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Oxidative-addition Reaction of Platinum Acetylacetonate with Iodine in 
Solid State and Solution. Crystal Structure and Equilibrium Studies of 
trans-bis( acety1acetonato)d i-iodoplatinum( iv) 
By Philip M. Cook, Lawrence F. Dahl, David Hopgood," t and Roger A. Jenkins, Department of Chemistry, 

Pt(acac), (acac = acetylacetonate) undergoes an oxidative-addition reaction wi th molecular iodine both in 
solution and in the solid state to yield trans-Pt(acac),l,. In solution the reaction is readily reversible, and data for 
the equilibrium were determined spectrophotometrically. Mass spectral data of volatilized Pt(acac),l, indicate 
that the same equilibrium also occurs in the gas phase. A three-dimensional X-ray diffraction study from diffracto- 
meter data has established the stereochemistry of Pt(acac),l,. Crystals are triclinic, space group P1, with Z = 1 in a 
unit cell of dimensions a = 7.802, b = 8.703, c = 7.646, a = 95.866". p = 11 6.321 ", y = 11 4.844". The structure 
w a s  solved by Patterson and Fourier methods and refined by least squares to R 4.0% for 654 independent observ- 
ations. The molecule lies on a crystallographic centre of symmetry. Each PtIV is octahedrally co-ordinated by 
two oxygen-chelated acetylacetonate ligands and by two iodine atoms in a trans-configuration which deviates 
only slightly from LIZ! symmetry. The molecules are identically oriented in layers such that each iodine ligand has 
one unusually close intermolecular I . . * 1 contact of 3.559(2) 8. This short distance is indicative of weak inter- 
molecular bonds leading to infinite chains of weakly linked molecules. The readily occurring solid-state reaction 
of crystalline Pt(acac), wi th solid I, may involve diffusion by molecular iodine into the crystalline lattice of Pt(acac), 
followed by electron transfer from the Pt'l to the I n ,  molecule wi th concomitant cleavage of the molecular iodine 
bond to give PtTV-I formation. 

University of Wisconsin, Madison, Wisconsin 53706 

RECENTLY much work has been devoted to oxidative- 
addition reactions of co-ordinatively unsaturated transi- 

tion-metal complexes with various covalent molecules.l* 
Of special interest to us is the class of reactions in 

1 J. P. Collman and \T. R. Roper, Adu.  Ovganoinetallic Chem., 

J. Y. Collman, Accostnts Chem. Rcs., 1968, 1, 136; L. Vaska, 
ibid., p. 335; J. Halpern, ibid. ,  1970, 3, 386. 

t Present address: Dcpartment of Chemistry, Imperial 1968, 7, 63. 
College of Science and Technology, Prince Consort Road, London 
STV 7. 
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which a square-planar ds metal complex reacts with 
small molecules to cause covalent bond fission with 
concomitant formation of a d6 octahedral product : 
M(ds)L, + XY --t M(d6)L,XY. In general, these re- 
actions are highly stereospecific, and it is of importance 
to determine the kinetic, thermodynamic, and other 
factors which control the formation of cis- or tram- 
addition products, 

Our investigations of the kinetics and inechanisin 
of oxidative-addition and other reactions of neutral 
bisbidentate d8 metal complexes in non-(donor-acceptor) 
hydrocarbon and halogenocarbon solvents have included 
a series of reactions involving platinum acetylacetonate, 
Pt (acac),, which oxidatively adds molecular halogens 
and alkyl halides * to yield octahedral-like products. 
Pt(acac), also reacts with covalent molecules to give 
products in which the addendum molecule remains 
intact , e.g. with tetracyanoethylene and nitric oxide.3 

We report here the preparation of Pt(acac),I, by the 
solid-state reaction of Pt(acac), and I,, as well as by 
their reaction in non-aqueous solution. In addition to 
the results of spectrophotometric measurements on the 
dissociation equilibrium of Pt (acac),T, in solution and 
of mass spectral data of volatilized Pt(acac),I,, we 
report a detailed stereochemical analysis of Pt (acac),I, 
by single-crystal X-ray diffraction study. 

EX PER I31 B NTAL 

Pt (acac) , and ultrapure iodine (Ventroii Corporation, 
-1lpha Products) were used for all equilibrium nieasure- 
nicnts ; reagent-grade iodine was used for the synthetic 
reactions. The Pt (acac), was purified by recrystallization 
from benzenc. G.C.-Spectrophotometric grade CCI, 
(Baker) was driecl (Linde 3A molecular sieves) before use 
as solvent for the equilibrium measurements. 

Pi*epnvation of trans-bis (acetylacetonato) di-iodopln- 
tinum(~v) .-Method ( A ) .  Saturated CCl, solutions of 
Pt(acac), (0.438 g, 0.0011 mol) and I, (0.283 g, 0.0011 mol) 
were mixed a t  room temperature. The Pt (acac) ,I2 rapidly 
precipitated from solution as a finely divided black solid 

A mixture of Pt (acac) , (0.200 Q, 0.005 mol) 
crystals and solid I, (0.129 g, 0-005 mol) was either finely 
ground for a few seconds or set aside for ca. 5 min. In 
either case a finely divided black solid was obtained; 
these were shown to be identical from comparison of i.r. 
spectra (KBr disc) with each other and with the product 
given by method (A). 

The products of these procedures were recrystallized 
from benzene as dark ainber-brown dianiond-shaped, 
plate-like crystals. 

