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Novel Approaches for the Solid-Phase Synthesis of Biheterocyclic
Dihydroimidazole Analogues

Achyuta N. Acharya, John M. Ostresh, and Richard A. Houghten*

Torrey Pines Institute for Molecular Studies, 3550 General Atomics Court, San Diego, California 92121

ReceiVed September 20, 2001

The solid-phase syntheses of dihydroimidazolyl 2-alkylthiobenzimidazoles, dihydroimidazolyl 2-alkylsul-
fonylbenzimidazoles, dihydroimidazolyl dihydroquinoxalin-2,3-diones, and dihydroimidazolyl dihydroben-
zimidazol-2-imines are described. Following reduction of a resin-bound amino acid amide, the primary
amine of the resulting resin-bound diamine was N-acylated with 4-fluoro-3-nitrobenzoic acid. Treatment
with POCl3 led to formation of a dihydroimidazole derivative via dehydrative cyclization. The resin-bound
dihydroimidazole derivative was then used as the key starting material for the synthesis of the aforementioned
biheterocycles. Following cleavage, the resulting compounds, obtained in moderate yield and good purity,
were characterized by LC-MS and1H NMR and13C NMR spectroscopy.

Introduction

The design and synthesis of large numbers of small
heterocyclic compounds of pharmacological significance by
combinatorial methods1 are receiving increased attention.
Considerable effort has recently been directed toward the
solid-phase synthesis of these compounds using peptides and
amino acids as starting materials.1 These approaches allow
incorporation of diverse functional groups and specific
positional arrangement of the functionalities around the
heterocyclic moiety. Among heterocycles, benzimidazoles,
sulfones, guanidines, and dihydroimidazoles exhibit promis-
ing biological and pharmacological activities. The benzimi-
dazole moiety is a unique class of compounds and structurally
resembles the widely used benzodiazepine nucleus. Examples
of biologically active benzimidazoles include human immu-
nodeficiency virus type-1 (HIV-1) reverse transcriptase (RT)
inhibitors,2 potent topoisomerase I inhibitors,3 human cy-
tomegalovirus (HCMV) replication inhibitors,4 selective
neuropeptide Y Y1 receptor antagonists,5 angiotensin II
receptor antagonists,6 and compounds exhibiting high binding
affinity to DNA.7 It has recently been revealed that the
benzimidazole ring is an essential feature for binding to the
cavity at the protein-protein interface of human growth
hormone (hGH) and its receptor.8 Examples of biologically
active sulfones include inhibitors of HIV-1 RT,9 selective
COX-2 inhibitors,10 and inhibitors of zinc proteases.11

Celecoxib and refecoxib, both containing a sulfonyl moiety,
have been approved for the treatment of certain inflammatory
conditions.10 Dihydroquinoxalin-2,3-diones are reported to
be good NMDA (N-methyl-D-aspartate) antagonists.12 Guani-
dino compounds exhibit diverse pharmacological properties
including antiviral activity againstHerpes simplexvirus (type
1), antifungal activity againstCandida albicans,and anti-
HIV activity,13-16 cytotoxicity against several human cancer

cell lines,13,16,17 as Na+, K+, Ca2+-ATPase inhibitors,18 as
neuronal Na+ and Ca2+ channel blockers,19 and as antitumor
drugs.20 Examples of pharmacologically active dihydroimi-
dazoles (imidazolines) includeR-adrenergic inhibitors, va-
sodepressor agents, sympathomimetic agents, antihistaminic
agents, antihypertensive agents,21 anticancer agents,22 and
potent antihyperglycemic agents.23 The biological and phar-
macological activities of dihydroimidazoles and the other
analogues described above prompted the development of
solid-phase synthetic strategies for preparation of bihetero-
cyclic dihydroimidazole analogues.

Results and Discussion

The synthetic strategy presented involves the synthesis of
dihydroimidazoles from reduced resin-bound amino acid
amides using 4-fluoro-3-nitrobenzoic acid and subsequent
development of different building blocks from this common
starting material using the bifunctional behavior of the fluoro-
and nitrophenyl groups.24-28

(i) Dihydroimidazole Synthesis.A Boc-protected amino
acid was coupled to 4-methylbenzhydrylamine (MBHA)
resin, followed by deprotection of the Boc group to generate
compound1 (Scheme 1). Reduction of the resin-bound amino
acid amide1 by treatment with BH3-THF29 generated
diamine2 having both a primary amine and a secondary
amine.

To perform a selective N-acylation at the primary amine
of resin-bound diamine2 with 4-fluoro-3-nitrobenzoic acid
(Scheme 1), a range of coupling conditions were tested. In
this case, it was found that selective N-acylation at the
primary amine of the diamine2 could be achieved using
either 2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium
hexafluorophosphate (HBTU) andN,N-diisopropylethyl-
amine (DIEA) orO-(7-azabenzotriazol-1-yl)-N,N,N′,N′-tet-
ramethyluronium hexafluorophosphate (HATU) and DIEA
at low concentrations (i.e., 3 equiv of 4-fluoro-3-nitrobenzoic
acid, 0.06 M in DMF in the presence of 3 equiv of HBTU

* To whom correspondence should be addressed. Phone: 858-455-3803.
Fax: 858-455-3804. E-mail: rhoughten@tpims.org.

214 J. Comb. Chem.2002,4, 214-222

10.1021/cc010067y CCC: $22.00 © 2002 American Chemical Society
Published on Web 02/16/2002



and 6 equiv of DIEA, 3 h; or 2 equiv of 4-fluoro-3-
nitrobenzoic acid, 0.04 M in DMF in the presence of 2 equiv
of HATU and 4 equiv DIEA, 2.5 h).

