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2,3-Dihydroindoles, 1,2,3,4-tetrahydroquinolines, and 2,3,4,5-tetrahydroliezepines are available

by a process that represents formal radical cyclization onto aromatic rings. Optically pure benzo-fused
heterocycles are also accessible by this methdddophenols, especially those with the phenolic oxygen
protected as a MOM-ether, can be coupled with amino alcohols to prdthacg amino alcohols, which

can be converted into the corresponding alkyl iodides in which the nitrogen is protected as a carbamate.
These compounds give cross-conjugated ketones after removal of the phenolic protecting group and
oxidation with Phl(OAc) in the presence of MeOH. The ketones undergo 5-, 6-@x&trigonal radical
cyclization, and then exposure to acid, or sequential treatment with a Grignard reagent and then acid,
effects rearomatization to produce the benzo-fused nitrogen heterocycles.

Introduction While the cyclization of spand sp carbon radicals onto
double and triple bonds is an integral part of synthetic
methodology, radical cyclization onto benzene rings along the
g1es summarized in Scheme 1 is a far less developed subject,
notW|thstand|ng the fact that it can be useful in preparing
important benzo-fused compounds. Examples where the acceptor
aromatic ring is a heterocycle are fairly well-knotand, for
benzene rings, there are a growing number of repbimswhich

the attacking radical is $fhybridized. However, there does not
appear to be a general method to deal with direct closure of
sp*-hybridized carbon onto carbocyclic aromatic rings. Although
(1) See, for example: Kinase inhibitors: Adams, J. L.; Bryan, D. L.; Some examples of this type are indeed known, the mechanism

Kasparec, J.; King, F. D.; Takle, A. K.; Wilson, D. M.; Goodman, S. N.  for the rearomatization (c2 — 3) is poorly understood.The
WO 2004043379, 2004. Histamine H3 receptor antagonists: Beavers, L.
S.; Finley, D. R.; Gadski, R. A.; Hipskind, P. A.; Jesudason, C. D.; Pickard,
R. T.; Stevens, F. C. WO 2004026837, 2004. 2,3-Oxidosqualene-lanosterol  (2) For recent advances in the preparation of indolines, see, for
cyclase inhibitors: Aebi, J.; Ackermann, J.; Chucholowski, A.; Dehmlow, example: (a) Dunetz, J. R.; Danheiser, RJLAm. Chem. So2005 127,

H.; Morand, O.; Wallbaum, S.; Weller, T.; Panday, N. WO 2002050041, 5776-5777.(b) Arp, F. O.; Fu, G. Q. Am. Chem. So2006 128 14264~

2002. Growth hormone release promoters: Tokunaga, T.; Nagata, T. JP14265. For recent advances in the preparation of tetrahydroquinolines, see,
11292894, 1999. Treatment for dementia: Greig, N. H.; Shaw, K. T. Y.; for example: (c) Legros, J.; Crousse, B.; Quteh, M.; Bonnet-Delpon,

Yu, Q.-S.; Holloway, H. W.; Utsuki, T.; Soncrant, T. T.; Ingram, D. S.; D. Synlett2006 1899-1902. (d) Nagarajan, R.; Magesh, C. J.; Perumal,
Brossi, A.; Giordano, A.; Powers, G.; Davidson, D.; Sturgess, M. WO P. T.Synthesi004 69—74. (e) Jia, X.; Lin, H.; Huo, C.; Zhang, W.;".u
2002048150, 2002. Dopamine D4 receptor ligands: Perregaard, J. K.; Bang-J.; Yang, L.; Zhao, G.; Liu, Z.-LSynlett2003 17071709.

Andersen, B.; Pedersen, H.; Mikkelsen, I.; Dancer, R. WO 9828293, 1998.  (3) Preliminary communication: Fletcher, S. P.; Clive, D. L. J.; Peng,
Estrogen receptor modulators: Wallace, O. B. WO 2002094788, 2002. J.; Wingert, D. A.Org. Lett 2005 7, 23—26.

A number of benzo-fused nitrogen heterocyclic systems, such
as 2,3-dihydroindoles and 1,2,3,4-tetrahydroquinolines, are of
considerable interest as potential pharmaceutical agents becaus
of their activity as various enzyme inhibitors, receptor ligands,
and hormone release promotéisWe describe here a general
method for the synthesis of such compounds, including optically
pure materials, by a route that formally constitutes an oxidative
radical cyclization onto a benzene rifgd broad range of
derivatives is available by simple modification of this route.

10.1021/jo7026307 CCC: $40.75 © 2008 American Chemical Society
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Formal Radical Cyclization onto Aromatic Rings

SCHEME 1. Radical Cyclization onto a Benzene Ring
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SCHEME 2. Xanthate Method for Radical Cyclization onto

a Benzene Ring

CLL

+-BuOOBu-t,
PhCI reflux

57%

o
N
\

most effective procedure is the use of xanthates (see Scheme

2) 810 This powerful method relies on the formation of a radical
that is more stable than Mdor Et, if an ethyl xanthate is
used)

Several years ago, an indirect but general method for
achieving the overall transformation shown in Scheme 1 was
developed in this laboratory along the lines shown in Scheme
311 The essential steps involve conversion of a phenol into a
cross-conjugated ketonel (— 5), which readily undergoes
classical radical closure. The product is then rearomatized by
treatment with acidg — 7).

X
8

A noteworthy feature of this approach is the fact that the
intermediate enoné can be reduced with NaBjbr treated

(4) Typical examples of alkyl radical cyclization onto heteroaromatic
rings: (a) Murphy, J. A.; Sherborn, M. Setrahedron1991, 47, 4077
4088. (b) Moody, C. J.; Norton, C. LJ. Chem. So¢cPerkin Trans. 11997,
2639-2643. (c) Aldabbagh, F.; Bowman, W. R.; Mann, E.; Slawin, A. M.
Z. Tetrahedronl999 55, 8111-8128. (d) Marco-Contelles, J.; Réduez-
Fernaadez, M.Tetrahedron Lett200Q 41, 381-384. (e) Miranda, L. D;
Cruz-Almanza, R.; Pavwg M.; Romero, Y.; Muchowski, J. MTetrahedron
Lett 200Q 41, 1018%+-10184. (f) Bowman, W. R.; Fletcher, A. J.; Potts,
G. B. S.J. Chem. So¢Perkin Trans. 12002 2747-2762. (g) Allin, S.
M.; Barton, W. R. S.; Bowman, W. R.; Mclnally, Tetrahedron Lett2002
43, 4191-4193. (h) Gagosz, F.; Zard, S. Drg. Lett 2002 4, 4345~
4348. (i) BacqueE.; El Qacemi, M.; Zard, S. 2rg. Lett 2004 6, 3671~
3674. (j) Storey, J. M. D.; Ladwa, M. Mletrahedron Lett2006 47, 381—
383. (k) Janza, B.; Studer, rg. Lett 2006 8, 1875-1878.

(5) Leading references to cyclization of aryl radicals onto aromatic
rings: Clyne, M. A.; Aldabbagh, FOrg. Biomol. Chem2006 4, 268—
277.

(6) Examples of cyclization of vinyl radicals onto aromatic rings: (a)
Du, W.; Curran, D. POrg. Lett 2003 5, 1765-1768. (b) Gowrisankar,
S.; Lee, H. S.; Kim, J. NTetrahedron Lett2007, 48, 3105-3108. (c)
Pedersen, J. M.; Bowman, W. R.; Elsegood, M. R. J.; Fletcher, A. J.; Lovell,
P. J.J. Org. Chem2005 70, 10615-10618.

(7) (a) Crich, D.; Hwang, J.-T. Org. Chem1998 63, 2765-2770. (b)
Beckwith, A. L. J.; Bowry, V. W.; Bowman, W. R.; Mann, E.; Parr, J,;
Story, J. M. D.Angew. ChemiInt. Ed.2004 43, 95-98. (c) Curran, D. P.;
Keller, A. I. J. Am. Chem. So2006 128 13706-13707.

(8) (a) Axon, J.; Boiteau, L.; Boivin, J.; Forbes, J. E.; Zard, S. Z.
Tetrahedron Lett1994 35, 1719-1722. (b) Liard, A.; Quiclet-Sire, B.;
Saicic, R. N.; Zard, S. ZTetrahedron Lett1997 38, 1759-1762. (c)
Cholleton, N.; Zard, S. ZTetrahedron Lett1998 39, 7295-7298. (d)
Hoang-Cong, X.; Quiclet-Sire, B.; Zard, S. Zetrahedron Lett1999 40,
2125-2126. (e) Ly, T.-M.; Quiclet-Sire, B.; Sortais, B.; Zard, S. Z.
Tetrahedron Lett1999 40, 2533-2536. (f) Kaoudi, T.; Quiclet-Sire, B.;
Seguin, S.; Zard, S. ZAngew. Chem.Int. Ed. 200Q 39, 731-733. (Q)
Quiclet-Sire, B.; Sortais, B.; Zard, S. 4. Chem. So¢.Chem. Commun
2002 1692-1693. (h) Quiclet-Sire, B.; Zard, S. 4. Chem. So¢cChem.
Commun2002 2306-2307. (i) Zard, S. ZAust. J. Chem2006 59, 663—
668.
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SCHEME 3. Indirect Radical Cyclization onto a Benzene

Ring
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with a Grignard reagent so as to form, after the rearomatization
step, aromatic systems of ty@ewhere Y= H, alkyl, or aryl.
These possibilities greatly extend the types of compound that
can be made and more than offset the requirement that the
starting material be a phenol.

The principles summarized in Scheme 3 were applied to the
formation of benzo-fused oxygé&rand nitroge# heterocycles,
and have recently been extenéfeth a modified form to the
generation of benzo-fused carbocycles. The required radicals
are generated from iodides, and we have used the radical
cyclization to produce five-, six-, and seven-membered rings.
Full details and applications of this method for making oxygen
heterocycles have been publisHé&énd we describe here our
work on the more valuable nitrogen case, which affords, among
other compound types, derivatives of dihydroindoles and
tetrahydroquinolines. As indicated above, some compounds of
type 8, where X = N, have potentially valuable biological
properties-?

Results and Discussion

To extend our original studies on oxygen heterocycles to the
nitrogen series, we had to identify a reliable method for making
the amino phenol&é2 (Scheme 4) as well as the derived cross-
conjugated ketoned3. This task entailed a good deal of
exploratory work since the route had to satisfy a number of
closely linked requirements in a mutually compatible way.
Access to the cross-conjugated ketones requires the preparation
of p-amino phenoldl2 carrying on nitrogen both a protecting

(9) For cyclizations of-dicarbonyl compounds see: Snider, B@em.
Rev. 1996 96, 339-363.

(10) For methods that do not involve xanthates see: (a) Ishibashi, H.;
Nakamura, N.; Ito, K.; Kitayama, S.; lkeda, NHeterocyclesl99Q 31,
1781-1784. (b) Curran, D. P.; Liu, Hl. Chem. So¢Perkin Trans. 11994
1377-1393. (c) Beckwith, A. L. J.; Storey, J. M. 0. Chem. SocChem.
Commun 1995 977-978.

(11) Clive, D. L. J.; Fletcher, S. P.; Liu, OJ. Org. Chem 2004 69,
3282-3293.

(12) Clive, D. L. J.; Sunasee, Rirg. Lett 2007, 9, 2677-2680.

J. Org. ChemVol. 73, No. 6, 2008 2331



JOC Article Clive et al.

TABLE 1. Preparation of lodides from Protected Phenols, with and withoutN-Protection before Introducing lodine

OMOM OMOM OMOM OMOM
a n
15— 15 >
82% 56% COzEt
HN~">on  Rroco'N~"on  roco N~ peN RN Phoco
[
1 27————= 27aR=Ph —=(~27b R=Ph R =MOM 96%°
100%" 94% > 27¢, R=Ph R'=H 10 32 32a, R=H [ 32cR= MOM
., 98%d 86%° I-_»32b R=pPhocod 324 A=
2 27a' R = allyl —» — 27b", R = allyl, R' = MOM 83%P 96%™
87%¢ 88% > 27¢" R=allyl R'= H OMe OR OH
. 73%
3 o 27a"R=Ne =~ 27b", R =Me, R = MOM |4 L
100%f 82% L~ 27¢" R =Me, R = H 75% OH OH [
92%
OMOM H’ \|/[Et PhOCO” \([Et PhOCO” \([Et
Ph Ph Ph
1 33 33a, R = Me e 33c
86%I  L=33b R=-H 91%¢
N 9»/r
RN crco™N

|
4 27a", R=H = 27c"
91%°  L=270" R =CFycO T gooks 16 —>
90%9 78% COzH \_}
OMOM OMOM OR
h phoco”"

et O 85%! 100%°  719%

12 34 34a [ 34b, R =Me, X = OH

34c, R=H, X=0H

H \r\OH PhOCO” j/\OH PhOCO” W/\I [C3adR=H X=1
80%¢

5 28a [:28b R = MOM OMOM OMOM

OR
76%" 92% 28c, R=H
i ¢ 94%4 15 u_v»
15> (5)-28 (5)-28a (S)-28b, R = MOM
6 82% 95%® 98% L» (5)-28c, R = H 76%

96%¢ N, H N, \OH N, [
OMOM OMOM OR H 'Oﬂo PhOGCO O OH bhoco g
15—j>

S 13 cis, trans-35 35a |:35b' R = MOM
78% 91%P 90%° 35¢c,R=H
N N N 85%™M
H Y SOH  PhOCO” Y TOH  PhOCO™ Y I OMOM OMOM OH
Et B Et w
7 29 29a 29b, R = MOM 15 >
81%P 89% L= 29c,R=H 71%
o OH | |
81%¢ N N N
OMOM OMOM O;(_?) Ov Ov
14 36 36a 36b
90% 96% 73%d
Meoco™
8 30 ESOa,H:H 30c 17—» I
85%C > 30b,R = MeOCO —! 99%¢ 50%
93%
OMOM OMOM OR phoco”N phoco”
) 15 37 l:37a, R= Me_[—> 37c
15— 87%P 37b,R=H 84%°
74% OH OH | 80%"
H'N\__)\ PhOCO” N\__)\ PhOCO'N\_)\
9 31 31a 31b, R = MOM
90%>P 90%° 31c,R=H
86%™

aK,CQOs, Cul, L-proline, ethanolamine, DMS®.PhOCOCI,i-PrLNEt. ¢ PhgP, imidazole, 4. 9 MesSiBr. € allylOCOCI, i-PrLNEt. f MeOCOCI, i-PrLNEt.
9 (CRCO)0, i-PBNEL. "K,COs, Cul, L-proline, )-21, DMSO. ' K,CO;, Cul, L-proline, ©)-21, DMSO.i K,CO;, Cul, L-proline, 2-amino-1-butanol, DMSO.
kK,CQ;, Cul, L-proline, 1,3-propanolamine, DMSOK,COs, Cul, L-proline, 4-amino-2-butanol, DMSQ@! BCl3.SMe, CH;Cl,. "K,COs, Cul, L-proline,
ethyl 3-aminobutyrate, DMSQC.LIAIH 4. P PhCHO, 16, L-proline, N-methyl-2-pyrrolidinone, PrCHO; then NaBHVIieOH. 9 PhOCOCI,i-Pr,NEt, DMAP.
" BBrs, CHyCly. S Succinic anhydride'. BHz*SMe. Y K,COs, Cul, L-proline, 3-aminocyclohexanol (cis/trans mixture), DMS(ield of cis and trans isomers
76%; only cis isomer (64%) was carried forwartil5, (+)-pyroglutaminol, CgCO;s, Cul, N,N'-dimethylethylenediamine, DMF.

