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Abstract

The use of intramolecular aromatic substitution reactions of metallocarbenes derived
from o-diazocarbonyl substrates for the preparation of benzo-fused heterocyclic

compounds is reviewed.

The preparation and metal catalysed decomposition of selected diazomalonamide
esters is outlined. These, and other compounds described, are designed to explore
several competing carbenoid reaction pathways, each leading to a different heterocyclic
product. Dramatic ligand effects are reported and other factors influencing selectivity
are discussed. The use of rhodium(li) perfluorocarboxamides for highly efficient
preparation of oxindoles, via the intramolecular aromatic substitution reaction, was
established.

The methodology developed for oxindole preparation from diazoamides is exploited in
the synthesis of the novel marine alkaloid convolutamydine C, in 8 or 10 steps from
3,5-dibromobenzoic acid.

Synthetic studies towards the total synthesis of the uvarindole alkaloids are reported,
with the key steps being formation of an oxindole from a diazomalonamide and
elaboration in 3 steps to a 1,3-dibenzylindole.

Efforts to explore the possibility of diastereoselectivity in the intramolecular Buchner
reaction (IMBR) are reported. Chiral diazomalonamides proved to be poor substrates
for this reaction, probably due to conformational effects. Excellent levels of
diastereocontrol were observed with chiral diazomalonates, but the recovery of
diastereomerically pure products was found to be modest. Attempts to improve the
yield of IMBR products are described.

Full experimental details for the synthetic studies are included.

X-Ray crystallographic data for selected a-diazocarbonyl substrates and products from
their metal catalysed decomposition are appended.
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Chapter One

The Synthesis of Benzo-fused Heterocycles via the
Intramolecular Aromatic Substitution Reactions
of Metallocarbenes




1.1. Introduction

The explosion in humbers of the synthetic applications of diazocarbonyl compounds has
been recognised by a recent, comprehensive review.1 In particular, the metal salt
catalysed decomposition of diazocarbonyl compounds has become one of the most
useful methods for generating transient electrophilic metal-bound carbenes
(metallocarbenes).24 Reaction types include cyclopropanation,2.5 ylide formation and
rearrangement,4.6 C-H insertion,7 X-H insertion (X=N, O, S),8 aromatic cycloaddition,®
and aromatic substitution.10 Of the many catalysts described for these decomposition
processes the rhodium(ll) carboxylates (and carboxamides) have assumed a pre-
eminent role. These dimeric rhodium species all share the "lantern” structure, in which
four ligands bridge the two rhodium atoms leading to octahedral D4, symmetry (Figure
1 shows rhodium(ll) acetate dimer as an example).11

Figure 1

Heterocyclic compounds play a very substantial role in both chemistry and biology.
Indeed, about half of the know organic compounds have at least one heterocyclic
component. Many heterocyclic compounds occur naturally and their functions are often
of fundamental importance to living systems.

This chapter will review reported syntheses of benzo-fused heterocycles via the
intramolecular aromatic substitution reactions of metallocarbenes derived from
a-diazocarbonyl compounds. A large number of studies detailing the preparation of
benzo-fused carbocycles have not been included for the sake of brevity and to maintain
the heterocyclic theme of the current work.12 The basic outline of reports selected for
presentation in the current review is summarised in schematic form below (Scheme 1).
Thus, a substrate 1 which contains an a-diazocarbonyl unit tethered to an aromatic ring
by a heteroatom containing link (X), is decomposed with a metal catalyst to give a
transient reactive metallocarbene intermediate 2. This electrophilic intermediate then
undergoes an intramolecular attack on the aromatic ring (aromatic substitution) to
fumish heterocyclic products 3 (effectively inserting into the aromatic C-H bond).
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Scheme 1

Examples of acid-promoted intramolecular aromatic substitution of diazocarbonyl
compounds have also been reported for the formation of heterocycles, and since these
are relatively few in number they will be discussed briefly.

1.2. Nitrogen-containing Heterocycles

There are a large number of reports describing the preparation of benzo-fused nitrogen
heterocycles, and in particular indolin-2-ones (also called oxcindolines or oxindoles; the
latter name will be used henceforth).

Much of the early work in this area of research was pioneered independently by the
groups of Durst, Doyle and Wee. Thus, in 1988 Doyle showed that various substituted
N-aryldiazoacetamides 4 {(Z=H) and N-aryldiazoacetoacetamides 5 (Z=COMe)} could be
cyclised under rhodium(ll) acetate catalysis to afford the respective oxindole products, 6
and 7, in high to excellent yields (Scheme 2).10 Examples of substitution patterns
included methyl and alkoxy groups (R} on the aryl ring and the substituent on the amide
nitrogen could be methyl, ethyl or benzyl; in all cases no competing carbenoid reactions
were observed. These results were confirmed later by Mitler who further demonstrated
that the reactions could be performed in the presence of methanol without competing
insertion into the O-H of this solvent.13

R R
- - COMe
LA CLI oo (]
X N” "0 RhyOAc), o ha(OAc)4 X o
3

CH CH,CI, CHj
it reﬂux
6 4, Z=H 7
5, Z=COMe
Scheme 2




Doyle proposed that the mechanism of the carbenoid reaction is an electrophilic
aromatic substitution proceeding via the intermediate 8. Thus, the carbenoid is
regarded as a carbocation stabilised by the rhodium and its bridging ligands, which
attacks the aromatic ring in a rate determining step to give intermediate 8; the aromatic
C-H bond is broken subsequently in a fast, none rate-limiting step to return the
aromaticity lost in the first step, and to fumish ultimately the oxindole.

H Z 4

y Rh,L,
R o
Nge)

+
CHs;
8

Figure 2

In 1988, Doyle showed, for the first time, that the perfluorinated resin sulfonic acid
Nafion-H catalysed the cyclisation reactions of diazoacetamides 4 to give high yields of
oxindoles 6; however it failed to catalyse the decomposition of the
diazoacetoacetamides 5, possibly as a consequence of the steric effect of these bulkier
substrates as they attempt to enter the catalytically active protonic regions in the
resin.10 This ability of strong acids to catalyse decomposition of diazoacetamides 1s
taken as a support for the proposed electrophilic aromatic substitution mechanism of the
rhodium(ll) catalysed reactions.

