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Hydroformylation—Hydrogenation™**
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In the past few years, many remarkable advances have been
made in the emerging field of supramolecular catalysis. For
example, large numbers of potential catalysts formed by self-
assembly can now be varied in an expedient way by simply
changing the constituent building blocks.!'! This development
paves the way for the design of synthetic catalysts to mimic
natural enzymes in substrate recognition and activation.
Improved catalytic activity and selectivity should result, as
well as the discovery of new synthetically useful transforma-
tions.”!

The hydroformylation of alkenes is one of the major
industrial processes currently carried out under homogeneous
catalysis.”! Nevertheless, aldehydes—the primary products of
the hydroformylation—have virtually no importance as final
products. Aldehydes are typically converted into alcohols,
which find application as solvents and as raw materials for
plasticizers and detergents. The hydrogenation is usually
conducted in a separate step; however, alcohols can also be
produced as tandem hydroformylation-hydrogenation prod-
ucts through the use of cobalt catalysts, albeit in lower yield
and under harsh conditions.! Despite considerable efforts in
this area, the final goal of chemo- and regioselective hydro-
formylation to give alcohol products under mild conditions
remains elusive.’! Ligand-metal bifunctional catalysis has
recently become a valuable method for the hydrogenation of
the C=0 double bond. The key mechanistic step involves a
unique concerted, outer-sphere reduction in which the sub-
strate does not coordinate to the metal prior to the addition of
dihydrogen.®”l We reasoned that the development of a novel
hydrogenation catalyst based on a neutral rhodium hydride/
phosphine complex (privileged hydroformylation catalyst) for
hydroformylation under mild conditions would be the neces-
sary first step toward an efficient tandem hydroformylation—
hydrogenation.

In previous studies, we developed a supramolecular ligand
system 1 (Scheme 1) that combines structural features of
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Scheme 1. a) Aldehyde hydrogenation, b) tandem hydroformylation—
hydrogenation, and the structures of supramolecular ligands 1-3.

phosphine ligands (the metal-binding unit) with an acyl
guanidinium functionality for the recognition of carboxylate
groups.!l A rhodium catalyst based on this ligand was applied
successfully in the highly regioselective hydroformylation of
B,y-unsaturated carboxylic acids®®! and the decarboxylative
hydroformylation of o,B-unsaturated carboxylic acids.?!

We show herein that an appropriately designed phosphine
ligand equipped with an acyl guanidine functionality can bind
further substrates containing an electron-rich binding site
(e.g. an aldehyde functionality) by hydrogen bonding,
decrease the energy level of the lowest unoccupied molecular
orbital (LUMO) of the substrate, and activate the substrate
for a transition-metal-catalyzed reaction.®” We designed a
new ligand 3, related to ligands 1 and 2, with a pyrrole NH
group as an additional hydrogen-donor functionality
(Scheme 1). This modification was expected to result in a
stronger interaction with generally weakly binding neutral
host molecules.!'”)

Ligand 3 was synthesized readily by coupling of the N-
protected 5-diphenylphosphanylpyrrole-2-carboxylic acid 4
with mono-Boc-protected guanidine and subsequent depro-
tection catalyzed by trifluoroacetic acid (see the Supporting
Information for details). The addition of sodium carbonate
liberated the acyl guanidine (Scheme 2). Single crystals of 3
that were suitable for X-ray crystallography were grown from
a saturated solution in ethyl acetate/pentane. X-ray crystal-
structure analysis showed the formation of a hydrogen-
bonded 1:1 adduct with ethyl acetate. The guanidinium
functionality forms a twofold hydrogen bond to the ester
carbonyl group (Figure 1).1Y This behavior may be viewed as
a hint as to how this ligand is able to mediate carbonyl binding
and activation.

