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ABSTRACT

R2
FhWCOzR“ Znl; (5 mol %) n
R2 Ny CH,Cl,, 25 °C RN~ “CO.R®
H

A range of 2,5-disubstituted and 2,4,5-trisubstituted pyrroles can be synthesized from dienyl azides at room temperature using catalytic amounts
of Znl 2 Or Rh 2(02CC3F7)4.

Pyrroled are an important moiety in many pharmaceutiédls, quantities of zinc(ll) salts as Lewis acids in a diverse range

natural producté,and material§.As such, the development  of reactionsi®*4their use with azides is surprisingly rafe.

of new methods that access these molecules has remained a

goal of organic synthesis for over 100 yefr$.The A _(h4) FOFS resent zxar?‘?le,\lsitsgei d(iég%r%iyamgé A(.t:) )ltlg,ttS.: YuasléEL E.;
. . . rinara, S.; Yamaaa, . Nat. Prod. ,01l, . attorusso, E.;

thermo'ySB of azidoacrylates, a common method for md_0|e Taglialatela-Scafati, OTetrahedron Lett2000,41, 9917. (c) Fujita, M.;

synthesi$;!°has seldom been employed for the construction Nakao, Y.; Matsunaga, S.; Seiki, M.; Itoh, Y.; Yamashita, J.; van Soest, R.

; SHahili ; ; W. M.; Fusetani, NJ. Am. Chem. So003,125, 15700. (d) Grube, A;
of pyr?ljlgs despite the ready availability of dienyl azides Kock, M. Org. Lett, 2006,8, 4675.
(eq 1) (5) For reviews, see: (a) Higgins, S.Ohem. Soc. Reil997,26, 247.

(b) Novak, P.; Mdller, K.; Santhanam, K. S. V.; Haas,&hem. Re. 1997,
97, 207. (c) Guernion, N. J. L.; Hayes, \@urr. Org. Chem2004,8, 637.

R Xx~CHO NaOMe . (6) For classic syntheses, see: (a) KnorrChem. Ber1884,17, 1635.
(xequiv) H/\/\rcone 145°C ﬁccm = (b) Paal, CChem. Ber1885,18, 367. (c) Hantzsch, AChem. Ber1890,
+ MeOH N OrR R~ N 23, 1474. (d) Piloty, O.Chem. Ber.1910, 43, 489. (e) Robinson, R.;
Ny CO,Me 20-0°C I 3 Znl, 2 Robinson, G. MJ. Chem. Socl918,43, 639.
25°C (7) For recent examples, see: (a) Binder, J. T.; Kirsch, ®rf. Lett.

2006,8, 2151. (b) Harrison, T. J.; Kozak, J. A.; Corbella-Pané, M.; Dake,
. o . . G. R.J. Org. Chem2006,71, 4525. (c) Winkler, J. D.; Ragains, J. Brg.

In the course of our investigations into the reaction of Lett. 2006,8, 4031. (d) St. Cyr, D. J.; Martin, N.; Arndtsen, B. rg.

; ; it ; ine Lett. 2007,9, 449. (e) Rivero, M. R.; Buchwald, S. Qrg. Lett.2007,9,
_azu_doacrylates Wlth transition metals, we d|sc_:overed that zinc 973, (f) Shindo. M.. Yoshimura, .. Hayashi, M.: Soejima, H. Yoshikawa,
iodide could efficiently catalyze the formation of pyrroles T.; Matsumoto, K.; Shishido, KOrg. Lett.2007,9, 1963. (g) Milgram, B.
at room temperature (eq 1) Desp|te the use of Cata|yt|c C.; Eskildsen, K.; Richter, S. M.; Scheidt, W. R.; Scheidt, K.JAOrg.

Chem.2007,72, 3941. (h) Istrate, F. M.; Gagosz, Brg. Lett.2007,9,
3181. (i) Martin, R.; Larsen, C. H.; Cuenca, A.; Buchwald, SOkg. Lett.

T Current address: Department of Chemistry, Harvey Mudd College, 301 2007,9, 3379.

Platt Blvd., Claremont, California 91711. (8) Recent examples using azides: (a) Zanatta, N.; Schneider, J. M. F.

