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Biarylpyrimidines are characterized as selective ligands for higher-order nucleic acid structures. A concise
and efficient synthesis has been devised incorporating Suzuki biaryl cross-coupling of dihalopyrimidines.
Two ligand series are described based on the parent thioether 4,6-bis[4-[[2-(dimethylamino)ethyl]mercapto]-
phenyl]pyrimidine (&) and amide 4,6-bis(4[(2-(dimethylamino)ethyl)carboxamido]pheny!)pyrimicag (
compounds. In UV thermal denaturation studies with the poly(gh&)y(dT)]. triplex structure, thioethers
showed stabilization of the triplex form\T, < 20 °C). In contrast, amides showed duplex stabilization
(ATm = 15°C) and either negligible stabilization or specific destabilizatiai{ = —5 °C) of the triplex
structure. Full spectra of nucleic acid binding preferences were determined by competition dialysis. The
strongest interacting thioether bound preferentially to the poly{@aly(dT)], triplex, Kapp = 1.6 x 10°

M1 (40 x Kapp for CT DNA duplex). In contrast, the strongest binding amide selected th@:(T)4
quadruplex structureapp = 0.31 x 10° M1 (6.5 x Kgpp for CT DNA duplex).

Introduction Results and Discussion

Following the completion of the human genome project and  Ligand Design. 4,6-Biarylpyrimidine 1a is planar in its
its conclusion that a relatively small number (30 000) of genes crystal form and known to behave, in part, as a modest duplex
“encode” a human being, it now appears that the definition and DNA intercalator!® However, steric crowding inhibits adoption
functional control of the whole organism are determined not of equivalent planar conformations in the analogous triphenyl
by the simple on/off expression of genes but by the dynamic ring system. Energy profiles were determined, using semi-
interplay of gene expression over tith&his offers the prospect  empirical molecular modeling, for rotation about one inter-
of a fundamentally new medicine based on regulating gene annular bond of 1,3-diphenylbenzene (“triphenyl”) and a range
activity rather than altering the behavior of proteins. The targets of substituted biarylpyrimidines (see Supporting Information).
for drug design will be nucleic acids: not only B-form DNA In triphenyl, energy maxima occur when the molecule ap-
sequences but also specific and unusual structures, such as thproaches a planar conformation, i.e., torsion afgte0°, 18C,
high-order DNA triplexes and quadruplexes (tetrapleXes),  etc. These energy barriers are lowered by 1.1 kcal frinlthe
DNA-RNA hybrids® and specific RNA secondary structufes. analogous biarylpyrimidine system because of relief of steric
A tantalizing glimpse of this new chemotherapy is seen from interactions around the interannular bond by introduction of the
evidence that (i) the c-myc oncogene promoter sequencetwo nitrogen atoms in the pyrimidine ring. Such stabilization
includes a G-rich tract that is able to adopt a quadruplex is largely unaffected by the nature of the para substituent on
structuré and (ii) treatment of tumor cells with a quadruplex each of the phenyl rings. Thus, under the influence of an external
DNA-binding ligand alters the expression of both this oncogene stacking constraint (e.g., crystal packing or DNA intercalation)
and other genes under its contfdVloreover, putative quadru-  the near-planar conformation may become optimal for the
plex-forming sequences appear to be common in the promoterunfused tricyclic syster#
regions of growth control gends?® Examination of the crystal structure of biarylpyrimidida

Ligands with precisely defined selectivity for nucleic acid shows the long dimension of the putatively planar, intercalating
structure therefore have a range of potential therapeutic ap-core portion of the molecule (13.2 A) to be a closer match to
plications, while the need to avoid undesirable cytotoxic effects the larger threading distances presented by quadruplex<10.8
dictates that competing affinity for duplex structures must be 13.0 AY° or triplex (7.0-12.4 ApL22 nucleic acid structures
eliminated in any design prograthHerein, we report fully? rather than to DNA duplexes that offer distances ofF 53 A,
the design and synthesis of biarylpyrimidines and describe depending on sequence (Figure 1). It was also envisaged that
investigations of their intriguing and selective binding prefer- the potentially planar chromophore could be extended by
ences toward higher-order DNA secondary structures. Structuralsubstitution of amide groups for the thioethers (ile-; 2) and
factors that either direct binding selectivity toward quadruplex to thereby further direct nucleic acid-binding preferences toward
and triplex DNA or induce specific triplex destabilization have higher-order structures. On this basis two distinct series of
been identified. ligands based on thioether and amide linkag&sa(d 2,
respectively) bearing:-aminoalkyl side chains were identified
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Figure 1. Comparison of the dimensions of thioetHex (top, left) and amidea (top, right) with the cross-sections of base plane arrangements
in duplex, triplex, and quadruplex DNA structures.
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aReagents and conditions: (i) Pd@Ph, K,COs, PhMe/EtOH 9:1 A, Ny; (i) NaOH, A, then HCI; (iii) NaSEt, DMF, 8C°C, 48 h, 62%; (iv) NaSEt,
DMF, A, <56%; (v) NaSEt, DMF, room temp, 22h; (vi) NaSBDMF, 70°C, 18 h; (vii) RSCI, AcOH, 50C, 24 h; (viii) NaBH;, EtOH/H,0 100:15, pH
8—9, 30 min, 72%,; (ix) Z(CH).Cl, NaOH, EtOH,<87%, then HBr; (x) Z(CH).Cl, K,COs, DMF, room temp<76%, then HBr; (xi) Z(CH),NH2, PyBOP,
EtN, CH.Cl,, room temp, then HBr=70% yield; (xii) Z(CH)2NH2, A, <88%, then HBr.

Biarylpyrimidines have hitherto been prepared either by con- iodoarenes is known to give superior yields in carbocyclic
densation of 1,3-diketones with formamigé*or by sequential examples of Suzuki reactions, commercially available 4,6-
aryllithium additions to pyrimidiné? Previous success with  dichloropyrimidine was converted to 4,6-diiodopyrimidine
heterocyclic examples of the Suzuki biaryl cross-coupling before arylation. However, subsequent experiments showed that
reactior>26suggested a superior assembly of the biarylpyrim- in the heterocyclic cases, a chlorine atom positioned ortho to
idine core by Suzuki arylation of a dihalopyrimidite2”-32 with the ring nitrogen was sufficiently activating to give good yields
side chain diversity introduced in subsequent steps. The flexible so that conversion to the iodide was not always essential for
synthetic protocol is outlined in the Scheme 1. Briefly, 4,6- efficient synthesig! 34

diiodopyrimidiné® was reacted with arylboronic acids in the Access to the thioether-linked ligantlsvas achieved through
presence of Pd(RR), to afford substituted biarylpyrimidines  nucleophilic substitution of appropriate 2-chloroethylamine
3a—d directly in up to 90% vyield. Since reaction of bromo- or derivatives by thiophendj. The 4-halobiarylpyrimidineSb
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Table 1. ATy, Values ¢(C)? Determined for CT DNA and A NN
I

Poly(dA)-[Poly(dT)], Triplex DNA in the Presence of Biarylpyrimidine P
Ligands (All Data Are Mean Valueg 0.1 °C) @ O O ®
EtoHN_~g 1b s~ NHEt

Compound CT DNA“® poly(dA)-[poly(dT)],’

AT,* AT, ™/AT,™* AT,! AT,?

number Z duplex melt triplex melt duplex melt
la NMe, 12.2 1.14 10.5 03

<
-

1b NEt, 10.1 110 202 1.2
Ie OH 0. 2.87 40 0.6 20
1d OCH 13 120 17 02 ©
o S~
le Vs 16 1.01 139 11 €
1f 7 97 1.24 17.4 238 :

2a NMe, 11.2 1.45 0.7 71
2b NEt, 125 1.21 5.7 8.1

2¢ OH 1.4 1.01 0.8 1.2 0
2d OCH, 0.1 1.69 0.8 0.8 0 1 2 3

& 23 233 L 51 [ligand]/[base triads]
2f = 13.9 1.40 =5.0° 14.2

2g N 13.8 1.40 -5.3¢ 13.7 B ~

N™SN
l/
o N T 7T Wt
3¢ - nd nd 5.7 1.5 MezHN/\/N N\/\NHMe2
O O

a50uM DNA (in base pairs), 2@M ligand, 10 mM NaHPQ,, NaHPQy, 2a
1 mM N&EDTA, pH 7.00+ 0.01; T, for CT DNA = 68.3°C. 250 uM 10
triplex (in base triads), 26M ligand, 10 mM sodium cacodylate, 300 mM P
NaCl, 0.1 mM NaEDTA, pH 6.00+ 0.01; T! = 54.2°C (triplex— duplex -
+ single strand) and2 = 76.8 °C (melt to single strandsy.AT, =
Tm(DNA + ligand) — Tn(DNA). 9 AT 2YAT 8 = ratio of ATy, at 20% to
ATn at 80% of the normalized absorbance change during meRibigand
destabilizes the DNA triplex.

