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Reactions of the organometallic compound molybdocene dichloride (Cp,MoCl,, Cp = #5-cyclopentadienyl) with the
cysteine-containing peptides L-cysteinylglycine (Cys-Gly), N-acetyl-L-cysteine (AcCys), glycyl-L-cysteine (Gly-Cys),
glycyl-L-cysteinylglycine (Gly-Cys-Gly), and y-L-glutamyl-L-cysteinylglycine (glutathione, GSH) have been studied in
aqueous solution in the pH range 2-9. The dipeptides Cys-Gly and Gly-Cys and the acetylated amino acid AcCys
form 1:1 and 2:1 complexes of composition [Cp.Mo(peptide-S)(OH)]™~ and [Cp,Mo(peptide-S),]™'~ as well as
the chelates [Cp,Mo(AcCys-S,0)], [CpMo(Gly-Cys-S,0)]*, and [Cp.Mo(Cys-Gly-S,N)] with the Cp,Mo?* unit binding
to the deprotonated thiolate group and the free amino or carboxylate group of the cysteine residue. Upon treatment
of Gly-Cys-Gly and the naturally occurring tripeptide GSH with Cp,MoCl, at elevated temperature, release of free
glycine was observed. The Cp,Mo?* entity coordinates to the thiolate group of GSH and mediates regioselective
hydrolysis of the Cys-Gly peptide bond by intramolecular metal hydroxide activation. Cp,Mo?*-promoted hydrolysis
of GSH was followed at pD 7.4 and 5.2 and 40 and 60 °C. By contrast, the Cys—Gly bond in [Cp,Mo(Gly-Cys-
Gly-S,N)] is cleaved by intramolecular aminolysis at pD > 7.4 and 60 °C leading to glycine and the Cp,Mo?*
complex of the 2,5-diketopiperazine derivative cyclo-(Gly-Cys). Chelating coordination of the Cp,Mo?* moiety to the
thiolate group and to the deprotonated amide nitrogen of the tripeptide changes the configuration of the peptide
bond from (preferred) trans to cis, thus enabling nucleophilic attack of the primary amino group at the Cys—Gly
bond. The reaction product [Cp,Mo{ cyclo-(Gly-Cys)}]-2H,0 has been characterized by X-ray crystallography.

Introduction progresses in this aréal? there is still a great need for
efficient cleaving agents. An even more formidable task than
the search for general cleaving agents is the development of
selective ones that cleave peptides residue-specifically. This

With the half-life for the hydrolysis of peptides being
250-600 years around physiological ghbeptide bonds are
not easily cleaved under mild conditions. The ability of metal
ions to promote amide hydrolysis by Lewis acid or metal (3) Hegg, E. L.: Burstyn, J. NCoord. Chem. Re 1998 173 133.
hydroxide activation is well-known, and metal complexes (4) See e.g.: Milovic, N. M.; Kostic, N. MJ. Am. Chem. So©003
that hydrolyze amides under mild conditions have attracted . 125 781 and references therein.

. . . e . ) (5) Komiyama, M. InMetal lons in Biological SystemSigel, A., Sigel,
considerable interest as potential artificial peptidases for H., Eds.; Marcel Dekker: New York, 2001; Vol. 38, p 25.
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ever, the majority of studies on metal-catalyzed or metal- Komiyama, M.Chem—Eur. J.200Q 6, 21.

mediated hydrolysis of amides have been performed with (7) Hegg, E. L.; Burstyn, J. NJ. Am. Chem. Sod 995 117, 7015.

; ; ; i ; ; (8) (a) Buckingham, D. A.; Davis, L. E.; Foster, D. M.; Sargeson, A. M.
actlvateq amides such psnitroanilides or amino acid esters 3. Am. Chem. Sod970 92, 5571. (5) Angus, P. M.: Fairlie, D. P.:
as peptide modek.By contrast, metal complexes that Jackson, W. Glnorg. Chem 1993 32, 450.
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1993 115 10404.
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challenge has been met by several groups: Kostic and co-of a peptide serve as anchors and position theM@g" unit

workers achieved selective hydrolysis at histidine, methion-
ine, and cysteine residues with Pt and Pd compléxiése
site-specificity is based on the high affinity of Pt and Pd for
sulfur and imidazole nitrogen of the amino acid side chains
that anchor the catalyst and orient it in close contact to the
proximate peptide bond. Recently, selective hydrolysis at
tryptophan residues upon-P€ binding to the indole ring

of tryptophan has been discovered by the same adthor.

in close proximity of a scissile bond.

An obvious choice for a docking site for gMo?" is the
cysteine side chain. As expected for the soft metal center,
coordination of CgMo?" to thiolates is well establishéd
and the chelate complex [@do(AcCys-S0O)] and the 2:1
complex [CpMo(Cys-S);] with monodentate coordination
of cysteine to CgMo?* were reported by Harding and co-
workers?®2°Harding and co-workers have also investigated

Other examples for residue-specific peptide cleavage are thethe formation of adducts between &pCl, and the naturally

selective hydrolysis of serine-containing peptides by zinc
salts reported by Komiyarniaand the selective hydrolysis
of the N-terminal peptide bond by Co(lll) compleXeas

occurring tripeptide glutathioney{L-glutamyl+-cysteinyl-
glycine, GSH)°3° However, the potential function of
CpMo?" as a promotor of peptide hydrolysis at elevated

well as the site-selective protein cleavage mediated by certaintemperature has not been studied before.

Fe(l1),*61° Ni(Il), 2> and Cu(lI}* complexes.

The organometallic compound molybdocene dichloride,
Cp:MoCl, (Cp = #5-cyclopentadienyl), which has raised
interest due to its antitumor activiy,has been found to
catalyze the hydrolytic cleavage of amino acid edteas

well as of activated and unactivated phophodi- and phospho-

monoesterd*?>Very recently, the CpMo?"-mediated hydra-
tion of nitriles was reporteéf The reaction yielded exclu-
sively amides without further hydrolysis to the corresponding
carboxylic acids taking place. The only exception was found
to be 2-hydroxyacetamide that was converted into glycolic
acid. However, 2-hydroxyacetamide is highly susceptible to
hydrolysis due to the intramolecular hydrogen bond between
the hydroxy group and the carbonyl oxygen which activates
the amide group for nucleophilic attack.

The ability of CpMoCl, to efficiently cleave robust

Here we report on the reaction of SoCl, with cysteine-
containing di- and tripeptides and show that coordination of
the CpMo?" unit to the thiol group of X-Cys-Y peptides
assists release of the amino acid at the carboxyl end of the
cysteine residue.

Experimental Section

Materials and General Methods.Molybdocene dichloride was
purchased from Aldrich and used as supplied. Gly-Cys-Gly and
Gly-Cys were obtained from Bachem, and Cys-Gly, GSH, AcCys,
Gly, glycinamide, and Gly pNA, from Sigma.,D, DCI, and NaOD
were purchased from Deutero.

All reactions were carried out under a nitrogen atmosphere by
using standard Schlenk techniquesOPand HO were degassed
and purged with nitrogen for at least 20 min prior to use.

