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New platinum-mercury clusters, Pt4(HgX)2(p.-CO)4(PR3)4 (X = C1, Br, I, C1=3, o r  
CCI3; R = Ph or Et), were synthesized. The molecular and crystal structure o f  the 
Pt4(HgBr)2(p-CO)4(PPh3) 4 cluster was established by X-ray structural analysis. 
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React ions of  complexes  o f  metals  in normal  oxida-  
tion states with clusters c o n t a i n i n g ,  generally, metals  in 
low oxidat ion states of ten p r o d u c e  products  cons idered  
as complexes  in mixed  o x i d a t i o n  states. These c o m -  
pounds are known for both  p l a t i num and palladium. ! - 3  
React ions of  c a r b o n y l p h o s p h i n e  clusters o f  p la t inum 
and  p a l l a d i u m  wi th  o r g a n o m e r c u r y  c o m p o u n d s  
were  s t u d i e d ,  and  h e x a n u c l e a r  h e t e r o m e t a l  
M4(HgX)2(CO)4(PPh3) 4 c l u s t e r s  were isolated. 4.s In this  
work, we describe the r e a c t i o n s  of  ca rbonylphosph ine  
clusters o f  p la t inum with m e r c u r y ( u )  halides. The m o -  
lecular and crystal s t r uc tu r e  of  one of  the c o m p o u n d s  
obtained was establ ished by  X- ray  structural analysis. 

E x p e r i m e n t a l  

Syntheses were carried out  under an atmosphere of argon 
or nitrogen. The solvents used were purified according to 
standard procedures. The starting platinum clusters were pre- 
pared according to the procedures reported previously. 6 Weighed 
samples were mineralized in a mixture of sulfuric and hydro- 
chloric acids, and the platinum and phosphorus contents of the 
samples were determined spectrophotometrieally in the form 
of the bromide complex 7 and phosphomolybdate blue, $ re- 
spectively. 

Clusters Pt4(I~-ItgX)z(p.-CO)4(PR3) 4 (I--6).  Solutions of 
the starting Pt3(p-CO)3(PPh3) 4 complex and HgX~ in THF 
were mixed in a molar ratio o f  5 : 6. The mixture was stirred 
for I h. and the inert gas was replaced by carbon monoxide. 
Then the reaction mixture was stirred for 2 h. The solvent was 
distilled off in vacuo. The dry  residue was dissolved in ben- 

* Deceased. 

zene, and the solution was applied t o  a short column packed 
with Silica gel (Silica gel L 40/100; d ~- 50 ram, I = 30 ram). 
The product was eluted with ethyl a ce t a t e  and recrystallized 
from benzene--hexane solution (hexane was added to a so lu-  
tion of  the cluster in benzene until crystal l ization started). The 
cluster with R = Ph and X = C C I  3 (4) was eluted with 
benzene--diethyl ether mixture (3 : 1).  When the cluster with 
R = Et and X = CI (6) was synthesized, the Pt4(p.-CO)5(PEt3)4 
complex was used as the starting c o m p o u n d ;  the molar ratio of  
the reagents was 1 : I; chloroform ~,as  used as the eluent; the 
product was recrystllized from chloroform--hexane  mixture 
(hexane was added to a solution of t h e  cluster in CHCI 3 until 
crystallization started). 

The data of elemental analysis, t h c  CO stretching frequen- 
cies in the IR spectra, and the yields  o f  the compounds are 
given in Table I. 

