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stretching band near 330 cm~! of the planar form is
weakened as the conversion proceeds. However, the
spectra near 250 cm~* are not as useful as the spectra
near 330 cm™!, since both forms absorb in the region
270-230 ecm~!, The same is true for the spectra in the
200-150-cm ™! region since the appearance of ligand vi-
bration complicates the spectra.

It should be noted that the purity of the tetrahedral
form is rather difficult to determine from its visual color
(green) and uv spectra, because the preserice of a small
amount of the planar form in the tetrahedral form does
not cause marked changes in these physical properties.
In this respect, a study of the far-infrared spectra in the
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340-820-cm ™1 region is highly significant as discussed
above.,

The spectra of the two forms are also different in the
region above 400 cm™!. For example, the tetrahedral
Ni(P(CeH;):C:H;):Br, exhibits two bands at 479
(stronger) and 461 (weaker) cm™!, whereas its planar
isomer absorbs at 489 and 478 cm~! with almost the
same intensity. Since these vibrations originate in the
phosphine ligand, spectral differences between two
forms are characteristic of the phosphine ligand in-
volved. Thus, it is not possible to discuss the spectra
systematically for a series of complexes containing dif-
ferent phosphines.
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cis-Dichlorobis(triphenylphosphine)platinum(II) reacts with hydrazine and 5-phenyl-, 5-bromo-, or 5-chlorotetrazole to

form trans-Pt(H)(tetrazolato)(P(CsHs)s)a.
tetrazolato complexes are presemnt.

tetrazoles to form complexes of the type cis-(P(CeHs)s):M(tetrazolato ).
ladium complex seems to indicate the presence of four isomers in solution.

Proton nmr of solutions of these hydrides show that both the N;- and Ny-bonded
The zerovalent complexes M(P(CsH;)z)s (M = Pd, Pt) react with some 5-substituted

The proton nmr of the 5-methyltetrazolatopal-
Semiempirical one-electron molecular orbital

calculations on model compounds indicate that the N;- and Ne-bonded tetrazoles are energetically equivalent and support

the conclusions derived from the nmr data.

Introduction

Zerovalent palladium and platinum complexes un-
dergo a wide variety of oxidative addition reactions.?—®
With acids they yield hydrides; with olefins and acety-
lenes, olefin and acetylene complexes; with vinyl ha-
lides, vinyl complexes; with «-haloacetylenes, acetylide
compléxes; with B-haloacetylenes, allene complexes;
and with halocarbons, halide complexes.

5-Substituted tetrazoles exist in two tautomeric

forms (I and II) and behave as weak acids.? Thus,
’f >r
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5-halotetrazoles could potentially react with zerovalent
palladium and platinum complexes by oxidative addi-
tion to form hydrido complexes (with either Ni- or Np-
bonded tetrazole or both). They could also possibly
abstract halides to form halide or tetrazole halide com-
plexes with Nj-, Ny, or C-bonded tetrazole; further-
more, they could possibly react to form ¢-bonded tetra-
zolato or 7-bonded tetrazole complexes.

The reactions of 5-chloro-, 5-bromo-, 5-methyl-,
5-phenyl-, and 5-cyclopropyltetrazole with tetrakis-
(triphenylphosphine)platinum(0), tetrakis(triphenyl-
phosphine)palladium(0), cis-dichlorobis(triphenylphos-
phine)platinum(II), and {rans-dichlorobis(triphenyl-
phosphine)palladium(II) wers studied. It was also
hoped that this study would give information about
which nitrogen(s) in the tetrazole ring acts as the donor
atom(s) in the tetrazole complexes.®

