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Abstract

Attempted preparation of tantalum complexes incorporating the anionic guanidinate ligand derived from 1,3,4,6,7,8-hexahydro-

2H -pyrimido[1,2-a ]pyrimidine (hppH) are reported. Reaction of (hpp)SiMe3 and TaCl5 in a 1:1 ratio gave the bis-guanidinate

compound rather than the expected mono-ligand species. Reaction of 2 equiv. of (hpp)SiMe3 or in situ generated [hpp]Li with TaCl5
afforded a solid which analysed correctly for the compound (hpp)2TaCl3. X-ray structural analysis of the crystallised product

identified the coordination isomer [Ta(hpp)4][TaCl6], with a distorted dodecahedral cation and a regular octahedral anion. During

the course of this study, two closely related hydrolysis products, [(hppH2)]2[{TaCl6}{Cl}] and [(hppH2)]3[{TaCl6}2{Cl}] �/MeCN

were isolated and structurally characterised, each containing [hppH2]� cations and [Cl]� and [TaCl6]� anions in extended arrays,

linked by intermolecular hydrogen bonds.
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1. Introduction

Amidinate anions, [RC{NR?}2]�, have been exten-

sively used as a supporting ligand in a large range of

coordination compounds that extend across the ele-

ments of the periodic table [1]. In particular, the

benzamidinate ligand (R�/Ph and R?�/SiMe3) has

found application in this field due to its facile synthesis

from the reaction between benzonitrile and lithium

bis(trimethylsilyl)amide and the ease of derivatisation

at the phenyl substituent of the central carbon atom [2].

Extension to closely related guanidinates (R�/NR? ?2)

has allowed further developments in the coordination

chemistry of this type of ligand [3], the principle

difference being the potential for delocalisation of the

amide lone pair into the core of the ligand, contributing

an additional ‘zwitterionic’ resonance form to the over-

all bonding situation (I, Fig. 1). This has been exploited

in the synthesis of early transition metal complexes in

high oxidation states, where the increased donation of

electron density is predicted to stabilise electron defi-

cient metal centres.
It was found that the nature of the nitrogen sub-

stituents within the guanidinate anion strongly affected

the extent to which resonance form I was able to

contribute to the bonding, primarily as a result of steric

interactions preventing the parallel alignment of the p-

orbital of the central sp2-carbon atom and the Namide

lone-pair necessary for delocalisation of electron density

[4]. A method by which ourselves [5], and others [6],

have maximised this effect is to employ a bicyclic

guanidinate framework based on the neutral

1,3,4,6,7,8-hexahydro-2H -pyrimido[1,2-a ]pyrimidine

(hppH, Fig. 2), where the �/(CH2)3�/ alkyl chains

constrain the molecule in the necessary configuration

for the promotion of orbital overlap.

The use of guanidinates, [{R? ?2N}C{NR?}2]�, as

ligands in Group 5 chemistry has not been as straight-

forward as with other groups in the periodic table.

Studies have demonstrated that a number of established
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procedures for the synthesis of metal guanidinate

compounds are not always viable routes to compounds

of the heavier Group 5 metals. For example, proto-

nolysis of M(NMe2)5 [M�/Ta, Nb] with tricyclohexyl-

or triisopropylguanidine affords complexes incorporat-

ing the dianionic ligand, [(RN�/)C(NR)2]2� [7,8].

Attempts at hydrogen halide elimination from TaCl5
with triisopropylguanidine afforded the complex

[Ta({HiPrN}C{NiPr}2)2(NiPr)Cl] which incorporates

the desired monoanionic ligand, but also contains the

imido group [NiPr]2� as a result of degradation of the

guanidine starting material [9]. A similar fragmentation

was observed while attempting lithium halide elimina-

tion using in situ generated Li[{HiPrN}C{NiPr}2] [9],

although the salt metathesis using Li[{(Me3-

Si)2N}C{NCy}2] and TaCl5 or Ta(NEt2)2Cl3 proceed

smoothly, highlighting the sensitivity of the reaction to

the substituents on the ligand precursor. We believed

that the [hpp]� anion would provide a robust frame-

work that would be unlikely to fragment and report here

our preliminary findings on the synthesis of tantalum

complexes incorporating this ligand.