1H NMR spectra were recorded on a Varian Mercury spectrom-
eter at 200.13 MHz using sodium 3-(trimethylsilyl)propanesulfonate

phosphate diesters prompted us to explore the possibility to(TSP) as internal referende.®C NMR measurements were

cleave amide bonds of peptides with SwCl, despite the
obvious stability of amides in the presence ofL,”pCl, as
observed during nitrile hydratiol. We reasoned that
CpMo?"-mediated amide hydrolysis might become feasible,
when the reaction could proceed via an intramolecular
pathway, i.e., when donor atoms of amino acid side chains

(13) Kaminskaia, N. V.; Johnson, T. W.; Kostic, N. Nl.Am. Chem. Soc
1999 121, 8663.

(14) Yashiro, M.; Yamurara, A.; Takarada, T.; Komiyama, J3.Inorg.
Biochem 1997, 67, 225.

(15) Bentley, K. W.; Creaser, E. HRiochem. J1973 135 507.

(16) Miyake, R.; Murakami, K.; Owens, J. T.; Greiner, D. P.; Ozoline, O.
N.; Ishihama, A.; Meares, C. Biochemistry1998 37, 1344.

(17) Ettner, N.; Metzger, J. W.; Lederer, T.; Hulmes, J. D.; Kisker, C.;
Hinrichs, W.; Ellestad, G. A.; Hillen, WBiochemistryl995 34, 22.

(18) Heyduk, E.Biochemistryl994 33, 9643.

(19) Mustaev, A.; Kozlov, M.; Markovtsov, V.; Zaychikov, E.; Denissova,
L.; Goldfarb, A.Proc. Natl. Acad. Sci. U.S.A997 94, 6641.

(20) Cuenod, B.; Tarasow, T. W.; Schepartz, Tetrahedron Lett1992
33, 895.

(21) Wu, J.; Perrin, D. M.; Sigman, D. S.; Kaback, H.FRRoc. Natl. Acad.
Sci. U.S.A1995 92, 9186.

(22) For reviews see: (a) Kd-Maier, P.; Kpf, H. Drugs Future1986
11, 297. (b) Kpf- Maier, P.; Kgpf, H. Struct. Bondindl988 70, 105.
(c) Kopf-Maier, P.; Kgpf, H. In Metal Compounds in Cancer
ChemotherapyFricker, S. P., Ed.; Chapman & Hall: London, 1994;
p 109.

(23) Smets, M. N.; Perbal, N.; FastrezBull. Soc. Chim. Belgl985 94,
1105.

(24) Kuo, L. Y.; Kuhn, S.; Ly, D.Inorg. Chem.1995 34, 5341.

(25) Kuo, L. Y.; Barnes, L. Alnorg. Chem 1999 38, 814.

(26) Breno, K. L.; Pluth, M. D.; Tyler, D. ROrganometallics2003 22,
1203.

performed on a Bruker DRX 500 spectrometé€ NMR chemical
shifts were referenced to dioxane as an internal referahggake
= 67.19 in DO). 13C peak assignments were madebly-13C 2D
correlation spectra. The pD values of@solutions were measured
by use of a glass electrode and addition of 0.4 to the pH meter
reading®233 Thin-layer chromatography (TLC) was performed on
silica gel-coated Merck silica plates (methanol:water:pyridine
80:20:4) and was visualized with ninhydrin spray reagent.
Binding Studies and Peptide Cleavage Studiedn a typical
experiment 7«umol of Cp:MoCl, was dissolved in 70QL of D,O
by sonication for at least 1 h, and the solution was kept at room
temperature under nitrogen for a couple of hours to ensure complete
hydrolysis of the chloride ligands. This way green-brown solutions
of pD 2.5-3 were obtained. After addition of the peptide the pD
value was adjusted to the required valuehwitM DCI or NaOD.
IH NMR spectra were recorded 30 min after initial adjustment of

(27) See e.g.: Dias, A. R.; Martinho Simoes, J. A.; Texeira]).CChem.
Soc., Dalton Trans1981, 1178.

(28) Waern, J. B.; Dillon, C. T.; Harding, M. M. Inorg. Biochem2003
96, 246.

(29) Waern, J. B.; Harding, M. Mnorg. Chem 2004 43, 206.

(30) Moksdi, G.; Harding, M. Jlnorg. Biochem 2001, 86, 611.

(31) Because Gp1o?" might interact with the sulfonate group of TSP (as
pointed out by one of the reviewers), the suitability of TSP as internal
reference has been confirmed as follows: ACDsolution containing
CpMoCl; (aq) and 1 equiv of TSP has been referenced against dioxane
(D20: ddioxane= 3.75 ppm). The appearance of the TSP resonance at
0.00 ppm and identical chemical shifts for SfpCly(aq) as when
referenced to TSP rule out any interference from TSP.

(32) Glasoe, P. K.; Long, F. Al. Phys. Chem196Q 64, 188.

(33) Mikkelsen, K.; Nielsen, S. Ql. Phys. Chem196Q 64, 632.
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the pD and after that in appropriate time intervals. In the course of Table 1. Crystal and Structure Refinement Data for
the reactions the pD dropped slowly with time. Usually, within the  [Cp2Mof cyclo(Gly-Cys}]-2H,0 (7)

first 30 min of the reaction a drop in pD of 0B.5 units was formula GisH20MON20.S
observed. Fluctuations in pD were generally less pronounced at fw 420.33
pD < 4 and at pD> 8. cryst h_abit red cube
id | foll d b itori th lati cryst dimens (mm) 0.2& 0.23x 0.25
_ Pep_t! e cleavage was followed by monitoring the relative cryst system monoclinic
intensities of the | resonances of free glycine and of the adducts space group P2,
of the intact peptides. The error in integrating the resonances was a(A) 7.457(1)
estimated at-5%. Small amounts of brownish precipitates that E((é)) ig-g%gg;
_occasmnally occurred when the solution was kept atpD were 5 (deg) 169.63(1)
ignored. V (A3) 809.9(2)
Preparation of [Cp.Mo{cyclo(Gly-Cys)}]-2H,O (7). z 2

CpMoCl, (20.8 mg, 0.07 mmol) was dissolved in degassed and F(000) 428

S " 1 (R) 0.710 69
N,-saturated water (7 mL) by sonication for 2.5 h. After addition peatca (g €M) 1724
of Gly-Cys-Gly (16.5 mg, 0.07 mmol) the pH was adjusted to 8.9 (Mo Ka) (mm1) 0.960
by 1 M NaOH. The reaction mixture was heated at°60for 2 d o limits (deg) 3.56-28.50
and then kept at room temperature. After 3 d, dark red, cubic crystals reficns collcd/unique 7439/2099 {R= 0.039)
of [CpMo{cyclo(Gly-Cys)]-2H,0 were obtained. Yield: 10.4 ggfgr::ﬂmg 155;
mg (0.025 mmol, 36%)H NMR (200 MHz, D,O): 6 2.09 (dd, R1ab 0.026
2J(H—H) = 12.4 Hz,3)(H—H) = 12.4 Hz, 1 H, Cys-Ch), 3.15 wR22.¢ 0.053
(dd,3J(H—H) = 4.1 Hz,2J(H—H) = 12.4 Hz, 1 H; Cys-Ch), 3.74 Alp max/min (e A3) 0.381/-0.368
(d,2)(H—H) = 15.9 Hz, 1 H; Gly-CH), 3.88 (d,2)(H—H) = 15.9 aQbservation criterion: > 20(1). P R1= Y ||Fo| — |Fc||/S|Fol. ¢ WR2

