CHEMISTHY

Article

Subscriber access provided by American Chemical Society

Solid-Phase Rhodium Carbenoid N-H Insertion

Reactions: the Synthesis of a Diverse Array of Indoles
Sang-Hyeup Lee, Bruce Clapham, Guido Koch, Jrg Zimmermann, and Kim D. Janda
J. Comb. Chem., 2003, 5 (2), 188-196+ DOI: 10.1021/cc020079z * Publication Date (Web): 25 January 2003
Downloaded from http://pubs.acs.org on March 20, 2009

/Il?\ H TuQ A -
0o o N )J\T)L 1 T\
—/ ke Qo R QO Xo3
Qo= KT mIQ
N Ny UR? O R?
2 N7
Rs

More About This Article

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

Supporting Information

Links to the 2 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 Combinatorial Chemistry is published by the American Chemical Society.
1155 Sixteenth Street N.W., Washington, DC 20036


http://pubs.acs.org/doi/full/10.1021/cc020079z

188 J. Comb. Chem2003,5, 188-196

Solid-Phase Rhodium Carbenoid N-H Insertion Reactions: the
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Combinatorial Chemistry Unit, Nartis Pharma AG, WSJ-507, CH-4002 Basel, Switzerland

Receied September 7, 2002

A solid-phase synthesis of an array of indoles is reported. The key step in our approach involvés a N
insertion reaction oN-alkylanilines into a highly reactive polymer-bound rhodium carbenoid intermediate

to yield the corresponding-arylaminog-ketoester. These insertion products were then treated under acid-
catalyzed cyclodehydration conditions to yield a series of polymer-bound indole esters, which were
subsequently cleaved from the resin under Lewis acid-promoted amidation conditions to yield the desired
indoles in good yields and with excellent purities.

Introduction to form a highly reactive rhodium carbenoid intermediate,

Combinatorial chemistry is now a widely used technology Which subsequently reacts with the primary amide to give
for the production of libraries of compounds that are the corresponding NH insertion product. These insertion
subsequently screened for the discovery of biologically active products are then converted into the desired oxazole hetero-
molecules or the further development of biologically active cycle using a cyclodehydration reaction. One problem
leads! One of the most popular techniques for synthesizing encountered during this work was the preparation of diverse
combinatorial libraries uses solid-phase organic synthesispolymer-boung3-ketoesters; however, we have also devel-
(SPOSY This method is particularly attractive, since isolation oped a general transesterification strategy usergbuty!
of thg synthetic intermediates requires only fi!tration apd B-ketoesters to prepare these useful polymer-supported
washing procedures. Because polymer-bound intermediate§yermediates from hydroxyl-functionalized resfigo build
are easily h.andled, solid-phase chemistry readily lends itselfOn our research in this area, we have investigated the use of
tp aqtomatlon and has peen 'used to generate. very Ia.rgeihese polymer-bound-diazof-ketoesters as modular build-
libraries of compounds using either parallel or split-and-mix . . .

ing blocks for the generation of other diverse classes of

synthesis strategids? However, solid-phase chemistry does q : qibraries f libraries’-t forrat
have some drawbacks in that the transfer of standard solution-compour? S using a ‘libraries from ,' raries-type O_r at
One particular molecular scaffold of interest are the indoles,

phase reactions onto the solid phase can be problematic.” S . :
Despite this, many of the useful reactions from the organic Since they are known to exhibit a broad range of biological
chemists’ arsenal have now been optimized for solid-phaseactivity. Consequently, there is a large demand for their
conditions? One class of highly useful chemical reactions evaluation as potential drug candidatéSeveral solid-phase
are those involving diazo-functionalized substrdtesyever, approaches to these molecules have been redfizEdyith
these compounds have received little attention in the solid- each method providing synthetic access to indole products
phase arena.This is surprising, considering that diazo- bearing different substitution patterns. Still, the preparation
functionalized intermediates are of high synthetic utility, and of more diversely substituted indoles may lead to the
many Of the problems associated with their use in SOlution discovery Of yet more b|olog|ca”y active CompoundS, and
(toxicity, light/chemical sensitivity, and dimerization of = frther research in this area is important. Since there is
reactive intermediates) could be potentially suppressed Whe“precedent for the synthesis of these indoles from diazo-

attach(_ad to poly_mer supports. . functionalized substrates in solution pha3this strategy is
In view of this, we recently developed a solid-phase . . . : . .
an ideal starting point for the elaboration of diverse indole