2. Experimental

All manipulations were carried out under dry nitrogen

using standard Schlenk and cannula techniques, or in a

conventional nitrogen-filled glovebox. Solvents were

dried over appropriate drying agent and degassed prior

to use. hppH (Fluka), nBuLi (2.5 M solution in hexanes,

Acros) and TaCl5 (Aldrich) were purchased from

commercial sources and used as received. Chlorotri-

methylsilane was distilled under a nitrogen atmosphere

and stored over molecular sieves. Elemental analyses

were performed by S. Boyer at London Metropolitan

University.

2.1. [(hppH2)]2[{TaCl6}{Cl}] (1)

A solution of (hpp)SiMe3 (0.76 g, 3.59 mmol) in

dichloromethane (approximately 30 ml) was added to a
slurry of tantalum(V) chloride (1.28 g, 3.59 mmol) in

toluene (approximately 30 ml) at �/78 8C, resulting in

the immediate formation of a red solution and an

orange precipitate. The mixture was allowed to warm

to ambient temperature and stirred for 20 h. The volatile

components were removed in vacuo and an attempt at

extraction of the product was made using CH2Cl2,

affording a red solution. No product was isolated
from dichloromethane and crystallisation was attempted

from THF at �/30 8C. A small number of colourless

crystals of 1 were recovered from the reaction mixture

and analysed by X-ray crystallography. No other pure

product was obtained.

2.2. [(hppH2)]3[{TaCl6}2{Cl}] �/MeCN (2)

The reaction was repeated as outlined above using the
same quantities of material. Attempted crystallisation of

the crude material from MeCN afforded a small number

of colourless crystals of 2 which were analysed by X-ray

crystallography. No other pure product was obtained.

2.3. Ta(hpp)2Cl3 (3)/[Ta(hpp)4][TaCl6] (4)

nBuLi (1.6 ml, 3.59 mmol) was added to a solution of
hppH (0.50 g, 3.59 mmol) in THF (approximately 30 ml)

at 0 8C and the solution was allowed to warm to room

temperature (r.t.) and stirred for 1 h. The volatiles were

removed and the resultant white solid was dissolved in

toluene and added to a suspension of tantalum(V)

chloride (0.68 g, 1.79 mmol) in toluene (approximately

30 ml) at �/78 8C, resulting in the formation of an

orange precipitate. The mixture was allowed to warm to
r.t. and stirred for 20 h. The volatiles were removed in

vacuo and the crude solid was analysed by mass spec

indicating formation of the bis-ligand product

Ta(hpp)2Cl3 (3). Crystallisation by layering a concen-

trated solution of the solid in dichloromethane with

hexane at r.t. resulted in isolation of orange crystals of

[Ta(hpp)4][TaCl6] (4). Yield: 0.27 g, 27%.

Mass Spec. (EI�, m /z ): 562 [M ]�, and 527 [M�/Cl]�

(where M�/Ta(hpp)2Cl3). Anal. Calc. for

C14H24Cl3N6Ta: C, 29.93; H, 4.29; N, 14.91. Found:

C, 29.64; H, 4.19; N, 14.69%.

3. Crystallography

Details of the crystal data, intensity collection and
refinement for complexes 1, 2 and 4 are listed in Table 1.

Crystals were covered in oil and suitable single crystals

were selected under a microscope and mounted on a

Fig. 1. Resonance structures for the guanidinate anion, where I�/the

‘zwitterionic’ component.

Fig. 2. 1,3,4,6,7,8-hexahydro-2H -pyrimido[1,2-a ]pyrimidine (hppH).
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Kappa CCD diffractometer. The structures were refined

with SHELXL-97 [10]. Additional features of note are

described below.

