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Foreword

Part of the charm of synthetic organic chemistry derives from the
vastness of the intellectual landscape along several dimensions.
First, there is the almost infinite variety and number of possible
target structures that lurk in the darkness waiting to be made.
Then, there is the vast body of organic reactions that serve to
transform one substance into another, now so large in number as to
be beyond credibility to a nonchemist. There is the staggering
range of reagents, reaction conditions, catalysts, elements, and
techniques that must be mobilized to tame these reactions for
synthetic purposes. Finally, it seems that new information is being
added to that landscape at a rate that exceeds the ability of a
normal person to keep up with it. In such a troubled setting any
author, or group of authors, must be regarded as heroic if through
their efforts, the task of the synthetic chemist is eased.

This last volume on heterocyclic chemistry fills the holes left
behind in Volume 1 and brings to the attention of practicing
synthetic chemists and students of chemistry a wide array of tools
for the synthesis of new and useful molecules. It is a valuable
addition to the literature by any measure and surely will prove its
merit in years to come. The new knowledge that arises with its

help will be impressive and of great benefit to humankind.

E. J. Corey
February 1, 2011



Preface

This book is the sixth and the last volume of the Comprehensive
Name Reactions series, an ambitious project conceived by
Professor E. J. Corey of Harvard University in the summer of
2002. Volume 1, Name Reactions in Heterocyclic Chemistry, was
published in 2005. Volume 2, Name Reactions for Functional
Group Transformations came out in 2007. Volumes 3 and 4 Name
Reactions for Homologations Part I and Part Il were published in
2009. And Volume 5, Name Reactions on Ring Formations came
out in 2010. Continuing the traditions of the first five volumes,
each name reaction in Volume 6 is also reviewed in seven
sections:

1. Description

2. Historical Perspective

3. Mechanism

4. Variations and Improvements
5. Synthetic Utility

6. Experimental

7. References.

I also introduce a symbol [R] to highlight review articles, book
chapters, and books dedicated to the respective name reactions.

I have incurred many debts of gratitude to Professor E. J.
Corey. He once told me “The desire to learn is the greatest gift
from God,” which has been a true inspiration. Furthermore, it has
been my great privilege and a pleasure to work with a collection of
stellar contributing authors from both academia and industry.
Some of them are world-renowned scholars in the field; some of
them have worked intimately with the name reactions that they
have reviewed; some of them even discovered the name reactions
that they authored in this series. As a consequence, this book truly
represents the state-of-the-art for name reactions in heterocyclic
chemistry.

I welcome your critique.

< Jack Li
February 1, 2011

X
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2 Name Reactions in Heterocyclic Chemistry-II

1.1 Blum Aziridine Synthesis
Jeremy M. Richter

1.1.1 Description

R R R
NaN3 .\\N3 Pph3 N
)}O _— — )'\fNH
OH
R R' R’
1 2 3

The Blum aziridine isomerization describes the net coversion of epoxides 1
into N-H aziridines 3 via an intermediate azido—alcohol 2. The reaction
proceeds by opening of the epoxide with an azide source followed by the
Staudinger reduction and cyclization of the intermediate azido—alcohol to
give the aziridine.! The reaction proceeds with net inversion of
stereochemistry around the epoxide.

1.1.2  Historical Perspective

While investigating chemical carcinogens, Jonathan Blum and co-workers'
hypothesized that arene imines were chemical intermediates in
carcinogenesis and therefore sought to prepare several phenanthrene imines
to test this hypothesis. However, they found that unsubstituted arene imines
could not be prepared by the current methods and required alternate means
by which to access these structures. Starting from the stable arene oxides (4),
Blum and co-workers discovered that these epoxides could be opened by the
action of sodium azide, forming the intermediate azido—alcohol §. They then
found that further heating with triphenylphosphine provided the desired N-H
aziridine 6 in good yield.
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1.1.3 Mechanism

R o_p R H
B PPh3 .-\N@\Ph »-\N\ ,Ph
— — <~/ P—Ph

OH r’ YO} Ph

R\ oNH
JIKNH ) J oph

. /~0-R-Ph
R R Ph
3 10

In Blum’s original publication on the reaction that bears his name, he
postulated a mechanistic interpretation of this process.' While investigating
sterically flexible systems, he astutely noticed that the cis/frans nature of the
double bond is conserved during the course of the reaction. That is, the
reaction proceeds with complete inversion of stereochemistry but no cis/trans
isomerisation is observed. In spite of this observation, two mechanistic
interpretations could be put forth to explain the overall transformation. Little
controversy exists surrounding the initial reaction intermediates and the
preparation of the isolable azido—alcohol 2. Good evidence also exists for
the azide reduction proceeding through a standard Staudinger sequence, as
the amino-alcohol can be easily isolated if no heat is applied to the system.”
From this point, the mechanism can be explained by two competing
pathways, diverging from the cyclic intermediate 8. It would certainly seem
reasonable to propose that the cyclization occurs in a concerted fashion (cf.
Wittig Reaction), leading to direct expulsion of triphenylphosphine oxide
from intermediate 8 (as shown by the arrows below). However, this reaction
would proceed with retention of stereochemistry at the oxygen-containing
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carbon, leading to cis/trans isomerization. Experimental observations are in
contrast to this mechanistic explanation (vide supra). Altematively, the
cyclic intermediate 8 could decompose to the linear intermediate 10. The
nitrogen would then be free to participate in an Sy2 displacement of
triphenylphosphine oxide, preserving the cis configuration of the starting
material, albeit with net inversion of stereochemistry. This mechanistic
interpretation has been generally accepted and is widely used in the
literature.’

1.1.4 Variations and Improvements

Few variations or improvements have been reported for the Blum aziridine
synthesis. The major modification to the procedure concerns the method of
ring closure to form the aziridine from the azido—alcohol. Several groups
have reported variations in which the azido—alcohol 2 is activated for
displacement (X = Ms, Ts, etc.) before reduction of the azide. This alternate
sequence then allows for a milder and potentially higher efficiency
cyclization to occur.*® Alternatively, the Staudinger can be performed first
to generate amino-alcohol 12, followed by acylation of the nitrogen to give
intermediate 13. The alcohol can then be activated for displacement (e.g.,
PPhy/DIAD) to form aziridine 14.%’ This method is especially useful if
acylated aziridines are desired, although it does not satisfy the strict
definition of a Blum aziridine synthesis.

R R
N PPh, ,
—> _— “INH

o—X
R' R
11 3
O Rll
R ’ R R
N3 PPh3 .«NH, R"COCI .«NH PPhy ' 0)
_— —_— )'\’N
Rl'

OH DIAD
R
13 14

1.1.5 Synthetic Utility
Total Synthesis

The Blum aziridine synthesis has found widespread utility in the synthetic
community. The field of total synthesis has especially benefited from the



Chapter 1 Aziridines and Epoxides 5

power of this transformation. In one example of how this reaction can be
applied in complex natural product synthesis, Hanessian and co-workers
applied a Blum reaction in the total synthesis of chlorodysinosin A (17).® In
this sequence, epoxide 15 was opened with sodium azide and the primary
alcohol protected as the silyl ether. The azide was then treated with
triphenylphosphine and heat, resulting in concomitant reduction and aziridine
formation to give intermediate 16. Aziridine 16 was eventually processed to
chlorodysinosin A (17).

1. NaN3;, NH4ClI

2. TBSCI, TEA,
M (o) DMAP, 75% M ~NH

e\(<|/\ - e G
OH i oTBS
Me 3. PPh3, MeCN, \“g\/\
15 o 0
50 °C, 90% 16
H

chlorodysinosin A (17)

Somfai and Ahman have applied the Blum aziridine synthesis to the
total synthesis of indolizidine 209D (20).>'° Epoxide 18 was opened with
sodium azide and the primary alcohol protected as the silyl ether. The azide
was then treated with triphenylphosphine and heat, resulting in concomitant
reduction and cyclization to give intermediate 19. Aziridine 19 was
eventually processed to indolizidine 209D (20).

1. NaN3, NH4C|, 96%
Me \Q 2. TBSCI, TEA, 94% - NH
OH 3. PPhg, Tol, A, 96% © OTBS

18 19
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H

—_— N
—— M

© H

indolizidine 209D (20)

Béckvall and co-workers used the Blum reaction in the total synthesis
of ferruginine (23)."! Epoxide 21 was opened with sodium azide and the
resultant azido—alcohol was reduced and cyclized with triphenylphosphine in
good yield to give aziridine 22. Intermediate 22 was eventually processed to
ferruginine (23).

: Me
1. NaNjs, N
NH,4CI
>y O
& soph % PPhs 027 50,ph
~74% 2 o)
21 22 ferruginine (23)

Finally, Tanner and Somfai completed a formal total synthesis of
thienamycin (26) using the Blum aziridine synthesis as a key step.'? As in
the previous examples, epoxide 24 was converted to aziridine 25 in good
yield using a Blum aziridine synthesis. Intermediate 25 was eventually
processed to thienamycin (26).

1. NaN3, 98%
2. TBSCI, 90% NH

0] N
RO > RO G
~ Lo 3. PPhg, Tol, A ~"orBs
86%
24 25
OH
H
Me/la, -
- . S
—_ . NI
OJ;—‘Q- \
CO,H  NH,

thienamycin (26)
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Medicinal and Process Chemistry

Robinson and co-workers reported the preparation of aromatase inhibitors
that used the Blum aziridine synthesis as a key step.”> Epoxy—steroid 27 was
opened with sodium azide to form the azido-alcohol, which was then
reductively cyclized with triphenylphosphine and heat to provide the desired
aziridine 28. Analog 28 exhibited modest inhibitory activity toward human
placental aromatase.

Me 9
1. NaN3 Me
2. PPh3,
Tol, A o) NH

68%
27

Researchers at Bristol-Myers Squibb reported the preparation of an
epothilone analog using the Blum aziridine synthesis as a key step.'*
Epothilone C (29) was epoxidized to provide intermediate 30. Opening of
the epoxide with sodium azide followed by reductive cyclization forged the
desired N-H aziridine analogue 31 in good yield, especially in light of the
complex setting for this transformation.

CF,COCH;
Oxone,
B ———
NaHCO3

epothilone C (29)

OH 1-NaN3, NH,CI, 55%

Me 2. PPhg, THF, 60 °C, 75%
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31 O OH O

Researchers at Lexicon Pharmaceuticals found that limonene
aziridines could be efficiently prepared from the corresponding limonene
oxides using the Blum aziridine synthesis."”> Epoxide 32 was opened with
sodium azide to produce the regioisomeric azido—alcohols 33 and 34 in an
approximate 1 : 1 ratio. The secondary azide was reductively cyclized with
triphenylphosphine at ambient temperature, whereas the tertiary azide
required heating to effect the same transformation. In this way, the desired
aziridines 35 and 36 were prepared in good yield on multigram scale.

Me HO Me Me
NaN;, ‘_ N N3as
NH,CI s ~OH
e +
98%
1:1
Me Me Me
32 33 34
PPhs, PPhs,
THF, diox,
RT, 67% 100 °C, 59%
NeNH MeH
Me Me
35 36

The Blum aziridine synthesis has seen many other uses since its
development.'®'” A common application of the Blum aziridine synthesis is
in the preparation of authentic standards while developing novel reactions or
synthetic routes.'*® The reaction has also found broad utility in the
preparation of starting materials or intermediates in novel reaction
development.?' ™'
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1.1.6 Experimental

Blum aziridine synthesis to prepare a chlorodysinosin A
intermediate 16°

1. NaN3, NH,CI
2. TBSCI, TEA,
y 0 DMAP, 75% NH

ew » Me  ~C

OH > "oTBs
Me 3. PPhs, MeCN, Me
50 °C, 90%
15 16

To a solution of 15 in CH3;0CH,CH,0H (0.7 M) was added NaNj3 (10 equiv),
NH4Cl (2 equiv), and water (4 equiv). The mixture was heated to reflux for
24 h, cooled to room temperature, and the solvent removed under vacuum.
The residue was then taken up in water, extracted with EtOAc, dried over
Na,SOy4, and concentrated. After drying under reduced pressure for 18 h, the
resulting amber oil was taken up in CH,Cl,, cooled to 0 °C, and treated
sequentially with EtsN (1.5 equiv), DMAP (cat.), and TBSCI (1.1 equiv).
The solution was stirred at 0 °C for 2 h, diluted with CH,Cl,, washed with 1
M HCI, dried over Na,SO,, and concentrated under vacuum. The crude
residue was purified by flash chromatography over silica gel (8%
EtOAc/hexanes) to give the azido—alcohol as a 1:1 mixture of regioisomers
(75%).

The mixture of azido—alcohols was dissolved in MeCN (0.5 M) and
treated with PPh; (1.1 equiv). The solution was stirred at RT for 2 h, then
heated to 50 °C for 18 h. After removal of MeCN under vacuum, the mixture
was taken up in Et,O, filtered through a pad of Celite, and the filtrate
concentrated under vacuum. The crude residue was purified by flash
chromatography over silica gel (25% EtOAc/hexanes) to give 16 as a
colorless liquid (90% yield).

1.1.7 References

1 Ittah, Y.; Sasson, Y.; Shahak, I.; Tsaroom, S.; Blum, J. J. Org. Chem. 1978, 43, 4271-4273.

2 Blum, J.; Yona, L.; Tsaroom, S.; Sasson, Y. J. Org. Chem. 1979, 44, 41784182,

3 Firmeier, S.; Metzger, J. O. Eur. J. Org. Chem. 2003, 649-659.

4 Tanner, D.; Birgersson, C.; Gogoll, A. Tetrahedron 1994, 50, 9797-9824.

5 Bromfield, K. M.; Gradén, H.; Hagberg, D. P.; Olsson, T.; Kann, N. Chem. Commun. 2007,
3183-3185.

6 Page, M. F. Z,; Jalisatgi, S. S.; Maderna, A.; Hawthorne, M. F. Synthesis 2008, 555-563.

7 Hirose, T.; Sunazuka, T.; Tsuchiya, S.; Tanaka, T.; Kojima, Y.; Mori, R.; Iwatsuki, M.;

Omura, S. Chem. Eur. J. 2008, 14, 8220-8238.



10

10
11
12
13

14

16
17
18

20

21
22

23

24
25
26
27
28
29
30
31

Name Reactions in Heterocyclic Chemistry-I1

Hanessian, S.; Del Valle, J. R.; Xue, Y.; Blomberg, N. J. Am. Chem. Soc. 2006, 128, 10491—
10495,

Ahman, J.; Somfai, P. Tetrahedron Lett. 1995, 36, 303-306.

Ahman, J.; Somfai, P. Tetrahedron 1995, 51, 9747-9756.

Béckvall, J.-E.; Jonsson, S. Y.; Lofstrtom, C. M. G. J. Org. Chem. 2000, 65, 8454—8457.
Tanner, D.; Somfai, P. Tetrahedron Lett. 1987, 28, 1211-1214.

Njar, V. C. O.; Hartmann, R. W_; Robinson, C. H. J. Chem. Soc., Perkin Trans. 1 1995, 985—
991.

Regueiro-Ren, A.; Borzilleri, R. M.; Zheng, X.; Kim, S.-H.; Johnson, J. A_; Fairchild, C. R,;
Lee, F. Y. F.; Long, B. H.; Vite, G. D. Org. Lett. 2001, 3, 2693-2696.

Voronkov, M. V.; Gontcharov, A. V.; Kanamarlapudi, R. C.; Richardson, P. F.; Wang, Z.-M.
Org. Process Res. Dev. 20058, 9, 221-224,

Zhao, Y.-J.; Tan, L.-J. S.; Li, B.; Li, S.-M.; Loh, T.-P. Chem. Commun. 2009, 3738-3740.
Metzger, J. O.; Fiirmeier, S. Eur. J. Org. Chem. 1999, 661-664.

Hirose, T.; Sunazuka, T.; Tsuchiya, S.; Tanaka, T.; Kojima, Y.; Mori, R.; Iwatsuki, M.;
Omura, S. Chem. Eur. J. 2008, 14, 8220-8238.

Serafin, S. V.; Zhang, K.; Aurelio, L.; Hughes, A. B.; Morton, T. H. Org. Lett. 2004, 6,
1561-1564.

Jin, X. L.; Sugihara, H.; Daikai, K.; Tateishi, H.; Jin, Y. Z.; Furuno, H.; Inanaga, J.
Tetrahedron 2002, 58, 8321-8329.

Wipf, P.; Venkatraman, S.; Miller, C. P. Tetrahedron Lett. 1995, 36, 3639-3642.

Mordini, A.; Sbaragli, L.; Valacchi, M.; Russo, F.; Reginato, G. Chem. Commun. 2002, 778—
779.

Crotti, P.; Di Bussolo, V.; Favero, L.; Macchia, F.; Renzi, G.; Roselli, G. Tetrahedron 2002,
58, 7119-7133.

Pulipaka, A. B.; Bergmeier, S. C. Synthesis 2008, 1420-1430.

Marples, B. A.; Toon, R. C. Tetrahedron Lett. 1999, 40, 4873—4876.

Oh, K.; Parson, P. J.; Cheshire, D. Synlert 2004, 2771-2775.

Yadav, J. S.; Bandyopadhyay, A.; Reddy, B. V. S. Synletr 2001, 1608-1610.

Watson, I. D. G.; Yudin, A. K. J. Org. Chem. 2003, 68, 5160-5167.

Yu, L.; Kokai, A.; Yudin, A. K. J. Org. Chem. 2007, 72, 1737-1741.

Tsang, D. S.; Yang, S.; Alphonse, F.-A.; Yudin, A. K. Chem. Eur. J. 2008, 14, 886-894.
O’Brien, P_; Pilgram, C. D. Org. Biomol. Chem. 2003, 1, 523-534.



Chapter 1 Aziridines and Epoxides 11

1.2 Gabriel-Heine Aziridine Isomerization
Jeremy M. Richter

1.2.1 Description

X x°© R
YJLN R _or xi
~. »—R
T
R

1 2

The Gabriel-Heine aziridine isomerization describes the rearrangement of an
acylaziridine 1 into an oxazoline 2.

1.2.2 Historical Perspective

Harold Heine and co-workers were working with ethylenimines, and
derivatives thereof, when they became intrigued by the reaction originally
reported by Gabriel and coworkers in which thioac?/l aziridine 3 was
isomerized to thiazoline 4 upon attempted distillation.” This report went
virtually unnoticed until Heine and co-workers decided to investigate the
reaction further.> They found that upon exposure of 5 in refluxing heptane to
small amounts of aluminum halides, oxazoline 6 was isolated in nearly
quantitative yield. They also discovered that the reaction does not occur
under purely thermal conditions, but catalysis is required.

©\N)S]\N — ©\NJS\\/N>
H oV H

3 4
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Further work from the Heine group revealed that the reaction could
be accomplished under milder conditions and that the choice of catalyst
determined the regiochemical outcome of the reaction.” For example, in the
presence of iodide, 7 rearranges to 8, wherein the least substituted carbon
atom migrates. Alternatively, upon exposure to acid, 7 rearranges to 9,
wherein the most substituted carbon atom migrates. These results suggest
that alternate mechanisms may be operable in these two transformations, a
point that will be discussed below.

Me Me
0 Nal, A, 0
\/>< Me  acetone H2S04 OA&
N Me<_ N _— \N
93% >Z 97%
02N 02N Me Me 02N
8 7 9

Heine also demonstrated that the rearrangement can occur on
differentially acylated aziridines to give rise to different heterocycles such as
imidazolines (11), imidazolones (13), and complex heterocycles such as
154 163171thermore, this reaction has been the subject of reviews by Heine and
others.”™

10 1
0
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1.2.3 Mechanism

Me Me
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ﬁ Vo PathA >Z /@//\\N
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Me > Path B N
SN” Me H
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In Heine’s seminal publications, he astutely noticed that different products
are observed under acidic and nucleophilic catalysis.® Heine put forth a
mechanistic explanation for the formation of both of these products.® He
proposed that the rearrangement of 7 under nucleophilic catalysis proceeds
through aziridine ring opening with the halide followed by displacement with
oxygen to form 8 (two sequential SN2 reactions, Path A). Alternatively, he
proposed that the acid-catalyzed rearrangement of 7 to 9 proceeds through
protonation of the aziridine nitrogen, formation of a tertiary carbocation, and
subsequent attack by the oxygen on this carbocation (Path B). This
mechanistic explanation of the nucleophilic catalysis (i.e., 7 to 8) is still
generally accepted and has recelved further support as more examples have
been presented in the literature.® His explanation for the acid-catalyzed
rearrangement has come under scrutiny, though, and has been modified
through further studies. Shortly after Heine put forth his mechanistic
interpretation, Nishiguchi and co-workers proposed that the acid catalyzed
rearrangement could potentially proceed through an Syi reaction (i.e., Path
C).” Convincing clarity in terms of both nucleophilic and acidic catalysis
was not gained until the computational and experimental studies of Hori and
co-workers, who concluded that two sequential SN2 reactions (Path A) were
likely operable for nucleophilic catalysis and an Sni gathway (Path C)
accounted for the observed product under acidic catalysis.'

Further evidence exists to support these mechanistic interpretations,
in that retention of configuration is observed if the aziridine is chiral in
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nature.'' The mechanism is thus limited to either a double inversion or front-
side attack to account for this retention of stereochemistry.

Any mechanistic discussion of reactions of this nature also inherently
requires comments on the regioselectivity of the migration. Regioselectivity
in the Gabriel-Heine aziridine isomerization is observed under a variety of
conditions."*" As mentioned previously (vide supra), the most substituted
carbon migrates under acidic catalysis and the least substituted carbon
migrates under nucleophilic catalysis. This trend holds for acyl shifts, but
thioacyl shifts are less regioselective, with more scrambling observed.'*
Finally, Eastwood and co-workers showed that aziridines substituted with
electron-donating groups form 2,4-substituted oxazolines upon rearrange-
ment, while those substituted with electron-withdrawing groups form 2,5-
substituted oxazolines selectively.'

1.2.4 Variations and Improvements

Several variations and improvements of the Gabriel-Heine aziridine
isomerization have been reported, primarily surrounding the catalyst
selection and/or reaction conditions. An electrochemical rearrangement has
been reported, which gave the desired oxazolines in moderate yield.'® In
addition to the catalysts initially reported, several other catalysts have been
used in this reaction, including TfOH,'" Yb(biphenol)OTf, Ti(Oi-Pr)s,
Zr(Cp)a(SbFe),,'*  Cu(OTf),, Zn(OTf),, BF3;OEt, MgBr,-OEt,,"
Sn(OTf)z,ZO’21 Mn(salen),22 sts,23 and TBAL** The reaction has also been
performed in the microwave in good yields and rapid reaction times.”>**
Finally, one major variation of the Gabriel-Heine aziridine isomerization is
the use of similar reaction conditions to convert acyl-aziridines into
oxazolidinones using BF;-OEt,.*?"?8

1.2.5 Synthetic Utility
Total Synthesis

The Gabriel-Heine aziridine isomerization has been used only twice in the
context of total synthesis, despite finding widespread utility in alternate
contexts. The Vogel group has prepared 3-amino-3-deoxy-L-talose (21)
using the Gabriel-Heine reaction as a key step.”’>' The synthesis
commences with readily available aziridine 19, which undergoes a Gabriel—
Heine rearrangement under triflic acid catalysis at 80 °C in hexafluoroiso-
propanol to generate oxazoline 20. This intermediate was further
transformed into 3-amino-3-deoxy-L-talose (21).
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Cardillo and co-workers used the Gabriel-Heine aziridine
isomerization during the preparation of a dipeptide fragment of lysobactin.**
% Both enantiomers of the fragment were prepared using this reaction. The
group first prepared the incorrect diastereomer of the target fragment by ring
expansion of aziridine 22 to oxazoline 23 using BF;-OEt, in nearly
quantitative yield. It is surprising that the diastereomer (24) corresponding to
the natural product was rearranged solely by the action of triethyl amine and
dimethylaminopyridine to give 25 in 75% yield. This compound was further
processed to the desired intermediate for lysobactin (26).
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Medicinal and Process Chemistry

Much like with total synthesis, the Gabriel-Heine aziridine isomerization has
not found widespread application within the medicinal chemistry community,
despite its ability to efficiently generate a variety of azoles. DeWald and co-
workers at Parke-Davis used the Gabriel-Heine reaction in the preparation of
potential antipsychotics.”’ Compound 27 was rearranged upon exposure to
sodium iodide in acetone to provide compounds of type 28 in moderate to
good yield, which were evaluated as nondopamine-binding antipsychotics.

Nal

acetone
—»

27-95%

Researchers at Sandoz prepared a series of bronchodilators using the
Gabriel-Heine aziridine isomerization as a key step.”®*® Aziridine 29 was
reacted with sodium iodide and acetone to prepare the ring-expanded product
30 in 90% yield. Further manipulations furnished the title compounds 31 in
good yield, which were evaluated as bronchodilators.

Ar
Nal
NY Cl acetone Y N\fo
—_—
N o0 — \ 5
N N
YARN
29 30 31

Igbal and co-workers used the Gabriel-Heine aziridine isomerization
to confirm the stereochemistry of an intermediate for preparation of an HIV
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protease inhibitors.*’ Aziridine 32 was rearranged with sodium iodide in
acetonitrile to give the desired oxazoline 33, which enabled verification of
the stereochemistry in the previous step.

E0,Et

Miscellaneous Examples

Kohn and Jung reported the conversion of alkenes into vicinal diamines
using the Gabriel-Heine aziridine isomerization as a key step during this
sequence.”’ Alkene 34 was converted into the aziridine 35 using standard
chemistry. Rearrangment under the action of sodium iodide provided the
desired imidazolone, which was hydrolyzed with barium hydroxide to give
the vicinal diamine 36.

R 1. Nal R
- R o & %R 2.BaOH), R >()<R
— - =
WZ\R R™ N R N
R )—OEt

>51-71% NH,
HN

34 35 36

Bonini and co-workers reported the use of the Gabriel-Heine
aziridine isomerization to prepare ferrocenyl-oxazolines.** Bis-aziridine 37
was rearranged with sodium iodide in acetonitrile to provide the desired
bisoxazoline 38 in excellent yield.

0
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The Banks and Mattay groups independently reported the use of the
Gabriel-Heine aziridine isomerization in the context of fullerenes.”*
Acylaziridinofullerine 39 was rearranged simply by heating to provide the
oxazininofullerine 40 in quantitative yield.

