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ABSTRACT

The first part of this thesis describes v - o the
carbazolc-containing antibiotic Carbazomyc n " (1 by radical

cyclization methodology (Scheme A).

the synthesis of amino acids based on the addition of azido radicals
to methoxyacrylonitriles 2 (Scheme B). A two-stage hydrolysis of
the initial adducts gives azido acids 3, which are transformed by

standard methods into the amino acids 4.
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I INTRODUCTION

Origin and Structure of the Carbazomycins
Carbazomycins A (1) and B (2) were first isolated from an
unidentified Streptomyces in 1980 by Nakamura and co-workers!.
Later, carbazomycins C-F (3-6)2.3 and the quinol-containing carba-
zomycins G (7) and H (8)4 were isolated from the same micro-

organism, assigned as a strain of Streptoverticillium ehimense.’

H
tR'=Ms, RA2uMe, RI=H
@2): R'=Me, R2uH, RPsH
3): R'=Ms, RZ=H, R3I=OMe
4): R'=Ms, RZ=Me, A3 =0OMe
8): R'=CHO, A=H, RI=H

): R'=CHO, A2=H, R3=OMe

Both the unique structure and the unusual biological activity

of the carbazomycins have gained them considerable attention.

3
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The carbazomycins differ in structure from other natural
carbazoles as they have a C-14 skeleton, and a 1,2,3,4-tetrasub-
stituted nucleus.’

The structures of carbazomycins B, C, and G were confirmed
by X-ray analysis,!c4 and carbazomycin G was shown to exist as a
racemate.4

The structurally related marine alkaloids hyellazole (9) and
6-chlorohyellazole (10) were isolated from the blue-green alga
Hyella caespitosa in 1979.6 These, too, have an unusual substitu-

tion pattern on the carbazole nucleus.

2
/N
oA

Hyellazole (§): X=H
rohye ? (10): X=Q

Prior to the isolation of the carbazomycins and the hyella-
zoles, the only known natural carbazoles were the pyridocarbazoles,
of which the powerful antitumor agent ellipticine’ (11) is the most

noteworthy example, and the carbazoles isolated from Rutaceae.®
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The carbazoles from Rutaceae, which appears to be the only
family of higher plants to synthesize the carbazole nucleus, belong
to three distinct groups, having a C-13, C-18, or C-23 skeleton. The
first of these to be isolated was Murrayanine (12) which, like all
members of this compound class, bears a one-carbon substituent in
the C-3 position, a feature lacking in the carbazomycins. Other

members have methyl or carboxyl groups in this position.

It has been suggested that 3-methylcarbazole is a common
intermediate in the formation of the carbazole alkaloids of
Rutaceae, and that the five carbons marked in bold in 12 are
derived from mevalonate.? The incorporation of mevalonic acid has
been shown, but its location has not been determined. It has been
found, however, that the extra C-3 carbon is not derived from a
one-carbon unit (i.e. from methionine).!0
to derive from tryptophan and pyruvate3.!! This is the only
natural carbazole for which the biosynthetic pathway has been

completely elaborated.

4



Synthesis of Carbazomycin B - Introduction

Biological Activity

The carbazomycins were noticed because of their unusual
biological activity, being the first carbazoles to exhibit antibiotic
properties. The major component, carbazomycin B, is also the most
highly active.!?

Carbazomycin B inhibits the growth of some phytopathogenic
fungi, and has weak antibacterial and anti-yeast activities.!®
Carbazomycin C also shows weak inhibition of some bacteria and
fungi,? while carbazomycins A, D, G and H have only extremely
weak antibiotic properties.!2.3.4

Other workers have found that carbazomycins E and F inhibit

fungi and bacteria for these compounds.?

It appears from these observations that the free phenolic

carbazomycins.
Recently, it was found that a carbazomycin-containing fer-
mentation extract showed significant inhibition of S5-lipoxygenase,

one of the enzymes responsible for the control of allergic response.

bazomycin C is also active. It is speculated that this inhibition is

droxyl group may again be necessary.!?

Synthetic Appreaches te Carbazeles
Several of the synthetic approaches used for the synthesis of
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carbazoles are simply extensions of classical methods for formation
of indoles, although some routes specific to the formation of car-

bazoles have also been developed.!3

a) Early Methods

In the major early methods for the synthesis of carbazoles it
is the central C-C bond which is formed in the critical step.!

In the Graebe-Ulimann method!3 (Scheme 1), an o-amino
aniline is treated with nitrous acid to give the intermediate triazole

which, upon losing nitrogen, gives the carbazole product.

C(;OL QB0 2. OO

This method has been used fairly extensively, although it
generally requires vigorous heating (usually upwards of 350°C) for
decomposition of the triazole intermediate.

Borsche's method!6 (Scheme 2), which is an application of the
Fischer indole synthesis, involves condensation of an aryl hydrazine
heating in acid, gives the usual Fischer product. Dehydrogenation of
the tetrahydrocarbazole by classical methods completes Borsche's
sequence.

A recent approach to 1-hydroxycarbazoles (Scheme 3)!7
followed a similar route. The hydrazone was formed by the Japp-

1]
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I=-2

Klingemann reaction, in which a diazonium salt (formed from the
corresponding amine) is mixed with 2-hydroxymethylene cyclo-
hexanone to provide the indicated a-ketohydrazone. This method
gives a cleaner product, and better overall yields than the classical
sequence. Treatment with acid gives good yields of the dihydro-
carbazole. Esterification of the acid substituents prior to dehydro-
genation results in moderate yields of the 1-hydroxycarbazoles.

7
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Carbazoles have also been formed by an extension of the

Bischler synthesis. According to this protocol, a-anilino-cyclohex-

cyclohexanone, are cyclized by electrophilic attack on the carbonyl.
Dehydration and oxidation give the carbazole derivatives (Scheme

4).18

b) Coupling of Diphenylamines

Another method which has been used extensively is the
oxidative coupling of diphenylamines. Here too, it is the central C-C
bond which is formed.

This reaction was first observed as the ultraviolet-initiated

deccmposition of diphenylamine to give carbazole.!® Considerable

p— —

0.0 - [00
o .. | O

X
N 65-70% 'L
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effort has been put into mechanistic studies, and the following
mechanism has been proposed20 (Scheme 5). Excitation of the aryl-
aniline gives the zwitterionic intermediate, which cyclizes to the
observable (in the absence of oxygen) tricyclic intermediate, which
is then oxidized to the carbazole.

Carruthers2! has applied this strategy to the synthesis of the

alkaloid glycozoline (13).

,g‘

® X~

The coupling of diphenylamines can also be accomplished by
the action of palladium acetate (Scheme 6).22 This reaction is suited
to a variety of substituents, and is now considered to be the best
method for the coupling of diphenylamines.

X
D o)
1T ThoseaT T
N 60-80% N
X = Ms, MsO, C1
Bv, NOy, COpH

This palladium-induced coupling was used in a short sya-
thesis of ellipticine (11).23 The two fragments 14 and 1S (Scheme
7) were joined using the Goldberg modification of the Ulimaan
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coupling.  Hydrolysis of the amide gave the arylaniline 16.
Although a model lacking the pyridine ring could be cyclized photo-
lytically, ellipticine itself is very light sensitive, and so could not be
detected under those conditions. Treatment with palladium acetate,

however, gave a modest yield of ellipticine.

c) Nitrene Insertion

In another often-used approach it is the N-C bond which is
formed. Nitrenes, generated by thermal or photochemical decom-
position of biphenyl azides, insert into aromatic C-H bonds to give

x:lr.mg
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generally good yields of the carbazole products (Scheme 8).24
Alternatively, in the Cadogan reaction, the nitrenes are gen-
crated from nitro compounds, by deoxygenation with tertiary
phosphines or phosphites23 (Scheme 9). The reaction is usually
carried out in refluxing triethyl phosphite. Tristrimethylsilylphos-
phite has been recommended as an alternate reagent, as it requires
lower temperatures and shorter reaction times, and the by-

products are casily removed after hydrolysis.26

QO o OO

erEFﬁf
A, 40-50%

X = Cl, Br, Mo
Scheme 9

Nitrenes can also insert into aliphatic C-H bonds, thereby

yielding hexahydrocarbazoles?? (Scheme 10).

d) Nenitzescu Synthesis
An extension of the Nenitzescu indole synthesis has also been
applied to the syathesis of carbazole derivatives. In this method,

cither the central C-C bond, or the N-C bond may be formed last.
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In one example, treatment of enamines 17 with 2-trifluo-
romethyl-1,4-benzoquinone gave the hydrocarbazoles 18 in modest
yields (Scheme 11).28 In this case, the enamine is thought to add in

a conjugate fashion to the quinone, followed by condensation of the

amine.
CF, O
CF, 0 HO ?
0 HOAc, A
+ —— R
A 4-16 h, 24-25% R

(o] H:N A 'l‘

*]

17 R=H, Me 10

Scheme 11

Another application of the Nenitzescu synthesis uses p-cyano-
or p-nitroanilines 19 (Scheme 12) as the enamine fragment.2?
Reaction with 1,4-benzoquinone in refluxing trifluoroacetic acid
gives low yields of the carbazoles 20, which are intermediates in
the synthesis of ellipticine analogues.

The isolation of the main side-products 21 and 22 is an indi-
cation that several mechanisms may be in effect. Initial N-C con-
densation (route a, Scheme 12) would give the a-hydroxyaniline
intermediate. Subsequent C-C attack gives the desired carbazole
product 20, or the intermediate could simply be reduced to 21.
Alternatively, initial C-C attack (route b, Scheme 12) to give the
biphenyl intermediate, followed by N-C condensation could also
account for the formation of the carbazole product. Attack of a
second molecule of 19 on the biphenyl intermediate, followed by

12
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oxidation would give the hydroquinone 22. This initial C-C attack

o &

%)

22 (21-31%)

e) Cycloaddition

Much recent work has focused on the use of cycloaddition
reactions for the formation of the carbazole nucleus. Generally, the
diene unit incorporates the indole nucleus, and the third ring is
generated via a [4+2] cycloaddition.

In one example, the 9a,1 and 2,3 bonds of the carbazole
framework are formed by cycloaddition of dimethyl acetylenedi-
carboxylate with diene 24, which is prepared by coadensation of

13
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indole 23 with tetracyanoethylene (Scheme 13).30

In another example, condensation of indole with various
ketones gives the dienes 26 (Scheme 14).3! Diels-Alder reaction
with maleic acid, and loss of carbon dioxide, then gives the tetra-
hydrocarbazoles 27. Dehydration, either by using chloranil or by
heating with palladium, gives generally low yields of the carbazole
products 28.

B R '?’
90-131°C
ot r WO N
) o M
R', R = akyl I 26 i
A? - A A
Qe o f
CoM orPd/C coM
0 A, 1-08% N
20 " ey
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in the cycloaddition. The indole a-pyrone 29 acts as dienophile
when trcated with vinyl chlorides to give, after loss of carbon
dioxide and HCI, 1,3-substituted carbazoles 30 (Scheme 15).32
Carbazole 30 (R = Me) was converted into the ellipticine analogue,

olivacine (31, R = Me).

" o
)) 80C,
] OM .u.o‘c
71-04%
32 RN, alkyl HeN ax Hau-
EtsN, CHgClp, A
n  SOe x nma.s o
(4+2) ’ ' '
" T Y)'
N ' ’ omN’
R "
38 ) 34 )

Seohame 18

15
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but is assembled in a [4+2] cycloaddition that generates two rings of
the carbazole framework at once (Scheme 16).33 Amides 33 were
prepared by condensation of the corresponding anilines with the
The vinyl ketenimines 34 are generated from the amides by treat-
ment with triphenylphosphine and bromine. Intramolecular Diels-
Alder cycloaddition then gives, in one step, good yields of the

carbazoles 38.

f) From Other Indoles

Other methods have been developed to convert indoles into
carbazoles.

An carly synthesis of ellipticine relied on the annulation of
indole by acid-catalyzed condensation with 2,5-hexanedione to
form the carbazole nucleus.34 The resulting carbazole 36 (Scheme

17) was converted into ellipticine in four steps.

A recent approach to l-alkoxycarbazoles involved the elec-
trophilic ring closure of aldehydes 39 (Scheme 18).35 The alde-
hydes were prepared from the indole esters 37 by condensation
with butyrolactones by way of the P-keto lactones 38. Lactone

16
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hydrolysis, with concomitant decarboxylation, followed by oxidation

of the resulting alcohols gave the required aldehydes. The ring

Synthesis of the Carbazomycins and Related Alkaloids

Several groups have worked on the synthesis of
carbazomycins A and B, as well as the hyellazoles.36-44 These alka-
work, i.e. carbon substituents in the 1 and 2 positions, and sa
oxygen substituent in the 3 position.

addition or electrocyclic reactions to form the carbazole nucleus.
The first total synthesis of hyellazole (9) relied on the electro-
cyclic ring closure of divinyl indole 44 (Scheme 19).3¢ Compound
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pr@pmphgnone, and dzhydratmn of the resulting alcohol. The so-
obtained vinyl indole 42 was converted to aldehyde 43 by treat-
ment with the Vilsmeier reagent. Wittig reaction gave 44, which
was cyclized and dehydrogenated to hyellazole by heating over

palladium. 6-Chlorohyellazole was prepared by a similar route.

rQ e w
| mma, Hao
SO,Ph Ph 155

n 43
—QﬁQ . %Q?Q
! 48%, 2 sheps
Scheme 19

A more recent synthesis of hyellazole involved the electro-
cyclic ring closure of a different substrate (Scheme 20).37 Wittig
reaction of the 2-oxindole 45, followed by silyl enol ether forma-
then dgsﬂylman gave the carbazole product 48, which was con-
verted to hyellazole by methylation and hydrolysis of the amide.
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ro"'f“""’f‘)ﬁ fm

@« p-Z

Other workers, in an attempt to develop a general route to
1,2-disubstituted carbazoles, examined the closure of indolenines

$1, formed by treatment of Zavinylindolgs 50 with the Vilsmeier

indolization from the appropriate E,B—unnmrited ketones and
phenylhydrazine in hot polyphosphoric acid. Although $3 was
formed in good yield when there was no C(1) substituent (R = H),
the yields in the substituted cases were very low. It was suggested
that steric congestion makes it difficult for the intermediate 52 to
form, or to reach the conformation required for closure in those
cases.

The formation of consistently good yields of the usual hydrol-
ysis products 5S4 after treatment with the Vilsmeier reagent is an
indication that the formation of 51 is not the problem step in this

sequence.

19
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f o
AN, 2 A D e AT(D
PPA, A ¥, POCly 4 N
h H
81

24-26%
49
R=H, Me, Ph A ~-H 1
94-98%
NWe ,
m - - - _
; :u: N , N
' i
L) R4 ] R
83 - s2 84
Rs=sH, 80%
Rs=Me, 1%
Rs=Ph, 3%
Scheme 21

The same authors describe a more general route to 1,2-
disubstituted carbazoles using the alkylation of indoles 55 with a,p-
unsaturated ketones (Scheme 22).38ac  The initial adducts are
dehydrated and dehydrogenated by refluxing with palladium in
acetic acid to give good yields of carbazoles 53.

N
R HOAC, A, 48 h R 4 o
88 R = Me, Ph - . 1)

methoxy carbazoles, the indole S5 (R = Me) was condeased with 4-

20
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methoxy-3-buten-2-one. However, the methoxy group was lost in
the course of the reaction, resulting once again in formation of
carbazole 53.

Other recent approaches have used the Diels-Alder reaction to
assemble the carbazole.

The 4-hydroxycarbazole diester 58 (Scheme 23) was pre-
pared from anhydride 56. Deprotonation of 56 gave indole-2,3-
orthoquino-dimethane analogue 87 which reacted with the

dienophile to give, after loss of carbon dioxide, 58.39

- U e
(Y| 0D coe
O ™. AT O™\, 8% BOICTN\ ,
N " w
Mo Me

e i 87 se

More recent cycloaddition approaches have targeted -~arbazo-
mycins A and B

The first such route to these compounds led to 4-demethoxy-
carbazomycin (62, Scheme 24).40 The diene fragment 60 was
assembled by Wittig reaction from indole-3-carboxaldehyde 59.
Cycloaddition with dimethyl acetylenedicarboxylate and dehydro-
genation of the resulting adduct with chloranil gave a poor yield of
carbazole 61. The demethoxy derivative was a major side-product,
resulting from elimination of methanol.

Hydrolysis of both the esters and the sulfonamide, and
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[ B
L[]

reduction of the resulting dicarboxylic acid using trichlorosilane

gave 4-demethoxycarbazomycin.

. o T .
' :, 80% [
Som °C, 80% b
59 e0
PhCHs, A, 120
MeO i) KOH, MeOH MeO
' ﬂ)mm
N ) H)Kﬂ-l.m-l
Me ]
H
L} ]

Scheme 24

A similar route was used to prepare 3-demethoxycarbazo-
mycin (66, Scheme 25).4! In this case, the diene 64 was generated
by deprotonation of cation 63. Diels-Alder reaction gave a low

yield of the diester 65, which was converted to 3-demethoxycar-
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bazomycin by the same sequence as described above in Scheme 24.
The first total synthesis of carbazomycins A and B based on
Diels-Alder chemistry was reported in 1989 (Scheme 26).42
This route involved cycloaddition of indole a-pyrone 67 with
ethyl 3-trimethylsilylpropynoate to assemble the carbazcle frame-
work. The alkyne component was chosen both to direct the regio-
chemistry, and because the trimethylsilyl group could later be

transformed into the required hydroxyl group.

’&ﬁ—-w;m——»-%ilrﬂ

ol -:::f':
T
o “o

"E
7‘ R-Gl

190°C, 80%: x) Mei, KgCOs, acetone, relu, 94%.

The cycloaddition gave moderate to good yields of the trisub-



Synthesis of Carbazomycin B - Introduction

stituted carbazole 68, with no evidence of the isomeric carbazole.
This regioselectivity was ascribed to both steric and electronic
effects.

Reduction of the ester gave directly the 2-methyl derivative
69. Mercurio-desilylation, hydroboration, and oxidation served to
introduce the 3-hydroxyl group, which was methylated to give 4-
deoxycarbazomycin, 62.

A limitation of this method is that it requires introduction of
the 4-hydroxyl group at a late stage. All attempts at direct oxida-
tion failed to introduce the required substituent.

In a more circuitous route, the 4 position was first bromina-
ted, and then converted to the hydroxyl derivative. In order to
brominate the desired position, it was necessary to first block the
carbazole nitrogen, as direct bromination of 62 gave the 6-bromo
derivative. The N-r-butoxycarbonyl carbazole 72 (see Scheme 26)
could be brominated selectively to 73. Lithium-halogen exchange,
followed by reaction with trimethylborate gave, after oxidation, the
required carbazole 74. The protective group was removed on
heating to give carbazomycin B (2), which was methylated to afford
carbazomycin A (1).

An analogous route (cf. 67 — 62) was used to prepare hyella-
zole (9) in 21% overall yield from the corresponding phenyl substi-
tuted indole a-pyrone.42

A new method of carbazole formation’ has recently beea
applied to the synthesis of carbazomycins A and B.44

The iron complex 77 (Scheme 27), prepared from aniline 76
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by electrophilic aromatic substitution with the iron-complexed
cation 78, is oxidatively cyclized with very active manganese diox-

ide to give, directly, carbazomycin A in 25% yield.

FO(°°):
: MeO
“)2;( " PeOC-e Ty
cu,cn N 25°C
Mo 8s-94% W | ;lzs-m % !
NH, NH, - ) H
78 (R=Me) 77 (ReMe) 1 (RaMe)
78 (R=H) Aczowr.ml:"‘""" MMLBM’
n(n-Ac)
Scheme 27

A side product isolated (in 17% yield) from the oxidation is
the iron-complexed iminoquinone 78 which results from oxidation
of the initially formed dihydrocarbazole. Compound 78 can be con-
verted into carbazomycin A by demetallation (trimethylamine N-
oxide) and methylation of the resulting 3-hydroxycarbazole.

In fact, better overall yields of 1 are obtained by selective
preparation of iminoquinone 78 (in 63% yield) using commercial
manganese dioxide in place of the very active reagent normally
employed for oxidation of 77.

Ao
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This methodology has also been applied to the synthesis of
carbazomycin B. The iron-complex 80 (Scheme 27), prepared as
above from aminophenol 79, failed to cyclize when treated with
manganese dioxide. The O-acetyl derivative 81, however, gave 4-
O-acetylcarbazomycin, 82, in 46% yield, and ester hydrolysis then

gave carbazomycin B.

Proposed Synthesis of Carbazomycin B

Although radical cyclization methodology has proved to be
very useful in the formation of S-membered carbocycles and
heterocycles,45 it has not yet been applied to the synthesis of
carbazoles. We were interested in trying this methodology for the
synthesis of carbazomycin B.

We envisaged the formation of carbazoles 83 (Scheme 28)
from suitably constituted anilines 84, containing a homolizable
group (X = Br, I, etc.) ortho to the nitrogen. S5-Exo radical cycliza-
tion, and aromatization of the resulting system would provide the
required carbazole framework. The requisite intermediate 84
should be accessible by alkylation of anilines 8S.

QL = O = <L

N
fa

1] s
Seheme 20

The cyclization of o-anilino radicals has beea reported. For
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example. a recent publication has detailed the formation of

C(f‘ sot oy Q‘f“

(01 -93%) l=l
Ac
R-H.m.mﬁ
Scheme 29

Likewise, the radicals generated from o-bromo-N-propargyl

anilides cyclize to give mixtures of indole products (Scheme 30).46

O == Q. Qf

Scheme 20

Cobalt-mediated radical cyclization can also be applied to the
closure of these systems. Treatment of amides 86 with Co(salen)
gives the products of 5-exo (87 and 88) and 6-endo (89) closure

Y, — Q- O QX

'.‘ Y Y \
e Me Me Me
L ] ( 34 L ] ] ( ] ]
Xal Co(salen) (00%) 72 2 20
Xalr Colsalen) (40%) 72 2 26
X=br BugbnH (00%) 72 28
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(Scheme 31).47 Compound 87 is formed by B-elimination of the
initially produced radical, while 88 and 89 are formed by hydro-
gen abstraction. For the purpose of comparison, the use of tributyl-
tin hydride gives a similar ratio of 5-exo to 6-endo cyclization.

Because of this similarity, a common intermediate is suggested for

A related reaction, although not a radical process, is the
palladium coupling of allyl anilides 90 (Scheme 32).4% When
treated with catalytic quantities of palladium acetate and tri-
phenylphosphine, 90 gives modest yields of indole 91, accom-
panied by the dealkylated amides 92 and 93.

Br ; ~ B p H
QLS == O - Q- QL
o TMEDA Y bl I

Ac Ac Ac Ac

00 91 (8-43%) 92 (20-84%) 3 (3-10%)

In view of these reports, we were hopeful that our intended
synthetic strategy would provide improved access to carbazoles

such as the carbazomycins.

28
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I1 DISCUSSION

Our strategy for the synthesis of carbazomycin B49 involved
the preparation of a suitably substituted and protected ortho-
bromoaniline (Scheme 33), from which the aromatic radical could
be generated. Radical cyclization to provide the hexahydro-
carbazole, followed by deprotection and dehydrogenation should

then generate the desired natural product.

Medel Studies

In order to test our approach, we began with a model study
(Scheme 34).

The known sulfonamide 9430 was alkylated with 3-bromo-
cyclohexene to give the cyclization precursor 95 in excellent yield.
The p-toluenesulfonyl group was chosen as the protective group for
nitrogen because of the ecase of alkylating sulfonamides. We were
unable to alkylate the corresponding N-benzyl derivative, and the
N-acetyl derivative was alkylated in less than 50% yield.

Although the alkylated sulfonamide 95 appeared to be homo-
geneous by thin layer chromatography, its !H and 13C NMR spectra
indicated that it exists as a mixture of conformational diastereo-

mers (which will be discussed later), in a four to one ratio.

29
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However, both eclemental analysis and high resolution mass spec-

troscopy showed the material to have the required composition.

Ct - O 2= CE;O

93%
94 95
PhySnH, AIBN
O e OO
r—e———————
"‘ PhH, 80°C ’;‘
Ts 94% Ts
97 t J ]
Scheme 34

The isomer mixture was subjected to standard radical
cyclization conditions and the desired cyclization product 96 was
formed in high yield as a homogeneous substance, indicating that
both isomers of the starting material had indeed been cyclized to
the same product. Dehydrogenation with 2,3-dichloro-5,6-dicyano-
1,4-benzoquinone gave the protected carbazole 97.5!

yielding, direct route to carbazoles, and so we hoped to achieve an
efficient synthesis of carbazomycin B.

Preparation of Cyclization Precursors
We next considered the preparation of the fully substituted

cyclization precursor.

10
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In Knolker's synthesis of carbazomycin B,44 the preparation of
intermediate 103 (Scheme 35) is described, but without experi-
mental details. Since the compound appeared to be a useful inter-
mediate for our synthesis, we prepared it, using a variation of
Knolker's methodology.

Fries reaction of the protected phenol 9852 gave a good yield
of the desired acctophenone 99.53 The free phenol of 99 was
protected with dimethyl sulfate under phase transfer conditions in
near-quantitative yield.

Baeyer-Villiger reaction of 10044* gave the aromatic ester
101,442 which was treated with nitric acid and a catalytic amount
of sulfuric acid to produce the nitration product 102.44s This
material could be obtained pure in 68% yield, but for some pur-
poses, better overall yields were obtained if it was used crude.

3
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Hydrolysis of the pure nitration product gave a quantitative
yield of the desired intermediate 103.44a

Bromination of 103 proved to be problematic, giving only a
42% yield of the unstable phenol 104 (Scheme 36). Nevertheless,
104 was benzylated under phase transfer conditions, and the
resulting nitrate, 108, was reduced to aniline 106, using hydrazine

hydrate and ferric chloride on activated carbon as catalyst.54

OBn 18 h,
MeO ToCl pyr MeO , B¢
T‘ RT “h
Me

107 106
Scheme 30

When we attempted to tosylate 106, the reaction appeared to
progress very slowly, with only about 50% conversion of the
starting material. After addition of an excess of p-toluenesulfonyl
chloride, the reaction proceeded nearly to completion. Unlike the
sulfonamide 95 in the model study (Scheme 34), the product was
more polar (TLC) than the starting material and, surprisingly, it was
not base-soluble, as would be expected of a secondary sulfomamide.

X P)
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The material was identified as the tertiary sulfonimide 107. None
of the monoprotected material was observed by TLC or 'H NMR.

In view of the low yield in the bromination step, this route
was not investigated further.

After consideration of the above results, we thought that it
may be necessary to reduce the nitro group prior to bromination.
The nitrophenol 103, which we had made previously, was reduced
to aniline 7944% (Scheme 37), again using hydrazine hydrate and
ferric chloride.5¢ This material could not easily be brominated, the
resulting aminophenol being too water-soluble to isolate from the
reaction mixture. Instead, 79 was selectively mono-protected to
give sulfonamide 108. This time, bromination gave a quantitative
yield of the desired sulfonamide 109. Unfortunately, this material
could not be alkylated with 3-bromocyclohexene. All attempts to
selectively protect the phenolic hydroxyl of 109 by esteri-

OH
"‘°I> Focuc “‘°I>\ h
MeOH, 65°C RT
Me NO; 20 h, 81% 1‘“.71%
Me
103

L0 % XX

Me To Me

13
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fication, sulfonation, or silylation also failed - in all cases giving the
In view of these results, we deemed it necessary to first pro-
tect the phenol, before reduction of the nitro group to the aniline.
The starting phenol 103 was protected, again as the benzyl
ether (Scheme 38).

m: N ' NgH. ,

BuNBr oM, 66C ,,
bl 'NO; wnm Me™ Y "auzh.mm) Me N,
Me Me

110 WREL
ToCl, pyr

AT, 18 h, 90%

would not pmeeed beyond 42% conversion, ilthough the yield was
near-quantitative based on recovered starting material. Compound
111 could be converted in high yield to the desired sulfonamide
112, with no trace of the disulfonation observed ecarlier (Scheme
36).

Once again, the bromination step proved to be problematic.

LT |
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Treatment with bromine for ten minutes gave a dismal yield of the
desired compound, accompanied by several other products, the
major one being the debenzylated material (identical to authentic
108 prepared ecarlier). Numerous attempts at improving this yield,
including the addition of various bases to neutralize the liberated
HBr, and the addition of HBr acceptors, only gave poorer results. In
some cases the O-methyl group appeared to be affected.

Therefore, we attempted to nitrate 112, with the intention of
generating the corresponding bromide by reduction of the nitro
group, followed by Sandmeyer reaction. However, treatment with
nitric acid, and a catalytic amount of sulfuric acid did not generate
the required nitrate, but gave instead benzoquinone imine 115§
(Scheme 39), the same compound observed in the attempted
bromination of 112. This result suggests that 112 may be too sus-
ceptible to oxidation to obtain a good yield in the bromination step.

osn
”I‘i )
Hl’ )
uuas di .
M T
11:

Despite the low yield in the bromination step, the fully-sub-
stituted sulfonamide 113 was alkylated with 3-bromocyclohexene,
to give the desired cyclization precursor 114.

This material, like that in the model study, ap
a8 a mixture of two isomers; however, this time they were separa-

pared to exist
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ble by TLC, and we were able to separate a small amount of this
material into the constituent isomers. The 'H NMR spectra of the
separate isomers were consistent with their being conformational
diasterecomers, as both compounds evidently had the same gross
structure.  Isomerism due to restricted rotation, or atropisomerism,
is known to occur in highly congested systems.5S

We still sought a more efficient route to 114. The crude
material from the nitration of 101 (seen in Scheme 35) was
reduced by catalytic hydrogenation giving 116 in 74% yield for the
two steps (Scheme 40). This material could be sulfonated, but the
resulting sulfonamide 117 could not be brominated.

TeCl, '@
W
MeO I-Q.Pdlc MeO MeO
aer.un R‘HG!\ “J“
74%(1001"101) }.

Mo
m(x H) oy 17
“‘0‘ =NOy) °cuq..o-c
50 min, 08%
MeO O o '&%&"m .
H AT, 4depe
Mo S >y N,
tu.m *- Mo
KOH 1.(! = AC) 119 118
BI0H
1h, 00% SIR=H) Snlly, CHgCly . HO
:]N-on.m
114 R =0Bn) 16 h, 94%
Sochome 40

Instead, 116 was bromimated directly. Although use of

1)
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bromine in dichloromethane gave only a poor yield (less than 25%)
of 118, the major by-product being the de-acylated bromide, 116
could be brominated in very good yield using the bromine dioxane

complex. Sulfonation of this material also proceeded cleanly to give

(Scheme 36).
Sulfonamide 119 was alkylated under similar conditions to

121, which was converted to the benzyl ether 114, seen
previously.

All three of these compounds (120, 121 and 114) exist as a
mixture of isomers, and the ratio of these isomers appears to be
constant throughout the sequence.

We now had three possible cyclization precursors with which
to attempt the radical cyclization.

Radical Cyclizations

The radical cyclizations of 120,121 and 114 were per-
formed under a variety of conditions, some of which are summa-
rized in Table 1.

In these reactions, we observed the desired cyclization prod-
ucts (122-124, Table 1), along with the products of direct reduc-
tion (125-127), and also the unexpected fragmentation products
(117,108 aad 112) in which the cyclohexenyl ring had been
cleaved, and the bromide reduced.

In the case of the O-acetyl derivative 120, we were uaable to

37



Me T
17 (R = Ac)
112 (R = Bn)

108 (R=H)

rI:j +'::]iEL{"

OR

Me T8
128 (R = Ac)
1MR=H
127 R = Bn)

5
|
]
x
]
|
i

Precureor

Synthesis of Carbazomycin B - Discussion 38

v N iif P
R
bR LR 3%
2% R5R &R
- eeEe ee
fEk.... £.-
g 3
- -

442 ~

'.Stg F
ﬂoo!’,c oév

RRRR R’

L R -

-----------

ghEEEER BRE EERH

benzene (80°C) or toluene (111°C). Method B: PhySniH, EtsB, O2, benzene or hexanes.
M. Method D: Smia, HMPA, THF. b) NMR caiculated yield. c)not determined. d) not
and AlBN (double syvinge pump). 1) PhsSniH and AIBN added in one portion. g) afler



Synthesis of Carbazomycin B - Discussion

starting material, and <o many of the yields shown are based on 'H
NMR ratios.

Under usual radical cyclization conditions (slow addition of
triphenyltin hydride and AIBN to a refluxing solution of 120 in
benzene) the yield of cyclization product was about 35-40%. We
also isolated 17% of the fragmentation product 117, as well as some
unreacted starting material. At higher temperature, the amount of
fragmentation product increased.

