JACS

OURNAL OF THE AMERICAN CHEMICAL SOCIETY

Subscriber access provided by ISTANBUL TEKNIK UNIV

Rh(l)-Catalyzed Arylation of Heterocycles via C-H Bond

Activation: Expanded Scope through Mechanistic Insight
Jared C. Lewis, Ashley M. Berman, Robert G. Bergman, and Jonathan A. Ellman
J. Am. Chem. Soc., 2008, 130 (8), 2493-2500 « DOI: 10.1021/ja0748985
Downloaded from http://pubs.acs.org on February 8, 2009

[RhCl(coe)s],, L

N i Dr. i N
i-Proi-BuN, THF
C >—H + A=Br o00°G 2k~ C >—Ar
X microwave X

Cy. Cy. t-Bu_
P P P
TE AT AT D
Y/, /

More About This Article

Additional resources and features associated with this article are available within the HTML version:

Supporting Information

Links to the 13 articles that cite this article, as of the time of this article download
Access to high resolution figures

Links to articles and content related to this article

Copyright permission to reproduce figures and/or text from this article

View the Full Text HTML

ACS Publications

High quality. High impact. Journal of the American Chemical Society is published by the American Chemical
Society. 1155 Sixteenth Street N.W., Washington, DC 20036


http://pubs.acs.org/doi/full/10.1021/ja0748985

JIAICIS

ARTICLES

Published on Web 02/02/2008

Rh(l)-Catalyzed Arylation of Heterocycles via C —H Bond
Activation: Expanded Scope through Mechanistic Insight

Jared C. Lewis, Ashley M. Berman, Robert G. Bergman,* and Jonathan A. Ellman*

Department of Chemistry, Usérsity of California and Diision of Chemical Sciences,
Lawrence Berkeley National Laboratory, Berkeley, California, 94720

Received July 18, 2007; E-mail: jellman@berkeley.edu; rbergman@berkeley.edu

Abstract: A practical, functional group tolerant method for the Rh-catalyzed direct arylation of a variety of
pharmaceutically important azoles with aryl bromides is described. Many of the successful azole and aryl
bromide coupling partners are not compatible with methods for the direct arylation of heterocycles using
Pd(0) or Cu(l) catalysts. The readily prepared, low molecular weight ligand, Z-1-tert-butyl-2,3,6,7-
tetrahydrophosphepine, which coordinates to Rh in a bidentate P-olefin fashion to provide a highly active
yet thermally stable arylation catalyst, is essential to the success of this method. By using the
tetrafluoroborate salt of the corresponding phosphonium, the reactions can be assembled outside of a
glovebox without purification of reagents or solvent. The reactions are also conducted in THF or dioxane,
which greatly simplifies product isolation relative to most other methods for direct arylation of azoles
employing high-boiling amide solvents. The reactions are performed with heating in a microwave reactor
to obtain excellent product yields in 2 h.

Introduction electron-rich substratéspr C—H bond acidity to selectively
The direct arylation of privileged heteroarehg@sovides a activate and functionalize a specific-E bond with a transition-
highly efficient means to synthesize functional biaryl compounds metal catalyst have been developed. When applicable to a
utilized extensively throughout the pharmaceutical and materials substrate class, these methods reduce reaction byproducts,
industries? This approach eliminates the need for the organo- increase the number of available substrates, and decrease the
metallic starting materials required in traditional cross-coupling synthetic effort required for formation of the desireetC bond.
methods’ and over the past several years a number of reactions  Our group recently described a Rh-catalyzed arylation method
that exploit directing group$,repulsive steric interactiors, in which mixtures ofende andexo9-cyclohexylbicyclo-[4.2.1]-
(1) This area has enjoyed explosive growth, so only references from the past Q-phosphanona_ne (CyCIOh.eXyIphObane) served as highly a(.:tlve
five years are listed. For a nice method utilizing aryl chlorides, see: (a) ligands for the direct arylation of a variety of heterocycles using
Chion, H. A.; Daugulis, OOrg. Lett. 2007 9, 1449. Direct arylation of -~ 5ry| hromides (eq 1§.Experimental and computational studies

electron-rich heterocycles is described, but unprotectetiMzoles were ) . . - X
not tolerated, and overarylation was observed in some cases. See reference®n the heterocycle activation step of this reaction provided

therein for previous scattered examples utilizing aryl chlorides. For examples
using aryl bromides, see: (b) Bellina, F.; Calandri, C.; Cauteruccio, S.;
Rossi, R.Tetrahedron2007, 63, 1970 (three examples, 2 equiv of CuX
required). (c) Cerna, I.; Pohl, R.; Kepetarova, B.; Hocek,®fg. Lett
2006 8, 5389 (one example). (d) Pariseien, M.; Valette, D.; Fagnou, K.
Org. Chem.2005 70, 7578 (six examples). (e) Alagille, D.; Baldwin, R.
M.; Tamagnan, G. DTetrahedron Lett2005 46, 1349 (electron-rich aryl
bromides were coupled with benzothiazole and benzoxazole). (f) Rieth, R.
D.; Mankad, N. P.; Calimano, E.; Sadighi, J.®xg. Lett 2004 6, 3981
(stoichiometric metalation of pyrrole required). (g) Park, C.-H.; Ryabova,
R.; Seregin, I. V.; Sromek, A. W.; Gevorgyan, @rg. Lett.2004 6, 1159
(only indolizine arylation reported). (h) Mori, A.; Sekiguchi, A.; Masui,
K.; Shimada, T.; Horie, M.; Osakada, K.; Kawamoto, M.; Ikeda]JTAm.
Chem. Soc2003 125 1700 (one example). (i) Yokoaoji, A.; Okazawa, T.;
Satoh, T.; Miura, M.; Nomura, MTetrahedron2003 59, 5685 (thiazole
arylation). (j) Li, W.; Nelson, D. P.; Jensen, M. S.; Hoerrner, R. S.; Javadi,
G. J.,; Cai, D.; Larsen, R. DOrg. Lett. 2003 5, 4835 (imidazo[1,2a]-
pyridine arylation). (k) Glover, B.; Harvey, K. A.; Liu, B.; Sharp, M. J.;
Tymoschenko, M. FOrg. Lett.2003 5, 310 (furan and thiophene arylation).
() Okazawa, T.; Satoh, T.; Miura, M.; Nomura, M. Am. Chem. Soc.
2002 124, 5286 (thiazole multiple arylation). (m) McClure, S. M.; Glover,
B.; McSorley, E.; Millar, A.; Osterhout, M. H.; Roschangar,®ig. Lett
2001, 3, 1677 (two examples of furan arylation). For a significant recent
example utilizing aryl iodides and Cu catalysis see: (n) Do, H.-Q.; Daugulis,
0O.J. Am. Chem. So@007, 129, 12404.