group and an alkyl chain terminating in an iodine atom. Our specific cases (see Table 1, entries 11 and 12; Table 2, entry 2)
approach was designed very largely around a cross-couplingthat para-oxygenated anilingg ROGHsNH», R = H, Me) are
strategy involving an aryl iodide and a suitably functionalized also very convenient starting materials.

amine (se® — 10), because we felt that such a route would be ~ We decided to make the alkyl iodide segment from the
more flexible and efficient thaiN-monoalkylation of a para-  corresponding alcohdlO (Scheme 4). For this conversion of
oxygenated aniline. However, we did demonstrate in three C—OH to C—1I, the choice of nitrogen protecting group turned

2332 J. Org. Chem.Vol. 73, No. 6, 2008
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TABLE 2. Preparation of lodides with Unprotected Phenols

P P

H-N~"on RSN
38—»38a R= aIIyIOCO—>27c' R = allylOCO

62%0 87%°

38a', R = MeOCO —27c", R = MeOCO
70%4 85%°

118 —
75%-
81%2

OCOOMe

2 2o 2

L~ 39b, R = PhOCO
g

2 19—
85%°

39— 39a,R=H
f

aK,COs, Cul, L-proline, ethanolamine, DMSO.allylOCOCI, i-PrNEt.
¢PhsP, imidazole, 3. 4 MeOCOCI, i-PrNEt. € 2-iodobenzaldehyde; then
NaBH;, MeOH. f MeOCOCI, E4N. 9 PhOCOCIj-PLNEL. " K,COs, MeOH.
i Overall yield from39.

out to be crucial and, in the event, its nature also determined
the ease of oxidation of the aromatic ring into the cross-
conjugated ketonel@ — 13). We evaluated a number of

nitrogen protecting groups, as described below, and eventually

discovered that carbamates, especially phenyl carbamates

(Scheme 4, Pg= PhOCO), are very satisfactory and that the
subsequent oxidation is then also straightforward. The suitability
of phenyl carbamates was a key finding, which allowed us to

use the process of Scheme 4 to prepare a wide range of benzo-

fused nitrogen heterocycles. According to our understanding,
the method can produce compounds that would be difficult to
make by any other approach.

Preparation of the Starting Amino (and Amido) Alcohols.
As indicated above, we generally prepared buaryl amino
alcohols (and in one case, an amido alcohol) from aromatic
iodides, but have sometimes used anilineRQCH4NH2, R
= Me, H). We examined the five starting materidls,*® 16,
17,1418, and19. In the case of the iodides, we found that the

OMOM

©©‘¢©©

coupling procedure of Ma, Cai, and Zhahgp very effective

for converting them into the requisité-(5-hydroxyethyl)- or
N-(y-hydroxypropyl)anilines. As shown in Table 1 (entries
1-10, 13, and 15), this coupling method generally gives the
products in 76-80% yields. It is also not essential to protect
the hydroxyl group of the iodophenol used in the coupling step,
since we found that an unprotected pherid) (reacts with an
amino alcohol (Table 2, entry 1), but our experience is that the

use of protected phenols is more dependable and gives a cleaner

(13) Takatori, K.; Nishihara, M.; Nishiyama, Y.; Kajiwara, Metra-
hedron1998 54, 15861-15869.

(14) Castanet, A.-S.; Colobert, F.; Broutin, P.Tetrahedron Lett2002
43, 5047-5048.

(15) (a) Ma, D.; Cai, Q.; Zhang, HDOrg. Lett 2003 5, 2453-2455. (b)
Zhang, H.; Cai, Q.; Ma, DJ. Org. Chem2005 70, 5164-5173. (c) Cf.:
Shafir, A.; Lichtor, P. A.; Buchwald, S. LJ. Am. Chem. So2007, 129,
3490-3491.
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SCHEME 5. Formation of Single Enantiomers
© © L-proline © NaBH, ©
Ph Ph Ph
40 M 33

coupling product. We also find that the subsequent transforma-
tions (N-protection and iodide formation) generally work better
if the original phenolic oxygen is protected. The Ma procedure
is easy to carry out and involves adding Cuproline, Kx-
CO;s, and the amino alcohol to a solution of t@eprotected
iodophenol in DMSO. The mixture is then stirred for 12 h at
85 °C under Ar. We have performed many such reactions
satisfactorily on a small scale {4 mmol of iodide), using
amines20—26.16

HoN HoN H,N
2EN0H 2 Y\OH 2 \(\OH
20 ()21, ()21 22
HoN
HoN _~_OH HZN\/\rOH » W/\ o,
23 2 25
HZN\O,OH
26

For the aryl iodide-amide coupling with racemic pyro-
glutaminol (Table 1, entry 14) we used the amidation procedure
(Cul, N,N-dimethylethylenediamine, @S0O;, DMF, 80 °C)
developed’ by the Buchwald group. This example (Table 1,
entry 14) is noteworthy because no nitrogen protection step is
subsequently needed.

The aliphatic carbon bearing the amino group can carry a
simple substituent (e.g., Me, Et), but bulky groups suchRs
andt-Bu cause problems, either at the coupling staggu( ca.
20% vyield) or at theN-protection stagei{Pr, poor chemose-
lectivity between OH and NH).

When starting with16, it is possible to form suitable
N-substituted anilines by acylation, and this approach was used
in convertingl6 into 34 (Table 1, entry 12) by treatment with
succinic anhydride. Both the amide and the carboxyl were then
reduced in the same reaction to aff@da, the actual amine
substrate for our purpose. We also used ami@#or reductive
amination of 2-iodobenzaldehyde to afford phed®(Table 2,
entry 2).

Another way of using amines directly is shown by the
formation of33 (Scheme 5 and Table 1, entry 11), which was
generated fronl6 by an asymmetric Mannich condensation,
exactly according to a literatu¥eprocedure (Scheme 5). The

(16) All are commercially available, although we preparg our-
selves: Greenhill, J. V.; Ramli, M.; Tomassini, J. Chem. So¢Perkin
Trans. 11975 588-591.

(17) Klapars, A.; Huang, X.; Buchwald, S. . Am. Chem. So2002
124, 7421-7428.

(18) (a) Hayashi, Y.; Tsuboi, W.; Ashimine, I.; Urushima, T.; Shoji, M.;
Sakai, K.Angew. Chem.Int. Ed 2003 42, 3677-3680. (b) We assign
the indicated absolute configuration by analogy to an example for which
the absolute configuration was determined by X-ray methods (see ref
18a).

J. Org. ChemVol. 73, No. 6, 2008 2333
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TABLE 3. Oxidation, Cyclization, and Aromatization?
OH 0 0 OH
MeO MeO
g\
~N 570406 R R’N\([Et R’N\(EEt RN B R\ Et

1 Zc,R:PhOCO s 7e i 33 P: PhOCO —>°°b ::d 4—>8%0J vans 33 8o ZZf

93%P 69%° 96%f 11 c, R= > trans-33e
2 27¢', R = allyloCO— 27d' 27¢' 271" 24%°! cis C,s_mj

m

93%b 77%° 83%' 82%
3 27¢",R = MeOCO — 27d" 27¢" 271"

78%° 64%°9 64%f
4 27¢"™, R=CFgCO —> 27d™ 27e™ 27"

\j Meo \,5
12 34d, R =PhOCO —»349
98% 539%MN
o] OH

R’ \|/\I R \|/\I

b 51%de
5 28c, R = PhOCO MeO

o/ d,e

6 (S)-28¢, R = PhOCO -'L(S)-zad

Q

Q

Y Rj/\l

5%

— s (29286 ——> (S)-281

OH

E‘ 939 Et 78%° 71%9
7 29¢, R = PhOCO 29d
OH o OH
[ j | [ ] |
MeO \)/ MeO"!
R,N\)/ oeN aoN
8 30c, R = MeOCO 30d 30e 30t

I e

9 31c,R= PhOCO—> 31d

©

75%P

84%°

79%"

2

78%P | 21%C trans
10 32d,R= PhOCO —> 32e —» trans-32f

1%°

cis

66%‘ l

5

86°/ K

cis- 32f
92%X

2

"O’ "O’ ) i)

94%P 42%, 302 g ¥
13 35¢,R= PROCO e 3 35t
MeO ; f ; 3
v 89%” gavie
82%'

‘*99@%‘5

78%° 93%P
1537¢, R = PhOCO—>37d R = PhOCO —>37e — 371, R PhOCO

R = PhOCO
(a7 g,R PhOCO
86%3 R'=Ac

2 Liofdo o

16 39c, R = PhOCO — 39d
94%P 76%5t

a All compounds are racemic, except those of entries 6 and 11. Cis and trans refer to ring fusion stereochdéthi¢@®Ac)y, MeOH. ¢ BusSnH, AIBN,
PhMe, 85°C. 4 TSOH.H0, 4 A molecular sieves, CHEI® Over three steps from the iodophendlsOH.H0, 4 A molecular sieves, Ci€l,. 9 Corrected
for recovered27d"’; without correction, 54%? TsOH.HO, CH,Cl,. ' HCI, PhMe.i Over two steps fron81d. ¥ TsOH.HO, THF.! Both the trans and cis
ring-fused compounds were single isomét$iCl, CHCL. " Over two steps fron84e ° Yield of 35eis 42%;35f is also formed (30%); ring fusion iB5e
is cis, but relative stereochemistry to bridgehead is a tentative assigrimie@H.HO, CHCE. 9 Ac;O, EgN. " BusSnH, AIBN, PhH, 85°C. SHCI, PhH.
tOver two steps fron89d.

ee value reported foB3 is 97% and, although our own

pyroglutaminol (Table 1, entry 14; Table 3, entry 14) would
experience of this process is limited to a single example, we likewise give a single enantiomer.

consider the method to be an excellent and convenient way of  Protection of Nitrogen and Formation of the lodides for

applying our radical cyclization to make optically active benzo- Radical Closure. As indicated earlier, the choice of nitrogen
fused nitrogen heterocycles. Entry 6 of Table 1 summarizes aprotecting group is crucial. Apart from the obvious requirement
route to an optically active product via our standard aryl iodide

amine coupling procedure and, in principle, use of optically pure allow replacement of the alcoholic hydroxyl by iodine and then

2334 J. Org. Chem.Vol. 73, No. 6, 2008

that installation and removal should be easy, the group must
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Evaluation of N-Trifluoroacetate
OH
N~
CF3CO I
27¢™

SCHEME 6.

Ph{OAc), or
PhI(OCOCFj3),
—_—

(¢]
MeOH Qj
MeO

N
CF,CO™ "
P

oxidation of the phenol to the cross-conjugated ketone. Ease of
installation requires that the reagent used to attachNhe
protecting group should be highly selective for nitrogen versus
hydroxyl.

Precedent for the desired type of oxidation was available in
synthetic work on dynemycin &2%in which the substructure
42 was converted into substructud8. Nonetheless, our first

OH e}
©\C'O R = allyl, Me Meo@c 0
.c* .c*
oy Mo oMo
o o}
42 43

test of a nitrogen protecting group was to examine a toluene-
sulfonyl group but, with44 and the corresponding iodide as
substrates, we were unable to effect oxidation in the required
sense (cfl2— 13), using DDQ, CAN, Pb(OAGg) or TI(NOs)s.

OH

N
TolSOy " Br
44

The trifluoroacetyl group was chosen as the next candidate,
mainly because of its ease of removal. When we examined the
N-trifluoroacetate27c” (Scheme 6), oxidation occurred slowly
with PhI(OAc) (2 days, 78%) but more rapidly with Phl-
(OCOCHR); (30 min, 53%). The subsequent radical cyclization
and rearomatization were also successful, but the trifluoroacetyl
group was not ideal because yields in the latter part of the
sequence were modest. Consequently, it was decided to continu

the search for a better protecting group, and so we turned our

attention to carbamates. To this end, amino alcd@®was
treated with BogO and we then attempted to convert the product
45 into the corresponding iodidé6. Although this iodide was
formed, the yield was poor (28%) and the compound was
accompanied by the cyclic carbamdfé Moreover, pheno46

was not oxidized by Phl(OAg)or by PhI(OCOCE),. The
formation of47 suggested that other carbamates, less liable to
fragment by way of a stable carbonium i&npught to be

examined, and so allyloxy, methyl, and phenyl carbamates were

evaluated in that order. It quickly emerged that, while our
sequence of-acylation, phenol oxidation, radical closure, and
rearomatization could be made to work with all of them, the

phenyl carbamate was clearly the best in terms of ease of

(19) (a) Danishefsky, S. J.; Shair, M. D. Org. Chem1996 61, 16—
43. (b) Shair, M. D.; Yoon, T. Y.; Mosny, K. K.; Chou, T. C.; Danishefsky,
S. J.J. Am. Chem. Sod 996 118 9509-9525.

(20) Myers, A. G.; Tom, N. J.; Fraley, M. E.; Cohen, S. B.; Madar, D.
J.J. Am. Chem. S0d997 119 6072-6094.

(21) Smith, M. B.; March, IMarch’s Advanced Organic Chemistrgth
ed.; Wiley: Hoboken, NJ, 2007; p 244.
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SCHEME 7. Evaluation of N-Boc Derivative
OH Boc,0,
MeCN, PhgP, I,
HN~"on Ne~on BoeNN (_\FO
28% fo)
38 45 46

SCHEME 8. Evaluation of N,N-Dialkyl Groups?
OMOM OMOM OMOM

Q=0 ==

a2 Reagents and conditions. (a)®0;s, Cul, L-proline, 2-piperidinemetha-
nol, DMSO, 80°C, 26 h, 28%. (b) PP, imidazole, 4, THF, 45 min. (c)
MesSiBr, CHCl,, 15 min, 41% from48.

15

SCHEME 9. Mechanism for Potential Scrambling of
Regiochemistry
H N+
R R R

51 52 51 53
installation and yields in the subsequent steps. Even when the
positiona to the nitrogen carries a substituent (Me, Et), use of
a phenyl carbamate did not lead to the generation of a
heterocycle during formation of the iodide (56— 47 Scheme
7), as sometimes occurred with methyl and allyl carbamates.
Consequently, most of our work has been based on phenyl
carbamates.

We also examined briefly the possibility Nfalkyl protection.
The phenol50 was prepared as shown in Scheme 8, but we

were unable to oxidize it to the desired cross-conjugated ketone

e_{wth either Phl(OAc) or PhlO.

