ORGANIC
LETTERS

2003
Vol. 5, No. 12
2131—-2134

Microwave-Assisted C—H Bond
Activation: A Rapid Entry into
Functionalized Heterocycles

Kian L. Tan, Anil Vasudevan,® Robert G. Bergman,*"*
Jonathan A. Ellman,*" and Andrew J. Souers*!!

Center for New Directions in Organic Synthesis, Department of Chemistry,
University of California—Berkeley, Berkeley, California 94720,

Division of Chemical Sciences, Lawrence Berkeley National Laboratory,
Berkeley, California 94720, and Medicinal Chemistry Enabling Technologies and
Metabolic Disease Research, Abbott Laboratories, 100 Abbott Park Road,
Abbott Park, Illinois 60064

andrew.souers@abbott.com

Received April 1, 2003

ABSTRACT
R3
R \R!
Condition A
10 mol% RhCI(PPhs)3
In 250 C, 20 mins.

n R1
- N N ;
Lot @;5&
2
N R N as

Microwave irradiation strongly accelerates the rhodium-catalyzed intramolecular coupling of a benzimidazole C-H bond to pendant alkenes.
The cyclic products were formed in moderate to excellent yields with reaction times less than 20 min. Additionally, the use of microwave
irradiation allowed the reactions to be performed without any solvent purification and with minimal precautions to exclude air.

N
/> Condition B
N 2.5-5 mol% [RhCl{coe)zl

5-10 mol% HCIPCy;
225-250 C, 6-12 mins.

Microwave-assisted organic synthesis has emerged as af microwave-assisted synthesis is exemplified by its recent
powerful tool in organic chemistry. The ability to rapidly successful application to transition metal-mediated reactions
heat and thermally quench reactions has resulted in dramaticsuch as transfer hydrogenation, allylic alkylation, hydro-
increases in the rates and yields of a variety of chemical acylation? Heck-type couplings, and Suzuki, Stille, and
transformationd. Because of the safe and reproducible Sonogashira couplings.

heating of sealed vessels in a microwave reactor, both the Recently, we developed both the infeand intramolecu-
academic and industrial communities have utilized this |ar* alkylation of heterocycles by €H bond activation
technology. Furthermore, automation now enables its use in(Scheme 1§. This methodology allows for the rapid func-
high-throughput reaction optimization and in rapid analogue
synthesis, particularly for drug discovery efforts. The utility
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Scheme 1. Intra- and Intermolecular Coupling Reactions Table 1. Substrate Generality with RhCI(PR#
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solvent polarity and coordination ability. It was also antici-
pated that the solubility of most heterocycles in DCB would
be limited. We therefore tested the compatibility of cosol-
vents in the reaction by using mixtures of DCB with varying
amounts of THF, CECN, and acetone. The solvent screen
was conveniently performed by use of a liquid handler and

