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A new class of tripodal L2X ligands that feature three oxygen

donors, namely the tris(2-oxo-1-tert-butylimidazolyl) and tris-

(2-oxo-1-methylbenzimidazolyl)hydroborato ligands, [To
But

] and

[To
MeBenz

], has been synthesized via the reactions of NaBH4

with the respective imidazolone. Structural and spectroscopic

studies indicate that both [ToBu
t

] and [ToMeBenz] are significantly

more sterically demanding but less electron donating than the

related [O3] donor ligand, [CpCo{P(O)(OEt)2}3].

C3 symmetric tripodal ligands that belong to the L2X Covalent

Bond Classification1 have received considerable attention due

to their ability to tailor the steric and electronic properties of a

metal center. For example, a series of C3 symmetric L2X

tripodal ligands that feature a variety of donor arrays, including

[C3],
2 [N3],

3–5 [O3],
6 [P3],

7 [S3],
8,9 and [Se3],

10 are available,

thereby providing an effective means to modulate reactivity of

metal complexes. Of these, the tris(pyrazolyl)hydroborato [N3]

donor ligand system, [TpR],3,4 has been studied the most

extensively. By comparison, C3 symmetric [O3] donors are less

common, with those belonging to the L2X class being effectively

dominated by the [CpCo{P(O)(OR)2}3] ligand system.6,11

Despite the formal analogy between [TpR] and [CpCo-

{P(O)(OR)2}3] ligands, however, an important distinction

pertains to their steric demands. Specifically, whereas

substitution at the 3-position of the pyrazolyl group provides

an effective method to manipulate the steric environment

around the metal center, the locations of the R substituents

of [CpCo{P(O)(OR)2}3] are such that they do not create a

sterically demanding binding pocket. An L2X [O3] donor

ligand that is more sterically demanding than [CpCo-

{P(O)(OR)2}3] would, therefore, provide a means for developing

the coordination chemistry of metal centers in an oxygen rich

environment. For example, such ligands have the potential for

mimicking molecular species that are grafted to oxide surfaces via

three oxygen atoms, as illustrated by the binding of zirconium

hydride, alkoxide and acetylacetonate moieties to silica surfaces.12

Therefore, we report here the synthesis of a new class of

sterically demanding C3 symmetric [O3] donor ligands.

Previous studies have demonstrated that the tris(2-mercapto-

1-R-imidazolyl)hydroborato ligand system, [TmR], provides an

[S3] donor array that is capable of supporting a variety of metal

centers.8 By analogy, we rationalized that a related system based

on oxoimidazolyl groups would provide a correspondingly

useful [O3] donor ligand. Therefore, adopting the procedure

used for the synthesis of [TmR] ligands,8 1-tert-butylimidazolone

reacts with NaBH4 to yield the tris(2-oxo-1-tert-butylimidazolyl)-

hydroborato compound [ToBu
t

]Na (Scheme 1).13 Furthermore,

the tris(2-oxo-1-methylbenzimidazolyl)hydroborato derivative,

[ToMeBenz]Na, can be obtained similarly (Scheme 1).

The steric and electronic properties of the [ToBu
t

] and [ToMeBenz]

ligands have been assessed by analysis of the rhenium carbonyl

compounds, [ToBu
t

]Re(CO)3 and [ToMeBenz]Re(CO)3, obtained via

treatment of Re(CO)5Br with [ToBu
t

]Na and [ToMeBenz]Na,

respectively. Significantly, comparison of the crystallographic

cone angles (Y)14 of [ToBu
t

]Re(CO)3 (2291), [ToMeBenz]Re(CO)3
(1961) and [CpCo{P(O)(OEt)2}3]Re(CO)3 (1741) indicates that the

[ToBu
t

] and [ToMeBenz] ligands are substantially more sterically

demanding than is the related [O3] donor ligand, [CpCo-

{P(O)(OEt)2}3]. Furthermore, comparison of the cone angles of

pairs of [ToR]Re(CO)3 and [TmR]Re(CO)3 compounds, namely (i)

[ToBu
t

]Re(CO)3 (2291) and [TmBut]Re(CO)3 (2131),15 and (ii)

[ToMeBenz]Re(CO)3 (1961) and [TmMeBenz]Re(CO)3 (1891), demon-

strates that the [ToR] ligands are also more sterically demanding

than are the corresponding [TmR] sulfur donor ligands, a

Scheme 1
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consequence of the fact that the Re–O bonds are ca. 0.35 Å shorter

than the Re–S bonds.

