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Abstract

The 'H, *C and "N NMR spectroscopic properties of six thallium tris-(pyrazol-1-yl)borates, including a tetrakis derivative,
were determined. The results in solution were necessary to understand those, more complicated, in the solid state. A collection of
205T1-5N and 2°TI-'3C couplings was measured in the latter state. Among those, a very large coupling constant (between 194 and
282 Hz) has been measured on the carbon at the position 4 of the pyrazole ring in several compounds and particularly for the
cyclobutyl derivative [TI(Tp®®")]. It has been assigned to a direct interaction of the 4-C—H--- Tl type and related to the X-ray

structures, when available.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Scorpionates I are a family of very popular ligands
[1]. The main classes are tris-pyrazolylborates (R = H)
and tetrakis-pyrazolylborates (R =pyrazole). The dif-
ferent pyrazole rings could be identical or different.
There is a great variety of metal that have been coor-
dinated to scorpionates [1], one of them being thal-
lium(I) pyrazolylborates II [2,3]. We have devoted some
effort to the characterization of these last compounds by
multinuclear NMR thus determining, for the first time,
some residual *C-'B and 2TI-'3C coupling constants
[4] and, using a N labeled derivative, the correspond-
ing 2TI-1>N couplings as well as the 2°>Tl chemical
shifts [5]. We demonstrated that these couplings are
temperature and solvent dependent due to a dynamic
process involving the cleavage of the N-Tl bond. Much
caution needs the determination of 2*TI-'H and 2%TIl-
3C coupling constants in solution. The “observed” or
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“apparent” coupling constant can differ considerably
from the ““true’ values, due to both a dynamic process
involving thallium dissociation and to the spin-lattice
relaxation of the thallium [6], making them solvent,
temperature and spectrometer field dependent.
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In the present publication we will report the study of
six compounds (1-6, Scheme 1) where the ligands are
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2, R?*=Cpr, R = Cprpy (pz°), X =H
3,R*=Cbu,R=X=H
4,R3=Cpe,R=X=H
5R°=Cy,R=X=H
6,R’=Cy,R=H, X =Br

Scheme 1. The six compounds under study.

formed by 3-cycloalkylpyrazoles (from cyclopropyl to
cyclohexyl). The 'H and '3C NMR in CDCl; solution of
these compounds have already been reported but the
assignments were incomplete: 1 [7,8], 2 [8], 3 [9], 4 [9], 5
[10,11] and 6 [11].

2. Experimental
2.1. Chemicals

All the compounds discussed in this paper have been
previously described [7-11].

2.2. NMR measurements

NMR spectra were recorded on a Bruker DRX 400
(9.4 T, 400.13 MHz for 'H, 100.62 MHz for '3C and
40.56 MHz for ’N) spectrometer. Chemical shifts (J in
ppm) are given from internal solvent CDCl; 7.26 for 'H
and 77.0 for 13C, DMSO-d¢ 2.49 for 'H and 39.5 for
3C. 2D inverse proton detected heteronuclear shift
correlation spectra, HMBC, were obtained using the
standard pulse sequences [12] for >N NMR and nitro-
methane was used as external standard. No corrections
for bulk differences were applied [13]. Coupling con-
stants (J in Hz) are accurate to +0.2 Hz for 'H and *C
and +£0.6 Hz for "N. BC CPMAS NMR spectra
(100.74 and 125.77 MHz) have been recorded on Bruker
WB400 and DSX500 instruments at 300 K using a 4 mm
probehead and rotational frequencies of about 10-12
kHz. "N CPMAS NMR (20.28 MHz) spectra have been
obtained on a Bruker AC-200 spectrometer at 298 K
using a 7 mm probehead that achieves rotational fre-
quencies of 3.5-4.5 kHz. Samples were carefully packed
in ZrO, rotors and the standard CPMAS sequence was

employed. Chemical shifts (§) in ppm are referred to
Me,Si and'>NH,Cl [these were converted to nitro-
methane using the relationship: § ’N(nitromethane) = &
ISN(ammonium chloride) —338.1, all values in ppm]. In
the case of compound 3 (see Fig. 2) a 3*C CPMAS NMR
spectrum has been recorded at 50 MHz on a Bruker AC-
200 instrument.

