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A G-Protein-coupled receptor-targeted library of aryloxypropanolamines and aryloxybutanolamines was
efficiently executed using a novel, polymer-supported acyclic acetal linker, producing compounds in good
yields and purities.

Introduction

G-Protein coupled receptors (GPCRs) have long been
preferred targets of the pharmaceutical industry resulting in
drugs that accounted for sales of more than US $30 billion
worldwide in 2001.1 The recent completion of the human
genome project has resulted in the identification of additional
GPCRs for which the function and ligands are unknown,
providing a potential trove of new targets.2 Aryloxypropano-
lamines are well-known as pharmaceutically useful pharma-
cophores for GPCRs with more than forty aryloxypropano-
lamine-derived drugs targeting GPCRs being described in
the 13th edition of the Merck Index.3 The interesting and
varied biological activities of aryloxypropanolamines made
this chemotype an attractive target for a lead discovery library
focused on GPCRs. Preparation of smaller libraries of
aryloxypropanolamines in solution via epoxide opening and
scavenging of side products has been described previously.4

However, to generate larger lead discovery libraries, a solid-
phase approach which allowed for variation at multiple
positions was needed.

In order to easily introduce a diverse set of inputs at both
ends of the aryloxypropanolamine, an orthogonally protected
core attached to a polymer support via the secondary
hydroxyl group was envisioned. Sequential nucleophilic
substitution would then allow incorporation of a variety of
nucleophiles at both terminal positions (1 and 2, n ) 1,
Figure 1). Both enantiomers of the products could be easily
accessed by starting with each of the optically pure precursor
alcohols. In addition to the propyl cores, the route could be
utilized to prepare enantiomeric aryloxybutanolamine analogs
(1 and 2, n ) 2). These latter compounds are not as well
represented in the patent literature and could provide a greater
opportunity for generating novel leads as tools to study
GPCRs.

Hydroxyls have been attached to a polymer support via a
variety of different linkers (Figure 2) including esters,5 silyl
ethers,6 trityl ethers,7 benzyl ethers 3,8 ethers using Wang’s
resin 4,9 and acetals 5-7.10 In this instance, only the acetal
linkers, 5-7, appeared to provide a suitable balance between
chemical stability for the required synthetic manipulations
envisioned and ease of cleavage under mild acidic conditions.
The compounds were to be prepared using Irori NanoKans
(NK), a technology allowing facile preparation of large
libraries in milligram quantities. Thus, relatively large
amounts of an inexpensive and high loading resin were
desired. For this purpose, a novel low cost and high loading
acyclic acetal linker of the type 8 was found to be very
efficient for attaching the cores to the resin while allowing
the synthesis to be easily executed. Selection of the various
building blocks for the library from a set of amines and
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Figure 1. Generic aryloxyalkylamines.

Figure 2. Ether and acetal linkers.
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phenols present in known GPCR ligands was aided using
computational methods.

Results and Discussion

Linker Selection. At the time this work was executed,
the only known polymer-linked acetal linker was the tet-
rahydropyranyl (THP) resin developed by Ellman and co-
workers10a (5, Figure 2). Resins 6 and 7 were only recently
reported.10b,c The loading of Ellman’s THP resin was too
low to provide the desired amount of material being targeted,
and the precursor 3,4-dihydro-2H-pyran-2-carboxylic acid
used to prepare the resin was viewed as undesirably
expensive. A route was proposed that linked the core’s
alcohol to the readily available hydroxymethyl polystyrene
via an acyclic acetal linker 8 derived from vinyl ether 9.
Acetal 10 (Scheme 1), having two differentiated functional
groups L1 and L2, could be obtained by coupling secondary
alcohol 11 with the polymer-supported vinyl ether 9 or by
linking hydroxymethyl polystyrene 12 to the secondary vinyl
ether 13. Initial attempts at preparing the vinyl ether 9 were
unsuccessful; however, vinyl ethers of the core secondary
alcohol 13 were easily formed and were found to load on
the resin with good efficiency.

Building Block Synthesis. R- or S-(2,2-Dimethyl-1,3-
dioxolan-4-yl)methanol (14R and 14S) were readily available
starting materials for the aryloxypropanolamine libraries
(Scheme 2). The tosylates11 derived from each of the alcohols
14R and 14S were silylated after cleavage of the acetonides
with polymer-supported sulfonic acid to give alcohols 15R
and 15S both in 99% overall yield. The alcohols 15R and
15S were converted to the unstable vinyl ethers 17R and
17S in 85% and 90% yield, respectively, by first making
the acetals 16R and 16S with ethylvinyl ether12 and then
eliminating ethanol using trimethylsilyl triflate.13 The vinyl
ethers 17R and 17S were loaded on the hydroxymethylpoly-
styrene resin 12 (1.24 mmol/g) using a catalytic amount of
pyridinium p-toluenesulfonate (PPTS). The loading for resin
18S was ∼0.74 mmol/g (91% loading) and for resin 18R
was ∼0.61 mmol/g (∼75% loading). Loadings were deter-
mined using four methods: resin weight increase, recovered
vinyl ether, weight of product obtained by hydrogen chloride
cleavage of an aliquot, and combustion analysis of the resin.
The results for resin loading were consistent for all analyses.
The resins were kept refrigerated over a desiccant (Drierite)
until used.

The (S)-aryloxybutanolamine precursor resin 21 (Scheme
3) was prepared from (S)-1,2,4-butanetriol (19), which was
derived from (S)-malic acid.14 Vinyl ether 20 was obtained
in 15% overall yield from triol 19 via selective silylation
(42% yield) of the less hindered primary alcohol with
triisopropylsilyl chloride, tosylation of the other primary

alcohol (58% yield), ethoxyethyl protection of the remaining
secondary alcohol (94% yield), and finally, elimination of
ethanol with trimethylsilyl trifluoromethanesulfonate to give
the desired product (65% yield). This product was loaded
onto the resin as described previously to give 21 (0.60 mmol/
g, 92% loading).

The (R)-aryloxybutanolamine precursor resin 24 (Scheme
4) was prepared from vinyl ether 23, which was derived from
(R)-(+)-malic acid 2215,22 using a slightly modified sequence
as compared to that utilized for the (S)-enantiomer resulting
in a better overall yield. Malic acid 22 was reduced to the
triol in quantitative yield using borane-dimethylsulfide
complex. The less hindered primary alcohol was selectively
protected using a kinetically controlled regiospecific silylation
with dibutylstannanediyl acetal23 and triisopropylsilyl chlo-
ride (89% yield). The resulting silyl diol was then converted
to the desired resin 24 (0.59 mmol/g, 90% loading) using
almost the same procedure as for 21 (see Experimental
Section).

Development and Optimization of the Solid-Phase
Sequence. A test library was prepared using free flowing
resins initially in 40 mL vials (first step) and then in a 24-
well Bohdan reactor.16 The building blocks that were used
are shown in Figure 3, and the conditions that were used
are summarized in Scheme 5. Resins 18S and 18R (1.6 g
each) in 40 mL vials were each treated with 1-phenylpip-
erazine (25) (1 M in NMP) or with 2-methylphenol (26),
4-cyanophenol (27) or 4-chloro-3-fluorophenol (28) in NMP
(1.0 M) with potassium tert-butoxide (0.9 M) and a catalytic
amount of 18-crown-6 in ether (0.01 M) at 95 °C for 20 h
with gentle magnetic stirring. After the resins were cooled
and thoroughly washed, they were distributed into the
Bohdan reactors (100 mg/well). Eight extra reactions were
run to allow sampling to monitor the progress of representa-
tive reactions. The TIPS group was cleaved with tetrabuty-
lammonium fluoride (TBAF 0.5 M THF), and after washing,
an aliquot of each resin from the duplicate reactions was
cleaved using a solution of trifluoroacetic acid (TFA)/ethanol/
DCM (5/16/4) and analyzed by LCMS. A few of these
representative aliquots were also analyzed by 1H NMR which
showed that the desired product was the major component
in all cases. The results of the diol formation are shown in
Table 1. All of the alcohols were isolated by preparative
HPLC and were analyzed by LCMS and 1H NMR using a
flow probe. The isolated yields ranged between 8-65% with
the more hindered 2-methylphenol (entry 2) giving the lowest
yield.