(0)) o
\

and3d were good substrates for nucleophilic aryl substitution
reactions, the electron-withdrawing substituent effect of the
pyrimidine on the phenyl rings being equivalent to that of a /
nitro group; the observed chemical shifts of the ring protons 21 /
(0w = 8.02, 7.67 ppm foBb) were thus similar to those of /
4-bromonitrobenzene (8.02, 7.66 ppthAlthough thiophenol 0 T T T T
3j could be obtained by nucleophilic displacement of the 0 02 04 06 0.8 1
bromoarenéb by treatment with excess NaSE®©¢-37reaction : :
conditions for cleavage of the intermediate thioetBewere [ligand]/[base triads]
harsh and led to variable isolated yields. Switching to the Figure 2. Concentration dependence of melting behaviors of the
fluoroarene3d gave the anticipated rate enhancements in the POY(dA)[poly(dT)]. triplex in the absence and presence of example
e oo . . compounds from the (A) thioether and (B) amide ligand series: (solid

nucleophlllc supstltutlon reaction (complete consumption by lines) ATy (triplex melt— duplex + single strand): (dashed lines)
NaSEt in DMF in 22 h at room temperature compared with 48 AT, 2 (duplex melt— single strands). The [ligand)/[DNA] ratio refers
h at 80°C). However, little reaction was evident on treatment to the initial concentrations of each component at low temperatures,
of 3d with a wide range of sulfur, oxygen, or nitrogen using a fixed DNA triplex concentration (5M in base triads).
nucleophiles, even in the presence of DBU; good yields were
obtained only with sodium alkanethiolates. Significantly, use all proved unsuccessful, even with addition of HOBt and NHS
of the 4-fluoro substrat8d facilitated introduction of theert- to the carbodiimide reactions. High yields were achieved using
butylthioether3e, for which alternative methods are available the peptide-coupling agent PyBOP, where the almost-pure amide
to effect cleavage to the thiophenol. Disappointingly, reaction precipitate could often be obtained by simple filtration of the
with Br; in the presence of acetyl bromide yielded an intractable reaction mixture. Two series of analogues, thioetlersf and
disulfide polymer rather than the thioacet&teeven upon amides2a—g, were prepared. All compounds bearing basic side
addition of DMAP. Cleavage with sulfinyl chlorides efficiently ~ chains were isolated as their hydrobromide acid addition salts.
converted theert-butylthioether to the mixed disulfidedf and UV Spectrophotometric Thermal Melting Studies. Three
3g (78% and 91% yield, respectivel§§.41 These stable nucleic acid systems were used for studies of thermal denatur-
crystalline derivatives were reduced to the free thioph&pol  ation (melting)#*243calf thymus (CT) DNA, poly(dAjpoly(dT)
immediately prior to use. duplex, and the poly(dAjpoly(dT)], triplex. CollatedAT, data

The amide-linked derivative® could be obtained by direct  are presented in Figures 2 and 3 and Table 1. In the absence of
aminolysis of esteBa, but greatly improved yields and easier bound ligands, CT DNA showed a main transitiomgt= 68.3
purifications were achieved following hydrolysis to the free acid °C. A concentration dependence study indicated that a mole
3h and subsequent amide formation. The utility of various ratio of 50uM (base pair) CT DNA/2Q:M ligand gave~80%
activated carboxylic acid equivalents was investigated. Coupling maximal stabilization with the parent ligandla and2a. All of
reactions using acid chlorides, TFP esters, DCC, EDC, and CDI the cationic ligands examined effected thermal stabilization of

AT_I°C
B
\\
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Figure 3. UV melting curves for poly(dA)poly(dT)], triplex DNA (fixed at 50uM in base triplets) in the absence and presence of (A) thioether
ligands1 or (B) amide ligand®. Concentrations: DNA, 5@M in base triplets; ligand, 2aM. A fixed ligand concentration of 2aM was used

with optical monitoring at 260 nm.

this DNA duplex, with inducedAT, of 10—15 °C. The

On the basis of concentration dependence studies, a fixed

stabilization was independent of the functional group (thioether ratio of [ligand]/[base triplets (bt)] of (2xM):(50 uM) was

or amide) linking the core aryl system to the side chain.

used for comparative analysis of the two ligand series (see

Furthermore, the shifted curves were not parallel to that obtained Figure 2 and Table 1). Triplex stabilization was common to all

for DNA alone and the effect upon the melting profile provides

thioether ligands bearing-amino side chainsl@gb,f), dem-

an indicator of sequence binding preference of the ligand. For onstrating that the charged ammonium group in the side chain

the normalizedAeo (i.€., 0—100%) vs temperature curve, the
shape of the early part of the melting curve is controlled by
A—T base-pair melting; 6C base pairs melt in the higher-
temperature rangé.A semiquantitative impression of the excess
of A—T over G-C stabilization can be obtained by comparing

is essential for triplex stabilization. In contrast, the hydroxyethyl
(1c) and methoxyethylXd) derivatives showed little evidence
for interaction with either triplex- or duplex-form DNA, despite
the possibilities for greater hydrogen-bonded DN#yand
interactions upon binding. The corresponding amidasd]

the AT values at 20% and 80% of the normalized absorbance showed similarly negligible effects. The extent of triplex

change during melting (denotéd,,2° andAT,,.2°, respectively).
This factor is represented by t€l,2YAT.2 ratio (Table 1).

stabilization is sensitive to the nature of the basic side chain,
with the bulkier and more hydrophobic groups being more

For ligands in both compound series where significant duplex effective (e.g., piperidinyllf, AT, = 17.4 °C; diethylamino

stabilization was shownATy, > 10 °C), the AT 2YAT,E°

1b, AT = 20.2°C) although there is no apparent correlation

parameter was greater than 1.0, indicating preferential stabiliza-with the [Kj of the basic amino group (NMda < morpholino

tion of A—T rich sequences in the CT duplex. This differential
behavior was significantly more marked for the amide com-
pounds2a,b,f,g (Tm2YAT8 = 1.21—1.45) than for the thio-
etherslab,f (Th2YAT0 = 1.10-1.24).

The melting curve for poly(dAJpoly(dT)]. triplex DNA in

the absence of ligand shows two sequential thermal transi-

tions: Ty = 54.3°C (triplex melt— duplex+ single strand)
and T2 = 77.8°C (duplex melt— all single strandsj?>*3The

le < piperidino1f < NEt; 1b).

Minor structural alteration to the amidésresulted in an
entirely different pattern oA T, values (Figure 3B). In general,
the simple dialkylamino compounds (e.@ab) induced a
moderate thermal stabilization of the poly(dpgly(dT) duplex
(ATr? = 8.1°C) with little effect on triplex melting AT <
1°C, except for2b). Remarkable structure-selective differences
are evident for amide ligands bearing heterocyclic side chains

effects of examined ligands on the melting behavior of the poly- (2e—g). Ligands2f and2g showed closely similar effects, with

(dA)-[poly(dT)] triplex are shown in Figure 3. The concentra-
tion-dependent effects of selected ligands from each sdigs (
2a) on the two melting transitions are shown in Figure 2.

stabilization of the poly(dA)poly(dT) duplex ATy? ~ 14 °C)
and a specific destabilization of the triplex structunél ! ~
—5.3°C) that preserves the shape of the biphasic melting curve

Evidence for selective interactions with high-order structures (Figure 3B). This behavior indicates that the ligands show
is apparent, with demonstration that the selectivity can be sufficiently high affinity for duplex-form poly(dA)oly(dT) to

directed by modifying the ligand structure from thioether to
amide. Thus, thioethdib effected a dramatic and concentration-

dependent stabilization of the triplex melting transition up to a
maximumATy! ~ 24 °C, whereas the duplex melting event

was little affected AT,2 < 3 °C). In the case of amidRa, the

competitively displace the third strand from its corresponding
DNA triplex structure.

