fects, such as elastic waves in the gel (mi-
crosound) and local heating.
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A Bimetallic Hydroformylation Catalyst: High
Regioselectivity and Reactivity Through
Homobimetallic Cooperativity

Melanie E. Broussard, Booker Juma, Spencer G. Train,
Wei-Jun Peng, Scott A. Laneman, George G. Stanley*

The racemic and meso diastereomers of an electron-rich binucleating tetraphosphine
ligand have been used to prepare homobimetallic rhodium norbornadiene complexes. The
racemic bimetallic Rh complex is an excellent hydroformylation catalyst for 1-alkenes,
giving both a high rate of reaction and high regioselectivity for linear aldehydes, whereas
the meso complex is considerably slower and less selective. A mechanism involving
bimetallic cooperativity between the two rhodium centers in the form of an intramolecular
hydride transfer is proposed. Mono- and bimetallic model complexes in which the possibility
for bimetallic cooperativity has been reduced or eliminated are very poor catalysts.

Hydroformylation (also called “ox0”), the
world’s largest industrial homogeneous cat-
alytic process, produces more than 5 billion
kilograms of aldehydes and alcohols each
year (I). In this process, alkenes react with
hydrogen and carbon monoxide to give
either linear or branched aldehydes (Eq. 1;
R, alkyl).

Hy OQC/H
co i 1
H,C=CHR —— > H-C-CH,CH,R + H3C-CHR (1)
Fg;;;‘l' g? Linear Branched
v Aldehydes

Monometallic rhodium triphenylphosphine
(Rh/PPh;) catalysts dominate the industry,
particularly for C; through C4 1-alkenes,
where regioselectivity in making the more
valuable linear aldehyde products is critical.

Demonstrating that two or more metal
centers can cooperate in a homogeneous
catalytic process to produce a better catalyst
compared to monometallic systems has
been a major goal of our research. Several
groups have reported dimer and cluster
catalysis of hydroformylation (2). None of
these polymetallic catalysts, however, com-
bine high product regioselectivities with
high reaction rates, and none of them
compare favorably to commercial Rh/PPh,
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monometallic catalysts. We have designed
a tetraphosphine ligand that can simultane-
ously bridge and chelate two metal centers
to create bimetallic complexes with consid-
erable conformational flexibility. This li-
gand, (Et,PCH,CH,) (Ph)PCH,P(Ph) (CH,-
CH,PEt,) (et,ph-P4; Et, ethyl), has racemic
(1r) and meso (1m) diastereomers (3). We
have characterized bimetallic complexes of 1r
and 1m in which the two metals are separated
or bonded to one another (4).

PEt, Et,P PEL,
Ph 2 2 2
N PN P/—/ M~ P \p ~
\Ph 4 N
Et,P Ph Ph
racemic - et,ph-P4 meso - et,ph-P4
1r im

The reaction of 1r or Im (5) with two
equivalents of [Rh(nbd),](BF,) (nbd =
norbornadiene) produces the bimetal-
lic complexes [Rh, (nbd), (et,ph-P4)](BE,),
(racemic 2r, and meso 2m) in high yield (6).
An x-ray crystal structure determination
(7) of 2r (Fig. 1) shows that the et,ph-P4
ligand bridges and chelates the two square-
planar Rh centers, as observed in previous
bimetallic complexes of et,ph-P4. There is
no Rh-Rh bonding in this complex, and
the metals are separated by 5.505 A. The
'H and 3!'P nuclear magnetic resonance
(NMR) spectra for 2m point to a bridged
and chelated bimetallic structure similar to



Fig. 1. An ORTEP plot of x-ray structure of
racemic-Rh,(nbd),(et,ph-P4)2*, 2r. The ethyl
and phenyl groups on the et,ph-P4 ligand, and
all hydrogen atoms, are omitted for clarity.
Some key bond distances and angles are: Rh1
.-+ Rh2 = 5.5058(6) A; Rh1—P1 = 2.319(2) A;
Rh1-P2 = 2.281(2) A; Rh1-C1N = 2.249(6) A
Rh1-C2N = 2.237(6) A; Rn1-C4N = 2.198(6)
A, Rh1-C5N = 2.217(6) A; P1-Rh1-P2 =
83.84(6)°; P1-Rh1-C1N = 109.4(2)°; P1-Rh1-
C2N = 101.6(2)°; P1-Rh1-C4N = 149.5(2)°;
P1-Rh1-C5N = 172.5(2)°; C2N-Rh1-C5N =
77.7(2)°, C1N-Rh1-C4N = 77.4(2)°; and P1-
C'-P3 = 120.2(3)°. Numbers in parentheses
are errors in the last digit.

