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The tripodal N,N,0 ligands 3,3-bis(3,5-dimethylpyrazol-1-yl)propionic acid (Hbdmpzp) (1) and 3,3-
bis(pyrazol-1-yl)propionic acid (Hbpzp) (2) form the “missing link” between the well-known bis(pyra-
zol-1-yl)acetic acids and related ligands with a longer “carboxylate arm”. To illustrate the reactivity of
this ligand, manganese and rhenium complexes bearing the ligand bdmpzp are reported. The complexes

are compared to related compounds bearing other tripod ligands such as bis(3,5-dimethylpyrazol-1-

Keywords:

N,N,0 ligand

Tripod ligand
Rhenium complexes
Manganese complexes
Radiopharmaceutics
DFT calculations

crystallography.

yl)acetate (bdmpza) and 3,3-bis(1-methylimidazol-2-yl)propionate (bmip). Spectroscopic and structural
data are used as a basis for comparison, as well as DFT calculations. Both ligands 1 and 2 and the com-
plexes fac-[Mn(bdmpzp)(CO);] (3) and fac-[Re(bdmpzp)(CO);] (4) were characterised by X-ray

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Bis(3,5-dimethylpyrazol-1-yl)acetic acid (Hbdmpza), first intro-
duced into coordination chemistry by Otero in 1999, has been suc-
cessfully employed in the synthesis of coordination compounds
with many transition metals of the periodic system [1-3]. Espe-
cially the tricarbonyl complexes fac-[Mn(bdmpza)(CO);] and
fac-|[Re(bdmpza)(CO);] and the trioxo complex fac-[Re(bdmpza)Os]
attracted some interest for their possible application for radiophar-
maceutical purposes [4,5]. Very recently, the analogous complex
fac-[Tc(bpza)Os] (bpza: bis(pyrazol-1-yl)acetate) was published
by Tooyama and co-workers [6]. In 2004 two ligands very similar
to Hbdmpza were synthesised by Diez-Barra et al., namely sodium
3,3-bis(pyrazol-1-yl)propionate (Na[bpzp]) and sodium 3,3-bis(3,
5-dimethylpyrazol-1-yl)propionate (Na[bdmpzp]) (Fig. 1) [7]. So
far, no complexes bearing these ligands have been reported. 3,
3-Bis(pyrazolyl-1-yl)propionic acid and 3,3-bis(3,5-dimethylpyra-
zol-1-yl)propionic acid may serve as a “missing link” in the
comparison of bis(pyrazol-1-yl)acetic acids and facially coordinat-
ing N,N,O ligands with a longer “carboxylate arm” such as 3,3-
bis(1-methylimidazol-2-yl)propionic acid (Na[bmip]) (Fig. 1) [11]
and should provide arguments in the discussion whether a longer
“carboxylate arm” makes a difference to the coordination proper-
ties of the ligand or not. Furthermore, also these ligands might
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be of use in the search for new rhenium and technetium radio-
pharmaceutics.

Here we report on the preparation of the free acids 3,3-bis(3,5-
dimethylpyrazol-1-yl)propionic acid (Hbdmpzp) (1) and 3,3-
bis(pyrazol-1-yl)propionic acid (Hbpzp) (2). We also synthesised
the - to the best of our knowledge - first complexes with a «>-
bound bdmpzp ligand. Manganese and rhenium tricarbonyl com-
plexes were chosen as a first synthetic target, because the CO
vibrations, which can be monitored by IR spectroscopy, are a good
probe for the electron donating or accepting properties of the li-
gand. Furthermore, the IR and X-ray data of analogous complexes
with bis(pyrazol-1-yl)acetato ligands are already available for a
comparison [4]. As a third argument for the synthesis of these com-
plexes may serve their possible use in the search for new rhenium
and technetium radiopharmaceutics. Besides the fac-[M(CO)s]"-
core (M = Re, Tc) the metal fragments [M(CO),(NO)]** and [MO;]*
(M =Re, Tc) are subjects of current radiopharmaceutics research
[6,8]. 3,3-Bis(3,5-dimethylpyrazol-1-yl)propionato complexes with
these fragments will be discussed, as well.

2. Results and discussion
2.1. DFT calculations
To gain first insights into the similarities and differences of the

coordination behaviour of various ligands, the dissociation energy
of the following theoretical reaction was calculated for several
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Fig. 1. The ligands bdmpza, bpza, bpzp, bdmpzp, bmip, bip, Cp, Cp*, Tp and Tp*.
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Fig. 2. Calculated dissociation energies.
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ligands L (L = bpza, bdmpza, bdmpzp, Tp, Tp*, Cp, Cp*, bmip) (Figs.
1 and 2, Eq. (1)):

fac-IMnL(CO)s] = fac-[Mn(CO)]* + L~

Eq. (1). In silico dissociation experiment.

To obtain the relative energies of the dissociation reactions, the
hybrid functional B3P86 was used. We calculated the unrelaxed
dissociation energy, i.e., the metal complex was fully geometry-
optimised and subsequently resolved into its fragments. The en-
ergy of the fragments was obtained by single-point calculations
without geometry-optimisation. Thus, only information about the
interaction of the ligand with the metal fragment was obtained,
and possible interferences by stabilisation of the ligand through
intramolecular H-bonds, etc. could be excluded. In a comparative
analysis of several platinum complexes Harvey was able to estab-
lish a relation between G- and n-donation and m-backdonation and
the dissociation energy. He found, that the over-all bond energy of-
ten correlates to the sum of the o- and m-interactions, but does not
always consist solely of the sum of these effects [9]. Thus, in order
to obtain comparable results, we restricted our study to tripodal
monoanionic ligands bound to a fac-[Mn(CO)3] fragment. The cal-
culated values for the dissociation energies in this purely hypo-
thetic reaction do of course not correlate with any complex
formation constant. The values represent the sum of all possible
influences and might allow to decide beforehand, which ligand
could be a promising synthetic target for a specific application.

