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Abstract: Intramolecular nucleophilic aromatic substitutiond$) of preformed ruthenium cyclopentadienyl cationic
peptidylz-complexes forms cyclic biphenyl ethers in convenient, high-yielding reactions. The utility of the method
was demonstrated by the efficient convergent total synthesis of two natural products, K-13 and OF4949-11l. Several
analogs of K-13 and OF4949-1V were synthesized in high yields, and one ring system that could not be prepared
by a macrolactamization method was formed in high yield by biaryl ether formation from peptidyl ruthenium
complexes. Direct comparisons between these two approaches are provided. Transitianaoetglexes of either
N-protected or carboxyl-protected amino acids can be used as coupling partners in peptide coupling reactions.
Preformed peptidyl ruthenium complexes can be used to synthesize cyclic biphenyl ethers in a combinatorial fashion.

K-13! (Figure 1), a natural noncompetitive inhibitor of
angiotensin converting enzyme (ACE), and OF4949M,2 a
family of competitive inhibitors of aminopeptidase B, are
metallopeptidase inhibitors that contain the biaryl ether diamino
diacid, isodityrosiné,as their basic structural subunit. Although
the structures of K-13 and OF4949-111 are similar (each a cyclic
17-membered biphenyl ether tripeptide), K-13 does not inhibit
aminopeptidase B and OF4949-11l does not inhibit ACE.
Structurally, these tw@-strand peptide mimeti¢sliffer when
viewed from the N-terminal to C-terminal direction of the
peptide backbone in that K-13 hapara—metasubstitution of
the two aromatic rings while OF4949-lll hasieta—para
substitutions of the biphenyl ether linkage. In either system,
removal of the macrocyclic structure results in a complete loss
of biological activity®

The synthesis of many natural products, which are composed
of cyclic biphenyl ether peptides, has been limited by the lack
of general and efficient methodologies for the synthesis of biaryl
ethers that contain asymmetric centerghe strategy employed
in most syntheses of K-13 and OF4943V has been to
construct the biphenyl ether moiety early in the synthesis and
to form the macrocyclic peptide ring system later by cyclization
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Figure 1. Structures of the naturally occurring protease inhibitors K-13
and OF4949-+1V.

through amide bond formatioh.At the start of this work, we
envisioned that a more direct approach to these molecules would
be to assemble the peptide portion first and then cyclize via
biaryl ether formatiory;® if a method that employed mild reaction
conditiong® could be developed for the construction of biaryl
ethers. Pearscet al, who studied the use of arene-ruthenitim,
manganesé& and iror® z-complexes of chlorophenylalanine
derivatives, reported thatchlorophenylalanine ruthenium cy-
clopentadienylz-complexes reacted efficiently with a variety
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Synthesis of Cyclic Biphenyl Ether Peptides K-13 and OF4949-Il|
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of phenols in an intermolecular fashion to form biphenyl ethers
under very mild conditions and applied this to the formal total
syntheses of K-183¢ and OF4949-1111f

We recently showed that Pearson’s methodology could be

used in an intramolecular fashion to directly cyclize peptidyl
m-complexe¥* for synthesizing model cyclic 17-membered ring
systems related to K-13, and soon thereafter, Peatsalnused

a similar strategy to synthesize a cyclic 16-membered biaryl
ether peptidé® In order to illustrate the effectiveness of the
intramolecular §Ar reaction of peptidylz-complexes, we report
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Synthesis of K-134 and OF4949-1V Model Systems!8
The para—metasubstituted tripeptide cyclization precurs®r
was synthesized in 77% vyield (Scheme 2) by coupling of the
Boc{p-Cl-Phe-OH/RuCpP§ complex 2 with isoleucylim
tyrosine methyl ester [ller-Tyr-OMe] (5). The other tripeptide

here the successful synthesis of a OF4949-11l model ring systemcomplexe®) and10 were formed in a similar fashion from the
that could not be prepared by a cycloamidation approach, anddipeptides PherTyr-OMe (6) and Tyr-(Ot-Bu)-m-Tyr-OMe
the convergent total syntheses of the natural products, K-13 and(7) by peptide coupling witl2 to give 9 and 10 in 62% and

OF4949-IlI.

Results

Peptide Couplings of RuCp" #z-Complexed Amino Acids.
The RuCp complex2 was synthesized in 86% yield by reaction
of Bocp-chlorophenylalaninelj with [RuCp(MeCN}]PF4t®
(Scheme 1). The [RuCp(MeCHPFs was added to a solution
of the amino acid in 1,2- dichloroethane (DCE) that was
preheated and degassed with argon at@&@D°C (in order to
complex the aromatic ring of selectively and prevent the
unwanted complexation of the carboxylate to ruthenium). Using
standard pre-activation peptide coupling conditions, the acid
m-complex2 was reacted with the methyl ester hydrochloride
of isoleucine (HCllle-OMe) to give the dipeptide compleX
in 74% vyield. The dipeptide compleX was demetalated by
photolysis in acetonitrile to give a 90% vyield of the dipeptide
Boc-Cl-Phe-lle-OMe §), which was identical in all respects
to the compound synthesized from BpeSIl-Phe-OH () and
HCI-lle-OMe, establishing that this sequence of transformations
does not epimerize chiral centéfs.
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Org. Chem1992 57, 1744-1752. (c) Pearson, A. J.; Lee, K.Org. Chem.
1994 59, 2304-2313. (d) Pearson, A. J.; Lee, B. Org. Chem1995 60,
7153-7160. (e) Pearson, A. J.; Bignan, Getrahedron. Lett1996 37,
735-738. (f) Pearson, A. J.; Zhang, P.; Lee, X.Org. Chem1996 61,
6581-6586.
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3583-3589.
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1996 61, 3940-3941.
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University of

59% vyields, respectively.

Formation of the cyclized biphenyl ether tripeptide complex
11 was achieved in 78% yield by slow addition of tripeptide
complex8 at room temperature over a periotizoh to adilute
solution of 2,6-ditert-butylphenoxide in THF followed by
additional reaction for 12 h. The complég was then irradiated
at 350 nm in acetonitrile for 24 h to give the cyclic biphenyl
etherl4in 83% yield. This procedure was used to cyclize the
tripeptide complexes Bop-Cl-Phe[RuCpP§-Phem-Tyr-OMe
(9) and Bocp-Cl-Phe[RuCpP§-Tyr(O-t-Bu)-m-Tyr-OMe (10)
in 79% and 70% yields, respectively, and after photolytic
cleavage, the cyclic biaryl ether peptidés and 16 were
obtained in 66% and 58% overall yields.