Under photochemical conditions, the results appeared to be
more promising. When triphenyltin hydride and AIBN were added
slowly (16 hours by double syringe pump), the cyclization product
appeared to be major by 'H NMR. However, when the reaction
mixture was hydrolyzed with ethanolic potassium hydroxide, the
isolated yield of the cyclized material 123 was only 21%.

We also attempted to generate the aryl radical by reaction

with samarium iodide. Little, if any, 123 was observed under

Other, non-radical cyclization methods were also attempted.
Palladium catalyzed coupling, for example, gave no reaction at all.

The cyclization of the unprotected phemol 121 proved to be
even more problematic. Generation of the radical in this case was
difficult, probably dwe to scavenging of the radicals by the phenol.
The cyclized material was isolated in only 15-18% yield, whether
AIBN or triethylborane was used as initiator. No reaction was
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observed under photochemical conditions.

We had the most success using the O-benzyl protected
material, 114, in the cyclization. When driven to completion, the
isolated yield of the desired compound was 37-40%. AIBN and tri-
ethylborane were equally effective in generating the radical. In
these cases, the isolated yield of the fragmentation product 112
was up to 30%. Use of tributyltin hydride in place of triphenyltin
hydride in the cyclizations gave no reaction.

We also tried using other protective groups, hoping to avoid
the formation of the undesired fragmentation.

We prepared the silyl protected phenol 128 (Scheme 41), but

no cyclization product was observed under radical conditions.

pede—= Iﬁp%f

We also tried other forms of protection for the amino group
(Scheme 42). The trifluoromethane sulfonamide 130 underwent
the same type of fragmentation as the other sulfonamides, while
the formamide 131 could not be alkylated under normal

conditions.
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OAc OAc OAC
MeO, Br (CF380220 MeO, L ESE:JMﬂ: l;[i:j
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Mo  SO,CF; 16 h, 86% Me  SOCF,
118 129 130
MeO B ChyCOCHO M0 Br / MeO, a;E::J
Me lwg'gEE' Me ¥‘H Me N’
Me Me CHO Me CHO
118 131

Completion of the Synthesis
The o-benzyl cyclization product 124 could be converted

directly to carbazomycin B in 44% yield by heating to 220°C over
palladium, using maleic acid as a hydrogen acceptor (Scheme 43).
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Evidently, some of the hydrogen liberated in the dehydrogenation
serves to deprotect the sulfonamide and to debenzylate the phenol.
Under milder conditions, or at lower temperatures, the reaction was
exceedingly slow.

Alternatively, the debenzylated material 123, available by
hydrogenolysis of 124 or directly from the radical cyclization of
121, could also be dehydrogenated in 60% yield.

More conveniently, sodium naphthalenide was used to depro-
tect both the sulfonamide and the benzyl ether to give a 65% yield
of the unstable hexahydrocarbazole 132. Dehydrogenation again
gave 2, this time in 71% yield. Our synthetic material had spectral
characteristics (!H and !13C NMR) identical to those of natural car-
bazomycin B.1®

We also attempted to dehydrogenate 124 using DDQ, but the
yield of the dehydrogenated material was very low (5-15%), the
major by-products being the result of oxidation to a quinone or an

iminoquinone.

Mechanistic Studies

(Table 1) is formed, we repeated the reduction of 114 using tri-
phenyltin deuteride in place of triphenyltin hydride, and triethyl-
borane as initiator. Under these conditions, we isolated 16% of 113,
with no incorporation of deuterium on the aromatic ring, a clear
indication that the aromatic radical is not directly reduced by the
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or intramolecularly.
alkylation of 112 (Scheme 44). When 127 was subjected to radical
cyclization conditions, some decomposition of the starting material

was evident, but no fragmentation product was formed. Clearly the

the double bond of 114 and expulsion of the sulfonamide fragment.

O DO OXI
3 M Kima 7 5 ) s LoH
Mo Y acetone, s M Yoo Y e N
16 h, 97% Me To Me Ts
127 !

Me To

To determine if the fragmentation is a thermal process, a
benzene solution of 114 was refluxed overnight - thermal condi-
tions that resemble those used for the radical cyclization - and no
decomposition was observed.

So far, all evidence indicated that the fragmentation is a radi-
cal process, likely involving abstraction of a hydrogen radical from

the cyclohexenyl ring.

hope of speeding up the radical cyclization (relative to other pro-
cesses) by making the double bond clectron deficient, we prepared
the sulfones 140 (Scheme 43).

Following the literature procedure,3¢ 1,3-cyclohexanedione

was coaverted to sulfone 136. By an analogous procedure, the
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deuterated alcohol 137 was also prepared. The alcohols could be
converted to the corresponding bromides 138 and 139 by treat-

ment with triphenylphosphine and carbon tetrabromide.

o SPh  NaBH, (NaBD,) $Pn
PhSH, TSOH CeCly:TH0
PhH, 80°C MeOH, RT
o] 67% (o) 90-92% HO %
133 134 (X = H)
18 (X=D)
79-82%
OAc 80, Ph S0P 0.
MeO Br 119, K2COs PhaP, CBre
e r—
- N acetone / 56°C CHCl, AT
) X 97% Br 67-78% HO™ \
Me Ts X X
140 (X = H) 138 (X = H) 1M (X =H)
141 (X =D) 190 (X = D) 17(X=0)
Scheme 48

The bromides were used to alkylate sulfonamide 119 to give
the desired sulfones.

Once again, the sulfones 140 and 141 existed as a mixture of
isomers. These isomers, however, were more casily separated than
those previously encountered. We were able to obtain pure, crys-
talline samples of each isomer of 140 by careful flash chromatog-
raphy and then recrystallization.

The separate isomers 140a (major isomer) and 140b (minor
isomer) were each fully characterized, and both isomers appeared

to be of the required composition.
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We then subjected cach isomer to the radical cyc!iz;tign

The major isomer 140a gave the fragmentation product 117
observed previously, and also a new product 142,57 each isolated
in 40-41% yield (Scheme 46). No trace of the desired cyclization
product was observed (IH NMR).

MeO ,Br loC
pr————
Me Te F'l'H.ﬂ'G
1408 (X = H) (major isomer)___|
1412 (X =D)
1400 (X = H) (minor isomer)

When the other isomer, 140b, was subjected to the same
conditions, the cyclization product 144 was formed in 51% yield, as
a :ingle isomer whose stereochemistry at C(4) was not established.
No trace of the two fragmentation products was observed by TLC.

The reduction of the major isomer, 140a, was repeated using
triphenyltin deuteride in place of triphenyltin hydride. The two
fragments 117 and 142 were isolated, each in 13-14% yield, but no
deuterium incorporation was observed in either fragment.

The deuterium labelled sulfone 141 was prepared in order to
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determine which hydrogen might be abstracted in the fragmenta-
tion process.

In this case, the minor isomer was not obtained pure.
However, when the major isomer 141a was subjected to the radical
conditions, the deuterium was retained in the sulfone fragment
143, and the sulfonamide fragment 117 had no deuterium incor-
poration. Clearly, it is not the allylic hydrogen which is abstracted
in this process.

These observations led us to postulate the following mecha-

nism (see Scheme 47). In the case of the minor isomer 140b, the

80, Ph Moo OAc 80:PH

Mo wooyoH
Qhe $0: P ) 14:.
MeO .b
W
Mo To OAc
1400 (minor isomer) MeO
140a (major isomer) M
\ Mo N
Me Te
OAc
MeO m 117
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aromatic radical is generated from the bromide and, as usual, the

after reduction with triphenyltin hydride, the observed cyclization
product 144.

The radical generated from the major isomer 140a, however,
does not cyclize, but abstracts a hydrogen from C(6) of the cyclo-
hexenyl ring. Elimination of the sulfonamide radical gives, after
reduction, the two fragments 117 and 142. Reduction using tri-
phenyltin deuteride would place the deuterium on the sulfonamide
nitrogen, where it would be subject to facile hydrogen exchange,
thus accounting for the lack of deuterium incorporation in either
fragment.

We did not think it worthwhile to perform further labelling
experiments to confirm this mechanism, due to the difficulty in
labelling the C(6) position without deuterium scrambling.

Intramolecular hydrogen abstractions, such as those postu-
lated here, are not unknown, and several examples exist in the
literature of similar observations.

Curran3® has reported the generation of a-acyl radicals by
1,5-radical translocation from aryl radicals. These newly created
radicals then cyclize oato double bonds within the molecule.
reaction.

It is felt that a critical factor in the success of this reaction is
that there is a favorable aati rotamer populstion, because the radi-
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stract the hydrogen, and the radical does not live long enough to

rotate.

4

3

In another report, De Mesmaeker3? has detailed a similar 1,5-
radical translocation of radicals generated from o-bromo benzylic
ethers (Scheme 49). The use of tributyltin deuteride in the reduc-
tion allowed the determination of the extent of radical tramsloca-
tion. Interestingly, along with the reduced ethers 146 and 147,
aldehyde 148 was observed. It was proposed that 148 is formed
by B-scission of the translocated radical. The aldehyde was isolated
by in-situ olefinstion with PhyP=CHCO;Me.

Similar 1,5-hydrogen abstractions have also beea showa to
occur in the corresponding sulfur, nitrogen and carboa compow
however these derivatives do not give the products of p-lcininl 44
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oM QY\/H’! O
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——————— . ———ml S »
AIBN BuySn-D 148 (21%)

o Ph 0. Ph O AP
148 (47%) p-acission (? . 1/\/
. ~w—rs BusSn-D 147 (32%)

The formation of aldehyde 148 bears an interesting resem-
blance to our results, in that it appears to be formed by a process
similar to that which we propuse for the formation of the fr;gmen
tation products 117 and 142 (Scheme 47).

Origin of the Isomerism

The mechanism proposed above for the fragmentation and
cyclization reactions (Scheme 47) presumes the existence of two
diastereomers which differ only in conformation. In order for these
two isomers to react in completely different manners, as they
appear to from our results, intercoaversion between these isomers,
and between the radicals derived from them, must be significantly

In order to test if these isomers are indeed intercomverting,
we first performed variable temperature 'H NMR (CsD,;, 400 MHz)
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Figure 1. Isomer Ratio versus Temperature for
Compounds 95 & 114
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on two of our isomer mixtures. Spectra for compounds 95 and 114
were recorded over a temperature range of 0-100°C. Isomer ratios
were determined from the NMR spectra by comparison of the
integrals for the allylic and/or vinylic protons. Figure 1 shows the
dependence of the ratio of isomers on temperature.

Although the NMR spectra of these compounds did not
demonstrate a tendency to coalesce at higher temperatures, an
interesting difference was observed in the behavior of the two
compounds.

For compound 114, no change in isomer ratio is observed
over a range of 100°C. Compound 95, however, shows a marked
change in isomer ratio over the same temperature range and,
although the signals do not coalesce, they do tend towards each
other at higher temperature.

This result seems to indicate that the isomers of 95 are in
equilibrium, and that the position of this equilibrium is tempera-
ture dependant.

The ratio of isomers of 114, however, does not show any
temperature dependence, so the barrier to interconversion between
the isomers must be much higher.

In order to better understand the origin of these isomers, we
examined more closely the separated isomers of sulfone 140.

Whea individual samples of 140a and 1400 are heated
overnight in benzene (thermal coaditions that resemble those used
for the radical cyclizations) mo intercoaversion is observed ('H NMR,
200 MHz). The compouads also do mot fragmeat under these
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Figure 2. X-Ray Crystal Structure for Compound 140a
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conditions.

Figure 2 shows the X-ray structure8? of the major isomer
140a. This structure confirms that 140a is indeed a conforma-
tional diastercomer of the desired compound, but does not provide
any obvious explanations for its failure to cyclize.

Unfortunately, the crystals of the minor isomer 140b were
not suitable for X-ray analysis, and so we were unable to compare
the structures in order to gain further insight into their different
reactivities.

We did, however, arrange for molecular modelling and force-
field calculations for the two isomers of 140 to be carried out.6!

The X-ray crystal data for the major isomer were taken as the
starting point and subjected to energy minimization. The resulting
structure (Figure 362) was very close to the X-ray structure, except
for the orientation of the phenylsulfonyl group. This structure was
found to be the most stable of all the rotational diastereomers.

Rings A and C were rotated 180° about their C-N bonds and

produce a second conformer (Figure 462) about 3 kcal/mole less
stable than that of Figure 3.

Although molecular mechanics calculations cannot provide an
exact value for the rotational enmergy barrier between the two
isomers, this barrier was estimated to be very high. In fact,
because of the steric bulk of the substituents on rings A and C, only
a few stable conformations of 140 exist, all separated by high
energy barriers.
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Figure 3. Calculated Minimum Energy Conformation for
Major isomer of Compound 14052
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Figure 4. Calculated Minimum Energy Conformation for
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Although we cannot confirm that the calculated structure
shown in Figure 4 is that of the minor isomer 140b. it seems
of Figure 4, since it was the only other low-energy conformation
identified for 140.

Molecular dynamics calculations for both isomers showed no
interconversion between the two isomers, consistent with the
experimental fact that 140a and 140b do not interconvert under
thermal conditions.

In order to explain why the two isomers of 140 react accord-

ing to different pathways, we built CPK models of the radicals

140, there is no serious impediment to rotation about the N-C(1)
bond (Figure 3), but rotation about the other bonds to the N is
strongly hindered. Rotation about the N-C(1) bond alone does not

convert the major isomer into the other identified isomer (Figure
4). In no accessible conformation is the radical suitably oriented®?
to attack the carbon-carbon double bond of ring C, however, it can
approach the C(6) (Figure 3) hydrogens, one of which, we have sug-
gested, is abstracted in the formation of 117 and 142.

In the case of the radical derived from the other minimum
ion of 140, rotation about the N-C(1) bond (Figure
4) appears to be much more restricted than for the corresponding
bond of the major isomer, and approach to the C(6) hydrogens is

energy conformat
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strongly hindered. However, the radical, without significant change
in conformation from that of its parent bromide, is suitably placed
to attack the carbon-carbon double bond of ring C following the
preferred trajectory for the addition of a radical to a double bond,
in which the attacking radical is in the plaae of the pi orbitals, and
approaches the C-C double bond at an angle of approximately 120°
(Scheme 50).%3
‘G

e . .
2 \ »

“7 V
AN s

Sehome 80

The above analysis suggests that the difference in behavior of
the isomeric bromides 140a and 140b is due to two factors - the

energy barrier between the two isomers is too high for intercon-
version, and in the major isomer 140a, the radical cannot easily
approach the ring C double bond, but it can approach the C(6)
hydrogens, while in the other isomer 140b, the reverse is true.

The exceptionally high barrier to interconversion between the
conformational diasterecomers of 140, while unusual, is not un-
precedented. In fact, sulfonamides and amides account for many of
the examples of atropisomerism encouatered so far 33

In an extensive study of the sulfonamides 149,%¢ the enan-

their half-lives for racemization were measured by loss of optical
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activity. It is found that electron-withdrawing groups in the para
position speed up racemization, while electron donating groups
have the opposite effect. Since the substituents do not have a
significant steric influence on the center being racemized, this effect

must be electronic in nature.

Table 2. ty2 for Racemization of
Sulfonamides 149

X Gh) X 1
PhSO, \N,cn,oo,rc 1 .
CN 0.62 |NHCOCH; 50
Me Br 37 NHCOPh 59
Cl 3.8 OCH, 8.0
) 44 OH 8.7
X H 49 NH, 9.7
149 Me 55
hall-ie in DMF at 118°C

It has been suggested that the electron-withdrawing groups
help to stabilize the plarar transition state, 150, thereby lowering
the barrier to rotation about the C-N bond. Electron donating sub-

stituents would conversely destabilize the transition state.

m\;,cn,cqu
Me

X
180

Similar effects have been observed for the optically active

amides 151,95 which were resolved by crystallization from an

SR
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optically active solvent, and 152.66

LN

181 182

The isomers observed in our cyclization precursors likely
result from a similar effect. The fact that 95 appears to be in equi-
librium, while the isomers of the other compounds are shown not to
interconvert, even at elevated temperatures, is likely a result of
two factors - the increased steric strain imposed by the substituents

state by the electron-donating methoxy group para to the sulfon-

amide.

Conclusion

Although the use of radical cyclization has proved to be an
effective tool for the formation of carbazoles in simple systems, the
stricted systems.

We have been able to prepare carbazomycin B by our
intended strategy, as summarized in Scheme 31.

Despite the disappointingly low yield in the cyclization step,
our route has proved similar in scope to those already pub-
lished.42.44 Such highly substituted carbazole systems still remain a
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synthetic challenge.

5 =D 2o

uo(n Ac)
2mpo
114 (R = Bn)
39%
mo Mo O OBn
MeO.
2 steps
i L ...W .
N N Me N
Me 0!0 Ve 1". Me Ts
2 124 112

Scheme §1
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II1 EXPERIMENTAL

General Procedures

Unless stated to the contrary, the following particulars apply:
Reactions involviig water- and air-sensitive reagents were done
under argon, purified by passage through a column (3.5 x 42 cm) of
R-311 catalyst®’” and then through a similar column of Drierite.
Glassware was dried in an oven for at least 2 h (120°C), cooled in a
desiccator, assembled quickly, and sealed with rubber septa (when
applicable). An inlet needle for argon was passed through a septum
on the apparatus, which was then kept under a static pressure of
argon. Stirring was effected by using a dry Teflon-coated magnetic
stirring bar.

Solvents were distilled before use for chromatography.
Where required, solvents and reagents were dried with suitable
drying agents and distilled under argon. Dry tetrahydrofuran,
cther and benzene were distilled from sodium-benzophenone ketyl;
dry acetone was distilled twice from calcium sulfate; pyridine was
distilled from calcium hydride. Azobisisobutyronitrile (AIBN) from
Eastman was stored at S°C and used without further purification.

Products were isolated from solution by concentration under
water pump vacuum at 25-35°C using a rotary evaporator. Where
compounds were isolated by simple evaporation of their solutions,
the residues were kept under vacuum (<0.1 mm) uatil of constant
weight. Melting points were measured with a Kofler block melting
poiat apparatus. Commercial silica (Merck G60F-234) thin layer
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chromatography (TLC) plates were used. Silica gel for flash chrom-
atography was Merck type 60 (230-400 mesh). TLC plates were
examined under UV radiation (254 nm), treated with iodine vapour,
and charred on a hotplate after being dipped in a solution of
ammonium molybdate®® or vanillin.6® Combustion elemental
analyses were performed in the microanalytical laboratories of the
University of Alberta. Infrared spectra were recorded on a Perkin-

Elmer 297 spectrophotometer or a Nicolet 7000 FT-IR model.

bromide plates, while those of solids were run as chloroform or
dichloromethane casts on the same plates. Proton NMR spectra
were recorded on Varian EM-360 (at 60 MHz), Bruker WP-80 (at 80
MHz), Bruker WH-200 (at 200 MHz), Bruker AM-300 (at 300 MHz),
or Bruker WH-400 (at 400 MHz) spectrometers in the specified
deuterated solvent with tetramethylsilane (TMS) as an internal
standard. '3C NMR spectra were recorded on Bruker WH-200 (at
50.3 MHz), Bruker AM-300 (at 75.5 MHz), or Bruker WH-400 (at
100.6 MHz) spectrometers in the specified deuterated solvent. The
following abbreviations are used in the text: br, broad; s, singlet; d,
doublet; t, triplet; q, quartet; m, multiplet. Mass spectra were
recorded on an A.El. MSS0 mass spectrometer at an ionizing
voltage of 70 EV.

General metheds for radical cyclization
Method A: Triphenyltin hydride and AIBN, each in the
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refluxing solution of the substrate in the same solvent. After the
indicated workup, the reaction mixture was generally examined for
product composition ('H NMR, 200 MHz) prior to attempted
purification of the products.

Method B: Triethylborane (1.0 M in hexanes) was added to a
stirred solution of triphenyltin hydride and the substrate in the
specified solvent. Air was injected into the solution over 10 h
(syringe pump). The product mixture was examined as above.

Method C: A solution of the substrate in the specified solvent
was stirred under argon in a water-cooled vessel. Triphenyltin
hydride and AIBN, each in the same solvent, were added over 10 h
(double syringe pump) to the solution as it was irradiated with a
sun lamp (CGE model RSM, 275 Watt, 110-125 V). The product
mixture was examined as above.

Method D:  Samarium iodide (0.1 M in THF)’0 and
hexamethylphosphoramide (HMPA) were added to the substrate,
and the solution was stirred st room temperature. After workup as
described, the mixture was examined for product composition.

N-(2-Bromephenyl)-4-methylbenzencsulfonamide (94).59

c, —

The literature procedure was followed, but with some mod-
ifications. p-Toluenssulfonyl chloride (4.13g, 21.7 mmol) and
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pyridine (1.70 mL, 21.0 mmol) were added to a stirred solution of
o-bromoaniline (3.31 g, 19.2 mmol) in CH,Cl; (50 mL). After 16 h
little starting material remained (TLC, silica, 10:1 hexanes—ethyl
acetate). The mixture was washed with HCl (1.2 N), and extracted
with aqueous NaOH (1 N). The aqueous phase was acidified with
concentrated HCI, and extracted with CHiCl;. The organic extract
was dried (MgSO,) and evaporated to give 94 (5.40g, 94%) as an

solid: mp 94°C [lit.30 mp 94-95°C); FT-IR (CHCIy cast) 3270, 1479,
1337, 1168 cm-!; 'H NMR (CDCl;, 200 MHz) 8 2.36 (s, 3 H), 6.89-
699 (m, 2H), 7.16-7.29 (m, 3H), 7.38 (dd, / = L.S, 8 Hz, | H),
7.62-7.68 (m, 3 H); 13C NMR (CDCly, 50.3 MHz) 8 21.55, 115.72,
122.55, 126.26, 127.31, 128.54, 129.64, 132.58, 134.72, 135.89,
144.21; exact mass, m/z calcd for C;3H 28!BrNO;S 326.9752, found
326.9751. Anal. Caicd for C)3H3BrNO;S: C, 47.87; H, 3.71; N, 4.29; O,
9.81; S, 9.83. Found: C, 47.74; H, 3.57; N, 4.18; O, 9.76; S, 9.7.

N-(2-Bromephenyl)-N-(2-cyclohexenyl)-4-methylbenzene-
sulfenamide (95).

X o>
(I N C[ O

N N

te t

24 8
A general method for alkylation was followed.?!
3-Bromocyclohexene?2 (2.00 mL, 17.3 mmol) was added to a stirred
mixture of 94 (4.83219g, 148 mmol) and sahydrous K;CO;



Synthesis of Carbazomycin B - Experimental

(3.4698 g, 25.1 mmol) in anhydrous acetone (50 mL). The mixture
was refluxed under argon for 16 h and evaporated. The residue
was partitioned between ether and H;O, and the aqueous phase was
extracted with ether. The combined organic extracts were washed
with aqueous NaOH (2.5 N), dried (MgSO4) and evaporated. Flash
chromatography of the residue over silica gel, using 10:1 hexanes-
ethyl acetate, gave 98 (5.58 g, 93%) as an apparently homogeneous
(TLC, silica, 10:1 hexanes-ethyl acetate) white solid: mp 126-127°C;
FT-IR (CHCIlj cast) 1470, 1348, 1182 cm-!; 'H NMR (CDCl3, 200 MHz)
8 1.3-1.6 (m, 3H), 1.7-1.9 (m, 2.2 H), 2.1-2.25 (m, 0.8 H), 2.45 (two
s, 3H), 485 (m, 1 H), 538 (m, 0.8H), 568 (m, 1 H), 6.0 (m,
0.2 H), 7.0-7.1 (m, 1 H), 7.2-74 (m, 3 H), 7.65-7.75 (m, 3 H);
Variable Temperature 'H NMR (C;D,, 400 MHz) 10°C: 8§ 1.17-1.56
(m, SH), 1.87 (m, 0.22H), 1.94 (s, 3 H), 2.11-2.19 (m, 0.78 H),
504 (m, 1H), 548 (m, | H), 563 (m, 0.78 H), 6.23 (m, 0.22 H),
668 (m, 1 H), 679 (d, J = 4 Hz, 2H), 684 (t, / = 4 Hz, 1 H), 7.13
(m, 1H), 732 (d. / = 4 Hz, 0.22 H), 7.38 (d, J = 4 Hz, 0.78 H), 7.73
(t, J = 4 Hz, 2H); 25°C: 8 1.18-1.60 (m, SH), 1.91 (m, 0.23 H), 1.96
(s, 3H), 2.12 (m, 0.77H), 500 (m, 1 H), 549 (m, 1 H), 5.67 (m,
0.77H), 6.19 (m, 0.23H), 6.69 (m, 1 H), 680 (d, /J = 4 Hz, 2 H),
686 (t, /=4 He, 1H), 7.16 (m, 1 H), 733 (d, J = 4 Hz, 0.23 H), 7.39
(d.J = 4 Hz, 0.TTH), 772 (¢, J = 4 Hz, 2 H); 40°C: § 1.20-1.62 (m,
SH), 192 (m, 0.24 H), 1.97 (s, 3H), 2.12 (m, 0.76 H), 4.98 (m,
1H), 550 (m, 1 H), 568 (m, 0.76 H), 6.13 (m, 0.24 H), 6.69 (m,
1 H), 6.90-6.77 (m, 3H), 7.17 (m, 1H), 7.34 (d, / = 4 Hz, 0.24 H),
139 d, /=4 Hz, 076 H), 7.72 (t, / = 4 Hz, 2H); $5°C: § 1.23-1.67
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(m, SH), 1.95 (m, 0.27 H), 2.00 (s, 3 H), 2.10 (m, 0.73 H), 4.96 (m,
1H), 552 (m, | H), 571 (m, 0.73 H), 6.17 (m, 0.27 H), 6.71 (m,
1 H), 6.79-6.91 (m, 3H), 7.21 (m, 1 H), 7.34 (d, J = 4 Hz, 0.27 H),
740 (d, J = 4 Hz, 0.73H), 7.74 (t, J = 4 Hz, 2H); 70°C: 8§ 1.25-1.70
(m, SH), 1.95 (m, 0.28 H), 2.00 (s, 3 H), 2.10 (m, 0.72 H), 4.95 (m,
1H), 55§ (m, 1 H), 574 (m, 0.72 H), 6.15 (m, 0.28 H), 6.72 (m,
1 H), 6.80-6.92 (m, 3H), 7.22 (m, 1 H), 7.35 (d, J = 4 Hz, 0.28 H),
740 (d, J = 4 Hz, 0.72H), 7.73 (t, J = 4 Hz, 2 H); 85°C: 8§ 1.24-1.73
(m, SH), 1.96 (m, 0.29 H), 2.00 (s. 3 H), 2.08 (m, 0.71 H), 4.93 (m,
1H), 556 (m, 1 H), 576 (m, 0.71 H), 6.14 (m, 0.29 H), 6.73 (m,
1 H), 6.80-6.94 (m, 3H), 7.24 (m, 1 H), 7.35 (d, / = 4 Hz, 0.29 H),
7.39 (d, J = 4 Hz, 0.71 H), 7.70 (t, J = 4 Hz, 2 H); 100°C: § 1.30-1.80
(m, SH), 2.01 (m, 0.31 H), 2.08 (s, 3 H), 2.13 (m, 0.69 H), 4.97 (m,
1H), 561 (m, 1 H), 583 (m, 0.69 H), 6.16 (m, 0.31 H), 6.79 (m,
1 H), 6.88-7.00 (m, 3H), 7.30 (m, 1 H), 740 (d, / = 4 Hz, 0.31 H),
745 (d, J = 4 Hz, 0.69 H), 7.78 (t, J = 4 Hz, 2 H); 13C NMR (CDCl,,
75.5 MHz) 8 21.23, 21.57, 24.22, 28.00, 28.55, 57.90, 58.23, 127.26,
127.35, 127.44, 127.64, 127.89, 127.95, 128.59, 129.04, 129.42,
129.54, 129.82, 129.97, 130.86, 131.98, 132,82, 133.69, 133191,
134.20, 136.13, 136.35, 138.2], 143.39, 143.44; exact mass, m/z
calcd for CioH20""BrNO;S 405.0398, fouad 405.0398. Asal. Calcd for
C10H20BrNO;S: C, 56.16; H, 4.96; N, 3.45; O, 7.87; S, 7.89. Fouad: C,
$5.90; H, 5.04; N, 3.59; O, 795; S, 7.98. Both the 'H aad '3C NMR
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1,2,3,4,42,9a-Hexahydro-9-[(4-methylphenyl)sulfonyl]-
carbazole (96).
O —
0 O
N N
ts Ts
] 1
Method A: Triphenyltin hydride (0.25 mL, 0.979 mmol) in
anhydrous benzene (10 mL) and AIBN (19.6 mg, 0.120 mmol) in
benzene (10 mL) were added over 10 h (double syringe pump) to a
refluxing solution of 98 (265.1 mg, 0.653 mmol) in the same
solvent (40 mL). The solution was refluxed a further 6 h, cooled,
and then stirred for several hours at room temperature with a
saturated solution of aqueous KF. The aqueous phase was extracted
with ether, and the combined organic extracts were washed with
H20 and brine, dried (Na3SO,4) and evaporated. Flash
chromatography of the residue over silica gel, using 10:1 hexanes—
ethyl acetate, gave 96 (189.7 mg, 89%) as a white, homogeneous
(TLC, silica, 10:1 hexanes-ethyl acetate) solid: mp 116°C; FT-IR
(CHCl;3 cast) 1352, 1166 cm!; 'H NMR (CDCl3, 200 MHz) 8§ 2.0~-2.25
(m, 2H), 2.3-2.7 (m, 4 H), 2.95-3.10 (m, 2H), 3.33 (s, 3H), 3.84
(m, 1 H), 4.25 (dt, /= 10, 6 Hz, 1 H), 6.98-7.26 (m, S H), 7.54-7.64
(m, 3 H); 13C NMR (CDCl3, 75.5 MHz) 8 20.67, 21.53, 22.44, 24.50,
29.16, 39.93, 63.61, 117.94, 123.07, 124.69, 126.73, 127.61, 129.60,
135.92, 136.80, 141.52, 143.57; exact mass, m/z calcd for
CioH2|NO;3S 327.1293, fouad 327.1295. Anal. Calcd for CjoH2 NO;3S:

67



Synthesis of Carbazomycin B - Experimental

C. 69.69; H, 6.46; N, 4.28; O, 9.77; S, 9.79. Found: C, 69.78; H, 6.48: N.
4.48; O, 9.40; S, 9.97.

Method D:  Samarium iodide (1.0 M in THF, 7.0 mL, 0.70
mmol) and dry HMPA (0.9 mL) were added to 95 (95.2 mg, 0.234
mmol), and the mixture stirred under argon at room temperature
for 3.5 h. The solution was diluted with ether, washed with HCI (1.2

dried (MgSO4) and evaporated. Flash chromatography of the

residue over silica gel, using 10:1 hexanes-ethyl acetate, gave a

unreacted 985 (20% calculated yield), as well as several other

unidentified products.

9-[(4-Methylphenyl)sulfonyl]carbazole (97).5!

Qo — agp

L ] J 7

A solution of 2,3-dichloro-5,6-dicyano-1,4-benzoquinone
(1174 mg, 0.517 mmol) and 96 (49.0 mg, 0.150 mmol) in benzene
(12 mL) was refluxed under argon for 16 h and then evaporated.
Flash chromatography of the residue over silica gel, using 10:1
hexanes-ethyl acetate, gave 97 (45.4mg, 94%) as a white,
homogeneous (TLC, silica, 4:1 hexanes-ethyl acetate) crystalline
solid: mp 129-130°C [lit.5'! mp 129-129.5°C); FT-IR (CHCl3 cast)
1441, 1370, 117S cm-!; tH NMR (CDCly, 200 MHz) 8 2.20 (s, 3 H),
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7.04 (d, J =8 Hz, 2H), 733 (t, J= 8 Hz, 2H), 748 (d, /= 8, 2 Hz,
2H), 768 (d, J= 9 Hz, 2H), 787 (dd, J=8, 2 Hz, 2H), 833 (d, /=9
Hz, 2H); !'3C NMR (CDCl;3, 75.5 MHz) 8 21.43, 115.14, 119.98,
123.88, 126.31, 126.44, 127.74, 129.61, 134.99, 138.39, 144.83;
exact mass, m/z calcd for C;gH sNO,S 321.0824, found 321.0820.
Anal. Calcd for Ci9gH sNO,S: C, 71.01; H, 4.70; N, 4.36; S, 9.98. Found:
C, 70.89; H, 4.61; N, 4.37; S, 9.70.

