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Abstract: The complexes [(P,)Rh(hfacac)]
1[P, = R,P—(X)-PR,] are introduced as
model compounds for the investigation of
the intrinsic steric properties of the
[(P,)Rh] fragment. The ligand exchange
processes that occur during the syntheses
of 1 from [(cod)Rh(hfacac)] and the ap-

steric repulsion of the PR, groups within
the chelating fragment was found to sig-
nificantly influence the coordination ge-
ometry of [(P,)Rh], depending on the
nature and length of the backbone (X).
A linear correlation between the P-Rh-P
angles in the solid state and the '°°Rh

chemical shifts reveals a similar geometric
situation in solution. A unique molecular
modeling approach was developed to de-
fine the accessible molecular surface
(AMS) of the rhodium center within the
flexible [(P,)Rh] fragment. The potential
of this model for application in homoge-

propriate chelating diphosphanes 3 were
studied by variable-temperature multinu-
clear NMR spectroscopy. The molecular
structures of eight examples of 1 with sys-
tematic structural variations in 3 were de-
termined by X-ray crystallography. The

Introduction

The fragment [(P,)Rh] (P, = chelating bidentate diphosphane
of general formula R,P—(X)-PR,) plays a crucial role in a
plethora of catalytic reactions, and the controlling influence of
the chelating phosphane ligand on the activity and selectivity of
such transformations is well documented.!t] Understanding
these effects on a molecular level is complicated by the fact that
the fragment [(P,)Rh] cannot be considered a rigid unit during
catalysis, as it responds to steric and electronic interactions with
other ligands. Surprisingly, only a few attempts have been made
so far to elucidate the intrinsic influence of structural changes in
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neous catalysis was exemplified by the use
of 1 as catalysts in a test reaction, the hy-
drogenation of CO, to formic acid. Com-
plexes 1 were found to be the most active
catalyst precursors for this process in or-
ganic solvents known to date.

the phosphane moiety on the coordination geometry of the
naked fragment [(P,)Rh] and to correlate these changes with
spectroscopic data, reactivity, or even catalytic properties.

Tolman’s classical approach to describing structural effects in
homogeneous catalysis has found wide application for
monodentate phosphanes, but has severe limitations when ap-
plied to polydentate chelating ligands.!?) One major drawback is
the difficulty of taking into account the P-M-P angle (bite an-
gle), which has arguably a strong influence on the reactivity of
metal chelate complexes. Recent promising approaches to this
problem include the experimental and theoretical work by Hof-
mann et al., who were able to rationalize aspects of the stoichio-
metric and catalytic chemistry of [(P,)RhCI] fragments in terms
of the P-Rh-P angle.!*! Casey et al. have introduced the concept
of natural bite angle, which proved to be a useful tool for the
discussion of the relative stability of competing intermediates
that lead to linear or branched aldehydes in rhodium-catalyzed
hydroformylation.!*!

As part of our ongoing interest in rhodium-catalyzed hydro-
genation of CO,"~" and in understanding the role of phos-
phane ligands in homogeneous catalysis,!”" ¥ we have systemat-
ically investigated the influence of structural changes in
chelating ligands on the coordination geometry of the [(P,)Rh]
fragment and attempted to correlate the results with catalytic
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activity in the above-mentioned reac-
tion. Here we give a full account on our

® ®

Kl i N approach, which is based on the synthe-
B\J AN sis of complexes [(P,)Rh(hfacac)] 1
‘/P (hfacac = hexafluoroacetylacetonate)
@ ® as models for the naked [(P,)Rh] moi-

ety and utilizes a combination of X-ray
crystal structure analysis, 1> Rh NMR
spectroscopy, and molecular modeling. A key feature is the
introduction of the concept of accessible molecular surface
(AMS) for catalytically active transition metal centers,!®! which
represents a unique method for quantifying the intrinsic steric
properties of a chelating ligand in homogeneous catalysis.

Complexes 1 appeared to be especially attractive for this in-
vestigation as we expected them to be readily accessible for a
wide variety of ligands. Furthermore, little steric and electronic
interaction between the phosphane moiety and the hfacac ligand
was cxpected in these compounds. Finally, complexes 1 have
been shown to be highly active catalysts for CO, hydrogena-
tion,l”" and the corresponding mechanism is well under-
stood !

Results and Discussion

Syntheses, structures, and catalytic properties of complexes
[(P,)Rh(hfacac)] (1):

Synthesis of complexes 1: The replacement of labile olefin lig-
ands in square-planar rhodium 1,3-diketonate complexes by
phosphane ligands appears to be a straightforward pathway to
neutral complexes of general formula [(P,)Rh(1,3-diketo-
nate)].l" 7 If, however, [(cod)Rh(hfacac)] (2) is treated with one
equivalent of the chelating phosphane Ph,P(CH,),PPh, 3a at
room temperature, the desired neutral complex 1a is only ob-
tained as the minor phosphorus-containing product and forma-
tion of the ionic complex [(3a),Rh]{hfacac] 4a is preferred
(Scheme 1).1'#1 We found that the formation of 4a can be sup-
pressed if the phosphane is added slowly as a solution at low
temperature and the reaction mixture is then allowed to warm
to room temperature. A ratio of 1a to 4a of 23:1 was obtained
when the addition was carried out at —60°C, and 4a was not
detectable in the crude product by 3'P NMR when an initial
reaction temperature of —78 °C was used.

