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Thus, the total energy input is fairly efficiently converted to 
a useful chemical energy source in the form of H2. These 
considerations merely show that electrode photoassistance 
agents do provide viable mechanisms for storage of optical 
energy. It is wholly inappropriate at the present time to 
make detailed, rigorous comparisons of T1O2, SnC>2, and 
SrTiCh, since the ultimate efficiencies are likely to be a sen­
sitive function of electrode preparation and cell design. 
Nonetheless, the SrTiC^ does have the best demonstrated 
efficiency. 

The high energy conversion efficiencies claimed here are, 
in part, a consequence of the very small bias required from 
an external power supply. We are currently undertaking de­
tailed studies of the photoelectrodes in order to probe the 
properties which influence the current-voltage characteris­
tics. While the usefulness with regard to solar energy will 
remain minimal unless wavelength response is substantially 
red-shifted, the optical to chemical energy conversion effi­
ciency can be improved for SrTiCh by simply attempting to 
photoassist a more endothermic reaction than the electroly­
sis of H2O. 

Note Added in Proof: Findings similar to those reported 
here have just appeared in a preliminary communication: J. 
G. Mavroides, J. A. Kafalas, and D. F. Kolesar, Appl. 
Phys. Lett., 28,241 (1976). 
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nated to palladium(II)1 and rhodium(I),2 with subsequent 
studies on silver(I)3 and palladium(II)4 monoolefin com­
pounds. Platinum(II) olefin compounds have a long history, 
are exceptionally stable, and have been studied extensively 
by a variety of physical techniques. We were therefore very 
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Abstract: The characterization and calorimetric results are reported for the following reactions: [PtCl2(OIeAn)]2 + 2py - • 
2[PtCl2py(olefin)] (1); [PtCl2py(olefin)] + P(OC6Hs)3 — [PtCl2py(P(0C6H5)3)] + olefin (2); [PtCl2Py(P(OC6Hs)3)] + 
P(OC6Hs)3 -•* [PtCl2(P(OC6Hs)3)2] + py (3). The enthalpies of the reactions are, within 6%, the same in benzene and di-
chloromethane and the relative displacement energies are triphenyl phosphite » ethylene > cyclooctene > cu-butene > sty-
rene > cyclopentene > nitrostyrene > cyclohexene. The displacement energies of Ag(I), Pd(II), Rh(I), Pt(II), and Ni(O) are 
compared and discussed. The coordination chemical shift of the olefin increases and the platinum-coupling decreases as the 
metal-olefin interaction increases. All three reactions proceed to completion when equimolar amounts of reactants are 
added, and reaction 3 has a rate constant of 8.9 ± 0.6 and reactions 1 and 2 have rate constants >80 1. s_1 mol-1. A thermo­
dynamic description of the trans effect is given. 
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Table I. Analytical Data 

[PtCl2(olefin)] 2 

olefin = ethylene 
m-butene 
cyclopentene 
cyclohexene 
cycloheptene 
cyclooctene 
styrene 

[PtCl2(P(OC6H5)B)2] 
PtCl2(C5H5N)(P(O-

C6Hs)3)0 

% calcd 
C 

8.17 
14.92 
17.95 
20.71 
23.21 
25.53 
25.97 
48.77 
42.15 

H 

1.37 
2.50 
2.40 
2.90 
3.32 
3.72 
2.18 
3.41 
3.08 

% found 
C 

8.22 
14.90 
17.99 
20.81 
23.80 
26.37 
25.18 
48.49 
41.91 

H 

1.35 
2.49 
2.45 
2.88 
3.51 
3.78 
2.13 
3.42 
2.97 

a Calcd for N, 2.14. Found 2.14. 

interested in obtaining enthalpic data on platinum olefin 
compounds. 

