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The [243] cycloaddition reaction (which is greatly ac-
celerated by microwave irradiation) of the bis(azido)plati-
num(Il) compound cis-[Pt(N3),(PPhj),] (1) with 4-cyanobenz-
aldehyde (2) furnishes the N?N2?-bonded isomer of bis[5-(4-
formylphenyl)tetrazol-2-ate] platinum(Il) trans-[Pt{N,CCgH,-
(4-CH=0)},(PPhj3),] (3a) as the major product, along with the
N'N2-bonded isomer 3b. Treatment of 3a with 2-dimethyl-
aminoethylamine (4), in refluxing methanol, gives the corre-
sponding N2NZ2-bonded bis[(E)-5-(4-{|2-(dimethylamino)-
ethylimino]methyl}phenyl)tetrazol-2-ate] platinum(Il) com-
plex trans-[Pt{N,CCgH,(4-CH=NCH,CH,;NMe,)},(PPhj3),] (6)
in good yield. An alternative route involves the reaction of 4-
cyanobenzaldehyde (2) with diamine 4 to give the E iso-
mer of 4-{[2-(dimethylamino)ethylimino]methyl}benzonitrile
N=CC¢H,(4-CH=NCH,CH,NMe,) (5), followed by the reac-
tion of the latter with bis(azido)platinum(II) complex 1 to af-
ford 6 in similar yield. The reaction of 6 with MCl, (M = Pd,
Ni, Zn, Cu), at room temperature for 3 h regenerates complex

3a as a result of the Schiff base hydrolysis, along with the
diamine complex [MCIL,(NH,CH,CH,NMe,)] (7). Treatment
of 6 with ZnCl, for 36 h affords a mixture of 3a with its substi-
tution products [Pt{HN,CCgH,(4-CH=0)}(NH,CH,CH,-
NMe,)(PPh3)]Cl, (9; isolated in the tetrazole form) and cis-
[PtCl,(PPhs),] (10) and diamine complex 7 (M = Zn). The
[2+3] cycloaddition reactions of cis-[Pt(N3),(PPh3),] (1) with
unsubstituted dicyanobenzenes 11 [1,2-CzH,(CN), (11a), 1,3-
CgH4(CN), (11b), 1,4-C¢H4(CN), (11c)] occur regioselectively
and give the corresponding N2N2-bonded bis[5-(cyano-
phenyl)tetrazol-2-ate] trans-[Pt(N4,CCgHy4R),(PPhj);] com-
plexes 12 (R = 2-CN 12a, 3-CN 12b, 4-CN 12c). The isolated
compounds were characterized by IR, 'H NMR, *C NMR
and 3'P{'H} NMR (metal complexes) spectroscopy, elemental
analyses, ESI-MS and X-ray structural analyses (for 3a,
5-HCI, 7, 9 and 12a).

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

Introduction

Tetrazoles have found a wide range of applications in
areas as diverse as coordination chemistry, medicinal chem-
istry and materials science.' ¥ They can be obtained by
[2+3] cycloaddition of an organonitrile with an azide, but
only a few activated nitriles are known to undergo this reac-
tion in an intermolecular fashion.’) When the azide and
the nitrile moieties are in the same molecule, the rate of
cycloaddition can be greatly enhanced and polycyclic fused
tetrazoles can be synthesized by intramolecular [2+3] cyclo-
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addition.[®! The cycloaddition can also be promoted by
using fluorous tin or a trimethylsilyl azide,[’! a strong Lewis
acid® or a strong acidic media.”’} Sharpless et al.l'” im-
proved the synthetic method by using a zinc salt as the
Lewis acid and by performing the reaction in aqueous me-
dium. Amantini et al.l''! efficiently synthesized tetrazoles
by reaction of trimethylsilyl azide with a nitrile by using
tetrabutylammonium fluoride as the catalyst. The use of
nanocrystalline ZnO as an heterogeneous catalyst!'?! and
microwave irradiation!'¥] to shorten the reaction time has
also been reported. Phthalonitrile and terephthalonitrile re-
act with azides in the presence of a metal chloride as cata-
lyst to give monotetrazoles.['¥ The formation of substituted
tetrazoles can be achieved by using a transition-metal-coor-
dinated azide and free organonitriles!' or isonitriles.'® For
example, we recently reported!!”!8! that the diazido com-
plexes cis-[Pt(N3)>(L),] [L = PPh; or 1,3,5-triaza-7-phos-
phaadamantane (PTA)] can be applied as starting materials
for the synthesis of 5-substituted tetrazoles upon [2+3] cy-
cloadditions with NCR to give the bis(tetrazolato) com-
plexes trans-[Pt(N4CR),(L),] from which the tetrazoles can
be liberated.
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The current work aims to extend the [2+3] cycloaddition
of an azide with a nitrile to an easy synthesis of function-
alized tetrazolato—Pt complexes in which the tetrazolato li-
gand bears another functional group capable of undergoing
further reactions of synthetic significance. For such a pur-
pose, we have selected the formyl group, a derived ami-
no(imino)-Schiff base and the cyano group as the other
functional motifs. Hence, we have applied the diazido com-
plex cis-[Pt(N3),(PPhs),] as the source of the metallaazide
and the following functionalized organonitriles as sources
of further functional moieties: 4-cyanobenzaldehyde
N=CC4H4(4-CH=0) for the formylphenyltetrazolato-Pt
products and an amino Schiff base derivative, and dicya-
nobenzenes CsH4(C=N), for the cyanophenyltetrazolato—
Pt compounds. These reactions are now reported, together
with some side results.