In these experiments, we observed that the typical dark red-
brown color of the neutral complex 1a started to appear only at
temperatures above —20 °C. The above results indicate, how-
ever, that the product distribution is influenced by the tempera-
ture at which phosphane is added even well below this starting
point. This discrepancy prompted us to investigate the substitu-

PheP-(CHz)-PPh: 3a
-

THF
AorB

Scheme 1. Phosphorus-containing products obtained from the reaction of 2 with Ph,P(CH,),PPh, 3a: A) Addition of 3a
as a solid in one portion at room temperature; B} dropwise addition of 3a in THF at low temperature and slow warming to

room temperature; see text for details.
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tion process by variable-temperature NMR spectroscopy. The
chelating phosphane Me,P(CH,),PMe, (3d) was chosen as the
ligand in this study for practical reasons.

Phosphane 3d undergoes an instantaneous reaction when it is
injected as a neat liquid into a THF solution of 2 at 210 K, as
shown by the absence of the signal for free phosphane in the 3'P
NMR spectrum. Three new signals appear in the spectrum, all
of them doublets owing to coupling of two chemically equiva-
lent *'P nuclei with a 1°3Rh center (Figure 1). As suggested by
the yellow color of the solution, the neutral complex 1d is only
present in very small amounts, indicated by a weak signal at
0 =544 (cf. Tablel). The main phosphorus-containing

Table 1. Selected spectroscopic data [a] of complexes [(P,)Rh(hfacac)] 1.

complex 1/

; -(X)- R § (31p) LUrnp 8 S(IH) 8(19F) Ay (nm)

ligand 3 (Hz) (103Rh)

a (CHy), Ph 721 196 438 6.19 761 400,343,
7

b (CHy)y Cy 916 196 368 604 -76.5 425,326,
274

c (CHy), Pr 1012 195 323 605 -762 409,326,
274

d (CHy), Me 544 192 370 602 765 ndld]

e (CHy), Ph 370 183 567 598 -763 272

f (CHy)s Ph 486 191 646 594 -772 399,337,
272

g (CHy)4 Cy 541 193 845 618 -762 431,324,
270

h (CHy)s ph - (b] - - -~ - -

i (CHy)g Ph 442 195 841 607 -76.1 nd.lc]

k @( Ph 743 195 450 605 763 382,273

i @C Ph 423 193 696 584 ~T64 340,272

m @ Cy 476 197 932 603 nd.{c] ndfe]

n Ph  52.1 205 825 593 =762 nd[c]

S
0 Pr 645[d] 205 (d] 1012 6.10 -763 429,329,
Fe 27

D—

[a] All measurments in THF solution. [b} Mixture of unidentified products.
[c] n.d. = not determined. [d] These values replace those given in [7a].

product of the reaction of 2 with 3d at 210 K is characterized by
a resonance at 0 =383 (J=
145 Hz). These values are typical

Ph,  Ph, for cationic olefin complexes
[ P N Pj [(P,)Rh(cod)]*, and the product
F‘/ \P was identified as the cation
Ph,  Ph, [(3d)Rh(cod)]* (5d™) by com-
. parison of its 'H, !3C, and 3'P

a

© VCH Verlagsgesellschaft mbH, D-69451 Weinheim, 1997

NMR data with those of the
complex {(3d)Rh(cod)][CF,S0,]
synthesized  independently.!'?
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The doublet centered at 6 = 36.8 is readily assigned to the cation
[(3d),Rh]* (4d™) by comparison with literature data.l'#

Figure 1 illustrates the changes in the distribution of the phos-
phorus-containing products on warming the reaction mixture

resonances at 6 = 5.56 and 5.50, respectively. The chemical shift
of the hfacac anion is somewhat temperature-dependent; the
values vary from 6 = 5.34 at 210 K to é = 5.72 at 300 K.

An additional proton signal at ¢ = 4.28 together with a corre-

ad*
sd*
320K | | _J
290K LA A
270K N N S
210K .\ . o U
1 1 T T T T 1 1 r T T T T
s 55 50 & 40 % ) 2

Figure 1. 3P NMR spectra of the reaction mixture resulting from addition of neat
Me,P(CH,),PMe, 34 to a [D,JTHF solution of 2 at 210 K and subsequent warming to 320 K.

stepwise to 320 K. The relative ratio of 4d* to the sum of 1d and
5d* remains constant over the whole temperature range. The
cationic olefin complex 3d* is slowly converted to neutral 1d,
which becomes the major component above 280 K (Scheme 2).

Me, ; FsG Me,
P\+h/ Temp. = ON h/Pj
P/q\ | \_O/R\p ’
Me; FaC Me,

sd* 1d

39.2 210K 1

10.1 260K 1

37 270K 1

1 280K 2.1

1 320K 12.6

B

Scheme 2. Changes in the ratio of complexes 5d* and 1d upon gradual warming of
the reaction mixture obtained from addition of Me,P(CH,),PMe, 3d to 2 in

[D]THF at 210 K.

The process is partly reversible, as demonstrated
by gradually cooling the mixture from 320 to
240 K. The signals assigned to 5d* grow again,
although more slowly than they disappeared dur-
ing warming.