According to our calculations (Fig. 2) the dissociation energy of
3,3-bis(3,5-dimethylpyrazol-1-yl)propionate (bdmpzp) remains
practically unchanged compared to bis(3,5-dimethylpyrazol-1-
yl)acetate (bdmpza) despite the additional CH, group. This implies
that the coordination properties of a bdmpza ligand should be very
similar compared to bdmpza, although it comprises a longer “car-
boxylate arm”. Nevertheless, this hypothesis had to be proven by
spectroscopical and structural data of actual complexes.

Furthermore, bdmpzp forms the “missing link” between the
bdmpza and the bmip ligand for which the calculated dissociation
energy is by far higher (Fig. 2). Thus, the result discussed above en-
ables a decision on whether this large difference between bdmpza
and bmip has to be attributed to the different N donors or also to
the length of the “carboxylate arm”. Obviously and already proven
by the discussion of the calculated frontier orbitals and the IR spec-
tra of the complexes fac-|[Mn(bmip)(CO)s] and fac-[Re(bmip)(CO)s],
complexes containing imidazolyl N donors are very different from
complexes with pyrazolyl N donors [10,11]. Orbital calculations
show that pyrazole-containing N,N,0 ligands are o- and mt-donors
but also m-acceptor ligands [11], whereas for imidazole based li-
gands the metal interaction is based mainly on their - and m-do-
nor properties, which is only slightly weakened by CO mt-acceptors
in trans-position. This might explain the higher calculated dissoci-
ation energy.

Athird aspect, which can be derived from our in silico experiment,
is related to the electron donating properties of the ligand towards
the metal fragment. In short it can be said for an fac-[Mn(CO)s]* frag-
ment, that the more electron donating the ligand, the higher is the
dissociation energy. This can be shown by the comparison of
bdmpza to bpza, since the methyl groups enhance the electron
donating properties, as can be seen by the IR spectra of fac-
[Mn(bpza)(CO)3] and fac-[Mn(bdmpza)(CO)s] (Table 3) [4,11]. In
the same way, the dissociation energy of bdmpza is higher than that
of bpza, even though steric interactions would suggest an opposite
effect. The same tendency can be seen in the comparison of Tp to
Tp* and of Cp to Cp* (Fig. 2). The comparison between Tp, Cp and
bdmpza in terms of their calculated dissociation energies should
be considered cautiously, due to different electrostatic interactions.

2.2. Syntheses and X-ray structures of the ligands

The synthesis of 3,3-bis(3,5-dimethylpyrazol-1-yl)propionic
acid (Hbdmpzp) (1) and 3,3-bis(pyrazol-1-yl)propionic acid
(Hbpzp) (2) followed the procedure described in the literature for
sodium 3,3-bis(3,5-dimethylpyrazol-1-yl)propionate and sodium
3,3-bis(pyrazol-1-yl)propionate. These ligands are synthesised by
an entirely different pathway than bis(pyrazol-1-yl)acetic acids.
For the latter the pyrazole moieties are either bridged to a methane
and subsequently the “carboxylate arm” is attached to the bridging
carbon atom, or they are reacted with dibromo- or dichloroacetic
acid. Now, these two ligands are prepared in a double Michael
addition of the deprotonated pyrazoles to methyl propiolate [7].
Instead of the workup described in the literature we chose an
aqueous-acidic workup to obtain the free acids 1 and 2 in moder-
ate to good yields (Eq. (2)).

CO,H
R 1. NaH
2, = CO,CH;
NH 3.H/H,O N N
/ | - / | | \
=N =N N=

Hbdmpzp: R = CH; (1)
Hbpzp: R=H (2)

Eq. (2). Synthesis of the ligands Hbdmpzp (1) and Hbpzp (2).

The formation of 1 is detected by NMR spectroscopy. The signal
of the proton at the bridging carbon atom is split into a triplet
(6=6.72 ppm, 3]y = 6.8 Hz), and the protons of the CH, group
show a doublet (6 =3.63 ppm, 3Jyy = 6.8 Hz). Furthermore, the
presence of the carboxylate group is indicated by a resonance at
171.2 ppm in the '*C NMR spectrum. The formation of 1 is further
confirmed by a [M+H'] peak in the mass spectrum and by the
detection of the asymmetric carboxylate vibration in the IR spectra
at 1711 cm~! (KBr) and 1735 cm™! (THF). Compound 2 shows the
same characteristic features of the ligand. The resonance of the
proton at the bridging carbon atom is detected as a triplet at
6 =6.93 ppm (3}Jyy = 7.4 Hz), and the protons of the CH, group ap-
pear as a doublet at 6 =3.66 ppm (3Ji; = 7.4 Hz). Again the mass
spectrum (m/z = 207 [M+H"]) and the IR spectra supply more evi-
dence for the formation of 2. Here, the asymmetric vibration band
of the carboxylate group is detected at 1709 cm~' (KBr) and
1741 cm™' (THF). From both compounds crystals suitable for X-
ray structure determinations were obtained by crystallisation from
acetone (see Supporting Material). Bond distances and angles of 1
and 2 are very similar to each other and also in good agreement
with those reported earlier for similar ligands [12-14].

2.3. Syntheses of the complexes

Since the binding properties of bdmpzp, bpzp and other known
tripod ligands such as bdmpza, bpza, Tp and Tp* are best compared
by IR spectroscopy and single crystal X-ray diffraction, we pre-
pared manganese and rhenium tricarbonyl complexes of bdmpzp.
Complexes were synthesised by analogy to fac-[M(bdmpza)(CO)s]
(M = Mn, Re), starting from the potassium salt of 1 and the penta-
carbonyl complexes [MnBr(CO)s] and [ReBr(CO)s] (Eq. (3)) [4].
When the same synthesis was attempted with the potassium salt
of 2 and [MBr(CO)s] (M = Mn, Re), only insoluble products were ob-
tained, which could not be analysed further, so far.
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Eq. (3). Synthesis of the complexes fac-[M(bdmpzp)(CO)3;] (M = Mn, Re) (3, 4).

