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Abstract 

The bis(arene) derivative of titanium(0), Ti(xl6-toluene)2, reacts with 9,10-phenanthrenequinone (PQ) with release of tile arene ligands 
and formation of a diamagnetic brown compound best formulated as a dinuclear titanium(IV) derivative containing both 9,10-phenanth- 
renesemiquinone (PSQ) and 9,10-phenanthrenediolato (PDA) ligands. MCp2(CO) 2 (M = Zr, Hf) react with PQ to give MCp2PDA which 
has been characterized by single crystal X-ray diffractometry for M = Zr. Crystal data: C48H 3604Zr2, M = 859.26 g mol-1, monoclinic, 
space group P 2 1 / n  (No. 14), a = 11.647(8), b = 17.07(1), c = 18.80(1),~, /3= 97.17(6) °, V= 3709(7)A 3, Z= 4, dcalc := 1.539gcm -3, 
bt = 5.97 cm -~, F(000) = 1744. The structure consists of dinuclear [ZrCp2PDA] 2 units, the two ZrCp2 groups being bridged by the PDA 
ligands to give a 10-membered tetraoxazirconacycle. © 1997 Elsevier Science S.A. 

1. I n t r o d u c t i o n  

1,2-Quinones occupy a special position in coordina- 
tion chemistry due to the fact that they can coordinate to 
a metal either as neutral or as charged ligands (semi- 
quinone radical anion or diolate dianion) [1,2]. 

Complexes derived from 1,2-benzoquinones have 
been studied for their relevance to metal-assisted biolog- 
ical redox reactions such as the photosynthetic 
electron-transport chain; the viability of a manganese-  
quinone complex as a model for the manganese cofactor 
has been considered [3]. 

Many examples are reported in the literature of 1,2- 
quinones as prepared from compounds of low-valent 
transition elements, mainly metal carbonyls from Groups 
5 to 9 [1,2]. In general, in the reactions between 
organometallics and quinones, the organometallic com- 
pound is used as a carrier of the metal and the neutral 
carbon-containing ligands are totally released under the 
action of the quinone. Nevertheless, compounds con- 
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taining other ligands in addition to quinones have been 
prepared, namely iron-, cobalt-, nickel- and platinum- 
olefin or platinum-phosphino derivatives (for selected 
examples see Ref. [4]). 

As far as the interaction between quinones and low- 
valent, transition metal complexes of Group 4 is con- 
cerned, it is known that the reaction of  Ti(@-toluene) 2 
with 1,4-quinones [5] affords insoluble materials of 
probable polynuclear nature. Moreover, it is known that 
t i t a n o c e n e  d i c a r b o n y l ,  T i C p 2 ( C O )  2, g ives  
CP2Ti(CI4HsO2) by treatment with 9,10-phenanth- 
renequinone [6], and that the bis-trimethylphosphine, or 
the ethylene/phosphine adducts of zirconium(lI), 
ZrCP2L 2, react with 1,2- or 1,3-dihydroxybenzene to 
give dinuclear zirconocene derivatives containing bridg- 
ing catecholato ligands with a zirconium/catecholato 
molar ratio of  2 [7]. 

In this paper we report new examples of quinone 
derivatives of titanium, zirconium and hafnium as ob- 
tained by oxidation of reduced organometallic precur- 
sors with 9,10-phenanthrenequinone and the first crys- 
tallographically characterized example of a compound 
containing a 10-membered tetraoxa-zirconacycle de- 
rived from 9,10-phenanthrenequinone. 

0022-328X/97/$17.00 © 1997 Elsevier Science S.A. All rights reserved. 
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2. Results  and discuss ion 

2.1. Synthesis and crystal structure 

When Ti(-q6-toluene)z is treated with PQ in toluene, 
an instantaneous reaction is observed with formation of 
Ti(C14H802)3, according to Eq. (1). 

Ti('q6-toluene)2 + 3PQ --+ Ti(C 14H802 )3 -k 2 toluene 

(1) 

The diamagnetic dark brown solid has been charac- 
terized by elemental analysis and NMR and IR spec- 
troscopy. The infrared spectra show absorptions typical 
of 9,10-phenanthrenesemiquinone (1498cm -1) and 
9,10-phenanthrenediolate (1572, 1116, 1079, 1038, 756, 
731,723 cm- J ), suggesting the presence of two quinone 
ligands differing in the formal charge, namely - 1  and 
- 2 .  By taking into consideration the structural results 
obtained on hexakis(tetrachloro-l,2-benzenedialco- 
holato)dimetal, M2(~-O2C6C14)2(O2C6C14) 4 (M -- Mo 
[8], W [9]), and on the zirconocene system 
[ZrCp2(PDA)] 2 (vide infra), a possible structure for this 
titanium(IV) derivative is that of a dinuclear compound 
containing two 9,10-phenanthrenediolato bridges and 
two 9,10-phenanthrenesemiquinone for each 
titanium(IV) centre, i.e. Ti2(Ix-PDA)2(PSQ) 4. The dia- 
magnetism of Ti(C14H802)3 can be explained by con- 
sidering an intramolecular spin coupling mechanism 
[ 1,10,11 ] between the two semiquinone ligands. 

An attempt was made to obtain Ti(C 14H802)3 by an 
alternative route. TiC13(THF) 3 was treated with three 
equivalents of NaPSQ and rapidly gave a dark coloured 
suspension, which was washed with water to give the 
pure titanium derivative in high yields. 