oxazole synthesisising a rhodium carbenoid primary amide . .
N—H insertion strategy.In this approach, a polymer-bound compounds from polymer-bounddiazof-ketoester starting
’ materials. Reported herein are our findings for the solid-

pB-ketoester was converted into the correspondirgjazo- s i ) ) i .
B-ketoester using standard diazo-transfer conditions. ThisPhase synthesis of indoles using af N insertion reaction
diazo substrate was treated with a rhodium octanoate catalysff @ polymer-bound rhodium carbenoid intermediate with
an N-alkylaniline as the key step. We note that since the
* To whom correspondence should be addressed. Phone: 858-784-2515completion of this work, an alternative solid-phase indole
F%:Tﬁgséi?i‘gsffé;giﬂsingg'ti‘t’g‘.am@scr'pps'ecju' kdjanda@scripps.edugy ihesis using NH insertion reactions with polymer-bound

*Novartis Pharma AG. diazophosphonates has appeared in the literattire.
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Scheme 1.Preparation of a Hydroxypentyandalel Resin
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(a) i. Isopropylmagnesium chloride (1 equiv), THF. ii. Mg (1.5 equiv), 1,2-dibromoethane (cat.), then ad(bja. tert-Butyl 5-ketoester (3 equiv),
toluene, reflux, 6 h. ii. Dodecylbenzenesulfonyl azide (3 equiyNEB equiv), toluene, rt, 16 h.

Scheme 2.Solid-Phase Synthesis of Indoles from Polymer-BourDiazo3-ketoesters
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(a) 6 (10 equiv), RROcty (2 mol %), toluene, 100C, 3 h. (b)p-Toluenesulfonic acid (0:20.5 M), toluene, reflux, 6 h. (c) Piperidine (10 equiv), Alpe
(5 equiv), toluene, 110C, 16 h. (d) NaOMe (2.5 equiv), MeOH, THF, 3C, 1 h.

Results and Discussion a-diazop-ketoester §, Rt = Me) andN-methylaniline 6,

R? = Me, R = H) (Scheme 2). In the case of the-I
insertion reaction, many different conditions were investi-
gated before an acceptable method was found. For example,
when conditions similar to those developed by MoGayere
applied (-1 equiv aniline, 2 mol % rhodium catalyst,

In our original solid-phase oxazole synthesshydroxy-
butyl-functionalizedlandalel resin that was synthesized from
the corresponding chloromethyl resin according to literature
precederif was utilized as the solid support. Although this

resin was of acceptable quality, much of the work from our . . .
laboratory has centered on the preparation of polymer chloroform or toluene, reflux), the yield of insertion product

