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The mononuclear complexes [Re(CO)3(Hpz)2Br] (1) and [Re(CO)3(py)(Hpz)(pz)] species (6). The analogues of 4 and 6
with Hdmpz, i.e. [Re(CO)3(Hdmpz)2(dmpz)] (7) and[Re(CO)3(Hdmpz)2Br] (2) were obtained by treating

[Re(CO)5Br] with pyrazole (Hpz) or 3,5-dimethylpyrazole [Re(CO)3(py)(Hdmpz)(dmpz)] (8) were also synthesized. All
species were characterized in solution by 1H-NMR(Hdmpz). Complex 1 reacted with triethylamine affording a

mixture of the ionic dinuclear derivative (Et3NH)[Re2- spectroscopy, while the crystal structures of complexes 1, 3,
4 and 6 were determined by single-crystal X-ray diffraction(CO)6(pz)2Br] (3) and of the mononuclear species [Re(CO)3-

(Hpz)2(pz)] (4). Complex 4 was obtained in a pure form by analysis. The [(CO)3Re(µ-pz)2(µ-Br)Re(CO)3]– anion repre-
sents the first structurally characterized species containingcarrying out the reaction in the presence of excess free

pyrazole. Treatment of 4 with pyridine afforded the rhenium(I) atoms bridged by µ-pyrazolate ligands.

Introduction [Re(CO)5Br] with pyrazole (Hpz) and 3,5-dimethylpyra-
zole (Hdmpz).

The rapid development of the coordination and or-
ganometallic chemistry of the pyrazolate anion and its de-

Results and Discussionrivatives has been witnessed in recent years[1]. Thanks to
the possibility of modifying the steric and electronic proper- The reaction of [Re(CO)5Br] with pyrazole in toluene at
ties of the pyrazole ligand by the action of the substituents 80°C afforded quantitatively a white product, revealed by
of the heterocyclic ring, pyrazolates, which possess two ad- analysis as [Re(CO)3(Hpz)2Br] (1), produced by the substi-
jacent nucleophilic sites, give rise to a versatile and varied tution of two carbonyl groups with two pyrazole molecules
chemistry. For example, it is well known that pyrazolates (i) (eq. 1).
can act as monodentate, exo- or even endo-bidentate
anionic ligands[1], (ii) can afford, for the same stoichi- [Re(CO)5Br] 1 2 Hpz R [Re(CO)3(Hpz)2Br] (1) 1 2 CO (1)
ometry, oligomers of different nuclearities (and polymers)
depending on the synthetic methods used[2] and (iii) have The IR spectrum of 1, recorded in toluene, shows three

strong ν̃(CO) bands at 2031, 1929 and 1897 cm21 typicalbeen shown to possess a rather wide conformational varia-
bility, [2c] [3] despite possessing a stiff heterocyclic ring. for a fac structure [the spectrum of the alternative mer ge-

ometry would show two strong and one weak ν̃(CO)In the recent past we have been active in the field of metal
pyrazolates and have reported extensively on copper, silver bands][5]. Evidence for a similar geometry, the most plaus-

ible taking in account the trans effect of the carbonyland palladium species, demonstrating the structural versa-
tility caused by the pyrazolate ligand and the catalytic ac- groups, was also found in earlier substitution studies on

[Re(CO)5Br] with nitrogen[6] or phosphorous[7] ligands. Antivity of some of its complexes[2c] [4]. Our continual interest
in evaluating the coordination properties of this class of li- X-ray crystal-structure determination provided an unam-

biguous confirmation of the assigned geometry (see later).gands led us to explore the synthesis and reactivity of rhe-
nium(I) pyrazolate derivatives, a field so far scarcely investi- It is noteworthy that the monosubstituted product, i.e.

[Re(CO)4(Hpz)Br], could not be isolated (even by carryinggated.
The easily accessible mononuclear carbonylrhenium(I) out the reaction with a Hpz/Re ratio < 2 and employing a

decarbonylating agent such as Me3NO), nor did the IRcomplex [Re(CO)5Br] was found to be an excellent starting
material for the synthesis of pyrazole- and pyrazolatorheni- spectra of the reaction mixture show any indication of a

spectroscopically detectable monosubstituted intermediate.um(I) derivatives. In this paper we report the synthesis,
spectroscopic and structural characterization of a series On the contrary, in earlier studies on the substitution of CO

with PPh3 in [Re(CO)5Br], the intermediate formation ofof rhenium(I) species derived by direct reaction of
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monosubstitution derivatives was proved by means of IR observed for [Ir(CO)(PPh3)(dmpz)] disappears upon pro-

tonation to the corresponding Hdmpz derivative[9a]. Thespectroscopy[7a].
The 1H-NMR spectrum of 1 recorded in CD2Cl2 at 20°C NMR characterization of various pyrazole complexes re-

vealed both static[10] and dynamic[11] behaviour. On lower-shows three sharp signals at δ 5 6.29 [C(4)2H], 7.53
[C(3)2H] and 7.66 [C(5)2H] [8], and a broader signal at δ 5 ing the temperature to 280°C, all signals split as a result

of the coupling C(3)2H/C(4)2H, C(5)2H/C(4)2H and of11.7 assignable to N2H protons. The presence of only one
set of signals for each pyrazole hydrogen atom reveals the N2H with the three heterocyclic C2H protons, leading to

a very complex spectrum because of partial overlapping ofequivalence of the two pyrazole molecules coordinated to
the rhenium centre. The scrambling process which equalizes the signals. N2H irradiation allows a simplification of the