Wee expanded on this work with reports of Nafion-H catalysed decomposition of N-aryl-
diazomalonamides (for example 9) for the preparation of oxindoles. It was proposed
that the oxindoles formed undergo immediate decarboxylation following the cyclisation.
However, the ester group is similar to the acetyl group, and in light of Doyles observed
failure to cyclise diazoacetoacetamides 5, it might be speculated that the
decarboxylation takes place before the aromatic substitution reaction. Moreover, Wee
showed that B-lactams are also formed competitively along with the oxindoles (Scheme
3 shows one example).14 This pathway proceeds with retention of the ester group;
presumably the decarboxylation is only partial and the reactive electrophilic intermediate
which carries the retained ester group undergoes chemoselective C-H insertion into the
N-methyl group to fumish 11. The decarboxylated carbenoid intermediate, on the cther
hand, undergoes aromatic substitution to give the oxindole product 10.
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Scheme 3

Smith and Bahzad have recently shown that the cyclisation of diazomalonamide 9 could
also be effectively promoted by zeolite Kp to afford the oxindole 10 in high yield (89% by
GC); the B-lactam 11 is formed in just 7% yield. 13

In a recent report from Zaragoza, the more complex N-aryldiazoacetoacetamide 12 was
found to undergo rhodium(ll) acetate catalysed cyclisation onto the electron deficient
aryl ring to afford the 2-hydroxyindole 13 in good yield (Scheme 4).16

02N\<jLNQICOMB th(OACh OoN l COMe
N0 CICH,CH,CI : :N: :OH
MeOZC/H reflux Meoch\

12 Ph 65% 13 Ph

Scheme 4

Several more examples of 3-acetyloxindole preparations via rhodium(ll) acetate
catalysed cyclisation of diazoacetoacetamides have appeared in the literature and some
are presented below (Schemes 5,6 and 7).17-19

Meo\©fl2100Me Hh2(0A0)4, PhH MeO I COMe
'\|I\ 0 reflux, 1h (INIOH
14 Ph

91% 15 Ph

Scheme 5




Noa_COMe COMe
I Rhy(OAC), |

N N OH
PhH, reflux
16 42% 17
Scheme 6
N COMe COMe
I Rhy(OAG), |
N N~ "OH
CH,ClL,, reflux
Et Et
18 88% 19
Scheme 7

Another oxindole forming cyclisation was undertaken by workers at the Upjohn
Company as part of a medicinal chemistry research program. Decomposition of the
diazo quinoxalinone 20 with rhodium(ll) trifluoroacetate afforded the desired lactam 21
in 60% vield (Scheme 8). Rhodium(ll) acetate was found to be a poor catalyst for this
particular cyclisation (Table 1).20

Noa H
N0 Ngie
HN CHzCly HN\I‘H
o)
21

0
20
Scheme 8
Catalyst Yield (%)
Rho(O2CCF3)4 60
Rho(OAC)4 <10
Table 1

In contrast to the good yields of 3-acyl- and 3,3-dihydrooxindoles obtained by Doyle and
others from diazoamides, the presence of an a-ester group as, for example, in
compound 22 results in complete inhibition of the aromatic substitution pathway.18
Durst reports that the only product obtained was 23, assumed to arise from interception
of adventitious water by the reactive carbenoid intermediate (Scheme 9). The same




report continues to descnbe other competing carbenoid reactions as being favoured
over the aromatic substitution reaction (Chapter 2). Wee reported that the methyl ester
analogue of 22 did undergo C-H insertion into the N-methyl group in good yield (see
Chapter 2 for detalls).

Nch OBt i (OAS), PHH HOIC%Et
: N0 : “NTo
CH, CHy

reflux

22 12% 23

Scheme 9

The Moody group, in collaboration with Padwa and co-workers, presented a number of
examples of oxindole synthesis which overcame the inhibitory effect of an o.-ester group
on the aromatic substitution pathway. This is achieved by the use of rhodium(li)
perfluorocarboxamides as catalysts in place of rhodium(ll} acetate. In general they
demonstrated that rhodium(ll) perfluorocarboxamides strongly favour the aromatic
substitution reaction over competing C-H insertion, O-H insertion, and ylide formation.
Examples of this dramatic ligand effect are illustrated below (Scheme 10).21

Ny CO,E CO,Et

@\ I 1. Rh,(NHCOCF3), @j
N0 N~ ~0SiPr,
Me

2, TIPSOTHT, EtsN A
Me

79%
24 25
Noy, CO2EL COzEt
N- 0 2. PhCOCI, py N OCOPh
L_on OCOPh
90%
26 27

N CQO,Et CO,Et
N (9] N QCOPh
O

2. PhCOCI, py
% P
90%
28 p 29  pn
Scheme 10




In a recent follow-up report, the Padwa group have shown that the aromatic substitution
reaction can be used to prepare oxindoles with C-3 functionality other than the widely
reported hydrogen, acetyl, and ester groups. Thus, for example, the 3-cyanooxindole
31 and the 3-phenylsulfonyloxindole 32 can be obtained in high yield upon rhodium(ll)
perfluorobutyramide catalysed decomposition of the appropriate diazoamide precursor
30. Interestingly, if the catalyst is changed to rhodium(ll) acetate then the oxindole
formed, 31, immediately undergoes a C-H insertion reaction at C-3 with another
molecule of the diazo starting material to give the unusual dimer 33 in high yield; it was
also noteworthy that the N-methyl group was again not attacked (Scheme 11).22

CN

NC
CONMePh
Rh2(0A0)4 N o

Z=CN :
N2 zZ Me
X 2
I\'I O
Me \ k
N O

31 (Z=CN, 98%)
32 (Z=SO,Ph, 100%)

Scheme 11

It was noted, however, that the preparation of 3-phenylsulfonyloxindole 35, which is
related to 32, had been reported several years earlier by Wee and employed the
standard catalyst, rhodium(ll) acetate, to equal effect.19 This facile cyclisation is
presumably due to the presence of the methoxy group which activates the aromatic ring
to attack by the carbenoid.

