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A series of 2,4-dinitrobenzamide mustards were prepared from 5-chloro-2,4-dinitrobenzoic acid or the
corresponding 5-dimesylate mustard as potential prodrugs for gene-directed enzyme prodrug therapy (GDEPT)
with the E. coli nfsBnitroreductase (NTR). The compounds, including 32 new examples, were evaluated in
four pairs of NTRV¢~e cell lines for selective cytotoxicity (16 and 1G ratios), in multicellular layer

(MCL) cultures for bystander effects, and for in vivo activity against tumors grown from stably NTR
transfected EMT6 and WiDr cells in nude mice. Multivariate regression analysis of tgeds€lilts was
undertaken using a partial least-squares projection to latent structures model. T NA&S, cytotoxicity
correlated positively with logP, negatively with hydrogen bond acceptors (HA) and donors (HD) in the
amide side chain, and positively with the reactivity of the less-reactive leaving group of the mustard function,
likely reflecting toxicity due to DNA monoadducts. Potency and selectivity for N'FRnes was increased

by logP and HD, decreased by HA, and was positively correlated with the leaving group efficiency of the
more-reactive group, likely reflecting DNA crosslinking. NTR selectivity was greatest for asymmetric chloro/
mesylate and bromo/mesylate mustards. Bystander effects in the MCL assay also correlated positively with
logP and negatively with leaving group reactivity, presumably reflecting the transcellular diffusion/reaction
properties of the activated metabolites. A total of 18 of 22 mustards showed equal or greater bystander
efficiencies in MCLs than the aziridinylbenzamide CB 1954, which is currently in clinical trial for NTR-
GDEPT. The dibromo and bromomesylate mustards were surprisingly well tolerated in mice. High MTD/
ICso (NTR™®) ratios translated into curative activity of several compounds against'®MTtRmors. A
bromomesylate mustard showed superior activity against WiDr tumors grown from 1:9 mixtures 6fNTR

and NTRe cells, indicating a strong bystander effect in vivo.

Introduction therapy. A phase | clinical trial of has been reported,and

Nitroaromatic compounds are an attractive motif as prodrugs IS combination with NTR-expressing adenovirus in GDEPT

for gene-directed enzyme prodrug therapy (GDEPT) in conjunc- Protocols is under clinical evaluation. _

tion with nitroreductase (NTR) enzymes, because there is a very 1 ne ability of the NTR metabolites dfto provide a bystander
large difference in electronic properties induced by the reduction effect and thEW.aCtIVIty against noncycling tumor cBlimakes

of an aromatic nitro groupof, +0.78) to the corresponding this an attractive GDEPT prodrug. Howevet, has some
hydroxylamine ¢, —0.32) or amine ¢, —0.66). This large significant liabilities, including low aqueous solubility and low
change provides a robust “electronic switch” for prodrug PlasmaAUC values achievable in humahghe reported dose-
activation’? The NTR most widely explored for GDEPT limiting toxicities in humans are gastrointestinal and hep#tic,
purposes is the product of ti& coli nfsBgene, which codes the latter possibly related to reduction by endogenous NTRs in
for an oxygen-insensitive NTRNTR reduces a range of nitro human livert3 In addition, the modest kinetics of the reduction

compounds to the corresponding hydroxylamines, including the ©f 1 byONTR14 and the limited bystander effect in 3D tumor
prodrug 5-aziridinyl-2,4-dinitrobenzamide(CB 1954)*5 The modeld® suggest room for improvement. We recently repdfted

latter is reduced by NTR to an equal mixture of the 2- and @ structure-activity relationship (SAR) study of analogues of
4-hydroxylamines, and the 4-hydroxylamir® {s then further 1, which showed the acceptability of solubilizing substituents
activated by formation of-acetoxy derivatives to form a DNA off the carboxamide side chain. Some basic side chains provided
interstrand crosslinking agehThis was originally considered ~ greater selectivity tha for NTR™* cells, and the 2-aziridinyl-

to be the major cytotoxic metabolite froin However, recent  3,5-dinitrobenzamide regioisomer class (exemplifie@pgiso
studies demonstrate that the corresponding 2- and 4-amines arénowed high cytotoxic selectivity in NTR-transfected cell lines,
the major end metabolites in tumor cells and suggest that the@lthough with reduced potency. However, these aziridinylben-
cytotoxic 2-amino metabolite may be the main mediator of Zamide analogues generally showed weaker bystander effects
“bystander” effects (killing of adjoining non-NTR-expressing thanlln_wtro and inferior therapeutic activity tbagainst NTR-
cells via local diffusion of active metabolitesRystander killing expressing tumors. . .
by 1 is an important facet of its use in GDEPTL because Earlier work showed that replacement of the aziridine unit
this has the potential to compensate for the nonuniform Of 1 with a mustard group was also acceptable for reductive

distribution of prodrug-activating enzymes delivered by gene activation by NTR. In fact, the corresponding chloromustérd
(SN 23862), originally studied as a hypoxia-activated prodfug,

*To whom correspondence should be addressed. Tel.: 64 9-3737-599Was su.p.erior td as an NTR substrate, with a 4-f0|d highex;
x86144. Fax: 64 9-3737-502. E-mail: b.denny@auckland.ac.nz. for purified enzymé&’ and 2-3-fold faster reduction by NTR-
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expressing mammalian cefl@\lthough the 4-nitro group is the
more electron affinic of the two in mustad] as demonstrated
by its preferential reduction by radiolysi$NTR reduces this
compound exclusively at the 2-position to give the correspond-
ing 2-hydroxylaminé;’ with the electron release to the mustard
activating it directly to a cytotoxic DNA crosslinking speciés.
The reduction of only the 2-nitro group dfis consistent with
the crystal structures of and 4 complexed to the reduced
enzyme?® The aziridine unit inl is sufficiently small that the
prodrug can bind in one of the active sites of the homodimeric
enzyme with the 2-nitro stacked above the FMN and, in the
other active site, in an alternative orientation where only the

Atwell et al.

ate @5), bromomesylatesi(, 42) and diiodomustard32) were
prepared from the dimesylate aci®2j (Scheme 3). The
asymmetric mustard38, 39 and43 were formed via selective
mesylate replacement by halogen using lithium or sodium
halides (Scheme 4). Finally, the methylsulfonyl analogi&s

46 and 48 were prepared by broadly similar methods from
appropriate 2- or 4-methylsulfonyl starting materié®&and65,
respectively (Scheme 5).

Results and Discussion

Solubility, Stability, and Lipophilicity. The solubilities and
stabilities of the compounds (in culture medium with 5% fetal
calf serum) were determined by HPLC. LogP valugs¢tanol/
water) were measured as described previdésind used to
trainthe program ACD/LogP v9.0 (Advanced Chemistry Develop-
ment Labs, Inc., Ontario, Canada) using a combination of ACD/
LogP System Training and Accuracy Extender. This was then
used to calculate values for the other compounds. Table 1 shows
that the solubility of the chloromustarlis enhanced (25-
fold) by hydroxylated side chains (compountland9—12) and
generally more substantially (from 7-fold te65-fold) by basic
or acidic side chains (compounds, 14, 17, 20, and21). We
have also shown in the related aziridinylbenzamide s€rthe
usefulness of carboxamide substitutions to increase aqueous solu-

4-nitro group can gain access to the prosthetic group. In contrast,Pility. The dibromo- and diiodomustards showed higher logP

the more bulky mustard id limits the binding orientation in
both sites to the one in which only the 2-nitro group can stack
above the FMN. In NTR-expressing cells, the 2-amb)edther

values (average 0.3 and 0.9 units, respectively) than the corre-
sponding chloro analogues and were also less soluble. The dimesyl-
ates 84 and 35), despite a large decrease in logP compared

than the 2-hydroxylamine is the dominant bystander metabolite With the dichloromustards (average 2.4 units), had broadly

from 4, as demonstrated by bioassay of extracellular medium
and is a more potent cytotoxin than the reduction products of
1.7 The latter study also showed th&thas superior tissue
diffusion properties to the reduced metabolited p€onsistent
with earlier studies demonstrating thdt provides a more
efficient NTR bystander effect thah in multicellular layer
(MCL) cultures?®

For these reasons, we were interested in extending SAR for

the 2,4-dinitrobenzamide mustard class of NTR prodrugs,
exemplified by4, as potential prodrugs for activation By coli
NTR. An earlier stud$* of a small series of 2,4-dinitrobenza-
mide mustards in a V79 chinese hamster fibroblast cell line

similar aqueous solubility. Likewise, the mixed mesylate/halogen
mustards on average had logP values 1.4 units lower than the
corresponding symmetrical halogen mustards but similar solu-
bilities. The chloromustard prodrugs generally had good stability
in culture medium ¥ 90% remaining after 24 h at 3T), while

the other more efficient leaving groups (bromo, iodo, mesylate)
decreased stability significantly, as expected (Table 1).

Antiproliferative Activity In Vitro.  Antiproliferative poten-
cies were evaluated by kgassay, using 18 h drug exposures,
with four pairs of cell lines; the NTR® lines Skov3 (human
ovarian carcinoma), WiDr (human colon carcinoma), %79
(chinese hamster fibroblast transfected with a control vector),

expressing NTR showed that the dibromo- and diiodocarboxa- and EMT6 (mouse mammary carcinoma) and the corresponding

mides @3, 31) had higher potencies thah toward NTR-
expressing cells, but that carboxamide substitution (with 2,3-
dihydroxypropyl; e.g., compoungB) was not favorable. In the

stably NTR-transfected lines Skov3-NTR WiDr-NTR"°,
V79-NTRPU0 and EMT6-NTRU®, To simplify this large dataset,
Table 1 summarizes the geometric mean values across three

present study, we extend both the range of analogues studietbackgrounds (WiDr, Skov3, and EMT6), which showed very

and the panel of NTR-expressing cell lines to explore further

similar SAR, and for the V79 pair which also showed a similar

the SAR between activity and both side chain and leaving group SAR although with relatively high NTR ratios fdrand some

substitution. In addition, we compare bystander efficiency of

of the mesylate mustards (especially the dimesytfe The

the 2,4-dinitrobenzamide mustards in tissue culture models andcomplete set of data can be found in Table S2 in Supporting

tumors in mice.

Chemistry
Compoundd, 8, 11, 14—16, 21, 23, 31, 33, 34, 36, and47

Information, which gives the means and standard errors for the
ICso values in all eight cell lines, together with the ratios of the
ICsp values between the NTRe and NTR™¢ lines.

The chloromustardé—22 explore a wide range of side chains.

have been reported previously and were prepared by the method8roadly, potency against NTRe cells, and NTR selectivity,
reported in the references listed in Table 1. Other variants wereof the carboxamidé was retained in the analogs with mono-,

prepared by the routes outlined in Scheme$1Most involved
conversion of the chloro- or bromo-mustard aciéd, 55) to
the corresponding acid chlorides, followed by reaction with the
appropriate amines (Scheme 1). The must2&land 30 were
prepared from 5-chloro-2,4-dinitrobenzoic acby by initial

di-, or trihydroxy side chains but was reduced by basic or acidic
substituents. The corresponding dibromomust&8s30 and
diiodomustards31—33 were generally more potent in the
NTRvewild-type cells, with the asymmetric halomustaBs-

43 showing intermediate potencies. The dibromomustards and

construction of the carboxamide side chain and subsequentasymmetric bromo/chloro or bromo/mesylate mustards provided

formation of the mustard group (Scheme 2), while the dimesyl-

highest potency against NT® cells, and highest NTR ratios,
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Table 1. Structures and Physicochemical Properties of Nitrobenzamide-5-mustards and Their Antiproliferative Potesciésl(#S) against NTR®
and NTR Ve Cell Lines

