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Because of their similar cationic radii, potassium and thallium(I) compounds are usually regarded as closely related.
Homologous molecular species containing either K+ or Tl+ are very rare, however. We have synthesized potassium
and thallium salts MN3RR′ derived from the biphenyl- or terphenyl-substituted triazenes Tph2N3H (1a), Dmp(Mph)N3H
(1b), Dmp(Tph)N3H (1c), and (Me4Ter)2N3H (1d) (Dmp ) 2,6-Mes2C6H3 with Mes ) 2,4,6-Me3C6H2; Me4Ter )
2,6-(3,5-Me2C6H3)2C6H3; Mph ) 2-MesC6H4; Tph ) 2-TripC6H4 with Trip ) 2,4,6-iPr3C6H2). The potassium complexes
2a-d were obtained in almost quantitative yield from the reaction of 1a-d with potassium metal in n-heptane.
Metalation of 1a-d with TlOEt afforded the thallium triazenides 3a-d in high yields. All new compounds have
been characterized by 1H and 13C NMR spectroscopy, elemental analysis, and X-ray crystallography and for selected
species by melting point (not 3b), IR spectroscopy (2a, 2d, 3a, 3c, 3d), and mass spectrometry (2a, 3c). In the
solid-state structures of monomeric 2a and 3a, quasi-monomeric 2b, 3b, 2c, and 3c, and dimeric 2d and 3d
additional metal-ηn-π-arene-interactions to the flanking arms of the biphenyl- and terphenyl groups in the triazenide
ligands of decreasing hapticity n are observed. Remarkably, all homologous potassium and thallium complexes
crystallize in isomorphous cells. For 2a and 3a, the nature of the M-N and M · · · C(arene) bonding was studied
by density functional theory calculations.

Introduction

Thallium, the heaviest element in group 13, shows similarities
to other elements in the periodic table, in particular, the alkali
metals, Ag, Hg, and Pb,1 an observation that led Dumas to
describe it as the “duckbill platypus among elements”.2,3 For
example, compounds of monovalent thallium can be com-
pared to those of potassium (e.g., hydroxides, carbonates,
sulfates) or silver (e.g., oxides, sulfides, halides).4 Further-
more, the similar ionic radii of Tl+ and K+ (1.64 Å vs 1.55
Å for 6-fold coordination)5,6 together with the higher affinity
to enzymatic sites of the former are responsible for the easy

incorporation and the high toxicity of soluble thallium
species. For this reason, there has been much interest in the
use of Tl+ as a probe in biochemical systems since thallium
detection is much easier by diffraction methods7 or NMR
spectroscopy.8

Although some simple thallium or potassium salts crystal-
lize isotypically9 this is not the case for molecular organo-
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metallic or coordination compounds. As stated recently by
Wiesbrock and Schmidbaur,10 thallium(I) cations often show
exceedingly low coordination numbers leaving a large part
of the coordination sphere seemingly unoccupied.11 Using
an extremely bulky terphenyl ligand it was even possible to
stabilize a thallium(I) aryl with a quasi-one-coordinate metal
atom.12 By contrast, potassium cations always have their
coordination sphere covered as completely and as sym-
metrically as possible, optimizing the Coulomb energy and
interligand interactions. These differences are usually at-
tributed to the relativistically contracted valence shell and
the stereochemically active 6s2 lone pair of electrons in the
former.13 A query in the Cambridge structural database (Vers.
Jan. 2007) resulted in a very limited number of structurally
characterized K(I) or Tl(I) species with the same composition
(Table 1). This fact most probably originates from the higher
tendency of K+ to coordinate additional solvent molecules.
For instance, the thallium cyclopentadienyls [TlC5HMe4],14a

[TlC5Me5],14b and [TlC5(CH2Ph)5],14c,d the thallium pyra-
zolate [Tl(Ph2pz)] (Ph2pz ) 3,5-diphenylpyrazolate),14e and
the thallium carboxylate [TlO2C(2-NH2)C6H4]10 are σ-donor
solvent-free, whereas the corresponding potassium deriva-
tives are commonly obtained as solvates, for exam-
ple, [KC5HMe4(dme)],15a [KC5Me5(thf)n] (n ) 1, 2),15b

[KC5(CH2Ph)5(thf)3],15c [K(Ph2pz)(thf)],15d or [KO2C(2-
NH2)C6H4(H2O)].15e The low tendency of Tl+ to coordinate
σ-donor solvents is nicely reflected by the crystallization
behavior of the pyrazolate [Tl(Ph2pz)].14e Crystallization from
benzene affords trinuclear aggregates [Tl(Ph2pz)]3 linked by
intermolecular Tl-π-η6-arene contacts whereas crystallization
from 1,2-dimethoxyethane gives tetranuclear molecules
[Tl(Ph2pz)]4 with one additional dme solvent molecule
located in cavities of the structure.

In the absence of coordinating solvents, the mainly ionic
potassium compounds usually aggregate via bridging donor
atoms, intermolecular metal · · · arene interactions, or agostic
metal · · ·C-H contacts to optimize the Coulomb energy.16

Similar factors contribute to the aggregation of thallium
compounds12 which are considered less ionic, however. In
addition, the aggregation behavior is influenced by the
presence of weak, attractive, thallophilic9 interactions be-
tween the Tl(I) centers.17

Structural differences between known homologous potas-
sium and thallium compounds (Table 1) are summarized as
follows. To begin with, the solid-state structure of the [MCp]
compounds (M ) K,18 Tl19) can be described as a mul-
tidecker structure with two Cp rings η5-coordinated to each
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Wright, R. J.; Phillips, A. D.; Hino, S.; Power, P. P. J. Am. Chem.
Soc. 2005, 127, 4794. (Tl aryls). (e) Childress, M. V.; Millar, D.; Alam,
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Table 1. Selected Structural Data for Homologous K and Tl Compoundsa

compound space group description
intramolecular distances

and angles
intermolecular distances

and angles ref

KCp Pj421c polymeric structure of interconnected chains K-C 2.96–3.14 {3.05} K · · ·C 3.33/3.39 18
cent-K-cent 138.0 K · · ·K > 4.45

TlCp C2/c polymeric chain structure Tl-C 2.90–3.09 {2.99} Tl · · ·C > 3.89 19
cent-Tl-cent 130.1 Tl · · ·Tl > 3.94

KN(SiMe3)2 P21/a associated dimers K-N 2.77/2.80 K · · ·C 3.30/3.49 20
K · · ·C 3.34/3.47 K · · ·K > 5.51
K · · ·K 3.79

TlN(SiMe3)2 P21/n dimers Tl-N 2.58 Tl · · ·C > 4.03 21
Tl · · ·C > 3.50 Tl · · ·Tl > 3.94

Tl · · ·Tl 3.65
KOMe P4/nmm double-layered structure K-O 2.66/2.80 22

K · · ·K 3.68
TlOMe Pca21 tetrameric Tl · · ·Tl 3.84 23
K(18-cr-6)ClO4 P21/cb K in O6-plane K-O 2.78–2.88 {2.82} K-OClO3 2.85 24

K-OClO3 2.75
Tl(18-cr-6)ClO4 P21/cb Tl out of O6-plane Tl-O 2.81–3.04 {2.93} Tl-OClO3 3.05 13

Tl-OClO3 2.94/3.04
a Average values in braces. b Different cell parameters are observed.
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metal atom. The metal atoms form a zigzag chain
(centroid · · ·M · · · centroid ) 138° [K], 130° [Tl]) and interact
with two neighboring multidecker chains either via K · · ·η2-C
or via Tl · · ·Tl contacts (see the Supporting Information,
Figure S1a,b). Furthermore, the silyl amides [MN(SiMe3)2]
crystallize as N-bridged dimers. In the potassium com-
pound,20 the dimers are further linked by intermolecular
agostic-type K · · ·CH3 contacts to a layered structure (Sup-
porting Information, Figure S1c). However, the thallium
complex21 shows a columnar structure in which the dimeric
subunits are weakly aggregated by Tl · · ·Tl contacts (Sup-
porting Information, Figure S1d). Moreover, the salt-like
KOCH3 forms a double-layer structure with KOCH3 units
arranged perpendicular to the plane, having their methyl
groups alternately on either side of the layer.22 In contrast,
the molecular Tl analogue23 crystallizes in a tetrameric
heterocubane structure. Finally, crown ether complexes of
the composition [M@18-crown-6][ClO4] belong to another
class of compounds that do not crystallize isotypically. In
the K(I) complex24 the cation is located almost in the plane
defined by the oxygen atoms of the crown ether whereas in
the Tl(I) complex13 the cation resides 75 pm above this plane.
According to quantum-chemical calculations an antibonding
interaction of the Tl 6s electron pair with the oxygen atoms
of the crown ether is responsible for this difference.13

In this paper, we describe the synthesis and characteriza-
tion of a series of potassium and thallium salts derived from
biphenyl- or terphenyl-substituted triazenes.25–28 Those
complexes appear to be the first examples of isostructural
molecular species reported for these elements.

