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A small library of chiral BINOL-derived monodentate phos-
phites containing either a carboxylic acid (-COOH, A1–A3)
or a tertiary amine (-NMe2, B1–B4) was synthesized. The li-
gand combinations were screened in the enantioselective
rhodium-catalyzed hydrogenation of methyl 2-acetamidoac-
rylate. The heterocombinations of the amine-derived phos-
phite (R)-B2 and of a carboxylic-phosphite [(R)-A1, (R)-A2,
(R)-A3] displayed a slightly higher level of enantioselectivity
compared to the corresponding homocombinations [up to
90% ee using (R)-A1/(R)-B2]. The nature and extent of the
interaction between the acidic and basic ligands in the rho-

Introduction

Enantioselective homogeneous rhodium-catalyzed hy-
drogenation of functionalized olefins constitutes a very ap-
pealing strategy for the synthesis of industrially relevant
enantiopure compounds (e.g. pharmaceuticals, agrochem-
icals and flavors).[1] Chiral phosphorus ligands, either
mono- or bidentate, are among the most widely used for
enantioselective homogeneous catalysis, with the bidentate
ligands being initially the most represented and successful.
More recently, readily accessible, inexpensive and highly di-
verse chiral monodentate phosphorus-ligands such as phos-
phoramidites, phosphites and phosphonites have been ap-
plied advantageously.[2] In addition to their outstanding ac-
tivity and selectivity, comparable or even superior to those
of bidentate ligands, the convenient, fast and practical prep-
aration from commercially available materials underlines
their potential for industrial applications.[3] Furthermore,
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dium complexes were studied by IR and 31P-NMR spec-
troscopy. The formation of an intramolecular salt in the Rh-
heterocomplex, between the carboxylic acid and the tertiary
amine, was suggested by the IR spectra. The selective forma-
tion of the Rh-heterocomplex was quantitatively assessed by
31P-NMR spectroscopy, using a modified acidic ligand (R)-
A1-Me. In this way, a moderate (ca. 70:30) heterocomplex/
homocomplexes ratio was determined.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

the modular nature of all these ligands allows the synthesis
of a wide variety of representatives, thereby making a com-
binatorial approach possible.[4]

An important breakthrough in this area was made inde-
pendently by the groups of Reetz[5] and Feringa,[6] who used
a binary mixture of chiral monodentate P-ligands in several
asymmetric rhodium catalyzed reactions (hydrogenations,
conjugate additions).[7] By mixing two ligands (La and Lb)
in the presence of Rh, three species can be formed: RhLaLa,
RhLbLb (homocomplexes), and RhLaLb (heterocomplex).
This methodology is relevant whenever at least two mono-
dentate ligands L are coordinated to the metal in the transi-
tion state of a reaction. It has been observed that in several
cases the combination of ligands performs better than the
corresponding single ligands, i.e. the heterocomplex pos-
sesses a higher level of activity, and regio-, diastereo-,
enantioselectivity than the homocomplexes. Quite interest-
ingly, also mixtures of chiral and achiral ligands can lead
to an enhancement of stereoselectivity.[7] Under thermo-
dynamic control (fast and reversible ligand exchange) the
heterocomplex: homocomplexes ratios usually exceed the
statistical value (2:1:1).[6b,7] In these cases, the preferential
formation of heteroleptic catalysts from two monodentate
ligands is probably favored by weak interactions, such as
van der Waals, π-stacking or dipole–dipole interactions.
The equilibrium can also be influenced by adjusting the
amounts of the ligands La and Lb relative to each other
and relative to the metal, thus pushing the formation of the



C. Gennari et al.FULL PAPER
heterocomplex towards completion.[8] Ideally, if the equilib-
rium is shifted completely in favor of the heterocomplex
RhLaLb, only a single well-defined catalyst exists in the re-
action and the undesired competition of the less selective
homocomplexes would be avoided.

