Spectrochimica Acta, Vol. 48A, No. 4 pp. 597 - 604, 1992 0584-8539/92 $5.00 + 0.00
Printed in Great Britain © 1992 Pergamon Press plc

Ligand isotope studies of Zeise's salt derivatives (and their CO analogues)
with some aza-heterocycles and their N-oxides. II :
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Abstract - Forty-one n-acid complexes of the type cis-[Pt(bipyO,H)(A)X;]X and trans-[PtL(A)X;] (A = C,H,, CO;
X = Cl, Br; L = pyridazine {pdz}, pyrazine N-oxide {pzO}, quinoline {quin}, quinoline N-oxide {quinO}, 2,2
bipyridine {bipy}, 1,10-phenanthroline {phen}) and their deuterated L and C,D, analogues have been characterised
employing infrared and 'H nmr spectroscopy. The employment of v, (CH; scissors ~1460 cm!) of v2-ethene as a
diagnostic probe in distinguishing between 4- and S-coordination is proposed, while the summed percentage decrease
of vy+vs (vC=C/SCH,) may be used to distinguish between N- and O-coordination. The use of chemical shifts *H
nmr spectroscopy) is confirmed as a suitable means to distinguish between 4- and 5-coordination and is also shown to
be suitable for distinction between N- and O-coordination in four coordinate Pi(II) w2-ethene complexes. In
contradiction of previous reports, it is found that Jp,.4 cannot be employed to determine the coordination number.

INTRODUCTION
Of the forty-one complexes reported, the synthesis of four have been reported previously in
the literature, these being [Pt(quin}(C,H4)Cly] [1], [Pt(quinO)}C,H4)Cl,y] [2]), [Pt(bipy)
(C,H,)CL,] and [Pt(phen)(C,H4)Cly] [3] The full infrared assignment of the Zeise's salt
derivatives (and their CO analogues) are reported elsewhere [4]. Having an in depth
assignment of these Zeise's salt derivatives and their CO analogues, the employment of the
infrared spectra as a diagnostic tool may be made with more confidence.

EXPERIMENTAL

The infrared spectra were recorded on a Perkin Elmer 983 spectrophotometer using both Nujol (2000 to
200 cm™!) and hexachlorobutadiene mulls (4000 to 2000 and 1500 to 1200 cm™) between Csl plates. Far-infrared
spectra were recorded as Nujol mulls (500 to 50 cm™!) between polyethylene plates on a Digilab FTS 16B/D
interferometer. !H nmr spectra in CDCl, (with TMS as reference) were recorded at 90OMHz on a Bruker WH-90D/S
Fourier transform spectrometer. Spectra were recorded at operating temperature (298K), except for the complexes
with 2,2 “bipyridine and 1,10-phenanthroline which were recorded at 273K.

K[P{C,H)X;3]'H,O (X = Cl, Br) was prepared as described by CHATT and SEARLE [S]. The deuterated
Zeise's salt K[PH(C,D )Cl3]'H,0 was similarly prepared, from ethene-d; of 99% isotopic purity supplied by Merck,
Sharp and Dohme (Canada) Ltd. The N-oxide ligands and their fully deuterated analogues were prepared as
previously described: quinoline N-oxide (quinO, quin-4;0) [6], pyrazine N-oxide (pzO, pz-d,O) [7] and 2,2
bipyridine N,N'dioxide (bipyO;, bipy-dgO;) [8]. Quinoline-d; (quin-d;) of 97% isotopic purity and 1,10-
phenanthroline-dg (phen-dg) of 98% isotopic purity were supplied by Merck, Sharp and Dohme (Canada) Ltd.
Pyridazine-d (pdz-d,) of 97% isotopic purity was supplied by Aldrich Chemical Co.

Preparation of trans-[PtL(C,H)X,] and their C,D4 analogues (X = Cl, Br; L = quin, quinO, pzO and their fully
deuterated analogues).

These complexes were prepared by the dropwise addition of an aqueous solution of ligand (L) (0.26mmole in 5-10 mI)
to an aqueous solution of K[Pt(C,H,)X;3]'H20 or K[Pt(C;D4)Cl;]H,0 (0.26mmole in 20 ml) with stirring. After 20
minutes the product was filtered, washed thoroughly with water and dried over silica gel, under reduced pressure.
Yields of between 73 and 91% were obtained. Microanalytical data are given in Table 1.

