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Abstract: A solution phase simultaneous addition of functionalities (SPSAF) combinatorial a ~ o a ~  
was utilized to synthesize 40 polyazacyclophane lilraries (total complexity of 4275). Eighteen different 
functionality sets, utilizing 42 functionalities, were designed to disrupt RNA-pmtein interactions. 
Guanidine functionality sets with a greater potential to form positive charges iwovided the most active 
libraries. Differences in antibacterial activity m'e clearly related to different ring sizes with the more rigid 
13-membered scaffold afftrding more active libraries compared with libraries from the 15-membeted 
scaffold. Molecular modeling estabfished a significant difference in the shapes of 13- and 15-membered 
pytidinophanes. Several fibraries exhibited potent antibacterial activity. © 1998 Published by Elsevier Science Ltd. 
All rights reserved. 

I N T R O D U C T I O N  

Combinatorial synthesis of chemical libraries is undergoing rapid examination as a tool to enhance drug 

research and development. 1 While it appears obvious that combinatorial chemistry strategies offer the potential 

to enhance drug development by shortening the time to optimize a new lead by structure-activity relationship 

studies, it is often less appreciated that the greatest value of combinatorial chemistry strategies lies in its 

potential to enhance discovery of novel leads or pharmacophores. Early chemical libraries were prepared as 

large mixtures generated by solid phase approaches. 2 More recently, parallel synthesis of single compounds, 

still utilizing solid phase chemistry, has been the major approach; this approach is particularly amenable to lead 

optimization. Solution phase combinatorial approaches have only recently become of interest. 3-6 We have 

recently reported a process to prepare chemical libraries by adding a mixture of functionalities to a single 

scaffold with several reactive sites in solution. 7-9 This process has been labeled SPSAF (solution phase 

simultaneous addition of functionalities). The approach was designed with an initial focus on lead discovery by 

incorporating the advantages of the greater diversity obtainable in large mixtures, the opportunity to more 

rapidly prepare libraries with different scaffolds (shapes), and iterative deconvolution and fractionation 

processes to reduce the complexity of the libraries. In this approach, we have utilized novel, unsymmetrical 

polyazaphane scaffolds (not based on known pharmacophores) to enhance our chances of discovering novel 

pharmacophores, which may provide novel antibacterial modes of action. Furthermore, as the scaffold (or 

footprint) of a combinatorial library is the major factor in structure-space searches, we have been interested in a 

chemical process that would allow rapid synthesis of various scaffolds. In this regard, a variety of polyaza- 

phanes with different ring sizes could rapidly be prepared by simply changing the precursor linear polyamine 

(Figure 1). Changing the ring size of polyaT~yclophanes would significantly change footprints or shapes of 

the cyclic structures, t-Boc protected unsymmetrical 13- and 15-membered polyazacyclophanes 1 and 2 
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(Scheme 1) have been synthesized by this approach; the 15-membered polyazaphane scaffold was utilized in 

our initial studies to develop the SPSAF approach. 7-8 In that work, we elected to utilize mere-substituted benzyl 

bromides as reactive functionalities to combinatorialize the nucleophilic secondary amine sites on the scaffold. 

A series of high-purity, first round libraries were generated from the 15-membered polyazaphane scaffold 2 by 

employing the SPSAF approach. Several of these libraries exhibited antibacterial activity against bacteria S. 

pyogenes and E. coli imp" with minimum inhibitory concentrations (MICs) in the range of 2.5-20 p_M. 

~ ~ / N  Linker = ~ 
2 a 

Functionalities-~ ...-Functionalities X ($13, 13-membered scaffold) 

Linkers Linker = ~ 
3 4 

X 
($15, 15-membered scaffold) 

Figure 1. General Structure of Libraries 

In the present report, we describe the generation of several series of 40 libraries la ,b - lXa ,b  and X- 

X V I I  (total 4275 compounds) (Table l) with a range of diversity and complexity from the 1.3- and 15- 

membcred polyazaphane scaffolds ]-3 (Scheme l). Two or three sites on the polyazaphanes were 

combinatorialized simultaneously. The functionalities range from the development set of me~-substJtoted 

henzyls to very complex polar groups which may have a propensity to target RNA motifs. Eightecndifferent 

sets of functionalities (Figure 2) were utilized to combinatorializc the 13- and 15-membered polyazaphanes. All 

of the libra_ties and sub-libraries were screened for antibacterial activity. In this manner, a direct compa~_son of 

the effect of ring size on antibacterial acdvity could be assessed. Molecular modeling of library members from 

the 13- and 15-mcmbered scaffolds was accomplished to ascertain that ring size changes, indeed, do 

significantly alter their shapes and thus biological activity. 

RESULTS AND DISCUSSION 

Three types of libraries were prepared from the t-Boc protected scaffolds 1-2 and the unprotected 

scat'fold 3. In the first case, libraries Ia (13-membered scaffold) and Ib 8 (15-membered scaffold) were 

prepared by simultaneously combinatorializing the benzylic secondary amines of scat'folds 1 and 2 with a set of 

10 meta-substituted benzyl bromides (functionality set A). The t-Boc protecting group was removed by 

trifluoroacetic acid (TFA) to give intermediate libraries. According to the "fix last" method, these libraries were 

divided into six portions, which were then separately reacted with the corresponding bromide derivatives from 

functionality set B to afford the final sublibraries la and lb. The functionality placed in the last position 

structurally differentiates the various sublibraries and also should be responsible for any biological differences 

among the sublibraries. Thus, 8 new sublibraries Ia, each having 100 (102) compounds, were prepared. The 

functional groups in set A (Figure 2) were primarily selected to facilitate the development of the SPSAF 

approach. Several sublibraries generated from this development work demonstrated antibacterial activity and 

are available for second round screening according to an iterative deconvohition process. The polar libraries 

Ha,b-IXa,b were prepared by combinatorializing the benzylic secondary nitrogens of scaffolds 1 and 2 with 

more diverse, polar functionalities (functionality sets C-J) while the remaining secondary nitrogen was 
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Table 1. The First Round Diverse Combinatorial Libraries 

