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New Phenanthridine Linkers for the Solid-Phase Synthesis of
Acid-Containing Compounds

Wen-Ren Li,* Yu-Sheng Lin, and Nai-Mu Hsu
Department of Chemistry, National Central Waisity, Chung-Li, Taiwan 32054, ROC

Receied July 23, 2001

Two novel, reusable phenanthridine linkers that use cerium ammonium nitrate as a cleavage reagent are
described. These linkers are based on a disubstituted amide and are designed for the release of carboxylic
acids but tolerate exposure to acidic, basic, and reductive reaction conditions. Application of these linkers
to solid-phase organic synthesis affords products in excellent yields and high purities.

Introduction OH

o™~CH OH '
Intensive research efforts have focused on the use of the 0
combinatorial approach for the discovery of new compounds O O O
with desired properties:® The successful preparation of a O O O
combinatorial library of a class of compounds depends on Ny Nx Nx
1 2 3

the availability of suitable linkers and high-yielding strategies
for synthesizing the compounds on solid supp6ftg.o
support the need for a variety of chemistries on solid phase,

there is a great deal of interest in developing new linkers, \hage oxidatively removable linkers are applicable to or-
which are stable during the solid-phase synthesis process angogonal schemes, with use of either the base-labile or acid-
yet readily cleavable under mild conditiofs: labile protecting groups. These linkers are also suitable for

The solid-phase synthesis of carboxylic acid containing the preparation of N- or O-alkylated compounds.
structures is important to various fields of organic and

medicinal chemistry because they are both valuable synthetic Results and Discussion
intermediates and often interesting target molectfies.

Therefore, in almost all solid-phase peptide synthesis efforts _Linker Design Strategy. Initial design efforts were
and in a majority of small-molecule solid-phase synthesis directed toward linkers with various pendent chains attached

approaches, the compound is linked to the solid supportto the_phe_nanthridine moiety. On the basis of the_ mechanism
through the carboxylic acid functionaliy- Although many _for OX|d§1t|ve cI(_aa_vage of the acy_lated phgnanthrldme linker,
linkers for the immobilization of carboxylic acids have been [t Was first anticipated that the introduction ofpaalkoxy
developed in recent yeats3 only the phenanthridine linker ~ 9r0UP into an arylamllde wou_ld increase the reactivity becagse
survives acid, base, reduction, and N-alkylafibRollowing of the (_elec_tron—donatlng assistance of the alko>l<y group during
our initial success with the phenanthridine linker, we have the oxidative cleavage. Unfortunately, the activated lirker
also investigated (i) linkersL¢-3, Figure 1) assembled on  Was partially clggved from thg solid support under ox@atlve
different solid supports, (ii) oxidative efficiency and kinetics Ccl€avage conditions. Accordingly, the alkoxy group in the
on resin by substituent effects, (iii) the cleavage purities of Phenanthridine linked was changed to an alkyl group to
different linkers, and (iv) the recycling yields of regenerated obtain linker2. To extend the utility of the phenanthridine

linkers. These studies now allow a more general and optimal INker, a handle was introduced onto linkzusing a carboxyl
utilization of the phenanthridine linkerd£3). group. This handle could be used to link the resulting

The present paper provides details on the design Ofphenanthridine linkeB to hydroxy- or amino-functionalized

phenanthridine linkers1-3) and execution of two ap- resins. _ o

proaches for anchoring them in solid-phase synthesis. Each Preparation of Phenanthridine Linkers (1—3). Elabora-

of these phenanthridine linker derivativés-@) is a bifunc- ~ tion of the 4-aminophenol4j to the desired linkerl
tional spacer, which on one end contains a site for linkage Proceeded in seven steps (Scheme 1). Selective acylation of
to the first residue and on the other end contains a site for & @amino group in 4-aminophenol with 2-iodobenzoic acid
attachment of the resin. Most importantly, link@rand3 ~ Was accomplished using 1,3-diisopropylcarbodiimide (DIC)
can be cleaved cleanly under mild oxidative conditions and in THF. Treatment of phend in THF with ethyl bromo-

give rapid cleavage kinetics-©5% purity in 5 min). Thus, ~ acetate and potassium carbonate at room temperature pro-
vided the alkylated produds in 91% vyield. Attempts to

*To whom correspondence should be addressed. FeB86-3-427- perform a palladium-assisted internal biaryl cyclization of
7972. E-mail: ch01@ncu.edu.tw. the amides gave an undesired intermolecular coupling dimer.

Figure 1.
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Failure of compound to cyclize was attributed to the
formation of a palladium complex with the amide of the
benzamide unitf) rather than the diaryl complex that would
be expected to lead to the formation of desired product.
Therefore, it was necessary to block the-N function by
reduction of the amidé, followed by acylation of the amino
and hydroxy group of the resulting produtctintramolecular
Heck type cyclization of the amid& employing Pd(OAGg)
PhP, and AgCO; in CH3CN, afforded the desired compound
9in 91% yield® Oxidative cleavage of the coupling product
9 with cerium ammonium nitrate (CAN) and subsequent

18 2

hydrolysis of the acetate with LiOH in THFA® provided
the amine-masked phenanthridine linker

