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Abstract: Palladium-catalyzed cross-coupling reactions have been investigated in multicatalytic processes
to synthesize disubstituted alkenes and alkanes from carbonyl derivatives. The use of copper-catalyzed
methylenation reactions is the key starting reaction to produce terminal alkenes which are not isolated, but
submitted to further structure elongation. Not only is the isolation of the alkene intermediate unnecessary,
but also the copper catalyst is a beneficial cocatalyst in the palladium-catalyzed cross-coupling reactions.
The desired products are thus typically obtained in higher yields using this one-pot approach. We have
used these processes to synthesize hydroxylated (E)-stilbenoids, which are known chemopreventive and
chemotherapeutic agents, odorant-substituted indanes, and non-natural amino acids, such as homophe-
nylalanine.

Introduction importance, because of the predominance of these bonds in
organic molecules.

One-pot strategies are well-known in organic synthesis as .
Recently, our group has disclosed novel one-pot procedures

efficient processes to access complex molecules without isolat- - -
ing intermediated.More recently, the use of transition-metal- based on the trans|t|on-metall-catalyzed methylenation of car-
catalyzed reactions has further improved these procédses. bonyl compounds. Both rhodium(l) and copper(l) complexes
instance, one metal complex can be used to catalyze more tharffatalyzed the formation of methylenetriphenylphosphorane in
one reaction, or various metal complexes could be addedthe Presence of (trimethylsilyl)diazomethane, 2-propanol, and
concomitantly or sequentially to achieve various transformations, tfiPhenylphosphiné This reagent performed the methylenation
without isolation of intermediate species. These types of Of @ldehyde and ketone substrates to produce the corresponding
processes have been called tandem catalygiseudodomino terminal alkenes in high yields and chemoselectivity. We have

strategie®l or multicatalytic cascadé/sn any case, all of these -

. . . (3) Selected examples: (a) Murelli, R. P.; Snapper, MOLg. Lett.2007, 9,
processes eliminate intermediate recovery steps, thereby con-"" 1749°1752. (b) Poe, S. L.; Kobaslija, M.; McQuade, D.JT.Am. Chem.
siderably decreasing the amount of generated V\?dﬂm:eover Soc.2006 128 15586-15587. (c) Onodera, G.; Nishibayashi, Y.; Uemura,
. y .g 9 . ! S.Angew. Chem., Int. E@006 45, 3819-3822. (d) Leclerc, J. P.; Andre,
it has been shown in many cases that the overall yields for one- M.; Fagnou, K.J. Org. Chem2006 71, 1711-1714. () Ackermann, L.;

i i i _hv- Althammer, A.Synlett2006 3125-3129. (f) Lofberg, C.; Grigg, R.; Keep,
pot procedures are hlgher than those obtained with step by A.; Derrick, A.; Sridharan, V.; Kilner, CChem. Commur2006 5000~
step procedures. Among the one-pot processes, the ones that 5002. (g) Guo, R. W.; Morris, R. H.; Song, D. Am. Chem. So®005

H ; ~ 127,516-517. (h) Guo, R. W.; Morris, R. H.; Song, D. Am. Chem. Soc.
allow the formation of multiple €C bonds are of great 2005 127, 516-517. (i) Deng. L.: Giessert. A J.- Geriitz, O. O.: Dai, X.
Diver, S. T.; Davies, H. M. LJ. Am. Chem. So2005 127, 1342-1343.

(1) (a) Chapman, C. J.; Frost, C. Synthesi2007, 1-21. (b) Nicolaou, K. (j) Yamamoto, Y.; Hayashi, H.; Saigoku, T.; Nishiyama, HAm. Chem.
C.; Edmonds, D. J.; Bulger, P. @ngew. Chem., Int. EQ006 45, 7134— S0c.2005 127, 10804-10805. (k) Kressierer, C. J.; Muller, T. J Angew.
7186. (c) Pelissier, HTetrahedron2006 62, 2143-2173. (d) Pellissier, Chem., Int. Ed2004 43, 5997-6000. () Chae, J. H.; Yun, J. S.; Buchwald,
H. Tetrahedron2006 62, 1619-1665. () Guo, H. C.; Ma, J. AAngew. S. L. Org. Lett.2004 6, 4809-4812. (m) Siebeneicher, H.; Bytschkov, I.;
Chem., Int. Ed2006 45, 354-366. (f) Domling, A.Chem. Re. 2006 Doye, S.Angew. Chem., Int. EQ003 42, 3042-3044. (n) Nishibayashi,
106, 17—-89. (g) Broadwater, S. J.; Roth, S. L.; Price, K. E.; Kobaslija, Y.; Yoshikawa, M.; Inada, Y.; Milton, M. D.; Hidai, M.; Uemura, 8ngew.