Some years ago, TiCp2(CO) 2 was reacted [6] with 
PQ according to Eq. (2): the infrared spectrum of the 
diamagnetic solid showed a strong absorption in the 
1490-1440cm-~ region, thus suggesting the presence 
of 9,10-phenanthrenesemiquinone ligand for titanium in 
the formal oxidation state Ill. 

TiCp2(CO)2 + PQ + TiCp2(PSQ) + 2CO (2) 

We have now found that MCP2(CO) 2 (M = Zr, Hf) 
react, Eq. (3), with PQ in toluene affording high yields 
of the diamagnetic [MCp2(CuH802)] 2 (M =Zr,  Hf) 
(the dinuclear nature of the compound will be demon- 
strated in the course of the discussion). The air-sensitive 
pale brown zirconium derivative was also obtained by 
the reaction of ZrCP2C12 with Na2PDA, see Eq. (4). 

2MCP2(CO)2 + 2PQ --+ [MCP2(PDA)] 2 + 4CO 

M =Zr ,  Hf 

2ZrCp2Cl 2 + 2NazPDA -+ [ZrCp2PDA]2 + 4NaC1 

(3) 

(4) 
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Fig. 1. Schematic representation of 10-membered tetraoxametalla- 
cyclic (A) and metallatricyclic (B) systems containing bridging alco- 
holate ligands. 

As compounds of zirconium(III) or hafnium(Ill) are 
still rather rare [12] and no strong absorptions in the 
region 1490-1440 cm -1 (typical of semiquinone lig- 
ands) are observed in the solid state infrared spectrum, 
we had assumed that [MCp2(CI4HsO2)] 2 (M = Zr, Hf) 
should contain the 9,10-phenanthrenediolato ligand. 

Zirconocene derivatives of general formula 
ZrCP2(catecholato) are known but their' nature is still a 
matter of debate. They were initially proposed to be 
mononuclear and air-stable compounds at least in the 
solid state [13]; later, on the basis of their chemical and 
physical properties, a polynuclear structure was pro- 
posed [14]. 

A recent structural study on titanium(IV) and zirco- 
nium(IV) 1,4-catecholato derivatives of general formula 
[M(CsRs)2C1]z(Ix-O2C6H 4) (M = Ti, CsR 5 = CsM%; 
M = Zr, CsR 5 = C~Me4Et) has shown their dinuclear 
structure [ 15]. 

In a recent NMR study on the solution behaviour of 
ZrCpz(catecholato) complexes (catecholato = conjugate 
base of 1,2-dihydroxybenzene or 4-t-butyl-l,2-dihy- 
droxybenzene), Erker and coworker [16] have suggested 
that 10-membered tetraoxametallacycle,;, Fig. 1 (A) (vide 
infra) should not be stable in solution with respect to 
dimetallatricyclic structures, as reported in Fig. I(B). 

As far as the formal charge accepted by the quinone 
is concerned, it is worth noting that metal-oxygen bond 
lengths and carbon-oxygen bond distances may be 
indicative of the charge on the ligand [1,2,17]. Although 
the number of structural studies on phenan- 
threnequinone complexes is small, the data collected in 
Table 1 indicate that a long C-O distance (>  1.31 A) 
and a short C-C bond distance (<  1.4 A) are typical of 
a PDA ligand. Metrical data are therefore available in 
the literature for useful comparisons and for bonding 
considerations. 

We therefore decided to investigate the solid-state 
structure of [ZrCp2(PDA)] 2 by X-ray crystallography. 
Fig. 2 reports a view of the molecule and Table 2 is a 
list of selected bond distances and angles. As can be 
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Table l 
Representative bond distances in 9,10-phenanthrenesemiquinone 
(PSQ) and 9,10-phenanthrenediolato (PDA) transition metal deriva- 
tives 

Compound C-C (,~) C-O (A) M-O (A) Reference 

Mo(PDA)2(PS Q) PDA 1.348 (av.) 1.346 (av.) 1.952 (av.) [18] 
PSQ 1.427(10) 1.312 (av.) 1.978 (av.) 

Fe(PSQ) 3 1.435(6) 1.283(3) 2.027(4) [11] 
NiPy2(PSQ) 2 1.442(14) 1.272(11) 2.058(7) [19] 
M°2Os(PSQ)2 1.426(9) 1.312(7) 2.141(4) [20] 
[ZrCp2(PDA)]~ - 1.372 (av.) 1.34 (av.) 2.002 (av.) this work 

seen from Fig. 2, in the dinuclear [ZrCp2(PDA)] 2 the 
two ZrCp2 units are bridged by two oxygen-donor 
ligands to give a 10-membered tetraoxazirconoacycle 
with a Zr • - - Zr non-bonding distance of 4.71 A. The 
zirconium atoms are tetrahedrally coordinated to the Cp 
groups (average Zr-centroid distance 2.22A) and to 
two oxygen atoms of the bridging ligands. As is shown 

o 

in Table 1, the average Zr -O distance, 2.002A, the 
o 

average C - O  distance, 1.34A, and the average C - C  
o 

distance, 1.37 A, are in agreement with the presence of 
a phenanthrenediolato ligand. The coordination geome- 
try at the zirconium centre is that of a typical bent 
metallocene (the average bond angle at zirconium is 
128.5°). The dihedral angle between planes of bridging 
ligands is 70.8 ° compared with 70.6 ° and 78.7 ° observed 
for M2(1_1,-02C6C14)2(02C6C14)4 (M = Mo [8], W [9] 
respectively). The dihedral angle between the two planes 
defined by Zrl and its centroids and by Zr2 and its 
centroids is 51.3 °. 