A primary alkyl iodide was selected as the leaving group
for the final displacement. The iodide was formed using
methyltriphenoxyphosphonium iodide17 in DMF. The reagent
was either freshly prepared18 or purchased from Aldrich. An
aliquot of each resin was cleaved and analyzed by LCMS.
The iodide proved to be more unstable than the diol or the
final product to the cleavage conditions and gave lower yields
of isolated product (Table 1). Up to 39% of the starting
alcohols were observed in some cases along with the iodide.
More careful monitoring was used for the final library to
prevent excessive diol formation. In all cases, the iodides

Scheme 1. Alternative Acetal Formation Strategies
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were the major products, and crude 1H NMR spectra of a
few examples confirmed the LCMS results (entries 12-16).

Three amines were selected for the final displacement
(29-31, Figure 3). The reactions were performed in NMP
at 85 °C with a 1 M solution of the amine and a 0.5 M
solution of N,N-diisopropyl-N-ethylamine. After cleavage
with TFA/DCM/EtOH (5/16/4), the desired products were
obtained in all cases. The main impurity was the diol that
remains after incomplete iodination. No unreacted iodides
or alkenes resulting from elimination were observed. Crude
1H NMR spectra for 32, 44, 47, 50, 53-55 were obtained,
and confirmed the results obtained by LCMS. The results
are summarized in Table 2.

Compound 43 and 55 were more fully characterized, and
in each case, the enantiomeric excess was determined by
chiral HPLC (Chiralpak AD-H). The enantiomeric excesses
were found to be 98% (S-isomer 43) and 99% (R-isomer
55), indicating that no racemization had occurred during the
reaction sequence.

Library Design. Reagents were selected from the ACD,19

and those with undesirable functional groups (side reactivity,
etc.) were filtered out. A set of Sybyl line notations (SLNs)20

derived from a privileged substructure analysis21 of the
MDDR22 database was used to sort each reagent list into
sets of “GPCR-like”, “non-GPCR-like”, and “non-GPCR-
like but interesting”.23 The last set consisted of reagents that
provided small R-groups, such as halogens and small alkyl
groups. In addition, molecular weight (<250) and cLogP24

(<3.5) cutoffs were used to filter the reagent lists. All filtering
was done using the Selector module of SYBYL6.7.25 The
“GPCR-like” and “interesting” lists were further reduced
manually on the basis of reagent availability and reactivity
considerations. CombiLibMaker26 was used to generate a
library whose members had molecular weights less than 800.
Selector was then used to further filter the library using
cLogP (<5) and MW <500 cutoffs.27

Library Execution. IRORI NanoKan (NK) technology
was used for executing the large library28 following the
procedure illustrated in Scheme 5. Each barcoded NK

Scheme 2. Synthesis of the TIPS-Protected Propanetrioltoluenesulfonate Resinsa

a Reagents and conditions: (a) p-toluenesufonyl chloride (TsCl), pyridine, 4 h; (b) AG 50W-XZ, MeOH/water 50:1, 2 d; (c) triisopropylsilyl chloride
(TIPSCl), imidazole, 4-pyrrolidinopyridine, DMF, 1d; (d) ethylvinyl ether, pyridinium p-toluenesulfonate (PPTS) cat., dichloro methane (DCM), 2 h; (e)
trimethyl silyl trifluoromethanesulfonate (TMSOTf), Et3N, DCM, -78 °C; (f) PPTS cat., DCM, 42 h.

Scheme 3. Synthesis of the TIPS-Protected (S)-Butanetrioltoluenesulfonate Resina

a Reagents and conditions: (a) TIPSCl, imidazole, DMF, -78 °C to rt, 6 h; (b) TsCl, pyridine, DCM, -78 °C to rt, 4 h; (c) ethylvinyl ether, PPTS cat.,
DCM, 1 h; (d) TMSOTf, Et3N, DCM, -78 to 0 °C, 1 h; (e) PPTS cat., DCM, 42 h.

Scheme 4. Synthesis of the TIPS-Protected (R)-Butanetrioltoluenesulfonate Resina

a Reagents and conditions: (a) H3BSMe2, THF, reflux 2.5 h; (b) (i) Bu2SnO, MeOH, reflux 3 h, (ii) TIPSCl, chloroform, rt, overnight; (c) TsCl, pyridine,
chloroform, -78 °C to rt, 24 h; (d) ethylvinyl ether, PPTS cat., DCM, 1 h; (e) TMSOTF, Et3N, DCM, -78-0 °C, 2 h; (f) PPTS cat., DCM, 42 h.

Figure 3. Building Blocks for the Test Library.
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contained ∼8 mg of resin (∼5 µmol, expected yield of ∼1.7
mg of product at an average MW of 350). The polymer-
supported tosylates (18S, 18R, 21S and 24R) were displaced
with nucleophiles from a list of twenty one phenols, one thiol,
fourteen thiophenols, two hydroxypyrimidines, seven sec-
ondary amines, and one sulfonamide to give products of the
type 56. As was done previously in the test library, extra
NK were included so that aliquots could be removed
during the sequence to allow monitoring of the progress
of the reactions. Potassium t-butoxide with added 18-
crown-6 was used as the base for the phenols, thiol,
thiophenols, and hydroxypyrimidines, while no base was
used for the secondary amines and the sulfonamide. This
initial nucleophilic displacement was carried out in

N-methylpyrrolidinone (NMP) at 90 °C for 18 h. The silyl
group was then removed with tetrabutylammonium fluo-
ride in THF for 18 h, and the free hydroxyls of 57 were
converted to the primary iodides 58 using methyltriph-
enoxyphosphonium iodide.25,29 Several of the extra NK
were checked to ensure complete conversion of the
alcohol. Caution: The quality of the commercial methyl-
triphenoxyphosphonium iodide was highly Variable. Better
results were obtained when the phosphonium salt was not
sticky and only lightly colored. The iodides were displaced
with a set of forty one primary amines, five anilines and
seventeen secondary amines using N,N-diisopropyl-N-
ethylamine (DIPEA) as a base in NMP at 85 °C for 20 h
to give products of the type 59.

Scheme 5. Library Synthesisa

a Reagents and conditions: (a) 1.0 M HXR, 0.9 M tBuOK, 0.01 M 18-crown-6 or 1.0 M RR’NH, NMP, 95 °C, 18 h; (b) 0.5 M TBAF, THF, 18 h; (c)
0.5 M (PhO)3P+MeI-, 1.0 M pyridine, DMF, 18 h; (d) 1.0 M R′′R′′′ NH, 0.5 M DIPEA, NMP, 85 °C, 20 h; (e) TFA/EtOH/DCM, (20%/16%/64%), 3 h.