An alternative way to selectively assemble two mono-
dentate ligands around a transition metal is possible if the
system contains supramolecular interactions in addition to
the primary metal–ligand bonds.[7,9] The advantage of this
approach is the expectation that degrees of freedom in the
respective metal coordination complex are reduced, re-
sulting in the simulation of a preorganised bidentate system
with predictable geometric properties, as in conventional bi-
dentate ligands. In these cases, the preferential formation
of heteroleptic catalysts from two monodentate ligands is
favored by stronger interactions, such as complementary
hydrogen bonds or coordinative bonding of nitrogen to zinc
(Breit, van Leeuwen, Reek, Takacs).[7,9] Because of this
analogy, these are often referred to as “supramolecular bi-
dentate ligands” (Figure 1). More recently, the non-covalent
bonding between crown ethers and ammonium salts,[10]

ionic interactions,[11] the formation of inclusion com-
plexes,[12] and donor-acceptor interactions[13] have also been
exploited to selectively form the heterocomplexes. This
strategy has been applied so far in rhodium-catalyzed asym-
metric hydrogenations[14,15] and regio- and enantioselective
hydroformylations,[16] in palladium-catalyzed asymmetric
allylic alkylations[17] and allylations of indoles and pyrroles
with allylic alcohols.[18] Other recent original applications
by Breit and co-workers include the ruthenium-catalyzed
hydration of alkynes[19] and nitriles,[20] and the nickel-cata-
lyzed hydrocyanation of alkenes.[21]

In this paper we report our efforts aimed at the develop-
ment of novel self-assembled supramolecular bidentate P-
ligands, exploiting the complementary interaction of acidic
and basic groups, which is so far unprecedented. In particu-
lar, several binaphtholic phosphites containing either a car-
boxylic acid (-COOH) or a tertiary amine (-NMe2) were
prepared. The rhodium complexes derived from a single li-
gand or from a combination of two complementary ligands
(acidic + basic) were then tested in the rhodium-catalyzed

Figure 2. Library of acidic and basic binaphtholic phosphites.
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Figure 1. Supramolecular assembly of monodentate ligands
through additional non-covalent complementary interactions.

enantioselective hydrogenation of methyl 2-acetamidoacryl-
ate. The formation of the rhodium complexes was studied
by IR- and 31P-NMR spectroscopy using both the single
ligands (homocombinations) and the combinations of a
carboxylic-phosphite and a tertiary amine-derived phos-
phite (heterocombinations).[15] In this way, the role of the
acid–base interactions in determining the heterocomplex/
homocomplexes ratios was investigated.

Results and Discussion

Synthesis of the Ligands

A small collection of ligands (Figure 2) was prepared via
a slight modification of the usual procedure for the synthe-
sis of binaphtholic phosphites.[22] In particular, the phos-
phites A1–A3 containing a carboxylic acid were obtained
by reaction of (R)-binaphthyl-chlorophosphite[23] in dichlo-
romethane (DCM) with the corresponding phenols bearing
a carboxylic group, in the presence of 3 equiv. of triethyl-
amine (Scheme 1). Under these conditions, partial depro-
tonation of the carboxylic acid occurred. In order to restore
the carboxylic acid, the reaction mixture was rapidly
washed with a dilute HCl solution (0.5 ) and then with
water. This acid work-up, albeit rather unusual, does not
seem to lower the yields, and the products were obtained
pure after trituration with a small volume of DCM or
DCM/Et2O if the compound is too soluble in pure DCM.
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Scheme 1. Synthesis of binaphtholic phosphites containing a car-
boxylic acid substituent.

The phosphites B1–B4 bearing a tertiary amine were pre-
pared by condensation of the corresponding chlorophos-
phites (either R or S) with aminophenol derivatives (either
commercially available or prepared according to reported
procedures, see the experimental section), in the presence of
a base (Scheme 2).[24] The phosphites B1 and B4 bearing an
aromatic amino group were purified by flash chromatog-
raphy on a short pad of silica, although with quite reduced
yields. On the contrary, the ligands B2, B3 containing the
more basic benzylic amino group decomposed over both
silica and alumina. However, their purity after aqueous
work-up was sufficient for further use, without the need of
chromatography.