that seen for meso-Ni,Cl, (et,ph-P4) (8).
Compound 2r is a precursor to an active,
highly regioselective bimetallic catalyst pro-
posed as racemic-Rh,H, (CO),(et,ph-P4) (3r)
for the hydroformylation of 1-alkenes (9). We
have used 1-hexene as our standard (Table 1),
but the results presented are typical for 1-al-
kenes (10). In comparing 2r to the commer-
cial Rh/PPh, catalyst (Table 1), we find that
2r is ~40% faster and has a higher linear-to-
branched aldehyde regioselectivity (11),

whereas the meso catalyst precursor 2m gen-
erates the poorer hydroformylation catalyst
meso-Rh,H, (CO), (et,ph-P4) (3m). The ra-
cemic catalyst is 12 times faster than the meso
catalyst and gives considerably higher overall
product selectivities (Table 1), particularly
with respect to the undesirable alkene isomer-
ization side reactions, which build up signifi-
cantly over longer periods of time for 3m.
Reasons for the rate and regioselectivity dif-
ferences between 3r and 3m are discussed
below.

In contrast with virtually all other aryl
phosphine— or phosphite-coordinated Rh
hydroformylation catalysts, 3r does not re-
quire any excess phosphine ligand (PPh;) in
order to maintain its selectivity or stability
(12). The need for excess PPh; in mono-
metallic Rh catalysts arises from the rela-
tively weak Rh—PPh, (or phosphite) bond-
ing. In order to maintain the coordination

of two PPh; ligands, which are required for

good regioselectivity, a large excess of PPh,
is required to force the dissociation equilib-
rium to favor HRh(CO) (PPh;), (13). In
3r, the chelating and electron-donating
et,ph-P4 phosphine ligand coordinates
strongly enough to the Rh centers so that
excess phosphine is not needed.

The absence of a Rh—Rh bond in 2r and
3r allows us to readily prepare monometallic
model complexes that represent “half” of the
catalyst. This simple first test explores wheth-
er each Rh center is functioning as a conven-
tional monometallic catalyst. [Rh(nbd) (P,)]-
(BE,) catalyst precursors were prepared with
the following four bisphosphine ligands with
different  electron-donating  substituents:
Et,PCH,CH,PEt, (depe), which is electron
rich relative to et,ph-P4; Et,PCH,CH,-
P(Me)Ph (depmpe), the closest electronic
analog to one-half of et,ph-P4; Et,PCH,CH,-
PPh, (dedppe), which is slightly less elec-
tron rich; and Ph,PCH,CH,PPh, (dppe),

which is moderately less electron rich.

All four monometallic complexes are ex-
tremely poor hydroformylation catalysts.
They show less than 2% conversion of alkene
to aldehyde product after 3 hours, low linear-
to-branched selectivities of 3:1 or less, and
considerable amounts of undesirable alkene
isomerization and hydrogenation (Table 1).
The activity and regioselectivity of 3r is,
therefore, opposite that of monometallic Rh
complexes with electron-rich ethylene-
bridged chelating . phosphines. This result
agrees with the limited previous work on
electron-rich phosphine ligands (14) and in-
dicates that 3r uses some sort of bimetallic
cooperativity to effect high regioselectivities
and high reaction rates.

Any discussion of bimetallic mechanisms
should take into account the early work on
cobalt-catalyzed hydroformylation (15). A
monometallic mechanism was proposed that
has become the generally accepted pathway
(16) for both Co and Rh catalysts. A more
speculative bimetallic mechanism was also
suggested involving an intermolecular hydride
transfer from HCo(CO), to Co(acyl) (CO),.
Elimination of the aldehyde product then
produces Co, (CO)g, which reacts with H, to
break the Co-Co bond to reform two
HCo(CO),, molecules. This suggests an inter-
esting mechanistic possibility for our catalyst.