The enthalpies of formation of compounds of the type 
[P tX 3 L]- (X = Cl, Br; L = olefinic salts) from [PtX 4 ] 2" 
have been previously reported5-9 using water as a solvent. It 
would be of particular interest to compare our enthalpic 
data, measured on nonionic compounds in dichloromethane 
and benzene, with those previously reported on ionic com­
pounds in water where solvation effects can have a dominat­
ing influence as has been shown for a series of silver(I) ole­
fin compounds.10 

Experimental Section 

Materials and Apparatus. AR grade dichloromethane and re­
agent grade benzene were dried with Linde 4A molecular sieves at 
least 25 h prior to use. Reagent grade pyridine was distilled over 
barium oxide and stored over Linde 4A molecular sieves. The ca-
lorimetric apparatus and technique have been previously de­
scribed.1,2 NMR and ir spectra were recorded on Varian A-60 and 
Perkin-Elmer 202 spectrometers, respectively. 

The platinum compounds were prepared in the usual manner, 
i.e., [Pt2Cl4(C2H4)2] by passing ethylene through an aqueous K2-
PtCU solution, and compounds of the type Pt2Cl4(olefin)2 by dis­
placement of ethylene in Pt2Cl4(C2H4)2 using benzene as the sol­
vent.11 All of these compounds were recrystallized and gave satis­
factory elemental analyses (see Table I). 

Calorimetry. Two different procedures were used. 
Procedure A. A known amount of compound of the type 

Pt2Cl4(OIeAn)2, ~1 X 1O-3 mol, was dissolved in 200 ml of dichlo­
romethane and incrementally titrated with pyridine until heat was 
no longer evolved. The solution was then evaporated to dryness and 
the yellow residue washed with hexane and air-dried. Ir and NMR 
spectra were recorded on these solids. The solid was then redis-
solyed in either benzene or dichloromethane and incrementally ti­
trated with triphenyl phosphite. 

Procedure B. A known amount of complex of the type Pt2Cl4-
(olefin)2 was dissolved in either benzene or dichloromethane, in­
crementally titrated with pyridine until heat was no longer evolved, 
and then the same solution titrated with triphenyl phosphite. In 
each titration at least four increments of base were added, usually 
from five to ten. 

Results 

The elemental analyses of the initial compounds used in 
the calorimetric studies are given in Table I. Also given on 
Table I is the analyses of the products of the reactions when 
equal molar quantities of triphenyl phosphite and 
[PtCbPy(C2H4)] and 2:1 molar quantities of these reagents 
were added together. 

The proton NMR data of the compounds of the type 
[PtCl2(olefin)]2 and [PtCl2py(olefin)] are given on Table 
II. The compounds [PtCl2(olefin)]2 are fairly insoluble in 
chloroform so that the noise level was rather high. This, 
coupled with the fact that many of the absorbances are 
broad make the reported chemical shifts somewhat impre­
cise, ±0.04 ppm. 1 9 5Pt-H spin-spin coupling with the ole­
finic protons is observed in the [PtCl2py(olefin)] com­
pounds at ambient probe temperature, but not in the 
[PtCl2(olefin)]2 compounds. The coordination shift, the dif­
ference in the chemical shifts of the coordinated and un­
coordinated olefin, of the olefinic protons is either positive 
or negative depending upon the specific olefin. There is ex­
cellent agreement of our N M R data with that previously re­
ported for [PtCbpy (olefin)] (olefin = ethylene, cw-bu-
tene).12 

Three observations were made in the calorimetric titra­
tions of pyridine with the [PtCi2(olefin)]2 compounds. (1) 
There is a rapid evolution of heat which ceases within 30 s, 
the time of complete stirring of the solution. (2) Equal in­
crements of heat are evolved for equal increments of base 
added. The reaction therefore goes to completion as each 
increment of pyridine is added. (3) The evolution of heat 

Table II. ' H NMR Data of Selected Olefins and Platinum Metal Olefin Compounds0 

Compd 

Ethylene 
[PtClpyC2H4] ° 
[PtCl2(C2H4) ]2 
m-Cyclooctene 
[PtCl2Py(C8H14)] 
[PtCl2(C8Hi4)I2 

Cycloheptene 
[PtCl2Py(C7H12)] 
[PtCl2(C7Hi2)J2 
cfr-Butene 
[PtCl2Py(C4H8)] 
[PtCl2(C4H8)J2 
Cyclopentene 
[PtCl2Py(C5H8)] 
[PtCl2(C5H8)J2 
Cyclohexene 
[PtCl2Py(C6H10)] 
[PtCl2(C6Hi0)J2 