Attempts to prepare these complexes with L = pzO, and bipyO, were not successful. These were repeated
in D,0 and monitored by !H nmr. The absence of a change in chemical shift of the ligand protons (at 8.42ppm) with
pzO;, and the absence of a change in chemical shift of the ethene protons (at 4.57ppm) with both pzO, and bipyO,
shows no complexation occurs with Zeise's salt for these two ligands in an aqueous medium.

Preparation of trans-[Pi(pdz)(C,H)X,] (X = Cl, Br) and their C,D 4 and pdz-d, analogues.

These complexes were prepared as above except that the precipitate was immediately filtered (if allowed to stir for 10
minutes before filtering, the product loses C;H,), and washed with cold (~0°C) water and dried over silica gel, under
reduced pressure. Yields of between 68 and 94% were obtained. Microanalytical data are given in Table 1.
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Experimental Calculated

%C %H %N %C %H %N
trans-[Pt(quin)(C,H,)Cl,) 3130 260 330 31,22 2,62 331
trans-[Pt(quin)(C,H,)Br,] 2575 220 2,70 2580 2,17 2,74
trans-[Pt(quin)(C,D4)CL} 30,80 260 3,30 3092 2,60 328
trans-[Pt{quin-d;)(C;H)Cl,] 30,80 260 325 30,71 2,58 3,26
trans-[Pt(quin)(CO)Cl,}] 2825 1,65 330 2838 1,67 331
trans-[Pt(quin)(CO)Br,] 2350 145 2,75 2346 138 2,74
trans-{Pt(quin-d;)(CO)Cl,] 2135 1,75 320 2735 1,84 3,19
trans-[Pt(quinO)(C,H4)Cly) 3030 2,60 3,15 3008 252 3,19
trans-[Pt(quinO)(C,H,)Br,) 2515 220 2,65 2502 2,10 2,65
trans-[Py(quinO)(C,D )Cl;] 2995 255 3,15 2981 250 3,16
trans-[Py(quin-d,0)(C,H,)Cl,] 2985 250 3,15 29,61 248 3,14
trans-[Pt(quinO)(CO)Cl,] 2745 1,70 3,10 2734 161 3,19
trans-[Pt(quinO)(CO)Br,] 2295 140 2,65 22,75 134 2,65
trans-[Pt(quin-d,0)(CO)Cl,] 2720 1,65 320 2692 1,58 3,14
trans-[Py(PzO)(C,H,)Cl,) 1860 2,10 7,10 1846 2,07 7,18
trans-[Pt(PzO)(C,H)Br,) 1510 1,70 590 1510 1,69 587
trans-[P(PzO)(C,DH)Cl,] 1870 2,10 7,10 1828 2,05 1711
trans-[Py(Pz-d O)C,HCl,) 1840 205 7,10 1828 2,05 711
trans-[Py(PzOXCO)Cl,} 1545 1,05 17,15 1539 1,03 7,18
trans-[Pt(PzO)(CO)Br,] 1245 085 575 1254 084 585
trans-[Pt(Pz-d ,0)(CO)CI] 1520 1,05 7,00 1524 1,02 711
trans-[Pt(pdz)(C,H,)Cl,) 1925 2,15 740 1925 2,16 749
trans-[Py(pdz)(C,H)Br,] 1555 1,75 6,00 1562 1,75 6,07
trans-{Pi(pdz)(C,D )Cl,} 19,15 2,10 7,40 1906 2,13 741
trans-[Pt(pdz-d )(C;H,)CL,) 1895 2,15 735 1906 2,13 741
trans-[Py(pdz)(CO)Cl,] 1595 1,15 740 1605 1,08 749
trans-{Pt(pdz)(CO)Br,) 1300 095 6,05 1297 087 6,05
trans-[Pt(pdz-d H(CO)Cl,] 1605 1,10 17735 158 1,07 741
cis-[Pt(bipyO,H)(C;HCl,]Cl 27,70 250 5,40 27,79 252 539
cis-[Pt(bipyO,HYC,H )Br,;]Br 22,00 200 425 22,16 2,01 431
cis-[Pt(bipyO,H)(C,D 9 CL]Cl 2760 250 535 27,57 251 536
cis-[Pt(bipy-dgO,H)(C,H,)C1,)Cl 2730 250 525 2736 249 532
cis-[Py(bipyO,H)Y(CO)CL,]Cl 2565 190 535 2547 1,75 5,40
cis-[Pt(bipyO,H)(C,H ) Br,]Br 2030 145 430 2026 139 430
cis-[Pt(bipy-dgO,H)Cl,]Cl 248 180 525 2508 1,72 532
trans-[Pu(bipy)(C;H,)Cl,) 31,80 250 625 3200 2,69 622
trans-[Pu(bipy)(C,H,)CL] 31,90 2,70 620 31,73 2,66 6,17
trans-[Pt(bipy-dg)(C,H,)ChL} 3155 2,60 6,15 3145 264 611
trans-[Pi(phen)(C,HCl,) 3535 260 595 3546 255 591
trans-[Pt(phen)(C,H)Cl;] 3500 265 575 3516 2,52 586
trans-[Pt(phen-dg)(C;H,)Cl,] 3440 240 59 348 2,51 581

