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The synthesis and characterization of [Pd(DPEA)CI]Cl 1 and [Pd- 
(TPEA)Cl]Cl 2, where DPEA and TPEA are bis(Zdiphenylphosphino- 
ethyl)amine NH(CH,CH,PPh,), and tris(Zdiphenylphosphinoethyl)amine 
N(~H~~H~PPh~)~ respectively, is reported. The catalytic activity of 1 and 2 
in the homogeneous hydrogenation of cyclohexene over the temperature 
range 10 - 40 “C and 0.4 to 1 atm of hydrogen partial pressure has been 
investigated. The rate of hydrogenation of cyclohexene catalyzed by 1 and 2 
is found to be first order with respect to the catalyst, fractional order with 
respect to the substrate concentration and independent of Hz partial pres- 
sure. A suitable mechanistic pathway has been proposed in which the 
catalysts 1 and 2 activate molecular hydrogen by forming hydrido species 
[Pd(DPEA)(H)]+ 1 a and [Pd(TPEA)(H)]+ 2a, respectively. The formation 
of an unusual Pd(IV) trihydrido intermediate, [Pd(DPEA)(H)J]+ lb and 
the dihydride [ Pd(TPEA)(H),] 2+ 2b by an oxidative addition of Hz of 
[Pd(DPEA)(H)]~ la and 2, respectively, is also reported. The hydrido species 
la and lb, 2a and 2b were ~h~acterized by hydrido proton and 31P{1H} 
NMR spectra. The activation parameters ASf and AHz for the hydrogenation 
of cyclohexene catalyzed by 1 and 2, were evaluated. 

Introduction 

Homogeneous catalytic hydrogenation of olefins catalyzed by platinum 
group metal complexes has attracted considerable interest in recent years 
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[l - 71. We have recently synthesized platinum group metal complexes of 
the potential terdentate bis(2diphenylphosphinoethyl)amine DPEA and 
potential tetradentate tris(2diphenylphosphinoethyl)amine TPEA ligands 
containing mixed donor N, P atoms [S, 91. The ligands have an amino group 
for necessary nucleophilicity and P to stabilize low-valent metal complexes 
through d,-d, back-bonding factors of direct importance in homogeneous 
hydrogenation reactions [ 21. 

Though kinetic and mechanistic data are available for the homogeneous 
hydrogenation catalyzed by Rh(1) and Ir(1) complexes [ 10 - 151, data on 
catalysis by Pd(I1) is very scanty. Suzuki et al. [16] reported the hydro- 
genation of acetylene by PdCl, solubilized in CH,Cl, and polyethylene 
glycol. The detailed kinetic parameters of the reaction were not however 
reported. 

In this paper we report the catalytic hydrogenation of cyclohexene 
by bis( 2-diphenylphosphinoethyl)aminepalladium( II) chloride 1 and tris- 
(2-diphenylphosphinoethyl)aminepalladium(II) chloride 2. In the presence 
of the Pd(I1) complexes 1 and 2 of the terdentate and the tetradentate 
ligands DPEA and TPEA, respectively, the homogeneous hydrogenation of 
cyclohexene proceeds through the formation of monohydrido-Pd(I1) and 
-Pd(IV) intermediates by a path independent of molecular hydrogen concen- 
tration. The palladium hydrides formed in solution from complexes 1 and 2 
were characterized by ‘H and 31P{1H} spectroscopy. 

Experimental 

Palladium(I1) chloride was obtained from Strem Chemical (USA). 
Cyclohexene was prepared by the published procedure [6] and purified from 
peroxide by treatment with acidified ferrous sulphate, dried over calcium 
chloride and distilled under Nz gas. All the solvents used were of AR grade 
and were used without further purifications. The ligand DPEA was prepared 
as reported [ 61. 

Complexes 1 and 2 were characterized by elemental analysis, melting 
point, IR and 31P{1H} spectra and conductivity measurements. The 31P(1H) 
NMR spectra were recorded in CDCl, on a Jeol FXlOO FT-NMR spectrom- 
eter, operating at 40.3 MHz, using a deuterium lock. For 31P spectra, chem- 
ical shifts are reported in 6 (ppm) with respect to 85% HsP04. Hydrido 
proton NMR spectra were recorded in CDC13 for 1 and CH3CHZOH for 2 
on a Jeol FXlOO spectrometer, using TMS as an external reference. The IR 
spectra were taken on a Nicolet Model FT-IR spectrometer. 