2-Hydroxy-3,4-dimethylacetophenone (99).442.53

AcO HO,
——————
Mo Me
Me
1) 1)

The literature method was followed, but with some modifi-
cations. Finely powdered, anhydrous aluminum chloride (53.27 g,
0.40 mol) and 9832 (27.78g, 0.169 mol) in a 500 mL round-
bottomed flask, equipped with an air condenser and calcium sulfate
drying tube, were heated slowly over 0.5 h to 135°C and kept at
this temperature for a further 3 h. The solution was cooled to 0°C,
and ice was then added until evolution of HC] ceased. The solution
was diluted with H20 (300 mL) and extracted with CH;Cl; (3 x 250
mL). The organic extract was washed with H20 (200 mL), dried
(MgSO4) and evaporated. Flash chromatography of the residue over
silica gel, using 10:1 hexames-ethyl acetate, gave 99 (22.65g, 81%)
as a pale yellow, homogeneous (TLC, silica, 10:1 hexanes-ethyl
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acetate) oil: FT-IR (CHCl; cast) 1631, 1322, 1246 cm-!'; 'H NMR
(CDCl3, 200 MHz) & 2.18 (s, 3 H), 2.32 (s, 3 H). 2.61 (s, 3 H), 6.70 (d,
J =9 Hz, 1H), 749 (d, J = 9 Hz, | H), 11.87 (s, 1 H); !3C NMR (CDCl;,
50.3 MHz) & 1091, 20.70, 26.44, 117.23, 120.35, 125.34, 127.53,
146.06, 160.67, 204.15; exact mass, m/z caled for C oH 20,
164.0837, found 164.0837. Anal. Calcd for C1gH;203: C, 73.15; H,
7.37. Found: C, 73.36; H, 7.54.

2-Methoxy-3,4-dimethylacetophenone (100).44»

HO MeO
——
Me Mo
Me Me
t ] J 100

This compound has been reported,44* but without experi-
mental details. Ketone 9933 (5.27 g, 0.0321 mol) in CH;Cly (250
mL), aqueous NaOH (2.5 N, 200 mL), dimethyl sulphate (9.0 mL,
0.0951 mol) and tetrabutylammonium bromide (1.23 g, 0.0038
mol) were stirred vigorously for 16 h. The phases were separated,
and the aqueous phase was extracted with CH2Cl2 (2 x 75 mL). The
combined organic extracts were washed with 25% v/v NH,OH (3 x
300 mL), dried (MgSO4), and evaporated. Flash chromatography
over silica gel, using 4:1 hexanes-CH;Cl;, gave 100 (5.53 g, 97%) as
a pale yellow, homogeneous (TLC, silica, 2:1 hexanes—CH1Cl3) oil: FT-
IR (CHCl3 cast) 1678, 1598, 1398, 1276 cm-!; 'H NMR (CDCl,, 200
MHz) 8 2.25 (s, 3H), 2.32 (s, 3H), 2.66 (s, 3H), 3.77 (s, I H), 7.02
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(d, J = 8 Hz, 1 H), 745 (d, / = 8 Hz, 1 H); 13C NMR (CDCly, 100.6
MHz) 8 11.99, 20.40, 30.31, 61.94, 125.47, 126.86, 130.59, 130.69,
143.32, 157.68, 200.41; exact mass, m/z caled for C; H 4,0,
178.0994, found 178.0996. Anal. Calcd for C; H,;402: C, 74.13; H,
7.92. Found: C, 74.00; H, 7.78.

2-Methoxy-3,4-dimethylphenyl acetate (101).44s

Oks

2 — I

|

101
This compound has been reported,44* but without experi-
mental details. A solution of m-CPBA (70-80%, 20.61 g, 0.084-
0.096 mol) and 100 (5.0265 g, 0.0282 mol) in CH2Cl; (250 mL) was
stirred in the dark under argon for 40 h. The stirred solution was
cooled to 0°C and aqueous Na3;SO;3 (0.7 M, 150 mL) was added
dropwise over 1.5 h. The organic layer was washed with saturated
aqueous NaHCO; (3 x 300 mL), dried (MgSO4) and evaporated.
Flash chromatography of the residue over silica gel, using 4:1
hexanes-CH1Cl;, gave 101 (4.6995g, 85%) as a yel'ow, homoge-
neous (TLC, silica, 1:1 hexanes—CH,Cl;) crystalline solid: mp 41-43°C;
FT-IR (CHCI; cast) 1784, 1225, 1201 cm-!; |H NMR (CDCl;, 200 MHz)
8 220 (s. 3H), 221 (s, 3H), 232 (s, 3H), 3.74 (s, 3H), 681 (d, J =
8 Hz, L H), 691 (d, J = 8 Hz, 1 H); '3C NMR (CDCly, 75.5 MHz) 8
12.35, 19.82, 20.74, 60.65. 119.77, 125.14, 131.17, 135.93, 141.77,
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149.67, 169.35; exact mass, m/z calcd for C;H ;401 194.0942, found
194.0944. Anal. Caled for C; | H;40;3: C, 68.02; H, 7.27. Found: C,
67.67; H, 7.41.

2-Methoxy-3,4-dimethyl-S-nitrophenyl acetate (102).442

MeO MeO
————
Me Me NO,
Me Me

101 102

This compound has been reported.44* but without experi-
mental details. Concentrated HNOj3 (5.0 mL, 0.078 mol) and then
concentrated H3SO,4 (10 drops) were added rapidly to a stirred
solution of 101 (4.6172 g, 0.0238 mol) in CH;Cl; (150 mL). After
being stirred for 24 h, the solution was washed successively with
H;0 (250 mL), saturated aqueous NaHCO; (2 x 250 mL), and brine
(200 mL), dried (MgSO4) and evaporated. Flash chromatography of
the residue over silica gel, using 10:1 hexanes-ethyl acetate, gave
102 (3.89g, 68%) as a pale yellow, homogeneous (TLC, silica, §5:1
1515, 1199, 1188 cm-!; 'tH NMR (CDCly, 200 MHz) 8 2.30 (s, 3 H),
2.37 (s, 3H), 2.42 (s, 3H), 3.82 (s, 3H), 7.54 (s, 1 H); '3C NMR
(CDCl3, 50.3 MHz) 8§ 13.08, 15.85, 20.60, 60.94, 117.46, 131.10,
133.79, 141.07, 145.88, 153.43, 168.51; exact mass, m/z calcd for
C11H13NOs 239.0794, found 239.0797. Anal. Calcd for C) H,3NOs: C,
55.23; H, 548; N, 5.86. Found: C, 55.28; H, 548; N, 5.59.
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2-Methoxy-3,4-dimethyl-S-nitrophenol (103).44»

OAc OH
————
Me Me

102 iéri

This compound has been reported,44s but without experi-
mental details. A solution of 102 (3.83 g, 0.0160 mol) in ethanolic
KOH (3.5% w/v, 280 mL) was stirred for 1| h and then the solvent
was evaporated. The residue was taken up in H20 (200 mL), acidi-
fied with HCl (1.2 N), and extracted with CH;Cl; (3 x 200 mL). The
organic extract was washed with HCl (1.2 N, 300 mL), and brine
(300 mL), dried (MgSO4) and evaporated to afford 103 (3.03 g,
96%) as a pale yellow, homogeneous (TLC, silica, 5:1 hexanes—ethyl
acetate) crystalline solid: mp 60-61°C; FT-IR (CHCl3 cast) 3450,
1529, 1480, 1338 cm'!; 'H NMR (CDCls, 200 MHz) 8 2.30 (s, 3 H),
2.35 (s, 3H), 3.85 (s, 3H), 5.75 (br s, 1 H), 7.33 (s, 1 H); '3C NMR
(CDCl,, 50.3 MHz) § 13.11, 15.16, 61.05, 109.18, 124.26, 131.96,
146.71, 146.96, 148.77; exact mass, m/z caled for CoH, NO,
197.0688, found 197.0690. Anal. Calcd for CoH;1NO4: C, 54.82; H,
5.62; N, 7.10. Found: C, 54.99; H, 5.35; N, 7.17.
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2-Bromo-6-methoxy-4,5-dimethyi-3-nitrophenol (104).

————
Me "NO; Me NO,
Me Me

103 104

over 2 min to a stirred solution of 103 (727.2 mg, 3.69 mmol) in
CH3Cl; (50 mL). Stirring was continued in the dark for 90 min, but

acetate). Bromine (1.4 mL, 27 mmol) was added, and the solution
stirred in the dark a further 3 h, at which stage no 103 was
apparent by TLC. The solution was washed with Na;SO;3 (0.7 N),
saturated aqueous NaHCOj;, and brine, dried (MgSO4) and
evaporated. Flash chromatography of the residue over silica gel,
using 5:1 hexancs—ethyl acetate, gave 104 (425.0 mg, 42%) as an
unstable yellow, homogeneous (TLC, silica, 5:1 hexanes—ethyl
acetate) solid: 'H NMR (CDCly, 200 MHz) § 2.18 (s, 3 H), 2.27 (s,
3H), 3.88 (s, 3H), 6.12 (s, 1 H). The material was used directly in
the next step.
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1-Bromo-3-methoxy-4,5-dimethyl-6-nitro-2-(phenyl-
methoxy)benzene (108).

OH

MeO, B MeO o
Me NO, Me NO,
Me

104 108

A mixture of 104 (343.1 mg, 1.24 mmol) in CH2Cl; (12 mL),
aqueous NaOH (2.5 N, 5 mL), benzyl bromide (0.17 mL, 1.43 mmol),
and tetrabutylammonium bromide (160.9 mg, 0.500 mmol) was
stirred vigorously for 20 h. The phases were separated and the
aqueous phase was extracted with CH;Cl;. The combined organic
extracts were washed with H;O, dried (MgSO4) and evaporated.
Flash chromatography of the residue over silica gel, using 10:1

hexanes-ethyl acetate, gave 105 (405.3 mg, 89%) as a white,

108°C; FT-IR (CHCIly cast) 1532, 1379, 1363 cm-!; 'H NMR (CDCl,,
200 MHz) 8 2.20 (s, 3 H), 2.24 (s, 3H), 3.87 (s, 3H), 5.03 ‘s, 2H),
7.35-7.50 (m, 3 H), 7.50-7.60 (m, 2 H); !3C NMR (CDCl3, 75.§ MHz) §
12.73, 14.69, 60.93, 75.47, 106.34, 125.85, 128.51, 128.58, 132.45,
136.36, 148.04, 148.76, 153.33; exact mass, m/z calcd for
CisH 16%'BrNO4 367.0242, found 367.0248. Anal. Calcd for
CieH16BrNO4: C, 52.48; H4.40; N, 3.82. Found: C, 52.66; H, 4.46; N,
3.79.
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2-Bromo-4-methoxy-5,6-dimethyl-3-(phenylmethoxy)-
aniline (106).5¢4

OBn On
MeO B MeO, o
—_——
Me NO, Me' N,
Me Me
108 108

added over 2 h to a refluxing mixture of 108 (349.6 mg, 0.955
mmol), activated carbon (25.0 mg, 2.1 mmol), and FeCly:6H,0
(4.4 mg, 0.0162 mmol) in MeOH (12 mL). After being refluxed
overnight, the solution was filtered through Celite and evaporated.
The residue was partitioned between CH;Clz (15 mL) and NaOH (1
N, 1S mL). The aqueous phase was extracted with CH2Cl2 (3 x s
mL), and the combined organic phases dried (MgSO,), filtered
through silica gel, and evaporated to give 106 (278.1 mg, 87%) as
an off-white, homogeneous (TLC, silica, 5:1 hexanes-cthyl acetate)
solid: mp 61-62°C; FT-IR (CHCly cast) 1619, 1459, 1454 cm-!; 'H
NMR (CDCls, 200 MHz) 8 2.12 (s, 3 H), 2.22 (s, 3 H), 3.78 (s, 3 H),
3.96 (br s, 2 H), 5.02 (s, 2H), 7.30-7.45 (m, 3 H), 7.55-7.62 (m,
2 H); 13C NMR (CDCly, 75.5 MHz) & 12.61, 14.13, 61.01, 74.99,
102.92, 117.50, 128.03, 128.39, 128.52, 130.02, 137.43, 139.05,
144.31, 147.30; exact mass, m/z calcd for Ci¢H s8'BrNO; 337.0500,
found 337.0504.
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N-[2-Bromo-4-methoxy-5,6-dimethyl-3-(phenyimethoxy)-

phenyl)-4-methyl-N-[(4-methylphenyl)sulfonyl)benzene-
sulfonamide (107).

mﬁi MeO B¢

y i , T8

Ms "N, Me l;l
108

Me To
107

p-Toluenesulfonyl chloride (152.3 mg, 0.799 mmol) and
pyridine (0.10 mL, 1.24 mmol) were added to a stirred solution of
106 (186.6 mg, 0.555 mmol) in CH;Cl; (25 mL). After 16 h, the
reaction was less than 50% complete (TLC, silica, 5:1 hexanes—ethyl
acetate). Further portions of p-toluenesulfonyl chloride (140 mg,
0.734 mmol) and pyridine (0.15 mL, 1.86 mmol) were added. After
an additional 24 h, little 106 remained (TLC). The solution was
washed with HCl (1.2 N), dried (MgSO4) and evaporated. Flash
chromatography of the residue over silica gel, using 10:1 hexanes-
ethyl acetate, gave 107 (320.1 mg, 89%) as a white homogeneous
(TLC, silica, S:1 hexanes-ethyl acetate) crystalline solid: mp 248-
249°C; FT-IR (CHCIl; cast) 1377, 1168 cm-!; 'H NMR (CDCl,, 200
MHz) 8 1.86 (s, 3H), 2.18 (s, 3H), 248 (s, 6 H), 391 (s, 3H), 499
(s, 2H), 7.35-7.50 (m, 7 H), 7.50-7.60 (m, 2 H), 7.95-8.05 (m, 4 H);
13C NMR (CDCls, 75.5 MHz) 8 13.07, 18.33, 21.76, 60.84, 74.97,
121.52, 128.25, 128.48, 128.63, 129.31, 129.53, 129.94, 131.44,
136.89, 137.02, 138.49, 145.18, 148.12, 153.55; exact mass, m/z
calcd for CyoH3o®'BrNO¢S2 645.0677, found 645.0679. Anal. Calcd
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for C3oH30BrNOgS;: C, 55.90; H, 4.69; N, 2.17; S, 9.95. Found: C,
55.81; H, 5.04; N, 2.30; S, 10.09.

S-Amino-2-methoxy-3,4-dimethylphenol (79).44b.54

OH

f OM
—
Mo’ NO, Mo NH,
Mo Mo
70

103

The preparation of this compound by a different method has
been reported,44® but without experimental details. Hydrazine
hydrate (0.16 mL, 3.3 mmol) was added to a refluxing mixture of
103 (336.8 mg, 1.71 mmol), activated carbon (40 mg, 3.3 mmol),
and FeCl36H;0 (40 mg, 0.15 mmol) in MeOH (25 mL). After being
refluxed overnight, hydrazine hydrate (0.10 mL, 2.1 mmol) was
added, and the mixture was refluxed a further 3 h. The mixture
was cooled, filtered through silica gel, and evaporated. The residue
was partitioned between CH:Cl; and H20. The aqueous phase was
extracted with CH3Cl;. The combined organic phases were dried
(MgSO4) and evaporated to give 79 (230.1 mg, 81%) as an off-
white, homogeneous (TLC. silica, 2:1 hexanes-ethyl acetate) solid:
FT-IR (CHCIl; cast) 2920, 1464 cm-!; 'H NMR (CDCl3, 300 MHz) 8 1.99
(s. 3H), 2.20 (s, 3H), 3.69 (s, 3H), 2.5-6.0, (br s, 3 H), 632 (s,
1 H); 13C NMR (CDCly, 75.5 MHz) 8 12.63, 12.83, 61.20, 100.31,
113.23, 129.70, 138.50, 141.16, 146.94; exact mass, m/z calcd for
CoH 13NO; 167.0946, found 167.0947.
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N-.(S5-Hydroxy-4-methoxy-2,3-dimethylphenyl)-4-methyl-

benzenesulfonamide (108).

;
¥
F

Me e e
79 108
p-Toluenesulfonyl chloride (200.3 mg, 1.05 mmol) and
pyridine (0.090 mL, 1.1 mmol) were added to a stirred solution of
79 (142.3 mg, 0.852 mmol) in CH;Cl; (25 mL). After being stirred
for 16 h, the so'ution was washed with HCl (1.2 N) and then
extracted with aqueous NaCH (2.5 N). The basic extract was
acidified with concentrated HCl, and extracted with CH;Cl;. The

(195.3 mg, 71%) as an off-white, homogeneous (TLC, silica, 2:1
hexanes-ethyl acetate) solid: mp 151-152°C; FT-IR (CHCly cast)
3430, 3270, 1484, 1324, 1304, 1291, 1160, 1085 cm-!; 'H NMR
(CDClj, 200 MHz) 8 1.91 (s, 3 H), 2.13 (s, 3 H), 2.41 (s, 3 H), 3.71 (s,
JH), 556 (s, 1 H), 633 (s, 1H), 663 (s, 1H), 724 (d, /= 8 Hz,
2H), 763 (d, J = 8 Hz, 2H); 13C NMR (CDCl,, 75.5 MHz) 8 13.10,
13.74, 21.51, 60.96, 110.70, 124.73, 127.32, 129.60, 130.30, 130.42,
136.80, 143.69, 144.34, 146.67; exact mass, m/z calcd for
CisHoNO(S 321.1038, found 321.1031.
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N-{2-Bromo-3-hydroxy-4-methoxy-5,6-dimethylphenyl]-
4-methylbenzenesulfonamide (109).

Me T» Me ﬁ
108 109
Bromine (4 drops) was added to a stirred solution of 108
(108.0 mg, 0.336 mmol) in CH3Cl; (25 mL). After being stirred for

N, 15 mL). The organic phase was extracted with NaOH (2.5 N). The
combined aqueous phases were acidified with concentrated HCI, and
extracted with CH;Cl;. The organic extract was dried (MgSO4) and
evaporated to give 109 (131.8 mg, 98%) as an off-white,
homogeneous (TLC, silica, 2:1 hexanes—ethyl acetate) solid: mp 151-
153°C; FT-IR (CHCly cast) 3420, 3270, 1454, 1180, 1085 cm-!; 'H
NMR (CDCly, 200 MHz) 8 2.22 (s, 3H), 2.33 (s, 3H), 241 (s, 3 H),
3.78 (s, 3H), 5.66, (s, 1 H), 6.12 (s, 1 H), 7.23 (d, /= 10 Hz, 2 H),
7.54 (d, J = 10 Hz, 2 H); '3C NMR (CDCl3, 75.5 MHz) 8 13.21, 17.18,
21.63, 60.99, 107.75, 127.69, 128.67, 129.53, 130.48, 131.15,
137.14, 14391, 144,43, 145.25; exact mass, m/z calcd for

R0
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4-Methoxy-2,3-dimethyil-1-nitro-S-(phenylmethoxy)-
benzene (110).

OM 08n
MeO MeO
e —
Me NO, Me NO;
Me Me
103 110

A mixture of 103 (2.52g, 12.8 mmol) in CH2Cl; (150 mL),
aqueous NaOH (2 N, 150 mL), benzyl bromide (2.50 mL, 21.0 mmol),
and tetrabutylammonium bromide (0.49g, 1.5 mmol) was stirred
vigorously for 16 h. The phases were separated and the aqueous
phase was extracted with CH2Cl;. The combined organic extracts
were washed with H2O and brine, dried (MgSO4) and evaporated.
Flash chromatography of the residue over silica gel, using 10:1
hexanes-ethyl acetate, gave 110 (3.63g, 98%) as a white,
homogeneous (TLC, silica, 10:1 hexanes—ethyl acetate) solid: mp 64—
65°C; FT-IR (CHCl; cast) 1517, 1344 cm-!; 'H NMR (CDCl;, 200 MHz)
8 2.26 (s, 3H), 2.35 (s, 3H), 3.86 (s, 3H), 5.12 (s, 2 H), 7.30-7.48
(m, 6 H); 13C NMR (CDCl,, 75.5 MHz) 8 12.37, 15.08, 60.09, 70.47,
107.30, 125.22, 126.96, 127.77, 128.22, 132.44, 135.58, 145.37,
148.82, 150.71; exact mass, m/z caled for C;¢H;7NO, 287.1158,
found 287.1158. Anal. Calcd for C;¢H7NO4: C, 66.89; H, 5.96; N,
4.88. Found: C, 66.75; H, 6.00; N, 5.09.
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4-Methoxy-2,3-dimethyl-S-(phenylmethoxy)aniline (111).54

OBn OBn
MeO MeO
0, —
Me NO, Me NH,
Me Me
110 11

Hydrazine hydrate (523.8 mg, 10.35 mmol) in MeOH (2 mL)
was added over 0.5 h to a refluxing mixture of 110 (1.2934 g, 4.50
mmol), activated carbon (111.8 mg, 9.3 mmol), and FeCl3-6H,0
(52.4 mg, 0.194 mmol) in MeOH (40 mL). After being refluxed
overnight, the mixture was filtered through Celite and evaporated.
Flash chromatography of the residue over silica gel, using 10:1
hexanes—ethyl acetate, gave 110 (726.7 mg) and 111 (490.5 mg,
42%, 96% based on recovered 110) as an off-white, homogeneous
(TLC, silica, 3:1 hexanes-ethyl acetate) solid: mp 75-76°C; FT-IR
(CHCl; cast) 3379, 1622, 1601, 1492, 1488, 1247, 1233, 1083, 1003,
755, 701 cm-!; 'H NMR (CDCl,, 200 MHz) 8 2.03 (s, 3 H), 2.21 (s,
3H), 3.24 (br s, 2H), 3.76 (s, 3H), 5.07, (s, 2H), 6.23 (s, | H),
7.25-7.50 (m, 5 H); '3C NMR (CDCls, 75.5 MHz) 8 12.60, 12.76, 60.66,
70.78, 100.32, 113.94, 127.13, 127.65, 128.46, 131.05, 137.61,
140.37, 140.77, 150.10; exact mass, m/z calcd for C;¢H 9gNO;
257.1418, found 257.1415. Anal. Calcd for Ci¢H 9gNO3: C, 74.68; H,
7.44; N, 5.44. Found: C, 74.61; H, 7.36; N, 5.30.
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N-(4-Methoxy-2,3-dimethyl-S-(phenylmethoxy)phenyl]-4-
methylbenzenesuifonamide (112).

08n OBn
MeO MeO
- H
Q. — D
Me Me Ts
111 112
p-Toluenesulfonyl chloride (1.51 g, 7.92 mmol) and pyridine
(1.00 mL, 12.4 mmol) were added to a stirred solution of 111
(1.69 g, 6.58 mmol) in CH2Cl; (50 mL). After being stirred for 16 h,
the solution was washed with HCl (1.2 N) and H;0, dried (MgSO;)
and cvaporated. Flash chromatography of the residue over silica
gel, using first 10:1 hexanes—ethyl acetate, to elute p-toluene-
sulfonyl chloride, and then 1:1 hexanes-ethyl acetate, gave 112
(2.59 g, 96%) as a white homogeneous (TLC, silica, 4:1 hexanes-
cthyl acetate) crystalline solid: mp 126-127°C; FT-IR (CHCIl; cast)
3260, 1485, 1331, 1162, 1088 cm'!; 'H NMR (CDCl;, 200 MHz) §
1.82 (s, 3H), 2.11 (s, 3H), 240 (s, 3H), 3.77 (s, 3 H), 4.96, (s,
2H), 6.14 (s, 1 H), 6.73 (s, 1 H), 7.18 (d, J = 9 Hz, 2H), 7.30-7.45
(m, S H), 7.50 (d, J = 9 Hz, 2 H); 13C NMR (CDCl3, 75.5 MHz) 8§ 12.79,
13.71, 21.55, 60.44, 70.49, 109.97, 125.33, 127.32, 127.34, 127.87,
128.53, 129.28, 129.49, 131.42, 136.70, 136.96, 143.60, 146.52,
149.54; exact mass, m/z calcd for C23Ha2sNO LS 411.1504, found
411.1509. Anal. Calcd for C23H2sNO4S: C, 67.13; H, 6.12; N, 3.40; S,
1.79. Found: C, 67.25; H, 6.01; N, 3.30; S, 8.00.
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N-{2-Bromo-4-methoxy-S,6-dimethyl-3-(phenylmethoxy)-

phenyl]-4-methylbenzenesulfonamide (113).

OBn OBn
MeO MeO Br MeO,_
M i H :
Me Ts Me Ts

112 113 1'@’1
Bromine (0.37 mL, 7.2 mmol) in CH;Cl; (10 mL) was added to

a stirred solution of 112 (2.47 g, 6.01 mmol) in CH;Cl; (40 mL).
After being stirred for 10 min in the dark, the solution was stirred
15 min with Na;SO3 (0.7 N), acidified with HCl (1.2 N). extracted
with CH2Cl;, dried (MgSO,) and evaporated. Flash chromatography
of the residue over silica gel, using 10:1 hexanes—ethyl acetate, gave
108 (1.43 g, 60%), identical to that obtained previously ('H NMR,
200 MHz), and 113 (0.63g, 21%) as a yellow homogeneous (TLC,
silica, 4:1 hexanes-ethyl acetate) crystalline solid: mp 176-177°C;
FT-IR (CHCl3 cast) 3260, 1455, 1405, 1332, 1166, 1088 cm!; 'H
NMR (CDCly, 200 MHz) 8 2.23 (s, 3 H), 2.38 (s, 3H), 242 (s, 3 H),

383 (s, 3H), 482, (s, 2H), 6.28 (s, 1 H), 7.18 (d, J= 8 Hz, 2 H),

7.30-7.50 (m, SH), 7.52 (d, /= 8 Hz, 2H); 13C NMR (CDCl,, 75.5
MHz) 8§ 13.04, 17.79, 21.61, 60.83, 75.12, 116.57, 127.80, 128.33,
128.50, 128.61, 128.84, 129.45, 131.84, 135.55, 136,76, 136.92,
143.88, 147.21, 151.72; exact mass, m/z calcd for C23H247BrNOS
489.0609, found 489.0610. Anal. Calcd for C23H24BrNOGS: C, 56.33;
H, 4.93; N, 2.86; S, 6.54; O, 13.05; Br, 16.29. Found: C, 56.16; H, 4.97;
N, 2.77; S, 6.43; O, 12.90; Br, 16.60.
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N-[4-Methoxy-5,6-dimethyl-3-(phenylmethoxy)phenyl]-N-

(2-cyclohexenyl)-4-methylbenzenesulfonamide (114).

o Te o Ts
113 114

3-Bromocyclohexene’? (0.10 mL, 0.86 mmol) was added to a
stirred mixture of 113 (61.6 mg, 0.126 mmol) and anhydrous
K:COj3 (90.6 mg, 0.656 mmol) in anhydrous acetone (25 mL). The
mixture was refluxed under argon for 16 h, the acetone was cvapo-
rated, and the residue was partitioned between ether and H.0. The
aqueous phase was extracted with ether, and the combined organic
phases were washed with H>O, dried (MgSO4) and evaporated.
Flash chromatography of the residue over silica gel, using 10:1
hexanes—ethyl acetate, gave 114 (68.3 mg, 95%) as a white solid
composed of two isomers (TLC, silica, 10:1 hexanes-ethyl acetate):
'H NMR (CDCl;, 200 MHz) § 1.40-1.70 (m, 3 H), 1.80-2.05 (m, 3 H),
2.18, 2.21 (two s, 3 H), 2.25 (s, 1.14 H), 2.34 (s, 1.86 H), 2.42 (two
s, 3H), 3.87 (s, 3H), 446 (m, 0.38 H), 4.81 (m, 0.62 H), 4.97 (two
s, 2H), 5.57 (m, 0.38 H), 583 (m, 1.62H), 7.20-7.30 (m, 2 H),
7.30-740 (m, 3 H), 7.45-7.55 (m, 2 H), 7.67-7.80 (m, 2 H).
Preparative TLC (silica, 10:1 hexanes—ethyl acetate, 18 eclutions)
gave small samples of each isomer. The more polar had: |H NMR
(CDClj, 200 MHz) § 1.43-1.70 (m, 3 H), 1.81-2.05 (m, 3 H), 2.19 (s,
3H), 2.25 (s, 3H), 242 (s, 3H), 3.86 (s, 3H), 480 (m, 1 H), 496
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(s, 2H), 5.78 (m, 1 H), 582 (m, 1 H), 7.25 (d, J = 8 Hz, 2H), 7.36
(m, 3H), 7.53 (m, 2H), 7.76 (d, J = 8 Hz, 2 H), and the less polar
SH), 2.21 (s, 3H), 2.35 (s, 3 1), 2.42 (s, 3H), 3.88 (s, 3H), 448
(m, 1 H), 497 (s, 2H), 576 (m, 1 H), 590 (m, 1H), 724 d, J =8
Hz, 2H), 7.38 (m, 3 H), 7.56 (m, 2H), 7.72 (d, J = 8 Hz, 2H). The
same material, containing the isomers in a very similar ratio, was

fully characterized as described later.

4-Methyl-N-[2,3-dimethyl-4-0x0-5-(phenylmethoxy)-2,5-
cycloxexadien-1-ylidene)benzenesulfonamide (1185).

Me N’ Me N
Me Ts Me Ts
112 118

Concentrated HNO; (3 drops) and then concentrated HSO4 (1
drop) were added to a stirred solution of 112 (42.5 mg, 0.103
mmol) in CH2Cl; (SmL). After being stirred for 1 h, the solution
was washed with HO (5 mL) and dilute, aqueous NaHCO;3; (5 mL),
dried (MgSO4), and evaporated to give 115 (39.5 mg, 96%) as a

1247, 1301, 1534, 1599, 1640, 1667 cm-!; 'H NMR (CDCl;, 200 MHz)
8 2.03, 2.04 (two s, 6 H), 2.45 (s, 3 H), 5.15, (s, 2 H), 7.32-7.50 (m,
8 H), 7.86 (d, /= 8 Hz, 2H); '3C NMR (CDCl;, 75.5 MHz) 8 12.57,

86
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14.07, 21.67, 71.33, 10292, 103.76, 127.18, 128.18, 128.86, 129.61,
134.09, 138.31, 139.41, 143.60, 143.97, 155.43, 166.09. 180.60:
exact mass, m/z caled for C2oH> NO4S 395.1191. found 395.1195.

S5-Amino-2-methoxy-3,4-dimethylphenyl acetate (116).

OAc OAc
Me NO, Me NH,
Me Me

102 118
Crude 102 (15.57 g, 0.0651 mol) in ethyl acetate (400 ml.)
was stirred with 5% Pd/C (6.5 g) under hydrogen for 16 h. The

solution was filtered through Celite and evaporated. Flash chroma-
tography of the residue over silica gel, using 4:1 hexanes-cthyl
acerate, gave 116 (11.30g, 74% over two steps) as a brown, homo-
geneous (TLC, silica, 4:1 hexanes-ethyl acetate) oil: FT-IR (CHCl,
cast) 3370, 1558, 1486, 1243, 1208 cm-!; 'H NMR (CDCl;, 200 MHz)
& 2.03 (s, 3H), 2.20 (s, I H), 2.30 (s, 3 H), 3.48 (br s, 2 H), 3.65 (s,
3 H), 6.29 (s, 1 H); 13C NMR (CDCl;, 75.5 MHz) & 12.83, 13.23, 20.80,
60.99, 107.57, 120.26, 131.54, 140.27, 14191, 142.62, 169.45;
exact mass, m/z calcd for C) H;sNO; 209.1052, found 209.1054.
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N-(5-Acetoxy-4-methoxy-2,3-dimethylphenyl)-4-methyl-

benzenesulfonamide (117).

OAc OAc
Mo’ NM, Me” rla"H
Me Me T3

116 117

p-Toluenesulfonyl chloride (2.51 g, 13.2 mmol) and pyridine
(5.0 mL, 62 mmol) were added to a stirred solution of 116 (2.49 g,
11.9 mmol) in CH2Cl; (250 mL). After being stirred overnight, the
mixture was washed with aqueous CuSO4 (0.40 M, 2 x 250 mL) and
H20, dried (MgSO4) and evaporated. Flash chromatography of the
residue over silica gel, using 4:1 hexanes-ethyl acetate, gave 117
(4.11 g, 95%) as an off-white, homogeneous (TLC, silica, 4:1
hexanes—-ethyl acetate) solid: mp 139-140°C; FT-IR (CHCl; cast)
3275, 1768, 1162 cm'!; 'H NMR (CDCl;, 200 MHz) & 1.90 (s, 3 H),
2.13 (s, 3H), 2.29 (s, 3H), 2.40 (s, 3H), 3.70 (s, 3 H), 6.56 (s,
I H), 685 (s, 1H), 7.22 (d, /= 8 Hz, 2H), 740 (d, J = 8 Hz, 2 H);

118.57, 127.29, 129.61, 129.76, 131.54, 132.07, 136.61, 141.49,
143.73, 148.70, 169.00; exact mass, m/z calcd for C;gsH2;NOsS
363.1141, found 363.1148.
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3-Amino-2-bromo-6-methoxy-4,5-dimethylphenyl acetate (118).

