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Abstract: Four new activated corc molecules suitabiec for use in solution-phase combinatorial
organic chemistry have been prepared. These molecules represent an attempt to further explore
shape-space and incrcase the structural diversity of prepared libraries, as well as 1o incorporate

recaonition slamentg in tha porec ta increace tha chancac for intaraction with hinlaagical targate
reCognition Cidments in W COIts [0 indréase ¢ CnanCes o7 Inleracudn wilii oiGiogicar targels.

Demonstrations of deconvolution strategies used to simplify complex libraries and build individual
molecular species based on the cores are also provided. © 1998 Published by Elsevier Science Ltd.
All rights reserved.

A solution-phase approach to organic combinatorial chemistry has been developed in this research group.
It avoids the use of multiple steps or protecting groups by creating the diversity in a one-pot nrocedure.' - Like

combinatorial methods involving symhesxs on soluble polymer supports,® this method combines the numerical

ha hamagananiie roantion Jryarare HH

XX

g
phase. While some other solution-phase approaches’ generate a relativeiy smail number of compounds, this
technique can easily be scaled to produce thousands of compounds. The activated core approach can be divided
into three components: the core, the linker, and the building blocks. Each can be designed to give the desired
level of diversity (numbers of compounds) and/or the desired physical property (solubility, shape space,
chemical functionality).

The synthesis of new core molecules is often undertaken to prov1de different orientation:

building blocks, thereby increasin ies of the core m I
ascave) heen critical ta activity  ac lihrariec made with the same buildino bhlocks and linkacges have had verv
assays) oeen cntical (o aclivily, as horanes made wiln the same dunding DIOCKS and nxkages have had very
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acid chlorlde"& and both 9,9—dimethyl-2,4,5,7 xanthenetetracarboxylic acid chloride'™ and -tetraisocyanate®* as
cores for combinatorial chemistry, and the methodology used to evaluate the reactivity of those cores was aiso
used to evaluate the compounds of the present work, though these details are omitted for brevity. Four new core
molecules (Figure 1) have been prepared to expand both the range of substituent geometries available for
libraries and the chemical make-up of the cores themselves, and a concern with the ability to easily deconvolute
large libraries manifests itself in their synthetic design.

In light of the criteria outlined above, it is not surprising that the four new core molecules have several

traits in common. All four compounds—2,2',6,6'-biphenyl (1), 2,2',4,4-biphenyl (2), trans-1,3,5-cyclo-
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Figure 1
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u(‘iulu—u(]'tuu extractions. No inherent toxicities of these cores are known. In fact, some derivatives of these

of pharmacologically active compounds, angiotension antagonists in pamcu]ar. Studies have indicated that the
hydrophobicity inherent to these cores facilitates transport across membranes, increasing their bioavailability.™

The 2,2',6,6'-Tetrasubstituted Biphenyl Core
The all ortho isomer of biphenyl has a compact shape and a low (150 g/mol) molecular weight. These
properties have not escaped the eye of medicinal and combinatorial chemists; several recent publications™'' have

ed biphenV!-vascd molecules with a varn ety of substituents and substitution patterns. With this p

of the sysiem and exempi 1fylng one of its inherent
rotation'” about the biaryl bond allows a large number of compounds to be formed by the reaction with only a
few building blocks.
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Scheme 1. Synthesis of 2,2',6,6"-Bipyridinetetracarboxylic acid chloride.

The existing tetraacid synthesis'’ gave erratic results in this laboratory. An alternative synthesis using a

ecent oxidation tcc_:h_niauc"’ employing RuCl, and NalO, proceeded smoothly, upon optimization, to give the

desired tetraacid (5) in 75% yicld (Scheme 1), which could be removed from the more soluble dxanhydnde 6)
f' H ~ 1 ~ o
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byproduct by filtration.



chloride in dichloromethane; the use of both oxalyl chloride and PCl; resulted in a product of much-reduced
purity
8a: A=B=C=D= COO0Bn
COc! A 8b: A=C=D= COOBn, B= COOH
~L COCl o ~rea  —{ C AR
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combinations of the biphenyl compound. The tetraacid chloride (7) was reacted with 2.5 equivalents of benzyl
alcohol in the presence of triethylamine (Scheme 2). The resulting mixture was then separated on a silica gel

column and all of the compounds were isolated, although only a small amount of the monobenzyl ester (8e) was

obtained.
f
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== p’ catDMF _*+ TEA an. @
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Scheme 3. Stepwise synthesis of tetraamides.

Te
10 ynthesis was concucted che

ach a trial svnthesis was conducted ( q{‘h_ me 3) The
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objective was to synthesize a known compound (the ietraleucine tetraamide 12) using a stepwise approach,
beginning with the dibenzyl ester/diacid (8d). After two leucines were attached, a diastereomeric mixture (10)
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resulted (that could be partially resolved using preparative TLC). Hydrogenolysis afforded the diacid/dileucines
11 in high yield. The final step of the synthesis proved to be troublesome, however. With the more common
coupling reagents (BOP-CI, PyBOP") the reaction failed to go to completion. Fortunately, the same reaction in
the presence of the very reactive coupling reagent HATU'® proceeded in acceptable yield. While this
deconvolution scheme was used to synthesize a pure compound, different amines could easily be substituted,
allowing for a range of isomers and enantiomers to be generated.

he 2.2'4 4'-Tertrasubstituted Binhenv! Cor:
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Tha tatracithetinitad hinhan 2 advantagen f numher of reacon The relative I} (
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symmetry, for example, allows for a number of compounds to be formed with only a
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of the building blocks (those at the 4 and 4' positions) diverge in opposite directions, while the other two (2
2') can assume a range of conformations, depending upon the torsion angle between the aryl moieties.”
Several improvements to an earlier synthesis'® of the biphenyl tetraacid have been made. The synthesis
used to obtain such biphenyl derivatives is given in Scheme 4. The commercially available 4-bromoisophthalic
acid was dissolved in methanol and esterified by slow addition of thionyl chloride'® to give the dimethyl ester
13. An Ullmann coupling"" formed the biaryl bond to give 14, and saponification of the methyl esters using
. A_gl_ivat_jo_n with thionyl chloride and catalytic DMF gave the tetraacid

could not be removed and resulted in library 1mpurities. Activation with thionyi chioride was preferable because

it was easier to handle and could be removed completely in vacuo.
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Scheme 4. Synthesis of the 2,2',4,4"-biphenyl tetraacid chloride activated core.

In order to deconvolute libraries based on this core molecule, a derivative protected at the 4- and 4'-sites
was synthesized (Scheme S). The 2,2'-dianhydride was formed in approximately 80% purity by the reaction of
the tetraacid 15 with acetic anhydride in THF. The crude product was then directly reacted with
ive the 4,4'-(diphenylmethyl) diester, which was subsequently hydrolyzed with
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aqueous Na,CO, to give the diester diacid 17. To demonstrate the feasibility of this deconvolution protocol 17
was coupled to the t-butyl ester of leucine using PyBOP to give the dileucine diester 18. The diphenylmethyl
protecting groups were then cleaved by hydrogenolysis to give the dileucine diamide diacid 19, that could then
be used to couple to additional amines to give the desired tetraamides.

