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Abstract

Series of chiral monodentate phosphite-type ligands has been evaluated in the rhodium-catalyzed asymmetric hydrogenation of dimethyl itaconate
in both dichloromethane and supercritical CO,. High reactivities (100% conversion in 1.5-3 h) and enantioselectivities (up to 90%) were obtained

in the hydrogenation in scCO,.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The asymmetric hydrogenation of prochiral olefins belongs
to the most practical ways of producing many optically pure
organic compounds, because it involves inexpensive molecu-
lar hydrogen and causes no side reactions. Rhodium-catalyzed
asymmetric hydrogenation of prochiral olefins has generally
been conducted using bidentate phosphines [1]. Recently, mon-
odentate phosphites and phosphoramidites were shown to
be inexpensive alternatives to the bidentate phosphine lig-
ands, providing excellent enantioselectivity in the Rh-catalyzed
hydrogenation [2-5]. In general, the main advantages of mon-
odentate phosphite-type ligands include synthetic availability,
high resistance to oxidative destruction and low cost. For exam-
ple, BINOL-based monophosphites, which proved to be very
efficient in asymmetric hydrogenation, are only about 2% of
the price of the well-known diphosphine BINAP [6]. Despite
the obvious advantages of monodentate phosphite-type lig-
ands, high enantioselectivities often can be achieved in only
a restricted range of solvents, many of which are environmen-
tally hazardous [2—6]. Results obtained with chiral monodentate
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phosphite-type ligands in “green solvents”, such as supercriti-
cal carbon dioxide (scCO»), are much less impressive (with the
highest ee 65% at 28% conversion), compared to bidentate phos-
phines (up to 99% ee, 100% conversion) [7]. Nevertheless, it is
known that supercritical CO5 can both retard and improve reac-
tion rates and selectivity in comparison to conventional organic
solvents [8,9]. Thus, an acceptable enantioselectivity (90% ee)
was obtained only with amidophosphite MonoPhos in supercrit-
ical 1,1,1,2-tetraflouroetane, but this solvent is expensive [10].
Here, we report a successive application of monodentate phos-
phites and phosphoramidites in the Rh-catalyzed hydrogenation
of dimethyl itaconate in scCO; and CH»Cl,, as conventional
solvent.

2. Experimental
2.1. General methods

3p 13C and 'H spectra were recorded on a Bruker AV-
400 instrument (162.0 MHz for 3!'P, 100.6 MHz for 13C and
400.13MHz for 'H). The complete assignment of all the
resonances in °C NMR spectra was achieved using J-mod
techniques. Chemical shifts (ppm) are given relative to Me4Si
(13C NMR, 'H NMR) and 85% H3PO, in DO (3'P NMR).
Elemental analyses were performed at the Laboratory of Micro-


mailto:lssp452@mail.ru
dx.doi.org/10.1016/j.supflu.2007.12.003

S.E. Lyubimov et al. / J. of Supercritical Fluids 45 (2008) 70-73 71

analysis (Institute of Organoelement Compounds, Moscow).
Enantiomeric excesses of product 9 were determined using
HPLC (Chiralcel OD-H column) according to the literature [11].
Conversion of substrate 8 was determined using 'H NMR. All
reactions were carried out under a dry argon atmosphere in
freshly dried and distilled solvents. Asymmetric Rh-catalyzed
hydrogenation of dimethyl itaconate in CH,Cl, was performed
according to the appropriate procedure [4].

2.1.1. (R)-N-methyl-1-cymantrenylethanamine (7)

(R)-1-cymantrenylethylamine [12] 2.47g (0.01 mol) and
(BOC),0 2.5 g (0.0115 mol) were dissolved in THF and stirred
for 0.5h. THF was removed in vacuo and the residue was
recrystallized from hexane. To a chilled (0 °C) solution of the
product in 20 ml of DMF was added dropwise in a suspension
of NaH 1.2 g (0.03 mol). The mixture was stirred for 1 h. After
that, 5.04 ml (0.08 mol) Mel was added, and the mixture was
stirred for additional 2 h. Water 50 ml was added dropwise to the
obtained mixture. The organic layer was extracted with Et;O and
evaporated in vacuo. The obtained residue was purified by flash
chromatography in benzene. Concentration in vacuo yielded an
viscous yellow oil which was used without further character-
ization in the next step. Triflouracetic acid (20 ml) was added
dropwise to the obtained yellow product in 20 ml of CH,Cl»,
and the mixture was stirred for 1.5h. Water 30 ml was added
and the organic layer was separated and washed with 15 ml 2N
HCI. The water layers were combined and pH was adjusted to 8
with 20% NaOH. (R)-N-methyl-1-cymantrenylethanamine was
extracted with CH,Cl, (3 x 30ml), dried over Na;SO4 and the
solvent was evaporated in vacuo.

