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Abstract: During the asymmetric hydrogenation of
itaconic acid with rhodium solvate complexes of the
type [Rh(PP)(MeOH),] BF, (PP=DIPAMP, Me-
DuPHOS) a deactivation with increasing substrate
concentration is observed. It is shown that this inhib-
ition phenomenon is due to the in situ formation of

an inactive rhodium(IIl)-alkyl complex. Two crystal
structures of single crystals of the responsible com-
plexes (1) and (2) support the deactivation pathway.
Keywords: asymmetric catalysis; hydrogenation;
phosphane ligands; rhodium

Introduction

Itaconic acid and its derivatives can effectivelly be
transformed by enantioselective hydrogenation into
methyl succinates,'! which are also pharmaceutically
interesting compounds.” However, in contrast to a-!
and f-dehydroamino acid derivatives only a few
mechanistic investigations exist."!

In 1978, the formation of substrate complexes from
itaconic acid and the cationic Rh(I) solvate complexes
with BPPM  {N-(fert-butoxycarbonyl)-4-(diphenyl-
phosphino)-2-[(diphenylphosphino)methyl]|pyrrolidi-
ne} and PPPM {N-pivaloyl-4-(diphenylphosphino)-2-
[(diphenylphosphino)methyl]pyrrolidine)} as ligand
was firstly investigated by Ojima using NMR spec-
troscopy.’) Temperature-dependent investigations on
catalyst-substrate complexes from itaconic acid and
the Rh/BPPM, Rh/BZPPM {N-(benzoyl)-4-(diphenyl-
phosphino)-2-[(diphenylphosphino)methyl]pyrrolidi-
ne} and RW/DIPAMP {1,2-bis[(2-methoxyphenyl)-
(phenyl)phosphino]ethane} systems were also de-
scribed by Achiwa and Brown.!”! The authors conclud-
ed from NMR data that the substrate coordinates to
the metal via three centers: the C=C double bond,
and the a- and the f-carboxylate oxygen. Brown et al.
furthermore observed a decolorization of the solution
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over time for the Rh/DIPAMP/itaconic acid system in
methanol,”™ which encouraged the authors’ assump-
tion of two coordinated carboxylate functions.

The influence of basic additives, mainly triethyl-
amine, on the selectivity and activity of the hydroge-
nation of itaconic acid has been described several
times with different results.***) For DIPAMP®! and
the aryl-substituted BCPM {N-(tert-butoxycarbonyl)-
4-(dicyclohexylphosphino)-2-[(diphenylphosphino)me-
thyl]pyrrolidine} ligand,"”! it was reported that selec-
tivity and activity increase with decreasing substrate
concentration. Utilizing the PHIP methodology, the
reversibility of the asymmetric hydrogenation of ita-
conic acid with [Rh(Ph-f-glup-OH)(COD)] BF, [Ph-
B-glup-OH =phenyl-2,3-bis(O-diphenylphosphanyl-£-
p-glucopyranoside)] could be proven.!!

Initial studies in our group on the hydrogenation of
itaconic acid with the Rh/DIPAMP catalyst in metha-
nol surprisingly showed that conversions continuously
decreased with increasing substrate concentration
under otherwise identical conditions (Figure 1).

This preliminary finding suggested an apparent sub-
strate inhibition."” The hydrogenation of 0.54 mmol
of itaconic acid™ with the DIPAMP-solvate complex
[0.01 mmol catalyst in 15mL MeOH at 25°C and
under normal pressure (standard conditions)] was fin-
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Figure 1. Hydrogenation of itaconic acid with [Rh(DIPAMP)(MeOH),] BF, (0.01 mmol cat., 15.0 mL MeOH, 25.0°C,
1.01 bar total pressure): variation of substrate concentration [red =0.54 mmol, (ee 76% ), blue =1.0 mmol, black =2.0 mmol,

green=23.5 mmol (ee 85%)].

ished after only a few minutes with almost complete
conversion. Increases of the substrate concentration
showed that the achievable conversion continuously
decreased. Increased dilution by variation of the sol-
vent volume also led to higher conversions under oth-
erwise identical conditions.