FOOH COOH
HOOC 7 //\ 00 1)AC20 ;,—\< ==
- /_\\ 4~ CO0H 5, Ph,HCOOC— ), ,—COOCHPh,
100C /§/u\/% .....
S Sae HOOC
3) 1 N NayCOj
(20%)

Leu-O'Bu ‘BuOOF\)/ H,, Pd/C ‘BuooJ
PyBOP O. (quant.) 0. n{u

)
prancooo-{_—( )-coocken,  Hooc-{_y—()-coon
:Heo0o{ ) : W

O;< (IJOOBU OJ\ kr ‘Bu
18 N / 19 N 4
HO X i<

Scheme 5. A route to differently functionalized 2,2'4,4'-biphenyl tetraamides.

The trans-1,3,5-Trisubstituted Cyclohexane Core

A core molecule that combines a low molecular weight with conformational flexibility is provided by
trans-1,3,5-cyclohexane (3). In this case, the source of the conformational flexibility is derived from two
possible chair conformations (Figure 2), which have been calculated (see experimental section) to be 2 kcal/mol
different in energy. The use of only three sites for diversity is mitigated by the three prochiral tertiary carbons.

T
LI

s causes the two P carboxy! sites to be inequivalent upon substitution with a chiral building block (such as an
Y IR -.e__-,: Ji ML ) EY ~tthaotio ~verh 3
amino acid) and increases the number of compounds formed during library synthesis. Although it is structurally

similar to Kemp’s triacid” (21, Figure 2), already used for creating molecular diversity, * the triacid derivative
of 3 offers several distinct advantages. It has a lower molecular weight (42 g/mol less than 21) and its reactive
sites diverge enough to diminish steric biases and allow greater access to the functionalities of the building
blocks. ‘

The synthesis of the activated core molecule was straightforward (Scheme 6). The hydrogenation

product of trimesic acid (a mixture of 85:15 cis:trans) was converted into its anhydride (not isolated, see Scheme
6) and was heated in the presence of NaOAc, which epimerized the o-carbon of the non-anhydride carboxyl
position to the more thermodynamically stable frans isomer.” The anhydride was hydrolyzed in the same pot to

give the trans-triacid 22. Activation using standard conditions afforded the triacid chloride 23, which was

reacted with amines to form triamides (24, for example).
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Figure 2. Molecular modeling (MM2¥*) indicates that the equatorial-equatorial conformation (20a)
1s 2 kcal/mol more stable (see experimental section) than the axial-axial conformation (20b),
where R= benzyl. The structure of Kemp’s triacid (21) (A= COOH) is given for comparison.

To date, a satisfactory method for deconvoluting the trans-1,3,5-cyclohexane core molecule has not been
developed; however, a protocol involving the protection of the acid funtionality in the anhydride from Scheme 6
as a t-butyl ester, followed by attack of the anhydride by benzyl alcohol can be envisioned, and this should

provide a racemic mixture of the two compounds containing one free acid and two different esters. Resolution
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Scheme 6. Synthesis of the trans-1,3,5-cyclohexane triacid chloride activated core.

The 2,2',6,6°-(4,4'-Bipyridine) Core
While the substituents attached to the core molecule are intended to be the main sources of binding

interactions, the incorporation of additional binding groups on the core molecule itself should increase the
is to use core

complex with macromolecular targets. A review o
synthesized a molecule, 2,2',6,6’-(4,4'-bipyridinc)letraacid chloride (25),%° that meets this criterion; it was
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can nnmntmklv increase the affinitv of librarv members for bindino nartners
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Scheme 7. Synthesis of 2,2',6,6’-(4,4'-bipyridine)tetraacid chloride.

The route used to deconvolute libraries made with this core differs from those developed for the other
core molecules described above in that rather than building the entire core with different protecting groups and

attaching building blocks in a linear synthesis, a convergent synthesis is used that makes use of a

coupling” to create the bipyridyl bond once all substituents are already attached (see Scheme 8). In order to

b

AL

Compound 32Zb was chosen because it contains a wide variety of amino acid substituents, inciuding both free
acids and methyl esters, and aliphatic, aromatic, heteroatomic, and charged side chains. By using one common
intermediate, 4-bromo-2,6-bipyridinedicarboxylic acid chloride (28), various heterosubstituted 4-bromo-2,6-
pyridinediamides (such as 29 and 30) can be synthesized and purified (by silica gel column chromatography)
from the two homodisubstituted compounds produced in the reaction. Then, by using a palladium-catalyzed
stannyllation reaction®™ with bis(tributyltin) (which is tolerant of the amide functionality, unlike the

transmetallation reactions involving an aryllithium or aryl Grignard and a trialkyltin halide more commonly used
for stannvllation) a nvridvistannane (31) is nroduced. The subseguent Stille counline and denrotection of
Vi u‘mll‘J ll“\rlvl.} - y:‘lu]‘h"“llllml\l \"l/ 0 y‘vuu\t\dun A LI\ QUVD\I\’UVIIL W LARIW Vv“t]llllé G U\/Plv‘v‘tlv‘l Vi v

The four core molecules presented herein all were demonstrated to form amides from the reaction of a
mixture of amines with activated carboxylic acid functionalities. In principle, any high-yielding and clean
reaction could be applied to these cores and other linkers could be exploited. By expanding the variety of the
geometries and chemical make-up of the core molecules used in the activated core molecule approach to

combinatorial organic chemistry, an ever-widening range of libraries can be accessed.
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Scheme 8. Deconvolation protocol for the 2,2',6,6’-(4,4'-bipyridine)tetraamide libraries. (a) L-leucine methyl
ester hydrochloride, O-t-butyl-L-serine t-butyl ester hydrochloride, Et,N, CH,Cl,. (b) N-Boc-L-lysine methyl

ster hydrochloride, L-phenylalanine ¢-buty! ester hydrochloride, Et;N, CH,Cl,.



K. E. Pryor et al. / Tetrahedron 54 (1998) 41074124 4115

General. All reagents were purchased from Aldrich Chemical Company and were used without further
purification except as noted. Amino acid esters, PyBOP, and HATU were acquired from Novabiochem (San
Diego, CA). Deuterated solvents were obtained from Cambridge Isotopes Laboratories and deuterated
chloroform was dried over 4 A molecular sieves. Citric acid and HCI refer to 1 N stock solutions. NMR spectra
were recorded on either a Bruker AC-250, a Bruker AM-300, or a Bruker DRX-600; TMS was used as a
reference in some chloroform-d spectra, otherwise residual solvent was used as a reference. Either a Finnegan

Mat 8200 (for HRMQ/FI\ ora VG ZAB-VSE (for HRMS/FAR) mass spectrometer was
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masses. FT-IR spectra were obtained on a Perkin Elmer Paragon 1000 PC FT-IR

[ TY M nwmnleucic

chromatography was performed wiih Silica Gel 6

) (EM Science or Bod
was performed using giass-bound Silica Gel 60 (F254) plates.