SOzMe
CONHR CONHR CONHR

MeO,S

II

/_/
\_\z

I

X X
I}
ICsc?
EMT6, WiDr, and
V79 cells SKOV3 cell$

No Fm X R Sot  Stal LogF® NTR™ve NTR*ve ratid NTR™ve NTR*ve ratid

1 (CB1954) 0.14+ 0.00 374 0.26 2090 92 0.42 249

49 | Cl H 0.75 99 1.52+ 0.02 490 17 42 630 551 133

6 | Cl OH 1.4 91 1.22+ 0.03 51 1.36 42 129 1.41 91

7 | Cl O(CHy),0H 2.1 100 [2.35: 0.57] 750 13 76 708 12.2 58

g Cl (CH).0H 1.0 nd 1.38+ 0.03 312 12 59 780 448 179

9 | Cl (CH2)sOH 4.1 108 1.49 555 7.7 77 592 4.05 153
10 1 Cl CH,CH(OH)CH; 1.2 107 [1.74+ 0.23] 438 21 21 626 7.77 81
11 | Cl CH,CH(OH)CH,OH 2.9 100 0.93 1160 10 135 1122 4.33 275
12 | Cl C(CH2OH)3 1.8 97 [1.63+ 0.76] 1050 13 91 778 265 267
13 1 Cl (CH2)2NH; 9.2 99 [0.052] 462 52 11 210 2.46 103
4 cl (CH2)2NMe;, 35 103 [1.27] 89 81 1.1 98 467 21
15 | Cl (CH2)2N(O)Me, >50 nd [-0.64+ 0.68] 6270 1990 3.0 5972 117 56
16 | Cl (CH2)2Nmorpholide 5.2 100 1.60 201 130 1.6 282 71.6 4.2
17 | cl (CH2)sNmorpholide 22 96  [0.38] 348 105 34 282 492 6.0
18 | Cl (CH2)4Nmorpholide 2.0 91 [0.25] 142 25 5.9 180 11.7 17
19 | Cl (CHy)2Nimidazolide 0.5 94 [0.95] 273 46 6.6 233 489 51
20 | Cl (CH2)sNimidazolide 19 70 [1.79] 174 32 7.4 211 31.1 15
21" | Cl (CH).COH 11 nd [-1.48] 4890 470 9.5 5531 790 7.9
22 | Cl SOMe 17 100 [0.49] 328 237 15 850 215 4.2
23 | Br H 0.04 98 1.97 43 0.18 302 48 0.14 344
24 | Br OH 1.2 69 [1.24] 34 0.2 180 44 0.20 202
25 | Br (CH),0OH 032 76 1.69t 0.01 80 0.43 203 70 0.20 350
26 | Br (CH2)s0H 0.17 83 1.8H0.01 37 0.28 135 64 0.14 483
27 | Br CH2CH(OH)CH,OH 1.7 102 1.25 275 0.34 828 184 0.24 819
28 | Br (CH).COMe 0.28 70 [2.38+ 0.89] 52 1.1 45 87 1.42 70
29 | Br (CH)sNmorpholide 0.86 74 [0.76] 54 13 45 48 5.18 9.9
30 | Br (CH2).COH 8.4 nd F1.10] 148 16 9.2 127 31.4 4.0
319 | | H 0.04 69 241 11 0.2 54 22 0.22 106
32 | | (CH2),0H 0.4 23 [2.41+ 0.21] nd nd nd 28 0.88 32
33 | I CH,CH(OH)CHOH 0.96 90 1.79 114 1.0 100 71 0.38 195
349 | OMs H 053 nd —0.70 536 0.49 1200 101 0.64 209
35 | OMs CH,CH(OH)CH,OH 9.0 54 1.70+ 0.63] 237 16 13 321 12.3 28
36 | Cl/IOMs H 0.84 nd 0.42+ 0.02 504 0.55 1060 300 0.55 662
37 1 Cl/OMs CH,CH(OH)CH,OH 2.1 74 [0.52+ 0.24] nd nd nd 1271 485 318
38 | CI/Br H 0.63 62 1.614+ 0.05 139 0.59 237 172 0.39 525
39 | Br/OMs H 023 71 0.49t 0.02 133 0.11 1260 94 0.13 748
40 | Br/OMs OH 15 48 [-0.20] 97 0.9 112 101 0.88 121
41 | Br/OMs (CH).OH 1.7 70 0.46+ 0.02 633 1.0 620 230 0.46 537
42 | Br/OMs CH,CH(OH)CHOH 1.3 63  —0.05+0.00 733 1.0 1660 860 2.01 451
43 | I/OMs H 020 72 0.74+ 0.02 101 0.29 311 81 0.28 310
44 | OSONHz; H 1.8 95 —0.95+ 0.05 650 0.87 788 663 2.3 309
45 I Cl H 0.06 74 [0.01+ 0.38] >50 >50 nd >50 >50 nd
46 I Cl CH2CH(OH)CH,OH 16 106  [0.93+ 0.40] 843 427 2.3 1767 519 35
47 1 Cl H 0.33 nd [1.024+ 0.77] 767 9.5 73 511 11.5 46
48 1 Br H 0.07 63 1.18+ 0.00 80 0.16 508 50 0.28 213

a Solubility (mM) in a-MEM with 5% fetal calf serum, at ambient temperature, measured by HP¥parent compound remaining, under the conditions
of the solubility test, after holding at 37C for 24 h.¢ P: octanot-water partition coefficient, measured using a shake-flask method at pH 7.4 (errors are
SEM). Values in square brackets are calculated at pH 7.4 using ACD/LOGP (version 9.0), trained with the measured cofi@eyiidd) following 18 h
drug exposure. See Table in Supporting Information for means and SEM for all celldi@esmetric means for WiDr, SKOV3, and EMT6 cells and their
NTR transfectants.Ratio = ICso(NTRV€)/ICso(NTR*V€). The value shown is the intra-experiment ratio and thus may not correspond exactly with the
quotient of the two figures in the previous columA®Ref 21." Ref 16.7 Ref 23.i Compound unstable; up to 30% decomposition during determination.

with many of these compounds showing greater potency and CompoundsA5—48 explore the utility of replacing one of
selectivity thanl in the human cell lines. In particular, the the nitro groups with the nearly equally electron-donating but
dibromomustar@7, Cl/OMs mustard6, Cl/Br mustard38, and more hydrophilic SGMe group. Metabolic studiéd’ have
Br/OMs mustards39 and 41 have submicromolar geometric  shown that reduction of the parent compouiiay NTR occurs
mean 1Gg values against NTR® WiDr, Skov3, and EMT6 cells only at the 2-position (para to the mustard). Consistent with
and mean NTR ratios of at least 500. this, the 2-S@Vle compound#l5 and46 had poor potency in
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aReagents: (i) MsCI/EN; (ii) LiBr; (iii) KOH/MeOH/dioxane/H,0;
(iv) SOCL/DMF, then NHOH; (v) SOCHDMF or (COCIp/DMF/PhH, then
RNH,.

Scheme 2
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aReagents: (i) SO@DMF, then NH(CH,),CO:Me; (ii) HN[(CH2),OH]./
dioxane; (iii) MsCI/EgN/DMF, then LiBr/EtOAc; (i) 1 N NaOH.

Scheme 3
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aReagents: (i) SO@icat. DMF, then NHCH,CH(OH)CHOH or
NH2(CHy)20H; (ii) LiBr/EtOAc; (iii) LiBr/DMF or Nal/MeCN.

the wild-type lines and essentially no selectivity for NTR
cells. In contrast, a previous study of the 4-848 compound

47 showed that it retained some activity in a cellular assay

employing externally added NTR enzyrflas well as with
endogenously expressed enzythés expected, botk7 and

its bromo analogud8 retained potency and NTR selectivity.

Atwell et al.

Scheme 4
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aReagents: (i) HN(CRCH,CI)./i-Pr,NEt/dioxane; (i) SOG/DMF, then
NH2CH,CH(OH)CHOH/Me,CO/H,0; (iii) LiBr/DMF.

Partial Least-Squares Projection to Latent Structures
(PLS) Modeling of Cytotoxicity. To identify the dominant
physicochemical parameters determining in vitro cytotoxicity
and selectivity, QSAR of the potency and NTR ratio was
undertaken on all four cell lines pairs simultaneously. We used
a multivariate regression approach (partial least-squares projec-
tion to latent structures; PLS), which was implemented in the
SIMCA-P package. Inspection of the loading and score plots
(Figure S1 and explanation of statistical parameters; see
Supporting Information) confirmed that the QSAR was similar
across the four cell line pairs and that simultaneous modeling
was justified as illustrated for both NT®R and NTR™¢ cells
as well as their NTR ratios in Figure S1. The model predicted
NTR ratios in the order EMT& Skov3> WiDr ~ V79 (Figure
S3; Supporting Information), in reasonable agreement with
measured NTR activity in these cell lines (EMT6-NFR >
Skov3-NTR®° > WiDr-NTR"™° > V79-NTRPU15 Figure 1
shows the regression coefficients for each parameter for the PLS
models describing 16 values in NTR'e (Model 1) and NTRVe
cell lines (Model 2), and for their ratio (Model 3) using the cell
line pair WiDr/WiDr-NTR"° as example.

(a) Cytotoxicity in the Wild-Type (NTR ~v¢) Cell Lines.

The PLS modeling identified three significant principal com-
ponents (PCs) that explained 78.5%8)(of the overall variability
in the 1Gses with a cross-validate@? of 57.7% (Model 1). A
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Figure 1. Regression coefficients of the physicochemical paramek¥data) in PLS Models 1, 2, and 3 used to modeol(Y data) in WiDr

wild-type (NTR™¢, Model 1), WiDr-NTR° (NTR*'¢; Model 2), and the ratio of I§ values ¥ data) in WiDr/WiDr-NTR*®° (NTR ratio; Model 3).

The regression coefficients relate to scaled and centédata and scale¥ data. The value of the coefficient indicates the change in the modeled

Y data when the physicochemical parameter changes from 0 to 1 in standard deviations, while keeping the other parameters constant at their

average value.

comparison of the model results with the experimental values charge being involved. Most likely, this is the aziridinium
are presented for the WiDr wild-type cell line (NTR) in intermediate formed during they$ reaction of one of the
Figure S2 (see Supporting Information). Missing and off-scale mustard arms, with sigma(Re} reflecting the degree of
values for7, 32, and 37 were also estimated. The regression stabilization by the remaining leaving group. Cytotoxicity also
coefficients of Model 1 are summarized in Table S3 (see correlated positively with the efficiency of the leaving group,
Supporting Information). as described by the nucleofugality paramete).{

As demonstrated in Figure 1, compounds with a higher overall  For the asymmetric halomesylate mustards, the less efficient
logP were more cytotoxic with the main contribution coming leaving group had a larger influence on cytotoxicity in the PLS
from the side chainmr value and minor contributions from the  model; this was consistent across all physicochemical parameters

mustard leaving groups. Thus, the low potencyNedxide 15 used to describe the leaving groups. A possible explanation for
is consistent with its very low side chaim value (~3.84), this is that the mustard group is activated in the NTRcell
whereas the very lipophilic diiodomustard¥l{-33) were the lines primarily by reduction of the 4-nitro group, which is the

most cytotoxic. Side chain ionization (either acidic or basic) most electron-affinié® The resulting hydroxylamine or amine
also contributed to increased cytotoxic potency, as demonstratedcan then react intramolecularly to form the relatively nontoxic
by the negative correlation between acidic and bakig and tetrahydroquinoxaline 4@).1® This is the major metabolite
ICso (Figure 1). In contrast, side chain size and electronic formed from4 under both aerobic and hypoxic conditions in
property has little influence on kg while H-bond donating or ~ the human non small cell lung cancer line (A5%3nd is seen
accepting groups in the side chain correlated with decreasedin the plasma of mice treated with?® The alkylating reactivity
potency. of the tetrahydroquinoxaline metabolites will be determined by
To understand the influence of the mustard group on the nucleofugality of the second leaving group, which is
cytotoxicity in the parental cell lines, the two leaving groups consistent with the observed QSAR in NTR cells. This, in
were treated separately. The steric parameters molar volumeturn, argues that aerobic cytotoxicity of the dinitrobenzamide
(MV) and molar refractivity (MR) correlated positively with ~ mustards in aerobic tumor cells is due primarily to nitroreduction
cytotoxic potency. The electronic parameters sigma(meta) andortho to the mustard and monoalkylation of DNA, rather than
sigma(Res-) had a large negative effect on thes}(Ji.e., DNA crosslinking or futile redox cycling leading to reactive
electron withdrawing groups increased potency), while other oxygen species.
Hammett sigma constants did not. The correlation with sigma-  (b) Cytotoxicity in the NTR-Transfected (NTR*v€¢) Cell
(Rest) is of particular significance because it points to a cationic Lines. PLS modeling, using the same physicochemical descrip-



1202 Journal of Medicinal Chemistry, 2007, Vol. 50, No. 6 Atwell et al.

tors, was also applied to the 4gvalues obtained in the NTRe neutral methylsulfonyl side chair2?), and halogen mustard
cell lines. Compound6was excluded from the data set because groups; one with neutral side chains and halogen mustard
the replacement of the 2-nitro group by the isoelectronig-SO groups; one with neutral side chains and mixed chloro- and
Me effectively makes this a nonsubstrate for NTRgain, three bromomesylates, plus the three neutral diiodomustards; and a
significant PCs explained 79.8%9) of the overall variability fourth with the mesylates3@, 35), sulfamoyl analogue4d),

in the 1Gses with a cross-validate@? of 58.5% (Model 2). A and the iodomesyla#3. The two carboxylic acids2(l, 30) and
comparison of the model results with the experimental values the aliphatidN-oxide (15) were in between the first two clusters
are presented for the WiDr-NTR cell line (NTR'v®) in Figure (Figure S1). Overall, NTR ratios correlated positively with logP
S2 (see Supporting Information). The regression coefficients and side chain HD but negatively with charged side chains
of Model 2 are summarized in Table S3 (see Supporting (especially basic ones) and HA (Figure 1). For the mustard arms,
Information). A much stronger clustering was observed than the preferred combination was a mixed chloromesylate, with
with the wild-type lines, with the halogen mustards in one selectivity favored by a hydrophilic leaving group with high
cluster, the dimesylate84, 35) and disulfamate4d) in another, combined with a smaller more lipophilic leaving group of lower
and the mixed halomesylate36( 37, 39—43) in a third cluster . The two most potent compounds in WiDr-NTR(36, 39)
located between the first two (Figure S1). Nevertheless, becausavere also predicted to be the most selective by Model 3; in the
of the limited numbers in two of the three clusters, all other three cell lines they were also among the most selective
compounds were analyzed simultaneously. As for the parentalcompounds.

