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A comprehensive SAR investigation of the C2-position of pyrrolo[2,1-c][1,4]benzodiazepine (PBD) mono-
mer antitumor agents is reported, establishing the molecular requirements for optimal in vitro cytotoxicity
and DNA-binding affinity. Both carbocyclic and heterocyclic C2-aryl substituents have been studied
ranging from single aryl rings to fused ring systems, and also styryl substituents, establishing across a library
of 80 analogues thatC2-aryl and styryl substituents significantly enhance bothDNA-binding affinity and in
vitro cytotoxicity, with a correlation between the two. The optimal C2-grouping for both DNA-binding
affinity and cytotoxicity was found to be theC2-quinolinylmoietywhich, according tomolecularmodeling,
is due to the overall fit of the molecule in the DNA minor groove, and potential specific contacts with
functional groups in the floor andwalls of the groove. This analogue (14l) was shown to delay tumor growth
in a HCT-116 (bowel) human tumor xenograft model.

Introduction

Naturally occurring pyrrolo[2,1-c][1,4]benzodiazepine
(PBD)a compounds are isolated from the fermentation broth
of Streptomyces species and are known for their antibiotic and
antitumor properties.1,2 They can exist as N10-C11 carbino-
lamine methyl ethers (e.g., anthramycin, 1), carbinolamines
(e.g., sibiromycin, 2), or imines (e.g., the synthetic C2-aryl
PBD-imines, 3, 4, and 5), although these different forms can in-
terconvert at the N10-C11 position depending on solvent and
isolation conditions (Figure 1). However, in all cases, the C11-
position is electrophilic and enables the molecules to alkylate
theNH2 groupof a guanine in theminor groove ofDNA.1This
reaction is sequence-selective and preferentially targets 50-Pu-
G-Pu sequences. The PBDs have a right-handed twist due to
the “S”-configuration at their C11a-position, which allows
them to fit perfectly within the DNA minor groove. These
properties differentiate PBDs from other families of DNA-

alkylating agents, and both the chemical and biological aspects
of these compounds have been explored by several research
groups since the discovery of anthramycin in the 1960s.3-20

Structure-activity relationship (SAR) information for the
PBDs was initially established based on biological data
obtained from natural compounds.21-23 The development
of an understanding of their mode of action prompted the
rational design of synthetic analogues which provided addi-
tional chemical and biological information.1,2 The recent
growth of interest in PBDs is partly due to the progress of
SJG-136, which is the first synthetic PBD-based compound to
enter phase II clinical trials with success.24-27 Joining two
PBD monomeric units together to make PBD dimers such as
SJG-136 results in greater in vitro cytotoxicity and in vivo
antitumor efficacy due to the ability of these molecules to
cross-link DNA.25,28 However, PBD dimer syntheses are
generally lengthier than those for PBD monomers, and this
has limited the scope for structural diversification. Since the
success of SJG-136, there has been interest in progressing a
PBD monomer to clinical trials due to the potential advan-
tages including lowermolecular weight, ease of synthesis, and
greater potential for structural diversification. In addition,
compared to PBD dimers, the monomers are poor substrates
for ABC transporters29 which can lead to multidrug resis-
tance in a clinical setting. For example, SJG-136 is a substrate
for the ABC transporter P-glycoprotein (ABCB1/P-gp).30,31

Also, other preclinical data32 indicate that, as a class, C2-
modified PBD monomers have in vivo antitumor activity in
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mouse models, thus providing the basis for translational
studies toward a phase I clinical trial.

In a previous study of synthetic PBD monomers, we found
that introduction of an aryl group at the 2-position significantly
enhanced in vitro cytotoxicity.33 The role played by the addi-
tional aryl fragment was not fully understood at the time and
prompted the detailed study reported here. In related work, we
established34 that a series of C2-aryl PBD dilactams devoid of
A-ring substituents and lacking a DNA-alkylating N10-C11
iminemoiety had enhancedDNA-binding affinity compared to
the parent non-C2-substituted PBD dilactam, elevating the
melting temperature of double-stranded calf thymus DNA by
up to 2.3 �C after 18 h incubation and thus confirming the
importance of the C2-substituent in stabilizing DNA interac-
tion. In a follow-up study we reported the synthesis of a novel
C2-aryl PBD-imine library in which a parallel approach was
employed to obtain 66 structurally unique C2-aryl-substituted
PBDs containing A-ring electron-donating substituents and
N10-C11 imine functionalities.35 We also reported a synthetic

procedure to obtain C1/C2-endo-unsaturated C2-aryl PBD
imines.36

Wenowreport biological (in vitro cytotoxicity andxenograft)
and biophysical (DNA thermal denaturation) data for a library
of 80 C2-aryl-substituted PBD-imine compounds synthesized
via three different routes. The library includes a number of novel
C2-heteroaryl and C2-styryl analogues, and some C1/C2-endo
unsaturated C2-aryl PBD analogues (Tables 1 and 3). A
synthetic route to a novel C-ring saturated C2-aryl PBD (i.e.,
27, Scheme 2) is also described, thus providing an important
“control” molecule along with further insights into the SAR of
PBD monomers (Figure 2). Molecular modeling studies have
been used to examine the DNA-binding of key members of the
series. Furthermore, the water solubility of some analogues has
been dramatically improved by converting to C11-(sodium
bisulfite) adducts (i.e., 6, Figure 1). Finally, one library member
(14l) has been evaluated in aHCT-116 human tumor xenograft
model and shown to have in vivo antitumor activity.

Results and Discussion

Chemistry. Synthesis of C2/C3-endo-Unsaturated C2-

Aryl and C2-Styryl PBD Imines (Scheme 1, and Tables 1

and 3). The C2-aryl PBDs were originally synthesized ac-
cording to the reductive cyclization approach developed by
Leimgruber and co-workers.37 We initially reported33 appli-
cation of the Suzuki reaction to introduce aryl substituents at
the same position employing aryl boronic acids and C2-enol
triflate PBDs. Subsequently, we reported the use of Stille
coupling to install vinyl and heteroaryl substituents at the
C2-position of PBDs38 [The Supporting Information docu-
ment contains full synthetic methodologies and character-
ization data for the Stille and Suzuki coupling products
previously reported only in communications].More recently,
we reported the parallel synthesis of 66 C2-aryl-modified
PBDs via palladium catalyzed cross-coupling.35 This parallel
approach allowed the rapid synthesis of a set of N10-C11
imine-containing C2-substituted PBDs with stereochemical
integrity at their C11a-position. The same methodology was
used in this study (Scheme 1) for the synthesis of the novel
PBDs included in the sublibraries contained in 8-15

(Table 1)35 and the C2-styryl sublibrary 16a-e (Table 3).
Synthesis of C1/C2-endo-Unsaturated and Fully-Saturated

C-Ring C2-Substituted PBD Imines (Scheme 2, Table 1). The
effect of the location of unsaturation (i.e., C1-C2 or

Figure 1. Structures of the naturally occurring PBD monomers
anthramycin (1), sibiromycin (2), and the novel synthetic C2-sub-
stitued PBD analogues (4-6).

Figure 2. Summary of SARs for the C2-aryl functionalization of PBDmonomers based on in vitro cytotoxicity, DNA thermal denaturation,
and NMR data.
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Table 1. Cytotoxicity Data for the C2-Aryl PBD Librarya
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C2-C3) in the PBD C-ring on biological potency has been
unclear to date. Therefore, we prepared examples of both for
evaluation. We found that a C1/C2-enol-triflate analogue of

7 could be obtained under kinetic conditions which allowed
further elaboration to C2-aryl PBDs (e.g., 29, Table 1)
via Suzuki coupling.36 To fully understand the impact of

aNCI 60 cell-line panel. Figures correspond to the mean values (MG-MID) calculated from the 60 individual cell lines (see Supporting Information).
bK562 human chronic myeloid leukemia cell line (96 h incubation, see Experimental Section).

Table 1. Continued
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unsaturation in the C-ring, we also synthesized the novel
fully saturated C2-aryl PBD-imine 27 (Scheme 2). The
synthesis started from the C-ring building block 17,39 which
was oxidized to theC2-ketone (18) usingTEMPOandBAIB.
The enol-triflate 19was obtained in excellent yield (91%) via
kinetic enolisation of 18 using NaHMDS. Suzuki coupling
was performed next on the C-ring building block before
attachment to the nitrobenzoyl fragment (A-ring precursor).
This strategy allowed the use of hydrogenation for selective
reduction of the endo-unsaturation in the pyrrolidine ring.
The cross-coupled product 20 was exposed to H2 in
the presence of catalytic amounts of palladium on charcoal
to simultaneously deprotect the cyclic amine and reduce
the endo-unsaturation in stereospecific fashion. Next, the
C-ring building block 21was coupled to 2-nitroveratric acid,
and the product further elaborated to the N10-Alloc-pro-
tected PBD 26 using standard synthetic methods. Final
deprotection with Pd(PPh3)4 afforded the novel C2-
substituted C-ring saturated PBD-imine 27 which was char-
acterized by 2D-NOESY NMR (see Supporting In-
formation).

