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4-6: HBF, - Et,0 (0.1 mL) was added to a solution of 2 (0.20 g, 0.35 mmol)
in Et,0 (30 mL). The reaction mixture was stirred for 5 min to give an
orange solid, which was collected by filtration, washed with Et,O, and dried
under vacuum to give 3 (0.15 g, 67 %). Complex 3 (0.20 g, 0.31 mmol) was
dissolved in CH,CI, (2 mL), which was then layered with diethyl ether
(10 mL). The mixture was allowed to stand for a week to give a brown
solution and brown-red needles of 4, which were collected by filtration,
washed with hexane (5 mL), and dried under vacuum (0.080 g, 40 % based
on Ru). The mother liquor was evaporated to dryness, and hexane (10 mL)
was added to give a brown-yellow solid, which was collected by filtration,
washed with hexane, and dried under vacuum to give 6 (0.076 g, 38 % based
on Ru). The filtrate was concentrated to dryness, and the residue purified
by column chromatography (silica gel, eluent: hexane) to give 5 as a
colorless oil (0.015g, 8% based on Ru). 4: '"H NMR (300.13 MHz,
[D¢lacetone): 6=-13.51 (d, J(H,H)=138Hz, 1H, RuH), 140 (d,
J(H,H) =5.37 Hz, 3H, CH,), 1.91 (s, 15H, Cp*), 1.93 (s, 15H, Cp*), 2.39
(s, 15H, Cp*), 4.06 (qd, J(H,H) =5.73, 1.38 Hz, 1 H, Ru-CH-CH3,), 5.26 (d,
J(H,H) =5.37 Hz, 1H, =CH)), 5.46 (dd, J(H,H) =723, 4.95 Hz, 1H, =CH),
713 (t,J(HH) =5.13 Hz, 1H,=CH), 8.20 (d, J(H,H) = 7.23 Hz, 1 H, =CH);
BC{'H} NMR (75.48 MHz, [D¢]acetone): 6 =9.64 (s, Cp*), 9.75 (s, Cp*),
10.10 (s, Cp*), 24.36 (s, CHs), 37.42 (s, =CH), 41.52 (s, RuCHCHs;), 54.02 (s,
=CH), 64.83 (s,=CH), 92.48 (s, Cp*), 106.20 (s, 2 Cp*), 146.89 (s, =CHRu),
168.32 (s,=CRu); elemental analysis (% ) calcd for C;;Hs,B,FsRu;: C 45.55,
H 5.58; found: C 45.80, H 5.62. 5: '"H NMR (300.13 MHz, CDCL;): 6 =1.16
(t,J(H,H) =7.5 Hz, 3H, CH,), 1.99 (s, 15H, Cp*), 2.20 (q, J(H,H) =75 Hz,
2H, CH,),4.15 (s,4H, Cp); *C{'"H} NMR (75.48 MHz, CDCl;): 6 =11.74 (s,
Cp*), 14.63 (s, CH;), 20.81 (s, CH,), 71.81 (s, Cp), 71.91 (s, Cp), 84.32 (s,
Cp*), 92.13 (s, Cp); MS (CI): m/z (%): 330 (100) [M*]. 6: '"H NMR
(300.13 MHz, CD,Cl,): 6 =1.23 (t,J(H.H) = 7.6 Hz, 3H, CH3;), 1.93 (s, 30H,
Cp*),2.63 (q,J(H,H) =7.6 Hz,2H, CH,), 4.12 (s,2H, Cp), 4.27 (s,2H, Cp);
BC{'H} NMR (75.48 MHz, CD,Cl,): 6 =10.46 (s, Cp*), 10.94 (s, CH;), 19.84
(s, CH,), 55.17 (s, Cp), 56.29 (s, Cp), 76.20 (s, Cp), 86.49 (s, Cp*); elemental
analysis (%) calcd for C,;H;yBF,Ru,: C 49.70, H 6.02; found: C 50.02, H
5.86.