supports that require little or no chemical modification before 7 was poor (as estimated by mass balance), and I_R analysis
the planned synthestéThis is important, since the potential  ©f these products revealed a broad, strong absorption at 1720
for unwanted impurities within the resin from either unre- CM - Additional experiments showed that as the yields of
acted functional groups or from the reagents used to convertinsertion product improved, the intensity of this absorption
the various functional groups is eliminated. It also follows diminished, and we postulated that this IR signal was from
that the more manipulations performed on a resin before a@ unwanted side product rather from than the desired
planned synthesis, the higher the likelihood of fragmentation insertion productZ. These findings were corroborated by
and damage to the resin bead structures. The presence dperforming the insertion reaction in the absence Nof
such chemical impurities was a particular issue with the methylaniline, and a product was indeed produced that
hydroxybuty| resins prepared using an a||y|ati0n/hydr0bo_ exhibited the intense IR absorption at 1720 énWith this
ration series of reactions on chloromethyl resins, since thein mind, the success of each subsequent insertion reaction
boron impurities from the last step were particularly difficult was assessed by the absence of this unwanted absorption in
to remove. Because of these potential problems, an alternativdR spectra of the producl. Additionally, further analysis
strategy for the preparation of hydroxyalkyl resins was oOf the IR spectra of the insertion produgtand also IR and
devised. In this approach, a 4-(5-hydroxypentyl)styr@neas NMR spectra of solution-phase analogues (lack of ketone
prepared in one step by the reaction of the Normant carbonyl, the presence of a weak OH stretch in the IR, and
Grignard reageft with 4-vinylbenzyl chloride2 (Scheme the presence of an enol proton in thé NMR) lead to the
1). The corresponding hydroxypentyl-functionalizizeshdalel conclusion that the insertion product exists as its tautomer
resin4 was then prepared from monom@&r styrene, and 7D, rather than thei-arylaminog-ketoestef7a. To optimize
cross-linker using standard suspension polymerization pro-the insertion reaction, several variables, including the amount
cedures® Thea-diazof-ketoester starting materigisvere of aniline6, the type of solvent, and the reaction temperature,
prepared from this resin according to our recently published were investigated. The first experiments using larger quanti-
protocols? ties of N-methylaniline6 showed that the unwanted side
The preliminary N-H insertion and indole formation reaction could be somewhat suppressed. However, the use
reactions were investigated using the methyl-substituted of a large excess of the anilirein the reaction slowed the
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reaction of the diazo substraeconsiderably, as estimated were required to ensure complete conversion tf8 within
by IR (disappearance of €€EN=N absorption at~2140 6 h. No discernible difference in the rate of the cyclization
cm1). The best conditions found were 10 equiv Nf reaction between either electron-rich or electron-deficient aryl
methylaniline; when quantities up to 40 equiv were used, R! groups was observed.
no further improvement of product quality was observed.  The effect ofN-(R?) and aryl-(F) substituents in both the
Of the solvents examined, polar solvents, such as dimeth-insertion and the cyclization reactions was also examined.
ylformamide (DMF) and dimethylacetamide (DMA), gave \When the N-substituent®vas an alkyl group (eg., Me, Et,
poor yields of product, whereas 1,1,2,2-tetrachloroethaneBu), both the insertion reaction and cyclization proceeded
gave similar results when compared with toluene. smoothly. Although N-unsubstituted aniline¥R: H) and
The next variable investigated was reaction temperature.N-allylaniline (R = allyl) were good substrates in the
Since a large excess of the aniline component in the reactioninsertion reaction, attempts to convert these intermediates
retarded the rate of the reaction, the effect of higher reactioninto the desired indole8 failed (entries 18 and 19). It is
temperatures was investigated. When the reaction wasnoted that tetrahydroquinoline was used successfully in the
performed at 80C, IR analysis showed complete consump- insertion reaction, and this product was smoothly cyclized
tion of starting materials after 3 h. Increasing the temperature and cleaved from the resin to give the corresponding tricyclic
to 110°C reduced the reaction time considerably (0.5 h), indoles9 in good yield and purity (entries 14 and 35).
but both of these conditions furnished produttsith similar Although indoline was a successful partner in the insertion
quality, as estimated by IR. During these experiments, an reaction, its insertion produ@tcould not be converted into
interesting effect of the temperature at which the catalyst the corresponding indole (entry 15). Benzyl N substituents
was added to the reaction was observed. Typically, the resin-(R?) were also tolerated in the insertion reaction, and after
bound substrats, the aniline6, and the catalyst were first ~ cyclization under the mild conditions (0.10 M TsOH: R
combined in toluene and then heated to the desired temperMe), the correspondiniy-benzyl indoled was isolated from
ature. However, improved results (i.e., a reduced quantity the resin in modest yield (entry 21). However, wheh=R
of unwanted side products observed by IR) were obtained 4-CR:—Ph and R = Bn, the harsher cyclization conditions
when a mixture of the resin-bound substr&tand 5 equiv (0.25 M TsOH) required for cyclization resulted in partial
of the aniline6 in toluene were first combined and then debenzylation of indole produ® and lower yields of the
heated to 100°C before addition of a second solution cleaved materiaB were obtained (entry 42). The bulky
containing the catalyst (2 mol %) and 5 equiv of the aniline anilines, such adN,N-diphenylamine,N-ethyl-1-naphthy-
6 in a small volume of toluene. This phenomenon was less lamine and als®-hydroxyethyl aniline, were poor substrates
significant in cases of R= aryl, but this optimal procedure  for the insertion reaction (entries 20, 34, and 22).
was critical for success whert R alkyl, and especially when The aryl substituents @R of the aniline building blocks
R3 was an ortho substituent. had the most dramatic effect on the outcome of indole
With an optimized set of conditions for the solid-phase formation. Although most Rgroups were tolerated in the
rhodium-catalyzed aniline NH insertion reaction estab-  insertion reaction, the electronic properties imposed by R
lished, the conversion of the insertion produ@tito the on the aryl group and also the substitution pattern oh&d
desired indole heterocycBand the cleavage of the products a significant affect upon the rate of conversion of the
from the resin was examined (Scheme 2, Table 1). Inspiredinsertion product§ into the indoles8. In general, when R
by Moody’s finding$? that strong acid ion-exchange resin was an electron-donating group, the cyclization proceeded
gave superior results for the conversionoefirylaminog- smoothly. However, whenRwas ortho to the nitrogen or
ketoesters into the desired indoles over other methods (suctan electron-withdrawing group, harsher conditions were
as Lewis acid-mediated cyclodehydration), the conversion required to achieve complete conversion to ind@le~or
of 7 to 8 was investigated using-toluenesulfonic acid  example, when R= Me, most of the insertion produc®
(TsOH). In this approach, anhydrous solutions of TsOH in were converted into the desired indoksvithin 6 h using
toluene were prepared from the corresponding hydrate byonly 0.10 M TsOH. However, when'R= Me and R was a
azeotropic removal of water using a DegBtark apparatus. ~ Nitro group (entry 27) or an ortho substituent (entries-28
The polymer-bound insertion productswere then treated  32), these substrates required higher concentrations of TsOH
with these solutions (0.1, 0.25, and 0.5 M) at reflux for (0.25 M) for complete conversion to the inddewithin 6
several hours, and the rate of conversion to the polymer-h. This trend became even more apparent whersRuryl,