39 40

The Gabriel-Heine aziridine isomerization has seen many other uses
since its development, whether in the })reparation of starting materials or for
studies of fundamental reactivities.*>™
1.2.6 Experimental

Gabriel-Heine Aziridine Isomerization to Prepare Bronchodilators™

Nal

N_ _ClI N_ _Cl
N acetone BN
= Y
Z 90% \ 5
N N
VAN
29 30

Compound 29 (32 g, 0.16 mol) was dissolved in anhydrous acetone (500 mL)
and stirred with 3.2 g (0.021 mol) of Nal for 90 min. The solvent was
evaporated in vacuo and the residue treated with methylene chloride.
Insoluble material was filtered off, and the filtrate extracted with saturated
sodium chloride solution, dried (sodium sulfate), and evaporated. The
crystalline material that was formed on addition of acetone was filtered off
and dried at 50 °C in vacuo, yielding 28.7 g of 30 (90%).
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Gabriel-Heine Aziridine Isomerization to Prepare the Lysobactin
Fragmen 2

Me~N
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}/k Y Me 969 }/kPh NUMe
y Ph Ph 6% M
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22 Me F H N\;
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A solution of 22 (0.24 g, 0.36 mmol) in CH,Cl, (5 mL) was treated with
BF;-Et,0O (0.045 mL, 0.36 mmol) at room temperature for 6 h. The reaction
was quenched with sat. NaHCO; (3 mL), extracted three times with CH,Cl,,
and dried over Na,SO,. The solvent was evaporated at reduced pressure to
afford 23 (0.23 g, 96%), which required no further purification.
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1.3 Shi Epoxidation
Bingwei Vera Yang

1.3.1 Description

Rs Oxone, K,CO4, buffer Rs
1 DMM-MeCN, 0 °C 3

trans-disubstituted and trisubstituted olefins

Related ketone catalysts:

4
o) _
0 N-R 4 R=BOC
i/ 5a R = 4-SO,Me-Ph
5b R = 4-Me-Ph
o o 5¢ R = 4-Et-Ph

The Shi epoxidation refers to the asymmetric epoxidation of alkenes 1 using
Oxone (potassium peroxymonosulfate, 2KHSOs*KHSO4°K,SO,) as the
primary oxidant and a fructose-derived chiral ketone catalyst 2.2 This
procedure generates epoxides 3 with high enantiomeric excesses from frans-
disubstituted and trisubstituted olefins. cis-Disubstituted olefins and styrenes
are asymmetricall;/ expoxidized under similar conditions using glucose-
derived catalysts 4°° or 578

1.3.2 Historical Perspective

Professor Yian Shi at the Colorado State University first reported the use of a
fructose-derived chiral ketone 2 for the asymmetric epoxidation in 1996.'
This ketone is conveniently synthesized from an inexPensive chiral starting
material D-fructose via ketalization and oxidation.”!' The enantiomer of
ketone 2, ent-2, can be prepared by the same methods from L-fructose, which
is derived from L-sorbose.'*"?
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The epoxidation of olefins using dioxiranes generated in situ from Oxone
and ketones is an established transformation. This reaction can be performed
with catalytic amount of ketone, which is regenerated after the reactive
intermediate dioxirane delivers oxygen to the double bond. Furthermore, a
chiral ketone catalyst could be used for an asymmetric epoxidation if the
chiral control elements are close to the reacting carbonyl. In 1984, Curci
reported the first asymmetric epoxidation using chiral ketone (+)-
isopinocamphone or (S)-(+)-3-phenylbutan-2-one (maximum ee = 12.5%)."
However, it was only until the discovery of Shi’s fructose-derived chiral
ketone 2 that the organocatalytic asymmetric epoxidation received extensive
attention, particularly notable for its high enantioselectivity, broad generality
and green chemistry advantages. The wide scope of olefin substrates,
especially the unactivated alkenes, makes Shi epoxidation one of the most
powerful methods for converting olefins to chiral epoxides.

1.3.3 Mechanism

The epoxidation with in situ generated dioxiranes often requires careful
control of the reaction pH. Since Oxone rapidly autodecomposes at high pH,
early epoxidations were usually carried out at pH 7-8. In contrast, higher pH
was found to be beneficial to epoxidation with ketone 2.”'> For example,
conversion of trans-B-methylstyrene 11 to its epoxide 12 increased from ~
5% at pH 7-8 to > 80% at pH > 10 while a high enantioselectivity (90-92%
ee) was retained. Analysis of the reaction cycle implied that a Baeyer—
Villiger oxidation from intermediate 8 could be one of the possible
decomposition pathways for ketone 2. A higher pH would facilitate the
formation of anion 9 and subsequent formation of dioxirane 10, thus
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suppressing the competing Baeyer—Villiger oxidation.  The catalytic
procedure at pH 10 requires substantially less Oxone, < 30% of the amount at
pH 7-8, suggesting that ketone 2 can react with Oxone fast enough to avoid
the autodecomposition of Oxone. The epoxidation is typically carried out
around pH 10.5 by adding either K,CO; or KOH as the reaction proceeds.
Performing the reaction at higher pH greatly reduces the required amount of
ketone catalyst, 30 mol% in most cases, leading to a catalytic process of
epoxidation.

Y b % 0 Y _:
)VO H KO )VO 8
8 9 10
‘\e
OH
PR
Baeyer-Villiger 11
0
O I/,’/O O (I,/ 12

The stereochemical outcome of the epoxidation can be rationalized by a
spiro transition state model. Two extreme epoxidation modes, spiro and
planar, are known for epoxidation with dimethyldioxirane, and the spiro
transition state is the optimal transition state for oxygen atom transfer from
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dimethyldioxirane to alkene, presumably due to the stabilizing interactions
between the oxygen nonbonding orbital and the alkene n* orbital in the spiro
transition state.'®

s ~N

o R o wR ? R
I oy I &
' ~1— non-bonding —] !

MY - orbital =Y

» olefin —»

Spiro n* orbital

Planar

Studies have shown that the epoxidation of frans-di and tri-substituted
olefins with ketone 2 mainly goes through the spiro transition state (spiro A).
Planar transition state B competes with spiro A to give the opposite
enantiomer."® Spiro A is favored by conjugation of the alkene that lowers
the energy of the m* orbital of the alkene and enhances the stabilizing
interaction between the dioxirane and the olefin. Decreasing the size of R;
(further favoring spiro A) and/or increasing the size of R3 (disfavoring planar
B) can also result in higher ee’s of the epoxidation. The transition state
modes for ketone 2 were further supported by results obtained from kinetic
resolution of 1,6- and 1,3-disubstituted cyclohexenes17 and de-
symmetrization of cyclohexadiene derivatives.'®

Spiro (A) Planar (B)

R1'H H
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1.3.4 Variations and Improvements
Variation of Chiral Ketones

The asymmetric epoxidation with chiral ketone 2 has achieved high
enantionselectivity with a wide range of unfunctionalized trans-disubstituted
and trisubstituted olefins (selected examples are listed below).” 2,2-
Disubstituted vinyl silanes are epoxidized in high ee’s and enantiomerically
enriched 1,1-disubstituted epoxides can be obtained via the desilylation of
these epoxides (e.g., 18)." Allylic alcohols and conjugated dienes and
enynes are effective substrates (e.g. 19 and 20).°** The epoxidations of
enol ethers and enol esters were also studied.”* The resulting epoxides (e.g.,
21) from enol esters can undergo stereoselective rearrangement to give
optically active a-acyloxy ketones, (5)-22 or (R)-23, under different acidic
conditions. ™’

0.3 equiv ketone 2
1.4 equiv Oxone 0]
Lp N\ Ph _KzCOs, MeCN-DMM, buffer o <L-Ph

15 99% ee, 85% yield 16

Additional examples, ee (yield%):

o -
TN 2 R

3

17 95% ee (89) 18a R = TMS, 94% ee (74)
18bR =H

Z OBz
7, “OH
.0 e o

19 94% ee (93) 20 93% ee (78) 21 93% ee (82)

0 0
OBz  YbCl; (10%) OBz p-TsOH (10%) OBz
CH,Cl,, t, 20 min. Oﬂo CH3NO,, rt, 20 min. .
84% 77%
22 96% ee 21 97% ee 23 97% ee

To effectively suppress the decomposition of ketone catalyst via Bayer—
Villiger oxidation (see the mechanism scheme), Shi replaced the fused ketal
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moiety in ketone 2 by a more electron-withdrawing oxazolidinone (24) and
acetates (25).2%% Only 5 mol% (1 mol% in some cases) of ketone 24 was
needed to get comparable reactivity and enantioselectivity for 20-30 mol%

of ketone 2.2

0.01-0.05 equiv ketone 24
1.5 -2.1 equiv Oxone

K,CO3, MeCN-DMM o
o X Ph buffer, 0 °C Ph/<|, Ph
96% ee, 67% yield
15 16

O/P
o)

NT Y0
OB 24

Additional examples
ee (yield%):

<3 ¥
Ph
Ph Ph e L on

26 93% ee (80) 27 92% ee (74) 28 87% ee (89)

Ketone 25 has shown to provide high ee’s and good yields for
epoxidation of a number of electron-deficient a,3-unsaturated esters,”’
whereas ketone 2 epoxidizes o,p-unsaturated esters sluggishly due to the low
reactivity of its dioxirane as an electrophilic reagent toward electron-deficient

0.3 equiv ketone 25
5.0 equiv Oxone
NaHCO3, MeCN-aq. Na,EDTA

o
ph X~ CO2Et Ph/<|/002Et

96% ee, 73% yield
29 /P 30
O
O
o - 9]

AcO :
AcO 25



Chapter 1 Aziridines and Epoxides 27

Additional examples

ee (yield%):
><OL /<?/COZEt ~0
Ph COzEt  4-MeO-Ph
*~CO,Et
31 96% ee (93) 32 90% ee (57) 33 93% ee (77)

The substrate scope was expanded to cis-olefins and certain terminal
olefins when a new series of glucose-derived ketones 4 and 5 were
developed. In 2000, Shi reported an N-Boc oxazolidinone-bearing ketone 4
to be a highly enantioselective catalyst for the epoxidation of various cis-
olefins conjugated with an aromatic or alkyne group.” The stereopreference
of the olefin appears to be directed by an attraction from the oxazolidinone
moiety of ketone 4. In the transition state, Rm substituent on the substrate
prefers to be proximal to the oxazolidinone of ketone 4 (spiro C favored over

spiro D).
-~ O oL

3491% ee (87)  3583% ee (88) 36 91% ee (61)
0.,

Z - S 0
s
K\CGHL@ oh /<|

37 87% ee (77) 38 81% ee (92)

0 o} 0
o oJ< '/7 OJ<
o NBoc N-R N-R
O\‘\ < O bR' by - /bRTC
o}

O >< Pat
4 Spiro (C) Spiro (D)
Favored

The N-aryl oxazolidinone-bearing ketone catalysts 5 are readily prepared
in large quantities from glucose and inexpensive anilines in four steps.*
Phenyl groups substituted with methylsulfonyl (5a) or alkyls (Sb, 5c)
consistently provide high enantioselectivity for a variety of cis-olefins and
certain terminal olefins.”® cis-B-Methylstyrenes can be epoxidized with
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ketones 5a and 5b in high conversions and ee’s.®’ Substituents on the phenyl
group of the olefins further enhance its (R7) interaction with the N-aryl group
of the ketone catalyst, favoring spiro transition state F over spiro transition
state G and consequently increasing the enantioselectivity (39 and 40 vs. 34).

oA
L o o

Epoxidation with ketones 5a or 5b, ee (yield %):

5a R = SO,Me 34
5b R =Me 90% ee (100)/5a 92% ee (96)/5a 97% ee (91 y/5a
5¢ R = Et 84% ee (99)/5b 88% ee (100)/5b  98% ee (86)/5b

L X
ONA O

P P

N s ooy

l O ,‘l

O, | DirbRn

°><° o 0 &
Spiro (F) Spiro (G)

Favored

Ar = 4-alkyl-Ph, 4-SO,Me-Ph;
R = alkene, alkyne, Ph, substituted Ph; R' = H, alkyl.

Ketone Sc is one of the most effective catalysts for the epoxidation of
various styrenes (R’ = H)® and cis-enynes (Rn = alkyne).**

Epoxidation with ketone 5¢, ee (yield%):

N ealeel

38 86% ee (72) 41 90% ee (86) 42 84% ee (100)
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/’\ HO’/—\

CeH13 CeHy3
37 90% ee (84) 43 97% ee (68)

Ketone Sb demonstrates a broader substrate scope than that displayed by
any other N-aryl-oxazolidinone-containing catalyst. Conjugated cis-dienes
44 can be epoxidized with 5b in high ee’s with no cis—trans isomerization.>

0.2 equiv 5b
1.6 equiv Oxone

o,
NR K,CO3, DME-DMM, buffer NR
64-74% yield

44 45

R = Ph (85% ee), CO,Et (94% ee), g/\/COZEt (94% ee)

Trisubstituted and tetrasubstituted benzylidenecyclobutanes 46 undergo
highly enantioselective epoxidation with ketone Sb followed by epoxide
rearrangement upon treatment with Et;AICI or Lil to afford optically active
2-aryl cyclopentanones (48, 49 or 50).°**°

0.2 equiv 5b
1.6 equiv Oxone R

R
K,CO3;, DME-DMM O..
m buffer, =10 or 0 °C m
R = H, 93% yield, 90% ee

46 R = CH,, 94% yield, 84% ee 47
R = CH,
o) EtAICI
é Et,AIC], PhCHj P(gg%
90% R=H
48 90% ee 0O
o Lil, CH,Cl,
81% <
CH;
50
49 90% ee 84% ee

When benzyliden-cyclopropanes 51 are subjected to epoxidation with 5b,
optically active y-aryl-y-butyrolactones 53 can be obtained in moderate yield
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and good enantioselectivity via an in situ epoxide rearrangement and a
Baeyer—Villiger oxidation.

0.2 equiv 5b @ e}
R i NP

3.2 equiv Oxone

= R
K,CO3;, DME-DMM, buffer - Jt’
v/kAr 2 3 \_/‘ Ar “‘

45-68% yield, 79-91% ee s R
51
Baeyer— | Oxone
Villiger
Lo
Ar = Ph, substituted Ph, 2-naphthyl 0”0 R
R =H, CH, 53

Variations of Oxidant: Hydrogen Peroxide as Primary Oxidant

While Oxone has been commonly used to generate dioxiranes from ketones,
Shi’s studies have shown that epoxidation with ketone 2 or 5S¢ can be carried
out with a nitrile and H,O, as the grlmary oxidant, giving high
enantioselectivity for a variety of olefins.’’ >’ Peroxyimidic acid 55 is likely
to be the active oxidant that reacts with the ketone to form dioxirane 10.
Mixed solvents, such as CH;CN-EtOH-CH,Cl,, improve the conversions for
substrates with poor solubilities. This epoxidation system is mild and
provides conversion and enantioselectivity similar to that using Oxone as
oxidant.

O
O@ UD ¢, Ki

-, o

NH R,
02 I N R%
RCN R” ~OOH Ry” Y 2

54 55 3 Rs
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Epoxidation with ketones 2 or 5¢, ee (yield %):

o)

O 0]
Ph/<l/ Ph/<l/ Ph n_C6H1 /<l/n'CGH13

3

11 92% ee (93)/2 15 98% ee (90) /2 17 92% ee (97) /2

~ (}”‘ <t

58 95% ee (93)/)2 59 96% ee (90)/2 60 92% ee (82)/5¢c

noo el s e

61 91% ee (89)/5¢ 17 90% ee (65)/5¢c 62 83% ee (93)/5¢

1.3.5 Synthetic Utility

The availability of ketone 2 and its effectiveness toward a wide variety of
trans-disubstituted and trisubstituted olefins make Shi epoxidation a widely
applicable method in many syntheses published over the past decade.
Selected examples are highlighted in this section.

A group of polycyclic polyether natural products are of special interest
owing to their fascinating structure and biological activities. One of the
proposed biosynthetic origins of these molecules features an epoxide-opening
cascade pathway. Shi asymmetric epoxidation of un-activated alkenes has
been frequently employed in the preparation of polyepoxide intermediates.
McDonald and co-workers studied a series of tandem endo-selective and
stereospecific oxacyclization of polyepoxides mediated by Lewis acid.
Polyepoxides, such as 64, can be obtained from the epoxidation of triene 63
with ketone 2.*° Furthermore, a cascade cyclization, initiated by a Lewis
acid-promoted epoxide opening of 64, furnished the desired polyether 65.

Ketone 2

MeyN \H/O \ Oxone
O 63
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1. BF3’OEt2
2. Ac,0, pyridine

25%

In recent studies, Jamison and co-workers reported the formation of
tetrahydropyran 68 via selective epoxide-opening reactions in water.*' The
polytetrahydropyran precursor 67 was prepared from the epoxidation of
polyalkene 66 with ketone 2.

H
TBSO Ketone 2
= X = 0 Oxone
66 H
H H H H
2. H,0,70°C : : : :
2 HOH HOH HO
68

Ketone 2
Oxone

66%
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71, glabrescol

In 2000, in an effort to verify the structure of a polycyclic oxasqualenoid,
glabrescol 71, Corey and co-workers applied the Shi epoxidation in the
conversion of tetraene 69 to tetra-epoxide 70, which was subsequently
transformed to glabrescol 71 in three steps.***

The high specificity of the Shi epoxidation permits the regioselective
epoxidation in some polyene compounds. McDonald and co-workers
employed ketone 2 in the total synthesis of nakorone and abudinol.** Triene—
yne 72 was selectively epoxidized on the two more electron-rich double
bonds, leaving the olefin next to the electron-withdrawing sulfone group
intact. Bis-epoxide 73 was transformed into both ent-nakorone 75 and ent-
abudinol B 76.

SO, Tol SO, Tol
Ketone 2
l I |

Oxone, 76%
72 TMS

75 ent-nakorone

76 ent-abudinol

In 2006, Ready and co-workers reported that compound 77, which
contains three double bonds, was regio- and stereo-selectively epoxidized at
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the desired C7—C8 double bond. The resulting epoxide was converted into
(+)-nigellamine A, 78.%

1. Ketone 2, Oxone
2. Nicotinic acid, DCC, DMAP

51%

(+)-nigellamine A, 78

Selective epoxidation of polyene compound has also achieved with ens-2,
the enantiomer of ketone 2. In Morimoto’s total synthesis of polyether (+)-
aurilol, Shi epoxidation was utilized twice, with ketone 2 and ent-2,
respectively.*® Epoxidation of 79 with ketone 2 gave epoxide 80 with high
diastereoselectivity.  Epoxide 80 underwent acid catalyzed S-exo-fet
cyclization to produce tetrahydrofuran 81 with the desired stereochemistry.
Subsequently, diene 82 was selectively epoxidized with ens-2 only at the
trisubstituted olefin to give epoxide 83. Epoxides 80 and 83 played
important roles in setting stereocenters in the final product.

Ketone 2
Oxone

83%

CSA, CH,Cl,
t, 10 min.

98%

80 (> 15: 1)
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HO™ G0
H o
83 (>10:1)

07; 07N
H"™H H %y

84 (+)-aurilol

A diastereoselective synthesis of a-tocopherol 87 features a Shi
epoxidation with ent-2 and a carefully controlled intramolecular epoxide
opening cyclization for the formation of the chromanol ring. Good
convgrsion and high enantioselectivity have been achieved in the epoxidation
step.

MeO ent-2, H,0, (30% aq.) M
MeCN-EtOH-CHzclz

OTBDPS 819 yield, 97% de
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87 o-tocopherol

A recent publication described a short enantioselective synthesis of (+)-
L-733,060, a selective and potent nonpeptide neurokinin substance P receptor
antagonist.*® The key chirality-inducing step involved a Shi epoxidation of
homoallylic carboxylate 89. Subsequent intramolecular reductive cyclization
of azidolactone constructed the piperidine ring.

0

Ketone 2, Oxone
RN OR KOH, CH;CN
-5°Cto15°C

= 62%
88 R=Me aq. KOH 0

89R=K
N3
1. MsCl (96%) ; 1. PPhg, THF, 25 °C
O 2. H,0, reflux, 3 h
2. NaN; (94%) .
91 O o
4 steps AN, g CFs
CF;

93 (+)-L-733060

In summary, the broad application of the Shi epoxidation in the total
synthesis of natural products and in drug discovery is a good indication that
the reaction will receive more attention and find extended use in the future.
Together with the Sharpless epoxidation and the Jacobsen epoxidation, Shi
epoxidation has been considered one of the three major catalytic
enantioselective epoxidations useful for the synthesis of chiral epoxides.
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1.3.6 Experimental

Standard Conditions

L

@]
/,,I/O

o Y o
AVO 0
NN 2 oL~ (91-92% ee)
Oxone, KOH
1 CH,CN-DMM, 0 °C 12

(R,R)-trans-B-Methylstyrene oxide (12).**

A 2-L, three-necked, round-bottomed flask equipped with a 5-cm, egg-
shaped, Teflon-coated stir bar and two addition funnels is cooled in an ice
bath. The flask is charged with frans-B-methylstyrene 11 (591 g, 50.0
mmol), 500 mL of a 2 : 1 mixture of dimethoxymethane (DMM) and
acetonitrile (CH3;CN), 300 mL of potassium carbonate-acetic acid buffer
solution, tetrabutylammonium hydrogen sulfate (0.375 g, 1.1 mmol), and the
chiral ketone 2'' (4.52 g, 17.5 mmol, 35 mol%). One addition funnel is
charged with a solution of Oxone (46.1 g, 75.0 mmol) in 170 mL of aqueous
4 x 10 M disodium ethylenediaminetetraacetate (Na,EDTA) solution, and
the other addition funnel is charged with 170 mL of 1.47 M aqueous
potassium hydroxide (KOH) solution. The two solutions in the addition
funnels are added dropwise at the same rate over 2.5 h to the cooled reaction
mixture, which is stirred vigorously at 0 °C. The resulting suspension is
stirred at 0 °C for an additional hour, and then 250 mL of pentane is added.
The aqueous phase is separated and extracted with two 250-mL portions of
pentane, and the combined organic phases are dried over Na,SQ,, filtered,
and concentrated by rotary evaporation at 0 °C. The resulting oil is loaded
onto 50 g of Whatman 60 A (230—-400 mesh) silica gel packed in a 5-cm-
diameter column. The silica gel is first washed with 200 mL of hexane to
remove trace amounts of unreacted olefin, then the product is eluted with 200
mL of 10 : 1 hexane:ether to afford 6.02-6.31 g (90-94%) of trans-B-
methylstyrene oxide 12.
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Asymmetric Epoxidation Using Ketone 2 and H,0; as Primary Oxidant

O/P
o)
oY%
o Y o
Ph )VO 2 Ph
O O

H,0,, K,COs4
94 CH4CN 27 (96-98% ee)

(R,R)-1-Phenylcyclohexene oxide 27).®

A 250-mL, round-bottomed flask equipped with a 4.5-cm, egg-shaped
Teflon-coated magnetic stirbar is charged with 1-phenylcyclohexene 94 (7.91
g, 50.0 mmol) and the chiral ketone 2 ! (1.29 g, 5.00 mmol, 10 mol%). The
flask is cooled in an ice bath, and 75 mL of CH3CN and 75 mL of a solution
of 2.0 M potassium carbonate and 4 x 10 M EDTA are added. The reaction
mixture is cooled to 0 °C, and 20 mL (200 mmol) of 30% hydrogen peroxide
(H,0,) is added. The resulting mixture is vigorously stirred at 0 °C for 6 h,
then diluted with 50 mL of hexane. The aqueous phase is separated and
extracted with three 200-mL portions of hexane, and the combined organic
phases are washed with two 50-mL portions of 1 M aqueous sodium
thiosulfate solution and 100 mL of brine, dried over Na,SQ;, filtered, and
concentrated by rotary evaporation at 0 °C. The resulting oil is applied to 180
g of Whatman 60 A (230-400 mesh) silica gel packed in a 5-cm-diameter
column; then the product is eluted with 600 mL of hexane and finally 1 L of
20 : 1 hexane/Et,0 to afford 6.88-8.01 g (79-92%) of (R R)-1-phenylcyclo-
hexene oxide (27) as a colorless oil.
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2.1 Clauson—-Kaas Pyrrole Synthesis
Thomas Andrew Wynn

2.1.1 Description

U\
R\A,R . NHpy _AOH

, N
0" o O R Reflux Il?

The Clauson—Kaas pyrrole synthesis involves the acid-catalyzed cyclization

of a primary amine and a dialkoxytetrahydrofuran to form an N-substituted
1

pyrrole.

2.1.2 Historical Perspective

The key biological relevance of pyrroles has long been recognized because
they are in several biological building blocks such as heme, the amino acids
proline and hydroxyl proline (in a reduced form), and a host of natural
products. Studies of pyrrole stretch back to the very beginning of synthetic
organic chemistry, with the first description appearing in 1834 by Runge.’
Pyrrole was the first characterized in 1858° and the structural determination
reported in 1870 by Bayer.* The importance of pyrrole derivatives has
driven the development of a host of different methods for generating the ring
system.” At the time of Clauson—Kaas’s original report the major method for
generating pyrroles was the Paal-Knorr reaction. The ease of generation and
stability of 2,5-dialkoxytetrahydrofurans® has greatly increased the utility of
the Paal-Knorr reaction.

2.1.3 Mechanism

Although no formal investigations into the reaction mechanism has been
undertaken, the most likely proposal involves acid-catalyzed acetal
hydrolysis that releases succindialdehyde. The succindialdehyde then enters
into the Paal-Knorr reaction pathway.” Once the dialdehyde is revealed the
acid catalyst aids the attack of the nucleophilic nitrogen one of the carbonyls
forming a hemiaminal. The nitrogen is then free to attack the second
carbonyl after which two dehydrations generate the pyrrole ring system. A
variety of nitrogen nucleophiles have shown to undergo the Clauson—Kaas
reaction and the nucleophilicity of the nitrogen does have an effect on the
rate of the reaction. The less nucleophilic nitrogens typically take longer to
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go to completion, and many studies have been reported that look at
developing efficient catalytic systems for less reactive systems.

MeO-_O~_OMe [H]* 0 H [H']
U™ e eyt —
o)

0 /\ Ho .
E Lo m " o
0 H UN\©

+J.

g _ I
H(SIS\(BH 210 Q

2.1.4 Variations and Improvements

A variety of nucleophilic nitrogens can undergo pyrrole formation with
dialkoxytetrahydrofurans.  Anilines, amides, sulphonamides, and alkyl
amines all react cleanly to form substituted pyrroles. With judicious choice
of amides or sulfonamide a variety of N-H protected pyrroles can be
generated in short order.

Amides

Menger and Donohue made use of commercially available 2,5-
dimethoxytetrahydrofuran (1) and benzamide to generate Cbz-protected
pyrrole in their studies on the base-catalyzed hydrolysis rate of N-
acylpyrroles.® A slight excess of 1 and long reaction times at reflux were
needed to generated the product in modest (47%) yield.

O
Ph
j)\ . Meo\é/OMe AcOH T\JA
Bn” 'NH; reflux, 48 h ;\ /; 3

2 1
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Ekkati and Bates reacted more functionalized amides using 2,5-
dimethoxytetrahydrofuran as the solvent and thionyl chloride as the acid
source to generate a variety of N-acyl pyrroles similar to § with good yields.’
Under these conditions the reaction times and temperatures were greatly
reduced.

MeS O MeS O
1 equiv SOCI,
NH, > N7 N
1 (solvent) —
MeO 10 min., 80 °C MeO
4 5
Sulfonamides

Sulfonamides have also seen great success as partners in the Clauson—Kaas
reaction. Similar to amides the pyrroles generated are protected by the
starting sulfonamides. Karousis and co-workers reported a successful
example of this procedure with 3-formyl-2,5-dimethoxytetrahydrofuran 7 to
generate tosyl-protected pyrrole carbaldehyde 8. The tosyl-protecting group
was later removed under mildly basic conditions (K>COs;, MeOH at room
temperature). 10

Ts
Q N
8. + Me0 O~ _OMe  TsOH
1 NH2 \ /
0 PhMe
Me H 110°C,3h H
e} 0]
6 7 8

Abid and co-workers reported that using reaction conditions that vary
only in the amount of trifluoroacetic acid protected pyrroles, indoles and
carbazoles are generated.!' The reaction conditions involved reacting an aryl
sulfonamide with 5 equiv of 2,5-dimethoxytetrahydrofuran in the
dichloromethane and different amounts of TFA. When a catalytic amount of
TFA was added the expected pyrrole (10) resulted. When a full equivalent of
TFA was used the protected indole was produced (11) and finally when 3.5
equiv of TFA was used the protected carbazole (12) resulted.
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§02Ph
0.05 equiv TfOH N
o ) 10
MGOUOMe CH,Cl/rt
1 §02Ph
+

»n=0

1 equiv TFOH N
@ 11
CH,Cl,/rt
Crm ™
9 SO,Ph
3.5 equiv TfOH N
"
CH,Cl,/rt
The authors propose that the reaction initially proceeds through the
Paal-Knorr reaction of the succindialdehyde with the sulfonamide nitrogen
to generate the pyrrole. In the presence of more than a catalytic amount of
TFA the excess succindialdehyde can then undergo acid-catalyzed Friedel-
Crafts annulation onto the pyrrole followed by elimination of water to
generate the indole. The water released in the Paal-Knorr and annulation
reactions are postulated to attenuate the acidity of the TFA'® thus the reaction
halts at the indole with one equivalent of TFA. The authors found that lower

pH achieved with 3.5 equiv of TFA was needed the produce the carbazole in
high yields.

Alkyl Amines

Kashima and co-workers reported the reaction of aliphatic amine
hydrochloride salts (13) with 2,5-dimethoxytetrahydrofuran in a
benzene/water mixture also generated N-alkyl substituted carbazoles (14) in
modest (34-69%) yields depending on the amine chosen.” In this case the
hydrochloride salt was used in excess to the 2,5-dimethoxytetrohydrofuran.

o h

)Niﬁ' + MeO\Q/OMe water/benzene N
reflux

13 1 14
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Alternate Reaction Conditions

A variety of catalysts has been used to promote the Clauson—Kaas reaction.
The most common are Bronsted acids but a variety of other Lewis acids have
also seen some use. An interesting report by Fang used phosphorus
pentoxide in toluene to shorten reaction times.'* Others have commented
that care must be taken to rigorously remove water from this reaction with
amides to avoid the generation of nitriles.’

