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ABSTRACT: New mixed metal complexes [PdTl(C∧N)(CN)2] [C∧N = 7,8-benzoquinolinate (bzq, 3); 2-phenylpyridinate
(ppy, 4)] have been synthesized by reaction of their corresponding precursors (NBu4)[Pd(C

∧N)(CN)2] [C
∧N = bzq (1), ppy

(2)] with TlPF6. Compounds 3 and 4 were studied by X-ray diffraction, showing the not-so-common PdII−TlI bonds. Both
crystal structures exhibit 2-D extended networks fashioned by organometallic “PdTl(C∧N)(CN)2” units, each one containing a
donor−acceptor Pd(II)−Tl(I) bond, which are connected through additional Tl···NC contacts and weak Tl···π (bzq) contacts
in the case of 3. Solid state emissions are red-shifted compared with those of the precursors and have been assigned to metal−
metal′-to-ligand charge transfer (MM′LCT [d/s σ*(Pd,Tl) → π*(C∧N)]) mixed with some intraligand (3IL[π(C∧N) →
π*(C∧N)]) character. In diluted solution either at room temperature or 77 K, the Pd−Tl bond is no longer retained as confirmed
by mass spectrometry, NMR, and UV−vis spectroscopic techniques.

■ INTRODUCTION

Homo- and heteropolynuclear species that have metallophilic
interactions between closed- or pseudo-closed-electron-shell
atoms and ions (d8, d10, or d10 s2 systems) have attracted
considerable interest owing to their unique chemical bonding,
structure, reactivity, and importance in catalytic processes.1−7

Metallophilic bonding that involves square-planar platinum(II)
complexes acting as a Lewis base has been known for several
decades and has led to a large variety of polymetallic assemblies,
ranging from simple bimetallic compounds to high-nuclearity
clusters and extended structures. From a molecular-orbital
point of view, in the presence of a strong ligand field, these
interactions mainly involve the dz2 orbital, which is the highest
occupied molecular orbital (HOMO).8,9 According to this
consideration, square planar d8 complexes act as two-electron
donor metalloligands for Lewis-acidic metals, forming a dative
metal−metal bond.

In the chemistry of platinum(II), electron-rich anionic
perhalophenyl10,11 or alkynyl12−20 complexes have been
successfully used in the synthesis of cluster complexes
containing Pt(II) → M (M = CuI, AgI, AuI, CdII, HgII, TlI,
SnII, or PbII) donor−acceptor bonds, with the Pt(II) → Ag(I)
compounds being the most numerous.10,14−16,21−23 Also,
platinum(II) complexes containing chromophoric C,N-cyclo-
metalating ligands such as 2-phenylpyridine (Hppy), 2-(2-
thienyl)pyridine (Hthpy), or benzo{h}quinoline (Hbzq)24 or
C∧N∧C-cyclometalated ligands have been successfully used for
preparing Pt → M derivatives21,23,25−30 even when neutral
substrates of the type [Pt(C∧N)2] and [Pt(C∧N)(S∧S)] (C∧N
= C,N-cyclometalated ligand; S∧S = pyrrolidinedithiocarbamate
(pdtc), dimethyldithiocarbamate (dmdtc)),23,30−32 or the
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cationic [Pt(phpy)9S3]+ (phpy = 2-phenylpyridine; 9S3 =
1,4,7-trithiacyclononane)28 were used.
Lewis-acidic metal complexation often has a marked effect on

the optical properties of organoplatinum compounds. Many of
these compounds feature interesting optical properties such as
long-lived, low-energy luminescence.33−35 Metal−metal-
bonded polymetallic units often constitute a chromophore by
themselves, giving rise to luminescence attributed to metal-to-
metal charge transfer (MM′CT) transitions.22,36,37 However,
the origin of the luminescence in these polymetallic compounds
sometimes might be different, especially when the platinum

moiety already contains a chromophore group within the
molecule.13,25,37,38

Thus, as seen above, a wide variety of organometallic
platinum(II) compounds containing dative metal−metal bonds
have been prepared with diverse ancillary ligands and acceptor
fragments. However, the palladium(II) counterparts are not as
likely to form donor−acceptor metal−metal bonds39,40 which is
mainly due to the relativistic effects. It is well-known that most
of the metal−metal bonds involve metal ions from the third
row of the transition series, where the relativistic effects are
believed to contribute significantly to the bonding.24,41−43 To
our knowledge, Pd/M compounds with Pd → M dative bonds