Table 1. Microanalyses of Zeise's salt derivatives

Preparation of cis-[Pt(bipyO,H)(C,H )X,]X (X = CI, Br) and their C,D , and bipy-dgO, analogues.
The complexes were prepared as above except that 2ml HX (SM) was added to the solution of K[Pt(C,H,)X;]-H,0.
The addition of the ligand results in immediate precipitation of the cationic species. Yields of between 63 and 98%
were obtained. Microanalytical data are given in Table 1. The complexes are insoluble in water and ethanol and only
very sparingly soluble in acetone and chloroform.

Attempts to prepare these complexes with L = pzO, yielded only the starting materials.

Preparation of [PtL(C,H )Cly] and their C3D 4 analogues (L = bipy , phen and their fully deuterated analogues).
The complexes were prepared by the addition of a cold (~0°C) aqueous solution of ligand (L) (0.26mmole in 10 m]) to
a cold (~0°C) aqueous solution of K[Pt{C;H)Cl3)}'H,0 or K[Pt(C,D)Cl3]'H,0 (0.26mmole in 10 ml) with stirring.
The precipitate was immediately filtered and washed well with cold water (~0°C) and dried and stored over silica gel,
under reduced pressure at -5°C. These complexes rapidly lose ethene in solution at room temperature. Yields of
between 86 and 96% were obtained. Microanalytical data are given in Table 1.

Pure bromo- analogues could not be prepared, repeated attempts yielding a mixture of [PtL(C,H,)Br,] and
[PtLBr,] (L = bipy, phen).
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Preparation of the CO analogues of the Zeise's salt derivatives.
The complexes trans-[P{CO)X;] (L = quin, quinO, pzO, pdz and their fully deuterated analogues, X = Cl, Br) and
cis-[P(LH)(CO)X,JX (L = bipyO, and bipy-dgO4; X = Cl, Br) were prepared by bubbling CO through a solution of
the ethene analogue in dry chloroform (or a suspension in the case of the cation with L = bipyQ,), until the colour
changed from bright yellow to pale yellow or ivory. Precipitation of the complexes was induced by the addition of
dry n-hexane. The precipitates were filtered, washed well with dry hexane and dried over silica gel, under reduced
pressure. Yields were practically quantitative. Microanalyses are given in Table 1.

The CO analogues decompose in the presence of water. The CO analogues of the Zeise's salt derivatives
with bipy and with phen could not be prepared because of rapid loss of ethene in solution.

RESULTS
The full infrared assignment of the Zeise's salt derivatives (and their CO analogues)
are reported elsewhere [4]. In Tables 2 and 3 the five- and four-coordinate complexes have
been arranged in order of increasing vPt-CO, and v,Pt-C; and v Pt-C,.
The results of the 'H nmr investigation of the n2-ethene complexes are given in
Table 4.