The synthesis of linke2 (Scheme 2) began with protection
of the acid group of 4-nitrophenylacetic acidlj as its
methyl ester 12). Reduction of the nitro group of the ester
12 was rapidly achieved by catalytic transfer hydrogenation
with HCO,NH, as the hydrogen donor over a Pd/C catai§st.
Coupling of the resulting amin&3 with 2-iodobenzoic acid
using conventional conditions gave compoutin 84%
yield. As shown in Schemes 1 and 2, treatment of ani¢le
under conditions similar to those described for amg@le
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resulted in the formation of phenanthridine link&rin 1-hydroxybenzotriazole (HOBt), obtaining ester-linked or

roughly 40% overall yield from 4-nitrophenylacetic acid. = amide-linked derivative20cor 20d, respectively. Reduction
Because the results obtained with linkewere encourag-  of these functionalized resin@a—d), afforded the resin-
ing, we proceeded to synthesize the analogous lirkker bound secondary aminegla—d), which could be used to
(Scheme 3). Synthetic problems were encountered with theanchor the carboxylic acid for combinatorial solid-phase
alkylation step designed to introduce a terminal carboxyl synthesis. To ensure complete reduction, initial experiments
group for attachment to the solid support. The alkylation of to reduce these amine-masked linkeE®g—d) involved
linker 2 with bromoacetic acid using KOH in THFA® at reaction with NaBH, using EtOH as solvent fa3 h in the
various temperatures failed to give the desired product. This presence of BETHF. Since the ester group of link@0c
result suggested the need to use a carboxylic acid protectedvas cleaved under BfHTHF reduction conditions, we tested
haloacetic acid such asrt-butyl iodoacetate as the alkylating various reduction conditions and found that NaBH THF
agent. However, treatment of link@rwith tert-butyl iodo- and EtOH gave satisfactory results for all linkers. The loading
acetate under standard conditions (NaH, THF, or DMF) at of each linker was estimated through its (fluorenylmethoxy)-
room temperature afforded an acylated product instead ofcarbonyl (Fmoc) protection, deprotection with 20% piperi-
the desired alkylated compound. Finally, the carboxyl dine/DMF, and UV-Fmoc quantitatiod®4° The results
functionality needed for attachment to hydroxy- or amino- (about 76-80% loading) were consistent with the expected
functionalized resins was provided by reaction of linRer  weight gain.
with tert-butyl iodoacetate and 50% NaOH in the presence  Solid-Phase Synthesis with the Phenanthridine Linkers.
of a phase-transfer catalyst tetrabutylammonium iodide Having established facile synthetic routes to tether linkers
(TBAI).%" Linker 3 was isolated as a crystalline compound 1—3to solid supports, we proceeded to investigate the scope
after trifluoroacetic acid deprotection. and limitations of compound2la—c and to select the best
Loading of Resins with Linkers. As outlined in Scheme  supported linker by two model syntheses. As shown in
4, linkers 1—3 were successfully anchored onto different Scheme 5, the supported linkers are indicated with a generic
polystyrene-based resins. Linkeksand 2 were attached to  linkage and the outcome of the significant experiments is
Merrifield resins (CM-PS) via each of the hydroxyl groups reported in Table 1. In the first case, the supported
with the aid of sodium hydride iN,N-dimethylformamide compound®1a—c were used to synthesize a trimethylated
(DMF) to afford compound20a and 20b, respectively. derivative of actarif! an immunomodulating agent (Scheme
Linker 3 was loaded onto hydroxymethylpolystyrene (HM- 5). Each of the three supported reagedis—c was first
PS) resin using conventional ester coupling conditions or derivatized with 4-nitrophenylacetic acid and then subjected
onto aminomethyl polystyrene (AM-PS) resin using DIC and to enolate alkylation, employing commonly used bases such
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as NaH or KH. The complete alkylation could also be
accomplished using a strong base such as LDA& °C
when supported reagertéa,bwere used? Our first attempt

to reduce the aromatic nitro group utilized conditions reported
by Pavia and Goff using an aquen M SnC} solution in
DMF.*344However, the reduction of resin-bound compound
23bgave a mixture with low loading{(40% yield) estimated

by UV—Fmoc quantitation. After the evaluation of several
reducing reagents (Sn{INaS, NaS,04) and conditions,
the aromatic nitro group could be fully reduced with SnCl
in oxygen-free DMF under an argon atmosphere. The
resulting aminek4a—c were then subjected to acetylation
and N-alkylation to afford the trimethylated acid-bound resins
26a—c, respectively. Treatment of each of the resulting resins
with 1.2 equiv of CAN in THF and water resulted in
complete cleavage of the desired a@d from the solid
supports. After purification, the trimethylated actarit deriva-
tive 27 was isolated in 4566% overall yield for eight steps
(Table 1).

Next, the utility of these linkers was demonstrated by
synthesizing an N-acylated dipepti@ (Scheme 6). The
immobilized phenanthridine linkela—c were elaborated
to afford the Boc-protected intermediat88a—c, via N-
acylation with Fmoa--Ala-OH activated as its carbodiimide
ester and coupling of the Fmoc-liberated amig@a—c with
Boc-L-Phe-OH in the presence of 2Hibenzotriazo-1-yl)-
1,1,3,3-tetramethyluronium hexafluorophosphate (HB1U).
Removal of thetert-butyloxycarbonyl protecting group in

Journal of Combinatorial Chemistry, 2001, Vol. 3, No. 637

Table 1. Performance Evaluation of Two Model Syntheses
Using Phenanthridine Linkers—3

resin resin
product product yield yield
cleavage purity, yield® (first),c (secondy

entry linker resin product %? % % %
1 1 CM-PS 27 76 45 78
2 2 CM-PS 27 95 62 90 84
3 3 HM-PS 27 95 66 91 83
4 1 CM-PS 33 75 52 76
5 2 CM-PS 33 99 73 90
6 3 HM-PS 33 99 76 92

aCrude product purity? Pure isolated product overall yield.
¢Yield of resin after one recyclé.Yield of resin after two recycles.

compounds30a—c by trifluoroacetic acid, and subsequent
treatment with benzoyl chloride in the presenceNyN-
diisopropylethylamine (DIPEA), afforded the dipeptide-
bound resin882a—c. At each step, an aliquot of the resin
was monitored by photometric Fmoc determination or the
ninhydrin method to ensure the efficiency of the synthetic
procedure® 40 After oxidative cleavage from resirg2a—

¢, each sample of crude product was purified to give di-
peptide33in 52—76% overall yield from chloromethylpoly-
styrene (CM-PS) or hydroxymethylpolystyrene (HM-PS)
(Table 1).

Characterization of the Phenanthridine Linkers. The
amine-masked phenanthridine reski®—d appeared to be
indefinitely stable when stored at room temperature. There-
fore, linker-bound resins should be kept in this form before
they are derivatized with carboxylic acids.