We first examined the reaction of n-octanal (5) under
standard hydroformylation conditions (CO/H,, 20 bar). As
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Scheme 2. Synthesis of ligand 3: a) mono-Boc-guanidine, N-methyl-
morpholine, BOP, DMF, room temperature (77 %); b) trifluoroacetic
acid, room temperature, then Na,CO;, CH,Cl, (56 %). Boc=tert-
butoxycarbonyl, BOP = benzotriazol-1-yloxytris (dimethylamino) phos-
phonium hexafluorophosphate, DMF = N,N-dimethylformamide.

Figure 1. Crystal structure of ligand 3. A disordered n-pentane mole-
cule is omitted for clarity.

expected, no activity for the hydrogenation of the C=O
functionality was observed when [Rh(CO),(acac)]/PPh; was
used as a catalyst (Table1, entry1l). Under the same
conditions, the equivalent catalyst based on ligand 1 showed
very low hydrogenation activity (3% conversion; Table 1,
entry 2). However, a significant improvement was observed
with ligands 2 and 3. With these ligands, n-octanol was formed
with 97 and 100 % conversion, respectively (Table 1, entries 3
and 4).

Interestingly, the reaction became significantly slower
when it was conducted under an atmosphere of pure hydro-
gen (Table 1, entry 5). This result suggests that the active
hydrogenation catalyst has at least one CO ligand and is

Table 1: Reduction of octanal.®
[Rh'Yligand

AN -CHO NSNS
Me COM, Me o
5 6

Entry Ligand Conversion [%)] Yield [%)]
1 PPh, 0 0
2 1 3 3
3 2 97 95
4 3 100 97
50 3 27 27
6! 3 89 79
[a] Reaction  conditions:  [Rh(CO),acac]/ligand/substrate/CF,;SO;H

(1:10:500:5), CH,Cl, (2 mL), co(5)=0.6m, CO/H, (1:1, 20 bar), 20 h,
40°C. Substrate conversion and yields were determined by GC. [b] The
reaction was carried out under H, (20 bar), without CO. [c] The reaction
was carried out without CF;SO;H. acac = acetylacetonate.
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probably the typical trigonal-bipyramidal hydroformylation
catalyst [(R;P),Rh(CO),H]. The addition of small amounts of
the strong acid CF;SO;H had a positive effect on the reaction
rate (Table 1, compare entries 4 and 6). Acid promotes the
formation of the guanidinium cation, which may be respon-
sible for the interaction with the substrate (see below).
Having established the optimal reaction conditions, we
focused on chemoselectivity and functional-group compati-
bility for the reduction of various substituted aldehydes.
Aliphatic and aromatic aldehydes gave excellent results
(Table 2, entries 1 and 2). Interestingly, remote nonconju-

Table 2: Reduction of aldehydes.”

[Rh'Y3
R._-CHO Rw—~on
COM,
Entry Product Yield [%]
Me
1 Me)\/\OH 90
20! Ph™oH 98
3 Me TN Ny 94
7 OH
4 95
Me
Me
5 e SN 99
6t Me SN0y 80
7 BnO” 7 oH 9%
3 Bz0” 7 oH 99
o)
2 PhHN)L\O/\HfO\OH %
10 TBSO” 7 “OH 98
o

n MeW\OH 98

[a] Reaction conditions: [Rh(CO),acac]/3/substrate/CF;SO;H
(1:10:500:5), ¢o(substrate) =0.6 m, CH,Cl, (2 mL), CO/H, (1:1, 20 bar),
20h, 40°C. Bn=benzyl, Bz=benzoyl, TBS=tert-butyldimethylsilyl.
[b] [Rh(CO),acac]/3/substrate/CF;SO;H 1:10:100:5. [c] Yield of the iso-
lated product.

gated internal double bonds in the substrate molecule were
not affected at all (Table 2, entries 3 and 4). However, in the
case of the a,p-unsaturated aldehyde oct-2-enal, we identified
reaction conditions that enabled chemoselective reduction to
furnish either the completely saturated alcohol or the
aliphatic aldehyde, depending on the catalyst/substrate ratio
and the substrate concentration (Scheme 3).