The low-field region of the 'H NMR spectrum
(Figure 2) of the reaction mixture at 260 K pro-
vides additional evidence for the equilibrium
shown in Scheme 2. Integration of the methine
proton signal of coordinated hfacac in 1d at
6 = 6.03 and the olefinic protons of coordinated
codin5d* at 8 = 5.18 leads to a ratio of 5d™ and
1d that is in reasonable agreement with that ob-
tained from 3!P NMR. In addition, the presence
of noncoordinated hfacac and cod is indicated by

Chem. Eur. J. 1997, 3, No. 5

lated 2D{!3C,*H} HETCOR experiment) dou-
blet in the '*C NMR spectrum at § =79.1
[!J(RhC) =14 Hz] indicates the presence of a
phosphane-free complex containing coordinated
cod, since these values are identical to those of
the starting material 2. The presence of unreact-
ed 2 is anticipated on the basis of the formation
of the doubly phosphane-substituted cation
5d* and the 1:1 stoichiometry of the reactants
2 and 3d. However, the characteristic resonance
at ¢ = 6.19 for coordinated hfacac in 2 is not
detectable in the 'HNMR spectrum at 260 K.
This is probably due to a fast exchange process
between free hfacac and 2, indicated by the
appearance of a very broad signal around

= 6.2 below 220 K. This exchange may also
serve as an explanation for the temperature de-
pendence of the signal for “free” hfacac de-
scribed above.

The °F NMR spectra also indicate such an exchange pro-
cess. At 260 K only two types of signal are present in the region
typical for hfacac moieties. Taking into account the temperature
dependence of the !°F signals, the smaller sharp resonance at
& = —76.2 can be assigned to coordinated hfacac of 1d, while
the larger, slightly broadened signal at § = —76.7 results from
free hfacac and 2. At 210 K this signal splits into two broad
resonances at 6 = —75.5 and —76.9.

Substitution reactions of square-planar [(1,3-diketonate)-
Rh(olefin),] complexes have been studied in some detail over the
last few years. It has been reported that the 1,3-diketonate lig-
and can be exchanged for other diketonate compounds!!> or
substituted by nitrogen donor ligands.[**® °1 On the other hand,
the 1,3-diketonate moiety is regarded as a nonlabile spectator
ligand in olefin exchange!'®! or olefin substitution by CO and
phosphorus donor ligands '} All these reactions were found to

Figure 2. '"HNMR spectrum of the reaction mixture resulting
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from addition of neat Me,P-

(CH,),PMe, 3d to a [D4]THF solution of 2 at 260 K.
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proceed by associative pathways involving five-coordinate
intermediates.”' !+ 13- '] These processes are of course re-
versible!! 7 and our results clearly demonstrate that the “labile
ligand” in 2 is therefore very much a matter of the actual reac-
tion conditions. This unprecedented and somewhat unexpected
observation should be kept in mind when catalysts are prepared
in situ from complexes of type 2 and additional ligands.

The success of our synthetic procedure on a preparative scale
can therefore be traced to the initial clean formation of 5d°,
which is subsequently converted to 1d. Thus, following the pro-
cedure B outlined in Scheme 1, 2 was reacted with a variety of
ligands R,P(CH,),PR, (#=2; R = Me, iPr, Cy, Ph) 3a—i, and
the neutral complexes 1a—i were obtained as red-brown glassy
solids without formation of appreciable amounts of ionic com-
plexes 4a—i in all cases (Table1). Only the phosphane
Ph,P(CH,),PPh, 3h failed to give an isolable complex 1h. The
synthesis was also successful for the preparation of complexes
11-o0, in which the two phosphorus donor atoms are linked by
backbone groups other than (CH,), chains. Complexes 1a—o
were crystallized from diisopropyl ether or acelone and fully
characterized by NMR, UV, and mass spectroscopy (Table 1
and supplementary material). X-ray crystal structure analyses
(see section on solid-state structures of 1a—g and 10) and ele-
mental analyses were carried out for selected examples.

Spectroscopic properties of complexes 1a—o: The compounds
1a—o exhibit typical spectroscopic data for square-planar 1,3-
diketonate complexes of thodium.” - 13- 161 Alj complexes 1 a—o
show peaks for the molecular ion in the EI MS spectra. In
addition, loss of the hfacac ligand is observed as a fairly general
fragmentation pathway (see supplementary material). The 3'P
NMR resonances of 1a—o are shifted downfield compared to
the free ligands, whereby the magnitude of the downfield shift
Ad depends on the size of the chelate ring. The ring contribution
A, to this shift!*®! can be calculated for the chelating diphos-
phane ligands Ph,P(CH,),PPh, on the basis of Ad = 62.7 for
Ph,PMe (6 = — 26.1) and [(Ph,PMe)Rh(hfacac)] (6 = 36.6).
The Ap values are 20.2 forn = 2, —10.0 forn = 3,0.2 for n = 4,
and 3.1 for n = 6, and thus follow the typical pattern described
by Garrou.l'8! The chemically equivalent *'P nuclei give rise to
doublets with coupling constants 'J(RhP) between 180 and
205 Hz, as expected for Rh(1) compounds with oxygen trans to
phosphorus.t'®l The '°F and 'H resonances of the hfacac ligand
vary only slightly with the phosphane ligand. The same is true
of the '*C NMR data (see supplementary material) of this frag-
ment. Chemical shifts of insensitive transition-metal nuclei, par-
ticularly '®*Rh, are readily accessible in phosphane complexes
by multiquantum-filtered two-dimensional *'P-detected NMR
spectroscopy (so-called inverse two-dimensional shift correla-
tion),[2% 2 and a growing body of data is now available.l20- 22!
The values for 1a—o are in the range expected for square-planar
1,3-diketonate complexes,t %% 29 22¢1 byt remarkable variations
are observed on varying the ligand structure, with '°3Rh chem-
ical shifts between ¢ = 323 and 1012. The exact § values depend
both on the groups R and on the nature of the backbone (X) (see
below).

