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Abstract: The Pd-catalyzed carbonylation@fvinyl-substituted-iodoalkenylbenzenek—4 can provide up to modest

yields (50-60%) of 5- and 6-membered Type | cyclic acylpalladation produdso,5-unsaturated cyclic ketones,

in the absence of an external nucleophile and high yields of 5- and 6-membered Type Il cyclic acylpalladation
productsj.e., a- or 5-((alkoxycarbonyl)methyl)substituted cyclic ketones in the presence of an aleappMeOH.

In cases where no such processes are available, other side reactions, such as cyclic carbopalladation, polymeric
acylpalladation, and trapping of acylpalladiums via esterification and other processes may become predominant.
Neither smallerj.e., 3- or 4-membered, nor 7-membered or larger cyclic ketones appear to be accessible by the
reaction. In most cases, the exo-mode cyclic acylpalladation takes place exclusively. However, the cyclic
acylpalladation of3 proceeds exclusively via endo-mode cyclization to give 5-membered ketones. Substitution of
one or more hydrogens in the-vinyl group with carbon groups has significant effects on the reaction course.
Those substrates containing a 1,2-disubstituted alkenyl group in place of a vinyl geouf8—22 and24 excluding

25, can give monomeric cyclic acylpalladation products in high yields. These results represent a major deviation
from those obtained with and2. In the absence of an external nucleophile, formation of Type | cyclic acylpalladation
products is, in some cases, accompanied by Type Il cyclic acylpalladation involving trapping of acylpalladiums by
internal enolates. In the presence of MeOH or other alcohols, Type |l acylpalladation products have been obtained
in respectable yields fro9—-20, 23, and24. In the presence of an alcohol, premature esterification can be a
serious side reaction. However, this problem can be alleviated ustn@H ort-BuOH in place of MeOH in
combination with appropriate solvents, typically those of lower polarity. Heteroatom-containing substituents on the
w-vinyl groups also exert significant effects on cyclic acylpalladation. Electron-donating substituents tend to lead
to high yields of cyclic acylpalladation products, while electron-withdrawing alkoxycarbonyl groups conjugated with
the w-alkenyl group tend to give lower yields of cyclic acylpalladation products. WitaSViand alkoxycarbonyl

groups products of apparent endo-mode cyclic acylpalladatien,naphthols, have been obtained in significant
yields (25-50%). Free OH and other nucleophilic heteroatom groups can seriously interfere with cyclic
acylpalladation, and they must be appropriately protected in most cases, although there are indications that
acylpalladatior-lactonization tandem processes similar to Type |l cyclic acylpalladation might be developed.

Until recently, carbor-carbon bond formation via transition ~ Scheme 1

metal-catalyzed carbonylation had been dominated by the MIR' RCOR
transformations shown in Scheme 1. Specifically, formation
of carbor-carbon bonds is achieved predominantly via migra- co HCECR! .
tory insertion of CO. Acylmetal derivatives thus formed can RML, ———= RCOML, base RCOC=CR
react further with various nucleophiles including carbon nu- MIoN
cleophiles, such as organometals, alkynes, and metal cyanides, RCOCN
for the formation of the second carbenarbon bond.
In principle, acylmetal derivatives can add#ebondg via Pd complexes, of which Type-lll cyclic acylpalladation (Ac-

carbometalatioh(acylpalladation hereafter), but little was known Pd hereafter) processes shown in Scheme 2 appear to be of
about synthetic methods and procedures for the preparation ofconsiderable synthetic significante. Although the initial
cyclic ketones based on this process. We have thereforeexamples of the Type | Ac-Pd reaction were stoichiometric in
explored such synthetic methods involving the addition of pPd4awe have subsequently demonstrated that this process can
acylpalladation derivatives to alkenes and developed a seriespe catalytic®® The Type | and Type Il Ac-Pd processes appear
of carbonylative cyclization reactions promoted or catalyzed by to be mechanistically related to a carbonylative diene cyclization
reactioff and a carbonylative polymerization of alkenes produc-
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ing polyketoned. However, neither involves the use of organic

and Ni ene reactions are involvédl. Although different,

halides. Also related are a Pd-catalyzed carbonylative cycliza- alkoxycarbonylpalladation of alkenes and alkynes must also

tion reaction of norbornene and allylic halideand a Ni-
promoted reaction of alkynes and allylic halides to give
cyclopentanoney. Noteworthy extensions of cyclic acylpalla-

dation and the corresponding Ni-catalyzed reactions of alkenes
include those cases where organopalladiums generated via P
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In an attempt to extend the scope of the cyclic acylpalladation  o-lodoallylbenzene k) was prepared by treatment of iodo-
reaction, we unexpectedly found in 1983hat, even in the benzene diacetate with propargyltrimethylsilane (2 equiv) in the
presence of CO, cyclic carbopalladation of alkynes to give five- presence of BFOEL and MgSQ in CHyCl,, which, after
and six-membered rings proceeded without incorporation of CO hydrolysis, produced-iodopropargylbenzene in 60% yield,
and that the organopalladium cyclization product could then be followed by reduction withi-BuAIH in hexane at 25°C.
trapped by carbonylative esterification. This has been further o-lodohomoallylbenzene2 was prepared by the reaction of
developed into a cyclization methodology involving cascade o-iodobenzyl bromide with allylmagnesium bromide, while
carbopalladation and termination via carbonylative esterifica- alkylation of dimethyl allyimalonate with-iodobenzyl bromide
tion.!* It has also been extended to those cases where alkenegrovided4. The preparation 08 was achieved in 73% yield
are used in place of alkynés.Despite the failure to incorporate by the reaction ob-iodobenzaldehyde with #€=PPh. In most
CO in the cyclization mentioned above we have found that of the carbonylation experiments, 5 mol % otPd(PPE), was
acylpalladation of alkyneger seis not an intrinsically unfavor- used as a catalyst, and NE1.5—4 equiv) was used as a base
able process and that both intermolectfiand intramolecular  to scavenge HI. In most cases, the use of-2® equiv of
versiond* producing five-membered ketones and their deriva- NEt; is satisfactory. Under Conditions | and II, no external
tives are feasible. nucleophiles, such as alcohols and amines, were employed with

Additionally, we have also found that acylpalladium deriva- the expectation that, under such conditions, Type | cyclic Ac-
tives can serve as sources of ketenes which can undergio [2 Pd process might be promoted. It is, however, conceivable to
2] cycloaddition with alkene% Various possible courses of observe other competitive processes, especially Type Il cyclic
the Pd-catalyzed reactions of alkene-containing aryl and alkenyl Ac-Pd processes. Under Conditions Ill and IV an alcobgl,,
halides in the presence of CO and a base, suchzhs Eiay be MeOH, i-PrOH, ort-BuOH, was used to promote the Type Il
summarized as shown in Scheme 2. Only the exo-mode cycliza-cyclic Ac-Pd process. In these cases, however, premature
tion proceeses are shown in Scheme 2 for the sake of simplicity.trapping of the initially formed acylpalladium derivatives before
However, the corresponding endo-mode cyclization processescyclic acylpalladation and other competing processes might also
can proceed and have in fact been observed in some cades ( be observed. The CO pressure under Conditions | and Ill was
infra). Despite all of these findings reported mainly since 1983 essentially 1 atm, whereas 360 atm of CO was employed
surprisingly little is known about (a) the scope of cyclic acyl- under Conditions Il and IV. Some other parameters, such as
palladation and (b) factors governing the selection among the solvents, times, and temperatures, were varied as deemed
various paths shown in Scheme 2. The major objective of this appropriate. The experimental results with4 are summarized
study is to systematically investigate these aspects of Pd-cat-in Table 1.
alyzed cyclic acylmetalation of alkerlésnd related reactions. The Pd-catalyzed carbonylation@fodo-w-alkenylbenzenes
containing a terminal vinyl groupl-4) in the absence of an
external nucleophile can produce up to a modest yield of the

Scope of Cyclic Acylpalladation with Respect to the Prod- expected Type | cyclic Ac-Pd produé&g., 5 (58%, entry 1-3)
uct Ring Size. To probe the scope of the cyclic acylpalladation and8 (50%, entry 1-7). However, the Heck reacfi®# can
reaction with respect to the product ring site;4 were prepared  be a significant side reaction in cases where the Heck reaction
and subjected to four representative reaction conditions (Condi-can yield common (5- to 7-membered) rings (entries 1-4, 1-9,
tions I-IV): I, CO (1 atm), 5% CjPd(PPh), NEt; (1.5-4 and 1-10). In addition, some apparently polymeric processes
equiv); Il, CO (30-50 atm), 5% CIPd(PPh);, NEt; (1.5-4 must also competitively take place, as judged by NMR
equiv); lll, CO (1 atm), 5% GPd(PPR)2, NEt; (1.5-4 equiv), spectroscopy, GLC analysis, and the viscosity of some isolated
ROH (R= Me, i-Pr, ort-Bu); and IV, CO (36-50 atm), 5%  products. Those polymeric acylpalladation processes that are
Cl.Pd(PPB)2, NEt; (1.5-4 equiv), ROH (R= Me, i-Pr, ort-Bu). shown in Scheme 2 appear to be likely candidates for the latter,

although this aspect remains to be further clarified.

] 2 | PN With the hope of suppressing the putative polymerization
©:/= @)/ @E/ @/ﬁ processes via intermolecular acylpalladation, we attempted to
E
1 2 3 4

Results and Discussion

trap acylpalladium derivatives with external nucleophiles and
chose MeOH,i-PrOH, andt-BuOH for this purpose. Any
external nucleophile can, priori, trap acylpalladium derivativés
Q Q I formed before or after cyclic acylpalladation, and both of these
©i>: @i‘:/( (Cj@\/ processes may even competitively and simultaneously take place
' (Scheme 3). For successful trapping of acylpalladium deriva-
s . ; . tives after cyclic acylpalladation, it is therefore mandatory that

the relative rates of the pertinent processes be as follows: cyclic
Ac-Pd process> alcoholysis of acylpalladium derivatives

o o ) . .
. E=COOMe intermolecular (polymeric) Ac-Pd process.
NEt E E (18) Ochiai, M.; Ito, T.; Takaoka, Y.; Masaki, Y. Am Chem Soc
2 E
E
9 11

1991 113 1319.
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Table 1. Pd-Catalyzed Carbonylation oflodo-w-alkenylbenzenes in the Absence of an Alcohol or an External Nucleophile

products (yiel®? %)
entry substrate cond. solvent tem@, time, h Type !t Ac-Pd Type IIF Ac-Pd Heck others
1-1 1 | DMF 60 24 5(25) f f g
1-2 1 1h DMF 100 15 5(20) f f g
1-3 1 I MeCN-THF 80 18 5(58) f f g
1-4 2 [ DMF 100 24 6 (trace) f 7(16) g
1-5 2 Il DMF 100 24 6 (trace) f 7 (trace) g
1-6 3 [ DMF 80 1 8(9) f f j
1-7 3 I MeCN-PhH 80 6 8(50) f f 9(11)
1-8 3 1] MeCN-THF 100 12 8(20) f f j
1-9 4 I MeCN-THF 100 12 10(f) f 11(92)
1-10 4 I MeCN-THF 100 12 10(f) f 11 (54

aBy NMR spectroscopy or GLC Type | cyclic acylpalladation product. See text for its definitidifype 11l cyclic acylpalladation product.
See text for its defintiond Type | cyclic carbopalladation product or cyclic Heck reaction prodtict.l atm of CO, 5 mol % of GPd(PPh),, NEt;
(1.5-4 equiv) unless otherwise mentionélot detected? Apparently polymeric" 1l: 30—50 atm of CO, 5 mol % of GPd(PPh),, NEt; (1.5-4
equiv) unless otherwise mentionédxo/endo= 63/37.i At least several other products are pres&iixo/endo= 45/55.

Table 2. Pd-Catalyzed Carbonylation oflodo-w-alkenylbenzenes in the Presence of an Alcohol

o]
o ﬁ o COOR
@JCOMe w @ii/\cowle @ coome _
~ (|)| COOMe 74 MeOOC~ 'COOMe
12 13 14 15 16 17a (R = Me)
COOR
18a (R = Me)
18b (R = t-Bu)
COOMe
COOMe
18
products (yieldt %)
cond temp, time, TypeP Type Il premature

entry substrate  (alcohol, equiv) solvent °C h Ac-Pd Ac-Pd alcoholysis others
2-1 1 Il (MeOH, 4) MeCN-THF 80 20 5(18) 12(16) d d
2-2 1 IV (MeOH, 4) DMF 100 20 e 12(90) d d
2-3 2 Il (MeOH, 100)  MeOH 65 24 e e 13(37) 7 (48)
2-4 2 Il (MeOH, 100) MeOH reflux 6 e e 13(5) 7 (72
2-5 2 IV (MeOH, 4) MeCN-PhH 100 11 d 14(85) d d
2-6 3 Il (MeOH, 4) MeCN-PhH 80 6 8(26) 15(<3) 16 (14) 9(28)
2-7 3 IV (MeOH, 4) PhH 100 6 8(s2) 15(74) 16 (<2) e
2-8 4 IV (MeOH, 4) MeCN-PhH 100 12 10(e) e 17a(26) 11 (33) and18a(21)
2-9 4 IV9 (t-BuOH, 4) PhH 100 24 10(e) e e 11(68)* and18b (5)
2-10 4 IVi (t-BuOH, 4) PhH 100 24 10(e) e e 11(30) and18b (26)

3By NMR spectroscopy or GLC Type | cyclic acylpalladation product. See text for its definitiéfype Il cyclic acylpalladation product.
See text for its definitiond Not analyzed® Not detected! Exo/endo= 50/50.9 15 atm of CO used! Exo/endo= 45/55.' 80 atm of CO used.

