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Abstract

[MBr(CO)3{j2(N,O)-pyca}] [M = Mn(1a), Re(1b), pyca = pyridine-2-carboxaldehyde] and [MoCl(g3-C3H4Me-2)(CO)2{j2(N,O)-
pyca}] (1c) react with aminoacid b-alanine to give the corresponding iminopyridine complexes 2a–2c. The same method affords the
iminopyridine derivatives from c-aminobutyric acid (GABA) (3a–3c) and 3-aminobenzoic acid (4a–4c). For complexes 2a–2c, 3a, 3c

and 4a, the solid state structures have been determined by X-ray crystallography, revealing interesting differences in their hydrogen-
bonding patterns in solid state.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Bioorganometallic chemistry is currently attracting a
great deal of attention particularly in the field of labeling
of biomolecules [1] since organometallic bioconjugates
can be detected by a variety of methods including infrared
and optical spectroscopy [2], immunoassays [3], electro-
chemistry [4], radioimaging [5], or luminescence [6].

We have published recently the preparation of a family
of Mo(0) complexes where the introduction of a-amino
acids in the formation of iminopyridines led, as a side reac-
tion, to the loss of the acid group via decarboxylation upon
coordination to the metal atom [7]. The introduction of a
phenyl group or an additional carbon atom adjacent to
the a-carbon of the amino acid, led to complexes which
turned to be stable towards decarboxylation. We thought
it to be of interest to extend the method to build complexes
with other metal–ligand fragments containing a stable car-
boxylic acid function that could be used to bind biomole-
cules (peptides, proteins, etc.) [8]. This would open the
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way for their use as probes in which the metal and the sur-
rounding ligands provide the spectroscopic properties suit-
able for their observation [9]. Most promising in this field
are UV–Vis spectroscopy and, particularly, IR spectros-
copy since the carbonyl ligands attached to the metal
produce strong and very sensitive stretching bands. Addi-
tionally, such complexes may help to study the hydrogen
bond interactions [10] responsible for the structure of pro-
teins and other supramolecular systems [11]. In this respect,
considerable attention has been paid to the H-bonding
arrangement of simple organic carboxylic acids and amides
attempting to establish patterns for crystal engineering [12].
The studies have been extended to metal complexes con-
taining these functionalities [13], and a study of hydroxyl
containing iminopyridine ligand has also been reported
[14].

Following pioneering studies from Alberto et al. [15],
we have recently developed a new methodology for the syn-
thesis of pyridylimino complexes using the carbonyl
compounds [MBr(CO)3{j2(N,O)-pyca}] [M = Mn(1a),
Re(1b), pyca = pyridine-2-carboxaldehyde] and [MoCl(g3-
C3H4Me-2)(CO)2{j2(N,O)-pyca}] (1c) as starting com-
plexes [16]. This methodology permits a wide range of
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functionalization of the pyridylimino ligand due to the use,
if necessary, of very mild reaction conditions and a broad
range of solvents.

We present here the use of complexes 1a–1c for the
preparation and characterization of new complexes of
manganese, rhenium and molybdenum with iminopyridine
ligands derived from the amino acids b-alanine, c-amino-
butyric acid (GABA) and 3-aminobenzoic acid. GABA is
an important inhibitor which acts in a wide variety of bio-
logical processes, whereas b-alanine, the simplest b-amino
acid (and the only one occurring naturally) is believed to
be involved in the visual system [17] and, together with
GABA, to act as a neurotransmitter in the central nervous
system [18]. A series of complexes of the W(CO)4 fragment
containing iminopyridines derived from 3-aminobenzoic
acid [19] and a series of amino acids and dipeptides [20]
have been recently reported, as well as the bromo tricar-
bonyl rhenium iminopyridine derivative of x-amino
undecanoic acid [21].

2. Results and discussion

2.1. Preparation and characterization of complexes

Complexes 1a–1c, containing pyridine-2-carboxalde-
hyde acting as j2(N,O) bidentate chelate, react with the
appropriate amino acids to afford iminopyridine complexes
2a–2c (derived from b-alanine), 3a–3c (derived from
GABA) or 4a–4c (derived from 3-aminobenzoic acid) as
shown in Scheme 1.

For Mn and Re complexes 2a and 2b, 3a and 3b and 4a–
4b, the reactions were carried out in refluxing ethanol for
1 h. In the case of Mo complexes 4a–4c the reactions could
be done in THF/methanol mixture due to their better sol-
ubility. All these reactions can be carried out at room tem-
perature but the increase of the temperature speeds up the
Scheme 1.
reactions because of the increment of the amino acids
solubility.

