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Abstract—The non-classical zirconium carbonyl complexes Cp*Zr(n*-E,)(CO) (E = S, Se,
Te) have been prepared by the reactions of Cp¥Zr(CO), with the elemental chalcogens (ca.
two equivalents) at ca. 80°C. Cp3Zr(n*-E,)(CO) are characterized by v¢o stretching fre-
quencies of 2057 cm ™' (E = S), 2037 ecm™' (E = Se) and 2006 cm ™' (E = Te), and the
ditellurido derivative Cp#Zr(n°-Te,)(CO) has been structurally characterized by X-ray
diffraction. The dichalcogenido—carbonyl complexes Cp¥Zr(n*-E,)(CO) (E = S, Se, Te)
react further with excess chalcogen to give the trichalcogenido complexes Cp*Zr(n*-E,).
which have also been structurally characterized by X-ray diffraction. The formation of the
tritellurido complex Cp3Zr(#*-Te,) is reversible, and addition of CO (1 atm) regenerates
Cp*Zr(n*-Te,)(CO). In the presence of pyridine, the dichalcogenido derivatives
Cp#¥Zr(n*-E,)(CO) react with Cp¥Zr(CO), to give the terminal chalcogenido complexes
Cp*Zr(E)(NC;H;). Cp*Zr(n*-Te,)(CO) exists in both triclinic and tetragonal modi-
fications. Interestingly, the derived Zr—CO bond lengths for the two structures were
significantly different, while the C—O bond lengths for each structure were similar. The
origin of the discrepancy was determined to be crystallographic disorder in the tetragonal
modification, and appropriate modeling allowed the derivation of a reasonable Zr—CO
bond length for the tetragonal form.

Metal carbonyl complexes are ubiquitous in organo-
transition metal chemistry and the nature of the
[M-CO] interaction has been the subject of many
investigations.? On the basis of these studies, it is
commonly accepted that the bonding of CO to a
transition metal center comprises the synergistic
interaction of ligand-to-metal o-donation and
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metal-to-ligand n-back-bonding.” Indeed, since CO
is only a weak o-donor ligand, the metal-to-ligand
d — n* interaction provides an important con-
tribution to the strength of the M—CO bond.* As
a consequence, transition metal carbonyl complexes
typically possess metal centers in which there is a
supply of d electrons (i.e. d”°) available for
back-bonding. Nevertheless, d — n* back-bonding
should not be regarded as a prerequisite for CO
binding, since a number of carbonyl complexes of
the main group elements are known for which back-
bonding is either non-existent or very weak. Some
examples of such carbonyl adducts include
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H,BCO,’ SnC1,(C0O),* PbX,(CO) (X = F, Cl, Br,
D, Au(CO)Cl,” and [TpR*®]Cu(CO).2*® More
recently, homoleptic carbonyl complexes of the
noble metals have been synthesized.'' Specific
examples include the complexes [Ag(CO)]
[B(OTeFs),],"” [Ag(CO),][B(OTeF5).,"” [Au(CO)]
[SO:F],'"* [Au(CO),][UF,"* [Au(CO),][Sb,F,],"
[Hg(Co)zl[szFnlz,” and [ng(CO)zl[szFn]z,”
synthesized independently by the research groups
of Strauss, Willner and Aubke, and Adelhelm. In
addition to these carbonyl complexes, there also
exists a small, but growing, number of carbonyl
complexes of the transition metals in which d — n*
back-bonding must also be considered as weak.
Such complexes may be regarded as non-classical
in the sense that the bonding differs significantly
from that in traditional metal carbonyl complexes,
for which d — n* back-bonding provides an impor-
tant contribution. In particular, transition metal
centers that are formally 4° are expected to bind
CO in a non-classical fashion,'®'® and the first such
zirconium carbonyl complex, namely thermally
unstable Cp*ZrH,(CO), was observed by Bercaw
in 1976 using low temperature '"H NMR spectro-
scopy.?®?' However, since Bercaw’s discovery of
Cp3ZrH,(CO), there had been relatively few
advances in this area until 1994, when the non-
classical zirconium carbonyl complexes [(*-
CsR,),Zr(n*-COCH;)(CO)]* (R =H, Me) and
[Cp*Zr(°-C3H;)(CO)]* were isolated by Jordan®™*
and Stryker,? respectively.”* In this paper, we
report the syntheses, characterization, and reac-
tivities of the non-classical zirconium carbonyl
complexes Cp¥Zr(n*-E,)(CO) (E = S, Se, Te).

RESULTS AND DISCUSSION

We have recently reported the syntheses and
structures of some terminal chalcogenido com-
plexes of zirconium and hafnium, namely
Cpt,M(E)(NC;H;s) (Cpt =Cp* or Cp™*;
M =Zr,” Hf; ® E=0, S, Se, Te).” With the
exception of the hafnium oxo derivatives
Cpt1.Hf(O)(NCH;),*® the terminal chalcogenido
complexes are all prepared by the reactions of the
dicarbonyl complexes Cpt,M(CO), with either
N,O, S, Se, or Te, in the presence of pyridine (eq.
(1).

co N20, S, Se, Te b’
Cp"2M< 20900 o ot t))
co CsHsN NCsHs

As also observed by Bergman for the syntheses of
Cp#Zr(S)(NCsH;) and Cp#Zr(S)(NCsH,Bu'),*!

and by Andersen for the syntheses of Cp3¥Ti(O)
(NCsH;) and Cp*Ti(O)(NCsH,Ph),’* pyridine
and its derivatives evidently provide an important
role in stabilizing the multiply bonded
[Cpt.M(E)] moiety. In order to provide more
information concerning the formation of the ter-
minal chalcogenido moieties by oxidation of the
dicarbonyl complexes, we have investigated the
reactions of Cp¥Zr(CO), with N,O, S, Se, and Te
in the absence of pyridine. The results of these
studies include (i) the syntheses of the non-classical
zirconium carbonyl complexes Cp3Zr(n®-E,)
(CO)E =S8, Se, Te), and (ii) the structural deter-
mination of the  ditellurido  derivative
Cp*Zr(n*-Te,)(CO), which exists in both triclinic
and tetragonal modifications. The tetragonal ver-
sion of Cp¥Zr(n*-Te,)(CO) provides an interesting
example of crystallographic disorder which results
in the derivation of an incorrect Zr—C bond length,
and yet a correct C—O bond length.

Reactions of Cp3Zr(CO), with two equivalents of S,
Se, and Te : syntheses of Cp¥Zr(n*-E,)(CO)

In the absence of pyridine, the dicarbonyl com-
plex Cp3Zr(CO), reacts with the elemental chal-
cogens E (E = S, Se, and Te) at ca. 80-90°C to give
the dichalcogenido and trichalcogenido complexes,
Cp*Zr(n*-E,)(CO) and Cp*Zr(n*-E;) (Scheme
1).*® The dichalcogenido—carbonyl complexes
Cp2Zr(n*-E,)(CO) may be readily isolated in ca.
50~-55% yield by performing the reactions under
conditions in which the chalcogen is used as the
limiting reagent in order to minimize the quantity
of Cp*Zx(n*-E;) in the final product mixture.** The
excess Cp*Zr(CO), is readily removed by washing
with pentane. Cp3Zr(CQO), also reacts with excess
N,O at ca. 80°C,* but in contrast to the reactions
with S, Se, and Te, this reaction results in significant
decomposition.*

The complexes Cp2Zr(n*-E,)(CO) are of pri-
mary interest because they represent rare examples
of non-classical transition metal carbonyl
complexes. Since non-classical carbonyl complexes
may be expected to play important roles in the
functionalization of CO by 4° transition metal cen-
ters (e.g. CO insertion into metal-hydride and
metal-alkyl bonds),” the nature of the zirconium-
carbonyl interaction in the complexes
Cp¥Zr(n*-E,)(CO) is of considerable interest. The
veo stretching frequencies are of central importance
for characterizing the zirconium-—carbonyl inter-
action and are listed in Table 1, together with the
values for the isotopically *C-labeled derivatives
Cp#Zr(n*-E,)(**CO), which exhibit the expected
isotope shifts (vizco/Viseo = 1.023).
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Tabie [. voo Stretching frequencies for Cp*Zr(n°-E,)

(CO)
Vizco Viico Vige/Viice”
(cm™) (ecm™")
Cp¥Zr(n*-S,)(CO) 2057 2011 1.023
Cp*Zr(n*-Se,)(CO) 2037 1991 1.023
Cp%Zr(n*-Te,)(CO) 2006 1961 1.023

“Calculated vizeg/viseo = 1.023.