OAc OAc
MeO MeO Br
——
Me NH, Me NH,
Me Me
116 118

Bromine-dioxane complex44b (1497 g, 60.38 mmnl) was
added to a stirred solution of 116 (11.30g, 54.07 mmol) in CHC';
(150 mL) at 0°C, in the dark. After being stirred for 50 min, the
solution was washed with Na;SO;3 (0.7 N, 3 x 200 mL). The
combined aqueous washings were extracted with CHCly (500 ml),
and the combined organic phases were dried (MgSOy4). and
evaporated. Flash chromatography of the residue over silica gel,
using 4:1 hexanes—ethyl acetatc, gave 118 (13.43g, 86%) as a
brown, homogeneous (TLC, silica, 4:1 hexanes—ethyl acetate) solid:
mp 72-73°C; FT-IR (CHCl;3 cast) 3370, 1761, 1197, 1089 cm-!; 'H
NMR (CDCl;3, 200 MHz) & 2.11 (s, 3 H), 2.21 (s, 3 H), 2.37 (s, 3 H),
3.68 (s, 3 H), 3.98, (br s, 2 H); !'3C NMR (CDCl;, 75.5 MHz) & 12.77,
14.16, 20.55, 61.13, 101.45, 119.89, 130.15, 139.31, 139.96, 142.86,
168.34; exact mass, m/z calcd for C; H 4,7°BrtNO; 287.0157, found
287.0155. Anal. Calcd for C;H4BrNO;: C, 45.85; H, 4.90; N, 4.86; O,
16.66. Found: C, 45.66; H, 5.04; N, 4.65; O, 16.93.
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N-(3-Acetoxy-2-bromo-4-methoxy-5,6-dimethyiphenyl)-

4-methylbenzenesulfonamide (119).

MeO ,Br MeO_

Me’ NH, Me”

Me

118
p-Toluenesulfonyl chloride (8.28 g, 43.4 mmol) and pyridine

(3.40 mL, 42.0 mmol) were added to a stirred solution of 118
(8.00 g, 27.8 mmol) in CH;Cl; (75 mL). After 4 days little of the
starting amine remained (TLC, silica, 4:1 hexanes-ecthyl acetate).
The mixture was washed with HCl (1.2 N), dried (MgSO,) and
evaporated to give 119 (10.62 g, 86%) as an off-white, homo-

FT-IR (CHCI; cast) 3370, 1775, 1164 cm-!; 'H NMR (CDCl;, 400 MHz)
8 2.21 (s, 3H), 2.28 (s, 3 H), 2.38 (s, 3H), 2.40 (s, 3 H), 3.62 (s,
3H), 645 (s, 1 H), 7.21 (d, J= 8 Hz, 2H), 7.54 (d, J = 8 Hz, 2 H);
13C NMR (CDCl3, 100.6 MHz) 8§ 13.06, 17.61, 20.28, 21.40, 60.87,
115.73, 127.39, 128.96, 129.40, 131.66, 136.88, 137.91, 139.92,
143.66, 150.28, 167.58; exact mass, m/z calcd for C;sH297BrNOsS
441.0246, found 441.0241. Anal. Calcd for C gH20BrNOsS: C, 48.88;
H, 4.56; N, 3.17; O, 18.09; S, 7.25. Found: C, 48.83; H, 4.72; N, 3.31; O,
18.13; §, 7.04.
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N-(3-Acetoxy-2-bromo-4-methoxy-5.6 ¢ - pheayl).
N-(2-cyclohexenyl)-4-methylbenzene-wifon.m:de 120).

OAc :
MeO Br MeO t/\T ol :
Me r;a’ Me” Y N
m T‘ e B
119 128

3-Bromocyclohexene?2 (1.00 mL, 8.63 mmol) was added to a
stirred mixture of 119 (2.2456 g, 5.08 mmol) and anhydrous K>CO;
(3.04 g, 22.0 mmol) in anhydrous acetone (25 mL). The mixture
was refluxed under argon for 16 h, and the acetone was
evaporated. The residue was partitioned between CH>Cly and H;0
and the aqueous phase was extracted with CH;Cl,. The combined
organic phases were dried (MgSO4) and evaporated. Flash chroma-
tography of the residue over silica gel, using 4:1 hexanes-ethyl
acetate, gave 120 (2.5584 g, 96%) as a white solid composed of two
isomers (TLC, silica, 4:1 hexanes—ethyl acetate): mp 48-49°C; FT-IR
(CHClj3 cast) 1778, 1191, 1158 cm-!; 'H NMR (CDClj, 200 MHz) §
1.40-2.13 (m, 6 H), 2.19, 2.21 (two s, 3 H), 2.25 (s, 1.2 H), 2.33,
2.36 (two s, 4.8 H), 2.43 (s, 3H), 3.76 (s, 3 H), 444, (m, 0.62 H),
4.86 (m, 0.38 H), 5.60 (m, 0.38 H), 5.82 (m, 1.62 H), 7.24 (m, 2 H),
7.72 (m, 2 H); 13C NMR (CDCl3, 75.5 MHz) § 13.38, 19.02, 19.20,
20.60, 21.54, 21.64, 24.41, 24.47, 28.34, 28.89, 59.19, 60.97, 61.15,
119.02, 127.61, 128.17, 128.40, 129.10, 129.23, 129.48, 130.45,
131.14, 131.38, 133.45, 134.58, 139.59, 139.98, 140.57, 140.64,
140.69, 140.77, 143.02, 143.15, 150.74, 150.86, 167.80, 167.87;
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exact mass, m/z caled for Co4H2379BrNOsS 521.0872, found
521.0871. Anal. Calcd for C24H23BrNOsS: C, 55.18; H, 5.40; N, 2.68; O,
15.31; S, 6.14. Found: C, 55.37; H, 5.55; N, 2.71; O, 15.12; S, 6.37.

S5-Acetoxy-1,2,3,4,42,9a-hexahydro-6-methoxy-7,8-
dimethyl-9-[(4-methylphenyl)sulfonyl)carbazole (122).

MeO Br

Me {‘:

120

Method A: Triphenyltin hydride (0.05 mL, 0.20 mmol) in
anhydrous benzene (5 mL) and AIBN (2.3 mg, 0.014 mmol) in

benzene (5 mL) were added over 10 h (double syringe pump) to a
refluxing solution of 120 (87.1 mg, 0.167 mmol) in the same
solvent (20 mL). The solution was refluxed a further 6 h, cooled,
and evaporated. The residue was taken up in ecther, and then
stirred for several hours with a saturated aqueous solution of KF.
The aqueous phase was extracted with ether, and the combined
organic phases were washed with H;O0, dried (MgSO,), and
cvaporated. Flash chromatography of the residue over silica gel,
using 10:1 hexanes-ethyl acetate, gave an inseparable mixture of
compounds containing 122 (35-40% yield, calculated by 'H NMR,
200 MHz) and unreacted 120 (15%). The fragmentauion product
117 (10.6 mg, 17%) was also isolated.

92



Svathesis of Carbazomvcin B . Experimental

Method C: A solution of triphenyltin hydride (0.015 mL
0.059 mmol), AIBN (I mg. 0.006 mmol) and 120 (18.1 mg, 0.03$
mmol) in anhydrous toluene (2.5 mL) was stirred under argon at
0°C. The solution was irradiated with a sun lamp (CGE model RSM,
275 Watt, 110-125 V) for 2.5 h, and then evaporated. Flash chrom-
atography of the residue over silica gel, using 4:1 hexanes-ethyl
product of direct reduction 125 in a 2:3 ratio ('"H NMR, 200 MH2).

In another experiment, a solution of 120 (115.2 mg, 0.221
mmol) in anhydrous toluene (10 mL) was stirred under argon in a
water-cooled vessel. Triphenyltin hydride (0.08 mL, 0.31 mmol) in
toluene (5 mL) and AIBN (4.7 mg, 0.029 mmol) in toluene (5 mL)
were added over 16 h (double syringe pump) to the solution as it
was irradiated with a sun lamp (CGE model RSM, 275 Wat, 110-125
V). The solution was irradiated a further 6 h, and then evaporated.

Flash chromatography of the residue over silica gel, using 4:1

compounds containing 122 (46% yield, calculated by 'H NMR, 200
MHz), recovered 120 (16%) and 125 (33%).

In a similar experiment, a solution of 120 (273.0 mg, 0.523
mmol) in anhydrous toluene (10 mL) was stirred under argon in a
water-cooled vessel. Triphenyltin hydride (0.16 mL, 0.63 mmol) in
toluene (5 mL) and AIBN (21 mg, 0.13 mmol) in toluene (5 mL)
were added over 18 h (double syringe pump) to the solution as it
was irradiated with a sun lamp (CGE model RSM, 275 Watt, 110-125
V). The solution was evaporated, dissolved in ethanolic KOH (5%
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w/v, 10 mL), and stirred for 1 h. The resulting solution was
evaporated, and the residue was dissolved in H,0, acidified with HCI
(1.2 N), and cxtracted with CH,Cl;. The organic extract was dried
(MgS50y4) and evaporated. Flash chromatography of the residue over
silica gel, using 10:1 hexanes—ethyl acetate, gave the hydrolyzed
cyclization product 123 (43.0 mg, 21%), hydrolyzed starting
material 121 (95 mg, 38%), and the hydrolyzed product of direct
reduction 126 (52 mg, 25%).

Method D: Samarium iodide (1.0 M in THF, 5.0 mL, 0.50
mmol) and dry HMPA (0.7 mL) were added to 120 (73.9 mg, 0.142
mmol), and the mixture was stirred overnight under argon at room
temperature. The solution was diluted with ether, washed with HCI
(1.2 N) and with saturated aqueous NaHCO;, dried (MgSO,4) and
cvaporated. Flash chromatography of the residue over silica gel,
using 10:1 hexanes-ethyl acetate, gave a complicated mixture, of
which the major component was unreacted starting material ('H
NMR, 260 MHz). A small amount of the product of direct reduction,
128, and only a trace of cyclized material 122 were identified ('H
NMR, 200 MHz).
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N-(2-Bromo-3-hydroxy-4-methoxy-5,6-dimethylphenyl)-
N-(2-cyclohexenyl)-4-methylbenzenesulfonamide (121).

DO — D0

Ts .
120 121

A solution of 120 (2.8362 g, 5.43 mmol) in ethanolic KOH
(3.5% w/v, 50 mL) was stirred for 1 h, diluted with H,O (100 mL),
acidified with HCI (1.2 N), and extracted with CH,Cls. The extract
was dried (MgSO4) and evaporated to afford 121 (2.58 g, 98%) as a
white solid composed of two isomers (TLC, silica, 4:1 hexanes-ethyl
acetate): mp 168.5-169.5°C; FT-IR (CHCl; cast) 3430, 1482, 1156,
1089 cm-!; 'TH NMR (CDCl3;, 200 MHz) & 1.40-2.10 (m, 6 H), 2.13,
2.17, 2.19, 2.24 (four s, 6 H), 2.43 (s, 3 H), 3.81 (s, 3 H), 4.51 (m,
0.62 H), 4.79 (m, 0.38 H), 5.55-5.92 (m, 3H), 7.25 (m, 2H), 7.74
(m, 2 H); 13C NMR (CDCls, 75.5 MHz) § 13.31, 18.45, 18.55, 21.55,
21.60, 21.68, 24.39, 24.48, 28.23, 28.74, 59.11, 60.57, 60.74, 60.81,
111.44, 112.50, 127.70, 128.23, 128.37, 129.09, 129.22, 129.48,
129.99, 130.07, 130.35, 132.62, 133.71, 133.90, 139.57, 139.96,
143.02, 143.14, 144.79, 144.85, 145.54, 145.63; exact mass, m/z
calcd for C22H267°BrNOS 479.0766, found 479.0766. Anal. Calcd for
C22H26BrNO,S: C, 55.00; H, 5.46; N, 2.92; S, 6.67; Br, 16.63. Found: C,

55.09; H, 5.55; N, 3.20; S, 6.70; Br 16.78.
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1,2,3,4,4a,9a-Hexahydro-5-hydroxy-6-methoxy-7,8-
dimethyl-9-[(4-methylphenyl)sulfonyljcarbazole (123).

20 —

121
Method A: Triphenyltin hydride (0.04 mL, 0.16 mmol) in

anhydrous benzene (5 mL) and AIBN (2.8 mg, 0.017 mmol) in
benzene (5 mL) were added over 10 h (double syringe pump) to a
refluxing solution of 121 (45.6 mg, 0.095 mmol) in the same
solvent (20 mL). The solution was refluxed a further 8 h, cooled,
and evaporated. The residue was taken up in ether, and then
stirred for several hours with a saturated aqueous solution of KF.
The aqueous phase was extracted with ether, and the combined
organic phases were dried (MgSO4) and evaporated. Flash chro-
matography of the residue over silica gel, using 4:1 hexanes—ethyl
acetate, gave unreacted 121 (29.7 mg, 65%), the fragmentation
product 108 (0.8 mg, 3%), and 123 (5.6 mg, 15%, 42% based on

ethyl acetate) solid: mp 184-185°C; FT-IR (CHCl; cast) 3450, 1164
cm-!; 'TH NMR (CDCl;, 200 MHz) 8 0.80-1.62 (m, 6 H), 1.95 (m, 1 H),
2.22 (s, 3H), 2.33 (s, 3H), 2.40 (s, 3H), 2.50 (m, 1 H), 2.66 (m,
1 H), 3.76 (s, 3H), 4.18 (dt, J = 10, 6 Hz, 1 H), 548 (s, 1 H), 7.17
(d, J = 8 Hz, 2 H), 7.46 (d, J = 8 Hz, 2 H); 13C NMR (CDCl;, 75.5 MHz)
$ 13.00, 16.99, 21.10, 21.63, 23.44, 24.52, 28.58, 39.84, 61.08,
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64.93, 121.39, 124.36, 127.44, 178.87, 129.42, 136.38. 138.17.
143.60, 143.69, 144.38; exact mass. m/: calcd for Ca:H >IN OSS
401.1660, found 401.1658. Anal. Calcd for C22H2INO,S: C, 65.81; H.
6.78; N. 3.49; S, 7.98. Found: C, 65.43; H. 7.07: N, 3.29: S. 7.87.

Method B: Triphenyltin hydride (0.07 mL. 0.26 mmeh and
triethylborane (1.0 M in THF, 0.14 mL, 0.214 mmol) were added to
a stirred solution of 121 (64.8 mg. 0.135 mmol) in hexanes
(10 mL, distilled from CaH; in the presence of O»). Air (18 ml.,
1.15 mmol O;) was injected into the solution over 18 h (syringe
pump). The solution was extracted with CH3;CN, and the CH;C N
phase was evaporated. Flash chromatography of the residue over
silica gel, using 10:1 hexanes—ethyl acetate, gave unreacted 121
(36.4 mg, 56%) and 123 (9.6 mg, 18%, 40% based on recovered
121) as a white, homogeneous (TLC, silica, 4:1 hexanes-cthyl
acetate) solid, identical to that prepared previously ('H NMR, 200
MHz).

N-(2-Bromo-4-methoxy-5,6-dimethyl-3-(phenylmethoxy)-
phenyl}-N-(2-cyciohexenyl)-4-methylbenzenesuifonamide (114).

L0 — X0

121 114
A mixture of 121 (1.5408 g, 3.21 mmol) in CH,Cl; (30 mL),

aqueous NaOH (1.25 N, 30 mL), benzyl bromide (1.20 mL, 10.1
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mmol), and tetrabutylammonium bromide (0.12 g, 0.37 mmol) was
stirred vigorously for 16 h. The phases were separated and the
aqueous layer was extracted with CH;Cl;. The combined organic
extracts were dried (MgSO4) and evaporated. Flash chromatogra-
phy of the residue over silica gel, using 10:1 hexanes—ethyl acetate,
mers (TLC, silica, 10:1 hexanes—ethyl acetate): mp 143-144°C; FT-IR
(CHCIl3 cast) 1459, 1398, 1343, 1157, 1092, 753 cm'!; 'H NMR
(CDCl3, 200 MHz) & 1.40-1.70 (m, 3 H), 1.80-2.05 (m, 3 H), 2.18,
2.21 (two s, 3 H), 2.25 (s, 1.14H), 2.34 (s, 1.86 H), 2.42 (two s,
3 H), 3.87 (s, 3H), 446 (m, 0.38 H), 4.81 (m, 0.62 H), 4.97 (two s,
2 H), 557 (m, 038 H), 5.83 (m, 1.62 H), 7.20-7.30 (m, 2 H), 7.30-
7.40 (m, 3 H), 7.45-7.55 (m, 2 H), 7.67-7.80 (m, 2 H); Variable
Temperature 'H NMR (CsD,, 400 MHz) 0°C: § 1.20-1.74 (m, 4 H),
1.83-1.89 (m, 0.60 H), 1.94 (two s, 3 H), 2.00, 2.05 (two s, 3 H),
1.96-2.16 (m, 1.40H), 2.36 (s, 1.20 H), 2.48 (s, 1.80 H), 3.48, 3.50
(two s, 3 H), 4.57 (m, 0.60 H), 4.89, 491 (two s, 2H), 5.08 (m,
0.40 H), 5.50 (m, 0.40 H), 5.72 (m, 0.60 H), 6.17 (m, 0.40 H), 6.20
(m, 0.60 H), 6.77 (d, J = 4 Hz, 2H), 7.06-7.20 (m, 3H), 743 (t, J =4

1.89 (m, 0.60 H), 1.94 (two s, 3 H), 2.04, 2.06 (two s, 3 H), 1.97-
2.11 (m, 1.40H), 2.35 (s, 1.20 H), 2.48 (s, 1.80 H), 3.51, 3.52 (two
s, 3H), 4.59 (m, 0.60 H), 4.90, 4.92 (two s, 2 H), 5.05 (m, 0.40 H),
549 (m, 0.40H), 5.70 (m, 0.60 H), 6.12 (m, 0.40 H), 6.18 (m,
0.60 H), 6.79 (d, J = 4 Hz, 2 H), 7.05-7.19 (m, 3 H), 7.45 (m, 2 H),
7.84 (t, J = 4 Hz, 2H); 40°C: § 1.22-1.78 (m, 4 H), 1.80-1.92 (m,
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0.61 H), 1.99 (two s, 3 H), 2.06, 2.08 (two s, 3 H), 2.00-2.13 (m,
1.39 H), 2.36 (s, 1.17H), 2.49 (s, 1.83 H), 3.51, 3.54 (two s, 3 H).
4.62 (m, 0.61 H), 4.92, 494 (two s, 2 H), 503 (m, 0.39 H), 5.49 (m,
0.39 H), 5.69 (m, 0.61 H), 6.11 (m, 0.39 H), 6.18 (m, 0.61 H), 6.82
(d, J = 4 Hz, 2H), 7.06-7.20 (m, 3H), 743 (t, J = 4 Hz, 2 H), 7.84 (1,
J = 4 Hz, 2H); 60°C: 8 1.27-1.76 (m, 4 H), 1.80-1.92 (m, 0.61 H).
1.96 (s, 3 H), 2.03, 2.04 (two s, 3 H), 2.00-2.11 (m, 1.39 H), 2.36 (s.
1.17 H), 2.47 (s, 1.83 H), 3.56, 3.57 (two s, 3 H), 4.64 (m, 0.61 H),
493 (s, 2H), 500 (m, 0.39 H), 549 (m, 0.39 H), 5.67 (m, 0.61 H),
6.10 (m, 0.39 H), 6.16 (m, 0.61 H), 6.84 (d, J = 4 Hz, 2 H), 7.07-7.20
(m, 3H), 744 (m, 2 H), 7.82 (t, J = 4 Hz, 2 H); 80°C: § 1.27-1.77 (m,
4 H), 1.80-1.90 (m, 0.60 H), 2.00 (s, 3 H), 2.06, 2.08 (two s, 3 H),
2.03-2.13 (m, 1.40 H), 2.34 (s, 1.20 H), 2.44 (s, 1.80 H), 3.54, 1.55
(two s, 3 H), 4.64 (m, 0.60 H), 4.93 (s, 2 H), 4.96 (m, 0.40 H), 5.50
(m, 0.40 H), 5.66 (m, 0.60 H), 6.07 (m, 0.40 H), 6.14 (m, 0.60 H),
6.86 (d, J = 4 Hz, 2H), 7.06-7.19 (m, 3 H), 742 (t, J = 4 Hz, 2 H),
7.81 (t, J = 4 Hz, 2 H); 100°C: § 1.22-1.77 (m, 4 H), 1.79- 1.92 (m,
0.60 H), 2.04 (s, 3 H), 2.08, 2.10 (two s, 3 H), 1.97-2.13 (m,
1.40 H), 2.33 (s, 1.20 H), 2.43 (s, 1.80 H), 3.60 (two s, 3 H), 4.66
(m, 0.60 H), 493 (s, 2 H), 4.90-4.98 (m, 0.40 H), 5.50 (m, 0.40 H),
5.66 (m, 0.60 H), 6.07 (m, 0.40 H), 6.14 (m, 0.60 H), 688 (d, / =4
Hz, 2 H), 7.07-7.20 (m, 3 H), 742 (t, J = 4 Hz, 2 H), 7.80 (m, 2 H);
13C NMR (CDCl3, 75.5 MHz) 8 13.13, 18.93, 19.01, 21.51, 21.60,
21.66, 24.40, 24.48, 28.28, 28.74, 58.89, 60.71, 74.75, 74.86,
120.23, 121.25, 127.82, 128.11, 128.16, 128.36, 128.45, 12%.61,
128.64, 128.98, 129.11, 129.24, 130.24, 130.87, 131.10, 134.16,

(1]
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136.93, 136.97, 138.36, 138.45, 139.56, 139.96, 142.91, 143.04,
147.57, 152.08. 152.18; exact mass, m/z calcd for C39H3283!BrNO,S
571.1215, found 571.1205. Anal. Calcd for Co9H332BrNO,S: C, 61.05;
H, 5.65; N, 2.46; O, 11.22; S, 5.62. Found: C, 60.90; H, 5.85; N, 2.44; O,
1091; §, 5.53.

1,2,3,4,4a,9a-Hexahydro-6-methoxy-7,8-dimethyl-9-[(4-
methylphenyl)sulfonyl}-5-(phenylmethoxy)carbazole (124).

Me' N N
Me To M L
114 124
Method A: Triphenyltin hydride (0.70 mL, 2.74 mmol) in

anhydrous benzene (5 mL) and AIBN (157.3 mg, 0.960 mmol) in
benzene (5 mL) were added over 10 h (double syringe pump) to a
refluxing solution of 114 (9859 mg, 1.730 mmol) in the same
solvent (40 mL). The solution was refluxed a further 6 h, cooled,
and evaporated. Flash chromatography of the residue over silica
gel, using 10:1 hexanes-cthyl acetate, gave 124 (333.2 mg, 39%) as
a white, homogeneous (TLC, silica, 10:1 hexanes-ethyl acetate) solid:
200 MHz) 8 0.94-1.44 (m, 5H), 1.55 (m, 1 H), 1.99 (m, 1 H), 2.26
(s, 3H), 2.30-2.50 (m, 1 H), 2.36 (s, 3H), 240 (s, 3H), 2.60 (m,
1H), 3.82 (s, 3H), 4.18 (dt, J = 10, 6 Hz, 1 H), 4.73 (s, 2K), 7.15
(d,J =8 Hz, 2H), 7.34 (s, 5H), 743 (d, J = 8 Hz, 2H); 13C NMR
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(CDClj3. 75.5 MHz) & 12.69, 17.38, 21.21, 21.54, 23.31, 24.54, 28.63.
40.01, 60.66, 64.64, 74.80, 127.49, 128.04, 128.09, 128.49, 128.68.
128.78, 129.34, 130.92, 136.10, 137.32, 137.68, 143.66, 147.17,
150.19; exact mass, m/z calcd for C39H33;NO4S 491.2130, found
491.2135. Anal. Calcd for Ca9H33NO4S: C, 70.85: H, 6.77; N, 2.85; S,
6.52. Found: C, 71.12; H, 6.76; N, 2.83; S, 6.30.

Method B:  Triphenyltin hydride (0.27 mL, 1.1 mmol) in
anhydrous benzene (10 mL) and air (32 mL, 0.26 mmol O;) were
added over 20 h (double syringe pump) to a stirred solution of
triethylborane (1.0 M in hexanes, 1.10mL, 1.! mmol) and 114
(546.9 mg, 0.959 mmol) in benzene (40 mL). After 20 h, the
reaction was still incomplete (TLC, silica, 10:1 hexanes-ethyl

acetate). Triethylborane (1.0 M in hexanes, 1.00 mL, 1.0 mmol)

benzene (10 mL) and air (38 mL, 0.31 mmol O;) were added over
24 h. The solution was evaporated. Flash chromatography of the
residue over silica gel, using 10:1 hexanes—ethyl acetate, gave 124
(173.2 mg, 37%) as a white, homogeneous (TLC, silica, 10:1

hexanes—ethyl acetate) solid, identical to that prepared previously

cooled vessel. Triphenyltin hydride (0.055 mL, 0.22 mmol) in
toluene (S mL) and AIBN (10.1 mg, 0.062 mmol) in toluene (5 mL)
were added over 15 h (double syringe pump) to the solution as it
was irradiated with a sun lamp (CGE model RSM, 275 Watt, 110-125
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V). Evaporation of the solution, and flash chromatography of the
residue over silica gel, using 10:1 hexanes—ethyl acetate, gave 56
mg of a mixture containing 124 (23% yield, calculated by 'H NMR,
200 MHz), unreacted 114 (16%) and the product of direct reduction
127 (28%).

Carbazomycin B (2).

t ,,
124 2
A mixture of 124 (46.2 mg, 0.0941 mmol), maleic acid

(37.1 mg, 0.320 mmol) and 5% Pd/C (26.0 mg) in triglyme (4 mL)
was refluxed under argon for 3 days. The mixture was filtered
through Celite, diluted with ether, washed with H;O, dried (MgSOy)
and evaporated. Flash chromatography of the residue over silica
gel, using 10:1 hexanes-ethyl acetate, gave 2! (10.0 mg, 44%),
identical to that prepared as described later ({H NMR, 200 MHz).
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1,2,3,4,4:.9:-He:ihydro-S-hydf@xy-lj—mﬂimxy;i.si
dimethyl-9-[(4-methylphenyl)sulfonyl]carbazole (123).

ts
124 123
Compound 124 (120.2 mg, 0.245 mmol) in ethyl acetate (10

N
Ts

evaporated. Flash chromatography of the residue over silica gel,
using 6:1 hexanes-ethyl acetate, gave 123 (69.6 mg, 70%), identical
to that prepared previously ('H NMR, 200 MHz).

Carbazomycin B (2).

123 2
A mixture of 123 (25.2 mg, 0.0628 mmol), maleic acid

was heated to reflux (240°C bath temperature) for 40 h. The
mixture was diluted with CH2Cl;, washed with H;O, dried (MgSQ4)
and evaporated. The residue was dried in vacuo at 60°C for 3 h.

Flash chromatography of the residue over silica gel, using 10:1
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hexanes—cthyl acetate, gave 2! (8.7 mg, 60%), identical to that

1,2,3,4,4a2,9a-Hexahydro-5-hydroxy-6-methoxy-7,8-
dimethylcarbazole (132).

to ,
124 132
Sodium naphthalenide (0.50 M in THF, 2.5 mL, 1.25 mmol)

THF (8 mL). After being stirred for 2 min, the solution was
quenched with saturated aqueous NH,Cl (5 drops), diluted with H,0,
neutralized with HC1 (1.2 N), and extracted with CH,Cl;. The organic
extract was dried (MgSO4) and evaporated. Flash chromatography
of the residue over silica gel, using first hexanes (to elute
naphthalene) and then 1:1 hexanes—ethyl acetate, gave 132
(25.5 mg, 65%) as an unstable, clear, homogeneous (TLC, silica, 10:1
hexanes-ethyl acetate) oil: FT-IR (CHCl; cast) 3370, 2930, 1460,
1450 cm-!; 'H NMR (CDCl3, 200 MHz) 8 1.36-1.96 (m, 8 H), 1.97 (s,
3H), 2.15 (s, 3H), 3.09-3.24 (m, 1 H), 3.69 (s, 3 H), 3.72-3.78 (m,
1 H), 4.76 (broad s, 2 H); 13C NMR (CDCl,, 75.5 MHz) 8 12.43, 13.12,
21.29, 23.12, 27.14, 28.90, 39.55, 59.36, 61.19, 110.04, 117.06,
127.23, 139.02, 143.11, 146.34; exact mass, m/z calcd for C;sH2)NO;
247.1573, found 247.1574.
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Carbazomycin B (2).

e ———

132 2

A slow stream of dry argon was bubbled for 56 h through a
hot (260°C) mixture of 132 (25.5 mg, 0.1032 mmol) and 10% Pd/C
(17.7 mg) in triglyme (7 mL). The mixture was cooled, filtered
through silica gel, and evaporated at reduced pressure using a
Kugelrohr distillation apparatus.  Flash chromatography of the
residue over silica gel, using 10:1 hexanes—ethyl acetate, gave 2!
(17.8 mg, 71%) as an off-white, homogeneous (TLC, silica, 10:1
hexanes-ethyl acetate) solid: mp 148°C (lit.'a mp 158.5-160°C (n-
hexane—ecthyl acetate)]; FT-IR (CHCl3 cast) 3425, 1454, 1411 cm!;
'H NMRIb (CDCly, 200 MHz) 8 2.34 (s, 3 H), 2.38 (s, 3 H), 3.81 (s,
3 H), 6.09 (s, 1 H), 7.17-7.25 (m, | H), 7.33-7.40 (m, 2 H), 7.76 (s,
1 H), 8.25 (d, J = 7.5 Hz, 1 H); 13C NMR!® (CDCl,, 75.5 MHz) § 12.77,
13.18, 61.49, 109.30, 109.36, 109.99, 119.47, 122.65, 123.27,
124.74, 126.98, 136.76, 138.46, 139.26, 142.02; exact mass, m/z
caled for C;sH sNO; 241.1102, found 241.1101. Anal. Calcd for
CisHisNO2: C, 74.67; H, 6.27; N, 5.80. Found: C, 74.91; H, 6.27; N,
5.98.
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1-Deutero-3-(phenylsulfonyl)cyclohex-2-enol (137).

SPh SO,Ph
O Ne

133 137
Compound 133 was converted by the literature procedures6
into 137, using NaBD4 instead of NaBH4 in the reduction step.
Compound 137 was obtained as a clear, homogeneous (TLC, silica,
2:1 hexanes-ethyl acetate) oil in 75% overall yield from 133 and
2H), 2.15 (m, 2H), 3.50 (m, 1 H), 7.00 (s, 1 H), 7.48-7.66 (m,
3H), 7.86 (m, 2 H). A small signal at 8 4.3 indicated the presence
of ca 7% nondeutero alcohol (H instead of D). The material was used

directly in the next step without full characterization.

3-Bromo-1-(phenylsulfonyl)cyclohexene (138).

52

138 138
Carbon tetrabromide (787.1 mg, 2.37 mmol) and triphenyl-
phosphine (615.4 mg, 2.35 mmol) were added to a stirred solution
of 13636 (471.9 mg, 1.98 mmol) in CH;Cl; (10 mL). Stirring was
continued overnight, and the mixture was then evaporated. Flash
chromatography of the residue over silica gel, using 3:1 hexanes-
cther, gave 138 (4658 mg, 78%) as a clear, homogeneous (TLC,
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silica, 2:1 hexanes—ethyl acetate) oil: FT-IR (CHCl: cast) 1446, 1306,
1152 cm-!; 'H NMR (CDCl3, 200 MHz) 8 1.67-2.22 (m. 4 H). 2.33 (m.
2H), 486 (m, 1 H), 7.12 (m, 1 H), 7.50-7.70 (m, 3 H). 7.86 (m.
2 H); 13C NMR (CDCl;3, 75.5 MHz) & 18.23, 22.63, 31.07. 43.75.
128.15, 129.29, 133.64, 136.05, 138.44, 141.99; exact mass, m/:
calcd for Ci2H38!1BrSO, 301.9799, found 301.9809.

3-Bromo-3-deutero-1-(phenylsulfonyl)cyclohexene (139).