lines, the aciq21 was poorly predicted in three out of the four The second approach (again excludiyused a hierarchical
NTR-expressing cell lines (Skov3-NTR, WIDr-NTR™ and  top model based on the scores of the PLS models (base Models
EMTE-NTRP), likely due to poor cellular uptake as it showed 1 and 2) for the parental and NTR-expressing cell lines. This
good activation with purified NTR? N-oxide15was a moderate 550 resulted in two components, which explained 76.88 (
outlier in V79-NTRvcells; it is not a substrate for the purified  of the overall variability in the NTR ratios with a cross-validated
enzymé’ and is one of the least potent mustards in all the NTR- Q2 of 66.5%. This is a considerable improvement compared to

expressing cell lines. the nonhierarchical base model (Model 3), which is most likely
As in the NTR ¢ study, the most influential physicochemical  due to the fact that noise (e.g., experimental variation) unrelated
parameter correlating positively with cytotoxicity in NTR to the respective 165 values was filtered out. As expected, the

cell lines was logP, with lipophilicity of both the side chain results obtained with both models were similg? & 0.911 for
and second (less efficient) leaving group contributing (Figure WiDr/WiDr-NTR"€9),
1). lonisable side chains appeared to have little effect, in contrast Cytotoxicity and Bystander Effects in MCL Cultures. The
to their positive contribution to potency in NTR cells. This utility of NTR prodrugs in GDEPT depends not only on their
is consistent with loss of ser_lsitivity_ to reduction by NTR, as getivation and cytotoxicity in NTR cells, but also on their
demonstrated fofl4 and 16 with purified enzyme.’” H-bond  apility to penetrate through the extravascular compartment and
donation properties correlated positively and H-bond accepting o, the |ocal diffusion of activated drug metabolites to generate
properties correlated negatively with potency in NTRcells. a bystander effect. These requirements were evaluated using
There_was_a weak_tendency for compounds with larger electron-;c|s, which are a 3D cell culture model we have previously
donating side chains to be less potent. validated for measurement of bystander effects lofind
Larger leaving groups on the mustard, with larger sigma- dinitrobenzamide mustardd®27In these experiments, MCL co-
(meta) and sigma(Re9 properties, resulted in higher potency cultures comprising 3% V79-NTR© cells (“activators”) and
in the NTR™e cell lines. In contrast to NTR® cells, the 97% V7942 cells (NTR Ve “targets” carrying a ouabain resis-
nucleofugality () of the first (more efficient) leaving group  tance gene) were exposed to prodrugs $oh and then
was more influential than the second (Figure 1). The likely dissociated with trypsin and plated in selective media to quantify
reasons is that the major route of activation in NTReells is clonogenic survivors from both subpopulations. From the
via reduction at the 2-nitro group, as reported 4¢F'’ where nondrug-treated controls, the proportion of puromycin-resistant
there is no opportunity for internal cyclization, leaving both arms  activator cells in the co-cultures averaged 2.9% (SD 1.1%) in
of the mustard available to form cytotoxic DNA cross-links.  this series of experiments. The concentration giving a surviving
The 2-amine §) of 4 has been reported to be much more fraction of 10% (Go) was determined for the activators and
cytotoxic than the parent compound due to its ability to form the targets in the co-culturesd and Tc, respectively) and for
such cross-link$?19 targets grown without activatorsT These parameters are
(c) Ratios of ICsg Values in NTR*V¢/NTR Ve Cell Lines summarized forl and for 22 different 2,4-dinitrobenzamide-
(NTR Ratio). These ratios, representing the potential selectivity 5-mustards in Table 2. All of the compounds showed high ratios
of the compounds as GDEPT prodrugs, were also modeled usingof T/Ac (>10), confirming that they are good NTR prodrugs,
PLS. Two approaches were followed. The first used the samewith the exception of the morpholides, which showed little
approach, as described above (again excludBgand resulted differential between NTR®¢ and NTR Ve V79 cells in 3D MCL
in two PCs that explained 70.9%9) of the overall variability cultures as in the 165 assay.
in the NTR ratios with a cross-validategf of 48.3% (Model The cytotoxic potency of the compounds against V79-RFFR
3). This is slightly less than that obtained with the PLS Models cells in the MCLs showed a strong correlation withd@alues
1 and 2 for the individual I6p values, likely due to the  against the same cell line in monolayer culture (Figure 2A).
experimental noise contained in both. A comparison of the This suggests that there are no large differences in the ability
model results with the experimental values for the NTR ratio of the mustards to penetrate these multicellular structures.
of the cell line pair WiDr/WiDr-NTR®°are presented in Figure  However, it is noteworthy that the compounds with greatest
S2. The regression coefficients of Model 3 are summarized in potency in MCLs relative to the Kzassay (i.e., that lie furthest
Table S3 (see Supporting Information). below the regression line in Figure 2A) are the very lipophilic
In this PLS model, four main clusters could be distin- 4, 31, and38, while the compounds that are less potent in MCLs
guished: one comprised compounds with basic side chains, thethan expected from their Bgvalues 27 and42) have relatively
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reactivity (Cl < Br < I) at equivalent lipophilicity, as a result
of reaction of the corresponding activated metabolites during

cmpd AP (uM) & (uM) Td (uM) diffusion.
1e 23+ 3(3) 173+ 27 (3) 1400+ 180 (4) The oxygen-linked leaving groups (mesylate and sulfamoyl-
4e 98+ 27 120+ 20 >1000 ate) gave hydrophilic compounds with low bystander effects,
6 43 >300 >1400 although the mixed halomesylate mustar8s, (39, and 43,
& o= 20 ~,2000 ivel idedAJ/Tc values (0.16, 0.2, and 0.35
o 05 150 3300 respective y) provi edAd c values .( .16, 0.2, an .35,
11¢ 95+ 20 510+ 0 3500 respectively) at least as high &sThe high NTR ratios of these
16 1500 3000 3500 three compounds in the dgpanel, coupled with their encourag-
gge gg ‘1‘76 zgg ing bystander effects, suggested that evaluation against NTR-
o6 3 7 100 expressing tumors should extend to these relatively hydrophilic
27 18+ 4 98+ 22 675+ 25 analogs.
gf é-gS io >1§(2) PLS-Based QSAR Analysis of MCL Data.PLS was also
o 155405 411 YA 40 applied to fit theI bystar_lderr(lefflmenc%ﬁ/T(_; ratlk?s) forlthe 22_
30 13 152 2300 mustards in Table 2, using the same physicochemical descriptors
36 5.3 33 >1000 as above. PLS modeling of the bystander efficiergyTc ratio)
38 3.4 8.2 >300 resulted in two PCsRZ = 86.8% andQ? = 68.5%; Model 4;
39 2 10 >250 Figure S2). The most influential parameters positively correlat-
42 70+ 20 >1300 >1300 - N - s
43 42 12 =200 ing with high bystander efficiency were the hydrophobicity (
44 95 800 >1800 of the side chain and mustard leaving groups (L&1.G2)
47 160 >300 >1000 that contribute to overall lipophilicity, while size and hydrogen
48 5.5 16 >100

bonding ability of the side chain and steric factors of the leaving

aMCLs grown from V79Ua(NTR® targets) alone, or mixtures of 3%  groups (LG1> LG2) were negatively correlated (Table S3 and
V79-NTRPU°(NTR* e activators) and 97% targets, were exposed to prodrugs Figure S1). In addition, both the electronic and the nucleofu-
at a range of concentrationsrfg h under 95% @5% CQ; (to suppress gality parameters indicated that higher leaving group reactivity,

any bioreductive metabolism by endogenous one-electron reductases unde : ) : -
hypoxia). Clonogenic survival of both populations was determined by plating amCUIarly of the more-reactive one, resulted in lower byStander

in selective media containing ouabain or puromycin, and the concentration efﬁCienCy.- This suggests that smaller, more I.ipophilic com-
providing 10% survival (§) was estimated by interpolation. Values are  pounds give a better bystander effect due their increased ability
mean SEM or range for the number of experiments shown in parentheses. tg diffuse (i.e., to cross the lipid cell membrane), but that there

Cuo for activators in co-cultures. Cyo for targets in co-cultures. Cso for are limits on the reactivity of the metabolites to ensure that they
targets in MCLs grown from target cells onlyA. and T; values reported ..
in ref 10. can efficiently reach the target cells.

Activity against NTR-Expressing Tumors. A diverse series

hydrophilic diol carboxamide side chains. This suggests that Of compounds (essentially the set investigated for transport in

extravascular penetration of the prodrugs becomes less efficienthe MCL assay) was selected for evaluation in mice. These
at low logP values. included representative dibromomustards and mixed mustards

The magnitude of bystander effects was assessed by deter? ith high_ potency and selectivity_for NTR-exp_re_ssi_ng (_;eII lines,
mining how effectively the presence of activator cells shifted ggtcﬂl‘c‘;gxﬂﬁggdgovc?&oggﬂimti: le:i’g 2ﬁg\|/:g g]n\élt{f?é s#]g?_
the survival curve for target cells toward that of the activators 9

themselves. A typical experiment, with the bromomesylate pholide 16. The in vivo parameters, including maximum
mustard39, is illustrated in Figure 2B. This shows that MCLs tolerated dose (MTD) and activity against NTR-expressing

comprising 100% target cells have aoQyreater than the EMT6 and WiDr tumors in CD-1 nude mice, are summarized

R . ) in Table 3.
solubility limit (T > 250uM), while targets in MCL co-cultures MTDs were determined after sinale i.n. d mainl in
are much more sensitivdd = 10 uM). The latter Go value S Were dete ed after singe 1.p. doses, mainly using

was only 5-fold higher than that for the activators themselves formulations containing dimethylsulfoxide (DMSO) or dim-
- y g . . ethylacetamide (DMA)/polyethylene glycol 400 (PEG)/water
(Ac = 2 uM) despite the activators representing only 2.1% of . - : .
L mixtures. During the study it was found that the toxicity of some
the cells in this group of MCLs.

compounds was higher when administered in DMSO/PEG/water
The magnitude of the bystander effect for each compound than in neat DMSO, as illustrated f@3 and 48 in Table 3.
was compared using the rathe/Tc, which assumes a value of  pegpite this complicating factor, there were clearly large
unity when the target cells become as sensitive as the activatorsjifferences in toxicity within the series; even restricting the
in the co-cultures. Notably, for 18 of the 22 nitrogen mustards comparison to compounds tested in DMSO alone, there was a
investigated, theAc/Tc ratio was higher than fot (Ad/Tc = 10-fold range of MTD values. Several analogs with reactive
0.14). As reported previously for a subset of the dichloromus- bromo and/or mesylate leaving groups (e.g., the dibromo analogs
tardsl® there was a relationship between the magnitude of the 23 and 26 and bromomesylat&9) were surprisingly well
bystander effect (ATc ratio) and logP of the prodrugs, as tolerated despite their high cytotoxic potency against NER
illustrated in Figure 2C. This presumably reflects an underlying cell lines in vitro relative to the corresponding dichloromustards
correlation between the logP of prodrug and active metabolites, (Table 1).
with more efficient transcellular diffusion of the more lipophilic The activity of these compounds was assessed at the MTD
reduction products. However, for this larger compound set it is against NTRVe tumor cells using two assays. Killing of EMT6
possible to discern logP-independent effects of the leaving NTR*e cells in mixed tumors comprising about 95% wild-type
groups on bystander efficiency, as shown by progressive NTR™v¢ EMT6 cells was determined by tumor excision and
displacement of theAc/Tc versus logP plots for the more-  clonogenic assay 18 h after treatment. These experiments used
reactive dibromo- and diiodomustards (Figure 2C). This suggestspuromycin in the plating medium to quantify the surviving
a reduced diffusion range with increasing leaving group NTR™'ecells in the mixture; logarithms of cell kill (LCK) are
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Figure 2. Cytotoxicity and bystander effects of 2,4-dinitrobenzamide-5-mustards in V79 MCL cultures comprising 3% VP92N@IR, following

5 h exposure to the prodrugs. MCLs were grown either from NTR-ve*\#T&rget cells alone or mixtures of 3% NTR V79-NTRPU activator

cells with 97% target cells. (A) Relationship between cytotoxicity against V79™NTBells in monolayer (I6, 18 h exposure) and in MCL
co-cultures (G for activators,Ac, 5 h exposure). Error bars are SEM or range for independent experiments, and the line is the linear regression.
(B) A representative bystander effect experiment, v@¢h®: 100% targets (& value= T). A: activators in co-cultures (@ value= Ac). O:

targets in co-cultures (@@= Tc). (C) Relationship between logP of prodrugs and bystander effect in M@L(ratio). Error bars are SEM for logP

and the range of duplicate experiments £fT. (single determinations were not shown). Lines are linear regressions through the compound sets
defined by the key (excluding the single mixed halogen mus3&jdThe arrow besidd2 indicates that the plotted value is an upper estimate.

reported in Table 3. Activity against tumors grown from WiDr-

value 11,240), while for the set with lower in vivo activitg,

NTR"°cells was assessed by measuring tumor volume changes, 8, 9, 11, 16, 31, 33, and48), this ratio ranged from 10 to
after treatment; median tumor growth delay to reach an endpoint2500 (median 151).

tumor size of 15 mm mean diameter are reported in Table 3

In the WiDr-NTR"™°tumor growth delay assay, the aziridine

along with the numbers of long-term controls (tumors not (1) was used as a positive control in all experiments and
consistently provided a high proportion of complete regressions

palpable 100 days after treatment).