Examples are known of 1,2-diolato ligands bridging 
two metal atoms, of type A or B (Fig. 1). 

The latter type of coordination is observed in 
[ V O ( 3 , 5 - D B S Q ) ( 3 , 5 - D B D A ) ]  2 [22], Mn2(3,5-  
DBDA)2(CsHsN)  6 [23], Re2(CO)7(PSQ) 2 [24], 
Fe4(3,5-DBSQ)4(DBDA)4 [25], Co4(3,5-DBSQ) ~ [26], 

c28/- ~Pc25 , '~ c23 

C41 C13%L"t  ~ 5 ~  ~ C61 

C 14"~"~0 ~'J2 C 16 

Fig. 2. PLATON [21] plot of the molecular structure of [ZrCp2(PDA)] 2 
with the atom numbering used. Ellipsoids are drawn at 30% probabil- 
ity. 

Table 2 
Selected bond distances (A) and angles (deg) of [ZrCp2(PDA)] 2. 
Estimated standard deviations in parentheses refer to the least signifi- 
cant digit 

Zr 1 O 1 1.992(3) O 1 C30 1.345(4) 
Zrl 03 2.009(3) 02 C31 1.338(5) 
Zr2 02 2.007(3) 03 C50 1.333(5) 
Zr2 04 2.002(2) 04 C51 1.343(5) 
C30 C31 1.368(5) C50 C51 1.374(5) 

Ol Zrl 03 106.3(1) Zrl O1 C30 139.0(3) 
02 Zr2 04 105.2(1) Zrl 03 C50 140.6(3) 
O1 C30 C31 120.0(4) Zr2 04 C51 140.1(3) 
O 1 C30 C43 119.3(3) C30 C31 C32 120.0(4) 
02 C31 C30 120.9(3) C31 C30 C43 120.7(3) 
02 C31 C32 119.1(4) C51 C50 C63 120.0(4) 
03 C511 C63 119.3(4) C50 C51 C52 120.4(4) 
03 C50 C51 120.7(4) 
04 C51 C50 120.3(4) 
04 C51 C52 119.3(4) 

[Cu(3,5-DBDA)(CsHsN)]4.2CH3CN [27] (3,5-DBSQ 
= 3,5-di-t-butylbenzenesemiquinone, 3,5-DBDA = 3,5- 
di-t-butylbenzenedialcoholate) in the substituted cy- 
clopentadienyl derivative of nigbium(V) {[Nb('q 5- 
CsH4SiMe3)C1]2(~-O)( la , -O2C6H4)2  [28]} and in a zir- 
conocene-methyltartrato complex [29]. 

The type A coordination is observed in hexalds(tetra- 
c h l o r o - l , 2 - b e n z e n e d i a l c o h o l a t o ) d i me t a l ,  M 2(t x- 
02C6C14)2(02C6C14) 4 (M = Mo [8], W [9]) and in a 
derivative of copper(II) containing an N,O-macrocycle 
and a tetrachloro-l,2-benzenedialcoholate as ligands 
[30]. 10-Membered metallacycles containing titanocene 
or zirconocene fragments are known with pinacolato 
[31] or dimethyltartrato [29] bridging ligands respec- 
tively. 

It is noteworthy that two derivatives of uranium(IV) 
and thorium(W) of general formula {M(CsMes)2[Ix- 
O C ( C H 3 ) = C ( C H 3 ) O ] }  2 ( M  = U, Th) [32] reported some  
years ago by Marks and coworkers as a result of the 
reaction of uranocene or thoriocene dimethyls with CO, 
Eq. (5), have been shown by X-ray crystallography to 
contain a 2-butene-2,3-diolato fragment as bridging lig- 
and to give a 10-atom two-thorium metallacycle 

H3C N /CH3 

_ o / C = C \ o .  

M(~IS-C,Mes)2(CH3)2 + 4CO 

--, {M(-qCC5 Mes)2 [~z-OC(CH 3) = C ( C H  3) o l  }2 

M = U, Th (5) 

Due to the lower steric hindrance of the ene-diolate 
ligand with respect to PDA, the eight non-metallic 
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atoms of the 10-atom thorium metallacycle are coplanar 
[321. 

In the field of zirconocene complexes, it is worth 
mentioning that also other binuclear metallacycles with 
14 [33] and 16 [33] members are known. 

2.2. Electrochemistry 

The mononuclear [6] titanium derivative TiCp2(PS Q) 
and the dinuclear zirconium derivatives [ZrCpz(PDA)] 2 
have been studied by cyclic voltammetry. The titanium 
compound shows an irreversible oxidation at + 0.43 V 
with a cathodic follow-up peak corresponding to the 
first reduction of 9,10-phenanthrenequinone ( - 0 . 6 4 V  
under the same experimental conditions). This suggests 
that the titanium derivative dissociates the quinone on 
oxidation. The cathodic part of the voltammogram is 
characterized by a reversible couple at E~/2 = - 1.11 V 
which is assigned to a quinone-based reduction. Though 
the potential is near to that of free quinone, the reduc- 
tion behaviour of 9,10-phenanthrenequinone under iden- 
tical conditions is quite different. The observed reduc- 
tion must therefore be associated with the metal com- 
plex. 

The zirconium derivative does not show a reduction 
peak, but a reversible oxidation is observed at + 0.51 V 
assigned to a PDA/PSQ oxidation in accordance with 
the redox behaviour observed for Cr(PSQ) 3 [34]. 