Scheme 3 | Ac-Pd reaction, the cyclic Heck reaction, and premature esteri-
o o fication can be serious side reactions (entries 2-1, 2-3, 2-4, and

o)
, PdL., 1. AcPd , Pl 2-6). In the reaction o8 at 1 atm of CO in the presence of
. W \ " MeOH (Conditions llI, entry 2-6), an amino derivati@ewas

obtained as a byproduct, which must have arisen via conjugate

ROH ROH addition of EtNH to 8, which indeed occurs readily on mixing
premature dasired the two reagents. Oxidation of &t catalyzed by Pd complexes
alcoholysis alcoholysis . A
to give EtbNH and acetaldehyde upon hydrolysis is a known
0 o o procesg!
Y OR ’ OR In contrast with the reactions df—3, that of 4 does not
\ — \ undergo cyclic acylpalladation to give 7-membered-ring ketones

(entry 2-8). Throughout this study no 7-membered-ring or larger
The experimental results obtained with4 under Conditions cyclic ketones have been obtained via cyclic acylpalladation.
Il and IV are summarized in Table 2, which reveal the follow- Instead,4 cyclizes via carbopalladation to give 6-membered
ing. Under Conditions IV using 3650 atm of CO and MeOH  rings (entries 2-8 through 2-10). At low pressures of CO (15
(4 equiv) as an alcohd—3 are converted in high yields (70 atm), the cyclic Heck reactiong., the Type | cyclic carbopalla-
90%) into the Type Il Ac-Pd productsg., 12 (entry 2-2),14 dation (C-Pd hereafter) process, which does not incorporate CO
(entry 2-5), andl5 (entry 2-7), respectively, even thoudthas into the product at all, is dominant (entry 2-9), while the Type
failed to produce the desired produld in a detectable yield Il cyclic C-Pd process involving a cyclic carbopalladation

(entries 2-8 through 2-10). At lower pressures of @&@,, 1 (21) Murahashi, S.; Hirao, T.; Yano, T. Am Chem Soc 1978 100,
atm, the yields of Type 1l Ac-Pd products are low, and the Type 348.
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carbonylative esterification tandem competes with the Heck provided21a while replacement of the methylation in the above
reaction at higher pressures of Céyg., 80 atm (entry 2-10). sequence with Pd-catalyzed phenylation gagb. The reac-

In summary, the Pd-catalyzed carbonylationceifodoalk- tions of o-iodobenzyl bromide with the lithio derivative of
enylbenzenes containing a terminal vinyl group can provide up methyl 1-cyclohexenecarboxylate and methallylmagnesium
to modest yields of 5-membered Type | cyclic Ac-Pd products chloride provided®22 and23, respectively. The Wittig reaction
at 1 atm of CO in the absence of a nucleophile (Conditions 1) of o-iodobenzaldehyde with GY€H=PPh gave24 as a 60:40
and high yields of 5- and 6-membered Type Il cyclic Ac-Pd mixture of the cis and trans isomers, while that ofo-
products at 3650 atm of CO in the presence of an alcohol, iodoacetophenone with GHPPh afforded?25.

e.g., MeOH (Conditions IV). In cases where no such processes
are available, other processes, such as cyclic carbopalladation,

|
polymeric acylpalladation, and trapping of acylpalladiums via (E)-n-BuCH=CH(Bu)sAILi ©i/=/gu.n
esterification, may become dominant. Neither smaller, 3- 7
or 4-membered, nor 7-membered or larger cyclic ketones appear@[/ 192 (3)
to be accessible by the reaction. In most cases, the exo-mode Br “A'Mef@)

I
cyclic acylpalladation takes place exclusively. However, the

cyclic acylpalladation o8 proceeds exclusively via endo-mode

cyclization to give 5-membered rings (entries 1-7, 2-6, and 2-7).

Endo-mode cyclization via either carbopalladation or acylpal- ! 1.PCC
ladation is relatively rare. We earlier reported examples of @(/on T .LC=CBun
endo-mode acylpalladation to produce quinSaésq 1). We

also demonstrated a few years ago that some “apparent” endo- " NH,F
mode carbopalladation reactions producing 6- and 7-membered
compounds actually proceed via exo-mode carbopalladation
cyclopropanatiorcyclopropylcarbinyl-to-homoallyl rearrange-
ment with concomitant ring expansiifeq 2). The endo-mode

[
acylpalladation reaction o8 to give 5-membered ketones @(f\m @if\ph @ ‘
appears to be unprecedented. Although no further mechanistic

insights are available at this time, it appears likely that the
reaction proceeds via a direct endo-mode cyclization process.

Although cyclopropanation via carbopalladation has been shown !

to be very favorablé? the corresponding cyclopropenation @E/‘“ @i(
appears to be much less favorable and has never been Me

observed?31422 There have also been ample indicatiti4-22 25 Me

that formation of 4-membered rings via either carbopalladation

or acylpalladation must be generally unfavoraile. The experimental results obtained under Conditieri¥/lare

summarized in Table 3. Those substrates containing a 1,2-

co (40 atm) disubstituted alkene.e., 19 and21a—22, all underwent the Pd-
%Pd(dba)g 0 catalyzed_ carbo_nylation in the ab_sen_ce o_f an alcohol to give
NEts (1 equ,v) monomeric cyclic Ac-Pd product_; in high y|elds_(entr|es 3-1to
MeCN-PhH 3-3, 3-9, 3-11, and 3-12). Specifically, conversiorléf 21b,
100°C, 24h 939 and?22 into the corresponding Type | Ac-Pd produ@s, 35,
> and 36, respectively, proceeded cleanly in high yields (entries
3-1to 3-3, 3-11, and 3-12), even though these products consisted
CIZ/\ 2(;’{,2(2%5‘3_(‘PPh3)2 @x of bothE andZ isomers. These results indeed represent a major
deviation from those obtained withand 2 at 30-40 atm of
gﬁt?: Q,ozfcq‘g‘ﬁ CO under Conditions Il (cf. Table 1). The reactior2dfaunder
68% the same conditions yielded a mixture 806—31 in 84%

Effects of Carbon Substituents in thew-Vinyl Group. The  combined yield (entry 3-9). The use of a chelating ligand dppe,
substrated—4 all contain the parent vinyl group. Substitution i-€. (PRPCH)z, in place of PPhled to a nearly exclusive
of one or more of the three vinylic hydrogens was anticipated formation of30albeit only in 52% yield (Scheme 4). It should
to exert some profound effects on the reaction courses. To probeP€ recalled that the parentiodohomoallylbenzene?] failed
this matter we chos&9—25 as simple and representatigéodo- to produce 7 or any monomeric cyclization products in
w-alkenylbenzenes containing variously di- and tricarbosubsti- detectable yields at 3660 atm of CO in the absence of a
tuted alkenyl groups. The reaction ofiodobenzyl bromide  nucleophile (Condition I, entry 1-5). On the other hand,
with (E)-n-HexCH=CH(n-Bu)(i-Bu),AlLi and lithium 1-cyclo- conversion of24 into 39 at 1 atm of CO under Conditions |
hexenyltrimethylaluminafé provided19aand20, respectively ~ (entry 3-14) was lower-yielding than that 8into 8 (entry 1-7).
(eq 3), while theZ isomer 0f19a i.e., 19b, was prepared by a  BothE andZ isomers ofl9 gave a roughly 93:7 mixture of the
sequence shown in eq 4. Successive treatmesi@dobenzyl E andZ isomers 0f26 (entries 3-1 to 3-3), indicating that the
bromide with H&CCH,MgBr, LDA and Mel, and DIBAH products are thermodynamically equilibrated. In view of the

widely observed, strict requirement f@rcis hydrogens in the

(22) Owczarczyk, Z.; Lamaty, F.; Vawter, E. J.; NegishiJEAm Chem

Soc 1992 114, 10091. See also: Terakado, M.; Miyazawa, M.; Yamamoto, p-elimination Steﬁ,cvzzthe initial AC_Pd prquCt fr.orr22 mu.St
K. Synlett1994 134. be ap,y-unsaturated enone which then isomerizes to §e

(23) For the formation of 4-membered rings, see: (a) Carpenter, N. E.; (entry 3-12).

Kucera, D. J.; Overman, L. B. Org. Chem 1989 54, 5846. (b) Grigg, ; i
R.: Sridharan, V.: Sukirthalingam, Satrahedron Lett1991 32, 3855, The reactions of these substrates in the presence of an alcohol

(24) Baba, S.; Van Horn, D. E.; Negishi, Eetrahedron Lett1976 yielded similarly favorable re5U|t§- Thl«'wtl)y 20, 23 and24
1927. afforded Type Il Ac-Pd products in good yields at-3®0 atm
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Table 3. Pd-Catalyzed Carbonylation oflodo-w-alkenylbenzenes Containing Di- and Tricarbosubstituted Alkenes

0
o]
o] o] O COOMe o] o 0
- =
O, O O Orr™ “ ©
Bu-n COOMe
26 27 28 29 30 31
i o)
O Me o] o)
coom coole Ve  _OoMe
e
COOMe ©
32 33 34 35 36 37
o] o]
COOMe o]
O " o QL
Me COOMe COOPr-i @i&xMe
38 39

40a 40b 41

products (yielct %)

temp, time, Type P Type 1€ premature
entry  substrate conditions (solv, equiv) solvent °C h Ac-Pd Ac-Pd esterification others
3-1 19a 1] DMF 100 18 26 (82) e e f
3-2 19b I DMF 60 15 26(87¢ e e f
3-3 19b I DMF 100 17 26(91¢ e e f
3-4 19b [l (CO, 1 atm MeOH, 37)  DMF 60 18  26(50Y  27(37F f f
MeOH
35 19b [l (CO, 14 atm MeOH, 37) DMF 100 16  26(31F  27(63F f f
MeOH
3-6 19b IV (CO, 42 atm MeOH, 37) DMF 100 22 26(15¢  27(80y f f
MeOH
3-7 19b IV (CO, 84 atm MeOH, 37) DMF 100 16  26(8) 27(90y f f
MeOH
3-8 20 IV (MeOH, 4) MeCN 100 24 f 28(84) f f
PhH
3-9 2la I MeCN 100 22 29(43) e e 30(15) and31(26)
THF
3-10 2la IV (MeOH, 4) DMF 100 20 29(24)  32(45) 34(31) f
3-11 21b I DMF 100 28 35(96) e e
3-12 22 I MeCN 100 18 36(67) e e f
THF
3-13 23 IV (MeOH, 4) CHCN 100 16 e 37(53) 38(17) f
PhH
3-14 24 I MeCN 80 12 39(22) e e f
PhH
3-15 24 IV (MeOH, 4) MeCN 100 6 39(<3) 40a(9) 41(77) f
PhH
3-16 24 IV (MeOH, 4) PhH 100 6 f 40a(34) 41a(57) f
3-17 24 IV (i-PrOH-4) PhH 100 24  39(13)  40b(63)" 41b(15) f
3-18 25 IV (MeOH ori-PrOH, 4) PhH 100 16-24 messy reaction with no products formed in significant yields

3By NMR spectroscopy or GLC.Type | cyclic acylpalladation product. See text for its definitiéifype Il cyclic acylpalladation product.
See text for its definitiond E/Z ~ 93/7.¢ Not applicable! Not detected or analyze#l1:1 Diastereomeric mixturé.E/Z = 82/18.7 Contains a 10%
yield of 33.1 E/Z = 58/42.% Trans/cis= 85/15.! Cis/trans = 72/28.™ Trandcis = 90/10." Cig/trans = 88/12.

of CO in the presence of MeOH @fPrOH (Conditions 1V) 5-membered ketones (entries 3-4 to 3-18). As indicated in
(entries 3-4 to 3-8, 3-13, and 3-17), althougfhfailed to give Scheme 3, one simple solution to this problem was to slow down
significant yields of monocyclic products (entry 3-18). Since alcoholysis relative to cyclic acylpalladation. Indeed the use
the numbers of CO molecules incorporated in the Type | and Il of i-PrOH in place of MeOH in the reaction @# provided the
Ac-Pd products are 1 and 2, respectively, the Type IlI/Type | desired Type Il Ac-Pd produetOb (trang'cis = 90/10) in 63%
ratio was expected to increase by elevating the CO pressure. Ayield along with a 13% yield 089 and only a 15% yield of the
series of experiments witlh9b where the CO pressure was premature esterification produgt (entry 3-17). In cases where
varied from 1 to 84 atm under otherwise the same conditions more than one diastereomer can be formed, the products were
showed that the Type Il/Type | ratio indeed changed from 37/ generally diastereomeric mixtures. We believe, however, that
50 to 90/8 (entries 3-4 to 3-7). Here again, premature the formation of diastereomeric mixtures is due to epimerization
esterification can be a serious side reaction in cases where thafter cyclization. Thus28 lacking hydrogenst to the ketonic
desired Ac-Pd step is slow. Thus, the extents of premature carbonyl group was diastereomericaty95% pure as judged
esterification observed withla 23, and24 (entries 3-10, 3-13, by NMR spectroscopy (entry 3-8). It must be the isomer in
3-15, and 3-16) were 31, 17, and-577%, respectively, even  which the two carbonyl groups aigs to each other, but this
though it was negligible in the reaction ®® and20 producing point remains to be established.
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Scheme 4
CO (40 atm)
5% CI2Pd PPhg)g
NEt; (2 equiv)
MeCN THF
100 °C 22h
o, D °o
@(If\Me 29 (43 %, E/Z = 82/18) 0 (15 %) 31 (26 %
(o]
(o]
21a CO (48 atm)
5% Pd(OAC),, 5% dppe Me  only
NEt, (5.5 equiv)
MeCN-THF
100 °C. 22 h 30 (52 o/o)
Scheme 5
CO (40 atm)
5% Clde(PPh3)2 o
| NEt; (2 equiv) COOMe
Il or IV o
—  MeCN-PhH * S
100 °C, 20 h COEt H
42 OH
I 90 (ZE = 92/8) - 3
IV (MeOH, 4 equiv) 65 (Z/E 90/10) 24 8
(0]
@éﬁ QA
@(/(/0'“‘ benzene N\
100 °C, 20 h
47 (36%, trans/cis = 82/18) 48 (31%)
(o]
| // MeOH (4 equiv)
NG 18t 0Z 50 (75%, trans/cis = 3/1)
o 0
49 OZ N\ "
DMF
100 °C, 18 h
Z = SiMe,Bu-t 0z 51 (25%)

Effects of Heteroatom Substituents. Heteroatom substit-

reaction of43in benzene at 40 atm of CO in the absence of an

uents can exert influences on the chemoselectivity, rate, andalcohol (Conditions I1), the Type Il Ac-Pd produd¥ (trans

other aspects of the cyclic acylpalladation reaction.

Since cis = 82/18) and the premature lactonization prodd@twere

acylpalladium derivatives are known to react readily with a obtained in 36 and 31% yields, respectively (Scheme 5).

variety of nucleophile$,such as alcohols, amines, and eno-

should be possible to observe cases where the Type Il Ac-Pd

lates?25such groups present in the substrates can compete withprocess is even more strongly favored over premature lacton-

alkenes for the acylpalladium bonds. To probe the chemose-ization.
lectivity aspect, we chose to compare the relative reactivity of to avoid premature lactonization.

In general, however, hydroxyl groups must be protected
Indeed, the TBDMS (

alkenes and alcohols toward acylpalladium derivatives and BuMe,Si) derivative 49) of 42 under Conditions IV (MeOH,

preparedt2 and43. The reaction ob-iodobenzaldehyde with
vinylmagnesium bromide providet®, while the LDA-mediated
alkylation of ethyl crotonate witlo-iodobenzyl bromide fol-
lowed by DIBAH reduction gavel3. The Pd-catalyzed car-

4 equiv) produced0 as a 3:1trans and cis stereocisomeric
mixture in 75% yield, even though the yield of the Type | Ac-
Pd product51 obtained under Conditions Il was only 25%
(Scheme 5). Treatment 8D (trang/cis = 3/1) with pyridinium

bonylation reaction o#2 at 40 atm of CO either in the absence p-toluenesulfonate (PPTS) in benzene at-60 °C provided a
of MeOH (Conditions Il) or in its presence (Conditions IV) gave 4/1 mixture of thetransisomer of the hydroxy ester artb in

the premature lactonization produtt in 90 and 65% yields,
respectively, as a roughly 90:10 mixture of thandE isomers.
In the latter reactiory5 was also obtained in 24% vyield. Itis
likely that methanolysis o4 partially converted it intal5. In

73% overall yield.