In 3r, the conformational flexibility of
the et,ph-P4 ligand and the constrained
proximity of the two metal centers should
dramatically increase the probability of an
intramolecular hydride transfer. We propose
just such a mechanism for 3r (Fig. 2) in
which bimetallic cooperativity, via an intra-
molecular hydride transfer, facilitates the
elimination of aldehyde from the acyl inter-
mediate. This mechanism, which we offer as
a hypothesis to be tested, uses proximity for
catalytic power just as many bioorganic mod-
els of enzyme catalysts do (17).

Table 1. Results from the hydroformylation of 1-hexene in acetone at 90°C and 90 psig H,-CO after 3 hours. Numbers in parentheses are the errors in

the last digit or digits.

Initial Alkene Linear-to- Alkene Alkene

obs turnover : branched isomeri- hydro-
Catalyst (minti b rate :%nvr? rcsjlon;o aldehyde zation genation

(min=1) ehyde (%) ratio® (%) (%)
racemic-Rh,(nbd),(et,ph-P4)2*, 2r 0.0238 (8) 10.6 () 85 (1) 27.5 (8) 8 (i 3.4 (3)%
Rh(acac)(CO), with 0.82 M PPh, 0.016 (2 9 Q)] 86 (3) 17 (2) 2.5 (4) 2.8 (3)
meso-Rh,(nbd),(et,ph-P4)2+, 2m 09 (1) 16 (3) 14 (2) 41 (7) 23 (3)
Rh(nbd)(depe)* 0.017 (2) 0.9 (2) 2 (2 16 (1) 5.2(9)
Rh(nbd)(depmpe)* 0.025 (3) 1.7 (6) 3 50 (1) 15.3 (4)
Rh(nbd)(dedppe)* 0.020 (3) 1.1(1) 3.1(2) 42 (3) 14.0 (4)
Rh(nbd)(dppe)* 0.040 (6) 1.2 (3) 2.6 (6) 51 (3) 14 (3)
Rh,(nbd),(et,ph-P4-propyl)2+, 9(r + m) 0.097 (3) 1.7 (1) 24 (1) 59 (2 16 (1)
Rh,(nbd),(et,ph-P4-p-xyly)2*, 10(r + m) 0 0 60.1 (8) 17 (1)
Rh,(nbd),(et,ph-P4)2*, 2(r + m) 0.0102 (11) 41 (1) 80 (1) 20.5 (6) 9.8 (2 45(1)

*Pseudo first-order rate constant based on gas uptake; 1 mM catalyst concentration; average of at least four runs. Rate constants not listed could not be accurately calculated

because of the slowness of the reactions and associated side reactions.

1The regioselectivity was constant throughout the course of a run.

1The relatively high

amounts of alkene isomerization and hydrogenation are side reactions caused by the production of HBF, generated when 2r reacts with H, to form 3r. Addition of two
equivalents of a neutral base, such as NEt,, causes both the isomerization and hydrogenation to fall to less than 1.5% and increases the product regioselectivity to greater
than 30:1. Unfortunately, the amine bases used so far slow the catalyst somewhat due to what we believe is competitive binding to the Rh centers.
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The first several steps in the proposed
mechanism are essentially the same as those
established for monometallic Rh/PPh; cata-
lysts: (i) addition of H, and CO to 2r
produces 3r, the proposed active catalyst;
(ii) coordination of alkene to 3r makes 4r;
(iii) alkene insertion into the Rh~H bond
gives the linear (or branched) alkyl species
5r; and (iv) coordination of CO, followed by
CO insertion into the Rh-alkyl group yields
the acyl complex 6r. In monometallic sys-
tems, the next step is addition of H, to
produce a Rh(III) dihydride species that can
then eliminate aldehyde product. This step,
generally believed to be the rate-determin-
ing step (18), is particularly slow with elec-
tron-rich phosphine ligands because Rh(I)
prefers to bind another CO over H, (19).
Compound 3r avoids this potential problem
by having a proximate Rh-H moiety, which
intramolecularly transfers a hydride to facil-
itate the aldehyde elimination (7r — 8r).

