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Abstract

Abstract

This thesis describes the applications of 1,2-thiazine 1-oxides as precursors for the
synthesis of other heterocycles. The requisite 1,2-thiazine 1-oxides (2) were synthesised via a

hetero-Diels-Alder reaction of the readily available dienophile (1).
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Ring opening of the 1,2-thiazine 1-oxides (2, Y=NH,) at the sulfur, with a Grignard
reagent gave allylic sulfoxides, which after [2,3]-sigmatropic rearrangement and desulfurisation,
furnished the unsaturated allylic alcohols (3, Y=NH,). Oxidation and ring closure via Fmoc
protection of the amine provided the 3-hydroxy-1,2,5-benzothiadiazepines (4) as the major
products. Advantageously, the use of 2-(2-azidobenzenesulfonyl)-1,2-thiazine 1-oxides (2, Y=N;)
led to the 1-(2-aminobenzenesulfonyl)pyrrole (5, Y=NH,) via a one-pot ring contraction,
desulfurisation and aromatisation process, accompanied by concomitant same pot conversion of
the azide to a primary amine through a Staudinger reaction. Subsequent N-formylation and

Bischler-Napieralski ring closure gave pyrrolo[1,2-b][1,2,5]benzothiadiazepines (6), which were
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good templates for 1,3-dipolar cycloaddition reactions. Furthermore, hydrolysis of (2) gave
homoallylic systems (7), which underwent iodine promoted cyclisation (Y=NH,) to give aziridino-
1,2,7-benzothiadiazocines (8) and thermolytic cyclisation (Y=N3) to furnish pyrrolo-1,2,4-
benzothiazine 1,1-dioxides (9).

Finally, thermolytic cyclisations of the precursors (10a-c¢) were explored. Intramolecular
1,3-dipolar cycloaddition of azide to the nitrile or alkyne was shown to provide efficient routes to
triazolo- (11b, X=CH) and tetrazolo- (11¢, X=N) fused pyrrolobenzodiazepines. Intramolecular
ring closure of alkene (10a) gave aziridinopyrrolobenzodiazepine (12) and pyrrolobenzodiazepine
(13) as an inseparable mixture at lower reaction temperatures or hydroxy pyrrolobenzodiazepine

(14) at high temperature.
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Chapter 1 Introduction

1 Introduction

1.1 An introduction to the pyrrolobenzodiazepines

The increase in cancer awareness has led to the discovery of many natural and synthetic
anticancer agents with the ability to interact with DNA, but most have little sequence-specificity
and often exhibit severe toxicity to normal tissue.' Thus, there has been considerable interest
within molecular biology and human medicine to find small molecules that can alkylate the DNA
in a sequence-specific manner and modify the function of nucleic acids irreversibly.> The tricyclic
pyrrolo[2,1-c][1,4]benzodiazepines (1) which are structurally related to the well-known 1.,4-
benzodiazepine (2) pharmacore are amongst the few that have been shown to recognize and bind
to specific sequences of DNA? (Figure 1.1). Thus, such compounds have potential as regulators of
gene expression with possible applications as therapeutic agents in the treatment of certain genetic

disorders including some cancers.*
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Figure 1.1: The tricyclic and bicyclic benzodiazepine

The pyrrolobenzodiazepines represent a remarkable core structure, which has many
attributes. The most important feature is the electrophilic centre at the N10-C11 position, and the
presence of an imine, carbinolamine/ amide moiety in the central B-ring is essential for the
alkylation of the guanine residues in the minor groove DNA.’ The binding to the DNA can exist
in at least three different interchangeable forms (Figure 1.2) and thus three possible mechanisms
may be envisaged for the reaction of these species with the 2-amino functionality of guanine.’
Route (a) via a direct SN2 type attack of the protonated carbinolamine (3) or its 11-methyl ether
(4) by the biological nucleophile.” A second mechanism (b) involving Schiff’s base formation
between N2-guanine functionality and the acyclic amino aldehyde, followed by intramolecular
cyclisation® and finally the third mechanism (c) via a direct attack of biological nucleophile on the
imine function.” Molecular modelling, solution NMR, fluorimetry, and DNA footprinting
experiments indicate that PBD monomers are generally sequence-specific with a binding site

preference for 5’-puGpu (particularly 5°-AG or 5’-GA) sequences.'”  Additionally, the S-
1



Chapter 1 Introduction

stereochemistry of the C11a-H gives these molecules their right-handed twist; a characteristic that

makes them isohelical with B-DNA.’
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Figure 1.2: DNA binding mechanism