Spectroscopic mad Equilibrium iMeasurements.-Equili- 
briuiii nieasureinents were carried out on CCI, solutions 
contained in 1 cm pathlength cells which were thermo- 
statted in the cell compartment of a Cary 14BI spectro- 
photometer. Somc solutions were prcpared in an an- 
hydrous nitrogen atmosphere with rigorous exclusion of 
oxygen, but siiicc the results were identical with those data 

(93%). 
Method (B)  . 

D. Hopgood and R. A. Jenkins, to be published. 
D. Hopgood and D. A. Ryer, to be published. 
S. L. Lawton and R. A. Jacobson, Ames Laboratory, Iowa 

State University, 1965. 

obtained for solutions prepared in air, most of the solutions 
were prepared in air under anhydrous conditions. 

Perkin-Elmer 42 1 and 457 grating i.r. spectrometers 
were uscd to  record solid-state spectra (4000-250 cin-l) . 
Mass spectra were run on an AEI RIS 002 spectrometer over 
a temperature range of 110-240" by direct insertion of 
the samples into the ion source. IH n.m.r. spectra were 
recorded on Varian A 60A and T 60 spectrometers, and 
chemical shifts were measured with respect to tetra- 
methylsilane as internal standard. 

X-Ray Cvystallogfta$4ic Aianlysis 
Large, well-formed crystals of Pt (acac) ,I, were obtained 

by the slow cooling and evaporation of a saturated benzene 
solution prepared by Soxhlet extraction of the product. 
A diamond-shaped crystal (0-20 x 0.04 x 0.28 mm along 
the [loo], [OlO], and [OOl]  directions) was used for data 
collection and was mounted inside a thin-walled glass 
capillary along the [TO21 direction. 

Crystal Data.-C,,H,,I,O,Pt, Af = 647, Triclinic, n = 
7.802 f 0.001, b = 8.703 & 0.001, C = 7.646 0.001 A, 
cc = 95.866 f 0.007", y = 114.844 

0.004", U = 396 Pi3, D, = 2.72, Z = 1, D, = 2.74 (by 
= 116,321 f 0.006", 

flotation), F(000) = 290. Space group, PI (C:), Mo-K, 
radiation (Zr filter), A = 0-71069 A, ;~(Mo-l(dl) = 133.0 
cm-1. 

Preliminary oscillation, Tireissenberg, and precession 
photographs revealed triclinic Laue symmetry Ci- 1, but 
observed systematic absences of ( A K Z }  for k + E odd in- 
dicated a crystal mounting which resulted in an A-centred 
cell. This cell was transformed to the conventional 
reduced primitive cell 5 for indexing purposes. With 
2 = 1, coinpliance to the centrosyinmetric space group 
Pi(Cj)  [rather than the alternative Pl(C;)]  requires 
that the monomer possess a crystallographic centre of 
symmetry. The choice of this centrosymmetric space 
group was verified by the successful refinement of the 
crys t a1 structure . 

Intensity data to 28 40" for all independent reflections 
of four octants (hkl,  hk l ,  hkZ, hhZ) were collected on a full- 
circle, Datex-controlled General Electric diffractonieter 
with Zr-filtered Mo-K, radiation. A 8-28 scan technique 
was used with a (stationary-crystal)-(stationary-counter) 
background measurement for 15 s on each side of the peak 
and a scan speed of 2" m i 0  for a scan-width of 1.3". 
Lattice constants were calculated and least-squares re- 
fined from 28, x, and + values of 18 independently centred 
reflections. The intensities of four standard reflections, 
measured after each 100 reflections, showed no significant 
crystal decay or change in alignment during the entire 
data collection. A Lorentz-polarization correction was 
applied and a IFtlI calculated for each reflection. Re- 
flections having I < 2 4 1 )  wcre considered unobserved 
and omitted from further consideration. The irregular 
dimensions of the crystal together with the high value of 
p resulted in transmission factors varying from 0.105 to 
0.601, and hence an absorption correction was applied.' 
No corrections for extinction were made. All data in the 
range 10" < 28 < 40" were merged into one asymmetric 
unit containing 654 independent observed reflections. 

Structural Determination.-Initial co-ordinates for the 

A. S. Foust, Ph.D. Thesis, University of Wisconsin (Madison), 
1970. ' W. R. Busing and H. -4. Levy, A d a  Cryst., 1967, 10, 180. 
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TABLE 1 

Final atomic positional and anisotropic temperature factors ( lo4) 
Atom X Y z lo4@,, 104P22 lo4@,, 104P12 lo4 Pi3 104h 

147(4) 60(3) 

with estimated standard deviations in parentheses 

Pt 0 0 0 0 139(4) 68(2) 116(3) 31(2) 65(2) 

00) 
O(2) 
C(4) 
C(1) 
C(3) 
C(2) 

92(3) 17(30) 5(22) 
I 0*0281(2) 0.309 1 (1) - 0*0404(2) 291(5) lOl(3) 248(4) 

0*3121(16) 0-0981(13) 0*0672(15) 163(34) 126(22) 187(34) 59(23) 

0-7041(27) 0*2523(25) 0*2726(26) 253(59) 229(47) 238(62) 61(43) 114(46) 19(40) 
0*4827(24) 0*1902(21) 0-2531(24) 140(52) 135(38) 208(54) 50(37) 64(48) 43(38) 
0-4775(25) 0*2332(22) 0*4302(23) 185(54) 169(42) 162(48) 29(38) 70(40) 17(35) 

0.0877(16) 0*0934(12) 0*2942(14) 214(37) 75(21) 126(29) 7(23) 83(27) -18(21) 

