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The synthesis of the complexes [Mo(bpa)(CO)3] (1) and
[Mo(Bz-bpa)(CO)s] (2) [bpa = bis(2-picolyl)amine; Bz-bpa =
N-benzylbis(2-picolyl)amine] is described. These compounds
have been characterized by spectroscopic techniques includ-
ing multinuclear NMR spectroscopy (*H, *C, and %Mo), and
also by X-ray crystallography. Complexes 1 and 2 underwent
reversible one-electron oxidations in acetonitrile and di-
chloromethane with BuyNPFg as supporting electrolyte to
yield the 17-electron organometallic compounds 1* and 2*.
With BuyNBr as supporting electrolyte in dichloromethane,
on the other hand, 1 and 2 underwent electrochemically irre-
versible two-electron oxidations, resulting in the formation of
[Mo(bpa)(CO)3Br]* and [Mo(Bz-bpa)(CO);Br]*. Infrared
spectra and electronic spectra of these oxidized species were
recorded in spectro-electrochemical studies. The electro-
chemical behaviour and the infrared spectroscopic data of 1,
2, and their oxidized derivatives are compared in detail with
those of analogous tricarbonylmolybdenum complexes with

the ligands 1,4,7-triazacyclononane and hydridotris(pyrazol-
yl)borate. The complex [Mo(bpa)(CO)Br|Br; (3) could be pre-
pared by oxidation of 1 with elemental bromine. Under aer-
obic aqueous conditions, 3 reacted further to yield the dinuc-
lear diamagnetic MoV complex [Mo,(bpa),(O),(p-0),](Br,PFg)
(4). The identity of 4 was confirmed by a single-crystal X-ray
crystallographic study. Finally, the syntheses of two bioconju-
gates of [Mo(bpa)(CO);], in which bpa ligands are covalently
linked to the N-termini of an amino acid (Phe-OMe, 8a) and
of a dipeptide (Ala-Phe-OMe, 8b), are described. These bio-
conjugates were comprehensively characterized (including
elemental analysis, 'H, *C, and Mo NMR, IR, MS, and
electrochemistry). All analytical data supported the proposed
constitution and underscore the potential of the Mo-
(bpa)(CO); group as a robust marker group in bioorgano-
metallic chemistry.

(© Wiley-VCH Verlag GmbH, 69451 Weinheim, Germany,
2002)

Introduction

There is considerable interest in the labelling of biomolec-
ules with organometallic fragments that possess carbonyl
ligands.l' =31 The corresponding bioconjugates can be de-
tected in picomolar quantities by infrared spectroscopy, as
shown by Jaouen, Salmain, and co-workers.[l Together
with IR spectroscopy, electrochemistry of metal complexes
is a very attractive detection method, offering good sensitiv-
ity and a high signal-to-background ratio.>-*! We have re-
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cently introduced the versatile and robust Mo(allyl)(CO),
moiety as a marker group in bioorganometallic
chemistry.” =%l However, perhaps the most obvious low-val-
ent Mo fragment is fac-Mo(CO)s3, in the form of octahedral
[L3Mo(CO);] complexes. For biological applications, the li-
gand Lz must fulfil several requirements. It must be readily
accessible, easily substituted with a handle for biomolecules,
and furnish very stable Mo(CO); complexes. Well-known
examples of [L3;Mo(CO)s] complexes include Ly = 1,4,7-
triazacyclononane (tacn; [9]aneN3;) and hydridotris-
(pyrazolyl)borate [HB(pz);] as tridentate ligands. We pro-
pose the bis(2-picolyl)amine ligand [bis(picolyl)amine, bpa]
as an interesting alternative, because its Mo(CO); com-
plexes are readily accessible and very stable, as shown here.
Moreover, in contrast to tacn and hydridotrispyrazolylbor-
ate, the bpa ligand can easily be derivatized with a (pro-
tected) acid functionality,!'%!"l which makes binding to bio-
molecules possible.[!-12]
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The ligand bpa, first reported by Romary et al.,!'3l is one
of the classical tridentate nitrogen donor ligands in coor-
dination chemistry, but (bpa)metal complexes containing
organometallic fragments are relatively scarce. Only four or-
ganometallic bpa complexes have so far been structurally
characterized by X-ray crystallography: namely, [Rh-
(bpa)(cod)]BPh, [cod = (Z,Z)-1,5-cyclooctadiene],l'¥]
[Pt(bpa)CH;]CLIT  [Pt(bpa)(n'-allyl)(CH;),]Br,['S]  and
[W(bpa)(n>-allyl)(CO),]PF.[') A significant number of fac-
[L3sMo(CO)s] complexes, with Lz being a tridentate nitrogen
donor ligand, have been structurally characterized.l!”—34
However, no Mo(bpa)(CO); derivatives have yet been re-
ported. Kriiger and Helm reported the synthesis and X-
ray crystal structure of a related compound, in which the
potentially tetradentate ligand N,N’-dimethyl-2,11-diaza-
[3.3](2,6)pyridinophane acts as a tridentate ligand structur-
ally analogous to bpa.l'”]

In this paper, we report the synthesis, structural charac-
terisation, spectroscopic properties, electrochemical behavi-
our and chemical reactivity of Mo, Mo!, and Mo com-
plexes containing the Mo(R-bpa)(CO); unit (R = H or Bz).
Furthermore, the suitability of Mo(R-bpa)(CO); complexes
for the labelling of biomolecules is demonstrated by the
synthesis of two derivatives, an amino acid (Phe) and a di-
peptide (Ala-Phe), in which the Mo(R-bpa)(CO); derivative
is covalently linked to the N-termini.

Results and Discussion

Synthesis and Reactivity

The complexes [Mo(bpa)(CO);] (1) and [Mo(Bz-
bpa)(CO);] (2) were synthesized by heating the ligand with
Mo(CO); in deoxygenated di-n-butyl ether (for 1) or deoxy-
genated mesitylene (for 2) at 150 °C for 1 h under argon,
as shown in Scheme 1. Complex 1 was isolated as a deep
yellow powder, whereas 2 was obtained as an orange solid.
All the characterisation data for 1 and 2 were consistent
with their proposed constitutions. These compounds were
stable in air for days in the solid state. In solution, complex
1 was much more sensitive than 2 towards air, with decom-
position of 1 taking place within 1—2 h.

R
N X
| | + Mo(CO)
=N N~
| X N
— N"""‘NIIO womN 2
oc” Lo

¢
o}

150°C,1h

nBu,O (1) or
mesitylene (2)

Z—23

1 R=H
2 R =benzyl (Bz)

Scheme 1

When 1 was treated with elemental bromine in deoxygen-
ated CHCIl; under argon, the orange-brown complex
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[Mo(bpa)(CO);Br]Br; (3) was obtained (see Scheme 2), as
concluded from the results of elemental analysis, infrared
spectroscopy and ESI positive mass spectrometry. In the
solid state, this compound was stable towards dioxygen for
approximately 1 d, but in solution decarbonylation of com-
plex 3 took place within 5—10 min when only traces of
water were present. NMR spectroscopic data of compound
3 could not be obtained. When 3 was dissolved in MeOH
under aerobic conditions and an aqueous solution of KPFq
was added, the dinuclear complex [Mo,(bpa),(O),(p-
0),](Br,PFg) (4) invariably precipitated, and therefore ap-
pears to be the thermodynamic sink of the mixture (see
Scheme 2). The reactivity of 3 differed from that of
[Mo(]9]aneN3)(CO);Br|Br;, as the latter compound can be
crystallized from aerobic aqueous solutions.*!

Mo(bpa)(CO); (1) — .
5/ \> -
Br,, CHCI \
l T 3 __’\< I’\J Y,
O~ Br
H H~N—~Mo=——=Mo-N—H | ¢
| B N S KPF, N/\o o] O/\N
Aoy oo | (T
OCOC/\COBr voou | = \_/ |
3 4

Mo(B2-bpa)CO); (2) —220datON o o [No(Bz-bpa)(CO)BH

electrochemical oxidation T

Scheme 2

When 2 was treated with Br, under conditions identical
to those used for the synthesis of 3, an oil formed initially,
but an orange-brown solid was obtained upon removal of
the solvent in vacuo. Although results from elemental ana-
lysis fitted well for [Mo(Bz-bpa)(CO);Br]Br3, other charac-
terisation data could not be obtained, due to the instability
of this compound in solution. However, [Mo(Bz-
bpa)(CO);Br]* could be generated by electrochemical
methods (see Scheme 2), as concluded from spectro-electro-
chemical investigations (vide infra).