Library Scaffold Functionality Set X Complexity Sublibrary 
number (functionality #) 

la S13 A (10) B I(X) 8 
Ib S15 A (10) B 1(~) 8 
l l a , b  S13 / S15 C (5) H 25 2 
l l l a , b  S13 / S15 D (5) H 25 2 
IVa,b  S13 / S15 E (6) H 36 2 
Va,b S13 / S15 F (8) H 64 2 
Vla ,b  S13 / S15 G (5) H 25 2 
V l l a , b  S13 / S15 H (6) H 36 2 
VI I Ia ,b  S13 / S15 I (6) H 36 2 
lXa ,b  S13 / S15 J (6) H 36 2 

X S15 K (6) 216 1 
XI S15 L (6) 216 1 
X l l  S15 M (7) 343 1 
X l I I  S15 N (7) 343 1 
XIV S15 O (7) 343 1 
XV S15 P (6) 216 1 
XVI S15 Q(6) 216 1 
XVlI  S15 R (6) 216 1 

protected by a t-Boc group. The final libraries for antibacterial screemng were obtained by removing the t-Boc 

on the scaffolds and functionalities with TFA and conversion into their hydrochloride salts. In this series, 

libraries with low complexity (52 , 62 and 82 ) were generated for initial antibacterial studies. In the final group 

of libraries, all three positions of the completely unprotected scaffold 3 were simultaneously combinatorialized 
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with diverse functionality sets K-R to provide libraries X-XVII  with complexities of 216 (63) and 343 (73). 

These libraries were not divided into subfibraries with fLxed positions for an ilemtive deconvolution process 

and will be fractionated into smaller samples with one to ten compounds by a HPLC process. 10 

The polar functionalities selected for libraries I I a ,b - IXa ,b  and X-XVII  were based on their 

commercial availability or synthetic accessibility and whether they possess functional groups that may bind to 

RNA. The elecu~ophilic functionalities used in this work are activated as benzyl halides, c¢-halo-acetamides, 

anhydrides, and electron deficient beterocycles. They have reasonably similar reactivity and are used in a slight 

excess over total nucleophilic sites on the scaffolds. The corresponding bromide derivatives were used for most 

functionalities. Chloride derivatives R24-C1 and R32-C1, and 1,3-propanesulfone were used for functionalities 

R24, R32, and R20 because they have similar reactivity to bromide derivatives as tested. Libraries VIa,b and 

XIII  were prepared from the corresponding chloride functionalities by heating the reaction mixture at 50-60 cC 

overnight. We were also interested in several novel functionalities; these were synthesized as described. Bis-t- 

Boc-protected guanyl piperazine 11 was prepared by the reaction of 1,3-bis(tert-butoxycarbonyl)-2-methyl-2- 

thiopseudourea 10 with excess piperazine (Scheme 2). However, the same guanyl group could not be 

introduced onto aniline amino group of compound 5 by the guanylating agent 10. N,N'-bis(tert- 

butoxycarbonyl)-lH-pyrazole-l-carboxamidine (4), 11 a much more reactive guanylating agent, was used for 

the preparation of guanidine compound 6 in 91% yield. Bromination of 6 with N-bromosaccinimide (NBS) in 

the presence of PPh3 afforded the corresponding bromide 7. The guanidine compound 11 was reacted with 

bromoacetyl bromide, chloroacetyl chloride, 3-(chloromethyl)benzoyl chloride, and 4-(chloromethyl)benzoyl 

chloride to afford the corresponding guanidine bromide or chloride derivatives 12, 13, 14 and 15, 

respectively, in excellent yields, t-Boc-protected piperazine derivatives 17, 18, and 19 were synthesized by 

the reaction of 1-(tert-butoxycarbonyl)piperazine 1612 with bromoacetyl bromide, chloroacetyl chloride, and 4- 

(chloromethyl)benzoyl chloride. Compounds 20 (for RIB) and 23 (for R42) were synthesized by the reaction 

of mono-t-Boc-protected ethylenediamine 13 with chloroacetyl chloride and 4-(chloromethyl)benzoyl chloride, 

respectively. The 1-(tert-butoxycarbonyl)-2-(chloromethyl)benTimidazole (21) (for R29) was prepared from its 

corresponding chloride. New compounds 6, 7, 11-15, 18-21 and 23 were characterized by NMR, mass 

spectroscopic, and combustion analyses. Compounds 17,14 815 and 915 were prepared by modified 

procedures and were fully characterized. In several cases the desired functionalities in the resulting libraries 

were obtained by a library from library approach in that reactive functional groups in one library were 

chemically converted to desired functional groups in the final library. For example, libraries VIIIa ,b  and 

IXa, b with carboxylic acid and acyl guanidine groups in functionality sets I and J were derived from libraries 

VIIa ,b  with ester functionality set H. Similarly, libraries XVI and XVII  with acid and guanidine 

functionality sets Q and R were obtained from library XV with ester functionality set P. Theretbre, ester 

groups of sets H and P were hydrolyzed with NaOH to give the corresponding libraries with carboxylic acid 

sets I and Q, and also reacted with excess guanidine to afford libraries with acyl guanidine sets J and R, 

respectively. Most of the polar functional groups were protected by t-Boc groups for the combinamrialiT~tion 

process and the final libraries were obtained by the deprotection of original libraries with TFA. 

Our objective in this particular combinatorial chemistry project is to selectively disrupt RNA protein 

interactions essential for bacterial growth. In this regard, out of 42 different functionalities attached to 13- and 

15-membered scaffolds, a number are of a polar nature and are expected to interact with RNA-protein 
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Functionality =let A: 

R1 = CH2Ph 
R2 = CH2CeH4CH3-m 
R3 = CH2CsH4F-m 
R4 = CH2C6H4CN-m 
Rs = CH2CH=CHPh 
Re = CH2CsH,INO2-m 
R7 = CH2CeH4CI-m 
R e = CH2C6H4COOCH3-m 
R9 = CH2CsH4CF3-m 
Rio = CH2CsH4Br-m 

Functionality set B: 

t-Boc, H, R1, R;~ R3, R4, R5 
R11 = CH2CONH2 

Functionality set C: 

R9 = CH2C6H4CF3-m 
R12 = COPh 
R13 = I ~  NH 

~ NH2 

R 1 4 = - . ~ . - I ~ / N ' ~ N  H2 

NH 
R15 = . ~ . ~  N ~ q - - - ~ N  

H 2 0  

Functionality set D: 

R3, R12 
R16 = CH2CsH4NH2 -m 

O 
R18= . . . ' ~  N ~ N  H 2 

O 

Funct ional i ty  set E: 