3.1. [(hppH2)]2[{TaCl6}{Cl}] (1)

The [TaCl6]� anion is on a site of symmetry 4, and is

well defined. The [hppH2]� cations are disordered

across inversion centres and have unresolved C/N over-

lap; they were refined with distance constraints (SADI).

There is residual density near the cation atoms and also

near an isolated site of bar-4 symmetry. The latter
density probably representing very disordered unidenti-

fied solvate.

3.2. [(hppH2)]3[{TaCl6}2{Cl}] �/MeCN (2)

Atoms C(3) and C(7) were disordered (occupancies: a

0.46, b 0.54, c 0.59, d 0.41). Hydrogen atoms for the

MeCN solvate molecule could not be located.

3.3. [Ta(hpp)4][TaCl6] (4)

The [Ta(hpp)4]� cation lies on a site of bar-4

symmetry. The [TaCl6]� anion lies on a site of 4

symmetry.

4. Results and discussion

Different synthetic methodologies have been investi-
gated for the introduction of the [hpp]� anion at a

tantalum centre, which have met with limited success.

Initial attempts focused on reactions involving silylated-

hpp with tantalum pentachloride, where it was antici-

pated that reaction would proceed by elimination of

Me3SiCl as observed in the synthesis of the titanium(IV)

complex, [(hpp)TiCl3]2 [5]. The ligand precursor,

hpp(SiMe3), was synthesised by quenching the in situ
generated lithium salt with Me3SiCl, and reacted with-

out further purification [11].

The 1:1 reaction between hpp(SiMe3) and TaCl5 in

CH2CL2 generated an immediate red coloured solution

upon mixing at �/78 8C, suggesting a rapid reaction was

occurring at low temperature. A molecular ion fragment

corresponding to [(hpp)2TaCl2]�, arising from loss of a

chloride ion from the bis -ligand species, was identified
by mass spectral analysis of the crude solid material

obtained by removal of the volatile components. This is

in contrast to formation of the mono-ligand species

predicted from the stoichiometry of the reaction. All

attempts at crystallisation (CH2Cl2, toluene, Et2O)

failed to separate a pure product from the mixture.

However, a small quantity of colourless crystals were

isolated from a THF solution, corresponding to the
product [(hppH2)]2[{TaCl6}{Cl}] (1), presumably gener-

ated as a result of the introduction of adventitious

moisture to the reaction and generation of HCl through

Table 1

Crystal structure and refinement data for 1, 2 and 4

1 2 4

Formula C14H28Cl7N6Ta C23H45Cl13N10Ta2 C28H48Cl6N12Ta2

Formula weight 709.52 1284.44 1127.38

Temperature (K) 173(2) 173(2) 173(2)

Wavelength (Å) 0.71073 0.71073 0.71073

Crystal system tetragonal monoclinic tetragonal

Space group P4/n (No. 85) P21 (No. 4) P4/n (No. 85)

a (Å) 13.3502(3) 8.0314(2) 14.2101(2)

b (Å) 13.3502(3) 13.8840(4) 14.2101(2)

c (Å) 8.0840(2) 19.4855(4) 9.5144(2)

b (8) 90 95.512(2) 90

V (Å3) 1440.79(6) 2162.74(9) 1921.21(6)

Z 2 2 2

Dcalc (Mg m�3) 1.64 1.97 1.95

Crystal size (mm) 0.10�/0.02�/0.02 0.30�/0.10�/0.10 0.40�/0.05�/0.02

Absorption coefficient (mm�1) 4.48 5.89 6.15

u Range for data collection (8) 3.96�/22.98 3.75�/23.05 3.86�/27.88

Reflections collected 10 907 17 986 17 230

Independent reflections 1004 [Rint�/0.067] 5930 [Rint�/0.090] 2304 [Rint�/0.056]

