
€ 3 NMP, 50 °C MeQ _ Ar
— + Arl (or ArOTf) T66] =
COOMe COOMe

Ar= p-Tol (92%), p-AcCgH, (77%), p-BiCgH, (82%), p-MeOCH, (67%), 0-FtCsH,
(83%), 0-MeSCgH, (79%), 0-MeOCH, (55%)

SnBu;
o+ )
\ O TfO

SnBu;

Tho v 2aa

O

2 mol % Pd(PPhj),
6 equiv LiCl

THEF, reflux, 34 h 729,

[67] 0

1-2 mol % CL,Pd(PPhs), Ar
toluene, reflux A:S= 0

[68] o)

Ar= Ph (45%), 0-MeOOCCgH, (65%), m-CF;CgHy (23%), 0-MeCeH, (36%)

Scheme 21.
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Rl
R Br . R //
bt +  ClZacsCR! — =
H COOMe H COOMe
R c=Cr! Yield (%)
n-Bu C=CHex-n 62
i-Bu C=CPh 71
3,5-ClyCgHy; CSCCgHMe4 84
3,5-Cl,C¢Hy;  C=CPrn 74
Scheme 23.

erally associated with some undesirable features, such
as the use of a significant excess of a stannane [64], or
an organic halide [68], relatively large amounts (8—10

mol%) of Pd complexes [64—66], and the use of arsines.
Clearly, further developments of the Pd-catalyzed o-
substitution of o,B-unsaturated esters and amides are
desirable. In this connection, more recent applications
of Protocol ITA involving the reaction of a-bromoesters
with organozincs in the presence of 5 mol% of
Pd(PPh,), in THF are noteworthy (Scheme 22) [69,70].
Although reliable comparative data are not available,
the generally favorable results of a-alkenylation
(Scheme 22) [69] and a-alkynylation (Scheme 23) [70]
suggest that organozincs may represent a generally
satisfactory class of organometallic reagents in these
cases as well. However, further critical comparisons
among various available options are clearly desirable.

cat. Cl,Pd(PPhs),

0 . cat. Cul, NEt; 0 P R
0,
Y L e oy
0”"N 0”"N
Me Me
R = 2-Bu (84%), (CH,),0COCH Me (85%)
cat. CLPd(PPhs),
Q . cat. Cul, NEty 0 > R
HN _ o HN
A)j/ + HC=cR - g 2] )\)1]/72-91%
0° N 0°°N
20 o zo«k—oj
70 Z =p-Tol. R = Alkyl, Aryl, SiMe; y4e}
Q I cat. PdL, o
HN)j/ + H>=<R oy, HN)j/\/ R
30-96%
02\ N CICpyZr H (73] o)\ N °
Me3Si0 Me3Si0—
Me;3SiO R = alkyl, alkenyl, aryl, OEt Me;3SiO
Q ; cat. Pd(PPhy), Q
HNJ]/OT . e Ll HNJ]/ R
3 46-92%
O)\ N [74] O)\ N 2
AcO o AcO o
AcO OAc R=alkenyl, aryl AcO OAc

Scheme 24.
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4 mol % TFP
THF, room temp.
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Ac Ac
AcO OAc AcO OAc
0.5 mol % Pd(dba),
Zal 2 mol % TFP e N
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2.5 mol % Pdy(dba), o
Q 20 mol % AsPh,
Me SnBuy 50 mol % Cul Me Ar
TN MR e 76 39-91%
Me Me ’ Me Me
(¢}
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2-pyridyl

IQOM" 10 mol% PAPPhy); OH
Y
/¢:OMC Bu3Sn N

O 0,100°C
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o o
0 I 0
+ BuSoR ﬂ,%gc_, 50-92%
Ph Ph
0

R = Me;SiC=C, PhC=C , BuC=C, CH,=CH , CH,=CHCH,
Scheme 26.