The progress of the reactions can be monitored by IR spectros-
copy due to the intense characteristic signals of the carbonyl resi-
dues. In contrast to fac-[M(bdmpza)(CO)s3] and fac-[M(bpza)(CO)s]
(M = Mn, Re), the complexes 3 and 4 precipitate as the reaction
proceeds. Complexes 3 and 4 were isolated by filtration, and KBr
was removed from the products by washing with degassed water.
The solubility of 3 and 4 (soluble in methanol, insoluble in THF)
resembles rather that of fac-[M(bmip)(CO)3] (M = Mn, Re) than that
of fac-[M(bdmpza)(CO);] (M = Mn, Re). Both complexes are stable
as solids under aerobic conditions. Only 3 tends to decompose
when kept in solution. The two pyrazolyl groups in the complexes
are chemically equivalent, showing only one set of signals in the
NMR spectra. The signals in the 'H NMR spectra of 3 are broad.
The 3C NMR spectrum of 4 exhibits two signals for the carbonyl
ligands at a ratio of 2:1 (4: 6 =196.3 and 196.5 ppm). In the '3C
NMR spectrum of 3 not all signals can be observed. The carboxylate
group is only detected in the spectrum of 4 at 172.1 ppm in CDCl3
and 171.4 ppm in DMSO-dg. Crystals suitable for X-ray structure
determinations of fac-[Mn(bdmpzp)(CO);] (3) and fac-[Re-
(bdmpzp)(CO)3] (4) were obtained from solutions in methanol/
water (Figs. 3 and 4). Selected bond lengths and angles are summa-
rised in Table 1.

Both compounds 3 and 4 show C; symmetry. The “carboxylate
arm” lies in the mirror plane of the complex. The same symmetry
was found in the complexes fac-|[M(bdmpza)(CO)s] (M = Mn, Re)
and fac-[M(bmip)(CO)3] (M = Mn, Re) [4,11]. On the contrary, in
complexes in which the bdmpza ligand bears a second substituent
at the bridging carbon atom, the carboxylate donor group is bent
out of the mirror plane [15]. In the complexes 3 and 4 the bond dis-
tances between the metal atom and the carbonyl ligands trans to
the pyrazole groups are very similar to those reported for fac-
[M(bdmpza)(CO)3] (M = Mn, Re) and fac-[M(bmip)(CO)s] (M = Mn,

Fig. 3. Molecular structure of fac-[Mn(bdmpzp)(CO)3] (3)
drawn at the 50% probability level.

; thermal ellipsoids are

Re) [4,11]. Both bonds are longer than the metal-carbonyl distance
M1-CS5 trans to the carboxylate group. This is due to the trans influ-
ence of the two pyrazolyl m-acceptor groups onto the trans metal-
carbonyl bonds. Since in 3 and 4 the “carboxylate arm” is involved
in the formation of a 7-ring instead of a 6-ring as in fac-
[M(bdmpza)(CO)3;] (M=Mn, Re), the bonds are possibly less
strained. This diminished strain results in bond angles around
the metal ion, which are generally closer to an ideal octahedron
than in tricarbonyl complexes with bpza or bdmpza as ligands
and are rather similar to the angles in fac-[M(bmip)(CO)s]
(M =Mn, Re) [11]. It is noteworthy, that the distance between
manganese and the carbonyl ligand trans to the carboxylate group
[d(Mn1-C5)=1.779(4) A] is shorter than in both complexes fac-
[Mn(bdmpza)(CO);] [1.804(4)A] and fac-[Mn(bmip)(CO);]
[1.800(3) A] (Table 2). In both compounds 3 and 4 one molecule
methanol co-crystallises per asymmetric unit. In both cases it
forms a hydrogen bond to the oxygen atom 02 of the ligand [3:
d(02-03)=2.751 A, 4: d(02-031)=2.778 A].

The IR spectra of 3 and 4 show three bands (A’, A” and A’), which
are typical for a tricarbonyl complex with C; symmetry. As ex-
pected, the manganese CO signals are found at slightly higher

Fig. 4. Molecular structure of fac-|[Re(bdmpzp)(CO);] (4); thermal ellipsoids are
drawn at the 50% probability level.

Table 1
Selected bond distances (A) and angles (°) of 3 and 4.

3 4
M1-N11 2.065(3) 2.170(3)
M1-N21 2.062(3) 2.177(3)
M1-01 2.040(3) 2.128(3)
M1-C4 1.811(4) 1.936(4)
M1-C5 1.779(4) 1.896(4)
M1-C6 1.814(4) 1.915(4)
C1-C2 1.517(5) 1.520(6)
C1-01 1.269(4) 1.269(5)
C1-02 1.248(4) 1.233(5)
N11-M1-N21 85.8(1) 81.9(1)
01-M1-N11 89.6(1) 86.3(1)
01-M1-N21 89.3(1) 86.5(1)
01-M1-C5 177.3(2) 179.4(1)
N21-M1-C4 176.7(2) 176.8(2)
N11-M1-C6 177.9(2) 175.9(2)
C4-M1-C5 91.1(2) 88.1(2)
C6-M1-C5 89.3(2) 89.8(2)
C4-M1-C6 85.9(2) 87.3(2)
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wavenumbers than those of the rhenium complex. The carbonyl
vibration frequencies of 3 and 4 are almost identical to those of
the complexes fac-|Mn(bdmpza)(CO)s] and fac-[Re(bdmpza)(CO)s]
(Table 3) [4,11]. These data confirm the result of the DFT calcula-
tions, that bdmpzp and bdmpza ligands have almost the same elec-
tronic properties.

Besides the fac-[M(CO)3]*-core (M = Re, Tc) the metal fragments
fac-[M(CO)5(NO)]** and fac-[MOs]* (M =Re, Tc) are subjects of
current radiopharmaceutical research [6,8]. In the fac-[M(CO),-
(NO)]**-core one of the carbonyl ligands is replaced by the
isoelectronic [NO]* ligand. [NOJ" is a stronger m-acceptor than CO
and changes the charge of the complex by +1, thus creating a
“harder” metal centre as compared to fac-[M(CO)s]", which is com-
monly considered as “soft” [8]. Furthermore, due to its higher
charge fac-[M(CO),(NO)]*" is assumed to possess a higher binding
affinity to anionic chelating ligands that are frequently used as
linkers between the metal core and biomolecules [16,17].
[Re(bdmpzp)- (CO)(NO)]|(BF4) (5) is accessible from fac-[Re-
(bdmpzp)(CO)s3] (4) and NOBF; in a ligand exchange reaction (Eq.
(4)). This behaviour resembles closely that of fac-[Re(Cp)(CO)s]
and fac-[Re(bdmpza)(CO)s] [4].