Scheme 2. Synthesis of binaphtholic phosphites containing a basic
tertiary amine substituent.

Screening of the Ligands in Rh-Catalyzed Asymmetric
Hydrogenation

The acidic and basic ligands were then screened in the
rhodium-catalyzed hydrogenation of methyl 2-acetamidoac-
rylate both as single ligands and as combinations of one
acidic and one basic phosphite. The asymmetric hydrogena-
tion of methyl 2-acetamidoacrylate was carried out in DCM
at room temperature under an atmospheric pressure of hy-
drogen. Rh(COD)2BF4 was used as the rhodium source
with a 1 mol-% loading. The single ligands (homocombina-
tions) were used in a 2.2 mol-% amount, while for the hetero-
combinations (one acidic + one basic phosphites) 1.1 mol-
% of each ligand was employed. The library screening in-
cludes 7 homocombinations and 24 heterocombinations [12
with the same absolute configuration (“homochiral”) and
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12 with the opposite absolute configuration (“heterochi-
ral”)]. Selected results of this screening are reported in
Table 1.

Table 1. Screening of the library of acidic and basic binaphtholic
phosphites (homo- and heterocombinations) in the rhodium-cata-
lyzed asymmetric hydrogenation of methyl 2-acetamidoacrylate.[a]

Entry Ligands % Conversion ee% (R,S)

Homocombinations

1 (R)-A1 100 80 (S)
2 (R)-A2 100 80 (S)
3 (R)-A3 100 80 (S)
4 (R)-B1 100 84 (S)
5 (R)-B2 30 86 (S)
6 (R)-B3 89 89 (S)
7 (R)-B4 100 87 (S)

Heterocombinations

8 (R)-A1/(R)-B1 100 83 (S)
9 (R)-A1/(R)-B2 100 90 (S)
10 (R)-A1/(S)-B2 84 30 (R)
11 (R)-A1/(R)-B3 89 79 (S)
12 (R)-A1/(R)-B4 100 82 (S)
13 (R)-A2/(R)-B1 100 81 (S)
14 (R)-A2/(R)-B2 100 88 (S)
15 (R)-A2/(R)-B3 100 86 (S)
16 (R)-A2/(R)-B4 100 83 (S)
17 (R)-A3/(R)-B1 100 86 (S)
18 (R)-A3/(R)-B2 66 89 (S)
19 (R)-A3/(R)-B3 100 85 (S)
20 (R)-A3/(R)-B4 100 85 (S)

[a] Reaction conditions: ligand or mixture of ligands
(0.0154 mmol), Rh(COD)2BF4 (0.007 mmol), methyl 2-acet-
amidoacrylate (0.7 mmol), CH2Cl2 (1.0 mL), H2 (1 bar), room
temp., 24 h. Conversions and ee values were determined by GC
equipped with a chiral capillary column (MEGADEX DACTBSβ,
diacetyl-tert-butylsilyl-β-cyclodextrin, see the experimental sec-
tion).

The homocombinations (Table 1, entries 1–7) gave rea-
sonably good enantiomeric excesses (80–89%). However, in
the case of the benzylic amines (R)-B2 and (R)-B3, which
probably act as poisons towards the catalyst due to their
strongly basic amine character, the conversions were poor
(30%, entry 5) or moderate (89%, entry 6). Mixing these
ligands [(R)-B2 and (R)-B3] with an acidic ligand, the basic-
ity of the amine was strongly reduced by interaction with
the carboxylic acid, and the catalytic activity of the rho-
dium complexes was restored (entries 9, 10, 11, 14, 15, 18,
19). In particular, the heterocombinations containing the
benzylic amine-derived phosphite (R)-B2 and an acidic li-
gand [(R)-A1, (R)-A2, (R)-A3] displayed a slightly higher
level of enantioselectivity (entries 9, 14, 18, data printed in
bold) compared to the corresponding homocombinations.
Although the differences are tiny, they were measurable
(multiple capillary GC analyses) and could be reproduced
by repeating the key reactions. It is interesting to note how
the “heterochiral” combination (R)-A1/(S)-B2 (entry 10) is
“mismatched” in terms of stereoselectivity (the enantio-



C. Gennari et al.FULL PAPER
meric excess drops to 30%), and leads to the R enantiomer
of the product [the enantiomer obtained using the homo-
combination of (S)-B2].