MeO NpsSO,Ph MeO H_so,Ph
NS0 NS0
Bu Bu
98%
34 35
Scheme 12




Copper(ll) saits are found to be relatively poor catalysts for the aromatic substitution
method of oxindole ring formation when compared to rhodium(ll) compounds, and a
recent example is illustrated below (Scheme 13). Copper(ll) sulfate did not promote C-
H insertion into the N-methy! group of diazoamide 36.23

@jIZItBU CuSo, @Z_/E,tsu
l}! O  PhCHyg, reflux, 20h l\l,l (0]
CHs

CHa
36 35% 37

Scheme 13

1.3. Oxygen-containing Heterocycles

Durst has also presented early reports on the efficient preparation of benzofuranones
via the intramolecular aromatic substitution reaction of rhodium carbenoids.24 Thus,
several o-diazo-B-ketoesters 38 were transformed in near quantitative yields to 3-acetyl-
2-hydroxybenzofurans 39 (Scheme 14 and Table 2).

Naa COMe COMe
) @ I Rh(OACk, CHiCl g ]
8

i, 1h 0~ "OH

3 39
Scheme 14
Diazo 38 R Product 39 R Yield (%)
H H 98
2-Me 7-Me 98
2-Br 7-Br 92
3,4-OCH>0- 5,6-OCH»20- 91
Table 2

Further examples of this useful transformation included the exclusive formation of two
naphthofuranones 40 and 41 from their respective a-diazo-B-ketoester precursors;
altemative products were not observed (Figure 3).




o~ "OH
40 (90%) 41 (94%)

COMe ,
‘ i COMe
O 0~ ~OH O@ |

Figure 3

Durst also went on to show that a significant deuterium isotope effect was measurable
for the cyclisation of (2-deuterophenyl) 2-diazoacetoacetate 42 under rhodium(li)
acetate catalysis. The deuterium bearing cyclisation product 39 (R=7D) was found to be
in preponderance over the none deuterated product 39 {R=H) and the ratio indicated a
hydrogen-deuterium isotope effect (ki/kp) of about 2.65. Normal electrophilic aromatic
substitution reactions, in which the breaking of the aromatic C-H bond is not the slow
rate-determining step, have small hydrogen-deuterium isotope effects (<1.3). The
observation of a relatively large isotope effect for 42 was taken as support for a C-H
insertion mechanism for the intramolecular cyclisation of diazoacetcacetates such as
38. The six membered metallocycle, formed via slow C-H/C-D insertion, 43 was
proposed as an intermediate in this C-H insertion mechanism (Scheme 15).

N2 COMe
@ I Rha(OAC), CHiCl @\_j:cowle oous
+
O "0 f, 1h 0 OH o o
D 4

39 (R=H) D' 39 (R=7D)
 (27.5%) (725%) )
\ Y
Fi(D)
@RhICOMe
D(H)
Scheme 15

More recently, Miller has shown that the phenyldiazoacetate 44 also underwent
aromatic substitution to afford benzofuranone 45 but in lower yield than the
corresponding diazoacetoacetate 38 (Scheme 16).13 Presumably the additional
carbonyl substituent in 38 renders the intermediate carbenoid more electrophilic.

10




N
(9]

43% 45

Scheme 16

As part of a synthetic program targeted at total synthesis of the complex marine natural
product diazonamide A, the Moody group have recently reported an intramolecular
aromatic substitution reaction for the construction of 7-bromobenzofuranone 47 from the
diazoester 46 (Scheme 17). Again the yield was lower than for the preparation of
related 3-acetylbenzofuran-2-ones.25

N?IP“ Rho(NHCOC4F;)s Ph
oo CHCl, 0”0
Br

46

reflux Br
20% 47

Scheme 17

Saba has demonstrated that copper(ll) hexafluoroacetylacetonate is an excellent
catalyst for the cyclisation of 1-diazo-3-aryloxy-2-propanones {(such as 48) to afford
benzopyran-3-ones (49, and 50 amongst others) and naphthopyran-3- or -2-ones (51,
and 52 are examples). Competing side reactions such as dimerisation and aromatic
cycloaddition were not observed (Scheme 18).26

Ny H
O\I Cu(htacac),, CH,Cl, @C)/\\l\
SN 0

48 86% 49
je @\
By 0
50 (80%) 51 (84%) 52 (87%)

Scheme 18




However, a subsequent more thorough investigation of the reactions of the 1-diazo-3-
phenoxy-2-propanones from Saba and co-workers showed that the aromatic
cycloaddition pathway did indeed compete and might possibly be the actual originating
reaction for all the products observed.27 Thus, they showed that the actual products
from decomposition of 48 was a 9:1 mixture of benzopyranone 49 and the
cycloheptafuranone 53 (not as previously claimed to be exclusively 49). They also
found that substitution at the 3-position of the diazo precursors favoured the furanone
products over the benzopyranones. Interestingly they proposed that both product types
arise from the common norcaradiene intermediate 54, with the benzopyranone 42 being
produced via homolytic C-C bond cleavage, [1,2]-hydrogen shift and C-C bond
formation. They support this proposal through observation of a depression of the
favoured benzopyranone formation when the phenyl ring is pentasubstituted with
deuterium atoms (the ratio of benzopyranone to furanone falls to 7:3) (Scheme 19).
They also noted that having a methyl on the diazo carbon, instead of the hydrogen as in
48, also strongly promoted formation of the cycloheptatriene products over
chromanones and it would appear that this substituent suppresses hydrogen shift.

N, H o
O\I Cu(hfacac),, CH,Cly @x\ol o)
(] +
Cr n (o]
48 95% 49 (9:1) 53
_ 1 - - 0 1r -
o 0]
AT 1 H
, 0 H
o) .
" 54 \ _ | 55 Jd L 156 i
Scheme 19

Also, in line with these observations of Saba,26 Mller showed that when benzyl
diazoacetate 57 was decomposed with rhodium(ll) acetate it afforded the product of
aromatic substitution 58 in modest yield. Though the possibility of intramolecular
aromatic cycloaddition to give a norcaradiene/cycloheptafuranone exists, it was not
observed (Scheme 20),13

12




NpsH
I Rh(OAc),;, CH.Cl, @(:i
SAATE o

57 56% 58
Scheme 20

1.4. Sulfur-containing Heterocycles

Durst has reported the preparation of 1-alkoxycarbonyl-1,3-dihydrothiophene 2,2-
dioxides 59 via the rhodium(ll) acetate catalysed decomposition of o -diazo-p-
arylmethanesulfonyl esters of the type 60 (Scheme 21).28 Substrates 59 are useful
precursors to the o-quinodimethanes 61, obtained by thermal extrusion of sulfur dioxide.
These dienes can then be utilised in Diels-Alder reactions.