R12 = COPh 
R19 = CH2COOH 
R20 = CH2CHL=CH2SO3H 
R21 = CH2CeH4COOH'p 
R22 = CH2CeH4CH2COOH-p 
R23 = CH2CsH4CN'p 

Functionalities set F: 

R13, R14. R15, R16 R17 
RIB, R19 _jCF3 

R24 =~N==~---COOCH 3 

Functionality set G: 

NH2 
R26 = ~ NH 

R2e = CN2P(O)(OEt)2 

R29 = " ~ N . ~  
H 

Functionality set H: 

R1, RI~ R24 
R30 = CH2COOCH 3 
R31 = CH2C6H4COOCH3- p 

R32 = OOEt 

Nd 

Functionality set I: 

R1, R12, R19, R21 

R33 = COOH 

R34 = COOH 

Nd 

Functionality set R: 

R11, .R3s, R36, R37, R38, R39 

Functionality set J: 

R1, R12 
R35 = CH2CONH~N H 
R ~ NH2"NH 

36 = ~ _ ~  CONI '~  
NH2 

_jCF3 ..NH 
R37 = ~ q N ~ C O  N H"~ 

NH2 

NH 
R38 = CON 

H2 

Functionality set K: 

R12, R13, R14, R15 ~ 31 

R39 = 

R40= " ~ ~ O  CI 

Functionality set I.: 

R12, R16, R17, RI~ R39, R40 

Functionality set M: 

R9, R12, R13, R14, R17, R19 

R41 = ~ ~ . ~ H  

Functionality set N: 

R25, R28, R18, R27, R28, R29 
R42 = H   LJ H2 

O 
Functionality set O: 

R1;~, R13, R14, RI~ R16, R17, R19 

Functionality set P: 

Rll, R24, R30, R31, R32, R39 

Functionality set Q: 

Rll, R19, R21, R33, R34, R39 

Figure 2. Functionali ty Sets A - R for Libraries 
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complexes. These include nine types of guanidine functionalities (RI3, RI4, RI5, R25, R26, R35, R36, R37, 

and R38), five types of amine functionalities (RI6, RIT, R18, R27, and R42), six types of anionic functionalities 

(R19, R20, R21, R22, R33, and R34), six esters (Rs, R24, R28, R30, R31, and R32). Furthermore, 31 

functionalities had an aromatic or a hetero-aromatic ring, and 13 functionalities had an amide moiety. In 

devising the specific functionalities sets, as an initial approach, we were primarily interested in displaying only 

one informationally rich functional group in the set, but in several structurally different environments. For 

example, three or four types of guanidines are displayed in functionality sets C, F, J, K, O, and R; four types 

of acids are displayed in sets E, I, and Q; three types of amines am contained in sets D, F, and L; and three 

types of esters in sets H and P. Each of the functionality sets contained at least one non-polar aromatic ring or 

one functionality that would reduce the number of cationic charges. Acylation of secondary amines with 

anhydrides provided an amide which is not protonated, whereas alkylations with halo-benzyls and acetamides 

provided protonable tertiary amines. Reduction of the cationic charge of the libraries was also achieved by 

using halo-substituted heterocycles R24, R32, R33, R34, R37, and R38 which on alkylation provided non- 

protonable hetero-aromatic amines. Functionalities R33, R34, R37, and R38 am of particular interest as they do 

not provide protonable sites on the scaffold yet provided negative or positive charges on the outer periphery of 

the molecules. Thus, a typical library consists of three to four functionalities of similar type but structurally 

different with non-polar aromatic, acyl, and polar functionalities to control the overall charge. In the second 

step for evaluating functionality sets, libraries were designed to contain several intbrmationally rich 

functionalities; guanidines / amines in sets F, G, and N, guanidines / an amine / a hydroxyl in set M, and 

gnanidines / amines / an acid in set O are examples of mixed different functionality sets with high diversity. In 

this manner, the libraries would possess a range of pKas (charges), lipophilicities, and complexities (25 to 343 

Scheme 2. 

~.~N + H O - ~ ~  NH2 

t-Boc'N L N H  "Boc't 5 

4 I (t-Boc)20 

H L.,,~ I'B°c't NBS 
" ~ ~ r ~ x ~ ,  N " 7 " HO H-BOC-t PPh3 

6 

NBS H O ' ~ ~  NH'B°c't • 9 
" PPh3 

8 

H ~NN'HB~Co~ BrCH2COBr =, 
1 2/1 3 

-t CICH 2COC~ 
11 

/,,N-Boc- t 
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10 

HI~N--Bec- t 
16 

C l " ~ ~  COOl C I ~ ~ c o c I  

BrCH2COBr 
• 17118 

CICI..12COCI C I . ~ ~ C O C  I 

• 14/15 

19 
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Table 2. Activities of the First Round Libraries in Growth Inhibition Assays a 

la (S13) Ib (S15) 

X S. tryogenes K coH ~ pyogenes E coH 

Boc >100 >100 >100 >100 
H 5-25 5-25 5-10 10-20 
R1 1-5 5-25 >100 >1130 
R2 5-25 1-5 >100 >100 
R3 5-25 5-25 >100 >100 
R4 5-25 5-25 5-10 5-10 
R5 1-5 1-5 2.5-5 <2.5 
RII >100 >100 >100 >1013 

a The MIC (minimum inhibitory concentration, lalVl) value is given as a range of library concentration (total concentration of 
compounds in library). After 24 h, the complete inhibition of growth w&~ observed at the higher concentration ot the given 
MIC, and the growth was observed at the lower concentration. 

Members/library with 2 to 3 sites and 5 to 7 functionalities) which would lend themselves to HPLC 

fractionation procedures 10 as well as potentially disrupting RNA-protein interactions. 