bound indole8 was estimated by IR spectroscopy (disap- the preparation 5-nitroindole {(R= 4-CR—Ph, entry 43)
pearance ofa,f-unsaturated estef at ~1640 cnt! and required the concentration of TsOH to be increased to 0.5

appearance of the indole es&at ~1700 cntl). Of the 13 M, and the reaction time was extended to 48 h to achieve
polymer-boundx-diazop-ketoesters examined (entries 13), complete conversion of to 8.

10 were successfully converted into the final indole products. The effect of trifluoromethanesulfonic acid (triflic acid)
The R substituents that did not work were 3,4-methylene- in place of TsOH was investigated in model solution-phase
dioxyphenyl,N-methylindol-2-yl, and trifloromethyl (Table  cyclization experiments, and it enhanced the rate of conver-
1, entries 7, 11, and 13). Whert Ras an alkyl group, the  sion of 7 to 8 in these stubborn cases. Unfortunately, these
cyclization using 0.10 M TsOH was complete within 6 h. conditions were incompatible with the solid-phase reaction,
However, when Rwas an aryl group, the cyclization reaction because thdandalel resin was not stable to this reagéht.
was slower, and higher concentrations of TsOH (0.25 M) Finally, the effect of microwave heatitfgn the cyclization
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Table 1. Examples of Indoles Prepared by Rhodium Catalyzed Solid-Phad¢ INsertion Strategy

Entry Product R! R’ R’ [TsOH)/M  Purity® (%)  Yield® (%)
1 9 Me Me H 0.10 72 35
2 9 n-Pr Me H 0.25 82 29
3 9 4-MeO-Ph Me H 0.25 97 60
4 9 4-F-Ph Me H 0.25 98 65
5 10 3-NO,-Ph Me H 0.25 94 51
6 9 4-CF3-Ph Me H 0.25 96 72

3,4-methylene-
7 9 dioxy-Ph Me H 0.25 - 0
8 9 4-(dimethyl- Me H 0.25 85 18
amino)-Ph
9 10 4-acetamido-Ph Me H 0.25 76 63

10 10 S-acetamido-n- Me H 0.25 83 44

pentyl

11 9 @5 Me H 0.25 - 0

-
N

12 10 >[O\>—®§— Me H 025 83 67
13 9 CF; Me H 0.25 - 0
14 9 Me 1,7-(CHy)s- 0.10 79 31
15 - Me 1,7-(CHy),- 0.25 - 0
16 9 Me Et H 0.10 76 34
17 9 Me n-Bu H 0.10 89 33
18 - Me allyl H 0.25 - 0
19 - Me H H 0.25 - 0
20 - Me Ph H 0.25 - 0
21 9 Me Bn H 0.10 88 40
22 - Me HO(CHa),- H 0.25 - 0
23 9 Me Me 5-MeO 0.10 85 27
24 9 Me Me 5-Et 0.10 93 48
25 9 Me Me 5-Cl 0.10 91 60
26 9 Me Me 5-Br 0.10 85 51
27 10 Me Me 5-NO, 0.25 93 55
28 9 Me Me 7-Me 0.25 85 20
29 9 Me Me 7-MeO 0.25 89 25
30 9 Me Me 7-Cl 0.25 95 40
31 9 Me Me 6,7-di-Me 0.25 87 38
32 9 Me Me 5,7-di-Cl 0.25 89 25
33 - Me Me 7-NO, 0.25 - 0
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Table 1 (Continued)

34 - Me Et 6,7-(C4Hy)- 0.25 - 0
35 9 4-CF3-Ph 1,7-(CHy)3- 0.25 96 65
36 9 4-CF;-Ph Et H 0.25 96 71
37 9 4-CF;-Ph Bu H 0.25 95 58
38 9 4-CF3-Ph Me 5-MeO 0.25 94 67
39 9 4-CF;-Ph Me 5-Et 0.25 97 80
40 9 4-CF;-Ph Me 5-Cl 0.25 88 82
41 9 4-CF3-Ph Me 5-Br 0.25 92 81
42 9 4-CF3-Ph Bn H 0.25 55 31
43 10 4-CF3-Ph Me 5-NO, 0.50° 64 36

apuyrity of crude compound assessed by HPLC at 254vield of purified material based upon loading of re&in® Reaction time,
48 h.