According to these results, it appears that the quinone 
ligand in the titanium derivative is less reduced than in 
the zirconium compound, thus confirming the results 
obtained by other techniques (infrared spectroscopy in 
the case of titanium and infrared spectroscopy and 
X-ray crystallography for zirconium). 

2.3. Conclusions 

9,10-Phenanthrenequinone complexes have been pre- 
pared starting from low-valent compounds of Group 4 
metals. The solid-state structure of [ZrCpz(PDA)] 2 and 
the electrochemical measurements of both this com- 
pound and the titanium analogue TiCp2(PSQ) strongly 
suggest that the quinone-based ligand behaves as a 
formal single charged anion in the titanium derivative 
and as a doubly charged anion in the zirconium system: 
this implies that we are dealing with titanium(III) and 
zirconium(IV) compounds respectively. Thus, the ob- 
served experimental results confirm the higher stability 
of high oxidation states in descending a group of transi- 
tion elements. 

We have shown that, as proposed by Erker and 
coworker [16], 10-membered tetraoxabis(cyclopenta- 
dienyl)zirconacycles (Fig. I(B)) can be stabilized with 
respect to compounds characterized by a metallatri- 
cyclic framework (Fig. I(A)) when the proper quinone 
ligand is used. 

Because of the close similarities in the chemistry 
(including structural Chemistry, ZrC14 and HfC14 are 
isotypic [35]) of zirconium and hafnium derivatives in 
the oxidation state IV, and on the basis of the substan- 
tially identical infrared data for [MCpz(PDA)] 2 (M = Zr, 
Hf), it can be anticipated that the hafnium compound 
has a dinuclear structure similar to the zirconium deriva- 
tive. Work is in progress in order to definitely character- 
ize other catecholato derivatives of zirconium and 
hafnium. 

3. Experimental 

Unless otherwise stated, all of the operations were 
carried out under an atmosphere of pre-purified argon. 
Solvents were dried by conventional methods prior to 
use. 

IR spectra were measured with an FF-1725X instru- 
ment on solutions or on Nujol and /o r  polychlorotrifluo- 
roethylene (PCTFE) mulls prepared under rigorous ex- 
clusion of moisture and air. 

J H NMR spectra were measured with a Varian Gem- 
ini 200 instrument. 

Magnetic susceptibility measurements were per- 
formed (in the temperature range 290-70K) with a 
Faraday balance using CuSO4 • 5H20 as standard, with 
Pascal contributions for the diamagnetic correction (the 
diamagnetic contributions are from Ref. [36]). 

An E G & G / P A R  electrochemical equipment as de~ 
scribed previously [37] was used for recording cyclic 
voltammograms. Rapid scan (c' > 1 V s 1 ) voltammo- 
grams were sampled with a Nicolet 3091 digital storage 
oscilloscope and transferred to a PC. The electrochemi- 
cal measurements have been performed at a platinum 
electrode in acetonitrile using Bu4NPF 6 as supporting 
electrolyte; potentials are referred to fe, rrocene at 0.4V 
vs. SCE. 

The metal content of the complexes was determined 
as follows. Titanium: dissolution of the sample in dilute 
sulphuric acid and measurement of the absorbance at 
410 nm of the resulting solution after acldition of a 30% 
hydrogen peroxide solution. Zirconium and hafnium: as 
MO 2 after decomposition of the sample with dilute 
nitric acid and calcination in a platinum crucible at ca. 
1000°C. The chloride content of the complexes was 
determined by the Volhardt method after treatment of 
the sample with a KOH aqueous solution at the reflux 
temperature. 

9,10-Phenanthrenquinone (Fluka) (PQ) was purified 
by sublimation. ZrCp2C12 was a commercial product 
used without purification. Disodium phenanthrenedio- 
late (Na2PDA) [38], TiCpz(PSQ) [6], and ZrCp2(CO) 2 
[39] were prepared according to the literature. Ti('q 6- 
toluene) 2 was prepared from Ti(g) and toluene vapours 
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according to the metal-ligand co-condensation tech- 
nique [40] 1 

3.1. Preparation of Ti(C114 H 8 02 )3 

(A) From Ti(Tjt-toluene)2 and PQ. A solution of 
Ti('q6-toluene)2 (0.24 g, 1.03 mmol) in toluene (50 ml) 
was treated with PQ (0.65 g, 3.12 mmol). An instanta- 
neous precipitation of a brown solid was observed and 
the colour of the solution changed from ruby red to 
brown. After 6 h stirring at room temperature, the sus- 
pension was filtered and the brown solid was dried in 
vacuo and identified as Ti(C~4H802) 3 (0.59g, 85% 
yield). Anal. Found: C, 75.2; H, 4.2; Ti, 7.3. C~2 He4OtTi 
Calc.: C, 75.0; H, 3.6; Ti, 7.1%. IR (Nujol and PCTFE): 
~=3068w, 3025w, 1598m, 1572m, 1557m, 1516s, 
1503s, 1488vs, 1468s, 1459s, 1452s, 1428s, 1395s, 
1373vs, 1351s, 1342s, 1307s, 1273ms, 1239w, 1201w, 
ll80vw, 1163w, l l l6m,  1079ms, 1038m, 941w, 929w, 
811m, 791m, 756ms, 731m, 723ms, 697mw, 688m, 
674w, 599m, 549s, 520m, 445wcm -l.  I H NMR 
(200MHz, CD3CN, 25°C): ~=  7.52 (t, 2H), 7.78 (t, 
2H), 8.10 (d, 2H), 8.18 (d, 2H). The compound has a 
limited solubility in THF and aromatic hydrocarbons 
and is almost insoluble in aliphatic media. 

