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ABSTRACT

The work presented in this thesis focused on developing new approaches to the 

synthesis of pyrrolo[2,l-c][l,4]benzodiazepines (PBDs). These compounds are 

generating interest because of their potential use as anti-tumour or disease-related 

gene targeting agents.

According to SAR studies, PBDs containing endolexo unsaturation in the pyrrolo C- 

ring are required for maximum biological potency, and thus PBDs of such type have 

been selected as target molecules. Three novel PBD monomers (ZC-14, ZC-96 and 

ZC-99), four novel PBD dimers (ZC-204, ZC-207, ZC-209 and ZC-211) and one 

natural product (porothramycin B) have been successfully synthesized. The 

synthetic approach involves application of palladium mediated coupling reactions, 

including Heck, Suzuki and Stille reactions, to introduce various side chains at the 

C2-position of the PBD C-ring. Use of such versatile coupling reactions at a late 

stage in the synthesis has the potential to provide access to a wide range of analogues 

in the future. Extensive method development work has been carried out during the 

research programme and the yields of several initially low-yielding reactions have 

been significantly improved. The work includes protection of reactive sites in key 

intermediates and an investigation of an alternative N10-amino protecting group.

All novel PBDs displayed potent activity in initial in vitro cytotoxicity assays 

performed by the NCI. Both PBD monomers and dimers exhibited GI50 values of 

less than 10 nM in the majority of cell lines. The cytotoxicity of these molecules 

was also evaluated in the K562 cell line at UCL. Dimers generally showed enhanced 

activity compared with their corresponding monomers in this test. In the DNA 

cross-linking efficiency assay for novel PBD dimers, ZC-204 gave extremely low 

XL50 values, ZC-207 and ZC-211 also exhibited significant activity, however, ZC- 

209 showed only moderate cross-linking efficiency.
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1 INTRODUCTION; The Pvrrolo[2J-c1[l,41benzodiazepines (PBDs) 

1.1 Isolation and Structure Elucidation

1.1.1 PBD Family

There is considerable interest in developing small non-peptide-based molecules with 

sequence selective DNA interactive properties as potential therapeutic gene-targeting 

agents. Recently, pyrrolo[2,l-c][l,4]benzodiazepines (PBDs) have attracted 

attention because of their low molecular weight and antitumour activity. They are 

able to recognise and bind to specific DNA sequences and therefore offer a potential 

role as gene targeting agents in cancer treatments (Hurley, 1977).

PMe
Me

NH2

1
Anthramycin

>Me £)R

2 Porothramycin A: R = H
3 Porothramycin B: R =  Me

HO.

McQ'

4
Tomaymycin

PH
Me

Me

McHN-ïîfZit^
HO

OH

Sibiromycin

6 Ncothramycin A: R̂  = H, R  ̂ = OH
7 Ncothramycin B: R  ̂= OH, R  ̂ = H

8
DC-81

Figure 1.1a: Some well-known naturally occurring PBDs.
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Since anthramycin was discovered nearly 40 years ago, the family has grown to 12 

naturally occurring members (Figure 1.1a) isolated from various Streptomyces 

species (Thurston, 1999; Thurston and Bose, 1994).

All PBDs possess the same basic skeleton, comprising 3 fused rings (Figure 1.1b): a 

benzene (A-ring), a diazepine (B-ring) and a pyrrole (C-ring). The natural products 

of the class all feature (^^-stereochemistry at the chiral Cl la-position. The NIG and 

C ll positions are joined by an imine bond. However, carbinolamine and 

carbinolamine methyl ether forms (Figure 1.1c) are sometimes obtained depending 

on the method of isolation or synthetic work-up. The imine form is isolated by 

dissolving the PBD in chloroform and evaporating the solvent in vacuo. Similar 

treatment with methanol yields the carbinolamine methyl ether. Although all three 

forms have been isolated and observed in NMR experiments (Leimgruber et a l, 

1965a; Thurston et a l, 1986j, carbinolamines are rarely isolated and PBDs normally 

exist in either the imine or methyl ether forms.

R’

Figure 1.1b: PBD ring system and numbering.

PBDs exhibit a variety of functionality in both the A- and C-rings. They also differ 

in the extent of C-ring saturation, which can be either fully saturated (as in DC-81), 

gM(/o-unsaturated at C2-C3 (as in anthramycin), or exo-unsaturated at C2 (as in 

tomamycin). PBDs containing ewJo-unsaturation in the C-ring in conjugation with 

double bonds in the side-chain, such as anthramycin, porothramycin and sibiromycin, 

display significant cytotoxicity and DNA binding affinity.

11



R t t

H.
H CHCI3

V r ' H2O

carbinolamine

H .OMe

H MeOH

-r-R ’ CHCl

imine

-i-R'

carbinolamine methyl ether

Figure 1.1c: PBD interconvertable forms.

1.1.2 Anthramycin

H >PMe

N H ,

Figure l.ld : Anthramycin (methyl ether form).

The first publication concerning naturally occurring PBDs appeared in 1963, when 

Tendler and Korman (Tendler et al., 1963) reported a crude extract from 

Streptomyces which possessed antibiotic properties and exhibited in vivo antitumour 

activity.

In 1965, Leimgruber et al. (Leimgruber et a l, 1965a) further purified this mixture 

and named the product “anthramycin” (Figure l.ld ). It was found that all three 

forms (carbinolamine, imine and carbinolamine methyl ether) of anthramycin are 

interconvertable using different solvent systems as shown in Figure 1.1c

Leimgruber et a l (Leimgruber et a l, 1965b) characterised anthramycin methyl ether 

using infrared, NMR, mass spectrometry and simple chemical transformations. The 

C l\(R)- and Clla(S)- stereochemistries were later confirmed by X-ray diffraction 

studies (Mostad et a l, 1978; Arora, 1979).

12



1.1.3 Porothramycin

OMe OH

NMC'

Porothramycin A

OMe

.NMe.

Porothramycin B

Figure l.le: Porothramycin A and B.

First reported by Tsunakawa et a l (Tsimakawa et a l, 1988) in 1988, porothramycin 

(Figure l.le )  is another representative PBD containing both endo and exo 

unsaturation. It was produced by Streptomyces alhus, recovered from the

fermentation broth by extraction with organic solvent, such as methanol, ethyl 

acetate and acetone, and then purified by column chromatography. When methanol 

was used in the isolation or purification process, the antibiotic was obtained as the 

crystalline carbinolamine methyl ether (porothramycin B), while the carbinolamine 

form of the antibiotic (porothramycin A) was recovered as an amorphous pale 

yellow powder following a similar process using acetone. The structures were 

confirmed by full characterisation and the Cl 1 and Cl la  positions of porothramycin 

B were shown to have {R)- and (^^-stereochemistries, respectively.

1.1.4 Sibiromycin

PH PH
Me. Me.

MeHN‘Me MeMe
MeHN-

OH
HO

OH

Figure l.lf: Sibiromycin (5) and its original structure assignment (9).
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Sibiromycin (5) is the most potent of the naturally occurring PBDs that have been 

discovered thus far (Hurley, 1977; Hurley et a l, 1977), exhibiting the highest DNA- 

binding affinity and in vitro cytotoxicity amongst naturally occurring PBDs. It was 

first isolated in 1972 from Streptosporangium sihiricium by Brazhnikova et al 

(Brazhnikova et a l, 1972). In 1974 Mesentsev et a l (Mesentsev et a l, 1974) 

assigned 9 as the structure of sibiromycin, making it the first known natural PBD to 

possess a carbohydrate moiety at C7 and a fully unsaturated pyrrole ring. The 

structure of this glycoside was later revised by Parker and Babine after they 

synthesised a sugar with identical IR and *H NMR spectra to those of the 

monosaccharide obtained from the degradation of sibiromycin (Parker and Barbine, 

1982).

In 1988, Leber et a l (Leber et a l, 1988) disputed the structural assignment of the 

aglycone segment of sibiromycin and proposed an alternative structure. This revised 

structure was confirmed by a total synthesis of the aglycone segment of sibiromycin 

cited in the Leber publication. However, a total synthesis of sibiromycin (5) has not 

actually been reported.

1.2 Mode of Action

HN N
DNA

Figure 1.2a: Proposed mechanism for the reaction of PBDs with DNA.
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PBDs exert their activity through covalent bonding of their N lO -Cll imine 

functionality to the exocyclic amino group of guanine within the minor groove of 

DNA (Figure 1.2a). The formation of this PBD-DNA adduct leads to inhibition of 

nucleic acid synthesis (Kohn, 1975) and DNA strands breaks (Petrusek et a l,  1982), 

thus causing cell death.

The imine is the active form of the molecule. The carbinolamine and its methyl 

ether forms must undergo reversible elimination to form the imine before bonding 

can occur. The (^-configuration at the chiral Cl la  position is essential for DNA- 

binding activity as it provides the molecule with the correct 3D shape to fit within 

the curvature of the minor groove of DNA. Other features in the molecule such as 

A- and C-ring substituents are likely to participate in the non-covalent interaction 

with DNA bases.

H,N 2 N 4 N
DNA

Guanine (G)

NH

DNA

Adenine (A)

Purine

DNA

Cytosine (C)

Me
NH

DNA 

Thymine (T)

Pyrimidine

Figure 1.2b: Structures of the DNA bases.

When binding to DNA, PBDs span three base pairs with a rank order of preference 

for purine-G-purine > purine-G-pyrimidine ~ pyrimidine-G-purine > pyrimidine-G- 

pyrimidine motifs (Hertzberg et a l, 1986; Hurley et a l, 1988; Thurston, 1993; 

Thurston, 1999). Figure 1.2c illustrates a proposed model to rationalize 5’-XGA

15



sequence selectivity of the PBDs, showing the covalent bond between C ll and the 

guanine N2 and the hydrogen bond between NIO-H and the adenine N3.

5 ’ X  G ---------

'h /  ,N3'
= H '

A X 3 '

Figure 1.2c: Proposed model of PBDs binding to 5’-XGA sequence of DNA.

It has been established that a number of oncogenes contain highly GC-rich regions 

(Mattes et a l, 1988) and many gene-targeting agents with significant antitumour 

activity are GC site-specific (Kohn 1983; Pratt and Ruddon, 1979; Chabner, 1982). 

PBDs are GC-specific and covalently bind to DNA, which may contribute to their 

potency as antitumour agents.

1.3 Synthesis

Imine formation in PBD synthesis is difficult to achieve by straightforward 

reduction/oxidation of the appropriate precursors (Gregson SJ, 1998. Scheme 1.3a).

R-n

BA

\ ^ o

n{ ^ r

Scheme 1.3a: Possible reduction/oxidation to form NlO-Cl 1 imine containing PBDs.
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The nitro reduction path (A) often leads to secondary amine formation (Langley and 

Thurston, 1987; Thurston and Langley, 1986), whereas the primary alcohol 

oxidation path (B) affords a dilactam (Gregson et a l, 1999). Therefore, more 

elaborate methods are required and the imine moiety is usually generated during the 

final synthetic step under the mildest possible conditions. In addition, reaction 

conditions capable of causing racemization at the Cl la-position must be avoided.

The introduction of reactive substituents to the molecule, particularly unsaturated 

side chains to the C-ring, presents a further challenge. Since the first total synthesis 

of anthramycin was reported by Leimgruber (Leimgruber et a l, 1968) in 1968, 

various synthetic strategies have been developed. In this chapter, some important 

synthetic routes to PBDs containing endo/exo unsaturation will be reviewed.

P h

Me-

O T f
M eO '

O T f

SuzukiHeck
Me-

‘CONH2

Me-

Leimgruber
Me(

■CONH2 NaBH4 
s ilic a  gel

Howard-ThurstonPefla-Stille

-N:

1 .D M S O , (C 0C 1)2 , T E A
2. P d (P P h 3 )4 , p y rro lid in e

R an ey  Ni
(Me(M e

LangloisFukuyama
,NH -OH

'CONMc2'CONMc2

Scheme 1.3b: Various approaches to PBD synthesis.
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Scheme 1.3b illustrates different PBD NlO-Cll imine formation methods, including 

hydride reduction from dilactams (Leimgruber, Pena-Stille and Thurston), Raney 

nickel reduction/cyclisation (Langlois), Swem oxidation/cyclisation and palladium- 

catalysed deprotection (Fukuyama). To install unsaturated side chains in the C-ring, 

Pena and Howard’s methods involve application of Heck and Suzuki coupling 

reactions on triflate substrates. Such palladium-catalysed methods are more versatile 

in comparison with other side chain introduction strategies.

1.3.1 The Leimgruber Approach

The first total synthesis of anthramycin by Leimgruber et al. (Leimgruber et al., 

1968) is illustrated in Scheme 1.3c. The amide 12 was prepared by the acylation of 

the amino acid derivative L-hydroxyproline methyl ester with acid chloride 11 in the 

presence of triethylamine. Reduction with sodium dithionite produced an aniline 

which, on treatment with aqueous hydrochloric acid, cyclised to the lactam 13. 

Following Jones oxidation, the ketone 14 was then subjected to the Wadsworth- 

Emmons reaction, providing the >9,ûr-unsaturated ester 15 in 74% yield. Reduction 

with diisobutylaluminium hydride in toluene produced the labile aldehyde 16 which 

was converted in situ to the sodium bisulphite adduct and then, by reaction with 

potassium cyanide to a mixture of epimeric cyanohydrins 17. The product was 

allowed to react with methanesulphonyl chloride to give the corresponding epimeric 

mesylates 18, which were eliminated using triethylamine to afford a trans-cis 

mixture of conjugated nitriles 19 in the ratio 4:1. The benzyl group was removed 

using TFA in the presence of boron trifluoride etherate and, after separation, the 

trans-mix\\Q 20 was converted to the benzal derivative by condensation with 

benzaldehyde dimethylacetal. Following hydrolysis to the amide 21 with hot 

polyphosphoric acid, the lactam was reduced to the carbinolamine with sodium 

borohydride in methanol. The benzal protecting group was cleaved with aqueous 

HCl in methanol, to provide anthramycin methyl ether 1, which exhibited identical 

microbiological activity and other physical properties to an authentic sample of the 

natural product.

18



OH OBn OBn

NO Me NO MeMe-
a,b

lOH

10

e , f

11 12

OBn

Me

13

OBn

Me

14

O
. ISX^COjEt 
î p i 6 X=CHO 
•^pi7X =C H (0H )C N  

'-^18X=CH(0Ms)CN

Ph

m[% 19R=Bn, X=CN 
20 R-H, X-CN

Me- n, o

PMe
MeMe

NH;

21

Scheme 1.3c: Leimgruber’s total synthesis of anthramycin.

(a) K2 CO3 , DMF, BnBr; (b) KOH, H2 O, THE; (c) (C0 C1)2 , DCM; (d) methyl-L-hydroxyproline 

hydrochloride, THE, TEA; (e) Na2 S2 0 /,, THE, H2 O; (f) H2 O/HCI, THE; (g) Cr0 3 /H2 S0 4 /Acetone; (h) 

sodium triethyl phosphonoacetate, THE; (i) DIBAL-H, toluene; (j) 1- NaHS0 3  2. KCN; (k) MsCl, Py; 

(1) TEA, benzene; (m) TEA, BE3 0 Et2 ; (n) PhCH(0 Me)2 , H2 O/HCI, THE; (o) PPA (aqueous work-up); 

(p) NaBH4 , MeOH; (q) 0.01 M HCl, MeOH.
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1.3.2 The Pena-Stille Approach

In 1987, Pena and Stille reported the attachment of the anthramycin acrylamide side 

chain by the palladium-catalysed coupling reaction of a vinyl triflate on several 

model compounds (Pena and Stille, 1987). The same workers (Pena and Stille, 1989) 

then applied this methodology to a total synthesis of anthramycin (Scheme 1.3d).

Ph Ph

Me
d

O Tf

24

Me

-NH2

21

Ph

OH DMe£)H
MeMe

f g

-NH2.NH2

125

Scheme 1.3d: Pena and Stille's total synthesis of anthramycin.

(a) Pd/C, H2 , MeOH; (b) PhCH(0 Me)2 , H2 O/HCI, THF; (c) DMSO, (COCl)2 , TEA, DCM; (d) 

pyridine, Tf^O; (e) CH2 =CHCONH2 , (CH3 CN)2 PdCl2 , DABCO, MeOH; (f) NaBH4 , MeOH; (g) 0.1 

M HCl, MeOH.
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The dilactam alcohol 13 was synthesised using the same procedure as previously 

reported by Leimgruber. Following hydrogenolysis of the benzyl group, 

simultaneous protection of both the phenol and the amide nitrogen was accomplished 

by reaction of the free phenol with benzaldehyde dimethyl acetal to provide 22. 

Subsequent oxidation afforded the ketone 23 in high yield under Swem conditions. 

Triflation of 23 provided vinyl triflate 24, which was sufficiently stable to be 

purified by column chromatography. The acrylamide side chain could then be 

attached via palladium-catalysed Heck coupling of the enol triflate 24 to acrylamide.

The dilactam 21 was then reduced selectively with sodium borohydride to provide a 

quantitative yield of alcohol 25. The stereochemistry of 25 was assigned on the 

basis of an observed lack of NMR coupling between protons at Cl 1 and Cl la, 

the dihedral angle between the two protons being -90°. The benzal protecting group 

was then cleaved using alcoholic hydrochloric acid to provide anthramycin methyl 

ether (1), with an identical NMR spectrum to that of the natural product.

1.3.3 The Fukuyama Approach

In 1993 Fukuyama et al. reported the first total synthesis of porothramycin B (3) via 

a novel synthetic pathway, which involved the palladium-catalysed removal of an 

allyl carbamate as the final step (Fukuyama et al., 1993).
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CH(0Me)2

29

CH(0Me)2

30

C02Me

CH(0Me)2

31

OMe OMeiMe

NO NO

32
CH(0Me)2 CH(0Me)2

33 34

iMe •Me IMe

n-pm

CHO CONMe CONMe

35 36 37

•Me

q

CONMe

H 4)M e

CONMe,

38

Scheme 1.3e: Fukuyama’s total synthesis of porothramycin B.

(a) CbzCl, NaOH; (b) (CH20)n, p-TsOH, benzene; (c) EtSH, DCC, DMAP, CH3 CN; (d) EtgSiH, 10% 

Pd-C, acetone; (e) CSA, CH(0 Me)3 , MeOH; (f) NaOMe, MeOH; (g) H2 , 10% Pd-C, EtOH; (h) 3- 

niethoxy-2-nitrobenzoyl chloride, satd. NaHC0 3 , DCM; (i) LiBH^, THE, LiBEt3 H; (j) AC2 O, Py; (k) 

CSA, quinoline, benzene; (1) 1. POCI3 , DMF; 2. NaOAc, H2 O; (m) Ph3 P=CHCONMe2 , benzene; (n) 

Zn, AcOH, DCM; (0 ) satd. NazC0 3 , MeOH; (p) C1C02CH2CH=CH2, pyridine, DCM; (q) (COCl)2 , 

DMSO, TEA, DCM; (r) Pd(PPh3 )4 , pyrrolidine.
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Z-Glutamic acid (26) was transformed to the known oxazolidone 27 via benzyl 

carbamate ^-protection followed by reaction with paraformaldehyde (Scheme 1.3e). 

The free carboxylic acid 27 was converted to etbyltbiol ester 28 in 87% yield 

according to Steglicb’s procedure (Neises and Steglicb, 1978). Upon treatment with 

trietbylsilane the thiol ester was reduced to the aldehyde, which was immediately 

protected as the dimethyl acetal 29. The A^-Cbz-amino ester 30 was obtained in 70% 

yield by treatment of 29 with sodium methoxide. The benzyl carbamate group was 

cleaved by hydrogenolysis, providing the amino ester 31 in quantitative yield. 

Amine 31 was coupled with 3-methoxy-2-nitrobenzoyl chloride to give the amide 32 

in 95% yield. The ester functionality was then reduced to the primary alcohol and 

acetylated to afford 33. Acetal 33 was then subjected to a facile cyclisation- 

elimination reaction by treatment with quinolinium camphorsulphonate (QCS) to 

give enamide 34, which was subsequently formylated by the conventional Vilsmeier 

reaction yielding aldehyde 35. After acétylation of the partially deacetylated alcohol, 

the A-dimethylacrylamide C2-side chain was introduced employing the Wittig 

reaction with a stabilised y lid to give the conjugated tr ans-amide 36 in 74% yield. 

Reduction of the nitro group with zinc/acetic acid, hydrolysis of the acetate and 

subsequent protection of the aniline as the allyl carbamate furnished 37. Swem 

oxidation of 37 effected a spontaneous cyclisation, giving a single isomer of 

protected porothramycin A 38 in 72% yield. Unstable porothramycin A (2) was 

obtained when 38 was treated with Pd(PPh3)4/pyrrolidine according to Deiziel’s 

procedure (Deiziel, 1987). Crystallisation from EtOAc/MeOH provided pure 

porothramycin B (3), the stmcture of which was confirmed by comparison of 

spectroscopic data.

1.3.4 The Langlois Approach

In 1993 Langlois et al. also reported the synthesis of porothramycin B (Langlois et 

aL, 1993) using methodology first exemplified in their synthesis of the 

neothramycins (Andriamialisoa and Langlois, 1986).
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Scheme 1.3f: Langlois’ total synthesis of porothramycin B.

(a) DIBAL-H, THF; (b) TsOH, THF, HjO, MeOH; (c) AcgO, Py; (d) CSA, quinoline, PhCHs; (e) 

POCI3, DMF; (f) 1. (Et0 )2P(0 )CH2C0 NMe2; 2. 1 N Ba(0 H)2; (g) (C0 C1)2, DMSO, DIPEA, DCM; 

(h) 1. Raney Ni; 2. DCM/MeOH (9:1), TFA (0.002%).

The imide 40, prepared from 3 -methoxy-2-nitrobenzoyl chloride and {5S)-5- 

ethoxymethyl-2-pyrrolidone (39), was reduced with DIBAL-H (Scheme 1.3f). The 

resulting carbinolamides were deprotected, methylated then acetylated to give 43, 

which were eliminated by heating a toluene solution in the presence of quinolinium 

camphorsulphonate (QCS) to provide the enamide 34 in 87% yield. Formylation at 

C2 was achieved through a Vilsmeier-Haack reaction affording the key 

enamidoaldehyde intermediate 35 in 87% yield. The A, A-dimethylacrylamide side 

chain was introduced using a Wittig-Homer reaction with a suitably functionalised 

diethylphosphonate. The product was then saponified with Ba(0H)2 to furnish the
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alcohol 44 in 78% yield. Swem oxidation of the primary alcohol required the use of 

DIPEA as a base to avoid partial racémisation of the aldehyde 45. The reduction of 

the aromatic nitro group with excess Raney-nickel at room temperature led to 

spontaneous cyclisation. Subsequent treatment with a very dilute TFA solution 

provided porothramycin B (3) in 45% yield.

In addition, Langlois also synthesised a series of porothramycin analogues by 

applying analogous methodology (Scheme 1.3g). These included 9-demethoxy 

analogue 47 (Langlois et a l, 1993), 7,8-piperonyl substituted compound 49 

(Langlois et a l, 2001) and C2-phosphonate molecule 51 (Rojas-Rousseau and 

Langlois, 2001).

NO,

^0C H (M e)0E t

46

sOMe

CONMej

47

39

NO,

COCl .0CH (M e)0Et

48

f)Me

CONMe

49

39

NO2

^0C H (M e)0E t

46
HN,

6

PMeOAc
NO

P-OMeCHO

5150

39

Scheme 1.3g: Langlois’ syntheses of porothramycin analogues.
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1.3.5 The Howard-Thurston Approach

Recently, Howard et al. reported the synthesis of C2-aryl substituted PBDs (64, 65 

and 66, Scheme 1.3h, Cooper et a l, 2002). Although their initial synthetic steps 

were based on the classic Leimgruber approach, a novel use of an N 10-hemiaminal 

protecting group was employed. Furthermore, in the latter stages of the synthesis the 

Suzuki reaction was used for the first time at the PBD C2-position to introduce the 

aryl substituents.

The pre-formed C-ring 53 (Williams and Rapoport, 1994) was coupled to 

commercially available 6-nitroveratric acid (52) to provide A-C-ring backbone 54. 

Following reduction/cyclisation by catalytic hydrogenation to give 55, the C2- 

alcohol was protected as a TBS ether (56). The PBD dilactam 56 was then treated 

with SEM-Cl under strongly basic conditions to provide the SEM-protected 

analogue of the NIO hemiaminal shown by Mori et al. to promote C 11-lactam 

reduction (Mori et a l, 1986a). Having successfully derivatised the NIO position, the 

C2-TBS ether was cleaved with TBAF at room temperature without affecting the 

NIO-SEM protecting group. Swem oxidation furnished the C2-ketone 59, which 

was converted to the C2-C3 enol triflate 60 using trifluoromethanesulfonic 

anhydride in the presence of pyridine. Three different Suzuki reactions were 

performed on separate batches of enol triflate 60 using commercially available 

boronic acids, resulting in the synthesis of 61-63. Three SEM-protected dilactams 

were then reduced using sodium borohydride to furnish C2-aryl C2-C3 unsaturated 

PBDs 64-66.
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Scheme 1.3h: Howard and Thurston’s synthesis of C2-aryl C2-C3 unsaturated PBDs.

(a) (C0 C1)2 , DMF, TEA, DCM, 57%; (b) 10% Pd-C, EtOH, Hj, 75%; (c) TBS-Cl, imidazole, DMF, 

95%; (d) SEM-Cl, NaH, DMF, 0 °C, 77%; (e) TBAF, THF, 70%; (f) (C0 C1)2 , DMSO, TEA, DCM, - 

55 °C, 49%; (g) Tf^O, pyridine, DCM, 60%; (h) (H0 )2 BPh, Pd(PPh3 )4 , Na2 C0 3 , H2 O, EtOH, benzene, 

78%, (61); (HO)2 BPhMe, Pd(PPli3 )4 , Na2 C0 3 , H2 O, EtOH, benzene, 6 6 %, (62); (HO)2 BPhOMe, 

Pd(PPh3 )4 , Na2 C0 3 , H2 O, EtOH, benzene, 90%, (63); (i) NaBH4 , silica gel, EtOH, THF, 74% (64), 

38% (65), 72% (6 6 ).
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The same research group also reported the synthesis of the complementary C2-aryl 

C1-C2 unsaturated PBD 77 (Scheme 1.3:, Kang et a i, 2003). However, a different 

approach was employed instead. Here the triflation/Suzuki coupling reactions were 

carried out prior to B-ring closure, thus avoiding formation of a dilactam 

intermediate and the risk of over-reduction to the biologically inactive NlO-Cll 

secondary amine.

The PBD backbone was established by coupling 6 -nitroveratric acid (52) to amine 

67 (a derivative from 4 -Z-/ra«5 -hydroxyproline, Gregson et a l, 2000a) with 

DCC/HOBt in 70% yield. The pro-C2 ketone (69) was obtained by oxidising the 2- 

hydroxy group with BAIB/TEMPO in 90% yield. Triflation of 69 using LDA and 

A-(5-chloro-2-pyridyl)triflimide afforded a mixture of C1-C2 (71) and C2-C3 (70) 

unsaturated enol triflates in a 4:1 ratio, while equivalent reactions with NaHMDS 

afforded almost exclusively the C1-C2 unsaturated product 71. Following successful 

Suzuki coupling to introduce a 4-methoxyphenyl C2-side chain, the nitro group of 72 

was then reduced with sodium dithionite without jeopardising the C1-C2 double 

bond. The newly formed aniline 73 was protected as an allyl carbamate after which 

the TBS group was removed in order to permit a Fukuyama B-ring cyclisation. This 

was achieved using TEMPO/BAIB instead of standard Swem conditions. Unlike the 

Swem reaction, the TEMPO/BAIB treatment does not require anhydrous conditions 

or an inert atmosphere, thus making the cyclisation more convenient to perform and 

monitor (The mechanism of TEMPO/BAIB reaction will be discussed in Chapter 3.). 

Finally, Alloc cleavage under Deziel conditions (Gregson et a l, 2000a) afforded 02- 

aryl C l-02 unsaturated PBD 77 in 80% yield.
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Scheme 1.31: Howard and Thurston’s synthesis of C2-aryl C1-C2 unsaturated PBDs.

(a) DCC, HOBt, DMF, DCM, 70%; (b) BAIB, TEMPO, DCM, 90%; (c) LDA or NaHMDS, THF, N- 

(5-chloro-2-pyridyl)triflimide, -78 °C , 50%; (d) (HO)2 BPhOMe, Pd(PPh3 )4 , Na2 C0 3 , EtOH, toluene, 

80%; (e) Na2 S2 0 4 , THF, H2 O, 80%; (f) Alloc-Cl, pyridine, DCM, 82%; (g) TBAF, THF, 75%; (h) 

BAIB, TEMPO, DCM, 84%; (i) pyrrolidine, Pd(PPli3 )4 , DCM, 0 °C, 80%.
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1.3.6 Discussion of Synthetic Approaches

The synthetic approaches to PBDs containing endo/exo unsaturation described above 

met with varying degrees of success, with each having different limitations and these 

are summarised in Table 1.3a.

Table 1.3a: Comparison of synthetic approaches to endo/exo unsaturated PBDs.

Approaches Key Synthetic 
Techniques Merits Limitations

Leimgruber
Reduction of dilactams 
to form NlO-Cl 1 
moiety.

Ideal for 9-OH 
PBDs.

Highly dependent 
on the A-ring 
stmcture thus 
lack of general 
applicability.
Risk of B-ring or 
side chain over
reduction.

Pena-Stille
Heck coupling to 
introduce C2-side 
chains.

Efficient and 
versatile side 
chain introduction 
method.

Fukuyama
Swem
oxidation/cyclisation to 
form the PBD B-ring.

Mild and efficient
cyclisation
method.

Lengthy C-ring 
synthesis. Risk of 
over-oxidation.

Langlois
Raney nickel 
reduction/cyclisation to 
form the PBD B-ring.

Efficient
cyclisation
method. Risk of B-ring 

over-reduction 
and side chain 
reduction.Howard-

Thurston

Suzuki-type coupling to 
introduce C2-side 
chains.

Efficient and 
versatile side 
chain introduction 
method.

In the first total synthesis of anthramycin, Leimgruber successfully employed 

hydride reduction of the O9-N10-benzal protected dilactam to give the 

corresponding carbinolamine (Scheme 1.3c) In order to investigate the generality 

of this procedure, Thurston et al. synthesised a series of PBD dilactams and found 

that successful reduction of these dilactams occurred only in the presence of the 

phenyloxazoline protecting group used in Leimgruber’s synthesis (Thurston et a l, 

1984). Therefore, this approach could not be developed as a general method as it is
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highly dependent upon the nature and position of substituents in the aromatic A-ring 

and requires a hydroxyl group at C9 to form the phenyloxazoline ring. Interestingly, 

Mori et al. reported the hydride reduction of an NIO-MOM protected dilactam in 

their synthesis of tomaymycin, prothracarcin (Mori et a l, 1986a) and neothramycin 

(Mori et a l, 1986b). However, other workers have been unable to reduce NIO- 

MOM protected dilactams to carbinolamine-containing PBDs (Langley and Thurston, 

1987).

The attachment of the unsaturated anthramycin side chain by Pena and Stille using 

palladium-catalysed Heck coupling of an enol triflate (Scheme 1.3d) has provided a 

versatile alternative to Leimgruber’s original Wittig-Homer approach, significantly 

reducing the number of synthetic steps required.

In the total synthesis of porothramycin, Fukuyama et al have pioneered a novel non- 

hydrogenolytic cyclisation approach that offers a mild and high yielding route to 

NlO-protected carbinolamines (Scheme 1.3e). However, this route involved a 

lengthy and arguably unnecessary synthesis of C-ring and its general applicability 

has not been investigated.

Langlois’ use of Raney nickel as a cyclisation catalyst to form the PBD B-ring 

appears promising (Scheme 1.3f). However, it may be prone to over-reduction 

depending on the quality of Raney nickel and may be incompatible with endo or exo 

unsaturation in the C-ring when the dienes are not conjugated to an amidic electron 

sink.

Howard and Thurston’s use of Suzuki coupling reactions has provided the synthesis 

of a series of C2-aryl PBDs that represent a structural sub-class not observed in 

nature (Scheme 1.3f and 1.3h). The ease of the Suzuki-type reactions coupled with 

the diverse array of commercially available arylboronic acids suggests the possibility 

of generating libraries of analogues through parallel combinatorial synthetic 

methodologies (Cooper et a l, 2002). However, the dilactam approach to C2-C3 

unsaturated PBDs (Scheme 1.3f) may suffer from over-reduction like other 

analogous approaches through dilactam intermediates. Although their alternative 

strategy to the synthesis of C1-C2 unsaturated PBDs (Scheme 1.3h) avoided the
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dilactam intermediate, it runs the risk of jeopardising double bonds in molecules 

containing reactive side chains when using sodium dithionite to reduce the nitro 

group.

In conclusion, all the synthetic approaches described here have taken into 

consideration the stability of the NlO-Cll electrophilic moiety and the unsaturated 

C-ring. In particular, Fukuyama’s cyclisation method has provided an efficient 

approach to generate the PBD B-ring, and the versatile palladium-mediated coupling 

reactions may allow introduction of varying C2-substituents.

1.4 Recent Developments in Structure-Activity Relationships (SARs)

Early understanding of PBD structure-activity relationships was hindered by the 

limited diversity of naturally occurring PBDs. However, a large number of 

analogues have been synthesised to date, which have helped to elucidate the 

importance of particular structural features for PBD’s biological potency.