Preparation of [PdCl(DPEA)CI] Cl I 
DPEAsHCl 0.2 g (0.42 mmol) was dissolved [S] in benzene (40 ml) 

under nitrogen atmosphere. PdCl,(COD) (0.12 g, 0.42 mmol) was added to 
the above solution in powder form after -0.5 h when a clear solution was 
obtained. The refluxing was continued until a greenish-yellow crystalline 
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compound separated out. The crystalline compound was cooled overnight, 
filtered and washed thoroughly with benzene. The compound was recrystal- 
lized from CH&l,-n-hexane mixture. Yield: 0.21 g (72%), m.p. = 243 - 245 
“C, Anal. Calcd.: C, 54.3; H, 4.72; N, 2.26; Cl, 11.47%. Found: C, 53.9; H, 
4.82; N, 2.4; Cl, 11.1%. 

Reaction of [PdCl(DPEA)Cl] with hydrogen 
Hydrogen gas was bubbled through a concentrated solution of [PdCl- 

(DPEA)]CI in CDCls in the NMR tube for 2 h and the hydrido proton and 
31P{ ‘H} NMR spectra recorded. 

Preparation of [PdCl(TPEA)Cl]C12 
To a methanolic solution (15 ml) of NazPdC14 (0.11 g, 0.38 mM) was 

added [9] the ligand TPEA (0.25 g, 0.38 mM) dissolved in 15 ml CH,C$. 
The resulting reaction mixture was stirred for 5 h when a yellow precipitate 
was obtained on the slow addition of diethyl ether. The compound was 
filtered, washed with water-benzene and finally with petroleum ether. Yield: 
0.24 g (75%), m.p. 203 “C, Anal. Calcd.: C, 60.4; H, 5.0;N, 1.7O;Cl, 8.5%. 
Found: C, 60.0; H, 4.9; N, 1.68; Cl, 8.3%. 

Kinetic studies 
Kinetic studies of the hydrogenation of cyclohexene catalyzed by com- 

plexes 1 and 2 were made in the temperature range 10 - 40 “C. The rate of 
absorption of hydrogen gas was measured using a glass manometric apparatus 
as described in earlier communications [6, 71. After the addition of the cata- 
lyst, the cell was evacuated and flushed with hydrogen several times to 
ensure that a complete hydrogen atmosphere prevailed in the reaction cell. 
Sufficient time was given to the experimental solution to attain equilibrium. 
A known concentration of cyclohexene was then added rapidly to the cell. 
A blank experiment under the same conditions of temperature, pressure 
and volume was also run simultaneously to nullify the effect of solvent 
vapour pressure. The concentration of substrate was in the range of 0.25 - 
2.5 M. The reaction was conducted with Hz partial pressure of 0.4 - 1.0 atm. 

The rate of absorption of H, (-d[H,]/dt) was obtained from the slope 
of the plot of the number of moles of hydrogen absorbed versus time, as 
described in an earlier publication [ 61. 

Results 

Reaction of PdCl,(COD) with the ligand DPEA in CH,OH resulted in 
the formation of the complex [PdCl(DPEA)]Cl 1, which is a 1:l electrolyte 
in DMF. The V(Pd-Cl) of the complex is exhibited at 340 cm-‘. The 31P{ ‘H} 
NMR spectrum of complex 1 in CDCl, gives a singlet at 6 37.2, indicating 
the magnetic equivalence of the two trans-coordinated phosphorus donor 
atoms. Complex 1 can therefore be assigned a square-planar geometry with 
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tile donor atoms N and P, of the figand in three ~oord~nat~un positions to 
the metal ion and the fourth position occupied by Cl. 

Complex 2 was obtained [Qj by the reaction of TPEA with N@dC& 
in CH,Cl,. The v(Pd--61) of the complex is exhibited at 350 cm”‘. The 
31F(1H} NMR spectrum of complex 2 in ethanol gives a triplet for P, at 6 
32.3 and a doublet for the equivalent Pb at 6 29.8. Complex 2 can therefore 
be assigned s square-planar geometry, with twns Ph and P, in three coordina- 
tion positions and Cl in the fourth. The nitrogen atom of TPEA loosely 
occupies the apical position. 