X-ray Crystal Structures of 1, 2, and 4

X-ray quality single crystals of complexes 1 and 2 were
obtained by slow concentration of H,O/CH;CN solutions
under streams of argon. The unit cell of each compound
was found to consist of two crystallographically inequiva-
lent molecules (named A and B), which display slightly dif-
ferent bond lengths and angles. ORTEP diagrams for one
of the independent molecules of each of 1 and 2 are de-
picted in Figures 1 and 2, respectively. Geometrical in-
formation for both structures is summarized in Table 1.
Molecules B of 1 and 2 are labelled consecutively: N(1) in
A corresponds to N(4) in B, and C(35) in B corresponds to
C(13) in A, etc. The two independent molecules in the two
structures are fairly similar.
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Figure 1. ORTEP projection for one of the two crystallographically
independent molecules (A) of 1 with thermal ellipsoids at 50%
probability level; hydrogen atoms have been omitted for clarity
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Figure 2. ORTEP plot for one of the two crystallographically
independent molecules (A) of 2 with thermal ellipsoids at 50%
probability level; hydrogen atoms have been omitted for clarity

The Mo atoms in both structures are in distorted octa-
hedral [N3C;] coordination environments, each with the
three carbonyl groups and the (substituted) bis(2-picolyl)-
amine ligand occupying a face of the octahedron. This fa-
cial arrangement of the carbonyl ligands has also been ob-
served in analogous complexes with various tridentate N-
donor ligands.'” 734 In both molecules of 1 and 2, the
Mo—N(amine) bond length is considerably longer than the
Mo—N(pyridine) bond lengths. Unfortunately, the quality
of the structure of 1 is not high enough to allow a detailed
discussion of the other bond lengths in this structure. All
of the differences between molecule A and molecule B of 2
are small and might be interpretable on the basis of packing
effects. In both structures the deviation from idealized octa-
hedral symmetry is evident from the C—Mo—C angles:
values of less than 90° are observed for all of those. In fact,
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Table 1. Selected bond lengths [A] for [Mo(bpa)(CO);3] (1) and
[Mo(Bz-bpa)(CO);] (2)

1 2

Molecule A:[

Mo(1)—N(1) 2.229(10) 2272(3)
Mo(1)~N(2) 2.301(10) 2.33702)
Mo(1)—N(3) 2.234(11) 2.255(3)
Mo(1)—C(13) 1.92(2) 1.933(3)
Mo(1)—C(14) 1.91(2) 1.935(2)
Mo(1)—C(15) 1.91(2) 1.945(3)
Molecule B:"!

Mo(2)—N(4) 2.249(11) 2.250(3)
Mo(2)—N(5) 2.308(11) 2.3312)
Mo(2)—N(6) 2.249(11) 2.252(3)
Mo(2)—C(35) 1.92(2) 1.938(3)
Mo(2)—C(36) 1.89(2) 1.932(3)
Mo(2)—C(37) 1.92(2) 1.953(3)

@ The unit cells of both compounds contain two crystallo-
graphically independent molecules, named A and B. ™! Molecule B
is labelled consecutively: i.e., N(4) in B corresponds to N(1) in A
and C(35) in B corresponds to C(13) in A, etc.

all structures so far reported for fac-Mo(CO); complexes
with tridentate N-donor ligands display C—Mo—C angles
smaller than 90°,[!7734 and this deviation thus appears to
be a general feature for this type of compounds.

There is only one example in the literature of a structur-
ally characterized fac-Mo(CO); compound with the molyb-
denum atom coordinated by two pyridine nitrogen atoms
and one amine nitrogen atom of the same ligand. The po-
tentially tetradentate ligand N,N’-dimethyl-2,11-diaza[3.3]-
(2,6)pyridinophane acts as a tridentate ligand in that com-
pound.['”) The Mo—N(pyridine) bond lengths in the struc-
ture of that complex are approximately 0.04 A longer than
the Mo—N(amine) bond lengths. This is in sharp contrast
with structures 1 and 2, in which the Mo—N(pyridine)
bond lengths are considerably shorter than the
Mo—N(amine) bond lengths.

X-ray quality single crystals of [Mos(bpa),(O),(u-
0),](Br,PF¢) (4) were obtained by slow concentration of an
MeOH/H,O0 solution. An ORTEP representation of the cat-
ionic part of 4 is shown in Figure 3, with selected bond
length and bond angle information summarized in Table 2.

The cationic part of the structure consists of two Mo-
(bpa)(0) moieties bridged by two oxo ligands, with the ter-
minal oxo ligands occupying cis positions relative to each
other. The four-membered ring comprised of the two Mo
atoms and the two bridging oxo ligands has the puckered
conformation observed in all crystal structures containing
a syn-[Mo,(0),(u-0),] core with additional multidentate
ligands.?¢~3% The short internuclear Mo—Mo distance of
2.5432(5) A is indicative of an Mo—Mo single bond, con-
sistent with the observed diamagnetism of the complex.

The bromide ion (not depicted in Figure 3) is involved in
hydrogen bond interactions with the two NH groups, with
Br+N contacts of 3.258(4) A and 3.358(4) A [Br~-N(5) and
Br-*N(2), respectively]. Two very similar crystal structures

Eur. J. Inorg. Chem. 2002, 1518—1529
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Figure 3. ORTEP representation for the cationic part in 4 with
thermal ellipsoids at 50% probability level; hydrogen atoms, except
amine hydrogen atoms, have been omitted for clarity

Table 2. Selected bond lengths [A] and bond angles [°] for [Mo,-
(bpa)>(0)2(1-0)-)(Br,PF) (4)

Mo(1)—N(1) 22192)  Mo(2)—N(6) 2.227(2)
Mo(1)-N(2) 23132)  Mo(2)-N(5) 2.294(2)
Mo(1)—-N(3) 22632)  Mo(2)—-N(4) 2.245(2)
Mo(1)-0(2) 1.687(2)  Mo(2)~0®) 1.692(2)
Mo(1)-0(1) 1.9342)  Mo(2)—0(1) 1.921(2)
Mo(1)-0(3) 1.9352)  Mo(2)-0(3) 1.933(2)
Mo(1)—Mo(2) 2.5432(5)

O(1)-Mo(1)-0(2) 110.10(7) O(1)-Mo(2)—0(4) 110.70(7)
0(3)—Mo(1)-0(2) 111.83(7) 0(3)~Mo(2)-0(4) 112.29(7)
O(1)~Mo(1)-0(3) 91.43(6) O(1)~Mo(2)-0(3) 91.88(6)
Mo(1)-O(1)~Mo(2)  82.55(6) Mo(2)—-0(3)—Mo(l)  82.22(6)

with ethyl or methylethyl linkers between the two bpa li-
gands have been reported,?”! and these display Mo-donor
atom bond lengths nearly identical to those in 4. Appar-
ently, the hydrogen-bonded bromide ion forces the bpa li-
gands into the same conformation as the ethyl and methyl-
ethyl linkers do. It would be expected that this bromide ion
would be bound very tightly because, apart from hydrogen
bond interactions, it is also involved in an electrostatic in-
teraction with the dinuclear molybdenum complex of
charge 2+.

NMR Spectroscopy

In solution, the hydrogen atoms of the picolyl-CH,
groups become magnetically inequivalent due to metal co-
ordination of the three nitrogen atoms. Therefore, the 'H
NMR spectrum of 2 showed two doublets at 6 = 4.67 and
8 = 3.72 with intensity two and a 2J coupling constant of
15.5 Hz (see Supporting Information, Figure S1). In the 'H
NMR spectrum of 1 on the other hand, the appearance of
the picolyl-CH, hydrogen atom resonances was influenced
by the amine NH group. This NH hydrogen atom resonated
at 8 = 6.14, with a 3J coupling constant of 6.6 Hz. One of
the pairs of magnetically inequivalent picolyl-CH, hydrogen
atoms resonated as a doublet at § = 4.06, with a %J coupling
constant of 16.8 Hz, whereas the other pair appeared as a
doublet of doublets at § = 4.33, with a 2J coupling constant
of 16.8 Hz and a 3J coupling constant of 6.6 Hz. The size
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of these coupling constants in the '"H NMR spectrum of 1
can be explained by the Karplus equation.*”) Analysis of
the crystallographic data*'! shows that the absolute value
of the HNCH torsion angles is close to 30° for one set of
protons and close to 90° for the other (see Supporting In-
formation, Figure S2 and Table S3). The calculated 3Jyy 4
values of 5.9 Hz and 0.2 Hz, respectively, are in good agree-
ment with the observed coupling constants in the 'H NMR
spectrum, indicating that the solid-state structure does not
differ to any large extent from the structure of 1 in solution.