Scheme 1

Figure 1. (a) ORTEP view of [PdTl(bzq)(CN)2] (3). Ellipsoids are drawn at the 50% probability level. Hydrogen atoms have been omitted for
clarity. (b) Supramolecular structure view.
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are very limited in the literature,44−56 and only a few of them
display analogous crystal structures to their corresponding
platinum derivatives.49,52,53,55 In particular when the metal−
metal bond involves PdII and TlI ions, the number of reported
structures decreases considerably: two palladium selenide salts,
Tl2Pd4Se6 (Pd−Tl = 2.941 Å)54 and Tl2PdSe2 (Pd−Tl = 2.923
Å);56 two cyanide compounds [Tl(crown-P2)Pd(CN)2](PF6)
(Pd−Tl = 2.897 Å)55 and Tl2Pd(CN)4 (3.173 Å);52 the
sandwich-type [{(tBu2bpy)PdMe2}3Tl2](PF6)2 (Pd−Tl =
2.793−2.994 Å),48 and merely one structure within the
electronic configuration 4d8−5d10 (PdII−TlIII), [Pd(μ-
O2CMe)4Tl(O2CMe)].55

In this work, we describe two new Pd/Tl metal mixed
complexes whose crystal structures and optical properties are
significantly related to those found in the analogous Pt/Tl
derivatives previously prepared in our group. They were
synthesized by reacting TlPF6 with the cyanide complexes
(NBu4)[Pd(C

∧N)(CN)2] [C∧N = bzq (1), ppy (2)]. As a
result, extended structures containing Pd(II)−Tl(I) metal-
lophilic interactions have been observed. Their photophysical

properties are also discussed and compared with those of their
starting materials (1, 2) and also with the analogous Pt(II)/
Tl(I) derivatives.

■ RESULTS AND DISCUSSION
Synthesis and Characterization of the Pd(II) Cyanide

Compounds NBu4[Pd(C
∧N)(CN)2](C

∧N = bzq (1), ppy (2)).
Compounds NBu4[Pd(C

∧N)(CN)2] [C
∧N = bzq (1), ppy (2)]

were prepared by addition of KCN to a suspension of the
corresponding compound [Pd(C∧N)(NCMe)2]ClO4 [C∧N =
bzq (A), ppy (B)] in 2:1 molar ratio in methanol and the
subsequent addition of the equimolar amount of NBu4ClO4 to
the “in situ” freshly prepared solution of K[Pd(C∧N)(CN)2]
(see Scheme 1, steps a and b, and Experimental Section).
Compounds 1 and 2 were isolated as white, air-stable solids

in high yields and fully characterized (see Experimental
Section). The cis arrangement of the two terminal CN−

ligands in compounds 1 and 2 is evident in their IR spectra57,58

and in the 13C NMR spectra of compounds (NBu4)[Pd(C
∧N)-

(13CN)2] [C
∧N = bzq (1′), ppy (2′)] that were prepared in the

Figure 2. a) ORTEP view of [PdTl(ppy)(CN)2] (4). Ellipsoids are drawn at the 50% probability level. Hydrogen atoms have been omitted for
clarity. (b) Supramolecular structure view.
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same way as that for 1 and 2. Two νCN absorptions around
2110 and 2120 cm−1 were observed in the IR spectra of 1 and
2.
Two doublets at ca. 145 and 131 ppm were observed in the

13C NMR spectra of 1′ and 2′ corresponding to the 13CN−

groups trans to CC
∧
N and NC

∧
N, respectively, by resemblance

with their analogous Pt derivatives.59 Compounds 1 and 2 were
used as starting materials in the synthesis of the Pd−Tl clusters
as described.
Synthesis and Characterization of Pd−Tl Clusters.

Treatment of compounds [NBu4][Pd(C
∧N)(CN)2] [C∧N =

bzq (1), ppy (2)] with the equimolar amount of TlPF6 in
methanol solution causes the precipitation of [PdTl(C∧N)-
(CN)2] [C

∧N = bzq (3), ppy (4)] as pale yellow solids, which
were washed with dichloromethane and obtained as analytically
pure solids in good yield (See Experimental Section and
Scheme 1, step c). The most significant feature of the IR
spectra is the presence of two νCN (2132, 2112 cm−1 3; 2118,
2107 cm−1 4) absorptions according to the cis arrangement of
the cyanide ligands.57 The small shift of these absorptions in
relation to those in the corresponding starting complexes
[νCN = 2121, 2111 cm−1 1; 2122, 2113 cm−1 2] is in
agreement with the weak interaction between these groups and
the thallium center as observed in their X-ray structures
described below.
Crystal structures of compounds 3 and 4 appear in Figures 1

and 2, and selected bond distances and angles are listed in
Table 1. As can be seen, these compounds generate extended
networks formed by organometallic “PdTl(C∧N)(CN)2” units,
each one containing a donor−acceptor Pd(II)−Tl(I) bond,
which are connected through additional Tl···NC contacts.
The molecular structures reveal a square pyramidal environ-
ment around the palladium center with the thallium atom being
located in the apical position. The Pd−Tl bond distance [3,
3.0210(3) Å; 4, 3.0425(7) Å] and the angle of the Pd−Tl
vector with the normal to the palladium coordination plane
[8.4(1)° (3) and 10.3(2)° (4)] are comparable to those
reported in related systems containing donor−acceptor M(II)−
Tl(I) (M = Pd,48,52,54−56 Pt25) bonds.
The Pd−Tl bond distances in 3 and 4 are only slightly longer

than those seen in their analogous Pt(II) complexes [PtTl-
(C∧N)(CN)2] (C

∧N = bzq, 2.9910(7) Å; ppy, 3.0085(10) Å)25

in agreement with the lanthanide contraction that affects the
third row transition metals.42,52,60 The base of the pyramid
containing the Pd center and the four atoms bonded to it is
planar; the narrow bite angle in the metallocycle [C−Pd−N =
82.03(15)° (3); 81.1(3)° (4)] and the Pd−NC