The UV spectra of complexes 1a—o show three weak bands at
approximately 400-430, 320-340, and 270 nm. The long-wave
absorption is fairly broad and in some cases is not visible. Al-

758 ————

Table 2. Selected structural features of complexes [(P,)Rh(hfacac)] 1a—g and 1o obtained

though UV data of square-planar transition metal complexes
containing 1,3-diketonate ligands do not necessarily give direct
information on the d—d transitions,!??! a linear correlation be-
tween 8('°*Rh), 1/AE, ,, and 2, has been observed in com-
plexes [(olefin),Rh(1,3-diketonate)] 113 No correlation of this
type is found for 1a—e, as only variations of the groups R in
3a—o have a significant impact on 2,,,, while the bridging
group X seems to be of minor importance.

Solid-state structures of 1a—g and 10: Crystals suitable for X-
ray crystal structure analysis were obtained for the starting ma-
terial 212*1 and complexes 1a—g!7* and 10.17* 25 Selected bond
lengths and angles are given in Figure 3 and Table 2. All com-

Figure 3. Molecular structure of [(cod)Rh(hfacac)] 2 as determined by single-crys-
tal X-ray analysis. One of the two independent molecules in the unit cell is depicted.
The fluorine atoms are in statistical disorder; only one of three arrangements is
shown for clarity. Selected bond lengths [A] and angles [*}: Rh—0 2.068(4). Rh~C
2.110(8), O-C 1.259(8), C=C 1.37(1), O-Rh-O 89.8(2). (C=C)-Rh-(C=C)
81.9(3).

from X-ray crystal structure analyses.

Complex Rh-P[A][a] P-Rh-P[] Rh-O[A][a] O-Rh-O[] C-O[A][a] P-Rh-P;

O-Rh-O[]

1a 2.191(1) 84.34(3)  2.100(2) 87.34(10)  1.253(4) 3.0
1b 2.193(1) 8497(2)  2.101(2) 87.30(7)  1250(3) 7.6
le[b]  2.182(2) 86.01(7)  2.089(4) 87.5(2) 1246(8) 49
L [b]  2.184(2) 86.15(8)  2.096(4) 87.5(2) 12531y 241
1d 2.176(1) 85.08(5)  2.097(2) 88.5(2) 1240(5) 0

le 2.194(2) 90.77(6)  2.097(4) 86.8(1) 1248(7) 38
1f 2.206(1) 93.08(3)  2.094(2) 86.95(8)  1.256(4) 1.1
1g 2.224(2) 98.93(6)  2.087(4) 87.7(2) 1.262(7) 5.1
lo[c] 2.228(1) 99.95(3)  2.088(2) 8741(8)  1.254(3) 8.4

[a] The mean value of the two distances is given; the difference is less than 0.01 A in all cases.
[b] Two independent molecules in the unit cell that differ in the ring puckering of the

five-membered chelate. [c] Ref. [25].

> VCH Verlagsgesellschaft mbH, D-69451 Weinheim, 1997

pounds crystallize without incorporation of solvent in cen-
trosymmetric space groups. Statistical disorder of the CF,
groups is observed in 2, 1a—¢, and 1o. Two crystallographically
independent molecules are observed for 2 and 1¢ differing in the
relative arrangement of the disordered CF, groups and the
puckering of the five-membered chelate ring.

The starting material 2 crystallizes in an orthorhombic system
(space group Pbca). The 16-electron specics 2 exhibits an ideal
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square-planar coordination of rhodium by two C=C double
bonds from cod and two oxygen atoms from hfacac (Figure 3).
The first coordination sphere is almost identical to that ob-
served in related complexes [(cod)Rh{RC(O)CHC(O)R'}] with
R =R =HP% or R=H and R’ = CF,.1"'% The observed
C=C bond lengths do not ailow the discussion of different back-
bonding!'® for this scries of complexes within experimental
error.

The replacement of the cod ligand in 2 by a chelating phos-
phane results in a slightly elongated Rh—0 bond and a some-
what compressed O-Rh-O angle, as illustrated by the molecular
structure of complex 1d in Figure 4 and further outlined in

Figure 4. Molecular structure of [(3d)Rh(hfacac)] 1d as determined by single-crys-
tal X-ray analysis. The fluorine atoms are in statistical disorder: only one of three
arrangements is shown for clarity. For selected bond lengths and angles, see Table 2,

Table 2. Within the series of phosphane complexes 1, however,
the coordination geometry of the hfacac moiety remains re-
markably constant; mean values of 2.094 (7) A and 87.4(5) are
observed for the Rh-O distance and the O-Rh-O angle. Thus,
the O-Rh-O angles in complexes 1a and 1f are almost identical
[87.34(10) and 86.95(8)°], whereas the P-Rh-P angle increcases
from 84.34(3) to 93.08(3)°. The different basicities of the PR,
groups in 1a—d are not reflected in the Rh—O or C=0 bond
lengths.

Furthermore, the complexes show only very small deviations
from an ideal square-planar arrangement, whereas considerable
distortions are observed when steric interactions between PR,
groups and other ligands such as cod or additional phosphanes
occur in four-coordinate rhodium complexes.”?”! These con-
stant features in the coordination geometry of complexes 1 re-
gardless of variations in the phosphane ligand indicate that the
hfacac moiety hardly interferes with the phosphane ligand. Thus
changes in the coordination geometry of the [(P,)Rh] fragment
can be considered to reflect the intrinsic steric properties of the
chelating phosphane ligand.[*®!