The diamine2 was selectively N-acylated using 4-fluoro-
3-nitrobenzoic acid in the presence of HBTU and DIEA. The
resulting resin-bound amide3 was treated with POCl3 to
generate the dihydroimidazole4 via cyclodehydration of the
in situ formed imidoyl chloride intermediate.30 Four different
amino acids (Ala, Phe,p-fluoro-Phe, and cyclohexylglycine)
were used to test the completeness of the cyclization. In all
cases, complete cyclization was observed by LC-MS and
reverse-phase high-pressure liquid chromatography (RP-
HPLC), yielding negligible (<1%) amounts of starting
material and/or undesirable byproducts. This resin-bound
dihydroimidazole4 was then used as the starting material
to form the biheterocycles.

(ii) Trisubstituted Dihydroimidazolyl 2-Alkylthioben-
zimidazole.The resin-bound dihydroimidazole derivative4
was treated with a primary amine to generate theo-
nitroaniline5 via fluoro displacement (Scheme 2).

The resin-boundo-nitroaniline5 was treated with a range
of reducing agents to reduce the aromatic nitro group to
generate theo-dianilino compound6. Several reports have
appeared in the literature for reduction of aromatic nitro
groups using different reducing agents (Na2S, Na2SO4)31 and
also using varying conditions of tin(II) chloride dihydrate
(i.e., 2 M for 24 h25,27,28 or 2 M at 80 °C26). However,
complete reduction of the aromatic nitro group, using 20
equiv of excess of tin(II) chloride dihydrate (SnCl2‚2H2O)
in 0.5 M DMF for 14 h at room temperature, was observed
by LC-MS and RP-HPLC to yield a negligible amount
(<1%) of undesirable impurities. It is worthwhile to mention
that the purity of theo-dianilino compound6 following
cleavage was sensitive to the reaction conditions (i.e.,

concentration of tin(II) chloride dihydrate and duration of
reaction time).

The resulting resin-boundo-dianilino compound6 was
then treated with thiocarbonyldiimidazole (CSIm2) to yield
dihydroimidazolyl dihydrobenzimidazol-2-thione7. Com-
pound7 was treated with an alkyl halide [R3X, X ) I, Br]
in the presence of a weak base like 1-methylimidazole to
yield the resin-bound dihydroimidazolyl 2-alkylthiobenz-
imidazole8. Complete alkylation was observed by LC-MS.
Yeh et al. have reported a similar approach for the synthesis
of benzimidazole libraries via a liquid-phase approach (i.e.,
soluble support PEG).32 The compounds were cleaved using
anhydrous HF and extracted with 95% acetic acid in water
to give dihydroimidazolyl 2-alkylthiobenzimidazole9. Twelve
individual control compounds were synthesized using four
amino acids (Phe, Ile, 2-naphthylalanine, and Ala) for the
first position of diversity (R1), five primary amines (butyl-
amine, cycloheptylamine, allylamine, 4-(2-aminoethyl)mor-
pholine, and isoamylamine) for the second position of
diversity (R2), and five alkyl halides (benzyl bromide,
iodomethane, 2-(bromomethyl)anthraquinone, 2-cyanobenzyl
bromide, and 2,3,6-trifluorobenzyl bromide) for the third
position of diversity (R3). The final compounds were obtained
in moderate yield and good purity (see Table 1). The
compounds were purified by RP-HPLC and subsequently
characterized by1H NMR and13C NMR spectroscopy.

Strong downfield signals atδ ∼13.4 and∼10.5 ppm in
the 1H NMR spectra of compound7 following cleavage
(where R1 and R2 were-CH(CH3)2 and (CH2)3CH3, respec-
tively) were assigned to the thioamide proton and protonated
dihydroimidazole,33 respectively. Disappearance of the signal
at δ ∼13.4 ppm in the1H NMR spectra following alkylation
with retention of proton signals at∼10.5 ppm indicated
formation of dihydroimidazolyl 2-alkylthiobenzimidazole9.

Scheme 1a

a (i) Boc-NHCH(R1)CO2H (6 equiv, 0.1 M, DMF), DIC (6 equiv), HOBt (6 equiv), 2 h, room temp; (ii) 55% TFA/45% DCM, 30 min, room temp; (iii)
(a) BH3-THF, 65°C, 72 h, (b) piperidine, 65°C, 20 h; (iv) 4-fluoro-3-nitrobenzoic acid (3 equiv, 0.06 M, DMF), HBTU (3 equiv), DIEA (6 equiv), 3 h,
room temp; (v) POCl3 (10 equiv, 0.09 M, anhydrous dioxane), 110°C, 2.5 h.

Scheme 2a

a (i) R2NH2 (20 equiv, 0.2 M, DMF), DIEA (20 equiv), 20 h, room temp; (ii) SnCl2‚2H2O (20 equiv, 0.5 M, DMF), 14 h, room temp; (iii) CSIm2 (10
equiv, 0.1 M, DCM), overnight, room temp; (iv) R3X (X ) I, Br) (20 equiv, 0.2 M, DCM), 1-methylimidazole (10 equiv), room temp, 20 h; (v) HF, anisole,
∼0 °C, 7 h; (vi) 10 mg of9, 8 mL of 1 M (NH4)2CO3 in 50% acetonitrile in water, 100µL of 30% (v/v) H2O2, 4 h, room temp.
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(iii) Trisubstituted Dihydroimidazolyl 2-Alkylsulfonyl-
benzimidazole.The dihydroimidazolyl 2-alkylthiobenzimi-
dazole9 was treated with hydrogen peroxide34 under weakly
basic conditions (1 M (NH4)2CO3 in 50% acetonitrile in
water) to yield dihydroimidazolyl 2-alkylsulfonylbenzimi-
dazole10 (Scheme 2). It was found that after treatment with
H2O2, a product was formed having a molecular weight 32
mass units higher than the mass of the dihydroimidazolyl
2-alkylthiobenzimidazole, corresponding to the dihydroimi-
dazolyl 2-alkylsulfonylbenzimidazole10 as expected. Neg-
ligible oxidation (<1%) of the dihydroimidazole ring to the
imidazole was observed by LC-MS under these conditions.
Ten individual control compounds were prepared using three
amino acids (Ala, Phe, and cyclohexylalanine) for the first
position of diversity (R1), five primary amines (butylamine,
tetrahydrofurfurylamine, 1,2,3,4-tetrahydro-1-naphthylamine,
2-methoxyethylamine, and 2,2-diphenylethylamine) for the
second position of diversity (R2), and five alkyl halides (R-
bromo-p-xylene, 2-chlorobenzyl bromide, 4-fluorobenzyl
bromide, 1-bromomethyl-2-[(phenylsulfonyl)methyl]benzene,