Molecular Modeling. Molecular modeling was performed using Macromodel v5.5% and the MM2* force field,
without solvent parameters. For the calculation of the energy difference between the two chair conformations
(Figure 2) of trans-1,3,5-cyclohexane tribenzylamide, the two conformers were minimized independently and
their total energy values subtracted to give 2.1 kcal/mol. This is roughly equivalent to the energy cost of placing
two ethyl esters in a 1,3-diaxial relationship (2.2 kcal/mol), as computed by tabulated A values.™ It is worth
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presence of such a hydrogen bond woul

relative to the diequatorial conformer.

Biphenyl 2,2',6,6"-1etracarboxylicacid (8). To pyrene (6.00 g, 29.7 mmol) in CH,CI, (120 mL) was added
MeCN (120 mL) and water (180 mL). To the resulting biphasic solution was added NalO, (60 g, 280 mmol)
followed by Ru(II)Cl, (240 mg, 1.16 mmol). The solution warmed somewhat as the reaction began but was
not vigorous. The reaction was run overnight (~16 h) with stirring and was filtered to give a yellow solid. The

mixed solid (tetraacid/NaIOQ was extracted with acetone (750 mL) and the acetone was refiltered to yield a

yellow solution. Upon evaporation the product was identified as a mixture of the desired tetraacid and the
corresponding dianhydride. The crude product was ground to a fine powder and was refluxed for 1 hin CH,Cl,

before being filtered hot. The tetraacid was collected as a white powder (7.4 g, 75% yield). m. p. >300° C.
NMR (DMSO-d,, 300 MHz) 3 12.4 (br s, 4 H), 7.96 (d, J= 7.6 Hz, 4 H), 7.45 (1, J= 7.8 Hz, 2 H). *C NMR
(75.4 MHz, DMSO-d,) § 167.49, 142.07, 132.33, 131.82, 126.49. HRMS (FAB in NBA/Nal) calculated for
C,.H,,O¢Na [M + NaJ" 353.0273, found 353.0264.

iph
CH/.CI, (1.5 mL) and cooled prior to the addition of thaenyl chloride (1 mL c.x.c_:css\ and DMF (2 uL, catalvuc)
The suspension was allowed to warm to room temperature under a CaCl, drying tube. After 1 h the suspension

was warmed to reflux until a homogenous solution developed (about 4 h). After another hour at reflux the

orange solution was concentrated to dryness, dry toluene was added, and the solution was concentrated again
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yield a yellow solid. After evacuation on a high vacuum for 1 h the compound (29 mg, 97%) appeared pure by
NMR. 'H NMR (CDCl,, 250 MHz) & 8.57 (d, J= 8.1 Hz, 4 H), 7.81 (t, J= 8.1 Hz, 2 H).

After washing with HC], the organic layer was evaporated to an orange oil. A similar procedure was carried out
using 2 equiv of benzyl alcohol and the two samples of orange o0il were pooled for separation (8). Silica-gel
column chromatography using an acetic acid/hexane/EtOAc gradient provided good separation of most of the

expected products. The compounds are presented in order of elution.

Biphenyl 2,2',6,6"-tetrabenzyl ester (8a). Large silver flakes (220 mg, 0.32 mmol). m.p. 101-105° C. 'H
NMR (CDCl;, 250 MHz) 8 7.94 (d, J= 7.8 Hz, 4 H), 741 (t, J= 7.8 Hz, 2 H), 7.27 (m, 6 H), 7.12 (m, 4 H),
4.90 (s, 8 H). HRMS (FAB in NBA/Csl) caled for C,,H,,0,Cs [M + Cs]* 823.1308, found 823.1323.

1M AL : 71 oA~ lry a1y am

Bipr’teny & & ,0U- trwenzyt esrer—o Carooxyuc aua LOD) Uummy ordn;:,c bOll (1.4u g, A .‘)J IﬂIIIOl) 1 INIVIK
(CDCI,, 300 MHz) 0 8.13 (d, /= 7.9 Hz, 2 H), 8.05 (dd, /= 7.8, 1.4 Hz, 1 H), 8.02 (dd, /=7.8, 1.5 Hz, i
H), 7.42 (t, J= 7.9 Hz, 1 H), 7.32 (m, 13 H), 7.18 (m, 8 H), 5.00 (br s, 4 H), 498 (s, 2 H). HRMS (FAB in

NBA/Csl) caled for C,;H,,0,Cs [M + Cs]* 733.0839, found 733.0816.

Biphenyl 2,6-dibenzyl ester-2',6'-dicarboxylic acid (8¢). Faint yellow powder (140 mg, 0.27 mmol). 'H
NMR (acetone-d,, 300 MHz) 6 8.11 (d, J= 7.9 Hz, 2 H), 8.03 (d, J= 7.7 Hz, 2 H), 7.51 (t. J=7.7 Hz, 1 H),

7.37(, J=79Hz | H), 727 (m, 6 H), 7.19 (m, 4 H), 496 (s, 4 H), HRMS (FAR in NBA/CsI) calcd for
C H N Ce M L Ot AA NTAQ fAannd 472 N0N
i A VRNed LIVE T LS UTOLUoU T, aUunU UTI.Ua UL

Biphenyl 2,2'-dibenzyi ester-6,6"-dicarboxyiic acid (8d). White powder (603 mg, i.i8 mmoi). 'H NMR
(acetone-d,, 300 MHz): § 8.09 (dd, J= 7.7, 1.6 Hz, 2 H), 8.04 (dd, J=8.0, 1.5 Hz, 2 H), 7.44 (1, J= 7.8 Hz,
2 H), 7.3-7.25 (m, 6 H), 7.20-7.16 (m, 4 H), 4.97 (d, J= 12.5 Hz, 2 H), 4.91 (d, J= 123 Hz, 2 H). "C
NMR (75.4 MHz, acetone-d,) 8 167.18, 166.33, 149.36, 143.02, 136.58, 133.73, 133.41, 131.87, 128.84,
128.67, 128.47, 127.31, 66.66. HRMS (FAB in NBA/CsI) caled for C, H,,0,Cs [M + Cs]* 643.0369, found
643.0381.