(2) (a) Carey, J. S.; Laffan, D.; Thomson, C.; Williams, M.Qrg. Biomol.
Chem.2006 4, 2337. (b) Hashimoto, H.; Maeda, K.; Ozawa, K.; Haruta,
J.; Wakitani, K.Bioorg. Med. Chem. Lett2002 12, 65. (c) Sisko, J.;
Kassick, A. J.; Mellinger, M.; Filan, J. J.; Allen, A.; Olsen, M. A. Org.
Chem.200Q 65, 1516 and references therein. (d) RoncaliCiem. Re.
1997, 97, 173.

10.1021/ja0748985 CCC: $40.75 © 2008 American Chemical Society

(3) The importance of modern cross-coupling methods, particularly the Suzuki
reaction, for the formation of aryl-aryl bonds cannot be overstated. For
recent developments, see: (a) Billingsley, K.; Buchwald, S. Am. Chem.
Soc.2007, 129 3358. (b) Barder, T. E.; Walker, S. D.; Martinelli, J. R.;
Buchwald, S. LJ. Am. Chem. So€005 127, 4685. (c) Littke, A. F.; Dai,

C.; Fu, G. C.J. Am. Chem. So200Q 122 4020.

(4) (a) Daugulis, O.; Zaitsev, V. GAngew. Chem., Int. EQ005 44, 4046.

(b) Kalyani, D.; Deprez, N. R.; Desai, L. V.; Sanford, M.B5.Am. Chem.

Soc.2005 127, 7330. (c) Thalji, R. K.; Ahrendt, K. A.; Bergman, R. G.;
Ellman, J. A.J. Org. Chem2005 70, 6775. (d) Kakiuchi, F.; Murai, S.

Acc. Chem. Ref002 35, 826.

(5) (a) Chen, H.; Schlecht, S.; Semple, T. C.; Hartwig, JSEience200Q
287, 1995. (b) Cho, J.-Y.; Iverson, C. N.; Smith, M. R.Am. Chem. Soc.
200Q 122 12868. (c) Ishiyama, T.; Takagi, J.; Kousaku, I.; Miyaura, N.;
Anastasi, N. R.; Hartwig, J. K. Am. Chem. So2001, 124, 390.

(6) The vast majority of methods for heterocycle arylation falls into this
categony In addition, see: (a) Tunge, J. A.; Foresee, LMganometallics
2006 24, 6440. (b) Yanagisawa, S.; Sudo, T.; Noyori, R.; Itami JKAm.
Chem. Soc2006 128 11748. (c) Ferreira, E. M.; Stoltz, B. M. Am.
Chem. Soc2003 125, 9578. (d) Jia, C. G.; Piao, D. G.; Oyamada, J. Z,;
Lu, W. J.; Kitamura, T.; Fujiwara, YScience200Q 287, 1992.

(7) (a) Garcia-Cuadrado, D.; Braga, A. A. C.; Maseras, F.; Echavarren, A. M.
J. Am. Chem. So@006 128 1066. (b) Lafrance, M.; Fagnou, K. Am.
Chem. Soc2006 128 16496. (c) Lafrance, M.; Shore, D.; Fagnou, K.
Org. Lett.2006 8, 5097. (d) Lafrance, M.; Rowley, C. N.; Woo, T. K.;
Fagnou, KJ. Am. Chem. So2006 128 8754. (e) Stuart, D. R.; Fagnou,

K. Science2007, 316, 1172.

(8) Lewis, J. C.; Wu, J. Y.; Bergman, R. G.; Ellman, J.Axagew. Chem., Int.

Ed. 2006 118 1619.
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evidence that coordination of the heterocycle to the catalytically
active Rh-phosphine fragment precedes an intramolecutaHC
activation step, which provides a RKH intermediate that
ultimately tautomerizes to an N-heterocyclic carbene comblex.
This mechanism of €H bond activation leads to unique
selectivity and has enabled the arylation of a wide variety of
heterocycles using Rh catalydfsmany of which are incompat-
ible with electrophilic Pd-catalyzed methods or Cu-catalyzed
method$" that require strong bases and presumably proceed via
heterocycle deprotonation. In particular, unprotecteetHN
azoles and nonaromatic heterocycles were viable arylation
substrates, and a wide array of functionalized aryl bromides was
compatible with the arylation conditions. However, a number
of important problems regarding substrate scope, functional
group tolerance, and practicality still remained.

B 0.05 equiv [RhCl(coe),]»
r

N N 0.3 equiv 1a/b N — R
G O~ o
X N DCB, 3 equiv i-Prpi-BuN X
. ) microwave (250 °C), 40 min
1 equiv 2 equiv
(0.05-0.3 M)

Cy~

coe = cyclooctene la=

R P&y

Herein, we report the solution to many of these problems
through the synthesis and evaluation of a set of 2,3,6,7-tetra-
hydrophosphepine P-olefin ligands previously unexplored in
transition-metal catalysis. The development of these ligands was
based on an investigation into the reaction of [RhCl(de®)ith
lathat revealed dehydrogenation tdi to form a P-olefin Rh
complex (vide infra). The method developed using these new
ligands significantly expands the scope of heterocycle and aryl

bromide coupling partners that may be used over that observed

for 1a/lb. Moreover, the method was further modified to allow
assembly of the reactions without the need for a glovebox or
reagent purification.

Investigation of Rh —Phosphine Complexes

Aryl halide hydrodehalogenatibhwas identified as a key
side reaction in early studies on Rh-catalyzed arylation employ-
ing PCy; as a ligand? While greatly reduced through the use
of 1la/lb and aryl bromides, this deleterious side reaction was
still observed to a significant extent in sluggish arylations
between poorly reactive coupling partners. Dehydrogenation of
1la/b, in a manner similar to that previously observed for BCy
was suspected as the yHsource for aryl bromide hydrode-
halogenation, though the site(s) of dehydrogenatidteih was
not known?2 Eliminating this reaction was thus deemed essential
to further optimization efforts. Our work toward this goal

(9) (a) Tan, K. L.; Bergman, R. G.; Ellman, J. A. Am. Chem. So2002

124, 3202. (b) Wiedemann, S. H.; Lewis, J. C.; Bergman, R. G.; Ellman,
J. A.J. Am. Chem. So2006 128 2452.