0*2908(27) 0.1865(20) 0*4423(22) 252(61) 94(34) 124(46) 38(38) 81(48) - 3(33) 
0*3225(28) 0*2468(25) 0*6529(26) 317(63) 206(46) 167(47) l(43) 137(45) - 2(39) L(fj1) J 0.6266 0.3066 0.5648 

H(41) 0-7212 0-3298 0-1862 
H(42) 0.8289 0.3243 0.4220 
H(43) 0-7093 0.1448 0.2224 
H(51) 0.2297 0.1396 0.6752 

0.4842 0.3043 0.7652 E[Eil 0.2747 0.3365 0.6573 
6 The platinum atom lies on the crystallographic centre of symmetry and the positional parameters have been so constrained. 

c Hydrogen 
Hydrogen atoms are numbered according to the carbon 

b The anisotropic thermal parameters are of the form exp{-((pllh2 + p z z k 2  + P3J2 + 2P,,hk + 2P,,hZ + 213,,kZ)}. 
atom isotropic temperature factors were arbitrarily fixed a t  B 2.5 A2. 
atom to which they are bonded. 

crystallographically independent iodine atom were ob- 
tained from a three-dimensional Patterson map. With the 
platinum atom positioned on the centre of symmetry a t  
the origin, a Fourier i m p  phased on the platinum and 
iodine atoms failed to  indicate the positions of the acetyl- 
acetona te carbon and oxygen atoms. Hence, a preliminary 
least-squares refinement (with anisotropic thermal para- 
meters for the platinum and iodine atoms) followed by a 
Fourier difference map was carried out t o  locate the two 
independent oxygen and five independent carbon atoms, 
for which R was 14.9%. Anisotropic full-matrix least- 
squares refinement of the platinum, iodine, oxygen, 
and carbon atoms converged a t  B 4.4% and R' 5.4% 
(R' = [Cw,l[F,! - lFcl!z/,Cw~/ilFo(2]~ x 100. A Fourier 
difference map revealed positive peaks indicative of the 
approximate locations of the acetylacetonate hydrogen 
atoms. Idealized methyl hydrogen positions were cal- 
culated by: (i) a choice of the best-defined hydrogen 
peak about each methyl carbon, (ii) taking the (ring 
carbon)-(methyl carbon)-hydrogen bond angle as 109.5" 
and C-H 1.00 A, and (iii) a rotation of the idealized hydrogen 
position twice by 120.0" around the vector formed by the 
methyl carbon atom and attached ring carbon atom. 
The idealized position of the seventh hydrogen atom, 
attached to the central-ring carbon C( 3), was calculated 
assuming C-H 1.00 A from C(3) on the bisector of the angle 
formed by the three acetylacetonate ring carbon atoms. 
The positional and thermal parameters of the seven hyclro- 
gen atoms were not varied in the course of the final refine- 
ment; an isotropic temperature factor of 2.5 Az was 
arbitrarily assigned to each hydrogen atom, and idealized 
hydrogen positions were recalculated after each least- 
squares cycle. The last least-squares cycle converged 
a t  IZ 4.0% and R' 5.2% with no parameter changing by 
>Ow5 ci. A Fourier difference map phased on the input 
of the last cycle showed the absence of any residual electron 
density >0.6 e k 3  except for three peaks of 1.8, 1.2, and 
1.2 eA-3 all peaks being (1.5 A from either a platinum or 

* J. C. Calabrese, Ph.D. Thesis, University of Wisconsin 

H. P. Hanson, F. Herman, J. D. Lea, and S. Skillman, 

lo R. I?. Stewart. E. R. Davidson, and W. T. Simpson, J .  Chent. 

(Madison), 197 1. 

Acta Cryst., 1964, 17, 1040. 

Phys., 1965, 42, 3175. 

iodine position and hence being attributed to ' noise ' 
effects from the heavy atoms. All least-squares refine- 
ments were based on the minimization of XwzllF,,I - 
IFcllz with the individual weights w, = ~ / G ( E ; ~ ) ~ .  Atomic 

TABLE 2 
Distances (A) and bond angles (deg.) with incans based 

on an idealized D,T, geometry ; estimated standard 
deviations are in parentheses 

(a)  Intramolecular bonding distances 
1*506(22) 
1.5 16 (2 1) 

W)-C(4) 
C(2)-C(5) 

bieaii 1.995 CP)-C(3) 
c (2)-C(3) 

R-I 2*667(1) 

Pt-O(1) 1-994(9) 
Pt-O(2) 1-996(8) 

Mean 1.511 

1 * 3 90 (20) 
1-388(20) 

Mean 1.389 1 *276( 16) 
1-262( 17) 

0(1)-C( 1) 
0(2)-C(2) 

Mean 1.269 

(b) Selected nonbonding distances 
I . . . I L  3.559(2) I * - * O(1) 3 * 32 7 (9) 
0(1)  * - * 0(2! 2-954(12) I - - - 0(2! 3*308( 9) 
0(1) * - - O(2 ) 2-681(13) I * * - O(1)  3 33 3 ( 1 0) 

1 * * O(2') 3.354(9) 
Mean 3-330 

(c) Bond angles 
0 (1)-Pt-0 (2) 
O(l)-Pt-O(2') 
T-Pt-I' * 
Pt-1-11 

I-Pt-O( 1) 
I-Pt-O(2) 
I-Pt-0 ( 1 /) 
I-Pt-0 (2') 

Mean 

Pt-O( 1)-C( 1) 
Pt-O{2)-C( 2) 

Mean 

95*4(4) 
84.4 (4) 

155q  1) 

89-9(3) 
89*1(3) 
90-1(3) 
90.9 (3) 
90.0 

1 22.3 (9) 
121*4(8) 
121.9 

180*0(-) 