HiC CH, H;C CHJ—I BF,
/o /v
U ' + NOBF, P

V& ~CO A K
C R CH; HyC Re CH;
Cl‘z\c L/ ;\c
[0} S (0] [ O
4 5

Eq. (4). Reaction of fac-[Re(bdmpzp)(CO)s] (4) with NOBF,.

In the 'H and 3C NMR spectra of 5 only one set of signals for the
pyrazolyl groups is detected. This clearly indicates the existence of
a mirror plane in the complex, which means that only the carbonyl
ligand trans to the carboxylate group was substituted by a nitrosyl
ligand. Remarkably, in the complex [Re(bdmpza)(CO),(NO)](BF,)
an entirely different result was found. There only the carbonyl li-
gands trans to the N donors were replaced by [NOJ*, thus resulting
in a C; symmetry of the complex and two sets of signals for the
pyrazole groups in the NMR spectra [10]. To find a possible expla-
nation for this different behaviour, we performed DFT calculations

on [Re(bdmpzp)(CO),(NO)]* and [Re(bdmpza)(CO),(NO)]*. For
each complex both isomers were considered, either with the nitro-
syl ligand in cis or in trans-position towards the carboxylate group
(Fig. 5).

According to the DFT calculations the arrangement of the nitro-
syl ligand trans to the carboxylate group is energetically favoured
by 28.24k] mol~! in [Re(bdmpzp)(CO),(NO)]*. For [Re(bdmpza)
(CO),(NO)J" the trans-position of the nitrosyl ligand is also fa-
voured, but only by 16.35 k] mol~'. The energy difference between
the two isomers is clearly smaller. Obviously, the reaction of
NO[BF,] with fac-[Re(bdmpzp)(CO)3] (4) at ambient temperature
results in the thermodynamic product. A similar reaction with
fac-[Re(bdmpza)(CO)3] seems to favour the kinetic product [4].
So far the reason for these differences remains unclear.

The fact that the trans-arrangement of NO* and the carboxylate
is energetically favoured in both cases, may be explained by the
excellent m-acceptor properties of NO™. If the nitrosyl ligand is sit-
uated trans to a pyrazolyl group, two ligands with m-acceptor prop-
erties compete for the electron density of the same metal d-orbital
and hence mutually weaken their bonds to the metal. This effect is
avoided when the nitrosyl ligand is arranged trans to the carboxyl-
ate group. A reason, why the difference is far more obvious for
[Re(bdmpzp)(CO),(NO)]*, may be indicated by the calculated
structures of the complexes (Fig. 5). In [Re(bdmpzp)(CO),(NO)]",
the carboxylate group can bend out of the mirror plane of the com-
plex without stretching the metal-oxygen bond length. This bend-
ing of the carboxylate group leads almost to a syn-like instead of an
anti-coordination of the carboxylate group towards the metal cen-
tre. According to calculations and stereochemical considerations
the syn lone pair of a carboxylate group is regarded as more basic
than the anti lone pair. The higher basicity is probably the reason
why as well in enzymes as in many complexes a coordination via
the syn lone pair is favoured [18].

Depending on the arrangement of the nitrosyl ligand in relation
to the carboxylate group the electronical circumstances in the
complexes are slightly different. These differences should be mir-
rored in the IR spectra. The IR spectra of 5 and [Re(bdmpza)(CO),
(NO)][BF4] were recorded in KBr (Table 4). Obviously, both spectra
are quite similar. The differences which can be found are probably
mainly due to the position of the CO and NO" ligands in relation to
the pyrazolyl groups, which exert a trans influence on their oppo-
site ligands.

In rhenium and technetium radiopharmaceutical research, both
metal fragments, fac-[M(CO);]* and fac-[MOs]*, are interesting

Table 2

Metal-carbonyl distances of the complexes fac-[ML(CO)s] (M = Mn, Re; L = bdmpza, bdmpzp, bmip).

Ligand bdmpza [4] bdmpzp bmip [11]

Distance (A) trans to N donor trans to CO, trans to N donor trans to CO, trans to N donor trans to CO,

d(Mn-CO) 1.819(4) 1.804(4) 1.815(4) 1.779(4) 1.836(3) 1.800(3)
1.816(4) 1.811( 1.833(4)

d(Re-CO) 1.96(1) 1.94(1) 1.915(4) 1.896(4) 1.953(6) 1.899(6)
1.97(1) 1.936(4) 1.928(6)

Table 3

Selected IR signals (cm™!) of fac-[LMn(CO)s] and fac-[LRe(CO);] (L = bdmpzp, bpza, bdmpza, bmip).

Ligand L bdmpzp bpza bdmpza bmip

$(CO) (CH30H) fac-[LRe(CO)s] 2029, 1922, 1902 - 2030, 1926, 1908 [11] 2023, 1914, 1896 [11]

¥(CO) (KBr) fac-[LRe(CO)s] 2019, 1902 2028, 1922, 1906, 1895 [4] 2023, 1915, 1903, 1883 [4] 2018, 1898, 1867 [11]

¥(CO) (CH30H) fac-[LMn(CO)s] 2039, 1946, 1923 2046, 1955, 1937 [4] 2041, 1949, 1927 [11] 2035, 1936, 1918 [11]

$(CO) (KBr) fac-[LMn(CO)s] 2032, 1940, 1924 2039, 1952, 1943, 1927, 1916 [4] 2036, 1924 [4] 2027, 1922, 1895 [11]
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[Re(bdmpzp)(CO)-(NO)[*,
NO* trans to CO,~
(E =-28.24 kJ mol™")

[Re(bdmpza)(CO)»(NO)]",
NO" trans to CO;”
(E=-16.35kJI mol™)

[Re(bdmpzp)(CO)>(NO)]*,
NO" cis to CO,~
(E=0kJ mol™)

[Re(bdmpza)(CO),(NO)]*,
NO" cis to CO,~
(E=0kJ mol™)

Fig. 5. Calculated structures of [Re(bdmpzp)(CO),(NO)]* and [Re(bdmpza)(CO),(NO)]*. The energies of the energetically higher isomers have been arbitrarily set to 0 kj mol .