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have been deposited in the Cambridge Crystallographic
Database to date (version 5.21; April 2001), coordination
modes have been limited to #' and u-':', with the exception
of our 7°-pyrazolato complex of ruthenium. Until recently,
n* coordination of pyrazolato ligands was extremely rare
outside of lanthanide and actinide complexes.[ >4 Since 1997,
we have reported many early transition metal complexes
containing 7>-pyrazolato ligands.> ¢ In addition, main group
element complexes with #*pyrazolato ligands have been
reported in the past several years.”'2 A significant open
question relates to the occurrence of n?>-pyrazolato ligands
among transition metal complexes with partially filled d
shells, where repulsions between the filled d orbitals and
pyrazolato nitrogen atoms might destabilize #?-pyrazolato
coordination in favor of other coordination modes. Mosch-
Zanetti has reported the synthesis and structure of tris(3,5-di-
tert-butylpyrazolato)titanium(ir) and several other titani-
um(tn) pyrazolato complexes, and found #? coordination of
the pyrazolato ligands in these d! systems.'¥] However, there
have been no reports of #?-pyrazolato ligand coordination
among the complexes of the Group 4-11 metals with d? or
higher electronic configurations. Herein, we report the syn-
thesis and characterization of tris(3,5-di-fert-butylpyrazola-
to)chromium(iny) and tris(3,5-di-tert-butylpyrazolato)iron(iii).
These complexes contain 7>-pyrazolato ligands, and establish
that #?> coordination is possible despite the d® and d°
configurations. We have also carried out molecular orbital
calculations on model chromium(ii) and iron(ir) pyrazolato
complexes. While theory predicts that n?-pyrazolato ligands
are more stable than #'-pyrazolato ligands for chromium (i),
the opposite trend is found for iron(iir). The observation of a
stable iron(im) #*-pyrazolato complex suggests that the steric
bulk of the substituents in the 3- and 5-positions of the
pyrazolato ligands plays a pivotal role in stabilizing #?-
pyrazolato ligands relative to other coordination modes.
Treatment of trichlorotris(tetrahydrofuran)chromium(iir)
or iron(iil) chloride (1equiv) with potassium 3,5-di-tert-
butylpyrazolatel® (3 equiv) in tetrahydrofuran or diethyl
ether led to the formation of tris(3,5-di-tert-butylpyrazolato)-
chromium(imn) (1, 66 %) and tris(3,5-di-tert-butylpyrazolato)-
iron(1) (2, 22%) as deep purple and orange-red crystals,
respectively, after crystallization from hexane [Eq. (1)]. The