The '*C NMR spectra of 1 and 2 each showed two sig-
nals corresponding to the CO ligands at & = 230 (see Exp.
Sect.), with the signal at the higher chemical shift having
approximately twice the intensity of the signal at lower fre-
quency. The CO ligand trans to the amine nitrogen atom
was more shielded due to increased m-backbonding,
whereas the CO ligands in positions trans to the pyridine
groups had to compete with the pyridine rings for n-back-
bonding.

Results from > Mo NMR measurements are summarized
in Table 3, together with the chemical shifts for several
other fac-Mo(CO); compounds with N-donor ligands, for
comparison. The chemical shifts of fac-[Mo(N3)(CO)s]
complexes span a range of about 350 ppm, with compounds
1 and 2 showing resonances in the high frequency region of
that range. The molybdenum nucleus in 2 was deshielded
by 89 ppm compared to complex 1. This downfield shift
upon alkylation of the bis(picolyl)amine nitrogen atom is
the reverse of the trend observed for the 1,4,7-triazacy-
clononane derivatives: [Mo(Me;[9]aneN5)(CO);] resonated
226 ppm upfield from [Mo([9]aneN5)(CO);]. At first sight,
an upfield shift should be expected, as the electron density
at the Mo nucleus increases upon alkylation of the amine
ligand. While this is true for the triazacyclononane series,
the opposite trend holds for 1 and 2. However, for heavier
elements such as Mo, steric effects such as ligand bulkiness
and chelate ring size, as well as local symmetry effects, have
an important influence on the chemical shift of the ele-
ment.[*>#3] The downfield shift of 2 with respect to 1 may
therefore be explained on the basis of steric effects. In fact,
the Mo-donor atom bond lengths in the X-ray crystal struc-

Table 3. > Mo NMR spectroscopic data of 1, 2, and several other

Jac-[Mo(N3)(CO);] compounds

Complex Solvent 3 Avy,  Ref
[ppm] [Hz]

[Mo(pyridine);(CO)js] Pyridine —800 7 44
[Mo(Bz-bpa)(CO);] (2) MeCN —849 47  this work
[Mo([9]aneN;)(CO);] CH,Cl, —-866 20 M
[Mo(bpa)(CO);] (1) MeCN —938 36  this work
[Mo([12]aneN;)(CO);] CH,Cl, —-1001 13 ®3
[Mo(dien)(CO);]™®! HCONMe, —1088 70 [
[Mo(Me;[9]aneN;)(CO);]  DMSO —1092 160 M3
[Mo(MeCN)3(CO)s] MeCN —1114 10 B9

[Mo{HB(Me,pz);}(CO);]~ HCONMe, —1149 80 [3

[al' Chemical shifts reported versus 2 M Na,MoO, in D,O at an
apparent pH = 11. " dien = diethylenetriamine.
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ture of 1 show a trend towards being somewhat shorter than
their counterparts in 2.

Electrochemistry

Both 1 and 2 underwent reversible one-electron oxida-
tions in CH3CN and CH,Cl, with BuyNPF4 as supporting
electrolyte at potentials slightly more negative than the Fc/
Fc* couple. The redox potentials for these complexes are
listed in Table 4, together with those for the related 1,4,7-
triazacyclonane (tacn) and hydridotris(3,5-dimethylpyrazol-
yl)borate [HB(Me,pz);] complexes. The redox potentials
for 1 and 2 appear to be solvent-dependent, with the lower
oxidation potential measured in CH,Cl,. Table 4 shows that
the oxidation potentials of 1 and 2 are very similar to those
of the tacn and Mes-tacn complexes. The hydridotris(3,5-
dimethylpyrazolyl)borate anionic analogue [Mo{HB-
(Me,pz)3}(CO)3]~ undergoes a one-electron oxidation at
slightly higher potential than the tacn, bpa and Bz-bpa
complexes.

Table 4. Reversible one-electron oxidations of fac-Mo(CO); com-
pounds with tridentate N-donor ligands

COmpleX E] 2 (MCCN)[H] E] 2 (CH2CI2)[“1]
[Mo(bpa)(CO)5] (1) —0.26) —0.33M)
[Mo(Bz-bpa)(CO)5] (2) —0.22 —0.28M!
[Mo([9]aneN;)(CO);] —0.37M! —0.34[®]
[Mo(Me;[9]aneN3)(CO)s] —0.25M —(.281®!

[Mo {HB(Me,pz);}(CO)s|~ 0,081 0001t

[a1 0.1 m BuyNPF as supporting electrolyte; vs. Fc/Fc*; in Volt. [
This work. [ From ref.*81 41 0.1 m Bu,NBF, as supporting electro-
lyte. ! From ref.[*"!
10
"] &ﬁ
0 - >
_5 -

<t
=

=

=

—10 -

=15 1
0.5 0

-05 10 -15 -20 -25
Evs. Fc/Fc™ (V)

Figure 4. Cyclic voltammogram of 2 (10~3 m) in CH,Cl, in the
presence of BuyNBr (0.1 M); two consecutive cycles (scan rate 200
mV/s) starting from —0.8 V moving first to —2.3 V; note that the
reduction peak at —0.95 V appears only in the second cycle

In CH,Cl, and with BuyNBr as the supporting electro-
lyte, the electrochemical behaviour of 1 and 2 was com-
pletely different. Irreversible oxidations took place, with
peak potentials of —0.37 V vs. F¢/Fc¢™ (for 1) and —0.28 V
vs. Fc/Fc* (for 2). Controlled potential coulometry on both
compounds established these oxidations as two-electron
processes, attributable to formation of the seven-coordin-
ated complexes [Mo(bpa)(CO);Br]" and [Mo(Bz-bpa)-
(CO);Br]*. Formation of seven-coordinated Mo!! species
has also been reported for fac-Mo(CO); complexes with
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two different tacn derivatives.?>*8 After generation of the
seven-coordinated species [Mo(bpa)(CO);Br]" and [Mo(Bz-
bpa)(CO);Br]*, single reduction peaks were observed at
more negative potentials, namely at —1.20 V vs. Fc/Fc™ for
[Mo(bpa)(CO);Br]* and —0.95 V vs. Fc/Fct for [Mo(Bz-
bpa)(CO);]*, as shown in Figure 4 for complex 2.

The reductive peaks only appeared during the second of
two consecutive cyclic voltammograms. This demonstrates
that the seven-coordinated complexes formed upon oxida-
tion of the starting material in the first cycle are reduced at
this potential. With the aid of controlled potential coulo-
metry, the number of transferred electrons for this reduction
process was shown to be two, again yielding the neutral
compounds 1 and 2. The bpa derivatives differ from the
tacn analogues in this respect, because the corresponding
reduction peak of the seven-coordinated species for the tacn
complexes was not observed in the range from —2.0 V to
+2.0 V2548 Additional evidence for the chemical reversi-
bility of the two-electron oxidation of 1 and 2 was also ob-
tained from UV and IR spectroelectrochemical investi-
gations (see below).

Electronic Spectroscopy

The electronic spectra of 1 and 2 in MeCN were very
similar, each displaying two intense MLCT bands, with
maxima at 327 nm (¢ = 6.1-10° M *cm™!') and 416 nm (¢ =
6.9-10> m'cm™") for 1 and at 329nm (¢ = 6.3-10°
M lem™!) and 429 nm (e = 7.0-10> M~ -cm™!) for 2.