Libraries Ia (S13) and Ib (S15), combinatorialized with the meta-substimted benzyl functionality set 

A, have members of the functionality set B placed in the fixed position. They were screened against S. 

pyogenes and E. coli imp- in bacterial anti-growth assays, and their MIC data are listed in Table 2. Thus, eight 

sublibraries Ia from 13-membered scaffold 1 were directly compared with the corresponding eight sublibraries 

lb from 15-membered scaffold 2. The libraries la from 13-membered scaffold, containing 100 compounds in 

each subset, exhibited potent activity in the MIC range of 1 to 25 ~ in the two bacterial assays for all 

sublibraries except the t-Boc and the acetamide (Rll) libraries. Much less activity was seen in the 

corresponding libraries from the 15-membered scaffold. For example, the sublibraries from 13-membered 

scaffold with benzyl (RI) meta-methyl benzyl (R2) and meta-fluorobenzyl (R3) at the fixed position exhibited 

MICs of 1-25 IIM in two assays, whereas the libraries for the corresponding 15-membered scaffold exhibited a 

MIC of >100 labl. Clearly, the ring size had an effect on the biological activity, with the libraries from the more 

rigid 13-membered scaffold having greater activity. In the screening of polar libraries, only libraries I la  and 

l ib  (functionality set C displaying three types of guanidines) had activity of 95% inhibition at 20 labl) for S. 

pyogenes and E. coli imp- with both ring systems. Library Via from the 13-membered scaffold with two 

guanidines and an amine exhibited 95% inhibition at 20 IxlVl in both assays, whereas the corresponding libraries 

Vlb from the 15-membered scaffold were not active at 100 btM. On the other hand, libraries X, XII  and 

XIII, in which three sites of the 15-membered scaffold 3 were combinatorialized with guanidines and amines, 

exhibited over 95% inhibition at 20 ~ for both tested assays. Libraries with functionality sets primarily 

displaying acid groups (IVa,b,  V i l l a , b ,  and XV from scaffolds 1-3) and amines (IIIb and XI from 

scat'folds 2 and 3) were not active. An interesting comparison is that libraries IXa,b with functionality set J, 

containing four acylguanidines, is inactive, whereas the most active libraries IIa,b with functionality set C has 

three guanidines. Another difference in these sets is that the inactive set J has three functionalities that remove 

positive charge from libraries whereas the active C set has only one, the benzoyl RI2; thus, libraries from set C 

will have a more cationic nature and this may be essential for antibacterial activity. A crude rank order of 

activity among the functionality sets is guanidines > guanidines-amines > amines > acids, and the order of 
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activity for similar libraries from the different scaffolds is 13-membered > 15-mombered. The different activity 

of libraries from 13- and 15-membered scaffolds may be due to the overall shape differences and the 

conformational preference. Figure 3 depicts the molecular modeling results for the minimum energy 

conformers of bi~benzyl substituted S13 and S15 compounds. The observed inlramolecular hydrogen bond in 

S13 compound (indicated by the dashed line) orients the three aromatic groups to the most favored stacked 

conformation. The possibility of such an intramolecular H-bond formation on the larger ring S15 is ruled out; 

thus, an unstacked conformation of the aromatic groups results. 

S13 S15 

Figure 3. Minimum Energy Conformers of S13 and $15 compounds 

Screening at lower concentrations and deconvolution of active libraries by a HPLC fractionation method 

are in progress. 10 Furthermore, the polar libraries are being screened in a series of biochemical RNA-pmtein 

assays to investigate the correlation of the inhibition of bacteria with the disruption of bacterial RNA-pmtein 

interactions. 

In conclusion, we have combinatorialized 13- and 15-membered pyridinocyclophane scaffolds 1-3 with 

18 selected functionality sets derived from 42 different functionalities. This afforded 40 libraries with a total 

complexity of 4275 compounds. A solution phase simultaneous addition of functionalities (SPSAF) approach 

was utilized to synthesize the libraries. The functionality sets were designed to display primarily a polar 

functional groups in several structural environments, along with several less informationally rich groups to 

control the cationic nature and complexity of the libraries. Gnanidine functionality sets having a greater 

potential for positive charges provided the most active libraries. Differences in antibacterial activity could 

clearly be related to the different ring sizes. When directly comparing the antibacterial activity of the two ring 

sizes, only one library out of 16, had the same activity in both tings. Molecular modeling results indicated that 

13- and 15-membered pyridinophanes exhibit significantly different shapes. Several libraries exhibited potent 

antibacterial activity. 

E X P E R I M E N T A L  

General  Methods .  IH and 13C NMR specwa were recorded at 199.975 MHz. Deuteriochlomform 
was used as solvent with the added tetramethylsilane as an internal standard. I-Iigh-re~lufion (FAB) positive 
ion mass spectra wet'e recorded on a VG ZAB-BSE double focusing high resolution mass spectrometer 
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equipped with a cesium ion gun. Polyazacyclophane scaffolds 1-3 were synthesized according to our reported 
procedure~. 7,8 Compounds 16,12 N~l'-bis(tert-butoxycarbonyl)- 1H-pyrazole- l-carboxamidine (4),11 and 
mono-(tert-butoxycarbonyl)ethylenediamine 13 were prepared based on fitera~e procedures. The anfimicrobial 
and antifungal assays were performed against Streptococcus pyogenes ATCC 14289 and Escherichia coli imp" 
in microtitex pla~ format as described elsewhere.S,9 All the computations were performed on an Indigo2 
machine using the MSI molecular modeling software. The initial structures of S13 and S15 compounds have 
been model-built. Quenched molecular dynamics calculations using the DISCOVER module of the software 
were performed to explore the conformational space and identify low energy conformations. The CFF91 force 
field was employed in the present study. A distance dependent dielectric constant used in the calculations 
mimics the effect of explicit solvent. 

3-[N,N ' -B i s ( t e r t -bu toxycarbony l )guan id ino]benzy i  Alcohol (6). A solution of 3-amino- 

benzyl alcohol (5) (2.0 g, 16.2 mmol) and N,N'-bis(tert-butoxycarbonyl)-IH-pyrazole-l-carboxamidiue (4) 11 

(4.53 g, 14.6 mmol) in 30 mL of dry THF was stirred at rt for 2 days. The solvent was evaporated, and the 

residue was dissolved in CHCI3. The solution was washed with water and brine, dried (Na2SO4), and 

concentrated. The residue was purified by flash chromatography on a silica gel column. Elution with 200: I 
CH2CI2-MeOH and then 4:1 hexanes-EtOAc gave 4.95 g (91%) of product 6 as a white solid, mp 73-75 ~C; 

silica gel TLC Rf 0.34 (2:1 hexanes-EtOAc); IH NMR 8 1.51 (s, 9H), 1.54 (s, 9H), 4.68 (s, 2H), 7.12 (d, 

IH, J = 7.8 Hz), 7.30 (br, IH, ex.D20), 7.34 (t, IH, J = 7.8 Hz), 7.58 (d, 2H, J = 7.8 Hz), I0.36 (s, IH), 
11.61 (s, IH); 13C NMR 8 25.5, 27.9, 28.2, 28.6, 64.0, 79.6, 83.6, 120.6, 120.9, 121.0, 123.2, 123.5, 

128.6, 128.9, 136.4, 142.3, 153.2, 153.7, 163.3; HRMS (FAIl) m/z 366.201 (M + H) + (C18H28N405 

requires 366.202). 