Catalytic ~ydr~~en~~io~ of cyetohexene 
The hydrogenation reactions of cyclohexene catalysed by complexes 1 

and 2 were carried out in pure ethanol, The overall rate of hydrogenat~u~ 
-d fH&df was measured rn~~orn~~~~~~, and the dependence of the rate 
on substrate, catalyst and Sa partial pressure ~nvest~a~_ 

Dependence of the rate of hydrogenation on cyciohexene concentration 
In catalytic studies with complexes 1 and 2 the concentration of cyclo- 

hexene was va&d from 0.5 - 2.5 M. The plot of the rate of hydrogenat~ian of 
cyelohexene as a function of cyclohexene concentration is linear at low con- 
centration, but becomes non-linear at higher concentrations of cyclohexene, 
The plot of the reciprocal of the rate uers~s reciprocal of the cyclohexene 
concentration is however Iinear, with a positive intercept (Fig. 1). The rate 
of hydrogenation of cyclohexene R is related to substrate concentration S 
by the re~at~o~sb~p: 

1 ‘1‘ - =a - ( ) R s 
-+b 

where ~b and b SW the slope and intercept of the plot of 1fR vs. I/S. 

CataiYSt Concentration 

0.5 F,O 1.5 2.0 2.5 
& M-’ 

Fig. 1, Plot of recipracal of rate vs. reciproc$ of c@ohexene coacentratioa far the 
hydrogenation af cyclohexene catalyzed by complex 1 at 25 “C. 
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Dependence of the rate of hydrogenation on the catalyst concentration 
Figure 2 illustrates the dependence of the rate of the hydrogenation of 

cyclohexene on the catalyst concentration for complex 1. A similar plot was 
obtained for complex 2. The figure shows a first order dependence of the 
rate on catalyst concentration. In the absence of the catalyst, no hydrogen 
uptake was detectable. At higher concentration of catalyst >lO-‘, saturation 
kinetics was observed. 

.c 0.25 
E 

5 
In 0.2 

0 

vx 0.15 

3;; 
T) 

, 0.3 

04 0.6 I.2 I.6 2.0 

[Catalyst] X 10’ M 

Fig. 2. Dependence of the rate of hydrogenation of cyclohexene on catalyst concentra- 
tion at 25 “C. 

The rate of hydrogenation of cyclohexene is independent of the partial 
pressure of H, in the range of 0.4 - 1 atm. 

Mechanism 
Based on the kinetic data the following mechanism is proposed for the 

homogeneous hydrogenation of cyclohexene catalyzed by complexes 1 and 
2: 

[PdCl(L)]+ + H 
Kl 

2 e [Pd(H)L]+ + HCl (2) 

[PdCl(L)]+ + S \ -% [PdCl(L)(S)]+ (2) 

[Pd(H)L]+ + S -% [Pd(HS)L]+ (3) 

[PdCl(L)(S)]+ + H, k’ [Pd(HS)(L)]+ + HCl (4) 
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~Pd(HS)L] + i H, fas4, [Pd(H)L]+ + SH2 (5) 

where L = DPEA or TPEA, SH, = alkane, S = olefin. 
Kl is the equilibrium constant for the formation of the monohydrido 

species [Pd(H)L]+, K, is the formation constant of the mixed ligand hydrido 
olefin species, and k is the second order rate constant for the hydrogenation 
of cyclohexene. The rate law can be written as: 

K,~[Cl Fb3 WI 
-d[H21’dt = (1. + K,[H,])(l + K,[S]) 

On rearrangement of eqn. (6) we obtain: 

1 

- d[H,]/dt = 
K2 

(6) 

(7) 

A plot of reciprocal of rate versus reciprocal of cyclohexene concentration 
gives the slope (a) and intercept (b): 

a= 
1 + K,[I-I,l . 1 + K,[J%I 

K,~U%l [Cl ’ ’ = K,k P-M [Cl 
K2 

Assuming K,[H,] $1, eqn. (8) reduces to: 

1 

c4= Efcl; 
b= LK2 

K]C] 

(8) 

(9) 

where [C] = catalyst concen~ation. 
The rate constant k at various temperatures calculated from eqn. (9) 

using the value of the slope (a) are tabulated in Table 1. 