Red oil, 0.8g (30% yield). [alp=+22.4 (c 2.0; EtOH).
'"H NMR (CgDg): 0.38 (s, 1H, NH), 1.05 (d, J=5.5Hz, 3H,
CHCHa3), 2.15 (s, 3H, NCH3), 3.01 (m, 1H, CHCH3), 3.95 (m,
2H, Cp), 4.32 (m, 1H, Cp), 4.35 (m, 1H, Cp). Anal. Calc. for
C16H20NOsMn (%): C 50.59, H 4.63, N 5.36. Found: C 50.62,
H4.76, N 5.76.

2.1.2. Synthesis of ligands 4 and 5 general procedure

A solution of Et3N (0.1 ml, 0.7 mmol) and the amine 7
(0.183 g, 0.7 mmol) in benzene (3 ml) was added to a vigorously
stirred solution of (Sa) or (Ra)-2-chloro-dinaphtho[2,1-d:1",2'f]
[1,2,3] dioxaphosphepine 7 [13] (0.245g, 0.7 mmol) in ben-
zene (7 ml). The mixture was heated up on stirring to be boiled
and then cooled down to 20°C. Solid HEt3NCI was filtered
off. The resulting solution was filtered through a short sil-
ica gel plug and the solvent evaporated at reduced pressure
(40 Torr).

2.1.2.1. N-methyl-N-[(R)-1-cymantrenylethyl]-(R)-

dinaphtho[2,1-d:1',2'-f] ~ [1,2,3]  dioxaphosphepine  (4).
Yellow solid, 0.388 g (96% yield); mp, 47-48°C; *'P NMR
(CDCl3); 8p: 148.3. 3C NMR (CDCl3): 8c, (Jc,p, Hz): 18.7 (d,
J=4.4Hz, Me), 25.8 (d, J=3.6 Hz, NMe), 50.3 (d, J=52.0 Hz,
CH), 79.3, 82.7, 83.0, 83.3, 105.8 (Cp all), 121.5, 121.7, 122 4,
123.6 (d, J=4.8Hz), 124.5, 124.6, 126.0, 126.0, 126.6, 126.7,
128.1, 128.2, 129.9, 130.2, 130.6, 131.2, 132.4, 132.6, 149.0,
149.6 (d, J=5.6Hz) (Ar all), 224.5 (CO). Anal. Calc. for

C31H23NMnOsP (%): C 64.70, H4.03, N 2.43. Found: C 64.87,
H4.11, N 2.36.

2.1.2.2. N-methyl-N-[(R)-1-cymantrenylethyl]-(S)-
dinaphtho[2,1-d:1',2'-f] ~ [1,2,3]  dioxaphosphepine  (5).
Yellow solid, 0.35g (87% yield); mp, 42-43°C; 3'P NMR
(CDCl3); 8p: 147.2. 13C NMR (CDCl3): ¢, (J,p, Hz): 17.3 (d,
J=6.1Hz, Me), 26.3 (d, J=7.2 Hz, NMe), 49.6 (d, J=38.9 Hz,
CH), 78.6, 83.1, 83.5, 84.0, 105.5 (Cp all), 121.4, 121.7, 122,3,
123.8 (d, J=5.2Hz), 124.5, 124.7, 126.0, 126.0, 126.8, 126.9,
128.0, 128.2, 129.8, 130.2, 131.3, 131.2, 132.5, 132.6, 149.0,
149.6 (d, J=5.2Hz) (Ar all), 224.4 (CO). Anal. Calc. for
C31H23NMnOsP (%): C 64.70, H4.03, N 2.43. Found: C 64.85,
H4.16, N 2.32.

