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Abstract--The molecular structures of the tris(3-t-butyl-5-methylpyrazolyl)hydroborato 
derivatives of copper and thallium {[TpBU"Me]CU}2, [TpB"t,Me]CuC1 and Tl[TpBU"Me], have 
been determined by X-ray diffraction. Comparison of these structures with those of 
{[TpBU]Cu}2, [TpB~']CuC1 and Tl[Tp Bu'] demonstrates the structural role that alkyl sub- 
stitution at the remote 5-position of the pyrazolyl group may play in modifying the coor- 
dination environment about a metal centre. 

In recent years, the tris(pyrazolyl)hydroborato 
ligand system [TpR'R']I t has found widespread use 
in the study of copper chemistry. In this 
regard, some specific applications of tris 
(pyrazolyl)hydroborato ligation include: (i) the 
syntheses of the first stable copper carbonyl 
and nitrosyl derivatives, [Tp]Cu(CO) 2 and 
[TpBU]Cu(NO), 3'4 (ii) the syntheses of model com- 
plexes for biomimetic studies, 3'5 8 and (iii) the use 
of [TpMe2]Cu(r/E-C2H4) as a catalyst for carbene and 
nitrene transfer to form cyclopropanes, cyclo- 
propenes and aziridines. 9 Here, we report the syn- 
theses and structures of the copper complexes, 
{[TpBU"Me]Cu}2 and [TpBU~'Me]CuC1, and also the 
structure of the thallium derivative, TI[TpB~t'Me], in 
order to address the structural role that alkyl sub- 
stitution at the remote 5-position of the pyrazolyl 
group may play in modifying the coordination 
environment about a metal centre. 

* Author to whom correspondence should be addressed 
~'The nomenclature adopted here for tris(pyra- 

zolyl)hydroborato ligands is based on that described by 
Trofimenko. ta Thus, the tris(pyrazolyl)hydroborato 
ligands are represented by the abbreviation Tp, with the 
3- and 5-alkyl substituents listed respectively as super- 
scripts. 

RESULTS AND DISCUSSION 

The steric environment about a metal centre may 
be readily modified by appropriate substitution at 
the 3-position of the pyrazolyl group of the tris 
(pyrazolyl)hydroborato ligand, as illustrated by 
the increasing cone angles of the ligand across the 
series [Tp](184 °) < [TpMeq(224 °) < [TpBU~](244°).1° 
Indeed, the large bulk of the [Tp But] ligand is such 
that the formation of six-coordinate sandwich com- 
plexes [TpBUt]2M is effectively inhibited, whereas six- 
coordinate complexes of the type [Tp]2M are 
common. I Moreover, the steric demand of the 
[Tp Bu'] ligand is presumably the principal factor that 
is responsible for the isolation of monomeric four- 
coordinate alkyl and hydride complexes of the type 
[TpBU']MX, such as [TpB~']MR (M = Be, It, Mg, 12 
Zn 13 and Cd 14'15) and [TpB']MH (M = Be, 16 Zn 17 
and Cd18). A further illustrative example of the 
structural changes that may be induced by alkyl 
substitution at the 3-position of the pyrazolyl group 
is provided by the series of copper(I) tris 
(pyrazolyl)hydroborato complexes { [ T p ] C u }  2, 6 
{ [ T p M e 2 ] e u } 2 ,  6 { [ T p P h E ] C u } 2 1 9  and {[TpBUt]Cu}2.19 
Although each complex is a dimer with bridging 
tris(pyrazolyl)hydroborato ligands, the structures 
differ in the manner in which the tris 
(pyrazolyl)hydroborato ligand bridges the two 
copper centres, as illustrated in Fig. 1. In {[Tp]Cu}2 
both tris(pyrazolyl)hydroborato ligands bridge the 
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Fig. 1. Molecular structures of {[TpRR]Cu}2 dimers. 