In the EMT6 assay, aziridin& or dichloromustardd was
included as an internal standard in each experiment. Aziridine
1 showed significant activity in 5/5 experiments, with activity
close to or above the sensitivity limit of approximately 3 logs
of kill. The dichloromustard! appeared to be slightly less active,
achieving statistical significance in 3/4 experiments with31

of tumors comprising 100% NTRe cells. Over all experiments
usingl at a dose of 20@mol/kg in 43 mice, 36 tumors were
fully controlled at 106-120 days, while there were four deaths
ascribed to drug toxicity. The 13 dinitrobenzamide mustards
assayed against these tumors provided a wide range of activities;
the morpholidel6 and diiodo derivative81 and 33 showed

little or no activity, while seven compound23 26, 34, 36,

logs of kill. For simplicity, only one representative experiment 39, 43, and 48) were highly active, with frequent long-term

for 1 and4 is shown in Table 3. The morpholidé® was inactive,

tumor control and median growth delays ®80 days. There

consistent with its weak activation by NTR in vitro, and most a5 a strong concordance between the EMT6 and the WiDr
of the other dichloromustards had moderate activity (comparable ymor assays for the compounds assayed in both; these identified

to 4). Very high activity was seen against EMT6-NTR cells,

the same core set of compounds with high activity-8, 26,

beyond the dynamic range of the assay, with the dibromo 34, 36, 39, and48) and the same inactive or marginally active

compound23, 26, and 27, the dimesylate34, and the mixed
mustards36, 38, and39. This subgroup of compounds with the
highest in vivo activity displayed a combination of lowsiC
values against EMT6-NTR™ cells (Table S2 in Supporting
Information) and high MTD values. The ratio MTDAgE
appeared to be predictive of in vivo activity, with value2370
umol/kg/uM for all compounds in this highly active set (median

NTR"€° tumors.

compounds16 and33), while 4 and11 had intermediate activity
in both. Activity in the two models was discordant only for the
diiodomustard31, which provided moderate and significant
activity against EMT6-NTR'™ cells, but not against WiDr-

To compare the efficiency of the bystander effect resulting
from activation by NTR, tumor growth inhibition and cure was
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Table 3. MTDs and Antitumor Activity of 2,4-Dinitrobenzamide-5-mustards against NTR-Expressing Murine (EMT6) and Human (WiDr) Tumors

EMT6 tumor WiDr tumor growth delaly
excision assday 10% NTR"™etumors 100% NTRVe tumors
No vehiclé MTDP LCKd pe GD¢ cured P GD cures p
1 DMA/PEG 200 3.16+ 0.10 <0.05 14 0/6 <0.05 >8a 3/6 <0.001
4 DMA/PEG 200 2.29+ 0.18 <0.05 11 0/6 <0.01 29 217 <0.05
6 DMSCk 133 0.384+ 0.09 NS
8 DMA/PEG 133 >2.02 <0.05
9 DMSO/PEG 178 0.444+0.12 NS
11 DMA/PEG 560 1.49:0.34 <0.05 75 1/5 <0.001
16 Acetaté& 300 0.07+ 0.29 NS 27 1/6 <0.01
23 DMSO >1330 20 217 <0.001 >84 6/7 <0.001
21 1/7 <0.001
DMSO/PEG 562 4,12 0.03 <0.05 >84 5/5 <0.01
26 DMSO 1780 7 1/9 NS
13 0/6 0.001
DMSO/PEG 562 >3.44 <0.05 >83 2/4 <0.001
27 DMSO/PEG 1330 >3.36 <0.05 22 1/5 <0.001
31 DMA/PEG 200 1.48t 0.18 <0.05 8 0/5 NS
33 DMSO/PEG 237 0.54 0.21 NS 37 0/3 <0.05
34 DMSO 2000 >2.60 <0.05 20 0/6 <0.001 >82 8/8 <0.001
36 DMSO 1000 >4.03 <0.05 38 1/7 <0.001 >80 3/3 <0.01
>3.82 <0.05
38 DMSO 237 >3.02 <0.05
39 DMSO 1780 >3.61 <0.05 26 1/8 <0.001 >82 6/6 <0.001
42 DMSO 1330 9 0/9 NS 55 217 <0.001
43 DMSO 1330 15 or7 <0.001 >82 6/7 <0.001
48 DMSO 750 36 1/8 <0.001
DMSO/PEG 133 2.24 0.24 <0.05 >83 2/5 <0.001

aFormulation for dosing mice. In all experiments animals received a single ip BdED in CD-1 nude mice gmol/kg body weight) ¢ Determined
18 h after treatment of mice with mixed EMT6/EMT6-NT® tumors (mean diameter 8:3.1.5 mm) at the MTDY Log cell kill (LCK) = log CSeontrol —
log CSreatea Where CS is the number of clonogenic survivors/g tumor. Values are saeé&eM for groups of 3-5 animals.2 Probability that the difference
from control is due to chance (ANOVA plus Dunnett’s te§tViDr tumors were grown by inoculating either 10% WiDr-NT®90% WiDr or 100%
WiDr-NTR"° cells and treating when tumors reached a mean diameter 87%0mm.9 GD: median growth delay (days), including cures, determined as
TTExeated— TTEcontro, Where TTE is time to endpoint (15 mm mean tumor diametgPyobability that the difference from vehicle-only control is due to
chance (Log rank test) Proportion of animals with controlled tumors at termination (100 days after treatm@agk dimethylacetamide/40% polyethylene
glycol/50% water v/viv, 1QL/g body weight* 100% dimethylsulfoxide, LL/g body weight.! 10% dimethylsulfoxide/40% polyethylene glycol/50% water
v/viv, 10 uL/g body weight.™ 25 mM sodium acetate buffer, pH 4.0, 40/g body weight." This group (with 3-7 animal) was included for quality control
in all nine experiments; a representative experiment is shéwrin this column indicates that no colonies were detected from at least one tumor in the
group. The value is the mean for the remaining tumd$S = not significant.

(a) 100% NTR™™® (b) 10% NTR™ +90% NTR™  (c) 100% NTR*"® (WiDr-NTR™?)
100 - - A
so - - -
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Figure 3. Kaplan—Meier survival curves for control of established{8.5 mm diameter) WiDr tumors by aziridirieand the dinitrobenzamide
bromomesylate musta®b following a single i.p. dose at its MTD (178@mol/kg). (A) Tumors grown from WiDr cells only (100% NT®). (B)
Mixture of 10% WiDr-NTR*®° and 90% NTR"e WiDr cells. (C) WiDr-NTR*° cells only. The ordinate shows the percentage of mice alive with
tumors less than the endpoint size of 15 mm mean diameter.

also assessed using WiDr tumors grown from a mixture of 10% activity against NTRY® WiDr tumors (Figure 3A) and both
NTR"™e and 90% NTRVe cells (Table 3). In this case, tumor provided a high rate of long-term control of 100% NTR tumors
control was achieved much less frequently and median growth (Figure 3C). Against tumors with 10% NT® cells (Figure
delays were greatly reduced, although statistically significant 3B), the increase in median survival time was 32 days3fr
activity was observed with all compounds except the hydrophilic versus 9 days fol. Log rank survival analysis demonstrated
Br/OMs diol 42, which also showed a very low bystander effect highly significant differences between the three curves<(

in V79 MCLs (Figure 1CAJ/Tc < 0.05). Typical experiments  0.001), and the HolmSidak multiple comparison test demon-
comparingl and the more lipophilic Br/OMs mustaB® (which strated that the difference betweghand control was significant
had a greater bystander effect tHaim the MCL assay) against  (p < 0.05) but that the activity ofl was not. The 23-day
WiDr tumors with varying proportions of NTR® cells are difference in median growth delay betweg@and1 was also
illustrated in Figure 3. Neither compound showed significant significant < 0.05). Thus, we conclude tha® has a greater
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bystander effect thahin WiDr tumors containing 10% NTR® sylate compounds also showed the greatest activity against
cells. NTR*ve cells in EMT6 and WiDr tumors. When the proportion

of NTR*Ve cells in WiDr tumors was lowered by inoculation
Conclusions of 1:9 mixtures of NTRV®¢ and NTR Ve cells, antitumor activity

was reduced but was still significant for most compounds. Under
these conditions, where activity depends critically on a highly
efficient bystander effect, the bromomesylate musi@showed
superior activity tol. This favorable therapeutic activity is
consistent with its improvement ovérin potency and NTR
selectivity in the cell line panel in culture, its more efficient
bystander effect in MCLs, and its higher MTD in mice. Despite
its hydrophilic mesylate grou9 is less water soluble thah

or 4. However, ongoing work suggests that key aspects of the
SAR defined here carry over to a different dinitrobenzamide

aziridinyldinitrobenzamide 1). A range of carboxamide side mustard regioisomer class, in which even higher NTR substrate

chains (especially monoalcohols) are tolerated and can be usecficiency and in vivo therapeutic activity can be achieved.
to increase aqueous solubility, although basic tertiary amine side . .
chains suppress NTR selectivity in all cases and dihydroxy side EXperimental Section

chains lower potency when combined with mesylate leaving  apalyses were carried out in the Microchemical Laboratory,
groups on the mustard moiety. University of Otago, Dunedin, NZ. Melting points were determined
Multivariate regression analysis of thesfJesults, using a  on an Electrothermal 2300 melting point apparatus. NMR spectra
PLS model, showed that in NTRe lines cytotoxicity correlated ~ were obtained on a Bruker DRX-400 spectrometer and are
negatively with H-bond donating/accepting groups but positively referenced to Mgi. Thin-layer chromatography was carried out
with logP and with the reactivity of the less-reactive mustard ©n aluminum-backed silica gel (Merck 6Qs) or alumina plates.
leaving group; the latter observation is consistent with cyto- gggﬁzggum” chr;romalxtographg wasl, carne?}out C;” Mercﬁ sufllca gel
L - . mesh) or alumina. Petroleum ether refers to the fraction
toxicity result!ng from DNA monoadducts arsing from a half- boiling at 46-60 °C. Mass spectra were determined using a VG
mustard that is formed through intramolecular alkylation by the
- . . 7070 spectrometer.
more-reactive mustard arm. In contrast, in NTRlines the

ffici fth five leavi . - tant 5-[Bis(2-chloroethyl)amino]-N-hydroxy-2,4-dinitrobenza-
etficiency of the more-reactive Iéaving group IS more important, - ,;je (6; Scheme 1)A solution of 5-[bis(2-chloroethyl)amino]-

re.flect.ing DNA crosslinking abi!ity. High NTR ratlios correlated 2,4-dinitrobenzoyl chloride (from aci§i4;6 1.00 g, 2.70 mmol) in
with high logP, small carboxamide side chains with low numbers gt,0 (50 mL) was added in one portion to an ice-cold solution of
of HA and high HD, and with asymmetric halomustards. hydroxylamine hydrochloride (0.75 g, 10.8 mmol) and,8@;
The above QSAR is that for an intact cellular system, and it (1.18 g, 11.3 mmol) in water (10 mL). The mixture was shaken
is thus unlikely to depend only on the QSAR for NTR. It is Vigorously at room temperature for 5 min, then adjusted to pH 5

notable that the dominant features of the cellular QSAR (high With 1 N aqueous HCl, and extracted with EtOAc. The extract was
lipophilicity and low H-bond acceptor density) are those washed wih 1 N aqueous HCI and satd aqueous NacCl, driedg-{(Na

. e SQy), and evaporated. The residue was chromatographed on silica
expected for passive diffusion across the _plg_sma membrane.gel’ eluting with EtOAc/CHCI; (6:1), followed by crystallization
Thus, the overall QSAR may reflect rate-limiting membrane ¢’ "FioAc/hexane to givé (538 mg, 54%): mp 136138°C;

transport as much as the substrate specificity of NTR. 1H NMR [(CD2),SO] d (mixture of rotamers) 11.18, 10.77 (2s, 1H),
Bystander effects in three-dimensional MCL cultures (grown 9.39, 9.31 (2s, 1H), 8.58, 8.55 (2s, 1H), 7.44, 7.41 (2s, 1H), 3.82
from mixtures of NTRVY® and NTRve cells) also correlated  (t, J = 5.9 Hz, 4H), 3.68 (tJ = 5.9 Hz, 4H). HRMS (FAB/W2)
positively with logP, as did cytotoxic potency relative to low calcd for GiH15%CILN4Og (MHT), 367.02112; found, 367.0205.
cell density cultures. The apparent loss of efficiency of Anal. (CuH12:Cl.N4Og) C, H, N, Cl.
penetration of the prodrugs, and intercellular diffusion of their ~ 5-[Bis(2-chloroethyl)amino]-N-(2-hydroxyethoxy)-2,4-dini-
metabolites, at low logP reflects the classical conflict in drug trobenzamide (7). A stirred solution of O-(2-hydroxyethyl)-
development between the need for lipophilicity for adequate hydroxylamine (270 mg, 3.50 mmol) and diisopropylethylamine
membrane penetration and the hydrophilicity for aqueous (184 mg, 1.42 mmol) in CECI, (20 mL) at 0°C was treated
solubility. In addition, bystander killing was suppressed by the dropwise with a solution of the acid chloride 54 (526 mg, 1.42

f | . that h d t bvstand mmol) in CHCl, (10 mL). The mixture was stirred at room
reactive leaving groups that enhanced potency (bystan e‘rtemperature for a further 15 min and then concentrated under

efficiency Cl > Br > I). Despite these constraints relative 10 yeqyced pressure. The residue was dissolved in EtOAc, washed with
the lipophilic dichloromustard, which has a markedly superior  \ater, dried (NgSO), and evaporated, and the residue was
bystander effect td,”° 18/22 of the 2,4-dinitrobenzamide-5-  chromatographed on silica gel. Elution with EtOAc, followed by

mustards tested in the MCL assay provided equal or greaterconcentration of the eluate to a small volume and dilution with
bystander killing tharil. Given the central importance of the i-Pr,0, gave7 (309 mg, 53%) as a gumH NMR [(CD3);SO] 6
bystander effect for enzyme/prodrug systems in cancer thétapy, (mixture of rotamers) 11.74 (br s, 1H), 8.61, 8.58 (2s, 1H), 7.62,

this commends the dinitrobenzamide mustards for further 7-54 (2s, 1H), 4.74 (br s, 1H), 3.98 (t= 4.9 Hz, 2H), 3.82 (t]
development as NTR prodrugs for GDEPT. = 5.9 Hz, 4H), 3.70 () = 5.8 Hz, 4H), 3.67-3.62 (M, 2H). HRMS