O( 1)-C( 1)-C( 3) 
0(2)-C(a)-C(3) 

Mean 

0( 1)-C(1)-C(4) 
0 (2)-C (2)-C( 5) 

Mean 

C( 3)-c (1)-c(4) 
C( 3)-C( 2)-C(5) 

Mean 

C( 1)-C( 3)-C( 2) 

125-6( 12) 
12 7-2 ( 1 2) 
126.4 

1 14.4( 13) 
113*3( 13) 
113-8 

1 1 9.9 ( 13) 
1 19*4( 13) 
119.7 

1 2 7.8 ( 1 2) 

I1 is the intermolecular iodine atom related to I by - x ,  

* Required by a crystallographic centre of symmetry to be 
1 - y, -z. 

exactly 180.0". 

scattering factors were taken froiii ref. 9 except those for 
hydrogen which were from ref. 10. Real and imaginary 
corrections for the anomalous disDersion of the datinum 
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and iodine atoms were applied in the final least-squares 
cycles and were taken from ref. 11 .  

The positional and thermal parameters with their 
estimated standard deviations from the output of the final 
cycle of refinement are listed in Table l .* Interatomic 
distances and bond angles with their estimated standard 
deviations computed from the full variance-covariancc 
matrix are presented in Table 2. 

Cowzputev P~ogranzs.--All Patterson and Fourier cal- 
culations were carried out with the Blount program,12 
while least-squares refinements were carried out with a local 
modification of the Busing-Martin-Levy OR FLS pro- 
gram.13 Other programs used in the structural deter- 
mination include CABRCELL, a local modification of 
TRACER,5 for transformation to a reduced triclinic cell, 
ASGSET ti for refinement of lattice parameters and 
generation of crystal angles for diffraction maxima, DEAR 
(Blount) for absorption correction based on the Busing- 
Levy method,' DREDGE l3 for data reduction, SORT- 
RIERGE 8 for the sorting and merging of data, BLANDA 
for the calculation of distances and bond angles, MIRAGE 
for calculations of idealized positions based on given 
distances and bond angles, PLANES l5 for least-squares 
planes along with perpendicular displacements of atoms 
from these planes, ORFFE l6 for calculation of distances 
and bond angles with e.s.d.s, and ORTEP l7 for drawings. 

RESULTS AND DISCUSSION 

The mechanism of this surprising and unusual solid- 
state reaction of molecular iodine with Pt (acac),I, 
presumably involves rapid diffusion of iodine molecules 
into the crystalline lattice of Pt (acac), molecules followed 
by electron transfer from PtII to  iocline molecules to give 
PtTv-I bonds with concomitant cleavage of the molecular 
iodine bond. Although the structure of Pt(acac), 
is unknown, the crystal structure of Pt(acac),T, provides 
evidence in support of this hypothesis. 

Descriptioit of the Stvzictzwe.-The crystal structure of 
Pt (acac),I, consists of discrete inononieric molecules 
with the two iodine ligands octahedrally co-ordinated 
to the planar Pt(acac), moiety to give a resulting tvnizs 
configuration (Figure 1) .  The one molecule in the unit 
cell is crystallographically constrained to  C,-T site- 
symmetry with the platinum atom lying on the centre 
of symmet ry . 

The acetylacetonate ligand is experimentally planar, 
deviations of the atoms being &0.004 A, and with the 
platinum atom only -0.017 A out of this plane. The 

* Observed and calculated structure factors are listed in 
Supplementary Publication No. SUP 20674 (2 pp., 1 microfiche). 
For details sec Notice to  Authors No. 7 in J .  Chenz. SOC. ( A ) ,  
1970, Issue No. 20 (items less than 10 pp. are sent as full size 
copies). 

l1 ' International Tables for X-Ray Crystallography,' vol. 111, 
Kynoch Press, Birmingham, 1968, p. 215. 

l2 J. F. Blount, Ph.D. Thcsis, University of Wisconsin (Madi- 
son), 1965. 

13 W. R. Busing, K. 0. Martin, and H. A. Levy, Report 
ORNL TM 305, Oak Ridge National Laboratory, 1962. 

l* E. F. Epstein, Ph.D. Thesis, University of MTisconsin 
(Madison), 1969. 

15 D. R. Smith, Ph.D. Thesis, University of Wisconsin (Madi- 
son), 1962. 

l6 W. R. Busing, K. 0. Martin, and 13. A. Levy, Report 
ORNL TM 306, Oak Ridge National Laboratory, 1964. 

additional equivalence of the corresponding bond lengths 
and angles of the acetylacetonate ligand results in it 
possessing the expected localized C,, symmetry. The 
identical orient a t  ions of the two cryst allographicall y 
equivalent Pt-I bonds within 2" of the normal of the 
mean Pt(acac), plane show that the Pt(acac),I, mole- 
cule closely conforms to D,, symmetry. Another 
corresponding bis( acetonacetonato)dihalogenometal(Iv) 
complex whose structure has been elucidated by 
X-ray crystallography is Re(acac),Cl,, which was 
shown by Lock and Wan l8 to possess two co-planar 
oxygen-chelated acetylacetonate ligands with the two 
fmns-chlorine atoms completing an octahedral-like 
environment about the central Re*"; the molecule of 
crystallographic site-symmetry C, 1 also has an idealized 

H (53') 

FIGURE 1 Molccular configuration of trans-Pt (acac) &. The 
molecule of idealized D , ,  geometry has crystallographic site- 
symmetry Ci-1. The non-hydrogen atoms are shown as 60% 
probability thermal ellipsoids 

D,, geometry. trans-Bis (acet ylacet onat 0)  dihalogeno- 
metal(1v) complexes are uncommon relative to the known 
cis-isomers, at least in solution 19-29 (vide infra).  