Reflections with I �/2s (I ) 950 5471 2031

Data/restraints/parameters 1004/6/41 5930/0/432 2304/0/111

Goodness-of-fit on F2 1.094 1.039 1.087

Final R indices [I �/2s (I )] R1�/0.073, wR2�/0.194 R1�/0.047, wR2�/0.112 R1�/0.029, wR2�/0.056

R indices (all data) R1�/0.077, wR2�/0.198 R1�/0.052, wR2�/0.115 R1�/0.036, wR2�/0.059

Largest difference peak and hole (e Å�3) 3.146 and �/1.238 1.86 and �/1.84 (close to Ta) 1.57 and �/1.48 (close to Ta)
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reaction with TaCl5. The high moisture sensitivity of the

compounds formed in this reaction and propensity to

form ionic species was further high-lighted in a separate

reaction carried out in CH2Cl2 at �/78 8C, with

attempted crystallisation of the product from MeCN.

This afforded colourless crystals of the closely related

hydrolysis product, [(hppH2)]3[{TaCl6}2{Cl}] �/MeCN

(2). Neither compound was isolated in sufficient quan-

tity to obtain full characterising data; however, X-ray

structural analysis of 1 and 2 were performed to help

understand the course of the reactivity observed during

these reactions and the nature of the products formed.

Key features of the molecular structures of 1 and 2 are

illustrated in Figs. 3�/5. Crystal data is summarised in

Table 1 and selected bond lengths and angles for 2 are

collected in Tables 2 and 3.

Disorder of the [hppH2]� cation about an inversion

centre in 1 causes unresolved overlap for the position of

the carbon and nitrogen atoms, and hence the bond

lengths and angles within the cationic component are

unreliable. Solution of the structure does however

accurately show the position of the atoms within the

anionic components, which are arranged in alternating

[TaCl6]� and [Cl]� rows repeated in an � � �A�/B�/A� � �
pattern, where A�/� � �{Cl}{TaCl6}{Cl}{TaCl6}� � � and

B�/� � �{TaCl6}{Cl}{TaCl6}{Cl}� � � (Fig. 3). The

[hppH2]� ions interdigitate in this anionic framework,

with an indication of intermolecular stabilisation by

NH � � �[Cl]� interactions.

X-ray data for 2 reveals an unit cell comprised of

three [hppH2]� cations, two [TaCl6]� and a [Cl]�

anion, with a molecule of acetonitrile solvate (Fig. 4).

In contrast to 1, the X-ray data indicated well-defined

cations with no unresolved disorder in the carbon/

nitrogen positions, allowing location of the hydrogen

atoms. The C�/N distances within the core of the cation

are very similar [1.29(2)�/1.36(2) Å], suggesting a delo-

calisation of the positive charge across the CN3 moiety,

observed in other structurally characterised examples of

the [hppH2]� cation [12]. The anions in the case of 2 are

arranged in an � � �A�/B�/C�/A�/B�/C� � � pattern, where

A�/� � �{TaCl6}{TaCl6}{TaCl6}{TaCl6}� � �, B�/

� � �{Cl}{TaCl6}{Cl}{TaCl6}� � � and C�/

� � �{TaCl6}{Cl}{TaCl6}{Cl}� � � (Fig. 5a). Location of

the NH atoms shows that intermolecular hydrogen

bonding is present between the [hppH2]� cation and

the chloride anion (strongest interactions illustrated in

Fig. 5b), with distances and angles as listed in Table 3.