(10) The corresponding heterocycle alkylation reactions were developed and
extensively studied in our group before our work on heterocycle arylation.
(a) Tan, K. L.; Bergman, R. G.; Ellman, J. &. Am. Chem. SoQ001,
123 2685. (b) Tan, K. L.; Bergman, R. G.; Ellman, J. A.Am. Chem.
S0c.2002 124, 13964. (c) Tan, K. L.; Park, S.; Ellman, J. A.; Bergman,
R. G.J. Org. Chem2004 69, 7329. (d) Wiedemann, S. H.; Bergman, R.
G.; Ellman, J. AOrg. Lett.2004 6, 1685. (e) Wiedemann, S. H.; Eliman,
J. A.; Bergman, R. GJ. Org. Chem2006 71, 1969.

(11) For an extensive review on hydrodehalogenation, see: Alonso, F.;
Beletskaya, I. P.; Yus, MChem. Re. 2002 102 4009.

(12) (a) Lewis, J. C.; Wiedemann, S. H.; Bergman, R. G.; Ellman, Dw.
Lett. 2004 6, 35. See also: (b) Christ, M. L.; Sabo-Etienne, S.; Chaudret,
B. Organometallics1995 14, 1082 and references therein.
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Figure 1. (a) ORTEP diagram o8. (b) Line illustration of3.

commenced by heatinds-THF solutions ofla and [RhCI-
(coe}], and monitoring the'H and 3P NMR spectra of this
mixture in situ (eq 2}* Conversion to a complex assigned as
bisphosphine2 based on3!P chemical shifts was initially
observed when 4 equiv dfa were utilized with respect to
[RhCI(coe}],. Subsequently, complete conversion »fto
complex 3 was observed. Importantly, compléxwas also
present in the crude arylation reaction mixtures utiliziragb
under optimized arylation conditions.

Cy< R

g
_—

+ [RhCl(coe)yl,

4 equiv 1 equiv

observed by 3'P NMR
2

Complex3 was prepared in good yield by heating a THF
solution oflaand [RhCl(coej, at 125°C for 2 h, concentrating
the mixture, and then washing the resulting yellow solid with
pentane. This material was crystallized from pentane/THF, and
the structure of3 was determined using single-crystal X-ray
analysis (Figure 1). The structure clearly showed that one of
the phoban ligands had been selectively dehydrogenated to
generate a P-olefin binding motif with RRP1 and RhtP2
bond distances of 2.2816(18) and 2.379(2) A, respectively, and
Rh1-C16 and Rh+C17 bond distances of 2.123(9) and
2.123(7) A, respectivel§® The second phoban ligand was not
dehydrogenated as evidenced by thé Isybridization of the
carbon atoms in the four-carbon bridge of the ligand. The
stability of this complex even under extended heating at 125
°C indicated tighter chelation of the rhodium center relative to
the analogous complex formed in situ from Rh/BQyhich
we assume underwent multiple rounds of cyclometalgtion/
hydride elimination due to the observed pseudo-catalytic hy-
drodehalogenation of Phl and complete decomposition of the
Rh specied?

(13) For other recent studies on phoban-based catalyst systems, see: (a) Klingler,
R. J.; Chen, M. J.; Rathke, J. W.; Kramarz, K. @rganometallic2007,

26, 352. (b) Dwyer, C. L.; Kirk, M. M.; Meyer, W. H.; Janse van Rensburg,
W.; Forman, G. SOrganometallic2006 25, 3806. (c) Konya, D.; Almeida
Lenero, K. Q.; Drent, EOrganometallics2006 25, 3166.

(14) We previously demonstrated tHHi is converted tdla upon heating, and
thereforelawas utilized in our stoichiometric studies to simplify analysis
of reaction mixtures (see ref 8).

(15) This transformation is analogous to that described by Frost and coworkers
for the dehydrogenation of tricyclopentyl phosphine: Douglas, T. M.; Le
Nétre, J.; Brayshaw, S. K.; Frost, C. G.; Weller, A. Ghem. Commun.
2006 3408.
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100 Scheme 1. Synthesis of (2)-1-Substituted
a0 / | 2,3,6,7-Tetrahydrophosphepine Ligands
80 — 1.BrMg” "X (IF?’R PhSiHg oh
70 / THF, 0°C -> rt _—
// —e—1al1b (1:1) 2. I'-PE)OH - N toluene N
60 1 . RPCl, 3. HyO,, overnight reflux
5 m=1af1h {ca. 21) 4 Aqueousworkup  Ph 4a 74%2 Ph 5a 78%
——3 5. Grubbs-1, CH,Cl,  +Bu 4b 95% +Bu 5b 56%
40 —— Linear (3) reflux Cy 4c 79% Cy 5c 62%
—— -Pr 4d quant. Pr 5d 51%
30 Me 4e 78% Me 5e 35%
pd R? = 0.999279 - o
20 /_ Starting from PhP(O)G] no oxidation conducted.
10 -

0 ' ' - ' in the use of other P-olefin ligands for a variety of transforma-
0 20 40 60 80 100 . .
Time (h) tions1” Recently, Lammertsma and co-workers published the
synthesis of Z)-1-phenyl-2,3,6,7-tetrahydrophosphepine but
Figure 2. Plot of conversion versus time for arylation of benzimidazole sed the material in situ to generate a variety of interesting
using PhBI in the presence of various Rh catalysts. Mo—phosphepine complexes and did not isolate the free
Cy~p oye oy~ A. ligand18® We utilized a modified version of the Lammertsma
— R — R — R procedure.t.o prepare a small set of phosph.epine.Iigands.(.Scheme
p 7 1) .19 Specifically, a three-step procedure, involving addition of
2 equiv of 3-butenylmagnesium bromide to the appropriate
Figure 3. Conceptual evolution of ligands used for heterocycle arylation phosphine chloride followed by an alcohol quench, peroxide
leading to the Z)-2,3,6,7-tetrahydrophosphepine skeleton. oxidation, aqueous workup, and olefin metathesis, was devel-
oped to construct the substituted 2,3,6,7-tetrahydrophosphepine
ring with only a single purification after the final step. The