The stability of phenanthridine linker-anchored resins
22ab was also examined under a variety of conditions.
Resins 22ab were very rapidly cleaved with CAN in
CHsCN. However, we found that about 20% of linkewas
also cleaved from resi@2a affording low product purity.
Therefore, we turned our attention to kinetic studies of resin
22b, and the rate of oxidative cleavage was measured using
various equivalents of CAN in C{N or THF. The best
cleavage results were obtained in excellent yield (93%) and
high purity (98%), employing only 1.2 equiv of CAN in
THF/H,O for a 5 min time period. Longer reaction times
for oxidative cleavage of resi2Rbfailed to release additional
4-nitrophenylacetic acid from the resin. None of linReras
cleaved from the solid support. Gratifyingly, when exposed
to Fmoc deprotection conditions (50% piperidine in
for 3 h) or Boc deprotection conditions (50% TFA in &,
for 3 h), no loss of acid or linker from resi2bwas detected.
The reaction time chosen represents at least 20 deprotection
cycles in the peptide synthesis, so linReshould be suitable
for the synthesis of large peptides using Fmoc or Boc
chemistries.

Resin22b was also stable upon treatment lwit M HCI
or NaOH in THF/HO solution for 24 h. No racemization
was detected during either attachment or oxidative removal
of the amino acid derivativ83 (Scheme 6) by HPLC and
H NMR analysis. As seen from Table 1, the yields of resins
20b—c after one and two cycles are excellent and can be
reused at least two times. It is also noteworthy that the
cleavage reactions in both model syntheses proceeded cleanly
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Scheme 6
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and that the purity of each produ@7and33) was greater  Visualization was effected with ultraviolet light or any of

than 95% when linke2 or 3 was used. the following reagents: ninhydrin, phosphomolybdic acid,
i and anisaldehyde. Chromatography was carried out on Merck
Conclusions silica gel 60 (particle size 240400 mesh)!H and3C NMR

We have successfully demonstrated the use of phenan-spectra were recorded on a Brucker DRX-200 spectrometer.
thridine linkers2 and3 for the immobilization of carboxylic =~ Chemical shifts were measured in parts per milliay) (
acids for solid-phase organic synthesis. These linkers wererelative to tetramethylsilane (TMS) or chloroform as the
synthesized from an inexpensive, commercially available internal standard. Coupling constanis/élues) are in hertz
compound and can be prepared on a preparative scale inHz). Infrared spectra (IR) were obtained on a Bio-Rad FTS
roughly 40% overall yield. The linker-derivatized resins 155 spectrometer. Absorptions are reported in wavenumbers
21b—d can also be synthesized in two steps from different (cm™2). The spectra taken were referenced to the 1601'cm
polymeric supports. LinkeR is anchored to a C-terminal band of polystyrene, and only the most prominent or
residue by a disubstituted amide and not an ester bond,characteristic absorptions are noted. Optical rotations (in
ensuring stability to N-alkylation and avoidance of diketo- degrees) were recorded on a Perkin-Elmer Model 343
piperazine formation at the dipeptide stage. Oxidative polarimeter at the sodium D line. Concentrations were
cleavage of linker® and3 occurs rapidly £5 min) under reported in g/100 mL. High-resolution mass spectra (HRMS)
mild conditions (aqueous THF, room temperature), and were obtained on JEOL SX-102A, using either ammonia
compounds of high purity (9599%) are obtained after a chemical ionization (CI) or electron impact (EI).
simple extraction and filtration protocol. While no linker can N-(4-Hydroxyphenyl)-2-iodobenzamide (5). 2-lodo-
be stable to all conditions available to the synthetic chemist, benzoic acid (1.00 g, 4.03 mmol) was dissolved in THF (27
the oxidative cleavage strategy promises to substantially mL) in a flame-dried flask equipped with a magnetic stirrer.
increase the available options regardless of the long syntheticTo this stirred solution were added 1,3-diisopropylcarbo-
sequence of linkerd and3. These resins are also sufficiently  diimide (DIC) (0.758 mL, 4.84 mmol) and 4-aminophenol
robust to be recovered and recycled through the reaction(0.880 g, 8.06 mmol) under an argon atmosphere. The
sequence. Because oxidative cleavage is orthogonal to theeaction mixture was stirred f@ h and then concentrated
Fmoc/Boc and Boc/Bn protecting group strategies, it is hoped under reduced pressure. The resulting crude material was
that the phenanthridine linkerg and 3 will find broad dissolved in cold EtOAc (40 mL). The reaction mixture was
application in the field of solid-phase combinatorial synthesis filtered, and the collected solid was washed with cold EtOAc
where tolerance to both strongly acidic and basic conditions (5 mL). The organic layer was washed with 5% HCI (15
is required. mL), 5% NaHCQ (15 mL), and saturated NaCl (15 mL)
solution. The organic layer was dried (}$2), filtered, and
concentrated. The resulting crude oil was purified by column

General. All solvents were reagent grade and distilled chromatography, eluting with EtOAc/hexane (35:65). Com-
before use. Resins were obtained from Advanced ChemTechpound5 (1.12 g, 83%) was obtained as a white solid. IR
All resins were dried by passing nitrogen through them for (neat): 3272, 1644, 1508, 1429, 1241 ém'H NMR
20—30 min. Analytical thin-layer chromatography (TLC) was (DMSO-ds): 6 6.66—7.85 (m, 8H), 9.94 (s, 1H}C NMR
performed on Merck silica gel (60 F 254) plates (0.25 mm). (DMSO-dg): 6 1103.83, 113.34, 120.31, 126.53, 126.70,