Results and Discussions

Reactions of cis-[Pt(N3),(PPhs),] (1) with 4-Cyanobenzal-
dehyde (2)

Treatment of the diazidoplatinum(II) complex cis-[Pt-
(N3),(PPhj3),] (1) with 4-cyanobenzaldehyde (2) in refluxing
DMF for 12h furnishes the N°N?-bonded bis[5-(4-for-
mylphenyl)tetrazol-2-ato]platinum(Il)  complex  trans-
[Pt{N,CCcH4(4-CH=0)},(PPhs),] (3a) as the major prod-
uct, isolated as a white crystalline solid in moderate yield
(ca. 55%; Scheme 1). The reaction can be greatly ac-
celerated under microwave irradiation (1 h, 100 °C, 300 W),
leading to the same product in comparable yield. Formyl-
phenyltetrazolate complex 3a is formed by [2+3] cycload-
dition of 4-cyanobenzaldehyde (2) with the ligated azide. A
cis-to-trans isomerization also occurred upon heating, indi-
cating that the trans isomer of the bis(formylphenyltetra-
zole) product is thermodynamically more favourable than
the cis one. Related thermal isomerizations of cis-
[PtCI,(RCN),] into trans-[PtCl,(RCN),] have been reported
previously.l'1 A trans-azido to cis-tetrazolato conversion is
known?% for a palladium(Il) centre. Apart from N°N>-
bonded bistetrazolate complex 3a, the described reaction
leads also to the formation of a smaller amount (ca. 11%)
of N'N°-bonded isomer 3b (Scheme 1). The two isomeric
products 3a and 3b are detected by TLC on silica gel (spots
with different R, values), and they were separated by col-
umn chromatography on silica gel and isolated as a white
solid (for 3a) and an oily product (for 3b, see the Experi-
mental Section).

Complexes 3a and 3b were characterized by elemental
analyses, IR, '"H NMR, 3C{'H} NMR and *'P{'"H} NMR
spectroscopy and X-ray crystal structural analysis (for 3a).
Their IR spectra display a band at 1611 cm™! (for 3a) and
1627 cm™! (for 3b) due to the tetrazolato ring,[!'”-!8 quite
distinct from the typical azide band at 2055 cm™ in 1. The
triphenylphosphane ligands are detected by their character-
istic bands at 1436 and 695 cm !. No band that could be
assigned to N-H stretching or bending was observed, indi-
cating the anionic nature of the tetrazolato ligand. The CO
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Scheme 1. N°N?-Bonded isomer 3a is the major product.

group of the formyl moiety is detected at ca. 1700 cm ..
The 3'P{'H} NMR spectra of 3a and 3b exhibit a singlet
with platinum satellites at 6 = 16.6 (Jp,p = 2686 Hz) and
17.0 (Jpp = 2650 Hz) ppm, respectively. These coupling
values clearly show the trans configuration of the phos-
phanes.[17:18.21]

Contrary to the alkyl tetrazolato complexes obtained
from an alkyl nitrile, which show several 3'P{'H} NMR
resonances of different isomers,[!’ the sole singlet reso-
nance of complex 3a indicates the existence of only the N>-
coordination for each formylphenyltetrazolato ligand
(Scheme 2, left), which was also confirmed by X-ray diffrac-
tion analysis (see below). This type of N-coordination cor-
responds to the minimal steric congestion of both bulky
tetrazolato rings.
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Scheme 2.

Two different molecular structures were obtained for the
complex trans-[Pt{N4,CCsH44-CH=0)},(PPhs),] (3a and
3a’; Table 1, Figure 1), which differ in the fact that the latter
includes a disordered reagent molecule in a void (see Exper-
imental Section). Interestingly, such a fact has almost no
significant consequences in distances, angles or packing.
The Pt environment in these complexes is square-planar
with trans-positioned N? coordinated tetrazolato ligands.
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Each tetrazolato cycle lay in a plane that forms a small
angle of 6.63 (3a) or 8.29° (3a’) with the attached for-
mylphenyl group, thus indicating an extended m-electron
conjugation consistent with the thermodynamic stability of
the compound. Moreover, the plane that contains one of
the phosphane phenyls (C21-C26 phenyl in 3a or C11-C16
phenyl in 3a’) and that of the tetrazolate ring make an angle
of 27.31 (3a) or 26.84° (3a’) and mutually interact through
their m-electronic clouds (centroid—centroid distances of
3.593 A, in both cases). All bond lengths and angles are
within the values described for related compounds.!'7¢-17d-18]

C15/

C15

Figure 1. Molecular structure of 3a with atomic numbering scheme.
Thermal ellipsoids are drawn at 30% probability. Symmetry opera-
tion to generate equivalent atoms: 1 —x, 2 -y, —z. Selected bond
lengths [A] and angles [°]: PtI-N11 2.003(3), Pt1-P1 2.3336(11);
P1-Pt1-NI11 91.47(11), P1-PtI-N11‘ 88.53(11).

The 'H and '*C NMR spectra of complex 3b show chem-
ical shift values (Ad = 0.08) that are close to those of N>N>-
bonded isomer 3a, whereas the 3'P{'H} NMR singlet of 3b
(at 0.4 ppm lower field than that of 3a) indicates also the
existence of a single but different isomer. We believe this
concerns the N'N?-coordination mode (Scheme 2, right) on
account of similar results we recently reported in the case
of the reaction of the diazidoplatinum(II) complex with 2-
cyanopyridine, giving the N/ N? isomer of the bis(pyridylte-
trazolate) complex.['81 Unfortunately, all our attempts to
obtain crystals of 3b suitable for X-ray structural analysis
failed.