tionalization of a variety of heterocycles, which have proven N 7 (:[N;:L
to be important scaffolds in drug discovérfrurthermore, E:[ ? N
the use of C—H activation overcomes several limitations of
traditional cross-coupling reactions. The coupling of-akC I/% N>/:>_ ,
bond and an alkene obviates the need to prefunctionalize ©:h> E:[/ v
the starting materials, and consequently, fewer byproducts N N
are formed. Because of the simplicity of the starting
materials, the pool of commercially available compounds is Nf\\ » N;j 1 5
both vast and inexpensive. However, the air-sensitive nature @:N} ©:N
of the catalyst, as well the high temperatures and long
reaction times required, make this methodology difficult to  2Conditions: 3:1 DCB/acetone, 20 min, 280, 10 mol % RhCI(PP§s.
apply to industrial drug discovery applications. Herein, we ° Yield determined byH NMR.
report a facile microwave-assisted intramoleculatCbond
activation—cyclization that circumvents the limitations de-
scribed above. This was achieved through the optimization
of the catalytic conditions and solvent selection.
We had previously reported that Wilkinson's catalyst could
be used to effect the cyclization of alkehécf. Table 1) in
modest yield when heated to 18Q in toluene for several
hpurs in a sealed vessel. This commerciall.y avai]able and programmable robotic interface, which allowed for rapid
alr-_stz_;\ble_ Cat?h:]St re_presented adg_qod st:;:rtmg pon:]t for theevaluation of solvent mixtures. This effort led to the
o oo e onotos o e . scovery that e CIEN and TH had  negative impac
afforded little to npo conversion of compouridto 2 when ggntehﬁeciﬁagﬂzztra\tveﬁi;wxﬁfeé}w|?,C?;Zr;ie%roi\r’fit?nggggta
?::é?:ﬁa;?éas;id;ﬁﬁ%ir%cﬁf‘:‘::)?]rvi?]t?;':;r ggztﬁ';rg\gg\_/eimprovement in react?on yield k_Jut also helped to solubilize
d that commonly used microwave solvents such asthe catalyst and starting materials. o .
\c/)vr;?g? t?)MSO and DMI>:/ were poor media for the C—H/ The sol\]{%r)ftfsyst?mtyvas ;‘urth?r Op;g;.zi? bybperformlng
’ o . . L ) a survey of different ratios of acetone ichlorobenzene.
alkene coduplmlg reachonb.Afte.r |nves't|k?at|ng.d|ffeé'er;t so'l- The addition of 16-25% of acetone iro-dichlorobenzene
Zgzgstar?tns aﬁg \;leer;[tir(:gn;r(l)?i?eflsonvieggun(\j/irﬁ/;?ghez;lejrgmc gave optimal results. The origin. _of thi; effec_t is not easily
550 °C for 20 min in o-dichlor(;benzene (DCB) afforded discerned. Bgcause_ of the facmty with which the ta}rget
officient conversion t@. temperature is achieved using the acet'one/DCB mlxtgre
Encouraged by this result, we turned our attention toward _(relatlve to neat DCB), combmeql with the improved solubil-
increasing the reactivity of the system by adjusting the ity of reaction compo_nents, a 5|mp_lg thermal effect cannot
be ruled out. Interestingly, the addition of as much as 20%
(6) () Roth, T.. Morningstar, M. L; Boyer, P. L Hughes, S. H.: water in. DCB was also an effective solvent system fqr the
Buckheit, R. W.; Michejda, C. J. Med. Chem1997,40, 4199. (b) Wienen, conversion of alkend to product2. Because of the high
JW.I;:’hH:rLrﬁgcgl.;lggg 2"1909"231-50- A.; Narr, B.; Ries, U.; Entzeroth, Bit. pressures that resulted from the biphasic mixture of water
" (7) Both toluene and THF have low values of tarmaking them poor and DCB, the reactions were often interrupted due to built-
microwave solvents. Hayes, B. Microwave Synthesis: Chemistry atthe  in Safety features in the microwave reactor.
P{6) Reactons with THE anl toluene Solulions weid aborted above  With conditions that were optimal for reactivity and

temperatures of 186C due to pressure maxima. solubility, we next examined the substrate generality by
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varying the alkene substitution (Table 1). We found that || NN A

ut_ilization of 10 mql % Wilkinson’s catalyst gllowed fora taple 2. Results with [RhCI(coe), and HCIPCy
wide range of cyclic products to be formed in less than 20

min when the reaction mixture was microwave-heated to 250 alkene product yield(%)
°C. The solvents employed for the microwave reactions were
used without drying or degassing, and minimal precautions N 1 @:N;]/ 2 972
were taken to exclude air from the reaction vessels. The N» N
cyclization of alkene3 afforded product in 55% isolated
yield with a regioselectivity of 4:1 (five- vs six-membered N/’\4 N;j\
ring). Use of the more sterically hindered compoufd ©: > 3 @N 4 et
N

resulted in the exclusive formation of tricydle Comparable
yields were observed under the previously optimized thermal //\I
conditions? but a dramatic reduction in reaction time was N s @N;k/\ 6 s
observed under the microwave conditions. Aryl-substituted C[ ? !

alkene 7 could also be cyclized efficiently. Geminally

substituted compouné favored formation of the terminal \pn
six-membered productO, probably due to steric factors. [:[N/} 7 ©: on 8 62P
Finally, the use oN-allyl benzimidazole afforded the product N

