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Abstract

The ability of pyrazolato ligands to form dinuclear complexes has been used to prepare a family of rhodium(I) complexes of
the type [Rh(p-pzF€)(L,)], (L, = 2,5-norbornadiene (NBD) (1); 1,5-cyclooctadiene (COD) (2); 2CO (3)) containing ferrocenylpyra-
zolate (pz'™®) as a bridging ligand. The diolefinic compounds 1 and 2 were obtained as the head-to-tail (H-T) isomer, whereas the
tetracarbonyl derivative 3 was formed as a mixture of the head-to-tail (H-T) and head-to-head (H-H) isomers, as deduced by
NMR studies in solution. The crystal structure determination of [Rh(u-pzF)(COD)], confirmed its identity as the H-T isomer
having the boat conformation for the six-membered Rh(NN),Rh ring in the solid state. Important structural parameters were
Rh-~Rh and Rh-H10 distances of 3.189(1) and 2.877 A, respectively, according to the presence of weak intermolecular
interactions. Electronic and electrochemical studies were also performed. © 1999 Elsevier Science S.A. All rights reserved.
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1. Introduction

The design of systems which undergo electron-trans-
fer processes [1] is very interesting as models for molec-
ular electronics [2]. Some of these systems with
applications in nonlinear optical materials [3], elec-
tronic devices [4] and catalysis [5] have been shown to
have the ferrocenyl group as a redox-active center due
its charasteristic redox behavior.

The use of pyrazol groups covalently linked to ferro-
cenyl moieties as bridging ligands to produce poly-
metallic species is very promising from the point of
view of possible intramolecular electron-transfer pro-
cesses for catalytic purposes [6]. The incorporation of
ferrocenyl substituents in pyrazol groups was reported
in the early 1960s [7]. However, despite the versatility of
pyrazoles as ligands or bridging blocks in polydentate
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ligands for metal ions [8], ferrocenylpyrazoles have not
been widely studied [9-14].

On the other hand it is noticeable that there is a great
number of reports dealing with bridged dimeric rhodi-
um(I) complexes containing substituted pyrazolato lig-
ands [15-20]. The majority of these complexes have
been found to have two pyrazolato ligands bridging
two rhodium atoms giving rise to a six-membered boat-
shaped Rh(NN),Rh metallocyclic core. Most of these
complexes have been shown to be non-rigid in solution
by variable temperature NMR studies and the fluxional
behavior generally associated with the boat—boat inver-
sion of the six-membered Rh(NN),Rh metallocycle
[18,20,21]. A complete thermodynamic study of this
behavior has recently been carried out by Oro et al.
[18].

However, in a previous work [19] we found a static
conformation of the Rh(NN),Rh boat in the complexes
[Rh(u-pz¥)(Ly)], (R = CsH,O0CHs, CH,OCHy; L, =
2,5-norbornadiene (NBD), 1,5-cyclooctadiene (COD),
2CO0), this behavior being considered a consequence of
weak intramolecular interactions between the rhodium
atom and the substituents on the pyrazole groups.
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Following these precedents we report here the syn-
thesis and properties of binuclear rhodium(I) com-
plexes [Rh(p-pz™)(L,)], (L, = NBD (1), COD (2), 2CO
(3)) containing ferrocenylpyrazolate (pz™©) as a bridg-
ing ligand. The study focused on the analysis of poten-
tial interactions between the ferrocenyl groups and the
rhodium atom and the electronic effects produced by
the redox active sites.

2. Experimental
2.1. Materials

All commercial reagents were used as supplied. The
reactions were performed at room temperature (r.t.)
under dry oxygen-free dinitrogen. Commercial solvents
were degassed prior to use. The starting Rh-complexes
[Rh(p-Cl)(L,)], (L, =NBD, COD) and the 3(5)-(ferro-
cen-1-yl)pyrazole ligand were synthetized by literature
procedures [9,22].

2.2. Physical measurements

Elemental analyses for carbon, hydrogen and nitro-
gen were carried out by the Microanalytical Service of
the Complutense University. IR spectra were recorded
on an FT-IR Nicolet Magna-550 spectrophotometer
with samples as KBr discs in the 4000-350 cm ~!
region or in a dichloromethane solution in the 2500—
1800 cm ! region. FAB mass spectra were obtained
on a VG AutoSpec spectrometer.

'H- and *C{'H}-NMR spectra were performed on
a Varian VXR-300 (299.95 and 75.40 MHz for 'H-
and '*C-, respectively) and on a Bruker AM-300
(300.13 and 75.43 MHz for 'H- and '3C-, respectively)
spectrophotometer of the NMR Service from solutions
in CDCl;. Chemical shifts ¢ are listed in ppm relative
to TMS using the signal of the deuterated solvent as
reference; coupling constants J are in Hz. The 'H- and
13C- chemical shifts are accurate to 0.01 and 0.1 ppm,
respectively. Coupling constants are accurate to + 0.3
Hz for 'H-NMR spectra and + 0.6 Hz for *C-NMR
spectra. The homonuclear ("H-'"H)COSY spectra were
recorded on the latter spectrometer.