R
MeO-_-O~__OMe P20s N
R-NH, + U R = Ar-, ArCO-
1 PhMe, 110°C  \\ /
10-20 min.

The quite versatile Lewis acid, scandium triflate has a been reported
to act as a mild catalyst for Clauson—Kaas reactions. Zuo and co-workers
investigated a battery of Lewis acids and found the greatest success with
Sc(OTf);." In their report they used these conditions to generate a variety of
aryl and heteroaryl pyrroles. In this case, deactivated nitrogen nucleophiles
(15) worked well under these reaction conditions to yield heteroaryl
substituted pyrroles similar to (16).

)

N N
4 N\>_NH2 " Me0\<i7/OMe 3 mol% Sc(OTf; "~y
_ N
N dioxane, 100 °C
15 1 i\ /;
16

As with most thermal reactions, microwave heating has been applied
to the Clauson—Kaas reaction. Polshettiwar and co-workers have added in
interesting twist by running the reaction in water and using a magnetic
nanoparticle supported glutathione organocatalyst (Nano-FGT).'®  The
combination of these various technologies yielded a very green process
where the solvent was water and the catalyst was readily removed and
recycled. These reaction conditions were shown to be quite general with
most types nitrogen nucleophiles, aliphatic and aromatic amines, amides, and
sulfonamides all reacting well.

Nano-FGT B

R_NH2 + MGO@/OMe N
H,O, pw 140 °C §\ /

1
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Abid and co-workers reported another green reaction system in which
amides or sulfonamides along with 2,5-dimethoxytetrahydrofuran were
adsorbed to K-10 montmorillonite clay and then irradiated for short times at
100 °C."7 The resulting pyrroles were then isolated by simply diluting with
ether and filtrating from the insoluble clay.

K-10 montmorillonite B

o)
MeO OMe N
R-NH, +
§ 7 w100°C )
R = ArCO- 3-5 min
ArSO,- 1 R = ArCO-

ArSOZ-

2.1.5 Synthetic Utility

Although the readily available 2,5-dimthoxytetrahydrofuran is by far the
preferred precursor for most examples of the Clauson—Kaas reaction several
examples of more highly functionalized tetrahydrofurans have been reported.
Merz and co-workers generated 3,4-dialkoxy pyrroles (19) from the
corresponding  3,4-dialkoxy-2,5-dimethoxytertohydrofurans (18) under
mildly acidic conditions.”® The tetra-substituted tetrahydrofurans were
access through permanganate oxidation of 2,5-dimethoxydihydrofuran 17
followed by alkylation of the corresponding diol.

o)
MeO {7/ OMe 1)KMnO4/H20= MeO \S—Z/OMe TFA/H,0
— 2) AllylBr X ANF BnNH,

O O
17 18
I?n
N
S\ /Z
\/\o O/\/
19

Eiden and Grusdt synthesized an even more complicated
tetrahydrofuran to generate trisubstituted pyrroles (24) as bronchodilators."
In this case, the authors used the Michael addition of 2-thiomethylacetate
onto the unsaturated ester 21. The resulting highly functionalized
tetrahydrofuran then underwent the Clausen—Kaas reaction to yield the
desired protected pyrrole in modest (42%) yield.
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MeO OMe
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MeOH MeO
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MeO s—/ ACOH  MeO s
o}
23 24

The Clauson—Kaas reaction has also seen some utility in the synthesis
of complex heterocycles where the pyrrole is generally installed early and
then further functionalized. Plasencia and co-workers have a fine example of
this strategy in their reported synthesis of quinoxalinhydrazides (27), which
showed some anticancer activity.*’

F F F F

25 26 \=—

N™ X

In the late 1970s Hara and co-workers used a similar strategy to
synthesize pyrrolobenzodiazepines (33) in short order.”! In this report 3,4
substitution on the pyrrole was introduced using Paal-Knorr condition with
substituted 1,4-diketones.

Br, Ml\eAeO o OMe

Me O
W\NPhth — /7 “NPhth
MeOH

28 29

Pd/C M’;”eo o OMe

NPhth
H;
30
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Me Me
NH2NH2

NH, N
o —NPhth
CI3COZH Cl
1 Benzene
3 reflux O
33

Park and co-workers reported a slightly more involved synthesis -of
pyrrolobenzazepines (38), starting from properly substituted anilines (34) and
2,5-dimethoxytetrohydrofuran.> Following this method a series of pyrrolo-
benzazepines substituted with halogens, nitro- and methoxy-groups were

generated.
0]
F OMe +Me0\<i7/OMe AcOH
NH 1 reflux
34

0
0 0
F e NLAH ¢
M
2) PCC Ho+ [ OMe

o S
35 = 36

Z

CO,Me

CO,Me
H,50, F =
DABCO | - .
3drt N

An impressive example of the functional group compatibility of the
Clauson—Kaas reaction was reported by Frontata-Uribe and co-workers in the
synthesis of optically active pyrrole D-glucosamine derivatives 41. One
drawback to this synthetic route was the large amounts of elimination by-
product 42 observed after the removal of the acetate protecting groups. The
low yield of the desired product was thought to be due to the general
instability of the unprotected pyrrole D-glucosamine.
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2.1.6 Experimental
Synthesis of 1-(2-methoxycarbonylphenyl)pyrrole 43**

A solution of 90 g (0.59 mol) of methyl anthranilate in 265 mL of glacial
acetic acid is placed in a 1-L round-bottomed flask equipped with a reflux
condenser and a magnetic stirrer. The stirrer is started, and 78 g (0.59 mol) of
2,5-dimethoxytetrahydrofuran is added over 10-15 min. The solution is
heated under reflux for 1 h, during which time the solution turns deep red to
black in color. The heating is discontinued, the condenser is replaced with a
Vigreux column, and the acetic acid is removed by distillation at aspirator
pressure. The dark residue is distilled under reduced pressure through a 25-
cm column packed with glass helices, and 84-96 g (70-80%) of slightly
yellow 1-(2-methoxycarbonylphenyl)pyrrole is collected, bp 90-95 °C (2
mm).

Synthesis of N-Benzoylpyrrole 3°

2,5-Dimethoxytetrahydrofuran 3 (8.5 g, 0.064 mol) and benzamide (6.0 g,
0.050 mol) in 50 mL of glacial acetic acid were boiled under reflux for 48 h.
The mixture was cooled, poured onto ice, neutralized with sodium
bicarbonate, and extracted with ether. Removal of the solvent from the ether
extract left a thick brown oil that was purified first by steam distillation and
then by vacuum distillation, bp 125° C (1.8 mm). The colorless product (4.0
g, 47%) possessed a carbonyl stretching band at 1698 cm™ and a
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characteristic nmr sextet (triplets at 6.0 and 7.1). GLC analysis proved that
the product was greater than 95 pure.

General Procedure for Clay-Adsorbed Microwave Reactions"’

Amines or sulfonamides (1.0 mmol) and 2,5-dimethoxytetrahydfuran (0.2 g,
15 mmol) were mixed in 3 mL of ether in a round-bottomed flask, after
which 500 mg of montmorillonite K-10 was added. After 5 min stirring, the
solvent was evaporated in vacuo to produce the dry mixture of reactants
adsorbed on the catalyst surface. The dry mixture was transferred to a
reaction tube (10 cm long and 1 cm in diameter) and irradiated in a focused
microwave reactor (CEM Discover Benchmate) at standard temperature (100
°C). The reaction temperature was determined and maintained by a built-in
infrared temperature detector-controller. After satisfactory conversion, ether
was added to the cold mixture, and the product was separated from catalyst
by gravity filtration. The products were isolated as crystals or oils and
purified by flash chromatography.
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2.2 Houben-Hoesch Acylation of Pyrroles
Richard J. Mullins and Kenneth E. Schwieter

2.2.1 Description

The Houben—Hoesch acylation of pyrroles describes the -electrophilic
substitution of an activated nitrile onto an electron-rich pyrrole ring.
Typically requiring either a Lewis acid or protic acid, the resulting imine is
immediately hydrolyzed to yield the corresponding ketone.

@ Et,0 W

2.2.2 Historical Perspective

In a reaction similar to the Friedel-Crafts acylation of an aromatic ring,
Ludwig Gatterman, in 1898, reported the Lewis acid-promoted reaction of
hydrocyanic acid and benzene to produce aromatic aldehydes in a reaction
that now bears his name.' The related electrophilic substitution of an
activated nitrile onto an electron-rich aromatic ring was first reported in 1915
by the German chemist Kurt Hoesch,? who later served as the biographer of
the legendary chemist Emil Fischer.® The reaction was extended and
generalized by Josef Houben while at the Biologische Reichsanstalt in
Berlin.* Tt was later extended to other m-excessive heterocycles, such as
pyrroles, which are the focus of this chapter. For a more thorough discussion
of the history of the Houben—Hoesch reaction as it applies to traditional
aromatic systems, the reader is directed to an excellent review” as well as to a
chapter in a previous volume in this series.®

2.2.3 Mechanism

The Houben—Hoesch reaction proceeds via a straightforward electrophilic
aromatic substitution mechanism. Following protonation or Lewis acid
activation of the alkyl nitrile, nucleophilic attack by the electron-rich pyrrole
selectively at C(2) produces the resonance stabilized intermediate 1.
Elimination of H' reestablishes the aromaticity of the pyrrole, resulting in
imine 2, which is rapidly hydrolyzed to produce the ketone 3.”
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2.2.4 Synthetic Utility

For a complete description of the synthetic utility of the Houben—Hoesch
reaction as it applies to other aromatic systems, as well as some mechanistic
discussions, the reader is directed to two reviews on the subject.”® Due to the
diminished electrophilic reactivity of nitriles compared to other carboxylic
acid derivatives as well as the broad number of Friedel-Crafts substrates,
most Houben—-Hoesch pyrrole acylation reactions are conducted
intramolecularly. However, an impressive intermolecular example was
delineated by Chang and co-workers in efforts directed toward the synthesis
of novel 2-[5-aroylpyrrolo]alkanoic acids, for evaluation of their potential
analgesic and anti-inflammatory activities.® Treatment of substituted pyrrole
4 and 3-cyanopyridine (5) with acid in dry chloroform resulted in the
preparation of 6 in good yield.

HsC.  CO,Et

X HCI, CHCI
CH; 4 5 60%

The first intramolecular Houben—Hoesch acylation of pyrrole was
reported by Clemo and Ramage,9 and later used by Adams and co-workers'®
in their efforts to prepare 1-hydroxypyrrolizidine and related compounds.
Treatment of cyanopyrrole 7 under standard conditions provided 8, albeit
with inconsistent yields presumably due to a nonproductive polymerization
reaction that accompanies product formation. A short time later, Gabel
provided a modified procedure, using BF3-OFEt, as the solvent.'' Formation
of a somewhat stable BFj;-pyrrole complex is suggested to prevent
polymerization, while still allowing for cyclization.
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— Etzo / 0]
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The intramolecular Houben—Hoesch acylation of pyrroles has been
used for the synthesis of a number of compounds with interesting
properties.'>> An intramolecular acylation was reported by the Meinwald
group to synthesize the hairpencil secretion of the butterfly Lycorea ceres
ceres."* N-Cyanoethyl-3-methyl pyrrole (9) undergoes intramolecular
acylation to selectively yield the 2,3-product (10) as opposed to the 3,5-
product. Although two regioisomers are expected from attack at C(2) and
C(5), the methyl group at C(3) selectively activates C(2) for nucleophilic

attack.
== 1. HCl, Et,0 =
Nij\ » El2 N
o \F =

o CHz 2 H,0, NaOAc CHs,
benzene, 90 °C 0 10
30%

Not just limited to five-membered rings, the intramolecular Houben—
Hoesch can be used to form rings of various sizes. The Patterson group
synthesized cyclopentano, cyclohexano, and cycloheptano[a]pyrroles under
Houben—Hoesch conditions using the Lewis acid BF;-OEt, followed by a
Wolf-Kishner reduction.”” The yield of the acylation step seemed to depend
on the stability of the ring size of the product, providing the cyclohexano
compound in highest yield.

@ BF3OEt, , HCI /] \

0
N CN Et,0 N

n n

(n=1,33%;n=2,59%; n=3, 31%)

An interesting variant of the above reaction, in which unsaturation
was present in the newly formed ring, was used by Flitsch and co-workers."'®
Following a low-yielding Wittig reaction to produce the E-isomer 12 as the
separable minor component, cyclization was effected under standard
Houben—-Hoesch conditions to give 13.
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The intramolecular acylation has proven to be quite general,
regardless of substituents attached on the pyrrole ring. As demonstrated in
the synthesis of 15, the presence of a protected amine at C(2) is tolerated.'’
Similarly, a large number of 5-aryl-1,2-dihydro-1-pyrrolizinones (17),
compounds with anti-inflammatory and analgesic properties, have been
synthesized using this method.'®

0 0
ﬂ 1. HCI, THF 7\
N g N 0
N CN 51,0, NaOH N
o 100 °C, 40 min 0
14 40% 15
Ar A
N ON 1. HCI, Et,0 I"__N
_ 2. NaOH, H,0 W
16 17

Ar= @Y C\Sﬁ{
% 5 % g
ACO/© Et0/© Br/© (;

5 ) )

WO SN,

CH;
The Houben—Hoesch has also been used in reactions with indoles."
Ottoni and co-workers recently developed a mild and highly efficient
acylation method to obtain 3-acylindoles with high regioselectivity.?’
Precomplexation between indole (18) and SnCls in CH,Cl; is followed by
treatment with acetonitrile in nitromethane to give the 3-acylindole 19 in
very high yield. The high level of regioselectivity that results is attributed to
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the increased nucleophilicity of the 3-postion once coordinated to the Lewis
acid. This method makes the use of protecting groups unnecessary while
avoiding the dimerization and trimerization sometimes seen with
unsubstituted indole under Lewis acidic conditions. These results find
prece]:?ence in the Gabel work described above, as it applied to the pyrrole
ring.

o}
1. SnCl,, CH,Cl,
@ 0 °C, 30 min.
> A\
” 2. CH4CN, CH3NO, N
18 rt,2h H
96% 19

If the 3-position of indole is substituted, the Houben—Hoesch
acylation can proceed at other positions on the ring. As a representative
example, dimethoxyindole 20 is reacted with benzylcyanide under acidic
conditions to produce the indole 21, which has been acylated at the 7-
position.21

Cl
OMe OMe
PhCH,CN, HCI
A\
O THe O
MeO H 43% MeO
20 Ph 21

In a similar manner, Houben—Hoesch acylation was effected at the 4-
position when indole 22 was treated with nitrile 23 in the presence of AICL.2

HN" CN
H,
\ CO,Et \ CO,Et
AlCl, HCI
dioxane, rt, 16 h

62%
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2.2.5 Experimental

Ar A
) N/\/CN 1. HCI, Et,0 - r N

_ 2. NaOH, H,0 /o
16 17

5-Aryl-2,3-dihydro-1-pyrrolizinone (1 7)'8

General procedure: A stream of hydrogen chloride was gently passed through
a solution of 4.1 mmol of 3-(2-arylpyrrol-yl) propanenitrile (16) in 30 mL of
ether at 0—5 °C for 3 h. The solvent was decanted, the precipitate was washed
with dry ether (30 mL x 2), and 40 mL of water was added. Then 10%
aqueous sodium hydroxide was added until pH 4-4.5. The mixture was
stirred at 3040 °C for 1 h, and then heated at 85-90 °C for 2 h. After cooling
to room temperature, the mixture was extracted with methylene chloride.
The combined extracts were washed with water and dried over MgSQO,.
After removing the solvent, the crude product was obtained as a solid. The
crude product was purified by recrystallization from ethanol, or column
chromatography on silica gel.
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2.3 Overman Pyrrolidine Synthesis
Matthew D. Hill

2.3.1 Description

o]
R3
4 (0]
ZRK NT, s CSA /FfL
R20° R® H R H Benzene  R'N
1 2 3 R

The Overman pyrrolidine synthesis is a tandem reaction, or cascade, used to
generate acylpyrrolidine derivatives. This process begins with condensation
of an allylic alcohol/ether-containing secondary homoallylic amine with an
aldehyde, followed by an aza-Cope rearrangement and subsequent Mannich
reaction. Commonly, this reaction is run in refluxing benzene with an acidic
additive, such as d-10-camphorsulfonic acid (CSA).

2.3.2 Historical Perspective

Professor Larry E. Overman first reported the titled reaction as a young
member of the University of California, Irvine faculty. Since his initial
report in 1979,' the Overman group has used this cascade approach to a
variety of natural products, including (+)-strychnine,2 (—)-pancracine,3 and
(:h)-gelsemine.4

2.3.3 Mechanism

The Overman pyrrolidine synthesis is a tandem process that harnesses the
natural reactivity of an iminium species formed after acid-promoted and
reversible condensation of an allylic alcohol/ether-containing secondary
homoallylic amine 1 and an aldehyde 2. Once formed, the productive
pathway requires the iminium species to undergo a reversible [3,3]-
sigmatropic rearrangement, or aza-Cope rearrangement, affording a second
iminium species 4. A Mannich reaction closes the pyrrolidine ring to give
the desired product 3, and serves as the cascade terminator.®

Relative configuration of the stereogenic centers created during the
cascade can be predicted using a transition state analysis of the Mannich step.
In a study conducted within the Overman lab, (E)-alkenes were found to
furnish 4,5-cis-pyrrolizidines, while the corresponding (Z)-alkenes gave 4,5-
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trans-pyrrolizidines 5.” Not only was the selectivity lower with (Z)-alkenes
but also to a minor extent the Mannich addition occurred by way of a boat
transition state, giving pyrrolizidine 5.
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Enantioselective synthesis of pyrrolidines is possible with chiral
starting amines, but racemization can occur if ring closure is slower than
C-C o-bond rotation after the aza-Cope rearrangement. The Overman
synthesis of the antibiotic preussin serves as a prominent and interesting
example of a substrate-controlled stereochemical outcome.® A large N-
substituent (R) was found to favor (Z)-iminium formation upon condensation
with an aldehyde, contradicting earlier studies with smaller N-groups (R = H,
Me). After the aza-Cope rearrangement, Mannich addition occurred more
rapidly than bond rotation and led to major pyrrolidine product 8. In
addition, Overman has synthesized bicyclic pyrrolidines with stereochemical
control by utilizing the transannular Mannich reaction of macrocyclic
iminium intermediates, and therefore eliminating the potential for rotation of
a C—-C o-bond, in his formal synthesis of d,/-crinine’ and en route to the
Aspidosperma alkaloids (vide infra)."

2.3.4 Variations and Improvements
The Overman pyrrolidine synthesis, or aza-Cope—Mannich reaction, was

developed while troubleshooting a stereochemical challenge encountered by
the Overman group as they pursued the amphibian alkaloid,
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perhydrogephyrotoxin.! This elegant method relied on the inherent reactivity
associated with charged iminium intermediates of type 12, and as Overman
states: “exploits the facility of this charged sigmatropic equilibrium and
directs the course of the rearrangement by capturing the ‘product’
sigmatropic isomer 13 by an exothermic Mannich cyclization.”*® Original
reaction conditions were quite simple and required only that the
tetrafluoroborate salt form of secondary homoallylic amine 10 be treated with
aldehyde in refluxing benzene.' If one desired to use the free-base form of
amine 10, substoichiometric CSA could be used to promote the cascade. A
wide scope of acylpyrrolidines 14 was synthesized using this method that
contained aliphatic, aromatic, and heteroaromatic substituents.
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The titled reaction sequence has also been triggered by cyanide loss
from appropriately designed cyanoalkylamines.®® This silver-mediated
process was found useful for aminocyclohexanol substrates with widely
varying electronic character. Treatment of compound 15 with silver nitrate
(AgNOs, 1.1 equiv) in ethanol at ambient temperature generated intermediate
iminium 16, and after the aza-Cope—Mannich cascade, cleanly afforded 4-
oxocycloheptapyrrolidine 17 in racemic form. Within the same manuscript,
Overman, et al. extended this methodology to an enantiomerically pure
hydroindolone 20 from 1-alkenyl-2-aminocyclopentanol 18 via intermediate
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19. This example of a ring-enlarging pyrrolidine annulation takes advantage
of conformational constraints inherent to a medium-size ring intermediate.
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Overman has also demonstrated pyrrolidine synthesis from iminium
intermediates that were generated by the acid-induced ring opening of
oxazolidines, thus further extending the scope of this chemistry.® (For a
detailed description of stereochemical preference, see Section 2.3.3.) Lewis
acid promoters, such as boron trifluoride diethyl etherate (BF;-OEt,), have
also been used for oxazolidine opening. In his synthesis of both (-)- and
racemic pancracine,” a member of the Amaryllidaceae alkaloids first
discovered in 1955,]1 Overman used BF;-OEt; to open oxazolidine 24 to the
iminium intermediate 25 before rearrangement and formation of
hydroindolone 26. The total synthesis was completed in 7% over 17
chemical steps.
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In a recent expansion of the Overman pyrrolidine synthesis, Carballo,
et al. were successful in the iron(Ill)-promoted formation of 3-
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formylpyrrolidines from 2-hydroxy homoallyltosyl amine (27) and both alkyl
and aryl aldehydes.12 Formation of 3-formylpyrrolidines had proven difficult
under conventional reaction conditions; however, this method afforded a
variety of formyl products, albeit the reduced alcohols were isolated due to
direct product instability. Treatment of 2-hydroxy homoallyltosyl amine (27)
and butyraldehyde (28) at ambient temperature in dichloromethane with
stoichiometric iron (III) chloride (FeCls) and trimethylsilyl chloride (TMSCI)
afforded pyrrolidine 29, which was isolated as the primary alcohol 30 in a
99:1 trans:cis ratio after sodium borohydride (NaBH,) reduction.
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Agami and co-workers developed an interesting and asymmetric
approach to proline derivatives in which they harnessed the stereochemical
bias inherent to chiral starting materials.”> An (R)-phenyl glycinol-derived
chiral auxiliary was built into the amine substrate using standard chemistry.
Treatment of homoallylic amine 31 with glyoxal (1.5 equiv) in a water/THF
mixture gave fused bicycle 33. A major tricyclic side product 34 was formed
under the reaction conditions but could be transformed into 33 with acidic
treatment. The morpholine ring was opened with vinyl chloroformate, and
subsequent Jones oxidation produced proline 35. The stereochemical



66 Name Reactions in Heterocyclic Chemistry-I1

outcome of this cascade sequence is a direct consequence of cyclization from
the less hindered iminium face of intermediate 32, in addition to a chair-like
transition state directing synclinal enol attack for the Mannich step.

2.3.5 Synthetic Utility
The synthetic utility of the Overman pyrrolidine synthesis has been
demonstrated in various approaches to a range of alkaloids: the

Amaryllidaceae alkaloids,” Aspidosperma alkaloids,' Strychnos alkaloids,’
and Melodinus alkaloids'* are several types.

(CHQO)n, N32804
toluene, rt MeO

70-90% L
LDA, THF, it oy
|\|/|e CICO,Me, -78 °C

CO,Me
39 45%

A report by Overman and co-workers on the total synthesis of (+)-16-
methoxytabersonine (39), a Aspidosperma alkaloid that contains an
interesting pentacyclic core, serves as an early example of this methodology
used in total synthesis.'® Treatment of aniline 36 with paraformaldehyde in
the presence of sodium sulfate (Na,SO4) formed an iminium intermediate
that spontaneously underwent [3,3]-sigmatropic rearrangement and Mannich
addition to form fused tricycle 37. Subsequent dehydration afforded
penultimate pentacycle 38. Trace formic acid, present in paraformaldehyde,
was found sufficient to catalyze the aza-Cope—Mannich cascade and 1,2,6,7-
tetradehydro-aspidospermidine-forming dehydration. Stereochemical control
was derived from a single “chair-like” rearrangement conformation available
to the iminium intermediate. This member of the Aspidosperma family of
alkaloids, and useful precursor to vindoline, was rapidly accessed in 6%
overall yield over 11 steps with stereochemical control.
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The enantioselective synthesis of both (-)- and (+)-strychnine (43)
serves as another impressive example from the Overman group.” After
isolation from Strychnos ignatii in 1818'" and structural elucidation in
1946, only several racemic total syntheses,'’ including a pioneering
synthesis by Woodward,'® had been reported before the first asymmetric
route published by Knight, Overman, and Pairaudeau. Their work used the
cationic aza-Cope-Mannich reaction to assemble fused tricycle 41 by
treatment of azabicyclooctane 40 with paraformaldehyde and Na,SOs.
Subsequent carbomethoxylation, acid-induced cleavage of both the triazone
and #-butyl protecting groups, and dehydrative cyclization afforded the
pentacyclic strychnan core. Overman’s synthesis furnished enantiomerically
pure (—)-strychnine (43) in 3% overall yield over 20 steps and “provides an
important benchmark of the power of the aza-Cope rearrangement—Mannich
reaction to solve formidable problems in alkaloid construction.”

Other academic groups have used the Overman pyrrolidine synthesis
en route to complex alkaloids and other medicinally relevant compounds.
The Brummond group at the University of Pittsburgh has reported the formal
synthesis of (—)-FR901483 (48), an immunosuppressant isolated by
researchers at Fujisawa Pharmaceuticals.'” In this report, Brummond
incorporated a tandem cationic aza-Cope rearrangement/Mannich cyclization
that proceeds via a bridgehead iminium ion. Treatment of intermediate 44
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with p-toluenesulfonic acid (p-TsOH) in refluxing benzene afforded tricyclic
aldehyde 45, which was transformed into alcohol 46 after sodium
borohydride (NaBHy4) reduction. Subsequent steps gave compound 47 and
completed the formal total synthesis.
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Sonnenschein was first isolated gelsemine (55) from Carolina jasmine
(Gelsemium sempervirens),”™® a plant indigenous to southeastern United
States of America, in 1876, but the structure remained unsolved until 80
years later.?! Since then, several academic groups have reported syntheses of
this member of the Gelsemium alkaloids; the most provocative of which has
come out of the Overman group.® Overman’s approach consists of an
anionic aza-Cope rearrangement and sequential Mannich cyclization to
afford the azatricyclo[4.4.0.0>*]decane core, followed by an intramolecular
Heck reaction, and subsequent base-promoted skeletal rearrangement. The
key-steps in forming the azatricyclic core represent a stepwise variant of the
Overman Pyrrolidine Synthesis and allowed for installation of bromine that
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was critical for later steps. In this protocol, potassium hydride-promoted
generation of imine 49 and aza-Cope rearrangement, followed by quench
with methyl chloroformate gave bicycle 52. After bromination, treatment
with trifluoroacetic acid (TFA) led to Mannich cyclization and formation of
key tricycle 54. Overman completed the total synthesis of ()-gelsemine (55)
in 1.1% overall yield by way of 26 isolated intermediates.
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2.3.6 Experimental

Overman Pyrrolidine Synthesis.
1-(5-Phenyl-1-propylpyrrolidin-3-yl)ethanone (58)"
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A mixture of benzaldehyde (57, 3.3 mmol) and 2-methoxy-2-methyl-N-
propyl-3-butenammonium tetrafluoroborate (56) was heated for 5 h at reflux
in 5 mL of benzene. After the mixture cooled to room temperature, 3 mL of
1 N NaOH was added, and the amine product was isolated by ether extraction
and dried (Na;SQ;). Distillation (bulb to bulb; bath temperature 95 °C; 0.01
mm) afforded 3-acetyl-5-phenyl-1-propylpyrrolidine (58, a 1:1 mixture of
acetyl epimers) in 87% yield.