The effect of hydrogen pressure on the reaction outcome
was also evaluated: the best-performing combination (R)-
A1/(R)-B2 was tested in experiments at 5 and 10 bar. In
both cases a 10% decrease of the enantiomeric excess was
observed. The negative effect of the increased hydrogen
pressure on the enantioselectivity of hydrogenation reac-
tions has been reported several times in the literature and
is in agreement with the mechanism proposed by Halp-
ern.[25] The effect of different solvents was also investigated:
when THF was tested with several heterocombinations,
lower reactivity and selectivity were observed [e.g. (R)-A1/
(R)-B1 96% conv. and 56% ee; (R)-A1/(R)-B2 13% conv.
and 68% ee]. Other solvents such as EtOAc or toluene were
found unsuitable, due to the limited solubility of the Rh-
source.

Characterization of the Acidic-Phosphite/Basic Phosphite
Homo- and Heterocomplexes

The acidic and basic phosphites were investigated by 31P-
NMR spectroscopy: all the ligands gave a singlet at very
similar chemical shift (δ = 145.6–147.1, see Table 2). The
homocomplexes were then prepared by mixing the single
ligands with Rh(acac)(C2H4)2 in CD2Cl2 or [D8]THF. Their
31P-NMR spectra showed one or two doublets, depending
on Rh/L ratio: the upfield doublet corresponds to the com-
plex containing only one ligand Rh(L)(C2H4)(acac), while
the downfield doublet belongs to the homocomplex Rh(L)2-
(acac). The value of the 1JP,Rh coupling constant was typi-
cally around 302–305 Hz (Table 2).

Table 2. 31P-NMR spectroscopic data of the acidic and basic bi-
naphtholic phosphites.

Ligand 31P-NMR
Solvent[a] L (δ) Rh(L)2(acac) 1JP,Rh

(δ) (Hz)

(R)-A1 [D8]THF 145.9 150.5 303
(R)-A2 CD2Cl2 146.1 148.3 302
(R)-A3 [D8]THF 145.6 146.0 303
(R)-B1 CD2Cl2 146.2 149.4 305
(R)-B2 CD2Cl2 145.8 150.2 303
(R)-B3 CD2Cl2 146.0 148.8 303
(R)-B4 [D8]THF 147.1 150.6 304

[a] Some spectra are recorded in [D8]THF since the ligands or the
corresponding Rh complexes are only sparingly soluble in CD2Cl2.
However we did not notice any appreciable difference in the 31P-
chemical shift upon change of the solvent.

The heterocombinations were then studied by mixing one
acidic ligand of type A1, A2, A3 and one basic ligand of
type B1, B2, B3, B4 with Rh(acac)(C2H4)2 and analyzing
the mixture by 31P-NMR spectroscopy. For each couple of
ligands both the “homochiral” combination (with ligands
having the same configuration at the BINOL stereogenic
axes) and the “heterochiral” combination (with ligands hav-
ing opposite BINOL configurations) were studied. In the
31P-NMR spectra of the rhodium complexes resulting from
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the heterocombinations of P-ligands (La and Lb), it is usu-
ally possible to observe two doublets belonging to the two
homocomplexes Rh(La)2(acac) and Rh(Lb)2(acac), and two
dd signals belonging to the heterocomplex Rh(LaLb)(acac),
due to the Rh-P coupling (1JP,Rh) and the coupling between
the two different P-ligands bound to rhodium (2JP,P).