The electronic spectra were registered on a CARY
5G spectrophotometer with solutions of ca. 10~* M
of the complexes in dichloromethane.

Cyclic voltammetric measurements were carried out
on an Autolab apparatus equipped with a PSTA 10
potentiostat using a three-electrode cell with platinum
wire as working and auxiliary electrodes and an
Ag | AgCl electrode as a reference, with a solution (ca.
10~* mol dm —?) of the complex in dichloromethane
containing [NBu,][BF,] (0.2 mol dm~?%) as the base
electrolyte, using a scan rate of 200 mV s—!. Values

are referred to an Ag | AgCl electrode, but ferrocene
was used as the internal standard.

2.3. Synthetic methods
2.3.1. Preparation of [Rh(u-pz")(NBD)], (1)

2.3.1.1. Method A. To a suspension of [Rh(u-
CDH(NBD)], (93 mg, 0.2 mmol) in methanol (15 ml)
was added 3-ferrocenylpyrazole (100 mg, 0.4 mmol).
To the clear orange solution inmediately formed was
added a solution of KOH in methanol (5 ml) in
aliquots of 1 ml during a period of 30 s, and an
orange solid precipitated. The mixture was stirred for
30 min and the solid was filtered off, washed with cold
methanol and hexane and dried in vacuo (140 mg,
78%).

2.3.1.2. Method B. To a solution of [Rh(u-Cl)(NBD)],
(93 mg, 0.2 mmol) in dichloromethane (15 ml) was
added triethylamine (361 mg, 0.5 ml, 3.57 mmol) fol-
lowed by 3-ferrocenylpyrazole (100 mg, 0.4 mmol).
After 2 h of stirring water (15 ml) was added and the
organic layer separated off. The organic fraction was
dried over sodium sulphate and then filtered. From
the clear solution the desired product was precipitated
with methanol, filtered off, washed with cold methanol
and dried in vacuo (125 mg, 70%).

[Rh(u-pzF°)(NBD)],. Anal. Calc. for
C,H;sFe,N,Rh,: C, 53.84; H, 4.30; N, 6.28%. Found:
C, 53.38;, H, 4.03; N, 6.00%. IR (KBr, cm~—"'): 1588
v(CN); 1105 v(CC); 812 =(CH); 1302 fF(NBD). MS
(FAB*, m/z): 892 [M]*, 827 [M-CsHs] ™, 708 [M-
ONBD]*, 641 [M—pz']*, 446 [M/2] ™.

2.3.2. Preparation of [Rh(u-pz¥)(COD)], (2)

2.3.2.1. Method A. To a suspension of [Rh(p-
CI)(COD)], (99 mg, 0.2 mmol) in methanol (15 ml)
was added a solution of KOH in methanol (1 ml)
followed by 3-ferrocenylpyrazole (100 mg, 0.4 mmol).
(Note: it is important to carry out the addition of
reactants in the indicated order to avoid the precipita-
tion of the complex [Rh(Cl)(HpzF)(COD)] [23].) After
a few minutes stirring an orange—yellow solid precipi-
tated, and the mixture was stirred for a further 30
min. The solid was filtered off, washed with cold
methanol and hexane and dried in vacuo (166 mg,
90%).

2.3.2.2. Method B. To a solution of [Rh(p-CI)(COD)],
(99 mg, 0.2 mmol) in dichloromethane (15 ml) was
added triethylamine (361 mg, 0.5 ml, 3.57 mmol) fol-
lowed by 3-ferrocenylpyrazole (100 mg, 0.4 mmol). An
orange—yellow precipitate inmediately formed. After
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30 min stirring, the solid was filtered off, washed with
cold methanol and dried in vacuo (137 mg, 74%).

[Rh(p-pzF)(COD)],. Anal. Calc. for
C,HyFe,N RN, C, 54.57; H, 5.03; N, 6.06%. Found:
C, 54.19; H, 4.80; N, 6.01%. IR (KBr, cm~"'): 1589
v(CN); 1106 v(CC); 815 n(CH); 1274 f(NBD). MS
(FAB™, m/z): 924 [M]*, 859 [M-CsHs] ™, 708 [M—
2COD] ", 673 [M—-pzF]™*, 563 [M—-pzF*~COD]™*, 462
[M)2]".

2.3.3. Preparation of [Rh(u-pz")(CO)], (3)

Carbon monoxide was bubbled about ca. 30 min
through a solution of 1 or a suspension of 2 (0.2 mmol)
in dichloromethane (20 ml) at r.t. and atmospheric
pressure. The initial yellow—orange colour of the solu-
tion changed to deep orange. By removing the solvent
an orange—red oil was obtained which was treated with
cold diethyl ether and evaporated again to dryness
giving rise to a yellow—orange solid. This product was
washed with cold hexane and dried in vacuo. Yield was
practically quantitative.