Another important aspect of the PBD skeleton is the nature of the substituents on the
aromatic A-ring. Electron donating substituents increase the electrophilicity of the N10-C11
centre, whilst electron-withdrawing substituents attenuate biological activity arising from covalent
DNA binding."" Bulky substituents at C9 and N10 also eliminate biological activity and DNA
binding affinity of the pyrrolobenzodiazepine. A significant increase in DNA binding affinity,
cytotoxicity and in vivo antitumour activity has been observed when there is unsaturation present
in the C-ring, specifically when C2 is sp® hybridised, i.e. by the inclusion of an exocyclic double
bond or a C2-C3 double bond.''®'> However, complete unsaturation of the C-ring deactivates the
compounds because of the involvement of the N10-C11 centre in the conjugated system, which
leads to a decrease in the electrophilicity of this centre.' "

In recent years much effort has been put into extending the pyrrolobenzodiazepines so that
they span a greater number of base pairs and have enhanced sequence selectivity. One approach
has involved attaching different substituents on the pyrrolobenzodiazepines, such as
ethylenediaminetetraacetic acid (EDTA),'"* epoxide,'® polyamide,'® oligopyrrole,'” and
cyclopropylpyrroloindole (CPI) moieties,' which have exhibited sequence selective DNA-
cleaving and cross linking properties. Furthermore, there have been attempts to develop more

potent compounds that could enhance the sequence selectivity as in the case of C8 diether-linked

2
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PBD dimers DSB-120,"" SJG-136 (92),*° DRG-16 (9b)*' [Figure 1.3] and C2-C3/C2°-C3’ endo
unsaturated PBD dimer.* It has been observed that there has been extensive improvement in the
biological activity due to the cross-linking property by the presence of two imine functionalities.
One example, SJIG-136 (9a) which is presently under clinical evaluation, spans six base pairs of

DNA and has a preference for a Pu-GATC-py or Py-GATC-Pu sequence.23 40

A Meoﬁﬁl

9a: SJG-136, n=
9b: DRG-16, n =

Figure 1.3: Pyrrolobenzodiazepine dimer

A detailed review of the synthetic literature of the pyrrolobenzodiazepines appeared in
1994.°> The purpose of the present review is to survey the most recent developments towards the
synthesis of pyrrolobenzodiazepines. The synthesis of other classes of pyrrolobenzodiazepine
such as tri/tetracyclic sulphur and heterocyclic analogues will be looked at in more detail than in
the 1994 paper, since their synthesis is significant to this project. Further, in this review an effort
is being made to outline the various synthetic routes developed since 1994 with their merits and
limitations. Most of the advances that have occurred since 1994 have been in the synthesis of
“dimeric” PBDs and “hybrid” PBDs and so they will be dealt with in separate sections of this

introduction.
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1.2 Synthesis of pyrrolobenzodiazepines via azides

1.2.1  Aza-Wittig based synthesis of pyrrolobenzodiazepine

A number of synthetic routes have been developed for the preparation of the
pyrrolobenzodiazepines antibiotics and have met with varying degrees of success; some however
found the general problem to be the introduction of the sensitive imine at the N10-C11 position.
Since 1994, there has been considerable interest in the use of aza-Wittig reactions as a tool for the
construction of carbon-nitrogen double bonds under mild and neutral conditions. The key
intermediate iminophosphoranes have been generated from both azides and primary amines, and
their aza-Wittig reaction with a variety of carbonyl compounds provides a valuable method for the
2425

regiospecific formation of the cyclic imine, a feature often not available via the classical

amine-carbonyl group cyclisation where double bond shifts are possible.

The intramolecular aza-Wittig reaction of N-(2-azidobenzoyl) a-amino acid esters and their
application to the synthesis of benzylated DC-81 (13) as well as the natural antibiotic DC-81 (14)
has been reported by Molina,”® and Eguchi e al.”” independently. Both the groups have employed
triphenylphosphine for their intramolecular aza-Wittig reaction as illustrated in the following

scheme:

CHwOH
MeO CO.H 1. SOCl,, benzene
Ij = reflux I :[ Q
RO N; 2. (L)-prolinol, DCM/H‘»O RO
N81C03
10 90-98%
PCC, DCMJ 73%
rt
Q O CHO
MeO N TPP, DCM MeO :
P r.t. D
RO — 79-92% RO N,
13: R=Bnz 2
14: R=H .
Scheme 1.1

Parallel with these studies, O’Neil ez al.*® prepared a series of functionalised pyrrolo[2,1-
c][1,4]benzodiazepines (18-23) bearing a variety of A-ring substituents, using a Staudinger/ aza-

Wittig sequence (Scheme 1.2). Thus, treatment of the azido aldehydes (17) with either
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tributylphosphine or triphenylphosphine generated the corresponding iminophosphoranes, which
underwent an in situ intramolecular aza-Wittig cyclisation to give the desired pyrrolo[2,1-

c][1,4]benzodiazepines (18-23) in up to 90% yield.