1H-NMR spectrum of 1 to three resonances, a doublet [δ 5the 3 and 5 sites, frequently found in complexes containing
anionic monodentate pyrazolate ligands[9], is in this case ab- 7.65, J5,4 5 2.2 Hz, C(5)2H], a second doublet [δ 5 7.53,

J3,4 5 1.8 Hz, C(3)2H] and a pseudotriplet centred at δ 5sent. Indeed, in complexes containing neutral pyrazoles, the
interchange of the nitrogen sites requires simultaneous pro- 6.29 [C(4)2H]. Similar features were previously reported

for the pyrazoleplatinum(II) derivative [(C6Cl5)2Pt-ton transfer and metal hopping, and is, therefore, expected
to be more difficult. Accordingly, the dynamic behaviour (Hpz)2] [10a].

Table 1. IR (toluene) and 1H-NMR (CD2Cl2, 198 K) data for complexes 128

Complex IR [cm21] 1H NMR
δ J3,4 [Hz] J5,4 [Hz]

ν̃(CO) C(4)2H[a] C(3)2H[b] C(5)2H[b] N2H

1 [Re(CO)3(Hpz)2Br] 2031, 1929, 1897 6.29 7.53 7.65 11.2 1.80 2.20
2 [Re(CO)3(Hdmpz)2Br] 2028, 1925, 1893 5.96 2.20[c] 2.27[c] 10.7 2 2
3 [Re2(CO)6(pz)2Br](Et3NH) 2008, 1899 (br.) 6.11 7.77 7.77 1.73[d] 2.05 2.05

6.17 7.80 7.80 1.99 1.99
4 [Re(CO)3(Hpz)2(pz)] 2024, 1916, 1902 6.35 7.67 7.80 14.6 1.75 2.37
6 [Re(CO)3(Hpz)(pz)(py)] 2023, 1915, 1898 6.28 7.55 7.85 18.2 1.95 2.15
7 [Re(CO)3(Hdmpz)2(dmpz)] 2018, 1907, 1893 5.79 2.02[c] 2.13[c] 13.1 2 2
8 [Re(CO)3(Hdmpz)(dmpz)(py)] 2017, 1906, 1893 5.76 2.04[c] 2.15[c] 17.8 2 2

[a] Triplets or pseudo-triplets 2 [b] Doublets 2 [c] CH3 signals 2 [d] Et3NH1, other signals at 1.22 (t, CH2) and 3.04 (d, CH3).

Scheme 1
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When [Re(CO)5Br] was treated with Hdmpz, the [Re- form as the unique reaction product. On the basis of ele-

mental analysis and spectroscopic data, it was formulated(CO)3(Hdmpz)2Br] species (2) was similarly obtained. Its
IR spectrum (toluene solution) shows three strong ν̃(CO) as monomeric [Re(CO)3(Hpz)2(pz)] species (4) (eq. 3).
bands at 2028, 1925, and 1893 cm21. On the basis of a

[Re(CO)3(Hpz)2Br] 1 Et3N 1 Hpz Rcomparison between the IR and 1H-NMR spectra of 1 and
[Re(CO)3(Hpz)2(pz)] (4) 1 (Et3NH)Br (3)2 (see Table 1) we assign to the latter species a structure

identical to 1. Note, however, the significant red-shift of all The IR spectrum of 4, recorded in toluene, shows three
resonances, ca. 4 cm21, caused by the higher basicity of strong ν̃(CO) bands at 2024, 1916, and 1902 cm21, suggest-
Hdmpz compared to Hpz. ing a fac geometry in this case too. An additional broad

A closely related rhenium(I) species, [Re- band centred at about 2850 cm21 (nujol mull) indicates the
(CO)3(Hdmpz)2Cl], derived by the breakdown of the triden- presence of hydrogen bonds between the pyrazole and pyra-
tate pyrazolylborate ligand into pyrazole fragments, was zolate groups. The proposed formulation was confirmed by
fortuitously obtained by reaction of [Re(CO)4Cl]2 with an X-ray diffraction study (see later).
K[HB(dmpz)3] [12]. The simultaneous formation of complexes 3 and 4 in re-

action 2 can therefore be rationalized by taking into ac-
count the stoichiometries of formation of 3 and 4 (eq. 4aReaction of 1 with Triethylamine
and b).