5 (=CH) 

4.63 
5.07 {A)c 

5.05 
4.33 (2) 
4.36 (2) 
4.28 (2) 
4.17(2) 
4.09 
4.22 (2) 
4.53 (2) 
4.27 (2) 
4.25 (2) 
4.18(2) 
3.77 (2) 
3.95^ (2) 
4.30 (2) 
3.78 (2) 
3.94 (2) 

J (Pt - H ) 

62 
— 
— 
67 
— 
— 
70 
— 
— 
70 
— 
— 
74 
— 
— 
73 
— 

A* 

0.44 
0.42 
— 
0.03 

-0.05 
— 

-0.08 
+0.05 

— 
-0.26 
-0.28 

— 
-0.41 
-0.23 

— 
-0.52 
-0.36 

3(>CH2) 

— 
— 

7.82(4), 8.47(8) 
7.57(4), 8.48(8) 
7.78 (4), 8.47 (8) 
7.86 (4), 8.36 (6) 
7.54 (4)/8.33 (6)^ 
7.24(4), 8.42(6) 
8.38 (6) (-CH3) 
8.20 (6) (-CH3) 
8.46 (6) (-CH3) 
7.65 (4 ) / 8.05 (2)d 

~7.7 (6)d 

~7.9 (6)d 

7.98(4), 8.37(4) 
~7.5,<'~8.0a'(8) 

7.82 (4), 8.40 (4) 

A(PdK 

— 
— 

-0.12 
— 
— 

-0.65 
— 
— 

-0.77 
— 
— 

-0.88 
— 
— 

-0.76 
— 
— 
— 

" All data in deuteriochloroform using the r scale and relative to Me4Si. * Difference between coordinated and uncoordinated olefinic 
chemical shifts. c Relative intensities in parentheses. d Center of broad band. ' Protons of pyridine observed in the range 1.0-2.7 ppm. 
f Coordination chemical shift for [PdCl2(olefin)]2. See ref 4. 
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Table III. Summary of Enthalpy Data (kJ mol"') 

[PtCl2(olefin)h + 2py — 2[PtCl2(olefin)(py)] (1) 

[PtCl2(OIeHn)(Py)] + P(OC6Hs)3 

-* [PtCl2(P(OC6Hs)3)Py] + olefin (2) 

[PtCl2(P(OC6Hs)3) (py)] + P(OC6Hs)3 

- [PtCl2(P(OC6H5)3)2] + py (3) 

Solvent (reaction no.) 

CH2Cl2 CH2Cl2 

Olefin C6H6(I) (1) C6H6 (2) (2) C6H6 (3) 

Ethylene 150 ± 2 151 ± 2 58 ± 1 58 ± 1 — 
m-Butene — 133 ± 2 68 ± 1 66 ± 1 44.8 
Cyclopen- 130 ± 2 130 ± 2 77 ± 1 74 ± 1 44.4 

tene 
Cyclohexene — 131 ± 2 82 ± 2 — 43.5 
Cyclohep- — 130 ± 2 65 ± 1 63 ± 1 43.6 

tene 
m-Cyclooc- — 132 ± 3 61 ± 1 — 43.4 

tene 
Styrene 134 ± 2 135 ± 2 77 ± 1 75 ± 1 44.9,44.8 
p-Nitrosty- — 131 ± 2 82 ± 1 77 ± 1 44.5,43.9 

rene 
Mean 44.2 ± 0.6 

ceases when more than 2 mol of pyridine are added to 1 mol 
of [PtCl2(olefin)]2. Since the reactions go to completion the 
enthalpy changes were calculated by dividing the heat 
evolved by the number of moles of base of pyridine added. 
These enthalpy changes are summarized on Table III. 