Overman Pyrrolidine Synthesis:
(3R,3aS,7aS5)-3-(Benzo|d}{1,3]-dioxol-5-yl)-1-benzylhexahydro-1 H-indol-
4(2H)-one (26)°
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A solution of rac-24 (120 mg, 0.34 mmol) in CH,Cl, (8.2 mL) was allowed
to react with BF;*OEt; (0.11 mL, 0.81 mmol) at —20 °C for 30 min and then
the reaction solution was allowed to warm to 23 °C. After 15 min, the
resulting solution was quenched with a 1.0 N NaOH solution (4 mL) and
extracted with CH,Cl, (3 x 10 mL). The organic portions were dried
(K,CO3) and concentrated to give 116 mg (97%) of a light yellow oil, which
crystallized upon standing. The product was homogeneous by TLC analysis.
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2.4 Trofimov Pyrrole Synthesis

Gerald J. Tanoury

2.4.1 Description

The Trofimov pyrrole synthesis (the Trofimov Reaction) refers to the
conversion of ketones to pyrroles in the presence of NH,OH, KOH and

DMSO at elevated temperatures. The reaction was shown to occur via
hydroxylamine and O-vinylhydroxylamine intermediates.
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0o ' NOH N
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2.4.2 Historical Perspective

In the 1980s, Boris A. Trofimov published several manuscripts describing the
synthesis of pyrroles and vinylpyrroles from ketones, hydroxylamine and
acetylene.' The reaction was believed to occur via hydroxylimine formation,
followed by O-vinylation, rearrangement, then ring closure. The Trofimov
reaction has been studied in limited detail but has been shown to have
application to the synthesis of a variety of pyrroles.

2.4.3 Mechanistic Considerations

The Trofimov reaction is thought to occur via conversion of the ketone 1 to
the corresponding ketoximine 2, which underwent vinylation with acetylene
under strongly basic condition (KOH/DMSO) to give vinyl ether 3. After
isomerization of the imine to the enamine 4, a [3,3]-sigmatropic shift
generated imine aldehyde 5. Intramolecular cyclization with concomitant
loss of water provided pyrrole 6. Under the reaction conditions, 6 can react
with acetylene to give the vinylpyrrole product 7. The reaction is typically
conducted at elevate temperatures (100-150 °C) and at acetylene pressures
ranging from atmospheric pressure to 20 atm or more. The Trofimov
reaction has been applied to several keto and alkynyl systems bearing
aliphatic, aromatic, and heterocyclic substituents.
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A review of the Trofimov reaction describes the work done up to
1994." The review covers aliphatic and aromatic ketoximines, heterocyclic
ketoximines. Typical reaction yields ranged from 40-70%, some examples
reported yields > 90%, and several reported single-digit yields. This report
will cover the literature published post-1994.'

2.4.4 Variations and Improvements

Variations of this reaction concern preformation of the hydroxylimine and/or
formation of various salts of the hydroxylimine (Cs, K, Na, efc.). In addition,
the range of Group 1 metals (Li—Cs) have been examined. These variations
and their effect on reaction yields are discussed within the context of their
synthetic utility (Section 2.4.5).

2.4.5 Synthetic Utility
Arylpyrroles from Ketoximines and Alkynes

Arylpyrroles have been generated from the reaction of arylketoximines with
acetylene.” Under standard Trofimov conditions (KOH/DMSO, acetylene),
several aryl pyrroles can be prepared in respectable to good yields.
Formation of the nonvinylated product was observed in good yields, and
similarly for the N-vinyl pyrroles. The effect of the KOH loading on the
reaction yield showed an optimum at 30 wt%, and the effect of temperature
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on the reaction yield reached an optimum at 100 °C (Table 1). The presence
of a sulfide moiety in the ketoximine resulted in complex product mixtures,
making this tranformation impractical, as exemplified by 11. When
subjecting oxime sulfide 15 to the Trofimov conditions, a mixture of the free,
monovinyl and divinyl pyrroles were obtained.’

PhY\R HC=CH (10-14 atm) Ri HC=CH Ri

N. KOH, DMSO, 100 °C /ﬂ 48-93% /ﬂ

“OH 34-73% Ph N ° PhTNy
8 9 10§

R1 H, Me, Et, Pr, i-Pr, Bu, C5_9H11 19 Ph

Table 1.
KOH/oxime yield temperature yield
(wtho)* (%) CO** (%)
5 7 50 10
10 23 80 69
15 39 100 76
20 50 120 68
30 76 140 68
100 68 150 65
*100 °C, 3 h, 12 atm; **30 wt% KOH, 12 atm
Ph HCZCH (10-14atm) o
SPh
r NaOH, DMSO Phﬂ + Zsph Y Ph)K/SF’h
OH 80100 °C,1h H
1 12 13 14
24% 8% 12%

One of the weaknesses of the Trofimov reaction is the requirement
for using acetylene under high pressure. To obviate this requirement,
acetylene analogs (vinyl halides and 1,2-dihaloethanes) were examined for
the utility as components in the Trofimov reaction. The results are promising
and indicated that further development of this variation in the Trofimov
reaction could lead to a more practical and attractive method for pyrrole
synthesis.
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@Q@H@

M= K 8%
M Li, not observed

S
acetylene
MOH/DMSO

NOH ¢ Non 110°C.1h ™ M=K 13%~
M-Li, not observed
M= M=K, 6%
M = Li, 14%
R1
NOH 2 A
R'  MOH-DMSO N
R2 M = Na, K R2 R3
19 20
R'=H, Me, Et, i-Pr, t-Bu, EtS, PhS, R3 = H; yields = 19-53%
PrS, i-PrS,t-BuS, i-BuS R3 = vinyl; yields = 6-19%
R%2=H, Me
R1
NOH Xo™x A\
J::j/ﬂ\/R’ MOH-DMSO N
M = Na, K R3
2 ’ 2
R 2 R 22
R'=H, Me, Et, i-Pr, t-Bu, Et, PhS, R3 = H; yields = 19-53%
PrS, i-PrS, t-BuS, i-BuS R3 = vinyl; yields = 6-19%

RZ=H, Me
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N
| R
23
R? 10-11% yields

A modified procedure for the classical Trofimov reaction (conversion
of a ketone to a pyrrole via the corresponding ketoximine) showed that pre-
formation of the ketoximine at mild temperatures and with a mild base (70
°C, NaHCO;) followed by subjection to the standard conditions
(KOH/DMSO, acetylene, 100—120 °C) provided the desired vinyl pyrroles in
improved yields.*

R
O  NH,OH+HCI, NaHCO, NOH | KOH, acetylene m

. o
R\)J\R DMSO, 70 °C R R | 100-120°C RN
24 25 26 \
R=R =Me; RR = (CHy)y; . ;
R = Ph, R' = H; R = 2-thienyl, R' = Me yields = 51-79%

1,2- and 1,3-Dioximes

1,2- and 1,3-dioximines can be converted to the corresponding pyrrole, but
complex mixtures are obtained. 1,2-dioximines were successfully converted
to bipyrroles, but 2-pyrrolopyridines, 2-ketopyrroles, and O-vinylated
dioximes were generated. 1,3-Dioximines, although converted to
monopyrroles, also generated considerable levels of isoxazoles.™®

acetylene ——
(4atm) /\+\ ) /\+m
HON NOH KOH/DMSO N T\ N N O N
110°C,1h = N s N
27 28 29 30
15% 36% 18%
acetylene /AR

N N
HON NOH KOH/DMSO
110°C,1h / 33 K
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O\
=/ l\f Q
Ph Ph
/ \ I\
N N
N S
35 36
NOH NOH acetylene 4% 13%
Ph KOH/DMSO /4_( Ph
s
34 Ph—g N oN
37 38
9% 9%

Steroidal Pyrroles

N
N

—

L

-~
40 N\ _N
10% ~F
NOH w
O
41 0
acetylene 63%
KOH/DMSO
HO 120°C,1h
39 l
o)
42 ==

A nice application of the Trofimov reaction to the synthesis of steroidal
pyrroles is shown in the reaction above. Reaction of pregnenolone
ketoximine 39 with acetylene in KOH/DMSO gave four vinyl ether products
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40-41. The desired nonvinylated pyrrole was the minor product.” Applying
the Trofimov reaction to pregesterone diketoximine 44 gave a mixture of the
conjugated pervinylated bispyrrole 45 and ketone 46.®  Cholesterol
ketoximine gave the corresponding N-vinyl pyrrole in 25% yield.’

NOH
acetylene
KOH/DMSO
150 °C, 1 h
HON 44
I
O
N\ _N___
o
+
S
SN 7 N
= 45 46
8% %
Heterocyclic Pyrroles
N NOH
~
N" 51

acetylene | KOH/DMSO

X
» I N 1N\
=
N ) | Xy N NN
. J ) {J )
54 55
53 52 62% 65%

32% 68%

It is not surprising that heterocyclic pyrroles can be prepared from the
corresponding heterocyclic ketoximines. Pyrrolopyridines, fused pyrrolopi-
peridines, and other heterocyclic systems have been prepared.* %!
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Pyrrolothiophenes have been prepared. Compounds 57 and 58,
although unstable and nonisolable, were identified by LCMS analysis.'>'*

7 \_ /I \ NOH  acetylene 7\ ) N/ N
S S KOH/DMSO S s N
H

56 95-100 °C 57

acetylene 7\ N/ N

H,0O S S N
58 /
N acetylene N\ [\
MOH/DMSO
S Non  95-100°C s N
59 M =Li, K 60
61%

Optoelectronics

Interesting applications of the Trofimov reaction in optoelectronic materials
have been reported. The preparation of pyrrolo[2,2]-paracyclophanes is one
example. Starting from the acetyl-substituted compound 61, conversion to
the ketoximine followed by reaction with acetylene and KOH/DMSO, in one
pot, gave the two pyrroloparacyclophanes in low yield. However, formation
of the O-vinyl ketoximine [Cs(OH),, acetylene, 70 °C, 78% yield], followed
by conversion to the pyrrole in two separate steps gave 64 in 53% yield.'>'®

0 NOH
acetylene KOH/DMSO
61 62

B P
N N
H oy 61+ \=
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A second area of optoelectronic materials are the BODIPY (boron-
dipyrromethene) fluorescent dyes. These materials are prepared by
condensation of pyrroles with aldehydes, followed by complexation of boron.
Attempts to prepare the mesityl-substituted pyrroles via the hindered
mesitylketoximine 67 were unsuccessful due to difficulty in generating 67
under standard conditions (NH,OH-HCI, heat). However, reaction of the
mesityl Grignard reagent with proprionitrile followed by reaction with
NH;OH-HCI provided ketoximine 67, which was successfully converted to
the corresponding pyrrole in 23% yield. The cesium salt of ketoximine 67

was also converted to the same pyrrole in 41%.'"

BODIPY 65
NMgBr
Br Mg MgBr
Et20 /\:N
66 67 68
NH HCl

1. HCl(aq) NH,OH+HCI, NaOAc

2. HClg, Et,0 E1oH 65
69
2.4.6 Experimental

Trofimov Pyrrole Synthesis under Acetylene Pressure’

A mixture of 10.4 g (0.15 mol) of NH,OH-HCI and 12.6 g (0.15 mol) of
NaHCOs; was dissolved with stirring in 200 mL of DMSO, and then 0.15 mol
of 70 was added. The mixture was heated to 70 °C for 3 h. Strong CO,
liberation was observed. The hot reaction mixture was flushed with Ag to
remove CO,, and then it was charged into a steel rotating pressure reactor of
1 L capacity, to which was added 12.4 g (0.19 mol) of KOH:-0.5H,0.
Acetylene was supplied to saturation (12—15 atm), and the reaction mixture
was heated to 100-105 °C for 3 h. After cooling to ambient temperature and
discharging the reactor, the mixture was diluted with water (400 mL) and the
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product extracted with ether (6 x 100 mL). The ether extract was washed
with water (3 x 100 mL) and dried over K,COs. The ether was removed in
vacuo and the residue was purified by chromatography (Al;Os, eluent
hexane) to give the desired product 72 in 79% yield.

, - . <\72

70 7 /

Trofimov Pyrrole Synthesis under a Flow of Acetylene Gas™

NH;OH-HCI (5 mmol) was dissolved in DMSO (10 mL) in a 25-mL flask
equipped with a stirrer, and then NaHCO; (5 mmol) and 73 (5 mmol) were
added. An intense CO; evolution was observed. The mixture was allowed to
stand for 3—4 h at room temperature until the reaction completed. The
mixture was heated to 100 °C, and acetylene was fed into the mixture with
stirring for 0.5 h. After addition of KOH-H,O (7.5 mmol), acetylene feeding
was continued at the same temperature for 5 h at a rate of ~15 cm®/min. The
mixture was cooled, diluted with water to ~ 30 mL, and extracted with ether
(5 x 5 mL). The extracts were washed with water (3 x 5 mL) and dried over
K,COs.  After removal of the ether, the residue was purified by
chromatography (Al,Os) eluting with hexane then with 3 : 1 hexane:ether.
The N-vinyl pyrrole eluted with hexane, and the NH-pyrrole eluted with the 3
: 1 hexane:ether mixture to give a 72% yield of 73 and 28% yield of 72.
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3.1 Bischler—Mdhlau Indole Synthesis
Ji Zhang
3.1.1 Description

The Bischler—Mghlau indole synthesis' is a classical chemical reaction that
forms substituted indoles. The reaction involves heating excess anilines 1
with a-haloketones 2 (or o-haloacetals), followed by acid-catalyzed
(aniline*HX salt, X = Br or Cl, and Lewis acid) cyclization of the resulting
intermediate 2-arylaminoketone.

R
RL ] XJCJ)\Ph . |\: Ph
+
N NHR' 2 heat lg'/\ﬂ/
1 X = Br, Cl or OH s S
Ph
——= Rt Ph{or R "=
heat AN < A ~N > R'=H or alkyl
R’ R’
4 5

3.1.2 Historical Perspective

O — HBr
©\ + Br
NH, N
6 7 o

8
PhNH,*HB
—— L0
N
H
9

In 1881, Mdhlau first disclosed this reaction,” which was followed by further
study carried out by Bischler in 1892-1893.% Typically, this indole synthesis
of heating excess anilines with o-haloketones is referred to as the Bischler
reaction, however naming the transformation the Bischler—Mo&hlau indole
synthesis is more appropriate. Despite its long history, this classical reaction
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has received little attention compared to other methods for indole synthesis,
perhaps owing to the harsh reaction conditions (usually > 110 °C) and the
generation of a mixture of regioisomers (if 3-substituted anilines are used as
starting material). Recently, milder conditions have been used, including the
use of LiBr as a catalyst’ and the use of a microwave-assisted solvent-free
procedure’ the solvent-free condition, however, is not very useful on a larger
larger scale, especially when both pieces are solids, and the microwaves
usefulness depends on the internal reaction temperature.

3.1.3 Mechanism

The mechanism of Bischler-Md&hlau indole reaction is quite complicated, and
several different mechanisms have been proposed for the rearrangement of a-
arylaminoketones to indoles.” As shown in the scheme below, the formation
of diamine intermediate 10 from the reaction of aniline with a-haloketones.
The high temperature promotes the formation of epoxy intermediate 11,
followed by rearrangement through cyclic intermediates 13 and 14. Finally,
the dehydration of 14 generates the desired indole 9.°

via aminoepoxide intermediate:

ol
7 NH, 8
L :
(o } @
NH, HBr QNJ NHy _ HN
H2" N \©
10 O 11
__H Q\K‘Q Q HN O H
— —H,0
+ "/
HO hd O H
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N +
m —
or via imine intermediate:

A, - uk© =~ QYQ

NH,

L, ww@@ CLTQ@ e

86

~ "ZT

©0

- H,O
15

©\0HBr
r O -CQL U
®Br =
=
& 0

In a comparative study of various catalysts (HCI, ZnCl, and AICl;) in
the Bischler cyclization of a-amino ketones (R = Me, Et, CH,Ph) to B-
indoles,” AICl; was found to be the most active catalyst. Isomerization of p-
to a-indoles was observed by raising the reaction temperature.

16

o ~HCl
@L . A N R
NHR' R-/\If
18 5 O

R
R R
0 21
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3.1.4 Variations and Improvements

In 1981, Nordlander demonstrated that acetals 22 can be used as reactants in
the Bischler—-Mohlau indole synthesis, providing 2,3-unsubstituted indoles in
good yield® Subsequent modification was made by Sundberg in 1984.°
From 1998 to 2002, Moody and co-workers developed a modified Bischier
indole synthesis by using rhodium(Il) acetate to catalyze the reaction of N-
methylanilines with a-diazo-p-ketoesters via an N-H insertion reaction of a
rhodium carbenoid. The resulting o-(N-arylamino)ketones cyclize to give
indoles upon treatment with BF; or an acidic ion exchange resin. '’

EtO. _OFt ~ HX EtO.__OEt
@\ + j/ ©\ j/
NHR' X N,
22

17 23 R
TFA @ + 2EtOH
Ti N
or TiCly R
24 '
R Oxn-Rs  cat Rhy(OAQ), . OxRs
NHR™ Ng” "CO.R; Z N7 CORR,
25 26 27 '
R3
Amberlyst 15 <
BF5-Et,0 Z N,
Toluene, heat 28 R

3.1.5 Synthetic Utility

The Bischler—Mohlau indole synthesis was applied in the synthesis of
fluvastatin sodium (Lescol) to assemble its indole core. As shown below,
reaction of a-chloroketone with N-i-Pr-aniline at elevated temperature
generated a tertiary amine. The resulting N-i-Pr-aniline tertiary amine
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underwent a ZnCly-mediated Bischler—Mohlau indole synthesis at elevated
temperature affording the indole core structure of fluvastatin.'’

o) [ ;
100 °C 0o
cl 80% \(
F F

29 31

HN\(
30
- F
w0 S
ZnCl,, 100 °C

- Hzo
e |0 4 C

32 33

(D
)&

—_—

— = » fluvastatin

Instead of using o-haloketones, an unsymmetrical benzoin can be
used as starting material in place of the a-chloroketone. Henry at Johnson
Pharmaceutical has prepared RWJ-68354,'2 a potent inhibitor of the p38
MAP kinase via a variation of the Bischler—Mohlau indole synthesis under
mild conditions with a 55% isolated yield; only 2-3% of the regioisomer
could be isolated from the mother liquor.

Ry OTBS F
ﬁ N DME, H,S0O,
+ reflux
H,N SN NH, N O
35

34
F
s
R, = Ri1
+ AN —
A N
I P \ F HoN IN/ N \ /N
H,N~ N ” 2 H

36, 49-58% 37, 2-3%



Chapter 3 Indoles 89

A Bischler—-Mohlau indole synthesis was also used in constructing the
indole ring of bazedoxifene acetate (Viviant), a novel and highly selective
indole estrogen. It is a selective estrogen receptor modulator (SERM) for the
treatment of and prevention of osteoporosis. Condensation between o-
bromopropiophenone and 4-(benzyloxy)-aniline hydrochloride generated the
3-methyl indole core."

o}
. NN,sHCl  EtzN
o e
BnO Br  BnO
38 39

BnO HO N
H
O N\ O OBn O N O ° Q
N — SN

bazedoxifene (Viviant)
Steroids bearing heterocycles fused to the A-ring of the steroid
nucleus have been of pharmaceutical interest. Zhang at Johnson & Johnson

has synthesized novel compounds 43 and 44 using a modified Bischler—
Mohlau method (PPA, toluene, reflux, 1 h).14

0]
1. M6802C|, Et3N
EtO._ OEt
\[ 2. PPA, toluene, reflux
N
H
42
o O
@3{@ .
N MsN
Ms ——
43 44
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3.1.6 Experimental4

OMe OMe Me
O  LiBr/NaHCO,
+
MeO NH cl Me EtOH, reflux ':
e
2 46 MeO H
45 47

3,5-Dimethoxyaniline 45 (2.00 g, 13.1 mmol), chloroacetone 46 (1.03 mL,
13.1 mmol), NaHCO; (1.09 g, 13.1 mmol), and LiBr (1.10 g, 13.1 mmol)
were partially dissolved in EtOH (36 mL) and refluxed for 6 h. The solvent
was evaporated and the crude residue extracted with CH,Cl, (40 mL). The
extract was then washed with water (3 x 20 mL), dried (MgSO,), and
evaporated to give a yellow-green solid, which was purified by column
chromatography to yield indole 47 as a yellow solid (1.84 g, 74%). mp 72-74
°C.
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Chapter 3 Indoles 91

3.2 Borsche-Drechsel Cyclization
Micheal W. Fultz

3.2.1 Description

0
©\N,NH2 (:/[/ Acid Catalysis @\Q
H N
H
1 2 3
@j\@ Oxidation O O
N
H

N
H

3 4

The Borsche—Drechsel cyclization, also known as Borsche carbazole
synthesis, is the two-step conversion of phenyl hydrazine and cyclohexanone
derivatives to the corresponding carbazole.'? The first step, which is
analgous to the Fischer Indole synthesis, converts the phenyl hydrazine 1 and
cyclohexanone 2 to the tetrahydrocarbazole 3. The second step is the
oxidation of the terahydrocarbazole to the corresponding carbazole 4.

3.2.2 Historical Perspective

Drechsel and Borsche discovered the titled reaction and independently
worked to optimize the reaction over a span of 50 years.'>  This
transformation has been extensively exploited and optimized, which has
allowed for biological assays of many carbazole derivatives.*®

3.2.3 Mechanism

The first step of the Borsche—Drechsel cyclization proceeds through the same
mechanism as the Fischer indole synthesis.”® The aryl hydrazine and
cyclohexanone condense to form the iminium 5 and water. The imine
nitrogen then coordinates to the Lewis acid, which causes a tautomerization
of the hydrazone to the ene—hydrazine 6. This ene-hydrazine undergoes a
[3,3]-sigmatropic rearrangement to form the iminium ion 7. Rearomitization
through deprotonation of the benzylic proton releases the nucleophilic
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electrons that approach the iminium carbon to form the five-member ring
through the favored 5-exo-trig cyclization of 8. Subsequent elimination of
ammonia provides the tetrahydrocarbazole 3.

The second step is the oxidation of the tetrahydrocarbazole to the
desired carbazole. This oxidation usually proceeds at high temperature with
the assistance of a metal salt such as palladium,’ mercury,'® or lead."
However, none of these produced completely satisfactory results. It was later
determligled by Barclay that chloranil provided the carbazole with the highest
yields.

N\ Oxidation O O

N N
H H

3.2.4 Variations and Improvements

Initially, sulfuric acid was used to initate the Borsche—Drechsel cyclization.
However, Perkin found that acetic acid provided cleaner products.'
Recently, other reagents—such as cerium ammonium nitrate'® (CAN) and the
more environmentally friendly acidic ionic liquids'*—have been used to
catalyze the ring formation. It should be noted that people have found it
difficult to promote the cyclization when there are substituents at the ortho-
position of the phenylhydrazine."> This difficulty becomes more pronounced
when both the hydrazine and the cyclohexanone have a-substitution This
difficulty usually leads to low yields compared with other methods of
forming the carbazole.
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For people who lack the access to designer ionic liquids mentioned
previously, Khadilkar'® was able to achieve the cyclization to form the
tetrahydrocarbazole using a chloroaluminate Lewis acid in an easily
synthesized ionic liquid to obtain the tetrahydrocarbazole in high yields.
This reaction was general enough to withstand both halogens (9) and alkyl
groups (10) on the phenyl hydrazine. The work was general enough that
many noncyclic ketones were used in the cyclization process.

©\ o AlCl, N
NE: n-Butylpyridinium
H chloride ”
1 2 3
hydrazine ketone tetrahydrocarbazole | Time | Yield
(min) | (%)
B °
N/NHZ (:/’/ N\ 35 92
H N
H
Cl 0] ol
o | I \@\Q 30| 90
N
9
HaC o T e
3
\@L _NH, g N\ 33| %2
N
H N
10

There has been a great deal of interest in optimizing the second step

of the Borsche—Drechsel cyclization. Lead oxide,” mercurous acetate,10 and
sulfur'® were the first oxidizing agents used by investigators. These methods
were generally low yielding, and in some cases substituents were cleaved
from the ring system, providing the unsubstituted carbazole as the major
product.'?  However, in 1945 Barclay and Campbell found that chloranil
provided the carbazole in higher yields.'> Since that time, there have been
many improvements and variations. These variations include 2,3-dichloro-
5,6-dicyanobenzoquinone (DDQ)'” and microwave-assisted palladium
acetate dehydrogenation'® as well as the examples that follow.

Hayashi and co-workers'® compared two methods of oxidations in the
conversion of tetrahydrocarbazole to carbazole. Both conditions provided
the desired g)roduct in more mild conditions and higher yields than previous
conditions.” Method A used palladium on carbon in acetonitrile under
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cthylene atmosphere.  This oxidation transferred hydrogen from the
tetrahydrocarbazole to the ethene to form ethane, which was detected via gas
chromatography. Method B involves activated carbon heated in xylenes for
24 ho under an oxygen atmosphere. It is believed this reaction proceeded
through a radical dehydration rather than a dehydrogenation.

Method A or B
N N

H H
Substrate Product Method A (%) | Method B (%)
O 92 77
\ O \
N N
H H
Cl Cl O 69 53
\ O \
N N

Bisagni*' in 1980 published a procedure of converting 2,3,4,9-
tetrahydro-1H-carbazol-1-one (11) derivatives to the corresponding
substituted carbazoles with pyridinium hydrochloride (12). The mechanism
proceeds through the enolization of the unsaturated ketone to provide the
extended enol 13. Donation of electrons by the indole nitrogen allows the
enol alkene to be protonated, forming the secondary alcohol 14. Dehydration
of this alcohol proceeds through an El! mechanism to provide 185.
Aromatization of the cyclohexadiene proceeds upon deprotonation of the
doubly allylic proton and resonance of the ring.

7o Yo
[I\gl H@z O
N O N
H

~ I\
T
7o
—

45}
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/\:B
H
e P
e
N H OH

14 ©HB

'/‘:B
H
)
. ‘f,
B L
15

3.2.5 Spynthetic Utility
General Utility

Kirsh and Dufour®® used the cyclization in their work to synthesize carbazole
alkaloids for biological study. Cyclization of phenyl hydrazine with a-
tetralone (16) provided the dihydrocarbazole 17 in outstanding yields. This
was oxidized to the tetracyclic carbazole 18. Next a regioselective reduction
of a phenyl ring was accomplished in high yields using sodium metal in
isoamyl alcohol to provide 19. Benzylic oxidation of the ring provides the
functionalized carbazole 20 in moderate yields with greater than 10:1
regioselectivity of the carbonyl placement.

0]
37% HCI cat. .
_NH, + . ‘ N\

N EtOH, reflux, 4 h, 95% N
16 17
Pd/C OO Na, isoamyl alcohol
xylene, reflux O 0
1h, 81% u 18 reflux, 1 h, 70%
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‘\/~ ACOH HZO 42% ‘\/~

In their attempts to build a host system that will recognize and sense
anions in solution, Curiel and co-workers” used a tandem cyclization
between phenyl hydrazine derivatives and 1,2-cyclohaxanedione to provide
pentacyclic carbazoles in one step and moderate yields. It is important to
note that even with substitution at the ortho-position Curiel did not
experience any significant drop in the percent yield of entry 4 as compared to
entry 1 or 3.

B O  AcOH _ \\/R
S N,NHZ R—\ | N Y

reflux

Entry R = % Yield Product

1 H 40 indolo[2,3-a]carbazole

2 4-methyl 47 3,8-dimethylindolo[2,3-
a]carbazole

3 4-bromo 41 3,8-dibromoindolo[2,3-
a]carbazole

4 2-bromo 42 1,10-dibromoindolo[2,3-
aJcarbazole

Hopfner and co-workers®® used this cyclization to form a unique
pentacyclic carbazole that can form hydrogen bonds for complementary
binding vital for supramolecular process. Starting with o-tetralone and
quinolin-8-amine the initial cyclization provided pyrido[3,2-glindole 21, in
which some oxidation of the ethano bridge occurred to provide the desired
product 22. Completion of the oxidation occurred with excess DDQ to
provide the desired carbazole.

\N + @ij
HN.
NH

2
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Applications in the Total Synthesis of Natural Products

Carbazoles have a long history of examination for biological activity.*®
Notably, in 1992 Mauffret and co-workers® completed the synthesis of
isomeric ellipticine and several other derivatives to test their antitumor
properties.  Starting with (2,5-dimethyl-3-nitrophenyl)hydrazine 23 was
heated in a solution of sodium acetate and hydrochloric acid with
cyclohexanone or 4-methoxycyclohexanone to provide the tetrahydro-
carbazoles 24a and 24b in moderate yields. Refluxing the intermediate in
xylene and 2 equiv of DDQ for 3 h provided the advanced intermediates 25a
and 25b, which were carried on to the targeted derivatives in short order.