~ U t 

~ 'H  I R 

R 

R=H, Me 

two copper centres in an approximately symmetric 
manner, so that each Cu I centre is a four-coordinate 
distorted tetrahedron. In contrast, the tris 
(pyrazolyl)hydroborato ligands in {[ypMe2]Cu}2 
and {[TpPh2]Cu}2 bridge the two copper centres in 
an asymmetric manner, so that the coordination 
number of copper is reduced to three, with a dis- 
torted trigonal planar arrangement. This trend is 
continued for the complex {[TpS~t]Cu}2, giving rise 
to a structure in which one of the pyrazolyl groups 
of each ligand is not coordinated, and each copper 
centre is two-coordinate and linear. The separation 
between the two copper centres in {[TpB~t]Cu}2 
[3.284(8) ~]3,19 is also substantially greater than the 
separations in { [Tp] Cu}2 [2.660(1) ~],6 { [TpM¢2] Cu}2 
[2.506(1) ~,]6 and {[TpPh2]Cu}2 [2.544(2)/~.],9 

In addition to alkyl substitution at the 3-position 
of the pyrazolyl group, which serves to modify the 
environment about the metal centre, alkyl sub- 
stitution at the 5-position is expected to provide a 
protective environment for the B--H moiety. Other 
than increasing the stability of the ligand system by 
protecting the B--H group, alkyl substitution at 
the remote 5-position would not necessarily be 

:~It has, however, been suggested that non-bonded 
repulsions between 5-alkyl groups should lead to a tighter 
ligand "bite" (see ref. 23). 

anticipated to exert a strong structural change at 
the metal centre.:~ However, recent work by Reger 
has demonstrated that remote substitution can 
indeed influence the coordination environment 
about a metal centre. For example, substitution 
at boron results in the complexes [pzTp]zPb and 
[Tp]2Pb exhibiting different structures. Thus, as a 
result of intraligand interactions, the potentially 
tridentate tetrakis(pyrazolyl)borato ligand [pzTp] 
acts only as a bidentate ligand in the lead complex 
[pzTp]2Pb, whereas the tris(pyrazolyl)hydroborato 
ligands in the analogue [Tp]zPb are tridentate. 2° 
Related effects have also been observed in other 
systems. 2j Here we address the structural role that 
alkyl substitution at the remote 5-position may play 
in modifying the coordination environment about 
a metal centre by comparing the structures of 
{[TpBUt'Me]CU}2, [TpBut'Me]CuC1 and Yl[Tp But'Me] with 
those of {[TpSu']Cu}2, [TpBu']CuC1 and Tl[TpSUt]. 

Structure of {[Tp Bu''Me] Cu}2 

{[TpSU"Me]Cu}2 was synthesized by the reaction 
of TI[Tp B"~'Me] with excess CuC1, followed by treat- 
ment with NH3 : 

Yl[TpSUt'Me] ~ [Tp"U"Me]CU} 2. (1) 
(ii) NH3 
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Fig. 2. View of {[TpBU"Me]Cu}2 illustrating the cyclic structure. 

The molecular structure was determined by X-ray 
diffraction and two views of the dimeric molecule 
are presented in Figs 2 and 3. A view highlighting 

the 12-membered ring of the dimer is shown in Fig. 
4. Selected bond lengths and angles are listed in 
Table 1. Comparison with the structure of 
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Fig. 3. View of {[TpBU"M°]Cu}2 along the Cu.- '  Cu vector. 
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Fig. 4. View of {[TpBU"Me]Cu}2 highlighting the 12-membered ring. 

{ [Tp But] Cu} 2 3,19 indicates that there is relatively little 
perturbation in the core geometry of the two struc- 
tures. For example, the average Cu--N bond length 
[I .89(1) A] in {[TpaU"~°]Cu}2 is very similar to that 
in {[TpB~']Cu}2 [1.87(1)/~]. Likewise, the Cu"  "Cu 
separations in {[TpaUt'r~]Cu}2 and {[TpBu']Cu}2 are 
also very similar, 3.300(5) and 3.284(8) A, respec- 
tively. 