TABLE 1 

Rate constant and activation parameters obtained for the homogeneous hydrogenation of 
cyclohexene catalyzed by [Pd(DPEA)CI]Cl 1 

Temperature k (min-’ M-l) Activation parameters for k 

C-C) 
1 2 % AHI As* AG” (30 “C) 

(kcal mol-‘) (kcal mol-‘) (e.u.) (kcal molF1) 

10 
20 
30 
40 

0.5 0.8 6.44 5.8 -41.0 18.2 for 1 
0.9 1.1 4.6 4.0 -41.6 16.6 for 2 
1.2 1.4 - - - - 
1.5 1.7 - - - - 

Under the condition of a large value of K, , equilibrium (1) is com- 
pletely shifted to the hydride side, which will have a larger concentration 
in solution than the concentration of dissolved hydrogen at a particular 
partial pressure of H,. The rate therefore becomes independent of H2 partial 
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Fig. 3. Arrhenius plot for the temperature dependence of the rate of hydrogenation of 
cyclohexene catalyzed by complex 1. 

Fig. 4. Arrhenius plot for the temperature dependence of the rate of hydrogenation of 
cyclohexene catalyzed by complex 2. 

pressure. The energy of activation E, in the temperature range 10 - 40 “C is 
calculated from the slope of the plot of log k us. l/T and is depicted in Figs. 
3 and 4 for complexes 1 and 2, respectively, using the Arrhenius equation. 
The enthalpy of activation AE@ and the entropy of activation ASS were 
calculated from the following equations: 

AH*=E,-RT (10) 
RT AS* AH* 

2.303 log k = 2.303 log Nh + - - - 
R RT 

(11) 

where N is the Avogadro’s number, h is Planck’s constant and R is the gas 
constant. The values of @ and AS* are given in Table 1. The ratio of inter- 
cept to slope of eqn. (8) gives the values of IQ, the equilibrium constant for 
olefin complex formation. The thermodynamic parameters involving the 
formation of the olefin complex, along with the values of Kz at different 
temperatures, are presented in Table 2. 

Discussion 

Hydrogenation of the complex [Pd(DPEA)Cl]Cl 
Hydrogenation of complex 1 was conducted in CDCl, in situ in a NMR 

tube. The hydride spectrum taken after 2 h is depicted in Fig. 5 and the 
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TABLE 2 

~ermodyn~jc parameters for the formation of cyclohexene complexes of fPd(DPEA)- 
(S)CI ICI 1 and [Pd(~EA)~S)Cl]Cl 2 

Temperature Kz (M-l) A@ ASO AGo 
WI 1 2 

(kc4 mol-*) (kcal mol-l) (kcal mol-‘) 

10 0.66 0.78 1.5 4.48 0.142 for 1 
20 0.72 0.93 5.1 17.3 0.19 for 2 
30 0.80 1.36 - - - 
40 0.89 1.69 - - 

Hflal 

r-h ‘H-P 

---1uv+ 
- 17.37 -334% 37.86 

Fig. 5. Hydride proton NMR of hydrida complexes la and lb formed by the hydrogen- 
ation of complex 1. 

NMR data tabulated in Table 3. The triplet at 6 = -37.84 with a J(H-P) 
of 25 Hz is assigned to the monohydride of Pd(I1) la (Scheme 1). This 
hydride is obtained by the nucleophilic displacement of Cl- in 1 by II-. 
Such a Pd(I1) hydride was also reported El73 in the hydrogenation of 
[(PPh,)$dCl’J*. The 31P(1H) of the hydride la gives a singlet at 6 = -36.87 
for the equivalent truns phosphorus atom of la. 

A novel reaction observed in the hy~og~nation of complex 1 is the 
oxidative addition of H, to complex la to form t~hyd~dop~adium(IV~ 
complex lb, To our knowledge this is the first example of a relatively stable 
PdfIV) hydrido complex obtained by the oxidative addition of H, to a Pd(I1) 
complex (la). From the relative intensities of the peaks in Fig. 5, the 
amount of complex lb formed is estimated to be about 5% with 95% of 
complex la. This is expected because of an enhanced tendency of palla- 
dium(IV) hydrido complexes to undergo reductive elimination of Hz 
118 - 201. The concentration of complex lb thus does not accumulate to 
an appreciable extent in solution, and the complex is converted to la by 
reductive elimination of H,. The formation of the’t~hyd~de lb in solution 
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TABLE 3 

NMR spectral parameters of the palladium hydride complexes obtained by the hydrogen- 
ation of [Pd(DPEA)Cl]Cla and [Pd(TPEA)C1]Clb 