(B) From TiCl3(THF) 3 and NaPSQ. A suspension of 
sodium (0.097g, 4.22mmol) in THF was stirred for 
15 h at room temperature with PQ (0.887 g, 4.25 mmol). 
The green suspension was treated with TiCI~(THF)~ 
(0.526g, 1.42mmol) to obtain a deeply coloured sus- 
pension within mixing of the reagents. After 10 h stir- 
ring at room temperature, the solvent was removed in 
vacuo and the residue was treated with toluene (50 ml). 
The suspension was filtered, the solid was dried in 
vacuo at room temperature and washed on the frit with 
water (3 × 10ml) until the washings were free of chlo- 
ride ion. The deep brown solid was dried in vacuo at 
room temperature over P40~o for 10h and identified as 
Ti(C 14 H 802)3 (0.764 g, 80% yield) from analytical and 
spectroscopic (IR, 1H NMR) data. 

3.2. Synthesis of [MCp2(PDA)] 2 (m = Zr, Hf) 

(A) From MCP2(CO) 2 and PQ. Only the procedure 
for zirconium is described in detail, the hafnium com- 
pound being obtained by a similar procedure. A solution 
of ZrCp2(CO) 2 (1.87 g, 6.75 mmol) in toluene (200 ml) 
was treated with PQ (1.41 g, 6.78 mmol). Fast gas evo- 
lution and precipitation of a yellow-brown solid were 
observed. After 12h, the yellow-red suspension was 
filtered and the solid dried in vacuo (0.20 g). The solu- 
tion was concentrated in vacuo to ca. 100ml and hep- 
tane was added (100ml). After two days, large crystals 

We thank Dr. Isabella Ferri who provided a sample of Ti('q 6- 
toluene) 2 prepared during her stay at the Inorganic Chemistry Labo- 
ratories, University of Oxfbrd, UK. 

of [ZrCP2(PDA)] 2 were recovered by decantation 
(0.67 g). The solution was evaporated to dryness under 
reduced pressure at room temperature and heptane 
(100ml) was added; the resulting suspension was fil- 
tered and the yellow solid, dried in vacuo, was identi- 
fied as [ZrCP2(PDA)] 2 (1.56g, 77% total yield). Anal. 
Found: C, 67.8; H, 4.4; Zr, 21.4. C48H3604Zr z Calc.: 
C, 67.3; H, 4.2; Zr, 21.0%. IR (Nujol and PCTFE): 
~=3111w, 3063m, 3025w, 1603m, 1583s, 1571m, 
1518m, 1484s, 1446vs, 1417s, 1371vs, 1342s, 1281m, 
1262w, 1249w, 1225w, 1195ms, 1161w, 1120m, 1109m, 
1064m, 1031m, 923mw, 802vs, 756s, 725s, 698ms, 
682m, 652m, 600w, 550m, 441mcm -1. ~H NMR 
(200MHz, C6D6, 25 °C): 6 = 6.02 (s, 5H, Cp), 7.52 (t, 
2H), 7.71 (t, 2H), 8.21 (d, 2H), 8.71 (d, 2H). When the 
reaction was carried out in a gas-volumetric apparatus 
the gas evolved (CO) was found to correspond to a 
CO/ZrCp2(CO) 2 molar ratio of 1.8. 

[HfCp2(PDA)] 2. Yield 77%. Anal. Found: C, 54.6: 
H, 3.4. C48H3604Hf 2 Calc.: C, 55.8; H, 3.5%. IR 
(Nujol and PCTFE): ~ = 311 lw, 3069m, 3025w, 1604m, 
1586vs, 1572m, 1519m, 1485m, 1448vs, 1418s, 1375vs, 
1342s, 1281m, 1262w, 1250w, 1225w, 1197m, ll61w, 
l121m, l108m, 1063m, 1024s, 924m, 809vs, 753s, 
723s, 697ms, 687m, 651w, 555m, 442w crn -I . ~H NMR 
(200MHz, C6D6, 25 °C): ~ = 5.91 (s, 5H, Cp), 7.51 (t, 
2H), 7.72 (t, 2H), 8.22 (d, 2H), 8.72 (d, 2H). 

(B) From ZrCp2CI 2 and Na2PDA. A suspension of 
Na (0.22g, 9.96mmol) in THF (250ml) was treated 
with PQ (0.62g, 2.98mmol). After about 12h, a sus- 
pension of the excess sodium in a red solution was 
obtained. After filtration, the solution was added of 
ZrCp2C12 (0.86g, 2.94mmol). The colour of the mix- 
ture promptly turned yellow and precipitation of a solid 
was observed. After 12h, the yellow-red suspension 
was filtered and the solid dried in vacuo (0.49 g) was 
analytically identified as a mixture of [ZrCP2(PDA)] 2 
and NaC1 in the approximate molar ratio of 1:3. The 
solution was evaporated to dryness under reduced pres- 
sure at room temperature and toluene (200m l) was 
added; the resulting suspension was filtered and the 
yellow solid, dried in vacuo, (0.12g) was analytically 
identified as a mixture of [ZrCp2(PDA)] 2 and NaCI in 
the approximate molar ratio of 4:1. The solution was 
evaporated to dryness under reduced pressure at room 
temperature and heptane (50 ml) was added; the result- 
ing suspension was filtered and the yellow solid, dried 
in vacuo, was identified as pure [ZrCp2(PDA)] 2 (0.55 g, 
44% yield). 1H NMR (200MHz, CD3CN, 25°C): ~ = 
6.02 (s, 5CH), 7.52 (t, 2CH), 7.71 (t, 2CH), 8.21 (d, 
2CH), 8.71 (d, 2CH). 