SO,Ph SO,Ph
b — D
HO D Br D
137 139

Carbon tetrabromide (1.52 g, 4.58 mmol) and triphenylphos-
phine (1.18 g, 4.50 mmol) were added to a stirred solution of 137
(914.0 mg, 3.82 mmol) in CH2Cl; (10 mL). The solution was stirred
overnight, and then evaporated. Flash chromatography of the resi-
due over silica gel, using 3:1 hexanes—ether, gave 139 (773.2 mg,
67%) as a clear, homogeneous (TLC, silica, 2:1 hexanes—ethyl acetate)
oil containing ('H NMR, 200 MHz) ca. 7% of the corresponding
protium species: FT-IR (CHCIl, cast) 1446, 1305, 1151 cm-!; |H NMR
(CDCl;, 200 MHz) 8 1.67-2.20 (m, 4 H), 2.32 (m, 2 H), 7.10 (s, 1 H),
7.52-7.72 (m, 3 H), 7.88 (m, 2 H); '3C NMR (CDCl;, 75.5 MHz) &
18.25, 22.70, 30.98, 128.22, 129.33, 133.66, 136.00, 138.52, 142.11;
exact mass, m/z calcd for C;2H28!'BrO,SD 302.9862, found
302.9870.
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N-(3-Acetoxy-2-bromo-4-methoxy-5,6-dimethylphenyl)-
N-[3-(phenylsulfonyl)-2-cyclohexenyl]-4-methylbenzene-
sulfonamide (140).

OAc OAc SO, Ph
MeO, Br MeO ,Br
e
Me N Me N Y
, ) I 1 H
Me Ts Me Ts

119 140

A mixture of 119 (550.1 mg, 1.24 mmol), the allylic bromide
138 (451.1 mg, 1.50 mmol), and anhydrous K,CO3; (0.99g, 7.2
mmol) in anhydrous acetone (15 mL) was refluxed under argon for
18 h. The solvent was evaporated, and the residue was partitioned
between CH;Cl; and H;0. The aqueous phase was extracted with
CH:Cl;, and the combined organic extracts were dried (MgSO4) and
evaporated. Flash chromatography of the residue over silica gel,
using 100:1 CH;Cl;-ether, gave 140 (800.0 mg, 97%) as a white
solid composed of two isomers (TLC, silica, 2:1 hexanes—ethyl
acetate). The material was subjected four times to flash chromatog-
raphy over silica gel, using 100:1 CH;Cl;-ether, in order to effect
partial separation of the isomers. The less polar isomer was
obtained pure ({H NMR, 400 MHz) and had: mp 208-208.5°C (after
crystallization from CH;Cl;-petroleum ether); FT-IR (CHCly cast)
1774, 1152 cm-!; 'H NMR (CDCl;, 400 MHz) 8 1.49 (m, 1 H), 1.88
(m, 1 H), 1.98-2.15 (m, 3 H), 2.20 (s, 3 H), 2.25 (m, 1 H), 2.34 (s,
3H), 237 (s, 3H), 243 (s, 3H), 3.78 (s, 3H), 4.39 (m, 1 H), 7.32
(d.J =8 Hz, 2H), 746 (s, 1 H), 7.58 (t, / = 8 Hz, 2H), 762 (d, J = 8
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Hz, 1 H), 7.68 (d, J = 8 Hz, 2H), 792 (d. J = 8 Hz, 2 H); '3C NMR
(CDCl3, 100.6 MHz) & 13.39, 19.21, 20.56, 21.42, 21.58, 22.53. 28.83.
61.02, 61.92, 118.42, 127.95, 129.25, 129.72, 129.88, 131.93,
133.42, 133.90, 137.55, 138.84. 138.87, 140.63. 140.84. 140.89,
143.65, 151.09, 167.83; exact mass, m/z calcd for C3oH3:8!'BrNO;S
663.0783, found 663.0784. The more polar isomer was also
obtained pure (!\H NMR, 300 MHz) and had: mp 189-191°C (after
crystallization from CH;Cl;-petroleum ether); FT-IR (CHCl; cast)
1774, 1151 cm-!; 'H NMR (CDCl;, 300 MHz) § 1.24 (m, 1 H), 1.56
(m, 1 H), 1.83 (m, 3H), 2.19 (s, 3H), 2.22 (m, 1 H), 2.28 (s, 3 H).
2.33 (s, 3H), 247 (s, 3H), 3.77 (s, 3H), 498 (m, 1 H)., 7.31 (m,
3H), 748 (m, 2H), 7.58 (m, 1 H), 7.76 (m, 4 H); '3C NMR (CDCl,,
75.5 MHz) & 13.39, 19.13, 20.59, 21.36, 21.6S, 22.32, 26.60, 58.37,
61.02, 119.52, 128.11, 129.13, 129.70, 131.60, 132.12, 133.30,
138.40, 138.76, 138.93, 140.42, 140.71, 141.03, 143.86, 151.30,
167.67; exact mass, m/z calcd for C3oH328/BrNO7S, 663.0783, found
663.0779. Analysis was performed on the isomer mixture. Anal.
Calcd for C3oH32BrNOS3: C, 54.38; H, 4.87; N, 2.11; O, 16.90; S, 9.68.
Found: C, 54.25; H, 4.89; N, 1.95; O, 16.83; S, 9.74.
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N-(3-Acetoxy-2-bromo-4-methoxy-5,6-dimethylphenyl)-
N-{1-deutero-3-(phenylsulfonyl)-2-cyclohexenyl]-4-

methylbenzenesulfonamide (141).

OAc OAc SO, Ph
MeO Br MeO Br
——eeenl
Me N'H Me N
) D
Me Ts Me Ts
119 141

A mixture of 119 (202.3 mg, 0.458 mmol), the allylic bro-
mide 139 (238.2 mg, 0.789 mmol), and anhydrous K,CO3 (0.71g,
5.1 mmol) in acetone (10 mL) was refluxed under argon for 16 h.
The solvent was evaporated, and the residue was partitioned
between CH2Cl; and H2O. The aqueous layer was extracted with
CH2Cl; and the combined organic extracts were dried (MgSO4) and
cevaporated. Flash chromatography of the residue over silica gel,
using 2:1 hexanes-ethyl acetate, gave 141 (295.8 mg, 97%) as a
white solid composed of two isomers (TLC, silica, 2:1 hexanes-ethyl
acetate): mp 188-202°C; FT-IR (CH;Cl; cast) 1776, 1151 cm-!; 'H
NMR (CDCl3, 200 MHz) 8 1.44-1.67 (m, 1 H), 1.67-2.10 (m, 4 H),
2.16, 2.18 (two s, 4 H), 2.25, 2.30, 2.33, 2.36 (four s, 6 H), 2.43,
248 (two s, 3 H), 3.75, 3.78 (two s, 3 H), 7.32 (m, 2 H), 7.45-7.76
(m, 7H), 791 (d, J = 8 Hz, 2 H); 13C NMR (CDCl,, 75.5 MHz) 8§ 13.30,
13.35, 19.04, 19.15, 20.50, 21.24, 21.35, 21.54, 22.26, 22.52, 26.39,
28.63, 57.89, 60.94, 118.48, 119.49, 127.92, 127.94, 128.02, 129.06,
129.21, 129.62, 129.66, 131.52, 131.86, 131.98, 133.25, 133.38,
133.79, 137.43, 138.30, 138.70, 138.85, 140.51, 140.56, 140.63,
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140.82, 140.93, 141.08. 143.60, 143.78. 151.10, 151.27. 167.58,
167.74; exact mass, m/z calcd for C3oH3,79BrNO7S>D 662.0866,
found 662.0865. Careful flash chromatography (silica gel. 4:1
hexanes—ethyl acetate) of the isomer mixture gave the loss polar
isomer 141a as a white homogeneous (TLC, silica, 2:1 hexanes—cthyl
acetate) solid: mp (after crystallization from CH,Cla-petroleum
ether) 207.5-208.5; FT-IR (CHCl; cast) 1776, 1151 em'': 'H NMR
(CDCl3, 200 MHz) 8§ 1.49 (m, 1 H), 1.69-2.11 (m, 4 H), 2.21 (s, 3 H),
225 (m, 1 H), 234 (s, 3H), 2.37 (s, 3H), 2.43 (s, 3H), 3.78 (s,
3H), 730 (d, J = 8 Hz, 2H), 7.44 (s, 1 H), 7.50-7.70 (m, S H), 7.92
(d. J = 8 Hz, 2 H); exact mass, m/z calcd for C3oH3;8!BrNO;S,D
664.0846, found 664.0842.

Fragmentation of N-(3-Acetoxy-2-bromo-4-methoxy-5,6-
dimethylphenyl)-N-[3-(phenylsulfonyl)-2-cyclohexenyl]-

4-methylbenzenesulfonamide (major isomer, 140a).

OAc SO, Ph OAc o o
MeO Br MeO 70:Ph
Me i) Mo L

Me Ts

Me Ts
140a 117 142

Triphenyltin hydride (0.15 mL, 0.59 mmol) in anhydrous
benzene (5 mL) and AIBN (30.Smg, 0.189 mmol) in benzene (5
mL) were each added over 10 h (double syringe pump) to a
refluxing solution of 140a (252.2 mg, 0.381 mmol) in benzene (50
mL). The mixture was refluxed for a further 10 h, cooled, and
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evaporated. Flash chromatography of the residue over silica gel,
using 4:1 hexanes-cthyl acetate, to elute 142, and then 2:1
hexanes-ethyl acetate, to elute 117, gave 142 (344 mg, 41%) as a
white, homogeneous (TLC, silica, 2:1 hexanes—ethyl acetate) solid:
mp 90-91°C (lit.57 mp 92-93°C]; FT-IR (CHCl; cast) 1303, 1149 cm-!;
'H NMR (CDCl;, 200 MHz) & 2.31 (m, 4 H), 6.08, 6.11 (two s, 2 H),
7.04 (m, 1 H), 7.47-7.65 (m, 3 H), 7.88 (m, 2 H); !13C NMR (CDCl;,
75.5 MHz) § 20.13, 2292, 122.76, 127.89, 129.18, 131.76, 133.22,
133.33, 136.34, 139.78; exact mass, m/z calcd for C,2H 20,8
220.0558, found 220.0549. Compound 117 (55.6 mg, 40%) was
obtained as a white, homogeneous (TLC, silica, 2:1 hexanes-ethyl
acetate) solid, identical ('H NMR, 200 MHz) to that prepared

previously.

S-Acetoxy-1,2,3,4,42,9a-hexahydro-6-methoxy-7,8-di-
methyl-9-[(4-methylphenyl)sulfonyl]-4-(phenylsulfonyl)-
carbazole (144).

TR —

" M
we T we 1M
1400 144

Triphenyltin hydride (0.028 mL, 0.11 mmol) in anhydrous
benzene (2.5 mL) and AIBN (7.2 mg, 0.044 mmol) in benzene (2.55
mL) were each added over 10 h (double syringe pump) to a reflux-
ing solution of crude 140b (45.5 mg, 0.0687 mmol) in benzene (12
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mL). The solution was refluxed a further 10 h, cooled., and evapo-
rated. Flash chromatography of the residue over silica gel, using
2:1 hexanes-ethyl acetate, gave crude 144 (25.7 mg) as an off-
white solid, which was recrystallized from CH;Cl;-hexanes to afford
144 (204 mg, 51%) as a single isomer. The material was a color-
less, homogeneous (TLC, 2:1 hexanes-ethyl acetate) crystalline solid:
mp 225-227°C; FT-IR (CHCIl; cast) 1773, 1167 cm-!; 'H NMR (CDCl;,
200 MHz) § 141 (m, 2H), 1.66-1.88 (m, |1 H), 1.93 (s, 3 H), 2.03-
2.18 (m, 3H), 2.22 (s, 3H), 2.40 (s, 3H), 2.46 (s, 3 H), 3.24 (m,
1 H), 3.64 (s, 3H), 3.80 (m, 1 H), 4.72 (dt, J = 12, 6 Hz, | H), 7.29
(d, J =8 Hz, 2H), 7.53 (d, J = 8 Hz, 4 H), 7.64 (d, J = 8 Hz, 3 H); 13C
NMR (CDCl;, 75.5 MHz) § 13.04, 17.69, 18.26, 20.07, 21.27, 21.83,
28.28, 38.50, 59.88, 60.92, 62.32, 125.54, 127.68, 128.26, 129.36,
130.01, 131.71, 132.21, 133.77, 135.71, 137.33, 138.58, 138.70,
144.15, 148.92, 167.39; exact mass, m/z calcd for C30H33NO7S,
583.1699, found 583.1691. Anal. Calcd for C3oH33NO4S;: C, 61.73; H,
5.70; N, 2.40; S, 10.98. Found: C, 61.46; H, 5.66; N, 2.41; S, 1091.

Fragmentation of N-(3-Acetoxy-2-bromo-4-methoxy-5,6-di-

methylphenyl)-N-[1-deutero-3-(phenylsuifonyl)-2-cyclo-

hexenyl}-4-methylbenzenesulfonamide (major isomer, 141a).

OAc 80, Ph
MeO Or b MeO
Me "4 )
Me Tas Me T-

141 117

(R R
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Triphenyltin hydride (0.21 mL, 0.82 mmol) in anhydrous

were cach added over 10 h (double syringe pump) to a refluxing
solution of 141a (376.0 mg, 0.567 mmol) in benzene (50 mL). The

solution was refluxed a further 10 h, cooled, and evaporated. Flash
chromatography of the residue over silica gel, using 4:1 hexanes-
ethyl acetate, to elute 143, and then 2:1 hexanes—ethyl acetate, to
elute 117, gave 143 (49.6 mg, 39%) as a white, homogeneous (TLC,
silica, 2:1 hexanes-ethyl acetate) solid: mp 92-93.5°C; FT-IR (CHCI3
cast) 1303, 1149 cm!; 'H NMR (CDCl3, 200 MHz) § 2.32 (m, 4 H),
6.08 (m, 1 H), 703 (s, 1 H), 7.48-7.67 (m, 3 H), 7.88 (m, 2 H); !3C
NMR (CDCl,, 75.5 MHz) 8§ 20.09, 22.83, 122.10%, 122.43*, 122.70**,
122.77%, 127.83, 129.14, 131.65, 133.18, 133.30, 136.27, 139.72;
exact mass, m/z calcd for C;2H ;028D 221.0621, found 221.0614,
and 117 (83.4 mg, 40%) as a white, homogeneous (TLC, silica, 2:1
hexanes-ethyl acetate) solid, identical to that prepared previously
('H NMR, 200 MHz).

* Due to 13C-D.

** Due to 13C-H impurity.

Molecular Modelling and Molecular MechanicsS!

Methods: Molecular modelling and force field calculations
were carried out using the Insight-II program of Biosym Inc. The
standard Biosym force field was used in all the energy calculations.
For the non-bonded energy calculations a smooth cut off extending
up to 15 A was used.
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The various conformations of compound 140 were modelled
using the Builder module. The structures were then subjected to
energy minimization using the DISCOVER module until the

derivatives converged to 0.01 kcal/(mol-A) or less.

Terminology: The labelling of atoms and rings is shown in
Figures 5 and 6. The numbering corresponds to that used in the X-

ray determination.

Results: In order to explain the difference in the observed

reactivity of the two isomers of compound 140 towards attempted

compound 124, the various rotational isomers were modelled using
the Insight-II program. The X-ray crystal data available on the
major isomer (140a) were used to generate a starting structure. A
monitor showed that both the bromine on ring A and C(17) are cis
with respect to the C(2)N-C(12) plane. One would initially infer that
this arrangement is conducive to radical cyclization if the derived
radical has a similar conformation. Since the experimental evidence
indicates that this particular isomer does not undergo such a
reaction, an extensive model study was carried out on the various
possible conformers of compound 140. First, the X-ray structure
was subjected to energy minimization until all the derivatives
converged to 0.01 kcal/(mol-A) or less. The minimum energy

conformation thus obtained is displayed in Figure 5. Then ring A
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was rotated about its N-C bond by 180° and ring C was also rotated
by 180° about the N-C(12) bond. The conformation thus obtained is
similar to the structure of Figure 5 except for two important factors.
(1) Ring B is now trans to both the bromine atom and C(17). (2)
The spatial arrangement at C(12) relative to the bromine atom is
quite different. This structure was then subjected to energy mini-
mization until all the derivatives converged to 0.01 kcal/(mol-A) or
less, as before. The conformation thus obtained is displayed in
Figure 6. In order to ensure that the conjugate gradient minimiza-
tion converged to the global minimum for this configuration the
minimization was repeated with a different starting structure
selected from a molecular dynamics run at 500 K for 7 ps, and the
minimization procedure was repeated. This also converged to the
same conformation. This procedure was then repeated for the
major isomer; it also converged to a unique conformation. It is
found that the major iéomer is the most stable of all the possible
rotational isomers. The difference in energy between this and the
minor one is ~3 kcal/mol.

Molecular mechanics calculations are incapable of providing
an exact value for the rotational energy barriers between the
various isomers. However, using a rigid rotor approximation, the
energy barrier for all three bonds attached to the central nitrogen
were estimated to be very high. The steric demand from the bulky
substituents on rings A and C allows only a few stable confor-

mations separated by high energy barriers. The rotation about the
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Figure 6. Caiculated Conformation for Compound 140 (Second Isomer)
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two N-C bonds and the N-S bond are very restricted, making the
individual conformers exist as distinct and separable isomers.

In order to confirm this observation molecular dynamics
calculations were carried out at S0O0K for both the major and minor
isomers. Even after 7 ps no interconversion was observed from one
isomer to the other. This observation is consistent with the
experimental evidence that the isomers do not interconvert under

thermal conditions.

119



1)

2)

3)

4)

5)

6)

7)
8)
9)
10)

1)

12)

Synthesis of Carbazomycin B - References 120
IV REFERENCES & FOOTNOTES

(a) Sakano, K.-I.; Ishimaru, K.; Nakamura, S. J. Antibiotics
1980, 33, 683. (b) Sakano, K.-I.; Nakamura, S. J. Antibiotics
1980, 33, 961. (c) Kaneda, M.; Sakano, K.-1.; Nakamura, S.;
Kushi, Y.; litaka, Y. Heterocycles 1981, 15, 993.

Kondo, S.; Katayama, M.; Marumo, S. J. Antibiotics 1986, 39,
7217.

Naid, T.; Kitahara, T.; Kaneda, M.; Nakamura, S. J. Antibiotics
1987, 40, 157.

Kaneda, M.; Naid, T.; Kitahara, T.; Nakamura, S.; Hirata, T.; Suga,
T.; J. Antibiotics 1988, 41, 602.

Yamasaki, K.; Kaneda, M.; Watanabe, K.; Ueki, Y.; Ishimaru, K.,
Nakamura, S.; Nomi, R.; Yoshida, N.; Nakajima, T. J. Antibiotics
1983, 36, 552.

Cardellina II, J. H.; Kirkup, M. P.; Moore, R. E.; Mynderse, J. S.;
Seff, K.; Simmons, C. J. Tetrahedron Lett. 1979, 4915,

Kansal, V. K.; Potier, P. Tetrahedron 1986, 42, 2389.

Husson, H.-P. The Alkaloids 1988, 26, 1.

Chakaborty, D. P. Fortschr. Chem. Org. Naturst. 1977, 34, 299.
Kapil, R. S. The Alkaloids 1971, 13, 273.

Kaneda, M.; Kitahara, T.; Yamasaki, K.; Nakamura, S. J.
Antibiotics 1990, 43, 1623.

Hook, D. J.; Yacobucci, J. J.; O'Connor, S.; Lee, M.; Kems, E.;
Krishnan, B.; Matson, J.; Hesler, G. J. Antibiotics 1990, 53,
1347.



13)

14)
15)
16)

17)
18)
19)
20)

21)
22)

23)
24)
25)

26)

27)

Svnthesis of Carbazomvcin B - References 21\

(a) Sundberg, R. J. in "Comprehensive Heterocyclic Chemistry",
Bird, C. J.; Cheeseman, G. W. H., Eds.; Pergamon: Oxford, 1984;
Vol 4, Pt 3, p 313-376. (b) Joule, J. A. Adv. Heterocycl. Chem.
1984, 35, 83. (c) Chakaborty, D. P.; Roy, S. Fortschr. Chem.
Org. Naturst. 1991, 57, 71.

Campbell, N.; Barclay, B. M. Chem. Rev. 1947, 40, 359.
Graebe, C.; Ullmann, F. Liebigs Ann. Chem. 1896, 291, 16.

Borsche, W.; Witte, A.; Bothe, W. Liebigs Ann. Chem. 1908,
359, 49.

Sowmithran, D.; Prasad, K. J. R. Heterocycles 1986, 24, 711.
Campbell, N.; McCall, E. B. J. Chem. Soc. 1950, 2870.
Parker, C. A.; Barnes, W. J. Analyst, 1957, 82, 606.

Grellmann, K. H.; Sherman, G. M.; Linschitz, H. J. Am. Chem. Soc.
1963, 85, 1881.

Carruthers, W. J. Chem. Soc., Chem Commun. 1966, 272.

Akermark, B.; Eberson, L.; Johnsonn, E.; Pettersson, E. J. Org.
Chem. 1978, 40, 1365.

Miller, R. B.; Moock, T. Tetrahedron Lent. 1980, 21, 3319.
Smith, P. A. S.; Brown, B. B. J. Am. Chem. Soc. 1981, 73, 2435.

Cadogan, J. 1. G.; Cameron-Wood, M.; Mackie, R. K.; Searle, R. J.
G. J. Chem. Soc., 1968, 4831.

Sekine, M.; Yamagata, H.; Hata, T. Tetrahedron Lett. 1979,
375.

Smolinsky, G. S. J. Am. Chem. Soc. 1961, 83, 2489.



28)

29)

30)

31)

32)

33)
34)
35)

36)

37)

38)

39)

40)

Synthesis of Carbazomycin B - References

92, 3740.

Bernier, J.-L.; Hénichart, J.-P.; Vaccher, C.; Houssin, R. J. Org.
Chem. 1980, 45, 1493,

Noland, W. E.; Kuryla, W. C.; Lange, R. F. J. Am. Chem. Soc.
1959, 81, 6010.

Noland, W. E.; Wann, S. R. J. Org. Chem. 1979, 44, 4402,

1985, 86.
Differding, E.; Ghosez, L. Tetrahedron Let:. 1988, 26, 1647.

Cranwell, P. A.; Saxton, J. E. J. Chem. Soc. 1962, 3482.

23S.

(a) Kano, S.; Sugino, E.; Shibuya, S.; Hibino, S. J. Org. Chem.
1981, 46, 3856. (b) Kano, S.; Sugino, E.; Shibuya, S.; Hibino, S.
J. Chem. Soc., Chem. Commun. 1980, 1241.

(a) Kawasaki, T.; Nonaka, Y.; Sakamoto, M. J. Chem. Soc., Chem.
Commun. 1989, 43. (b) Kawasaki, T.; Nonaka, Y.; Akahane, M.;
Maeda, N.; Sakamoto, M. J. Chem. Soc., Perkin Trans. 1 1993,
1777.

(a) Bergman, J.; Pelcman, B. Tetrahedron 1988, 44, 5215. (b)
Bergman, J.; Pelcman, B. Tetrahedron Let:. 1988, 26, 6389.
(c) Bergman, J.; Peicman, B. Tetrahedron Lens. 1986, 27, 1939,

Tamura, Y.; Mobri, S.; Maeda, H.; Tsugoshi, T.; Sasho, M.; Kita, Y.
Tetrahedron Lets. 1984, 25, 309.

Pindur, U.; Pfeuffer, L. Heterocycles 1987, 26, 325.

122



41)

42)

43)

44)

45)

46)
47)
48)
49)

50)

s51)
52)
53)

Synthesis of Carbazomycin B - References 123

Pindur, U.; Pfeuffer, L. Tetrahedron Len. 1987, 28. 3079.

(a) Moody, C. J.; Shah, P. J. Chem. Soc., Perkin Trans. 1 1989,
376. (b) Moody, C. J.; Shah, P. J. Chem. Soc.. Perkin Trans. |
1989, 2463.

Birch, A. J.; Liepa, A. J.; Stephenson, G. R. Tetrahedron Len.
1979, 3565.

Pannek, J.-B. Angew. Chem., Int. Ed. Engl. 1989, 28, 223. (b)
Kndlker, H.-J.; Bauermeister, M. J. Chem. Soc., Chem. Commun.
1989, 1468. (c) after the presentation of this thesis, full
experimental details were reported: Knélker, H.-J.;
Bauermeister, M. Helv. Chim. Acta 1993, 76, 2500.

(a) Jasperse, C. P.; Curran, D. P.; Fevig, T. L. Chem. Rev. 1991,
91, 1237. (b) Giese, B. "Radicals in Organic Synthesis:
Formation of Carbon-Carbon Bonds"; Pergamon: New York,
1986.

Dittami. J. P.; Ramanathan, H. Tetrahedron Let:. 1988, 29, 45.
Clark, A. J.; Jones, K. Tetrahedron Let:. 1989, 30, 5485.

Mori, M.; Chiba, K.; Ban, Y. Tetrghedron Lett. 1977, 1037.

1993, 58, 2442,

Krolski, M. E.; Renaldo, A. F.; Rudisill, D. E.; Stille, J. K. J. Org.
Chem. 1988, 53, 1170.

Wassmundt, F. W.; Babic, G. T. J. Org. Chem. 1982, 47, 358S.
Smith, L. L.; Opie, J. W.; J. Org. Chem. 1941, 6, 427.
Gardner, D.; Grove, J. F.; Ismay, D. J. Chem. Soc. 1954, 1817.



54)
35)

56)

57)

58)

59)

60)

61)

62)

63)
64)

63)

Synthesis of Carbazomycin B - References 124

Hirashima, T., Manabe, O. Chem. Letnt. 1975, 259.

Eliel, E. L. "Stereochemistry of Carbon Compounds"; McGraw-
Hill: New York, 1962; p 156.

Trost, B. M.; Seoane, P.; Mignani, S.; Acemoglu, M. J. Am. Chem.
Soc. 1989, 111, 7487.

(a) Truce, W. E.; Goralski, C. T.; Christensen, L. W.; Barry, R. H. J.
Org. Chem. 1970, 35, 4217. (b) Hopkins, P. B.; Fuchs, P. L. J.
Org. Chem. 1978, 43, 1208.

Curran, D. P.; Abraham, A. C.; Liu, H. J. Org. Chem. 1991, 56,
433S. '

Denenmark, D.; Hoffmann, P.; Winkler, T.; Waldner, A.: De
Mesmaeker, A. Synletr 1991, 621.

The X-ray structure was determined by Drs. B. D. Santarsiero
and R. McDonald. The X-ray crystallographic data is available
in the supplementary material of reference 49.

Molecular modelling and molecular dynamics calculations
were performed by Drs. Tomi Joseph and J. William Lown.

Figures 3 and 4 show only the essential features. The original
figures 5 and 6, on which figures 3 and 4 are based, are given
in the experimental section (p 117 - 118).

Beckwith, A. L. J. Tetrahedron, 1981, 37, 3073.

(a) Adams, R.; Mattson, R. H. J. Am. Chem. Soc. 1954, 76, 4925.

5474. (c) Adams, R.; Gibbs, H. H. J. Am. Chem. Soc. 1987, 79,
170.

Buchanan, C.; Graham, S. H. J. Chem. Soc. 1950, 500.



66)

67)

68)

69)

70)

71)

72)

73)

Synthesis of Carbazomycin B - References 128

(a) Adams, R.; Gordon, J. R. J. Am. Chem. Soc. 1980, 72, 2454.
(b) Adams, R.; Gordon, J. R. J. Am. Chem. Soc. 1950, 72. 2458
and references cited therein.

Chemical Dynamics Corp., South Plainfield, NJ.

The ammonium molybdate solution for visualization of TLC
plates was prepared by dissolving ammonium molybdate
tetrahydrate (25 g) and cerium ammonium sulfate (10 g) in
H20 (900 mL) and conc H2SO4 (100 mL).

The vanillin solution for visualization of TLC plates was
prepared by dissolving vanillin (2 g) and conc H»SO4 (4 mL)
in ethanol (75 mL). The mixture was allowed to stand
overnight at room temperature prior to use.

Kagan, H. B. J. Am. Chem. Soc. 1980, 102, 2693.

Padwa, A.; Nimmesgem, H.; Wong, G. S. K. J. Org. Chem. 1988,
50, 5620.

Ziegler, K.; Spath, A.; Schaaf, E.; Schumann, W.; Windelmann. E.
Liebigs Ann. Chem. 1942, 551, 80.

Fieser, L. F.; Fieser, M. "Reagents for Organic Synthesis”; Wiley:
New York, 1967; Vol. 1, p. 333.



126

Part 1I

Development of a Radical Route to
Amino Acids



Radical Route to Amino Acids - Introduction
I INTRODUCTION
Methods of Amino Acid Synthesis

been extensively reviewed,!-3 Much recent work has focussed on
the application of established and newer methods to the asymmet-
ric synthesis of amino acids.4

Most of the methods that have been used for the construction
of amino acids can be classified into three general approaches. This
brief review gives only one or two illustrative examples in each

category.

a) Derivatization of Simple Amino Acids
One of the ways in which amino acids have been prepared is
the alkylation of simpler amino acids (usually glycine) as summa-
rized in Scheme 1.
H R A
RX ,
Koo == iheox =
1ﬁ'x
LR

Recent efforts, mostly by Schollkopf,5 have focussed on the
asymmetric alkylation of bis-lactim ethers such as 2 (Scheme 2),
which are prepared by coupling of L-alanine methyl ester, followed
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by ether formation with trimethyloxonium tetrafluoroborate.
Deprotonation at low temperature and alkylation gives preferential

alkylation anti to the methyl group. Mild hydrolysis gives the (R)-

tion.

H I.' 0 OMe

, N N
wiet WYL e
NH, (o) uH MeO N \

1 2
i) nBull
i) RX

b) Amination of a-Substituted Acids

The second general category of amino acid synthesis is the
displacement of «-functionalized amino acids (Scheme 3). The ni-
trogen can be introduced either by direct amination with ammonia
or with activated amides (eg the Gabriel synthesis), or via the azide.

Again, recent developments in the application of these meth-
ods to asymmetric synthesis have been reported. Evansé has
reported the bromination of chiral enolates 6 (Scheme 4) which are
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Ao v

>

then enolization with dibutylboron triflate. The enolate is bromi-
nated, and the bromide displaced with azide to give 8 with general-
ly high levels of asymmetric induction. Separation of the diastereo-

mers by flash chmmlmgﬂphy gives 8 in >98% diastereomeric

Hai/“ —_— aini,n %m_ Q,LN Ar
. -

B LR T  Gr L Sy §
e <= fe = &

(] 7
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acids.

There are also a few reports of asymmetric induction in the
Strecker synthesis, which has been one of the most widely applied
methods for the assembly of amino acids. The sequence generally
consists of conversion of an aldehyde into the cyanohydrin, dis-
placement with ammonia, and hydrolysis (Scheme §).

Jomma /M
.._( - H..( s, g( a—
COH

Generally, the aldehydes are first condensed with cpncauy active

amines to give chiral Schiff bases 9 (Scheme 6). Addition of HCN

R RCHO R HON A CN
WP T e T n’LH’La
’ 10 (22:85% op)
eNHO

He
H;N"LH ~ PotOH)s u’!\a
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c) Rearrangements
Finally, amino acids can be formed by rearrangements such as
that originally described by Curtius® (Scheme 7). This protocol

which is hydrolyzed to give the amino acid.

COH i) NgHe CO.H A 7@# HO! COzH
" e T T ..
Scheme 7

Although the Curtius rearrangement and related reactions
were once extensively employed, they are now only rarely used as

other, more convenient, methods have been developed.

d) Newer Methods of Amino Acid Synthesis

Several of the newer methods do not clearly fit into one of the
above categories.

The Ugi four-component condensation is a ‘one-pot’ amino
acid synthesis, in which both the amino and the carboxylic acid
functionalities are introduced in one step. This approach has been
used by Joullié, whose synthesis of the antibiotic furanomycin (17,
Scheme 8) served also to correct the previously assigned stereo-
chemistry of the natural product.® In this synthesis, the aldehyde
derived from acetal 15 (available by the sequence shown from
glucose derivative 1210), is condensed with (R)-phenylethylamine
to give the Schiff base. Further condensation with ¢-butyl iso-

cyanide and benzoic acid gives a mixture of amides 16, which are
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separated and deprotected to produce (+)-furanomycin 17 and its

a-epimer.

Fh THE-H,0 v
/<f~m ; w 77777777 0] “Ome
nsNH:s ,' N -—

Recently, Corey published an clegant synthesis of L-a-amino

acids based on the enantioselective reduction of trichloromethyl

Do 2 W [
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ketones 18 (Scheme 9).!! The (R)-(trichloromethyl)carbinols 19
were treated with base to form the intermediate epoxides which
were opened by azide ion to give, after hydrolysis, azido acids.
These were converted by standard methodology to the correspond-

ing amino acids.

