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H
1+ 11 ___»NaCOa 4 + 8 + 5 + 9

1a (Y =BF,) yield 85% ratio 4a:8a:5a:9a = 70: 0:30: 0

1b (Y = BF,) 63% 4b:8b:5b:%b = 57:32: 7. 4
NaH
2 + 10 8_093_> 4 + 8 + 5 + 9

2a (Y =BF,) yield 86% ratio 4a:8a:5a:9a = 45: 0:55: 0

2b (Y = BF,) 73% 4b:8h:5b:9b = 13: 4:53:30
tap  NeHCO:_ 4a + 8a + 4b 4 8D

1a(Y=Cl) vyeld33% rao 78 : 0 : 13 : 9

1b(Y=Br) 72% 1 : 0 :@ 5 : 37

Table I. Reaction of (Z)-(8-Halovinyl)iodonium Salts with Bases”
product, % yield®

substrate reactn time, h alkyne olefin ratio”
1a (Y = Br) 4 4a, 98 8a, 0 100:0
1b (Y = C) 5 4b, 52 8b, 36 59:41
1b(Y =C) 44 4b, 59 8b, 41 59:41
le (Y =CD) 107 8¢, 17¢
2a (Y = Br) 5 Sa, 95 9a, 0 100:0
2b (Y = Cl) 5 5b, 54 9b, 33 62:38
2b (Y =Cl) 194 5b, 41 9b, 25 62:38
3a (Y = Br) 5.5 6a, 77
3b(Y =Cl) 6 6b, 92

“Unless otherwise noted, reactions were carried out using 1.2 equiv
of NaHCO, at 0 °C in CH,Cl,-MeOH-H,0. *Determined by gas
chromatography using an internal standard. ¢Ratios of 1,2-shift of
halogens to 1,5-C-H insertions. ¢Reactions were carried out using 2—4
equiv of n-Bu,NF at room temperature in CH,Cl,. ¢Isolated yield.

finding that 1,2-chlorine migration of alkylidenecarbenes competes
with 1,5-C-H insertion, make the comparison between the mi-
gratory aptitude of an a-phenyl group and a-halogen atoms very
interesting. Because of the instability of (8-halo-8-phenyl-
vinyl)iodonium salts,'? (a-halo-a-phenylalkylidene)carbenes were
directly generated from 12 through Michael type addition-re-
ductive elimination sequences.®® The reaction of [2-°C]-12 (99%
enriched) with LiX (X = Cl, Br, and I) in CH,Cl,-MeOH at -78
°C afforded good yields of 1-halo-2-phenylacetylenes 7. The
13C-enrichment at C-2 of 7 was found to be more than 98% by
3C NMR spectra. While there is no report concerning the
migratory aptitude of a-halogen atoms of alkylidenecarbenes,!!
these results clearly indicate that the rate of 1,2-migration of
a-halogen atoms (I, Br, and Cl) of alkylidenecarbenes is much
greater than that of an a-phenyl group.
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Methods for the synthesis and screening of diverse peptide
libraries have recently been developed for the rapid discovery of
biologically-active lead compounds.' We describe here a method
for encoding® non-natural components® in a diverse combinatorial
library with standard amino acids by the parallel and alternating
synthesis of two polymer chains: a binding ligand and a coding
peptide. The use of a peptide tag allows the sequence of any
isolated binding ligand to be identified by conventional peptide
analyses and thus circumvents the problems sometimes associated
with the analysis of novel biopolymers.

This combinatorial encoding strategy utilizes a resin-splitting
peptide synthesis method’? to alternately synthesize a “binding”
strand and a “coding” strand (Figure 1). Orthogonal protecting
groups are used to allow for the individual and alternating ex-
tension of both polymer strands on each resin bead. Specifically,
base-labile, N-[(9-fluorenylmethyl)oxy]carbonyl-protected
(Fmoc-protected) monomers and acid-labile, N°-[[2-(3,5-di-
methoxyphenyl)prop-2-ylJoxy]carbonyl-protected (Ddz-protected)®
amino acids are used to synthesize the binding and coding strands,
respectively. Although these two groups are orthogonal, the use
of tert-butyl ester or trityl side chain protecting groups may require
the use of an N“ protecting group with greater acid lability than
Ddz.

The relationship between the binding and coding strands can
assume a variety of configurations. The number of Fmoc mo-
nomers that can be represented depends on both the number of
different Ddz amino acids used and on the length of the Ddz code.
An efficient coding strategy requires the addition of Ddz amino
acids only at a mixture position (where n > 1 in Figure 1). In
the example presented here, four Ddz-protected amino acids were
used in trimer sequences to allow for the representation of up to
64 non-natural monomers. Ddz-protected leucine, phenylalanine,
glycine, and alanine were chosen as encoding monomers because
they do not require side chain protection, and they give repro-
ducibly strong signals upon Edman sequencing.