Experimental Section

I. Reagents and Physical Measurements.—The tetrazoles
were prepared in the Chemistry Division, Naval Weapons Center,
China Lake, Calif. Tetrakis(triphenylphosphine)platinum(0),1
tetrakis(triphenylphosphine)palladium{(0),!* . cis-dichlorobis(tri-
phenylphosphine)palladium(11),1? and ¢rans-dichlorobis(triphe-
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nylphosphine)palladium(II)!8 were prepared according to liter-
ature procedures. All solvents were freed from water by
standard procedures and stored over Linde 3A molecular sieves
for at least 2 days prior to use. Infrared spectra were recorded
on a Beckman IR-8 infrared spectrometer as KBr pellets and
were calibrated with known frequency bands of polystyrene.
Proton nmr spectra were obtained on the Varian Associates
Model A-60 and HA-60-IL spectrometers in deuteriochloro-
form with tetramethylsilane as internal standard. Melting
points or decomposition points were determined in air and are
uncorrected. Elemental analyses were performed by Galbraith
Laboratories, Knoxville, Tenn.

II. Preparation of the Complexes. (A) cis-Pt(P(CeHs)s)2(5-
phenyltetrazolato)..—A solution containing 82 mg (5.5 X 10~¢
mol) of 5-phenyltetrazole in 3 ml of methanol was added to a
solution of 166 mg (1.3 X 107% mol) of tetrakis(triphenylphos-
phine)platinum(0) in 25 ml of benzene. The originally yellow
solution, which became colorless upon addition of the tetrazole,
was flushed with nitrogen, stoppered, and stirred for 4 weeks at
room temperature. The product was filtered, washed with 95%,
ethanol and 3 ml of benzene, and air dried; yield 143 mg (32%);
colorless microcrystals; dec pt 275°. Amnal. Caled for CsoHoo-
NgP;Pt: C, 59.46; H, 3.99; N, 11.09; P, 6.13. Found: C,
59.15; H, 4.23; N, 11.12; P, 6.23.

Similarly, 5-cyclopropyltetrazole and tetrakis(triphenylphos-
phine)platinum(0) were allowed to react but no platinum-
tetrazole complex was found after a period of 4 weeks.

(B) cis-Pt(P(CeHjs)s)2(5-cyclopropyltetrazolato);.—To a slurry
of 150 mg (1.9 X 107* mol) of cis-dichlorobis(triphenylphos-
phine)platinum(II) in 10 ml of absolute ethanol was added
anhydrous (97%,) hydrazine until the solution turned yellow and
nearly all the platinum complex had dissolved. The solution
was immediately filtered and an excess of 5-cyclopropyltetrazole
was added to the filtrate. It was then heated to reflux for 5
min and allowed to cool to room temperature. The now nearly
colorless solution was flushed with nitrogen, stoppered, and
stirred magnetically for 6 hr. The precipitate, which formed
upon reducing the solution to half-volume by aspiration at room
temperature, was filtered, washed with 3 ml of 959, ethanol and
10 ml of ether, and dried under vacuum over P,Oy at room tem-
perature; yield 40 mg (249%); colorless microcrystals; dec pt

153°. Anal. Caled for CuH.ﬂ)NstPt: C, 56.35; H, 4.30, N,
11.95; P, 6.61. Found: C, 56.13; H, 4.49; N, 11.71; P,
6.57.

(C) trans-(P(CeH;)s). Pt(H)(5-substituted tetrazolato).—

Similarly, using 150 mg of ¢is-ClyPt(P(CsHs)s)2 the following were -

prepared: (1) #rans-(P(CeHs)s),Pt(H)(5-phenyltetrazolato); yield
87 mg (53%); colorless microcrystals; dec pt 189-190°. Anal.
Calcd for anHaquPth: C, 59.65, H, 4.19; N, 6.47, P, 7.15.

Found: C, 59.14; H, 4.37; N, 6.59; P, 7.24. (2) trans-
(P(CsHs):).Pt(H) (5-chlorotetrazolato); yield 98 mg (62.3%);
colorless microcrystals; dec pt 213-219°. Amal. Caled for

CyHaN,P,CIPt: C, 53.92; H, 3.79; N, 6.80; Cl,4.30. Found:
C, 53.99; H, 3.71; N, 6.73; Cl, 4.46. (3) irans-(P(CsHs)s)z-
Pt(H)(5-bromotetrazolato); yield 96 mg (589%); colorless
microcrystals; dec pt 208-213°. Amal. Caled for CyHag-
N.P,BrPt: C, 51.16; H, 3.60; N, 6.45; Br, 9.20. Found:
C, 51.386; H, 3.60; N, 6.42; Br, 9.37.