3.[N,N'.Bis(tert-butoxycarbonyl)guanidino]benzyl B r o m i d e  (7). To a solution of 6 (1.45 
g, 3.97 retool) in 15 mL of CH2C12 were added N-bromosuccinimide (N-BS) (0.78 g, 4.4 mmol) and PPh3 
(1.25 g, 4.76 retool). The resulting solution was stirred at rt for 2 h, and the solvent was evaporated. The 
residue was purified by flash chromatography on a silica gel column. Elution with 50:1 hexanes-EtOAc gave 
1.21 g (72%) of product 7 as a white foam; silica gel TLC Rf 0.54 (5:1 hexanes-EtOAc); IH NMR 8 1.51 (s, 
9H), 1.54 (s, 9H), 4.47 (s, 2H), 7.14 (d, 1H, J =  7.6 Hz), 7.32 (t, IH, J =  7.8 Hz), 7.58-7.64 (m, 2H), 
10.37 (s, 1H), 11.63 (s, 1H); HRMS (FAB) trdz 428.117 (M + H) + (CIsH27BrN304 requires 428.118). 
Anal. Calcd for CISH26BrN304: C, 50.57; H, 6.14; N, 9.84. Found: C, 50.55; H, 6.12; N, 9.99. 

3-[(tert-Butoxycarbonyl)amino]benzyl Alcohol (8). A solution of 3-aminobenzyl alcohol (5) 
(0.62 g, 5.0 retool), di-tert-butyl dicarbonate (1.09 g, 5.0 mmol) and triethylamine (1.50 g, 15.0 mmol) in 20 
mL of dry THF was stirred at rt for two days. The solvent was evaporated under vacuum, and the residue was 
dissolved in a mixture of CHCI3 and H20. The layers were separated, and the aqueous phase was extracted 
with CHCI3. The combined organic phase was washed with brine, dried (Na2SO4), and concentrated. The 
residue was purified by flash chromatography on a silica gel column. Ehition with 200:1 CH2CI2-MeOH gave 
0.88 g (79%) of product 8 as a colorless oil (lit: 14 yellow oil with IH NMR only); silica gel TLC Rf 0.43 (10:1 
CH2CI2-MeOH); 1H NMR 8 1.48 (s, 9H), 3.69 (t, IH, J = 5.0 Hz, ex D20), 4.49 (d, 2H, J = 5.4 Hz), 6.92 
(d, IH, J =  7.0 H z), 7.10-7.26 (m, 4H); 13C NMR 8 28.3, 64.6, 80.5, 117.1, 117.5, 121.3, 128.9, 138.6, 
142.0, 153.3; HRMS (FAB) m/z 223.129 (M + H) + (C12HIsNO3 requires 223.128). Anal. Calcd for 

C12H17NO3: C, 64.54; H, 7.68; N, 6.28. Found: C, 64.31; H, 7.59; N, 6.37. 

3-[( tcr t-Butoxycarbonyl)amino]benzyl  Bromide (9). Compound 9 was prepared as described 
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above for 7 from 8 (8.25 g, 37 mmol), PPh3 (11.64 g, 44.4 mmol), and N-BS (7.24 g, 41 retool) in 145 mL 
of CH2CI2. Flash chromatographic purification on a silica gel column using 50:1 hexanes-EtOAc as an eluent 
afforded 6.80 g (65%) of product 9 as a white solid, mp 121-122 °C (lit: 15 mp 120.5-121 °C with IH NMR); 
silica gel TLC Rf 0.52 (5:1 bexanes-EtOAc); IH NMR 8 1.52 (s, 9H), 4.42 (s, 2H), 6.77 (s, 1H), 7.04-7.07 
(m, 1H), 7.20-7.25 (m, 2H), 7.51(s, 1H); 13C NMR 8 28.4, 33.5, 80.8, 118.9, 123.9, 129.7, 138.7, 152.8; 
HRMS (TAB) m/z 308.027 (M + Na) + (C12HI6BrNO2Na requires 308.026). Anal. Calcd for CI2HI6BrNO2: 
C, 50.52; H, 5.66; N, 4.91. Found: C, 50.30; H, 5.49; N, 4.74. 

1-[N,N'-Bis(tert-butoxycarbonyi)]guanylpiperazine (11). A mixture of piperazine (34.46 g, 
0.40 mol) and 1,3-bis(tert-butoxycarbonyl)-2-methyl-2-thiopseudourea (10) (29.0 g, 0.1 tool) in 260 mL of 
DMF was stirred at 50-60 °C for 2 h. The solvent was evaporated to dryness, and the residue was dissolved in 
H20-CHCI3. The organic phase was separated, and the aqueous phase was extracted with CHCI3. The 
combined organic phase was washed with brine, dried (Na2SO4), and concentrated. The residue was purified 
by flash chromatography on a silica gel column using 1:2 bexanes-EtOAc and then 1:1 EtOAc-MeOH as eluents 
to afford 27.2 g (83%) of product 11 as a white solid, mp 135-136 °C; silica gel TLC Rf 0.34 (100% MeOI-I); 
lI-I NMR 8 1.42 (s, 18H), 2.78-2.91 (m, 4H), 3.40-3.66 (m, 4H), FIRMS (TAB) m/z 329.218 (M + H) + 
(C15H29N404 requires 329.218). Anal. Calcd for CI5H28N404: C, 54.86; H, 8.58; N, 17.06. Found: C, 
54.87; I-I, 8.48; N, 17.20. 