3. Results and discussion

We report the solution results in Table 1 and the
solid-state data (CPMAS) in Table 2.

Generally, the signal of the proton bound to boron is
too broad to be measured 'J(H,B) [7-11] but in some
cases, an approximate value of the coupling can be es-
timated to be about 120 Hz, for instance using ''B
NMR [14,15]. The signal, formally the superposition of
a quadruplet (''B: natural abundance 80.42%, I = 3/2,
7 = 8.58271in 107 rad T~! s~! units) and a septuplet (°B:
natural abundance 19.58%, I = 3, y = 2.8747 in 107 rad
T~! s7! units) appears as a distorted quadruplet because
the septuplet due to '°B is not observed. Its minor in-
tensity (19.58%) and the smaller value of the coupling
constant (0.335 times that with ''B) [15] made its direct
observation very difficult. To estimate 'J(''B,'H) we
take into account that in a partially relaxed quadruplet,
the outer lines move towards the inner lines which re-
main almost constant in their position until the splitting
is collapsed. Therefore, the distance of the inner lines
have been taken as the coupling constant (see Fig. 1 for
the case of compound 1 in CDCl;).

Some 2TI-13C coupling constants were reported for
compounds 5 and 6 in CDCIl; [10,11] but the value of
these couplings should be taken with caution as we [4]
and others [6] have pointed out. For instance, we have



Table 1

'H and 3C NMR data (5 in ppm, J in Hz) of scorpionates 1-6 in solution

Comp. Tris/tetrakis Subs. Solvent 'H NMR 3C NMR
Pyrazole Subs. Pyrazole Subs.
Pos. 4 Pos. 5 Pos. 3 Pos. 4 Pos. 5
1 Tris Cpr CDCl, 5.78 (d) 7.53 (d) 2.08 (1'-H) 156.0 (br) 99.8 136.0 9.1 (br, 1'-C)
J=19 J=19 0.97 (2H) J=1724 1J=183.8 1J =158.5
0.70 (2H)* 2J =89 2J=6.0 8.0 (br, 2/,3-C)
J=161.7
1 Tris Cpr DMSO-dg 5.79 (d) 7.51 (d) 2.11 (I'-H) 155.5 99.3 1359 8.9 (I'-C)
J=21 J=21 0.92 (2H) \J=1734 1J=184.2 1J=161.6
0.59 (2H)® 2J =10.0 2J =8.0 8.3 (2,3-C)
3 =29 1J=162.3
2 Tetrakis Cpr CDCl; 5.86 (d) 7.41 (d) 2.05 (I'-H) 156.8 101.2 136.1 9.1 (I'-C)
J=24 J=24 0.95 (2H) 3J(B) =3.7 'J=1734 1J=185.2 1J=16l1.1
0.71 (2H) 2] =88 2J(B) = 3.5 8.0 (2/,3-C)
1J =160.8
2 Tetrakis Cpr DMSO-ds 5.79 (d) 6.88 (d) 2.02 (1'-H) 155.8 99.6 135.1 9.2 (I'-C)
J=23 J=23 0.86 (2H) 3J(B) =42 lJ=1724 J =184.0 'J=161.9
0.59 (2H) =94 2J(B) =43 8.3(2,3-C)
J=161.7
3 Tris Cbu CDCl, 6.12 (d) 7.60 (d) 3.73 (I'-H) 157.9 101.6 136.0 33.9 (I'-C)
J=21 J=21 2.41 (2H) IJ=173.1 1J=183.9 \J=133.7
2.23 (2H) 2J=8.5 =11 30.0 (2/,4-C)
2.07 (1H) 1J=1352
1.93 (1H)® 18.9 (3-C)
1J =135.0
4 Tris Cpe CDCP? 6.03 (d) 7.57 3.26 (I'-H) 158.0 101.2 135.8 38.9 (I'-C)
J=20 J=20 2.12 (2H) IJ=1729 1J=183.9 1J=1283
1.69 (2H) =64 2J =10 34.1 (2.5'-C)
1.80 (2H) 1J=1287
1.69 2H)¢ 25.4 (3,4-C)
1J=1305
5 Tris Cy CDCl; 6.01 (d) 7.55 (d) 2.82 (I'-H) 159.2 100.9 135.8 37.6 (I'-C)
J=20 J=20 1.97 (1H) \J=1734 1J=183.1 1J=128.0
1.45 (1H) 2J=19 =18 342 (2,6-C)
1.86 (1H) 1J=129.3
1.45 (1H) 26.6 (3,5-C)
1.76 (1H) 1J=1293
1.30 (1H)* 26.2 (4-C)
\J=1272
5 Tris Cy DMSO-ds 6.01 (d) 7.53 (d) 2.82 (I'-H) 158.6 100.9 135.6 36.6 (1'-C)
J=21 J =21 1.85 (1H) 33.7 (2,6-C)
1.35 (1H) 26.0 (3,5-C)
1.75 (1H) 25.6 (4-C)
1.35 (1H)
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Table 1 (continued)