When monitoring the treatment of [Re(CO)3(Hpz)2Br]
2 [Re(CO)3(Hpz)2Br] 1 2 Et3N Rwith Et3N in toluene at 60°C using IR spectroscopy, the

(Et3NH)[Re2(CO)6(pz)2Br] (3) 1 2 Hpz 1 (Et3NH)Br (4a)ν̃(CO) absorptions of the starting complex were observed
to disappear along with the simultaneous appearance of a

[Re(CO)3(Hpz)2Br] 1 Hpz 1 Et3N Rcomplex pattern of CO bands. The changes in the IR spec-
[Re(CO)3(Hpz)2(pz)] (4) 1 (Et3NH)Br (4b)

trum were accompanied by the formation of a white pre-
cipitate. The work-up of the reaction mixture (see Exper- The pyrazole released in eq. 4a, as a result of the presence
imental Section) led to the isolation of two rhenium(I) com- of Et3N, is deprotonated to the pyrazolate anion, which is
plexes, both exhibiting ν̃(CO) bands in their IR spectra
(eq. 2).

Scheme 2

[Re(CO)3(Hpz)2Br] 1 Et3N R 3 1 4 1 (Et3NH)Br (2)

Complex 3, sparingly soluble in toluene, was isolated in
an analytically pure form, whereas the second species, 4,
soluble in the reaction medium, was always recovered con-
taminated by variable amounts of 3; only by employing an
alternative synthetic route was it possible to isolate 4 in a
pure form (see later).

Complex 3 shows two strong bands at 2008 and 1899
cm21, the latter, broader, is probably due to the super-
position of two different bands. Additionally, a broad ab-
sorption attributable to the ν̃(N2H) of the triethylammon-
ium cation is also observed. On the basis of elemental
analysis and spectroscopic data, the ionic dinuclear formu-
lation (Et3NH)[Re2(CO)6(pz)2Br] was assigned to complex
3. As later shown by an X-ray crystal structure analysis, the
two rhenium centres are held together by one bromide and
two pyrazolate bridges.

Care must be paid in order to exclude moisture from the
reaction medium because the presence of adventitious water
in solvents or reactants caused the formation of the
hydroxo-bridged (Et3NH)[Re2(CO)6(pz)2(OH)] species (5),
formally derived by hydrolysis of the bromide bridge in
complex 3, and characterized by an ancillary X-ray diffrac-
tion study[13].

Reaction of 1 with Triethylamine in the Presence of Pyrazole

When reaction 2 was carried out in the presence of excess
pyrazole, complex 4 could be obtained in analytically pure

Eur. J. Inorg. Chem. 1998, 150321512 1505



G. A. Ardizzoia, G. LaMonica, A. Maspero, M. Moret, N. MasciocchiFULL PAPER
responsible for the nucleophilic substitution of the bromide carbon protons of the heterocyclic rings, see Table 1), stabi-

lizing the complex and hampering, in our opinion, the sub-anion on the starting [Re(CO)3(Hpz)2Br] derivative. In the
light of these observations, it is reasonable to exclude the stitution of the second pyrazole molecule, even when reac-

tion 5 is performed with excess pyridine.intermediacy of 3 in the formation of complex 4 in eq. 3,
the more probable reaction pathway being a direct substi- Intramolecular hydrogen bonds between pyrazole and py-

razolate ligands have been previously observed by 1H-NMRtution of the terminal bromide anion by the pyrazolate
anion generated in situ in the reaction medium. spectroscopy in rhenium(V)[16], iridium(III) [17], pal-

ladium(II) [10] and platinum(II)[10] derivatives, and con-The 1H-NMR spectrum of 4, recorded in CD2Cl2 at 298
K, shows three resonances: a doublet centred at δ 5 7.80 firmed by means of X-ray crystallography[10] [17], but in no

case was the chemical shift of the N2H protons found so(J4,5 5 2.37 Hz), a second doublet centred at δ 5 7.67
(J3,4 5 1.75 Hz) and a pseudotriplet (due to partial overlap- downfield shifted as in 6.

Employing 3,5-dimethylpyrazole in place of pyrazole, theping of two doublets) at δ 5 6.35. In addition, a broad peak
at δ ø 13, due to N2H, is found. The spectral features do related [Re(CO)3(Hdmpz)2(dmpz)] (7) and [Re(CO)3-

(py)(Hdmpz)(dmpz)] (8) derivatives have been obtained. Asnot change appreciably on lowering the temperature down
to 198 K. The first two doublets can easily be assigned to revealed by 1H-NMR spectroscopy (see Table 1), the solu-

tion behaviour of complexes 7 and 8 is quite similar to thatthe 3,5 protons of the heterocyclic ring, and, taking into
account that J4,5 is usually larger than J3,4

[14], the doublet of the related derivatives 4 and 6, indicating that the steric
hindrance of the methyl substituents on the pyrazole ringdownfield can likely be assigned to the C(5)2H protons.