A spectrophotometric titration study showed marked hypo-
chromicity and sharp isosbestic points as poly(ga)y(dT)
duplex was titrated into a solution containing either thioether

effects on the transitions are reversed and the magnitude of thela (Figure 4A) or amide2a (Figure 4B). The results are

effects is also much smaller: the triplex to duplex transition is
unaffected ATt < 2 °C), while the duplex to single strands
melt was increased with a maximunil,2 ~ 9 °C.

consistent with the binding-induced T, and curve shifts
observed with CT DNA. However, a dramatic difference was
seen upon addition of poly(dApoly(dT)]. triplex to either
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Figure 4. UV—visible absorbance spectra for the titration addition of poly¢daly(dT) duplex (A, B) and poly(dAJpoly(dT)], triplex (C, D)
into ligand solutions (fixed at 2aM) containing either thioetheta (A, C) or amide2a (B, D). Spectral changes are indicated for equilibrated
DNA—drug mixtures containing O, 1, 2, 5, 10, 15, 20, 25, and«bD(bp) duplex or 0, 1, 2, 5, 7.5, 10, 12.5, 15, 20, andu®® (bt) triplex.

thioetherla (Figure 4C) or amidea (Figure 4D), where the in the all-RNA structurél?2 In contrast, the amideg bind
thioether again produced sharp isosbestic points and hypochropreferentially to quadruplex DNA structures but are less
micity indicative of interaction between the ligand and DNA discriminating in their overall recognition profiles. Neutral
triplex in a discrete binding mode. In contrast, no such compounds (Z= OH or OMe) showed reduced affinity for
interactions were apparent for amiglawith this triplex, again nucleic acids, but the structure preferences generally resemble
mirroring the effects seen in denaturation experiments with CT those of their dimethylamino counterparts. In both series,
DNA. The structural basis for these differential behaviors and variation of the simple dialkylamino groups only influenced
for the selective destabilization of triplex DNA is uncertain and binding affinity (e.g., Z= NMe;, > NEt;) while the overall
the subject of continuing investigations. selectivity was unaffected. However, compounds bearing satu-
Competition Equilibrium Dialysis: Nucleic Acid Structure rated heterocyclic side chains show different patterns of binding
Binding Preferences.This competitive assay is an important preferences that are also reflected in their anomalous thermal
tool in discerning liganenucleic acid interactions and binding  melting behavior.
preferences for nucleic acid structuf&s?® Briefly, a common Results from selected quantitative analysis of the competition
pool of test ligand is dialyzed against an array of competing equilibrium dialysis data using established met&®dare
nucleic acid structures in a single experiment. At equilibrium, presented in Table 2. Apparent binding constalitg and free
the free ligand concentration will be the same for each dialysis energies of bindingAG) are presented for thioethers with their
compartment and the amount bound to each structure indicategreferred host poly(dAjpoly(dT)]. triplex nucleic acid structure
the binding affinity. Thus, binding constants and energies can and for amides with the [dGG2T2)]4 parallel-stranded DNA
be obtained in a direct and quantitative manner. Data obtainedquadruplex. Data for the natural CT DNA duplex are included
for a range of biarylpyrimidines from the thioeth&) &nd amide for comparison. Parameter errors have previously been estimated
(2) series dialyzed against a panel of 18 nucleic acid structuresas 10-15%32 Two further analytical descriptors can be used
are presented in Figure 5; derived thermodynamic parametersto quantitate binding selectivity: (i) the specificity sum (SS)
are collected in Table 2. given by summation of the normalized amounts bound to each
These results broadly confirm that neither ligand class shows DNA structure and (i) the rati€na/SS. In the present assay
a strong affinity for any nucleic acid duplex or single-stranded system, SS would have a value between 1 (i.e., perfect selectivity
structure examined in the assay, irrespective of either sequencdor a single structure) and 18, where the latter value requires
or backbone involved. As anticipated, preferential interactions that equal amounts are bound to all of the 18 competing
were instead evident for high-order nucleic acid structures. The structures (i.e., a complete absence of selectivity). Thg/
simple thioetherdab showed a strong preference for triplex SS parameter provides a simple indicator for both binding
DNA (27-fold greater than for the natural duplex, calf thymus affinity and inherent selectivity, whef@naxis the largest amount
(CT) DNA). Significantly, less ligand is bound to triplex RNA, of ligand bound to any structure in the assayed nucleic acid
indicating that at least part of the bound ligand (probably the panel. From the experimental results of competition equilibrium
pendent side chains) must align in the grooves of the DNA dialysis with 126 compounds from a diverse range of chemical
triplex, an accommodation thwarted by tHeh®droxyl groups classes and an alternative array of 13 nucleic acid structures,
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Concentration of bound ligand ( uM)

Figure 5. Competition equilibrium dialysis data for compounts—f (left) and2a—c (right). The vertical columns indicate the relative binding
of each candidate ligand to the nucleic acid system. For a description of the nucleic acid structures used, see Table S1 (Supporting Information).

Table 2. Thermodynamic Parameters Derived from Competition Equilibrium Dialysis Data for Test Ligands against a Panel of 18 Nucleic Acid
Structures

Cp tfip|eXa dUp|e>? AGtriplex AGcTpNA AAGtripIex,CT AAGtriplex,la
ligand uM Kapp 1P M2 Kapp 1P M2 kcal mol-t kcal mol* SS Cmal/SS kcal mol® kcal mof-t
la 10.4 1.60 0.04 —5.66 —3.54 3.35 3.09 —2.12 0.00
1b 6.4 0.93 0.03 —5.34 —3.32 3.21 1.99 —2.02 0.32
1c 2.9 0.41 0.08 —4.86 —-3.91 3.85 0.76 —0.95 0.80
1d 0.8 0.11 0.07 —4.10 —3.82 4.88 0.51 —0.29 1.55
le 7.4 1.09 0.24 —5.43 —4.55 5.46 1.35 —0.89 0.22
1f 5.8 0.84 0.06 —5.28 —=3.77 4.80 1.21 —1.51 0.38
3j 4.0 0.57 0.19 —5.05 —4.42 8.73 0.46 —0.64 0.61
ligand Cp quadruplex duplex AGquadruplex AGcTtDNA SS Cna’{SS AAGquadruplex,cT AAGquadruplesza

uM Kapp 1P M1 Kapp 1P M1 kcal molt kcal mof* kcal mol* kcal molt
2a 10.0 1.55 0.39 —5.64 —4.83 5.81 1.73 —0.8 0.00
2b 12.5 2.00 0.31 —5.79 —4.70 4.05 3.09 -1.1 —0.15
2c 3.0 0.42 0.11 —4.87 —4.10 5.12 0.59 —0.8 0.76

a Poly(dA) [poly(dT)].. ® CT DNA. ¢ [d(T2Ga0T2)]a.