Synthesis and C11-Stereochemistry of C2-Aryl PBD C11-(So-
dium Bisulfite) Adducts (Scheme 3, Table 4). C11-(Sodium

bisulfite) adducts (28a-f, Scheme 3) were prepared to improve
the water solubility of the C2-aryl PBDs. PBD-bisulfite adducts
were originally reported by Kaneko and co-workers40 and were
shown to have greater chemical stability than their parent
N10-C11 imines. Later, Langlois and co-workers reported the
synthesis of an anthramycin-related analogue containing a C11-
bisulfite moiety.41 However, in neither case was the stereochem-
istry of the C11-SO3

-Naþ linkage assigned.
We initially utilized Langlois’ method but with modified

reaction conditions in terms of time and solvent composi-
tion, which proved to be efficient for the synthesis of C2-aryl
PBD C11-sodium bisulfite adducts. The straightforward
workup, involving simple extraction into deionized water,
gave the adducts as solids following lyophilization. Because
the stereochemistry of C11-bisulfite adducts had not been
studied by either Kaneko or Langlois, we carried out a
comprehensive NMR investigation in both DMSO-d6 and
D2O solutions. Using compound 28d as an example, we
found that the C11S-(sodium bisulfite) adduct is the major
species and that its formation is affected by solvent composi-
tion and reaction time [NOTE: The 1H NMR in DMSO-d6
showed a doublet (J= 10.4 Hz) at 3.96 ppm corresponding
to the H11-proton, the strong coupling indicating that this
proton was positioned in an “anti” orientation relative to
H11a.1 The C11R-(sodium bisulfite) addition product was
not observed by NMR under these conditions (see Support-
ing Information for 1H- and 2D-NMR spectra)]. Further
NMR analysis including COSY and NOESY experiments
indicated the presence of the N10-C11 hydrolysis product
(i.e., B-ring opened aldehyde) (Figure 3) [NOTE: There is a
significant change in the chemical environment of the H1
protons upon B-ring closure. As a consequence, H1R and
H1β become less shielded in the PBD ring system]. Interest-
ingly, the ratio of products changed when a mixture of
2-propanol-d8/D2O (2:1 v/v) was used as solvent.8 In this

Table 2. Selected Thermal Denaturation (ΔTm) Values for Representa-
tive PBD Imine Library Members

Compd Induced ΔTm (�C)a

no. C2-substituent 0 h 4 h 18 h

12bb (phenyl) 2,6-CH3 0.5c 0.5 c 0.5c

9b (phenyl) 4-NH2 5.8 6.2 6.5

11a (phenyl) 2-CH3 6.2 6.8 6.9

9j (phenyl) 4-CH(CH3)2 6.5 6.7 6.9

9a (phenyl) 4-N(CH3)2 6.9 7.6 8.0

9l (phenyl) 4-Ph 8.0 8.1 8.4

9g (phenyl) 4-C(CH3)3 8.7 9.0 9.2

9k (phenyl) 4-CHCH2 8.5 9.0 9.2

9i (phenyl) 4-CH2CH3 9.0 9.4 9.7

10b (phenyl) 3-OCH3 9.8 10.1 10.2

9o (phenyl) 4-Cl 9.6 9.9 10.2

14i (phenyl) 3,4-OCH2O 9.9 10.3 10.3

9h (phenyl) 4-CH3 9.4 9.7 10.1

9e (phenyl) 4-OCH3 10.2 10.5 10.6

9n (phenyl) 4-F 10.1 10.4 10.6

9m (phenyl) 4-SCH3 10.4 10.5 10.7

9q (phenyl) 4-CHO 10.4 10.6 10.8

8 (phenyl) 4-H 10.5 10.6 10.8

9s (phenyl) 4-CN 10.7 10.9 11.0

9r (phenyl) 4-CF3 11.4 11.7 11.9

9f (phenyl) 4-OPh 11.5 11.9 12.1

14a 2-thiophenyl 12.0 12.7 13.0

13a 2-naphthyl 14.8 15.4 15.7

14k 3-quinolinyl 17.7 18.1 18.2

14l 6-quinolinyl 19.1 19.9 20.5

anthramycin methyl ether (1)47 9.4 11.2 13.0

sibiromycin (2)47 15.7 16.0 16.3
a See Experimental Section for details. bThis compound was synthe-

sized according to ref 33. cValues for this compound were measured in a
different laboratory using 10 mM NaH2PO4/Na2HPO4 and 1 mM
Na4EDTA as buffer, rather than the 10 mM NaH2PO4/Na2HPO4 and
1 mMNa2EDTA used for studies with all other compounds. The higher
[Naþ] and increased ionic strength for this buffer is reflected in a higher
Tm value for the native CT-DNA (i.e., Tm (DNA) = 70.63 �C rather
than 67.82 �C). Further, 20 µM 12b and higher 200 µMDNA (inDNAp,
equivalent to 100 µM in base pairs [bp]) was used. This 1:10 [ligand]/
[DNAp] molar ratio compares with the 1:5 ratio used for all other
compounds. Using this high-[Naþ] buffer and a 1:10 molar ratio,
anthramycin methyl ether (1) gave corresponding ΔTm shifts of 13.70,
14.17 and 14.08 �C, at 0, 4 and 18 h, respectively.

Table 3. Cytotoxicity Data for the C2-Styryl Analogues

aNCI 60 cell-line panel. Figures correspond to themean values (MG-
MID) calculated from the 60 individual cell lines (see Supporting
Information). bK562 human chronic myeloid leukemia cell line (96 h
incubation, see Experimental Section).
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case, formation of the C11S-bisulfite was maximized, and
only a negligible amount of B-ring-opened product was
observed. 1H NMR time-course experiments were also car-
ried out using the biphasic system D2O/CD2Cl2 (1:1 v/v) as
solvent (see Supporting Information). The results suggested
that, under the acidic conditions (pH 5) of the aqueous
sodium bisulfite layer, the PBD-imine initially dissolved in
the organic phase and then became protonated to form an
iminium species which reacted with excess water to give the
N10-C11 carbinolamine as the predominant species. Car-
binolamines of this type have been reported to exist in
equilibrium with their equivalent ring-opened amino-alde-
hyde forms.42 This aldehyde species can in turn react with
bisulfite anion to give the B-ring-opened bisulfite adduct,
although this product was only observed at early reaction
times (i.e., 1-5 min, see Supporting Information) and pre-
sumably rapidly interconverts back to the cyclized C11S-
bisulfite product according to the equilibrium shown in
Figure 3. The presence of these interconverting forms was
further supported by “trapping” the PBD-imine form in the
organic layer. This was carried out by shaking a D2O
solution of an imine-free lyophilized sample of the isolated
PBD-bisulfite adduct 28d with CD2Cl2, followed by phase
separation and 1H NMR analysis, which clearly showed the
presence of the PBD-imine species (i.e., 1H NMR spectrum
identical to 10b).

Biological andBiophysicalData. InVitroCytotoxicity.All
library members were evaluated for cytotoxicity across the
NCI 60 cell-line panel (see Supporting Information) and the
K562 leukemia cell line. The NCI screen was repeated after a
period of 2-3 months with the majority of compounds
retaining their cytotoxicity properties, thus providing an
indication of their chemical stability. The most noticeable
observation from theNCI data was the selective cytotoxicity
of the C2-aryl PBD imines towards melanoma cell lines.
Compounds with C1/C2-endo unsaturation (e.g., 29) and or
a fully saturated C-ring (i.e., 27) were either significantly less
cytotoxic than the equivalent C2/C3-endo-unsaturated mo-
lecules or completely inactive (Table 1). Molecular modeling
analysis involving a conformational search (Macro-
Model, version 9.6) indicated that 27 and 29 are unlikely to
bind effectively to double-stranded DNA (a model 14-mer
DNA duplex43 was studied; data not shown) due to their
overall shape and lack of isohelicity with the DNA minor
groove. In addition, it was observed that 29 is prone to
undergo C-ring aromatization36 which may also reduce its
overall cytotoxicity. In vitro data generated for the parallel-
synthesized C2/C3-endo-unsaturated C2-aryl and C2-styryl
PBD imines, and the PBD C11-(sodium bisulfite) adducts
are collected in Tables 1, 3, and 4).