Complex l H chemical c 
shifts 
(ppm) 

1 [Pd~(DP~A~Cl]+ - 

2 [Pdr”(TPEA)Cl]+ - 

la lPd~~F~A)~H)]+ -37.84(t) 

lb [Pd~(DPEA)tH)~]+ 17.3’7(dd) 

2a [PdyTPEA)(H)]’ -33.54(t) 
-26.44(dt) 

2b [Pdrv(TPEA)(H)J2+ -20.10(q) 
-24.27(dt) 

Coupling 
constants 
2J( H-P) 
(Hz) 

- 

25 

trans 54 

cis 20 
trane 65 
cis 30 

cis 37 
trans 7 2 

31P{iH}d Coupling 
chemical constants 
shifts V(P-P) 
(ppm) (Hz) 

37.2(s) - 

32.3(t) 20 
29.8(d) 

36.87(s) - 

48.00(d) 25 
- - 

33.7(t) 20 
28.8(d) 

42.98(t) 25 
22.9(d) 

aMeasured at 25 “C in CH$la. 
bMeasured at 25 “C in ethanol. 
CIH shifts are referred to TMS; d = doublet, dd = doublet of doublet, t = triplet, dt = 
doublet of ‘triplets, q = quartet, s = singlet. 
d31P shifts are referred to 85% HaPOe. 

la 

Scheme 1. 

Hr 
lb 

is suppled by both proton and 31P{1H) NMR data. The hydride H, of the 
Pd(IV) trihydride gave a downfield triplet centered at 6 = -33.54 expected 
for a Pd(IV) complex. The coupling constant J(HB-P) is 20 Hz, about 5 Hz 
less than the coupling constant J(H-P) of the monohydride of Pd(I1) la. 



The axial and equatorial hydrides of complex lb Hp and H, are non-equiv- 
alent. Each hydride therefore gives an overlapping pattern of a doublet 
of doublets centered at 6 = -17.37 with a tram J(H-P) of 54 Hz and 
cis J(H-P) of 20 Hz. The tram J(H-P) reported [16] in Pd(I1) complexes is 
about 174 Hz. The 31P{1H} spectrum of lb gives a doublet centered at 6 = 
48.00, with a value of cis J(P-P) of 54 Hz. A large downfield shift of 
phosphorus resonance to 6 = 48 in complex lb from a value of 6 = 36.8 in 
complex la is in accord with the higher oxidation state of palladium in com- 
plex lb. 

Hydrogenation of complex 2 was conducted in CzH,OH in situ in a 
NMR tube, The hydrido proton spectrum taken after 2 h is depicted in 
Fig. 6 and the NMR data tabulated in Table 3. The doublet of triplets 
centred at 6 = - 26.44 is assigned to the monohydride 2a (Scheme 2) 
obtained by the nucleophilic displacement of Cl- in 2 by H- as in 1. The 
3’P(1H} of the hydride gives the P, triplet at 6 = 33.7 and Pb doublet at 6 = 
28.8, indicating that there is no change in the geometry of the complex 
upon substitution of Cl- by H-. 

Oxidative addition of H, to 2 forms the Pd(IV) dihydrido complex 2b 
(Scheme 2). Unlike complex la, the presence of N in the apical position of 2 
prevents the formation of a trihydride. The hydride H, of 2b gives a doublet 
of triplets centered at S = -24.3 and HP a quartet centered at 6 = -20.10 
(Table 3). The 31P(‘H} of the dihydride gives the triplet for P, at 6 = 42.98 
and doublet for Pb at 6 = 22.9. The phosphorus resonances in complex 2b 

H<(Zb) 

6 IPPW 
I -27 

-20 

Fig. 6. Hydrido proton NMR of hydrido complexes of 
genation of complex 2. 

5%~ and Zb formed by the hydro- 
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Scheme 2. 

, 
I 

HP 2.9 

are shifted considerably do~field as compared to 2a, in accord with the 
higher oxidation state of the metal ion (+4) in 2b. The 2J(P-P) coupling 
constant is slightly higher, 25 Hz, in 2b as compared to 20 Hz in 2a. 