Cma{SS was fountf to range from 0.06 to 9.8 with a mean between the two ligands is more pronounced when the data are

value of 2.4+ 2.2. compared for binding affinity and specificity, witBm,/SS=
The highest-affinity triplex-binding ligand (thioeth#&a) has 3.09 and 1.99 fotaand1lb, respectively. The marked difference
Kapp = 1.60 x 10° M~ for the triplex compared withapp = in behavior for the diethylamin&b and piperidinyllc (SS=
0.04 x 10° M1 for the CT DNA duplex. ThisKappriplexf 4.80,CnadSS= 1.21) derivatives highlights the effect of side
Kapp(cT bna) = 40 ratio corresponds tAAG ~ —2 kcal mof™? chain flexibility on binding such that the more rigid piperidinyl

between the two systems. This energy difference indicates acompound has both reduced affinity and discrimination in its
significant discrimination between the host DNA structures binding interactions.

shown by this ligand. However, the overall specificity for ligand In contrast to the thioethers, the preferred nucleic acid targets
la (SS = 3.35) is less impressive, indicating that other for the amide ligands are the three quadruplex DNA forms:
structures, principally those rich in d&T base pairs, are also  the folded human telomeric intramolecular d[{G,AG3)s]
favored for binding. The diethyl congen&b was marginally quadruplex, the intermolecular G-wire [d{g54Ga0)]n Structure,
more selective in its interactions (S$3.21). The difference and the parallel-stranded [d{G20T2)]4 arrangement. While
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Table 3. Chemosensitivity Data from the NCI Three-Cell-Line available TRAP ass&y (see Supporting Information). As
Prescreen expected for quadruplex-binding ligands, moderate inhibition
Compound y/ Cell growth, % control of human telomerase function was found, where the lowest
100 M MCF7 NCL.  SF-268 ©lCs ~ 10 uM activity compares favorably with that for
H460 porphyrin and peryleng®Csp > 10 «M)>*-56 inhibitors and

the internal reference inhibitor used in this assay (BSU-1021,
©Cgp = 4.9 uM)>7:58 (see Supporting Information). Ttb >

b NEt, 83 %8 85 2a~ 1f > 1la> 1d ranking of inhibitory activities determined

1e OH 97 99 119 for the functionalized biarylpyrimidine compounds broadly
reflects their relative DNA-binding strengths with the human

1d OCH, 33 % 106 telomeric quadruplex DNA structure d(AZ ,AG3]s). Stabiliza-

le = 95 9 102 tion of the folded quadruplex (or G-quadruplex) structure is

" — " o8 o proposed to prevent access _of the telomera_sg enzyme to_the

" unfolded DNA substrate required for processivity in telomeric

3 extension.

2a NMe, 96 100 108

2¢ OH 83 104 104 Conclusion

Functionalized 4,6-biarylpyrimidines present a versatile and
intriguing platform for the development of ligands for the
recognition of high-order (triplex and quadruplex) nucleic acid
structures. A new, flexible, and high-yielding synthesis of these
agents has been developed that incorporates a Suzuki cross-
coupling reaction to generate the biarylpyrimidine core structure.
Two distinct classes of candidate ligand were synthesized where

“random” sequence duplex (CT DNA) is an order of magnitude the side chains are linked to the aryl core structure via thioether

lower, with theKapp(quadrupieappcT pnay~ 4.0 ratio representing (1) or amide @) funct.lonal groups. _ .
a differential AAG ~ —1 kcal mol L. Overall, the diethylamino- Spectrophotometric and competition equilibrium dialysis

terminated ligan@b gave the best combination of affinity and ~ 2SSays have revealed interesting patterns of nucleic acid binding
selectivity in the amide series, WitBnadSS = 3.09. Signifi- behavior in terms of structural selectivity for the host system.
cantly, for both series, the poorest valuesGaf/SS < 1 are Further, relatively minor alterations in ligand structure effect a
characteristic of compounds with uncharged side chains. dramatic switch in binding preference. Significantly, all mem-
The primary SAR determinant discerned from these data is bers of both classes of ligand were indifferent binders toward

that the fundamental binding preference for high-order DNA duplex nucleic acid structures; binding constaiiig, < 4 x
structures is largely directed by the biarylpyrimidine core 10°M™ with the mammalian CT DNA reference were obtained
structure. The chalcogen-linked compounds, thioether or etherPY the competition equilibrium dialysis method. The cationic
(data not shown), favor triplex binding, while the amide linkage pendent side chains are critically important to both classes of

switches this preference to quadruplex. Within each class, theligand in conferring a strong binding affinity. Thus, even
cationic side chains make a significant contribution to binding Substituent groups with a combination of H-bond donors and
affinity while having little effect on the overall patterns of acceptors were unable to compensate for the absence of a formal

discrimination observed across the panel of 18 target structures POSitive charge.

The AAH,y enthalpies calculated for the DNAigand UV spectrophotometry gave the first indications of discrimi-
complexes relative to the free DNA show clear differences in nation in the interactions of the test ligands between duplex
thermal stabilization of nucleic acid targets between the thioether and triplex structures. Cationic thioethers showed appreciable
1 and amide2 series (determined by partial qualitative van’t thermal stabilization of the poly(dA{poly(dT)]- triplex (ATm
Hoff analysis of the UV thermal melting curves; see Supporting = 20 °C) while having a negligible effect on the poly(dA)
Information) and support the switch in binding preference. Thus, poly(dT) duplex. The converse behavior was evident for the
the rank order for tripleX ;! stabilization is given byla> 2a, cationic amides where binding-induced stabilization was greater
whereas the order is reversed for duplex stabilization (i.e., ~ for duplex-form DNA rather than for triplex-form DNA. This
2a > 1a). This behavior is reflected in th&T,, values (Table structural preference was confirmed by the absence of isosbestic
1). Thela > 2aranking for stabilization of duplex form of CT ~ points and hypochromicity in titration experiments involving
DNA again reflects tha@,, stabilization afforded by the ligands, ~ poly(dA)-[poly(dT)]: triplex and the cationic amid2a ligand.
although the altered AT/GC binding preference here prevents A detailed picture of the nucleic acid binding properties was
a full analysis with this “pseudorandom” host DNA duplex obtained by the competition equilibrium dialysis method. This
system. assay reveals that neither class of ligand binds in a preferential

Chemosensitivity and Telomerase Inhibition. Selected manner to any single- or double-stranded DNA structure.
compounds were assessed for in vitro chemosensitivity in the Instead, in both cases, preferred binding is shown toward
NCI three-cell-line prescreen (Table 3). In agreement with the multistranded triplex or quadruplex structures. The overall

qualitatively similar binding to the three quadruplexes was
evident, in certain caseggb), a modest selectivity<2-fold)

is seen for the discrete four-stranded [g§1oT2)]4 Structure used
for comparative analysis in Table 2. For compourdsand

2b, Kapp = 1-2 x 1P M1 are seen. However, binding
discrimination toward this structure rather than a standard

low binding affinities determined for duplex DNAKfpp < 4 X structural preference is dictated by the functional group linking
10* MY, no compound examined showed appreciable cyto- the side chain, with a switch between three-stranded (thioether,
toxicity toward a range of human tumor cell lines 4G 100 1) and four-stranded (amid2) hosts. Within each class, the

uM). Ligands selective for quadruplex rather than duplex DNA overall pattern of binding preferences is similar, with uncharged
structures have been identified as inhibitors of telometase.>2 substituent moieties showing reduced binding affinity and less
Telomerase inhibition was assessed using the commerciallyselectivity (i.e., smalleCmadSS).
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The more rigid saturated heterocyclic side chaibegf(and
2e—g) have distinct effects upon the overall recognition
properties for the ligands compared with acyclic groups of
similar size (b, 2b). Thus, in the thioether series, a marked
increase in SS is accompanied by a lower binding affinity. For
the amidesZe—g) a specific and unexpected destabilization of
the triplex structure was discovered.

The molecular basis for a switch in structural binding
preference following alteration in the side chain linkage is not
fully understood. Molecular modeling exercises support the
design rationale that superiarstacking and drug fits for stacked

Wheelhouse et al.