In an attempt to introduce further coordination sites into
trans-[Pt{N4CCsH4(4-CH=0)},(PPhjs),] (3a), it was treated
with 2-dimethylaminoethylamine [H,NCH,CH,NMe, (4),
2 equiv.] in refluxing methanol for 4 h to give the corre-
sponding Schiff base derivative N>N?-bonded bis[(E)-5-(4-
{[2-(dimethylamino)ethylimino]methyl} phenyl)tetrazol-2-
ato]platinum(Il)  complex  trans-[Pt{N4CCsH,4(4-CH=
NCH,CH,NMe,)},(PPhs),] (6) in good yield (ca. 78%;
Scheme 3, reaction 1). New compound 6 was characterized
by elemental analysis and IR, 'H NMR, 3C{'H} NMR
and 3'P{'H} NMR spectroscopy. The IR spectrum does
not show the typical C=0 band and displays a new strong
band at 1642 cm™! of the formed imine C=N group. In the
'H NMR spectrum, the CH=N is detected at J = 8.29 ppm;
the 3C NMR resonances at = 161.5 and 163.5 ppm con-
firm the presence of the imino and tetrazolato moieties,
respectively. The 3'P{'H} NMR spectrum exhibits a singlet
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at 0 = 16.5 ppm with Pt satellites that have a characteristic
J value (Jpep = 2710 Hz) for a trans configuration of the
phosphanes.l!7-18-211
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Scheme 3.

An alternative route to obtain complex 6 involves the
reverse order of reactions as follows. Firstly, starting 4-cya-
nobenzaldehyde (2) reacts with 2-dimethylaminoethylamine
(4) in refluxing methanol for 4 h to give exclusively the £
isomer of the condensation product 4-{[2-(dimethylamino)-
ethylimino]Jmethyl} benzonitrile (5) in good yield (ca. 77 %;
Scheme 3, reaction 2). Secondly, 5 is allowed to react with
the diazidoplatinum(Il) complex cis-[Pt(N3)>(PPhs),] (1)
under focused microwave irradiation (1 h, 100 °C, 300 W)
to afford final complex 6 in moderate yield (ca. 52%;
Scheme 3, reaction 3).

Iminobenzonitrile compound 5 was characterized by MS
(ESI) and IR, '"H NMR and '*C{'H} NMR spectroscopy
and, in the protonated amine form (5-HCI), by single-crys-
tal X-ray diffraction. In the IR spectrum, v(N=C) appears
at a wave number (2229 cm™!) that is identical to that ob-
served (2230 cm™') for starting nitrile 2, whereas the detec-
tion of a new band at 1646 cm™! assigned to v(C=N) con-
firms the formation of the imine group. In the 'H NMR
spectrum, the CH=N resonance is detected at 0 = 8.24 ppm.
In the *C{'H} NMR spectrum, the C=N and N=C carbon
atoms are observed at 6 = 159.6 and 118.1 ppm, respec-
tively.

The single-crystal X-ray diffraction analysis of the prod-
uct of the slow recrystallization of 5 from chloroform (see
Supporting Information) indicated the formation of the
protonated amine salt N=CCgH4(4-CH=NCH>-
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CH,NHMe,)*Cl- (5-HCl, where HCl was conceivably
formed upon decomposition of chloroform) and confirmed
the E configuration. The cyano and the imine bond lengths
[1.131(3) and 1.257(3) A, respectively] together with their
NCC and CNC angles [178.2(3) and 118.27(19)°, respec-
tively] are in accord with the known average values.[>?!

It is worthy to indicate that the reaction of 4-cyanobenz-
aldehyde (2) with 2-dimethylaminoethylamine (4) in re-
fluxing methanol for an extended period (16 h instead of
the 4 h required for the formation of pure E isomer 5), pro-
ceeds further to give a mixture of the £ and Z isomers of
5. The 'H and *C{'H} NMR spectra of the E/Z mixture
show two sets of signals with close chemical shift values (Ao
= (.07 and 0.8, respectively). The reaction of 2 with 4 using
dichloromethane instead of methanol under the same ex-
perimental conditions led to the formation of 5 in a very
poor yield, along with a number of uncharacterized prod-
ucts.

The use of a coordination compound bearing a ligand
with a potentially available coordinating site is a known
strategy to generate mixed-metal complexes.[>3] We have
tested bis(dimethylaminoethyliminotetrazolate) complex 6
containing two N-N chelating groups, whereas MCl, (M =
Pd, Ni, Zn, Cu) were taken as second metal sources. A
dichloromethane solution of complex 6 was treated drop-
wise with a methanolic solution of MCl,, at room tempera-
ture for 3 h, to afford a colourless (M = Zn) or a clear blue
(M = Cu) solution from which, however, only the bis[5-(4-
formylphenyl)tetrazol-2-ate] complex 3a could be isolated,
formed by metal-promoted hydrolysis of the two imino
groups of 6 (Scheme 3, reaction 4). The same product was
obtained in the case of the reaction of 6 with PdCl, or
NiCl, in acetone at room temperature for 3 h. In all cases
the formation of 3a was confirmed by IR, 'H NMR,
BC{'H} NMR and 3'P{'"H} NMR spectroscopy. The use
of another anion in the metal source, for example, copper
nitrate instead of CuCl,, also gives hydrolysis product 3a.
Hydrolysis of Schiff bases is frequently encountered in the

//\ NMe,
N

N = N =
LN L
PhsP, N—\  ZnCl, PhiP, N~y
t ——
h
N/,N\N Ypph, 6,360 N\ ppp,
=N =N
6 3a
Me,N == Vi
2 N o
Scheme 4.
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synthesis of their complexes and sometimes is used for the
formation of new compounds.?! Hence, our observations
may be useful in this field.

The metal (M) assisted hydrolysis of 6, leading to 3a,
also affords [MCIl,(NH,CH,CH,NMe,)] (7; Scheme 3, re-
action 4), as proved by the identical 'H and '*C{'H} NMR
signals of the crude product of the reaction of 6 with ZnCl,
with those observed for [ZnCl,(NH,CH,CH,NMe,)] (7)
prepared separately by reaction of 2-dimethylaminoethyl-
amine NH,CH,CH,NMe, (4) with ZnCl, in MeOH (see
Experimental Section). The structure of 7 was confirmed
by X-ray diffraction analysis (see Supporting Information).