and benzyl bromide) for the third position of diversity (R3).
The compounds were obtained in moderate yield and purity
(Table 2). Syntheses of these compounds exemplify the use
of both solid-phase and solution-phase approaches to obtain
the desired final products. The final compounds were purified
and analyzed as described above.

(iv) Trisubstituted Dihydroimidazolyl Dihydroquinoxa-
lin-2,3-dione. Resin-boundo-dianilino compound6 was
treated with 1,1′-oxalyldiimidazole ((COIm)2) to generate
dihydroimidazolyl dihydroquinoxalin-2,3-dione11 (Scheme
3). Complete cyclization was observed by LC-MS under
these experimental conditions.

The resin-bound dihydroimidazolyl dihydroquinoxalin-2,3-
dione11was tested for alkylation with an alkyl halide (R3X,
X ) Br) in the presence of several bases in order to obtain
the final compounds in good purity. Starting material was
primarily obtained when alkylation was carried out in the
presence of DIEA and triethylamine (TEA). Treatment with
either NaH or lithium tert-butoxide led to formation of
undesirable byproducts. The best results were obtained using

Table 1. MW and RP-HPLC Purity Found for Dihydroimidazolyl 2-Alkylthiobenzimidazoles9a

product R1 R2 R3
MW

(calcd)
MW

(found)
purityb

(%)

9a -CH2C6H5 -(CH2)3CH3 -CH2C6H5 454.6 455.2 (M+ H+) 80
9b -CH(CH3)C2H5 -(CH2)3CH3 -CH2C6H5 420.6 421.2 (M+ H+) 80
9c -CH2C10H7 -(CH2)3CH3 -CH2C6H5 504.7 505.2 (M+ H+) 81
9d -CH3 -(CH2)3CH3 -CH2C6H5 378.5 379.2 (M+ H+) 70
9e -CH3 -C7H13 -CH2C6H5 418.6 419.2 (M+ H+) 78
9f -CH3 -CH2CHCH2 -CH2C6H5 362.5 363.1 (M+ H+) 76
9g -CH3 -4-(2-ethyl)morpholine -CH2C6H5 435.6 436.3 (M+ H+) 71
9h -CH3 -CH2CH2CH(CH3)2 -CH2C6H5 392.5 393.2 (M+ H+) 71
9i -CH3 -(CH2)3CH3 -CH3 302.4 303.2 (M+ H+) 82
9j -CH3 -(CH2)3CH3 2-methylanthraquinone- 508.6 509.2 (M+ H+) 75
9k -CH3 -(CH2)3CH3 -CH2C6H4(2-CN) 403.5 404.2 (M+ H+) 73
9l -CH3 -(CH2)3CH3 -CH2C6H2(2,3,5-F3) 432.5 433.1 (M+ H+) 72

a The yields obtained were 60-80% in all cases with respect to the initial loading of the resin (1.15 mequiv/g).b Crude purity was
determined from the relative peak areas (%) of HPLC chromatograms run with a gradient of 5-95% acetonitrile in water (0.05% TFA) for
30 min atλ ) 214 nm.

Table 2. MW and RP-HPLC Purity Found for Dihydroimidazolyl 2-Alkylsulfonylbenzimidazoles10a

product R1 R2 R3
MW

(calcd)
MW

(found)
purityb

(%)

10a -CH3 -(CH2)3CH3 -CH2C6H4(4-CH3) 424.6 425.2 (M+ H+) 80
10b -CH3 -(CH2)3CH3 -CH2C6H4(2-Cl) 445.0 445.2 (M+ H+) 76
10c -CH3 -(CH2)3CH3 -CH2C6H4(4-F) 428.5 429.2 (M+ H+) 70
10d -CH3 -(CH2)3CH3 -CH2C6H4(2-CH2SO2C6H5) 564.7 565.3 (M+ H+) 62
10e -CH3 2-tetrahydrofulfuryl- -CH2C6H5 438.8 439.2 (M+ H+) 63
10f -CH3 1,2,3,4-tetrahydro-1-naphthyl- -CH2C6H5 484.6 485.2 (M+ H+) 61
10g -CH3 -(CH2)2OCH3 -CH2C6H5 412.5 413.1 (M+ H+) 61
10h -CH3 2,2-diphenylethyl- -CH2C6H5 534.7 535.3 (M+ H+) 63
10i -CH2C6H5 -(CH2)3CH3 -CH2C6H5 486.6 487.3 (M+ H+) 60
10j -CH2C6H11 -(CH2)3CH3 -CH2C6H5 492.7 493.3 (M+ H+) 62

a The yields obtained were 60-80% in all cases with respect to the initial loading of the resin (1.15 mequiv/g).b Crude purity was
determined from the relative peak areas (%) of HPLC chromatograms run with a gradient of 5-95% acetonitrile in water (0.05% TFA) for
30 min atλ ) 214 nm.
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an alkyl halide [R3X ) 2.5 equiv (X) Br), 0.05 M in THF]
in the presence of 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU)
(2.5 equiv, 0.05 M in THF).