Experimental Part

General Procedures. All manipulations were performed by using
standard Schlenk techniques under an inert atmosphere of purified
argon and solvents freshly distilled from Na wire or LiAlH4. The
triazenes Tph2N3H, Dmp(Mph)N3H, and Dmp(Tph)N3H were
synthesized as previously described.25,26 3,5,3′′,5′′-Tetramethyl-

1,1′:3′,1′′-terphenyl-2′-azide (Me4TerN3) was obtained as a pale
yellow solid from Me4terI,29a–c n-butyllithium and tosyl azide29d

in a similar way to that used in the preparation of DmpN3.29e NMR
spectra were recorded on Bruker AM200, AC250 or AM400
instruments and referenced to solvent resonances. IR spectra (Nujol
mull, CsBr plates) have been obtained in the range 4000–200 cm-1

with a Perkin-Elmer paragon 1000 PC spectrometer. Mass spectra
were recorded with a Varian MAT711 or Finnegan MAT95
instrument. Melting points were determined under Ar atmosphere
in sealed glass tubes.

(Me4Ter)2N3H (1d). n-Butyllithium (25 mmol, 2.5 M hexane
solution) was added at 0 °C to a solution of Me4TerI (10.0 g, 24.3
mmol) in 150 mL of diethylether and stirring was continued for
2 h. The obtained clear solution of the lithium aryl was then treated
with small portions of a solution of Me4TerN3 (7.95 g, 24.3 mmol)
in 60 mL of diethylether. After warming to ambient temperature
and stirring for an additional 12 h, the red-brown solution was
quenched with water (200 mL). The aqueous phase was separated
and extracted with diethyl ether (3 × 80 mL). The organic phases
were combined, repeatedly washed with water, and dried over
Na2SO4. Filtration followed by solvent removal in vacuum afforded
1d as a yellow solid. Analytically pure, pale yellow crystals were
obtained by recrystallization from acetone. Yield: 10.7 g (17.4
mmol, 72%); mp: 159–160 °C (dec.). 1H NMR (250.1 MHz, C6D6):
δ 2.09 (s, 24H, CH3), 6.67 (s, 4H, p-C6H3Me2), 6.90 (s, 8H,
o-C6H3Me2), 6.99 (t, 3JHH ) 7.6 Hz, 2H, p-C6H3), 7.23 (d, 3JHH )
7.6 Hz, 4H, o-C6H3), 8.80 (s, 1H, NH). Anal. Calcd for C44H43N3:
C, 86.09; H, 7.06; N, 6.85. Found: C, 85.64; H, 7.42; N 6.64.

KN3Tph2 (2a). A mixture of an excess of potassium metal and
1a (0.903 g, 1.50 mmol) in n-heptane (60 mL) was stirred for 2 h,
and thereafter the supernatant liquid was separated from the
remaining alkali metal. The volume of the resulting deep yellow
solution was reduced to about 30 mL under vacuum, and the
obtained precipitate was redissolved by slight warming. Storage at
ambient temperature overnight afforded 3 as deep yellow needles.
The workup of the mother liquor gave another crop of crystalline
material. Yield: 0.826 g (1.29 mmol, 86%); mp: 326–332 °C (minor
dec.). 1H NMR (250.1 MHz, [D6]benzene): δ 0.82 (d, 3JHH ) 6.9
Hz, 12H, o-CH(CH3)2), 1.05 (d, 3JHH ) 6.9 Hz, 12H, p-CH(CH3)2),
1.07 (d, 3JHH ) 6.9 Hz, 12H, o-CH(CH3)2), 2.62 (sep, 3JHH ) 6.9
Hz, 2H, p-CH(CH3)2), 3.03 (sep, 3JHH ) 6.9 Hz, 4H, o-CH(CH3)2),
6.89 (s, 4H, m-Trip), 7.02 (t, 3JHH ) 7.3 Hz, 2H, 4-C6H4), 7.16 (d,
2H, 3-C6H4), 7.39 (t, 3JHH ) 7.3 Hz, 2H, 5-C6H4), 8.38 (d, 3JHH )
7.3 Hz, 2H, 6-C6H4). 13C NMR (62.9 MHz, [D6]benzene): δ 23.9
(o-CH(CH3)2), 24.2 (o-CH(CH3)2), 24.5 (p-CH(CH3)2), 30.6 (o-
CH(CH3)2), 34.1 (p-CH(CH3)2), 114.8 (6-C6H4), 119.5 (m-Trip),
120.5 (4-C6H4), 128.9 (5-C6H4), 129.3 (3-C6H4), 130.7 (2-C6H4),
140.9 (i-Trip), 147.4 (p-Trip), 148.9 (o-Trip), 153.2 (1-C6H4). IR
(Nujol) Vj ) 1602 m, 1584 s, 1561 m, 1481 sh, 1437 s, 1358 s,
1298 vs br, 1228 vs br, 1212 sh, 1195 sh, 1147 ms, 1126 m, 1102 m,
1068 m, 1055 m, 1035 w, 1002 ms, 946 w, 932 m, 898 w, 881 ms,
860 m, 841 w, 822 w, 786 m, 765 sh, 749 vs, 714 ms, 658 ms,
645 m, 593 w, 529 w, 477 m, 450 w. EI MS (70 eV) m/z (%):
639.4 (100) [M+], 573.4 (2) [Tph2NH]+. Anal. Calcd for
C42H54KN3: C, 78.82; H, 8.50; N, 6.57. Found: C, 78.20; H, 8.48;
N 6.58.

KN3(Dmp)Mph (2b). The synthesis was accomplished in a
manner similar to the preparation of 2a with use of triazene 1b
(0.55 g, 1.00 mmol). Yield: 0.55 g (0.93 mmol, 93%) as a bright
yellow powder; mp: 198–200 °C (dec.). 1H NMR (400.1 MHz,
[D6]benzene): δ 1.81 (s, 6H, o-CH3 Mph), 1.95 (s, 3H, p-CH3 Mph),
2.15 (s, 6H, p-CH3 Dmp), 2.18 (s, 12H, o-CH3 Dmp), 6.43 (s, 2H,
m-Mes Mph), 6.59 (d, 1H, 6-C6H4), 6.75 (s, 4H, m-Mes Dmp),
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1584.

(21) Klinkhammer, K. W.; Henkel, S. J. Organomet. Chem. 1994, 480,
167.

(22) Weiss, E. HelV. Chim. Acta 1963, 46, 2051.
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(28) Balireddi, S.; Niemeyer, M. Acta Crystallogr. 2007, E63, o3525.
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P. P. Main Group Chem. 1998, 2, 275. (d) von E. Doehring, W.;
Depuy, C. H. J. Am. Chem. Soc. 1953, 75, 5955. (e) Gavenonis, J.;
Tilley, T. D. Organometallics 2002, 21, 5549.
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Sheldrick, G. M. Program for Crystal Structure Solution and Refine-
ment; Universität Göttingen: Göttingen, 1997. (d) van der Sluis, P.;
Spek, A. L. Acta Crystallogr. 1990, A46, 194. (e) Spek, A. L.
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6.92 (dd, 1H, 3-C6H4), 6.99 (t, 1H, 4-C6H4), 7.07 (m, 3H, C6H3),
7.30 (td, 1H, 5-C6H4). 13C NMR (100.6 MHz, [D6]benzene): δ 20.9
(p-CH3, Dmp), 21.2 (o-CH3, Dmp), 20.6 (p-CH3, Mph), 21.0 (o-
CH3, Mph), 118.7 (6-C6H4), 120.6 (4-C6H4), 121.6 (5′-C6H3), 127.1
(m-Mes, Mph), 127.7 (m-Mes, Dmp), 127.7 (3-C6H4), 128.3 (5-
C6H4), 129.0 (4′/6′-C6H3), 130.8, 132.8, 134.3, 134.7, 136.6, 137.7,
142.1, 142.1 (various aromatic C), 151.0, 153.8 (1-C6H4, 2′-C6H3).
Anal. Calcd for C39H40KN3: C, 79.41; H, 6.84; N, 7.12. Found: C,
79.29; H, 6.89; N 7.10.