Addition of triphenyl phosphite to a solution of [PtCl2py-
(olefin)] results in (1) a rapid evolution of heat that ceases 
within 30 s until equal molar quantities of the acid and base 
have been added. Further addition of triphenyl phosphite 
results in a slower evolution of heat that is complete within 
20 min (see Figure 1). This slower reaction ceases when 
more than 2 mol of triphenyl phosphite is added to 1 mol of 
[PtCbpy(olefin)]. (2) Equal increments of base added re­
sult in equal amounts of heat liberated. This was true 
throughout the entire titration. The calculation of the en­
thalpy from the rate controlled reaction will be described 
later. Enthalpy changes determined using either procedures 
A and B (Experimental Section) and by using the same pro­
cedures but independently prepared and purified com­
pounds were the same within experimental error. 

Discussion 

Characterization of the Reactions. There is strong experi­
mental evidence that the first reaction proceeds as: 

[PtCl2(olefin)]2 + 2py — 2/rafts-[PtCl2py(olefin)] (1) 

Compounds of the type [PtCl2(olefin)]2 have been previous­
ly characterized via x-ray crystal determinations (olefin = 
cyclopentene and cycloheptene),13 via ir measurements in 
dichloromethane (olefin = ethylene),14 and molecular 
weight determinations in benzene.15 We have further char­
acterized these compounds via elemental analysis (Table I), 
NMR (Table II), and far-ir measurements.16 All compounds 
exhibit three metal chlorine stretching frequencies indica­
tive of a symmetrical trans structure for the dimer.17 Com­
pounds of the type trans-[Ptd2py(olefin)] (olefin = ethyl­
ene, m-butene, styrene) have been thoroughly investi­
gated.12 Their spectra exhibited one strong metal-chlorine 
stretching frequency at ~340 c m - 1 indicative of the trans 
isomer and have no absorbances in the 1610-1700-cm_1 re­
gion typical for an uncoordinated olefin. Bridge splitting re-

ZOO 4 0 0 
7 / M £ , S £ C 

6 0 0 

Figure 1. The calorimetric curve resulting from the reaction of 8.03 X 
10~4 mol of [PtCl2(P(OC6Hs)3Py] with 9.39 X 10"4 mol of 
P(OC6Hs)3 in 200 ml of benzene. 

actions involving compounds of the type [PtCl2L]2 (L = 
olefin or phosphine) with amines have been previously char­
acterized and are known to give the trans isomer in solu­
tion. 18,19 

One observes via calorimetric titrimetry that 2 mol of 
pyridine is consumed per mole of platinum compound con­
sistent with reaction 1. 

Addition of triphenyl phosphite to compounds of the type 
[PtCl2py(olefin)] results in two consecutive reactions: 

[PtCl2py(olefin)] + P(OC6Hs)3 

— [PtCl2Py(P(OC6Hs)3)] + olefin (2) 

[PtCl2PyP(OC6Hs)3] + P(OC6Hs)3 

- [PtCl2(P(OC6H5)3)2] + py (3) 

These have been confirmed via calorimetric titrimetry, 
NMR spectroscopy, and by the isolation and characteriza­
tion of the products. In one calorimetric run, exactly 1 mol 
of triphenyl phosphite was added incrementally to a solu­
tion initially containing [PtCl2Py(C2H4)]. Evaporation of 
this solution resulted in a white solid, which analyzed for 
PtCl2py(P(OC6H5)3), exhibited the expected N M R ab­
sorbances for triphenyl phosphite and pyridine, and whose 
ir spectrum had two intense metal chlorine stretching 
frequencies at 310 and 348 c m - 1 suggesting the cis isomer. 
Addition of 2 mol of triphenyl phosphite to 1 mol of 
[PtCl2Py(C2H4)] results in a white solid whose elemental 
analysis is consistent with a compound of the stoichiometry 
[PtCl2(P(OC6H5)3)2], and whose ir spectrum exhibited two 
intense metal-chlorine stretching frequencies at 310 and 
338 cm - 1 . Calorimetric titrimetry reveals that addition of 
triphenyl phosphite to compounds of the type [PtCl2py(ole-
fin)] results in a initial rapid reaction which consumes ex­
actly 1 mol of base and is followed by a second slow reac­
tion which consumes exactly 1 mol of base before heat is no 
longer evolved. Consistent with the third reaction, the en­
thalpy change is independent of the initial olefin complex 
used (Table III). We have also followed reaction 2 via 1H 
N M R spectroscopy. A solution of [PtCl2py(cyclooctene)] 
has absorbances at 4.18, 7.55, and 9.45 ppm due to the 
coordinated olefin present. Addition of an equimolar quan­
tity of triphenyl phosphite results in a N M R spectrum 
whose chemical shift values and fine structure are identical 
with free cw-cyclooctene. Similar studies were performed 
on the ethylene and cw-butene platinum derivatives. 
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Table IV. Relative Displacement Energies, kJ mol" 