UV/Vis spectroelectrochemical investigations could only
be performed on 2, since 1* and [Mo(bpa)(CO);Br]* (the
oxidation products of 1) were both very reactive in solution
and partially reacted further during the time required for
coulometry (several minutes), probably to yield oxo species.
The changes in the electronic spectrum during the electro-
chemical oxidation of complex 2 in CH,Cl, were monitored
with both BuyNPF¢ and BuyNBr as supporting electrolyte,
as depicted in Figure 5. During oxidation, in the presence
both of PF4 and of bromide anions, the MLCT bands at
429 nm and 329 nm gradually disappeared, as a result of
the decreased electron availability at the Mo ion in the Mo!
and Mo forms. With BuyNPF, as supporting electrolyte
(formation of 2%*), a new shoulder appeared at around
350 nm, with a molar extinction coefficient of around
4.8-10> M~ -cm™!, while an isosbestic point was present at
320 nm. In the presence of bromide anions [formation of
Mo(Bz-bpa)(CO);Br*], a new shoulder appeared at
370 nm, with a molar extinction coefficient of around
1.4:10> m~'cm™!, and an isosbestic point was present at
307 nm. After both oxidations, the formed complexes could
be reduced at appropriate potentials, once again yielding
the UV/Vis spectrum of 2, without any significant loss in
absorbance (i.e., within 99%). This finding is additional
evidence for the chemical reversibility of the oxidations.

Infrared Spectroscopy

The infrared spectra of 1 and 2 in THF showed three vco
vibrations: at 1904, 1790, and 1779 cm~! for 1, and at 1906,

Eur. J. Inorg. Chem. 2002, 1518—1529
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Figure 5. Changes in the electronic spectrum of 2 during coulo-
metry in CH,Cl, at 0° C; top: in the presence of 0.1 m BuyNPF,
one-electron oxidation (formation of 2%), 2.92:10~ 4 M of 2, path-
length 0.5 cm; bottom: in the presence of 0.1 M BuyNBr, two-elec-
tron oxidation {formation of [Mo(Bz-bpa)(CO);Br]*}, 4.61-10~* m
of 2, path length: 0.5cm

1794, and 1782 cm ™! for 2. This is consistent with C, sym-
metry, for which three v vibrations are expected (A" + 2
A'"). In the case of [Mo(Me;[9]aneN;3)(CO);] the three

nitrogen atoms are identical, resulting in a complex with
Cs, symmetry, for which only two infrared-active vibrations
should be expected (A, + E, at 1907 cm™ ' and 1773
cm™ !, respectively).

The infrared spectrum of [Mo(bpa)(CO)Br]Br; (3) was
measured conventionally between NaCl windows in THF
solution, whereas infrared spectra of 1%, 2%, and [Mo(Bz-
bpa)(CO);Br]* were recorded in situ during electrochemical
oxidation of 1 and 2 in an OTTLE cell. As a representative
example, the infrared spectral changes during the oxidation
of 2 to 2" are depicted in Figure 6.

The carbonyl stretching vibrations in the infrared spectra
of the compounds in this study are summarized in Table 5,
together with values of analogous tacn and hydridotris(pyr-
azolyl)borate compounds. As can be observed, the vco
stretching vibrations of 1 and 2, their 17-electron derivatives

0.14]
$ 0.10
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©
£
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<

0.02 {
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Figure 6. Infrared spectroscopic changes monitored during the one-
electron oxidation of 2 to 2% (1.0 mm) in THF (0.1 M BuyNPFy),
performed in an OTTLE cell at 0° C

Table 5. Selected vibrational data for 1, 2, 8a, 8b, 1", 2%, 3, [Mo(Bz-bpa)(CO);Br]", and related compounds

Complex Solvent v(CO) [em™1] Ref.

Mo° compounds:

[Mo(bpa)(CO)s] (1) THF 1904, 1790, 17791l this work
[Mo(Bz-bpa)(CO)3] (2) THF 1906, 1794, 17821l this work
[Mo(bpa-Phe-OMe)(CO);] (8a) THF 1906, 1793, 17821l this work
[Mo(bpa-Ala-Phe-OMe)(CO);] (8h) THF 1906, 1793, 17821l this work
[Mo([9]aneNs)(CO)s] THF 1901, 1766/ this work
[Mo(Me3[9]aneN;)(CO)s] THF 1907, 17731 this work
[Mo(benzyls[9]aneN;)(CO)] CH,Cl, 1907, 1768M! (50)

[Mo {HB(pz)3} (CO)s] CH,CN 1897, 17611 (s1]

[Mo {HB(Me,pz)s}(CO)s] CH,CN 1891, 175101 (s1]

[Mo {HB(Me,pz)s}(CO)s] CH,Cl, 1884, 174201 (3]

Mo compounds:

[Mo(bpa)(CO)s]* (17) THF 2015, 1910, 1859t this work
[Mo(Bz-bpa)(CO)s]* (2%) THF 2018, 1922, 1864l this work
[Mo(benzyls[9]aneNs)(CO)5]* CH,Cl, 2017, 1909, 1873 (50]
[Mo{HB(pz):}(CO)4] CH,Cl, 2010, 1885 (br) (521

[Mo {HB(Me,pz)s}(CO)4] CH,Cl, 1998, 1864 (br) (53]
[Mo{HB(Me,pz);}(CO)s] CH,Cl, 2001, 1860 (br) (3]

Mo compounds:

[Mo(bpa)(CO):Br]~ THF 2055, 1989, 1935 this work
[Mo(Bz-bpa)(CO)Br]~ CH,CN 2055, 1980, 19571 this work
[Mo([9]aneN;)(CO);Br] THF 2042, 1964, 1928 this work
[Mo {HB(pz),}(CO):Br] CH.Cl, 2053, 1980, 1938 (54

[l Complex has C, symmetry. ! Complex has C;, symmetry. [ Complex generated electrochemically in an OTTLE cell.
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1" and 2", and the seven-coordinated complexes 3 and
[Mo(Bz-bpa)(CO);Br]* showed trends similar to those seen
with their tacn and hydridotris(pyrazolyl)borate analogues.
The electron availability of the molybdenum ion in these
species decreases upon increase of the metal ion’s oxidation
state, resulting in a shift of the vco vibrations to higher
wavenumbers.

EPR Spectroscopy

Because the electrochemical and spectro-electrochemical
investigations on 2 indicated good stability of the one-elec-
tron oxidized complex 2%, this latter compound was sub-
jected to EPR spectroscopic investigation. The X-Band
EPR spectrum of 2" (generated by coulometry) as a frozen
CH,Cl, solution is depicted in Figure 7, together with the
resulting spectrum from the simulation procedure.

g values
2.0 241

Q
kel
5
sim-" ’
exp”
260 l 300 340 380
B (mT)

Figure 7. X-Band EPR spectrum of 2%, generated by coulometry,
in frozen CH,Cl, solution (0.1 m BuyNPF) and its simulated spec-
trum; 7= 50 K; power: 0.2 mW; frequency: 9.46494 GHz; modula-
tion: 1.25 mT

Although the fit is not perfect, it clearly shows the rhom-
bic nature of the S = 1/2 spectrum, with simulated g values
gy = 2.238, g, = 2.131, and g. = 1.954. These g values are
slightly higher than those reported for
[Mo(benzyl;[9]aneN;)(CO);]* in a frozen DMF solution,
which were g, = 2.188, g, = 2.040, and g. = 1.992.° The
discrepancy between the simulated and the experimental
spectrum of 2% might be due to the presence of small
amounts of paramagnetic decomposition products. Indeed,
no satisfactory EPR spectra of the related compound 1*
could be obtained, because the EPR spectra contained sev-
eral additional resonances. As mentioned above, the spec-
tro-electrochemical investigations on 1 showed that 1* had
partially decomposed during the time required for the cou-
lometry (several minutes).

Labelling of Biomolecules

Complex 2 showed particularly good stability towards di-
oxygen and water. We have therefore set out to use this type
of (bpa)Mo(CO); derivative for the labelling of biomolec-
ules, in particular amino acids and peptides. The synthetic
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strategy is outlined in Scheme 3. The ligand N-(p-carboxy-
benzyl)bis(2-picolyl)amine (6) was prepared in good yield
from methyl p-(bromomethyl)benzoate and bis(2-picolyl)-
amine, followed by base hydrolysis of the methyl ester. With
TBTU [O-(1H-benzotriazol-1-yl)-N,N,N',N’'-tetramethyl-
uronium tetrafluoroborate] as the activating reagent, 6 was
coupled to the amino groups of phenylalanine methyl ester
and the dipeptide alanyl-phenylalanine methyl ester to yield
7a and 7b, respectively. With a view to future applications
in the labelling of more sensitive biomolecules, 7 was not
treated directly with Mo(CO),, because of the vigorous con-
ditions required for quantitative labelling. Instead, the fac-
Mo(CO); fragment was introduced under very mild condi-
tions, by treatment with [Mo(CO);(EtCN);]. After 5—10
min of stirring at room temperature, an orange precipitate
formed. After filtration and drying in vacuo, compounds
8a and 8b were obtained in pure form in 80% yield.