Finally, we should mention that we encountered a minor
practical inconvenience associated with using carbamates: slow
C(O)—-N bond rotation often severely broadens the NMR
signals.

Experimentally, our amino alcohols were converted into
phenyl carbamates by reaction with PhOCOCI in the presence
of a base, and yields were generally in the range 8, as
indicated in Table 1. When the positiento nitrogen carries
an isopropy! group, however, acylation with PhOCOCI was not
sufficiently selective for nitrogen over oxygen.

In a few cases (see Table 2, preparatioB&dand38d) we
obtained much better results if the acylating agent (0.6 equiv),
Hunig’s base (0.6 equiv), and then a second portion of acylating

agent (0.6 equiv) were added in that order.

Table 1 also shows some of the results we obtained in our
search for an ideal protecting group. That phase of the work
involved not only the use of different forms ®f-protection
but also experiments in which the alcohol was converted into
an iodidebefore Nprotection. Entry 4 of Table 1 shows the
formation of a trifluoroacetamide in which iodine is already in
place, and entry 8, the formation of a methyl carbamate, again
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TABLE 4. Further Modifications

Q Ph_ OH Ph
1 —_— —_—
MeO N MeO N N
PhOCO PhOCO PhOCO
27e 279 27h
o) OH
MeO 'N: 7 MeO ‘Nt 7 N‘ 7
R g N 52%0¢ R
2 27e, R = PhOCO — 27i e 27j
64% 71%° 0 OH
3 27e", R = MeOCO 27g" 27h"
H n H  65%%K
9 OH N ° - I —
f X 1ogbe MeO™ MeO™ T !
4 _ _ PhOCO* single PhOCO” PhOCO"”
isomer
MeO™ | MeO™ N cis-32f cis-32h 32i
allyloco’ allyloco’ allyloco’ o
27¢' 27¢g' 27h'
O 69°/oc'k
10
61 %9 80% MeO"
5 PhOCO” PhOCO
MeO
MeOCO” \/\| MeOCO MeOCO trans-32f trans-32j 32k
27d"
489 b,h
(35%
6
MeOCO MeOCO
27k" 271"

aPhMgCl, THF.> TsOH.H0, 4 A molecular sieves, Gi€l,. ¢ Over two steps, from enonéNaBH;,;, CeCk-7H,0, MeOH.® TsOH.H0, 4 A molecular
sieves, CHGJ. fallyiIMgBr, THF. 9 allyltributyltin, AIBN, PhMe, reflux." Yield of 27I". 1 27j" also isolated (35%) after the two-step process as a result of
incomplete reaction d7i” with allyIMgBr (experiment done only oncé)NaBH,, CeCk-7H,0, EtOH.* TsSOH.HO, CHCk. ' MeMgBr, EtO. ™ TSOH.HO,
Et,0. " NaBH,, CeCh-7H,0, THF.° MeMgBr, THF.

starting with an iodide. However, we did not put extensive effort ture, generally in yields of about 85%. In three casgkb(—
into studying the sequence in which the iodine is introduced 31¢ 32c— 32d, 35b— 35¢) BCl3-SMewas used in an equally
before acylation of the nitrogen because amino iodRi&" efficient process. In those few exampl&3§ — 33b, 34b —
was not very stable (it should be used the same day it is made)34c 37a— 37b) where the original phenol had been protected
and we were concerned about the ease of formation of as a methyl ether, removal was effected with BiBrsatisfactory
aziridinium ions from such amino iodides. If aziridinium ions yield (71—89%).

were to form, the regiochemical integrity of the starting materials ~ As indicated above, our search for suitalNeprotecting

might be compromised by the rearrangeméit > 52 — 51 groups was undertaken bearing in mind that oxidation would
+ 53) shown in Scheme 9. be done with PhlI(OAg)in MeOH, since this system had been
The pyroglutaminol-derived compour86 (see Table 1) is uniformly successful in our earlier work on the oxygen series
internally protected on nitrogen, and the amB®& (Table 2) of Scheme 2 (X= O).11 Our exploratory studies in the present
already has the iodine in place. instance had identified phenoli-protected amino iodides as

In preparing iodides from ouN-protected amines we favor  satisfactory candidates for this type of oxidation, and we found
the standard PR—imidazole-1, proceduré as it gave the that the Phl(OAg) oxidation method worked satisfactorily for
desired products, often in yields above 90%. most of our examples (Table 3). Yields were often above 90%,

Phenol Deprotection and Formation of Cross-Conjugated ~ but a few of the cross-conjugated ketones appeared to decom-
Ketones. As is clear from Table 1, we usually worked with ~ pose when their solutions were concentrated to dryness. In these
MOM-protected phenols, from which the protecting group was cases the material obtained from flash chromatography was not
readily removed by treatment with M®iBr at room tempera-  €vaporated completely and the eluent was displaced by multiple

partial evaporations after adding portions of dry PhMe. PhlO

(22) Cf.: Garegg, P. J.; Johansson, R.; Ortega, C.; Samuelssgh, B. WaS also tested as an oxidant: wific it gave the cross-
Chem. Sog.Perkin Trans. 11982 681—-683. conjugated ketone in 84% yield. Compouw2itt” was oxidized
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with PhI(OCOCE),, but the yield was lower (53%) than that
with PhI(OAc) (78%).

The cross-conjugated ketoBd,22 where the nitrogen has an
acidic hydrogen, was not sufficiently stable to survive even the
mild conditions used for radical cyclization.

Radical Cyclization and Rearomatization.With the excep-
tion of compound54, the radical cyclization step proceeded
without incident under standard conditions that involved slow
addition of a solution of BgSnH and AIBN in PhMe to a hot

JOC Article

of acid gives products carrying an additional alkyl, allyl, or aryl
group (Table 4, entries 1, 4, 8, and 10).

The examples of Table 4, entries 5 and 6, represent a more
sophisticated diversion from the normal pathway. In this case
the a-keto radical produced by the cyclization was trapped by
Keck allylatior?® and the resulting ketone was treated with
allylmagnesium bromide. The bis-allylic product formed in this
way was rearomatized in the normal manngrk’ — 27").

Conclusions

The final products shown in Tables 3 and 4 firmly establish
that the present method is general and can be used to construct
a wide range of substances including linearly fused, angularly
fused, and bridged systems. Ring sizes accessible in the radical
closure step cover the range-B. Although most of the final
aromatized compounds that are chiral were prepared in racemic

solution of the cross-conjugated ketone in the same solvent. Theform, optically active substances are also accessible. A very
only complication we met was the tendency for some of the USeful feature of the route is the opportunity it provides for
cyclization products to aromatize during handling. In most cases, Incorporating additional substituents, especially at the location
aromatization was actually the desired next step, and in those®f the original phenolic hydroxyl, and the method can provide
where it was not, the radical cyclization product was processed 2CCess to compounds that would be difficult to make by other

promptly (see later).
We examined the formation in the radical step of five-, six-,

routes.

and seven-membered rings but did not explore beyond this Experimental Section

range.

When five-membered rings are generated in the radical

cyclization, we obtain only a single ring-fusion geometry,
presumabl¥ cis, in the bicyclic product. When six-membered

rings are formed, we sometimes observed mixtures of both the

2-[[4-(Methoxymethoxy)phenylJamino]ethanol (27).Ethano-
lamine (1.13 mL, 18 mmol) was injected into an oven-dried round-
bottomed flask containingl5!® (990.0 mg, 3.75 mmol) (Ar
atmosphere). Oven-dried,&Os (2.58 g, 18 mmol), Cul (178 mg,
0.94 mmol), and.-proline (215 mg, 1.87 mmol) were tipped in.

cis and trans ring-fused products. However, the production of pry pMSO (5 mL) was added and the flask was lowered into an
such isomer mixtures is of no consequence as the asymmetriil bath preset at 88C. The mixture was stirred for 45 min, cooled

centers involved are subsequently converted #tgbridization.

to room temperature, and partitioned between water and EtOAc.

In all cases, the rearomatization was effected by adding a The aqueous phase was extracted with EtOAc and the combined

small amount of an acid to a solution of the radical cyclization
product. Usually TsOHH,O was used, most often in the
presence ©4 A molecular sieves, with CkCl, or CHCk as
solvents. In a few cases, a small amount of concentrate

hydrochloric acid was added to a solution of the substrate in

PhH, CHC}, or PhMe. Reaction mixtures were left for 15 min
to 12 h, but all the aromatizations were probably complete within

organic extracts were washed with water (twice) and brine, dried
(MgSQy), and evaporated. Flash chromatography of the residue over
silica gel (2.6x 18 cm), using EtOAe-hexane mixtures from 0%

dto 100% EtOAc, gave7 (609 mg, 82%) as an oil: FTIR (CHEI

cast) 3381, 2944, 1512, 1228 ctin'H NMR (CDCl;, 300 MHz)
8 2.90-3.18 (br s, 2 H), 3.27 (t) = 5.5 Hz, 2 H), 3.48 (s, 3 H),
3.82 (t,J = 5.0 Hz, 2 H), 5.08 (s, 2 H), 6.62 (apparentld= 8.9
Hz, 2 H), 6.93 (apparent d,= 8.9 Hz, 2 H);13C NMR (CDClk,

minutes. The use of molecular sieves was based on observationg25 MHz) 6 47.0 (t), 55.8 (q), 61.3 (t), 95.6 (), 114.5 (d), 118.0

made in the aromatization o27€', because in this case
complete selectivity for aromatization by loss of the MeO group,

(d), 143.4 (s), 149.9 (s); exact man¥z calcd for GoHisNO3
197.10519, found 197.10390.

as opposed to opening of the heterocycle, was observed only (2-Hydroxyethyl)[4-(methoxymethoxy)phenyl]carbamic Acid

in the presence of sieves.
We suspect that the Me&C bond overlaps better with the
enonexr system than the endocyclic-@ bond, and this

situation causes aromatization to occur preferentially by loss

of the MeO group (as MeOH).
Manipulation of the Radical Cyclization Products. All the

Phenyl Ester (27a). PhOCOCI (0.213 mL, 1.695 mmol) was
injected rapidly (3-4 s) into a stirred and cooled-B0 °C) solution

of 27 (298.5 mg, 1.513 mmol) andPr,NEt (0.295 mL, 1.695
mmol) in CH,Cl, (10 mL). After 30 min, the cold bath was removed
and stirring was continued for 1.5 h. The mixture was quenched
with saturated aqueous NaHE(0 mL) and the aqueous phase
was extracted with CHGI The combined organic extracts were

above rearomatizations generate phenols, but the sequence igyjeqg (MgSQ) and evaporated. Flash chromatography of the residue

easily modified so as to provide other compound types.
Reduction of the intermediate-unsaturated ketones gives

over silica gel (2.5« 18 cm), using EtOAe-hexane mixtures from
10% to 50% EtOAc, gav@7a(480.3 mg, 100%) as an oil: FTIR

secondary alcohols (see Table 4, entries 2, 3, 7, and 9) that(CDCl; cast) 3468, 2950, 1720, 1592 cin'H NMR (CDCls, 500

also undergo the rearomatization, giving products in which the
original phenolic hydroxyl is now replaced by hydrogen.
Similarly, when the intermediate,3-unsaturated ketones are
treated with a Grignard reagent, rearomatization in the presenc

(23) For preparation, see the Supporting Information.
(24) Clive, D. L. J.; Cheshire, D. R.; Set, . Chem. So¢c.Chem.
Commun 1987 353-355.

€

MHz) 6 2.5-2.7 (br s, 1 H), 3.49 (s, 3 H), 3.86 [dd (one appears
as a broad signal) = 4.5 Hz, 4 H], 5.18 (s, 2 H), 7.067.07 (m,

4 H),7.18 (tJ=7Hz,1H),7.26-7.28 (m,2H), 7.33 (1) =7.5

Hz, 2 H); 13C NMR (CDCk, 125 MHz)d 53.6 (t), 56.1 (q), 61.0
(t), 94.5 (1), 116.8 (d), 121.5 (d), 125.4 (d), 128.5 (d), 129.2 (d),

(25) Keck, G. E.; Yates, J. Bl. Am. Chem. Socl982 104, 5829-
5831.
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135.5 (qg), 151.3 (qg), 156.3 (q); exact mask calcd for GH;o-
NOs 317.12631, found 317.12644.
(2-lodoethyl)[4-(methoxymethoxy)phenyl]carbamic Acid Phen-
yl Ester (27b). Imidazole (264.0 mg, 3.880 mmol), §h (723.0
mg, 2.757 mmol), and;(674.0 mg, 2.655 mmol) were added in
that order to a stirred and cooled10) solution of27a(324.0 mg,
1.021 mmol) in dry THF (20 mL). After 1 h, the cold bath was
removed and stirring was continued for 12 h. The mixture was
quenched with a mixture of saturated aqueous@; (12 mL)
and brine (12 mL). The aqueous phase was extracted with £HCI
and the combined organic extracts were dried (MgSénd

Clive et al.

5-Hydroxy-2,3-dihydroindole-1-carboxylic Acid Phenyl Ester
(27f). TSOHH,0 (60.0 mg, 0.3154 mmol) was added to a stirred
mixture of the above crud@7e [assumed to contain 113.0 mg
(0.3933 mmol) of27¢ and 4 A molecular sieves (ca. 60 mg) in
CHCI; (20 mL). Stirring was continued for 2.5 h, and the mixture
was filtered and evaporated. Flash chromatography of the residue
over silica gel (2x 16 cm), using EtOAehexane mixtures from
0% to 50% EtOAc, gave7f (57.4 mg, 57% over three steps) as
an oil: FTIR (microscope) 3390, 2923, 1693, 1601, 1490, 1416,
1336 cn1l; *H NMR (CDsOD, 500 MHz)¢ 3.13 (t,J = 8.2 Hz,
3 H), 3.96-4.12 (apparent s, 0.5 H), 4.19 {t= 8.2 Hz, 1.5 H),

evaporated. Flash chromatography of the residue over silica gel (36.60 (d,J = 8.0 Hz, 1.0 H), 6.68 (s, 0.9 H), 6.7%.85 (m, 0.1 H),

x 18 cm), using EtOAe hexane mixtures from 2% to 20% EtOAc,
gave27b (410.2 mg, 94%) as an oil: FTIR (CDgLtast) 2954,
1720, 1592 cm?; *H NMR (CDClz, 500 MHz)6 3.30 (t,J = 7.3
Hz, 2 H), 3.49 (s, 3 H), 3.984.26 (br m, 2 H), 5.18 (s, 2 H), 7.08
(apparent dJ = 8.9 Hz, 3.5 H), 7.137.24 (br s, 1.3 H), 7.27
(apparent dJ = 8.9 Hz, 2.2 H), 7.36:7.40 (br s, 2 H)13C NMR
(CDCl, 125 MHz)¢6 0.8 (t), 52.9 (t), 56.1 (q), 94.5 (1), 116.9 (d),

6.95-7.08 (apparent s, 0.1 H), 7.18 @= 7.6 Hz, 2 H), 7.23 (t,
J=7.1Hz, 1H),7.39(J=7.6Hz 2.2 H),7.56 (d)=8.5Hz,

0.7 H); 13C NMR (CD;0OD, 125 MHz) (one signal appears to be
obscured by the solvent peak®8.7 (t), 113.3 (d), 114.6 (d), 116.5
(d), 123.0 (d), 126.8 (d), 130.4 (d), 134.4 (s), 135.7 (s), 152.4 (s),
152.9 (s), 155.1 (s); exact mas calcd for GsH;3NO; 255.08954,
found 255.08943.