M.; McQuade, D. TOrg. Biomol. Chem2005 3, 2899-2906. (h) Ulaczyk- Chem., Int. Ed2003 42, 2681-2684. (0) Thorimbert, S.; Giambastiani,
Lesanko, A.; Hall, D. GCurr. Opin. Chem. Biol2005 9, 266-276. (i) G.; Commandeur, C.; Vitale, M.; Poli, G.; Malacria, Eur. J. Org. Chem.
Ramon, D. J.; Yus, MAngew. Chem., Int. EQ005 44, 1602-1634. (j) 2003 2702-2708. (p) Lemaire, S.; Prestat, G.; Giambastiani, G.; Madec,
Tietze, L. F.; Rackelmann, NPure Appl. Chem2004 76, 1967-1983. D.; Pacini, B.; Poli, G.J. Organomet. ChenR003 687, 291-300. (q)

(k) Catellani, M.Synlett2003 298-313. (I) Pamies, O.; Backvall, J. E. Cossy, J.; Bargiggia, F.; BouzBouz, Srg. Lett.2003 5, 459-462. (r)
Chem. Re. 2003 103 3247-3261. (m) McCarroll, A. J.; Walton, J. Q. Poli, G.; Giambastiani, GJ. Org. Chem2002 67, 9456-9459. (s) Son,
Chem. Soc., Perkin Trans.2D01, 3215-3229. (n) Parsons, P. J.; Penkett, S. U,; Park, K. H.; Chung, Y. KJ. Am. Chem. So@002 124, 6838-

C. S.; Shell, A. JChem. Re. 1996 96, 195-206. (0) Tietze, L. FChem. 6839. () Park, K. H.; Son, S. U.; Chung, Y. Rrg. Lett.2002 4, 4361~

Rev. 1996 96, 115-136. 4363. (u) Ko, S.; Lee, C.; Choi, M. G.; Na, Y.; Chang,}5.0rg. Chem.

(2) Reviews: (a) Dragutan, V.; DragutanJl.Organomet. Chen2006 691, 2002 68, 1607-1610. (v) Jeong, N.; Seo, S. D.; Shin, J.)Y Am. Chem.
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413-422. (d) Wasilke, J. C.; Obrey, S. J.; Baker, R. T.; Bazan, &@m. (4) These terms have been essentially defined to address mechanistic implica-
Rev. 2005 105, 1001-1020. (e) Ajamian, A.; Gleason, J. Angew. Chem., tions of these various one-pot processeses; for additional discussions, see:
Int. Ed. 2004 43, 3754-3760. (f) Fogg, D. E.; dos Santos, E. Soord. Seigal, B. A.; Fajardo, C.; Snapper, M. I. Am. Chem. So2005 127,
Chem. Re. 2004 248 2365-2379. (g) Prestat, G.; Poli, &hemtracts 16329-16332 and references therein.

2004 17, 97—103. (h) Lee, J. M.; Na, Y.; Han, H.; Chang, Ghem. Soc. (5) Bruggink, A.; Schoevaart, R.; Kieboom, Org. Process Res. e2003
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also reported multicatalytic processes for the synthesis of
alkenes, using an oxidatiermethylenation procedure and a
methylenatior-metathesis procedure with the sequential addi-
tion of various palladium, rhodium, and ruthenium complexes
(Scheme 1Y.Furthermore, we have shown that we could take
advantage of the dual activity of Wilkinson’s catalyst with both
carbonyl derivatives and alkene derivatives. Indeed, one-pot
procedures involving rhodium-catalyzed methylenatibg-
droboration reactiofsand rhodium-catalyzed methylenatien
hydrogenatiof reactions have been described (Scheme 2).

The one-pot processes that we have reported thus far are based ACO\(")/\O

on the rhodium-catalyzed methylenation reaction. Given the
recently developed copper-catalyzed methylenation rea@tion,
and the known ability of copper complexes to serve as
cocatalysts in palladium-catalyzed cross-coupling reactions,

(6) (a) Lebel, H.; Paquet, V.; Proulx, @ngew. Chem., Int. EQ2001, 40,
2887-2890. (b) Grasa, G. A.; Moore, Z.; Martin, K. L.; Stevens, E. D.;
Nolan, S. P.; Paquet, V.; Lebel, H. Organomet. Chen2002 658 126—
131. (c) Lebel, H.; Paquet, \Org. Lett.2002 4, 1671-1674. (d) Lebel,
H.; Guay, D.; Paquet, V.; Huard, KOrg. Lett.2004 6, 3047-3050. (e)
Lebel, H.; Paquet, VOrganometallics2004 23, 1187-1190. (f) Lebel,
H.; Paquet, V.J. Am. Chem. SoQ004 126, 320-328. (g) Paquet, V.;
Lebel, H. Synthesis2005 1901-1905. (h) Lebel, H.; Davi, M.; Diez-
Gonzalez, S.; Nolan, S. B. Org. Chem2007, 72, 144-149.

(7) Lebel, H.; Paquet, VJ. Am. Chem. So2004 126, 11152-11153.

(8) Lebel, H.; Ladjel, CJ. Organomet. Chen2005 690, 5198-5205.

(9) Lebel, H.; Ladjel, CJ. Org. Chem2005 70, 10159-10161.

(10) See for instance: (a) Zhang, Z. H.; Liebeskind, LOBg. Lett.2006 8,
4331-4333. (b) Mee, S. P. H.; Lee, V.; Baldwin, J. Ehem—Eur. J.
2005 11, 3294-3308. (c) Denmark, S. E.; Baird, J. Drg. Lett.2004 6,
3649-3652. (d) Mee, S. P. H.; Lee, V.; Baldwin, J. &ngew. Chem., Int.
Ed. 2004 43, 1132-1136. (e) Ghosh, S. K.; Singh, R.; Singh, G.Elr.