Rinhonvul ?_ honaul netor.?' KA A tricavhavvlin arid (83 Tha mann hanrvul nradnet wace reantaminated hu recidnal
UIV"C")‘ e TUCTEL YV CIECT  dw gy Uy S BF SLRAL IJV/A YLLL UL LG \U‘l} A A RIAVLIW UUI[L‘JI Ptuuuvt T WwRIRILeA. ' L e uJ AT ANA RA AL
JELE TGS TR. Pt SN WL SO B SO TP |
UIUCIIZY T ©SICT ou WIILIE CUOULU UL DC TeHuved.

Biphenyl 2,2'-dibenzyl ester-6,6'-diacid chloride (9). To a solution of 8d (50 mg, 0.10 mmol) in CH,CI, (25
mL) was added a slight excess of thionyl chloride (35 pL, 0.30 mmol) at rt. Catalytic DMF (0.25 uL) was
added and the solution was refluxed for 2 h under nitrogen. After drying under reduced pressure the product
acid chloride 9 was recovered as a light yellow solid (50 mg, 90% yield). 'H NMR (CDCl,, 300 MHz) & 8.27
(d, J= 7.7 Hz, 2 H), 8.18 (d, J= 7.6 Hz, 2 H), 7.47 (1, J= 7.9 Hz, 2 H), 7.31 (m, 6 H), 7.14 (m, 4 H), 4.98
(s. 4 H).
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aissoived iin Ch,Cl, (20 mij ana a smaii excess of Leu-OiBu-HTl (48 mg, 0.22 mmoij was added foliowed by
an excess of Et;N (22 mL, 0.30 mmol). The reaction mixture was stirred al rt for 1 h, at which time the reaction

did not appear complete by TLC (4:1 hexane:EtOAc). An additional equivalent of leucine and triethylamine were
added, immediately following which the TLC showed one major product. After washing with 0.5 N HCI and
0.5 N KOH the product diamide was recovered as a yellow semisolid. The mixture of diastereomers was
isolated as a light yellow solid (75 mg). 'H and *C NMR of the diastereomeric pair were consistent with the
proposed structures. The diastereomers were partially separated by preoarativc TLC (4:1 hexane:EtOAc) to

allow peak assignment. The 'H NMR of the lower R_ product appears as

,,,,,,,,,,,, o

tha racirdiinl Aioctarasmyae LI NRAD /(OTWY NN AT R 0120 ¢4 1. Q112 A 1IN 700 /A4 71— 0 1 LT 1 1IN
i€ ICsidual Giasicicomer. n INVIR ALy, DUV MINEZ) U 0.00 \G, vy= Y 11Z, £ 11), /.77 44, y= o, | NZ, 11,
iy rr N aa s - ry v —~ BUEE Y A . Tr . A TN

/ U3 (S, 4 H), 4. {m, 2 1),

( . 30
31 (s, 18 H), 1.21 (m, 6 H), 0.79 (d, J= 8.0 Hz, 6 H), 0.75 (d, J= 8.0 Hz, 6 H). LRMS of diastereomeric
mixture (FAB in NBA/Csl) calcd for C, H,,0,,N,[M + H]" 849.4, found 849.

Biphenyl 2,2'-diacid-6,6'-dileucine-OtBu diamide (11). To the dileucine diester 10 (70 mg, 0.084 mmol) in
4:1 EtOAc:EtOH (10 mL) was added 5% Pd/C (25 mg, cat) and the suspension was stirred at rt under a
hydrogen atmosphere for 2 h. The (3:2 ratio of) diastereomeric diacid products was then filtered through Celite
to remove the Pd/C and dried 10 a fine white powder (50 mg, 89%). 'H NMR of th

e diastereomeric mixture was
e diastersomer re was

consistent with the proposed structures. The amide protons had very different shifts due to differences in
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Biphenyl 2,2',6,6'-tetraleucine-OtBu tetraamide (12). To a solution of 11 in dry DMF (5 mL) was added
leucine-OrBu-HCl (26 mg, 0.12 mmol, 2.2 equiv) and Et,N (23 uL, 0.16 mmol, 3.0 equiv). The solution was
chilled to O° and treated with HATU (44 mg, 0.12 mmol, 2.2 equiv) to give a bright yellow solution. After
stirring at 0° the yellow color had faded and the reaction appeared incomplete by TLC (4:1 hexane:EtOAc). An

nhcarmrad Tha ranctinn mivetnrs wae Aibtad ot Ar (I8 vl Y wwnchad My I Jv cnr Na 1ad wif

UUdCivil. 110 ICaCuivll HIIAWUIU wad Uliuicl will AL (20 L j, WasiiCU (4R 11T, £A SdL 1vdrizesy ), oUW
QPN TN PRI L T OE - 10 T
Nd,oU,, dIlU chpomlcu to plUVlUC e pun-: lClldlCULlllL teiraamiae as a white pUWUCl (Yo mg, /07) UM

compound was identical to the tetraleucine synthesized using 4.4 equiv of leucine and 1 equiv of biphenyl
tetraacid chloride. HPLC analysis: >90% pure (A= 254 nm). ‘H NMR (CDCl,, 300 MHz) & 8.67 (d, J= 8 Hz,
4 H), 7.47 (d, J= 8 Hz, 4 H), 7.30 (1, J= 8 Hz, 2 H), 4.30 (m, 4 H), 1.31 (s, 36 H), 1.29 (m, 12 H), 0.79 (d,
J= 6 Hz, 24 H). HRMS (FAB in NBA/CsI) caled for C;Hg,O,N, [M + H]* 1007.6320, found 1007.6349.

1.3-Dimethyl-4-bromobenzene dicarboxylate (13). To a suspension of 4-bromoisophthalic acid (10.0 g, 0.0410
mol) in MeOH (150 mL) at 0° was added thionyl chloride (10.0 mL, 0.140 mol) dropwise. The reaction was

allawad 1a ctir for 74 ore it wag filtered and concentrated. The regultino oil was taken un in CH.C1. (250
AuCWEG 10 SUT ICr 44 N DEIOrE 1L was ILaereg ang conceniraled, 10¢ resullin g ol wag laken up in CH,CL (20U
¥ e B iarmo sl 1 NT T Tl namanmteatinm ond ctonding o wwhita Aily enlid

upoi Concenirauon ana staniding, a winic, ouy 5610



dd, J= 8.3, 2.1 Hz, 1 H), 7.75 (d, J= 8.2 Hz, 1 H), 3.96 (s, 3 H),
for C,,;H,,0,Br [M + HJ" 272.9762, found 272.9772.
2,2"4,4"-Biphenyl teiramethyl esier (14). The dimethyi ester 13 (6.00 g, 22.0 mmol) was pulverized with Cu
powder (4.2 g, 66 mmol) and the mixture was added to a 100 mL pressure tube sealed with a teflon cap. This
was heated to 200° C for 4 h, cooled to rt, and the brown solid was extracted (4x 100 mL 5% MeOH in CHCI,,
with sonication). Filtration and concentration gave a solid that was preloaded onto silica gel with neat CH,Cl,.
Elution (CH,Cl,—10:1 CH,C1,:MeOH), followed by concentration of the pure fractions resulted in a white
powder (2.49 g, 44%). R= 0.3 (20:1 CH,Cl,;MeOH). m. p. 185-186° C. 'H NMR (CDCl,, 300 MHz): &
8.70 (d, J= 1.9 Hz, 2 H), 8.20 (dd, J= 8.0 Hz, 1.9 Hz, 2 H), 7.26 (d, J= 7.8 Hz, 2 H), 3.95 (s, 6 H), 3.66 (s,