The effects of ester, protected hydroxymethgy., CH,-
OSiMeBu-t, and silyl groups directly bonded to thealkenyl
C=C group were also probed and summarized in Scheme 6.

addition to these premature esterification products, however, alkylation of the lithio derivative of52 with o-iodobenzyl

the above obtained reaction mixtures also conta#@dlbeit
only in 3 and 8% yields, respectively (Scheme 5).

(25) Negishi, E.; Zhang, Y.; Shimoyama, I.; Wu, & Am Chem Soc
1989 111, 8018.

bromide gave a 1:1 mixture 063a and 53b. Successive

In the treatment ofo- iodopropargylbenzene armiodohomopropar-

gylbenzene with DIBAH in hexanes and CICOOMe or CICOO-
Et provided54 and 55, respectively, while hydroalumination
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Scheme 6
IV|CO (40 atm)
COOMe | COOMe 50% ClyPA(PPho); o
6 1.LDA '0‘ NEtS (2 GQUIV) @(\/COOMQ
——————————— 1]
COOMe 2 @(I, COOMe B%JFOH (4 equiv) COOMe
52 B £33 and53b 100°C, 15h 58 (46%)
lo) OH
COOMg —8M8M8M +
MaeOH (5 equiv) COOMe
. DMF
54 100°C, 16 h 59 (23%) 60 (25%)
o}
COOMe COOMe
* * - COOMe
12 (10%) 61 (14%)
O COOEt
COOM
g&?:H (5 equiv) P COOEt
100°C, 10 h 62a (13%) 63a (84%)
COOEt = I[CO (40 atm)
50% CloPd(PPhs),
I 2 NEt3 (2 equiv) @3/\000 Et
DMF
85 100°C, 10 h 64 (17%)
O COOEt
v COOBu-t
-BuCH (4 equiv)
DMF
100 oc, 10 h 62b (40%)

fo) OH
e O~
= +
DMF SiMeg
I 100°C, 17 h
(@(F\ 65 (16%) 66 (52%)
SiMeg

0 OH
MeOH (5 equiv)
DMF

100 °C, 18 h 12 (35%) 66 (40%)
o
74 fe) o}
| oz
# I X .\ CHO
DMF
100°C, 10 h
5 67 (73%) 68 (24%)
. ~___10% Hcl Vd
(Z = SiMe,Bu-9 83% combinad

of the MeSi derivative ofo-iodopropargylbenzene with DIBAH  17% yield without incorporation of CO even at 40 atm along
in ELO yielded 56 upon hydrolysis. Reduction d65 with with some unidentified products which appeared to be dimeric.
DIBAH (2.3 equiv) followed by OH protection with t-BuMe The use oft-BuOH in place of MeOH as a trapping agent
SiCl gaveb7. boosted the yield of the Type Il Ac-Pd producg., 62b, to

As indicated earlier by the results with2 (entry 3-12),  40%. The corresponding reaction 6% using MeOH as a
unconjugated ester groups appear to exert only minor effectstrapping agent provided three cyclic Ac-Pd produdtg, &9,
on cyclic acylpalladation. On the other hand, those ester groupsand60) in 58% combined yield, but none was dominant. The
that are in conjugation with the@-alkenyl group tend to retard  naphthalene derivativ80 must represent yet another example
or hinder cyclic acylpalladation. Thus, for examph&, gives of the endo-mode Ac-Pd reaction. A related endo-mode Ac-
under Conditions IV using MeOH (5 equiv) as a trapping agent Pd reaction must take place in the conversiorb6éfinto 66.
gave only a 13% yield of the Type Il Ac-Pd prod&2aalong Since the combined yields of the cyclic Ac-Pd products derived
with an 84% yield of the premature esterification prodé@a from 56 are 68-75%, the presence of a & group on the
Surprisingly, omission of MeOH from the conditions used above alkenyl carbon distal to the iodobenzene moiety does not appear
led to the formation of the cyclic Heck reaction prodéétin to hinder cyclic acylpalladation. In the reaction & at 40
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atm of CO in the absence of an alcohol (Conditions 1), the
combined yield of the cyclic Ac-Pd produc&’ and 68 was
97%. Furthermore, when the crude product was treated with
10% HCI, 68 was obtained in 83% overall yield without
contamination with67.

Conclusions

1. The Pd-catalyzed carbonylation reaction miodo-w-
alkenylbenzenes containing a terminal vinyl grolip-8) in the
absence of an external nucleophile (Conditions | and Il) can
produce up to modest yields of five- and six-membered ring
Type | cyclic Ac-Pd products.g., 5and8. However, the Heck
reaction can be a significant side reaction in cases where it can
yield common rings. In addition, some apparently polymeric

Negishi et al.

Experimental Section

General Procedures. All reactions were conducted under a dry
Ar atmosphere. Gas chromatographic measurements were performed
on SE-30 (Chromosorb W) columns with appropriate saturated
hydrocarbon standardsiH and *3C NMR spectra were recorded in
CDCl;z on Varian Gemini-200, VXR-500, and GE QE-300 NMR
spectrometers using M8i as an internal standard unless otherwise
noted. All commercially available reagents were used without further
purification unless otherwise noted. THF was distilled from sodium
benzophenone ketyl. Benzene, £, DMF, and NEf were dried
over molecular sieves 4A. The preparation of R{RIPh), was
performed as reported in the literatdfe Pd-catalyzed high-pressure
carbonylation experiments were carried out in a 22-mL autoclave (Parr
Instrument Co.).

Preparation of w-Alkene-Containing Aryl lodides 1—4. (a)

2-Allyl-1-iodobenzene (1). A solution of 1-(2-iodophenyl)-2-propyné

processes must also competitively take place. Seven-memberede g g, 8.25 mmol) im-hexane (8.0 mL) was successively treated with

ring ketones do not appear to be formed by this reaction.

2. In the presence of an external nucleophélg,, MeOH,
i-PrOH, andt-BuOH, 1—3 containing a terminal vinyl group
can be converted to five- and six-membered-ring Type Il Ac-
Pd products in high vyields, typically #80%, using 36-50
atm of CO (Conditions IV). Here again, seven-membered-ring
ketones are not obtainable in significant yields. In general, the
scope of the cyclic Ac-Pd reaction appears to be limited to the
formation of five- and six-membered-ring ketones. The use of
1 atm of CO (Conditions Ill) leads to significantly lower yields
of the Type Il Ac-Pd products. The Type | Ac-Pd reaction,
the Heck reaction, and premature esterification tend to be
significant side reactions in cases where the yields of the desired
Type Il Ac-Pd products are low.

3. The effects of carbon substituents in thevinyl group
are profound. First, the Type | Ac-Pd products., 26, 35,
and 36, can be obtained in high yields from those substrates

i-BU;AlH (1.75 mL, 1.41 g, 9.9 mmol, 25C then 50°C, 20 h) and
H,O (2.0 mL,—78°C). The reaction mixture was warmed to 25,
filtered through Celite, washed with brine, dried over MgS@nd
evaporated. Chromatography on silica gehgxane) afforded 1.37 g
(68%) of1: *H NMR 6 3.47 (d,J = 6.4 Hz, 2 H), 4.955.2 (m, 2 H),
5.8-6.1 (m, 1 H), 6.86 (dtJ = 7.5, 2.0 Hz, 1 H), 7.£7.3 (m, 2 H),
7.80 (d,J = 7.8 Hz, 1 H);*3C NMR ¢ 45.53, 101.47, 117.32, 128.55,
128.95, 130.20, 136.28, 140.01, 143.22.

(b) 2-(3-Butenyl)-1-iodobenzene (2).A solution of 2-iodobenzyl
bromide (3.05 g, 10 mmol) in THF (20 mL) was treated with a 1.0 M
solution of allylmagnesium bromide in (20 mL, 20 mmol, 25C).

After being heated at reflux for 12 h, the reaction mixture was quenched
with H,0, extracted with EO, dried over MgSQ@ and evaporated.
Chromatography on silica geh{pentane) afforded 1.82 g (69%) &f

IH NMR 0 2.25-2.45 (m, 2 H), 2.80 (tJ = 8.0 Hz, 2 H), 4.955.15

(m, 2 H), 5.75-6.0 (m, 1 H), 6.86-6.95 (m, 1 H), 7.157.35 (m, 2

H), 7.80 (dJ = 7.5 Hz, 1 H);*3C NMR 6 34.13, 40.20, 100.55, 115.23,
127.71, 128.21, 129.41, 137.47, 139.42, 144.24; IR (neat) 3076 (s),
1640 (s) cm?; high-resolution MS calcd for gH11l 257.9906, found

containing a 1,2-disubstituted alkene even in the absence of ar257.9909.

external nucleophile (Conditions | or IlI). This reaction is
Z-stereoselective but not stereospecific, indicating that the
products are of thermodynamic control. In some cases,
however, the Type Il Ac-Pd process involving trapping of
putative acylpalladium intermediates with internal enolates can
be a significant side reaction under Conditions Il. Third, the
Type Il Ac-Pd products can also be obtainable in high yields at
30—-50 atm of CO in the presence of an alcohay., MeOH
(Conditions IV). It should be noted that this process can proceed

(c) 2-Vinyl-1-iodobenzene (3). This compound was prepared
according to the literature procedue.

(d) 4,4-Bis(dimethoxycarbonyl)-5-(2-iodophenyl)-1-pentene (4).
To a suspension of NaH (240 mg, 6.0 mmol, 60% dispersion of NaH
in mineral oil, 0°C, 1 h) were successively added methyl 2-(meth-
oxycarbonyl)-4-pentenoate (860 mg, 5 mmot@then 25°C, 30 min)
dissolved in THF (25 mL) and 2-iodobenzyl bromide (1.51 g, 5.1 mmol,
25 °C, 3 h) dissolved in THF (5.0 mL). The reaction mixture was
diluted, washed with KD, dried over MgS@ and evaporated.
Chromatography on silica gel (97f8pentane/&D) afforded 1.70 g

well even in cases where the substrates cannot undergo the Typesge) of4: 'H NMR & 2.68 (d,J = 7.2 Hz, 2 H), 3.50 (s, 2 H), 3.69

I Ac-Pd process due to the absence of an appropriately
positioned hydrogen. Here again, the Type | Ac-Pd reaction
and premature esterification can be significant side reactions,
although the Heck reaction does not appear to be significant
with these substrates.

4. The effects of heteroatom substituents are diverse, and
the overall picture is not yet clear. Even so, the following
observations are noteworthy. First, those OH groups that can
participate in the formation of common ring (5- through
7-membered) lactones must be protected to avoid competitive
lactonization. The use of a suitable protecting groag,,
TBDMS, can avoid lactonization. Second, ester groups con-

(s, 6 H), 5.6-5.2 (m, 2 H), 5.75.95 (m, 1 H), 6.8-6.95 (m, 1 H),
7.15-7.3 (m, 2 H), 7.83 (dJ = 7.9 Hz, 1 H);13C NMR ¢ 38.17,
42.66, 52.43, 59.24, 102.76, 118.99, 128.11, 128.57, 130.07, 132.92,
139.62, 139.92, 171.01; IR (neat) 1736 ¢nhigh-resolution MS calcd
for Cl5H17|O4 (M + 1) 3890250, found 389.0242.

Pd-Catalyzed Carbonylation ofo-lodo-w-alkenylbenzenes in the
Absence of an External Nucleophile (Table 1). (a) Carbonylation
of 1 at 1 atm of CO. Representative Procedure under Conditions
I. Compoundl (244 mg, 1.0 mmol), BN (0.28 mL, 0.20 g, 2.0 mmol),
Cl,Pd(PPB) (35 mg, 0.05 mmol), and DMF (2 mL) were placed at 25
°C in a flask equipped with a reflux condenser previously flushed with
CO and connected to a balloon containing CO (1 atm). The reaction
mixture was stirred for 24 h at 68 (bath temperature), treated with

jugated with thew-alkenyl groups can lead to the formation of
a variety of products, limiting the yields of the desired Type |

(26) Jenkins, J. M.; Verkade, J. Giorg. Synth 1968 11, 108.
(27) Acheson, R. M.; Lee, G. C. M. Chem Soc, Perkin Trans1 1987,

and Il products. In such cases, the Heck reaction and premature?321.

esterification can be significant side reactions depending on the
reaction conditions. In addition, formation of phenols presum-
ably via “endo-mode” Ac-Pd processes has also been observed
However, the exact course of the reaction remains to be further
clarified. Unconjugated ester groups appear to exert relatively
minor influences.

(28) Olah, G. A.; Wang, Q.; Prakash, S. G. 8ynlett1992 647.

(29) Braude, E. R.; Coles, J. A. Chem Soc 195Q 2014.

(30) Hermann, J. L.; Kieczykowsky, G. R.; Schlessinger, RTEtra-
hedron Lett 1973 2433.

(31) Llebaria, A.; Delgado, A.; Camps, F.; Morefo M. Organometallics
1993 12, 2825.

(32) Ree, K.; Kim, D. Y.; Oh, D. YTetrahedron Lett1988 29, 667.

(33) Echavarren, A. M.; Stille, J. K. Am Chem Soc 1988 110, 1557.
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H-0, extracted with EO, dried over MgSQ filtered, and evaporated.
Analysis of the crude mixture bH NMR spectroscopy showed the
formation of 2-methylene-2,3-dihydrd-ttinden-1-one%) in 25% yield.
Chromatography on silica gel (80/20 pentangZBtafforded 25 mg
(18%) of5:33 'H NMR ¢ 3.76 (bs, 2 H), 5.63 (dtJ = 1.8, 1.0 Hz, 1
H), 6.36 (dt,J = 2.2, 1.0 Hz, 1 H), 7.41 (dtJ = 7.8, 1.0 Hz, 1 H),
7.50 (dd,J = 7.8, 1.0 Hz, 1 H), 7.60 (dt) = 7.8, 1.2 Hz, 1 H), 7.86
(d,J=7.8 Hz, 1 H);’3C NMR ¢ 32.28, 119.76, 125.08, 126.87, 128.09,
135.37, 138.71, 143.79, 150.37, 193.92; IR (neat) 1700*cm

Representative Procedure under Conditions Il. The above
reaction was performed at 10Q at 40 atm of CO for 15 h in a 22 mL
autoclave. Analysis of the crude mixture By NMR spectroscopy
showed the formation 06 in 20% yield. Chromatography on silica
gel (80/20n-pentane/ED) afforded 26 mg (18%) 05. Using a 1:1
mixture of THF/benzene in place of DMF at 8C for 18 h under
otherwise the same conditions as abdvejas obtained in 58% NMR
yield. Chromatography on silica gel (80/2&entane/ED) afforded
66 mg (46%) ofb.