The activity of 3 as a catalyst for the arylation of benzimi- ) i h >
desired phosphines were then obtained by heating toluene

dazole using PhBr was next explored to determine the effects . i i .
of the introduced unsaturation (eq 3, Figure 2). As shown in Solutions of the phosphine oxides and phenylsilane to reflux,
Figure 2, complex3 catalyzed the arylation of benzimidazole concentrating the reactllor! mllxture in vacuo, and purifying the
to provide a final yield of product similar to that obtained with products.by Kgelrohr distillation.

the use of [RhCl(coe),/1lalb. Fairly similar kinetic behavior To verify the structure of the Rh catalysts generated from

between the different catalysts was observed, with the apparentH€S€ ligands, we next preparediaTHF solution of5c and
zero-order kinetic behavior being a notable feature of the LRNCl(Coe}]> and monitored the mixture usingd NMR
reactions. In general, these data indicate that contpfermed spectroscqpy. Agal_n, we initially observed formation _Of a
under the reaction conditions employing phosphiba® and bisphosphine species, followed by complete conversion to
exhibits surprising stability, presumably due to bidentate P-olefin P'O"?f'” comple'x7 (eq 4). The structure O,f th's_ material was
Rh chelation. This, in turn, suggests that conversion of [RhCl- confirmed by single-crystal X-ray analysis (Figure 4a). The
(coe]»/1alb to the stable comples, rather than solely ligand ligand is coordinated to Rh in a bidentate P-olefin fashion with
sterics and electronics, is largely responsible for the superior @ RnI—P1 bond distance of 2.190(1) A, and RhI4 and

- . . . Rh1—C5 bond distances of 2.130(6) and 2.105(5) A, respec-

activity of arylation catalysts derived from phosphiriegb.

y 4 Y phosp tively. The Rh-binding motifs found i8 and7 exhibited a great
H 0.1 equiv [Rh] H deal of similarity, indicating that removing the two-carbon
N 0.2 equiv PRy N bridge fromladid not significantly alter the desired coordina-
p) +PnBr L »)—Ph 3) . :
N 3 equiv /-Proi-BuN N tion geometry (Figure 4c).

1 equiv 2equiv Us-THF, 150 °C

C

Although complex3 was an active arylation catalyst with R anci o ol '\F{y,cL
interesting kinetic behavior and attractively low levels of aryl @ T ek T eo0 [oyep ™ OV E/Rhﬂaimer) “
bromide hydrodehalogenation, it was also a step back in terms 1eaiv  0.5equiv ) 67%
of catalyst simplicity and ligand modularity. We therefore sought
to simplify the phosphine ligand while maintaining the P-olefin
binding motif that conferred the unique activity & and Having established the Rh coordination chemistrjgfwe
correspondingly [RhCl(cog]p/1a/b, which undergoes in situ  next investigated the activity of ligand&—e in the arylation
ligand dehydrogenation & Specifically, it was envisioned that ~ of benzimidazole with PhBr under reaction conditions utilizing
a ligand lacking the two-carbon bridge present in the phoban conventional heating (eq 5, Figure 5). Although all of the ligands
skeleton, such as &)-2,3,6,7-tetrahydrophosphepine, might provided active arylation catalysts when mixed with [RhCI-
fulfill these design specifications (Figure 3). (coe}], in an optimized ratio of 1.5:1 (P/Rh), phosphepbte
with atert-butyl substituent was by far the most effective and
resulted in quantitative reaction conversion. Phosphéegaveth
a phenyl substituent was also interesting because of the rapid

6 7

Synthesis and Evaluation of
(2)-2,3,6,7-Tetrahydrophosphepines

Substituted Z)-2,3,6,7-tetrahydrophosphepines have been
i ; (16) (a) Van Reijendam, J. W.; Baardman;Tetrahedron Lett1972 51, 5181.
reported in the literatut€ but were completely unexplored as (b) Shima, T Bauer, E. B.- Hampel, F.: Gladysz, J.JAGhem. Soc.

ligands for transition-metal catalysis, despite recent advances  Dalton Trans.2004 7, 1012.

J. AM. CHEM. SOC. = VOL. 130, NO. 8, 2008 2495



ARTICLES Lewis et al.

Figure 4. (a) X-ray structure of7. (b) Line illustration of7. (c) Overlay of common Rh-binding motifs &and7. (d) Diagram deconstructing overlay
shown in Figure 4c.

—8— Mg, 5e
—&—iPr, 5d

Ph, 5a
—+—Cy, 5c
—8—tBu, 5b

W] T T 1
0 10 20 30 40 50

Time (h)

Figure 5. Plot of conversion versus time for arylation usibg—e.

initial reaction rate but gave only moderate conversion becauseimprovements in catalyst stability were not observed (data not
of catalyst inactivation. A number of aryl phosphepine deriva- shown).

tives were prepared and evaluated, including 2,6-disubstituted

phenyl phosphepines designed to prevent orthometalation, but__ X 0.05 equiv [RhCl(coe)al, H phosphepine =

0.15 equiv phosphepine

N
@ » + PhBr ©: >—ph (5)
N 3 equiv i-Pryi-BuN N | P-R

(17) (a) Park, Y.; Meek, D. WBLUIl. Korean Chem. Sod995 16, 524. (b) 1 equiv 2equiv  dgTHF, 150 °C
Thomaier, J.; Boulmaaz, S.; Saffwerg, H.; Regger, H.; Currao, A,; conventional heating
Gritzmacher, H.; Hillebrecht, H.; Pritzkow, HNew J. Chem1998 947. . o .
(c) Deblon, S.: Liesum, L.. Harmer, J.; Satirerg, H.: Gitzmacher, H. Having observed quantitative product formation and essen-

