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to Enhance Solid-Phase Synthesis
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1. Introduction

Since the introduction of solid-phase peptide synthesis by Merrifield (1)
nearly forty years ago, solid-phase techniques have been applied to the
construction of a variety of biopolymers and extended into the field of small
molecule synthesis. The last decade has seen the emergence of solid-phase
synthesis as the leading technique in the development and production of
combinatorial libraries of diverse compounds of varying sizes and properties.
Combinatorial libraries can be classified as biopolymer based (e.g., peptides,
peptidomimetics, polyureas, and others /2,3]) or small molecule based (e.g.,
heterocycles [4], natural product derivatives [5], and inorganic complexes
[6,7]). Libraries synthesized by solid-phase techniques mainly use polystyrene-
divinylbenzene (PS) derived solid supports. Owing to physical and chemical
limitations of PS-derived resins, other resins have been developed (8,9). Most
of these resins are prepared from PS by functionalizing the resin beads with
oligomers to improve solvent compatibility and physical stability (8,9).

Solid-phase synthesis offers several attractive features over solution-phase
synthesis: (1) Molecules are synthesized while covalently linked to the solid sup-
port, facilitating the removal of excess reagents and solvents. (2) The solid-
supported reaction can be driven to completion through the use of excess,
soluble reagents. (3) Mechanical losses are minimized as the compound—polymer
beads remain in single-reaction vessels throughout the synthesis. (4) Physical
manipulations are easy, rapid, and amenable to automation. (5) The physical
separation of the reaction centers on resin furnishes a “pseudo-dilution” (physi-
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Fig. 1. Linear solid-phase synthesis of biopolymer-like peptides and polynucleotides.

cal separation in space minimizes or eliminates contact between resin-bound
reacting sites), which makes certain transformations more successful when
compared to solution-phase synthesis. A general schematic representation of
the steps involved in a linear synthesis of compounds on solid phase is outlined
in Fig. 1.

In linear solid-phase synthesis, the building blocks (i.e., A and B in Fig. 1)
are covalently attached to the solid support via a linker (10). In the case of
peptide synthesis, the building blocks are protected amino acids. Usually the
N%-group is protected by an acid-sensitive tert-butyloxycarbonyl (Boc) group,
a base-sensitive 9-fluorenylmethyloxycarbonyl (Fmoc) group, or Pd(0)-
sensitive allyloxycarbonyl (Alloc) group. The use of protecting groups (pg in
Fig. 1) prevents side reactions and complications arising from the incorpora-
tion of multiple building blocks in the desired product. The presence of a
protecting group requires additional chemical step(s) for deprotection and
exposure of the functional group (in the present example, an amino group).
Only then can further coupling with other amino acids be performed. Similar
strategies are used in the construction of peptide nucleic acid oligomers using
Boc or Fmoc protection (11,12).

It was envisaged that instead of using covalently linked protecting groups
that require chemical synthesis and removal, a transient protection scheme
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could be used to facilitate the same overall chemical transformation. Noncova-
lent protection was first used in peptide synthesis under solution- and solid-
phase protocols (13-17) to prevent double coupling and other side reactions.
One approach is based on the fact that crown ethers can form stable complexes
with ammonium ions (18-20). Because crown ethers selectively sequester
potassium ions, solutions containing potassium salts can be used to remove the
crown ether from the ammonium group. Similarly, it was found that the
noncovalent nature of the protection afforded by the crown ether entity allowed
its mild and rapid removal from resin-bound peptides by treatment with 1%
N,N-diisopropylethylamine (DIEA) solutions (16).

1.1. Noncovalent Protection in Solid-Phase Peptide Synthesis

The use of crown ethers for protection of the amino group of amino acids
offers, in principle, several advantages over the more commonly used
protecting groups tert-Boc and Fmoc. The noncovalent nature of the interaction
between crown ethers and ammonium ions, coupled with the high affinity of
crown ethers for inorganic ions (21), provides the basis for a rapid but mild
protection and deprotection scheme. The crown ether protection of N*-amino
acids in solution (13-15) and solid-phase syntheses (16,17) has been exten-
sively studied.

Mascagni and co-workers (13-17,22) have investigated conditions under
which peptide synthesis by the fragment condensation approach in the solid
phase can be carried out using crown ethers as noncovalent protecting
groups for the N%-amino group. As a model system, the syntheses of
tripeptides was performed by coupling the 18-crown-6 complex of the
dipeptide Gly-Gly-OH (III and IV, Fig. 2) with either resin-bound Tyr or
Pro amino acids while varying the solvent choice between N,N-dimethyl-
formamide (DMF) and dichloromethane (DCM). Each coupling was car-
ried out with a fourfold excess of the activated dipeptide—crown ether
complex using 1,3-dicyclohexylcarbodiimide (DCC, Fig. 2) and 1-hydroxy-
benzotriazole (HOBt, Fig. 2) as activating reagents. The couplings were
run for 30—45 min at room temperature. In these experiments the goal was
to evaluate the effect of solvent, counter ion, the nature of the carboxy-
(C)-terminal amino acid, and the viability of noncovalent protection in frag-
ment condensation. Synthetic performance of the syntheses was judged by
the level of the desired peptides vs the presence of double-coupled side
products (Table 1). It should be noted that preliminary experiments found
that a polyacrylamide-based support performed poorly in comparison to a
PS support (i.e., Wang resin). The ability to control the reaction was found
to vary as a function of solvent and the C-terminal amino acid. The identity
of the counter ion appeared to have no effect. The best results were obtained
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Fig. 2. Chemical structures of reagents and building blocks for peptide synthesis
using noncovalent protection.

using Wang resin functionalized with Pro and DCM as a solvent. Interestingly,
reactions involving Tyr as the C-terminal amino acid tended not to go to
completion. Detailed studies established that the crown ether protection was
transferred from the terminal Gly of the activated dipeptide to the resin-
bound amino- (N)-terminus, a likely cause for the observation of double-
coupled products and unreacted, resin-bound amines. That Pro was not
affected by this same circumstance is in accord with the observation that
18-crown-6 selectively forms a complex with primary ammonium salts in
preference to secondary ammonium salts. The use of a secondary amine as
the C-terminal group in noncovalent protection was investigated as well
(16). The observed solvent effect is believed to be related to the greater
solvating ability of DMF for the ammonium salt relative to DCM. It is pos-
tulated that a competition is established between DMF and the crown ether
for solvation of the ammonium ion. The authors also found that this protec-
tion scheme is not applicable to single amino acid condensation, as poly-
merization results immediately after activation (22).
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Table 1
Peptide Sequences Synthesized by
Non-Covalent Protection on a Solid Phase (716)

Gly-OH
O@\oﬁ\(
<0
( N ]O DCC, HOBU 1y . (Giy) AA- (R)
B

o B + HN-AA-(R) ———

solvent n=2,4
K/O\) X_

X' = 4-MePhSQ;, CF,CO,

C-Terminal Product ratio
Entry amino acid Solvent (n=2in=4)
1 Tyr DMF 1:1
2 Tyr DCM 5:2
3 Pro DCM 96:4

The use of crown ethers for noncovalent protection of N*-amino acids and
for protection of side chains of Lys or Arg residues has found the most success-
ful utility in the fragment condensation approach to solid- and solution-phase
peptide synthesis (15-17).

1.2. Noncovalent Protection in Solid-Phase Rhodamine-Labeled
Peptide Nucleic Acid Synthesis

Another investigation employing noncovalent protection was the labeling
of peptide nucleic acids (PNAs) with fluorophores as probes for characterizing
nucleic acid sequences by in sifu hybridization (23). Cellular uptake of PNAs
was monitored using fluorescent microscopy (24). Non-bonded interactions
between the lipophilic resin backbone and the fluorophore reagent carboxy-
tetramethylrhodium succinimidyl ester (CTRSE) hindered full incorporation
of the fluorophore on the PNAs (25). To improve efficiency, noncovalent pro-
tection was employed by addition of an analog (sulforhodamine sodium
[CTRS]) of the intended fluorophore prior to the coupling of CTRSE to the
resin-bound PNAs. CTRS served to noncovalently block the interfering lipo-
philic sites on the resin. The incorporation of CTRSE was improved by more
than fivefold relative to the reaction in the absence of CTRS. The result was
that a cheap reagent was used to improve efficiency and reduce the amount
needed of a more expensive building block (e.g., CTRSE).

Based on these findings on noncovalent protections, similar approaches
could be proposed in cases where either temporary protection is needed for
chemical transformation or where resin—-reagent compatibility is an issue (8,9).
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The potential of noncovalent protection schemes to address these kinds of
issues has not been fully explored.

2. Materials

2.1.

Preparation of 18-Crown-6 Ether Complexes of Peptides

and Amino Acids

1.

Solvents: N,N-Dimethylformamide (DMF), dichloromethane (DCM).

2. Fmoc-Tyr(OtBu)-Wang (0.59 mmol/g) from Calbiochem-Novabiochem (San

5.

6.

Diego, CA).

Coupling reagents: N-Hydroxybenzotriazole (HOBt), dicyclohexylcarbodiimide
(DCC), and diisopropylcarbodiimide (DIC) from Aldrich (Wisconsin).

Gly-Gly-OH dipeptide from Sigma Biochemicals (St. Louis, MO).

18-Crown-6 from Aldrich.

Trifluoroacetic acid (TFA) and piperidine from Aldrich Chemical.

. Preparation of Fluorescein-Labeled PNAs on a Solid Support

. Fmoc-PNA monomers (Fig. 3) protected nucleic acid bases from Applied

Biosystems (http://www.appliedbiosystems.com/ds/pna/) (26) (see Note 1).
Dry DMF (Sigma, St. Louis, MO) (see Note 2).

. Fluorescein tags (Fig. 3) Carboxytetramethylrhodamine succinimidyl ester

from Molecular Probes (Eugene, OR and Leiden, The Netherlands) and
sulforhodamine from Sigma-Aldrich, St. Louis, MO.

Coupling reagent HATU ([O-(7-aza-benzo-triazol-1-yl)-1,1,3,3-tetramethyluronium
hexafluorophosphate]) (Fig. 3) from PerSeptive Biosystem (Framingham, MA).
PEG-PS resin functionalized with XAL linker (9-Fmoc-aminoxanthen-3-
yloxymethyl) (Fig. 3) from Applied Biosystem (Foster City, CA) (see Note 3).
PE (Perkin-Elmer) Biosystems Expedite 8909 automated synthesizer.

3. Methods

3.1.

Preparation of Amino Acid and Peptide Complexes

with 18-Crown-6 (see Note 4)

1.

Alanine hydrochloride-18-crown-6 complex: Dissolve alanine (1 Eq) in aqueous
hydrochloric acid (1.1 Eq) and lyophilize to dryness to give alanine hydrochlo-
ride in quantitative yield. Suspend alanine hydrochloride (1 Eq) with 1 Eq of
18-crown-6 in chloroform and stir the mixture at room temperature to give a
clear solution. Evaporate chloroform to dryness to give the title compound as a
powder (see Note 5).

Alanine tosylate-18-crown-6 complex: Lyophilize alanine (1 Eq) from 5 mL of
water containing p-toluenesulfonic acid monohydrate (1.1 Eq). The alanine—
tosylate salt is added to a chloroform solution of 18-crown-6 (1 Eq) and the
mixture stirred until homogeneous. Evaporation of chloroform and crystallization
of the residue from methanol—ethyl acetate (see Note 6) yields the solid alanine—
crown ether complex with a melting point of 123-125°C.
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Fig. 3. Chemical structures of reagents and building blocks for synthesis of
rhodamine-labeled PNA oligomers.

3. Gly-Gly trifluoroacetate crown ether complex (III in Fig. 2): To a solution of
Gly-Gly trifluoroacetate in water (1 Eq) is added 18-crown-6 (1 Eq) with stirring.
Lyophilize the reaction solution. Dissolve in water, and lyophilize again. This
process is repeated until all traces of acid are eliminated (monitored by pH paper).
The complex is used without further purification.

4. Gly-Gly tosylate crown ether complex (IV in Fig. 2 ): Gly-Gly (5 g, 38 mmol) is
added to a solution of p-toluenesulfonic acid (7.2 g, 38 mmol) in water—ethanol
(50 mL, 1:1). Stir the reaction mixture at room temperature for 1-2 h and then
evaporate to dryness. Suspend the residual dipeptide salt in 50 mL of ethanol (see
Note 7) and add 18-crown-6 (10 g, 38 mmol). Stir the reaction mixture with
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warming to give a clear solution. Cool the solution to room temperature and add
dry ethyl acetate dropwise until the solution becomes turbid. Leave the suspen-
sion at room temperature for 68 h and filter the precipitated crystals to give 20 g
(93%) of compound IV (Fig. 2).

Gly-Gly hydrochloride crown ether complex: Prepare as described in step 4. Use
similar equivalents as in the synthesis of IV. The yield is 80% of glycylglycine
hydrochloride—18-crown-6 complex.

3.2. Solid-Phase Synthesis of NH,-Phe-Gly-Gly-Pro-Asp-Leu-
Tyr-OH Heptapeptide by the Fragment Condensation Approach
Using Noncovalent Protection of Dipeptide Glycylglycine

(IV, Fig. 2, see Note 8)

1.

Add 1.5 mL of 50% piperidine in DMF to 100 mg of Fmoc-Tyr(OtBu)-Wang
resin (loading 0.52 mmol/g). Agitate the resin for 1 h at room temperature. Filter
the resin and wash with DMF (1.5 mL x6).

Add a solution of Fmoc-Leu (73.5 mg, 208 umol), HOBt (28.1 mg, 208 pmol),
and DIC (26.2 mg, 208 umol) in 1 mL of dry DMF to the resin from the above
step. Agitate the suspension at room temperature for 45 min. Monitor the comple-
tion of coupling with the ninhydrin test. Wash the fully coupled resin with DMF
(1.5 mL x6). Remove the protecting group by adding 1.5 mL of 50% piperidine
in DMF and shaking at room temperature for 10 min. Wash the resin with DMF
(1.5 mL x8) and use in the next step.

Repeat step 2 using Fmoc-Asp(OtBu) (85.6 mg, 208 umol) with equivalent
amounts of DIC and HOBt in 1.5 mL of DMF. Continue coupling for 45 min at
room temperature. Treat the resin as in step 2 and use in the next step.

Repeat step 2 using Fmoc-Pro (70.1 mg, 208 pmol). After completion of the
coupling, remove the protecting group with 50% piperidine in DMF and wash
with DMF (1.5 mL x8), DCM (1.5 mL x6). Suspend the product in DCM.

In a separate vial dissolve 106 mg (208 umol) of Gly-Gly trifluoroacetate—crown
ether complex (prepared as described in Subheading 3.1., step 3, compound IIT
in Fig. 2), in 2 mL of dry DCM (see Note 9). To the solution add sequentially
28 mg of HOBt (208 umol) and 42.6 mg of DCC (208 umol). Stir the mixture at
room temperature for 12 min and then filter the precipitated DCU (see Fig. 2).
Transfer the clear solution to the reactor containing the filtered tetrapeptide Pro-
Asp (OtBu)-Leu-Tyr (OtBu)-Wang resin from step 4 (see Note 10). Add more
DCM to facilitate the suspension of the resin (about 300 L) and agitate the reac-
tion mixture for 45 min (see Note 11). Test for completion of coupling by placing
a few resin beads into a small test tube and running the ninhydrin test. On comple-
tion of the coupling, filter the resin and wash with DCM (3x), DMF (2x), and
then treat with 1% DIEA in DMF 2X (3 min each) to remove the crown ether
protecting group.

Suspend the resin from step 5 in DMF (1.7 mL) and add Fmoc-Phe-Pfp acti-
vated ester (115.1 mg, 208 wmol). Agitate the suspended resin at room tem-
perature for 1 h and monitor for completion of the coupling by ninhydrin
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analysis. Filter the reagents and solvent, wash the resin with DMF (2 mL x4),
and then suspend in 2 mL of 50% piperidine in DMF for 20 min to remove the
Fmoc protecting group. Wash the deprotected resin with DMF (2 mL x8) and
DCM (2 mL x8). Dry the finished resin in a desiccator over anhydrous potas-
sium carbonate for 2 h.

. Transfer the dried resin from step 6 to a glass vial with a screw cap and add 2 mLL

of a trifluoroacetic acid—water mixture (95% TFA, 5% H,0). Close the vial and
allow the cleavage reaction to proceed at room temperature for 1 h. Filter the
cleavage mixture, wash the resin with additional TFA-water, and combine the
filtrates. Evaporate TFA at room temperature using a rotary evaporator or acid-
resistant centrifugal vacuum system. Triturate the residual product with anhy-
drous ether and separate the white solid product by decantation or centrifugation.
Dry the crude peptide over potassium hydroxide pellets under vacuum for 1 h.
Take a sample of the dried, crude peptide made in step 7 (0.05-0.1 mg) and
dissolve in a water—-methanol mixture. Add acetonitrile until the solution clears.
Analyze by high-performance liquid chromatography (HPLC) and liquid chro-
matography—mass spectrometry (LC-MS) to verify the purity and identity of the
synthesized peptide. For Phe-Gly-Gly-Pro-Asp-Leu-Tyr, MS: Expected 768.8 or
769 for M+1 by electrospray mass spectrometry.

3.3. Solid-Phase Synthesis of Rhodamine Labeled Peptide
Nucleic Acids using Noncovalent Protection

1.

Fmoc-Gly-CCCTAACCCTTACCCTAA-Lys(Boc)-RAM-PS: Synthesis of the
protected PNA on a small scale (0.05 mmol) can be achieved by the Fmoc strategy
(12,25,27) on PE Biosystems Expedite 8909 automated synthesizer using the pro-
tocol supplied by the manufacturer (http://www.appliedbiosystems.com/ds/pna/)
(see Notes 12-14)

Suspend the resin-bound, protected PNA synthesized in step 1 in DMF contain-
ing 20% piperidine in a reaction tube (500 LL). Agitate the resin for 20 min, filter
the reagent and the solvent, and wash the resin with DMF (500 pL x8).

Connect the reaction tube containing the resin from step 2 to two 1-mL syringes.
Dissolve 70 mM of sulforhodamine in 300 UL of 1:30 mixture of DIEA—-DMF in
one syringe. Keep the other syringe empty. Pass the sulforhodamine solution
over the PNA resin in the reaction tube for 20 min using the two syringes. Wash
the resin with DMF-DCM (1:1) 8x.

Connect the reaction tube of the resin from step 3 with two 1-mL syringes. In one
syringe load 300 UL of a 10 mM solution of tetramethylrhodamine succinimydyl
ester in DIEA-DMF (1:30) and pass the solution over the resin using the dual
syringes for 20 min. Wash the resin with DMF (0.5 mL x8), DCM (0.5 mL x8),
and dry under vacuum for 2 h.

Suspend the dry resin made in step 4 in 1 mL of TFA containing 25% m-cresol
for 45 min at room temperature (see Note 15). Filter the cleavage mixture, wash
the resin with the same cleavage solution and combine the filtrates. Evaporate the
TFA solution under vacuum and triturate the residual product with dry ether at
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0°C. Centrifugation of the crude rhodamine—PNA will give a pellet that can be
purified by RP C,;g3 HPLC using acetonitrile and 0.1% aqueous TFA buffer as
solvents. HPLC will give two peaks corresponding to the two isomers of
carboxytetramethyrhodamine. The calculated molecular weight is 5326.46 and
M+1 =5327.46

4. Notes

1.

W

10.

11.

PNA monomers should be stored under dry, cold conditions. If the physical
appearance of the monomers changes from a free-flowing powder form to aggre-
gates, then the monomers should be dried in vacuo overnight before use.

Dry DMF is required in the synthesis of PNAs to dissolve the monomers and the
activating reagent (HATU) under anhydrous conditions. The presence of mois-
ture interferes with the purity and yield of the final products especially in the case
of long PNAs (18-mers and longer). Dry DMF should be stored under nitrogen
over dry 4 A molecular sieves.

All resins should be stored under dry, cool conditions until their use.

Crown ether complexes with amines, N*-amino acids, peptides of varying size,
and side chain amino group of Lys and Arg have been prepared (15-23). The
examples given here are only representative.

Evaporation of chloroform solutions is best accomplished by placing the solution
in a round-bottom flask and use of a rotary evaporator.

Recrystallization should be done in a fume hood away from sources of igni-
tion, as both methanol and ethyl acetate are highly flammable. Recovery of
the crystals is most easily accomplished by filtration through a sintered glass
funnel.

Absolute ethanol (100%, 200 proof) is the best choice.

Noncovalent protection of N*-amino acids and the side chain amino group of Lys
or Arg residues with crown ethers has most successfully been applied in the syn-
thesis of peptides by the fragment condensation approach. This is illustrated here
by the synthesis of NH,-Phe-Gly-Gly-Pro-Asp-Leu-Tyr-OH. Single amino acid
condensation in linear peptide synthesis often leads to undesirable oligomeriza-
tion resulting from ineffective protection.

The optimal protocol requires the use of DCM as solvent for all the coupling
reactions involving the crown ether complexes. The crown ether complexes are
unstable in polar solvents such as DMF or DMSO. Consequently, use of DMF or
DMSO as solvent in coupling reactions involving the crown ether complexes
results in extensive oligomerization and other side product formation.

The efficiency of coupling to the crown ether complex is dependent on the nature
of the amino acid in the N-terminus of the resin bound peptide. Competition for
the crown ether molecule by primary amino groups compromises efficiency of
coupling. Thus, the best results are obtained when the N-terminus amino acid is
proline or other secondary amino acids.

Peptides larger than diglycine may require extension of coupling reaction time
to 24 h.
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12.

13.

14.

15.

In the case of PNAs containing consecutive identical bases, double coupling after
the incorporation of the second base is necessary; otherwise a truncated product
will be present.

Purine-rich PNA sequences require double coupling to improve the purity and
yield of the final compound.

For analysis of PNA and PNA conjugates, an analytical HPLC equipped with a
C18 300 A reverse-phase column at a flow rate of 1.0 mL/min is recommended.
Caution: TFA is a highly corrosive irritant. Wearing proper protection for the
hands and eyes is required. All operations involving TFA solutions should be
performed in a well ventilated hood. Caution should also be exercised in making
the TFA-m-cresol (4:1) solution for cleavage of the final product.
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Quality Control of Solid-Phase
Synthesis by Mass Spectrometry

Jean-Louis Aubagnac, Robert Combarieu,
Christine Enjalbal, and Jean Martinez

1. Introduction

Combinatorial chemistry (1-7) has drastically modified the drug discovery
process by allowing the rapid simultaneous preparation of numerous organic
molecules to feed bioassays. Most of the time, syntheses are carried out using
solid-phase methodology (8). The target compounds are built on an insoluble
support (resins, plastic pins, etc). Reactions are driven to completion by the use
of excess reagents. Purification is performed by extensive washing of the sup-
port. Finally, the molecules are released in solution upon appropriate chemical
treatments.