Radical Techniques in Amino Acid Synthesis

To date, little work has been reported on the application of
radical reactions to the synthesis of amino acids. One of the advan-
tages of such techniques is that they may allow the formation of
amino acids not easily accessible by other methods. For example,
an a-functionalized carbon moiety such as 20 could not be intro-
duced by ionic means, as it would eliminate the adjacent sub-
stituent. Radical 21, however, would be expected to add to double

bonds without elimination.

xR QL

Most of the reports in this area involve the modification of
pre-formed amino acids, cither by generation of a radical within
the amino acid, or by intermolecular addition of other radicals to

unsaturated amino acids.
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a) Addition of Radicals Derived From Amino Acids

Radicals generated from amino acids can add to double bonds
within the amino acid, or intermolecularly to activated olefins.
These radicals can be in the a position (thereby generating the «
stercogenic center) or clsewhere in the molecule (often in the P
position).

There are several reports of the addition of radicals in the o
position to allyl tin compounds. Some recent examples show high
levels of diastercoselectivity.

For example, Easton!2 has reported the addition of the radical
derived from bromide 22 (Scheme 10) to allyltributyltin as giving

only the isomer shown.

Hamon!3 has also reported the use of a chiral auxiliary to give
protected amino acids 25 (Scheme 11) with high levels of asym-

- Sohome 11
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metric induction.

In suitably substituted amino acids. radicals can also add
intramolecularly to give cyclic derivatives. For example. the radi-
cals generated from phenyl thioethers 26 (Scheme 12) give mix-

tures of the 5-exo and 6-endo cyclization products.!?

R R
QL™ o S
',4—<z:m AIBN, A N7 COsMe N7 “come
o 60-100% on o,
26 27 28
Scheme 12

g\~ C008n 55% NCOO8n
i i
Co,&! CO,Et
Scheme 13
S

hv, THF 9
43% P(ORY),
/s
o ;
N BuySHH N
.“INY\) < Boc” Y\/kw
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similarly. Baldwin!5 has reported the cobalt-mediated cyclization

of radicals generated from B-bromo amino acids (Scheme 13), while

decarboxylation and intermolecular addition (Scheme 14).
In an unusual variation, the radical generated from thiocya-
nate 29 (Scheme 15) cyclizes to give, on hydrolysis, thioamide

30.!7

A i R R
= 2
(-] — R —li _
AIBN, A V) 80-04% S\ /~COMe
8CN” “COo,Me susdIN7 COMe H
29 - . 30
Scheme 18

b) Radical Addition 10 Unsaturated Amino Acids

The intermolecular addition of radicals to dehydroalanine de-
rivatives has also been reported. The first such report was Crich's!8
addition of radicals generated by reduction of mercuric halides to
dipeptides 31 (Scheme 16) to give the alkylated derivatives 32 in
good yields but with generally low levels of diastereoselectivity.

m*g)\ngm mwm’ “’kﬁﬁ'%m
31 . R

1-20% de

Scheme 18

More recently, Beckwith!® has reported radical addition to
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dehydroalanine 33 (Scheme 17). In this cyclic case, addition oc-

%““(:f A'l:;uif;f’ %m(:tn

33 34
42-75% de
Scheme 17

Finally, Broxterman20 has found that addition of sulfur radi-
cals to optically active unsaturated amino acids such as 35, thereby

forming homomethionine derivative 36 (Scheme 18), occurs with

little (<1%) loss of optical activity.

of amino acids is at a very ecarly stage, but this is an area which will

likely attract considerable attention in the future.

Previous Studies of Radical Addition in Amino Acid Synthesis
acids using radical chemistry began with attempts to add carbon
radicals to dehydroamino acid substructures.2!

(RY)
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double bonds (Scheme 19).

x~N LN;
(\ ) OR cceemccaeaa.. - H/H,Qﬁ'
R® o o
X-BOO.EUQSI‘QQTS
Scheme 19

none of the potential amino acid precursors examined proved to be

reactive.
Another approach was based on Neumann's observation that

N-stannyl ketenimines 37 react with certain alkyl halides to give

dinitriles 38 (Scheme 20).24

) oN
Ar\/'\ —-Ar\/kc nbu, L "V‘;ﬁu
a',r ng;;““’-" 3

Although an ionic mechanism was proposed, it was felt that a
radical mechanism could operate.2! On this basis, nitriles 39 and
41 (Schemes 21 and 22) were prepared, in the hope that keten-

imine formation and alkylation would provide products which could

casily be hydrolyzed to amino acids.

NAE‘ +. E‘z“—%ﬁir—m
3 40
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31%
41 42 43
Scheme 22

CN . CN 1 CN
| rJr 7 Bu;SnNElg 7 * BnBr , __Jv ,
BN = X~CN BN VCy 508U, o BRNTRON

Nitrile 39 could not be converted into the desired N-stannyl
ketenimine 40. Dinitrile 41, however, was easily converted into
the required intermediate, which gave a modest yield of 43 on
heating with benzyl bromide.

It remained to optimize the reaction conditions, develop a

procedure for hydrolysis of the adduct, and to determine if the
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II DISCUSSION

Our work in the area of amino acid synthesis began with a re-
examination of the reaction developed earlier?! as a potential radi-

cal route to amino acids.

Addition of Carbon Radicals to NaStim’lyi Ketenimines
ed previously (Scheme 23).2! Thioamide 45, was made from the
corresponding formamide, and then methylated on sulfur. Finally,

displacement with cyanide gave the required material.

. + A .

| Lawessons Mol i rﬁgcﬂ-.- i"
BN~ TH  reagent B N" M Cﬂ-lgclg BnyN CHCN Bn,N“ T™CN

a 93% s A as 82% 49

Modification of the reaction conditions for the formation of N-
stannyl ketenimine 42 and for the subsequent alkylation led to an
improved yield of the alkylated dinitrile 43 (Scheme 24). Although
42 was not isolated, its intermediacy was established by its charac-

teristic infrared spectrum.

ﬁ-ﬂ;incn s [...,.. Cuy, 808y ]—‘- m:;m

1
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A similar reaction with 3-bromocyclohexene gave the allylic

derivative 47 (Scheme 24).

™ BusSnNEn, OB, "
+ ——

BrNTNCN T PhH, A BngN G; SnBuy | T pRH. A
a1

16 h
42 4 h, 40% a7

Schame 25

Earlier studies23 had shown that ketenimine 42 did not react
with bromobenzene, and in fact we found that even when heated in
the generation of aryl radicals - no arylation product 48 (Scheme

26) was formed.

.

PhH, A
42 40

We also attempted to add the primary bromide 49,26 and the
electrophilic radical generated from p-toluenesulfonylmethyl bro-
mide 50.27 In neither circumstance was any alkylated dinitrile
observed. In these cases, together with substantial quantities of
unchanged 41, we isolated small amounts (3-25%) of the hydrolysis
product S1, apparently formed by attack of water on intermediate
42. When a mixture of ketenimine 42 and bromide 50 was irra-
diated (sunlamp) instead of heated, the amount of 51 increased to
43%.
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mo—O—cnzcrw M--O—so,cn,ac %Nj\cn _2— O-ZQ
49 80

81 s2

Treatment of ketenimine 42 with the 2-propyl radical,
formed by Barton's radical decarboxylation28 of §2, also gave a
small amount of 51, and no product of radical addition.

Finally, in order to determine conclusively if the reaction fol-
lowed a radical mechanism, we repeated the benzylation (Scheme
24) using benzyl phenylselenide2? in place of benzyl bromide in the
second step. If the reaction truly followed a radical mechanism, we
would expect the selenide to react in a similar manner to the
bromide. However, in this experiment benzylation was not ob-
served (TLC), and only the starting dinitrile was recovered.

These results suggested that the reaction did not follow a
radical mechanism. We therefore sought other amino acid tem-

plates onto which we could add carbon radicals.

Addition of Carboa Radicals to Other Acceptors

A literature report30 described the synthesis of the nitro-tin
adduct 83 by stannylation of 2-nitropropane (Scheme 27). We felt
that if a carbon radical could be induced to add as shown in the
Scheme, we would have a general method of radical alkylation. If
the reaction could be extended to an appropriately substituted
analogue of $3, then reduction of the resulting nitro compound
could lead to amino acids.
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>—N°z —_— /_A>! SnBu, is_n_g_é* ﬁrfnag

Unfortunately, when 53 was treated with benzyl bromide,

even in the presence of AIBN and tributyltin hydride, addition was
not observed.
(Scheme 28), which is available from nitrone 54 by a general
literature procedure.3! If a radical could be added to the double
bond in the manner indicated, thereby generating a stabilized,
capto-dative radical,32 we would have a system which could be
hydrolyzed to give an amino acid derivative.

However, treatment with r-butyl bromide under the usual
radical conditions gave no evidence of radical addition. The IR
spectrum of the crude reaction mixture suggested the presence of a
saturated ester, however the 'H NMR showed little, if any, s-butyl
incorporation. The mass spectrum indicated that there might be

some addition of the triphenyltin radical!8t to 55.

w Aﬁl )
H'N‘.-/"' m—-COs5t H\-" o PhH, A >< Fh-"

In order to avoid the use of tin radicals, we attempted to
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generate the radical from the corresponding mercuric chloride33 by
reduction with sodium borohydride. When the reaction was done
in methanol, however, there appeared to be addition of the solvent
to the double bond. In a separate test, the starting 4-oxazoline 5§
was found to be decomposed by methanolic sodium borohydride.
Alternatively, we attempted reduction of the mercuric salt
using tetrabutylammonium borohydride, thus allowing the use of
aprotic solvents. Still, no radical addition was observed.
(and presumably less hindered) mercuric chloride 56.34 Again, the

mass spectrum of the crude reaction mixture showed no radical

o

addition.

Intermolecular Addition of Nitrogen Radicals

We then turned our attention to the addition of nitrogen
radicals to the carbon backbone of potential amino acids, according
to the general principle outlined in Scheme 29. The groups X and Y
would be chosen in order to “stabilize the radical formed by the
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initial addition, and to allow transformation into the eventual
carboxylic acid.

The first nitrogen radicals we examined were the iminyl radi-
cals reported by Zard33 to undergo rapid radical cyclization, in con-
trast to aminyl radicals, which often must be protonated or com-
plexed before they will add to unactivated double bonds.

The first synthetically useful method reported for the gen-
eration of these radicals was the stannane-induced decomposition
of sulphenylimines §7, themselves available from the correspond-
ing ketones or aldehydes (Scheme 30).3%a.b  Radical cyclization of

the so-produced iminyl radicals gave good yields of pyrrolines $8.

&GgH‘;. A

Schame 30

A later report33c described the generation of these radicals
using a modificaton of Barton's decarboxylation methodology.2®
Here, the radicals were generated from O-carboxymethyl oximes 59
by irradiation of their N-hydroxy-2-thiopyridone esters. Fragmen-
tation of the initially formed species 62 gives the iminyl radical 63
which, again, cyclizes onto the double bond. In the absence of hy-

give 64 instead of the snmple pyrroline.
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Scheme 31

To date, there are no reports of intermolecular addition of
these iminyl radicals to double bonds. However, we felt that such
radicals might be induced to add to sufficiently activated olefins.

We chose acid 65,36 (Scheme 32) derived from acetone oxime,

o 'i‘:)-cl? 60 e
Noo\/'\o.‘ Eon - Ngc\)\g N,
A AT

L ¥ L ]
hvr
- COy, - CHgO
a R X
J*" e7-89 Y [ N ]
N >< N
70-72 ' )
7. 70 RsEt, X=Y=CN
0, 7T R=EL X=CN, Y =sOCHy
0.72R=H. X=08,Y=aH

Scheme 32
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as the radical precursor. Treatment with salt 6028 gave crude 66.
which was not isolated, but was irradiated (300W tungsten lamp, in
refluxing dichloromethane) in the presence of olefins 67-69.

The first olefin used was dinitrile 67.37 When irradiated in
the presence of 66 as described above, no product of radical addi-
tion was observed. The only identified product was a dimer of 67,
tentatively assigned structure 73 on the basis of its NMR spectra.
It is likely that 73 was formed by excitation of the monomer, and

cycloaddition of the resulting substance with another molecule of

67.
Ha:ité‘% QS‘SED HEN/—(::

Since the dinitrile seemed to be too reactive to be of use, we
next prepared the methoxyacrylonitrile 68. This material was
available by Wittig reaction of propionaldehyde with

(cyanomethoxymethyl)triphenylphosphonium bromide.38

Once again, when a mixture of 66 and 68 was irradiated, no

fied was dipyridyl disulfide 74.39

Finally, we attempted the irradiation of 66 in a 50% solution
of ethyl vinyl ether (69) in dichloromethane. Although we did not
isolate any 72, in addition to a substantial amount of disulfide 74,

we did isolate a small amount (8%) of amine 75, presumably

147



Radical Route to Amino Acids - Discussion

formed by hydrolysis of the initially formed imine.

The exceeding low yield of addition product, even when the
radical acceptor was used as solvent, seemed to indicate that these
iminyl radicals were not reactive enough to be of practical use for
our purposes.

Newcomb4? has reported that aminium cation radicals, gen-
crated from N-hydroxypyridine-2-thione carbamates 76 (Scheme
33) in the presence of malonic acid, add to enol ethers to produce
sulfides 77 (or the corresponding desulfinated material if the reac-

tion is performed in the presence of a hydrogen donor).

)
N *.O 60 o v Oft OEt
- ALY o

R = n-Bu, N-Pr 76 - e S 77
(56-58%)

Although Newcomb's reaction again required the use of very
high concentrations of the enol ether, we felt that if we used an ac-
ceptor that would result in the formation of a capto-dative radical,
we might be able to perform the reaction at more useful concentra-
tions.

Our first attempt was the addition of the dibutylaminyl radi-
cal, generated by irradiation of 78,402 to 2-chloroacrylonitrile in the
presence of malonic acid (Scheme 34). Upon irradiation with a 300
W tungsten bulb the solution rapidly darkened, turning red and
then dark brown. No addition product 81 was observed, while
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some carbamate 78 was recovered unchanged.

merization under the reaction conditions, we tried using methoxy-

acrylonitrile 804! as the radical acceptor. Although all of the car-

disulfide 74.

At this stage we turned to another idea that eventually
proved fruitful. Some twenty years ago, Trahanovsky4? reported
the addition of azide radicals to double bonds.

It had been known for some time43 that metal azides are
oxidized quantitatively by ceric compounds to give nitrogen. The

intermediacy of the azido radical has been proposed, and the mech-

Co®+Ny ——=  Co™+Ny

2Ny —e 3N
Schame 38

Trahanovsky found that the evolution of nitrogen is com-
pletely suppressed by the addition of olefins. A variety of alkyl
and aryl substituted olefins were able to trap the initially formed
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azide radical to give azido nitrates 83 (Scheme 36). Interestingly,
the reaction failed when electron deficient olefins (R! or R2 = COR,

CO3R) were used.

The first synthetic application of this reaction was
Lemicux’'s44 azidonitration of 1,2-anhydro sugars (Scheme 37). In
the first reported example, tri-O-acetyl-D-galactal 84 was treated
with sodium azide and ceric ammonium nitrate to give a mixture of
azido nitrates 85. The major components had the azide in the
equatorial conformation, with the galactose to talose ratio greater
than 9 to 1.

A two-step hydrolysis of the nitrate and reduction of the

azide gave the 2-amino-2-deoxy sugar 86.

AcO AcO HO
A< NaNy, CAN o ) OAc, HOAG o
MO& TORON | A0 ONG: i 0 MO ‘g-n
63% " W) Hy/ Pd/ C, HOY N
0 s se
Scheme 37

This reaction sequence has provided a facile and convenient
method for the preparation of these amino sugars, which has been

used extensively in the ensuing years.4S
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Very recently, Magnus*¢ published an account of the forma-
tion of a-azido ketones 88 by treatment of triisopropylsilyl enol
cthers 87 under conditions similar to those used for the azidonitra-
tion of anhydro sugars. In this case, the initial adduct is evidently
hydrolyzed under the reaction conditions to give the ketones. The
reaction was also reported for one acyclic enol ether, giving the cor-
responding a-azido ketone, but in substantially lower yield than in

the cyclic cases.

HPrySIO

0
NaN3, CAN ’
— — Ny
49-81% ,

87 L ¥ ]
Scheme 38

reaction, but using a r-butyldimethylsilyl enol ether. In this case,
difficulty was encountered due to competing hydrolysis of the enol
cther in the acidic (CAN) reaction medium.

We felt that the azidonitration methodology might prove
useful to us if we chose olefins substituted in such a way that the

products could be hydrolyzed to amino acids.

Azidonitrations

We first attempted the azidonitration of 2-chloroacrylonitrile.
When treated under the conditions described by Trahanovsky,42
considerable nitrogen evolution was observed, and no azido nitrate
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89 (Scheme 39) was isolated.

_(c" NaN,, CAN X’ °:‘
c CHLCN. H0 N{ ono,:
79 89

Scheme 39

We next tried using the less electrophilic ketene acetal 90,48
prepared by isomerization of acrolein dimethyl acetal (Scheme 40).
Although nitrogen evolution appeared to be suppressed when 90
was added to a mixture of sodium azide and ceric ammonium
nitrate, and the starting material was consumed, the 'H NMR
spectrum of the crude reaction mixture showed no evidence of

azido nitrate 91.

ocH, G~ OCH, MG OCH,
ocH, Fe(NO3)y9H0 ocH, CHCN,-15°C ONO;
Nro 00 Y
Scheme 40

We also examined the acrylonitriles 9249 and 9450 (Schemes
41 and 42), each available from the corresponding acid chlorides by
treatment with TMSCNS! to give the acyl cyanides, and then enol-
ization and protection.

Silyl enol ether 92 was subjected to the azidonitration condi-
tions, and the resulting mixture was treated with tetrabutylammo-
nium fluoride in order to hydrolyze the resulting intermediates.
The resulting material, however, did not contain any azido acid 93
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('H NMR, 200 MHz).

i) NaN3, CAN

Q  dTMsoN.zo, ™ ToneNoc\/ P P
P“\-)L WEWN.CCy (GN i) P-BugNF ,.,) (a,,
92 93
Scheme 41

We now feel, for reasons that will be described later, that this
last sequence may have failed because the silyl enol ether is conju-

gatcd to the phenyl group. It is also possibl: that the trimethyhiiyl

other silicon protective groups may prove more suitable.

Similar treatment of enol ester 94, gave a crude mixture
hydroljyzed azido acid 96 (Scheme 42), alcng with significant
quantities of unreacted starting material. When the crude mixture
was hydrolyzed with methanolic potassium carbonate or lithium

o i) TMSCN, 'Z’nlg

“'\)\a ) (E1C0)0
pyricine, THF
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hydroxide, a low yield (30-45%) of what appeared (on the basis of
'H NMR) to be very impure azido acid 96 was isolated. However,
when this material was hydrogenated over palladium, none of the
corresponding amino acid was observed by comparison with an
authentic sample.

We also tried to hydrolyze and reduce the material directly to
the amino acid by treatment with sodium borohydride under phase
transfer conditions.522  These conditions are reported to reduce
azido acids to amino acids, and should also serve to reduce the
ester, thereby liberating the acid functionality. However, once
again, no alanine was formed.

We next attempted the azidonitration of several simple enol
ethers (Scheme 43), in the hope that, like Lemieux's anhydro
sugars, these would give stable products. We would then have to

oxidize the resulting species to the carboxylic acids.

NN Ca R OR' ' R
m on _ NGO Lo o »—(
\am/ CHyCN, -18°C "2 <m o

e, 97,98 99-101
0.9 R' =€, R?=H
97, 100: R' = Mo, A? = CH,Ph
98, 101: R' = A? = CHCH,

disappointingly low (8-9%). Clearly, this simple azido nitrate was
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not as stable as those derived from anhydro sugars.

We also tried using the benzylic enol ether 97, and 2.3-di-
hydrofuran (98) in the rcaction, but both of these gave complicated
mixtures after the azidonitration. This was particularly surprising
in the case of dihydrofuran because of the analogies in carbo-
hydrate chemistry.

Finally, we tried using the methoxyacrylonitrile derivative
68. The first time we attempted this reaction, we were very
pleased to obtain, after chromatography, a 40% yield of the azido
nitrate 102 (Scheme 44). We were able to convert this material,
using a variation of the route developed by Lemieux,44 into 2-

aminobutyric acid, 108.

CN

N o B Lo o %) S
s -10°C, 16 h 102 1oo=c1h 103
K200y
MeOH / H;0
AT, 16 h
5'} (° HglPle
HN OH N{ OH
108 104
Scheme 44

To our disappointment, when we attempted to repeat the
azidonitration, we were unable to reproduce the yield and level of
purity. After some experimentation, however, we were able to
refine the reaction conditions such that it was possible to obtain an
acceptable yield of azido acid 104 (50% overall yield for the three
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steps from 68). In order to obtain optimum yields of 104, it was

and purification of the intermediates.

The azido acid was transformed into the amino acid by known
methodology.32b

We now had what appeared to be a viable route to amino
acids wusing radical methodology, and starting from simple
materials. We next prepared a variety of methoxyacrylonitriles, in
order to evaluate the scope of the reaction. Table 3 shows the
olefins that were prepared for this purpose.

The required olefins were made from the corresponding alde-
hydes or ketones according to the general sequence outlined in
Scheme 45. Two different methods for this conversion have been
published, one using the phosphonium salt 1063% (Method A) and
the other using phosphonate 1074! (Method B).

e cN
“‘)!u ﬁfeﬁmmaﬂmi “‘)_(:
Al o o AT OMe
©@0P—  NaM,THF, A
107 OMe

We found the first method to be superior for the conversion
of the more volatile aldehydes, in particular propionaldehyde was

efficiently by the phosphonate method.
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Table 3. Synthesis of Methoxyacrylonitriles

Methoxyacrylonitrile Yield (method)a Isomer Ratio®
Et CN
uHom 68 77% (A)S 58:1
Ph CN
80 49% (A) 46:1
H OMe
Ph CN
_n>-(ou. 108 78% (A) 45:1
oCeHyy CN
45% (A) 23:1
H>—(OM0 109 85% (B) 1.8:1
MHCN 110 :? o 18
u - % (B) 8:1
800340'4
" o 112 67% (8)d 1.7:1
CN
H
o OMe 136 8-9% (AB)® f
CN
OMe
é: 138 59% (B)9 >8:1
X
Me CN
-S_( 143 87% (B) 1.7:1
H OMe
CN
y 7‘( 167 7% (@B) 1:1
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However, the second method gave much better yields, and
was far more convenient for the preparation of the more hindered
olefins. In particular, the r-butyl derivative 110 (Table 3) could
not be prepared using the phosphonium salt method, but was ob-
tained in very good yield from the phosphonate.

The phosphonium salt method (Method A) also appeared to
give a higher isomeric ratio than the other method. Typically,
Method A gave E/Z ratios33 of 4.5-6 to 1, while Method B gave
ratios closer to 2 to 1.

In those cases in which the carbonyl compound had an a-
alkoxy substituent, we encountered a further complication. In
addition to the desired 2-methoxyacrylonitriles, we also isolated
significant amounts of the material in which the double bond had
isomerized to give the enol ethers (Scheme 46). In particular, in
the reaction of phenylmethoxy acetone (111),54 along with

methoxyacrylonitrile 112, we isolated 11% of a mixture of enol

cthers 113.

BROCH, BnOCH;  ON BrOCH  ON
o +
m)- a*)-(ou. u.Hom
111 112 113
Scheme 46

With the required methoxyacrylonitriles in hand, we at-
tempted the azidonitration-hydrolysis sequence.

Table 4 shows the azido acids that were prepared by this
methodology. The reaction was found to be useful for the
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Table 4. Synthesis of Azido Acids and Amino Acids

R! CN R! CN R, GN

R OMe N; ONO, n{ oA N OH

Azido Acid _ Yielde Amino Acid _____ Yield

N)—( 104 50% H 108 76%
y OH HN  OM
Ph—, O Pn 0

:}—( 116 65% QH 131 75%

oCHn, P 86%

T - ]
.JE( 119 59% < 132 e9%b
N{ OH HN  OH
u)_( 122 40% < 133 76%
{ on HN  OH
80— O HO °
u-}—( 128 87%¢ ':%_( 134 79%

me{ O Me- )
146 54%9 - 142 83%°

u)Fwamm b)LngFFh,HgD #Fh'hm s)m.ﬂﬁm
which was removed in the next step. d) isomer ratio 1.8 : 1 ('"H NMR). e) Ratio aliviscleucine :
isoleucine 1.7 : 1 (TH NMR).

preparation of azido acids substituted by primary (104, 116),
secondary (119) and tertiary (122) alkyl groups, and also for the
a-alkylated azido acid 125. The yields for the three-step sequence
were in the range of 40-65%, which corresponds to an average of
74-87% for each step.
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Although not all of the interniediates (azido nitrates and azido

acetates) for the above transformations were characterized, they all

When we attempted the azidonitration of the aryl substituted

methoxyacrylonitrile 80, we encountered some difficulty. Although

possibly hydrogen cyanide or hydroazoic acid. When we attempted
to obtain the NMR spectra of the material the sample continued to
decompose, such that considerable pressure built up in the NMR

tube.

I e R

128 127
Scheme 47

It was not clear at this point if the problem encountered was

compound was never formed. Although the infrared spectrum of
azide and the nitrate functional groups, it was also possible that the
adduct was the isomeric azido nitrate 127. This would not be
benzylic radical.

In any case, even when the three step azidonitration-
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hydrolysis sequence was performed without ever concentrating the

We also tried to develop another, more direct, sequence for
the transformation of the initial azidonitration products to the azido
acids.

Our initial efforts were aimed at the direct hydrolysis of the
azido nitrates to the azido acids. We tried a variety of methods
commonly used for the hydrolysis of acetals,3 including acidic
hydrolysis with hydrochloric acid or trifluoroacetic acid, and treat-
ment with trimethylsilyl iodide, but we were never able to isolate
any azido acid products. These methods all gave either no reaction
or a complex mixture of products.

We next tried some methods that had been described for the
conversion of azido nitrates derived from anhydro sugars to the
corresponding azido sugars (Scheme 48). For example, one report
described the conversion of 128 to 129 by warming in aqueous
acetic acid.45s Under the same conditions, our azido nitrates gave
little, if any of the hydrolyzed material.

o] - ’ o
T N,

Ny X e £
PhSH, -PropaNEt, AT
128 129
Scheme 48

Another report described the same transformation by treat-
ment of the crude azido nitrate in acetonitrile with thiophenol and
Hinig's base.45%.c Once again, our azido nitrates gave no hydrolysis
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product under the same conditions.

We also tried adding Meerwein's salt to the crude azido
nitrate, in the hope that one of the nitrate oxygens would be
methylated, thus making it easier to displace. However, no reaction
was apparent, and addition of water gave no azido acid.

In another attempt to shorten the sequence, we tried to intro-
duce the acetate directly in the first step, by adding large amounts
of acetate ion to the reaction mixture (Scheme 49). We felt that if
the mechanism of the azidonitration involves addition of nitrate ion
as the last step (as described later), that we might be able to
replace it with a group which would be more easily hydrolyzed.

H OMe AcO’ , X MeOH / HO ' OH

109 118, X = OAc AT, 18h 119
117, X = ONOy

We first tried adding a large excess (10 equivalents) of
sodium acetate to the reaction mixture under the usual conditions
used for the azidonitrations. After workup, we isolated what

appeared ('H NMR, IR) to be a mixture of azido acetate 118 and

After hydrolysis of the crude mixture under the usual conditions,
we isolated azido acid 119 in 36% overall yield. Although this was
an encouraging result, it was not an improvement over the original

sequence.
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We felt that if we could increase the solubility of the acetate
anion relative to the nitrate anion, we could improve the ratio of
azido acetate formed. Addition of tetracthylammonium acetate or
tetrabutylammonium acetate to the reaction mixture led to the
formation of the azido nitrate 117, with only a trace of the azido
acetate detected ('H NMR). Finally, we thought that in order to
form the azido acetate preferentially it would be neccessary to
perform the reaction in the absence of nitrate anion. We tried the
reaction of the methoxyacrylonitrile 80 using as oxidizing agent
ceric ammonium sulfate in place of ceric ammonium nitrate, and
adding a large excess of sodium acetate. When the reaction was

performed at -10°C, most of the starting material remained after

evident. Apparently ceric ammonium sulfate is less reactive than

or to a resulting lower oxidation potential.

We also tried using other oxidizing agents and/or solvents for
the generation of the azido radical. The critical factor in the success
of the azidonitration is maintaining a low enough concentration of
azido radical so that nitrogen evolution is suppressed, yet still gen-
erating enough of it to add to the olefins at an appreciable rate.44

When the reaction with ceric ammonium nitrate is performed
in dry acetonitrile, nitrogen evolution is at such a slow rate that
addition to the olefin apperently can compete, especially at reduced
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temperatures. In dry acetone, however, nitrogen is evolved very
quickly, while in dry dioxane or THF ro nitrogen evolution is
observed. The addition of small amounts of water to these solvents
increases the rate of nitrogen evolution dramatically. It appears
from our limited survey of solvents that acetonitrile is ideally
suited to the reaction of CAN and sodium azide, which are just
soluble enough to react slowly.

We also tried a variety of oxidizing agents to determine their
reactivity towards azide ion. Some of these (potassium persulfate,
potassium permanganate) gave no reaction, even in water, while
potassium peroxymonosulfate (OXONE) and periodic acid were too
reactive in aqueous acetonitrile, but not reactive at all in the ab-
sence of water. None of the above combinations of oxidizing agent
and solvent was more suited to the reaction than that described
originally.

Finally, we were satisfied that our original sequence for the
conversion of the azido nitrate into the azido acid may be the most
efficient, but we wanted to develop a milder method of converting
the azido nitrate into the azido acetate.

Instead of heating the azido nitrate with sodium acetate in
acetic acid, we tried treatment with tetracthylammonium acetate in
methanol. After being stirred at room temperature for two days all
of the starting material had been consumed, but the product was
not the azido acetate ('H NMR). The IR spectrum of the material
suggestod the presence of an azide, but no nitrate or carbonyl group
was indicated. It seemed that the nitrate had actually been dis-
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placed by methanol to give the acetal 130.

o-CeHyy CN Et.NOAc ©CgHyy CN
)—'éom Y — ~—OMe
N ONO, MeOH, RT Y OMe
117 130
Scheme 80

carbohydrate-derived analogue.45d The azido nitrate 117 (Scheme
51) was dissolved in a 1:1 mixture of acetic anhydride and 2%
sulfuric acid in acetic acid. After 36 hours, sodium acetate was
added to the reaction mixture, and the product was extracted with
dichloromethane. The azido acctate 118 was isolated as an impure
oil, which was hydrolyzed to give the azido acid in 38% overall yield
from the methoxyacrylonitrile 109.

4°C, 15m 7 OAc m“ﬁﬂ OMH

17 then NeOAc 118 RT. 160 19

Scheme 81

“m m Q‘Gﬁ“ “ @.’ w“’
N ONOn

Despite these efforts, we were not able to develop a route to
the azido acids that was superior to the oﬁginil refined method.

ing amino acids (Table 4) by hydmgennuon (at ;tmosphen‘c pres-
sure or at S0 psi) over palladium.52® The amino acids were charac-
terized spectroscopically, and by comparison with authentic sam-
ples where these were available.
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In the case of azido acid 125, hydrogenolysis of the benzyl
group occurred concommitantly with azide reduction, to give a-
methyl serine (134).

There are also other, more selective, methods for the reduc-

tion of azido acids.32 For enmple we transformed one of the azido

genation, it could prove useful in cases where there are other

functional groups which could also be affected by the hydmgena-

amino acids containing isolated double bonds.

oCgHy, B‘GIH“ Hs0 oCgHyy
n{‘ :c:u THF F“' w-n n,u‘: :aﬂ
132

Stereoselectivity of the Reaction
We were also interested in determining if our reaction

sequence would show any ;temlectivity if the starting material

We chose ﬁimomycm (17, Scheme 53) as our target for this
purpose. This example would not only answer the question of the
stereoselectivity of the reaction, but would also serve to demon-
strate if the azidonmitration could be performed in the presence of an
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Joullié's synthesis of furanomycin®10a (see Scheme 8) in-

for our sequence.

/(j:.—g_d_ﬁ

However, attempted hydrolysis of 15 according to the reported
procedure, and in-situ olefination, gave less than 10% of methoxy-
acrylonitrile 136 (Scheme 53). Both methods used for the olefina-
tion failed to give adequate quantities of 136 for our purpose.

It was not evident from our observations if indeed aldehyde
13§ was cver formed under the hydrolysis conditions. More likely,
the hydrolysis gave only the hemi-acetal which, although adequate
for Joullié's synthesis, might be problematic to us.

It also appeared probable that the adjacent stereogenic center
would be epimerized under our reaction conditions, in view of our
isolation of the isomerized side-products in the olefination of 111.
We therefore decided to use a simpler and more stable aldehyde
than 138

We chose the protected glyceraldehyde derivative 13737
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(Scheme 54) for its easy accessibility and relative stability.