Hz, 1 H; Gly-CHp), 5.40 (s, 5 H, Cp), 5.42 (s, 5 H, Cp) (the Cys- = [Sw(Fs?2 — FAZSW(F2)?3 V2.
H, proton is not detectable because of the presence of the water

signal). Selected IR data (c): 3353 (s, br), 3206 (sh), 2956 (m), (a)

2889 (m), 1632 (s), 1574 (s), 1560 (m), 1539 (m), 1410 (m), 1294 A

(m), 1414 (m), 1004 (m), 826 (m), 652 (M), 447 (m). Anal. Calcd U o P72

for CisHo0MON,O,4S: C, 42.9; H, 4.8; N, 6.7. Found: C, 42.7; H, x

45; N, 6.3. pD 2.8
X-ray Analysis. Crystal data were collected at room temperature | I i A

on an Enraf-Nonius-Kappa CCD diffractométeusing graphite- X X

monochromated Mo K radiation ¢ = 0.710 69 A). For data re- J L A o pD 138

duction and cell refinement the programs DENZO and SCALEPACK
were used?® The structure was solved by conventional Patterson
methods and subsequent Fourier syntheses and refined by full-

T [rrTTTTTTpeTT T [T T T
6.20 6.10 6.00 590 580 570 560 550 540 530 520 5.10

matrix least squares of? using the SHELXTL PLUS and (b)

SHELXL-93 programs® The scattering factors were those given 100 A 1A

in the SHELXTL PLUS program. All non-hydrogen atoms were

refined with anisotropic displacement parameters. Hydrogen atoms 80 1

were generated geometrically and given fixed isotropic thermal T

parameters. The Flack paramétaronverged to 0.11(4). Graphics @ 60 1

were produced with SHELXTL PLUS; CremePople ring- -

puckering parametetswere calculated with PLATOR® Crystal- I 401

lographic data and details of refinement are reported in Table 1. X 2

. . 1B

Results and Discussion 0 . . —o o .

0 2 4 6 8 10
The aqueous chemistry of @oCl, is characterized by pD —>

rapid replacement of the chloride ligands by water, while figyre 1. (a) Cp resonances in tHél NMR spectra (5.£6.2 ppm) of
the Cp-Mo ligation is remarkably resistant toward protoly- the equimolar reaction of GMoClz(aq) and AcCys at different pD values.

ic40 Spectra were recorded 30 min after mixing. Key) CpMoClx(aq) species;
sis® In contrast to related metallocenes, release of the Cp(A) 1A; (O) 1B. (b) pD dependence of the product distribution in the 1:1

reaction of CpMoCly(aq) with AcCys at room temperature. Keya)(1A;

(34) KappaCCD PackageNonius: Delft, The Netherlands, 1997. (0) 1B.

(35) Denzo and Scalepack: Otwinowsky, Z.; Minor, Methods Enzymol ) ] o ]

36) %9)97, r??lfcij 3(|)(7. M) Vical ligands is negligible at pH -27 so that reactions can be

36) (a) Sheldrick, G. MSHELXTL-PLUS (VMS)Siemens Analytica ; ; :
X-ray Instruments, Inc.: Madison, WI, 1990. (b) Sheldrick, G. M. Convemently _momto_red bylH NMR_ spgctroscopy, W_Ith
SHELXL-93, Program for crystal structure refinemedniversity of product species being easily distinguished by their Cp
Gottingen: Gdtingen, Germany, 1993. i ies 2+ i

(37) Flack, H. D.Acta Crystallogr 1983 A39, 876. resonances. The dla.qua speC|es_2 .HZQ)Z with pKal.

(38) Cremer, D. A.; Popie, J. Al. Am. Chem. Sod 975 97, 1354. = 5.5 and K,2= 8.5 is prone to dimerization and formation

(39) Spek, A. L_.PLATC%N, Ah Multilor?rlolosiéj Cry;gaélographic Todltrecht of hydroxo-bridged specie¢8. The number, nature, and
(40) e e T s, L. chem. Sod987 percentages of the species present in an aqueous solution of

109, 7207. Cp:MoCl, strongly depend on pH and concentration. All
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Scheme 1. Formation of CpMo?" Complexes with AcCys
(0]
Il o
H;C— C— NH— CH— COOH
B cH,
| +
SH
AcCys
0O
Il Il
H;C— C—NH— CH— C\
/ 0
H,C \ ,S::]
N g — Mo /9)
1A
Scheme 2. Formation of CpMo?" Complexes with Gly-Cys

+ %c

o
H3N— CH,— C— NH— CH— COO~

2A

Table 2. H NMR Chemical Shifts in ppm of Gly-Cys Complexes

Formed with the CgMo2* Cation in DO

NES
o

./
Mo
7/ pD2-9
H,0 r. t.
COOH
II
H3;C— C—NH— CH— CH,—™ S\ @
+ Mo~
/
HyC— ﬁ_ NH— CH—CH,— $
COOH
1B

—| 2+
w. (O
~/ .
" pD2-9
/ .t
H,0

COOH

|

+ [
H3;N— CHy;— C— NH— CH— CH;— s\
e

N
H3;N— CH,— IC[_ NH— CH—CH,— S

9
5

COOH
2B

Formed with the CgMo?2" Cation in D02

Table 3. 13C NMR Chemical Shifts in ppm of Gly-Cys Complexes

Gly-Cys (pD 5.2) 2A (pD 5.2) 2B (pD 5.2) Gly-Cys (pD 7.2) 2A (pD 7.2) 2B (pD 7.2)
Cp 5.70 (s), 5.68 (s) 5.36 (s) Cp 102.4 97.8
Cys-CHq 4.44 (1) 4.29 (dd) 4.23 (dd) CysCqy 57.5 58.8 57.2
Cys-CHg 2.94 (d) 2.77 (dd, B, 2.29 (dd, H)2  2.65 (d) CysCp 27.4 28.8 38.3
Gly-CHy, 3.89 (s) 3.79 (d) 3.87 (s) Gly-Cy 41.4 413 40.5
C=0 167.6 167.2 167.1
# 3(Hp—Ha) = 2.9 Hz;2)(Hp—Ha) = 11.4 Hz;2)(Hs—Hp) = 13.2 Hz. [celen 176.3 181.4 176.8

experiments described in this work were carried out with
freshly prepared, 10 mM solutions of @poCl, in the

a Assignment made byH—3C 2D correlation spectra.

of simplicity the notation CgMoCly(aq) will be used

absence of oxygen. Under these conditions dissolution of throughout the manuscript for any species resulting from

2.5-3 whose'H NMR spectra featured two singlets at 6.1
and 5.9 ppm in a 3:1 ratio. Raising the pD to 7 resulted in
a single NMR-detectable species whose Cp ligands gave ris
to a singlet at 6.0 ppm. A detailed NMR spectroscopic study
on the solution behavior of GpIoCl, in water has been
provided by Kuo et at%*1 They attributed the resonance at
6.1 ppm to the monomeric diaqua species]}@p(H.0),]?*,
while the signal at 6.0 ppm could be assigned to the hydroxo-
bridged dimer [(CpMo(u-OH),Mo(Cp)]?*.4* For the sake

(41) Balzarek, C.; Weakley, T. J. R.; Kuo, L. Y.; Tyler, D. Rrgano-

metallics200Q 19, 2927.