Although analogous experiments with Me-
DuPHOS [1,2-bis(2,5-dimethylphospholano)benzene]
showed complete conversion in all cases, the activity
still decreased drastically with increasing concentra-
tion, of itaconic acid, see Supporting Information.

Therefore, the objective of this work was to identify
the causes of the substrate concentration-dependent
deactivation.

Results and Discussion

The investigation of the conversion of itaconic acid
with [Rh(DIPAMP)(MeOH),] BF, at ambient tem-
perature under an argon atmosphere showed that the
solution decolorized within minutes from orange via
yellow to almost colorless (an observation that was
also made with Me-DuPHOS as ligand and during hy-
drogenations). Due to the fast transformation, the
only state that could be investigated was the one in
which the decolorization was already completed. In
the *'P NMR spectrum of the colorless solution two
complexes were detected (Figure 2), which had signif-
icantly smaller PP coupling constants in comparison
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Figure 2. *'P NMR spectrum of a solution of [Rh(DIPAMP)(MeOH),] BF, and itaconic acid (Rh:substrate =1:40). The
sample was measured 30 min after preparation under argon (colorless solution).
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Figure 3. X-ray structure of (1) (ORTEP, 30% probability
ellipsoids). Two molecules of methanol as well as the hydro-
gen atoms except for those on C1 and C3 are omitted for
clarity.

to complexes with the dimethyl ester™ analogue indi-
cating a different binding mode.

Although an isolation of the transient orange inter-
mediate, which formed at first at ambient tempera-
ture succeeded neither at ambient nor at lower tem-
peratures, single crystals could be isolated from the
already colorless solution of [Rh(DIPAMP)(MeOH),]
BF, and itaconic acid.

The X-ray structure (Figure 3), surprisingly, re-
vealed that the substrate was not coordinated via the
C=C double bond and one carboxylate oxygen as
proven by X-ray analysis for dimethyl itaconate and
comparable prochiral olefins with the DIPAMP cata-
lystt45214 "but instead via the two carboxylate oxy-
gens and the quartenary carbon atom.!™ In this tri-

o o

OH
orange
diastereo-
meric
substrate
+H, complexes

dentate complexation that has already been described
by Brown et al.’ the acidic functions of the substrate
are deprotonated, the methylene group has been con-
verted into a methyl through hydride transfer from
the rhodium center and the tetrafluoroborate counter-
ion is no longer present. Thus, complex (1) represents
a neutral Rh(II)-alkyl complex, which had not been
described in the literature before.['’!

'"H and “C NMR measurements of the single crys-
tals of (1) dissolved in methanol confirmed the pres-
ence of the methyl group in complex (1) in agreement
with the respective X-ray structure instead of the
methylene group that is present in the free substrate,
see Supporting Information.'”” The respective
'P NMR spectrum showed that the usual equilibra-
tion to the assumedly diastereomeric complex of (1)
was surprisingly not observed, see Supporting Infor-
mation. Only signals of the “major complex” were de-
tected in contrast to the P NMR spectrum generated
in situ (Figure 2). Thus it could be proven that the iso-
lated single crystals of (1) correspond to the complex
present in large excess in solution.!"®!

Figure 4 shows the mechanism of the catalytic hy-
drogenation (left) — that can be accelerated by in-
creasing the hydrogen pressure — along with the pro-
posed deactivation pathway (right) leading to the for-
mation of complex (1).