There are no interactions present between the cations

and the [TaCl6]� anions.
In view of the fact that the mass spectral data

indicated that two [hpp]� ligands were coordinated to

the tantalum, the bis(ligand) complex was targeted. The

reaction between 2 equiv. of the in situ generated lithium

salt of hppH with TaCl5 in toluene afforded, after work-

up, an orange solid which analysed correctly for the

compound (hpp)2TaCl3 (3) [13]. Mass spectral data was

in agreement with this formula, showing peaks at 562

[M ]�, and 527 [M�/Cl]�. The 1H NMR spectrum

(CDCl3) was however more complicated than expected

for the molecular species 3, showing overlapping multi-

plets in the range 4.1�/3.2 and at 2.0 ppm. The 13C NMR

experiment most clearly illustrated the presence of

different environments for the [hpp]� anion at low

field, corresponding to the CN3 carbon atom of theFig. 3. Arrangement of anionic components within 1.

Fig. 4. Asymmetric unit for [(hppH2)]3[{TaCl6}2{Cl}] �/MeCN (2), with

thermal ellispoids drawn at the 30% probability level. Hydrogen

atoms, except NH of the cation, omitted for clarity.
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ligand, where signals were observed at 163.7 and 161.0

ppm. This suggests the presence of a mixture of

compounds in the crude material, as only a single

environment is expected for guanidinate anion in the

bis(ligand) product 3. Recrystallisation of the crude

solid by layering a saturated CH2Cl2 solution with

hexane afforded orange crystals that were subjected to

X-ray diffraction analysis. The molecular structure

revealed that rather than the molecular species 3, the

crystals consisted of the coordination isomer,

[Ta(hpp)4]� [TaCl6]� (4). Crystal data is summarised

in Table 1 and selected bond lengths and angles are

collected in Table 4.

Compound 4 consists of a well-separated ion pair,

with an eight coordinate tantalum centre subtended by

four chelating guanidinate ligands in the cation and a

regular octahedral [TaCl6]� anion (Fig. 6). A com-

pound containing [Ta(hpp)4]� was recently reported by

Cotton et al. [14], where the anionic component

consisted of [Ta(CO)6]� with tantalum in the (�/1)

oxidation state. In compound 4 however, both the

cationic and anionic tantalum centres are present in

the (�/5) oxidation state. The geometry of the metal in

the cation is best described as a distorted dodecahedron

(Fig. 7), with approximate D2d symmetry. ComparingFig. 5. (a) Arrangement of anionic components within 2. (b) Interac-

tion between [(hppH2)]2 and [Cl]� in 2. Hydrogen atoms, except NH

of the cation, omitted for clarity.

Table 2

Selected bond lengths (Å) and angles (8) for [(hppH2)]3[{TaCl6}2{Cl}] �/
MeCN (2)

Bond lengths

C(1)�/N(1) 1.33(2) C(1)�/N(2) 1.37(2)

C(1)�/N(3) 1.29(2) C(8)�/N(7) 1.335(17)

C(8)�/N(8) 1.332(18) C(8)�/N(9) 1.301(19)

C(15)�/N(4) 1.31(2) C(15)�/N(5) 1.36(2)

C(15)�/N(6) 1.33(2)

Bond angles

N(1)�/C(1)�/N(2) 116.9(16) N(1)�/C(1)�/N(3) 119.4(18)

N(2)�/C(1)�/N(3) 123.6(16) N(7)�/C(8)�/N(8) 117.6(12)

N(7)�/C(8)�/N(9) 120.6(13) N(8)�/C(8)�/N(9) 121.7(12)

N(4)�/C(15)�/N(5) 116.6(12) N(4)�/C(15)�/N(6) 122.2(13)

N(5)�/C(15)�/N(6) 121.0(14)

Table 3

Bond lengths (Å) and angles (8) for intramolecular NH � � �[Cl]�

interactions in 2

Bond lengths

H(1)�/Cl(13) 2.377 H(2)�/Cl(13) 3.246

H(4)�/Cl(13) 2.499 H(5)�/Cl(13) 2.471

H(7’)�/Cl(13) 2.718 H(8’)�/Cl(13) 2.389

Bond angles

N(1)�/H(1)�/Cl(13) 167.49 N(2)�/H(2)�/Cl(13) 136.78

N(4)�/H(4)�/Cl(13) 152.01 N(5)�/H(5)�/Cl(13) 153.04

N(7)�/H(7)�/Cl(13) 147.50 N(8)�/H(8)�/Cl(13) 165.03

Table 4

Selected bond lengths (Å) and angles (8) for [Ta(hpp)4][TaCl6] (4)