The required methoxyacrylonitrile 138 was formed in good
yield, although we had some difficulty in the separation of the two
isomers of 138 from the enol ethers 139 which were also formed.
As a result, most of the material was not obtained in greater than
85% isomeric purity. However, we estimate (IH NMR) that the total
yield of methoxyacrylonitrile 138 is 61%, with the E/Z isomer ratio
close to 7.5 to 1, and that the total yield of the enol ethers 139 is
31%. Also, although the starting aldehyde was prepared optically
pure, it was not determined whether any optical activity was re-

tained through this transformation.

At any rate, when we subjected 138 to our reaction sequence,
we were not able to isolate the expected azido acid 140. The acetal
protective group was clearly not stable to the reaction conditions,
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and any product resulting from the deprotection of the diol would
be highly water soluble. Even when we subjected the entire aque-
ous phase from the hydrolysis to the hydrogenation conditions, we
were not able to separate any amino acid product from the inorgan-
ic salts. Mass spectroscopy of the crude reaction mixture did not
show any amino acid 141.

on a much simpler aldehyde, wh.ch we knew would be able to sur-
vive the reaction conditions. We chose for this purpose 2-methyl-
butyraldehyde, because of its easy availability, and because the
products of the reaction sequence would be isoleucine (142a) and
alloisoleucine (142b), which were both available for comparison.
This would allow us not only to determine if there is any stereo-

selectivity, but also the sense of that selectivity.

H:N:':-:
HyC iy
L-isoleucine

The methoxyacrylonitrile 143 (Scheme 55) was prepared by
the phosphonate method. Azidonitration and hydrolysis gave the

mined by 'H NMR. Hydrogenation gave the amino acid 147, which
was shown by comparison with authentic samples to be composed

of alloisoleucine and isoleucine in a 1.7 to 1 ratio.
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Et Et Et
Me CN Me 0 Me )
——————— —————————
54% 83%
H  OMe N OH H,N  OH
143

140 142
Scheme 38

Although this isomer ratio of less than two to one represents
a diastereoselectivity under 30%, it is significant in that it shows
that the azidonitration does demonstrate some facial selectivity,
even in such a minimally biased system.

Several models exist to explain the stereoselectivity of addi-
tions to double bonds. One simple model’® is that in which the
smallest group (in this case hydrogen) eclipses the double bond,
and the radical then attacks from the least crowded face (Scheme
56). In our reaction sequence, following this model would lead to
the preferential formation of the (2R,3S)-isomer (and its enan-

tiomer), and indeed alloisoleucine is the major product.

Na'\ OCH, "N, OCH, :,N o
Els H Eli H El‘r H
(1)-aloisoleucine
Scheme §8

However, ab initio calculations3? of the preferred trajectories
and conformational preferences for addition reactions have shown
that the double bond is not eclipsed in the tramsition state (Scheme
57). Conversely, the allylic bonds are staggered with respect to the
C=X axis (see Scheme 57). Calculations have also shown different
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attack trajectories for nucleophiles, electrophiles, and radicals.
Nucleophiles attack at angles greater than 120° (eg 123° for H-)
with respect to the C=X axis, while electrophiles attack at much
more acute angles (eg 59° for H* or 101° for BH3). Radicals attack

at an angle in between the two (eg 102° for H°).

Nucieophile Eloc,tmphllo Radical
| I: $ :o i $;°
Q
X R X R X R
a a
Scheme 8§87

Based on a model in which one of the positions labelled a, i, or
o is a methyl group, and the other two are hydrogens, calculations
were performed in order to determine the relative energies of
transition states with the methyl in the anti (a), outside (o), and
inside (i) positions (Scheme 57). For both the nucleophilic and
electrophilic cases, the lowest energy transition state had methyl in
the anti position. When the attacking species was removed from
the calculated transition states, the conformation with the methy! in
the inside position had the highest energy. However, for nucleo-
philic attack, the transition state substituted in the outside position
is of higher energy than that substituted in the inside position, by a
factor of two to one. The preferred transition state for any nucleo-
philic attack should therefore have the smallest substituent in the
outside position. On the other hand, for the attack of an electro-
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phile at an acute angle, the transition state substituted in the inside
position is of tenfold higher energy than that substituted in the
outside position. These models lead to the expectation of opposite
stereoselectivity for the addition of nucleophiles and electrophiles.
Although these last calculations were not specifically performed for
the attack of a radical species, the transition state substituted on
the inside would be expected to be of higher energy, although the
energy difference would likely be less dramatic than in the electro-
philic case.

Application of the staggered model to the analysis of our
system would place the smallest substituent in the inside position
(see Scheme 58). Following through the sequence once again pre-
dicts the preferential formation of (t)-alloisoleucine. However, it is
appreciated that we do not know the stereoselectivity of the reac-

tion for each individual isomer, and so this analysis may be incom-

Ny’
NC H Me
7] ——
H,CO
e

Mechanistic Conslderations
It has been proposed42.44 that azidonitrations involve initial

addition to the olefins of either the free azido radical, or of a ceric-

plete.

NH,
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azide complex. The relatively low oxidation potential of the azide
anion (0.78 eV vs SCE)®0.6! suggests that it may easily be oxidized
by the ceric ion to give the azido radical.

The radical species resulting from such additions could be

converted to the nitrate by one of several pathways (Scheme 59).62

th R'+Ce"* ——= Co™+R*

R*+NO; ——e  RONO;

(2 R°+ NOy ——= [ RONO, |
Ce* +[RONO;} ——e  RONO; + Ce*

(3 R'+[ONO;Ce*] ——=  RONO; + Ce™
Scheme 59

In the first pathway, the initially formed radical is oxidized
by electron transfer from ceric ion to form the carbocation, which
then accepts nitrate. Alternatively (pathway 2) the radical first
forms a complex with nitrate, which is then oxidized by ceric ion.
In the final suggested pathway, the nitrate is formed by ligand
transfer from a cerium-nitrate complex.

It has been suggested®? that the latter pathways may be
more important for primary radicals, while secondary and tertiary
radicals may be more susceptible to electron transfer from the ceric
ion.

In Lemieux's44 azidonitration of anhyro sugars, along with
azido nitrates 85, a small amount (10%) of amide 150 (Scheme 60)
was isolated. The formation of 150 is consistent with the propose
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intermediacy of cation 148, which can be trapped by nitrate ion to
give 85, or by the solvent acetonitrile to give, after hydrolysis,
amide 150.

ture for the existence of the azido radical, including spectroscopic

evidence for its formation during flash photolysis experiments.63

A report of the azidobromination of styrene has suggested
that different mechanisms may be involved in the reeetion, de-
pending on the conditions.4 Addition of bromine azide under ionic
sively with Markovnikov regioselectivity to give the internal azide
152 (Scheme 61). On the other hand, treatment under radical
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conditions (irradiation in an inert, degassed solvent) gives the ter-
minal azide 153 as the only product. This regioselectivity can be

of the double bond, thereby generating a benzylic radical.

_ A; e =M

) D n)_(;

P"\_(" %‘7;;5: 182
[ BriNy

181 \ Ph N, Ph Ny

T — )%

Scheme 61

A recent report detailed the azido-phenylselenation of double
bonds under conditions that seem to promote a radical process.6!
Unlike the usual addition of nucleophiles initiated by electrophilic
phenylselenium species,53 treatment of terminal olefins with (di-

almost exclusively the anti-Markovnikov products (Scheme 62). It
was also shown that the reaction does not proceed with exclusive

trans stereoselectivity, as is usual for electrophilic processes.

PhHOAC), (PhSe) —
R NN - ).i/
\am CHiClp, T, 62-89% PhSe

This azido-phenyiselenation has also been shown to favor
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electron-rich olefins.  Although, unlike Trahanovsky's azidonitra-

154 is selectively functionalized at the electron-rich site (Scheme

63).

The authors proposed thut the reaction course involves the
initial oxidation of azide by the hypervalent iodine reagent to give
the azido radical, which adds to the olefin to afford a carbon radical;
the latter is then trapped by diphenyl diselenide. Several experi-
ments were performed in order to support this interpretation.

First, the reaction of 1,6-heptadiene (156) was carried out,
with the expectation that the initially formed radical 187 would

rapidly cyclize to give, after trapping by diphenyl diselenide, cyclo

Y=y —
\ \

L — D

181 (22%) 100 (22%) 1090 (22%)
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pentane 159 (Scheme 64). In fact, 159 was isolated, along with
equal amounts of the products of azido-phenylselenation of one
(160) or both (161) double bonds.

Further evidence for a radical mechanism was provided by
the reaction of B-pinene (162). In this case, the initially formed
radical 163 (Scheme 65) would be expected to fragment to give the
more stable radical 164, and in fact the isolation of the two prod-

ucts 165 and 166 indicate that this has indeed occurred.

N, Ni N,. Ny.

&

182 163 164 188 166
(356%) (31%)

We set out to determine if a radical intermediate in our reac-
normal azido nitrate product. Our intention was to construct a
system such that the initially formed radical could add to a suitably
placed double bond within the molecule. We chose methoxyacrylo-
nitrile 167, readily available from 5-hexen-2-one (Scheme 66).

If the radical 168 is the initial product of azide radical addi-
tion, then two modes of reaction would be plausible. First, oxida-
tion and addition of nitrate would give the normal azido nitrate

169. Alternatively, S-exo radical cyclization would give the pri-
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mary radical 170, which could then be oxidized to give cyclic azido

nitrate 171.

e ——
(o] 78%

Ny OMe
171 170
Scheme 68

When we subjected 167 to the usual azidonitration condi-
tions, we isolated a material which appeared by its NMR spectra to
be the normal azido nitrate 169. Although this material could not
be fully characterized due to its instability (decomposition was evi-
dent even during the NMR aquisition time), the 'H and 13C NMR
clearly showed the presence of a terminal double bond.

From these observations, we cannot conclusively determine
that no cyclized material 171 was formed, but it does not appear to
be a major product. The question that remains is whether the radi-
cal 168 is indeed not formed as an intermediate in the azidonitra-
tion, or whether it simply is not reactive enough to cyclize prior to
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oxidation by ceric ion. We have been able to find no examples in
the literature of the cyclization of such capto-dative radicals.}?

As an aside, the apparent formation of 169 as the major
product in the azidonitration of 167 has shown that it is possible to
add preferentially to the functionalized double bond. Evidently the
methoxyacrylonitrile moiety is significantly more reactive than is
the isolated double bond.

Although we have not been able to conclusively demonstrate
that the reaction follows a radical mechanism, it is clear that the
reaction involves initial attack of either the azido radical or of a

ceric-azide complex, to form a stabilized, capto-dative radical.

Conclusion

We have developed a new synthetic route which provides
access to a variety of amino acids in five steps from carbonyl
compounds. The reaction sequence has proved to be amenable to
various aldehydes and ketones, with the exception of aryl alde-
hydes, and those with substituents which are highly sensitive to
acidic conditions.

Significantly, the sequence is suited to the formation of a-
substituted amino acids from ketones. Such amino acids are said to
possess interesting biological activities.

The reaction has also shown some degree of stercoselectivity,
even in a system which would be expected to show little steric bias.
Further work is required in order to determine if this selectivity
can be improved by adjustment of the reaction conditioas, and if
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other systems show a higher degree of selectivity. In particular, it
will be interesting to note if cyclic systems, or those containing
substituents that may complex the reagent, may lead to high
diastereosclectivity. It may also be found that other types of sub-
strates (eg silyl enol ethers similar to 92, Scheme 41) are equally

suited to this methodology.
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III EXPERIMENTAL

General Procedures

The same general procedures were used as described on page
61. The following particulars also apply. Purification of amino
acids was accomplished by ion exchange chromatography using
Dowex 50W-X8 (20-50 mesh) strongly acidic resin. Typically, one

gram of the resin was packed in a disposable Pasteur pipette (5 3/4

drops per minute, the flow rate being largely controlled by how
tightly the cotton plug was packed. The resin was washed
sequentially with 1 N NaOH (3 columa volumes), H,O until neutral
(pH Hydrion paper, range 1-12), 1.2 N HC! (3 column volumes), and
then H>O until the washings were neutral. The amino acid was
dissolved in 1.2 N HCI, and the solution was evaporated to dryness
as indicated below. The residual protonated amino acid (50-150
mg) was then applied as an aqueous solution (3-S5 mL). The column
was washed with water to remove any impurities, and then the
amino acids were eluted with 1| N NH;. Aqueous solutions of amino
acids were evaporated in vacuo (0.5-2 mm) at 40-50°C using a
rotary evaporator fitted with a dry-ice condenser. Silica TLC plates

for amino acids were developed using 4:1:1 n-butyl alcohol-acetic

and heated on a hotplate. Proton NMR spectra of amino acids were
recorded in D20 or DCl (1 N), and are reported relative to external
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TSP. 13C NMR spectra of amino acids are reported relative to

dioxane as an internal standard.

[Bis(phenylmethyl)amino]malononitrile (41).

s + .
n

CN
c e 1l —- B A . 5
Br,N” ~H LN BnoN kH‘CN

45 41

This compound was made previously in this laboratory?!
using a slightly different procedure. A general literature proce-
dure%6 was followed. A solution of 45 (0.6408 g, 2.66 mmol) and
methyl iodide (1.0mL, 16 mmol) in dry CH;Cl; (25 mL) was re-
fluxed overnight, and then evaporated. The residue was dissolved
in dry acetonitrile (15 mL) and mercuric cyanide (0.671 g, 2.66
mmol) was added. After the mixture had, been stirred for 5 h the
reaction was incomplete (TLC, 10:1 hexanes—ethyl acetate). A
further portion of mercuric cyanide (0.35g, 1.4 mmol) was added,
and the mixture was stirred overnight. The mixture was filtered
through Celite, and the filtrate evaporated. Flash chromatography
of the residue over silica gel, using 10:1 hexanes—ethyl acetate, gave
41 (569.4 mg, 82%) as a white solid: FT-IR (CH;Cl; cast) 3031,
2902, 2848, 1495, 1455 cm-!; 'TH NMR CDCly, 300 MHz) 8 3.79 (s,
4 H), 4.64 (s, | H), 7.30-7.44 (m, 10 H); '3C NMR (CDCl,, 100.6
MHz) 8 44.24, 55.89, 110.27, 128.60, 129.01, 129.04, 135.23; exact
mass, m/z caled for Cy7H sN3 261.1266, found 261.1267.
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[Bis(phenyimethyl)amino](phenylmethyl)malononitrile (43).

CN CN CN
an,N*‘lchn - [ann *C;-N..Snﬂu;] T " BnN ‘ﬁcu
) Ph

41 43

but the procedure hLas been modified. Tributyl(diethylamino)-
stannane (365.0 mg, 1.008 mmol) was added to 41 (258.2 mg.
0.988 mmol) in dry benzene (4 mL), and the solution was refluxed
overnight. The intermediate had characteristic24® bands at 2090
and 2190 cm-! in its IR spectrum. Benzyl bromide (0.50 mL, 4.2
mmol) in benzene (2 mlL) was added in one portion. The solution
was refluxed a further 4 h, and then evaporated. Flash chromatog-
raphy of the residue over silica gel, using first hexanes and then
19:1 hexanes—-cthyl acetate, gave an impure white solid which was
recrystallized from CH;Clj-hexanes to give 43 (227.5 mg, 65%) as a
homogenecous (!H NMR, 200 MHz) white crystalline solid: mp 154-
155°C [mp2! 162-4°C (hexanes—ethyl acetate)]; FT-IR (CH2Cl; cast)
1602, 1586, 1495, 1455, 748, 743, 699 cm'!; 'TH NMR (CDCl3, 200
MHz) 8 14 (s, 2H), 4.05 (s, 4 H), 7.20-7.38 (m, S H); !13C NMR
(CDCl3, 75.5 MHz) & 44.42, 56.15, 64.00, 113.29, 127.90, 128.57,
128.64, 128.81, 130.69, 131.35, 137.03; exact mass, m/z calcd for
Ca24H2 N3 351.1735, found 351.1742. Anal. Caled for C24H21N3: C,
82.02; H, 6.02; N, 11.96. Found: C, 81.93; H, 5.77; N, 12.05.
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[Bis(phenylmethyl)amino](2-cyclohexenyl)malononitrile (47).

CN CN CN
Bn N "VHCN o Bn;N "kcaﬂ .SnBu, ] = BnN E
41 47

Tributyl(diethylaminn)stannane (360.7 mg, 0.996 mmol) was
added to 41 (251.2mg, 0.96]1 mmol) in dry benzene (4 mL)., and
the solution was refluxed overnight. 3-Bromo-l-cyclohexene (0.40
mL, 3.5 mmol) in benzene (2 mL) was added in one portion. The
solution was refluxed a further 4 h, and then evaporated. Flash
chromatography (two times) of the residue over silica gel using first
hexanes and then 19:1 hexanes-ethyl acetate gave 47 (140 mg,
40%) as a homogeneous ('H NMR, 200 MHz) white solid: mp 67.5-
68°C; FT-IR (CHCl; cast) 1600, 1580, 1495, 1454, 1382, 750, 699
cm-!; ITH NMR (CDCl;, 200 MHz) § 1.22-2.14 (m, 6 H), 2.91-3.08 (m,
1 H), 393 (s, 4 H), 5.75-5.86 (m, | H), 5.96-6.08 (m, | H), 7.14-
7.32 (m, SH); !3C NMR (CDCl;, 75.5 MHz) & 21.06, 24.84, 25.24,
41.58, 55.57, 66.14, 112.60, 113.05, 122.27, 127.79, 128.42, 128.99,
133.66, 136.28; exact mass, m/z calcd for C;3H23N; 341.1897, found
341.1890. Anal. Calcd for C33H23N3: C, 80.90; H, 6.79; N, 12.31.
Found: C, 81.02; H, 6.57; N, 12.39.
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Ph
Ph 4 Ph Ph'_N,I\

L4 s——
= D —

CO,Et
54 58

A general literature procedurel! was followed. A solution of
nitrone 5467 (1.06g, 5.37 mmol) and ethyl propiolate (0.56 mL,
argon. The solvent was evaporated, and the residue recrystallized
from ether to give 55 (0.27 g, 17%) as a white, homogeneous (TLC,
silica, 4:1 hexanes—ethyl acetate) solid: mp 164-165°C); FT-IR
(CH;Cl; cast) 1690, 1640, 1600, 1510, 1365, 1335, 1265, 1230,
1010, 745 cm-!; 'H NMR (CDClj3, 200 MHz) & 1.32 (t, J = 7 Hz, 3 H),
438 (dq, J = 3, 7 Hz, 2 H), 6.64-6.76 (m, 2 H), 6.83-6.97 (m, 2 H),
7.14-7.59 (m, 6 H); 13C NMR (CDCl;, 75.5 MHz) & 14.40, 60.56, 97.10,
114.60, 121.33, 127.01, 128.32, 128.99, 129.51, 129.99, 131.96,
136.97, 139.85, 160.39; exact mass, m/z calcd for CigH;7NO;

295.1208, found 295.1204.

2-Methoxy-2-pentenenitrile (68).

- —

] ]
A general literature procedure was followed.3% Propion-

aldehyde (0.36 mL, 5.0 mmol) and then triethylamine (1.55 mL,
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11.0 mmol) were added to a stirred solution of (cyanomethoxy-
methyltriphenylphosphonium bromide?® (4.12 g, 10.0 mmoD) in
anhydrous CH3,Cl> (100 mL). After being stirred overnight, the
solution was washed with dilute HCl (1.2 N, 2 x 100 mL) and H>O
(100 mL), dried (MgSO4) and concentrated to a small volume. The
remaining solution was diluted with ether, filtered, and evaporated.
Kugelrohr distillation of the residue (85-90°C, 23 mm Hg) gave 68
(4279 mg, 77%. 95% pure) as a colorless liquid composed of two
isomers in a 5.8:1 ratio, and also containing a small amount (ca 5%
w/w) of methoxyacetonitrile: FT-IR (CH;Cl; cast) 2970, 2939, 2120,
1727, 1463, 1123, 971 cm-!; tH NMR (CD;Cl;, 200 MHz) & 0.99, 1.06
(two t, J = 7.5 Hz, 3 H), 2.20, 2.26 (two p, J = 7.5 Hz, 2 H), 3.60, 3.70
(two s, 3 H), 5.53, 555 (two t, J = 7.5 Hz, 1 H); '13C NMR (CD,Cl;,
75.5 MHz) & 13.16, 14.32, 19.10, 21.87, 57.11, 58.94, 113.97,
114.67, 121.73, 129.84, 130.00, 131.71; exact mass, m/z calcd for

o ek

H H OMe
80

(2.20 mL, 21.6 mmol) and then tricthylamine (3.10 mL, 22.2 mmol)

A general literature procedure was followed.’® Benzaldehyde

were added to a stirred solution of (cyanomethoxymethyl)tri-
phenylphosphonium bromide38 (8.24 g, 21.6 mmol) in anhydrous
CH2Cl2 (200 mL). After being stirred overnight, the solution was
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diluted with n-pentane (200 mL), and filtered. The filtrate was
washed with HCl (1.2 N, 2 x 200 mL), H,0 (2 x 200 mL) and brine
(200 mL), dried (MgSO4) and evaporated. Kugelrohr distillation of
colorless oil composed of two isormers in a 4.1:1 ratio: FT-IR (CH;ClI;
cast) 2230, 2213, 1623, 1241 cm'!; 'TH NMR (CDCls, 200 MHz) & 3.71,
3.86 (two s, 3H), 6.13, 648 (s, 1 H), 7.23-7.39 (m, 3 H), 7.47-7.61
(m, 2 H); '3C NMR (CDCl;3, 50.3 MHz) & 357.24, 58.73, 114.43,
120.34, 122.53, 127.96, 128.48, 128.71, 128.92, 129.76, 130.10,

131.42; exact mass, m/z calcd for CijoH9NO 159.0684, found
159.0685.

2-Azido-1-nitratodiethyl ether (99).

ort OF!
L 2 9

Dry acetonitrile (5 mL) and then ethyl vinyl ether (0.30 mL,
3.1 mmol) were added to a cooled (-5°C) mixture of ceric ammo-
nium nitrate (1.6518 g, 3.01 mmol) and sodium azide (99.5 mg,
1.53 mmol). The mixture was then stirred vigorously at -5°C
overnight, and then diluted with ice-cold ether (5 mL) and ice-cold
H20 (5 mL). The layers were separated, and the organic phase was
washed with ice-cold H20 (2 x 5§ mL) and brine (2 x 5 mL), dried
(MgSOy4), and evaporated. Flash chromatography of the residue
over silica gel, using CH;Cl;, gave 99 (23.0mg, 9%) as a
homogeneous (TLC, 4:1 hexanes-cthyl acetate) colorless oil: 'H NMR
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(CDClj3, 200 MHz) & 1.31 (t, J = 7 Hz, 3 H). ' 13 Ha,
1 H), 3.45 (dd, J = 6, 13 Hz, 1 H). 3.67 (dq 20 H), 392
(dq, J=9.5, THz, 1 H), 455(dd. J =45.6 H 1 H . NAR (CDCl,
50.3 MHz) & 14.95, 53.56, 65.87, 90.32.

2-Azidobutanoic acid (104).68%

Et CN Et CN Et LN Et o)
H —— -OMe —n - ONe — —
H  OMe N4 ONO, N OAc N oH
as 102 103 104

mmol). The mixture was then stirred vigorously at -10 to -5°C
overnight, and then diluted with ice-cold ether (7 mL) and ice-cold
H20 (7 mL). The layers were separated, and the organic phase was
washed with ice-cold H20 (2 x 7 mL), dried (MgSO4). and evapo-
rated to give crude 102.

The crude azido nitrate was dissolved in glacial HOAc (6 mL).
Sodium acetate (0.73 g) was added, and the solution was heated to
100°C for 1 h. The solution was cooled, diluted with CH,Cl> (15 mL),
and then washed with H;0 (15 mL), saturated aqueous NaHCOj; (2 x
15 mL) and brine (15 mL), dried (MgSO4) and evaporated to give
crude 103.

The crude azido acetate was dissolved in 75% aqueous
methanol (8 mL). Anhydrous K;CO3; (0.76 g) was added, and the

mixture was stirred overnight at room temperature. The mixture
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was diluted with H,0 (30 aL) and washed with CH,Cl; (3 x 15 mL).
The aqueous phase was acidified with HCl (4 N), and then extracted
with CH;Cl2 (4 x 25 mL). The combined organic extracts were dried
(MgSO0y4) and evaporated to give 104 (95.2 mg, 50% from 68) as a
light yellow, homogeneous (!H NMR, 200 MHz) oil: FT-IR (CH;Cl,
cast) 3097 (br), 2110, 1720 cm-!; 'H NMR (CD;Cl,, 200 MHz) § 1.06
(t, J = 7.5 Hz, 3H), 1.71-2.07 (m, 2H), 390 (dd, J = 5, 8 Hz, 1 H).
9.64 (br s, 1 H); 13C NMR (D70, 75.5 MHz) § 10.42, 25.79, 67.22,
178.77, exact mass, m/z calcd for CGH/N302 129.0538, found
129.0535.

In a separate experiment, the crude material from the first
step was purified by flash chromatography over silica gel, using
10:1 hexanes—ethyl acetate, to give 102 (40%) as a colorless oil
composed of two isomers: FT-IR (CH;Cl; cast) 2113, 1675, 1293
cm-!; 'H NMR (CDCl;, 200 MHz) § 1.12 (dt, J = 2.5, 7.5 Hz, 3 H), 1.53-
1.96 (m, 2H) 3.74 (ddd, J = 3.5, 4.5, 11 Hz, 1 H), 3.83, 3.90 (two s,
3 H); '3C NMR (CD;Cl;, 50.3 MHz) 8§ 35.49, 35.60, 58.10, 58.26,
66.81, 67.51, 111.35, 127.92, 129.36, 129.77, 135.96.

In another experiment, the azido acetate 103 (76%) was
isolated as an impure yellow oil: IR (CH2Cl; cast) 2120, 1774 cm-!;
'H NMR (CDCl3, 200 MHz) 8 1.10 (dt, 3.83 J = 2, 6 Hz, 3 H), 1.53-1.97
(m, 2 H), 2.20 (s, 3 H), 3.70, 3.72 (two s, 3 H), 3.74-3.90 (m, 1 H).
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DL-2-Aminobutanoic acid (105).

Et O Et

o)
o ——
N OH H,N  OH
104 108

with 10% Pd/C (30 mg) under hydrogen (50 psi) for 2 h. The
mixture was filtered through Celite, acidified with HCl (1.2 N, 5§ mL)
and evaporated. lon exchange chromatography of the residue as
described above gave crude 108 (47.1 mg, 91%). Compound 105§
(30.0 mg) was recrystallized from H;O-ethanol to give the pure
material (25.1 mg, 76%) as a white, homogeneous (‘H NMR, 200

sample (Eastman) 212-215°C (sublimes)]; FT-IR (KBr) 3400 (br),
1593 cm-!; tH NMR (D70, 200 MHz) 8 097 (t, J == 7.5 Hz, 3 H), 1.89
(p. J =7 Hz, 2H), 3.70 (t, J = 6 Hz, 1 H); 13C NMR (D,0, 125.7 MHz) &
9.35, 24.53, 56.71, 175.70.

4-Phenyl-2-methoxycrotonitrile (108).

H H OhMe

108
A general literature procedure was followed.38 Phenylacet-

10.0 mmol) were added to a stirred solution of (cyanomethoxy-
methyl)triphenylphosphonium bromide3® (4.03g, 9.78 mmol) in
anhydrous CH2Clz (100 mL). After being stirred overnight, the
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solution was evaporated to 30 mL, diluted with n-pentane (200
mL) and filtered. The filtrate was washed with HCl (1.2 N, 2 x 100
mL), H,0 (2 x 100 mL) and brine (100 mL), dried (MgSO4) and
evaporated. Kugelrohr distillation of the residue (95°C, 0.01 mm
Hg) gave 108 (1.12g, 78%) as a pale yellow oil composed of two
isomers in a 4.5:1 ratio ({H NMR, 200 MHz): FT-IR (CH,;Cl; cast)
2233, 1637 cm!; 'H NMR (CDCl;, 200 MHz) § 3.53,3.59 (two d, J = 8
Hz, 3 H), 3.63, 3.79 (two s, 3 H), 5.65, 5.69 (two t, J = 8 Hz, 1 H),
7.18-7.33 (m, 5 H); 13C NMR (CD;Cl;, 75.5 MHz) 8 31.60, 34.43,
57.28, 59.06. 114.07, 118.37, 126.09, 126.91, 127.10, 128.66,
128.72, 129.03, 129.09, 132.67, 139.15; exact mass, m/z calcd for
C11H1NO 173.0840, found 173.0842.

3-Cyclohexyl-2-methoxyacrylonitrile (109).

oCeH oCeH CN
"*O 1
H H om'
109

A general literature procedure was followed.4! Diethyl
cyano(methoxy)methylphosphonate4! (1.8664 g, 9.01 mmol) in dry
THF (10 mL) was added to a suspension of NaH (60% w/w in oil,
404 mg, 10.1 mmol) in THF (30 mL). After H; evolution ceased,
the mixture was refluxed for 1S min. Cyclohexanecarboxaldehyde
(679.8 mg, 6.06 mmol) in THF (10 mL) was added, and the solution
was refluxed a further 3 h. After being cooled, the solution was
diluted with H20 (300 mL) and brine (10 mL), and extracted with
ether (3 x 125 mL). The combined organic extracts were washed
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with H;O (2 x 150 mL) and brine (150 mL), dried (MgSOy4) and
evaporated. Flash chromatography of the residue over silica gel,
using 10:1 n-pentane-ether, gave 109 (0.85g, 85%) as a colorless
oil composed of two isomers in a 1.8:1 ratio ('"H NMR, 200 MHz): FT-
IR (CH3Cl; cast) 2929, 2853, 2232, 1635, 1450, 1205 ¢m-!; 'H NMR
(CD;Cl3, 200 MHz) 8 1.03-1.47 (m, SH), 1.57-1.81 (m, S H), 2.2}~
2.66 (m, 1 H), 3.58, 3.69 (two s, 3 H), 538, 542 (d. J =10 Hz, d, J =
9.5 Hz, 1 H total); 13C NMR (CDCl;, 75.5 MHz) & 25.88, 25.94, 26.03,
26.17, 32.37. 33.67, 35.16, 38.03, 57.09, 59.04, 114.16, 114.81,
125.76, 128.91, 130.76, 133.77; exact mass, m/z calcd for C;oH sNO
165.1154, found 165.1149.

2-Methoxy-4,4-dimethyl-2-pentenenitrile (110).

m):o . +8u ch
H H  OMe
110
A general literature procedure was followed.4! Diethyl
cyano(methoxy)methylphosphonate4! (3.6387 g, 17.6 mmol) in dry
THF (10 mL) was added to a suspension of NaH (60% w/w in oil,
752.0 mg, 18.8 mmol) in THF (30 mL). After H; evolution ceased,
the mixture was refluxed for 20 min. Trimethylacetaldehyde
(10164 g, 11.8 mmol) in THF (10 mL) was added, and the solution
was refluxed a further 3 h. After being cooled, the solution was
diluted with H20 (500 mL), and extracted with ether (3 x 200 mL).
The combined organic extracts were washed with H20 (2 x 250 mL)
and brine (250 mL), dried (MgSO4) and evaporated. Flash chro-
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matography of the residue over silica gel, using n-pentane, gave
110 (1.3312 g, 81%) as a colorless oil composed of two isomers in a
1.8:1 ratio ('H NMR, 200 MHz): FT-IR (CH>Cl; cast) 2965, 2233,
2217, 1628, 1465, 1235, 1157 cm-l; 'H NMR (CD,Cl;, 200 MHz) §
1.13, 1.21 (two s, 9 H), 3.56, 3.69 (two s, 3 H), 5.43, 5.62 (two s,
1 H); 13C NMR (CD;Cl;, 75.5 MHz) & 29.68, 30.46, 31.25, 33.57,
57.31, 58.80, 114.80, 114.91, 129.47, 129.56, 132.14, 137.23: exact
mass, m/z calcd for CgH;3NO 139.0997, found 139.1000.

2-Methoxy-3-methyl-4-phenyimethoxycrotonitrile (112).