The meta—para-substituted precursors were synthesized in
a related fashion. The ruthenium complex of amino et&r
was prepared in excellent yield (92%) by reacting the methyl
ester ofp-chlorophenylalaninel{7) with RuCp(CHCN);PF; in
degassed 1,2-DCE at 8@ (Scheme 3}° The free amine
complex18 was coupled td9 to form the tripeptide complex
22in 69% yield. Similarly, the other two tripeptide complexes
Cbzm-Tyr-Phep-Cl-Phe[RuCpP§-OMe (23), and Cbzm+Tyr-
Tyr-p-Cl-Phe[RuCpP§}-OMe (24) were synthesized in 62% and
54% overall yields from dipeptide80 and 21, respectively.
Cyclization of tripeptide compleX22 by slow addition of
substrate to a dilute solution of sodium 2,6téit-butylphe-
noxide in THF (final concentration 0.002 M) followed by
additional reaction overnight afforded the cyclized biphenyl
ether compleX5in 78% yield. Decomplexation by irradiation
at 350 nm in acetonitrile for 24 h gave cyclic biphenyl et@8r
in 70% yield. Interestingly, reaction of the tripeptide complex
22 with sodium 2,6-ditert-butylphenoxide by careful addition
of the base to a solution of the tripeptide at higher concentrations
(0.02 M) in THF gave the cyclic biphenyl ether comp@xin
an improved 88% yield. Compour2b was identical in all

(18) Details on the synthesis of dipeptide and amino acid starting
materials are described in the Supplementary Information.
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Scheme 3 the reaction conditionsReaction of Boc-Tyr-OH46) with the
a a tosylate salt of Tyr(OMe)-OBn30) gave the dipeptide Boc-
CpRu? Tyr-Tyr(4-OMe)-OBn @7), which was cleaved to give Boc-
RUCH{CHACNIPF e | Tyr-Tyr(4-OMe)-OH @8) in 89% overall yield. The cyclization
1,2-DCE, reflux, 1h = precursod9 (Scheme 5) was formed in 66% yield by coupling
dipeptide48 with amine complex36. Cyclization of tripeptide
92% complex49 by reaction with sodium 2,6-dert-butyl-phenoxide
PN oM HN" “COMe in THF produced cyclized biphenyl ether comple&in 83%

yield, which was converted in 62% yield by irradiation at 350

7 18 a nm to compoundl, which has the K-13 ring system. Removal
o CPRW of the Boc group wit 4 N HCl/dioxane followed by acetylation
18 bE, l\\ with Ac,O/pyridine gave dimethyl K-13 4(5) Which was
EDCL HOB — converted as b_efore to K-13 as a 13:1 mixture of isomers in
DMF,O"C o 86% overall yield. The major isomer isolated from the
CbzNH 0% B \)L cyclization of thetert-butoxycarbonyl-protected tripeptidéd
CbzNH Y N TCOoMe also is the natural isomer of K-13.
o R Minor modifications of these procedures were needed to
19-21 224 successfully synthesize OF4949-1ll. Cbz-Asn-O&P)( was
Sodium-2,6-di-f-Bu- coupled with Tyr-OMe-HCI %3) to form the dipeptide Cbz-
phenoxide, THF, 24h Asn-Tyr-OMe 64), which was deprotected to afford the amine
CpRu* Asn-Tyr-OMe 65) in 57% overall yield. The cyclization
o

tripeptide compleX6 (Scheme 6) was formed in 69% yield by
N ) coupling 55 with the acid complex35. When the tripeptide
complex56 was subjected to the cyclization/photolysis condi-

hv, CH,CN . .
g © _"_’Vzo.zu g\/ﬁ\ tions used to prepare K-13, only a 24% overall yield of the
CbzNH N\_/U\N COMe CbzNH T N7 TcoMe OF4949-Ill ring systemb7 was obtained. However, when
o = 8 0 R potassiuntert-butoxide (1.1 equiv) was used as the base in the

cyclization reaction (2 h at room temperature in THF/DMF),
aR (yields for cyclization, decomplexation) s-Bu (lle), 78-88% the cyclic ethe57 was isolated n & much lmprovgd yield and
70%: Byn (Phe) 83(/3% 750 4-(OH|)OBn Ty 81%. 73% ’ converted tdb8 in 56% overall yield. Saponification of ester
' ' ' ' ' ' 58, followed by removal of the Boc group from ad@, afforded
respects to the complex isolated from the reaction performed OF4949-11l as a single isomer in 76% yield. The product

under high-dilution conditions. Decomplexation of the tripep- isolated had identical physical properties to those of the natural
tide complex25 afforded the desired cyclic eth@8, which product OF4949-I11.

had identical physical properties as the ether isolated from the

high-dilution cyclization. These reaction conditions were Discussion

implemented for cyclization to the remaining cyclic biphenyl ) ) . .
ether peptide target compounds. Macrocyciization of the e began this work with the goal of synthesizing cyclic
tripeptide complexe&3 and24 gave the cyclic biphenyl ether ~ PiPhenyl ether peptides related to K-13 and OF49484land
complexe26 and27 in 86% and 81% respective yields, which attempted to follow a strategy similar to that developed by

after decomplexation afforded the corresponding cyclic biphenyl Pearsonet al. for synthe_sizingg cyclic biphenyl ethers. The
ether tripeptide®9 and30 in 73—75% yield. intermolecular §Ar reactions® of RuCpr-complexed amino

Synthesis of K-13 and OF4949-111. The K-13 precursor acidg? gave theacyclicbiaryl ethers in high yields under mild

3-chloro-4-methoxyphenylalanine methyl est8d)( and the conditions, but the peptide cyclizatiop s'gep was found to be
OF 494911 precursor, Boc-3-chloro-4-methoxyphenylalanine S€duence dependent. Macrolactamization worked well for
(35), were synthesized from 3-chlorotyrosingl) in simple synthesizing thepara—metamodel peptidesl4—16, but our
three-step sequences and converted to the corresponding ruthé2teMPpts to prepare tireeta-para model peptide28-29 by
nium complexes36 and 37 (see Scheme 4 in Supporting macrolactam[zatlon gave only dimeric or polymeric products
Information). (see Supporting Information; Schemes 7 and 8).

K-13 was synthesized by two routes. Ac-Tyr-O#D[ was Therefore, we devised an alternate strategy to construct the
coupled with Tyr(OMe)-OBn-TsOH3Q) [formed from Tyr(4- peptide backbones of the target compounds first and to form
OMe) (38)] to give the dipeptide Ac-Tyr-Tyr(4-OMe)-OB{). the biphenyl ethers by an intramolecular variant of thé\iS
Catalytic hydrogenation gave Ac-Tyr-Tyr(4-OMe)-OKZj in reaction in a later step to give the desimlicethers. In order
93% overall yield. The cyclization precursdB was formed ~ for this method to succeed, the chloroarene ring had to be
in 65% yield by coupling Ac-Tyr-Tyr(4-OMe)-OH4Q) with selectively complexed over the phenolic ring of the tripeptide.
amine complex36 (Scheme 5). Cyclization of tripeptide ~ Selective ring-specific complexation seemed unlikely in a
complex43 by reaction with sodium 2, 6-dert-butyl-phenoxide preassembled tripeptide because the electron rich phenolic ring

ir,] THF, p,mduced cyclized biphgnyl cher compkexin 76% (19) For recent reviews, see: (a) Semmelhack, M. F. Transition Metal
yield, which was converted by irradiation at 350 nm to form Arene Complexes: Nucleophilic Addition. lBomprehensie Organome-

dimethyl K-13 @5) in 73% vyield. Demethylatioﬁ of 45 with tallic Chemistry It Abel, E. W., Stone, F. G. A., Wilkinson, G., Eds.;

. ; ; ; Pergammon Press: New York, 1995, Vol. 12, Chapter 9.1, pp-2024.
- 0
AlBrs and EtSH gave K-13 as a 7:1 mixture of isomers in 91% For recent studies, see: (b) Gill, U. S.; Moriarty, R. M.; Ku, Y. Y.; Butler,

overall yield. Comparison of NMR data confirmed that the | R.J. Organomet. Chem991, 417, 313-325. (c) Lomenzo, S. A.; Nolan,
major isomer isolated from the reaction was the natural isomer S. P.; Trudell, M. L.Organometallics1994 13, 676-681.
of K-13 (20) (a) Moriarty, R. M.; Ku, Y.-Y.; Gill, U. S.J. Chem. Soc., Chem.
’ . . . Commun.1987 1837-1838. (b) Sheldrick, W. S.; Gleichmann, A.
K-13 also was synthesized with a carbamate protecting group organomet. Chenl994 470, 183-187. (c) Gleichmann, A. J.; Wolff, J.
on nitrogen to demonstrate stability of this protecting group to M.; Sheldrick, W. SJ. Chem. Soc., Dalton Tran995 1549-1554.