Bond lengths

Ta(2)�/N(1) 2.128(4) Ta(2)�/N(3) 2.219(3)

C(1)�/N(1) 1.344(5) C(1)�/N(2) 1.339(5)

C(1)�/N(3) 1.330(5)

Bond angles

N(1)�/Ta(2)�/N(3) 60.34(12) N(1)�/Ta(2)�/N(1?) 157.20(17)

N(1?)�/Ta(2)�/N(3) 142.45(12) N(1ƒ)�/Ta(2)�/N(3) 80.01(13)

N(1§)�/Ta(2)�/N(3) 82.85(13) N(3)�/Ta(2)�/N(3§) 124.61(10)

N(1)�/C(1)�/N(2) 124.5(4) N(1)�/C(1)�/N(3) 109.7(4)

N(2)�/C(1)�/N(3) 125.8(4)

Symmetry transformations used to generate equivalent atoms:

????? �/x�/1/2, �/y�/1/2, z ; ? �/x�/1/2, �/y�/1/2, z ; ƒ y�/1/2, �/x ,

�/z�/1; § �/y , x�/1/2, �/z�/1.
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the twist angle (f ) between intersecting trapezoids that

are defined in 4 by the positions of the nitrogen atoms

N(1), N(3), N(3?), N(1?) and N(1??), N(3??), N(3???),
N(1???) [15], we observe a slightly greater distortion

from ideal dodecahedral geometry (where f�/08) in 4

(f�/2.28) than in the previous example of this cation

(f�/1.4, 1.68). The Ta�/N distances of 4 [2.128(4) and

2.219(3) Å] are in the range previously reported for this

cation [2.08�/2.25 Å] and compare favourably with other

tantalum(V) guanidinate complexes [8,16]. Delocalisa-

tion of the negative charge through the CN3 moiety is

evident from the carbon�/nitrogen bond lengths

[1.330(5)�/1.344(5) Å], which are similar to the values

observed in related [hpp]� complexes of titanium

[1.338(4)�/1.347(4) Å] [5], and tin [1.302(12)�/1.373(11)

Å] [6].

In summary, mass spectral evidence indicates forma-

tion of the bis- rather than the mono-ligand compound
from the stoichiometric reaction between hpp(SiMe3)

and TaCl5. Attempted purification by crystallisation

failed to give the desired product, and inadvertent

hydrolysis afforded ionic complexes comprised of

[hppH2]� cations and [Cl]� and [TaCl6]� anions in

extended arrays linked by intermolecular hydrogen

bonds. The reaction of 2 equiv. of the in situ generated

lithium salt with TaCl6 affords a mixture of (hpp)2TaCl3
(3), identified in the mass spectrum, and the coordina-

tion isomer [Ta(hpp)4][TaCl6] (4). The molecular struc-

ture of 4 was deduced from X-ray diffraction data,

consisting of well-separated ion pairs with a distorted

dodecahedral cation and a regular octahedral anion.

Further work on the synthesis of Group 5 metal

complexes incorporating the [hpp]� anion is in progress

and will be reported in due course.

5. Crystal structure data

Crystallographic data for the structural analysis have

been deposited with the Cambridge Crystallographic

Data Centre, CCDC Nos. 207109, 207110 and 207111

for compounds 1, 2 and 4, respectively. Copies of this

information may be obtained free of charge from The

Director, CCDC, 12 Union Road, Cambridge, CB2

1EZ, UK (fax: �/44-1223-336033; e-mail: deposit@

ccdc.cam.ac.uk or www: http://www.ccdc.cam.ac.uk).
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