1-(Bromoacetyl)-4-[N,N'-bis(tert-butoxycarbonyl)]guanyipiperazine (12). A solution of 
bromoacetyl bromide (2.06 g, 10.2 retool) in 20 mL of THF was added dropwise to a stirred solution of 1 1 
(3.28 g, 10.0 mmol) and diisopropylethyl amine (2.1 mL, 1.56 g, 12.0 mmol) in 50 mL ofT[IF at -30 °C. The 
cooling bath was removed, and the reaction mixture was stirred at rt for 1.5 h. After the solvent was 
evaporateA, the residue was dissolved in chloroform. This solution was washed with water, brine, dried 
(Na2SO4), and concentrated. The residue was purified by flash chromatography on a silica gel column. Elution 
with 5:1, 2:1, and then 1:1 bexanes-EtOAc afforded 3.5 g (78%) of product 12 as a white solid, mp >220 °C~ 
silica gel TLC Rf 0.45 (1:2 bexancs-EtOAc); IH NMR 8 1.46 (s, 18H), 3.48-3.75 (m, 8H), 3.85 (s, 2H), 
10.26 (br, 1H), HRMS (TAB) m/z 449.141 (M + H) + (CI7H30BrN405 requires 449.140). Anal. Calcd for 
CI7H29BrN405: C, 45.44; FI, 6.49; N, 12.46. Found: C,45.54; H, 6.25; N, 12.66. 

1.(Chloroacetyl).4-[N,N'.bis(tert-butoxycarbonyl)]guanylpiperazine (13). A solution of 
chloroacetyl chloride (1.77 g, 15.6 retool) in 20 mL of anhydrous THF was added to a stirred solution of 1 1 
(4.93 g, 15.0 mmol) and diisopropylethyl amine (3.2 mL, 2.34 g, 18 mmol) in 80 mL of THF at 0 °C. The 
resulted reaction mixture was allowed to warm to rt and stirred for 2 h. The solvent was evaporated, and the 
residue was dissolved in chloroform. The chloroform solution was washed with water, dried (Na2SO4), and 
concentrated. The residue was purified by flash chromatography on a silica gel column. Elution with 5:1, 2:1, 
and then 1:1 bexanes-EtOAc afforded 5.76 g (95%) of product 13 as a white solid, mp 138-139 ~C; silica gel 
TLCRf 0.48 (1:2 bexanes-EtOAc); IH NMR 8 1.38 (s, 18H), 3.40-3.66 (m, 8H), 4.00 (s, 2H), 10.00 (br, 
IH); HRMS (TAB) m/z 537.086 (M + Cs) + (C17H29C1N405Cs requires 537.088). Anal. Calcd for 
C17H29C1N405: C, 50.43; H, 7.21; N, 13.83. Found: C, 50.56; H, 7.12; N, 14.00. 

1 - [3 - (Ch l o rom e t hy l )be nz oy l ] -4 - [N ,N ' -b i s ( t e r t - bu toxyca rbony l ) ]guany lp ipe r az ine  
(14). Compound 14 was prepared as described above for 13 from 11 (3.28 g, 10.0 retool), 3- 
(chloromethyl)benzoyl chloride (1.94 g, 10.26 mmol), and diisopropylethyl amine (2.1 mL, 1.56 g, 12.0 
mmol) in 70 mL of THF. Flash chromatographic purification afforded 4.33 g (90%) of product 14 as a white 
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foam; silica gel TI.,CRf 0.42 (1:1 hexanes-EtOAc); IH NMR 8 1.37 (s, 18H), 3.28-3.85 (m, 8H), 4.48 (s, 
2H), 7.20-7.40 (m, 4H), 10.10 (s, 1H); MS (FAB) m/z 503 (M + Na)+; HRMS (FAB) m/z 481.222 (M + 
H) + (C23H34C1N405 requires 481.221). Anal. Caled for C23H33CIN4Os: C, 57.43; H, 6.90; N, 11.64. 
Found: C, 57.33; H, 6.72; N, 11.86. 

1.[4.(Chloromethyl)benzoyl]-4.[N,N'.bis(tert.butoxycarbonyl)]guanyipiperazine 
(15). Compound 15 was prepared as described above for 13 from 11 (6.56 g, 20.0 mmol), 4- 
(chloromethyl)benzoyl chloride (3.88 g, 20.0 retool), and dilsopropylethyl amine (4.2 mL, 3.1 g, 24.0 retool) 
in 150 mL of THF. Flash chromatographic purification afforded 9.5 g (98%) of product 15 as a white foam; 
silica gel TLC Rf 0.38 (1:1 hexanes-EtOAc); IH NMR 8 1.36 (s, 18H), 3.25-3.80 (m, 8H), 4.48 (s, 2H), 
7.25-7.37 (m, 4H), 10.05 (br, IH); MS (FAB) m/z 503 (M + Na)+; HRMS (FAB) m/z 481.220 (M + H) + 
(C23H34CIN405 requires 481.221). Anal. Calcd for C23H33C1N405: C, 57.43; H, 6.90; N, 11.64. Found: C, 
57.30; H, 7.08; N, 11.40. 

1-(Bromoacetyl),4.(tert-butoxycarbonyl)piperazine (17). Compound 17 was prepared as 
described above for compound 13 from 1612 (23.0 g, 123 mmol), bromoacetyl bromide (25.0 g, 123 mmol), 
and diisopropylethyl amine (21 mL, 15.6 g, 120 mmol) in 240 mL of CH2C12. Flash chromatographic 
purification afforded 25.0 g (66%) of product 17 as pale yellow crystals, mp 98-99 ~ (lit: 14 brown oil with 
IH NMR only); silica gel TLC Rf 0.34 (1:1 hexanes-EtOAc); 1H NMR 8 1.37 (s, 9H), 3.30-3.56 (m, 8H), 
3.80 (s, 2H); 13C NMR 8 25.8, 28.2, 28.5, 41.9, 43.2, 46.5, 80.3, 154.4, 165.4; MS (FAB) m/z 331 (M + 
Na)+; HRMS (FAB) m/z 307.066 (M + H) + (CllH20BrN203 requires 307.065). Anal. Calcd for 
CIlHI9BrN203: C, 43.01; H, 6.22; N, 9.12. Found: C, 43.24; H, 6.22; N, 9.37. 