Scheme 3.Unexpected Side Reactions During the isolated in 30% yield, but the spectral data did not agree
Amidation Cleavage Reaction. with the presence of the nitro group in the cleavage product.
Further analysis suggested that the nitro group in this
compoundll was reduced to the correspondiNgmethyl-
aminoindolel2 during the amidation cleavage reaction, and
this was confirmed byH, *C NMR, and mass spectrometry
N ) (presumably the amine/AlMeaeagent is the source of the
12 ! 5{;‘3’ ggf,:’:: methyl group). The corresponding 3-{@trophenyl)indole-
2-carboxyic acid methyl estdiO (entry 5) was obtained in
94% purity and 51% isolated yield when using the alternative
transesterification cleavage reaction. Consequently, each of
the subsequent nitro-functionalized indoles was cleaved from
the resin as their corresponding estéfs(entries 27 and
| Purity 83% 43).
14 Yield 60% The acetamido group was also affected during the ami-
() Piperidine (10 equiv), AlMe(> equlv), toluene, 110C, 16 h. dation cleavage reaction (Scheme 3). Extensive experimenta-
tion led to the conclusion that the acetamido group of indole
13 was converted into the corresponding amidibé as
confirmed by*H, 13C NMR, and mass spectrometry. We note
that in the original report for the conversion of esters to
amides by WeinreB the acetamido group was tolerated
under the relatively mild reaction conditions (4G), and
this suggests that the use of higher reaction temperatures
could potentially be of synthetic utility for the synthesis of
amidines?! As a consequence, each of the amide or oxazo-
line-functionalized indoles (entries-4.0 and 12) was also
cleaved by transesterification to give the corresponding esters
10.

The final part of our study was the addition of extra

reaction was examined (toluendichloroethane solvent
mixtures were used). Although the reaction times were
reduced, the purity of the products obtained after cleavage
was inferior to those prepared using conventional heating.
The polymer-bound indoles were cleaved from the resin
using either a diversity-building amidation reacfidto give
the indole-2-carboxamid@ or a transesterification reaction
to give the methyl indole-2-carboxylal® (Scheme 2). For
the amidation reaction, our standard conditions (6 equiv of
amine, 2 equiv of AlG, CHyCl,, rt)®8 failed to give any
cleavage products. However, the use of AWNEO equiv of
amine, 5 equiv of AIMg) at 110°C in toluene gave the
desired cleavage products within a few hours. After cleavage, ' > ‘
each of the crude amide produ@svas passed through a building blocks onto the indole scaffold (Scheme 4). This

short pad of strong acid/strong base mixed-bed ion-exchange¥@s achieved by Suzuki coupling reaction of a bromo-
resin (~2 cn®) and Florisil (1 cn®), and their purity was functionalized polymer-bound indole. Here, 5-bromo indole

estimated by analytical HPLC. The crude products were then 12 Was treated Wiw phenylboronic acid under Suzuki
further purified by preparative TLC to give final isolated CCUPliNg condition§™ to give polymer-bound phenylated

yields of products9 based upon the loading of polymer- indole 16, which was then cleaved by amidation to give the
bounda-diazof-ketoesters. desired producl? in excellent purity and yield.

During our investigations of the amidation cleavage
reaction, two interesting unexpected side reactions were
discovered (Scheme 3). Wher Ras 3-NQ—Ph, the major In summary, we have demonstrated the solid-phase version
product obtained from the amidation cleavage reaction wasof the Bischler indole synthesis using the-N insertion

Conclusion
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Scheme 4.Elaboration of polymer-bound indoles using a Suzuki coupling reaction.