KN3(Dmp)Tph (2c). The synthesis was accomplished in a
manner similar to the preparation of 2a with use of triazene 1c
(1.27 g, 2.00 mmol). Yield: 1.24 g (1.84 mmol, 92%) as a bright
yellow powder; mp: 178–214 °C (dec.). 1H NMR (400.1 MHz,
[D6]benzene): δ 0.69 (d, 3JHH ) 6.9 Hz, 6H, o-CH(CH3)2), 0.94
(d, 3JHH ) 6.9 Hz, 6H, o-CH(CH3)2), 1.03 (d, 3JHH ) 6.9 Hz, 6H,
p-CH(CH3)2), 2.17 (s, 12H, o-CH3), 2.17 (s, 6H, p-CH3), 2.59 (sep,
3JHH ) 6.9 Hz, 2H, p-CH(CH3)2), 2.80 (sep, 3JHH ) 6.9 Hz, 1H,
o-CH(CH3)2), 6.52 (dd, 1H, 6-C6H4), 6.78 (s, 4H, m-Mes), 6.80 (s,
2H, m-Trip); 6.96 (td, 1H, 4-C6H4), 7.00–7.07 (m, 3H, C6H3), 7.03
(dd, 1H, 3-C6H4), 7.28 (td, 1H, 5-C6H4) ppm. 13C NMR (62.9 MHz,
[D6]benzene): δ 21.0 (p-CH3), 21.1 (o-CH3), 23.7 (o-CH(CH3)2),
24.2 (o-CH(CH3)2), 24.6 (p-CH(CH3)2), 30.4 (o-CH(CH3)2), 34.4
(p-CH(CH3)2), 117.0 (6-C6H4), 119.5 (m-Trip), 119.9 (4-C6H4),
120.9 (5′-C6H3), 127.7 (m-Mes), 128.4 (5-C6H4), 128.6 (3-C6H4),
129.3 (4′/6′-C6H3), 129.9 (2-C6H4), 131.8 (1′/3′-C6H3), 134.7 (p-
Mes), 136.3 (o-Mes), 140.8 (i-Trip), 142.9 (i-Mes), 147.3 (p-Trip),
148.8 (o-Trip), 149.8 (2′-C6H3), 153.8 (1-C6H4) ppm. Anal. Calcd
for C45H52KN3: C, 80.19; H, 7.78; N, 6.23. Found: C, 79.98; H,
7.80; N 6.13.

KN3(Me4Ter)2 (2d). The synthesis was accomplished in a
manner similar to the preparation of 2a with use of triazene 1d
(0.92 g, 1.50 mmol). Yield: 0.78 g (1.20 mmol, 80%) as light yellow
crystals; mp: 225–290 °C (changes color to orange and red and
decomposes to a red oil). 1H NMR (250.1 MHz, C6D6): δ 1.97 (s,
24H, CH3), 6.67 (s, 4H, p-C6H3Me2), 6.67 (s, 8H, o-C6H3Me2),
6.91 (t, 3JHH ) 7.5 Hz, 2H, p-C6H3), 7.13 (d, 3JHH ) 7.5 Hz, 4H,
o-C6H3). IR (Nujol) Vj ) 1599 ms, 1573 sh, 1407 m, 1284 vs br,
1252 sh, 1229 sh, 1215 sh, 1198 s, 1169 m, 1123 w, 1036 m, 948 w,
888 m, 845 vs, 794 ms, 762 s, 751 s, 714 vs, 702 vs, 670 ms,
609 w, 521 w, 508 w, 482 w, 388 m, 340 m, 311 m.

TlN3Tph2 (3a). TlOEt (0.125 mL, 1.76 mmol) was added at 0
°C to a stirred solution of 1a (1.04 g, 1.73 mmol) in 50 mL of an
n-heptane/toluene (4:1) mixture and stirring was continued for 30
min. The resulting orange suspension was heated to 80 °C, and
solid byproducts (mainly Tl metal) were separated by centrifugation.
Storage of the obtained solution at ambient temperature overnight
afforded 3a · as orange crystals. The workup of the mother liquor
gave another crop of crystalline material. Yield: 1.08 g (1.34 mmol,
77%); mp: 289–293 °C (dec.). 1H NMR (250.1 MHz, [D6]benzene):
δ 1.02 (d, 3JHH ) 6.9 Hz, 12H, o-CH(CH3)2), 1.06 (d, 3JHH ) 6.9
Hz, 12H, o-CH(CH3)2), 1.14 (d, 3JHH ) 6.9 Hz, 12H, p-CH(CH3)2),
2.67 (sep, 3JHH ) 6.9 Hz, 2H, p-CH(CH3)2), 2.90 (sep, 3JHH ) 6.9
Hz, 4H, o-CH(CH3)2), 6.99 (td, 3JHH ) 7.2 Hz, 4JHH ) 1.2 Hz, 2H,
4-C6H4), 7.10 (s, 4H, m-Trip), 7.09 (dd, 3JHH ) 7.33 Hz, 4JHH )
1.8 Hz, 2H, 3-C6H4), 7.36 (td, 3JHH ) 7.3 Hz, 4JHH ) 1.7 Hz, 2H,
5-C6H4), 8.13 (d, 3JHH ) 7.3 Hz, 2H, 6-C6H4). 13C NMR (62.9
MHz, [D6]benzene, 338 K): δ 24.2 (br, p-CH(CH3)2), 24.2 (br,
o-CH(CH3)2), 24.4 (o-CH(CH3)2), 30.7 (o-CH(CH3)2), 34.5 (p-
CH(CH3)2), 115.7 (6-C6H4), 121.7 (br, m-Trip), 122.3 (4-C6H4),
128.6 (5-C6H4), 130.3 (3-C6H4), 130.8 (2-C6H4), 137.9 (br, i-Trip),
148.0 (br, o-Trip), 148.1 (br, p-Trip), 152.3 (br, 1-C6H4). IR (Nujol)
Vj ) 1603 m, 1587 ms, 1564 m, 1483 sh, 1359 s, 1344 m, 1300 vs
br, 1269 sh, 1248 vs br, 1209 sh, 1168 ms, 1150 ms, 1126 m, 1102

ms, 1068 ms, 1054 ms, 1038 m, 1003 ms, 947 w, 935 m, 920 w,
895 w, 879 ms, 860 m, 841 w, 821 w, 782 w, 751 vs, 714 ms, 655
ms, 646 sh, 624 w, 593 w, 527 w, 477 m. Anal. Calcd for
C42H54N3Tl: C, 62.64; H, 6.76; N, 5.22. Found: C, 62.40; H, 6.82;
N 5.25.

TlN3(Dmp)Mph (3b). The synthesis was accomplished in a
manner similar to the preparation of 3a with use of triazene 1b
(0.79 g, 1.27 mmol) and TlOEt (0.10 mL, 1.42 mmol). Yield: 0.69 g
(0.91 mmol, 72%) as orange crystals. 1H NMR (400.1 MHz,
[D6]benzene): δ 1.85 (s, 6H, o-CH3 Mph), 1.97 (s, 3H, p-CH3 Mph),
2.18 (s, 6H, p-CH3 Dmp), 2.19 (s, 12H, o-CH3 Dmp), 6.53 (d, 1H,
6-C6H4), 6.63 (s, 2H, m-Mes Mph), 6.87 (s, 4H, m-Mes Dmp), 6.88
(dd, 1H, 3-C6H4), 6.96 (t, 1H, 4-C6H4), 7.03 (m, 3H, C6H3), 7.30
(td, 1H, 5-C6H4). 13C NMR (100.6 MHz, [D6]benzene): δ 20.7 (o-
CH3, Mph), 20.7 (p-CH3, Mph), 21.0 (p-CH3, Dmp), 21.1 (o-CH3,
Dmp), 118.2 (6-C6H4), 122.2 (4-C6H4), 122.9 (5′-C6H3), 128.2 (5-
C6H4), 128.6 (br, m-Mes Dmp), 128.7 (3-C6H4), 128.9 (br, m-Mes
Mph), 129.6 (4′/6′-C6H3), 130.6, 133.0, 135.8, 136.1 br, 136.2,
136.9, 139.3, 140.4 (various aromatic C), 149.1, 152.2 (1-C6H4,
2′-C6H3). Anal. Calcd for C39H40TlN3: C, 62.03; H, 5.34; N, 5.56.
Found: C, 62.10; H, 5.38; N 5.53.