The reaction of 6 with ZnCl, for an extended period of
time (36 h instead of 3 h) proceeds further to give the sub-
stitution products [Pt{HN4CCzH4(4-CH=0)}(NH,CH,-
CH,NMe,)(PPh3)]Cl, (9) and cis-[PtCly(PPhs),] (10;
Scheme 4), probably formed by ligand metathesis (cross-ex-
change) of the bis(tetrazolato)-Pt"" complex 3a with the
dichlorodiamino—Zn"" compound 7. Moreover, in the for-
mation of 9, protonation of the ligated tetrazolate has also
occurred to yield the corresponding neutral tetrazole li-
gand.

The 3'P{'H} NMR spectrum of the reaction mixture
shows resonances at d = 16.6, 17.0 and 14.2 ppm, with rela-
tive intensities of 1:0.7:0.2, for 3a, 9 and 10, correspond-
ingly. The formulation of 10 as the knownP cis-
[PtCl,(PPhs),] was unambiguously established by X-ray
structural analysis and by the identical 3'P{'H} NMR spec-
trum to that of a sample of this compound which was pre-
pared separately by reaction of K,PtCl,; with PPhs.

Crystallographic analysis of compound 9 indicates that
its asymmetric unit consists of one Pt'! complex cation, two
chloride anions and three molecules of water (Figure 2),
with the metal centre in a square planar environment. The
tetrazole ligand bears the H atom at the N13 nitrogen. On
account of the chelating diamine, its N-Pt-N angle of
83.6(2)° is smaller than the ideal value. Moreover, the Pt—
N bond lengths involving this ligand [2.036(5) and

N/

Ph;P, ,1\\1§N’NH Ph;P, CI HzN/_\NMCz
+ B + R ;Zn/\
HN' NMe, Ph;p* I c’ a
9 10 7
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2.141(5) A] are longer than that involving the tetrazole
[2.005(6) A], as expected. The other bond lengths and
angles are in the common range for such a type of com-
plex.”2l An intramolecular © interaction was found in the
structure of 9 that involves the tetrazolate and the C21-
C26 phosphane ring; the distance between these planes is
of 3.73 A (centroid—centroid) with an interplanar angle of
16.93°.

Figure 2. Molecular structure of 9-3H,O (top) with atomic number-
ing scheme (ellipsoids are drawn at 30% probability) and hydrogen-
bonding interactions (bottom). Selected bond lengths [A] and
angles [°]: Pt1-P1 2.2558(15), Pt1-N2 2.036(5), Pt1-N3 2.141(5),
Pt1-N11 2.005(6), N2-C11 1.486(8), N3-C12 1.509(9), N2-Pt1—
N11 173.2(2), P1-Pt1-N3 177.16(17), P1-Pt1-N2 95.44(15), N2—
Pt1-N3 83.6(2), N3-Pt1-N11 91.8(2). Intermolecular hydrogen
bonds (dotted lines), D-H-+A [d(D-A), A: ~(DHA), °]: Ol-
H1A--O3 [2.774(10), 140.00], O1-H1B--CI2 [2.880(9), 154.00],
O2-H2A--N12/ [3.029(10), 178.00], O2-H2B--Cl1 [3.180(7),
162.00], N2-H2C--CI2 [3.142(7), 150.00], N2-H2D---CI2/
[3.032(7), 142.00], O3-H3A--N1 [3.092(8), 161.00], O3-H3B---02
[2.836(9), 165.00]. Symmetry codes to generate equivalent atoms: i:
“l+x,pzi:2-—x1-y -z

The molecules of 9 are organized into dimers by N-
H---Cl hydrogen-bonding interactions (Figure 2); the N2
amine hydrogen atoms from two adjacent molecules of 9
are directed towards two CI2 chloride anions; the H:--Cl
distances for these interactions (H2C--Cl2 2.31 and
H2D--CI2 2.25 A) are well below the van der Waal’s radii
sum (2.95 A). These dimers are interconnected by means of
a bridging tetranuclear (H,O);Cl water chloride cluster,
which is hydrogen bonded to the dangling CI2 anion, from

Eur. J. Inorg. Chem. 2009, 5541-5549
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one side, and to the tetrazole N12 nitrogen from a vicinal
dimer, therefore forming a 2D network. These sheets
broaden to a third dimension by means of weak C-H-nt
interactions: the hydrogen atoms, H25, at the 3-positions of
phosphane phenyls from one sheet are aimed at the -
clouds of the phosphane C31-C36 rings from an adjacent
sheet (H--centroid distance of 3.27A with a C25-
H25---centroid angle of 152.48°); additionally, the H32 at
the 2-positions of phosphane phenyls interact with the =n-
clouds of the formylphenyl rings (C2—-C7) (H-+-centroid dis-
tance of 2.90 A with a C32-H32--centroid angle of
142.85°).

Within the water—chloride cluster in 9 the O-+-O and
0-+Cl distances (average 2.805 and 3.067 A, respectively)
are similar to those found in water (2.85 A) and lie in the
range found in other water clusters?® or hybrid water chlo-
ride assemblies.[>”]

Reactions of cis-[Pt(N3),(PPhs),] (1) with Dicyanobenzenes
11

In the second part of this work, we studied the reactions
of the diazidoplatinum(II) complex cis-[Pt(N3),(PPh;),] (1)
with an excess amount of unsubstituted dicyanobenzenes
11 [1,2-CgH4(CN), 11a, 1,3-C4H4(CN), 11b, 1,4-CcHy-
(CN), 11¢] in refluxing DMF for 12 h or under microwave
irradiation (1 h, 100 °C, 300 W), affording, by [2+3] cyclo-
addition of the ligated azide with one cyano group in 11,
the corresponding N°N°-bonded bis[5-(cyanophenyl)tet-
razol-2-ate] trans-[Pt(N4CCsH4R),(PPhs),] complexes 12 (R
= 2-CN 12a, 3-CN 12b, 4-CN 12c¢), isolated as white crys-
talline solids in moderate to good yields (ca. 50-82%;
Scheme 5). However, the reaction of 1 with 11a in a 1:1
ratio leads to reduction of the platinum centre and no prod-
uct of cycloaddition was detected.