1.4.1 Essential Features

As discussed previously, the electrophilic functionality at NlO-Cll and the (5)- 

configuration at Cl la  are both crucial for the PBD-DNA binding ability. The imine 

functionality is responsible for the irreversible covalent binding between PBDs and 

the DNA (Hurley, 1977). An (5)-configuration at Cl la  provides the molecule with a 

right-handed twist when viewed from the C-ring toward the A-ring, which allows it 

to fit snugly within the minor groove of DNA. However, compounds possessing the 

(i?)-configuration do not interact with DNA and exhibit significantly less 

cytotoxicity compared to the corresponding (5)-isomers (Hurley et a l, 1988).
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1.4.2 A-ring Modifications

A-Ring Substituted PBD Analogues

While it has been demonstrated that substituents on the A-ring are not essential for 

cytotoxicity, their presence or absence has the ability to alter the chemical properties 

of the molecule and hence affect PBD-DNA adduct formation (Thurston et a l , 1999). 

The nature of substituents has the potential to influence the characteristics of the 

benzene ring, in particular they may affect the electrophilicity of the imine functional 

group and its reactivity towards guanine (Guiotto et a l, 1998). Electron-donating 

substituents, such as a methoxy group, at the Cl- and C8 -position make the imine 

more reactive towards the N2 of guanine and therefore are desirable when seeking to 

maximise biological potency (Hurley and Boyd, 1988).

HO

MeO

8
DC-81

3 ’

R= H, 4'-Me, 4'-F, 4'-0M e, 
3 '-N0 2 , 2 -OMe

78

MeO

R= (CH2)2C0 2 Me, 
(CH2)3 0 CH2Ph, 
CH2Ph.

79

X-rr

X= Br, I, Cl.

80

Figure 1.4a: A-ring substituted PBD analogues.

Guiotto et al. have synthesised C7-aryl substituted PBD analogues (78, Figure 1.4a) 

and evaluated their biological activity {Guiotto et a l, 1998). The cytotoxicity 

appears to be influenced by the type and position of functional groups on the phenyl
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substituent. This has been apportioned to electronic factors rather than steric effects, 

since substituents at the C7-position of the PBD nucleus are known to point out of 

the minor groove when PBDs bind to DNA (Thurston, 1993). They found that the 

electron-donating 4’-methoxy group increases activity while the electron- 

withdrawing 3’-nitro group reduces activity in comparison with DC-81 (8 ).

The same workers (Thurston et a l, 1999) have also investigated analogues (79) with 

extended chains at the C8 -position of the DC-81 structure and observed that 

alkylation of the C8 -hydroxy group with CH3 0 0 C(CH2)2-, PhCH2 0 (CH2)s- or 

PhCH2- reduces the cytotoxicity.

O’Neil et a l (O’Neil et a l, 1997) have synthesised halogen-substituted PBDs such 

as 80. Some of these derivatives (7-bromo, 7-iodo and 8 -chloro analogues) were 

screened for in vitro cytotoxicity against human A2780 ovarian carcinoma cell lines 

but none of them exhibited higher activity than their non-halogenated parent 

compound.

A-Ring Heterocyclic PBD Analogues and Tetracyclic PBD Analogues

H >PMe H >PMe
.N- '

o

81

iMe

MeO'

84 85 8 6

Figure 1.4b: A-ring heterocyclic and tetracyclic PBD analogues.
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Replacement of the parent A-ring with a heterocyclic nucleus was expected to 

provide potential new hydrogen bond acceptors for enhanced DNA-binding affinity 

(Thurston and Hurley, 1983). To this end, pyrazole analogues (81, Figure 1.4b) 

were investigated by Baraldi et al. (Baraldi et a l, 1994). However, with the 

exception of one or two analogues, they displayed reduced cytotoxicity compared to 

DC-81 (8 ).

Thurston et a l (Thurston et a l, 1999) further investigated heterocyclic PBD 

analogues and found that changing the benzenoid A-ring to a pyridine (82), pyrazine 

(83) or pyrimidine (84) appeared to reduce cytotoxicity, however, the pyridine and 

pyrazine analogues had an increased kinetic reactivity toward DNA compared to 

DC-81.

Thurston’s group (Thurston et a l, 1999) also synthesised the first examples of 

tetracyclic PBD derivatives (85 and 86). They observed that adjoining a heterocyclic 

ring system to the existing aromatic A-ring of DC-81 significantly reduced DNA 

binding affinity and cytotoxicity.

1.4.3 B-Ring Modifications

The NlO-Cll imine functionality in the B-ring enables PBDs to covalently bind to 

DNA, and thus is crucial for the biological activity of the PBDs. Interestingly, some 

of the PBD-5,ll-diones (dilactams) have been shown to possess in vivo antitumour 

activity by non-covalent DNA binding (Kaneko et a l, 1985). These findings suggest 

that non-covalent interactions play an important role in the DNA recognition and 

binding process.
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CO-P-FC6H4, COC6H5

Figure 1.4c: PBD dilactams and amidines.

In order to obtain an insight into the non-covalent interaction of PBDs with DNA, 

Jones et al. (Jones et a l, 1990) synthesised fifteen PBD dilactams (87, Figure 1.4c). 

Two members (87a and 87b) of the series were shown to non-covalently bind DNA, 

however, other analogues failed to display significant DNA binding affinity. Figure 

1.4d illustrates the non-covalent binding (i.e. hydrogen bonds) of dilactam 87a to 

DNA.

5'

3' G

C
sugar

N2- N3

\  MeO

H

G- C

Figure 1.4d: Proposed model of non-covalent binding between dilactam and DNA.

Non-covalent DNA binding PBD amidines (8 8 ) were later synthesised by Robba et 

al (Foloppe et a l, 1996) who showed that these derivatives exhibited higher DNA 

binding affinity than their covalent-binding analogue DC-81 (8 ).
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1.4.4 C-Ring Modifications

Since A-ring modification has only a modest influence on the overall biological 

activity of the PBDs, the superior potency of some PBDs, such as anthramycin (1), 

porothramycin (2 and 3), tomaymycin (4) and sibiromycin (5), is often attributed to 

differences in the C-ring (Thurston et a l, 1999). These potent PBDs all feature endo 

or exo unsaturation at the C2-position. The presence of an sp^ carbon at C2 flattens 

the C-ring to achieve a superior isohelical fit within the DNA minor groove. In 

addition, it projects substituents at this position directly along the groove of DNA 

and thus makes it possible for the substituents to pick up positive interactions from 

the floor of DNA.

HO. HO.HO.

MeO'MeO' MeO'

HO HO BuO

6  7 89
Neothram ycin A Neothramycin B Neothram ycin butylether

Figure 1.4e: Neothramycin A, B and C3-0-butylether.

C3-substituted naturally occurring PBDs, namely neothramycin A (6, Figure 1.4e) 

and B (7), also appear to provide both greater DNA affinity and more cytotoxicity 

compared to DC-81. However, neothramycin C3-0-butylether (89) exhibited 

reduced cytotoxicity in spite of its higher binding affinity (Thurston et a l, 1999).

Several C-ring modifications have been investigated, including the addition of 

unsaturation to a saturated C-ring and introduction of C2-aryl substituents. Some of 

these C-ring modified derivatives are remarkably potent and have generated great 

interest.

C2-Exo Unsaturated PBDs

It is interesting to compare the structures and biological activity between naturally 

occurring tomaymycin (4, Figure 1.4f) and DC-81 (8). The only structural
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difference between them is that tomaymycin possesses C2-exo imsaturation while 

DC-81 has a saturated C-ring. Tomaymycin is significantly more potent than DC-81 

(Thurston et a l, 1999; Thurston, 1993; Puwada et a i, 1993) and this difference in 

activity is evidently related to the presence of C2-unsaturation.

MeO MeO

Tomaymycin

90 R=Me, X=CH2

91 R=Bn, X=CH2  

DC-81 92 R=Me, X=CHCH3

93R=Bn, XCH CH 3

Figure 1.4f: Tomaymycin, DC-81 and C2-exo unsaturated PBDs.

In order to verify this aspect, Gregson et at. have synthesised a series of C2-exo 

unsaturated PBDs (90-93, Gregson et al., 2000a). Their results confirmed that 

introduction of C2-exo unsaturation enhances both in vitro cytotoxicity and DNA 

binding affinity.

C2-C3-Endo Unsaturated PBDs

In comparison with exo-unsaturated tomaymycin, anthramycin (1) binds to DNA 

more efficiently (Puwada et a l, 1993), which is possibly on account of its C2-C3- 

endo unsaturation. Gregson et a l have varied this feature by synthesising a series of 

C2-C3-endo unsaturated PBDs (94-98, Figure 1.4g, Gregson et a l, 2000b). These 

novel PBDs exhibited greater DNA binding affinity than gxo-unsaturated PBDs (90- 

93, Figure 1.4f) and similar cytotoxic potency.
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96R=Bn, X=CN
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98R=Bn, X=CH2 0 H

Figure 1.4g: Anthramycin and C2-C3-endo unsaturated PBDs.

However, the DNA binding affinity of anthramycin is a few times higher than the 

above natural or synthetic PBDs containing only C2-exo or C2-C3-endo unsaturation. 

The cytotoxicity of anthramycin is also greater in most tested cancer cell lines. This 

illustrates the significant effect that the combination of C2-C3-endo unsaturation and 

C2-exo unsaturated substituents has on biological activity of the PBDs. However, 

the effect of 9-OH group must not be ignored.

C2-Aryl PBDs

C2-aryl C2-C3 unsaturated PBDs (64-66, Figure 1.4h) recently synthesised by 

Cooper et al. exhibit the most potent cytotoxicity compared to naturally occurring 

and synthetic PBD monomers reported thus far (Cooper et al., 2002). All three C2- 

aryl PBDs have remarkable activity against a number of cancer cell lines, especially 

melanoma and ovarian cell lines. Compound 6 6  bearing a 4’-methoxyphenyl side 

chain was found to have the greatest cytotoxic potency amongst the three analogues.

MeO

MeO'

R
64R=H

MeO

MeO'

OMe
77

65 R=Me
66 R=OMe

Figure 1.4h: C2-Aryl PBDs.

39



The novel C2-aryl substituted C1-C2 unsaturated PBD (77) is less promising. 

Preliminary modelling studies suggest that the C2-C3-unsaturated structure has a 

crescent shape with each of the four rings closely following the curve. On the other 

hand, with the Cl-C2-unsaturated isomer, the molecule is more linear in shape and 

the component rings are much less aligned, indicating a poorer fit within the minor 

groove of the DNA (Kang et a l, 2003). Comparison of the biophysical and 

biological properties of the two structures is presently underway.

1.4.5 Summary

A summary of structure-activity relationships originally derived by Thurston et al 

(Thurston, 1993) is illustrated in Figure 1.41.

Bulky substituents at NIO (e.g . acetyl, 
carbamate, hemiaminal) inhibit D N A  binding  
affinity and cytotoxicity.

Electron-donating  
substituents required 
at position 7,8 or 9 o f  
the A-ring.

Sugar m oiety at C7 
enhances D N A  binding 
affinity and cytotoxicity in 
som e cell lines.

Small substituents (e .g . OH), 
tolerated at C3 in fully unsaturated 
C-ring compounds.

An imine, carbinolam ine or carbinolam ine  
methyl ether required at N lO -C l 1 position.

5-Stereochem istry required at C l la .

Replacem ent o f  C l w ith an oxygen  
maintains cytotoxicity.

Endocyclic and exo cy c lic  unsaturation 
at C2 enhances cytotoxicity and in vivo 
anti tumour activity. Fully unsaturated 
C-ring leads to com plete loss o f  D N A  
binding affinity and cytotoxicity. C2- 
C3-endo unsaturation in com bination  
with an aryl group at C2 significantly  
enhances in vitro  cytotoxicity.

Figure 1.41: Structure-activity relationships of the PBD ring system.
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1.5 PBD Dimers

1.5.1 DSB-120 and SJG-136

The major drawback of anticancer chemotherapy is that most drugs in current use are 

“non-seiective”, harming healthy cells while attacking and killing cancer cells. The 

selectivity of DNA interactive anticancer drugs could be enhanced by improving 

their sequence recognition ability. Attempts have been made to extend PBD 

monomers to span more DNA base pairs, and thus achieve a higher sequence 

recognition level. One successful research area has involved joining two PBD 

molecules together through their A-rings to form PBD dimers capable of spanning 

six or seven base pairs.

DSB-120 (99, Figure 1.5a), synthesised by Thurston et a l (Thurston et a l, 1996), 

consists of two DC-81 sub-units tethered through their C8  positions \ia  an inert 

propanedioxy linker. This symmetrical molecule is a highly efficient DNA 

interstrand cross-linking agent, being approximately 300- and 50-fold more efficient, 

respectively, than the clinically used cross-linking agents melphalan and cisplatin 

(Bose et a l, 1992a).

DSB-120

;v ^'y y '
M eO

O
100

SJG-136

Figure 1.5a: DSB-120 and SJG-136.

In addition, DSB-120 spans six DNA base pairs, actively recognising a 5’- 

PuGATCPy sequence (Figure 1.5b). This represents an effective doubling of the
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DNA binding-site size of DC-81, which is known to be selective for Pu-G-Pu triplets. 

Although DSB-120 only binds to six base-pairs of DNA, computer modelling studies 

have suggested that it should have sufficient DNA binding specificity to show 

recognition of gene sequences important in cancer (Neidle et a l, 1994).

X X

MeO,

OMe

GX C T A X

Figure 1.5b: DNA sequence selectivity and interstrand cross-linking of PBD dimers.

The same group later developed SJG-136 (100, Figure 1.5a), an analogous PBD 

dimer of DSB-120, comprising two Je5 -methyl tomaymycin sub-units (Gregson et 

a l, 2001). In comparison with DSB-120, which lacks substitution/unsaturation at 

the C2 position, SJG-136 showed enhanced cytotoxicity, DNA binding affinity and 

cross-linking efficiency, illustrating the benefit on biological activity of introducing 

C2-exo-unsaturation.

The formation of DNA interstrand cross-links of DSB-120 and SJG-136 has been 

studied by computer-based molecular modelling studies (Figure 1.5c) The PBD 

dimers bind in the minor groove of DNA in a symmetrical fashion, with both halves 

of the molecules chemically bonded to guanine bases on opposite strands of the 

double helix. Both DSB-120 and SJG-136 are well accommodated within the minor 

groove of DNA, such that very little of either molecule remains exposed beyond the 

periphery of the host duplex. In the case of SJG-136, introduction of the exocyclic 

methylene group at the C2 position, where the sp^ -> sp^ hybridization change 

stiffens the C-ring, and leads to a more planar arrangement that enables this portion 

of the molecule to fit more snugly in the minor groove (Gregson et a l, 2001).
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DSB-120

SJG-136

Figure 1.5c: Molecular modeling of interstrand cross-link formation.

1.5.2 Synthesis of SJG-136

SJG-136 was synthesised by employing the B-ring cyclisation strategy of Fukuyama 

el al. (Scheme 1.5a). The C-ring fragment 102 was synthesised from commercially 

available /ra«5 -4 -hydroxy-T-proline in seven steps (Gregson et a l, 1999). The 

known PBD dimer core 101 (Thurston et a l, 1996) was converted into the 

corresponding bis-acid chloride and subsequently coupled to amine 1 0 2  to provide 

the bis-nitroamide 103. Following TBS cleavage and nitro reduction, bis-aniline 105 

was protected as allyl carbamate 106, which was cyclized to give Alloc-protected 

PBD 107. Unwanted over-oxidation to tetralactam 107b was reported by the authors 

when Swem oxidation was used to provoke cyclisation. Finally, palladium-mediated 

Alloc cleavage of 107 afforded PBD dimer SJG-136.
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OMe MeO COOH ÔTBS

102

RO, -OR

MeO''OMe

u r— 103R = TBS,X = N02

OMe MeO OMe MeO

MeO'OMe

107b

N—> / ^ ^ ^ ^ O M e  MeO 

O
100

Scheme 1.5a: Synthesis of SJG-136 (100).

(a) (C0 C1)2 , DMF, TEA, H2 O, THE, 0 °C, 74%; (b) TBAF, THF, 0 ®C, 94%; (c) SnCl2 '2 H2 0 , MeOH, 

A, 61%; (d) Alloc-Cl, pyridine, DCM, 0 °C, 50%; (e) TPAP, NMO, 4 Â molecular sieves, DCM, 

CH3 CN, 32%; (f) Pd(PPh3)4 , PPh3 , pyrrolidine, DCM, CH3 CN, 0 °C, 77%; (g) (C0 C1)2 , DMSO, TEA, 

DCM, -45 °C, 50%.

1.6 Clinical Applications of the PBDs

Many members of the PBD family have significant in vitro cytotoxicity and some 

compounds, such as anthramycin (1) and neothramycin (6 and 7), have been used 

experimentally in the treatment of human cancer (Remers, 1988). However, none of 

the PBDs progressed through clinical trials (Kumar and Lown, 2003) due to 

problems including cardiotoxicity (e.g. anthramycin and sibiromycin) or lack of 

efficacy (e.g. neothramycin).

It was suggested that the cardiotoxicity of anthramycin and sibiromycin is caused by 

the presence of 9-hydroxy groups in the molecules (Korman and Tendler, 1965;
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Hurley and Thurston, 1984). Such PBDs (108, Figure 1.6a) have the potential to be 

oxidised to quinoneimines 109, or lose water followed by tautomerization to produce 

111. The quinone moieties present in the structures of 109 and 111 may mediate the 

formation of free radicals which leads to undesirable cardiotoxicity.

OH PH
Me

108

-HoO

OH

R'

Me

110

[O]

P H
Me

109

O

R'

Me
tautomerization

R'

111

R'

Figure 1.6a: Proposed mechanisms for the formation of cardiotoxic quinoneimines.

PBDs lacking a 9-OH, such as neothramycin and tomaymycin (4), are reported to be 

devoid of cardiotoxic activity (Hurley, 1977; Fiyita et a l, 1982). Neothramycin has 

also undergone phase I clinical study (Tsugaya et a l, 1986; Krugh et a l, 1989). 

Although neothramycin proved effective for superficial carcinoma of the bladder in a 

small number of cases, the overall lack of efficacy and dose-limiting factors (i.e. 

nausea and vomiting) caused this PBD to be withdrawn from clinical trial.

The synthetic PBD dimer SJG-136 (100) shows outstanding in vivo antitumour 

activity and exhibits no cardiotoxicity, suggesting the compound should be tolerated 

in man (Hartley et a l, 2004; Alley et a l, 2004). It has been accepted for clinical 

trial in the UK, which has prompted development of follow-up molecules of this 

type.
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2 AIMS

The aim of this project is to investigate the synthesis of novel endo/exo unsaturated 

PBDs with potential antitumour activity.

2.1 Design and Synthesis

As previously discussed, SAR studies have revealed that exo and/or endo 

unsaturation in the C-ring combined with the presence of electron donating groups at 

the C7 and C8  positions are desirable for optimum PBD biological activity. 

Therefore, molecules incorporating these features were chosen as target compounds.

MeO-

MeO

112

Me<

MeO

113

MeO

MeO OMe

114

Me PMe

3

Porothramycin B

Figure 2.1a: Target PBD monomers.

The first objective was to synthesise three novel PBD monomers (112-114, Figure 

2.1a) via new methodology. Compounds 112 and 113 possess C2-side chains 

present in the potent naturally occurring PBDs porothramycin and anthramycin, 

respectively. The synthesis and evaluation of C2-endo substituted ester PBDs such 

as 94 has been reported. Therefore, it would be of interest to compare biological 

activity of 94 against a target molecule such as endo/exo PBD 114. The three types
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of C2-side chains would be introduced by applying versatile palladium-mediated 

Heck coupling reactions.

In addition, by adopting a similar strategy, the natural product porothramycin B (3) 

could be synthesised via a new concise approach, which would complement the 

discovery of novel PBD clinical candidates.

The other key objective was to synthesize novel PBD dimers (115-118, Figure 2.1b) 

containing endo!exo unsaturation. Compound 115 possesses the same type of side 

chains as in the novel PBD monomers (112-114), which could be introduced via 

Heck coupling. Compound 116 has C2-aryl substituents and a synthetic PBD 

monomer (6 6 ) containing this side chain has proved to be significantly cytotoxic in 

vitro. Dimer 117 possesses C2-substituents present in the naturally occurring PBD 

sibiromycin (5). Both compounds 116 and 117 could be obtained by applying 

Suzuki-type coupling reactions. In addition to C2-aryl and alkenyl substituents, the 

synthesis of alkyne dimer 118 via Stille coupling would be of considerable interest 

as C2-alkyne PBD monomers, particularly alkynephenyl substituted PBD (191, see 

3.8.3), have produced some interesting biological activity (Tiberghien et a l , 2004).
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MeO'OMe

115

R

MeO'OMe

OMeMeO

116

OMe MeO

117

MeO'OMe

118

Figure 2.1b: Target PBD dimers.
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2.2 Biological Evaluation

All novel PBDs would be tested for their in vitro cytotoxicity and promising 

compounds would be evaluated in the NCI against 60 human cancer cell lines. 

Novel PBD dimers would also be subjected to a gel electrophoresis assay to measure 

their DNA cross-linking efficiency.
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3 RESULTS AND DISCUSSION

3.1 Synthetic Strategy

3.1.1 Retrosynthesis

The synthetic strategy combines aspects of Pena’s anthramycin and Fukuyama's 

porothramycin syntheses described earlier (1.4.2 and 1.4.3). This is illustrated in 

Scheme 3.1a where the key steps are highlighted. This combined approach is 

general and expeditious, and has the following advantages that other currently 

available synthetic approaches lack: ( 1 ) the route does not rely on the presence of the 

therapeutically undesirable 9-hydroxy substituent in the PBD A-ring, as in most 

published syntheses of C-ring endo/exo unsaturated PBDs (e.g. anthramycin 

synthesis); (2) C2-unsaturated side chains are installed in a single step without 

extensive elaboration; (3) enol triflates can be subjected to versatile palladium- 

catalyzed coupling reactions (e.g. Heck, Suzuki and Stille) to prepare a wide variety 

of analogues; (4) the mild, non-hydrogenolytic cyclisation method is compatible 

with unsaturated C2-substituents.

• a ' ” ’

,O T B S

H N

COOH  

+

Troc DH
Heck, 
Suzuki 

or Stille  
coupling

(Pena)
X

o

Troc

ivf /OH^ H  - Oxidation

(Fukuyama)
O

O T f

OH

Scheme 3.1a: Retrosynthesis of endo/exo unsaturated PBDs.
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3.1.2 Key Intermediates: Triflates

Vinyl triflates were first introduced by Stang (Stang and Summerville, 1969) and 

have been widely used as electrophiles in cross-coupling reactions due to their facile 

preparation and excellent leaving group properties (Stang et a l, 1982).

There are several ways to prepare vinyl triflates, of which the most general method 

involves treating ketones with trifluoromethanesulfonic anhydride (triflic anhydride) 

in the presence of a non-nucleophilic base such as pyridine (Stang, 1978). Another 

popular method involves deprotonation with bases such as LDA followed by enolate 

trapping with V-phenyl- or V-pyridyltriflimides (McMurry and Scott, 1983; Comins 

and Dehghani, 1992. Scheme 3.1b).

,o

-3

LDA

OTf 
OTf 

R 2  R 3

Ri

^2
H

p-

R3

HOTf

R, OTf

Cln
N NTf2

Scheme 3.1b: Preparation of vinyl triflates.

In this project, NlO-protected PBDs containing the C2-enol triflates would be 

subjected to palladium-catalyzed coupling reactions to introduce various unsaturated 

side chains in the C-ring (Scheme 3.1c).
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roc DH

R-ïh

OTf

? "  .OH

Reaction X

Heck

0

Heck

o

Heck
0

Suzuki < ^ ^ O M e

Suzuki

Stille

Scheme 3.1c: Heck, Suzuki and Stille couplings with enol triflates.

3.1.3 Mechanism of Palladium-Catalyzed Coupling Reactions

The Heck reaction was established by Richard Heck and his group as a powerful tool 

for C-C bond formation (Heck, 1979; Heck, 1982). The current understanding of the 

mechanism of the Heck reaction proposes the widely accepted catalytic cycle shown 

below (Scheme 3.1d) This catalytic cycle consists of oxidative addition of alkene 

or arene to the palladium species (step A), 5y«-insertion of the cr-alkenyl or cr-aryl- 

palladium bond into the C-C double bond (step B), internal rotation around the 

former double bond (step C), product-yielding /^-hydride elimination (step D) and 

reductive elimination aided by base to regenerate the active catalyst (step E).

Heck’s pioneering work in the field of palladium-catalyzed coupling reactions 

encouraged the discovery of boron (Suzuki) and tin (Stille) based palladium- 

mediated coupling reactions. The mechanism of cross-coupling between R^X and 

R^B(0 H)2  (Scheme 3.1e) or R^SnBus (Scheme 3.1f) to produce R^R  ̂ is similar to 

the catalytic cycle of the Heck reaction. The difference lies in the inclusion of a 

transmétalation step to transfer the R  ̂ group from the metal to the palladium to
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generate an intermediate containing R \ R ,̂ and B(0 H)2  or SnBus in the coordination 

sphere of palladium.

R'-X

oxidative addition

PdL
reductive

elimination

base B

PdL.X

syn-
elimination internal

rotation

X = halides or OTf;
R' = alkenyl, aryl, allyl, alkynyl, benzyl, alkoxycarbonylmethyl; 

= alkyl, alkenyl, acryl, CO2 R’, OR’, SiR]’ etc.

Scheme 3.1d: Mechanism of the Heck reaction.

R'-X

X -P d -R 'PdL RONa
R '- R

XNa

R’-Pd— L
R’- P d — OR

isomerization
^  R2-B(0 H)2

I  transmétalation 

R 0-B (0H )2
R '-P d — R:

X = halides or OTf;
R' = alkenyl, aryl, allyl, alkynyl, benzyl;
R̂  = aryl, heteroaryl, alkenyl, alkyl etc.

Scheme 3.1 e: Mechanism of the Suzuki reaction.
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R '-X

PdL, ■ V ,
X -P d -R '

I

R‘-R2

L

R'-Pd— L

r 2

L

transmétalation

L

R '-P d — R^

isomerization

X = halides or OTf;
R' = alkenyl, aryl, allyl, alkynyl, benzyl;

= alkynyl, alkenyl, acryl, allyl, alkyl etc.

Scheme 3.If: Mechanism of the Stille reaction.

3.2 Synthesis of EndoÆxo Unsaturated PBD Monomers via Heck 

Coupling Reactions

Three novel endo/exo unsaturated PBD monomers (Figure 3.2a) were successfully 

synthesised via a convergent route, which involved performing the Heck coupling 

reaction on a key enol triflate.

MeO.

MeO'

112 
ZC  14

MeQ.

MeO' -OMe

114
ZC 96

MeO

MeO' -NH,

113
ZC 99

Figure 3.2a: Structures of novel PBD monomers.
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3.2.1 Synthetic Route

M eO '

119

C O O H / .OTBS

"S.
O T B S

M eO - NH-

M eO ' 'OH

122

O T B S
Mel NO-

M eO ' 'O H

121

roc
O T B S

M el ■NH

M eO ' 'O H

123

Troc
O T B S

M eO- N H

M eO '

124

Troc
O H

M el

M eO '

125

roc
£ )H

M el

M eO '

126

128 2  =  C O N M e j
129 2  =  C O O M e
130 2  =  C O N H 2

roc PH
M eO

M eO '
O Tf

127

M e O \

M eO %
r \ ^ ^ 2

1 1 2 Z C -1 4  2  =  C O N M e 2 
1 1 4 Z C -9 6  2  =  C O O M e 
1 1 3 Z C -9 9  2  =  C 0 N H 2

Scheme 3.2a: Synthesis of ZC-14, ZC-96 and ZC-99.

(a) (C0C1)2, DMF, TEA, DCM, 0 °C, 55%; (b) Raney nickel, hydrazine, MeOH, reflux, 98%; (c) 

Troc-Cl, Py, DCM, -10 °C, 86%; (d) (C0C1)2, DMSO, TEA, DCM, -60 °C, 99%; (e) AcOH, H2 O, 

THF, 93%; (f) (COCl)2 , DMSO, TEA, DCM, -45 °C, 55%; (g) T W , Py, DCM, 30%; (h) 

CH2 =CHCONMe2 , (CH3 CN)2 PdCl2 , DABCO, MeOH, 45-55 °C, 59% (10); CH2 =CHCOOMe2  

(PPh3 )2 PdCl2 , TEA, DMF, 75-78 °C, 10% (11); CH2 =CHCONH2 , (CH3 CN)2 PdCl2 , DABCO, MeOH, 

45 °C, 48% (12); (i) 10% Cd-Pb, THF, NH4 OAC, 34% (ZC-14), 90% (ZC-96), 36 % (ZC-99).
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3.2.2 Synthesis of the PBD C-Ring

DH

■
^OH

131

OH

b
Cbz— N.

OMe

OH

132

Cbz— ^

OH

133

134

OTBS

Cbz— NCbz—
■ V l > OH

135

OTBS

<
“ C l .

OH

120

Scheme 3.2b: Synthesis of PBD C-ring.

(a) Cbz-Cl, NaHCOs, toluene; (b) MeOH, H2 SO4 , reflux; (c) LiBH^, THF; (d) TBDMS-Cl, TEA, 

DBU, DCM; (e) 10% Pd-C, H2 , EtOH.

The C-ring building block 120 was easily prepared in five steps (Gregson et a l, 

2004; Scheme 3.2b). Commercially available ^a« 5 -4 -hydroxy-L-proline (131) was 

N-protected as the benzylcarbamate 132 in 99% yield with benzyl chloroformate, 

sodium bicarbonate and toluene. After estérification of 132 in quantitative yield 

using concentrated sulphuric acid in refluxing methanol, the methyl ester 133 was 

reduced to the diol 134 with lithium borohydride in THF at 0 °C in almost 

quantitative yield. Treatment of a solution of the diol 134 in DCM with TEA (1.0 

equiv.), TBDMS-Cl (0.75 equiv.) and DBU (0.2 equiv.) provided a mixture of the 

desired product 135, unreacted diol and the disilylated species. Separation of the 

crude mixture by flash column chromatography furnished the required monosilylated 

compound 135 in 40% yield as well as a 50% yield of the recovered unreacted diol. 

The next step was removal of the N-Cbz carbamate protecting group using 10% Pd-
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c  in the presence of hydrogen gas and ethanol to generate the free amine 1 2 0  in 

quantitative yield.

3.2.3 Synthesis of the Key End Triflate 127

Synthesis of the key enol triflate 127 commenced with the coupling of commercially 

available O-nitrobenzoic acid 119 with the amino compound 120 Treatment of 119 

in DCM with oxalyl chloride followed by a catalytic amount of DMF generated the 

acid chloride after stirring overnight. Coupling with the amine 120 in the presence 

of TEA provided the amide 121 in 55% yield. The NMR spectrum of 121 

exhibited signals expected for the amide, including the aromatic methine signals (ô 

7.68 and 6.77 ppm) and the C-ring HI methylene signals (ô 3.32 and 3.07 ppm), 

characteristic of amide coupling. The IR spectrum of 121 displayed the 

characteristic amide C=0 stretch at 1619 cm'*, while the IR spectrum of nitrobenzoic 

acid 119 showed a broad carboxylic acid C=0 stretch at 1697 cm '\

Reduction of the nitro group in 121 was achieved using Raney nickel in the presence 

of hydrazine to give amine 122 in 98% yield (Yuste et a l, 1982). The structure of 

122 was confirmed by the mass spectrum (M^ 410, m/z) compared to that of 121 

(M^ 440, m/z). In addition, there was a marked upfield shift in the resonance of the 

aromatic protons (ô 7.68 & 6.77 ppm -> 6.70 & 6.27 ppm).

The amino functionality of 122 was protected as its trichloroethyl carbamate 

furnishing the urethane 123 in 8 6 % yield. Protection of the amino group was 

required to avoid side reactions and ensure control over the subsequent B-ring 

cyclisation step. Evidence for the structure of 123 containing the Troc group was 

seen in both the ’H NMR ( 8  4.83 and 4.75 ppm, d x 2, 12.0 Hz, CHi) and the

NMR (Ô 95.6 ppm, C I 3 C  and 74.8 ppm, CH2). The observation of two methylene 

signals at different chemical shifts in the ^H NMR spectrum shows that the Troc 

protons were in different magnetic environments.
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Oxidation to ketone 124 was achieved under standard Swem conditions (oxalyl 

chloride, DMSO, THF, DCM, ~ - 60 °C) (Mancuso and Swem, 1981) in excellent 

yield (99%). The NMR spectrum exhibited a characteristic C-ring C2 signal at ô 

2 2 0  ppm, confirming the success of the oxidation.

The TBS protecting group was removed easily with acetic acid in aqueous THF to 

afford alcohol 125 in 93% yield. Both the ^H and ^̂ C NMR spectra indicated the 

complete absence of the TBS group and that the Troc group was still intact.

Swem oxidation of 125 afforded the ring-closed product 126 in 55% yield and no 

trace of the intermediate aldehyde was observed. The stereochemistry at Cl 1 of 126 

is different from that of Pena’s intermediate 25 (Scheme 1.3d, 1.3.2 The Pena-Stille 

Approach). The (Cl 15", C lla 6 ) designation for the single diastereomer is supported 

by a doublet at ô 5.83 ppm {J = 10.1 Hz) in the ^H NMR of 126 corresponding to 

HI 1. The observed coupling between protons at Cl 1 and C lla  indicates that these 

protons are trans with a dihedral angle of -180°. In addition, computer modelling 

studies also suggest that the Troc-protected amino group is ‘behind’ the intermediate 

aldehyde and thus the amine can only attack the aldehyde from its back face on ring 

closure to form the S configuration. Further confirmation of ring closure was evident 

from the ’̂ C NMR spectrum, which displayed the characteristic hemiaminal C ll 

methine signal at ô 87.0 ppm.