(D) cis-Pd(P(CeHs)s)2(5-phenyltetrazolato), and cis-Pd(P-
(CeHs)s)2(5-cyclopropyltetrazolato);.—An excess of the tetrazole
was added to the reddish solution of 300 mg (2.51 X 10~¢ mol)
of tetrakis(triphenylphosphine)palladium(0) in 20 ml of a 1:1
mixture of methanol-dichloromethane. As the tetrazole was
added, the solution became very faintly yellow-green. The
solution volume was reduced to approximately 5 ml by aspiration
at room temperature, flushed with nitrogen, stoppered, and
stirred for 2 days at room temperature. The resultant colorless
precipitate was filtered, washed with 5 ml of methanol, and re-
crystallized from dichloromethane-methanol: (1) c¢is-Pd(P-
(CsHs)s)2(5-phenyltetrazolato),; yield 206 mg (869%,); colorless

(13) J. Chatt and F. G, Mann, J. Chem. Soc., 1622 (1039).
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microcrystals; dec pt 151-153°. Anal. Caled for CyHy-
Ns:P;Pd: C, 65.19; H, 4.38; N, 12.16; P, 6.72. Found: C,
65.02; H, 4.42; N, 12.09; P, 6.81. (2) cts-Pd(P(CsHs)s)s(5-
cyclopropyltetrazolato)s; yield 118 mg (64.5%); colorless micro-
crystals; dec pt 147-148°, Anal. Caled for CuHeoNgP.Pd:
C, 62.23; H, 4.75; N, 13.20; P, 7.29. Found: C, 61.98; H,
4.73; N, 13.03; P, 7.16.

(E) c¢is-Pd(P(C4H;)s)2(5-chlorotetrazolato); and cis-Pd(P-
(C¢H5)3)2(5-methyltetrazolato),.—These two complexes were
prepared from tetrakis(triphenylphosphine)palladium(0) pre-
pared iz situ by the following method.

trans-Pd (P(CsHj;)s)2Cls, a 3 molar excess of triphenylphosphine,
and a 3 molar excess of the tetrazole were suspended in 20 ml of a
6:1 molar ratio of absolute ethanol-anhydrous benzene and an
excess of solid sodium borohydride was added slowly with stirring.
Immediate effervescence occurred and the solution gradually
changed color from lemon yellow to very faint yellow. The flask
was stoppered after effervescence ceased and the stirring was
continued for 12 hr. The solution was concentrated to half-
volume by aspiration at room temperature and 10 ml of anhydrous
ether was added. The product was filtered, washed with ether,
and extracted with dichloromethane. The extract was con-
centrated, ether was added to incipient precipitation, and the
product was filtered and recrystallized from dichloromethane—
ether by aspiration at room temperature: (1) ¢is-Pd(P(CgHs)s)e-
(5-methyltetrazolato),; colorless microcrystals; 559% yield;
dec pt 229-233°. Amnal. Caled for CyHyuNsP.Pd: C, 60.27;
H, 4.55; N, 14.08; P, 7.77. Found: C, 59.60; H, 4.58; N,
14.48; P, 8.48. Molecular weight: caled, 797.13; found, 852
(osmometric in CHClL;). (2) ¢is-Pd(P(CsHs)s)2(5-chlorotetrazo-

lato)y; colorless crystals; 629 yield; dec pt 241-244°. Anal.
Caled for CiHapoNsP:Pd: C, 54.47; H, 3.61; N, 13.37; Cl,
8.46. Found: C, 53.86; H, 3.48; N, 12.98; Cl,9.06. Molec-

ular weight: caled, 837.96; found, 901 (osmometric in CHCl;).