Although the incorporation of the 5-methyl sub- 
stituent does not result in any significant change in 
the solid state structure of {[TpBUt'Me]fu}2 as far as 
the coordination environment about copper is con- 
cerned, it does infuence the fuxional nature of the 
molecule in solution. Thus, Tolman has dem- 

onstrated that {[Tp~ut]Cu}2 is fluxional on the 
NMR time scale at room temperature, and a static 
structure indicating the presence of three equivalent 
sets of pyrazolyl groups (corresponding to the 
asymmetric dimeric structure adopted in the solid 
state) is only observed at -56°C. In contrast, the 
incorporation of the 5-methyl substituent results in 
the complex {[TpaU"M~]Cu}2 exhibiting a static ~H 
NMR spectrum at room temperature, showing 
three sets of t-butyl-methylpyrazolyl groups (Fig. 
5). 

Moreover, there is no evidence for fluxionality of 
{[TpBUt'Me]Cu}2 on the NMR time scale at tem- 
peratures up to 90°C! A possible origin for the 

Table 1. Selected bond lengths (A) and angles (°) for {[TpBU"U°]Cu}2 

Cu(1)--N(12) 1.886(3) 
Cu(2)--N(42) 1.899(3) 

N(12)--Cu(1)--N(22) 178.2(2) 

Cu(1)--N(22) 
Cu(2)--N(62) 

N(42)--Cu(2)--N(62) 

1.881(3) 
1.885(3) 

173.0(2) 
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Fig. 5. 400 MHz ~H NMR spectrum of {[TpBU"M~]Cu}2 . 
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1 

pronounced difference in fluxionality of the two 
derivatives {[TpBU]Cu}2 and {[TpBUt'M¢]Cu}2 may 
reside in the increased steric interactions between 
the 5-methyl substituents that would result in a 
transition state (or intermediate) in which all three 
pyrazolyl groups are coordinated to the dicopper 
moiety in a fashion analogous to the structure of  
{[TpM¢2]Cu}2 6 (Fig. 1). 

Structure of [TpaU¢'M¢]CuC1 

Although the 5-methyl substituent does not sig- 
nificantly change the coordination environment 
about the copper centres in {[TpBU"Me]Cu}2, an 
interesting perturbation is observed at the two 
copper centres in [Tpau']CuC122 and [TpBut'Me]CuC1. 

The complex [TpaU"Me]CuC1 was synthesized by 
the reaction of TI[Tp Bu''M~] with CuC12 : 

TI[Tp Bu''M~] + CuC12 , [Tp~Ut'Me]CuC1 + TIC1. 

(2) 

The molecular structure was determined by X-ray 

* For comparison, the Cu--C1 bond length in  [Tp Pr~] 
CuCI is also similar [2.125(6)/~]. See ref. 7(d). 

diffraction, as shown in Fig. 6. Selected bond 
lengths and angles are listed in Table 2. For compar- 
ative purposes, two orthogonal views of the coor- 
dination geometry about copper in both complexes, 
[TpBUt'Me]CuC1 and [TpBu']CuC1, are given in Fig. 7. 
As is apparent from Fig. 7, both complexes have 
coordination geometries that deviate from local C3,, 
symmetry, but do exhibit mirror symmetry which, 
in the case of [TpBUt'Me]CuC1, is crystallographically 
imposed. The most interesting feature of  the struc- 
tures of  [TpBU"M~]CuC1 and [TpBu']CuC1 resides in 
the location of the chloride ligand. Even though the 
Cu--C1 bond lengths in [TpBU"Me]CuC1 [2.168(1)/~] 
and [TpBu']CuC1 [2.143(2) ~]22 are very similar,* 
the two complexes differ substantially in the pos- 
ition of the chloride ligands in their respective mir- 
ror planes. Thus, the C1---Cu--N(32) bond angle 
of 113.2(1) ° in [TpBu']CuC1 expands considerably 
to 142.8(1) ° for C1--Cu--N(12) in [TpaU"Me]CuC1. 
This change is accompanied by an increased sep- 
aration of the pyrazolyl groups on either side of the 
mirror plane, from 92.0(1) ° for N(12)- -Cu--N(22)  
in [TpB"']CuC1 to 102.9(1) ° for N(22)- -Cu--N(22 ' )  
in [TpaU"M~]CuCI. 