Although the extremely poor activities
and selectivities of the monometallic mod-
els provide one piece of evidence support-
ing bimetallic cooperativity, this idea need-
ed further support. We reasoned that if the
two metal centers cannot get near one
another then they will not be able to
cooperate and catalysis will stop. Two new
tetraphosphine ligands have been prepared
in which the central methylene bridge is
replaced by larger spacers—one, a rigid
p-xylylene spacer (et,ph-P4-p-xylylene),
and the other, a more flexible 1,3-propy-
lene spacer (et,ph-P4-propyl).

Ph Ph 2+

/ \P/_\PE |
NI
Rh

EtzP\/R_h>P :
AN » AN »
9(r+m)

/Ph Ph 2+
e Np NN

N2
Rh Rh

/7\//7\/

10(r+m)

These spaced-tetraphosphine ligands have
essentially the same electronic donor prop-
erties as et,ph-P4, but keep the two metals
apart. Mixed racemic and meso bimetallic
Rh/nbd complexes (1:1 mixtures from
NMR measurements) have been prepared
from each spaced tetraphosphine ligand
[9(r + m) and 10(r + m)]. Both sets of
spaced bimetallic complexes are very poor
hydroformylation catalysts with 1-hexene
(20, 21). The very low rates and regiose-
lectivities are analogous to the model
monometallic results (Table 1).

Additional evidence supporting the bi-
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Fig. 2. (A) Proposed mechanism for bimetallic hydroformylation. (B) Schematic representations of
the closed-mode structures for the proposed hydride transfer step in the racemic- and meso-
Rh(acyl)(CO)(et,ph-P4)RhH(CO) intermediates (or transition states), 7r and 7m. Both molecules
have similar energies from full molecular dynamics minimizations, although the modeling cannot
calculate the electronic orbital effects caused by interaction of the bridging ligands with the Rh
centers. 7r can form a double-bridging interaction with the hydride of the top Rh interacting with the
bottom acyl-bound Rh, while the carbonyl group on the bottom Rh is able to donate electron density
via its w system to the upper Rh atom. 7m can form only a single bridging interaction, which we
believe contributes to a higher energy reaction pathway.

metallic mechanism comes from SYBYL
(22) molecular modeling studies (23),
which help explain the difference in activ-
ity between 3r and 3m. The bimetallic acyl
intermediate,  racemic-Rh(acyl) (CO) (et,-
ph-P4)RhH(CO), 6r, can readily rotate
about the central CH, bridge to form a
doubly bridged intermediate species, 7r.
The hydride bridges to the acyl-bound Rh,
while the CO ligand on the acyl Rh can
bridge to the hydrido-bound Rh (Fig. 3).
The meso analog, 7m, however, can only
form a single bridge via the hydride to the
acyl-bound Rh center (Fig. 2B). The CO
ligand in 7m is not oriented properly to
bridge to the upper Rh. We believe that the
second bridging interaction, present in the
racemic complex, favors the intramolecular
hydride transfer by stabilizing the Rh-H
bond-breaking step. The donation of
electron density from the bridging CO in 7r
will lower the energy of the formally three-
coordinate, high-energy Rh center that re-
mains after the hydride ligand is transferred
to the acyl-bound Rh.

The second bridging interaction in 7r
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may play an even more important role in
the subsequent reductive elimination step
that generates a relatively high-energy
Rh(—1) oxidation state on the one metal
center. The close proximity of the second
Rh atom in a +1 oxidation state will favor
electron transfer to give two Rh(0) centers
with an energy-lowering Rh—-Rh bond to
produce 8r. Oxidative addition of H, to
this electron-rich, reactive dimer cleaves
the Rh—Rh bond to regenerate the starting
catalyst 3r. Isolation of 8r, from reaction
of 2r with H, and CO (24), suggests a
fairly facile H, addition-loss equilibrium
between 8r and 3r, consistent with previ-
ous work on related Rh complexes (25).
Although the meso bimetallic catalyst 3m
can also utilize bimetallic cooperativity,
we believe that it has to proceed through a
higher energy pathway because of the
stereochemical differences between the
meso and racemic et,ph-P4 ligands. This
results in slower catalytic rates relative to
the racemic catalyst, but better than the
monometallic or spaced-bimetallic model
complexes.