All complexes have been characterized by analytical
and spectroscopic methods. IR spectra in solution show
the expected patterns of m(CO) stretching bands for the
carbonyl ligands and the carboxylic acid function (see
Section 3). For complexes 2a–2c, 3a, 3c and 4a, the solid
state structures have been determined by X-ray
crystallography.

The results are displayed in Figs. 1–5 and the crystal and
refinement data are collected in Table 1. A comparison of
the most relevant distances is given in Table 2. In all the
structures, the coordination around the metal is reminis-
cent of that found in other iminopyridine complexes
bearing side chains with different functionalities such as
ester [15,16,22], carboxylate [7], hydroxyphenyl [23], or eth-
ynylphenyl [23]. However, the most interesting features of
the structures concern to the hydrogen-bonding arrange-
ment of the acids in solid state, as discussed in Section
2.2 below. Analysis of 1H NMR spectra together with
structural data and some additional experiments helped
to assign the structures of the remaining complexes 3b
and 4b and 4c (see Section 2.3 below).

2.2. Hydrogen-bonding arrangement in solid state

Mn and Re complexes show the same behaviour, adopt-
ing the well-known centrosymmetric-dimer arrangement
through H-bonding involving both the @O and –OH
groups of the carboxylate unit in a complementary manner,
as seen in Fig. 1 (compounds 2a and 2b), Fig. 3 (compound
3a) and Fig. 5 (compound 4a). The C@O� � �O distances
range from 2.569 to 2.687 Å.

In all these Mn and Re complexes, the chain bearing the
carboxylic acid functions is placed nearly antiparallel to the
M–Br axis. In contrast, the structures of molybdenum
complexes 2c and 3c display a different disposition, with
the carboxylic acid arms nearly coplanar to the iminopyri-
dine system.

The H-bonding arrangement for the molybdenum com-
plexes is remarkably different from that found for Mn and
Re complexes described above. In the solid state structure
of 2c (Fig. 2) there is a centrosymmetric dimeric arrange-
ment of two molecules of the complex together with two
molecules of methanol in which the hydroxyl groups of
methanol serve as bridges (carboxylic)O–H� � �O(metha-
nol)-H� � �Cl, between the hydroxyl groups of the carboxylic
acid and the chlorine atom of the adjacent molecule, in a
complementary manner (see Fig. 2, bottom). Complex 2c

shows a strong tendency to incorporate polar solvents.
Despite repeated attempts, it was not possible to grow crys-
tals without solvent molecules. In one occasion, after sev-
eral weeks in the refrigerator, crystals of 2c were
obtained which contained a water molecule (from adventi-
tious humidity). The structure of this hydrate was mea-
sured and solved, to show an arrangement similar to that
described for the methanol solvate [24].



Fig. 1. (Above) ORTEP plots (30% ellipsoid probability) for compounds 2a (left) and 2b (right). (Below) Mercury drawings showing the H-bonding
arrangement for 2a (left) and 2b (right). Selected distances (Å) and angles (�): Compound 2a: Mn(1)–Br(1) 2.5271(11), C(6)–O(4) 1.203(6), Mn(1)–N(1)
2.041(4), C(6)–O(5) 1.287(6), Mn(1)–N(2) 2.047(4), C(1)–Mn(1)–Br(1) 179.23(15), Mn(1)–C(1) 1.829(6), C(2)–Mn(1)–N(1) 174.12(19), Mn(1)–C(2)
1.816(6), C(3)–Mn(1)–N(2) 173.30(18), Mn(1)–C(3) 1.803(6), N(1)–Mn(1)–N(2) 78.49(15). Hydrogen bonds: H(5)� � �O(4A) 1.79(6), O(5)� � �O(4A) 2.687(6),
O(5)–H(5)� � �O(4A) 157.7. Compound 2b: Re(1)–Br(1) 2.621(2), C(4)–O(4) 1.206(10), Re(1)–N(1) 2.169(6), C(4)–O(5) 1.320(10), Re(1)–N(2) 2.157(6),
C(1)–Re(1)–Br(1) 175.0(2), Re(1)–C(1) 1.919(9), C(2)–Re(1)–N(1) 171.3(3), Re(1)–C(2) 1.923(9), C(3)–Re(1)–N(2) 173.6(3), Re(1)–C(3) 1.894(9), N(1)–
Re(1)–N(2) 75.0(2). Hydrogen bonds: H(5)� � �O(4A) 1.74(6), O(5)� � �O(4A) 2.674(10), O(5)–H(5)� � �O(4A) 178.5(5).
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Complex 3c displays an arrangement which is very dif-
ferent both from the ‘‘normal’’ dimers found for the Mn
and Re complexes, or the methanol bridged dimers found
for 2c. It consists of infinite helicoidal chains in which
the molecules are linked through H-bonding involving
the terminal carboxylic hydroxyl O(5)–H(5) to the chlorine
atom Cl(1A) of the adjacent molecule related to the former
by a twofold screw axis. The arrangement propagates
along the 21 axis, thus completing a turn of the helix every
two molecules (see Fig. 4). This very unusual feature could
be due to the higher electronegativity of chlorine atom
compared to bromine.