(1) For reviews, see: (a) Bellina, F.; Rossi, Retrahedron2006, 62, M.; Schneider, P. H.; Wouters, A. D.; Bonacorso, H. G; Martins, M. A. P;
7213. (b) Walsh, C. T.; Garneau-Tsodikova, S.; Howard-Jones, AaR. Wessjohann, L. A.J. Org. Chem.2006, 71, 6996. (b) Hiroya, K;
Prod. Rep2006,23, 517. (c) Gribble, G. W. I€omprehensie Heterocyclic Matsumoto, S.; Ashikawa, M.; Ogiwara, K.; SakamotoQFg. Lett.2006,
Chemistry IlI; Katritzky, A. R., Rees, C. W., Scriven, E. F. V., Eds.; 8, 5349. (c) Huang, X.; Shen, R.; Zhang,JT Org. Chem2007,72, 1534.

Elsevier: Oxford, UK, 1996; Vol. 2, p 207. (d) Jones, R.Byrroles, Part (9) For leading reviews, see: (a) Moody, C. JOoemprehense Organic
II; Wiley: New York, 1992. SynthesisTrost, B. M., Fleming, I., Ley, S., Eds.; Pergamon: Oxford, 1991,
(2) (@) Muchowski, J. MAdv. Med. Chem1992,4, 181. (b) Firstner, Vol. 7, p 21. (b) Séderberg, B. C. @urr. Org. Chem2000,4, 727.
A.; Szillat, H.; Gabor, B.; Mynott, RJ. Am. Chem. S0d.998,120, 8305. (10) For leading reports, see: (a) Hemetsberger, H.; Knittel, D.;
(c) Thompson, R. BFASEB J.2001,15, 1671. Weidmann, H.Monatsh. Chem1970, 101, 161. (b) Moody, C. JStud.
(3) (@) Zomax: McLeod, D. Mrug Intell. Clin. Pharm.1981, 15, 522— Nat. Prod. Chem1988§ 1, 163. (c) Moody, C. J.; Warrellow, G. J. Chem.
530. (b) Atorvastin (Lipitor): Roth, B. D. US4681893, 1987. Soc., Perkin Trans. 1990, 2929.
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In this Letter, we demonstrate that the zinc-mediated only efficient catalyst for indole formatiol§,a range of metal
decomposition of dienyl azides provides a general method salts smoothly catalyzed pyrrolé from dienyl azide3
for the synthesis of pyrroles. (entries 4—7)7 Both copper(ll) triflate and zinc iodide
We recently reported that rhodium(ll) catalyzed the transformed3into pyrrole4 at room temperature (entries 5
construction of indoles from azidoacrylatéswe wanted and 7).Diminished yields were observed with other Lewis
to extend this chemistry to the formation of pyrroles from acids, including mercury(ll) triflate (entry 85,gold(l) triflate
dienyl azides (Table 1) and found that rhodium(ll) perfluo- (entry 9)° rhodium(ll,lll) caprolactamate (entry 18),or
triflic acid (entry 11)?* Optimization of the solvent revealed

] that methylene chloride was superior to ethereal or aromatic

Table 1. Optimization of Pyrrole Formation SOJF/ﬁntS. ) | db o
€ most reactive catalysts were compared by examining
Ph/V\N/SCOZMe —>So;:[’y:mp Ph/ﬂ\cone the reaction progress after 3 h (Table 2). Both copper(ll)
3 4
|
temp yield® Table 2. Examination of Catalyst Reactivity
entry catalyst mol % (°C) solvent (%) COMe  catalyst (5mol %) =
1 none n.a. 40 PhMe 14 Ph/\/\/ ’ m’ PhQCOzMe
2 RhyO,CCsF)y 2 40  PhMe  >95 . “sh H,
3 Rhy(OAc)4 10 40 PhMe 11
4 (CuOTf)2-PhH 5 25 CHyCly 90 .
5 Cu(OTH), 5 25 CH,Cl, ~95 entry catalyst conversion® (%)
6 ZnCly 5 25 CH2Cly 86 1 Rhy(O2CC3F7)4 40
7 Znly 5 25 CHsClsy >95 2 Znly 53
8 Hg(OTf), 5 25 CH.Cly 39° 3 Cu(OTf)s 64
9 AuOTYf 10 25 CH.Cly n.r. 4 (CuOTf).-PhH 30
10 Rhy(cap)4Br¢ 10 25 PhMe n.r. 5 ZnCly 34
11 HOTf 2 25 CH.Cly dec.t

aAs determined usingH NMR spectroscopy.

a As determined usingH NMR spectroscopy? Complete consumption
of 1 was observed: cap= caprolactamate.

triflate and zinc iodide were found to be more reactive than
Rhy(O,.CCsF)4 (entries 2 and 3). Changing the oxidation state
of copper or the counterion of the zinc salt inhibited the
reaction progress (entries 4 and 5). While copper(ll) triflate
and zinc iodide exhibited similar activities, we chose to focus
method development on the less expensive zinc salt ($0.40/g
(11) (a) Hemetsberger, H.; Spira, I.; Schoenfelder MChem. Res. (S) ~ VEISUS $10/g§>