The resin-bound dihydroimidazolyl dihydroquinoxalin-2,3-
dione11 was treated with an alkyl halide in the presence of
DBU to generate alkylated dihydroimidazolyl dihydroqui-
noxalin-2,3-dione12. The final product was cleaved from
the solid support using anhydrous HF and extracted with 95%
acetic acid in water to give compound13. Fifteen individual
control compounds were prepared using six amino acids (Ala,
Phe, Ile, cyclohexylglycine, 2-fluorophenylalanine, and
2-chlorophenylalanine) for the first position of diversity (R1),
six primary amines (butylamine, 4-(trifluoromethyl)benzyl-
amine, phenethylamine, allylamine, 1-naphthalenemethyl-
amine, and 3-chlorobenzylamine) for the second position of
diversity (R2), and six alkyl halides (3,5-dimethoxybenzyl
bromide, 3,5-difluorobenzyl bromide, methyl-4-bromocro-
tonate, allyl bromide, 3-iodobenzyl bromide, and 3-fluo-
robenzyl bromide) for the third position of diversity (R3).
The compounds were obtained in moderate yield and low

purity (see Table 3). Purification and analysis of the final
compounds were performed as described above.

Strong downfield signals atδ ∼10.5 ppm (i.e., two singlets
assigned with one proton each or broad singlet assigned with
two protons) in the1H NMR spectra of compound13 were
assigned to the protonated dihydroimidazole,33 confirming
the structure of compound13.

(v) Disubstituted Dihydroimidazolyl Dihydrobenzimi-
dazol-2-imine.The resin-boundo-dianilino compound6 was
treated with cyanogen bromide (CNBr) to generate the
iminobenzimidazole derivative14 (Scheme 4). Complete
cyclization was observed by LC-MS and RP-HPLC under
these experimental conditions. Our earlier studies have
indicated complete cyclization when using CNBr for forma-
tion of disubstituted cyclic guanidines and bis-cyclic guanidines
from reduced amino acid amides and dipeptides, respec-
tively.35 The final product was cleaved using anhydrous HF
and extracted with 95% acetic acid in water to give15. The
compounds were obtained in moderate yield and purity
(Table 4). The compounds were purified and analyzed as

Scheme 3a

a (i) (COIm)2 (10 equiv, 0.1 M, DMF), overnight, room temp; (ii) (a) DBU (2.5 equiv, 0.05 M, THF), 15 min, room temp, (b) R3X (X ) I, Br) (2.5 equiv,
0.05 M, THF), 2 h, room temp, “a” and “b” were repeated twice; (iii) HF, anisole,∼0 °C, 7 h.

Table 3. MW and RP-HPLC Purity Found for Dihydroimidazolyl Dihydroquinoxalin-2,3-diones13a

product R1 R2 R3
MW

(calcd)
MW

(found)
purityb

(%)

13a -CH3 -(CH2)3CH3 -CH2C6H3(3,5-(OCH3)2) 450.7 451.7 (M+ H+) 75
13b -CH3 -(CH2)3CH3 -CH2C6H3(3,5-F2) 426.5 427.5 (M+ H+) 74
13c -CH3 -(CH2)3CH3 -CH2CHCHCO2CH3 398.5 399.4 (M+ H+) 65
13d -CH3 -(CH2)3CH3 -CH2CHCH2 340.4 341.5 (M+ H+) 68
13e -CH3 -(CH2)3CH3 -CH2C6H4(3-I) 516.4 517.4 (M+ H+) 62
13f -CH3 -CH2C6H4(4-CF3) -CH2C6H4(3-F) 510.5 511.3 (M+ H+) 70
13g -CH3 -(CH2)2C6H5 -CH2C6H4(3-F) 456.5 457.2 (M+ H+) 72
13h -CH3 -CH2CHCH2 -CH2C6H4(3-F) 392.4 393.2 (M+ H+) 63
13i -CH3 -CH2C10H7 -CH2C6H4(3-F) 492.5 493.3 (M+ H+) 66
13j -CH3 -CH2C6H4(3-Cl) -CH2C6H4(3-F) 476.9 477.4 (M+ H+) 67
13k -CH2C6H5 -(CH2)3CH3 -CH2C6H4(3-F) 484.6 485.4 (M+ H+) 71
13l -CH(CH3)C2H5 -(CH2)3CH3 -CH2C6H4(3-F) 450.6 451.4 (M+ H+) 73
13m -C6H11 -(CH2)3CH3 -CH2C6H4(3-F) 476.6 477.4 (M+ H+) 71
13n -CH2C6H4(2-F) -(CH2)3CH3 -CH2C6H4(3-F) 502.6 503.4 (M+ H+) 75
13o -CH2C6H4(2-Cl) -(CH2)3CH3 -CH2C6H4(3-F) 519.0 519.4 (M+ H+) 71

a The yields obtained were 60-80% in all cases with respect to the initial loading of the resin (1.15 mequiv/g).b Crude purity was
determined from the relative peak areas (%) of HPLC chromatograms run with a gradient of 5-95% acetonitrile in water (0.05% TFA) for
30 min atλ ) 214 nm.

Scheme 4a

a (i) CNBr (10 equiv, 0.1 M, DCM), overnight, room temp; (ii) HF, anisole,∼0 °C, 7 h.