3 + .
Surprisingly, the toxicity of the 2,4-dinitrobenzamide-5- nglAll.So%f)). caled for GaHi7*CloNJO7 (MHT), 411.0474; found,

mustards in mice was lower for the bromo-, mesylate- and N-(3-Hydroxypropyl)-5-[bis(2-chloroethyl)amino]-2,4-dini-

bromomesyla}te m_ustards than for t_hr_e Ies_s-reactive dichloro- yohenzamide (9).A solution of the acid chloride d&4in Me,CO
mustards. This typically allowed administration of dose<l8- (50 mL) at—5 °C was treated similarly with a cold solution of

fold hlgher than the dichloromustards hrConsistent with this 3_amino_1_propano| (2 equiv) in water (25 m|_) The reaction
higher host tolerance and the higher potency against NTR- mixture was shaken at room temperature for 5 min, then diluted
expressing cells in culture, the bromo-, mesylate- and bromome-with water (25 mL), concentrated to half volume, and extracted

This investigation of 2,4-dinitrobenzamide-5-mustards, in-
cluding 32 new examples, as prodrugs torcoli NTR (the
nsfBgene product) demonstrates a broadly consistent SAR for
cytotoxic activation across four genetic backgrounds (human
WiDr colon carcinoma and Skov3 ovarian carcinoma, EMT6
mouse mammary carcinoma, and V79 chinese hamster fibro-
blasts). Analogs with reactive leaving groups (especially bromo
and mesylate) show higher potencies and NTR selectivities than
dichloromustards, with 15 of these compounds providing
submicromolar |G values; similar to or more potent than the
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with CH,Cl, (2x). The organic extract was washed with 0.1 N N-[2-(Imidazol-1-yl)ethyl]-5-[bis(2-chloroethyl)amino]-2,4-
HCIl and water and then worked up to give a solid that was dinitrobenzamide (19). Treatment of the acid chloride &% with
chromatographed on silica gel, eluting with EtOAc to gd/€2.37 1-(2-aminoethyl)imidazole in cold Gi€l, as above, followed by

g, 82%): mp (EtOAG-Pr,0) 90-91 °C; 'H NMR [(CD3),S0O] 6 multiple recrystallizations of the product from EtOAc, ga8(72%
8.63 (t,J = 5.6 Hz, 1H), 8.53 (s, 1H), 7.42 (s, 1H), 4.46 Jt—= yield): mp 139-140°C; 'H NMR [(CD3),SO] 6 8.84 (t,J = 5.7

5.1 Hz, 1H), 3.82 (tJ = 5.9 Hz, 4H), 3.68 (tJ = 5.9 Hz, 4H), Hz, 1H), 8.54 (s, 1H), 7.66 (s, 1H), 7.26 (s, 1H), 7.23 (s, 1H), 6.91
3.49 (g, = 6.0 Hz, 2H), 3.29 (q, partially obscuredi= 5.9 Hz, (s, 1H), 4.16 (tJ = 5.8 Hz, 2H), 3.83 (tJ = 5.9 Hz, 4H), 3.68 (t,

2H), 1.68 (pentJ = 6.7 Hz, 2H). Anal. (GsH1sCIo2N4Og) C, H, N, J=15.8 Hz, 4H), 3.56 (gJ = 5.8 Hz, 2H). Treatment with MeOH/
Cl. EtOAc/petroleum ether/HCI gave the hydrochloride salt, mp

N-(2-Hydroxypropyl)-5-[bis(2-chloroethyl)amino]-2,4-dini- (MeOHi-Pr,0) 83-86 °C. Anal. (GeH1sClo2NeOs'HCI-0.5H;0) C,
trobenzamide (10).Treatment of the acid chloride & in Me,- H, N, CI.

CO with a solution of 1-amino-2-propanol (2.05 equiv) in water ~ N-[3-(Imidazol-1-yl)propyl]-5-[bis(2-chloroethylamino)]-2,4-
as above, followed by chromatography of the product on silica gel dinitrobenzamide (20). Treatment of the acid chloride &# with
and elution with EtOAc, gave0 (78% yield): mp (EtOAGLPRLO) 1-(3-aminopropyl)imidazole in cold Ci€l, as above, followed by
95-97 °C; 'H NMR [(CD3),S0] 6 8.70 (t,J = 5.8 Hz, 1H), 8.53 multiple recrystallizations of the product from EtOAc, g&@(77%
(s, 1H), 7.44 (s, 1H), 4.75 (d] = 4.7 Hz, 1H), 3.86-3.75 (m, yield): mp 142-143°C; 'H NMR [(CD5),SQO] 6 8.72 (t,J = 5.6
5H), 3.68 (t,J = 5.9 Hz, 4H), 3.24-3.12 (m, 2H), 1.10 (dJ) = 6.2 Hz, 1H), 8.56 (s, 1H), 7.64 (s, 1H, imidazole-H), 7.46 (s, 1H,),
Hz, 3H). Anal. (GaH1sCl2N4Og) C, H, N, CI. ;-gg ((de =5099HHZ£1 ﬁl;),g 6(;31( ,(JS’ 15H§, :-02 S)lz 269(HJ27 ZGH%,
: ; ; .83 (t,J=5.8 Hz, 4H,), 3.69 (tJ = 5.8 Hz, ,3.20 (q) =6.

5-[Bis(2-chloroethyl)amino]-N-[2-hydroxy-1,1-bis(hydroxy- /
methyl)ethyl]-2,4-dinitrobenzamide (12).A stirred, cooled sus- Hz, 2H), 2.00-1.90 (m, 2H). Treatment with MeOH/EtOAC/
pension of the acid chloride &4 (1.43 g, 3.86 mmol) in MO petroleum ether/HCI gave the hydrochloride salt as a gum. Anal.
(30 mL) at 5°C was treated with a solution of tris(hydroxymethyl)- (C17H20ClN6Os HCI-0.5H,0) C, H, N, Cl. -
aminomethane (0.935 g, 7.72 mmol) in water (4 mL) in one portion, __>-{Bis(2-chloroethyl)amino]-N-(methylsulfonyl)-2,4-dinitroben-
and the mixture was stirred with cooling for 15 min. The A2© zamide (22).A solution of methanesulfonamide (635 mg, 6.68

was removed under reduced pressure, and the residue was partimol) in dry DMF glo mL) was treated at @ with NaH (255
tioned between EtOAc a3 N HCI. The organic portion was mg, 6.38 mmol, 60% in oil). The stirred mixture was warmed to
worked up, and the residue was chromatographed on silica gel..room temperature for 1 h, then cooled t¢0, and added to an

Elution with EtOAc gave foreruns, followed 1.40 g, 80%): ice-cold solution of the aciq chloride 6f4_(1.18 g, 3.18 mmol) in
mp (EtOAc/petroIeugm ether) 16871 °C: H %(R [(ng)zso} dry CHCl, (20 mL). The mixture was stirred at room temperature

for 30 min, then diluted with CECl,, washed with 0.1 N aqueous
0 8.55 (s, 1H), 7.96 (br s, 1H), 7.52 (s, 1H), 4.56)t 6.0 Hz, .
3H), 3.85 (t.J = 5.9 Hz, 4H), 3.72-3.33 (M, 10H). Anal. (GHao- AcOH and saturated aqueous NacCl, .drled%ﬂ;ﬂ), and evaporated.
CLbN4Og) C, H, N, Cl. Chromatog_raphy on silica gel, eluting with EtOAc, followed by
Y crystallization from CHCI,, gave22 (708 mg, 52%): mp 173

N-(2-Aminoethyl)-5-[bis(2-chloroethyl)amino]-2,4-dinitroben- 175°C: 1H NMR [(CD»)»SO1 68 12.51 (b 1H). 8.62 1H
zamide Hydrochloride (13). A suspension ofN-(t-butyloxycar- 7.68 (s’ 1H) 3.84[((tJ 225.7]Hz 4i_|) é_;zs'(u =)57 Hz(s‘4H) )
bonyl)ethylenediamine (0.21 g, 1.31 mmol) andNE{0.25 mL, 3.37 (s, 3H). Anal. (@H.CLNLO; (C, H, N, Cl).

1.78 mmol in CHCI,) was added to a vigorously stirred solution 5-[Bis(2-bromoethyl)amino]-N-hydroxy-2,4-dinitrobenza-

of the acid chloride 064 (0.44 g, 1.19 mmol) in CkCl, (30 mL) mide (24) and 5-N-(2-Bromoeth
. P . -IN-(2- yl)-N-[2-[(methylsulfonyl)oxy]-
at 0-5 °C. After stirring at room temperature for 15 min, the  gyhvnamino]-2,4-dinitrobenzamide (40). A stirred soiution of

solution was W?Shs_dhwnh aqhueous Nal—t,(tl:{béution _?nd Wcl’”é?d_ methyl 5-[bis(2-hydroxyethyl)amino]-2,4-dinitrobenzd4i@9; 5.50
up to give an oil, which was chromatographed on silica gel. Elution ™15 7 mm ol and BN (5.82 mL, 41.8 mmol) in dry ChCl, (50

with EtOAc/petroleum ether (3:2) gave the crude BOC amide as a 1) y s treated dropwise at*@ with MsCI (3.14 mL, 40.0 mmol).
yellow gum that was immediately deprotected by dissolution in - agar 30 min, 10% aqueous KHGQ100 mL) was added, and the
MeOH (20 mL) and concd HCI (5 mL). After standing at room iy re was stirred for a further 30 min at°@ and then diluted
temperature for 30 min, the solution was concentrated to dryness, i, petroleum ether (500 mL). The precipitated product was
and ev?porated to give thde HS' salt 08 (0.38 69’ 72%): MP  cojlected and washed with water aRBI,O to give methyl 5-(bis-
(MeOH/E%O) 115-118°C (dec);™H NMR_(DZO) 8.84 (s, 1H), { 2-[(methylsulfonyl)oxy]ethyl amino)-2,4-dinitrobenzoat&Q; 7.44
759 (s, 1H), 3.863.79 (m, 8H), 376 (W= 6.2 Hz, 2H), 3.34 (. 9204): mp (CHCl/petroleum ether) 157158 °C: *H NMR

J = 6.2 Hz, 2H). Anal. (GsH17ClNsOsHC) C, H, N, Cl. [(CD2),SO} 6 8.62 (s, 1H), 7.77 (s, 1H), 4.35 (= 5.1 Hz, 4H),
N-[3-(4-Morpholino)propyl]-5-[bis(2-chloroethyl)amino]-2,4- 3.88 (s, 3H), 3.73 (t) = 5.1 Hz, 4H), 3.13 (s, 6H). Anal. (GH1s

dinitrobenzamide (17). Treatment of the acid chloride &6# with N20y,S,) C, H, N, S.

4-(3-aminopropyl)morpholine (2.05 equiv) in cold &8, as above, Hydrolysis of50 (3.0 g, 6.18 mmol) wi 3 N KOH (40 mL) in

followed by chromatography of the product on silica gel and elution g mixture of dioxane (160 mL) and MeOH (40 mL) at room
with EtOAc/MeOH (6:1), gavel7 (82%) as a gum!H NMR temperature for 15 min, followed by acidification Wit N HCI
[(CD3),SO] 6 8.64 (t,J = 5.6 Hz, 1H), 8.54 (s, 1H), 7.42 (s, 1H),  and extraction with EtOAc, gave crude 5-@fs[(methylsulfonyl)-
3.82 (t,J= 5.9 Hz, 4H), 3.68 (t) = 5.9 Hz, 4H), 3.57 (t) = 4.6 oxylethyl} amino)-2,4-dinitrobenzoic acidg, 90%). The product,
Hz, 4H), 3.27 (q, partially obscured,= 6.5 Hz, 2H), 2.46-2.28 which contained polar impurities due to mustard group hydrolysis,
(m, 6H), 1.68 (pentJ = 7.0 Hz, 2H). Treatment with EtOAC/  was used for the next step without further purificatidH; NMR
petroleum ether/HCI gave the hydrochloride salt as a gum. Anal. [(CD,),SO] ¢ 14.1 (v br s, 1H), 8.57 (s, 1H), 7.69 (s, 1H), 4.34 (t,

(C18H25CI2Ns06-HCI) C, H, N, CI. J = 5.1 Hz, 4H), 3.72 (tJ = 5.1 Hz, 4H), 3.13 (s, 6H
N-[4-(4-Morpholino)butyl]-5-[bis(2-chloroethyl)amino]-2,4- A suspension o062 (1.28 g, 2.72 mmol) in SOEI(30 mL)

dinitrobenzamide (18). Treatment of the acid chloride &# with containing DMF (2 drops) was heated under reflux for 1 h.