Base Ag(hfacac)° 

80 ± 2 

39 ± 2 
24 ± 1 

— 
20 ± 1 
13± 1 
3 ± 2 
0.0<* 

PdCl2(Py)4 

— 

58 ± 2 
9.2 ±0.8 

— 
5.9 ± 1.3 
4.6 ± 1.3 

— 
— 
— 

Rh(acac)-
(C2H4)' 

— 

_ 
— 
— 
— 
— 
— 

— 

PtCl2(py) Ni(P(O-O-IoIyI)3)^ 

Triphenylphosphine 
Triphenyl phosphite 
Pyridine 
c/s-Cyclooctene 
Cyclohexene 
m-Butene 
Cycloheptene 
Hexamethylbenzene 
Cyclopentene 
Toluene 
Ethylene 
cw-Cyclooctene 
Cycloheptene 
Cyclohexene 
ci's-Butene 
Styrene 
Cyclopentene 
Nitrostyrene 
Cyclohexene 
Tri-o-tolyl phosphite 
cf's-Cyclooctene 
Cyclopentene 
Cycloheptene 
Cyclohexene 

0.0d 

-0.4 ± 2 

-0.8 ± 1 
- 2 ± 1 

58 ± 1 

0.C 

-8 ±3 

0.0rf 

- 2 ± 1 
- 5 ± 1 

-10± 1 
-19± 1 
-19 ± 1 
-24 ± 1 
-24 ± 1 

— 
— 
— 
— 
— 

0.0<* 
— 
— 

— 
- 8 . 3 
— 
— 
— 

- 1 4 ± 2 
-21 ± 3 

-23.0 ± 3 
-23.3 ± 3 

-32 ± 5 

Reference 3. * Reference 4. c Reference 20. d Arbitrary standard to which other bases are compared. e Reference 21 

Relative Displacement Energies. Table IV gives the rela­
tive displacement energies for some silver(I), palladium(II), 
and platinum(II) compounds (all measured calorimetrical-
Iy; the silver and palladium compounds in dichloromethane 
and the platinum compounds in benzene) and rhodium(I) 
and nickel(O) compounds (measured spectrophotometrical-
Iy in toluene and benzene, respectively).20'21 For the nick-
el(0) compounds the enthalpy change has been calculated 
from equilibrium constants assuming that the entropy 
change is negligible; an assumption that has been shown to 
be valid for three olefins. The bases are arranged with in­
creasing displacement energies proceeding up the table. The 
standard chosen for each metal is arbitrary. The values of 
0.0 given to ethylene for palladium, platinum, rhodium, and 
nickel does not imply that ethylene is bonded equally 
strongly to all three metals. We place the most confidence 
in the relative displacement energies of the silver, palladi­
um, and platinum compounds since these enthalpies were 
measured directly via microcalorimetry. 

The data on Table III lend support that enthalpic contri­
butions due to solvent-solute interactions are not signifi­
cant. Benzene is a weakly it basic, nonpolar solvent whose 
dielectric constant is 2.28 and dichloromethane is a weakly 
acid, polar solvent with a dielectric constant of of 9.08. The 
enthalpy difference observed for the same reaction in these 
two solvents is slight, the differences ranging from 0 to 6%. 
Enthalpies for reaction 2 are generally slightly lower in di­
chloromethane. Most important the trends as the olefin is 
varied are exactly the same in both solvents. These data in­
dicate that the overall solvation energies are very nearly 
cancelling in these reactions. The enthalpy values are nearly 
the same in two solvents of differing acid character and 
whose van der Waals interactions should be significantly 
different. Certainly dichloromethane is specifically inter­
acting with the free triphenyl phosphite and olefins in these 
reactions but their effect on the overall enthalpy is slight 
because (1) dichloromethane is a much weaker acid than 
the platinum(II) atom toward these bases and (2) the tri­
phenyl phosphite and olefin solvent interactions will partial­

ly or wholly cancel since these bases appear on opposite 
sides of the chemical equation. 