X co,u - (COCl),, DMF P(Bu)s, or PPhs
: reflux é Et,0, r.t.
Y N, 2. (S)-prolinol, Et3N 55 90%
40-91%
- z

; i g =| =Z= 19: X=7=H, Y=CI
Dess-Martin periodinane, DCM, r.t. [: 16. R___CH20H ;(8] §=K YzzzliH 21: X=7=1, Y=H
17: R=CHO 22: X=7=Cl, Y=H 23: X=Br, Y=7=H

Scheme 1.2

Furthermore, the same group later reported”’ the novel synthesis of C2-fluoro-substituted
pyrrolobenzodiazepines (32a-c), using the Staudinger/aza-Wittig methodology. The key strategy
was the synthesis of Boc-protected fluoro and difluoro methyl esters (Scheme 1.3). The cis-and
trans 4-fluoroproline methyl ester (25) was readily obtained from compound (24) with DAST.

Oxidation and difluorination of compound (24) gave the 4,4’-difluoroproline methyl ester (27).

HO, DAST (25¢q), F
2—)‘ DCM, -78°C to r.t. &
—_—
N COZMC 83% N Cone
\ |
Boc Boc
24 25 -
I DIBAL-H, THE  R2f
90% (COCl),, DMSO . pioses [o- r-t .
°| EtN, DCM . S .
-78°Ctor.t. 2.4M HCl in dioxane (| N -
78-82%
. RI=F R2=
0 DAST (5.0eq), FE F 28a: R':E 1; 2_};
DCM, -78°C to r.t. / 28b: R'= L R?=
5 28¢: R'=R*=F
Tﬁ COzMe 78% TTJ COZMC
Boc Boc
26 27
Scheme 1.3

Reduction of the esters with DIBAL-H followed by removal of the Boc-protecting group
afforded compounds (28a-c) in respectable yields. Coupling followed by oxidation of the 4-fluoro
substituted prolinol (30) afforded the desired azido aldehyde (31), which underwent a
Staudinger/aza-Wittig cyclisation upon treatment with DPPE to provide the fluoro-substituted

pyrrolobenzodiazepines (32a-c¢) in 71%, 80% and 62% yields, respectively (Scheme 1.4).
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”

1. (COCI),, DCM 0 R? 9 Sr
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Scheme 1.4

1.2.2  Azide reductive cyclisation

In addition to the ongoing research towards the synthesis of pyrrolo[2,1-
c][1,4]benzodiazepine and analogues via the azide, Kamal ez al. have reported a new modified
approach based on an in situ cyclisation of an amine with the pendant carbonyl through an azido
reductive process (Scheme 1.5). A wide range of reagents such as hexamethyldisilathiane,™"
FeSO4.7H,O/NH; > trimethylsilyl iodide, hydriodic acid (HI),** FeCl;-Nal,*® and zinc with
ammonium formate®® have been used under extremely mild conditions to successfully produce
both the pyrrolobenzodiazepine dilactam ring system and the DNA interactive
pyrrolobenzodiazepine imine, bearing the S-conformation at the chiral C11a position. The results

are summarized in table 1.0.

DIBAL-H
1 l
’R3 R DCM, -78°C R
R3 e R3 B

M cone
34 36

Scheme 1.5
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Chandrsekaran ef al.’’ have reported another azido reductive cyclisation in the synthesis of
seven membered cyclic imine using benzyltriethylammonium tetrathiomolybdate.  The
methodology was extended to a successful synthesis of pyrrolo[2,1-c][1,4]benzodiazepine (39a)

and also the benzylated DC-81 (39b) [Scheme 1.6].

DMSO, (COCl), 1

0 0
Rl
R? N, :
38

3 CHO

(PhCHzNE‘;)zMOS‘;, -0()°,
CH,CN, 10 b, rt. |0 20%

39a: R'=R*=H
39b: R'=OMe, R>=OBn

Scheme 1.6
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1.3 Synthesis of pyrrolobenzodiazepines via oxidation and reductive

cyclisation
1.3.1 Oxidation method

An early approach of using very active manganese dioxide’ for the oxidation of the readily
prepared pyrrolobenzodiazepine secondary amine (40) to its corresponding imine has been subject
to little scrutiny due to lack of control to selectively achieve oxidation at only the N10-C11

position (Scheme 1.7), the isolated product being the fully unsaturated product (41).