121.5(d), 125.4 (d), 128.5 (d), 129.2 (d), 134.4 (s), 151.2 (s), 153.9  5-Phenyl-2,3-dihydroindole-1-carboxylic Acid Phenyl Ester

(s), 156.5 (s); exact masw/z calcd for G/H1gINO, 427.02805,
found 427.02809.

(4-Hydroxyphenyl)(2-iodoethyl)carbamic Acid Phenyl Ester
(27c). MesSiBr (1.070 mL, 8.089 mmol) was injected at a fast
dropwise rate into a stirred solution ®7b (288.0 mg, 0.6741 mmol)
in dry CH,Cl, (23 mL). Stirring was continued for 22 h, and the

(27h).Dry THF (3 mL) was added t@7e(0.1171 g, 0.408 mmol)
and the solution was cooled to78 °C. PhMgCI (0.51 mL, 1.02
mmol) was then added dropwise, and stirring was continued for 5
min after the addition. The cooling bath was removed and stirring
was continued for 1 h. The mixture was quenched with water (1
mL) and partitioned between water and EtOAc. The combined

mixture was then quenched with water (30 mL) and extracted with organic extracts were dried (MggQand evaporated. The crude

CHCI;. The combined organic extracts were dried (Mgsénd

material was dissolved in dry GBI, (2 mL), ard 4 A molecular

evaporated. Flash chromatography of the residue over silica gel (3sieves (ca. 72 mg) and TsOH® (0.0057 g, 0.048 mmol) were

x 17 cm), using EtOAe hexane mixtures from 2% to 25% EtOAc,
gave27cas a white solid (253.2 mg, 98%): mp 12826°C with
trace amounts not melting until 14960 °C; FTIR (CDCk cast)
3367, 1694, 1596, 1515, 1398 ciH NMR (CDs;OD, 400 MHz)
0 3.18-3.35 (apparent br m, 2 H), 3.92.20 (br m, 2 H), 6.83
(apparent dJ = 8.8 Hz, 2 H), 7.02 (dJ = 7.6 Hz, 1 H), 7.1+
7.26 (m, 3.9 H), 7.267.43 (m, 2.1 H);3C NMR (CDChk, 125
MHz) 6 1.2 (t), 53.0 (t), 116.2 (d), 121.5 (d), 125.5 (d), 128.8 (d),
129.3 (d), 133.0 (s), 151.2 (s), 154.3 (s), 155.3 (s); exact mass
calcd for GsH14NNaO; 405.99107, found 405.99067.
(2-lodoethyl)(1-methoxy-4-oxocyclohexa-2,5-dienyl)carbam-
ic Acid Phenyl Ester (27d).PhI(OAc), (163.0 mg, 0.4958 mmol)
was added to a stirred and cooled @) solution of27c (152.0
mg, 0.3970 mmol) in dry MeOH (26 mL). After 20 min the cold

added. Stirring was continued for 5 min. The liquid contents of
the flask were transferred to another flask, using GHSla rinse,
and the solution was evaporated. Flash chromatography of the
residue over silica gel (1.5 25 cm), using 2.5:10 EtOA¢chexanes,
gave27h (0.0659 g, 51%) as a white solid: mp 17477°C; FTIR
(CHCI; cast) 3031, 1723, 1598, 1509 cin'H NMR (CDCl;, 400
MHz) 6 3.24 (t,J =9 Hz, 2 H), 4.32 (tJ = 9.5 Hz, 2 H), 7.22
7.98 (m, 13 H);13C NMR (CDCk, 100.6 MHz)d 27.8 (t), 48.1 (1),
115.2 (d), 121.7 (d), 123.4 (d), 125.6 (d), 126.6 (d), 126.8 (d), 128.7
(d), 129.3 (d), 131.7 (s), 136.3 (s), 140.8 (s), 141.6 (s), 150.7 (s),
151.1 (s), 192.2 (s); exact mas calcd for G;H;/NO, 315.12592,
found 315.12596.

2,3-Dihydroindole-1-carboxylic Acid Phenyl Ester (27j).Dry
MeOH was added t@7e(0.0715 g, 0.25 mmol) and the solution

bath was removed, stirring was continued for 4.5 h, and the mixture was stirred and cooled te-78 °C. CeC}-7H,O (0.0927 g, 0.25

was quenched with a mixture of aqueous,$&®; (1 M, 35 mL)
and saturated aqueous NaH£@5 mL). The aqueous phase was
extracted with CHG| dried (NaSO,), and evaporated. Flash
chromatography of the residue over silica gel2.8 cm), using
EtOAc—hexane mixtures from 2% to 20% EtOAc, ga®éd. The

mmol) and then NaBl(0.0283 g, 0.75 mmol) were tipped in.
Stirring was continued for 5 min, the cooling bath was removed,
and stirring was continued for 1 h. The mixture was partitioned
between EtOAc and brine, and the combined organic extracts were
dried (MgSQ) and evaporated. The residue was dissolved in dry

compound decomposes on concentration of its solutions andCH,Cl, (2 mL), ard 4 A molecular sieves (ca. 72 mg) and

satisfactoryH and 3C NMR could not be obtained. Crude

material: FTIR (microscope) 3044, 2937, 2850, 2835, 1726, 1673,

1633, 1494, 1455, 1385 crh exact massn/z calcd for GgHis
INO, 413.01186, found 413.01181.
7a-Methoxy-5-0x0-2,3,3a,4,5,7a-hexahydroindole-1-carboxy-
lic Acid Phenyl Ester (27e).A solution of BuSnH (0.158 mL,
0.5945 mmol) and AIBN (43.0 mg, 0.2616 mmol) in dry PhMe

TsOH.HO (0.0047 g, 0.025 mmol) were tipped in. Stirring was
continued for 5 min. The liquid contents of the flask were
transferred to another flask, using CH@s a rinse, and the solution
was evaporated. Flash chromatography of the residue over silica
gel (1 x 25 cm), using 1:5 EtOAehexanes, gava7j (0.0309 g,
52%) as a white solid: mp 129132°C; FTIR (CDC} cast) 3053,
3027, 2669, 1715 cnt; *H NMR (CDCls, 500 MHz, 65°C) o

(10 mL) was added over 2.5 h by syringe pump to a stirred and 3.21 (t,J =9 Hz, 2 H), 4.25 (tJ = 9.0 Hz, 2 H), 7.057.88 (m,

heated (85°C) solution of 27d [assumed to contain 163.0 mg
(0.3964 mmol) of27d] in dry PhMe (34 mL). Heating at 85C

9 H); 13C NMR (CDCk, 125.3 MHz, 75°C) 6 27.9 (t), 48.3 (1),
115.5 (d), 121.8 (d), 123.3 (d), 124.9 (d), 125.6 (d), 127.8 (d), 129.4

was continued for 14.5 h after the addition and the mixture was (d), 151.4 (s), (several signals are missing, but comparison with an
then cooled and evaporated. Flash chromatography of the residueauthentic sample made from indoline showed the same effect); exact

over 10% finely ground KFsilica gel (10% w/w KF) (2x 20
cm), using EtOAe-hexane mixtures from 2% to 50% EtOAc, gave

massnVz calcd for GsH13NO, 239.09464, found 239.09474.
(2-Hydroxyethyl)[4-(methoxymethoxy)phenyl]carbamic Acid

27eas an oil. The compound partially aromatizes on attempts at Allyl Ester (27a"). AllylOCOCI (0.052 mL, 0.487 mmol, 0.6 equiv)

further purification and satisfacto®{ and'3C NMR could not be

obtained. Crude material: FTIR (microscope) 3066, 2955, 2901,

2833, 1726, 1687, 1493, 1456, 1370 émexact massnwz calcd
for Ci6H17NO, 287.11575, found 287.11588.
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was injected at a fast dropwise rate into a stirred and cootdd (
°C) solution 0f27 (160 mg, 0.8112 mmol) in dry MeCN (8 mL)
(Ar atmosphere). Stirring was continued for 5 min, and the cooling
bath was removed. After an additional 7 min, dyr,NEt (0.085
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mL, 0.487 mmol, 0.6 equiv) was injected rapidly and stirring was
continued for 2 min. The mixture was recooled-td0 °C and a
second portion of allylOCOCI (0.052 mL, 0.487 mmol, 0.6 equiv)

JOC Article

aqueous phase was extracted with CH@ x 15 mL). The
combined organic extracts were dried (Mgg$@nd evaporated.
Flash chromatography of the residue over silica gel B9 cm),

was injected. Stirring was continued for 5 min, and the cold bath using EtOAe-hexane mixtures from 2% to 80% EtOAc, ga¥iéd’

was removed. Stirring was continued for 15 min, and water (5 mL)

(176.5 mg, 100%) as an oil: FTIR (CH{tast) 3455, 2954, 1703,

was added. The mixture was concentrated under water pump1511, 1455, 1387, 1295 crj *H NMR (CDClz, 500 MHz)6 2.20—
vacuum (rotary evaporator) to remove most of the organic solvent, 3.04 (br s, 1 H), 3.48 (s, 3H), 3.67 (s, 3 H), 3.78 (m, 4 H), 5.17 (s,

and the residue was partitioned between CH&ld brine. The
aqueous phase was extracted with CH@l x 15 mL) and the
combined organic extracts were dried (Mg®$@nd evaporated.
Flash chromatography of the residue over silica gek(35 cm),
using EtOAc-hexane mixtures from 0% to 100% EtOAc, gave
27d (204 mg, 87%) as an oil: FTIR (G&l, cast) 3457, 2948,
1701, 1511, 1445, 1402, 1295 cin*H NMR (CDCls, 500 MHz)
0 3.48 (s, 3 H), 3.78 (m, 4 H), 4.58 (br d,= 3.3 Hz, 2 H), 5.18
(m, 4 H), 5.85 (br s, 1 H), 7.02 (apparentld= 9.0 Hz, 2 H), 7.15
(d,J = 8.5 Hz, 2 H);33C NMR (CDCk, 125 MHz)d 53.4 (t), 56.0
(9), 61.3 (1), 66.4 (t), 94.5 (t), 116.7 (d), 117.2 (t), 128.5 (d), 132.6
(d), 135.8 (s), 156.0 (s); exact mas¥z calcd for G4H1oNOs
281.12631, found 281.12614.
(2-lodoethyl)[4-(methoxymethoxy)phenyljcarbamic Acid Allyl
Ester (270). Imidazole (160.7 mg, 2.361 mmol), §fh(440.1 mg,
1.678 mmol), andJl (410.1 mg, 1.616 mmol) were added in that
order to a stirred solution &#7d (174.8 mg, 0.6214 mmol) in dry
THF (14 mL), and stirring was continued for 12 h. The mixture
was quenched with a 1:1:1:4 mixture of saturated aqueouS,Na
brine, saturated aqueous NaH{@nd water. The aqueous phase
was extracted with CHGI(3 x 15 mL) and the combined organic
extracts were dried (MgS{pand evaporated. Flash chromatography
of the residue over silica gel (257 21 cm), using EtOAe hexane
mixtures from 2% to 50% EtOAc, ga\v&7b' (214.4 mg, 88%) as
an oil: FTIR (CHCI, cast) 2952, 2897, 2825, 1705, 1511, 1396,
1279 cn1l; *H NMR (CDCl;, 400 MHz)6 3.22 (t,J = 8.0 Hz, 2
H), 3.49 (s, 3 H), 3.98 (1) = 7.3 Hz, 2 H), 4.59 (br apparent s, 2
H), 5.18 (apparent s, 4 H), 5.86 (br s, 1 H), 7.03 (apparedt=d,
9.0 Hz, 2 H), 7.14 (br dJ = 8.6 Hz, 2 H);'3C NMR (CDClk, 100
MHz) (mixture of rotamers) 0.9 (t), 45.8 (t), 53.0 (t), 56.0 (q),
61.2 (t), 66.4 (t), 94.9 (t), 117.1 (d), 117.4 (s), 128.6 (d), 132.7 (d),
135.1 (s), 155.2 (s), 156.4 (s); exact ma¥z calcd for G4H1g
INO, 391.02805, found 391.02724.
(4-Hydroxyphenyl)(2-iodoethyl)carbamic Acid Allyl Ester
(27¢). MesSiBr (0.444 mL, 3.364 mmol) was injected at a fast
dropwise rate into a stirred solution &7b (137.0 mg, 0.3364
mmol) in dry CHCI, (12 mL). Stirring was continued for 19 h,