Experimental Section
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129.21, 137.95, 142.03, 152.56, 165.77. HRMS Calcd for 2H), 6.81-7.76 (m, 8H).23C NMR (CDCk): ¢ 20.66, 22.38,
Ci13H10INO, (MT): 338.9756. Found: 338.9761. 56.73, 62.39, 65.84, 99.15, 115.10, 128.16, 128.74, 129.03
[4-(2-|od0benzoy|amino)phenoxy]acetic Acid Methy| 129.41, 135.43, 139.14, 139.22, 157.66, 170.62, 170.61.
Ester (6). To benzamidé (2.90 g, 8.55 mmol), at ambient HRMS Calcd for GoHaNO4 (M¥): 453.0437. Found:
temperatures, was added THF (42 mL). Finely powdered 453.0434.
K,CGO; (3.59 g, 25.533 mmol) was then added in portions,  Acetic Acid 2-(5-Acetyl-5,6-dihydrophenanthridin-2-
followed by the addition of ethyl bromoacetate (8.53 g, 51.1 yloxy)ethyl Ester (9). To a solution of compouné (0.140
mmol). After 24 h, the reaction mixture was filtered and the g, 0.299 mmol) in dry CKCN (30 mL) were added Pd(OAc)
collected solid was rinsed with EtOAc. The filtrate was (0.168 g, 0.0749 mmol), triphenylphosphine (0.393 g, 0.1498
concentrated under reduced pressure and diluted with EtOAcmmol), and AgCO; (0.165 g, 0.599 mmol). The solution
(200 mL). The organic layer was washed with 5% HCI (30 was refluxed under an argon atmosphere for 1 h. The reaction
mL), 5% NaHCQ (30 mL), and saturated NaCl (20 mL) mixture was cooled and then concentrated under reduced
solutions. The organic layer was dried ¢S&), filtered, pressure. The resulting crude material was dissolved in
and concentrated. The resulting crude product was purified EtOAc (60 mL) and filtered, and the collected solid was
by column chromatography eluting with acetone/dichloro- washed with cold EtOAc (5 mL). The organic layer was
methane (5:95). Pure compour@l (3.44 g, 91%) was  washed with saturated NaCl (15 mL) solution, dried{b@),
obtained as a white solid. IR (neat): 3253, 3056, 2983, 1752, filtered, and concentrated. The resulting crude product was
1644, 1516, 1200 cm. *H NMR (CDCl): 6 1.28 (t,J = purified by column chromatography eluting with EtOAc/
7.0 Hz, 3H), 4.18 (g9J = 4.2 Hz, 2H), 4.59 (s, 2H), 6:9 hexane (1:1). Pur@ (0.88 g, 91% yield) was obtained as a
7.89 (m, 8H).*C NMR (CDCk): ¢ 14.15, 61.42, 65.67, white solid. IR (neat): 3448, 2936, 1732, 1649, 1495, 1235
92.48, 115.10, 121.82, 128.23, 128.43, 131.34, 131.66,cm. 'H NMR (CDCl): 6 1.87 (s, 3H), 2.09 (s, 3H), 4.14
139.90, 142.06, 154.86, 167.20, 168.90. HRMS Calcd for (t, J = 4.46 Hz, 2H), 4.40 (tJ = 45.0 Hz, 2H), 4.84 (s,
Ci1H1604N (MT): 425.0124. Found: 425.0107. 2H), 6.87-7.76 (m, 7H)X*C NMR (CDCk): 6 20.75, 21.92,
2-[4-(2-|odobeny|amino)phenoxy]ethano| (7) Com- 44.95, 62.58, 66.17,110.29, 113.61, 123.20, 125.53, 126.13,
and treated with NaBI{0.793 g, 21.17 mmol) at @C. After 169.35, 170.79. HRMS Calcd for§1:d0N (M*): 325.1314.
10 min, a solution of BFOE®, (3.6 mL, 28.22 mmol) was  Found: 325.1307.
added dropwise. After being stirred for 0.5 h af®©, the Acetic Acid 2-(Phenanthridin-2-yloxy)ethyl Ester (10).
reaction mixture was then brought to 8G. The reaction Compound9 (0.60 g, 1.844 mmol) was dissolved in THF/
mixture was stirred for 24 h and then concentrated under H,O (4:1, 9.2 mL). To this solution was added CAN (2.0 g,
reduced pressure. The resulting crude material was dissolvedt.06 mmol) at room temperature. After 10 min, the reaction
in EtOAc (60 mL) and washed with saturated NaH@0 was concentrated in vacuo. The resulting solid was dissolved
mL) and saturated NaCl (15 mL) solutions. The organic layer with EtOAc (80 mL) and washed with 5% NBH (10 mL),
was dried (NgSQy), filtered, and concentrated. The resulting 5% HCI (5 mL), 5% NaHC® (10 mL), and saturated NaCl
crude oil was purified by column chromatography, eluting (10 mL) solutions. The organic layer was dried ¢(§@y),
with acetone/dichloromethane (3:97). Pure alcoh@¢D.77 filtered, and concentrated. The resulting crude oil was
0, 88% yield) was obtained as a white solid. IR (neat): 3291, purified by column chromatography eluting with acetone/
2915, 1516, 1449, 1260 crh 'H NMR (CDCl): ¢ 3.18 dichloromethane (5:95). Compout@ (0.352 g, 68% yield)
(br s, 1H), 3.88 (tJ = 3.4 Hz, 2H), 3.96 (tJ = 4.5 Hz, was obtained as a white solid. IR (neat): 2929, 1732, 1611,
2H), 4.24 (s, 2H), 6.527.85 (m, 8H).:*C NMR (CDCk): 1443, 1219 cm’. *H NMR (CDCl): ¢ 2.11 (s, 3H), 4.28
053.91, 61.48, 69.93, 98.53, 114.15, 115.84, 128.31, 128.75,(t, J = 5.0 Hz, 2H), 4.50 (t) = 5.0 Hz, 2H), 7.278.08 (m,
128.83, 139.35, 141.01, 142.14, 151.13. HRMS Calcd for 7H), 9.07 (s, 1H)**C NMR (CDCk): ¢ 20.83, 62.67, 66.19,
CisH160:N (M™): 369.0226. Found: 369.0237. 118.55, 121.71, 125.03, 126.37, 127.48, 128.57, 130.48,
Acetic Acid 2_{4_[Acety|_(2_|od0benzy|)am|no]phenoxy_ 131.46, 131.85, 139.83, 151.23, 157.21, 170.92. HRMS
ethyl Ester (8). To compound? (0.130 g, 0.352 mmol), in  Calcd for G7H:1sNOs (M*): 281.1052. Found: 281.1056.
CH.ClI, (1.8 mL) at 0°C, were added triethylamine (0.122 2-(Phenanthridin-2-yloxy)ethanol (1).To a solution of
mL, 0.88 mmol) and acetyl bromide (0.065 mL, 0.88 mmol). compoundl0 (0.352 g, 1.25 mmol) in THF (3.5 mL) was
After being stirred for 0.5 h at €C, the solution was brought  added, dropwise, a cold lithium hydroxide solution (2.8 mL,
to room temperature. The reaction mixture was stirred for 7.5 mmol) ove a 5 min period. Stirring was continued for
1.5 h and then filtered, and the collected solid was rinsed 6 h at ambient temperature. The solution was acidified to
with EtOAc (15 mL). The organic layer was washed with pH 7 with 10% HCI. After this time, the solution was
5% HCI (5 mL), 5% NaHCQ@ (5 mL), and saturated NaCl concentrated to half its volume and washed with EtOAc (2
(5 mL) solutions. The organic phase was dried 43@), x 30 mL). The combined ethyl acetate layers were then
filtered, and concentrated. The resulting crude product waswashed with 5% HCI (5 mL), 5% NaHCGQ5 mL), and
purified by column chromatography eluting with EtOAc/ saturated NaCl (5 mL) solutions. The organic layer was dried
hexane (40:60). Est&(0.15 g, 91% yield) was obtained as (Na&SQy), filtered, and concentrated. The resulting crude solid
a white solid. IR (neat): 3064, 2936, 1738, 1657, 1509, 1381, was purified by column chromatography, eluting with
1227 cm. 1H NMR (CDCl): 6 1.92 (s, 3H), 2.09 (s, 3H),  acetone/dichloromethane (20:80) to afford compound
4.13 (t,J = 4.8 Hz, 2H), 4.34 (tJ = 4.5 Hz, 2H), 4.96 (s,  (0.236 g) in 88% yield. IR (neat): 3332, 2929, 1611, 1449,
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1227 cm'. *H NMR (CDCl): ¢ 2.85-3.10 (br s, 1H), 63.73,98.44,113.11, 127.29, 128.30, 128.66, 128.83, 129.74,
4.09-4.15 (t,J = 4.2 Hz, 2H), 4.28 (tJ = 4.0 Hz, 2H), 139.34, 140.88, 146.15. HRMS (EI) Calcd fors8:¢INO