(b) Carbonylation of 2. Under Conditions | (1 atm of CO, 100
°C, 24 h, DMF), 2 (258 mg, 1.0 mmol) gave a 1:1 mixture of
1-methyleneindane and 3-methyitindene ¥) in 16% NMR yield
along with traces of 2-methylene-3,4-dihydronaphthalen-1-6pg{*
1HNMR 6 2.1-2.2 (m, 2 H), 2.72.85 (m, 2 H), 2.9-3.05 (m, 2 H),
3.29 (bs), 5.65.1 (m, 1 H), 5.45.5 (m, 1H), 6.156.25 (bs, 1 H),
7.0-7.6 (m, 4 H);3C NMR ¢ 12.93, 30.12, 31.26, 37.25, 102.34,

J. Am. Chem. Soc., Vol. 118, No. 25,3995

(17%) of 5 and 26 mg (13%) ofl2:3 *H NMR ¢ 2.62 (dd,J = 17.1,

9.4 Hz, 1 H), 2.8-3.1 (m, 3 H), 3.43 (dd) = 17.1, 7.4 Hz, 1 H), 3.68

(s, 3H),7.37 (tJ= 7.4 Hz, 1 H), 7.46 (dJ = 7.8 Hz, 1 H), 7.59 (dt,
J=17.4,12Hz, 1H),7.75(d) = 7.6 Hz, 1 H);*3C NMR 6 33.44,
35.37, 44.02, 52.30, 124.40, 127.00, 127.96, 135.36, 136.74, 153.72,
172.91, 207.10; IR (neat) 1735, 1718 ¢m

(2) Representative Procedure under Conditions IV. A mixture
of 1 (244 mg, 1.0 mmol), BN (0.28 mL, 0.20 g, 2.0 mmol), MeOH
(0.16 mL, 0.13 g, 4.0 mmol), ePd(PPh), (35 mg, 0.05 mmol), and
DMF was stirred at 100C under 40 atm of CO. Analysis of the crude
reaction mixture by*H NMR spectroscopy showed the formation of
12in 90% yield. Chromatography on silica gel (67/38exane/E0)
afforded 168 mg (82%) of2.

(b) Carbonylation of 2. Under Conditions Il (1 atm of CO, 65
°C, 24 h, MeOH as a solven,(258 mg, 1.0 mmol) was converted to
7in 48% NMR yield along with a 37% yield of methyl 2:(Butenyl)-
benzoate13): 'H NMR 6 2.2—2.4 (m, 2 H), 2.9-3.05 (m, 2 H), 3.82
(s, 3 H), 4.85-5.05 (m, 2 H), 5.81 (ddt) = 17.0, 10.3, 6.6 Hz, 1 H),
7.1-7.25 (m, 2 H), 7.3-7.4 (m, 1 H), 7.75-7.85 (m, 1 H); IR (neat)
1750 cntl. Under the conditions described above (MeOH reflux, 6
h), 2 gave7 in 72% NMR yield along with a 5% vyield o13. The
productl4 was not detected. Under Conditions IV (180, 11 h, 1:1
mixture of acetonitrile/benzene),(258 mg, 1.0 mmol) gave 2-((meth-
oxycarbonyl)methyl)-1-tetralonel4) in 85% NMR vyield. Kugelrohr
distillation afforded 130 mg (58%) df4: H NMR ¢ 1.6-3.2 (m, 7

118.84, 120.65, 123.58, 124.50, 125.33, 126.07, 126.43, 128.27, 128.614y) 3.70 (s, 3 H), 7.27.6 (m, 6 H), 8.6-8.1 (m, 1 H);33C NMR 6
139.98, 141.16, 144.33, 146.14, 145.67, 150.88. Under Conditions Il 29.24, 34.85, 44.78, 51.60, 126.52, 127.38, 128.78, 132.19, 133.37,

(40 atm of CO, 100°C, 24 h, DMF)2 gave6 and 7 only in trace
amounts, if any.

(c) Carbonylation of 3. Under Conditions | (1 atm of CO, 8TC,
6 h, a 1:1 mixture of CECN/benzene)3 (230 mg, 1.0 mmol) gave
1H-indenone §) in 46% NMR yield along with an 11% yield of
3-(diethylamino)-2,3-dihydroH-inden-1-one ). Chromatography on
silica gel (95/5n-pentane/ED) afforded 65 mg (50%) d3:34 'H NMR
05.89(dJ=7.1Hz,1H),7.27.3(m, 1H),7.37.4(m, 1H),7.43
(d,J = 7.2 Hz, 1 H), 7.57 (ddJ = 6.0, 0.7 Hz, 1 H);*3C NMR ¢

144.03, 172.85, 198.11; IR (neat) 1740 ¢nhigh-resolution MS calcd
for C13H1405 218.0943, found 218.0943.

(c) Carbonylation of 3. Under Conditions Ill (1 atm of CO, 70
°C, 24 h, MeOH)3 (230 mg, 1.0 mmol) gave methyl 2-vinylbenzoate
(16) in 14% NMR yield along with8 and9 obtained in 26 and 28%
yields, respectively. The compouid® was not detected<(3%). 16:

H NMR 6 3.90 (s, 3 H), 5.36 (ddJ = 11.0, 1.3 Hz, 1 H), 5.65 (dd,
J=175,1.3Hz,1H),7.257.4(m, 1 H), 7.47.6 (m, 3 H), 7.88 (d,
J=17.9, 1.3 Hz, 1 H);*3C NMR ¢ 52.08, 116.46, 127.19, 127.37,

122.24,122.64,127.18, 129.25, 130.36, 133.67, 144.61, 149.81, 1984419 55 130,29, 132.09, 135.84, 139.54, 167.83; IR (neat) 1725 cm

9 'H NMR 6 1.07 (d,J = 7.1 Hz, 6 H), 2.25-2.55 (m, 4 H), 2.6
2.75 (m, 2 H), 4.71 (t) = 5.4 Hz, 1 H), 7.3-7.8 (M, 4 H);13C NMR

high-resolution MS calcd for fgH100, 162.0681, found 162.0678.
Under Conditions IV (40 atm of CO, 10, 11 h, benzene} gave

0 13.98, 37.11, 44.15, 58.98, 122.95, 126.37, 128.32, 134.68, 137-42'3-(methoxycarbonyl)-2,3-dihydroHLindenone 15 in 74% vield as

156.35, 205.02; high-resolution MS calcd fori8:,NO 203.1310,
found 203.1312. Under Conditions | (1 atm of CO,€0Q 1 h, DMF),

3 gave8in 9% NMR yield along with unidentified polymeric products.
Under Conditions Il (40 atm of CO, 10, 12 h, DMF),3 gave8 in
20% NMR yield.

(d) Carbonylation of 4. Under Conditions | (1 atm of CO, 100
°C, 12 h, DMF),4 (388 mg, 1.0 mmol) gave a 1:1 mixture of 2,2-bis-
(methoxycarbonyl)-4-methyl-1,2-dihydronaphthalene and 2,2-bis-
(methoxycarbonyl)-4-methylene-1,2,3-trihydronaphthaléiit 94%
NMR vyield with no sign of the formation of the carbonylated product
10. 11 *H NMR ¢ 2.12 (s, 3 H), 3.04 (s, 2 H, exo), 3.32 (s, 2 H,
exo), 3.36 (s, 2 H, endo), 3.67 (s, 6 H), 3.68 (s, 6 H), 5.06 (s, 1 H,
exo), 5.55 (s, 1 H, exo), 5.96 (s, 1 H, endo), 7706 (m, 4 H);13C

NMR 6 19.35, 34.53, 35.46, 37.86, 52.71, 52.83, 54.36, 54.68, 111.01

the sole product. Chromatography on silica gel (90#&ntane/&0D)
afforded 139 mg (73%) af5:36 H NMR ¢ 2.88 (dd,J = 19.1, 8.1 Hz,
1H), 3.15 (ddJ=19.1, 3.6 Hz, 1 H), 3.78 (s, 3 H), 4.31 (dil= 8.1,
3.6 Hz, 1 H), 7.47.5 (m, 1 H), 7.6-7.7 (m, 2 H), 7.76 (dJ = 7.7
Hz, 1 H); 13C NMR ¢ 39.48, 43.59, 52.68, 123.88, 126.52, 128.79,
134.99, 136.32, 151.06, 172.21, 204.03.

(d) Carbonylation of 4. Under Conditions IV (40 atm of CO, 100
°C, 10 h, MeOH (4 equiv), 1/1 acetonitritdbenzene)4 (306 mg, 0.78
mmol) gavellin 33% NMR yield along with a 26% yield of methyl
2-(2,2-bis(methoxycarbonyl)‘4pentyl)benzoatel(fa and a 21% yield
of 18a: 'H NMR ¢ 1.99 (dd,J = 13.6, 10.0 Hz, 1 H), 2.52 (dd} =
15.9, 10.9 Hz, 1 H), 2.68 (ddd,= 13.6, 6.3, 1.9 Hz, 1 H), 2.89 (dd,
J=15.9,4.8 Hz, 1 H), 3.43.5 (m, 5 H), 3.66 (s, 3 H), 3.71 (s, 3 H),

'3.74 (s, 3 H), 7.057.2 (m, 4 H);3C NMR ¢ 32.37, 34.51, 35.21,

121.01, 123.37, 123.84, 126.40, 126.88, 127.65, 127.86, 128.17, 128.49
' ' ' ' ' ' ' ' 7940.69, 51.69, 52.69, 52.81, 53.63, 126.34, 126.44, 126.68, 128.99,
128.87,132.54, 133.24, 134.90, 138.82, 170.84, 171.02; hlgh-resolutlon133_78, 136.99, 171.07, 172.03, 172.55; IR (neat) 1734 (bs).dia:

MS calcd for GsH1604 260.1049, found 260.1052. Under Conditions
11 (100 °C, 12 h, DMF),4 gavellin 54% NMR yield with no sign of
the formation of the other monomeric products3%).

Pd-Catalyzed Carbonylation ofo-lodo-w-alkenylbenzenes in the
Presence of an Alcohol (Table 2). (a) Carbonylation of 1. (1)
Representative Procedure under Conditions Ill. A mixture of 1
(244 mg, 1.0 mmol), BN (0.28 mL, 0.20 g, 2.0 mmol), MeOH (0.16
mL, 0.13 g, 4.0 mmol), GPd(PPh); (35 mg, 0.05 mmol), and a 1:1
mixture of acetonitrile/benzene (4.0 mL) was stirred at80under 1
atm of CO ¢ide supra see Conditions | for more details) for 20 h,
treated with HO, extracted with ED, dried over MgSQ filtered, and
evaporated. Analysis of the crude reaction mixture by NMR
spectroscopy showed the formation ®fin 18% yield along with
2-(methoxycarbonyl)methyl-1-indanon&2j produced in 16% yield.
Chromatography on silica gel (80/2Bhexane/E) afforded 25 mg

(34) Bellamy, F. D.; Chazan, J. B.; Ou, KetrahedronL983 39, 2803.

IH NMR ¢ 2.59 (dd,J = 7.2, 0.8 Hz, 2 H), 3.62 (s, 6 H), 3.75 (s, 2 H),
3.88 (s, 3H), 5652 (m, 2 H),56558(m,1H), 7.27.55 (m, 3

H), 7.75-7.85 (m, 1 H);*3C NMR 6 35.29, 38.43, 52.03, 52.21, 59.44,
118.91, 126.81, 130.44, 131.29, 131.55, 131.99, 132.79, 137.42, 171.15;
IR (neat) 1736 (s) cmt. Under Conditions IV (15 atm of CO, 100

°C, 24 h,t-BuOH (4 equiv), benzene, (388 mg, 1.0 mmol) gavél

in 68% NMR yield along with a 5% yield of8b. Under Conditions

IV (100 °C, 24 h, 80 atmt-BuOH (4 equiv), benzene}, (388 mg, 1.0
mmol) gavellin 30% NMR vyield along with a 26% yield df8b: *H

NMR ¢ 1.43 (s, 9 H), 2.02 (dd] = 13.5, 10.5 Hz, 1 H), 2.43 (dd}

(35) Boger, D. L.; Mathvink, R. JJ. Org. Chem 1992 57, 1429.

(36) Greenewald, G. L.; Sall, D. J.; Monn, J. A.Med Chem 1988
31, 453.

(37) Masui, M.; Ando, A.; Shioiri, TTetrahedron Lett1988 29, 2835.