We previously used dichloromethane as a solvent in the 
silver compounds Ag(hfacac)(olefin),3 since they react with 
benzene22 and many of them are insufficiently soluble in 
cyclohexane, and for the palladium compounds, [PdCl2(OIe-
fin)]2 which are too insoluble in benzene and cyclohexane. 
The fact that platinum(II) discriminates between the ole­
fins in exactly the same way in dichloromethane and ben­
zene gives us confidence that this is also true in the silver 
and palladium systems. Another supportive fact is that we 
have recently determined the heat of the following reaction 
and obtained values of —45.6 kJ mol - ! in cyclohexane and 
—41.5 kJ mol - 1 in dichloromethane: 

Ag(hfacac)(C8H14) + P(C6Hs)3 

— Ag(hfacac) (P(C6H5) 3) + C8H1 4 

This result is very similar to what we have observed in the 
platinum system. 

In regard to solvation effects, it is significant to compare 
our results to those published for PtCl3(olefin)- compounds 
in water.5-9 Previously it was found that any electron donat­
ing group on the olefin results in a lowering of the relative 
displacement energy of the olefin. Table IV shows that the 
same is true for [PtCl2py(olefin)] compounds in benzene 
since any alkyl or aryl substitution on ethylene results in a 
lower relative displacement energy. Furthermore the en­
thalpy difference between C H 2 = C H C H i N H a + and cis-
C H 3 C H = C H C H 2 N H 3

+ toward PtCl 3- is 4.6 kJ mol"1 

and the difference between ethylene and ds-butene toward 
PtCl2py is 10 kJ mol - 1 . There is about a 5 kJ mol - 1 lower­
ing per methyl group in both chemical systems. 

We shall now discuss and compare the relative displace­
ment energies of the metals on Table IV. Triphenylphos­
phine, pyridine, and triphenyl phosphite interact far strong­
er than do the olefins for silver(I), palladium(II), and pla-
tinum(II) compounds, respectively, in contrast to the Ni(O) 
compounds where o-tolyl phosphite has an intermediate 
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/alue. The position of otolyl phosphite is apparently not 
due to its steric characteristics since one can compare the 
different behavior of the three-coordinate nickel(O) and 
four-coordinate Pt(II) compounds. Steric constraints ought 
to be greater in the Pt(II) compounds. This observation 
may suggest that amines and phosphines in general interact 
much more strongly than olefins for "class T" compounds 
(Ag(I), Pd(II), Pt(II), Rh(I)) but not in "class S" com­
pounds (Ni(O)).23 The distinction between class T and class 
S is that in class S the olefin is much more perturbed than 
in class T perhaps resulting from a much greater olefin-
metal interaction; so much greater that the olefins are now 
of comparable strength to nitrogen and phosphine donors. 

For silver and palladium methyl substitution results in a 
stabilization of the metal-olefin interaction (compare hexa-
methylbenzene and toluene for silver; cw-butene and ethyl­
ene for palladium) and a destabilization for rhodium, plati­
num, and nickel compounds. If one assumes the Chatt-
Dewar-Duncanson model of metal-olefin bond,24,25 the a 
contribution is more important than the x contribution for 
silver(I) and palladium(II) and vice versa for rhodium(I), 
platinum(II), and nickel(O) since an alkyl group is an elec­
tron donating group. A recent x-ray study of [PtCb(OIe-
fin)]2 complexes reports a shorter metal-olefin, bond for 
cycloheptene than cyclopentene,13 suggesting a stronger in­
teraction with the former in agreement with our thermody­
namic data. Steric interactions between cycloheptene and 
the olefins and the ligands were also proposed13 but these 
are apparently not as important as the electronic interac­
tions in determining the relative displacement energies for 
these two cycloolefins. 