[Rh(p-pzFe)(CO),], 3). Anal. Calc. for
C;0HFe,N,O,Rh,: C, 43.94; H, 2.71; N, 6.83%.
Found: C, 44.20; H, 2.83; N, 6.70%. IR (KBr, cm ')
2086, 2072, 2016 v(CO); 1588 v(CN); 1105 v(CC); 812
n(CH). MS (FAB*, m/z): 819 [M]*, 792 [M-CO]*,
763 [M-2CO]*, 735 [M-3CO]*, 706 [M—-4CO]*.

2.4. X-ray structure determination

Yellow prismatic single crystals of 2 were obtained
from dichloromethane—acetonitrile. The data were col-
lected on an Enraf—Nonius CAD4 diffractometer, and
unit cell constants were refined from least squares
fitting of the 8 values of 25 reflections with 260 range of
14-30°. A summary of the fundamental crystal data is
given in Table 1, and the final values of all refined
atomic coordinates are given in Table 2.

The complex crystallized in the C2/c¢ space group
with only half independent crystallographic molecule,
containing a 2-fold axis which passes through the mid-
dle of a hypothetical line between the rhodium atoms.

Three standard reflections were monitored after every
97 reflections and no appreciable decay in their intensi-
ties was observed. The structure was solved by Patter-
son and Fourier methods and refined by full-matrix
least-squares on F? [24].

All non-hydrogen atoms were refined anisotropically.
The hydrogen atoms were calculated, except that
bonded to C10 which was located as the first peak in a
difference Fourier synthesis, and then included and
their positions fixed. The largest residual peak in the
final difference map was 0.447 e A3 in the vicinity of
the rhodium atom. Most of the calculations were car-
ried out with SHELX-97.

3. Results and discussion
3.1. Synthetic studies

Reaction of the chloro-dimers [Rh(p-Cl)(L,)], (L, =
COD, NBD) with a stoichiometric ratio of Hpz' under
nitrogen at r.t. and using MeOH/KOH or CH,Cl,/NEt,
as proton abstractor media gave rise to the complexes
[Rh(u-pzF)(L,)], (L, = NBD (1), COD (2)) (Scheme 1).
On treatment with carbon monoxide diolefin ligands
were displaced from either one to give the tetracarbonyl
dimer [Rh(p-pzF)(CO),], (3) (Scheme 1).

The complexes 1 and 2 were orange and yellow—or-
ange solids, respectively, slightly air and moisture sensi-
tive. The carbonyl derivative 3 was a stable
yellow—orange solid. All complexes were characterized
by analytical and spectroscopic IR and NMR (‘H- and
13C-) methods and mass spectrometry. Structure deter-
mination by X-ray diffraction of compound 2 was also
achieved. Tables 3, 7 and 8 show the NMR, electronic
and electrochemical data of the new complexes,
respectively.

Table 1
Crystal and refinement data for 2

Empirical formula C,,H, Fe,N R,

Formula weight 924.35

Crystal system Monoclinic

Space group C2/c

a (A) 19.848(2)

b (A) 12.274(1)

¢ (A) 14.951(4)

B 93.91(2)

v (A3) 3634(1)

Z 4

F(000) 1872

pcalc. (g cm*3) 1690

Temperature (K) 293

u (mm~") 1.712

Crystal dimensions (mm) 0.17%x0.17 x0.10

Diffractometer Enraf-Nonius CAD4

Radiation Graphite-monochromated Mo-K,,
(A=0.71073 A)

Scan technique /20

Data collected (—23, 0, 0) to (23, 14, 17)

0 range (°) 1.95-24.96

Independent reflections 3059 [Ry, = 0.0181]

Data/restraints/parameters 3059/0/226

Total R indices [I>20(1)]*  0.0276 (2349 reflections)
wR (all data)® 0.0834
Goodness-of-fit on F> 0.824
Largest difference peak and 0.447 and —0.591
hole (e A—3)

* Z[|Fo| — |FJVE|F.
® (D (F3— FOYZIw(FR] "2,
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Table 2
Atomic coordinates (x 10%) and equivalent isotropic displacement
parameters (A% x 10%) for 2