3C NMR

Subs. Solvent 'H NMR

Tris/tetrakis

Comp.

Subs.

Pyrazole

Subs.

Pyrazole

Pos. 5

Pos. 4

Pos. 3

Pos. 5

Pos. 4

37.3 (1'-C)

136.7

91.0 (br)

156.4 (br)

—
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found a doublet for the signal at 33.2 ppm (2'-C) of 6 in
CDCl; (Table 1) with an apparent coupling of 144.8 Hz
(Bruker DRX-400). For the same compound in the same
solvent a value of 50 Hz was reported in reference [11]
for the signal at 32.8 ppm (2'-C, Nicolet NT360WB). In
Table 1 some *C-!"B couplings are reported for com-
pound 2; note that this compound is the only tetrakis
derivative, couplings with quadrupolar nuclei being very
sensitive to symmetry; a similar observation was made
for thallium tetrakis-(pyrazol-1-yl)borate itself [15]. This
compound presents in 2>TI NMR an intense signal at
2045.2 ppm and a series of small ones (solvent CDCl3)
[16]. We have reported a value of 2210.2 ppm for
[TI(TpMe?)] [5] and Parkin and coworkers [6] a value of
2208 ppm for the same compound and 2021 ppm for
TI(Tp®")].

The remaining chemical shifts and coupling constants
of Table 1 have classical values and do not deserve
further comments. The systems formed by the protons
of the cycloalkyl substituents have been analyzed but
only the chemical shifts are reported in Table 1. For
instance, the '"H NMR spectra of the cyclopropyl sub-
stituent in compounds 1 and 2 appears as an AA'BB'X
system that was analyzed using the program Bruker
Win-Daisy 3.0: see Scheme 2 for compound 1. Those for
compound 2 are nearly identical. The assignment of
protons A and B is based on the values of J s and Ji;ans-

The solid state '3C NMR spectra of Table 2 are
difficult to interpret due to the presence of several dif-
ferent pyrazole moieties (either differences between the
pyrazoles of the same molecule or differences between
different molecules in the crystal). Moreover, the
quadrupolar *N nucleus at position 2 in some cases
split the signal of 3-C [17]. Nevertheless, the
2JPSTLBC) of the carbon atom at 3-C and the
3J(P°TL3C) of the carbon 4-C have been measured
several times (Scheme 3, all values in Hz). The first one
has values between 40 and 65 Hz while the second one is
smaller, between 35 and 60 Hz. The 3J(***T1,'3C) cou-
pling of carbon 5-C is usually still smaller (less than 10
Hz) and difficult to observe [4]. Some 2%TI-3C cou-
plings of the cycloalkyl substituents have also been
measured and assigned to classical (through bonds)
couplings although direct couplings (through space)
cannot be excluded. We have summarized in Scheme 3
the 2 TI-'3C couplings in scorpionates.