32;71574; 2((?) 1‘37%"%)"'\232 . ; cP JFag;_':; 'g V‘\?“'S‘gﬂlﬁggeﬁ'&” R The scope and limitations of the method were subsequently
Tsoi, S. C.J. Chem. Res. (2985, 238. (d) Hinz, W.: Jones, R. A.; Patel, Investigated (Table 3. The reaction tolerated both electron-

S. U.; Karatza, M.-HTetrahedron1986,42, 3753. (e)_Gelst B.; Knlttel rich and electron-poor aryl substituents (entriesl2). As
D. Monatsh. Chent988,119, 571. (f) Pinna, G. A.; Loriga, G.; Murlneddu,
G.; Grella, G.; Mura, M.; Vargiu, L.; Murgioni, C.; La Colla, Zhem.

robutyrate efficiently promoted this process (entry 2). As
beforel® increasing the electron-donating nature of the
carboxylate ligand significantly reduced the reactivity of the
catalyst (entry 3). While rhodium(ll) perfluorobutyrate is the

Pharm. Bull.2001,49, 1406. (17) For reviews of Lewis acid mediated Schmidt reactions involving
(12) For reviews of azide reactivity, see: (a) L'ablke Angew. Chem., azide additions to olefins, see: (a) Judd, W. R.; Katz, C. E.”AubS8ci.

Int. Ed. Engl.1975,14, 775. (b) Scriven, E. F. V.; Turnbull, KKhem. Synth.2005,21, 133. (b) Lang, S.; Murphy, J. hem. Soc. Re 2006,

Re».1988,88, 297. (c) Bréase, S.; Gil, C.; Knepper, K.; Zimmermann, V. 35, 146.

Angew. Chem., Int. EQ®005,44, 5188. (18) For examples of mercury-promoted azide additions to olefins, see:

(13) For recent discussions of Lewis acidity, see: (a) Kobayashi, S.; (a) Heathcock, C. HAngew. Chem., Int. Ed. Endl969,8, 134. (b) Galle,
Busujuma, T.; Nagayama, 8hem—Eur. J.200Q 6, 3491. (b)Lewis Acids J. E.; Hassner, AJ. Am. Chem. S0d.972,94, 3930. (c) Marchand, A. P;
in Organic Synthesjs Yamamoto, H., Ed.; Wiley-VCH: Weinheim, Sorokin, V. D.; Rajagopal, D.; Bott, S. Gynth. Commurli994,24, 3141.
Germany, 2000; Vols. 1, 2. (c) Kobayashi, S.; ManabeAgc. Chem. Res. (d) Pearson, W. H.; Hutta, D. A.; Fang, W.-k. Org. Chem2000, 65,
2002,35, 209. (d) Yamamoto, YJ. Org. Chem2007,72, 7817. 8326.

(14) For recent examples, see: (a) Bernardi, L.; Zhuang, W.; Jgrgensen, (19) For gold-mediated additions of azides to acetylenes, see: Gorin,
K. A. J. Am. Chem. SoQ005,127, 5772. (b) Nicewicz, D. A.; Johnson, D. J.; Davis, N. R.; Toste, F. 0l. Am. Chem. So2005,127, 11260.

J. S.J. Am. Chem. So@005,127, 6170. (c) Berliner, M. A.; Belecki, K. (20) For the use of the mixed-valent rhodium(ll,l1l) complexes as Lewis

J. Org. Chem2005,70, 9618. (d) Hatano, M.; Suzuki, S.; Ishihara, X. acids, see: Catino, A. J.; Nichols, J. M.; Forslund, R. E.; Doyle, M. P.

Am. Chem. So006, 128, 9998. (e) Trost, B. M.; Lupton, D. WOrg. Org. Lett.2005,7, 2787.