Atom X y z Ugy®

Rh(1) 4504(1) 7670(1) 1615(1) 34(1)
Fe(2) 3171(1) 11350(1) 1528(1) 41(1)
N(1) 4631(2) 8589(3) 3442(3) 39(1)
N(Q2) 4257(2) 8715(3) 2650(2) 34(1)
C(3) 3776(2) 9474(3) 2762(3) 39(1)
C4) 3842(3) 9821(4) 3652(3) 54(1)
C(5) 4372(3) 9252(4) 4042(3) 49(1)
C(6) 3298(2) 9806(3) 2034(3) 39(1)
Cc(7) 2626(2) 10192(4) 2136(4) 50(1)
C(3) 2326(3) 10437(4) 1261(4) 54(1)
C©9) 2806(3) 10209(4) 627(4) 52(1)
C(10) 3401(3) 9835(4) 1099(3) 46(1)
C(11) 3840(3) 12330(4) 2225(5) 62(2)
C(12) 3194(3) 12711(4) 2318(4) 61(2)
C(13) 2889(4) 12946(4) 1482(5) 79(2)
C(14) 3352(5) 12736(5) 846(5) 98(3)
C(15) 3952(4) 12338(5) 1308(6) 86(2)
C(16) 3493(3) 7091(5) 1425(5) 69(2)
C(17) 3854(3) 6430(4) 2033(5) 62(2)
C(18) 4103(3) 5309(5) 1833(6) 89(2)
C(19) 4580(4) 5267(5) 1130(5) 91(2)
C(20) 4889(3) 6358(5) 877(4) 65(2)
C(21) 4554(4) 7088(5) 289(4) 69(2)
C(22) 3862(5) 6913(8) —153(5) 120(3)
C(23) 3322(4) 6763(8) 480(7) 125(4)

? U, is defined as one third of the trace of the orthogonalized U
tensor.

3.2. Spectroscopic studies

The IR spectra of complexes 1 and 2 in KBr pellets
showed the characteristic bands from the diolefin lig-
ands and pyrazolato rings [17,19]. Absorption bands at
ca. 1105 and 810 cm ~ ! were assigned to the v(CC) and
n(CH) vibrations of the cyclopentadienyl rings of the
ferrocenyl substituent [25]. Complex 3 exhibited three
carbonyl bands both in the solid state and in
dichloromethane solution, one broad and two sharp, in
agreement with the pattern observed in related dimeric
tetracarbonyl species [17,19].

Complexes 1-3 showed intense molecular-ion peaks
in FAB* mass spectrometry with their corresponding

[Rh(n-C)(I2)]2

re| KOW/MeOH
Hpz™"| or CH,Cly/NEt;

v

[Rh(u-pz")(L2)]2 1=NBD1, COD 2

CO | CHCLp

v

[Rh(p-pz")(CO))2 3

Scheme 1.

isotopic patterns as well as varying number of frag-
ments. In all spectra fragments due to the sequencial
loss of ligands were observed. We also found peaks of
low intensity corresponding to the loss of a cyclopenta-
dienyl moiety.

As it has been described in previous works [17,19,26],
owing to the unsymmetrical substitution of bridging
pyrazolate ligands the dinuclear complexes [Rh(p-
pzF)(L,)], can exist as two geometrical isomers, con-
taining the two pyrazolate bridges oriented
head-to-head (H-H) having a C, symmetry and head-to-
tail (H-T) having a C, symmetry, as depicted in Fig. 1.

The 'H- and "*C-NMR spectra of 1 and 2 were
compatible with the presence of only one isomer having
two equivalent diolefin ligands, i.e. the H-T isomer
(Table 3).

For 1 the 'H-NMR spectrum gave rise to eight
signals at r.t. due to the diolefin moiety, consistent with
the inequivalent eight protons of the NBD ligands. This
proposal was also confirmed by using homonuclear
(‘H-'H)COSY experiment. Hence, all NBD signals
could be themselves related, in agreement with the
equivalence of the two NBD ligands in a H-T isomer.
The methylene protons at 1.42 and 1.12 ppm were
coupled with the tertiary proton at 4.15 ppm, but the
coupling with the other tertiary proton was not ob-
served. The olefinic protons at 3.98 and 3.52 ppm were
coupled with the tertiary proton at 4.15 ppm. The
remaining olefinic and tertiary protons were then as-
signed to the resonances at 4.29, 3.79 and 4.10 ppm,
respectively from their corresponding couplings.

The 'H-NMR spectrum of 2 was more complex than
that of 1 in relation to the diolefin moiety. Four broad
CH-olefinic signals at 4.59, 4.13, 4.06 and 3.66 ppm
and six CH,—ethylenic signals as multiplets in the range
2.9-1.6 ppm were observed (Table 3). In principle,
because four CH-olefinic signals were expected both in
the H-H and in the H-T isomers, the above results were
not conclusive to establish the isomer produced. How-
ever taking into account that the H-T configuration
appears to be favoured by bulky substituents and ancil-
lary ligands [16,17,19], that isomeric form could be
suggested for 2. As for 1 the assignment of the reso-
nances was performed using homonuclear ('H-
'"H)COSY experiment, from which an equivalence of
the COD ligands was deduced through the relation
established between all olefinic and aliphatic protons.
The olefinic protons appeared as four signals showing
couplings between those at 4.59 and 4.13 ppm and 4.06
and 3.66 ppm, respectively. The exo and endo CH,-pro-
tons ranged from 2.90 to 2.15 and 2.10 to 1.55 ppm as
three 1:2:1 and 2:1:1 signals in each group, respectively.