=\
i
NF
Phe, N Vs
3 ", & 3 . | AN _ DMF, reflux, 12 h Ph3P:,,,’, \\“N\N/
—_N— /™
v x = N Tor MW, 100°C, 11 Pl
PhsP ? ’ ' N7 Vpph,
Vi 3
1 N \
11a: 2-CN =N
11b: 3-CN
11c: 4-CN g 2 2N
= 12b: 3-CN
\\\ / 12¢: 4-CN

Scheme 5.

However, the reactions of diazido complex 1 with substi-
tuted phthalonitriles R'R?R3R*C¢(CN),-1,2 such as 4-ni-
trophthalonitrile (R?> = NO,, R! = R? = R* = H), tetrachlo-
rophthalonitrile (R! = R? = R3 = R* = Cl) or malononitrile
CH,(CN), under focused microwave irradiation (1 h,
100 °C, 300 W) afford a number of uncharacterized prod-
ucts along with species of degradation.
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New complexes 12 were characterized by elemental
analysis and IR, '"H NMR, 3C{'H} NMR and 3'P{'H}
NMR spectroscopy and also by X-ray structural analysis
for compound 12a. The IR spectra show the typical C=N
band at ca. 2230 cm™! and display a new strong band within
the 1615-1670 cm ™! range due to the tetrazole ring.'”! No
band assigned to N—H stretching or bending was observed,
in contrast with those due to the triphenylphosphane li-
gands at ca. 1436 and 696 cm™!, which are also shown by
the starting complex 1. In the '"H NMR spectra, the aro-
matic protons are detected in the & = 7.14-7.67 ppm range
and the '3C NMR resonances at ca. d = 118 and 162 ppm
confirm the presence of the cyano and the tetrazolato moie-
ties, respectively. The 3'P{'H} NMR spectra exhibit a sing-
let at 6 = 16.3-16.9 ppm with platinum satellites, whose Jp p
values (2674-2683 Hz) show the trans configuration of the
phosphanes,!'7-'8211 and the singlet resonance indicates the
existence of only one type of coordination for each (cy-
anophenyl)tetrazolato ligand. The crystal structure analysis
(Figure 3) of 12a shows that the platinum atom is in an
inversion centre and lies in a slightly distorted N,P, square-
planar environment with the tetrazolate ligands with the
most sterically favourable N’N?-coordination type.l!7-!®]
These ligands are almost planar; indeed, the interplanar an-
gle between the substituted phenyl ring and the adjacent
tetrazolate ring is of 8.80°, whereas the angle between the
N4C, rings is as small as 0.43°. Bond lengths and angles
around the platinum atom are identical to those of com-
pound 3a and to other related complexes.!'”]

Figure 3. Thermal ellipsoid view of 12a with atomic numbering
scheme. Thermal ellipsoids are drawn at 30% probability. Sym-
metry transformations used to generate the equivalent atoms i:
-x, -y, —z. Selected bond lengths [A] and angles [°]: PtI-NI11
2.018(3), Pt1-P1 2.3403(10), N11-Pt1-N11’ 180.0, N11-Pt1-Pl’
92.30(9), N11-Pt1-P1 87.70(9), P1 —Pt1-P1? 180.0.

The structure of 12a is also stabilized by intramolecular
n—7 stacking interactions between the planes of the Cl1-
C16 phenyl and the tetrazolate rings (centroid—centroid dis-
tance of 3.625 A), as well as by an intermolecular edge-to-
face C13-H13---n (C31-C36 ring) interaction (H---centroid
distance of 3.455 A) with a C13-H13-centroid angle of
128.17°.
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Conclusions

This study has achieved the easy synthesis of function-
alized tetrazolato ligands that are derived upon [2+3] cyclo-
addition of a ligated azide with a suitable functionalized
organonitrile. Hence, the cycloaddition reaction between a
Pt'-bound azide and 4-cyanobenzaldehyde provides a con-
venient route to the formylphenyltetrazolato ligand, which,
bearing a formyl moiety, is an expected handy tool towards
further introduction of a Schiff base character in the com-
plex. However, the Schiff base undergoes hydrolysis upon
further reaction with the metal salts studied. This hydrolysis
is fast in comparison with the formation of products of sub-
stitution of the tetrazolato ligands. Moreover, the cycload-
dition reaction of a Pt-bound azide and an unsubstituted
dicyanobenzene affords the ligated cyanophenyltetrazolato.

Both the azide ligands of the starting diazido Pt com-
plex underwent [2+3] cycloaddition with the nitriles, and
thus, bis(functionalized tetrazolato)-Pt'! complexes were al-
ways obtained. Although the sterically favourable N°N?-
bonded isomer was the exclusive product in the case of the
coupling with a dicyanobenzene, the less favourable and un-
common N’N?-bonded isomer was also formed, as a minor
product, from the coupling with 4-cyanobenzaldehyde. The
extension of the study to the synthesis of other function-
alized tetrazolato complexes is currently under consider-
ation in our laboratory.

Experimental Section

Material and Instrumentation: Solvents and reagents were obtained
from commercial sources (Aldrich) and used as received. For TLC,
Merck Silica gel 60F,s, plates were used. C, H and N elemental
analyses were carried out by the Microanalytical Service of the In-
stituto Superior Técnico. 'H and '3C spectra (in CDCls, [Dy]-
MeOD or [Dg]DMSO) were measured with Bruker Avance I 300
and 400 MHz (UltraShield™ Magnet) spectrometers at ambient
temperature. 'H, 3C and 3'P chemical shifts (J) are expressed in
ppm relative to Si(Me), (‘H and '3C) or 85% H;PO, (*'P). Infrared
spectra  (4000-400 cm™') were recorded with a Bio-Rad FTS
3000MX instrument in KBr pellets. Electrospray mass spectra were
carried out with an ion-trap instrument (Varian 500-MS LC Ion
Trap Mass Spectrometer) equipped with an electrospray (ESI) ion
source. The solutions in methanol were continuously introduced
into the mass spectrometer source with a syringe pump at a flow
rate of 10 uLmin!'. The drying gas temperature was maintained at
350 °C and dinitrogen was used as nebulizer gas at a pressure of
35 psi. Scanning was performed from m/z = 50 to 1500. The micro-
wave irradiation experiments were undertaken in a focused micro-
wave CEM Discover reactor (10 mL, 13 mm diameter, 300 W),
which is fitted with a rotational system and an IR detector of tem-
perature.