The pseudotriplet is due to the C(4)2H coupled to the 3 plays a minor role. A different situation was found for the
iridium(III) couple [(Cp*)Ir(Hpz)(pz)2] and [(Cp*)Ir-and 5 protons. As a matter of fact, the 1H-NMR spectrum

of 4 clearly shows that both (neutral) pyrazoles and the pyr- (Hdmpz)(dmpz)2], where the presence of the more sterically
demanding Hdmpz ligand prevented the formation of a (dy-azolate ligand appear identical on the NMR time scale. Al-

though a static conformation with the two pyrazole N-hy- namic) bifurcated hydrogen bond, such as that observed in
the Hpz analogue[17a]. The larger ionic radius is probablydrogen atoms sharing the same uncoordinated pyrazolate

nitrogen atom cannot be completely ruled out, an (N)2H responsible for these differences.
A synopsis of the spectroscopic data for complexes 128intramolecular exchange, producing a dynamic hydrogen

bonding between the three pyrazole/pyrazolate ligands is is collected in Table 1, and Scheme 2 summarizes the reac-
tions discussed above.probably more realistic. Indeed, of the three conformations

which can be envisaged for a (CO)3Re(Hpz)2(pz) molecule
(see Scheme 1), only a dynamic proton exchange as depicted
in C is in full agreement with our spectroscopic obser-

Crystal Structures of 1, 4 and 6vations. It is useful to compare the chemical shift of the
N2H protons for complex 4 [δ 5 12.8 (298 K); 14.6 (198
K)] to that found in the palladium(II) derivative All these compounds are mononuclear species, packed in

space by normal van der Waals contacts. Their ORTEP[Pd(dmpz)2(Hdmpz)2]2 [15] (δ 5 18.1, 198 K). In the latter,
the presence of very strong hydrogen bonds, shown also by drawings are shown in Figures 123, together with a partial

labelling scheme.IR bands at 2400 and 1900 cm21, caused the dramatic
downfield shift of the N2H signals [free Hdmpz: δ 5 13.1 Table 2 reports the significant bond lengths and angles for

1, 4 and 6. These three compounds belong to the class of(CD2Cl2, 0.5 )], and the total rigidity of the molecular
framework. In contrast, the chemical shift of the N2H pro- octahedral rhenium(I) species, bearing three carbonyl ligands

in a fac disposition. The remaining coordination sites aretons in 4 is close to that of free pyrazole [δ 5 12.6 (CD2Cl2,
0.5 )], thus suggesting a rather flexible (Hpz)2(pz) system occupied by one negatively charged ligand (pyrazolate or

bromide) and two neutral fragments, such as pyrazole and/with dynamic exchange of the H atoms.
When complex 4 is treated with pyridine, the substitution or pyridine. Despite this formal distinction, when both Hpz

and pz fragments are present in the same molecule, such asof only one pyrazole molecule takes place, giving the
mononuclear [Re(CO)3(py)(Hpz)(pz)] (6) derivative, (eq. 5). in 4 and 6, one might suspect that assignment of the Hpz/pz

nature could be dubious. This is indeed the case for the hy-
drogen-bonded ligands of 6, which, sharing a common H[Re(CO)3(Hpz)2(pz)] 1 py R

[Re(CO)3(Hpz)(pz)(py)] (6) 1 Hpz (5) atom [N22H 1.36(5) and N42H 1.28(4) Å], show a very
short N···N distance of 2.561(8) Å {in agreement with the
1H-NMR spectrum and with other pyrazole/pyrazolato com-The IR spectrum of 6 shows, in the carbonyl region, three

strong bands at 2023, 1915 and 1898 cm21. Furthermore, a plexes such as [M(C6F5)(Hpz)(pz)], (M 5 Pd, Pt)[10a],
[Zn2(Hdmpz)2(dmpz)4][18], [Co(Hdmpz)2(dmpz)4][19], [(η5-broad band in the region 330023400 cm21, attributable to

hydrogen bonds, is also observed. Significantly, the 1H- C5Me5)Ir(dmpz)2(Hdmpz)][17a] and [(η6-p-cymene)Ru-
(Hpz)2(pz)]1 [20]}.NMR spectrum of 6 (toluene, 298 K) shows the N2H res-

onance as a very sharp peak at δ 5 18.2, indicating the In contrast, the situation in 4 is much clearer: Two H
atoms are bound to two (different) neutral ligands, with bothpresence of a strong hydrogen bond equalizing the pyrazole

and pyrazolate ligands (as revealed by the signals of the N2H vectors pointing toward the bare nitrogen atom of the
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Figure 1. ORTEP drawing of the [Re(CO)3(Hpz)2Br] species with partial labelling scheme; thermal ellipsoids drawn at the 30% probability

level; hydrogen atoms are omitted for clarity; primed atoms are generated by the 2x, y, 2z 2 1/2 symmetry operation