CO,R
Nos_CO2R
= 2 ﬁ/
R S0 — R—
3 2 U S0,
59 60
Al X
CO.R [ CO2R
Z X “ X
SO, + R ——  R¢ |
N X
X
61 62
Scheme 21

The yields of products given as examples of the above cyclisation were in the range of
14% to 56%, and the best example involved use of a different catalyst (rhodium[ll]
trifluoroacetate) on a favourable substrate 63 (Scheme 22).

CO,Et
) Ngyo O, Et Rh,(O,CCFj)s QO
¢ S0 502
) 2 O
63 74% 64
Scheme 22
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This cyclisation strategy is also applicable to the preparation of 2,5-dihydrothiophene
sulfones fused onto the 2,3-position of thiophene and indole though the yields from the
respective diazoesters are only modest (Figure 4).29

S
I 50 | so:
65 (50%) 66 {24%)

Figure 4

As with the diazoacetoacetate 42, the diazosulfone 60 (R=2D) also showed a significant
hydrogen-deuterium isotope effect (kn/kp=5.45). This again was interpreted as
indicating that aromatic C-H bond cleavage is a slow, rate-determining step and occurs
via carbenoid insertion into the C-H bond.

1.5. Conclusions

The above summary of synthetic preparations of benzo-fused heterocycles via
intramolecular cyclisation of metallocarbenes demonstrates that this method can be
valuable in terms of simplicity, efficiency and versatility. Careful choice of substituents
and catalyst lead to excellent yields of cyclised products, and these can contain a
variety of functionality for further elaboration. In particular, rhodium(ll)
periluorocarboxylates and carboxamides have emerged as the catalysts of choice for
the preparation of substituted oxindoles from N-aryldiazoamides. The mechanism of the
cyclisation reaction is as yet unclear, but the strongest arguments are for electrophilic
aromatic substitution or aromatic C-H insertion, and this may differ with substrate and
catalyst.
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Chapter Two
1 5

Chemoselectivity of Competitive Intramolecular
Carbenoid Reactions




2.1. Introduction

The catalytic generation of metallocarbenes from diazo compounds and their synthetic
use has attracted a great deal of attention in recent years.1 This is evidenced by a large
and ever-growing number of publications including several useful reviews. The first
example of metal-mediated reaction of an a-diazocarbonyl compound was described by
Silberrand and Roy in 1906.30 Copper dust catalysed the decomposition of ethyl
diazoacetate to give triethyl 4,5-dihydropyrazole-3,4,5-tricarboxylate. Since then a large
number of metals and an huge variety of their complexes have been screened as
potential catalysts for the decomposition of diazo compounds, and particularly
diazocarbonyl compounds.2 Carbenoids, being metal-bound carbenes, are by their very
nature highly reactive intermediates and this raises the issue of the selectivity of
subsequent reactions and its practical control. Careful choice of catalyst should offer
one tool for meeting this crucial aim of modem synthetic organic chemistry.

Doyle has proposed a general mechanism for the transition metal catalysed reaction of
o~diazocarbonyl compounds and this cycle is detailed schematically below (Scheme
23). The first step of the sequence is decomplexation of the metal (M) from the Lewis
base (B; that is, the solvent). This is followed by attack of the diazo group at the metal
to form a zwitterionic metallo intermediate. Then nitrogen is extruded to form the metal
carbenoid which can go on to react with the substrate present (S) to give the observed
product (SCR3). The catalyst is regenerated to complete the cycle.2 '

SCR, S:

L,M-B ML, L,M=CR,

+B

Lnb_A—(i: Rz

N,=CR
~CH; +Np N

Scheme 23
Out of the large number of catalysts screened, the rhodium{ll} dimers have emerged as

a family of catalysts of particular merit in several respects. Dirhodium(Il) complexes act
as catalysts for the decomposition of a-diazocarbonyl compounds thereby generating
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transient electrophilic rhodium carbenoids which can subsequently undergo a range of
synthetically useful reactions.1-10 These transformations include cyclopropanation,25
ylide formation and rearrangement, 4 C-H insertion,” X-H insertion (X=N, O, §),8
aromatic cycloaddition,® and aromatic substitution.1¢ Thus, this catalytic methodology
has assumed strategic importance in C-C bond-forming reactions in organic synthesis.
Though rhodium(ll) carbenoids have never actually been isolated or observed by
spectroscopy the resonance forms 67a and 67b have been proposed by Doyle as a
useful description (Figure 5). The diazo compound attacks the catalyst at the vacant
axial coordination site to give 67 which is considered as a stabilised carbocation, with
the stabilisation arising through electron donation into the dirhodium framework.31

‘)—IJ
>_
oy

0”0
H—<H1 ~— Hlﬁ‘oé{;uﬂ(m
(\ C)ﬁ TR 036}%/0 R?
l/ R R
67a 67b
Figure 5

Taber has proposed a mechanism for C-H insertion reactions of rhodium carbenoids in
which the Rh-O bonds are broken on attack of the diazo compound at the axial position
of the rhodium dimer. He proposed that the Rh-Rh bond is broken to allow nitrogen
extrusion and carbenoid formation.32 This mechanism is, however, not consistent with
the high degrees of stereoselectivity normally observed with C-H insertion reactions
especially in the use of chiral dirhodium catalysts for enantioselective reactions,33

The dirhodium(ll) framework is particularly useful among the several transition metal
complexes which catalyse the decomposition of a-diazocarbonyl compounds because it
is amenable to ligand modification, and it has been demonstrated that carbenoid
reaction selectivities can be effectively controlled by careful choice of the ligands on the
metal. Thus, a number of studies have shown that, despite their high reactivity,
rhodium-bound carbenoids often display a remarkable degree of chemoselectivity when
there is choice between two or more reaction pathways.34 Sie selectivity has been
found to depend on the type of o-diazocarbonyl compound used as well as
steric, 12,32,35-38 conformational,3¢ and electronic factors.40-44 A valuable review of the
effects of ligands on the chemoselectivity of transition metal catalysed reactions of
a-diazocarbonyl compounds has recently been published by Padwa and Austin.45
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It is, never the less, worthwhile reviewing some of the work which has appeared in the
literature to date, describing the effects of substituents in the diazocarbonyl substrate
and ligands on the catalyst upon the chemoselectivity of metallocarbene reactions.
Within the context of the current work, particular emphasis will be placed on examples
which are based on intramolecular cyclisation reactions for the preparation of
heterocycles. A large number of reports dealing with the chemoselectivity of carbocycle
formation have been excluded.46 Also some relevant material has already been
detailed in the introductory chapter (Chapter 1).