Lett. 2007,9, 2023. (21) For examples of Brgnsted acid mediated additions of azides to
(15) (a) Evans, D. A,; Truesdale, L. Ketrahedron Lett1973,14, 4929. olefins, see: (a) Pearson, W. H.; Schkeryantz, JT&frahedron Lett1992

(b) Miller, J. A. Tetrahedron Lett1975,16, 2959. (c) Prakash, G. K. S.; 33, 5291. (b) Pearson, W. H.; Walavalkar, R.; Schkeryantz, J. M.; Fang,
lyer, P. S.; Arvanaghi, M.; Olah, G. Al. Org. Chem1983,48, 3358. (d) W.-k.; Blickensdorf, J. DJ. Am. Chem. So&993 115 10183. (c) Pearson,

Faroog, O.; Wang, Q.; Wu, A.-H.; Olah, G. A. Org. Chem1990, 55, W. H.; Fang, W.-k.J. Org. Chem2000, 65, 7158. (d) Mahoney, J. M.;

4282. (e) Himo, F.; Demko, Z. P.; Noodleman, L.; Sharpless, KI.Bm. Smith, C. R.; Johnston, J. N. Am. Chem. So005,127, 1354.

Chem. S0c2003,125, 9983. (f) Lebel, H.; Leogane, Org. Lett.2005,7, (22) From Sigma-Aldrich: 98% Cu(OT£)5 g, $51.40 (283673)%98%

4107. (g) Hajra, S.; Sinha, D.; Bhowmick, Metrahedron Lett2006,47, Znly, 50 g, $19.90 (223883).

7017. (23) Refer to the Supporting Information for a tabular comparison of
(16) Stokes, B. J.; Dong, H.; Leslie, B. E.; Pumphrey, A. L.; Driver, T. the reactivities of the dienyl azides with Cu(OFand RhR(O,CCsF7)4

G.J. Am. Chem. So€007,129, 7500. catalysts.
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Table 3. Scope of Pyrrole Formation

with furan or thiophene substituents (entries 14 and 15). In
these cases, increasing the catalyst loading and reaction
temperature only modestly improved the yield of the reac-

CO,Me 2Znl, (5 mol %) 7\
AR 2 = .
r/\/\Nrs CH,Cly, 25 °C A'/?\ooz'“e tion.2
sa-n 150 6a-n In addition to aryl-substituted dienyl azides, substrates
entry substrate _ ,%im yield (%) containing alkyl substituents at thé or y-position or
2 . . .
1 "“/\/\NC Py COsMe >957 (93) different carbonyl functional groups were examined (Table
s 4 4).24 While diminished yields were observed with methyl-
COMe B
N N~ COsMe
2w et E) |
5a 6a
Qe coe ™ M Table 4. Scope of the Pyrrole Formation
3 ©/\/\( @/(P\COZMS >95 (96) o B2
" Ny ‘;‘b 2Znl, (5 mol %) a
OMe OMe /\ R! \R2 \N R® CHyCly, 25 °C RNy R?
MeO. TNy COMe MeO. 3 H o©
4 No oM >95(92) 7a-h 8a-h
Se g entry substrate product yield (%)
r CO,Me Iy 7Y M{WCOzMe ﬂ\ g b
5 SN @Qwem >95 (90) 1 N Me™ T COMe 60° (59)
Na " 7’ . >95 (99)
5d
COM:
e A COMe o = come ) nPr/\/\N( Ve n-Pr/@\COZMe 85 (72)
6 N N cod >95(77) e LN
5e 6e
CO,Me
NNy CO0Me 7\ = z %\
; _ v ) D/(?\cozm 595 (90) 3 (j/:?i 7 coue 73 (71)
5t -Bu of 8¢
NNy C0Me & COMe Me
COM >95 (82) Ph XY X 2
8 Br sq Ng Br/©/§\ Me >95 (97)d 4 /TA:;& Ph/Z/}COzMe >95 (86)
cl cl 8d
CO,Me /o \ 89 (80) Cl
Ny A >95 (97)° 5 m Ph/@\cozme 94 (75)
5h sh e N
Cl Cl 8e
Ny -COMe /) com 95 (70) o A OO Bl 7
10 o Ng c[l't‘( 2Me >95 (98)d 6 N Phlp\cozt-su 93 (89)
si & 7t af
o]
E oS COMe F /A o 83 - 73
N 2Me (70 PR X" Ph Ph Ph 43 (na.)
11 5 N3 6jH >95 (98)d 7 /\/\’\ik ”Bg [e] 93 (72)‘1
79
NN C0Me /@/@co 38(37) o o
12 N 2Me COM
w« " FiC GkH >95 (85)° 8 Ph)\/\;g e Phl/?\cozrwe 0 (n.a.)