In the absence of back-bonding, the v stretch-
ing frequency for a metal-carbonyl derivative
would be expected to be higher than the value for
free CO (2143 cm™").2 The origin of this effect is
the fact that the CO o-donor orbital is weakly anti-
bonding and removal of this electron density results
in an increase in the strength of the C—O os-inter-
action.” Indeed, in the gas phase, the CO stretching
frequency of the cation [CO]* (2184 cm ') is higher
than that in neutral CO (2143 cm™").? Furthermore,
a theoretical study on the dissociation of a single
carbonyl ligand from Cr(CO); has suggested that
atlong Cr—C distances the CO ligand behaves only
as a o-donor and that the C—O bond distance
becomes shorter than the value in free CO.*

The veo stretching frequencies of CpiZr
(n*-E2)(CO) span the range 2006-2057 cm ™', with
the disulfido and ditellurido derivatives having the
higher and lower values, respectively.” How-
ever, even though the disulfido complex
Cp#Zr(n*-S,)(CO) exhibits the highest v.q stretch-
ing frequency for the neutral zirconocene deriva-
tives of which we are aware (Table 2) it is less than
that in free CO (2143 cm™"). A similar observation
was also made by Bercaw concerning
Cp3ZrH,(CO),** for which the v, stretching fre-

quency of 2044 cm ™' is intermediate between that
of Cp¥Zr(n*-S,)(CO) and Cp¥*Zr(n*-Te,)(CO).
Although these non-classical zirconium carbonyl
complexes exhibit v stretching frequencies that
are lower than in free CQ, it is noteworthy that they
are indeed greater than the corresponding values in
the related d° complex Cp¥Zr(CO), (1945 and 1852
cm").* For Cp*ZrH,(CO), the lowering of the v¢q
stretching frequency with respect to carbon mon-
oxide was proposed to arise from donation of elec-
tron density from a filled metal-hydride bonding
orbital into an in-plane n* CO orbital.’ it is pos-
sible that a related effect may be one of the factors
responsible for the lowering of the vq stretching
frequencies of the dichalcogenido complexes
Cp3Zr(n*-E,)(CO). In this regard, we note that the
separation between the carbonyl carbon atom
and the adjacent tellurium  atom in
Cp*Zr(n*-Te,)(CO) is ca. 2.93 A (vide infra), a
value that is intermediate between the sum of the
single bond covalent radii (2.14 A) and the sum of
their van der Waals radii (3.74 A).*

For comparative purposes, the v stretching fre-
quencies, summarized in Table 2, for some terminal
zirconium carbonyl derivatives span the substantial
range 1757-2176 cm~'. It is noteworthy that, of
these complexes, only Jordan’s cationic O-endo iso-
mers [Cp*Zr(n?-COCH;}(CO)]*(2152em™') and
[Cp,Zr(7*-COCH;)(CO)]1* (2176 ecm™ ") exhibit
veo stretching frequencies greater than that in free
CO. However, since v¢g stretching frequencies gen-
erally increase with the increasing positive charge
on a complex,” such increases compared to the
neutral non-classical zirconium carbonyl complexes
are to be anticipated.®® In this regard, it may be
more appropriate to compare the v.q stretching
frequencies of cationic carbonyl complexes with the
value for the cation (CO)* (2184 cm ™), rather than
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Table 2. v¢¢ Stretching frequencies for some terminal zirconium carbonyl complexes

Yico)
(cm™) Ref.
0-endo-[Cp,Zr(n*-COCH,)(CO)|* 2176 2
0-ex0-[Cp,Zr (1*-COCH,)(CO)}* 2123 22
0-endo-[Cp¥Zr(n*-COCH,)(CO)]* 2152 2
0-exo-[Cp*Zr(n*-COCH,)(CO)]* 2105 2
[Cp,Zr {n*-CH(Me)(6-cthylpyrid-2-yl)-C,N}(CO)]* 2095 23
[Cp*Zr(n*-C;H;)(CO)]* 2079 24
Cp¥Zr(n*-S,)(CO) 2057 This work
Cp?ZrH, (CO) 2044 40
Cp*Zr(n*-Se,)(CO) 2037 This work
Cp3Zr(n*-Te,)(CO) 2006 This work
(n°-2,4-C,H,,),Zr(C0O), 2000, 1942 84
(#*-C,H,),Zr(CO), 1985, 1899 85
Cp,Zr(CO), 1976, 1887 86
1978, 1888 87
(#*-CsH,SiMe;),Zr(CO), 1970, 1880 88
(n°-2,4-C,H,,),Zr(CO) 1968 84
[7°-CsH;(SiMe,),},Zr(CO), 1962, 1875 88
CpZr(CO),(dmpe)Cl 1955, 1885 89
Cp¥Zr(CO), 1945, 1852 41
Cp#Zr(CO)(n*-OCHCH,CHMe,) 1940 55
[7*-MeC(CH,PMe,);)Zr(CO), 1938, 1820 90
Cp,Zr(CO)[CH{OZr(H)Cp%}] 1925 91
[PriN],{(Ph;Sn),Zr(CO).] 1886 92
Cp,Z1(CO)(PMe,) 1852 93
Cp,Zr(CO)[P(OMe),] 1849 94
Cp,Zr(CO)(PPh,) 1842 95
Cp,Zr(CO) (PPh,Me) 1840 96
Cp,Zr(CO)(u-1',1°-CsH,)Ru(CO), 1840 97
Cp,Zr(5*-Me,SiNBu")(CO) 1797 26
{CpZr(CO)4)~ 1923, 1781 98
[Cp*Z1(CO).]~ 1916, 1781 99
[K(cryptand 2.2.2)],[Zr(CO),] 1757 100

neutral CO (2143 cm™'). Nevertheless, it does
appear that all of the terminal carbonyl complexes
in Table 2 which may be considered to be non-
classical exhibit v stretching frequencies that are
greater than 2000 cm ™",

A notable exception, however, is that of
Cp,Zr(7*-Me,SiNBu")(CO), which exhibits an
extremely low veo stretching frequency of 1797
cm~'.% The X-ray structure of Cp,Zr(n>-Me,Si
NBu‘)(CO) indicates that the C and Si atoms are
separated by only ca. 2.4 A, which, although greater
than the sum of the single bond covalent radii (1.94
A),* is substantially less than the sum of the van
der Waals radii (3.60 A). It has been suggested
that there is a direct o—n* interaction between Si
and the CO ligand, which may thereby result in a
lowering of the v stretching frequency. In support
of this suggestion, the Jg_ coupling constant for
the Si---CO interaction is 24 Hz, compared to the

value of 56 Hz for the direct one-bond Si—CH,
interaction in this complex.

The [Zr—CO] moieties in Cp*Zr(n*-E,)(CO) are
also characterized by *C NMR chemical shifts in
the range 219-232 ppm (Table 3), downfield from
the value of 184.4 ppm for CO in C¢Dg.* It is
noteworthy that there is also an empirical cor-
relation of the C NMR chemical shifts with the

Table 3. *C NMR data for Zr-—CO groups of Cp3Zr
(n*-E2)(CO)

¢ (ppm)
Cp¥Zr(n’-S,)(CO) 218.5
Cp¥Zr(n*-Se,)(CO) 225
Cp*Zr(n*-Te,)(CO) 231.8




Non-classical carbonyl complexes of zirconium

veo stretching frequencies, in which an increase in
the *C NMR chemical shift is accompanied by a
reduction of the v stretching frequency.*** The
correlation also holds true for the structurally
related complex Cp,Zr(n*-Me,SiNBu") (CO), with a
very low v stretching frequency of 1797 cm ™' and
a large chemical shift of §(CO) = 290.7 ppm,* as
illustrated in Fig. 1. For further comparison, the
values for some other monocarbonyl zirconium
complexes are also included in Fig. 1. The data for
these zirconium carbonyl complexes indicate that
there is a general decrease in the shielding of the
carbon atom of the CO group as zn-back-bonding
becomes more significant. It is worthwhile to relate
this correlation with that for the *C NMR chemical
shifts of alkyne ligands, in which alkynes which
donate only two-electrons to a metal center are
shielded with respect to those which donate four-
electrons.”’