2 H), 7.02 (apparent dl = 8.8 Hz, 2 H), 7.13 (dJ = 8.6 Hz, 2
H); 13C NMR (CDCk, 100 MHz) ¢ 53.2 (q), 53.4 (t), 56.1 (q),
61.2 (1), 94.5 (t), 116.8 (d), 128.5 (d), 135.8 (s), 156.1 (s), 157.6
(s); exact masswz calcd for G,H;/NOs 255.11067, found
255.10998.
(2-lodoethyl)[4-(methoxymethoxy)phenyl]carbamic Acid Meth-
yl Ester (27b"). Imidazole (142 mg, 2.083 mmol), & (388 mg,
1.480 mmol), and (362 mg, 1.425 mmol) were added in that
order to a stirred solution dt7d" (140 mg, 0.5481 mmol) in dry
THF (12 mL), and stirring was continued for 20 h. The mixture
was quenched with a 1:1 mixture of saturated aqueouysKg
and brine. The aqueous phase was extracted with €(8Ck 15
mL) and the combined organic extracts were dried (MgSdd
evaporated. Flash chromatography of the residue over silica gel
(2.7 x 21 cm), using EtOAe hexane mixtures from 2% to 10%
EtOAc, gave27b’ as an oil (165.2 mg, 82%): FTIR (GBI, cast)
2953, 2899, 2825, 1709, 1511, 1449, 1381, 1292%cAH NMR
(CDCl;, 400 MHz)6 3.20 (t,J = 7.9 Hz, 2 H), 3.46 (s, 3 H), 3.66
(brs, 3 H), 3.95 (tJ= 7.3, 2 H), 5.15 (s, 2 H), 7.03 (apparent d,
J=9.0 Hz, 2 H), 7.13 (dJ = 8.6 Hz, 2 H);13C NMR (CDCl,
100 MHz)6 1.2 (t), 52.8 (t), 53.1 (q), 56.1 (q), 94.5 (t), 116.8 (d),
128.6 (d), 134.7 (s) 155.9 (s), 156.2 (s); exact nrakscalcd for
C12H16INO, 365.01242, found 365.01305.
(4-Hydroxyphenyl)(2-iodoethyl)carbamic Acid Methyl Ester
(27¢"). MesSiBr (0.668 mL, 5.061 mmol) was injected at a fast
dropwise rate into a stirred solution 27b" (154 mg, 0.4217 mmol)
in dry CH,Cl, (14 mL). Stirring was continued for 19 h, and the
mixture was then quenched with water (15 mL) and extracted with
CHCI; (4 x 15 mL). The combined organic extracts were dried
(MgSQy) and evaporated. Flash chromatography of the residue over
silica gel (1.5x 25 cm), using EtOAe-hexane mixtures from 2%
to 25% EtOAc, gave7c’ (125.6 mg, 92%) as a semisolid: FTIR
(CHLCI; cast) 3331, 2954, 1675, 1515, 1457, 1389, 1264'¢ci
NMR (CDs;OD, 400 MHz)é 3.19 (t,J = 7.5 Hz, 2 H), 3.473.86
(br m, 3 H), 3.91 (tJ = 7.3 Hz, 2 H), 6.77 (dJ = 8.7 Hz, 2 H),
7.05 (d,J = 7.6 Hz, 2 H);'3C NMR (CD;0D, 100 MHz)o 1.7 (t),
53.6 (), 53.9 (1), 116.8 (d), 130.0 (d), 133.5 (s), 157.9 (s), 158.1

and the mixture was quenched with water (10 mL) and extracted (s); exact massnz calcd for GoHiINO3 320.98621, found

with CHCl; (4 x 15 mL). The combined organic extracts were

dried (MgSQ) and evaporated. Flash chromatography of the residue

over silica gel (1.8< 22 cm), using EtOAe hexane mixtures from
2% to 25% EtOAc, gav27c¢ as a semisolid (89.3 mg, 73%): FTIR
(CHCl, cast) 3340, 2947, 1674, 1515, 1450, 1408, 1264¢cAH
NMR (CD;OD, 500 MHz)¢ 3.21 (t,J = 7.0 Hz, 2 H), 3.93 (br t,
J=05.9 Hz, 2 H), 4.43-4.75 (br m, 2 H), 5.005.45 (br m, 2 H),
5.75-6.08 (br m, 1 H), 6.78 (d) = 8.5 Hz, 2 H), 7.08 (dJ = 7.8
Hz, 2 H); 13C NMR (CD;OD, 100 MHz, 60°C) (mixture of
rotamers)d 1.4 (t), 47.6 (t), 53.9 (t), 63.2 (t), 67.3 (), 116.7 (d),

320.98589.
(29)-2-[[4-(Methoxymethoxy)phenyl]lamino]propan-1-ol [(S)-
28]. Amine (9-21 (0.322 g, 4.287 mmol), Cul (41 mg, 0.2144
mmol), L-proline (0.0492 g, 0.427 mmol), and oven-driegddO;
(0.296 g, 0.536 mmol) where added in that ordef$0(0.283 g,
1.072 mmol) contained in a dry, nitrogen-flushed, round-bottomed
flask fitted with a condenser. Dry DMSO (1 mL) was then added
and the mixture was heated at 8C for 17 h, cooled to room
temperature, and partitioned between water and GH®E aqueous
phase was extracted with CHGInd the combined organic extracts

117.6 (t), 122.8 (d), 131.7 (s), 133.8 (s), 133.9 (d), 155.8 (s), 157.2 were dried (MgS@ and evaporated. Flash chromatography of the

(s), 157.8 (s); exact masw/z calcd for G,H14NO3; 347.00183,

found 347.00146.
(2-Hydroxyethyl)[4-(methoxymethoxy)phenyl]carbamic Acid

Methyl Ester (27d'). MeOCOCI (0.032 mL, 0.415 mmol, 0.6

residue over silica gel (2 28 cm), using EtOAehexane mixtures
from 0% to 50% EtOAc, gaveS-28 (186.0 mg, 82%) as an oil:
FTIR (CH,CI, cast) 3380, 2932, 1511, 1227, 1196 ¢nja]p 45.5
(c 0.82, MeOH);H NMR (CDCls;, 400 MHz)6 1.13 (d,J = 6.4

equiv) was injected at a fast dropwise rate into a stirred and cooledHz, 3 H), 2.70-2.91 (br s, 2 H), 3.4%3.47 (m and s, 4 H), 3.47

(—30°C) solution 0f27 (136.4 mg, 0.6916 mmol) in dry MeCN
(20 mL) (Ar atmosphere). Stirring was continued for 25 min, dry
i-Pr,NEt (0.072 mL, 0.415 mmol, 0.6 equiv) was injected rapidly,

3.54 (m, 1 H), 3.65 (dd) = 10.3, 4.0 Hz, 1 H), 5.04 (s, 2 H), 6.59
(apparent dJ = 8.9 Hz, 2 H), 6.88 (apparent d= 9.0, 2 H);13C
NMR (CDCl;, 100 MHz) 6 17.4 (q), 51.7 (d), 55.8 (), 66.1 (1),

and the cooling bath was removed. After an additional 20 min, the 95.5 (t), 115.3 (d), 118.0 (d), 142.6 (s), 149.9 (s); exact malzs

mixture was recooled te-30 °C and a second portion of MeOCOCI
(0.032 mL, 0.415 mmol, 0.6 equiv) was injected. The cold bath

calcd for G{H17/NO3 211.12085, found 211.12104.
(9)-(2-Hydroxy-1-methylethyl)[4-(methoxymethoxy)phenyl]-

was left in place but not recharged and stirring was continued for carbamic Acid Phenyl Ester [(S)-28a]. PhOCOCI (0.510 mL, 4.06

5.5 h. The mixture was quenched with brine (10 mL) and the

mmol) was injected rapidly (34 s) into a stirred and cooled
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(—30°C) solution of §-28 (0.7661 g, 3.626 mmol) andPr,NEt satisfactory!H and 3C NMR could not be obtained. Crude
(0.708 mL, 4.06 mmol) in CEKCl, (18.5 mL). After 30 min, the material: FTIR (CHCJ cast) 3337, 2973, 2834, 1721, 1625, 1594,
cold bath was removed and stirring was continued for 3.5 h. The 1493, 1453 cm!; exact masswz calcd for G;HgINNaO, (M +
mixture was quenched with saturated aqueous NapG0O mL) Na) 450.01728, found 450.01700.
and the aqueous phase was extracted with GHCle combined (25)-7a-Methoxy-2-methyl-5-0x0-2,3,3a,4,5,7a-hexahydroin-
organic extracts were dried (Mg@Oand evaporated. Flash  dole-1-carboxylic Acid Phenyl Ester [S)-28e].A solution of Bu-
chromatography of the residue over silica gel{20 cm), using SnH (0.080 mL, 0.303 mmol) and AIBN (19.0 mg, 0.1157 mmol)
EtOAc—hexane mixtures from 10% to 50% EtOAc, ga®-28a in dry PhMe (8.4 mL) was added av& h by syringe pump to a
(1.142 g, 95%) as an oil: FTIR (CRI, cast) 3468, 2935, 1718,  stirred and heated (83C) solution of the above crudeS¢28d
1593, 1511, 1456, 1400 cth *H NMR (CDCls, 400 MHz)6 1.18 [assumed to contain 92.5 mg (0.217 mmol) §£28d] in dry PhMe
(d,J=7.0Hz, 3H), 2.97 (br s, 1 H), 3.50 (s, 3 H), 3.56 (apparent (16.8 mL). Heating at 85C was continued for 10 h after the
dd,J=11.3, 9.5 Hz, 1 H), 3.68 (apparent dbi== 11.6, 4.1 Hz, 1 addition, and the mixture was then cooled and evaporated. Flash
H), 4.49-4.59 (m, 1 H), 5.18 (s, 2 H), 7.06 (apparentdd= 8.9 chromatography of the residue over finely ground KF-flash chro-
Hz, 3 H), 7.14 (tJ = 7.4 Hz, 1 H), 7.24 (apparent d,= 8.9 Hz, matography silica gel (10% w/w KF) (1.5 25 cm), using EtOAe
2 H), 7.30 (t,J = 7.8, 3 H);13C NMR (CDCk, 100 MHz)6 15.2 hexane mixtures from 2% to 50% EtOAc, gave cru8g28eas
(9), 56.0 (g), 56.1 (d), 64.5 (t), 94.5 (), 116.5 (d), 121.7 (d), 125.2 an oil, which was used directly for the next step. The compound
(d), 129.1 (d), 130.6 (d), 131.7 (s), 151.4 (s), 155.4 (s), 156.7 (s); partially aromatizes on attempts at further purification and satisfac-
exact massn/z calcd for GgH21NOs 331.14197, found 331.14143.  tory H and'3C NMR could not be obtained. Crude material: FTIR
(S)-(2-1odo-1-methylethyl)[4-(methoxymethoxy)phenyl]car- (CH.CI, cast) 3400, 2965, 2832, 1721, 1686, 1594, 1511, 1494,
bamic Acid Phenyl Ester [(S)-28b]. Imidazole (306.0 mg, 4.495 1456, 1366 cm!; exact massvz calcd for G/H;gNO, 301.13141,
mmol), PhP (838.0 mg, 3.194 mmol), and (781.0 mg, 3.076 found 301.13153.
mmol) were added in that order to a stirred and cooled@D (29)-5-Hydroxy-2-methyl-2,3-dihydroindole-1-carboxylic Acid
solution of §)-28a(392.0 mg, 1.183 mmol) in dry THF (24 mL).  Phenyl Ester [(§)-28f]. TSOH.HO (18.0 mg, 0.0955 mmol) was
After 1 h, the cold bath was removed and stirring was continued added to a stirred mixture of the above cru8gZ8e[assumed to
for 3 h. The mixture was quenched with a mixture of saturated contain 36.0 mg (0.119 mmol) 08(-284 and 4 A molecular sieves
aqueous Ng5,0;5 (15 mL) and brine (15 mL). The aqueous phase (ca. 60 mg) in CHG (5 mL). Stirring was continued for 30 min,
was extracted with CHGland the combined organic extracts were and the mixture was filtered and evaporated. Flash chromatography
dried (MgSQ) and evaporated. Flash chromatography of the residue of the residue over silica gel (X 27 cm), using EtOAe hexane

over silica gel (2.5« 22 cm), using EtOAe hexane mixtures from
2% to 10% EtOAc, gaveS)-28b (511.6 mg, 98%) as an oil: FTIR
(CH.CI, cast) 2956, 1720, 1593, 1511, 1495, 1455, 1394, 1313
cm % 'H NMR (CDCl;, 400 MHz) 6 1.37 (d,J = 6.8 Hz, 3 H),
3.26 (apparent dd] = 10.1, 6.3 Hz, 1 H), 3.38 (apparentd,=

9.5 Hz, 1 H), 3.50 (s, 3 H), 4.554.75 (apparent br s, 1 H), 5.20
(s, 2 H), 7.0%7.11 (m, 3 H), 7.16 (apparentd,= 8.8 Hz, 1 H),
7.27-7.37 (m, 5 H);3C NMR (CDCk, 100 MHz) 6 8.6 (t), 18.9

(9), 56.1 (q), 56.1 (d), 94.5 (d), 116.6 (d), 121.6 (d), 125.3 (d),

mixtures from 0% to 50% EtOAc, gave)(28f (32.4 mg, 55%
over three steps) as an oil: FTIR (@, cast) 3387, 1716, 1694,
1652, 1605, 1490, 1456, 1409 citn'H NMR (CDsOD, 400 MHz)
0 1.40 (apparent dJ = 5.5 Hz, 3 H), 2.66 (apparent d,= 16.1
Hz, 1 H), 3.40 (apparent dd,= 10.6, 8.0 Hz, 1 H), 4.454.81 (br
m, 1 H), 6.61 (apparent d, = 8.5 Hz, 1 H), 6.67#6.71 (m, 0.9
H), 6.82 (apparent dl = 8.7 Hz, 0.1 H), 6.87#7.02 (br m, 0.1 H),
7.07 (apparent d] = 8.7 Hz, 0.1 H), 7.18 (dJ = 7.8 Hz, 2 H),
7.24 (t,J = 7.5 Hz, 1.0 H), 7.40 (apparentd,= 7.8 Hz, 2.2 H),

129.1 (d), 130.3 (d), 131.6 (s), 151.3 (s), 154.0 (s), 156.9 (S); exact 7.49-7.59 (br d,J = 8.2 Hz, 0.6 H)23C NMR (CD;OD, 100 MHz)

massnvz calcd for GgH2oINO,4 441.04370, found 441.04347.
(9)-(4-Hydroxyphenyl)(2-iodo-1-methylethyl)carbamic Acid
Phenyl Ester [(S)-28c]. MesSiBr (0.930 mL, 7.048 mmol) was
injected at a fast dropwise rate into a stirred solution 2$28b
(311.0 mg, 0.7048 mmol) in dry Gi€l, (24 mL). Stirring was
continued for 9 h, and the mixture was then quenched with water
(40 mL) and extracted with CHEIThe combined organic extracts
were dried (MgS@ and evaporated. Flash chromatography of the
residue over silica gel (1.8« 23 cm), using EtOAehexane
mixtures from 2% to 25% EtOAc, gavé&)28c (270.0 mg, 96%)
as a yellow solid: mp 124128°C; FTIR (CH.CI, cast) 3359, 2977,
1717, 1689, 1611, 1594, 1514, 1494, 1446, 1399, 1336 cHl
NMR (CDs;OD, 400 MHz)6 1.29 (d,J = 6.5 Hz, 3 H), 3.26-3.40
(brm, 2 H), 4.56-4.82 (br m, 1 H), 6.84 (apparentd= 8.9 Hz,
3 H), 6.94-7.07 (br m, 1.2 H), 7.187.43 (br m, 4.8 H)13C NMR
(CDs0OD, 100 MHz)¢ 8.7 (t), 19.1 (q), 57.5 (d), 116.7 (d), 122.7
(d), 126.5 (d), 130.1 (s), 130.3 (d), 131.7 (d), 152.8 (s), 156.2 (s),
158.7 (s); exact masw/z calcd for GgH16INO3 397.01749, found
397.01780.
(9)-(2-lodo-1-methylethyl)(1-methoxy-4-oxocyclohexa-2,5-di-
enyl)carbamic Acid Phenyl Ester [(S)-28d]. Phl(OAc) (87.0 mg,
0.271 mmol) was added to a stirred and cooled@) solution of
(9-28¢(86.0 mg, 0.217 mmol) in dry MeOH (18.6 mL). After 20
min the cold bath was removed, stirring was continued for 1.5 h,
and the mixture was quenched with a mixture of aqueoy$iXba
(2 M, 15 mL) and saturated aqueous NaHCQ@5 mL). The
aqueous phase was extracted with Cgl@ried (NaSQ,), and