J. Org. Chem2004 4141-4147. (f) Yu, Y.; Liebeskind, L. SJ. Org.
Chem2004 69, 3554-3557. (g) Thathagar, M. B.; Beckers, J.; Rothenberg,
G. Adv. Synth. Catal2003 345 979-985. (h) Casado, A. L.; Espinet, P.
Organometallic2003 22, 1305-1309. (i) Liu, X. X.; Deng, M. ZChem.
Commun2002 622-623. (j) Savarin, C.; Srogl, J.; Liebeskind, L.Grg.
Lett. 2002 4, 4309-4312. (k) Thathagar, M. B.; Beckers, J.; Rothenberg,
G. J. Am. Chem. So2002 124, 11858-11859. () Alphonse, F. A,;
Suzenet, F.; Keromnes, A.; Lebret, B.; GuillaumetSgnlett2002 447—
450. (m) Savarin, C.; Liebeskind, L. 8rg. Lett.2001, 3, 2149-2152.

(n) Hanamoto, T.; Kobayashi, T.; Kondo, ynlett2001, 281-283. (0)
Han, X. J.; Stoltz, B. M.; Corey, E. J. Am. Chem. S0d999 121, 7600~
7605. (p) Farina, V.; Kapadia, S.; Krishnan, B.; Wang, C. J.; Liebeskind,
L. S.J. Org. Chem1994 59, 5905-5911. See also: (q) Beletskaya, I. P.;
Cheprakov, A. V.Coord. Chem. Re 2004 248, 2337-2364.
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opportunities to develop new efficient one-pot multicatalytic
processes are rich. In this paper, we report the use of copper-
catalyzed methylenation reactions in one-pot procedures to
access disubstituted alkenes via a palladium-catalyzed Heck
reaction and alkanes using a hydroboratipalladium-catalyzed
Suzuki reaction.

Results and Discussion

One-Pot Methylenation—Heck Cross-Coupling Reac-
tions: Access to E)-Stilbenoid Derivatives. A number of
stilbenes have been isolated from natural sources. Among them,
hydroxylated E)-stilbenoids!! such as resveratrol (3,4,5-
trinydroxystilbene, a phytoalexin found in grapes and other food
products), have attracted considerable attention because of their
potential therapeutic value as chemopreventive and chemo-
therapeutic agent€:13 Various synthetic routes have been
developed, including a number based on Heck technoldgies.
Recently, cross-metathesis reactions have also been successfully
used to prepare hydroxylateH)¢stilbenoidst® However, in all
cases, it is required to have a styrene derivative as the substrate.
Although some are commercially available, most styrenes need
to be prepared from the corresponding benzaldehyde or benzylic
alcohol. Using a multicatalytic strategy combining a methyl-
enation reaction with a coupling reaction avoids the need for
isolating the styrene intermediate (which can potentially poly-
merize), thereby decreasing the amount of required reagents and
solvents (for workup and purification procedures), while
producing less waste. At the outset, we envisioned developing
a rhodium-catalyzed methylenatieruthenium-catalyzed cross-
metathesis to address this issue. However, our preliminary results
with this multicatalytic process showed limitations, as 5 equiv
of the alkene moiety was required (eq'%).

1- RhCI(PPh3)s
i-PrOH, TMSCHN,, PPh3
2- AICl3
3- PCy;3(IMes)Cl,Ru=CHPh
CH,=CHCO,Et (5.0 equiv)

ACO A~ COEL (1)
4

68%

To overcome these problems, we changed the strategy to
explore the combination of the rhodium- or copper-catalyzed
methylenation reaction with a palladium-catalyzed Heck cross-
coupling reaction. The challenge was to find cross-coupling

(11) (a) Orsini, F.; Pelizzoni, F.; Verotta, L.; Aburjai, T.; Rogers, CJBNat.
Prod. 1997 60, 1082-1087. (b) Adesanya, S. A.; Nia, R.; Martin, M.-T;
Boukamcha, N.; Montagnac, A.; Paies, 81.Nat. Prod.1999 62, 1694
1695. (c) Wang, M.; Jin, Y.; Ho, C.-TJ. Agric. Food Chem1999 47,
3974-3977. (d) Fremont, LLife Sci.200Q 66, 663-673. (e) De Ledinghen,
V.; Monvoisin, A.; Neaud, V.; Krisa, S.; Payrastre, B.; Bedin, C,;
Desmouliere, A.; Bioulac-Sage, P.; Rosenbaurint].J. Oncol.2001, 19,
83—88. (f) Eddarir, S.; Abdelhadi, Z.; Rolando, Tetrahedron Lett2001,

42, 9127-9130. (g) Burns, J.; Yokota, T.; Ashihara, H.; Lean, M. E. J.;
Crozier, A.J. Agric. Food Chem2002 50, 3337-3340.