Reaction of cis-|Pt(N3),(PPhs),] (1) with 4-Cyanobenzaldehyde (2)

Method A: A solution of 1 (200 mg, 0.249 mmol) in DMF (4 mL)
was added at room temperature to 4-cyanobenzaldehyde (2;
326 mg, 2.49 mmol), and the mixture was heated at reflux for 12 h
whereupon the solvent was removed in vacuo. The crude residue
was purified by column chromatography on silica (CH,Cl,/Et,0,
10:1 for N’ N?-bonded isomer 3b; CH,CL,/Et,0, 5:1 for the N°N--
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bonded isomer 3a), followed by evaporation of the solvent in vacuo
to give the final oily product 3b or white solid 3a.

Method B: Under these conditions, identical amounts of the rea-
gents described above were added to a cylindrical Pyrex tube, which
was then placed in the focused microwave reactor. The system was
left under irradiation for 1 h at 100 °C. After evaporation of the
solvent in vacuo to dryness, the crude residue was purified as indi-
cated above.

Crystals of 3a suitable for X-ray analysis were obtained by slow
evaporation of a chloroform solution, whereas crystals of 3a’ were
formed upon slow evaporation of a diethyl ether suspension.

trans-[Pt{N,CC¢H 44-CH=0)},(PPhs),] (N'V?-Bonded Isomer 3b):
Yield: 29.18 mg, 11% (method A); 26.53 mg, 10% (method B). IR:
¥ = 1699 (C=0), 1627 (C=N) cm'. '"H NMR (CDCl,): 6 = 7.25-
7.83 (m, 38 H, CHyromatic)» 9-99 (s, 2 H, CH=0) ppm. BC{'H}
NMR (CDCly): 6 = 126.6-135.8 (Curomatic)s 163.2 (C=N), 191.9
(C=0) ppm. *'P{!H} NMR (CDCl;): § = 17.0 (Jp.p = 2650 Hz)
ppm. Cs,H4oNgO-P-Pt (1065.95): calcd. C 58.59, H 3.78, N 10.51;
found C 58.17, H 3.98, N 10.27.

trans-[Pt{N,CCcH(4-CH=0)},(PPhs),] (N*N?-Bonded Isomer 3a):
Yield: 145.89 mg, 55% (method A); 148.55 mg, 56% (method B).
IR: ¥ = 1701 (C=0), 1611 (C=N) cm'. '"H NMR (CDCl;): § =
7.23-7.82 (m, 38 H, CH,omatic)» 9-99 (s, 2 H, CH=0) ppm.
BC{H} NMR (CDCl3): § = 126.5-136.0 (Caromatic)s 163.1 (C=N),
191.9 (C=0) ppm. *'P{'H} NMR (CDCl3): 6 = 16.6 (Jpp =
2686 Hz) ppm. Cs;Hy4oNgO,P,Pt (1065.95): caled. C 58.59, H 3.78,
N 10.51; found C 58.13, H 3.96, N 10.16.

Reaction of trans-|Pt{N,CCsH4(4-CH=0)},(PPh3),] (3a) with 2-Di-
methylaminoethylamine (4): To a solution of 3a (40.0 mg,
0.037 mmol) in MeOH (10 mL) was added 2-dimethylaminoethyl-
amine (4; 7.3 mg, 0.083 mmol). The resulting mixture was heated
at reflux for 4 h, and the progress of the reaction was monitored
by TLC. The solution is then dried in vacuo, and the crude residue
was purified by column chromatography on silica (CH,Cl,/Et,O,
10:1) followed by evaporation of the solvent in vacuo to give final
white solid 6.

trans-[Pt{N,CC¢H,(4-CH=NCH,CH,NMe,)},(PPhs),] (6): Yield:
3531 mg, 78%. IR: ¥ = 1613 and 1642 (C=N) cm . '"H NMR
(CDCly): 6 = 2.32 (s, 12 H, CH3), 2.66 (t, Juu = 6.8 Hz, 4 H,
CH,CH,), 3.75 (t, Juu = 6.8 Hz, 4 H, CH,CH,), 7.18-7.65 (m, 38
H, CH omatic)> 8:29 (s, 2 H, CH=N) ppm. BC{'H} NMR (CDCls):
0 = 45.8 (CHj;), 59.8 (CH,), 60.1 (CH,), 126.3-135.9 (Cqromatic)»
161.5 (CH=N), 163.5 (C=N) ppm. *'P{'H} NMR (CDCl;): § =
16.5 (Jpp = 2710 Hz) ppm. CgoHgoN;,PoPt (1206.22): caled. C
59.74, H 5.01, N 13.93; found C 59.55, H 5.09, N 13.59.

Reaction of 4-Cyanobenzaldehyde (2) with 2-Dimethylaminoethyl-
amine (4): To a solution of 4-cyanobenzaldehyde (2; 200 mg,
1.524 mmol) in MeOH (25 mL) was added 2-dimethylaminoethyl-
amine (4; 161 mg, 1.828 mmol). The solution was heated at reflux
for 4 h, and the progress of the reaction was monitored by TLC.
The solution was then dried in vacuo, and the crude residue was
purified by column chromatography on silica (CH,Cl,) followed by
evaporation of the solvent in vacuo to give final oily yellow Schiff
base product 5. Recrystallization from CDCl; afforded crystals of
5-HCI suitable for X-ray analysis.