Such a procedure is well established in the case of peptides, but solid-phase
organic chemistry (SPOC) is more difficult. Optimization of the chemistry is
required prior to library generation most of the time. Compound identification
is complicated by the insolubility of the support. Release of the anchored struc-
ture in solution followed by standard spectroscopic analyses may impart delay
and/or affect product integrity (9). A direct monitoring of supported organic
reactions is thus preferable to the “cleave and analyze” methodology. Neverthe-
less, it presents several constraints. A common resin bead loaded at 0.8 mmol/g
commonly produces nanomole quantities of the desired compound, and only
1% of the molecules are located at the outer surface of the bead (10). Very few
materials, covalently bound to the insoluble support, are thus available for the
analysis, which should ideally be nondestructive.

The relevance of mass spectrometry in the rehearsal phase of a combinato-
rial program is demonstrated through the control of various peptide syntheses.
Fourier transform infra red (FTIR) (11) and cross polarization-magic angle
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spinning nuclear magnetic resonnance (CP-MAS-NMR) spectroscopies are
also suitable techniques (12), but they lack the specificity or the sensitivity
achievable by mass spectrometry.

Solid samples can be analyzed by mass spectrometry with techniques pro-
viding ionization by desorption (13) such as MALDI (matrix assisted laser
desorption ionization) (14) and S-SIMS (static-secondary ion mass spectrom-
etry) (15). Ions are produced by energy deposition on the sample surface. The
analysis can be performed at the bead level. Most of all, chemical images can
be produced to localize specific compounds on the studied surfaces.

S-SIMS was found to be superior to MALDI for following supported organic
synthesis for many reasons. First, cocrystallization of the solid sample with a
matrix is required for MALDI experiments, which is not the case in S-SIMS
(no sample conditioning). Second, libraries of organic molecules contain
mostly low-molecular-weight compounds, which are not suitable for MALDI
analysis owing to possible interference with the matrix ions. Finally, a specific
photolabile linkage between the support and the built molecules is necessary to
release the desired molecular ions in the gas phase upon laser irradiation. Stan-
dard resins allowing linkage of the compounds through an ester or an amide
bond are directly amenable to S-SIMS analysis.

Characteristic ions of peptide chains (see Note 1) have been obtained by
S-SIMS whatever the nature of the polymeric support (16—18). N-Boc—
protected peptides were synthesized on polystyrene resins (16). Fmoc-protected
peptides anchored to polyamide resins (17) were also studied, and a wide range
of dipeptides were loaded on plastic pins (18). All protecting groups (Boc,
Fmoc, tBu, Z, Bn, Pht) gave characteristic ions in the positive mode, except
Boc and tBu, which were not differentiated (see Note 2). The amino acids were
evidenced by their corresponding immonium ions in the positive mode. These
informative product ions were more abundant than ions related to the polymer,
which require at least the rupture of two bonds (19). Peptide synthesis was thus
easily followed step-by-step. Coupling reactions were monitored by detection
of the incoming residue immonium ion and of the N-protecting group ion. The
deprotection reaction was evidenced by the absence of the latter ion. Nevertheless,
the identification of a peptide at any stage of the preparation required that the whole
peptide sequence, and not fragments, was released in the gas phase. In other words,
orthogonality between the peptide-resin linkage and the internal peptide bonds was
compulsory. The ester linkage was found suitable since the peptide carboxylate ion
was identified in the negative mode. This bond was thus termed “SIMS-cleavable.”
The amide linkage was broken simultaneously with the internal peptide amide bond
and so was not adequate for such studies (see Note 3).

The recourse to a “SIMS cleavable” bond allowed direct identification of
support-bound peptides. Several results have illustrated this concept. As an
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Fig. 1. (A) Positive S-SIMS spectrum of Fmoc-Met(O),-Ala-Val anchored to Wang
resin: immonium ion of valine at m/z 72, Fmoc protection at m/z 165/178/179, poly-
styrene at m/z 77/91/115; (B) Negative S-SIMS spectrum of Fmoc-Met(O,)-Val-Ala
anchored to Wang resin: carboxylate ion H-Met(O,)-Val-Ala-O~ at m/z 350.

example, a tripeptide bearing an oxidized methionine, Fmoc-Met(O,)-Ala-Val
anchored to Wang resin, was subjected to S-SIMS bombardment and the
spectra were recorded in both positive and negative modes (Fig. 1). Some
immonium ions were present in the positive spectrum as expected (valine at
m/z 72), but there was no information about the methionine residue. The nega-
tive spectrum provided the carboxylate ion of the whole peptide sequence
(m/z 350), which showed, without any ambiguity, that methionine was com-
pletely oxidized.

The S-SIMS technique was found specific through the use of a S-SIMS
cleavable bond. The technique was sensitive because fentomoles of growing
peptides were analyzed in each experiment, and it was nondestructive (20).
Indeed, only 1% of the molecules were located at the surface, and small areas
of 20 X 20 um? were selected and bombarded to generate a spectrum. So, the
bead can be reused after the analysis.

Any organic molecule is suitable for S-SIMS analysis provided that stable
ions could be produced. The domain of SPOC can now be explored. Different
linkers are currently investigated to determine the specific lability of the mol-
ecule-support bond under S-SIMS bombardment whatever the compound and
the type of insoluble support.

Imaging studies were also performed to identify mixtures of peptides in a
single analysis in the search of a high-throughput process adapted to combina-
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Fig. 2. (A) Total ion image showing two selected areas (Al and A2) each corre-
sponding to one bead. The negative S-SIMS spectra generated from these two surfaces
are given underneath. (B) Negative S-SIMS image of Boc-Pro-Phe-Leu (carboxylate
ion at m/z 474); (C) Negative S-SIMS image of the deleted sequence Boc-Pro-Leu
(carboxylate ion at m/z 327).

torial library profiling (21). Two types of mixtures can be envisaged. Beads,
which were each loaded by the same molecules, were pooled or the beads could
themselves bear different components (starting material, byproducts). For
instance, the unwanted intramolecular cyclization of glutamic acid into
pyroglutamic acid was evidenced by S-SIMS down to a level of only 15% of
side-reaction (22). Incomplete coupling leading to truncated chains was also
detected (23), and clear images were produced with only 9% of deleted sequences
as displayed in Fig. 2.

2. Materials
2.1. Solid-Phase Peptide Synthesis
2.1.1. Synthesis of Boc-Protected Peptides

1. Carry out peptide syntheses on hydroxymethylpolystyrene resin loaded at 0.93 or
2.8 mmol/g (Novabiochem, Meudon, France).
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2.

L-configuration Boc-protected amino acids available from Senn Chemicals
(Gentilly, France) and Propeptide (Vert le Petit, France).

. Load first Boc-protected amino acid onto the resin according to the symmetrical anhy-

dride procedure (dissolve 10 Eq of the residue in a minimum of dichloromethane).
Cool this solution in an ice-water bath and add 5 Eq of diisopropylcarbodiimide.
Stir the solution for 30 min at 4°C, filter, and concentrate under vacuum.
Dissolve the resulting symmetrical anhydride in dimethylformamide (DMF) and
add to the resin with 0.1 Eq of dimethylaminopyridine.

Release the Boc protection by treatment with trifluoroacetic acid in dichloromethane.
Couple the second residue by 2 Eq of (benzotriazol-1-yloxy)tris(dimethylamino)
phosphonium hexafluorophosphate (BOP) and diisopropylethylamine in dimethyl-
formamide for 2 h.

2.1.2. Synthesis of Fmoc-Protected Peptides

1.

Fmoc-protected amino acids available from Senn Chemicals (Gentilly, France).

2. 4-Methylbenz-hydrylamine (MBHA) resin: Carry out peptide syntheses on

MBHA resin loaded at 0.8 mmol/g (Novabiochem, Meudon, France). Couple
the amino acids by two equivalents of (BOP) and diisopropylethylamine in
dimethylformamide for 2 h. Remove Fmoc protection with two treatments (3 and
15 min) of the resin with a solution of piperidine in DMF (20%, v/v).

Wang resin: Anchor the first amino acid to the resin (0.93 mmol/g, Novabiochem,
Meudon, France) according to the symmetrical anhydride method. (The standard
above-mentioned procedure was applied to build the sequence.)

Chlorotrityl resin: React the first amino acid overnight with the resin (1.5 mmol/g,
Senn Chemicals, Gentilly, France) in the presence of N,N-diisopropylethylamine
(DIEA). (The standard above-mentioned procedure was applied to build the sequence.)

2.1.3. Peptide Characterization

1.

2.

2.2.

. Perform S-SIMS measurements on a TRIFT I spectrometer from the PHI-Evans

Check all syntheses prior to S-SIMS experiments by treating a few resin beads
with hydrofluoric acid (HF) to release the built sequences in solution.

Identify the peptides with high performance liquid chromatography (HPLC) on
an Alliance 2690 from Waters (Milford, MA) and electrospray mass spectrom-
etry (ESI-MS) on a Platform II from Micromass (Manchester, UK).

Mass Spectrometry Instrumentation

Company (Eden Prairie, MN) equipped with a time-of-flight (TOF) analyzer.
Record spectra using a pulse (1 ns, 12 kHz) liquid metal source (¥Ga, 15 keV)
operating in the bunched mode to provide good mass resolution (m/Am = 2000
measured at m/z 43).

Perform charge compensation for all samples using a pulsing electron flood
(Ek =20 eV) at a rate of one electron pulse per five ion pulses (see Note 1).
Analyze surfaces in squares of 20 x 20 pm? to produce a S-SIMS spectrum.
Acquire all positive and negative spectra within 1-10 min with a fluence of less
than 10'? ions/cm? ensuring static conditions on the sample.
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For imaging studies, raster the primary ion beam on 400 x 400 um? during
30 min to generate a complete mass spectrum at each pixel, and record a chemical
image.

7. Use the “scatter” raster type, which is the one designed to be used for insulating
samples: each pixel point is located as far from the previous and next pixel so as
to spread the primary beam charge homogeneously.

8. Obtain mass spectra in an image from different selected areas by using simple
drawing tools.

3. Methods

3.1 Sample Conditioning

1.

2.
3.

3.2.

At the end of the synthesis wash the resin beads with dichloromethane, ethanol,
water, ethanol, and dichloromethane. Repeat this procedure three times.

Dry the resin beads overnight in a dessicator.

Fix an adhesive aluminum tape on a nonmagnetic stainless grid and place it in the
cavity of the TOF-S-SIMS sample holder (the metallic grid prevents large varia-
tions in the extraction field over a large area insulator; it is possible, therefore, to
move from one grid “window” to any of the other “windows” without any concern
for retuning).

Sprinkle a few beads on the adhesive aluminum tape. (Do not touch the beads but
manipulate them with tweezers.) The resin in excess is removed by an inert gas
stream, and the remaining beads are well attached to the tape.

Insert the holder in the load lock of the mass spectrometer and pump it down until
the required vacuum is reached.

Visualize the resin beads by a camera and select an area that contains well-defined
beads of spherical appearance that are all roughly in the same plane. Record mass
spectrometric data from this area.

Acquisition of a S-SIMS Spectrum

Choose one bead in the selected area, and define a surface of 20 X 20 um? on the
bead surface.

Trigger the primary bombardment. Examine the emitted secondary ions from the
selected surface to modify the mass spectrometer tuning if required.

Start the acquisition. It should last 5 min.

. Acquisition of a S-SIMS Image

Choose a surface in the selected area of 400 x 400 um? containing a few beads.
Trigger the primary bombardment. Examine the emitted secondary ions from the
selected surface to modify the mass spectrometer tuning if required.

Start the acquisition. It should last 30 min.

Generate the chemical images from the total ions (total image) or from various
selected ions.

From any recorded image, select an area of interest in the bombarded surface (for
instance one specific bead) and the corresponding S-SIMS spectrum will be displayed.
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4. Notes

1.

2.

Owing to large charge effects on such insulating materials, charge compensation
is required for all samples.

We have observed many similarities between the two desorption techniques: fast
atom bombardment (FAB) and S-SIMS. The recorded ions in both positive and nega-
tive modes in S-SIMS could be deduced from the well-documented behavior of mol-
ecules in FAB. The amino acids that exhibited immonium ions were the same as the
ones reported in the literature in FAB experiments (24). Fragmentations leading to
ions characterizing the protecting groups were also identical (25,26).

The studied protecting groups and the corresponding recorded ions were as fol-
lows: Boc and tBu at m/z 57 (C4Hg*), Fmoc at m/z 165 (C3Hy*, C3Hg7), and
m/z 179 (C4,H3%), Z at m/z 91 (C;H;%), and Pht at m/z 160 as shown below.

0

@
N= CH,

O

References

1.

:lkw

10.

11.

Czarnik, A. W. and Dewitt, S. H. (1997) A practical guide to combinatorial chem-
istry. American Chemical Society, Washington, DC.

Wilson, S. R. and Czarnik, A. W. (1997) Combinatorial Chemistry—Synthesis
and Application. Wiley, New York, NY.

. Bunin, B. A. (1998) The Combinatorial Index. Academic Press, London, UK.

Terrett, N. K. (1998) Combinatorial Chemistry. Oxford University Press, Oxford, UK.

. Gordon, E. M. and Kervin, J. F. (1998) Combinatorial Chemistry and Molecular

Diversity in Drug Discovery. Wiley, New York, NY.

Obrecht, D. and Villalgordo, J. M. (1998) Solid-Supported Combinatorial and
Parallel Synthesis of Small Molecular Weight Compound Libraries. Tetrahedron
Organic Chemistry Series, Volume 17, Pergamon, Elsevier, Oxford, UK.

Jung, G. (1999) Combinatorial chemistry—Synthesis, Analysis, Screening. Wiley-
VCH, Weiheim, Germany.

. Dolle, R. (2000) Comprehensive survey of combinatorial library synthesis: 1999.

J. Comb. Chem. 2, 383-433.

Metzger, J. W., Kempter, C., Weismuller, K.-H., and Jung, G. (1994) Electrospray
MS and tandem MS of synthetic multicomponent peptide mixtures: determination
of composition and purity. Anal. Chem. 219, 261-277.

Yan, B., Fell, J. B., and Kumaravel, G. (1996) Progression of organic reactions on
resin supports monitored by single bead FTIR microspectroscopy. J. Org. Chem.
61, 7467-7472.

Yan, B. (1998) Monitoring the progress and the yield of solid-phase organic
reactions directly on resin supports. Acc. Chem. Res. 31, 621-630.



22

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Aubagnac et al.

Shapiro, M. J. and Gounarides, J. S. (1999) NMR methods utilized in combinato-
rial chemistry research. Prog. Nucl. Magn. Res. Spectros. 35, 153-200.

Busch, K. L. (1995) Desorption ionization mass spectrometry. J. Mass Spectrom.
30, 233-240.

Karas, M., Bachmann, D., Bahr, U., and Hillenkamp, F. (1987) Matrix-assisted
ultraviolet laser desorption of non-volatile compounds. Int. J. Mass Spectrom. Ion
Proc. 78, 53-68.

Benninghoven, A., Rudenauer, F. G., and Werner, H. W. (1987) SIMS: Basic con-
cepts, Instrumental Aspects, Applications and Trends. Wiley, New York, NY.
Drouot, C., Enjalbal, C., Fulcrand, P., et al. (1996) Step-by-step control by time-
of-flight secondary ion mass spectrometry of a peptide synthesis carried out on
polymer beads. Rapid Commun. Mass Spectrom. 10, 1509-1511.

Drouot, C., Enjalbal, C., Fulcrand, P., et al. (1997) Tof-SIMS analysis of polymer
bound Fmoc-protected peptides. Tetrahedron Lett. 38, 2455-2458.

Aubagnac, J.-L., Enjalbal, C., Subra, G., et al. (1998) Application of time-of-flight
Secondary ion mass spectrometry to in situ monitoring of solid-phase peptide synthesis
on the Multipin™ system. J. Mass Spectrom. 33, 1094-1103.

Bertrand, P. and Weng, L.-T. (1996) Time-of-flight secondary ion mass spec-
trometry. Mikrochim. Acta. 13, 167-182.

Enjalbal, C., Subra, G., Combarieu, R., Martinez, J., and Aubagnac, J.-L. (2000)
Use of time of flight static-secondary ion mass spectrometry in peptide synthesis
on solid support. Rec. Res. Dev. Organic Chem. 4, 29-52.

Aubagnac, J.-L., Enjalbal, C., Drouot, C., Combarieu, R., and Martinez, J. (1999)
Imaging time-of-flight secondary ion mass spectrometry of solid-phase peptide
synthesis. J. Mass Spectrom. 34, 749-754.

Enjalbal, C., Maux, D., Subra, G., Martinez, J., Combarieu, R., and Aubagnac,
J.-L. (1999) Monitoring and quantification on solid support of a by-product for-
mation during peptide synthesis by Tof-SIMS. Tetrahedron Lett. 40, 6217-6220.
Enjalbal, C., Maux, D., Combarieu, R., Martinez, J., and Aubagnac, J-L. (2000)
Mass spectrometry and combinatorial chemistry: New approaches for direct sup-
port-bound compound identification. Combinatorial Chem. High Throughput
Screening 4, 363-373.

Falick, A. M., Hines, W. M., Medzihradsky, K. F., Baldwin, M. A., and Gibson, B.
W. (1993) Low-mass ions produced from peptides by high energy collision-induced
dissociation in tandem mass spectrometry. J. Am. Soc. Mass Spectrom. 4, 882—893.
Garner, G. V., Gordon, D. B., Tetler, L. W., and Sedgwick, R. D. (1983) FAB MS
of Boc protected amino acids. Org. Mass Spectrom. 18, 486—488.

Grandas, A., Pedroso, E., Figueras, A., Rivera, J., and Giralt, E. (1988) Fast atom
bombardment mass spectrometry of protected peptide segments. Biomed.
Environm. Mass Spectrom. 15, 681-684.



3

Preparation of Encoded Combinatorial
Libraries for Drug Discovery

Tao Guo and Doug W. Hobbs

1. Introduction

The revolution in genomics and proteomics is projected to expand the num-
ber of potential therapeutic targets to between 5,000 and 10,000 from the
approximately 500 targets that have historically been used by the pharmaceuti-
cal industry in the development of drugs (1,2). The research and development
of a safe and effective drug is a slow and expensive process, which is currently
estimated to take an average of 12 years and to have a risk adjusted cost of
$500 million per drug (3). The pharmaceutical industry is under intense pres-
sure to bring novel drugs to market quickly and cost-effectively. Combinato-
rial chemistry has emerged during the past decade as a powerful tool to help
accelerate the drug discovery process (4—7). Combinatorial chemistry refers to
methods for the high-throughput synthesis of a significant number (107 to >10°)
of compounds (8). Among the various methods developed (9-20), the solid-
phase split-pool synthesis (21-23) is perhaps the most efficient approach for
the rapid synthesis of a large number of compounds. In this approach, a library
that usually contains >10,000 members can be constructed very rapidly from a
small number of chemical building blocks. Figure 1 illustrates the split-pool
synthesis with a two step reaction A + B that uses three building blocks in step 1
(A}, A,, Ay) and three building blocks in step 2 (B, B,, B3). Nine products can
be generated using only six reactions.

In a split-pool library, each resin bead contains a single compound. Wide-
spread adoption of this technique has been hampered by the necessity of deter-
mining which structure is on which bead. A number of chemical and nonchemical
encoding methods have been developed to help the structural determination in
these libraries (24-36). One chemical encoding method that was first invented
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Fig. 1. The split-pool synthesis method.

by Still and co-workers at Columbia together with Wigler and co-workers at
Cold Spring Harbor and later refined at Pharmacopeia uses a binary encoding
protocol employing electrophoric molecular tags (ECLiPS™ technology) (30-32).
In this protocol, incorporation of each set of synthons is accompanied by the
attachment of a unique binary set of electrophoric tags to the solid support
during the library construction. Figure 2 illustrates the synthesis of such an
encoded library. The library synthesis is carried out by initial incorporation of
the first set of synthons to the resin via an appropriate linker, followed by the
attachment of tag/linker construct directly to the resin via carbene insertion.
The resin is then pooled and split or directly divided (37) into portions for the
incorporation of the second sets of synthons and binary tags. This process is
repeated until the library synthesis is complete. The result of these operations
is a collection of beads wherein the synthetic history of each bead is recorded
with a unique binary code of tagging molecules. An orthogonal linkage strat-
egy is used in the library synthesis to enable the release of compound indepen-
dent from the tag molecules. The compound can then be evaluated in solution
in any standard assay, while its identity can be determined separately by electron
capture gas chromatography (EC/GC) analysis of the detached tags (Fig. 3).
The design of an encoded combinatorial library begins with defining the
chemistry and evaluating the proposed structures with respect to the goal for
the library (e.g., discovery or optimization). After an initial set of synthons are
chosen, the library is enumerated in silico to produce a first-generation virtual
library. A variety of calculations are performed on the virtual library to deter-
mine its overall drug-likeness and physical property profile (38,39). Solid-
phase reaction optimization and synthon paneling are simultaneously performed
to determine the scope of the chemistry. As the optimal solid-phase reaction
conditions are being established, the virtual library is refined to satisfy diver-
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Fig. 2. The split-pool synthesis of an encoded combinatorial library.
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Fig. 3. Methods for tag attachment, detachment, and analysis. Reagents and condi-
tions: (a) Resin, [(CF5CO,),Rh],, DCM, 25°C, 16 h; (b) (NH,),Ce(NO3)4, hexane/
CH;CN/H,0, 35°C, 5 h; (c) N,O-bis(trimethylsilyl)acetamide, hexane, 25°C, 10 min;
(d) electron capture gas chromatography (EC/GC).
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sity, physical property, and overall drug suitability criteria. A number of library
quality control (QC) compounds are prepared prior to the library synthesis and
are rigorously analyzed by mass spectrometry (MS) and quantitative high pres-
sure liquid chromatography (HPLC) methods. The data from these QC com-
pounds are used to estimate the optimal cleavage conditions, yield, and purity
of the completed library. After library synthesis is complete, the quality of the
library can be assessed by performing liquid chromatography mass spectrometry



26 Guo and Hobbs

(LC/MS) in conjunction with tag decode analysis on a statistical sampling of
products from the library (40). A typical encoded combinatorial library contains
10,000 to 100,000 compounds. Depending on the complexity of the chemistry
and loading capacity of the beads, each compound is generally represented on
30-300 beads and each bead usually contains 200-60,000 picomoles of a single
compound. High-throughput screening assays are usually carried out by first
surveying one library equivalent of compounds using 5-30 compounds per
well to identify the most active sublibrary followed by screening two or three
library equivalents of the most active sublibrary at the single compound per
well level.

Over 150 libraries totaling over 6 million compounds have been prepared at
Pharmacopeia using the ECLiPS™ technology. Each library was based on one
or multiple scaffolds. This large collection of diverse small-molecule compounds
has proved to be a rich resource for drug discovery (32,41-50). Three Pharma-
copeia encoded combinatorial libraries, designated A, B, and C, are described
here in detail to illustrate design, synthesis, screening, and structure activity rela-
tionship (SAR) analysis of encoded combinatorial libraries for drug discovery.
Library A will illustrate the design considerations, library B the synthesis and
screening procedures, and library C the SAR data analysis.