The key enol triflate 127 was obtained as the correct regioisomer upon treatment of 

ketone 126 with triflic anhydride and pyridine. The downfield olefinic signal at ô 

7.17 ppm along with the HI signals at ô 3.34 (dd, 10.6, 19.0 Hz) and 2.97 ppm 

(d, J  = 19.0 Hz) in the ^H NMR spectrum of 127 verified the position of 

unsaturation.

Unfortunately, the formation of the desired triflate 127 proceeded in only 30% yield. 

Possible explanations for this disappointing yield and attempts to optimize the 

trifiation reactions are described in sections 3.4, 3.5 and 3.7.5.
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3.2.4 Successful Synthesis of Novel PBDs ZC-14, ZC-96 and ZC-99

The enol triflate 127 was then subjected to three Heck coupling reactions to 

introduce different unsaturated C2 side chains (Scheme 3.2c).

Troc
T)H

Me<

NMc2 MeO' ■NMe-

128

CI3C.

£)H
MeO-

MeO'

127

OMe

O — S— CF, tea

roc PH
Me(

MeO' OMe

129

Troc
p H

NHz MeO.

MeO' NH2

130

Scheme 3.2c: Heck coupling reactions on triflate 127.

Heck reaction on triflate 127 with TV, A^-dimethy lacrylamide,

bis(acetonitrile)palladium(II)chloride and DABCO (Pefia and Stille, 1989) afforded 

the porothramycin-like NlO-Troc-protected PBD 128 in 59% yield.

Characteristic signals at ô 7.72 & 6.12 ppm (HI2 & H I3) and ô 3.25 - 3.05 ppm 

(NC/ / 3  X 2) in the ^H NMR spectrum of 128 along with ô 136.9 & 133.2 ppm (C l2 

& C l3) and 37.9 & 36.4 ppm (NCH3 x 2) in the ^̂ C NMR spectrum indicated the 

presence of the dimethylacrylamide substituent. The ^-configuration of the 

unsaturated side chain was confirmed by the coupling constant of H I2 and HI 3 {J> 

15 Hz) in the ’H NMR spectrum of 128.
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Heck coupling between triflate 127 and methyl acrylate using (CH3CN)2PdCl2 in the 

presence of DABCO afforded desired product 129, however, in disappointing yield 

(6 %). An alternative method was investigated using (PPh3)2PdCl2 and TEA, which 

slightly enhanced the yield to 10%. The lack of available triflate 127 restricted 

further optimisation of the introduction of the methyl acrylate side chain.

The structure of 129 was confirmed by the clearly visible new acrylic methine 

doublets (Ô 7.52 and 5.72 ppm, J  = 15.5 Hz, H12 and H13) and the methoxy signal 

(Ô 3.77 ppm, COOC//3) in the ’H NMR spectrum. Signals representing the methyl 

acrylate side chain were also observed in the NMR (ô 138.2, 133.7, C12 and 

Cl 3; 5 52.1 ppm, COOCH3). In addition, the required molecular ion of m/z 535 was 

observed in the ES mass spectrum.

The anthramycin C-ring side chain was installed by Heck coupling with acrylamide, 

(CH3CN)2PdCl2 and DABCO to provide 130 in 48% yield. Acrylamide signals were 

observed in the ^H NMR (ô 7.43 and 5.85 ppm, J=  15.4 Hz, H12 and H13) and the 

’^C NMR (Ô 134.4, 120.4, C12 and C13; Ô 168.0 ppm, CONH2).

Finally, the Troc protecting group was cleaved under mild conditions using 10% 

cadmium-lead couple (Dong et a l, 1995) to afford target PBDs ZC-14, ZC-96 and 

ZC-99 in modest to good yield (34-99%). The *H and ^̂ C NMR spectra provided 

evidence for the successful synthesis of these three novel PBDs, which showed the 

appearance of characteristic 11-imine signals, the complete loss of Troc signals and 

the C2-unsaturated moieties remaining intact. Further confirmation was obtained 

from ES mass spectrometry where the molecular ions were observed as the base 

peaks. The IR spectra also revealed the loss of the broad, strong 0-H  stretches at 

about 3400 cm’*. Key *H and NMR shifts of these novel PBDs are summarised 

in Figure 3.2b.
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(ppm) 13C (ppm)

112
Z C -1 4

6.83 7.88 (d ,J = 3 .9 H z )

MeO- 6.17 (d,y= 15.0 Hz)

MeO'

7.33
7.49 7.54 (d,y= 15.0 Hz)

114
Z C -9 6

6.83 7.88 (d ,J = 3 .7 H z )

MeO 5.74 (d, y =15.4 Hz)

MeO' OMe

7.38
7.48 7.55 (d, y =15.7 Hz)

113
Z C -9 9

6.80 7.96 (d,y=3.8 Hz)

MeO-
5.67 (d, y= 15.1 Hz)

MeO •NMe-

7.28

M e O .

MeO

0  132.6 135.7

M ea .N- '“ -2

117.4
MeO'"

110.0 , ,0 133.4 137.6

167.1
U O M e

M e a  -N-

122.5

104.2
o' 132.6 135.2

166.1
( ,NMe?

7.38 7.18 (d,y= 15.1 Hz)

Figure 3.2b: Key and NMR chemical shifts for ZC-14, ZC-96 and ZC-99.

3.3 A New Concise Total Synthesis of Porothramycin B

The successful attachment of a dimethyl acrylamide side chain to a PBD core \ia  

Heck coupling prompted the application of this approach to the total synthesis of 

porothramycin.
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3.3.1 Synthetic Route

COOH / .OTBS

136 A .
120

)Me OTBS
NO

ÔH

137

OMe OTBS
NH

ÔH

138

OMe Troc .OTBS
NH

ÔH

139

•Me roc OTBS

140

(Me roc OH
NH

141

OMe Troc
£)H

142

£)H

OTf

143

£)H

CONMe

144

iMe £)Me

CONMe

3
Porothramycin B

Scheme 3.3a: Synthesis of porothramycin B.

(a) DCC, HOBT, DCM, 0 °C, 99%; (b) Raney nickel, hydrazine, MeOH, reflux, 96%; (c) Troc-Cl, 

Py, DCM, -10 °C, 67%; (d) PDC, 4 Â molecular sieves, DCM, 70%; (e) AcOH, H2 O, THF, 92%; (f) 

(C0C1)2, DMSO, TEA, DCM, -45 °C, 70%; (g) Tf20, Py, DCM, 33%; (h) CH2 =CHCONMc2 , 

(CH3 CN)2 PdCl2 , DABCO, MeOH, 55-62 °C, 63%; (i) 1. 10% Cd-Pb, THF, NH4 OAC; 2. MeOH.
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3.3.2 Synthesis of Amide 137

An initial attempt to synthesise the amide 137 involved adoption of the same method 

used in the formation of dimethoxyamide 121 (oxalyl chloride, DMF, TEA). 

Although the ’H and NMR spectra indicated the presence of both aromatic A- 

ring and TBS-protected C-ring, the yield was very low (<10%). In order to improve 

the yield, an alternative method using DCC in the presence of HOBt was 

investigated, dramatically increasing the yield to 99%. Interestingly, TLC revealed a 

clear difference between the two products obtained from the different reactions. 

Following closer inspection of the NMR spectra obtained for the two different 

products, it became apparent that the oxalyl chloride based coupling method had 

generated the C2-acylated compound 145 (Scheme 3.3b). This was confirmed by 

mass spectrometry, where different molecular ions {m/z 589 for 145 and m/z 411 for 

137) were observed for the two amides.

COOH

136

/ OTBS

HN.

OH
120

iMe OTBS
NO: NÛ2

-OMe

145
couple

•Me OTBS
NO-

DCC
HOBt

Oh

137

Scheme 3.3b: Coupling reactions between A- and C-rings.

3.3.3 Troc Protection

Following Raney nickel reduction, an initial small scale (0.37 g) attempt to Troc 

protect the amine 138 was carried out using 1.1 equiv. of 2,2,2-trichloroethyl 

chloroformate in the presence of 2 equiv. of pyridine. TLC analysis after 16 hours 

revealed the incomplete consumption of starting material and, therefore, another 1 . 1  

equiv. of 2 ,2 ,2 -trichloroethyl chloroformate and 2  equiv. of pyridine were added.
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This resulted in the complete loss of starting material observed by TLC and pure 

Troc-protected product 139 was obtained in 67% yield after reaction work-up and 

purification. Characteristic doublets corresponding to the methylene protons in Troc 

group were clearly observed at ô 4.78 and 4.67 ppm in the NMR of 139, along 

with carbon signals at Ô  94.9 ppm ( C C I 3 )  and 74.9 ppm (CH2) in the '^C NMR.

However, the same reaction on a larger batch (10.84 g of 138) using 2 equiv. of 

2,2,2-trichloroethyl chloroformate and 4 equiv. of pyridine from the start led to the 

formation of compound 146 (Scheme 3.3c), which contained a Troc carbonate as 

well as a Troc carbamate. Additional Troc methylene singnals were found at ô 4.89 

-  4.59 ppm in the 'H NMR spectrum, confirming both O and A-protection had taken 

place. It was therefore necessary to remove the Troc carbonate formed at the C2- 

position while leaving the carbamate intact. Selective cleavage was achieved using 

aqueous potassium carbonate to afford the desired product 139, identical by NMR 

with material produced from the small-scale reaction. The overall yield of the two 

steps was 59%.

•Me •Me-OTBS Troc-Cl (1.1 eq) 
Py (2 eq) 

DCM

roc OTBS
NH NH

ÔHÔH

1 3 8 1 3 9

Troc-Cl (2 eq) 
Py (4 eq)

\  DCM

OM e Troc OTBS
NH

Ô— Troc

1 4 6

Scheme 3.3c: Synthesis of the Troc-protected aniline 139.
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3.3.4 Synthesis of Porothramycin B

In an attempt to form ketone 140, alcohol 139 was initially subjected to Swem 

oxidation, which proved unsuccessful. TLC, IR and ’H NMR data were all identical 

to those of the starting material. Despite repetition with fresh reagents, oxidation to 

the ketone again failed to occur. Therefore, it was decided to use TRAP in the 

presence of NMO and 4 Â molecular sieves (Griffith et al., 1987). Disappointingly, 

TLC showed the incomplete consumption of starting material and only 14 mg of 

ketone 140 was obtained from 378 mg of alcohol 139.

Due to the disappointing results obtained from the Swem and TRAP reactions, the 

use of other oxidising reagents was investigated. Employing Dess-Martin 

periodinane afforded a moderated yield (55%) of ketone 140. However, oxidation 

with PDC brought the yield up to a more respectable 70%. The ’^C NMR spectrum 

of 140 exhibited a characteristic C2-carbonyl signal at ô 210.9 ppm and IR 

spectroscopy showed a carbonyl stretch at 1739 cm"\

TBS cleavage and the subsequent Swem oxidation/ring-closure reaction proceeded 

smoothly in 92% and 70% yield, respectively, fumishing ketone 142. A doublet of 

doublets at ô 5.78 ppm 3.7, 9.8 Hz, HI 1, arising from coupling to 11 -077as well 

as HI la) in the ^H NMR spectmm and a methine carbon signal at ô 86.9 ppm (C ll)  

in the ^̂ C NMR spectmm were clearly observed, confirming successful reaction.

An initial attempt to perform the trifiation on ketone 142 using a fresh ampoule of 

triflic anhydride in the presence of pyridine did not yield any desired triflate. Instead 

a by-product, generated by the aldol reaction between ketone 142 and triflate 143, 

was obtained (see section 3.4 Side reactions observed during trifiation). The 

reaction was subsequently repeated using freshly opened anhydrous pyridine 

(Aldrich Sure SeaF''^). Interestingly, the desired C2,C3-unsaturated triflate 143 was 

obtained in 33% yield. A sharp downfield olefinic proton at Ô 7.22 ppm (H3) plus a 

HI methylene proton at ô 3.37 ppm (dd, J=  10.6, 16.9 Hz) and 3.03 ppm (d, J=  16.9 

Hz) were observed in the *H NMR, confirming the presence of the desired product.
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Gratifyingly, Heck coupling on triflate 143 was a success. The reaction was 

performed under the same conditions as the coupling between dimethoxy-PBD- 

triflate 127 and Æ-dimethylacrylamide to afford NlO-Troc-protected PBD 144 in 

63% yield.

The final step involved removal of the Troc protecting group to provide the target 

natural product. NlO-Troc-protected PBD 144 was subjected to Dong’s cleavage 

conditions (10% Cd-Pb, NH4OAC, THF; Dong et a l, 1995) and the reaction was 

monitored by TLC. Although TLC showed complete consumption of the starting 

material, several major product spots were observed. Following purification by flash 

chromatography and evaporation with several cycles of CHCI3 , the NlO-Cll imine 

form of porothramycin could not be observed by *H NMR. Therefore, TLC pure 

material was treated with dry MeOH and analysed by ^H NMR, which showed the 

clear presence of porothramycin B when compared to a literature spectrum 

(Tsunakawa et a l, 1988). Unfortunately, the low recovery of product from this 

reaction can be attributed to the unstable nature of porothramycin A and the NlO- 

C ll imine form of porothramycin. This was also observed by Fukuyama, who 

converted the unstable porothramycin A carbinolamine into the more stable NlO- 

C ll carbinolamine methyl ether form porothramycin B.

3.4 Side Reactions Observed During Trifiation

As previously mentioned, the low yield of trifiation on both dimethoxy-PBD-triflate 

127 and monomethoxy-PBD-triflate 143 was attributed in part to a competing aldol 

condensation between the ketone 147 and its corresponding triflate 148 (Scheme 

3.4a). In addition, the free 11-hydroxy group also contributed to the low yield as it 

could attack the reactive triflic anhydride.
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DH

1 4 7 Tf.O

+
Py

O T f

Troc
D T f

N— Troc

H O T f

1 4 9

Scheme 3.4a: Aldol reaction during trifiation.

Structures of type 149 were supported by spectroscopic data (*H NMR, NMR, IR 

and MS). Selected data in Table 3.4a shows the interesting comparison of expected 

products 148 and by-products 149. The doubling of characteristic signals in the 

NMR of 149 indicated the formation of dimers. In addition, both C-ring C2’ and C3 

signals were observed in the NMR spectra of 149 whereas only C3 signals can 

be seen in the NMR spectra of 148. Mass spectra of 149 exhibited large 

fragments corresponding to dimers, although molecular ions were difficult to 

observe. Evidence for the introduction of electron-withdrawing

trifluoromethanesulfonate groups at position 11 was gained from the NMR spectra of 

149 where noticeable downfield shifts of HI 1 and C ll were observed. Further 

confirmation was obtained from the IR spectra of 149 which showed the complete 

absence of hydroxy groups.
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Table 3.4a: Selected NMR data for trifiation products.

Chemical shift (ppm)®

Structure ‘h n m r 13CNMR

H ll Troc C ll  TrocCH2 C3 C2’

MeO-

Me
O 3 OTf

5.22(12.0 Hz)

5.86 (9.7 Hz) 86.0
4.19(12.0 Hz)

75.5 121.1

.OMe
X)Tf

Me(

N—TrocMel

*H OTf

5.38 (12.2 Hz) 
6.61 (9.5 Hz) 5 27(11.7 Hz)

4.24(12.0 Hz)

93.0

91.9

75.7

75.5

121.6 212.0

Me \ roc

5.89 (9.6 Hz)

OTf

4.98(11.1 Hz)

4.40(11.1 Hz)
85.9 75.9 121.0  —

Me roc

N— Troc

5.10(12.9 Hz) 
6.75 (8.4 Hz) 5 05 (11.9 Hz)

4.35(11.4 Hz) 
H V f  6.67 (9.4 Hz) 4  3  j ^j2.8 Hz)

92.5

91.5

75.9

75.8

120.5 218.1

“Figures in brackets are coupling constants o f doublets.

The knowledge gained from these observed unwanted side reactions was used to 

investigate methods which overcome the low yields from the trifiation reaction.
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3.5 Attempted Optimisation of Enol Triflate Formation

3.5.1 Synthesis of NlO-Teoc-Protected Ketone 156

The major problem remaining in the current synthetic approach was the low yielding 

trifiation reaction. In order to solve this problem, it was decided to investigate an 

alternative NlO-protecting group (Teoc) (Scheme 3.5a), as trifiation was successful 

on dilactam intermediates protected with the analogous silicon based SEM group 

(section 1.4.5). In addition, a number of trifiation methods were investigated on the 

NlO-Teoc-protected ketone substrate 156.

Teoc protection of aniline 150 was achieved using triphosgene to form an isocyanate 

intermediate which was then treated with trimethyl silyl ethanol to give carbamate 

151 (Schwetlick et a l, 1984). The progress of this one-pot reaction was monitored 

by IR, where the formation of an isocyanate N=C=0 stretch at v 2269 cm’’ along 

with the absence of the twin amine N-H streches at v 3462 and 3359 cm'* revealed 

the complete transformation to the isocyanate intermediate. The IR spectrum of 151 

revealed a new carbonyl stretch at v 1727 cm'* while the isocyanate peak 

disappeared. In addition, two triplets at ô 4.26 and 1.07 ppm in the *H NMR of 151 

along with carbon signals at ô 63.4 ppm and 17.6 ppm in the *̂ C NMR 

corresponding to the two Teoc methylene groups confirmed the success of the 

reaction.

After hydrolysis to acid 152, synthesis of cyclised ketone 156 was carried out 

smoothly, following an analogous route to that previously applied during the 

synthesis of ZC-14, ZC-96 and ZC-99.

69



MeO

MeO

150

N H ,

OMe

eoc

Me( NH

OMeMeO'

O
151

eoc
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OTBS
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MeO

MeO
O T f
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Scheme 3.5a: Synthesis of Teoc-protected triflate.

(a) 1. Triphosgene, TEA, toluene, 105 °C; 2. trimethylsilyl ethanol, TEA, toluene, 80%; (b) IM 

NaOH, MeOH, 85%; (c) DCC, HOBt, DCM, 8 8 %; (d) (COCl):, DMSO, TEA, DCM, -60 °C, 100%; 

(e) AcOH, H2 O, THF, 94%; (f) (COCl);, DMSO, TEA, DCM, -50 °C, 53%; (g) Tf^O, LDA, DCM, - 

78 °C, 24%.
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3.5.2 Trifiation on Ketone 156

Various methods for the formation of the key enol triflate 157 were investigated. 

These included changing the triflating agent, the base, the stoichiometry and the 

reaction temperature (Table 3.5a). The conventional method (entry 1) yielded none 

of the desired product. Exchanging triflic anhydride for the more reactive V-(5- 

chloro-2-pyridyl)triflimide (Comins and Dehghani, 1992) (entry 2) and replacement 

of pyridine with TEA or LDA (entries 3 and 4, respectively) again proved 

unsuccessful. Some success was achieved using LDA as base at low temperature 

(entries 5, 6  and 7). However, the maximum yield obtained was only 24% despite 

no recovery of aldol product.

Table 3.5a: Trifiation methods used on ketone 156.

Triflating reagent Base Temperature
Yield 

of 157

1 TfzO ( 1 . 2  eq) Pyridine (1 . 2  eq) r. t. 0

2 ( 1 . 1  eq) LDA (1 . 1  eq) r. t. 0
N NTf;!

3 TfzO ( 1 . 1  eq) TEA ( 1 . 1  eq) r. t. 0

4 TfzO ( 1 . 1  eq) LDA ( 1 . 1  eq) r. t. 0

5 TfzO (1 . 1  eq) LDA ( 1 . 1  eq) -78 °C 24%

6 TfzO (2 . 2  eq) LDA (2 . 2  eq) -78 °C 5%

7 Tf^O (4.4 eq) LDA (4.4 eq) -78 °C 5%

These experiments demonstrate that the NlO-Teoc-protected ketone 156 is a poor 

substrate for trifiation. This is illustrated by the fact that the conventional method 

failed completely, whereas NlO-Troc-protected ketone 126 gave rise to a 33% yield 

of corresponding enol triflate.
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3.5.3 Investigation of Alternative Approaches

NlO-SEM-protected PBD dilactam intermediates have been shown to be good 

substrates for trifiation (Cooper et a l, 2002). In order to investigate this approach, 

Teoc-protected dilactam 158 was synthesised by oxidation of ketone 156 (Scheme 

3.5b). Initially, TEMPO/BAIB (De Mico et a l, 1997) was used for the oxidation, 

but reaction failed to occur despite the use of excess reagents. This interesting result 

demonstrates that the TEMPO/BAIB oxidation method does not oxidise the Cl 1-OH 

of the PBD ring system. Many previous PBD syntheses (Gregson et a l, 2001; 

Tercel et a l, 2003) using Fukuyama’s oxidation/cyclisation strategy suffer from 

over-oxidation to dilactams, but this problem now appears to be solved by using 

TEMPO/BAIB as oxidant. Oxidation of the Cl 1-OH was achieved by employing 

PDC/4Â molecular sieves to provide dilactam 158 in 35% yield. Disappointingly, 

trifiation was completely unsuccessful on dilactam 158 using both the conventional 

method (Tf^O and pyridine) and the alternative (#-(5-chloro-2-pyridyl)triflimide and 

NaHMDS).

eoc eoc eocPH
trifiation MeO-MeO-Me<

MeO'MeO' MeO'
OTf

156 158 159

Scheme 3.5b: Synthesis of Teoc-protected triflate via dilactam 158.

Due to the difficulty involved in synthesising triflate intermediates required for the 

Heck coupling reaction, synthesis of an alternative Heck substrate, iodide 160 

(Scheme 3.5c), was investigated following Kropp’s method (Kropp et a l, 1983). 

Ketone 156 was converted to a hydrazone using hydrazine hydrate (path A) and then 

treated with TEA and iodine. Disappointingly, a multi-spot mixture was observed 

by TLC and desired product 160 could not be isolated after flash column 

chromatography.
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Variation in the chronological order of the synthetic route was also considered, i.e. 

the Teoc protection group was cleaved prior to trifiation and Heck coupling (Scheme 

3.5c, path B). Unfortunately, the Teoc group could not be cleaved from 156 and 

therefore the ketone 161 could not be synthesised by this route.

eoc eoc
£)H PH

Me*

MeO' MeO'

156 160

eoc PH
Mel TBAF MeO. 

R MeO'MeO'

156 161

1. Heck (e.g. X -C H CH CO NM ez) 
\  2. Teoc cleavage

Mel

MeO'

1. trifiation (X=OTf)
2. Heck

Scheme 3.5c: lodination and Teoc deprotection.

Further investigation of enol trifiation on PBD monomers was not performed due to 

the lack of significant quantities of key intermediates. As a result, future work 

focused on synthesis of the main dimer targets using the original synthetic strategy.

3.6 Initial Approach to the Synthesis of PBD Dimers

3.6.1 Retrosynthesis

The synthesis of the four PBD monomers described earlier demonstrated that PBD 

NlO-Troc-protected enol triflates were potentially versatile intermediates for the 

inclusion of structural diversity at the PBD C2-position. The next challenge was to 

apply this chemistry to the synthesis of ewc/o/exo-substituted PBD dimers. The 

strategy employed was analogous to that described for the monomers and is depicted 

in Scheme 3.6a
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Scheme 3.6a: Retrosynthesis of endo/exo unsaturated PBD dimers.

3.6.2 Synthesis of the Dimer Core 165

Preparation of the known bis-acid 165 (Bose et a l, 1992a) commenced with 

Mitsunobu reaction of commercially available methyl vanillate 162 with 1,3- 

propanediol to afford dimer ester 163 (Scheme 3.6b). Nitration on 41 using copper 

nitrate hydrate followed by hydrolysis provided the bis-acid 165.

HO

MeO '  COOMe 

162

MeOOC OMe MeO COOMe

MeOOC OMe MeO OMe MeOCOOMe HOOC COOH

Scheme 3.6b: Synthesis of the bis-acid 165.

(a) H0 (CH2 )3 0 H, PhsP, DIAD, THF, 0 °C, 100%; (b) CuCNOs):, AczO, 0 °C, 83%; (c) IM NaOHaq, 

THF, 100%.
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3.6.3 Attempted Synthesis of PBD Dimer Intermediate

OMe MeO 

165 a
OzN Ov .0.

OMe MeO 

166

NOz -,OTBS

Troc 
TBSO. ^ L _ ^OTBSOTBS

OMe MeO OMe MeO

L. .OTBS

OMe MeO OMe MeO

Scheme 3.6c: Synthesis of PBD dimer intermediate.

(a) (COCl)2 , DMF, TEA, H2 O, THF, 0 °C, 62%; (b) Raney nickel, hydrazine, MeOH, reflux, 72%; (c) 

Troc-Cl, Py, DCM, -10 °C, 27%; (d) (C0 C1)2 , DMSO, TEA, DCM, -55 °C, 75%.

Following a similar approach applied to the PBD monomers, the dimer core 165 was 

converted to its corresponding acid chloride and then coupled to the C-ring 120 to 

give 166 in 62% yield (Scheme 3.6c). Raney nickel reduction afforded aniline 167 

which was Troc-protected to give 168 in disappointing 27% yield. The low yield 

was thought to be caused by the presence of hydroxy groups in the C-ring which are 

free to react with Troc-Cl leading to unwanted side-products (see section 3.3.3 Troc 

protection).

Oxidation of 168 to the bis-ketone 169 was achieved under Swem conditions in 75% 

yield. The next step, which involved the removal of the TBS groups, proved to be 

problematic. The TBS ketone 169 was stirred in a mixture of AcOH, THF and H2O 

(3:1:1) and the reaction was incomplete even after stirring for one week.

Due to the low yielding amide coupling and Troc protection reactions along with the 

failure to cleave the TBS groups from 169, it was decided to embark on a different
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synthetic pathway. This involved protection of the C2-0H moiety prior to amide 

coupling (to enhance coupling and Troc protection yields) and, crucially, protection 

of the Cl 1-OH moiety later in the synthesis (to improve triflation yields).

3.7 Successful Synthesis of Novel PBD Dimers

By adopting this modified synthetic route, four novel PBD dimers (Figure 3.7a) 

were successfully synthesised.

w

171
ZC-204

OMe M

116
ZC-207

)Mc Me

ZC-209
117

ZC-211

Figure 3.7a: Structures of novel PBD dimers.

3.7.1 Synthetic Route

Scheme 3.7a shows the modified synthetic route to the PBD dimers. The key 

modifications include the following: (1) protection of the C-ring C2-0H as an 

acetate; (2) cyclisation of the PBD B-ring prior to C2 oxidation; (3) protection of the 

Cl 1-OH as a TBS ether.
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OMe MeO

TBSO

OMe MeO

|— I73X = N02 
174X = NH2

OMe MeO

dC
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HO' 'OH'OAc

TrocTrocTrocTroc TBSQ. ÆTBST)TBSTB&Q

MeO'MeO OMeOMe
TfO OTf

Troc Troc #TBSTBSQ.

MeOOMe

182X = CH=CHCONMe2 
183X = PhOMe
184 X = C-CPh
185 X = CH=CHMe

OMe MeO

171 ZC-204 X = CH=CHCONMe2
116 ZC-207 X = PhOMe 
118 ZC-209 X = C^CPh
117 ZC-211 X = CH=CHMe

Scheme 3.7a: Synthesis of ZC-204, ZC-207 ZC-209 and ZC-211.

(a) (C0 C 1)2 , DMF, TEA, H^O, THF, 0 °C, 78%; (b) NaS2 0 4 , H2 O, THF, 55%; (c) Troc-Cl, Py, DCM, 

-10 °C, 92%; (d) AcOH, H2 O, THF, 100%; (e) TEMPO, BAIB, DCM, 39%; (f) TBSOTf, 2,6-lutidine, 

DCM, 100%; (g) K2 CO3 , H2 O, MeOH, 95%; (h) (C0 C1)2 , DMSO, TEA, DCM, -60 °C, 72%; (i) 

T%0, Py, DCM, 61%; (j) CH2 =CHCONMe2 , (CH3 CN)2 PdCl2 , DABCO, MeOH, 55-65 °C, 22% (59); 

(HO)2 BPhOMe, Pd(PPh3 )4 , TEA, H2 O, EtOH, toluene, 87% (60); SnBu3 C^CPh, Pd(PPli3 )4 , LiCl, 

THF, reflux, 90% (61); (HO)2 BCH=CHMe, Pd(PPli3 )4 , TEA, H2 O, EtOH, toluene, 76 °C, 25% (62); 

(k) 10% Cd-Pb, THF, NH4 OAC, 31% (ZC-204), 96% (ZC-207), 38 % (ZC-209), 74% (ZC-211).
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3.7.2 Synthesis of Acetate Protected C-ring 172

/ OTBS / OTBS / OTBS

Cbz—N Cbz—N

OAc

135 186 172

OAc

Scheme 3.7b: Synthesis of acetate protected C-ring 172.

(a) AczO, Py, DMA?, THF, 94%; (b) 10% Pd-C, Hz, EtOH, 98%.

Acetate protection of the hydroxy group in the C-ring was carried out just before 

removal of the Cbz group (Scheme 3.7b). The alcohol 135 (obtained from hydroxy- 

proline, Scheme 3.2b) was treated with acetic anhydride in the presence of pyridine 

and DMA? to give the acetate 186 in good yield (94%). Characteristic acetyl signals 

were observed in the NMR at ô 2.02 ppm and the IR spectrum at 1739 cm '. 

Further confirmation came from the mass spectrum of 186 with the molecular ion 

observed as the base peak.

The Cbz group was removed by catalytic hydrogenation to furnish the novel acetate 

protected C-ring 172 ready for coupling to the dimer core.

3.7.3 Synthesis of Key Intermediate 176

Coupling of the dimer core acid chloride with the acetate protected C-ring 172 

afforded desired product 173 in 78% yield (Scheme 3.7a). This yield was 

significantly higher than the coupling yield obtained with the unprotected C-ring 

(62%). Satisfyingly, yields from this modified coupling were reproduceable unlike 

the inconsistent yields obtained by the original method.

The next task was to reduce the aromatic nitro groups without affecting the acetate 

protecting groups in the C-ring. The previously used method, Raney nickel and
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hydrazine, was not considered as hydrazine is known to cleave acetate esters (Roush 

and Lin, 1995). Initially, hydrogenation using 10% Pd-C was investigated, but 

provided the aniline 174 only in 38% yield. A better yield (55%) was obtained by 

applying sodium dithionite in THF/H2O at room temperature.

The yield of Troc protection was significantly improved from 27% to 92%, showing 

the advantage of protecting the C-ring hydroxy moiety. TBS cleavage was also a 

success, unlike the previous case when no reaction occurred on 169. On this 

substrate (175) TLC revealed a clean spot to spot transformation and the yield of 176 

was nearly 100%. The structure of 176 was confirmed by the NMR spectra where 

the TBS signals were no longer present.

3.7.4 Synthesis of Cyclised Ketone 180

Oxidation/cyclisation on compound 176 was achieved using BAIB in the presence of 

TEMPO as a catalyst in 39% yield. The ’H and *̂ C NMR spectra of 177 exhibited 

the characteristic HI 1 doublet at Ô 5.68 ppm and the C ll methine signal at ô 87.5 

ppm, confirming the success of ring-closure.

Bis-alcohol 177 was then protected as a TBS ether using TBS-OTf in the presence of 

2,6-lutidine to afford compound 178 in nearly 100% yield. It was hoped that 

protection of the 11-OH groups would prevent unwanted side triflation. Acetate 

deprotection using potassium carbonate provided bis-alcohol 179 in excellent yield 

(95%) which was oxidised to the bis-ketone 180 under standard Swem conditions in 

72% yield. Successful oxidation was confirmed by the downfield C2-ketone signal 

at Ô 207.7 ppm in the NMR spectmm together with the disappearance of the H2 

methine signal in the ’H NMR spectrum. After cyclisation the HI signals changed 

from overlapped multiplets to two clearly visible doublet of doublets at 2.72 (2H, J  = 

10.2, 19.6 Hz) and 2.82 (2H, 2.6, 19.6 Hz).

This route allowed the synthesis of sufficient bis-ketone 180 (2 g) for further 

investigation of the critical triflation reaction to be undertaken.
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3.7.5 Successful Synthesis of Novel PBD Dimers ZC-204, ZC-207 ZC-209 and 

ZC-211

An initial attempt to form the bis-triflate using the previously applied conditions (2.4 

equiv. of Tf^O and 2.5 equiv. of pyridine) provided 181 in a disappointing 7% yield. 

Interestingly, the yield was dramatically improved to 50% by using a large excess of 

reagents (14 equiv. of Tfî O and 14 equiv. of pyridine). The highest yield (61%) of 

181 was obtained using 22 equiv. of Tf^O and 22 equiv. of pyridine. Despite the low 

yields obtained during the investigation of alternative triflation methods on the PBD 

monomers, the reaction was improved simply by using a large excess of reagents. 

The structure of the C2,C3-unsaturated triflate 181 was confirmed by the diagnostic 

downfield H3 singlet at ô 7.19 ppm and the HI signals at 5 3.35 and 2.84 ppm 

observed in the NMR spectrum.

The key enol triflate was then subjected to various palladium-catalyzed C-C bond 

forming reactions (Scheme 3.7c), including Heck, Suzuki and Stille coupling.