The spectroscopic data of 8a and 8b confirmed the pro-
posed constitution of the bioconjugates. First of all, the IR
spectra showed three vcg vibrations at 1906, 1793, and 1782
cm~! (Table 5). A Mo NMR resonance was observed at
6 = —849 for both compounds, identical to the chemical
shift of 2. In addition, resonances for the metal carbonyl
ligands at 8 = 230 were observed in the '*C NMR spectra.
Coordination of the fac-Mo(CO); fragment to the nitrogen
atoms of the substituted bpa ligand was also evident in the
'H NMR spectra. The hydrogen atoms of the picolyl-CH,
groups are magnetically inequivalent, forming an AB sys-
tem with a coupling constant of about 15.5 Hz. Unlike in
2, an additional small coupling of 1.5 Hz (8a) and 3.4 Hz
(8b) was observed. All other NMR signals could be as-
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signed unambiguously by analogy with 2 and with the help
of 2D NMR spectroscopy. Finally, both compounds 8a and
8b were reversibly oxidized at —0.27 V vs. Fc/Fc' in
CH,Cl,. All of these analytical properties demonstrated
that neither the carbonyl group nor the attached biomolec-
ule have a strong influence on the spectroscopic properties
of the Mo(bpa)(CO); group.

Discussion

The experimental and spectroscopic results described
above show that the properties of 1 and 2 are similar to
those of their 1,4,7-triazacyclonane and hydridotris-
(pyrazolyl)borate analogues. However, differences in react-
ivity and electrochemical behaviour between these three
types of compounds were observed. Compounds 1 and 2
showed reversible one-electron oxidations with Buy,NPFg as
supporting electrolyte at potentials similar to those for the
tacn derivatives, whereas the Mo%Mo! transition for
[Mo{HB(Me,pz);}(CO);]~ occurred at a slightly higher po-
tential. With BuyNBr as supporting electrolyte, 1 and 2
each underwent electrochemically irreversible two-electron
oxidation, to yield the seven-coordinated complexes
[Mo(bpa)(CO);Br]* and [Mo(Bz-bpa)(CO);Br]", respect-
ively. These Mo complexes could be reduced once more at
a potential of around —1.0 V, again yielding complexes 1
and 2. For the complexes [Mo(R3-tacn)(CO);] (R = Me or
benzyl), electrochemical formation of [Mo(Rs-
tacn)(CO);Br]™ was reported, but the corresponding re-
reduction to yield the Mo® complexes was not observed be-
tween +2.0 V and —2.0 V.58 One difference in reactivity
between [Mo(bpa)(CO);Br]* and [Mo(tacn)(CO);Br]* is
that the latter compound could be crystallized from aerobic
aqueous solutions,?* whereas the former reacted further to
yield the dinuclear MoV complex [Mos(bpa)y(O),(p-
0)2](Br,PF).

Another difference from the analogous tacn and hydrido-
tris(pyrazolyl)borate complexes was observed in the solu-
tion infrared spectra of 1 and 2, since 1 and 2 have point-
group symmetry C,, whereas the tacn and hydridotris(pyra-
zolyl)borate complexes are of point-group symmetry Cs,.
The degeneracy of the vibrations of E symmetry in the tacn
and hydridotripyrazolylborate complexes is abolished in 1
and 2.

A suitable organometallic labelling group for biomolec-
ules must be readily introducible. For both the tacn and
pyrazolylborate ligands, selective monosubstitution with a
handle for labelling is difficult to achieve. The bpa ligand,
on the other hand, is readily substituted with a carboxylic
acid group. Reaction between (activated) organometallic
acids and free amino groups in the biomolecule has long
been known to be a successful strategy.>>~ %! Secondly, the
bioconjugate must be stable in water and air for quite some
time. In addition, the property of the labelling group that
is to be used for detection of the conjugate should not
depend much on the attached biomolecule. Jaouen and co-
workers have developed IR spectroscopy of bioorgano-

Eur. J. Inorg. Chem. 2002, 1518—1529

metallic compounds into an immunoassay (Carbonyl
Metallo Immuno Assay, CMIA) and thereby demonstrated
the suitability of IR spectroscopy as a sensitive and reliable
detection method.[>#61:621 We have recently reported amino
acid and peptide derivatives of [CpMo(allyl)(CO),].[1 These
compounds were readily isolated in the presence of water
and showed promising spectroscopic properties. However,
they could not be reversibly oxidized and did not show the
required long-term stability in air. We were then able to
show that isolobal replacement of the cyclopentadienyl li-
gand with histidinate resulted in complexes of the general
type [Mo(His)(allyl)(CO),], with very favourable electro-
chemical properties and much increased stability towards
air even in solution.[®]

In this work, we have demonstrated that fac-Mo(CO);,
derivatives of the bpa ligand are well suited for the labelling
of biomolecules. On comparing benzyl-substituted [Mo(Bz-
bpa)(CO);] (2) to the bioconjugates 8 we note that there
is very little influence of the attached biomolecule on the
spectroscopic properties of the metal complex. Owing to
this property, as well as its demonstrated stability in an
aqueous, aerobic environment, this group is a well-suited
marker for biomolecules. We are currently extending the
chemistry described here to other biomolecules, as well as
towards solid-phase synthesis of peptides.

Experimental Section

General: All syntheses and manipulations of the metal complexes
were performed under argon by standard Schlenk techniques, un-
less otherwise noted. All solvents were deoxygenated before use
unless otherwise noted. Elemental analyses were performed by H.
Kolbe, Microanalytisches Laboratorium, Miilheim/Ruhr, Germany.
Infrared spectra were recorded with a Perkin—Elmer FT-IR spec-
trophotometer 2000 as KBr disks and/or in THF solutions between
NaCl windows (either a 0.5-mm or 1.0-mm spacer), with a spectral
resolution of either 2.0 cm™! or 4.0 cm~!. For the IR spectroelec-
trochemical measurements, an OTTLE cell consisting of CaF, win-
dows with a pathlength of 0.17 mm was used (2.0 cm ™! resolution).
'H and '3C NMR spectra were recorded with Bruker ARX 250
('H at 250.13 MHz), Bruker DRX 400 ('H at 400.13 MHz) and
Bruker DRX 500 ('H at 500.35 MHz) spectrometers. The spectra
were referenced to TMS, using the '3C or residual protio signals of
the deuterated solvents as internal standards. Mo NMR spectra
were recorded with a Bruker DRX 500 spectrometer (32.6 MHz for
%Mo), with a 2 M Na,MoQj, solution in D,O at an apparent pH =
11 as an external standard. Mass spectra in the electron impact
mode (EI; 70 eV) were recorded with a Finnigan MAT 8200 mass
spectrometer. Only characteristic fragments are given, with intensit-
ies in parentheses and possible composition between brackets. The
spectra were normalized against the most intense peak, which
therefore had intensity 100%. ElectroSpray lonisation mass spectra
(ESI-MS) in the positive ion mode were recorded with a
Hewlett—Packard HP 5989 mass spectrometer. The solvent used is
given in parentheses, and the possible composition of the peaks is
between brackets. Electronic spectra were recorded with a
Hewlett—Packard HP 8452A diode array spectrophotometer. Cyc-
lic voltammograms and square-wave voltammograms in CH,Cl, or
MeCN solutions with BuyNPF or BuyNBr as supporting electro-
lytes were recorded with an EG&G Potentiostat/Galvanostat 273A.
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A three-electrode cell was employed, with a glassy-carbon working
electrode, a platinum-wire auxiliary electrode and an Ag/AgNO;
reference electrode (0.01 m AgNO; in MeCN). For determination
of the redox potentials, ferrocene was added as an internal stand-
ard. Controlled potential coulometry measurements (both for pre-
parative purposes and for UV/Vis spectroelectrochemical studies)
were performed in CH,Cl, solutions with the same supporting elec-
trolytes by employing the potentiostat described above, but with a
Pt-grid as working electrode, a Pt-brush auxiliary electrode separ-
ated from the working electrode compartment by a vycor frit and
a Ag/AgNO; (0.01 m AgNO; in MeCN) reference electrode. Thin
layer infrared spectro-electrochemical measurements were per-
formed with an OTTLE cell of 0.17 mm optical pathlength con-
sisting of a Pt-grid working electrode, a glassy-carbon counterelec-
trode and a Ag-wire as “quasi-reference electrode”. The EPR spec-
trum was recorded as a frozen solution (generated by controlled
potential coulometry) with a Bruker ESP 300E spectrometer,
equipped with an ER 041 XK-D microwave bridge. The EPR spec-
trum was simulated with the program GFIT.[®] Bis(2-picolylamine)
and Mo(CO)s were purchased from Aldrich. The compounds N-
benzylbis(2-picolyl)amine,[*¥  [Mo([9]aneN5)(CO);],>%  [Mo([9]-
aneN;(CO);Br]Br3,13  [Mo(Me;[9]aneN;)(CO);,#81  and  [Mo-
(CO);5(EtCN)5]%] were synthesized according to literature proced-
ures.