∧
N, Pd−CC

∧
N,

and Pd−CCN bond distances are all in the range of those
observed in palladium complexes with C∧N-cyclometalated61,62

and cyanide55,63,64 ligands. The extended lattices show the Tl
center of each “PdTl(C∧N)(CN)2” unit to be connected to
two (in compound 3) or three (in compound 4) nitrogen
atoms of CN− ligands belonging to neighboring units
generating 2-D structures. As a result, in compound 4, the
thallium centers exhibit a distorted tetrahedral environment,
while in 3 the local geometry around the thallium centers
suggests a strong stereochemical demand of the electron lone
pair,65 being similar to that observed in [PtTl(bzq)(CN)2]

25 or
in the yellow polymorph of [Tl{Pt(C4H9N4)(CN)2}].

66 The
observed Tl···N(CN) contacts [2.626(3)−2.837(11) Å] are
longer than expected for a covalent bond Tl−N67 but
comparable to those found in related derivatives containing
cyanide groups such as [Tl2Pt(CN)4] (2.80−3.04 Å),68

[Tl2Pd(CN)4] (2.85−3.06 Å),52 both the red and yellow
polymorphs of [Tl{Pt(C4H9N4)(CN)2}] (2.691(9), 2.687(7)
Å),66 and [ t rans , t rans , t rans -Tl2{Pt(C6F5)2(CN)2}-
(CH3COCH3)2]n{Tl[Tl{cis-Pt(C6F5)2(CN)2}(H2O)]}n.

36 As
can be seen in Figures 1 and 2, the CN− ligands display a
bent μ2-κC:κN bridging mode in compound 3, while in 4 either
μ2-κC:κN and μ3-κC:κN:κN bridging modes are present. As was
observed in [PtTl(C∧N)(CN)2] (C

∧N = bzq, ppy),25 the Tl−
N−C angles are close to 145° for a μ2-κC:κN coordination
mode and smaller (110°−125°) for a μ3-κC:κN:κN one.
A perspective view of the crystal structure in compound 3

(Figure 1b) reveals that between two “PdTl(bzq)(CN)2” units
of adjacent layers, there are two Tl−CN−Pd bridges to give
eight-membered cycles (black dashed line). Weak interactions
of each Tl center with the π electron density of a ring of an
adjacent benzoquinolinate group are also observed; the
Tl···π(arene) separations, ca. 3.45 Å (cyan dashed line), are
quite similar to those observed in [PtTl(bzq)(CC−C5H4N-
2)]·CH2Cl2.

25 According to this, in both crystal structures, the
thallium center exhibits three additional interactions apart from
the Pd−Tl metal−metal bond. Whereas in compound 3 the
thallium is interacting with the π electron density of a
benzoquinolinate group and two cyanides, in 4, the thallium

Table 1. Selected Bond Lengths (Å) and Angles (deg) for
Compounds 3 and 4

3a 4b

Pd−Tl 3.0210(3) 3.0425(7)
Pd−C(1) 1.951(4) 2.030(11)
Pd−C(2) 2.056(4) 2.004(10)
Pd−C(3) 2.068(8)
Pd−C(13) 2.025(4)
Pd−N(3) 2.076(3) 2.039(8)
Tl−N(1A) 2.626(3) 2.837(11)
Tl−N(2B) 2.721(4) 2.759(9)
Tl−N(2C) 2.956(9)
N(1)−C(1) 1.152(5) 1.147(15)
N(2)−C(2) 1.149(6) 1.132(13)
C(1)−Pd−C(2) 94.42(15) 88.9(4)
C(1)−Pd−C(3) 95.6(4)
C(1)−Pd−C(13) 90.26(17)
C(2)−Pd−N(3) 93.27(14) 94.5(4)
C(3)−Pd−N(3) 81.1(3)
C(13)−Pd−N(3) 82.03(15)
C(1)−Pd−Tl 94.54(11) 94.5(3)
C(2)−Pd−Tl 82.54(11) 82.7(3)
C(3)−Pd−Tl 97.3(2)
C(13)−Pd−Tl 97.66(11)
N(3)−Pd−Tl 88.08(9) 82.4(2)
N(2B)−Tl−N(1A) 102.80(11) 81.0(3)
N(2B)−Tl−Pd 96.02(8) 106.9(2)
N(1A)−Tl−Pd 92.09(7) 111.9(2)
C(1A)−N(1A)−Tl 148.0(3) 149.8(9)
C(2B)−N(2B)−Tl 142.7(3) 110.5(7)
C(2C)−N(2C)−Tl 124.4(7)
N(1)−C(1)−Pd 178.5(4) 176.2(9)
N(2)−C(2)−Pd 175.9(3) 177.7(8)