The porothramycin side chain was chosen to be coupled to the triflate 181 as Heck 

coupling on the monomer triflate 127 with this side chain was achieved in a higher 

yield than with other substituents (i.e. -CH=CHCOOMe in ZC-96 and -  

CH=CHC0 NH2 in ZC-99). In addition, NCI’s cytotoxicity evaluation showed that 

PBD monomoer ZC-14 bearing a dimethylacrylamide C2-side chain has greater 

biological activity than PBD ZC-96 and ZC-99 (see section 3.8).

Characteristic H12,13-alkene and A^-methyl signals in the ^H and ’̂ C NMR spectra 

of 182 indicated the presence of the dimethylacrylamide substituent. The E- 

configuration of the side chains was confirmed by the coupling constant between 

H I2 and H I3 (J=  15.0 Hz) in the ^H NMR spectrum.

Suzuki coupling with 4-methoxybenzeneboronic acid introduced aryl substituents at 

the C2-position of the molecule. The reaction was very efficient and was complete 

within only 15 minutes at room temperature to give compound 183 in 87% yield. 

Two downfield doublets in the aromatic region and a new singlet corresponding to a
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methoxy group in the *H NMR spectrum of 183 along with diagnostic carbon signals

in the NMR supported the structure of 183.

[roc OTBST B S a

OMc MeMciN

Troc OTBS

OMe Me
(HOlgB— PhOMe

T m cn T B S  MeTBSQ,

Troc OTBS

OMe MeO

OMe

0 OBU]Sn— — r — Ph 

Stille

TBSQ, J
jro e

H

OMe M

Scheme 3.7c: Coupling reactions on triflate 181.

A C2-alkyne substituted PBD dimer precursor was synthesised by Stille coupling 

with tributyl(phenylethynyl)tin (Tiberghien et a l,  2004). The desired product 184 

was obtained in high yield, although slightly contaminated with tin related impurities 

which could not be removed by chromatography. Despite this, expected 

characteristic signals were observed in the NMR spectrum with the correct 

integration of aromatic protons. In addition, diagnostic alkyne signals were also 

observed in the NMR spectrum at ô 93.7 and 83.6 ppm.

A PBD dimer possessing C-ring functionality present in the natural product 

Sibiromycin (Figure 1.1a) was also accessible via this methodology. Suzuki 

coupling using E-propenylboronic acid provided key intermediate 185 in 25% yield. 

The structure of compound 185 was confirmed by the NMR spectrum which 

showed the characteristic doublet of quartets at ô 5.54 ppm corresponding to H I3 

along with the H I2 doublet at Ô 6.26 ppm and the H I4 doublet at 6  1.85 ppm.
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Finally, four novel PBD dimers (ZC-204, ZC-207, ZC-209 and ZC-211) were 

successfully synthesised by removal of both Troc and TBS protecting groups using 

10% Cd-Pb couple in the presence of ammonium acetate. A proposed mechanism of 

this reaction is shown in Scheme 3.7d.

AcO- c \
V /C l 'OTBS +  CO] +  )= C H 9OTBS +  CO] -f N—  

Cd' C l ^

OTBS —  ~

>

Scheme 3.7d: Proposed mechanism for Troc/TBS cleavage.

Deprotection of 183 containing methoxyphenyl substituents proved most successful 

among the four reactions, giving ZC-207 in 96% yield. Deprotection of 185 bearing 

sibiromycin side chains was also a success. The reaction was complete within 1 

hour, affording ZC-211 in 74% yield. ZC-209 and ZC-204 were obtained in 38% 

and 31% yields, respectively.

All four PBDs were analysed by HPLC and gave single peaks. The key NlO-Cll 

imine functionalities were identified in the and NMR spectra where 

characteristic H and C ll signals were clearly visible. The ES mass spectra of these 

PBDs further confirmed their structures, giving expected molecular ions and 

encouraging [a]o values suggesting that racemization had not occurred at Cl la.

Figure 3.7b shows key ’H and ^̂ C NMR information for these novel PBD dimers.
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‘h (ppm) 13C (ppm)

Z C -2 0 4

6.88 7.88 (d ,J = 3 .9 H z)

6.18(d, J =  15.0 Hz)

MeO' NMe-

7.34
7.51 7.54 (d ,y =  15.1 Hz)

_  162.1

166.4 
( N̂Me?

116 %  
Z C -2 0 7

MeO

7.78 (d, y  = 3.9 Hz) 
H

7.24 (d, y  = 8 .7  Hz) 
H

H 6.81 
(d, y =  8.7 Hz)

OMe

162.5111.9

126.2MeO'
111.2 114.3

121.9

OMe

6.78 7.79 (d, y  = 3.9 Hz)

7.39-7.37Z C -2 0 9
MeO'

7.42

Z C -2 1 1

7.26-7.19

162.0112.0

83.3MeO'
131.4111.2

132.8
94.3

128.4

6.77 7.74 (d ,y  = 3.8H z)
162.6111.9

5.52 (dq, J = 6.8, 15.4 Hz)
126.9

MeO'
MeO' 111.2 18.5CH3

1.77 (d ,y = 6 .6 H z) 124.47.42
6.84 6.19 (d, y  = 15.5 Hz)

Figure 3.7b: Key *H and NMR chemical shifts for 

ZC-204, ZC-207, ZC-209 and ZC-211.
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3.8 Biological Evaluation to Date

The three novel PBD monomers and the four novel PBD dimers were evaluated for 

their in vitro cytotoxicity at the National Cancer Institute (NCI), USA and by Prof. 

John Hartley’s group based at UCL Medical School, London, UK. The NCI’s in 

vitro cytotoxicity screen consists of approximately 60 human cell lines and the 

protocol involves 48 h continuous exposure to drug (Monks et a l, 1991). Prof. 

Hartley’s group tested the ability of these novel PBDs to inhibit the growth of human 

chronic myeloid leukaemia K562 cells using the MTT assay.

The DNA cross-linking efficiency of the novel dimers was also investigated by Prof. 

Hartley’s group. The assay involves adding the potential cross-linking compound to 

radiolabelled double-stranded pUC 18 plasmid DNA, dénaturation of the DNA to the 

single-stranded form and then renaturation to double-stranded DNA. Quantitation of 

the autoradiograph allowed calculation of the concentration of drug required to effect 

50% cross-linking (Hartley et a l, 1991).

3.8.1 NCI In Vitro Cytotoxicity Studies of Novel PBD Monomers

Table 3.8a provides a summary of the in vitro cytotoxicity data obtained for the 

novel PBD monomers. These compounds exhibited potent cytotoxicity in the NCI 

60-cell line screen with average GI50 values of 12 nM (ZC-14), 13 nM (ZC-96) and 

53 nM (ZC-99). Compared to the saturated C-ring compound 187 and the endo- 

unsaturated C-ring compound 188, cytotoxicity of PBDs with combined endo and 

exo unsaturation in the C-ring (112, 114, 113, 189, 1) is greatly enhanced. 

Introduction of endo unsaturation affords only a modest increase (1.6 fold, 188 vs 

187) in activity. However, introduction of ̂ xo-cyclic vinylic unsaturation results in a 

significant increase (17-fold, 189 vs 188) in cytotoxicity. Further potentiation ( 6  to 

7-fold) is observed as amide and ester functional groups are added to the exo-cyclic 

substituents. ZC-14 is over 100-fold more potent than the parent ew^/o-unsaturated 

PBD (188) and 178-fold more potent than the totally saturated PBD 187.
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Table 3.8a: Average G I 50 ,  T G I ,  L C 50 values from the N C I  screen for ZC-14, ZC-96 

and ZC-99. Data for compounds 187,188,189 and anthramycin methyl ether (1) are 

included for comparison.

Compound G I 50 ( p M ) =  T G I  (liUy L C 50 ( p M ) '

MeO'

112 (ZC-14)

0.012 0.096 0.650

MeO.

MeO' OMe 1.320.013 55.0

114 (ZC-96)

MeO.

MeO' NH; 3.72 69.20.053

113 (ZC-99)

O
187

2.14 19.1 57.5

2 C Ç  

188

1.35 8.13 60.3

O
189

0.078 1.23 30.2

jpMe
Me-

.NH2

1 Anthramycin

0.029 0.610 12.7

® GI5 0 : Dose that inhibits 50% of cell growth. 

TGI: Dose that inhibits 100% of cell growth. 

LC5 0 : Dose that kills 50% of cells.
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Plate 1: NCI mean graph for ZC-14 (112). Concentration range: 10'̂  -  10''  ̂M.
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Plate 2: NCI mean graph for ZC-96 (114). Concentration range: 10"̂  -  10'̂  M
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Plate 3: NCI mean graph for ZC-99 (113). Concentration range: 10'̂  -  10' M.
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ZC-14 (112, Plate 1) which possesses a A^,A^-dimethylacrylamide C2-side chain is 

particularly potent, exhibiting lower GI50, TGI and LC50 values than the known 

natural product anthramycin (1) in the majority of cell lines. The molecule is 

significantly cytotoxic towards certain cell lines (e.g., sub-nanomolar in CCRF-CEM 

and UACC-257) and a selection of these results in comparison to anthramycin is 

shown in Table 3.8b.

Table 3.8b: Average G I 50 values for ZC-14 (112), ZC-96 (114) and ZC-99 (113) in

selected cell lines from the NCI screen. Data for anthramycin methyl ether (1) are 

included for comparison.

Tumour Type Cell Line
G I 50 (nM)

Anthramycin ZC-14 ZC-96 ZC-99

Leukemia CCRF-CEM 2 0 . 0 0.60 < 1 0 < 1 0

Lung HOP-92 2 0 . 0 2.34 < 1 0 < 1 0

Colon SW-620 31.6 19.5 < 1 0 < 1 0

CNS U-251 2 0 . 0 3.31 < 1 0 < 1 0

Melanoma UACC-257 63.1 0.25 26.3 144

Melanoma UACC-62 15.8 1 2 . 6 < 1 0 < 1 0

Renal RXF 393 31.6 1.65 < 1 0 < 1 0

Prostate PC-3 2 0 . 0 18.6 17.8 158

Prostate DU-145 25.1 36.3 < 1 0 < 1 0

Breast MCF-7 39.8 7.15 < 1 0 < 1 0

Table 3.8b also demonstrates the low GI50 values of the other two potent novel PBD 

monomers ZC-96 (114) and ZC-99 (113). ZC-96 (Plate 2) displayed a mean GI50 

value of 0.013 pM, however, in the majority of cell lines it gave GI50S lower than 

anthramycin (less than 0.010 pM). ZC-96 showed no apparent selectivity at the GI50 

level, certain selectivity within most sub-panels at the TGI level and prominent

89



selectivity at the LC50 level. In lung (NCI-H23), melanoma (UACC-62) and renal 

(A498) cell lines, the bars extend three log units to the right of the mean LC50. This 

implies that the drug achieved the LC50 for these cell lines at a concentration one- 

thousandth the mean value required for all cell lines.

Anthramycin analogue ZC-99 (Plate 3) expresses a similar profile to ZC-96, 

exhibiting enhanced cytotoxic potency compared to anthramycin in the majority of 

cell lines. The molecule gives G I 50S of less than 0.010 pM in most cell lines and 

significant selectivity at L C 50 level in melanoma (SK-MEL-5, UACC-62) and renal 

(A498) cell lines. It should be noted that ZC-14 was evaluated at a lower 

concentration than ZC-96 and ZC-99. This enabled firm G I 50 values to be obtained 

for ZC-14, therefore ZC-96 and ZC-99 also need to be screened in the 10'  ̂-  10’’̂  

M range for a more direct comparison.

Summary

All novel PBD monomers showed significant cytotoxicity towards certain cell lines. 

It is noteworthy that these Je5-C9-hydroxy analogues of anthramycin retain a 

significant degree of potency of the parent compound, thus indicating that 

cytotoxicity is essentially independent of the problematic C9-0H moiety.

3.8.2 NCI In Vitro Cytotoxicity Studies of Novel PBD Dimers

Table 3.8c provides a summary of initial in vitro cytotoxicity data of novel PBD 

dimers. These compounds exhibited remarkable cytotoxicity in the NCI 60-cell line 

screen.
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Table 3.8c: Average GI50, TGI, LC50 values from the NCI screen for ZC-204, ZC- 

207, ZC-209 and ZC-211.

Compoimd GI50 (pM) TGI (nM) LC50 (HM)

2171
0.032

ZC-204

2.82 21.9

<0.010
OMeJ 2116

ZC-207

0.169 20.4

ZC-209

0.030
J 2118

0.288 4.17

CHr

o

ZC-211

<0.010
2117

2.24 44.7

ZC-204 (171, Plate 4), the dimer version of ZC-14, exhibited significant 

cytotoxicity in the NCI screen, giving G I 50 values of lower than 2.51 nM against 

sixteen cell lines. ZC-204 displayed no appreciable selectivity at the G I 50 level. At 

the TGI level two renal cell lines (A498 and ACHN) exhibited high sensitivity to 

ZC-204, both having TGI of lower than 2.51 nM. However, at the L C 50 level the 

compound showed prominent activity against the SK-MEL-5 melanoma cell line.
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Plate 4: NCI mean graph for ZC-204 (171). Concentration range: -  10'*  ̂M
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Z C - 2 0 7  ( 1 1 6 ,  Plate 5 ) ,  w h i c h  c o n t a i n s  C 2 - a r y l  s i d e  c h a i n s ,  e x h i b i t e d  a n  i n t e r e s t i n g  

N C I  c y t o t o x i c i t y  p r o f i l e .  T h e  m o l e c u l e  g a v e  G I 50 v a l u e s  o f  l o w e r  t h a n  1 0  n M  

a g a i n s t  a l l  t e s t e d  c e l l  l i n e s  a n d  T G I  v a l u e s  o f  l o w e r  t h a n  1 0  n M  f o r  m o r e  t h a n  h a l f  o f  

t h e  t e s t e d  c e l l  l i n e s  w i t h  n o  a p p a r e n t  s e l e c t i v i t y .  A t  t h e  L C 50 l e v e l ,  Z C - 2 0 7  s h o w e d  

r e m a r k a b l e  s e l e c t i v i t y  a g a i n s t  l u n g  ( N C 1 - H 2 3 ) ,  c o l o n  ( H C C - 2 9 9 8  a n d  H C T - 1 1 6 ) ,  

C N S  ( S F - 5 3 9 )  a n d  m e l a n o m a  ( M l 4 )  l i n e s .  I n  t h e s e  c e l l  l i n e s  t h e  c o m p o u n d  g a v e  

L C 50S  o f  l o w e r  t h a n  1 0  n M ,  a  c o n c e n t r a t i o n  l e s s  t h a n  o n e - t w o  t h o u s a n d t h  t h e  m e a n  

c o n c e n t r a t i o n  e x h i b i t e d  o v e r  a l l  l i n e s .

T h e  p h e n y l a l k y n e  d i m e r  Z C - 2 0 9  ( 1 1 8 ,  Plate 6 )  g a v e  a n  a v e r a g e  G I 50 v a l u e  o f  3 0  n M  

i n  t h e  N C I  m e a n  g r a p h s .  I n  t h i r t e e n  c e l l  l i n e s  t h e  m o l e c u l e  e x h i b i t e d  G I 50 v a l u e s  o f  

l e s s  t h a n  1 0  n M .  T h i s  c o m p o u n d  a l s o  h a s  a v e r a g e  T G I  a n d  L C $ o  v a l u e s  a s  l o w  a s  

0 . 2 2 8  p - M  a n d  4 . 1 7  | i M ,  r e s p e c t i v e l y .

T h e  s i b i r o m y c i n - l i k e  d i m e r  Z C - 2 1 1  ( 1 1 7 ,  Plate 7 )  a l s o  d i s p l a y e d  i n t e r e s t i n g  a c t i v i t y  

i n  N C I ’ s  c y t o t o x i c i t y  e v a l u a t i o n .  I n  a  s i m i l a r  f a s h i o n  t o  C 2 - a r y l  d i m e r  Z C - 2 0 7 ,  Z C -  

2 1 1  g a v e  G I 50 v a l u e s  o f  l e s s  t h a n  1 0  n M  a g a i n s t  a l l  t e s t e d  c e l l  l i n e s .  A t  t h e  T G I  

l e v e l  Z C - 2 1 1  s h o w e d  s e l e c t i v i t y  f o r  a  n u m b e r  o f  c e l l  l i n e s  w i t h  T G I  v a l u e s  o f  l e s s  

t h a n  1 0  n M ,  a  c o n c e n t r a t i o n  l e s s  t h a n  o n e - t w o  h u n d r e d t h  t h e  m e a n  c o n c e n t r a t i o n  

r e q u i r e d  o v e r  a l l  c e l l  l i n e s .  A t  t h e  L C 50 l e v e l  t h e  c o m p o u n d  e x h i b i t e d  s t r o n g  

s e l e c t i v i t y  f o r  m e l a n o m a  ( L O X  I M V l  a n d  U A C C - 6 2 )  a n d  r e n a l  ( R X F  3 9 3 )  l i n e s  

w i t h  L C 50 v a l u e s  l e s s  t h a n  1 0  n M .  I n  t h e s e  c e l l  l i n e s  t h e  b a r s  e x t e n d  3 . 6 5  l o g  u n i t s  

t o  t h e  r i g h t  o f  t h e  m e a n  L C 50 ,  i n d i c a t i n g  Z C - 2 1 1  a c h i e v e d  L C 50 f o r  t h e s e  l i n e s  a t  a  

c o n c e n t r a t i o n  b e t w e e n  o n e - t h o u s a n d t h  a n d  o n e - t e n  t h o u s a n d t h  t h e  m e a n  v a l u e  

r e q u i r e d  f o r  a l l  c e l l  l i n e s .
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Plate 6: NCI mean graph for ZC-209 (118). Concentration range: lO'"̂  -  10'̂  M.
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Plate 7: NCI mean graph for ZC-211 (117). Concentration range: lO'"̂  -  10'̂  M.
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Summary

All four dimers showed remarkable cytotoxicity, in particular ZC-211 and ZC-207. 

Unfortunately, the NCI data was obtained in the 10"̂  to 10'  ̂M concentration range. 

Given the potency of the molecules, a more detailed comparison of relative potency 

and selectivity could be achieved if the concentration range was lowered (i.e. 10’̂  to 

10'‘°M).

3.8.3 Cytotoxicity Studies of PBD Monomers vs Dimers in the K562 Cell Line

In order to obtain a direct comparison of cytotoxicity data for the PBD dimers and 

their corresponding monomers, assays were performed in the K562 cell line at UCL 

using a 96 h exposure protocol. The ability of the molecules to inhibit the growth of 

K562 cells was recorded as IC$oS and the results are shown in Table 3.8d.

In general, the four PBD dimers displayed enhanced cytotoxicity compared to their 

corresponding monomers. Sibiromycin-like dimer ZC-211 showed the greatest 

effect of dimerization and is almost twenty-fold more potent than the monomer 

version 192. Phenylalkyne dimer ZC-209 and porothramycin dimer ZC-204 also 

enhanced the cytotoxic potency of the monomers by fourteen and five fold, 

respectively. C2-aryl dimer ZC-207 showed no apparent increase of the cytotoxicity 

compared with its monomer version 190. However, the two C2-aryl molecules both 

gave low IC50 values of about 1 nM. This indicates that the effect of dimerization 

may be compromised when the corresponding PBD monomers already exhibit 

exquisite cytotoxic potency.

97



Table 3.8d: ICso  ̂values in UCL K562 cell line for novel PBD dimers and their 

corresponding monomers.

Monomers Dimers

Compound IC50 (nM) Compound IC50 (nM)

MeO- N~

MeO NMej

° S
112 ZC-14

166
^  ^NMe:

° 0
171 ZC-204

30

Me( CH;

Mc(MeO'

'OMeOMe
116 ZC-207190

MeO. CHr

Me(MeO' 8.0

191 118 ZC-209

192

CH,

19.8
o

117 ZC-211

1.0

“ IC5 0 : Dose that inhibits 50% of cell growth.

 ̂190; Synthesized by D. Hagan (Cooper et al ,  2002).

191: Synthesized from triflate intermediate kindly donated by D. Antonow (Tiberghien et a l ,  2004). 

 ̂192: Synthesized by D. Antonow.

3.8.4 DNA Cross-Linking Studies of Novel PBD Dimers

All four novel PBD dimers ZC-204, ZC-207, ZC-209 and ZC-211 were evaluated 

for their cross-linking efficiency. The assay was performed twice and the results are 

shown in Table 3.8e. ZC-204 exhibited remarkable activity and is almost three-fold 

more effective than known cross-linking agent SJG-136. ZC-207 and ZC-211 also

98



displayed significant cross-linking efficiency with XL50 values of 0.102 and 0.167 

pM. However, ZC-209 showed only moderate cross-linking efficiency.

Table 3.8e: DNA cross-linking data for ZC-204, ZC-207, ZC-209, SJG-136 and 

DSB-120.

Compound
n = 1

XLso^CpM)

n = 2 mean

x ç r .XX. ,NMe-

171 ZC-204

0.028 0.020 0.024

116 ZC-207

0.125 0.079 0.102

o

118 ZC-209

6.30 1.60 3.95

CH,

o
117 ZC-211

0.310 0.024 0.167

CH,

MeCr
O

100 SJG-136

0.060

XL5 0 : Concentration o f drug required for 50% cross-linking o f double-stranded DNA.
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4 CONCLUSION AND FUTURE WORK

4.1 Novel PBD Dimers and Monomers

The initial aim to synthesise PBDs with C-ring endo/exo unsaturation has been 

successfully accomplished. Eight final products were synthesised, including three 

novel PBD monomers, four novel PBD dimers and one natural product (Scheme 

4.1a).

MeO' MeO'-OMe NHz

ZC-99ZC-96

H ^ M e

ZC-14
porothramycin B

Suzuki

ZC-209ZC-204

CH;.

MeO'

'OMe

ZC-207

CH,

o

ZC-211

Scheme 4.1a: Synthesis of final compounds from triflates.

The key triflates were subjected to palladium-catalysed Heck, Suzuki and Stille 

coupling reactions to introduce various C2-substituents. Suzuki coupling proved to 

be the most successful in practical terms. The reaction was easy to perform, fast and 

high yielding. The yields of Heck coupling were often disappointing and depended 

on the combination of catalyst with other reagents. The product of Stille coupling 

was likely to be contaminated by tin-related compounds which were difficult to 

remove.
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4.2 Synthetic Optimisation

Table 4.2a shows some key yield optimisation achieved during the project. The 

main problem encountered in the synthesis was the low-yielding triflation reaction 

caused by unwanted aldol condensation and the reactive Cll-OH. A number of 

attempts were made to improve the yield, including investigation of alternative NIO- 

protecting groups, triflating reagents, bases and reaction temperatures. The reaction 

yield was greatly enhanced from 33% to 61% by using a large excess of reagents and 

protection of Cl 1-OH with TBS.

Table 4.2a: Problems and solutions during PBD synthesis.

Problematic reaction Cause Solution Yield improvement

Triflation
Aldol

condensation
Large excess of 

reagents 33%-4. 61%

Reactive Cl 1-OH TBS protection

A- & C-ring coupling 
(dimer synthesis only)

Reactive C2-0H
Acetate 6 2 % ^  78%

Troc protection 
(dimer synthesis only)

protection
2 7 % ^  92%

In the dimer synthesis, the reactive C2-0H caused low yields in the coupling 

reaction and Troc-protection. By protecting the C2-0H with an acetate group, the 

yields of both reactions were improved to satisfactory values.

4.3 Biological Evaluation

All three novel PBD monomers and four dimers exhibited significant cytotoxic 

potency in the NCI screening. However, a more detailed evaluation needs to be 

carried out over lower concentration ranges. UCL’s cytotoxicity screening in the 

K562 cell line demonstrated that dimerization generally enhances activity, however, 

the effect may be less pronounced if the PBD monomers themselves are highly
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potent. The four PBD dimers were also potent DNA cross-linkers. In particular, 

ZC-204 bearing dimethylacrylamide side chains exhibited outstanding activity, 

giving a lower XL50 value than the clinical candidate SJG-136.

4.4 Future Work

Future work on the chemistry aspects of the project should focus on exploiting the 

synthetic methodology developed to prepare further PBD monomer/dimer analogues. 

These new target molecules should be rationally designed in conjunction with 

molecular modelling and information generated from SAR of existing compounds. 

The more potent analogues synthesized during the project need to be progressed to in 

vivo evaluation for their anti-tumour activity. It would be interesting to determine 

whether increased in vitro cytotoxicity translates into improved anti-tumour agents 

in vivo. In addition, it would be of considerable interest to evaluate the molecules 

for their DNA binding affinity using techniques such as thermal dénaturation. The 

degree of DNA sequence selectivity also needs to be assessed using footprinting 

techniques. The overall goal in the future should be to develop a suitable SJG-136 

follow-up compound for clinical evaluation.
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5 EXPERIMENTAL

5.1 General

Reaction progress was monitored by thin-layer chromatography (TLC) using Merck 

Kieselgel 60 F254 silica gel, with fluorescent indicator on aluminium plates. 

Visualisation of TLC was achieved with UV light and iodine vapour unless 

otherwise stated. Flash chromatography was performed using Merck Kieselgel 60 

F254 silica gel. Extraction and chromatography solvents were bought and used 

without further purification from Fisher Scientific, U.K. All chemicals were 

purchased from Aldrich, Lancaster or BDH.

'H and NMR spectra were obtained on a Bruker ARX250 or Bruker Advance 

400 spectrometer. Coupling constants are quoted in hertz (Hz). Chemical shifts are 

reported in parts per million (ppm) downfield from tetramethylsilane. Spin 

multiplicities are described as s (singlet), br s (broad singlet), d (doublet), dd 

(doublet of doublets), dq (doublet of quartet), t (triplet), q (quartet), quint (quintet) 

and m (multiplet). IR spectra were recorded on a Perkin-Elmer FT/IR paragon 1000 

spectrophotometer. Mass spectrometry was performed on a VG ZAB-SE double 

focusing instrument. Electrospray (ES) spectra were obtained at 70 eV and fast atom 

bombardment (FAB) spectra were recorded using m-nitrobenzyl alcohol as matrix 

and xenon as reagent gas. Mass spectrometry was also performed on a micromass 

platform using atmospheric pressure chemical ionization (AP). Accurate molecular 

masses were determined by peak matching using perfluorokerosene (PFK) as 

internal standard. Elemental analysis was carried out using an elemental analyzer. 

Model 1108 (Carlo-Erba, Milan, Italy) with PC based data system. Eager 200 for 

Window™ and a Sartorious Ultra Micro Balance, 4505MP8.
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5.2 Synthesis of PBD Monomers

5.2.1 Synthesis of Novel PBDs ZC-14, ZC-96 and ZC-99

Key PBD C-ring intermediate 120 was prepared according to the methods of 

Corcoran (Corcoran, 1998).

(25,4/?)-A^-(4,5-Dimethoxy-2-nitrobenzoyl)-2-(/^/*/-butyIdimethylsilyloxymethyl)- 

4-hydroxypyrroIidine (121).

MeO

MeO

NO-

COOH

119

/
OTBS

121

HN
O— Si-

120 Me, NO

MeO OH
O

A catalytic amount of DMF (2 drops) was added to a stirred solution of the nitro-acid 

119 (9.74 g, 42.8 mmol, 1.1 eq) and oxalyl chloride (4.50 mL, 6.55 g, 51.4 mmol,

1.2 eq) in DCM (235 mL). The reaction mixture became a clear lime green liquid 

and was stirred for 16 h at room temperature. The resulting acid chloride solution 

was added dropwise over 3 h to a stirred mixture of the amine 120 (9.90 g, 42.8 

mmol) and TEA (15.0 mL, 10.9 g, 107 mmol, 2.5 eq) in DCM (235 mL) at 0 °C 

(ice/acetone) under a nitrogen atmosphere. The reaction mixture was allowed to 

warm to room temperature and stirred for a further 2.5 h. The mixture was washed 

with saturated NaHCOg (235 mL), saturated NH4 CI (235 mL), H2O (195 mL), brine 

(235 mL), dried (MgS0 4 ), filtered and evaporated in vacuo to give the crude product 

as a dark orange oil. Purification by flash chromatography (50:50 v/v 

hexane/EtOAc) isolated the pure amide 121 as a yellow glass (10.4 g, 55%): d

= -119.9 ° (c -  0.20, CHCI3); 'H NMR (250 MHz, CDCI3) ô 7.68 (s, IH), 6.77 (s, 

IH), 4.50 (br s, IH), 4.38 (br s, IH), 4.13-4.10 (m, IH), 3.98 (s, 3H), 3.94 (s, 3H), 

3.78-3.74 (m, IH), 3.32 (td, IH, J =  4.4, 11.3 Hz), 3.07 (d, IH, J  = 11.3 Hz), 2.35-
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2.26 (m, IH), 2.11-2.04 (m, IH), 0.90 (s, 9H), 0.10 and 0.09 (s x 2, 6 H); NMR 

(62.9 MHz, CDCI3) ô 167.0, 154.6, 149.4, 138.0, 128.5, 109.6, 107.6, 70.6, 63.1, 

57.6, 57.0, 56.9, 36.8, 26.3, 18.6; IR 3409, 3073, 3009, 2952, 2885, 2856, 2739, 

2710, 2015, 1735, 1619, 1579, 1529, 1458, 1387, 1333, 1268, 1228, 1187, 1146, 

1103, 1055, 1031, 1002, 954, 939, 878, 8 6 8 , 837, 785, 761, 715, 683, 670, 650, 618 

cm'’; MS (ES) m/z (relative intensity) 441 ([M + H]^, 29), 440 (M^, 100); HRMS 

[M + H]^ calcd for C2oH33N2 0 7 Si m/z 441.2057, found (FAB) m/z 441.2039.

(25',4/?)-A-(2-Amino-4,5-dimethoxybenzoyl)-2-(/^r/- 

butyIdimethylsilyloxymethyl)-4-hydroxypyrrolidine (122).

MeO. NO

MeO' 'OH

121

.0—Si-

MeO ÔH

122

A solution of hydrazine (3.80 g, 3.76 mL, 119 mmol, 5 eq) in MeOH (65 mL) was 

added dropwise (Caution! Vigorous effervescence) to a solution of the amide 121 

(10.4 g, 23.7 mmol), anti-bumping granules and Raney nickel (1.5 g) in MeOH (190 

mL) heated at reflux. After 1 h at reflux TLC (95:5 v/v CHCl3/MeOH) revealed 

some amine formation. The reaction mixture was treated with further Raney nickel 

(1.5 g) and hydrazine (3.76 mL) in MeOH (30 mL) and was heated at reflux for an 

additional 30 min at which point TLC revealed reaction completion. The reaction 

mixture was then treated with enough Raney nickel to decompose any remaining 

hydrazine and heated at reflux for a further 1.5 h. Following cooling to room 

temperature the mixture was filtered through celite to remove excess Raney nickel 

and the filter pad washed with additional methanol (Caution! Raney nickel is 

pyrophoric, do not allow filter dry, use conc. HCl to destroy nickel). The 

combined filtrate was evaporated in vacuo and the resulting residue was then treated 

with DCM (180 mL), dried (MgS0 4 ), filtered and evaporated in vacuo to provide the 

aniline 122 as a light green glass (9.52 g, 98%): = -120.0 ° (c = 0.15, CHCI3);
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‘h  NMR (250 MHz, CDCb) 8  6.70 (s, IH), 6.27 (s, IH), 4.52-4.36 (m, 3H), 4.10- 

4.07 (m, IH), 3.84 (s, 3H), 3.77 (s, 3H), 3.61-3.48 (m, 3H), 2.23 (m, IH), 2.04 (m, 

IH), 0.88 (s, 9H), 0.03 (s, 6 H); "C  NMR (67.8 MHz, CDCI3) 8  170.6, 151.9, 141.5, 

112.3, 101.4, 70.9, 63.0, 59.4, 57.2, 57.0, 56.2, 36.2, 26.3, 18.6; IR (CHCI3) 3358, 

2930, 2858, 2739, 1594, 1516, 1463, 1361, 1345, 1260, 1234, 1175, 1120, 1060, 

1006, 915, 836, 777, 6 6 6  cm"'; MS (ES) m/z (relative intensity) 411 ([M + 1]*, 30), 

410 (M* , 100), 260 (28), 232 (48), 180 (96); HRMS M" calcd for C2oH34N2 0 sSi m/z 

410.2237, found (FAB) m/z 410.2225.

(25,4/?)-A^-[4,5-Dimethoxy-2-(2,2,2-Trichloroethoxycarbonylamino)-benzoyl]-2- 

(^^r/-butyldimethylsilyloxymethyl)-4-hydroxy pyrrolidine (123).

-O— Sr
MeO- NH-

Me' O H

122

O — Si

MeO O H

123

A solution of 2,2,2-trichloroethyI chloroformate (3.50 mL, 5.38 g, 25.4 mmol, 1.1 

eq) in dry DCM (30 mL) was added dropwise over 0.5 h to a solution of anhydrous 

pyridine (3.74 mL, 3.65 g, 41.2 mmol, 2 eq) and aniline 122 (9.48 g, 23.1 mmol) in 

dry DCM (120 mL) at -10 °C (liq. N2/benzyl alcohol). After 16 h at room 

temperature, the reaction mixture was washed with saturated NH4CI (2 x 120 mL), 

saturated CUSO4 (120 mL), H2O (120 mL), brine (120 mL) and dried (MgS0 4 ). 