(38) Chatterjee, A.; Banerjee, S.; Hazra, B.l&dian J Chem 1974
12, 41.
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= 15.4, 8.7 Hz, 1 H), 2.62.75 (m, 1 H), 2.79 (dd) = 15.4, 4.6 Hz, 9.76 mmol,—65°C, 25 min) in THF (4 mL), and CH (4.3 mL, 68.75
1H), 3.20 (d,J = 16.0 Hz, 1 H), 3.253.45 (m, 2 H), 3.67 (s, 3 H), mmol,—70°C) in HMPA (2.5 mL). The reaction mixture was warmed
3.75 (s, 3 H), 7.057.20 (m, 4 H);3C NMR ¢ 28.02, 29.69, 32.55, to 25 °C, quenched with aqueous NEl, extracted with BO, dried
34.42,35.27,41.99, 52.68, 52.82, 53.69, 80.64, 126.31, 126.45, 126.55pver MgSQ, and evaporated. Chromatography on silica ggléntane)
128.90, 133.77, 137.23,171.13, 171.41, 172.13; IR (neat) 1736 (3) cm  afforded 2.26 g (86%) of 2-(entynyl)-1-iodobenzenetH NMR 6
high-resolution MS calcd for £H260¢ 362.1729, found 362.1725. 1.78 (t,J = 2.0 Hz, 3 H), 2.352.5 (m, 2 H), 2.90 (tJ = 6.8 Hz, 2
Preparation of w-Alkene-Containing Aryl lodides 19—25. (a) H), 6.8-7.0 (m, 1 H), 7.2-7.35 (m, 2 H), 7.80 (d) = 6.9 Hz, 1 H).
(E)-2-(2-Heptenyl)-1-iodobenzene (19a)A solution of 1-hexyne (4.1 Reduction of 2-(3pentynyl)-1-iodobenzene (2.0 g, 7.4 mmol) with
g, 50 mmol) in hexane (50 mL) was successively treated vih,- i-BuAlH (1.5 equiv, 50°C, 20 h) as described in the preparatioriLof
AlH (8.5 g, 11.1 mL, 60 mmol, 50C, 4 h), a 1.6 M solution ofi-BulLi gave 1.69 g (84%) of2la after chromatography on silica gel
in hexane (38 mL, 60 mmol, 25C, 30 min), 2-iodobenzyl bromide (n-pentane):*H NMR 6 1.55 (d,J = 4.6 Hz, 3 H), 2.25-2.45 (m, 2
(11.9 g, 40 mmol, 18 h, 5€C) in hexane, and HMPA (10 mL, 10.7 g, H), 2.75 (t,J = 8.0 Hz, 2 H), 5.3-5.6 (m, 2 H), 6.8-6.95 (m, 1 H),
60 mmol) in THF (30 mL). The reaction mixture was quenched with 7.1-7.35 (m, 2 H), 7.80 (dJ = 7.7 Hz, 1 H);*3C NMR ¢ 12.80,
aqueous NHECI, extracted with BO, dried over MgS@ and evapo- 27.52, 40.64, 100.55, 125.02, 127.64, 128.17, 128.91, 129.52, 139.40,
rated. Chromatography on silica getfexane) afforded 4.8 g (37%)  144.50; high-resolution MS calcd for{Bi13 272.5063, found 272.5060.
of 19a 'H NMR 6 0.8-1.0 (m, 3 H), 1.151.5 (m, 4 H), 1.9-2.1 (e) @)-2-(4-Phenyl-3-butenyl)-1-iodobenzene (21b).A mixture
(m, 2 H), 3.3-3.5 (m, 2 H), 5455.6 (M, 2 H), 6.9-7.1 (m, 1 H), of 2-(3-butynyl)-1-iodobenzene (1.0 g, 3.9 mmol), iodobenzene (15.9
7.3-7.5(m, 2 H), 7.77.9 (m, 1 H);*C NMR ¢ 14.52, 22.79, 32.09, ¢ 77.9 mmol), Cul (7.4 mg, 0.039 mmol), ancPdi(PPk), (13.7 mg,
14352, high-reSO|uti0n MS calcd fOI’1§E|17| 3000375, found 300.0372. reaction mixture was quenched Wltrh@l extracted with ED, dried
(b) (2)-2-(2-Heptenyl)-1-iodobenzene (19b).A solution of 1-hex- over MgSQ, and evaporated. Chromatography on silica géléxane)
yne (2.51 g, 30.6 mmol) in THF (30 mL) was treated with a 2.5 M afforded 388 mg (30%) of 2-(4henyl-3-butynyl)-1-iodobenzene*H
solution of n-BuLi (11.2 mL, 28 mmol, 0°C, 1 h). The resultant NMR 6 2.72 (t,J = 6.3 Hz, 2 H), 3.05 () = 6.3 Hz, 2 H), 6.85-7.0
mixture was added to a solution of 2-iodobenzaldehyde (5.0 g, 21.5 (m, 1 H), 7.2-7.45 (m, 7 H), 7.85 (d) = 8.2 Hz, 1 H). This compound
mmol) in THF (20 mL) at—78 °C. After 3 h, the reaction mixture  was reduced withi-Bu,A1H (1.5 equiv, 50°C, 20 h) as described in
was treated with NkCI, extracted with BO, washed with brine, dried the preparation ofl. The compound®1b was isolated in 50% yield
over MgSQ, and evaporated to give 6.68 g (99%) of crude t-(2  after chromatography on silica gei-pentane):'H NMR ¢ 2.5-3.0
iodophenyl)-2-heptyn-1-ol. A mixture of the crude alcohol (5.93 g, (m, 4 H), 5.72 (dtJ = 7.1 Hz, 10.8 Hz, 1 H), 6.48 (dl = 10.8 Hz,
18.9 mmol), triethylsilane (3.9 mL, 2.84 g, 24.4 mmol), NH0.91 g, 1 H), 6.75-6.9 (m, 1 H), 7.05-7.4 (m, 7 H), 7.80 (dJ = 8.3 Hz, 1
24.6 mmol), and CEkCl, (30 mL) was treated with a solution of &F H).
COOH (7.3 mL, 10.80 g, 94.7 mmol, @, addition over 30 mirfy in (f) 3-Carbomethoxy-3-(2-iodobenzyl)cyclohexene (22)To i-Pr-

CH,Cl, (10 mL) and stirred fo2 h at 0°C. The reaction mixture was NH (0.36 mL, 2.6 mmol) in THF (4.0 mL) were successively added a
poured into ice-water, extracted with B washed with aqueous 5 5M solutio’n ofn-BuLi in n-hexane (1.05 mL, 2.6 mmol, T, 15

NaHCG;, dried over MgS@, and evaporated to yield 5.57 g (99%) of . 700 ; i .
crude 1-(2-iodophenyl)-2-heptyne. Reduction of 1<@dophenyl)- gllgl)orrg\)?:ri((%gé m; 3..20mmmn;il7,87§c Cé:rmg),;ngag?i%rgség?éil
2-heptyne (1.40 g, 4.7 mmol) biyBu,AIH (1.2 equiv, 50°C, 20 h) as bromide (820 mg, 28 mmolk-78 :’c, 2 h) dissolved in THRY The
described in the preparation df gave _11'12 g (79%) oflob after reaction mixture was diluted with #, washed with 2.5 N HCI solution
chromatography on silica geifiexane):*H NMR 6 0.8-1.0 (m, 3 and aqueous NaHGQdried over MgSQ, and evaporated. Chroma-
H), 1.2-1.5 (m, 4 H), 2.15 () = 6.8 Hz, 2 H), 3.46 (d) = 6.2 Hz, tography on silica gel (95/8-hexane-Et,0) afforded 663 mg (81%)
2 H), 5.4-5.65 (m, 2 H), 6.86 (dt) = 7.3, 2.2 Hz, 1 H), 7.157.35 of 22: 1 NMR 6 1.5-2.2 (m, 6 H), 3.18 (dJ = 5.0 Hz, 2 H), 3.67
(M, 2 H), 7.81 (dd) = 7.8, 1.0 Hz, 1 H)I3C NMR 0 14.46, 22.76, 30 5 2'5 8 (1 2 1), 6.8.7.8 (M. 4 H):5C NMR 6 19.49, 24,62,

%56353&550'527_ 8|'|§2’n98't851' 4228'03'1%2'09’ 11%3'(?7' 137%7' ;3:1'33’30.96, 48.34, 51.76, 102.86, 127.68, 128.05, 128.61, 129.05, 129.95,
-89, 145.52; IR (neat) ), (), (S), 746 (S}.Cm 139 57 140.22, 175.66; IR (neat) 1740Gm

(c) 2-((X-Cyclohexenyl)methyl)-1-iodobenzene (20)A solution .
: . (9) 2-(3-Methyl-3'-butenyl)-1-iodobenzene (23).Compound23
of Me:AI (2.3 g, 3.2 mL, 32 mmol) in THF (15 mL) was successively was prepared in 63% yield following the procedure described2for

treated with a 1.5 M solution of 1-cyclohexenyllithium in,8t (20 using 2-methyl-2-propenylmagnesium chloride in THF in place of
mL, 29 mmol, 0°C then 25°C, 15 min) prepared according to the allylmagnesium bromideiH NMR o 1.8 (s, 3 H), 2.25 (t) = 7.0 Hz,

el S 0T 211 475 6 21 ot 11
’ e h 7-15-7.35 (m, 2 H), 7.83 (dJ = 6.4 Hz, 1 H);*C NMR 6 22.59,

The reaction mixture was slowly poured into water, extracted wit
n-hexane, acidified with HCl, washed with aqueous NaHC®ied 38.25, 39.41, 100.60, 110.46, 127.69, 128.30, 129.27, 139.44, 149.50,

over MgSQ, and evaporated. Purification of the crude oil by Kugelrohr 145.00.

distillation afforded 3.30 g (55%) 020: H NMR ¢ 1.5-2.2 (m, 8 (h) (E)- and (2)-2-(1'-Propenyl)-1-iodobenzene (24).This com-

H), 3.37 (s, 2 H), 5.31 (bs, 1 H), 6:&.0 (m, 1 H), 7.2-7.4 (m, 2 H), pound was prepared in 84% yield according the reported procedure

7.8-7.9 (m, 1 H);%C NMR 6 22.43, 23.00, 25.39, 28.62, 48.76, 101.74, described for the preparation 82" except that ethyltriphenylphos-

123.94, 127.66, 128.01, 129.94, 135.73, 139.41, 143.00. phonium bromide was used in place of methyltriphenylphosphonium
(d) (2)-2-(3-Pentenyl)-1-iodobenzene (21a)To a mixture of b bromide. Compoun@4 thus obtained was a 60/40 mixture of B

(5 mg), HgCh (64 mg, 0.235 mmol), Mg turnings (6.0 g, 250 mmol), isomers: Z-24: *H NMR ¢ 1.74 (dd,J = 7.0, 0.65 Hz, 3 H), 5.#5.9

and THF (35 mL) was added a solution of propargyl bromide (80% in (M. 1 H), 6.36 (dJ =11.4 Hz, 1 H), 6.87.0 (m, 1 H), 7.2-7.35 (m,
toluene, 14 mL, 125 mmol) in THF (90 mL) at a rate that kept the 2 H), 7.85 (d,J = 7.9 Hz, 1 H);*C NMR ¢ 14.19, 100.19, 127.56,
reaction mixture refluxing. After refluxing for an additional 15 min, ~ 127.66, 128.15,128.24,129.77, 133.67, 140.78. The following signals
it was transferred to a solution of 2-iodobenzyl bromide (7.38 g, 24.8 Were discernible foE-24: *HNMR 6 1.91 (dd,J = 6.5, 0.5 Hz, 1 H),
mmol) in THF (25 mL). After refluxing for 12 h, the reaction mixture ~ 6:0-6.2 (m, 1 H), 6.57 (dJ=15.5Hz, 1 H), 6.8-7.0 (m, 1 H), 7.2-

was quenched with aqueous M at 0°C, extracted with BD, dried 7.35(m, 1 H), 7.41 (dJ = 7.7 Hz, 1 H), 7.79 (d) = 7.9 Hz, 1 H);
over MgSQ, and evaporated. Chromatography on silica ggigntane) ©C NMR ¢ 18.54, 99.21, 126.26, 128.91, 134.68, 138.91, 139.25,

afforded 5.80 g (91%) of 2-(sheptynyl)-1-iodobenzenetH NMR 6 140.84; IR (neat) 1462 (m), 1432 (m), 1266 (c), 1012 (s) &rhigh-
2.00 (bs, 1H), 1.41.6 (m, 2 H), 2.85-3.05 (m, 2 H), 6.8-7.0 (m, 1 resolution MS calcd for 243.9749, found 243.9752.
H), 7.2=7.4 (m, 2 H), 7.80 (dJ = 6.4 Hz, 1 H);'3C NMR ¢ 19.08, (i) 2-(1'-Methylethenyl)-1-iodobenzene (25).A solution of 2-io-

39.59, 69.30, 83.13, 100.32, 128.25, 129.77, 139.45, 142.61.i-To ( dobenzaldehyde (1.16 g, 5.0 mmol°G, 10 min) in THF (10 mL)
PrpyNH (1.80 mL, 12.96 mmol) in THF (18 mL) were successively was treated with a 2.7 M solution of MeMgBr in THF (1.8 mL, 5.0
added a 2.1 M solution af-BuLi in n-hexane (5.9 mL, 2.39 mmol, mmol). The reaction mixture was quenched witfChlextracted with
—50 °C, 20 min), a solution of 2-(3butynyl)-1-iodobenzene (2.50 g, EtO, dried over MgSQ@ and evaporated. A mixture of the crude



Carbonylatve Cyclization of 1-lodo-2-alkenylbenzenes

compound, Celite (2.1 g), and pyridinium chlorochromate (2.15 g, 10
mmol) in CH,CI, was stirred for 2 h, diluted with pentane, and filtered
through a short column of silica gel (9ftpentane-ED) to give 1.10
g (94%) of 2-iodoacetophenone. This compound was convert28 to
in 42% vyield according to the reported procedure described for the
preparation of8?” using 2-iodoacetophenone in place of 2-iodobenzal-
dehyde. The starting material was recovered to the extent of 36%.
H NMR 6 2.06 (s, 3 H), 4.84.95 (m, 1 H), 5.155.25 (m, 1 H),
7.1-7.2 (m, 1 H), 7.27.35 (m, 2 H), 7.82 (dJ = 7.9 Hz, 1 H);13C
NMR ¢ 23.86, 96.91, 115.99, 127.94, 128.29, 128.40, 139.08, 148.25,
148.69; IR (neat) 1642 (m), 1584 (w), 1563 (w), 1012 (s), 904 (s)'trm
high-resolution MS calcd for §Hql 243.9749, found 243.9752.
Pd-Catalyzed Carbonylation of o-lodo-w-alkenylbenzenes Con-
taining Di- and Trisubstituted Alkenes (Table 3). (a) Carbonylation
of 19a or 19b. Under Conditions Il (40 atm of CO, 108C, 15 h,
DMF), 19a (300 mg, 1.0 mmol) gave 2-pentylidene-2,3-dihydid-1
inden-1-one Z6) in 82% NMR yield as a 93/7 mixture of tHe andZ
isomers. Chromatography on silica gel (83ftAexane/EQ) afforded
166 mg (83%) of E)-26 and 12 mg (6%) of Z)-26, which slowly
isomerized to an equilibrium mixture of tHeandZ isomers E/Z =
94/6). €)-26: *H NMR 6 0.93 (t,J = 7.2 Hz, 3 H), 1.3-1.6 (m, 4
H), 2.30 (g,d = 7.3 Hz, 2 H), 3.63 (bs, 2 H), 6.88 (1,= 7.7, 2.1 Hz,
1 H), 7.37 (dtJ = 7.4, 1.0 Hz, 1 H), 7.48 (d) = 7.4 Hz, 1 H), 7.56
(dt,J = 7.3, 1.2 Hz, 1 H), 7.84 (dJ = 7.8 Hz, 1 H);'3%C NMR ¢

14.37, 22.98, 30.06, 30.41, 31.05, 124.72, 126.79, 127.87, 134.84,

136.84, 138.78, 139.37, 149.85, 193.82; IR (neat) 1702'chigh-
resolution MS calcd for GH160 200.1201, found 200.1199. The
following signals were discernible foz}-26. *H NMR 6 0.94 (t,J =

