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Reactions of the platinum(I1) and nickel(I1) complexes [MX(C6H3(CHzNMez)z-o,o')] (1) with SOz afford 
the a'-py-rarnidal-bonded SOz complexes [MX(C6H3(CH2NMe2)z-o,o 1(7'-S02)] (2). The binding of the SO2 
to the metal ds center is reversible at room temperature. IR, Raman, 'H NMR, and W spectra were recorded, 
and the structure of 2b (M = Pt; X = Br) was determined by X-ra methods. The crystals of 2b are 
monoclinic with space group P2 c and cell constants a = 14.215 (1) 1, b = 9.840 (1) A, c = 11.985 (1) A, 

= 0.043 for 2063 reflections. The five-coordinate platinum center has an approximately square-pyramidal 
geometry with two trans N atoms, a Br atom, and a C atom in the base and the S atom of the &bonded 
SOz ligand at the apex (long Pt-S bond of 2.613 ( 7 )  A) (see Figure 4a). The binding of the SOz to Pt(I1) 
and Ni(I1) centers points to an enhanced basicity of these metals. This arises from the presence of the 
two hard N donor ligands while the metal(I1) center is also bonded to the relatively hard C(ipso) center. 
Neither insertion of SOz in the M-C bond nor formation of sulfato complexes by reactions of 2 with Oz 
was observed. 

p = 113.15 (l)', V = 1541.4 (5) d 3, 2 = 4, D(ca1cd) = 2.28 g ~ m - ~ ,  and F(000) = 1000 electrons. Final R 

Introduction 
Recent studies have shown that the bonding mode of 

the SO2 ligand is a useful probe into the electronic prop- 
erties of transition-metal complexes.'" Structural features 
of the coordinated ligand (e.g., bent or planar (L),M-SOz 
geometries and M-S and 0-S bond lengths as well as 
0-S-0 bond angles) reflect the specific orbital arrange- 
ment that the metal unit L,M has available for bonding. 

The greater part of the (MS02] (M is a ds metal, Rh(1) 
or Ir(I))5 type of complexes are five-coordinate and have 
square-pyramidal structures with axial sl-pyramidal- 
bonded SOz. The +pyramidal geometry results from 
M - ~ O - S ( O ) ~  a-donation with rehybridization of the S or- 
bitals to sp3.5 

In principle the platinum(I1) center in PtXzL2 complexes 
has a too low basicity to form stable PtX2Lz(SOz) com- 
plexes. This is apparent from the fact that only three 
platinum(I1) complexes have been reported: i.e., cis-[ (2- 
Me2NCH2)2C6H4)2Pt(?1-S02)lglG [(Pt2(P20,H2)4)(S02)214-,7 
and [Pt(Me)(PPh3),(I-S02)]. 

In the course of our chemistry with NCNM(d8)X com- 
plexes, in which NCN' is the monoanionic terdentate lig- 
and system O , O ' - ( M ~ ~ N C H ~ ) ~ C ~ H ~ ,  we have found that the 
metal center has an enhanced nucleophilic character as 

compared with corresponding MX2Lz complexes. The 
NCN'ligand system places the metal d8 center in a pinc- 
erlike position with a rigid structure consisting of two hard, 
mutually trans positioned N donor centers and a hard C 
donor. This geometry and electronic properties give rise 
to very specific reactions because the rigid planar NCN'M 
arrangement also blocks subsequent stereoisomerizations 
of the NCN'M(electrophi1e) complexes. In the final 
products this NCN'M arrangement is invariably present. 

It has been observed that, whereas interesting reactions 
of NCN'PtX have been found with X2,9 MeX,'OJ' and 
metal ~ a l t s , ' ~ - ' ~  no reaction occurs with 02, CO, N2, BF,, 
or HC1. 

In this paper we report the syntheses and characteri- 
zation of arylplatinum(I1) and -nickel(II) sulfur dioxide 
complexes and present the first example of a structurally 
characterized arylplatinum(I1) +sulfur dioxide complex. 

Experimental Section 
Compounds of the formula [PtX(C6H,- 

(CHzNMez)z-o,o')] (X = C1 (la), Br (lb),  I ( IC))  and [Nix- 
(C6H,(CHzNMez)z-o,o?)] (X = c1 (la), Br (le),  I (If)) were 
prepared as previously described.10J6 Sulfur dioxide and other 
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white product was extracted by CHzC1, (3 mL). Upon addition 
of pentane (10 mL) a white solid precipitated which was filtered 
off and dried in vacuo: yield 48%. Anal. Calcd for 
C24H46N4Pt2S08: C, 30.64; H, 4.93; N, 5.95. Found: C. 30.25; H, 
4.81; N, 5.61. 

Reversibility d the SO2 Binding and Reactions with 
Oxygen. The orange complex 2b was exposed to air for 24 h 
whereby the color changed to white. The resulting white product 
appeared to be the starting complex [PtBr(C6H3(CH2NMe2)2-o,oq] 
(checked by 'H NMR and IR). When the white product was 
flushed with gaseous SOz, the orange product was formed again. 
The whole procedure could be repeated several times without any 
observable decomposition. When 2b was heated, the release of 
SOz was observed to start at a temperature of 82 "C (heating rate 
3 OC/min). The  analogous nickel complex 2e loses SO2 a t  a 
temperature of 62 O C .  At room temperature 2e already released 
SOz after 10 min without any observable decomposition, which 
points to a less stable SO2 binding in the nickel compounds. 