6 H). HRMS (FAR in NBA/Nal) caled for C,;H,,0, [M + H1* 387.1080, found 387.1089.

e 20719 QL U
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(75 mL), methanol (7.5 mL), and 2 N NaOH (28 mL). After 2 h at rt the solution was warmed to reflux for 3
The solvents were evaporated and water (50 mL) was added. Acidification to pH 1 with conc HCI produced a
precipitate, which was filtered (after standing overnight at 0°C) to afford a white solid (1.09 g, 92%). m. p.
>300° C. 'H NMR (DMSO-d,, 300 MHz): § 13.1 (br s, 4 H), 8.45 (d, J= 1.4 Hz, 2 H), 8.09 (dd, J= 8.0, 1.7
Hz, 2 H), 7.31 (d, J= 8.0 Hz, 2 H). "*C (DMSO-d,, 75.4 MHz) & 166.89, 166.68, 146.98, 131.96, 130.65,
130.34, 129.95. HRMS (FAB in NBA/Nal) calcd for C,(H,,O,Na [M + Na]* 353.0273, found 353.0257.

2,2",4,4'-Biphenyl tetraacid chloride (16). To the biphenyl tetraacid 15 (250 mg, 0.75 mmol) s uspcnded in
CHCI, (15 mL) was added SOCI, (10 mL, excess), followed by DMF (5 uL, cat). After stirri
the suspension was warmed to reflux for 2.5 h, at which point the solution became ciear. Concentration o
solution gave a white solid, toluene was added, and the suspension was again evaporated to give a white solid
(296 mg, 97%). 'H NMR (CDCl,, 300 MHz) $ 9.03 (d, J= 2.0 Hz, 2 H), 8.42 (dd, J= 8.5, 2.1 Hz, 2 H),

7.25 (d, J= 8.4 Hz, 2 H).

4,4"-Bis(Diphenylmethyl) biphenyl dicarboxylate-2,2"-dicarboxylic acid (17). Acetic anhydride (0.15 mL, 1.6
mmol) was added to the biphenyl tetraacid 16 (0.40 g, 1.2 mmol) in THF (8 mL). The turbid solution was

N c
more / _c 0O (0.05 mL, 0.5 mmol) w.

warmed to reflux under a drying tube for 8 h, m © was added, and the solution was
fe o d Feen 19 b Vs tintimen afFardad o A o I A
stirred for 12 h at rt. Concentration afforded a white solid that appeared by '"H NMR to be 80% desired product

O

The crude anhydride was suspended in acetone (10 mL) and diphenyldiazomethane (0.65 g mL acelone,
3.35 mmol) was added dropwise. The flask was protected from light and was stirred under nitrogen for 48 h,
during which time the red suspension was observed to almost completely decolorize. To hydrolyze the
anhydride, Na,CO, (1 N, 30 mL) was added and the suspension was stirred for 1 h. Acidification to pH 2 using
2 N HCl and subsequent extraction (3x 30 mL CHCI,) and drying over MgSO, produced a viscous oil. Silica
gel chromatography (20:1—4:1 CH,Cl,:MeOH) was used to isolate a polar compound (R= 0.2, 10:1
CH,Cl1,:MeOH). Partial concentration, followed by cooling of the product fractions, gave white, fluffy crystals

(160 mg, 20%). 'H NMR (DMSO-d,, 600 MHz): 8 8.01 (brs, 2 H), 7.90 (d, /= 6.9 Hz,2 H), 7.50 (d, J=7

Hz, 8 H), 7.38 (t, J= 7.7 Hz, 8 H), 7.30 (t, J=7.4 Hz, 4 H), 7.11 (d, J= 7.6 Hz, 2 H), 7.07 (s, 2 H). LRMS



+ -
(ESI +) caled for C,,H,(OyNa [M + Nal" 685, found 685. LRMS (ES! -) caled for C,,H,,0, [M — H] 661,
found 661.

Biphenyl 2,2"-dileucine diamide-4,4'-diphenylmethyl dicarboxylate (18). PyBOP (42 mg, 0.080 mmol) and 17
(20 mg, 0.030 mmol) were dissolved in DMF (2 mL). After 5 min DIEA (0.028 mL, 0.16 mmol) and Leu-
OtBu-HCI (18 mg, 0.080 mmol) in DMF (1 mL) were added to the biphenyl-PyBOP flask under a drying tube.
After 12 h, water (10 mL) and CH,Cl, (25 mL) were added; the organic layer was rinsed (1x 10 mL water, 1x
10 mL citric acid) and dried over MgSO,. Concentration gave an oil which was preloaded onto SiO, and
chromatographed (5:1 hexanes:EtOAc, Ri= 0.9) to give a white solid (25 mg, 83%). 'H NMR (acetone-d,,

S5t AL AU &J L, 0270

MHz): § 8.42 (d, J= 8.0 Hz, 2 H), 8.30 (s, 2 H), 8.22 (dd, J= 8.0, 1.6 Hz, 2 H), 7.55 (d, J= 7.7 Hz, 8 H),
7.41 (1, J= 8.0 Hz, 8 H), 7.33 (1, J= 7.6 Hz, 4 H), 7.16 (s, 2 H), 4.26 (q, J= 7.3 Hz, 2 H), 1.43-1.3 (m, 24
H), 0.74 (m H). HRMS (FAB in NBA/Csl) calcd for C,,HN,0,,Cs [M + Cs]* 1133.3928, found

Biphenyl 2,2"-dileucine diamide-4,4'-dicarboxylic acid (19). A solvent mixture of 4:1 EtOAc:EtOH (5 mL) was
used (o dissolve 18 (20 mg, 0.020 mmol). To this was added 10% Pd/C (5 mg, cat) and the flask was
evacuated and back-filled three times with H, (atm). Stirring for 3 h, filtration through Celite, and concentration
gave an oily white solid. Trituration with hexanes gave the product as a white solid in quantitative yield. 'H

NMR (acetone-d®, 300 MHz,): § 11.5 (brs, 2 H), 8.39 (d, J= 8.2 Hz, 2 H), 822 (d, J= 1.1 Hz, 2 H), 7.29 (d,
J=7.9 Hz, 2 H), 4.29 {q, J=7.4Hz, 2 H), 1.5-1.1 (m, 24 H), 1.16 (m, 2 H), 0.79 (m, 12 H). HRMS (FAB
in NBA/Csl) caled for CygH,;0,,N,Cs, [M — H* + 2Cs*]" 933.1339, found 933.1301.