TlN3(Dmp)Tph (2c). The compound was prepared by two
different procedures. (a) The first synthesis was accomplished in a
manner similar to the preparation of 3a with use of triazene 1c
(0.95 g, 1.49 mmol) and TlOEt (0.38 g, 1.52 mmol). Yield: 1.02 g
(1.22 mmol, 82%) as deep orange crystals. (b) Alternatively, a
solution of (thf)2LiN3(Dmp)Tph freshly prepared from 1c (0.636
g, 1.00 mmol) and 2.5 M solution of nBuLi (0.40 mL, 1.00 mmol)
in 30 mL of thf (40 mL) was added at -20 °C to a suspension of
TlCl (0.35 g, 1.46 mmol). Stirring was continued overnight, after
which the solvent was removed under reduced pressure. The
remaining red-brown solid was extracted with 40 mL of warm
n-heptane, and solid byproducts were separated by centrifugation.
The solution was concentrated and stored at ambient temperature
overnight to give 2c as orange crystalline material (0.66 g, 0.79
mmol, 79%) mp: 198–201 °C. 1H NMR (400.1 MHz, [D6]benzene):
δ 0.90 (d, 3JHH ) 6.9 Hz, 6H, o-CH(CH3)2), 0.96 (d, 3JHH ) 6.9
Hz, 6H, o-CH(CH3)2), 1.11 (d, 3JHH ) 7.0 Hz, 6H, p-CH(CH3)2),
2.15 (s, 12H, o-CH3), 2.19 (s, 6H, p-CH3), 2.63 (sep, 3JHH ) 6.9
Hz, 2H, p-CH(CH3)2), 2.70 (sep, 3JHH ) 6.9 Hz, 1H, o-CH(CH3)2),
6.52 (dd, 1H, 6-C6H4), 6.78 (s, 4H, m-Mes), 6.80 (s, 2H, m-Trip);
6.96 (td, 1H, 4-C6H4), 7.00–7.07 (m, 3H, C6H3), 7.03 (dd, 1H,
3-C6H4), 7.28 (td, 1H, 5-C6H4) ppm. 13C NMR (62.9 MHz,
[D6]benzene): δ 20.9 (o-CH3), 21.0 (p-CH3), 24.0 (p-CH(CH3)2),
24.0 (o-CH(CH3)2), 24.4 (o-CH(CH3)2), 30.4 (o-CH(CH3)2), 34.6
(p-CH(CH3)2), 117.1 (br, 6-C6H4), 121.2 (br, 4-C6H4), 121.7 (m-
Trip), 122.7 (5′-C6H3), 128.2 (5-C6H4), 128.7 (br, m-Mes), 129.5
(3-C6H4), 129.8 (4′/6′-C6H3), 132.5 (br, 2-C6H4), 135.8 (br), 135.9
(br), 140.8 (br, i-Trip), 147.9 (br, o+p-Trip) ppm; four further 13C
signals could not be detected because of signal overlapping or
broadness. IR (Nujol) Vj ) 1907 w, 1590 m, 1563 m, 1409 m,
1338 m, 1258 vs, 1199 s, 1178 m, 1098 w, 1069 m, 1054 w,
1040 w, 1003 w, 968 w, 946 w, 935 m, 878 m, 865 w, 854 s,
802 m, 788 m, 780 vw, 761 s, 753 s, 378 s, 684 m, 651 w, 645 vw,
587 w, 575 vw, 542 vw, 526 vw, 511 w, 498 vw, 479 vw, 467 vw,
419 w, 403 vw, 394 vw. EI MS (70 eV) m/z (%): 839.3 (57.5)
[M+], 607.3 (4.1) [DmpNTph+], 341.1 (5.5) [DmpN2

+], 313.1 (33.6)
[Dmp+], 204.9 (100) [Tl+]. Anal. Calcd for C45H52N3Tl: C, 64.40;
H, 6.24; N, 5.01. Found: C, 64.79; H, 6.23; N 5.11.

TlN3(Me4Ter)2 (3d). The synthesis was accomplished in a
manner similar to the preparation of 3a with use of triazene 1d
(0.614 g, 1.00 mmol) and TlOEt (0.274 g, 1.10 mmol). The crude
product was recrystallized from an n-heptane/benzene (4:1) mixture.
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Yield: 0.68 g (0.83 mmol, 83%) as pale yellow crystals; mp:
206–207 °C (dec.; color change to brown). 1H NMR (250.1 MHz,
C6D6): δ 2.11 (s, 24H, CH3), 6.66 (s, 4H, p-C6H3Me2), 6.93 (s,
8H, o-C6H3Me2), 6.92 (m, 2H, p-C6H3), 7.21 (d, 3JHH ) 7.4 Hz,
4H, o-C6H3). 13C NMR (62.9 MHz, [D6]benzene): δ 21.4 (CH3),
122.4 (p-C6H3), 128.1 (p-C6H3Me2), 128.9 (o-C6H3Me2), 130.2 (p-
C6H3), 136.3 (o-C6H3), 136.8 (m-C6H3Me2), 143.0 (i-C6H3Me2),
149.7 (i-C6H3) ppm. IR (Nujol) Vj ) 1601 m, 1455 vs br, 1407 sh,
1335 s, 1279 vs br, 1227 s, 1194 s, 1170 s, 1123 ms, 1079 ms,
1070 sh, 1038 s, 955 m, 905 m, 900 m, 889 s, 882 m, 856 sh, 846
vs, 811 m, 795 s, 783 ms, 762 vs, 751 vs, 712 vs, 702 vs, 683 ms,
670 ms, 643 w, 631 w, 608 w, 543 w, 531 w, 519 w, 504 m, 479 m,
475 sh, 389 vs, 361 ms, 312 m. Anal. Calcd for C44H42N3Tl: C,
64.67; H, 5.18; N, 5.14. Found: C, 64.49; H, 5.11; N 5.13.

X-ray Crystallography. X-ray-quality crystals were obtained
as described in the experimental section. Crystals were removed
from Schlenk tubes and immediately covered with a layer of viscous
hydrocarbon oil (Paratone N, Exxon). A suitable crystal was
selected, attached to a glass fiber, and instantly placed in a low-
temperature N2-stream.30a All data were collected at 173 or 193 K
(2b) using either a Siemens P4 (2d, 2d (C5H10)1.5, 3d), a rebuild
Syntex P21/Siemens P3 (2a, 2c, 3a-c) or a Bruker Smart Apex II
(2b) diffractometer. Crystal data are given in Table 2. Calculations
were performed with the SHELXTL PC 5.0330b and SHELXL-
9730c program system installed on a local PC. The structures were
solved by direct methods and refined on Fo

2 by full-matrix least-
squares refinement. For the thallium complexes, an absorption
correction was applied by using semiempirical ψ-scans. Anisotropic
thermal parameters were included for all nonhydrogen atoms. In
2a, the methyl carbon atoms of a disordered isopropyl group were
refined with split positions and side occupation factors of 0.67
(C243)and0.33(C244).ThecorrespondingC241-C242,C241-C243,
and C241-C244 distances were restrained with SADI commands.
In 2c, the methyl carbon atoms of a disordered isopropyl group
were refined with split positions and side occupation factors of 0.50
(C442, C444). The corresponding C441-C442, C441-C443, and
C441-C444 distances were restrained with DFIX commands. In
2d, 1.5 additional cyclopentane molecules were located in accessible
cavities of the structure. Because they were heavily disordered, their
contribution was eliminated from the reflection data using the
BYPASS method30d as implemented in the SQUEEZE routine of
the PLATON9830e package. In 3a, the methyl carbon atoms of a
disordered isopropyl group were refined with split positions and
side occupation factors of 0.75 (C243) and 0.25 (C244). In 3c, the
methyl carbon atoms of one disordered isopropyl group were refined
with 0.50 split positions for C442/C444 and C443/C445. The
C441-C442, C441-C443, C441-C444, and C441-C445 dis-
tances were restrained with DFIX commands. The final R values
are listed in Table 2. Important bond parameters are given in Figure
6 and in Table 3. Further details are provided in the Supporting
Information. Crystallographic data (excluding structure factors) for
the structures reported in this paper have been deposited with the
Cambridge Crystallographic Data Centre as supplementary publica-
tion nos. CCDC-296486 (2c), -296487 (2a), and -672473 to -672479
(2b, 2d, 2d (C5H10)1.5, 3a–3d). Copies of the data can be obtained
free of charge from CCDC, 12 Union Road, Cambridge CB21EZ,
U.K. (fax +(44)-1223–336–033; e-mail deposit@ccdc.cam.ac.uk).

Computational Details. The Gaussian 0331 package was used
for all energy and frequency calculations. The energies of the
model compounds were minimized, starting from the crystallo-
graphically determined or from other derived geometries, using
density functional theory (DFT) with the functionals B3LYP,32a–c

MPW1PW91,32d or MPW1B95.32e An energy-consistent, quasi-

relativistic pseudopotential of the Stuttgart/Cologne group with an
optimized 12s12p8d3f valence basis set has been employed for the
heavier atom thallium (N ) 60),32f where N denotes the number
of core–electrons. For the lighter atoms carbon, hydrogen, nitrogen
and potassium, the basis sets 6–31G* or 6–31+G* were used.
Frequency calculations were done (with 3–21G* basis sets for the
lighter atoms) to verify that the geometries are true minima on the
potential-energy surface. The natural bond orbital analysis employed
the Gaussian 03 adaptation of the NBO program.32g One part of
the NBO program, examines all possible interactions between filled
(donor) Lewis-type NBOs and empty (acceptor) non-Lewis NBOs
and estimates their energetic importance by second-order perturba-
tion theory. The calculated pertubation energy E(2) corresponds to
the associated stabilization by delocalization.