Table 1

a As determined by LCMS coupled to a UV detector set at 220 nm. b Isolated by reversed-phase preparative HPLC. >90% pure. c Percent of the
iodide (% of the remaining alcohol). d Lost in purification. e Crude 1H NMR was obtained.
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The final alkanolamine products were released from the
resin by adding a mixture of TFA and ethanol in dichlo-
romethane (5:4:16) and soaking for 3 h to give the products
60. The products were analyzed by HPLC (UV and ELSD

[evaporative light scattering detector] detection) and the
weights of the products were recorded. A small subset of
the compounds was also analyzed by 1H NMR. Comparison
of the UV, ELSD, and proton NMR indicated that the ELSD
data was most consistent with the 1H NMR data (see 61-64,
Figure 4).30

In general, the reactions were very successful. Only four
hundred compounds required purification (4%) using cationic
solid phase extraction, and those were submitted as free
bases. The rest of the compounds were submitted as TFA
salts. Overall, based on the criteria of >0.4 µmol, correct
mass by flow inject MS and >70% HPLC purity, 9966
compounds were submitted out of an attempted set of 10 800
representing a success rate of 93%. The average amount
submitted was 4 µmol, which represented an average yield
of 78%. The products were obtained with an average purity
of 93%. Compounds with the butanolamine cores had a
slightly lower submission rate than the propanolamine cores
(85% versus 99%).

In conclusion, this work demonstrated that polymer-
supported acetal linked alcohols could be used to efficiently
generate libraries of compounds targeting GPCRs. The
method is versatile, can accept many types of nucleophiles,
and is amenable to synthetic strategies employing both free
flowing resin and Irori’s NK technology.

Experimental Section

Unless otherwise specified, most commercial reagents were
purchased from Aldrich and used as is. Analytical high-
pressure liquid chromatography (HPLC) and liquid chroma-
tography/mass spectrometry (LC/MS) analyses were con-
ducted using Shimadzu LC-10AS pumps and a SPD-10AV
UV-vis detector using a Phenomenex column (Luna, C18,
50 × 4.6 mm) running a 4 min gradient from A to B (A
10% methanol, 90% water, 0.1% trifluoroacetic acid; B 90%
methanol, 10% water, 0.1% trifluoroacetic acid) with a 1
min hold at 100% B at a flow rate of 4 mL/min. The peaks
were detected using a UV detector at 220 nm. Preparative
HPLC (prepHPLC) was performed using Shimadzu LC-
10AS pumps and a SPD-10AV UV-vis detector using a
Phenomenex column (Luna, C18, 50 × 30 mm) using a 12
min gradient from A to B (A 10% methanol, 90% water,
0.1% trifluoroacetic acid; B 90% methanol, 10% water, 0.1%
trifluoroacetic acid) with a 2 min hold at 100% B at a flow
rate of 40 mL/min. The peaks were detected using a UV
detector at 220 nm. Chiral determinations were done on a
Shimadzu HPLC using a Chiralpak AD column 10 µm, 4.6
mm × 250 mm, eluting with 2% isopropanol in heptane at
1 mL/min or a Chiralpak AD-H column with 40% heptane/
60% (1:1) EtOH/MeOH (0.1% N,N-diethylamine) at a flow
rate of 0.9 mL/min with UV detection at 227 nm. MS
detection was performed with a Micromass Platform LC
spectrometer. HPLC and LC/MS methods are detailed below.
Preparative reverse-phase (RP) HPLC was performed using
two Shimadzu LC-8A pumps and a SPD-10AV UV-vis
detector set at 220 nm on C18 RP columns (YMC Pack
ODSA S5 20 × 100 mm or 30 × 250 mm) using with
methanol/water mixtures buffered with 0.1% trifluoroacetic
acid. High-resolution mass spectra (HMRS) were recorded

Table 2

a As determined by LCMS coupled to a UV detector set at 220 nm. b Iso-
lated by reverse-phase preparative HPLC. >90% pure. c Percent of
product (percent of the remaining alcohol). d Peak overlap. e Required
three rounds of preparative HPLC to purify to >90% purity. f Required
two rounds of preparative HPLC to purify to >90% purity. g Lost in
purification. h Crude 1H NMR was obtained.
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on a JEOL SX102 mass spectrometer. Optical rotations were
determined on a Perkin-Elmer Model 241 polarimeter with
a sodium lamp (589 nm) using a 100 mm cell. Elemental
analyses were performed by Robertson Microlit Laboratories.
Nuclear magnetic resonance spectra were run on Jeol
(Eclipse-500) or Bruker (ARX-400, DPX-300B) spectrom-
eters. The references for proton NMR spectra were either
deuterochloroform (δ 7.25) or tetramethylsilane (δ 0.00), and
for carbon NMR spectra was deuterochloroform (δ 77.0).
FlowNMR spectra were obtained on a Varian Inova 400
spectrometer at 399.76 MHz using samples of approximately
7 mM concentration in DMSO-d6/CDCl3 (3/1) with TMSSO3

as an internal standard in a 60 uL IFC flow probe. Thin layer
chromatography (TLC) used EMD precoated plates with
silica gel 60 F254 250 µM. The plates were visualized by
UV at 254 nM and 20% phosphomolybdic acid in ethanol.
Unless otherwise specified, all the reactions were performed
under nitrogen using oven-dried glassware and were moni-
tored by TLC, HPLC, or LCMS. Flash chromatography
refers to the method of Still31 using silica gel (EM Merck,
230-400 mesh).

(S)- and (R)-3-(Triisopropylsilyloxy)-2-(vinyloxy)pro-
pyl4-Methylbenzenesulfonate17Sand17R.(a). (S)-2,2-Dimethyl-
4-(toluenesulfonyloxymethyl)-1,3-dioxolane.11 To a solu-
tion of (R)-2,2-dimethyl-4-(hydroxymethyl)-1,3-dioxolane
14R (Oakwood, 40 mL, 0.3 mol) in pyridine (120 mL) in an
ice bath, was added p-toluenesulfonylchloride (61 g, 0.32
mmol) in one portion and the internal temperature rose to
44 °C. When the temperature started to drop, the ice bath
was removed and the mixture was stirred for 3 h at room
temperature. During that time, a white precipitate formed.
The pyridine was removed under reduced pressure and the
residue was diluted with ethyl acetate (500 mL). The mixture
was filtered and the filtrate was washed with ethyl acetate
(100 mL). The combined ethyl acetate fractions were succes-
sively washed with aqueous citric acid (5%, 2 × 200 mL),
saturated sodium bicarbonate (200 mL) and brine (200 mL).
The organic layer was dried with sodium sulfate, filtered and
concentrated to give a slightly colored oil that turned solid
after pumping overnight (91 g, >100% yield). This product
was used as is for the next step: 1H NMR (Bruker 400 MHz,
deuterochloroform): δ 7.76 (d, 2H, J ) 8.6 Hz), 7.33 (d,
2H, J ) 8.1 Hz), 4.25 (m, 1H), 3.98 (m, 3H), 3.74 (dd, 1H,
J ) 8.6, 5.0 Hz), 2.43 (s, 3H), 1.32 (s, 3H), 1.28 (s, 3H).

(R)-2,2-Dimethyl-4-(toluenesulfonyloxymethyl)-1,3-di-
oxolane (92 g, >100% yield): Prepared from (S)-2,2-
dimethyl-4-(hydroxymethyl)-1,3-dioxolane 14S (Fluka); 1H
NMR (Bruker 400 MHz, deuterochloroform) δ 7.77 (d, 2H,
J ) 8.1 Hz), 7.33 (d, 2H, J ) 7.6 Hz), 4.25 (m, 1H), 3.98
(m, 3H), 3.74 (dd, 1H, J ) 8.8, 5.3 Hz), 2.43 (s, 3H), 1.31
(s, 3H), 1.29 (s, 3H).