0 21.6 (q), 37.0 (), 57.4 (d), 113.5 (d), 113.6 (d), 117.1 (d), 122.9
(d), 126.7 (d), 130.5 (d), 133.3 (s), 134.6 (s), 152.4 (s), 152.7 (s),
155.3 (s); exact mags/z calcd for GeHisNO5; 269.10519, found
269.10529.
4-[[(4-Methoxymethoxy)phenylJamino]butan-2-ol (31). Cul
(23.3 mg, 0.12 mmol)L-proline (28.2 mg, 0.24 mmol), £O;
(339 mg, 2.45 mmol), and 4-amino-2-butanol (229 mg, 2.45
mmol) were added in that order to a solution of ioditte (323
mg, 1.22 mmol) in DMSO (4 mL). The mixture was stirred for 12
h at 85°C (Ar atmosphere), cooled to room temperature, diluted
with water, and extracted with EtOAc. The combined organic
extracts were washed with water and brine, dried,8@), and
evaporated. Flash chromatography of the residue over silica gel,
using EtOAc, gave3l (203 mg, 74%) as an oil: FTIR (Gl
cast) 3379, 2963, 2930, 1615 cim'H NMR (CDCl;, 400 MHz)
0 1.25(d,J = 6.2 Hz, 3 H), 1.66-1.83 (m, 2 H), 3.19-3.31 (m,
2 H), 2.90 (br s, 2 H), 3.48 (s, 3 H), 4.02 (dgti= 8.4, 6.3, 3.8
Hz, 1 H), 5.08 (s, 2 H), 6.666.65 (m, 2 H), 6.96-6.94 (m, 2 H);
13C NMR (CDCh, 100 MHz) 6 23.9 (q), 38.0 (t), 43.1 (t), 55.8
(g), 67.8 (d), 95.5 (1), 114.7 (d), 117.9 (d), 143.4 (s), 150.0 (s);
exact mass (electrosprayWz calcd for GoH,oNOs [M + HJ
226.14377, found 226.14374.
(3-Hydroxybutyl)[4-(methoxymethoxy)phenyl]carbamic Acid
Phenyl Ester (31a).i-Pr,NEt (0.36 mL, 2.06 mmol) was added to
a stirred and cooled«78 °C) solution 0f31(385.8 mg, 1.71 mmol)
in CH.CI, (8 mL). PhOCOCI (0.26 mL, 2.06 mmol) was then added
at a fast dropwise rate, and stirring was continued Ifch (Ar

evaporated. Flash chromatography of the residue over silica gelatmosphere). The mixture was diluted with CEiGhashed with

(1.5 x 29 cm), using EtOAe hexane mixtures from 0% to 20%
EtOAc, gave §-28d, which was used directly for the next step.

water and brine, dried (MgS) and evaporated. Flash chroma-
tography of the residue over silica, using 1:1 to 2:1 Et©Aexane,

The compound decomposes on concentration of its solutions andgave3la(543 mg, 90%) as a pale yellow oil: FTIR (GEl, cast)
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3433, 2963, 1719, 1594 crf H NMR (CDCl;, 400 MHZz)6 1.24 the addition, heating was continued for 4 h. The mixture was cooled
(d,J=6.3 Hz, 3 H), 1.56 (br m, 1 H), 1.76 (br m, 1 H), 2.80 (br to room temperature, concentrated hydrochloric acid (1 drop) was
s, 1 H), 3.50 (s, 3 H), 3.54 (br m, 1 H), 3.95 (ddd= 9.5, 6.3, 3.2 added, and the mixture was stirred for 2 h. Evaporation of the
Hz, 1 H), 4.20 (br m, 1 H), 5.19 (s, 2 H), 7.65.10 (m, 4 H), solvent and flash chromatography of residue over silica gel, using
7.16-7.22 (m, 3 H), 7.33 (tJ = 7.8 Hz, 2 H);13C NMR (CDCl, 1:5 EtOAc-hexane, gav81f (32.8 mg, 66%) as a solid: mp 131
100 MHz) 6 23.1 (q), 37.3 (t), 48.0 (1), 56.1 (), 64.1 (q), 94.5 (), 133°C; FTIR (CHCI, cast) 3369, 2959, 1689, 1613, 1592 ¢m
116.8 (d), 121.5 (d), 125.4 (d), 128.5 (d), 129.2 (d), 134.9 (s), 151.2 'H NMR (CDCl;, 500 MHz) 6 1.32 (d,J = 7.0 Hz, 3 H), 1.66
(s), 155.3 (s), 156.3 (s); exact mass (electrospralg)calcd for (dddd,J = 13.7, 7.6, 7.6, 7.6 Hz, 1 H), 2.14 (dddil= 13.3, 5.7,
CioH23NNaGs [M + Na] 368.14864, found 368.14690. 5.7, 5.7 Hz, 1 H), 2.88 (apparent sextels; 7.0 Hz, 1 H), 3.85
(3-lodobutyl)[4-(methoxymethoxy)phenyl]carbamic Acid Phen- 3.93 (br m, 2 H), 4.81 (s, 1 H), 6.61 (dd,= 8.8, 2.8 Hz, 1 H),
yl Ester (31b). Imidazole (206 mg, 3.03 mmol) and §h (794 6.67 (d,J = 2.8 Hz, 1 H), 7.157.19 (m, 2 H), 7.21 (itJ = 7.3,
mg, 3.03 mmol) were added in that order to a stirred and cooled 1.1 Hz, 1 H), 7.38-7.41 (m, 2 H), 7.58 (s, 1 H}3C NMR (CDCl,
(—40°C) solution of31a(523 mg, 1.51 mmol) in THF (8 mL). A 125 MHz) 6 20.8 (q), 31.1 (d), 31.8 (t), 43.6 (t), 113.3 (d), 113.4
solution of b (576.5 mg, 3.03 mmol) in THF (2 mL) was added at (d), 121.7 (d), 125.2 (d), 125.5 (d), 129.3 (d), 130.1 (s), 137.1 (s),
a fast dropwise rate. After 30 min, the cold bath was removed, and 151.2 (s), 152.5 (s), 153.5 (s); exact magg calcd for G;Hi7-
stirring was continued for 40 min. Water was added and the mixture NOs; 283.12085, found 283.12080.
was extracted with EO. The combined organic extracts were (6S,yR)-p-Ethyl-y-[(4-methoxyphenyl)amino]benzenepro-
washed with saturated aqueous,8i@; and brine, dried (MgS¥), panol (33)18 A solution of PhCHO (0.96 mL, 9.42 mmol),
and evaporated. Flash chromatography of the residue over silicap-anisidine (6) (1.28 g, 10.36 mmol), and-proline (0.18 g, 0.94
gel, using 1:4 EtOAe hexane, gav81b (620 mg, 90%) as a pale  mmol) in N-methyl-2-pyrrolidinone (8 mL) was stirred at room
yellow oil: FTIR (CH,CI, cast) 2955, 1721, 1593 crfh 'H NMR temperature fo5 h and then cooled te-20 °C. PrCHO (2.55 mL,
(CDCls, 400 MHz)¢6 1.95 (d,J = 6.8 Hz, 3 H), 2.05 (dddd) = 28.27 mmol) was added dropwise and stirring was continued for
14.2,9.0, 5.6, 5.2 Hz, 1 H), 2.18 (dddi= 14.3, 8.7, 8.7, 5.6 Hz, 24 h. The mixture was quenched with aqueous pH 7.0 buffer and
1 H), 3.50 (s, 3 H), 3.79 (br m, 1 H), 3.88 (br m, 1 H), 4.16 (dqd, extracted with EtOAc. The combined organic extracts were washed
J=8.6, 6.8, 5.2 Hz, 1 H), 5.19 (s, 2 H), 7.64.10 (m, 4 H), with brine, dried (NaSQy), and evaporated. The residue was
7.15-7.24 (m, 3 H), 7.33 (t) = 7.4 Hz, 2 H);*3C NMR (CDCl, dissolved in MeOH (12 mL) and NaBH1.07 g, 28.27 mmol) was
100 MHz) 6 24.7 (d), 28.9 (q), 40.8 (t), 51.4 (t), 56.1 (g), 94.5 (t), added to the resulting solution, which was stirred 4C0for 1 h.
116.8 (d), 121.6 (d), 125.3 (d), 128.3 (d), 129.2 (d), 135.2 (s), 151.3 The cooling bath was removed and stirring was continued for 7 h.
(s), 154.1 (s), 156.2 (s); exact mass (electrosprafg)calcd for Aqueous pH 7 buffer was added and the mixture was extracted
CigH23INO4 [M + H] 456.06664, found 456.06683. with EtOAc. The combined organic extracts were washed with
(4-Hydroxyphenyl)(3-iodobutyl)carbamic Acid Phenyl Ester brine, dried (NaSQOy), and evaporated. Flash chromatography of
(31c).BCl3*SMe, (0.80 mL, 2 M, 1.60 mmol) was added dropwise the residue over silica gel, using 1:4 EtOAgexane, gave3'8
to a stirred solution 081b (604.5 mg, 1.33 mmol) in C¥Cl, (10 (2.01 g, 75%) as a white solid.
mL) (Ar atmosphere). After 105 min, the mixture was quenched  (1S,25)-[(2-Hydroxymethyl)-1-phenylbutyl](4-methoxyphenyl)-
with water and extracted with CHEIThe combined organic  carbamic Acid Phenyl Ester (33a).i-PrLNEt (0.20 mL, 1.15
extracts were washed with water and brine, dried (MgS@nd mmol), PhOCOCI (0.14 mL, 1.15 mmol), and DMAP (2 mg) were
evaporated. Flash chromatography of the residue over silica gel,added in that order to a stirred solution3#(272 mg, 0.95 mmol)
using 3:7 EtOAe-hexane, gavelc (468 mg, 86%) as a white  in THF (10 mL). After 2 h, EtOAc was added and the solution
solid: mp 112-114 °C; FTIR (CHCI, cast) 3356, 2922, 1717, was washed with water and brine, dried {§@y), and evaporated.
1693 cn1!; IH NMR (CDCls, 400 MHZz)6 1.94 (d,J = 6.8 Hz, 3 Flash chromatography of the residue over silica gel, using 1:3
H), 2.03 (ddddJ = 14.4, 9.0, 7.2, 5.4 Hz, 1 H), 2.32.23 (m, 1 EtOAc—hexane, gav83a (333 mg, 86%) as a solid, which was
H), 3.66-4.00 (m, 2 H), 4.15 (dqdJ = 8.6, 6.8, 5.0 Hz, 1 H), used directly in the next step. The material appealdd\(MR) to
5.29 (s, 1 H), 6.636.87 (m, 3 H), 7.06-7.22 (m, 4 H), 7.33 (br, contain ca. 6% of a diastereoisomer.
m, 2 H); 13C NMR (CDCk, 100 MHz) ¢ 24.6 (d), 28.9 (q), 40.8 (1S,29)-[2-(Hydroxymethyl)-1-phenylbutyl](4-hydroxyphenyl)-
(t), 51.5 (1), 116.1 (d), 121.5 (d), 125.4 (d), 128.5 (d), 129.2 (d), carbamic Acid Phenyl Ester (33b).BBr; (1 M in CH,Cl,, 2.47
134.0 (s), 151.2 (s), 154.3 (s), 154.8 (s); exact mass (electrospray)mL, 2.47 mmol) was added dropwise to a stirred solutioi33¥
vz caled for G/H;dNNaO; [M + Na] 434.02237, found 434.02254. (333 mg, 0.82 mmol) in CECl, (10 mL) (Ar atmosphere). After 4
(3-lodobutyl)(1-methoxy-4-oxocyclohexa-2,5-dienyl)carbam- h, the mixture was quenched with water and extracted with GHCI
ic Acid Phenyl Ester (31d).PhI(OAc) (436 mg, 1.32 mmol) was  The combined organic extracts were washed with brine, driegt (Na
added in portions to a stirred solution&fc (453 mg, 1.10 mmol) SQy), and evaporated. Flash chromatography of the residue over
in MeOH (11 mL). After 30 min, the solvent was evaporated at silica gel, using 1:3 EtOAehexane, gav83b (286 mg, 89%) as
room temperature. Flash chromatography of the residue over silicaa solid, which was used directly in the next step.

gel, using 3:7 EtOAe hexane, gav8ld (414 mg, 85%) as an oil: (1S,29)-(4-Hydroxyphenyl)[(2-iodomethyl)-1-phenylbutyl]car-
FTIR (CHCI, cast) 2960, 1724, 1673, 1633, 1593 ¢H NMR bamic Acid Phenyl Ester (33c).Imidazole (86 mg, 1.27 mmol)
(CsDs, 400 MHz) 6 1.61 (d,J = 6.7 Hz, 3 H), 1.88 (dddd) = and PRP (333 mg, 1.27 mmol) were added in that order to a stirred

14.1, 9.7, 5.0, 5.0 Hz, 1 H), 2.08 (ddddil= 14.0, 10.0, 9.0, 5.0 solution 0f33b (248 mg, 0.63 mmol) in THF (8 mL). Solid (322
Hz, 1 H), 2.71 (s, 3 H), 3.42 (ddd,= 14.1, 10.0, 5.2 Hz, 1 H), mg, 1.27 mmol) was added in one portion. After 5 min, EtOAc
3.60 (dddJ = 14.1, 9.8, 5.1 Hz, 1 H), 3.77 (dqd,= 8.9, 6.8, 4.5 and water were added, and the organic phase was washed with
Hz, 1 H), 6.06-6.16 (m, 4 H), 6.88 (ttJ = 7.2, 1.3 Hz, 1 H), saturated aqueous PBO; and brine, dried (N&5Oy), and evapo-
7.00-7.10 (m, 4 H);*3C NMR (CsDs, 100 MHz)6 25.4 (d), 29.0 rated. Flash chromatography of the residue over silica gel, using
(9), 43.5 (d), 44.7 (d), 50.7 (q), 83.4 (s), 121.6 (d), 125.5 (d), 129.4 1:10 EtOAc-hexane to 1:2 EtOAehexane, gave3c (290 mg,
(d), 130.5 (d), 143.7 (d), 151.4 (s), 152.3 (s), 184.2 (s); exact mass91%) as an oil. The compound was not characterized, as it contains
(electrospray)wz calcd for GgH20lNNaO, [M + Na] 464.03293, a small amount (100:12) of a diastereoisomer that is removed at
found 464.03264. the next stage.
6-Hydroxy-4-methyl-3,4-dihydro-2H-quinoline-1-carboxylic (1S,29)-(2-lodomethyl-1-phenylbutyl)(1-methoxy-4-oxocyclo-
Acid Phenyl Ester (31f). A solution of BuSnH (0.06 mL, 0.21 hexa-2,5-dienyl)carbamic Acid Phenyl Ester (33d)PhlI(OAc)
mmol) and AIBN (6.3 mg, 0.04 mmol) in PhMe (4 mL) was added (223 mg, 0.69 mmol) was added in portions to a stirred solution of
over 4 h (syringe pump) to a stirred and heated*@}psolution of 33¢ (290 mg, 0.58 mmol) in MeOH (9 mL). After 25 min, water
31d(85.5 mg, 0.19 mmol) in PhMe (10 mL) gditmosphere). After was added and the mixture was extracted with EtOAc. The
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combined organic extracts were washed with water and brine, dried 3380, 2961, 1691, 1493 crh 'H NMR (CDCl;, 400 MHz)0 0.95-
(Na;SOy), and evaporated. Flash chromatography of the residue 1.05 (m, 4 H), 1.251.39 (m, 1 H), 2.252.35 (br m, 1 H), 2.52

over silica gel, using 1:4 EtOAchexane, gav83d (249 mg, 81%)

as an oil: FTIR (CHCI, cast) 2964, 1720, 1674, 1493 cin'H
NMR (acetoneds, 500 MHz) 6 1.00 (t,J = 7.4 Hz, 3 H), 1.39-
1.43 (m, 1 H), 1.821.89 (m, 1 H), 2.392.43 (m, 1 H), 2.95
3.02 (m, 1 H), 3.35 (br s, 3 H), 3.52 (dd,= 10.6, 2.9 Hz, 1 H),
5.10-5.40 (br s, 1 H), 6.22 (dd] = 10.0, 1.5 Hz, 1 H), 6.20
6.28 (br s, 1 H), 6.586.62 (br s, 1 H), 6.99 (br s, 2 H), 7.18 (it,
J=17.5,1.0 Hz, 1 H), 7.297.44 (m, 6 H), 7.68 (dJ = 6.9 Hz,

2 H); 13C NMR (G¢Dg, 100 MHz) 6 11.1 (q), 16.6 (t), 24.7 (t),
40.2 (d), 51.1 (q), 61.9 (d), 84.4 (s), 121.7 (d), 125.6 (d), 128.4
(d), 128.9 (d), 129.5 (d), 129.9 (d), 130.5 (d), 140.5 (s), 144.6 (d),
150.9 (s), 152.4 (s), 184.3 (s); exact mass (electrospnéggalcd

for CasHa6lNNaO, [M + Na] 554.07988 found 554.07956.