It is particularly interesting to note that nitrostyrene is 
not interacting as strongly as styrene toward platinum(II). 
From this experimental fact alone one might think that the 
a contribution is more important than the x contribution as 
has been previously proposed for a series of palladium com­
pounds.26 We suspect that this is not so for the following 
reasons. (1) ESCA measurements on platinum olefin com­
pounds indicate a net donation of charge from the metal to 
the olefin.27 (2) The 7r contribution may be more important 
than the a contribution for the styrenes but the differences 
in the x orbitals may be greater than those of the x* orbit-
als accounting for the observed relative displacement ener­
gies of the styrenes. It should also be mentioned that the 
bonding model assumed may be erroneous as a recent theo­
retical treatment indicates.28 

One can also make the following observations from Table 
IV. (1) the cyclic olefins interact differently with each 
metal: for Ag(L), C8 > C6 > C7 > C5; for Pd(II), C8 > C7 
> C6 > C5; for Pt, C8 > C7 > C5 > C6; and for Ni(O), C8 > 
C5 > C7 > C6. Only in the nickel compounds does the or­
dering agree with the strain energies of the olefins.29 This 
result may have been anticipated since only in Ni(O) is 
there a significant amount of bond lengthening of the ole-
finic bond.23 (2) The selectivity of the metal toward the ole­
fins appears to go through a minimum in the series Ag(I), 
Pd(II), Pt(II), and Ni(O) with the minimum at palladium. 
This may be anticipated if the relative amount of x contri­
bution to the metal-olefin bond increases in the same order. 
Silver would have a relatively high selectivity since its bond­
ing is predominantly of a character which would then re­
spond readily to changes in x orbital of the olefin. Palladi­
um would have less selectivity since there would be more x 
character in the bond. The synergism of the bond would 
tend to keep the metal-olefin interaction about the same. 
For platinum and nickel the x character of the bond pre­
dominates and hence the selectivity of these metals in­
creases since they now respond more readily to changes in 
the x* orbitals. The selectivity of Ni(O) is greater than for 

platinum(II) probably because of the greater degree of x 
metal-olefin bonding; i.e., platinum(II) shows class T be­
havior and Ni(O) class S behavior.23 The ordering of selec­
tivity observed here is different from those previously 
given21 but the later ordering was based on equilibrium con­
stants, not enthalpy changes. 

The enthalpy information can be combined with a num­
ber of other studies providing some insight into the nature 
of trans effect. The trans labilizing influence of ethylene is 
greater than m-butene and styrene in compounds of the 
type [PtCl(olefin)(py)].3° The NQR frequencies of the 
trans chloride ligand in compounds of the type [PtCU (ole­
fin)]- increase ethylene < cw-butene < styrene, the same 
ordering as their relative displacement energies. It was sug­
gested that as the NQR frequency decreases, the platinum-
chlorine bond weakens.31 If this interpretation is correct, 
then as the metal-olefin interaction increases a concomitant 
decrease in the metal-chlorine bond order trans to it occurs. 
This may be the thermodynamic description of the changes 
occurring in the trans effect. We can also note that the rela­
tive dissociation energies are norbornadiene > 1,5-cyclooc-
tadiene for palladium(II) and rhodium(I) compounds.12 

Assuming this is also true for platinum, then increasing 
metal-olefin interaction of these chelating olefins also re­
sults in a decrease of the observed NQR frequencies.31 

The 1H NMR data on Table II are arranged in the same 
order as the relative displacement energies. For compounds 
of the type [PtCl2py(olefin)] the coordination chemical 
shift, A, increases as the metal-olefin interaction increases. 
Furthermore the coordination chemical shift is negative for 
cyclohexene and gradually becomes positive on ascending 
the table. The platinum-hydrogen coupling constants be­
tween the platinum atom and the olefinic protons in general 
increase as the metal-olefin interaction decreases. None of 
these observations has previously been made. It was ob­
served previously that in the compounds [PtCl2(olefin)]( 
(olefin = norbornadiene, 1,5-cyclooctadience, 1,3,5,7-cy-
clooctatetraene) that the coordination chemical shifts de­
crease and platinum-hydrogen coupling constants both in­
crease in this order.32 For palladium and rhodium the rela­
tive dissociation energies are norbornadiene > 1,5-cyclooc-
tadiene > 1,3,5,7-cyclooctatetraene.1'2 Assuming the same 
ordering for platinum, we have exactly the same observa­
tions for chelating olefins as for monoolefins; i.e., increasing 
metal-olefin interaction results in an increase in the chemi­
cal coordination shift of the olefins and a decrease in the 
platinum-hydrogen coupling. There is no agreement in the 
interpretation of the coordination chemical shift and the 
platinum-hydrogen coupling in metal olefin compounds.33 