(b). (S)-2,3-Dihydroxypropyl 4-methylbenzenesulfonate.
To a solution of (S)-2,2-dimethyl-4-(toluenesulfonyloxym-
ethyl)-1,3-dioxolane (92 g, 0.3 mol) in methanol/water (3440:
68 mL) was added sulfonic acid resin (84 g, DOWEX 50W-
X2 resin prewashed with 500 mL water, followed by 500
mL of methanol) and the mixture was stirred for 24 h. After
completion, the mixture was filtered and the resin was
washed with methanol. The solvents were removed under
reduced pressure to give colorless oil. The oil was dissolved
in ether/DCM (1:1, 500 mL) and dried over magnesium
sulfate, filtered, and concentrated to give 75 g of a colorless
oil (>100% yield). This oil was used as is for the next step:
1H NMR (Bruker 400 MHz, deuterochloroform) δ 7.77 (d,
2H, J ) 8.3 Hz), 7.34 (d, 2H, J ) 8.2 Hz), 4.05 (m, 2H),
3.92 (m, 1H), 3.67 (m, 1H), 3.58 (m, 1H), 2.83 (br, 2H),
2.43 (s, 3H); 13C NMR (Bruker 100 MHz, deuterochloro-
form) δ 145.1, 132.2, 130.0, 128.0, 76.5, 69.7, 62.8, 21.6.

(R)-2,3-Dihydroxypropyl 4-methylbenzenesulfonate (79
g, >100%): 1H NMR (Bruker 400 MHz, deuterochloroform)
δ 7.77 (d, 2H, J ) 8.1 Hz), 7.34 (d, 2H, J ) 8.6 Hz), 4.04
(ddd, 2H, J ) 13.2, 10.2, 5.3 Hz), 3.91 (m, 1H), 3.65 (m,
1H), 3.56 (m, 1H), 3.37 (d, 1H, J ) 5.0 Hz), 2.82 (t, 1H, J
) 6.0 Hz), 2.42 (s, 3H).

(c). (S)-2-Hydroxy-3-(triisopropylsilyloxy)propyl 4-Me-
thylbenzenesulfonate 15S. To a cold (0 °C) solution of (S)-
2,3-dihydroxypropyl 4-methylbenzenesulfonate (75 g, 0.3
mol), imidazole (40.8 g, 0.6 mol), and 4-pyrrolidinopyridine
(1.9 g, 0.013 mol) in DMF (285 mL) was added triisopro-
pylsilyl chloride (64 mL, 0.33 mol) dropwise via an addition
funnel. After the addition was complete, the ice bath was
removed, and the mixture was stirred for 24 h. The reaction
was poured into hydrochloric acid (0.5 M, 600 mL) and was
extracted with hexane (2 × 500 mL). The combined extracts
were washed with water (2 × 500 mL) and brine (500 mL),
dried with magnesium sulfate, filtered, and concentrated to
give a colorless viscous oil (120 g, 99% yield). This product
was used directly for the next step: 1H NMR (Bruker 400

Figure 4. Comparison of purities determined by UV, ELS and 1H NMR.
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MHz, deuterochloroform) δ 7.77 (d, 2H, J ) 8.6 Hz), 7.33
(d, 2H, J ) 8.1 Hz), 4.10 (dd, 2H, J ) 9.6, 5.0 Hz), 4.02
(dd, 2H, J ) 10.0, 5.5 Hz), 3.85 (m, 1H), 3.70 (d, 2H, J )
5.0 Hz), 2.49 (2, 1H, J ) 6.0 Hz), 2.43 (s, 3H), 1.01 (m,
21H); 13C NMR (Bruker 100 MHz, deuterochloroform) δ
145.1, 132.8, 129.9, 128.0, 70.1, 69.5, 63.3, 21.6, 17.9, 11.9.

(R)-2-Hydroxy-3-(triisopropylsilyloxy)propyl 4-Meth-
ylbenzenesulfonate 15R (120 g, 99%): 1H NMR (Bruker
400 MHz, deuterochloroform) δ 7.78 (d, 2H, J ) 8.1 Hz),
7.34 (d, 2H, J ) 8.1 Hz), 4.09 (dd, 2H, J ) 10.1, 5.5 Hz),
4.03 (dd, 2H, J ) 10.1, 5.5 Hz), 3.85 (m, 1H), 3.70 (d, 2H,
J ) 5.0 Hz), 2.49 (d, 1H, J ) 6.0 Hz), 2.43 (s, 3H), 1.02
(m, 21H).

(d). (S)-2-(1-Ethoxyethoxy)-3-(triisopropylsilyloxy)pro-
pyl 4-Methylbenzenesulfonate 16S. To a cold (0 °C)
solution of (S)-2-hydroxy-3-(triisopropylsilyloxy)propyl 4-m-
ethylbenzenesulfonate 15S (36 g, 90 mmol) and pyridinium
p-toluene sulfonate (2.3 g, 9 mmol, dried by azeotropic
distillation with toluene) in DCM (360 mL) was carefully
added distilled ethylvinyl ether (90 mL, 900 mmol). The ice
bath was removed and the mixture was stirred for 2 h at
room temperature. The reaction was poured into saturated
sodium bicarbonate (400 mL) and was extracted with hexane
(2 × 900 mL). The combined organic layers were concen-
trated to ∼1000 mL, washed with brine (500 mL), and dried
with magnesium sulfate. The drying agent was filtered, and
the mixture was concentrated to give 42 g of an oil (94%
yield). TLC: This product was used as is for the next step:
1H NMR (Bruker 400 MHz, deuterochloroform) δ 7.77 (d,
2H, J ) 8.1 Hz), 7.31 (d, 2H, J ) 8.1 Hz), 4.75 (m, 1H)
4.19 (m, 1H), 4.03 (m, 1H), 3.69 (m, 4H), 3.42 (m, 1H),
2.41 (s, 3H), 1.24 (m, 3H), 1.12 (m, 3H), 0.99 (m, 21H);
13C NMR (Bruker 100 MHz, deuterochloroform) δ 144.3,
132.9, 129.8, 128.0, (99.9, 99.5), (73.9, 73.6) (70.2, 69.9),
(62.5, 62.4), (60.5, 60.1), 21.6, 20.2, 17.9, 15.2, 11.9.

(R)-2-(1-Ethoxyethoxy)-3-(triisopropylsilyloxy)propyl
4-Methylbenzenesulfonate 16R (49 g, 98%): 1H NMR
(Bruker 400 MHz, deuterochloroform) δ 7.77 (d, 2H, J )
8.6 Hz), 7.32 (d, 2H, J ) 8.1 Hz), 4.75 (m, 1H) 4.19 (m,
1H), 4.04 (m, 1H), 3.70 (m, 4H), 3.42 (m, 1H), 2.41 (s, 3H),
1.23 (m, 3H), 1.13 (m, 3H), 1.01 (m, 21H).