2.3. NMR Spectroscopy structural determination

1H NMR spectra for compounds 2a–2c, 3a, 3c and 4a
are consistent with the structures obtained using X-ray dif-
fraction, pointing out that their structures are maintained
in solution. The pattern and the frequencies showed by
all the 1H NMR spectra are those expected for the ligands
coordinated to the metal centers. The pyridylimino moiety
shows 5 characteristic signals between 10 and 6 ppm.
Chemical shifts (d) are recorded in Table 3 and the labeling
used can be found in Fig. 6.

The structure of the compounds 3b, 4b and 4c could
be inferred from NMR experiments. 1H NMR spectrum
of complex 3b in acetone-d6 displays, in addition of the
pyridylimino signals, three multiplets due to the ali-
phatic CH2 protons at 4.26, 2.50 and 2.33 ppm. A
1H-1H COSY NMR experiment was carried out on
complex 3b to help in the assignment of the proton
chemical shifts (Fig. 7). In this experiment, besides the
set of cross peaks observed for the pyridyl and the ali-
phatic groups, one cross peak between the imino proton
(H1) and the CH2 protons bonded to the N atom can
be observed.



Fig. 2. (Above) ORTEP plot (30% ellipsoid probability) for compound
2c. (Below) Mercury drawing showing the H-bonding arrangement for 2c.
Selected distances (Å) and angles (�): Mo(1)–Cl(1) 2.5028(9), O(4)–C(19)
1.183(4), Mo(1)–N(1) 2.237(2), O(5)–C(19) 1.314(4), Mo(1)–N(2) 2.256(2),
C(1)–Mo(1)–N(1) 168.62(12), Mo(1)–C(1) 1.946(4), C(2)–Mo(1)–N(2)
166.04(11), Mo(1)–C(2) 1.955(4), C(4)–Mo(1)–Cl(1) 164.75(10), Mo(1)–
C(4) 2.241(3), N(1)–Mo(1)–N(2) 73.56(9). Hydrogen bonds: H(50)� � �
Cl(1A) 2.181(6), O(50)� � �Cl(1A) 3.111(3), O(50)–H(50)� � �Cl(1A) 171.1(2),
H(5)� � �O(50) 1.26(9), O(5)� � �O(50) 2.663(5), O(5)–H(5)� � �O(50) 176.6(2).

Fig. 3. (Above) ORTEP plot (30% ellipsoid probability) for compound
3a. (Below) Mercury drawing showing the H-bonding arrangement for 3a.
Selected distances (Å) and angles (�): Mn(1)–Br(1) 2.5352(11), C(20)–O(4)
1.221(8), Mn(1)–N(1) 2.048(5), C(20)–O(5) 1.293(7), Mn(1)–N(2) 2.041(4),
C(1)–Mn(1)–Br(1) 177.7(2), Mn(1)–C(1) 1.791(7), C(2)–Mn(1)–N(1)
172.7(2), Mn(1)–C(2) 1.803(7), C(3)–Mn(1)–N(2) 173.8(2), Mn(1)–C(3)
1.791(7), N(2)–Mn(1)–N(1) 78.35(18). Hydrogen bonds: H(5)� � �O(4A)
1.718(9), O(5)� � �O(4A) 2.636(7), O(5)–H(5)� � �O(4A) 165.2(4).
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Complexes 4b and 4c present more crowded aromatic
regions. Additionally, in the case of compound 4c, five sig-
nals due to the methallyl protons are observed. The signal
at 1.42 ppm was assigned to the methyl group showing two
more shielded signals (1.27 and 1.04 ppm) due the anti pro-
tons and two less shielded signals (2.90 and 2.22 ppm) due
the syn protons. Analysis of the 1H–1H COSY NMR cross
peaks indicate the presence of the two aromatic rings and
permitted the assignment of the signals of their protons.
The same experiment on compound 4b displays two anti/
syn sets of protons bonded to the same carbon atom. The
acidic proton signals appear in the range from 12 to
10 ppm as expected (Table 3).