7.37-8.44 (m, 7H), 9.13 (s, 1H)*C NMR (CDCk): ¢ (M™*): 353.0277. Found: 353.0262.
61.30, 69.73, 104.06, 118.60, 121.76, 125.12, 126.37, 127.53, Acetic Acid 24{4-[Acetyl(2-iodobenzyl)amino]pheny} -
128.65, 130.57, 131.31, 131.93, 139.60, 151.13, 157.51.ethyl Ester (16). According to the procedure used for the
HRMS Calcd for GsHi2O,N (M*): 239.0946. Found:  synthesis of compoun® starting from 3.89 g (11.03 mmol)
239.0940. of compoundl5, 2.45 mL (33.10 mmol) of acetyl bromide,
(4-Nitrophenyl)acetic Acid Methyl Ester (12). To a 4.60 mL (33.10 mmol) of EN, and 56 mL of CHCI,, there
solution of 4-nitrophenylacetic acid (6.0 g, 33.12 mmol) at was obtained 4.34 g (9.93 mmol, 90%) of edtéafter flash
0 °C in MeOH (66 mL) was added thionyl chloride (2.54 chromatography (EtOAc/hexane 3:7). IR (&H;): 3056,
mL, 34.78 mmol). The reaction mixture was brought to 2950, 1725, 1671, 1516, 1376 cin'H NMR (CDCl): ¢
ambient temperature and stirred for 1.5 h. After this time, 1.88 (s, 3H), 2.02 (s, 3H), 2.92 (t, 2H~= 6.9 Hz), 4.25 (t,
the reaction mixture was concentrated in vacuo. The resulting2H, J = 7.8 Hz), 4.97 (s, 2H), 6.887.76 (m, 8H)*C NMR
esterl2(6.42 g, 99%) was used directly in the next step. IR (CDCl): 6 20.89, 22.61, 34.47, 56.95, 64.43, 99.14, 128.03,
(CH:Cl,): 3423, 2960, 1726, 1600, 1515, 1439, 1431, 1340 128.31, 128.87, 129.34, 129.96, 137.80, 139.30, 140.91,
cm L. *H NMR (CDCl): 6 3.72 (s, 2H), 3.74 (s, 3H), 7.44 170.61, 170.85. HRMS Calcd for§E1,0NO3 (M™): 437.0488.
7.48 (d, 2HJ = 8.63 Hz), 8.16-8.21 (d, 2H,J = 8.68 Hz). Found: 437.0475.
13C NMR (CDCE): 0 40.75, 52.36, 123.72, 130.27, 141.21,  Acetic Acid 2-(5-Acetyl-5,6-dihydrophenanthridin-2-
147.21, 170.55. HRMS Calcd forB::NO, (M*): 195.0532.  yl)ethyl Ester (17).According to the procedure used for the
Found: 195.0531. synthesis of compoun@, starting from 1.97 g (4.51 mmol)
(4-Aminophenyl)acetic Acid Methyl Ester (13).To a of compoundl6, 0.253 g (1.129 mmol) of Pd(OA£)0.592
solution of estef.2 (6.0 g, 30.74 mmol) in dried MeOH (60 g (2.257 mmol) of PP, and 90.3 mL of MeCN, there was
mL) at 0 °C was added 10% Pd/C (1.5 g). The resulting obtained 1.22 g (3.93 mmol, 87%) of compouhdas an
mixture was stirred at 0C for 10 min, and anhydrous oil after flash chromatography (acetone/&H 1:9). IR
ammonium formate (9.692 g, 153.7 mmol) was added. After (CH,Cl,): 3297, 2961, 2878, 1736, 1635, 1374 ¢m'H
20 min, the solution was filtered through Celite and NMR (CDCk): ¢ 2.05 (s, 3H), 2.18 (s, 3H), 3.01 (t, 24,
concentrated. The resulting crude material was dissolved in= 7.0 Hz), 4.34 (t, 2HJ = 7.0 Hz), 4.90 (s, 2H), 7.16
EtOAc (300 mL). The ethyl acetate layer was washed with 7.75 (m, 7H).2*C NMR (CDCE): 6 20.80, 22.5, 34.61,
H,O (50 mL) and saturated NaCl (15 mL) solution. The 44.81, 64.51,123.07, 124.68, 126.01, 127.91, 128.02, 129.55,
organic layer was dried (N8Qy), filtered, and concentrated.  131.51, 135.01, 135.76, 136.35, 169.17, 170.76. HRMS
The resulting estet3 (4.98 g, 98%) was used directly in  Calcd for GgHigNOz (M™): 309.1365. Found: 309.1371.
the next step. IR (ChCly): 3453, 3367, 3010, 2950, 1725, Acetic Acid 2-(Phenanthridin-2-yl)ethyl Ester (18).
1624, 1435, 1260 cm. 'H NMR (CDCl): 6 3.49 (s, 2H), According to the procedure used for the synthesis of
3.59 (br s, 2H), 3.65 (s, 3H), 6.57.05 (m, 4H).13C NMR compoundlL0, starting from 1.40 g (4.51 mmol) of compound
(CDCly): ¢ 40.10, 51.74, 115.00, 123.40, 129.87, 145.40, 15, 3.71 g (6.77 mmol) of CAN, 4.5 mL of }0, and 18
172.52. HRMS (EI) Calcd for €41;NO, (M*): 165.0790. mL of THF, there was obtained 1.14 g (4.29 mmol, 95%)
Found: 165.0783. of compound18 as an oil after flash chromatography
[4-(2-lodobenzoylamino)phenyl]acetic Acid Methyl Es- (EtOAc/hexane 45:55). IR (Gi€ly): 2950, 1725, 1362, 1241
ter (14). According to the procedure used for the synthesis cm % *H NMR (CDCly): 6 2.06 (s, 3H), 3.22 (t, 2H]) =
of compound5, starting from 4.24 g (25.67 mmol) of 7.0 Hz), 4.44 (t, 2HJ) = 7.0 Hz), 7.27-8.63 (m, 7H), 9.26
compoundL3, 7.00 g (28.234 mmol) of 2-iodobenzoic acid, (S, 1H).*3C NMR (CDCk): 6 20.95, 35.33, 64.76, 121.72,
4.42 mL (28.234 mmol) of DIC, and 124 mL of THF, there 122.05, 123.99, 126.38, 127.48, 128.73, 129.71, 130.14,
was obtained 8.5 g (21.56 mmol, 84%) of estéras a white 130.92, 132.19, 136.77, 143.27, 153.16, 171.04. HRMS
solid, after recrystallization (EtOAc). IR (Gily): 3278, Calcd for G7H1sNO, (M*): 265.1103. Found: 265.1100.
1725, 1652, 1516, 1322 crh *H NMR (CDCl): ¢ 3.60 2-(Phenanthridin-2-yl)ethanol (2). According to the
(s, 2H), 3.66 (s, 3H), 7.067.88 (m, 9H).3C NMR procedure used for the synthesis of linkerstarting from
(CDCly): 6 40.52, 52.02, 92.37, 120.26, 128.19, 128.38, 1.33 g (5.01 mmol) of compount8, 0.84 g (20.05 mmol)
129.85, 130.28, 131.34, 136.60, 139.87, 141.98, 167.25,0f LiOH, 5 mL of H,O, 5 mL of MeOH, and 20 mL of THF,
171.94. HRMS Calcd for GH14NO3 (M™): 395.0018. there was obtained 1.06 g (4.76 mmol, 95%) of linkRelR
Found: 395.0003. (CH.Cl,): 3245, 2915, 1611, 1443, 1240 ctn'H NMR
2-[4-(2-lodobenzylamino)phenyl]ethanol (15)Accord- (CDCly): 6 3.00 (t, 2H,J = 6.2 Hz), 3.97 (t, 2HJ = 6.3
ing to the procedure used for the synthesis of compaynd Hz), 4.35 (br s, 1H;-OH), 7.37-8.20 (m, 7H), 8.77 (s, 1H).
starting from 4.36 g (11.03 mmol) of compouftid, 5.43 g 13C NMR (CDCk): 0 39.53, 63.03, 121.36, 121.98, 123.44,
(143.43 mmol) of NaBk} 23.77 mL (187.56 mmol) of BF  127.01, 128.26, 129.22, 130.54, 131.70, 138.15, 142.11,
OEb, and 27.6 mL of THF, there was obtained 3.86 g (10.92 152.20. HRMS Calcd for (HisNO (M™): 223.0997.
mmol, 99%) of alcoholl5 as a white solid. IR (CkCl): Found: 223.0994.
3413, 3056, 2936, 1611, 1514 cin'H NMR (CDCl): ¢ (2-Phenanthridine-2-yl-ethoxy)acetic Acid tert-Butyl
2.71 (t, 2H,J = 6.5 Hz), 3.74 (t, 2H,) = 6.4 Hz), 4.27 (s, Ester (19). To linker 2 (1.05 g, 4.72 mmol) at ambient
2H), 6.51-7.84 (m, 8H)1*C NMR (CDCk): 6 38.17,53.26,  temperatures were added toluene (23.6 mL) and TBAI (0.436
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g, 1.18 mmol). A solution of 50% NaOH (23.6 mL) was General Procedure for Preparation of Resins 21ad.
then added in portions, followed by the additiorteft-butyl To each of the resin-bound linke28a—d (0.158 mmol) were
2-iodoacetate (1.64 mL, 10.08 mmol). After 24 h, the solution added NaBH (23.6 mg, 0.63 mmol), 0.18 mL of ethanol,
was acidified to pH 7 with 10% HCI. After this time, the and 0.8 mL of THF at room temperature. The mixtures were
solution was concentrated to half its volume and washed with shaken for 4 h, and the resins were then filtered, washed
EtOAc (2 x 30 mL). The organic layer was washed with thoroughly with DMF (2 mLx 2), MeOH (2 mLx 2), and