Syntheses of Dihydroimidazole Analogues Journal of Combinatorial Chemistry, 2002, Vol. 4, No. 3217



described above. Appearance of a peak atδ ∼158 ppm
during 13C NMR confirmed the presence of a guanidino
moiety.29,36,37

Conclusion

Efficient approaches for the preparation of four different
biheterocyclic dihydroimidazole analogues from a commonly
prepared starting material have been described. Substituted
dihydroimidazoles were prepared from resin-bound reduced
amino acid amides via cyclization of the in situ formed
imidoyl chloride intermediates. New conditions for reduction
of the aromatic nitro group by tin(II) chloride dihydrate are
described. These approaches can be extended to prepare
combinatorial libraries using the “libraries from libraries”
approach.38

Experimental Section

Boc-amino acids, 2-(1H-benzotriazole-1-yl)-1,1,3,3-tet-
ramethyluronium hexafluorophosphate (HBTU), andN-
hydroxybenzotriazole (HOBt) were purchased from Calbi-
ochem-Novabiochem Corp. (San Diego, CA) and Bachem
Bioscience, Inc. (Philadelphia, PA). 4-Methylbenzhydryl-
amine (MBHA) resin (1% divinylbenzene, 100-200 mesh,
1.15 mequiv/g substitution) andN,N′-diisopropylcarbodi-
imide (DIC) were purchased from Chem Impex International
(Wood Dale, IL). HF was purchased from Air Products (San
Marcos, CA). Alkyl halides,O-(7-azabenzotriazol-1-yl)-
N,N,N′,N′-tetramethyluronium hexafluorophosphate (HATU),
and all other reagents and anhydrous solvents were purchased
from Aldrich Chemical Co. (Milwaukee, WI). All amino
acids used had theL configurations unless otherwise noted.

Analytical reverse-phase high-pressure chromatography
(RP-HPLC) was carried out on a Beckman System Gold
instrument (Fullerton, CA). Purification of the samples was
made using a Vydac 218TP54 C18 column (0.46 cm× 25
cm). All HPLC experiments were performed using gradient
elution: solvent A (H2O with 0.05% TFA) and solvent B
(CH3CN with 0.05% TFA). Flow rates were 1.0 and 6.0 mL/
min for analytical and preparative chromatograms, respec-
tively, at λ ) 214 nm.

LC-MS (ESI and APCI) was recorded on a Finnigan Mat
LCQ mass spectrometer (ThermoQuest Corporation, CA) at
214 nm using a Betasil C18, 3µm, 100 Å, 3 mm× 50 mm
column.

NMR spectra were recorded on a Bruker AM 500
instrument at 500 and 125 MHz for1H NMR and13C NMR,
respectively. NMR chemical shifts are expressed in ppm
relative to internal solvent peaks, and coupling constants were
calculated in hertz.

Typical Procedure for the Synthesis of Individual
Control Compounds. A total of 100 mg of MBHA resin
was sealed inside a polypropylene mesh packet.39 Polypro-
pylene bottles were used for all the reactions. The resin was
washed with dichloromethane (DCM) followed by neutral-
ization with 5% DIEA in DCM and washed with DCM.

(1) Dihydroimidazole Synthesis (See Scheme 1). (a)
Coupling of Amino Acid to Resin. A Boc-amino acid (6
equiv, 0.1 M) in DMF was coupled to MBHA resin using
DIC and HOBt (6 equiv each) for 2 h atroom temperature,
followed by washes with DMF (three times) and DCM (three
times). The Boc group was deprotected using 55% trifluo-
roacetic acid (TFA) in DCM for 30 min followed by washes
with DCM (two times), IPA (two times), and DCM (three
times).

(b) Exhaustive Reduction of the Resin-Bound Amino
Acid with BH 3-THF. Exhaustive reduction of the resin-
bound amino acid was carried out in 50 mL glass conical
tubes under nitrogen. To each tube was added boric acid
(12 equiv), followed by trimethyl borate (12 equiv), and then
borane-THF complex (1 M, 40 equiv) was added slowly.
After cessation of hydrogen evolution, the resin packet (0.115
mequiv of resin, 100 mg of starting resin) was added and
the capped tubes were heated at 65°C for 72 h followed by
decantation of the reaction solution and quenching with
MeOH.29 Following washes with MeOH (four times), the
resin was treated with piperidine at 65°C for 20 h to
disproportionate the borane complexes.29 Following decanta-
tion of the piperidine-borane solution, the resin was washed
with DMF (four times), DCM (four times), and MeOH (two
times) and dried.

(c) Selective N-Acylation at the Primary Amine Using
4-Fluoro-3-nitrobenzoic Acid.The resin-bound diamine was
N-acylated with 4-fluoro-3-nitrobenzoic acid (3 equiv, 0.06
M) in DMF in the presence of HBTU (3 equiv) and DIEA
(6 equiv) for 3 h atroom temperature. The resin was washed
with DMF (four times), DCM (two times), IPA (two times),
and DCM (three times). Completeness of the coupling was
performed by the ninhydrin test.40

Table 4. MW and RP-HPLC Purity Found for the Dihydroimidazolyl Dihydrobenzimidazol-2-imine15a

product R1 R2 MW (calcd) MW (found) purityb (%)

15a -CH3 -(CH2)2OCH3 273.3 274.0 (M+ H+) 85
15b -CH3 -C6H4(4-F) 323.4 324.2 (M+ H+) 67
15c -CH(CH3)2 -(CH2)3CH3 299.4 300.2 (M+ H+) 75
15d -CH3 -(CH2)3CH3 271.4 272.2 (M+ H+) 65
15e -C6H4(4-F) -(CH2)3CH3 365.5 366.3 (M+ H+) 72
15f -CH3 -C5H11 283.4 284.2 (M+ H+) 65

a The yields obtained were 60-80% in all cases with respect to the initial loading of the resin (1.15 mequiv/g).b Crude purity was
determined from the relative peak areas (%) of HPLC chromatograms run with a gradient of 5-95% acetonitrile in water (0.05% TFA) for
30 min atλ ) 214 nm.
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(d) Cyclization Using POCl3. The dehydrative cyclization
of the resin-bound amino acid amide was carried out in 50
mL conical tubes under nitrogen. To each tube the resin
packet (100 mg resin, 0.115 mequiv) and POCl3 (10 equiv,
0.09 M) in anhydrous dioxane were added. The capped tubes
were heated at 110°C for 2.5 h. The resin was washed with
dioxane, DMF, MeOH (five times), IPA (two times), and
DCM (three times) and dried to generate the resin-bound
dihydroimidazole4.