25-27 28-30
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is more reactive toward complexation than the chloroarene. Scheme 6

Therefore, the tripeptide complexes had to be assembled by corur OME OH

peptide couplings of the corresponding amino acid ruthenium cpr,s ™ \\ a

complex. The known RuCpcomplex of Bocp-Cl-Phe-OH NS PR | KorBu

(1)1t was shown to work well in peptide coupling reactions, " | H-Asn-Tyr-OMe,55 7 THE/DME

and no epimerization or side reactions were seen. EDCL HOBt __ _ o _—
We also showed that a transition metal complex of an amino DMF, 0°C - ﬁ\/U\N conte 6%

acid ester bearing a free amine group could be formed selectively goexg” >con  67% S E H ’

at the aromatic ring and that transition metal complexes of \(0

monoprotected amino acid derivatives (either free acid or amine) 38 NH,

could be reacted with other amino acids and dipeptides under 56

standard peptide coupling conditions. The peptidyl complexes

. . Lo . . OM
are air stable and survive aqueous workup conditions. Simul- cera: |

OMe

taneously, successful peptide coupling of a RuCp-complexed pg,- | \ o

amino acid was reported by another gréffp.Recently, it was »Z

also demonstrated that these complexes are compatible with the o v, CH,CN

use of common protecting groups used in peptide synthESIs. g\)l\ 74% o
The deshydroxypara—meta substituted K-13 andneta— BocNH TN oM H \/U\

para-substituted OF4949 analogs were each synthesized in only ° 2_ o BocNH e

six facile transformations from commercially available amino °© X __o

acid starting materials. The synthesis of tpara—meta NH 58 Y

derivatives 14—16 by SyAr cyclization proceeded in much 57 N

higher yields than cycloamidations (about 60% overa20— | LiOH

30%) and take place under nondilution reaction conditions with THF/MeOH/H:0 o c1o40.111

no evidence of dimer formation. More strikingly, the/8 2. 4N HCl/dioxane

macrocyclization also afforded timeeta—para-substituted deshy- 76%

droxy OF4949-1ll analog28—30 which we were unable to  tyrosine during the fragment coupling procedure could be
obtain by the macrolactamization approach (see Supportingayoided by modifying the synthetic route to eliminate the
Information). Themeta-para-substituted compounds were  fragment coupling approach. No epimerization occurred during
formed in about 60% overall yield by8r cyclization, butnot  the stepwise approach used to synthesize the model compounds
at all when preformed biphenyl ethers were subjected to 14—16 and28—30. However, it should be noted that diaster-
CyCliZation conditions for amide bond formation. Since both eomeric trisubstituted arene Complexes such as found in the
ring systems were obtained in good yield by theABmacro- K-13 precursor would form atropoisomers if these were stable
cyclization approach, this method is preferable for these systems.g interconversion, so that peptide sequences other than those
K-13 was easily synthesized by ruthenium-mediatdrS  jnvestigated here might form mixtures of atropoisomers. Pear-
macrocyclization. Beginning either with an Ac-protected sonet al.also obtained a 7:1 mixture of isomers in the formation
tyrosine tripeptide or a Boc-protected tyrosine tripeptide, K-13 of 3 16-membered cyclic tripeptide biaryl ether using this
was obtained as a mixture of two conformationally stable methodology'> The major isomer was the desired product, but
isomers isolated in ratios of 7:1 and 13:1, respectively. The js was not reported whether the minor isomer was an atropo-
major isomer obtained was shown to be natural K-13. The jsomer or am-center epimer.
minor diastereomer formed by epimerization of O-methyl-  The synthesis of OF4949-I1l (Scheme 6) conceptually follows
(21) An unsuccessful attempt at selectively complexing an arene in the that used to prepare K-13, but the experimental conditions were
presence of a free amine has been described: see ref 19c. changed to overcome experimental difficulties. DMF was added
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to help solublize the intermediate asparagine tripeptide complex Experimental Section

56, which tended to precipitate from THF, and potassient-
butoxide was used in place of the phenoxide to obtain higher
cyclization yields. Potassiutert-butoxide has been shown to
be useful for effecting more difficult intermoleculary&r
reaction$!® of other RuCp chloroarene complexes. It should
be noted that the otheneta—para 17-membered ring systems
we studied 28—30) were more difficult to synthesize by the

macrolactamization approach, which may suggest a fundamental

difference in the stability or ring strain of the two ring systems.

The ease of ring closure from the intramolecula§A&
reaction in these systems probably results from a highly
favorable interaction of the two aromatic rings that places the
two reactive groups in close proximity. Prior to cyclization,
the ring containing the leaving group is highly activated by
RuCp" complexation giving rise to electron deficient rings,
whereas the attacking phenoxide is electron rich.
plausible that interaction between the two rings could be
stabilized byr— interaction3? and/or intramolecular hydrogen
bonding?® or an attractive electrostatic interaction arising from
positively and negatively charged atoms. Recently, additional
examples of facile intramolecularn8r biaryl ether macro-
cyclizations of peptides constructed frammitrofluoropheny-
lalanine have been developed by Ztal, who have suggested
that the nucleophile (phenoxide) and leaving group (fluoride)
are oriented within reacting distance for macrocyclization to
occur? Preorganization of reacting centers has also been
suggested as the rationalization for the facile macrocyclization
of arylnitrenium ions to biaryl amines under nondilution
conditions?*

Previous syntheses of K-13 and OF4949-IIl based on cy-

IH NMR spectra were taken on a 300 MHz Bruker Aspect 3000
system in CDG unless noted otherwise. Chemical shifts were reported
in ppm © units) downfield from tetramethylsilane. Electron impact
mass spectra (EIMS) and high-resolution mass spectra (HRMS) were
determined on a Kratos MS-80RFA spectrometer. LSIMS and high-
resolution mass spectra (HRMS) were determined on a VG Auto Spec
spectrometer.

Liquid chromatography was performed by using forced flow (flash
chromatography) with the indicated solvent system. The silica gel used
was 230-400 mesh Merck grade 60. Analytical thin layer chroma-
tography (TLC) was performed on glass-backed, precoated plates (silica
gel 60 F-254) of 0.25 mm thickness. For TLC staining phospho-
molybdic acid in ethanol or ninhydrin with heating was used.

Dichloromethane (CkCly), pyridine, and 2,4,6-trimethylpyridine
(collidine) were distilled from calcium hydride. Tetrahydrofuran (THF),
diethyl ether, and dioxane were distilled from sodium mebsn-

It seems zophenone ketyl. Dimethylformamide (DMF) was supplied by Aldrich

Chemical Co. in Sure-Seal bottles. Hexanes and ethyl acetate (EtOAc)
were redistilled (reagent grade, EM Science). Absolute methanol and
ethanol were purchased from Mallinckrodt and Quantum Chem. Corp.,
respectively. Triethylamine (TEA) and-methylmorpholine (NMM)
were purchased from Aldrich and stored over potassium hydroxide.
All other solvents were used without further purification. All amino
acids and protected amino acids were purchased from Bachem
California, excepbL-m-tyrosine which was purchased from Aldrich
O-methyl+-tyrosine from Acros Organics, and 3-chlardyrosine from
Lancaster. All other reagents were purchased from Aldrich.

All reactions were carried out under an atmosphere of argon using
flame-dried glassware. Photolytic cleavage of the ruthenium complex
was carried out by using a Rayonet Photochemical Reactor. The
compounds were dissolved in @EN and irradiated with 350 nm UV
light for 24 h. The solvent was concentrated to about 2 mL, and ether
was added (30 mL). The regenerated RuCp{CHM);PF; was filtered

cloamidation strategies have required more than 19 syntheticand washed with ether (2 10 mL). The filtrate and washings were

steps. In contrast, they&r macrocyclization approach afforded
K-13 and OF-4949-11l in seven and eight steps from amino acid

starting materials. These convergent total syntheses of K-13

and OF4949-Ill demonstrate the utility of this method for
effecting the total synthesis of natural products containing cyclic
biphenyl ether peptides.