In the “heterochiral” combinations, two dd-type signals
typical of the heterocomplexes (see above), together with
the two doublets of the two homocomplexes, were ob-
served. This behavior is well exemplified for the “heterochi-
ral” (R)-A1/(S)-B2 combination: two dd signals (� and *)
centered at δ = 149.7 and 146.9 with 2JP,P = 113 Hz and
1JP,Rh = 303 Hz and 306 Hz, respectively, plus one doublet
(�) for both the homocomplexes at δ = 150.5 with 1JP,Rh =
303 Hz were observed in an overall 57:43 heterocomplex/
homocomplexes ratio (Figure 3, a).

Figure 3. 31P-NMR spectra of the rhodium complexes resulting
from the combination of Rh(acac)(C2H4)2 with: a) ligands (R)-A1/
(S)-B2 and b) (R)-A1/(R)-B2.

On the contrary, in the case of the “homochiral” combi-
nations, the eight-signal pattern typical of the heterocom-
plexes (two dd signals) was not observed. These spectra are
generally of difficult interpretation, featuring either a domi-
nant doublet (with other minor signals) or a system of four
doublets having the same intensity. In the case of the (R)-
A1/(R)-B2 combination (Figure 3, b), i.e. the best combina-
tion found in the enantioselective hydrogenation screening,
a pattern featuring one major doublet (�) centered at δ =
150.5 ppm with a coupling constant of 303 Hz was ob-
served. It should be noted that the respective homocom-
plexes show very similar doublets in their 31P-NMR spectra
[δ = 150.5, 1JP,Rh = 303 Hz and δ = 150.2, 1JP,Rh = 303 Hz
for (R)-A1 and (R)-B2, respectively, see Table 2]. These very
close values can be rationalized considering that these li-
gands possess a very similar environment around the phos-
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phorus atoms and differ for the presence of a remote func-
tionalization, which apparently does not alter significantly
their steric and electronic properties. It can also be assumed
that in the case of the “homochiral” heterocombinations,
the geometrical properties of the heterocomplex should not
differ dramatically from those of the related homocom-
plexes. In such a scenario, it can be postulated that the two
ligands of the “homochiral” heterocomplex become “quasi-
homotopic” and thus almost magnetically equivalent. For
this reason, a single doublet for the two ligands is observed,
instead of the expected two dd patterns. Under these cir-
cumstances, it is not possible to determine the heterocom-
plex/homocomplex ratios.

In order to investigate the intramolecular interaction be-
tween the carboxylic group and the tertiary amine, we ran
infrared spectra of diluted solutions (4 m, in DCM) of the
ligands (R)-A1 and (R)-B2, of the 1:1 mixture of the two
ligands and of the heterocombination in the presence of
Rh(acac)(C2H4)2. While no definitive conclusion could be
drawn from the analysis of the O–H/N–H region of the
spectra, the carbonyl region proved much more informative
(Figure 4).

Figure 4. IR spectra (4 m solutions in CH2Cl2) of the carbonyl
region of: a) ligand (R)-A1; b) a 1:1 mixture of ligand (R)-A1 and
(R)-B2; c) a 1:1 mixture of ligand (R)-A1 and (R)-B2 after addition
of 1 equiv. of Rh(acac)(C2H4)2.