Library A is a discovery library aimed at identifying drug-like small molecule
leads for G-protein coupled receptor (GPCR) targets (50). Optimal diversity, good
oral absorption properties, and solid-phase synthetic feasibility were all considered
during the design phase (8,38,39). Many cycles of design and property analysis were
carried out in silico to arrive at the final version of the virtual library (Fig. 4). An
actual LidDraw screen-shot of the final version of virtual library A is shown in Fig. 5,
and the properties of the final version of the virtual library are depicted in Fig. 6.

Library B was designed and synthesized as an enzyme targeted library to
identify inhibitors and SAR for aspartyl protease plasmepsin II, a key enzyme
in the life cycle of the malarial parasite Plasmodium falciparum (46,51). The
encoded solid-phase synthesis of this library is illustrated in Fig. 7. The library
was constructed in 4 combinatorial steps using 7 primary amines in the first
step, 3 Boc-statines (known transition state mimetic for aspartyl proteases) in
the second step, 31 Fmoc-amino acids in the third step, and 20 acylating agents
in the fourth step, yielding an overall 13,020 final compounds. The four sets of
synthons (R, Rg, R¢, and Rpy) used in the library synthesis are listed in Fig. 8.
To encode the library 10 molecular tags were employed (Fig. 9): 3 tags were
used for the 7 R, synthons, 2 tags for the 3 Ry synthons, and 5 tags for the 31
Rc synthons. The 20 Ry, synthons in the fourth step were not encoded, but
instead were stored in individual vials as sublibraries after the synthesis was
complete. Screening of this library against plasmepsin II resulted in the dis-
covery of potent and selective inhibitors as well as novel SAR (46).
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Fig. 4. Schematic illustration of virtual library design for library A.
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Fig. 7. Synthesis of the statine library B. Reagents and conditions: (a) TentaGel™
S-NH, resin (0.3 mmol/g) distributed into seven reaction vessels; (b) 3 Eq each Boc-
Lys(Boc)-OH, HOBt, 5 Eq DIC, DCM; (c) encode using three tags; (d) 50% TFA/
DCM, 1 h; (e) 5 Eq each 4-bromomethyl-3-nitrobenzoic acid, HOBt, 8 Eq DIC, DCM,
3 h; (f) one of seven R, amines (Fig. 4): 10 Eq amine, THF, 8 h; (g) pool and split into
three reaction vessels; (h) one of three Rz Boc-protected statines (Fig. 4): 4 Eq each
statine, HATU, 8 Eq DIEA, DMF, 3 h; (i) encoded using two tags; (j) pool and split
into 31 reaction vessels and encode using 5 tags; (k) 50% TFA/DCM, 1 h; (1) one of
31 R¢ Fmoc-protected amino acids (Fig. 4): 4 Eq each amino acid, HATU, 8§ Eq DIEA,
DMF, 6 h; (m) pool; (n) 30% piperidine/DMF, 1 h; (o) split into 20 reaction vessels;
(p) one of 20 Ry, acylation agents (Fig. 4): 4 Eq each of R,CO,H, HATU, 8 Eq DIEA,
6 h; (q) hv (365 nm), MeOH, 50°C, 2.5 h.
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Fig. 8. Synthons for the statine library B.

Library C was designed and synthesized as an optimization library for a
GPCR target in order to find small molecule agonists (52). Screening of this
library resulted in the discovery of potent and selective compounds as well as
novel SAR for the target. Figure 10 shows the generic structure of this library
along with a 3D plot of the SAR found in one sublibrary.

2. Materials
2.1. Library Design

1. LibDraw (library drawing program, Pharmacopeia, Inc., Princeton, NJ).

2. LibProp (library enumeration and property calculation program, Pharmacopeia,
Inc., Princeton, NJ).

3. Excel (Microsoft Corp., Seattle, WA).

2.2. Library Synthesis

1. Apparatus: glass shaking vessels (small: 20 mL, medium: 100 mL, large: 200 mL,
Pharmacopeia, Inc., Princeton, NJ), Burrell wrist action shaker (Fisher Scien-
tific, Pittsburgh, PA).

2. Resin: TentaGel™ S-NH, resin, 0.29 mmol/g, 180-220 um (Rapp Polymere
GmbH, Tiibingen, Germany).
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Fig. 9. Tags and tagging strategy for the statine library B.

3. Chemical building blocks: Boc-Lys(Boc)-OH, 4-bromomethyl-3-nitrobenzoic
acid, R, amines A1-A7, Boc-statines B1-B3, Fmoc-amino acids C1-C31, and
acylating agents D1-D20 (Fig. 8).

4. Molecular tags: diazoketone tags T1-T10 (Fig. 9).

5. Chemical reagents: 1,3-diisopropylcarbodiimide (DIC), 1-hydroxybenzotriazole
(HOBt), O-(7-azabenzotriazol-1-yl)-N,N,N'N'-tetramethyluronium hexafluoro-
phosphate (HATU), N,N-diisopropylethylamine (DIEA), triethylamine (Et;N),
rhodium(I) trifluoroacetate dimer ([(CF;CO,),Rh],), trifluoroacetic acid (TFA),
piperidine.

6. Solvents: acetonitrile (CH;CN), N, N-dimethylformamide (DMF), dichloromethane
(DCM), methanol (MeOH), ethanol (EtOH), ethyl acetate (EtOAc), water (H,O).

7. Solution for removing acid-labile protecting groups: TFA/phenol/thiophenol/
ethanedithiol/water (82:5:5:3:5).

8. Ninhydrin test reagents: (1) phenol/EtOH (7:3), (2) 0.2 mM potassium cyanide
(KCN) in pyridine, (3) 0.28 M ninhydrin in EtOH.

2.3. Library Screening

1. Apparatus: UV light chamber (Pharmacopeia, Inc., Princeton, NJ), Genevac
(Genevac, Ltd., Ipswich, UK), Tecan SLT FluoStar fluorescence plate reader
(Tecan U.S., Research Triangle Park, NC), Sonicator, 96-well filter-bottom
plates, 96-well assay plates.

2. Plasmapsin II (from Dr. Daniel E. Goldberg, Howard Hughes Medical Institute,
Washington University School of Medicine, St. Louis, MO).

3. 4-(4-Dimethylaminophenylazo)benzoyl (DABCYL)-y-aminobutyric acid-Glu-
Arg-Met-Phe-Leu-Ser-Phe-Pro-EDANS (AnaSpec, Inc., San Jose, CA).

4. Bovine serum albumin (BSA).

5. Sodium acetate; Tween 20; glycerol; 1 M Tris-HCI (pH 8.5); dimethyl sulfoxide
(DMSO); MeOH.
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Fig. 10. Combinatorial SAR: R2 synthon selection as a function of R3 from screen-
ing library C.

2.4. Compound Decoding
1. Apparatus: Hewlett Packard 5890/ECD gas chromatography (GC) system, DB-1
GC column: 15 m x 0.25 mm id, 0.25 um film, GC vials (all from Agilent Tech-
nologies, Inc., Piscataway, NJ).
96-well filter-bottom plates, 96-well assay plates.
0.3 M ceric ammonium nitrate [(NH4),Ce(NOj3)4] solution in H,O.
Octane.
N, O-bis(trimethylsilyl)-acetamide.

2.5. SAR Data Analysis
1. Excel (Microsoft Corp., Seattle, WA).

NN

3. Methods
3.1. Library Design

1. Create virtual libraries using LibDraw (Fig. 5), a program developed internally at
Pharmacopeia (see Note 1).

2. Calculate library properties using LibProp, another internally developed software
program at Pharmacopeia (see Note 2).

3. Display library properties as bar graphs and/or pie charts using Microsoft Excel
for visual inspection. Refine the virtual libraries until an acceptable property dis-
tribution is achieved (Fig. 6, see Note 3).
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4. Continue the in silico analysis process until an optimal balance between diversity
and drug-likeness is achieved (see Note 4).

3.2. Library Synthesis and Encoding

3.2.1. Resin Double-Loading, Attachment of Photolabile Linker,
Encoding and Incorporation of R, Amine Synthons

1. Suspend TentaGel™ S-NH, resin (180-220 mm, 0.29 mmol/g, 10 g, 2.9 mmol)
in 150 mL of 9:1 (v/v) DMF/DCM in a large shaking vessel. Add Boc-Lys(Boc)-
OH (5.12 g, 8.7 mmol, 3 eq) and HOBt (1.18 g, 8.7 mmol, 3 Eq) followed by the
addition of DIC (2.73 mL, 17.4 mmol, 6 Eq). Shake the mixture for 16 h at 25°C.
Drain the mixture and then wash the resin with 150 mL each of DMF (3x), MeOH
(3%), and DCM (3x). Perform Nihydrin test for an aliquot of the resin; a negative
result indicates complete coupling. Dry the resin in vacuo and then divide it into
seven equal portions (0.83 mmol, double loading, see Note 5). Place each portion
into seven medium shaking vessels.

2. According to the tagging scheme for the seven first-step synthons (Fig. 9), treat
the resin in the seven vessels with one or more of the T8-T10 tags (see Note 6).
For example, suspend the resin in vessel 1 (for synthon A1, 2.14 g, 0.83 mmol
double-loading) in 50 mL of EtOAc and add a solution of T10 (C,Cl5 tag, 0.16 g,
7.5% of resin mass) in DCM (1.3 mL). Agitate the mixture for 2 h, then add
2.6 mL of a 0.2 mg/mL solution of [(CF;CO,),Rh],in DCM and agitate the mix-
ture at 25°C for 16 h. Drain the mixture and then wash the resin with 50 mL each
of DCM (4x), MeOH (2x), and DCM (4x).

3. After all tagging reactions are complete, suspend the resin in 50% TFA/DCM
and shake for 1 h. Drain the mixture and wash the resin with 50 mL each of
DCM (3x), MeOH (3x), 20% Et;N/MeOH (1x), MeOH (3x), DMF (3x), and
DCM (3x%).

4. Resuspend the resin in DCM (25 mL) and then add a preincubated (45 min) solu-
tion of 4-bromomethyl-3-nitrobenzoic acid (0.83 g, 3.21 mmol, 3.9 Eq), HOBt
(0.43 g, 3.21 mmol, 3.9 Eq), and DIC (1.0 mL, 6.42 mmol, 7.8 Eq) in 25 mL of
DCM. Shake the mixture at 25°C for 3 h. Drain the mixture and wash the resin
with DCM (3% 50 mL). Perform this operation in tandem for each of the seven
vessels of tagged resin (see Note 7).

5. Add 10.7 mmol (12.9 Eq) of a primary amine (see Fig. 4 for the list of seven R,
amines) to a suspension of the 2-nitrobenzylbromide resin (0.83 mmol) in 50 mL
of THF in a medium shaking flask and shake the mixture at 25°C for 16 h. Drain
the mixture and then wash the resin with 50 mL each of DMF (3x), MeOH (3%),
10% TFA/MeOH (1x), MeOH (3x), DMF (3%), and DCM (3x).

3.2.2. Incorporation and Encoding of Rg Boc-Statine Synthons

1. Combine and mix the secondary amine resin and then divide the resin into three
batches. Suspend each batch of the resin (1.9 mmol), independently, in 50 mL of
DMF in a medium shaking vessel. Treat the resin with one of the three Boc-
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protected statine Ry synthons (Fig. 4, 4.78 mmol, 2.5 Eq), DIEA (1.66 mL,
9.56 mmol, 5.0 Eq), and then HATU (1.82 g, 4.78 mmol, 2.5 mmol). Shake the
mixture at 25°C for 6 h. Drain the mixture and wash the resin with 50 mL each of
DMF (3%), MeOH (3x), DMF (3x), and DCM (3x).

According to the tagging scheme for the three second-step synthons (Fig. 9),
treat the resin in the three vessels with one or two of the T6-T7 tags. For example,
suspend the resin in vessel 1 (for synthon B1, approx 3.7 g, 1.9 mmol) in 85 mL
of EtOAc and add a solution of T7 (CyCls tag, 0.30 g, 8% of resin mass) in
2.5 mL of DCM. Agitate the mixture for 2 h and then add 4.7 mL of a 1.5 mg/mL
solution of [(CF;CO,),Rh], in DCM. Shake the mixture at 25°C for 16 h. Drain
the mixture and wash the resin with 90 mL each of DCM (4x), MeOH (2x), and
DCM (4x).

3.2.3. Encoding and Incorporation of R Fmoc-Amino Acid Synthons

1. Pool the resin from the second step as a suspension in DCM (200 mL) and mix it

into homogeneity. After draining the solvent, dry the resin in vacuo. Split a por-
tion (5.58 g, 3.4 mmol, see Note 8) of the resin equally into 31 small reaction
vessels, each containing 0.18 g (0.11 mmol) of the resin.

According to the tagging scheme for the 31 third-step synthons (Fig. 9), treat the
resin in the 31 vessels with one or more of the T1-T5 tags. For example, suspend
the resin in vessel 1 (for synthon C1, 0.18 g, 0.11 mmol) in 5 mL of EtOAc and
add a solution of TS5 (C,Cl;s tag, 10 mg, 5.5% of resin mass) in 100 uL. of DCM.
Agitate the mixture for 2 h and then add 220 puL of a 1.5 mg/mL solution of
[(CF;CO,),Rh], in DCM. Shake the mixture at 25°C for 16 h. Drain the mixture
and wash the resin with 5 mL each of DCM (4x), MeOH (2x), and DCM (4x).
Treat the resin in each of the 31 vessels with a unique R Fmoc-amino acid
synthon. For example, add a solution of Fmoc-L-alanine (50 mg, 0.16 mmol,
1.5 Eq) and HATU (61 mg, 0.16 mmol, 1.5 Eq) in 8 mL of DMF to the resin in
vessel 1 (0.18 g, 0.11 mmol). Agitate the suspension at 25°C for 10 min and then
add DIEA (56 uL, 0.32 mmol, 3 Eq). Shake the mixture at 25°C. Monitor the
coupling reaction in the vessel using ninhydrin test to determine the level of the
amine functionality remaining. Upon completion of the coupling reaction (2 h,
negative ninhydrin test), drain the mixture and wash the resin with 10 mL each of
DMF (3%), MeOH (3x%), and DCM (3x). Perform this procedure in tandem for
each of the R Fmoc-amino acid synthons listed in Fig. 8.

3.2.4. Fmoc-Deprotection and Incorporation of Rp Acylation Agents
to Give 20 Sublibraries

1.

Combine the resin from step 3 into a large shaking vessel. Add a solution of 30%
piperidine in DMF (100 mL) and shake the suspension at 25°C for 1 h. Drain the
mixture and wash the resin with 100 mL each of DMF (2x), DCM (2x), MeOH
(3%), and DCM (5x).

Dry the resin in vacuo and then split equally into 20 small shaking vessels, pro-
viding 0.28 g (0.18 mmol) of resin in each vessel. Treat the resin in each vessel
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with one of the 20 Ry, acylation reagents. For example, add a solution of benzoic
acid (37 mg, 0.3 mmol, 1.7 Eq), HATU (137 mg, 0.36 mmol, 2 Eq), and DIEA
(153 uL, 0.88 mmol, 4.9 Eq) in DMF (7 mL) to the resin in vessel 1. Shake the
mixture at 25°C for 1 h to give a negative Ninhydrin test. Drain the mixture and
wash the resin with 10 mL each of DMF (2x), MeOH (3x%), and DCM (5X).
Shake the resin with a 10 mL solution of TFA/phenol/thiophenol/ ethanedithiol/
water (82:5:5:3:5) at 25°C for 1.5 h to remove all of the protecting groups on R¢
amino acid side chains and on the Ry acylating agents. Drain the mixture and
wash the resin with 10 mL each of 50% TFA/water (2x), DMF (2x), MeOH (4X),
DMF (2x), and DCM (5x).

Dry the resin in vacuo and store the resin bound compounds as sublibrary 1.
Perform the coupling procedure for the resin in all the reaction vessels except
vessel 11 using one of the Ry, carboxylic acids listed in Fig. 8. For vessel 11, treat
the resin with D11 anhydride synthon (0.36 mmol, 2 Eq) in 7 mL of DMF at 45°C
for 8 h. Store each of the final resin batches separately as an individual sublibrary,
thereby obviating the need for encoding.

3.3. Library Screening
3.3.1. Photolytic Cleavage of Products from Resin Beads

1.

Array the resin beads from the sublibraries of Library B into 96-well filter-bottom
plates (20 beads per well for initial survey screening, or a single bead per well for
follow-up analysis) using an automated bead arraying apparatus.

Suspend the dried beads in each well in 150 pL. of MeOH. Irradiate the mixture at
365 nm for 30 min at 50°C employing a custom UV light chamber and then
incubate the mixture for an additional 2 h. Filter the mixture and collect the elu-
ent into a 96-well assay plate. Dry the mixture in Genevac (0.1 Torr) for 2 h at
40°C to give the dried compounds.

3.3.2. Plasmepsin Il Assay

1.

Add 25 pL of the assay mixture that contains 50 mM sodium acetate (pH 5.0),
0.01% Tween 20, 12.5% glycerol, 1 mg/mL BSA, and 12 puM plasmapsin II
substrate DABCYL-y-aminobutyric acid-Glu-Arg-Met-Phe-Leu-Ser-Phe-Pro-
EDANS into each well of the 96-well microtiter plate containing dried com-
pounds or empty control wells. Sonicate the plates to solubilize the compounds.
Initiate the enzymatic reaction with the addition of 25 uL of 8 nM plasmapsin II
in an aqueous buffer that contains 50 mM sodium acetate (pH 5.0), 0.01% Tween
20, 1 mg/mL BSA, and 12.5% glycerol. Incubate the assay mixture at 25°C for
10 min and then quench the reaction by the addition of 25 pL of 1 M Tris-HCI
(pH 8.5 and containing 50% DMSO). Record the EDANS fluorescence using a
Tecan SLT FluoStar fluorescence plate reader equipped with a 350 nm excitation
filter and a 510 nm emission filter.
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3.4.

1.

3.5.

. After decoding, plot the frequency of synthons found in the decoded structures in

Compound Decoding

Incubate each single bead in one well of a 96-well plate with 10 pL of a freshly
prepared 0.3 M aqueous solution of (NH,),Ce(NO3)s and 50 UL of octane at 25°C
for 1 h to cleave the tag molecules.

Transfer the octane extracts of the tag alcohols (35 puL) into GC vials and then add
N, O-bis(trimethylsilyl)-acetamide (5 pUL). Incubate the mixture at 25°C for at least
10 min to convert the tag alcohols to their corresponding trimethylsilyl ethers.
Inject the tag trimethylsilyl ethers (1 pL) into the HPS890/ECD system using a
DB-1 column (15 m x 0.25 mm id, 0.25 um film). Apply a temperature ramp of
200-325°C in 5 min and then maintain the temperature at 325°C for 10 min. Set
the electron capture detector at 400°C and the auxiliary gas at 35 psi. One com-
plete chromatogram run takes 15 min.

Analyze the EC/GC chromatogram of tag molecules to generate the compound
structure.

SAR Data Analysis

2D or 3D bar graphs using Microsoft Excel and analyze SAR (see Note 9).
Perform resynthesis of the active compounds in greater quantities to confirm
activity through multi-point ICs, or K; determination.

4. Notes

1.

LibDraw allows the variable chemical building blocks to be drawn as fragments,
then connects the fragments to create the virtual products according to a specific
recombination scheme. Other programs may be substituted, providing they allow
convenient reorganization of the split-pool strategy as well as enumeration of
library members.

LibProp was used to calculate various properties, such as molecular weight, logP,
hydrogen bond donor and acceptor numbers, and predicted oral absorption. Other
programs and properties may be substituted. The objective is to compare the prop-
erty distribution of the virtual library with a set of “ideal” properties (38,39).
This can be done by either modifying the choice of synthons for one or more
steps or by altering the splitting strategy to avoid the combination of specific
synthons. For example, library A (Fig. 4) was rearranged to prevent the most
lipophilic synthons in step 1 from combining with the most lipophilic synthons in
step 2. The second-generation virtual library created by this reorganization has a
much better property distribution profile (Fig. 6).

A balance between diversity and drug-likeness needs to be reached. Generally,
75% of the compounds should be predicted to have good oral bioavailability.
Lysine is used to double the bead loading of the resin.

The tagging reaction can be performed using one or more tags at the same time.
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Since photolabile linker is sensitive to light all the reactions need to be carried
out in an unlighted hood.

The remaining portion of the resin was for preparing another library.

Figure 10 is an example of a 3D plot showing the synthon preferences for library
C. This type of multidimensional analysis allows the identification of interrela-
tionships between variables in the library. In the case of library C, the majority of
active compounds were found in the series where R3 represents a meta orienta-
tion on the aromatic core. Within the meta series, there is a preference for com-
pounds where R2 = synthons 1, 2, and 10. The key finding from this chart,
however, is that the SAR is strikingly different when R3 represents an ortho
orientation. In the ortho series, R2 strongly prefers synthon 3, which is not
observed at all in the meta series. Similarly, the para series also exhibits distinct
SAR. Little activity was observed when R3 = para-substituted, except in combi-
nation with R2 = synthon 1 and 6. The combinatorial SAR revealed here seem to
indicate that regional optimization as practiced by traditional medicinal chemis-
try may be an inappropriate strategy for certain biological targets.
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Simple Tools for Manual Parallel
Solid Phase Synthesis

Viktor Krchinak and Andrew Burritt

1. Introduction

An inherent feature of parallel solid phase synthesis is the need to handle a
large number of reaction vessels at the same time. Consequently, in order to
make demanding synthetic tasks manageable, two categories of synthesizers,
manual and automated, have been designed and produced. The main feature
of a manual synthesizer is the integration of reaction vessels and common
steps during synthesis. Reaction vessels are combined into so-called reaction
blocks that enable performing specific operations (e.g., washing resin beads,
adding common reagents, incubation) in all integrated reaction vessels at the
same time. An automated synthesizer offers full automation of the entire syn-
thetic process. The reaction vessels can be controlled on an individual basis
and independent protocols can be performed in different vessels. Semiauto-
matic instruments feature integration and automation of the most commonly
occurring steps. Even though full automation brings numerous advantages,
the throughput of “manual” laboratories does not need to suffer. Without any
expensive automated devices, production may still reach a thousand com-
pounds per day.

In order to be able to select the most suitable instrumentation for a solid
phase combinatorial synthesis, one has to answer three basic questions:

1. What is the projected throughput of compounds? This can vary from a single
chemical entity per week/month to several thousand compounds per day.

2. What is the quantity of each compound needed? Some research projects may
require as much as 50 mg of HPLC purified material, others may be satisfied
with one hundred picomoles of compound cleaved from a single bead.
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Table 1

Characteristics of Various Synthetic Scenarios

Scenario  Number of compounds  Resin load Quantity Synthesizer
#1 4 3-30 g 05-5¢g La Marast
#2 6-48 50mg-3g 12.5-750 mg  Domino Block
#3 96 5-50 mg 1.25-12.5 mg Don Cucna

3. What is the available budget for instrumentation? Prices of apparatus can range
from several hundred dollars, for a basic manual synthesis system, to several
million dollars for a fully integrated custom designed robotic synthesizer.