(2) Synthesis of Trisubstituted Dihydroimidazolyl 2-Al-
kylthiobenzimidazole (Scheme 2).The resin-bound dihy-
droimidazole4 was treated with a primary amine (20 equiv,
0.2 M) in DMF in the presence of DIEA (20 equiv) for 18
h at room temperature, followed by washes with DMF (four
times), DCM (two times), IPA (two times), and DCM (two
times). Following treatment with tin(II) chloride dihydrate
(SnCl2‚2H2O) (20 equiv, 0.5 M) in DMF for 14 h at room
temperature, the resin was washed with DMF (eight times),
MeOH (two times), and DCM (three times) to generate the
o-dianilino compound6. The resin-boundo-dianilino com-
pound6 was cyclized upon treatment with 1,1′-thiocarbon-
yldiimidazole (CSIm2) (10 equiv, 0.1 M, overnight) in DCM
followed by washes with DCM (four times), IPA (two times),
and DCM (three times). Following treatment with an alkyl
halide (20 equiv, 0.2 M) in DCM in the presence of
1-methylimidazole (10 equiv) for 20 h at room temperature,
the resin was washed with DMF (three times), DCM (three
times), IPA (three times), and DCM (three times) and dried.

(3) Synthesis of Trisubstituted Dihydroimidazolyl
2-Alkylsulfonylbenzimidazole (Scheme 2).Following cleav-
age of trisubstituted dihydroimidazolyl 2-alkylthiobenzimi-
dazole9 from the solid support using anhydrous HF, the
compound was extracted with 95% acetic acid in water and
lyophilized. In a typical experiment,∼10 mg of compound
9 was added to 8 mL of 1 M (NH4)2CO3 in 50% (v/v)
acetonitrile in water (pH∼9.0), followed by addition of
hydrogen peroxide (100µL, 30% (v/v)),34 and left to react
for 4 h atroom temperature. After cessation of CO2 formation
following addition of 95% acetic acid in water, the solution
was frozen and lyophilized to obtain the corresponding
trisubstituted dihydroimidazolyl 2-alkylsulfonylbenzimida-
zole10. Relyophilization with 95% acetic acid in water was
repeated twice to ensure complete removal of hydrogen
peroxide.

(4) Synthesis of Trisubstituted Dihydroimidazolyl Di-
hydroquinoxalin-2,3-dione (Scheme 3).The resin-bound
o-dianilino compound6 (described in 2 above) was cyclized
upon treatment with 1,1′-oxalyldiimidazole ((COIm)2) (10
equiv, 0.1 M, overnight) in DMF, followed by washes with
DMF (four times), DCM (two times), IPA (two times), and
DCM (three times). The resulting dihydroimidazolyl dihy-
droquinoxalin-2,3-dione analogue was treated with 1,8-
diazabicyclo[5.4.0]undec-7-ene (DBU) (2.5 equiv, 0.05 M)
in THF for 15 min, followed by decantation of the base and
treatment with an alkyl halide (2.5 equiv, 0.05 M) in THF
for 2 h atroom temperature. Following decantation, the base
treatment and alkylation procedure were repeated to ensure
complete alkylation. The resin was washed with DMF (four

times), DCM (two times), IPA (two times), and DCM (three
times) and dried.

(5) Synthesis of Disubstituted Dihydroimidazolyl Di-
hydrobenzimidazol-2-imine (Scheme 4).The resin-bound
o-dianilino compound6 (described in 2 above) was cyclized
by treatment with cyanogen bromide (CNBr) (10 equiv, 0.1
M) in DCM, followed by washes with DCM (four times),
IPA (two times), and DCM (three times).

All washes of DCM, DMF, IPA, MeOH, THF, or 5%
DIEA in DCM were made for∼2 min each. All the
biheterocyclic dihydroimidazole analogues described above
were cleaved using anhydrous HF in the presence of anisole
for 7 h at 0°C,41 followed by extraction with 95% acetic
acid in water and lyophilized. The compounds were purified
using 0.05% TFA using a gradient of 5-95% acetonitrile-
water, and the compounds were isolated as trifluoroacetate
salts for their characterization.

1-Butyl-5-(4-methyl-4,5-dihydro-1H-imidazol-2-yl)-1,3-
dihydro-2H-benzimidazole-2-thione (7d).1H NMR (500
MHz, DMSO-d6): δ 0.90 (m, 3H), 1.35-1.36 (m, 5H), 1.72
(m, 2H), 3.62 (m, 1H), 4.12 (m, 1H), 4.23 (m, 2H), 4.54
(m, 1H), 7.69-7.78 (m, 3H), 10.54 (m, 2H), 13.39 (s, 1H).

5-(4-Benzyl-4,5-dihydro-1H-imidazol-2-yl)-2-(benzylthio)-
1-butyl-1H-benzimidazole (9a).1H NMR (500 MHz, DMSO-
d6): δ 0.84 (t,J ) 7.4 Hz, 3H), 1.21-1.25 (m, 2H), 1.62-
1.66 (m, 2H), 2.98-3.07 (m, 3H), 3.74-3.78 (dd,J ) 6.8
Hz, J ) 11.4 Hz, 1H), 4.05 (t,J ) 11.4 Hz, 1H), 4.15 (t,J
) 7.1 Hz, 2H), 4.65 (s, 1H), 4.73-4.74 (m, 1H), 7.24-7.28
(m, 2H), 7.30-7.35 (m, 6H), 7.47-7.48 (d,J ) 7.3 Hz,
2H), 7.71-7.73 (d,J ) 9.0 Hz, 1H), 7.79-7.81 (d,J ) 8.7
Hz, 1H), 8.20 (s, 1H), 10.35 (s, 1H), 10.55 (s, 1H).13C NMR
(125 MHz, DMSO-d6): δ 13.5, 19.3, 30.8, 35.6, 43.7, 48.5,
57.5, 110.6, 114.9, 118.4, 121.8, 126.8, 127.5, 128.5, 128.9,
129.6, 135.8, 137.1, 140.2, 142.4, 154.9, 164.5.