R
CH, ON CHs
NO, o 2 N
. HCI, NaOAc N
R EtOH:H,0
H cH CH,
3 a=H 24a = H 56%
23 b = OMe 25b = OMe 39%

P

R
CH, CHs
O,N pbq ©O:N O
; g
N
H

N xylene
H
CH, CH,
a=H 25a=H 43%
b = OMe 25b = OMe 31%

Janot and co-workers®® used the cyclization to achieve the total
synthesis of ellipticine and some important derivatives. The synthesis of the
ellipticine derivatives began with phenyl hydrazine 26 and 2,5-
dimethylcyclohexanone 27 that were heated with hydrochloric acid in
ethanol to achieve both the tetrahydrocarbazole 28 and a minor component of
indole 29, which differ only in the regioselectivity of the cyclization. The
tetrahydrocarbazole was isolated and then oxidized by treatment with
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chloranil in refluxing THF to obtain the carbazole 30 in moderate yields.
This completed the carbazole core was then taken on to finish the target

derivative.
CH3 \@Q

.0
HsC N
_NH, 28 57%

” ethanol
H,C
CHj;
26 27
29 10%
O
o chloranil \
H3C/ \
CH
N 3 30 73%

3.2.6 Experimentals

Tetrahydrocarbazole Formation Using Lewis Acids in Ionic Liquids"

©\ . 0 ACl; {
N/NHz n-Butylpyridinium N
H H

chloride

Freshly sublimed AICl; (134 g, 1 mol) was added to »n-BuPyCl (50 g, 0.5
mol) at r.t. under N; to provide the chloroaluminate ionic liquid. A mixture
of phenyl hydrazine (0.9 g, 8.3 mmol) and cyclohexanone (0.8 g, 8.3 mmol)
was added dropwise to ionic liquid (1.5 mL, 6.5 mmol), at 180-185 °C for 3
h under efficient stirring under N,. After the reaction was complete
(monitored by TLC), it was quenched with water/conc. HCI, extracted Et,0,
and the Et,O solution was passed through anhyd. Na,SO,s. The Et,O was
removed to obtain the desired product, which was purified by
recrystallization (EtOH) (92% yield).
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Borsche—Drechsel Cyclization Reaction of Cyclohexanone with (2,5-
Dimethyl-4-Nitrophenyl)Hydrazine to Provide 1 ,4-Dimethyl-3-Nitro-9H-
Carbazole”

CH3 CH3
O,N O,N

O HCI, NaOAc N
N EtOH:H,0 N

CH, 56% CH,

To a suspension of the hydrochloride salt of 15 (1 g, 4.6 mmol) in ethanol
(10 mL), a solution of sodium acetate (1 g, 12 mmol) in water (10 mL) was
added and then heated until complete dissolution. Cyclohexanone (0.62 g, 6.3
mmol) was added to the reaction mixture, which was then refluxed for 2 h
and subsequently evaporated to dryness. The resulting solid was taken up
with acetic acid (10 mL) saturated with hydrogen chloride, and refluxed for
10 min. The reaction mixture was poured onto ice and the resulting yellow
precipitate was extracted with dichloromethane (x 3). The combined extracts
were washed with 30% aqueous sodium hydrogen carbonate until neutral and
then with water, dried (Na,SO,) and evaporated under reduced pressure. The
residue was purified on a silica gel chromatographic column with
dichloromethane as eluent to give orange microcrystals (0.6 g, 56%), which
were recrystallized from ethanol; mp 208 °C.

CH3 CH3
o () ena o 0
N xylene O N
H
CHj CH;

Compound 24a (1 g, 4 mmol) and DDQ (2 g, 8 mmol) were refluxed in
xylene (40 mL) for 3 h. The reaction mixture was filtered while still hot, and
the brown precipitate was washed with hot xylene. The filtrate and washings
were evaporated under reduced pressure, and the residue was purified by
silica gel column chromatography using chloroform:methanol (95:5) as
eluent to afford yellow microcrystals (0.43 g, 43%).
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Borsche—Drechsel Cyclization Reaction of 2,3,4,9-Tetrahydro-1H-Carbazole
to Provide Carbazole’

A chloranil N O O
N xylene N
H H

Tetrahydrocarbazole (2.00 g, 11.68 mmol), chloranil (5.77 g, 23.68 mmol),
and the minimum volume of boiling, sulfur-free xylene required to form a
clear solution were refluxed until a few drops of the solution gave no red
color when heated with sodium hydroxide (24 h). The solution was then
cooled, separated from tetrachloroquinol, diluted with ether, shaken first with
sodium hydroxide and then with water, and finally dried (sodium sulfate). On
evaporation of the solvents, the impure crystalline compound separated and
was purified by crystallization from methyl alcohol, benzene, or xylene;
when this method failed, purification was effected by chromatographic
adsorption.
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3.3 Buchwald—Hartwig Indole Synthesis

Brian Goess
3.3.1 Description

Indoles can be synthesized via a palladium-mediated intramolecular
amination reaction of an appropriately substituted haloarene. This is a
specific application of the Buchwald—Hartwig amination reaction' that has
found use in the synthesis of biologically active natural products.

@ Pd(o) ©\/\>
base
X NHR —— » ﬁ

The Buchwald—Hartwig amination reaction has also been applied to
the synthesis of N-arylhydrazones, which can then be transformed into
indoles via the Fisher indole synthesis. Since this reaction sequence does not
use a Buchwald—Hartwig amination reaction directly in the synthesis of
indoles, it will not be a focus of this chapter.

0]
R3 3
Pd(0) © RZJK/ R
NNH;  base acid
R R N 'r:li

3.3.2 Historical Perspective

The prevalence of the aniline functional group in alkaloid natural products of
medicinal interest has inspired a number of metal-catalyzed strategies for the
preparation of substituted anilines. One classical method, a variation of the
Ullman aryl ether synthesis, features copper catalysis.” This method
generally suffers from harsh reaction conditions and limited substrate scope.
Nonetheless, the simplicity of the transformation and the inexpensiveness of
copper catalysis has prompted additional development of this strategy. For
instance, cyclohexylphenylamine is formed in excellent yield from the
copper(I) iodide-catalyzed amination of iodobenzene.’
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Cul (10 mol%)
Ligand (20 mol%)

K3PO4 (2 GQUiV.)
O wav ) OO
DMF, 90 °C H

84%

Q
R-OPh

Ligand = OPh

Nickel-catalyzed variations of this process have appeared more
recently.* A representative transformation is the substitution of m-
chloroaniline with pyrrolidine in the presence of Ni(acac); and an N-
heterocyclic carbene (NHC) ligand.” This reaction gives high yields with
both aromatic amines and dialkylamines, though the operational utility of the
transformation is diminished by the air-sensitivity of the catalyst system.

Ni(acac), (5 mol%)

H,N NHC ligand (5 mol%)  HoN
O /\ NaO'Bu (1.8 equiv.) G /\
Cl  HN 0O N O
/ THF, 65 °C —/
68%

The first demonstration of palladium catalysis in an aryl amination
reaction was reported in 1983 by Kosugi and co-workers.® In this reaction,
an aminostannane is coupled to an aryl halide in a transformation analogous
to a Stille cross-coupling.

[(o-tol)sP],PdCl, (10 mol%)

n-Bu3SnNEt; (1.5 equiv.)
R‘QBr R@N(Et)z
toluene, 100 °C

16-81%

R=H; 81%
R = OCHg; 39%
R =NO;; 24%

In 1994, Buchwald and co-workers improved this original procedure
by developing a method for in situ generation of the aminostannane.’
Simultaneously, Hartwig and co-workers obtained an X-ray crystal structure
of a catalytically active Sn-Pd complex, furthering our understanding of the
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mechanism of the transformation.® One year later, both groups had
eliminated the need for the stannane coupling reagent, resulting in what is
now known as the Buchwald-Hartwig amination.

[(o-toh)3P1,PdCI, (cat.)

NaO'Bu or LIHMDS
ArBr + HNR'R? » ArNR'R2

The Buchwald—Hartwig amination reaction can facilitate the
synthesis of nitrogen-containing heterocycles. For instance, Buchwald
demonstrated that the amination reaction could be used to prepare N-
arylhydrazones from hydrazones and aryl halides. Acid-catalyzed
condensation of the hydrazone with a ketone then yielded the desired
indoles.'” Hartwig described a similar arylhydrazone formation with DPPF
as a ligand and Cs,COs as a base."'

Pd(OAc), (1-1.5 moi%) | N g2
BINAP (1-2.3 mol%) =
NNH NaO'Bu (1.4 equiv.
I e
R1:2 A= Ph™ "Ph toluene, 80 °C )l\
83-97% Ph” ~Ph
R3 i
0
ri2_{0 A - TSOH*H,0 y JK/R?’
Z N EtOH, 80 °C
H 74-95%

The first Pd-catalyzed intramolecular amination of an aryl halide was
reported by Boger in 1984. This transformation was stoichiometric in
palladium and generated the indole core of lavendamycin.'

CH,4 CH;3
| X 002CHs Pd(PPh3)4 (1.5 equiv.) | Ny C0CHs
B N
' =N dioxane, 100 °C N
89%
07 "CH, O™ 'CHs

The first related synthesis that was catalytic in palladium was
reported by Buchwald and co-workers."> Nitrogen heterocycles of various
ring sizes could be prepared with this methodology.
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Pd(PPhs)4 (1 mol%)
) NaO!Bu, K,CO; (1.6 equiv. n=1;92%
mnHBn 2% ) O n=2;87%
Br toluene, 100 °C N n=3; 89%

Buchwald quickly parlayed this transformation into a versatile indole
synthesis via oxidation of intermediate indolines prepared using the above
intramolecular Buchwald—Hartwig amination.'* Variations leading directly
to indoles and related nitrogen-containing heterocycles quickly followed and
are described below.

"Bu BnNH, (2 equiv.) "By

Pd,(dba); (4 mol%) Pd/C (10 mol%) "Bu
P(o-tolyl); (16 mol%) HCO,NH, (10 equiv.) N
Br NaO'Bu (4 equiv.) N
Br By,  CH3OH, 65°C N
CHs toluene, 80 °C CHs 54% overall CH, H

3.3.3 Mechanism

The mechanism of the direct intramolecular Buchwald—Hartwig indole
synthesis is that of a traditional palladium-catalyzed cross-coupling reaction
and begins with loss of a ligand on palladium. Oxidative addition of an
appropriately substituted Z-vinylhaloarene (1) generates intermediate 2.
Deprotonation of 2 and displacement of a halide ligand sets up a reductive
elimination on 3 to yield indole 4.

X
L Pd(O) . NHR

NaX + HO'Bu  NaO'Bu
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3.3.4 Variations, Improvements and Modifications

Substituted indoles can be prepared using the Buchwald—Hartwig N-
arylhydrazone synthesis provided that a functionalization of the intermediate
N-arylhydrazone is carried out before the Fisher indole synthesis synthesis
step. Both N-alkyl and N-aryl indoles may be prepared in this manner.”> For
instance, an N-methylindole was prepared as a mixture of regioisomers by
first methylating an arylhydrazone.

OCHj,
Pd(OAc), (1 mol%)
H,CO BINAP (1.5 mol%) LDA
NNH NaO'Bu
Ph Ph toluene, 80 °C )l\ THF
95% Ph”” “Ph 0 > 25°C
o}

OCHs
R1
TsOHsH,0 .
NN CH, O > O
RZ

EtOH, 80 °C N
Ph Ph 79% (two steps) CH;3

R'=H, R? = OCHj3; 59%
R'=0CH3, R?=H; 20 %

Several tandem reaction sequences have been developed for indole
synthesis featuring a Buchwald-Hartwig aryl amination as one component.
For instance, a tandem double N-arylation of substrate 5 leads to indoles 6
through a cascade of C—N bond forming reactions. A range of structurally
and electronically diverse amines can be used successfully in this
transformation. '®

H,NR (1.2 equiv.)
sz(dba):; (25 mOl%)) R = Ph: 83%
dpephos (6 mol%) AN =n R0
O OTf base (2.5 equiv.) R ="Bu; 62%
Br > N R =Bn; 70%
5 toluene, 100 °C 6 R
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A tandem amination/arylation reaction can convert appropriately
substituted gem-dibromovinyl substituted anilines into indoles.'’

Pd,(dba)s (3 mol%)
P(2-CH30CgH,)3 (12 mol%)

AN Br Cs,CO4 (2 equiv.) A S
Br Ag2CO3 (0.5 equiv.) \ /
NH s N
K/@ toluene, 120 °C
= 83%

Indoles can also be prepared directly from o-chlorophenyl-2-alkyl
alkynes and primary amines via a tandem alkyne hydroamination/Buchwald—
Hartwig N-arylation sequence, as illustrated for the conversion of 7 to 8 via
intermediate enamine 9.'®

toluene, 110 °C

3 2) Pdy(dba)s (5 mol%)
Z NHC ligand (10 mol%) mR1
+ HN-R2 KO'Bu (2.5 equiv.) N
2N-R 1,4-dioxane, 110 °C g R
cl
7 64—-81% overall
’ 1
N. HN.
Cl "R? cl  R?
9

A tandem ortho-alkylation/amination reaction between aryl halides
and alkyl halides generates indolines in moderate yield.'” Such indolines can
be easily oxidized to indoles.

Pd(OACc), (10 mol%) CH
P(o-tolyl); (22 mol%) 3

CHs |,
N Cs,CO;5 (4 equiv.)
| + Br)\/ O norbornene (2 equiv.) N
CHs NO o
2 DMF, 135°C CHs
55%

NO,
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Finally, a tandem N-arylation/Heck coupling has also been developed
for indole synthesis. Vinologous amide 11 couples with aryldibromide 10 to
yield indole 13 via intermediate 12.%°

Pd,(dba)s
Q AI'PC)/Q Q
Br CSQCOg Br
+ CH3 CH3
B HoN THF, 80 °C N
10 11 12
0]
” CHs

13

Heterocycles related to indoles can also be prepared using the
Buchwald-Hartwig amination strategy. For instance, indazole 15 can be
prepared from hydrazine 14.2' Benzimidazole derivatives may also be
prepared from the intramolecular guanidinylation of aryl bromides.”” And
oxindoles can be prepared from the intramolecular amidation of aryl
bromides.”

ch. PA(OAC), (5 moi%)
3 dppf (7.5 mol%)
/©/ 'BuONa (1.5 equiv.) _
o0 OO
NH; toluene, 90 °C =N

14 65% 15

3.3.5 Synthetic Utility

The Buchwald-Hartwig indole synthesis has been used successfully to
prepare complex natural products featuring functionalized indoles. One of
the earliest examples was a transformation carried out by Hartwig and co-
workers to prepare 18, an intermediate in the synthesis of damirone B, a
topoisomerase II inhibitor.?*
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Pd(dba), (2.5 mol%) HaC.
P(o-tolyl); (10 mol%)
NaO'Bu (4.1 equiv.)

toluene, 80 °C H3CO 'E\’fn
72% OCH;,
17
Pd/C (10 mol%)
HCO,NH, (10 equw)

CH,0H, 65 °C HsCO N
80% OCH3H

damlrone B

A more recent example illustrates the continuing applicability of this
transformation in natural product synthesis, in this case toward 20, which

bears a core resembling that of insecticidal indole diterpene nodulisporic acid
A2

® Pd,(dba)s (10 mol%)
xantphos (30 mol%)
Cs,CO4 (2 equiv)

dioxane, 80 °C
55%

3.3.6 Experimental

The examples presented illustrate two of the common ways Buchwald—
Hartwig indolizations are run. Both are from the applications to natural
product synthesis described above.
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Compound 17%

A mixture of 16 (0.4 g, 0.88 mmol), Pd,(dba); (20 mg, 0.022 mmol), P(o-
tolyl); (28 mg, 0.088 mmol), and NaO#Bu (0.34 g, 3.52 mmol) in toluene (5
mL) was heated to 80 °C for 20 h, cooled to room temperature, and poured
into a separatory funnel containing Et,O (20 mL) and water (20 mL). The
organic layer was washed with water (15 mL) and brine (15 mL), dried over
MgSO,, and filtered, and the solvents were removed using a rotary
evaporator. The product was purified by flash chromatography (10:1
hexane/ethyl acetate) to yield 17 as a yellow oil (0.21 g, 72%).

Compound 20%

To a 25 mL round-bottom Schlenk flask, equipped with a PTFE-coated
stirbar, was charged Cs,CO3 (202 mg, 0.62 mmol, 2 equiv), dioxane (8 mL),
xantphos (54 mg, 0.09 mmol, 30 mol%), and Pd,(dba);*CHCIl; (32 mg, 0.031
mmol, 10 mol%) to give a deep brownish red solution. The resulting solution
was stirred for 5 min, then treated with a solution of the enol triflate 19 (165
mg, 0.309 mmol, 1 equiv) in THF (3 mL). Next, the Schlenk flask was fitted
with a reflux condenser, and the reaction mixture was brought to reflux,
yielding a dark brownish yellow solution. After 50 min, the reaction was
cooled to room temperature and poured into a vigorously stirred mixture of
Et;0 (20 mL) and saturated aqueous NH4C1 (20 mL). The aqueous layer was
then extracted with Et,0 (2 x 15 mL), and the combined organic layers were
dried over MgSQq, concentrated in vacuo, and adsorbed onto silica gel (2 g).
Flash chromatography (hexanes/EtOAc) 12:1) furnished 20 as a white
crystalline solid (65.4 mg, 55%).
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3.4 Cadogan-Sundberg Indole Synthesis
Jie Jack Li

3.4.1 Description

e s
Cadogan - N
NO, indole N: H
1 synthesis 3

indole
synthesis

>,
N; 4

3

2
hv ‘ Sundberg

The Cadogan reaction refers to the deoxygenation of o-nitrostyrenes 1 or o-
nitrostilbenes with trialkyl phosphite or trialkylphosphine and subsequent
cyclization of the resulting intermediate nitrene 2 to form indoles 3." The
reductive cyclization protocol has also been exploited to prepare a variety of
N-containing heterocyclic compounds including carbazoles, indazoles,
benzimidazole, benzotriazoles, anthranils, phenazines, phenothiazines,
quinolines, and related compounds.

On the other hand, the Sundberg indole synthesis refers to the
synthesis of indoles 3 via either thermolysis or irradiation of 0-azidostyrene 4
via the intermediacy of nitrene 2. Since the Sundberg indole synthesis and
the Cadogan reaction share the common intermdiate nitrene, they are
sometimes grouped together as the Cadogan—Sundberg indole synthesis.

3.4.2 Historical Perspective

In 1962, Prof. John I. G. Cadogan at University of St. Andrews observed that
aromatic C-nitroso compounds were readily deoxygenated by triethyl
phosphite. Carbazoles were prepared from 2-nitrosobiaryls in this fashion
albeit in low yields. Later on that year, he published an article titled
“Reduction of Nitro Compounds by Triethyl Phosphite: A New Cyclization
Reaction” in the journal Proceedings of the Chemical Society.® In the paper,
Cadogan described that 2-nitrobiaryls were also readily deoxygenated by
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triethyl phosphite to provide the corresponding carbazoles with higher yields
than the corresponding 2-nitrosobiaryls.  For instance, refluxing 2-
nitrophenyl-pyridine (5) in triethyl phosphite gave pyrido[1,2-b]indazole (7)
essentially quantitatively. Cadogan also presciently proposed nitrene 6 as the
purported intermediate.

- 4 equiv P(OEt); \

NO, N=—" 160°C, 9 h, quant. N: oN

5

Cadogan further extended the methodology to make carbazoles,
indoles, indazoles, and thiazoles.”® Meanwhile in 1965, at the beginning of
his independent career, Sundberg at the University of Virginia, also explored
the Cadogan reaction to synthesize additional indoles.”” At first, he
prepared P-alkyl-o-nitrostyrenes and [-acyl-o-nitrostyrenes. While
deoxygenation using triethyl phosphite in reflux gave B-alkyl-indoles in 51—
71% vyields; B-acyl-indoles were obtained in lower yields (16-19%).” In
1966, Sundberg painstakingly isolated and characterized all the major
products and by-products, whose formations could be reconciled with the
involvement of the nitrene intermediate. In 1967, he carried out
deoxygenation of f3,B-disubstitued-o-nitrostyrenes to prepare o,f-
disubstitued indoles via 1,2-shift of the substituents.” Although formation of
the products and by-products could be explained by the nitrene intermediacy,
he also suggested the intermediacy of N-hydroxyindole 8 as shown below.
Unfortunately, his proposal did not gain traction in future publications.

Y
N ® - O=PR
" mR O PRy ° @-R
©
H/h‘ " H
:PR, 9 2

N-hydroxyindole, 8

The Cadogan—Sundberg indole synthesis seemed to be domant for
nearly half a century until the 1990s. It is now experiencing a renaissance
and has been employed in medicinal chemistry, total synthesis of natural
products, and polymers.
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3.4.3 Mechanism

Although Cadogan’s conviction of the nitrene intermediacy wavered
somewhat in 1966, he quickly reembraced the nitrene intermediacy after
more experimental evidence emerged.® The formation of the phosphorus-
imidate was one of the many impetuses that swayed his shift. This nitrene
mechanism has now been generally accepted by the chemistry community. 10

As shown below, the first step of the deoxygenation takes place when
trialkyl phosphite attacks the oxygen atom of the nitro group. The adduct 10
then expels a molecule of trialkyl phosphate to give rise to the key
intermediate nitroso compound 11. Addition of the second molecule of
trialkyl phosphite to nitroso 11 then gives adduct 12, which expels another
molecule of trialkyl phosphate to provide the pivatol intermediate nitrene 13.
Cyclization of nitrene 13 to indoline 14 was followed by re-aromatization to
deliver indole 2.

xR x~_R xR
( I@,oe ©(V —_—
N —_— N’Se

<y 0 (o - O=PR, N>

L R 10 t
1 . k
'PRB :PR3

nitroso intermediate, 11

N® NS N:

- O:PR3

® {0
RP™ T~ 12 nitrene intermediate, 13
®
— LR — O — O
N R N N
© © H
14 9 2
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3.4.4 Variations and Improvements
Variations of Reducing Agents

Cadogan determined the order of reactivities of the phosphorus reagents in
1969:° (EtO),PMe >> (Et;N);P ~ EtOP(NEt,), > (EtO)sP ~ (i-PrO);P >>>
PCl; (inactive).

Soderberg pioneered the combination of palladium and CO as the
replacement of triethyl phosphite as the reducing agent for the Cadogan—
Sundberg indole synthesis.''* Carbon monoxide is a useful reducing agent.
The construction of the indole skeleton via reductive deoxygenation of 2-
nitro substituted arenes with carbon monoxide as a reducing agent has
emerged as a versatile method for the synthesis of indoles. Various
approaches have been reported for this transformation using transition metal
compounds containing palladium,''™ iron," ruthenium,'® or rhodium'® as
the catalyst.

In one example of Soderberg’s modification, 1,2-dihydro-4(3H)-
carbazolone (16) was prepared by reductive cyclization of nitrostyrene 15
using Pd(dba), and CO."” Carbazolone 15 is an important intermediate to
ondansetron (17), a potent SHT5 receptor agonist used for the prevention of
nausea caused by chemotherapy and radiation treatment of cancer patients.

(0]
© Pd(dba),, dppp Q NN
6 atm CO, DMF >=N
O 1,10-phenanthroline \ \ H3C
NO, N N
15

74%

)
16 CHs 47

Nishiyama and Sonoda disclosed that selenium-catalyzed reductive
N-heterocyclization of 2-nitrostyrenes with carbon monoxide gave the
corresponding indoles in moderate to good yields. For instance, 2-(I-methyl-
l-ethenyl)nitrobenzene (18) was smoothly converted under CO (6 atm) at 100
°C for 24 h into 3-methylindole (19) in 69% yield."’

0.5 mmol Se, 6 atm CO Q——S

No, 5 mmol Ets;N, DMF N

o]
18 100 °C, 24 h, 69% 19
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Variations of Substrates and Cylization Products

Cadogan himself further extended the scope of the Cadogan reaction. As
early as in 1965, he already prepared carbazoles, indoles, indazoles, thiazoles
and related compounds In 1966, he synthesized phenothiazine (21) and
anthranil 23, respectively, employing the reductive cyclization of nitro-
compounds by triethyl phosphite.’

NO,

H
@ /@ 4 equiv P(OEt), @N :©
reflux, 12 h, 54% s

0 B Ph
th 4 equiv P(OE); _

NO, reflux, 12 h, 54% \N,O

22 2

Bose applied Cadogan’s indazole synthesis and achieved an enhanced
greener one-pot process using microwave.'® Thus Schiff base 24 was
prepared by microwaving (400 W) a mixture of equivalent amounts of the
aldehyde and the aniline. The Cadogan reaction was completed under
microwave as soon as the temperature reached 150 °C with excess of triethyl
phosphate to afford indazole 25.

©:CHO HoN neat, MW
.
NO, \© 2 min.
- /@ P(OEt)s, neat ©\A @
(I >N

MW, < 150 °C
NO, 24

Creenia and Horaguchi also explored the Cadogan reaction for the
synthesis of a variety of N-containing heterocycles. With the aide of
microwave, a less reactive and less toxic triphenylphosphine could be used in
place of triethyl phosphite.'”” For example, a one-pot, two-step synthesis of
benzimidazole 26 was accomplished by microwaving (200 W) a mixture of
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equivalent amounts of the aldehyde and the aniline in the presence of 4 equiv
of PPh;. Meanwhile, 2-nitrodiphenylamine (27) was converted to phenazine
(28) under similar conditions.

©[NH2 OHC\©\ 4 equiv PPh; @:N\>—©70|
+
i N
cl MW, 2.5 min. H o6

NO,

78%
CLIOY o 10
MW, 200 W “
H 3.5 min., 75% N
27

The Sundberg Indole Synthesis

Gribble used the Sundberg indole synthesis to make 2-nitroindole (30) by
simply refluxing B-nitro-o-azidonitrostyrene (29) in xylene.”* This was the
first synthesis of 2-nitroindole (30).

@\VNOZ xylene, 140 °C @—No
2
N

N, 54% H
29 30

The Cadogan protocol did not work well for making anti-HIV natural
product siamenol 32, giving rise to a mixture of three isomers.”’ However,
the Sundberg indole synthesis of azido-phenol 31 worked better, giving
siamenol (32) and its regioisomer 33 in 78% yield and in almost 1 : 1 ratio.

N3 0.9 equiv MeLi

O BCl3, toluene

= -50 °C, 78%
OH

32 (S|amenol)
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3.4.5 Synthetic Utility
Carbazoles

Although not the most practical feature, the Cadogan—Sundberg indole
synthesis is most applicable in making carbazoles. Dehaen carried out a
microwave-enhanced Cadogan cyclization to prepare 2-substituted
carbazoles and other fused heterocyclic systems.”” Substrate 34, easily
assembled via a Suzuki coupling, was treated with triethyl phosphite under
microwave conditions with a ceiling temperature of 210 °C to give 1,9-
dihydropyrrolo[2,3-b]carbazole (35) in 73% yield.

=~
Ot e 7
20 min., 73% N NH
NO, H
34 35

Freeman and co-workers also advocated the wuse of
triphenylphosphine in place of toxic triethyl phosphite.”> Cyclization of
various 2-nitrobiphenyls was achieved via reductive deoxygenation of the
nitro group using a slight excess of triphenylphosphine in a suitable solvent.
They discovered that higher boiling solvents afforded higher yields across a
range of substrates. For example, nitrobiphenyl 36 was converted to
carbazole 37 in good yield when o-dichlorobenzene (0-DCB) was used as the
solvent. The aldehyde functionality was preserved during the reaction.