The broad shape of the signals reveals the occurrence of
some dynamic process. Usually, the process involving these
acidic protons is the exchange with H2O protons. To prove
this assumption, a 1H–1H EXSY NMR experiment (mixing
time of 200 ms) on the compound 3b has been carried out
showing a cross peak between the acidic proton and the
residual H2O signals (Fig. 8).

2.4. Conclusion

Complexes containing pyridine-2-carboxaldehyde as
chelate j2(N,O) ligand can be used as convenient starting
materials for the preparation of iminopyridine complexes
containing a carboxylic acid pendant arm by high-yield
reactions with the amino acids b-alanine, c-aminobutyric
acid (GABA) and 3-aminobenzoic acid, in a facile, high-
yield synthetic method in mild conditions. The structure
determinations reveal that the H-bonding patterns in solid
state are strongly dependent on the nature of the metal.
Thus for the bromotricarbonyl complexes of Mn(I) and
Re(I) is found the well-known centrosymmentric dimeric
arrangement. In contrast, complexes containing the (meth-
allyl)chlorodicarbonylmolybdenum(II) fragment, display
unusual arrangements of infinite chains involving chlorine
atoms, or macrocycles involving both chlorine atoms and
polar solvents such as methanol or water.



Fig. 4. (Above) ORTEP plot (30% ellipsoid probability) for compound
3c. (Below) Mercury drawing showing the H-bonding arrangement for 3c.
Selected distances (Å) and angles (�): Mo(1)–Cl(1) 2.5027(17), O(4)–C(20)
1.195(7), Mo(1)–N(1) 2.237(4), O(5)–C(20) 1.304(7), Mo(1)–N(2) 2.260(4),
C(1)–Mo(1)–N(1) 168.2(2), Mo(1)–C(1) 1.957(7), C(2)–Mo(1)–N(2)
167.7(2), Mo(1)–C(2) 1.946(7), C(4)–Mo(1)–Cl(1) 165.02(16), Mo(1)–
C(4) 2.235(6), N(1)–Mo(1)–N(2) 72.96(15). Hydrogen bonds: H(5)� � �
Cl(1A) 2.252(6), O(5)� � �Cl(1A) 3.141(4), O(5)–H(5)� � �Cl(1A) 158.1(3).

Fig. 5. (Above) ORTEP plot (30% ellipsoid probability) for compound
4a. (Below) Mercury drawing showing the H-bonding arrangement for 4a.
Selected distances (Å) and angles (�): Mn(1)–Br(1) 2.524(3), C(4)–O(4)
1.17(2), Mn(1)–N(1) 2.053(11), C(4)–O(5) 1.32(2), Mn(1)–N(2) 2.056(12),
C(1)–Mn(1)–Br(1) 178.3(5), Mn(1)–C(1) 1.80(2), C(2)–Mn(1)–N(1)
172.3(6), Mn(1)–C(2) 1.815(18), C(3)–Mn(1)–N(2) 173.0(6), Mn(1)–C(3)
1.83(2), N(1)–Mn(1)–N(2) 77.5(5). Hydrogen bonds: H(5)� � �O(4A)
1.73(1), O(5)� � �O(4A) 2.57(7), O(5)–H(5)� � �O(4A) 147.4(9).
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3. Experimental

3.1. Materials and general methods

All operations were performed under an atmosphere of
dry nitrogen using Schlenk and vacuum techniques. Details
of the instrumentation and experimental procedures have
been given elsewhere [25]. Literature procedures for the
preparation of starting materials are quoted in each case.
Ligands and other reagents were obtained from commer-
cial sources and used without further purification unless
otherwise stated.

3.2. Synthesis of [MnBr(CO)3{py-2-CH@N–(CH2)2–
COOH}] (2a)

Compound 1a [16] (0.120 g, 0.370 mmol) and b-alanine
(0.033 g, 0.370 mmol) were refluxed in EtOH (25 ml) for
1 h. The solvent was evaporated in vacuo, and the resulting
solid residue was dissolved in THF and filtered through
kieselguhr. Addition of hexane and slow evaporation at
reduced pressure gave compound 2a as orange microcrys-
tals. Yield: 0.109 g, 74%. Anal. Calc. for C12H10BrMn-
N2O5: C, 36.30; H, 2.54; N, 7.06. Found: C, 36.38; H,
2.44; N, 7.49%. IR (THF), m(CO): 2024 (vs), 1938 (s),
1917 (s), 1734 (m) (acid) cm�1. 1H NMR (acetone-d6): d
10.65 (br, 1H, COOH), 9.25 [d(3), 1H, H6 py], 8.90 (br,
1H, –CH@N–), 8.21(br, 2H, H3,4 py), 7.76 (br, 1H, H5

py), 4.49 (br, 2H, H2 NCH2), 3.58 (br, 2H, CH2COOH).