In this chapter, three inexpensive manual synthesizers for parallel solid
phase synthesis that can accommodate three different synthetic scenarios are
described. The scenarios differ in the number of compounds synthesized in
parallel and in the amount of compound synthesized in one reaction vessel. All
instruments are designed to be personal tools for chemists. Operation of the
apparatus is very simple, and does not need any special training course, pro-
gramming, etc. The chemist should have the apparatus available at any time
and use them in the same way that one uses other laboratory tools, such as a
rotary evaporator, magnetic stirrer, or TLC chamber.

2. Materials and Methods

To cover the differing requirements of various research projects, we have
arbitrarily divided potential synthetic throughput into three categories. A theo-
retical quantity of each compound to be synthesized has been assigned to each
of the scenarios, as there has to be a certain relationship between the number of
compounds synthesized concurrently and the quantity of each compound
required. Table 1 shows representative characteristics of the three synthetic
situations that we believe are the most often encountered requirements in
research projects. “Resin load” refers to the amount of resin in one reaction ves-
sel; “quantity” is the calculated amount of compound obtained with a resin
substitution of 1 mmol/g. An average molecular weight of 500 Da, and a 50%
yield have been assumed. Obviously, the synthetic throughput is not limited to
the number of compounds exemplified in each scenario (e.g., 96 compounds
for scenario # 3 in one batch). One synthetic batch may typically include more
that 10 integrated reaction vessels (960 compounds) and synthetic batches can
frequently be nested.

In the following paragraphs we describe synthesizers that can accomplish
the three examples defined above. To meet the demand for simple and inex-
pensive tools that allow high-throughput parallel solid phase synthesis, a new
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concept for liquid exchange was developed. The most time consuming opera-
tion of solid phase synthesis is washing the resin beads, since resin in each
reaction vessel has to be washed and conditioned numerous times before the
next chemical transformation can be performed.

From the instrumental point of view, washing of resin beads involves three steps:

1. Draining the reaction vessel (separation of the liquid phase from the resin beads).

2. Addition of the washing solvent (solvent transfer from container into the reac-
tion vessel).

3. Equilibration of resin with the incoming solvent (mixing the resin slurry).

The most common method for draining the reaction vessel (separation of the
liquid phase) is filtration through a porous material (glass, Teflon, polypropy-
lene) using a difference in relative pressure between the reaction vessel and the
waste container. The reaction vessels generally either are connected to an
evacuated waste container or are pressurized with air/nitrogen. The most com-
mon problem with this technique is the clogging of the filter. Even partial clog-
ging causes the air to pass through the reaction vessel with the lowest
resistance, i.e., through the resin/filter of an already drained reaction vessel. As
a result of this, the partially clogged reaction vessel drains either very slowly
or not at all.

In order to make washing resin beads very simple and to solve some of the
inherent problems connected with the liquid transfer, we have developed and
used two new concepts in our synthesizers. The liquid exchange in the La
Marast and Domino Blocks is based on the evacuated reaction vessel concept
(1). The Don Cucna synthesizer uses a suction principle for draining reaction
vessels and a standard polypropylene 96-well plate as an integrated disposable
reaction vessel (2). All synthesizers are commercially available (Torviq, Tuc-
son, AZ, www.torviq.com).

2.1. La Marast Synthesizer
2.1.1. Description of the Synthesizer

The principle of liquid transfer in the La Marast reaction vessel is very
simple. In order to drain the reaction vessel, the single outlet of the vessel is
connected to an evacuated waste container via a selection valve (Fig. 1). The
air (or inert gas, if required) present in the reaction vessel starts to expand and
pushes solvent from the reaction vessel into the evacuated waste container. At
the same time, the reaction vessel is evacuated. The selection valve is then
switched and the evacuated reaction vessel is connected to a solvent reservoir.
The liquid in the reservoir (which was under atmospheric pressure) flows into
the reaction vessel. Thus, the only operation necessary to wash the resin beads
in the reaction vessel is turning a handle of a valve.
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Fig. 1. Principle of liquid exchange in the La Marast reaction vessel.

Conical centrifuge tubes (120 mL, 210 mL, and 450 mL) serve as reaction
vessels (Fig. 2). A female Luer bulkhead fitting, with external thread, is
attached to the cap and Teflon tubing is used to connect the fitting with a porous
polypropylene filter frit. The reaction vessels are placed into custom-made
holders. The footprint of a holder matches that of a standard 96-well plate. This
allows the use of commercially available titer plate shakers rather than special
custom-built shakers.

In order to handle four reaction vessels in parallel and to have a choice from
four different washing solvents, the La Marast synthesizer is constructed with
three four-port distribution Teflon valves (Fig. 3). Four reaction vessels are
connected, via Teflon tubing, with the four ports of the V1 valve. The common
port of the V1 valve is connected to the common port of the four-port V2 valve.
The port on the right-hand side is connected to the evacuated waste container.
An empty syringe is attached to the upper port of the V2 valve. The lower port
is left empty. The left-hand side port is connected to the common port of the
V3 valve. The four ports of the V3 valve are connected to four reservoirs with
solvents. All connections and wetted parts of valves are made of Teflon. The
disposable reaction vessels are made of polypropylene. If dictated by a chemi-
cal protocol, Teflon reaction vessels could be used.

2.1.2. Description of Operation

The V1 valve is connected to the first reaction vessel. At this point, the valve V2
is connected to the reagent port. The V2 valve is moved to the position open to the
waste container and the vessel is emptied/evacuated. The solvent is selected using
the V3 valve, the V2 valve is connected to the V3 valve, and solvent starts to fill the
vessel. When a sufficient volume of solvent is introduced into the vessel, the valve
V2 is connected to the air/gas port and the pressure in the reaction vessel is equili-
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Fig. 2. The La Marast reaction vessel.

brated with the atmosphere. A balloon filled with an inert gas is connected to the
air/gas port if there is a need to wash the resin under an inert atmosphere.

After washing and/or conditioning the resin, the solution of the reagent(s)
is added from the reagent port using the reagent syringe. The vessel is evacu-
ated, the solution is transferred into the reagent syringe, and the V2 valve is
connected to the reagent syringe. Alternatively, the reaction vessel could be
opened and the reagent manually introduced into the vessel. The reaction
vessels are typically left shaking during the reaction time on the plate shaker.
Alternatively, they may be disconnected from the V1 valve, the outlet closed
by a male Luer plug, and the vessels shaken on another shaker. The next set
of four vessels could then be connected to the synthesizer for resin washing/
conditioning.
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Fig. 3. Scheme of the La Marast synthesizer.

In addition to its very simple operation, the benefit of the La Marast (and
also Domino Block) synthesizer is its complete enclosure. The contents of the
reaction vessels need never be opened to the atmosphere, and, therefore, chem-
istry requiring an inert atmosphere can be performed. Dry solvent for the con-
ditioning of resins or oxygen/moisture-sensitive reagents can be introduced
directly from a septum-sealed container via a septum needle connected to any
“Solvent” line. Alternatively, an enclosed syringe with the sensitive solution is
coupled to the reagent port and the solution is introduced into reaction vessels.

2.2. Domino Block Synthesizer
2.2.1. Description of the Synthesizer

A “Domino Block™ is a liquid distribution manifold that is made of Teflon
and has a footprint of a 96-well plate (Fig. 4). The Domino Block has two
functions: (i) to clamp (hold) reaction vessels and (ii) to connect all reaction
vessels to one common port. This common port is used to introduce and remove
solvent. Plastic polypropylene syringes, equipped with a porous disk (porosity
60 um) (3) at the bottom of the syringe barrel, are used as reaction vessels. The
syringes, charged with resin, are attached via a male Luer fitting to the female
Luer-lock fittings of the Domino Block. Domino Blocks for 6 (2 rows of 3
syringes), 12 (4 rows of 3 syringes), and 24 (6 rows of 4 syringes) reaction
vessels are available (Fig. 5). The 6-block accommodates syringe sizes up to
50 mL; the 12-block, syringes sizes up to 20 mL and the 24-block is useful for
3- and 5-mL syringes.
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Fig. 4. Schematic drawing of a Domino Block.

Fig. 5. Domino Blocks for 24, 12, and 6 reaction vessels. The 6-reaction vessel
block is shown with a syringe holder.

Table 2 illustrates the five different syringe sizes that are practical for use
with the Domino Block synthesizer and the typical maximum resin load for
each syringe. Polypropylene syringes can be used at elevated temperatures (up
to 90°C), sonicated, or even used in a microwave irradiation apparatus. How-
ever, polypropylene syringes do not tolerate prolonged (overnight) exposure to
certain solvents, including methylene chloride, tetrahydrofuran, and dioxane.
The syringe barrel tends to swell and the plunger then does not provide a leak-
proof seal. In this case, the resin can be transferred to a new syringe or the
plunger can be moved to a position that was previously not in contact with the
solvent (enlarging the working volume).
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Table 2

Typical Resin Load Per Syringe

Syringe volume 3 mL 5mL 10 mL 20 mL 50 mL
Quantity of resin 100 mg 300 mg 500 mg lg 3g

Reagent
syringe

Solvent reservoirs Waste
container Shaker platform

Fig. 6. A synthesizer with four Domino Blocks.

The concept of liquid transfer is based on the same principle as that described
for the La Marast synthesizer and uses an identical platform (Fig. 6). Obvi-
ously, having the same platform, a synthesizer can be used with a combination
of the La Marast reaction vessels and Domino Blocks.

2.2.2. Description of Operation

Domino Blocks, fitted with syringes containing resin and solvent, are placed on a
titer plate shaker (e.g., Lab-Line, Dubuque, lowa; www.barnsteadthermolyne.com)
and connected to the appropriate port of the V1 valve (Figs. 6 and 7, see Notes
1-3). Domino Blocks are typically shaken during the entire washing cycle.
The distribution valve, V2, is turned to the “Waste” port to connect the Domino
Block and the reaction vessels to an evacuated waste container (see Note 4).
After the syringes are emptied, which typically takes less than 10 s, the valve is
turned to the “Air” port for about 1 s. A small amount of air is drawn into the
syringes via this port, which is equipped with a syringe filter (the only reason
for passing the air through the filter is to limit the airflow and to make the
introduction of the correct amount of air easier). The amount of air depends on
the number and size of the syringes on the Domino Block. As a rule of thumb,
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Fig. 7. The Domino Blocks synthesizer.

one third of the actual syringe volume filled with air secures fast and reliable
operation. A balloon filled with an inert gas can be connected to the “Air” port
if an inert atmosphere is required.

The valve V2 is then turned to the “Solvent” port to connect the Domino
Block with the solvent container. The reaction vessels are filled with the sol-
vent. An alternative way of introducing an air gap into syringes can be used.
After the syringes are evacuated, the valve is quickly turned to the “Solvent”
port. Before the syringes are completely filled with the solvent, the valve is
turned to the “Reagent” port. Air enters the syringes via the “Reagent” port. It
is important to always introduce enough air into the reaction vessels. The next
evacuation cycle relies on expansion of the air present in reaction vessels. If
required, instead of air, an inert gas can be introduced, e.g., from a balloon
filled with nitrogen attached to the “Air” port.

During the addition and removal of liquid, the Domino Blocks are shaken to
equilibrate the resin beads with the fresh solvent. While the solvent is exchanged
in the reaction vessels of one Domino Block, the resin in the other three blocks
is shaken with the washing solvent. It is necessary that the resin beads be
exposed to the fresh solvent for at least 1 min to allow diffusion of soluble
compounds out of the beads. (This time depends largely on the bead size and
increases dramatically with the bead diameter, see Notes 5-7).
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To introduce a common reagent (e.g., a solution of activated N-protected
amino acid during peptide synthesis) into all syringes, the reagent syringe is
attached to the “Reagent” port and filled with a solution of the reagent. The
valve V2 is connected to the “Waste” port, and, after the syringes are evacu-
ated, the valve is switched to the “Reagent “ port. The syringes are filled with
the solution of reagent. The uniformity of distribution among individual
syringes is better than £20%. Since most organic reactions on the solid phase
use a high excess of reagents, the distribution error is acceptable. When accu-
rate reagent distribution is required, syringes are charged with the appropriate
solution manually on a one by one basis.

In order to receive different reagent solutions, syringes are disconnected
from the Domino Block after the last wash and reagent solutions are drawn
into individual syringes manually. Gentle, but very efficient, mixing during the
reactions may be achieved using a Labquake Tube Rotator (Thermolyne,
Dubuque, lowa; www.barnsteadthermolyne.com, see Note 8).

2.3. Don Cucna Synthesizer

The customary way to separate resin beads from a liquid is filtration through
a porous material, usually a glass or plastic frit. One problem associated with
this type of filtration technique is the potential for clogging of the porous
material. Although this problem may not be critical when a small number of
reaction vessels are handled at the same time, increasing the number of vessels
considerably enhances the risk of ruining a synthesis due to the clogging of a
filter. The technique described below circumvents the problems associated with
use of filters during solid phase synthesis in a 96-well format.

2.3.1. Description of the Synthesizer

A method has been developed that enables solid phase organic synthesis to
be performed in microtiter wells not equipped with any kind of porous material
at the bottom to facilitate the separation of solid resin beads from a solvent.
The concept of washing resin beads in the Don Cucna synthesizer was devel-
oped by the need for a reliable and fast operational cycle applicable to a hun-
dred reaction vessels at the same time. The simplest compact reaction block for
solid phase synthesis is the 96-well plate. The suction (aspirating) principle of
the Don Cucna synthesizer is based on the fact that in most solvents used in
solid phase synthesis the resin beads settle to the bottom of the wells of the
plates. The settling of the resin is relatively fast (tens of seconds). After the
resin beads have settled, stainless-steel needles connected to an evacuated
waste container are slowly immersed into the wells of a plate (Fig. 8). The
needles remove the liquid from above the surface of the resin without disturb-
ing the resin bed. For washing the resin beads in 96-well microtiter plates, two
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Fig. 8. Scheme of the aspirator.

Fig. 9. The 96-well dispenser.

manually operated dedicated tools were designed: the dispenser for liquid
delivery (Fig. 9) and the aspirator for removing the liquid (Fig. 10).

Each washing cycle is very fast and is limited by the time necessary to
equilibrate the resin beads with the fresh washing solvent. The dispens-
ing and aspiration of solvent takes only seconds. Typically a syringe pump
delivers the solvent; however, the liquid can be delivered from a pressur-
ized solvent container or manually by repeatable syringe. When a small
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Fig. 10. The 96-well aspirator.

amount of resin (5-10 mg) is used, the stream of liquid mixes the resin. If
a large amount of resin is used, external mixing (e.g., shaking the plate on
a titer plate shaker) is required.

The disadvantages of the aspiration concept are: (i) less efficient washing,
as some solvent is left among the settled resin beads, which typically requires
more washes than when compared to a filtration washing protocol; (ii) solvent
or solvent mixtures used for washing have to have a lower density than the
resin beads. The considerable advantages are: (i) very fast and reliable wash-
ing; (ii) there is no frit clogging. Resin beads that do not completely settle may,
in the worst case, destroy the synthesis in one reaction vessel (well), not the
entire batch.
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2.3.2. Description of Operation

The resin beads can be distributed into 96-well plates either in a dry state or
as slurry. To distribute the same resin (or resin-bound intermediate) into all
96-wells of plate, one can use the FlexChem Resin Loader (Robin Scientific,
Sunnyvale, CA, www.robsci.com) for dry resin. Different resin-bound interme-
diates can be distributed manually into individual rows or columns of the plate as
slurry in a suitable solvent. The following is a method suitable for plating eight
different resin-bound intermediates into eight rows of a microtiter plate.

In order to distribute 20 mg of resin beads into each well of one row, a slurry
of the resin-bound intermediate (240 mg) in DMF (2.5 mL) is made in a trough
(Matrix, Lowell, MA). The slurry is mixed using a 12-channel pipet, equipped
with wide orifice tips, by rapidly pipeting the suspension in and out of the tips
several times to make the suspension of resin homogeneous. Then 200 pL of
the slurry is drawn into the large orifice tips and transferred into wells of the
first row of a deep-well plate (Matrix, Lowell, MA). In order to maximize resin
transfer, an additional 2.5 mL of DMF is added to the small slurry volume
remaining in the trough and then transferred into the same deep well plate (400 L.
total volume of resin slurry in each well). The above process is then repeated
until the remaining seven resin-bound intermediates have been distributed into
the appropriate rows of the 96-well microtiter plate.

The excess liquid in the plate is removed using the aspirator. To remove the
solvent, the plate is placed on the platform of the aspirating device and the
manifold is slowly lowered. The end point is adjusted such that the needles
nearly touch the resin surface (0.5-1 mm distance). The manifold is then lifted
to its upright position. If required, the resin is preconditioned (washed) with
the solvent to be used in the subsequent chemical transformation. The plate is
placed under the 96-well dispensing device and the solvent is delivered into
the wells (25 mL per plate) using a syringe pump (Cavro, Sunnyvale, CA,
www.cavro.com). The stream of solvent is strong enough to mix the resin beads
with the incoming solvent. After the resin settles, usually taking less than 1 min,
the solvent is aspirated and the washing cycle repeated.

The next step is the distribution of building blocks and reagents. Twelve
stock solutions of building blocks are prepared and an aliquot (approx 100-
500 uL) is distributed manually into wells using a 12-channel pipet. The plates
are closed by 96-well cap mats (Matrix, Lowell, MA) and shaken on an orbital
shaker. Alternatively, the plates are sealed by an automatic plate sealer
(Abgene, Surrey, UK, www.abgene.com).

After the chemical transformation is finished, the plates are washed with
solvents using the 96-channel aspirator and dispenser, and the resin is then air-
dried. Cleavage of the target compounds from the solid support is usually
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Fig. 11. Combinatorial solid phase synthesis using the split-split concept.

performed by a liquid cocktail, TFA being the most often used reagent (see
also Chapter 5). The cleavage reagents are removed and the resulting target
compounds extracted with a suitable solvent. Solutions of the extracted com-
pounds are filtered using a filter plate (Orochem Technologies, Westmont, IL,
www.orochem.com) and the resulting extracts are evaporated using a SpeedVac
(Savant, Holbrook, NY, www.savec.com).

2.4. Split-Split Concept

Synthesis of combinatorial arrays of compounds can, in principle, be per-
formed three different ways. The “Split and Mix “ (split and pool/recombine)
concept introduced by Furka (4-6) is the most efficient method for preparation
of sizable libraries (tens of thousands of compounds). However, the technique
requires tracking of the chemical history of the resin beads and limits the quan-
tity of synthesized material to the loading per solid phase unit (one unit can be
represented by one particle, bead, lantern, etc., or one container, T-bag, Kan,
etc.). Parallel synthesis, on the other hand, can supply any quantity per com-
pound, but it requires handling large numbers of reaction vessels at one time.

The hybrid approach, the “Split—Split” (also referred to as a “split only”)
concept (2,7-9) can be described as a parallel synthesis with a reduced number
of reaction vessels (Fig. 11). Synthesis of sizable combinatorial libraries by
the split—split method requires handling large numbers of reaction vessels only
in the last combinatorial step. The synthesis starts with x reaction vessels, where
x equals the number building blocks used in the first combinatorial steps. The
next combinatorial step uses x X y reaction vessels; y is the number of building
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Scheme 1. A solid phase traceless synthesis of benzimidazoles. Reagents:
(i) amine/NaBH(AcO); in DMF/AcOH; (ii) o-fluoronitrobenzene, DMSO, rt,
overnight; (iii) SnCl,-2H,0 in NMP, rt, overnight; (iv) acid chloride/DIEA in
DCM, rt, overnight; (v) AcOH, 80°C, overnight.

blocks in the second combinatorial step. The number of reaction vessels in the
third combinatorial step is equal to the number of compounds synthesized in
the library.

The principle of the split—split method is illustrated by an example of a three
combinatorial step benzimidazole library that uses 24 amines, 12 o-fluoro-
nitrobenzenes, and 48 acids, producing a library of 13,824 compounds (Scheme 1)
(10). The first step can be performed in 24 La Marast reaction vessels, each
containing 12 g of resin. For the second combinatorial step, resin from each La
Marast reaction vessel is split into 24 syringes and the Domino Block synthe-
sizer is used to handle the syringes. The last combinatorial step is performed in
wells of 96-well plates, with the resin from each syringe being split into two
rows (24 wells) of a plate.

Plating resin beads from syringes into 96-well plates follows an algorithm
that allows manual distribution of building blocks. It is impractical to distrib-
ute one resin bound intermediate into half of a plate for reaction with 48 acids.
A more convenient way of plating beads with different resin-bound intermediates
is illustrated on Fig. 12. Each row of a plate receives a different intermediate.



56 Krchnak and Burritt

8 Syringes 4 Plates
' e N
WY P o
y 3

~

4 x 12 = 48 Building Blocks

[S[S[R[RISIE[SIRIRITE
Lelalalalole/slslolls
00000000000

e 8888s000ad Master plate with building blocks in 2 ml tubes
0oonaoeo0ad (each BB is delivered 8 times)

Fig. 12. Plating resin beads for manual distribution of building blocks

Consequently, the building blocks can be distributed, one per column, using a
12-channel pipet (see Notes 9 and 10).

3. Conclusion

Parallel solid phase organic synthesis has become an integral part of many
laboratories involved in organic synthesis. Consequently, reliable, simple, and
affordable tools are needed. There is no simple solution as to what instrumen-
tation is best suited to perform organic solid phase synthesis. The instrumenta-
tion is a tool and the selection of the most appropriate tool should be dictated
by the project needs. Three manual synthesizers are described in this chapter
that are convenient for performing the three synthetic scenarios presented. For
many laboratories and projects, the Domino Block synthesizers satisfy most
requirements. La Marast synthesizers fulfill the need for larger research quan-
tities and can be easily integrated with Domino Blocks. The Don Cucna appa-
ratus allows expansion of the compound throughput to up to a thousand
compounds per day in milligram quantities.

4. Notes

1. Combinatorial solid phase synthesis using Domino Blocks can be performed in a
simple manner. One Domino Block integrates syringes that undergo the same
chemical transformation in the first combinatorial step. After finishing the first
step, syringes containing different resin-bound intermediates that receive the
same reagents in the second combinatorial step are connected to one Domino
Block.

2. The volume of reaction vessels is adjustable by moving the syringe plunger. Con-
sequently, different amounts of resin can be placed into individual syringes on
the same block. Different sizes of syringes can also be attached to the same block;



Manual Parallel Solid Phase Synthesis 57

10.

they will always be filled, as the volume of the evacuated reaction vessel deter-
mines the volume of liquid introduced.

It is not necessary to work with a fully loaded Domino Block. The remaining
positions on a Domino Block can be closed using male Luer plugs.

The vacuum typically does not move the plunger and there is no need to fix the
position of the plunger. However, the syringe must be wetted by solvent before
use in order to restrict plunger movement.