Initially, the substrate displaces two molecules of
MeOH in the solvate complex in order to form bis-
chelating diastereomeric substrate complexes. This
type of intermediate was isolated and proven by X-
ray structure for the analogue dimethyl itaconatel®
and is the commonly observed species for a- and -
dehydroamino acid derivatives reacting with a Rh-bis-
phosphine solvate complex.”* In the next step of the
proposed deactivation pathway deprotonation of the
p-carboxyl function follows. Consequently a basic ad-
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Figure 4. Reaction sequence for the usual hydrogenation and the deactivation pathway.
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Figure 5. X-Ray structure of (2) (ORTEP, 30% probability
ellipsoids). The hydrogen atoms except for those on C1 are
omitted for clarity.!"!

ditive such as NEt; yields also complex (1) (NMR
and X-ray).

The X-ray structure of a crystal obtained from a so-
lution of [Rh(DIPAMP)(MeOH),| BF, and a-methyl
itaconate (Figure 5) further supports this pathway.

Subsequently, the a-carboxyl function coordination
is followed by a hydride transfer to the rhodium. Such
a complex probably quickly converts into the respec-
tive Rh(III)-alkyl complex at ambient temperature.””!

We postulate that the isolated complex (1) is not in-
volved in the hydrogenation owing to the fact that the
oxidative addition of hydrogen is formally impossible
on a Rh(IIT) complex.”!! Indeed, addition of hydrogen
to a methanolic solution of crystals of (1) only
showed the signals of the Rh(III)-alkyl complex in
the *'P NMR even after 24 h. The solvate complex as
result of the stoichiometric product formation was not
detected. Also, the formation of product is not ob-
served by '"H NMR; the complex does not react with
hydrogen under normal pressure.

With P NMR spectroscopy it could be shown that
the alkyl complex formation is indeed responsible for
the aforementioned substrate concentration-depen-
dent deactivation phenomenon. A colorless methanol-
ic hydrogenation solution of itaconic acid and
[Rh(DIPAMP)(MeOH),] BF,, which did not consume
any more hydrogen after approximately 2% conver-
sion under normal pressure””! was transferred into a
10-mm Young NMR tube under a hydrogen atmos-
phere and measured by NMR. A spectrum identical
to Figure 1 resulted indicating that the solution only
contained inactive Rh(III)-alkyl complex, see Sup-
porting Information. /¥
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Conclusions

The hydrogenation of itaconic acid with [Rh-
(DIPAMP)(MeOH),] BF, and [Rh(Me-DuPHOS)-
(MeOH),] BF, under 1 bar hydrogen pressure suffers
from concomitant catalyst deactivation, which increas-
es with increasing substrate concentration. Under de-
colorization itaconic acid formed complexes with both
catalysts, which have significantly smaller P,P coupling
constants in comparison to complexes with the di-
methyl ester analogue. The X-ray structure of the
complex isolated with the DIPAMP ligand, (1), re-
vealed a terdentate binding of the substrate via both
carboxylate groups and an Rh—C bond to the quarter-
nary carbon atom of the previous double bond and a
neutral Rh(III)-alkyl complex was formed. As expect-
ed, the Rh(IIT)-alkyl complex (1) is not hydrogena-
tion-active under normal pressure and thus the cause
of the observed deactivation. The formation of the
Rh(I1T)-alkyl complex is a side reaction of the usual
hydrogenation and dependent on many factors:
ligand, hydrogen pressure, temperature and substrate
concentration. In principle, this deactivation can be
understood as an uncompetitive inhibition known
from enzyme kinetics.

Experimental Section

All experiments were carried out under an argon atmos-
phere using standard Schlenk technique. Hydrogenations
were performed as described in Ref.™! Single crystals of (1)
were isolated from a colorless solution of 0.01 mmol
[Rh(DIPAMP)(MeOH),] BF, and 0.05 mmol itaconic acid
in 1 mL MeOH that was layered with 5 mL diethyl ether.
Single crystals of (2) were obtained from a solution of
0.015 mmol [Rh(DIPAMP)(MeOH),] BF, and 0.06 mmol a-
methyl itaconate in 0.7 mL MeOH in a 10-mm Young NMR
tube left overnight.
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