2.1.1. Substituent Effects in Competitive Carbenoid Reactions

A number of research groups have investigated the effect of subsituents on the course
of competitive carbenoid processes. Thus, the most widely used catalyst, rhodium(ll)
acetate, was used for the catalytic decomposition of a set of differing N-alkyl-2-diazo-
N-phenylamides 68. A competition between two reaction pathways was observed.
These were aromatic substitution into the N-phenyl ring, leading to oxindole 69, and
aliphatic C-H insertion into the methylene a to the amide nitrogen, leading to trans B-
lactam 70 (Scheme 24). The selectivity of these reactions was found to be strongly
dependent on the substituents on the diazo starting material 68 (Table 3).

O o @d @ )j

GBL Z

Scheme 24
Substrate y4 R % 69 % 70
68a H H 86 0
68b COMe H 86/ 0
68c H Ph 87 0
68d COMe Ph 80f 0
68e COsEt H 0 0
68f COoEt Ph 281 61
689 COsMe H 0 51
68h CO2Me Me 0 51
(i. exists as 3-acyl-2-hydroxyindole tautomer; . yield quoted from NMR data)
Table 1
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Doyle reported that diazoacetamides 68a and 68¢, and diazoacetoacetamides 68b and
68d all underwent efficient intramolecular aromatic substitution with no other products
detected (see Scheme 2).10 This is in stark contrast to an example cited by Durst in
which the acetyl group of 68b is replaced with an ethyl ester group as in 68e. In this
case attack into the phenyl group is completely inhibited by the introduction of the ester
group and the only isolated product is that of insertion of the transient carbenoid into
adventitous water (12% yield of the 2-hydroxyamide). Also, no insertion into the N-
methyl group was observed.18 This is complemented by a report from the Moody group
in which the N-methyl is changed for N-benzyl to give 68f. In this example both the
competing processes were observed. The B-lactam 70f was actually isolated as the
major product (61%) along with the oxindole 69f in a lower yield (28%).21 It is apparent
that the benzylic methylene is far more susceptible to attack by a rhodium carbenoid
than a methyl group. Wee reported that C-H insertion into an N-methyl group of
compound 68g did take place and gave only the p-lactam 70g with no attack of the
aromatic ring; this result stands in contrast to that observed for 68e which only differs
from 68g in being an ethyl rather than a methyl ester and yet gives no B-lactam at all.
And, similarly, the N-ethyl analogue 68h also gave only the B-lactam 70h.19 Thus,
minor changes in structure can lead to significant shifts in product distribution (compare
68b to 68e and 68g), and considerable care needs to be excercised in any planned use
of metallocarbenes for target synthesis.

Not all diazoacetacetamides give efficient cyclisation to oxindoles on rhodium(ll) acetate
catalysed decomposition. Thus, compound 68d should be compared to the related
diazocarbonyl compound 71. When the aryl ring is substituted with an electron-
withdrawing nitro group, as in 71, its nucleophilicity is reduced sufficiently to divert
attack by the electrophilic carbenoid away from the ring and onto the benzylic methylene
to afford the B-lactam 72 as the only isolated product. Also, if a secondary amide, such
as 73, is decomposed it gives no oxindole and the only product isolated is the unusual
acetate 74 arising from insertion into a displaced ligand of the catalyst (Scheme 25).18
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Scheme 25

Another set of interesting results which show that small changes in structure can lead to
shifts in selectivity was reported by Doyle. Treatment of a series of N-benzyl-N-tert-
butyldiazoacetoacetamides 75 (Z=MeCO) with rhodium(ll) acetate (1 mol%) in refluxing
benzene resulted in the exclusive production of trans-disubstituted B-lactams 76 in high
yields.3%2 [n contrast, the N-benzyl- N-tert-butyldiazoacetamides 75 (Z=H) on treatment
with the same catalyst at room temperature and in dichloromethane solution underwent
exclusive aromatic cycloaddition (Buchner reaction) onto the phenyl ring to afford
cycloheptapyrrolones 77 in high yield (Scheme 26, Table 4).47 The acetyl group of the
diazo carbon clearly inhibits carbencid addition to the aromatic ring, and this is true
even when the ring is substituted with two methoxy groups to enhance its nucleophilic
reactivity. In trying to explain this selectivity, Doyle proposed that conformational
influences of the acetyl group inhibits aromatic cycloaddition. On the other hand, Wee
suggested that the divergence in selectivity was due to the electronic nature of the
substituents rather than conformational requirements,32 This latter argument, however,
cannot fully account for the observation that metallocarbenes substituted on the reactive
carbon with acetyl and ester groups sometimes give rise to different products even
though these substituents are electronically similar.
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Scheme 26
yield 77 (%) Rin 75 yield 76 (%)
94 3,4-di-MeQ g5
93 3-MeO a0
99 H 93
89 3-Br 92
- 4-NO» Q2
Table 4

The bulky tert-butyl group was found to be an essential substituent for clean conversion
to the single products. In the decomposition of diazoacetoacetamides, replacing the
bulky tert-butyl group with a methy! group gave the expected trans -lactam from C-H
insertion into the benzylic methylene in just 12% yield. No products from insettion into
the methyl group or attack of the aromatic ring were found. If the substrate has an ethy!
group on nitrogen as in 78 the rhodium(ll) acetate catalysed decomposition gives
competitive formation of products of insertion into all three available aliphatic centres
(Scheme 27). The isopropyl analogue gives insertion into the benzylic methylene
(60%) and the methine C-H (40%).4¢