Purity 97%
Yield 80%

(a) Phenylboronic acid (10 equiv) R0 (10 equiv), Pd (dppf)GI(20 mol %), dioxane, 90C, 24 h. (b) Piperidine (10 equiv), AIM&5 equiv), toluene,
110°C, 16 h.

reaction ofN-alkylanilines into a polymer-bound rhodium recorded using either a Bruker DRX-500 or 600 spectrometer
carbenoid intermediate as the key step. Optimal conditionsand calibrated using residual undeuterated solvent as an
for the rhodium carbenoid insertion reaction and the acid- internal reference. Analytical reversed-phase HPLC was
mediated cyclodehydration of resulting—W insertion carried out using a Hitachi system: L-5000 LC controller,
products into corresponding indoles has been established655A variable wavelength UV monitor, 655A-12 liquid
This comprehensive study has given a great insight to thechromatograph, and D-2000 chromatointegrator. Condi-
scope and limitations of this chemistry. The majority of the tions: Vydac 201SP column (&M RP Gg) 4.6 mmx 250
final products were obtained in good yield and excellent mm; acetonitrile/water isocratic 60:40 or 50:50; flow rate, 1
purity as either the indole-2-carboxamides or methyl indole- mL min~?; detection, UV { = 254 nm); injection loop, 2
2-carboxylates using amidation or transesterification cleavageuL. High-resolution mass spectra (HRMS) were recorded at
reactions, respectively. In addition, the scope of the prepara-The Scripps Research Institute using MALDI-FTMS tech-
tion of more diverse indoles has been demonstrated byniques.
introducing additional substituents onto the indole scaffold  4-(5-Hydroxypentyl)styrene (3). A 2-L three-necked
using a Suzuki coupling reaction. reaction flask equipped with a reflux condenser and a
This research again highlights the use of polymer-bound dropping funnel was charged with 4-chlorobutat99.8
o-diazof-ketoesterss as modular building blocks for the g, 0.92 mol) and THF (800 mL), placed under an atmosphere
generation of molecular diversity. Studies involving the use of argon, and then cooled in an ice/salt bath. To this,
of polymer-boundo-diazof3-ketoesters for the preparation  jsopropylmagnesium chloride (2.0 M in THF, 460 mL) was
of other interesting heterocyclic scaffolds are currently under sjowly added via dropping funnel ové h before warming
investigation in our laboratory and will be reported in due the mixture to room temperature over 0.5 h. The flask was
course. then immersed in an oil bath, the mixture was warmed to
) . 40°C for 1 h, the heat source was removed, and magnesium
Experimental Section turnings (11.0 g, 0.46 mol) were slowly added. Next, 1,2-

General Methods.Unless otherwise noted, materials were dibromoethane<1.0 mL) was added dropwise (10 min) in
obtained from commercial suppliers and were used without order to initiate the Grignard reaction, and the mixture was
further purification. Anhydrous toluene and dioxane were then heated to reflux for 1.5 h before the heat source was
obtained from Aldrich in Sure Seal bottles. THF was distilled removed and a second portion of magnesium turnings (11.0
from sodium-benzophenone ketyl. THémethylanilines 9, 0.46 mol) was added, followed by initiation with 1,2-
were prepared from the corresponding anilines according todibromoethane~1.0 mL, dropwise) and heating to reflux
literature precedeft(see Supporting Information). The ion-  for 1.5 h. Finally, a third portion of magnesium (11.0 g, 0.46
exchange resins used in product purification, Dowex 50Wx2- mol) was added, and the 1,2-dibromoethanel.Q mL)

200 and Dowex 1X2-200, were washed with distilled water, initiation followed by reflux (1.5 h) process was repeated
acetone, MeOH, and GBI, prior to use. A batch of mixed- ~ before cooling the mixture to room temperature.

bed ion-exchange resin was prepared by mixing equal A 3-L round-bottomed flask was charged with 4-vinyl-
quantities of these acidic and basic resins. The filtration/ benzyl chloride2 (105.3 g, 0.69 mol) and THF (500 mL),
workup cartridges were prepared by placing cn? of purged with argon, and then cooled in an ice/salt bath. The
Florisil and~2 cn? of the mixed bed resin in a 5-mL plastic = Normant-Grignard reagent prepared above was added via
syringe equipped with a polyethylene frit. All of the cannula over 2 h, and the mixture was allowed to warm to
glassware used in the solid-phase synthesis was silanizedoom temperature and stirred overnight. The excess reagent
by treating with sigmacote. Anhydrous TsOH solution (0.1  was quenched by the careful addition of methanol (300 mL)
0.5 M) in toluene was prepared by azeotropic removal of before concentration of the mixture using a rotary evaporator.
water from toluene containing the corresponding quantity Hydrochloric acid (1 M, 1 L) and ether (500 mL) were added,
of TSOHH0 using a DeanStark apparatus. Flash chro- and the layers were separated. The aqueous phase was
matography was carried out using Merck silica gel 60 230  extracted three times with ether (500 mL) and the organic
400 mesh). Preparative TLC was carried out on Merck 60 phases were combined and washed twice with ammonium
Fas4 plates (0.5 or 1.0 mm) using ethyl acetate/hexanes or chloride (500 mL) and brine (500 mL) and dried with
ethyl acetate/chloroform mixtures. magnesium sulfate. Activated decolorizing charcoal was