2.2. General procedure for hydrogenation experiments in
scCO;

The catalysts were prepared by adding the correspond-
ing monodentate ligand (0.012mmol) to a solution of
[Rh(cod)2]BF4 (2.4 mg, 0.006 mmol) in CH2Cly (1 ml). The
solution was stirred for 10 min before the solvent was removed
in vacuo. The pre-formed catalysts (0.006 mmol) and substrate
(0.6 mmol) were placed open to air into a 5 ml autoclave. The
vessel was pressurized to 100 atm with hydrogen and then filled
with scCO; by means of a syringe-press to a total pressure of
200 atm. The mixture was allowed to equilibrate to the reaction
temperature of 35-36 °C (5 min) and stirred for 1.5-3 h. After
stirring, the vessel was slowly depressurized. The reaction mix-
ture was dissolved in CH,>Cl; (3 ml), the catalyst removed via a
short silica gel column. The filtrate was concentrated in vacuo
to afford the target product 9.

3. Result and discussion

Rh-catalyzed hydrogenation was examined using a short
series of monodentate phosphite and phosphoramidite ligands
1-5 (Scheme 1). As initially shown, perfluorinated substituents
can act as solubilizers for the P-ligands making the correspond-
ing metal complexes sufficiently ‘CO,-philic’ for a successful
catalysis [7,14]. Based on these findings, we have chosen chi-
ral ligands 1, 2 with hexaflourisopropyl exocyclic substituents,
synthesized by us previously [15,16] and the ligand 3 with-
out fluorous ponytails to compare its catalytic properties [17].
Additionally, we prepared new diastereomeric phosphoramidite
ligands 4, 5 due to the known good solubility of cymantrene in
scCO7 [18].

The rhodium catalysts were formed with ligands 1-5 in situ
by mixing a cationic Rh complex, [Rh(COD),]BF4, with 2
equivalents of the chiral ligands in CH,>Cl; under argon. All
complexes were first used in hydrogenation of dimethyl ita-
conate 8 in CH,Cl, (Scheme 2), which is the conventional
solvent for this reaction and usually gives better enantioselectiv-
ity and conversion for this substrate [2—6]. We also examined the
effect of H, pressure on the reaction. The results, summarized in
Table 1, show, that complete conversion may be obtained for all
ligands 1-5 at 20 atm of hydrogen. Changes in Hj pressure had
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Scheme 1. Monodentate phosphite-type ligands.
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Scheme 2. Asymmetric Rh-catalyzed hydrogenation of dimethyl itaconate.

little effect on the enantioselectivity (1-2%) in all cases, the only
exception being ligand 2 that gave 56% ee with low conversion
(28%) at 1.1 atm Hy, as we reported previously [15]. It should be
noted that maximum enantioselectivity in CH,Cl, among this
series of chiral ligands was obtained with the cheap phosphite
3 (Table 1, entries 8 and 9). The diastereomeric cymantrene-
derived ligands 4, 5 afforded the product 9 in opposite absolute
configuration and different enantioselectivity, the ligand 4 rep-
resenting the matched case.

Hydrogenation of dimethyl itaconate in scCO; led to an excit-
ing result (Table 2). A complete conversion of 8 was already

Table 1

Asymmetric Rh-catalyzed hydrogenation of dimethyl itaconate in CH,Cl,

Entry Catalyst* Py, (atm) t (h) Conversion (%) ee (%)
1 1/Rh 5 36 98 54 (S)
2 1/Rh 20 24 100 52(S)
3 2/Rh 1.1 24 26 56 ()
4 2/Rh 5 20 97 81 (S)
5 2/Rh 20 18 100 79 (S)
6 3/Rh 5 16 100 97 (R)
7 3/Rh 20 14 100 95 (R)
8 4/Rh 5 20 100 80 (R)
9 4/Rh 20 16 100 79 (R)

10 5/Rh 5 24 87 14 (S)

11 5/Rh 20 18 100 13 (S)

2 L/Rh=2/1, 1 mol%, room temperature.
b Ref. [15].

Table 2

Asymmetric Rh-catalyzed hydrogenation of dimethyl itaconate in scCO,
Entry Catalyst* Py, (atm) t (h) Conversion (%) ee (%)
1 1/Rh 100 2 100 46 (S)
2 2/Rh 100 3 100 70 (S)
3 3/Rh 100 2 100 90 (R)
4 4/Rh 100 1.5 100 81 (R)

