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terms involving NaAlCl, and A1CI4- (which partially 
cancel one another) were neglected. From the heats of 
formation of the gaseous chloride ion (- 58.0 kcaljmole) 
and the gaseous, monomeric aluminum chloride mole- 
cule (- 140.42 kcal/mole),16 the dissociation energy of 
the AlC13-Cl- bond is calculated to be 78 f 7 kcal/ 
mole. 

The heat of breaking a single A1-C1-A1 bridge in 
A12Cls is 14.5 kcal/moleJ7~ which is 63 kcah'mole 
weaker than the A1C13-C1- bond. This is in accord 
with the electron diffraction data of Palmer and 
Elliott,lg who found that the bond distance of the 
bridging chloride in A12Cls (2.21 f 0.04) was larger 
than for terminal chlorine in AlsCle (2.06 f 0.04) and 
larger than the A-C1 distance in the NaAlCll (2.13 * 
0.03). Similarly, KlempererzO found that the force 
constants for bridging and terminal chlorines in A12C16 
are approximately 1.3 and 2.5 X lo5 dynes/cm, respec- 
tively. 

The donor strength of the chloride ion toward alumi- 
num chloride as reference acceptor cannot be com- 
pared 11-ith other donors since the data are lacking. 
The most extensive series of measurements give only 
the heat of forming the solid complex, 2 1 b  22  and it will be 
necessary t o  have many more gas phase heats of com- 
plexing before achieving real understanding of the con- 
tributions of steric effects and reorganization energy to 
the bond strength. 

(16) B.  J. hIcBride, S. Heimil, J .  G. Ehlers, and S. Gordon, "Thermo- 
dynamic Properties to 6000°K for 310 Compounds of the First Eighteen 
Elements," KASA SP-3001, Office of Technical Services, I\-ational Aero- 
nautics and Space Administration, TVdshington, D. C., 1963. 

(17) 1x7. Fischer and 0. Rahlfs, Z .  Aii0i.g. A l lq~m.  Chcm., 206,  1 (1932). 
(18) T. G. Dunne and N. W. Gregory, J .  A m .  Che7n. Soc., 80 ,  1626 (19;s). 
(19) K .  J. Palmer and N. Elliott, ibid., 60, 1853 (1938). 
(20 )  W. Klemperer, J .  Chew%. Phys., 24,  383 (1956). 
(21) D. D. Eley and H. Watts, J .  Chem. Soc., 1319 (19.54). 
(22) D. J. A. Dear and D. D. Eley, ibid.. 4681 (1954). 
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Reactions between hexafluorobut-2-yne (CF3C= 
CCF3) and several metal carbonyl derivatives have been 

(1) The initial phases of this work were carried out a t  Harvard University, 
Cambridge, Mass., and are described in the Ph.D. thesis (1962) of J. K .  
Phillips. 

(2) T h e  present note constitutes par t  XXXIV of the series "Chemistry 
of the Metal Carbonyls" [for par t  X X X I I I  see A. Forster, J. B. Wilford, 
and F. G. A. Stone, J .  Che?n. Soc., 6519 (1965)l and part XIV of the series 
"Organometallic Chemistry of the Transition &Ietals" [for par t  X I I I ,  see 
R. B. Kingand A. Fronzaglia, J .  Am.  C h e m  Soc., 88, 709 (1966)l. 

(3) The  Mellon Institute, Pittsburgh, Pa. 
(4) Department of Inorganic Chemistry, The  University, Bristol, U. K. 

reported. These studies have resulted in the isolation 
of the mononuclear hexafluorobutyne complexes IT- 

(CF3)2CzMn(C0)2(~-C5H5)5 and [ ( I T - C F ~ ) ~ C ~ ] ~ W ( N C -  
CH3) ,6  the binuclear complexes T - ( C F ~ ) ~ C ~ C O ~ ( C O ) ~  
and a-(CF&CzNi2( ~-CjH5)2,~ the mononuclear tetrakis- 
(trifluoromethyl) cyclopentadienone complexes [a- 
(CF3)4CaCO]Fe(CO) [ IT- (CF3)4CaCO]Co( a-C5H5) 
and [a-(CF3)4C4CO]Rh(a-CjHj)g and the mononuclear 
hexakis (trifluoromethy1)benzene complex [ a- (CF3)6- 
CglRh(~-CgH5).~ We now describe a novel nickel 
complex [ a- (CF3)2C2]3Si4(CO)3. 