aSymmetry elements used to generate equivalent atoms for 3: A, 0.5 −
x, y, z − 0.5; B, −x, 1 − y, −1 − z; C, 0.5 + x, 1 − y, −1.5 − z; D, 1 −
x, 1 − y, −2 − z; E, 0.5 − x, y, 0.5 − z. bSymmetry elements used to
generate equivalent atoms for 4: A, 1 + x, y, z; B, −1 + x, y, z; C, −1 −
x, 0.5 + y, 0.5 − z; D, −1 − x, −0.5 − y, 0.5 − z.
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is interacting with three different cyanide ligands. Also, in both
cases the relatively long interlayer separation leads to C−C
distances between adjacent C∧N groups that are longer than 3.8
Å, indicating the absence of π−π interactions in these
complexes.
Compounds 3 and 4 crystallize in the same space groups

(Pccn, 3; P212121, 4) as the corresponding Pt/Tl derivatives,25

and therefore, as discussed above, their crystal structures are
essentially identical too. Additionally, the Pd derivatives were
prepared in the same way as the Pt ones, and the metal center
exhibits the same coordination environment (the same ligands,
coordination number, and geometry). Taking all this into
consideration, these compounds meet all criteria on which to
base the direct comparison of the relative sizes of palladium(II)
and platinum(II).69−71 For this comparison, we have focused
on the bzq derivatives [PtTl(bzq)(CN)2]

25 and [PdTl(bzq)-
(CN)2] (3) for which the bond distances have lower standard
deviations than those of the ppy complexes. So, the average
Pt−CCN distance [1.9775 Å] in [PtTl(bzq)(CN)2] is smaller
than the average Pd−CCN distance [2.0035 Å] in [PdTl(bzq)-
(CN)2]. Assuming that the covalent radius of C(sp) is the same
in both complexes and a value of r(C(sp)) = 0.60 Å, the
covalent radius of five-coordinated platinum(II) [1.3775 Å] is
found to be ca. 2% smaller than the covalent radius of five-
coordinated palladium(II) [1.4035 Å]. This result agrees well
with the elongation of the Pd−Tl bond distance (3.0210 Å, 3)
with respect to the Pt−Tl one (2.9910 Å) in [PtTl(bzq)-
(CN)2], and this is also in line with the deductions made by
Schmidbaur et al. for the gold and silver covalent radii. For
complexes 3 and 4, conductivity measurements in methanol
solutions (49.74 3; 52.40 Ω−1 cm2 mol−1 4), mass spectra (m/z
[Pd(bzq)(CN)2]

− 336, 100%, 3; [Pd(ppy)(CN)2]
− 312, 100%,

4), and 1H NMR signals are almost equal to those of the
precursors (1 and 2), which suggest the dissociation of the Pd−
Tl bimetallic unit in solution.
Photophysical Properties. The UV−vis absorption

spectra of compounds 1−4 in methanol solutions are
represented in Figure 3 and the corresponding data are
summarized in Table 2. The absorption bands observed for
(NBu4)[Pd(C

∧N)(CN)2] [C
∧N = bzq (1), ppy (2)] are similar

in profile but blue-shifted with respect to those of the
corresponding platinum compounds (Figure S1, Supporting
Information).72

Previous TD-DFT calculations on the platinum complexes
[Pt(C∧N)(CN)2]

− showed unambiguously that the lowest
energy absorption corresponds mainly to LC [π(C∧N) →
π*(C∧N)] transitions mixed with some MLCT character.57 By
analogy, in complexes 1 and 2, the lowest energy absorptions
can be tentatively assigned to the same kind of transitions. As
more extensive aromaticity in the bzq ligand with respect to
ppy lowers the π* energy level, a red shift is observed for the
lower energy LC/MLCT transition of complex 1 (C∧N = bzq)
with respect to that of 2 (C∧N = ppy).73 The partial 1MLCT
character of these low-energy transitions is consistent with their
blue shift vs the corresponding platinum complexes (NBu4)-
[Pt(C∧N)(CN)2].
As can be seen in Figure 3 and Table 2, the UV−vis spectra

of the mixed Pd/Tl complexes [PdTl(C∧N)(CN)2] (C∧N =
bzq (3), ppy (4)) exhibit identical features to their
corresponding precursors, 1 and 2. This fact is consistent
with the rupture of the Pd−Tl bonds in solution, as indicated
by other analytical data mentioned previously. Therefore, the
low-energy absorption bands in compounds 1−4 are attributed
to 1LC transitions with some 1MLCT contribution in the
anionic [Pd(C∧N)(CN)2]

− fragments. In the solid state, the
diffuse reflectance UV−vis spectra of powder samples of
complexes 1−4 appear red-shifted compared with those in

Figure 3. Normalized UV−visible absorption spectra of 1 and 3 (a) and 2 and 4 (b) in methanol (10−4 M) at 298 K.