12 in 59% vyield.
Pleased with the initial results using RhCI(RRhwe next ©:N//>é 9 @Q‘ 10 78
sought to improve the yield and reduce the catalyst loading
and reaction time. Previous studiesf the intermolecular
reaction had demonstrated that addition of Lewis @irBted N/’\ N;j
acids to [RhCl(coe], (coe = cyclooctene) and PGy C[ > " @[
increased the rate and yield of the-8/alkene coupling. N
We therefore examined the application of this catalyst system
to the intramolecular coupling with one variation. Instead
of using lutidinium chloride or MgBras an additive, the N 13 @N;:r 14 74
HCI salt of PCy was employed. By combining the @nsted ©:N’> N
acid with the optimal phosphine, the number of required
i i i ici aConditions: 225°C, 6—12 min, 3:1 DCB/acetone, 2.5 mol %
) acetone, 2.5 mol % [RhCl(cog), 5 mol % HCIPCy. ¢ Conditions: 250
stablé@ and soluble in a variety of organic solvents. This °C, 12 min, 85:15 DCB/acetone, 5 mol % [RhCl(cdg) 10 mol %
allows solutions of catalyst to be prepared for use in high- HCIPCys.
throughput optimization of reactions with no rigorous glove-
box or Schlenk flask manipulations. the desired heterocycled, but the remainder of the material
Application of the optimal microwave conditions with appeared to bé2 resulting from protodesilyation of the
[RhCl(coe)], and HCIPCy as the catalyst system provided Product 14. The use of Wilkinson’s catalyst with this
the cyclized products with substantial increases in yield. substrate afforded the protodesilylateialmost exclusively.
Additionally, lower temperatures, reaction times, and catalyst Having successfully demonstrated the cyclization of a
loadings were implemented (Table 2). As before, the solventsvariety of substrates using microwave irradiation, we at-
were not degassed or dried before use. The only precautionfempted to extend the scope to the intermolecular coupling
taken to exclude air was the purging of the reaction vesselsOf an untethered alkene to benzimidazole. Initial attempts
with nitrogen after the addition of reagents and before t0 couple neohexene to benzimidazole with Wilkinson's
capping the containéf. The cyclization ofl proceeded at  catalyst afforded the alkylated produté in low yields.
225°C in less than 6 min in excellent yield. The coupling Gratifyingly, implementation of the [RhCl(ceg) and
of 3 again led to a mixture of the terminal five- and six- HCIPCy; catalyst system afforded the desired compound in

membered ring products with an improved regioselectivity 58% yield in 12 mir{Scheme 2). We are currently optimizing
of 8.8:11 in favor of 4. When11 was cyclized tol2, the the conditions of the reaction and extending this methodology

yield of the reaction was 50%, with the isomerized enamine to other heterocycles and alkene substrates.
being the major byproduct. VinylsilanE3, which contains _
a functional group handle for further manipulation, cyclized :
quantitatively in less than 12 min. The major product was Scheme 2. Intermolecular Coupling

5 mol% {RhCl(coe),}o

- — —— N \ 10 mol% HCIPCys y
(9) Though the phosphine hydrochloride is stable to air oxidation, the >t \—§
salt is hydroscopic and should be handled accordingly. N/ 225 0C, 12 min N/

(10) Reactions could be performed in air in many cases. However, for
more challenging substrates, modest increases in yield were observed when 15 5 equiv 16

the vessel was purged with,N 58%
(11) Ratio determined byH NMR of the crude reaction mixture.
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In conclusion, we have developed an efficient and under Contract No. DE-AC03-76SF00098 (to R.G.B.). R.G.B
operationally simple cyclization method utilizing-E1 bond and J.A.E. acknowledge Personal Chemistry for supplying
activation to rapidly access heterocyclic products that are the microwave instrument. The Center for New Directions
currently difficult to obtain with alternative methods. The in Organic Synthesis is supported by Bristol-Meyers-Squibb
procedure is amenable to high-speed compound synthesisas a sponsoring member and Novartis as a supporting
and to rapid reaction optimization for individual substrates. member. We gratefully acknowledge David Whittern (Abbott
Additionally, we have demonstrated the successful inter- Laboratories) for NMR studies and useful discussion. This
molecular coupling of an alkene to benzimidazole. Further manuscript is dedicated to the memory of Carrie Jane Smith.
studies will be reported in due course.
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