I t  is noteworthy that a similar procedure can be applied to a 
solution of 2. For example complex lb was dissolved in CH2Clz 
(4 mL) which provided a colorless solution. When gaseous SO2 
was bubbled through the colorless solution, the color of the mixture 
changed to orange. This color disappeared on bubbling a rapid 
stream of nitrogen (or oxygen or air) through the solution. The 
resulting white product obtained from the colorless solution ap- 
peared to be the starting complex lb (checked by 'H NMR and 
IR). The whole procedure could be repeated several times, i.e., 
saturation with SO2 followed by flushing of the solution with 
nitrogen, without any observable decomposition. 

The complex [PtBr(C6H3(CHzNMe,)2-o,o ?($-SO2)] (0.1 mmol) 
in oxygen-saturated benzene (5 mL) was allowed to stand for 
several days. The mixture was worked up by evaporating the 
solvent in vacuo. The remaining white solid was washed with 
pentane (5 mL) and dried in vacuo. The product was identified 
by 'H NMR and IR as [PtBr(C6H3(CHzNMe2)2-o,09]. 

A sample of the complex [PtBr- 
(C6H,(CH2NMe2),-o,o'j] (0.75 mmol) was dissolved in a mixture 
of toluene/SOz a t  low temperature (-50 "C). The dark orange-red 
solution was slowly warmed up to room temperature. Over a 
period of 3 days bright red crystals of the complex [PtBr- 
(CGH3(CH2NMe2)z-o,o?(~1-S02)] were formed which were then 
isolated and stored under gaseous SO2. A crystal of dimensions 
0.25 X 0.20 X 0.20 mm was coated with an inert resin to avoid 
decomposition and sealed in a capillary. 

X-ray Measurements and Refinement of [PtBr(C6H3- 
(CH2NMe2)2-o,o')(q'-S0,)] (2b). Crystals of the title compound 
are monoclinic, space group P2,/c, with four molecules in a unit 
cell of dimensions a = 14.215 (1) A, b = 9.840 (1) A, c = 11.985 
(1) A, @ = 113.15 (l)",  V = 1541.4 (5) A3, D(ca1cd) = 2.28 g cm-,, 
and F(000) = 1000 electrons. A total of 2063 reflections with 0 
< 35" and intensities above the 2.5u(Z) limit were measured on 
a Nonius CAD4 diffractometer using graphite-monochromated 
Mo K a  radiation; for details see Table I. 

The position of Pt and Br were derived from an E2 Patterson 
synthesis, and the remaining non-hydrogen atoms were found from 
subsequent AF syntheses. After isotropic block-diagonal least- 
squares refinement an empirical absorption correction was ap- 
plied.I6 Subsequent anisotropic refinement converged to R = 

Crystal Preparation. 

Table I. Crystal Data and Details of the Structure 
Determination of [PtBr(C6H3(CHzNMez)2-o,o~(~1-SOz)] (2b) 

a. Crystal Data 
formula C12Hl,N2BrPtSOZ 
mol wt 530.34 

cryst system monoclinic 
a / A  14.215 (1) 
bi A 9.840 (1) 
e JA 11.985 (1) 
Bldeg 113.15 (1) 
VIA3 1541.4 (5) 
D(calcd), g cm-' 2.28 
z 4 
F(000), electrons 1000 
p(Mo K a ) ,  cm-' 119.0 
cryst vol, mm3 0.01 

space group P2,/c 

cryst size/mm 0.25 X 0.20 X 0.20 

b. Data Collection 
4 m n ,  4na,, deg 1.1, 35 
radiatn/A 
ref reflctns 200 
total reflctn data 6586 
total unique reflctns 6586 
obsd data ( I  > 2 . 5 ~ ( 1 ) )  2063 

no. of refined parameters 231 
weighting scheme 
final RF and RuF 

Mo K a ,  X = 0.71069 

c. Refinement 

u. = (4.6 + F, + 0.039FJ' 
0.043 and 0.062 

reagents were purchased commercially and used as received. 
Infrared spectra of the compounds were measured either as Nujol 
mulls between NaCl windows or in KBr pellets on a Perkin-Elmer 
283 instrument. 'H NMR spectra of solutions in CDC1, were 
recorded on a Varian T-60 spectrometer. Raman spectra of 
solutions in CHzClz were measured on a Jobin-Yvon Ramanor 
HG 2 s  instrument using the 4880 A line of an argon ion laser. 
Electronic spectra of solutions in CH,C12 were measured on a 
Perkin-Elmer Lambda 5 UV/vis spectrophotometer. Elemental 
analyses were carried out by the Analytical Department of the 
Institute for Applied Chemistry, TNO, Zeist, The  Netherlands. 

Preparation of [MX(C8H3(CHzNMe,),-o,03(s'-SOz)] (M 
= Pt, X = C1 (2a), Br (2b), I (212); M = Ni, X = C1 (2d), Br 
(2e), I (2f)). The complex [MX(C6H3(CHzNMe2)z-o,o'j] ( la-f  
0.2 mmol) was dissolved in 2 mL of CHzClz which provided a 
colorless (Pt compounds) or dark orange-brown (Ni compounds) 
solution. Upon bubbling gaseous SO2 through the solution the 
color of the mixture changed to orange (Pt)  or dark red (Ni). 
Addition of pentane (5 mL) resulted in the precipitation of orange 
(Pt) or dark red (Ni) solids which were filtered off and stored 
under SOz atmosphere. Products were identified by IR, Raman, 
UV/vis, and 'H NMR as [MX(C6H,(CH2NMe2)2-o,o?(q'-S02)] 
(2a-f). 

Reaction of solid la-f with excess of gaseous SO2 afforded 
orange (Pt) or dark red (Ni) products. These products were 
identified by IR spectroscopy as 2a-f. 