Results and Discussion

Syntheses. The potassium (2a–d) and thallium (3a–d)
triazenides are accessible in n-heptane as the solvent via
metalation of the diaryltriazenes Tph2N3H (1a), Dmp(Mph)-
N3H (1b), Dmp(Tph)N3H (1c), and (Me4Ter)2N3H (1d) (Dmp
) 2,6-Mes2C6H3 with Mes ) 2,4,6-Me3C6H2; Me4Ter ) 2,6-
(3,5-Me2C6H3)2C6H3; Mph ) 2-MesC6H4; Tph ) 2-TripC6H4

with Trip ) 2,4,6-iPr3C6H2) with either potassium metal or
thallium ethoxide (Scheme 1). After crystallization, the
complexes [M(N3Ar2)] [Ar ) Tph (2a {M ) K}, 3a {M )
Tl}); Ar ) Dmp/Mph (2b, 3b); Ar ) Dmp/Tph (2c, 3c); Ar
) Me4Ter (2d, 3d)] are isolated in good to excellent yields.
The pale yellow (2d, 3d), deep yellow (2a-2c), or orange
(3a-3c) complexes are moisture-sensitive and possess good
or moderate solubility in aromatic or aliphatic hydrocarbons.
They show considerable thermal stability but decompose with
N2 evolution at higher temperature. The most thermally
stable compounds are the Tph derivatives with decom-
position ranges as high as 326–332 °C (2a) and 289–293
°C (3a). The IR spectra show strong νas N3 absorptions in
the range 1228–1279 cm-1 which is indicative of the
triazenido groups acting as chelating ligands.33

(31) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin,
K. N.; Burant, J. C.; Millam, J. M.; Iyengar, S. S.; Tomasi, J.; Barone,
V.; Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A.;
Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa,
J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene,
M.; Li, X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Adamo, C.;
Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin,
A. J.; Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.;
Morokuma, K.; Voth, G. A.; Salvador, P.; Dannenberg, J. J.;
Zakrzewski, V. G.; Dapprich, S.; Daniels, A. D.; Strain, M. C.; Farkas,
O.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.;
Ortiz, J. V.; Cui, Q.; Baboul, A. G.; Clifford, S.; Cioslowski, J.;
Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, I.;
Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.;
Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; Johnson, B.; Chen,
W.; Wong, M. W.; Gonzalez, C.; Pople, J. A. Gaussian 03, Revision
D.01; Gaussian, Inc.: Pittsburgh, PA, 2003.

(32) (a) Becke, A. D. J. Chem. Phys. 1993, 98, 5648. (b) Lee, C.; Yang,
W.; Parr, R. G. Phys. ReV. B 1988, 37, 785. (c) Miehlich, B.; Savin,
A.; Stoll, H.; Preuss, H. Chem. Phys. Lett. 1989, 157, 200. (d) Adamo,
C.; Barone, V. J. Chem. Phys. 1998, 108, 664. (e) Zhao, Y.; Truhlar,
D. G. J. Phys. Chem. A 2004, 108, 6908. (f) Leininger, T.; Berning,
A.; Nicklass, A.; Stoll, H.; Werner, H.-J.; Flad, H.-J. Chem. Phys.
1997, 19, 217. (g) NBO Version 3.1, Glendening, E. D.; Reed, A. E.;
Carpenter, J. E.; Weinhold, F. (h) Wiberg, K. B. Tetrahedron 1968,
24, 1083.
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Structural Studies. All compounds were examined by
X-ray crystallography and their molecular structures and
important bond parameters are shown in Figures 2-5, and
Table 3. Structurally characterized alkali metal triazenides
are scarce and have been limited so far to two solvated
species with tolyl substituents, a dimeric lithium, and a
polymeric potassium complex.34a Very recently, the synthesis
and structural characterization of an unsolvated polymeric
potassium triazenide was reported.34b Structurally authenti-
cated thallium(I) triazenides are limited to two dimeric
complexes.35

MN3Tph2 Complexes. Deep yellow crystals of 2a and
orange crystals of 3a, suitable for X-ray crystallographic
studies, were grown from a saturated C6D6 solution at
ambient temperature. Both compounds crystallize with
isomorphous cells in the triclinic space group Pj1. Figure 1
shows a representation of the Tl complex. The size of the
η2-bonded triazenide ligands enforces the formation of strictly
monomeric compounds in which the metal cations possess
apparent low coordination numbers of 2. With a range of
1.301(4)–1.3086(17) Å, the N-N distances within the
triazenido ligand cores are consistent with delocalized
bonding. The coordination of the triazenide ligands is rather
symmetrical with little variation of the K-N [average
2.716(1) Å] and Tl-N [average 2.593(3) Å] bond lengths.
The former distances are considerably shorter than those
in the polymeric complexes [{KN3Tol2(dme)}2]∞ (Tol )
4-MeC6H4; av. 2.886 Å)34a and [{KN3(4-NO2C6H4)2}2]∞ (av.
2.944 Å),34b which contain 7- and 8-coordinate metal atoms,
respectively. In agreement with the higher coordination

number of 3–4, neglecting any additional Tl · · ·O, Tl · · ·Tl,
and Tl · · · arene contacts, longer Tl-N distances than those
in 3a are observed in the dimeric complexes [{TlN3Ph2}2]
(2.615–3.031 Å, av. 2.78 Å)35a and [{TlN3(4-NO2C6H4)2}2]
(2.934–3.031 Å, av. 2.92 Å).35b However, significantly
shorter Tl-N bond lengths have been reported for mono-
meric low-coordinate thallium(I) amides (cnTl ) 1, plus
additional Tl · · · arene contacts, 2.348–2.379 Å),36 �-diketimi-
nates (cnTl ) 2, 2.403–2.471 Å),37 and amidinates (cnTl )
1, plus additional Tl · · · arene contacts, 2.445 Å).38 The longer
distances in 3a are most likely a result of the decreased donor
ability of the triazenide relative to the closely related
amidinate and �-diketiminate ligands as discussed below and/
or a consequence of the additional metal-π-arene interactions.

Besides their monomeric nature, the most interesting
feature in the solid-state structures of 2a and 3a is the
presence of additional metal · · ·π-arene contacts to the
flanking aryl groups that provide steric and electronic
saturation of the metal cations. In 2a, the metal ion interacts
with the Trip rings of the biphenyl substituents in a η6/η5

fashionwithK · · ·Cdistancesintherange3.2948(17)–3.3689(17)
Å (C21fC26) and 3.3060(17)–3.4482(18) Å (C41, C42,
C44fC46). The propensity of potassium to interact with
aromatic groups is now well documented.39 The mean
K · · · centroid distance of 3.06 Å to the π-bonded Trip arene
rings is unexceptional.40

It should be noted that the assignment of the hapticity of
the metal-π-arene interactions in the compounds discussed
in this paper is based on the evaluation of the shortest
metal · · · centroid separation. Alternatively, the smallest angle
between the M · · · centroid vector and the normal of the arene
plane may be used to determine the best description. To allow
a better comparison Table 3 not only shows the assigned
M · · · centroid (Xn/Xm) distances but also the distances to the
center (X6/X6′) of the coordinated arene rings. In 3a, the
thallium · · ·π-arene interactions are best described as being
η5/η5. The Tl · · ·C distances considered to be bonding are in
the range 3.299(3)–3.493(3) Å (C21fC23, C25, C26) and
3.373(3)–3.564(3) Å (C41fC43, C45, C46) with corre-
sponding Tl · · · centroid (X6/X6′) separations of 3.13 Å and
3.20 Å, respectively. The latter fall within the typical range
of Tl · · · centroid distances (2.85–3.18 Å)41 observed for other
structurally characterized Tl-π-arene complexes.42 The

(33) Moore, D. S.; Robinson, S. D. AdV. Inorg. Chem. Radiochem. 1986,
30, 1.

(34) (a) Gantzel, P.; Walsh, P. J. Inorg. Chem. 1998, 37, 3450. (b) Hörner,
M.; da Silva, A. M.; Fenner, H. Z. Anorg. Allg. Chem. 2007, 633,
776.

(35) (a) Beck, J.; Strähle, J. Z. Naturforsch. 1986, 41b, 1381. (b) Hörner,
M.; de Oliveira, G. M.; Bresolin, L.; de Oliveira, A. B. Inorg. Chim.
Acta 2006, 359, 4631.

(36) Wright, R. J.; Brynda, M.; Power, P. P. Inorg. Chem. 2005, 44, 3368.
(37) (a) Cheng, Y.; Hitchcock, P. B.; Lappert, M. F.; Zhou, M. Chem.