The most prominent crystallographic feature is found 
from an examination of the crystal arrangement of the 
Pt(acac),I, molecules shown in Figures 2 and 3. The 
molecules are identically aligned in layers with the 
tram-Pt-I bonds directed nearly along the b axis such 
that cach iodine ligand has one abnormally close 
intermolecular contact of 3.559(2) A with an iodine 
ligand in another molecule related to  the first by one 
lattice translation along the b axis. No other inter- 
molecular contacts <4.0 A exist in Pt(acac),I, except 
for H * * - H distances which are all >2-8 A, appreciably 

l7 C. I<. Johnson, Report ORNL 3794, Oak Ridge National 
Laboratory, 1965. 

Is C. J. L. Lock and C. Wan, Chem. Comnz., 1967, 1109. 
l9 D. C. Bradley and C. E. Holloway, Chetn. Cornm., 1965, 

284; J .  Chem. SOC. ( A ) ,  1969, 282. 
2u I<. C. Fay and R. N. Lowry, Iiz0i.g. Chem., 1967, 6, 1512. 
21 N. Serpone and R. C. Fay, I w o q .  Chenz., 1969, 8, 2379. 
22 T. J. Pinnavaia and R. C. Fay, Inorg. Chem., 1968, 7, 502; 

23 J.  A. S. Smith and E. J. Wilkins, Chewz. Cotnnz., 1965, 381; 

24 T. J .  Pinnavaia, L. J .  Matienzo, and Y. A. Peters, Inorg. 

25 W. H. Nelson, Inorg. Chew., 1967, 6, 1509. 
2O J.  W. Faller and A. Davison, Inorg. Chenz., 1967, 6, 182. 
2' V. Doron and C. Fischer, Inorg. Chem., 1967, 6, 1917. 
2s D. W. Thompson, Inorg. Chenz., 1969, 8, 2016. 
29 K. C. Fay and K. N. Lowry, I ~ z o v ~ .  Chenz., 1970, 9, 2048. 

R. C. Fay and T. J. Pinnavaia, ibid., p. 508. 

J .  Chem. SOC. ( A ) ,  1966, 1749. 

Chrm., 1970, 9, 993. 
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longer than the normal van der Waals separation 30 
of 2.4 A for such contacts. The I - . . I  separation, 
which is 0-74 A shorter than twice the van der Waals 
radius of iodine (vix., 4.30 is similar to the closest 

t 

FIGURE 2 [OOl] Projection of the triclinic unit cell, showing 
the weak intermolecular I - * - I interactions approximately 
along the b axis 

intermolecular contacts 31 of 3-56 A for crystalline 
iodine; also, the planar 12- anion (of crystallographic 
site-symmetry Ci I and of idealized C,, 2/m geometry) 
found 32 in the crystal structure of CsI, has a distance of 
3-42 -+ 0.015 On a basis 
of large differences in nuclear quadrupole effects between 
crystalline and gaseous iodine together with the 
crystallographic information, Townes and Dailey 33 
suggested that crystalline iodine contains two weak 
intermolecular covalent bonds per iodine atom. 
Bersohn 34 later presented a inore explicit quantum 
mechanical treatment of the intermolecular bonding in 
crystalline I, in terms of a band structure and justified 
his model by its simple description of the iodine nuclear 
quadrupole coupling constant, the anisotropy of the 

* The differenccs between the reported bond distance of I, 
in the crystaIline state (2.68 -J= 0.01 A from X-ray crystallo- 
graphy 31) and those in the gaseous state (2-662 A from electron 
diffraction 35 and 2.667 k calculated from precise spectroscopic 
measurement 36) are not statistically significant owing to  the 
relatively large error obtained from the X-ray diffraction study 
done in the pre- (least-squares refinement) time. Hence, there 
is no bond-length support for the argument 33 that these auxiliary 
intermolecular bonds are formed a t  the expense of the main 
molecular I, bond. 

30 L. Pauling, ' The Nature of the Chemical Bond,' 3rd edn., 
Cornell University Press, Ithaca, New York, 1960. 

31 A. I. Kitaigorodskif, T. L. Khotsyanova, and Yu. T. 
Struchkov, Zhur. Fiz. Klzirn., 1953, 27, 780 (Chem. Abs. ,  1955, 
49, 2 145g). 

ascribed to a weak bond. 

electrical conductivity, and the optical absorption.* 
Similarly, the short I * - I distances in crystalline 
Pt(acac),I, indicate stronger than van der Waals 
interactions which lead to the formation of infinite 
chains of Pt (acac),I, molecules with weak intermole- 
cular linkages. The resulting crystal structure of 
Pt(acac),I, is in harmony with the suggested mechanism 
of the solid-state reaction between crystalline Pt (acac), 
and crystalline iodine (vide s@ra). 

The mean bond lengths for the acetylacetonate ligand 
in Pt(acac),I, are in excellent agreement with the 
normally invariant mean values (given in parentheses) 
reported3' in a survey of crystallographic data for a 
considerable number of metal chelates of acetyl- 
acetone: C-0 1.269 (1.274), C-C 1.389 (1.390 A), and 
C-CH, 1.511 (1-524 A). 