Syringes can be left shaking on Domino Blocks during the course of a reaction,
however, we close the syringes with syringe pressure caps for longer reaction
times (overnight), or if the reaction requires an elevated temperature (capped
syringes can be shaken in an incubator at up to 90°C, depending on the reaction
solvent). Domino Blocks do not need to be engaged exclusively with a particu-
lar synthetic batch for the whole synthesis, nested synthetic batches may be
handled.

Syringes without plungers can also be used on Domino Blocks. To wash the resin,
the washing solvent is added from a squeeze bottle into all of the syringes and
then the Domino Block is connected to the evacuated waste container. This tech-
nique is particularly useful when a reagent is added, or a gas liberated, during a
reaction.

When the liquid from one reaction vessel is removed, a vacuum is created inside
the particular reaction vessel. There is no airflow through the resin and the
vacuum is fully engaged for filtering a liquid through a slower (partially clogged)
filter.

. The La Marast and Domino Block synthesizers share the same principle and plat-

form. As a result of this, Domino Blocks can be combined with the La Marast
reaction vessels on the same shaker, sharing the same valve system. Any port of
the V1 valve can be connected either to a Domino Block or to a La Marast reac-
tion vessel (compare Figs. 3 and 6).

One aspect worth mentioning is quality control (QC) during a library synthesis.
Large combinatorial compound arrays synthesized in parallel fashion increase
the amount of quality control required to analyze all of the intermediates produced
during the synthesis. The split—split approach dramatically decreases the number
of intermediates during the synthesis and therefore the purity of all intermediates
can generally be determined.

The orthogonal distribution of resin-bound intermediates and building blocks for the
last combinatorial step allows a simple way of increasing the confidence that the
major peak, observed on HPLC analysis of each well, corresponds to the expected
product. A line graph is constructed correlating the column identifier with the
retention time observed for the major peak of each well in a particular row of a
96-well plate (Fig. 13). A similar graph is constructed for each of the remaining
rows of the same plate. By comparing the trend observed across a given row with
those of the other seven rows of the plate, a correlation or general pattern can, in
most cases, be observed. If all compounds from each intermediate follow the
same trend, they may be considered to be the expected products. This is not an
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Fig. 13. Trend of retention times for eight resin-bound intermediates reacted with

12 building blocks. The compound marked by a circle is not the expected product. Its
retention time does not follow the common trend.

absolute proof, however, the probability that a certain combination of building
blocks form an unexpected product with the retention time that corresponds to
the expected product and, at the same time, shows the expected molecular ion on
MS analysis, is relatively low.
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Cleavage of Compounds from
Solid Phase by Gaseous Reagents

Viktor Krchnak

1. Introduction

The recent interest in organic solid phase synthesis, triggered by the advent
of chemical combinatorial methods (I-7), also accelerated methodology
development. Simplification of chemical protocols, their robustness, and ame-
nability to handling large arrays of compounds, prepared by combinatorial/
parallel solid phase synthesis, is one area that witnessed numerous novel con-
tributions. This chapter describes an apparatus and method for gaseous cleav-
age of compounds from solid phase supports.

At the end of solid phase organic synthesis, products are cleaved from the
insoluble solid support. Depending on the type of linker, various reagents have
been employed to enable the release of synthesized compounds. Excellent
reviews have recently appeared in the literature that describe linkers and cleav-
age procedures (8,9). Statistically, more than 60% of recent solid phase organic
synthesis publications used acid-cleavable linkers, Wang (10) and Rink linkers
(11) being the most commonly reported (9). Nucleophiles were used to cleave
compounds from linkers in 28% of cases. Typical cleavage protocols for Wang
and Rink linkers involve the use of liquid cleavage cocktails, trifluoroacetic
acid (TFA) is the reagent of choice. Obviously, the cleavage cocktail has to
be added to all reaction vessels and, after cleavage, the cocktail has to be
removed. Synthesis of large compound arrays therefore requires a time con-
suming operation handling strongly acidic reagents that are not user friendly.

An alternative method for cleaving compounds from resin beads is to treat the
solid support with gaseous reagents. Bray et al. (12) were the first to describe the
use of a gaseous reagent, ammonia, to cleave an ester bond of peptides synthe-
sized on pins. The method was later adapted for production-scale cleavage of
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Series a: X = Y = H (benzyl)
Series b: X = H, Y = Ph (benzhydryl)
Series c: X =Y = Ph (trityl)

Fig. 1. Acid cleavable benzyl-type linkers (substitution at CH,).

peptides from Merrifield resin (13). Ammonia gas under pressure has also been
described for deprotection and cleavage steps during the large-scale synthesis
of oligonucleotides (14).

The use of acidic gaseous reagents, HCl and TFA, for cleavage of acids,
alcohols, and amines attached to trityl linker functionalized supports has been
reported (15). Jayawickreme et al. (16) used TFA for gradual cleavage of
compounds from a solid support. The use of gaseous hydrogen fluoride (HF)
has also been described for the release of compounds from the p-methyl-
benzhydrylamine (MBHA) (17-20) and dialkoxybenzylamine (21-23) linkers.

2. Materials and Methods
2.1. Acid-Labile Linkers

The most common linkers used in contemporary solid phase organic synthe-
sis are acid-labile (9). The majority of acid labile linkers can be viewed as a
variation on the benzyl-type linkage (Fig. 1). Benzyl esters of type 1a provide
carboxylic acids upon cleavage from the resin, benzyl amides 2a are cleaved to
carboxamides, benzyl ethers 3a provide alcohols, and benzylamines 4a yield
amines. Chloromethylated copoly(styrene-divinylbenzene) resin, referred to as
Merrifield resin (24), may be used to immobilize carboxylic acids via a benzyl
ester linker 1a. Attachments involving unsubstituted benzyl-type linkers, where
X and Y are hydrogens, require harsh deprotection conditions, usually liquid
HF, even in the case of the most labile type of compounds, the esters 1a. Sub-
sequently, the acid lability of linkers was increased by substitution at the CH,
group (Fig. 1) and/or at the aromatic ring (Fig. 2). Replacing the X hydrogen
with a phenyl or 4-methylphenyl group forms a benzhydryl linker 2b (25) or
p-methylbenzhydryl linker (26), respectively. These linkers are widely used to
prepare carboxamides, however, they still require HF cleavage. The trityl linker
(27,28) replaces both X and Y with a phenyl ring, and derivatives of this type
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Fig. 2. Acid cleavable benzyl-type linkers (ring substitution).

represent the most acid-labile linkers reported. It has been used to immobilize
acids (1c), alcohols (3¢), thiols, and amines (4c¢).

The ease of linker cleavage can be further fine-tuned by substitutions on the
aromatic ring (8,9). An electron-donating alkoxy group, as in linker §, increases
acid lability and is used in Wang (5a) (10) and Sheppard (29) linkers. Addi-
tional methoxy groups further increase acid lability, as documented for Sasrin
(8b) (30) or PAL (5¢) (31) linkers. The linker 6b having X = OMe and Y = H,
referred to as AMEBA (acid-sensitive methoxybenzaldehyde) and linker 6c¢
(32), X =Y = OMe, referred to as BAL (backbone amide linker) 6¢ (33) allow
target compounds to be cleaved by TFA. The acyl group was replaced by an
aromatic ring in linker 7. This facilitates cleavage by TFA and provides a route
to nitrogen-containing heterocyclic compounds (21,23,34).

2.2. Linkers Cleaved by Gaseous Reagents

Liquid TFA and HF are typical cleavage reagents for acid-cleavable linkers.
Alternatively, cleavage may be effected by the use of gaseous HCI or HF. The
efficiency of gaseous HCl cleavage can be compared to diluted TFA; the effec-
tiveness of gaseous HF is comparable to liquid HF.

Among the commonly used acid-cleavable linkers, the esters of Merrifield
resin 8 and carboxamides of the MBHA linker 9 (Fig. 3) are the most acid
stabile. Gaseous HF was required to cleave acids from the Merrifield resin (20)
and amides from the MBHA resin (18,19,35). The acyl group illustrated on the
MBHA linker 9 may be replaced with an aromatic group to form the resin-
bound aniline 10 that can also be cleaved by gaseous HF. Cleavage of the C—N
bond in 10 was used for a traceless synthesis of some nitrogen-containing het-
erocyclic compounds (22).

The acid lability of both the Merrifield esters 8 and MBHA amides 10 was
increased by introducing electron-donating groups on the aromatic ring of the
linker. Thus the Wang resin 11 (36) and derivatized BHA linkers 12 (17) and



64 Krchnak

11 12 13
) ®
o~ o) o .
/@/\NJLR; /@ﬁN,Ar O (e}
15 R
Pol” ™0 K Pol” 0 Fol Q
14 15 16

Fig. 3. Structure of derivatized linkers.

13 (22), were cleavable by TFA and gaseous HCI. However, gaseous HCI treat-
ment did not completely release model products from the resin 11, and HF
treatment was necessary (37). The dialkoxybenzylamine linker 14, originally
developed for the synthesis of amides (32,33,38,39), was found to be useful for
synthesis of various target compounds, in particular, the synthesis of nitrogen-
containing heterocyclic compounds (linker 15). The first building block was
attached to the aldehyde-derivatized resin using a reductive amination protocol
(Scheme 1). At this stage, the bond between nitrogen and the methylene carbon
of the benzyl group is stable to acid. Acylation (14) or arylation (15) of the
nitrogen greatly reduces the acid stability and enables the target compounds to
be cleaved by acidic reagents, including gaseous HCI (21,23,37). Several tar-
get compounds that are cleavable from the dialkoxybenzylamine linker by gas-
eous HCI or HF are shown in the Fig. 4. The highly acid labile trityl linker (16)
releases alcohols after treatment with HCI gas or TFA vapors (15).
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Scheme 1. Derivatization of an aldehyde linker.

2.3. Apparatus for Gaseous Cleavage

For reliable and safe cleavage of compounds from solid supports, a simple
and user friendly apparatus was designed and built (37). The apparatus con-
sists of a reagent gas container (Fig. 5), where the resin-bound compounds are
exposed to the reagent gas, and a control panel (Fig. 6) with valves and a series
of four trap bottles for absorbing the reagent gas after the cleavage is finished
(Torviq, Tucson, AZ, www.torvig.com).

The reaction gas container for gaseous cleavage is constructed from a
polypropylene tube, enclosed by two polypropylene side-plates, and uses
polypropylene foam as a seal (Fig. 7). The two side-plates also accommodate
the inlet and outlet connectors for the reaction gas container. Two tightening
screws are attached to the centers of the side-plates and allow both side-plates
to firmly press against the tube and generate airtight seals. The entire reaction
gas container is placed in a stainless-steel cage. The polypropylene tube is
removed from the cage to load and unload reaction vessels containing resin-
bound compounds (Fig. 8). The lengths of the tubes are 720 and 200 mm, the
diameters are 143 mm. The larger tube accommodates thirteen 96-well 1.2 mL
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Fig. 4. Examples of compounds synthesized on the dialkoxybenzylamine linker
that have been cleaved from the linker with HCI or HF gas.

plates, the smaller tube can be charged with three plates. Plates are arranged in
two layers separated by a rigid polypropylene sheet.

The connections of the reaction gas container to the source of the gas, and to
the trap bottles, are shown on Fig. 9 (an arrangement with two reaction gas
containers is shown). Wetted parts of the valves are made of Teflon, and 1/4”
Teflon tubing is used for connections. Two ports of the three-port valve V1 are
connected the source of an inert gas (nitrogen) and a reagent gas (HF, HCI, or
NH,). The third port is linked to the four-port valve V2. The outlet and inlet of
the reaction gas container are connected to the neighboring ports of the four-
port valve V2. A second four-port valve is used for the arrangement shown in
Fig. 9 that uses two reaction gas containers. A check valve is attached to the
outlet of the reaction gas container. The last port is connected to the four-port
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Fig. 5. Apparatus for gaseous cleavage.

valve V3. The V3 valve is connected to a vacuum pump. The suction port of
the pump is connected to the V3 valve via the four-port valve V4. The
remaining ports of the V4 valve are connected to the atmosphere. The last
port of the V3 valve is connected to the first trap bottle. There are four 1-L
polypropylene trap bottles, the first one empty, the next two filled with 0.5 L
of water, and the last filled with 0.5 L of 10 mM aqueous NaOH solution and
an acid—base indicator.

2.4. The Gas Cleavage Procedure
2.4.1. Sample Preparation

The resin-bound products are placed into either polypropylene 96-well plates
or plastic syringes (with a frit and without a plunger). The reaction vessels
(plates, syringes) are etched with a needle, razor blade, or engraver and all
labels are removed. Hydrogen fluoride gas (see Note 1) destroys most labels
made of paper or tape. The labels are not removed when using hydrogen chlo-
ride as a cleaving reagent.

2.4.2. Loading and Sealing the Reaction Gas Container

Syringes are placed in a rack or some other means of support and loaded into
the reaction gas container (see Notes 2 and 3). The reaction gas container is
sealed using polypropylene foam seals. The two seals are cut from polyethyl-
ene foam liner (VWR, Phoenix, AZ) with sides being 19.5 cm long. A hole
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Fig. 6. Control panel.

with an approx 7 cm internal diameter is cut in the middle of each foam seal
(the hole is absolutely necessary). Seals are placed on the ends of the tube and
the tightening screw turned until a tight seal is achieved. Re-using foam seals
is not recommended (see Notes 4 and 5).

2.4.3. Evacuation of the Reaction Gas Container

Since no vacuum gauge is used during the evacuation, the course of evacu-
ation is monitored by the disappearance of bubbles in the trap bottles. Air
bubbles through the traps very quickly initially. After a few minutes, as the
rate of bubbling slows, the seals on the apparatus are re-tighten. Both the
reaction gas container and the nitrogen input line are evacuated in this step
(see Notes 6-9).
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Fig. 7. Schematic drawing of the reaction gas container. PP, polypropylene.

Fig. 8. Loading the reaction gas container.
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Fig. 9. Scheme of the apparatus used for gaseous cleavage.

2.4.4. Filling the Reaction Gas Container with Nitrogen and Evacuation

The pump is turned off and disengaged from the apparatus by turning the
valve V3. The pressure release valve V4 is opened to the atmosphere and then
closed so that the pump may be restarted against atmospheric pressure rather
than vacuum. The apparatus is filled with inert gas such as nitrogen. Once the
apparatus is filled, the traps will begin to bubble again. The nitrogen flow rate
is adjusted to 2-3 L/min and then the gas input valve V1 is turned from nitro-
gen to the reagent gas. The nitrogen flow is turned off from the main tank while
there is nitrogen still in the input line (see Note 10). The pump is turned on
and the pump valve V3 is engaged. The reaction gas container and the reagent
gas input line are evacuated in this step.

2.4.5. Filling the Reaction Gas Container with Reagent Gas

The pump is turned off and the pump valve V3 is disengaged. The check
valve prevents air from coming into the container. The pressure release valve
to the pump, V4, is opened and closed. The reagent gas is turned on from the
main reagent gas tank and the reagent gas introduced into the evacuated reac-
tion gas container via the valve V1 (see Note 11). It usually takes only a few
minutes before bubbles start to appear in the trap bottles. This is a sign that the
pressure inside the reaction gas container has equilibrated with atmospheric
pressure. The flow of reagent gas is slowed but maintained at such a rate that
bubbles continue to appear in the traps. This introduction of gas is maintained for
3 min. After 3 min of additional exposure to reagent gas, the container valve V2
is turned to disconnect the container from the flow of reagent gas. Reagent gas is
now flowing directly into the traps and by-passing the container.
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2.4.6. Flushing Lines with Nitrogen

The reagent gas remaining in the line has to be flushed out using nitrogen. The
flow of nitrogen is turned on (flow rate: 2-3 L/min) from the main valve while
reagent gas continues to flow. The gas selection valve V1 is turned from reagent
gas to nitrogen and the flow of reagent gas is turned off at the source of the
reagent gas. Reagent gases typically dissolve very quickly in water. If the flow of
reagent gas were to be turned off without an inert gas to replace it, a vacuum
would be formed in the traps and back-flow could occur. After a few minutes of
flushing, the gas selection valve is turned to reagent gas and then the flow of
nitrogen is turned off. This leaves the line under a slight nitrogen pressure.

2.4.7. Cleavage of Compounds

The compounds are exposed to reagent gas for a time necessary to cleave
the resin-bound compounds (in most cases approx 2 h). During a hydrogen
chloride cleavage, additional reagent gas is introduced into the container after
1 h of exposure. Hydrogen chloride is turned on to flow through the traps at
about 2-3 L/min. The container valve V2 is turned to fill the container. Bub-
bling initially stops in the traps until atmospheric pressure is exceeded in the
container. Once bubbling resumes, the flow is adjusted to a slower flow rate with-
out stopping the bubbling, and this flow rate continues for 3 min. The container
valve V2 is turned to disconnect the gas flow from the chamber. The flow of
nitrogen is turned on and adjusted to 2-3 L/min. The gas selection valve V1 is
turned to nitrogen and the reagent gas flow is turned off. After a few minutes of
flushing, the flow of nitrogen is turned off.

2.4.8. Flushing the Container with Nitrogen

The flow of nitrogen is turned on at 2-3 L/min and the container is flushed
for 30 min. The volume of nitrogen necessary to sufficiently flush the reaction
gas container is dependent upon the size of the reaction gas container. The
larger reaction gas container (approx 12 L volume) contains less than 0.6%
residual reagent gas after flushing with nitrogen for 30 min at 2 L/min (37).
The container is evacuated and then refilled with nitrogen, before opening the
container (see Note 12). Since the reaction vessels and compounds exposed to
HEF still contain residual adsorbed HF, the plates/syringes are left in the reaction
gas container together with a dish of NaOH and evacuated (see Notes 13-15).

3. Conclusions

Cleavage of compounds from solid supports by gaseous reagents represents
an alternative approach to the commonly used liquid cleavage cocktails. To safely
perform the gaseous cleavage, an apparatus for gaseous cleavage of compounds
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from solid supports was described. The commercially available reaction gas con-
tainer (Torvig, Tucson, AZ, www.torviq.com) provides secure airtight sealing
and can be evacuated, ensuring fast and dependable filling with a reagent gas.
Gaseous cleavage provides easy addition and removal of cleavage reagents. The
advantages of gaseous cleavage are appreciated particularly during synthesis of
large arrays of compounds or when the cleavage is performed on a routine basis.

4. Notes

1. HF is an extremely hazardous gas and appropriate care and proper handling is

absolutely essential. All operations have to be done in a dedicated hood. Venting

of reagent gas and disposal of concentrated acid waste are the primary safety

concerns with HF gas cleavage. Gaseous HF very efficiently dissolves in water

and three trap bottles filled with water securely adsorb the HF. The last bottle

contains acid—base indicator to ensure that no acidic contaminant is leaving the

traps. Procedures developed for disposal of the concentrated acid waste gener-

ated during cleavage have been described in detail elsewhere (37).

The apparatus must be operated by trained personnel only.

The apparatus has to be installed in a well-vented hood.

The apparatus must not be pressurized with any gas.

The apparatus can be used at temperatures ranging from 25 to 35°C.

The material in contact with the gas is Teflon, polyethylene, and polypropylene.

Gas not compatible with those materials must not be used in the apparatus.

7. The tightness of connectors to the reagent vessel and trap bottles must be checked

before use.

The hood-sash has to be moved down before evacuating the container.

9. New polyethylene foam liner seals have to be used each time a cleavage process

is performed to secure an airtight seal of the container.

10. The reagent gas and nitrogen have to be turned off at the source (cylinder), not by
the V1 valve.

11. A mask, with filter for acidic vapors, and heavy duty gloves must be worn when
working with HF or HCI.

12. Do not allow any part of the apparatus or of the vessels with HF-treated samples
to come into contact with bare skin.

13. The valves have to be turned in the order described in the operating protocol.

14. Both side-plates and tube ends have to be kept clean and smooth. Scratches or con-
tamination by particles (dust, resin beads, etc.) may compromise the airtight seal.

15. Itis recommended to have calcium gluconate gel (Calgonate Corp., Rhode Island)
on hand to treat accidental skin exposure to HF.

ARl
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Synthesis of DNA-Binding Polyamides

Robust Solid-Phase Methods
for Coupling Heterocyclic Aromatic Amino Acids

Peter O. Krutzik and A. Richard Chamberlin

1. Introduction

Small molecules that recognize double-stranded DNA have the capacity to
modulate various cellular processes, including DNA replication and repair,
gene expression, cell cycle regulation, and growth, and therefore may serve as
treatments for cancers or various genetic diseases. Currently, most DNA-bind-
ing therapeutics target short sequences of DNA with rather low selectivity,
causing deleterious effects in both diseased and healthy cells (). Thus, the
development of molecules that target longer, more cell-type-specific sequences
of DNA is of great interest. In this chapter, a rapid solid-phase synthesis of
hairpin polyamides, a promising class of minor groove binding agents devel-
oped by the Dervan group at Caltech, is described (2). The robust coupling
methods of aromatic amino acids outlined facilitate the application of combi-
natorial methods to polyamides and their further development as pharmaceuti-
cal reagents.

Hairpin polyamides comprised of N-methylpyrrole (Py) and N-methyl-
imidazole (Im) aromatic amino acids bind in the minor groove of DNA and
possess high DNA affinity, sequence specificity, target length, and apparent
cell permeability (3—-7). Polyamides are one class of a series of molecules based
on the naturally occurring compounds distamycin and netropsin, including
lexitropsins and microgonotropens (8—10). However, when synthesized with a
flexible linker to allow hairpin formation, polyamides are able to read DNA by
the side-by-side pairing of Py and Im monomers such that an Im-Py pair tar-
gets G-C, Py-Im targets C-G, and the Py-Py pair is degenerate for both A-T
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and T-A base pairs (2). Recently, polyamides were utilized in vivo to block
HIV-1 replication in human lymphocytes (11), transcription of the 5S RNA
gene in cultured Xenopus kidney cells (12), and to obtain gain- and loss-of-
function phenotypes in the fruit fly, Drosophila melanogaster (13,14). Conju-
gates of polyamides with the DNA alkylators chlorambucil and duocarmycin
A have also been prepared and shown to have extremely high affinity and speci-
ficity for their target sequences (15,16). With the potential uses of polyamides
constantly expanding, a major limitation to the development of these molecules
has been their somewhat laborious synthesis.

Solution-phase syntheses have been employed in the preparation of polya-
mides, but these typically allow only one coupling step to be performed per
day (16,17). Although fragment coupling methods in solution have made polya-
mides available in large quantities, they are limited in the number of different
polyamides that can be produced (18). Solid-phase syntheses using standard
peptide chemistry have recently become more widespread and also provide the
advantages inherent to resin-based chemistry, i.e., easy step-wise purification,
high molar equivalents of reagents that drive reactions to completion, and high-
throughput split-mix or parallel synthesis. Tert-butoxycarbonyl (Boc) and
fluorenylmethoxycarbonyl (Fmoc) protection strategies in combination with
benzotriazole (OBt) activation have both been utilized. The Fmoc-based syn-
theses are advantageous in their amenability to further peptide synthesis, and
the wider availability of base-stable specialty resins and Fmoc-based peptide
synthesizers (19,20). However, the long coupling times necessary (3 h) make
these methods laborious. Boc-OBt based strategies are more rapid, but still
require more than an hour per cycle (21), with products that often necessitate
repeated high performance liquid chromatography (HPLC) purification to
remove resin aminolysis reagents and side-products (22). In addition, particular
couplings require either double coupling or extended reaction times (21,23).