Commun. 2005, 752. (b) Hill, M. S.; Hitchcock, P. B.; Pongtavorn-
pinyo, R. Dalton Trans. 2005, 273.

(38) Jones, C.; Junk, P. C.; Platts, J. A.; Rathmann, D.; Stasch, A. Dalton
Trans. 2005, 2497.

(39) Smith, J. D. AdV. Organomet. Chem. 1999, 43, 354.
(40) (a) For other compounds that show interactions between potassium

cations and arene rings of Trip substituents, see the following
references. Herein, the K · · · centroid distances fall in the range
2.74–3.19 Å. Grisby, W. J.; Power, P. P. J. Am. Chem. Soc. 1996,
118, 7981. (b) Niemeyer, M.; Power, P. P. Inorg. Chem. 1996, 33,
7264. (c) Niemeyer, M.; Power, P. P. Inorg. Chim Acta. 1997, 263,
201. (d) Pu, L.; Phillips, A. D.; Richards, A. F.; Stender, M.; Simons,
R. S.; Olmstead, M. M.; Power, P. P. J. Am. Chem. Soc. 2003, 125,
11626.

(41) Cambridge Structural Database, London, U.K., 2007. For the search,
the range of the Tl · · · centroid-C angles was constrained to 85°–95°,
assuming only small ring slippage. For a larger ring slippage, there
appears to be no upper limit to the Tl · · · centroid distances.

Figure 1. Molecular structure of 3a with thermal ellipsoids set to 30%
probability. Hydrogen atoms have been omitted for clarity.
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shortest Tl · · · arene separations are found in compounds with
weakly coordinating anions and electron-rich aromatic rings
such as [Tl(η6-MesH)2][B(OTeF5)4].42b

For 2a and 3a, the coplanar arrangement of the C6H4 rings
with the NNN plane, as indicated by the dihedral angles
N2-N1-C11-C16 [2a: 3.7(2)°; 3a: 2.2(5)°] and N2-N3-
C31-C36 [2a: -4.4(2)°; 3a: -4.9(5)°], together with the
perpendicular orientation of the Trip substituents results in
a unusual T-shape environment of the metal cations defined
by the centroids of the coordinated arene rings and N2 of
the triazenido ligand. The absence of particular short
intermolecular M · · ·C contacts (2a: K · · ·C >5.3 Å; 3a:

Tl · · ·C >5.1 Å) and Tl · · ·Tl contacts (>9.0 Å) supports the
monomeric nature for both compounds in the solid-state.

MN3(Dmp)Mph Complexes. Yellow 2b and orange 3b
crystallize with very similar cell dimensions in the orthor-
hombic space group P212121. Figure 2 shows the molecular
structure of the thallium complex 3b. The η2-bonded
triazenide ligands show slightly asymmetric coordination (2b:
K-N1 2.7657(13) Å, K-N3 2.6574(13) Å; 3b: Tl-N1
2.669(5) Å, Tl-N3 2.546(5) Å), with shorter bonds to the
biphenyl substituted nitrogen atom. The different steric
properties of the biphenyl- and m-terphenyl substituents give

Table 3. Selected Bond Distances (Å), Angles (deg), and Dihedral Angles (deg) for Compounds 2a, 3a, 2b, 3b, 2c, and 3ca,b

2a 3a 2b 3b 2c 3c

M-N1 2.7093(14) 2.578(3) 2.7657(13) 2.669(5) 2.7420(17) 2.638(4)
M-N3 2.7232(14) {2.716} 2.607(3) {2.593} 2.6574(13) {2.712} 2.546(5) {2.608} 2.6704(16) {2.706} 2.525(4) {2.582}
M · · ·N2 3.2467(13) 3.115(3) 3.2347(13) 3.125(5) 3.2104(17) 3.083(4)
N1-N2 1.3016(18) 1.301(4) 1.3041(17) 1.311(7) 1.308(2) 1.287(6)
N2-N3 1.3086(17) 1.301(4) 1.3155(17) 1.314(6) 1.316(2) 1.312(6)
M · · ·C21 3.3166(16) 3.299(3) 3.3783(16) 3.374(7) 3.343(2) 3.390(5)
M · · ·C22 3.3472(16) 3.371(3) 3.4038(16) 3.466(6) 3.296(2) 3.414(5)
M · · ·C23 3.3636(17) 3.493(3) 3.3773(17) 3.525(6) 3.280(2) 3.474(6)
M · · ·C24 3.3689(17) 3.569(3) 3.3508(18) 3.533(7) 3.339(2) 3.509(6)
M · · ·C25 3.3074(18) 3.477(4) 3.3156(18) 3.427(7) 3.372(2) 3.493(6)
M · · ·C26 3.2948(17) {3.333} 3.351(3) {3.427} 3.3462(18) {3.362} 3.371(7) {3.449} 3.396(2) {3.338} 3.437(6) {3.453}
M · · ·C41 3.3583(16) 3.373(3) 3.3054(16) 3.289(6) 3.322(2) 3.293(5)
M · · ·C42 3.4435(17) 3.454(3) 3.4149(17) 3.447(6) 3.359(2) 3.336(5)
M · · ·C43 3.4759(18) 3.564(3) 3.3834(18) 3.527(7) 3.370(2) 3.479(6)
M · · ·C44 3.4482(18) 3.614(3) 3.2955(17) 3.481(7) 3.375(2) 3.593(6)
M · · ·C45 3.3359(18) 3.519(3) 3.2195(18) 3.350(7) 3.339(3) 3.549(6)
M · · ·C46 3.3060(17) {3.395} 3.412(3) {3.489} 3.2317(18) {3.308} 3.273(7) {3.395} 3.335(2) {3.350} 3.414(5) {3.444}
ηn/ηm η6/η5 η5/η5 η6/η5 η5/η5 η6/η6 η5/η4

M · · ·X6/M · · ·Xn 3.027 3.131/3.114 3.059 3.159/3.153 3.033 3.160/3.158
M · · ·X6′/M · · ·Xm 3.095/3.088 3.198/3.185 3.000/2.994 3.097/3.080 3.046 3.151/3.129
X6 · · ·M · · ·X6′ 159.7 154.0 137.6 138.8 140.9 134.4
N2-N1-C11-C16 3.7(2) 2.2(5) 33.7(2) 30.2(10) -42.5(3) –41.3(7)
N2–N3–C31–C36 –4.4(2) –4.9(5) -20.7(2) -21.1(9) 19.7(3) 17.2(7)

a Average values are given in braces. b Centroids of the C21fC26 (X6) and C41fC46 (X6′) rings.

Scheme 1. Synthesis of Compounds 2a-d and 3a-d

Figure 2. Molecular structure of 3b with thermal ellipsoids set to 30%
probability. Hydrogen atoms have been omitted for clarity.

Figure 3. Space-filling models of 2a (left), 2b (middle), and 2c (right).
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rise to a different conformation with respect to the central
N3 plane. The C6H4 ring of the biphenyl moiety adopts a
roughly coplanar arrangement (N2-N3-C31-C36 -20.7(2)
[2b], –21.1(9) [3b]), whereas the central C6H3 plane of the
terphenyl substituent is significantly more tilted (N2-N1-
C11-C16 33.7(2) [2b], 30.2(10) [3b]) to minimize repulsive
interactions between N2 and one of the Mes rings (C61fC66).
As a result, the centroids of the flanking Mes ring of the
biphenyl substituent (C41fC46) and the second Mes ring
of the terphenyl group (C21fC26) lie above the MN3 plane
and coordinate in a η6/η5 (2b) or η5/η5 (3b) fashion with

M · · ·C distances considered to be bonding in the range
3.280(2)–3.392(2) Å (2b: C21fC26; C41; C43fC46) and
3.3217(19)–3.396(2) Å (3b: C21; C22; C24fC26; C41; C42;
C44fC46), respectively. The resulting rather distorted
trigonal-pyramidal coordination is reflected by the angles
N2 · · ·M-X6/X6′ (2b: 94.7°/100.8°; 3b: 97.2°/103.5°) and
X6-M-X6′ (2b: 137.6°; 3b: 138.8°), where X6 and X6′
define the centroids of the coordinated arene rings and the
bidentate triazenido ligand occupies only one coordination
site.

The biggest difference in the solid-state structures of 2a
and 3a on one side and 2b and 3b on the other side involves
the orientation of the coordinated arene rings with respect
to the central NNN plane. In 2a and 3a a perpendicular
orientation with dihedral angles in the range 86.9°–93.3° is
observed, which leads to perfectly shielded metal cations.
In contrast, the corresponding dihedral angles for 2b and 3b
are found in the range 72.0°–119.5°. As a result, the metal
cations are less shielded (Figure 3) and accessible for
additional intermolecular and relatively short η1-π-arene
contacts (M · · ·C34′: 3.052 Å [2b], 3.200 Å [3b]; symmetry
operation: 0.5 + x, 1.5 - y, 2 - z).