The five-membered chelate rings of fragments [{R,P(CH,),-
PR,}Rh] in the solid-state structures of 1a—d can be classified
into two types of arrangement:**1 a twist conformation (Id,
1¢), and an envelope conformation. In the latter, the carbon
atom C1 in the backbone is located cither slightly above (1b,
1¢’) or below (1a) the P-Rh-P plane. A Cremer and Pople anal-
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ysisB30- 311 of the structural data of 29 compounds containing
46 chelate rings formed with ligands ta—d on rhodium found in
the Cambridge Structure Database*?) revealed no systematic
prefercnce for either type of conformation depending on the
groups R; steric interactions with other ligands and packing
cffects obviously play a major role.

pe

AN
@*@@

twist envelope

Apart from these conformational changes, the coordination
geometry shows very little variation throughout the range of
complexes 1a—d bearing five-membered chelate rings at the
metal center. The Rh--P bond lengths and P-Rh-P angles do not
reflect the changes of R in these complexes to a large extent.
Using simple electronic arguments, one would expect that more
basic trialkyl phosphorus ligands should exhibit shorter Rh—P
distances than the bisaryl congeners. A significant shortening is,
however, only observed for the sterically least demanding ligand
3d. The Rh—P distances in 1a and 1b are identical within exper-
imental error. :

If the backbone chain is elongated with identical groups R at
the phosphorus atom, the expected increase in the P-Rh-P angle
is observed, as illustrated by la (84.3°), le (90.8") and If
(93.1%). In contrast to five-membered chelates, the replacement
of phenyl by cyclohexyl in R,P(CH,),PR, results not only in
conformational changes, but also in a considerable increase of
the P-Rh-P angle from 93.1 (1f, boat) to 98.9° (1g, twisted
boat). This is accompanied by an increase in the Rh—P distance,
contrary to what would be expected if the structure was domi-
nated by phosphane basicity. Comparison of the couples 1a/b
and 1f/g illustrates how the substitution of phenyl by cyclo-
hexyl—groups which are identical in terms of classical ligand
parameters such as electronic properties and steric bulk-- may
lead to considerably different effects on the overall geometry of
the P,Rh fragment.

These data lead to the conclusion that steric repulsion of the
two R,P groups within the chelate fragment has a significant
influence on the P-Rh-P angle in fragments [(P,)Rh].3 A
(CH,), bridge acts as a rather rigid “*spring™ and does not allow
variation of the P-Rh-P anglc. The incorporation of more than
two CH, groups in the backbone allows larger and more vari-
able angles*! and the two PR, groups can more rcadily incrcase
their separation. The ferroceny! bridge in 10 naturally provides
a wider spacer and may also offer some flexibility in the P-Rh-P
angle, although this differs from the torsion modes in alkyl
chains.B®# In line with these considerations, a linear correlation
(r = 0.943) is observed between the Rh-P distances and the
P-Rh-P angles in structurally characterized complexes of type 1,
as shown in Figure 5. An alternative mode of increasing the
P-Rh-P angle by stronger attraction of the Rh atom into the
chelate ring through stronger Rh-P bonds would result in a
simultaneous shortening of the P—Rh distance.

0947-6539,97;0305-0759 § 17.50+ .50/0 —_— 759
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Figure 5. Correlation between the P-Rh-P angles and the P—Rh distances as deter-
mined from solid-state structures of complexes [(P,)Rh(hfacac)] 1a—g and 1o.

Complexes 1 as catalysts for CO, hydrogenation: Complexes
1a—o are excellent catalysts for the hydrogenation of CO, to
formic acid in dipolar nonprotic solvent systems [Eq. (1);
DMSO/NEt, 5:1, T=298K, p=40bar] and maximum
turnover numbers (total moles of HCOOH per mole of Rh,
TON) of over 3000 have been reported.’* 1°9 Here, we wish to
concentrate on the changes in the rate (turnover frequency,
TOF) of formic acid production (Figure 6) observed upon

25 —a | n 1 N L 1

c{HCO,H} [mol#™"]

0.0 T T 1 L oo T T
0 100 200 300 400 500
t [min]

Figure 6. Increase of formic acid concentration during catalytic hydrogenation of
CO, with catalysts [(P,)Rh(hfacac)] 1b, 1f,and 1g(2.5x 107 molL~*)in DMSO/
NEt, (5:1) at 40 bar total pressure H,/CO, (1:1) and 25°C.

structural changes within the chelating phosphane fragment in
complexes of type 1. These changes can be utilized to quantify
the ligand effects on the catalytic properties of the rhodium
centers.

DMSO/NE!; (5:1), catalyst 1

H,+CO, HCOOH )

T=298 K, p =40 bar

The initial rates of reaction are obtained by linear regression
of the early part (<10% of equilibrium concentration) of the
concentration/time profiles as described in detail elsewhere.!! %%
They are readily converted to maximum TOFs by taking into
account the given rhodium concentration. TOF values obtained
under identical reaction conditions can then be used directly to
compare the activities for complexes 1. The characteristic cata-
Iytic data for selected complexes 1 are listed in Table 3.
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Table 3. Characteristic catalytic data for complexes of [(P,)Rh(hfacac)] 1 and cal-
culated structural features for the corresponding fragments [(P,)Rh].