7.1 Hz, 3 H), 1.3-1.6 (m, 4 H), 2.94 (gJ = 7.3 Hz, 2 H), 3.68 (bs,

2 H), 6.30 (tt,J = 7.7, 1.6 Hz, 1 H), 7.38 (t) = 7.6 Hz, 1 H), 7.46
(d,J=7.6Hz,1H), 756 (dt)J=7.3,1.2Hz,1H),7.81 (] =7.4

Hz, 1 H);3C NMR ¢ 14.40, 22.98, 28.16, 31.97, 33.52, 124.36, 126.57,
127.70, 134.51, 134.68, 140.08, 144.29, 149.72, 195.09. Under
Conditions | (1 atm of CO, 60C, 15 h, DMF),19b (300 mg, 1.0
mmol) gave26 in 87% NMR yield as an 84/16 mixture of teand
Zisomers. Under Conditions Il (40 atm of CO, 180, 15 h, DMF),
19b (300 mg, 1.0 mmol) gava6in 91% NMR vyield as a 94/6 mixture
of theE andZ isomers. Chromatography on silica gel (83ftfexane/
Et,O) afforded 166 mg (83%) ofH)-26 and 12 mg (6%) of Z)-26.
Under Conditions Il (1 atm of CO, 60C, 18 h, a 1:1 mixture of
MeOH (37 equiv)/DMF),19b (300 mg, 1.0 mmol) gav@6 in 50%
NMR yield along with a 37% yield of 2-(3(methoxycarbonyl)pentyl)-
1-indanone 27) as a 1:1 mixture of its two diastereomers. At 14 atm
of CO in a 1:1 mixture of MeOH (37 equiv)/DMF}9b (300 mg, 1.0
mmol) gave, after 16 h at 10, 26 in 31% NMR yield along with a
63% vyield of27 as a 1:1 mixture of two diastereomers. Chromatog-
raphy on silica gel (83/17 pentane/@) afforded 45 mg (23%) a26
and 170 mg (65%) o27: 1:1 mixture of diastereomerdi NMR ¢
0.8-1.0 (m, 6 H), 1.2-2.05 (m, 12 H), 2.83.4 (m, 8 H), 3.50 (s, 3
H), 3.74 (s, 3 H), 7.35 (t) = 7.8 Hz, 2 H), 7.47.5 (m, 2 H), 7.45
7.55 (m, 2 H), 7.77.8 (m, 2 H);3C NMR ¢ 14.10, 14.33, 22.96,

23.02, 28.85, 30.22, 30.31, 30.38, 45.60, 46.20, 48.68, 49.57, 51.92,

J. Am. Chem. Soc., Vol. 118, No. 25,5%99%

gave a 43% NMR yield of 1,2,3,4-tetrahydro-2-ethylidene-1-oxonaph-
thalene 29) as an 81/19 mixture of two diastereomers along with a
15% yield of30and a 26% yield 081. Chromatography on silica gel
(10/1 n-hexane/ethyl acetate) afforded 24 mg (37%p28fand 28 mg
(37%) of a mixture of30 and31L 29°% 'H NMR 6 1.88 (d,J = 7.9

Hz, 3 H,E), 2.15 (d,J = 7.9 Hz, 3 H,2), 2.7-2.85 (m, 2 H), 2.9

3.05 (m, 2 H), 7.02 (gqJ = 7.9 Hz, 1 H), 7.2-7.55 (m, 3 H), 8.10 (d,

J = 7.8 Hz, 1 H);C NMR ¢ 14.00, 25.00, 28.50, 112.30, 126.50,
128.00, 133.00, 133.50, 134.50, 136.00, 144.00, 187.70; IR (neat) 1736,
1684 cntt. 30:3 H NMR ¢ 1.85 (s, 3 H), 2.72.9 (m, 2 H), 2.95
3.1(m, 2H),5.70 (s, L H), 7.357.4 (m, 3 H), 7.45-7.6 (m, 1 H);:*C
NMR 4 8.50, 22.20, 28.10, 78.80, 121.00, 124.80, 137.20, 128.00,
128.40, 134.00, 135.80, 161.00, 175.00; IR (neat) 1712'cnThe
following signals were assignable 81: 'H NMR 6 2.42 (t,J = 8.6

Hz, 2 H), 2.50 (tJ = 8.6 Hz, 2 H), 2.76 (tJ = 8.6 Hz, 2 H), 2.88 (t,
J=8.6 Hz, 2 H), 7.27.6 (m, 4 H);2*C NMR 6 24.00, 26.40, 27.40,
29.00, 111.90, 121.00, 126.40, 126.60, 126.70, 129.00, 135.00, 168.60.
Under Conditions Il (40 atm of CO, 10T, 48 atm, 22 h, Pd(OAg)

(5 mol %), dppe (5 mol %), 1:1 mixture of acetonitrile/THRLa (272

mg, 1.0 mmol) gave80 in 51% NMR yield as the only monomeric
product. Chromatography on silica gel (10Fhexane/ethyl acetate)
afforded 40 mg (52%) 080. Under Conditions IV (40 atm of CO,
100°C, 20 h, a 1:1 mixture of benzene/acetonitri)a (272 mg, 1.0
mmol) gave 100 mg (44%) of a mixture of 1,2,3,4-tetrahydro-2-
((methoxycarbonyl)methyl)-1-oxonaphthaler82)((77/23 mixture of
diastereomers) ar@B, 40 mg (24%) of 1,2,3,4-tetrahedro-2-ethylidene-
1-oxonaphthalene2@), and 60 mg (31%) of methyFjj-2-(3-pentenyl)-
benzoate 34) after chromatography on silica gel (104thexne/ethyl
acetate). Data fo82:%° *H NMR 6 1.18 (d,J = 6.8 Hz, 3 H), 1.30 (d,
J=6.8 Hz, 3 H), 2.6-2.3 (m, 2 H), 2.8-3.3 (M, 4 H), 3.70 (s, 3 H),
3.75 (s, 3 H), 7.28.15 (m, 4 H);*C NMR ¢ 13.50, 26.00, 29.00,
39.00, 50.20, 51.60, 126.60, 127.60, 128.40, 132.40, 133.60, 143.80,
175.00, 198.00; IR (neat) 1736, 1684, 1600-&mThe following signals
were discernible fo83:4° 'H NMR 6 1.75-2.05 (m, 2 H), 2.+2.4

(m, 2 H), 2.45-2.65 (m, 3 H), 2.953.15 (m, 2 H), 3.70 (s, 3 H),
7.2-7.4 (m, 2 H), 7.47.6 (m, 1 H), 8.05 (dJ = 7.8 Hz, 1 H);°C
NMR ¢ 25.20, 28.40, 28.80, 31.60, 46.40, 51.60, 126.20, 127.00,
128.40, 132.20, 133.60, 144.00, 174.00, 199.40; IR (neat) 1736, 1684,
1600 cntt. 34 H NMR 6 1.55 (d,J = 4.7 Hz, 3 H), 2.3-2.45 (m,

2 H), 3.00 (d,J = 7.0 Hz, 2 H), 3.90 (s, 3 H), 545.55 (m, 2 H),
7.2-7.9 (m, 4 H).

(d) Carbonylation of 21b. Under Conditions Il (40 atm of CO,
100°C, 28 h, DMF),21b (334 mg, 1.0 mmol) gave 226 mg (96%) of
35 as a 1:1 mixture of th& andZ isomers after chromatography on
silica gel (10:1n-hexane/ethyl acetaté:'"H NMR ¢ 2.85-3.0 (m, 2
H), 3.05-3.2 (m, 2H), 6.84 (s, 1 HZ), 6.89 (s, 1 HE), 7.2-7.55 (m,

8 H), 8.12 (t,J= 6.9 Hz, 1 H);*3C NMR ¢ 27.20, 28.80, 31.00, 36.00,
126.80, 127.00, 127.80, 127.90, 128.10, 128.20, 128.40, 128.50, 129.40,
129.80, 133.20, 133.30, 133.40, 134.20, 135.40, 135.70, 135.80, 136.40,
136.60, 143.20, 143.50, 188.00, 189.00; IR (neat) 1664, 1602.cm

(e) Carbonylation of 22. Under Conditions Il (40 atm of CO, 100

°C, 16 h, Pd(PPJ)\ (0.05 equiv), a 1:1 mixture of acetonitrile/benzene),

52.17,124.21, 124.30, 126.92, 127.76, 127.93, 135.02, 135.32, 137.1522 (356 mg, 1.0 mmol) gave 170 mg (67%) 28 after purification by

137.26, 153.66, 153.86, 174.66, 175.82, 206.55, 207.22; IR (neat) 1738
1718 cnt’; high-resolution MS calcd for {gH20s 260.1412, found
260.1410. Under Conditions IV (40 atm of CO, 100, 22 h, 1:1
mixture of MeOH (37 equiv)/DMF)19b gave26in 15% NMR yield
along with an 80% yield o7 as a 1:1 mixture of its diastereomers.
Under Conditions IV (80 atm of CO, 10TC, 16 h, DMF),19b gave
26in 8% NMR yield along with a 90% yield a27 as a 1:1 mixture of

two diastereomers.

(b) Carbonylation of 20. Under Conditions IV (40 atm of CO,
100°C, 24 h, 1:1 mixture acetonitrile/benzen2),(298 mg, 1.0 mmol)
gave 173 mg (67% yield) of 2-methoxycarbonylspiro(cyclohexare-1
indan-1-one) Z8) after Kugelrohr distillation. 28: bp 105-110 °C
(0.15 mm Hg);*H NMR ¢ 1.2-3.3 (m, 11 H), 3.48 (s, 3 H), 7-27.8
(m, 4 H); *3C NMR ¢ 20.73, 25.18, 25.69, 35.58, 43.15, 48.77, 50.97,

51.50, 123.91, 126.08, 134.10, 136.90, 151.16, 174.26, 208.02; IR (neat)

1725, 1700 cm?; high-resolution MS calcd for {gH:140s 258.1256,
found 258.1259.

(c) Carbonylation of 21a. Under Conditions Il (40 atm of CO,
100°C, 22 h, a 1:1 mixture of THF/C4CN), 21a(272 mg, 1.0 mmol)

,chromatography on silica gel (63/27 hexanglt *H NMR ¢ 1.6—

1.8 (m, 3 H), 2.3-2.4 (m, 3 H), 2.96 (dJ = 15.0 Hz, 1 H), 3.37 (d,
J=15.0 Hz, 1 H), 3.45 (s, 3 H), 7-28.1 (m, 5 H);*3C NMR 6 18.78,
26.04, 34.26, 40.38, 48.39, 52.26, 127.30, 127.78, 128.15, 132.66,
133.24, 135.87, 139.15, 139.77, 175.62, 185.80; high-resolution MS
calcd for GeH1603 256.1100, found 256.1097.

(f) Carbonylation of 23. Under Conditions IV (40 atm of CO, 100
°C, 15.5 h), a 1/1 mixture of acetonitrile/benzen23,(272 mg, 1.0
mmol) gave 122 mg (53%) of 1,2,3,4-tetrahydro-2-((methoxycarbonyl)-
methyl)-2-methyl-1-oxonaphthalen87) along with 35 mg (17%) of
methyl 2-(3-butenyl)benzoate3@) after chromatography on silica gel
(10/1n-hexane/ethyl acetate 87:4* 'H NMR 6 1.12 (s, 3 H), 1.98 (dt,
J=2.3,6.8Hz, 1H),2152.25(m, 1 H), 2.25 (dJ = 7.5 Hz, 1 H),

(39) ElI-Rayyes, N. R.; Al-Jawhary, Al. Heterocycl Chem 1986 23,
135.

(40) Mizuno, K.; Okamoto, H.; Pac, C.; Sakurai, H.; Murai, S.; Sonoda,
N. Chem Lett 1975 237.

(41) Barlocco, D.; Pinna, G. A.; Carboni, L.; Ciplooa,FRarmaco1989
44, 967.
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2.47 (d,J = 7.5 Hz, 1 H), 2.42.6 (m, 2 H), 3.82 (s, 3 H), 7:27.4

(M, 2 H), 7.44 (tJ = 3.8 Hz, 1 H), 8.04 (d] = 3.8 Hz, 1 H);3C
NMR 6 21.90, 25.30, 33.13, 42.15, 43.63, 51.45, 126.70, 128.08,
128.63, 131.19, 133.23, 142.89, 171.88, 200.68; IR (neat) 1734 cm
38 H NMR ¢ 1.80 (s, 3 H), 2.30 (t) = 8.8 Hz, 2 H), 3.10 (] =

8.8 Hz, 2 H), 3.90 (s, 3 H), 4.72 (bs, 2 H), 7-2.35 (m, 2 H), 7.35

7.5 (m, 1 H), 7.857.95 (m, 1 H);3C NMR ¢ 22.52, 33.06, 39.82,

Negishi et al.

(d) 5-(2-lodophenyl)-4-(methoxycarbonyl)-2-pentenoate (53a)
and 5-(2-lodophenyl)-4-(methoxycarbonyl)-3-pentenoate (53b)Yo
i-PLNH (2.6 mL, 1.87 g, 18.5 mmok-78°C, 0.5 h) in THF (20 mL)
were successively added a 2.0 M solutiomeBuLi in hexane (10.1
mL, 20.2 mmol), dimethyl pentenedioate (2.8 g, 17.7 mmdai8 °C,

1 h) in THF (10 mL), and 2-iodobenzyl bromide (5.0 g, 16.8 mmol,
—78 °C) in THF (20 mL). The reaction mixture was warmed and

51.90, 110.14, 125.85, 129.43, 130.63, 130.90, 131.89, 143.99, 145.53stirred at 25°C for 2 h, quenched with agqueous N, extracted with

168.08; IR (neat) 1724 cr; high-resolution MS calcd for GH1602
204.1150, found 204.1149.