X-fly  structural study of cluster 1.  Single crystals suitable 
for X-ray structural analysis were g r o w n  from a solution of  
Pt4(HgBr)2(la-CO)4(PPh3) 4 (I) in be~nzene by slow diffusion 
with hexane as the precipitant. Crystals o f  1 are monoctinic, 
a = 20.32(3) A, b = 20.549(6) A,, c = 17.932(4) ~, 13 = 
90.50(2)*, V = 7490 A 3, space group P2t/c,  Z = 4. The unit 
celt parameters and intensities of 9 4 5 6  reflections were mea-  
sured on an automated Nonius CAD-,4 diffractometer (Mo-Kct 
radiation, graphite monochromator, 3c~/50-scanning technique, 
20 < 44 ~ ) at -20 ~ within the total sphere of the reciprocal 
space. 4489 independent observed re f lec t ions  with / > 3o~/) 
were used in the calculations. The s t ruc tu re  of 1 was solved by 
the direct method and refined anisotropical ty by the block- 
diagonal least-squares method to R ~- 0.0a2 and R,~ = 0.056 
(an absorption correction was app l i ed  using the DIFABS 
programg). The atomic coordinates o f  the structure of I and a 
complete list of the bond lengths -,vere deposited with the 
Cambridge Crystallographic Data Ce ratre, University Chemical 
Laboratory, Lensfield Road, Cambridge CB2 1W, England. All 
cateulattons were carried out on m PDP 11/23+ computer  
using the SDP PLUS program package.  
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Table !. Yields and principal characteristics of Pt4(HgX)2(CO)4(PR3) 4 clusters 

Corn- R X Yield Found (%) v (CO) /cm -I 
pound (,%) Calculated 

C H Pt P 

1 Ph Br 50 - -- 32.2 ~ -- 
31.9 5.07 

2 Ph CI 64 37,85 3.38 32,9 L2.tl 1878 m. 1849 s, 1827 s, 1802 s 
37.66 2.56 33.1 5.26 

3 Ph I 63 -- -- 29.8 4_,92 -- 
30.7 4.88 

4 Ph CCI 3 66 - -- ~0.,5 4 ~  -- 
30.3 4.80 

5 Ph CF3 a 56 ,38,59 ~ 30.4 ~ 1870, t843, 1820 s, 1795 
38.61 2.52 31.4 4.90 

6 Et CI b 50 - -- ~ 7.11 1854 m, 1818 sh, 1810 s 
42.5 6.75 

'7 CF3HgBr is the starting compound; solvate with 0.5 C6H 6. For F, found: 4.51,%; calculated: 4.52,%. 
'~ Cluster with PEt 3. 

Results and Discussion 

The yields o f  t he  compounds  (determined for Pt) 
were no more  than 66% (see Table 1). Successive elu- 
tion of  the products  o f  reactions of  tr iphenylphosphine 
clusters of  p la t inum with HgCI 2 on a co lumn packed 
with S i l i ca  gel g a v e  a pa l e -ye l l ow  c o m p o u n d  
PtC12(PPh~)2, which was described previously and whose 
IR spectrum does no t  con ta in  C = O  stretching bands, in 
addition to the major  react ion product. Under  the action 
of  an obvious excess o f  HgCI 2 on the platinum cluster, 
the solution was deco lo r i zed ,  and PtCI2(PPh3) 2 was 
isolated f rom this so lu t ion  in a high yield. 

5 Ptj(p.-CO)a(PPh3) 4 + 6 HgX~ = 

3 P1;4(p.-HgX)2(p.-CO)4(PPh3) 4 + 3 PtX2(PPh3) 2 
1--4 

The molecular  s t ructure  of  ! (according to the X-ray 
structural data) is shown in Fig. I. The principal geomet- 
ric parameters of  mo lecu l e  I are given in Tables 2 and 3. 
Heteronuclear  cluster  1 forms when the known "butterfly" 
cluster Pt4(CO)sL 4 ( L  is tertiary phosphine) is completed 
with two HgBr fragments ,  which replace formally isoelec- 
tronically the p - C O  ligand at the central Pt- -Pt  bond ill 
the Pt 4 "butterfly". The re fo re ,  as in the case of  the known 
Pt4(p-CO)sL 4 cluster,  the Pt4 skeleton m molecule I 
contains 58 valence e lec t rons  and consists of two central 
Pt(1) and Pt(2) a toms  with 18-electron shells of  an inert 
gas and two atoms o f  the "wings',  Pt(3) and Pt(4), with 
16-electron configurat ions.  Previously, analogous clusters 
of palladium 4 and p la t inum,  5 Pd4(HgBr)2(CO)4(PEt3)a 
(7) and Pt4(HgCF3)~(CO)s(PPh3Lt (5), were studied. The 
principal geometric parameters  of  these molecules and the 
molecules of  the related carbonylphosphine clusters of Pd 
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Fig. !. Structure of molecule ! (Ph substituents are omitted). 