Experimental Section 
For the preparation of [ T - ( C F ~ ) ~ C Z ] ~ S ~ ~ (  CO)a a mixture of 

tetracarbonylnickel and hexafluorobut-2-yne was heated for 
about 24 hr at 50" in a sealed evacuated stainless steel reaction 
vessel.'O After cooliug to room temperature the reaction vessel 
was opened, and the product was washed out with pentanc in 
small portions, until the originally deep red-purple washings were 
only weakly colored. After removal of pentane (25 mm), the 
red-violet residue was sublimed a t  50-80" (0.1-0.5 mm) to afford 
[ T - ( C F ~ ) ? C ~ ] ~ S ~ ~ ( C O ) ~ ,  mp 119-121O dec, exploding in air at 
174'. I n  a typical preparation using a reaction vessel of 150- 
cc capacity, 13.0 ml (17.2 g, 101 mmoles) of tetracarbonylnickcl 
and 8.0 g (49.4 mmoles) of hexafluorobut-2-yne gave 4.13 g 
(31% yield) of [T-(CF~)~C~]~P\~~~(CO)~. 

The formula [~-(CF3)2C2]3Kid( CO)a was established most con- 
clusively by high-resolution mass spectrometry (Table I), bu t  
was confirmed by elemental analyses." 

Anal. Calcd for ClsF&i40a: C, 22.4; H, 0.0; F, 42.4; Ki, 
29.2. 

The dark purple, pungent-smelling crystals turned brown aud 
became more malodorous upon standing for several days in air. 
Pentane solutions of the purple solid oxidize in air within several 
hours, giving a trimer of hexafluorobutyne (parent molecular 
ion C12F18~) as the main volatile component. Degradation of 
[X-(CF3)2Cz13P\'il(CO)8 v i th  HCl gas at 40-50' for 46 hr in an 
evacuated bulb aff ordcd l,lIl,4,4,4-hexafluoro-2-butenc ( 64y0 
yield), identified by its infrared and mass spectra. As gauged 
by the color of a pentane solution of [T-!CFJ)~C?!~N~~(CO):~,  no 
reaction occurred with triphenylphosphine until three equivalents 
had been added. At  this point the solution immediately de- 
colorized with separation of a pale brown precipitate, which was 
not characterized. 

The infrared spectrum of [T-( CFs)&2]aSin( CO)a (cyclohexane 
solution, high-resolution conditions12) showed the following ab- 
sorptions (cm-]) in the regions of interest: Y C O :  2115 (vs), 
2103 (vs); Y C = C :  1565 (w),  1550 (w); P C - F :  1235 (w), 1220 (m),  
1205 (s), 1165 (m) ,  1153 (m) .  The  I9F nmr spectrum of [T- 

( CF3)2C2I8Ni4( CO)s exhibited two groups of absorptions of equal 
intensity at 50.3 and 54.5 ppm, upfield from internal CClBF in 
dichloromethane solutions. 

Discussion 
Consideration of a structure for [ T - ( C F ~ ) ~ C ~ ] ~ N ~ ~ -  

(C0)s must be guided by the following requirements : 
(1) Degradation with hydrogen chloride affords CF3- 
CH=CHCF3, indicating that the CFsC=CCF3 ligands 
have not condensed to a ring system, as in previously 

Found: C ,  23.2, 22.4; H, 0.3, 0.0; F, 41.7; Xi, 28.5. 

( 5 )  J. L. Boston, S. 0. Grim, and G. Wilkinson, J .  C h e m  Soc., 3468 (1963). 
(6) R. B. King and A. Fronzaglia, Chpm. Com?nu+z. (London), 547 (1965). 
( 7 )  J. L. Boston, D. W. A. Sharp, and G. Wilkinson, J .  Chem. Soc., 3488 

(1962). 
(8) K. A. Bailey, M .  Gerloch, and R. Mason, .Velwe, 201, 72 (1964). 
(9) R. S .  Dickson and G. Wilkinson, J .  Chem. Soc., 2699 (1964). 
(10) Cylinders (high pressure series) manufactured by Hoke Inc., Cress- 

(11) Owing to  the presence of carbon, nickel, and especially fluorine, a 

(12) J. B. U'ilford and F. G. A. Stone, 1wof-p.  Chem., 4 ,  389 (1965). 