trans-1,3,5-Cyclohexane tricarboxylic acid (22).* To a mixture of cis and trans-1,3,5-cyclohexane
tricarboxylic acid (10.9 g, 50.3 mmol) was added NaOAc (1.00 g, 12.2 mmol) and Ac,0 (20 mL, 210 mmol).
After refluxing for 4 h under a drying tube the solution was cooled to rt and acetyl chloride (10.0 mL 141 mmol)
was added. The light green solution was refluxed for 2 h. Upon cooling a white precipitate formed and the
mixture was filtered. The solid was discarded and the filtrate was poured into water (100 mL) and stirred for 16

I

NMR (va Su-a6, 600 MHz): § 12.28 (s, 3 H), 2.81 (i, /=2.2
41
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(d, J= 13 Hz, 2 H), 2.04 (d, /J= 13 Hz, 1 H), 1.
LRMS (ESI-) calcd for CjH,,0, [M - H]" 215, found 215.

trans-1,3,5-Cyclohexane tricarboxylic acid chloride (23). The cyclohexane tricarboxylic acid 22 (0.50 g, 2.8
mmol) was suspended in CH,Cl, (50 mL), and oxalyl chloride (1.5 mL, 17 mmol) was added, followed by
DMF (2 uL, cat). After stirring for 1 h at rt the system was heated to reflux for 3 h to give a clear solution.

Evaporation of the solvent gave a slightly yellow oil in quantitative yield. 'H NMR (acetone-d,, 300 MHz): &
285 (m, | H), 247 (1, J=12.5,3.5,2H),2.25(d, J=13.5Hz, 2 H), 2.14 (d, /= 13.1 Hz, | H), 1.47 (d, J=
13.1, 5.0 Hz, 2 H), 1.38 (g, /= 12.7 Hz, 1 H)
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ns-1,3,5-Cyclohexane tr'iphe}iyid;'aiiiize-Oz‘we triainide (24).
(50 mg, 0.19 mmol) in CH,Ci, (2 mL) was added Phe-OMe-HCI (136 mg, 0.627 mmol) and Et,N (i80 pL, 1.3
mmol) in CH,Cl, (6 mL). After 2 h at rt the mixture was transferred to a separatory funnel with CH,Cl, (20
mL); the solution was rinsed with citric acid, dried over MgSO,, filtered, and concentrated to a white foam (102
mg, 77%). HPLC analysis (A= 258 nm) indicated this compound (o be 287% pure. 'H NMR (acetone-d,, 300
MHz): 6 7.72-7.67 (m, 2 H), 7.61 (d, J= 7.7 Hz, 1 H), 6.73-6.55 (m, 15 H), 3.89-3.81 (m, 3 H), 3.03 (s, 3
H), 3.02 (s, 3 H), 3.01 (s, 3 H), 2.85 (m, 1 H), 2.50-2.30 (m, 6 H), 2.07 (d, J= 12 Hz, 2 H), 1.92 (d, J= 12
Hz, 1 H), 1.15 (d, J= 12 Hz, 1 H), 0.95 (appar t, J= 12 Hz, 1 H), 0.83-0.75 (m, 2 H), 0.56 (q, J= 12 Hz, 1
H). HRMS (FAB in NBA/Csl) caled for C,,)H,,N,O,Cs [M + Cs]* 832.2210, found 832.2231

A% g VLR YT TR L e Ol&.Lixv, VUl Ll
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-(4,4"-Bipyridinejtetracarboxylic acid chloride (25).”° All intermediates were prepared according to
Ref. 26. A modification of the synthesis of 25 was used as follows. A CH,CI, (70 mL) suspension of
2,2',6,6'-(4,4" -bipyridine)tetracarboxylic acid (1.00 g, 3.01 mmol), oxalyl chloride (2.1 mL, 24 mmol) and six
drops of a 4% solution of DMF in CH,CI, was refluxed under nitrogen for 17 h. The solution was filtered
through Celite and concentrated to yellow solids, which were recrystallized from hot toluene to yield a white

powder (0.796 g, 65%).

Diethyl 4-bromo-2,6-pyridinedicarboxylate (26).” Procedure adapted from Ref. 31. Chelidamic acid
mnnr\hul ratms (A 10 ‘2 I A mmnl\ Qﬂl" r\"\(’\(‘f\hf\ﬂlf r\pr\trxl\wr\m;dn {KQ l’y ‘ <n mmnl\ IAarn "\QO"DI‘I tn mo F
lllUll\lll) AV X713 W \U po 4 -7 15T llllllUl} [sigiv ]y l}l IUDPIIUI “ud yulltaux \ViSpsivivy \UJ b’ 1 lll_lllUl, YWLulL LIvAllALl v v A ’

ga
whereupon the solids formed a melt. This was stirred at 90° C for 1 h 45 min. After the solution cooled, 45 mL
chioroform was added and the solution was filtered. The fiitrate was chiiled in an ice bath as 250 mL ethanol was
slowly added to the solution. All solvent was removed by rotary evaporation, as well as a high boiling, oily,

clear liquid, yielding dirty crystals. Recrystallization from ethanol yiclded pale yellow crystals (6.56 g, 69%).

4-Bromo-2,6-pyridinedicarboxylic acid (27). To a solution of 26 (8.6 g, 28 mmol) in 200 mL THF was added
a solution of lithium hydroxide monohydrate (2.9 g, 69 mmol) in 40 mL water. This was stirred together for 2 h

45 min, then the solution was acidified to pH 0-1 with concentrated hydrochloric acid. The acidified solution
calidified ninan ctanding: with the additinn of more water and canicatian the cnlideg ralre nn and ware filtere

SUIILNICU UPUN Staliuliig, Wil UK aUldiuUil UL THUIIC waill diiu SULHIILauUn Uic SUNIUS UTUAL up diiu Wi diiivu,
hner Aniad ctmarn haoth Al o b len T I NT o 01O . ANE ANNO M daa 0 111 WA D
LIICH Ufica OIf a SiCdill Ddill, YICIUHlE 4 WIIC powdacth (/.Ju/ g, 7170) 1 lp. ZU0—2LU7 LU (UcL,) I'T INIVIIN
,,,,, A R oETE N - ~r e 13~ avw o~ A on P2 A= 1A A
(DMSO- db, oUU MHz): 68.35 (s, 2H). "C NMR (DMSO- dﬁ, 151 MHz): o 6 164.89, 150.18, 134.45, 130.37.

FT-IR (KBr pellet, cm™): 684, 719, 805, 897, 1174, 1207, 1314, 1400, 1477, 1573, 1732, 3093, 3385, 3489.
HRMS (FAB in NBA/Nal) calcd for C;H,BINO, [M]" 245.9402, found 245.9404.