Filtration and evaporation of the solvent yielded a yellow viscous oil which was 

purified by flash chromatography (70:30 v/v hexane/EtOAc) to afford the product 

123 as a white glass (11.6 g, 8 6 %): [a]^^ d -70.8 ° (c = 0.23, CHCI3); NMR 

(250 MHz, CDCI3) Ô 9.38 (br s, IH), 7.73 (s, IH), 6.78 (s, IH), 5.17 (br s, 2H), 4.83 

and 4.75 (d x 2, 2H, J=  12.0 Hz), 4.56 (br s, IH), 4.41 (br s, IH), 4.14-4.05 (m, IH),

3.90 (s, 3H), 3.86 (s, 3H), 3.67-3.63 (m, 3H), 2.35-2.24 (m, 2H), 2.07-1.98 (m, 2H), 

0 . 8 8  (s, 9H), 0.02 (s, 6H); "C NMR (62.9 MHz, CDCI3) 8 169.7, 152.5, 151.4,

106



144.5, 132.1, 116.2, 111.4, 104.9, 95.6, 74.8, 70.9, 62.5, 60.8, 57.6, 56.6, 35.9, 26.2, 

18.5; IR br 3306, 2931, 2857, 2738, 2040, 1748, 1603, 1529, 1340, 1327, 1262, 

1201, 1167, 1127, 1038, 1005, 968, 938, 916, 838, 777, 720, 670, 613 cm’̂  MS (ES) 

m/z (relative intensity) 588 ([M + 4]^, 48), 585 ([M + H]^, 92), 584 (M^, 100); 

HRMS [M + H]^ calcd for C23H36Cl3N2 0 7 Si m/z 585.1357, found (FAB) m/z 

585.1338.

(2*y,4R)-A-[4,5-Dimethoxy-2-(2,2,2-trichloroethoxycarbonyIamino)-benzoyl]-2- 

(/^r/-butyIdimethylsiIyIoxymethyl)-4-oxopyrrolidine (124).

e u e
o—Sr

MeO NH

M eO O H

123

G— Si

A solution of anhydrous DMSG (4.19 mL, 4.62 g, 59.1 mmol, 3 eq) in dry DCM (90 

mL) was added dropwise over 2 h to a stirred solution of oxalyl chloride (14.8 mL of 

a 2 M solution in DCM, 29.6 mmol, 1.5 eq) under a nitrogen atmosphere at - 60 °C 

(liq N2/CHCI3). After stirring for 1 h, a solution of the substrate 123 (11.54 g, 19.7 

mmol) in dry DCM (145 mL) was added dropwise over 2 h to the reaction mixture, 

which was then stirred for a further 1 h at -55 °C. A solution of TEA (18.7 mL, 13. 

6  g, 134 mmol, 6 . 8  eq) in dry DCM (60 mL) was added dropwise to the mixture over 

1 h and stirred for a further 30 min. The reaction mixture was left to warm to 0 °C, 

washed with cold 1 N HCl (2 x 175 mL), H2O (175 mL), brine (175 mL) and dried 

(MgSG4). Analysis by TLC (50:50 v/v hexane/EtOAc) revealed the complete loss of 

starting material. Filtration and evaporation of the solvent in vacuo afforded 124 as 

an orange glass (11.32 g, 99%): ‘H NMR (250 MHz, CDCI3) 6  9.03 (br s, IH), 7.80 

(s, IH), 6.77 (s, IH), 4.79 (br s, IH), 4.83 (d, IH, 12.0 Hz), 4.76 (d, IH, J =  12.0 

Hz), 4.17-4.03 (m, 3H), 3.91 (s, 3H), 3.86 (s, 3H), 3.68-3.57 (m, IH), 3.22 (br s, IH), 

2.80 (dd, IH, J=  9.6, 18.4 Hz), 2.56 (d, IH, J =  18.4 Hz), 0.88 (s, 9H), 0.02 (s, 6 H);

107



NMR (62.9 MHz, CDCI3) Ô 169.8, 152.8, 151.5, 145.6, 130.4, 117.2, 110.6,

106.1. 95.6, 74.9, 65.0, 56.8, 56.4, 56.2, 40.0, 26.3, 18.6; IR 3490, 3312, 3105, 2994, 

2952, 2883, 2857, 2710, 2624, 2493, 2166, 2032, 1752, 1618, 1594, 1523, 1489, 

1401, 1338, 1320, 1267, 1198, 1121, 1052, 1035, 1015, 973, 939, 873, 826, 781, 

752, 714, 682, 612 cm’̂ ; MS (ES) m/z (relative intensity) 586 ([M + 4]^ , 52), 583 

([M + H f  , 100), 505 (12), 493 (24), 473 (18), 357 (10), 335 (10), 295 (20), 245

(14), 236 (22), 187 (39); HRMS [M + H]^ calcd for C23H34Cl3N2 0 7 Si m/z 583.1201, 

found (FAB) m/z 583.1226.

(25',4i?)-A^-[4,5-Dimethoxy-2-(2,2,2-trichloroethoxycarbonylamino)-benzoyl]-2- 

hydroxymethyl-4-oxopyrrolidine (125).

O—Si-
MeO NH

Me*

124

MeO

A mixture of glacial acetic acid (75 mL) and H2O (25 mL) was added to a solution of 

124 (10.7 g, 18.3 mmol) in THF (25 mL) and allowed to stir for 16 h at room 

temperature. The reaction mixture was diluted with DCM (250 mL) and neutralised 

with saturated NaHC0 3  (2 L, Caution! - gas production). The aqueous layer was 

extracted with DCM (2 x 175 mL) and the organic layers were combined, washed 

with brine (2 x 175 mL) and dried (MgS0 4 ). TLC (40:60 v/v hexane/EtOAc) 

revealed the complete disappearance of the starting material. Filtration and 

evaporation of the solvent afforded the crude product which was purified by flash 

column 40:60 v/v hexane/EtOAc). Evaporation of the pure fractions afforded the 

product 125 as a pale yellow glass (8.03 g, 93%): ^H NMR (250 MHz, CDCI3) ô

8.91 (br s, IH), 7.45 (s, IH), 6.82 (s, IH), 4.97 (br s, IH), 4.83 (d, IH, J =  12.0 Hz),

4.76 (d, IH, J =  12.0 Hz), 4.17-4.03 (m, 3H), 3.91 (s, 3H), 3.86 (s, 3H), 3.68-3.57 

(m, IH), 3.22 (br s, IH), 2.81 (dd, IH, 9.6, 18.4 Hz), 2.56 (d, IH ,J =  18.4 Hz); 

'^C NMR (62.9 MHz, CDCI3) ô 169.8, 152.8, 151.5, 145.6, 130.4, 117.2, 110.6,
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106.1. 95.6, 74.9, 65.0, 56.8, 56.4, 56.2, 40.0; IR br 3322, 2926, 2626, 2035, 1768, 

1537, 1274, 1124, 998, 823, 761 cm’ ;̂ MS (ES) m/z (relative intensity) 471 ([M + 

3]^ , 100), 356 (14), 116 (15), 114 (36); HRMS M^ calcd for CnHigClsNzO? m/z 

468.0258, found (FAB) m/z 468.0263.

(115,llaS)-7,8-Dimethoxy-ll-hydroxy-2-oxo-10-(2,2,2- 

trichloroethoxycarbonyI)-l,2,3,10,ll,lla-hexahydro-5/^-pyrroIo[2,l- 

c] [l,4]benzodiazepin-5-one (126).

OH
MeO. NH

MeO

125

O
OH

I 1 I

MeO

A solution of Anhydrous DMSO (4.36 mL, 4.80 g, 61.4 mmol, 3.6 eq) in dry DCM 

(50 mL) was added dropwise over 40 min to a stirred solution of oxalyl chloride 

(15.36 mL of a 2 M solution in DCM, 30.7 mmol, 1.8 eq) under a nitrogen 

atmosphere at - 45 °C (liq N2/PhCl). After stirring at - 45 °C for 1.5 h, the substrate 

125 (8.02 g, 17.1 mmol) in dry DCM (60 mL) was added dropwise over 1 h to the 

reaction mixture, which was then stirred for a further 45 min at -  45 °C. A solution 

of TEA (10. 8  mL, 7.82 g; 71. 7 mmol, 4.2 eq) in dry DCM (90 mL) was added 

dropwise to the mixture over 1 h and stirred for a further 30 min. The reaction 

mixture was left to warm to 0 °C, washed with cold 1 N HCl (100 mL), H2O (100 

mL), brine (100 mL) and dried (MgSÛ4). TLC (20:80 v/v hexane/EtOAc) revealed 

the incomplete consumption of the starting material. Filtration and evaporation of 

the solvent in vacuo afforded the crude product which was purified by flash column 

chromatography (20:80 v/v hexane/EtOAc) to afford carbinolamine 126 as a yellow 

glass (4.39 g, 55%): [a]^" d = +189.3 ° (c = 0.24, CHCI3); 'H NMR (250 MHz, 

CDCI3) S 7.32 (s, IH, H6), 6.87 (s, IH, H9), 5.83 (d, IH, 10.1 Hz, H ll), 5.29 (d, 

IH, J =  12.1 Hz, Troc CH2 x 1), 4.66 (br s, IH, Ofl), 4.37-3.89 (m, lOH, Troc CHz
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X 1, H 3 X 2, H lla  and OC^s x  2), 3.03 (dd, IH, J =  9.8, 19.9 Hz, HI), 2.82 (d, IH, 

J=  19.9 Hz, HI); NMR (62.9 MHz, CDCI3) Ô 208.2 (C2), 168.0, (Cq„at), 154.9 

(Cquat), 151.9 (Cquat), 149.5 (Cquat), 127.9 (Cquat), 124.1 (Cq„at), H3.2 (C 6 ), 1 1 0 . 8  

(C9), 95.4 (Troc CCI3), 87.0 (C ll), 75.4 (Troc CH 2), 57.3 (C lla), 56.6 (OCH 3), 

53.0 (C 3), 40.6 (Cl); IR (CHCI3) br 3386, 3020, 2941, 2360, 1765, 1715, 1633, 

1605, 1517, 1455, 1431, 1378, 1319, 1283, 1218, 1157, 1123, 1064, 1036, 1001, 

906, 872, 844, 822, 757, 6 6 8 , 636, 612 cm'^; MS (ES) m/z (relative intensity) 469 

([M + 3]^, 73), 234 (12), 232 (100); HRMS [M + H]^ calcd for C17H 18CI3N2O7 m/z 

467.0180, found (FAB) m/z 467.0200.

(1 IS',! laiS)-7,8-Dimethoxy-10-(2,2,2-trichIoroethoxycarbonyl)-l l-hydroxy-2- 

[ [(trifluoromethy I)sulfony 1] oxy ] -1,10,11,11 a-tetrahy dro-5/f-py rrolo [2,1- 

c][l,4]benzodiazepin-5-one (127).

CI3C ^

9
m  ^H

MeO"

127

Anhydrous triflic anhydride (0.36 mL, 0.62 g, 2,14 mmol, 1.0 eq) taken from a 

freshly opened ampule was added rapidly as one portion to a vigorously stirred 

solution of ketone 126 (1.00 g, 2.14 mmol) and anhydrous pyridine (0.18 mL, 0.18 g, 

2.24 mmol, 1.05 eq) in anhydrous DCM (80 mL) at room temperature under nitrogen 

atmosphere. The initial yellow solution turned a red colour upon the formation of 

salts on addition of the triflic anhydride. The reaction mixture was left for 4 h at 

which time TLC revealed the incomplete consumption of the starting material and 

the generation of two byproducts. The mixture was poured into cold saturated 

NaHC0 3  (160 mL) and washed with DCM (3 x 40 mL) and the organic washings 

were dried (MgS0 4 ). Filtration and evaporation of the solvent afforded the crude 

product which was purified by flash column chromatography (80:20 v/v
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hexane/EtOAc). Pure fractions were combined and evaporation of the solvent in 

vacuo afforded triflate 127 as a light yellow glass (0.77 g, 30%): [a]^^ d = +350.6 ° 

(c = 0.15, CHCI3); ‘HNMR (250 MHz, CDCI3) Ô 7.18 (s, IH, H 6), 7.17 (s, IH, H 3),

6.77 (s, IH, H9), 5.86 (d, IH, J =  9.7 Hz, H ll), 5.22 (d, IH, J =  12.0 Hz, Troc 

CHi\ 4.19 (d, l H , y =  12.0 Hz, Troc CHi), 3.98-3.89 (m, 7H, H lla  and O C/fj x 

2), 3.34 (dd, IH, J =  10.6, 19.0 Hz, H I), 2.97 (d, IH, J =  19.0 Hz, H I); NMR 

(62.9 MHz, CDCI3) 164.8 (Cquat), 154.8 (Cquat), 152.2 (Cquat), 149.5 (Cquat), 127.8 

(Cquat), 123.4 (Cquat), 121.1 (C3), 113.3 (C6), 1 1 1 . 1  (C9), 95.3 (Troc CCI3), 8 6 . 0  

(C ll), 75.5 (Troc CH2), 59.1 ( C lla), 56.6 (OCH3), 34.7 (Cl); IR br 3406, 3131, 

3021, 2942, 2845, 2360, 2342, 1722, 1674, 1636, 1605, 1518, 1455, 1429, 1308, 

1286, 1218, 1138, 1113, 1065, 1042, 1017, 1000, 932, 898, 853, 823, 758, 6 6 8 , 645, 

610 cm'’; MS (ES) m/z (relative intensity) 601 ([M + 3]^ , 100), 599 ([M + H]^ , 75), 

550 (62), 548 (54), 476 (15), 415 (14), 414 (20), 283 (12), 257 (37), 245 (17), 155 

(57), 105 (32); HRMS [M + H]^ calcd for CigH]7Cl3F3N2 0 9 S m/z 598.9672, found 

(FAB) m/z 598.9664.

(llS,lla*5)-7,8-Dimethoxy-2-[(A^^-dimethylaminocarbonyl)yinyl]-ll-hydroxy- 

10-(2,2,2-trichloroethoxycarbonyI)-l,10,ll,lla-tetrahydro-5//-pyrrolo[2,l- 

c] [l,4]benzodiazepin-5-one (128).

cue
DH

MeO
O— S— CF

127

OCI3C

1 1  
11

MeO NMe2

A mixture of triflate 127 (732 mg, 1.22 mmol), A) A-dimethylacrylamide (0.25 mL, 

242 mg, 2.44 mmol, 2 eq), DABCO (274 mg, 2.44 mmol, 2 eq), (CH3CN)2?dCl2 (26 

mg, 0.10 mmol, 0.08 eq) and MeOH was stirred and heated at 45 -  55 °C for 16 h. 

TLC analysis (neat EtOAc) showed predominantly product formation. The reaction
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was worked-up by pouring the mixture into CHCI3 (30 mL) and saturated aqueous 

NaHCO] (30 mL). The aqueous layer was extracted with CHCI3 (3 x 30 mL) and the 

CHCI3 extracts were combined, washed with H2O (50 mL), brine (50 mL) and dried 

(MgS0 4 ). Filtration and evaporation of solvent gave the crude product as a dark 

brown glass. The residue was purified by flash column chromatography (40:60 v/v 

hexane/EtOAc) to give the coupled product 128 as a light yellow glass (397 mg, 

59%): [a]2^ d = +352.9 ° (c = 0.14, CHCI3); ^HNMR (250 MHz, CDCI3) Ô 7.72 (d, 

IH, J=  15.3 Hz, H12), 7.36 (s, IH, H3), 7.24 (s, IH, H6 ), 6.77 (s, IH, H9), 6.12 (d, 

IH, 15.1 Hz, H13), 5.77 (dd, IH, J - 5 .0 ,  9.7 Hz, H ll), 5.29 (d, IH, 12.0 Hz, 

Troc CH2), 5.03 (d, IH, J -  5.0 Hz. O ^ , 4.24 (d, IH, 12.0 Hz, Tree CH2), 

4.02-3.94 (m, 7H, H lla  and OCH^ x 2), 3.25-3.05 (m, 7H, HI and NC^ 3  x 2), 2.77 

(d, IH, 16.7 Hz, HI); '^C NMR (62.9 MHz, CDCI3) Ô 167.7 (CONMcz), 164.8 

(C5), 154.5 (Cquat), 151.9 (Cquat), 149.2 (Cquat), 136.9 (C 1 2 ), 133.2 (C3), 128.2 

(Cquat), 124.7 (Cquat), 1 2 2 .1  (C quat), H7.1 (C13), 113.5 (C 6 ), 1 1 1 . 0  (C9), 95.4 (Troc 

CCI3), 86.3 (C ll), 75.5 (Troc CH]), 60.6 (C lla), 56.9 (OCH3), 37.9 and 36.4 

(NCH 3), 33.8 (Cl); IR br 3376, 2938, 2034, 1728, 1652, 1516, 1432, 1123, 1064, 

854, 820, 762, 715, 649 cm'*; MS (ES) m/z (relative intensity) 548 (M^, 100), 505

(15), 400 (14), 356 (20), 354 (8 8 ), 311 (15), 279 (10), 196 (11), 158 (32), 107 (10), 

102(17).
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(lla5)-7,8-Dimethoxy-2-[(AVV-dimethylaminocarbonyl)vinyl]-l,lla-dihydro- 

5/T-pyrrolo[2,l-c][l,4]benzodiazepin-5-one (112, ZC-14).

Troc DH

MeO NMe-

128

MeO' ■NMe-

112
ZC-14

Prepared according to method of Dong (Dong et al., 1995).

Preparation of 10% Cd/Pb couple:

Yellow lead oxide (40.2 mg, 0.18 mmol. 0.5 eq) was dissolved in 1.8 mL of warm 

50% aqueous AcOH and the solution was slowly added to a vigorously stirred 

suspension of Cd dust (201.7 mg, 1.80 mmol, 5.0 eq) in deionised H2O (3.5 mL). 

The Cd darkened as Pb deposited on its surface and formed clumps that were gently 

broken up with a glass rod. The dark, non-pyrophoric Cd/Pb couple was filtered, 

washed with H2O and acetone, then vacuum dried, crushed with a glass rod and 

stored in a closed vessel.

Troc cleavage:

10% Cd/Pb couple prepared from last step was added to a rapidly stirring mixture of 

128 (197 mg, 0.36 mmol), THF (1.5 mL) and 1 N ammonium acetate (1.5 mL). 

After 45 min TLC (90:10 v/v CHClg/MeOH) revealed the reaction was complete. 

The solids were filtered, rinsed with H2O, diethyl ether and MeOH. Follovsdng 

removal of solvent, the residue was extracted with CHCI3 (25 mL) and the organic 

phase was washed with H2O (25 mL), brine (25 mL) and dried (MgS0 4 ). Filtration 

and evaporation of solvent left a yellow solid which was subjected to flash column 

chromatography to afford ZC-14 as a yellow glass (43 mg, 34%): [a]^^ d = +365.9 ° 

(c -  0.08, CHCI3); ’HNMR (250 MHz, CDCI3) ô 7.88 (d, IH, J - 3.9 Hz, H ll), 7.54 

(d, IH, 15.0 Hz, H12), 7.49 (s, IH, H3), 7.33 (s, IH, H6 ), 6.83 (s, IH, H9), 6.17 

(d, IH, 15.0 Hz, H13), 4.47-4.39 (m, IH, H lla), 3.97 and 3.95 (s x 2, 6 H, OCH^
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X 2), 3.14-3.18 (m, 2H, HI), 3.13 and 3.06 (s x 2, 6 H, NCH3 x 2); NMR (62.9 

MHz, CDCI3) ô 166.7 (CONMej), 162.7 (C ll), 162.1 (Cquat), 152.6 (Cquat), 148.3 

(Cquat), 140.8 (Cquat), 135.7 (C 1 2 ), 132.6 (C3), 122.3 (Cquat), 118.8 (Cquat), 117.3 

(C13), 1 1 2 . 0  (C9), 110.3 (C6 ), 56.6 (OCH3), 54.7 (C lla), 37.8 and 36.4 (NCH3),

33.2 (Cl); IR 2927, 1629, 1560, 1508, 1449, 1421, 1392, 1346, 1255, 1212, 1137, 

1095, 1006, 970, 874, 745, 665, 616 cm'^; MS (ES) m/z (relative intensity) 356 (M^ , 

100), 311 (20), 187(14), 130(18).

(115',lla5)-7,8-Dimethoxy-ll-hydroxy-2-[(methoxycarbonyl)vinyI]-10-(2,2,2- 

trichloroethoxycarbonyl)-l,10,ll»lla-tetrahydro-5H-pyrroIo[2,l- 

c] [l,4]benzodiazepin-5-one (129).

eue
pu

MeO
G— S— CF

127

OMe

A mixture of triflate 127 (0.85 g, 1.42 mmol), methyl acrylate (0.26 mL, 0.24 g, 2.83 

mmol, 2.0 eq), TEA (0.40 mL, 0.29 g, 2.83 mmol, 2.0 eq), (PPh3)2PdCl2 (0.10 g, 

0.14 mmol, 0.1 eq) and DMF (25 mL) was stirred and heated at 75-78 °C for 5 h. 

TLC analysis (neat EtOAc) of the dark coloured reaction mixture revealed the 

complete consumption of starting material. Excess solvent was removed by Genevac 

and the residue was dissolved in DCM and washed with NaHC0 3 . The aqueous 

layer was extracted with DCM and the organic extracts were combined, washed with 

H2O, brine and dried (MgS0 4 ). Filtration and evaporation of solvent gave the crude 

product which was purified by flash column chromatography (40:60 v/v 

hexane/EtOAc) to provide the coupled product 129 as a pale yellow oil 

(Unfortunately, a significant amount of product was lost during the removal of 

residual solvent) (0.08 g, 10%): [a]^* d = -238.1 ° (c = 0.02, CHCI3); ‘HNMR (250 

MHz, CDCI3) S 7.52 (d, IH, y  = 15.5 Hz, H12), 7.36 (s. IH, H3), 7.24 (s, IH, H6 ),
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6,77 (s, IH, H 9), 5.81 (d, IH, J =  9.7 Hz, H ll), 5.72 (d, IH, J =  15.5 Hz, H13), 5.28 

and 4.23 (d x 2, 2H, J=  12.0 Hz, Troc CHi), 4.08-3.94 (m, 7H, H lla  and OCH} x 

2), 3.77 (s, 3H, COOCHj), 3.16 (dd, IH, J =  9.5,16.8 Hz, Hl), 2.86 (d, IH, J =  16.8 

Hz, Hl); NMR (62.9 MHz, CDCI3) ô 167.6 (Cquat), 164.3 (Cquat), 154.8 (Cquat), 

152.1 (Cquat), 149.4 (Cquat), 138.2 (C12), 133.7 (C3), 127.9 (Cquat), 124.3 (Cquat), 

122.0 (Cquat), 117.9 (C13), 113.2 (C6), 111.1 (C9), 95.4 (CI3C), 86.4 (C ll), 75.4 

(Troc CH2), 60.3 (C lla), 56.6 (OCH3), 52.1 (COOCH3), 33.5 (Cl); IR (CHCI3) br 

3396, 2952, 1717, 1652, 1622, 1516, 1454, 1426, 1404, 1350, 1275, 1233, 1218, 

1169, 1121, 1040, 854, 820, 757, 711, 667 cm'^; MS (ES) m/z (relative intensity) 535 

(M+ , 1 0 0 ), 387 (18), 359 ( 1 2 ), 344 (17), 341 (62), 214 (1 2 ), 180 (15), 158 ( 1 0 ).

(lla5)-7,8-Dimethoxy-2-[(methoxycarbonyl)vinyl]-l,lla-dihydro-5/^- 

pyrrolo[2,l-c][l,4]benzodiazepin-5-one (114, ZC-96).

roc DU
MeO

MeO' OMe

129

Mei

MeO' OMe

114
ZC-96

10% Cd/Pb couple (100 mg, 0.81 mmol, 5 eq of Cd) was added to a rapidly stirring 

mixture of 129 (78 mg, 0.15 mmol), THF (1.5 mL) and 1 N ammonium acetate (1.5 

mL). After 1.5 h TLC revealed the complete conversion of starting material to 

product. The solids were filtered then rinsed with H2O and EtOAc. The aqueous 

layer was extracted with EtOAc (3 x 10 mL) and the combined organic layer was 

washed with H2O (20 mL), brine (20 mL) and dried (MgSO#). Filtration and 

evaporation of solvent left a yellow solid which was subjected to flash column 

chromatography to afford ZC-96 as a yellow glass (45 mg, 90%): [a]^^ d = +1400.0 

° (c = 0.02, CHCI3); ^HNMR (400 MHz, CDCI3) ô 7.88 (d, IH, 3.7 Hz, H ll), 

7.55 (d, IH, J =  15.7 Hz, H12), 7.48 (s, IH, H3), 7.38 (s, IH, H6 ), 6.83 (s, IH, H9), 

5.74 (d, IH, J -  15.4 Hz, H13), 4.46-4.42 (m, IH, H lla), 3.98 and 3.97 (s x 2, 6 H,
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O C ^ 3  X 2), 3.80 (s, 3H, OCH3I  3.40-3.15 (m, 2H, HI); NMR (100.5 MHz, 

CDCI3) ô 167.1 (COOMe), 162.2 (C ll), 161.9 (Cquat), 152.4 (Cquat), 148.0 (Cquat),

140.6 (Cquat), 137.6 (C1 2 ), 133.4 (C3), 1 2 1 . 2  (Cquat), H 8 . 2  (Cquat), 117.4 (C13),

111.7 (C9), 110.0 (C6 ), 56.3 and 56.2 (OCH3), 54.4 (OCH3), 51.7 (C lla), 33.5 

(Cl); IR 2920, 2850, 1712, 1615, 1509, 1420, 1382, 1346, 1255, 1211, 1163, 1096, 

1007, 842, 756, 723, 6 6 6 , 644, 618 cm'*; MS (ES) m/z (relative intensity) 342 (M"*"', 

100).

(115,1 la5)-2-[(Aminocarbonyl)vinyl]-7,8-dimethoxy-l 1 -hydroxy-10-(2,2,2- 

trichloroethoxycarbonyl)-l,10,11,lla-tetrahydro-5H-pyrrolo[2,l- 

c] [l,4]benzodiazepin-5-one (130).

CEC
DH

MeO
G— S— CF

127

NH:

A mixture of triflate 127 (1.02 g, 1.71 mmol), acrylamide (0.24 g, 3.41 mmol, 2.0 

eq), DABCO (0.383 g, 3.41 mmol, 2.0 eq), (CH3CN)2PdCl2 (35 mg, 0.14 mmol, 0.08 

eq) and MeOH (30 mL) was stirred and heated at 45 °C for 16 h. The reaction was 

worked-up by pouring the mixture into CHCI3 (40 mL) and saturated aqueous 

NaHC0 3  (40 mL). The aqueous layer was extracted with CHCI3 (3 x 40 mL) and the 

CHCI3 extracts were combined, washed with H2O (80 mL), brine (80 mL) and dried 

(MgS0 4 ). Filtration and evaporation of solvent gave the crude product which was 

purified by flash column chromatography (99.5:0.5 v/v CHCl3/MeOH then gradient 

to 98:2 v/v CHCb/MeOH) to give the coupled product 130 as a yellow glass (0.43 g, 

48%): = +1973.7 “ (c = 0.08, CHCI3); ‘HNMR (400 MHz, CDCI3) 5 7.46 (s,

IH, H3), 7.43 (d, IH, J =  15.4 Hz, H12), 7.21 (s, IH, H6 ), 6.89 (s, IH, H9), 5.85 (d, 

IH, J =  15.4 Hz, H13), 5.77 (dd, IH, 5.5, 9.5 Hz, H ll), 5.20 (d, IH, J =  12.1 Hz, 

Troc CH2), 4.25 (d, IH, J  = 12.1 Hz, Troc CHi), 4.00-3.93 (m, 7H, H lla  and
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OCHj X 2), 3.16-3.09 (m, IH, H I), 2.85-2.81 (m, IH, HI); '^C NMR (100.5 MHz, 

CDCb) S 168.0, (CONHj), 163.8, (C5), 153.7 (C,„„), 151.3 (C,„„), 148.7 (C,„«),

134.4 (C12), 132.0 (C3), 128.0 (C<,„„), 124.5 (C,„„), 121.8 (C<,„„), 120.4 (C13),

113.4 (C6 ), 110.4 (C9), 95.2 (Troc CCb), 85.7 (C ll), 74.7 (Troc CH:), 60.6 

(C lla), 56.1 (OCH:), 33.4 (Cl); IR 3611, 3414, 3324, 3012, 2972, 2623, 2033, 

1731, 1629, 1516, 1410, 1347, 1257, 1173, 1121, 1076, 1053, 1036, 1000, 977, 927, 

904, 868, 837, 818, 790, 760, 739, 715, 646 cm"'; MS (FAB) m/z (relative intensity) 

520 ([M + H]+, 100); HRMS [M + H]+ calcd for C2oH2 ,Cl3N3 0 7  m/z 520.0455, 

found (FAB) m/z 520.0439.

(lla5)-2-[(Aminocarbonyl)vmyl]-l,lla-dihydro-7,8-dimethoxy-5//-pyrrolo[2,l- 

c][l,4]benzodiazepin-5-one (113, ZC-99).

roc PH
MeO.

MeO' NH

130

MeO.

MeO' NH

113
ZC-99

10% Cd/Pb couple (500 mg, 4.05 mmol, 5 eq of Cd) was added to a rapidly stirring 

mixture of 130 (380 mg, 0.73 mmol), THF (7.5 mL) and 1 N ammonium acetate (7.5 

mL). After 1.5 h TLC revealed the complete conversion of starting material to 

product. The solids were filtered then rinsed with H2O and EtOAc. The aqueous 

layer was extracted with EtOAc repeatedly. The yellow precipitates formed in the 

organic extracts were collected by filtration. Removal of solvent afforded ZC-99 as 

a yellow solid (86 mg, 36%): m.p. 217 °C; 'HNM R (400 MHz, DMSO) S 7.96 (d, 

IH, J =  3.8 Hz, H ll), 7.38 (s, IH, H3), 7.28 (s, IH, H6 ), 7.18 (d, IH, 7 =  15.1 Hz, 

H12), 6.80 (s, IH, H9), 5.67 (d, IH, J =  15.1 Hz, H13), 4.90 (br s, 2H, CONH:), 

4.12-4.08 (m, IH, H lla), 3.76 and 3.68 (s x 2, 6H, OCH, x 2), 3.08-2.97 (m, IH, 

HI), 2.70-2.61 (m, IH, HI); ‘̂ C NMR (100.6 MHz, DMSO) 5 166.1 (CONH:),

162.5 (C ll), 162.0 (C,„„), 152.5 (Cq„.,), 148.4 (C,„«), 140.8 (C,„„), 135.2 (C1 2 ),
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132.6 (C3), 122.5 (C13), 122.1 (C,„„), 118.8 (C,„„), 110.3 (C9), 104.2 (C6 ), 56.6 

(OCH3), 55.4 (C lla), 33.4 (Cl); IR 3332, 2934, 1655, 1578, 1508, 1413, 1356, 

1321, 1240, 1207, 1172, 1129, 1093, 1068, 1010, 963, 870, 838, 789, 754, 639, 618 

cm '; MS (FAB) m/z (relative intensity) 328.1 ([M + H]''', 100); HRMS [M + H]'̂  

calcd for C 17H 18N3O4 m/z 328.1297, found (FAB) m/z 328.1303.

5.2.2 Synthesis of Porothramycin B

(25,4/?)-A-(3-Methoxy-2-nitrobenzoyl)-2-(t^rt-butyIdimethylsilyloxymethyl)-4- 

hydroxypyrrolidine (137).

/ OTBS

COOH

136

OMe

NO2
OH

120

OMe O—Si
NO

OH

137

DCC (7.61 g, 38.6 mmol, 1.0 eq) was added to a stirred solution of acid 136 (7.96 g,

38.6 mmol) in dry DCM (450 mL) at 0 °C (ice/acetone). After 10 min stirring at 0 

°C the stirred solution was treated with HOBt (5.22 g, 38.6 mmol, 1.0 eq). The 

mixture was allowed to stir at 0 °C for 1 h then allowed to warm to room 

temperature and stirred for a further 16 h. A white precipitate was formed and 

removed by filtration. The pad was washed with dry DCM (110 mL) and the filtrate 

was added dropwise to a stirred solution of PBD C-ring 120 in DCM (70 mL) at - 20 

°C (liq. N2/CCI4). The reaction mixture was allowed to warm to room temperature 

and stirred for 16 h under a nitrogen atmosphere. The mixture was diluted with 

DCM (250 mL), washed with saturated aqueous NH4CI (250 mL), saturated aqueous 

NaHCO] (250 mL), H2O (250 mL), brine (250 mL), dried (MgS0 4 ), filtered and 

evaporated in vacuo. Recrystallization afforded the amide 137 as white crystals
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(15.75 g, 99%): m.p. 193 °C; [a]^^ d = -242.3 ° (c = 0.36, CHCI3); NMR (250 

MHz, CDCI3) ô 7.61 (dd, IH, J =  7.7, 8.4 Hz), 7.38 (d, IH, J =  7.7 Hz), 6.97 (d, IH, 

J=  8.5 Hz), 4.90 (d, IH, J=  3.2 Hz), 4.20-4.13 (m, 2H), 3.87 (s, 3H), 3.75 (dd, IH, J  

= 5.0, 10.0 Hz), 3.64 (dd, IH, J= 2 .7 , 10.0 Hz), 3.40-3.30 (m, IH), 3.11-3.06 (d, IH, 

J =  11.0 Hz) 2.47-2.45 (m, IH), 2.01-1.87 (m, 2H), 0.83 (s, 9H), 0.0 (s, 6 H); 

NMR (62.9 MHz, CDCI3) ô 165.3 151.7, 138.8, 133.4,119.6,115.7, 69.2, 63.0, 58.7,

58.0, 57.7, 36.6, 26.6, 18.7; IR br 3440, 3009, 2930, 2858, 2739, 2711, 2664, 2562, 

2382, 2190, 2067, 2031, 1925, 1845, 1733, 1623, 1580, 1540, 1463, 1436, 1371, 

1347, 1306, 1285, 1254, 1189, 1168, 1153, 1119, 1082, 1055, 1004, 962, 951, 916, 

901, 842, 812, 785, 716, 673, 635 cm'^; MS (ES) m/z (relative intensity) 411 (M" ,̂ 

20), 297 (100), 279 (10), 225 (35), 146 (25).