e

Fig. 3. Space-filling models of the racemic-
Rh,H,(CO),(et,ph-P4) catalyst, 3r, with a pro-
pylene molecule docked to one face. Except for
the propylene, which is colored green, the
coloring scheme for the atoms is as follows: Rh
(magenta); P (orange); O (red); C (cyan); and H
(white). In all three views, the catalyst is orient-
ed the same with the Rh—H bond pointing up.
The top right-hand view has the propylene
docked in the proper orientation for the
branched product (pro-branched complex),
whereas the bottom view has the propylene
oriented for the linear product (pro-linear com-
plex). The Rh in both propylene-bound views is
completely covered by the propylene molecule.
Note that the alkene orbitals line up well with the
Rh-H bond to allow a hydride transfer to the
terminal carbon of the double bond in the top
system, and to the internal carbon of the double
bond in the bottom view. This geometry leads to
the branched and linear alkyl intermediates,
respectively. The pro-branched complex in the
top view is calculated to be 7.5 kcal/mol higher

in energy than the pro-linear species. The unfavorable steric interactions in the pro-branched
complex can be clearly seen between the propylene’s methyl group and the phenyl and ethyl

groups on the P atoms.

The bimetallic cooperativity in the pro-
posed mechanism represents a very effective
way of performing hydroformylation. The
fundamental concept of a hydride transfer
between two metal centers has been studied
and shown to occur in stoichiometric model
reactions by numerous groups (26). Rh, (p-
S-t-Bu),(CO),(PPh,), is another hydro-
formylation catalyst for which bimetallic
cooperativity has been proposed (27).
However, the reaction rates and regioselec-
tivities of Rh,(p-S-t-Bu),(CO),(PPh;),
very closely resemble those of Rh/PR,
monometallic catalysts, indicating that the
active catalyst may be monometallic in
nature (28), quite unlike 3r.

We believe that the high linear alde-
hyde regioselectivity arises from the shape
of 3r. When an alkene coordinates to 3r
(Fig. 3), it will likely add to the exo
coordination site of either Rh center. As it
coordinates to the Rh, the other ligands
will bend away to form a trigonal bipyramid
(or square pyramid), which is the least
congested coordination geometry. Com-
pound 3r, however, cannot attain this ideal
geometry because the other half of the
face-to-face bimetallic complex limits the
motion of the ligand environment away
from the coordinating alkene toward trigo-
nal bipyramidal (or square pyramidal).
Minimizing the geometric reorganization
about the Rh maximizes the et,ph-P4 li-
gand’s steric effect, directing the alkene
insertion into the M-H bond to form a
linear alkyl group, which goes on to form
the linear aldehyde.

Molecular dynamics minimizations of a
propylene molecule docked to 3r suggest a
7.5-kcal/mol preference for the coordina-
tion of alkene to the Rh center to give the

linear alkyl product (Fig. 3). This result is
qualitative as molecular modeling only
gives information on steric factors in the
3r-propylene complex. Regioselectivity
arises from energy differences in transition
states, where many steric and electronic
effects operate. Attributing the origin of the
aldehyde regioselectivity to the initial alk-
ene coordination and hydride insertion step
is consistent with the best evidence from
monometallic Rh/PPh; catalysts (29). This
step is not believed to be reversible in a
good hydroformylation catalyst.

One unusual feature of 3r is that high
concentrations of 1-hexene inhibit hydro-
formylation catalysis, an effect not observed
for monometallic hydroformylation cata-
lysts, but one consistent with the proposed
bimetallic mechanism. Addition of two alk-
ene molecules to 3r would ultimately lead
to a bimetallic species that has one acyl
group on each metal and no hydride ligand,
which is needed for the intramolecular
transfer and subsequent ‘aldehyde product
elimination.
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Paleoatmospheric Signatures in
Neogene Fossil Leaves

Johan Van Der Burgh, Henk Visscher,* David L. Dilcher,
Wolfram M. Kirschner

An increase in the atmospheric carbon dioxide (CO,) concentration results in a decrease
in the number of leaf stomata. This relation is known both from historical observations of
vegetation over the past 200 years and from experimental manipulations of microenvi-
ronments. Evidence from stomatal frequencies of fossil Quercus petraea leaves indicates
that this relation can be applied as a bioindicator for changes in paleoatmospheric CO,
concentrations during the last 10 million years. The data suggest that late Neogene CO,,
concentrations fluctuated between about 280 and 370 parts per million by volume.