4-(4-aminobutyl)morpholine (2.05 equiv) in cold @El, as above, Evaporation of the solvent under reduced pressure, followed by

followed by chromatography of the product on silica gel and elution azeotroping with benzene, gave the crude acid chloride. This was
with EtOAc/MeOH (9:1), gave 8 (74% yield) as an oil*H NMR dissolved in EtOAc (50 mL), and the solution was diluted with
[(CDs),S0]6 8.64 (t,J = 5.6 Hz, 1H), 8.53 (s, 1H), 7.41 (s, 1H), EtO (25 mL) and treated at T in one portion with a solution of

3.82 (t,J = 5.9 Hz, 4H), 3.68 (tJ = 5.9 Hz, 4H), 3.56 (t) = 4.6 hydroxylamine hydrochloride (0.75 g, 10.8 mmol) and, 8@

Hz, 4H), 3.24 (qJ = 6.1 Hz, 2H), 2.38-2.23 (m, 6H), 1.59-1.44 (0.86 g, 8.11 mmol) in water (10 mL). The mixture was shaken at
(m, 4H). Treatment with EtOAc/petroleum ether/HCI gave the room temperature for 15 min and then diluted with water. The
hydrochloride salt, mp (MeOHPr,0) 51-54 °C. Anal. (GoHor organic phase was washed with watex f3dried, and concentrated
CloNsOg-HCI) C, H, N, CI. under reduced pressure. The residue was chromatographed on silica
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gel, eluting with EtOAc/MeOH (24:1), and the eluate was concen-
trated to a small volume and diluted with hexane to precipitate
5-[bis[2-[(methylsulfonyl)oxy]ethyllaminoN-hydroxy-2,4-nitroben-
zamide 63; 0.94 g, 71%) as an unstable yellow gum, which was
used directly:*H NMR [(CD3),SQO] 6 (mixture of rotamers) 11.18,

Atwell et al.

55 with a solution of 3-amino-1,2-propanediol, followed by
chromatography on silica gel, eluting with EtOAc, g&#&(2.2 g,
83%) as a foam*H NMR [(CD3),S0O] 6 8.71 (t,J = 5.8 Hz, 1H,
CONH), 8.53 (s, 1H, H-3), 7.43 (s, 1H, H-6), 4.86 (& 5.0 Hz,
1H, CHOH), 4.59 (t,J = 5.8 Hz, 1H, CHOH), 3.70— 3.10 (m,

10.79 (2s, 1H), 9.40, 9.32 (2s, 1H), 8.59, 8.56 (2s, 1H), 7.48, 7.46 13H); 13C NMR 6 164.61, 146.65, 137.99, 137.35, 136.52, 124.25,

(2s, 1H), 4.34 (tJ = 5.1 Hz, 4H), 3.71 (tJ = 5.0 Hz, 4H), 3.13,
3.12 (2s, 6H).

A mixture of 53 (940 mg, 1.93 mmol) and LiBr (201 mg, 2.31
mmol) in MeCN (30 mL) was stirred at reflux for 45 min and then

121.20, 70.05, 63.73, 52.44, 42.76, 30.33. HRMS (FA®) calcd

for C14H19798r2N4O7 (MH+), 512.9621; found, 512.9596.
N-[3-(4-Morpholino)propyl]-5-[bis(2-bromoethyl)amino]-2,4-

dinitrobenzamide (29). Treatment of the acid chloride &6 with

concentrated under reduced pressure. The residue was chromato4-(3-aminopropyl)morpholine in cold GEI,, as previously de-

graphed on silica gel, eluting with EtOAc/GEll; (11:9), and the

scribed, followed by chromatography of the product on silica gel

eluate was concentrated to a small volume and diluted with hexaneand elution with EtOAc/MeOH (4:1) gav29 (82% yield) as a

to give 24 (320 mg, 36%) as a yellow gunmtH NMR [(CD3),SO]
o (mixture of rotamers) 11.20, 10.77 (2s, 1H), 9.40, 9.31 (2s, 1H),
8.58, 8.55 (2s, 1H), 7.42, 7.39 (2s, 1H), 364 (m, 8H). HRMS
(FAB, m/z) calcd for GiH13"°BroN;Og (MH ™), 454.9202; found,
454.9167.

Further elution with EtOAc, followed by concentration to a small
volume and dilution with hexane, gav® (188 mg, 21%) as a
yellow gum: IH NMR [(CD3),S0O] 6 (mixture of rotamers) 11.18,

foam: 'H NMR [(CD3),SQO] 6 8.65 (t,J = 5.6 Hz, 1H), 8.54 (s,
1H, H-3), 7.40 (s, 1H), 3.783.64 (m, 8H), 3.57 (tJ = 4.6 Hz,
4H), 3.32-3.22 (m, 2H), 2.46-2.30 (m, 6H), 1.68 (pent] = 7.0
Hz, 2H). Anal. (GgH2sBr2NsOg) C, H, N, Br.

Methyl 3-({ 5-[Bis(2-bromoethyl)amino]-2,4-dinitrobenzoys} -
amino)propanoate (28; Scheme 2)A solution of 5-chloro-2,4-
dinitrobenzoic acid §6; 10.0 g, 40 mmol) in SOGI(100 mL)
containing DMF (2 drops) was heated under reflux 5oh and

10.78 (2s, 1H), 9.40, 9.31 (2s, 1H), 8.59, 8.55 (2s, 1H), 7.45, 7.43 concentrated to dryness. Residual reagent was removed by the

(2s, 1H), 4.33 (tJ = 5.1 Hz, 2H), 3.7#3.64 (m, 6H), 3.13, 3.12

(2s, 3H). HRMS (FAB,m/z) calcd for G,H16"°BrN4OgS (MHY),

470.9821; found, 470.9832.
N-(2-Hydroxyethyl)-5-[bis(2-bromoethyl)amino]-2,4-dinitroben-

zamide (25).A solution of este50 (2.50 g, 5.15 mmol) in EtOAc

(200 mL) was treated with LiBr (10.0 g, 115 mmol) at %5 for

30 min. The reaction mixture was poured into water (100 mL),

addition of benzene, followed by concentration to dryness again.
A solution of the resulting crude acid chloride in ether (30 mL)
was added at @C to a vigorously stirred solution of methyl
3-aminopropionate [prepared by dissolving the hydrochloride (6.22
g, 44 mmol) in water (20 mL), then diluting with MEO (100
mL) and EtO (100 mL), and neutralizing with Bl (13.0 mL,
0.10 mol)]. The mixture was stirred for 30 min, and the resulting

and the organic layer was washed with water, dried, and evaporatedorecipitate was filtered off, washed well with water, and recrystal-

under reduced pressure to give methyNoN-bis(2-bromoethyl)-
amino]-2,4-dinitrobenzoates(; 2.20 g, 94%) as a yellow solid:
mp (EtOAc/petroleum ether) 16870 °C; 'H NMR [(CD3),S0O]
0 8.61 (s, 1H), 7.77 (s, 1H), 3.89 (s, 3H), 3.76Jt 5.8 Hz, 4H),
3.68 (t,J = 5.8 Hz, 4H) Anal. (Q2H13BFQN306) C, H, N.

A solution of 51 (2.29 g 5.03 mmol) in 1,4-dioxane (60 mL)
was treated at 8C with a solution of KOH (9.0 g) in water (20
mL), followed by MeOH (20 mL). The reaction mixture was stirred
at room temperature for 15 min and then acidifiedhwitN HBr
and extracted with EtOAc (X 100 mL). The combined organic
layers were dried and evaporated to give 5-[bis(2-bromoethyl)-
amino]-2,4-dinitrobenzoic acidbp) as a yellow solid: mp (MeOH/
water, followed by EtOAG/Pr,O/petroleum ether) 132134 °C;

I1H NMR [(CD3),SQ] 6 14.0 (br, 1H), 8.56 (s, 1H), 7.66 (s, 1H),
3.75 (t,J = 6.1 Hz, 4H), 3.65 (tJ) = 6.0 Hz, 4H). Anal. (GH1s-
BI’2N305) C, H, N.

A suspension of powderesb (1.10 g, 2.49 mmol) in benzene
(230 mL) was treated at 1T with oxalyl chloride (1.10 mL, 12.6
mmol) and DMF (2 drops). The mixture was stirred at°@for
3 h, then concentrated under reduced pressure belo%C2and

lized from EtOAc/petroleum ether to give methyl 3-[(5-chloro-2,4-
dinitrobenzoyl)amino]propanoat&{, 6.24 g, 47%): mp 139
141°C; 'H NMR [(CD3),S0] 6 8.98 (t,J = 5.6 Hz, 1H), 8.83 (s,
1H), 8.09 (s, 1H), 3.63 (s, 3H), 3.47 (dt= 6.7, 5.6 Hz, 2H), 2.61
(t,J= 6.7 Hz, 2H);'3C NMR ¢ 171.49 CO,CHj), 162.71 (CONH),
147.13 (s), 144.89 (s), 135.97 (s), 132.33 (d), 130.42 (s), 122.12
(d), 51.40 (CQCHjg), 35.18 (1), 32.83 (1).

A solution of57 (4.0 g, 12 mmol) and diethanolamine (2.53 g,
24 mmol) in dioxane (100 mL) and MeOH (20 mL) was stirred at
room temperature for 18 h and then concentrated to dryness under
reduced pressure. The residue was partitioned between EtOAc and
water, and the organic portion was worked up to give an oil that
was chromatographed on silica gel. Elution with MeOH/EtOAc (1:
19) gave methyl 3{5-[bis(2-hydroxyethyl)amino]-2,4-dinitroben-
zoyl}amino)propanoate5g; 4.28 g, 87%) as an orange oitH
NMR [(CD3),S0]6 8.72 (t,J = 5.6 Hz, 1H), 8.47 (s, 1H), 7.28 (s,
1H), 4.80 (t,J = 5.3 Hz, 2H), 3.62 (s, 3H), 3.57 (dd,= 5.8, 5.3
Hz, 4H), 3.46 (ddJ = 6.8, 5.6 Hz, 2H), 3.42 () = 5.8 Hz, 4H),

2.60 (t,J = 6.8 Hz, 2H);13C NMR ¢ 171.58 CO,CHj), 165.01
(CONH), 147.74 (s) 136.94 (s), 136.13 (s) 133.66 (s), 124.61 (d),

re-evaporated to dryness in the presence of benzene. The resultind.19.50 (d), 58.04 (CEDH), 54.10 (CHN), 51.37 (CQCHs), 35.07

acid chloride was dissolved in M@0 (20 mL), and the solution
was treated at-5 °C with a cold solution of 2-aminoethanol (0.30
g, 5.19 mmol) in water (10 mL). The mixture was shaken at room
temperature for 5 min, then diluted with water, and extracted with
EtOAc (2x). The organic extract was worked up, and the resulting
residue was chromatographed on silica gel, eluting with EtOAc, to
give 25(0.78 g, 46%): mp (MeOH/EtOAc/petroleum ether) 151
152°C; *H NMR [(CD3),S0] 6 8.73 (t,J = 5.7 Hz, 1H), 8.53 (s,
1H), 7.43 (s, 1H), 4.76 (1) = 5.6 Hz, 1H), 3.77#3.64 (m, 8H),
3.53 (q,d = 6.0 Hz, 2H), 3.31 (q, partially obscuredi= 6.1 Hz,
2H) Anal. (CingeBer406) C, H, N, Br.
N-(3-Hydroxypropyl)-5-[bis(2-bromoethyl)amino]-2,4-dini-
trobenzamide (26).Similar reaction of the acid chloride &6 with
3-amino-1-propanol gaveé (1.06 g, 85%): mp (EtOA&/Pr,0)
85—86 °C; 'H NMR [(CD3),S0] 6 8.64 (t,J = 5.6 Hz, 1H), 8.53
(s, 1H), 7.41 (s, 1H), 3.773.64 (m, 8H), 4.46 (br s, 1H), 3.49 (t,
J=6.3 Hz, 2H), 3.33-3.25 (m, partially obscured, 2H), 1.68 (pent,
J = 6.7 Hz, 2H) Anal. (Q4ngBl’2N4OG) C, H, N, Br.
N-(2,3-Dihydroxypropyl)-5-[bis(2-bromoethyl)amino]-2,4-
dinitrobenzamide (27). Similar treatment of the acid chloride of

(CH,COHN), 30.62 CH,CO,CHz). MS [M + H]* calcd for
C15H20N4Og, 401.1308; found, 401.1300 (Cl mass spectrum).
Methanesulfonyl chloride (1.72 mL, 22 mmol) was added
dropwise at O°C to a solution 068 (3.89 g, 9.70 mmol) and Bl
(3.38 mL, 24 mmol) in CKCI, (100 mL). After 15 min, the solution
was washed with saturated aqueous NaBH (@) and water ().
After drying over NaSO,, the solution was concentrated to about
20 mL, and the product was precipitated out by the addition of
petroleum ether (50 mL). A mixture of the resulting crude
dimesylate and LiBr (10 g) in EtOAc (200 mL) was warmed at
50-55 °C for 30 min and then concentrated to dryness. The residue
was partitioned between EtOAc and water, and the organic portion
was worked up to give an oil that was chromatographed on silica
gel. Elution with EtOAc/petroleum ether (1:1) ga28 (3.50 g,
68%) as a yellow oil:'H NMR [(CD3),S0] 6 8.82 (t,J = 5.6 Hz,
1H), 8.54 (s, 1H), 7.39 (s, 1H), 3.73, 3.69 Lbr t, J = 5.7 Hz,
8H), 3.47 (dtJ = 6.7, 5.6 Hz, 2H), 3.34 (s, 3H), 2.62 i,= 6.7
Hz, 2H); 3C NMR 6 171.60 CO,CHs), 164.46 (CONH), 146.69
(s), 137.84 (s), 137.10 (s), 136.12 (s), 124.35 (d), 120.79 (d), 52.46
(CO,CHj3), 51.39 (CHN), 35.09 CH,CONH), 32.90 CH,CO,CHj),
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30.31 (CHBr). MS M* calcd for GsHigBroN4sO; 527.9501, 8.68 (t,J = 3.3 Hz, 1H), 8.53 (s, 1H), 7.46 (s, 1H), 4.82 @+~