2-(Benzylthio)-1-butyl-5-(4-sec-butyl-4,5-dihydro-1H-
imidazol-2-yl)-1H-benzimidazole (9b).1H NMR (500 MHz,
DMSO-d6): δ 0.84 (t,J ) 7.1 Hz, 3H), 0.90-0.94 (m, 4H),
1.20-1.23 (m, 3H), 1.52-1.55 (m, 2H), 1.63-1.66 (m, 1H),
1.71-1.73 (m, 1H), 3.76-3.78 (dd,J ) 8.2 Hz,J ) 14.1
Hz, 2H), 4.04 (t,J ) 13.0 Hz, 1H), 4.16 (t,J ) 7.0 Hz,
2H), 4.31-4.33 (m, 2H), 4.65 (s, 2H), 7.26-7.33 (m, 3H),
7.47-7.48 (d,J ) 7.5 Hz, 2H), 7.77-7.82 (m, 2H), 8.28 (s,
1H), 10.35 (s, 1H), 10.55 (s, 1H).

2-(Benzylthio)-1-butyl-5-(4-methyl-4,5-dihydro-1H-imi-
dazol-2-yl)-1H-benzimidazole (9d).1H NMR (500 MHz,
DMSO-d6): δ 0.84 (t,J ) 7.1 Hz, 3H), 1.20-1.35 (m, 2H),
1.37-1.38 (d,J ) 6.5 Hz, 3H), 1.63-1.66 (m, 2H), 3.58-
3.62 (dd,J ) 7.9 Hz, J ) 11.3 Hz, 1H), 4.12-4.17 (m,
2H), 4.48-4.50 (m, 1H), 4.65 (s, 2H), 6.52 (s, 1H), 7.26-
7.33 (m, 3H), 7.47-7.48 (d,J ) 7.6 Hz, 2H), 7.75-7.77
(d, J ) 9.4 Hz, 1H), 7.81-7.82 (d,J ) 8.6 Hz, 1H), 8.25
(s, 1H), 10.33 (s, 1H), 10.46 (s, 1H).

1-Allyl-2-(benzylthio)-5-(4-methyl-4,5-dihydro-1H-imi-
dazol-2-yl)-1H-benzimidazole (9f). 1H NMR (500 MHz,
DMSO-d6): δ 1.37-1.38 (d,J ) 6.4 Hz, 3H), 3.59-3.62
(dd, J ) 7.9 Hz,J ) 10.9 Hz, 1H), 4.14 (t,J ) 11.1 Hz,
1H), 4.47-4.50 (m, 1H), 4.65 (s, 2H), 4.82-4.83 (d,J )
4.8 Hz, 1H), 4.89-4.92 (d,J ) 17.1 Hz, 1H), 5.15-5.17
(d, J ) 10.5 Hz, 1H), 5.87-5.93 (m, 1H), 7.26-7.33 (m,
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3H), 7.47-7.48 (d,J ) 7.6 Hz, 2H), 7.75 (s, 2H), 8.26 (s,
2H), 10.33 (s, 1H), 10.46 (s, 1H).

2-(Benzylthio)-1-isopentyl-5-(4-methyl-4,5-dihydro-1H-
imidazol-2-yl)-1H-benzimidazole (9h).1H NMR (500 MHz,
DMSO-d6): δ 0.89-0.90 (d,J ) 6.0 Hz, 3H), 0.95-0.96
(d, J ) 6.3 Hz, 3H), 1.37-1.39 (d,J ) 6.2 Hz, 3H), 1.52-
1.56 (m, 3H), 3.59-3.62 (dd,J ) 7.9 Hz, J ) 10.9 Hz,
1H), 4.12-4.17 (m, 3H), 4.47-4.50 (m, 1H), 4.66 (s, 2H),
7.25-7.33 (m, 3H), 7.46-7.48 (d,J ) 7.3 Hz, 2H), 7.76-
7.81 (m, 2H), 8.25 (s, 1H), 10.34 (s, 1H), 10.46 (s, 1H).

1-Butyl-2-[(4-methylbenzyl)sulfonyl]-5-(4-methyl-4,5-
dihydro-1H-imidazol-2-yl)-1H-benz imidazole (10a).1H
NMR (500 MHz, DMSO-d6): δ 0.78 (t,J ) 7.0 Hz, 3H),
1.12-1.15 (m, 2H), 1.39-1.40 (d,J ) 5.4 Hz, 2H), 1.47-
1.49 (m, 3H), 2.25 (s, 5H), 4.15-4.17 (m, 1H), 4.31-4.35
(m, 1H), 4.54-4.56 (m, 1H), 5.08 (s, 1H), 7.10 (m, 4H),
7.99 (m, 1H), 8.07-8.09 (m, 1H), 8.54 (s, 1H), 10.5 (br s,
2H).

2-(Benzylsulfonyl)-1-(2-methoxyethyl)-5-(4-methyl-4,5-
dihydro-1H-imidazol-2-yl)-1H-benzimidazole (10g). 1H
NMR (500 MHz, DMSO-d6): δ 1.39-1.40 (d,J ) 5.9 Hz,
2H), 3.10 (m, 5H), 4.17-4.19 (m, 1H), 4.54-4.57 (m, 3H),
5.13 (m, 2H), 6.51 (s, 2H), 7.23-7.36 (m, 5H), 7.96-7.97
(d, J ) 7.9 Hz, 1H), 8.03-8.05 (d,J ) 8.5 Hz, 1H), 8.52
(s, 1H), 10.60 (br s, 2H).