(e). (S)-3-(Triisopropylsilyloxy)-2-(Vinyloxy)propyl 4-
Methylbenzenesulfonate 17S. To a cold (-78 °C) mixture
of (S)-2-(1-ethoxyethoxy)-3-(triisopropylsilyloxy)propyl 4-m-
ethylbenzenesulfonate 16S (42 g, 0.084 mol), triethylamine
(EM Science, 17 mL, 0.125 mol) in DCM (600 mL) was
added trimethylsilyl trifluoromethanesulfonate (19.2 mL,
0.108 mol) dropwise. The mixture was stirred at -78 °C
for 20 min, 0 °C for 75 min, and at room temperature for
100 min. The reaction was poured into a mixture of saturated
sodium bicarbonate (600 mL) and hexane (600 mL) and was
extracted with hexane (2 × 50 mL). The hexane extracts
were washed with brine (300 mL), dried with magnesium
sulfate, filtered, and concentrated to give 33 g of a yellow
oil (92% yield). The resulting oil was purified by passing
through basic alumina (Brockman, 600 g) and was eluted
with 9:1 hexane:ethyl acetate to give a colorless oil (32 g,
90% yield) after concentration: 1H NMR (400 MHz, deu-
terochloroform) δ 7.78 (d, 2H, J ) 8.6 Hz), 7.32 (d, 2H, J

) 8.1 Hz), 6.23 (dd, 1H, J ) 14.1, 6.6 Hz), 4.24 (m, 2H),
4.11 (dd, 1H, J ) 10.6, 6.1 Hz), 4.00 (m, 2H), 3.77 (dd, 1H,
J ) 10.6, 5.0 Hz), 3.69 (dd, 1H, J ) 10.1, 6.0 Hz), 2.44 (s,
3H), 1.00 (m, 21H); 13C NMR (Bruker 100 MHz, deutero-
chloroform) δ 150.6, 144.8, 132.7, 129.8, 128.0, 89.2, 77.3,
68.6, 61.5, 21.6, 17.8, 11.7; [R]D +7.9 ° (c ) 1, chloroform);
ee > 84% Chiralpak AD 5.7 min 1 mL/min 2% isopropanol
in hexane; Anal. Calcd for C21H36O5SSi C 58.84, H 8.46, S
7.48, Si 6.55; Found C 58.92, H 8.45, S 7.28, Si 7.48; MS
(CI) m/z 403.3 [M + H]+.

(R)-3-(Triisopropylsilyloxy)-2-(vinyloxy)propyl 4-Meth-
ylbenzenesulfonate 17R (33 g, 92%): 1H NMR (Bruker 400
MHz, deuterochloroform) δ 7.77 (d, 2H, J ) 8.6 Hz), 7.32
(d, 2H, J ) 8.1 Hz), 6.22 (dd, 1H, J ) 14.1, 6.6 Hz), 4.24
(m, 2H), 4.11 (dd, 1H, J ) 10.1, 5.5 Hz), 3.99 (m, 2H),
3.76 (dd, J ) 10.6, 5.0 Hz), 3.69 (dd, J ) 10.6, 6.0 Hz),
2.42 (s, 3H), 0.99 (m, 21H); 13C NMR (Bruker 100 MHz,
deuterochloroform) δ 151.0, 145.2, 133.1, 130.2, 128.4, 89.6,
77.3, 69.0, 61.9, 22.0, 18.2, 11.9; [R]D -8.2 ° (c ) 1,
chloroform); ee > 86% Chiralpak AD 6.1 min 1 mL/min
2% isopropanol in hexane; Anal. Calcd for C21H36O5SSi C
58.84, H 8.46, S 7.48, Si 6.55; Found C 59.18, H 8.44, S
7.58, Si 6.82.

(S)-4-(Triisopropylsilyloxy)-2-(vinyloxy)butyl 4-Methyl-
benzenesulfonate 20. (a). (S)-4-(triisopropylsilyloxy)butane-
1,2-diol. Trisopropylsilylchloride (96.4 g, 0.5 mol) was added
to a cooled solution (-78 °C) of (S)-(-)-butane-1,2,4-triol
19 (50.0 g, 0.48 mol) and imidazole (64.7 g, 0.95 mol) in
DMF (600 mL), and the mixture was stirred for 5 min. The
cooling bath was removed and the mixture was stirred at
room temperature for 6 h. The mixture was poured into water
(3 L) and was extracted with hexane (1 L). The organic layer
was separated, washed with brine (1 L), dried with sodium
sulfate, and the solvents were evaporated. The residue was
purified by flash chromatography over silica gel using a
solvent gradient (5 to 50% of ethyl acetate in hexanes) to
give 53 g (42% yield) of a colorless oil: 1H NMR (300 MHz,
deuterochloroform) δ 3.96-3.90 (m, 3H), 3.60-3.52 (m,
2H), 3.05 (br s, 2H), 1.85-1.60 (m, 2H), 1.20-1.03 (m,
21H); MS (ESI) m/z ) 263 (MH+).

(b). (S)-2-Hydroxy-4-(Triisopropylsilyloxy)butyl 4-Me-
thylbenzenesulfonate. p-Toluenesulfonyl chloride (34.4 g,
0.18 mol) in DCM (50 mL) was added dropwise to a cooled
solution (-78 °C) of (S)-4-(triisopropylsilyloxy)butane-1,2-
diol (45.9 g, 0.17 mol) and pyridine (32.4 mL, 0.4 mol) in
DCM (200 mL), over a 10 min period. The cooling bath
was removed and the reaction was stirred at room temper-
ature for 4 h. The mixture was poured into 0.5 M aqueous
hydrochloric acid (500 mL) and was stirred for 5 min. The
organic layer was separated, washed with aqueous sodium
bicarbonate (500 mL), brine (500 mL), and dried over sodium
sulfate, and the solvents were evaporated. The residue was
purified by flash chromatography over silica gel using a
solvent gradient (5 to 25% of ethyl acetate in hexanes) to
give a pale yellow oil (42 g, 58% yield): 1H NMR (300 MHz,
deuterochloroform) δ 7.66 (d, 2H, J ) 8.3 Hz), 7.32 (d, 2H,
J ) 8.2 Hz), 4.15-3.80 (m, 5H), 3.18 (br s, 1H), 2.42 (s,
3H), 1.68 (m, 2H), 1.10- 0.90 (m, 21 H); MS (ESI) m/z )
417 (MH+).
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(c). (S)-2-(1-Ethoxyethoxy)-4-(Triisopropylsilyloxy)bu-
tyl 4-Methylbenzenesulfonate. Pyridinium p-toluenesu-
fonate (100 mg) in DCM (5 mL) was added to a solution of
(S)-2-hydroxy-4-(triisopropylsilyloxy)butyl 4-methylbenze-
nesulfonate (41.6 g, 100 mmol) and ethylvinyl ether (67.2
mL, 700 mmol) in DCM (350 mL), and the mixture was
stirred for 1 h at room temperature. The solution was poured
into saturated aqueous sodium bicarbonate (1 L) and stirred
for 5 min. The organic layer was separated, washed with
water (500 mL) and brine (500 mL), and dried over Na2SO4,
and the solvents were evaporated to furnish a colorless oil
(46 g, 94% yield), which was used in the next step without
further purification. The product is unstable at room tem-
perature in solvent: 1H NMR (300 MHz, deuterochloroform)
δ 7.79 (d, 2H, J ) 8.3 Hz), 7.32 (d, 2H, J ) 8.2 Hz), 4.72
(m, 1H), 4.10-3.90 (m, 3H), 3.72-3.35 (m, 4H), 2.43 (s,
3H), 1.69 (m, 2H), 1.26- 0.90 (m, 27 H); MS (ESI) m/z )
489 (MH+).