N=CCsH(4-CH=NCH,CH,NMe,) (5): Yield: 236.37 mg, 77%.
IR: ¥ = 2229 (C=N), 1646 (C=N) em'. '"H NMR (CDCLy): 6 =
2.19 (s, 6 H, CH), 2.56 (1, Jypr = 6.6 Hz, 2 H, CH,CH.,), 3.67 (t,
Jun = 6.6Hz, 2 H, CH,CH,), 7.57 (d, Jyy = 7.8Hz, 2 H,
CHyomatic), 7.73 (d, Jyy = 7.8 Hz, 2 H, CHyromatio), 8.24 (s, 1 H,
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CH=N) ppm. BC{'H} NMR (CDCls): § = 45.4 (CH3), 59.3 (CH,),
59.4 (CH,), 113.4 (C4, N=CPh), 118.1 (C=N), 128.2 (CHomatic),
131.9 (CHgromatic)> 139.6 (Cq, N=CPh), 159.6 (C=N) ppm. MS
(ESI): m/z =202 [M + H]".

Reaction of cis-[Pt(N;),(PPhs),] (1) with 4-{|2-(Dimethylamino)-
ethylimino|methyl}benzonitrile (5): A solution of 1 (20 mg,
0.025 mmol) in DMF (4 mL) was added at room temperature to 5
(50 mg, 0.249 mmol), and the mixture was added to a cylindrical
Pyrex tube, which was then placed in the focused microwave reac-
tor. The system was left under irradiation for 1 h at 100 °C. After
evaporation of the solvent in vacuo to dryness, the crude residue
was purified as indicated in method A to give white complex 6 in
moderate yield (ca. 16 mg, 52%).

Reaction of trans-[Pt{N,CC4H44-CH=NCH,CH,NMe,)},(PPhs),]
(6) with MCl, (M = Pd, Ni, Zn, Cu): A solution of complex 6
(20 mg, 0.016 mmol) in CH,Cl, (4 mL) was treated dropwise with
a solution of ZnCl, or CuCl, (0.033 mmol) in methanol (4 mL),
whilst stirring at room temperature, to afford a colourless (in the
case of ZnCl,) or a clear blue (in the case of CuCl,) solution. In
the case of PdCl, or NiCl, (0.033 mmol), acetone was used as sol-
vent, giving a yellow (in the case of PdCl,) or pink (in the case of
NiCl,) solution. The complete hydrolysis of complex 6 to give 3a
and [MCI(NH,CH,CH,;NMe,)] (7) was observed after 3 h. The
reaction of 6 with ZnCl, for an extended period of time (36 h in-
stead of 3h) proceeded further to give [Pt{HN,CCsH,(4-
CH=0)}(NH,CH,CH,;NMe,)(PPh;)]|Cl, (9) and cis-[PtCl,(PPhj),]
(10). Crystals of 9 and 10 suitable for X-ray analyses were obtained
by slow evaporation of the reaction mixture.

Reaction of 2-Dimethylaminoethylamine (4) with ZnCl,: ZnCl,
(155mg, 1.134 mmol) was added to a solution of 4 (100 mg,
1.134 mmol) in MeOH (20 mL). The resulting mixture was stirred
at room temperature for 3 h. The colourless solution was then dried
in vacuo, washed with diethyl ether (3 X 10 mL) and dried in air to
give 7 as a white solid. Crystals of 7 suitable for X-ray analysis
were obtained by slow evaporation of the reaction mixture.

[ZnCl,(NH,CH,CH,NMe,)| (7): Yield: 224.62 mg, 88%. IR: ¥ =
3329 and 3276 (NH), 2977 (CH) cm™!. 'H NMR ([D4]MeOD): § =
2.55 (s, 6 H, CH3), 2.68 (t, Jupu = 5.4 Hz, 2 H, CH,CH,), 2.96 (t,
Jun = 54 Hz, 2 H, CH,CH,) ppm. 3C{'H} NMR ([D,JMcOD):
0 = 38.9 (CH,), 47.7 (CHs;), 61.4 (CH,) ppm. MS (ESI): m/z = 187
M - CII*.

Reactions of cis-[Pt(IN3),(PPhs),] (1) with Dicyanobenzenes (11): A
solution of 1 (50 mg, 0.062 mmol) in DMF (4 mL) was added at
room temperature to 1,2-dicyanobenzene (11a), 1,3-dicyanoben-
zene (11b) or 1,4-dicyanobenzene (11¢; 80 mg, 0.622 mmol), and
the mixture was added to a cylindrical Pyrex tube, which was then
placed in the focused microwave reactor. The system was left under
irradiation for 1h at 100 °C. After evaporation of the solvent in
vacuo to dryness, the crude residue was purified by column
chromatography on silica (CH,CL/Et,0, 1:1) followed by evapora-
tion of the solvent in vacuo to give final white products 12a, 12b
or 12¢, respectively. Crystals of 12a suitable for X-ray analysis were
obtained by slow evaporation of a chloroform solution.
trans-|Pt{N,CCgH42-C=N)},(PPhs),] (12a): Yield: 32.97 mg,
50%. IR: ¥ = 2226 (C=N), 1636 (C=N) cm'. 'H NMR (CDCls):
6 =7.14-7.60 (m, 38 H, CH,;omaiic) ppm. PC{'H} NMR (CDCl;):
0 = 109.7 (Cq, N=CPh), 118.2 (C=N), 126.8-135.3 (Ciromatic)s
161.6 (C=N) ppm. *'P{'H} NMR (CDCl;): § = 16.3 (Jp,p =
2674 Hz) ppm. Cs;H3gN (PPt (1059.95): caled. C 58.92, H 3.61,
N 13.21; found C 58.66, H 3.49, N 13.16.

trans-[P{N,CC¢H4(3-C=N)}1,(PPhs),] (12b): Yield: 41.54 mg,
63%. IR: ¥ = 2233 (C=N), 1670 (C=N) cm™'. 'H NMR (CDCl,):
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Table 1. Crystal data and structure refinement details for complexes 3a, 3a’, 5-HCI, 7, 9:3H,O and 12a.