This chapter describes an optimized synthesis of polyamides based on
Boc protection and azabenzotriazole (OAt) activation that solves the prob-
lems of sluggish reactions and difficult purification (Fig. 1). It is divided
into two sections: (1) the solid-phase synthesis of polyamides, and (2) resin
aminolysis, purification, and characterization of the final product. Section 1
details the OAt-mediated couplings using either O-(7-azabenzotriazol-1-yl)-
1,1,3,3-tetramethyluronium hexafluorophosphate (HATU) or dicyclohexyl-
carbodiimide (DCC)/1-hydroxy-7-azabenzotriazole (HOAt) (24-28).
Diisopropylethylamine (DIEA) is used both to catalyze the formation of
the OAt ester when employing HATU and to deprotonate the amine-
trifluoroacetate salt formed after Boc deprotection. With OAt activation,
coupling time is reduced to 20 min per step, making nine residue polya-
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Fig. 1. Solid-phase synthesis of polyamides. Outlined is the synthesis of Im-Py-Py-
Py-y-Im-Im-Py-Py-B-Dp (1) and its amine derivative, Im-Py-Py-Py-y-Im-Im-Py-Py-
B-BAPMA (2) on Boc-B-Ala-Pam resin: (i) TPW mixture (92.5% TFA, 5% phenol,
2.5% water); (ii) Boc-Py-OH, HATU, DIEA; (iii) TPW; (iv) Boc-Py-OH, HATU,
DIEA; (v) TPW; (vi) Boc-Im-OH, DCC/HOAt, DIEA; (vii) TPW, extended; (viii)
Boc-Im-OH, DCC/HOAt, DIEA; (ix) TPW, extended; (x) Boc-y-Abu-OH, HATU,
DIEA; (xi) TPW; (xii) Boc-Py-OH, HATU, DIEA; (xiii) TPW; (xiv) Boc-Py-OH,
HATU, DIEA; (xv) TPW; (xvi) Boc-Py-OH, HATU, DIEA; (xvii) TPW; (xviii)
Im-OH, DCC/HOAt, DIEA; (xix) DMPA for 1 or BAPMA for 2, 55°C, 14-16 h.
(Inset) Monomers for solid phase synthesis: Boc-Py-OH (3), Boc-Im-OH (4), Im-OH
(5), Boc-B-Ala-OH (6), Boc-y-Abu-OH (7).

mides obtainable in approx 5 h (Table 1). Naturally occurring amino acids
may be substituted at any step in the preparation of peptide-polyamide
libraries to further develop their DNA binding properties. Also, to promote
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Table 1
Protocols and Time Required for
Manual and Machine-Assisted Solid-Phase Synthesis

Reagent Manual Machine-Assisted
Deprotect® TFA, phenol, water 1 min mix,
(92.5:5:2.5) 2 X 2 min mix
Wash resin DCM 30 s flow 2x wash
DMF 1 min flow 3x wash
Couple OAt ester, DIEA, 20 min mix
DMF/NMP
Wash resin DMF 1 min flow 3x wash
DCM 30 s flow 2x wash
Total time per cycle? 28 min 35 min

“Deprotection times are for aliphatic and pyrrole monomers, Boc-imidazole requires an addi-
tional 10 min deprotection period.

bThe total time per cycle is longer in machine-assisted syntheses because of slower resin
washing.

combinatorial techniques, the synthesis has been optimized on the Argo-
naut Technologies Quest 210 Parallel Synthesizer, capable of performing
20 parallel reactions. Because of possible #-butylation of the aromatic amino
acids during Boc deprotection, a mixture of trifluoroacetic acid (TFA) with
the scavengers phenol and water is used (29-31). This eliminates the mal-
odorous thiophenol used previously and produces comparable products.

Upon completion of solid-phase synthesis, Section 2 outlines cleavage of
the polyamide from the solid support, as well as purification and characteriza-
tion. Aminolysis of the resin-bound polyamide with the primary aliphatic
amine, dimethylaminopropylamine (DMPA), yields a product with a positively
charged tail in neutral solutions, aiding solubility (21). A diamine, such as bis-
aminopropylmethylamine (BAPMA), can be substituted for DMPA to produce
a final product with a reactive amino handle for further modification or library
production. The polyamide is then precipitated from the amine solution and
purified by preparative reversed-phase HPLC. Once isolated, the products are
characterized by a combination of matrix-assisted laser desorption-ionization
(MALDI) or electrospray (ES) mass spectrometry (MS), HPLC, UV-Vis spec-
troscopy, and proton nuclear magnetic resonance ('H-NMR) (32,33). These
methods complement one another in assessing purity and identity. Relying on
one method too heavily may result in fallacious assumptions concerning the
polyamide synthesized (see Note 1).
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2. Materials
2.1. Solid-Phase Synthesis of Polyamides

2.1.1. Equipment

1.

Machine-assisted synthesis: Quest 210 Parallel Synthesizer with Auto-Solvent
Wash (ASW) from Argonaut Technologies (San Carlos, CA). However, any pep-
tide synthesizer that is TFA compatible can be used.

Manual synthesis: Glass 10 mL peptide synthesis vessel with a three-way stop-
cock and vacuum adapter (Chemglass, Vineland, NJ).

2.1.2. Monomers, Coupling Reagents, and Resin

1.

Boc-B-alanine-(4-carbonylaminomethyl)-benzyl-ester-copoly(styrene-divinyl-
benzene)resin, (Boc-B-Ala-Pam resin). Optimal loading level of 0.2-0.25 mmol/g
(Peptides International, Louisville, KY).

. 4-[(tert-Butoxycarbonyl)amino]-1-methylpyrrole-2-carboxylic acid (Boc-

Py-OH) and 4-[(fert-butoxycarbonyl)amino]-1-methylimidazole-2-carboxylic
acid (Boc-Im-OH) can either be prepared as described (22) or purchased from
Bachem (Torrance, CA). Store at room temperature (RT) with desiccation or at
—20°C (see Note 2).

1-Methylimidazole-2-carboxylic acid (Im-OH) was prepared as described (35)
and stored desiccated at RT.

Boc-B-alanine (Boc-B-Ala-OH). Store at RT.

Boc-y-aminobutyric acid (Boc-y-Abu-OH). Store at RT.
Dicyclohexylcarbodiimide (DCC). Store at RT. Caution: DCC is a toxic reagent,
avoid contact or inhalation.

7-aza-1-hydroxybenzotriazole (HOAt) (PerSeptive Biosystems, Framingham,
MA). Store at —20°C.

O-(7-azabenzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate
(HATU) (PerSeptive Biosystems). Store at —20°C.

2.1.3. Solvents and Solutions

1.

W

Dimethylformamide (DMF). Reagent-grade DMF is adequate for resin washing;
however, it should be stored over activated 4 A molecular sieves for at least 24 h
prior to use as the coupling reaction solvent to remove water and dimethylamine.
For manual synthesis, fill a 500 mL squirt bottle with DMF for rapid resin washing.
Dichloromethane (DCM). For manual synthesis, fill a 500 mL squirt bottle as
for DMF.

1-Methyl-2-pyrrolidone (NMP), 99+% grade.

Diisopropylethylamine (DIEA). ACS reagent grade. Appearance is clear and
colorless. Aliquot 5-10 mL in a vial and cap with a rubber septum prior to each
synthesis to minimize oxidation of the stock. Distill or discard if yellow (see
Note 3).
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TPW Boc deprotection mixture: 92.5% TFA, 5% phenol, 2.5% water (see Note 4)
(31). Caution: TFA is extremely corrosive and volatile! It should be handled in a
fume hood at all times. TFA (99% grade) can be used without further purifica-
tion. Also, phenol is highly toxic, and care should be taken to avoid skin contact
and inhalation. Use in a fume hood as well. The cleavage mixture should be
prepared fresh before each synthesis, and kept under nitrogen with an inert,
syringe-accessible seal.

Methanol (MeOH).

Diethyl ether.

. Resin Aminolysis, Product Purification, and Characterization

Dimethylaminopropylamine (DMPA), 99%. Store at RT.

2. Bis-aminopropylmethylamine (BAPMA), 96% (Lancaster, Windham, NH). Store

at RT under nitrogen when not in use.

3. HPLC Buffer A: 0.1% v/v TFA in water. Filter through a 0.4 um filter and degas
prior to use.

4. HPLC Buffer B: acetonitrile. Prepare as for Buffer A.

5. HPLC columns: Reversed-phase C;g3 columns are used for both analytical and
preparative HPLC. In these studies, Varian Microsorb MV, 5 um, 100 A, 250 x
4.6 mm, and Waters NovaPak, 6 um, 60 A, 100 X 25 mm, columns were
employed, respectively.

6. MALDI or ES mass spectrometer. In these studies a PerSeptive Biosystems
Voyager Elite STR MALDI was employed (see Note 5).

7. Matrix solution for MALDI: saturated (1020 mg/mL) o-cyano-4-hydroxy-
cinnamic acid (CHCA) in 50% acetonitrile, 50% water, 0.3% v/v TFA. Centri-
fuge and use supernatant. Prepare fresh prior to each use.

8. Deuterated dimethylsulfoxide (dg-DMSO), 99.9%, and deuterium oxide
(D,0), 100%.

9. UV-Vis spectrophotometer.

3. Methods
3.1. Solid-Phase Synthesis of Polyamides
3.1.1. Presynthesis Preparation

1. Weigh 4 equivalents (relative to resin loading) of the necessary Py and Im mono-
mers and 8 equivalents of y-Abu and B-Ala monomers into separate glass vials
(5 mL capacity).

2. Add 3.6 equivalents of HATU to Py vials, 7.2 equivalents of HATU to y-Abu and
B-Ala vials, and 4 equivalents of DCC and HOAt to Im monomers (see Note 6).

3. Weigh out and place the Boc-B-Ala-Pam resin into the peptide synthesis vessel
or Quest reaction vessel. Typical syntheses are performed on 200—400 mg of
resin, i.e., 0.05-0.1 mmol scale (to give 10-30 mg final product).

4. Swell the resin by rinsing twice with DCM, then mixing for 15 min with DCM

(see Note 7).
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Table 2
Reagent Reference Chart

Activation Coupling
Monomer FW* RW? method Time* reagent FW Density
Boc-Py-OH 240.3 122 HATU >3 min DCC 2063 —
Boc-y-Abu-OH 203.2 85 HATU >3 min HOAt 136.1 —
Boc-B-Ala-OH 189.2 71 HATU >3 min HATU 380.2 —
Im-OH 126.1 108 DCC/HOAt l1h DIEA 1293 0.74

Boc-Im-OH 241.3 123 DCC/HOAt 2h

4FW, formula weight.
bRW, residue weight for mass spectrometry analysis.
‘Time required for activation to occur. Longer times are not deleterious, and are somewhat

beneficial for DCC/HOAL activations.

5.
6.

Rinse the resin twice with DMF, then mix for 15 min in DMF.
Finally, wash the resin three times with DCM.

3.1.2. TFA Deprotection and Coupling Reaction

1.

PR

Prior to beginning the first deprotection, the activation of the upcoming mono-
mers must be planned according to the times listed in Tables 1 and 2. The time
required per cycle can be estimated as 30 min.

Py, B-Ala, y-Abu activation: Dissolve the monomers in 0.75 mL 1:1 DMF:NMP
per 100 mg of resin. This is typically done at the end of the previous 20 min
coupling cycle, or before synthesis is begun for the first step. Then, add 12 equiva-
lents of DIEA to the solution approx 3 min (or greater, up to 10 min) before it
will be added to the resin in step 11, i.e., during the third TFA deprotection period
(Subheading 3.1.2., step 7).

Im activation: Dissolve the Im-OH and Boc-Im-OH monomers and DCC/HOAt
in 0.75 mL 1:1 DMF:NMP per 100 mg of resin 1 and 2 h, respectively, before
they are needed. Stir the solution vigorously with a magnetic stir bar. Thus,
Im-OH is dissolved two cycles prior to its use, and Boc-Im-OH four cycles ahead
of time. Activation is clearly indicated by the formation of dicyclohexylurea
(DCU) precipitate. Immediately prior to addition to the resin in Subheading 3.1.2.,
step 11, the DCU should be filtered, and 12 equivalents DIEA added.

Boc deprotection: to the resin, add approx 0.4 mL of the TPW mixture per 100 mg
of resin and mix for 1 min.

Drain the reaction vessel.

Add TPW as above, mix for 2 min, and drain the reaction vessel.

Repeat step 6 of Subheading 3.1.2., step 6.

For deprotection of Boc-Im only, add TPW, mix for 10 min, and drain.

Wash resin (manual). Rinse resin with DCM for 30 s with vacuum assistance
(approx 15-20 mL). Follow by washing with DMF for I min (approx 15-20 mL).
Use DMF to spray resin that adheres to the walls of the vessel down to the bot-
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tom. Also, spray vigorously into the resin to produce a suspension and promote
thorough washing (see Note 8).

Wash resin (automated). Measure the time it takes for the Quest ASW to fill the
reaction vessels with approximately 0.75 mL of solvent per 100 mg of resin.
Create a wash program as follows: Set “drain/purge” function to drain. Set line 1
to wash twice with DCM, for the above fill time, with 10 s of agitation, and a
10 s drain time. Set line 2 to wash three times with DMF, for the above fill time,
with 20 s of agitation, and a 20 s drain time (see Note 9).

Add the proper monomer solution from Subheading 3.1.2., steps 2 or 3 to the
resin.

Mix for 20 min with complete resin suspension. Clumps should not be visible.
Drain the reaction vessel.

Wash the resin with an inversion of the previous wash method, i.e., wash first
with DMF, then with DCM. Create a separate wash program on the Quest ASW
for this process.

If desired, take a small resin sample (3—5 mg) for monitoring synthesis progress
(see Subheading 3.1.3.).

Repeat from Subheading 3.1.2., step 2 until synthesis is complete.

Upon completion, wash the resin thoroughly with DMF, DCM, MeOH, and
finally, ether. A typical final wash includes 3 x DMF, 3 x DCM, 2 x DMF, 2 x
DCM, 3 x MeOH, 3 x DCM, 3 x MeOH, 2 x DCM, 5 X ether (see Note 10).
Dry the resin under vacuum overnight (or at least for 30 min).

Weigh the dried resin. Calculate a crude yield (see Note 11).

3.1.3. Stepwise Reaction Monitoring

1.

Place the resin sample in a small test tube.

2. Add 200 puL of DMPA and heat at 100°C for 10 min (longer times are required

(O8]

for longer polyamides, up to 30 min).

Filter the solution.

For ES-MS, add approximately 30 puL of the amine solution to 1 mL of acetoni-
trile, and subject to MS.

For analytical HPLC, add 100 uL of 0.1% TFA/water to the amine solution and
inject 20 uL, running a gradient of 1-2% Buffer B/min from 30 to 60% B.

3.2. Resin Aminolysis, Product Purification, and Characterization

3.2.1. Resin Aminolysis

1.

Heat a sand or oil bath to 50-55°C.

2. Weigh the dried resin into a small round bottom flask or vial with a Teflon or

polypropylene cap (see Note 12).

Add 0.75 mL of DMPA or BAPMA per 100 mg of resin, blanket with nitrogen or
argon, and cap with an inert seal.

Stir with a small stir bar for 14-16 h.

Cool the vessel to room temperature.
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Filter the resin and amine through a polypropylene syringe tip filter into a 50 mL
centrifuge tube.

Add an equivalent volume of DCM (relative to the amine used) to the resin
remaining, and mix.

. Using the same syringe, swell the resin present in the syringe and the filter with

the DCM just added.

Filter into the centrifuge tube.

Repeat the DCM rinse two more times (see Note 13).

Add 5-8 vol of diethyl ether (relative to the volume of DCM-amine mixture)
with mixing. A thick white precipitate should form immediately upon addition
of 1 vol.

Vortex to mix.

Cool to —20°C for 30 min.

Centrifuge in any table top centrifuge at full speed for 3—5 min to pellet the solid
and then decant the supernatant.

Add approximately the same volume of DCM that was used in washing the resin
to resuspend the solid (not necessarily dissolve) with vigorous mixing.

Add 5-8 vol of ether and cool to —20°C for 15 min to precipitate.

Centrifuge as above.

Dry the crude solid under vacuum for 1 h or until dry and powdery.

3.2.2. HPLC Purification

1.

Dissolve the crude product in 15% acetonitrile/water, 0.1% v/v TFA, using
approx 3 mL per 100 mg of resin (see Note 14). Vigorous mixing, sonication,
and warming to 40°C may be necessary to obtain product solution. Check the
pH of the solution. If basic, add 10% TFA/H,O in 50 uL portions until the pH is
2-4. This will also increase product solubility. Keep a 0.1 mL aliquot for crude
analytical HPLC and mass spectrometry (Fig. 2).

Filter through a 0.4 um filter, preferably PTFE.

Equilibrate the preparatory reversed phase HPLC column in 85% Buffer A:15%
Buffer B with detection at 254 nm.

Inject the polyamide mixture and hold at 15% B for 5 min, then ramp to 25% B
over 60 min. The products typically elute at 21-23% Buffer B.

Collect 1 min fractions from 20-25% Buffer B.

After analysis by mass spectrometry, pool the appropriate fractions and lyo-
philize. Store the product at —20°C (see Note 15).

3.2.3. Product Characterization (see Note 1)

1.

2.

For MALDI-MS, spot 1 uL from each HPLC fraction together with 1 puL of matrix
solution onto a target plate. Also prepare dilutions of product-containing frac-
tions to obtain concentrations of 1-10 pmol/uL to obtain accurate analysis (Fig. 2,
Table 2, see Note 5).

For ES-MS, inject HPLC fractions directly.
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Fig. 2. HPLC and MALDI-MS analysis of a crude synthesis product. (A) Analyti-
cal HPLC trace of crude Im-Py-Py-Py-y-Py-Py-Py-Py-B-Dp after cleavage from resin
and ether precipitation. Immediately prior to preparative HPLC, 25 uL of the sample
was subjected to analytical HPLC with a linear gradient of 20-50% Buffer B over
30 min (detection at 254 nm). Peaks labeled A-E correspond to the masses observed
in the MALDI spectrum using CHCA as matrix (B). A, unknown impurity of +12 amu
as well as oxidation products; B, double Py deletion product; C, single Py deletion; D,
full length polyamide and its sodium adduct; E, fert-butyl adducts of B, C, and D.
Note that the #-butyl adducts elute in a very broad band on the analytical HPLC, and
are often overlooked as insignificant impurities.
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Fig. 3. Proton NMR and absorbance spectra of polyamides. The spectra shown are
of purified Im-Py-Py-Py-y-Py-Py-Py-Py-B-Dp. The NMR spectrum is of a 2 mM solu-
tion of polyamide in d¢-DMSO. Of interest are the amide protons at 8 and 10 ppm, the
aromatic protons at 7 ppm, the N-methyl peaks at 4 ppm, and the aliphatic region of
1.5-3.5 ppm. Note that the N-methyl protons of imidazole appear slightly downfield
of those of pyrrole. Also, the large peak at 3.3-3.6 ppm corresponding to water can
easily be shifted to reveal the aliphatic region by addition of D,O. (Inset) Absorbance
spectrum in water, showing the characteristic maximum at 300-315 nm. Contami-
nated products often show significantly more absorbance near 200 nm.

3. For analytical HPLC, inject 10 UL of a 1 mg/mL solution of polyamide in 0.1%
TFA, and run a linear gradient from 15-45% Buffer B over 30 min with detection
at 254 nm. The products typically elute at 35-40% Buffer B (Fig. 2).

4. For 'H-NMR, dissolve 1-3 mg of product in d¢-DMSO. After obtaining the
DMSO spectrum, add 0.5 vol of deuterium oxide to shift the HDO peak to 4 ppm
or greater to reveal the aliphatic region (Fig. 3).

5. For UV-Vis spectroscopy, dissolve polyamides in water, and use the approxi-
mate extinction coefficient of 8333 L/mol/cm per aromatic residue at the absor-
bance maximum (between 300 and 315 nm) (Fig. 3). Do not include the -Ala or
v-Abu residues in calculation of the extinction coefficient.

4. Notes

1. Analysis of polyamides is not a trivial process, and care must be taken to be thorough.
Each analytical technique described has its own merit. Mass spectrometry gives prod-
uct identity and is a sensitive technique for determining the presence of monomer dele-
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tion products. NMR is critical in determining the presence of low-molecular-weight
residual aminolysis reagents that often co-elute with the product (present at 2-3 ppm).
However, a clean NMR spectrum does not indicate a clean product, since a 50/50 mix-
ture of product and a single monomer deletion has been observed to produce a spectrum
nearly identical to pure product. HPLC can give product purity, but, because deletion
products are very difficult to separate, HPLC must be coupled to mass spectrometry.
In these studies, the monomers were all synthesized as described. Boc-Py-OH
has been stored at RT for 6 mo with no deleterious decomposition. Boc-Im-OH
decomposed approx 25% over 1 yr at RT, with decarboxylation being the major
side-product. Im-OH has also been stored at RT for 6 mo with little decomposi-
tion, but is also prone to decarboxylation. Storage at —20°C with desiccation is
recommended but not necessary for storage less than 2 mo.

DIEA has been used when slightly yellow without observable negative effects.
Tert-butylation of the aromatic Py and Im residues is a major concern during Boc
deprotection of polyamides, and necessitates the presence of scavengers in the
deprotection mixture. Different scavenger mixtures have been used, with those
containing phenol and water being as effective as thiophenol, and eliminating
the stench associated with this reagent (21). Triisopropylsilane, often used in
combination with phenol and water (known as reagent B), does not appear to
have great benefit, and is therefore excluded. None of the scavenger mixtures
used has completely eliminated formation of #-butyl adducts.

MALDI- and ES-MS are essentially interchangeable, and agree closely on product
purity. However, MALDI is slightly favorable over ES because of the small sample
volume needed, and the prevalence of (M+H)" ions in MALDI spectra. This allows
for more clear product analysis and is not reliant upon flight characteristics of frag-
mented ions. Typical side-products include monomer deletions (see Table 2 and
Fig. 2), t-butylation (+56), and oxidation (+16). Exercise caution by preparing dilu-
tions of MALDI samples to avoid erroneous results due to ion suppression. z-Buty-
lated products fly poorly in concentrated samples. ES spectra typically show singly
and doubly charged ions, as well as minor fragmentation.