The development of preformed peptidyl ruthenium complexes

concentratedn vacug and the crude solid was purified by column
chromatography.
[N-(tert-Butoxycarbonyl)-p-chlorophenylalanine]cyclopenta-
dienylruthenium Hexafluorophosphate (2)!** To a solution of Boc-
p-Cl-Phe-OH () (0.250 g, 0.834 mmol) in 18 mL of degassed 1,2-
DCE at 60°C was added RuCp(GEN)sPFs (0.362 g, 0.834 mmol).
The resulting solution was heated to reflux for 2 h, allowed to cool to
room temperature and then filtered. The reaction mixture was

for synthesis represents a versatile advance in the applicationconcentrated in vacuo, redissolved in i, and added to &D. The

of organotransition metal chemistry to the synthesis of biologi-
cally relevant molecules and for creating unique molecules
which could be used to probe biological systethdt seems
likely that many other peptidyl ruthenium-complexes could

light brown solid was filtered, rinsed with ether, redissolved in DCM/
MeOH, concentrated in vacuo, and dried under vacuum to give the
titte compound as brown foam (0.437 g, 86%H NMR: ¢ 6.49—

6.54 (d, 2H,J = 6.2 Hz), 6.25-6.35 (dd, 2H,J = 12.6, 5.7 Hz), 5.47

(s, 5H), 4.36-4.42 (m, 1H), 2.96-3.10 (dd, 1H,J = 14.0, 5.1 Hz),

be obtained from appl_ication of this_ methodology and used as 5 755 g1 (dd, 1H,) = 14.0, 8.0 Hz), 1.41 (s, 9H). LSIMSHRMS:
precursors to synthesize other cyclic ethers. One of the mostcalcd for GgH,sNO,CIRU" 466.0356 (MY, found 466.0369.

powerful applications will be to react the peptidyl ruthenium
m-complex with a variety of nucleophiles in an intramolecular
or intermolecular fashion to create unlimited combinatorial
librarieg® of cyclic side-chain linked peptides and substituted
aromatic peptides.
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[N-(tert-Butoxycarbonyl)-p-chlorophenylalanyl-isoleucylim-
tyrosine methyl ester]cyclopentadienylruthenium Hexafluorophos-
phate (8). To a solution of2 (135 mg, 0.22 mmol) and HOBt (45 mg,
0.33 mmol) in 1 mL of DMF at ®C was added EDCI (47 mg, 0.24
mmol). The mixture was stirred for 15 min at°C followed by the
addition of a solution of llen-Tyr-OMe (5) (68 mg, 0.22 mmol)
dissolved in 1 mL of DMF ad 2 h of stirring at 0°C and then at
ambient temperature for an additional 10 h. The mixture was diluted
with H,O (10 mL) and then extracted with GEll; (3 x 20 mL). The
organic layers were pooled, washed successively with saturated
NaHCG; (2 x 10 mL), 1 N KHSQ (10 mL), and saturated NaCl (10
mL), dried over NaSQ,, concentrated to about 2 mL, precipitated with
50 mL of EtO, filtered, washed, redissolved in DCM/MeOH, and
concentrateth vacuoto give the title compound as a brown solid (154
mg, 77%). 'H NMR: ¢ 7.32 (d, 1H), 7.10 (t, 1HJ = 7.9 Hz), 7.00
(br s, 1H), 6.80 (br s, 1H), 6.74 (d, 1d,= 7.5 Hz), 6.63 (d, 1HJ =
5.5 Hz), 6.45 (s, 1HJ = 5.9 Hz), 6.36 (s, 1H), 6.29 (s, 1H), 5.93 (d,
1H), 5.41 (s, 1H), 5.32 (s, 5H), 4.88 (m, 1H), 4.75 (m, 1H), 4.40 (m,
1H), 3.82 (s, 3H), 3.33 (d, 1H), 3.10 (d, 1H), 3.00 (d, 1H), 2.65 (t,
1H), 2.38 (br s, 1H), 2.00 (m, 1H), 1.50 (m, 1H), 1.28 (m, 1H), 1.35
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(s, 9H), 0.75-0.95 (m, 6H). LSIMSHRMS: calcd for £H4sN3O7-
CIRu* 756.1986 (MY, found 756.1979.
[N-(tert-Butoxycarbonyl)-p-phenylalanyl-isoleucylm-tyrosyline
methyl ester]cyclopentadienylruthenium Hexafluorophosphate Di-
phenyl Ether (11). A stock solution (1.5 mL, 0.092 mmol) was diluted
with 30 mL of THF, and a solution & (75 mg, 0.083 mmol) dissolved
in 10 mL of THF was added via syringe pump to the above solution
over 4 h and allowed to stir for an additional 20 h. The solution was
concentratedh vacuq dissolved in CHCN, and filtered. The filtrate
was concentrateith vacuoto givel1las a brown solid (56.0 mg, 78%)
which was used in the next step without further purification.
[N-(tert-Butoxycarbonyl)-p-phenylalanyl-isoleucylm-tyrosine Meth-
yl ester Diphenyl Ether (14). 11(91.2 mg, 0.105 mmol) was dissolved
in 25 mL of CHCN, irradiated at 350 nm for 24 h and worked up as

J. Am. Chem. Soc., Vol. 119, No. 28649®7

pump to the above solution avé h and allowed to stir for an additional
20 h. The solution was filtered through a plug of neutral alumina and
concentratedh vacuoto give the title compound as a brown solid (65
mg, 78%). LSIMSHRMS: calcd for £H4N3O/RU™ 754.2077 (MY,
found 754.2093.

Method B (Nondilution). A stock solution (1.6 mL, 0.098 mmol)
was added slowly to a solution @2 (83 mg, 0.089 mmol) dissolved
in 4 mL of THF, and the resultant mixture was stirred for-28 h.
The solution was filtered through a plug of neutral alumina and
concentrated vacuoto give the title compound as a brown solid (73
mg, 88%). *H NMR: ¢ 7.32-7.40 (m, 6H), 7.18-7.25 (dd, 1HJ =
7.8, 8.2 Hz), 6.927.00 (dd, 1HJ = 8.2, 1.9 Hz), 6.726.80 (d, 1H,
J=17.6 Hz), 6.23-6.30 (d, 1H,J = 6.2 Hz), 6.13-6.19 (dd, 1HJ =
6.2, 1.0 Hz), 6.056.14 (m, 5H), 5.41 (s, 5H), 5.17 (d, 1d,= 12.2

in the general procedure. The filtrate and washings were concentratedHz), 5.07 (d, 1HJ = 12.2 Hz), 4.86-4.90 (dd, 1H,J = 12.3, 3.0 Hz),