MeOC, O MeOC, O

Noo COMe t( + ]j(
+«—N N
MeO NIO RhA(OA Ar‘ N Me Me \/Ar
L Ph(OAS) 79 (2om) 80 (23%)
Me MeOC

CHCljy, reflux
o
78 + .
Ar= 3-MeO-CgH, N  81(55%)

N_Ar

Scheme 27




The conclusions that are drawn by Doyle from these observations are that selectivity in
these reactions appears not to be a function of electronic influences by substituents on
the reacting C-H bond. Doyle argues that the selectivity is dependent on which C-H is
locked in close proximity to the carbenoid centre and that this is determined by amide
conformation and stenc factors. Overlap of the nitrogen non-bonding electrons with
then carbonyl m-system fixes the amide conformation so that the larger nitrogen
substituent is oriented toward the carbonyl group. Steric effects by the carbenoid
substituents on the benzylic substituents force the aryl group away from the acetyl
group and coordinated metal and place the benzylic hydrogens within the reactive
environment of the carbenoid centre (Figure 6).3%

Ln .h
H§;3f;fo
2 Bu

M (O(!-i Ar

Figure 6

This conformational control of selectivity was then demonstrated by rhodium(lf}
perfluorobutyrate, Rha(pfb) 4, catalysed reaction of diazoacetoacetamide 82. The result
was conversion to the cis B-lactam 83 in 89% yield (Scheme 28).412 The argument is
that if electronic factors were controlling selectivity, then the electron-withdrawing effect
of the ester on the adjacent {a) methylene C-Hs should decrease their reactivity toward
the electrophilic carbenoid, thereby promoting competing reactions. This clearly was
not the case with 82, and stands in contrast to the earlier report from Stork and Nakatani
that with simple diazoketones regiocontrol is effected by the presence of electron
withdrawing groups (which deactivate both a- and B-positions towards C-H insertion).48
Indeed, Doyle goes on to contend that the explanation of electronic deactivation by the
ester group is probably less valid than one of the conformation adopted as a result of
repulsion of the carboxylate group by the bridging ligands on the dirhodium framework
of the carbenoid intermediate.

Nox -COMe MeOC 0

Rhz(pfb)s I i
E0,c” N0  —— LN
4\ CH,Cl, EtO,C 7<

89%
82 83

Scheme 28




In a further example of this strong influence of diazo substrate conformation on the
chemoselectivity of rhodium(ll) catalysed reaction, the unsymmetrically substituted N,N-
dibenzyldiazoacetamide 84 was subjected to catalytic decomposition conditions. If the
relative reactivity of the two non-identical rings towards the metallocarbene intermediate
was solely a function of the electron-donating ability of their respective substituents,
then preferential attack should occur at the dimethoxy substituted aromatic nucleus to
afford 86 as the major product. However the opposite preference is actually observed
and the major product was 85 (relative ratio of 85:86 was 61:39 with rhodium(ll) acetate
and was found not to be strongly dependent on the ligand} (Scheme 29).47 This, again,
was explained using the argument that the amide adopts a conformation such that the
larger substituent on the amide nitrogen is sterically required to be distant to the bulky
carbenoid reactive centre, thus leaving the smaller (less subsituted benzyl} group in
close proximity to that electrophilic site (refer to Figure 6 for an analogous reaction).

O

Rhy(OAc), OMe 85

©/\ 91% o) 0
P N + Phﬁu\borwe
OMe OMe

OMe 86b

Scheme 29




2.1.2. Ligand Effects in Competitive Carbenoid Reactions

Ligand effects on the chemoselectivity of competitive carbenoid processes have also
been widely explored and were recently reviewed.45

Examples using copper catalysis have shown that in competition reactions, these
catalysts favour ylide formation and cyclopropanation over aromatic substitution and
aliphatic C-H insertion. For example, the Clark group have recently demonstrated the
remarkable selectivity of copper(ll) hexafluoroacetylacetonate for ylide formation when
in competition with aliphatic C-H insertion.49-51 Thus, diazoketone 87 furnished
oxonium ylide rearrangement product 88 as the sole product, compared to the mixture
of 88 and C-H insertion product 89 obtained with rhodium(ll) acetate (Scheme 30,
Table 5).50 It is also noteworthy that though copper catalysts are know to favour
cyclopropanation, this is not found to compete with ylide formation in the substrate 87.
Copper(ll} acetylacetonate was found to more selective for the ylide forming pathway
than rhodium(ll) acetate, but less so than copper{ll) hexafluoroacetylacetonate (Table
5).

O

O
o o D~
= +
o , CHCl o 5 O =
88 89

\_/

reflux
87
Scheme 30
catalyst 88 (%) 89 (%)
Rh2{OAc)4 41 18
Cu(acac)o 61 12
Cu(hfacac)2 83 0
Table 5

Clark went on to demonstrate the versatility of this catalytic methodology and
successfully prepared the medium-size cyclic ethers 90 and 91 in good yields from their
respective O-allyl diazoketones using Cu(hfacac)z in refluxing dichloromethane (Figure
7).50
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Figure 7

A further example of this strong promotion of ylide formation by copper catalysts is
illustrated below {(Scheme 33 and Table 7).

As mentioned earlier rhodium catalysts have a wider spectrum of reactivity than copper
catalysts and rhodium(ll) acetate has been shown to be a relatively non-selective
catalyst which often gives rise to mixtures in competition reactions. Ligand modification
can however effect dramatic swings in favour of a desired pathway.45 For example,
rhodium(ll) perfluorocarboxamides have recently been shown to have remarkable
selectivity for the aromatic substitution reaction over all other competing reaction
pathways (Scheme 10, Chapter 1).21

In another example, rhodium(ll) acetamide, Rha(acam)4, has been shown to favour C-H

insertion over aromatic cycloaddition (Scheme 31).40 However, when rhodium(ll)
perflucrobutyrate is used this selectivity is reversed (Table 6).