3a 3a’ 5-HCl 7 9:3H,0 12a
Emplncal formula C52H40N802P2Pt C52H40N802P2Pt C12H16N3'Cl C4H12C12szl'l C30H33N60PPt‘3(H20)'2C1 C52H38N10P2Pt
Formula weight 1065.95 1065.95 237.73 224.43 844.62 1059.95
Temperature [K] 150(2) 296(2) 150(2) 292(2) 150(2) 150(2)
Crystal system triclinic triclinic triclinic monoclinic triclinic orthorhombic
Space group P1 (No. 2) P1 (No. 2) P1 (No. 2) P2,/n (No. 14)  P1 (No. 2) Pbca (No. 61)
a[A] 9.9373(3) 9.5137(13) 6.956(3) 10.7714(3) 9.8281(5) 15.8541(16)
b [A] 10.3579(4) 10.7238(14) 9.365(4) 12.1596(3) 10.0043(5) 14.3050(14)
c[A] 12.0254(4) 14.129(2) 9.952(4) 14.3987(4) 17.3931(9) 19.2963(19)
a[°] 64.734(2) 70.299(8) 95.27(2) 90 90.8220(10) 90
L1 86.929(2) 81.526(7) 97.09(2) 105.1390(10) 90.317(2) 90
v [°] 78.0670(10) 78.190(7) 96.41(3) 90 105.8040(10) 90
V [A3] 1094.33(7) 1323.6(3) 635.6(4) 1820.43(8) 1645.25(14) 4376.3(8)
V4 1 1 2 8 2 4
Peated. [gem ] 1.617 1.337 1.242 1.638 1.705 1.609
1 (Mo-K,) [mm ] 3.332 2.755 0.278 3212 4.520 3.330
Rfls. collected 9658 12711 5318 49806 11446 28585
Rfls. unique 3996 4818 2309 8346 6003 5430
Rin. 0.0317 0.0342 0.0318 0.0385 0.0229 0.0439

Final R, wR, (I=2c)

Ry, wR; (all data)
GOF on F?

0.0306, 0.0717
0.0315, 0.0725
1.049

0.0243, 0.0548
0.0242, 0.0548
1.035

0.0370, 0.0896
0.0507, 0.1014
1.036

0.0401, 0.1015
0.0840, 0.1203
1.014

0.0384, 0.0925
0.0481, 0.0983
1.077

0.0277, 0.0614
0.0602, 0.0776
0.843

[a] Ry = X|[Fo| — [FVZIFol; wRy = {Z[W(F,* — F&)VEW(FS) 1>

9 =7.24-7.81 (m, 38 H, CH,romatic) ppm. *C{'H} NMR (CDCl,):
§ = 112.3 (Cq N=CPh), 118.6 (C=N), 126.9-134.1 (Cromatic):
162.3 (C=N) ppm. *'P{!H} NMR (CDCly): 6 = 16.9 (Jpp =
2683 Hz) ppm. CsHigN oPoPt (1059.95): caled. C 58.92, H 3.61,
N 13.21; found C 58.42, H 3.59, N 13.44.

trans-[Pt{N,CCgH,(4-C=N)},(PPhs),] (12¢): Yield: 54.07 mg, 82%.
IR: ¥ = 2229 (C=N), 1615 (C=N) ecm'. '"H NMR (CDCly): 6 =
7.22-7.67 (m, 38 H, CH,romatic) ppm. C{'H} NMR (CDCls): § =
111.7 (Cq, N=CPh), 118.8 (C=N), 126.4-134.5 (Cyromaic)s 162.6
(C=N) ppm. 3'P{'H} NMR (CDCls): § = 16.6 (Jp.p = 2675 Hz).
Cs5oHagN oP5Pt (1059.95): caled. C 58.92, H 3.61, N 13.21; found
C 58.73, H 3.77, N 13.24.

Supporting Information (see footnote on the first page of this arti-
cle): Molecular structures of compounds 7 and 5-HCI with bond
angles and distances; H-bond geometry in 5+HCI.

Crystal Structure Determinations: Single crystals of 3a, 3a’, 5-HCl,
7, 9:3H,0 and 12a were obtained as indicated above. Intensity data
were collected by using a Bruker AXS-KAPPA APEX II dif-
fractometer with graphite monochromated Mo-K,, (4 0.71073) radi-
ation. Data were collected by using omega scans of 0.5° per frame
and full sphere of data were obtained. Cell parameters were re-
trieved by using Bruker SMART software and refined by using
Bruker SAINTP® on all the observed reflections. Absorption cor-
rections were applied by using SADABS.I?®! Structures were solved
by direct methods by using the SHELXS-97 package®? and re-
fined with SHELXL-97.13% Calculations were performed by using
the WinGX System-—Version 1.80.03.31 All hydrogen atoms were
inserted in calculated positions. Least-square refinements with an-
isotropic thermal motion parameters for all non-hydrogen atoms
and isotropic for the remaining atoms were employed. For 3a’,
PLATON/SQUEEZEP? was used to correct the data. Potential
volume of 239.5 A3 was found and 68.5 electrons per unit cell worth
of scattering were located in a void. The electron count suggests
the presence of ca. one cyanobenzaldehyde molecule per unit cell.
Table 1 contains the crystallographic parameters for the described
crystals. CCDC-733510 (for 3a), -733511 (for 3a’), -733512 (for
5-HCl), -733513 (for 7), -733514 (for 9-:3H,0) and -733515 (for 12a)
contain the supplementary crystallographic data for this paper.
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These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_requ-
est/cif.
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