Table 4
Comparison of the IR spectra of [Re(bdmpzp)(CO),(NO)][BF4] (5) and [Re(bdmpza)(CO),(NO)][BF4].

$(CO) V(NO) V(as-CO3)
[Re(bdmpzp)(CO),(NO)][BF4](NO* trans CO; ) 2113 2064 1810 1719
[Re(bdmpza)(CO),(NO)][BF4](NO* cis CO; ) [4] 2117 2044 1823 1706

cores for the labelling of receptor-targeting molecules. But com-
pared to fac-[M(CO)s]", the fac-[MOs]* building block is smaller
and hence expected to affect the binding properties of receptor-
targeting biomolecules to a lower extent [6]. The complexes fac-
[M(bdmpza)O3] (M = Re, Tc) are already known [5,6]. To explore
the binding properties of Hbdmpzp (1) further, the synthesis of
fac-[Re(bdmpzp)03] was attempted. By analogy to the synthesis
of fac-[Re(bdmpza)0s], Hbdmpzp was reacted with HReO4 (Eq. (5)).

The reaction yielded a white powder fairly soluble in polar or-
ganic solvents. All resonances in the 'H NMR spectrum are shifted
to slightly lower field in comparison to the free ligand 1, and the
coupling constants of the proton at the bridging carbon atom and
of the CH, group are smaller [6(CHpyidge) = 7.64 ppm, *Jy = 4.9 Hz,

H3C L 3
JONTONTN _HRO. | JONT NI
=N N —N ®/N\

H

H;C CH, HsC CH;

Eq. (5). Synthesis of [H,bdmpzp][ReO4] (6).

5(CH,) = 3.78 ppm, Jy; = 4.9 Hz]. The IR spectrum exhibits several
intense bands, which can be assigned to Re=0O-vibrations (926,
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912,903 cm™!). A band at 1740 cm~! was assigned to the carbox-
ylate group. Since a coordinated carboxylate group usually appears
at lower wavenumbers, these IR data were seen as a first hint that
the reaction did not yield the complex fac-[Re(bdmpzp)Os]. This
suspicion was further supported by the result of the elemental
analysis and eventually confirmed by an X-ray structure analysis
(see Supporting Material).

This behaviour is clearly different from that of Hbdmpza and
shows the limitations of the ligand Hbdmpzp. The synthesis of
fac-[Re(bpzp)03] was attempted as well and yielded a white pow-
der, but the product turned out to be very labile to hydrolysis. It is
reasonably soluble only in DMSO, but the corresponding 'H NMR
spectrum showed only the ligand Hbpzp. When 'H NMR spectra
were recorded in CDs3CN, the quality of the spectra was poor.
Two compounds could be discerned, though, and the signals of
both were different from the spectrum of the free ligand 2. Also
the mass spectrum and the elemental analysis gave no hint to
the formation of the desired product. The IR spectra of the product,
which were recorded in KBr, showed some similarities to those of
6. A carboxylate vibration was detected at 1747 cm ™!, furthermore
aband at 1412 cm ™! and the Re=0-vibrations at 866, 908, 921 and
946 cm™!. Therefore, also Hbpzp does not seem to be a suitable li-
gand for the fac-[ReOs]-fragment.

3. Conclusion

Calculated dissociation energies seem to be apt to compare the
influence of geometric alterations and electronic properties of dif-
ferent, but related ligands. All data are consistent with experimen-
tal results, especially IR data. Consequently, such calculations
might allow an informed guess at the over-all properties of a
new ligand even before it is synthesised. But when doing so, it
has always to be borne in mind that the results of such calculations
have to be interpreted cautiously. From IR spectra and X-ray data it
became obvious that the complexes fac-[Mn(bdmpzp)(CO)s] (3)
and fac-[Re(bdmpzp)(CO)3] (4) are closely related to similar com-
plexes such as fac-[Mn(bdmpza)(CO)s] and fac-[Re(bdmpza)(CO)3].
The length of the “carboxylate arm” does not have a significant
influence on the properties of the ligand. Hence, the large differ-
ence between bdmpza and bdmpzp on the one hand and bmip
on the other hand can be attributed almost solely to the different
N donor groups. Besides compounds 3 and 4, also [Re(bdmpzp)-
(CO)»(NO)][BF4] (5) was synthesised successfully. Compounds 4
and 5 might by useful for radiopharmaceutics research. The
attempted synthesis of fac-[Re(bdmpzp)0s] yielded [H,bdmpzp]-
[ReOy4] (6), instead.

4. Experimental
4.1. General

All operations were carried out under an inert gas atmo-
sphere by using conventional Schlenk techniques. Solvents were
freshly distilled and degassed prior to use from appropriate dry-
ing agents. The yields refer to analytically pure substances and
were not optimised. IR spectra were recorded with a Varian
Excalibur  FTS-3500 FT-IR-spectrometer in CaF, cuvetts
(d=02mm) or in KBr. 'H and 'C NMR spectra: Bruker
DPX300 and Bruker DRX400, ¢ values relative to TMS or the deu-
terated solvent. Mass spectra were recorded on a Jeol JMS-700
using FD technique. Elemental analysis: Euro EA 3000 (Euro Vec-
tor) and EA 1108 (Carlo Erba). A Bruker-Nonius Kappa-CCD dif-
fractometer and a STOE IPDS IIT diffractometer were used for
X-ray structure determinations. [ReBr(CO)s] and [MnBr(CO)s]
were synthesised according to literature [19,20].