DNA Thermal Denaturation Studies.Reactivity of the C2-
aryl PBD monomers toward double-stranded DNA was
assessed by measuring their induced effects on the melting
behavior (Tm) of duplex-form calf thymus DNA.44,45 Ther-
mal denaturation data for selected members of the PBD
imine library are shown in Table 2. C2-Substituted PBD
imines were found to shift the DNA melting curve signifi-
cantly (stabilization) compared to PBD dilactams,34,44 high-
lighting the importance of theN10-C11 imine functionality,
the 7- and 8-OCH3 A-ring substituents, and the C2-aryl
functionalities onDNA-binding affinity.Anumber of trends
are apparent from Table 2 for simple C2-phenyl substituted
compounds. First, the addition of two ortho-methyl substit-
uents to the simple C2-phenyl group (12b) reduces DNA sta-
bilization significantly (ΔTm = 0.5 �C). On the other hand,
electron-withdrawing groups appear to be more favorable
then electron-donators in enhancing binding affinity in
the para-substituted analogues (See Table S1, Supporting
Information). For example, 9r (4-CF3, ΔTm=11.9 �C) and
9s (4-CN, ΔTm=11.0 �C) provide greater DNA stabiliza-
tion than 9h (4-CH3, ΔTm=10.1 �C) or 9e (4-OCH3, ΔTm=
10.6 �C). However, fused carbocyclic and heterocyclic
six-membered ring systems provide the greatest degree of
stabilization, with 13a (2-naphthyl), 14k (3-quinolinyl), and
14l (6-quinolinyl), stabilizing the double helix by 15.7, 18.2,
and 20.5 �C, respectively. These high values are remarkable
in that they are in the range of ΔTm values associated with
PBD dimer molecules such as DSB-120 (ΔTm=15.1 �C, un-
der identical conditions),46 which covalently cross-link the
two DNA strands in an interstrand manner.

Structure-Activity Relationships (SARs). The importance
of C2-aryl-substituents and a sp2 carbon at the C2-position
can be seen in naturally occurring PBDs with the C2-
functionalizations of anthramycin (1) and sibiromycin (2),
two of the most potent PBD natural products known. It is
also evident from the range of known natural products
that these changes to the C-ring can lead to greater
cytotoxicity enhancement thanA-ringmodifications.47With
C2-sp2 compared to C2-sp3 functionalization, the mole-
cules adopt a flatter overall structure and a conforma-
tion more favorable for interacting in the DNA minor
groove through maximal intermolecular hydrogen bond-
ing, electrostatic, and van der Waals interactions. We
have previously synthesized38,48,49 C2/C3-endo-unsaturated
PBD-imines with average in vitro potencies higher than
anthramycin.

The high potency associatedwithmany of the compounds in
this study was “off scale” in the NCI’s high-throughput cyto-
toxicity assay. Hence, we focused our SAR analysis mainly on
the IC50 values obtained from the K562 cell line. Cytotoxicity

Scheme 1. C2/C3-Endo-Unsaturated C2-Aryl PBDs Obtained via the Parallel Approach.a

aReagents and conditions: (i) PS-PPh3Pd (0.01 equiv), boronic acid 1.1 equiv), TEA (6.0 equiv), 100 �C (microwave radiation), 10min; then 10%Cd/

Pb (8.0 equiv), 1MNH4OAc/THF (2:3), rt, 0.5 to 2.5 h, 4 to 67%. See ref 35 for full analytical data and experimental details for 8-15. Analytical data for

novel compounds 14k, 14l, and 16 are provided in Supporting Information.
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values for the C2-aryl and styryl PBDs (Tables 1 and 3)
exhibited a wide range from <0.1 to 920 nM. In general,
compounds with the highest ΔTm values had the lowest IC50

values, however this correlation was not perfect due to the
wide structural diversity of the compounds (r2=0.33,Pvalue=
0.0014). Several physicochemical properties were investi-
gated using Chem3D 11.0 (CambridgeSoft) in an attempt
to identify parameters that might better correlate with
cytotoxicity. Interestingly, we found a statistically significant
correlation between solvent accessible surface area (SASA)
and cytotoxicity (r2=0.81, Pvalue<0.0001).

C2-Aryl PBD Imines. There is no significant difference
between the IC50 values of compounds in the C2-phenyl
series (Table 1) for different substituents in the ortho, meta,
and para positions, although a clear trend is noticeable
within the para- and meta-halogenated series (i.e., 9n-o

and 10d-e) which may reflect the electronegativity or bulki-
ness of the substituents. However, introduction of long
aliphaticmoieties protruding from the paraormetapositions
(e.g., 9x-z and 10l and 10m) substantially reduced cytotoxi-
city. This may be due to compacting or “folding” of these
chains in the minor groove leading to a reduced fit. Com-
pounds with cyclic C2-substituents such as 4-(4-methyl)-
piperazinyl (9a0) and 4-morpholinyl (9b0) are exceptions with
very low IC50 values. One possible explanation is that
entropic costs are minimized with cyclic C2-substituents.
With the C2-pyridinyl compounds 14d-e, the position of
the nitrogen in the ring does not appear to significantly affect
cytotoxicity. Likewise, exchange of the heteroatom between
2-benzofuranyl (14g) and 2-benzothiophenyl (14h) analo-
gues does not enhance activity. However, the presence of
a N-methyl group in the 4-pyrazolyl conjugates (14b-c)

Scheme 2. Fully Saturated C2-Aryl PBD (27) Obtained via Suzuki Coupling between the Pyrrolidinic Enol-triflate 19 and
4-Methoxyphenylboronic Acida

aReagents and conditions: (i) TEMPO (0.1 equiv), BAIB (1.1 equiv), CH2Cl2, rt, 2 h, 48%; (ii) NaHMDS (1.1 equiv), THF,-78 �C, 1.5 h, thenN,N-

bis(trifluoromethanesulfonyl)anilide (1.1 equiv), 91%; (iii) 4-methoxyphenyl boronic acid (1.0 equiv), Pd(PPh3)4 (0.01 equiv), aqNa2CO3, toluene, rt, 36

h, 45%; (iv) 10%Pd/C, EtOH,H2, rt 12 h, 99%; (v) 4,5-dimethoxy-2-nitrobenzoic acid, EDCI, 1.2 equiv), HOBt (1.2 equiv), CH2Cl2, 0 �C, 2 h, 74%; (vi)

10% Pd/C, EtOH, H2, rt 12 h, 72%; (vii) Alloc-Cl (1.5 equiv), pyridine (2.2 equiv), CH2Cl2, rt, 6 h, 82%; (viii) TBAF (1.2 equiv), THF, rt 3 h, 96%; (ix)

TEMPO (0.1 equiv), BAIB (1.1 equiv), CH2Cl2, rt, 5 h, 65%; (x) Pd(PPh3)4 (0.01 equiv), pyrrolidine (1.1 equiv), CH2Cl2, rt, 30 min, 58%.

Scheme 3. Synthesis of C2-Aryl PBD C11-(Sodium Bisulfite) Adductsa

aReagents and conditions: (i) CH2Cl2/water (1:1 v/v), aqNaHSO3 (1.1 equiv), rt, 5 to 80min; (ii) 2-propanol/water (2:1 v/v), aqNaHSO3 (1.1 equiv),

rt, 5 min (See Supporting Information). bYields refer to reaction conditions (i).
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improves cytotoxicity. Finally, carboxylic acid groups as in
9t and 10i completely deplete cytotoxicity, possibly due to
repulsion between the negative charges encountered in the
DNA and the substituents in these specific PBDs.

Insertion of a naphthyl substituent at the C2-position
dramatically increases both the DNA binding affinity and
cytotoxicity of PBDmonomers, as can be seen from theΔTm

and IC50 values for the C2-(2-naphthyl)-substituted com-
pound 13a (IC50=0.5724 μM, ΔTm=15.8 �C). On the basis
of the decreased cytotoxicity of the C2-(1-naphthyl) analo-
gue 13d, it would appear that the best position for joining

fused ring systems to the C2-position of a PBD is furthest
from the bridge carbons (i.e., the 2-position using the naph-
thalene ring numbering system). In support of this, NMR
studies have revealed that for the C2-(2-naphthyl) system,
the 2-naphthyl ring lies along theminor groove extending the
isohelical shape created by the A-, B-, and C-rings of the
PBD skeleton.43 For the C2-(1-naphthyl) configuration, the
naphthyl ring can take up twopossible conformations, one in
which it clashes with the floor of theminor groove or another
in which it points out of the groove, neither of which are
conducive to a good overall fit of the PBD molecule. This
concept is also supported by the decreased cytotoxicity of
the 4-dibenzothiophenyl (15a), 4-dibenzofuranyl (15b) and
1-thianthrenyl (15c) analogues).