complex 1/ ~(X)- R TOF P-Rh-P P-Rh-P P-Rh AMS
ligand 3 @y ) al OB Apl A
a (CHy), Ph 170 86.9 8326  2.171 7.578
b (CHy)y Cy 77 84.8 8475 2477 7.604
¢ (CHy), iPr 95 83.4 8527 2175 7.564
d (CH;), Me 20 84.8 84.15  2.176 14.007
e (CHy)y Ph 300 90.9 8879  2.182 5.704
f (CHp)y Ph 565 93.4 9113 2195 4.654
g (CHy), Cy 1335 99.6 97.94  2.221 4.175

i (CHy)g Ph - 1d) 99.5 104.24 2,182 4.663
k @: Ph 182 87.3 8748  2.185 9.567

1 @C Ph 162 95.0 9239 2.i9% 6.784
m @ Cy nd. [e] 1023 938 2214 639

n <y~ Ph nd. [e] 99.0 9385 2213 4356

S
° <o iPr 687 104.8 9948 2235 4.493
Fe

Var -

[a] From §(*°*Rb) according to Equation (3). [b] From molecular modeling [9].
[c] AMS = accessible molecular surface; see text for details. [d] Rapid deactivation
during the early stage of catalysis. [e] n.d. = not determined.

All complexes 1 tested as catalysts for CO, hydrogenation
started the reaction with maximum rate from the beginning,
since the catalytic species is formed directly under the given
conditions.I*? ¢ The observed changes in catalytic activity can
thus be considered intrinsic ligand effects for the [(P,)Rh] frag-
ment, in contrast to the situation encountered with in situ cata-
lysts, where the influence of the ligand on the formation of the
active species may interfere with effects on the active center
during catalysis.[”™

One might argue that ring opening of the [(P,)Rh] fragment
could also play a role in defining the catalytic activity, either by
deactivation through formation of oligomeric species®3! or by
activation through providing open coordination sites.!3%) In the
case of deactivation, one would expect to observe nonlinear
effects on the reaction rate upon varying the catalyst concentra-
tion. This has been excluded experimentally for 1e!*°¥ and 1f.
Furthermore, the equilibrium concentration of formic acid!®®
was reached after appropriate reaction times and no deactiva-
tion of the catalysts 1 was observed over the course of the reac-
tion, except with 1i. The most likely pathway of catalyst deacti-
vation in this case is formation of catalytically inactive Rh'™
species by intramolecular C—H activation.!*”! Activation of the
catalyst through P dissociation seems highly unlikely to be of
major importance as only 16-e” and 14-e” species are involved
in the catalytic cycle of CO, hydrogenation with complexes
1,119 50 that enough open coordination sites are available with-
out phosphane dissociation.
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The TOF values observed with fragments [(P,)Rh] range
from 20 h™! for 1d to 1335 h ™! for 1g—a 67-fold increase in
relative activity. Complexes with five-membered chelate rings
l1a—d and 1k show TOF values not exceeding 200 h™'. The
complex 1g, which contains a cyclohexyl-substituted seven-
membered chelate ring, is the most active catalyst described so
far for the hydrogenation of CO, to formic acid in organic
solvents.'®1 In general, the activities of complexes 1 are consider-
ably higher than those observed with in-situ catalysts formed
from [{(cod)Rh(u-Cl},] and the same ligands.[™

Correlation between structural properties, spectroscopic data and
catalytic behavior of complexes [(P,)Rh(hfacac)] (1):

The AMS model for homogenous catalysts: The results of the
X-ray crystal analyses reveal that the coordination geometry at
the rhodium center in [(P,)Rh] is largely determined by steric
factors.™?® In order to discuss catalytic properties on the basis
of this finding, it is necessary to ensure that this situation also
prevails in solution. A potentially sensitive probe for the
changes in coordination geometry of metal complexes in solu-
tion is the chemical shift of the central metal atom, since the
magnetic shielding and hence the chemical shift of a transition-
metal nucleus is mainly determined by the paramagnetic contri-
bution ¢, in the Ramsey model [Eq. (2)].12%**! Changes in the
coordination geometry are related to all parameters determining
o,, wWhereas electronic changes can be expected to influence
mainly AE,_,.

B{r>D,
0=0,+6,= — APecirons +—<AET>¢1 )

Dominance of steric over electronic effects has been observed
for olefin complexes of rhodium that contain monoden-
tate'29¢22f1 and bidentate!?2* ! phosphane ligands. In the case
of complexes 1 with P-Rh-P angles larger than 80°,13°! the direct
linear correlation between the P-Rh-P angles obtained from
X-ray analyses and §(1°3Rh) strongly suggests that the coordi-
nation geometry is also the dominant factor determining the
103Rh chemical shifts in complexes 1a—o (Figure 7). A mathe-
matical expression of the correlation (r =0.970) is given in
Equation (3). The P-Rh-P angles calculated according to Equa-
tion (3) for complexes of type 1 where no X-ray data are avail-

1100 —
1000 I- - ]
900 |- ]
800 |- r=0.970 .
700 | -
600 L T 1

8 "°%Rh (ppm]

500 - -
400 | o s

300 | ®d .

200 L i 1 1 1 1 1
80 85 90 95 100 105

=~ (P-Rh-P) [']

Figure 7. Correlation between P-Rh-P angles as obtained from X-ray crystal struc-
ture analyses and '®*Rh NMR shifts in complexes [(P,)Rh(hfacac)] 1a—g and 1o.
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able are in reasonable agreement with angles predicted from
molecular mechanics, except for complex 1 m (Table 3).