The mean P t I V - 0  bond distance (1.995 A) in Pt- 
(acac),I, is much shorter than those in trimethyl-4,6- 
(dioxonyl)platinum(iv) dimer 38 (2.15) and in p-ethyl- 
enediamine-bis [trimet hyl( acet ylacet onat 0)  platinum- 
(IV)] 39 (2.17 A) because of the very strong trans- 
influence exerted by the methyl groups opposite the 
Pt-0 bonds in these two trimethyl-metal c o m p l e ~ e s . ~ ~  
In Pt(acac),I, the mean P t I V - 0  bond distance, which 

CC47 
FIGURE 3 jOlO]  Projection of the triclinic unit cell 

does not deviate greatly from the Pt-0 distance of 
1.97 A predicted from the sum of covalent radii:* is 
closer to the PtIr-0 bond distances in K[Pt(acac),Cl] 
for which the mean of the two asymmetric Pt-0 bonds 

32 E. E. Havinga, I<. H. Boswijk, and E. H. Wiebenga, Acta 

33 C. H. Townes and B. P. Dailey, J .  Chettz. Phys., 1952, 20, 

34 R. Bersohn, J .  Chem. Phys., 1962, 36, 3445. 
36 I. L. Karle, J .  Chem. Phys., 1955, 23, 1739. 
313 D. H. Rank and W. M. Baldwin, J .  Chem. Pltys., 1951, 19, 

37 E. C. Lingafelter and R. L. Braun, J .  Amer.  Chem. SOC., 

38 A. G. Swallow and &I. R. Truter, Pvoc. Roy. SOC., 1960, A ,  

39 A. Robson and M. R. Truter, J .  Ghem. SOC., 1965, 630. 
40 M. R. Churchill, Perspecfives in Strzictural Chem., 1970, 3, 91. 

Cryst., 1954, 7, 487. 

35. 

1210; Chem. SOC. Special Publ., No. 11, 1958, p. M 93. 

1966, 88, 2951. 

254, 205. 
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of 1.968(14) and 2.072(14) in the one oxygen-chelated 
acetylacetonate ligand is 2.02 A.41 Similarly, it compares 
favourably with the shorter of the two mean PtII-0 
bond distances in bis(acety1acetonato-p-allyl-platinum) 
dimer, [Pt (C3H,) ( a ~ a c ) ] , . ~ ~  In this oxygen-chelated 
acetylacetonate molecule of pseudo-two-fold symmetry, 
the two Pt-0 distances trans to the cr bonded bridging 
allyl ligands are both 2.07(2) A, while those trans to the 
x bonded bridging allyl ligands are 1-98(2) and 1.99(2) A. 

The i.r. and 1i.m.r. measurements made for various 
metal acetylacetonate complexes and the resulting 
controversial interpretations concerning the extent 
of aromatic character of a metal-acac ring system have 
been comprehensively reviewed.43 It was concluded 
that, while electron delocalization occurs within the six- 
membered heterocyclic ring for various transition metals 
and observably influences molecular properties (as re- 
flected by their i r e ,  n.m.r., e.s.r., and electronic spectra, 
and by crystallographic data), the n.m.r. spectra provide 
little or no evidence for the existence of accompanying 
ring currents (i.e., no magnetic anisotropy relative to 
that in benzene). A recent review has discussed the 
structures and bonding of inorganic derivatives of 
3-diketones. 

The O(1) * - - O(2) distance, or 'b i te '  of the actyl- 
acetonate ligand, which varies over a range of ca. 
0-25 A for known transition-metal acetylacetonate 
s t r u ~ t u r e s , 3 ~ ~ ~ ~  is 2.954 A in Pt(acac),I,. The corre- 
sponding values of 3-95 in pethylenediamine-bis[tri- 
methyl( acetylacetonato) platinum( IV)] 39 and 2.976 A 
in potassium bis(acetylacetonato)chloroplatinate(11),4~ 
are both analogous to this, whereas in bis[acetylaceton- 
ato-p-allyl-platinum(r~)] the calculated bites (2.88 and 
2-85 A) are smaller. These data are in contradistinction 
to the trend noted by Lingafelter 45 that the 0 - - 0 
bite ' apparently decreases with increasing oxidation 
state of the metal.' The equality of these distances 
in the two PtIF molecules, which have a difference of 
0.15 A in P t I V - 0  bond distances, is made possible by the 
significant change in the O-Pt-0 angle from 95.4(4)' 
in Pt(acac),I, to 85(1)" in [PtMe,(a~ac)],(en).~~ 

The PtIV-I bond length [2-667(1) A] is close to the 
mean value (2.62 A) found for the terminal PtIV-I 
bonds in [Pt14),46 and to the sum of covalent radii 
(2.64 A).30 This covalent PtIV-I bonding is contrasted 
to the PtII-I bonding in Pt[C,H4(AsMe,)2],I,.47 In 
this latter centrosymmetric complex, the square- 
planar PtII achieves a distorted octahedral co-ordination 
with elongated PtII-I distances of 3-50(1) A which 
suggests a much more ionic interaction (in the extreme 
corresponding to a PtII dication and two I- anions). 
From a MO view-point, this tremendous increase in the 
two PtII-1 distances relative to the two normal bonding 
PtlC-1 distances may be attributed to the extra electron 

41 R. Mason and G. B. Robertson, J .  Chem. SOC. ( A ) ,  1969, 

42 G. Raper and VV. S. NcDonald, J . C . S .  Dalton, 1972, 265. 
43 B. Bock, K. Flatau, H. Junge, M. Kuhr, and H. Musso, 

44 D. W. Thompson, Stvzictzcve and Bonding, 1971, 9, 27. 

486. 

Angcw. Chem. Internnt. Edn., 1971, 10, 225. 

pair in the PtII complex occupying a strongly anti- 
bonding cr-like orbital encompassing primarily the 
I-Pt-I' atoms. 