Structure of TI[Tp Bu''Me] 

In addition to promoting a structural change at 
the copper centre of  [TpB~"M~]CuCI, the influence of 
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Fig. 6. Molecular structure of [TpBU"Me]CuC1. 

the 5-methyl substituent may also be noted, albeit 
to a lesser degree, on the environment about 
thallium in Tl[TpBut'Me]. 23 The molecular structure 
of TI[Tp Bu''Me] exhibits crystallographic three-fold 
symmetry in which each of the t-butyl substituents 
are oriented in such a manner as to maximize the 
distance between all the methyl groups and the 
thallium centres (see Figs 8 and 9). In contrast, 
TI[TpBU'] 24 does not exhibit molecular three-fold 
symmetry and only possesses a mirror plane in 
which one of the t-butyl substituents is oriented 
such that the methyl group, which is co-planar with 
the pyrazolyl group, is directed towards thallium, so 
that there is a single close non-bonded interaction. 

EXPERIMENTAL 

General considerations 

All manipulations were performed using a com- 
bination of glovebox, high-vacuum and Schlenk 
techniques. 25 Solvents were purified and degassed 
by standard procedures. ~H and ~3C NMR spectra 
were measured on Varian VXR 200, 300 and 400 
spectrometers. IR spectra were recorded as KBr 
pellets on a Perkin-Elmer 1600 FTIR spectrometer 
and are reported in cm -l. Mass spectra were 
obtained on a Nermag R10-10 mass spectrometer 
using chemical ionization (CH4) techniques. 

Table 2. Selected bond lengths (,~) and angles (°) for [TpaU"Me]CuCl 

Cu---C1 2.168 (1) Cu--N(I 2) 1.928 (3) 
Cu--N(22) 2.071 (2) Cu--N(22') 2.071 (2) 

CI--Cu--N(12) 142.8(1) C1--Cu--N(22) 111.6(1) 
N(12)--Cu--N(22) 90 .6 (1)  CI--Cu--N(22') 111.6(1) 
N(12)--Cu--N(22') 9 0 . 6 ( 1 )  N(22)--Cu--N(22') 102.9(1) 
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Fig. 7. Comparison of the molecular structures of [Tp~u']CuC1 and [TpBU"Me]CuC1. 

Elemental analyses were measured using a Perkin- 
Elmer 2400 CHN Elemental Analyser. TI[Tp Bu''M"] 
was prepared by the literature method. 23 

Synthesis of {[TpBU"M¢]Cu}2 

A solution of TI[Tp Bu''Me] (0.80 g, 1.27 mmol) in 
THF (30 cm 3) was added dropwise to a suspension 
of excess CuC1 (0.63 g, 6.38 mmol) in THF (10 
cm3), resulting in the immediate formation of a tan 
precipitate. The mixture was stirred for 30 min at 
room temperature and filtered. The solvent was 
removed from the dark yellow filtrate under 
reduced pressure giving a tan solid, which was dis- 
solved in benzene (30 cm s) and treated with NH3 (1 
atm). The addition of NH3 resulted in the immedi- 
ate deposition of a tan precipitate. The mixture was 
filtered after stirring for 2 h at room temperature. 
The solvent was removed from the colourless fil- 
trate in vacuo and the product was recrystallized 
from pentane (20 cm s) at -78°C.  The crystals of 
{[TpBU"Me]Cu}2 were isolated by filtration and dried 