(12) (a) Jang, M.; Cai, L.; Udeani, G. O.; Slowing, K. V.; Thomas, C. F;
Beecher, C. W.; Fong, H. H.; Farnsworth, N. R.; Kinghorn, A. D.; Mehta,
R. G.; Moon, R. C.; Pezzuto, J. Msciencel997 275 218-20. (b)
Savouret, J. F.; Quesne, Biomed. Pharmacothe2002 56, 84—87. (c)
Delmas, D.; Lancon, A.; Colin, D.; Jannin, B.; Latruffe, Burr. Drug
Targets2006 7, 423-442.

(13) (a) Pace-Asciak, C. R.; Hahn, S.; Diamandis, E. P.; Soleas, G.; Goldberg,
D. M. Clin. Chim. Actal995 235 207-19. (b) Goldberg, D. M.; Yan, J.;
Ng, E.; Diamandis, E. P.; Karumanchiri, A.; Soleas, G.; Waterhouse, A.
L. Am. J. Enol. Vitic.1995 46, 159-65.

(14) (a) Ferre-Filmon, K.; Delaude, L.; Demonceau, A.; Noels, ACBord.
Chem. Re. 2004 248 '2323-2336. (b) Botella, L.; NaJera Cetrahedron
Lett. 2004 45, 1833-1836 and references thereln

(15) (a) Ferre-Filmon, K.; Delaude, L.; Demonceau, A.; Noels, AEERt. J.
Org. Chem2005 33193325. (b) Velder, J.; Ritter, S.; Lex, J.; Schmalz,
H. G. Synthesi®006 273-278.

(16) Lebel, H.; Paquet, V. Unpublished results. Furthermore, the reaction was
limited to acrylate derivatives.
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Table 1. One-Pot Transition-Metal-Catalyzed Methylenation—Heck
Cross-Coupling Process: Optimization of the Reaction Conditions

1. Catalyst (2.5 - 5 mol%)
TMSCHNj5 (1.4 equiv)
PPh3 (1.1 equiv)
i-PrOH (1.1 equiv)

2. Heck Conditions

1 MeO
- o
Br
Methylenation Catalyst
Entry Heck Conditions Yield (%)?
RhCI(PPhg);  CuCl
3 mol% 5 mol%
Pd(PPhg)4 (2.5 mol%)
1 Cy,NMe / DMF, 110 °C 24 33
PdCIy(PPhg), (2.5 mol%)
2 Bu,NBr, Et,N / DMF, 110 °C <5 36
Pd,dbag*CHCly (1.5 mol9%)
3 [(+Bu)sPHIBF, (3 mol%) 44 55
CyzNMe / THF, 80 °C
Pd(OAC), (5 mol%)
4 P(o-tolyl)3 (10 mol%) 54 88
EtzN, 100 °C (56

a|solated yields? Step-by-step process.

reaction conditions which would be compatible with residues
and the solvent (THF) of the methylenation reaction. We first
studied the synthesis of stilbetddrom p-anisaldehyde, testing
both methylenation reactions with either Wilkinson’s complex
or copper(l) chloride and a variety of reaction conditions for
the cross-coupling reactions (Table 1). In none of the cases,

the corresponding styrene derivative was isolated. Overall, better

yields of stilbenel were observed when copper(l) chloride was
used as the methylenation catalyst rather than Wilkinson's

Table 2. One-Pot Copper-Catalyzed-Methylenation—Heck

Cross-Coupling Process

1. CuCl (5 mol%)
TMSCHN, (1.4 equiv)
PPh3 (1.1 equiv)
-PrOH (1.1 equiv)
THF, 60 °C

Ar'CHO At AP
2. Pd(OAc);, (5 mol%)
P(o-tolyl)s (10 mol%)
Ar?X / EtgN, 100 °C
1 2 Product
Enty A ArX Isolated Yield
1 p-MePh MeOPhBr X P-MeOPh
P p-MePh” e
2 " MePhBr X P-MePh
P p-MePh” e,
3 " m-MeOPhBr X M-MeOPh
PMePh™3 46%
X M-MeOPh
4 pMeOPh  mMeOPhBr  pMeOPh " " (00
5 p-CIPh p-MePhBr pClPh/\/p-MePh )
5 50%
0 5 o S 0-MeOPh
6 < oMeOPHl  ( D/e\/ )
0 o
0 X P-MeOPh
! p-MeOPhBr < D/7\/ 60%
o)
MeO % MeO x._ Mm-MeOPh
8 D m-MeOPhBr m 57%
MeO MeO
MeO X p-MeOPh
9 " p-MeOPhBr :©/9V 0P
MeO

complex. These results suggest that copper(l) chloride serves These reaction conditions were used with 3,5-dimethoxyben-

as a cocatalyst and/or that Wilkinson’s catalyst inhibits the Heck
cross-coupling reaction. The use of palladium tetrakis(triph-
enylphosphinéy (entry 1) or palladium bis(triphenylphosphine)
dichloride under Jeffery reaction conditidhgentry 2) led to

the desired product in low yield, whereas moderate yields were
observed under Fu’s reaction conditi&h@ntry 3).

The best yield for the one-pot process was obtained by
performing a copper-catalyzed methylenation reaction, followed
by a Heck cross-coupling with palladium diacetate ana-ri-
tolylphosphine in triethylamine (entry 43.The desired E)-
stilbenel was isolated directly frormp-anisaldehyde as a single
diastereomer in 88% yield, without isolation of the styrene
intermediaté’! In comparison, a 56% yield was obtained for
the formation ofl when the step-by-step process was performed,
in which the alkene intermediate was isolated. Table 2 shows

zaldehyde to give in 73% yield the methylated resverat)l
known to be as biologically active as the resveratrol itself.

