
J. CHEM. SOC., CHEM. COMMUN., 1995 1479 

Complexes [(P2)Rh(hfacac)l (P2 = Bidentate Chelating Phosphane, hfacac = 
Hexafluoroacetylacetonate) as Catalysts for CO2 Hydrogenation: Correlations between 
Solid State Structures, 103Rh NMR Shifts and Catalytic Activitiest 
Roland Fornika,a Helmar Gorls,a Bernd Seemannb and Walter Leitner*Sa 
a Max-Planck-Gesellscha ft zur Forderung der Wissenscha fien, Arbeitsgruppe C02-Chemie an der Universitat Jena, 
Lessingstrasse 12, 07743 Jena, Germany 
b BRUKER Analytische Mekechnik GmbH, , Siberstreifen, 76287 Rheinstetten, Germany 

Complexes [(P2)Rh(hfacac)l la-h are the most effective catalyst precursors for catalytic hydrogenation of C02 to 
formic acid in organic solvents allowing turnover frequencies of up to  1335 h-1; 103Rh NMR shifts of these 
complexes in  solution are mainly determined by the P-Rh-P angle as obtained from solid state structures and have 
predictive potential for the catalytic activity of structurally related phosphanes P2. 

The catalytic hydrogenation of C02 to formic acid (Scheme 1) 
is a promising approach to the use of COZ as a building block in 
chemical syntheses.1.2 We have reported that rhodium phos- 
phane complexes may serve as very efficient catalysts for this 
process in organic solvents2b,df and aqueous so1utions.2e 

Rhodium formate complexes 2 have been inferred as possible 
key intermediates during the catalytic cycle of C02 hydro- 
genation in Me2SO-NEt3 mixtures.*df We now introduce 
complexes [ { R2P-(X)-PRz}Rh(hfacac)] 1 as stable model 
compounds for 2.3 The first coordination sphere at rhodium is 
very similar in 1 and 2 and the pK, values of hfacacH (4.35) and 
HC02H (3.75) are also compatible. Furthermore, complexes 1 
should be able to enter the catalytic cycle of CO2 hydrogenation 
via hydrogenolysis in analogy to 2.4 

Indeed, very rapid formation of HCOzH is observed when a 
solution of [ { Ph2P(CH2)~Ph2}Rh(hfacac)] If (2.5 X 10-3 
mol dm-3) in Me2SO-NEt3 ( 5 :  1) is stirred under H2-C02 
(1  : 1, 40 atm) in a stainless steel autoclave at 25 "C. The 
equilibrium concentration of 2.0 mol dm-3 HC02H is reached 
within approximately 5 h. Kinetic measurements carried out as 
previously described reveal that there is no induction period2f 
and that catalysis starts immediately with a maximum turnover 
frequency (TOF) of 565 h-1 (Fig. 1). The highest TOF reported 
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so far for rhodium catalysts with the same ligand is 365 h--1.2- 
Complexes la-h were synthesised in order to further 

improve the catalytic activity by variation of the ligand 
structure.3 Selected analytical data of complexes la-h are 
summarised together with their catalytic activities in Table 1.  
All of the complexes la-h were catalytically active and the 
equilibrium concentration of HC02H was reached after appro- 
priate reaction times. As expected, the ligand structure has a 
marked influence on the catalytic activity of complexes 1 as 
illustrated in Fig. 1 .  Replacing the phenyl groups in If by 
cyclohexyl substituents results in a maximum TOF of 1335 h-1 
as observed with lg,  which is the most active catalyst for C02 
hydrogenation to formic acid ever described. lcpd Only the water- 
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Fig. 1 Increase of formic acid concentration during catalytic hydrogenation 
of C02 using catalysts l b ,  If and l g  (2.5 X 10-3 mol dm-3) in Me2SO- 
NEt3 (5 : 1) under 40 atm H2-C02 (1 : 1) at 25 "C 

Table 1 Selected analytical data and catalytic activities of complexes [ { R2P-(X)-PR,}Rh(hfacac)] 1 

Compound -(X)- R Rh-P'/A P-Rh-P/" 6(31P)b ' J R ~ P / H Z  6( 1"3Rh)b TOF'Ih-1 v,I' 

l a  
l b  
1ce 
Id 
l e  
If 
1g 
l h  

Ph 

Pri 
Me 
Ph 
Ph 

Pri 

CY 

CY 

2.191( 1) 
2.193(1) 
2.183(2) 
2.176( 1) 
2.194(2) 
2.206( 1) 
2 224(2) 
2.228(1) 

84.34(3) 
84.97(2) 
86.01(7) 
8 5.08 (5)  
90.77(6) 
93.08(3) 
9 8.93 (6) 
99.95(3) 

72.1 
91.6 
101.2 
54.4 
37.0 
48.6 
54.1 
44.2 

196 
196 
195 
192 
183 
191 
193 
195 

438 
368 
323 
370 
567 
646 
845 

1012 

170 
77 
95 
20 

300 
565 

1335 
687 

8.5 
3.9 
4.8 
1 

15.0 
28.3 
66.8 
34.4 

a The mean value of the two Rh-P distances is given, the difference is less than 0.01 8, in all cases. In E2H8]THF. c Obtained by dividing the initial rate 
(<  10% of the equilibrium concentration) of formic acid production by the total rhodium concentration (2.5 X 10-3 mol dm-3). Values were reproducible 
within a less than 10% deviation. d Obtained from initial rates under identical reaction conditions. The relative activity, vrel, of the least active catalyst Id 
is defined as 1. e Two independent molecules in the unit cell that differ only in the ring puckering of the five-membered chelate. 
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soluble catalyst [Rh(tppts)3C1] exhibits comparable activities 
under similar mild reaction conditions.ld The ruthenium 
complex [ R u ( P M ~ P ~ ~ ) ~ ( H ) ~ ]  allows a TOF of 1400 h-1 in 
supercritical C02 only under considerably more forcing condi- 
tions (50 "C, 204 atm).2g 