The DCC/HOALt activation method is substituted for HATU for Im monomers
because of their slow activation (activating for longer than 1-2 h is beneficial,
and Boc-Im-OH may be activated overnight prior to use). If residual HATU is
present in the monomer solution being added to the resin, it will immediately
react with the free amines to produce guanidine adducts and terminate the
synthesis. Imidazole monomers may be activated by HATU, however, if 4 equiva-
lents of 2,4,6-collidine are used instead of DIEA, and the activation is allowed to
proceed for 1 h. DIEA is then added immediately before addition of the monomer
to the resin. Residual HATU is easily identified when DIEA is added by brown
color development. With full activation and consumption of the reactive HATU,
monomer solutions turn bright yellow with DIEA, and remain this way through-
out the coupling period. Changes to red or brown are indicative of side reactions.
It is also important to note that although OAt mediated couplings are robust, the
coupling of Py to the imidazole amine is problematic, and necessitates the
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synthesis of the Boc-Py-Im-OH dimer in solution (21). However, Py-Im can often
be substituted by B-Ala-Im, which can be synthesized stepwise, without loss of
binding or sequence specificity (2). Utilization of dimer blocks, such as Boc-Py-
Im-OH, Boc-y-Abu-Im-OH, or Boc-B-Ala-Im-OH is beneficial as it avoids slow
imidazole deprotection, and is recommended if their synthesis is possible in exist-
ing facilities.

Rinsing refers to a vacuum-assisted flow wash in manual synthesis, or to solvent
addition, brief agitation to obtain suspension, and vessel draining in machine-
assisted synthesis. Mixing entails bubbling nitrogen through the manual reaction
vessel or to agitation on the Quest.

Because polystyrene resins adhere to glass, it is important to wash all of the resin
to the bottom of the reaction vessel prior to continuing. Also, prior to addition of
the monomer solution, DMF should be used to vigorously suspend the resin (or
added and nitrogen bubbled through to mix), then drained.

. Agitation and drain times may need to be adjusted depending on the volumes

added and the amount of resin present. The times listed work well for 200 mg of
resin or less. In some instances, the stir bar gets stuck in the resin and requires a
longer time to begin agitation. Make sure that full suspension is obtained before
the vessel is drained or overfilling may occur, in essence ruining the synthesis.
The final resin wash protocol can be modified as one sees fit. Though it may
seem excessive, the final wash is an opportunity to completely remove any
reagents that may remain from the synthesis or side-products that may be adher-
ing to the resin. Thorough washing promotes smoother aminolysis and cleaner
products. A powdered resin should result. Clumps indicate the presence of non-
volatile solvents such as DMF.

New resin loading can be calculated as follows: L., (mmol/g) = L4/[1 +
LoidWpew — Woia) X 107%]. L is loading and W is molecular weight of the com-
pound attached to the resin. The Boc-f-Ala-PAM resin has a W4 of 171.
Although the aminolysis reaction can be performed in Quest reaction vessels, it is
problematic when small amounts of resin (200 mg or less, with less than 1.5 mL of
amine) are being cleaved. Too much amine is condensed near the top of the reac-
tion vessels, and the resin may be lodged on top of the agitator bars, causing it to be
heated without solvent present. At least 1.5-2.0 mL of aminolysis reagent need to
be used to avoid these problems. Otherwise, use conventional heating techniques.
It is critical to re-swell the resin thoroughly with the first DCM wash, as polya-
mides are highly soluble in the aminolysis reagents, but not in DCM.
Polyamides are not highly soluble in water (approx 1 mg/mL) at neutral or basic
pH (7-10), with larger polyamides being less soluble than smaller ones. Residual
aminolysis reagent may cause the pH to be above neutral and have deleterious
effects to the reversed phase HPLC column. Make sure that enough TFA is added
to produce a pH of 2—4. Acetonitrile may be added to 20-25%, but larger per-
centages lead to product loss and a decrease in resolution due to band broadening.
Yields for typical 7-9 residue polyamides are 20-40%. After lyophilization,
polyamides appear as white to very light yellow solids, typically amorphous.
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Presence of a deep yellow color, or oils, is indicative of residual amines and
requires repurification. Polyamides are stable at RT, but 0.1 mg aliquots should
be prepared in microcentrifuge tubes and stored at —20°C. The best way to make
the aliquots is by dissolving a larger amount of polyamide into water, measuring
the absorbance, determining the concentration, and pipetting an appropriate
amount into the tubes. The solutions are then re-lyophilized to produce solids.

References

1.

2.

10.

11.

12.

13.

Lawley, P. D. and Phillips, D. H. (1996) DNA adducts from chemotherapeutic
agents. Mutat. Res. 355, 13-40.

Dervan, P. B. and Burli, R. W. (1999) Sequence-specific DNA recognition by
polyamides. Curr. Op. Chem. Biol. 3, 688—693, and references therein.

. Trauger, J. W., Baird, E. E., and Dervan, P. B. (1996) Recognition of DNA by

designed ligands at subnanomolar concentrations. Nature 382, 559-561.
Swalley, S. E., Baird, E. E., and Dervan, P. B. (1997) Discrimination of 5'-GGGG-
3',5'-GCGC-3', and 5'-GGCC-3" sequences in the minor groove of DNA by eight-
ring hairpin polyamides. J. Am. Chem. Soc. 119, 6953-6961.

Trauger, J. W., Baird, E. E., and Dervan, P. B. (1998) Recognition of 16 base
pairs in the minor groove of DNA by a pyrrole-imidazole polyamide dimer.
J. Am. Chem. Soc. 120, 3524-3535.

Kielkopf, C. L., Baird, E. E., Dervan, P. B., and Rees, D. C. (1998) Structural basis
for G-C recognition in the DNA minor groove. Nature Struct. Biol. 5, 104—-109.

. Hawkins, C. A., de Clairac, R. P., Dominery, R. N., Baird, E. E., White, S.,

Dervan, P. B., and Wemmer, D. E. (2000) Controlling binding orientation in hair-
pin polyamide DNA complexes. J. Am. Chem. Soc. 122, 5235-5243.

. Satz, A. L. and Bruice, T. C. (1999) Synthesis of a fluorescent microgonotropen

(FMGT-1) and its interactions with the dodecamer d(CCGGAATTCCGG).
Bioorg. Med. Chem. Lett. 9,3261-3266.

Filipowsky, M. E., Kopka, M. L., Brazil-Zison, M., Lown, J. W., and Dickerson, R. E.
(1996) Linked lexitropsins and the in vitro inhibition of HIV-1 reverse transcriptase
RNA-directed DNA polymerization: A novel induced-fit of 3,5 m-pyridyl bis-
distamycin to enzyme-associated template primer. Biochemistry 35, 15,397-15,410.
For review of distamycin and netropsin analogues: Bailly, C. and Chaires, J. B.
(1998) Sequence-specific DNA minor groove binders. Design and synthesis of
netropsin and distamycin analogues. Bioconjugate Chem. 9, 513-538.
Dickinson, L. J., Gulizia, R. J., Trauger, J. W., Baird, E. E., Mosier, D. E.,
Gottesfeld, J. M., and Dervan, P. B. (1998) Inhibition of RNA polymerase II tran-
scription in human cells by synthetic DNA-binding ligands. Proc. Natl. Acad. Sci.
USA 95, 12,890-12,895.

Gottesfeld, J. M., Neely, L., Trauger, J. W., Baird, E. E., and Dervan, P. B. (1997)
Regulation of gene expression by small molecules. Nature 387, 202-205.
Janssen, S., Cuvier, O., Muller, M., and Laemmli, U. K. (2000) Specific gain- and
loss-of-function phenotypes induced by satellite-specific DNA-binding drugs fed
to Drosophila melanogaster. Mol. Cell 6, 1013—1024.



Rapid Synthesis of DNA-Binding Polyamides 91

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Janssen, S., Durussel, T., and Laemmli, U. K. (2000) Chromatin opening of DNA
satellites by targeted sequence-specific drugs. Mol. Cell 6,999-1011.

Wurtz, N. R. and Dervan, P. B. (2000) Sequence specific alkylation of DNA
by hairpin pyrrole-imidazole polyamide conjugates. Chemistry and Biology 7,
153-161.

Tao, Z.-F., Fujiwara, T., Saito, 1., and Sugiyama, H. (1999) Rational design of
sequence-specific DNA alkylating agents based on duocarmycin A and pyrrole-
imidazole hairpin polyamides. J. Am. Chem. Soc. 121, 4961-4967.

Nishiwaki, E., Tanaka, S., Lee, H., and Shibuya, M. (1988) Efficient synthesis of
oligo-N-methylpyrrolecarboxamides and related compounds. Heterocycles 27,
1945-1952.

Xiao, J., Yuan, G., Huang, W., Chan, A. S. C., and Lee, K.-L. D. (2000) A conve-
nient method for the synthesis of DNA-recognizing polyamides in solution.
J. Org. Chem. 65, 5506-5513.

Vazquez, E., Caamano, A. M., Castedo, L., and Mascarenas, J. L. (1999) An
Fmoc solid phase approach to linear poly-pyrrole peptide conjugates. Tet. Lett.
40, 3621-3624.

Wurtz, N. R., Turner, J. M., Baird, E. E., and Dervan, P. B. (2001) Fmoc solid
phase synthesis of polyamides containing pyrrole and imidazole amino acids. Org.
Lett. 3, 1201-1203.

Baird, E. E. and Dervan, P. B. (1996) Solid phase synthesis of polyamides
containing imidazole and pyrrole amino acids. J. Am. Chem. Soc. 118, 6141-6146.
Pitie, M., Van Horn, J. D., Brion, D., Burrows, C. J., and Meunier, B. (2000) Target-
ing the DNA cleavage activity of copper phenanthroline and Clip-phen to A-T tracts
via linkage to a poly-N-methylpyrrole. Bioconjugate Chem. 11, 892-900.

Sharma, S. K., Tandon, M., and Lown, J. W. (2001) A general solution and solid
phase synthetic procedure for incorporating three contiguous imidazole moieties
into DNA sequence reading polyamides. J. Org. Chem. 66, 1030-1034.
Schnolzer, M., Alewood, P., Jones, A., Alewood, D., and Kent, S. B. (1992) In
situ neutralization in Boc-chemistry solid phase peptide synthesis. Int. J. Pept.
Res. 40, 180-193.

Albericio, F. and Carpino, L. A. (1997) Coupling reagents and activation. Methods
Enzymol. 289, 104-126.

Alewood, P., Alewood, D., Miranda, L., Love, S., Meutermans, W., and Wilson, D.
(1997) Rapid in situ neutralization protocols for Boc and Fmoc solid-phase chemis-
tries. Methods Enzymol. 289, 14-29.

Miranda, L. P. and Alewood, P. F. (1999) Accelerated chemical synthesis of pep-
tides and small proteins. Proc. Natl. Acad. Sci. USA 96, 1181-1186.

Carpino, L. A. and El-Faham, A. (1999) The diisopropyl/1-hydroxy-7-azabenzo-
triazole system: segment coupling and stepwise peptide assembly. Tetrahedron
55, 6813-6830.

Lundt, B. F., Johansen, N. L., Volund, A., and Maskussen, J. (1978) Removal of
t-butoxycarbonyl protecting groups with trifluoroacetic acid. Int. J. Pept. Prot.
Res. 12, 258-268.



92 Krutzik and Chamberlin

30. Pearson, D. A., Blanchette, M., Baker, M. L., and Guindon, C. A. (1989)
Trialkylsilanes as scavengers for the trifluoroacetic acid deblocking of protecting
groups in peptide synthesis. Tet. Lett. 30, 2739-2742.

31. Sole, N. A. and Barany, G. (1992) Optimization of solid-phase synthesis of [Ala%]-
dynorphin A. J. Org. Chem. 57, 5399-5403.

32. Moore, W. T. (1997) Laser desorption mass spectrometry. Methods Enzymol. 289,
520-542.

33. Burdick, D. J. and Stults, J. T. (1997) Analysis of peptide synthesis products by
electrospray ionization mass spectrometry. Methods Enzymol. 289, 499-519.

34. Wade, W. S., Mrksich, M., and Dervan, P. B. (1992) Design of peptides that bind
in the minor groove of DNA at 5'-(A/T)G(A/T)C(A/T)-3" sequences by a dimeric
side-by-side motif. J. Am. Chem. Soc. 114, 8783-8794.



7

The Preparation of Phenyl-stilbene
Derivatives Using the Safety Catch Linker

Amy Lew and A. Richard Chamberlin

1. Introduction

Very few diseases are directly caused by ion channel mutations, yet many
drugs for various diseases work by modulating ion channel activity. This is
because ion channels are cellular “gatekeepers,” monitoring intracellular con-
centrations of Na*, Ca*, K*, or CI~ to control cardiac pacemaking, membrane
potential, neurotransmitter release, hormone secretion, cell proliferation, cell
volume regulation, and lymphocyte differentiation. One ion channel that con-
trols lymphocyte differentiation is the highly T cell specific Kv1.3 channel.
Since the discovery of Kv1.3 channels in T, cells, these lymphocyte channels
have been targeted in developing immunomodulatory drugs that might exhibit
lower toxicities than those currently in use (7,2).

The Kv1.3 channel, cloned in the lab of George Chandy, is a voltage-gated
K* channel, 400-600 of which are expressed in each T, cell (3). Blocking these
ion channels depolarizes the cell and ultimately halts interleukin-2 (IL-2) pro-
duction and T cell proliferation in vitro (4,5) and in vivo (6), providing an
effective means of immunosuppression. Current Kv1.3 channel blockers, such
as the peptidyl toxins Margatoxin (7,8), Charybdotoxin (9-11), and ShK toxin
(12,13), as well as the natural products Correolide (14-17) and Candelalides
(18,19), demonstrate that there are two available sites to induce Kv1.3 channel
blockage—the outer vestibule and the intracellular S5 pocket (Fig. 1). Virtu-
ally no structural data exists for the S5 pocket, making rational ion channel
modulator design difficult. However, models of the Kv1.3 channel’s outer ves-
tibule have been developed from site-directed mutagenesis of rigid picomolar
affinity scorpion toxins that bind to the outer vestibule of the Kv1.3 channel.
For example, Chandy and Ayiar have identified nine pairs of toxin-channel
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Fig. 1. The Kv1.3 channel can be blocked at two general sites—either the outer
vestibule or the intracellular S5 pocket.
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Fig. 2. A Protocol for LUDI Searches with the center of search chosen around the
critically unique His 404 of the postulated Kv1.3 channel model. LUDI calculations
predicted that a phenyl-stilbene scaffold with various R!, R?, and R? functionalities
would fit in the outer vestibule of the channel.

interactions to develop a model (20,21) of the Kv1.3 vestibule based on Guy
and Dunnel’s 1994 model (22,23) of a Shaker K* channel.

With the advent of more powerful computer programs and the increasing
number of available three-dimensional protein structures in the public domain,
computer-aided rational drug design has become a popular tool in medicinal
chemistry (24). We took advantage of the available Kv1.3 channel coordinates
and a computer modeling algorithm LUDI (25,26) to design de novo Kv1.3
channel blockers (Fig. 2). Through these studies, we designed, screened, and
assayed to discover low micromolar phenyl-stilbene derivatives that blocked
the outer vestibule of the Kv1.3 channel (27). In this chapter, we will describe
the detailed steps in preparing libraries of phenyl-stilbene derivatives on solid
phase (Fig. 3). In this synthesis, the Wittig salt 1 was linked to solid support
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Fig. 3. A combinatorial strategy to synthesize the phenyl-stilbene derivatives.
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Fig. 4. Synthesis of the alkyl sulfonamide resin.

via activation of the carboxylic acid and then coupled to Ellman’s alkyl sul-
fonamide resin 2 (28-30). Once on solid support, variations in R! were made
through a solid-phase Wittig coupling (31-35) with various commercially
available aryl aldehydes. The R? substituent was varied using a solid-phase
Suzuki coupling (36,37) with various commercially available aryl boronic
acids. Lastly, variations in R? were introduced by nucleophilic cleavage off of
Ellman’s modified Kenner’s safety catch linker with various commercially
available amines. This chapter is divided into four parts: (1) synthesis of the
solid support, (2) synthesis of the Wittig salt, (3) synthesis of the Suzuki cata-
lyst, and (4) synthesis of the phenyl-stilbenes on solid support (Figs. 4—6).
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1. NBS (1.1 eq) X
CCly, reflux
Br > Br
2. PPhg
O H Acetone, reflux O H
7 8, X=Br
1, X=PPhy*Br

Fig. 5. Synthesis of the Wittig Salt 1.

2. Materials

All reagents and solvents employed in the reactions, the reaction work-ups,
and the solid phase washes were purchased from Fisher Scientific (Pittsburg,
PA) or Aldrich (Milwaukee, WI) and used without further purification unless
specified. Specific reagents and handling methods required for the synthesis of
each compound are listed below under the name of each corresponding com-
pound synthesized.

2.1. Synthesis of the Solid Support (Ellman’s Alkyl
Sulfonamide Resin)

2.1.1. Dimethyl 4,4'-Dithiobutyrate (3)

1. 4,4'-Dithiobutyric acid.
2. Thionyl chloride.
3. Methanol, dried and distilled over 3 A molecular sieves.

2.1.2. Methyl 4-(Chlorosulfonyl)Butyrate (4)
1. Chlorine gas, 99.999% pure lecture bottle (Matheson, Montgomeryville, PA).

2.1.3. Methyl 4-Sulfamoylbutyrate (5)

1. Diethyl ether, dried and distilled over potassium-benzophenone ketyl.
2. Ammonia gas, 99.999% pure lecture bottle (Matheson, Montgomeryville, PA).

2.1.4. Sulfonamide Linker (2)

1. Aminomethylated resin, 0.8 meq/g, stored at room temperature (RT). Beads must
be 0.8 meq/g or lower in loading; otherwise yields will be low due to low cou-
pling in each step (Advanced ChemTech, Louisville, KY).

2. Hydroxy 1-hydroxybenzotriazole (HOBT), stored at 4°C, but warmed to RT

before use.

1,3-Diisopropyl carbodiimide (DICI), stored in a dessicator at RT.

THEF, dried and distilled over CaH,.

5. Reagents for the Kaiser Ninhydrin test were purchased from Aldrich and Fisher
and used without further purification: phenol, ninhydrin, KCN, pyridine.

»w
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Fig. 6. Combinatorial synthesis of LUDI hits.

2.2. Synthesis of the Wittig Salt
2.2.1. Monobrominated (8)

1. 2-Bromo-5-methyl benzoic acid (Transworld Chemicals, Rockville, MD).
2. Carbon tetrachloride; avoid vapors and skin contact, as CCl, is a potent carcinogen.
3. N-bromosuccinimide (NBS), stored at RT in the absence of light.

2.2.2. Wittig Salt (1)

1. Acetone, dried by treating with K,CO; at RT, then filtering off the solids, and
distilling into a dry round bottom flask.



98 Lew and Chamberlin

2. Triphenyl phosphine.
3. Diethyl ether for the washes, dried and distilled over potassium-benzophenone.

2.3. Synthesis of the Suzuki Catalyst

1. PdCl,, stored at RT under Argon. Compound should be a rusty red brown color
(Alfa Aesar, Ward Hill, MA).

2. DMSO, dried over 3A molecular sieves.

. Triphenyl phosphine.

4. Hydrazine hydrate.

W

2.4. Synthesis of the Phenyl-Stilbenes on Solid Support
2.4.1. Solid Supported Scaffold (9)

1. N-[dimethylamino)-1H-1,2,3-triazolo[4,5-b] pyridin-1-ylmethylene]-N-methyl-
methanaminium hexafluorophosphate N-oxide (HATU), stored at —20°C and
warmed to RT before use. The reagent should be a brownish, dry, light powder
(PerSeptive Biosystems, Framingham, MA).

2. CH,Cl,, dried and distilled over CaH,.

3. N,N-dimethyl amino pyridine (DMAP), stored in a RT dessicator.

4. Diisopropyl ethyl amine, distilled over CaH, and stored over 3 A molecular sieves.

2.4.2. Wittig Coupling of Various Aldehydes

1. Potassium #-butoxide, stored in a plastic bag within a sealed metal container at RT.

2. THF, dried and distilled over CaH,.

3. All aryl aldehydes were purchased from Aldrich and Fischer and used without
further purification.

2.4.3. Suzuki Coupling of Various Boronic Acids

1. DMF, degassed by two repeated procedures of cooling the DMF in a dry ice/
acetone bath under high vacuum followed by warming up to RT.

2. Pd(PPhj),, can be purchased from Aldrich, or made as described in this chapter
under Subheading 3.3.

3. All boronic acids were purchased from Aldrich, stored in a RT dessicator and
used without further purification.

2.4.4. Alkylation with Bromoacetonitrile

—_

DMSO, dried and stored over 3 A molecular sieves.

2. Diisopropyl ethyl amine, distilled over CaH, and stored over 3 A molecular
sieves.

3. Bromoacetonitrile, stored at 4°C, warmed to RT before use. Avoid skin contact

as bromoacetonitrile is a potent carcinogen.

2.4.5. Cleavage with Various Nucleophiles

1. All amines were purchased from Aldrich and used without further purification.
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3. Methods

3.1. Synthesis of the Solid Support (Ellman’s Alkyl Sulfonamide
Resin) (28,29,38) (see Note 1)

3.1.1. Dimethyl 4,4'-dithiobutyrate (3)

1.

W

To a flame dried 200-mL round bottom flask, equipped with a magnetic stir bar
and reflux condenser, add 4,4'-dithiobutyric acid (21.0 g, 88.2 mmol), thionyl
chloride (15.0 mL, 200 mmol), and MeOH (200 mL) under anhydrous conditions
(see Note 2).

Heat the mixture to reflux under nitrogen for 4 h and then cool slowly to 0°C
before adding 33.3 mL of water dropwise to the stirring mixture.

Extract twice with 200 mL of CH,Cl,

Combine the organic extracts and wash three times with 200 mL of 1 M NaHCO;
(see Note 3).

Transfer the organic extracts to an Erlenmeyer flask and dry with anhydrous
Na,SO, for 45 min.

Decant into a clean round bottom flask. Rinse the Erlenmeyer flask twice with 10 mL
of CH,Cl, and add these rinses to the round bottom flask.

Concentrate the organic extracts with a rotary evaporator to obtain 7.53 g of a
crude brown oil.

Filter through a plug of silica to obtain 7.01 g (90%) of 3 as a yellow oil (see
Note 4). IR (neat) 1728, 2951 cm™!; 'TH-NMR ( 300 MHz, CDCl5) 8 3.70 (s, 6 H),
2.75(t,J =7.2 Hz, 4H), 2.45 (t, J = 7.2, 4 H), 2.05 (quintet, J/ = 7.2 Hz, 4 H);
I3C-NMR (500 MHz, CDCl,) & 173.3, 37.7, 32.3, 24.1; HRMS (CI) calcd for
C,oH304S, (M*) 266.0647, found 266.0645.

3.1.2. Methyl 4-(Chlorosulfonyl)Butyrate (4)

1.

2.

o

To a 100-mL three-necked round bottom flask equipped with a magnetic stir bar,
add 50 mL of water and 7.36 g (27.7 mmol) of 3.