CpMo?*-mediated release of glycine.

Inorganic Chemistry,

In the course of this work, reactions of &foCl, with
eptides of type X-Cys, Cys-X, and X-Cys-X have been
tudied in the pH range 2 pH < 9. First, interactions of

Cp:MoCly(aq) with glycyl+i-cysteine (Gly-Cys)N-acetyl-
L-cysteine (AcCys), and-cysteinylglycine (Cys-Gly) leading

to 2:1 complexes as well as to S,@nd S,Nchelates will

be described. These binding modes are all incompatible with
hydrolytic activity. After the discussion of the dipeptide
complexes, we will describe the reaction behavior of
CpMoCly(aq) toward X-Cys-Gly tripeptides which involves

Vol. 44, No. 4, 2005 1085



Scheme 3. Reaction Behavior of Gio?" toward Cys-Gly

Erxleben

(a) Summary of reactions of Cys-Gly with Cp,Mo?2* at different pD values

O
+ o G

I
H3;N— CH—C— NH— CH,— C00"
6l

w

(|:H2 + Mo
7/
SH
H,0
Cys-Gly

pD 2.8 pD 6.2 pD 8.0

r.t. r.t. r.t.
3B + 3C 3B + 3C + 3D 3D
30%  35% 15 % 10 % 55% 100 %

40 °C
24 h

3B + 3C + 3D
30%  15% 25%

(b) Structures of the product complexes

[Cp,Mo(Cys-Gly-S),]
3B

Il
HoN— CH—C—NH— CH,— COO"~
pr /

"Mo CH,
/ ~ S /
Cp

3D

Binding of Cp,Mo?" to Gly-Cys and AcCys. The

3B + 3D
5% 85%

40 °C 40°C
24h 24h

unchanged

0
* Il —| +
H3N— CH—C— NH— CH,— C0O0"~

i
(0)
\/
Mo
A

cp  ©p

H,

3C

The proposed structures of the £m?" complexes are

dipeptide Gly-Cys and the acetylated amino acid AcCys depicted in Schemes 1 and 2. Complgxhas already been
represent very simple models for a cysteine positioned atidentified as the S,0-chelate of AcCys by Waern and
the carboxyl terminus of a protein. Formation of adducts is Harding, who studied the reaction of £foCl, with AcCys
immediately observed in the NMR spectrum, when Gly-Cys under acidic conditions (pD 2).NMR data of the analogous

or AcCys are mixed with a GMoCl,(aq) solution in a 1:1
ratio at room temperature. Two types of 8@** complexes,

Gly-Cys complexX?A are listed in Table 2. S,0-chelation in
2A similar to 1A agrees with the following observations:

A andB, whose relative concentrations change with pD are (i) The H, and H; signals exhibit pronounced upfield shifts.
easily detected by their Cp resonances (shown for AcCys in (ji) The resonance of the diastereotopic methylene protons

Figure 1a).
\%
(b)
-
o
() T

5.‘50 6;30 6230 [} ‘20 S,‘WO G.E)O 5.é0 5,%30 5.‘70 5.;30 5.1’)0 S:lO 5}30 5.‘20 6}10 5.60
Figure 2. Cp resonances in thél NMR spectrum (5.26.4 ppm) of an
equimolar mixture of Cys-Gly and GlloCl,(aq) at pD 2.8. Spectra were
recorded (a) directly after mixing and (b) after 24 h at°@ Key: (x)
CpMoCly(aq) species;®) 3B; (m) 3C; (v) 3D.

1086 Inorganic Chemistry, Vol. 44, No. 4, 2005

that appears as doublet in the spectrum of the free ligand
splits into two four-line signals separated by 0.48 ppm
indicative of the absence of rotation around the-Cs bond

due to chelation. Furthermore, the chelating coordination
mode is in accordance with the large value for g, —

Hg) coupling constant (Table 2). (iii) The signals24 show

no pD-dependent shifts around pD 3, where a free carboxy-
late group would become protonated. This is evidence that
the carboxylate group participates in the metal coordination.
(iv) S,0O-coordination is further corroborated B¢ NMR
data (Table 3). Compared with the free dipeptide, a downfield
shift of 5.1 ppm is observed for the carboxylate carbon in
2A at pD 7.4. The gresonance is shifted by 1.4 ppm to
lower field. The signal sets of speciBsare assigned to the
complexes [CgMo(AcCys-S);] (1B) and [CpMo(Gly-Cys-

9] (2B) for the following reasons: (i) Relative intensities
and chemical shifts of th NMR signals of1B (Supporting
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O Chart 1
v 0 0
() + 0. Gly || O Cys || o Gly }
X x H3N— CH,— C— NH — CH— C— NH— CH,— COO
C
(©) B CH,
- I
SH
n Gly-Cys-Cys
(b) x =
X [Cp,Mo(Gly-Cys-Gly-S),]
o)
0
X « + I I -
(a) H3N— CH, — C— NH— CH—C — NH— CH,— COO
| L
N JL [
IHIIIHII!IHIIHI\I\HlIHIlIIII‘HHHIII|IIII\I\IllllHII\II|IH\HI\I‘I\IIll\I}lHHHHI‘HHIIIHl\ | S OH(Z)
6.30 6.20 6.10 6.00 5.90 5.80 5.70 5.60 5.50 5.40 5.30 5.20 Mo
Figure 3. Aromatic regions of theH NMR spectra of an equimolar /
mixture of Gly-Cys-Gly and CgMoClx(aq) recordd 3 h after mixing at cp ..Cp
room temperature at (a) pD 2, (b) pD 4, and (c) pD 9. Kew) (
CpMoCly(aq) species;®) 4B; (W) 4C; (O) 4E; (<) 4F. 4C
Table 4. 'H NMR Chemical Shifts in ppm of Cys-Gly Complexes o
Formed with the CgMo2* Cation in DO \
Cys-Gly 3B 3c 3D . i o NH- o
(pD 2.8) (pD 2.8) (pD 2.8) (pD 2.8) H3N— CH,— C— NH— CH 2
Cp 5.40 (s) 5.72(s) 5.63(s), 5.62(s) éH C=o
Cys-CH, 4.29(t) 4.15(1) 4.15(t) 4.45 (dd) 2
Cys-CHs 3.11(d) 2.72(d),2.66(d) 2.61(d) 2.76 (dd), 1.99 (dd) AN 0
Gly-CH, 4.04(s) 4.06(s) 4,06 (s) 4.03(s), 4.02 (s) S— Mo_/

. . N h Cp
Information) and2B (Table 2) are consistent with two LP
monodentate ligands binding through the thiolate sulfur. (ii) 4E
As shown in Figure S1, the Hesonance moves downfield
in acidic solution due to protonation of the carboxyl group 0 0
in'dic.ating th.f"‘t the'carquyl oxygens are not involved in metal Hﬂﬁ]_ CHy— 2_ N— CH— 2_ NH— CHy— COO"
binding#? (iii) In line with the proposed 2:1 composition, /
the concentrations ofB and 2B grow, when an excess of e M"\ CH,
the ligands is applied. For example, &oClx(aq) com- Cp c/ §

p

pletely reacts td B at pD 7.2 in the presence of 3 equiv of
AcCys, while the S,0-chelate is no longer observed (Figure 4F
S2). The G resonance o2B appears 10.9 ppm downfield
from that of the free peptide (for pD 7.2), while the chemical
shift of the carboxylate carbon @B and free Gly-Cys are
coincident (Table 3).