5(1°*Rh) = — 2361.5 +32.2 x ¥ (PRhP) 3)

The chemical shifts of Group 9 transition metals have been
successfully correlated to rates and selectivities of stoichiomet-
ricf*62 4% and catalytic!?2™ *!] reactions, whereby mostly direct
electronic interactions were used to explain the observed rela-
tionships. Based on the relationship between §('°*Rh), P-Rh-P
angle, and catalytic activity observed for complexes 1a—g and
10, we have suggested that both the size of the P-Ph-P angle and
the internal flexibility of the chelate ring are of major impor-
tance for the catalytic behavior of complexes 1 in CO, hydro-
genation.l’®

This view is now further supported by the catalytic activities
observed with 1k and 11, in which a relatively rigid phenyl ring
isincorporated in the (CH,), backbone of 1a and 1f, respective-
ly. Complex 1k shows a catalytic activity similar to 1a as expect-
ed from the fact that both ligands 3a and 3k adopt similar
P-Rh-P angles and five-membered chelate rings in general show
only limited geometrical flexibility (see above). The P-Rh-P
angles in 1f and 11 are also very similar, but the perturbation of
the possible internal movements of the flexible (CH,), bridge
leads to a sharp decrease of catalytic activity in 11 compared to
1f.

In search for a model that could give a concise description of
all these sterically relevant parameters, the concept of the acces-
sible molecular surface (AMS)!®! has been developed for the
present system. The basic idea of this model is to combine the
simplicity and clarity of a purely steric model with the computa-
tional ability to describe the steric properties in a more general,
conformationally dependent form. The AMS analysis for a ho-
mogeneous transition metal catalyst in general consists of three
basic steps: 1) exploration of the conformational space of the
active fragment, 2) superposition of selected relevant struc-
tures, and 3) analysis of the resulting “pseudo-dynamic” struc-
ture. Ultimately, correlations between the data obtained in
step (3) and activities or selectivities in catalytic reactions may
be established. Such correlations, although purely empirical in
the first place, may then help to rationalize the observed ligand
effects and lead to the development of more efficient catalysts.

In the present case, molecular mechanics were used to explore
the conformational space of complexes 1, since extended force-
field parameters could be extracted from the X-ray data for
la—g and 1o as a broad and reliable basis. Systematic search
procedures based on an extended Tripos force field have been
applied by using torsion angle increments of 10° for ring bonds
and 30° for other single bonds. Maximum deviation from the
ideal geometry of the ring-closure bond was 5° for valence
angles and 0.25 A for bond lengths. Conformations were con-
sidered valid if the maximum overlap of van der Waals radiidid
not exceed 20 %.

For example, this procedure led to 36 and 188 relevant con-
formations for 1d and 1g, respectively. These individual confor-
mations were then superimposed (best fit of atom positions
PRhP) to provide a “pseudo-dynamic” model of the ligand
sphere as shown in Figure 8 for the fragments [(P,)Rh], with
P, = 3d and 3g corresponding to the least active and most ac-
tive catalyst precursors 1d and 1g.
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Figure 8. Front and side view of the van der Waals surface of a superposition of the
results of a full conformational search®! for the fragments [(P,)Rh] with P, = 3d
(top) and 3g (bottom) corresponding to the least active and most active catalyst
precursors 1d and 1g. The colors represent positions of hydrogen (blue), carbon
(white), phosphorus (ycllow), and rhodium (magenta) atoms, respectively.

Figure § demonstrates how the shape and the size of the open
cavity is determined not only by the P-Rh-P angle and the steric
bulk of R, but also by the flexibility of the groups R at phospho-
rus and by possible internal movements within the chelate ring.
The cavity thus reflects all relevant parameters for a description
of the intrinsic steric properties of the [(P,)Rh] fragment. The
obvious difference in the accessibility of the rhodium center
within the cavity is readily quantified by AMS analysis. In the
present case, a shape-independent value of the AMS was deter-
mined by calculating a “‘pseudo-solvent-accessible” surface
(probe radius 1.4 A), similar to a methodology known as the
Connolly surface method used in biochemistry for the descrip-
tion of active centers in enzymes.>**?! The ligand 3 g yields the
smallest AMS for the central metal atom, whereas 3d provides
the most “accessible” rhodium center in the present series of
ligands (Table 3).

Figure 9 displays a plot of the AMS of the rhodium center in
the [(P,)Rh] fragment versus the TOF values observed for the

corresponding complexes 1 in CO, hydrogenation. Qualitative-
ly, the activity of the catalysts increases strongly with decreasing
accessibility of the metal center or, in other words, with an
increasing shielding effect of the ligand. Most notably, the lig-
ands 31 and 3 0, whose activities are difficult to rationalize solely
on the basis of the P-Rh-P angles in 11 and 1o, follow the same
trend. Note that the fit curve is only for illustration and does not
represent a mathematical analysis.

Of course, the observed empirical relation reflects a highly
simplified model approach and does not necessarily imply any
real physical events in the reaction solution. However, within a
purely steric model,'** **! one might predict that the fragment
[(3g)Rh] would be best suited for a catalytic cycle in which the
coordination number decreases in the rate-limiting step, where-
as [(3d)Rh] is suitable for the inverse case. In this respect, the
observed trend is consistent with experimental and theoretical
studies on the mechanism of CO, hydrogenation to formic acid
under the given conditions, which suggest the liberation of
formic acid from the catalytic active center to regenerate the
14-¢ species [(P,)RhH] as the rate-limiting step of the catalytic
cycle." %Y The beneficial effect of a ligand like 3g for this reac-
tion can thus be plausibly attributed to its ability to ““push’” the
product away from the active center and at the same time to
prevent the highly active intermediate {(P,)RhH] from unde-
sired stabilization by addition of donor molecules such as sol-
vent or amine, or by oligomerization.[3 4%