Synthesis of [ (Pt(C6H3(CH2NMe2)z-o ,o?)2(lr-S04)].4H20 
(3). Complex Ib (446 mg, 1 mmol) dissolved in acetone (5 mL) 
was reacted with 0.6 equiv of Ag2S0, for 24 h. The AgBr was 
removed by filtration and the filtrate evaporated in vacuo. The 

Table 11. Positional Parameters of the Atoms in Fractional Coordinates" 
X 

0.20586 (3) 
0.0500 (2) 
0.3548 (4) 
0.298 (2) 
0.3981 (11) 
0.2248 (7) 
0.1962 (9) 
0.3158 (9) 
0.3630 (8) 

Y 
0.03884 (5) 
0.0254 (2) 

-0.0006 (4) 
-0.007 (2) 
-0.127 (2) 
0.2498 (11) 

-0.1597 (11) 
0.0548 
0.1782 (13) 

2 

-0.04689 (4) 
-0.2428 (2) 
-0.1181 (4) 
-0.2498 (12) 
-0.0659 (12) 
-0.0436 (9) 

0.0117 (11) 
0.1141 (10) 
0.1490 (10) 

X 

0.4370 (9) 
0.4655 (10) 
0.4166 (10) 
0.3424 (9) 
0.3322 (10) 
0.2930 (11) 
0.1464 (12) 
0.2080 (12) 
0.1075 (11) 
0.178 ( 2 )  

3' 
0.191 (2) 
0.079 (2) 

-0.048 (2) 
-0.0610 (14) 
0.2852 (14) 

-0.194 (2) 
0.307 (2) 
0.317 (2) 

-0.156 (2) 
-0.268 ( 2 )  

2 

0.2662 (11) 
0.3410 (11) 
0.3042 (11) 
0.1866 (12) 
0.0504 (12) 
0.1220 (13) 
0.001 (2) 

-0.1616 (14) 

-0.080 ( 2 )  
0.053 (2) 

a Estimated standard deviations in parentheses. 
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Table 111. IR, Raman, and 'H NMR Data of [MX(C6H3(CH2NMe2)2-o,o')]a 
IR Raman 

~ 'H NMRb U,(SOz), U,(SOZ), 6(S02), ~ 

compd. color u,(SOz), cm-' cm-I cm-' cm-l 6(C6H3) 6(CH2) d(NMe,) 
[PtC1(C6H,(CH2NMe2),-o,o?(s'-S0,)] orange 1231 (1235) 1074 (1078) 1092 535 6.9 m 4.15 (42) 3.16 (33) 
[PtBr(CsH3(CH,NMe2)2-o,o?(?'-SOz)] orange 1230 (1236) 1072 (1077) 1080 535 6.9 m 4.03 (43) 3.10 (35) 
[PtI(C6H3(CH2NMe2)2-o,o?(~1-SOZ)] orange 1235 (1237) 1075 (1077) 1090 535 6.9 m 4.16 (43) 3.29 (36) 
[NiC1(C6H,(CH,NMe2)2-o,o?(lt'-SOz)]c red 1246 (1244) 1060 (1060) 
[NiBr(C6H3(CH2NMe2)2-o,o?(~'-SOz)]c red 1240 (1238) 1055 (1053) 
[NiI(C6H3(CH2NMe2)2-o,o?(rl'-SOz)]c dark red 1241 (1245) 1056 (1057) 
[(Pt(C6H3(CH,NMe2)2-o,o?2(~-SO~)]d white 6.8 m 4.00 (46) 3.13 (38) 
free SO,' 1340 1150 524 

"IR spectra were measured as Nujol mulls between NaCl windows (or in KBr pellets). The IR bands are strong. Raman spectra were 
measured in CH2C12. The Raman bands were weak. * Pt compounds were measured in CDCl,; Ni compounds gave broad signals in CDC1,. 
Chemical shifts are relative to Me4Si and J (P tH)  values (Hz) between parentheses (m = multiplet). CThe nickel complexes decomposed 
during the Raman measurements. dIR data: 950. 1010. 1105. 1190 cm-'. 'Literature values: Lippincott, E. R.; Welsh, F. E. Spectrochirn. 
A c t a  1961, 17, 123 (IR). Reference 1 (Raman). 

0.043. A weighting scheme w = (4.6 + F, + O.O39F?)-' was applied 
(wR = 0.062). T h e  anomalous dispersion of P t ,  Br, and S was 
taken into account, and an extinction correction was applied. The 
final values of the refined positional parameters are given in Table 
I1 (for thermal parameters, see supplementary material). T h e  
programs used were from XRAY 76.l' 

Results and Discussion 
General Information. The air-stable neutral com- 

plexes [MX(C6H3(CH2NMe2)2-o,o')] (M = Pt, X = C1 (la), 
Br (lb), I (IC); M = Ni, X = C1 (ld), Br (le), I (If)) react 
readily with gaseous SOz to form the novel organometallic 
complexes [MX(C6H3(CH2NMez)2-o,o?(71-S0,)] (M = Pt, 
X = C1 (2a), Br (2b), I (2c); M = Ni, X = C1 (2d), Br (2e), 
I (2f); see eq 1. 

so2 I 

M = Pt; X = C1 (la), 
Br (lb), I (IC) 

M = Ni; X = C1 (Id), 
Br (le), I (If) 

M = Pt; X = C1 (2a), 

M = Pt; X = C1 (2d), 
Br (2b), I(2c) 

Br (2e), I (2f) 

The orange platinum(I1) or red nickel(I1) complexes are 
stable under SO2 atmosphere, but on exposure to air a t  
room temperature they slowly lose SO2 with reformation 
of complex 1. Reversible SOz uptake and release was found 
to occur for both the solid and the dissolved (in CH2C12 
or C6H6) compounds; this behavior prompted us to further 
investigate the properties of these SOz adducts. 