1. CuCl (5 mol%)
TMSCHN, (1.4 equiv)
PPhg (1.1 equiv)
i-PrOH (1.1 equiv)
THF, 60 °C

. Pd(OAc); (5 mol%)
P(o-tolyl)3 (10 mol%)
p-MeOPhBr/ Et3N, 100 °C

MeO. CHO

OMe

OMe

@

73%

OMe

the scope of this one-pot process focusing on the synthesis of ha_pot Methylenation—Intramolecular Heck Cross-

hydroxylated E)-stilbenoids. The use of electron-rich aryl
halides led to moderate yields (Table 2, entry 2 vs entrie3)L
whereas the use of electron-rich aldehydes produced typically
the desired stilbene in good yields (Table 2, entries 4 and
6—9).22

Coupling Reactions: Access to Odorant Indane Precursors.
Intramolecular Heck reactions are popular for the synthesis of
heterocyclic and carbocyclic moieti&sWe became interested

in the synthesis of substituted indanes, known as odorant
products (Figure 13* We envisioned synthesizing these products

(17) Akita, Y.; Noguchi, T.; Sugimoto, M.; Ohta, A. Heterocycl. Chenl986
23, 1481-1485.

(18) Jeffery, T.Chem. Commuri984 1287-1289.

(19) (a) Littke, A. F.; Fu, G. CJ. Am. Chem. So@001, 123, 6989-7000. (b)
Netherton, M. R.; Fu, G. COrg. Lett.2001, 3, 4295-4298.

(20) Patel, B. A.; Ziegler, C. B.; Cortese, N. A.; Plevyak, J. E.; Zebovitz, T. C.;
Terpko, M.; Heck, R. FJ. Org. Chem1977, 42, 3903-3907.

(21) Surprisingly, the use of the more reactive 4-iodotoluene as a coupling agent
did not produce the desired product in a better yield. Only 45% was obtained
to producel using CuCl and the Heck reaction conditions described in
Table 1, entry 4.

(22) The 1,1-disubstituted alkene was also isolateell®%) in some cases and
accounted for some of the lower yields.

(23) Gibson, S. E.; Middleton, R. Lontemp. Org. Syntli996 3, 447-471.
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Figure 1. Structure of odorant indanes.

via a one-pot methylenatierintramolecular Heck cross-
coupling sequence, starting from aldehytleand ketonel3
(egs 3 and 43526

-

. IMesCuCl (5 mol%)
TMSCHN, (1.4 equiv)
PPhs (1.1 equiv)
i-PrOH (1.1 equiv)
Benzene, 80 °C

. Pd(PPh3), (10 mol%)
TBABTr (5 mol%)
K>COg3 (1.0 equiv)
DMF, 100 °C

MeO
© MeO

MeO

@

12

MeO
90%

-

. IMesCuCl (5 mol%)
TMSCHN, (2 equiv)
PPh3 (1.2 equiv)
-PrOH (12 equiv)
Benzene, 80 °C
Pd(PPhg)4 (10 mol%)
HCO,Na (2 equiv)
DMF, 100 °C

MeO

MeO

N

(o)

The intramolecular Heck reaction was very efficient, as
cyclopentenel2 was isolated in 90% vyield starting from
aldehydell Theexoalkene was initially formed, but the double
bond quickly isomerized to the internal position to produce
cyclopentend 2. The corresponding dimethylindane produidt
was obtained in 63% vyield, using palladium tetrakis(triph-
enylphosphine) and sodium formate in DMF: the organopal-
ladium intermediate (which canngg-eliminate) was thus
reduced in situ, to regenerate the catafyst.

One-Pot Methylenation—Suzuki Cross-Coupling Reac-
tions: Access to Non-Natural Amino Acids. Non-natural
amino acids not only display interesting biological properties,
but also have been widely used as synthetic building blétks.
Homophenylalanine derivatives showed pharmacologic poten-

tial, and thus, considerable attention has been devoted to their

synthese$? Elongation of unsaturated amino acid derivatives,

Table 3. One-Pot Transition-Metal-Catalyzed
Methylenation—Hydroboration—Suzuki Cross-Coupling Process:
Optimization of the Reaction Conditions

1. Catalyst (2.5 - 5 mol%)
TMSCHN; (1.4 equiv)
PPhs (1.1 equiv)
i-PrOH (1.1 equiv)

2. 9-BBN (2 equiv)
Toluene, 80 °C

3. "Pd" (5 mol%)

BuyNI (0.25 equiv)
NaOH, 100 °C

/O/OMG
(2 equiv)

OMe

O/Y§O o
*NBOC %/NBOC 15

Br

Methylenation Catalyst

Entry Suzuki Conditions Yield (%)a?
RhCI(PPhs);  CuCl
2.5 mol% 5 mol%
1 Pd,dbas (5 mol%) / Toluene 10 10
2 Pd(PPhg)4 (5 mol%) / THF 35 52
3  Pd(PPhy), (5 mol%) / Toluene 77 (73%) 83 (66%)
4 PdCl,(dppf) (5 mol%) / Toluene 53 63

alsolated yields? In parentheses, isolated yields for the step-by-step
process.