(2S,3R 42R,8aR)-3-Ethyl-8a-methoxy-6-oxo-2-phenyl-3,4,4a,5,6,-
8a-hexahydro-2H-quinoline-1-carboxylic Acid Phenyl Ester
(trans-33e) and (5,3R,4aR,8aS)-3-Ethyl-8a-methoxy-6-oxo-2-
phenyl-3,4,4a,5,6,8a-hexahydrof2-quinoline-1-carboxylic Acid
Phenyl Ester (is-33e) A solution of BySnH (0.04 mL, 0.14
mmol) and AIBN (4 mg, 0.02 mmol) in PhH (2 mL) was added
over 4 h (syringe pump) to a stirred and heated*@psolution of
33d (64 mg, 0.12 mmol) in PhH (6 mL) (Natmosphere). After
the addition, heating was continued for 4 h. Evaporation of the

(dd,J = 16.5, 11.4 Hz, 1 H), 2.84 (dd} = 16.5, 5.0 Hz, 1 H),
4.74 (s, 1 H), 5.71 (dJ = 5.0 Hz, 1 H), 6.65 (dJ = 3.0 Hz, 1 H),
6.69 (dd,J = 9.0, 3.0 Hz, 1 H), 6.92 (br d) = 7.2 Hz, 2 H),
7.10-7.14 (m, 2 H), 7.17 (tt) = 7.5, 1.1 Hz, 1 H), 7.247.28 (m,
3 H), 7.31 (tt,J = 7.9, 2.0 Hz, 2 H), 7.95 (br m, 1 H}3C NMR
(CDCl;, 100 MHz)6 11.7 (q), 25.1 (t), 29.9 (t), 39.5 (d), 61.8 (d),
113.9 (d), 115.1 (d), 121.7 (d), 125.4 (d), 127.3 (d), 127.8 (d), 128.2
(d), 129.2 (d), 130.1 (s), 130.6 (s), 139.2 (s), 151.1 (s), 151.7 (s),
153.4 (s), (apparently, two aromatic signals overlap); exact mass
m/z calcd for G4H,3NO3z 373.16779, found 373.16811.
cis-3-[(4-Methoxymethoxy)phenylJamino]cyclohexanol ¢is-
35) andtrans-3-[(4-Methoxymethoxy)phenyl]amino]cyclohexanol
(trans-35). Cul (35.8 mg, 0.19 mmol),-proline (43.3 mg, 0.38
mmol), K;COs; (520.0 mg, 3.76 mmol), and 3-aminocyclohexanol
(cis/trans mixture, 325 mg, 2.82 mmol) were added in that order
to a solution of iodidel5 (499 mg, 1.88 mmol) in DMSO (8 mL).
The mixture was stirred for 12 h at 8& (Ar atmosphere), cooled
to room temperature, diluted with water, and extracted with EtOAc.
The combined organic extracts were washed with water and brine,
dried (NaSQ,), and evaporated. Flash chromatography of the
residue over silica gel, using 1:1 EtOAbexane, gaveis-35(303
mg, 64%) andrans-35 (57 mg, 12%) as oilsrans35. FTIR (CHx-

solvent and flash chromatography of residue over silica gel, using Cl, cast) 3383, 2932, 1511 crj 'H NMR (CDCl, 400 MHz) 6

1:10 to 1:4 EtOAe-hexane, gavérans-33e(23.3 mg, 48%) and
cis-33e (11.8 mg, 24%) as oilstrans33e FTIR (CH,CI, cast)
2961, 2933, 1718, 1683, 1495 cin'H NMR (CsDg, 400 MHz)6
0.60 (t,J = 7.4 Hz, 3 H), 0.77 (sextet] = 7.4 Hz, 1 H), 0.94
(sextet,d = 7.4 Hz, 1 H), 1.00 (ddd) = 13.8, 4.4, 3.3 Hz, 1 H),
1.78 (ddddd,) = 13.8, 7.4, 7.4, 6.9, 4.4 Hz, 1 H), 2.6Q.11 (m,
2 H), 2.40 (ddddJ = 12.6, 4.9, 3.3, 3.3 Hz, 1 H), 2.55 (dd=
16.4, 12.6 Hz, 1 H), 5.45 (d = 6.9 Hz, 1 H), 2.82 (s, 3 H), 5.91
(dd,J = 10.4, 1.1 Hz, 1 H), 6.866.91 (m, 1 H), 6.936.97 (m,
2 H), 6.99-7.04 (m, 2 H), 7.09-7.14 (m, 3 H), 7.42 (d) = 10.4
Hz, 1 H), 7.63-7.67 (m, 2 H);’3C NMR (C¢Dg, 125 MHz)0 11.7
(q), 26.4 (1), 27.3 (t), 35.0 (d), 40.2 (1), 41.2 (d), 50.3 (q), 61.1 (d),

1.18-1.31 (m, 1 H), 1.46:1.63 (m, 4 H), 1.741.81 (br m, 1 H),
1.94-2.00 (br m, 2 H), 2.55 (br s, 2 H), 3.47 (s, 3 H), 3.66 (dddd,
J=8.6, 8.6, 3.7, 3.7 Hz, 1 H), 4.10 (br m, 1 H), 5.06 (s, 2 H),
6.53-6.58 (m, 2 H), 6.86:6.91 (m, 2 H);'3C NMR (CDCk, 100
MHz) 6 19.4 (t), 32.2 (t), 33.2 (), 39.9 (), 48.1 (d), 55.8 (d), 66.9
(q), 95.6 (1), 114.5 (d), 118.0 (d), 142.5 (s), 149.2 (s); exact mass
m/z calcd for G4H,1NO3; 251.15215, found 251.15243. We observed
no NOE between B(OH) and GH(N); consequently the amino
and hydroxy groups are trans.

Major isomer ¢€is-35): FTIR (CH,Cl, cast) 3365, 2932, 1511
cm™%; H NMR (CDCls, 400 MHz)6 1.00-1.44 (m, 4 H), 1.79
1.87 (m, 1 H), 1.89-2.02 (m, 2 H), 2.28 (br d) = 12.2 Hz, 1 H),

86.4 (s), 122.2 (d), 125.4 (d), 125.7 (d), 128.1 (d), 128.3 (d), 129.5 2.56 (br s, 2 H), 3.26 (dddd,= 10.0, 10.0, 3.7, 3.7 Hz, 1 H), 3.47

(d), 131.4 (d), 139.0 (s), 147.3 (d), 151.7 (s), 155.6 (s), 197.8 (S);

exact mass (electrosprayiz calcd for GsHxgNO, [M + H]
406.20128, found 406.20115.

cis-33e FTIR (CH,Cl, cast) 2932, 1725, 1687, 1494 cin'H
NMR (CgDs, 300 MHz) 6 0.30 (br m, 1 H), 0.59 (t) = 7.5 Hz, 3
H), 0.88 (br m, 1 H), 1.091.30 (br m, 2 H), 1.76 (br m, 1 H),
2.15-2.30 (m, 2 H), 2.72 (ddJ = 16.0, 5.8 Hz, 1 H), 3.17 (s, 3
H), 5.98 (d,J = 6.7 Hz, 1 H), 6.03 (dJ = 10.4 Hz, 1 H), 6.63
6.69 (m, 2 H), 6.786.86 (m, 2 H), 6.96-7.00 (m, 3 H), 7.06-
7.12 (m, 3 H), 7.37 (dJ = 10.4 Hz, 1 H);23C NMR (CsDe, 125
MHz) 6 11.8 (q), 25.9 (t), 27.3 (t), 40.2 (d), 41.5 (d), 41.7 (t), 50.7
(d), 65.2 (g), 88.1 (s), 122.1 (d), 125.5 (d), 127.4 (d), 128.3 (d),

(s, 3H), 3.74 (dddd) = 8.5, 8.5, 4.0, 4.0 Hz, 1 H), 5.08 (s, 2 H),
6.53-6.58 (m, 2 H), 6.876.91 (m, 2 H);'3C NMR (CDCk, 100
MHz) 6 32.2 (t), 34.8 (t), 41.9 (t), 51.2 (d), 55.8 (d), 69.2 (q), 95.6
(t), 114.7 (d), 118.0 (d), 142.4 (s), 149.5 (s), 21.0 (t); exact mass
m/z caled for G4H21NO3 251.15215, found 251.15191. A TROESY
spectrum showed an NOE betweeH i€ and GHOH, suggesting
that this isomer has the amino and hydroxy groups cis.
cis-(3-Hydroxycyclohexyl)[(4-methoxymethoxy)phenyl]car-
bamic Acid Phenyl Ester (35a).i-Pr,NEt (0.24 mL, 1.40 mmol)
and PhOCOCI (0.18 mL, 1.40 mmol) were added in that order to
a stirred solution otis-35 (major isomer) (294 mg, 1.18 mmol) in
CH,Cl, (6 mL). Stirring was continued for 5 h, water was then

128.4 (d), 129.0 (d), 129.3 (d), 141.4 (s), 145.6 (d), 151.6 (s), 154.2 added, and the mixture was extracted with CeHHThe combined

(s), 196.3 (s); exact mass (electrosprayz calcd for GsHagNO,
[M + H] 406.20128, found 406.20137. NOEs were observed
between the OBz group and both the I&(Ph) and ring-fusion
hydrogen, thus establishing the stereochemistry showcig&3e
Corresponding NOEs were not observed tians-33e
(2S,3R)-3-Ethyl-6-hydroxy-2-phenyl-3,4-dihydro-2H-quino-
line-1-carboxylic acid Phenyl Ester (33f).Concentrated hydro-
chloric acid (one drop) was added to a stirred solutiorrafs
33e(20.0 mg, 0.049 mmol) in CHE[3 mL). Stirring was continued

organic extracts were washed with brine, dried £@&,), and
evaporated. Flash chromatography of the residue over silica gel,
using 3:7 EtOAe-hexane, gav85a(397 mg, 91%) as an oil: FTIR
(CHCI; cast) 3430, 2934, 1716, 1510 cin*H NMR (CDCls, 300
MHz) 6 1.00 (qd,J = 12.4, 3.5 Hz, 1 H), 1.121.32 (m, 2 H),
1.37 (dt,J = 13.4, 3.2 Hz, 1 H), 1.80 (dg} = 13.4, 3.3 Hz, 1 H),
1.92 (brm, 2 H), 2.26 (br d] = 11.7 Hz, 1 H), 3.51 (s, 3 H), 3.72
(dddd,J = 10.5,10.5. 4.1, 4.1 Hz, 1 H), 4.28 (&= 12.2, 3.5 Hz,
1H),5.19 (s, 2 H), 6.987.09 (m, 4 H), 7.09-7.18 (m, 3 H), 7.30

for 3 min, and the solvent was then evaporated. Flash chromatog-(t, J = 7.4 Hz, 2 H) (OH signal not observedfC NMR (CDCk,

raphy of the residue over silica gel, using 1:4 EtG/Aexane, gave
33f (15.6 mg, 85%) as a solid: mp 17a71°C.