It was observed that in the reaction of 1 with SO2 no 
products originating from M-C bond cleavage were ob- 
tained. Also products originating from insertion of SO2 
into the M-C bond were not found. A number of examples 
of the latter type of reaction has been reported for various 
arylplatinum(I1) or alkylnickel(I1) complexes. For exam- 
ple, trans-[PtCl(Ph)(PEt,),] reacted with SO2 to give a red 
solution, which afforded after 6 h a t  50 "C the white 
product trans- [PtC1(PhS02) (PEt,),] .18 

Exposure of a solution of 2b in benzene to oxygen for 
several days gave no reaction: the starting product could 
be recovered from the solution almost quantitatively. In 
an attempt to see whether the possible product from this 

(16) Walker, N.; Stuart, D. Acta Crystallogr., Sect. A 1983, A39, 158. 
(17) Stewart, J. M., Ed. 'The X-RAY 76 System", Technical Report TR. 

466; Computer Science Center, University of Maryland: College Park, 
MD, 1976. 

(18) Faraone, F.; Silvestro, L.; Sergi, S.; Pietropaolo, R. J.  Organomet. 
Chem. 1972, 46, 379. 

reaction, Le., [Pt1VBr(S04)(C6H,(CH2NMe2)2-o,o')], would 
exist, we reacted the platinum(1V) complexes [Pt'"Br,- 
(C6H3(CH,NMe2),-o,o ')I9 with Ag2S04. This, however, did 
not provide the expected complex but instead gave a 
mixture of unknown products. Probably the rigid structure 
of the terdentate ligand prevents the formation of a com- 
plex containing such a bidentate-bonded sulfato ligand.lg 

These findings contrast with those reported by Kubas 
et al., who showed that Pt(0) complexes with a reversible, 
metal-bound SO2 ligand form bidentate Pt(I1) sulfato 
complexes upon reaction with oxygen., Only the ligand- 
bound SO2 complex [Pt(Me)(I-SO,)(PPh,),], in which the 
SO2 ligand is likewise reversibly bound, does not oxidize 
to the sulfato complex. Our efforts to synthesize a plat- 
inum(I1) sulfato complex led to the isolation of [(Pt- 
(C6H3(CH2NMe2)2-o,o?2(p-S04)]. This latter white com- 
plex is the result of a metathesis reaction between 
[PtBr(C6H3(CH2NMe2)2-o,o')] and 0.5 equiv of Ag2S04. 
Elemental analyses of the product pointed to a dinuclear 
compound. 

In order to get a better understanding of the correlation 
between structural and physicochemical properties of 2a-f 
a spectroscopic study was carried out and the structure of 
one of the complexes was crystallographically studied. 

IR and Raman Spectra. IR spectra of 2a-f (in KBr 
pellets or in Nujol mulls between NaCl windows) show two 
strong absorption bands in the region 1231-1245 and 
1053-1078 cm-l, respectively, which can be assigned to the 
asymmetric and symmetric S-0 stretching vibration (see 
Table 111) of the coordinated SO2 molecule. 

From these v ( S 0 )  data it is not directly apparent that  
the SOz ligand is bound in the +pyramidal coordination 
mode as has been structurally established for [Pt(SO,),- 
(PPh3)21.20 

Kubas et al. have shown that a simple relation exists 
between v ( S 0 )  frequencies and the MS02 geometry., I t  
then appears that the v ( S 0 )  values for 2a-f are just outside 
the upper limits (1225-1150/1065-990 cm-l) given by 
Kubas et al. as the region for 7'-pyramidal-bound SO2 in 
a (MSO# fragment. These values are rather in the region 
(1325-1210/1145-1060 cm-') for ligand-bound SO2, thus 
demonstrating that these ranges have to be applied judi- 
ciously. 

Only a limited number of metal-SO2 complexes have 
been studied by Raman spectroscopy. For the platinum 
compounds 2a-c Raman spectra of CH2Cll solutions sat- 
urated with SO2 could be recorded. The SO2 bending 

(19) We have found that other bidentate ligands such BS formamidine 
or triazenido also coordinate via one donor atom to the platinum center. 

(20) Moody, D. C.; Ryan, R. R. Inorg. Chem. 1976, 15, 1823. 
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Figure 1. The three modes of SOz bonding to mononuclear 
transition-metal complexes: a, ql-pyramidal SO,; b, q'-planar SO,; 
c, q2-so2.z 

mode was found at  535 cm-' in all three complexes. This 
value is well in the range proposed for this mode: 525-585 
ern-'., The high-energy frequency regions of the Raman 
spectra show a strong emission a t  1150 cm-' along with a 
broad band at  1090 (1080) cm-' (Table 111). The latter 
band is due to the symmetric (SO) stretching mode of the 
coordinated SOz molecule, and the band at  1150 cm-' is 
the corresponding vibration of the free dissolved gaseous 
SO2 in CH,C1, solution.2 The corresponding values for the 
nickel(I1) complexes could not be obtained as a result of 
the decomposition of the compounds in the laser beam. 
This instability of complexes in Raman measurements is 
a common feature and may account for the limited number 
of v ( S 0 )  values reported as yet. 

It must be noted that in the series 2a-c and 2d-f it is 
only the X that changes. Within each series the IR and 
Raman data for the M-SO, fragment seem almost to be 
insensitive to the nature of X and therefore the alternative 
structure containing ligand bound SO, can be excluded. 
Ryan and Kubas have pointed out that a correlation also 
exists between sulfato formation, the SO2 lability, and the 
SOp bonding mode, i.e., 7'-pyramidal vs. planar. q'-Py- 
ramidal SOz complexes with low-valent metals Pt(0) and 
Rh(1) generally do undergo sulfato reactions. It is apparent 
that the platinum and nickel complexes presented here are 
counter-examples of this generalization, while it is inter- 
esting to note that also RhCl(ttp)SOZ2' which likewise 
contains a terdentate ligand system fails to react with O2 
to form a sulfato complex. 