(g) Carbonylation of 24. Under Conditions | (1 atm of CO, 80
°C, 12 h, a 1:1 mixture of acetonitrile/benzeri®},(244 mg, 1.0 mmol)
gave39in 22% NMR yield*2 '1H NMR ¢ 1.87 (d,J = 1.7 Hz, 3 H),
6.93 (d,J= 7.1 Hz, 1 H), 7.6-7.2 (m, 2 H), 7.2-7.35 (m, 1 H), 7.36
(d,J=7.0 Hz, 1 H). Under Conditions IV (40 atm of CO, 100, 6
h, a 1:1 mixture of acetonitrile/benzeng} (244 mg, 1.0 mmol) gave
3-(methoxycarbonyl)-2-methyl-2,3-dihydroH-indenone 408) in 9%
yield along with methyl 2-(tpropenyl)benzoated(d (70%). Chro-
matography on silica gel (90/I8pentane/&D) afforded 120 mg (67%)
of 4laas a 3/2 mixture of theH) and ¢) isomers. trans-40a H
NMR 6 1.39 (d,J = 7.4 Hz, 3 H), 3.12 (dg) = 7.4, 4.6 Hz, 1 H),
3.82 (s, 3 H), 3.87 (d) = 4.6 Hz, 1 H), 7.47.5 (m, 1 H), 7.6-7.7
(m, 2 H), 7.78 (dJ = 7.6 Hz, 1 H);23C NMR 6 15.17, 45.92, 52.13,

52.56, 124.08, 126.28, 128.76, 134.99, 135.64, 149.42, 172.23, 206.16;

IR (neat) 1722 cmt; high-resolution MS calcd for GH;,0; 204.0786,
found 204.0790. The following signals were discernible di40a

1H NMR ¢ 1.28 (d,J = 7.4 Hz, 3 H), 3.01 (pJ = 7.7 Hz, 1 H), 3.71
(s, 3H), 4.41 (dJ = 4.6 Hz, 1 H), 7.81 (dJ = 7.7 Hz, 1 H). (2)-
4la H NMR ¢ 1.73 (dd,J = 7.05, 1.8 Hz, 3 H), 3.87 (s, 3 H), 5.84
(dg,J = 11.6, 7.05 Hz, 1 H), 6:87.0 (m, 1 H), 7.2-7.6 (m, 3 H),
7.9-8.0 (m, 1 H);*3C NMR ¢ 14.27, 51.92, 126.22, 126.54, 129.26,
129.61, 130.41, 130.85, 131.46, 138.79, 167.73; IR (neat) 1722 cm
high-resolution MS calcd for ZH;,0, 176.0837, found 176.0839. The
following signals were discernible f¢E)-41a H NMR 6 1.92 (dd,
J=6.6,1.7 Hz, 3 H), 3.89 (s, 3 H), 6.15 (dgj= 15.6, 6.6 Hz, 1 H),
7.1-7.2 (m, 1 H), 7.27.6 (m, 3 H), 7.83 (ddJ = 7.8, 1.3, 1 H).
Under Conditions IV (40 atm of CO, 10TC, 6 h, benzeneR4 (244
mg, 1.0 mmol) gaveOain 34% yield along with a 57% yield ofla
Under Conditions IV (40 atm of CO, 10, 24 h,i-PrOH (4 equiv),
benzene),24 (244 mg, 1.0 mmol) gave 3-(isopropoxycarbonyl)-2-
methyl-2,3-dihydro-H-indenone 40b) in 63% NMR yield along with

a 15% vyield of isopropyl 2-(propenyl)benzoate4b) and a 13%
yield of 39. Chromatography on silica gel (90/I1®pentane/ED)
afforded 128 mg (55%) ofOb as a single isomertrans-40b: H NMR

0 1.31(d,J=6.3Hz, 6 H),1.39 (d)=7.3 Hz, 3H), 3.12 (dgJ =
7.3, 4.5 Hz, 1 H), 3.81 (d] = 4.5 Hz, 1 H), 5.12 (sept] = 6.25 Hz,
1H),7.4-75(m, 1H),7.6-7.75(m, 2 H), 7.78 (d) = 7.7, 1 H);*°C
NMR ¢ 15.08, 21.76, 21.80, 45.79, 52.41, 69.06, 124.04, 126.06,
128.63, 134.89, 135.65, 149.75, 171.18, 206.41; IR (neat) 1722 cm
high-resolution MS calcd for GH1603 232.1099, found 232.1104.

(h) Carbonylation of 25. Under Conditions IV (40 atm of CO,
100°C, 24 h,i-PrOH (4 equiv), benzene25 (244 mg, 1.0 mmol) did
not yield monomeric cyclization products.

Preparation of o-Alkene-Containing Aryl lodides 42, 43, 49, and
53—-57. (a) 2-(1-Hydroxy-2'-propenyl)-1-iodobenzene (42).Com-
pound42 was prepared according to a reported proceéure.

(b) 2-(2-(Hydroxymethyl)-3'-butenyl)-1-iodobenzene (43).Using
the procedure described for the preparatior2f® except that ethyl
crotonate was used in place of 1-carbomethoxycyclohexene,ceiloy!
iodobenyl)vinylacetate was obtained. Its reduction vidBU,AIH (3
equiv, —78 °C, 10 min) gave43 in 46% vyield after chromatography
on silica gel (90/10 pentane&&t): *H NMR § 1.64 (bs, 1 H), 2.55
2.8 (m, 2 H), 2.89 (ddJ = 13.3, 6.55 Hz, 1 H), 343.8 (m, 2 H),
5.0-5.2 (m, 2 H), 5.655.85 (m, 1 H), 6.86.95 (m, 1 H), 7.+7.3
(m, 2 H), 7.81 (dJ = 7.8 Hz, 1 H);13C NMR 6 41.64, 46.69, 64.60,

Et,O, washed with agueous NaHGQiried over MgS@, and evapo-
rated. Chromatography on silica gel (3ithexane/pentane) afforded
5.24 g (83%) of a 1:1 mixture dd3aand53b. *H NMR 6 2.8-3.8
(m, 19 H), 6.6-7.4 (m, 9 H), 7.7#7.9 (m, 2 H).

(e) Methyl (E)-4-(2-lodophenyl)-2-butenoate (54). Reduction of
1-(2-iodophenyl)-2-propyne (1.96 g, 8.1 mmol) witfBu,AlH (1.05
equiv, 25°C, 16 h) followed by treatment with methyl chloroformate
(2.30 g, 24.3 mmol, 0 to 28C, 3 h) afforded, upon quenching with
H,O (2 mL), 1.50 g (61%) ob4 after chromatography on silica gel
(83/17 hexane/E0): *H NMR ¢ 3.63 (dd,J = 6.5, 1.5 Hz, 2 H), 3.70
(s, 3 H),5.79 (dtJ = 15.6, 1.6 Hz, 1 H), 6.92 (di] = 7.6, 1.8 Hz, 1
H), 7.05 (dt,J = 15.6, 6.5 Hz, 1 H), 7.17 (ddl = 7.6, 1.8 Hz, 1 H),
7.29 (dt,d = 7.4, 1.2 Hz, 1 H), 7.82 (dJ = 8.0 Hz, 1 H);3C NMR
0 43.75,52.04, 101.20, 123.11, 129.11, 130.43, 140.17, 141.14, 146.37,
167.22; IR (neat) 1718 cr.

(f) Ethyl (E)-5-(2-lodophenyl)-2-pentenoate (55).This compound
was prepared in 69% vyield as described in the preparati&d aking
4-(2-iodophenyl)-1-butynefde supra preparation oR1g) in place
of 3-(2-iodophenyl)-1-propyneiH NMR 6 1.28 (t,J = 7.3 Hz, 3 H),
2.4-2.6 (m, 2 H), 2.8-2.95 (m, 2 H), 4.19 (¢ = 7.3 Hz, 2 H), 5.8
5.95 (m, 1 H), 6.8-6.95 (m, 1 H), 6.957.1 (m, 1 H), 7.£7.35 (m,

2 H), 7.75-7.85 (m, 1 H);13C NMR 6 14.42, 32.70, 39.41, 60.34,
122.19, 128.21, 128.57, 129.48, 139.71, 143.40, 147.49, 166.57.

(9) (2)-2-(3-(Trimethylsilyl)-2 '-propenyl)-1-iodobenzene (56).
Reduction of 1-(2iodophenyl)-3-(trimethylsilyl)-2-propyrié (0.90 g,
2.90 mmol) withi-BuAlH (1.5 equiv, 40°C, 18 h) gaveb56 after
chromatography on silica geh{hexane):*H NMR ¢ 0.18 (s, 9 H),
3.57 (d,J = 7.0 Hz, 2 H), 5.73 (dtJ = 14.0, 1.4 Hz, 1 H), 6.38 (dt,
J=14.0,7.0Hz,1H), 6.89 (dd=7.2,1.6 Hz, 1 H), 7.157.35 (m,

2 H), 7.82 (d,J = 7.8 Hz, 1 H);13C NMR § 0.78, 44.82, 101.52,
128.49, 128.90, 129.69, 132.00, 139.92, 143.59, 145.63; IR (neat) 1606
(s), 1464 (s), 1436 (s), 1248 (s), 1012 (s), 838 (S), 746 (s)-chigh-
resolution MS calcd for @H17Si 316.0144, found 316.0141.

(h) (E)-1-(tert-Butyldimethylsilyl)oxy)-5-(2'-iodophenyl)-2-pentene
(57). A solution of 2-iodobenzyl bromide (5.94 g, 20 mmol) in THF
(20 mL) was treated with a solution of allenylmagnesium bromidtie(
suprg preparation oR18) and heated at reflux for 10 h. The reaction
mixture was quenched with aqueous MH extracted with BO,
washed with aqueous NaHGQdried over MgS@ and evaporated.
Chromatography on silica gel (99ftpentane/ED) afforded 5.10 g
(99%) of 4-(2-iodophenyl)-1-butynelH NMR 6 1.97 (t,J = 2.6 Hz,
1H), 2.46 (dtJ=7.5, 2.6 Hz, 2 H), 2.92 (1) = 7.5 Hz, 2 H), 6.8
6.95 (m, 1 H), 7.2-7.3 (M, 2 H), 7.78 (dJ = 8.3 Hz, 1 H);23C NMR
0 19.01, 39.51, 69.27, 83.04, 100.25, 129.16, 129.67, 139.35, 142.49.
Reduction of 4-(2iodophenyl)-1-butyne (5.10 g, 19.9 mmol) with
i-BuzAlH (1.05 equiv, 25°C, 10 h) followed by treatment with ethyl
chloroformate (5.71 mL, 59.7 mmol, @ then 25°C, 2 h) gave 5.65
g (86%) of ethyl E)-4-(2-iodophenyl)-2-butenoate. A portion of this
crude product (651 mg, 1.97 mmol) in @i, was treated with-Bu,-
AlH (0.81 mL, 4.55 mmol, 0°C, 1 h). The reaction mixture was
guenched with NELCI, extracted with EO, washed with NaHC@dried
over MgSQ, and evaporated to give 567 mg (100%) &)-@-(2-
iodophenyl)-2-buten-1-ol. A mixture oE}-4-(2-iodophenyl)-2-buten-
1-ol (394 mg, 1.37 mmol}ert-butylchlorodimethylsilane (248 mg, 1.65
mmol), and imidazole (100 mg, 2.06 mmol) in DMF (2 mL) was stirred
at 25°C for 1 h. The reaction mixture was diluted withpentane,
extracted with HO, dried over MgSQ@ and evaporated. Chromatog-

101.00, 117.71, 127.94, 127.98, 130.60, 138.51, 139.51, 142.33; IRraphy on silica gel (8/h-pentane/ED) afforded 535 mg (97%) &7

(neat) 3346 (bs), 1030 (s) cth high-resolution MS calcd for GH1z-
10 289.0089, found 289.0080.

(c) 2-(2-(tert-Butyldimethylsilyloxy)-2'-propenyl)-1-iodobenzene
(49). Compound49was prepared according to a reported procedure.

(42) Floyd, M. B.; Allen, G. RJ. Org. Chem 197Q 35, 2847.

H NMR 6 0.52 (s, 6 H), 0.90 (s, 9 H), 2.282.4 (m, 2 H), 2.72.85

(m, 2 H), 4.05-4.2 (m, 2 H), 5.55.8 (m, 2 H), 6.8-6.9 (m, 1 H),
7.1-7.3 (m, 2 H), 7.76 (dJ = 7.7 Hz, 1 H);:*C NMR 6 —5.11, 18.39,
25.98, 32.60, 40.44, 63.82, 100.54, 127.65, 128.18, 129.30, 129.53,
130.08, 139.38, 144.26; IR (neat) 1462 (s), 1262 (s)*¢rhigh-
resolution MS calcd for GH;71Si 316.0114, found 316.0141.



Carbonylatve Cyclization of 1-lodo-2-alkenylbenzenes

Pd-Catalyzed Carbonylation of o-lodo-w-alkenylbenzenes Con-
taining Heteroatom Substituents (Schemes 5 and 6). (a) Carbon-
ylation of 42. Under Conditions Il (40 atm of CO, 10%C, 20 h),
where a 1:1 mixture of acetonitrile/benzene was used in place of DMF,
42 (260 mg, 1.0 mmol) gave 3-ethylidene-1-isobenzofuranddgit
90% vyield along with a 3% yield of 3,3a,8b-trihydro-2,#-hdeno-
[1,2-b]furandione &6). 44-E):3* 'H NMR ¢ 2.01 (d,J = 7.2 Hz, 3
H), 5.67 (9, = 7.2 Hz, 1 H), 7.47.55 (m, 1 H), 7.557.75 (m, 2 H),
7.86 (d,J= 7.7 Hz, 1 H);*3C NMR ¢ 11.29, 104.23, 119.58, 124.33,
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25.67, 30.11, 49.79, 54.49, 73.87, 122.94, 125.14, 128.78, 134.86,

135.50, 153.97, 154.14, 171.98, 202.09; IR (neat) 1718cnThe

following signals were discernible for theésisomer: *H NMR 6 0.14

(s, 3 H), 0.17 (s, 3 H), 0.84 (s, 9 H), 3=B.3 (m, 1 H), 3.60 (s, 3 H),

5.51 (d,J = 6.0 Hz, 1 H);*3C NMR (17.88, 25.61, 29.71, 49.52, 49.64,

70.27,123.44, 126.24, 129.26, 134.78, 135.44, 153.97, 172.91, 204.72.
(d) Carbonylation of 53a and 53b. Under Conditions IV (40 atm

of CO, 100°C, 15 h, 4 equiv ot-BuOH DMF), a 1:1 mixture o63a

and53b (374 mg, 1.0 mmol) gave 125 mg (46%) of 2-((methoxycar-

125.14, 129.32, 134.29, 139.48, 146.36, 167.13. The fOIlOWing Signals bony|)methy|)-2_(2_methoxycarbony|viny|)-1_indan0n6@ after chro-

were discernible fo#4-@Z): H NMR 6 2.15 (d,J = 7.9 Hz, 3 H),
5.92(q,d =7.2 Hz, 1 H), 7.56 (t) = 7.5 Hz, 3 H), 7.77.8 (M, 2 H),
7.86 (m, 1 H), 7.86 (dJ = 7.9 Hz, 1 H), 7.94 (dJ = 7.7 Hz, 1 H).
An authentic sample of6 was prepared by heating at 30 a mixture
of 50 (50 mg, 0.15 mmolyide infra for preparation) and pyridinium
p-toluenesulfonate (0.3 equiv) in GBIH for 24 h. The reaction mixture
was evaporated, diluted with £, washed with KO, dried over

matography on silica gel (1M-pentane/ED): *H NMR 6 3.37 (d,J
=17.3Hz, 1 H), 3.72 (s, 3 H), 3.76 (s, 3 H), 3.91 (&= 17.3 Hz, 1

H), 5.97 (d,J = 16 Hz, 1 H), 7.3-7.85 (m, 5 H);*3C NMR ¢ 37.93,
52.28, 53.89, 63.12, 122.72, 125.91, 126.88, 128.76, 134.26, 136.44,
144.49, 152.61, 166.59, 169.89, 198.66.