The variation of product distribution with pD has been
studied in the range 2 pD = 9 and is shown for AcCys in
Figure 1b. Coordination of the Gjo?" entity to AcCys
starts to take place at pD 2, and in neutral solution all
CpMoCly(aq) applied is boundLA predominates in neutral
solution, while at pD 2 almost exclusivelyB is formed.

No changes in the NMR spectra occur, when reaction
mixtures at pD= 4 are heated to 40 or 60C overnight.
However, keeping more acidic solutions at 4D for 24 h
results in significant decomposition of the £$o?" com-

plexes as evident from the appearance of intractable, brown-
ish precipitates.

Binding of Cp,Mo?" to Cys-Gly. When the dipeptide
Cys-Gly whose cysteine residue possesses a primary amino
group is added to an aqueous solution o£}@pCl; at pD
2.8, new Cp resonances indicate the formation of two main
products designate®B and3C immediately after incubation
at room temperature. When the reaction mixture is kept at
40 °C for 24 h, the concentration &C is decreased and a
third species designat&D is detected (Figure 2). The yield
of 3D and the rate of its formation increases with increasing
pD. The reaction behavior of G@oCl,(aq) toward Cys-
Gly that has been studied at pD 2.8, 6.2, and 8.0 is
summarized in Scheme 3.

(42) The notationd B and2B are used for the 2:1 complex irrespective of Complete NMR data fo8B, 3C, and3D are listed in Table
the protonation state of the noncoordinating carboxyl group. Likewise, 4, By analogy with the complexes obtained with AcCys and
for all other compounds having ionizable functional groups the Gly-Cys, the signal se8B is assigned to the 2:1 complex

respective compound number used in the text covers all protonation ] .
states of the noncoordinating groups. [Cp.Mo(Cys-Gly-S),]. The 0.16 ppm downfield shift of the

Inorganic Chemistry, Vol. 44, No. 4, 2005 1087



Erxleben
Table 5. 'H NMR Chemical Shifts in ppm of Gly-Cys-Gly Complexes Formed with theN@+ Cation in DO

4F
Gly-Cys-Gly (pD 2) 4B (pD 2) 4C(pD2) Gly-Cys-Gly (pD 7.4) 4E (pD 7.4) cis trans

Cp 5.36 (s) 5.71 (s) 5.74 (s), 5.72 (s) 5.42 (s) 5.37 (s)

Cys-CHq 4.65 (t) 4.45 (dd)  4.45 (dd) 4.65 (t) 4.49 (dd) a a

Cys-CHg 2.97 (d) 261 (m) 2.51(d) 2.97 (d) 2.52 (m), 2.26 (dd) 3.25(d, br), 2.27 (dd) 2.87 (dd), 2.20 (dd)
H2N-Gly-CHy 3.90 (s) 3.90 (s) 3.90 (s) 3.92(s) 3.90 (d) 3.73(s) 3.73(s)
HO-Gly-CH, 4.02 (s) 4.02 (s) 4.02 (s) 3.83(s) 3.53(s) 3.60 (s) 3.60 (s)

aSignal coincident with HOD signal.

Cys-H, signal of3D compared with that of the uncoordinated Gly-H,
dipeptide and the pronounced upfield shift of the H ; Glu-H,
resonance suggest a coordination mode involving, &N

chelation for3D as shown in Scheme 3b. (Monodentate (b) /
binding to the thiolate group idB and 2B shifts the Cys-

H, resonance to higher field.) The large shift difference

between the two diastereotopic methylene protons is also in T

Gly-H,

accordance with a chelating binding mode 3@ (Table 4).

For further corroboration of SdMin, chelation the reaction
has been carried out in,@ at pH 8. (At this pH onl\38D is
formed, Scheme 3a.) After evaporation of the solvent, the
residue has been dissolved in DM$&t0 monitor the amino l

free glycine

protons. The amino protons that give a broad signal at 8.27 (a)
ppm in the case of the free dipeptide appear at 7.89 ppm.
The 0.38 ppm upfield shift of the amino proton signal agrees
with the replacement of an ammonium proton by,Xap>*. Mo
The signal set3C belongs to a complex having a 1:1 IR R AR
composition. Because the glycine, Hesonance remains 400 390 380 370 360 3.50
unaffected by the metal coordination, macrochelation through rigure 4. CcpMo?+-mediated cleavage of the GySly bond in GSH.
thiolate sulfur and carboxylate oxygen can be ruled out as Shown is the region of the Gly-4tesonances in the NMR spectrum after
possible binding mode. The NMR data f8€C (Table 4) (@ 1hand(b)48hat6IC (pD 4.5). Key: ©) 5B; (W) 5C; () 5E. The

’ coexistence 06B,C is concluded from the Cp resonances (not shown).
rather suggest an adduct of type @ (Cys-Gly-§(OH,)]*

with unidentate S-coordination (Scheme 3b). . .
o ot , . and the carboxylate group of the C-terminal glycineth
Coordination of Cp;Mo*" to Glycyl-L-cysteinylglycine  comes from the pronounced upfield shift of the Gly-H