The IR spectra of [ (Pt(C6H3(CH2NMe2)2-o,o q2(p-S04)] 
(3) show four strong bands in the v ( S 0 )  region at 950,1010, 
1105, and 1190 cm-'. Similar absorption bands have been 
found in the IR spectra of the nickel anal~gue, '~  for which 
a dinuclear structure was proposed with a bridging sulfato 
ligand. These findings and the fact that  other dinuclear 
species with the NCN'ligand are knownz2 make a similar 

(21) (a) Tiethof, J. A,: Peterson, J. L.; Meek, D. W. Inorg. Chern. 1976, 
15, 1365. (hi Blum, P. R.; Meek. D. W. Inorg. Chim. Acta 1977,24, L75. 

Figure 2. Schematic structure of [(PtC6H3(CHZNMez),-o,o?,- 
(w-S0,)1 (3).  

structure for 3 (see Figure 2), as for the nickel analogue, 
likely. 

'H NMR Spectrometric Measurements. In the lH 
NMR spectra (60 MHz, SO2-saturated CDC13 solution) of 
2a-c the aryl protons appear as a multiplet signal a t  6.9 
ppm, while the CH2 H and NMe, Me groups give singlet 
signals a t  4.15 and 3.16 ppm (see Table 111). Both the 
NCH, and NMez groups show sharp lg5Pt ( I  = '/,, 34%, 
abundance) satellites with characteristic J(lg5Pt, 'H) values 
for the CHzNMe2 substituents coordinated to Pt(I1). For 
the platinum(I1) complexes la-clo these values fall in the 
ranges 38-40 Hz (NMe,) and 46-52 Hz (NCH,), whereas 
for the platinum(1V) complexes [PtX3(C6H3- 
(CHzNMez)z-o,o?]g this range is 29-32 Hz (NMe,) and 
30-34 Hz (NCH,), respectively. 

In general the multiplicity and number of the lH NMR 
signals of the CH2 and NMez groups in the spectra of metal 
complexes with the terdentate ligand NCN' can give in- 
formation about the symmetry of the metal center and the 
surrounding groupings (see ref 10). 

For example, the square-planar platinum(I1) complexes 
la-c show in the 'H NMR spectra a pattern of singlets for 
the CH, H and NMe, Me groups, respectively, because of 
the presence of an apparent molecular symmetry plane in 
the molecule, which coincides with the Pt coordination 
plane. The latter plane is absent in square-pyramidal 
complexes with the NCN' ligand which then results in 
diastereotopic CH, and NMez groupings. This will be 
reflected in the 'H NMR spectra of these compounds as 
an AB pattern for the CH2 H and two singlets for the 
NMe, Me groups, respectively. 

In the spectra of square-pyramidal (see also IR) 2a-c 
this complex pattern is not found. Low-temperature 
measurements (195 K, toluene-d,) gave an 'H NMR 
spectrum with an analogous pattern as was found in the 
spectra at room temperature. A possible explanation might 
be the fact that the 'H NMR spectra were measured in 
SO,-saturated CDC1, solutions. As a result a second SO2 
molecule can attack the remaining coordination site of the 
platinum center and eventually result in dissociation of 
the initially coordinated SO, molecule (and vise versa). If 
this process in solution is rapid on NMR time scale (as- 
suming that the N-Pt bonds are inert on the NMR time 
scale), an apparent molecular symmetry plane coinciding 
with the NCN'Pt system is created, thereby rendering the 
diastereotopic groupings (in the five-coordinate structures) 
enantiotopic; Le., singlet resonances will be observed for 
both the CH, H and the NMe2 Me groups (routes 2 and 
3 in Scheme I). 

An 'H NMR spectrum of 2b in pure CDC1, (thus with- 
out using an excess of SOz) shows a pattern which has been 

( 2 2 )  A short communication has already been published about these 
bridging complexes containing a hydrogen, halogen, or cyanide group as 
bridging ligand: Grove, D. M.; van Koten, G.: Ubbels, H. J. C.: Spek, A. 
L. J .  Am. Chem. Soc. 1982, 104. 4285. 
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Table IV. Electronic Absorption Data of [MX(C6H3(CH2NMe2)2-o,o?(q'-S02)] and [MX(C6H,(CH2NMe2)2-o,o?14 
L a x ,  nm 

Xman nm compd compound 

[PtC1(C6H3(CHzNMez)2-o,o?(~1-SOz)] 326 352 411 sh [PtC1(C6H3(CH2NMez)2-o,o?l 279 
[PtBr(C6H3(CH2NMez)z-o,o?(q'-S02)] 327 362 410 sh [PtBr(C6H3(CH2NMe2)2-o,o?l 280 
[PtI(C6H3(CHzNMe2)z-o,o ?(n'-SOz)I 324 365 410 sh [PtI(C6H3(CH2NMe2)2-o,o?] 290 

308 [NiCl~C6H3~CHzNMe2~z-o,o~~~1-S02~l 323 440 [NiCl(C6H3(CHzNMe2)z-o,o ?I 
[NiBr(C6H3(CzNMez)z-o,o ?(ol-soz)l 326 444 [NiBr(C6H3(CHzNMez)z-o,o ? I  308 
[NiI(C6H3(CHzNMe2)2-o,o 9 (v'-soz)] 324 364 445 [NiI(C6H3(CHzNMe2)2-o,o 91 282 
[Ptz(Pz05Hz),(S0z)zI4- 428 

"Measured in saturated CHzCl2 solution (0.1 M); see also ref 24 for the estimated cmB, values of 2a-f. bMeasured in HzO. 
mined. 