UV DNA melting curves were determined using a Varian-Cary
400 Bio UV/vis spectrophotometer equipped with a Peltier tem-
perature controller. Heating runs were typically performed between
40 and 95°C, heating at a rate of IC min~%, while the absorbance
at 260 nm was continuously monitored. All melts were performed
in 1 cm path length quartz cells. Solutions of DNA and the candidate
ligand were prepared by direct mixing of a solution containing either
CT DNA or triplex with aliquots from the ligand stock solution.
Melting temperatures were determined from the primary data using
the method of Wilson et &ft

Spectrophotometric Titrations. The experimental procedure
used for equilibrium binding titration experiments has been

G-tetrads (quadruplex) are obtained with the extended amidepublishec?® Concentrated stock solutions of ligartisand2a (~3

linkage rather than the inherently more flexible thioether.
Pendent cationic charges promote this structural preference. |
contrast, for triplex binding by the thioethers, the equilibrium
dialysis data indicate a groove binding contribution to the

interaction. Again, modeling studies support the hypothesis, but

mM) were freshly prepared in DMSO and diluted to the required

pconcentration with either aqueous phosphate or cacodylate buffer

(see above), as required. Stock aqueous solutions containing either
poly(dA)-poly(dT) or poly(dA}[poly(dT)], at known high concen-
tration (~5 mM in bp or bt for the duplex and triplex, respectively)
were similarly prepared in the appropriate buffer system-UV

diagnostic biophysical evidence has proved elusive; stepwiseyisiple absorbance spectra were recorded af@Sor aqueous

NMR titration of ligandla with poly(dA)-[poly(dT)] triplex

solutions containing the ligand (5Q@L of 25 uM) in a quartz

(in either direction) resulted in apparently quantitative precipita- cuvette using a Varian-Cary 400BIO instrument. Serial aliquot
tion of the complex rather than observable chemical shift portions of DNA stock solution were then added to generate
perturbations. Detailed investigation of the key nucleic acid working solutions containing the reactants at several defined molar
binding interactions and the molecular basis for the observed ratios (see Figure 4). The spectrum was rerecorded at each titer
effects is a continuing effort, focusing upon structural studies SteP following equilibrium stirring at 23C for 15 min. Spectra
and calorimetric and thermodynamic analyses with optimized were similarly recorded for mixtures containing a large known molar

ligand molecules to dissect the component energetic terms forexcess of the DNA to determine isosbestic behavior and the
gand . P 9 saturation approach to binding equilibrium.
the thioether and amide classes.

o Competition Dialysis. Competition dialysis experiments were

A subset of compounds was assayed as inhibitors of humanperformed exactly as previously descridféd’*?albeit with a new
telomerase and a moderat¥Cso ~ 10 uM was found, array of nucleic acid structures. The nucleic acids structures used
consistent with modest, unoptimized binding.§ = 0.85 x in the new test array are listed in Table S2 of Supporting
10° M71) to the human telomeric sequence AGAG3)s. Information. The preparation and tests for the quality of these
Significantly, both weak duplex DNA binding and concomitant nucleic acids are fully described in refs 45 and 49. Competition

low cytotoxicity (ICso > 100 uM) were determined. These dialysis studies were performed in BPES buffer, consisting of 6
findings will be important for future development of such agents MM N&HPQ,, 2 mM NatbPO,, 1 mM NaEDTA, 185 mM NaCl,

as selective modulators of gene expression through interactionpH 7.0. Test ligand molecules (M concentration, 200 mL

- - . volume) were dialyzed against the nucleic acid array. Each nucleic
with high-order DNA structures. In summary, the 4,6-biaryl- 5.4 strycture was at 78M in a volume of 20QuL. Following 24

pyrimidine ligands are an attractive class of compounds for p, of gialysis, samples were removed and ligand was dissociated
diversification and optimization of their nucleic acid recognition py the addition of SDS to a final concentration of 1% (v/v). The
properties. These agents are synthetically accessible, nontoxictotal ligand concentration present in each nucleic acid sample was
and not complicated by the photosensitivity problems that measured spectrophotometrically using microcuvettes at an ab-
hamper other ligands with extended aromatic chromophoressorbance maximum appropriate for each ligand and corrected for
(e_g_' porphyrinS, quinoneS, COfa]yne) reported for use in the S|Ight dilution resulting from the addition of the SDS solution.

targeting high-order nucleic acid systems. The free ligand concentration, which typically was not appreciably
different from the initial concentration of &AM, was determined

spectrophotometrically from an aliquot of the dialysate solution,
and the concentration of ligand bound to each nucleic acid structure
was determined by differenc€{ = C; — C).

SynthesisBoronic acids were purchased from Frontier Scientific,
Europe Ltd., Carnforth, Lancashire, U.K. Other reagents were
purchased from Sigma-Aldrich, Gillingham, U.K., or Lancaster,
Morecambe, U.K. Solvents were purchased from Riedel-denHae
and, where stated, purified according to Perrin, Perrin, and
Armaregd® TLC was performed on highly purified silica gel plates
with UV indicator (silica gel 60 k4, manufactured by Merck and
visualized under UV light (254 or 366 nm) or stained with iodine.
Flash chromatography was performed using silica get-@®um)
purchased from Merck and used following the methodology
described by Still et &t Melting points were determined using an
The poly[dA]-poly[dT]; triplex was formed by mixing equimolar  Electrothermal 1A9200 digital melting point apparatus. Infrared data
(i.e., base pairs to nucleotides) solutions of the polytgaly[dT] were obtained on a Perkin-Elmer (Paragon 1000) FT-IR spectro-
duplex and the poly[dT] single strand, then annealing by heating photometer. Routine nuclear magnetic resonance spectra were
to 95 °C followed by slow cooling overnight. acquired on a JEOL GX270Delta spectrometer (observhat

Ligands were dissolved in buffer or DMSO, ensuring that the 270.17 MHz andC at 67.80 MHz). Alternatively, where stated,
ultimate concentration of DMSO was1—2% v/v where used. a JEOL ECA600 spectrometer (observithtjat 600.17 MHz and
DMSO calibration curves were used to correctTheralues. Ligand 13C at 150.91 MHz) was used3C assignments were made with
stock solutions were stored in the refrigerator-8°C) when not the aid of the DEPT135 experiment. Valuesl&ndo of aryl AB
in use. systems were calculated using the NMRcalc program (T. C. Jenkins,

Experimental Section

UV Thermal Melting Studies. Calf thymus (CT) DNA and
poly[dA]-poly[dT] and poly[dT] DNA were purchased from Sigma
as the sodium salts and used without further purification. An
aqueous buffer containing 10 mM pHPO/NaH,PO,, 1 mM
Na&EDTA, pH 7.00 + 0.01, was used for CT DNA melting
experiments. An aqueous buffer containing 10 mM sodium ca-
codylate, 300 mM NacCl, 0.1 mM NEDTA, pH 6.00+ 0.01, was
used for triplex DNA melting experiments. Concentrations of all
DNA solutions were determined by UV spectrophotometry using
the following extinction coefficients: CT DNAgyeo = 12 824 (M
(base pairs))t cm1; poly[dA]-poly[dT], €260 = 12 000 (M (base
pairs))* cm1; poly[dT], €265 = 8700 (M (nucleotides))}t cm1.
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2001). Mass spectra were obtained from the EPSRC National Mass'3C{'H} NMR (CDCl;, 150.91 MHz)6 164.8 (d,%Jcr = 252.9
Spectrometry Service Centre, University of Wales, Swansea. Hz, C-4), 163.7 (C-4, C-6), 159.3 (C-2), 133.1 (tcr = 4.3 Hz,
Elemental analysis was performed by the Advanced Chemical andC-1'), 129.3 (d,2Jcg = 10.1 Hz, C-2, C-6), 116.2 (d,2Jcg = 21.7

Materials Analysis Unit at the University of Newcastle upon Tyne,
U.K.