The nature of the zirconium-—carbonyl inter-
action has also been investigated by X-ray diffrac-
tion studies on the ditellurido derivative.
Cp¥Zr(n*-Te,)(CO) existsin at least two crystalline
modifications, namely triclinic P1 (No. 2) and tetra-
gonal P4n2 (No. 118). For reasons that will become
apparent, we will discuss only the triclinic structure
here, and leave discussion of the tetragonal version
to later in the text. The asymmetric unit of the
triclinic cell is composed of two crystallographically
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independent, but similar, Cp¥Zr(5°-Te,)(CO) mol-
ecules. ORTEP drawings of one of the molecules
are shown in Figs 2 and 3, and selected bond lengths
and angles for both molecules are summarized in
Table 4.

The average Zr—CO and C—O bond lengths
are 2.241(7) A and 1.123(9) A, respectively. For
comparison, the corresponding values for other
structurally characterized terminal zirconium car-
bonyl derivatives are listed in Table 5. The Zr—C
and C—O bond lengths in these complexes span the
ranges of 2.15-2.25 A and 1.12-1.16 A, respectively.
Although these ranges are relatively small com-
pared with the large changes in v¢ stretching fre-
quency, it is evident that the zirconium-carbony!
interaction in Cp*Zr(n-Te,)(CO) is at an extreme
that is best described as having a long Zr-——C bond
length and a short C—O bond length. In this
regard, it is worthwhile to compare these metrical
parameters with those of the related d? carbonyl
complex Cp¥Zr(CO),,* for which the bond lengths
d(Zr—CO) = 2.145(9) A and d(C—0) = 1.16(1) A
are best represented at the opposite extreme. Thus,
Cp*Zr(CO), may be regarded as having short
Zr—COQO and long C—O bond lengths, indicative of
substantial d - n* back-bonding and in accord
with the lower v stretching frequencies.
Cp#Zr(CO), and Cp¥Zr(n*-E,)(CO) thereby pro-
vide illustrative examples of the different physical

2200 1
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Fig. 1. Correlation of v¢g stretching frequencies and *C NMR shifts for some zirconium carbonyl
complexes. The straight line is drawn through the points for Cp*Zr(#*-E,)(CO) (E = S, Se, Te) and
Cp,Zr(7’-Me,SiNBu')(CO). (A) 0-endo-[Cp,Zr(n*~COCH,)(CO)*, (B) O-endo-[Cp¥Zr(n*-COCH,)

(CO)*, (C) O-exo-[Cp,Zr(n*~COCH,)(CO)]*,

(D) O-exo-[Cp%Zr(n*-COCH;)(CO)|*, (E)

[Cp.Zr {n*-CH(Me)(6-ethylpyrid-2-y1)-C.N}(CO)]*, (F) [Cp3Zr(n’-C;H;)(CO)}*, (G) (n*-24-
C;H,)),Zr(CO), (H) Cp,Zr(CO)[CH{OZr(H)Cp#}], (I} Cp,Zr(CO)[P(OMe),]. See Table 2 for litera-
ture references.
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Fig. 2. ORTEP drawing for one of the molecules of the
triclinic modification of Cp*Zr(n*-Te,)(CO).

Fig. 3. ORTEP drawing for one of the molecules of the
triclinic modification of Cp¥Zr(#*-Te,)(CO).

properties that are to be expected for classical and
non-classical transition metal-carbonyl complexes,
respectively.

In addition to issues pertaining to the nature of
the zirconium-carbonyl interaction, the complexes
Cp*Zr(n*-E,)(CO) are also of interest since mono-
nuclear #n*-dichalcogenido complexes are not
common. Indeed, for Ti, Zr, and Hf, the only struc-
turally characterized examples of which we are
aware are disulfido [L,Ti(n*-S,)]** and peroxo
[L,Ti(5*-0,))* derivatives of titanium. Moreover,
structurally characterized mononuclear n’-ditel-
lurido complexes of the transition metals are par-
ticularly rare, as summarized in Table 6.%°

The [Zr(n*-Te,)] moiety is characterized by aver-
age Zr—Te and Te—Te bond lengths of 2.96(1) and
2.69(2) A, respectively. The Te—Te bond length of
2.69(2) A in Cp#Zr(n*-Te,)(CO) is close to the
value that would be anticipated for a single bond.
For example, the Te—Te single bond length that
would be predicted by twice the covalent radius of
Te is 2.74 A,*2 while the Te—Te single bond length
in the tritellurido complex Cp¥Zr(n*-Te;) is 2.72(1)
A (vide infra). Comparable Te—Te bond lengths
are observed for other mononuclear ditellurido
complexes (Table 6), and also diarylditellurides,
e.g. Ph,Te, [2.7122) A)" and (p-tolyl),Te,
[2.697(3) A].">%* The average Zr—Te bond length
[2.96(1) A] in Cp#Zr(n*-Te,)(CO) is slightly longer
than would be predicted by (i) the sum of the co-
valent radii of Zr and Te (2.88 A),*? and (ii) Zr—Te
single bond lengths that have been measured for
other zirconocene derivatives (2.85-2.89 A), as
listed in Table 7.

The bonding within the [Zr(#*-E,)] moiety may
be described by a combination of the two resonance
structures shown in Fig. 4, analogous to the
metallacyclopropane/metal-olefin dichotomy.* On
the basis that the observed Zr—Te and Te—Te bond
lengths are close to the values expected for single
bonds, the [Zr(n*-Te,)] interaction would be better
represented as resonance structure (A). However,

Table 4. Selected bond lengths (A) and angles (°) for Cp*Zr(5>-Te;)(CO)

Zr(1)—Te(11) 2.972(1)
Zr(1)—Te(12) 2.952(1)
Zr(1)—C(1) 2.247(7)
c(H—Oo(1) 1.122(9)
Te(11)—Te(12) 2.688(1)
Te(11)—Zr(1)—Te(12) 54.0(1)
Te(12)—Te(11)—2Zr(1) 62.6(1)
Zr(1)—Te(12)—Te(11) 63.4(1)
Zr(1)—C(1)—O(1) 177.2(8)
C(1)—2Zr(1)—Te(11) 66.5(2)

Zr(2)—Te(21) 2.956(1)
Zr(2)—Te(22) 2.961(1)
Zr(2)—C(2) 2.234(6)
C(2)—O(2) 1.124(8)
Te(21)—Te(22) 2.692(1)
Te(21)—Zr(2)—Te(22) 54.1(1)
Te(22)—Te(21)—Zr(2) 63.0(1)
Zr(2)—Te(22)—Te(21) 62.9(1)
Zr(2)—C(2)—O0(2) 177.3(8)
C()—Zr(2)—Te(22) 66.8(2)
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Table 5. Zr—C and C—O bond lengths for some terminal zirconium carbonyl complexes
d (Zr—CO) d (C—O0) Ref.
A) A)
O-exo-[Cp3Zr(n*-COCH, )(CO)]* 2.25(1) 1.13(1) 22
Cp2Zr(n*-Te,)(CO) 2.241(7) 1.123(9) This work
Cp.Zr(CO), 2.187(4) — 101
Cp,Zr(CO)[P(OMe),] 2.160(7) 1.157(8) 94
Cp¥Zr(CO), 2.14509) 1.16¢1) 41
Cp,Zr(*-Me,SiNBu")(CO) 2.145(5) 1.162(7) 26
CpZr(CO),(dmpe)Cl 2.220(2) 1.142(10) 89
Cp,Zr(CO) (11" .n°-CsH,)Ru(CO), 2.240(6) 1.150(7) 97
(1°-CoH)-Zr(CO), 2.2002) 1.130(8) 85
(n°-2.4-C;H},).Zr(CO), 2.208(5) 1.142(5) 84
(n°-2,4-C,H,,),Zr(CO) 2.164(8) 1.153(8) 84
[7’-MeC(CH,PMe,);}Zr(CO), 2.17(4) 1.16(3) 90
[K(cryptand 2.2.2)],[Zr(CO)] 2.210(4) 1.162(5) 100
[PriN],[(Ph,Sn),Zr(CO),] 2.232(5) 1.155(6) 92
Table 6. Te—Te bond lengths in mononuclear ;-di- E E
tellurido complexes (21 ‘ - [zr]‘_H
d(Te—Te)  Ref. E E
A
— . @ o (A) (8)
Cp¥Zr(n*-Te,)(CO) 2.69(2)° Thiswork  Fig. 4. Resonance structures for the [Zr(y>-Te.)] inter-
W (PMe,) (CNBU')4(n*-Te,) 2.680(2) 102 action.
Cp*Ta(n*-Te,)H 2.678(2)" 103
{*-PhP(CH,CH,PPh,),}Ni(n-Te,) 2.668(1) 104
{n*~MeC(CH,PPh,);} Ni(#*Te,) 2.665(2) 104

“ Average value for two independent molecules.