Scheme I. Proposed Dissociation-Association Process for 
the Five-Coordinate [PtX(C6H3(CH2NMe2)2-o ,o?($-SO,)] 

Complexes 

r so2 1 

SO2 L $02 J 

identified as a mixture of lb and the SOz complex 2b. This 
indicates the existence of equilibrium 1 shown in Scheme 
I. The spectrum of 2b again fails to  reflect the expected 
diastereotopicity of the NMe2 and CHz groupings for a 
square-pyramidal structure. Accordingly, the observation 
that lb  and 2b can be seen separately shows that the 
process involving exchange between the five- and four- 
coordinate species (routes 1 and -1) is slow on the NMR 
time scale and that the process which involves attack of 
2b by the dissociated free SOz (route 2) is fast on the NMR 
time scale even at  low temperatures. 

In the 'H NMR spectra of the nickel(I1) sulfur dioxide 
complexes broad signals were found from which it was not 
possible to obtain accurate data.23 

The 'H NMR data of the bis(platinum(I1)) sulfato 
complexes 3 show singlets for the NCH, and NMez groups 
a t  4.00 and 3.13 ppm, respectively, both with platinum 
satellites (J(lg5Pt,'H) = 46 and 38 Hz) as well as a multiplet 
a t  6.8 ppm for the aryl protons. These observations are 
in accord with the proposed dimeric structure for 3. 

Electronic Absorption Spectra. The electronic ab- 
sorption data of the starting complexes la-f and their SO2 
products 2a-f as recorded in SO,-saturated CHzClz (0.1 
M) solution are presented in Table IV (see ref 24). 

For complexes la-f a strong absorption band is observed 
between 270 and 310 nm. Above 310 nm only weak ab- 
sorption bands are found for la-f which are assigned to 
d-d transitions (note that the platinum complexes are 
white while the nickel complexes are orange or red brown). 
Below 220 nm the solvent starts to absorb. The electronic 

(23) The broad signals in the NMR spectra of the nickel compounds 
are due to small impurities of paramagnetic Ni(II1) species; see ref 15. 

(24) Accurate c,, values for 2a-f could not be obtained because of the 
interference of the bands of the compounds and the tail of the band of 
free SO2. Assuming a 100% product formation, we found for the ab- 
sorption bands at 441 nm [e,,, = 2566 (2a)], 410 nm = 2330 (2b)], 
440 nm [e , ,  = 7661 (2d)l, 444 nm [emar = 3550 (2e)], and 445 nm [e,,. 
= 4109 (2f)J. 

fmax 

9701 
9770 

12823 
4383 

16285 

Not deter- 

C 

Figure 3. UV/visible spectra of 2a and Ze in CH2C12. Both 
solutions were saturated with SO2. 

absorption spectra of the platinum(I1) and nickel(I1) sulfur 
dioxide complexes 2a-f show new bands in the region 
300-500 nmZ4 (see also Figure 3). The bands at  324 and 
362 nm undergo no significant changes upon varying the 
metal or halogen and belong to the free dissolved SOz 
chromophore. A noticeable change for the new absorption 
band a t  410 nm in the spectra of the platinum complexes 
2a-c was found on going from platinum to nickel. In the 
spectra of 2e,f this band was found at  444 nm, which is 
the expected shift for a M(II)-to-SO, MLCT transition 
going from Pt(I1) to Ni(II).25 This MLCT character is 
confirmed by the appearance of a strong resonance Raman 
effect for v,(SOz) upon excitation into this band (vide su- 
pra). Furthermore the absorption bands of 2a-c agree with 
the absorption band found for the platinum(I1) adduct 
[Pt2(P205Hz)4(~1-SOz)z]4- (428.5 nm (emax 41 000)). 

Molecular Geometry of [ (PtBr(C6H,(CHzNMez)z- 
o,o')(v'-SO,)] (2b). Figure 4a gives the adopted num- 
bering scheme. Thermal vibrational ellipsoids are shown 
in an ORTEP drawing (Figure 4c, supplementary material). 

The crystal data and details of the data collection and 
structure refinement are summarized in Table I. Relevant 
bond distances and bond angles are listed in Table V. The 
five-coordinate platinum compound has a square-pyram- 
idal structure with the terdentate ligand NCN' donor sites 
and the Br at  the basal positions and the SOz ligand 
bonded via sulfur at the apex of the square pyramid. The 
principal distortion from the latter square-pyramidal ge- 
ometry arises from the small N-Pt-C(l) bite angles of the 
two five-membered chelate rings (81.7 (5)" and 82.9 ( 5 ) O ,  

(25) See: Gray, H. B. In "Transition Metal Chemistry"; Marcel Dek- 
ker: New York, 1965; Vol. 1, pp 240-287. 
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c4 

02 O1 

Br 

Cl C I O  

Br 
CB 

a 

P, I 

Figure 4. a. Pluto drawing of the molecular structure of 
[PtBr(C6H3(CH2NMe2)2-o,o?(tl'-S02)] along with the adopted 
numbering scheme. b. Projection along the Pt-C(l) axis showing 
the puckering of the fivemembered cyclometalated rings and the 
conformation of the Pt-S02 part of the molecule. 

respectively). Another feature is that  the Pt center lies 
ca. 0.18 A above the approximate plane formed by the 
basal ligands. This distance is shorter than that found in 
other square-pyramidal complexes, viz., 0.26 8, for Rh in 
[RhC1(+S02)(tpp)],26 but larger than that found in 
[PtBr(C6H3(CH2NMe2),-o,o') (p-(p-tolyl)NC(H)N(iso- 
propyl))HgBrCl] (0.09 8,) .,' 

The puckering in the two neighboring five-membered 
chelate rings that has been observed in complexes of the 
terdentate ligand NCN'may be of either the mirror plane 
or the twofold axis symmetry variety. Examples of the 
latter type are found in square-planar [Ni02CH(C6H3- 
(CH2NMe2)2-o,o 91 l5  or octahedral [PtC13(C6H3- 
(CH2NMeJ2-o,o ')I9 structures, whereas the square-pyram- 
idal complexes, i.e., the present compound (see Figure 4b) 
as well as the PtnHg complex (vide supra) are examples 
of the former symmetry variety. A characteristic difference 
of these two possible structures is the position of the two 
NMe, methyl groups with respect to the NCN'M plane. 
The structure of 2b (see Figure 4b) shows that the mirror 
plane variety results in two axially positioned methyl 
groups at different N centers opposite the apical ligand. 