The C2-heteroaryl sublibrary contained the most active
compounds, with the C2-quinolinyl-substituted analogues
14k and 14l providing greater DNA stabilization than the
corresponding C2-(2-naphthyl) analogue 13a (Table 2). The
C2-(6-quinolinyl) PBD (14l) has the highestΔTm value of all
the compounds examined (ΔTm=20.5 �C), which is also
reflected in its high cytotoxicity (IC50=1.4 nM in K562).
Modeling studies with four 1:1 (ligand/DNA) complexes
with the 9-mer DNA duplex sequence d(50-CGCA-
GACGC-30).d(50-GCGTCTGCG-30) (Figure 4A) provided
estimates of differences in relative stabilization energies.
These were calculated relative to the value for the 9-mer
DNA adduct with compound 8:

8-ð9-mer DNAÞ : 0:0 kcal mol-1

12b-ð9-mer DNAÞ : þ 18:2 kcal mol-1

13a-ð9-mer DNAÞ : -0:4 kcal mol-1

14l-ð9-mer DNAÞ : -2:2 kcal mol-1

These values are in good qualitative agreement with the
rank order of ΔTm values and show that the C2-quinolynyl
substituent in 14l is the best in energetic terms. The out-
standingly higher energy of the dimethyl adduct (12b) is a
consequence of the reduction in nonbonded interactions
between the DNAminor groove walls and the phenyl group
as a result of steric clashes involving the methyl groups.
Figure 4A shows that the C2-substituent is forced out of the
groove as a consequence. It is also notable that compound

Table 4. Cytotoxicity Data for the C2-Aryl PBD C11-(Sodium
Bisulfite) Adducts

aNCI 60 cell-line panel. Figures correspond to themean values (MG-
MID) calculated from the 60 individual cell lines (see Supporting
Information). bK562 human chronic myeloid leukemia cell line (96 h
incubation, see Experimental Section).

Figure 3. Possible interconvertible forms present in an aqueous solution of 28d based on NMR. (Note: Structures in brackets are proposed
based on sequential addition/elimination mechanisms and have not been observed by NMR.)
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12b has correspondingly poor cytotoxicity compared to
other compounds in the series, confirming that biological
potency is related to minor groove binding.

The improved energy of 14l relative to the 2-naphthyl
derivative (13a) is due, at least in part, to the polarization
induced by the ring nitrogen atom which enhances the elec-
trostatic contribution to the overall energy. Another possible
explanation relates to the hydrogen bonding potential of the
ring nitrogen in 14l. We initially assumed that the nitrogen
atom in the quinolinyl ring may interact with DNA bases via
hydrogen bonding interactions (H-bonds). However, initial
molecularmodeling experiments failed to reveal any direct H-
bonds between 14l andDNA, although it was established that
the quinolinyl ring of 14l could adopt two different conforma-
tions in the minor groove both potentially conducive to
bonding. In one case, it is aligned along the minor groove
(the “inward conformation”, see Figure 4B) and in the other
the ring is protruding slightly from the groove (the “outward
conformation”).43 Preliminary energy minimization experi-
ments using implicit solvent were carried out with both
conformations and 16 different 8-merDNAduplex sequences
(i.e., d(50-TAXXGATT-30).d(50-AATCYYTA-30) whereX=
G,A,T orC) in order to account for all possible permutations
for the base pairs in close proximity to the naphthyl and
quinolinyl rings. The preliminary results showed that, as
anticipated, the total energies for the two different types of
conformations across all 16 adducts had an average difference
of 24.5 kcal mol-1 in favor of the inward conformation. This
result supports recentNMRstudies ona (13a)2-DNAadduct
which demonstrated that the C2-naphthyl ring of 13a lies
along the hydrophobic floor of the minor groove.43 However,
no discrete H-bonds were observed in any of the 16 models,
and so we next performed conformational searches on a
selected 14-mer (14l)2-DNA adduct [d(50-AATCTTTAAA-
GATT-30)2]

43 in the inward conformation in the presence of
watermolecules usingMacroModel (version 9.6) (Figure 4B).
The results of this computational analysis suggested that14l in
the “inward conformation” can interact with DNA through
H-bonds involving the ring nitrogen of the C2-quinolinyl
substituent, water molecules, and the backbone atoms of the
noncovalently modified DNA strand (Figure 4B). These
additional interactions could further stabilize the DNA

duplex upon adduct formation and may explain the higher
ΔTm value of this compound compared to 13a.

C2-Styryl PBD Imines. To further explore the SAR of C2-
aryl PBDs, we designed a set of C2-styryl analogues (Table 3)
in which the sp2 C2-carbon is distanced further from the aryl
substituent by a conjugated double bond. The cytotoxicity
data for 16a-e show that this arrangement still enhances
potency, not only compared to C2-aryl analogues but also to
the C2-vinyl compound 32. The unsubstituted styryl deriva-
tive 16a and the 4-fluoro-substituted 16c were highly cyto-
toxic in both the NCI and K562 cell lines. The (4-CH3)-
substituted styryl 16b gave an intermediate ΔTm value of
14.0 �C, which ranks between the average ΔTm for the C2-
phenyl PBDs (∼10.0 �C) and the ∼20.0 �C observed for the
C2-quinolinyl PBDs.

C2-Aryl PBD C11-(Sodium Bisulfite) Adducts. All C11-
bisulfite library members (28a-f) are freely soluble in water
as opposed to their N10-C11 imine precursors. However,
with the exception of the C2-naphthyl 28e (more active) and
C2-quinolinyl 28f (equipotent) adducts (Table 4), all the
remainingC11-(sodiumbisulfite) adducts were less cytotoxic
in both the NCI panel and the K562 leukemia cell line in
comparison to the equivalent parent PBD N10-C11 imines
from which they derive. To verify that DNA interaction was
occurring in a similar manner to the parent N10-C11
imines, MS-MALDI experiments (see Supporting In-
formation) were carried out to confirm covalent interaction
and identical stoichiometry after reaction of both the PBD
imine 13a and its C11-bisulfite derivative (28e) with a 14-mer
DNA duplex. This provides further evidence that PBD C11-
bisulfites are acting as “prodrugs” in solution to generate a
low but steady concentration of the equivalent PBD imine
species, thus leading to a slower reaction with DNA com-
pared to the parent PBD imines.8 As the imine species react
withDNA, albeit slowly, the equilibriumpresumably adjusts
until eventually all C11-bisulfite is consumed. This also
explains the higher IC50 values compared to their PBD imine
counterparts.

In Vivo Studies. Evaluation of 14l in a HCT-116 Human

Tumour XenograftModel.On the basis of the unusually high
DNA-binding affinity of the C2-(6-quinolinyl) PBD mono-
mer 14l, it was progressed into an in vivo human tumor

Figure 4. (A) Overlay of the final minimized simulated structures of the covalent complexes between the duplex DNA sequence
d(50-CGCAGACGC-30).d(50-GCGTCTGCG-30) and compounds 12b and 14l. The 2,6-dimethylphenyl group in the former is coloredmagenta
and the quinolinyl ring in the latter is cyan. (B) Snapshot of a model of part of the (14l)2-DNA adduct [d(50-AATCTTTAAAGATT-30)2]
with the C2-quinolinyl substituent of 14l in the “inward conformation”. Conformational search (MacroModel, version 9.6) predicted indirect
H2O-bridged H-bonding interactions between the C2-quinolinyl nitrogen atom and backbone atoms of the noncovalently modified DNA
strand. Direct H-bonding interactions between the nitrogen atom and DNA bases were not predicted from these studies.
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xenograft mouse model inoculated with the HCT-116 cell
line, a widely used xenograft model. Both irinotecan and
capecitabine have been reported to induce significant growth
delays and regression in this model.50,51 Two schedules of
administration were evaluated: a single iv injection of 300
μg/kg, and five consecutive daily iv injections of 120 μg/kg
(1 cycle from day 1 to day 5). The results are statistically
significant (Student’s t-test) and demonstrate not only the
ability of 14l to delay tumor growth in this model but also the
prolonged benefit of treatment (Pvalue <0.01) (Figure 5, left).
Crucially, at these doses and different schedules of administra-
tion, there was no apparent toxicity as judged by a lack of
significant adverse effects or reduction of animal weights
throughout the treatment (Figure 5, right).

Conclusions

Novel syntheticmethodologies havebeenapplied to advance
understanding of the SAR profile of PBD monomers. An
80-member library containing a wide variety of substituents
at the C2-position of the PBD skeleton has been successfully
prepared using three different approaches involving the palla-
dium-catalyzed cross-coupling of enol-triflate substrates. The
cytotoxicity data demonstrated awide range of activities across
the library. In the simple C2-phenyl-substituted series, activity
does not appear to depend significantly on the position of
substituents in the benzene ring, although there is limited
evidence that electron-withdrawing substituents are favorable
for optimal activity. However, there is clear evidence that fused
aromatic ring systems (e.g., 2-naphthyl) markedly improve
both DNA binding and cytotoxicity, although for optimal
activity the point of attachment of the fused ring system to
the C2-position of the PBD must not be immediately adjacent
to the bridge atoms of the fused ring system to avoid clashes
with the walls of the host DNA minor groove. Moreover,
insertion of heteroatoms into a C2-naphthyl moiety can sub-
stantially enhance both cytotoxicity andDNA-binding affinity
(i.e., the 3- and 6-quinolinyl analogues). Interestingly,C2-styryl
compounds were found to be significantly more cytotoxic
in the K562 cell line compared to other C2-substituted sub-
library members. Finally, we have shown that formation of
C11S-(sodium bisulfite) adducts dramatically improves the
water solubility of C2-aryl PBD-imines, although surprisingly
they are less potent than their PBD-imine counterparts. This
may be due to these adducts acting as “prodrugs”, with slow
hydrolysis resulting in release of the DNA-reactive N10-C11
imine species.8

Overall, this study has provided a substantial body of SAR
data (Figure 2) relating to C2-substituted PBD monomers,
demonstrating that some substituents (e.g., C2-quinolinyl) can
enhance both cytotoxicity and DNA-binding affinity to a simi-
lar level of potency as that observed for PBD dimers which can
form covalent interstrand cross-links between DNA strands.
Finally, the ability of 14l to delay tumor growth at doses not
associated with significant weight loss or other adverse effects
in the HCT-116 colon cancer xenograft model suggests that
C2-aryl PBDmonomersmay have potential in the treatment of
human disease.