Table 2. Principal interatornie distances (a') in structure ! 

Distance d/}~ Distance d/]~ 

Hg(I)--Pt(t)  2.753(I) Pt(I)--e(I)  2.271(5) 
Hg(l)--Pt(2) 2.736(I) Pt(2)--P(2) 2.276(6) 
Hg(2)--Pt(I ) 2.747(I) Pt(3)--P(3) 2.265(5) 
Hg(2)--Pt(2) 2.777(i) Pt(4)--P(4) 2.253(6) 
Pt( I )--Pt(3) 2 . 7 5 1 ( 1 7  Pt(I)--C(2) 2.060(2) 
Pt(l )--Pt(4) 2.722(I) Pt(2)--C(3) 2.160(I) 
Pt(2)--Pt(3) 2.751(l) P~{2)--C{4) I .990(2) 
Pt{2)--Pt(4) 2.727(I} Pt(3)--C(I) 2.070(2) 
Pt(l)...Pt(2) 3 . 0 0 8 ( 1 7  Pt(3)--C(3) 2.060(2) 
Pt(3)...Pt(4) 3.21 I(1) Pt(4)--C(2) 2.030(2) 
Hg(I )...Pt(3) 3.113(I) Pt(4)--C(4) 2.030(3) 
ttg(2)...Pt(4) 3.021(1) C(l)--O(I)  1.150(2) 
Hglt)...Hg(2) 3 . 6 1 7 ( 1 1  C(2)--0(2) 1.2t0(2) 
Hg(I)--Br(I) 2.523(3) C(3)--O(3) 1.130(2) 
Hg(2)_Br(2 ) 2.508(3) C(4)--O(4) 1.260(3) 
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Table 3. Bond angles (m) in structure I 

Angle ta/deg Angle o/deg 

Pt(1)--Hg(1)--Pt(2) 66.48(I) Pt(1)--Pt(2)-P(2) 141.90(2) 
Pt(1)--Hg(1)--Br(1) 144.97(8) Hg(1)--Pt(2)--P(2) 91.80(2) 
Pt(2)--Hg(1)--Br(1) 147.06(8) Hg(2)--Pt(2)--P(2) 101.90(2) 
Pt(1)--Hg(2)--Br(2) 64.99(I) Pt(3)--Pt(2)--P(2) 136.60(2) 
Pt(1)--Hg(2)--Br(2) 152.83(8) Pt(4)--Pt(2)--P(2) 149.40(2) 
Pt(2)--Hg(2)--Br(2) 140.44(8) Pt(1)--Pt(3)--Pt(2) 66.30(4) 
Hg(1)--Pt(1)--P(1) 95.80(I) Pt(1)--Pt(3)--P(3) 144.40(I) 
Hg(2)-P~(1)--P(1) 98.80(2) Pt(2)--Pt(3)--P(3) 149.30(I) 
Pt(3)--Pt(1)--P(1) 1,10.70(2) Pt(1)--Pt(4)--Pt(2) 67.04(3) 
Pt(4)--Pt(1)--P(1) 144.80(2) Pt(1)--Pt(4)--P(4) 152.70(2) 
Pt(2)--Pt(1)--P(1) 143.30(I) Pt(2)--Pt(4)--P(4) 139.70(2) 