(d). (S)-4-(Triisopropylsilyloxy)-2-(Vinyloxy)butyl 4-
Methylbenzenesulfonate 20. Trimethylsilyl triflate (22.6
mL, 0.12 mol) in DCM (10 mL) was added dropwise over
10 min to a cold solution (-78 °C) of (S)-2-(1-ethoxy-
ethoxy)-4-(triisopropylsilyloxy)butyl 4-methylbenzenesulfonate
(45.9 g, 0.94 mol) and triethylamine (27.9 mL, 0.2 mol) in
DCM (300 mL). The reaction was stirred between 0-5 °C
using an ice bath for 1 h. The mixture was poured into
saturated aqueous sodium bicarbonate (1 L) and stirred for
5 min. The organic layer was separated, washed with water
(500 mL) and brine (500 mL), and dried over sodium sulfate,
and the solvents were removed under reduced pressure. The
residue was purified by flash chromatography over silica gel
using a solvent gradient (0 to 5% of ethyl acetate in hexanes)
to give a colorless oil (27 g, 65% yield). The product is
unstable on silica and is better purified with basic alumina:
1H NMR (300 MHz, deuterochloroform) δ 7.79 (d, 2H, J )
8.3 Hz), 7.32 (d, 2H, J ) 8.2 Hz), 6.25 (m, 1H), 4.30-3.70
(m, 7H), 2.42 (s, 3H), 1.72 (m, 1H), 1.01 (m, 21 H); MS
(ESI) m/z ) 443 (MH+).

(R)-4-(Triisopropylsilyloxy)-2-(vinyloxy)butyl 4-Meth-
ylbenzenesulfonate 23. (a). (R)-Butane-1,2,4-triol. A solu-
tion of (R)-(+)-malic acid (22, 10 g, 74.6 mmol) in THF
(100 mL) was added dropwise to a solution of borane-
dimethylsulfide complex (22.4 mL, 236 mmol) in THF (90
mL), and after the addition was complete, the exothermic
reaction was refluxed for 2.5 h. After all the starting material
had been consumed, the mixture was cooled to 0 °C and
methanol was carefully added until gas evolution ceased. The
solvent were removed under removed pressure and azeotropic
distillation with methanol (2 × 150 mL) provided (R)-butane-
1,2,4-triol as a colorless oil (7.9 g, 100% yield): 1H NMR
(400 MHz, deuteromethanol) δ 3.8-3.6 (m, 3H), 3.4-3.5
(m, 2H), 1.9-1.65 (m, 1H), 1.6-1.5 (m, 1H); 13C NMR
(100 MHz, deuteromethanol) δ 71.2, 67.9, 60.3, 37.5.

(b). (R)-4-(Triisopropylsilyloxy)butane-1,2-diol. A solu-
tion of (R)-butane-1,2,4-triol (7.9 g, 74.4 mmol) in methanol
was added to a suspension of dibutyltin oxide in methanol
(300 mL). The mixture was refluxed for 3 h, and the clear
solution was concentrated under reduced pressure. The
residue was further concentrated under high vacuum for 2 h

and was diluted with chloroform (370 mL). Triisopropylsilyl
chloride (14.2 g, 89.3 mmol) was added, and the mixture
was stirred at room temperature overnight. The clear suspen-
sion was concentrated under reduced pressure; the residue
diluted in a small amount of ethanol, and the solid was
filtered and rinsed with small amounts of ethanol. The
filtrates were concentrated under reduced pressure to give a
colorless oil (25 g). The oil was purified by flash chroma-
tography eluting with ethyl acetate/heptane (15:85 then 3:7)
to give (R)-4-(triisopropylsilyloxy)butane-1,2-diol as a color-
less oil (17.4 g, 89% yield): 1H NMR (500 MHz, deutero-
chloroform) δ 3.94 (m, 3H), 3.61 (dd, 1H, J ) 3.8, 11 Hz),
3.51 (dd, 1H, J ) 6.0, 11 Hz), 2.97 (br s, 2H), 1.78(m, 1H),
1.63 (m, 1H), 1.09 (m, 21H); 13C NMR (100 MHz,
deuterochloroform) δ 72.5, 67.0, 62.8, 35.3, 18.3, 12.4.

(c). (R)-2-Hydroxy-4-(Triisopropylsilyloxy)butyl 4-Me-
thylbenzenesulfonate(15 g, 54%): 1H NMR (500 MHz,
deuterochloroform) δ 7.79 (d, 2H, J ) 7.7 Hz), 7.33 (d, 2H,
J ) 8.2 Hz), 4.07(m, 1H), 3.95 (m, 3H), 3.85 (m, 1H) 2.43
(s, 3H), 1.70 (m, 2H), 1.10- 0.90 (m, 21 H); 13C NMR (125
MHz, deuterochloroform) δ 145.3, 133.1, 130.3, 128.4, 73.5,
69.6, 62.2, 34.9, 22.0, 18.3, 12.3.

(d). (R)-2-(1-Ethoxyethoxy)-4-(triisopropylsilyloxy)bu-
tyl 4-Methylbenzenesulfonate (1.4 g, 80%), 1:1 Mixture
of diastereomers: 1H NMR (500 MHz, deuterochloroform)
δ 7.77 (2d, 2H, J ) 8.0 Hz), 7.32 (br d, 2H, J ) 7.2 Hz),
4.71 (m, 1H), 4.02 (m, 3H), 3.70 (m, 2H), 3.56 (m, 1H),
3.41 (m, 1H), 2.43 (s, 3H), 1.70 (m, 2H), 1.24 (2d, 3H),
1.11 (2t, 3H), 0.99 (m, 21 H); 13C NMR (125 MHz,
deuterochloroform) δ 144.8, 144.7, 132.9, 129.9, 129.8,
128.0, 100.2, 100.1, 72.5, 71.1, 60.8, 60.2, 59.2, 58.8, 35.5,
34.9, 21.7, 20.2, 20.1, 18.0, 15.3, 15.2, 11.8, 11.7.

(e). (R)-4-(Triisopropylsilyloxy)-2-(vinyloxy)butyl 4-Me-
thylbenzenesulfonate 2 (0.8 g, 64%): 1H NMR (500 MHz,
deuterochloroform) δ 7.79 (d, 2H, J ) 8.3 Hz), 7.34 (d, 2H,
J ) 8.2 Hz), 6.23 (dd, 1H, J ) 14.3, 6.6 Hz), 4.24 (m, 2H),
4.16 (dd, 1H, J ) 10.5, 3.3), 4.07 (dd, 1H, J ) 10.7, 6.3),
3.97 (m, 1H), 3.73 (m, 2H), 2.44 (s, 3H), 1.74 (m, 2H), 1.03
(m, 21 H); 13C NMR (125 MHz, deuterochloroform) δ 151.1,
144.8, 132.8, 129.8, 128.0, 89.0, 74.1, 71.3, 58.5, 34.0, 21.6,
18.0, 11.8.

Loading of the Vinyl Ethers on Hydroxymethylpoly-
styrene (General Procedure). Hydroxymethyl polystyrene
(25.0 g, 31.0 mmol, Novabiochem, 1.24 mmol/g, 100-200
mesh) in a 500 mL peptide synthesis vessel was washed with
anhydrous DCM (2 × 300 mL). A solution of the vinyl ether
(60 mmol) in anhydrous DCM (200 mL) was filtered through
a pad of basic alumina (20 g), and the filtrate was added to
the resin and shaken gently on a Mistral Multimixer for 30
min. Additional DCM was added (if necessary) to ensure
that the volume of solvent was more than the volume of the
swollen resin for efficient agitation. A solution of PPTS (0.75
g, 3 mmol) in DCM (10 mL) was added to the suspension
and agitated for 42 h. The liquid was drained, and the resin
was washed sequentially with 300 mL portions each of 1%
triethylamine in anhydrous DCM (3×), anhydrous THF (3×),
1% triethylamine in anhydrous DCM (3 x), and anhydrous
diethyl ether (3 x). The resin was dried under reduced
pressure and kept refrigerated in the presence of a desiccant
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until used. The resins were assumed to be sensitive to
moisture and efforts were made to maintain anhydrous
conditions or when water was used to ensure that the
conditions were basic until the final cleavage.