N H 0
N e i
X <

CH,Cl,
>90%
92 93 94
Scheme 31
catalyst 93 (relative %) 94 (relative %)
Rhp(acam), 78 22
Rh2(CAC)4 39 61
Rha(pfb)4 8 92
Table 6

25




If, however, an electron-withdrawing acetyl group is placed a- to the diazo group as in
diazoacetoacetamide 95 a competition between y- and pB-lactam formation is observed
(giving 96 and 97 respectively) and no attack of the aromatic ring occurs. It is expected
that B-lactam formation is the less favoured pathway and this is the case with the less
electrophilic carbenoid derived from Rha{acam)4 catalysis. In contrast, the reaction of
the metallocarbene arising from Rhy{pfb}4 catalysed decomposition fumnishes the B-
lactam 97 as the major product {(Scheme 32, Table 7). This probably arises as a result
of the ability of the more reactive intermediate carbenoid arising from the latter catalyst,
with its electron poor ligands, to begin bond formation at a greater distance from the C-
H bond.40

Ng COMe MeOC 0
Ph catalyst Ph Tray O t{
\/\/T\ 0 + N

PhH, heat N)( Ph—" 7<

>90‘yo
95 96 97
Scheme 32
catalyst 96 (relative %) 97 (relative %)
Rho(acam)4 70 30
Rha(OAc)4 51 49
Rhz (pfb) 4 22 78
Table 7

The Moody and Padwa groups showed that ligand modification can also influence ylide
forming competition reactions of rhodium carbenoids. Thus, when diazoketone 98 was
decomposed with rhodium{ll) acetate, aromatic substitution was found to be in
competition with carbonyl ylide formation. The latter reaction dominated, and the ylide
formed was trapped in-situ by cycloaddition with dimethyl acetylenedicarboxylate, to
fumish oxabicyclooctanone 99 (60%) along with the 2-indanone 100 (20%). However,
on changing the catalyst to rhodium(ll) caprolactamate the sole product was 99 and in
contrast to this when the more electrophilic catalyst rhodium(ll) perflucrobutyrate was
employed the only product was 100 (Scheme 33, Table 8).52 Copper(ll)
trifluoroacetylacetonate was found to give clean conversion to the ylide derived product
99, mirroring the result obtained with rhodium(ll) caprolactamate catalysed
decomposition.
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Scheme 33
catalyst yield 99 (%) yield 100 (%)
Rho (OAc)4 60 20
Rho(cap)a 90 0
Rha (pfb) 4 0 85
Cu{tfacac) 77 0
Table 8

Changes in the bridging ligands have been shown to directly influence the Rh-Rh
distances In the dimeric rhodium(ll) catalysts and this has been promulgated as one
factor controlling reactivities and hence selectivities of the carbenoids which arise as a
result of reaction with diazo compounds.53 What has been shown is that electron-
donating ligands cause the Rh-Rh distance to be shorter than in the reference catalyst
Rhz2(0Ac)4.2H20, and that electron-withdrawing ligands have the opposite effect. It is
not entirely clear whether the Rh-Rh bond is actually broken and reformed in the
catalytic cycle but this might be the case and would explain some of the dramatic
changes in chemoselectivity of carbenoid reactions which result from ligand
modification.

2.1.3. Conclusions

Though rhodium(ll) acetate is relatively non-selective as a catalyst, it is often found to
give the best overall yields when applied to reactions where competitive reactions are
not possible. Rhodium(ll) caprolactamate strongly promotes cyclopropanations and
aliphatic C-H insertions over aromatic substitution and cycloaddition processes.54
Rhodium(ll) perfluorocarboxylates and carboxamides have been found to promote
aromatic substitution reactions over competing alternatives. Hence, the
chemoselectivity of rhodium(ll) acetate catalysed reactions generally falls somewhere
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between those of rhodium(ll) caprolactamate and rhodium(ll) perfluorocarboxylates.
Copper(ll) salts have been show to favour ylide formation and cyclopropanation
reactions over aromatic substitution and aliphatic C-H insertion. Along with copper(ll)
catalysts, several rhodium(ll} dimers are now commercially available. These include
rhodium(ll) acetate, rhodium(ll) triflucroacetate, and rhodium(ll) caprolactamate.

It is difficult to draw many other general and synthetically valuable conclusions from the
various studies of the effects of substituents and ligands on the selectivity of competition
reactions, partly because a wide range of different diazo substrates have been
scrutinised and each with different sets of catalysts. Subtle steric, electronic and
conformational factors dictate the chemical outcome of these reactions, and
consideration of any one factor alone can lead to misleading conclusions. It is clear that
understanding of the role of substituents and ligands on chemoselectivity is still very
limited and even with the large numbers of publications to date further experimental and
theoretical studies are needed.

With these issues in mind , the broad aims of our work were formulated and included a
more detailed study of substituent effects in the diazocarbonyl substrate, together with
ligand effects in the catalysts used for their decomposition. A further aim was to apply
the technology thus developed to build the core structures of relevant natural products
and then to manipulate these intermediates to give the final desired targets.
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2.2. Three-way Competition Carbenoid Reactions

A series of subtituted N-aryl-N-benzyldiazomalonamide ethyl esters was prepared as
substrates for the investigation of the chemoselectivity of intramolecular carbenoid
reactions. These were prepared from substituted anilines and ethyl 2-diazomalonyl
chloride.

2.2,1, Preparation of Ethyl 2-Diazomalony! Chloride

The preparation and ulility of ethyl diazomalonyl chloride as a valuable synthetic
building unit for the diazoacylation of a range of nucleophilic reagents (including amines,
alcohols, thiols, and amides) was recently reported by Padwa and co-workers.55 They
described a preparative protocol wherein triphosgene in benzene was treated with a
catalytic amount of pyridine followed by an excess of ethyl diazoacetate (Scheme 34).
Isolated yields of about 44%, after distillation of the crude reaction mixture, were
achieved on a large scale.