3.3. Synthesis of [ReBr(CO)3{py-2-CH@N–(CH2)2–

COOH}] (2b)

Compound 1b [16] (0.120 g, 0.262 mmol) and b-alanine
(0.024 g, 0.262 mmol) were refluxed in EtOH (25 ml) for
1 h. The solution turned deep red. The solvent was evapo-
rated in vacuo, and the resulting solid residue was dissolved
in THF and filtered through kieselguhr. Addition of hex-
ane and slow evaporation at reduced pressure gave com-
pound 2b as orange microcrystals Yield: 0.118 g, 85%.
Anal. Calc. for C12H10BrN2O5Re: C, 27.28; H, 1.91; N,
5.30. Found: C, 27.40; H, 2.18; N, 5.64%. IR (THF),
m(CO): 2022 (vs), 1923 (s), 1899 (s), 1734 (m) (acid) cm�1.
1H NMR (acetone-d6): d 10.70 (br, 1H, COOH), 9.25 (s,
1H, –CH@N–), 9.11 [d(5), 1H, H6 py], 8.32 (m, 2H, H3,4

py), 7.82 (m, 1H, H5 py), 4.42 [t(6), 2H, H2 NCH2], 3.16
[q(7), 2H, CH2COOH].

3.4. Synthesis of [MoCl(g3-C3H4Me-2)(CO)2{py-2-

CH@N–(CH2)2–COOH}] (2c)

Compound 1c [16] (0.120 g, 0.343 mmol) and b-alanine
(0.031 g, 0.343 mmol) were refluxed in THF (25 ml) and



Table 1a
Crystal data and refinement details for 2a, 2b, and 2c

2a 2b 2c

Empirical formula C12H10BrMnN2O5 C12H10BrN2O5Re C16H21ClMoN2O5

Formula weight 397.07 528.33 452.74
Crystal system monoclinic triclinic monoclinic
Space group P2(1)/c P�1 P2(1)/c
a (Å) 15.165(6) 8.101(6) 7.4403(15)
b (Å) 7.960(3) 9.623(7) 24.897(5)
c (Å) 12.344(5) 10.758(8) 10.652(2)
a (�) 90 109.253(12) 90
b (�) 73.35(1) 90.944(14) 101.712(4)
c (�) 90 105.381(15) 90
V (Å3) 104.808(8) 758.4(10) 1932.1(6)
Z 4 2 4
T (K) 296(2) 296(2) 293(2)
Dcalc (g cm�3) 1.831 2.314 1.556
F(000) 784 492 920
k (Mo Ka) (Å) 0.71073 0.71073 0.71073
Crystal size (mm) 0.24 · 0.12 · 0.08 0.18 · 0.10 · 0.05 0.44 · 0.10 · 0.10
Color red orange brown
l(Mo Ka) (mm�1) 3.711 10.667 0.844
Collection range (�) 1.39 6 h 6 23.28 2.02 6 h 6 23.36 1.64 6 h 6 23.29.
Correction factors (SADABS) min/max 0.749272 0.344129 0.805463
Reflections collected 6260 3387 8928
Independent reflections [R(int)] 2056 [ 0.0382] 2144 [0.0213] 2779 [0.0257]
Reflections observed, I > 2r(I) 1512 1929 2394
Goodness-of-fit on F2 0.992 1.001 1.045
Number of parameters 194 191 234
Residuals R, wR2 (all) 0.0337, 0.0831 0.0298, 0.0779 0.0268, 0.0650