3.3. Crystal structure solution and refinement of 
[ZrCp2(PDA) ~ 

A complete list of all atomic coordinate,;, anisotropic 
displacement parameters, and interatomSc distances are 
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Table 3 
Atomic coordinates and equivalent isotropic displacement parameters 
for [ZrCp2(PDA)] 2. Estimated standard deviations in parentheses 
refer to the least significant digit 

Atom x y z Be q (~2) 

Zr 1 0.03515(4) 0.79407(3) 0.93903(2) 2.627(9) 
Zr2 - 0.34560(4) 0.86091(3) 0.84465(2) 2.456(9) 
O1 -0.1069(3) 0.7309(2) 0.9459(2) 2.90(7) 
02 - 0.2856(3) 0.8340(2) 0.9465(2) 2.78(7) 
03 -0.0180(3) 0.8949(2) 0.8906(2) 2.87(7) 
04 - 0.2057(2) 0.8629(2) 0.7927(2) 2.68(7) 
C 10 0.1820(4) 0.8581(4) 1.0279(3) 4.3( 1 ) 
CI 1 0.0796(5) 0.8949(4) 1.0376(3) 5.0(1) 
C12 0.0088(5) 0.8399(4) 1.0650(3)  5.7(2) 
C 13 0.0691 (5) 0.7691 (4) 1.0721 (3) 5.4(2) 
C14 0.1758(5) 0.7799(4) 1.0500(3)  4.8(1) 
C15 0.1525(5) 0.6797(4) 0.9049(3) 4.4(l) 
C16 0.2155(5) 0.7458(4) 0.8909(3) 5.6(2) 
C17 0.1505(5) 0.7868(4) 0.8351(3) 5.7(1) 
C18 0.0488(5) 0.7441(4) 0.8151(3) 5.4(1) 
C19 0.0520(5) 0.6767(4) 0.8567(3) 5.0(l) 
C20 -0.4770(5) 0.9633(3) 0.8865(3) 4.3(1) 
C21 - 0.3651(5) 0.9874(3) 0.9124(3) 3.7(I) 
C22 -0.3087(5) 1.0068(3) 0.8535(3) 4.3(1) 
C23 - 0.3851 (5) 0.9967(3) 0.7916(3) 4.2(1) 
C24 -0.4903(5) 0.9704(3) 0.8114(3) 4.7(1) 
C25 - 0.4767(4) 0.7939(4) 0.7470(3) 4.1(1 ) 
C26 -0.3772(5) 0.7470(3) 0.7579(3) 4.0(1) 
C27 - 0.3696(5) 0.7152(3) 0.8273(3) 4.0(1) 
C28 -0.4667(5) 0.7410(3) 0.8576(3) 4.2(1) 
C29 -0.5326(4) 0.7900(4) 0.8081(3) 4.4(1) 
C30 - 0.1865(4) 0.7206(3) 0.9910(2) 2.7(1) 
C31 - 0.2754(4) 0.7730(3) 0.9914(2) 2.5(1) 
C32 - 0.3591(4) 0.7629(3) 1.0403(2) 2.49(9) 
C33 -0.4472(4) 0.8192(3) 1.0448(3)  2.8(1) 
C34 - 0.5267(4) 0.8099(3) 1.0900(3) 3.6(1 ) 
C35 - 0.5265(4) 0.7432(3) 1.1318(3)  3.6(1) 
C36 - 0.4409(4) 0.6884(3) 1.1313(3) 3.3(1 ) 
C37 - 0.3532(4) 0.6972(3) 1.0866(2)  2.52(9) 
C38 - 0.2588(4) 0.6424(3) 1.0865(2) 2.53(9) 
C39 - 0.2450(4) 0.5773(3) 1.1323(3)  2.9(1) 
C40 - 0.1563(4) 0.5255(3) 1.1304(3)  3.3(1) 
C41 - 0.0748(4) 0.5372(3) 1.0827(3) 3.5(1) 
C42 - 0.0858(4) 0.6005(3) 1.0374(3) 3.3( 1 ) 
C43 - 0. 1773(4) 0.6541(3) 1.0385(2) 2.6( 1 ) 
C50 - 0.0295(4) 0.9287(3) 0.8261 (3) 2.6( 1 ) 
C51 - 0.1236(4) 0.9127(3) 0.7766(2) 2.50(9) 
C52 -0.1331(4) 0.9467(3) 0.7066(2) 2.8(l) 
C53 -0.2253(4) 0.9257(3) 0.6540(3) 3.6(1) 
C54 -0.2327(5) 0.9545(4) 0.5860(3) 4.5(I) 
C55 -0.1483(6) 1.0045(4) 0.5664(3) 4.8(1) 
C56 -0.0585(5) 1.0271(3)  0.6164(3) 4.3(1) 
C57 -0.0489(4) 0.9996(3) 0.6879(3) 3.0(1) 
C58 0.0453(4) 1.0214(3)  0.7424(3) 3.1(1) 
C59 0.1290(4) 1.0780(3) 0.7300(3) 4.2( 1 ) 
C60 0.2178(5) 1.0967(3) 0.7816(4) 4.8(1) 
C61 0.2287(4) 1.0584(3)  0.8468(3) 4.6(1) 
C62 0.1496(4) 1.0035(3)  0.8614(3) 3.9(1 ) 
C63 0.0556(4) 0.9849(3) 0.8097(3) 2.8(1) 

Anisotropically refined atoms are given in the form of the isotropic 
equivalent displacement parameter defined as: (4/3)*[a2~(1,1)+ 
b 213 (2,2) + c 2 [3(3,3) + ac(cos/3 ) */3(1,3)]. 

avai lable  as supplementa ry  mater ia l  and[ have been de- 
pos i ted  with the Fach in fo rmat ionszen t rum Karlsruhe,  
D-76344 Eggens te in -Leopoldshafen ,  Ge.rmany; depos i -  
tory number  CSD-406364.  