The signal of the 4-C of compound 3 (101.0 ppm) is
totally unexpected: besides a normal 3J(*%TL'3C) of 35
Hz (see [4] for other values in this range), there is a
very large coupling of 233 Hz. We consider that the
signal corresponds the X part (13C) of an ABX system
(A and B, ?TI nuclei) that looks like a doublet of
doublets (actually six signals are expected but two
could be of very low intensity). The fact that the signal
is a doublet of doublets (at 101.0 ppm) and not two
doublets (J =35 Hz) corresponding to two different



Table 2

13C NMR data (6 in ppm, J in Hz) of scorpionates 1-6 in the solid state

Comp. Tris/tetrakis Subs. Pyrazole Substituent
Pos. 3 (0) Pos. 3 (J) Pos. 4 (0) Pos. 4 (J) Pos. 5 J J
1 Tris Cpr 156.6 2J(Tl) = 40 97.4 3J(TI) =34, J(T) =282 134.6 10.1 (1I'-C) 3J(T1) =163
156.4 101 136 8.3 (2,3-C) (TH=113
9.3(1-C) 3J(TI) = 158
8.9 (2 or 3-C) 4J(T)) =82
7.8 (2’ or 3-C) 4J(Th) =126
2 Tetrakis Cpr 156.3 97.4 3J(T1) =58, J(TI) =263 133.8 7.27-12.9 (1',2',3'-C)
158.4 98.1 135.1
160.4 100.1 135.9
105.4 136.6
138
139.3
3 Tris Cbu 159 2J(Th =62 101 3J(T1) =35, J(TI) =233 135.8 33.7 (I'-C) 3J(T)=97
31.0 (2-C) 4J(Th) =215
18.4 (3'-C) SJ(Tl) =38
4 Tris Cpe 154.3 2J(Tl) =67 101.8 134.1 39.2 (1'-C) 3J(T1) =107
156.4 2J(Tl) =68 102.5 134.9 39.7 (I'-C) 3T =135
157.8 2J(Th)=53 103.3 3J(Th) =42, J(T)) =194 135.8 40.2 (1'-C) 3J(Th =131
137 30.9 (2 or 5-C) JTH =172
33.2 (2 or 5-C) 4J(T) =91
34.0 (2 or 5-C) 4J(TH =298
35.6 (2 or 5-C) 4J(T) =322
36.1 (2 or 5-C) 4J(TH =70
37.7 (2" or 5-C) ‘(T =54
23.5 (3 or 4-C) SJ(Tl) =160
25.4 (3 or 4-C) SHTH) =118
25.5 (3 or 4-C) SJ(T) = 148
26.0 (3' or 4-C) SJ(Th =128
26.3 (3' or 4-C) SJ(Th)=152
27.8 (3' or 4-C) SHTD) =116
5 Tris Cy 158.6 2J(Th =52 100.5 133.3 342 (1I-C)® 3J(T) =102
159.5 102.9 3J(TH =39 135.6 35.1 (2,6-C) 4J(Tl) =223
26.6 (3',5'-C)
24.5 (4-C)
6 Tris Cy,4Br 155.5 90.7 136.7 38.0 (1'-C)° 3J(T) =93
156.9 92.3 34.7 (2/,6'-C) 4J(TH =199
93.8 27.6 (3,5-C)
26.3 (4-C)

#In some cases, these values correspond to average signals: 1’-C, 32.0 (84 Hz), 34.3 (101 Hz), 36.3 (119 Hz); 3',5'-C, 26.9, 26.3.
®In some cases, these values correspond to average signals: 2',6'-C, 34.2 (199 Hz), 34.2 (199 Hz), 35.0, 35.4; 4'-C, 25.6, 26.5, 26.9.
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Fig. 1. "H NMR partial spectrum of compound 1 in CDCl; at 400.13 MHz: signal of the B-H proton; solvent CDCl; (see Table 1).