in vacuq and the crude solid was purified by column chromatography
(SIO;, 20% EtOAC/CHCI,) to give the title compound as a white solid
(40 mg, 83%) (mp 225226 °C) (R 0.52, 30% EtOAc/CkLCl,). H
NMR: ¢ 7.30 (d, 1H,J = 8.9 Hz), 7.23 (t, 1HJ = 7.8 Hz), 7.03-
7.14 (dg, 3H,J = 2.3, 11.0 Hz), 6.76 (dd, 1H] = 2.5, 8.3 Hz), 6.70
(d, 1H,J = 7.7 Hz), 6.33 (d, 1HJ = 8.0), 6.24 (s, 1H), 5.88 (d, 1H,
J = 6.3 Hz), 5.23 (d, 1HJ = 11.0 Hz), 4.76-4.82 (dt, 1H,J = 3.6,
7.0 Hz), 4.16-4.25 (m, 1H), 3.85-3.92 (dd, 1H, 4.7, 6.7 Hz), 3.80 (s,
3H), 3.40 (dd, 1HJ = 15.4, 3.6 Hz), 3.12 (dd, 1H,= 5.0, 12.3 Hz),
3.01 (dd, 1HJ = 7.0, 15.3 Hz), 2.81 (t, 1H] = 12.0 Hz), 1.96-2.08
(m, 1H), 1.47 (s, 9H), 1.561.45 (m, 1H), 1.051.20 (m, 1H), 0.91
(dd, 3H,J = 6.9, 7.4 Hz), 0.79 (d, 3H]) = 6.9 Hz). LSIMSHRMS:
calcd for GoHzgN3sO7 584.2866 (M+ H)*, found 554.2866.
[p-Chlorophenylalanine methyl ester]cyclopentadienylruthenium
Hexafluorophosphate (18). To a solution of HN-p-Cl-Phe-OMe 17)-
(0.27 g, 1.26 mmol) in 34 mL of degassed 1,2-DCE at®Qvas added
RuCp(CHCN)sPFs (0.55 g, 1.26 mmol). The resulting solution was
heated to reflux for 2 h, allowed to cool to room temperature and then
filtered. The reaction mixture was concentratedacuq redissolved
in CH;CN, and added to ED. The light brown precipitate was filtered,
rinsed with ether, redissolved in DCM/MeOH, concentratedacuq

4.49-4.56 (dd, 1HJ = 6.8, 1.5 Hz), 4.334.40 (d, 1H,J = 5.0 Hz),
3.82 (s, 3H), 3.153.26 (m, 2H), 2.96-3.00 (d, 1H,J = 12.8 Hz),
2.57-2.70 (t, 1H,J = 12.7 Hz), 1.7#1.92 (m, 1H), 1.36-1.45 (m,
1H), 1.05-1.20 (m, 1H), 0.92 (d, 3HJ = 6.8 Hz), 0.88 (t, 3H,J =
7.4 Hz). LSIMSHRMS: calcd for H4N3O/Ru"™ 754.2077 (MY,
found 754.2088.
N-(Carbobenzyloxy)m-tyrosyl-isoleucytp-phenylalanine Methyl
Ester Diphenyl Ether (28). Ruthenium complex@5 (66 mg, 0.073
mmol) was dissolved in 30 mL of GJEN, irradiated at 350 nm for 24
h, and worked up according to the general procedure. The filtrate and
washings were concentratedvacuqg and the crude solid was purified
by column chromatography (Si020% EtOAc/CHCI,) to give the
titte compound as a white solid (30 mg, 709 0.29, 20% EtOAc/
CH:Cl). *H NMR: ¢ 7.30-7.40 (s, 5H), 7.087.18 (t, 1H,J = 7.8
Hz), 6.93-7.06 (m, 2H), 6.82-6.92 (dd, 1HJ = 8.1, 2.4 Hz), 6.56-
6.59 (d, 1H,J = 7.4 Hz), 6.42-6.48 (d, 1H,J = 8.8 Hz), 6.04-6.13
(d, 1H,J=9.9 Hz), 5.84 (s, 1H), 5.42 (d, 1H,= 7.0 Hz), 5.03-5.22
(dd, 2H,J = 40 Hz, 9.9 Hz), 4.854.98 (m, 1H), 4.474.54 (m, 1H),
4.30-4.36 (m, 1H), 3.85 (s, 3H), 3.38.46 (dd, 1H,J = 3.9, 13.4
Hz), 3.18-3.26 (dd, 1H,J = 6.8, 14.1 Hz), 2.722.80 (d, 1H,J =
12.9 Hz), 2.49-2.61 (t, 1HJ = 12.9 Hz), 1.611.75 (br s, 1H), 1.23

and dried under vacuum overnight to give the title compound as a brown 1.40 (br s, 1H), 0.941.11 (br s, 1H), 0.89 (d, 3H] = 7.1 Hz), 0.85

foam (0.61 g, 92%).'H NMR: ¢ 6.50-6.58 (d, 2H,J = 6.2 Hz),
6.32-6.42 (dd, 2HJ = 12.6, 5.7 Hz), 5.48 (s, 5H), 3.80 (s, 3H), 370
3.80 (m, 1H), 2.89-2.98 (dd, 1HJ = 13.6, 5.3 Hz), 2.762.81 (dd,
1H, J = 13.6, 7.7 Hz). LSIMSHRMS: calcd for £H:7NO.CIRu*
379.9992 (M, found 379.9997.
[N-(Carbobenzyloxy)-m-tyrosyl-isoleucylp-chlorophenylala-
nine methyl ester]cyclopentadienylruthenium Hexafluorophosphate
(22). To a solution of Cbzn-Tyr-lle-OH (19) (0.120 g, 0.28 mmol)
and HOBt (57 mg, 0.42 mmol) in 1.4 mL of DMF at°C was added
EDCI (59 mg, 0.31 mmol). The mixture was stirred for 15 min at 0
°C followed by the addition of a solution df8 (0.150 g, 0.28 mmol)
dissolved in 1.4 mL of DMF ath 2 h of stirring at 0°C and then at
ambient temperature for an additional 10 h. The mixture was diluted
with H20O (10 mL) and then extracted with GBI, (3 x 20 mL). The

(t, 3H,J = 6.9 Hz). LSIMSHRMS: calcd for &HsN3O7 588.2710
(M + H)*, found 588.2706.

[3-Chloro-4-O-methyltyrosine methyl ester]cyclopentadienyl-
ruthenium Hexafluorophosphate (36). To a solution of HN-Tyr-
(3-Cl)(OMe)-OMe B4) (80.0 mg, 0.33 mmol) in 1,2-DCE (10 mL) at
60 °C was added RuCp(GEN);PFK (173 mg, 0.40 mmol). The
resulting solution was heated to reflux for 2 h, allowed to cool to room
temperature and then filtered through a plug of alumina. The reaction
mixture was concentratéd vacuqg redissolved in CECN, and added
to ELO. The light brown precipitate was filtered, redissolved in DCM/
MeOH, concentrateth vacug and dried under vacuum overnight to
give the title compound as a foam (183 mg, 89%Hil NMR: ¢ 6.58—
6.62 (d, 2H,J = 13.7 Hz), 6.39-6.46 (d, 1H,J = 7.7 Hz), 6.076.18
(dd, 1H,J = 13.7, 7.7 Hz), 5.39 (s, 5H), 3.95 (s, 3H), 3.78 (s, 3H),

organic layers were pooled, washed successively with saturated3.70-3.83 (m, 1H), 2.84-2.95 (dd, 1HJ = 16.3, 6.9 Hz), 2.762.81