The Pt-C and Pt-N bond lengths are similar to  the 
corresponding bond lengths found in the square-pyramidal 
Pt"Hg complex, viz, Pt-C(1) = 1.96 (1) vs. 1.91 (1) 8, as 
well as Pt-N(l) = 2.09 (1) and Pt-N(2) = 2.10 (1) vs. 2.097 
(9) and 2.08 (1) A, respectively. 

(26) Eller, P. G.; Ryan, R. R. Inorg. Chem. 1980, 19, 142. 
(27) van der Ploeg, A. F. M. J.; van Koten, G.; Vrieze, K.; Spek, A. L.; 

Duisenberg A. J. M. Organometallics 1982, I ,  1066. 

Table V. Interatomic Distances (A) and Bond Angles (deg)" 
a. Bond Lengths 

Pt-Br 2.522 (7) C(6)-C(8) 1.54 (2) 
Pt-N(l) 2.09 (1) C(7)-N(1) 1.54 (1) 
Pt-N(2) 2.10 (1) C(8)-N(2) 1.53 ( 2 )  
Pt-C( 1) 1.96 (1) C(9)-N(l) 1.52 (2) 
C(l)-C(Z) 1.37 (2) C(lO)-N(l) 1.50 (2) 
C(2)-C(6) 1.40 (2) C(l1)-N(2) 1.53 ( 2 )  
C(2)-C(3) 1.39 ( 2 )  C(12)-N(2) 1.48 (3) 
C(2)-C(7) 1.52 (2) Pt-S 2.613 ( 7 )  
C(3)-C(4) 1.39 (2) S-O(l) 1.47 (1) 
C(4)-C(5) 1.41 ( 2 )  S-O(2) 1.42 (2) 
C(5)-C(6) 1.40 ( 2 )  

b. Bond Angles 
Br-Pt-N( 1) 97.4 (2) C(Z)-C(l)-C(6) 124 (1) 
Br-Pt-N (2) 96.6 (3) C(l)-C(Z)-C(3) 118 (1) 
Br-Pt-C( 1) 173.3 (4) C(l)-C(Z)-C(7) 115 (9) 
N(l)-Pt-N(B) 160.4 (5) C(3)-C(2)-C(7) 127 (1) 
N(l)-Pt-C(l) 81.7 (5) C(2)-C(3)-C(4) 120 (1) 
N(B)-Pt-C(l) 82.8 (5) C(3)-C(4)-C(5) 121 (1) 
Pt-N(1)-C(7) 108.7 (7) C(4)-C(5)-C(6) 119 (1) 
Pt-N(l)-C(S) 105.6 (9) C(l)-C(6)-C(5) 118 (1) 
Pt-N(l)-C(lO) 116.6 (8) C(l)-C(6)-C(8) 115 (1) 
C(7)-N(l)-C(9) 108 (1) C(5)-C(6)-C(8) 127 (1) 
C(7)-N(l)-C(lO) 110 (1) N(l)-C(7)-C(2) 108 (1) 
C(S)-N(l)-C(lO) 108 (1) N(2)-C(8)-C(6) 109 (1) 
Pt-N(2)-C(8) 110 (1) C(1)-Pt-S 84.5 (5) 
Pt-N(B)-C(ll) 107 (1) N(1)-Pt-S 92.2 (3) 
Pt-N(2)-C(12) 116 (1) N(2)-Pt-S 98.2 (4) 
C(8)-N(Z)-C(ll) 107 (1) Br-Pt-S 102.2 ( 2 )  
C(8)-N(Z)-C(12) 109 (1) O(l)-S-0(2) 114 (1) 
Pt-C(l)-C(Z) 119 (1) Pt-S-O(l) 101 (2) 
Pt-C(l)-C(G) 118 (1) Pt-S-O(2) 104.6 (8) 

a Estimated standard deviations between parentheses. 

The Pt-SO2 geometry is typ i~a l l -~  for +pyramidal SOz 
bonding in a square-pyramidal structure. The bond angles 
around sulfur are close to the tetrahedral values. The Pt-S 
vector makes an angle of 114' with the SOz plane which 
affords a good bonding interaction between the filled 
Pt(d,z) orbital and the low-lying SOz orbital of 2b, type, 
leading to the observed rehybridization of the sulfur center 

A noticeable feature of 2b is the long Pt-S bond of 2.604 
( 5 )  A, which is much longer than other M-S distances 
reported for +pyramidal (MS02JS complexes, viz., 2.48 (8) 
8, in IrC1(CO)(PPh3)2(S02)17 and 2.326 ( 5 )  A in Rh(ttp)- 
(SO,) containing the terdentate neutral t tp  ligand.26 