Figure 3. ORTEP drawing of the [Re(CO)3(Hpz)(pz)(py)] speciesFigure 2. ORTEP drawing of the [Re(CO)3(Hpz)2(pz)] species with
partial labelling scheme; thermal ellipsoids drawn at the 30% prob- with partial labelling scheme; thermal ellipsoids drawn at the 30%

probability level; hydrogen atoms connected to carbon atoms areability level; hydrogen atoms connected to carbon vatoms are
omitted for clarity; at the drawing resolution, the other independ- omitted for clarity

ent molecule looks similar

remaining pz fragment [four N2H···N interactions in the ure of this interaction. Therefore, in the solid state, molecules
of 4 and 7 are better represented by the static picture B (seerange 2.749(7)22.883(6) Å]. This is indeed observed in both

crystallographically independent molecules and confirmed Scheme 1). When no pyrazolates are present, such as in 1,
the nitrogen atoms of the neutral Hpz ligands in A are foundby an ancillary successful crystal-structure determination of

7 [21], with a (crystallographically unique) N2H···N contact to lie far apart from each other (ca. 5.27 Å). However, a
short N2H···Br intermolecular hydrogen bond is present inof 2.751 Å, clearly demonstrating the N2H···N···H2N nat-
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Table 2. Selected bond lengths [Å] and angles [°] for 1, 4 and 6; the solid state, with an estimated length of 2.645(8) Å for

e.s.d.9s in parentheses H2···Br.
In the absence of strained cyclic rings, such as that ob-1 4[a] 6

served in Re(CO)3Cl(died) (died 5 N,N9-diisopropylethy-
Re2C avg. 1.94 1.913 1.888 lenediimine), where the N2Re2N angle is as low asRe2C1 1.94(4) 1.924(5) 1.882(6)

72.72° [22], the cis octahedral angles about the rhenium atomsRe2C2 1.921(9) 1.915(4) 1.881(6)
Re2C3 1.913(5) 1.902(6) are fairly regular and range from 83.4(2) to 95.7(3)°. Anal-
Re22C13 1.902(5) ogously, the digonal geometry of the CO carbon atoms isRe22C14 1.913(5)
Re22C15 1.910(5) also maintained [Re2C2O in the range 176.4(4)2179.0(5)°].
C2O avg. 1.13 1.152 1.171 In all three compounds the Re2C distances are similar
C12O1 1.12(4) 1.152(5) 1.184(6) [1.881(6)21.94(4) Å] and fall close to the mean value ob-
C22O2 1.132(10) 1.156(5) 1.171(6)

served for the 28 ReC3N2X structures (X 5 F, Cl, Br) de-C32O3 1.139(5) 1.157(5)
C132O13 1.161(5) posited in the CCDC file (1.907 Å). If a minor chemical
C142O14 1.150(5) effect is sought, one can envisage that the presence of a moreC152O15 1.152(5)

basic[23] ligand (py) in 6 than in 4 (Hpz) slightly shortens theRe2C12O1 178(2) 176.4(4) 177.9(5)
Re2C interactions [from 1.913 (4) to 1.888 Å (6), typicalRe2C22O2 178.5(8) 178.5(4) 179.0(5)

Re2C32O3 178.7(5) 177.6(5) e.s.d.9s of 0.005 Å]; this effect, i.e. the presence of a stronger
Re22C132O13 176.2(4)

π back-donation in 6 than in 4, can also be seen in the C2ORe22C142O14 179.1(5)
Re22C152O15 178.4(4) values [1.152 (4) vs. 1.171 Å in 6]. Re2N bond lengths lie in
Re2N1 2.187(6) 2.187(3) 2.183(4) the range 2.183(4)22.227(4) Å (CCDC avg. value, 2.208 Å).
Re2N3 2.211(3) 2.191(4)
Re2N5 2.195(3) 2.227(4)
Re22N7 2.188(3)

Crystal Structure of 3Re22N9 2.199(3)
Re22N11 2.190(3)
Re2Br 2.641(5) Crystals of 3 contain anionic, dinuclear [(CO)3Re(µ-
N···H···N 2.877(5) 2.561(8) pz)2(µ-Br)Re(CO)3]2 species and triethylammonium cations,

2.755(4) packed in space by Coulombic forces and weak(er) van der2.883(6)
Waals contacts. An ORTEP drawing of the anion is shown2.749(7)
in Figure 4, together with a partial labelling scheme and a list

[a] Two independent molecules in the asymmetric unit. of chemically relevant bond lengths and angles. The rhenium
atoms in 3 exhibit an octahedral geometry, with fac-carbonyl
ligands, and fulfil the 18-electron rule without the need for a

Figure 4. ORTEP drawing of the [Re2(CO)6(pz)2(Br)]2 anion with partial labelling scheme; thermal ellipsoids drawn at the 30% probability
level[a]