The electronic nature of the [ToBu
t

] and [ToMeBenz] ligands

has been evaluated by IR spectroscopic studies on [ToR]Re-

(CO)3.
16 Specifically, comparison of the nCO stretching

frequencies of [ToR]Re(CO)3 and [CpCo{P(O)(OEt)2}3]Re-

(CO)3 indicates that the metal centers of [ToR]Re(CO)3 are

less electron rich than that of [CpCo{P(O)(OEt)2}3]Re(CO)3
(Table 1). Furthermore, comparison of the nCO stretching

frequencies of [ToR]Re(CO)3 with those of [TmR]Re(CO)3
indicates that the [ToR] oxygen ligand is less electron donating

than the corresponding [TmR] sulfur ligand.

While the latter trend is in accord with the greater electro-

negativity of oxygen, it is pertinent to note that p-donor effects
could exert an opposite effect. For example, the n(NO) stretching

frequencies of related alkoxide and thiolate complexes, namely

W(EBut)3(NO)(py)17 and [TpMe2]Mo(NO)(ER)X,18 are lower

for E = O than for the corresponding E = S derivative, a

difference that was ascribed to alkoxide being a better p-donor
ligand. p-Donor effects have also been invoked to rationalize

why [TmR] ligands are generally more strongly electron donating

than [TpR] ligands;10,19–21 however, on the basis that the nCO
stretching frequencies of [ToR]Re(CO)3 are greater than those

for the corresponding [TmR]Re(CO)3 derivatives, it appears that

p-donation is not a dominant distinguishing feature in this

system. It is also worth noting that annulation of the imidazole

ring has an impact on the electron donor properties of the [ToR]

and [TmR] ligands. Thus, [ToMeBenz] and [TmMeBenz] are less

electron donating than [ToBu
t

] and [TmMe], respectively (Table 1).

We are particularly interested in the application of [ToR]

ligands to early transition metal chemistry on the basis that

these ligands could allow access to counterparts of bent metal-

locenes that feature an oxygen rich environment. In this regard,

the zirconium compounds [ToBu
t

]ZrCl3 and [ToMeBenz]ZrCl3
may be obtained via the reactions of ZrCl4 with [ToBu

t

]Na

and [ToMeBenz]Na, respectively (Scheme 2). The molecular

structures of [ToBu
t

]ZrCl3 and [ToMeBenz]ZrCl3 have been

determined by X-ray diffraction, as illustrated in Fig. 1 for

the former compound, which clearly indicates the similarity

with the half-sandwich compound, CpZrCl3. Furthermore, the

hybrid complex Cp[ToMeBenz]ZrCl2 (Fig. 2) may be obtained via

the reaction of [ToMeBenz]Na with CpZrCl3 (Scheme 2).

The ability to isolate Cp[ToMeBenz]ZrCl2 is noteworthy

because the corresponding reaction of CpZrCl3 with [CpCo-

{P(O)(OEt)2}3]Na does not yield Cp[CpCo{P(O)(OEt)2}3]ZrCl2,

but rather results in preferential displacement of the

cyclopentadienyl ligand and the formation of [CpCo-

{P(O)(OEt)2}3]ZrCl3.
22 As such, it is evident that the [ToMeBenz]

ligand provides a means to obtain a sought-after zirconocene

analogue in which one of the cyclopentadienyl ligands is replaced

with an [O3] donor array. In support of this analogy, the

geometry of Cp[ToMeBenz]ZrCl2 bears a close resemblance to

that of the bent metallocene, Cp2ZrCl2.
23 For example, the

Cpcent–Zr–B angle of Cp[ToMeBenz]ZrCl2 (130.51) is similar to

the Cpcent–Zr–Cpcent angle of Cp2ZrCl2 (129.21),23a as are the

Cl–Zr–Cl bond angles of 93.91 and 97.01, respectively.