PPh,, 0-DCB
ono—( () Foeeve o ()
4 h, 78% N
NO, H
36 37

Merlic took advantage of the Cadogan reaction to make bisindoles.**
Thus cyclization of frans-stilbene 38 with triethyl phosphite resulted in
unsymmetrical 2,2'-bisindolyl 39 in modest yield.
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</ O P(OEt)s, 165 °C O N/ O
O 20 h, 50% NN

Me

38 39

Oligomers and Polymers

Poly(2,7-carbazole)s find utility in electronic and optical devices such as
polymeric light-emitting diodes (PLEDs). Leclerc engineered a synthesis of
diiodolecarbazole as the monomer for polymerization using the Cadogan

reaction.”> The reductive cyclization of bis-nitro compound 40 was carried
out in refluxing triethyl phosphite to give a mixture of two isomers: 41 and

42.
O O O O P(OEt)3, reflux
" _
MeO N OMe 12 h, 86%
NO, O,N

40

»

MeO

OMe

LS~
NH H N

41 15

H
ipglsn
MeO O N N OMe
H H
42

Applying Leclerc’s protocol,”> Valiyaveettil prepared thiadiazole-
fused indolo[2,3-a]carbazole 44 from bis-nitro compound 43.°° Monomer
44, in turn, was electropolymerized to yield a stable polymer.
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/S\
/S\ N
N\ /N \ /
o e (T4
24 h, 51% N N
NO, O,N H H
43 4

Natural Products and Medicinal Chemistry

The aglycon tjipanazoles and the glycosidic tjipanazoles are natural products.
These aglycons have been shown to be potent and selective inhibitors of
human cytomegalovirus. Kuethe et al. employed a Cadogan—Sundberg
indole synthesis to achieve the total synthesis of tjipanazoles B, D, E, and I
(47).Y Reductive cyclization of trans-nitrostyrene 45 under the classic
Cadogan—Sundberg conditions gave biindole 46 in 73% yield. Alternatively,
palladium-catalyzed reductive cyclization of 45 using Sdderberg’s conditions
gave biindole 46 in 96% yield. Using similar methodology, they also
completed the total synthesis of clausine V and glycoborine.”®

P(OEt), 73%

I \/EQ x > CI
Pd(OAC)g, PPh3 N
H

N 74
H N
96% H
Cl 45 46
RenYs®
N N
H H

47, tjipanazole |

Kuethe and co-workers also employed the Cadogan—Sundberg indole
synthesis to prepare a novel class of kinase domain receptor (KDR)
inhibitors.”” The KDR kinase is a tyrosine kinase that has a high affinity for
vascular endothelial growth factor (VEGF) and is believed to be a primary
mediator of tumor induced angiogenesis. Compounds that inhibit, modulate,
or regulate the KDR receptor are useful for the prevention and treatment of
tumor-induced angiogenesis. Reductive cyclization of nitrostyrene 48 with
P(OEt); afforded 49. Reaction of 48 under the optimized conditions for
reductive cyclization (0.1 mol % of Pd(TFA),, 0.7 mol% of 2,2,6,6-
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tetramethyl-4-piperidone (TMP), 15 psi of CO, DMF, 80 °C) for a similar
substrate led to low conversions. The deprotection of the masked quinolin-2-
one moiety of chloroquinoline 49 was accomplished in a straightforward
manner under acidic conditions. Therefore, hydrolysis of chloroquinoline 49
ina 1 : 1 mixture of AcOH/H,0 gave freebase 50 in 93% yield.

P(OEt),, reflux

61%

ACOH/H,0

reflux, 93%

Li and colleagues took advantage of the Cadogan—Sundberg indole
synthesis to prepare botulinum neurotoxin A light chain (BoNT/A LC)
endopeptidase inhibitors.”® Botulinum neurotoxins secreted by strains of the
anaerobic spore-forming bacterial species Clostridium botulinum are the
most potent neurotoxins known and are categorized as category A (highest
priority) bioterrorist agents by the Centers for Disease Control and
Prevention (CDC). In Li’s synthesis, stilbene 51 was refluxed in neat triethyl
phosphite for 1 h to deliver the key intermediate 52, which was converted to
botulinum neurotoxin A inhibitors in several additional steps.

¢ OO

P(OEt),
‘ X CN reflux
NC NO, 51 1 h, 55%
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LI
TR D

52 cN

In summary, the exciting applications of Cadogan—Sundberg indole
synthesis in the total synthesis of natural products and in drug discovery are a

good indication that the reaction may receive more attention in the future.

3.4.6 Experimental

The Classical Cadogan—Sundberg Conditions to Prepare Indole 52*°

‘ P(OEt),
/‘\/\/‘/ CN  reflux
NC NO, 51 1h, 55%

‘\ O
N
" Q

52

CN

Compound 51 (5.0 g, 13.6 mmol) was suspended in triethyl phosphite (30
mL) and heated to reflux using a heating mantle for 1 h. The solution was
cooled to room temperature, and excess triethyl phosphite was removed by
distillation under vacuum. The residue was purified by flash chromatography
using 25% ethyl acetate in hexane to yield a light yellow solid 52 (2.5 g, 55%
yield).
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Siderberg’s Modified Conditions to Prepare Indole 55"

N BN /@SnBus Pd(dba),, Cul
+
NS
TfO cl NO, AsPh3, NMP
53

N°-B"  Pd(OAc),, PPhy

N-B
S 4 atm CO, MeCN n

\
!
70°C, 61% 2 steps N
NO,

54 55

To an oven-dried, threaded ACE glass pressure tube was added 54 (469 mg,
1.43 mmol), Pd(OAc), (19.2 mg, 0.085 mmol), PPh; (90 mg, 0.34 mmol),
and MeCN (5 mL). The tube was fitted with a pressure head, and the solution
was saturated with CO (four cycles of 4 atm of CO). The reaction mixture
was heated at 70 °C (oil-bath temperature) under CO (4 atm) until all starting
material was consumed (15 h), as judged by TLC. The solvent was
evaporated under reduced pressure, and the crude product was purified by
chromatography (hexanes/EtOAc, 8 : 2) to give 55 (380 mg, 1.28 mmol) as a
white solid. The yield in two steps starting from 53 was 61%.

3.4.7 References

EENRVe N S

[R] Gribble, G. W. Perkin 1 2000, 1045-1075.

Sundberg, R. J.; Russell, H. F.; Ligon, W. V_; Lin, L.-S. J. Org. Chem. 1972, 37, 719-724.
Cadogan, J. I. G.; Cameron-Wood, M. Proc. Chem. Soc. 1962, 361.

Cadogan, J. I. G.; Cameron-Wood, M.; Mackie, R. K.; Searle, R. J. G. J. Chem. Soc. 1965,
4831-4837.

Cadogan, J. L. G.; Mackie, R. K.; Todd, M. J. Chem. Commun. 1966, 491a.

Cadogan, J. I. G.; Todd, M. J. J. Chem. Soc. C 1969, 2808-2813.

Sundberg, R. J. J. Org. Chem. 1965, 30, 3604-3610.

Sundberg, R. J. J. Am. Chem. Soc. 1966, 88, 3781-3789.

Sundberg, R. J.; Yamazaki, T. J. Org. Chem. 1967, 32, 290-294.

Tsunashima, Y.; Kuroki, M. J. Heterocyclic Chem. 1981, 18, 315-318.

Séderberg, B. C.; Shriver, J. A. J. Org. Chem. 1997, 62, 5838-5845.

Soderberg, B. C.; Rector, S. R.; O’Neil, S. N. Tetrahedron Lett. 1999, 40, 3657-3660.

Scott, T. L.; S6derberg, B. C. G. Tetrahedron Lett. 2002, 43, 1621-1624.

Dantale, S. W.; Soderberg, B. C. G. Tetrahedron 2003, 59, 5507-5514.

Crotti, C.; Canini, S.; Rindone, B.; Tollari, S.; Demartin, E. J. Chem. Soc., Chem. Commun.
1986, 784--786.

Ragaini, F.; Sportiello, P.; Cenini, S. J. Organomet. Chem. 1999, 577, 283-291.

Nishiyama, Y.; Maema, R.; Ohno, K.; Hirose, M.; Sonoda, N. Tetrahedron Lett. 1999, 40,
5717-5720.

Varughese, D. J.; Manhas, M. S.; Bose, A. K. Tetrahedron Lett. 2006, 47, 6795-6797.



124

19

20
21

22
23
24

25
26
27
28
29

30

Name Reactions for HeterocyclicChemistry-II

Creenia, E. C.; Kosaka, M.; Muramatsu, T.; Kobayashi, M.; lizuka, T.; Horaguchi, T. J.
Heterocyclic Chem. 2009, 46, 1309-1317.

Pelkey, E. T.; Gribble, G. W. Tetrahedron Lett. 1997, 38, 5603-5606.

Naffziger, M. R.; Asgburn, B. O.; Perkins, J. R.; Carter, R. G. J. Org. Chem. 2007, 72, 9857—
9865.

Appukkutan, P.; Van der Eycken, E.; Dehaen, W. Synlett 2005, 127-133.

Freeman, A. W.; Urvoy, M.; Criswell, M. E. J. Org. Chem. 2005, 70, 5014-5019.

Merlic, C. A.; You, Y.; Mclnnes, D. M.; Zechman, A. L.; Miller, M. M.; Deng, Q.
Tetrahedron 2001, 57, 5199-5212.

Bouchard, J.; Wakim, S.; Leclerc, M. J. Org. Chem. 2004, 69, 5705-5711.

Balaji, G.; Shim, W. L.; Parameswaran, M.; Valiyaveettil, S. Org. Lett. 2009, /1, 4450-4453.
Kuethe, J. T.; Wong, A.; Davies, I. W. Org. Lett. 2003, 5, 3721-3723.

Kuethe, J. T.; Childers, K. G. Adv. Synth. Catal. 2008, 350, 1577-1586.

Kuethe, J. T.; Wong, A.; Qu, C.; Smitrovich, J.; Davies, I. W.; Hughes, D. L. J. Org. Chem.
2005, 70, 2555-2567.

Li, B.; Pai, R.; Cardinale, S. C.; Butler, M. M,; Peet, N, P.; Moir, D. T.; Bavari, S.; Bowlin,
T. L. J. Med. Chem. 2010, 53, 2264-2276.



Chapter 3 Indoles 125

3.5 Fukuyama Indole Synthesis
Ji Zhang
3.5.1 Description

The Fukuyama indole synthesis'? is a novel tin-mediated chemical
transformation of o-isocyanostyrene derivatives 1. Conversion of the -
stannoimidoyl radical 2 results in the formation of 3-substituted indoles 3a or
2,3-disubstituted indoles 3b,c. Alternatively, 2,3-disubstituted indoles were
formed from 2-alkenylthioanilides 4 via imidoyl radical species 5 and
followed by radical cyclization to form indole 6.

R
H,0*
. . A\
First generation: N
H

n-BuzSnH (1.1 eqiv) 3a R
xR AIBN (5%), ~_.R
m CHACN, 100 °C ©\/\“ o N\
1 NC [ N=C. N
2 SnBus b

R
Pd(0), R'X N

) Stille coupling H
Second generation: 3c

R': sp, sp?
x_R R
j\H Et3B, toluene, ©\/V. N\ g
N _—
' N R' N
S R H
4 5 6

The in situ formation of stannylindole 7 from a-stannoimidoyl radical
2 can be used under the Stille conditions to afford a variety of 2,3-
disubstituted indoles 8' and was used in the synthesis of indolocarbazoles.® 2-
Alkenylthioanilides 4a and 4b can be prepared by one of three general
meghods from quinolines 9 (Method A or B) or 2-iodoaniline 12 (Method
0).
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n-BusSnH (1.1 eqiv) R
xR AIBN (5%), R'X, Pd(PPh3),
CH,CN, 100 °C \ Et3N, 100 °C
’ SnBU3 o
N 49-82%
R
N\ R= CO,Me, CH,OTHP, n-Bu
R R' = Ph, 4-Ac-Ph, Bn, 1-cyclohexenyl, 1-hexenyl
N X=Br, |, OTf
H
8
1. CSClz Method A
2. NaBH, — RMgX or —
m 3. protection E)\/_\OR Li enolate w OR
N N Ncs NH
9
5M KOH §” R
Method B | t-BuOH/H,0 4a
reflux, 80% RCOCI
__ PhNEt,
OR  Ac,0, pyridine
Lawesson's reagent
NH, Toluene, 110 °C
Method C
| A —
@E BrCHZCHzBr @\/_\R
NH, PdCIz(PPh3)2 NH, CuBr, LiBr NH,
Cul, Et,NH EtOH 14
1. CSCl,
2. RMgBr
E:(:R
NH
S)\Rl

4b
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3.5.2 Historical Perspective

In 1994, Fukuyama disclosed the first-generation transformation,' followed
by the further modification in 1999 using 2-alkenylthioanilide 4 for the
radical cyclization as the second-generation method.” The later process (4 to
6) is complementary to the previously reported protocol (1 to 3) in which
introduction of sp’-hybridized substituent at the 2-position was not easy.
Although the attachment of sp”-hybridized substituents, such as phenyl
groups to the 2-position could be accomplished using palladium-catalyzed
methods like the Stille cross-coupling reaction. Furthermore, this procedure
provided a mild radical cyclization reaction, at room temperature by using
Et;B to replace the original initiator, AIBN Today, as the one of the
simplest methods for synthesizing substituted indoles, the Fukuyama indole
reaction has been used in numerous natural product syntheses, such as (+)-
vinblastine* and (-)-strychnine.’

3.5.3 Mechanism

A proposal for the mechanism of the Fukuyama indole synthesis is
proposed'? as shown below. Treatment of the isonitriles 1 with tributyltin
hydride and a catalytic amount of AIBN, affords a-stannoimidoyl radical 2,
followed by cyclization, to give radical 16. It was found that the substrates
bearing radical-stabilizing groups at the B-position gave indoles 3 in excellent
yield after tautomerization, and acidic workup. Similarly, when thioamide
derivatives such as 2-alkenylthioanilide 18 are subjected to radical-initiating
conditions, radical 5 or imidoyl radical species are formed, which then
undergo radical cyclization to furnish 2,3-disubstiuted indoles 6.

via radical cyclization of stannoimidoyi radical

o—R
xR R
BU3SH. )
m - e T )—SnBus
NC N=_ N
1 15 SnBuj 16
R R
Bu3SnH H,0*
B O s — (Y
and u H
tautomeriation
17 3



128 Name Reactions for HeterocyclicChemistry-I1

via imidoyl radical species

™ R (@7 H* R
~Ne ' R
NH N R

NLSS”BU:;
s R -Hssmay H  'sSnBu 00
19
18 R

<R /
NN G
N=\ N
R' H
21 6

3.5.4 Variations and Improvements

Et;B/O, replacement of AIBN as the radical initiator allowed the reaction to
be carried out at room temperature, instead of at 80 °C, allowing milder
conditions to complete the transformation. Fukuyama also found that
hypophosphorous acid could be employed as an alternative radical reducing
agent to tin hydride, thus, developing a metal-free process. For example, after
heating a mixture of the substrate, hypophosphorous acid, triethylamine and
AIBN in »#-PrOH at 100 °C for 20 min, 2-cyclohexylindole was prepared in
71% yield.?

BusSnH
AIBN
toluene, 80 °C OAC
93%

— OAC ———»
@(_\/ Bu;SnH N n-Pent
NH

2\ EtsB
S n-Pent toluene, 80 °C 23
22 93%

Iz

Instead of the standard radical conditions using tri-n-butyltin hydride,
Fukuyama examined the radical cyclization by screening using various thiols
and eventually found that the excess ethanethiol is quite effective for
promoting the cyclization (24 to 25),% illustrating another tin-free indole
synthesis.
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EtSH, cat. AIBN

X CHLCN
3 A\
NC Raney-Ni N
EtOH H
24 97% 25

3.5.5 Spynthetic Utility

The Fukuyama indole synthesis was used during the total synthesis of
aspidophytine 28. Tin-mediated indole formation was followed by the
treatment of the 2-stannyl indole intermediate with iodine and gave the 2-
iodoindole derivatives 27 in 85% yield.”

CO,Et
=~ COaEt n-Bu;SnH, AIBN
MeCN, reflux 1.5h N
MeO NC I, rt MeO ”
85% OMe

27

Aspidophytine

Fukuyama also employed this radical cyclization for the total
synthesis of gelsemine 32, where the spiroindolinone was assembled in three
steps from bromo-aniline.®

PhSH, AIBN
Benzene, reflux >—sPh
NC O N
29 30
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30 |
o) 0
3N HCI Me—N NH
THF o) —
H
31 ©
32

Gelsemine

In the total synthesis of discorhabdin A, the key intermediate 34 was
prepared in three steps via the tin-mediated radical cyclization in 76% yield
by Fukuyama and co-workers.”

OMe H OMe
CN NH2 BU3an N NH2
AIBN \
| O CH4CN O
MeO,C NH, OBn 76% 0, NH; OBn

Cc

Me

OMe
H

N NH;
MeAl O
b U

35 .36 Q
discorhabdin A

0]

Recently, other groups have used this facile and mild tin-mediated
Fukuyama indole synthesis. For example, a new route to the general core of
the paullones 40, potential cyclin-dependent kinase (CDK) inhibitors that are
particularly efficient against three disease-relevant kinases was reported.'’

n-BuSnH (1.1 equiv) COMe

R - COsMe AIBN (4%) R
\@l\/\/ CH4CN, reflux 1 h JSmeu
3CN, reflux N
37 NC H
38
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o)
Pd(PPhs), MeO,C
Et;N, 100 °C NHB NH
Cul, DMF oc

eI ) = )
R’ Br N N
\Q H Rl H RI
NHBoc 39

40
general core of the paullones

3.5.6 Experimental

General Procedure (first generation, combined with Stille cross-
coupling)'

A solution of the isonitrile (0.85 mmol), »-Bu;SnH (0.93 mmol), and AIBN
(0.04 mol) in dry acetonitrile (5 mL) was heated to 100 °C for 1 h under
argon atmosphere. The reaction mixture was cooled to room temperature, and
triethylamine (1.02 mol), Pd(PPh;)4 and bromobenzene (1.02 mmol) were
added. The mixture was heated for additional 5 h under argon atmosphere.
The reaction mixture was portioned between hexane and CH3CN. Ether was
added to the combined hexane layer and the organic layer was washed with a
1:1 mixture of 3 N HCI and brine. The extracts were washed with brine, dried
over Na;SQOy, and evaporated to dryness. The crude product was purified by
flash silica gel chromatography to give desired indole.

General Procedure (second generation)2

To a stirred solution of 2-alkenylthioanilide (0.025 M in toluene) and »-
Bu3SnH (2.0 equiv) was added Et;B (0.10 equiv, 1.0 M in hexane) at room
temperature under an argon atmosphere. After TLC analysis showed that the
starting material had been consumed, the reaction mixture was diluted with
EtOAc, washed with saturated aqueous KF and brine, and dried over MgSOj.
Filtration and concentration afford the crude product. The desired indole was
purified by flash chromatography on silica gel.
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3.6 Gassman Oxindole Synthesis
Daniel P. Christen
3.6.1 Description

In the early 1970s, Professor Gassman and his group described a general
method for the alkylation of anilines.' This method, which proceeded through
intermediary azasulfonium salts that underwent a Sommelet-Hauser-type
rearrangement, was subsequently modified to produce indole and oxindole
derivatives.”™ The Gassman oxindole synthesis (1—3), an important
variation of the Gassman indole synthesis (4—5), was originally reported in
1973. The reaction, a one-pot, multistep process, converts an aniline
derivative into the corresponding oxindole by sequential treatment of an
aniline (1) with tert-butyl hypochlorite, ethyl (methylthio)acetate,
triethylamine and finally hydrochloric acid. Subsequent reduction of the
resulting thiol intermediate 2 leads to the final oxindole derivative 3.

S/

X 1) tBuOCI X Raney-Ni <R
Rig- Rip o Reg o
NH 2) \S/\n/o\/ Z N N
R R
] R 3N O 2 2 3 2
4) HCI
1) tBuOCI -
A ) Bu AN Raney-Ni 7T
NH 2 ~g Z N Z =N
s B2 3base 0O Re 5 Ro

Generally, the reaction works well for electron-deficient anilines. A
modified approach using in situ prepared chlorosulfonium salts is preferred
for more electron-rich anilines.” Substituted thiol derivatives can be used to
produce 3-oxindoles, which can be further reduced to 3-indole derivatives
that are not available via the Gassman indole synthesis. The reaction is
equally useful for the preparation of isatin derivatives (vide infra).®
Historically, the Gassman oxindole synthesis has found applications in the
preparation of heterocycles with medical or insecticidal properties. The
reaction also has potential applications for the synthesis of oxindole
containing natural products.’
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3.6.2 Mechanism

The proposed mechanisms for the two main variations of the Gassman
oxindole synthesis are shown below. The N-chloroaniline starting material 6
is prepared from an aniline and tert-butyl hypochlorite.

S tBuOCH N

R1—:— 1 P
Z > NH, NHCI

6

Further reaction of N-chloroaniline 6 with ethyl (methyl)thioacetate
yields azasulfonium ion 7, which forms ylide 8 upon deprotonation with
triethylamine. After the ylide undergoes a [2,3]-Sommelet—Hauser-like
rearrangement, a proton transfer and subsequent rearomatization produces
the intermediate aniline derivative 9, which upon cyclization forms a
transient tetrahedral anion. Collapse of the anion with loss of ethoxide
produces the stable oxindole derivative 2. Removal of the methylthiol
functionality with Raney nickel produces the final product 3.

EtaN:
SN o ,2 i 0
R1©\ /S\)J\O/\ - R~ = W)LO = %HLO/\
N T~ N,S\ R1_\ | s
6 O 2o, NS
H
8

[2,3]

s— s— o) o\/ o o\/
RN AN P Z ~
Ry- 0 - Ry OEt rRZ T Y — mE s
Z = 1
N N 2 = NS
H © NH; 9

NH, _
P8,

(@]
AN H
(@] ﬁ)i\/\
T > R‘@ s °
PN

f

In the second variation of the Gassman oxindole synthesis, the
nucleophile—electrophile pairing is reversed and the aniline 10 attacks a
positively charged chlorosulfonium ion to produce sulfonium ion 7. After
that, the reaction proceeds along the same mechanistic route as the one
proposed for the original Gassman oxindole synthesis.
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3.6.3 Variations and Improvements

The Gassman oxindole synthesis has been modified by treacting the aniline
with chloro sulfonium ions instead of preparing N-chloroaniline derivatives
with fert-butyl hypochlorite as in the original Gassman approach. One
common, but experimentally more difficult approach, uses chlorine to
prepare highly reactive chlorosulfonium salts that are then added to the
desired aniline.® This procedure, also developed in Professor Gassman’s
group, has been surpassed by newer methods that form the intermediate
sulfonium ions by reacting ethyl (methylthio)acetate with sulfuryl chloride.’

@
RIS cr o N
T Ryir o]
NH N
F|§ 2) base \
2 3) HOAc Ry

More recently, Wright e a/. have shown that sulfoxides (11) can be
converted into the desired chlorosulfonium intermediates by using oxalyl
chloride.'® This operationally more simple approach can be used make a
variety of oxindoles. Additional examples using these approaches for the in
situ preparation of the chlorosulfonium salts will be shown below.

~s o_-  (CoCi),

@ o

~ \/
Y
O

1

3.6.4 Synthetic Utility

The original Gassman oxindole synthesis (1—3) produces 2 in yields ranging
from 30 to 80 %."" Selected examples from the original Gassman paper are
shown below. The reaction tolerates mildly electron-donating substituents
(e.g., CH3) and strongly electron-withdrawing substituents (e.g., NO3). As
expected, regioselectivity for ortho- and para-substituted aniline precursors
is not an issue. For meta-substituted anilines, however, two regioisomers can
form during the reaction; experimentally, the ratio of the two possible
isomers is highly dependent on the nature of the aniline starting material.
From an experimental perspective, the reaction proceeds with the
addition of a stoichiometric amount of fert-butyl hypochlorite (dissolved in
CH,CL) to a stirred solution of the aniline in dichloromethane at —65 °C.
After a few minutes, a solution of ethyl methylthioacetate (stoichiometric
amount, dissolved in CH,Cl,) is added. The sulfonium salt usually does not
precipitate out of solution. After an hour at —65 °C, a stoichiometric amount
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of triethylamine is added. The solution is allowed to warm to room
temperature and the reaction mixture is then worked up. After dissolving the
organic concentrate in diethyl ether, 2 N HCI is added and the reaction is
stirred overnight at room temperature. During this time, the oxindole product
2 precipitates out of solution. The calculated yields are based on the isolated
precipitate. Additional product can be obtained by concentration of the ether
layer. No additional purification was carried out.

S/

X 1) tBuCCl X Raney-Ni s
R Ry 0 Ry o
NH 2 < o~ ZN

| s \

\
z

] Re gEpN O 2 Mo 3
4) HCI

R, R, Yield 2 (%) Yield 3 (%)
H H 84 76
p-CH,4 H 34 55
0-CH, H 67 72
H CH, 46 77
p-COzCsz, 0-CH3 H 66 67
p-NO, H 51 ND (not determined)

~g O~

60 o
l(coc:l)2
NSO s NN O “
R Y& o N & o Rt
ZNH Ry o NH,
2 Z N
2) EtsN H 2) Et;N
Gassman 3) HCI 2 3) HCI Wright, McClure, Hageman variation
varaition

R, Yield 2 (%) Gassman Yield 2 (%) Wright
H 65 63
p-OCH; 53 50
0-CH; 62 82
p-NO, 12 8
3,4,5-(CH;0), ND (not determined) 44
3-CH;S ND 50 (1:1 mixture isomers)

While the above work was being carried out in the Gasssman group,
an alternative procedure to make oxindoles was developed as well.'? In this
approach, ethyl methylthioacetate is first treated with chlorine gas to make an
intermediate chlorosulfonium ion that is then treacted with the aniline to
form the oxindoles. A few examples from Gassman’s lab are shown. Data
from Wright, McClure, and Hageman are shown for comparison purposes.'”
Wright’s group converted the sulfoxide analogs 11 of ethyl methylthioacetate
into the corresponding chlorosulfonium salts by using oxalyl chloride. For
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smaller scale reactions, this approach is operationally easier than trying to
prepare chlorine gas solutions. Generally, the results for both approaches are
comparable.

The experimental yields from these reactions are consistent with
those obtained from the original Gassman approach. The reaction of the p-
nitro-aniline gave a much poorer yield.

As mentioned above, the outcome of the Gassman oxindole reaction
of 3-substituted anilines is highly dependent on the starting aniline. Reaction
of 3-nitroanline 12 using the original Gassman protocol gave exclusively
isomer 13 (67 % yield). Gassman et al. claim that switching to an electron-
donating group leads to the isolation of the other regioisomer."* In more
complex cases, however, mixtures of the possible isomers are obtained. Thus
preparation of a series of tetrahydrophthalimide substituted indoline-2(3H)-
ones by Karp and Condon led to the production of mixtures containing both
possible isomers."” Reaction of 14 with chlorosulfonium salt 15 (prepared
from ethyl methylthioacetate and chlorine) gave the two regioisomers 16 and
17 in isolated yields of 39 and 23%, respectively. Compound 17 crystallized
from the reaction mixture and was recrystallized from methylene
chloride/hexanes to give a white solid. The major product was obtained after
concentration of the reaction mixture and filtering off the solid material after
addition of toluene.