(25,4/î)-A^-(2-Amino-3-methoxybenzoyl)-2-(/er/-butyldimethylsiIyIoxymethyl)-4- 

hydroxypyrrolidine (138).

Me Me O—Si-
NO NH

^OH 'OH

137 138

A solution of hydrazine (4.68 mL, 4.73 g, 148 mmol, 5 eq) in MeOH (80 mL) was 

added dropwise (Caution! Vigorous effervescence) to a solution of the amide 137 

(12.1 g, 29.5 mmol), anti-bumping granules and Raney Ni (2 g) in MeOH (235 mL) 

heated at reflux. After 1 h at reflux TLC (95% CHClg/MeOH) revealed some amine 

formation. The reaction mixture was treated with further Raney Ni (1.5 g) and 

hydrazine (3.76 mL) in MeOH (30 mL) and was heated at reflux for an additional 30 

min at which point TLC revealed reaction completion. The reaction mixture was 

then treated with enough Raney Ni to decompose any remaining hydrazine and 

heated at reflux for a further 1.5 h. Following cooling to room temperature the 

mixture was filtered through celite to remove excess Raney nickel and the filter pad
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washed with additional methanol (Caution! Raney nickel is pyrophoric, do not 

allow filter dry, use conc. HCl to destroy nickel). The combined filtrate was 

evaporated in vacuo and the resulting residue was then treated with DCM (280 mL), 

dried (MgS0 4 ), filtered and evaporated in vacuo to provide the aniline 138 as a light 

yellow foam (10.84 g, 96%): ‘H NMR (250 MHz, CDCb) 5 6.81-6.77 (m, 2H), 6.69 

(d, IH, J =  7.7 Hz), 4.67-4.18 (m, 4H), 3.85 (s, 3H), 3.77 (s, 3H), 3.65-3.38 (m, 4H), 

2.29-2.19 (m, IH), 2.05-1.84 (m, IH), 0.90 (s, 9H), 0.06 (s, 6 H); "C  NMR (67.8 

MHz, CDCb) S 170.3, 150.0, 135.5, 121.5, 120.3, 117.4, 111.4, 70.6, 62.8, 59.3, 

57.2, 56.1, 49.3, 34.3, 26.3, 25.4, 18.6; IR br 3370, 2929, 2857, 1614, 1557, 1471, 

1434, 1361, 1344, 1281, 1257, 1232, 1170, 1117, 1055, 1000, 939, 916, 837, 814, 

777, 751, 671 cm"'; MS (ES) m/z (relative intensity) 381 (M^ , 38), 267 (100), 232 

(25), 225 (10), 146 (20), 100 (18).

(2AS',4J?)-A^-[3-Methoxy-2-(2,2,2-trichloroethoxycarbonyIamino)-benzoyl]-2-(tert- 

butyldimethylsilyloxymethyl)-4-hydroxypyrroIidine (139).

>Me O—Sr
NH

'OH

138

CI3C

►Me O—Sr
NH

'OH

139

A solution of 2,2,2-trichloroethyl chloroformate (0.24 mL, 0.37 g, 1.7 mmol, 1.1 eq) 

in distilled DCM (2 mL) was added dropwise to a solution of anhydrous pyridine 

(0.26 mL, 0.25 g, 3.2 mmol, 2 eq) and amine 138 (0.6 g, 1.6 mmol) in distilled DCM 

( 8  mL) at -10 °C (liq. N2/benzyl alcohol). After 16 h at room temperature, TLC 

analysis (99.5:0.5 v/v CHClg/MeOH) revealed the incomplete consumption of 

starting material. The reaction mixture was treated with further 2,2,2-trichloroethyl 

chloroformate (0.24 mL, 0.37 g, 1.7 mmol, 1.1 eq) and pyridine (0.26 mL, 0.25 g,

3.2 mmol, 2 eq) and left stirring for another 3 h at which point TLC revealed the
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complete loss of starting material. The reaction mixture was washed with saturated 

NH4CI ( 2 x 1 0  mL), saturated CUSO4 (10 mL), H2O (10 mL), brine (10 mL) and 

dried (MgS0 4 ). Filtration and evaporation of the solvent yielded a yellow viscous 

oil which was purified by flash chromatography (99.5:0.5 v/v CHClg/MeOH) to 

afford the product 139 as a yellow oil (586 mg, 67%): [a]^^ d = -53.0 ° (c = 0.64, 

CHCI3); NMR (250 MHz, CDCI3) Ô 7.30 (br s, IH), 7.18 (distorted t, IH, J =  7.9,

8.1 Hz), 6.93 (dd, IH, J =  1.2, 8.4 Hz), 6 . 8 8  (dd, J=  1.2, 7.8 Hz), 4.78 and 4.67 (d x 

2, J =  12.0 Hz, 2H), 4.42-4.36 (m, IH), 4.29-4.23 (m, IH), 4.15 (dd, IH, 3.7,

10.2 Hz), 3.87 (s, 3H), 3.68 (dd, IH, 2.1, 10.2 Hz), 3.63-3.60 (m, 2H) 3.53 (dd, 

IH, J =  3.3, 11.8 Hz), 2.32-2.21 (m, IH), 2.15-2.07 (m, IH); 0.91 (s, 9H), 0.06 (s, 

6 H); NMR (67.8 MHz, CDCI3) ô 168.7, 152.6, 152.1, 132.2, 125.8, 122.4, 119.7,

111.5, 94.9, 74.9, 70.8, 62.4, 58.9, 56.7, 55.9, 36.4, 25.8, 18.1, -5.4, -5.5; IR (CHCI3) 

br 3493, br 3416, br 3226, 2953, 2930, 2857, 2362, 2246, 1921, 1732, 1622, 1585, 

1520, 1470, 1430, 1361, 1319, 1258, 1228, 1112, 1084, 1056, 1002, 940, 915, 894, 

836, 813, 777, 755, 726, 667, 630 cm'*; MS (ES) m/z (relative intensity) 555 ([M - 

H f ,  100), 225 (38).

25'-A^-[3-Methoxy-2-(2,2,2-trichloroethoxycarbonylamino)-benzoyl]-2-(/er/- 

butyldimethylsilyloxymethyl)-4-oxopyrrolidine (140).

CLC

»Me O— Si
N H

ÜH

139

CLC

►Me .0—Sf
NH

140

A sample of Dess-Martin periodinane (4.58 g, 10.8 mmol, 2 eq) was added to a 

stirred solution of alcohol 139 (3.00 g, 5.40 mmol) in dry DCM (80 mL). The 

reaction mixture was allowed to stir for 16 h. TLC analysis (50:50 v/v 

hexane/EtOAc) revealed the complete consumption of staring material. The mixture
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was diluted with DCM (300 mL), washed with 1 N NaOH (3 x 200 mL). Aqueous 

washings were combined and extracted with DCM (200 mL) and the organic phase 

was washed with H2O (250 mL), brine (250 mL) and dried (MgS0 4 ). Filtration and 

evaporation afforded the crude product which was subjected to flash column 

chromatography (70:30 v/v hexane/EtOAc) to provide ketone 140 as a light orange 

glass (1.65 g, 55%): [a]^’ d = +20.2 ° (c = 0.64, CHCI3); 'H NMR (250 MHz, 

CDCI3) (rotamers) 8  7.21 (distorted t, IH, J =  7.9, 8.1 Hz), 7.10 (br s, IH), 6.95 (dd, 

IH, J =  1.1, 8.2 Hz), 6 . 8 6  (dd, J  = 1.2, 7.7 Hz), 4.79 and 4.67 (d x 2, 12.0 Hz,

2H), 4.05 (dd, IH, 7  = 2.5, 10.2 Hz), 4.00-3.84 (m, 6 H,), 3.70 (dd, IH, 7  = 2.2, 10.2 

Hz), 2.96-2.71 (m, IH), 2.49-2.27 (m, IH), 0.89 (s, 9H), 0.09 and 0.07 (s x 2, 6 H); 

'^C NMR (67.8 MHz, CDCI3) Ô 210.9, 169.6, 152.9, 152.8, 133.5, 126.6, 123.0,

119.6, 112.1, 95.6, 75.1, 66.4, 57.1, 56.4, 54.9, 39.9, 26.1, 18.1, -5.2, -5.3; IR 

(CHCI3) 3418, 3223, 2954, 2930, 2858, 2477, 2360, 2341, 1763, 1739, 1634, 1586, 

1516, 1465, 1418, 1362, 1318, 1268, 1223, 1190, 1161, 1107, 1014, 986, 940, 901, 

873, 836, 809, 778, 755, 727, 6 6 6 , 622 cm'*; MS (ES) m/z (relative intensity) 555 

([M + H]^, 21), 442 (30), 441 (100), 116 (29).

25-A-[3-Methoxy-2-(2,2,2-trichloroethoxycarbonylamino)-benzoyl]-2- 

(hydroxymethyl)-4-oxopyrrolidine (141).

cue

O - S r  
,NH / I

CLC

NH ;

A mixture of glacial acetic acid (36 mL) and H2O (12 mL) was added to a solution of 

140 (1.61 g, 2.91 mmol) in THF (12 mL) and left stirring for 16 h at room 

temperature. The reaction mixture was diluted with DCM (120 mL) and neutralised 

with saturated NaHC0 3  (750 mL, Caution! - gas production). The aqueous layer
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was extracted with DCM (2 x 120 mL) and the organic layers were combined, 

washed with brine (2 x 120 mL) and dried (MgS0 4 ). TLC analysis (20:80 v/v 

hexane/EtOAc) revealed the complete consumption of starting material. Filtration 

and evaporation of the solvent afforded the crude product which was purified by 

flash column chromatography (20:80 v/v hexane/EtOAc). Evaporation of the pure 

fractions afforded the product 141 as a white glass (1.17 g, 92%): [a]^^ d = +393.3 ° 

(c = 0.09, CHCI3); 'H NMR (250 MHz, CDCI3) 6  7.56 (br s, IH), 7.21 (distorted t, 

IH, / =  7.7, 8.2 Hz), 7.01-6.90 (m, 2H), 4.76 and 4.68 (d x 2, J =  12.0 Hz, 2H), 4.32-

4.24 (m, IH), 4.02 (s, 2H), 3.87 (s, 3H), 3.58-3.45 (m, 2H), 2.84 (dd, IH, J  = 9.6,

18.2 Hz), 2.57 (dd, IH, J =  1.9, 18.2 Hz); ‘̂ C NMR (67.8 MHz, CDCI3) Ô 209.7,

169.8, 153.5, 152.5, 132.0, 126.7, 122.9, 119.4, 112.2, 95.2, 75.3, 64.5, 60.0, 56.5, 

56.4, 40.4; IR br 3417, 2945, 2840, 2250, 1764, 1632, 1521, 1426, 1270, 1110, 1075, 

991, 912, 808, 730, 658, 623 cm’*; MS (ES) m/z (relative intensity) 463 ([M + Na]^, 

82), 441 ([M + HŸ , 27), 328 (40), 326 (100), 208 (12), 176 (17), 158 (60), 150 (19), 

116(25).

(ll.y,lla6)-ll-Hydroxy-9-methoxy-2-oxo-10-(2,2,2-trichloroethoxycarbonyl)- 

1,2,3,10,11 4 la-hexahydro-5/f-pyrrolo[2,l-c][l,4]benzodiazepin-5-one (142).

CLC

'1

CLC

Me OH
NH

141

OH

2 ^ 0

A solution of anhydrous DMSO (0.66 mL, 0.72 g, 9.26 mmol, 3.6 eq) in dry DCM 

(15 mL) was added dropwise over 0.5 h to a stirred solution of oxalyl chloride (2.31 

mL of a 2 M solution in DCM, 4.63 mmol, 1.8 eq) under a nitrogen atmosphere at - 

45 °C (liq N2/PhCl). After stirring at - 45 °C for 1 h, a solution of the substrate 141 

(1.13 g, 2.57 mmol) in dry DCM (17 mL) was added dropwise over 0.5 h to the
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reaction mixture, which was then stirred for a further 1 h at -  45 °C. A solution of 

TEA (1.50 mL, 1.09 g, 10.8 mmol, 4.2 eq) in dry DCM (7 mL) was added dropwise 

to the mixture over 15 min and stirred for a further 0.5 h. The reaction mixture was 

left to warm to 0 °C, diluted with DCM (30 mL), washed with cold 1 N HCl (40 

mL), H2O (40 mL), brine (40 mL) and dried (MgS0 4 ). TLC analysis of the DCM 

solution revealed the incomplete consumption of starting material. Filtration and 

evaporation of the solvent in vacuo afforded the crude product which was purified by 

flash column chromatography (20:80 v/v hexane/EtOAc) to afford ketone 142 as a 

pale yellow glass (0.58 g, 52%): [a]^’ d = +198.8 ° (c = 0.08, CHCI3); 'H NMR (250 

MHz, CDCI3) Ô 7.45 (distorted t, IH, J =  7.9, 8.1 Hz, H7), 7.34 (dd, IH, 7  = 1.5, 7.8 

Hz, H6 ), 6 . 8 6  (dd, y  = 1.4, 8.2 Hz, H8 ), 5.78 (dd, IH, J =  3.7, 9.8 Hz, H ll), 5.01 

and 4.37 (d x 2, J =  12.0 Hz, 2H, Troc CH2), 4.25 (s, IH), 4.13-4.10 (m, IH), 3.98- 

3.92 (m, 2H, H3 x 2), 3.86 (s, 3H, OCH3), 2.99 (dd, IH, y  = 9.8, 20.0 Hz, HI), 2.79 

(dd, IH, J =  3.2, 19.8 Hz, HI); ‘̂ C NMR (67.8 MHz, CDCI3) Ô 208.1 (C2), 167.7 

(Cquat), 155.9 (Cquat), 155.1 (Cquat), 133.5 (Cquat), 130.4 (C7), 123.4 (Cquat), 120.7 

(C6 ), 114.5 (CS), 95.0 (Troc CCI3), 86.9 (C ll), 75.8 (Troc CH2), 56.5 (OCH3),

57.2 (C lla), 53.0 (C3), 40.6 (Cl); IR br 3396, 2944, 2842, 2250, 2079, 1944, 1767, 

1654, 1583, 1483, 1415, 1324, 1158, 1075, 1017, 971, 912, 880, 815, 739, 647, 610 

cm'*; MS (ES) m/z (relative intensity) 439 ([M + 2]^, 100), 437 (M^, 83), 419 (14), 

324 (32), 243 (25), 176 (55), 149 (10).

(115,1 laS)-l 1 -Hydroxy-9-methoxy-10-(2,2,2-trichloroethoxycarbonyl)-2- 

[[(trifIuoromethyl)suIfonyl]oxy]-l,10,11,lla-tetrahydro-5^-pyrrolo[2,l- 

c] [l,4]benzodiazepin-5-one (143).

CLC CLC

OMe nH
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Anhydrous triflic anhydride (75 mg, 0.27 mmol, 1.0 eq) taken from a freshly opened 

ampule was added rapidly as one portion to a vigorously stirred solution of ketone 

142 (117 mg, 0.27 mmol) and fresh anhydrous pyridine (23 pL, 22 mg, 0.28 mmol,

1.05 eq) in anhydrous DCM ( 8  mL) at room temperature. The reaction mixture was 

left for 1.5 h at room temperature and poured into cold saturated NaHCOg (20 mL). 

The mixture was extracted with DCM ( 3 x 1 5  mL) and the organic extracts were 

washed with H2O (20 mL), brine (20 mL) and dried (MgS0 4 ). Filtration and 

evaporation of the solvent afforded the crude product which was purified by flash 

column chromatography (20:80 v/v hexane/EtOAc). Pure fractions were combined 

and evaporation of the solvent in vacuo afforded triflate 143 (51 mg, 34%): [a]^^ d = 

+1850.7 ° (c = 0.13, CHCI3); 'HNM R (250 MHz, CDCI3) S 7.47-7.32 (m, 2H, H7 

and H6 ), 7.09 (d, J =  8.1 Hz, H8 ), 7.22 (s, IH, H3), 5.89 (d, IH, 7  = 9.6 Hz, H ll),

4.98 and 4.40 (d x 2 ,7 =  11.1 Hz, 2H, Troc CH2), 3.98-3.90 (m, IH, HI la), 3.86 (s, 

3H, OCH3), 3.67 (br s, IH, OH), 3.37 (dd, IH, J =  10.6, 16.9 Hz, HI), 3.03 (d, IH, 

J =  16.9 Hz, HI); '^C NMR (67.8 MHz, CDCI3) S 164.8 (C,„.,), 156.0 (C,„„), 154.9 

(C,„„), 137.1 (C,„„), 133.0 (C,„.,), 130.4 (C7), 123.4 (€,«„), 123.2 (C6 ), 121.0 

(C3), 114.8 (C8 ), 95.0 (Troc CCI3), 85.9 (C ll), 75.9 (Troc CH2), 59.0 (C lla), 56.6 

(OCH3), 34.7 (Cl); IR br 3403, 3131, 2956, 2872, 2090, 1732, 1653, 1583, 1483, 

1432, 1232, 1144,1075,1011,983,922, 832, 765,741,673 cm '.

(115,1 la*S)-2-[(AyV-Dimethylammocarbonyl)vmyl]-l l-hydroxy-9-methoxy-lO- 

(2,2,2-trichIoroethoxycarbonyl)-l,10,ll,lla-tetrahydro-5/f-pyrrolo[2,l- 

c] [l,4]benzodiazepm-5-one (144).

CI3C

143

CLC>

O — S— CF3

144

NMei
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A mixture of triflate 143 (380 mg, 0.67 mmol), A-dimethylacrylamide (0.14 mL, 

132 mg, 1.33 mmol, 2 eq), DABCO (150 mg, 1.33 mmol, 2 eq), (CH3CN)2PdCl2 (28 

mg, 0.11 mmol, 0.16 eq) and MeOH (25 mL) was stirred and heated at 55 -  62 °C 

for 16 h. The reaction was worked-up by pouring the mixture into CHCI3 (25 mL) 

and saturated aqueous NaHC0 3  (25 mL). The aqueous layer was extracted with 

CHCI3 (3 X 25 mL) and the CHCI3 extracts were combined, washed with H2O (50 

mL), brine (50 mL) and dried (MgS0 4 ). Filtration and evaporation of solvent gave 

the crude product as a dark brown glass. The residue was purified by flash column 

chromatography (99.5:0.5 v/v CHCh/MeOH then gradient to 96:4 v/v 

CHCb/MeOH) to give the coupled product 144 as a light yellow glass (218 mg, 

63%): [a]^^ d = +296.7 ° (c = 0.18, CHCI3); ’HNMR (250 MHz, CDCI3) Ô 7.54 (d, 

m ,J =  15.1 Hz, H12), 7.46-7.27 (m, 3H, H7, H6  and H3), 7.09 ( d , J =  8.0 Hz, H8 ), 

6.14 (d, l H , y =  14.8 Hz, H13), 5.80 (dd, IH, J=3 .8 ,  9.4 Hz, H ll), 4.98 (d, IH, J  =

11.9 Hz, Troc CHi), 4.36 (d, IH, J =  11.9 Hz, Troc CHi), 3.99 (d, IH, J =  3.8 Hz. 

OH), 3.97-3.82 (m, 4H, H lla  and OCH^), 3.21-2.90 (m, 7H, HI and NC/fj x 2), 

2.86 (d, IH, 16.5 Hz, HI); NMR (62.9 MHz, CDCI3) Ô 166.9 (CONMcz),

163.8 (Cquat), 156.0 (Cquat), 154.9 (Cquat), 136.0 (Cqu.t), 134.0 (C1 2 ), 132.4 (C3),

130.2 (C7), 123.3 (Cquat), 122.5 (Cquat), 121.0 (C6 ), 117.5 (C8 ), 114.6 (C13), 95.1 

(Troc CCI3), 86.4 (C ll), 75.8 (Troc CH 2), 60.3 (C lla), 56.6 (OCH 3), 37.8 and 36.3 

(NCH 3), 33.8 (Cl); IR br 3282, 2938, 2164, 2074, 2012, 1984, 1720, 1636, 1582, 

1481, 1439, 1395, 1318, 1276, 1222, 1139, 1067, 1011, 971, 911, 806, 740, 723, 

704, 6 6 6  cm’’; HRMS M^ calcd for C21H22CI3N3O6 m/z 517.0574, found (FAB) m/z 

517.0588.
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(llaS)-9,ll-Dimethoxy-2-[(AyV-dimethylaminocarbonyl)vmyI]-l,10,lljlla- 

tetrahydro-5/r-pyrrolo[2,l-c][l,4]benzodiazepin-5-one (3, porothramycin B).

)Me Troc
H ePMe 

' lOiA .H
1

NMe-i NMC2

144
porothramycin B

10% Cd/Pb couple (260 mg, 2.10 mmol, 5 eq of Cd) was added to a rapidly stirring 

mixture of 144 (195 mg, 0.38 mmol), THF (1.5 mL) and 1 N ammonium acetate (1.5 

mL). After 1.5 h TLC revealed the incomplete conversion of starting material to 

product. The solids were filtered then rinsed with H2O and EtOAc. The aqueous 

layer was extracted with EtOAc ( 3 x 1 5  mL) and the combined organic layer was 

washed with H2O (30 mL), brine (30 mL) and dried (MgS0 4 ). Filtration and 

evaporation of solvent left a yellow solid which was dissolved in anhydrous MeOH 

and stirred for 16h. Removel of solvent left the crude product which subjected to 

flash column chromatography (99.5:0.5 v/v CHClg/MeOH then gradient to 96:4 v/v 

to CHCls/MeOH) to afford porothamycin B (in mixed forms): *H NMR (250 MHz, 

CDCI3) Ô 7.63 (d, \H ,J =  8.0 Hz, H6 ), 7.51 (s, IH, H3), 7.51 (d, m , J =  15.1 Hz, 

H12), 7.09 ( d , y =  8.0 Hz, H8 ), 6.77 (distorted t, IH, 7.9, 8.1 Hz, H7), 6.19 (d, 

IH, y  = 6.0 Hz, N ^ ,  6.06 (d, 1 H, J=  15.0 Hz, H13), 4.70 (d, IH, J =  6.0 Hz, H ll), 

4.27 (dd, m , J =  6.0, 11.0 Hz, H lla), 3.92-3.32 (m, 6H, 9 -O C H 3 and II-O C H 3), 

3.19-2.94 (m, 7H, HI and NC/fs x 2), 2.87 (d, IH, J=  16.8 Hz, HI); IR 3362, 2932, 

1715, 1644, 1416, 1260, 1138, 1076, 972, 933, 833, 811, 745, 665, 634 cm '; HRMS 

M"̂  calcd for C]9H24N304 m/z 358.1716, found (FAB) m/z 358.1774.
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5.2.3 Synthesis of the Teoc Protected Cyclized Ketone

Methyl 2-trimethylsilyiethoxycarbonylamino-4,5-dimethoxybenzoate (151).

MegSr ^

MeO ^  COOMe MeO ^  COOMe

150 151

Neat TEA (0.89 mL, 0.65 g, 6.39 mmol, 1.35 eq) was added slowly to a solution of 

methyl 2-amino-4,5-dimethoxybenzoate 150 (1.00 g, 4.73 mmol) and triphosgene 

(0.50 g, 1.70 mmol, 0.36 eq) in dry toluene (35 mL), which resulted in the formation 

of a light yellow precipitate. The reaction mixture was heated at 105 °C and left 

stirring for 1.5 h when IR showed the complete consumption of starting material and 

the formation of isocyanate intermediate: IR 2361, 2267, 1700, 1526, 1265, 1209, 

6 6 8  cm"\ The mixture was treated with a solution of trimethylsilyl ethanol (0.88 

mL, 0.73 g, 6.15 mmol, 1.3 eq) and TEA (0.92 mL, 0.67 g, 6.63 mmol, 1.4 eq) in dry 

toluene (5 mL). The reaction mixture was allowed to stir for 16 h, after which time 

the solids were removed by filtration and the pad was washed with toluene. The 

filtrate was extracted with H2O (3 x 40 mL), brine (40 mL) and dried (MgS0 4 ). 

Filtration and evaporation of the solvent afforded the crude product which was 

purified by flash column chromatography (80:20 v/v hexane/EtOAc) to afford Teoc 

protected benzoate 151 as a white solid (1.35 g, 80%): NMR (400 MHz, CDCI3)

Ô 10.52 (br s, IH), 8.16 (s, IH), 7.48 (s, IH), 4.26 (t, J =  8.4 Hz, 2H), 3.97 (s, 3H), 

3.90 and 3.88 (s x 2, 6 H), 1.07 (t, J =  8.5 Hz, 2H), 0.74 (s, 9H); ‘̂ C NMR (100.5 

MHz, CDCI3) 5 168.1, 154.2, 154.1, 143.2, 138.1, 112.2, 105.9, 101.8, 63.4, 56.1,

56.0, 52.0, 17.6, -1.5; IR 2953, 1730, 1685, 1601, 1529, 1436, 1409, 1357, 1262, 

1226, 1203, 1167, 1097, 1039, 1004, 859, 838, 782 cm '; MS (FAB) m/z (relative 

intensity) 355 (M^ , 100); HRMS M^ calcd for CiaH^sNOgSi m/z 355.1451, found 

(FAB) m/z 355.1460.
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2-Trimethylsilylethoxycarbonylamino-4,5-dimethoxybenzoic acid (152).

Me^Si MeiSi

MeO' ^  COOMe 

151

MeO ^  'COOH 

152

IN NaOH (7.43 mL, 7.43 mmol, 2.0 eq) was added in one portion to a stirred 

solution of methyl benzoate 151 (1.32 g, 3.72 mmol) in MeOH (40 mL). The 

reaction was allowed to stir for 24 h and was deemed complete by TLC analysis. 

Excess MeOH was removed by rotary evaporation and H2O (40 mL) was added. 

The resulting mixture was washed with EtiO (40 mL), then the aqueous layer was 

separated and acidified with IN HCl (7.43 mL) to pH 4. The resulting cloudy 

mixture was extracted with EtOAc (5 x 50 mL). The combined organic layers were 

then washed with brine and dried (MgS0 4 ). Filtration and removal of the solvent 

afforded the acid 152 as a white solid (1.07 g, 85 %): ^H NMR (400 MHz, CDCI3) ô 

10.29 (br s, IH), 8.19 (s, IH), 7.52 (s, IH), 5.30 (br s, IH), 4.29 ( t,J =  8.6 Hz, 2H),

3.99 and 3.90 (s x 2, 6H), 1.10 (t, J =  8.6 Hz, 2H), 0.09 (s, 9H); '^C NMR (100.5 

MHz, CDCI3) Ô 172.5, 155.2, 153.9, 143.4, 139.0, 112.8, 104.8, 101.8, 63.6, 56.2, 

56.1, 52.3, 17.7, -1.5; IR 2954, 2168, 1982, 1681, 1601, 1529, 1461, 1440, 1393, 

1345, 1271, 1246, 1202, 1167, 1095, 1072, 1037, 998, 954, 933, 861, 831, 783, 754, 

698, 649 cm'^; MS (FAB) m/z (relative intensity) 364 ([M + Na]^ , 100); HRMS [M 

+ Na]^ calcd for Ci5H23N06SiNa m/z 364.1192, found (FAB) m/z 364.1184; m.p.

179.6 °C.
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(25,4/f)-A^-(4,5-Dimethoxy-2-trimethylsilylethoxycarbonylaminobenzoyl)-2-(^^r/-

butyldimethylsilyloxymethyl)-4-hydroxopyrrolidine (153).

MciSi

MeO COOH

1 5 2

/ OTBS

1 5 3

HN
O—Si

OH NH
120

MeO OH
O

DCC (18.4 g, 89.0 mmol, 1.0 eq) was added to a stirred solution of acid 152 in dry 

DCM (1 L) at 0 °C (ice/acetone). After 10 min stirring at 0 °C the stirred solution 

was treated with HOBt (12.0 g, 89.0 mmol, 1.0 eq). The mixture was allowed to stir 

at 0 °C for 1 h then allowed to warm to room temperature and stirred for 40 h. The 

white precipitate was removed by filtration and the pad was washed with dry DCM 

(250 mL). The filtrate was added dropwise to a stirred solution of PBD C-ring 120 

in DCM (200 mL) at - 20 °C (liq. Ni/ethanediol). The reaction mixture was allowed 

to warm to room temperature and stirred for 16 h under nitrogen atmosphere. The 

mixture was diluted with DCM (500 mL), washed with saturated aqueous NH4CI (2 

X 1 L), saturated aqueous NaHCOs (1 L), H2O (1 L), brine (1 L), dried (MgS0 4 ). 

Filtration, evaporation and purification by flash column chromatography (80:20 v/v 

hexane/EtOAc) afforded the amide 153 as a light yellow solid (43.7 g, 8 8 %): [a]^^ d 

= -75.4 ° (c = 0.39, CHCI3); 'H NMR (400 MHz, CDCI3) 8  8.78 (br s, IH), 7.69 (s, 

IH), 6.72 (s, IH), 4.51 (br,s, IH), 4.35 (br s, IH), 4.14 (t,J=  8 . 6  Hz, 2H), 3.86 and 

3.76 (s X 2, 6 H), 3.58-3.51 (m, 2H), 2.27-2.21 (tn, 2H), 2.01-1.96 (m, IH), 0.98 (t, J  

= 8 . 6  Hz, 2H), 0.86 (s, 9H), 0.00 (s, 15H); *̂ C NMR (100.6 MHz, CDCI3) Ô 171.0,

155.9, 152.3, 145.1, 133.9, 117.3, 112.4, 106.0, 64.9, 57.7, 57.5, 35.4, 19.6, 19.1,

1.5, 0.0; IR 3475, 2954, 2856, 2165, 1707, 1621, 1590, 1524, 1492, 1426, 1399, 

1331, 1246, 1208, 1174, 1117, 1079, 1035, 1002, 962, 928, 833, 769, 714 cm '; MS 

(FAB) m/z (relative intensity) 555 ([M + H]^, 100); HRMS [M + H]^ calcd for 

C26H47N20vSi2 m/z 555.2922, found (FAB) m/z 555.2916; m.p. 145.2 °C.
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25-A^-(4,5-Dimethoxy-2-trimethylsilylethoxycarbonylammobenzoyl)-2-(/e/*^

butyldimethylsiIyloxymethyl)-4-oxopyrrolidine (154).

O— Sr
MeO- NH

MeO ÔH
O

O— Si-
MeO- N H

MeO

O

153 154

A solution of anhydrous DMSO (16.7 mL, 18. 5 g, 236 mmol, 3.0 eq) in dry DCM 

(350 mL) was added dropwise to a stirred solution of oxalyl chloride (59.0 mL of a 2 

M solution in DCM, llSmmol, 1.5 eq) under a nitrogen atmosphere at - 60 °C (liq 

N2/CHCI3). After stirring for 2.5 h, the substrate 153 (43.7 g, 78.8 mmol) in dry 

DCM (700 mL) was added dropwise to the reaction mixture, which was then stirred 

for a further 2.5 h at -55 °C. TEA (74.6 mL, 54.2 g; 535 mmol, 6 . 8  eq) in dry DCM 

(200 mL) was added dropwise to the mixture, which was stirred for 16 h. The 

reaction mixture was washed with cold 1 N HCl (2 x 1 L), H2O (1 L), brine (1 L) and 

dried (MgS0 4 ). TLC (50:50 v/v hexane/EtOAc) revealed the complete consumption 

of starting material. Filtration and evaporation of the solvent in vacuo afforded the 

product 154 as a light yellow glass (44.5 g, >100%): [a]^^ d = 0 ° (c = 0.19, CHCI3); 

‘H NMR (400 MHz, CDCI3) Ô 7.78 (s, IH), 6.69 (s, IH), 4.15 (t, J =  8 . 6  Hz, 2H), 

4.00-3.92 (m, IH), 3.85 and 3.75 (s x 2, 6 H), 3.56 (br s, IH), 2.81-2.72 (m, 2H), 

2.47-2.42 (m, IH), 2.01-1.96 (m, IH), 0.97 ( \,J=  8 . 6  Hz, 2H), 0.80 (s, 9H), 0.00 (s, 

15H); ‘̂ C NMR (100.6 MHz, CDCI3) 5 210.5, 170.6, 155.5, 152.8, 145.2, 134.0,

111.6, 106.1, 67.6, 65.0, 57.7, 57.5, 27.2, 19.5, 19.2, 1.5, 0.2, 0.0; IR 2954, 1754, 

1725, 1621, 1593, 1519, 1491, 1468, 1451, 1417, 1398, 1339, 1288, 1250, 1199, 

1170, 1110, 1068, 1034, 1004, 972, 936, 834, 776, 736, 674 cm '; MS (FAB) m/z 

(relative intensity) 575.2 ([M + Na]*, 100); HRMS [M + Na]* calcd for 

C26H44N20?Si2Na m/z 575.2585, found (FAB) m/z 575.2572; m.p. 127.1 °C.
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25-A^-(4,5-Dimethoxy-2-trimethyIsilylethoxycarbonylaminobenzoyl)-2-

hydroxymethyl-4-oxopyrrolidine (155).