MN3(Dmp)Tph Complexes. Again, the bright yellow
potassium compound 2c and the orange thallium derivative 3c
crystallize with closely related cells in the triclinic space group
Pj1. Figure 4 shows the molecular structure of the thallium
complex 3c. The average M-N distances of 2.706 Å [2c] or
2.582 Å [3c] to the slightly asymmetric η2-coordinate triazenide
ligand are very close to the corresponding values in the
previously discussed compounds. Additional metal · · ·π-arene
are observed to one Mes ring (C21fC26) of the terphenyl
substituent and the Trip ring (C41fC46) of the flanking biaryl
group. For the potassium complex, almost perfect η6/η6

coordination is observed with K · · ·C distances spanning the
relatively narrow range of 3.280(2)–3.396(17) Å and almost
identical K · · ·centroid separations. On the basis of the shortest
metal · · ·centroid separation, the arene coordination for the
thallium complex is best described as being η5/η4 with
Tl · · ·C distances considered to be bonding in the range of
3.293(5)–3.493(6) Å. Taking the centroids X6 and X6′ of the
π-bonded arene rings and N2 of the triazenide ligand as
reference points, the coordination of the metal atoms may be
regarded as distorted trigonal-pyramidal as shown by the angles
N2 · · ·M-X6/X6′ (2c: 94.7°/101.1°; 3c: 95.3°/104.6°) and X6-
M-X6′ (2c: 140.9°; 3c: 134.4°).

Because of the different steric properties of the Tph and
Dmp substituents and interligand repulsion, the torsion angles

(42) (a) See for example refs10, 14e, 35a and Schmidbaur, H.; Bublak,
W.; Riede, J.; Müller, G. Angew. Chem., Int. Ed. Engl. 1985, 24, 414.
(b) Noirot, M. D.; Anderson, O. P.; Strauss, S. H. Inorg. Chem. 1987,
26, 2216. (c) Schmidbaur, H.; Bublak, B.; Huber, B.; Hoffmann, J.;
Müller, G. Chem. Ber. 1989, 122, 265. (d) Waezsada, S. D.; Belgardt,
T.; Noltemeyer, M.; Roesky, H. W. Angew. Chem., Int. Ed. Engl. 1994,
33, 1351. (e) Frank, W.; Korrell, G.; Reiss, G. J. Z. Anorg. Allg. Chem.
1995, 621, 765. (f) Frank, W.; Korrell, G.; Reiss, G. J. J. Organomet.
Chem. 1996, 506, 293. (g) Kunrath, F. A.; Casagrande, O. L.; Toupet,
L.; Carpentier, J.-F. Eur. J. Inorg. Chem. 2004, 4803. (h) Oberbeck-
mann-Winter, N.; Braunstein, P.; Welter, R. Organometallics 2004,
23, 6311. (i) Thomas, J. C.; Peters, J. C. Polyhedron 2004, 23, 2901.
(j) Dias, H. V. R.; Singh, S.; Cundari, T. R. Angew. Chem., Int. Ed.
2005, 44, 4907.

Figure 4. Molecular structure of 3c with thermal ellipsoids set to 30%
probability. Hydrogen atoms have been omitted for clarity.

Figure 5. Molecular structure of 3d with thermal ellipsoids set to 30%
probability. Hydrogen atoms and methyl carbon atoms have been omitted
for clarity. Selected bond lengths, intermolecular contacts (Å), and dihedral
angles (deg) for 3d and 2d (in braces): M-N1 ) 2.781(3) {2.857(2)},
M-N3 ) 2.779(3) {2.874(2)}, M-N1′ ) 2.915(3) {2.909(2)}, M-N3′ )
2.883(3) {2.895(2)}, M · · ·N2 ) 3.204(4) {3.249(3)}, M · · ·N4 ) 3.190(4)
{3.254(3)}, M · · ·C21 ) 3.463(4) {3.563(3)}, M · · ·C25 ) 3.533(4)
{3.458(3)}, M · · ·C26 ) 3.262(4) {3.224(3)}, M · · ·C56′ ) 3.282(4)
{3.203(3)}, M · · ·M ) 3.4886(6) {3.4130(13)}, N2-N1-C11-C16 )
51.4(5) {49.8(3)}, N4-N3-C41-C46 ) 50.6(5) {50.4(3)}; [symmetry
operation (′): -x, y, 0.5 - z].
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N2-N3-C31-C36 and N2-N1-C11-C16 differ by ap-
proximately 25°. As a consequence, the orientation of the
coordinated arene rings to the central NNN plane in 2c and
3c is close to orthogonal for the C41fC46 rings of the
biphenyl substituents but deviates considerably from or-
thogonality for the C21fC26 rings of the terphenyl sub-
stituents as indicated by the dihedral angles of 81.5°/82.8°
(2c/3c) and 61.6°/59.2° (2c/3c), respectively. This orientation
leaves room for two additional agostic interactions (2c: 3.872
Å and 3.907 Å; 3b: 3.916 Å and 4.114 Å) from the metal
cations to methyl carbon atoms of neighbor molecules. The
intermolecular interactions are much weaker than those in
2b and 3b because of the larger size of the Tph compared
to the Mph substituent and the better shielding of the metal
atoms by the former (Figure 3).

MN3(Me4Ter)2 Complexes. Pale yellow crystals of 2d and
3d, suitable for X-ray crystallographic studies, were grown
from saturated n-heptane/benzene mixtures at ambient tem-
perature. Both compounds crystallize in isomorphous cells
with dimeric units in which the metal atoms are bridged by
chelating triazenide ligands (Figure 5). Notably, crystalliza-
tion of the potassium complex 2d from a cyclopentane/
toluene mixture at -20 °C affords the solvate 2d (C5H10)1.5.
This complex crystallizes without imposed symmetry with
additional solvent molecules located in cavities of the
structure (for details, see Supporting Information). The
dimeric units in solvent-free 2d and 3d contain a 2-fold axis
which runs through the central nitrogen atoms of the
triazenide ligands and the middle of the M · · ·M′ vector. In
contrast to the previously reported dimeric thallium triaz-
enides,35 which are further aggregated by secondary Tl · · ·arene
interactions, the dimers in 3d are strictly isolated, the shortest
intermolecular Tl · · ·C and Tl · · ·Tl contacts being >6.8 Å
and >10.7 Å, respectively. Each thallium atom is coordinated
to four nitrogen atoms of the bridging triazenide ligands by
two shorter (Tl-N1 ) 2.781(3) Å, Tl-N3 ) 2.779(3) Å)
and two longer (Tl-N1′ ) 2.915(3) Å, Tl-N3′ ) 2.883(3)
Å) Tl-N separations. The average Tl-N bond distance of
2.840 A is significant longer than that of the parent complex
[{TlN3Ph2}2] (av. 2.78 Å)35a and therefore indicates steric
crowding. With a maximum hapticity of three and Tl · · ·C
separations in the range 3.262(4)–3.533(4) Å, the additional
Tl · · ·η1-arene (to C56′) and Tl · · ·η3-arene (to C21, C25, C26)

interactions are much weaker than those present in 3a-c.
The lower hapticity originates from repulsive forces at the
NNN backbone between the C31fC36 and the C31′fC36′
rings in one triazenide ligand and the C61fC66 and the
C61′fC66′ rings in the other. Because of these interactions,
a coplanar arrangement of the NNN and C6H3 planes is made
impossible, and NNCC torsion angles around 51° are ob-
served. As a consequence, a closer approach of arene rings
C21fC26, C21′fC26′, C51fC56, and C51′fC56′ to the
two metal centers is prohibited.

In dimeric 2d, the K-N distances range from 2.857(2) to
2.909(2) Å. The average value of 2.884 Å for the 4-coor-
dinate metal atoms (neglecting additional π-contacts) indi-
cates steric crowding, as in 3d, since it is almost identical
to the mean K-N separation in the solvated polymeric
complex [{KN3Tol2(dme)}2]∞ (av. 2.886 Å),34a which con-
tains a seven-coordinate metal atom. Again, strong π-coor-
dination by the pending 3,5-Me2C6H3 rings is prohibited by
the noncoplanar conformation of the NNN and C6H4 planes
with NNCC dihedral angles close to 50°. However, two weak
η1-arene interactions are observed with K · · ·C separations
of 3.224(3) Å (to C26) and 3.203(3) Å (to C56′).

