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CYCLOPENTADIENYL COMPLEXES WITH HAFNIUM
AND ZIRCONIUM CONTAINING NITRATE LIGANDS

M. Kh. Minacheva, £. M. Brainina, Z. S§. Klemenkova, UDC 541.,49:1'13:
B. V. Lokshin, T. D. Nikolaeva, S. I. Zhdanov, 546.83
and P. V. Petrovskii

Only three examples of cyclopentadienyl complexes with Hf, containing NO; nitrate groups,
are known: CpHf(CsH,02),(NO;) [1], Cp HEC1(NOs), and Cp,Hf (NO;), [2]. The cyclopentadienyl
nitrate derivatives of Zr have also been little studied [3]. The chemistry of Hf and Zr
nitrates is of great practical importance, in particular for extractional separation of these
elements [4, 5]. The study of the chemical reactions of the new nitrate complexes with Zr
and Hf, for example clarification of the nature of the bond of the ligands with the metal, is
also interesting.

In the present work, we studied the action of HNO; on several Hf and Zr complexes. The
main path of the investigation was the synthesis of the nitrates of the monocyclopentadienyl
complexes with these metals containing chelate (chel) ligands or Cl of the type CpM(chel), (NOjs),
CpM(chel) (NOs),, and CpMC1,(NOs;). As starting materials for the synthesis of these compounds,
complexes of type CpM(chel),X and [CpZrCl,],0¢H.0 were mainly used, where X = chel, Cl, OCgHs,
OCOCH3, or NOs. Cyclopentadienyl dibenzoylmethanate (DBM) complexes with Hf react with HNO,
under mild conditions with exchange of only one ligand for the NO, group and the formation of
complex (1)

CpHE( DBM);
CpHE @BM) o(0CsH;) ——— CpHE(IBM)e(NO;)
CpH{f(DBM )y(OCOCHS) (D

HNO:

where DBM = PhCOCHCOPh.
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TABLE 2. Specific Electrical Conductivity of 0.01 M Solutions
of Zr and Hf Complexes in THF at 20°C

T .1
= 2 | Deg. of T, = | Deg.of
Compound G = | dissocia- Compound G < | dissocia~
< & tion < B | ton
13} 3
szZ[’Cl (NO3) 0,12 0,024 CPZI' (CuHqu) (NOa) 2 0,03 0,006
CpZr (CsH704) 5 (NO3) 043 | 0,026 CpHF (Cy5H1102) 2 (NOs3) 0,39 0,078
CpZI’ (C5H70z) (NOs) 2* 0,3 — CPZI‘ (CmHst) 2 (NOs) * 0,05 -
CpZI‘ (CisH“Oz) z(NOa) 0,'1 0,02 LIC].OA 5

*Because of the limited solubility in THF, the measurements
were carried out with 0.005 M solutions.

The complex of type (II) was synthesized by the reaction of HNOs with CpHF(DBM).Cl

CpHf @BM) 4] — 22

o

. CpHICIy(NO,) - 4H,0 = CpHF (0BM) o(NOy) (1)
(I1) ¥

On further action of HNO;, complex (I) converts into complex.(III)

HNOs

Cpr‘(DBM) 2N03 = _’Cpr (DBM) (NO3)2 (2)
M “ (T

In [3], a similar series of nitrate complexes with Zr was obtained as the result of the
reaction of HNOs on CpZr(acac),Cl

CpZr(acac)yCl — o . CpZrCly(NOs) - 45,0 -+ CpZr(acac)(NOy)s -+
- (IV) V) 3)

- CpZr(acac)s(NOg) -+ HCI
(VD)

In the present work we showed that the unexpected formation of complex (IV) in reaction
(3), and the corresponding Hf analog (II) in reaction (1), is the result of the action of HC1
evolved in the course of these reactions on compounds (VI) and (I), respectively.

This sup-
position was confirmed by model reactions (4) and (5)
CpZr(acac)y(NO;) + HCl — CpZrClL(NO3)-4H,0 (&)
(VI) (1V)
CpHI(DaM )o(NOs) + HCl — CpHICL,(NOs)-4H,0 (5)
(n (In)

As a proof of the structure of (IV), its reaction with benzoylacetone in the presence of Et,N

is cited. This leads to the formation of (VII) with the exchange of two Cl atoms for the
benzoylacetonate ligands

CioH1002

CpZI‘CIQ((I;I\(]))g)-[_&HgO v —'CPZI'(Clo(I{IISI(I))z)z(NO:)\) (6)

Complex (IV) was also obtained by an alternative route by the action of HNOs; on dizircon-
oxane (VIII); the reaction is accompanied by decomposition of the dizirconoxane grouping

HNOs

[CpZI‘Clz]gO ano i CpZI‘Clg(NO3) '4H20 (7)
(VIID) (v
The initial complex (VIII) was isolated during the hydrolysis of Cp,ZrCl,
CpaZrCly ——— [CpZrCly]e0 - nF;0 (8)
2 (VIIT)

The action of HNO; on complex (VI) at about 20°C leads to complex (V) in the same way as
to the dibenzoylmethanate analog of Zr {3] or Hf in reaction (2)
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CpZr(acac)y(NOz) ——2, CpZr(acac)NOs)y (9)

(VI) & (V)

The composition of all the Zr and Hf complexes obtained was confirmed by elemental
analysis (Table 1). The IR, Raman, and 130 NMR spectra, and also the electrical conductivity of
certain nitrate complexes with Zr and Hf were studied. A comparison of the electrical con-
ductivity of solutions of the complexes obtained with a limiting electrical conductivity of
a 0.01 M solution of LiCl1l0, in THF shows that the degree of dissociation of the complexes is
very small (Table 2). From this we can assume that the ligands in the compounds obtained are
bound to the metals by a nonionic bond.