4-Bromo-2,6-pyridinedicarboxylic acid chloride (28). To a suspension of 27 (7.06 g, 25.8 mmol) in 290 mL
CH,CI, was added oxalyl chloride (8.6 mL, 13 g, 99 mmol) and catalytic DMF (6 drops 4% solution in
CH,CL,). The stirred suspension was refluxed for 20 h. The cooled solution was filtered through Celite to

remove hazy undissolved material and the solution was concentrated. The residue was dissolved in toluene and

nnnnn the solvent was removed by rotary evaporation. vielding salmon-colored micro crystals (7.41 ¢ Q2 0L\
agcuu HIC DOIVEIH wdd ITINOVCU Dy 10ldly ©vapuldllivll, YICIULLE SallTU-LUIUICU HHIULU Liyswald \ /.71 g, 7470y

n= noo 1Ty TR ATy /NI AN YATT N, S O AN 7 ATTY 13/ AIRATY 70U 151 RATIN. & 120 ON
m. p. 1UO—iUs™ L H NMRK (CDCI,, OUU MHz): 0 8.4Y (S, 2H) U NVMIR (LDUL, 101 MIOZ): 0 1006.7U,

150.10, 136.35, 132.21. FT-IR (NaCl disc, cm™): 3077.4, 1759.8, 1554.3, 1427.9, 1251.8, 987.9, 937.7,
926.8, 908.0, 710.9. LRMS (ESI +) caled for C,H,BrCl,NO, [M + H]* 274/276, found 274/276.
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4-Bromo-2-{leucine methyi ester)-6-{O-t-butyiserine t-butyl esterjpyridine (29). To a chilled ((°C) solution of
leucine methyl ester hydrochloride (1.26 g, 6.93 mmol) and O-t-butylserine r-butyl ester hydrochloride (1.76 g,
6.93 mmol) in CH,Cl, (25 mL) was added Et;N (3 mL) and a solution of 28 (1.96 g, 6.30 mmol) in CH,Cl,
(25 mL). This was stirred under nitrogen for 13 h, warming to rt. The solution was diluted to 100 mL with
CH,CI, and was washed with HCI, saturated NaHCO,, and brine. The organic phase was dried over MgSO,,
filtered, and concentrated to off-white solids. Compound 29 was separated from the other two diamides formed

by silica gel column chromatography (8:1 Hexane:EtOAC) and was isolated as a pale yellow oil (0.843 g, 23%).
'H NMR (CDCl,, 600 MHz): § 8.52 (d, J= 1.4 Hz, | H [low intensity]), 8.50 (d, J=

Sl
.’
IO
—
_— ‘

4
( 3.78 . 1 H), |
50 (s, 9H), 1.20 (s, 9H) 1.01 (d, J= 4.5 Hz, 3H), 1.00 (d, J= 4.5Hz, 3 H) “C NMR (CDCl,,
151 MHz): 8 173.10, 169.32, 162.44, 162.28, 149.96, 149.61, 136.39, 128.93, 128.81, 82.29, 73.45,
62.24, 53.64, 52.49, 51.18, 41.56, 28.06, 27.40, 24.96, 22.90, 21.89. HRMS (FAB in NBA/Nal) calcd for
C,H 4BrN,O,Na [M + Na]* 594.1791, found 594.1766.

4-Bromo-2-(N-Boc-lysine methyl ester)-6-(phenylalanine t-butyl ester)pyridine (30). To a chilled (0°C) solution

3.57 mmol) and phenylalanine t-butyl ester hydrochloride

g,
(0.92 g, 3.6 mmol) in CH,Cl, (25 mL) was added Et;N (3 mL) and 28 (1.01 g, 3.25 mmol). The solution was

A oalistion Was Ailistad o &N 4an writh LY M Py
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of N-Boc-lysine methyl ester hydrochloride (1.06

)
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with HCI, saturated NaHCO,, and brine. The organic phase was dried over MgSO,, filtered, and concentrated
to a yellow oil. Compound 30 was separated from the other two diamides formed by silica gel column
chromatography (4:1 Hexane:EtOAC) and was isolated as a white solid (0.565 g, 25%). m.p. 50-54° C.
'H NMR (CDCl,, 600 MHz): 8 8.50 (d, J= 2.0 Hz, 1 H), 8.48 (d, J= 1.9 Hz, 1H), 8.13 (d, J=7.9 Hz, 1 H),
8.03 (d, /= 8.1 Hz, | H), 7.31-7.29 (m, 2 H), 7.25-7.22 (m, 3 H), 4.95-4.92 (m, 1 H), 4.78-4.74 (m, 1 H),
4.65 (br. t, 1 H), 3.80 (s, 3 H), 3.24 (d, J= 6.0 Hz, 2 H), 3.14-3.04 (m, 2 H), 2.04-1.97 (m, 1 H), 1.85-

1.79 (m, 1 H), 1.54-1.47 (m, 2 H), 1.43-1.36 (m, 20 H). "“C NMR (CDCl,, 151 MHz): § 172.54, 170.61,
162.43, 162.00, 156.30, 149.83, 149.67, 136.64, 136.31, 129.85, 128.98, 128.84, 127.42, 82.92, 54.09,
52.74, 52.54, 40.33, 38.34, 32.23, 29.55, 28.51, 28.10, 22.76. FT-IR (NaCl disc, cm™): 3341.7, 2976.2
2932.1, 1736.3, 1676.7, 1523.0, 1454.7, 1365.8, 1249.2, 1155.2, 912.4, 842.6, 730.2. HRMS (FAB in
NBA/Csl) caled for C,,H,,BrN,O,Cs [M + Cs]" 823.1319 / 825, found 823.1344 / 825.

4-(tri-n-Butylstannyl)-2-(leucine methyl ester)-6-(O-t-butylserine 1-butyl ester)pyridine (31). A solution of 29
(0.843 g, 1.47 mmol), bis(tributyltin) (2.3 mL, 4.5 mmol), and dichlorobis(triphenylphosphine) palladium (II)
(11.4 mg, 0.0162 mmol) in toluene (10 mL) was stirred and heated to 80°C. A brown color developed as the
reaction progressed. The solution was heated for 2 h 40 min, then after cooling it was concentrated to a dark

brown oil. Column chromatography (8:1 hexane:EtOAc), after elution of excess bis(tributyltin), yielded a clear