Table 4. One-Pot Transition-Metal-Catalyzed
Methylenation—Hydroboration—Suzuki Cross-Coupling Process
Using Garner’s Aldehyde

1. Catalyst (2.5 - 5 mol%)
TMSCHN, (1.4 equiv)
PPhs (1.1 equiv)
i-PrOH (1.1 equiv)
2. 9-BBN (2 equiv) / Toluene, 80 °C
3. Pd(PPh3), (5 mol%), R-X (2 equiv)
BuyNI (25 mol%), NaOH, 100 °C

Methylenation Catalyst

(0]

i
*NBOC

16-23

R-X

particularly serine-derived starting material, has been used as a

strategy to access homophenylalanine analogues. Indeed, non-

natural amino acid derivatives have been produced from the
methylenated Garner aldehyde via a hydroborati®ozuki
cross-coupling reaction sequerfé&d As we have previously

established that organoboranes could be produced from alde-

hydes via a one-pot rhodium-catalyzed methylenattoydrobo-
ration proces§,we envisioned combining this approach with a
Suzuki cross-coupling reaction. One of the key points was to
find the suitable hydroborating agent to generate the requisite

(24) Kraft, P.; Eichenberger, V\Eur. J. Org. Chem2003 3735-3743.

(25) Aldehydellis readily available in five steps from commercially available
3,4-dimethoxybenzaldehyde. See the Supporting Information for details.

(26) Ketonel3is readily available in four steps from known 4-(hydroxymethyl)-
2-methoxyphenyl acetate. See the Supporting Information for details.

(27) (a) Banerjee, M.; Mukhopadhyay, R.; Achari, B.; Banerjee, AG£g.
Lett. 2003 5, 3931-3933. (b) Burns, B.; Grigg, R.; Ratananukul, P.;
Sridharan, V.; Stevenson, P.; Worakun, Tletrahedron Lett1988 29,
4329-4332.

(28) (a) Sardina, F. J.; Rapoport, Bhem. Re. 1996 96, 1825-1872. (b)
Moloney, M. G.Nat. Prod. Rep2002 19, 597—616.
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Yield (%)?
RhCI(PPhg)s  CuCl
2.5 mol% 5 mol%
1 Ph—I 69 76
2 m-MeOPh—I 75 81
3 m-MeOPh—Br 79 75
4 p-Me,NPh—Br 73 79
5 Br 62 68
6 p-MeCOPh 48 59
7 0-NO,Ph—Br 25 78b
8 @Br 52 62
N=

9 Me—I 65 64

a|solated yields? PdCh(dppf) as the Suzuki catalyst.

aliphatic organoborane for the Suzuki cross-coupling reaction.
Our initial results showed that it was not possible to use an
organoborane derived from catecholborane, the hydroborating
agent initially used in the rhodium-catalyzed methylenation

hydroboration cascade. Indeed, to perform Suzuki couplings with
an aliphatic organoborane, 9-borabicyclo(3.3.1)nonane (9-BBN)
was required as the hydroborating reagent. In preliminary
studies, both the rhodium- and the copper-catalyzed methyl-
enation reactions of Garner’s aldehyiwere tested, followed
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Table 5. One-Pot Transition-Metal-Catalyzed
Methylenation—Hydroboration—Suzuki Cross-Coupling Process
with Various Aldehydes

1. Catalyst (2.5 - 5 mol%)
TMSCHN (1.4 equiv)
PPhs (1.1 equiv), i-PrOH (1.1 equiv)

R&o H/\/Y
2. 9-BBN (2 equiv) / Toluene, 80 °C
3. Pd(PPhg), (5 mol%), BuygNI (25 mol%),
Br
>_/ (2 equiv), NaOH, 100 °C
Methylenation TN
Entry Catalyst Product Yield (%)@
O/M/
1 CuCl (5 mol%) 26 80
THE /}/NBOC
X
2 CuCl (5 mol%) | 27 62
THF N
Boc
3 Cul (5 mol%) Ph/\/zs\/Y 75
Dioxane
TBDPSO.
4 IMesCuCl (5 mol%) N 57
Dioxane 29
A
5  RhCI(PPhg)z (2.5 mol%) 30 62
THF Ph
o}
6  RhCI(PPhy); (2.5 mol%) 49
THF Ph 4 5

a|solated yields.

by the addition of 9-BBN and the palladium-catalyzed Suzuki
cross-coupling with 4-bromoanisole using various palladium

this one-pot process to obtain the corresponding alkane in 64%

yield (entry 9).