5% NaHCQ (5 mL) and saturated NaCl (5 mL) solutions. CH,Cl, (2 mL x 2), and dried by passing nitrogen through
The organic layer was dried (BBQy), filtered, and concen-  the resins. The overall yield of each resin was estimated to
trated. The resulting crude product was purified by column be in the range 7880% through its Fmoc protection,
chromatography, eluting with acetone/dichloromethane deprotection with 20% piperidine/DMF, and W\Fmoc
(5:95) to afford compound9 (0.907 g) in 80% yield. IR quantitation.

(CHCly): 2979, 2933, 1745, 1615, 1394, 1368, 1231, 1162, General Procedure for Preparation of Resins 22ac.
1132, 755 cm!. *H NMR (CDCly): 6 1.46 (s, 9H), 3.19 (t,  To each of the resin-bound amir@ka—c (0.130 mmol) were
2H,J = 6.8 Hz), 3.90 (t, 2HJ = 6.7 Hz), 3.99 (s, 2H),  added 4-nitrophenylacetic acid (69.6 mg, 0.384 mmol), DIC
7.59-8.61 (m, 7H), 9.20 (s, 1H)**C NMR (CDCk): ¢ (0.06 mL, 0.384 mmol), and 0.8 mL of GBI, at room
28.059, 36.50, 68.93, 72.10, 81.62, 122.06, 122.18, 124.08 temperature. The mixtures were agitated for 12 h, flushed,
126.20, 127.53, 128.88, 129.39, 130.06, 131.25, 132.55,and washed with DMF (2 mlx 2), MeOH (2 mL x 2),
138.09, 142.35, 152.56, 169.63. HRMS Calcd forHRs- and CHCI, (2 mL x 2). Each of three resulting resins was
NO; (M*): 337.1678. Found: 337.1680. dried in vacuo.