and Pt with a 58-electron M 4 "butterfly" are compared in 
Table 4. As in the case of the carbonylphosphine analogs, 
the coordinations around the 16-electron atoms of the 
"wings" in structures 1, 5, and 7 are close to planar- 
trigonal: the sum of the P t - - P t - - P t  and Pt--Pt--P bond 
angles at the Pt(3) and Pt(4) atoms in molecule 1 are 
359.4 ~ and 360 ~ , respectively; in 5, these angles are 359 ~ 
and 360% respectively. Almost  identical coordinations 
(but without the bridging ligands) were observed around 
the Hg(1) atom (the sums o f  the bond angles are 358.5 ~ 
and 357.8 ~ in molecules I and  5, respectively) and Hg(2) 
atom (359.3 ~ and 357.6 ~ in molecules I and 5, respec- 
tively). The central P t ( l ) - -P t (2)  edges in structures ! and 
5 are lengthened by approximately 0.2 h compared to the 
analogous edges linked by bridging CO groups in related 
homonuctear carbonylphosphine clusters. 

The length of the n o n b o n d i n g  Pt--Pt edge in the Pt 4 
"butterfly" correlates essentially with Tolman cone angle 
0, which is a semiquanti tat ive measure of the van der 
Waals volume of the ligand L (see Ref. 10). Except for 
the Pt4(la-CO)5(PEt3) 4 c lus ter  with a shortened Pt...Pt 
contact  (3.190 and 3 .263 A in two independent  
molecules), It the bulkier phosphine ligands L generally 
tend to be arranged at the vertices of a regular tetrahe- 
dron, which results in t he  fact that the "wings ~ of 
the butterfly are put together.  The shortest contact 

between the 16-electron atoms o f  the "wings" (3.074 ,~,) 
was observed in the ster ical ly more c rowded  
Pt4(ja-CO)2(dppm)3[Ph2PCH2P(O)Ph21 cluster. Iz How-  
ever, the above-mentioned unusual  situation observed 
for the Pt4(~-CO)5(PEt3) 4 cluster a nd  the substantial 
variation in the lengths of nonbond ing  Pt...Pt contacts  
in the crystallographically independen t  molecules a nd  
polymorphs of M4(tz-CO)sL 4 clusters indicate that the  
"butterfly" conformation can be substantially changed 
under the effect of the crystal packing.  

Interestingly, the individual me ta l - -me ta l  distances 
in molecule 1 and related clusters also show slight but  
statistically significant nonequ iva l ence  (see Tab les  
2--4). Because of this nonequivalence,  C2v symmetry, 
which is the maximum possible fo r  this  type of clusters, 
is lowered to C s in structure 1. However,  the scatter- 
ing of the individual P--C and C - - O  distances in m o l -  
ecule 1 analogous to that descr ibed previously tl as 
asymmetry of the coordination environment  in the 
Pt4(I.t-CO)5(PEt3) 4 cluster, is not statistically significant 
and, apparently, is caused by the fact that the absorption 
correction was not adequate (such discrepancies were 
not observed in the structures of Pd analog 7 a nd  
compound 5, which were determined more precisely). 

The similar structures of clusters 1, 5, and 7 differ 
most substantially in the lengths o f  the nonbonding 
intramolecular metal--metal contacts  (see Table 2). The  
dihedral angle of "opening" of the  Pt,, "butterfly" in 
structure I is 97.7*, which is n e a r  the mean value 
observed for the analogous angles  in clusters 7 and  5 
(100.2 ~ and 89.2", respectively). "l'he Pt(3)...Pt(4) dis-  
tance in structure 1 is somewhat sho r t e r  than the corre-  
sponding  distance in mo lecu l e  3, whereas the  
Pt( l ) - -Pt (2)  bond is longer (see Table 4), though the 
Hg...Hg distance in structure I is somewhat smal ler  
than in molecule 5. This comparison of  the bond angles 
and distances in clusters 1, 5, and 7 suggests that the M3 
and HgM 2 fragments rotate r a t h e r  freely around the  
central pair of the atoms, P t ( l ) - - P t ( 2 ) ,  in a joint fash- 
ion, which allows substantial c h a n g e s  in the lengths of 
the equatorial and axial contacts as the ligand envi ron-  
ment and the crystal packing c ha nge .  