Analysis of air locked in polar ice has been
used to document the paleoatmospheric
CO, concentration for the past 160,000
years (1). Concentrations of CO, from
before this time cannot be directly mea-
sured and can only be inferred from forward
modeling of the CO, global budget (2) or
from proxy records that are based on
geochemical or paleontological observa-
tions. The geochemical approach depends
on the interpretation of changing 3C/*?C
isotope ratios in the marine carbonate
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record (3) and, more recently, on the anal-
ysis of 13C/'*C ratios of soil carbonates (4).
A relevant paleontological approach is
highly dependent on the ecophysiological
interpretation of the morphological or ana-
tomical characteristics of fossils (5). Be-
cause of the prominent role of photosyn-
thetic CO, fixation in the interaction be-
tween the atmosphere and biota through
time, land plants represent one of the most
obvious categories of organisms to be inves-
tigated for paleoatmospheric signatures. In
this report, we illustrate that the analysis of
stomatal frequencies on fossil leaves may be
used to determine CO, concentrations dur-
ing the last 10 million years.

Physical models of CO, fixation in land
plants with C; metabolism (6) can be used
to show that the areal density of leaf sto-
mata is responsive to changes in ambient
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CO, concentration. Under nonlimiting
light and water conditions, leaves have an
optimal CO, fixation rate at a stomatal
conductance to diffusion of CO, at which
the CO, concentration is maintained in the
leaf interior at the break point between
saturation and limitation of the CO, recep-
tor molecule ribulose biphosphate (RuP,).
The stomatal conductance to diffusion is a
complex parameter that is dominated by
the density and the aperture size of the
stomata. The maintenance of optimal CO,
fixation may require that an increase of
atmospheric CO, concentration be accom-
panied by a lower value of the stomatal
conductance. Hence, if we assume that
differences in stomatal frequency are part of
the phenotypic plasticity of a plant species,
such a lowering could be reached through a
decline of stomatal density (7).

This possibility is supported by the re-
sults from the study of herbarium material
collected over the last 200 years. Research
by Woodward (8) emphasized that the hu-
man-induced CO, increase has resulted in a
mean reduction of 40% in the stomatal
density of European temperate forest trees.
The significant decline was confirmed by
experiments under controlled ambient CO,
concentrations (9) and could be calibrated
against historical CO, concentrations in-
ferred from ice cores. An important corol-
lary of this stomatal response to changing
CO, regimes is that analysis of stomatal
frequencies on fossil representatives of ex-
tant plant species could help to determine
paleoatmospheric CO, concentrations at
different geologic times. Because of the
fossilization potential of the biopolymer
cutan (10), analysis of fossil leaf cuticles
can provide relevant information on sto-
matal frequencies. Several studies have ex-
plored the potential of cuticle analysis in
late Pleistocene and Holocene paleoatmo-
spheric research (11). In this report, we
concentrate on the late Neogene. We based
our data on the study of the cuticle of
Quercus petraea (Durmast oak) from succes-
sive time intervals that were characterized
by contrasting climatic conditions.

The species Q. petraea is essentially Eu-
ropean, with a present distribution from
southern Scandinavia to the Mediterranean
region. The fossil record of this deciduous
oak extends back to the late Miocene (12).
We analyzed leaf compressions (Fig. 1) that
were collected from clay intercalations in
terrestrial late Miocene and Pliocene se-
quences of the Lower Rhine Embayment
(the current southeastern margin of the
Neogene North Sea Basin exposed in Ger-
many and adjacent parts of the Nether-
lands). Source strata were deposited during
five successive, regionally recognized time
intervals between ~10 million years ago

(Ma) and ~2.5 Ma (13), namely, base