Compound 1: A suspension of bis(2-picolyl)amine (1.0 g, 5.0 mmol)
and Mo(CO)¢ (1.3 g, 5.0mmol) in degassed di-n-butyl ether
(75 mL) was heated at 150 °C for 1 h, during which a deep yellow
precipitate formed. After the mixture had been allowed to reach
room temperature, the solid material was collected by filtration and
dried in vacuo. Yield: 1.8 g (95%). Crystals suitable for X-ray ana-
lysis were grown by slow concentration of a CH3;CN/H,O mixture
(5:1, v/v) under a stream of argon. C;sH;3MoN303 (379.22): calcd.
C 47.51, H 3.46, N 11.08; found C 47.15, H 3.40, N 11.03. IR
(KBr): v = 3323 (W) vnp, 1901 (s), 1891 (vs), 1784 (s), 1769 (s),
1742 (vs) vco. IR (THF): ¥ = 1904 (vs), 1790 (s), 1779 (s) vco. MS
(EX): m/z (%) = 381 (14) [M*], 353 (2) [M — CO]*, 325 (1) [M —
2 COJ*, 297 (31) [M — 3 COJ", 93 (100). '"H NMR ([Dg]DMSO,
400.13 MHz): § = 8.73 (app. d, 2 H, Hpy,), 7.65 (m, 2 H, Hpy,),
7.27 (app. d, 2 H, Hpy,), 7.14 (pseudo t, 2 H, Hpy,), 6.14 (t, *Jy =
6.6 Hz, 1 H, NH), 4.33 (dd, 2Jyu = 16.8, 3Jyu = 6.6 Hz, 2 H,
CH,), 4.06 (d, 2Ji; 5 = 16.8 Hz, 2 H, CH,). 1*C NMR ([D¢]DMSO,
62.9 MHz): § = 231.4,229.3 (CO), 159.5, 150.1, 137.5, 123.0, 122.0
(Cpyr), 59.6 (CH,). Mo NMR (CH;CN, 32.6 MHz): § = —938
(Ay» = 36 Hz).

Compound 2: A suspension of N-benzylbis(2-picolyl)amine (0.96 g,
3.30 mmol) and Mo(CO)¢ (0.88 g, 3.30 mmol) in deoxygenated me-
sitylene (40 mL) was heated at 150° C for 1 h, during which an
orange solid precipitated. After the mixture had been allowed to
cool to ambient temperature, the precipitate was isolated by filtra-
tion, washed with n-hexane (10 mL) and dried in vacuo. Yield:
1.28 g (83%). Crystals suitable for X-ray structure determination
were grown by slow concentration of a CH;CN/H,O (10:1, v/v)
solution under a stream of argon. C,,H 9MoN;05 (469.34): calcd.
C 56.30, H 4.08, N 8.95; found C 56.18, H 4.02, N 9.05. IR (KBr):
v = 1898 (vs), 1776 (s), 1752 (vs) vco. IR (THF): ¥ = 1906 (vs),
1794 (s), 1782 (s) vco.- MS (EX): miz (Yo) = 471 (6) [M*], 443 (4) [M
— COJ", 387 (13) [M — 3 COJ", 197 (100). 'H NMR ([Dg]DMSO,
400.13 MHz): 6 = 8.68 (app. d, 2 H, Hpy,), 7.68 (m, 2 H, Ha,),
7.59 (m, 2 H, Hy,), 7.46 (m, 3 H, Hy,), 7.16 (pseudo d, 2 H, Hy,),
7.08 (m, 2 H, Hy,), 4.67 (d, 2Jyq = 15.5Hz, 2 H, CH,), 4.66 (s,
2 H, CH,g,), 3.72 (d, 2Jyu = 15.5Hz, 2 H, CH,). *C NMR
(CDsCN, 125.8 MHz): § = 232.3, 231.3 (CO), 159.9, 151.6, 138.4,
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133.6, 132.5, 129.7, 129.4, 124.1, 123.3 (Ca,), 71.0 (CH, 3,), 65.4
(CH,). Mo (CH;CN, 32.6 MHz): & = —849 (A, = 47 Hz).

Compound 3: Br; (1.0 g, 0.3 mL, 6.3 mmol) was added dropwise to
a suspension of 1 (0.5 g, 1.3 mmol) in degassed CHCl; (50 mL),
resulting in a clear orange-red solution. The mixture was stirred
for 45 min, during which an orange-brown powder precipitated.
The solid was collected by filtration, washed with CHCl; (10 mL)
and pentane (10mL) and air-dried. Yield: 0.66g (73%).
Cy5H3BryMoN;0; (698.84): caled. C 25.78, H 1.88, N 6.01; found
C 25.20, H 1.79, N 5.97. IR (KBr): ¥ = 3155 (W) vnu, 2037 (s),
1950 (br, vs) vco. IR (THF): ¥ = 2055 (s), 1989 (s), 1935 (s) vco.
MS (ESI-pos., CH,Cly): m/z = 460 [Mo(bpa)(CO);Br]*", 432
[Mo(bpa)(CO),Br]*, 404 [Mo(bpa)(CO)Br]", 376 [Mo(bpa)Br]*.

Compound 4: [Mo(bpa)(CO);Br]Br; (3, 0.5 g, 0.7 mmol) was dis-
solved in MeOH (30 mL) under aerobic conditions, followed by
addition of a KPFg (0.66 g, 3.60 mmol) solution in H,O (10 mL).
Upon standing overnight, an orange powder formed; this was isol-
ated by filtration, washed with Et,O (15 mL) and air-dried. Yield:
0.21 g (68%). Crystals suitable for X-ray diffraction were obtained
by slow concentration of an MeOH solution.
CyyH,6BrFsMo,NgO4P (879.25): caled. C 32.78, H 2.98, N 9.56;
found 32.67, H 2.91, N 9.47. IR (KBr): ¥ = 962 (m) vpo—0, 747
(m) v,M — O]. MS (ESI-pos., MeOH): m/z = 737 [M — PF4]",
657 [M — PFs — HBr]*, 327 [M — PF¢ — Br]*". 3C NMR
([Dg]DMSO, 62.9 MHz): § = 158.6, 151.7, 1424, 125.7, 124.2
(Cpyr), 55.3 (CH,). 'H NMR ([Dg]DMSO, 250.13 MHz) shows
broadened signals at room temperature. This could be due to para-
magnetic impurities or coalescence as found for a related com-
pound.(7)

Compound 5: NEt; (0.69 mL, 5.00 mmol) was added to a solution
of bis(2-picolyl)amine (1.0 g, 5.0 mmol) and methyl p-(bromome-
thyl)benzoate (1.15 g, 5.00 mmol) in THF (35 mL), and the mixture
was refluxed for 1.5 h. The mixture was allowed to reach room
temperature and subsequently filtered to remove a white precipit-
ate. After removal of the solvent under reduced pressure, the oily
residue was redissolved in Et,O (40 mL) and filtered to remove a
red solid. Evaporation of the solvent yielded 1.4 g (81%) of a light
orange oil, which was used as such in the next step. C,;H,; N30,
(347.4). MS (E): m/z = 347 (2) [M*], 316 (2) [M — OCHs;]*, 255
(100) [M — C4HgN]*. '"H NMR (CDCls, 250.1 MHz): § = 8.49
(app. d, 2 H, H,y,), 7.95 (d, 3Jy3 1 = 8.3 Hz, 2 H, Hy,), 7.62 (pseudo
t, 2 H, Hpy,), 7.52 (pseudo d, 2 H, Hyy,), 7.46 (d, 3J = 8.3 Hz, 2
H, Ha,), 7.12 (pseudo t, 2 H, Hyy,), 3.87 (s, 3 H, OCH3), 3.78 (s,
4 H, CHa picory), 3.71 (s, 2 H, CH,). '*C (CDCl;, 100.6 MHz): § =
166.9 (C=0), 159.3 (Cg, pyr), 148.9 (Cpy,), 144.5 (Cayq). 136.3
(Cpyr), 129.5 (Cay), 128.9 (Casrg), 128.6 (Cay), 122.7 (Cpy,), 122.0
(Cpys), 60.0 (CH,, picolyl), 58.1 (CH,), 51.9 (OCH,).