The most important feature consistent with the H-T
isomer in both cases was related to the presence of only
one type of pyrazolate group deduced from the signals
corresponding to the H4 and HS5 protons at 6.13 and
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Table 3
NMR data of compounds 1-3

pz Fc® L,
'"H-NMR
1 H4: 6.13d CsHs: 4.04 CH-1,4: 4.10, 4.15
HS5: 7.16d CsH,: 4.30, 4.46, 4.52, 5.98 CH-2,3,5,6: 3.52, 3.79, 3.98, 4.29
Juis=138 CH,-7: 1.12, 1.42
2 H4: 6.17d CsHs: 3.77 CH-1,2,5,6: 3.66, 4.06, 4.13, 4.59
H5: 7.42d CsHy: 4.21, 4.32, 4.40, 6.47 CH,-3,4,7,8: 1.6-2.9
Jis=18
3a® H4: 6.42d CsHs: 4.07
HS5: 7.52d CsH,: 4.35, 4.39, 4.79, 5.26
Juis=138
3b® H4: 6.38d CsHs: 3.95
HS5: 7.56d CsHy: 4.29, 4.35, 4.62, 5.53
Jis=18
3C-NMR
1 C3: 148.5 CsHs: 69.4 CH-1,4: 50.9, 51.3
C4: 103.8 CsH,: 67.5, 67.6, 67.8, 80.2 CH-2,3,5,6: 57.1, 58.5
C5: 137.6 CH,-7: 61.8
2 C3: 150.5 CsHs: 69.5 CH-1,2,5,6: 77.1d, 81.3d, 81.6d, 82.5d
C4: 102.7 CsHy: 67.2, 67.3, 67.6, 68.2, 79.7 Jrn=11-13
C5: 137.2 CH,-3,4,7,8: 29.4, 30.9, 31.9, 32.0
3a® C3: 151.6 CsHs: 69.5 CO: 184.3d Jg, =67
C4: 104.8 CsH,: 68.1, 68.2, 68.5, 68.6, 78.4 184.3d Jg, =76
C5: 142.6
3b® C3: 1519 CsHs: 69.4 CO: 185.4d Jg, =73
C4: 104.5 CsHy: 67.6, 68.2, 68.3, 68.5, 78.1 185.5d Jg, =70
C5: 141.4

* Fc = (n*-CsHy)Fe(n’-CsHs).
®3a and 3b are the major and minor isomers, respectively.

7.16 ppm for 1 and 6.17 and 7.42 ppm for 2, respec-
tively. These signals were clearly resolved as doublets
(®(J=1.8 Hz) at r.t. suggesting a static nature of the
complexes.

On the other hand, five signals were observed for the
ferrocenyl fragment, one corresponding to the CsHjs
ring and four of the C;H, ring. It was interesting to
note that one of the resonances of the CsH, protons of
the ferrocenyl substituent was strongly shifted towards
lower field than that frequently observed in other ferro-
cenyl derivatives [10—12,27]. The deshielding of this
proton (5.98 and 6.47 ppm for 1 and 2, respectively)
could be explained by considering the presence of a
weak interaction between this proton and the rhodium
atom.

The 3C-NMR spectra of 1 and 2 (Table 3) showed
the olefinic carbon resonances as well resolved doublets
in agreement with the proposed static nature of the
complexes.

As has already been mentioned, the '"H-NMR signals
of the NBD and COD ligands were slightly broad, this
fact probably suggesting motions of the ligands. How-
ever, the well resolved olefinic carbon signals again
indicated rigidity of these complexes on the NMR
time-scale at r.t.

The crystalline structure of 2 was solved in order to
structurally characterize the isomer formed. From that,
as will be described below, the H-T configurational
isomer exhibiting a Rh(NN),Rh metallocyclic core was
evidenced.

Then the proposed Rh—H interaction between the
rhodium atom and one of the Cs;H, protons of the
ferrocenyl substituent, albeit of a weak type, should
favour a more rigid structure making contributions to
the lack of the inversion of the Rh(NN),Rh boat
[19,28,29].

The 'H and '*C-NMR spectra of the carbonyl deriva-
tive 3 were in agreement with a mixture of both H-H
and H-T isomers, 3a and 3b (Table 3). Two signals for
each H4 and HS protons of the pyrazolate rings were

— —N L
|-\Rh/N \Rh/L |-\Rh ) Rh/
L/ \NfN/ \L L/ \N—N/ \L

/ \

A (W
Head-to-tail Head-to-Head

Fig. 1. H-H and H-T configurational isomers for [Rh(u-pz®)(L,)].
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Table 4 .
Selected bond distances (A) and angles (°) for 2 with estimated S.D.
in parentheses %<

Table 5
Selected angles (°) between the least-squares sets defined by the
specified atoms for 2 &P

Bond distance (A)