"Cp*Ta(n*-Te,)H is disordered about a crystallo-
graphic two-fold axis, so that the derived bond length
may not be accurate.

Table 7. Zr—Te single bond lengths in zirconocene deri-

vatives
d(Zr—Te) Ref.
(A)

Cp*¥Zr(n*-Te,)(CO) 2.96(1)  This work
Cp*Zr(n*-Te;) 2.89(1)  This work
[(n>-CsH,Bu"),Zr(Te)], 2.85(1) 105
[(*-CsH,Bu"),Zr],(Te)(0) 2.88(1) 106
since the average Zr—Te bond length in

Cp3Zr(n*-Te,)(CO) (2.96(1) A) is marginally
longer than that in Cp*Zr(n*-Te,) (2.89(1) A), a
contribution from resonance structure (B) should
not be neglected. On balance, however, it would
appear that the more appropriate formal descrip-

tion for Cp*Zr(n?-Te,)(CO) is a Zr' d° complex,
rather than the Zr" @” alternative. Since the suifido
and selenido complexes Cp*¥Zr(n*~E,)(CO) exhibit
higher v stretching frequencies than that of the
tellurido derivative, these complexes are also pro-
posed to be more appropriately described as Zr'Vd"
complexes. In support of the above proposal, it is
noteworthy  that the carbonyl complex
Cp*Zr(CO)(n*-OCHCH,CHMe,) exhibits the
relatively low vco stretching frequency of 1940
cm™!, an observation that was attributed to a sub-
stantial contribution from the Zr'-aldehyde res-
onance form.*

Reactions of Cp¥Zr(CO), with three equivalents of
S, Se, and Te: syntheses of Cp¥Zr(n*-E.).

Whereas the dichalcogenido carbonyl complexes
Cp%Zr(n*-E,)(CO) are obtained from the reactions
between Cp3Zr(CO), and ca. two equivalents of
E (E =S8, Se, Te), the corresponding reactions
with three equivalents of chalcogen cleanly give the
trichalcogenido complexes Cp*Zr(y*-E;) (E =
S, Se, Te), as shown in Scheme |.

The sulfido derivative Cp*Zr(5*-S) was first iso-
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lated by Shaver as a product of the reaction of
Cp*ZrCl, with Li,S, (generated in situ by the reac-
tion of LiEt;BH with S).** More recently,
Cp%¥Zr(n*-S,) has also been prepared by the reac-
tion of Cp*Zr(SH), with elemental sulfur.””** It has
also been reported that Cp¥Zr(n*-S;) is formed by
the reaction of Cp*Zr(SH), with H,S at 80°C;”’
however, in our experience, Cp¥Zr(SH), is stable
under such conditions.*®

The molecular structures of the trichalcogenido
complexes Cp$Zr(n*-E,) (E = S, Se, Te) have been
determined by X-ray diffraction, as shown in Figs
5-7. Selected bond lengths and angles are presen-
ted in Table 8. The structures of Cp3Zr(n-E,) are
similar to that of the titanium analogue Cp3Ti
(7%-S5),%*%! and each contain a puckered four-
membered [ME;] ring. The Zr—E bond lengths are

Fig. 6. ORTEP drawing for Cp$Zr(y*-Ses).

Fig. 7. ORTEP drawing for Cp¥Zr(n*-Te;).

Table 8. Selected metrical data (in &ngstréms and in
degrees) for Cp*Zr(5*-E,)

S Se Te*
Zr—C,, 2.56(5) 2.57(6) 2.57(8)
Zr—E,, 2.521(1)  2.653(3)  2.89(2)
Zr---E* 2.778(1)  3.033(1)  3.46(3)
A(Zr—E)* 0.26 0.38 0.57
E—E,, 2.066(8)  2.337(3)  2.72(1)
Teon rad” 2.55 2.68 2.88
T van der Waals 4.15 4.28 4.48
E—Zr—E 83.1(1) 88.2(1) 93.4(3)
Zr—E—E 73.8(1) 74.6(1) 76.2(9)
E—E—E 108.1(1)  104.5(1) 101.4(5)
Fold angle* 54 50 42

“ Average values for two independent molecules.

bZr---E is the distance between Zr and the central
chalcogen of the [ZrE;] ring.

¢ A(Zr—E) is defined as the difference between the sec-
ondary Zr- - -E and primary Zr—E,, bond lengths.

4See ref. 42.

“The fold angle is defined as the angle between the
E—Zr—E and E—E—E planes.

close to the sum of the single bond covalent radii
of Zr and E* (Table 8), while the distances between
the zirconium center and the central chalcogens
(Zr- - -E), which are substantially less than the sum
of their van der Waals radii, are such that they may
represent a weak secondary donor interaction. For
example, the difference in Zr—S bond lengths for
the central and lateral sulfur atoms, A(Zr—E), is
only 0.26 A. The principal structural change that is
observed for the complexes Cp¥Zr(n®-E;) is a
reduction in the puckering of the four-membered
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ME,; ring across the series S > Se > Te. Thus, the
fold angle (defined as the angle between the
E—Zr—E and E—E—E planes) decreases from 54°
for the sulfido derivative to 42° for the tellurido
derivative. These changes are also accompanied by
(1) an increase in the magnitude of A(Zr—E), (i)
an increase in the E—Zr—E bond angle, and (iii) a
decrease in the E—E—E bond angle (see Table 8).

It is noteworthy that the reactions between
Cp3Zr(CO), and excess chalcogen give only the
trichalcogenido derivatives, with no evidence for
the formation of pentachalcogenido complexes
Cp*Zr(n*-Es) which may have been anticipated by
analogy with the cyclopentadienyl system. For
example, the pentachalcogenido complexes
Cp,Zr(n>-Ss) and Cp,Zr(1*-Ses) have been prepared
by the reactions of Cp,ZrCl, with Li,S, and Li,Se,,
respectively.”®* In this regard, Shaver has made the
general observation that for the titanium,
zirconium, and hafnium sulfido systems, the natural
ring size is six for the [Cp,M] system, and four for
the permethylated [Cp*M] system.*® The structural
characterization of Cp*Zr(y°-E;) (E = S, Se, Te)
serves to suggest that the natural ring size is also
four for [Cp*Zr] derivatives of the heavier chal-
cogens, Se and Te.

The molecular structures of the penta-
chalcogenido  complexes  Cp,Zr(n*-Ss)*® and
Cp-Zr(n*-Ses)* have been previously determined by
X-ray diffraction.®* The Zr—E bond lengths in
these complexes are also similar to the respective
values in the four-membered ring analogues,
Cp*Zr(y*-E,). For comparison, the average Zr—F
bond lengths for Cp*Zr(y>-E;) and Cp,Zr(5*-Es)
are summarized in Table 9. Furthermore, these
values are also similar to the average Zr—S (2.52
Ay and Zr—Se (2.66 A) bond lengths for a series
of Cp*Zr(EX)Y complexes.”™

The triselenido and tritellurido complexes
Cp*Zr(n°-E,) have also been studied by ’Se and
*Te NMR spectroscopy. The triselenido complex
exhibits two resonances at 136 and 555 ppm in
the 77Se NMR spectrum (Fig. 8). Each resonance
exhibits Se satellites with 'J»g, 7. = 184 Hz, simi-

Table 9. Comparison of Zr—E bond lengths A) in
Cp*Zr(n*-E;) and Cp.Zr(n*-E;) derivatives

S Se
Cp¥Zr(n*-E;) 2.521(1) 2.653(3)
Cp,Zr(n*-Es) 2.535(9)¢ 2.657(3)"
“Ref. 63.
" Ref. 62.

lar to the value of 262 Hz for the anion Se3™."° On
the basis of the relative intensities of the satellites,
the resonance at 136 ppm is assigned to the central
selenium, with the resonance at 555 ppm assigned
to the metai-bound selenium atoms.*® Studies on
Cp,Ti(n>-Ses) have also demonstrated that the
metal-bound selenium nuclei resonate to lower field
than do the other selenium nuclei.®”* Similar to the
triselenido complex, the tritellurido derivative
Cp*Zr(n*-Te,) also exhibits two resonances at 297
and —401 ppm in the '**Te NMR spectrum, attribu-
table to the Zr—T7e and Te—Te—Te moieties,
respectively. Furthermore, each resonance exhibits
satellites with 'Juosp, sy, = 1800 Hz, of similar
magnitude to the value of 2175 Hz observed for
Te% -(»5

Reqctivity of Cp2Zr(n*-E,)(CO) and Cp*Zr(n*-E;)

The carbonyl ligands of Cp*Zr(n-E,)(CO)
(E = 8§, Se, and Te) are labile, evidence for which
is provided by "*C isotopic exchange studies. Thus,
addition of excess '*CO to solutions of the "“C
labeled derivatives Cp*Zr(#*-E,)("*CO) resuits
in the formation of the isotopomer Cp*Zr(n*-E,)
(*CO) (eq. (2)), as judged by the reduction in inten-
sity of the "C NMR signal that is attributable to
the [Zr—"CO] moiety.