Table 2. Absorption Data for Compounds 1−4 in 10−4 M
Solutions at 298 K

compd solvent λabs, nm (ε ×103, M−1 cm−1)

1 CH2Cl2 242 (40.5), 278 (14.9), 292 (18.1), 310sh (8.5), 347sh
(2.2), 370 (3.4), 386 (4)

MeOH 220 (39.1), 238 (39.6), 274 (12.9), 290 (16.8), 308sh
(7.3), 347sh (2.2), 370 (3.2), 384 (3.5)

MeCN 218 (41.3), 240 (40.7), 278 (15.2), 291 (17.8), 310sh
(7.9), 348sh (1.7), 368 (3.2), 384 (3.7)

2 CH2Cl2 231 (32.1), 263 (31.7), 308sh (7.4), 319 (8.7), 341
(6.6), 353sh (5.2)

MeOH 209 (29.6), 229 (37), 258 (29.4), 307sh (6.7), 318 (8.1),
340 (4.7), 349sh (3.8)

MeCN 210 (39.4), 225 (39.9), 260 (33.4), 308sh (7.7), 317
(8.9), 338 (6.9), 349sh (5.5)

3 MeOH 220 (38.2), 237 (38.6), 275sh (12.5), 291(16.1), 309sh
(6.8), 350sh (1.5), 369 (3), 384 (3.3)

4 MeOH 223 (38.8), 258 (30.7), 308sh (6.8), 318 (8.1), 345
(5.6), tail to 370
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solutions of methanol (see Figure S2, Supporting Information).
No significant differences are observed among the solid spectra
of the mixed Pd/Tl complexes with respect to those of their
corresponding precursors 1 and 2. It suggests that the Pd−Tl
bonds existing in the solid state do not have any apparent effect
in the absorption bands of these heteronuclear complexes.
Compounds 1−4 are luminescent only at 77 K both in the

solid state and in methanol (10−4 M) glassy solutions (Table 3,

Figures 4 and 5 and Figures S3−S9, Supporting Information),
which is usual in palladium complexes because of the presence
of low-lying metal-centered (MC) excited states;74 this
phenomenon occurs despite the strong field ligands (bzq,
ppy, and cyanide) existing in these complexes. The palladium
compounds 1 and 2 in the solid state and in a rigid matrix of
methanol (Figures S3 and S4, Supporting Information, and
Table 3) show a bluish structured emission (λmax ca. 470 nm)
with vibronic spacing (1370−1501 cm−1) typical of the
cyclometalated fragments (bzq or ppy) and lifetimes (6889
μs (1, bzq); 356 μs (2, ppy)) that are significantly longer than
those of their analogous platinum complexes (173 μs (bzq); 23

μs (ppy)).57,58 This emission has been attributed tentatively to
a 3IL emissive state with little if any 3MLCT contribution. The
small MLCT contribution could be supported by the rather
small solvatochromic effect observed in the glassy solution
emissions (see Table 3). Emission spectra of the Pd/Tl
compounds 3 and 4 in rigid frozen matrix of methanol (10−4

and 10−5 M, Table 3) are identical and equally structured to
those of their precursors 1 and 2 (See Figure 4 for 1 and 3)
showing similar vibronic spacings (ca. 1400 cm−1). This
indicates that in frozen diluted methanol solutions of the
heteronuclear complexes, the Pd−Tl bonds seem to be broken.
Consequently, the photoluminescence of 3 and 4 in glassy
frozen diluted solution is also attributed to the same metal-
perturbed 3IL emissive state as in their precursors 1 and 2.
Only in concentrated (10−3 M) frozen solutions the

emissions depend on the excitation wavelength (see Figures
S5 and S6, Supporting Information). Upon excitation at λ ≈
360 nm, we observe the same emissions as in diluted samples.
While, upon excitation at λ > 400 nm, a less intense new band
appears at lower energy (λ (nm) = 500, 534 (max), 3; 533
(max), 4).
In the solid state, complex [PdTl(bzq)(CN)2] (3) shows a

greenish structured band with vibronic separations of 1106−
1504 cm−1 similar to that observed in the starting compound 1
(Figure 5), yet significantly red-shifted in relation to that. The
difference between both maxima is 715 cm−1 (λmax = 496 nm in
3; λmax = 479 nm in 1). A same behavior was observed
previously for [PtTl(bzq)(CN)2] in relation to (NBu4)[Pt-
(C∧N)(CN)2] (Δ ≈ 920 cm−1),25 which was attributed to the
raised energy of the HOMO due to the presence of the Pt−Tl
bonds. Therefore, this emission is tentatively attributed to a
metal−metal′-to-ligand charge transfer, 3MM′LCT [d/s σ*-
(Pd,Tl) → π*(C∧N)], mixed with some intraligand, 3IL
[π(C∧N) → π*(C∧N)], character.
According to this, compound 3 with a Pd−Tl bond distance