100 MHz)d 21.9 (t), 30.3 (t), 34.4 (1), 40.7 (1), 56.1 (d), 54.9 (d),
69.5 (q), 94.4 (1), 116.3 (d), 121.6 (d), 125.2 (d), 129.1 (d), 130.8

cis-33e was subjected to the same conditions. Concentrated (d), 131.5 (s), 151.4 (s), 154.2 (s), 156.7 (s); exact malgsalcd

hydrochloric acid (one drop) was added to a stirred solutiorisef
33e(11.0 mg, 0.027 mmol) in CHE(3 mL). Stirring was continued

for Co1H2sNOs 371.17328, found 371.17418.
(trans-3-lodocyclohexyl)[(4-methoxymethoxy)phenyl]carbam-

for 3 min, and the solvent was then evaporated. Flash chromatog-ic Acid Phenyl Ester (35b).Imidazole (106 mg, 1.56 mmol), B

raphy of the residue over silica gel, using 1:4 EtGAexane, gave
33f (8.3 mg, 82%) as a solid: mp 17A71°C; FTIR (CHCE cast)
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(410 mg, 1.56 mmol), and (396 mg, 1.56 mmol) were added in
that order to a stirred solution 86a(290 mg, 0.78 mmol) in THF
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(5 mL). After 10 min, water was added and the mixture was

JOC Article

and CHC}. The aqueous phase was extracted twice with GHCI

extracted with EtOAc. The combined organic extracts were washedand the combined organic extracts were dried (MgSénd

with saturated aqueous p&0; and brine, dried (N&Oy), and

evaporated. Flash chromatography of the residue over silica gel

evaporated. Flash chromatography of the residue over silica gel,(2.6 x 28 cm), using first 50% EtOAehexane and then EtOAc,

using 1:9 EtOAe-hexane, gav85b (338 mg, 90%) as an oil: FTIR
(CH,CI; cast) 2933, 1717, 1510 ¢y *H NMR (CDClz, 400 MHz)
0 1.29 (brt,J=14.8 Hz, 1 H), 1.42 (qdJ = 12.3, 2.7 Hz, 1 H),
1.63 (td,J = 12.6, 3.2 Hz, 1 H), 1.71 (df] = 14.7, 3.2 Hz, 1 H),
1.90-2.07 (m, 3 H), 2.33 (br dJ = 13.6 Hz, 1 H), 3.50 (s, 3 H),
4.78 (br t,J = 12.0 Hz, 1 H), 4.84 (s, 1 H), 5.19 (s, 2 H), 7:62
7.18 (m, 7 H), 7.31 (tJ = 7.4 Hz, 2 H);13C NMR (CDCk, 100
MHz) 6 22.4 (t), 31.0 (t), 33.2 (d), 35.1 (t), 40.7 (t), 54.9 (d), 56.2
(0), 94.5 (1), 116.4 (d), 121.7 (d), 125.2 (d), 129.1 (d), 130.5 (d),
132.4 (s), 151.4 (s), 153.9 (s), 156.7 (s); exact nm¥gcalcd for
C,1H24INO,4 481.07501, found 481.074378. The chemical shift for
CH(l) suggest® that the halogen is axial.
(4-Hydroxyphenyl)(trans-3-iodocyclohexyl)carbamic Acid Phen-
yl Ester (35¢).BCl3*SMe, (2 M in CH,Cl,, 0.39 mL, 0.77 mmol)
was added dropwise to a stirred solution3%b (310 mg, 0.64
mmol) in CH,CI, (5 mL) (Ar atmosphere). After 5 min, the mixture
was quenched with water and extracted with CiHThe combined
organic extracts were washed with water and brine, dried (MpSO

gave36a (267.2 mg, 96%) as an oil: FTIR (CHg tast) 2953,
1694, 1510, 1392, 1235 crh 'H NMR (CDCls, 500 MHZz)6 1.92-
2.00 (m, 1 H), 2.352.43 (m, 1 H), 2.56-2.58 (m, 1 H), 2.73 (tt,
J=10.6, 6.7 Hz, 1 H), 3.16 (dd,= 10.5, 6.5 Hz, 1 H), 3.31 (dd,
J=10.5,25Hz, 1 H),3.47 (s,3H),4.12 (&=4.7,41Hz, 1
H), 5.16 (AB q,J = 6.9 Hz,Avpg = 4.4 Hz, 2 H), 7.07 (apparent
d,J=9.0 Hz, 2 H), 7.26 (apparent d,= 9.0 Hz, 2 H);13C NMR
(CDCls, 125 MHz)6 11.2 (1), 24.6 (t), 30.5 (t), 55.9 (q), 59.5 (d),
90.4 (t), 116.9 (d), 126.4 (d), 130.3 (s), 155.7 (s), 174.1 (s); exact
massm/z calcd for G3H16INO3 361.01749, found 361.01839.
1-(4-Hydoxyphenyl)-5-(iodomethyl)pyrrolidin-2-one (36b).Mes-
SiBr (0.22 mL, 1.7 mmol) was injected at a fast dropwise rate into
a stirred solution oB86a (264.1 mg, 0.7316 mmol) in dry Gi€l,
(10 mL). Stirring was continued for 30 min, and the mixture was
quenched with water (10 mL). The aqueous phase was extracted
three times with EtOAc, and the combined organic extracts were
dried (MgSQ) and evaporated. Flash chromatography of the residue
over silica gel (2.0x 26 cm), using EtOAc and then 5% MeGH

and evaporated. Flash chromatography of the residue over silicaEtOAc, gave36b (170.1 mg, 73%) as an oil: FTIR (microscope)

gel, using 1:4 EtOAe hexane, gav85c¢ (240 mg, 85%) as a white
solid: mp 10}103 °C; FTIR (CHCI, cast) 3350, 2936, 1717,
1684, 1514 cm'; *H NMR (CDCl;, 400 MHz) 6 1.26 (br t,J =
12.8 Hz, 1 H), 1.36:1.42 (br m, 1 H), 1.56 (br ) = 12.1 Hz, 1
H), 1.69 (br dJ=13.7 Hz, 1 H), 1.8#2.06 (m, 3 H), 2.31 (br d,
J=12.1Hz, 1 H), 4.764.82 (br m, 1 H), 4.84 (br s, 1 H), 6.27
(s, 1 H), 6.476.80 (br m, 2 H), 6.837.08 (br m, 3 H), 7.15
7.21 (br m, 2 H), 7.3%£7.42 (br m, 2 H);**C NMR (CDCk, 100
MHz) 6 22.3 (t), 31.1 (t), 33.1 (d), 35.1 (t), 40.7 (t), 54.8 (g), 115.9
(d), 121.6 (d), 125.4 (d), 128.6 (s), 129.2 (d), 130.4 (d), 151.2 (s),
154.5 (s), 155.8 (s); exact maswz calcd for GgHyNO3
437.04880, found 437.04821.
5-Hydroxymethyl-1-[4-(methoxymethoxy)phenyl]pyrrolidin-
2-one (36).DMF (3 mL) was injected into an oven-dried, round-
bottomed flask containing5 (606.1 mg, 2.296 mmol) andh)-
pyroglutaminol (0.80 g, 6.9 mmol) (Ar atmosphere),CO; (1.496
g, 4.592 mmol) and Cul (87.2 mg, 0.459 mmol) were tipped in,
and N,N'-dimethylethylenediamine (0.10 mL, 0.92 mmol) was
injected. The mixture was lowered into an oil bath (80) and

3057, 2981, 2815, 1639, 1595, 1509 ¢mH NMR (DMSO-ds,
500 MHz)¢6 1.69-1.77 (m, 1 H), 2.2%+2.29 (m, 1 H), 2.38 (quintet,
J=1.8Hz, 1H), 2.482.55(m, 1 H), 3.20 (dd) = 10.6, 5.6 Hz,
1 H), 3.35 (ddJ = 10.6, 2.3 Hz, 1 H), 4.114.16 (m, 1 H), 6.77
(apparent d) = 8.9 Hz, 2 H), 7.16 (apparent d,= 8.9 Hz, 2 H),
9.42 (s, 1 H)13C NMR (DMSO-ds, 125 MHz)6 13.9 (t), 23.7 (1),
30.0 (t), 58.1 (d), 115.2 (d), 126.2 (d), 127.9 (s), 155.3 (s), 172.9
(s); exact masan'z calcd for GiH,INO, 316.99127, found
316.99091.
5-lodomethyl-1-(1-methoxy-4-oxocyclohexa-2,5-dienyl)pyrro-
lidin-2-one (36¢).PhI(OAc), (112.5 mg, 0.3494 mmol) was tipped
into a stirred solution 086b (97.0 mg, 0.2795 mmol) in dry MeOH
(10 mL). Stirring was continued for 30 min, and the solvent was
evaporated. Flash chromatography of the residue over silica gel
(1.8 x 26 cm), using first 50% EtOAehexane and then EtOAc,
gave36¢(86.4 mg, 89%) as an oil: FTIR (CH&tast) 2939, 1697,
1672, 1634, 1456, 1386 crh 'H NMR (CDCls, 500 MHz)6 2.00
(apparent t) = 9.5 Hz, 1 H), 2.18-2.28 (m, 2 H), 2.572.67 (m,
1 H), 3.22 (two overlapping s, 3 H), 3.37 (dil= 10.0, 7.7 Hz, 1

stirred for 30 h. The mixture was cooled to room temperature and H), 3.49 (dd,J = 10.0, 2.4 Hz, 1 H), 4.17 (tm] = 8.5 Hz, 1 H),

filtered through a pad of silica gel (® 3 cn?), using 20% MeOH-

6.39 (apparent d] = 10.3, 1.0 Hz, 2 H), 6.58 (dmJ = 9.2 Hz, 1

EtOAc (100 mL) as a rinse. The filtrate was evaporated and the H), 6.76 (dm,J = 10.3 Hz, 1 H);*3C NMR (CDCk, 125 MHz)d

residue was kept overnight under oil pump vacuum. Flash chro-

matography of the residue over silica gel (2628 cm), using
MeOH—EtOAc mixtures from 0% to 10% MeOH, gad$ (411.1
mg, 71%) as an oil: FTIR (C¥Cl, cast) 3391, 2950, 1668, 1607,
1511, 1409 cm?; *H NMR (CDCl;, 400 MHz)6 2.04-2.12 (m, 1
H), 2.15-2.25 (m, 1 H), 2.38-2.46 (m, 1 H), 2.60 (ddd] = 17.1,
10.1, 7.6 Hz, 1 H), 3.08 (br s, 1 H), 3.43 (s, 3 H), 38156 (m,
2 H), 4.05-4.12 (m, 1 H), 5.11 (AB gJ = 6.9 Hz,Avpg = 4.4
Hz, 2 H), 7.00 (apparent d,= 9.0 Hz, 2 H), 7.21 (apparent d,
= 9.0 Hz, 2 H);13C NMR (CDCk, 100 MHz)¢ 21.0 (t), 31.3 (1),
55.9 (q), 61.8 (d), 62.0 (t), 94.5 (t), 116.8 (d), 126.2 (d), 131.2 (s),
155.5 (s), 175.5 (s); exact mas& calcd for GgHq1/NO, 251.11575,
found 251.11562.
5-lodomethyl-1-[4-(methoxymethoxy)phenyl]pyrrolidin-2-
one (36a).Imidazole (104.8 mg, 1.542 mmol), §h (262.6 mg,
1.002 mmol), and,l (254.5 mg, 1.002 mmol) were added in that
order to a stirred solution d36 (193.5 mg, 0.7710 mmol) in dry
THF (10 mL) (Ar atmosphere). Stirring was continued for 1.5 h,

12.3 (1), 25.2 (t), 30.3 (t), 50.9 (qg), 57.3 (d), 82.1 (s), 131.1 (d),
131.4 (d), 143.1 (d), 143.8 (d), 173.9 (s), 184.6 (s); exact nméss
calcd for GoH14INO3 347.00183, found 347.00228.
3b-Methoxy-1,2,7,7a,8,8a-hexahydro-3#-3a-azacyclopenta-
[alindene-3,6-dione (36d)A solution of BySnH (0.08 mL, 0.28
mmol) and AIBN (10 mg, 0.06 mmol) in PhMe (5 mL) was added
over 4 h bysyringe pump to a stirred and heated (€9 solution
of 36¢(80.8 mg, 0.233 mmol) in PhMe (15 mL). Heating at &%
was continued fo8 h after the addition. Evaporation of the solvent
and flash chromatography of the residue over silica gel {L30
cm), using EtOAc, gav86d (42.9 mg, 83%) as an oil: FTIR (GH
Cl, cast) 2938, 1694, 1457, 1390, 1346, 1326 &ntH NMR
(CDClz, 500 MHz)6 1.34 (id,J = 11.9, 9.3 Hz, 1 H), 1.641.73
(m, 1 H), 2.23 (quintet) = 6.3 Hz, 1 H), 2.26-2.32 (m, 1 H),
2.41 (ddJ=12.7, 4.1, 1 H), 2.432.49 (m, 1 H), 2.682.76 (m,
1 H), 2.75 (ddJ = 16.7, 6.5 Hz, 1 H), 2.982.34 (m, 1 H), 3.49
(s, 3H), 4.20 (ttJ = 9.4, 6.0 Hz, 1 H), 6.05 (apparentdi= 10.5
Hz, 1 H), 7.66 (dmJ = 10.6 Hz, 1 H);3C NMR (CDCk, 125

and the mixture was quenched with water (5 mL). Saturated aqueousMHz) 6 28.9 (t), 35.9 (t), 36.9 (t), 38.7 (t), 46.4 (d), 52.0 (q), 61.4
Na:S,0; was added and the mixture was partitioned between brine (d), 87.6 (s), 128.6 (d), 140.8 (d), 174.5 (s), 196.9 (s); exact mass

(26) Pretsch, E.; Bumann, P.; Affoter, CStructure Determination of
Organic Compounds. Tables of Spectral Datpringer: Heidelberg,
Germany, 2000; p 201.

m/z calcd for G,H1sNO3z 221.10519, found 221.10554.
6-Hydroxy-1,2,8,8a-tetrahydro-3a-azacyclopenta]inden-3-
one (36e).TsOHH,0 (4.3 mg) was added to a stirred mixture of
36d (29.3 mg, 0.132 mmol) ah4 A molecular sieves (ca. 20 mg)
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in CH,Cl, (10 mL), and stirring was continued for 40 min. The 27¢&',27f', 27d', 27h', 271", 27}, 27", 27d", 270", 27¢", 27d",
mixture was filtered and evaporated. Flash chromatography of the 27¢"", 27f'"", 28, 28a, 28b, 28¢, 28d, 28e 28f, 29, 29a, 29b, 29¢,
residue over silica gel (1.2 29 cm), using EtOAc, gavé6e(20.5 29d, 29¢ 29f, 30, 303, 30D, 30 30d, 30g 30f, 30h, 30j, 32, 323,
mg, 82%) as a white solid: FTIR (microscope) 3203, 2975, 1651, 32 32¢ 32d, 32e trans-32f, cis-32f, 32g 32i, 32k, 344 34b,
1610, 1500, 1453 cm; H NMR (CDiOD, 500 MHz)0 1.94~ 340 344 34¢ 34q, 35d, 35¢ 351, 37, 37a, 37b, 37¢ 37d, 37¢
2.02 (m, 1 H), 2.44 (quintet of ml = 7.3 Hz, 1 H), 2.50 (ddd) 57 374 38 385 384, 39, 39¢ 39d, 39f, and54, and NMR spectra
=16.6, 8.6, 0.7 Hz, 1 H), 2.792.90 (m, 2 H), 3.10 (dd] = 15.7, ; ? : )
8.2 Hz, 1 H), 4.64 (tdd] = 9.8, 8.3, 6.2 Hz, 1 H), 6.60 (dd,= of 15, 27: 273, ”276(, 27d', 27d f 27b,”27b(, 270 . 270 27¢
8.4, 2.5 Hz, 1 H), 6.676.69 (m, 1 H), 7.29 (dJ = 8.4 Hz, 1 H); ~ 2/C,27¢', 27¢", 27d, 27d, 27d", 27d", 27¢€, 27¢', 27¢€", 21,
13C NMR (CDCk, 125 MHz)6 29.8 (t), 36.7 (t), 37.2 (t), 65.4 (d), ~ 27f, 27", 27f", 27h, 27W, 27n", 27], 27j", 271", 28, 283, 28b,
113.8 (d), 114.5 (d), 116.2 (d), 132.6 (s), 138.0 (s), 156.1 (s) 286G 28f, (9-28, (9-283 (9)-28b, (S-28¢ (S)-28f, 29, 293 29bh,
(carbonyl signal not observed); exact ma¥z calcd for GiH;s- 29¢, 29f, 30, 30a, 30b, 30¢ 30d, 30e 30f, 30h, 30j, 31, 314 31b,
NO, 189.07898, found 189.07917. 31c¢ 31d, 31f, 32, 323 32b, 32¢ 32d, 32¢ cis-32f, trans-32f, 32¢g,
_ 32i, 32k, 33d, cis-33e trans-33g 33f, 34a 34b, 34¢, 34d, 34e
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