1.(Chloroacetyl),4.(tert-butoxycarbonyl)piperazine (18). Compound 18 was prepared as 
described above for 13 from 1612 (9.32 g, 50.0 mmol), chloroacetyl chloride (5.67 g, 50.2 mmol), and 
diisopropylethyl amine (10.5 mL, 7.79 g, 60.0 mmol) in 200 mL of THF. Flash chromatographic purification 
afforded 12.14 g (92%) of product 18 as a white solid, mp 95-96 ~ ;  silica gel TLC Rf 0.50 (1:2 bexanes- 
EtOAc); IH N-MR 8 1.39 (s, 9H), 3.30-3.56 (m, 8H), 4.02 (s, 2H); 13C NMR 5 28.3, 40.8, 41.9, 43.1, 
43.4, 46.1, 80.4, 154.4, 165.3; MS (FAB) m/z 263 (M + H)+; HRMS (FAB) m/z 285.098 (M + Na) + 
(CIlHIgCIN203Na requires 285.098). Anal. Calcd for CIlHI9CIN203: C, 50.29; H, 7.28; N, t0.66. Found: 
C, 50.10; H, 7.21; N, 10.90. 

1-(tert.Butoxycarbonyl)-4-[4-(bromomethyl)benzoyl]piperazine (19). Compound 19 was 
prepared as described above for 13 from 1612 (3.82 g, 20.5 mmol), 4-(chloromethyl)benzoyl chloride (3.88 
g, 20 retool), and diisopropylethyl amine (3.92 mL, 2.91 g, 22.5 mmol) in 60 mL of THF. Flash 
chromatographic purification afforded 6.40 g (94%) of product 19 as a white solid, mp 147-148 ~ ;  silica gel 
TLC Rf 0.45 (1:1 hexanes-EtOAc); 1H NMR 5 1.44 (s, 9H), 3.25-3.70 (m, 8H), 4.57 (s, 2H), 7.30-7.48 
(m, 4H); MS (FAB) m/z 361 (M + Na)+; HRMS (FAB) m/z 339.146 (M + H) + (CI7H24CIN203 requires 
339.147). Anal. Calcd for C17H23CIN203: C, 60.26; H, 6.83; N, 8.26. Found: C, 60.10; H, 6.88; N, 7.99. 

l.[N.(tert-Butoxycarbonyl)amino].2.[N.(chioroacetyl)amino]ethane (20). A solution of 
chloroacctyl chloride (2.82 g, 25 mmol) in 50 mL of dry THF was added dropwise to a solution of mono-(tert- 
butoxycarbonyl)ethylencdiamine 13 (4.0 g, 25.0 mmol) and diisopropylethyl amine (3.15 g, 27.5 retool) in 100 
mL of dry THF at -10 °(2. The resulting solution was stirred at -10 ~C for 30 min, and the solvent was 
evaporated under vacuum. The residue was dissolved in a mixture of CHCI3 and H20. The phases were 
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separated, and the aqueous phase was extracted with CHC13. The combined organic phase was washed with 
brine, dried (Na2SO4), and concentrated. The residue was re.crystallized from 1:3 EtOAc-hexaues to give 5.47 
g (93%) of product 20 as white crystals, rap 111.5-112.0 °C; silica gel TLC R f  0.60 (10:1 CH2CI2-MeOH); 
IH NMR 8 1.44 (s, 9H), 3.29-3.44 (m, 4H), 4.03 (s, 2H), 4.92 (br, 1H), 7.21 (br, IH); 13C N'MR 8 28.5, 
39.7, 41.0, 42.5, 79.7, 156.8, 166.9; HRMS (FAB) m/z 237.101 (M + H) + (CgHIsC1N203 requires 
237.100). Anal. Calcd for CoH17CIN203: C, 45.75; H, 7.26; N, 11.86. Found: C, 46.0(}; H, 7.32; N, 12.04. 

1-(tert-Butoxycarbonyl)-2-(chloromethyl)benzimtdazole (21). A solution of di-tert-butyl 
dicarbonate (6.6 g, 30.0 retool) in 50 mL of THF was added slowly to a stirred solution of 2- 
(chlororaethyl)benzimidazole (5.0 g, 30 raraol) and triethylamine (5.0 raL, 36 raraol) in THF (150 rnL) at 0 °(2. 
The reaction mixture was stirred at rt overnight. The solvent was evaporated, and the residue was dissolved in 
CH2C12-H20. The layers were separated, and the aqueous phase was extracted with CH2C12. The combined 
organic phase was washed with brine, dried (Na2SO4), and concentrated under high vacuum. The residue was 
purified by flash chromatography on a silica gel column using 3:8 and then 4:6 EtOAc-hexanes to give 1.8 g 
(25%) of 21 as a pale yellow oil; IH NMR 8 1.81 (s, 9 H), 5.05 (s, 2 H), 7.30-7.41 (m, 2 H), 7.70-7.78 (m, 
1 H), 7.91-8.00 (m, 1 H). 13C NMR 8 24.0, 39.9, 86.4, 115.5, 120.2, 124.4, 125.9, 133.5, 142.0, 148.0, 
150.1; HRMS (FAB) m/z 267.090 (M + H) + (C13H16N202C1 requires 267.092). 

2-(Bromomethyl)-6-(hydroxymethyl)pyridine (22). Compound 22 was prepared by a 
modified procedure as described above for 7 from 2,6-pyridinedimethanol (4.17g, 30.0 ramol), PPh3 (5.24 g, 
20.0 raraol), and NBS (3.56 g, 20.0 retool). The spectroscopic property of this white crystalline product was 
consistent with that reported. 16 

1-[(tert-Butoxycarbonyl)amino].2-[[4-(chloromethyl)benzoyl]amino]ethane (23). 
Compound 23 was synthesized as above for 19 from mono-(tert-butoxycarbonyl)cthylenediamine 13 (4.1 g 
25.7 raraol), 4-(chlororaethyl)benzoyl chloride (5.(I g, 25.7 ramol) and diisopropylethyl amine (9.96 g, 77.1 
mmol). Purification by flash chromatography on a silica gel column gave 7.52 g (93.5%) of product 23 as a 
white solid, rap 143-144 °C; silica gel TLC Rf 0.50 (10:1 CH2CI2-MeOH); 1H NMR 8 1.43 (s, 9H), 3.34- 
3.42 (ra, 2H), 3.49-3.56 (m, 2H), 4.58 (s, 2H), 5.19 (br, IH), 7.38-7.42 (m, 3H), 7.78-7.82 (rn, 2H); 13C 
NMR 8 27.9, 28.2, 28.5, 28.8, 40.0, 42.0, 45.5, 79.9, 127.6, 128.5, 128.76, 134.2, 140.7, 157.6, 167.4, 
HRMS (FAB) m/z 313.133 (M + H) + (C15H22CIN203 requires 313.131). Anal. Calcd for CIsH21CIN203: C, 
57.67; H, 6.78; N, 8.97. Found: C, 57.47; H, 6.74; N, 8.93. 