FT-IR spectra were recorded using a Thermo Nicolet added, and the mixture was filtered through Celite and was
AVATA 360 spectrometer equipped with a golden gate concentrated under reduced pressure to give a yellow oil.
single reflection diamond ATR accessory. NMR spectra were The product was purified by flash chromatography using a



194 Journal of Combinatorial Chemistry, 2003, Vol. 5, No. 2 Lee et al.

gradient elution (100% hexanes to 25% ethyl acetate/ General Procedure for the Cyclization Reaction (7—
hexanes) to give 4-(5-hydroxypentyl)styren@l9.5 g, 38%) 8). A carousel reaction tube was charged wittarylamino-
as a colorless oil:'H NMR (600 MHz, CDC}) 6 1.39 [-ketoester resir (400 mg,~0.3 mmol) and purged with
(quintet,J = 7.6 Hz, 2H), 1.59 (quintet) = 7.6 Hz, 2H), argon, and a 0.1, 0.25, or 0.5 M solutionpafoluenesulfonic
1.64 (quintet,J = 7.6 Hz, 2H), 2.61 (tJ = 7.6 Hz, 2H), acid in toluene (6 mL) was added (see Table 1). This mixture
3.63 (t,J = 6.5 Hz, 2H), 5.18 (ddJ = 1.0, 11.0 Hz, 1H), was heated to reflux for 6 h. After being cooled to room
5.70 (dd,J = 1.0, 17.5 Hz, 1H), 6.68 (dd] = 11.0, 17.5 temperature, the resin was collected in a plastic syringe
Hz, 1H), 7.13 (d,J = 7.9 Hz, 2H), 7.32 (dJ = 8.3 Hz, equipped with a polyethylene frit and washed several times
2H). with DMF, MeOH, THF, ether, hexane, and CHClhen

Hydroxypentyl Jandalel 4. Acacia gum (140 g) and dried in vacuo to give indole resid as a brown powder.
sodium chloride (87 g) were dissolved in water (3.5 L) by = General Procedure for the Cleavage Reaction. Ami-
warming to~50°C for 1 h. This mixture was filtered through  dation (8 — 9). Piperidine (0.1 mL, 1 mmol) was added
Celite and added to a 4-L jacketed reaction kettle, and thedropwise to a stirred solution of trimethylaluminum in
kettle was warmed to~50 °C and purged with argon. toluene (2.0 M, 0.3 mL, 0.6 mmol) and toluene (0.5 mL) at
Meanwhile, a homogeneous solution of 4-(5-hydroxypentyl)- 0 °C under argon. After being stirred for 10 min at®©, the
styrene3 (49.5 g, 0.26 mol), 1,4-bis-(4-vinyl)phenoxybutane resulting solution was warmed to room temperature and then
(10.7 g, 36.3 mmol), and styrene (179 mL, 1.56 mol) in added dropwise to a stirred suspension of the polymer-bound
chlorobenzene (200 mL) was prepared by gentle warming. indole 8 (150 mg,~ 0.1 mmol) and toluene (2 mL) in a
Benzoyl peroxide (3.00 g, 12.4 mmol) was added to the 6-mL vial under argon. The vial was then closed tightly with
monomer solution, and the mixture was then added to thea Teflon disk lid, and the resulting suspension was heated
reaction kettle containing the aqueous phase. The aqueousto 110°C for 18 h. After the mixture was cooled to room
organic suspension was then stirred at 350 rpm using antemperature, saturated NaHg@®.1 mL) and THF (1 mL)
overhead stirrer and the reaction kettle was heated t©80 were slowly added, and the mixture was stirred for an
overnight. After cooling, the polymer was collected on a large additional 10 min. The reaction mixture was passed through
sintered filter and washed with copious amounts of hot water a filtration/workup cartridge and further eluted with THF
followed by methanol. The polymer was then extracted in a CHCIl; (20 mL, 1:1). Compound bearing amine functionality
Soxhlet (THF) extraction for 48 h, after which time it was (Table 1, entry 8) was passed through a workup cartridge
collected by filtration and washed with ether and hexanes that contained only Florisil and a basic ion-exchange resin.
and dried. Sieving gave 117 g of the desired hydroxypentyl The combined filtrate was concentrated under reduced
Janddlel resin4 in the 100-200 mesh size. The hydroxyl pressure, and then the purity of crude product was estimated
loading of this resir (~1.1 mmol/g) was estimated by DMT by HPLC. Purification of crude product by preparative TLC
quantitatiore® gave indole 2-carboxamid@