The IR spectra of all the Zr and Hf B-diketonate complexes studied have strong bands in
the 1500-1600 cm~' region and do not have bands in the 1600-1800 cm™' region. This indicates
the bidentate character of the bonding of the chelate ligands with the metal. The n°-Cp-
ring is represented by absorption bands in the 830 and 3100 em™? regions. The remaining
bands characteristic of this ligand are overlapped by the strong absorption bands of other
ligands. The character of bonding of the nitrate group with the metal atom (mono- or bident-
ate) is interesting. In several papers, an attempt was made to find the type of coordination
of the NO; group from the IR spectral data. An analysis of the available data leads to the
conclusion that if IR spectra only are used, this is, in general, impossible ([6] and refer-
ences in this paper).

The frequencies of the stretching vibrations lying in the 1050 em™ ! region (class A,',
inactive in the IR spectrum) and in the 1390 cm™' region (class E', active in the IR spectrum)
are the most characteristic of the NOs; ion with Dsh symmetry. During the formation of a
bond with the metal according to the monodentate type M-0-NO,, as well as the bidentate type

o

7N
M N=0 the local symmetry of the NO; group decreases to Cpv, which has the following

ANV4
congequences: the NO symmetric vibration band becomes active in the IR spectrum (A, sym-
metry), while the degenerated vibration band (E') splits into two bands which are active in
the IR spectrum (A; + B;). The position of the first band changes little compared to that
of the NO, ion band, while the splitting value of the second band is determined by a whole
series of factors, including the type of coordination, charge on the metal, force coefficient
of the M0 bond, etc. [6]. Thus, in many cases the frequency regions of mono- and bidentate
forms are fairly close.

Thus, from the position of the bands it is impossible to distinguish between the two
types of coordination. They also cannot be distinguished by using the selection rule in the
IR and Raman spectra, since the two forms have the same C:y symmetry. However, the solution
can be obtained by studying the polarization lines in the Raman spectra. In the case of a
monodentate coordination, the highest frequency band belongs to class B;, i.e., it should be
depolarized in the Raman spectrum, while in the case of the bidentate coordination it belongs

TABLE 3. Vibration Frequencies of the NOs; Group in IR Spectra
of Zr and Hf Complexes

Compound Frequency, v, cm-1
Cp2ZrCl(NO3) 1566 v.s 1260 s 1016 s 761 m
Cp HIC1(NOs) 1562 s 1263 s 1010 m 772 w
CpZr{acac) (NOg) 2 * 1550 s 1270 Vs 1025 8 770 m
CpZr (DBM) (NO3)» 1560 T 1265 8 1018 s 780 m
CpZrCl> (NOs) -4H.0 1570 s 1265 § 1030 s 770 m
CpHICl; (NO;) -4H,0 1575 v.s 1265 s 1025 s 775 m
CpZr (DBM) 2 (NOs) 1558 1277 s 1032 s 769 m

*In the (acac)sZr(NOs) complex [8], the bidentate character of
the NO, ligand was shown by x-ray diffraction analysis [9].
The reported frequencies in the IR spectra of this compound
are similar to those observed for complexes described in the
present work.

+Overlaps by strong V¢ = O bands.,
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TABLE 4. '3C NMR Spectra of Zr Complexes (saturated solutions)

Conditions of measurement §13C, ppm with reference
to TMS
Compound

solvent T, °C CsH; CH co

Cp:ZrCH{NO;) (IX) CH,CI;+CDCls (30%) 30 115,6 - -

~95 1149 - -

—120 1148 - —

THF 30 1140 - -

-30 143,7 - —

-130 113,0 - -

CpZr (DBM) (NO X CH,CI 26 117,9 971 *
pZr OB (NO92 () G 80 | 1475 | 962 | 1860
179,9
CH,Cl,+CDCl; (30%) —-100 1174 95,7 ﬁg’%
183.9
CpZr (DBM) ;(NQ;) (XI) CH,Cl;+CDCl; (30%) 27 116,5 6,4 183,6
95,1 183.6
183.2
—115 116,0 95,6 182,3
83,7 181,86
181,6
181,2

*No signal is observed.