The isolation of receptor-binding ligands from a solution-phase
or solid-phase encoded library can be performed by affinity se-
lection® or bead-staining techniques.? The identity of the binding
sequence can then be determined by Edman sequencing of the
coding strand. To avoid ambiguity, only the coding strand should
be sequenced; the binding sequence must be acetylated or otherwise
made nonsequenceable. Binding sequences of identical molecular
weight can be distinguished by using different codes, allowing
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Figure 1. The synthesis of an encoded library consists of the following
steps: (1) a bifunctional linker containing two orthogonally protected
points of extension (N*-Fmoc-NV‘-Moz-Lys-OH) is attached to poly-
styrene resin via an acid-labile linker, (2) the solid support is divided into
n equal portions at a mixture position, (3) a unique N*-Fmoc-protected
non-natural monomer (B) is coupled to the “binding” strand, (4) a series
of N-Ddz-protected amino acids (C) are then coupled to the “coding”
strand, and (5) the solid supports are recombined.

Table I. Composition of an Encoded Ligand Mixture:
Ac¢-RAX;HTTGX,IX,-NH;,

mixture non-natural monomer amino
position mixture components acid code

X; L-naphthylalanine
L-homophenylalanine
D-phenylalanine
cyclohexyl-L-alanine

X, L-arginine FAL
D-arginine GLF
N-(3-guanidinopropyl)glycine LFL
N-(2-aminoethyl)glycine AGL
ornithine GAF

X, N-sec-butylglycine LGA
N-isobutylglycine LAF
N-n-butylglycine GFG
N-n-propylglycine AFA
N-cyclopropyiglycine FGL
N-cyclohexylglycine ALF
cyclohexyl-L-alanine LGL
D-leucine FAF
p-valine GAG
norvaline ALG

verification by mass spectrometry.

To test this methodology, a 10mer epitope (Ac-RAFHTT-
GRII-NHj,), known to bind to an anti-gp120 monoclonal antibody
with submicromolar affinity, was substituted at three positions
(designated by X,, X,, and X;) with non-natural amino acids,
N-substituted glycines, and conservative amino acid replacements
(Table I). A total of 200 peptides were synthesized as four
equimolar mixtures,'? each containing a unique X, residue. An
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Table II. Competitive Inhibition of the Antibody-gp120 Interaction
by the Four RAX;HTTGX,IX, Pools

identity of residue at X;

-log ICs, (M)

L-naphthylalanine 7.5
L-homophenylalanine 6.2
D-phenylalanine 6.7
cyclohexyl-L-alanine 6.5

“These values represent the concentration of each mixture compo-
nent.

Table ITI. Affinity Selected Components of X; = Naphthylalanine
Pool

coding

strand '}?i)lgfso
peak sequence’ binding strand sequence binding
no. X, X X, X, strand®
1 AGL ALG N-(2-aminoethyl)- norvaline 6.5
glycine
2 FAL ALG vi-arginine norvaline 7.4

3 FAL GFG Li-arginine N-n-butylglycine 7.0

“Determined by Edman sequencing. ®These decapeptides are N-
acetylated and C-amidated. ¢ The identity of this compound was veri-
fied by mass spectrometry.

Ne-Fmoc-Lys(/V*-4-methoxybenzyloxycarbonyl) (N-Moz) linker'!
was attached to the resin (Figure 1) and the binding and coding
strands were extended from the « and e groups, respectively. An
N-terminal phenylalanine was added to the coding strand to serve
as an internal standard for Edman sequencing. Following com-
pletion of the synthesis, the peptides were cleaved from the resin
to provide the solution-phase compounds as 1:1-binding/coding
strand adducts (i.e., covalently linked via the lysine amino groups).

A competition binding assay was then used to determine the
ICs, values of these four pools (Table II). The pool with L-
naphthylalanine at the X; position showed the greatest inhibition
(-log ICs5, = 7.5) and likely contained the peptide(s) of greatest
binding affinity. Isolation of the highest affinity peptide(s) in the
X; = L-naphthylalanine pool was accomplished by affinity se-
lection*!? with the anti-gp120 antibody. Three major high-affinity
components were observed and isolated by HPLC. Edman se-
quencing of the coding strand was performed to identify the
substituents at X, and X, in the binding strand of these three
isolated components (Table III).

The affinities of the decapeptide sequences that corresponded
to the binding strands of the three isolated compounds were then
confirmed by independent synthesis and assay. The binding de-
capeptide strand of the major affinity-selected product had the
greatest affinity of all three peptides and had an affinity com-
parable to that of the original 10mer epitope. In order to determine
the effect of the appended coding strand, the binding/coding
adduct Ac-RABHTTGRIJK(e-(FFALALG))A-NH, (where B
= L-naphthylalanine, J = L-norvaline)—as originally selected—was
also independently synthesized and assayed. The ICjs, value of
the binding/coding adduct (-log ICs, = 7.5) was similar to that
of the binding decapeptide (-log ICs, = 7.4), suggesting that, at
least in this case, the coding sequences did not interfere signifi-
cantly with the binding properties of the compounds in the mixture.