[a] Selected bond lengths [Å] and angles [°]: Re···Re 3.825(1), Re(1)2Br 2.654(1), Re(2)2Br 2.641(1), Re2C avg. 1.895, C2O avg. 1.16;
Re(1)2Br2Re(2) 92.51(4), Re2C2O 177(1)2180(1); hydrogen atoms are omitted for clarity.
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direct metal2metal bond. The [(CO)3Re(µ-pz)2(µ-Br)Re- C5Me5)Ir(pz)3]2, [(η6-p-cymene)Ru(pz)3]2 and [(η6-mesityl-

ene)Ru(pz)3]2, have been shown to behave in some respect(CO)3]2 anion represents the first structurally characterized
species containing rhenium(I) atoms bridged by µ-pyrazol- as the tris(pyrazolyl)borate anion, acting as organometallic

ligands toward a variety of metal ions[29] [30].ate ligands.
A similar rhenium(V) species [ReO{η2-B(pz)4}(µ-pz)]2(µ- Accordingly, preliminary results[31] with group-7 and -11

metals show that, in the presence of appropriate deprotonat-O), has been recently reported[16], and showed a nonbonding
Re···Re interaction of 3.425 Å. In addition, the synthesis and ing agents, complex 4 results in the dianionic species [Re-

(CO)3(pz)3]22, capable of coordination through the lonespectroscopic properties of an oxorhenium(VII) species,
possibly a dimer containing two pz bridges, [ReO3(µ-pz)]2, pairs of the three monodentate pyrazolate groups on a single

or on two different metal centres, leading to bi- and trimetal-have long been known[24], but, in the absence of single crys-
tals of suitable quality, this species could not be characterized lic species. In this way, an analogy with the Kläui tripod-

like metallorganic ligands such as [(η5-C5H5)M{P(O)R2}3]2any further. Therefore, the observed nonbonding Re2Re
separation, 3.825(1) Å, cannot usefully be compared to other (M 5 Co, Rh) can be drawn[32]. Finally, the use of complexes

4 and 6 in the synthesis of bimetallic derivatives with poten-cases. However, it appears, among pyrazolato-bridged com-
plexes, to be rather long, even though rare examples with tial catalytic applications is currently under investigation and

will be the subject of a forthcoming paper.exceptionally distant metals (up to 4.56 Å) have been re-
ported for polydentate complex pyrazolates[25]. In spite of This work was supported by the Ministero dell9Università e della
the presence of a triple (pz, pz, Br) bridge which, avoiding Ricerca Scientifica e Tecnologica (MURST) and by the Italian Consi-
overcrowding of ligands at the metal centres, should shorten glio Nazionale delle Ricerche (CNR). The technical support of Mr.
the Re···Re distance, such a long Re···Re contact is certainly Gianni Mezza is also acknowledged.
determined by the simultaneous presence of large metals
(leading to Re2N distances of about 2.17 Å) and a rather
bulky bridging anion, the bromide, with Re2Br interactions Experimental Section
of about 2.65 Å. The above observations agree well with the

General: Solvents were dried and purified by standard methods.
coordination versatility of pz groups (which are known to Pyrazole and 3,5-dimethylpyrazole (Aldrich Chemical Co.) were
form single- to quadruple-bridged[26] systems), capable of used as supplied. [Re(CO)5Br] was prepared according to literature
bridging metal atoms which are as close as 2.353 Å or even procedures[33]. 2 Infrared spectra were taken with a BIO RAD
acting as endobidentate η2 ligands[9b] [27]. Also in this case, FTIR 7 instrument. 2 1H-NMR spectra were acquired with a
intermolecular hydrogen bonds are found. Indeed, if the ni- Bruker AC-200 FT spectrometer operating at 200.13 MHz. 2 El-

emental analyses (C, H, N) were performed at the Microanalyticaltrogen-bonded proton is added to the triethylammonium cat-
Laboratory of this University. All reactions were carried out underion in the ideal position, one can devise an N2H···Br con-
dry nitrogen using standard Schlenk techniques.tact with a Br···H distance of, say, 2.90 Å. During our studies

of the crystal structure of 3, a crystal which eventually was [Re(CO)3(Hpz)2Br] (1): [Re(CO)5Br] (400 mg, 0.98 mmol) was
dissolved in 10 ml of toluene and solid pyrazole (200 mg, 2.94 mmol)characterized as the product of bromine hydrolysis, contain-
was added under stirring. The solution was kept at 80°C until noing hydroxo, rather than bromide, bridges[13] came fortu-
change in the IR spectrum was observed (about 4 h) and then con-itously to our attention. In order to maintain the hydrogen-
centrated to dryness. The white residue was treated with 3 ml ofbond network, which properly stabilizes the crystal, an extra
water, filtered off and dried under vacuum (414 mg, 87%). 2water molecule was found in its asymmetric unit, leading to
C9H8BrN4O3Re (486): calcd. C 22.23, H 1.66, N 11.53; found Ca µ-OH···(H2O)···H2N(Et)3 fragment replacing the
22.22, H 1.67, N 11.52. 2 Crystals suitable for X-ray structure analy-

Br···H2N(Et)3 contact of 3. In 5, as expected, replacement sis were obtained by slow diffusion of n-hexane into a dichlorometh-
of Br by a smaller hydroxo group lowers the intermetallic ane solution of 1.
distance to 3.659(1) Å.