N02 S/

1) tBuOClI
1L 0
OsN NH, 2) < o~ N

s H

12 3)Et;N O 13 (67 %)
4) HCI
0 F
1)
| N
(j:(\( D 2) Et;N (ﬁ D } C[:
0 NH, 3) TsOH
14 16 (39 % 17 (23 °/o)

The preparation of 3-substituted oxindoles can be readlly achieved by
using alkylated derivatives of ethyl methylthioacetate.*  For example,
reaction of aniline with compound 18 gave oxindole derivative 19 in 64%
yield. Reduction of 19 with Raney nickel gave oxindole 20 in 70% yield,
while reduction with LiAlH, gave the corresponding indole 21 in 76% yield.
The two-step route to indoles complements the Gassman indole synthesis.
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1) tBuOCI Raney-Ni
L 0
NH, 2) \S)\ﬂ/o\/ 70 % N
3)E,N O 18 19 64 %) 20
4) HCI

LiAIH, J 76 %

(:E\g
N
H

21

Larger-scale applications of the Gassman oxindole synthesis are
possible. Reactions in the 100 g plus range have been reported for all of the
common synthetic approaches. For example, Walsh and co-workers reported
the synthesis of oxindole 22 in 92 g yield using the original Gassman
procedure.'®

1) tBuOCI
C (L=
NH, 2) \S/\fo\/ H

o 3)Et,N O o
4) HCI

22 (62 %)
" OMe
SOCI @ OMe P
O~ L~ o NH
S/\[r CH,CI (S:n/\'or - N0
oLlp
-78 °C proton sponge, MeO H
15 CH,Cl, OMe 23
2)Et;N 80 % crude yield
3) HOAc

Applications of the Gassman oxindole synthesis in total synthesis are
uncommon. Savall and McWhorter prepared a 6,7-dihydroxyindole
derivative, part of the potent antihelmintic compound paraherquamide A, by
using a chlorosulfomum ion (15) obtained from ethyl methylthioacetate and
sulfuryl chloride.'” The intermediate oxindole 23 was obtained in 80% crude
yield. The starting aniline was obtained in good yield from 2,3-
dimethoxybenzoic acid via a modified Curtius rearrangement. Removal of
the thiomethyl functionality with Raney nickel gave the final product in 62%
yield.



Chapter 3 Indoles 139

More recently, Danishefsky et al. used a Gassman oxindole synthesis
to complete a total synthesis of the alkaloid phalarine.'"® The oxindole
synthesis was used to prepare an indole ring precursor in the natural product
after a more direct approach using the Fischer indole synthesis had failed.
The ethyl ester of thiomethylacetic acid was converted into an activated
chlorosulfonium ion by using sulfuryl chloride. The complex aniline
derivative 24 and proton sponge were then added at —78 °C. After further
treatment of the reaction mixture with triethylamine and acetic acid, oxindole
25 was obtained in 66% yield. The oxindole was converted into the
corresponding indole 26 in 90% yield by using borane and Raney nickel
reductions to remove the carbonyl and thiomethyl functionalities.

1) \(S'D Oo._-
0] OMe c|;| o)
"N-Me O CHyCl, -78 °C
L
N 2) proton sponge
Ts 24 3) EtzN

4) HOAc

1) BH3, THF, 0 °C
2) Raney Ni, EtOH

NH

O OMe
ot
N

Ts
26

As mentioned in the introduction, the Gassman oxindole synthesis is
a good way to gain access to isatins. Historically, the isolated oxindoles were
oxidized to the corresponding isatin using red mercuric oxide and boron
trifluoride.'® These harsh and environmentally unfriendly conditions have
been replaced by an air oxidation approach in which an in situ generated
anion reacts with oxygen to make an intermediate peroxo radical that
decomposes into the isatin.”® Both approaches are shown in the scheme
below.

o

N-Cl _ :
S Q P HgO/BF5(Et,0), 0
N H,O/THF N
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Typical yields for the air oxidation reaction were in the range of 30 to
60%. These yields are lower than those typically reported for the NCS/HgO
route (40-80% yield).

3.6.5 Experimental

Preparation of 7-Benzoyl-1,3-dihydro-3-methyl-3-(thiomethyl)-2 H-indol-
2-one (28)*!

1) tBuOCI
(e oo (L=
NH, ~ ~ N
S/\n/ H
0 3) Et3N o 0O
4) HCI

27 28 (62 %)

A 2 L CH;Cl; solution of 98 g (0.5 mol) of aniline 27 and 74 g (0.5 mol) of
ethyl methylthioacetate was cooled to —70 °C and treated dropwise with 56 g
(0.5 mol) of 95% tert-butyl hypochlorite at such a rate that the temperature
did not exceed —65 °C; 1 h after the addition was complete, 51 g (0.5 mol) of
Et;N was added, and the mixture was allowed to warm to ambient
temperature. The solution was diluted with 800 mL of 3 N HCI, and the
mixture was stirred for 1 h. The layers were separated, and the organic layer
was dried (Na,SO4) and evaporated under reduced pressure at 50 °C to give a
gummy solid residue. The residue was triturated with Et,O, and the powder
was collected by filtration. The solid was recrystallized from absolute EtOH
to yield 92 g (62%) of compound 28 as a white powder, mp 135-137 °C.

Preparation of 3-(Methylthio)-6,7-dimethoxyoxindole (30)*

D) OMe

; OMe S
802C|2 \® O
\s/\n/o\/ $/ﬁr ~ NH, 29 o
o CH.Cl, cl O T Meo N
-78°C proton sponge, H
15 CHxCl, OMe
2)EtzN 80 % crude yield

3) HOAc
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Sulfuryl chloride (2.47 mL, 30.7 mmol) was added to a cold (-78 °C)
solution of ethyl (methylthio) acetate (3.95 mL, 30.7 mmol, dissolved in 200
mL anhydrous CH,Cl,). After 15 min, a solution of 29 (4.7 g, 31 mmol) and
1,8-bis(dimethylamino)naphthalene (6.58 g, 30.7 mmol) in CH,Cl, (100 mL)
was added over 1 h. After the mixture was stirred for 2 h, a solution of
triethylamine (4.28 mL, 30.7 mmol, in 10 mL CH,Cl,) was added dropwise,
and the reaction was allowed to warm to room temperature. This mixture was
washed with water (3 x 100 mL). The combined aqueous layers were back-
extracted with CH,Cl, (100 mL). The combined organic layers were washed
with brine, dried over MgSO,, filtered, and concentrated to yield ethyl 2-
amino-3,4-dimethoxy-a-(methylthio)benzeneacetic acid as a brown oil. The
crude material was taken up in glacial acetic acid (200 mL) and stirred under
N, for 3 h. The acetic acid was removed by azeotropic rotary evaporation
using toluene to yield a brown tacky solid that was suspended in Et,O (100
mL), stirred for 30 min., filtered, and washed with cold Et,O. The crude
product (5.6 g) was obtained in 80% yield. An analytically pure sample was
obtained by recrystallization from toluene to yield orange crystals: mp 168—
170 °C dec.

3.6.6 References

1 (a) Gassman, P. G.; Gruetzmacher, G. D.; Smith, R. H. Tetrahedron Lett. 1972, 497. (b)
Gassman, P. G.; Gruetzmacher, G. D. J. Am. Chem. Soc. 1973, 95, 588-560. (c¢) Gassman, P.
G.; Gruetzmacher, G. D. J. Am. Chem. Soc. 1974, 96, 5487-5495.

2 (a) [R] Gribble, G. W. Perkin 1 2000, 1045-1075. (b) Gassman, P. G.; Gruetzmacher, G. D.
J. Am. Chem. Soc. 1974, 96, 5487-5495.

3 (a) Gassman, P. G.; van Bergen, T. J.; Gilbert, D. P.; Cue, Jr., B. W. J. Am. Chem. Soc. 1974,
96, 5495-5508. (b) Gassman, P. G.; van Bergen, T. J. Org. Synth. Coll. Vol. 6. 1988, 6, 601.

4 (a) Gassman, P. G.; van Bergen, T. I. J. Am. Chem. Soc. 1973, 95, 2718. Gassman, P. G.; van
Bergen, T. J. J. Am. Chem. Soc. 1974, 96, 5508-5512.

5 Gassman, P. G.; Gruetzmacher, G. D.; van Bergen, T. J. J. Am. Chem. Soc. 1974, 96, 5512—
5517.

6 (a) Gassman, P. G.; Cue, B. W. Jr.; Luh, T.-Y. J Org. Chem. 1977, 42, 1344-1348. (b)
Gassman, P. G.; Halweg, K. M. J. Org. Chem. 1979, 44, 628-629.

7 Peddibothla, S. Cur. Bioactive Compds. 2009, 5, 20-38,

8 (a) Karp, G. M. J. Org. Chem. 1992, 57, 4765-4772. (b) See also reference 5.

9 (a) Wierenga, W.; Griffin, J.; Warpehoski, M. A. Tetrahedron Lett. 1983, 24, 2437-2440. (b)

Bramson, H. N.; Corona, J.; Davis, S. T.; Dickerson, S. H.; Edelstein, M.; Frye, S. V_;
Gampe, R. T. Jr.; Harris, P. A.; Hassell, A.; Holmes, W. D.; Hunter, R. N.; Lackey, K. E.;
Lovejoy, B.; Luzzio, M. I.; Montana, V.; Rocque, W. J.; Rusnak, D.; Shewchuk, L.; Veal, J.
M.; Walker, D. H.; Kuyper, L. F. J. Med. Chem. 2001, 44, 4339-4358.

10 Wright, S. W.; McClure, L. D.; Hageman, D. L. Tetrahedron Lett. 1996, 37, 46314634,

11 (a) Gassman, P. G.; van Bergen, T. J. J. Am. Chem. Soc. 1973, 95, 2718. (b) Gassman, P. G.;
van Bergen, T. J. J. Am. Chem. Soc. 1974, 96, 5508-5512.

12 Gassman, P. G.; Gruetzmacher, G. D.; van Bergen, T. J. J Am. Chem. Soc. 1974, 96, 5512—
5517.

13 Wright, S. W.; McClure, L. D.; Hageman, D. L. Tetrahedron Lett. 1996, 37, 4631-4634.

14 (a) Gassman, P. G.; Gruetzmacher, G. D.; van Bergen, T. J. J. A4m. Chem. Soc. 1974, 96,

5512-5517. (b) Also see reference 4.
15 Karp, G. M.; Condon, M. E. J. Heterocyclic Chem. 1994, 31, 1513-1520.



142 Name Reactions for HeterocyclicChemistry-I1

16 Walsh, D. A.; Shamblee, D.A.; Welstead, W. A. Jr.; Sancilio, L. F. J. Med. Chem. 1982, 23,
446-451.

17 Savall, B. M.; McWhorter, W. N..J. Org. Chem. 1996, 61, 8696-8697.

18 Li, C.; Chan, C.; Heimann, A. C.; Danishefsky, S. J. Angew. Chem., Int. Ed. 2007, 46, 1448—
1450.

19 Gassman, P. G.; Cue, B. W,, Jr.; Luh, T.-Y. J. Org. Chem. 1977, 42, 1344—1348.

20 Gassman, P. G.; Halweg, K. M. J. Org. Chem. 1979, 44, 628-629.

21 Walsh, D. A.; Shamblee, D. A.; Welstead, W. A. Jr.; Sancilio, L. F. J. Med. Chem. 1982, 25,
446-451.

22 Savall, B. M.; McWhorter, W. N. J. Org. Chem. 1996, 61, 8696-8697.



Chapter 3 Indoles 143

3.7 Larock Indole Synthesis
Jennifer Xiaoxin Qiao

3.7.1 Description

4 R2 Pd(ll) with or without ligand R3
NH-R LiCl or n-BuyNCl
@ | | K,CO3 or Na,CO3, or KOAC Ny _R2
| RO N 1
1 2 R?>R3 3 R

Larock indole synthesis, also known as Larock heteroannulation, is the one-
pot palladium-catalyzed heteroannulation of ortho-iodoaniline and its
derivatives 1 and internal alkynes 2 for the synthesis of 2,3-disubstituted
indoles 3.

A wide variety of disubstituted alkynes 2 can be used as coupling
parters and the substituted pattern of R* or R* groups does not have a
significant effect on the yield of the reaction. The nitrogen atom on the o-
iodoanilines 1 can be diversely substituted (R'). The best results were
obtained treating o-iodoaniline or the corresponding N-methyl, N-acetyl, and
N-tosyl derivatives with an excess of the internal alkyne (usually 1.5-2
equiv, for volatile alkynes, 5 equiv), an excess amount of sodium or
potassium carbonate base (usually 5 equiv), 1 equiv of LiCl or n-BusNCl and
occasionally adding 5 mol% of PPh; at 100 °C in DMF. Under these
conditions, 2,3-disubstituted indoles were isolated in good to excellent
yields.” With unsymmetrical alkynes the process is usually highly
regioselective: the larger alkyne substituent (R*) almost always locates at the
2-position of the indole ring. In particular, when R? is a silyl group, the
reaction gives almost exclusively 2-silylindoles, which can be further
protodesilylated, halogenated, or coupled with alkenes via a Pd-catalyzed
reaction.

3.7.2 Historical Perspective

Professor Richard C. Larock reported the Larock indole synthesis in 1991.'
Since then, the reaction has been studied by both his group and other
researchers. The reaction is versatile and practical for the construction of
indole ring in a single operation. The reaction has been widely employed for
the preparation of indole derivatives in both industrial (on a multikilogram
scale) and academic settings. The broad range of products synthesized



144 Name Reactions for HeterocyclicChemistry-II

according to the references cited herein demonstrates the scope and utility of
this reaction.

3.7.3 Mechanism

Larock proposed the mechanism of the Larock indole synthesis.”> The
reaction presumably proceeded via (1) reduction of the Pd(II) species to
Pd(0), (2) coordination of the chloride to form a chloride-ligated zerovalent
palladium species 4 in the chloride ligation step, (3) oxidative addition of the
aryl iodide 1 to 4 to generate the arylpalladium intermediate 5, (4)
coordination of the alkyne 2 to the palladium atom of 5 and subsequent
regioselective syn-insertion into the arylpalladium bond of the resulting 7~
alkyne-o-organopalladium intermediate 6 to generate the resulting vinylic
palladium intermediate 7 in the carbopalladation step, (5) nitrogen
displacement of the halide in 7 to form a six-membered, heteroatom-
containing palladacycle 8, and (6) reductive elimination of 8 to form the
indole 3 and regenerate Pd(0).

Pd(0) or Pd (ll) complexes (precatalysts)

[LoPd®)] 1
1 ’
R ﬂ cP HN
2 N )
R @ [L,CIPd©)] |—©
3 4
R 3 1
reductive elimination oxidative addition
L R
I N R!
CI-Pd ;
e AN
R? R? b, 1
8 Pd
a”’ |
HI L
5
ligand exchange
ligand exchange
base
R’ RE—=R3
81 © LHN © 2
|,,|T HN carbopalladation I, ]
cirhin= N~ S L
L cy | s
R? R® RZ——R
7

6
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The carbopalladation step determines the regiochemical outcome of
the reaction with unsymmetrical alkynes. Steric effect controls the
conversion of intermediate 6 into the carbopalladation adduct 7 so as to direct
the organic residue preferentially to the less hindered end of the carbon-
carbon triple bond and the palladium moiety to the more hindered end. On
the other hand, coordinating effect of the neighboring alcohol of HO-
substituted alkyne influences the formation of 7 so that the added palladium
ends up close to the coordinating group during ligand exchange step with the
alkyne.

3.7.4 Variations and Improvements

Under typical Larock heteroannulation conditions, the cheaper and/or more
readily accessible o-bromoanilines or o-chloroanilines failed to react with the
internal alkynes. Researchers from Boehringer—Ingelheim extended the scope
and utility of Larock indole synthesis, and first reported that a variety of o-
bromo- or o-chloroanilines 9 or 10 was reacted with internal alkynes 11 in
the presence of Pd(OAc), K,COs;, and utilizing 1,1'-bis(di-tert-
butylphosphino)ferrocene 12 as the ligand in NMP at 110-130 °C to afford
2,3-disubstituted indoles 13 in 60 to 99% yields and with excellent
regioselectivity.'”” The major by-products observed under these conditions
were dihydrophenazines 14, which were minimized at lower reaction
concentrations. A patent regarding the palladium-catalyzed indolization of o-
bromo/chloroanilines was published later by the same group of researchers. '®

Pd(OAc), (5 mol%) Ro

X R K,COj; (2.5 equiv)
N NMP, 110 or 130 °C S
R1'i_ + | | _ R1:_ A\ R2
& <y —Pt-Bu, Z N

9.X= BrNHR R? Fe 12 . R 13
10.x=c;, 11 LS—PtBuy, N
R=H. Me (10 moi%) N
R'=H, 4-Me, 5-CF; R‘E/\[ | R
R2 = Ph, TMS, C3H-, C(Me),OH, t-Bu FNNTNF
R3 = Ph, Me, Et, CaH, H 14

isolated yields for major isomer 60-99%
isomer ratio: 78:22 to >99:1

As mentioned early in the chapter, one of the general features of
Larock indole synthesis is that the reaction gave exclusively 2-silyl indoles
when a silyl-substituted alkyne was present, and the corresponding 2-silyl
indoles can be further functionalized. In this respect, Denmark and Baird
recently reported a sequential Larock heteroannulation and silicon-based
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cross-coupling reaction for the synthesis of 2,3-disubstituted indoles 15 from
o-iodoanilines 16 and silyl indoles 17, followed by cross-coupling of the
sodium salt of the resulting annulation product 18 with aryl halides 19."” The
silyl group in 17 played a dual role, serving both as a directing group in the
Larock annulation step and as an activating group for the subsequent silicon-
based cross-coupling reaction. Slight modifications of the Larock indole
synthesis was achieved by adding 3 equiv of H,O and rapid stirring of the
reaction mixture. In addition, #-butoxylsilyl ether is crucial for the hydrolysis
and then cross-coupling steps. And catalysts such as allyl palladium chloride
(APC) and 20 are important for the cross-coupling step.

1). Pd(OAc), (5 mol%)
PPh3 (5 mol%)
KoCO3 (5.0 equiv)
H,0 (3.0 equiv)

A-CsH - Lic (2.0 equiv) n-CsH11
R | I DMF, 100°C,2h R /
SR Tyt
NHR! si” 2) 0.1 MHCI, 2 h N
“TO4BU gy 790, 48 R
16 17
R = Me, Bn = _R?|1. NaH, toluene
R'=H. Cl, OMe X—@ 2. APC or 20 (2.5 mol%)
2_4. ; ) S-Phos or RuPhos (5.0 mol%)
RE=4-CN.H 2-0Me. 4-CFs | _ & o|toluene, 50-90 °C, 2-23
ol 62-87%
(t-Bu)sPPd”~ "PdP(t-Bu); R n-CgHy1q ,
_ \ 7/
20 N
R

15

2-Jodobenzoic acid 21 was used as the coupling partner in a one-pot
Curtius rearrangent/palladium-catalyzed indolization process for the
synthesis of 2,3-disubstituted indoles 22.'"® A synergistic effect between the
two steps of the process was observed, with the by-product of the first
reaction (NaCl) serving as a reagent in the second synthetic step. With no
lithium chloride added, but adding 3 equiv of Na,CO; provided the best
yields.
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1. NaN,, CBzClI
t-BuONa (15 mol%)
DMF, 75°C,5h

2. Pd(OAc),

147

N

21 Na,CO; (3 equiv) H
2

DMF, 120°C, 16 h 2
R1 — R2
50-77%

R'=Ph, Me, TMS,
R? = Ph, t-Bu, CH,CH,0Bn
or R'R? = (CH,),

In addition, the above multicomponent process was used to prepare
the indole N-carboxamide derivatives 23 via Larock heteroannulation

reaction.
1. NaN3, PhOCOCI, {-BuONa R

| (15 mol%), NMP, 75 °C, 5h
@[ 2. RZR3NH, 75 °C, NMP, 3 h \_g!
3. PA(OAC),, Na,CO5 (3 equiv) N
COOH' pMF, 120°C, 16 h

21 Rl——R! 0 \
39-68% 23

R'=Ph, Pr
NHR?R3 = morpholine, piperidine, pyrrolidine, (S)-NH,CH(Me)Ph, NH,CH,CH,Ph

Researchers at Wyeth adapted the Larock indole synthesis approach
and developed a synthetic methodology for highly functionalized pyrroles
from 2-amino-3-iodoacrylates 24 and internal alkynes in moderate to
excellent yields and with good regioselectivity.'” For example, when a
significantly differentiated trimethylsilyl-propargyl alcohol 25 was reacted, a
single pyrrole regioisomer 26 formed accompanied by desilylation and
deacylation under reaction conditions. When 1-phenyl-2-trimethylsilyl-
acetylene 27 was used, a complete reversal of expected regiochemistry
occurred to give a single isomer 28 in 81% yield.

1. Pd(OAc), (5 mol%)

| KoCO3 (5 equiv) OH
| 0] LiCl , DMF, 65 °C A\
2. H,0 (5 equiv) |
_o HJ‘\ oy
—_— H
o) HOH,C—=——Si—
24 0] 26
40% 25

>25:1
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1. Pd(OAC), (5 mol%)

| K,CO4 (5 equiv) \S/i —
7O LI, DMF,65°C
e NJ\ 2. H,0 (5 equiv) . N _pp
H / N
0o Ph—=——5{— d H
24 \ 27 o) 28
81% >25:1

Norbornadiene as an acetylene synthon was used for the synthesis of
functionalized indolines 29 and indoles 30 from o-bromo or o-chloroanilines
31.%° The annulation step tolerated a variety of functional groups, including
electron-donating and electron-withdrawing groups at several positions. The
subsequent retro Diels—Alder reaction to generate related indoles was
developed under two conditions: (A) heating in ethylene glycol at 170 °C,
and (B) treatment with silica gel in xylenes at 170 °C. The annulated
haloaniline products 29 can also be rapidly converted to tricyclic indolines.

3 Pd(OAC), (10 mol%) \
X Pt-BusHBF, (22 mol%)
7N Cs,CO; (2 equiv) X
R—o _ norbornadiene (6 equiv) R—;
NHBoc toluene, 120 °C, 16 h Z N
31 seal tube Boc
X= Br or Cl 51-98% 29

R = H, 4-Me, 3-Me, 4-Cl, 5-CF;, 3-COOMe, 5-NO,, 6-Cli

A\ Method A:

Ethylene glycol
N 170°C,12h g T N\
R — ~F N
N Method B: H
Boc SiO, (1 pipet measure),
29 xylene, 170 °C, 12 h. 30

52-92%
R = 5-Me, 5-F, 5-Cl, 5-OMe, 5-NO,, 7-F

It was reported that o-iodoanilines were coupled with isocyanates 31,
carbodiimides 32, or ketenimines 33 in the presence of 300 psi of carbon
monoxide to afford 2,4-(1H,3H)-quinazolinediones 34, 2-amino-4(3H)-
quinazolinones 35, and 2-alkyl-4(3H)-quinazolinones 36 in moderate to
excellent yields, respectively.”’ The nature of the substrates, including the
electrophilicity of the carbon center of the carbodiimide and the stability of
the ketenimine, influenced the yields of the reaction.
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R'N=C=0 (31)
CO (300 psi)

Pd(OACc); (2 mol%) o

R | bidentate phosphine g R!
\CE ligand (2 mol%) N

N, KeCOs (15 equiv) NAO

2 THF, 70-80°C, 12 h H

0-90% 34

R = H, CI, Me, OH
R' = p-CI-Ph, p-Br-Ph, p-MeO-Ph, p-Me-Ph

R'N=C=NR'(32)
CO (300 psi) o

R | Pd(OAC)2 (2 mOI%) R ,R1
\@ dppf (2 mol%) I I jl\
K,CO4 (1.5 equiv) =
NHz  ThF, 100 °C, 24 h N™ "NHR'
0-78% 25
R =H, Cl, Me, OH, CN
R! = p-CI-Ph, p-Br-Ph, Ph, p-Me-Ph, CgHy1, i-CaHy

R'N=C=CR?R? (33)
CO (300 psi) 0

R | Pd(OAC), 2 mol%) g R
dppf 2 mol%) N
v, KeCOs (15 equiv) N/)\ .
2 THF, 100°C, 24 h

0-99% 36
R =H, Ci, Me, OH, CN

R' = Ph, p-Me-Ph, n-C4Hqg
CR2R3 = C(Me)(COOEt), C(Me)(COPh), C(COOEt),, C(Ph),

2
R'CH=C=CHR? (37) R
| Pd(OAC), (5 mol%) /
©j ligand 39 (2 mol%) R
Ag;PO,4 (1.2 equiv) N
NHTS  DMF, 90°C, 24 h .
94-95% 38

R1 =n-CaH17, n-C3H7

R2 = H, n-C3Hy OMO
R'R? = (CHp)1o </N N{
Ph— 39 Ph
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When the coupling partner alkynes in the Larock indole synthesis
were replaced with substituted allenes 37, the corresponding 3-
methyleneindolines 38 were obtained in 94-95% yields and 80-82%
enantiomeric pure in the presence a chiral bisoxazoline ligand 39. 2.3

On the other hand, the annulation of internal alkynes 40 and imines
41 generated from o-iodoanilines afforded isoindolo[2, 1 a]mdoles 42 in
moderate to excellent yields and with high regioselectivity.”*

Pd(OAc), (5 mol%)

LiCl or n-BugNCl! (1 equiv) R4
Na,CO; or DIEA (1-2 equiv) AN
N R* DMF, 100 °C N || /—-R2
X = /
I R1—E——@
41 7~R? 40 R' 42
51-78%

R' = Ph, Et, n-Bu, COOEt, CH,OH, CH,0OMe, (CH,),OH
R? = H, 3-Me, 3-OMe, 3-CF3, 3-COOEt, or heteroaryl
R* = alkyl, aryl

Unexpectedly, the highly substituted quinoline derivatives 43 were
not observed, and tetracyclic indoles 43 were isolated as the only products
under the above reaction conditions, presumably due to the exclusive 5-exo-
addition of the vinylpalladium intermediate across the adjacent carbon-
nitrogen double bond.

Pdl

@g\w /‘Q’—»

Pdl
Ny R
6- endo O
-
R? O
43

A series of substituted S-carbolines 44 and j-carbolines 45 were
synthesized by the palladium-catalyzed iminoannulation of internal alkynes
46 with the tert-butylimines generated from N-substituted 3-iodoindole-2-
carboxaldehydes 47 and 2-haloindole-3-carboxaldehydes 48, respectively.”®
The chemistry is effective for a wide range of alkynes, including aryl-, alkyl-,

R2
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hydroxymethyl-, ethoxycarbonyl-, and trimethylsilyl-substituted alkynes.
When an unsymmetrical internal alkyne was employed, this method
generally gave two regioisomers.

Pd(OAC), (5 moi%)
PPh; (5 mol%) R R
| n-BusN (1 equiv)

N—t-Bu with or without TBAC (1 equiv) - N
Ny DMF, 100 or 125 °C N\ /

R 4 0-100% R 4

Pd(OAG), (5 mol%)

FBu PPh; (5 mol%)
~N n-BusN (1 equiv) N
with or without Na,CO; (1 equiv) - R2
N DMF, 100 or 125 °C N\ /
N RI—==—R2? (46) N R
R 48 trace-92% R 45

X=1,Br

R =H, Me, MOM, Ts, Bu

R'= Ph, Me, n-Pr, CH,OH, COOEt

R? = Ph, TMS, t-Bu, n-Pr, COOEt, CH,OH

On the other hand, the jcarbolines 49 were prepared by

intramolecular iminoannulation of the corresponding N-alkynyl-2-bromo-1H-
indole-3-tert-butylimines derived from the aldehyde 50.7

CHO 1. t:BuNH,, 100 C, 8 h =N
BnO 2. Pd(OAc), (5 mol%) BnO N/
Ny PPhs (10 mol%)
N R Na,CO; (1 equiv) N
DMF, 100 °C "
S0 M 0-95%

OMe
—N
R = Ph, n'C6H13; (E)_CH:CHPh, Et3SI, H, -§4<\: /> \§Q
N OH

When o-iodoanilines were replaced with o-iodophenols, a variety of
substituted coumarins 51 were synthesized in good yields by the palladium-
catalyzed coupling of o-iodophenols 52 with internal alkynes and 1 atm of
carbon monoxide.”® For unsymmetrical internal alkynes two regioisomers
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were usually observed. The regioselectivity is governed by steric factors with
the larger substituent on the triple bond ending up at the 3-position of the
coumarin, which is consistent with regioselectivity observed in the Larock
indole synthesis.  Heterocyclic analogues of o-iodophenol were also
effective. For example, 3-iodo-2-pyridone 53 affords the azacoumarin 54 in
70% yield.