In conclusion, we have developed a method for encoding non-
natural components in a combinatorial library with standard amino
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as 0.3 M solutions in DMF containing 0.3 M 1-hydroxybenzotriazole and 0.3
M N,N"diisopropylcarbodiimide. The resin-splitting algorithm was performed
as described* with the modifications shown in Figure 1.

(11) This compound was prepared from N“-Fmoc-L-lysine and 4-meth-
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acids by the parallel and alternating synthesis of two polymer
chains. The ability to decipher non-natural components in a library
by Edman sequencing circumvents the potential problem of
identifying non-natural biopolymers and should therefore allow
for the inclusion of a wide variety of novel building blocks and
conformational constraints in a diverse ligand library.
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Metalloporphyrin w-cation radicals are significant intermediates
in biological oxidations that are catalyzed by heme enzymes.'
Related iron oxophlorin =-radicals may be involved as interme-
diates in heme catabolism.? Evidence for the dimerization of both
classes of w-radicals has been reported.>® Recent structural
studies of the products of one-electron oxidation of {Ni''(OEP)}
and {Zn'"/(OEP)} (OEP is octaethylporphyrin dianion) have shown
that these crystallize as the dimers [Zn(OEP*)(H,0)],(C10,),
and [Ni(OEP*)],(Cl0,),.** These form tight, cofacial dimers
in which the interplanar separation is 3.31 A for the zinc complex
and 3.19 A for the nickel complex. While these dimers are
diamagpnetic, classical single bonds between any of the constituent
atoms are absent. Octaethyloxophlorin (or meso-hydroxyocta-
ethylporphyrin, H;OEPO) reacts with divalent metal ions (Zn(II),
Ni(ID)) to form complexes {(L),M!(OEPOH)}, 1, in which a free
exocyclic hydroxyl group is present.”® In pyridine (py) solution
these are readily oxidized by one electron to form air stable radicals
with the loss of a proton as shown in eq 1. These radicals

)

H
(o]}
o Et £

Et

He—eetc. (1)

Et H Et

3, M-N% L=L=py
4.M=hn.L=py.L'=noc.hing

1.M - Nill, L = nothing
2,M=2Zn L=py

crystallize from pyridine solution as monomeric species. The nickel
complex, 3, {(py),Ni(OEPO")}, has two axial ligands that prevent
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Figure 1. A view of |Ni'l,(OEPO},} with the ethy! groups omitted for
clarity. This view looks down on the planes of the two macrocycles and
shows 50% thermal contours. The arrow points to the C(12)—-C(48)
bond, which connects the two macrocycles. Selected bond lengths (A):
C(12)-C(48), 1.614(8); Ni(1)-N(1), 1.910(5); Ni(1)-N(2), 1.904(4);
Ni(1)-Ni(3), 1.920(5); Ni(1)-N(4), 1.912(4); Ni(2)-N(5), 1.918(4);
Ni(2)-N(6), 1.912(5); Ni(2)-N(7), 1.924(4); Ni(2)-N(8), 1.912(5);
C(2)-0(1), 1.249(8); C(38)~0(2), 1.236(7). Selected bond angles (deg):
C(11)-C(12)-C(13), 110.9(4); C(11)-C(12)~C(48), 113.0(4); C(13)-
C(12)-C(48), 110.0(5); C(12)—C(48)-C(47), 107.1(5); C(12)-C(48)-
C(49), 115.6(4); C(47)—C(48)-C(49), 112.1(4); N(1)-Ni-N(3), 177.4-
(2); N(2)-Ni(1)-N(4), 176.7(2); N(5)-Ni(2)-N(7), 175.9(2); N(6)-
Ni(2)-N(8), 179.0(2).

close approach to another molecule.! The zinc complex 4 is
five-coordinate but crystallizes with an additional, unbound
pyridine in the lattice.” This also appears to prevent interaction
between the radicals in the solid state. However, evidence for the
dimerization of Ni(OEPO") in chloroform solution has been re-
ported, but no structure was suggested.® We now report on the
structure of the dimeric form of the nickel radical, {Ni,(OEPO),},
5, which forms by eq 2.

Crystallization of {(py),Ni(OEPO*)}, 3, from dichloro-
methane/95% ethanol yields red crystals of § which are mor-
phologically distinct from 3. The results of an X-ray crystallo-
graphic examination of §, {Ni,(OEPOQ),}, are given in Figures 1
and 2.° Figure | gives the numbering system and shows how the
two macrocycles lie over one another in an offset manner. Figure
2 shows a stereoscopic view. The macrocycles are connected by
a carbon—carbon bond between the two meso carbons, C(12) and
C(48), which lie opposite (or para) to the oxygenated carbons.
The new C—C bond distance is long (1.614(8) A), but it is clearly

(9) Red trigonal prisms of {Ni,(OEPO).}:2CH,Cl,, C,,H, Cl,N(Ni,0,,
crystallize in the monoclinic space group P2,/n with a = 14.782(3) A, b =
26.774(5) A, ¢ = 18.073(4) i and 8 = 105.97(3)° at 123 K with Z = 4,
Refinement of 5836 reflections with F > 6.00(F) and 807 parameters gave
R =0.058, R, = 0.067.
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