of 3.0210(3) Å exhibits a red shift (Δ ≈ 715 cm−1) in relation
to its precursor, 1, smaller than that found for [PtTl(bzq)-
(CN)2] (Δ ≈ 920 cm−1), which shows a shorter Pt−Tl bond
distance (2.9910(7) Å).25 The solid-state emission of 4 also
experiences a significant bathochromic shift compared with its
precursor derivative, 2 (Table 3 and Figure S7, Supporting
Information). Therefore, solid state emission bands of the
Pd(II) → Tl(I) compounds (3 and 4) are red-shifted and their

Table 3. Emission Data for Complexes 1−4 at 77 K

compd state λexc, nm λem, nm τ, μs

1 solid (365−405) 479 max, 489, 514, 557a 6889
(479)

CH2Cl2
c 370, 385 477 max, 485 sh, 513, 553a

MeOHc 365, 385 472 max, 480 sh, 508, 546a

2 solid 370 469 max, 476 sh, 485, 493,
504, 522, 535, 546b

356
(469)

CH2Cl2
c 320−360 464, 479, 488 sh, 498, 526,

538a

MeOHc 320−360 462, 478 sh, 486 sh, 497,
523, 533a

3 solid 430 496 max, 506, 536, 579b 1441
(496)

MeOHc 350, 370, 385 472 max, 480 sh, 506, 546a

4 solid 420 508, 545 max, 585 shb 211
(508)

MeOHc 320−360 462, 486 sh, 496, 524, 534a

aTail to 650 nm. bTail to 700 nm. c10−4 M.

Figure 4. Normalized emission spectra of 1 (black) and 3 (red) in
methanol (10−4 M) at 77 K. Pictures of 1 and 3 were taken with a UV
lamp at λex= 365 nm.

Figure 5. Normalized emission spectra of 1 and 3 in solid state at 77
K. Pictures of 1 (black) and 3 (red) taken with a UV lamp at λex= 365
nm.
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lifetimes are reduced (Table 3) compared with those of their
corresponding precursors, 1 and 2.

■ CONCLUSIONS
The new compounds (NBu4)[Pd(C

∧N)(CN)2] [C∧N = bzq
(1), ppy (2)] and [PdTl(C∧N)(CN)2] (C∧N = bzq (3), ppy
(4)) have been prepared and their photophysical properties
investigated. The X-ray diffraction studies on 3 and 4 confirm
the formation of the so scarce PdII−TlI dative bonds with Pd−
Tl distances barely longer than those observed in their
analogous Pt(II)/Tl(I) compounds. These compounds gen-
erate extended networks formed by organometallic “PdTl-
(C∧N)(CN)2” units, each one containing a donor−acceptor
Pd(II)−Tl(I) bond, and are also connected through Tl···NC
contacts. Additionally, the crystal structure of 3 reveals weak
Tl···π (arene) contacts of each Tl center with the π electronic
density of the phenyl ring from an adjacent benzoquinolinate
group.

1H NMR, UV−vis and emission spectroscopy, and mass
spectrometry confirm that the Pd−Tl bond breaks down in
diluted solution either at room temperature or 77 K. It also can
be concluded that the emissive properties of 3 and 4 in glassy
solutions are clearly dominated by the electronic features of the
corresponding organometallic anion [Pd(C∧N)(CN)2]

−. How-
ever, in the solid state, emissions of 3 and 4 are altered by the
Pd−Tl interactions. Both emission bands display a marked
bathochromic shift and shorter lifetimes compared with those
of the starting complexes (1 and 2) similarly to that observed in
the analogous Pt/Tl complexes.
It is worth mentioning the significant relevance of these Pd/

Tl complexes, which display identical crystal structures and
similar photophysical behavior to those of the corresponding
Pt/Tl derivatives. This allowed us to estimate that the covalent
radius of Pd(II) is ca. 2% larger than that of Pt(II) in a five-
coordinated square pyramidal environment. Also this would
support the strategy proposed for the Pt/Tl complexes that
suggested a different approach to modify the photolumines-
cence of cyclometalated complexes by tuning the strength of
the metal−metal (M−M′) bonding.