Preparation of Polymer-Bound a-Diazof8-ketoesters 5. Transesterification (8 — 10). A solution of NaOMe in
A round-bottomed flask was charged with hydroxypentyl MeOH (0.5 M, 0.5 mL, 0.25 mmol) was added to a stirred
Janddel 4 (5.0 g,~5.5 mmol), atert-butyl S-ketoester{18 suspension of the resin-bound ind8IEL50 mg,~ 0.1 mmol)
mmol), and toluene (70 mL), and the mixture was heated to and THF (2 mL) in a 6-mL vial at room temperature under
reflux overnight. After cooling, the product was collected argon. The vial was then closed tightly with a Teflon disk
by filtration and washed with DMF, THF, ether, and hexanes. lid, and the resulting suspension was heated t6G@or 1
The polymer-boung-ketoester prepared above was swollen h, then cooled to room temperature. The reaction mixture
in toluene (70 mL), and BN (2.51 mL, 18.0 mmol) and was passed through an acidic ion-exchange resihdn?)
dodecylbenzenesulfonyl azide (6.33 g, 18.0 mmol) were and further eluted with THFCHCl; (20 mL, 1:1). The
added. The vessel was wrapped in aluminum foil, and the combined filtrate was concentrated under reduced pressure,
mixture was shaken for 24 h. The product was washed with and then the purity of crude product was estimated by HPLC.
DMF, THF, EtO, and hexanes to give as a free-flowing Purification of crude product by preparative TLC gave
off-white powder: IR 2140 cm' (C=N=N); resin loading methyl indole 2-carboxylat&0. For entries 5, 10, and 12, a

was estimated using elemental analysis for nitrogen. conventional aqueous workup was performed. Saturated
General Procedure for the Rhodium-Catalyzed N-H agqueous ammonium chloride (1 mL) was added to the

Insertion Reaction (5— 7). A carousel reaction tube was reaction mixture, and the resulting mixture was stirred for

charged witha-diazof-ketoester resirb (400 mg, ~0.3 an additional 10 min and filtered, and the resin was washed

mmol) andN-alkylaniline6 (2 mmol) and purged with argon, ~ With CHxCl> (5 mL x 3) and water (5 mLx 3) alternately.

and toluene (3 mL) was added. This mixture was heated to The organic layer of the combined filtrate was collected, and
100°C for 5 min, and a solution of rhodium octanoate (6.2 the agueous layer was extracted with CH (5 mL x 3).

mg, 8umol) andN-alkylaniline 6 (2.0 mmol) in toluene (1 ~ The combined organic extract was dried over Mge@d

mL) was added. Nitrogen effervescence was observed andevaporated under reduced pressure, and then the purity of
subsided after~10 min. After heating for an additional 3 h, ~ crude product was estimated by HPLC. Purification of crude
the resin was collected in a plastic syringe equipped with a product by preparative TLC gave methyl indole-2-carboxy-
polyethylene frit and washed several times with DMF, late 10.

MeOH, THF, ether, hexane, and CHChen dried in vacuo Procedure for the Suzuki coupling reaction (15— 16).

to givea-arylaminop-ketoester resi as a yellow powder. A 6-mL vial was charged with polymer-bound inddl (250



Rhodium Carbenoid NH Insertion Reactions

mg, 0.18 mmol), phenylboronic acid (244 mg, 2.0 mmol),

Pd(dppf)ChCH.Cl» (33 mg, 0.04 mmol), and 40, (425

mg, 2.0 mmol). The vial was evacuated and filled with argon.
Dioxane (3 mL) was added, and the vial was then closed
tightly with a Teflon disk lid. The resulting suspension was

heated to 90C for 24 h with vigorous shaking. After being

cooled to room temperature, the resin was collected in a
plastic syringe equipped with a polyethylene frit and washed

several times with DMF, DMFH,0 (1:1), HO, MeOH,
THF, ether, hexane, and CHCthen dried in vacuo to give
the phenylated indole resit6 as a dark brown powder.
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