Cp*Zr(n* —E.)(**CO) +'2CO ==
Cp¥Zr(n* —E,)("*CO)+''CO  (2)

Furthermore. dynamic *C NMR studies have dem-
onstrated that the qualitative rates of CO exchange
for the disulfido and diselenido complexes
Cp*Zr(n*-E,)(CO) are substantially greater than
for the ditellurido derivative, i.e. k1. « ks = ks.
Thus, upon exposure of the "C-labeled disulfido
and diselenido complexes Cp*Zr(n*-E;)('*CO) to
3CO, the resonances attributable to the [Zr—"7CO]
moiety are broadened considerably, indicative of
rapid exchange on the NMR timescale.” In
contrast, the corresponding Cp*Zr(n*-Te,)('*CO)
derivative shows little broadening in the presence
of *CO. For example, the "C NMR spectra for
the diselenido and ditellurido  derivatives
Cp#Zr(n*-E,)(**CO) in the presence of the same
concentration of *CO are shown in Fig. 9, which
also includes for reference the spectra of
Cp3¥Zr(n*-E,»)(**CO) in the absence of “*CO.

The observation of slower CO exchange for the
ditellurido complex, compared to the sulfido and
selenido analogues, is in accord with the lower v,
stretching frequency for this derivative. Specifically,
the lower vg, stretching frequency for
Cp¥Zr(n*-Te,)(CO) is indicative of greater back-
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Fig. 8. 7Se{'H} NMR spectrum of Cp3Zr(n*-Se;).
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Fig. 9. '*C NMR spectra of the CO region of Cp*Zr(y*-E,)("*CO)(E = Se, Te) in the absence and
presence of PCO.

bonding, and therefore presumably a stronger zir-
conium—carbonyl interaction.”

The dichalcogenido moieties in Cp3Zr
(7>-E,)(CO) are reactive towards a number of
reagents. For example, one of the chalcogen
atoms may be abstracted by Cp3Zr(CO), in the
presence of pyridine to give the terminal chalco-
genido complexes Cp*Zr(E)(NC;Hs) (Scheme
2).”" The formation of Cp3Zr(E)(NC;Hs) in these
reactions indicates that the dichalcogenido—car-

bonyl complexes Cp3Zr(n°-E,)(CO) are viable in-
termediates in the syntheses of the terminal chalco-
genido derivatives Cp3Zr(E)(NCsHs) by the oxi-
dation of Cp#Zr(CO), with the elemental chal-
cogen in the presence of pyridine.*”” However,
although consistent with the intermediacy of
Cp#Zr(y*-E,;)(CO), these observations do not
demand that Cp*Zr(n*-E,)(CO) are intermediates
in the direct reaction between Cp3¥Zr(CO),, E and
CsH;N to give Cp3Zr(E)(NCsHs;).
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_Cp7aZ(CO)p

\

Cp*2Zr(CO =
Zr/E e € p*2Zr(CO), Y
— E ~ CgHsN ~~

%\e

In addition to chalcogen abstraction, chalcogens
may also be added to the [Zr(y*-E,)] moiety. Thus,
the complexes Cp#Zr(°-E,)(CO) (E = S, Se, Te) re-
act with excess chalcogen to give the trichalco-
genido derivatives Cp*Zr(n*-E;) (Scheme 2).
Interestingly, for the tritellurido derivative, the
reaction is reversible and addition of CO (1 atm)
to Cp*Zr(n*-Te,) regenerates Cp¥Zr(n*-Te, (CO)
over a period of one day at room temperature (eq.
(3)). However, the trisulfido and triselenido deriva-
tives do not react with CO to give
Cp*Zr(n*-E,)(CO) under similar conditions.

47 %

Although Cp3#Zr(n°-S,) and Cp3Zr(n°-Se;) do
not react directly with CO to give
Cp*Zr(n*-E,)(CO), the dichalcogenido—carbonyl
complexes may be formed by reaction with
Cp3Zr(CO), (Scheme 2). Overall, the role of
Cp#Zr(CO), in this reaction is to (i) provide a
source of CO, and (ii) act as a trap for the liberated
sulfur or selenium, thereby promoting the for-
mation of Cp3¥Zr(n*-E,)(CO). However, since
Cp*Zr(n*-E;)(CO) undergoes a secondary reaction
with excess Cp*Zr(CO),,”' a mixture of products is
eventually obtained. Nevertheless, the observed
reaction between Cp*Zr(n°-E,) and Cp¥Zr(CO),
is still significant because it demonstrates that it
is possible to abstract a chalcogen from the four-
membered  rings of  Cp*Zr(n*-S,) and
Cp3Zi(n*-Ses).

Finally, the trisulfido Cp#Zr(n*-S;) reacts with
excess H,S in benzene at ca. 80°C to give the bis
(hydrosulfido) complex Cp#Zr(SH), (eq. (4)).
However, the reaction does not proceed to com-
pletion and only generates an equilibrium mixture
with Cp*Zr(n*-S,), an observation which is con-

sistent with the report that Cp3Zr(SH), also reacts
with excess sulfur to give Cp¥Zr(n°-S,).”’

Cp*Zr(n*-S;) + H,S==Cp*Zr(SH) + (1/4)S

(4)

Structure  of  the
Cp*Zr(n*-Te,)(CO)

tetragonal  modification

of

The asymmetric unit of the tetragonal modi-
fication of Cp*Zr(n>-Te,)(CO) is composed of a
half-molecule which resides on a crystallographic
two-fold axis. However, since Cp*Zr(n*-Te,)(CO)
itself does not possess a molecular C, axis, the struc-
ture is necessarily disordered. The nature of the
disorder is such that the Cp¥Zr(n*-Te,)(CO) mol-
ecules pack so that the carbonyl ligands are stat-
istically distributed about the crystallographic two-
fold axis, which bisects the two Zr—Te bond
vectors. As such, the disorder could be satistactorily
modeled by refining the carbonyl ligand in a general
position with half-occupancy. The ORTEP drawing
shown in Fig. 10 illustrates that reasonable thermal
parameters are obtained for this refinement pro-
cedure. However, the derived bond lengths are not
consistent with the values obtained for the triclinic
modification described above, as summarized in

Fig. 10. ORTEP drawing of the tetragonal modification
of Cp*Zr(n?-Te,)(CO). Only one position of the dis-
ordered CO ligand (with half-occupancy) is shown.
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Table 10. Specifically, the Zr—C bond length
[2.47(2) A] of the tetragonal modification is con-
siderably longer than the average value in the tri-
clinic modification [2.241(6) A], even though the
C—Obond lengths are similar, 1.13(3) and 1.123(9)
A, respectively.

It is important to understand the origin of the
differences in the derived Zr—C bond lengths,
especially since it is only fortuitous that an ordered
triclinic modification existed. One possible origin
of the different bond lengths is crystallographic dis-
order, since it is now well-established that disorder
may result in the derivation of incorrect bond
lengths.”*”® Of particular relevance to the present
study, disorder between CN and X (X = Cl, Br)
groups as a result of cocrystallizing [Tp®*]ZnCN
with small quantities of [Tp®]ZnCl or
[Tp®]ZnBr is manifested by the observation that
the derived Zn—C bond lengths for the cocrys-
tallized system are longer than that in the pure
compound, while the derived C—N bond lengths
are shorter than that in the pure compound.”™ Thus,
although it is plausible that the long Zr—C bond
length observed for the tetragonal
Cp#Zr(y*-Te,)(CO) modification is a consequence
of disorder with some impurity, such an expla-
nation is not consistent with the fact that the C—O
bond length is effectively unperturbed from the
value in the ordered triclinic system.