T o T T

111 112 113

A general literature procedure was followed.4! Diethyl
cyano(methoxy)methylphosphonate4! (1.2473 g, 6.02 mmol) in dry
THF (3 mL) was added to a suspension of NaH (60% w/w in oil,
287.1 mg, 7.18 mmol) in THF (9 mL). After Hy evolution ceased,
the mixture was refluxed for 15 min. Phenylmethoxyacetone
(111)34 (668.2 mg, 4.07 mmol) in THF (3 mL) was added, and the
solution was refluxed a further 3 h. After being cooled, the solution
was diluted with H,0 (200 mL) and brine (10 mL), and extracted
with ether (3 x 65 mL). The combined organic extracts were
washed with H,O (2 x 75 mL) and brine (75 mL), dried (MgSO4) and
evaporated. Flash chromatography of the residue over silica gel,
using 4:1 hexanes-ether, gave 112 (598.9 mg, 67%) as a colorless
oil composed of two isomers in a 1.7:1 ratio ({H NMR, 200 MHz): FT-
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IR (CHCl; cast) 2215, 1652. 1073 cm-!; 'TH NMR (CD:>Cls, 200 MHz) §
1.85, 1.97 (two s, 3 H), 3.66, 3.71 (two s. 3 H), 4.17, 4.18 (iwo s,
2 H), 4.44, 4.48 (two s, 2 H), 7.31-7.36 (m, § H): '*C NMR (CD:Cl>.
75.5 MHz) & 13.53, 15.99, 58.92, 59.32, 66.39. 70.82. 72.70, 72.86.
113.06, 113.46, 128.08. 128.17, 128.73, 133.78, 134.46, 138.46,
138.55, 148.07; exact mass. m/z caled for C3H sNO>» 217.1103,
found 217.1101.

Compound 113 (98.5mg, 11%) was also isolated as a
colorless, homogeneous (TLC, 4:1 hexanes —ether) oil: FT-IR (CH.Cl,
cast) 1730, 1682, 1455, 1171, 1154, 1101, 1080 cm-!; 'H NMR
(CDCl3, 200 MHz) & 1.71, 1.72 (two s, 3 H), 3.32 (s, 3 H), 4.40 (s,
1 H), 4.67 (s, 2H), 6.45 (m, | H), 7.26-7.43 (m, 5H); '3C NMR
(CD,Cl,, 75.5 MHz) & 9.89, 56.41, 72.59, 74.79, 108.30, 117.17,
127.84, 128.55, 128.95, 137.34, 147.39; exact mass, m/z calcd for
Ci13H sNO;2 217.1103, found 217.1098.

2-Azido-3-phenylpropanocic acid (116).6.56.68-70

Ph CN Ph CN Ph CN Ph 0
M e — e —
100 114 118 118

A solution of 108 (169.8 mg, 0.98 mmol) in dry acetonitrile
(5 mL) was added to a cooled (-15°C) mixture of ceric ammonium
nitrate (1.7590g, 3.21 mmol) and sodium azide (102.1 mg, 1.57
mmol). The mixture was then stirred vigorously at -15°C overnight,
and then diluted with ice-cold ether (5 mL) and ice-cold H0 (S
mL). The layers were separated, and the organic phase was washed
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with ice-cold H2O (2 x 5 mL), dried (MgSOy), and evaporated to give
crude 114.

The crude azido nitrate was dissolved in glacial HOAc (2.5
mL). Sodium acetate (0.31 g) was added, and the solution was
heated to 100°C for 1 h. The solution was cooled, diluted with
CH;Cl; (20 mL), and then washed with H,O (4 x 15 mL), dried
(MgSOy4) and evaporated to give crude 115.

The crude azido acetate was dissolved in 75% aqueous
methanol (4 mL). Anhydrous K,CO3 (0.85g) was added, and the
mixture was stirred overnight at room temperature. The mixture
was diluted with H2O (10 mL) and washed with CH;Cl; (2 x 15 mL).
The aqueous phase was acidified with concentrated HCl, and then
extracted with CH;Clz (3 x 1S mL). The combined organic extracts
were dried (MgSO4) and evaporated to give 116 (121.7 mg, 65%
from 108) as a yellow, homogeneous (!H NMR, 200 MHz) oil: FT-IR
(CHCl; cast) 3090 (br), 2117, 1719 cm'!; 'H NMR (CDCl3, 200 MHz)
8303 (dd,J =9, 14 Hz, 1 H), 3.24 (dd, J = §, 14 Hz, 1 H), 4.14 (dd, J
= 5, 9 Hz, 1 H), 7.22-7.40 (m, S H), 10.00 (br s, 1 H); 13C NMR
(CDClj3, 75.5 MHz) & 37.51, 63.10, 127.45, 128.80, 129.23, 135.62,
175.66; exact mass, m/z calcd for CH9oN3;O, 191.0695, found
191.0689.

In a separate experiment, azido nitrate 114 (93%) was
isolated as an impure oil: IR (CH;Cl; cast) 2120, 1665, cm-!; |H NMR
(CDCl;, 200 MHz) 8 2.76-2.93 (m, 1 H), 3.14 (dd, J = 3, 14 Hz, 1 H),
3.84, 3.88 (two s, 3 H) 4.04-4.14 (m, 1 H), 7.25-7.40 (m, S H); !3C
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NMR (CD;Cl,, 50.3 MHz) & 35.49, 35.60, 58.10, 58.26, 66.81, 67.51,
111.35, 127.92, 129.36, 129.77, 135.96.

In another experiment, azido acetate 115 (78%) was isolated
as an impure yellow oil: IR (CHaCl;cast) 2110, 1750 ¢cm-!; 'H NMR
(CD,Cl,, 200 MHz) & 2.08, 2.15 (two s, 3 H), 2.78-2.93 (m, | H),
3.02-3.19 (m, 1| H), 3.71, 3.74 (two s, 3 H), 4.12-4.24 (m, | H),
7.22-7.40 (m, 5 H); 13C NMR (CDCl;, 50.3 MHz) 8 20.66, 34.75, 35.13,
56.19, 66.15, 66.58, 91.02, 98.08, 112.46, 127.25, 128.80, 129.24,
136.09, 168.21.

2-Azido-2-cyclohexylacetic acid (119).!!

o-CeHyy CN oCeHyy oCeHyy oCeHyy
H B — Cﬂh ——— Qh — “)—(
ONO, , OM

109 117 118 119

A solution of 109 (166.9 mg, 1.01 mmol) in dry acetonitrile
(5 mL) was added to a cooled (-15°C) mixture of ceric ammonium
nitrate (1.70 g, 3.10 mmol) and sodium azide (99.3 mg, 1.53
mmol). The mixture was then stirred vigorously at -15°C overnigh,
and then diluted with ice-cold ether (5 mL) and ice-cold H20 (5
mL). The layers were separated, and the organic phase was washed
with ice-cold H20 (2 x 5§ mL), dried (MgSO,), and evaporated to give
crude 117.

The crude azido nitrate was dissolved in glacial HOAc (4 mL).
Sodium acetate (0.33 g) was added, and the solution was heated to
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and then washed with H,O (15 mL) and dilute aqueous NaHCO; (2 x
15 mL), dried (MgSO4) and evaporated to give crude 118.

The crude azido acetate was dissolved in 75% aqueous
methanol (4 mL). Anhydrous K;COj3; (0.61 g) was added, and the
mixture was stirred overnight at room temperature. The mixture
was diluted with H;O (20 mL) and washed with CH,Cl; (3 x 10 mL).
The aqueous phase was acidified with HCl (4 N), and then extracted
with CH2Cl; (4 x 15 mL). The combined organic extracts were dried

(MgSOy4) and evaporated to give 119 (108.6 mg, 59% from 109) as

FT-IR (CH2Cl; cast) 3050 (br), 2107, 1716 cm-!; 'H NMR (CDCl3, 200
MHz) § 1.03-1.42 (m, S H), 1.52-2.10 (m, 6 H), 3.75 (d, / = 6 Hz,
1 H), 10.78 (br s, 1 H); 13C NMR (CDCl,, 50.3 MHz) § 25.76, 25.88,
28.28, 29.78, 40.20, 67.43, 176.19; exact mass, m/z calcd for
CsH2NO3> (M -H, -N3)* 154.0868, found 154.0873; CIMS, m/z 210
(M + NHy)*.
step was purified by flash chromatography over silica gel, using
CH;Clj, to give 117 (76%) as an unstable colorless oil: IR (CH:Cl;
cast) 2115, 1660 cm-!; 'H NMR (CDCl;, 200 MHz) & 1.10-1.46 (m,
5 H), 1.58-2.05 (m, 6 H), 3.64-3.79 (m, 1 H), 3.82, 3.86 (two s,
3 H); 13C NMR (CDCl,, 50.3 MHz) § 25.74, 26.07, 27.66, 28.02, 31.01,
31.12, 38.46, 38.78, 54.82, 57.33, 69.93, 71.14, 103.05, 103.88,
110.94, 111.09.

In another experiment, the crude azido acetate was partially
purified by flash chromatography over silica gel using CH;Cl; to
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give 118 (71%) as an impure oil: IR (CH;Clscast) 2110, 1750 ¢m-!;
'H NMR (CDCls, 200 MHz) 8 1.10-2.00 (m, alkyl H), 2.18 (two s, 3 H),
3.70 (two s, 3 H), 3.84-3.92 (m, 1 H); 13C NMR (CDCl;, 50.3 MHz) §
20.90, 21.10, 24.06-31.18 (alkyl CH;'s), 38.18, 38.54, 55.41, 55.96,
70.00, 70.25, 97.97, 112.86, 168.10.

2-Azido-2-cyclohexylacetic acid (119).!!

oc.u.,)-(cn —‘f‘HHNM _:c.r:,)_(o
H  OMe OAc OH
109 118 119
A solution of 109 (165.2 mg, 1.000 mmol) in dry acetonitrile
(5 mL) was added to a cooled (-15°C) mixture of ceric ammonium
nitrate (1.77 g, 3.23 mmol), sodium azide (101.4 mg, 1.56 mmol)
and sodium acetate (0.87 g, 10.6 mmol). The mixture was then
stirred vigorously at -15°C overnight, and then diluted with ice-cold
ether (10 mL) and ice-cold H,0 (10 mL). The layers were
separated, and the organic phase was washed with ice-cold H0 (2 x
S mL), dried (MgSO4), and evaporated to give an oil composed of
azido acetate 118 and azido nitrate 117 (IR, TLC, silica, 10:1
hexanes—ethyl acetate). The crude mixture was dissolved in 75%
aqueous methanol (4 mL). Anhydrous K,CO3 (0.51 g) was added,
and the mixture was stirred overnight at room temperature. The
mixture was diluted with H;O (20 mL) and washed with CH,Cl2 (3 x
10 mL). The aqueous phase was acidified with HCl (4 N), and then
extracted with CH2Cl; (4 x 15 mL). The combined organic extracts
were dried (MgSO4) and evaporated to give 119 (66.3 mg, 36%) as
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an off-white, homogeneous ('H NMR, 200 MHz) solid, identical to

that prepared previously.

2-Azido-3,3-dimethylbutanoic acid (122).!1.70,71

+Bu CN +Bu CN +Bu CN +Bu (o]
H OMe ONO, OAc OH
110 120 121 122

A solution of 110 (159.2 mg, 1.14 mmol) in dry acetonitrile
(S mL) was added to a cooled (-20°C) mixture of ceric ammonium
nitrate (2.02g, 3.68 mmol) and sodium azide (109.4 mg, 1.68
mmol). The mixture was then stirred vigorously at -20°C overnight,
and then diluted with ice-cold ether (5 mL) and ice-cold H0 (5
mL). The layers were separated, and the organic phase was washed
with ice-cold H20 (2 x 5 mL), dried (MgSO4), and evaporated to give
crude 120.

The crude azido nitrate was dissolved in glacial HOAc (4 mL).
Sodium acetate (0.44 g) was added, and the solution was heated to
100°C for 1 h. The solution was cooled, diluted with CH2Cl; (20 mL),
and then washed with H,O (15 mL) and saturated aqueous NaHCO;
(2 x 15 mL), dried (MgSO4) and evaporated to give crude 121.

The crude azido acetate was dissolved in 75% aqueous
methanol (4 mL). Anhydrous K;COj3; (0.54 g) was added, and the
mixture was stirred overnight at room temperature. The mixture
was diluted with H20 (20 mL) and washed with CH2Cl; (3 x 10 mL).
The aqueous phase was acidified with HCl1 (4 N), and then extracted
with CH2Cl2 (4 x 1S mL). The combined organic extracts were dried
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(MgS0,4) and evaporated to give 122 (71.4 mg, 40% from 110) as a

3000 (br), 2108, 1715 cm-!; 'H NMR (CD;Cls, 300 MHz) § 1.07 (s,
9 H), 3.79 (s, 1 H), 10.10 (br s, 1 H); 13C NMR (CD>Cl,, 75.5 MHz2) &
26.66, 35.94, 72.07, 175.19; CIMS, m/z 175 (M + NHy)*.

In a separate experiment, azido nitrate 120 (79%) was
isolated as an impure, unstable oil: IR (CH;Cl, cast) 2115, 1660
cm-!; 'H NMR (CD,Cl;, 200 MHz) & 1.10, 1.12 (two s, 9 H), 3.75 (s,
1 H), 3.81, 3.84 (two s, 3 H).

In another experiment, azido acetate 121 (57%) was isolated
as an unstable, very impure oil: IR (CH2Cl;cast) 2110, 1750 cm-!;
'H NMR (CD;Cl;, 200 MHz) § 1.08, 1.12 (two s, 9 H), 2.17, 2.18 (two
s, 3H), 3.66, 3.68 (two s, 3 H), 3.76 (s, 1 H).

2-Azido-2-methyl-3-phenylmethoxypropanoic acid (128).

BnO— CN BnO — CN Bn0 = CN BnO— o
_>—( —_— m}—ém ——m}—(—m - Me)- {
Me  OMe Ny ONO, N OhAc n/ OH
112 123 124 128
A solution of 112 (123.5 mg, 0.518 mmol) in dry acetonitrile
(5 mL) was added to a cooled (-15°C) mixture of ceric ammonium
nitrate (969.2 mg, 1.768 mmol) and sodium azide (53.8 mg, 0.828
mmol). The mixture was then stirred vigorously at -15°C overnight,
and then diluted with ice-cold ether (* mL) and ice-cold H20 (3
mL). The layers were separated, and the organic phase was washed
with ice-cold H20 (2 x 5 mL), dried (MgSO4), and evaporated to give
crude 123: IR (CH2Cl; cast) 2135, 1675 cm-l.
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The crude azido nitrate was dissolved in glacial HOAc (4 mL).
Sodium acetate (0.49 g) was added, and the solution was heated to
100°C for 1 h. The solution was cooled, diluted with CH,Cl> (15 mL),
and then washed with H,O (15 mL) and saturated aqueous NaHCO;
(2 x 15 mL), dried (Na;SO4) and evaporated to give crude 124: IR
(CHCl; cast) 2135, 1740 cm-!.

The crude azido acetate was dissolved in 75% aqueous
methanol (4 mL). Anhydrous K;CO; (0.59 g) was added, and the
mixture was stirred overnight at room temperature. The mixture
was diluted with H,O (20 mL) and washed with CH,Cl; (4 x 10 mL).
The aqueous phase was acidified with HCl (4 N), and then extracted
with CH;Cl; (4 x 15 mL). The combined organic extracts were dried
(MgSO,) and evaporated to give 125 (75.9 mg, 57% from 112) as a
light yellow oil containing an impurity (ca 6 mole %, '!H NMR): FT-IR
(CH;Cl; cast) 3200 (br), 2140, 2104, 1718 cm-!; 'H NMR (CDCl;, 300
MHz) 8 147 (s, 3H), 362 (d, / = 19 Hz, 1 H), 3.82 (d, J = 19 Hz,
1 H), 4.61 (s, 2H), 7.27-7.40 (m, S H), 10.50 (br s, 1 H); 13C NMR
(CDCl,, 75.5 MHz) 8§ 20.05, 66.31, 73.73, 74.74, 127.67, 1217.95,
128.51, 137.21, 176.99; exact mass, m/z calcd for C;H2NO3; (M -H,
-N2)* 206.0817, found 206.0820; CIMS, m/z 253 (M + NH,)*.

DL-Phenylalanine (131).69

] O Ph=— O
H—
11

116
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Azide 116 (124.8 mg, 0.653 mmol) in ethanol (5 mL) was
stirred with 10% Pd/C (60 mg) under hydrogen (atmospheric
pressure) overnight. The mixture was filtered through Celite using
HCl (1.2 N) to elute the product, and evaporated. lon exchange
chromatography of the residue as described above gave crude 131
which was recrystallized from 2:1 ethanol-H;O to afford the pure

material (80.5 mg, 75%) as a white, homogeneous ('H NMR, 200

of authentic sample 253°C (begins to sublime at 240°C)]; 'H NMR
(1.07 M DCIl, 200 MHz) 8 2.97 (dd, J = 8, 16 Hz, 1 H), 3.01 (dd, J = 6,
16 Hz, 1 H), 4.13 (dd, J = 6, 8 Hz, 1 H), 7.02-7.23 (m, S H); '3C NMR
(1.07 M DCIl, 75.5 MHz) § 36.10, 54.64, 128.65, 129.84, 130.06,
134.45, 171.62.

DL-Cyclohexylglycine (132).11.72

oCeHyy O oGty o

119 132

Method A: Azide 119 (98.6 mg, 0.538 mmol) in ethanol (5
mL) was stirred with 10% Pd/C (45 mg) under hydrogen
(atmospheric pressure) overnight. The mixture was diluted with
HCl1 (1.2 N), filtered through Celite, and evaporated. lon exchange
chromatography of the residue as described above gave crude 132,
which was recrystallized from ethanol to give the pure material
(72.9 mg, 86%) as a white, homogeneous ('H NMR, 200 MHz),
crystalline solid: mp 253-259°C (sublimes) ([lit.72 mp 260°C
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(sublimes)); 'H NMR of HCI salt (D20, 300 MHz) 8 0.83-1.21 (m, S H),
1.40-1.66 (m, 5 H), 1.75-1.92 (m, 1 H), 3.76 (d, J = 4.5 Hz, 1 H); 13C
NMR of HCI salt (D0, 75.5 MHz) § 25.97, 26.22, 28.34, 29.04, 39.29,
58.66, 172.23.

Method B: Triphenylphosphine (71.8 mg, 0.274 mmol) and
then H;O (9 uL, 0.5 mmol) were added to a solution of 119
(47.1 mg, 0.257 mmol) in dry THF (1.5 mL). The mixture was
stirred overnight, diluted with benzene, and evaporated. The
residue was partitioned between benzene (15 mL) and HCI (1.2 N,
20 mL). The layers were separated and the organic phase was

extracted with HCI (1.2 N, 2 x 10 mL). The combined acidic extracts

solid. [lon exchange chromatography of the residue as described
above gave 132 (27.8 mg, 69%) as a white solid, identical ('H NMR,
200 MHz) to that prepared previously.

DL-t-Leucine (133).!!
My O s O
H— KK
122 133
Azide 122 (384 mg, 0.244 mmol) in ethanol (4 mL) was
stirred with 10% Pd/C (16 mg) under hydrogen (atmospheric
pressure) overnight. The mixture was diluted with HCl (1.2 N),
filtered through Celite, and evaporated. Ion exchange chromatog-
raphy of the residue as described above gave crude 133 which was
recrystallized by dissolving in a minimum of hot H,O and precipi-
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tating with acetone to afford the pure material (24.2 mg. 76%) as a
white, homogeneous ('H NMR, 200 MHz), crystalline solid: mp 215°C
(sublimes) [mp of authentic sample (L-t-leucine. Sigma) 220°C
(sublimes)]; 'H NMR (D;0, 200 MHz) 8 1.07 (s, 9 H), 3.43 (s. | H):
13C NMR (D;0, 75.5 MHz) 8 26.70, 32.77, 64.96, 174.69.

DL-a-Methylserine (134).
o —— w3l
! ON HN  OH
128 134
Azide 125 (74.0 mg, 0.315 mmol) in ethanol (5 mL) was
stirred with 10% Pd/C (28 mg) under hydrogen (57 psi) for I8 h.
The mixture was diluted with HCI (1.2 N), filtered through Celite,
and evaporated. lon exchange chromatography of the residue as
described above gave crude 134 which was recrystallized from
dilute ethanol to afford the pure material (29.7 mg, 79%) as a
white, homogeneous ('H NMR, 300 MHz), crystalline solid: mp 208°C
(sublimes) [mp of authentic sample 210°C (sublimes)]); 'H NMR (D,0,
300 MHz) 8 1.44 (s, 3H), 3.68 (d, J = 12 Hz, 1 H), 393 (d, J = 12 Hz,
1 H); 13C NMR (D20, 75.5 MHz) 8 19.29, 63.34, 65.58, 176.15.
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3-(2,2-Dimethyl-1,3-dioxolan-4-yl)-2-methoxyacrylonitrile (138).

o CN CN
OMe OMe
B — & - &
5 X X
137 138 139

A gereral literature procedure was followed.4! Diethyl
cyano(methoxy)methylphosphonate4! (3.96g, 19.1 mmol) in dry
THF (10 mL) was added to a suspersion of NaH (60% w/w in oil,
0.82 g, 20.5 mmol) in THF (30 mL). After Hy evolution ceased, the
mixture was refluxed for 15 min. D-(+)-Glyceraldehyde dimethyl
acetal (137)37 (1.66g, 12.76 mmol) in THF (10 mL) was added,
and the solution was refluxed a further 3 h. After being cooled, the
solution was diluted with H,O (500 mL) and extracted with ether (3
x 200 mL). The combined organic extracts were washed with H;O
(2 x 250 mL) and brine (250 mL), dried (MgSO4) and evaporated.
Flash chromatography of the residue over silica gel, using 9:1 n-
pentane~cther, gave two isomers of 138 and also two other
isomers 139, in which the double bond had isomerized. The less
polar isomer of 138 (160.3 mg, 7%) was obtained as a pure (!H
NMR, 300 MHz) colorless oil: FT-IR (CH;Cl2 cast) 2988, 2222, 1650,
1456, 1373, 1223, 1062 cm-!; 'H NMR (CDCl;, 300 MHz) 8§ 1.34 (d, J
=03 Hz, 3H), 1.38 (d, J = 0.5 Hz, 3H), 3.59 (dd, J = 7, 8 Hz, 1 H),
3.76 (s, 3H), 4.12 (dd, J = 6, 8 Hz, 1 H), 4.96 (ddd, J = 6.5, 7, 8 Hz,
1 H), 5.57 (d, J = 8 Hz, 1 H); '3C NMR (CD:Cl;, 75.5 MHz) 8 25.81,
26.75, 59.29, 69.22, 70.27, 110.03, 113.45, 124.67, 131.68; exact
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mass, m/z caled for CoH3NO3 183.0895, found 183.0895. The more
polar isomer of 138 (1.2273g, 52%. 85% pure) was obtained as a
bond isomers 139 ('H NMR, 300 MHz): FT-IR (CH;Cl; cast) 2988,
2238, 1640, 1229, 1213, 1062 cm-!; 'H NMR (CD;Cl,, 300 MHz) &
1.37 (s, 3H), 1.42 (s, 3H), 3.63 (dd, J = 6.5, 8.5 Hz, | H), 3.66 (s,
3H), 4.17 (dd, J = 6, 8.5 Hz, 1 H), 4.83 (ddd, J = 6, 6.5, 9 Hz, | H),
5.42 (d, J =9 Hz, 1 H); 13C NMR (CD;Cl3, 75.5 MHz) § 25.79, 26.81,
57.35, 69.75, 73.44, 110.33, 113.21, 116.04, 134.85. exact mass,
m/z calcd for CoH|3NO3 183.0895, found 183.0893.

The less polar isomer of 139 (132.1 mg, 6%, 90% pure) was

less polar isomer of 138 (H NMR, 200 MHz) : FT-IR (CH;Cl; cast)
2993, 1700, 1378, 1290, 1220, 1110 cm-!; 'TH NMR (CD;Cl;, 200
MHz) 5 148 (s, 6H), 342 (s, 3H), 446 (dt, J = 9, 1.5 Hz, | H), 4.56
(d,J = 1.5 Hz, 2H), 496 (d, J = 9 Hz, 1 H); '3C NMR (CD,Cl;, 75.5
MHz) & 25.12, 25.16, 56.79, 65.18, 67.02, 87.81, 114.43, 118.17,
159.06; exact mass, m/z calcd for CoH 3NO, 183.0895, found

The other double bond isomer 139 was not separated from

the remaining material.
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2-Methoxy-4-methyl-2-hexenenitrile (143).

143

A general literature procedure was followed.4! Diethyl
cyano(methoxy)methylphosphonate4! (3.6206 g, 17.5 mmol) in dry
THF (12 mL) was added to a suspension of NaH (60% w/w in oil,
780.7 mg, 19.5 mmol) in THF (30 mL). After H, evolution ceased,
the mixture was refluxed for 30 min. 2-Methylbutyraldehyde
(1.0255g, 11.9 mmol) in THF (10 mL) was added, and the solution
was refluxed a further 3 h. After being cooled, the soiution was
diluted with H,O (500 mL) and brine (10 mL), and extracted with
cther (3 x 200 mL). The combined organic extracts were washed
with H20 (2 x 250 mL) and brine (250 mL), dried (MgSO4) and
evaporated. Flash chromatography of the residue over silica gel,
using 10:1 n-pentane-ecther, and then Kugelrohr distillation (87-
90°C, 20 mm Hg) gave 143 (1.4396g, 87%) as a colorless oil
composed of two isomers in a 1.7:1 ratio ('H NMR, 300 MHz): FT-IR
(CH2Cl1y cast) 2965, 2234, 22j9, 1636, 1459, 1212, 1133 cm'!; IH
NMR (CD.Cl;, 300 MHz) 8 0.86, 0.88 (two t, J = 7.5 Hz, 3 H), 0.98,
1.06 (two t, J = 7 Hz, 3H), 1.17-1.55 (m, 2 H), 2.34-2.72 (m, 1 H),
359, 3.69 (two s, 3H), 5.29, 536 (d, /J =11 Hz,d,J = 10 Hz, 1H
total); 13C NMR (CD.Cl,, 75.5 MHz) 8§ 11.87, 19.81, 21.12, 29.70,
30.56, 32.53, 35.75, 57.13, $8.94, '14.22, 114.72, 125.77, 129.54,
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131.34, 134.25; exact mass, m/z calcd for CgH{3:NO 139.0997, found
139.0987.

2-Azido-3-methylpentanoic acid (146).56.68

u- CN Mo~ o
ﬁﬂl—i— OMe ——p=
H OAc N{ OH

143 144 148 146

nitrate (1.96 g, 3.58 mmol) and sodium azide (111.7 mg, 1.718
mmol). The mixture was then stirred vigorously at -22°C overnight,
and then diluted with ice-cold ether (5 mL) and ice-cold H,O (5
mL). The layers were separated, and the organic phase was washed
with ice-cold H20 (2 x 5§ mL), dried (MgSO4), and concentrated to |
mL. Crude 144 had: IR (Et;O cast) 2120, 1672 cm-!.

Glacial HOAc (4 mL) was added to the crude azido nitrate, and
the remaining ether was evaporated. Sodium acetate (0.44 g) was
added, and the solution was heated to 100°C for 1 h. The solution
was cooled, diluted with CH2Cl2 (15 mL), and then washed with H,0
(20 mL) and saturated aqueous NaHCO; (2 x 20 mL), dried (MgSO4)
and evaporated to give crude 148: IR (CH;Cl; cast) 2120, 1760
cm-!,

The crude azido acetate was dissolved in 75% aqueous
methanol (4 mL). Anhydrous K;COj3; (0.62g) was added, and the

mixture was stirred overnight at room temperature. The mixture
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was diluted with H,O (25 mL) and washed with CH,Cl, (3 x 10 mL).
The aqueous phase was acidified with HCl (4 N), and then extracted
with CH2Cl; (4 x 15 mL). The combined organic extracts were dried
(MgS0y4) and evaporated to give 146 (91.8 mg, 54% from 143) as a
colorless o0il composed of two isomers in a 1.8:1 ratio (‘H NMR, 300
MHz): FT-IR (CH;Cl; cast) 3050 (br), 2112, 1718 cm-!; 'H NMR
(CDCl3, 300 MHz) & 0.91-1.06 (m, 6 H), 1.23-1.63 (m, 2 H), 1.95-
2.10 (m, 1 H), 3.83, 400 (d, J =6 Hz,d, J = 45 Hz, | H total), 10.10
(br s, 1 H); 13C NMR (CDCl3, 75.5 MHz) 8§ 11.25, 11.50, 14.64, 15.94,
24.94, 26.47, 37.22, 37.50, 66.08, 67.09, 176.36, 176.65; CIMS, m/z

175 (M + NHy)*.

Isoleucine and alloisoleucine (142).

Azide 146 (1554 mg, 0.99 mmol) in 65% aqueous ethanol (6
mL) was stirred with 10% Pd/C (40 mg) under hydrogen (50 psi)
for 2 h. The mixture was filtered through Celite, acidified with HCI
(1.2 N), and evaporated. Ion exchange chromatography of the
residue as described above gave 142 (107.8 mg, 83%) as a white
crystalline solid composed of isoleucine and alloisoleucine in a 1:1.7
ratio ('H NMR, 200 MHz): 'H NMR (D70, 200 MHz) § 0.89-1.03 (m,
6 H), 1.13-1.57 (m, 2H), 1.87-2.16 (m, 1 H), 3.6S, 3.72 (d, J = 4 Hz,
d, J = 3.5 Hz, 1 H total); 13C NMR (D20, 75.S MHz) § 11.84, 11.90,
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14.12, 15.50, 25.26, 26.13. 36.43, 36.72, 59.32, 60.19, 175.05.
175.55.

2-Methoxy-3-methyl-2,6-heptadienenitrile (167).

PN A o , CN
Me - Nu?g(cu-
167

A general literature procedure was followed.4! Diethyl
cyano(methoxy)methylphosphonate4! (1.8776 g, 9.06 mmol) in dry
THF (5 mL) was added to a suspension of NaH (60% w/w in oil,
404 mg, 10.1 mmol) in THF (18 mL). After H, evo'ution ceased,
the mixture was refluxed for 1S min. 5-Hexene-2-one (610.2 mg,
6.22 mmol) in THF (5 mL) was added, and the solution was refluxed
a further 3 h. After being cooled, the solution was diluted with H,O
(200 mL) and extracted with ether (3 x 60 mL). The combined
organic extracts were washed with H;0 (3 x 100 mL) and brine
(100 mL), dried (MgSO4) and evaporated. Flash chromatography of
the residue over silica gel, using 40:1 n-pentanc-cther, gave 167
(737.8 mg, 78%) as a colorless oil composed of two isomers in a | to
1 ratio ('H NMR, 200 MHz): FT-IR (CH:Cl; cast) 2212, 1642, 1454,
1273, 1216, 1158 cm-!; 'H NMR (CDCl;, 200 MHz) 8 1.78, 1.89 (two
s, 3H), 2.09-2.40 (m, 4 H), 3.63, 3.64 (two s, 3 H), 4.93-5.11 (m,
2H), 5.67-591 (m, 1 H); 13C NMR (CD:Cl3, 75.5 MHz) 8§ 1491,
18.26, 30.27, 31.52, 32.14, 33.80, 59.05, 59.15, 114.10, 114.20,
115.41, 115.86, 126.9, 127.06, 137.34, 137.79, 138.27, 138.34;
exact mass, m/z calcd for CoH,3NO 151.0997, found 151.0999.

210
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3-Azido-2-methoxy-3-methyl-2-nitrato-6-heptenenitrile (169).

oN CN
T T
Me  OMe TR ONC:
167 169

A cooled (0°C) solution of 169 (141.2 mg, 0.934 mmol) in dry
acetonitrile (5 mL) was added to a cooled (-13°C) mixture of ceric
ammonium nitrate (1.2406 g, 2.26 mmol) and sodium azide
(66.4 mg, 1.02 mmol). The mixture was then stirred vigorously at
-18°C overnight, and then diluted with ice-cold ether (5 mL) and
ice-cold H2O (5 mL). The layers were separated, and the organic
phase was washed with ice-cold H,O (4 x § mL), dried (MgSO4), and
evaporated. Chromatography over Florisil, using 40:1 hexanes-
cther, gave 169 (139.7 mg, 59%) as an impure, unstable yellow oil.
This crude material had: IR (Et;0 cast) 2120, 1670 cm-!; tH NMR
(Ce¢D¢, 200 MHz) § 0.99, 1.02 (two s, 3 H), 1.30-2.00 (m, 4 H), 3.32,
3.34 (two s, 3 H), 4.83-5.00 (m, 2 H), 5.41-5.64 (m, 1 H); !13C NMR
(CeD¢, 50.3 MHz) § 15.82, 17.39, 17.74, 27.89, 32.60, 34.08, 59.80,
69.16, 71.25, 115.57, 136.97. The !3C NMR shows evidence of
extensive decomposition during the acquisition time. However,
both 'H and 13C NMR clearly demonstrate the presence of a termi-
nal double bond.
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