Test Library. Nucleophilic Displacement of the Tosy-
late with Phenols and Secondary Amines. Resins 18S and
18R (1.60 g, 1.45 mmol, 0.91 mmol/g loading) were added
to a solution of potassium tert-butoxide (1.47 g, 13.08 mmol),
o-cresol (26, 1.50 mL, 14.53 mmol), and 18-crown-6 (0.04
g, 0.15 mmol) in NMP (25 mL) in a 40 mL vial under
nitrogen, and the mixture was heated and very gently stirred
with a magnetic stir bar for 18 h. The brown suspensions
were cooled to room temperature, filtered into a 25 mL
Varian polypropylene tube containing a polypropylene frit,
washed with DMF (2 × 20 mL), DMF:water (2×) (3:2, 20
mL), DMF (3 × 20 mL), THF (3 × 20 mL), and 0.5%
triethylamine in DCM (3 × 20 mL), and the brown resins
were dried under reduced pressure. The resins were used as
is for the next step. The S-resin gave (1.39 g, 1.34 mmol,
92% yield) of R-resin, while the R-resin gave (1.39 g, 1.34
mmol, 92% yield) of S-resin.

The same procedure was used with 4-hydroxybenzonitrile
(27, 1.73 g, 14.5 mmol) except that a total of only 15 mL of
NMP was required. The brown suspensions were cooled and
treated as previously described to give the R-resin (1.55 g,
1.48 mmol, 102% yield) and the S-resin (1.53 g, 1.46 mmol,
101% yield).

The same procedure was used with 4-chloro-3-fluorophe-
nol (28, 2.13 g, 14.5 mmol) except that a total of only 15
mL of NMP was required. The brown suspensions were
cooled and treated as previously to give the R-resin (1.56 g,
1.45 mmol, 100% yield) and the S-resin (1.56 g, 1.48 mmol,
100% yield).

1-Phenylpiperazine (25, 2.22 mL, 14.5 mmol) was added
to each resin (1.60 g, 18S, 18R, 0.91 mmol/g loading)
suspended in 15 mL of NMP in a 40 mL vial under
nitrogen, and the mixtures were heated and very gently
stirred with a magnetic stir bar for 18 h. The yellow
suspensions were cooled to room temperature, and were
treated as previously described. The S-tosylate 18S gave
1.57 g of the S-resin, while the R-tosylate 18R gave 1.58 g
of the R-resin.

Removal of the TIPS Protecting Group. The resins were
arrayed in a 24-well Bohdan minireactor bloc (glass
inserts) (115 mg of resin/well), and a solution of 0.5 M
TBAF in THF (2 mL) was added to each reaction well.
The tubes were stirred for 19 h using an platform orbital
shaker (450 rpm, New Brunswick Scientific Innova 2100).
Extra resins were distributed to provide sampling aliquots
(eight samples derived from the 18S-resin and eight
samples from the 18R-resin). The data and sample tracking
was handled using proprietary software. At the end of the
reaction time, the resins were filtered and washed with
THF (2×), 3:2 DMF/H2O (3×), DMF (3×), THF (3×),
and DCM (3×), and then dried under reduced pressure
for 48 h. An aliquot of each resin was cleaved with TFA/
DCM/EtOH (5/16/4 ratio, 2 mL) for 2 h. The solvents
were collected in pretared tubes, and the resins were
washed with DCM (2 × 2 mL). Next, the combined

washings were concentrated. Crude LCMS was obtained
for all of the cleaved samples, and crude 1H NMR’s were
obtained for the products of entries 4-8 of Table 1 and
are included in the Supporting Information.

The aliquots were purified by prepHPLC (TFA/MeOH/
water) to give the products with an isolated average yield of
41% and 99% purity (see Table 1). Flow NMR was obtained
for all products.

Iodination. A solution of pyridine (1 mL, 2.0 M in DMF)
was added to the resins in each well of the Bohdan 24
minireactor. The reactors were stirred for 5 min and stopped.
A solution of methyltriphenoxyphosphonium iodide (1 mL,
1.0 M, 18 g in 32 mL of DMF) prepared according to the
procedure of Hudson26 was added and the mixture was stirred
for 19 h. The pale yellow suspensions were filtered and
washed with DMF (4×), THF (3×), and DCM (3×) [all
containing 0.5% triethylamine], and the resins were dried
under reduced pressure for 1 h. The resins were used as is
for the next step.

An aliquot of each resin was cleaved with TFA/DCM/
EtOH (5/16/4, 2 mL) for 2 h. The resins were drained
and were washed with DCM (2 × 2 mL), and the
combined filtrates were concentrated and analyzed by
LCMS (see Table 1). Crude 1H NMR values were obtained
for entries 12-16 and showed the presence of the desired
products. The samples were purified by prepHPLC
(MeOH, TFA, water). The average yield was 36% and
the average purity was 100%. The samples were analyzed
by flowNMR except for entry 10 (Table 1) which was
lost during purification.

Second Nucleophilic Displacement. A solution of the
amine (1.0 M) and N,N-diisopropylethylamine (0.5 M) in
NMP (2 mL) [the 1.0 M solutions were prepared from a
stock solution of 5.0 mL of propylamine and 2.0 mL of N,N-
diisopropylethylamine in 13 mL of NMP or 1-(3-aminopro-
pyl)imidazole 3.0 mL, N,N-diisopropylethylamine 2 mL, and
NMP 14 mL; 4-phenylpiperazine 3.22 g and 2 mL diiso-
propylethylamine in 15 mL NMP] was added to each reaction
well (Bohdan 24). The mixtures were heated at 85 °C for
22 h. After cooling, the resins were washed with DMF (0.5%
triethylamine) (4×), THF (0.5% triethylamine) (4×), and
DCM (0.5% triethylamine) (3×). The resins were then used
directly for the cleavage.

Cleavage. A solution of the cleavage solution (2 mL,
EtOH/TFA/DCM 3/4/13) was added to each tube (2 mL
each), and the resins were stirred at room temperature for
2 h. The samples were drained into tared test tubes (16 ×
100 mm), and the resins were washed with DCM (2 × 2
mL). The combined solvents were removed under reduced
pressure in a concentrator (Savant SpeedVac Plus SC250
DDA). The samples were weighed and were diluted in
methanol (6 mL). An aliquot (70 uL) was taken from each
sample and diluted to 300 uL and analyzed by LCMS
(Phenominex, Luna C18, 4.6 × 50 mm, 4 min gradient from
10% MeOH, 90% water, 0.1% TFA to 90% MeOH, 10%
water, 0.1% TFA). Crude 1H NMR values were obtained
for entries 33, 45, 48, 51, and 54-56 (Table 2). The average
yield was 28% (six steps average 81% yield per step), and
the average purity was 96%.
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Enantiomeric Excess Determination. Samples from 43
and 55 (Table 2) were purified by preparative HPLC (MeCN,
water, TFA). Compound 43 (TFA salt) gave 31 mg of a white
solid, 66% yield, 100% pure, MH+ 364.1; HRMS
C20H24ClFNO2