Experimental Section

Chemistry. General Synthetic Methods. Optical rotations
were measured on an ADP 220 polarimeter (Bellingham Stanley
Ltd.) and concentrations (c) are given in g/100mL.Melting points
were measured using a digital melting point apparatus (Electro-
thermal). IR spectra were recorded on a Perkin-Elmer Spectrum
1000FTIRspectrometer. 1Hand 13CNMRspectrawere acquired
at 300 K using a Bruker Avance NMR spectrometer at 400 and
100MHz, respectively, unless stated otherwise.Chemical shifts are
reported relative to TMS (δ = 0.0 ppm), and signals are desig-
nated as s (singlet), br s (broad singlet), d (doublet), t (triplet), q
(quadruplet), qu (quintuplet), h (heptuplet), dt (double triplet), dd
(doublet of doublets), ddd (double doublet of doublets), or m
(multiplet), with coupling constants given in Hertz (Hz). A pro-
PBD numbering system has been used for carbon and proton
assignments for synthetic intermediates (i.e., based on the final
tricyclic PBD ring system).Mass spectroscopy data were collected
using a Waters Micromass ZQ instrument coupled to a Waters
2695 HPLC with a Waters 2996 PDA. Waters Micromass ZQ
parameters usedwere: capillary, 3.38 kV; cone, 35V; extractor, 3.0
V; source temperature, 100 �C; desolvation temperature, 200 �C;
cone flow rate, 50 L/h; desolvation flow rate, 250 L/h. High-
resolution mass spectroscopy data were recorded on a Waters
MicromassQTOFGlobal in positiveW-mode usingmetal-coated
borosilicate glass tips to introduce samples into the instrument.
Thin-layer chromatography (TLC) was performed on silica gel
aluminum plates (Merck 60, F254), and flash chromatography
utilized silica gel (Merck 60, 230-400meshASTM).All chemicals
and anhydrous solvents were purchased from Sigma-Aldrich.
Compounds 8-16 (Tables 1 and 3) were synthesized according
to previously describedmethodology.35 The novel PBD-imineC2-
quinolinyl (14k-l) and C2-styryl (16a-e) compounds reported
here were synthesized as part of this study and purified accord-
ingly. All compounds used in the biophysical and biological
evaluations were >95% pure as determined by previously de-
scribed HPLC methodology.35 Analytical data for these com-
pounds are collected in Supporting Information.

Figure 5. Left: 14l inhibits the growth of HCT-116 tumors in nude mice. Randomized HCT-116 tumor-bearing mice were injected iv with
either a single bolus injection of 300 μg/kg or daily 120 μg/kg injections for 5 days. The change in tumor volume at each time point was
determined for each animal (as tumor volume relative to tumor volume at the beginning of treatment- day 1). The line graphs show the mean
relative tumor volumes for the animals in each treatment group. Asterisks depict the statistical significance of the differences between the
control group and each of the 14l treatment groups (using Student’s t-test). Right: Animal weights are provided as percentage change relative to
animal weights at day 1. Error bars in both panels represent standard error.
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Synthesis of the Fully Saturated C-Ring C2-Aryl PBD Imine
(27). (S)-Benzyl 2-((tert-Butyldimethylsilyloxy)methyl)-4-oxo-
pyrrolidine-1-carboxylate (18). TEMPO (0.1 g, 0.68 mmol, 0.1
equiv) and BAIB (2.43 g, 7.53 mmol, 1.1 equiv) were added to a
solution of Cbz-protected amine alcohol 1739 (2.5 g, 6.84 mmol,
1.0 equiv) in CH2Cl2 (50 mL), and the mixture stirred for 2 h
when TLC (EtOAc/hexane 1:1) indicated complete consump-
tion of starting material. The reaction mixture was diluted with
CH2Cl2 (100 mL) and washed with saturated aqueous Na2S2O3

(60 mL). The aqueous layer was extracted with CH2Cl2 (2 � 50
mL), and the combined organic layer was washed with brine (50
mL) and dried over MgSO4. Removal of excess solvent under
reduced pressure afforded a solid that was purified by flash
column chromatography (EtOAc/hexane 3:7 v/v) to afford 18

(1.2 g, 48%). 1H NMR (CDCl3) rotamers: δ -0.02-0.06 (m, 6
H, Si(CH3)2), 0.83 (s, 9 H, C(CH3)3), 2.45 (d, 1 H, J= 17.9 Hz,
H1), 2.67 (m, 1 H, H1), 3.56 (d, 1 H, J=10.3 Hz, H3), 3.74 (d, 1
H, J = 18.4 Hz, H11), 3.72-4.07 (m, 2 H, H3 and H11),
4.39-4.48 (m, 1 H, H11a), 5.18 (s, 2 H, CH2-CBz), 7.33-
7.39 (m, 5 H, Ar-CBz). 13C NMR (CDCl3): δ 209.9 (C2), 154.4
(NCdO), 136.4 (Ar-CBz), 127.9-128.5 (Ar-CBz), 67.3 (C11),
64.9 (CH2-CBz), 55.8 (C11a), 53.7 (C3), 40.1 (C1), 25.7
(C(CH3)3), 18.0 (Cquat), -5.8 (SiCH3)2).

(S)-Benzyl 2-((tert-Butyldimethylsilyloxy)methyl)-4-(trifluo-
romethylsulfonyloxy)-2,5-dihydro-1H-pyrrole-1-carboxylate (19).
A cold (-78 �C) solution of ketone 18 (800 mg, 2.20 mmol, 1.0
equiv) in THF (20 mL) was added slowly to a stirred solution of
sodium bis(trimethylsilyl)amide (2.4 mL, 2.4 mmol, 1.1 equiv) in
THF (20mL) at-78 �C.After 1 h, a cold (-20 �C) solution ofN,
N-bis(trifluoromethanesulfonyl)anilide (0.96 g, 2.4 mmol, 1.1
equiv) in THF (20 mL) was cannulated into the flask and the
reaction mixture was allowed to warm slowly to room tempera-
ture. After 4 h, TLC (EtOAc/hexane 3:7 v/v) indicated complete
consumption of starting material. The excess solvent was then
removedunder reducedpressure, and the residuewas subjected to
flash chromatography purification (EtOAc/hexane 1:9 v/v) to
afford the enol-triflate 19 (1.0 g, 2.02 mmol, 91%). [R]21D =
-0.25� (c=0.18, CHCl3). IR (film, νmax/cm

-1): 1716, 1429, 1328,
1219, 1140, 837. 1HNMR(CDCl3) rotamers:δ-0.04-0.02 (m, 6
H, Si(CH3)2), 0.86 (s, 9 H, C(CH3)3), 3.66-3.88 (m, 2 H, H11),
4.20-4.41 (m, 2 H, H3), 4.61-4.69 (m, 1 H, H11a), 5.18 (s, 2 H,
CH2-CBz), 5.74 (d, 1 H, J = 8.4 Hz, H1), 7.31-7.40 (m, 5 H,
Ar-CBz). 13C NMR (CDCl3) rotamers: δ 154.1 (NCO-CBz),
143.5 (C2), 139.2 (Ar-CBz), 128.1-128.6 (Ar-CBz), 115.2 (C1),
118.5 (q, J=256 Hz from 13C19F3 coupling, CF3), 67.3 (CH2-
CBz), 63.6 (C11), 62.6 (C11a), 50.1 (C3), 25.7 (C(CH3)3), 18.1
(Cquat), -5.6 (SiCH3)2).