Caution! This same general procedure was attempted with 5-
bromotetrazole, but upon the addition of the tetrazole to rans-
CLPd(P(CsHs)s)2 and triphenylphosphine in benzene-ethanol or
in benzene alone, a vigorous spontaneous reaction occurred with
the evolution of heat and pungent white fumes and the whole
mass seemed to burn without a visible flame.

Both ¢is-CLLPt(P(CeHs)s)e and trans-CLLPA(P(CsH;)): were
treated with all the tetrazoles in dichloromethane-ethanol for
periods of up to 4 weeks with no apparent reaction. The
tetrazoles and ¢is-CLLPt(P(CeHs)s): or trans-PdClL(P(CeHs)s):
were isolated unchanged from the reaction solutions.

Molecular Orbital Calculations.—Semiempirical one-electron
molecular orbital calculations were performed by a previously
described method.14~% The complete results of these calcula-
tions will be reported elsewhere.V?

Results and Discussion
(a) Monotetrazolatohydride Complexes.—5-Chloro-,
5-bromo-, and 5-phenyltetrazole react with cis-Cl,Pt-
(P(CsHj)s)2 and hydrazine to yield colorless complexes
of the type irans-Pt(P(Ce¢Hs)s).(H)(tetrazolato) con-
taining both N;- and Nj-bonded tetrazoles (IIT and IV).

R P(CeHy)s NG R P(CH,);
= = \
| N—Pt—H | N—Pi—H
=N ! N=N
P(CeHy)s P(CeHs)s
m v

, The geometry of the complexes was established from
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TABLE I
INFRARED AND NUCLEAR MAGNETIC RESONANCE DATA
Complex® vPt-H, cm ™! Spi-H, cm 1 Tphenyl TPt-H Jpt-H, Hz Jp-H, Hz TOH;
A 2222, 2212 881, 845 2.55 25.62,26.13 964 13.2
B 2220, 2212 845, 840 2.55 25.62,26.43 ~916 12.5
(o] 2253, 2223 882, 850 2.56 25.66, 26.38 . 10.2 -
D 2.56 7.88,8.12,8.17,8.49

® A, trans-Pt(P(CsHs)s)2(H ) (5-phenyltetrazolato); B, trans-Pt(P(CsHs )s)o(H ) (5-bromotetrazolato); C, trans-Pt(P(CoHs)s )2 (H ) (5-chloro-

tetrazolatp); D, cis-Pt(P(CaHs)s)z(5—met}'1y1tetrazolato)z.

the proton nmr spectra’®=% (Table I). A representative
spectrum is shown in Figure 1. The hydride spectra of
the 5-phenyl- and 5-bromotetrazolato complexes possess
a doublet of triplets (**Pt satellite) to the low-field side
of the central doublet of triplets with relative intensities
of 1:4. The high-field satellite is obscured by the
2-kHz modulation side band (see Figure 1). Owing to
the limited solubility the !%*Pt satellites were not ob-
served for the 5-chlorotetrazolato complex. The mag-
nitudes of Jpi_g and Je_g are in accord with those ob-
served for other platinum hydrides.

— |~ 55 Hz

A MR

— b e
L ; L ),
[} 5 10 15 20 25 30

T (opm)

Figure 1.—HA-60-IL nmr spectrum of trans-Pt(P(CeH:)s)(H)-
(5-phenyltetrazolato) in CDCls at 30° with TMS internal stan-
dard: 7 2.7 (CeHj), 10 (TMS), 18.03 (1%Pt—H (platinum satel-
lite)), 25.87 (Pt-H); 2-kHz modulation side band >30.