Cool the heterogeneous mixture to 0°C. While stirring vigorously with a mag-
netic stir bar, slowly bubble in chlorine gas that has been passed through a satu-
rated solution of Na,COj;. Trap any excess Cl, exiting the reaction with a saturated
solution of sodium meta bisulfite (see Note 5).

After 3 h at 0°C, the reaction should turn bright yellow. When the solution turns
bright yellow, continue the slow bubbling of CI, and vigorous stirring for another
0.5-1 h at 0°C until the reaction is homogeneous.

Stop bubbling in the chlorine gas. Instead, bubble nitrogen into the reaction via
a glass Pasteur pipet with vigorous stirring for 1 h at 0°C to remove excess Cl,
(see Note 6).

Extract the reaction three times with 50 mL of CH,Cl,.

Combine the organic layers and dry them with anhydrous Na,SO,.

Concentrate under reduced pressure to obtain 6.79 g (61%) of 4 as a crude yellow
oil. The crude methyl 4-(chlorosulfonyl)butyrate is sufficiently pure for the next
step. IR (neat) 1162, 1370, 1736, 2358-3630 cm™'; 'H-NMR ( 500 MHz, CDCls)
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83.81(t,J=7.0Hz, 2 H),3.72 (s, 3 H), 2.60 (t, J = 7.0 Hz, 2 H), 2.37 (quintet,
J =7.0 Hz, 2 H); 3C-NMR (500 MHz, CDCls) § 172.1, 64.0, 52.0, 30.9, 19.7;
HRMS (CI) calcd for CsHoCIO,S [(M — C1)*] 165.0221, found 165.0222.

3.1.3. Methyl 4-Sulfamoylbutyrate (5)

1. To a 500-mL round bottom flask equipped with a magnetic stir bar, add 6.79 g
(33.9 mmol) of crude 4 and 95.0 mL of dry ether.

2. Cool the mixture with an ice water bath and bubble in gaseous ammonia via a
glass Pasteur pipet while vigorously stirring the mixture. A white precipitate
should form within 30 minutes. Continue bubbling in NH; for 3—4 h at 0°C to
ensure that the reaction reaches completion (see Note 7).

3. Stop bubbling in the ammonia gas, and concentrate the slurry down to approx 10 mL
in volume before dissolving in 19.0 mL of water.

4. Extract the aqueous layer five times with 50 mL of hot ethyl acetate.

5. Dry the organic extracts with Na,SO, and concentrate under reduced pressure
to obtain 5.2 g (85%) of 5 as a pale yellow oil, which is sufficiently pure for the
next step. IR (neat) 1149, 1322, 1722, 3255, 3351 cm™!; 'H-NMR (500 MHz,
d¢-DMSO) 6 6.82 (s, 2 H), 1.93 (quintet, J = 7.5 Hz, 2 H), 3.60 (s, 3 H), 3.00
(t, J=7.5,2 H), 2.48 (t, J = 7.5 Hz, 2 H); 3C-NMR (500 MHz, d,-DMSO) &
173.1, 53.9, 51.8, 31.8, 19.6; HRMS (CI) calcd for CsH;{NO,S [(MH)*]
182.0493, found 182.0487.

3.1.4. 3-Carboxypropane Sulfonamide (6)

1. To a 100-mL round bottom flask equipped with a stir bar and reflux condenser,
add 4.67 g (25.8 mmol) of crude 5§ and 30.0 mL of 1.8 M KOH (see Note 8).

2. Stir under reflux for 1 h. Then cool the reaction to RT, then 0°C before slowly
adding in 30.0 mL of 1.8 M HCI.

3. Concentrate the neutral mixture under reduced pressure to a volume of 2-2.5 mL
and add in an equivalent amount of ACS grade acetone to precipitate out the
KCl1 salts.

4. Filter this mixture through a coarse fritted glass funnel to remove the precipitated
KCI and rinse with a minimum amount of acetone:water (1:1, v/v).

5. Concentrate the filtrate and dry overnight in a P,O5 dessicator to obtain 3.1 g (72%)
of the crude translucent solid 6 that could be carried directly to the next step.

3.1.5. Sulfonamide Linker (2)

1. In aflame dried 200-mL round bottom flask, preswell 2.5 g of amino methylated
resin (0.8 meq/g) with 20.0 mL of dry THF.

2. Add 13 mL of THF, 0.336 g (2.67 mmol) of DICI, 0.35 g (2.67 mmol) of HOBT,
and 0.52 g (2.67 mmol) of crude 3-carboxypropane sulfonamide 6 under anhy-
drous conditions (see Note 9).

3. Cap the round bottom flask with a polypropylene cap and shake on a shaker at RT
for 12 h (see Note 10).
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4.

Filter the beads through a fritted glass funnel and wash them three times with 25 mL
of CH,Cl,. Dry the beads under vacuum to obtain 3.82 g (0.125 mmol/g) of alkyl
sulfonamide resin 2 (see Note 11).
Confirm the presence of the sulfonamide on solid support with the standard Kaiser
ninhydrin test (39) outlined below:
For Solution A, mix together 8 g of phenol, 0.5 g of ninhydrin, and 10 mL of
EtOH, and store the solution in a scintillation vial. In a separate scintillation
vial, mix together 0.013 g of KCN and 10 mL of pyridine. This is Solution B.
In a small test tube, place several beads (approx 1 mg) along with approx 0.1 mL
of Solution A and 0.1 mL of Solution B. Mix and heat the contents of the test
tube to 70°C with a sand bath. A positive ninhydrin test for the nonreacted
amino methylated resin gives a deep blue color while the sulfonamide linker 2
gives a pale red color.
Resin loading is determined by exhaustively coupling a known amount of resin
with the activated Wittig salt 1 as discussed in Subheadings 3.4.1., 3.4.4., and
3.4.5. to determine the amount of recovered Wittig salt. For amino methylated
resin loading of 0.8 meq/g, you should expect about a 0.125 meq/g loading for
the sulfonamide linker.

3.2. Synthesis of the Wittig Salt
3.2.1. Monobrominated (8)

1.

(O8]

To a flame-dried round bottom flask equipped with a stir bar and reflux con-
denser, add 8.56 g (40 mmol) of 2-bromo-5-methyl benzoic acid (7), 320.0 mL of
CCly, 7.20 g (42.3 mmol) of N-bromosuccinimide (NBS), and 0.031 g of benzoyl
peroxide under anhydrous conditions (see Note 12).

Reflux the reaction under nitrogen for 6 h. Cool the reaction to RT, and then 0°C.
Filter the yellow-white solid through a fritted glass funnel.

Remove the succinimide by-product by rinsing the solid twice with 10 mL of
H,O followed by washing twice with 10 mL of pentane.

Transfer the solid yellow powder to a round bottom flask and dry on vacuum at
RT overnight in the absence of light to obtain the crude monobrominated 8, which
can be carried directly to the next step (see Note 13).

3.2.2. Wittig Salt (1)

1.

In a flame-dried round bottom flask, add 10.6 g (36 mmol) of crude 8, 9.73 g
(37.1 mmol) of triphenyl phosphine, and 334 mL of dry acetone under anhydrous
conditions.

Reflux the reaction under nitrogen for 2 h; cool it to RT, and then 0°C (see Note 14).
Filter the resulting white precipitate through a fritted glass funnel, and wash twice
with 100 mL of dry ether.

Collect the filtrate and concentrate it to one third of its volume. Heat the concen-
trated filtrate until all the solids are dissolved. Then allow the mixture to cool
slowly to 0°C to collect a second crop of pure Wittig salt 1. Also rinse this second
crop of salt twice with 25 mL of dry ether.
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5. Dry the combined crops of Wittig salt 1 under vacuum at 60°C overnight to obtain
15.56 g (overall yield, 70%) of pure white powdery salt.
mpt: 260-261°C; IR (KBr pellet) 1714, 2300-4000 cm™'; 'H-NMR (500 MHz,
de-DMSO) 6 13.38 (bs, 1 H), 7.70-8.00 (m, 15 H), 7.60 (d, J= 8.3 Hz, 1 H), 7.34
(s, 1 H),7.09 (d, J=8.3Hz, 1 H), 5.28 (d, J= 15.8 Hz, 2H); '*C-NMR (500 MHz,
de-DMSO0) 8 167.1,135.9, 135.2, 135.1, 134.6, 134.3, 133.8, 130.9, 128.6, 121.0,
118.4, 117.7; HRMS (CI) caled for C,4H,,0,PBr (M*) 475.0463, found 475.0476.

3.3. Synthesis of the Suzuki Catalyst (40) (see Note 15)

1. To a flame dried three-necked round bottom flask equipped with a magnetic stir
bar and swivel frit, add 0.886 g (5.0 mmol) of PdCl,, 6.55 g (25.0 mmol) of
triphenyl phosphine, and 60 mL of dry DMSO under nitrogen.

2. Heat the stirring solution under nitrogen with an oil bath until all of the solid has
dissolved (approx 140°C for 15 min). Note that the reaction turns from yellow to
orange when all the solids are in solution.

3. Remove the reaction from the oil bath and continue stirring for 15 min to produce
an orange precipitate.

4. Make sure that the system is set up to allow pressure relief through a nitrogen
bubbler. Add in hydrazine hydrate (0.917 mL, 20.0 mmol) rapidly via a needle
and syringe over a period of 1 min. Vigorous evolution of nitrogen and crystalli-
zation of the bright yellow Pd(PPh;), catalyst should occur.

5. Cool the reaction to RT with a water bath and filter with the swivel frit under N,.
It is important to keep the catalyst under N, and away from air throughout the
filtrations and washes, as air oxidizes the catalyst, turning it from bright yellow
to dark orange.

6. Wash the yellow catalyst twice with 2.5 mL of dry EtOH, and twice with 2.5 mL
of dry ether before drying with a stream of N,. Store the dried Pd(PPh;), away
from light and under N, at —20°C.

3.4. Synthesis of the Phenyl-Stilbenes on Solid Support

The following are procedures to prepare 40 solid-phase reactions at a time
using Advanced ChemTech’s ReacTech. However, these reactions can also be
performed on any other parallel solid-phase reactor with heating capabilities,
mode of bead agitation, and wells of at least 5 mL capacity, i.e., Argonaut’s
Quest. The inside of the vessels should preferably be coated with Teflon.

3.4.1. Solid Supported Scaffold (9)

1. Fill each of 40 Teflon-coated reaction vessels with 0.2 g (0.025 mmol) of dry
sulfonamide linker 2 (0.125 mmol/g) and 0.03 g (0.24 mmol) of DMAP and seal
the vessels under nitrogen with Teflon-coated rubber septa (see Note 16).

2. Cool a flame dried round bottom flask to 0°C and add 160 mL of dry CH,Cl,,
4.4 g (7.92 mmol) of dry Wittig Salt 1, and 3.8 g (10.0 mmol) of HATU under
anhydrous conditions.
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3.

9]

Stir this reaction for 3 h under nitrogen at 0°C before delivering 4.0 mL (0.20 mmol,
8.0 eq) of this mixture via a dry syringe and needle to each of 40 sealed wells
already filled with sulfonamide resin 2 and DMAP (see Note 17),

When all of the slurry is added to each reaction vessel, add distilled dry
diisopropyl ethyl amine (0.5 mL, 3.12 mmol) to each well.

Program the reaction block to shake at 450 rpm for 20 h at RT (see Note 18),
Empty the reaction vessels using positive N, pressure, and wash with 6x 4 mL of
CH,Cl, , 6x 4 mL of THF, and 6x 4 mL of MeOH. Each wash step entails
addition of solvent, mixing for 2 min at 450 rpm, and emptying under a positive
N, pressure for 2 min.

Dry the beads in each of the 40 reactions with a continuous stream of N, for
6 min.

3.4.2. Wittig Coupling of Various Aldehydes (10)

1.

(O8]

To each of the sealed 40 vessels containing the above resin 9, deliver via a dry
syringe and needle, 3.0 mL (0.27 mmol, 10.8 eq) of a solution of 0.09 M potas-
sium #-butoxide in dry THF (see Note 19).

Deliver a unique aryl aldehyde to each sealed reaction vessel with a dry syringe
and needle; liquid aldehydes (0.1 mL, approx 0.7 mmol, 28 eq) , solid aldehydes
(0.7 mL of a 1 M solution in THF, 0.7 mmol, 28 eq).

Program the reaction vessel to shake at 450 rpm for 25 h at RT (see Note 20).
Empty the reaction vessels with positive N, pressure, and then wash each reac-
tion alternatingly with 4 mL of H,O and 4 mL of 1:1 acetic acid: CH,Cl, for a
total of six times. Each wash step entails addition of solvent, mixing for 2 min at
450 rpm and emptying under a positive N, pressure for 2 min (see Note 21).
Finally, wash each of the 40 reactions with 6x 4 mL of MeOH and dry over a
stream of N, for 6 min.

3.4.3. Suzuki Coupling of Various Boronic Acids (11)

1.

To each of the 40 sealed vessels containing the above resin 10, add 4.0 mL
of a 0.00135 M solution of Pd(PPhj;), in degassed DMF (0.005 mmol) via a
syringe and needle. Again, the resin 10 does not need to be preswollen (see
Note 22).

After shaking at RT for 5 min, add in 0.5 mL of 2 M Na,COj; in H,O and 0.5 mL
(0.3 mmol, 12 eq) of a 1 M solution of the appropriate boronic acid in degassed
DMF to each reaction well.

Program the reaction block to shake at 450 rpm for 3 h at 80°C. Then allow the
block to cool to RT for 1.5 h (see Note 23).

Empty the vessels using positive N, pressure and wash with 6x 4 mL of DMF,
6x 4 mL of H,0, and 6x 4 mL of MeOH. Each wash step entails addition of
solvent, mixing for 2 min at 450 rpm, and emptying under a positive N, pres-
sure for 2 min.

Dry the 40 reactions under a stream of N, for 6 min.
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3.4.4. Alkylation with Bromoacetonitrile (12)

1. To each of the sealed 40 reactions, add 4.0 mL of dry DMSO, 0.2 mL of dry
diisopropyl ethyl amine, and 0.2 mL of bromoacetonitrile via a dry syringe and
needle (see Note 24).

2. Program the reaction block to shake at 450 rpm for 20 h at RT. Empty the vessels
using positive N, pressure, and wash with 6x 4 mL of DMSO and 6x 4 mL of
THEF. Each wash step entails addition of solvent, mixing for 2 min at 450 rpm and
emptying under a positive N, pressure for 2 min.

3. Dry the beads under a stream of N, for 6 min.

3.4.5. Cleavage with Various Nucleophiles (13)

1. Set the parallel synthesizer up for product collection.

2. To each of the 40 vessels, add 4.0 mL of dry THF and 0.1 mL of a 3 M solution of
the appropriate nucleophile via a syringe and needle.

3. Program the reaction block to shake at 450 rpm for 1 h at RT and then empty the
product into the their respective cleavage vials.

4. Rinse the beads for each reaction twice with 0.5 mL of THF and collect the rinses
in the same corresponding vials.

5. Filter the crude product from each reaction through a plug of silica to remove
excess amines to obtain between 13 and 20 mg of purified product before send-
ing them off for biological testing.

Scheme 1. Spectral data for one example of a phenyl-stilbene derivative made by
these procedures.

IR (neat) Uy, 3335, 1643 cm™!; 'TH-NMR (500 MHz, CDCl5) § 7.85 (s, 1H), 7.63
(dd, J = 10.14, 2.44 Hz, 1H), 7.47-7.37 (m, 5 H), 7.26-7.20 (m, 3 H), 7.10
(apparentq, J=19.8 Hz, 2 H), 5.3 (bt, 1 H), 3.24 (q, /= 8.7 Hz, 2 H), 1.37 (sextet,
J=9.11Hz,2H),0.79 (t, /=9.2 Hz, 3 H), HRMS (CI) calcd for C,,H,, CI1F,NO
(MH') 412.1280, found 412.1287.

4. Notes

1. This resin is commercially available, but is relatively expensive. If large quanti-
ties are needed follow the procedures in Section 3.1, which are procedures
adapted from refs. 29 and 38.
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2.

10.

11.

12.

Thionyl chloride should be added with a disposable metal needle. Although the
thionyl chloride should be added dropwise, prolonged exposure to the metal needle
corrodes the needle and contaminates the reaction leaving a green brown tint.
Caution. Addition of 1 M NaHCOj; results in the release of high amounts of CO,.
Do not cap the separatory funnel until bubbling ceases.

Dimethyl 4,4'-dithiobutyrate (3) is not heat stable. Attempts to distill the crude
product without the use of a high vacuum results in decomposition. Running the
crude product through a plug of silica gel will yield product that is sufficiently
pure for the next step.

The reaction must be vigorously stirred as the dimethyl 4,4'-dithiobutyrate (3) is
insoluble in water. In addition, chlorine must be bubbled in through a glass pipet,
as bubbling in via a metal needle leads to contamination of the reaction due to
metal corrosion. Passing the Cl, gas through a solution of saturated Na,CO;
removes any HCI present. Finally, failure to keep the reaction at low tempera-
tures and prolonged reaction times leads to methyl ester hydrolysis and other
uncharacterized side products. The reaction is done when it turns bright yellow
and becomes homogeneous. If the reaction separates into two layers, the reaction
is not complete.

Again, the reaction has to be kept at 0°C during the nitrogen bubbling to prevent
hydrolysis and side reactions. Once the yellow color of the reaction disappears,
the reaction needs to be worked up as soon as possible.

After the white precipitate forms, the reaction can also be monitored by TLC
using a 1:1 EtOAc:hexanes as the eluent, and staining with a ninhydrin-based
stain.

The hydrolysis reaction is kept as concentrated as possible to prevent intramo-
lecular cyclization. However, even under these reaction conditions, approx 20%
cyclized product is commonly observed.

Dicyclohexyl carbodiimide (DCC) should not be used as the insoluble dicyclo-
hexyl urea (DCU) by-product is very difficult to remove, leaving residual DCU
that can contaminate future reactions. Also, no dimerization of the HOBT ester
of 3-carboxypropane sulfonamide 6 occurs as the sulfonamide is nonreactive
toward HOBT esters. This was also observed by Ellman (38).

The reaction cannot be stirred with a magnetic stir bar as the integrity of the
beads will deteriorate. Instead, agitate the beads on a shaker or use an overhead
mechanical stirrer, making sure that the stirring paddle does not contact the bot-
tom of the flask.

If you had chosen to use DCC in the coupling step instead of DICI, wash the
beads until no more of the white precipitate (dicyclohexyl urea) remains. This
may take more than the three washes.

The benzoyl peroxide is used as a free radical initiator. The reaction can be done
without the peroxide, but longer reaction times will be required. The reaction is
complete when the succinimide floats to the top in hot CCl,. Small aliquots of the
reaction should still be taken and monitored by 'H-NMR to ensure that the reac-
tion is complete before a work up is done.
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13.

14.

15.

16.

17.

18.

19.
20.

21.

22.

23.

24.

Analysis by "H-NMR analysis shows that the crude product contains approx 5%
of the dibrominated species.

Depending on the purity of the triphenylphosphene, the refluxing reaction may
turn purple in color after 30 min, but disappear later in the reaction. However,
this does not seem to affect the purity and yield of the final product.

This procedure is adapted from the already excellent procedure in ref. 40.

The sulfonamide resin 2 need not be preswollen.

The HATU-activated Wittig salt is a white slurry. Deliver the slurry with a thick
16 gauge needle, making sure to mix the slurry periodically during the delivery.
Coupling of this hindered activated Wittig salt 1 is difficult, and long reaction
times are needed. Several other activation methods such as the corresponding
symmetrical anhydride and pyBOP ester produced even lower coupling yields. If
the yield is still low despite the 20 h reaction with the HATU ester, repeat the
coupling by repeating steps 1-7 for a second coupling of the HATU activated
Wittig salt 1.

The solid supported scaffold 9 was not preswollen.

This Wittig coupling protocol gives a mixture of the cis/trans alkene in a ratio of
20:80 for a majority of the aldehydes used.

This wash sequence is to ensure the complete removal of potassium t-butoxide.
Open the reaction vessels at the end of the nitrogen drying step to inspect for the
presence of a white precipitate. If any white precipitate is detected, repeat the water
and acetic acid/CH,Cl, wash steps 4—6.

DMEF must be degassed prior to addition of Pd(PPhj;),. Otherwise, the palladium
catalyst turns a dark orange brown color in solution and is inactive.

DMF was used in this Suzuki coupling because the boiling point of DMF is at
least 25°C higher than the required reaction temperature of 80°C. If your parallel
synthesizer is equipped with a reflux condenser, a lower boiling solvent may be
used in place of DMF.

Bromoacetonitrile activation of the sulfonamide linker gives better amine cleav-
age yields than activation with diazomethane.
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Host—Guest Chemistry

Combinatorial Receptors

Brian R. Linton

1. Introduction

At the heart of host—guest chemistry is the design and construction of artifi-
cial receptors. While great progress has been achieved in the specific recogni-
tion of a multitude of substrates, rational design has still failed to equal the
degree of association strength and substrate specificity observed in nature.
Evolutionary selection has allowed biopolymers to take advantage of their large
size to position varied functionality in the rigid context of tertiary structure,
but the limitations of chemical synthesis dictate that artificial receptors will be
smaller, less structurally defined, and, as a result, less effective. Combinatorial
chemistry offers a new approach to the task of receptor design by quickly cre-
ating a library of combinatorial receptors containing a variety of binding or
catalytic groups, and subsequently determining the most active component of
that library (1-5). Combinatorial receptors also provide the possibility for using
substrate binding to selectively create a receptor from a dynamic library (6-8).
To be effective, however, library synthesis should require minimal synthetic
expenditure and the entire library must be screened efficiently.

The approach detailed in this chapter uses metal-templated self-assembly to
create combinatorial receptors through the dimerization of separate binding
units (9). Nature follows a similar strategy in the creation of antibodies. The
vast diversity of antigen recognition is accomplished by the variety within a
single protein sequence, but is also greatly enhanced by the dimerization of the
light and heavy protein chains to create one dimeric binding site. An analogous
approach can be employed in small-molecule receptors, where a series of
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Fig. 1. Formation of dimeric receptor by metal-templated self-assembly.

R =

A: CH3

C: CH,0OCH,CH,0H

D: CH,OCHPh,

E: CHzN(C2H4OC2H4OC2H4)20
F: CH,Br

G: CO,H

H: C(O)NHCH,CH,(4-imidazole)

Fig. 2. Terpyridine monomers.

monomers can be oligomerized to create a larger, more functionally diverse
binding cleft. Figure 1 illustrates the strategy for the creation of dimeric recep-
tor libraries through metal-templated self-assembly. This requires a series of
molecules containing both a metal complexing domain, and a variable sub-
strate binding domain. Addition of a metal recruits two monomers to form a
dimeric receptor, and orients both substrate binding domains to form one bind-
ing cleft (10,11). With this facile dimerization, a library of receptors can be
formed from a smaller number of monomers with minimal synthetic expendi-
ture. Subsequent association with a guest is aided by the accumulation of bind-
ing domains, as well