A possible solution to the problem was suggested
by examination of the thermal parameter of the
zirconium in the plane defined by the [Zr(y*-
Te,)(CO)] moiety (Fig. 11). Thus, the thermal par-
ameter of zirconium appears to be slightly (but by
no means, excessively) elongated along the Zr—CO
bond vector, which thereby suggests that the zir-
conium itself, in addition to the carbonyl ligand,
may also be disordered about the two-fold axis. The
disorder was subsequently modeled by allowing the
Zr atom to refine in a general position off the two-
fold axis, with a site occupancy factor of 0.5.”° The
result of this refinement procedure is illustrated in
Fig. 12, which indicates that the Zr atom with half-
occupancy refines with reasonable thermal par-
ameters. Importantly, the consequence of allowing

0

C
Te
| I
Te’
0 i
Fig. 11. ORTEP drawing in the {Zr(*Te,)CO] plane of
the tetragonal modification of Cp*Zr(n?-Te,)(CO), with

Zr refined on the two-fold axis. Cp* ligands are not
shown for clarity. Each CO ligand has half-occupancy.
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r
Zr'
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Fig. 12. ORTEP drawing in the [Zr(#’-Te,)CO] plane of
the tetragonal modification of Cp3Zr(#*-Te,)(CO), with
Zr refined off the two-fold axis. Cp* ligands are not

shown for clarity. The Zr and CO moieties have half-
occupancy.

r
c’

Table 10. Average bond lengths (A) for triclinic and tetragonal Cp3Zr(n>-Te,)(CO)

Zr—C C—0 Zr—Te Te—Te
Triclinic 2.241(7) 1.123(9) 2.96(1) 2.69(2)
Tetragonal, Zr on two-fold 2.47(2) 1.13(3) 2.942(2) 2.642(2)
Tetragonal, Zr off two-fold 2.24(2) 1.12(3) 2.9509)° 2.640(2)

“The individual Zr—Te bond lengths are 2.848(5) and 3.047(5) A.



Non-classical carbonyl complexes of zirconium 37

the Zr to refine in a general position is such that the
Zr—C bond length is now reduced considerably
from 2.47(2) to 2.24(2) A, effectively identical to the
average value for the ordered triclinic modification
[2.241(6) A]. It is also important that the C—O
bond length [1.12(3) A] is effectively unperturbed
by this refinement procedure. A further conse-
quence of allowing the Zr atom to refine off the two-
fold axis is that the derived Zr—Te bond lengths are
no longer equal, with values 2.848(5) and 3.047(5)
A. However, since it is likely that the ditellurido
ligand is also disordered, the derived Zr—Te bond
lengths are not particularly meaningful, and no
attempt was made to resolve their disorder.
Disorder of the type exhibited by tetragonal
Cp2Zr(n*-Te,)(CO), whereby a central metal atom
is unnecessarily constrained to refining on a sym-
metry element, is not uncommon, and some related
examples include Ru(meso-tetraphenylporphyrin)
(CO)(EtOH),”*  Fe(meso-tetraphenylporphyrin)
(OH)(OH,),” and W(PMe;),(CH)(CCH,).”*"
The importance of the present example is that
Cp*Zr(n*-Te,)(CO) represents a rare example of a
structurally characterized non-classical transition
metal carbonyl compound. The database on such
complexes is extremely small, and it is conceivable
that the long Zr—C bond length of 2.47(2) A could
have been accepted as being true, especially since a
long bond length would have been anticipated due
to the poor ability of the Zr' center to back-bond
to the carbonyl ligand. The present study serves to
emphasize further the deceptive nature of crys-
tallographic disorder on derived bond lengths.

CONCLUSION

In summary, a series of non-classical zirconium
carbonyl complexes Cp3Zr(n*-E,)(CO) (E = S, Se,
Te) has been prepared by the reactions of
Cp?Zr(CO), with the elemental chalcogens. The
carbonyl complexes Cp3Zr(n*-E,)(CO) are charac-
terized by vcq stretching frequencies in the range
2057-2006 cm ™!, which are indicative of little d —
n* back-bonding compared to that for the o°
derivative Cp¥Zr(CO), (1945 and 1852 cm™"). On
the basis that the v¢q stretching frequencies decrease
in the order S > Se > Te, and that the rate of CO
exchange for Cp3Zr(n*-Te,)(CO) is slower than for
the sulfido and selenido analogues, the strength of
the zirconium—carbonyl interaction is proposed to
increase across the series S < Se < Te.

The dichalcogenido moiety [Zr(#*-E,)] in these
complexes is reactive, and chalcogen transfer both
to and from the [Zr(y*-E,)] group has been
observed. Thus, the complexes Cp*Zr(n?-E,)(CO)
(E =S, Se, Te) react with (i) excess chalcogen to

give the trichalcogenido derivatives Cp3Zr(n*-E,).
and (ii) Cp*Zr(CO), in the presence of pyridine to
give the terminal chalcogenido derivatives
Cp3Zr(E)(NCsHjs).

The trichalcogenido complexes Cp#*Zr(n°-E,)
appear to represent the thermodynamically most
stable species in the presence of excess chalcogen.
Nevertheless, chalcogen  abstraction  from
Cp*Zr(n*-E;) to give Cp*Zr(n*-E,)(CO) may be
achieved by reaction with (i) Cp*Zr(CO), for all
derivatives, and (ii), CO for the specific case of
Cp3Zr(n*-Te,).

Cp*Zr(n*-Te,)(CO) exists in two different crys-
talline modifications, namely triclinic and tetra-
gonal. Interestingly, the derived Zr—CO bond
lengths for the two structures were significantly
different, while the C—O bond lengths for each
were similar. Thus, an exceptionally long Zr—CO
bond length of 2.47(2) A was observed for the tetra-
gonal form, compared to the value of 2.241(7) A for
the triclinic form. The derivation of a long Zr—CO
bond length for the tetragonal structure was ascer-
tained to be a consequence of crystallographic dis-
order. and appropriate modeling resulted in the
determination of a reduced bond length of 2.24(2)
A, similar to that of 2.241(7) A for the ordered
triclinic modification. The structure of the tetra-
gonal modification of Cp*Zr(n*-Te,)(CO), there-
fore, provides an interesting example of
crystallographic disorder which, in the absence of
a suitable model, results in the derivation of a com-
pletely inaccurate metal-carbonyl bond length, yet
still derives a perfectly reasonable C-—O bond
length.

EXPERIMENTAL SECTION

General considerations

All manipulations were performed using a com-
bination of glovebox, high-vacuum or Schlenk tech-
niques.*® Solvents were purified and degassed by
standard procedures. '"H NMR spectra were mea-
sured on Varian VXR 200, 300 and 400 spec-
trometers. *C (75.4 MHz), "Se (57.2 MHz), and
'Te (94.6 MHz) NMR spectra were measured on
a Varian VXR 300 spectrometer. Solutions of
Ph,Se, (6 460.0 ppm) and Me,Te (3 0 ppm) in CDy
were used as external references and the chemical
shifts are reported relative to Me,Se and Me,Te.
IR spectra were recorded on a Perkin-Elmer 1600
spectrophotometer and the data are reported in
cm~'. Mass spectra were obtained on a Nermag
R10-10 mass spectrometer using chemical ioniza-
tion (NH; or CH,) techniques. Elemental analyses
were measured using a Perkin-Elmer 2400 CHN
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Elemental Analyzer. Cp¥Zr(CO), was prepared as
reported previously.®' *CO (99%) was obtained
from Cambridge Isotope Laboratories, Inc.,
Andover, MA.