We observed that the coordination chemical shifts are al­
ways greater for platinum than for isostructural palladium 
compounds. (See Table II). The difference ranges from 
0.53 to 0.82 ppm for compounds of the type [PtCl2(olefin)]2 
and 0.41-0.92 ppm for [MX2(olefin)] (M = Pd, Pt; X = 
Cl, Br; olefin = 1,5-cyclooctadiene, 1,3,5-cyclooctatriene, 
1,3,5,7-cyclooctatetraene, norbornadiene).32 Two explana­
tions for these results are that the amount of x character in 
the platinum compounds is greater than in palladium, or it 
may be simply due to the larger size of platinum which 
therefore has a larger diamagnetic susceptibility. 

Rate constants were calculated for reaction 3 using a pre­
viously described procedure.34 The actual rise in tempera­
ture is given by the solid line in Figure 1. The dotted line re­
sults when the actual temperature is corrected for heat loss. 
The enthalpy of the reaction was evaluated by dividing the 
heat evolved by the limiting amount of reagent. The con­
stancy in the enthalpy values (Table III) further confirms 
the correctness of the procedure. Excellent fits to the curved 
portions of the graph were obtained by assuming the rate is 
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first order with respect to both of the reagents. The values 
of the rate constant from six different curves were 9.5, 9.3, 
8.4, 10.2, 9.1, and 6.8 1. mol - 1 s _ 1 or 8.6 ± 0.6. The stan­
dard deviation of the calculated and observed temperatures 
was 0.0005 for the six curves with some trending observed 
in two cases. One can place a limit on the rates of reactions 
1 and 2 of not less than 80 1. mol - 1 s _ 1 since these reactions 
are complete in the time of mixing. 
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the well-known hydrogenation catalyst [(CeHs^P]3RhCl8 can 
be considered as the (C6H5)3P adduct Of)[CC6Hs)3P]2RhCl)2. 
Recently, Tolman et al.9 have investigated the system 
RhCl-triarylphosphine-H2-olefin. Kinetic data indicated that 
the species RhP2Cl was an important intermediate in the re­
action with H2. In many catalytic processes, coordinatively 
unsaturated intermediates of this type are very important. A 
characteristic reaction of this type of compound is the addition 
of a ligand to the open coordination position. The energetics 
and kinetics of this type of reaction are usually difficult to 
study. By determining the bridge cleavage enthalpy of the 
chloro-bridged dimer, we can derive thermodynamic data for 
interaction of the species Rh(CO)2Cl with a series of bases. 

The complex di-jt-chloro-tetracarbonyldirhodium(I) (I) is 
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Abstract: A detailed calorimetric and spectroscopic study of the acid-base chemistry of [(CO^RhCl] 2 in poorly solvating 
media is presented. Enthalpies of adduct formation with ten bases are reported which vary considerably in their basic proper­
ties; e.g., nitrogen, sulfur, and oxygen donors are reported. The data can be correlated with the E and C model thus extending 
this treatment for the first time to low-valent, second-row transition metal systems. An enthalpy of 22.6 kcal mol-1 of dimer 
is required to cleave the chloro bridges. The procedure for factoring this bridge cleavage enthalpy out of the measured enthalpy 
data is described. We are now in a position to predict enthalpies of adduct formation with all of the bases in the E and C corre­
lation and can understand why many substances do not effect bridge cleavage. The structures of the complexes in solution are 
deduced from infrared and 13C NMR studies. 
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