(2-Phenanthridine-2-yl-ethoxy)acetic Acid (3).Com- General Procedure for Preparation of Resins 23ac.
pound19(0.34 g, 1.01 mmol) was dissolved in @El, (0.5 Each of the above resins (0.130 mmol) was swelled with
mL) and treated with 30% TFA in Ci€I, (1.0 mL) solution. DMF (0.8 mL) and treated with methyl iodide (0.08 mL,
After 1.5 h, a solution of 5% HCI| was added until the 1.26 mmol) and 60% NaH (30.7 mg, 0.768 mmol) under an
aqueous layer was pH-%6. The aqueous layer was then argon atmosphere. The mixtures were agitated for 24 h at
extracted with CHCl,. The combined organic layers were room temperature, flushed, and washed with DMF (2 xL
washed with saturated NaCl (5 mL) solution, dried {8@,), 2) and CHCI, (2 mL x 2). Each of the resins was dried in
filtered, and concentrated to afford link&1(0.258 g, 0.918  vacuo to provide resin23a—c.
mmol) in 91% yield. IR (CHCIy): 2914, 2849, 1734, 1670, General Procedure for Preparation of Resins 24&ac.
1200, 1134 cm™. 'H NMR (DMSO-dg): 6 3.15 (t, 2H,J = To each of the above resi@8a—c (0.130 mmol) were added
6.5 Hz), 3.87 (t, 2HJ) = 6.7 Hz), 4.08 (s, 2H), 7.738.91 oxygen-free DMF (0.4 mL) and Sng[149 mg, 0.788 mmol)
(m, 7H), 9.46 (s, 1H)}*C NMR (DMSO-dg): 6 35.42,67.39,  at room temperature. The mixtures were agitated for 1.5 h,
70.85,122.38, 122.61, 123.60, 125.54, 127.64,128.12, 129.50flushed, and washed with DMF (2 mk 2), MeOH (2 mL
130.52, 132.10, 132.33, 138.97, 140.35, 152.14, 171.69.x 2), and CHCIl, (2 mL x 2). Each of three resulting resins
HRMS Calcd for G/HisNOs (M*): 281.1052. Found:  was dried in vacuo. U¥Fmoc quantitation of each of the
281.1056. three resins showed 85, 88, and 90% vyields for three steps

Resin-Bound Linkers 1 and 2 (20a,b).Each of the  from resins20a—c, respectively.

Merrifield resin (0.15 g, 0.158 mmol) was suspended indry ~ General Procedure for Preparation of Resins 25ac.
acetone (1 mL) and treated with KI (0.212 g, 1.26 mmol) To each of the resin-bound amir2$éa—c (0.102 mmol) were
under an argon atmosphere. The mixtures were agitated foradded 0.8 mL of CKCl,, acetic anhydride (0.045 mL, 0.384
2 h at room temperature, flushed, and washed with DMF (2 mmol) and E$N (0.04 mL, 0.026 mmol) at room temperature.
mL x 2) and CHCI, (2 mL x 2). Each of the resulting  The mixtures were agitated for 12 h, flushed, and washed
resin was then suspended in dry DMF (0.8 mL) and treated with DMF (2 mL x 2), MeOH (2 mL x 2), and CHCI, (2
with linker 1 and2 (0.473 mmol), respectively. After adding mL x 2). Each of the three resulting resins was dried in
60% NaH (0.019 g, 0.473 mmol) under an argon atmosphere,vacuo.

each of the mixtures was agitated for 24 h, filtered, and  General Procedure for Preparation of Resins 26ac.
washed with DMF (2 mLx 2), MeOH (2 mL x 2), and ~ Each of the above resins (0.102 mmol) was swelled with
CH,Cl, (2 mL x 2) to afford the resin-bound linketsand DMF (0.8 mL) and treated with methyl iodide (0.08 mL,
2 (20ab), respectively. 1.26 mmol) and 60% NaH (18.9 mg, 0.474 mmol) under an