2 L/Rh=2/1, 1 mol%.

achieved in 1.5-3 h with all the catalysts used (1-4/Rh), com-
pared to 14-24h in CH;Cl,. Enantioselectivities in all cases
were comparable to those obtained in CH,Cl,. The catalysts
with fluorinated ligands (1-2) gave from moderate to good ees
in scCO,, with a small (8—-10%) decrease in ee, compared to
CH,Cl,. The catalytic systems based on ligands 3 and 4 prove
to be more effective. The maximum enantioselectivity (90% ee)
in scCO, was obtained with phosphite 4. Despite the small loss in
ee (by 7%), the increase of the reaction rate by a factor of seven,
compared to CH;Cl,, deserves special attention. It should be
noted, that cymantren-based phosphoramidite 4 showed equal
asymmetric induction in scCO, and in CH,Cl», but in the case
of scCO; the reaction rate again was much higher (1.5 h rather
than 14 h for complete conversion). The high reaction rates in
this case may be attributed not only to the high concentration
of Hy (100 atm), that is known to increase enantioselectivity
and conversion in asymmetric hydrogenation in scCO3, but also
to the high diffusivity of gaseous hydrogen in the supercritical
medium [19].

4. Conclusions

In summary, we have demonstrated that high enantioselectiv-
ity (up to 90% ee) and complete conversion in the hydrogenation
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of dimethyl itaconate may be obtained in scCO;, with easily
accessible monodentate phosphite-type ligands. The high reac-
tion rates are attributed to the higher miscibility and higher
diffusivity of gaseous hydrogen in the supercritical medium
when compared to that in CH>Cl,. Since the present ligands
(1-4) and CO; are unusually cheap and the reaction rates in
scCO, are exceptionally high, the process may constitute an
industrially viable approach to the asymmetric synthesis of
2-alkyl succinates, which were found to be potential pharma-
ceuticals [20,21].

Acknowledgment

This work was supported by the INTAS Open Call 2005-2006
Grant (INTAS Ref. No. 05-1000008-8064).

References

[1] I. Ojima, Catalytic Asymmetric Synthesis, second ed., VCH, New York,
2000, pp. 1-111.

[2] M.T. Reetz, J.A. Ma, R. Goddard, Binol-derived monodentate phosphites
and phosphoramidites with phosphorus stereogenic centers: novel ligands
for transition-metal catalysis, Angew. Chem., Int. Ed. 44 (2005) 412-415.

[3] H. Bernsmann, M. van den Berg, R. Hoen, A.J. Minnaard, G. Mehler,
M. Reetz, J. de Vries, B. Feringa, PipPhos and MorfPhos: privileged
monodentate phosphoramidite ligands for rhodium-catalyzed asymmetric
hydrogenation, J. Org. Chem. 70 (2005) 943-951.

[4] S.E. Lyubimov, V.A. Davankov, N.M. Loim, L.N. Popova, P.V. Petrovskii,
PM. Valetskii, K.N. Gavrilov, Cymantrene-derived monodentate phos-
phites: new ligands for Rh-catalyzed enantioselective hydrogenation, J.
Organomet. Chem. 691 (2006) 5992-5995.

[5] K.N. Gavrilov, S.E. Lyubimov, O.G. Bondarev, M.G. Maksimova, S.V. Zhe-
glov, P.V. Petrovskii, V.A. Davankov, M.T. Reetz, Chiral ionic phosphites
and diamidophosphites: a novel group of efficient ligands for asymmetric
catalysis, Adv. Synth. Catal. 349 (2007) 609-616.

[6] M. Reetz, G. Mehler, A. Meiswinkel, T. Sell, Enantioselective hydro-
genation of enamides catalyzed by chiral rhodium—monodentate phosphite
complexes, Tetrahed. Lett. 43 (2002) 7941-7943.

[7] D.J. Cole-Hamilton, Asymmetric catalytic synthesis of organic compounds
using metal complexes in supercritical fluids, Adv. Synth. Catal. 348 (2006)
1341-1351.

[8] S. Kainz, A. Brinkmann, W. Leitner, A. Pfaltz, Iridium-catalyzed enantios-
elective hydrogenation of imines in supercritical carbon dioxide, J. Am.
Chem. Soc. 121 (1999) 6421-6429.

[9] S. Lange, A. Brinkmann, P. Trautner, K. Woelk, J. Bargon, W. Leitner,
Mechanistic aspects of dihydrogen activation and transfer during asym-
metric hydrogenation in supercritical carbon dioxide, Chirality 12 (2000)
450-457.