■ EXPERIMENTAL SECTION
General Procedures and Materials. Elemental analyses were

carried out in a Perkin-Elmer 240-B microanalyzer. IR spectra were
recorded on a Perkin-Elmer 599 spectrophotometer (Nujol mulls
between polyethylene plates in the range 350−4000 cm−1). 1H NMR
spectra were recorded on Varian Unity-300 and Bruker-400
spectrometers, using tetramethylsilane (Si(CH3)4) as standard
reference. Numerical schemes for NMR purposes are depicted in
Chart 1. Coupling constant, J, is given in hertz (Hz). Mass spectral
analyses were performed with a VG AustoSpec instrument.
Conductivity measurements were performed in methanol solutions
(5 × 10−4 M) with a Philips PW 9509 conductimeter. UV−visible

spectra were obtained on a Unicam UV4 spectrophotometer. For
diffuse-reflectance UV measurements, the spectrophotometer was
equipped with a Spectralon RSA-UC-40 Labsphere integrating sphere.
Emission and excitation spectra were obtained on a Fluorolog FL-3-11
spectrofluorometer using band pathways of 2 nm for both excitation
and emission. The steady-state experiments at 77 K were performed
using the Fluorolog accessory a “Liquid-nitrogen Dewar flask FL-
1013”. The sample is placed in a quartz tube, and immersed in the
liquid-nitrogen-filled Dewar. Lifetime measurements were performed
with a Fluoromax phosphorimeter, using a nitrogen cryostat with
integrated reservoir, Oxford OptistatDN2, which is connected to a
temperature controller (Oxford ITC 503S). The lifetime data were
fitted using the Origin Pro 7 program.

KCN, K13CN, and TlPF6 were purchased from commercial sources;
[Pd(C∧N)(NCMe)2]ClO4

75 were prepared as described elsewhere.
Synthesis of (NBu4)[Pd(bzq)(CN)2] (1). KCN (223.6 mg, 3.434

mmol) was added to a stirred suspension of [Pd(bzq)(NCMe)2]ClO4
(800.7 mg, 1.717 mmol) in MeOH (60 mL). After 1 h at r.t., the
mixture was filtered through Celite, and the resulting solution was
evaporated to dryness. NBu4ClO4 (587.0 mg, 1.716 mmol) and
acetone (60 mL) were added to the residue. After stirring for 1 h, the
suspension was filtered through Celite, the solution was evaporated to
dryness, and the residue was treated with H2O (3 × 40 mL). The
remaining solid was filtered, dried (110 °C), and recrystallized from
CH2Cl2/Et2O to give pure 1 as a white solid. Yield: 959.6 mg, 97%.
Found: C, 63.90; H, 7.34; N, 9.53. Calcd (%) for C31H44N4Pd: C,
64.29; H, 7.66; N, 9.67. νmax/cm

−1 2121s, 2111s (CN). δH (300
MHz,CD3COCD3, 293 K): 9.43 (1H, dd, J2,3 = 5.1, J2,4 = 1.5, 2-H),
8.53 (1H, dd, J4,3 = 5.1, J4,2 = 1.5, 4-H), 8.27 (1H, d, J9,8 = 7.0, 9-H),
7.82 (1H, d, J5,6 = 8.6, 5-H), 7.71 (1H, d, J5,6 = 8.6, 6-H), 7.69 (1H, dd,
J3,4 = 8.1, J3,2 = 5.1, 3-H), 7.6 (1H, d, J7−8 = 7.0, 7-H), 7.45 (1H, t, J8−7
= J8−9 = 7.0, 8-H), 3.46 (8H, m, CH2, NBu4

+), 1.82 (8H, m, CH2,
NBu4

+), 1.42 (8H, m, CH2, NBu4
+), 0.95 (12H, t, 3JH−H = 7.3, CH3,

NBu4
+). m/z (FAB−) 336 ([Pd(bzq)(CN)2]

−, 100%); ΛM 37.1
Ω−1cm2 mol−1, solution 5 × 10−4 M in methanol.

(NBu4)[Pd(bzq)(
13CN)2] (1′) was prepared following the method

described for 1, but using K13CN. νmax/cm
−1 2074s, 2065s (13CN).

δC (100.6 MHz, CD2Cl2, 293 K): 144.85 (1C, d, JC−C = 7.3,
13CNtrans‑C), 131.55 (1C, d, JC−C = 7.3, 13CNtrans‑N).

Synthesis of (NBu4)[Pd(ppy)(CN)2] (2). Compound 2 was
synthesized in a similar way to 1: KCN (318.0 mg, 4.883 mmol),
[Pd(ppy)(NCMe)2]ClO4 (1080.0 mg, 2.442 mmol), NBu4ClO4 (835
mg, 2.442 mmol), yielding 2, white solid, 1061.2 mg, 78%. Found: C,
62.73; H, 7.74; N, 9.94. Calcd (%) for C29H44N4Pd: C, 62.75; H, 7.99;
N, 10.09. νmax/cm

−1 2122s, 2113s (CN). δH (300 MHz,
CD3COCD3, 293 K): 9.21 (1H, ddd, J2,3 = 5.4, J2,4 = 1.6, J2,5 = 0.7,
2-H), 8.10 (1H, m, 9-H), 7.9−7.8 (2H, m, 4-H, 5-H), 7.61 (1H, m, 6-
H), 7.29 (1H, ddd, J3,4 = 7.3, J3,2 = 5.4, J3,5 = 2.1, 3-H), 6.97−7.05 (2H,
m, 7-H, 8-H), 3.46 (8H, m, CH2, NBu4

+), 1.82 (8H, m, CH2, NBu4
+),

1.43 (8H, m, CH2, NBu4
+), 0.96 (12H, t, 3JH−H = 7.3, CH3, NBu4

+).
m/z (FAB−) 312 [Pd(ppy)(CN)2]

−; ΛM 37.05 Ω−1 cm2 mol−1,
solution 5 × 10−4 M in methanol.