Resin-Bound Linkers 3 (20e-d). The hydroxymethyl argon atmosphere. The mixtures were agitated for 24 h at
resin and aminomethyl resin (100 mg, 0.16 mmol) were room temperature, filtered, washed thoroughly with DMF
individually suspended in dry DMF (1.6 mL) and treated (2 mL x 2), MeOH (2 mL x 2), and CHCI, (2 mL x 2),
with linker 3 (0.135 g, 0.48 mmol), DIC (0.075 mL, 0.48 and dried by passing nitrogen through the resins.
mmol), and DMAP (7.8 mg, 0.064 mmol) under an argon  General Procedure for Preparation of Resins 28ac.
atmosphere. Each of the mixtures was agitated for 12 h atTo each of the resin-bound amirgka—c (0.130 mmol) were
room temperature, flushed, and washed with DMF (2L  added Fmoe-Ala-OH (0.147 g, 0.473 mmol), DIC (0.074
2), MeOH (2 mL x 2), and CHCI, (2 mL x 2). Each of mL, 0.473 mmol), and 0.8 mL of Ci€l, at room temper-
the resulting resins was dried in vacuo to provide resin-bound ature. The mixtures were agitated for 12 h, flushed, and
linkers 3 (20c and 20d). washed with DMF (2 mLx 2), MeOH (2 mL x 2), and
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CH.CI; (2 mL x 2). Each of the three resulting resins was
dried in vacuo.

General Procedure for Preparation of Resins 29ac.
To each of the resin-bound amid28a—c (0.130 mmol) was

2-(2-Benzoylamino-3-phenylpropionylamino)propion-
ic acid (33).[0]*>> —25.8 € 0.41, MeOH). IR (CHCIy):
3293, 2915, 1716, 1633, 1536, 694 ¢m!H NMR
(CDsOD): 6 1.17-1.20 (m, 1H), 1.32 (d, 3H] = 7.4 Hz),

added 0.8 mL of a solution containing 20% piperidine in 2.94-3.25 (m, 2H), 4.34 (q, 1HJ) = 7.3 Hz), 7.09-7.60
DMF at room temperature. The mixtures were agitated for (m, 12 H). 3C NMR (CD;OD): ¢ 17.74, 38.91, 56.32,
10 min and flushed, and the supernatants were collected forl27.75, 128.41, 129.42, 129.47, 129.52, 130.43, 132.80,
UV—Fmoc quantitation to estimate the loading of each of 135.22, 138.66, 170.10, 173.63, 175.78. HRMS Calcd for
resins29a—c. The resins were then washed with DMF (2 CigH20N204 (M*): 340.1423. Found: 340.1419.

mL x 2), MeOH (2 mLx 2), and CHCI, (2 mL x 2). The
resulting resin®29a—c (88—93%) were used immediately
in the next step.

General Procedure for Preparation of Resins 30&ac.
Each of the above resins (0.115 mmol) was swelled with
DMF (0.8 mL) and treated with Boc-Phe-OH (125 mg,
0.473 mmol), HBTU (179 mg, 0.473 mmol), and DIPEA
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filtered, washed thoroughly with DMF (2 mk 2), MeOH
(2 mL x 2), and CHCI, (2 mL x 2), and dried by passing
nitrogen through the resins.

General Procedure for Preparation of Resins 31ac.
To each of the resin-bound amidé3a—c (0.115 mmol) was
added 0.8 mL of a solution containing 0.24 mL of TFA and
0.56 mL of CHCI, at ice-bath temperature. The mixtures
were slowly warmed to room temperature and allowed to
mix for 40 min at room temperature. After this time, the
resins were then filtered and washed with DMF (2 mL
2), MeOH (2 mLx 2), and CHCI, (2 mL x 2). The overall
yield of each resin was estimated to be in the range 92
96% through its Fmoc protection, deprotection with 20%
piperidine/DMF, and UV-Fmoc quantitation. The resulting
resins31la—c were used immediately in the next step.

General Procedure for Preparation of Resins 32ac.
Each of the above resins (0.105 mmol) was swelled with
CH,CI; (0.75 mL) and treated with benzoyl chloride (0.055
mL, 0.473 mmol) and DIPEA (0.25 mL, 1.42 mmol) under

an argon atmosphere. The mixtures were agitated for 24 h,

and the resins were then filtered, washed thoroughly with
DMF (2 mL x 2), MeOH (2 mLx 2), and CHCI, (2 mL
x 2), and dried by passing nitrogen through the resins.
General Procedure for Oxidative Cleavage of Resins
26a—c and Resins 32&ac. To each of the above resins
(0.102 mmol) swelled in THF (0.64 mL) were added CAN
(67 mg, 0.122 mmol) and 4 (0.16 mL). The mixtures were
stirred for 5 min at room temperature, and then the resins
were collected by filtration. The filtrates were concentrated
under reduced pressure and diluted with EtOAc (30 mL).
The ethyl acetate layers were washed with 10% HCI (10
mL) and saturated NaCl (10 mL) solutions. Each of the
organic layers was dried (M&Qy), filtered, and concentrated
to afford the desired product.
2-[4-(Acetylmethylamino)phenyl]-2-methylpropionic acid
(27). IR (CHLCIly): 2977, 1725, 1624, 1599, 1512, 1391,
1147, 846, 590 cri. 'H NMR (CDCly): 6 1.62 (s, 6H),
1.89 (s, 3H), 3.25 (s, 3H), 7.£2.49 (m, 4H), 9.17 (br s,
1H). 3C NMR (CDCk): ¢ 22.15, 26.32, 37.24, 46.04,
126.66, 127.28, 142.59, 144.12, 171.42, 180.68. HRMS
Calcd for G3Hi;7NO3 (MT): 235.1208. Found: 235.1207.
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