kill, N. J., were used. 

direct oxygen analysis could not be performed. 
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TABLE I 
MASS SPECTRUM OF [ T - ( C F ~ ) ~ C ~ ] ~ N ~ ~ (  CO)3: 

PRINCIPAL PEAKS ABOVE m/e 3008 
Relative Relative 

intensityb Assignment m / e  intensity* Assignment 

703 * 705 2 . 5 k  0 . 5  

ClzF1~Ni4+ I 
I 

60 * 3 
ClsFlsNi403+ 701 5 f 1 

154 ;t 5 699 4 * 1 
120 * 
100 J 

618 1 0 f  2 ) 

614 25 i~ 4 ’‘ 40 ’’ & 6 1 C16F17Ni40a+ 612 1 7 f 3  
27 * 3 

588 28* 
590 1 5 k  3 

586 37 * 4 

i 
l9 * 

CloF1~Ni402+ i 
CsFlzNi40+ 

48 * 11 C ~ ~ F I S N ~ ~ O Z +  584 28 * 
31 3t 6 

562 2 7 f  2 ) 

558 81 
560 60 f 6 

CsFlzNi4+ i 
I 

25 rt 5 556 54 rt 5 J 
15 f 3 

1 0 & 3  1 462 170 f 16 } CSFl0Ni3+ 
464 9 0 f  12 

460 150f  17 J l8 * 
CI2FlsNi4+ 25 i. 7 

1 6 f 4  J 

398 95 * 25 C4F6Nia+ I 400 45 f 13 

396 1 3 5 f  35 
394 90 zt 25 

366 130 f 16 C8F8Ni2+ 
368 50 * 7 

364 165* 22 

300 160 k 30 C4F4Ni3+ 
302 80 f. 10 

298 140 * 20 

1 
1 

a Spectra were taken a t  70 ev IP using an AEI Industries Ltd. 
MS9 spectrometer. * These intensities are reported relative to 
m/e 802 = 100. Ranges are given based on spectra of inde- 
pendent samples prepared in three different laboratories. 

cited c~mplexes.~~g (2) The high-resolution 19F nmr 
spectrum with reasonable chemical shift shows that 
the compound is diamagnetic. The two resonances of 
equal relative intensities suggest that  all three hexa- 
fluorobutyne ligands are equivalent but that the two 
ends of each hexafluorobutyne unit are nonequivalent. 
This situation corresponds exactly to that present in 
the tungsten-acetylene complexes (RCgR’)3WL [R and 

CH3CN6). (3) The infrared spectrum exhibits two 
strong terminal metal carbonyl bands in accord with a 
distribution of the three carbonyl groups about a C3 
axis. There are no bands in the regions for bridging 
acyl or ketonic carbonyl groups. (4) The unusually 
high volatility of [ T - ( C F ~ ) ~ C ~ ] ~ N ~ ~ ( C O ) ~  for a tetra- 
nuclear complex with a molecular weight of 802 makes 
likely a compact structure. These conditions severely 
restrict the available structures for the complex. 

R’ = CeH5 or CzHb, L = Coil3 R = R’ = CF3, L = 

(13) D. P. Tate  and J. hl. Augl, J .  Am. Chem. SOL., 86, 2174 (1963); D. P. 
Tate ,  J. M. Augl. W. N. Ritchey, B. L. Ross, and  J. G. Grasselli, ibid., 86, 
3261 (1964). 

We are led to propose the delocalized structure I 
which may usefully be considered to be a resonance 
hybrid of the two canonical forms Ia  and Ib. In  this 
structure, the four nickel atoms are arranged in a 
trigonal pyramid,l4 with the three basal nickel atoms 
(NiB) equivalent but different from the apical nickel 
atom (NiA). Each basal nickel atom NiB is bonded to  
one carbonyl group, two other basal nickel atoms, the 
apical nickel atom, and one end of each of two C4F6 
units. The apical nickel atom is bonded to the three 
basal nickel atoms and to the other ends of the C4F6 
groups. By the u bonding, the carbon-carbon triple 
bonds are reduced to double bonds. The “hexafluoro- 
butyne” moieties are each located above one of the 
NiBNiANiB faces of the trigonal pyramid. The equiva- 
lent contributions of Ia and Ib  to I will make the car- 
bon-carbon multiple bonds of the CF3C=CCF3 moie- 
ties parallel to the NiBNiABiB faces. A model shows 
that the apical nickel atom NiA and the three a-bonded 
carbon atoms could be essentially coplanar. 