Solution EquiZibria.-On dissolution in non-( donor- 
acceptor) solvents such as CCl, and cyclohexane, 
Pt(acac),I, partially dissociates into Pt(acac), and mole- 
cular iodine. The equilibria involved in the reversible 
interaction of Pt(acac), and I, were determined spectro- 
photometrically in CCl, a t  24.8" .in the region 240- 
700 nm; the equilibrium data are listed in Table 3. 

TABLE 3 
Spectrophotometric data from the equilibrium study 

at 24-8 f 0.1" for CCI, solution 

concn. 0 Absorbance 
Total analyt. 

r A 
$ 

446 nm 296 nm 105 105 
x[R]T x[I]T r-A-, r--.h----, 

no. ( M )  ( M )  0bs.b Ca1c.c 0bs.a Ca1c.c 
1 2.57 1.414 0.054 0.057 0.366 0-342 
2 2.57 2-02 0.074 0.077 0.391 0.398 
3 2.59 2-62 0.096 0.098 0.447 0.454 
4 2.57 3.32 0.115 0.118 0-501 0.509 
5 2.58 4.08 0.13'7 0.130 0.562 0-566 
6 2-58 4.94 0.160 0.160 0.624 0.624 
7 2.57 6-04 0.181 0.182 0.678 0.682 
8 2.57 7-46 0.209 0.207 0.755 0.747 
9 1.54 5.92 0.120 0.122 0.432 0430  

10 2-05 5.92 0.153 0.163 0.562 0.563 
11 2.93 5.92 0.199 0.197 0-764 0-749 
12 1-46 5-24 0.111 0,109 0.406 0.399 
13 1.4'7 11.00 0-153 0.162 0.516 0.508 
14 1-46 13-54 0.162 0.161 0.637 0.529 
15 1.46 17.42 0.167 0.171 0-537 0-552 

0 Corrected for CC1, density change. Measured in 
matched 1 cm pathlength cells with respect to a solvent blank. 
c Calc. on the basis of the least-squares value of (6.8 1.1) 
x lo4 1. mol-l for thc formation constant and the determined 
molar absorptivities. 

In normal room light, equilibrium was attained within 
the time of mixing of the reactants in all 15 solutions 
examined. 

The rate of attainment of equilibrium was much slower 
in the dark, however. The kinetics and mechanism 
of both the thermal and the photochemical reaction 
are being inve~tigated.~ The product(s) of the reaction 
exhibited intense bands at 296 and 446 nm. The re- 
lationship between the absorbances of both these 
bands and the analytical concentrations of platinum 
and iodine were analysed by conventional nonlinear 
least-squares techniques 48 on absorbance and mass 
balance equations of feasible products. The data show 
that the only product or products formed in significant 
concentrations have the stoicheioinetry Pt  (acac),I, : 
Pt(acac), + I, 2 Pt(acac),I,. The complex has a 
formation constant of (6.8 -& 1.1) x lo4 1 mol-l for 
K = [Pt(acac),1,]/[Pt(acac),][1,] and molar absorptivi- 
ties of 43,500 If: 1900 and 13,400 & 590 at 296 and 
446 nm. 

45 E. C. Lingafelter, Co-ordination Chetn. Rev., 1966, 1, 151. 
46 V. K. Brodersen, G. Theile, and B. Holle, 2. anovg. Chew., 

47 N. C. Stephenson, J. Inorg. Nuclear Chem., 1962, 24, 791. 
48 W. E. Wentworth, W. Hirsch, and E. Chen, J. Phys. Chew. ,  

1967, 71, 218; D. R. Rosseinsky and H. Kellawi, J. Chem. SOC. 
( A ) ,  1969, 1207. 

1969, 869, 154. 
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These values of the parameters were used to calculate 

the theoretical absorbances given in Table 3. The 
differences between observed and calculated absorbances 
are randomly distributed and show no smooth trends 
when the concentration of either of the reactants i s  
varied with the concentration of the other held constant. 
The two intense bands of the electronic spectrum of the 
product (s) most likely result from the sole formation 
of the trans-isomer of the octahedral-like Pt (acac),I,, as 
discussed later, and probably arise from charge-transfer 
transitions of electrons on the iodide ligands to the 
PtIV. The energies of the two bands are in qualitative 
agreement with the predicted values calculated (on the 
basis of assumed regular octahedral co-ordination) with 
Jmgensen's equation, 3 = 30,000 [X,,t(L) - XOp@)] 
(units in cm-I), involving optical electronegativitie~.~~ 
Values of Xopt (Ptl') = 1-7 and XopL(I-) = 2.5 for a TC 

and 3.0 for a cs electrong9 were used to calculate the 
band energies of 24,000 cm-I for a x(I)+eg(PtrV) 
transition and 39,000 c a l  for a ts(1)+e,,(PtIV) 
transition which may be compared with the observed 
values of 22,500 and 33,000 cm-l. 