Complexes la-h are ideally suited for a systematic study of 
structural changes in rhodium phosphane chelates upon small 
changes in the ligand structure, as there is no steric interaction 
between the phosphane ligand and the hfacac moiety.§ All the 
complexes la-h exhibit the expected square planar coordina- 
tion sphere at rhodium with angles between the P-Rh-P and the 
0-Rh-0 planes varying from 0" (Id) to 8.4" (lh). No 
significant changes occur in the Rh(hfacac) fragment through- 
out the series of complexes la-h. No correlation between the 
Rh-P bond length and the basicity of the phosphorus donor 
atom is found in complexes la-h. Furthermore, the P-Rh-P 
angle remains almost invariant if the groups R are changed in 
ligands R2P(CH2)2PR2 of complexes l a 4  However, the P- 
Rh-P angle increases with increasing chain length in 
Ph2P(CH2),PPh2 (la, le, If) as expected. In contrast to the 
situation in five-membered chelates, the replacement of phenyl 
by cyclohexyl in R2P(CH2)4PR2 results in a considerable 
increase of the P-Rh-P angle from 93.1" (If) to 98.9" (18). 

The influence of the ligand on the coordination sphere of 
rhodium complexes la-h in the solid state is prevalent also in 
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Fig. 2 Correlation between P-Rh-P angles and '03Rh NMR shifts in 
complexes [ { R2P-(X)-PR2})F&(hfacac)] la-h 
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Fig. 3 Relative catalytic activities vIel of complexes la-h plotted against 
lo3Rh NMR shifts. Only data points marked as H were used for statistical 
analysis (dotted line). 

solution, as seen from the linear correlation between the P-Rh- 
P angles and the 103Rh chemical shifts (Fig. 2) as determined 
from two-dimensional (31P, 103Rh) { IH } NMR experiments.5fi 
The correlation is in agreement with the generally accepted fact 
that the paramagnetic contribution of the Ramsey equation op 
(related to coordination geometry) is more important for the 
chemical shift of heavy nuclei than the diamagnetic contribution 
od (related to electron density).6.7 

The 103Rh chemical shift has been shown to be directly 
related to rate constants of stoichiometric  reaction^^^.^ and 
qualitative comparisons between the enantioselectivity of chiral 
rhodium catalysts and the Io3Rh shifts of diastereoisomeric 
intermediates in asymmetric hydrogenation have been re- 
ported.7h Direct correlations between chemical shifts and 
catalytic activities have been observed for cobalt complexes.8 
However, despite the widespread use of rhodium phosphane 
complexes in homogeneous catalysis, no attempts have been 
reported so far to quantitatively correlated 103Rh chemical shifts 
with catalytic activities. 

For the series of ligands R2P(CH2),PR2 la-g, an increase of 
the relative catalytic activity in C02 hydrogenation with 
increasing 6 values is observed (Fig. 3). Statistical analysis of 
the data gave a fairly reasonable linear correlation with a 
goodness-of-fit, r = 0.953 (dotted line). Complex lh, however, 
does not follow this specific pattern. The possible internal 
movements of a chelate ring with a ferrocenyl backbone are 
different from a chelate with a -(CH2)n- backbone. One might 
speculate on the impact of this difference on a catalytic cycle2df 
that has to accommodate several intermediates with different 
coordination numbers and different requirements for optimum 
bite angles (dynamic bite angle). However, other factors 
including electronic effects cannot be ruled out at this 
preliminary stage of our investigations. 

Further work is necessary in order to probe the generality of 
the observed correlations and in order to further improve our 
understanding of ligand effects in C02 hydrogenation. Appro- 
priate investigations based on the methodologies described 
herein are under way. 
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Foot notes 
t COz Activation, Part 5; for Part 4, see ref. 25 
5 New address: Max-Planck-Institut fur Kohlenforschung, Kaiser-Wilhelm- 
Platz 1, 45470 MulheimBuhr, Germany. 
$ Well formed crystals suitable for X-ray analysis were obtained from 
saturated solutions in diisoproylether (la, lc-h) or acetone (lb). Data were 
collected on an Enraf-Nonius CAD4 diffractometer using Mo-Kar radiation 
(h  = 0.7107 A). Data were corrected for Lorentz and polarization effects, 
but not for absorption. The structures were solved by Patterson methods and 
refined by full-matrix least-squares techniques. Hydrogen atoms were 
included at calculated positions with fixed thermal parameters; non- 
hydrogen atoms were refined anisotropically . The R values varied from 
0.025 to 0.061. Atomic coordinates, bond lengths and angles, and thermal 
parameters have been deposited at the Cambridge Crystallographic Data 
Centre. See Information for Authors, Issue No. 1. 

Pulse sequence according to ref. 9: F2-domain (31P): SW = 9800 Hz, TD 
= 4 K; F1-domain (103Rh): SW = 40 000 Hz, TD = 256, digital resolution 
78 Hz; mixing time = 2.5 ms = l/(WRhp); experiments were carried out on 
a Bruker AMX 400 spektrometer. Solutions of ca. 25 mg 1 in 0.5 ml 
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[2Hs]THF were measured using 5 mm NMR tubes, total experimental time 
was approx. 45 min. Chemical shift values are referenced to Z(Rh) = 
3.16 M H Z . ~  
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