Synthesis of Cp*Zr(n*-S,)(CO)

A mixture of Cp3Zr(CO), (0.63 g, 1.51 mmol)
and sulfur (0.08 g, 2.50 mmol) in toluene (ca. 5 cm?)
was heated at 85°C for ca. 7 h. The mixture was
allowed to cool to room temperature overnight,
over which period small red—~orange microcrystals
were deposited. After cooling further to —78°C,
the mixture was filtered and the crystals were
washed with pentane (3 x5 cm®) at room tem-
perature and dried in vacuo. A further crop of
Cp%Zr(n*-S,)(CO) was also obtained from the
combined filtrate and washings by cooling to
—78°C. Total yield of Cp*Zr(5*-S,)(CO): 0.29 g
(51%, based on sulfur). Analysis found: C, 55.6;
H, 6.8% ; Calc. for Cp#Zr(5*-S,)(CO): C, 55.6 ; H,
6.7%. IR data (KBr pellet): 2905 (vs), 2725 (w),
2057 (vs) (veo), 1487 (m), 1432 (s), 1376 (vs), 1158
(w), 1064 (w), 1023 (s), 952 (w), 806 (w), 597 (w),
523 (w), 487 (w). '"H NMR (C¢Dy): 6 1.70 [30H, s,
2 {n’-C5(CH,)s}]. ®C NMR (C¢Dy): 6 11.5 [10C,
q, Jou = 127,2{n*-Cs(CH;)s}1, 115.4 [10C, s, 2{#’-
Cs(CH3)s}], 218.5 [1C, s, Zr—CO].

Synthesis of Cp¥Zr(n*-Se,)(CO)

A mixture of Cp*Zr(CO), (0.30 g, 0.72 mmol)
and selenium powder (0.110 g, 1.39 mmol) in tolu-
ene (ca. 5 cm’) was heated at 90°C for ca. 14 h.
The mixture was allowed to cool slowly to —78°C,
thereby depositing Cp3Zr(n?-Se,)(CO) as orange
crystals. The mixture was filtered and the crystals
were washed with pentane (3 x 5 cm®) at room tem-
perature and dried in vacuo. A further crop of
Cp*Zr(n*-Se;)(CO) was also obtained from the
combined filtrate and washings by cooling to
—78°C. Total yield of Cp¥Zr(*-Se,)(CO): 0.21 g
(54%, based on Se). Analysis found: C, 46.1; H,
5.7% ; Calc. for Cp*Zr(n*-Se,)(CO): C, 46.1; H,
5.5%. IR data (KBr pellet): 2896 (s), 2037 (vs)
(veo), 1431 (m), 1376 (s), 1022 (m), 730 (w), 596
(wW). '"H NMR (C¢Dg): 6 1.75 [30H, s, 2 {n’-
Cs(CHs)5}]. “C NMR (CeDy): 6 12.0 [10C, q,
Uen =127, 2{n’-Cs(CH,)5}], 1149 [10C, s,
2{n*-Cs(CH,)s}], 222.5 [1C, s, Zr—CO].

Synthesis of Cp¥Zr(n*-Te,)(CO)

A mixture of Cp3Zr(CO), (0.318 g, 0.76 mmol)
and tellurium powder (0.118 g, 0.92 mmol) in tolu-
ene (ca. 5 cm®) was heated at 80°C for 1.5 days.

The mixture was allowed to cool slowly to —78°C,
thereby depositing Cp¥Zr(n*-Te,)(CO) as dark red
crystals. The mixture was filtered and the crystals
were washed with pentane (3 x 5 cm?) at room tem-
perature and dried # vacuo. A further crop of
Cp¥Zr(n*-Te,)(CO) was also obtained from the
combined filtrate and washings by cooling to
—78°C. Total yield of Cp¥Zr(n*-Te,)(CO): 0.24 g
(53%, based on Te). Analysis found: C, 39.4; H,
4.9% ; Calc. for Cp*Zr(n*-Te,)(CO): C, 39.1; H,
4.7%. IR data (KBr pellet): 2884 (vs), 2369 (w),
2006 (vs) (vco). 1829 (w), 1482 (m), 1430 (s), 1373
(vs), 775 (w), 652 (w), 437 (w), 406 (w). '"H NMR
(CeDg) : 6 1.81 [30H, s, 2 {n*-C5(CH,)5}]. "C NMR
(CDg): & 132 [I0C, q, Jeu=128, 2{n*-
Cs(CH,)s}1, 114.2 [10C, s, 2{n*-Cs(CHs);s}], 231.8
[1C, s, Zr-CO].

Synthesis of Cp¥Zr(n*-S;)

A mixture of Cp3Zr(CO), (0.21 g, 0.50 mmol)
and sulfur powder (0.05 g, 1.56 mmol) in pentane
(ca. 5 cm?) was stirred at room temperature over-
night. The volatile components were removed in
vacuo, giving Cp*Zr(n*-S;) as an orange solid.
Yield of Cp3Zr(n*-S;): 0.21 g (90%). '"H NMR
(CD): 6 1.71 [30H, s, 2 {n’-Cs(CH,)s}].
Cp*Zr(n*-S,) has been previously synthesized by
alternative procedures,**

Synthesis of Cp¥Zr(n*-Se;)

A mixture of Cp3Zr(CO), (0.21 g, 0.50 mmol)
and selenium powder (0.17 g, 2.15 mmol) in pen-
tane (ca. 10 cm®) was heated at 65°C (CARE) over-
night in a glass ampoule sealed with a Teflon valve.
The blood red mixture that was obtained was
filtered, and the residue was extracted with toluene.
The pentane and toluene extracts were combined
and the volatile components were removed in vacuo,
giving Cp*Zr(n*-Se;) as a red solid. Yield of
Cp¥Zr(n*-Se;): 0.27 g (90%). Analysis found: C,
40.0; H, 5.2% ; Calc. for Cp*Zr(n*-Se;): C, 40.1;
H, 5.1%. IR data (KBr pellet) : 2968 (s), 2893 (vs),
2716 (w), 1485 (s), 1428 (vs), 1372 (vs), 1062 (w),
1019 (s), 597 (w), 407 (w). 'H NMR (C¢Dy): 6 1.75
[30H, s, 2 {n*-C5(CH;)s}]. "CNMR (C4Dy): 5 12.4
[10C, q, 'Jeu=127, 2{n’-Cs(CH,)s}], 118.5
[10C, s, 2{n*-Cs(CH;)s}]. "Se NMR (C,Dy): 136
[s, 'Jsese = 184, central Se], 555 [s, 'Jscs. = 184,
2 lateral Se].

Synthesis of Cp¥Zr(n*-Te;)

A mixture of Cp¥Zr(CO), (0.25 g, 0.60 mmol)
and tellurium powder (0.39 g, 3.06 mmol) in toluene
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(ca. 10cm®) was heated at 85°C for 3 days, removing
the gaseous products periodically.®? The mixture
was filtered and the volatile components were
removed from the dark purple filtrate in vacuo, giv-
ing Cp#Zr(n*-Te;) as a dark purple mic-
rocrystalline solid. Yield of Cp3Zr(n*-Te;): 025 g
(55%). Analysis found: C, 33.0; H, 4.4% ; Calc.
for Cp¥Zr(n*-Te,): C,32.3; H,4.1%. IR data (KBr
pellet) : 2896 (vs), 1441 (s), 1372 (vs), 1019 (s),
382 (w). '"H NMR (C(Dy): & 1.89 [30H, s, 2{n*-
Cs(CH,)s}]. "C NMR (C,Dy): 6 142 [10C, q.
Vew =127, 2{n>-Cs(CH,)s}], 1194 [10C, s,
2{n*-Cs(CH;)5}]. '*Te NMR (CiDy): —401
[, "Jrere = 1800, central Te], 297 [s, "Jreqe =
1800, 2 lateral Te].

Cp¥Zr(n*-E,)(CO) and CO exchange studies

3C NMR spectroscopy was used to demonstrate
CO exchange between Cp*Zr(n>-E,)(‘*CO) and
"2CO. Thus, solutions of Cp¥Zr(n*-E,)('*CO) (ca.
40 mg) in C¢Dy (ca. 1 cm*) were exposed to CO (1
atm) and monitored by *C NMR spectroscopy,
which demonstrated a reduction in the intensity of
the resonance attributable to the [Zr—'"CO]
moiety. Degenerate exchange studies between
Cp¥Zr(n*-E;)('*CO) and "*CO were performed on
samples prepared by exposing solutions of
Cp¥Zr(n*-E,)(*CO) in C,D, to an identical
pressure of *CO.