(S)-Benzyl 2-((tert-Butyldimethylsilyloxy)methyl)-4-(4-meth-

oxyphenyl)-2,5-dihydro-1H-pyrrole-1-carboxylate (20). 4-Meth-
oxyphenylboronic acid (0.37 g, 2.42 mmol, 1.0 equiv) and
Pd(PPh3)4 (0.03 g, 0.024 mmol, 0.01 equiv) were added to a
solution of enol-triflate 19 (1.2 g, 2.42 mmol, 1.0 equiv) in
toluene (50 mL) at room temperature. After stirring for 5 min,
a 2.0 M aqueous solution of Na2CO3 was added to the mixture.
The reaction mixture was stirred at room temperature for 36 h
when TLC (EtOAc/hexane 3:7 v/v) indicated complete con-
sumption of starting material. Excess solvent was removed, and
the residue was dissolved in EtOAc (50 mL), washed with water
(50 mL) and brine (50 mL), and dried over MgSO4. Filtration
and evaporation of solvent afforded the crude product which
was purified by flash column chromatography (hexane/EtOAc
1:9 v/v) to afford 20 as a white glass (0.5 g, 45%). [R]22D =
-0.32� (c = 0.20, CHCl3). IR (film, νmax/cm

-1): 1710, 1609,
1515, 1416, 1257, 1112, 836. 1H NMR (CDCl3) rotamers: δ
0.0-0.07 (m, 6 H, Si(CH3)2), 0.89 (s, 9 H, C(CH3)3), 3.62-4.04
(m, 2 H, H11), 3.82 (s, 3 H, 40-OCH3), 4.45-4.67 (m, 2 H, H3),
4.63-4.79 (m, 1 H, H11a), 5.19-5.29 (m, 2 H, CH2-CBz), 6.09
(d, 1 H, J = 4.4 Hz, H1), 6.89-6.93 (m, 2 H, H30 and H50),
7.30-7.46 (m, 7 H, Ar-CBz, H20 and H60). 13C NMR (CDCl3)
rotamers: δ 159.5 (C40), 154.5 (NCO-CBz), 136.6-137.1

(C10 and Ar-CBz), 125.9-128.5 (C20, C60, and Ar-CBz),
120.5 (C1), 114.0 (C30 and C50), 67.1 (CH2-CBz), 66.3 (C11a),
64.9 (C11), 54.6 (C3), 55.3 (40-OCH3), 25.8 (C(CH3)3), 18.2
(Cquat), -5.4 (SiCH3)2).

(2S,4R)-2-((tert-Butyldimethylsilyloxy)methyl)-4-(4-methoxy-
phenyl)pyrrolidine (21). A catalytic amount of 10% palladium
on carbon (50 mg) was added to a solution of Cbz-protected
compound 20 (0.5 g, 1.10mmol) in absolute EtOH (30mL). The
reactionmixture was hydrogenated under a H2 balloon for 12 h.
When reaction was complete as indicated by TLC (EtOAc/
hexane 15:85 v/v), the reaction mixture was filtered through
celite and excess solvent removed under reduced pressure to
afford the amine 21 (0.36 g, 99%), which was used in the
subsequent reaction without further purification. MS (ESIþ)
m/z (relative intensity): 322.1 ([M þ H]•þ, 8%), 364.2 ([M þ
CH3CN þ H]•þ, 100%).

((2S,4R)-2-((tert-Butyldimethylsilyloxy)methyl)-4-(4-methoxy-
phenyl)pyrrolidin-1-yl)(4,5-dimethoxy-2-nitrophenyl)methanone

(22). EDCI (0.26 g, 1.35 mmol, 1.2 equiv) was added to a stirred
solution of the carboxylic acid (0.31 g, 1.35 mol, 1.2 equiv) in
anhydrous CH2Cl2 (30 mL) under a nitrogen atmosphere at
0 �C. After stirring for 10 min, the mixture was treated with
HOBt (0.18 g, 1.35 mmol, 1.2 equiv) and a few drops of DMF,
and the resulting mixture allowed to warm to room temperature
and stirred for 2 h. The mixture was again cooled to
0 �C and treated dropwise with a solution of amine 21 (0.36 g,
1.12 mmol, 1.0 equiv) in anhydrous CH2Cl2 (10 mL). When
reaction was complete, as indicated by TLC (EtOAc/hexane 1:1
v/v), the reaction mixture was diluted with CH2Cl2 (30 mL),
washed with 1 N HCl (20 mL), saturated aqueous NaHCO3

(20 mL), and brine (20 mL), and then dried (MgSO4), filtered,
and evaporated in vacuo. The title compound 22was purified by
flash column chromatography (EtOAc/hexane 3:7 v/v) to pro-
vide a brown solid (0.44 g, 74%). [R]22D = -0.26� (c = 0.20,
CHCl3). IR (film, νmax/cm

-1): 1644, 1580, 1516, 1429, 1337,
1277. 1H NMR (CDCl3): δ 0.13 (s, 6 H, Si(CH3)2), 0.95 (s, 9 H,
C(CH3)3), 2.26-2.48 (m, 2 H, H1), 3.16-3.40 (m, 3 H, H2 and
H3), 3.76 (s, 3H, 40-OCH3), 3.94 (s, 6H, 7,8-OCH3), 3.90 (br s, 1
H,H11), 4.25 (br s, 1H,H11), 4.47 (br s, 1H,H11a), 6.77 (s, 1H,
H6), 6.80 (d, 2H, J=8.6Hz,H30 andH50), 7.11 (d, 2H, J=8.6
Hz,H20 andH60), 7.67 (s, 1H,H9). 13CNMR(CDCl3) rotamers:
δ 166.5 (C5), 158.6 (C40), 154.1 (C7), 148.8 (C8), 137.6 (C9a),
131.9 (C10), 128.2 (C5a), 128.1 (C20 andC60), 114.0 (C30 andC50),
109.2 (C6), 107.2 (C9), 62.7 (C11), 58.8 (C11a), 57.3 (C3), 56.6,
56.5 (7-OCH3and8-OCH3), 55.3 (4

0-OCH3), 43.2 (C2), 34.5 (C1),
25.8 (C(CH3)3), 18.2 (Cquat), -5.5 (SiCH3)2). MS (ESIþ) m/z
(relative intensity): 531.3 ([M þ H]•þ, 100%).

(2-Amino-4,5-dimethoxyphenyl)((2S,4R)-2-((tert-butyldimethyl-
silyloxy)methyl)-4-(4-methoxyphenyl)pyrrolidin-1-yl)methanone

(23). A catalytic amount of 10% palladium on carbon (25 mg)
was added to a solution of 22 (0.25 g, 0.47 mmol) in absolute
EtOH (30mL). The reaction mixture was hydrogenated under a
H2 balloon for 12 h, and when reaction was complete as
indicated by TLC (EtOAc-hexane 1:1 v/v), the reaction mixture
was filtered through celite and excess solvent removed under
reduced pressure to afford the amine 23 which was used in the
subsequent reactionwithout further purification (170mg, 72%).
[R]18D = -0.10� (c = 0.22, CHCl3). MS (ESIþ) m/z (relative
intensity): 501.3 ([M þ H]•þ,100%) (see Supporting Informa-
tion for IR and NMR data).

Allyl 2-((2S,4R)-2-((tert-Butyldimethylsilyloxy)methyl)-4-(4-
methoxyphenyl)pyrrolidine-1-carbonyl)-4,5-dimethoxyphenylcar-

bamate (24).Pyridine (0.11mL, 1.36mmol, 2.2 equiv)was added
to a stirred solution of the amine 23 (0.31 g, 0.62 mmol, 1.0
equiv) in CH2Cl2 (20 mL) at 0 �C under a N2 atmosphere. The
cooledmixturewas then treated dropwise with a solution of allyl
chloroformate (0.10 mL, 0.93 mmol, 1.5 equiv) in CH2Cl2 (10
mL). After 6 h stirring at room temperature, the mixture was
diluted with CH2Cl2 (30 mL), washed with 1 N HCl (20 mL),
water (20 mL) and brine (20 mL), and then dried (MgSO4),
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filtered, and evaporated in vacuo. The crude residue was pur-
ified by flash chromatography (EtOAc/hexane 2:8 v/v) to afford
the alloc-protected product 24 as a pale orange solid (0.30 g,
82%). MS (ESIþ) m/z (relative intensity): 585.3 ([M þ H]•þ,
100%).

Allyl 2-((2S,4R)-2-(Hydroxymethyl)-4-(4-methoxyphenyl)py-
rrolidine-1-carbonyl)-4,5-dimethoxyphenylcarbamate (25). To a
solution of 24 (0.3 g, 0.51 mmol, 1.0 equiv) in THF (30 mL) at
0 �Cunder aN2 atmosphere, a solution of TBAF (0.61mL of a 1
M solution in THF, 0.61 mmol, 1.2 equiv) was added. The
mixture was allowed to warm to room temperature and stirring
continued for a further 3 h when TLC (EtOAc/hexane 1:1 v/v)
revealed complete consumption of starting material. The excess
solvent was removed, the residue dissolved in EtOAc (30 mL),
and the solutionwashedwith saturated aqueousNH4Cl (10mL)
and brine (10mL), and then dried (MgSO4). Evaporation of the
solvent in vacuo afforded the crude product that was purified by
flash column chromatography (EtOAc/hexane 1:1 v/v) to afford
25 as a white solid (0.23 g, 96%). [R]20D = 0.17� (c = 0.19,
CHCl3). MS (ESIþ) m/z (relative intensity): 471.2 ([M + H]•þ,
70%). (See Supporting Information for IR and NMR data).