[Re(CO)3(Hdmpz)2Br] (2): Prepared in a similar way, employing
3,5-dimethylpyrazole in place of pyrazole (yield 85% ). 2

C13H16BrN4O3Re (542): calcd. C 28.78, H 2.98, N 10.33; found C
Conclusion 28.85, H 2.84, N 10.34.

(Et3NH)[Re2(CO)6(pz)2(Br)] (3): To a toluene solution of 1The synthesis and structural properties of a series of
(400 mg, 0.823 mmol) maintained at 50°C, triethylamine (0.5 ml)mononuclear and dinuclear pyrazolate complexes of rhe-
was added under stirring. In a few minutes a white precipitate

nium(I) have been described. In particular, we foresee that formed. After 6 h, the solid was separated by filtration, washed with
the mononuclear derivatives [Re(CO)3(Hpz)2(pz)] (4) and water (2 ml), and dried under vacuum (yield about 30%). 2
[Re(CO)3(Hdmpz)2(dmpz)] (6) may act as useful synthetic C18H22BrN5O6Re2 (857): calcd. C 25.20, H 2.59, N 8.17; found C
precursors in building heteropolynuclear metal complexes. 25.28, H 2.65, N 8.21. 2 The mother liquors were concentrated to

In fact, 4 and 6 belong to a limited class of complexes dryness and the residue treated with water. A mixture of variable
amounts of 3 and 4 (on the basis of the IR spectrum) was alwaysthat, from a coordination point of view, are comparable to
obtained (see text).the protonated tris(pyrazolyl)borate molecules[28]. The other

members of this class, [(η5-C5Me5)Ir(Hpz)(pz)2][17a], [(η6-p- [Re(CO)3(Hpz)2(pz)] (4): [Re(CO)5Br] (1.03 g, 2.54 mmol) was
cymene)Ru(Hpz)(pz)2][20] and [(η6-mesitylene)Ru(Hpz)- added to a solution of pyrazole (0.920 g, 13.5 mmol) in toluene (20

ml) containing 0.5 ml of triethylamine. The solution was maintained(pz)2][29] when deprotonated to the anionic fragments [(η5-
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Table 3. Summary of X-ray single-crystal data and structure-refinement parameters

Compound 1 3 4 6

Formula C9H8BrN4O3Re C18H22BrN5O6Re2 C12H11N6O3Re C14H12N5O3Re
Formula weight 486.30 856.72 473.47 484.49
Crystal system Monoclinic Monoclinic Monoclinic Monoclinic
Space group C2/c P21/n P21/n P21/n
a [Å] 7.247(3) 8.189(2) 15.699(3) 9.049(4)
b [Å] 14.258(4) 16.190(4) 13.173(4) 12.356(4)
c [Å] 13.029(3) 18.983(4) 16.376(4) 14.427(4)
β [°] 91.31(4) 99.53(2) 115.13(2) 93.17(2)
V [Å3] 1345.9(7) 2482.1(10) 3066.0(13) 1610.6(10)
Z 4 4 8 4
F(000) 896 1592 1792 920
D(calcd.) [g cm23] 2.400 2.293 2.051 1.998
Temperature [K] 293(2) 293(2) 293(2) 293(2)
Diffractometer CAD4 SMART SMART SMART
Radiation [Å] 0.71069 0.71069 0.71069 0.71069
Absorption coeff [mm21] 12.002 11.396 7.948 7.566
Crystal size [mm] 400 3 80 3 50 200 3 100 3 100 200 3 80 3 20 40 3 40 3 40
Scan method ω ω ω ω
Scan interval [°] 1.0 1 0.35 tan θ 0.30[a] 0.30[a] 0.30[a]

Max time per refl. [s] 50 30[a] 40[a] 60[a]

θ range [°] 3.13224.97 1.66226.90 1.51226.84 2.17226.97
Index ranges 28 # h # 8, 0 # k # 16,210 # h # 6, 216 # k # 219 # h # 19, 216 # k #210 # h # 11, 215 # k

0 # l # 15 19, 222 # l # 23 12, 211 # l # 23 # 12, 212 # l # 18
Reflections collected 1185 12734 15039 8202
Independent reflections 1185 [R(int) 5 0.0000] 4786 [R(int) 5 0.0324] 5892 [R(int) 5 0.0208] 3093 [R(int) 5 0.0391]
Crystal decay none none none none
Min. transmission factor 0.294 0.637 0.621 0.804
Refinement method *Full-matrix least-squares

on Fo
2

Obsd. reflection criterion > 2σ(I) > 2σ(I) > 2σ(I) > 2σ(I)
Data/restraints/parameters 1185/0/96 4786/6/254 5892/0/397 3093/2/212
Goodness-of-fit[b] on Fo