4.2. Syntheses of the ligands

Hbdmpzp (1): To a solution of 3,5-dimethyl pyrazole (21.1 g,
220 mmol) in THF (200 mL), NaH (4.40 g, 60%, 110 mmol) is added
portionwise and stirred at ambient temperature for 45 min. After
addition of methyl propiolate (4.92 mL, 55.0 mmol, 1 equiv.) the
mixture is heated to reflux for 48 h and subsequently stirred at
ambient temperature for 60 h. The sodium salt of the product pre-
cipitates and forms a thick slurry, which is cooled to 0 °C and fil-
tered. The residue is washed with ice-cold THF (5 x 40 mL) and
subsequently dissolved in water. The solution is brought to pH 6
by addition of diluted HCl and extracted with diethyl ether
(2 x 80 mL) to remove impurities. Subsequently, the aqueous
phase is acidified to pH 2 and extracted with CH,Cl, (6 x
100 mL). The combined CH,Cl, phases are dried (Na,SO4), and
the solvent is evaporated. The product is obtained as a white solid.
Crystals suitable for an X-ray diffraction experiment were obtained
from a solution in acetone.

Yield: 4.9 g (18.6 mmol, 34%). M.p.: 183-184 °C. 'H NMR (CDCl;,
300 MHz): §=2.13 (s, 6H, CH3), 2.18 (s, 6H, CHs3), 3.63 (d,
3Jun = 6.8 Hz, 2H, CHy), 5.79 (s, 2H, CHp,), 6.72 (t, *Jun = 6.8 Hz,
1H, CHprigge) ppm. 'H NMR (CD5CN, 300 MHz): 6 =2.10 (s, 6H,
CHs), 2.25 (s, 6H, CHs), 3.54 (d, 3]y = 6.8 Hz, 2H, CH,), 5.81 (s,
2H, CHy,), 6.58 (t, 3Ji111 = 3.8 Hz, 1H, CHpyigge) ppm. 3C NMR (CDCls,
75.5 MHz): 6=10.9 (CH3), 13.4 (CHs), 39.2 (CH;), 68.3 (CHpridge)
107.3 (CHp,), 140.1 (C-CHs), 148.2 (C-CH3), 171.2 (CO,H) ppm.
3C NMR (CDsCN, 75.5MHz): 6=11.2 (CH3), 13.6 (CH3), 39.2
(CH,), 67.2 (CHpridge), 107.2 (CHp,), 140.9 (C-CHs), 148.7 (C-CHs),
170.9 (CO,H) ppm. EI MS: m/z (%)=263 (50) [M+H"], 166 (35)
[M*—CsH;N,], 123  (80) [M*—CsH;N,—CO,H], 96 (100)
[CsH/No+H*]. IR (THF): $=1735s (as-CO,H), 1560m (C=N),
1419w cem™L. IR (KBr): v=1711s (as-CO,H), 1557 m (C=N),
1337m, 1300m, 1276scm~!. Anal. Calc. for Cy3H;sN40
(M=26231gmol™!): C, 59.53; H, 6.92; N, 21.36. Found: C,
59.61; H, 6.95; N, 21.51%.

Hbpzp (2): To a solution of pyrazole (10.0 g, 147 mmol) in THF
(200 mL) NaH (2.93 g, 60%, 73.4 mmol) is added portionwise and
stirred at ambient temperature for 1 h. After addition of methyl
propiolate (3.28 mL, 36.7 mmol) the mixture is heated to reflux
for 24 h. The solvent is evaporated, and the remaining solid is dis-
solved in 100 mL H,O and brought to pH 7-8. The solution is ex-
tracted with diethyl ether (3 x 50 mL) to remove excess pyrazole
and impurities. The aqueous phase is acidified to pH 2 by addition
of diluted HCI and extracted with diethyl ether (6 x 100 mL). The
combined organic phases are dried (Na,SO,4), and the solvent is
evaporated to yield the product as a yellow oil. After recrystallisa-
tion from acetone the product is obtained as colourless crystals
suitable for an X-ray diffraction experiment.

Yield: 3.56g (17.2 mmol, 47%). M.p.: 138-139°C. 'H NMR
(DMSO-dg, 300 MHz): & =3.66 (d, >Jj;1; = 7.4 Hz, 2H, CH,), 6.26 (vt,
3Juu=1.7 and 2.3 Hz, 2H, CHy,), 6.93 (t, *Jun = 7.4 Hz, 1H, CHpyidge),
7.47 (d, 3}Jun = 1.3 Hz, 2H, CHy,), 7.97 (d, 3Juu = 2.5 Hz, 2H, CHy,),
12.59 (s, br, 1H, CO,H) ppm. '3C NMR (DMSO-ds, 75.5 MHz):
6=37.6 (CHy), 70.8 (CHprigge), 106.0 (CHp,), 129.5 (CHy,), 139.5
(CHp), 170.0 (COH) ppm. EI MS: m/z (%)=207 (100) [M+H"],
147 (85) [M*—CO,H-CH;], 139 (65) [M'—C3HsN,], 95 (85)
[M*—CO,H—C3H5N,], 68 (70) [CsH3Ny+H']. IR (THF): ¥=1741s
(as-CO,H), 1516 w (C=N), 1391 mcm~". IR (KBr): v=1709 s (as-
CO,H), 1520w (C=N), 1434 mcm'. Anal. Calc. for CoH1oN4O>
(M=206.20gmol™!): C, 52.42; H, 4.89; N, 27.17. Found: C,
52.59; H, 4.96; N, 27.50%.

4.3. Syntheses of the complexes

fac-[Mn(bdmpzp)(CO)s] (3): Potassium tert-butoxide (163 mg,
1.45 mmol) is added to a solution of Hbdmpzp (382 mg,
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1.45 mmol) in THF (abs., 50 mL). The mixture is stirred at ambient
temperature for 1h. Subsequently [MnBr(CO)s] (400 mg,
1.45 mmol) is added to the white suspension. The mixture is
heated to 60 °C. The progress of the reaction can be monitored
by IR spectroscopy. During the reaction the product precipitates
as a yellow solid. Finally the supernatant is filtered off, and the
yellow residue is washed with THF (3 x 30 mL), water (3 x
30 mL) and diethylether (3 x 10 mL) and dried in vacuo. The prod-
uct is obtained as a yellow powder. Crystals suitable for an X-ray
diffraction experiment were obtained from a solution in metha-
nol/water.