?h%m&ug-%@égg ﬁ@gé&"é‘gfﬁ F’-é Pémgghg: Elfgﬂgn EE &eier, tially no hydrodehalogenation of PhBr during the course of the
J.'2004 10, 4198. (e) Shintani, R.; Duan, W.-L.; Nagano, T.; Okamoto, ~arylation reaction witftert-butyl-substituted phosphepirgb,
Saaﬂa@sT‘-ToﬁS%% CQ?rE.élgts.hliEc%'(r]gt?aﬁg dﬁgﬁ_l-A(;) nﬁmgttg&og-: we next re-evaluated this ligand using microwave heating to
16, 3400. (g) Thoumazet, C.; R)i'chara, L.; Gzmacher, H),'; Le Floch, . shorten the reaction time. Conditions previously optimized using
ﬁhesf?éiﬁogm\b’v'ggoﬁwl_'5(%2(&(2*?“ggﬁerff&ghg)nf’_”gﬁ} EJ-?'Z“%O’;?S%QB%QQE ligandsla/b were first investigated for the arylation of benz-
() Mora, G.. van Zuphen, S.; Thoumazet, C.; Le Goff, X. F.; Ricard, L; imidazole with PhBr (eq 6). A 74% yield of the desired 2-phen-
\G,“éz-mv%%‘ﬁ;in?"i’{g?;}?;“heet&";‘?zﬁgﬁm%ﬁg ?rgggé (k) Kack, P.; Arion, ylbenzimidazole was observed under these conditions (Table
(18) van Assema, S. G. A.; Ehlers, A. W.: de Kanter, F. J. J.: Schakel, M.: 1, entry 1), but functionalized aryl bromides were poorly toler-
Shek. A L Lutz, M. Lammertsma, KChemsEur. J. 2006 12 ated. These results utilizing microwave heating differed greatly
(19) We also explored a borane protection route as described by Gouverneurfrom those observed ids-THF at 150°C under conventional

and coworkers: (a) Schuman, M.; Trevitt, M.; Redd, A.; Gouverneur, V. i ; ;
Angew. Chem.. Int. E@00Q 39, 2491. (b) Slinh. C. A: Redgrave, A. J. heating, under which broad functional group tolerance was

Hind, S. L.; Edlin, C.; Nolan, S. P.; Gouverneur, ®rg. Biomol. Chem. observed by'H NMR spectroscopy over long reaction times
2003 1, 3820. This ultimately failed, perhaps because of olefin hydrobo- it

ration as described in: (c) Scheideman, M.; Shapland, P.; Vedej}, E. (data not shown). Pr_OdUCt decgmpo_s.ltlon was suspected as a
Am. Chem. So®003 125 10502 and references therein. cause for the low yields obtained in some of these cases;

2496 J. AM. CHEM. SOC. = VOL. 130, NO. 8, 2008



Arylation of Heterocycles via C—H Bond Activation ARTICLES

0.05 equiv [RhCl(coe)s]» Table 2. Scope of Aryl Bromides Compatible with Arylation

H 0.15 equiv 5b H Reaction
+ PhBr
o . Ph 6
©:N/> 3 equiv i-Prai-BuN ©:N/>_ ® Entry ArBr Product Yield (%)°
1 equiv 2 equiv solvent, time, temp
microwave heating 1 CFs 1 93
Table 1. Optimization of Reaction Conditions Using Microwave 2 S(O)Me 12 60
Heating
entry solvent time (min) temp (°C) yield (%) 3 cl 13 86
1 DCB 40 250 74 4 C(O)Et 14 91
2 DCB/THF (1:1) 40 250 77
3 DCB/THF (1:1) 120 200 88 5 Br CO:Et 15 9%
4 DCBI/THF (1:1) 240 200 84 n/©/ R=
5 THF 120 200 83 6 C(O)NH; 16 85

aDetermined by'H NMR spectroscopy relative to 2,6-dimethoxytoluene

. 7 H 17 98
internal standard.

however, catalyst decomposition, indicated by the presence of ® NrAe * %
significant Rh black precipitate in the reaction vessels, was also ¢ OMe 19 69
cause for concern.

Both of these difficulties most probably arose from either

the high temperature or the solvent, 1,2-dichlorobenzene (DCB), 11 I;(B' . H 21 67
employed in our previously published conditichisvestigation R

of reaction solvent, time, and temperature for reactions conduct- 2% = NH 2z %
ed in a microwave reactor revealed that the reaction temperature 45 NMe 23 63
could be reduced to 20€C from 250°C by extending the B’m e

reaction timea 2 h from 40 min in a DCB/THF solvent mixture 14 X ° “ 81
(Table 1, entries 24). Furthermore, at this reduced temperature, 5 s 2% 100
THF could be used without a high-boiling cosolvent to provide --------------------mmeeeeeaaees e R
the desired product in good yield and with no Rh black 16 Br NS 26 64

precipitation (entry 5° The elimination of DCB, a halogenated

and toxic solvent, has significant practical implications for

reaction workup, waste disposal, and product purification. 0.05 equiv [RhCl(coe),],

Substrate Scope CN\> . ©/Br 0.15 equiv 5b <N>_® ®
The optimized reaction conditions were then utilized to arylate ~X fn I‘;‘:‘:;'l‘v’ a"\'lzfégg'g‘é;'; X

benzimidazole with a variety of aryl bromides in good to 1 equiv 2 equiv '

excellent yield (eq 7, Table 2). Very high functional group ©-3M

tolerance was observed, and many substrates not compatible,,, . 5 Scope of Heterocycles Compatible with Arylation

with our previously published methods, and not demonstrated Reaction

using Pd catalysis, are now viable. In particular, sulfinyl, chloro,

a|solated yield of pure product.

. . Entry Heterocycle Product Yield (%)°
acetamide, free hydroxy, and free amine groups were all
tolerated (entries 212). However, while para and meta sub- 1 . NMe 27 79
stitution were tolerated, ortho substitution was not. Electron- ) C[ Sy x= o " o6
rich heteroaryl bromides, including 5-bromo-1-methylindole, X
5-bromobenzoxazole, 5-bromobenzothiazole, and 3-bromothio- 3 s 29 38°
phene, also coupled in excellent yields (entries-18). These F
. . . 4 phenyl 30 91

results are particularly notable given that these electron-rich y
heterocycles undergo electrophilic metalation by Pd catalysts, 5 [y A= 3-indolyl 31 80
which complicates their use in palladium-mediated direct AN )

. . 6 4-pyridyl 32 28
arylation chemistry2 Voo

H 0.05 equiv [RhCl(coe),]» H N
N 0.15 equiv 5b N 7 | \> 33 92
p + AbBr @ )—Ar 7) N
@EN> 3 equiv i-Prpi-BuN, THF N>_ P

microwave (200 °C), 2 h

1 equiv 2 equiv IN\>

0.1M) 8 S 34 47
A variety of additional heterocycles were also compatible with \tn\

the Rh-catalyzed arylation conditions, and conveniently, optimal @ 0> 35 52

yields with these substrates were obtained at an increased

a|solated yield of pure produck.Six-hour reaction time.