0
Nzﬁ,COzEt Cl,c0~ 0CCl, Nzlcoﬁ
PhH, cat. py cl o)
Scheme 34

Attempts to repeat the preparation of ethyl diazomalonyl chloride by this method were
met with an unexpected hurdle. The product could not be distilled out of the crude
mixture even under conditions of very low pressure and relatively high temperature.
Eventually, this was overcome by simply subjecting the crude mixture to flash column
chromatography on silica gel. This afforded the pure ethyl diazomalonyl chlonde in 27%
yield. In a later attempt to prepare this important reagent the benzene was successfully
replaced with the less hazardous solvent toluene and without any deleterious effects
(33% vyield after distillation and then chromatography). During attempts to distill the
crude mixture a major by-product was isolated and identified to be ethyl chloroacetate.
Though the recovery is poor, the procedure is simple and the reaction can be used to
prepare several grams of ethyl diazomalonyl chloride at a time. The product was stored
in a fridge for period extending over years without noticeable deterioration as judged by
its spectroscopic data and reactivity profile.
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2.2.2. Design and Preparation of Competition Substrates

The first compounds designed for investigation of the factors controlling
chemoselectivity in competing intramolecular carbenoid processes were substituted M
benzyl-2-diazo-N-phenylmalonamic acid ethyl esters 101-103 {Scheme 35). The
reasons for this selection included ease of preparation, the potential of three competing
reaction pathways, and historical experiences within the group.21

The substrates 101-103 were thus designed such that upon catalytic decomposition with
a metal salt (ML) they would give rise to transient electrophilic metallocarbene (or
carbenoids) M which would have a choice of intramolecular reaction pathways to follow,
with each pathway leading to a different heterocyclic product (Scheme 35). The
pathways envisaged to be set in competition are aromatic cycloaddition {or Buchner
reaction) giving rise to cycloheptapyrrolones A , aliphatic C-H insertion into the benzylic
methylene to give B-lactams B, and aromatic substitution (or C-H insertion) to afford
oxindoles C.
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=
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Z C-H Insertion
H. COEt / M
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X | 0 Substitution
XN
S
| =Y
/
c
Scheme 35

It was reasoned that, since rhodium carbenoids are electrophilic in nature, the
introduction of electron releasing substituents (X, Y) onto the aromatic groups of A
benzyl-2-diazo-N-phenylmalonamic acid ethyl esters should make them more
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nucleophilic and thus help drive competing carbenoid processes down one of the
reaction pathways (in particular, favouring attack of the activated aromatic ring) in
preference to others. Also it would be valuable to investigate further the effects of
different ligands in the catalysts on the direction of these competition reactions, and in
particular to evaluate whether ligand effects can overcome substituent effects.

With this in mind, the series of methoxy-substituted N-benzyl-2-diazo-M

phenylmalonamic acid ethyl esters 101-103 were prepared using standard methods in
high yields (Scheme 36).21,55
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Scheme 36

N-Benzyl-2-diazo-N-(3-methoxyphenyl)malonamic acid ethyl ester 102 was found to be
highly crystalline and its structure was confirmed by single crystal X-ray crystallography
(Figure 8). The structure shows that, in the solid state, the diazo group adopts a
conformation in which it is syn to the amide carbonyl and anti to the ester carbonyl and
is thus pointing toward the N-aryl group. The torsicnal angle between the carbonyl of
the amide and the diazo group of 102 is 13°. Similar conformations have previously
been noted in a related diazoamides,21.56 and were observed in others as mentioned
below. (Appendix A).57




Figure 8 X-ray crystal Structure of Diazoamide 102

2.2.3. Rhodium(ll) Acetate Catalysed Reactions

Each of the diazoamides 101-103 was subjected to rhodium(ll) acetate, Rh2(OAc)4,
catalysed decomposition conditions and the resulting mixtures of products analysed.
Thus, 2-diazo- N-(4-methoxybenzyl)-N-phenylmalonamic acid ethyl ester 101 gave a
complex mixture from which were isolated B-lactam 104 and the novel
cycloheptapyrrolone 105 in a ratio of 84:16 (32% overall isolated yield) after extensive
separation from decomposition by-products (Scheme 37).

Nay CO2Et 1. Rhy(OAc)s ©\N o - 0
©\ I CH,Cl,, tt N CO,Et
N“ 0

-

—

| 2. reflu, 1hr "COLEt
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OMe MeO

101 104 (27%) 105 (5%)
Scheme 37
The cycloheptapyrrolone 105 was isolated in just 5% yield after trituration then
recrystallisation of certain mixed fractions from the flash silica ge! chromatography

column. This novel product is the result of an intramolecular aromatic cycloaddition
reaction (also called a Buchner reaction)58 which involves intramolecular
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cyclopropanation of the rhodium(ll) carbenoid 106 to afford an intermediate
norcaradiene 107 which in turn undergoes an electrocyclic rearrangement to furnish the
trienic product 108 (Scheme 38).

O
o) )
CO,Et R,
R‘N )k(COzEt 2 N CO,Et
| Rhol, —_— R—N E——
106 107 108

Scheme 38 Mechanism of the Intramolecular Buchner Reaction

The structure of cycloheptapyrrolone 105 was unequivocally determined using single
crystal X-ray crystallography (Appendix B).57

Rhodium(ll} acetate catalysed decomposition of diazoamide 102 gave the trans §-
lactam 109 as the only isolable product after silica gel chromatography and in low yield
(27% after recrystallisation). Analysis of the crude reaction mixture by 1H NMR
spectroscopy, however, revealed not only the lactam 109, but also the isomeric
oxindoles 110 and 111 with the ratio of 109:110:111 being 36:48:16 (roughly 2:3:1)
(Scheme 39). This confirmed reported observations that oxindole-3-esters are unstable
to silica.21

OMe
o)
OMe N +
N2 COzEt Ph 'o,co E
I Rh2(OAC), 2EL
N" 0 109
I\ OMe
102 Ph CO.Et CO,Et
.
MeO l\ll\ o} NI\ o
Ph Ph
110 111
Scheme 39




The relative stereochemistry of the -lactam 109 was confirmed as trans by 1H NMR
spectroscopy (H3-H4, J = 2.6 Hz) and by single crystal X-ray crystallograpy (Figure 9,
Appendix B).57

Figure 9 X-ray crystal Structure of the B-lactam 109

N-Benzyl-2-diazo-N-(4-methoxyphenyl)malonamic acid ethyl ester 103 was refluxed
with Rha(OAc)4 in benzene for 1 h and the resulting mixture treated with triethylamine
and tri-isopropylsilyl triflate (TIPSOTYf) in order to trap any oxindole 113, formed via
aromatic substitution into the activated phenyl ring, as the silyl enol ether 117. In the
event, the P-lactam 112 was isolated along with the silylindole 117 in a ratio of
approximately 3:2 (Scheme 40).
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This result 