3.2. Pd-Catalyzed o-substitution of heteroaromatic
o, -unsaturated carbonyl derivatives, quinones, and
related compounds

Application of the Pd-catalyzed cross coupling [71] to
a-alkynylation [72], a-alkenylation [73], and «-arylation
[73] of heteroaromatic a,B-unsaturated carbonyl deriva-
tives, such as 5-iodouracil derivatives, has been known
since the early 1980s (Scheme 24). Although these reac-
tions are formally related to the Pd-catalyzed a-substitu-
tion discussed herein, the robust aromatic nature of the
heteroaromatic substrates makes the requirements for
their a-substitution less demanding. These reactions
should therefore be viewed as a class of cross-coupling
reactions involving aryl halides rather than o-halo-o,[3-
unsaturated carbonyl compounds. In most cases, het-
eroaryl iodides [72,73] and triflates [74] rather than
heteroarylmetals have been used. However, heteroaryl-
zinc derivatives have also been employed (Scheme 25)
[75]. As in the cases of a-substitution of enones, the
required organozinc reagents are generated by treating

the corresponding iodides with Zn. This added require-
ment must be offset by some merits associated with the
charge-affinity inverted protocol.

a-Substitution of haloquinones catalyzed by Pd com-
plexes [76] may also be formally viewed as Pd-catalyzed
a-substitution of enones. At the same time, however,
these reactions also represent B-substitution of enones,
which has been known to proceed much more readily
than the corresponding a-substitution [28,77]. They must
therefore be classified and viewed differently from those
discussed in Section 2. Both iodoquinones [78] and
metalloquinones [76,79] have been employed (Scheme
26).

4. Conclusions

In sharp contrast with the Pd-catalyzed cross coupling
of B-haloenones, which is generally more facile than that
of the corresponding alkenyl halides without the car-
bonyl functionality, the Pd-catalyzed cross coupling of
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a-haloenones is intrinsically more difficult not only
because the rate of the desired reaction is lower, but also
because a-haloenones decompose more readily under the
conditions used for cross coupling. Despite these
difficulties, satisfactory protocols have been developed
for cross coupling with orgnaometals containing
Zn, Sn, B and Cu to give a-organylenones in high yields.
As in the other cases of Pd-catalyzed cross coupling,
organozincs display generally the highest reactivity.
Thus, their reactions are complete generally in a few to
several hours at room temperature using Pd-PPh; com-
plexes, whereas the other procedures tend to require
more effective but potentially undesirable catalysts, such
as those containing AsPh;, and higher temperatures,
typically 100 + 30°C. The use of polar aprotic solvents,
such as DMF, appears to be generally more favorable
than less polar solvents, such as THF, ether, benzene, and
toluene. Essentially all types of organic groups, including
aryl, alkenyl, alkynyl, methyl, primary alkyl, benzyl,
homoallyl, homopropargyl, and homobenzyl, can be
introduced in the a-position of enones. Secondary and
tertiary alkyl groups tend to undergo isomerization and
other side reactions, while allyl- and propargylzinc
derivatives undergo selective 1,2-addition with a-
iodoenones. Further developments are needed to accom-
modate these groups in the a-position of enones. In
highly demanding and/or delicate situations, some indi-
rect protocols, i.e. Protocols I and III, involving protec-
tion of carbonyl groups or their temporary reduction
help overcome difficulties encountered in direct a-substi-
tution (Protocol ITA and IIB). Collectively, these proto-
cols represent novel and previously unavailable routes to
a-substituted enones including various natural products
that are attractive, efficient, and regioselective.

Equally important is that, in conjunction with conju-
gate reduction or conjugate addition, the enone-based
Pd-catalyzed o-substitution methodology significantly
supplements the conventional methodology for a-substi-
tution of enolates. Particularly noteworthy features in-
clude (a) facile and reliable incorporation of unsaturated
groups, such as aryl and alkenyl, in the a-position of
carbonyl compounds and (b) strict control of regiochem-
istry. Due to space limitation, a vast topic of the
Tsuji—Trost allylation of doubly stabilized enolates [80]
and its extension accommodating more usual ketone and
aldehyde enolates developed by us [81] and others [82]
are not discussed here. Related arylation of ketones has
received rekindled attention over the last few years, as
briefly mentioned earlier [6,7], but the corresponding
alkenylation, alkynylation, and so on still remain to be
developed. Nor has the strict control of regiochemistry
in non-obvious cases been demonstrated. Nonetheless,
the operational simplicity of direct a-substitution of
enolates is evident, and efforts toward the development
of ultimately satisfactory a-substitution methodologies
along this line are highly desirable.
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