to class A,, i.e., it should be polarized. For complexes with f-diketonate ligands, it is
difficult to measure the polarization of the Raman lines of the nitrate group, since the
1500-1600 cm™' region is overlapped by strong bands of the chelate ligand (stretching vibra-
tions of theC = Ogroup). Therefore, as a model, we selected a complex which does not contain
B-diketonate ligands, CpZrCl(NOs;) [3, 7]. In contrast to the IR spectra, where strong bands
correspond to the NO; group vibrations, in the Raman spectra, the corresponding lines are
very weak, but in the case of Cp,ZrCl(NOs), their polarization could be measured in CH,Cl,
and THF solution. The 1560 and 1021 ecm~' lines were found to be polarized, and the 1268 cm™*
line depolarized, which corresponds to the case of a bidentate coordination. The frequencies
corresponding to the vibrations of the NO; ligand are practically equal in the IR spectra of
the Hf and Zr complexes studied (Table 3), so that it is possible to assume that the char-
acter of bonding of NO; with the metal is the same in all these compounds. Since the Raman
spectra indicate a bidentate coordination for Cp,ZrCl(NOs;), it is possible that the coordina-
tion in the remaining compounds is also bidentate. It can be assumed that the Cp,ZrCl(NO,)
and CpM(chel) (NO;). complexes are penta- and heptacoordinated, respectively.

The '3C NMR spectra of the Zr nitrate complexes (Table 4) show that on the time scale
of '>C NMR, the bidentate bonds of the NO, group are fairly labile and, therefore, the isomers
rapidly convert one into another over the whole temperature range available for the measure-
ments, and give an averaged spectrum, as if the NO; group occupied one coordination site.
For complex (IX), a single narrow signal of the Cp group is observed in the spectrum, which
remains unchanged when the temperature is decreased to —130°C. In the spectrum of complex
(X) in CH;Cl,, one signal of the Cp group and one of the CH group were observed at 26°C.
With decrease in the temperature to —80°C, besides these two signals in the spectrum, two CO
signals were observed of an equal intensity. At —100°C, another two sets of low-intensity
signals appear: Cp (8 116.7 and 116.2 ppm), CO (& 180.7 and 183.2 ppm), and CH (& 94.6 and
94.7 ppm). With increase in temperature, the spectrum of (X) becomes more simple, and the
observed temperature-dependent changes have a reversible character.

In the spectrum of (XI) at 27°C the following set of signals is observed: one signal of
the Cp ligand, two signals of the CH groups, and four signals of the CO group, two of them
merged. With decrease in temperature to —115°C, the spectrum practically does nct change.
Table 4 shows that the rigidity of the complexes studied increases with increase in the num-
ber of the B-diketonate ligands.

EXPERIMENTAL

The reactions were carried out with dry solvents, without access to moisture from the
air. The experimental results and the analysis of the compounds not yvet described in the
literature are given in Table 1. Experiments 9-11 were carried out at 20°C (experiment 9 in
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CH3CN); the remaining experiments at —35°C (in CH,Cl,) for 3-6 h; 54% HNO, and 36% HCl were
used. The molecular weight of Cp.Z2rCl(NOs;), determined in a THF solution by the sedimenta-
tion method in an ultracentrifuge, is 340, calculated 318.8,

To determine the degree of ionic character of the M—ligand bonds, the values of elec-
trical conductivity (n) of 0.01 M solutions of Zr and Hf complexes in THF were measured on an
"Impulse" conductometer (THF = 1e10~°Q *ecm™'). The degree of dissociation was found as
the ratio of equivalent electrical conductivity of a given compound A (X =%11000/C, where C
is concentration; A = ®e10%) to the equivalent electrical conductivity of a LiCl0, solution
in THF at the same concentration. Since THF is a solvent with a low dielectric constant,
even a typically ionic compound such as LiClO, is not completely dissociated in it. Never-—
theless, by comparing with LiCl0,, it is still possible to evaluate the bond character in the
complexes. The data in Table 2 show that the degree of dissociation of the complexes studied
is in all cases lower by a factor of several tens than the degree of dissociation of lithium
perchlorate, i.e., the complexes are practically nonelectrolytes.

The IR spectra were obtained on an UR-20 Zeiss IR spectrometer in KBr tablets, or in
the form of a paste in mineral oil; the Ra@an spectra were measured on a Ramanor HG-2S
spectrometer with an excitation by a 5145 A line of an argon ionic laser. The '*C NMR spec-
tra were obtained on a HX-90 Fourier spectrometer (22.635 MHz) in a Fourier transformation
and a protonic suppression regime with noise modulation Buildup number 30,000,

CONCLUSIONS

1. New types of hafnium monocyclopentadienyl nitrate complexes, CpHf (DBM)(NOs;), and
CpHfC1l, (NO3;)*4H,0 (DBM is dibenzoylmethane residue) were synthesized.

2. Dichlorides CpMCl,(NOs;) are formed in the reaction of monochlorides CpM(chel).Cl
with HNOs; as the result of the reaction of HCl thus evolved with the exchange product CpMe

(chel) ; (NO3).

3. From a study of the electrical conductivity, IR, and Raman spectra, the nonionic
character of the metal-mitrate bonds and bidentate character of the nitrate ligands in Cp,Me

(NO;)C1 have been assumed.
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