Chalcogen abstraction from Cp¥Zr(n*-E,)(CO):
Jormation of Cp¥Zr(E)(NCsHjs)

A solution of Cp%Zr(n*-E,)(CO) (E = S, Se, Te)
(ca. 15 mg), Cp¥Zr(CO), (ca. 15 mg) and C;H N
(10 ul) in C4Dy¢ (1 cm®) was heated at 80°C. The
reaction was monitored by '"H NMR spectroscopy,
which  demonstrated the formation of
Cp3¥Zr(E)(NC;Hy) after ca. 1 day.

Chalcogen addition to Cp%Zr(n*-E,)(CO): for-
mation of Cp3Zr(n*-E;)

A solution of Cp¥Zr(n*-E,)(CO) (E = S, Se, Te)
(ca. 25 mg) in C,D, was treated with excess E (ca.
5-25 mg). The reaction was monitored by 'H NMR
spectroscopy, which demonstrated the complete
formation of Cp%Zr(n°-E,) after 4 h at 60°C for
E =S, overnight at 60°C for E = Se, and 1 day at
125°C for E = Te.

Reaction between Cp3Zr(n*-Te;) and CO: for-
mation of Cp¥Zr(n*-Te,)(CO)

A solution of Cp3Zr(n*-Te;) (ca. 10 mg) in C,D,
was treated with CO (1 atm). The reaction was

monitored by '"H NMR spectroscopy which dem-
onstrated the clean formation of
Cp*Zr(n*-Te,)(CO) over a period of 1 day at room
temperature. The corresponding reactions of
Cp*Zr(n*-S;) and Cp*Zr(n*-Se,) indicated no for-
mation of Cp3Zr(n*-E,)(CO) either at room tem-
perature or 60°C for ca. 12 h.

Reaction between Cp¥Zr(n*-E,) and Cp*Zr(CO), :
formation of Cp*Zr(n*-E,)(CO)

A mixture of Cp¥Zr(n*-E;) (ca. 15 mg) and
Cp*Zr(CO); (ca. 10 mg) in C,Dy (1 cm*) was moni-
tored using 'H and PC NMR spectroscopy, which
demonstrated the formation of, inter alia,
Cp*Zr(n*-E,)(CO) (E =S, 1 day at room tem-
perature; E = Se, 1 hat 55”C; E = Te, 2 h at room
temperature).

Reaction between Cp¥Zr(n*-Sy) and H,S : formation
of Cp*Zr(SH),

A solution of Cp¥Zr(*-S;) (ca. 10 mg) in C;Dy
(1 cm?) was treated with H,S (1 atm). The mixture
was heated at 80°C for 1.5 days, giving a mixture
of Cp¥Zr(n*-S;) and Cp3*Zr(SH),. No further
change was observed upon further heating for
several days.

X-ray structure determination of triclinic Cp3Zr
(n*-Te,)(CO)

Crystal data, data collection and refinement par-
ameters for Cp*Zr(n*-Te,)(CO) are summarized in
Table 11. A single crystal of Cp%Zr(#*-Te,)(CO)
was mounted in a glass capillary and placed on
a Nicolet R3m diffractometer. The unit cell was
determined by the automatic indexing of 25 cent-
ered reflections and confirmed by examination of
the axial photographs. Intensity data were collected
using graphite monochromated Mo-K, X-radiation
(4 =0.71073 A). Check reflections were measured
every 100 reflections, and the data were scaled
accordingly and corrected for Lorentz, polar-
ization, and absorption effects. The structure was
solved by direct methods using SHELXTL PC™.
Systematic absences were consistent with the space
groups P1 (No. 1) and P1 (No. 2), of which the
choice P1 (No. 2) was made, and confirmed by
the success of the solution. Hydrogen atoms were
included in calculated positions (d(C-H) = 0.96 A
U,o(H) = 0.08 A?).
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Table 11. Crystal and intensity collection data for
Cp¥Zr(n*-Te,)(CO)

Cp¥Zr(n*-Te;)(CO)

Formula
Formula weight
Lattice
Cell constants

a(A)

b (A

c (A)

(%)

B

7 ()

v (AY
VA4
Radiation, 4 (A)
Space group
plcalc)) (gem™)
#(Mo-K,) (em™)
26 range (°)
No. of data
No. of parameters
Goodness-of-fit

C,H;,0Te,Zr
644.9
Triclinic

9.507(2)
16.052(3)
17.268(3)
115.74(2)
104.75(2)
93.68(2)
2249(1)
4

Mo-K, (0.71073)
P1 (No.2)

1.905

30.39

3-45

6050 [F > 45(F)]
452

1.32

R
R,

0.0383
0.0512

C;H;0Te,Zr
644.9
Tetragonal

15.186(2)
15.186(2)
9.926(2)
90.0

90.0

90.0
2289(1)
4

Mo-K, (0.71073)
P3n2 (No. 118)
1.871

29.85

3-55

1173[F > 46(F)]
132 [125)°

1.36 [1.33]
0.0418 [0.0418]
0.0556 [0.0547)*

“Numbers in square brackets are the values for refining
Zr on the two-fold axis.

X-ray structure determination of
Cp3Zr(n*-Te,)(CO)

tetragonal

Crystal data, data collection and refinement par-
ameters are summarized in Table 11, and the gen-
eral procedure is as described for triclinic
Cp2Zr(n*-Te,)(CO). Systematic absences were
consistent with the space groups P4,nm (No. 102),
Pidn2 (No. 118), and P4,/mnm (No. 136). The
latter space group was excluded on the basis of
the molecular symmetry, and attempts to solve the
structure in space group P4,nm (No. 102) were
unsuccessful. A satisfactory solution was, however,
obtained by using space group P4n2 (No. 118). The
structure was initially refined with the Zr on the
two-fold axis, and subsequently refined off the two-
fold axis. The occupancy of the Zr and CO ligand
was fixed at 0.5 for both refinement procedures.
Inversion of configuration indicated the correct
absolute structure.

X-ray structure determination of Cp3Zr(n*-E,)

(E=S8, Se)

Crystal data, data collection and refinement
parameters are summarized in Table 12, and the
procedure is  as

general

Table 12. Crystal and intensity collection data for Cp%Zr(n*-E;)

CpiZr(n*-S;)

CpiZr(n*-Se,)

Cp3Zr(n*-Te,)

Formula
Formula weight
Lattice
Cell constants

a (A)

b (A)

¢ (A)

(%)

BC)

v ()

V(A%
Z
Radiation (4, A)
Space group
plcalc.) (gcm™3)
p(Mo-K,) (cm™")
20 range (°)
No. of data
No. of parameters
Goodness-of-fit
R
R,

C20H3053Zr
4579
Monoclinic

8.910(2)
14.017(3)
17.450(4)

90.0

104.03(2)

90.0

2114(1)

4

Mo-X, (0.71073)
P2,/c (No. 14)
1.44

8.0

3-50

2832 [F > 60(F)]
218

1.138

0.0319

0.0434

C20H3OSC3ZI'
598.6
Monoclinic

9.134(3)
13.937(3)
17.610(3)

90.0

104.84(2)

90.0

2167(1)

4

Mo-K, (0.71073)
P2,/c (No. 14)
1.83

59.1

3-50

2524[F > 60(F)]
218

1.345

0.0480

0.0576

C, H; Te, Zr
744.5
Orthorhombic

20.004(5)
15.666(2)
14.711(4)

90.0

90.0

90.0

4610(2)

8

Mo-K, (0.71073)
Pra2, (No. 33)
2.145

41.99

4-45

1746[F > 5a(F)]
195

1.04

0.0477

0.0535

described
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Cp*Zr(n*-Te,)(CO), with the exception that the
structure was solved using SHELXTL.* Systematic
absences were consistent uniquely with the space
group P2,/c (No. 14).

X-ray structure determination of Cp3¥Zr(n*-Te,)

Crystal data, data collection and refinement par-
ameters are summarized in Table 12, and the gen-
eral  procedure is as  described for
Cp*Zr(n*-Te,)(CO). Systematic absences were
consistent with the space groups Pna2, (No. 33)
and Pnam (No. 62). After no success using Prnam
(No. 62), the choice Pna2, (No. 33) was made and
confirmed by the success of the solution. Further-
more, the two crystallographically independent but
chemically similar molecules are not related by sym-
metry, thereby excluding the centrosymmetric space
group alternative Pnam (No. 62). Inversion of con-
figuration indicated the correct choice of absolute
structure.
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