in vacuo (0.22 g, 20%). Found for {[TpBU"M~]Cu}2 : 
C, 59.9 ; H, 8.3 ; N, 17.9. Calc. : C, 59.2 ; H, 8.3 ; N, 
17.3%. ~H NMR (C6D6)  : ~ 1.20, 1.36, 1.38 (each 
18H, s, 3 sets of pairs of Bu t groups), 1.61, 2.20, 
2.23 (each 6H, s, 3 sets of pairs of Me groups), 5.72, 
5.81, 5.89 (each 2H, s, 3 sets of pairs of CH groups) 
(BH groups not observed). ~3C NMR (C6D6): 
31.09, 31.13, 31.41 [each 6C, q, IJc_n= 126, 
3Jc .  = 5, 3 sets of pairs ofC(CH3) 3 groups], 10.61. 
12.18, 12.36 (each 2C, 1Jc n = 126, 3 sets of pairs 
of Me groups), 102.20 (2C, d, ~Jc H = 165, pair of 
CH groups), 104.20 (2C, d, ~JcH = 170, pair of CH 
groups), 105.02 (2C, d, ~Jc n = 172, pair of CH 
groups), 142.80, 146.42, 147.58 (each 2C, s, 3 sets 
of pairs of C groups), 161.47, 161.74, 163.30 (each 
2C, s, 3 sets of pairs of C groups) [ C ( C H 3 )  3 

resonances were not located]. IR data: 2365 
Iv(B--H)]. Mass spectrum: m/z = 974 (M+). 

Synthesis of [TpBUt'M"]CuC1 

A solution of TI[Tp But'Me] (0.35 g, 0.56 mmol) in 
benzene (20 c m  3) w a s  added dropwise to a yellow- 
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Fig. 8. Molecular structure of TI[TpBU"Me]. Selected bond lengths (,~) and angles (°) : TI--N(12) 
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Fig. 9. View of TI[Tp Bu''Me] along the T1... B vector. 
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brown suspension of CuC12 (0.11 g, 0.84 mmol) 
in benzene (10 cm3), resulting in the immediate 
formation of a red-brown precipitate. The mixture 
was stirred for 30 min at room temperature and 
filtered. The solvent was removed from the dark 
red-brown filtrate giving an olive green micro- 
crystalline solid. Recrystallization of the olive green 
microcrystalline solid from Et20 (20 cm 3) at - 78°C 
gave [TpB~"M~]CuC1 as large red crystals (note: the 
colour of the product varies as a function of crystal 
size). The crystals of [TpB"~'M"]CuC1 were isolated 
by filtration and dried in vacuo (0.12 g, 42%). 
Found for [TpBU~'Me]CuC1 : C, 55.2; H, 7.9; N, 16.6. 
Calc. : C, 55.2; H, 7.7; N, 16.1%. 1H N M R  (C6D6) : 
6 3.5 (broad, Me groups), 4.5 (broad, Bu t groups) 
(CH and BH groups not observed). IR data: 2558 
[v(B--H)]. Mass spectrum m/z = 521 (M + + 1) 

X-ray structure de termination of { [Tp Bu''M~] Cu } 2 

Crystal data, data collection and refinement 
parameters for {[TpB""Me]Cu}2 are summarized in 
Table 3. A single crystal of {[TpB~"M~]Cu}2 was 
mounted in a glass capillary and placed on a Nicolet 
R3m diffractometer. The unit cell was determined 
by the automatic indexing of 25 centred reflections 
and confirmed by examination of the axial photo- 
graphs. Intensity data were collected using graphite 

of copper and thallium 819 

monochromated Mo-K, X-radiation (2 = 0.71073 
/~). Check reflections were measured every 100 
reflections, and the data were scaled accordingly 
and corrected for Lorentz, polarization and absorp- 
tion effects (based on 0-scans). The structure was 
solved using direct methods and standard difference 
map techniques on a Data General NOVA 4 com- 
puter using SHELXTL. 26 Systematic absences were 
consistent with the space groups P1 (No. 1) or PT 
(No. 2), but the structure was successfully solved 
with the choice P1 (No. 2). Most of the hydrogen 
atoms were located in the difference map after all 
the non-hydrogen atoms were located and refined 
anisotropically, but hydrogens on carbon were 
allowed to refine in calculated positions 
[ d f - - H  = 0.96 ~ ;  U~o(H) = 1.2U~o(C)]. Block- 
diagonal least-squares refinement converged to 
R = 0.0399 (Rw = 0.0553). 