Rhl---Rh1A 3.189(1) NI1-N2 1.363(5)
Rh1-N2 2.093(3) N2-C3 1.352(5)
Rh1-N1A 2.061(4) C3-C4 1.395(7)
Rh1-Cl6 2.128(5) C4-C5 1.362(7)
Rh1-C17 2.116(5) N1-C5 1.339(6)
Rh1-C20 2.125(5) C3-Co6 1.453(6)
Rh1-C21 2.117(5) Fe2-C610 1.640(5)
Rh1-Cl617 2.005(5) Fe2-CI1115 1.648(7)
Rh1-C2021 2.003(6) C10-H10 0.927
Rhl1--H10 2.877

Bond angles (°)

NI1A-RhI-N2 86.2(1) NI1A-Rh1-C2021 93.5(2)
N2-Rh1-C2021 177.2(2) NI1A-Rh1-C1617 177.6(2)
N2-Rh1-C1617 92.6(2) Rh1-H10-C10 125

4 Cl1617 and C2021 are the midpoints of (C16, C17) and (C20,
C21), respectively.

®C610 and C1115 are the midpoints of the substituted and unsub-
stituted cyclopentadienyl rings, respectively.

¢ Symmetry code (A): —x+1, y, —z+1/2.

observed in the '"H-NMR spectrum and the remaining
signals of the ferrocenyl substituents were also dupli-
cated. The '*C-NMR spectrum showed four doublets
for the carbon atoms of the carbonyl groups bonded to
the rhodium atoms, two from each isomer. A ratio of
the isomers of 55/45 was determined by integration of
the resonances of the H4 protons and the C4 signals of
the pyrazol ring. The homonuclear (‘H-'H)COSY ex-
periment confirmed the presence of the mixture of
isomers showing the corresponding couplings.

The assignment of the proton resonances of 3 al-
lowed us to observe a high deshielding of one of the
protons of the CsH, group of each isomer (5.53 and
5.26 ppm), consistent with the presence of Rh—H inter-
actions as in the above cases. Then, by comparison of
such a chemical shift at lower field of one of the CsH,
protons observed in complexes 1-3, the Rh—H interac-
tion appeared to be depending on the ancillary ligands
and it should be ranged in the order COD > NBD >
2CO.

3.3. Crystal structure of [Rh(u-pz™)(COD)], (2)

In order to establish the isomer formed and to obtain
more information about potential intramolecular inter-
actions in the solid state we solved the crystalline
structure of [Rh(u-pzF©)(COD)], (2). Table 4 lists se-
lected bond distances and angles and Table 5 shows
selected angles between the least-squares sets defined by
specified atoms [30].

The X-ray structure confirmed the dimeric nature of
the compound formed by two rhodium atoms, two
pyrazolate rings bridging the two metals and two di-

1. N1A, N2, C1617, C2021 1-2 74.6(1)
2. N1, N2A, C16A17A, C20A21A 1-5 52.6(2)
3. Rhl, N2, N1, Rh1A 1-6 89.5(2)
4. Rhl, N1A, N2A, RhIA 1-7 71.0(1)
5. N1, N2, N1A, N2A 34 81.1(1)
6. Cl6, C17, C20, C21 7-8 87.4(2)
7. N1, N2, C3, C4, C5 7-9 29.5(2)
8. N1A, N2A, C3A, C4A, C5A

9. C6, C7, C8, C9, C10

2C1617 and C2021 are the midpoints of (C16, C17) and (C20,
C21), respectively.
® Symmetry code (A): —x+1, y, —z+1/2.

olefinic ligands. The structure was built around a cen-
tral nonplanar cyclic core which closely resembled that
encountered in analogues complexes described previ-
ously [15-20,31,32]. That is, each rhodium atom exhib-
ited a square-planar coordination, and the two rhodium
and the four nitrogen atoms of the two bridged pyrazo-
lato ligands gave rise to a metallocycle Rh(NN),Rh
ring in a boat conformation. Fig. 2 shows an ORTEP
perspective and it emphasizes the way in which close
approach of the two rhodium atoms was made possible
by the bending of the bridging into a characteristic
boat-shaped conformation. The substituents on the
pyrazolate rings opposed each other along the inter-
metallic axis, i.e. adopted a relative position corre-
sponding to the H-T configuration in keeping with the
spectroscopic results.

In this arrangement the rhodium atoms approached
each other to within 3.189(1) A, corresponding to the
inclination between the two independent coordination
planes about rhodium of 74.6(1)° as well as to the

Fig. 2. Perspective ORTEP of 2. The hydrogen atoms have been
omitted for clarity.
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Table 6
Structural parameters for complexes [Rh(pu-pzR)(COD)],

Compound RohmRh o? f () Ref.

(A) ©
[Rh(p-pzMe2)(COD)], 3.154 71.7 [15]
[Rh(u-pzF¢)(COD)], 3.189 74.6 81.1  This work

[Rh(p-pz"™™OPhy(COD)],  3.219 771 100.1  [19]
[Rh(p-pz°"OB¥)(COD)],  3.234 78.5 1017 [19]
[Rh(p-pz)(COD)], 3.267 80.7 [33]

@ o is the dihedral angle between the coordination planes of the two
rhodium metals and f is the dihedral angle between the two RhN-
NRh planes [18].

dihedral angles between the two Rh—N-N-Rh planes
of 81.1(1)° and between the plane defined by the four
nitrogen atoms and the N-Rh-N plane of 52.7(2)°.