(20) The reaction pressures obtained under these conditions can reach the limits . .
of commercial microwave reactors, so care must be taken to leave enough reaction concentration of 0.3 M (eq 8, Table R}Methylben-

head space in the reaction vessel to avoid overpressure errors and vial bursts,; -~ ; ; ;
(3 mL of THF can be heated to 20C in a 5-mL Biotage microwave vial Zimidazole and benzoxazole coupled in good yield (entries 1

without incident). and 2, respectively), and for the first time using Rh catalysis,
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H g-?g equiv [Fr:hCIerlz H formation was readily accomplished by briefly stirriblg with
©:N/> v phpr o cadlvPhosphine N/>_Ph o excess aqueous HBFextracting the salt with CyCl,, and
N 3 equiv base, THF concentrating the organic extracts to yi¢hthH]BF 4 as an air-
microwave (200 °C), 2 h . . . . .
1 equiv 2 equiv stable white solid. Importantly, this material provided results
1M identical to those obtained using the free phosphii i the
Table 4. Comparison of Reaction Conditions coupling of benzimidazole and PhBr (eq 9, Table 4, entries 1
) - - and 2).
enty _phosphine R _ b’f‘se setp yield (%) Significantly, [RhCl(coej],, an expensive and air-sensitive
1 5b [RhCl(coej],  i-Prai-BuN  glovebox 98 catalyst, could be replaced with [RhCl(cogffod = cyclo-
2 [SbH]BF4 [RhCl(coe}], i-Pri-BuN  glovebox 98 . . .
3 5p [RhCl(cod)p  i-Pri-BuN glovebox 100 octadiene), a much cheaper and air-stable catalyst, with essen-
4  [5bHIBF,; [RhCl(cod)p i-Pri-BuN  Ngline 90 tially no change in product yield (Table 4, entry 3). Previous

attempts to use this Rh source in both the arylation and alkyla-
tion reactions developed in our group had resulted in decreased

benzothiazole was a viable substrate (entry 3). PharmaceuticallyprOdUCt yields, presumably due to the greater difficulty of

. . . . displacing a bidentate olefin ligand with the monodentate,
important bisarylimidazoles were also excellent arylation sub- . . - )
strates, and both indolyl and pyridyl substitution, common to a sterically hindered phosphines employed in those methods. In

number of known drug candidates, could be present on the contrgst, the bidentgte P-olefin I!gaﬁd reaqlily displaces the
imidazole ring (entries47), although pyridine substitution did .COd ligand to provide the active arylatlon catalyst. _Mc_)st
result in reduced yield (entry 7). Finally, arylation of 4,5- importantly, the aforementioned phosph.lne and Rh substltqtlons
dimethylthiazole and the nonaromatic 4,4-dimethyloxazoline enabled easy assembly of the arylation reactions outside a

provided moderate yields of the corresponding arylated productsglovebox’ W.'thOUt p.ur|f|cat|on of any rgagents, using onlyA N
(entries 8 and 9) line to provide an inert atmosphere in the microwave vessel

(entry 4). A small set of arylation reactions were repeated under
Direct Arylation Using [SbH]BF 4 under Convenient the modified conditions to establish the generality of this
Conditions without Use of a Glovebox protocol (eq 10, Table 5). Good to high yields of the desired

a|solated yield of pure product.

The success observed for the arylation of heterocycles using [RhCl(cod)],
5b next led us to pursue strategies designed to simplify the N [5bH]BF, (1.5 equiv/Rh)
experimental procedure by avoiding the use of a glovebox and Cx\> *+ ABr .
purified reagents. We therefore sought to protect the air-sensitive :qf:?:xalv :r(zz"(?o”!“C')Tgi
ligand5b as its corresponding HBEalt, as previously described 1 eauiv 2 equiv 10 glove box
by Netherton and Fu for the protection afB®s3.22 The excess
base present under our reaction conditions could then beproducts were obtained for a range of aryl bromides and
exploited to generate the active phosphine in situ. lHB&t heterocycles. Only modest decreases in product yield were

N
C S—ar (10
X

Table 5. Arylation of Azoles Using [SbH]BF4

Entry Heterocycle ArBr Solvent  Conc.®*  [RhCl{cod)]: (%) Product Yield (%)°
1 /@/C(O)E‘ THF 0.1 5 15 74
Br
2 dioxane 0.3 25 15 58
3 /@ THF 0.1 5 17 89
N Br
4 C[ Y dioxane 0.3 25 17 99
N
5 H /@/NH‘“ THF 0.1 5 18 85
Br
6 dioxane 0.3 25 18 67
7 B’m THF 0.1 5 25 93
s
8 dioxane 0.3 25 25 87

N
>
10 o THF 0.3 5 28 55
F. BI'/©

N
>
11 N THE 03 5 3 75
A

aConcentration of heterocycl@lsolated yield of pure product.
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N
©:/> + PhBr
N

1 equiv 2 equiv

0.01 equiv [RhCl(coe),l,

0.03 equiv 5b H

t-Bu<
H [RhCl(coe)glo + @ 5
@[ )—Ph (1)
N

3 equiv i-Pri-BuN
solvent, time, temp

Table 6. Determination of Catalyst Loading

entry solvent concn? temp (°C) time (h) yield (%)° /D 7 (dimer)
1 THF 0.1 165 120 62 N S @ -
2 dioxane 01 165 120 82 E:E,f— RS L N—piR %
3 dioxane 0.3 165 72 100 y AT H al t+Bu
4 dioxane 0.3 165 48 90 39 H
5 dioxane 03 175 24 90 ’\\
HBr
aConcentration of benzimidazoleYield determined by GC with H Br,D H /|
dodecane as an internal standard unless otherwise ridtedated yield of N | N L
Rh—R\ Rh—R\
pure product. N N 7\
AT G tBu \ Cl tBu
H H

observed relative to the original protocol, and thus it is 38 ArBr
anticipated that these conditions will be appropriate for most Figure 6. Proposed mechanism for heterocycle arylation employing
applications. Because of the higher boiling point of dioxane Rh/5b.
relative to that of THF, a subset of reactions was also performed . . o
with dioxane at a reduced 2.5% precatalyst loading, and good 1 he high product yields and long catalyst lifetimes observed
yields were also observed under these reaction conditions" hetérocycle arylation reactions using ligeiglin combination
(entries 2, 4, 6, and 8). with [RhCI(L)z]z.(!_ = coe or cod) precatalysts are bepleved Fo
) result from stabilization of the Rh center by hemilabile olefin