(Gly-Cys-Gly). In X-Cys-Gly tripeptides the cysteine residue ogonances = 0.3) in addition to the shift of the CyszH
is flanked by two peptide bonds as is generally the case in gjgna|. The fourth species designateistarts to form around

proteins. Figure 3 shows the aromatic regions oftheiIMR neutral pD. FordF coordination through the thiolate S and
spectra recorde3 h after incubation of equimolar amounts 4, deprotonated amide nitrogen is suggested, since the

of Gly-Cys-Gly and CgMoCl:(aq) at different pD values.  cpemjcal shifts of the Cp and Cyssiroton agree well with
Overall, in the range Z pD = 9 four CpMo?* complexes  those observed for the structurally characterized.SsN
are formed that are depicted in Chart 1 (see Table 5 for chelate7 (see below). As will be discussed further below,
complete NMR data). At pD 2, two of the four species are two isomers of4F differing in the configuration of the
present in 10 and 40% yield. The major species can be metalated peptide group are present in solution. At neutral
identified as the 2:1 complex [Gido(Gly-Cys-Gly-S),] (4B) pD 4B,C,E,F coexist with the rati@!C:4B:4E:4F being 1:1.5:
for the following reasons: (i) The chemical shifts of the Cp 1.5:2. In alkaline solution (pD 9), onl¢B (30%) and4F
resonances agree with thoselof3B. (II) The UprE|d shift (40%) are observed as reaction products_
of the Cys-h} Signal indicates S-coordination. (III) The C|eavage of X-Cys-Y Peptides: Ctj\/|02+_|\/|ediated
glycine resonances coincide with those of the free tripeptide Hydrolysis of the Cys-Gly Peptide Bond of GSH.The
(i.e. no coordination occurs at the terminal amino and capability of CpMoCl, to cleave peptides at cysteine residues
carboxylate group). (iv) The relative signal intensities are \as studied by using the naturally occurring tripeptide GSH.
in accordance with a 2:1 composition. @ becomes the  Wwhen an equimolar solution of GSH and SwCly(aq) is
only species present in solution, when 2 equiv of the kept at 60°C for 1 h, a new resonance at 3.54 ppm emerges
tripeptide is applied. The minor species at pD 2 is assignedin the NMR spectrum at pD> 4.5 besides resonances
to the 1:1 complexXtC with monodentate S-coordination. attributable tdB-, C-, E-, andF-type adducts (Figure 4, Chart
The third species designatdé becomes visible around  2). This signal can be unambiguously assigned to “free”
pD 4. 4E is assumed to be the analogue of the GSH glycine resulting from peptide hydrolysis. The identity of
macrochelate reported by Harding et3&lEvidence for the glycine resonance has been confirmed by addition of a
macrochelation through the thiol group of the cysteine residue genuine sample of the amino acid, and to rule out a

]
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Chart 2
[Cp,Mo(y-Glu-Cys-Gly-S),]
5B
+ %Glu pGlu TGlu [e] chy s aGly
H3;N— CH — CH, — CH, — C — NH— CH—C — NH— CH,— C00"
coo" Beys CH,
s OHp
A
cp Cp
5C
0
\
N ] C— NH_
H3N— CH — CH,— CH, — C— NH— CH GH:
00" CH, C=o
o
S— Mo -

I\Cp

Cp
SE

[o]

N | |
H3N— CH — CH,; — CH; — C— N— CH— C— NH— CH,— C00~
Mo CH,
o/ N\s”
Cp

coo”

SF

Table 6. 'H NMR Chemical Shifts in ppm of [GiMo(y-Glu-CysS0)]
(6A) in D2O (pD 5.2)

Cp 5.70 (s), 5.68 (s)
Cys-(Hq 4.21 (t)

Cys-CHg 2.72 (dd), 2.39 (dd)
Glu-CHy, 377 ()

Glu-CHg 2.16 (q)

Glu-CH, 2.53(t)

CpMo?t—tripeptide adduct whose Glysignal acciden-
tally coincides with that of glycine, the pD dependence of

100 -
T 80 A + X
+ X
60 A
% Gly T
404 + X
X X X
20 |
! X
0 * T T T T 1
0 50 100 150 200 250
t/'h —»

Figure 5. Plot of the percentage of free glycine versus time during the
equimolar reaction of GSH and @yloClx(aq) at pD 5.2 and 60C (+), at
pD 7.4 and 60°C (x), and at pD 7.4 and 40C (*).

in Figure 5. In light of the half-life of 256600 y reported
for the hydrolytic cleavage of peptide bonds around neutral
pH,! the occurrence of significant amounts of hydrolysis
products of GSH at pD 7.4 within 24 h is remarkable. In
accordance with the normally extreme slow rate of peptide
cleavage, no release of glycine is observed under the same
conditions in the absence of @poCl,(aq). Interestingly, the
dipeptide comple6A and glycine are the only hydrolysis
products of GSH. The NMR spectra do not feature any
signals attributable to glutamic acid, complexes of the
dipeptide Cys-Gly 3A—C), or cysteine. Likewise, only
glycine can be detected when the reaction mixture is analyzed
by TLC. Clearly, the CgMo?"-mediated cleavage of the
tripeptide into dipeptide and amino acid is regioselective.
As will be discussed further below, no hydrolysis is
observed when amides such as glycinamide that lack the
anchoring thiol group are treated with £f0Cl,(aq). This
indicates an intramolecular metal-mediated reaction. The
putative reaction pathway is presented in Scheme 4. In
general, metal-promoted hydrolyses proceed either via
metak-hydroxide or Lewis-acid activation; i.e., the metal ion

the putative glycine resonance has also been checked. Th%rovides OH as efficient nucleophile at moderate pH or

formation of free glycine was further corroborated by TLC.
Release of glycine from GSH has been followed in detail
at pD 5.2 and 7.4 (60C). Within 20 h, 40 and 25% GSH
are hydrolyzed in acidic and neutral solution, respectively.
Besides the tripeptide adducts of typ8,C,E,F, a new
Cp:Mo?" complex is observed in yield identical with that
of glycine in the reaction mixtures. By comparison with the
chemical shifts of the Cp and Cyszesonances dfA and

activates the substrate for nucleophilic attack by polarization.
Consequently, complexésB,E,F should be hydrolytically
inactive, while in the case d8C intramolecular attack of
the Mo—OH group at the carbonyl group can lead to release
of glycine and formation oB6A. The trapping of Cgvio?"

in hydrolytically inactive5B,E,F is the limiting factor of
the hydrolysis reaction. In the neutral equilibrium mixture
at room temperature the percentag®&®afis only 10%. Upon

2A, the NMR data for this species can be assigned to the yoing heated to 66C other adducts can be converted into

dipeptide complex [CiMo(y-Glu-CysSO)]*, 6A (Table 6,
Chart 3).

The time-dependent development of “free” glycine at 60
°C and under physiological conditions at 40 is displayed

Chart 3

5C. In particular5C can be generated froBB and unreacted
Cp:MoCl,y(aq) so that about 80% of the GSH become
hydrolyzed with time. At 40°C, the overall yield of
hydrolysis products is limited to 25% (Figure 5). Further
hydrolysis with longer reaction times is not achieved because
conversion of5B,F into 5C is inefficient at moderate
temperature.