525.9522, 523.9542; found, 527.9502, 525.9535, 523.9545. 5.0 Hz, 1H), 4.56 (tJ = 5.7 Hz, 1H), 4.33 (tJ = 5.1 Hz, 2H),
3-(5-(Bis(2-bromoethyl)amino)-2,4-dinitrobenzamido)pro- 3.83 (t,J = 6.1 Hz, 2H), 3.73 (tJ = 5.1 Hz, 2H), 3.64 (m, 3H),

panoic Acid (30). A solution of28 (4.00 g, 7.58 mmol) and 1 N 3.44-3.38 (m, 4H), 3.13 (s, 3H)}C NMR o 164.51, 147.08,

NaOH (20 mL, 20 mmol) in 1:1 THF/MeOH (80 mL) was stirred  138.03, 137.30, 136.45, 124.20, 121.38, 70.01, 66.74, 63.68, 52.92,

at room temperature for 2 h. After acidification wi8 N HBr, the 49.68, 42.70, 41.54, 36.56. Anal. {¢E,:CIN4O:0S) C, H, N.

solution was concentrated to a small volume and extracted with  Further elution with EtOAc/MeOH (from 50:1 to 10:1) ga86

EtOAc. Workup gave30 (3.11 g, 80%): mp (MgCO/water) (2.38 ¢, 71%) as a yellow oil*H NMR [(CD3),SO] ¢ 8.66 (t,d =

166 °C; 'H NMR [(CD3),S0] d 12.29 (br, 1H), 8.79 () = 5.6 5.8 Hz, 1H, CONH), 8.54 (s, 1H, H-3), 7.48 (s, 1H, H-6), 4.81 (d,

Hz, 1H), 8.54 (s, 1H), 7.40 (s, 1H), 3.73, 3.68x(drt,J = 5.1 J=5.0 Hz, 1H, CH®), 4.59 (t,J = 5.1 Hz, 1H, CHOH), 4.35

Hz, 8H), 3.43 (dtJ = 6.9 Hz, 2H), 2.53 (tJ = 6.9, 5.6 Hz, 2H); (m, 4H, 2x CH,OMs), 3.66 (m, 4H), 3.62 (m, 1H), 3.46 3.36

13C NMR 6 172.70 (CQH), 164.43 (CONH), 146.67 (s), 137.86  (m, 4H), 3.13 (s, 6H)}3C NMR 6 164.48, 147.09, 138.26, 137.27,

(s), 137.18 (s), 136.16 (s), 124.31 (d), 120.84 (d), 52.36,QH 136.60, 124.17, 121.72, 70.02, 66.69 (2), 63.68, 50.21 (2), 42.68,

35.16 CH,CONH), 33.13 CH,CO,CHgs), 30.33 (CHBr). Anal. 36.55 (2). HRMS (FAB/2) calcd for GeH2sN4O15S,, 545.0860

(C14H16Br2N407-0.5M&CO) C, H. (MH™); found, 545.0856.
N-(2-Hydroxyethyl)-5-[bis(2-bromoethyl)amino]-2,4-dinitroben- 2-((2-Bromoethyl)-5{[(2,3-dihydroxypropyl)amino]carbonyl } -

zamide (25) and 2-((2-Bromoethyl)-5-[(2-hydroxyethyl)amino]- 2,4-dinitroanilino)ethyl Methanesulfonate (42).A solution of35

carbonyl}-2,4-dinitroanilino)ethyl Methanesulfonate (41; Scheme (1.28 g, 2.53 mmol) in EtOAc (100 mL) was treated with LiBr
3). A solution of the acid chloride 052 (3.20 g, 6.79 mmol) in (347 mg, 4.0 mmol) at 60C for 2 h. Volatiles were removed under
dry Me,CO (80 mL) was treated at with 2-aminoethanol (1.24  reduced pressure, and the residue was adsorbed directly onto silica
g, 20.3 mmol). After stirring at 0C for 5 min, the mixture was gel and chromatographed. Elution with EtOAc gave 5-[bis(2-
acidified to pH 2-3 with 0.2 N HBr, concentrated to half volume,  bromoethyl)aminoN-(2,3-dihydroxypropyl)-2,4-dinitrobenza-
and then solid NaBr was added. The mixture was extracted with mide @7, 0.4 g 31%). Further elution with EtOAc/MeOH (from
EtOAc (2x), and the combined extracts were washed with saturated 1:0 to 5:1) gavet2 (0.62 g, 46%): mp (EtOAc) 117118°C; 'H
NaBr solution, dried (Ng0y), and evaporated. The residue was NMR [(CD3),S0]6 8.68 (t,J = 5.8 Hz, 1H), 8.53 (s, 1H), 7.46 (s,
chromatographed on silica gel, eluting with EtOAc/MeOH (15:1), 1H), 4.82 (d,J = 5.0 Hz, 1H), 4.56 (tJ = 5.1 Hz, 1H), 4.32 (m,

to give 2-(5{[(2-hydroxyethyl)amino]carbony{ 2-[(methylsulfo- 2H), 3.75-3.60 (m, 7H), 3.46:3.36 (m, 4H), 3.13 (s, 3H)}3C
nyl)oxyJethyl} -2,4-dinitroanilino)ethyl methanesulfona@(( 2.87 NMR o 164.48, 146.84, 138.05, 137.29, 136.52, 124.18, 121.40,

g, 82%) as a gum that was used directly. 70.01, 66.74, 63.68, 52.89, 49.56, 42.69, 36.55, 30.20. Anal.
A mixture of 60 (1.80 g, 3.50 mmol) and LiBr (0.43 g, 4.95 (Ci1sH2:BrN4O1S) C, H, N, Br.
mmol) in DMF (5 mL) was stirred at 60C for 2 h. The reaction 5-[(2-Bromoethyl)(2-chloroethyl)amino]-2,4-dinitrobenza-

was then poured into a saturated NaBr solution and extracted with mide (38; Scheme 4)A mixture of 5-[(2-chloroethyl)[2-(methyl-
EtOAc (2x). The combined extracts were washed with saturated sulfonyloxy)ethyl]Jamino]-2,4-dinitrobenzamitfe(36; 0.91 g, 2.2
NaBr solution, dried (Ng&580Qy), and concentrated under reduced mmol) and LiBr (0.21 g, 2.4 mmol) in anhydrous MeCN (25 mL)
pressure. The residue was chromatographed on silica gel, elutingwas stirred under reflux for 1.5 h and then concentrated under
with EtOAc, to give25 (0.78 g, 46%). reduced pressure. The residue was chromatographed on silica gel,
Further elution with EtOAc/MeOH (9:1) gavdl (0.73 g, eluting with CHCI,/EtOAc (3:2) to give a crude product contami-
42%): mp (EtOAc) 102104 °C; 'H NMR [(CD3),S0O] ¢ 8.70 (t, nated with the dibromomustar@3. Purification by multiple
J=5.7 Hz, 1H), 8.54 (s, 1H), 7.46 (s, 1H, H-6), 4.75%¢ 5.5 Hz, recrystallization from EtOA¢/Pr,O gave38 (595 mg, 68%): mp
1H), 4.34 (t,J = 5.1 Hz, 2H), 3.74 (t) = 5.1 Hz, 2H), 3.70 (br s, 153°C; 'H NMR [(CD3),S0] 6 8.52 (s, 1H), 8.177.82 (2x s,
4H), 3.53 (q,J = 6.0 Hz, 2H), 3.31 (q, partially obscuredl= 6.1 2H), 7.43 (s, 1H, H-6), 3.82 (] = 5.8 Hz, 2H), 3.7#3.63 (m,
Hz, 2H), 3.14 (s, 3H). Anal. (GH1oBrN4OS-0.25EtOAC; detected 6H). Anal. (G;H1,BrCIN4Os) C, H, N, CI.
by NMR) C, H, N. 5-[(2-Bromoethyl)[2-(methylsulfonyloxy)ethyl]amino]-2,4-
5-[Bis(2-iodoethyl)amino]N-(2-hydroxyethyl)-2, 4-dinitroben- dinitrobenzamide (39). A mixture of 5-[bis-[2-(methylsulfonyl-
zamide (32).A stirred mixture of60 (1.42 g, 2.76 mmol) and Nal oxy)ethyllJamino]-2,4-dinitrobenzamiée(34; 1.60 g, 3.4 mmol)
(3.3 g, 22 mmol) in dry MeCN (45 mL) was heated at reflux for 1 and LiBr (356 mg, 4.1 mmol) in anhydrous MeCN (30 mL) was
h and then concentrated under reduced pressure. The residue wastirred under reflux for 1 h. The mixture was concentrated under
partitioned between EtOAc and water, and the organic layer was reduced pressure, and the residue was chromatographed on silica
washed with water and evaporated. The residue was chromato-gel. Elution with EtOAc/CHCI, (11:9) gave the dibromomustard
graphed on silic gel, eluting with GIEI,/EtOAc (1:4), followed 23, while further elution with EtOAc/CHKLCI, (3:1) gave39 (0.61
by recrystallization from MeOH/EtOA&PRL,O to give32 (2.9 g, g, 39%): mp (EtOAdFPr0) 160-161°C; 'H NMR [(CD3),SO]
81%): mp 142-143°C; *H NMR [(CD3);S0O] 6 8.73 (t,J = 5.7 0 8.53 (s, 1H, H-3), 8.14, 7.83 (R s, 2H), 7.46 (s, 1H, H-6), 4.33
Hz, 1H), 8.53 (s, 1H), 7.38 (s, 1H), 4.76 {t= 5.5 Hz, 1H), 3.68 (t, 3= 5.1 Hz, 2H), 3.74 (tJ = 5.1 Hz, 2H, NCH), 3.70 (br s,
(t, J= 6.9 Hz, 4H), 3.573.49 (m, 2H), 3.39 (tJ = 6.9 Hz, 4H), 4H), 3.14 (s, 3H). Anal. (§H1sBrN4OgS) C, H, N, Br.

3.34-3.26 (m, partially obscured, 2H). Anal. {§11612N4O¢) C, 5-[N-(2-lodoethyl)-N-[2-(methylsulfonyloxy)ethyllamino]-2,4-

H, N, I. dinitrobenzamide (43).A mixture of 34 (1.12 g, 2.38 mmol) and
2-(54{[(2,3-Dihydroxypropyl)amino]carbonyl } { 2-[(methylsul- Nal (0.46 g, 3.07 mmol) in anhydrous MeCN (20 mL) was stirred

fonyl)oxylethyl}-2,4-dinitroanilino)ethyl Methanesulfonate (35) at reflux for 1 h. The mixture was concentrated under reduced

and 2-((2-Chloroethyl)-54[(2,3-dihydroxypropyl)amino]carbo- pressure, and the residue was chromatographed on silica gel. Elution

nyl}-2,4-dinitroanilino)ethyl Methanesulfonate (37). The acid with EtOAc/CHCI, (1:1) gave the diiodomustard, while further
chloride of 52 (2.9 g, 6.18 mmol; containing some of the elution with EtOAC/CHCI, (3:1) gave43(0.49 g, 41%): mp (Mg
corresponding chloromesylate) was treated with 3-amino-1,2- CO/EtOAci-Pr,0) 160 °C; *H NMR [(CDj3),SQO] ¢ 8.52 (s, 1H,
propanediol for 10 min, then acidified to pH-3 with 1 N HCI. H-3), 8.14-7.83 (2x s, 2H), 7.44 (s, 1H, H-6), 4.33 (= 5.1
Most of the solvent was evaporated, and the residue was partitionedHz, 2H), 3.73 (tJ = 5.1 Hz, 2H), 3.65 (tJ = 6.9 Hz, 2H, 3.40 (t,
between water and EtOAc. The aqueous layer was extracted withd = 6.9 Hz, 2H), 3.13 (s, 3H). Anal. (@H15IN4OgS) H, N, |, C:
EtOAc (2 x 80 mL), and the combined organic phases were dried found 29.4; calculated 28.7%.

and evaporated under reduced pressure. The residue was adsorbed 2,2-(5-Carbamoyl-2,4-dinitrophenylazanediyl)bis(ethane-2,1-
directly onto silica gel and chromatographed. Elution with EtOAc diyl) Disulfamate (44). A solution of 5-[bis(2-hydroxyethyl)amino]-
gave 2-((2-chloroethyl)-%{(2,3-dihydroxypropyl)amino]carbony 2,4-dinitrobenzamidé (61; 300 mg, 0.95 mmol) in DMA (3 mL)
2,4-dinitroanilino)ethyl methanesulfona” (0.5 g, 17%) as a was treated at-5 °C with sulfamoyl chloride (441 mg, 3.82 mmol).
yellow solid: mp 118-121°C (EtOAc); *H NMR [(CD3),S0] o The mixture was stirred at T for 15 min and at room temperature
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for 1 h and then partitioned between EtOAc and saturated aqueousan 18 h drug exposure) in four pairs of stably NTR-transfected