THF or Et,O
23°C,16h
- 3KCl

tBu—( 7—tBu
MClzL, + 3 @‘
tBu @‘ tBu
\

M=Cr,L=THF,n=3 K+
tBu / tBu

o

tBu tBu

1, M=Cr, 66%
2, M =Fe, 22%

(@)

structures of 1 and 2 were established by a combination of
spectroscopic and analytical techniques, and by X-ray crystal
structure determinations. Both complexes are paramagnetic
and show only very broad singlets in the 'H NMR spectra.

1662 © WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002

EPR spectra of 1 and 2 were recorded in a toluene glass at
5 K. Both complexes exhibit spectra consistent with high-spin,
octahedral metal ions.'¥! The EPR spectra of 1 and 2 are
virtually identical to spectra previously reported for high-
spin, octahedral tris(2-trimethylsilyamidopyridinato)chromi-
um()¥ and the analogous axially symmetric iron(iir)
complex.[**l The magnetic moment for 1 was found to be
Uesr = 3.43 ug, which is close to the spin-only magnetic moment
expected for three unpaired electrons (3.87 ug). For 2, p.;=
6.10 ug, which is close to the spin-only magnetic moment
expected for five unpaired electrons (5.92 ug).

Complex 1 exists in the solid state as a monomeric complex
with three 7?-pyrazolato ligands (Figure 1).'! The pyrazolato
ligands are canted slightly away from perfect trigonal-
prismatic geometry toward a three-bladed propeller. The

Figure 1. Perspective view of 1. Selected bond lengths [A] and angles [°]:
Cr1-N1 1.978(3), Cr1-N2 1.981(3), Cr1-N3 1.963(3), Cr1-N4 1.985(3), Crl-
N5 1.983(3), Cr1-N6 1.978(3), N1-N2 1.362(4), N3-N4 1.366(4), N5-N6
1.371(4); N1-Cr1-N2 40.24(11), N3-Crl-N4 40.50(11), NS5-Crl-N6
40.51(11), N1-Cr1-N3 109.91(13), N1-Cr1-N4 143.05(13), N1-Crl-N5
100.05(13), N1-Cr1-N6 112.76(12), N2-Cr1-N3 99.62(13), N2-Crl-N4
111.44(13), N2-Crl1-N5 111.55(13), N2-Crl-N6 145.15(13), N3-Crl-N5
147.50(13), N3-Cr1-N6 112.90(13), N4-Crl-N5 115.17(13), N4-Crl-N6
101.63(13), Cr1-N1-N2 70.01(19), Crl-N2-N1 69.75(18), Crl-N3-N4
70.60(19), Crl-N4-N3 68.90(18), Crl-N5-N6 69.53(18), Crl-N6-N5
69.95(18).

pyrazolato ligands are coordinated to the chromium atom
with nearly perfect #?> geometry, with Cr—N bond lengths
ranging from 1.956(6) to 1.986(6) A. The N-Cr-N angles
within each #?-pyrazolato ligand are also very similar, and
vary from 40.24(11) to 40.51(11)°. The structural parameters
of 1 are very similar to those reported for tris(#>-3,5-di-tert-
butylpyrazolato)aluminum,® tris(?-3,5-di-tert-butylpyrazola-
to)scandium,"! and tris(#?-3,5-di-tert-butylpyrazolato)titani-
um.[®! The crystal structure of 2-(C¢H,,),s was also deter-
mined, and the structural parameters are very similar to those
of 1. Crystals of 2 - (C4H,,)o5s were only solved with inclusion of
twinning parameters and will be discussed in a later publica-
tion.

To gain insight into the preference of #' versus #* bonding,
ab initio calculations were performed on the simplified model
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OMe, OMe, complexes 3 and 4 at the

ENitYg) C'\&/@ B3LYP/6-311G* level of theo-
a’| N a’ | ry.'5 1) The optimized struc-
OMe; OMe; tures of 3b and 4b are in good

32: m - (F:é ig m - (F:é agreement with the X-ray

crystal structure data

(Cr—N(calcd) =2.03, 2.02 ver-
sus Cr—N(X-ray) = 1.956(6) —1.986(6) A; Fe—N(calcd) = 2.06,
2.06 versus Fe—N(X-ray) = 2.008(2), 2.009(2) A).

The charge on the pyrazolato ligand in 3b was —0.58 and
was — 0.65 in 4b (natural population analysis??”), making the
nitrogen —metal bonding slightly more ionic than in titani-
um(1v) complexes that we have previously reported.”! Similar
to our previous molecular orbital studies of titanium(v)
complexes,”! 7> bonding occurred through interaction of
molecular orbitals containing symmetric and antisymmetric
combination of the nitrogen lone pairs with the empty
hybridized 3d and 4s orbitals, as depicted in Figure 2 for 4b.
Consequently, 3b is 6.6 kcalmol~! more stable than 3a. In

Figure 2. Calculated molecular orbitals showing a) symmetric lone pair of
4b, b) symmetric lone pair of 4b, and c) antisymmetric lone pair of 4b.

high-spin 4, all five d orbitals formally are singly occupied and
are significantly lower in energy than the nitrogen lone pair
orbitals, resulting in very little orbital interaction. One of the
orbitals containing the symmetric combination of the nitrogen
lone pairs forms an antibonding interaction with a d orbital on
iron, but the other orbitals have minimal interaction with the
iron atom. Due to this change in the orbital interaction, 7?-
pyrazolato bonding in 4 is weakened relative to that in 3. By
contrast, the nitrogen lone pair in the 4a interacts with the 3d
and 4s orbitals on iron, stabilizing 4a by 1.9 kcal mol ! relative
to 4b.