General Method 1: Suzuki Coupling Reaction. 4,6-Bis(4-
methoxyphenyl)pyrimidine-0.25H,0, 3c. A solution of 4-meth-
oxyphenylboronic acid (0.9 g, 5.9 mmol), 4,6-diiodopyrimidine,

Hz, C-3, C-5), 112.1 (C5); IR (CHCI,) 1600s, 1573s, 1510s,
1450s, 1275s, 850s cth MS (ESt) (%) 269 (100) (M+ H)**,
Anal. (C15H10F2N2) C, H, N.
4,6-Bis(4tert-butylmercaptophenyl)pyrimidine, 3e. A slurry
of 4,6-bis-(4-fluorophenyl)pyrimidin&d (1.26 g, 4.70 mmol) and

(0.98 g, 2.9 mmol), palladium(0)tetrakis(triphenylphosphine) (45.6 sodiumtert-butylthiolate (1.16 g, 10.34 mmol) in DMF (25 mL)

mg, 0.04 mmol), and ¥CO; (0.58 g, 5.9 mmol) in toluene/EtOH

was heated at 70C for 18 h. Water (50 mL) was added to the

(9:1 v/v, 200 mL) was thoroughly degassed using a stream of dry reaction mixture, and the solution was extracted with ethex (1

N, then stirred vigorously under reflux. Aft8 h the solution was

150 mL, 2x 50 mL). The combined organic extracts were dried

concentrated by evaporation under vacuum and the residue parti-over MgSQ, filtered, and evaporated. Recrystallization from ethanol

tioned between kD and ether (50+ 50 mL) and extracted with
ether (3x 100 mL). The combined organic extracts were dried
over MgSQ and evaporated. Recrystallization from EtOH afforded
biarylpyrimidine 3c as a white solid (0.52 g, 61%): mp 14849
°C; IH NMR (CDCl;, 600.17 MHz)d 9.20 (d,J = 1.3 Hz, 1H,
2-H), 8.11 #,AB, J = 8.9 Hz, 4H, 2-H, 6-H), 7.97 (d,J = 1.3
Hz, 1H, 5-H), 7.03 {,AB, J = 8.9 Hz, 4H, 3H, 5-H), 3.89 (s,
6H, OCHp); 13C NMR (CDCk) 6 165.1 (C-4, C-6), 163.4 (C'4
159.0 (C-2), 128.7 (}, 123.1 (C-2 C-6), 114.4 (C-3 C-5), 111.0
(C-5), 55.4 (CH); IR (CH.Cl,) 3450w, 1600s, 1590s, 1575s, 1510s,
1405s cm?*; MS (FAB) (%) 293 ([M+ H]**, 100), 152 (17), 107
([CsH4OCHg)**, 36); UV—vis (10 mM sodium phosphate buffer,
pH 7.00, 1 mM EDTA, 300 mM NaCljmax (nm) [e (M~1 cm™1)]
332 [6026]. Anal. (GgH16N202°0.25H,0) C, H, N.
4,6-Bis(4-methoxycarbonylphenyl)pyrimidine, 3a. 3awas

gave fine, colorless needles (1.60 g, 84%): mp 151%2.5°C;
H NMR (CDCl, 600.17 MHz)d 9.29 (d,J = 1.2 Hz, 1H, 2-H),
8.09 (d,J = 1.2 Hz, 1H, 5-H), 8.08%(,AB, J = 8.4 Hz, 4H, 2-H,
6'-H), 7.66 {/,AB, J = 8.4 Hz, 4H, 3H, 5-H), 1.31 (s, 18H,
C(CHg)3); 3C NMR (CDCk, 150.91 MHz)6 163.9 (C-4, C-6),
159.3 (C-2), 137.8 (C-2C-6), 137.2 and 136.6 (C-Jand C-4),
127.2 (C-3, C-5), 112.9 (C5), 46.6 (CMg, 31.2 (CH); IR
(CH.Clp) 2950m, 1575s, 1505s, 1450s, 1270s &nMS (ESt)
(%) 409 (100) (M+ H)**. Anal. (G4H2sN2S,) C, H, N.
4,6-Bis(4-trichloromethyldisulfanylphenyl)pyrimidine, 3f. A
solution of 4,6-bis(4ert-butylmercaptophenyl)pyrimidinge (0.078
g, 0.2 mmol) and CGBCI (0.402 g, 2.2 mmol) in acetic acid (8
mL) was heated at 50C for 24 h. The mixture was partitioned
between ethyl acetate (100 mL) and water (100 mL). The organic
layer was separated, dried over Mgs@itered, and evaporated.

prepared by general method 1 from 4-methoxycarbonylphenyl- The pale-yellow solid was recrystallized from ethanol (0.088 g,
boronic acid (1.74 g, 9.64 mmol). Solvents were removed by 78%): mp 126.3+127.3°C;H NMR (270.17 MHz, CDCJ) 6 9.31
evaporation, and the product was recrystallized from ethyl acetate (d, J = 1.0 Hz, 1H, 2-H), 8.14%(,AB, J = 8.5 Hz, 4H, 2-H, 6'-

to yield 1.53 g (91%); mp 223:5225.0°C; *H NMR (CDCls,
600.17 MHz)6 9.38 (d,J = 1.4 Hz, 1H, 2-H), 8.21 (AB, 8H,2
H, 3-H, 5-H, 6-H), 8.19 (d,J = 1.4 Hz, 1H, 5-H), 3.97 (s, 6H,
OCH); 13C NMR (DMSO0)6 166.1 (G=0), 163.2 (C-4, C-6), 159.4
(C-2), 140.6 (C-1), 132.0 (C-4), 129.9 (C-3 C-5 or C-2, C-6),
127.9 (C-2, C-6 or C-3, C-5), 114.2 (C-5), 52.9 (OC¥H); IR
(CHLCly) 1725s (G=0), 1580s, 1460m, 1105m, 1020w cmMS
(El) (%) 348 (M, 87), 317 ((M— OCHg]**, 100), 289 (82), 203
(26), 101 (49). Anal. (@H1eN204) C, H, N.
4,6-Bis(4-bromophenyl)pyrimidine-0.25H,0, 3b. Treatment of
diiodopyrimidine (1.92 g, 6.03 mmol) with 4-bromophenylboronic

H), 8.07 (d,J = 1.0 Hz, 1H, 5-H), 7.80%;AB, J = 8.5 Hz, 4H,
3-H, 5-H), 3.70 and 1.23 (g and t, EtOHY¥C NMR ¢ 163.8 (C-
4, C-6), 159.2 (C-2), 138.7 and 136.6 (Cahd C-4), 129.2 (C-3,
C-5 or C-2, C-6), 128.1 (C-2 C-6 or C-3, C-5), 112.7 (C-5),
SCCl3 not observed; IR (CECl,) 1575s, 1510s, 1450m. 1290m,
1010w, 825s cmt; MS (ESt) (%) 474 (100) (M+ H)**. Anal.
(C18H10ClgN2S,-0.25EtOH) C, H, N.
4,6-Bis[4-(2-nitrophenyldisulfanyl)phenyl]pyrimidine, 3g. A
solution of 4,6-bis(4ert-butylmercaptophenyl)pyrimidinge (3.680
g, 9.0 mmol) and 2-nitrobenzenesulfenyl chloride (6.83 g, 36.0
mmol) in acetic acid (130 mL) was heated at 85 for 2 h. The

acid (2.42 g, 12.05 mmol), according to general method 1, afforded mixture was cooled te-20 °C, filtered, and washed with ethanol.

biarylpyrimidine 3b as white crystals from ethanol (1.6 g, 68%):

mp 196.5-197.5°C; *H NMR (CDCls, 600.17 MHz)6 9.29 (d,J

= 1.1 Hz, 1H, 2-H), 8.04 (dJ = 1.1 Hz, 1H, 5-H), 8.02(,AB,

J = 8.6 Hz, 4H, 2-H, 6-H), 7.67 {/,AB, J = 8.6 Hz, 4H, 3-H,

5'-H); 3C NMR (CDCk) ¢ 164.5 (C-4, C-6), 160.0 (C-2), 137.0

(C-1), 133.0 (C-2 C-6), 129.4 (C-3 C-5), 126.6 (C-4), 112.8

(C-5); IR (CHCI,) 1580s, 1520m, 1460m, 1260w, 1075w €m

MS (Cl) (%) 388 + 390 + 392 (M 54%, 1:2:1 isotopic

distribution for8Br/81Br, 81Br/"Br, 7°Br/"Br), 311+ 309 (M —

Br]**, 32), 284+ 282 (36), 229 ([M— 2Br]**, 22), 203 (50), 101

(100). Anal. (GeH10Br2N2-0.25H,0) C, H, N.
4,6-Bis(4-fluorophenyl)pyrimidine, 3d. By General Method

1. 4-Fluorophenylboronic acid (3.97 g, 27.51 mmol), 4,6-dichloro-

pyrimidine (2.06 g, 13.42 mmol), and finely powdered3O; (5.56

g) in methanol/toluene (1:9, 300 mL) were mixed with strong

agitation and thorough degassing with fér 30 min at 60°C.