(NBu4)[Pd(ppy)(
13CN)2] (2′) was prepared following the method

described for 2, but using K13CN. νmax/cm
−1 2076s, 2068s (13CN).

δC (100.6 MHz, CD2Cl2, 293 K): 145.65 (1C, d, JC−C = 8.4,
13CNtrans‑C), 133.92 (1C, d, JC−C = 8.4, 13CNtrans‑N)

Synthesis of [PdTl(bzq)(CN)2] (3). A solution of the complex
(NBu4)[Pd(bzq)(CN)2] (422.8 mg, 0.73 mmol) in methanol (20 mL)
is treated with TlPF6 (245.0 mg, 0.701 mmol). After stirring at rt for 2
h, the resulting suspension was evaporated to dryness. Addition of
CH2Cl2 (20 mL) to the residue rendered a pale yellow solid, which
was filtered off and dried to give 3 (0.3314 g, 87%). Found: C, 33.07;
H, 1.45; N, 7.71. Calcd for C15H8N3PdTl: C, 33.29; H, 1.49; N, 7.76.
νmax/cm

−1 2132s, 2112s (CN); δH (400 MHz, CD3OD, 293 K):
9.21 (1H, dd, J2,3 = 5.6, J2,4 = 1.2, 2-H), 8.47 (1H, dd, J4,3 = 8.2, J4,2 =
1.2, 4-H), 8.05 (1H, dd, J9,8 = 7.0, J9,7 = 0.6, 9-H), 7.80 (1H, d, J5,6 =
8.8, 5-H), 7.66 (1H, d, J5,6 = 8.8, 6-H), 7.62 (1H, dd, J3,4 = 8.2, J3,2 5.6,
3-H), 7.61 (1H, dd, J7,8 = 7.6, J7,9 = 0.6, 7-H), 7.46 (1H, dd, J8,7 = 7.8,
J8,9 = 7.0, 8-H); m/z (FAB−) 336 ([Pd(bzq)(CN)2]

−, 100%); ΛM
49.74 Ω−1 cm2 mol−1, solution 5 × 10−4 M in methanol.

Chart 1
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Synthesis of [PdTl(ppy)(CN)2] (4) was performed following the
method described for 3 with (NBu4)[Pd(ppy)(CN)2] (200.0 mg,
0.387 mmol) and TlPF6 (119.0 mg, 0.341 mmol), yielding 4, pale
yellow solid, 153.1 mg, 87%. Found: C, 30.06; H, 1.61; N, 8.15. Calcd
for C13H8N3PdTl: C, 30.20; H, 1.56; N, 8.12. νmax/cm

−1 2118s, 2107s
(CN). δH (400 MHz, CD3OD, 293 K): 8.97 (1H, d, J2,3 = 5.6, 2-H),
7.85−7.97 (3H, m, 4-H, 5-H, 9-H), 7.62 (1H, m, 6-H), 7.26 (1H, ddd,
J3,4 = 7.6, J3,2 = 5.6, J3,5 = 1.6, 3-H), 7.05−7.10 (2H, m, 7-H, 8-H). m/z
(FAB−) 312 ([Pd(ppy)(CN)2]

−, 100%). ΛM 52.40 Ω−1 cm2 mol−1,
solution 5 × 10−4 M in methanol.
X-ray Structure Determinations. Single crystals of 3 and 4 were

obtained by slow diffusion of methanol into a saturated dichloro-
methane solution. The crystal data, data collection parameters, and
structure solution and refinement details for the crystal structures
determined are summarized in Table S1, Supporting Information.
Crystals were mounted at the end of quartz fibres. The radiation used
in all cases was graphite monochromated Mo Kα (λ = 0.71073 Å). X-
ray intensity data were collected on an Oxford Diffraction Xcalibur
diffractometer. The diffraction frames were integrated and corrected
from absorption by using the CrysAlis RED program.76

The structures were solved by Patterson and Fourier methods and
refined by full-matrix least-squares on F2 with SHELXL-97.77 All non-
hydrogen atoms were assigned anisotropic displacement parameters
and refined without positional constraints. All hydrogen atoms were
constrained to idealized geometries and assigned isotropic displace-
ment parameters equal to 1.2 times the Uiso values of their attached
parent atoms. Full-matrix least-squares refinement of these models
against F2 converged to final residual indices given in Table S1,
Supporting Information.
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