X-ray structure determination of [TpB~"M~]CuC1 

Crystal data, data collection and refinement par- 
ameters for [Tp But'Me] CuC1 are summarized in Table 
3, and the general procedure is as described for 
{[Tp~U~'Me]CU}2. Systematic absences were consistent 
with the space groups P21 (No. 4) or P2~/m (No. 
11), but the structure was successfully solved with 
the choice P2j/m (No. 11). Most of the hydrogen 

Table 3. Crystal and intensity collection data 

{[Tp"U"Me]Cu}2 • 0.5(C6H6) [TpBU"Me]CuCI TI[Tp Bu',M~] 

Formula C5~ H83N 12B2Cu2 C24H4oN6BCuC1 C24H40N6BT1 
Formula weight 1013.0 522.4 627.8 
Lattice triclinic monoclinic cubic 
Cell constants 

a (.~) 13.440(3) 9.103(2) 22,590(2) 
b (,~) 14.040(3) 17.135(4) 22,590(2) 
c (/~) 17.783(3) 9.702(1) 22,590(2) 

C) 105.36(2) 90.0 90.0 
/~ ( )  107.79(2) 112.17(1) 90.0 
7 (3 103.18(2) 90.0 90.0 
V (/~3) 2901(1) 1401(1) 11527(3) 

Z 1 2 16 
Radiation (2, A) Mo-K, (0.71073/~) Mo-K~ (0.71073 •) Mo-K, (0.71073 A) 
Space group PT (No. 2) P2~/rn (No. 11) /713d (No. 220) 
p (calc.)/(g cm -3) 1.16 1.23 1.45 
/~ (Mo-K,)/(cm -1) 7.8 9.0 56.7 
20 range/(°) 3-4.5 3 55 3-55 
No. of data [F > 6a(F)] 5505 2120 477 
No. of parameters 613 170 98 
Goodness of fit 1.344 1.133 1.080 
R 0.0399 0.0395 0.0422 
Rw 0.0553 0.0489 0.0482 
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atoms were located in the difference map after all 
the non-hydrogen atoms were located and refined 
anisotropically, but hydrogens on carbon were 
allowed to refine in calculated positions [dC- -H  = 
0.96 ,~; U~o(H) = 1.2U~o(C)]. Block-diagonal 
least-squares refinement converged to R = 0.0395 
(Rw = 0.0489). 

X-ray structure determination o f  TI[Tp But'M~] 

Crystal data, data collection and refinement par- 
ameters are summarized in Table 3, and the general 
procedure is as described for { [Tp Bu''~] Cu} 2. Check 
reflections were measured every 100 reflections, and 
the data were scaled accordingly and corrected for 
Lorentz, polarization and absorption effects (based 
on ~-scans). Systematic absences were consistent 
uniquely with the space group /4 3d (No. 220). 
Most of  the hydrogen atoms were located in the 
difference map after all the non-hydrogen atoms 
were located and refined anisotropically, but hydro- 
gens on carbon were allowed to refine in calculated 
positions [dC- -H  = 0.96 ~ ; Uiso(H) = 1.2U~so(C)]. 
Block-diagonal least-squares refinement converged 
to R = 0.0422 (Rw = 0.0482). Inversion of con- 
figuration indicted the correct absolute structure. 

C O N C L U S I O N  

In summary, alkyl substitution at the remote 5- 
position of the pyrazolyl group in [TpR~R']MX com- 
plexes may play a role in modifying the coor- 
dination environment about  a metal centre. A 
possible explanation for the observed structural 
changes is that the bite of  the ligand may be modi- 
fied by increased repulsion between the 5-methyl 
substituents and the B - - H  group. 23 The presence of  
the 5-methyl substituents may also be manifested 
by changes in fluxionality. Thus, {[TpBu']Cu}2 is 
fluxional on the N M R  time scale at temperatures 
greater than - 5 6 ° C ,  whereas {[TpBU'Me]Cu}2 still 
exhibits a static ~H N M R  spectrum at 9ff'C. 
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