(e) Carbonylation of 54. Under Conditions IV (40 atm of CO,
100°C, 10 h, DMF),54 (302 mg, 1.0 mmol) gave methyl 2-(2-(2,3-

MgSQ,, and evaporated. Chromatography on silica gel (90/10 pentane’dihydro-1-oxo-H-indenyl))malonate H9) in 23% NMR yield along

Et,0) gave 23 mg (71%) of a 1/4 mixture 46 and 2trans-((methoxy-
carbonyl)methyl)-3-hydroxy-1-indanoneH NMR ¢ 2.67 (dd,J =
18.0, 10 Hz, 1 H), 2.752.9 (m, 1 H), 3.20 (ddJ) = 18.0, 4.0 Hz, 1
H), 3.73 (s, 3 H), 4.15 (bs, 1 H), 5.11 (@= 6.0 Hz, 1 H), 7.47 (]
= 7.5 Hz, 1 H), 7.6-7.8 (m, 3 H);23C NMR ¢ 32.70, 52.17, 54.24,

with methyl 1-hydroxy-2-naphthoate6@) (25%), 12 (10%), 4-(2-
(methoxycarbonyl)phenyl)-3-butenoa&lg) (12%), and 4-(2(meth-
oxycarbonyl)phenyl)-2-butenoat&ib) (3%) obtained in the yields
indicated in parentheses. Chromatography on silica gel (88H&x-
ane/E40) afforded 57 mg (22%) 089, 50 mg (25%) of60,3 11 mg

74.39, 123.00, 125.44, 129,07, 135.22, 135.29, 153.17, 173.96, 201.8L(59¢) of 12, and 37 mg of a mixture o1 (12%) ande1b (3%). 59

The following signals were discernible fd6: *H NMR ¢ 3.06 (dd,J
=19.0, 12.5 Hz, 1 H), 3.553.65 (m, 2 H), 6.00 (dJ = 6.7 Hz, 1 H);
13C NMR 9 31.03, 45.69, 79.06, 124.34, 127.48, 131.06, 135.98, 136.07,
149.57,174.78, 202.42. Under Conditions IV (40 atm of CO, X00
20 h, a 1:1 mixture of acetonitrile/benzend}, (260 mg, 1.0 mmol)
gave44in 65% NMR yield along with a 24% vyield o45 and a 3%
yield of 46. 4539 H NMR 6 1.23 (t,J = 7.2 Hz, 3 H), 2.81 (qJ =
7.2Hz, 2 H),3.89(s,3H),737.4(m, 1 H), 7.47.6 (m, 2 H), 7.85
7.95 (m, 1 H).

(b) Carbonylation of 43. Under Conditions Il (40 atm of CO, 100
°C, 20 h, benzene}3 (288 mg, 1.0 mmol) gave 3-vinyl-3,4,5-trihydro-
2-benzoxepin-1-one4g) in 31% NMR vyield along with a 36% yield
of 4,4a,10,10a-tetrahydro-3,44naphtho[2,3]pyrandione 48). Chro-
matography on silica gel (90/I®pentane/ED) afforded 58 mg (31%)
of 47, and further elution (80/20 Ci€I,/Et,0) afforded 75 mg (35%)
of 48. trans-47: 'H NMR 6 2.4-2.6 (m, 1 H), 2.73.3 (m, 5 H),
4.19 (t,J = 11.15 Hz, 1 H), 4.52 (dd) = 11.15, 4.5 Hz, 1 H), 7.2
7.45 (m, 2 H), 7.57.6 (m, 1 H), 7.958.05 (m, 1 H);*3C NMR ¢

29.69, 30.62, 35.33, 45.06, 72.60, 127.44, 127.56, 128.99, 131.30,

134.25, 140.88, 169.49, 195.63; IR (neat) 1743, 1690'crhigh-
resolution MS calcd for GH1,0; 216.0786, found 216.0781. The
following signals were discernible for thisisomer: 13C NMR 6 28.72,

H NMR 6 3.1-3.5 (m, 3 H), 3.66 (s, 3 H), 3.82 (s, 3 H), 4.16 (,
=5.0 Hz, 1 H), 7.38 (dtJ = 7.4, 1.0 Hz, 1 H), 7.47 (dJ = 7.8 Hz,
1H),761(dtJ=7.4,12Hz 1H), 777 (dJ=7.6,1.0 Hz, 1 H);

13C NMR 9 31.14, 46.91, 51.86, 53.13, 53.30, 124.52, 126.94, 128.01,
135.44, 136.59, 153.64, 168.63, 169.57, 205.02; high-resolution MS
caled for G4H140s 203.0708, found 203.069760:* *H NMR 6 3.96

(s, 3 H), 6.55-6.7 (m, 2 H), 6.76.85 (m, 2 H), 6.856.9 (m, 2 H),
8.15-8.25 (m, 1 H), 11.98 (s, 1 H}3C NMR 6 52.23, 105.53, 118.55,
123.82,124.17, 124.70, 125.70, 127.41, 129.44, 137.14, 160.87, 171.38.
6la 'H NMR 6 3.32 (dd,J = 7.0, 1.6 Hz, 1 H), 3.73 (s, 3 H), 3.90

(s, 3H), 6.22 (dtJ = 15.8, 7.1 Hz, 1 H), 7.257.4 (m, 2 H), 7.47 (dt,
J=7.4,1.6 Hz, 1 H), 7.57 (dd] = 7.8, 1.4 Hz, 1 H), 7.87 (d) =

7.8, 1.4 Hz, 1 H);**C NMR ¢ 38.76, 52.42, 52.57, 124.95, 127.70,
127.99, 130.87, 132.61, 139.17, 148.34, 168.27, 172.49. The following
signals were discernible f&1lb: *H NMR 6 3.7 (s, 3 H), 3.88 (s, 3

H), 5.74 (dt,J = 15.6, 1.7 Hz, 1 H), 7.15 (df] = 15.8, 6.6 Hz, 1 H),
7.47 (d,J=7.8 Hz, 1 H), 7.61 (dtJ = 7.4, 1.2 Hz, 1 H), 7.77 (dd]
=7.96, 1.5 Hz, 1 H).

(f) Carbonylation of 55. Under Conditions Il (40 atm of CO, 100
°C, 10 h, DMF),55 (402 mg, 1.0 mmol) gave a 17% NMR yield of
1-(ethoxycarbonyl)methyleneindan@:* a 1/1 mixture of theE and
Zisomers:*H NMR 6 1.25 (t,J = 7.2 Hz, 3 H), 1.32 (tJ = 7.2 Hz,

28.88, 32.33, 35.33, 45.06, 72.60, 127.44, 127.56, 128.99, 131.30,4 H), 2.9-3.15 (m, 2 H), 3.2-3.35 (m, 2 H), 3.36 (s, 2 H), 3.57 (s, 2

134.47, 140.89, 195.8548: 'H NMR 6 2.77 (dd,J = 13.15, 5.15 Hz,

1 H), 2.9-3.15 (m, 2 H), 3.91 (dd) = 12.2, 6.65 Hz, 1 H), 4.18 (dd,
J=12.2,5.55 Hz, 1 H), 5.055.15 (m, 2 H), 5.7-5.85 (m, 1 H), 7.22
(d,J=7.4Hz, 1 H), 7.38 (tJ = 7.5 Hz, 1 H), 7.457.55 (m, 1 H),
7.74 (d,J= 7.5, 1 H);3C NMR ¢ 35.75, 43.08, 70.02, 116.75, 127.53,

H), 4.1-4.3 (m, 4 H), 6.30 (t) = 2.5 Hz, 1 H), 6.42 (s, 1 H), 7-17.6

(m, 8 H); °C NMR ¢ 14.33, 14.58, 30.73, 31.28, 34.28, 38.06, 59.82,
60.99, 107.80, 119.27,121.74, 123.89, 124.96, 125.76, 126.25, 126.89,
130.96, 131.77, 140.09, 144.17, 144.59, 149.59, 163.09, 167.68, 171.11.
Under Conditions IV (40 atm of CO, 10T, 10 h, DMF),55 (402

cm%; high-resolution MS calcd for £H;,0, 188.0837, found 188.0841.

(c) Carbonylation of 49. Under Conditions Il (40 atm of CO, 100
°C, 18 h, DMF),49 (374 mg, 1.0 mmol) gave 3ifrt-butyldimethyl-
silyl)oxy)-2-methylene-2,3-dihydroH-inden-one %1) in 25% NMR
yield. Chromatography on silica gel (86/tdhexane/E) afforded
57 mg (20%) of51:31 'H NMR ¢ 0.19 (s, 3 H), 0.25 (s, 3 H), 0.96 (s,
9 H), 5.67 (bs, 1 H), 6.43 (d] = 2.2 Hz, 1 H), 7.48 (dt) = 7.2, 1.0
Hz, 1 H), 7.63 (dJ = 6.8 Hz, 1 H), 7.69 (dtJ = 7.2, 1.2 Hz, 1 H),
7.85 (d,J = 7.6 Hz, 1 H);'%C NMR 6 —3.36, 18.58, 26.26, 70.58,

carbonyl)phenyl)-2-pentanoaté3) along with a 13% yield of ethyl
methyl 2-(1-tetralone)malonaté2), obtained as a 1:1 mixture of two
diastereomers. Chromatography on silica gel (6/1 penta@)Et
afforded 194 mg (78%) d83 and 27.6 mg (13%) o2a *H NMR 6
1.27 (t,J=7.2Hz,3 H),1.31 (tJ = 7.2 Hz, 3H), 2.:2.3 (m, 4 H),
2.9-3.2 (m, 4 H), 3.3-3.45 (m, 2 H), 3.76 (s, 3 H), 3.81 (s, 3 H),
3.95-4.1 (m, 2 H), 4.23 () = 7.2 Hz, 2 H), 4.26 (q) = 7.2 Hz, 2
H), 7.2-7.4 (m, 2 H), 7.47.55 (m, 1 H), 7.657.75 (m, 2 H), 8.10
(d, J= 7.9 Hz, 1 H); IR (neat) 1734, 1684 cth high-resolution MS

121.14,124.32,126.32, 129.80, 135.87, 137.84, 149.07, 152.45, 191.83¢alcd for GgH150s 290.1154, found 290.115063a *H NMR 6 1.28

IR (neat) 1718 cm'. Under Conditions IV (40 atm of CO, 10,
18 h, a 1:1 mixture of acetonitrile/benzendy (374 mg, 1.0 mmol)
gave 2-((methoxycarbonyl)methyl)-3-((dimethg-butylsilyl)oxy)-1-
indanone %0) in 75% NMR yield as a 3/1 mixture of tieansandcis
isomers. Chromatography on silica gel (83ftAexane/E0) afforded
231 mg (69%) 060° as a 74/26 mixture of thigansandcis isomers.
Data for thetrans isomer: *H NMR ¢ 0.18 (s, 3 H), 0.26 (s, 3 H),
0.46 (s, 9 H), 2.#3.2 (m, 3 H), 3.65 (s, 3 H), 5.23 (d,= 4 Hz, 1 H),
7.4-7.7 (m, 3 H), 7.77.9 (m, 1 H);33C NMR 6 —4.24,—4.08, 17.89,

(t, J=7.0 Hz, 3 H), 2.42.6 (m, 2 H), 3.05-3.2 (m, 2 H), 3.88 (s, 3

H), 4.18 (g, = 7.0 Hz, 2 H), 5.84 (dJ = 16.4 Hz, 1 H), 6.957.1

(m, 1 H), 7.15-7.35 (m, 2 H), 7.357.5 (m, 1 H), 7.90 (dJ = 8.1

Hz, 1 H);*C NMR ¢ 14.13, 32.97, 33.93, 51.82, 59.98, 121.56, 126.16,
129.13, 130.78, 130.86, 132.02, 142.69, 148.09, 166.42, 167.55; IR
(neat) 1718 cm?; high-resolution MS calcd for gH1504 262.1205,

(43) Broom, N. J. P.; Sammes, PJJChem Soc, Perkin Trans1 1981,
465.
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found 262.1208. Using-BUOH (4 equiv) in place of MeOH in the
procedure described abow&Zb was obtained in 40% NMR yield.

(g) Carbonylation of 56. Under Conditions Il (40 atm of CO, 100
°C, 17 h, DMF),56 (316 mg, 1.0 mmol) gave 2-((trimethylsilyl)-
methylene)-2,3-dihydroH-inden-1-one§5) in 15% NMR yield along
with a 52% vyield of 1-naphthol66). Chromatography on silica gel
(80/20n-hexane/E0) afforded 36 mg (17%) d85 and 75 mg (52%)
of 66. 65 E/Z=97/3,'H NMR ¢ 0.26 (s, 9 H), 3.76 (bs, 2 H), 7.09
(t, J=1.8 Hz, 1 H), 7.357.65 (m, 3 H), 7.89 (dJ = 7.6 Hz, 1 H);
13C NMR ¢ —0.44, 32.77, 125.39, 126.83, 128.07, 135.28, 136.71,
138.29, 149.97, 150.47, 192.80; high-resolution MS calcd feH G-
OSi 217.1049, found 217.1042. Under Conditions IV (40 atm of CO,
100°C, 18 h, DMF),56 (316 mg, 1.0 mmol) gavé2 in 35% NMR
yield along with a 40% vyield of 1-naphtha€). Chromatography on
silica gel (75/25n-hexane/E0) afforded 70 mg (34%) of2 and 54
mg (38%) of66.

(h) Carbonylation of 57. Under Conditions Il (40 atm of CO, 100
°C, 10 h, DMF),57 (402 mg, 1.0 mmol) gave a 73% NMR vyield 67
as a 1:1 mixture of two diastereomers along with a 24% yield of
2-(formylmethyl)-1-tetraloneg@). The following signals were assign-
able toE-67: *H NMR 6 0.14 (s, 6 H), 0.91 (s, 9H), 1-2.3 (m, 2
H), 2.9-3.2 (m, 3 H), 5.21 (ddJ = 12.0, 8.1 Hz, 1 H), 6.37 (d] =
12.0 Hz, 1 H), 7.£7.6 (m, 3 H), 7.958.2 (m, 1 H);%C NMR ¢
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1 M HCI (0.6 mL), and THF (1.2 mL) was stirred at 2& for 1 h,
diluted with ExO, washed with NaHCg) dried over MgS@ and
evaporated. Analysis of the crude reaction mixture by NMR
spectroscopy indicated the formation @8 in 83% vyield. Chroma-
tography on silica gel (6:h-pentane/ED) afforded 150 mg (80%) of
68 HNMR 6 1.9-2.1 (m, 1 H), 2.15-2.35 (m, 1 H), 2.45-2.65 (m,
1H),29-31(m, 1H),3.+33(m,3H),7.274(m, 2 H), 7.4
7.55 (m, 1 H), 8.02 (dJ = 8.2 Hz, 1 H), 9.92 (dJ = 1.1 Hz, 1 H);
3C NMR 6 29.29, 29.41, 43.24, 126.68, 127.45, 128.74, 131.91, 133.52,
143.98, 198.36, 200.61; high-resolution MS calcd forHz.O-
188.0837, found 188.0835.
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133.18, 142.75. The following signals are discernible Ze67: H
NMR 6 3.6-3.9 (m, 2 H), 3.954.05 (m, 1 H), 4.45 (dJ = 5.8 Hz,
1H),4.78 (ddJ=8.0, 5.8 Hz, 1 H). A mixture of the crude products,
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