When a -disubstituted o,f-unsaturated aldehyde and an
o,f3,y,9-unsaturated system were used as substrates with the
Rh"/3 catalyst, only the corresponding o.,B-unsaturated alco-
hols were formed; these alcohols were obtained in excellent
yields (Table 2, entries 5 and 6). The equivalent triphenyl-
phosphine/rhodium catalyst did not show any reactivity at all
with o,f-unsaturated aldehydes under identical reaction
conditions (see the Supporting Information). A wide range
of functional groups, including ether, ester, and carbamate
groups as well as a silyl ether, were found to be compatible
with the optimized reaction conditions (Table 2, entries 7-10).
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Scheme 3. Chemoselective reduction of oct-2-enal: a) [Rh(CO),acac]/3/
substrate/CF;SO;H (1:10:500:5), co(substrate) =0.6 M, CH,Cl, (2 mL),
CO/H, (1:1, 20 bar), 20 h, 40°C; b) [Rh(CO),acac]/3/substrate/
CF;SO;H (1:10:1000:5), co(substrate) =0.2m, CH,Cl, (2 mL), CO/H,
(1:1, 20 bar), 3 h, 40°C. The yields were determined by GC.

Furthermore, the catalyst is completely selective for aldehyde
reduction in the presence of a ketone functionality (Table 2,
entry 11). In competition experiments between octanal and
several ketones (acetophenone, benzophenone, ethyl aceto-
acetate, and trifluoroacetophenone), the aldehyde was hydro-
genated with complete selectivity (see the Supporting Infor-
mation).

We undertook a number of experiments to clarify the
reaction mechanism. When methanol, which is known to
disturb hydrogen bonding, was used as the solvent, a
significant decrease in the activity of the catalyst was
observed (Table 3, entry 2). No reaction was observed with

Table 3: Control experiments.”
[Rh'/ligand

S -CHO NSNS
Me COM, Me o
5 6

Entry Ligand Solvent Yield [%)]
1 3 CH,Cl, 97
2 3 MeOH 10
3 no ligand CH,Cl, 0
4 PPh,/7 CH,Cl, 0
5 8 CH,Cl, 10

[a] Reaction conditions: [Rh(CO),acac]/ligand/5/CF;SO;H (1:10:500:5),
¢(5) =0.6 M, CH,Cl, (2 mL), 40°C, CO/H, (1:1, 20 bar), 20 h.

7 \_ 0
Y PP~y
Boc Nx= NH2
N NH, R
NH, NHBoc
7 8

the unmodified rhodium complex [Rh(CO),acac] (Table 3,
entry 3) or when a combination of triphenylphosphine and
the acyl guanidine additive 7 was used (Table 3, entry 4). The
use of ligand 8, which incorporates an N-Boc-protected
guanidine moiety, furnished a slow catalyst (Table 3, entry 5).
These results taken together provide strong evidence for an
intramolecular reduction pathway that involves both the
rhodium metal center and the guanidine functionality.

If this hydrogenation reaction occurs through a supra-
molecular mechanism, it should display saturation kinetics.
Indeed, the hydrogenation of octanal at various substrate
concentrations (0.05-0.6 M) revealed that the reaction kinetics
obeys the Michaelis—-Menten equation (Ky,=0.1m and V., =
134h7', R*=0.93; see the Supporting Information for
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details).™” Further, the supramolecular interaction of octanal
with both the neutral and the protonated acyl guanidine
(K,s=30M"!, CDCl,, 40°C) was confirmed by 'H NMR
spectroscopy (see the Supporting Information for experimen-
tal details).