There are several aspects that can contribute to the
regioselectivity of the peptide cleavage: (i) different sus-
ceptibility of the two (nonidentical) peptide groups toward
nucleophilic attack, (ii) the tetrahedral intermediate of the
reaction; (iii) the resulting hydrolysis product. The first step
of amide hydrolysis involves attack of the nucleophile leading
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Scheme 4

1. Adduct formation at room temperature and conversion at 60 0C

¥-Glu-Cys-Gly  +  Cp,MoCl; (aq)

pD 7.4
r.t

5C (10 %) + 5E (15 %) hydrolytically

inactive

5B (15 %)

5F (20 %)
CpaMoCl; (aq) (20 %)

A

l conversion of 5B, 5E and 5F
into 5C upon heating

5C

2. Cleavage by metal hydroxide activation at 60 °C

nucleophilic attack at the "right" peptide bond

nucleophilic attack at the "left" peptide bond
leading to cleavage

not leading to cleavage

I | il i
Il
¥-Glu — C—NH— CH—C— NH—Gly y-Glu — C—NH— CH—C— NH—Gly

CH \ ‘ CH,

l / HO |

“™~Mo, \ - S

/ “uy Mo
Cp
Cp Cp H
Cp
- +
o 0 _ H 0
I 0" £
~---C —NH — CH — C-— NH---- | NH—CH—C— NH-
AN e
CH, ut L CH,
\ / /
$— Mo Mo —S
/ y Cp o /
Cp P Cp

favorable 6-membered unfavorable 7-membered
chelate ring chelate ring

l

1]
+Glu—NH— CH— C

[ o
H,C \ v Cp
AN Mo”

to a tetrahedral intermediate. In Scheme 4 the tetrahedralchelate ring) and leads to the chelate compbex as a
intermediates that are associated with,/@p?"-mediated favorable hydrolysis product (already preformed in the
hydrolysis of the two peptide bonds of the cysteine residue intermediate), while cleavage of theGlu—Cys bond would

are depicted: interaction of the gpo?" moiety anchored be associated with a less favorable intermediate (seven-
by the thiolate group with the “right” and “left” peptide bond membered chelate ring) and would require disruption of the
gives intermediates with six- and seven-membered chelateintermediate chelate ring.

rings, respectively. Hydrolysis of the Cy&ly bond of GSH The formation of a stable S,0-chelate as hydrolysis product
involves the more favorable intermediate (six-membered requires stoichiometric amounts of $f0Cl,. It should be
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(a) Gly-Hy, (metal-promoted) hydrolytic cleavage of Gly-Cys-Gly into
free glycine Gly-Cys and Gly and subsequent intramolecular condensation
g between the terminal carboxyl and amino group. The slow
CysH conversion of dipeptides into diketopiperazines is a well-
. . known reaction in peptide chemistfyand is explained by
481 60 °C the thermodynamic stability of the six-membered ring.
M . o 3 Komiyama et al. found that this reaction can be catalyzed
Y. A N G VY TS by lanthanide ions that bind and activate the carboxylate
group for the intramolecular nucleophilic attack by the
primary amino group® In pathway b cyclization occurs via
intramolecular aminolysis of the C-terminal peptide bond.
LV R Some tripeptides spontaneously decompose to cyclic peptides
and free amino acids under mild conditigfisThe reaction
that is initiated by nucleophilic attack of the primary amino
} ) group at the peptide bond is a transpeptidation and requires
° 30 min. 25 °C . . . . .
o “1 2l e the amide group to adopt the cis conflguratlon instead of
M _un;‘.[‘J"‘ b SR the usually preferred trans configuration. Consequently,
T B transformation of tripeptides into cyclic dipeptides via
44 38 32 26 20 intramolecular aminolysis is specifically observed for trip-
eptides containing amino acids that readily form cis amide
®) 100 bonds, like glycine and prolirfé.
T 80 The following experiments and observations lead to the

| 3h60°C

n LY
N W G W'V N R Tt S

60 conclusion that7 must be formed by GMo?"-assisted,
07 40 . . . intramolecular aminolysis: (i) In the absence of,MpCl,,
20 1o Gly-Cys-Gly is stable in neutral and alkaline solution. When
04 - - : : ' the tripeptide was heatedrf@ d at pD 9 and 60C, neither
0 B0 01 formation of cyclo-(Gly-Cys) nor release of glycine was
t/h —> observed. Hence, generation of the diketopiperazine is clearly
(F:igurec?- (@) 1g|GlTIM§ SDG?ctra (2%‘;4 r:jpggz of the reaction of  induced by CgMo?*. (ii) 7 is formed at the same rate at
Cigz:\élgmégaoc&;n(o) t?/angsison{e?to%?:; (.‘)a7n. (b) ﬁl(ﬁe(yf.tég)fgr%léggn which glycine is released (SUP_portm_g Informatlon)' This
of 7 versus time. suggests a one-step pathway implying an intramolecular
transpeptidation according to Scheme 6b rather than a two-
noted that to date only a few highly efficietitue catalysts step pathway comprising peptide hydrolysis followed by
for peptide cleavage have been repoffed. The rate cyclization of the linear dipeptide (Scheme 6a). (iii) No
acceleration provided by GoCl, is comparable to that  cyclization could be detected when the dipeptides Gly-Cys
achieved with Ce(IV) salts. Komiyama has recently shown and Cys-Gly were reacted with e@yoCl, at 60°C and pD
that stoichiometric amounts of Ce(IV) ions that are anchored 9.
by carboxylate groups give 1%2% hydrolysis of dipeptides What is the role of the GMo?" entity in the cyclization?
within 72 h at pH 8 and 50C.5 In the NMR spectra shown in Figure 6 two sets of resonances
Cleavage of X-Cys-Y Peptides: CgMo?*-Assisted In- are observed fo4F (Table 5). It is proposed that these two
tramolecular Aminolysis of the Cys—Gly Peptide Bond signal sets originate from two isomers with cis and trans
of Gly-Cys-Gly. In contrast to GSH where cysteine forms a configuration of the metalated peptide group. The relative

peptide bond with the carboxyl group at theC atom of intensities of the signals correspond to a ratio of 3:2. This
glutamic acid, Gly-Cys-Gly has regular peptide linkages. ratio remains constant over longer reaction times at room
When Gly-Cys-Gly was reacted with @@oCl, at pD = 7 temperatures or at elevated temperature. By comparison with

and room temperature and when the resulting solution the NMR data for7 having a cis configuration (cf. Experi-
containing4B,F was heated at 60C on a NMR scale, mental Section for chemical shifts) the major species is
conversion of4F into the CpMo?" complex of the 2,5-  associated with the cis configuration of the metalated peptide
diketopiperazine derivativeyclo-(Gly-Cys) and free glycine  group while the minor species is assumed to be the trans
was observed (Figure 6, Scheme4f.remained essentially ~ isomer. It seems clear that #4f electronic activation of the
unchanged. The time dependence of the reaction that hasubstrate cannot account for the conversion of Gly-Cys-Gly
been followed ove5 d isplotted in Figure 6b. The identity  into cyclo-(Gly-Cys). Instead, GiMo?* can be proposed to

of the reaction product, [GMo{ cyclo-(Gly-Cys-SNamiae}] play a structural role by generating the cis amide bond
(7), was confirmed by X-ray analysis after preparation and ) )

(43) Sigel, H.; Martin, R. BChem. Re. 1982 82, 385.

isolation on a preparative scale (see below). (44) Long, D. A.; Truscott, T. G.; Cronin, J. R.; Lee, R.Bans. Faraday

Reaction Pathway and Role of CpMo?*. Two possible Soc 1971, 67, 1094.