Yield: 350 mg (0.874 mmol, 60%). M.p.: 199-201 °C (dec.). 'H
NMR (CDCl3, 300 MHz): §=2.38 (s, 6H, CH3), 2.64 (s, 6H, CHs),
2.99 (s, br, 2H, CHy), 6.11 (s, 2H, CHy,), 6.21 (s, br, 1H, CHpyidge)
ppm. 'H NMR (DMSO-dg, 400 MHz): 6 = 2.44 (s, 6H, CH3), 2.57 (s,
6H, CH3), 2.85 (s, br, 2H, CH>), 6.34 (s, 2H, CHy,), 6.42 (s, br, 1H,
CHpyigge) PPmM. *C NMR (CDCls, 75.5 MHz): 6=11.7 (CHs), 15.7
(CH3), CH;-group not detected, 67.9 (CHprigge), 108.9 (CHp,), 141.2
(C-CHs), 154.8 (C-CH3), CO, and CO not detected, ppm. '*C NMR
(DMSO-dg, 100.6 MHz): 6=11.1 (CHs3), 15.2 (CHs), 43.7 (CHy),
63.4 (CHprigge), 108.4 (CHy,), 143.8 (C-CH3), 155.4 (C-CH3), CO;,
not detected, 2209 (CO) ppm. FD MS: m/z (%)=401 (100)
[M+H*]. IR (MeOH): ¥=2039s, 19465, 1923 s (3 x CO), 1602 m
(as-CO;)cm™'. IR (KBr): v=2028s (CO), 1932, 1924s, 1917 s
(2 x CO), 1619 m (as—COZ’)cm”. Anal. Calc. for CigH;7MnN4O5
(M =400.27 g mol~1): C, 48.01; H, 4.28; N, 14.00. Found: C, 48.00;
H, 4.32; N, 13.97%.

fac-[Re(bdmpzp)(CO)3] (4): Potassium tert-butoxide (83 mg,
0.739 mmol) is added to a solution of Hbdmpzp (194 mg,
0.739 mmol) in THF (abs., 40 mL). The mixture is stirred at ambient
temperature for 1h. Subsequently [ReBr(CO)s] (300 mg, 0.739
mmol) is added to the white suspension. The mixture is heated
to 60 °C. The progress of the reaction can be monitored by IR
spectroscopy. During the reaction the product precipitates as a
white solid. Finally the supernatant is filtered off, and the white
residue is washed with THF (3 x 30 mL), water (3 x 30 mL) and
diethylether (3 x 10 mL) and dried in vacuo. The product is
obtained as a white powder. Crystals suitable for an X-ray diffrac-
tion experiment were obtained from a solution in methanol/water.

Yield: 303 mg (0.570 mmol, 77%). M.p.: 235-236 °C (dec.). 'H
NMR (CDCl3, 300 MHz): §=2.42 (s, 6H, CH3), 2.59 (s, 6H, CH3),
3.16 (d, *Jun=3.8Hz, 2H, CHy), 6.14 (s, 2H, CHp,), 638 (t
3 =3.8 Hz, 1H, CHpyigge) ppm. '"H NMR (DMSO-dg, 400 MHz):
¢ = signals of the CH3-groups are superimposed by the solvent sig-
nal, 3.07 (s, br, 2H, CH;), 6.38 (s, br, 2H, CHp,), 6.57 (s, br, 1H,
CHprigge) PPmM. '>C NMR (CDCls, 75.5 MHz): 6 =11.7 (CHs), 16.6
(CHs), 44.2 (CHy), 64.2 (CHpriage), 108.6 (CH,,), 141.4 (C-CHs),
155.3 (C-CHs), 172.1 (CO;), CO not detected, ppm. '3C NMR
(DMSO-dg, 100.6 MHz): 6=11.2 (CHs3), 16.0 (CHs), 44.5 (CH;),
64.2 (CHpyigge), 108.1 (CHp,), 144.1 (C-CH3), 153.7 (C-CHs), 171.4
(CO;), 196.3 (CO), 196.5 (2 x CO) ppm. FD MS: m/z (%)=533
(100) [M+H*], 489 (15) [MH'-CO,]. IR (MeOH): v=2029s,
19225, 1902s (3 xCO), 1607m (as-CO;)cm~'. IR (KBr):
v=2019s, 1902 s br (3 x CO), 1630 m (as-CO,)cm~'. Anal. Calc.
C16H17N4OsRe (M =531.54 gmol™!): C, 36.15; H, 3.22; N, 10.54.
Found: C, 35.79; H, 3.30; N, 10.40%.

[Re(bdmpzp)(CO)x(NO)|(BF;) ~ (5):  fac-[Re(bdmpzp)(CO)s]
(300 mg, 0.564 mmol) is dissolved in CH,Cl, (80 mL), and nitrosyl
tetrafluoroborate (165 mg, 1.41 mmol) is added. The solution is
stirred for three days at ambient temperature. During this time
more nitrosyl tetrafluoroborate (412 mg, 3.53 mmol) is added por-
tionwise. As the reaction proceeds, a light yellow precipitate is
formed. After three days the solvent is removed in vacuo and the
residue is dissolved in acetone (50 mL) to quench the excess
NOBF,. The acetone is evaporated. The residue is dissolved in
THF (6 mL), and the product is precipitated with diethyl ether

(60 mL). After removal of the solvent the pale yellow precipitate
is dried in vacuo.

Yield: 108 mg (0.175 mmol, 31%). M.p.: 156-158 °C. '"H NMR
(acetone-dg, 300 MHz): 6=2.70 (s, 6H, CHs), 2.71 (s, 6H, CH3),
3.78 (d, *Jun=49Hz, 2H, CH,), 6.57 (s, 2H, CH,,), 7.64 (t,
Jun=49Hz, 1H, CHprgee) ppm. '*C NMR (acetone-ds,
100.6 MHz): 6 =11.7 (CHs), 16.2 (CHs), 41.6 (CH), 65.5 (CHpridge).
111.3 (CHp,), 147.2 (C-CHj3), 159.1 (C-CH3), 170.7 (CO,), 184.4
(2 x CO) ppm. FD MS: mfz (%)=533 (100) [Re(bdmpzp)(NO)-
(CO)]*. IR (THF): v=2125 s (CO), 2066 s (CO), 1803 m (NO),
1725 w (€O, ), 1560 w (CN) cm~". IR (KBr): ¥ =2123 s (CO), 2064
s (CO), 1810 s (NO), 1719 m (CO;), 1561 m (CN) cm . Anal. Calc.
for Cy5sH;7BF4Ns0sRe x 2 CH,Cl, (M =790.20 g mol™!): C, 25.84;
H, 2.68; N, 8.86. Found: C, 25.55; H, 2.92; N, 9.55%.