Table 1b
Crystal data and refinement details for 3a, 3c and 4a

3a 3c 4a

Empirical formula C13H12BrMnN2O5 C16H19ClMoN2O4 C16H10BrMnN2O5

Formula weight 411.10 533.67 445.11
Crystal system triclinic monoclinic triclinic
Space group P�1 P2(1) P�1
a (Å) 7.0213(15) 9.1017(19) 8.213(3)
b (Å) 9.770(2) 9.408(2) 12.115(5)
c (Å) 13.955(3) 10.612(2) 21.579(8)
a (�) 92.118(4) 90 82.058(7)
b (�) 100.150(4) 93.593(4) 86.561(8)
c (�) 102.082(3) 90 84.997(8)
V (Å3) 918.7(3) 906.9(3) 969.8(8)
Z 2 2 4
T (K) 298(2) 298(2) 296(2)
Dcalc (g cm�3) 1.486 1.592 1.397
F(000) 408 440 880
k (Mo Ka) (Å) 0.71073 0.71073 0.71073
Crystal size (mm) 0.25 · 0.22 · 0.05 0.18 · 0.14 · 0.04 0.27 · 0.13 · 0.03
Color orange dark red red
l(Mo Ka), mm�1 2.912 0.892 2.535
Collection range (�) 1.49 6 h 6 28.30 1.92 6 h 6 23.30 0.95 6 h 6 23.33
Correction factors (SADABS) min/max 0.598363 0.727477 0.550227
Reflections collected 8877 5922 9587
Independent reflections [R(int)] 4446 [0.0415] 2597 [0.0344] 6043 [0.0640]
Reflections observed, I > 2r (I) 2665 2304 2672
Goodness-of-fit on F2 1.042 1.008 1.052
Number of parameters 203 221 454
Residuals R, wR2 (all) 0.0560, 0.1918 0.0314, 0.0628 0.0817, 0.2588
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MeOH (3 ml) for 3 h. The solvent was evaporated in vacuo,
and the resulting solid residue was dissolved in THF and
filtered through kieselguhr. Addition of hexane and slow
evaporation at reduced pressure gave compound 2c as dark
blue microcrystals. Yield: 0.118 g, 82%. Anal. Calc. for
C15H17ClMoN2O4: C, 42.82; H; 4.07; N; 6.66. Found: C,



Table 3
1H NMR data for the pyridylimino and acid protons

2a 2b 2c 3a 3b 3c 4a 4b 4c

dH1 8.90 9.25 8.80 8.82 9.22 8.74 8.97 9.40 8.94
dH3 8.21 8.32 8.07 8.19 8.32 8.07 8.36 8.49 8.28
dH4 8.21 8.32 8.15 8.19 8.34 8.16 8.14 8.40 8.25
dH5 7.76 7.82 7.68 7.75 7.81 7.68 7.77 7.91 7.77
dH6 9.25 9.11 8.79 9.25 9.10 8.79 9.34 9.19 8.89
dHacid 10.65 10.70 10.87 10.80 10.78 10.59 11.43 11.66 11.62

Fig. 6. Atom labeling scheme used at the NMR studies for the
piridylimino and allyl ligands.

Table 2
Selected distances (Å) and angles (�) for compounds

2a 2b 2c 3a 3c 4a

X = Br X = Br X = Cl X = Br X = Cl X = Br
M = Mn M = Re M = Mo M = Mn M = Mo M = Mn

M–X 2.5271(11) 2.621(2) 2.5028(9) 2.5352(11) 2.5027(17) 2.524(3)
M–N(1) 2.041(4) 2.169(6) 2.237(2) 2.048(5) 2.237(4) 2.053(11)
M–N(2) 2.047(4) 2.157(6) 2.256(2) 2.041(4) 2.260(4) 2.056(12)
M–C(1)O 1.829(6) 1.919(9) 1.809(9) 1.791(7) 1.957(7) 1.80(2)
M–C(2)O 1.816(6) 1.923(9) 1.955(4) 1.803(7) 1.946(7) 1.815(18)
M–C(3)O 1.803(6) 1.894(9) 1.791(7) 1.83(2)
N(1)–M–N(2) 78.49(15) 75.0(2) 73.56(9) 78.35(18) 72.96(15) 77.5(5)
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42.44; H, 3.98; N, 6.35%. IR (THF), m(CO): 1952 (vs), 1874
(s), 1734 (m) (acid) cm�1. 1H NMR (acetone-d6): d 10.87
(br, 1H, COOH), 8.80 (s, 1H, –CH@N–), 8.79 [d(7), 1H,
H6 py], 8.15 [t(7), 1H, H4 py], 8.07 [d(7), 1H, H3 py],
7.68 [t(6), 1H, H5 py], 4.17 (m, 2H, H2 NCH2), 3.02 (m,
2H, CH2COOH), 2.94 [d(3), 1H, Hsyn allyl], 2.80 [d(3),
1H, Hsyn allyl], 1.32 (s, 3H, CH3), 1.21 (s, 1H, Hanti allyl),
1.16 (s, 1H, Hanti allyl).