(2R,11S,11aS)-Allyl 11-Hydroxy-7,8-dimethoxy-2-(4-methoxy-

phenyl)-5-oxo-2,3,11,11a-tetrahydro-1Hpyrrolo[2,1-c][1,4]benzo-
diazepine-10(5H)-carboxylate (26).BAIB (0.17 g, 0.54mmol, 1.1
equiv) and TEMPO (0.01 g, 0.05mmol, 0.1 equiv) were added to
a solution of the alcohol 25 (0.23 g, 0.49 mmol, 1.0 equiv) in
CH2Cl2 (10 mL), and the mixture stirred at room temperature
for 5 h. When reaction was complete as indicated by TLC
(EtOAc), the mixture was diluted with CH2Cl2 (20 mL) and
washedwith saturatedNa2S2O3 (10mL). The aqueous layer was
extracted with CH2Cl2 (2 � 30 mL) and the combined organic
layer washed with brine (20 mL) and dried (MgSO4). Evapora-
tion in vacuo afforded a solid that was purified by flash column
chromatography (EtOAc/hexane 1:1 v/v) to afford 26 as a white
solid (0.15 g, 65%). [R]D18 = þ0.40� (c = 0.16, CHCl3). IR
(film, νmax/cm

-1): 3351, 1709, 1605, 1516, 756. 1H NMR
(CDCl3): δ 2.11-2.17 (m, 1 H, H1), 2.72 (qu, 1 H, J = 7.4
Hz, H1), 3.27-3.36 (m, 2 H, H2 and H3), 3.62-3.69 (m, 2 H,
H11a and OH), 3.80 (s, 3 H, 40-OCH3), 3.87 (s, 3 H, 7-OCH3),
3.94 (s, 3 H, 8-OCH3), 4.50 (br s, 1 H, CH2-Alloc), 4.55 (dd, 1
H, J = 7.4, 13.9 Hz, H3), 4.69 (dd, 1 H, J = 6.6, 13.9 Hz,
CH2-Alloc), 5.15 (d, 2 H, J=11.8 Hz, CHdCH2-Alloc), 5.73
(br s, 1 H, H11), 5.81 (br s, 1 H, CHdCH2-Alloc), 6.69 (s, 1 H,
H9), 6.88 (d, 2 H, J= 10.1 Hz, H30 and H50), 7.18 (d, 2 H, J=
10.1 Hz, H20 and H60), 7.27 (s, 1 H, H6). 13C NMR (CDCl3): δ
167.3 (C5), 158.7 (C40), 156.0 (CdO-Alloc), 150.8 (C9a), 148.4
(C8), 131.8 (C7 and C10), 128.5 (CHdCH2-Alloc), 128.0 (C20
and C60), 124.8 (C5a), 118.1 (CHdCH2-Alloc), 114.2 (C30 and
C50), 112.3 (C9), 110.8 (C6), 88.0 (C11), 66.8 (CH2-Alloc), 59.7
(C11a), 56.1 (7,8-OCH3), 55.3 (40-OCH3), 51.8 (C3), 42.1 (C2),
38.4 (C1). MS (ESIþ) m/z (relative intensity): 469.2 ([M þ H]þ,
100%).

(2R,11aS)-7,8-Dimethoxy-2-(4-methoxyphenyl)-2,3-dihydro-
1H-pyrrolo[2,1-c][1,4]benzodiazepin-5(11aH)-one (27).A cataly-
tic amount of tetrakis(triphenylphosphine)palladium (3.7 mg,
3.0 μmol, 0.01 equiv) was added to a stirred solution of the alloc-
protected carbinolamine 26 (150 mg, 0.32 mmol, 1.0 equiv) and
pyrrolidine (30 μL, 0.35 mmol, 1.1 equiv) in CH2Cl2 (20 mL).
After stirring for 30 min at room temperature under a N2

atmosphere, TLC (EtOAc) indicated complete consumption
of starting material. The solvent was evaporated in vacuo and
the crude product purified by flash chromatography (EtOAc) to
afford 27 as a colorless glass which was repeatedly evaporated
from CHCl3 in vacuo to provide the imine 27 as a light-
yellow solid (68 mg, 58%). [R]D19 = þ1.76� (c= 0.26, CHCl3).
IR (film, νmax/cm

-1): 1603, 1514, 1434, 1251, 1034, 758. 1H
NMR (CDCl3): δ 2.36-2.45 (m, 1 H, H1β), 2.74-2.83 (m, 1 H,
H1R), 3.39-3.49 (m, 1 H, H2), 3.61 (dd, 1 H, J= 9.2, 12.0 Hz,
H3β), 3.80 (s, 3 H, 40-OCH3), 3.92 (s, 3 H, 7-OCH3), 3.96 (s, 3 H,
8-OCH3), 3.85-4.00 (m, 1H,H11a), 4.34 (dd, 1H, J=7.5, 12.1

Hz, H3R), 6.81 (s, 1 H, H9), 6.89 (d, 2 H, J = 8.6 Hz, H30 and
H50), 7.20 (d, 2 H, J = 8.6 Hz, H20 and H60), 7.54 (s, 1 H, H6),
7.64 (d, 1 H, J=4.1 Hz, H11). 13C NMR (CDCl3): δ 164.8 (C5),
162.7 (C11), 158.8 (C40), 151.5 (C8), 147.7 (C7), 140.8 (C9a), 131.5
(C10), 128.0 (C20 andC60), 119.5 (C5a), 114.1 (C30 andC50), 111.6
(C6), 109.7 (C9), 56.1 (7,8-OCH3), 55.3 (40-OCH3), 54.0 (C11a),
52.6 (C3), 41.4 (C2), 37.7 (C1).MS (ESIþ)m/z (relative intensity):
365.3 ([M - H]•-, 40%).

General Methodology for the Synthesis of C2-Aryl PBD

C11-(Sodium Bisulfite) Adducts. A solution of C2-aryl PBD-
imine (0.06 mmol, 1.0 equiv) in CH2Cl2 (1.0 mL) was added to a
freshly prepared aqueous solution of NaHSO3 (1.0 mL; 0.06
mmol, 1.1 equiv) in a test tube, and the two-phase system was
vigorously stirred for 4 h at room temperature. The work-up
involvedwashingwithCH2Cl2 (3� 1mL)usingaphase-separator
cartridge pre-conditioned with CH2Cl2 (1.0 mL). The organic
layers were removed, and the remaining aqueous solution
lyophilized to afford the bisulfite adducts 28a-f (yield and
analytical data for 28a are provided below; see Supporting
Information for 28b-f) [NOTE 1: The purity of the C2-aryl
bisulfite adducts ranged from 86% to 97% as determined by
previously described HPLCmethodology.35 However, analysis
of LC-MS traces relating to the additional UV-detected peaks
gave molecular ions ([M þ H]•þ) for the corresponding PBD
imines. For example, LC-MS profile [UV-peak (min); (ESIþ)
m/z, relative intensity] for compound 28d (two peaks): 7.02 min;
447.48 (C11-bisulfite: [M - Na þ H]•þ, 100%) and 7.23 min;
365.59 (N10-C11 imine: [M - SO3

-Naþ þ H]•þ, 30%), and
383.56 (C11-carbinolamine ([M + H2O þ H]•þ, 100%). The
same sample showed only the C11(S)-(sodium bisulfite) species
by 1H-NMR (D2O and d6-DMSO). Taken together with the
1H-NMRdata, these results indicate an equilibriumbetween the
imine and bisulfite species. It is probable that the low pH of
the HPLC mobile phase displaced the equilibrium towards the
imine form, which might be expected to be present in non-
detectable amounts in the neutral solutions employed for NMR
analyses]. A more efficient conversion to C11S-(sodium bisul-
phite) adducts can be achieved by vigorously vortexing the
emulsion as fully described in the time-course 1H-NMR experi-
ments in Supporting Information.

Representative Compound. (11S,11aS)-7,8-Dimethoxy-2-(phe-
nyl)-5-oxo-5,10,11,11a-tetrahydro-1H-pyrrolo[2,1-c][1,4]benzodia-
zepine-11-sulfonic Acid Sodium Salt (28a). Yield 79%, 8 mg. 1H
NMR(DMSO):δ 3.26 (ddd, 1H, J=2.04, 10.23, 16.85Hz,H1R),
3.52 (dd, 1H,J=2.51, 17.10Hz,H1β), 3.71 (s, 3H, 7-OCH3), 3.77
(s, 3 H, 8-OCH3), 3.96 (d, 1 H, J=10.36 Hz, H11), 4.32 (td, 1 H,
J=3.70, 10.47Hz,H11a), 5.25 (s, 1H,NH), 6.46 (s, 1H,H9), 7.06
(s, 1 H, H6), 7.21 (t, 1 H, J=7.31Hz, H40), 7.34 (t, 2 H, J=7.56
Hz,H30 andH50), 7.44 (d, 2H J=7.19Hz,H20 andH60), 7.57 (s, 1
H, H3) (see Supporting Information for NMR data of 28b-f).