[Hobdmpzp][ReO,4] (6): Hbdmpzp (1) (787 mg, 3.00 mmol) was
dissolved in acetonitrile (80 mL) and HReO4 (985 mg of a 76.5%
solution in water, 3.00 mmol) was added. The mixture was stirred
at room temperature for 1 h. The solvent was reduced in vacuo and
the product was precipitated with diethyl ether. The supernatant
was removed and the white precipitate was dried in vacuo.

Yield: 1.21 g (2.44 mmol, 81%). M.p.: 138-139 °C (dec.). '"H NMR
(CD3CN, 300 MHz): ¢ = 2.70 (s, 6H, CH3), 2.71 (s, 6H, CH3), 3.78 (d,
3Jun =4.9 Hz, 2H, CHy), 6.57 (s, 2H, CHy,), 7.64 (t, }Jun = 4.9 Hz, 1H,
CHpyigge) PPm. *C NMR (CD3CN, 75.5 MHz): 6=11.4 (CHs), 12.7
(CHs), 39.1 (CH3), 65.7 (CHprigge), 108.6 (CHp,), 145.2 (C-CHs),
150.7 (C-CH3), 169.7 (CO;) ppm. FD MS: m/z (%)=264 (15)
[Hybdmpzp+H*], 246 (100) [H,bdmpzp+H*—H,0]. IR (KBr):
¥=1740 m (CO; ), 1584 w (CN), 1563 vw, 1409 w, 1276 vw, 1240
vw, 1180 w, 1160 vw, 926 s, 912 s, 903 s (3 x Re=0) cm™ . Anal.
Calc. for Cy3H;9N4OgRe (M =513.52 g mol~1): C, 30.41; H, 3.73; N,
10.91. Found: C, 30.46; H, 3.77; N, 10.98%.

4.4. DFT calculations

All DFT-calculations were carried out by using the Jaguar
6.0012 [21] software running on Linux 2.4.18-14smp on five
Athlon MP 2800+ dual-processor workstations (Beowulf-cluster)
parallelized with MPICH 1.2.4. MM2 optimised structures were
used as starting geometries. Complete geometry-optimisations
were carried out on the implemented LACVP* (Hay-Wadt ECP
basis on heavy atoms, N31G6* for all other atoms) basis set
and with the BP86 density functional. Orbital plots [22] were ob-
tained using Maestro 7.0.113, the graphical interface of Jaguar.
For the calculation of the dissociation energies the hybrid func-
tional B3P86 was used.

4.5. X-ray structure determinations

Single crystals of 1, 2, 3, 4 and 6 were mounted with protective
Paratone-N or perfluoro polyalkylether oil on top of glass fibres. A
Bruker-Nonius Kappa-CCD diffractometer and a STOE IPDS IIT dif-
fractometer were used for data collection (graphite monochroma-
tor, Mo Ko radiation, 2 = 0.71073 A). The structures were solved by
using direct methods and refined with full-matrix least squares
against F? {Siemens sHeix-97} [23]. A weighting scheme was ap-
plied in the last steps of the refinement with w = 1/[c2(F?)+
(aP)* + bP] and P = [2Fc* + max(F?,0)]/3. In both compounds 3
and 4 one molecule methanol co-crystallises per asymmetric unit.
In both cases it forms a hydrogen bond to the oxygen atom 02 of
the ligand [3: d(02-03)=2.751(1)A, 4: d(02-031)=2.778 A].
Most hydrogen atoms were included in their calculated positions
and refined in a riding model. All details and parameters of the
measurements are summarised in Tables 5 or the supporting mate-
rial (Table S2). The structure pictures were prepared with the pro-
gram Diamond 2.1e [24].
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Table 5
Details of the structure determinations of the complexes 3 and 4.

fac-[Mn(bdmpzp)- fac-[Re(bdmpzp)-

(CO)] (3) (CO)] (4)
Empirical formula Ci6H17MnN4O5 x CH30H  Cy6H17N405Re x CH3;0H
Formula weight 432.32 563.58

Yellow block
Orthorhombic

Crystal colour/habit
Crystal system

Colourless prism
Orthorhombic

Space group Pbca Pbca

a(A) 14.759(3) 14.927(1)

b (A) 9.982(2) 10.1077(2)

c(A) 25.195(5) 25.162(2)

o (°) 90 90

B(°) 90 90

v (°) 90 90

V (A3) 3711.9(13) 3796.4(4)

0(°) 2.13-25.77 2.92-29.04

H —18 to 17 —19 to 20

K ~12 to 12 —12to 13

L —30to 30 —34to 34

F(000) 1792 2192

VA 8 8

(Mo Kot) (mm™1) 0.755 6.444

Crystal size 03 x 0.2 x 0.1 0.37 x 0.18 x 0.18

D, (gcm3) 1.547 1.972

T (K) 100(2) 150(2)

Reflections collected 37915 44961

Independent reflections 3515 5020

Observed reflections (>2al) 2476 4319

Parameter 256 256

Weight parameter a 0.0350 0.0285

Weight parameter b 5.6509 10.0387

R, (observed) 0.0609 0.0273

Ry (overall) 0.099 0.0355

WR; (observed) 0.1009 0.0714

WR> (overall) 0.1115 0.0737

Difference in peak/hole 0.305/-0.521 1.385/-2.369
(e/A%)
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Appendix A. Supplementary material

CCDC 703687, 703688, 703689, 703690 and 703691 contain the
supplementary crystallographic data for 1, 2, 3, 4 and 6. These data
can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.jorganchem.2009.03.037.
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