Pd(OAc), (5 mol%)

pyridine (2 equiv)
n-Bu,Cl (1 equiv) R3
R | CO (1 atm) @f\lﬂw
I:E DMF, 120 °C, 6-48 h.
R2 OH R3——R? O (¢}
52 (5 equiv) 51
9-78%

R'=H, CO,Et, OMe; R? = H, COOMe; R? = n-Pr, Ph, Me, Et, CH,0Bn;
R4 = -Bu, n-Pr, Ph, SiMe;, OMe

EtOOC | n-Pr—=—n-Pr n-Pr
\EI - E00C._ A nPr
NS0 70% | b
H N O (@]
53 54

Similarly, 3,4-disubstituted 2-quinolones S5 can be prepared via the
palladium-catalyzed annulation of internal alkynes with N-substituted o-
iodoanilines under 1 atm of carbon monoxide.” A crucial aspect of the
synthesis was the choice of the protecting group on the nitrogen atom of the
iodoaniline. The most effective groups were alkoxycarbonyl, p-
toluenesulfonyl, and trifluoroacetyl. Unsymmetrical alkynes led to the
formation of mixtures of regioisomers with low regioselectivity.

Pd(OAc), (6 mol%)
pyridine (2 equiv)
n-BuyCl (1 equiv)

| CO (1 atm) R
©j DMF, 100 °C, 6-48 h ©\)IR2
R1 — RZ
NH
R (3 equiv) H 0
0-82%

R =H, COOEt, Ts, COCF; 55

R! = n-Pr, Ph, 2-OMePh, Me, 5-pyrimidinyl, CH,OH, CH,OBn, Et
R2 = n-Pr, Ph, Et, n-Bu, t-Bu, CH,OH, CH,OMe, CH,OBn, SiMes, COMe



Chapter 3 Indoles 153

On the other hand, 3,4-disubstituted isocoumarins and polysubstituted
o-pyrones 56 were generated in good yields using palladium-catalyzed
annulation of internal alkynes with halogen- or triflate-containing aromatic
esters and o,o-unsaturated esters 57, respectively.’’ The methodology
provided a simple, convenient, and regioselective route to isocoumarins and
o-pyrones containing aryl, silyl, ester, tert-alkyl, and other hindered groups.

Pd(OAC), (5 mol%)

0o Na,CO4 (1 equiv) 0
R LiCl (1 equiv)
Cﬁ\o’ DMF or MeCN, 100 °C B
X R1 — R2 = R2
X =1, Br, OTf (2 equiv) R
57 0-79% 56

R'= n-Pr, Ph, Me, Et, SiMe;, {-Bu, CMe,OH
R* = t-Bu, Ph, SiMes, Si(i-Pr);, COOEt, CMe,OH, SiEt,

o) 0 0
Ph
9 P P
7
7 >CMe,0H Ph 7 CMe, Ph
Bh Me COOEt

77% 70% 77%

3.7.5 Synthetic Utility

General Utility
OH
NH,
a S~
S A \ TBDMS
! Pd(OAc), (5mol%) N
PPh; (5 mol%) -~ .
Me n-BugNCI (1 equiv) Boc 58 (67%)
N7 | Na,CO3;, DMF, 90-100 °C Me OH
& s OH \
N NH; TBDMS —=—/ 3 K TBDMS
(2 equiv) T 59 (51%)
S
e
7 NiBoc U H—Teoms

N
Boc 60 (40%)
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o-lodoanilines in the Larock indole synthesis can be replaced with vicinal
iodo-substituted heterocyclic amines to prepare heterocondensed pyrroles,
including thieno[3,2-b]pyrroles 58, pyrrolo[2,3-d]pyrimidine 59, and
azaindoles such as 60.%'

Similarly, reaction of 5-amino-4-iodobenzothiophene 61 with internal
acetylenes gave 7,8-disubstituted thieno[3,2e]indoles 62 under Larock
heteroannulation conditions.’> The choice of the base such as Na,COs,
NaOAc, or KOACc significantly affected the yield of the reaction of different
alkynes.

I R?

H2N |
N—cooEt ¢
S RZ

61

Pd(OAc), (5mol%),
with or without PPh3 (5 mol%),
n-Bu,NCI
base: Na,CO3, KOAc, or NaOAc
DMF, 100 °C

\ COOEt

0-91%
R' = TBDMS, Ph, 2-pyridinyl, TMS
R? = CH,CH,OTHP, CH,CH,0H, Ph, COOEt

2,3-Diaryl-substituted pyrrolo[3,2-b]pyridine-5-carbonitriles 63 exhl-
biting c-Met receptor tyrosine kinase inhibition activity were reported.®® The
key intermediates 64 were prepared using the Larock indole synthesis. A
variety of aryl/heteroaryl substitution in the 2-position was then efficiently
explored from the corresponding iodo analogs 65.

F
_ R
PdCl,(dppf), LiCl O
NC.__N. 1 Nay,COs3; DMF, 110 °C
L .
R
= NH, O ': R’
TES—= F H 64 (R'=TES)
R=HorCl IPy,BF,, TfOH, CH,Cl,, 83 °C
48-66% for 2 steps

63 (R'=HetArorAr) =—— 65(R'=1)
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The Larock indole synthesis was employed for the preparation of
indole 66, which was elaborated to give indole 67 for activity screening and
safety assessment.”* The key step involves the coupling of iodoaniline 68
with bis-TES-propargyl alcohol 69 in the presence of Pd(OAc); in DMF with
5 equiv of Na,COs to afford a mixture of 66 and 70 (96:4 ratio). Maxalt (71)
was also obtained in a similar manner by the same research group.

67 (R' = H, R?2= COOH)
T NaCN, NaOH, EtOH/H,0, 55%
70 (R' = H, R?=OH)
TTBAF, 72%

N7 Pd(OAC), MgSO, N7\
Y Na,CO., DMF ¢ N ,
N 100 or 105°C, 4-6h N R

' ’
O, =g, e
NH, g9 OTES N

H 66 (R' = TES, R2= OTES)

68
1. HCI/MeOH (70-80%)
2. MsCl, Et3N, THF
3. 40% Me,NH
PhCOOH (75%)
71 (maxalt, R' =H, R?=
CH,NMe,, benzoic acid salt)
SO,NHMe
NH, NN N7 N

75 [ l
N&H x\g

SOzNHMe OMe SOZNHMe OMe
+ |
H, 65 70% avitriptan (72)

TES

1. Pd(OAc),, PPhs, Na,COj3, NaCl, CH5CN, H,0O
2. aq HCI

The Larock heteroannulation was used to prepare multikilogram
quantities of avitriptan (72).*® The palladium-catalyzed heteroannulation of
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iodoaniline 73 and acetylene 74, followed by acid hydrolysis of the silyl
group furnished avitriptan in 65—-70% overall yield from aniline 75.

5-Trifluoromethyl)tryptophol 76 and tryptamine 77 were prepared via
the Larock heteroannulation.’” Reaction of (trifluoromethyl) iodoaniline 78
with (triethylsilyl)acetylene 79 in the presence of PdCl,(dppf), 2 equiv of
Na,COs3, and 1 equiv of LiCl in DMF at 100 °C gave tryptophol 80 in 44%
yield. On the other hand, reaction of 78 with acetylene 81 under the identical
reaction conditions afforded tryptamine 82 in 83% isolated yield.

PdCl,(dppf),, LiCl
| Na,CO3, DMF, 100 °C

R
TES—E—/—

NH,
79 (R = OTES)
78 81 (R = NPht)

F3C

FsC
N_R! . 76(R=OH,R'=H)
u — 77(R=NH,, R'=H)

80 (R = OTES, R' = TES)
82 (R = NPht, R' = TES)

Similarly, the 4-methoxytryptamine derivatives 83 and 84 were
prepared via the Larock indole synthesis of iodoaniline 85 and alkynes 86
and 87, respectively.”®

NR;
OMe Pd(OAc),, PPhs, Et4,NCI OMe
| DIEA, DMF, 80 °C
—NR; N\
NHBoe =" == \ TsEsS (R = Me) 69%
85 86 (R=M B = Me) 69%
87 ER= Bﬁ)) °C 84 (R=Bn) 77%

Larock indole synthesis was also employed to prepare substituted
tryptophans 88 via annulation of silylated alkyne 89 with o-iodoanilines 90.%
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Pd(OAc), (5mol%), PPh; (5

mol%) NHR?
n-BugNCI (1 equiv)
Na,CO,, DMF, 90-100 °C COOEt
~
& TBDMS—= Xyt _J_ )—TeDMS
AR NHR? N
EtOOC 90 R'
89 (2 equiv)
27-62% AICI3/CH,Cl,
R! = Ac, H; R? = Ac, t-Boc
NHR?
COOEt
TN N = o
XL X = 5-NO,, 56%
Z~N X=5-=Cl 64%
H X=5F 28%
88 X=6-NO,, 13%

On the other hand, efficient asymmetric synthesis of optically active
substituted tryptophans 91 was realized via Larock heteroannulation of o-
iodoaniline 92 and alkyne 93 derived from the Schéllkopf chiral auxillary to
afford the corresponding key intermediate 94 as the major isomeric
product.*

EtO
; —N
X I Pd(OAc), (5 mol%)
I:[ + / N= N32¢03 (2.3 eq)
X2 NHBoc 7/ OEt LiCI (1 eq)
92  IMS 93 DMF, 100 °C
. 50-83%
X' =H, Me, F, NO,, CI, MeO
X2 = H, Me, Cl, MeO
yd
~N
Eto\(\ \ i
N OEt 1.2 N HCI CO0

THF, 25 °C X! o,
X! - NH
2.1 N NaOH ) L ?
|| ethanol, 556°C X N o1
X? N~ “TMS
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Two (S)-B-methyl-2-aryltryptamine-based gonadotropin-releasing
hormone antagonists 95 and 96 were synthesized via a consecutive Larock
indole synthesis and Suzuki cross-coupling reaction.”’ The key
transformation involved the Larock heteroannulation of o-iodoaniline 97 with
chiral silyl alkyne 98 in the presence of Pd(OAc),, PPhs, 1 equiv of LiCl, and
2.5 equiv of K,COj3 in DMF at 100 °C to give 99 in 72% yield.

H
| HyC”
%Nm 3
o)
NH
2 SiEt,
97

98

OBn  pPd(OAc), (5 mol%)
P PPh; (5 mol%),
' K,COs (2.5 eq)
‘ . LiCl (1 eq),
DMF, 100 °C, 16 h

72%

99

95 (R=H)
96 (R = CH3) CH,
Gonadotropin releasing hormone antagonist

The Larock indole sgnthesis was used in the synthesis of o-C-
glucosyl-iso-tryptophan 100.*> A complete reversal of regioselectivity was
observed in the larock heteroannulation of the N-Ts-protected o-iodoaniline
101 with a-C-glucosylpropargyl glycine 102.
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COOMe

Pd(OAc), (30mol%)
PPh3 (30moi%)
Na,CO3 (5 equiv)
n-BuyNClI (1 equiv)
DMF, 90 °C, 16 h

90%

Ts
not obtained

Pd-catalyzed annulation of meso-hexynyl Zn(Il) porphyrin 103 with
4-amino-3-iodopyridine efficiently provides meso-3-(5-azaindolyl)-substitut-
ed Zn(Il) porphyrin 104 as the major product, which assembles to form a
slipped cofacial dimer by the complementary coordination of the pyridine
moiety to the Zn(Il) center.”’ Isomer 105 was predicted to be the major
isomer based on the general trend for Larock heteroannulation. In contrast,
the reaction gave only a trace amount of 104.

Ar Pd,(dba); (10 mol%) Ar
P(o-Tol); (80 mol%)
LiCl (1 equiv)
Na,CO3 (2 equiv)
DMF/Toluene (1:1) A, A
Ar =—C,Hy __100°C,40h
N™ ™ !
|
)8 Z > NH, Ar
C4Hg
103 NH 0
104 A= | %1%
—
S/
H N

N—
105 A=§~$\/\©\‘ trace
o

C4Hg
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Larock heteroannulation reaction was further extended and an
intramolecular Larock indole synthesis of 2-chloroanilines bearing tethered
acetylenes 106 was developed for the elaboration of a variety of polycyclic
indole skeletons 107, for example, in 108-112.** This intramolecular
indolization method unveiled an unusual syn-anidopalladation pathway of a
tethered alkyne. The major side product is the dechlorinated starting material
as a result of a reductive process.

Pd(OAc), ( 5 mol%) R

Cl R K>COs; (5 equiv)
©: | | NMP, 130 °C A\ )
NH <= Pt-Bu, N

F X
OJ\X n @—Pt—Buz gf

(10 mol%) 107
50-78%
p-Tol
-
N
o)
108 (56% 109 (70%) 110 (61%)
111 (59% 112 (75%)
1. Pd(OACc); (5 mol%)
0 RZ2  PPh; (5 moi%) 0 R2
GN | I | n-Bu4CI (1 GQ)
+ DMF, base, 80 °C  H,;N
H 1 7-120 h ,: R®
NHR' R3
114 2. TFA, CH,Cl, 113 M
= H, COMe, COCHMe, 38-100%
R? = n-Pr, Me, Ph, COOEt, CH,CH,OH, CH,CH,Cl, p-MeOPh-CH,CH,, CH,-N-

pyrrolidinyl
R3 = n-Pr, t-Bu, Ph, SiMe;, CH,-N-pyrrolidinyl
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Larock indole synthesis was applied in a solid-phase synthesis of
trlsus)sstltuted inodles 113 using an amide group as a linker starting from
114.

On the other hand, a traceless solid-phase synthesis of 2,3-
disubstituted indoles 115 was developed using PdCly(PPhs), as the
precatalyst, tetramethylgaunidine (TMG) as the base and under double
coupling conditions.* Solution-phase conditions, in this case, caused
incomplete reactions, and large quantities of multiple acetylene insertion side
products were observed, presumably due to the poor solubility of the

inorganic bases.
|
PPTS @i
CICH,CH,CI NH

. J\/) Cf“ moCZh Qo\/o(j

RZ(R‘)

PdCl,(PPhs), (20 mol%)
TMG (10 equiv) 2) R%(R'
DMF, 110 °C R(R =
1x5h;1x16h _TFA, CH.Cl, N\ R'(R?)
Rl—R? N

53-97%

mass recovery 115

=H, COMe, COCHMe,
R2— n-Pr, Me, Ph, COOEt, CH,CH,0OH, CH,CH,CI
R3 = n-Pr, t-Bu, Ph, SiMe;

Applications to the Total Synthesis of Natural Products

As mentioned previously, efficient asymmetric synthesis of optically active
substituted tryptophans 91 was realized via Larock heteroannulation
methodology by Cook and co-workers.*” This application has been extended

to the first asaymmetric synthesis of L-isotryptophan 116 and L-
benz[f]tryptophan 117 and an improved synthesis of tryprostatin A 118.*

COOEt COOEt

L-lsotryptophan (116) L-benz[f]tryptophan (117) Tryprostatin A (118)
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Similarly, Cook and co-workers used the Larock indole synthesis to
prepare the key intermediate 4-methoxytryptophan derived from intermediate
119 in the total syntheses of Mitragynine (120), 9-methoxy-Ny-
methylgeissoschizol (121) and 9-methoxygeissoschizol (122).*7** Thus
Larock heteroannulation of Boc-protected 2-iodo-3-methoxyaniline 123 and
a suitable silyl substituted internal alkyne such as 124 regiospecifically
afforded the indole derivative 119, a key intermediate for the total synthesis
of mitragynine, 9-methoxy-Ny-methylgeissoschizol, and 9-methoxygeisso-
schizol.

EtO
OMe —N
I .
+ // N=
NHBoc OEt
123 T™MS 124
\/
Pd(OAC), (1.8 mol%) EtO\( ';l
LiCl (1 eq) OMe —_—

DMF, 100 °C, 72 h
50 g scale (82%)

OMe OMe

CH,OH CH,OH

_ ) 9-methoxy-Ny- 9-methoxy-
mitragynine (120) methylgeissoschizol (121) geissoschizol (122)

Earlier on, the total syntheses of (—)-fuchsiaefoline (125), (-)-12-
methoxy-Ny,-methylvoachalotine  (126), (+)-12-methoxy-N,-methylvello-
simine (127), and (+)-12-methoxyaffinisine (128) were accomplished in the
same lab using the larock indole synthesis for the preparation of key
precursor 7-methoxy-D-tryptophan in an enantiopure form.***  The
annulation process could readily be carried out both on small scale (100 mg)
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and on large scale (100 g, 75%). The Batoli indole synthesis has been used to
synthesize 7-substiuted indoles, but only in moderate yields.”'

\_/
EtO._ -~ Pd(OAC), (2 mol%)
[I' \||/\|"' K,CO3 (2.5 eq), LICI (1 eq)
+ N
NHBoc OEt  DMF, 100 °C, 36 h, 75%
OM 100 g scale

e 4

TES 1.2eq

R = CHO, (+)-12-methoxy-N,-
(=)-12-methoxy-Ni- methylvellosimine (127)

methylvoachalotine (126) Eq:t g;;(:f;lm(;%; ?1-28)

EtoﬁIN Pd(OAc), (1.3 mol%)
| Nl\/”\ Na,CO; (2.5 eq), LiCl (1 eq)
oo /@NH 7 OBt pMmF, 100 °C, 36 h, 75%
e 2 4 100 g scale
=z

TES" 17eq
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EtO N
\ \
N\)\OEt
f — = . related nature products

|
MeO TES 129

N
H

In addition, the synthesis of 6-methoxytrypophan 129 was achieved
under similar conditions of the larock indole synthesis. Intermediate 129 is
one of the key starting reagents for the synthesis of other natural products as
demonstrated by Cook and co-workers.*

3.7.6 Experimental

Larock Indole Synthesis of Internal Alkynes with o-lodoaniline: 2,3-Di-n-
propylindole (130)°

Pd(OAc), (5 mol%)
KoCO4 (2.5 equiv)

| n-Pr "LiCI (1 equiv) n-Pr
+ DMF, 100 °C, 20 h N\
| | n-Pr
NH 80% N
2 n-Pr H
130

Pd(OAc); (2.81 mg, 0.0125 mmol), LiCl, (0.021 g, 0.5 mmol), K,CO; (0.35
g, 2.50 mmol), o-iodoaniline (0.11 g, 0.50 mmol), oct-4-yne (0.28 g, 2.50
mmol), and DMF (10 mL) were added to a 4-dram vial equipped with a
stirring bar and Teflon-lined screw cap. After being heated for 20 h at 100
°C, the reaction mixture was diluted with ether and washed with saturated
aqueous NH4Cl and H,O. The organic layer was dried over MgSOy4. The
reaction mixture was filtered and concentrated, and the product was purified
by flash column chromatography using hexanes/ethyl acetate to give the
desired product as a slightly yellow oil (0.081 g, 80%).
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Modified Larock Indole Synthesis of Internal Alkynes With o-Bromo or o-
Chloroanilines: 3-Ethyl-2-isopropenyl-5-methyl-1H-indole (131)"°

Pd(OAc); ( 5 mol%) i-Pr
cl Et  KyCOj; (2.5 equiv) pe

Me
P 0o
o | e~
NH2 ?Pt'BUZ ”

i-Pr

Pt-Bu, 131
(10 mol%)

60%

A 100 mL reaction flask equipped with a stirring bar and thermocouple were
charged with Pd(OAc), (56 mg, 0.25 mmol), D-BPF (142 mg, 0.3 mmol), 2-
chloro-4-methylaniline (0.71 g, 5 mmol), 2-methyl-1-hexen-3-yne (0.94 g, 10
mmol), K,CO3 (1.73 g, 12.5 mmol), and DMF (50 mL). The flask was
purged with argon. The reaction was heated to 110 °C and stirred for
overnight. The reaction was complete after 20 h at 110 °C. The mixture was
filtered through a layer of celite and washed with ethyl acetate (10 mL). The
filtrate was diluted with water (50 mL), and extracted with EtOAc (100 mL X
3). The combined organic phase was washed with water (50 mL x 4) and
brine, dried over MgSQO,, filtered, and concentrated to give a dark brown
residue. The product was purified via silica gel (hexane/EtOAc, 50:1). The
desired product was obtained as an off-white solid (0.6 g, 60% yield).
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3.8 Martinet Dioxindole Reaction
Martin E. Hayes

3.8.1 Description

KOH 0
O, N
o /—> R P o)
Eto\ﬂ)H(OEt ”
O 4
o 0 2 HO
S MeCO,H X OEt
R = — % » R— 0]
|
NH; reflux Z ”
1 3 KOH OH
\—> R S 0
Z N
5

The Martinet reaction is the conversion of primary or secondary anilines in
combination with a mesoxalic ester to give an isolable 3-hydroxy-3-carboxy-
oxindole (3) which, depending on the reaction conditions, can be converted
to either an isatin (4) or the corresponding 3-hydroxyoxindole (5) with a base
such as potassium hydroxide.'

3.8.2 Historical Perspective

Joseph Martinet first reported” the conversion of anilines to dioxindoles upon
combination with diethylmesoxalic ester in 1913 while earning a Ph.D. under
the direction of A. Haller’ He later went on the develop syntheses of
indigols as well as develop practical methods for preparing diazo-indole
dyes, which have been used industrially.*

3.8.3 Mechanism

While no detailed mechanistic studies have been reported, a reasonable
mechanism has been proposed previously.’” Under acid conditions, the
aniline and mesoxalic esters likely exist in equilibrium with a Schiff’s base
such as 6. However, an anilide (8) also can form irreversibly, which then
undergoes an intramolecular Friedel-Craft-type alkylation to give an isolable
3-hydroxy-3-carboalkoxy-oxindole such as 10 at elevated temperatures. The
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3-carboxyoxindole (10) can be further functionalized under basic conditions
to give either dioxindole such as 13 or the corresponding isatin (4). In the
presence of oxygen” and a base such as sodium or potassium hydroxide, the
isatin is isolated as the major product, however if oxygen is excluded the
dioxindole (13) is the observed product.

EtOH
CO,Et o)
@ A + HO <= @ P
N ~CO,Et NH, EtO,C” “CO,Et

2

6 7 2
0« _CO,Et HO CO,Et CO,Et
g% . .
N° "0
H
8
0]
Ho VB OH
aq. KOH O H,0 P
N\ Q@
“T’ 0O — 0O —» 0
p\
EtOH ” H N
11 12 13 H

3.8.4 Variations and Improvements

The reaction conditions initially reported by Martinet® remain the most
widely employed for the preparation of dioxindoles. Thermal condensations
of anilines with diethylmesoxalic esters in acetic acid at reflux temperatures
provide 3-hydroxy-3-carboethoxyoxindoles such as 10. The reaction mixture
is heated for only a short time, typically 10-20 min, and then allowed to sit at
room temperature for several hours, allowing the newly formed oxindole to
precipitate from solution. A basic workup can be used; however,
neutralization is often omitted in favor of washing the solid with a solvent
such as petroleum ether. The 3-hydroxy-3-carboxyoxindole can be
conveniently converted to the corresponding isatin via aeration of the
intermediate oxindoles such as 10 in a basic solution at elevated
temperatures. Again, heating is most often applied for a short period of time,
10-20 min., though protocols with extended heating and aeration steps have
been reported.® To obtain the decarboxylated oxindoles such as 13, treatment
with potassium or sodium hydroxide under inert atmosphere is required. The
majority of synthetically useful applications of the Martinet reaction involve
conversion to the isatin derivatives. There are no reports of metal-catalyzed
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Martinet reactions, though treatment of preformed N-phenylglyoxamides
such as 14 with Cu(Il) catalysts have been reported to give either dioxindole
15 or isatin 16 in good yields.”

OH 0
Ox 10% catalyst
l THF, 100°C, 24 h_ o o
T O N N
14 15 16
CuOTf, argon 56% 6%
Cu(OTf),, O, 0% 61%

The regiochemical outcome of the Martinet reaction is influenced by
steric considerations. For example, 3-phenylaniline (17) under the standard
Martinet conditions provides 6-phenylisatin (18) as the only product.®
Substitution on nitrogen is tolerated with limited examples of N-alkyl
reactants such as p-anisole (19)* and N-phenyl-N-ethyl amine (21).°

O

O
O + )J\ MeCO,H O (o)
—_—
O NH, EtO2C" "COEL "5 00 C O N
17 2 35% 18

0
0 O 0
g N I MeCOH 7~ o
EtO,C”~ “COEt — > N
NH 3h, 100 °C \
19 | 2 339 20
L S wecom {
eLL>
+
NH EtO,C” “CO,Et ————7> o
2 no yield 22 \__

given

Tetrahydroquinolines are also reported to react in a Martinet fashion
with mesoxalic esters to give condensed tricycles such as 24.” «- and p-
Amino-napthalenes have been reported to participate in the reaction as well,
giving the linear tricycles such as 26.'° The reaction is tolerant of ortho-



170 Name Reactions for HeterocyclicChemistry-11I

substitution on the aniline as shown in the conversion® of 27 to 28 as well as
electron-withdrawing substituents on the aniline (30)."!

©\/j MeCOZH
Et020 COZEt — N

100 °C

no yield 0] o)
given

i Ly
MeCO,H N

H,
+
EtOch\COzEt — O o

24

SB
25

100 °C
no yield 26 O
given
MeCO,H o
O o 3-4h, reflux;
NH; * A > ©
3 Et0C° COEt NaOH, aeration N
o) ” , 3-4 h, reflux Q o H
57% 28
neat, 130 °C; 0 HO CO,Et
Ph,0O, reflux _PhaO reflux o pr
Et02C coEt N ©
30 H

3.8.5 Synthetic Utility
General Utility

Anilines with electron-donating groups at the meta-position are reported to
provide good yields in the Martinet reaction, as would be expected from the
proposed mechanism. For example, 3-5-diemethoxyaniline (31) reacts to
give an 88% yield of the 3-hydroxy-3-carboethoxyoxindole 32. 12



Chapter 3 Indoles 171

~
O ~0 HO
0O
O NH2 EtozC COzEt 100 oC O N
| 2h | H
0,
31 2 88% 32

Characterization of the products arising from regioisomeric
dimethoxyanilines reveal unexpected byproducts such as 35" and 38"
These byproducts presumably arise from competitive side-reactions of the
electron-rich anilines and not from intermediates of the Martinet reaction.

0
-~ j\ MeCO,H
_—.—>
NH, | EOLCT TCOE f00°C
0h
0
- 33 2

EtO,C_ CO,Et

HO ' co,Et
\(;fgi \©\)< CO,Et

53% 3 6y
. i MeCO,H
—_—
\O NH2 EtOQC COQEt 100 oC
1.25 h
o
-~ 36 2

—0

EtO,C_ CO,Et

CO,Et
/@f; HN COzEt + @ COLE

69% _0 2% 1%

The majority of Martinet'> reactions in the literature report the
preparation of substituted isatins.'® There are some examples, though, of
preparations of the 3-hydroxy-3-carboethoxyoxindoles as intermediates
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toward the synthesis of related heterocycles. LAH reduction of oxindole 40
gives 3-methylindole 41 in moderate yleld Oxindole 40 also undergoes
reduction under Clemmenson conditions'® to give oxindole 42 while
sapponification of dioxindole 13 with sodium hydroxide and hydrogen
peroxide results in the carboxylic acid 43. 1o

~

~o
LAH
. A\
/S 51% N N
o)
HO_ CO,Et 4
joat
~o N ~o
40 \_ Zn, HCI
o)
95% SO ”
42
OH
NaOH
CES:O Hzoz ©\)\C02H
N
H

Applications in the Synthesis of Pharmaceuticals

Several examples of Martinet reactions have been reported for the
preparation of biologically active compounds. Examples include studies
targeting Mescaline analogs such as 45.°° More recent examples include
aminopeptidase II inhibitors (48),”! monoamine oxidase (MAO) inhibitors
(50),%* and aldose reductase inhibitors such as 53.%

| O o MeCO,H | 0" o
o:©\ . 9 10min, 100°C ¢
o Nh, E02C COEt NaoH, aeration ©
| 2 10 min., 100 °C o) N

44 2 |

25% 45
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O
EtOZC CO,Et o OH
MeCO,H
OO NHz 3 120 °C NH
no yield given
46
o]
EtOZC/u\COZEt

MeCO,H
2o O\/ [
F
49 /©\NH el 1207C i /\©i‘g:0
2 50 N
H

no yield given

(o]

(0]
Etozc/u\cozEt EtO._o
O HN (o)
MeCO,H HO
/@[ ]\/ 20 min, reflux N —» O N
0,
77% cl (o) cl Oj\/
53

52
3.8.6 Experimental

Preparation of 4,6-Dimethoxy-3-hydroxy-3-carboethoxyoxindole (32)"

o) ~0
/@\ j\ MeCO,H HO_coEt
+
o NH EtO,C” "C