154

.O—Si- OH
MeO-NH NH

MeO' MeO
O O

155

A mixture of glacial acetic acid (340 mL) and H2O (340 mL) was added to a solution 

of 154 (44.4 g, 80.4 mmol) in THF (170 mL). The reaction mixture was left stirring 

for 48 h at room temperature and was diluted with DCM (900 mL) and neutralised 

with saturated NaHCOg (9.6 L, Caution! - gas production). The aqueous layer was 

extracted with DCM (3 x 1 L) and the organic layers were combined, washed with 

brine (3 x 1 L) and dried (MgS0 4 ). Filtration and evaporation of the solvent 

afforded the crude product which was purified by flash column chromatography 

(70:30 v/v hexane/EtOAc then gradient to 50:50 v/v hexane/EtOAc). Evaporation of 

the pure fractions afforded the product 155 as a light yellow glass (33.0 g, 94%): 

[a]^’ D = +23.8 ° (c = 0.17, CHCI3); 'H NMR (400 MHz, CDCI3) 8  8.24 (br s, IH), 

7.40 (s, IH), 6.80 (s, IH), 4.85 (br s, IH), 4.15 (t, 8.5 Hz, 2H), 4.09-3.98 (m,

2H), 3.82 and 3.78 (s x 2 , 6 H), 3.60-3.51 (m, IH), 3.16 (br s, IH), 2.74-2.68 (m, 2H), 

2.51-2.47 (m, IH), 0.96 (t, J  = 8 . 6  Hz, 2H), 0.00 (s, 9H); ‘̂ C NMR (100.6 MHz, 

CDCI3) 8  210.8, 171.2, 156.0, 152.5, 146.1, 132.4, 118.0, 111.6, 107.2, 66.1, 65.3,

62.0, 57.9, 57.5, 41.2, 35.3, 27.0, 26.4, 22.6, 19.2, 15.7, 2.5, 1.5, 0.0; IR br 3355, 

2953, 1761, 1722, 1600, 1396, 1203, 1172, 1110, 1053, 993, 932, 835, 766, 696 cm' 

MS (FAB) m/z (relative intensity) 461 ([M + Na]* , 100); HRMS [M + Na]* calcd 

for C2oH3oN2 0 7 SiNa m/z 461.1720, found (FAB) m/z 461.1734.
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(115,lla5)- 7,8-Dimethoxy-ll-hydroxy-2-oxo-10-trimethylsilylethoxycarbonyI- 

1 ,2 ,3 4 0 ,1 1,1 la-hexahydro-5/r-pyrrolo[2,l-c][l,4]benzodiazepin-5-one (156).

Me^Si 
MeO

MeO

Me^Si
NH

A solution of anhydrous DMSO (0.39 mL, 0.43 g, 5.56 mmol, 4.0 eq) in dry DCM (5 

mL) was added dropwise to a stirred solution of oxalyl chloride (1.39 mL of a 2 M 

solution in DCM, 2.78 mmol, 2.0 eq) under a nitrogen atmosphere at - 50 °C (liq 

N2/CHCI3). After stirring at - 50 °C for 1 h, a solution of the substrate 155 (0.61 g, 

1.39 mmol) in dry DCM ( 8  mL) was added dropwise to the reaction mixture, which 

was then stirred for a further 2 h at -  45 °C. A solution of TEA (0.91 mL, 0.66 g, 

6.54 mmol, 4.7 eq) in dry DCM (3 mL) was added dropwise to the mixture. The 

reaction mixture was left to warm to 0 °C, diluted with DCM (10 mL), washed with 

cold 1 N HCl (10 mL), H2O (15 mL), brine (15 mL) and dried over MgS0 4 . 

Filtration and evaporation of the solvent in vacuo afforded the crude product which 

was purified by flash column chromatography (70:30 v/v hexane/EtOAc then 

gradient to 50:50 v/v hexane/EtOAc) to afford ketone 156 as a pale yellow glass 

(0.32 g, 53%): [a]^’ d = +198.4 ° (c = 0.19, CHCI3); ‘H NMR (400 MHz, CDCI3) 6  

7.30 (s, IH, H6 ), 6.71 (s, IH, H9), 5.76 (d, IH, J =  10.1 Hz, H ll) , 4.40 (br s, IH, 

OH), 4.32-3.89 (m, IIH, MeiSiCHzCHz, H3 x 2, H lla  and OCH3 x 2), 2.98 (dd, 

IH, /  = 9.8, 19.9 Hz, HI), 2.78 (d, IH, 7 = 19.9 Hz, HI), 0.96-0.86 (m, 2H, 

MeaSiCHzC^), 0.00 (s, 9H, Teoc CH3 x 3); ‘̂ C NMR (100.6 MHz, CDCI3) 8

209.7 (C2), 169.2 (C ,„„), 153.0 (C ,„„), 152.2 (C ,„„), 150.3 (C ,„.,), 130.3 (C,„a,),

125.4 (Cq„a,), 114.3 (C6 ), 112.0 (C9), 87.8 (C ll), 6 6 . 8  (MesSiCHzCHz), 58.5 

(C lla), 57.8 (OCH3), 54.3 (C3), 42.0 (Cl), 19.2 (MesSiCHiCHz), 0.00 (Teoc 

CHj); IR br 3380, 2953, 2165, 1761, 1670, 1630, 1605, 1515, 1454, 1427, 1291, 

1249, 1217, 1115, 1022, 996, 926, 835, 765, 694, 636 cm"'; MS (FAB) m/z (relative
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intensity) 459.2 ([M + Na]^, 100); HRMS [M + Na]^ calcd for C2oH2gN2 0 7 SiNa m/z 

459.1563, found (FAB) m/z 459.1549.

5.3 Synthesis of PBD Dimers

5.3.1 Synthesis of the C-Ring Acetate

(2iS',4/?)-A-(Benzyloxycarbonyl-2-/-butyldimethylsilyloxymethyl-4- 

hydroxyacetylpyrrolidine (186).

/ OTBS

CBz— N

OH

135

O -S

Pyridine (18.3 g, 18.7 mL, 232 mmol, 1.1 eq), acetic anhydride (23.6 g, 21.8 mL, 

232 mmol, 1.1 eq) and DMA? (5.14 g, 42.1 mmol, 0.2 eq) were added to a stirred 

solution of 135 (76.9 g, 211 mmol) in dry THF (1 L). The reaction mixture was 

stirred at room temperature for 16 h when TLC (95:5 v/v CHClg/MeOH) showed the 

complete consumption of the starting material. Excess solvent was removed by 

rotary evaporation and the residue was dissolved in EtOAc (1 L), washed with IN 

HCl ( 2 x1  L), H2O (1 L), brine (1 L) and dried (MgS0 4 ). Filtration and evaporation 

of the solvent afforded acetate 186 as a colourless oil (80.7 g, 94%): *H NMR (400 

MHz, CDCI3) (rotamers) ô 7.36-7.12 (m, 5H), 5.30-5.10 (m, 3H), 4.09-3.97 (m, 2H), 

3.74-3.55 (m, 3H), 2.36-2.29 (m, IH), 2.11-2.06 (m, IH), 2.02 (s, 3H), 0.87 (s, 6 H), 

0.86 (s, 3H), 0.03 and 0.00 (s x 2, 6 H); MS (ES) m/z (relative intensity) 430 ([M + 

N a f ,  95), 408 ([M + H f ,  100).
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(2*S',4i?)-2-/-ButyldimethyIsiIyIoxymethyl-4-hydroxyacetylpyrroIidine (172).

O -Si / O -S r

HN

172

A Solution of silyl ether 186 (1.95 g, 4.80 mmol) in absolute ethanol (10 mL) over 

10% Pd/C (0.17 g) was subjected to 45 Psi Parr hydrogenator for 16 h when TLC 

(95:5 v/v CHClg/MeOH) showed the complete consumption of the starting material. 

The reaction mixture was filtered through celite to remove the Pd/C, and the filter 

pad was washed with ethanol repeatedly. Excess solvent was removed by rotary 

evaporation under reduced pressure to afford the amine 172 as a pale orange waxy 

oil (1.28 g, 98%): IR (CHCI3) br 3315, 2930, 2858, 1739 (OC=OCH3), 1652, 1472, 

1435,1375, 1251,1088, 838, 779,667 cm '.

135



5.3.2 Synthesis of Novel PBD Dimers ZC-204, ZC-207, ZC-209 and ZC-211

1, r  - [ [(Propane-1,3-diy I)dioxy ] bis [(25,4/?)-(5-methoxy-2-nitro-l ,4- 

pheny lene)carbony I] ] bis [2-(/^r/-buty Idimetby Isilyloxymetby I)-4- 

bydroxyacetylpyrrolidine] (173).

OMe MeOHOOC COOH

+

/ OTBS

HN

172

OAc

i - O
N O

MeOOM e

173

A catalytic amount of DMF (2 drops) was added to a stirred solution of the nitro-acid 

165 (8.12 g, 17.4 mmol; Thurston et a l,  1996) and oxalyl chloride (3.80 mL, 5.52 g,

43.5 mmol, 2.5 eq) in dry THF (250 mL). The initial precipitate dissolved gradually 

and the reaction mixture was allowed to stir for 16 h at room temperature. The 

resulting acid chloride solution was added dropwise to a stirred mixture of the amine 

172 (11.9 g, 43.5 mmol, 2.5 eq), TEA (9.71 mL, 7.05 g, 69.7 mmol, 4.0 eq) and H2O 

(2.26 mL) in THF (100 mL) at 0 °C (ice/acetone) under a nitrogen atmosphere. The 

reaction mixture was allowed to warm to room temperature and stirred for a further

2.5 h. Excess THE was removed by rotary evaporation and the resulting residue was 

partitioned between H2O (400 mL) and EtOAc (400 mL). The layers were allowed 

to separate and the aqueous layer was extracted with EtOAc (3 x 200 mL). The 

combined organic layers were then washed with saturated NH4CI (200 mL), 

saturated NaHCOs (200 mL), brine (200 mL) and dried (MgS0 4 ). Filtration and 

evaporation of the solvent gave the crude product as a dark oil. Purification by flash 

chromatography (99.7:0.3 CHClg/MeOH) isolated the pure amide 173 as a light
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yellow glass (13.3 g, 78%): [a]^^ d = -81.0 ° (c = 0.57, CHCI3); NMR (400 MHz, 

CDCI3) Ô 7.60 (s, 2H), 6.60 (s, 2H), 5.06 (br s, 2H), 4.44 (br s, 2H), 4.25-4.20 (m, 

4H), 4.10-4.08 (m, 2H), 3.80 (s, 6 H), 3.64-3.62 (m, 2H), 3.36-3.32 (m, 2H), 3.11-

3.08 (m, 2H), 2.36-2.26 (m, 4H), 2.13-2.08 (m, 2H), 1.92 (s, 6 H), 0.80 (s, 18H), 0.00 

(s X 2, 12H); NMR (100.6 MHz, CDCI3) Ô 171.0, 166.3, 154.5, 148.2, 137.4,

128.0, 127.2, 109.2, 108.5, 72.9, 65.6, 62.6, 57.4, 56.5, 54.8, 33.0, 28.6, 25.8, 21.0, 

18.1; IR 2934, 2164, 1981, 1736, 1643, 1579, 1521, 1462, 1425, 1336, 1277, 1242, 

1219, 1068, 835, 778, 670, 650 cm’*; MS (ES) m/z (relative intensity) 1000 ([M + 

Na]^, 39), 978 ([M + H]^ , 63), 977 (M^, 100), 812 (13).

1,1 ’ - [ [(Propane-1,3-diy I)dioxy] bis [(25,4l?)-(5-methoxy-2-amino-l ,4- 

phenylene)carbony 1] ] bis [2-(/^r/-buty Idimethy Isily loxymethy l)-4- 

hydroxyacetylpyrrolidine] (174).

TBS' OTBS

MeOOMe ^OAcAcO

173

S i - O— Sr

MeOOMe

174

Sodium dithionite (16.59 g, 95.27 mmol, 5 eq) was added to a stirred solution of 

amide 173 (18.6 g, 19.1 mmol) in H2O (200 mL) and THF (400 mL). The reaction 

mixture was allowed to stir for 36 h. Excess THF was removed by rotary evaporation 

and the resulting residue was extracted with EtOAc (3 x 250 mL). The combined 

organic layers were then washed with H2O (300 mL), brine (300 mL) and dried
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(MgS0 4 ). Filtration and evaporation of the solvent yielded the crude product which 

was purified by flash chromatography (80:20 v/v hexane/EtOAc then gradient to 

EtOAc) to afford the product 174 as a yellow foam (9.53 g, 55%); [a]^^ d = -56.8 ° (c 

= 2.06, CHCI3); 'H NMR (400 MHz, CDCI3) (rotamers) ô 6.70 and 6.67 (s x 2, 2H),

6.25 and 6.23 (s x 2, 2H), 5.20 (br s, 2H), 4.49 (br s, 4H), 4.16-4.05 (m, 6 H), 3.70 (s, 

6 H), 3.68-3.57 (m, 4H), 2.36-2.27 (m, 4H), 2.12-2.04 (m, 2H), 1.96 (s, 6 H), 0.85 (s, 

18H), 0.01 and 0.00 (s x 2, 12H); NMR (100.6 MHz, CDCI3) ô 170.6, 170.0,

141.1, 116.3, 113.1, 102.3, 102.1, 102.0, 66.2, 65.3, 65.2, 57.0, 28.9, 18.2; IR 3354, 

2932, 2174, 1980, 1738, 1626, 1591, 1513, 1468, 1402, 1233, 1117, 1023, 834, 776, 

670 cm'^; MS (ES) m/z (relative intensity) 946 (M^ + 29, 43), 933 ([M + 16]^ , 61), 

932 ([M + 1 5 f , 100), 918 ([M + H]^, 72).
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l , l ’-[[(Pi*opane-l,3-diyl)dioxy]bis[(2S,4iî)-[5-methoxy-l,4-phenylene-2-(2,2,2- 

trichloroethoxy carbonylamino)] carbonyl] ] bis 

butyIdimethylsiIyloxymethyl)-4-hydroxyacetylpyrroiidine] (175).

TBSO. .OTBS
NH

MeO'OMe ÔAc
174

OMe MeO

,0 -S i-

A  s o l u t i o n  o f  2 , 2 , 2 - t r i c h l o r o e t h y l  c h l o r o f o r m a t e  ( 3 . 5 8  m L ,  5 . 5 0  g ,  2 6 . 0  m m o l ,  2 . 2  

e q )  i n  d r y  D C M  ( 6 0  m L )  w a s  a d d e d  d r o p w i s e  t o  a  s o l u t i o n  o f  a n h y d r o u s  p y r i d i n e  

( 3 . 8 2  m L ,  3 . 8 0  g ,  4 7 . 2  m m o l ,  4 . 0  e q )  a n d  a m i n e  174 ( 1 0 . 8  g ,  1 1 . 8  m m o l )  i n  d r y  

D C M  ( 1 5 0  m L )  a t  - 1 0  ° C  ( l i q .  N 2 / e t h a n e d i o l ) .  A f t e r  1 6  h  a t  r o o m  t e m p e r a t u r e ,  t h e  

r e a c t i o n  m i x t u r e  w a s  w a s h e d  w i t h  s a t u r a t e d  N H 4C I  ( 2  x  1 5 0  m L ) ,  s a t u r a t e d  C U S O 4 

( 1 5 0  m L ) ,  H 2O  ( 1 5 0  m L ) ,  b r i n e  ( 1 5 0  m L )  a n d  d r i e d  ( M g S 0 4 ) .  F i l t r a t i o n  a n d  

e v a p o r a t i o n  o f  t h e  s o l v e n t  y i e l d e d  a  y e l l o w  v i s c o u s  o i l  w h i c h  w a s  p u r i f i e d  b y  f l a s h  

c h r o m a t o g r a p h y  ( 7 0 : 3 0  v / v  h e x a n e / E t O A c )  t o  a f f o r d  t h e  p r o d u c t  175 a s  a  w h i t e  g l a s s  

( 1 3 . 8  g ,  9 2 % ) :  [ a ] “  d  =  - 6 3 . 8  °  ( c  =  1 . 1 6 ,  C H C I 3) ;  ' H  N M R  ( 4 0 0  M H z ,  C D C I 3)  8  

9 . 4 2  ( b r  s ,  I H ) ,  7 . 8 3  ( s ,  2 H ) ,  6 . 7 6  a n d  6 . 7 4  ( s  x  2 ,  2 H ) ,  5 . 2 1  ( b r  s ,  2 H ) ,  4 . 7 9  a n d  4 . 7 3  

( d  X  2 ,  4 H ,  J =  1 2 . 0  H z ) ,  4 . 5 6  ( b r  s ,  2 H ) ,  4 . 2 6 - 4 . 2 3  ( m ,  4 H ) ,  4 . 0 9 - 4 . 0 4  ( m ,  2 H ) ,  3 . 7 4  

( s ,  6 H ) ,  3 . 7 2 - 3 . 6 8  ( m ,  2 H ) ,  3 . 6 0  ( b r  s ,  4 H ) ,  2 . 4 0 - 2 . 3 2  ( m ,  4 H ) ,  2 . 2 3 - 2 . 0 8  ( m ,  2 H ) ,  

1 . 9 5  ( s ,  6 H ) ,  0 . 8 5  ( s ,  1 8 H ) ,  0 . 0 1  a n d  0 . 0 0  ( s  x  2 ,  1 2 H ) ;  ' ^ C  N M R  ( 1 0 0 . 6  M H z ,  

C D C I 3 )  8  1 7 0 . 4 ,  1 6 9 . 2 ,  1 5 1 . 9 ,  1 5 1 . 5 ,  1 5 0 . 8 ,  1 4 3 . 4 ,  1 3 2 . 6 ,  1 1 4 . 4 ,  1 1 1 . 7 ,  9 5 . 3 ,  7 4 . 4 ,

6 5 . 5 ,  6 5 . 4 ,  5 7 . 3 ,  5 6 . 4 ,  3 2 . 5 ,  2 8 . 8 ,  2 5 . 8 ,  2 1 . 1 ,  1 8 . 1 ,  1 4 . 9 ;  I R  2 9 3 3 ,  2 1 6 4 ,  1 7 3 8 ,  1 5 9 8 ,  

1 5 2 0 ,  1 4 6 9 ,  1 4 0 7 ,  1 1 2 0 ,  1 1 1 9 ,  1 0 2 5 ,  9 6 8 ,  8 3 5 ,  7 7 6 ,  7 4 8 ,  7 1 9  c m  ' ;  M S  ( E S )  m/z 
( r e l a t i v e  i n t e n s i t y )  1 3 0 6  ( [ M  4- 3 8 ] +  ,  9 2 ) ,  1 3 0 4  ( [ M  -t- 3 6 ] +  ,  1 0 0 ) ,  1 2 8 2  ( [ M  -t- 1 4 ] +  ,  

9 7 ) ,  1 2 8 0  ( [ M  4 - 1 2 ] +  , 5 5 ) .
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l , l ’-[[(Propane-l,3-diyl)dioxy]bis[(25,4JÎ)-[5-methoxy-l,4-phenylene-2-(2,2,2- 

trichloroethoxycarbonylamino)] carbonyl] ] bis(2-hydroxymethyl-4- 

hydroxyacetylpyrrolidine) (176).

Troc rocTBSO. OTBS
NH

MeO'OMe OAcA cO

175

CCI

HO
NHHN.

MeO'OMe

176

A mixture of glacial acetic acid (310 mL) and H2O (100 mL) was added to a solution 

of 175 (13.8 g, 10.9 mmol) in THF (250 mL) and was stirred for 16 h at room 

temperature. The reaction mixture was diluted with DCM (750 mL) and neutralised 

with saturated NaHCOg (5 L, Caution! - gas production). The aqueous layer was 

extracted with DCM (3 x 500 mL) and the organic layers were combined, washed 

with brine (1 L) and dried (MgS0 4 ). TLC (60:40 v/v hexane/EtOAc) revealed the 

complete disappearance of the starting material. Filtration and evaporation of the 

solvent afforded the crude product which was purified by flash column 

chromatography (99.7:0.3 v/v CHClg/MeOH then gradient to 96:4 v/v 

CHClg/MeOH) to provide the product 176 as a white glass (11.6 g, > 100%): [a]^^ d 

= -5 5 . 2  ° (c = 0.44, CHCI3); 'H NMR (500 MHz, CDCI3) 8  8.92 (br s, 2H), 7.55 (s, 

IH), 6.71 (s, IH), 5.18 (br s, 2H), 4.78 (d, 2H, / =  12.0 Hz), 4.72 (d, 2H, J =  12.0 

Hz), 4.50 (br s, 2H), 4.22-4.19 (m, 4H), 4.00 (br s, 2H), 3.78 (s, 6 H), 3.76-3.52 (m, 

6 H), ), 2.32-2.30 (m, 2H), 2.21-2.17 (m, 2H), 2.09-2.04 (m, 2H) 1.94 (s, 6 H); '^C 

NMR (125.8 MHz, CDCI3) 8  170.4, 152.2, 149.8, 145.0, 111.3, 106.5, 95.6, 74.4,

72.5, 65.4, 64.1, 58.7, 56.5, 56.3, 33.6, 29.1, 21.1; IR br 3396, 2944, 1734, 1599, 

1522, 1406, 1215, 1122, 1021, 968, 817, 749 cm '.
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1,1 ’- [ [(Propane-1,3-diy l)dioxy] bis [(11*S,11 ai9,2j()-10-(2,2,2- 

trichloroethoxycarbonyl)-ll-hydroxy-7-methoxy-2-hydroxyacetyl- 

l,2,3,10,ll,lla-hexahydro-5/r-pyrroIo[2,l-c][l,4]benzodiazepin-5-one]] (177).

Troc roc
HO OH

NHHN.

MeOOMe ^OAc

176

O ^^C L  ^CCl C1,C^
r DH

H

OMe MeO

TEMPO (0.69 g, 4.42 mmol, 0.4 eq) and BAIB (15.7 g, 48.7 mmol, 4.4 eq) were 

added to a stirred solution of diol 176 (11.5 g, 11.1 mmol) in DCM (150 mL). The 

reaction mixture was allowed to stir for 2 h and diluted with DCM (400 mL), washed 

with saturated NaHSOs (500 mL), saturated NaHCOs (500 mL), brine (200 mL) and 

dried (MgS0 4 ). Filtration and evaporation of the solvent afforded the crude product 

which was purified by flash column chromatography (99.9:0.1 v/v CHClg/MeOH 

then gradient to 99.7:0.3 v/v CHClg/MeOH) to provide the product 177 as a light 

yellow glass (4.43 g, 39%): [a]̂ ® o = +81.7 ° (c = 0.26, CHCI3); ‘H NMR (400 MHz, 

CDCI3) 5 7.28 (s, 2H, H6 ), 6.84 (s, 2H, H9), 5.68 (d, 2H, J =  9.1 Hz, H ll), 5.37- 

5.35 (m, 2H, H2), 5.18 (d, 2H, J  = 12.0 Hz, Troc C%), 4.32-4.21 (m, 6 H, 

O C H 2C H 2C H 2O, Troc C H 2 ), 4.03 (dd, 2H, J  = 13.2, 2.6 Hz, H 3), 3.92 (s. 6 H, 

OCHi X 2), 3.39-3.69 (m, 4H, H 3 and H lla), 2.39-2.35 (m, 6 H, O C H 2C H 2 CH 2 O  

and HI), 2.03 (s, 6 H, C H 3 C O 2 x 2); ‘̂ C NMR (100.6 MHz, CDCI3) S 170.4 

(C H 3 CO2 ), 167.4 ( C , „ a , ) ,  154.3 ( C q „ „ ) ,  150.5 ( C , „ > , ) ,  149.1 ( C q . „ ) ,  127.4 (€,„>,),
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124.9 (Cquat), 114.1 (C9), 110.9 (C6 ), 95.0 (Troc CCI3), 87.5 (€11), 75.0 (Troc 

CH2), 71.4 (C2), 65.5 (OCH2CH2CH2O), 58.4 (C lla), 56.1 (OCH3), 51.1 (C3),

35.8 (Cl), 29.1 (OCH2CH2CH2O), 21.0 (CH3CO2 ); IR br 3400, 2951, 1722, 1626, 

1603, 1514, 1431, 1374, 1220, 1124, 1057, 871, 819, 750, 713, 6 6 6 , 646 cm'^; MS 

(ES) m/z (relative intensity) 1058 ([M + Na]^, 100).

l , l ’-[[(Propane-l,3-diyI)dioxy]bis[(l 15,1 la5,2i?)-10-(2,2,2- 

trichloroethoxycarbonyl)-ll-(/^r/-butyldimethylsilyloxy)-7-methoxy-2- 

hydroxyacetyl-l,2,3,10,ll,lla-hexahydro-5E^-pyrrolo[2,l-c][l,4]benzodiazepm- 

5-one]] (178).

roc
HQ

MeOOMe
v)Ac

177

cueCCI
D —S'ri-Q

MeO'OMe

178

TBSOTf (2.70 mL, 3.10 g, 11.7 mmol, 3.0 eq) was added to a stirred solution of diol 

177 (4.05 g, 3.91 mmol) and 2,6-lutidine (1.82 mL, 1.68 g, 15.6 mmol, 4.0 eq) in 

DCM (50 mL). The reaction mixture was allowed to stir for 2.5 h and diluted with 

DCM (150 mL), washed with saturated CUSO4 (2 x 100 mL), saturated NaHCOs 

(100 mL), brine (200 mL) and dried (MgS0 4 ). Filtration and evaporation of the 

solvent afforded the crude product which was purified by flash column 

chromatography (99.9:0.1 v/v CHClg/MeOH) to provide the product 178 as a white 

glass (5.05 g, >100%): [a]“  d = +54.7 ° (c = 0.45, CHCI3); ‘H NMR (400 MHz, 

CDCI3) 8  7.05 (s, 2H, H6 ), 6.52 (s, 2H, H9), 5.53 (d, 2H, J =  9.0 Hz, H ll), 5.14 (br
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s, 2H, H2), 4.99 (d, 2H, J  = 12.0 Hz, Troc 4.06-3.87 (m, 8 H,

OC/fzCHzCATzO, Troc CHi and H lla), 3.71 (s, 6 H, OCH^ x 2), 3.48-3.43 (m, 4H, 

H3), 2.21-2.11 (m, 4H, OCU2CH2CH2O and Hl), 2.03-1.96 (m, 2H, H l), 1.81 (s, 

6 H, C i/3C0 2  X 2), 0.63 (s, 18H, TBS CH3 x 6 ), 0.00 (s x 2, 12H, TES CH3 x 4); 

NMR (100.6 MHz, CDCI3) ô 170.3 (CH3CO2), 167.9 ( C q » . * ) ,  153.6 (Cquat), 150.4 

( C q u a t ) ,  149.2 ( C q u a t ) ,  127.9 ( C q u a t ) ,  125.5 ( C q u a t ) ,  H3.9 (C9), 110.7 (C6 ), 95.2 

(Troc CCb), 88.2 (C ll), 74.7 (Troc CH2), 71.7 (C2), 65.0 (OCH2CH2CH2O), 60.5 

(C lla), 56.1 (OCH3), 51.2 (C3), 36.2 (Cl), 28.8 (OCH2CH2CH2O), 25.6 (TBS 

CH3), 21.0 (CH3CO2 ), 17.8 (TBS Cquat), 14.2 and 14.1 (TBS CH3); IR 2953, 2162, 

1723, 1649, 1605, 1514, 1465, 1430, 1408, 1372, 1223, 1118, 1073, 1037, 1004, 

837, 781, 749, 712, 667, 645 cm'^; MS (ES) m/z (relative intensity) 1285 ([M + 21]^, 

100), 1265 ([M + H f , 75).

l , l ’-[[(Propane-l,3-diyl)dioxy]bis[(115',llaA S,2/î)-10-(2,2,2- 

trichloroethoxycarbonyI)-ll-(/^r/-butyldim ethylsilyIoxy)-7-m ethoxy-2-hydroxy- 

1,2 ,3 ,10 ,1141  a-hexahydro-5^ -pyrrolo  [2,1 -c] [ 1,4] benzodiazepin-5-one] ] (179).

Troc
T B S a

MeOOMe
O AcA cO

178

OMe MeO
2^0H

A solution of K2CO3 (93 mg, 0.67 mmol, 5.0 eq) in H2O (2 mL) was added dropwise 

to a stirred solution of acetate 178 (170 mg, 0.13 mmol) in MeOH (3 mL). The 

initial colorless solution eventually turned yellow and the formation of a white 

precipitate was observed. The reaction mixture was allowed to stir for 16 h when
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TLC (95:5 v/v CHCls/MeOH) showed the complete consumption of the starting 

material. Excess solvent was removed by rotary evaporation and the mixture was 

carefully neutralized with IN HCl to pH 7. The resulting mixture was extracted with 

EtOAc (3 X 25 mL) and the combined organic layers were then washed with brine 

(40 mL) and dried (MgS0 4 ). Filtration and removal of the solvent afforded the 

product 179 as a white glass (151 mg, 95%): [a]^^o = +56.7 ° (c = 0.56, CHCI3); ^H 

NMR (400 MHz, CDCI3) Ô 6.94 (s, 2H, H 6 ), 6.52 (s, 2H, H 9), 5.53 (d, 2H ,J =  9.0 

Hz, H ll), 5.00 (d, 2H, 12.0 Hz, Troc CH2I  4.36-4.35 (m, 2H, H2), 4.06-3.82

(m, 8 H, OC^zCHzC^zO, Troc CH2 and H3), 3.61 (s, 6 H, OCH3 x 2), 3.54-3.48 

(m, 2H, H lla), 3.39-3.34 (m, 2H, H3), 2.96 and 2.95 (br s x 2, 2H, OH x 2), 2.21- 

2.20 (m, 2H, OCH2CH2CH2O), 2.19-2.08 (m, 2H, HI), 1.90-1.74 (m, 2H, HI), 0.64 

(s, 18H, TBS CH3 X 6 ), 0.00 (s, 12H, TBS x 4); '^C NMR (100.6 MHz, CDCI3) 

Ô 168.5 (Cquat), 153.6 (Cquat), 150.3 (Cquat), 149.1 (Cquat), 127.9 (Cquat), 125.4 

(Cquat), 113.9 (C9), 110.7 (C 6 ), 95.2 (Troc CCI3), 88.3 (C ll), 74.7 (Troc CH2),

69.4 (C 2 ), 65.0 (OCH2CH2CH2O), 60.9 (C lla), 55.9 (OCH3), 54.1 (C3), 38.8 (Cl),

28.9 (OCH2Œ 2CH2O), 25.6 (TBS CH3), 17.8 (TBS Cquat); IR br 3395, 2954, 

2164, 1722, 1632, 1605, 1514, 1464, 1432, 1410, 1274, 1210, 1117, 1077, 1040, 

1005, 837, 781, 753, 712, 641 cm’’; MS (ES) m/z (relative intensity) 1196 ([M + 

16^ , 100), 1181 ([M + H f , 82).
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1,1 ’-[ [(Propane-1,3-diyl)dioxy]bis[(l 15',lla*S)-10-(2,2,2- 

trichloroethoxycarbonyI)-ll-(/er/-butyldimethylsilyloxy)-7-methoxy-2-oxo- 

l,2,3,10,ll,lla-hexahydro-5/^-pyrrolo[2,l-c][l,4]benzodiazepin-5-one]] (180).

roc
TBSQ

MeO'OMe
'OHHCr

179

CCI CI3C
p — Si-S i - Q

MeOOMe

180

A solution of anhydrous DMSO (0.82 mL, 0.90 g, 11.5 mmol, 6.0 eq) in dry DCM 

(20 mL) was added dropwise to a stirred solution of oxalyl chloride (2.88 mL of a 2 

M solution in DCM, 5.76 mmol, 3.0 eq) under a nitrogen atmosphere at - 60 °C (liq 

N2/CHCI3). After stirring at - 55 °C for 1.5 h, a solution of the substrate 179 (2.26 g,

1.92 mmol) in dry DCM (30 mL) was added dropwise to the reaction mixture, which 

was then stirred for a further 2 h at - 45 °C. A solution of TEA (10.8 mL, 7.82 g;

71.7 mmol, 4.2 eq) in dry DCM (90 mL) was added dropwise to the mixture and 

stirred for a further 30 min. The reaction mixture was left to warm to 0 °C, washed 

with cold 1 N HCl (2 x 50 mL), H2O (50 mL), brine (50 mL) and dried (MgS0 4 ). 