3.5. Synthesis of [MnBr(CO)3{py-2-CH@N–(CH2)3–

COOH}] (3a)

Compound 1a [16] (0.120 g, 0.370 mmol) and GABA (c-
aminobutyric acid) (0.038 g, 0.370 mmol) were refluxed in
EtOH (25 ml) for 1 h. The solvent was evaporated in vacuo,
and the resulting solid residue was dissolved in THF and
filtered through kieselguhr. Addition of hexane and slow
evaporation at reduced pressure gave compound 3a as
orange microcrystals. Yield: 0.128 g, 84%. Anal. Calc. for
C13H12BrMnN2O5: C, 37.98; H, 2.94; N, 6.81. Found: C,
38.26; H, 2.77; N, 6.59%. IR (THF), m(CO): 2024 (vs),
1938 (s), 1916 (s), 1735 (m) (acid) cm�1. 1H NMR (ace-
tone-d6): d 10.80 (br, 1H, COOH), 9.25 [d(5), 1H, H6 py],
8.82 (br, 1H, –CH@N–), 8.19 (m, 2H, H3,4 py), 7.75 [t(6),
1H, H5py], 4.30 (br, 2H, NCH2), 2.48 (br, 2H,
CH2CH2CH2), 2.36 (br, 2H, CH2COOH).

3.6. Synthesis of [ReBr(CO)3{py-2-CH@N–(CH2)3–

COOH}] (3b)

Compound 1b [16] (0.120 g, 0.262 mmol) and GABA
(c-aminobutyric acid) (0.027 g, 0.262 mmol) were refluxed
in EtOH (25 ml) for 1 h. The solvent was evaporated in

vacuo, and the resulting solid residue was dissolved in
THF and filtered through kieselguhr. Addition of hexane
and slow evaporation at reduced pressure gave compound
3b as orange microcrystals. Yield 0.114 g, 80%. Anal. Calc.
for C13H12BrN2O5Re: C, 28.79; H, 2.23; N, 5.17. Found:
C, 28.96; H, 2.49; N, 4.99%. IR (THF), m(CO): 2021 (vs),
1923 (s), 1898 (s), 1736 (m) (acid) cm�1. 1H NMR (ace-
tone-d6): d 10.78 (br, 1H, COOH), 9.22 (s, 1H, –CH@N),
9.10 [d(5), 1H, H6 py], 8.34 (m, 1H, H4 py), 8.32 (m, 1H,
H3 py),7.81 (m, 1H, H5 py), 4.26 [t(7), 2H, NCH2], 2.50
(m, 2H, CH2CH2CH2), 2.33 (m, 2H, CH2COOH).

3.7. Synthesis of [MoCl(g3-C3H4Me-2)(CO)2{py-2-

CH@N-(CH2)3–COOH}] (3c)

Compound 1c [16] (0.120 g, 0.343 mmol) and GABA
(c-aminobutyric acid) (0.035 g, 0.343 mmol) were refluxed
in THF (25 ml) and MeOH (3 ml) for 3 h. The solvent
was evaporated in vacuo, and the residue resulting solid



Fig. 7. 1H–1H COSY NMR experiment for complex 3b in acetone-d6 at 20 �C.
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residue was dissolved in THF and filtered through kies-
elguhr. Addition of hexane and slow evaporation at reduced
pressure gave compound 3c as dark blue microcrystals
Yield: 0.122 g, 82%. Anal. Calc. for C16H19ClMoN2O4: C,
44.20; H, 4.40; N, 6.44. Found: C, 44.54; H, 4.58; N,
6.33%. IR (THF), m(CO): 1952 (vs), 1874 (s), 1735 (m) (acid)
cm�1. 1H NMR (acetone-d6): d 10.59 (br, 1H, COOH), 8.79
[d(5), 1H, H6 py], 8.74 (s, 1H, –CH@N–), 8.16 [td(8,2), 1H,
H4 py], 8.07 [d(7), 1H, H3 py], 7.68 (m, 1H, H5 py), 4.13 (m,
1H, NCH2), 3.83 (m, 1H, NCH2), 2.96 [d(3), 1H, Hsyn allyl],
2.78 [d(3), 1H, Hsyn allyl], 2.43 (m, 2H, CH2CH2CH2), 2.19
(m, 2H, CH2COOH) 1.34 (s, 3H, CH3), 1.21 (s, 1H, Hanti

allyl), 1.13 (s, 1H, Hanti allyl).

3.8. Synthesis of [MnBr(CO)3(py-2-CH@N–C6H4-m-
COOH)] (4a)

Compound 1a [16] (0.120 g, 0.370 mmol) and 3-amino-
benzoic acid (0.051 g, 0.370 mmol) were refluxed in EtOH
(25 ml) for 1 h. The solvent was evaporated in vacuo, and
the resulting solid residue was dissolved in THF and fil-
tered through kieselguhr. Addition of hexane and slow
evaporation at reduced pressure gave compound 4a as
red-orange microcrystals. Yield: 0.139 g, 85%. Anal. Calc.
for: C16H10BrMnN2O5: C, 43.18; H, 2.26; N, 6.29. Found:
C, 43.32; H, 2.47; N, 5.95%. IR (THF), m(CO): 2026 (vs),
1944 (s), 1919 (s), 1724 (m) (acid) cm�1. 1H NMR (ace-
tone-d6): d 11.43 (br, 1H, COOH), 9.34 [d(3), 1H, H6 py],
8.97 (br, 1H, –CH@N–), 8.36 (m, 1H, H3 py), 8.31 (m,
2H, H2,6 Ph), 8.14 (m, 1H, H4 py), 7.87 (m, 2H, H4,5 Ph),
7.77 (m, 1H, H5 py).