NaHCQ; (2 x 10 mL), 1 N KHSQ (10 mL), and saturated NaCl (10
mL), dried over NagSQy, and concentrateth vacuo. The brown oil
was redissolved in CHCN, filtered through a plug of alumina,
concentrated to about 2 mL which was added to 50 mL gDFiltered,
and dried to give the title compound as a brown solid (0.180 g, 69%).
IHNMR: 6 7.25-7.40 (m, 7H), 7.0#7.17 (dd, 1HJ = 7.9, 7.5 Hz),
6.72 (d, 1H,J = 7.4 Hz), 6.65 (d, 2H,) = 7.9 Hz), 6.46-6.45 (dd,
1H,J = 6.2, 1.3 Hz), 6.326.36 (dd, 1H,J = 6.1, 1.3 Hz), 6.28 (d,
1H, J = 6.8 Hz), 6.16 (d, 1HJ = 5.9 Hz), 6.00 (d, 1H,) = 6.8 Hz),
5.39 (s, 5H), 5.08 (s, 2H), 4.624.72 (dd, 1HJ = 7.0, 5.3 Hz), 4.38
4.48 (m, 1H), 4.054.13 (dd, 1HJ = 7.6, 7.9 Hz), 3.78 (s, 3H), 2.84
3.12 (m, 4H), 1.76-1.86 (m, 1H), 1.351.50 (m, 1H), 1.06-1.16 (m,
1H), 0.90 (d, 3HJ = 6.8 Hz), 0.85 (t, 3H,) = 7.3 Hz). LSIMSMS:
calcd for (%3H43N3O7C|RLI+ 790.184 (M)L, found 756.1 (63H44N307-
Rut, 756.223).
[N-(Carbobenzyloxy)m-tyrosyl-isoleucyl{p-phenylalanine methyl
ester]cyclopentadienylruthenium Hexafluorophosphate Diphenyl
Ether (25). Method A (Slow Addition). A stock solution (1.6 mL,
0.098 mmol) was diluted with 30 mL of THF, and a solutior2@f(83
mg, 0.089 mmol) dissolved in 10 mL of THF was added syringe

(dd, 1H,J=16.3, 8.6 Hz). LSIMSHRMS: calcd for £H1NOs;CIRu"
410.0098 (MY, found 410.0101.
[N-(tert-Butoxycarbonyl)-3-chlorotyrosine methyl ester]cyclo-
pentadienylruthenium Hexafluorophosphate (37). To a solution of
Boc-Tyr-(3-Cl)(OMe)-OH 85) (158 mg, 0.46 mmol) in 1,2-DCE (12
mL) at 60 °C was added RuCp(GEN)sPFs (200 mg, 0.46 mmol).
The resulting solution was heated to reflux for 2 h, allowed to cool to
room temperature and then filtered through a plug of neutral alumina.
The reaction mixture was concentratedvacuq redissolved in Cht
CN, and added to BED. The light brown precipitate was filtered,
washed, redissolved in DCM/MeOH, concentratedacuq and dried
under vacuum overnight to give the title compound (236 mg, 80%).
IH NMR: ¢ 6.40-6.60 (m, 3H), 6.086.13 (t, 2H,J = 7.7 Hz), 5.39
(s, 5H), 4.31-4.43 (m, 1H), 3.97 (s, 3H), 2.928.12 (m, 1H), 2.7¢
2.82 (m, 1H), 1.42 (s, 9H). LSIMSHRMS: calcd fopdE,sNOsCIRU™
496.0467 (MY, found 496.0464.
N-Acetyltyrosyl-4-O-methyltyrosine-OBn (41). To a solution of
Ac-Tyr-OH (40) (0.31 g, 1.4 mmol) and HOBt (0.29 g, 2.1 mmol) in
10 mL of DMF at 0°C were added Tyr(4-OMe)-OBn-TsORY) (0.60
g, 1.3 mmol) and EDCI (0.32 g, 1.6 mmol), followed by NMM (0.14
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mL, 1.3 mmol). The solution was stirred for-2 h at 0°C and then
overnight at ambient temperature. The reaction mixture was diluted
with EtOAc (200 mL) and then washed successively witOH1 x

30 mL), saturated NaHC{(2 x 30 mL), 1 N KHSQ (1 x 30 mL),
and saturated NaCl (& 40 mL), dried (MgSQ), and concentrateith
vacua The residue was purified by flash column chromatography
(SIO,) using 5% MeOH/CHCI, as the eluant to afford 0.62 g (97%)
of the title compound as a white crystalline solitHd NMR: ¢ 7.35
(dd, 3H,J = 1.5, 5.3 Hz), 7.28 (d, 1H] = 4.0 Hz), 7.25 (d, 1HJ) =

2.2 Hz), 6.97 (d, 2HJ = 8.5 Hz), 6.85 (d, 2HJ = 8.6 Hz), 6.68 (dd,
4H,J = 6.4, 8.3 Hz), 6.43 (d, 1H]) = 6.5 Hz), 6.35 (d, 1HJ) = 7.9
Hz), 5.10 (s, 2H), 4.674.83 (dd, 1H,J = 6.1, 13.7 Hz), 4.264.35
(dd, 1H,J = 6.9, 13.5 Hz), 3.72 (s, 3H), 3.00 (dd, 1Bi= 5.7, 13.6
Hz), 2.90 (d, 3H,J = 9.4 Hz), 1.92 (s, 3H). EIHRMS: calcd for
CugH30N206 490.2104, found 490.2080.

N-Acetyltyrosyl-tyrosine(4-OMe)-OH (42). To a stirred solution
of Ac-Tyr-Tyr(4-OMe)-OBn @1) (0.32 g, 0.65 mmol) in 5 mL of
MeOH was added 30 mg of 10% Pd/C. The flask was fitted with a
balloon of H, and the resulting slurry was stirredrf@ h atroom
temperature, filtered through an acrodisc, and concentiateecuo
to give 0.25 g (96%) of the free ac#R as a white solid (254.7 mg,
96%). *H NMR: ¢ 7.20 (d, 1H,J = 7.9 Hz), 7.05 (d, 2HJ = 8.5
Hz), 6.95 (d, 2HJ = 8.6 Hz), 6.90 (d, 1HJ = 8.0 Hz), 6.75 (d, 2H,
J=8.3 Hz), 6.65 (d, 2HJ = 8.3 Hz), 4.66-4.70 (t, 1H,J = 6.0 Hz),
4.50-4.60 (t, 1H,J = 7.0 Hz), 3.73 (s, 3H), 3.07 (dd, 1H,= 5.7,
15.4 Hz), 2.86-3.00 (m, 2H), 2.80 (dd, 1H] = 7.7, 15.4 Hz), 1.89 (s,
3H). LSIMSHRMS: calcd for GH24N,06 401.1713 (M+ H)™, found
401.1716.

[N-Acetyltyrosyl-tyrosyl(4-OMe)-3-chlorotyrosine methyl ester]-
cyclopentadienylruthenium Hexafluorophosphate (43 To a solution
of N-Ac-Tyr-Tyr(4-OMe)-OH @2) (120 mg, 0.30 mmol) and HOBt
(60.8 mg, 0.45 mmol) in 2 mL of DMF at 8C was added EDCI (63.3
mg, 0.30 mmol). The mixture was stirred for 15 min &®followed
by the addition of a solution 36 (166 mg, 0.30 mmol) dissolved in
1 mL of DMF and 2 h oftiring at 0°C and then at ambient temperature
for an additional 10 h. The mixture was diluted with® (10 mL)
and then extracted with GBI, (3 x 30 mL). The organic layers were
pooled, washed successively with saturated Nak@G 10 mL) and
saturated NaCl (10 mL), dried over p&0,, concentrated to about 2
mL, precipitated with 50 mL of &O, filtered, redissolved in DCM/
MeOH, concentrateth vacug and dried to give the title compound as
a brown solid (182.0 mg, 65%)H NMR: 6 7.00-7.10 (dd, 2H),
6.90-7.00 (d, 2H), 6.78 (d, 2H), 6.70 (t, 2H), 6.48.55 (m, 1H),
6.30-6.40 (m, 1H), 5.968-6.05 (m, 1H), 5.33 (s, 5H), 4.504.70 (m,
1H), 4.40-4.50 (m, 1H), 4.354.45 (m, 1H), 3.87 (s, 3H), 3.79 (s,
3H), 3.74 (s, 3H), 2.763.10 (m, 6H), 1.93 (s, 3H). LSIMSHRMS:
calcd for G/H41N3OsCIRUt 792.1633 (M), found 792.1629.