Filtration and evaporation of the solvent in vacuo afforded the crude product which 

was purified by flash column chromatography (70:30 v/v hexane/EtOAc then 

gradient to 40:60 v/v hexane/EtOAc) to afford carbinolamine 180 as a white glass 

(1.62 g, 72%): [a]^* d = -90.8 ° (c = 0.51, CHCI3); 'H NMR (400 MHz, CDCI3) S

7.02 (s, 2H, H6 ), 6.54 (s, 2H, H9), 5.59 (d, 2H, J =  9.2 Hz, H ll), 4.98 (d, 2H, J  =

12.0 Hz, Troc C /I2), 4.09-3.86 (m, 8 H, OCH2CH2CH2O, Troc CH2 and H3), 3.75- 

3.66 (m, lOH, OCflj x 2, H lla , and H3), 2.72 (dd, 2H, J=  10.2, 19.6 Hz, HI), 2.82 

(dd, 2H, J =  2.6, 19.6 Hz, HI), 2.22-2.19 (m, 2H, OCH2CH2CH2O), 0.63 (s, 18H, 

TBS CH3 X 6 ), 0.00 (s X 2, 12H, TBS CHi x 4); '^C NMR (100.6 MHz, CDCI3) 5
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207.7 (C2 ), 168.0 (Cq„at), 153.7 (Cquat), 150.7 (Cquat), 149.4 (Cquat), 127.8 (Cquat),

124.6 (Cquat), 114.0 (C9), 110.6 (C 6 ), 95.1 (Troc CCI3), 87.4 (C ll), 74.8 (Troc 

CH 2), 65.0 (OCH 2 CH 2CH 2 O), 58.9 (C lla), 56.1 (OCH 3 ), 53.0 (C3), 40.3 (Cl),

28.8 (O C H 2 CH 2 CH 2O), 25.6 (TBS CH 3), 17.8 (TBS Cquat); IR 2953, 2166, 1981, 

1764, 1722, 1650, 1605, 1513, 1463, 1402, 1372, 1275, 1251, 1207, 1120, 1078, 

1034, 1005, 8 6 8 , 835, 781, 754, 713, 669, 636, 612 cm'^; MS (ES) m/z (relative 

intensity) 1224 ([M + 48]^, 100), 1210 ([M + 34]^ , 60), 1199 ([M + Na] ^ , 35), 1192 

([M +16]%  40), 1176 (M  ̂, 18).

l , l ’-[[(Propane-l,3-diyl)dioxy]bis[(ll.S,llaS)-10-(2,2,2- 

trichloroethoxycarbonyl)-ll-(/^r/-butyldimethylsilyloxy)-7-methoxy-2- 

[[(trifluoromethyl)suIfonyl]oxy]-l,10,1141a-tetrahydro-5.W-pyrrolo[2,l- 

c\ [l,4]benzodiazepin-5-one]] (181).

Troc
TBSQ

MeO'OMe

180

cue.CCI
p —Sii-Q

MeO'OMe
2 ^O— S— CF

O O181

Anhydrous triflic anhydride taken from a freshly opened ampule (3.09 mL, 5.19 g,

18.4 mmol, 22 eq) was added rapidly in one portion to a vigorously stirred solution 

of ketone 180 (0.98 g, 0.84 mmol) and anhydrous pyridine (1.49 mL, 1.46 g, 18.4 

mmol, 22 eq) in dry DCM (50 mL) at room temperature under a nitrogen 

atmosphere. The initial precipitate dissolved gradually and the solution eventually 

turned a dark red colour. The reaction mixture was allowed to stir for 4.5 h when 

TLC (80:20 v/v EtOAc/hexane) revealed the complete consumption of the starting
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material. The mixture was poured into cold saturated NaHCO] (60 mL) and 

extracted with DCM (3 x 80 mL). The combined organic layers were then washed 

with saturated CUSO4 (2 x 125 mL), brine (125 mL) and dried (MgS0 4 ). Filtration 

and evaporation of the solvent afforded the crude product which was purified by 

flash column chromatography (80:20 v/v hexane/EtOAc) to afford triflate 181 as a 

light yellow glass (0.74 mg, 61%): [a]^^ d = +46.0 ° (c = 0.33, CHCI3); NMR 

(400 MHz, CDCI3) Ô 7.23 (s, 2H, H 6 ), 7.19 (s, 2H, H3), 6.77 (s, 2H, H9), 5.94 (d, 

2H, J  = 8.9 Hz, H ll) , 5.23 (d, 2H, J  = 12.0 Hz, Troc CHj), 4.31-4.28 (m, 2H, 

OC^zCHzC^zO), 4.18 (d, 2H, J  = 12.2 Hz, Troc CHi), 4.15-4.13 (m, 2H, 

OC^zCHzC/fzO), 3.95-3.91 (m, 8 H, OCH^ x 2, H lla ), 3.35 (dd, 2H, 11.0, 16.6

Hz, HI), 2.84 (d, 2H, 16.6 Hz, HI), 2.46-2.44 (m, 2H, OCHzC^zCHzO), 0.89

(s, 18H, TBS CHz X 6 ), 0.29 and 0.26 (s x 2, 12H, TBS CH3 x 4); NMR (100.6 

MHz, CDCI3) Ô 164.9 ( C q u a t ) ,  153.6 ( C q u a t ) ,  151.0 ( C q u a t ) ,  149.5 ( C q u a t ) ,  136.0 

( C q u a t ) ,  127.7 ( C q u a t ) ,  123.9 ( C q u a t ) ,  1 2 1 . 0  (C3), 114.0 (C9), 110.9 (C6 ), 95.1 (Troc 

CCI3), 86.3 (C ll), 74.8 (Troc CHz), 65.0 (OCHzCHzCHzO), 60.6 (C lla), 56.2 

(O C H 3 ), 34.4 (Cl), 28.8 (OCHzCHzCHzO), 25.6 (TBS CH 3), 17.8 (TBS Cquat); IR 

(CHCI3) 3020, 2957, 2860, 1725, 1674, 1651, 1604, 1516, 1466, 1454, 1431, 1409, 

1329, 1312, 1274, 1216, 1138, 1113, 1083, 1042, 1006, 900, 840, 757, 6 6 8 , 646,610 

cm'*; MS (ES) m/z (relative intensity) 1461 ([M + 21]^, 100), 1440 (M"̂  , 55).
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1,1 ’- [ [(Propane-1,3-diy l)dioxy] bis [(115,11 a5)-10-(2,2,2- 

trichloroethoxycarbonyl)-l 1-(/^r^-butyldimethy lsilyloxy)-7-methoxy-2-[(A^,A^- 

dimethy laminocarbonyl)vinyl] -1,10,11,11 a-tetrahydro-5/^-py rrolo [2,1 - 

c] [ 1,4] benzodiazepin-5-one] ] (182).

Troc
TBSQ

MeOOMe
OTfTfO

181

CCI
P —SiSi—Q

MeOOMe

182

A mixture of triflate 181 (732 mg, 1.22 mmol), A,A-dimethylacrylamide (0.14 mL, 

134 mg, 1.35 mmol, 5.0 eq), DABCO (152 mg, 1.35 mmol, 5.0 eq), (CH3CN)2PdCl2 

(14 mg, 0.05 mmol, 0.2 eq) and MeOH (15 mL) was stirred at 55 -  65 °C for 16 h. 

The reaction was worked-up by pouring the mixture into CHCI3 (20 mL) and 

saturated aqueous NaHC0 3  (20 mL). The aqueous layer was extracted with CHCI3 

(3 X 20 mL) and the CHCI3 extracts were combined, washed with H2O (50 mL), 

brine (50 mL) and dried (MgS0 4 ). Filtration and evaporation of solvent gave the 

crude product as a dark brown glass. The residue was purified by flash column 

chromatography (99.9:0.1 v/v CHCb/MeOH then gradient to 99.2:0.8 v/v 

CHCl3/MeOH) to give the coupled product 182 as a light yellow glass (80 mg, 22%): 

[a]^* D = +87.2 ° (c = 0.11, CHCI3); ‘HNMR (250 MHz, CDCI3) Ô 7.51 (d, 2H, 7  =

15.0 Hz, H12), 7.32 (s, 2H, H3), 7.28 (s, 2H, H6 ), 6.79 (s, 2H, H9), 6.10 (d, 2H ,J  =

15.0 Hz, H13), 5.88 (d, 2U ,J=  8 . 8  Hz, H ll), 5.23 (d, 2H, J =  12.0 Hz, Troc C%), 

4.33-4.28 (m, 2H, OCH2CH2CH2O), 4.18 (d, IH, J =  12.2 Hz, Troc € % ), 4.18- 

4.14 (m, 2H, OCH2CH2CH2O), 3.98-3.95 (m, 8 H, H lla  and OCH3 x 2), 3.17-3.06 

(m, 8 H, HI and NCH3 x 2), 2.65 (d, IH, J  = 16.2 Hz, HI), 2.47-2.44 (m, 2H, 

OCH2CH2CH2O), 0.92 (s, 18H, TBS CH, x 6 ), 0.29 and 0.27 (s x 2, 12H, TBS
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CHi X 4); NMR (62.9 MHz, CDCI3) Ô 166.5 (CONMez), 132.5 (C12), 132.6 

(C3), 116.8 (C13), 114.0 (C9), 110.8 (C6 ), 95.2 (Troc CCI3 ), 86.9 (C ll), 74.8 

(Troc CHz), 65.0 (OCHzCHzCHzO), 61.9 (C lla), 56.2 (OCH 3), 33.5 (Cl), 28.8 

(OCHzCHzCHzO), 25.6 (TBS CH3 ), 17.9 (TBS C q „ a t ) ;  MS (ES) m/z (relative 

intensity) 1337 ( [ M - H f , 100), 1327 (27), 1316 (34).

l , l ’-[[(Propane-l,3-diyl)dioxy]bis[(lla*S)-7-methoxy-2-[(A^^- 

dimethylaminocarbonyl)vinyI]-l,lla-dihydro-5H-pyrrolo[2,l- 

c][l,4]benzodiazepine-5-one]] (171, ZC-204).

Troc Troc OTBSTBSÔ

MeO'OMe

182

MelOMe NMe-

171
ZC-204

10% Cd/Pb couple (120 mg, 0.99 mmol, 16.5 eq) was added to a rapidly stirring 

mixture of 182 (79 mg, 0.06 mmol), THF (1.5 mL) and 1 N NH4OAC (1.5 mL). The 

reaction mixture was allowed to stir for 3.5 h. The solids were filtered and rinsed 

with HzO and CHCI3 . The aqueous layer was extracted with CHCI3 (3 x 20 mL), and 

the organic extracts were combined, washed with brine (50 mL) and dried (MgSÛ4). 

Filtration and evaporation of solvent left a yellow solid which was purified by flash 

column chromatography (99.9:0.1 v/v CHC^/McOH then gradient to 95:5 v/v 

CHC^/MeOH) to afford ZC-204 as a yellow glass (13.4 mg, 31%): [a]^^ d = +235.7 

° (c = 0.07, CHCI3); 'HNM R (400 MHz, CDCI3) 5 7.88 (d, 2H, 7  = 3.9 Hz, H ll), 

7.54 (d, 2H, J =  15.1 Hz, H12), 7.51 (s, 2H, H3), 7.34 (s, 2H, H6 ), 6 . 8 8  (s, 2H, H9), 

6.18 (d, 2H, J=  15.0 Hz, H13), 4.43-4.27 (m, 6 H, OCH2CH2CH2O and H lla ), 3.95
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(s, 6H, O C ^ 3  X 2), 3.41-3.34 (m, 2H, H l ) ,  3.23-3.04 (m, 14H, H 1 and x  4), 

2.47-2.44 (m, 2H, OCHzC^iCHzO); NMR (62.9 MHz, CDCI3) ô 166.4 

(CONMej), 162.1 (C il), 161.7 ( C q u a t ) ,  151.5 ( C q u a t ) ,  148.2 ( C q u a t ) ,  140.4 ( C q „ a t ) ,

135.2 (C12), 132.2 (C3), 121.8 (Cquat), H8.6 (C quat), H 7.0 (C13), 112.0 (C9),

111.3 (C6 ), 65.4 ( O C H 2 C H 2 C H 2 O ) ,  56.2 ( O C H 3 ) ,  54.2 (C lla), 37.4 and 35.9 

( N C H 3 ) ,  33.8 (Cl) 28.8 ( O C H 2 C H 2 C H 2 O ) ;  IR 2924, 1596, 1502, 1425, 1256, 1094, 

837, 756, 674 cm’’; MS (ES) m/z (relative intensity) 741 ([M + H20]^, 25), 723 

(M" ,̂ 62); HRMS M"̂  calcd for C39H42N6O8 m/z 723.3137, found (FAB) m/z 

723.3139.

1,1 ’- [ [(Propane-1,3-diy l)dioxy ] bis [(115', 11 a5)-10-(2,2,2- 

trichloroethoxycarbonyl)-ll-(^^r/-butyldimethylsilyloxy)-7-methoxy-2-(p- 

methoxyphenyl)-l,10,11,1 la-tetrahydro-5H^-pyrrolo[2,l-c] [l,4]benzodlazepin-5- 

one]] (183).

Troc

MeOOMe
OTfTfO'

181

CI3 C.CCI
P —Si

l ia .

MeOOMe

MeO OMe183

A solution of TEA (0.20 mL, 148 mg, 1.46 mmol, 6.0 eq) in H2O (1.5 mL) and 

EtOH (10 mL) was added to a solution of triflate 181 (350 mg, 0.24 mmol) in 

toluene (10 mL) at room temperature. To this mixture 4-methoxyphenylboronic acid 

(96 mg, 0.63 mmol, 2.6 eq) and Pd(PPh3)4  (11 mg, 9 pmol, 0.04 eq) were added. 

The reaction mixture was allowed to stir for 15 min when TLC (80:20 v/v
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EtOAc/hexane) revealed the complete consumption of the starting material. Excess 

solvent was removed and the residue was dissolved in EtOAc (25 mL), washed with 

H2O (15 mL), brine (15 mL) and dried (MgS0 4 ). Filtration and evaporation of 

solvent afforded the crude product which was purified by flash column 

chromatography (80:20 v/v hexane/EtOAc then gradient to 50:50 v/v hexane/EtOAc) 

to afford 183 as a yellow glass (286 mg, 87%): [a]^^ d = +47.6 ° (c = 0.34, CHCI3);

NMR (400 MHz, CDCI3) Ô 7.38 (s, 2H, H3), 7.32-7.28 (m, 6 H, H 6  and H13),

6.92 (d, 4H, J=  8.7 Hz, H14), 6.81 (s, 2H, H9), 5.93 (d, 2H, 8 . 8  Hz, H ll), 5.24

(d, 2H, J =  12.0 Hz, Troc CHiX 4.34-4.29 (m, 2H, OCHiCRiCHzO), 4.20-4.11 (m, 

4H, Troc CHi and OCJTzCHzC^zO), 4.00-3.96 (m, 8 H, H lla  and OCH^ x 2), 3.84 

(s, 6 H, O C ^ 3  X 2), 3.36 (dd, 2 H ,J=  10.8, 16.6 Hz, H I), 2.85 (d, 2H, 16.5 Hz,

H I), 2.48-2.45 (m, 2H, O C H jC i/zC H iO ), 0.93 (s, 18H, TBS CH^ x 6 ), 0.30 and 

0.27 (s X 2, 12H, TBS CH3 x 4); NMR (100.6 MHz, CDCI3) ô 162.5 (Cquat),

161.3 (Cquat), 159.2 (Cquat), 151.1 (Cquat), 148.1 ( C q u a t ) ,  140.3 ( C q u a t ) ,  126.2 (C13),

126.0 (Cquat), 123.2 (Cquat), 121.9 (C3), 119.3 (Cquat), H4.3 (C 6 ), 111.9 (C14),

111.2 (C9), 95.2 (Troc CCI3), 87.3 (C ll), 74.8 (Troc CH2), 65.0 

(O Œ 2CH2CH2O), 61.5 (C lla), 56.1 and 55.3 (OCH3), 35.3 (Cl), 28.8 

(OCH2CH2CH2O), 25.7 (TBS CH3), 17.9 (TBS Cquat); IR 2933, 2857, 2164, 2050, 

1723, 1643, 1605, 1514, 1452, 1429, 1405, 1273, 1252, 1214, 1179, 1127, 1078, 

1037, 1006, 906, 824, 783, 749, 713, 667, 649, 621 cm’ ;̂ MS (ES) m/z (relative 

intensity) 1357 (M+ , 63), 1114 (48), 955 (59), 919 (78).

151



l , l ’-[[(Propane-l,3-diyl)dioxy]bis[(lla*S)-7-methoxy-2-(p-methoxyphenyl)- 

1,11 a-dihydro-5jfiT-pyrrolo [2,1 -c] [1,4] benzodiazepine-5-onej ] (116, ZC-207).

Troc Troc pTBSTBSa

MeO'OMe

183

MeO OMe

MeO'OMe

MeO' OMe116
ZC-207

10% Cd/Pb couple (461 mg, 3.73 mmol, 20 eq) was added to a rapidly stirring 

mixture of 183 (253 mg, 0.19 mmol), THF (5 mL) and 1 N NH4OAC (5 mL). The 

reaction mixture was allowed to stir for 1.5 h when TLC showed the complete 

consumption of the starting material. The solids were filtered and rinsed with H2O 

and DCM. The aqueous layer was extracted with DCM (3 x 30 mL) and the organic 

extracts were combined, washed with brine (50 mL) and dried (MgS0 4 ). Filtration 

and evaporation of solvent afforded the crude product which was purified by flash 

column chromatography (99.9:0.1 v/v CHClg/MeOH then gradient to 95:5 v/v 

CHClg/MeOH) to afford ZC-207 as a yellow glass (132 mg, 96%): [a]^^ d = +880.0 

° (c = 0.22, CHCI3); ‘H NMR (400 MHz, CDCI3) 8  7.79 (d, 2H, J  = 3.9 Hz, H ll), 

7.44 (s, 2H, H6 ), 7.30 (s, 2H, H3), 7.24 (d, 4H, J =  8.7 Hz, H13), 6.81 (d, 4H, J  =

8.7 Hz, H14), 6.79 (s, 2H, H9), 4.30-4.18 (m, 6 H, OC//2CH2CH2O and H lla), 3.86 

(s, 6 H, OCHi X 2), 3.74 (s, 6 H, OCH3 x 2), 3.48 (dd, 2H, J =  11.8, 16.2 Hz, HI), 

2.85 (d, 2H, J =  16.2 Hz, HI), 2.38-2.32 (m, 2H, OCH2CH2CH2O); ‘̂ C NMR (62.9 

MHz, CDCI3) 8  162.5 (€11), 161.3(0,„«), 159.2 (€,„„), 151.1 (€ ,.„ ) , 148.1 

(C,„a,), 140.3 (€,„„), 126.2 (€13), 126.0 (€,„.<), 123.2 (€,«.,), 121.9 (€3), 114.3 

(€14), 111.9 (€9), 111.2 (€ 6 ), 65.4 (0 CH2 0 H 2CH2 0 ), 56.2 and 55.3 (OCH3), 53.8 

(€ lla ) ,  35.6 (€1), 28.9 (O0H2CH20H2O); IR 2925, 1595,1504, 1426, 1383, 1342, 

1252, 1210, 1178, 1096, 1035, 956, 823, 779, 753, 673 cm '; MS (ES) m/z (relative
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intensity) 741 (M^ , 43), 660 (71); HRMS calcd for C43H40N4O8 m/z 741.2919, 

found (FAB) m/z 741.2947.

l , l ’-[[(Propane-l,3-diyl)dioxy]bis[(115,lla5)-10-(2,2,2- 

trichloroethoxycarbonyl)-ll-(/^r/-butyldimethylsilyloxy)-7-methoxy-2- 

ethy ny Ipheny 1-1,10,11,11 a-tetrahydro-5/T-py rrolo [2,1 -c] [1,4] benzodiazepin-5- 

one]] (184).

Troc PTBSTBSa

MeO'OMe
OTfTfO'

181

CI3 C.CCI
P —SiS i-Q

MeO'OMe

184

A catalytic amount of Pd(PPh3)4  was added to a stirred mixture of triflate 181 (193 

mg, 0.13 mmol), LiCl (34 mg, 0.80 mmol, 6.0 eq), tributyl(phenylethynyl)tin (0.14 

mL, 157 mg, 0.40 mmol, 3.0 eq) in dry THF (5 mL). The reaction mixture was 

heated at reflux for 2.5 h when TLC showed the complete consumption of the 

starting material. After cooling to room temperature, excess solvent was removed 

and the residue was dissolved in DCM (20 mL), followed by washing with 10 % 

NH4OH (20 mL). The aqueous layer was extracted with DCM (3 x 20 mL), and the 

organic extracts were combined, washed with brine (50 mL) and dried (MgS0 4 ). 

Filtration and evaporation of solvent afforded the crude product which was purifled 

by flash column chromatography (80:20 v/v hexane/EtOAc) to afford 184 as a 

yellow glass (162 mg, 90%): [a]^* d = +89.2 ° (c = 0.16, CHCI3); 'H  NMR (400 

MHz, CDCI3) S 7.40-7.37 (m, 4H, HIS), 7.26-7.19 (m, lOH, H3, H6, H16 and H I7), 

6.70 (s, 2H, H9), 5.85 (d, 2H, J =  8 . 8  Hz, H ll), 5.15 (d, 2H, J  = 12.0 Hz, Troc 

CHi), 4.24-4.19 (m, 2H, OCH2CH2CH2O), 4.12-4.02 (m, 4H, Troc CH ï  and
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OCTfzCHiC^zO), 3.86-3.79 (m, 8 H, OCH^ x 2 and H lla), 3.15 (dd, 2H, J=  10.8,

16.5 Hz, HI), 2.63 (d, 2H, 16.5 Hz, HI), 2.37-2.35 (m, 2H, OCHjC^iCHzO),

0.82 (s, 18H, TBS CH3 x 6 ), 0.22 and 0.18 (s x 2, 12H, TBS CH^ x 4); NMR 

( 1 0 0 . 6  MHz, CDCI3) Ô 163.8 (Cq„at), 153.6 (Cq„at), 150.8 (Cquat), 149.3 (Cquat), 

133.3 (C3), 131.4 (C IS), 128.4 (C16 and C17), 127.8 (Cquat), 125.1 (Cquat), 123.0 

(Cquat), 114.0 (C6), 1 1 0 . 0  (C9), 104.8 (Cquat), 95.2 (Troc CCI3), 93.7 (C13), 86.9 

(C ll), 83.6 (C12), 74.8 (Troc CH2), 66.0 (O Œ 2CH2CH2O), 61.4 (C lla), 56.2 

(OCH3), 37.8 (Cl), 28.8 (OCH2CH2CH2O), 25.6 (TBS CH3), 17.8 (TBS Cquat); IR 

2954, 2166, 1981, 1725, 1650, 1604, 1514, 1452, 1429, 1405,1274, 1212, 1136, 

1079, 1041, 1005, 838, 782, 751, 713, 690, 668, 647 cm’’; MS (ES) m/z (relative 

intensity) 1344 (M" , 8), 625 (100).

l , l ’-[[(Propane-l,3-diyl)dioxy]bis[(lla5)-7-methoxy-2-ethynylphenyl-l,lla- 

dihydro-5H-pyrrolo [2,1 -c] [ 1,4] benzodiazepine-5-one] ] (118, ZC-209).

Troc
TBSQ.

MeOOMe

184

MeO'OMe

118
ZC-209

10% Cd/Pb couple (314 mg, 2.55 mmol, 20 eq) was added to a rapidly stirring 

mixture of 184 (162 mg, 0.13 mmol), THF (4 mL) and 1 N NH4OAC (4 mL). The 

reaction mixture was allowed to stir for 45 min when TLC showed the complete 

consumption of the starting material. The solids were filtered and rinsed with H2O 

and CHCI3 . The aqueous layer was extracted with CHCI3 (3 x 25 mL) and the 

organic extracts were combined, washed with H2O (50 mL), brine (50 mL) and dried

154



(MgS0 4 ). Filtration and evaporation of solvent afforded the crude product which 

was purified by flash column chromatography (99.8:0.2 v/v CHCb/MeOH then 

gradient to 97.5:2.5 v/v CHClg/MeOH) to afford ZC -209 as a yellow glass (33 mg, 

38%): NMR (400 MHz, CDCI3) Ô 7.79 (d, 2H, J  = 3.9 Hz, H ll), 7.42 (s, 2H,

H6), 7.39-7.37 (m, 4H, H15), 7.26-7.19 (m, 8 H, H3, H16 and H 17), 6.78 (s, 2H, 

H9), 4.30-4.19 (m, 6 H, O C H iC^iCH iO  and Hlla), 3.86 (s, 6 H, OCH3 x 2), 3.36 

(dd, 2H, 11.7, 16.4 Hz, HI), 3.18 (dd, 2H ,J=5.4 , 16.4 Hz, HI), 2.37-2.34 (m,

2H, O C H iC ^iC H zO ); NMR (100.6 MHz, CDCI3) Ô 162.0 (C ll), 161.3 (Cq„at), 

151.4 ( C q u a t ) ,  148.2 (Cquat), 140.3 (Cquat), 132.8 (C3), 131.4 (C IS), 128.4 (C16 and 

C17), 122.9 (Cquat), 118.7 ( C q u a t ) ,  H 2 . 0  (C9), 1 1 1 . 2  (C6), 105.1 (Cquat), 94.3 (C13),

83.3 (C 12), 65.5 (OŒ2CH2CH2O), 56.2 (OCH3), 53.8 (Clla), 37.9 (Cl), 28.8 

(OCH2CH2CH2O); IR 2931, 1594, 1504, 1424, 1382, 1342, 1244, 1208, 1069, 957, 

873, 754, 689 cm’’; MS (ES) m/z (relative intensity) 729 (M^, 100); HRMS M^ 

calcd for C45H36N4O8 m/z 729,2708, found (FAB) m/z 729.2719.

l , l ’-[[(Pi’opane-l,3-diyl)dioxy]bis[(115,llaS)-10-(2,2,2- 

trichloroethoxycarbonyl)-ll-(/gr/-butyIdimethyIsilyIoxy)-7-methoxy-2-(l- 

propeny 1)-1,10,11,11 a-tetrahy dro-5ZT-py rrolo [2,1 -c] [ 1,4] benzodiazepin-5-one] ] 

(185).

Troc

MeOOMe
OTfTfO

181

CCI
D —SrS i-Q

MeOOMe

185
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A solution of TEA (0.11 mL, 81 mg, 0.80 mmol, 6.0 eq) in H2O (3 mL) and EtOH 

(10 mL) was added to a solution of triflate 181 (192 mg, 0.13 mmol) in toluene (5 

mL) at room temperature. To this mixture Æ-propenylboronic acid (30 mg, 0.35 

mmol, 2.6 eq) and Pd(PPh3)4  ( 6  mg, 5 pmol, 0.04 eq) were added. The reaction 

mixture was heated at 76 °C for 2 h when TLC (50:50 v/v EtOAc/hexane) revealed 

the complete consumption of the starting material. Excess solvent was removed and 

the residue was dissolved in EtOAc (15 mL), washed with H2O (10 mL), brine (10 

mL) and dried (MgS0 4 ). Filtration and evaporation of solvent afforded the crude 

product which was purified by flash column chromatography (80:20 v/v hexane/ 

EtOAc) to afford 185 as a light yellow glass (40 mg, 25%): [a]̂ ® d = +75.0 ° (c = 

0.20, CHCI3); ’HNMR (400 MHz, CDCI3) ô 7.28 (s, 2H, H6 ), 6.90 (s, 2H, H3), 6.78 

(s, 2H, H9), 6.26 (d, 2H, 14.8 Hz, H12), 5.85 (d, 2H, J =  8 . 8  Hz, H ll), 5.54 (dq,

J=  6 .8 , 15.4 Hz, 2H, H13), 5.23 (d, 2H, J =  12.0 Hz, Troc C H i\  4.32-4.26 (m, 2H, 

OC^iCHzC^zO), 4.18-4.11 (m, 4H, Troc CHi and OCH2C R 2CH2O), 3.94 (s, 6 H, 

OC/^ 3  X 2), 3.89-3.83 (m, 2H, H lla), 3.07 (dd, 2H, J -  10.6, 15.9 Hz, HI), 2.60 (d, 

2H, 16.3 Hz, HI), 2.46-2.43 (m, 2H, OCHzC^zCHzO), 1.85 (d, 6 H, J=  6 . 6  Hz,

H14), 0.90 (s, 18H, TBS x 6 ), 0.28 and 0.25 (s x 2, 12H, TBS CH3  x 4); 

NMR (100.6 MHz, CDCI3) Ô 163.6 ( C q „ a t ) ,  153.6 ( C q u a t ) ,  150.4 ( C q u a t ) ,  149.2 

( C q u a t ) ,  127.7 ( C q u a t ) ,  126.4 (C13), 125.6 ( C q u a t ) ,  124.7 ( C 1 2  and C3), 123.5 ( C q u a t ) ,

114.0 (C9), 110.7 (C6 ), 95.2 (Troc CCI3), 87.2 (C ll), 74.7 (Troc CH2), 65.0 

(OCH2CH2CH2O), 61.4 (C lla), 56.1 (OCH3), 33.9 (Cl), 28.8 (OCH2CH2CH2O),

25.6 (TBS CH3), 18.4 (C14), 17.9 (TBS Cquat); MS (ES) m/z (relative intensity) 

1246 ([M + 22]^ , 100), 1226 ([M + 8 8 ).
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l , l ’-[[(Pi*opane-l,3-diyl)dioxy]bis[(llaS)-7-methoxy-2-(l-propenyl)-l,lla- 

dihydro-5/T-pyrrolo [2,1 -c] [ 1,4] benzodiazepine-5-one] ] (117, ZC-211).

Troc
TBSQ

MeOOMe

185

1 la

MeO'OMe

117
ZC-211

1 0 %  C d / P b  c o u p l e  ( 8 1  m g ,  0 . 6 5  m m o l ,  2 0  e q )  w a s  a d d e d  t o  a  r a p i d l y  s t i r r i n g  

m i x t u r e  o f  185 ( 4 0  m g ,  0 . 0 3  m m o l ) ,  T H F  ( 1  m L )  a n d  1 N  N H 4 O A C  ( 1  m L ) .  T h e  

r e a c t i o n  m i x t u r e  w a s  a l l o w e d  t o  s t i r  f o r  1 h  w h e n  T L C  s h o w e d  t h e  c o m p l e t e  

c o n s u m p t i o n  o f  t h e  s t a r t i n g  m a t e r i a l .  T h e  s o l i d s  w e r e  f i l t e r e d  a n d  r i n s e d  w i t h  H 2O  

a n d  C H C I 3 . T h e  a q u e o u s  l a y e r  w a s  e x t r a c t e d  w i t h  C H C I 3 ( 3 x 5  m L )  a n d  t h e  o r g a n i c  

e x t r a c t s  w e r e  c o m b i n e d ,  w a s h e d  w i t h  H 2O  ( 1 0  m L ) ,  b r i n e  ( 1 0  m L )  a n d  d r i e d  

( M g S 0 4 ) .  F i l t r a t i o n  a n d  e v a p o r a t i o n  o f  s o l v e n t  a f f o r d e d  t h e  c r u d e  p r o d u c t  w h i c h  

w a s  p u r i f i e d  b y  f l a s h  c o l u m n  c h r o m a t o g r a p h y  ( 9 9 . 8 : 0 . 2  v / v  C H C l 3/ M e O H  t h e n  

g r a d i e n t  t o  9 7 : 3  v / v  C H C b / M e O H )  t o  a f f o r d  ZC-211 a s  a  y e l l o w  g l a s s  ( 1 4 . 7  m g ,  

7 4 % ) :  [ a f \  = + 1 1 0 2 . 0  °  ( c  =  0 . 1 5 ,  C H C I 3) ;  * H N M R  ( 4 0 0  M H z ,  C D C I 3 )  Ô  7 . 7 4  ( d ,  

2 H , y =  3 . 8  H z ,  H ll), 7 . 4 2  ( s ,  2 H ,  H6 ), 6 . 8 4  ( s ,  2 H ,  H3), 6 . 7 7  ( s ,  2 H ,  H9), 6 . 1 9  ( d ,  

2H,J= 1 5 . 5  H z ,  H12), 5 . 5 2  ( d q ,  J  =  6 . 8 ,  1 5 . 4  H z ,  2 H ,  H13), 4 . 2 7 - 4 . 1 6  ( m ,  6 H ,  

OCH2CU2CH2O a n d  H lla), 3 . 8 4  ( s ,  6 H ,  OCH3 x  2 ) ,  3 . 2 2  ( d d ,  2 H ,  J =  1 1 . 5 ,  1 6 . 1  

H z ,  HI), 3 . 0 3  ( d d ,  2 H ,  J =  4 . 8 ,  1 6 . 2  H z ,  HI), 2 . 3 8 - 2 . 3 2  ( m ,  2 H ,  O C H z C ^ z C H z O ) ,  

1 . 7 7  ( d ,  6 H ,  6 . 6  H z ,  H14); ^ ^ C  N M R  ( 1 0 0 . 6  M H z ,  C D C I 3 )  Ô  1 6 2 . 6  (C ll), 1 6 1 . 2

( C q u a t ) ,  1 5 1 . 1  ( C q u a t ) ,  1 4 8 . 1  ( C q u a t ) ,  1 4 0 . 3  ( C q u a t ) ,  1 2 7 . 7  ( C q u a t ) ,  1 2 6 . 9  (C13), 1 2 4 . 4  

(C1 2  a n d  C3), 1 2 3 . 9  ( C q u a t ) ,  1 1 9 . 3  ( C q u a t ) ,  1 1 1 . 9  (C9), 1 1 1 . 2  (C6 ), 6 5 . 4  

(OCH2CH2CH2O), 5 6 . 2  (OCH3), 5 3 . 8  (C lla), 3 4 . 2  (Cl), 2 8 . 8  (OCH2CH2CH2O),

1 8 . 5  (C14); I R  h r  3 3 5 0 ,  2 9 3 2 ,  1 9 8 0 ,  1 5 9 5 ,  1 5 0 4 ,  1 4 2 6 ,  1 3 8 3 ,  1 3 4 2 ,  1 2 5 4 ,  1 2 0 8 ,
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1095, 1047, 956, 874, 751, 667 cm'’; MS (ES) m/z (relative intensity) 609 (M^, 

100); HRMS M^ calcd for C35H36N4O6 m/z 609.2708, found (FAB) m/z 609.2683.
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