The solution and solid-state clectronic spectra of 
Pt  (acac),I, are closely similar. The solid-state spectrum 
of a thin film of the compound sublimed on a quartz 
window has bands at  293 and 476 nm as compared with 
the CCI, solution bands at 296 and 446 nm. Thus, it is 
most likely that Pt (acac),T, retains its trans-configuration 
upon dissolution. A sharp singlet resonance of the 
methyl protons was observed for a saturated solution 
(ca. 8 g l-l, -1 x 10-3M) of Pt(acac),I, in CD,C12 at  
30". (Under these conditions cn. 5% of Pt(acac),I, is 
dissociated in solution.) The chemical shift of this 
peak, 8 1-52 p.p.m., is shifted upfield from the methyl 
resonance of the parent Pt(acac), at 6 1-90 p.p.m. 
The rate of equilibrium interchange, Pt  (acac), -\- 
I,*Pt (acac),I,, is slow on the n.m.r. time-scale 
in the dark at  ambient  temperature^.^ With the 
reasonable assumption that the Pt-0 bonds of Pt- 
(acac),12 are nonlabile at ambient temperatures, then 
the observation of a single methyl resonance is also 
consistent with the tram-configuration. Unfortunately, 
variable-tcmperature lH n.m.r. experiments were diffi- 
cult to perform because of the low solubility of Pt- 
(acac),I, in a wide range of solvents, and thus we cannot 
definitely rule out the possibility that the observation 
of a single methyl resonance for Pt(acac),I, is due to a 
rapid exchange on the n.m.1. time-scale. The stereo- 
chemistry in solution of dihalogenobis (acetylacetonato) - 
complexes of the Group IV elements of TiTV,19-21 

extensively subjected to a large number of spectroscopic 
and dipole-moment studies, and with few exceptions 

zrIV,21,22 HfIV,21* 22 GeIV,23,34 and SnIV 21,23,25-27 has I>ee11 

49 C. K. Jargensen, ' Orbitals in Atoms and Molecules,' 
Academic, New Yorli, 1962; C. K. Jmgensen, ' Essays in 
Co-ordination Chemistry,' BiTkhauser Verdag, Basel, 1964 ; 
F. Basolo and R. G. Pearson, Mechanisms of Inorganic lieac- 
tions:' 2nd edn., Wiley, New York, 1968, pp. 665-666. 

Gmelins Handbuch der Anorganischen Chemie,' 8th edn., 
Verlag Chemie, Weinheim/Bergstr., Germany : Vol. 68D, 1957. 

6o 

the results overwhelmingly point to the existence of 
these monomeric complexes in solution as non-rigid 
cis-geometrical isomers. Apart from the suggestion 
that Si(acac),Cl, has a tram-configuration in solution,28 
it has been recently indicated24 from n.m.r. data that 
ca. 15-2070 of the Ge(acac),Cl, molecules adopt a 
tram-configuration in solution instead of the exclusively 
cis-configuration previously reported.23 The Ti(acac),I, 
complex was recently prepared 29 and estimated from 
conductance, e.s.r., and low-temperature n.m.r. studies 
to exist in dichloromethane solution not only as cn. 
50% cis- and ca. 40% trans-Ti(acac),I, but also as 
ca. 10% of an electrolytic dissociation product presumed 
to be [Ti(acac),II4 I-. The n.m.r. spectra exhibited 
the effects of rapid cis-tram isomeri~at ion.~~ 

Other interesting comparisons with the Pt(acac), 
oxidation are the oxidative addition reactions of square- 
planar platinum( 11) complex ions with molecular 
halogens in aqueous solution in the presence of halide 
anions: PtL, + X,-$PtL,X, 4- X- where L is a 
nitrogen base or CN- and X is C1, Br, or I.50 These 
reactions, which invariably yield a trans-product ,51 

have been widely used in the stereospecific synthesis of 
platinum(1v) corn pound^.^^ One notable exception 
to tram-addition is the oxidation of Pt(PEt,),Ph, by 
iodine in which the addition gives the cis-product .52 

Mass Spcctral Afeasurei?zents.-Pt (acac),I, readily 
sublimes and condenses unchanged on a cold finger. 
The gas-phase behaviour of the compound was investi- 
gated with mass spectroscopy. In the highest temper- 
ature range examined, 190-240", the data indicate 
that almost complete dissociation of Pt  (acac),I, into 
Pt(acac), and I, occurs in the gas phase. At  these 
temperatures and at  several ionizing voltages in the 
range 14-70 eV, the mass spectrum of Pt(acac),I, is 
essentially a superposition of those of Pt(acac), 53 and 
I, [the ions I;+ (wle 254) and I+ ( m / e  127) were observed]. 
At the lowest electron-beam energy (14 eV) and at 240", 
the predominant ions in the spectrum are Pt(acac),'+ 
(m/e 393) and I,:+ ( m / e  254) with ion currents of 67 and 
22% relative to the total ion current. However, in the 
temperature range 110-180" both the molecular ion, 
Pt(acac),Ii+ (mle 647) and the ion Pt(acac),I+ ( m / e  
520) were detected with abundances relative to Pt- 
( a ~ a c ) ~ ' +  of 0.75 and 9.0yo, respectively, a t  110" and 
70 eV. At any given ionizing voltage, the ratio of the 
Pt(acac),I,'+ ion current to the ion current of either 
Pt (acac)2'+ or 12+ decreases markedly with increasing 
temperature. The ion P t  (acac),I+ exhibits behaviour 
similar to that of the molecular ion. These temper- 
ature dependencies are relatively independent of ioniz- 
ing voltage. Hence, these data strongly indicate that 
the abundances of the molecular ion and of the Pt- 
(acac),I+ ion are largely under thermodynamic control. 

61 F. Basolo, J. C. Bailar, jun., and B. R. Tarr, J .  Amer. Chenz. 
Sac., 1950, 72, 2433; G. W. Watt and R. E. McCarley, ibid., 
1957, 79, 3315. 

52 J.  Chatt and B. L. Shaw, J .  Cherrz. Sac., 1959, 4020. 
53 S. Sasaki, Y .  Itagaki, T. Kurokawa, K. Nakanishi, and 

A. Kasahara, Bull. Chem. SOC. Japan, 1967, 40, 76. 
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