The homophenylalanine hydrochloride s&d) was easily
synthesized from product6 via a Jones oxidation, followed
by a trifluoroacetic acid cleavage of the Boc protecting group
(eq 5)2°%€

(0]
ow Ph 1. Jones Oxidation HO Ph (5)
NBoc 16 2. TFA 24
3. HCI / Ether NH5Cl

73%

It was also possible to transform other aldehydes using this
multicatalytic one-pot procedure. Indeed, piperonal was reacted
to form product 25 after the Suzuki cross-coupling with
4-bromoanisole (eq 6).

o

1. Cul (5 mol%) / Dioxane
TMSCHN, (1.4 equiv)
PPh3 (1.1 equiv)
i-PrOH (1.1 equiv)

2. 9-BBN (2 equiv), 80 °C

3. Pd(PPhg)4 (5 mol%),
BuyNI (25 mol%)
NaOH, 100 °C

OMe
/©/(2 equiv)
Br
OMe
o 25

80%

A variety of aldehydes were tested in the one-pot process

complexes (Table 3). Neither the alkene nor the organoboraneusing 2-methylpropenyl bromide as the coupling partner in the
intermediates were isolated. The best result was obtained withSuzuki reaction (Table 5). Copper catalysts were used with
copper chloride as the methylenation catalyst and tetrakis- Garner’s aldehyde and aromatic and unsaturated aldehydes.
(triphenylphosphine) as the Suzuki cross-coupling catalyst, After the hydroboration and Suzuki cross-coupling, products
leading to productl5 in 83% isolated yield (entry 3). Higher ~ 26—28 were isolated in 6280% overall yield (entries 13).
yields are obtained for the one-pot procedure compared to theNo workup or purification procedure is required between each
step-by-step process, in which the alkene intermediate wasStep. When other aliphatic aldehydes were reacted, either
isolated. IMesCuC#F! or RhCI(PPh); was used to catalyze the methyl-

A variety of other electrophiles (typically aryl bromides) were ~€nation reaction, as copper chloride or iodide led to lower yields
tested under these reaction conditions (Table 4). Higher yields (€ntries 4-6). The one-pot process tolerated unprotected ketone-

were obtained when the copper-catalyzed methylenation reactioncontaining aldehyde substrate, as both the methylenation and
was used in the one-pot process. Electron-rich aryl bromides the hydroboration reactions were chemoselective, and compound

were reacted in good yields (entries 2), as well as electron-
poor aryl bromides (entries-8). It is not necessary to protect
the ketone (entry 6), and in the presence of B@pbpf), the
coupling product witho-nitrophenyl bromide was produced in
78% vyield (entry 7). It is also possible to use methyl iodide in

(29) (a) De Frutos, M. P.; Dolores Fernandez, M.; Fernandez-Alvarez, E.;
Bernabe, MTetrahedron Lett1991, 32, 541—-2. (b) Reginato, G.; Mordini,
A.; Caracciolo, M.J. Org. Chem1997, 62, 6187-6192. (c) Campbell, A.
D.; Raynham, T. M.; Taylor, R. J. KTetrahedron Lett1999 40, 5263—
5266. (d) Sabat, M.; Johnson, C. Rrg. Lett.200Q 2, 1089-1092. (e)
Collier, P. N.; Campbell, A. D.; Patel, I.; Raynham, T. M.; Taylor, R. J.
K. J. Org. Chem2002 67, 1802-1815. (f) Collier, P. N.; Campbell, A.
D.; Patel, I.; Taylor, R. J. KTetrahedror2002 58, 6117-6125. (g) Collier,
P. N.; Patel, I.; Taylor, R. J. KTetrahedron Lett2002 43, 3401-3405.
(h) Pietruszka, J.; Witt, A.; Frey, WEur. J. Org. Chem2003 3219-
3229. (i) Rodriguez, A.; Miller, D. D.; Jackson, R. F. \@rg. Biomol.
Chem.2003 1, 973-977. (j) Babu, I. R.; Hamill, E. K.; Kumar, KJ.
Org. Chem.2004 69, 5468-5470. (k) Harvey, J. E.; Kenworthy, M. N.;
Taylor, R. J. K.Tetrahedron Lett2004 45, 2467-2471.

(30) (a) Garner, P.; Park, J. M. Org. Chem1987, 52, 2361-2364. (b) Garner,
P.; Park, J. MJ. Org. Chem1988 53, 2979-2984. (c) Garner, P.; Park,
J. M.; Malecki, E.J. Org. Chem1988 53, 4395-4398.

31 was isolated in 49% vyield (entry 6).
Conclusion

In conclusion, we have developed a series of efficient one-
pot procedures to produce substituted alkenes and alkanes in
good yields, while minimizing the number of manipulations.
Furthermore, these one-pot processes led to products having
important biological properties. Finally, synergic effects have
been observed, as the copper-catalyzed methylenation reactions
proved superior in these one-pot processes, suggesting that
copper(l) complexes served as a cocatalyst in cross-coupling

reactions.
N/:\N
Y
Cu

Cl

(31) IMesCuCl:
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Experimental Section

Procedure A: Methylenation—Heck Cross-Coupling ProcessTo
a solution of CuCl (50 mg, 0.050 mmol) and triphenylphosphine (263
mg, 1.00 mmol) in dry THF (10 mL) at 25C was added 2-propanol
(0.0840 mL, 1.10 mmol) followed by the aldehyde (1.00 mmol). The
mixture was heated at 6TC, and then (trimethylsilyl)diazomethane
(1.40 mmol) was added. The resulting yellow mixture was stirred at
60 °C. When the methylenation was completed by TLC analysis, THF
was concentrated and the mixture was diluted in triethylamine (2.00
mL). To this solution were added the aryl bromide (1.00 mmol), Pd-
(OAc), (0.011 g, 0.050 mmol), and &+¢olyl); (0.030 g, 0.10 mmol).
The reaction mixture was stirred at 10C and was monitored by
following the disappearance of the styrene by TLC. After completion,
the reaction was quenched by adding water and extracted with ethyl
acetate. The combined organic layers were dried over Mgsd
concentrated under reduced pressure. The crude product was the
purified by flash chromatography, and stilbene was obtained as a white
solid.