The crystal structures of 1 and 2 document the first
examples of #*-pyrazolato ligand coordination in complexes
of metal ions with d? or higher electronic configurations. The
results of the molecular orbital calculations on 3 and 4
demonstrate that, in the absence of steric effects, > coordi-

Angew. Chem. 2002, 114, Nr. 9
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nation becomes less stable than 7! at the d’ configuration of
iron(tmn). Consistent with our theoretical model, pyrazolato
complexes of the mid to late d-block metals have exhibited
either n'- or u-n':p'-pyrazolato coordination modes.! As
specific relevant examples, bis(pyrazolato)iron(i)i?-?? and
tris(pyrazolato)iron(u)?? are polymeric with u,;":n'-pyrazo-
lato ligands.”) Based upon our results, we predict that
octahedral homoleptic pyrazolato complexes with d* or higher
electronic configurations will not exhibit #*-pyrazolato ligands
in the absence of steric effects. However, the 3,5-di-tert-
butylpyrazolato ligand and other pyrazolato ligands with
bulky substituents may lead to #? bonding in metal complexes
with high d-electron counts. We note that the 3,5-di-tert-
butylpyrazolato ligand has seen very little use in the
coordination chemistry of the mid to late d-block metals.
The present work implies that this ligand and related azolato
ligands containing bulky substituents may exhibit much
different coordination chemistry than azolato ligands substi-
tuted with hydrogen, small hydrocarbon groups, or other
moieties with small steric profiles.

Experimental Section

1: A 100-mL Schlenk flask was charged with trichlorotris(tetrahydrofur-
an)chromium(ir) (0.500 g, 1.33 mmol), 3,5-di-tert-butylpyrazolatopotassi-
um (1.166 g, 5.34 mmol), and tetrahydrofuran (50 mL). After the mixture
had been stirred for 16 h at ambient temperature, the solvent was removed
under reduced pressure to yield a purple solid. This solid was extracted with
hexane (50 mL) and the resultant solution was filtered through a 2-cm pad
of Celite on a coarse glass frit. The deep purple filtrate was placed in a
—20°C freezer for 36 h to afford 1 as deep purple crystals (0.521 g, 66 % ):
m.p. 252°C (decomp); IR (Nujol): #=1570 (w), 1515 (m), 1361 (s), 1309
(m), 1241 (s), 1207 (w), 1116 (w), 1011 (m), 1003 (m), 790 (s), 714 (m) cm™';
"H NMR (C¢Dy, 22°C): 6 =2.89 (br.s, C(CH;);); elemental analysis (%)
calcd for C3;3Hs,CrNg: C 67.20, H 9.74, N 14.25; found: C 67.00, H 9.74, N
14.25.

2: In a fashion similar to the preparation of 1, iron(i) chloride (0.318 g,
1.96 mmol) was treated with 3,5-di-tert-butylpyrazolatopotassium (1.500 g,
6.87 mmol) in diethyl ether (50 mL) to afford 2 as orange-red crystals
(0.250 g, 22 % yield): m.p. 229°C (decomp); IR (Nujol): 7 =1516 (m), 1363
(s), 1291 (w), 1251 (m), 1228 (s), 1204 (m), 1013 (w), 980 (m), 796 (s), 711
(m) cm™; 'H NMR (C¢Dg, 22°C): 6=6.38 (br.s, C(CHs);); elemental
analysis (%) calcd for C5;;Hy;FeNg: C 66.76, H 9.68, N 14.16; found: C 66.70,
H 9.54, N 14.26.
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Since the initial work of Mobil researchers on the synthesis
of mesoporous silica,l'l a lot of work has been devoted to
extend the composition of mesoporous materials to metal
oxides other than silica for applications in acid, redox
catalysis, or photocatalytic processes.
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