[N-Acetyltyrosyl-tyrosyl(4-OMe)-3-tyrosine(4-OMe) methylester]-
cyclopentadienylruthenium Hexafluorophosphate Diphenyl Ether
(44). A stock solution of sodium 2,6-dert-butylphenoxide was
prepared at ambient temperature from 60% NaH (0.62 mmol) and 2,6-
di-tert-butylphenol (0.62 mmol) in 10 mL of THF. A stock solution
(3.0 mL, 0.186 mmol) was added to a solution4@f (158 mg, 0.169
mmol) in THF (9 mL) and DMF (3.0 mL) and allowed to stir for 20
24 h. The solution was filtered, concentrated to 2 mL, and added to
Et,O (50 mL). The precipitate was filtered, redissolved in DCM/MeCH,
concentratedn vacug and dried under vacuum overnight to give the
titte compound as a brown foam (115.0 mg, 76%) NMR: ¢ 7.40—
7.34 (dd, 1H), 7.06-7.10 (m, 2H), 6.94-7.05 (dd, 4H), 6.86:6.85 (d,
1H), 6.65-6.80 (dd, 3H), 6.40 (d, 1H), 6.30 (d, 1H), 5:88.90 (m,
1H), 5.37 (s, 5H), 4.474.65 (m, 1H), 4.354.43 (m, 1H), 4.26-4.30
(m, 1H), 3.94 (s, 3H), 3.80 (s, 3H), 3.71 (s, 3H), 2820 (m, 6H),
2.03 (s, 3H). LSIMSHRMS: calcd for&HaoNsOsRuUt 756.1870 (MY,
found 756.1868.

N-Acetyltyrosyl-tyrosyl(4-OMe)-3-tyrosine(4-OMe) methyl Ester
Diphenyl Ether (Trimethyl K-13) (45). (a) From Acyl Dipeptide.
Complex44 (100 mg, 0.111 mmol) was dissolved in 30 mL of €H
CN and irradiated at 350 nm for 24 h. The solvent was concentrated
in vacuo,and the crude solid was purified by column chromatography
(SIO,, 5% MeOH/CHCI,, R = 0.40) followed by rechromatography
(20% EtOAC/CHCI,) to give 45 as a white solid. (47.6 mg, 73%R(
0.35, 5% MeOH/CHCI,).
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(b) From Carbamate-Protected Dipeptide. Cyclic ether51 (8.3
mg, 0.013 mmol) was dissolved in 4N HCl/dioxane (5 mL) and stirred
for 1 h atroom temperature. The solution was concentrétteghcuo
and dissolved in CkCl,/pyridine (2.5 mL/0.5 mL). AgO (0.12 mL,
1.06 mmol) was added, and the resultant solution was stirrel ficat
room temperature. The reaction mixture was concentrategcuo,
and the yellowish oil was purified by column chromatography ¢SiO
5% MeOH/CHCI,; R 0.35) to give the title compound as a white solid
7.2 mg, 95%).'H NMR: ¢ 7.27-7.33 (dd, 1H, 8.3, 2.2 Hz), 7.68
7.13 (dd, 1HJ = 8.3 Hz, 2.2 Hz), 7.057.09 (dd, 1H,J = 8.2, 2.2
Hz), 6.98-7.04 (d, 2H,J = 8.6 Hz), 6.56-6.58 (dd, 2HJ = 8.3, 5.0
Hz), 6.71-6.76 (d, 2H,J = 8.6 Hz), 6.49-6.55 (dd, 2HJ = 8.3, 2.2
Hz), 6.42-6.48 (d, 1H,J = 8.4 Hz), 6.07-6.11 (d, 1H,J = 2.1 Hz),
5.66-5.71 (d, 1H,J = 5.3 Hz), 4.58-4.69 (m, 1H), 4.324.38 (dd,
1H,J = 9.4, 4.4 Hz), 3.994.09 (dt, 1H,J = 9.2, 5.0 Hz), 3.87 (s,
3H), 3.73 (s, 3H), 3.68 (s, 3H), 3.2(8.29 (dd, 2HJ = 14.0, 4.4 Hz),
3.12-3.20 (dd, 1HJ = 12.3, 5.5 Hz), 2.7#2.90 (m, 2H), 2.662.76
(dd, 1H,J = 13.0, 9.5 Hz), 2.03 (s, 3H). LSIMSHRMS: calcd for
Cs2H3sN30g 590.2502 (M+ H)*, found 590.2502.

K-13. Following the procedure of Evari$45 (7.0 mg, 0.012 mmol)
was dissolved in CkCl, (1.5 mL) and added to a solution of 1.0 M
AlBr3; (0.4 mL, 0.36 mmol) in freshly distilled EtSH (0.5 mL). The
resultant orange slurry was stirred for 15 h at room temperature and
the solvent removedh vacua The crude orange oil was purified by
column chromatography (Sg>85:7:5 CHCIl,/MeOH/AcOH). The
resultant solid was rechromatographed (93% EtOAc/AcOH), to give
K-13 as a white solid (6.6 mg, 91%)R 0.27 (80:15:5 CHCIl,/MeOH/
AcOH). H NMR (500 MHz, methanotly): ¢ 7.08-7.12 (d, 1H, 7.5
Hz), 6.84-6.88 (dd, 1HJ = 8.5 Hz, 2.2 Hz), 6.786.82 (d, 1H,J =
8.5 Hz), 6.7+6.78 (d, 2H,J = 7.5 Hz), 6.56-6.58 (q, 2H,J = 8.0
Hz), 6.44-6.50 (dd, 1HJ = 8.5, 2.5 Hz), 6.36:6.42 (d, 2H,J = 8.0
Hz), 6.14 (s, 1H), 4.184.25 (dd, 1H,J = 12.0, 5.0 Hz), 3.994.09
(s, 1H), 3.89-3.95 (t, 1H,J = 5.0 Hz), 2.93-3.01 (d, 1H,J = 13.5)
2.77-2.85 (dd, 1HJ = 5.0, 12.5 Hz), 2.642.76 (m, 3H), 2.56-2.64
(t, 1H,J=12.0 Hz), 1.83 (s, 3H). LSIMSMS: calcd for,§H,oN30g
548.5713 (M+ H)*, found 548, 570 (M+ Na)*, found 570.

[N-(tert-Butoxycarbonyl)-3-chlorotyrosyl(4-OMe)-asparagyl-
tyrosine methyl ester]cyclopentadienylruthenium Hexafluorophos-
phate (56). To a solution of complexd7 (205 mg, 0.32 mmol) and
HOBL (65.0 mg, 0.48 mmol) in 2 mL of DMF at @C was added EDCI
(68.0 mg, 0.35 mmol). The mixture was stirred for 15 min @
followed by the addition of a solution of M-Asn-Tyr-OMe £5) (98
mg, 0.32 mmol) dissolved in 1 mL of DMF dr h of stirring at 0°C
and then at ambient temperature for an additional 10 h. The mixture
was diluted with HO (10 mL) and then extracted with GEl, (3 x
30 mL). The organic layers were pooled, washed successively with
saturated NaHC®O(2 x 10 mL) and saturated NaCl (10 mL), dried
over NaSQO;, concentrated to about 2 mL, precipitated with 50 mL of
Et,0O, filtered, and dried to give the title compound as a brown solid
(201 mg, 67%).H NMR: ¢ 6.85-6.95 (t, 2H,J = 6.1 Hz), 6.66-
6.75 (t, 2H,J = 9.3 Hz), 6.41-6.55 (d, 1H), 6.256.35 (d, 1H,J =
6.1 Hz), 6.06-6.20 (dd, 1H), 5.21 (s, 5H), 4.551.68 (m, 1H), 4.45
4.57 (m, 1H), 4.16:4.36 (m, 1H), 3.85 (s, 3H), 3.75 (s, 3H), 2:32
3.07 (m, 6H), 1.30 (s, 9H). LSIMSHRMS: calcd fogdH42N4OsCIRU"
787.1690 (MY, found 787.1687.