2 1.386 1.022 0.929 0.921
R indices[c] [Fo > 4σ(Fo)] 0.0230, 0.0924 0.0414, 0.0904 0.0199, 0.0434 0.0286, 0.0362
R1, wR2
R indices (all data) R1, wR2 0.0252, 0.0939 0.0720, 0.1005 0.0291, 0.0444 0.0605, 0.0396
Largest diff. peak and hole 1.017 and 21.036 1.220 and 21.249 0.327 and 21.272 0.495 and 20.513
[e Å23]
Weighting scheme[d] a 0.0587 0.0494 0.0188 0.0085

[a] Frame width and exposure time per frame 2 [b] GOF 5 [Σw(Fo
2 2 Fc

2)2/(n 2 p)]1/2 (where n is the number of reflections and p is the
number of refined parameters) 2 [c] R1 5 ΣiFou 2 uFci / ΣuFou, wR2 5 [Σw(Fo

2 2 Fc
2)2 / ΣwFo

4]1/2. 2 [d] w 5 1/[σ(Fo
2) 1 (a P)2] where

P 5 (Fo
2 1 2Fc

2)/3.

under stirring at 80°C for 6 h, the formation of (Et3NH)Br, insoluble [Re(CO)3(Hdmpz)(dmpz)(py)] (8): Obtained similarly starting
from complex 7 (yield 80%). 2 C18H20N6O3Re (555): calcd. C 38.91,in the reaction medium, being observed. The solvent was then evapo-

rated to dryness and the residue dissolved in the minimum amount H 3.63, N 15.14; found C 39.40, H 3.57, N 15.53.
of ethanol (2 ml). The addition of water caused the precipitation of

Crystallography [34]: Crystals of 1, 3, 4 and 6 were studied by con-4 as a white product. The product was filtered, washed with water
ventional single-crystal X-ray methods; an overview of the method-and dried under vacuum (yield 1.08 g, 90%). 2 C12H11N6O3Re
ology used can be found in ref.[35]. A list of crystal data, refinement(474): calcd. C 30.38, H 2.34, N 17.72; found C 30.50, H 2.24, N
parameters and final agreement factors is reported in Table 3.17.34.

[Re(CO)3(Hdmpz)2(dmpz)] (7): Obtained in a similar way em-
[1] [1a] S. Trofimenko, Chem. Rev. 1972, 72, 4972509. 2 [1b] S. Trofi-ploying Hdmpz (yield 90%). 2 C18H23N6O3Re (558): calcd. C 38.70,

menko, Prog. Inorg. Chem. 1986, 34, 1152210. 2 [1c] G. La Mon-H 4.15, N 15.05; found C 38.52, H 4.01, N 14.91. 2 Crystals suitable ica, G.A. Ardizzoia, Prog. Inorg. Chem. 1997, 46, 1512238. 2 [1d]

for X-ray structure analysis were obtained by slow concentration of J. E. Cosgriff, G. B. Deacon, Angew. Chem. 1998, 110, 2982299;
Angew. Chem. Int. Ed. 1998, 37, 2862287.toluene solutions of 4 or 7.

[2] [2a] N. Masciocchi, M. Moret, P. Cairati, A. Sironi, G.A. Ardiz-
[Re(CO)3(py)(Hpz)(pz)] (6): Pyridine (1 ml) was added to a zoia, G. La Monica, J. Am. Chem. Soc. 1994, 116, 766827676.

2 [2b] M. K. Ehlert, S. J. Rettig, A. Storr, R. C. Thompson, J.solution of 4 (300 mg, 0.634 mmol) in toluene. The clear solution
Trotter, Can. J. Chem. 1990, 68, 144421449. 2 [2c] G. A. Ardiz-was maintained under stirring at 50°C for 3 h. The solvent was then
zoia, S. Cenini, G. La Monica, N. Masciocchi, M. Moret, Inorg.evaporated to dryness and the residue was dissolved in ethanol Chem. 1994, 33, 145821463. 2 [2d] H. H. Murray, R. G. Raptis,

(1 ml). Addition of water caused the precipitation of 6 as a white J. P. Fackler, Jr. Inorg. Chem. 1988, 27, 26233. 2 [2e] R. G.
Raptis, J. P. Fackler, Jr. Inorg. Chem. 1988, 27, 417924182.product. The complex was filtered, washed with water and dried

[3] [3a] G. A. Ardizzoia, M. Angaroni, G. La Monica, N. Masciocchi,under vacuum (yield 240 mg, 78%). 2 C14H12N5O3Re (485): calcd.
M. Moret, J. Chem. Soc., Dalton Trans. 1990, 227722281. 2 [3b]

C 34.64, H 2.49, N 14.43; found C 34.64, H 2.52, N 14.37. 2Crystals G. A. Ardizzoia, E. M. Beccalli, G. La Monica, N. Masciocchi,
suitable for X-ray structure analysis were obtained from an n-hexane M. Moret, Inorg. Chem. 1992, 31, 270622711. 2 [3c] M. Anga-

roni, G. A. Ardizzoia, G. La Monica, E. M. Beccalli, N. Masci-solution of complex 6 kept at 225°C.
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