For comparative purposes some of these parameters
from complexes [Rh(u-pzR)(COD)], are listed in Table
6. The relative folding of these structures was clearly
depending on the substituents on the pyrazol rings and
associated with the metal-metal distance.

It was also clear that the short but formally non-
bonding Rh--Rh distance may reflect some degree of
metal-metal interaction [17-19].

The orthogonal orientation of the COD ligands was
deduced from the value of the dihedral angle between
the plane formed by the four olefinic carbon atoms and
the coordination plane of 89.5(2)°.

The bridged pyrazolato ligands were situated in a
position between normal and parallel as deduced by the
dihedral angles between the coordination and the pyra-
zolato planes of 71.0(1)°.

The COD ethylenic hydrogen atoms attached to the
C18-CI19A pair were located at a nonbonding distance
of 2.37 A, which was very short in relation to the Van
der Waals radius for hydrogen. Then, a significantly
closer approach between the corresponding carbon
atoms of the opposing COD ligand was evidenced,
suggesting structurally significant nonbonding interac-
tion [15,16,34].

The orientation of the CsH, group of the ferrocenyl
substituent on the pyrazol ring merits further com-
ments. The cyclopentadienyl CsHs and CsH, rings of
the ferrocenyl substituent were parallel (0.4(2)°) and
they adopted a staggered conformation. The dihedral
angle between the CsH, and pyrazole planes of 29.5(2)°,
slightly lower than that observed in related complexes
containing aryl substituent [19], indicated an adequate
orientation of the CsH, group to give rise to a proxim-
ity of the rhodium center and the H10 of the CsH, ring,
yielding a Rh—H10 distance of 2.877 A. Although this
distance was longer than separations of the agostic
type, which range from 1.8 to 2.2 A [29], it was shorter
that the sum of the van der Waals radii suggesting a
weak interaction in the solid state, which could be

considered as of preagostic type [19,35]. This proposal
was also consistent with the interaction suggested from
the solution studies.

3.4. Electronic studies

The electronic spectra of the complexes 1-3 were
recovered in dichloromethane solution. For compara-
tive purposes the spectrum of the 3(5)-(ferrocen-1-
yl)pyrazole ligand was also considered [11]. The main
absorption data are listed in Table 7.

The spectrum of HpzFe exhibited two spin-allowed
d—d absorptions from the ferrocene centered at 326 and
443 nm [11,36] and another absorption at a higher
energy (273 nm) attributed to a metal-ligand charge-
transfer transition [11]. The shoulder at 219 nm was
assigned to m—m* pyrazole transition [11,37]. By com-
paring these data with those for ferrocene [25] it could
be considered that pyrazolyl substitution on the fer-
rocene has no significant effect on the energies of the
d—d transitions.

The spectra of 1-3 showed in the visible region two
absorption bands in the range of 340—400 and 395-490
nm, respectively. For complexes 1 and 2 an additional
band in the ultraviolet region centered at 280 nm was
observed. All bands had high absorption coefficients
which provided evidence of charge-transfer transitions.

The lowest-energy absorptions in 1 and 2 could be
considered ferrocenyl d—d transition bands, superposed
probably with rhodium-ligand and iron—-ligand (d—7*)
charge-transfer bands [12]. These transitions showed
bathochromic shifts related to those of the ligand itself.
In addition the red shift of the lowest-energy band was
higher in 1 than in 2, reflecting the electron withdraw-
ing character of the ancillary ligands.

For 3 the absorption band at 340 nm was consistent
with a metal-ligand charge-transfer transition in which
the CO ligands should be implicated [38]. The other
band at 400 nm was assigned to superposed metal-lig-
and charge-transfer and ferrocenyl d—d transitions as in
the above diolefinic compounds.

The highest-energy band at 280 nm observed in 1 and
2 was absent in 3, and it was consistent with charge-

Table 7
UV-vis spectroscopic data for compounds Hpz™ and 1-3

Compound Jmax (nm) (¢ dm?® mol~! em~") 2

Hpz 219 (sh), 273 (9100), 326 (sh), 443 (230)®
1 282 (21750), 388 (2700), 487 (3500)

2 281 (20000), 360 (3000), 452 (3900)

3 345 (6000), 395 (4000)

* All spectra were registered in dichloromethane solutions with
concentrations of ca. 107% M.
b Ref. [11].
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Fig. 3. Voltammograms of (a) Hpz"; (b) complex 1; (c) complex 2 and (d) complex 3 in dichloromethane.

transfer transition in which the diolefin ligands should
be implicated.