Catalysis of the hydrogenation of cyclohexene 
The proposed catalytic species in the homogeneous hydrogenation of 

cyclohexene catalyzed by ~Pd(DPEA)Cl]+ and [Pd(TPE~)ClJ+ are the PdfII) 
monohydrides la and 2a, respectively, as shown in Scheme 2. The rate of the 
reaction is independent of the H2 partial pressure, indicating that equilibrium 
(1) is shifted far to the right. The rate-determining step proposed in the 
mechanism is the insertion of the olefin in the M-H bond to form an alkyl 
complex 4 as proposed by Halpern [21,22] and others 112,141. An alter- 
nate pathway is the formation of the olefin complex 4 followed by its 
hydrogenolysis to 3 in a slow step. This is obviously a minor pathway 
because of the observed independence of the reaction rate from hydrogen 
partial pressure. The alkyl complex 3 breaks down to the alkane and com- 
plex la or 2a in a fast step. The participation of the Pd(IV) species lb or 2b 
in the catalysis of the hy~ogenation reaction is ruled out on the basis of the 
fast dissociation of these species to la or 2a in solution. 

The Pd(I1) olefin complex 3 is proposed to be a five-coordinate species, 
as proposed earlier for the Rh(1) and Ix(I) complexes of DPEA [ 61. The 
thermodynamic parameters corresponding to the formation constant K2 of 
the olefin complex 2 are presented in Table 2. The enthaipy of formation of 
2, A@, is slightly more exothermic (-0.2 kcal mol-‘) and the entropy of 
formation AS” slightly more negative (-0.5 eV) than the [Rh(DPEA)Cl] 
complex [6]. The stability of the five-coordinate ds metal-olefin complex 
[6] thus seems to decrease in the order Pd(I1) > Rh(1) > Ir(1). The five- 
coordinate Pd(I1) complexes are the most stable. 
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The activation parameters hH* and AS% corresponding to the rate con- 
stant k are presented in Table 1. The enthalpy of activation for the reaction, 
5.83 kcal mol-’ is slightly more exothermic (-0.4 kcal mol-l) than that 
reported [6] for [Rh(DPEA)Cl] catalyzed hydrogenation of cyclohexene, 
viz. 6.2 kcal mol-‘. The entropy of activation -40 e.u. for the Pd(II)- 
catalyzed reaction is however about 8 e.u. more positive than the Rh(I)- 
catalyzed reaction. The complex [Pd(DPEA)Cl] is thus more reactive than 
[Rh(DPEA)Cl] by an order of magnitude of 2. 

The difference in the catalytic activity of the Pd(I1) complex 1 as com- 
pared to its Rh(1) analogue may be partly due to the dissociative heterolytic 
cleavage of Hz involved in the catalysis by Pd(I1) us. an oxidative addition in 
Rh(1) complexes. The entropies of activation for Ru(II)-catalyzed hydrogen- 
ation of maleic and fumaric acids, where a heterolytic cleavage of the H, 
bond was proposed [21], are fairly positive and are on the order of magni- 
tude of -8 to -17 e.u. The higher value of the negative entropy of activa- 
tion in chelated phosphines as observed in complex 1 may be due to the 
steric constraints involved in the rate-determining migratory insertion of the 
olefin [22, 231 in the metal-hydride bond. 

It is of interest to compare the activation parameters for the hydrogen- 
ation of cyclohexene catalyzed by the DPEA complex 1 and the TPEA 
complex 2. The enthalpy of activation for the reaction by complex 2 is more 
exothermic by about 2 kcal mol-’ than by complex 1; the entropy of activa- 
tion is about the same, within experimental error. The phosphorus atoms in 
complex 1 are more rigidly coordinated than in complex 2, which has a large 
chelate ring and a loosely bonded N atom. Thus complex 2 behaves as a 
loosely chelated monodentate phosphine [ 91, where the rearrangement in the 
ring to form the hydrido or the olefin complex is much smaller than stable 
chelate rings. Thus complex 2 is a more reactive catalyst than complex 1. 

The thermodynamic stability of the olefin complexes formed by the 
interaction of 1 or 2 with cyclohexene are presented in Table 2. The olefin 
complex of 2 is slightly more stable than that of 1, as indicated by the free 
energy of formation AG” (Table 2). The entropy and enthalpy of the forma- 
tion of 1 and 2 mutually compensate to make AG” for 2 slightly more exo- 
thermic than 1. This is reflected in the catalytic activity of 2, which is more 
than that of 1 for the homogeneous hydrogenation of cyclohexene. 
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