5,6-Dimethoxy-1,1-dimethyl-2,3-dihydro-H-indene (14)?* To a
solution of IMesCuCl (20 mg, 0.050 mmol) and triphenylphosphine
(315 mg, 1.20 mmol) in dry benzene (10 mL) at 25 was added
2-propanol (0.920 mL, 12.0 mmol) followed by 4-(2-bromo-4,5-
dimethoxyphenyl)butan-2-on&3)?6 (1.00 mmol). The resulting mixture
was heated to 80C, and (trimethylsilyl)diazomethane (1.00 mmol)
was then added. After 4 h, an additional equivalent of (trimethylsilyl)-
diazomethane (1.00 mmol) was added. The resulting yellow mixture
was stirred at 80C for 12 h. Dry DMF (10 mL) was added, followed
by Pd(PPB) (116 mg, 0.100 mmol). The reaction mixture was stirred
at 100°C, and after an hour, sodium formate (2 mmol) was added.
After 24 h, the solvent was removed under reduced pressure and th
residue was purified by flash chromatography (5% EtOAc/hexanes).
The desired produdt2 was obtained as a colorless liquig; 0.56 (20%
EtOAc/hexanes)*H NMR (400 MHz, CDC}) 6 6.74 (s, 1H), 6.67 (s,
1H), 3.88 (s, 3H), 3.85 (s, 3H), 2.83 t,= 8 Hz, 2H), 1.93 (tJ =8
Hz, 2H), 1.24 (s, 6H)%C NMR (400 MHz, CDC}) ¢ 148.0, 147.8,
144.2,134.0, 107.6, 105.4, 56.1, 55.9, 44.0, 41.7, 29.9, 28.7; IR (neat)
2948, 2858, 1765, 1606, 1497, 1464, 1303, 1212, 1067-.cm

Procedure B: Rhodium-Catalyzed Methylenation—Suzuki Cross-
Coupling Process.To a solution of chlorotris(triphenylphosphine)-
rhodium (0.011 g, 0.012 mmol) and triphenylphosphine (0.144 g, 0.550
mmol) in THF (3 mL) was added 2-propanol (0.042 mL, 0.550 mmol)
followed by the aldehyde (0.500 mmol). To the resulting red mixture
was added (trimethylsilyl)diazomethane (0.700 mmol). Gas evolution
was observed, and the resulting mixture was stirred at room temperature
When the methylenation reaction was completed by TLC analysis,
toluene (3 mL) was added, followed by 9-BBN (0.122 g, 0.500 mmol).
The mixture was then heated to 8@, and the disappearance of the
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alkene was followed by TLC analysis. An aqueous solution of NaOH
(1.6 mmol, approximately 0.8 mL) was then added and thus quenched
the excess of 9-BBN. After the gas evolution was finished, Pd{RPh
(0.028 g, 0.025 mmol) was added, followed by the corresponding alkyl
or aryl halide (0.750 mmol). Finally, tetrabutylammonium iodide
(TBAI) (0.12 mmol) was added, and the resulting mixture was stirred
under argon at 90C overnight. The reaction mixture was poured into

a separatory funnel and washed twice with ethyl acetate {® mL).

The combined organic layers were washed with saturated aqueous NaCl
and then dried over MgSOThe solvent was removed under reduced
pressure, and the residue was purified by flash chromatography using
the indicated solvent.

Procedure C: Copper-Catalyzed Methylenatior-Suzuki Cross-
Coupling Process.To a solution of copper chloride (2.5 mg, 0.025
mmol) and triphenylphosphine (0.144 g, 0.550 mmol) in THF (3 mL)
was added 2-propanol (0.042 mL, 0.550 mmol) followed by the
aldehyde (0.500 mmol). To the resulting mixture was added (trimeth-
ylsilyl)diazomethane (0.700 mmol), and the reaction mixture was heated
to 60 °C. When the methylenation reaction was completed by TLC
analysis, toluene (3 mL) was added, followed by 9-BBN (0.122 g, 0.500
mmol). The mixture was then heated at ®0, and the disappearance
of the alkene was followed by TLC analysis. An aqueous solution of
NaOH (1.6 mmol, approximately 0.8 mL) was then added and thus
quenched the excess of 9-BBN. After the gas evolution was finished,
Pd(PPB), (0.025 mmol, 0.028 g) was added followed by the corre-
sponding alkyl or aryl halide (0.750 mmol). Finally, TBAI (0.12 mL)
was added, and the resulting mixture was stirred under argon & 90
overnight. The reaction mixture was poured into a separatory funnel
and washed twice with ethyl acetate £ 10 mL). The combined
organic layers were washed with saturated aqueous NaCl and then dried
over MgSQ. The solvent was removed under reduced pressure, and
the residue was purified by flash chromatography using the indicated
solvent.
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