3.9. Synthesis of [ReBr(CO)3(py-2-CH@N–C6H4-m-

COOH)] (4b)

Compound 1b [16] (0.120 g, 0.262 mmol) and 3-amino-
benzoic acid (0.036 g, 0.262 mmol) were refluxed in EtOH
(25 ml) for 1 h. The solvent was evaporated in vacuo, and
the resulting solid residue was dissolved in THF and fil-
tered through kieselguhr. Addition of hexane and slow
evaporation at reduced pressure gave compound 3b as
orange microcrystals. Yield 0.127 g, 84%. Anal. Calc. for:
C16H10BrN2O5Re: C, 33.34; H, 1.75; N, 4.86. Found: C,
33.64; H, 1.96; N, 4.77%. IR (CH2Cl2), m(CO): 2024 (vs),
1927 (s), 1901 (s), 1724 m (acid) cm�1. 1H NMR
(acetone-d6): d 11.66 (br, 1H, COOH), 9.40 (s, 1H,
–CH@N–), 9.19 [d(5), 1H, H6 py], 8.49 [d(7), 1H, H3 py],
8.40 [td (7, 1), 1H, H4 py], 8.26 (s, 1H, H2 Ph), 8.14
[d(8), 1H, H6 Ph], 7.95 (m, 1H, H5 py), 7.91 (m, 1H, H4

Ph), 7.74 [t(8), 1H, H5 Ph].



Fig. 8. 1H–1H EXSY NMR experiment of complex 3b in acetone-d6 at 20 �C.
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3.10. Synthesis of [MoCl(g3-C3H4Me-2)(CO)2-

(py-2-CH@N–C6H4-m-COOH)] (4c)

Compound 1c [16] (0.120 g, 0.343 mmol) and 3-amino-
benzoic acid (0.047 g, 0.343 mmol) were refluxed in THF
(25 ml) and MeOH (3 ml) for 30 min. The solvent was
evaporated in vacuo, and the resulting solid residue was dis-
solved in THF and filtered through kieselguhr. Addition of
hexane and slow evaporation at reduced pressure gave
compound 2c as dark blue microcrystals. Yield: 0.132 g,
82%. Anal. Calc. for C19H17ClMoN2O4: C, 48.68; H,
3.66; N, 5.98. Found: C, 48.93; H, 3.89; N, 5.91%. IR
(THF), m(CO): 1953 (vs), 1877 (s), 1722 (m) (acid) cm�1.
1H NMR (acetone-d6): d 11.62 (br, 1H, COOH), 8.94
(s, 1H, –CH@N–), 8.89 [d(5), 1H, H6 py], 8.28 [d(2), 1H,
H3 py], 8.25 [d(2), 1H, H4 py], 8.21 (s, 1H, H2 Ph), 8.10
[d(8), 1H, H6 Ph], 7.97 [d(8), 1H, H4 Ph], 7.77 (m, 1H,
H5 py), 7.68 [t(8), 1H, H5 Ph], 2.90 [d(3), 1H,Hsyn allyl],
2.22 [d(3), 1H,Hsyn allyl], 1.42 (s, 3H, CH3), 1.27 (s, 1H,
Hanti allyl), 1.04 (s, 1H, Hanti allyl).

3.11. X-ray crystallography

Crystals suitable for diffraction studies were grown by
slow diffusion of hexane into THF solutions (for 2a, 2b,
3a and 4a) or 5: 1 mixture of THF: Methanol (for 2c and
3c) at �20 �C. Data for were collected on a Bruker Smart
1000 CCD diffractometer (graphite-monochromatized Mo
Ka radiation, k = 0.71073Å). Crystallographic data and
experimental details for the structures are summarized in
Table 1. Raw frame data were integrated with SAINT [26].
A semi-empirical absorption correction was applied with
SADABS [27]. The structures were solved by direct methods
with SIR2002 [28] under WINGX [29] and refined against F2

with SHELXTL [30]. All non-hydrogen atoms were refined
anisotropically. Hydrogen atoms were set in calculated
positions and refined as riding atoms, with a common ther-
mal parameter. Graphics were made with SHELXTL. Addi-
tional calculations were made with PARST [31].
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