On the basis of the above results, we propose a mecha-
nistic hypothesis for this hydrogenation reaction (Scheme 4).
The mechanism involves coordination of the aldehyde to the

CF,S0,~

Scheme 4. Proposed mechanism for aldehyde hydrogenation catalyzed
by [Rh]/3.

protonated guanidine moiety. This interaction may activate
the aldehyde (decrease its LUMO energy;™® see the Sup-
porting Information) for the subsequent metal-ligand bifunc-
tional hydrogenation. The catalyst is supposed to provide an
acidic (from guanidine) and a hydridic hydrogen atom (at the
rhodium center) in a concerted manner. In the next step, the
basic guanidine functionality may facilitate the heterolytic
cleavage of hydrogen and regeneration of the active cata-
lyst.4]

Further support for this mechanism came from DFT
calculations,™ which enabled the identification of a transition
state for the hydride-transfer reaction (Figure 2). Thus, in the
calculated catalyst—substrate complex, the aldehyde is bound
to the guanidinium unit by two hydrogen bonds. Interestingly,
on the way to the transition state, a third hydrogen bond to
the pyrrole NH group develops. Finally, after proton and
hydride transfer, the alcohol product is bound to one
guanidine N atom and the pyrrole NH functionality. Hence,
participation of the pyrrole NH group in the reaction
mechanism may account for the observed efficiency of
ligand 3 in the hydrogenation reaction.

With an efficient hydrogenation catalyst that operates
under hydroformylation conditions in hand, we carried out
first investigations of the proposed tandem hydroformyla-
tion-hydrogenation (Table 4). Terminal alkenes 9 (Table 4,
entries 1-3) were converted into the corresponding alcohols
with good regioselectivities (10/11 up to 92:8) under mild
conditions (40°C, 40 bar). Interestingly, in the case of the
methyl ketone functionalized alkene (Table 4, entry 3), the
ketone was not touched at all under these reaction conditions.
In the case of styrene, the branched alcohol was formed as the
major regioisomer (Table4, entry4). This regiochemical
outcome was also observed for the rhodium-catalyzed hydro-
formylation of aryl-substituted alkenes with a monodentate
phosphine ligand.['"!
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Figure 2. DFT calculations (B3LYP/6-31G-
(d,p)[C,H,N,O,P] + LanL2DZ[Rh]) on the reaction mechanism and
transition-state structure (E-+ZPE=electronic energy + zero-point

energy).

Table 4: Tandem hydroformylation—hydrogenation.®

Me
[Rh'y2
R/\\ W R/\/\OH + R OH

9 ¢ 10 1
Entry® R Conversion [%]" Yield [9%]" 10/11%
1 Me/Hs\_f 90 87 92:8
2 BzO/H\ 95 93 83:17
3 T&f 100 98 91:9
4 Ph 95 90 7:93
[a] Reaction  conditions:  [Rh(CO),acac]/2/oct-1-ene  (1:10:500),
co(substrate) =0.2m, CH,Cl, (6 mL), 40°C, CO/H, (1:1, 40 bar), 24 h.

[b] Substrate conversion and the product ratio were determined by NMR
spectroscopy of the crude reaction mixture. [c] Combined yield of the
isolated alcohols.

Future studies will address the question as to whether this
new reaction mechanism is also applicable to supramolecular
substrate activation in other transition-metal-catalyzed reac-
tions.
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0.2180 for all data, GOF on F>=1.024, max./min. residual
electron density: 0.432/—0.268 e A’. CCDC 735529 contains the
supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

(12]

[13]

(14]

[15]

[16]

The kinetic data alone do not rule out other interpretations, such
as substrate inhibition at higher concentration or coordination of
the aldehyde to the rhodium atom prior to hydrogenation.

At the B3LYP/3-21G** level, the energy of the lowest unoccu-
pied Kohn-Sham orbital is lowered by 0.139 au upon hydrogen
bonding with the guanidine system. See the Supporting Infor-
mation for details.

An alternative mechanism for dihydrogen activation, whereby
oxidative hydrogen addition to cationic rhodium(I) is followed
by proton transfer to the basic guanidine moiety, might also be
operative.

The structures were optimized at the B3LYP/6-31G-
(d,p)[C.HN,O,P] + LanL2DZ[Rh] level. Calculations were per-
formed with the software package Gaussian 03 (Revision B.04):
M. J. Frisch et al., Gaussian, Inc., Pittsburgh, PA, 2003 (see the
Supporting Information).
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