If these solutions consisted of only one of the two
possible isomers III and IV, then the hydride nmr pat-
tern would be expected to appear as nine lines. Cou-
pling with the 339, natural abundance of %Pt (I = 1/,)
would give rise to an apparent triplet of relative inten-
sities 1:4:1 with Jpiem = 1000 Hz.18-% These would
be further split by the two equivalent cis %P atoms into
a triplet of triplets with Jp_x = 10-20 Hz 18-

If, on the other hand, both isomers were present in
solution as in frans-(H)(SCN)Pt(P(CyHs)s):®:20 and
trans-(H) (NO,) Pt(P(C.Hj)s),, 8% this spectrum would
be replicated with only slightly different chemical
shifts to give rise to an 18-line spectrum. Thus, the ex-
istence of both isomers in solution is indicated by the
presence of upfield and downfield multiplets of five
lines with relative intensities of 4:1.

The hydride nmr pattern for these complexes is very
similar to that found for the complex trans-Pt(H)(SCN)-

(18) J. Chatt and B, L. Shaw, J. Chem, Soc., 5075 (1962).
(19) P. W. Atkins, J. C. Green, and M. L, H. Green, ibid., A, 2275 (1968).
(20) J. Powell and B, L. Shaw, ¢bid., 3879 (1965).

(P(CHj3)3)» which exists as a 1:3 mixture of the thio-
cyanato-isothiocyanato complex in solution.? The
relative intensities of the hydride resonances for the
tetrazolato complexes show that the ratio of N;-bonded
to Ns-bonded complexes is approximately 1:1. As
expected the r values for the N;-bonded and Ns-bonded
complexes are very similar. The equimolar ratio of
Ni- to Ney-bonded tetrazole suggests that the ligational
abilities of these two nitrogen donors are essentially
equivalent. Molecular orbital calculations” performed
on the two isomers show that they have the same total
energy and the same total overlap population. The
two isomers should then theoretically be energetically
equivalent. Furthermore, the calculated charge den-
sities on the two hydridic hydrogens are very nearly the
same with the N,-bonded isomer possessing a slightly
more hydridic hydrogen. The Léwdin hydridic hydro-
gen charge densities are as follows: N;bonded, —0.326;
N, bonded, —0.322. The chemical shifts of the two hy-
dridic hydrogens are thus predicted to be very similar
in line with the experimental data. The calculated
charge densities suggest that the more upfield resonance
is due to the Nj-bonded isomer and the overlapping
downfield resonance is due to the N;-bonded isomer.

The infrared spectra of these complexes (Table I)
show two medium-intensity bands in the 2212-2253-
cm~! range attributable to vyp,u and two weak bands in
the 845-882-cm™! range attributable to §py_g.'8''® The
appearance of two distinct bands for yps_m and 8pe_n
in KBr supports the nmr data and suggests that both
N;- and Ns-bonded complexes are present in the solid
state as well as in solution.

(b) Bis-Tetrazolato Complexes.—5-Cyclopropyl-
tetrazole, on the other hand, reacted with cis-Cl,Pt-
(P(CsHj)s)2 and hydrazine to yield cis-(P(CsHs)s)sPt(5-
cyclopropyltetrazolato),. This is similar to the reac-
tions of the zerovalent complexes M (P(CeHs)s)s (M =
Pd, Pt) which solely form complexes of the type M(P-
(CesHs)s)2(5-substituted tetrazolato),.

Beck, et al.,?! have prepared the trans complexes
tmnS-Pd(P(CﬁHa)g)g(5-R—tetrazolato)2 (R = CHs or
CeH;) from the reaction of #rans-Pd(P(CsHs)s)2(Ns):
with acetonitrile or benzonitrile, respectively, Their
trans 5-CHj complex is dark yellow and decomposes at
205°; our cis complex is colorless and decomposes at
229-233°. Their trans 5-C¢H; complex is colorless and
decomposes at 238°; our cis complex is colorless and de-
composes at 151-153°. Their complexes are mono-
meric and possess low dipole moments in benzene; ours

(21) W. Beck, W. P, Fehlhammer, H. Bock, and M. Bauder, Chem. Ber.,
102,, 3637 (1969).