3.5. Electrochemical studies

The electrochemical behavior of 1-3 was investigated
by cyclic voltammetry in dichloromethane solution. The
data of the 3(5)-(ferrocen-1-yl)pyrazole ligand was also
included in this study for comparative purposes [11].
Fig. 3 shows the voltammograms for each complex and
Hpz"™ ligand, and Table 8 shows the electrochemical
data.

In all cases a quasireversible wave at ca. 0.59 V was
observed and assigned to Fe''/Fe oxidation of the
ferrocenyl moiety by comparison of these potentials
with those of ferrocene itself and other complexes with
ferrocenylpyridine [10].

The diolefinic derivatives 1 and 2 showed one or two
additional oxidation waves at E}, of 0.90 V for 1 and
0.81 and 1.04 V for 2 with associated daughter reduc-
tion peaks. These oxidation waves were assigned to the
rhodium(I) centers and compared with those obtained

Table 8
Electrochemical data for compounds Hpz™ and 1-3

Compound  E; (Fe''/Fe!!) (V) Other peaks

E3 (V) ES (V)
Hpz'™ 0.59

1 0.59 0.90 0.66

2 0.58 0.81,1.04  0.91, 0.56
3 0.61

4 0.66, 1.60  1.01, 0.42
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for the related complex [Rh(u-pzB*)(NBD)], (4) [17]
containing pyrazolato ligands without ferrocenyl sub-
stituents. The latter exhibited two oxidation waves at £
of 0.66 and 1.60 V and two reduction waves at Ej, of
1.01 and 0.42 V.

Similar electrochemical results have been described
for the binuclear rhodium(I) complexes
[Rh,(CO),(Dcbp)] ~ (Dcbp = trianion of 3,5-pyrazoledi-
carboxylic acid) [39] and [Rh,(CO),(Mdcbi)]~ (Md-
cbi = trianion of 2-methylimidazole-4,5-dicarboxylic
acid) [40] for which a complete electrochemical study
was carried out [40]. On these basis the oxidation
processes Rh(I)-Rh(I) » Rh(I)-Rh(II) - Rh(II)-
Rh(II) were suggested to explain the oxidation waves
observed for complexes 1, 2 and 4.

The irreversible reduction peaks in complexes 1, 2 and
4 were tentatively assigned to Rh-based reductive pro-
cesses.

By comparing complexes 1 and 4 having the same
ancillary NBD ligand the oxidation processes were
cathodically shifted from non-ferrocenyl complex 4 to
the ferrocenyl derivative 1 according with the presence
of the substituent on the pyrazole ring. Then it was
possible to suggest that in 1 the more cathodic oxidation
process on the rhodium atoms could be occluded by the
ferrocenyl oxidation. The same feature could be respon-
sible for the single oxidation peak observed in 3.

Upon reduction no waves were observed when poten-
tials were scanned to —2 V.

When complexed in 1-3 the ferrocene oxidation
waves of the ferrocenylpyrazolato ligand were almost
unchanged indicating that the rhodium(I) center did not
affect the electron density on the ferrocenyl moiety
similar to that found for ferrocenylbipyridine and ferro-
cenylpyridine derivatives [41]. However, for the Fe''/
Fe' oxidation previous works on ferrocenylpyrazole
derivatives suggested that inductive effects were not the
only factors influecting on the oxidation potential values
if conjugation effects should also be considered [10,42].

In our complexes the substituent on ferrocenyl was an
aromatic planar ring (pyrazolate) which may be conju-
gated with the cyclopentadienyl ring. This effect should
decrease the oxidation potential of the ferrocenyl group
as has been proved on 3-ferrocenylpyrrole [42]. In turn
effects produced by complexation associated with the
electrodonating nature of the pyrazolato ligands could
produce the opposite effect and compensate such shifts.
So, in complexes 1-3 the oxidation potential on the
ferrocenyl moiety was almost unmodified with respect to
the free ligand (Table 8).

4. Conclusions

In summary, the new dimeric [Rh(u-pz¥)(L,)], (L, =
NBD, COD, 2CO) complexes (1-3) with a ferrocenyl

substituent on the pyrazole ring have been shown to
have the H-T configuration when bulky ancillary lig-
ands (NBD, COD) were present, but the H-H isomer
was also formed for the less-demanding CO ligands. The
solution studies evidenced the existence of Rh—H inter-
actions which appeared to make contributions to the
lack of dynamic behavior.

The X-ray diffraction studies on [Rh(p-pzF¢)(COD)],
confirmed the identity of the H-T isomer with Rh:-Rh
distance related to the structural folding of the boat-
shaped Rh(NN),Rh ring produced by the ferrocenyl
substituent.

These new complexes showed metal-ligand charge-
transfer transitions and maintained an almost un-
changed oxidation potential in the ferrocenyl group.

All these results suggest that the complexes could be
adequate as building blocks in the design of molecules
with nonlinear optical properties.

5. Supplementary material

Tables giving fractional coordinates and thermal
parameter, bond distances and angles, and observed and
calculated structure factors for 2 (3, 8 and 11 pages,
respectively) are available from the author on request.
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