1-Butyl-4-(3,5-dimethoxybenzyl)-6-(4-methyl-4,5-dihy-
dro-1H-imidazol-2-yl)-1,4-dihydroquinoxaline-2,3-dione
(13a). 1H NMR (500 MHz, DMSO-d6): δ 0.94 (t,J ) 7.1
Hz, 3H), 1.33-1.34 (d,J ) 6.2 Hz, 3H), 1.39-1.44 (m,
1H), 1.61-1.65 (m, 2H), 3.55-3.58 (dd,J ) 8.1 Hz,J )
10.9 Hz, 1H), 3.70 (s, 4H), 4.08-4.19 (m, 3H), 4.44-4.45
(m, 1H), 5.27-5.38 (m, 2H), 6.39 (s, 1H), 6.52 (s, 2H),
7.71-7.78 (m, 6H), 10.5 (s, 2H).

4-Allyl-1-butyl-6-(4-methyl-4,5-dihydro-1H-imidazol-2-
yl)-1,4-dihydroquinoxaline-2,3-dione (13d).1H NMR (500
MHz, DMSO-d6): δ 0.93 (t, J ) 7.1 Hz, 3H), 1.37-1.44
(m, 4H), 1.59-1.65 (m, 2H), 3.60-3.64 (dd,J ) 8.0 Hz,J
) 11.3 Hz, 1H), 4.13-4.18 (m, 2H), 4.49-4.52 (m, 1H),
4.80 (d,J ) 2.8 Hz, 1H), 5.18 (t,J ) 15.2 Hz, 1H), 5.92-
5.97 (m, 1H), 6.53 (s, 1H), 7.02-7.04 (m, 1H), 7.12-7.14
(m, 1H), 7.21-7.23 (m, 1H), 7.71-7.81 (m, 3H), 10.54 (s,
1H), 10.65 (s, 1H).

1-Allyl-4-(3-fluorobenzyl)-6-(4-methyl-4,5-dihydro-1H-
imidazol-2-yl)-1,4-dihydroquinoxaline-2,3-dione (13h).1H
NMR (500 MHz, DMSO-d6): δ 1.32-1.33 (d,J ) 6.2 Hz,
3H), 3.54-3.58 (dd,J ) 8.1 Hz,J ) 11.2 Hz, 1H), 4.09 (t,
J ) 11.4 Hz, 1H), 4.43-4.48 (m, 1H), 4.84-4.85 (m, 2H),
5.20-5.22 (d,J ) 10.8 Hz, 2H), 5.29-5.33 (d,J ) 17.8
Hz, 2H), 5.42 (m, 1H), 5.91-5.97 (m, 1H), 6.52 (s, 1H),
7.08-7.11 (m, 1H), 7.22-7.24 (m, 1H), 7.56-7.58 (d,J )
8.8 Hz, 1H), 7.65-7.66 (d,J ) 1.4 Hz, 1H), 7.74-7.76 (dd,
J ) 1.4 Hz,J ) 8.8 Hz, 1H), 10.43 (s, 1H), 10. 54 (s, 1H).

1-Butyl-6-(4-sec-butyl-4,5-dihydro-1H-imidazol-2-yl)-4-
(3-fluorobenzyl)-1,4-dihydroquinoxaline-2,3-dione (13l).
1H NMR (500 MHz, DMSO-d6): δ 0.83-0.85 (d,J ) 6.8
Hz, 3H), 0.88-1.09 (m, 6H), 1.41-1.47 (m, 3H), 1.62-
1.66 (m, 3H), 3.26-3.27 (m, 2H), 3.73-3.77 (dd,J ) 7.8
Hz, J ) 11.6 Hz, 1H), 4.00 (t,J ) 11.7 Hz, 1H), 4.16-4.18
(m, 2H), 4.30-4.32 (m, 1H), 5.23-5.27 (d,J ) 16.6 Hz,

1H), 5.56-5.59 (d,J ) 16.7 Hz, 1H), 7.07-7.11 (m, 1H),
7.23 (t, J ) 9.8 Hz, 1H), 7.34-7.39 (q,J ) 7.8 Hz, J )
15.2 Hz, 1H), 7.63 (s, 1H), 7.71-7.73 (d,J ) 8.8 Hz, 1H),
7.78-7.80 (d,J ) 8.7 Hz, 1H), 10.42 (s, 2H).

1-(2-Methoxyethyl)-5-(4-methyl-4,5-dihydro-1H-imida-
zol-2-yl)-1,3-dihydro-2H-benzimidazol-2-imine (15a).1H
NMR (500 MHz, DMSO-d6): δ 1.35-1.37 (d,J ) 6.3 Hz,
3H), 3.21-3.24 (m, 4H), 3.56-3.60 (dd,J ) 8.1 Hz,J )
10.8 Hz, 2H), 3.62 (t,J ) 4.9 Hz, 2H), 4.12 (t,J ) 11.2
Hz, 1H), 4.29-4.31 (m, 2H), 4.44-4.48 (m, 1H), 7.63-
7.66 (m, 2H), 7.81 (s, 1H), 10.29 (s, 1H), 10.42 (s, 1H).

1-Butyl-5-(4-methyl-4,5-dihydro-1H-imidazol-2-yl)-1,3-
dihydro-2H-benzimidazol-2-imine (15d).1H NMR (500
MHz, DMSO-d6): δ 0.89 (t, J ) 7.5 Hz, 3H), 1.30-1.37
(m, 5H), 1.64-1.67 (m, 2H), 3.57-3.61 (dd,J ) 8.0 Hz,J
) 10.9 Hz, 2H), 4.11-4.16 (m, 3H), 4.45-4.50 (m, 1H),
7.60-7.80 (m, 2H), 7.91 (s, 2H), 10.48 (s, 1H), 10.61 (s,
1H). 13C NMR (125 MHz, DMSO-d6): δ 13.6, 19.2, 20.5,
29.74, 42.3, 51.0, 52.9, 110.3, 112.3, 116.3, 122.8, 135.8,
158.3, 163.6.
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