NaCl. The organic phase was washed with saturated aqueous NaC
dried (Na&SQ,), and evaporated. The residue was crystallized from
EtOAc/CH,CI, and then MeOH/EtOAc/hexane to gi¥éd (324 mg,
72%): mp 143-144°C (dec);*H NMR [(CD3),SQO] 6 8.53 (s, 1H),
8.06, 7.85 (2s, 2H), 7.53 (s, 4H), 7.47 (s, 1H), 4.18 & 5.2 Hz,
4H), 3.67 (t,J = 5.2 Hz, 4H). Anal. (GiH1NeO11S) H, N, C:
found 28.6; calculated 28.0%.
5-[Bis(2-chloroethyl)amino]-2-(methylsulfonyl)-4-nitrobenza-
mide (45; Scheme 5)A mixture of 5-chloro-2-methylsulfonyl-4-
nitrobenzamid&(62; 0.66 g, 2.37 mmol), bis(2-chloroethyl)amine
hydrochloride (1.27 g, 7.11 mmol), arieP,NEt (0.98 g, 7.58
mmol) in anhydrous dioxane (25 mL) was stirred at°€Dfor 48
h. Additional bis(2-chloroethyl)amine hydrochloride (0.63 g, 3.53
mmol) andi-Pr,NEt (0.46 g, 3.56 mmol) were then added, and the
mixture was stirred at 60C for a further 36 h. Addition of water
precipitated a yellow solid that was chromatographed on silica gel,
eluting with EtOAc/CHCI, (3:1) to give45 (0.69 g, 76%): mp
(EtOAc) 189-190°C; 'H NMR [(CD3),S0O] 6 8.24 (s, 1H), 8.20,
7.82 (2x s, 2H), 7.43 (s, 1H), 3.82 (§ = 6.1 Hz, 4H), 3.66 (t)
= 6.1 Hz), 3.40 (s, 3H). Anal. (EBH1sCI:N3OsS) C, H, N, CI.
N-(2,3-Dihydroxypropyl)-5-[bis(2-chloroethyl)amino]-2-(meth-
ylsulfonyl)-4-nitrobenzamide (46).A suspension of 5-chloro-2-
methylsulfonyl-4-nitrobenzoic acid63; 2.21 g, 7.9 mmol) in SOGI
(20 mL) containing DMF (2 drops) was heated under reflux for 1
h, then concentrated under reduced pressure, and re-evaporated wi
benzene. The resulting acid chloride was dissolved inQ\e (40
mL), and the solution was treated-ab °C with a cold solution of
3-amino-1,2-propanediol (1.51 g, 16.6 mmol) in water (20 mL).
The mixture was shaken at room temperature until homogeneous
diluted with water (20 mL), concentrated under reduced pressure
to 20 mL, and then extracted with EtOAcX3. The organic extract

was worked up, and the crude product was chromatographed on

silica gel, eluting with EtOAc, to giveN-(2,3-dihydroxypropyl)-
5-chloro-2-methylsulfonyl-4-nitrobenzamid@4 2.46 g, 88%): mp
(EtOAC/-Pr,0) 141-142°C; 'H NMR [(CD3),SO] ¢ 8.83 (t,J =
5.7 Hz, 1H), 8.55 (s, 1H), 8.08 (s, 1H, H-6), 4.81 {d= 5.0 Hz,
1H), 4.55 (t,J = 5.8 Hz, 1H), 3.76-3.60 (m, 1H), 3.45 (s, 3H),
3.44-3.35 (m, 3H), 3.1#3.06 (m, 1H). Anal. (GH13CIN,O;S)
C, H, N.

Benzamidet4 was reacted with bis(2-chloroethyl)amine hydro-
chloride under the conditions described4&r The reaction mixture
was further heated at 60C for 2 h in the presence of\,N-
dimethylethylenediamine (0.5 equiv) to quench the unreacted chloro
derivative (which had similar chromatographic mobility to the

Imammalian cell lines and their NT® counterparts. The chinese
hamester fibroblast NTR®line (V79'9) is a V79/4 chinese hamster
fibroblast transfected with an empty shuttle vector, while the
NTR*veline (V79-NTRPU) is the corresponding NTR transfectant.
These lines were originally named T78-1 and T79-A3, respec-
tively.2l WiDr-NTR"e° (originally named WC14) is an NTR
transfectant of the human colon carcinoma cell line WiDr, Skov3-
NTR"° (originally named SC3) is a transfectant of the human
ovarian carcinoma line Skov8,and EMT6-NTRU© js from the
murine breast carcinoma EMTP6.Cells were passaged in Alpha
minimal essential medium (MEM) with 5% fetal calf serum (FCS;
Gibco, Invitrogen Corporation) and G418 (0.3 mg/mL for WiDr-
NTR"S, 0.6 mg/mL for Skov3-NTR9 or puromycin (15«M for
V79ruro and V79-NTRU©, 5 yuM for EMT6-NTRPU). ICsq assays
were performed as previously by sulforhodamine B (SRB) staining
three (rodent cells) or four (human cells) days after washing out
the prodrugs® ICsq values were determined as the drug concentra-
tion for 50% inhibition of SRB staining relative to controls on the
same 96-well plate. Selective cytotoxicity for NTR cells was
assessed from the intra-experiment ratio of NTRNTR*e |Csg
for each cell line pair.

MCL Assays for Bystander Effect. V79 MCLs were grown
on collagen-coated Teflon microporous membranes as described

reviously?27 by seeding with 1ONTR~ve V790ua cells and 3x

[504 (3% of total) V79-NTRu© cells. The origin of the ouabain-

resistant V7%2@cells has been reported previouShyMCLs were
grown submerged in stirred Alpha MEM with 5% FCS for 3 days
and then exposed to prodrugs in 10 mL of the same medium with
'magnetic stirring under a 95%,(B% CGO, gas phase (to reoxy-
genate the hypoxic center of MCLs and thus suppress any
endogenous activation by one-electron reductases). MCLs were then
trypsinised and centrifuged, and single cells were plated in
nonselective medium (to measure total clonogens) or selective
medium (1 mM ouabain to quantify surviving V¥cells and 15

uM puromycin to quantify surviving V79-NTR™ cells). Surviving
fractions for each population was calculated as the plating efficiency
for drug-treated MCLs/plating efficiency for untreated controls.

Animals, Dosing, and Determination of Toxicity and Anti-
tumor Activity. All animal experiments were performed under
approvals from the University of Auckland Animal Ethics Com-
mittee. Specific pathogen free mice of either sex were used, with
body weights of 26-30 g. Mice were housed in a temperature-
controlled room with a 12-hour light/dark cycle. Drugs were

desired product on TLC). The mixture was then concentrated under@dministered as single ip doses using the vehicles and volumes

reduced pressure, and the residue was shaken with 0.5 N AcOH
The resulting solution was saturated with NaCl, extracted with
EtOAc (2x), and worked up. The crude product was chromato-
graphed on silica gel, eluting with EtOAc/MeOH (19:1), to give
46 (57% yield) as a gum*H NMR [(CD3),SO]6 8.71 (t,J = 5.8
Hz, 1H), 8.24 (s, 1H), 7.46 (s, 1H), 4.74 @= 4.8 Hz, 1H), 4.52
(t, J = 5.8 Hz, 1H), 3.82 (tJ = 6.0 Hz, 4H), 3.76-3.61 (m,
partially obscured, 1H), 3.66 (8, = 5.9 Hz, 4H), 3.453.36 (m,
3H), 3.40 (S, 3H), 3.173.06 (m, lH) Anal. (%H210|2N307S'
0.5EtOAc) C, H, N.
5-[Bis(2-bromoethyl)amino]-4-methylsulfonyl-2-nitrobenza-
mide (48). A mixture of recrystallized (MeOH/EtOAc) 5-[bis-
(methylsulfonyl)ethyllamino-4-methylsulfonyl-2-nitrobenza-
mide* (65; 0.70 g, 1.39 mmol) and LiBr (0.72 g, 8.29 mmol) in
DMF (10 mL) was stirred at 60C for 2 h and then concentrated
under reduced pressure below 80. The resulting solid was
purified by chromatography on silica gel, eluting with EtOAc/&H
Cl; (2:1), to give48(0.54 g, 82%): mp (EtOAc) 176177°C; H
NMR [(CD3),S0O] 6 8.49 (s, 1H), 8.227.90 (2x s, 2H), 7.72 (s,
1H, H-6), 3.76 (tJ = 7.1 Hz, 4H,), 3.63 (tJ = 7.0 Hz, 4H), 3.49
(S, 3H) Anal. (Q2H15Br2N3058) C, H, N, Br, S.

Growth Inhibition (IC s9) Assays.All in vitro studies used
aliquots of frozen solutions of compounds in DMSO, with a
maximum DMSO concentration in culture 60.5%. Compounds
were evaluated for cytotoxicity (measured asolzalues following

indicated in Table 3. Toxicity was first evaluated in dose-ranging
studies using C3H/HeN mice to establish the MTD, defined as the
highest dose that did not cause death or body weight *d<s%

or severe morbidity in any of six animals. This dose was used to
treat CD-1 homozygous nude mice bearing dorsal subcutaneous
EMT6 or WiDr tumors, which were grown by injecting a 2:1
mixture of EMT6-NTRY EMT6 cells (total 3x 10° cells) or

10" WiDr-NTR"°cells (100% NTRVe WiDr tumors) or a mixture

of 10° WiDr-NTR"° cells and 9x 10° WiDr cells (10% NTRVe

WiDr tumors). Mice were ear-tagged and randomized to treatment
groups (3-5 mice/group for EMT6, usually 57 mice/group for
WiDr) without recaging when tumor diameters reached-&.5.5

mm (EMT6) or 7.0-8.5 mm mean diameter (WiDr tumors). EMT6
tumors were removed 18 h after drug treatment, dissociated with
Pronase/collagenase/DNAase |, and plated in AlphaMEM with 5%
FCS with or without 3«M puromycin to assess clonogenic survival

of NTR*™e and total cells, respectively, as detailed previodsly.
Response of WiDr tumors was assessed by measuring orthogonal
tumor diameters with callipers three times per week until endpoint
(death, mean tumor diameted5 mm, or 100 days after treatment).
With rare exceptions, tumors were not palpable in animals surviving
100 days, and these were classed as cures. Median growth delay
was determined, including cures in the analysis, and the statistical
significance of drug effects were evaluated using the log rank test
to make pairwise comparisons between treated and control groups.3
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QSAR Modeling. PLS was performed using the package
SIMCA-P 10.5 (Umetrics AB, Umed, Sweden). The number of
significant PCs was determined by seven internal cross validation
rounds (i.e., leave ca. 14% out each time), and the fraction of
explained variation R? or “goodness of fit") and the fraction of
predicted variation ofY (Q? or “goodness of prediction”) were
calculated. All PLS models were also validated by random
permutation (100 times) of thévalues, and separate models were
fitted to these permuted values by extracting the same number
of PCs as was done in the original model. A plot of the correlation
coefficients between the original and permutateealues against
R? andQ? gives a measure of over fitting. None of the PLS models
were over fitted according to this validation method (not shown).
In SIMCA-P a correction factor is applied to missing data
(observations and/or variables) using a modified NIPALS algorithm
to estimate a PC. l§gvalues, NTR ratios, and bystander efficiencies
were log-transformed in SIMCA-P. AK and Y variables were

centered and scaled to unit variance. Hammett sigma constants for

the mustard leaving groups were block scaled\fﬁ_y, whereK is
the number of variables in the block (12). Moderate outliers can
be found in SIMCA by calculation of the observation distance to
the model in theX space (DModX) and in th¥ space (DModY),
which are toX and Y residual standard deviations, respectively.
No variable selection or pruning was attempted.
Physico-Chemical Descriptors.LogP_7.4 (distribution coef-
ficient in octanol/water at pH 7.4) and logP_neutral (partition
coefficient in octanol/water of the neutral species) for the whole
molecule were calculated using the program ACD/LogP v9.0
(Advanced Chemistry Development Labs, Inc., Ontario, Canada
using a combination of ACD/LogP System Training and Accuracy
Extender. HA-side chain and HD-side chain are the number of

hydrogen bond acceptors and donors in the side chain as determined

by ACD/LogP (number of Ns and Os, and number of NHs and
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(10) Wilson, W. R.; Pullen, S. M.; Hogg, A.; Helsby, N. A.; Hicks, K.

O.; Denny, W. A. Quantitation of bystander effects in nitroreductase
suicide gene therapy using three-dimensional cell cultW@escer
Res.2002 62, 1425-1432.

) (11) Chung-Faye, G.; Palmer, D.; Anderson, D.; Clark, J.; Downes, M.;

Baddeley, J.; Hussain, S.; Murray, P. |.; Searle, P.; Seymour, L.;
Harris, P. A.; Ferry, D.; Kerr, D. J. Virus-directed, enzyme prodrug
therapy with nitroimidazole reductase: A phase | and pharmacoki-
netic study of its prodrug, CB195&lin. Cancer Res2001, 7, 2662~
2668.

OHs, respectively). Sigma(ind), Sigma(Res), Sigma(meta), Sigma- (12) Bridgewater, J. A.; Springer, C. J.; Knox, R. J.; Minton, N. P.;

(para), Sigma(Res-), and Sigma(Rgsare electronic substituent
parameters, as calculated by ACD/Sigma, and refer to Sigma
inductive, Sigma resonance-glectron delocalization; benzoic acid
model), Sigma meta for substituent in theetaposition on an
aromatic ring (derived from benzoic acids), Sigma para for
substituent in thgpara-position on an aromatic ring (derived from
benzoic acids), Sigma aniline resonanees(ectron delocalization,
aniline model), and Sigma plus resonanecee(ectron delocalization
from t-cumyl chlorides), respectively. MR (éh MV (cm?3), Pi
(Hansch hydrophobic constamf, MW (molecular weight), MA_p-

Ka (Most acidic [Ky), and MB_ K, (most basic [,) were calculated
using ACD/LogP and ACD/g,. A prefix (LG1 or LG2) refers to

the mustard leaving groups; no prefix refers to the whole side chain.
The nucleofugality parameter (the postfix indicates LG1 or LG2),
which describes the leaving group (LG) ability of the mustard
leaving groups, was obtained from Jaramillo et&alvho developed
this scale in a CBLG model system.
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