The novelty of this proposed structure for [ T - ( C F ~ ) ~ -  
CZ ]3Ni4(C0)3 makes valuable a brief qualitative molecu- 
lar orbital description of its bonding. It is clearest to 
consider one of the canonical forms Ia, realizing that 
resonance with other canonical form Ib, with equivalent 
bonding, will represent the actual structure (I). 

I Eo 

The local symmetry of NiA is C3,,. Representations 
of bonding orbitals are 2A (dE2, s, p,) and 2E (pz arid py, 
dX2-,2 and d,,, d,, and d,,). To form the two sets of 
three equivalent bonds, the d,z, dX2-,2 and d,,, and s, 
pz, and pv orbitals are used; the d,, and d,, orbitals 
are filled and nonbonding, and the p, orbital is vacant. 
The basal nickel atoms have approximately C4,, local 
symmetrp,15 with representations 2A1 (d,,, s, p,), B1 
(dXs+), and E (pz and p,, d,, and dvz). The various 
bonds are formed using the d,2+~p3 hybrid orbitals, 
with the d,,, d,,, and d,, orbitals filled but nonbonding 

(14) Since the NiANiB and NiBNiB bonds need not necessarily he of the 
same length, the configuration of the four nickel atoms in [ T - ( C F S ) ~ C ~ ] S N ~ ( -  
(C0)a need not necessarily be a regular tetrahedron. To emphasize this 
point in the discussion, the configuration of the four nickel atoms is de- 
scribed as a trigonal pyramid, although they could be tetrahedrally dis- 
posed. 

(15) For the apical nickel atom, NiA, the e axis is taken perpendicular 
t o  the plane of the basal nickel atoms. For a basal nickel atom, NiB, the 
e axis is taken to be collinear with the presumably linear carbonyl group 
attached to  the nickel atom. 
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and leaving the d,, orbital vacant. By this procedure, 
each nickel “receives” 16 electrons. 

Within the metal atom cluster, the vacant pz orbital 
(A) of NiA and the dZ2 orbitals (A + E*) of the three NiB 
atoms interact to produce three bonding MO’s, which 
are filled by the six R electrons from the three carbon- 
carbon double bonds (A + E) of the C4F6 groups, which 
are directed through the middle of the three faces. The 
metal cluster as a whole has two electrons less than the 
krypton configuration. 

Thus the bonding in [ x - ( C F ~ ) ~ C ~ ] ~ N ~ ~ ( C O ) ~  is unusual 
in that the R bonds from the T- (CF~)~C*  ligands are di- 
rected not just to one metal atom as is customary, but to 
a delocalized system of four metal atoms. It is well 
established that CO groups can bridge three metal 
atoms as in [ R - C ~ H ~ N ~ ] ~ ( C O ) ~ ~ ~  and Rh6(CO)1617 and 
recently it has been established1* that the diphenyl- 
acetylene groups in the violet isomer of (CcHhC= 
CC6HB)zFe3(C0)8 are located on opposite sides of a tri- 
angle of iron atoms. Species with structural features 
similar to those proposed for [ T - ( C F ~ ) ~ C ~ ] ~ N ~ ~ ( C O ) ~  
may be intermediates in the metal carbonyl catalyzed 
trimerization of acetylenes. l9 
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The mechanisms of relatively few reactions of halo- 
chromium(II1) complexes with mercury(I1) ion have 
been reported. The aquation of Cr(NHa)&12+ ap- 
peared quite interesting, for the analogous reactions of 
Cr(OHz)6Cl2+ have been studied2 Mercury(I1) ef- 
ficiently accelerates release of chloride ion from the 

(1) (a) Work performed in the Ames Laboratory of the U. S. Atomic 
Energy Commission. Contribution S o .  1823; (b) Undergraduate research 
participant, summer 1965. 