: : : . _(45) Meienhofer, J.; Sano, Y.; Patel, R. P. Peptides: Chemistry and
reaction pathways that could account for the diketopiperazine Biochemistry Weinstein, B., Ed.. M. Dekker: New York, 1970; p

formation are presented in Scheme 6. Pathway a involves 419
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Scheme 5
Gly-Cys-Cys + Cp,MoCl, (aq)

pD>7
r.t.
(0]
; I I _
H3;N— CH,— C— N— CH— C— NH— CH,— COO0
\
[Cp,Mo(Gly-Cys-Gly-S),] + - Mo CH,
Cp / Ns/
Cp
4B 4F
60 °C
H,C— NH
0= /C= (6]
4B N— CH N -
+ + N— Clly— C
(unchanged) / \ H;N— CH,— €00
e Mo CHZ
cp / N7
Cp

”

Scheme 6. Possible Pathways for the Conversion of Gly-Cys-Gly into a Diketopiperazine: (a) Hydrolytic Cleavage of the Tripeptide into Dipeptide
and Glycine and Subsequent Intramolecular Condensation of the Dipeptide; (b) Intramolecular Anfinolysis

&) (b)
0 0
+ Il [ B
H;N— CH,— C— NH— |CH— C— NH— CH,— COO H,N:
/ NH— CH,— COO’
' |CH2 N OH H,C /¥
\ C
SH c—NH—cn” Do
J
1 o

X SH
H;N— CH,— C00~

+
mN: T N 00"
/ |
/C—NH/ \ CH,— SH
74
0

l-Hzo

H,— SH

0
)I\ -
T
HZC\H/NH
0

a Cf. text for possible roles of the metal ion.

required for the cyclization to occur. Once the cis configu- to assist cistrans isomerization by lowering the energy
ration is adopted, the cyclization is driven by the thermo- barrier of rotatiorf®4” However in 4F, the metal ion
dynamic stability of the six-membered diketopiperazine ring. coordinates to thdeprotonatecdamide nitrogen of a second-
Metal ion coordination to tertiary amides has been shown ary amide. In this case, metal coordination reinforces the
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Figure 7. Molecular structure of [CiMo{ cyclo-(Gly-Cys}]-2H,0 (7).
Except for the amide proton, hydrogen atoms are omitted for clarity. Thermal
ellipsoids are drawn at the 30% level.

Table 7. Selected Bond Lengths (A), Angles (deg), and Torsional
Angles (deg) for [CpMo{ cyclo-(Gly-Cys)}1-2H,0 (7)

Mol1—Cp(center) 2.002(4) Mo1Cp(center) 1.986(5)
Mol—N1 2.178(3) Mot-S1 2.455(1)
N1-C3 1.333(5) C301 1.247(5)
N2—-C5 1.324(6) C502 1.250(5)
Cp—Mo1-Cp 134.8(2) N+Mol-S1 79.82(9)
Mol1-S1-C1 100.0(1) Mo+N1-C3 121.3(2)
C3—-N1-C2 118.7(3) C5N2-C4 123.4(3)
w(C2—C5-N2—C4) —1.74(6) w(C4—C3—-N1-C2) 1.8(5)
®»(N1-C2—-C5-N2) 25.9(5) (N2—C4—C3—N1) 22.1(6)
¢(C3—-N1-C2-C5) —25.5(5) ¢(C5-N2—-C4-C3) —22.1(6)

angle by~5° (C3—N1-C2 = 118.7(3); C5—N2—-C4 =
123.4(3)). The six-membered diketopiperazine ring adopts
the boat conformation with the CremePople ring-puckering
parameter$ beingQ = 0.323(5) and) = 86.0(8) (expected

6 value for pure boat conformation: 90The dihedral angle

of the fold in the diketopiperazine ring as calculated between
the least-squares planes formed by the atoms C2/C5/N2/C4
and C4/C3/N1/C2 is 25.1(2) Since diketopiperazines are
quite abundant in nature and since they represent key
intermediates in the asymmetric synthesis of amino acid
derivatives? their conformation has attracted some interest
and structural! 3 spectroscopié? and theoretical studigts®

have been reported. Plarfa#? boat®® and twisted boat
conformations were found by X-ray analyses with the
dihedral angle of the folded six-membered rings ranging up
to 4C°. Theoretical calculations reported foyclo-(Gly-Gly)
indicated the boat conformer to be the most stable con-
former>5:5° Cyclic peptides have been widely used to study
interactions of metal ions with peptide side chains because
they are devoid of terminal amino and carboxylate groups.
However, to the best of our knowledggis the first example

of a metal complex of a cysteine-containing cyclic dipeptide
that has been characterized by X-ray analysis. In fact, we
are aware of only one study on metal coordinatiogytolo-

partial C—N double bond character and thus increases the (X-Cys) peptides:

energy barrier of rotatio® However, the formation of the
cis isomer may be rationalized with the steric bulk of the
CpMo?" moiety that affects the conformation of the peptide
group.

Structural Features of the Cleavage ProductFigure 7
gives a view of the molecular structure of [fo{cyclo
(Gly-Cys}]-2H.0 (7), and selected bond lengths and angles
are listed in Table 7. The GWMo?" unit coordinates to the

Role of the Anchoring Cysteine Side Chain for Peptide
Hydrolysis. To evaluate the role of the cysteine side chain,
peptides devoid of the anchoring thiol group have been
reacted with CgMoCl,(aq). In contrast to the facile cleavage
of X-Cys-Gly into X-Cys and Gly, cleavage of peptides that
do not provide a suitable docking site is not mediated by
CpMo?". Neither glycinamide nor the activated amide
glycinep-nitroanilide (Gly pNA), which is more susceptible

thiolate sulfur and to one deprotonated amide nitrogen of o hydrolysis due to the good leaving gropmitroanilide,
the diketopiperazine ring so that a five-membered chelate iS cleaved in the presence of 1 equiv of:oClx(aq) near

ring is formed. The structural features of the,&jp?" moiety
ared(Cp(centeryMo—Cg(center))= 2.002(4) and 1.986-
(5) A andJ(Cp(center;-Mo—Cp/(center))= 134.8(2} and
are thus unexception&l*® As expected, the metalated and

neutral pH after 24 h at 68C. The only CpMo?* complex
identified in the reaction mixture is the hydroxo-bridged
dimer [(CpyMo(u-OH);Mo(Cp),]?" that is ineffective as a
catalyst because of the saturated coordination sphere of Mo.

the uncoordinated amide groups are both planar with the Cleavage of Gly pNA is likewise not observed at pD 3.7

C—N-—C-O0 torsion angles being 176.1f4)C2—N1-C3—
01) and 179.7(4)(C4—N2—C5—-02). The maximum devia-
tion of any atom of the two peptide groups from the

(48 h, 60°C) when 70% of the added @doCl, exist as
the monomeric diaqua species [®(H.0),]?". Evidently,
for peptide hydrolysis an amino acid side chain is required

respective least-squares plane is 0.003 A. The torsional angleghat provides a docking site for the gio>* unit.

w, ¢, andy that are normally quoted for peptide structures
are given in Table 7.

The C-0 and C-N bond lengths remain unaffected by
coordination of CpMo?*; for both amide groups of the
diketopiperazine €0 and C-N bond distances are equal,
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Erxleben

Conclusions cleaving agent by cysteine residues when longer oligopep-

Monodentate coordination of the organometallicigp?* tides are used. This point will be addressed in future work.
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