Catalyst Loading coordination. On the other hand, a variety of bidentate phos-

Preliminary investigation of catalyst loading, which becomes phines and PN ligands were also screened as ligands for the
increasingly important for large-scale reactions, was also Rh-catalyzed arylation of benzimidazole with bromobenzene,
performed (eq 11, Table 6). For this study, conventional heating but little or no product was observed in each case. Te (
was used because microwave heating is not typically pel’fOI’med2,3,6,7-tetrahydrophosphepine scaffold must therefore provide
with large-scale reactions. At 1% loading of the [RhCl(epe)  a unique coordination environment well suited for our hetero-
precatalyst, high conversion with high isolated yields could be cycle arylation chemistry and may prove useful in other
achieved by performing the reaction in dioxane with benzimi- transition-metal-catalyzed reactions.
dazole at 0.3 M (entries-35). By performing the reaction at
175°C, a high yield of arylation product was obtained within
24 h (entry 5). Lower conversions and/or extended reaction imes |, summary, we have developed a practical, functional group
were required when the reactions were performed in THF (entry to|erant method for the Rh-catalyzed direct arylation of a variety
1) or at a lower benzimidazole concentration (entry 2). of pharmaceutically important heterocycles with aryl bromides.
Proposed Mechanism Essential to the success of this method was the uZelstert-

A possible mechanism that accounts for heterocycle arylation Putyl-2,3,6,7-tetrahydrophosphepirs®, as a ligand that coor-

utilizing these new ligands is presented in Figure 6. Combination dinates to Rh in a bidentate P-olefin fashion to provide a highly
of 5b and [RhCl(coe), provides the dimer complex (vide active yet thermally stable catalyst. Furthermore, the initial

supra). Dissociation of this complex and coordination of the €action mixtures could be assembled without the use of a
heterocycle would provide the heterocycle compB&xwhich glovebox or purified reagents when the tetrafluoroborate salt

is very similar to that observed in the very well characterized, ©f the phosphine was employed. The arylation reaction likely
related reactions df-methylbenzimidazole, 3,4-dihydroquinazo- ©CCUrs via a novel €H bond activation pathway involving a
line, and other heterocycles with RhCI(Pgy? The formation substrate-based NHC intermediate, which provides substrate
of carbene complex37 is presumed to occur via a-€H scope orthogonal to that reported for Pd-catalyzed reactions. In

activation/tautomerization process that was also previously Particular, unprotected NH azoles and a wide array of

documented in the study of carbergodium complex forma- functionalized aryl bromides and electron-rich heteroaryl bro-
tion with 3,4-dihydroquinolin.This low-valent, electron-rich ~ Mides are compatible with the Riphosphepine catalyst. The

Rh complex is ideally suited for oxidative addition of aryl reactions can be conducted in THF, which greatly simplifies
halides to generate the (aryl)(carbene)rhodium com@@x product isolation relative to the procedure required under our
Elimination of HBr from this complex in either an intramo- previously published conditions, which require 1,2-di_ch|oroben-
lecular fashion or assisted by the added amine base would ther?€N€ &s solvent, and Pd-based heterocycle arylation methods

lead to comple89. Finally, reductive elimination of the desired ~ carried out with high-boiling amide solvents. By heating the
arylated product would regenerate the Rh catalyst. reaction solutions in a microwave reactor, excellent product
yields were achieved with 2-h reaction times.

Conclusions

(21) (a) Chang, L. L.; Sidler, K. L.; Cascieri, M. A.; de Laszlo, S.; Koch, G.;
Li, B.; MacCoss, M.; Mantlo, N.; O'Keefe, S.; Pang, M.; Rolando, A;
Hagmann, W. KBioorg. Med. Chem. LetR001, 11, 2549. (b) de Laszlo,

Experimental Section

S.; Hacker, C.; Li, B.; Kim, D.; MacCoss, M.; Mantlo, N.; Pivnichny, J.
V.; Colwell, L.; Koch, G. E.; Cascieri, M. A.; Hagmann, W. Bioorg.
Med. Chem. Lett1999 9, 641. See also refs 2a.

(22) Netherton, M. R.; Fu, G. @rg. Lett.2001, 3, 4295.