DISCUSSION

It is to be noted that, as a result of a large degree of vibrational coupling within the
n2-ethene, there is some disagreement between authors [9-14] regarding the vibrational
spectra of K[Pt(C,H,4)Cl3}H,O (particularly with respect to the -d, isotopomer).

The extent of the coupling is demonstrated by the assignments of modes v, and vj,
the C-C stretch (vC=C) and CH, scissor (3CH;) modes. For ethene-d; the lower frequency
band contains more vC=C and may be considered the C-C stretch [11-15]. However, in the
mono-substituted olefins the coupling is more extensive, involving a third fundamental v{,
(6CH,) [16, 17] and differs in that the higher frequency band contains more vC=C and is
therefore the predominant C-C stretch. The coupling between v;, v3 and vy, is therefore
important, since it makes questionable the use of only one of these frequencies as a
quantitative measure of the coordinate bond. None the less, the summed percentage of vC=C,
and 3CH, (modes v,, v3 and v;;) has been employed as a measure of the decrease of the
double bond character of the olefin upon coordination [15-18], but, this relationship must be
restricted to complexes of the same olefin [15].

Furthermore, an inverse relationship between the symmetric Pt-C, stretch and the
C-C stretch (v,) has also been noted [13]. This is to be expected since an increase in the
strength of the coordinate bond should occur at the expense of the C-C double bond character.

The assignments for K[Pt(CO)Cl3] and its bromo- analogue are more certain [19-22].
From Table 3 there is a direct relationship between the Pt-CO stretch (vPt-CO) and the
strength of the o donor (L) However, the Pt-C=0 bend (6Pt-C=0) is found at a frequency
close to the Pt-CO stretch which makes their assignment difficult [4, 7, 20], and consequently
less useful diagnostically. Furthermore there may be coupling between vPt-CO and vPt-L [4].

For the trans-[PtL{CO)Cl,] complexes, as for [Pt{CO)Cl;]", the planar Pt-C=0 bend
is characteristically found at a higher frequency than its out-of-plane counterpart, xPt-C=0
[4]. This is opposite to the finding for cis-[Pt(CO),X,] [20].

At present, 'H nmr spectroscopy is regarded as the best technique for distinguishing
between four- and five-coordination of Pt(II). Four-coordinate Pt(Il) complexes yield
chemical shifts of 4.40 to 5.00 ppm for the olefin protons, with Pt-H coupling constants of
approximately 60 Hz. A substantial upfield shift (> 1 ppm) of the olefin proton resonance,
with larger Pt-H coupling constants (> 70 Hz) is generally regarded as evidence of a five-
coordinate platinum complex [3, 23-28].

While the authors agree with the former criterion, the Pt-H coupling constants of
about 70 Hz found for [Pt(quinO)(C,H,)X,] (which are in agreement with those found for
substituted pyO [29, 30]) indicate that Pt-H coupling cannot be used to distinguish between
four- and five-coordination. It is also noted here that the chemical shift of the olefin protons
provides a suitable means of distinguishing between nitrogen and oxygen coordination in
four-coordinate Pt(II) complexes since the aromatic N-oxides yield shifts of 4.4 ppm while
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ligand (L)

Xt pdz quin pzO  bipyO,HX  quinO
vCaO 2097 2115 2122 2123 2004 2118
{v13Cm0] [2050] {2073} [2070] [2065) [2047] 20607
8Pt-CmO 540 548 549 551 536 585
nPt-CmO 508 498 536 500 499 522
vPt-CO 497 473 4867 4907 499 5061
v Pi-Cl 344 351 352 59 347 354
[v,Fe-37C1] [ {339] 335] {338 [323] [335]
v,P1-Cl 345 - - 322 -
[vP37CI) [-] ] I [l [
v, PtBr 245 257 2611 2537 244 255
v, Pt-Br 227 - - 205 -
§P1-CO 166 18871 1707 1687 1581 1621
8C1-Pt-Cl 152 154 149 143 masked 147
nCl-Pt-Cl 129 125 123 118 masked 125
5Br-P1-Br 112 113 - masked 126
nBr-Pt-Br 98 97 a8 masked 100

1 From GOGGIN and NORTON [22] and BROWNING et al. [20].
1 wmean of split band.
9 coupled band.

Table 3. Characteristic frequencies for complexes of the type [PIL{CO)X,] (X =C], Br)

601

the heterocycles yield shifts of 4.9 ppm. Hence, the pzO derivatives show Pt-N rather than

Pt-O bonding (Table

4).