Solid-State Aggregation Behavior. The different ligand-
depending aggregation behavior of complexes 2a-d and
3a-d deserves a comment. The degree of aggregation x for
(ML)x compounds (M ) monovalent metal, L ) monoan-
ionic ligand) depends on a number of factors including the
nature of the metal (ionic radius, polarizability), steric
demand and hapticity of the substituents, and donor solvation
of the metal atom. In homoleptic complexes, higher ag-
gregated derivatives are normally obtained with decreasing
steric size of the ligand. Although it is difficult to quantify
the steric demand of deprotonated 1a-d, because of their
conformational flexibility/variability, it can be assumed
that the size increases in the order 1a < 1b < 1c < 1d and
therefore the degree of aggregation for 2a-d and 3a-d
should decrease in the same direction. However, in the
experimentally determined solid-state structures, monomeric
(2a, 3a), weakly associated, quasi-monomeric (2b, 3b, 2c,
3c), and dimeric (2d, 3d) units with additional metal-ηn-π-
arene-interactions of decreasing hapticity n are observed. As
explained before, these changes in hapticity arise from
different intramolecular repulsive interactions between the

Figure 6. Correlation between the chemical shift δ (6-CH) (in solution) and the average N-N-C-C torsion angle, taken from the solid-state structures, for
a series of metal salts MN3Tph2.25,43
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flanking biphenyl or terphenyl groups and are therefore
responsible for the “inverse aggregation” behavior.

NMR-Spectroscopic Characterization. The chemical
shift for the 6-H atom in the 2-Trip-C6H4 substituents of
2a and 3a appears to be very sensitive to conformational
changes (Figure 6). 1H NMR studies, in C6D6 as the
solvent, for a series of metal derivatives MN3Tph2 of
deprotonated ligand 1a show a correlation between the
chemical shift of this hydrogen atom and the average
torsion angle N-N-Cn1-Cn6 (n ) 1, 3) observed in
the solid-state structures.25 A low-field shift in the range
8.07–8.47 ppm consistent with a coplanar syn/syn conforma-
tion is found for the monomeric complexes with M ) K (δ
) 8.38), Rb, Cs, Tl (δ ) 8.13), Li(thf), ZnMe, ZnEt. Here,
either none or only one small additional ligand is present,
which fits into the pocket between the flanking arene rings.
A third ligand [M ) AlMe2, Cu(PPh3)2] or the formation of
dimers (M ) Li, Cu) leads to steric crowding, larger NNCC
dihedral angles, and preference of the syn/anti conformation,
which is accompanied by a considerable high-field shift up
to 5.99 ppm for the ortho-H atom. The upfield shift in the
syn/anti conformers may be explained by ring current effects,
whereas the deshielding in the syn/syn forms is due to the
formation of weak C-H · · ·N hydrogen bridges. We therefore
conclude that the conformation of 2a and 3a must be similar
to that in the solid-state and that the π-encapsulation of the
metal cations is retained in solution. In the case of the mixed
biphenyl and terphenyl substituted potassium and thallium
triazenides 2b, 2c, 3b, and 3c, the chemical shift for the 6-H
atom in the 2-Mes-C6H4 or 2-Trip-C6H4 substituents is found
in the range 6.52–6.59 ppm. According to Figure 6 this would
be consistent with an average N2-N3-C31-C36 torsion
angle of about 75° which is much higher than the experi-
mentally observed values of approximately (20° in the solid-
state structures. However, the higher shielding may be
explained by additional ring current effects because the 6-H
atom in the 2-Mes-C6H4 or 2-Trip-C6H4 biphenyl substituents
points toward the center of the C61fC66 Mes ring of the
2,6-Mes2-C6H3 terphenyl substituent. Similar trends as in the
1H NMR spectra, however with opposite sign, are observed
for the resonances of the 6-C atoms in the 13C NMR spectra.
Here, the signals for compounds 2a and 3a are shifted to
higher field at 114.8 ppm and 115.7 ppm, respectively,
whereas the corresponding chemical shifts for 2b, 2c, 3b,
and 3c are found in the range 117.0–118.7 ppm.

DFT Calculations. To further understand the bonding
situation in the potassium triazenides 2a-c with weaker
K-N but stronger K · · · arene bonding on one side and the
thallium triazenides 3a-c with relatively stronger Tl-N but
weaker Tl · · · arene bonding on the other side, DFT calcula-
tions were undertaken. However, keeping in mind that these
methods are known to be poor at describing weak interactions
that are important in noncovalent bonding, such as the
London dispersion (van der Waals attraction), dipole-dipole
interaction, or hydrogen bonding, we have used not only

standard functionals like the Becke-type functional B3LYP
or the Perdew-type functional MPW1PW91 but also Tru-
hlar’s MPW1B95 functional.32e The latter was developed and
adapted for systems with a high degree of noncovalent
bonding. Increasing computer power allows it to study, at
least at the DFT level, not only simple model compounds
but also experimentally accessible systems as the biphenyl
substituted potassium and thallium triazenides MN3Tph2 (2a,
3a). Table 4 summarizes selected experimental and DFT-
calculated bond parameters for 2a and 3a. In general, there
is a reasonably good agreement between the calculated and
experimental M-N and N-N bond lengths with relative
differences of 0.8% and 1.0%, respectively. However,
calculations using the functional B3LYP fail to reproduce
the M · · ·C distances, which are considerably overestimated
by +5.5% (2a) and +8.5% (3a). Slightly better but still
unacceptable results are obtained with the functional
MPW1PW91 [+4.0% (2a) and +8.5% (3a)]. The use of
Truhlar’s MPW1B95 functional greatly improves the results,
the Tl · · ·C distances are now overestimated by +1.5%
whereas the K · · ·C distances are underestimated by -2.3%.
The best results for the K · · ·C distances with a relative error
of -0.9% are obtained by adding diffuse functions to the
lighter atoms N, C, and H.43

Further insights about the different bonding situation in
2a and 3a are provided by natural bond orbital (NBO) and
NPA (natural population analysis) analyses.32g For 2a, the
high NPA charge of +0.889 on K and the low Wiberg bond
orders32h of 0.037 and 0.029 for the K-N1/N3 and K-N2
bonds are in accordance with the mainly ionic character of
these bonds. For 3a, a higher degree of covalent bonding is
reflected by a NPA charge of +0.698 on Tl and relatively
higher Wiberg bond orders of 0.085 and 0.074 for the
Tl-N1/N3 and Tl-N2 bonds, respectively. A similar trend
is observed for the M · · ·C bonding that is much weaker,
however, with small Wiberg bond orders in the range
0.003–0.006 (K · · ·C) and 0.009–0.018 (Tl · · ·C). The nev-
ertheless shorter K · · ·C distances are a result of stronger
Coulomb contributions as reflected by the different NPA
charges on K or Tl on one side and the π-bonded Trip arene
rings (average total charges: C6H2iPr3 ring, -0.013 {2a},
+0.040 {3a}; C6H2 fragment, -0.116 {2a}, -0.089 {3a})
on the other side. A close examination of possible interactions
between filled (donor) NBOs and empty (acceptor) NBOs

(43) For the B3LYP and MPW1PW91 calculations, the addition of diffuse
functions leads to even larger relative errors.

Table 4. Selected Experimental and DFT-Calculated Bond Distances
(Å), Angles (deg), and Dihedral Angles (deg) for Compounds 2a, 3a

2a {3a} 2a {3a} 2a {3a} 2a {3a} 2a {3a}

exp b3lyp mpw1pw91 mpw1b95 mpw1b95
6–31G* 6–31G* 6–31G* 6–31+G*

av. M-N 2.716 2.712 2.701 2.729 2.730
2.593 2.603 2.585 2.605 2.613

av. N-N 1.305 1.305 1.297 1.294 1.293
1.301 1.300 1.292 1.288 1.288

av. M · · ·C 3.364 3.549 3.500 3.285 3.334
3.458 3.753 3.638 3.511 3.518

M · · ·X6 3.061 3.259 3.198 2.973 3.026
3.165 3.484 3.360 3.224 3.221

X6 · · ·M · · ·X6 159.7 163.2 163.3 162.5 162.7
154.0 159.4 158.8 161.6 161.9

av. |N-N-C-C| 4.1 7.5 8.6 12.2 12.7
3.6 5.9 9.2 15.9 16.2
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by second-order perturbation theory reveals no significant
charge delocalization from the lone pair on Tl (with 99.3%
s-character) to suitable ligand centered acceptor orbitals.

Conclusion

In summary, we have used sterically crowded, triazenido
ligands to stabilize monomeric and dimeric, unsolvated
complexes of potassium and thallium. Remarkably, those
homologous complexes appear to be the first examples of
molecular species with the same composition that crystallize
in isomorphous cells. The different nature of the M-N and
M · · ·C(arene) bonding was studied by DFT calculations that

show a higher degree of covalence for the thallium com-
pounds and no significant influence from the lone pair on
Tl.
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