PLATINUM— AND PALLADIUM-TETRAZOLE COMPLEXES

are monomeric in chloroform. All the M(P(C¢Hj)s)o-
(tetrazolato), complexes reported herein are colorless
and soluble in nonpolar solvents such as CH,Cl,, CHCl,,
and benzene and insoluble in polar solvents such as
ethanol, methanol, and water. Thus, the cis configura-
tion is assigned to these complexes.?

The infrared spectra possess bands due to triphenyl-
phosphine and to the tetrazole with the notable absence
of any N-H stretching or bending frequencies. These
complexes all have very similar spectra in the 1250-950-
cm~! region which is characteristic of the tetrazolate
anion. The proton nmr spectra possess resonances due
to triphenylphosphine and the 5 substituent (phenyl,
methyl, or cyclopropyl) with the relative intensities
supporting the analytical results. The spectra are de-
void of any high-field resonances demonstrating the ab-
sence of any hydride species.

The methyl resonance for the complex c¢zs-(P(CeHs)s),-
Pd(5-methyltetrazolato), (Table 1) appears as four dis-
tinct resonances with relative intensities of 2:2:1:1
from low to high field. Molecular models show that
N:-bonded tetrazoleis free to rotate about the palladium-
nitrogen bond, whereas Ni-bonded tetrazole is sterically
hindered. The sterically most favored geometry has
the tetrazole ring tilted with respect to the Pd-P-P
plane resulting in four possible isomers for the cis com-
plex. These are Nj-bonded (CH; up), Nj-bonded
(CHj; up) ; Ni-bonded (CHj; up), Ni-bonded (CH, down);
N;-bonded, N,-bonded; and N,-bonded, Nj;-bonded
tetrazole. The observation of four distinct resonances
for the methyl group in this complex suggests the possi-
ble presence of all four isomers in solution.?® The cis
isomer is recovered from this solution by addition of
methanol.

The donor nitrogen atoms in the tetrazolate anion

(22) G. Booth, Advan. Inorg, Chem. Radiockem., 8, 1 (1964).

(23) A referee notes that hindered rotation about palladium-nitrogen
bonds and similar ‘‘up—down” jsomerism has been observed in a-picoline deriv-
atives of palladium complexes: J. W. Faller, M. J, Mattina, and M. E,
Thomsen, Abstracts, 5th Middle Atlantic Regional Meeting of the American
Chemical Socjety, University of Delaware, Newark, Del., 1970, p 49.
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again are both N; and N, as for the hydride species
above. Since the calculations show that the isomers are
energetically equivalent, the 5-substituted tetrazoles
may possibly behave as fluxional ligands? with the tet-
razole undergoing a slow (on the nmr time scale) re-
arrangement at room temperature. Work is in prog-
ress to test this hypothesis.

(c) Mechanisms.—The final product in the hydra-
zine reduction of ¢is-Cl,Pt(P(CsHs)s), is trans-Pt(H)-
CI(P(CeHs)s).22% It undergoes metathetical reactions
with anionic donors that are better ligands than chlo-
ride ;8= many of the known platinum—phosphine-hy-
dride complexes have been prepared by this method.
This suggests that the reactive species in the hydrazine
reduction reactions is trans-Pt(H)CI(P(CsHs)s)e.

The reactions of the zerovalent complexes with the
tetrazoles are in contrast to those which these complexes
undergo with strong acids®? (HX) and weak acids?
(imides) where in both cases hydrides are formed.
Since tetrazoles are intermediate in acid strength,? hy-
dride complexes would also be expected from their re-
actions. It is likely that all the reactions of M(P-
(C5H5)3)4 involve either M(P(C5H5)3)a or M(P(CsH5)3)2,
both of which are formed in solution by dissociation.® ¥
The fact that the tetrazole-hydride complexes were
prepared in the presence of excess tetrazole seems to
suggest that no hydride intermediate is present in the
reactions of M(P(C¢H;)s)s with tetrazoles. Thus, the
mechanism of oxidative addition of the tetrazoles may
differ from the mechanism of oxidative addition of either
HX? or imides.*
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