0il (0430 ¢ 37%) 'H NMR (CDCL 600 MHz): 8 855 (br. t. J= 7.8 Hz. 1 H). & A<32m J—= 54 Hz 2 H)
Ul \V.H0V 5, Qi /0). ANAVEIIN \\“U\"l." VUV IVLLLIL J. UV O.JJ \Ul. Ly, v— 1.0 AA:.., 1 11)y U, Ny v ST kAL, & a2k,
a AR st JT_ Q1 TT. 1 IO\ A QA A Of /.. TN 208 731 I_ """ O 77 1Y 1 TIN 277 /c 2 LI 29N A4 T
8.22(br. L, J/=08.31Z, I ), 4.844.8uU (1IN, <4n), 3.70 44, v= 4./, 0./ INNZ, 1 11}, 2,711 5, I 11}, 5.7V (Uy, v=
2.8,8.7 Hz, 1 H), 1.82-1.77 (m, 3 H), 1.53-1.46 (m, 15 H), 1.38-1.35 (m, 6 H), 1.20 (s, 12 H), 1.18-1.10

(m, 6 H), 1.02-1.00 (m, 6 H), 0.87 (t, J= 7.3 Hz, 9 H). "“C NMR (CDCl,, 151 MHz): § 173.66, 169.81,
164.90, 164.64, 158.42, 146.18, 146.13, 133.33, 133.25, 82.40, 73.78, 53.50, 52.38, 50.41, 40.98, 28.91,
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27.99, 27.30, 27.25, 2492, 22.89, 21.71, 13.55, 9.76. HRMS (FAB in NBA/Csl) calcd for
C U JNDSn¢ M 4 Ccl* 015 8229 fruind 015 SRAR
\4"7! .65‘ "\JTLIII\‘D I_AVI v \.40] SR Tl Ty ANTMALING 7 LI ITO

2-{leucine methyl ester)-6-(O-1-butyiserine i-butyl ester)-2'-(N-Boc-lysine meihyl esier)-6'-(phenylalanine 1-
butyl ester)-4,4'-bipyridine (32a). A toluene (5 mL) solution of 30 (0.389 g, 0.562 mmol), 31 (0.420 g,
0.537 mmol), and dichlorobis(triphenylphosphine) palladium (II) (18.9 mg, 0.0269 mmol) was refluxed for
17 h, turning from yellow to brown in color over this period. The solution was concentrated to brown solids
and column chromatography (4:1—3:1 hexane:EtOAc gradient) yielded a thick, clear oil (0.305 g, 51%). 'H
NMR (CDCl,, 600 MHz): 6 8.75-8.73 (m, 4H), 8.57 (d, J= 8.5 Hz, 1 H), 8.26 (d, J= 8.1 Hz, | H), 8.23 (d,
J= 8.2 Hz, | H), 7.32-7.24 (m, 5§ H), 5.01 (dt, J= 2.7, 8.9 Hz, 1 H), 4.91-4.81 (m, 3 H), 4.68 (br. t, 1 H),

397 (dd, J= 2.7,8.9 Hz, | H), 3.81 (s, 3 H), 3.79 (s, 3 H), 3.75 (dd, J= 2.8, 8.9 Hz, 1 H), 3.28 (d, J= 6.0
Hz, 2 H), 3.29-3.05 (m, 2 H), 2.03-2.00 (m, 1 H), 1.86-1.81 (m, 4 H), 1.55-1.52 (m, 11 H), 1.45 (br. s,
11 H), 1.40 (s, 9 H), 1.22 (s, 9 H), 1.03 (d, J= 5.7 Hz, 3 H), 1.02 (d, J= 5.7 Hz, 3 H). ""C NMR (CDCl,,
151 MHz): & 173.34, 172.68, 170.78, 169.55, 163.11, 163.00, 162.91, 162.57, 156.28, 150.44, 150.27,

150.17, 150.13, 147.92, 147.66, 136.36, 129.87, 128.79, 127.37, 123.25 (3 overlapping peaks), 123.18,
82.83, 82.34, 79.16, 73.57, 62.50, 54.03, 53.65, 52.66, 52.50 (2 overlapping peaks), 51.20, 41.61, 40.30,
38.41, 32.20, 29.60, 28.46, 28.11, 28.07, 27.45, 25.02, 22.98, 22.76, 21.93. FT-IR (NaCl disc, cm™);
3335.5, 2974.7, 2933.7, 2249.6, 1741.0, 1677.5, 1522.3, 1456.1, 1366.6, 1248.9, 1158.1, 903.5, 847.2,
733.0. HRMS (FAB in NBA/Csl) calcd for C;Hg N,0,,Cs [M + Cs]* 1236.4845, found 1236.4913.

2-(leucine methyl ester)-6-serine-2'-(lysine methyl ester, trifluoroacetate salt)-6'-(phenylalanine)-4,4"-bipyridine

o T PO o PR, N H TLA e 1 Tha TEA eamiayuad ke
(JAI)) L.UIIIPUUIIU J.Ld \U LU0 b U AJU Mt ) wads bllllbu at 1t lll 1A 1Vl l} il. 1€ 1rA Was eimovea vy

rotary evaporation, and the resuiting oil was precipitated by sonication with i:1 Et,O/hexane. Filtration yieided a
white powder (0.143 g, 80%). m.p. 153-158° C (dec.). 'H NMR (DMSO-d,, 600 MHz): 3 13.0 (br. s), 9.53
(d, J= 7.9 Hz, 1 H), 9.51 (d, J= 8.1 Hz, | H),9.43 (d, J= 7.8 Hz, 1 H), 9.32 (d, J= 8.1 Hz, 1 H), 8.58-8.52
(m, 4 H), 7.72 (br. s, 3 H), 7.38 (d, J= 7.4 Hz, 2 H), 7.25 (t, J= 7.5 Hz, 2 H), 7.17 (t, J= 7.4 Hz, | H), 5.11
(br. s, 1 H), 4.68—4.57 (m, 4 H), 3.93 (d, J= 5.3 Hz, 2 H), 3.71 (s, 3 H), 3.69 (s, 3 H), 3.33 (dd, J=4.3,

13.8 Hz, 1 H), 3.24 (dd, J= 10.8, 13.5 Hz, 1 H), 2.82-2.78 (m, 2 H), 2.03-1.91 (m, 3 H), 1.77-1.60 (m, 4

H), 1.48-1.42 (m, 2 H), 0.95 (d, J= 6.3 Hz, 3 H), 0.92 (d, J= 6.3 Hz, 3 H). ""C NMR (DMSO-4,, 151

MHz): § 172.67, 172.51, 171.93, 171.46, 163.20, 163.04, 162.88, 162.84, 149.83, 149.60 (2 overlapping

peaks), 149.42, 137.97, 129.17, 128.22, 126.43, 122.65, 122.60, 122.52 (2 overlapping peaks), 60.80,

55.44, 54.42, 52.26, 52.11, 52.07, 50.96, 39.28, 38.64, 36.11, 30.05, 26.59, 24.56, 22.77, 22.52, 21.41.
N

FT-IR (KBr pellet, cm’): 3351.1, 2959.9, 1734.2, 1653.3, 1534.0, 1200.0
NBA/Cs) caled for C,H,,N,0,,Cs [M + Cs]* 968.2443, found 968.2410.
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