Compound 6: A solution of NaOH (0.8 g, 20 mmol) in 5mL of
H,O was added to a solution of 5 (1.4 g, 4.0 mmol) in MeOH
(20 mL), and the mixture was stirred for 2 h at ambient temper-
ature. The pH was adjusted to 7 by dropwise addition of 2 m HCI,
followed by removal of the solvent under reduced pressure. The
sticky white residue was triturated with CHCl; (200 mL), followed
by filtration to remove NaCl. The CHCl; solution was dried with
MgSO,. Removal of the solvent under reduced pressure afforded a
yellow sticky oil, to which CH;CN (30 mL) was added, followed
by vigorous stirring. After approximately 15—30 min, a white pre-
cipitate formed. The solution was stored at 0 °C for 2 h, to effect
further precipitation and the white solid was then isolated by filtra-
tion and dried in vacuo. Yield 0.7 g (53%). C50HoN30, (333.4). IR
(KBr): v = 1698 (m) vc—o. MS (EI): m/z = 333 (1) [M]", 241 (100)
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[M — C¢HgNJ". 'H NMR (CDCls, 250.1 MHz): & = 11.35 (br, 1
H, CO,H), 8.59 (app. d, 2 H, Hpy,), 8.01 (d, *Jyyn = 8.0Hz, 2 H,
Ha,), 7.66 (pseudo t, 2 H, Hpy,), 7.59 (app. d, 2 H, Hp,,), 7.44 (d,
3Jum = 7.7Hz, 2 H, Hy,), 7.80 (pseudo t, 2 H, Hpy,), 3.85 (s, 4
H, CH,), 3.73 (s, 2 H, CH, ,). *C NMR (CDCl;, 62.9 MHz): § =
169.3 (C=0), 159.8, 148.4, 143.1, 137.2, 130.0, 128.8, 123.4, 122.4,
122.0 (all Cy,), 59.3 (CH,), 58.2 (CH, ).

Compound 7a: NEt; (1.0mL, 0.7g, 7.2mmol), phenylalanine
methyl ester hydrochloride (216 mg, 1.0 mmol), and TBTU
(323 mg, 1.0 mmol) were added to a suspension of 6 (333 mg,
1.0 mmol) in CH3CN (10 mL), and the mixture was stirred for
30 min at ambient temperature. After evaporation of the solvent in
vacuo, CH,Cl, (100 mL) was added to the sticky residue, followed
by filtration to remove ammonium salts. The CH,Cl, solution was
washed with aqueous 2 M NaHCOj3 (75 mL) and the phases were
separated. The aqueous phase was extracted with CH,Cl, (2 X
75 mL) and the combined organic extracts were dried with MgSO,.
Most of the solvent was removed under reduced pressure, followed
by further evaporation of the solvent in vacuo, affording a light
yellow, glassy solid. Yield: 440 mg (89%). C30H3oN4O3 (494.6). MS
(EI): m/z = 494 (3) [M]*, 463 (1) [M — OCH;]", 435 (2) [M —
CO,CH;]", 402 (100) [M — CgHgN]". 'H NMR (CDCl;,
250.13 MHz): § = 8.49 (m, 2 H, H,,,), 7.63 (m, 4 H, Hy,), 7.50 (d,
3Jan = 79Hz, 2 H, Hy,), 743 (d, 3Jun = 7.9 Hz, 2 H, Hy,),
7.24 (m, 3 H, Ha,), 7.01 (m, 4 H, Hy,), 6.57 (d, 3Jyn = 8.2 Hz, 1
H), 5.06 (m, 1 H, C,H), 3.76 (s, 4 H, CH,), 3.72 (s, 3 H, OCH,),
3.68 (s, 2 H, CH,,), 3.21 (m, 2 H, CgH,). '*C NMR (CDCl;,
62.9 MHz): 8 = 172.1 (C=0¢er), 166.9 (C=0,migc), 159.0, 148.7,
142.9, 136.7, 136.0, 132.6, 129.1, 128.8, 128.5, 127.1, 127.0, 122.9,
122.2 (Ca,), 59.7 (CH,), 58.0 (CH, g,), 53.6, 52.3 (C, and OCH3;),
37.6 (Cp).

Compound 7b: The dipeptide Boc-Ala-Phe-OMe (350 mg,
1.0 mmol) was dissolved in CH,Cl, (5 mL) and CF;CO,H (10 mL),
and the mixture was stirred for 1 h at room temperature. After
removal of the solvent in vacuo, Et,O (15 mL) was added to the
residue, followed by removal of the solvent in vacuo. This last step
was performed three times in order to remove any traces of trifluo-
roacetic acid. The solid, white residue was suspended in CH;CN
(10 mL), followed by addition of NEt; (1.50mL, 1.09g,
10.8 mmol), compound 6 (333 mg, 1.0 mmol), and TBTU (323 mg,
1.0 mmol). After the mixture had been stirred at ambient temper-
ature for 30 min, the solvent was removed in vacuo. To the sticky
residue was added CH,Cl, (100 mL), followed by filtration to re-
move ammonium salts. The CH,Cl, solution was washed with
aqueous NaHCO; (2 M, 75mL), followed by separation of the
phases. The aqueous phase was extracted with CH,Cl, (2 X
75mL), and the combined organic extracts were dried with
MgSO,. Most of the CH,Cl, was removed under reduced pressure,
followed by further evaporation of the solvent in vacuo, affording
a white glassy solid. Yield: 520 mg (92%). C33H35N50, (565.7). MS
(ED): m/z = 565 (6) [M]*, 534 (3) [M — OCH;]*, 506 (1) [M —
CO,CH;]", 473 (100) [M — CgHgN]". 'H NMR (CDCl;,
400.13 MHz): § = 8.51 (app. d, 2 H, Hp,,), 7.69 (m, 4 H, Hy,),
7.53(d, 3Juu = 7.9 Hz, 2 H, Hy,), 746 (d, 3Jyun = 7.9 Hz, 2 H,
Ha,), 7.18 (m, 2 H, Hy,), 7.06 (m, 5 H, Hy,), 6.92 (m, 2 H, both
NH), 4.80 (m, 1 H, C,H), 4.66 (m, 1 H, C,H), 3.91 (s, 4 H, CH,),
3.82 (s, 2 H, CH,3,), 3.67 (s, 3 H, OCH3), 3.09 (m, 1 H, CgpycH),
3.00 (m, 1 H, CppneH), 1.40 (d, 3Juy = 7.0 Hz, 3 H, CH;). 13C
NMR (CDCls, 100.6 MHz): & = 172.0, 171.7 (C=0¢, and C=
Oala-phe), 166.7 (C=0), 157.7, 148.4, 137.3, 135.7, 132.9, 129.2,
129.1, 128.4, 127.3, 127.0, 123.5, 122.6 (Cy4,), 59.2 (CH,), 58.1
(CH,3,), 53.4, 52.3 (OCH; and C, phe), 49.0 (Cy a1a)s 37.7 (Cp phe)s
18.2 (CH; L)
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Compound 8a: A solution of 7a (0.40 g, 0.80 mmol) in THF
(10 mL) was added dropwise to a stirred solution of Mo(CO);(N-
CEt); (0.28 g, 0.80 mmol) in THF (15 mL). The mixture was stirred
for 10 min at room temperature, during which an orange precipitate
formed. The mixture was concentrated to about 15 mL in vacuo,
and the orange solid was collected by filtration, washed with Et,O
(10 mL) and dried in vacuo. Yield: 0.44 g (82%). C33H3iMoN4Oq
(674.55): caled. C 58.76, H 4.48, N 8.31; found C 53.13, H 4.67, N
8.92; (repeated attempts did not improve the C values). IR (KBr):
v = 1900 (vs) vco, 1779 (s) vco, 1759 () Vco + ve—o. IR (THF):
v = 1906 (vs), 1793 (s), 1782 (s) vco. MS (FAB-pos.; dimethoxyben-
zyl alcohol): m/z = 676 [M]*, 648 [M — CO]*. '"H NMR (CD;CN,
500.35 MHz): 8 = 8.77 (m, 2 H, Hpy,), 7.81 (d, *Jyu = 8.1 Hz, 2
H, Hy,), 7.62 (d, 3Jyn = 8.1 Hz, 2 H, Hy,), 7.49 (m, 2 H, Hy,),
731 (m, 5 H, NH and Ha,ppe), 7.24 (m, 1 H, Ha,phe), 7.00 (m, 4
H, Hpy,), 4.92 (m, 1 H, C,H), 4.76 (s, 2 H, CH, p,), 4.51 (d, 2Jyy n =
15.4 Hz, 2 H, CH,), 3.73 (dd, 2Jyu = 154, “Jyy = 1.6 Hz, 2 H,
CHy), 3.69 (s, 3 H, OCHj), 3.32 (m, 1 H, CgH), 3.17 (m, 1 H,
CgH). *C NMR (CD;CN, 125.8 MHz): § = 232.3, 231.3 (CO),
173.1 (C=O¢er), 167.4 (C=0,miqe), 159.8, 151.7, 138.4, 138.3,
137.1, 135.0, 132.8, 130.2, 129.5, 128.2, 127.8, 124.1, 123.3 (Cau,),
70.4 (CH, 5,), 65.5 (CH,), 55.2, 52.9 (OCHj; + C,), 38.0 (Cp).