(2)-1-tert-Butyl-2,3,6,7-tetrahydro-1H-phosphepine (5b).To an
oven-dried round-bottom flask under, Mere addedert-butyldichlo-
rophosphine (2.1 g, 13.2 mmol) and THF (45 mL). The solution was
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cooled to 0°C, and a solution of 3-butenylmagnesium bromide (0.76 was vigorously stirred for 15 min. The mixture was extracted with 3
M, 37.5 mL, 27.7 mmol) was added dropwise via syringe. The reaction x 25 mL of CHCl,, and the combined organic extracts were dried
mixture was allowed to warm to room temperature overnight (ca. 12 with MgSQ,, filtered, and concentrated to provide 0.0992 g (65%) of
h) and quenched by slow addition BPrOH (10 mL) and water (10 [5bH]BF 4 as a white solid*H NMR (400 MHz, CDC}): 6 6.39 (dm,
mL). Aqueous hydrogen peroxide (3 mL, 30% wt/wt) was then added J = 488.7 Hz, 1H), 5.94 (m, 2H), 2.72 (m, 6H), 1.94 (m, 2H), 1.41 (d,
slowly via syringe (caution, exothermic reaction), and the reaction J= 17.2 Hz, 9H).:*C NMR (100 MHz, CDC}): ¢ 131.0 (s), 28.6 (d,
mixture was stirred at room temperature for 4 h. The reaction mixture J = 43.3 Hz), 24.9 (s), 19.9 (d,= 6.6 Hz), 12.7 (dJ = 43.3 Hz).3'P
was further diluted with water (100 mL), and the volatile materials NMR (162 MHz, GDg): ¢ 34.4 ppm. IR (ZnSe, thin filmymax (cm™):
were removed by rotary evaporation. The reaction mixture was then 2954 (br, w), 1472 (w), 1409 (w), 1378 (w), 1199 (w), 1093 (m),
extracted with CHCI, (3 x 100 mL), and the combined GBI, extracts 1045 (s). HRMS-FAB ifVz): [M] " calcd for GoHzoP, 171.130264;
were dried, filtered, and concentrated to give the crude product (dibut- found, 171.130860.
3-enyltert-butyl)phosphine oxide, 3.6 g) as a viscous oil in good purity Typical Procedure for Cross-Coupling Azoles and Aryl Bromides
as judged by'P NMR spectroscopy. This residue was degassed using (Microwave Protocol), 2-Phenyl-H-benzo[d]imidazole (17).In an
three cycles of evacuation and Nurging, dissolved in CkCl,, and inert atmosphere box, a stir bar, the appropriate heterocycle (e.g.,
added to a round-bottom flask fitted with a condenser and septum underbenzimidazole, 0.0481 g, 0.4 mmol), and 1 mL of THF were added to
N2. A CH.CI; solution of Grubbs’ first-generation metathesis catalyst a 5-mL glass microwave vial. Into a separate vial were weigbled
(0.50 g, 0.046 mmol) was added through the condenser, and the(0.102 g, 0.06 mmol) and [RhCl(cag) (0.0143 g, 0.02 mmol), and
resulting solution (275 mL total volume) was heated at reflux for 24 h the catalyst was transferred to the microwave vial using 2 mL of THF.
to affect nearly complete conversion to the desire phosphepine oxide The appropriate aryl bromide (e.g., bromobenzene, 0.1261 g, 0.8 mmol)
as judged by'P NMR spectroscopic analysis of an aliquot taken from was transferred to the microwave vial using 1 mL of THF, &ifbi-
the reaction mixture. The solution was concentrated, loaded onto a BuN (0.245 mL, 1.2 mmol) was added directly to the vial via syringe.
Biotage samplet using a minimal amount of £H (ca. -3 mL), The vial was sealed, removed from the inert atmosphere box, and heated
and purified using a MeOH/C{€l, gradient & = 0.3 in 4% MeOH/ for 2 h at 200°C. The reaction mixture was then cooled, quenched
CHCIy) to provide 2.33 g (95%) oftb as a brown oil that partially with excess BN (0.5 mL), and concentrated under reduced pressure.
solidified on standing*H NMR (400 MHz, CDC}): ¢ 5.80 (m, 2H), The residue was dissolved in a minimal amount of methanol/methyelene
2.63 (m, 2H), 2.17 (m, 2H), 1.79 (m, 2H), 1.42 Jt= 13.6 Hz, 2H), chloride (ca. +2 mL), loaded onto a silica gel samplet (Biotage No.
1.04 (d,J = 13.9 Hz, 9H).13C NMR (100 MHz, CDC}): 6 132.2 (s), SAM-1107-16016), and purified using flash chromatography. A
31.3(d,J=67.5Hz), 24.1 (s), 22.7 (d,= 59.4 Hz), 18.5 (d)=5.1 suitable gradient was calculated by the Biotage SP-@ ethyl
Hz). 3P NMR (162 MHz, CDCJ): ¢ 58.0. IR (ZnSe, thin filmmax acetate/hexanes) given a prodigtof 0.32 in 40% ethyl acetate/
(cm™b): 3020, 2947, 2907, 2862, 1647, 1463, 1394, 1365, 1190, 1151 hexanes. The desired product was obtained as 0.0775 g (98% vyield,
(P=0). HRMS-EI (W2): [M] " calcd for GoH140OP, 186.117354; found, Table 2, entry 7) of a white solid. For other heterocycles, the
186.116842. concentration of the reactants was increased to 0.3 M. The amount of
A vial containing phosphepine oxidéb (2.33 g, 12.5 mmol) was heterocycle (mmol) and the concentration (M) of the reaction are
fitted with a septum and degassed using three cycles of evacuationtherefore provided for each entry. Mp 28285°C (lit. 285—286°C) .3
and N purging. This material was dissolved in toluene (10 mL) and *H NMR (400 MHz, CBOD): ¢ 8.10 (m, 2H), 7.61 (br s, 2H), 7.54
added to a round-bottom flask fitted with a reflux condenser and a (m, 2H), 7.27 (m, 2H).

septu_m ungler N Phenylsilane (6.0 mL, SQ mmol) was added,_ and the Acknowledgment. This work was supported by the NIH
reaction mixture was heated at reflux until complete conversion of the

starting material had occurred (16 h). The volatile materials were GM069559 to.J.A.E. anq by the DlreF:tor and Offlcg of Engrgy
removed under high vacuum, and the residue was distilled under R€S€arch, Office of Basic Energy Sciences, Chemical Sciences
reduced pressure (0.15 mmHg, 50) using a Kigelrohr apparatus to ~ Division, U.S. Department of Energy, under Contract DE-ACO3-
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0.95 (d,J = 10.9 Hz, 9H).13C NMR (100 MHz, GD¢): 6 131.6 (s), . . . ) .
27.3 (4.0 = 11.7 Hz), 26.9 (dJ = 13.2 Hz), 24.3 (dJ = 13.2 Hz), Supporting Information Available: Experimental procedures,

20.0 (d.J = 19.0 Hz).1P NMR (162 MHz, GDg): 0 7.0. HRMS-EI analytical and spectral charagterizatiqn dqta for all new com-

(M/2): [M]* calcd for GoHigP, 170.122439; found, 170.122376. pounds, and crysta}llographlc |.nform§t|on files (CIF) for com-
(2)-1-tert-Butyl-2,3,6, 7-tetrahydro-1H-phosphonium Tetrafluo- pounds3 and 7. This material is available free of charge via

roborate ([5bH]BF.). In an inert atmosphere bo%b (0.101 g, 0.587  the Internet at http://pubs.acs.org.

mmol) and a stir bar were added to a vial. The vial was sealed with a JA0748985

septum and removed from the box. @ (6 mL) and HBR (0.50

mL, 2.94 mmol, 48 wt % aqueous solution) were added, and the mixture (23) Perry, R. J.; Wilson, B. DJ. Org. Chem1993 58, 7016.
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