3Jxs = Vxp = Jeis = 845 Hz
HB' HB HX 3JXA = 3JXA' = Jtrans =5.05Hz

2JaB = *Iap = Jgem =42 Hz

3JAB' = 3JA'B =Jrans = 6.25 Hz
Ha pz 3aa=Jeis=9.2 Hz

pp = Jois = 8.8 Hz

Scheme 2. Computer fitting of the AA’BB’X system.

signals, was proved by recording the spectra at 50 and
125 MHz (Fig. 2). We do not think that the field effects
described by Parkin [6] are relevant here because they
do not affect the chemical shifts only the coupling
constants.

This coupling was found for some of the 4-C signals of
1,2 and 4. It was first assigned to a *J(T1,13C) between
4-C and a second thallium atom [a 4-C-3—-C-2-N-TI-TI

38 137
215
160 105 97
34 58 35 62 42
282 40 263 \ 233 194
N— N— N—

T/ Tl T/ Tl T/ Tl T
B— B— B— B—
TN pz” N TN TN

1 2 3 4
88

199 (201) 182

Br 93 115 (104)
42
/ \ 243 54
N N—
T/ T T/ Tl
PN A
5 6 Average
(Without cyclopropyl)

Scheme 3. 2 TI-13C Couplings in compounds 1-6 [bold figures, direct J(*TI, 3C)].
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(a) (b)

Fig. 2. The '*C CPMAS NMR signal of 4-C in compound 3 recorded
at (a) 50 MHz, (b) 125 MHz.

coupling] in the crystalline solid. But, with the exception
of compound 1 where they are short TI-T1 distances
[7.8], in the remaining compounds [8-11], and particu-
larly, in 3 the TI-TI distances are very long (above 8 A).
The only other reasonable hypothesis is a direct 2TI-
13C coupling between the 4-C carbon atom of a molecule
and the nearest thallium atom of another molecule. This
would explain why the coupling disappears in solution.
A related observation has been made by Janiak in the
case of a molecular C5(CH;,Ph)sTI complex in solution

where the ortho-phenyl carbon also shows a unusually
large T1-C coupling constant of 43 Hz [18]; the X-ray
structure reveals the spatial proximity of both atoms
[19]. There is also a report in the literature concerning
the observation of very large 2>TI-'°F coupling con-
stants in the non-bonded structure of a cage compound
(F - - - Tl distance, about 3 A) [20]. Janiak and coworkers
[21] have recently reported the structure of the parent
thallium tris-(pyrazol-1-yl)borate and reported some
TI- - - C short distances.

Table 3 reports our results both in solution and in the
solid state concerning "N NMR (always in natural
abundance). The coupling of 1-N with 'B is only ob-
served for the tetrakis derivative 2 due to its tetrahedral
symmetry [15]. Using a N labeled derivative (from the
TpMe? ligand) we reported 'JCP®TLN) of 714 Hz
(DMSO-dg) to 821 Hz (CDCls) [5]. In the present case,
the coupling constant was observed only in the solid
state, where there are no N-T1 bond breaking processes.
The values are comprised between 668 Hz (6) and 835
Hz (4). In the case of compound 2, the signal of 2-N is a
multiplet, probably due to couplings with other thallium
atoms in the solid.