Crysta ls  suitable for the X-ray  d i f f rac tometr ic  study 
were ob ta ined  by slow diffusion of  heptane into a dilute 
solut ion of  [ZrCp2(PDA)]  2 in toluene.  The intensi ty 
data were  col lec ted  at 203 K with Mo K c~ radiat ion 
( A = 0 . 7 1 0 7 3 A )  on an E n r a f - N o n i u s  C A D 4  diffrac-  
tometer  equ ipped  with a graphi te  monochroma to r  in the 
w-scan mode.  

Crysta l  data. C48H3604Zr2, M = 8 5 9 . 2 6 g m o 1 - 1 ,  
monocl in ic ,  space group P 2 1 / n  (No. 14), a = 
11.647(8), b = 17.07(1), c = 18.80(1) A,. /3 = 97.17(6) °, 
V =  3709(7)~3 ,  Z = 4 ,  dealt = 1 . 5 3 9 g c m - 3 ,  / x =  
5 . 9 7 c m  J, F ( 0 0 0 ) =  1744. During data  col lect ion and 
process ing,  8293 ref lect ions  were  measured  in the range 
3 . 0 ° <  0 <  25.0°; 5060 unique ref lect ions  with I >  
1.0~r ( I )  were used for further computa t ions .  No signifi-  
cant  var ia t ion in intensi ty  of  three s tandard ref lect ions 
was observed  dur ing the data  col lect ion.  A tomic  coordi -  
nates are given in Table  3. Structure solut ion was 
pe r fo rmed  by direct  methods  [41]. Fu l l -mat r ix  least- 
squares re f inement  [42] was carr ied out  with anisotropic  
thermal  parameters  for  all non-hydrogen  atoms. Ne  
absorpt ion  correct ion was applied.  Ref inement  with 487 
parameters  using a stat ist ical  weight ing  scheme w = 
1/[o-2(F,~)]  converged  at values  o f  R = 0.050 and R~ 
= 0.052 with G O F  1.473. 

Acknowledgements 

Financia l  support  by  the Minis te ro  de l l 'Univers i th  e 
del la  Ricerca  Scient i f ica  e Tecno log ica  ( M U R S T )  and 
by  the Cons ig l io  Naz iona le  del le  Ricerche  (CNR, Rome)  
is gra teful ly  acknowledged .  This  work  was accom-  
p l i shed  under  the V I G O N I  project  and suppor ted  by 
D A A D  (Deutscher  A k a d e m i s c h e r  Austauschdienst) ,  
C R U I  (Conferenza  Permanente  dei Rettori  del le  Univer-  
sith I tal iane) and D F G  (Deutsche  For schungsgemein -  
schaft,  'Kr i s t a l lbau '  project) .  

References 

[1] C.G. Pierpont, R.M. Buchanan, Coord. Chem. Rev. 38 (1981) 
45. 

[2] C.G. Pierpont, C.W. Lange, Progr. Inorg. Chem. 41 (1994) 331 
and references cited therein. 

[3] A.E. Martell, M.M. Taqui Kahn, in G.L. Eichorn (Ed.), Inor- 
ganic Biochemistry, Elsevier, Amsterdam, 1973; S. Patai (Ed.), 
The Chemistry of the Quinoid Compounds, Parts 1 and 2, 
Wiley, New York, 1974; R.H. Thompson. Naturally Occurring 



F. Calderazzo et al. / Journal of Organometallic Chemisto" 543 (1997) 201-207 207 

Quinones, Academic Press, New York, 2nd ed., 1971; G.D. 
Lawrence, D.T. Sawyer, Coord. Chem. Rev. 27 (1978) 173. 

[4] M. DiSring, Th. Waldbach, Z. Anorg. Allg. Chem. 577 (1989) 
93; C. Benelli, A. Dei, D. Gatteschi, L. Pardi, Inorg. Chem. 27 
(1988) 2831; S. Cenini, R. Ugo, G. La Monica, J. Chem. Soc. A 
(1971) 416; M.J. Chetcuti, J.A.K. Howard, M. Pfeffer, J.L. 
Spencer, F.G.A. Stone, J. Chem. Soc., Dalton Trans. (1981) 
276; D.M. Barlex, R.D.W. Kemmitt, G.W. Littlecott, J. Chem. 
Soc., Chem. Commun. (1971) 199. 

[5] R.R. Burch, Chem. Mater. 2 (1990) 633. 
[6] G. Fachinetti, C. Floriani, H. Stoeckli-Evans, J. Chem. Soc., 

Dalton Trans. (1977) 2297. 
[7] H.G. Alt, C.E. Denner, J. Organomet. Chem. 390 (1990) 91; 

398 (1990) 53. 
[8] C.G. Pierpont, H.H. Downs, J. Am. Chem. Soc. 97 (1975) 2123. 
[9] L.A. deLearie, C.G. Pierpont, Inorg. Chem. 27 (1988) 3842. 