Library la (B = t-Boc).  A mixture of benzyl bromide (147 pJ.,, 207 rag, 1.2 mmol), c~-bromo-m- 
xyleue (169 gL, 222 rag, 1.2 mraol), 3-fluorobenzyl bromide (149 BL, 227 nag, 1.2 ramol), 3-cyanobenzyl 
bromide (237 rag, 1.2 raraol), cinnamyl bromide (237 mg, 1.2 ramol), 3-chlorobenzyl bromide (163 pL, 248 
rag, 1.2 raraol), 3-nitrobenzyl bromide (259 rag, 1.2 retool), methyl 3-(broraomethyl)benzoate (276 rag, 1.2 
mraol), ct' -brorao-~ct,ct-trifluoro-m-xylene (185 BL, 288 rag, 1.2 mraol), and 3-bromobenzyl bromide (300 
rag, 1.2 ramol) (total 12 ramol, 2.4 equiv) in 50 mL of anhydrous CH3CN was added to a stirred mixture of 
compound 1 (1,60 g, 5.0 retool) and anhydrous K2CO3 (10.0 g, 72 mraol) in 130 mL of CH3CN. The 
resulting reaction mixture was stirred at rt overnight and concentrated. The residue was dissolved in a mixture 
of chloroform-water. The organic phase was separated, and the aqueous phase was extracted with CHCI3. The 
combined organic phase was washed with brine, dried (Na2SO4), and concentrated. The residue was purified 
by flash chromatography on a silica gel column using 15:1 hexanes-EtOAc, 100% EtOAc, and then 20:1 
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EtOAc-MeOH as eluents. The library fractions, monitored by TLC, were collected and concentrated to afford 
2.80 g (97%) of library Ia  (13 = t-Boc) as a pale yellow oil; MS (ES) ndz 501-659 (M + H) +. 

Library Ia  (B ffi H). Trifluoroacetic acid (TFA) (35 mL) was added to a stirred solution of library Ia  
(B = t-Boc) (2.80 g, 4.87 mmol) in 7 mL of CHC13 at 0 °C. The resulting reaction mixture was stirred at rt for 
3 h and concentrated to remove excess amount of TFA. The residue was dissolved in CHCI3. The solution was 

washed with aqueous Na2CO3 solution, brine, dried (Na2SO4), and then concentrated. The residue was 
purifmd by flash chromatography on a silica gel column using 100:0, 40:1 and then 5:1 MeOH-30% aqueous 
NI-I 3 to afford 2.30 g (88%) of library Ia  (B = H) as a light yellow oil; silica gel T I C  R f  0.35 (5:1 MeOH- 

30% aqueous NH3); IH NMR 8 1.65-1.82 (m, 2H), 2.28-2.35 (m, 0.3H), 2.45-2.65 (m, 4H), 2.64-2.96 (m, 
4H), 3.40-4.00 (m, 10.3H), 6.20-8.40 (m, 11.3H); MS (ES) rrdz 401-559 (M + H) +. 

General Procedure for the Preparation of Libra r ies  Ia  ( B = R1-Rs and R l l ) .  A mixture 
of library Ia  (B = H) (105 mg, 0.22 mmol), a cotr~ponding bromide (R1Br or RsBr or RI1Br) (0.266 
mmol), and K2CO3 (0.5 g, 3.6 retool) in CH3CN (5 mL) was stirred at rt overnight. After the solvent was 
evaporated, the residue was dissolved in a mixture of water-chloroform. The layers were separated, and the 
aqueous phase was extracted with CHCI 3. The combined organic phase was washed with brine, dried 

(Na2SO4), and concentrated. The residue was purified by preparative TLC using 90:1 MeOH-30% aqueous 

NH3 as a developing agent to afford la  (B = RI-R5 and RI1) as colorless to light yellow oil in 80-96% yields. 

Genera l  Procedure for the Preparation of Libra r ies  I I a - V I I I a ,  H b-V I Ib  and X-XV.  A 

solution containing equal molar amounts of the corresponding bromides (RnBr), or chloride (RnCI), or benzoic 
anhydride, or 1,3-propanesultone (for R20) (total 1.1 equiv per reactive site on scaffolds) in CH3CN was 
added to a mixture of the corresponding scaffold 1 or 2 or 3 (1.0 equiv) and K2CO3 (5.0 g, 36 retool) in 20 
mL of CH3CN. The resulting reaction mixture was stirred at rt for 2-4 h (monitored by TLC). For the 
preparation of libraries Via, VIb and XIII  by using chloride functionalities, the reaction mixtures were stirred 
at 50-60 °(2 overnight. The reaction mixture was worked up and purified as described above for library la  (B 

= t-Boc). The corresponding t-Boc-protected libraries, thus obtained as pale yellow oil or light yellow foam in 
80-99% yields, were deprotected by TFA as described above for library Ia  (B = H). After evaporation of the 
excess TFA, the libraries were dissolved in hydrochloride saturated MeOH. Evaporation of the solvent gave the 

hydrochloride salts of the corresponding libraries as foams without further purification. 

General Procedure for the Preparation of Librar ies  V l l I a , b  (S13 and S15) and XVI 
(S15) .  A mixture of library VIIa  or V l l b  or XV (0.5 retool), 8 mL of MeOH, 4 mL of concentrated 
aqueous NaOH solution was stirred at rt for 1 day. Acetic acid (2 mL) was added to destroy the excess NaOH. 
The mixture was concentrated to dryness under vacuum, and the residue was triturated with MeOH to give the 
corresponding acid libraries as white foams in 95-98% yields. 

General Procedure for the Preparation of Libraries IXa,b ($13 and S15) and XVII  
($15), A mixture of guanidine chloride (202 rag, 2.1 retool) and NaOCH3 (120 rag, 2.1 mmol) in 10 mL of 
MeOH was stirred at rt for 2 h, and the solvent was evaporated. A mixture of thus obtained neutral guanidine 

and corresponding library VIIa  or Vl Ib  or XV (0.7 mmol) in 10 mL of DMF was stirred at 80 °C for 1 day. 

The solvent was evaporated, and the residue was triturated with MeOH. The MeOH solution was saturated 
with HC1 (g), and the solution was concentrated to give hydrochloride salt of the corresponding library as 
white foams in 95-98% yields. 
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