Compound 8b: A solution of 7b (0.40 g, 0.80 mmol) in THF
(10 mL) was added dropwise to a stirred solution of Mo(CO);(N-
CEt); (0.28 g, 0.80 mmol) in THF (15 mL). Stirring was continued
for 10 min at room temperature, during which an orange precipitate
formed. The mixture was concentrated to about 15 mL in vacuo,
and the orange solid was collected by filtration, washed with Et,O
(10 mL) and dried in vacuo. Yield: 0.47 g (79%). C3sH35sMoNsO-
(745.63): caled. C 57.99, H 4.73, N 9.39; found C 58.09, H 4.82, N
9.26. IR (KBr): ¥ = 1900 (vs) vco, 1778 (s) vco, 1761 (S) veo +
Ve—o. IR (THF): ¥ = 1906 (vs), 1793 (s), 1782 (s) vco. MS (FAB-
pos.; dimethoxy benzyl alcohol): m/z = 747 [M]*, 719 [M — CO]*.
"H NMR ([D]DMSO, 500.35 MHz): & = 8.69 (app. d, 2 H, Hpy,),
8.49 (d, 3Jupu = 7.6 Hz, 1 H, NH), 8.30 (d, 3Jyn = 7.6 Hz, 1 H,
NH), 7.97 (d, 3Jyu = 8.1 Hz, 2 H, Hy,), 7.80 (d, 3Jyu = 8.1 Hz,
2 H, Ha,), 7.59 (pseudo t, 2 H, Hp,,), 7.22 (m, 5 H, Hx,pne), 7.15
(app. d, 2 H, Hpy,), 7.09 (pseudo t, 2 H, Hyu,), 4.72 (s, 3 H, CH, ,
and CH.,), 4.69 (d, “Jyy = 3.4Hz, 1 H, CH,), 3.71 (dd, 2Jyn =
15.7, #Jyu = 3.4 Hz, 2 H, CH,), 4.56 (m, 1 H, C,H), 4.50 (m, 1
H, C,H), 3.59 (s, 3 H, OCHj;), 3.03 (m, 1 H, CgHpy,), 2.99 (m, 1
H, CgHppe), 1.32 (d, *Jyn = 7.2Hz, 3 H, CH; 5,). *C NMR
([D]DMSO, 125.8 MHz): 6 = 231.2, 230.3 (CO), 172.4, 171.8 (C=
Opcster T C=041,), 165.6 (C=0), 158.8, 150.0, 137.5, 137.0, 135.4,
134.0, 131.4, 129.1, 128.2, 127.5, 126.5, 123.0, 122.3 (C,,), 68.9
(CH;,), 64.2 (CH,), 53.6, 51.8 (C, phe and OCH3), 48.6 (Cy A1),
36.6 (Cg pne), 17.7 (CH; A1)

X-ray Crystallography: Transparent yellow single crystals of 1 and
2 were coated with perfluoropolyether, picked up with glass fibres
and mounted on a Nonius Kappa-CCD diffractometer, equipped
with a rotating Mo anode setup. An orange/yellow crystal of 4 was
mounted on a Siemens SMART diffractometer with a sealed X-ray
tube. Both diffractometers were equipped with graphite monochro-
mators [M(Mo-K,) = 0.71073 A] and a cryogenic nitrogen stream
operating at 100(2) K. Crystallographic data of the compounds are
listed in Table 6. Cell constants were obtained from a least-squares
fit of the diffraction angles of several thousand strong reflections.
Intensity data were corrected for Lorentz and polarisation effects.
Crystal faces of 4 were determined and the face-indexed correction
routine embedded in SHELXTL®! was used to account for ab-
sorption, giving minimum and maximum transmission factors of
0.642 and 0.882. Intensity data of 2 were corrected by use of the

1527



FULL PAPER

Table 6. Crystallographic data for 1, 2, and 4

D. R. van Staveren, E. Bothe, T. Weyhermiiller, N. Metzler-Nolte

Compound 1 2 4

Empirical formula C15H13MON303 C22H19MON303 C24H26BrF6M02N604P
Formula mass 379.22 469.34 879.27
Crystal size [mm] 0.27 X 0.18 X 0.10 0.22 X 0.06 X 0.03 0.50 X 0.30 X 0.06
Crystal system orthorhombic monoclinic monoclinic
Space group Pna2, Cc P2,/n

a[A] 15.347(3) 7.1786(3) 13.0262(9)
b[A] 8.449(2) 32.6222(5) 9.4274(7)
c[A] 22.454(4) 17.2691(8) 24.258(2)
B 90 96.09(2) 99.15(2)
VA3 2911.5(10) 4021.3(4) 2941.1(4)

VA 8 8 4

p (caled.) [g/lem?) 1.730 1.550 1.986
Absorption coefficient [mm 1] 0.917 0.681 2.347

F(000) 1520 1904 1728

T [K] 100(2) 100(2) 100(2)

0 range for data collection [°] 2.58—23.99 2.37-32.50 1.67—32.50
Reflections collected 13280 32679 30836
Independent reflections/R(int) 3516/0.1324 12102/0.0738 10168/0.0354
Observed reflections [ > 2o(1)] 2557 10853 8030
Data/restraints/parameters 3487/1/397 12077/2/523 10168/0/397
Rl 0.0559/0.1269 0.0389/0.0913 0.0324/0.0732
/wR2®)(obsd. data)

R1B and wR2M®! (all data) 0.1024/0.2085 0.0522/0.1213 0.0493/0.0781
Goodness-of-fit on F2 [ 1.063 1.009 0.998

Largest diff. peak/hole [e/A%] 1.018/—1.038 0.764/—1.577 1.326/—0.843

W Rl = S|F| — |[F/SIE. © wR2 = [Sw(E,2 — F22Ew(E2)]"2, where w = 1/62(E2) + (aP)> + bP, P = (E2 + F2)/3. GooF =
{(ZW(F,2 — FA/(n — p)}Y2, where n = no. of refl. and p = number of refined parameters.

semiempirical correction program MULSCANABS, part of the
PLATON99[%! program suite, giving transmission factors of 0.757
and 0.944. Intensity data of 1 were left uncorrected. The Siemens
SHELXTLM ! software package was used for solution, refinement,
and depiction of the structures, and neutral atom scattering factors
of the program were used. Non-hydrogen atoms were refined aniso-
tropically, and hydrogen atoms were placed at calculated positions
and refined as riding atoms with isotropic displacement para-
meters. CCDC-168208 (1), -168209 (2) and -168210 (4) contain the
supplementary crystallographic data for this paper. These data can
be obtained free of charge at www.ccde.cam.ac.uk/conts/retriev-
ing.html or from the Cambridge Crystallographic Data Centre, 12,
Union Road, Cambridge CB2 1EZ, UK [Fax: (internat.) + 44-
1223/336-033; E-mail: deposit@ccdc.cam.ac.uk].
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