The downfield shift of the olefin protons upon replacement of Cl by Br is a result of a
sterically induced polarisation of the C-H bond in ethene by the Br atom [18].

X=Cl X=Br

Solvent Chem. shift Jeew Chem. shift Joug Conformation
K[PHCHIX;) CDCl;  457ppm. T2.0Hz 470ppm. 700Hz  sqpl.
trans-[Pr(phen)(C;H)X;] CDCl; 3.76ppm. 70.0Hz - R trig. bipyram.
trans-[Prbipy)(C;HX,) CDCl;  3.61ppm. 69.0Hz . - trig. bipyram.
trans-{Pr(pdz)(CH)X,]  CDCl;  4.97ppm. 580Hz 510ppm. 63.0Hz  sq.pl
trans-[Prquin)(C,H)X,) CDCl;  5.02ppm. 66.0Hz 516ppm. 63.0Hz sqg.pl
trans-[PUpzONCHIX,] CDCl; 491 ppm.  630Hz 506ppm. 640Hz  sq.pl.
trans-[P(quinONC;H)X;] CDCL, 439 ppm.  700Hz 447ppm. T1.0Hz  sq.pl.
cis-[Pi{bipyO,HNC;HpX X 4 - - - sq. pl.

t = complex insoluble in CDCl3, (CD;)CO or D,0.
sq. pl. = square planar, trig. bipyram. = trigonal bipyramidal.

Table 4 1H nmr spectra of various ligand complexes with Zeise's salt.

It is clear from Table 4 that only the Zeise's salt derivatives with the ligands bipy and
phen are five-coordinated. As bipy is a relatively poor m-acceptor compared to aliphatic
diimines [34), and as the pyridine nitrogen is a weaker o-donor, the stabilization of the five-
coordinate PY(II) complexes with bipy and phen must depend predominantly wpon that
stability inherent in a S-membered chelate ring [25, 32]. The rapid loss of ethene by these two
Zeise's salt derivatives is indicative of the relative instability of these complexes, although the
great insolubility of the products undoubtedly helps to drive the reaction to completion. (The
rapid loss of ethene from the five-coordinate complexes with bipy and phen prevents the
preparation of their carbonyl analogues.)
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Qur inability to produce the pure five-coordinate complexes of bipy and phen from
the bromine analogue of Zeise's salt may be understood in terms of the greater trans-effect of
Br~ than CI~. This would increase the relative labilizing of the ethene in the unstable five-
coordinate intermediate with its axial/equatorial halogens [33]. The result would then be a
rate increase of this, the slow step, of the two step dissociation/association mechanism [33].

That the stabilization of the five-coordinate bipy and phen derivatives is induced by
the resultant S5-membered chelate ring is further demonstrated by the tetra-coordination
experienced by the Zeise's salt derivative with pdz. The sterically favoured bidentate
coordination by pdz results in the formation of a three-membered chelate ring only with the
loss in solution of ethene, as opposed to the production of a more stable five-membered
chelate ring, five-coordinate species with bipy or phen.

The Zeise's salt derivative (and its CO analogue) with bipyO, exists as the cis-
coordinated cationic species [Pt(bipyO,H)(C,H4)X,]X (X = Cl, Br); two vPt-Cl are observed
in the far infrared spectrum (Table 3), with protonation of the second donor site [4]. Clear
identification of vPt-O is not yet possible as a major assignment problem has been shown to
exist concerning vPt-O for N-oxide complexes [4], even employing various deuteration
studies. This is the first report of such a cationic species for Zeise's salt derivatives with an
oxygen donor, and is the only cation of this type to be reported for platinum-carbonyl
complexes.

The inability to form a neutral complex from bipyO, and Zeise's salt must be
attributed to the weaker bonding of oxygen donors to platinum compared with nitrogen
donors, and the relative instability of the 7-membered chelate ring which would occur on
coordination. The decomposition of this Zeise's salt derivative to platinum metal in the
absence of HCI is typical of the behaviour of the open-handed cationic species in which the
coordination site is not taken up by the halogen or by the second donor site [32], and is
evidence of the weakness of the oxygen donor.