[N-(tert-Butoxycarbonyl)-3-tyrosyl(4-OMe)-asparagyl-tyrosine
methyl ester]cyclopentadienylruthenium Hexafluorophosphate Bi-
phenyl Ether (57). Method A. A stock solution of sodium 2,6-di-
tert-butylphenoxide was prepared at ambient temperature from 60%
NaH (0.62 mmol) and 2,6-dert-butylphenol (0.62 mmol) in 10 mL
of THF. A stock solution (1.7 mL, 0.10 mmol) was added to a solution
of 56 (40.0 mg, 0.042 mmol) in 6 mL of THF/DMF (2:1) and allowed
to stir for 20-24 h. The solution was filtered, concentrated to 2 mL,
and added to EO (100 mL). The precipitate was filtered, redissolved
in DCM/MeOH, concentratedn vacug and dried under vacuum
overnight to give the title compound (14.6 mg, 39%) as a brown solid.

Method B. To a solution of KOtBu!¢[2.4 mg (0.023 mmol) in
THF (1 mL)] at—78 °C was added a solution &6 (20.0 mg, 0.021
mmol) dissolved in 3 mL of THF/DMF (2:1). The mixture was allowed
to warm to room temperature, stirred for 2 h, filtered, concentrated to
2 mL, and added to ED (50 mL). The precipitate was filtered,
redissolved in DCM/MeOH, concentratéd vacuqg and dried to give
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the title compound as a brown solid (12.4 mg, 66%H NMR: &
7.10-7.45 (m, 1H), 6.7#7.05 (m, 2H), 6.546.74 (m, 1H), 5.76-
6.40 (m, 3H), 5.25 (s, 5H), 4.54.75 (m, 2H), 4.16-4.36 (m, 1H),
3.88 (s, 3H), 3.79 (s, 3H), 2.28.50 (m, 6H), 1.35 (s, 9H).
LSIMSHRMS: calcd for GsHaN4OoRut 751.1927 (MY, found
751.1961.

[N-(tert-Butoxycarbonyl)-3-tyrosyl(4-OMe)-asparagyl-tyrosine
Methyl Ester Diphenyl Ether (58). Complex57 (10.0 mg, 0.012
mmol) was dissolved in 25 mL of GJEN and irradiated at 350 nm
for 24 h. The solvent was concentrated vacuo and the residue
purified by column chromatography (Si010% MeOH/CHCIy; R
0.61) to give the title compound as a white solid (4.8 mg, 74%%).
NMR: 6 8.30-8.38 (d, 1H), 7.36-7.38 (dd, 1H,J = 8.2, 2.4 Hz),
7.10-7.20 (dd, 1HJ = 2.4, 8.1 Hz), 7.057.11 (dd, 1HJ = 5.1, 2.4
Hz), 6.82-6.98 (m, 3H), 6.66-6.70 (dd, 1HJ = 8.2, 2.4 Hz), 6.06
6.10 (br s, 1H), 5.8#5.90 (d, 1H,J = 1.8 Hz), 5.59-5.66 (br s, 1H),
5.17-5.26 (d, 1H,J = 8.4 Hz), 4.83-4.95 (m, 1H), 4.374.4.53 (m,
2H), 3.93 (s, 3H), 3.81 (s, 3H), 3.33.42 (dd, 1HJ = 4.0, 13.0 Hz),
3.04-3.15 (dd, 1H,J = 5.4, 14.1 Hz), 2.722.82 (d, 1H,J = 14.1
Hz), 2.58-2.68 (t, 1H,J = 12.9 Hz), 2.56-2.62 (d, 2H,J = 5.7 Hz),
1.41-1.46 (s, 9H). LSIMSHRMS: calcd for GHzeN4O9 585.2561
(M + H)*, found 585.2573.

Boc-OF4949-111 (59). LiOH (3.7 mg, 0.03 mmol) was added as a
solid to a solution of58 (7.1 mg, 0.012 mmol) in THF/MeOH/AD
(0.6 mL/0.2 mL/0.2 mL) cooled to OC. The resultant mixture was
stirred fa 1 h and the solution brought to pH of-3 by addition of 1
N HCI. The solution was diluted with 1.0 mL ofJ® and concentrated

and the aqueous solution extracted with 1:2 2-propanol/dichloromethane  Supporting Information Available:

(6 x 3 mL). The organic fractions were pooled, dried over MgSO
and concentrateith vacuoto give the free acié9 as a white solid (6.6
mg, 95%). R 0.26 (80:15:5 ChCl,/MeOH/AcOH). 'H NMR (300
MHz, methanold,): ¢ 7.35-7.42 (dd, 1H,J = 8.3, 1.4 Hz), 7.1#
7.24 (dd, 1HJ = 8.4, 1.4 Hz), 6.96:7.04 (dd, 1HJ = 1.5, 8.3 Hz),
6.90-6.95 (d, 1H,J = 8.1 Hz), 6.84-6.90 (dd, 1HJ = 1.6, 8.2 Hz),
6.58-6.64 (d, 1H,J = 8.1 Hz), 5.89 (s, 1H), 4.984.29 (m, 3H), 3.89
(s, 3H), 3.36-3.45 (dd, 1H,J = 12.9, 3.7 Hz), 2.923.05 (m, 1H),
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2.80-2.90 (d, 1H,J = 14.0 Hz), 2.63-2.73 (dd, 1H,J = 14.2, 4.6
Hz), 2.6+2.68 (d, 2H,J = 14.0 Hz), 2.49-2.60 (dd, 1H,J = 15.5,
8.3 Hz), 1.44 (s, 9H). LSIMSMS: calcd foragH3N4Oo 571 (M +
H)*, found 571 (M+ Na)*, found 593.

OF4949-11l. Boc-OF4949-111 §9) was dissolvedn 4 N HCI in
dioxane and stirred fdl h atroom temperature and filtered. The filtrate
was concentrateth vacuoto give an oily solid which was dissolved
in H,O, filtered, and lyophilized to give OF4949-I1l as a white solid
(4.7 mg, 80%).H NMR (D,0): ¢ 7.44-7.51 (dd, 1HJ = 8.4, 2.1
Hz), 7.23-7.31 (dd, 1H,J = 8.3, 1.6 Hz), 7.037.13 (dd, 1HJ =
2.6, 8.4 Hz), 7.027.11 (d, 1H,J = 8.1 Hz), 6.876.94 (dd, 1HJ =
2.4,8.2 Hz), 6.826.88 (dd, 1HJ = 8.3, 1.6 Hz), 5.825.85 (d, 1H,
J=1.7 Hz), 4.4+ 4.49 (dd, 3HJ = 3.4, 12.3 Hz), 3.95 (s, 3H), 3.35
3.45 (dd, 2H,J = 11.9, 2.2 Hz), 3.523.60 (dd, 1H,J = 11.8, 3.3
Hz), 3.36-3.45 (dd, 1H,J = 12.9, 3.7 Hz), 2.9%3.05 (dt, 1H,J =
12.0, 3.2 Hz), 2.782.91 (dd, 1HJ = 15.4 Hz, 4.1 Hz), 2.682.73 (i,
1H, J = 12.6) 2.52-2.63 (dd, 1H,J = 15.2, 10.0 Hz). LSIMSMS:
calcd for GaHaeN4O7 470.4810 (M+ H)*, (M + Na)*, found 493.
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