(0] (0]
MnO,, Benzene A
77% N=

N
H

40 41

Scheme 1.7

Similarly, Rault ez al. reported the use of thionyl chloride®™ in the presence of base to
readily aromatise 2-hydroxypyrrolo[2,1-c][1,4]benzodiazepines (42) into 11-chloropyrrolo[2,1-
c][1,4]benzodiazepines (43a-d) in high yield. The chloroimine moieties are interesting analogues
to the imine and carbinolamine found in the antitumour antibiotic DC-81. Thus, the chlorine
group at the C11 position could reinforce the electrophilic character and enhance the ability to
react with nucleophiles, whilst on the other hand the chloroimine could also act as a scaffold for

the preparation of numerous tricyclic derivatives by substitution.

0
R! N OH gocl, Pyridine g1
_reflux2h
R? N H 62-70%
H 0

43a: R'=R>=H

43b: R'=H, R>=(Cl

43¢: R'=H, R*=Me

43d: R'=R*=methylene dioxy

Scheme 1.8

However, Kamal et al.*’ have reported a new mild oxidant, TPAP in the presence of N-
methylmorpholine N-oxide as a co-oxidant, which can selectively oxidise the secondary amine to

the imine without over oxidation and without any racemisation at the Clla position. This

9
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methodology has many advantages, but the most significant is that it is devoid both of side
products and aqueous work-up for the sensitive imine moiety. Also, in this study the
pyrrolobenzodiazepine secondary amine was synthesized by a new approach involving the
reductive desulfurisation of the pyrrolobenzodiazepine-5-one-11-thione by Raney nickel (Scheme
1.9).

Furthermore, the same workers showed that oxidation of the cyclic secondary amine (49)

using activated Me,SO* gave the desired pyrrolobenzodiazepine in the imine form (50) in 40-45%

yield.
= 0
NYO R! NQ
©;(o 4 [N>"'C02H , X
I H " NO, CO,Me
44 45 46
DMF ﬁCIQ.Hzo.
A Sh MeOH, A 1h
0
R : \)LN
R2 N H
H 0

47 Lawesson's
reagent
(0}
1 Raney nickel, p1
Rj@(&p EtOH, A 5-6h ji:(“‘
R2 H

N
H

49 TPAP, NMO, 48
MeCN, r.t. 1.5 h
(0]

Scheme 1.9

1.3.2  Reductive cyclisation

Reductive cyclisation of acyclic nitro aldehydes has been by far the most important
approach of synthesizing the pyrrolobenzodiazepine imine. However, earlier studies have showed
that using such routes generally gave large amounts of the secondary amine along with the desired

carbinolamine, methyl ether or imine in moderate yield. Current studies by Kamal e al. have

10
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showed that reduction of the nitro aldehyde (54) using iron powder41 in acetic acid, results in the
formation of the desired pyrrolobenzodiazepine imine (55) in high yield with no by products
(Scheme 1.10). The limitation in this methodology has been that the pyrrolobenzodiazepine imine
is produced with an optical rotation value somewhat lower than the product obtained though other
routes. This is believed to be a direct result of racemisation taking place in acidic reaction
conditions. Further, the method was extended towards the synthesis of 5-thio
pyrrolobenzodiazepine imine derivatives. Thus thiation of nitro aldehyde (54) with Lawesson’s

reagent resulted in (56) and reductive cyclisation with iron and acetic acid in THF afforded the

desired 5-thio PBD imines (57) in good yields.

Rl
R2 co,n'9C 1,501, benzene g2
G _rt3dh g
+ HN
R3 NO, 2 E:3N THF R3
51 5 Clh
1. H'/MeOH, A 2-3 h
2. DIBAL-H
DCM, -78°C
R' O
R% N Fe/CH;CO,H g2
, L THR rt36h {j
R n= H NO,
o ™ R!'=R2=R3=H *CHO
) b: R'=Me, R=R3*=H
¢: R'=H, R>=OH, R*=OMe (p-CH30C(,H4PSZ)2
d: R'=H. R>=0CH-Ph, R3>=OMe Toluene, A2-3 h
LS R' S
2 Fe/CH;CO,H 2
R< 3 2 R2
- e
3 =/ “H 5
) o R NOz¢us
57 s

Scheme 1.10

In addition, a new one-pot reductive cyclisation** of the acyclic nitro aldehyde in the
synthesis of benzylated DC-81 and the natural product DC-81 has been reported by the same
group. Thus, reduction of (25)-N-(2-nitrobenzoyl)pyrrolidin-2-carboxaldehyde (58) with ferric
chloride hexahydrate and N, N-dimethylhydrazine resulted in the corresponding methylether of the
pyrrolobenzodiazepine carbinolamine (59), via a hydrazone intermediate, which upon column
chromatography (silica gel, chloroform:methanol. 9.8:0.2) afforded the pyrrolobenzodiazepine
imine (60a-c¢) [Scheme 1.11].