This long Pt-SO, distance, which to our knowledge is 
the longest M-S02 distance observed so far, is in agree- 
ment with the reversibility of the SOz binding in 2. 
Furthermore, the v ( S 0 )  frequencies of 2a-f (vide supra) 
are higher than those observed for related (MS02JS (M = 
Rh(1) and Ir(1)) complexes,l which points also to a weaker 
M-SO, donation. It must be noted that the basicity of the 
platinum(I1) center in square-planar platinum(I1) com- 
plexes PtXzLz generally is too low to give rise to stable 
five-coordinate PtX,L,(SO,) complexes (see Introduction). 
The observation that in the case of the platinum com- 
pounds 2a-c as well as for the nickel complexes 2d-f stable 
SO, complexes could be isolated points to an enhanced 
basicity of these metal ds centers as a result of the presence 
of exclusively hard donor ligands in the monoanionic 
terdentate NCN' ligand. The basal 'u-donor ligands in 2 
all have electron-releasing character, i.e., the two trans 
positioned N donor atoms and to a lesser extent Br and 
aryl also, which causes enhanced nucleophilic character of 
the metal ds center through its filled dzz orbital. Accord- 
ingly, the metal-to-SO, donation, which is the important 
binding factor for vl-bound SO2,l is enhanced. Interest- 
ingly, the only other stable Pt"S02 compound reported has 
likewise a combination of hard N and C donors bound to 

to sp3. 
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the Pt(I1) center (see Introduction). 
That the NiSOz bonds in the Ni complexes 2d-f are less 

stable can be explained by a lower basicity of the Ni d,z 
orbital in Id-f as compared with that of the Pt d,z orbital 
in the analogous complexes la-c. This view seems to be 
substantiated by the observation that complexes la-c have 
a high-energy dLz orbital in the photoelectron spectra (IP 
= 8.05 eV) which is not present in the spectra of the 
corresponding nickel complexes ld-f.28 

The orientation of the SOz ligand is noteworthy because 
it has been demonstrated that the relative position of the 
SOz nuclei and ligands in the basal plane is related to the 
MS02 bonding interactions in the complex.26 The S-0(1) 

(28) Louwen, J. N.; Grove, D. M.; Ubbels, H. J. C.; Stufkens, D. J.; 
Oskam, A. 2. Naturforsch., B Struct. Sci. 1983, 388, 85. 

and S-0(2) bonds of 1.47 (1) and 1.42 (2) 8, are positioned 
above the Pt-Br and Pt-N(l) bond, respectively, an ar- 
rangement which so far has not been observed in other 
(MSOZIS complexes. 
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The reaction of InCl, with InX (X = C1, Br, I) in a dichloromethane/toluene/N,N,N',N'-tetra- 
methylethanediamine (tmen) mixture yields the bis(tmen) adducts of C1(X)InCH21nC12. X-ray crystal- 
lography of compounds with X = C1 and Br has shown that these are the first examples of diindium 
methylene structures, with an average In-C-In angle of 117.6". For C121nCH21nClz~2tmen: cell constants 
a = 7.782 (1) A, b = 21.192 (3) A, c = 14.366 (3) A; space group Pccn; R = 0.021, R, = 0.021. For 
C1(Br)InCHzInC12-2tmen: cell constants a = 7.849 (2) A, b = 21.205 (3) A, c = 14.374 (4) A; space group 
Pccn; R = 0.024, R, = 0.027. The structural results are compared with those for other organoindium species, 
and the mechanism of the formation of these compounds is discussed in terms of the available preparative 
and spectroscopic evidence. 

Introduction 
The indium(1) halides (InX, X = C1, Br, I) are insoluble 

and intractable materials, rarely used in synthetic chem- 
istry, but we have recently shown1 that these compounds 
have an appreciable solubility in mixtures of an aromatic 
solvent and a neutral base such as N,N,N',N'-tetra- 
methylethanediamine (tmen). The resultant solutions are 
stable below ca. -20 "C but react with a variety of organic 
and inorganic substrates as the temperature approaches 
ambient. Some of the synthetic applications of these 
systems have been discussed The present 
investigation represents a development of this work and 
of concomitant studies of the synthesis of neutral adducts 
of In2X4 and InzX3Y via the reaction of InX with InX, or 
InY, species (Y = Br, since we have now been able 

(1) Peppe, C.; Tuck, D. G.; Victoriano, L. J. Chem. SOC., Dalton Trans. 

(2) Peppe, C.; Tuck, D. G. Can. J. Chem. 1984, 62, 2793. 
(3) Peppe, C.; Tuck, D. G. Can. J.  Chem. 1984, 62, 2798. 
(4) Taylor, M. J.; Tuck, D. G.; Victoriano, L. Can. J. Chem. 1982, 60, 

1982, 2165. 

691. 

to prepare adducts of the indium methylene complexes 
Cl2InCHZInCl2 and C1(Br)InCHZInClz. The results of 
spectroscopic and crystal structure studies are also re- 
ported. 

Experimental Section 
The preparation of InX and InX3 and the general experimental, 

analytical, and spectroscopic methods, were as described in 
previous papers.*s3 

Reaction of InX with CHzXz (X = C1, Br). (i) InCL 
CH2ClZ.tmen. InCl (0.78 g, 5.21 mmol) was suspended in 20 mL 
of dichloromethane at ca. -80 "C, 2 mL of tmen added, and the 
mixture stirred. The cold bath was removed slowly until room 
temperature was reached (time of reaction 6-7 h), during which 
the deep red solution which initially formed at -80 "C gradually 
gave way to a clear colorless solution at ca. 25 "C; if the cold bath 
were removed too quickly, indium metal deposited. Any solid 
impurities were removed at this point by filtration. All the volatile 
components of the solution phase were then removed by pumping 
in vacuo, and the white solid so obtained was washed thoroughly 
with EtzO and dried under vacuum; Yield 1.8 g (84%), based on 

(5) Khan, M. A.; Peppe, C.; Tuck, D. G. Can. J .  Chem. 1984,62, 601. 
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