Table 4. Geometric parameters of Pd and Pt "butterfly" clusters and their Hg-containing analogs 

Cluster L 0/deg t~ d/,~, 
M(3)...M(4) M(I)--M(2) (M--M) b Hg...Hg M--P M--C 

Refer- 
o n c e  

Pt4(CO)sL 4 PEt3 a 132 3.190, 3.263 2.737 2.728 
PMe2Ph 122 3.543 2.790 2.752 

P~a(CO)(dppm)2 L Ph2PCH2P(O)Ph.~ -- 3.074 2.700 2.659 
Pd.dCO)sL 4 PMePh 2 136 3.365 2.750 2.750 

PPh3 b 145 3.188--3.324 2.767 2.750 

Pd4(HgBr)2(CO)~L4 PEt 3 132 3.428 3.015 2.694 

Pt4(HgBr)2(CO)4L 4 PPh 3 145 3.211 3.008 2.738 

Pt4(HgCF3)2(CO)4L4 PPh 3 145 3.230 2.949 2.730 

3.25l 
3617 

3.640 

2.25 2.05 I I 
2.28 -- 21 

2.24--2.34 1.99--2.17 12 

2.32 22 
- -  - -  23, 24 

2.3 1 2.05 4 

2.26 2.05 
2.26 2.06 5 

Two independent molecules, b Three crystal modifications, c This work, 
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Fig. Z. Structures of bipyramidal clusters with an intrapoly- 
hedral metal~metal contact: a, [Cus(~.-Ph)61- and 
[Cu2Au3(la-C2Ph)61- (see Rcfs. 13 and 17); b, (B~0 H t 2)~.AthsL4 
and CP2Ni~Zn 4 (see Refs, 16 and 18); c, [AUTL7 I" and 
Cp,Mo2As 5 (see Refs. 14 and 15). 

The structural characteristics of clusters 1, 5, and 7 
make it possible to consider their structures not only as 
M 4 "butterflies" completed with HgX fragments but also 
as heteronuclear M4Hg 2 octahedra distorted in a specific 
fashion. Distortion of the octahedral metal skeleton of 
these clusters consists in the contractioq of the diagonal 
of the octahedron, which leads to an axial intrapolyhedral 
metal--metal contact,  and in the expansion of four 
equatorial edges (see dashed lines in Fig. 1). In this 
case, structures 1, 5, and 7 can be assigned to the family 
of distorted bipyramids with the inner edge between 
axial vertices (Fig. 2). In addition to the distorted octa- 
hedral clusters, the trigonal-bipyramidal pentanuctear 
clusters (CusPh 6 and its substituted heterometal ana- 
logs 13) and the pentagonal-bipyramidal heptanuclear 
[AuT(PPh3)7]* and CP2Mo2As 5 clusters (see Refs. 14 
and 15, respectively) belong to this family. The 
(BIoHI2)Aur(PEt3)4 cluster itl and the heteronuclear 
CprNi2Zn a cluster 17 with the apical N i - -Ni  bond 
(2.57 ,~.), short apical-equatorial Ni--Zn edges (2.40 ,~), 
and elongated equatorial Z n - - Z n  contacts (2.86 /k, aver.) 
are structurally closely related to cluster 1. 

The length of the axial inner edge in the bipyramidal 
clusters, which are shown in Fig. 2, decreases as the 
number of atoms in the equatorial plane increases. In 
trigonal-bipyramidal clusters, the inner axial distance is 
close to the lengths o f  the equatorial M...M contacts, t8 
in the distorted octahedral and pentagonal-bipyramidal 
clusters, the inner axial distances correspond to the 
elongated weak bond 19 and short strong metal--metal 
bond, t4,l~ respectively. In agreement with this tendency, 
the length of the inne r  Pt(l)--Pt(2) edge is the lower 
limit of the range of  the nonbonding intramolecular 
metal--metal contacts (3.0--3.6 P,). The scattering of 
the values of these contacts  in clusters I, 5, and 7 is also 
caused by the cis arrangement  of Hg heteroatoms in the 
metal polyhedron, which lowers its symmetry. The latter 
fact also leads to deviat ions of the phosphine ligaads at 
the central metal a toms from the axial orientation. 
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