Despite the similarity between the structures of Cp2ZrCl2 and

Cp[ToMeBenz]ZrCl2, an interesting difference is that the latter is

chiral due to the propeller-like twist of the [ToMeBenz] ligand.24

1H NMR spectroscopy demonstrates, however, that the two

enantiomers interconvert rapidly in solution at �73 1C, a

behavior which is very different to that of the mercapto counter-

part, Cp[TmMe]ZrCl2, for which enantiomer interconversion is

not observed on the NMR time scale at 70 1C.25,26

Enantiomer interconversion within Cp[ToMeBenz]ZrCl2 can

be achieved by either a concerted ‘‘inversion’’ at each oxygen

atom or by a mechanism in which one of the arms dissociates to

Table 1 Cone angles and electron donating properties of various L2X
ligands as evaluated by nCO values (in CH2Cl2) for
[L2X]Re(CO)3 derivatives

[L2X] nCO/cm
�1 Y/1

[ToBu
t
] 2018, 1887 229

[TmBut]a 2008, 1880 213
[ToMeBenz] 2026, 1894 196
[TmMeBenz] 2014, 1895 189
[TmMe] 2007, 1888 191 and 183b

[CpCo{P(O)(OEt)2}3] 2015, 1880 174

a Ref. 15. b Values for two crystallographically independent molecules

(CSD# QUSNOH).

Scheme 2

Fig. 1 Molecular structure of [ToBu
t

]ZrCl3.

Fig. 2 Molecular structure of Cp[ToMeBenz]ZrCl2.
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facilitate the isomerization.27 If the interconversion for Cp-

[ToMeBenz]ZrCl2 and Cp[TmMe]ZrCl2 were to proceed via a

common mechanism, the observation of a more facile process

for the [O3] ligand would be consistent with a mechanism that

involves direct ‘‘inversion’’ at the chalcogen, since barriers to

inversion are typically lower for second row rather than third

row elements.28 In this regard, calculations on [TmH]ZnCl and

[TmH]Mn(CO)3 predict an increase in M–S–C bond angle upon

accessing the transition state in which the [TmH] ligand has local

C3v symmetry,27b and so the tendency of two-coordinate oxygen

to adopt larger bond angles than sulfur would be expected

to facilitate the concerted isomerization process. Supporting

this suggestion, the Zr–O–C angles for Cp[ToMeBenz]ZrCl2
[1321–1371] are significantly greater than the Zr–S–C angles

for Cp[TmMe]ZrCl2 [1071–1141].25 It is, therefore, evident that

[ToR] ligands are more flexible than [TmR] ligands.

In addition to its application to zirconium chemistry,

[ToMeBenz]Na has also been used to synthesize derivatives of

less oxophilic metals such as zinc, cobalt and iron. Thus,

[ToMeBenz]Na reacts with (i) ZnI2 to give tetrahedral [ToMeBenz]-

ZnI and (ii) CoCl2 and FeCl2 to give octahedral

[ToMeBenz]2Co and [ToMeBenz]2Fe, respectively. The molecular

structures of [ToMeBenz]ZnI and [ToMeBenz]2M (M = Fe, Co)

have been determined by X-ray diffraction. In each case, the

[ToMeBenz] ligand adopts a k3-coordination mode that resembles

the coordination mode of the [TmMe] ligands in similar

compounds, e.g. [TmMe]ZnI29 and [TmMe]2Fe.
30 The formation

of [ToMeBenz]2Co, however, is particularly noteworthy because

(i) the [TmMe]2Co counterpart has not been isolated31,32 and

(ii) [TmPh]2Co adopts a type of structure that is totally

different to that of [ToMeBenz]2Co. Specifically, while both

[ToMeBenz]2Fe and [ToMeBenz]2Co adopt octahedral structures

with k3-O3 coordination of the ligand, [TmPh]2Fe and

[TmPh]2Co exhibit coordination via only two of the sulfur

donors of each ligand, with the coordination sphere being

completed by interaction with the two B–H groups.33

In summary, a new class of tripodal L2X ligands that feature

three oxygen donors, namely [ToBu
t

] and [ToMeBenz], has been

synthesized via the respective reactions of NaBH4 with 1-tert-

butylimidazolone and 1-methyl-2-benzimidazolinone. These

ligands are substantially more sterically demanding than

related [O3] donor ligands and offer potential for providing

counterparts of metallocenes in an oxygen rich environment.
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