[10] R.M. Buchanan, H.H. Downs, W.B. Shorthill, C.G Pierpont, 
S.L. Kessel, D.N. Hendrickson, J. Am. Chem. Soc. 100 (1978) 
4318. 

[11] R.M. Buchanan, S.L. Kessel, H.H. Downs, C.G. Pierpont, D.N. 
Hendrickson, J. Am. Chem. Soc. 100 (1978) 7894. 

[12] E.J. Ryan, Zirconium and hafnium compounds in oxidation state 
+ 3, in E.W. Abel, F.G.A. Stone, G. Wilkinson (Eds.), Compre- 
hensive Organometallic Chemistry, vol. 4, Pergamon Press, 
1995; F.A. Cotton, G. Wilkinson, Advanced Inorganic Chem- 
istry, Wiley, New York, 5th ed., 1988. 

[13] K. Andr'~i, E. Hille, Z. Naturforsch. 24B (1969) 169. 
[14] D. M~innig, H. N~th, J. Organomet. Chem. 275 (1984) 169. 
[15] A. Kiinzel, M. Sokolov, F.Q. Liu, H.W. Roesky, M. Nolte- 

meyer, H.G. Schmidt, I. Us6n, J. Chem. Soc., Dalton Trans. 
(1996) 913. 

[16] G. Erker, R. Noe, J. Chem. Soc., Dalton Trans. (1991) 685 and 
references cited therein. 

[17] O. Carugo, C. Bisi Castellani, K. Djinovic, M. Rizzi, J. Chem. 
Soc., Dalton Trans. (1992) 837. 

[18] C.G. Pierpont, R.M. Buchanan, J. Am. Chem. Soc. 97 (1975) 
4912. 

[19] M.W. Linch, R.M. Buchanan, C.G. Pierpont, D.N. Hendrikson, 
Inorg. Chem. 20 (1981) 1038. 

[20] C.G. Pierpont, R.M. Buchanan, J. Am. Chem. Soc. 97 (1975) 
6450. 

[2l] A.L. Spek, PI~ATON-94, University of Utrecht, Utrecht, The 
Netherlands, 1994. 

[22] M.E. Cass, D.L. Greene, R.M. Buchanan, C.G. Pierpont, J. Am. 
Chem. Soc. 105 (1983) 2680. 

[23] S.C. Shoner, P.P. Power, Inorg. Chem. 31 (19cp2) 1001. 
[24] L.A. deLearie, C.G. Pierpont, J. Am. Chem. Soc. 109 (1987) 

7031. 
[25] S.R. Boone, G.H. Purser, H.R. Chang, M.D. Lowery, D.N. 

Hendrickson, C.G. Pierpont, J. Am. Chem. Soc. 111 (1989) 
2292. 

[26] R.M. Buchanan, B.J. Fitzgerald, C.G. Pierpont, Inorg. Chem. 18 
(1979) 3439. 

[27] M.M. Olmstead, P.P, Power, G. Speier, Z. Tyekl~.r, Polyhedron 
7 (1988) 609. 

[28] F.A. Jal6n, A. Otero, P. Royo, J.M.-G Femfindez, M.J. Rosales, 
R.A. Toscano, J. Organomet. Chem. 331 (1987) C1. 

[29] G. Erker, S. Dehnicke, M. Rump, C. Kriiger, S. Werner, M. 
Nolte, Angew. Chem., Int. Ed. Engl. 30 (1991) 1349. 

[30] K.D. Carlin, Y. Gulmeh, T. Nicholson, J. Zubieta, Inorg. Chem. 
24 (1985) 3725. 

[31] J.C. Huffman, K.G. Moloy, K.G. Caulton, Inorg. Chem. 27 
(1988) 2190. 

[32] J.M. Manriquez, P.J. Fagan, T.J. Marks, C. Secaur Day, V.W. 
Day, J. Am. Chem. Soc. 100 (1978) 7112. 

[33] D.W. Stephan, Organometallics 9 (1990) 2718. 
[34] H.H. Downs, R.M. Buchanan, C.G. Pierpont, Inorg. Chem. 18 

(1979) 1736. 
[35] R. Niewa, H. Jacobs, Z. Kristall. 210 (1995) 687. 
[36] E. K~3nig, Magnetische Eigenschaften der Koordinations- und 

Metallorganischen Verbindungen der Ubergangselemente, in 
Landolt-B6mstein, Zahlenwerte und Funktionen aus Naturwis- 
senschaften und Technik, Springer-Verlag, Berlin, 6th ed., 1966, 
Vol. 2, p16. 

[37] U. K611e, J. Kossakowski, Inorg. Chim. Acta 164 111989) 23. 
[38] F. Calderazzo, G. Pampaloni, J. Organomet. Chem. 330 (1987) 

47. 
[39] F. Calderazzo, U. Englert, A. Guarini, F. Mmchetti, G. Pam- 

paloni, A. Segre, G. Tripepi, Chem. Eur. J. 2 (1996) 412. 
[40] M.T. Anthony, M.L.H. Green, D. Young, J. Chem. Soc., Dalton 

Trans. (1975) 1419. 
[41] G.M. Sheldrick, Program for Crystal Structure 5,olution, Univer- 

s i l t  Gtittingen, Germany, 1986. 
[42] Enraf-Nonius SDP, Vers. 5.0, Delft, The Netherlands, 1989. 