The yellow solid was triturated with hot ethanol and filtered hot
(4.35 g, 86%): mp 220222°C; 'H NMR (270.17 MHz, CDCJ)
0 9.26 (d,J = 1.0 Hz, 1H, 2-H), 8.58 (dJ = 1.0 Hz, 1H, 5-H),
8.37 (d,J=8.5Hz, 2H, 3-H), 8.34 {/,AB, J= 8.5 Hz, 4H, 2-H,
6'-H), 8.08 (d,J = 8.5 Hz, 2H, 6-H), 7.86 (t,J = 8.5 Hz, 2H,
4"-H), 7.72 {/,AB, J = 8.5 Hz, 4H, 3H, 5-H), 7.57 (1,J = 8.5
Hz, 2H, 8'-H); 13C NMR (CDCk, 150.91 MHz) 163.4 (C-4, C-6),
159.5 (C-2), 145.8 (C‘2, 138.4 (C-1), 136.1 (C-4), 136.0 (C-
3"), 135.1 (C-4), 128.9 (C-2 C-6), 127.9 (C-3 C-5), 128.3,127.4
and 127.1 (C-4, C-5', and C-6), 112.9 (C-5); IR (KBr) 1585s,
1510s, 1335s, 1300m, 725m cinMS (ESt) (%) 603 (50) (M+
H)'+. Anal. (C28H18N404S4'H20) C, H, N.
4,6-Bis(4-carboxyphenyl)pyrimidine0.5H,0, 3h. 4,6-Bis[4-
methoxycarbonylphenyl]pyrimidin8a (0.67 g, 1.92 mmol) was
added ® 2 M NaOH solution (50 mL) and heated under reflux for
12 h. The solution was left to cool and was then acidified (pH 6)

Pd(PRP), (0.3 g) was added, and the mixture was heated to reflux using concentrated HCI. The resultant precipitate was collected by
with strong agitation for 6 h. The solvent was evaporated and the filtration, washed with water, ethanol, and ether, and then dried to

residue partitioned between chloroform 3150 mL) and water
(200 mL). The organic layers were combined, dried over MgSO

yield 0.61 g of a white solid (100%): mp 300°C (dec);'H NMR
(DMSO) ¢ 13.06 (br s, 1H, OH), 9.39 (s, 1H, 2-H), 8.79 (s, 1H,

filtered, and evaporated to dryness. The residue was recrystallized5-H), 8.51 {,AB, J = 8.4 Hz, 4H, 2-H, 6-H), 8.12 {/,AB, J =

from methanol and water (2.93 g, 82%): mp 102183.6°C (lit.2*
88.9-90.6 °C). All NMR data obtained are consistent with the
assigned structure but different from those quoted in the literéture.
19 NMR (CDCk, 564.73 MHz, CFC reference)d —109.2;1H
NMR (CDCls, 600.17 MHz)6 9.25 (d,J = 1.2 Hz, 1H, 2-H), 8.13
(dd, 3Jyn = 8.7,%J4r = 5.3 Hz, 4H, 2-H, 6-H), 7.98 (d,J = 1.2
Hz, 1H, 5-H), 7.21 (t3Jun ~ 334 = 8.7 Hz, 4H, 3H, 5-H);

8.4 Hz, 4H, 3H, 5-H); 13C NMR (DMSO)6 167.3 (G=0), 163.4
(C-4, C-6), 159.3 (C-2), 139.9 (C)1134.1 (C-4), 130.0 (C-3
C-5), 127.6 (C-2 C-6), 113.9 (C-5); IR (KBr) 3020w (OH),
1690m (CQH) 1100s cm?; MS (ES) (%) 321 (M+ H, 100). Anal.
(C8H12N204-0.5I-b0) C, H, N.
4,6-Bis(4-ethylmercaptophenyl)pyrimidine, 3i.A slurry of 4,6-
bis(4-bromophenyl)pyrimidin8b (4.84 g, 11.5 mmol) and NaSEt
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(2.42 g, 28.75 mmol) in DMF (100 mL) was heated under nitrogen
at 100°C for 48 h. The residue obtained on evaporation of DMF
was boiled with water (75 mL), and the solids were collected by
filtration. Recrystallization from ethanol gave two crops of pale-
yellow, fluffy needles (2.51 g, 62%): mp 109:211.2°C;*H NMR
(CDCls, 600.17 MHz)6 9.25 (d,J = 1.2 Hz, 1H, 2-H), 8.06
(4,AB, J = 8.6 Hz, 4H, 2-H, 6-H), 8.02 (d,J = 1.2 Hz, 1H,
5-H), 7.41 {,AB, J = 8.6 Hz, 3-H, 5-H), 1.38 (t,J = 7.4 Hz,
6H, CHs), 3.04 (q,J = 7.4 Hz, 4H, SCH); 13C NMR (CDCk,
150.91 MHz)o 164.0 (C-4, C-6), 159.3 (C-2), 141.4 (0;1133.8
(C-4), 127.8 (C-3 C-5 or C-2, C-6), 127.5 (C-2, C-6 or C-3,
C-5), 111.7 (C-5), 26.7 (SC}), 14.2 (CH); IR (CH,Cl,) 1600m,
1575s, 1505m, 1450m, 1350w, 1100s, 850n &rvIS (ESt) (%)

353 (100) (M+ H)**, 324. 43. Anal. (GoH20N,>S,) C, H, N.
4,6-Bis(4-mercaptophenyl)pyrimidine, 3j.NaBH, (2.0 g, 53.1
mmol) was dissolved in a mixture of ethanol (100 mL) and water
(15 mL), pH 8-9. Disulfide3g (3.2 g, 5.31 mmol) was then added
over 30 min. The mixture was stirred at room temperature for 2 h.
Solids were removed by filtration through an elite pad, and the
filtrate volume was reduced to a third. The red solution was
partitioned between chloroform ¢4 250 mL) and water (200 mL),
the pH being adjusted slowly wit4 M HCI to pH 4. The organic
layers were combined, dried over Mgg@ltered, and reduced to

Wheelhouse et al.

5'-H), 6.95 (br t, exch. BO, 2H, CONH), 3.51 (qJ = 5.8 Hz, 4H,
CONHCHy), 2.53 (t,J = 5.8 Hz, 4H, CHNMey), 2.26 (s, 12H,
CHs); 3C NMR 167.3 (G=0), 164.6 (C-4, C-6), 160.2 (C-2), 140.1
(C-4), 137.5 (C-1), 128.4 (C-2 C-6 or C3, C-5), 128.0 (C3,
C-5 or C-2, C-6), 113.9 (C-5), 58.3¢H.NMe,), 45.8 (CH), 37.9
(CH,NHCO); HRMS (Cl) 461.2665 ([M+ H]*"), CagHasNgO2
requires 461.2660; MS (ClI) 462 ([M- 2H]**, 32), 461 (M +
H]**, 100), 447 (IM— CHg]**, 6), 416 (9), 390 [M— CH,CHz-
NMe;]**, 3), 193(8), 60 (50); IR (CkCl,) 3683w, 3410w, 3054m,
2951m, 1660s, 15865, 1524s, 1497s, 1462s, 1290m.drydro-
bromide salt: mp 219220°C, UV—vis (10 mM sodium phosphate
buffer, pH 7.00, 1 mM EDTA, 300 mM NaClmax (nm) [e (M1
cm Y] 255 [21670], 289 [18 338]. Anal. (fH3NgO,*3HBI-
1.25H0) C, H, N.