+ calcd 364.14741 obsd 364.14863; 1H NMR
(500 MHz, deuterochloroform) δ ppm 7.35 (t, J ) 7.7 Hz,
2 H), 7.29 (t, J ) 8.8 Hz, 2 H), 7.24 (d, J ) 8.2 Hz, 2 H),
6.71 (dd, J ) 10.4, 2.7 Hz, 1 H), 6.64 (dd, J ) 9.1, 1.9 Hz,
1 H), 4.56-4.65 (m, 1 H), 4.11 (dd, J ) 9.3, 4.4 Hz, 1 H),
3.98 (d, J ) 12.1 Hz, 1 H), 3.91 (t, J ) 7.7 Hz, 1 H), 3.84
(d, J ) 11.5 Hz, 1 H), 3.20-3.30 (m, 2 H), 2.87 - 2.98 (m,
2 H), 2.75 (tt, J ) 12.3, 3.7, 3.6 Hz, 1 H), 2.29-2.44 (m, 2
H), 2.06 (t, J ) 16.8 Hz, 2 H); 13C NMR (126 MHz,
deuterochloroform) δ ppm 157.64 (d, J ) 10.2 Hz), 158.43
(d, J ) 249.2 Hz), 142.62, 130.83 (2 C), 128.95, 127.33 (2
C), 126.64, 116.39 (d, J ) 30.5 Hz), 110.85, 103.73 (d, J )
25.4 Hz), 70.15, 64.02, 61.94, 56.82, 54.41, 40.38, 30.31 (2
C); 19F NMR (471 MHz, deuterochloroform) δ ppm -78.56
(s, 3 F, TFA), -115.30 (s, 1 F). The ee was determined using
chiral HPLC and was determined to be 99%.

Compound 55 gave 36 mg of white solid, 76% yield, 100%
pure MH+ 364.1; HRMS C20H24ClFNO2

+ calcd. 364.14741
obs. 364.14836; 1H NMR (500 MHz, deuterochloroform) δ
ppm 7.35 (t, J ) 7.4 Hz, 2 H), 7.29 (t, J ) 8.8 Hz, 2 H),
7.24 (d, J ) 7.1 Hz, 2 H), 6.71 (dd, J ) 10.4, 2.7 Hz, 1 H),
6.64 (dd, J ) 8.5, 2.5 Hz, 1 H), 4.61 (tt, J ) 8.0, 4.1 Hz, 1
H), 4.11 (dd, J ) 9.3, 4.4 Hz, 1 H), 3.98 (d, J ) 11.5 Hz,
1 H), 3.91 (t, J ) 7.7 Hz, 1 H), 3.84 (d, J ) 12.1 Hz, 1 H),
3.21 - 3.29 (m, 2 H), 2.88-2.97 (m, 2 H), 2.71-2.79 (m,
J ) 12.2, 12.2, 3.6, 3.3 Hz, 1 H), 2.30-2.44 (m, 2 H), 2.06
(t, J ) 16.8 Hz, 2 H); 13C NMR (126 MHz, deuterochlo-
roform) δ ppm 157.64 (d, J ) 10.2 Hz), 158.43 (d, J )
249.2 Hz), 142.62, 130.83 (2 C), 128.95, 127.33 (2 C),
126.64, 116.39 (d, J ) 30.5 Hz), 110.85, 103.73 (d, J )
25.4 Hz), 70.15, 64.02, 61.94, 56.82, 54.41, 40.38, 30.31 (2
C); 19F NMR (471 MHz, deuterochloroform) δ ppm -78.50
(m, 3 F), -115.30 (s, 1 F). The ee was determined using
chiral HPLC and was determined to be 97.5%

Nucleophilic Displacement of the Tosylate with Phe-
nols, Thiophenols, or Secondary Amines: The NK were
dry-loaded with the resins and were washed with DCM (0.3
mL/NK) for 2 h. The NK were dried under vacuum and were
stored in dry plastic bags at room temperature. The NK were
sorted into 48 bins for the tosylate displacement step. NMP
solutions of each nucleophile (1.0 M, thiophenol or phenol),
t-BuOK (0.9 M) and 18-crown-6 (0.01 M) in NMP were
prepared (some nucleophiles required gentle heating to
dissolve). The secondary amines did not require base or
crown ether, and a solution of each in NMP (1.0 M) was
prepared. The NK (∼8 mg/NK) were added to each solution
of nucleophile, degassed, and heated with orbital shaking at
95 °C for 18 h. The NK were cooled, the solvent was drained,
and each reaction batch was rinsed with DMF (2×). The
NK were combined and washed with 3:2 DMF/H2O (3×)
and then washed in the IRORI autowasher. Each wash
included two degas cycles where a vacuum was applied to
remove air pockets from the NK and two cycles of stirring
for 10-300 min. Finally, the NK were washed with DMF
(4×), THF (3×), and DCM (3×) and dried under vacuum.

Removal of the TIPS Protecting Group. All of the NK
were treated with 0.5 M TBAF (Aldrich, 1.0 M solution in
THF) in reagent grade THF (NOT anhydrous). The NK were
shaken for 18 h at room temperature. The NK were
occasionally noted to have turned purple in color. This color
change did not affect the outcome of the products with those
NK. The NK were washed with THF (2×) and 3:2 DMF/
H2O (3×), then washed in the autowasher with DMF (3×),
THF (3×), and DCM (3×), and dried under vacuum.

Iodination. The dry NK were suspended in 2.0 M pyridine
in anhydrous DMF. To this suspension was added an equal
volume of a solution of 1.0 M methyltriphenoxyphosphonium
iodide in DMF. (The resultant concentration of pyridine was
1.0 M, and the resultant concentration of Me(OPh)3P+I- was
0.5 M.). Note: It is important that the pyridine is added before
the Me(OPh)3P+I-. The NK were then shaken at room
temperature for 18 h. The solvent was drained, and the NK
were washed in the autowasher with DMF (4×), THF (3×),
and DCM (3×) and then dried under vacuum.

Second Nucleophilic Displacement. The NK were added
to a solution of the nucleophile in NMP (1.0 M). Diisopro-
pylethylamine was added to produce a 0.5 M final solution
in each flask, and the mixture was heated at 85 °C for 20 h.
The reactions were cooled to room temperature, the solvent
was drained, and the NK were washed in the autowasher
with DMF (4×), THF (3×), and DCM (3×) and dried under
vacuum.

Final Cleavage. The NK were sorted into Clevap plates,
and each plate was paired with a tared and barcoded Micronic
plate (1.2 mL). The cleavage solution (450 µL, trifluoroacetic
acid, ethanol in DCM 5:4:16) was added, and the NK were
degassed and reacted for 2 h. The NK were drained into the
tubes and additional cleavage solution was added (300 µL).
The plates were then incubated for another hour before
draining a second time. Finally, the NK were rinsed with
methanol for 20 min, and the combined solutions were dried
under reduced pressure.

SCX Purification. Four hundred compounds were puri-
fied by solid phase extraction using SCX (United ChemTech
SCX100020X). The cartridges were washed with methanol
(2 mL), and the sample was loaded in 500 µL of methanol.
The sample was washed with methanol (2 mL) and was
eluted with ammonia in methanol (1 mL) and concentrated.

In total, 9966 compounds were submitted (>0.4 µmol,
correct mass, >70% HPLC purity) for a success rate of 93%.
Average amount was 3.98 µmol. Average yield was 78.3%.
Average purity was 92.7%.
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