The X-ray structures of most compounds under study
have been determined (Z’ is the number of independent
molecules). It is interesting to see if there is a relation-
ship between the crystal structures (see Scheme 1) and

Table 3
15N NMR data (3 in ppm, J in Hz) of scorpionates 1-6
Comp. Tris/tetrakis Subs. Solvent Pyrazole
Pos. 1 Pos. 2
1 Tris Cpr CDCl; -151.3 N.o.
DMSO-dg -150.1 -74.6
Solid -149.0 -71.2
TJ(SN,25TI) = 806
2 Tetrakis Cpr CDCl; -157.0 N.o.
LJ(PN,1'B)=35.1
DMSO-de -155.1 -71.8
1J(SN,''B)=35.3
Solid -152.8 —68.2°
3 Tris Cbu CDCl; -151.3 N.o.
Solid -150.8 -71.9
TJ(SN,2T1) = 826
4 Tris Cpe CDCl; -151.1 N.o.
Solid —-147.5 -72.6
TJ(SN,2T1) =835
5 Tris Cy CDCl; -151.5 N.o.
DMSO-dg -150.4 N.o.
Solid —-148.9 -72.5
TJ(SN,25T1) =780
6 Tris Cy,4Br CDCl; —-153.9 N.o.
DMSO-de -148.8 N.o.
Solid —-151.4 -71.8

TI(SN,OSTI) = 668

4 Multiplet.
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the NMR results in the solid state, particularly those of

Table 2.

1. [TI(Tp“P")]4 (1) This compound crystallizes in a very
unusual structure. The four thallium atoms form a
regular tetrahedron, each Tl being linked to the three
N atoms of the scorpionate, TI-TI distance 3.647 A
[7,8]. The observation of two signals for 4-C only
one of them coupled (282 Hz) may correspond to dif-
ferent conformations of the pyrazolyl residues in the
ligand.

2. [TI(pz’Tp©P)] (2) Structure unknown. Four signals
for 4-C only one of them coupled (263 Hz). One
group of signals should belong to the pyrazolyl group
not linked to thallium (the pz®), probably the most
different (160.4, 105.4 and 138.0-139.3 ppm). The
tetrakis thallium salt 2 could not be crystallized for
X-ray structure determination. It gave very fibrous
solids. It may be a polymer with Tl coordinated be-
tween several ligands with probably three or more
different molecules in the solid.

3. [TI(Tp*®*)](3) Monomer, one independent molecule in
the asymmetric unit [9]. Geometry: 4-C--- T1=4.147
A, 4H---TI=3.580 A, angle 4-C---4-H---Tl=
120.8°. Only one 4-C signal (233 Hz).

4. [TI(Tp“P®)] (4) Monomer, three independent mole-
cules in the asymmetric unit with slightly different ori-
entations [9]. Geometry: 4-C---TI=4.143 A, 4-H - -~
TI=3342 A, angle 4-C.--4-H---TI=144.4%
4-C.--Tl=4514 A, 4-H---TI=3911 A, angle
4-C---4-H-- - TI=124.8°, 4-C---T1=3.849 A, 4-H -
Tl1=3.141 A, angle 4-C---4-H---TI=133.5°. The
different signals for 4-C only one of them coupled
(194 Hz), may be corresponding to the shortest
4-C--- Tl distance (3.849 A).

5. [T(Tp®Y)] (5) Monomer, no hydrogen interaction
corresponding to 4-C--- Tl interactions [10,11]. Two
signals for 4-C none of them coupled.

6. [TI(Tp<¥#Br)] (6) Monomer [11], the presence of a 4-
bromo substituent prevents the 4-C---Tl interac-
tions. Three signals for 4-C none of them coupled.

4. Conclusion

Although the NMR properties of scorpionates in
solution have been reported in many publications, solid
state studies are still uncommon. However, important
information is lost in solution due to dynamic processes
including fluxionality. In the case of thallium scorpio-
nates 1-6 several interesting coupling constants involv-

ing "B and 2Tl have been determined. A very large
205T1-13C coupling has been observed and assigned to a
coupling between adjacent molecules in the crystal. An
attempt has been made to correlate this coupling with
the structures determined by X-ray crystallography.
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