11
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(CH;3),NNH,, (0] SiO, (0]
FeCl;.6H,0 N CHCl;:MeOH R!
/\:/ MeOH, 70°C, 6-8h X 9.8:0.2) N
_—
H
R2 N R? = H
H OMe
58 59 60a: R'=R?>=H
60b: R'=OCH,Ph, R?=OMe
60c: R'=OH, R>=OMe
Scheme 1.11

A new class of heterocyclic quinone (64) from 3,6-dimethoxy-2-nitrobenzoic acid (61) has
been reported by Tapia ef al..** Thus treatment of (61) with thionyl chloride and subsequent
reactions of the resulting acid chloride with (Z)-proline methyl ether furnished the amide (62) as a
1:1 mixture of syn and anti rotamers. Reductive cyclisation of compound (62) with iron(II)
sulphate and ammonium hydroxide yielded the pyrrolobenzodiazepine (63) in 86% yield.
Oxidative demethylation of (63) with ammonium cerium(IV) nitrate afforded the

pyrrolobenzodiazepinequinone (64) in 75% yield [Scheme 1.12].

Me 1. SOCl, COaMe
2. (L)-proline methyl
COZ ester, Et3N ﬁ FeSO4 (NH4)5CC(N03)6
NO, 81% T86% T %
OMe
61
Scheme 1.12

1.3.3 Synthesis of C2-substituted endo-exo unsaturated pyrrolo[2,1-

c][1,4]benzodiazepines

Ongoing investigations into the chemistry and structure activity relationship (SAR) of the
pyrrolobenzodiazepine ring systems have established that compounds possessing endo-exo
unsaturation in their C-rings combined with conjugated planar C2-substituents, such as the
acrylamide side chain found in anthramycin, have the greatest cytotoxicity and DNA binding
affinity. It is also well known in the literature that C-ring hydroxy substitution plays an important
role in biological activity, examples being naturally occurring pyrrolobenzodiazepines such as
chicamycin A and B, neothramycin A and B, and abbeymycin."*”** On the basis of these studies
Kamal ez al. reported an elegant and efficient solid-phase synthesis* of N10-C11 imine containing
pyrrolobenzodiazepines and the dilactam with C2-hydroxy substituents via a reductive cyclisation

procedure. Thus, the Wang trichloroacetamidate resin (66) was coupled with Fmoc-protected 4-

12
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hydroxyproline methyl ether (67). The product, after Fmoc deprotection using 20% piperidine/
DMF, was coupled with 2-azidobenzoic acid in presence of DCC and DMAP to provide the amide
(71). Reductive cyclisation of (71) using TPP afforded the pyrrolobenzodiazepine-5,11-dione
(75), which upon cleavage from the resin yielded 2-hydroxy-7,8-substituted
pyrrolobenzodiazepine-5,11-dione (76). Furthermore the reduction of (71) by DIBAL-H followed

by reductive cyclisation and cleavage afforded 2-hydroxy-7,8-substituted pyrrolobenzodiazepine

imine (74) (Scheme 1.13).

OH
X ®
DBU, DCM
Q@ o+ cneen ———— 0" “cCly + Mo, N
Fmoc
65
BF;.0Et, or
CF;SO;H, DCM
Q2 20% piperidine 0
DMF
MeO,C'" N MeO,C" >y
H |
Fmoc
69 68
o)
DCC, DMAP AN oH
DCM, 0°C | R
N;
70
(0}
0._{Q) DIBAL-H, DCM )
™ NQ’ -78°C2h TN NQ/
R~ - R~ 2
N3 Go,Me N CHo
71 72
PPh, PPh;
Toluene Toluene
(0] 0
(o) 0. "
Ry P R+
H = NZ H
H 0
75 73
TFA/DCM TFA/DCM
(1:3) (1:3)
(0]
Q ol OH
i N e N
R 2 R4 P -
N4 H N=
H 0
76 74

Scheme 1.13
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