Biology. K562 Leukemia Cytotoxicity Assay. K562 human
chronic myeloid leukemia cells were maintained in RPMI
medium supplemented with 10% fetal calf serum and 2 mM
glutamine. Then, 190 μL of K562 suspension (104 cells/mL) was
added to each well of columns 2-11 of a 96-well plate, and
190 μL of medium was added to each well of columns 1 and 12.
The compound solution (in 100% DMSO) was serially diluted
across a 96-well plate. Each resulting point was then further
diluted 1/10 into cell culture medium, and each point was added
in triplicate to the cell plate (5% v/v). To cell -ve blanks and
compound-ve control wells, 10%DMSOwas added at 5%v/v.
Assay plates were incubated for 96 h at 37 �C in a humidified
atmosphere containing 5% CO2. Following incubation, 20 μL
of Alamar Blue (1 μM, final concentration) was added to each
well. The plates were then kept for a further 4 h at 37 �C in a
humidified atmosphere containing 5% CO2 and were read at
580-620 nm fluorescence emission using an Envision plate
reader. The data were analyzed using GraphPad Prism, and
the IC50 values were read as the dose required to reduce the final
optical density to 50% of the control value.
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DNA Thermal Denaturation Assay. All compounds were
stored at -20 �C under anhydrous conditions prior to use.
Stock ligand solutions were freshly prepared in HPLC-grade
DMSO, and working solutions were produced by appropriate
dilution in aqueous buffer as required. The protocol used to
determine thermal denaturation temperatures (Tm) for double-
stranded calf thymus DNA and ligand-induced shifts (ΔTm)
has been previously described, together with the analytical proce-
dure.44,46,52 Test compounds were subjected to DNA thermal
melting (denaturation) studies using calf thymus DNA (CT-
DNA, type-I, highly polymerized sodium salt; 42% G þ C
[Sigma]) at a fixed 100 μM (in DNAp, equivalent to 50 μM in base
pairs [bp]) concentration, quantitated using an extinction coeffi-
cient of 6600 (M phosphate)-1 cm-1 at 260 nm. This gives a 1:5
[ligand]/[DNAp] ratio. Solutions were prepared in pH 7.00( 0.01
aqueous buffer containing 10mMNaH2PO4/Na2HPO4 and 1mM
Na2EDTA (allAnalaRgrade).Working assaymixtures containing
CT-DNA and the test compound (0-20 μM, as required) were
incubated at 37.0( 0.1 �C for 0-72 h using aGrant GD120 water
bath. Samples were monitored at 260 nm using a Cary 4000
UV-visible spectrophotometer fitted with a Peltier heating acces-
sory. A precision probe calibrated to(0.01 �C in the-10 toþ120
�C range was used for temperature measurements. Heating was
applied at a rate of 1 �Cmin-1 in the 50-98 �C range, with optical
data sampling at 0.10 �C intervals. A separate experiment was
carried out using buffer alone, and this baseline was subtracted
from eachDNAmelting curve before data treatment. Optical data
were imported into the Origin 5 program (MicroCal Inc., North-
ampton, MA) for analysis. DNA helix f coil transition tempera-
tures (Tm) were determined at the midpoint of the normali-
zed melting profiles. Results for each compound are shown as the
mean ( standard deviation from at least three determinations.
Ligand-induced alterations in DNA melting behavior (ΔTm) are
given by ΔTm = Tm(DNA þ ligand) - Tm(DNA), where the Tm

value determined for native CT-DNA is 67.82( 0.07 �C (averaged
from ∼110 runs). Working solutions with the candidate PBDs
containede0.3%v/vDMSO, andTm resultswere corrected for the
effects of DMSO cosolvent using a previously described linear
correction term determined for calibration mixtures.44,52 For ki-
netic experiments, working solutions of DNA-PBD mixtures at
the fixed5:1molar ratiowere incubatedat 37 �Candevaluatedafter
fixed time intervals of 0 (i.e., no incubation), 4 and 18 h. Data were
also acquired after incubation for 72 h (not shown).

Molecular Modeling. Molecular modeling studies were per-
formed on a representative set of complexes built using the 9-
mer DNA duplex of sequence d(50-CGCAGACGC-30).d(50-
GCGTCTGCG-30) (Figure 4A) in canonical B-DNA form.
Structures for compounds 8, 12b, 13a, and 14l were built using
the HYPERCHEM package (Hyper Inc.), with point-centered
charges calculated by a reparameterized version of the AM1
semiempirical method, as implemented in HYPERCHEM.
Complexes were built with a covalent bond to the N2 atom of
the central guanine nucleotide on the first strand and were
initially subjected to molecular-mechanics minimization using
the AMBER9953 force field as implemented in HYPERCHEM
and a distance-dependent dielectric constant. Sodium counter-
ionswere then added to each complex, whichwere then placed in
a TIP3P water box54 that extended ∼10 Å from the complex,
and further minimizations were performed until a gradient of
<0.1 kcal Å-1 mol-1 was reached.Molecular dynamics simula-
tions were then performed under these explicit solvent condi-
tions, with a production run of 5 ns for each complex, during
which the total energy was judged to have reached stability.
A final round of molecular mechanics minimization was per-
formed on each complex at the end of the dynamics, and the
resulting relative energies qualitatively compared with reference
to the unsubstituted 2-phenyl compound 8.

Preliminary energyminimization studies with the 14l complex
were carried out as follows. The 6-quinolinyl substituted ligand
(14l) was constructed and minimized using the ChemBioOffice

suite of programs (CambridgeSoft), exporting to a PDB format
for subsequent conversion to a mol2 format for AMBER using
the “antechamber” routine. Gasteiger charges were used, and
missing parameters added bymeans of the “parmchk” program.
Covalent binding of each ligand to the C2-NH2 functional
group of the guanine residue of DNA was performed graphi-
cally usingAMBER“Xleap” utilizing “parm99” and the general
Amber force field parameters53,55,56 (gaff), maintaining the (S)-
configuration at the C11-position of the central PBD ring at the
point of attachment to the guanine N2-position. DNA/ligand
constructs were exported for subsequent minimization using
“Sander” during which the DNA alone was initially restrained
with a high force constant, allowing the ligand to adjust to the
DNA environment. Further minimization steps were performed
while gradually reducing the restraints to zero. The generalized
Born/surface area (GB/SA) implicit solvent model was used
with monovalent electrostatic ion screening simulated with
SALTCON set to 0.2 M. A long-range nonbonded cutoff of
100 Å was used. To examine the sequence variations of the
genomic DNAwhich would be encountered by the ligand in calf
thymus DNA (1:1 adduct), all 16 possible permutations of the
two bases upstream of the covalent bond in the guanine of d(50-
TAXXGATT-30).d(50-AATCYYTA-30 were modeled.

Conformational analysis (Figure 4B) with a 14-mer DNA-
(14l)2 adduct [d(5

0-AATCTTTAAAGATT-30)2] was carried out
using a previously established procedure.43 Briefly, the confor-
mational search was carried out using the Monte Carlo multiple
minimum (MCMM)method andAMBER force field implemen-
ted inMacromodel v9.6207.57 Two thousandMCMMsteps were
carried out for each adduct, and the resulting structures analyzed
using XCluster and Maestro v8.5207. The position of water
molecules around theDNA-(14l)2 adduct was also studied using
conformational search. The lowest energy NMR-based structure
of the C2-(2-naphthyl) PDB adduct (PDB entry 2k4l) was used as
a starting structure for the 1:2 adduct by substituting the relevant
C atom on the naphthyl ring with a N atom. The initial structure
was solvated using the soak command in the Impact v5.208
software, and the solvated system was subjected to 2000 steps
of conformational search as described above.

In Vivo Human Tumour Xenograft Studies. Human tumor
xenograft experiments were carried out under a project license
issued by the UK Home Office, and UKCCCR guidelines were
followed rigorously.58 HCT 116 cells (107 cells) were injected
subcutaneously into the flank of female nu/nu-BALB/c athymic
nude mice. Treatment started when xenografts reached 50-100
mm3. 14lwas prepared in a vehicle of 1%DMSO/saline solution,
and control mice were injected with the vehicle only. Animals
received 14l intravenously (iv) at 300 μg/kg as a single dose or
120 μg/kg/d day for five days based on the dosing schedule
defined for SJG-136 by Alley and co-workers.24 Weights were
monitored daily from the start of treatment (i.e., day 1) to the end
of study (i.e., 12 days). Xenografts tumors weremeasured 3 times
a week, and tumor volumes were calculated from calliper mea-
surements as width2� length/2. Relative tumor volumes (RTVs)
were calculated for each tumor by dividing the tumor volume at a
specific number of days after the start of treatment by the tumor
volume at the start of treatment (day 1) multiplied by 100%.
Results are mean ( SE from 5-10 experiments.
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