(2) J .  H. Espenson and J. P. Birk, I?noI’g. Chevt.,  4, 527 (1965). 

primary coordination sphere of chrornium(II1). 
reactions taking place are 
Cr(KH3)5C12+ + Hg2+ + H20 = 

Cr(KH3)s(OH2)3+ + HgCl+ (1) 

Cr(P\rH3)sC12+ + HgCl+ + H20 = 

Cr(XH8)j(OH2)3+ + HgC13 (2)  

We have carried out studies on the kinetics and mecha- 
nisms of these reactions. Special attention was directed 
toward the hydrogen ion dependence of the rate and 
toward a comparison of the rate a t  which release of 
chloride ion is increased by mercury(I1) relative to 
spontaneous aquation. A comparison is made of the 
kinetic effect of those ligands on chromium(III), NHa 
and H20, which remain unchanged. 

The 

Experimental Section 
The compound [Cr( SH3)5Cl]C1~ was prepared according to the 

method of Schlessinger.3 The perchlorate salt was precipitated 
from solutions of the chloride by slow addition of a solution of 
lithium perchlorate or perchloric acid and cooling. The pre- 
cipitate was washed with ice-cold water, ethanol, and ether and 
was dried in air. Both the chloride and perchlorate salts were 
stored in opaque containers to prevent photochemical decom- 
position which otherwise occurs. The compound [Cr(SHa)5-  
OH?](  C10& was prepared from the chloro complex by the 
method of Linhard and Bertho1d.l The visible and ultraviolet 
absorption spectra of these complexes agree with published 
Other reagents were prepared and analyzed as described pre- 
viously. The spectrophotometric rate mcasuremcnts generally 
were made a t  3760 A on solutions in thermostated 10-cm silica 
cells; the procedure was similar to that previously employed.* 

The initial concentration of mercury(i1) was always a t  least 
20 times that of Cr( NH3)6C12T, and the reaction followed pseudo- 
first-order kinetics in every experiment. Rate  constants were 
evaluated graphically, usually taking data to a t  least 90% coin- 
pletion, and generally were reproducible to within 2-5y0 average 
deviation. Spectral measurements on spent reaction solutions 
proved that the reaction product is Cr( SH3)sOH23+ as written in 
eq 1 and 2 .  

The effects of ionic strength and anion concentration on similar 
reactions a t  relatively high reactant concentrations have been 
considered in the earlier study of the related Cr( OH2)jC12+-Hg2+ 
reaction.2 As a consequence of these results, our rate measure- 
ments on both Hg2+ and HgCl+ were carried out in an ionic me- 
dium which preserves both constant ionic strength and constant 
perchlorate ion concentration. X11 the data reported here refer 
to a medium of ionic strength 2.00 df, consisting of 0.50 J4 di- 
valent ions (Ba2+, Hgz+, Cr(NHB)5Cl2+) arid 0.50 .A!! univalent 
ions (H+, Li+, HgCI+); perchlorate ion remained constant a t  
1.50 M .  Appropriate changes in [Ba2+] or [Li+], presumed to 
exert no specific effects other than electrolyte effects, compen- 
sated for changes in concentration of any other substance. 

Results 
The rate data obey the equation 

- d[Cr(NH3)jClZt]/dt = [Cr(;\H3)~C12+](K~[Hg2+] + 
ki[HgCl-I) ( 3 )  

(3) G. Schlessinger, Inorg. Syn., 6, 138 (1960). 
(4) M. Linhard and  W. Berthold, 2. A m i g .  Allgent. Chem., 279, 173 

(1955). We are grateful to Mr. R.  R. Smardzewski for carrying out  this 
preparation. 

(5) (a) M. A. Levine, T. P. Jones, W. E. Harris, and W. J. Wallace, J .  
Am. Chem. Soc., 83, 2453 (1961); (b) M. Linhard and M. Weigel, Z. Anoig .  
Allgem. Chem., 266, 49 (1951); (c) R. Tsuchida, Bull. Chem. SOC. Jupan,  13, 
388 (1938); (d) R. Samuel, H. Hufiz, and X. Ahmad, Z. Phys ik .  Chem., B22, 
431 (1933). 

(6) Our values for absorption maxima, .4 (molar absorbance index, 31-1 
cm-I), for Cr(NHa)sC12+ are 3760 (37.3) and  5120 (36.9). These values can 
be compared to 3750 (39) and 5120 (36),s* 3760 (43.6) and 5140 (38.O),Si’ 
3750 (34.7) and 5120 (33.9),s0 3750 (31.7) and 5080 (40).Od 