The Zeise's salt derivative with pzO is coordinated through the nitrogen atom rather
than the oxygen. This is evident in the shift of the N-O stretch to higher frequencies on
complexation [4] and in the observation of the Pt-N stretch at 241 cm™! [4]. The infrared
evidence of N-coordination by pzO supports the suggestion that the chemical shift of the
olefin protons may be used to determine the site of coordination in molecules with both N-O
and aza-nitrogen donors.

The inability to form a bridged dinuclear Pt(II) complex with pzO as well as the
absence of a reaction of pzO, with Zeise's salt to form either the Pt-O bonded mono- or di-
nuclear species must be attributed to the weaker oxygen donor capacity of the diazine N-
oxides compared with that of pyO. This is explained by the greater contribution of the back-
donation of the N-O moiety into the ring in diazine N-oxides than in pyO [34, 35] as indicated
by the higher vN-O frequency of pzO (1307 cm™! [4]) compared with pyO (1252 cm™1).

As expected for mixed ligand systems, the assignments of several of the ethene and
carbonyl fundamentals are complicated by masking from the fundamentals associated with
other ligands [4]. Furthermore,the assignment of the far-infrared spectra of these complexes
is made difficult by the extent of coupling, with slight coupling between vPt-L and vPt-C, or
vPt-CO, with halide sensitivity of these vibrations, and also with coupling of the planar and
non-planar bends [4]. An important strong coupling between vPt-N of aza-nitrogens and
vPt-Br has also been demonstrated [4], which further complicates the use of the far-infrared
spectrum as a diagnostic tool.

However, there are some useful diagnostic data available from the infrared spectrum.
From Table 3 it is noted that the absence of the symmetric vPt-C, is apparently typical of the
five-coordinate Pt(Il) species, as is the frequency of the Pt-Cl stretch. The latter is found
some 6 to 10 cm™! lower than that found for the four-coodinate Pt(II) complexes as a result of
the increased coordination number. By contrast, the dPt-C, bands of the trigonal bipyramidal
complexes are 20-30 cm™! higher than those of the square planar complexes.

A more useful diagnostic tool is the observation that the CH, scissors mode vy; (a
strong band in the infrared) occurs some 35 to 40 cm™! higher in frequency for the five-
coordinate species than it does for the four-coordinate species. This can therefore be used to
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distinguish between the two. Since vy, has been shown to couple with v, and v3 in
substituted olefins, it is probable that the higher frequency of v, reflects a difference in
coupling within the olefin and that the use of this variation as a diagnostic tool is likely to
prove limited to complexes with the same olefin.

A final comment is made on the use of the summed percentage decrease of the
vC=C/d3CH, frequencies (v, and v3) as a rough estimate of the double bond character of the
12-ethene. The summed percentage decrease of vy and v3 is a measure of the shift in
frequencies of modes v, and v; of the complex with respect to those for free ethene (1623 and
1343 cm™l, respectively [18]). From Table 3 the percentage decrease of 17% for quinO is the
largest and is significantly different from those of the nitrogen donors. The decrease for
4-CHj3-pyO [36] (which is calculated to be 16.5%) indicates this to be a typical value for an
N-oxide donor, while that for substituted pyridines (incorrectly reported as 12.5% by
MEESTER et al. [18]) is about 13.5% [18, 36] which is similar for the aza-nitrogen donors
observed in this work. The percentage decrease of the vC=C/0CH, frequencies may therefore
be employed to distinguish between nitrogen and oxygen coordination in Pt(II) complexes
which contain N-oxide and aza-nitrogen donors. However, as is observed for the cationic
complex with bipyO,, internal fundamentals may mask either v, or v; to make such a
measurement impossible.

In conclusion it is noted that the double bond character of the C=C bond decreases
inversely with the increase in the frequency of the two Pt-C, stretches. Clearly the weaker the
platinum-ligand bond, the stronger the platinum-ethene bond and the lower the C=C bond
order of the ethene.
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