General Method 3: Preparation of Amides. 4,6-Bis(4[(2-
(diethylamino)ethyl)carboxamido]phenyl)pyrimidine -2HBr -
2H,0, 2b. 4,6-Bis(4-carboxyphenyl)pyrimidine (0.30 g, 0.94
mmol), PyBOP (1.22 g, 2.34 mmol), and triethylamine (0.33 mL,
2.34 mmol) were stirred together in dry DCM (50 mL) under N
for 30 min.N,N-Diethylethylenediamine (0.22 mL, 1.87 mmol) was
then added, and the mixture was stirred for a further 24 h at room
temperature. Either the precipitated crude product was collected
by filtration or solvent was removed by evaporation leaving crude

dryness. The resulting residue was triturated with hot hexane andproduct, which was taken up in 48% HBr (5 mL) and evaporated

filtered hot to leave a yellow solid (1.25 g, 79%): mp 18385
°C; ™H NMR (CDClg) 6 9.24 (s, 1H, 2-H), 8.01 (s, 1H, 5-H), 7.98
(¥.AB, J = 8.6 Hz, 4H, 2-H, 6'-H), 7.39 {/,AB, J = 8.6 Hz, 4H,
3'-H, 5-H), 3.60 (s, 2H, SH)C NMR (CDCk) 6 164.5 (C-4,
C-6), 159.8 (C-2), 136.2 and134.7 (C&nd C-1), 129.8 (C-2,
C-6 or C-3, C-5), 128.4 (C-3 C-5 or C-2, C-6), 112.3 (C5);
IR (KBr) 3400m, 1620s, 1580s, 1500m, 1375m, 1100s %tm
HRMS (Cl) 297.0512 ([M+ H]**), C16H13N20, requires 297.0515;
MS (El) (%) 296 (M*, 70), 263 ([M— S]'* (23), 236 (14), 134
(29), 105 (48), 44 (50), 49 (47), 43 (100).

General Method 2: Preparation of Thioethers. 4,6-Bis[4
[[2"-(dimethylamino)ethylJmercapto]phenyl]pyrimidine -2%/;HBr
0.25H,0, 1a. A mixture of bisthiophenoBj (0.25 g, 0.85 mmol),
2-dimethylaminoethyl chloride hydrochloride (0.37 g, 2.55 mmol),
and KCO; (0.29 g, 2.12 mmol) was stirred in dry DMF (5 mL) at

to dryness. Recrystallization from ethanol gave the hydrobromide
salt as a white solid (0.41 g, 61%): mp 193103.5°C; IH NMR
(DMSO) ¢ 9.39 (d,J = 1.2 Hz, 1H, 2-H), 9.18 (br s, 2H, NH),
8.92 (br t,J = 5.9 Hz, 2H, CONH), 8.53(;AB, J = 8.5 Hz, 4H,
2-H, 6-H), 8.11 {,AB, J = 8.5 Hz, 4H, 3-H, 5-H), 3.66 (m,
4H, CONHM,), 3.27 (br m, 12H, NCH,), 1.24 (t,J = 7.2 Hz,
12H, CHCHg); *C NMR (DMSO) 175.5 (&=0), 173.0 (C-4, C-6),
166.8 (C-2), 142.0 (C-}, 137.6 (C-4), 130.5 (C-3 C-5), 130.4
(C-2, C-6), 118.3 (C-5), 53.2 (CONBH,), 50.6 (N"CH,CHj),
37.6 (CONHCHCH,), 10.8 (CH); IR (KBr) 3300m (NH), 1650s
and 1540s (CONH), 1600s (AICH), 1550s cm?; MS(CI) (free
base) 517 (10%) (Mt H)**, 221 ([PhCONH(CH),NEt]**, 15),
100 ([(CHy)2NEt]**, 40), 86 ([CHNEL]*", 60), 74 (100), 44 (70).
Hydrobromide salt: UW-vis (10 mM sodium phosphate buffer,
pH 7.00, 1 mM EDTA, 300 mM NaClfmax (nm) [e (M~ cm™1)]

room temperature for 18 h. The reaction mixture was partitioned 255 [19 209], 291 [16 192]. Anal. fgH40NeO2:2HBr-2H;0) C, H,

between water and ether (2525 mL), and the organic layer was
washed twice with water, dried over Mggiltered, and evapo-

N.
4,6-Bis(4-[(2-(hydroxy)ethyl)carboxamido]phenyl)pyrimidine:

rated to dryness. The crude residue was suspended in dilute HBr0.5H;0, 2c.Ester3a (0.5 g, 1.56 mmol) and ethanolamine (9 mL)

(20 mL, 15% wi/v) and stirred for 30 min. The solution was

were heated at 12WC overnight under Bl Evaporation of the excess

evaporated to dryness, and the crude solid was recrystallized fromethanolamine left a pale-yellow residue, which was triturated twice

ethanol. Free base®H NMR (CDCl) 6 9.21 (d,J = 1.1 Hz, 1H,
H-2), 8.03 #/,AB, J = 8.4 Hz, 4H, 2-H, 6-H), 7.97 (d,J = 1.1
Hz, 1H, 5-H), 7.39¥,AB, J = 8.4 Hz, 4H, 3H, 5-H), 3.10 (t,J
= 7.0 Hz, 4H, SCH), 2.59 (t,J = 7.0 Hz, 4H, CHN), 2.27 (s,
12H, NCH;); 13C NMR (CDCk) 6 164.6 (C-4, C-6), 159.9 (C-2),
141.7 (C-4), 134.6 (C-1), 128.5 (C-2, C-6 or C-3, C-5), 128.2
(C-3, C-5 or C-2, C-6), 12.4 (C-5), 58.9 (SCh), 46.0 (NCH),
30.3 (NCH); IR (CH,Cl,) 3684w, 2948m, 1582s, 1511m, 1497m,
1460s, 1372m crt; MS (Cl) (%) 439 ([M+ H]**, 100), 396 ([M
— NMej]**, 8), 368 (54), 336 ([M— SCH,CH,NMey]*t, 72).
Hydrobromide salt: mp 258259 °C; UV—vis (10 mM aqueous
phosphate buffer, pH 7.00, 1 mM EDTA and 300 mM Na&Ghx
(nm) [e (M~1cm1)] 236 [10 636], 329 [7076]. Anal. (GHzdN4S 2%
sHBr-0.25H,0) C, H, N.
4,6-Bis(4[(2-(dimethylamino)ethyl)carboxamido]phenyl)-
pyrimidine -3HBr-1.25H,0, 2a. A solution of ester3a (0.45 g,
1.28 mmol) inN,N-dimethylethylenediamine (20 mL) was heated
under reflux for 8 h. Excessl,N-dimethylethylenediamine was

with boiling chloroform, collected by filtration, and dried to give
a white solid (0.46 g, 73%): mp 25256 °C; 'H NMR (DMSO)

0 9.36 (br s, 1H, 2-H), 8.77 (br s, 1H, 5-H), 8.67 Jt= 5.0 Hz,
2H, exch DO, CONH), 8.49 {,AB, J = 8.0 Hz, 4H, 2-H, 6'-H),
8.07 ¢/,AB, J = 8.0 Hz, 4H, 3-H, 5-H), 4.82 (t,J= 5.0 Hz, 2H,
OH), 3.54 (q,J = 5.0 Hz, 4H, CHO), 3.37 (q,J = 5.0 Hz, 4H,
NCHy); 13C NMR (DMS0)¢6 165.7(G=0), 163.1 (C-4, C-6), 159.0
(C-2), 138.4 (C-9, 136.7 (C-1),127.8 (C-2 C-6 or C-3, C-5),
127.2 (C-3, C-5 or C-2, C-6), 113.6 (C-5), 59.7 (OC}), 42.3
(NCHy); IR (KBr) 3300s (OH, NH), 1650s and 1540s (CONH),
1600m (Ar-CH), 1260m, 1050m, 1025m cry HRMS (CI) found
407.1715 ([M+ H]**), Cy2H23N4O, requires 407.1715; MS (CI)
(%) 407 (M + H]**, 43), 389 ([M— OHJ'*, 7), 69 (100); UV
vis (10 mM sodium phosphate buffer, pH 7.00, 1 mM EDTA, 300
mM NaCl) Amax (nm) [e (M1 cm™)] 256 [16 454], 297 [17 162].
Anal. (022H22N404‘0.5Hz(3) C, H, N.
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