Conclusions

A general synthetic methodology for the preparation of com-
plexes [(P,)Rh(hfacac)] (1; P, = R,P—(X)-PR,) has been de-
veloped and some unusval ligand exchange processes that occur
during their formation have been elucidated. The complexes 1
were shown to be versatile model compounds for the investiga-
tion of intrinsic steric properties of chelating phosphane ligands,
owing to a marginal electronic and steric interaction between
the phosphane fragment and the hfacac ligand. The coordina-
tion geometry of the [(P,)Rh] fragment in the solid state and in
solution was found to be significantly influenced by the steric

repulsion of the PR, groups

within the chelate ring. This

i influence was shown to vary
with the nature and length,
J or more precisely the rigidi-
ty, of the backbone (X). X-
] ray crystal structure data

obtained upon systematic

AMS [A2]

4

variation of R and (X) in
complexes 1 were used as a

basis for molecular model-

oo ing studies on the [(P,)Rh]
fragment.

On the basis of these re-
. sults, we were able to intro-

0 200 400 600 800
TOF [h—1]

Figure 9. Correlation between TOF values observed with selected catalysts [(P,)Rh(hfacac)] 1 in the hydrogenation of CO, to
formic acid and the AMS of the rhodium center of the corresponding fragments [(P,)Rh].
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1000 1200 1400 duce the accessible molecu-
lar surface (AMS) model as
a unique approach for the
description of steric ligand
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effects in homogeneous catalysis. Its use was demonstrated for
the first time in the rhodium-catalyzed hydrogenation of CO, to
formic acid with complexes 1 as the catalyst precursors. This
concept may serve as a general approach to understanding lig-
and cffects on activity and especially selectivity in processes that
are mainly governed by steric interactions. The fact that not
only the size but also the shape of the cavity of the active
fragment can be analyzed by this methodology opens a whole
range of possible applications, especially in stereoselective syn-
theses.

Experimental Section

General methodologies and materials: All reactions involving air- or moisture-
sensitive materials were performed under argon by means of standard
Schlenk techniques in dried and deoxygenated solvents. The complex
[Rh(cod)(hfacac)] 2 was synthesized by the literature procedure.!* 3! With the
exception of 3m and 3o, the ligands 3 were commercial products or prepared
following known procedures. 6]

NMR spectra were recorded in 5 mm tubes on a Bruker AC 200 spectrometer
operating at 200.13, 50.29, 188.15, and 80.15 MHz for ' H, '3C, '°F. and 3'P.
Chemical shifts & are reported in ppm relative to external CFCl, for '°F,
H,PO, for *'P, and TMS for 'H and '3C, using the solvent resonance as a
secondary standard if possible. Coupling constants J are given in Hz. UV
spectra were recorded on a Varian 2300 spectrophotometer in 1 mm cells at
concentrations of approximatcly 1 mgmL ! Mass spectra were measured on
a Finnigan MAT SSQ 710 with the EI-MS technique. Elemental analyses were
carried out on a LECO CHNS932 at the Laboratoy of Organic Chemistry,
Friedrich-Schiller-Universitit Jena.

General method for the preparation of complexes [(P,)Rh(hfacac)] (1a-o0):
One equivalent of the chelating phosphane 3a—o in THF (15 mL) was added
dropwise to a solution of 2 (300 mg, 0.72 mmol) in 15 mL THF at —78°C.
The reaction mixture was allowed to warm to room temperature and the
volatiles were removed in vacuo. The glassy residues were dried under high
vacuum for 24 h to yield quantitatively 1a~o as red-brown powders contain-
ing varying amounts of THF, but less than 5% phosphorus-containing impu-
rities according to NMR analysis. Analytically pure samples were obtained
by crystallization from diisopropylether or acetone (1b). Characteristic spec-
troscopic data are given in Table 1: full details including MS and '*C NMR
data are available as supplementary material from the authors.

Determination of 6(***Rh): The 2D(*'P,*®*Rh{'H!) spectra were recorded
on a Bruker ARX 400 spectrometer (B, = 9.4 T) at ca. 298 K. The standard
four-pulse HMQC sequence!®” was performed twice with variation of the
'93Rh frequency offset and the #, increment to ensure that signals in the F1
dimension ('°3Rh) were not folded. Typical conditions: 128 experiments in
;. 4 or 8scans cach, 4 s relaxation delay, total experimental time ca. 40—
80 min. The '"*Rh shifts are given relative to Z(*°*Rh) = 3.16 MHz!*°! and
were reproducible within 1 ppm.

Determination of the turnover frequencies TOF: A 200 mL stainless steel auto-
clave equipped with a glass liner, magnetic stirring bar and sampling device
was evacuated and purged with argon three times. The reaction mixture,
consisting of DMSO (20 mL), NEt, (4 mL) and 0.06 mmol of the appropriate
complex 1 was transferred to the autoclave from a Schlenck tube with positive
argon pressure through a teflon canula connected to the sampling system.
The mixture was stirred under H, (20 atm) for 30 min, after which CO, was
introduced up to a total pressure of 40 atm without stirring. The reaction was
started by switching on the stirrer at a4 constant rate of 1000 rpm and small
samples (ca 0.1 mL) were withdrawn at given time intervals. The formic acid
concentration was determined by 'H NMR spectroscopy!' %4, Initial rates v,
were obtained from linear regression of data points within the early stages of
catalysis (< 10% of equilibrium concentration) and converted to TOF values
according to Equation (4).

TOF(1) = vo(l) _ vo(1)

T ool)  25x10 Pmolt ! “
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