8h

(2
9
g

FoC
COsMe
3 A N7 COMe
Ny H
]
WC%MS
14 \ Na

85 (71
a As determined usingH NMR spectroscopy? Isolated yield after flash
chromatography over SiO° SiO;, (200 wt %) employedd Cu(OTf), (5 mol

21 (na) %) employed.
5m &m
5 A COMe s 1 . .
15 I I 4T (41 andn-propyl-substituted dienyl azides (entries 1 and 2), these

@
3

-3

-1

substrates were consumed in minatsgynificantly faster
than dienyl azideS. Dienyl azides with)- andy-substitution
could be smoothly transformed into 2,4,5-trisubstituted
pyrroles (entries 35) with faster conversions observed for

_ o substrates withd-alkyl substituents (entries 3 and 4).
the aryl substituents became more electron-deficient, theChanging the nature of the carbonyl substituent also influ-
reaction progress diminished, and more forcing conditions enced the efficiency of the reaction (entries 6 and 7). While
were required (entries-812). For these substrates, rhod- increasing the steric nature of the ester did not negatively
ium(ll) perfluorobutyrate was a superior catalyst. Some affect reactivity (entry 6), ketorigg required more stringent
heteroaromgtlc substituents were also !nvestlggted (entriesconditions (entry 7). When diphenyl-substituted dienyl azide
13-15). While a naphthyl-substituted dienyl azide reacted 7h was subjected to reaction conditions, no pyrrole formation
well (entry 13), lower conversions and yields are obtained was observed (entry 85.

The Znb-catalyzed reaction is sensitive to the isomeric
(24) Several of the substances reported here were previously described ; ; .

(a)3, 7h: Geist B.; Knittel D.Monatsh. Cheml988,119, 571. (b, 6m, purity of the substrate. When &/Z mixture of 7a (5:95)

8b: Knight D. W.; Redfern A. L.; Gilmore J. Chem. Soc., Perkin Trans.
1 2001, 21, 2874. (c)8a: Yoshida, M.; Uchiyama, K.; Narasaka, K.
Heterocycle000,52, 681. (d)8c: May D. A.; Lash T. D.J. Org. Chem.
1992 57, 4820. (e)8d: Lakhlifi, T.; Sedqui, A.; Fathi, T.; Laude, B.; Robert,
J.-F.Can. J. Chem1994,72, 1417. (f)8g: Pale-Grosdemange C.; Chuche,
J. Tetrahedron1989,45, 3397.

a As determined usingH NMR spectroscopy? Isolated yield after flash
chromatography over S§O° Znl, (10 mol %) employed? Rhy(0,CCsF7)4
(3 mol %) employed® Znl, (10 mol %), 40°C.

(25) For the inhibition of zinc-catalyzed Lewis acid reactions by
superstoichiometric amounts of Lewis basic solvents, see: Mayr, H.; Striepe,
W. J. Org. Chem1985,50, 2995.

(26) 1,2-Alkyl shifts were observed in the thermal nitrene variant of this
reaction; see ref 11c.
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Scheme 1. Possible Mechanisms for Pyrrole Formation

CO,Me  Znly /@H tautomerization /&
Ph XX g _tautomerization I\
/\/\hz (5 mol %) MeOC™ " ph MeOC™ T Ph
3 9 s H
Nitrenoid Lewis Acid Activation
MeQ MeO @ . Znl
” [6
s o T L
Znl” 1 Ph Np Zn[ x'
N@
;e
MeQ,C Z |
Znl, A VLI Znl,
11
an
x\ " j A
d N OMe
8 Oén[’IN 21 I 2 é;j/i\
o &/ en n N ®
12

was subjected to the Znlconditions, only theZ-isomer
reacted (Table 4, entry 1). While the yield of this transforma-
tion was moderate, we found that it could be increased if
SiO, or trace aciéf was employed. In contrast to zinc
catalysis, both stereoisomers & were transformed into
pyrrole 8a when SiQ was employed.

9, which tautomerizes to 1H-pyrrolé. Alternatively, in
mechanism C, coordination of zinc iodidé*to the carbonyl
increases the electrophilicity of the pendant olefitB)(
Intramolecular attack of the azide would fort 3% Loss of
nitrogen, followed by tautomerization, would generate pyr-
role 4.

The reactivity trends of our substrates suggest that the
reaction proceeds through the Schmidt-like mechanism B.
We observed that, as the anylsubstituent became more
electron-deficient, the reactivity of the substrate was reduced.
Increasing the electron-donating nature of the substrate
through alkyl substitution at thé- or y-positions substan-
tially increased the reaction rate.

In conclusion, we have developed a new, mild way to
access di- and trisubstituted pyrroles from readily available
azides. Presently, we are working to elucidate the relationship
between the mechanism and transition metal catalyst and to
apply our conclusions to develop new methods that form
functionalizedN-heterocycles from azides.
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