[10] A.P. Abbott, W. Eltringham, E.G. Hope, M. Nicola, Hydrogenation in
supercritical 1,1,1,2-tetrafluoroethane (HFC 134a), Green Chem. 7 (2005)
721-725.

[11] G. Argouarch, O. Samuel, H.B. Kagan, Synthesis of some ferrocene-based
1,3-bis(phosphanes) with planar chirality as the sole source of chirality,
Eur. J. Org. Chem. (2000) 2885-2891.

[12] N.M. Loim, Z.V. Parnes, V.G. Andrianov, Yu.T. Struchkov, D.N.
Kursanov, Synthesis and absolute configuration of the enantiomers o-
aminoethylcemantrene and some of its derivatives, J. Organomet. Chem.
201 (1980) 301-310.

[13] G. Francio, C.G. Arena, F. Faraone, C. Graiff, M. Lanfranchi, A. Tiripic-
chio, Chiral phosphoramidite ligands based on 8-chloroquinoline and their
rhodium(III), palladium(II), and platinum(II) complexes, Eur. J. Inorg.
Chem. (1999) 1219-1227.

[14] P.G. Jessop, T. Ikariya, Homogeneous catalysis in supercritical fluids,
Chem. Rev. 99 (1999) 475-493.

[15] K.N. Gavrilov, S.E. Lyubimov, S.V. Zheglov, E.B. Benetsky, V.A.
Davankov, Enantioselective Pd-catalysed allylation with BINOL-derived
monodentate phosphite and phosphoramidite ligands, J. Mol. Catal. A:
Chem. 231 (2005) 255-260.

[16] V.N. Tsarev, S.E. Lyubimov, A.A. Shiryaev, S.V. Zheglov, O.G. Bondarev,
V.A. Davankov, A.A. Kabro, S.K. Moiseev, V.N. Kalinin, K.N. Gavrilov,
P-Chiral monodentate diamidophosphites—new and efficient ligands for
palladium-catalyzed asymmetric allylic substitution, Eur. J. Org. Chem.
(2004) 2214-2222.

[17] M.T. Reetz, T. Sell, A. Meiswinkel, G. Mehler, A new principle in
combinatorial asymmetric transition-metal catalysis: mixtures of chiral
monodentate P ligands., Angew. Chem. Int. Ed. 42 (2003) 790-793.

[18] A.N.Fedotov, A.P. Simonov, V.K. Popov, V.N. Bagratashvili, Dielectrome-
try in supercritical fluids. A new approach to the measurement of solubility
and study of dipole moment behavior of polar compounds, J. Phys. Chem.
B 101 (1997) 2929-2934.

[19] J. Xiao, S. Nefkens, PJ. Jessop, T. Ikariya, R. Noyori, Asymmetric
hydrogenation of o,B3-unsaturated carboxylic acids in supercritical carbon
dioxide, Tetrahed. Lett. 37 (1996) 2813-2816.

[20] P.L. Beaulieu, J. Gillard, M. Bailey, C. Beaulieu, J. Duceppe, P. Lavallée,
D. Wernic, Practical synthesis of BILA 2157 BS, a potent and orally active
renin inhibitor: use of an enzyme-catalyzed hydrolysis for the preparation of
homochiral succinic acid derivatives, J. Org. Chem. 64 (1999) 6622—-6634.

[21] R.E. Galardy, D. Grobelny, H.G. Foellmer, L.A. Fernandez, Inhibition
of angiogenesis by the matrix metalloprotease inhibitor N-[2R-
2-(hydroxamidocarbonymethyl)-4-ethylpentanoyl)]-L-tryptophan methy-
lamide, Cancer Res. 54 (1994) 4715-4718.



	The use of monodentate phosphites and phosphoramidites as effective ligands for Rh-catalyzed asymmetric hydrogenation in supercritical carbon dioxide
	Introduction
	Experimental
	General methods
	(R)-N-methyl-1-cymantrenylethanamine (7)
	Synthesis of ligands 4 and 5 general procedure
	N-methyl-N-[(R)-1-cymantrenylethyl]-(R)-dinaphtho[2,1-d:1´,2´-f] [1,2,3] dioxaphosphepine (4)
	N-methyl-N-[(R)-1-cymantrenylethyl]-(S)-dinaphtho[2,1-d:1´,2´-f] [1,2,3] dioxaphosphepine (5)


	General procedure for hydrogenation experiments in scCO2

	Result and discussion
	Conclusions
	Acknowledgment
	References