In fact, the spectrum of ligand (R)-A1 showed two bands
at 1736 and 1699 cm–1 (Figure 4, a), typical of the stretch-
ing of the carbonyl group in the monomeric and dimeric
carboxylic acid, respectively. When ligand (R)-B2 was
added, an additional band at 1603 cm–1, corresponding to
the formation of the carboxylate group could be detected
(Figure 4, b). Upon addition of Rh(acac)(C2H4)2, this sig-
nal became the major band of the carbonyl region (Fig-
ure 4, c), thus suggesting that a strong interaction of the
carboxylic group of (R)-A1 with the amine group of (R)-B2
had taken place. Furthermore, due to the high dilution of
the sample, it can be assumed that the interaction of the
carboxylate and the amine group occurred intramolecularly
(albeit no quantitative conclusion can be drawn from these
results).
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As described above, no quantification of the heterocom-
plex/homocomplexes ratio could be obtained for the
“homochiral” combination of ligands (R)-A1 and (R)-B2
from the analysis of the 31P-NMR spectra, and this was
attributed to the similarity of the ligands. We speculated
that an increased difference in the ligand structures would
cause a bigger NMR dispersion and restore the classical
heterocomplex NMR pattern, thus allowing a quantitative
determination of the complexes present in solution. For this
reason, we synthesized phosphite (R)-A1-Me, derived from
3,3�-dimethyl-1,1�-bi-2-naphthol[26] and 3-hydroxybenzoic
acid.

The expected 31P-NMR pattern (Figure 5), consisting of
two doublets for the homocomplexes and two dd signals for
the heterocomplex, was observed in the heterocombinations
of (R)-A1-Me with the basic phopshites (R)-B1–(R)-B4. In
particular, in the case of the combination (R)-A1-Me/(R)-
B2 two dd signals (� and *) centered at δ = 147.3 and 143.4
with 2JP,P = 112 Hz and 1JP,Rh = 305 Hz and 298 Hz respec-
tively, plus one doublet (�) for the (R)-B2 homocomplex at
δ = 150.7 with 1JP,Rh = 303 Hz and one doublet (�) for the
(R)-A1-Me homocomplex at a δ = 144.6 with 1JP,Rh =
302 Hz were observed in a 68:32 heterocomplex/homocom-
plexes ratio. The heterocomplex/homocomplexes ratio in-
creased to 73:27 for the combination (R)-A1-Me/(R)-B3,
thus reflecting a moderate selectivity for heterocomplex for-
mation due to the interaction of the two complementary
ligands. However, being ligand (R)-A1-Me bulkier than li-
gand (R)-A1, the heterocomplex/homocomplexes ratios de-
termined with (R)-A1-Me might not reflect those we could
not establish with (R)-A1.[27]

Figure 5. 31P-NMR spectrum of the rhodium complexes resulting
from the combination of ligands (R)-A1-Me and (R)-B2 with
Rh(acac)(C2H4)2 as the rhodium source.
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Conclusions

In this work we have investigated the possibility of ex-
ploiting acid–base interactions for achieving the selective
formation of supramolecular bidentate ligands. For this
purpose, a small library of chiral BINOL-derived mono-
dentate phosphites containing either a carboxylic acid
(-COOH) or a tertiary amine (-NR2) was synthesized. The
new ligands were screened in the rhodium-catalyzed hydro-
genation of methyl 2-acetamidoacrylate. The heterocombin-
ations of the amine-derived phosphite (R)-B2 and of a car-
boxylic-phosphite [(R)-A1, (R)-A2, (R)-A3] displayed a
slightly higher level of enantioselectivity compared to the
corresponding homocombinations [up to 90% ee using (R)-
A1/(R)-B2]. The formation of an intramolecular salt be-
tween the carboxylic acid and the tertiary amine in the het-
erocomplex was suggested by IR spectroscopy. A quantita-
tive assessment of the selectivity for the Rh-heterocomplex
formation was investigated by 31P-NMR spectroscopy. Un-
fortunately, for the catalytically relevant “homochiral” (R)-
A1/(R)-B2 combination, the usual 31P-NMR pattern of the
heterocomplex could not be observed due to the similarity
of the phosphorus atoms (“quasi-homotopic”). The intro-
duction of a structural modification in the BINOL moiety
of the acidic ligand [i.e. use of (R)-A1-Me, derived from
3,3�-dimethyl-1,1�-bi-2-naphthol and 3-hydroxybenzoic
acid] restored the classical NMR pattern of the heterocom-
plexes. In this way, a moderate (ca. 70:30) heterocomplex/
homocomplexes ratio was determined. In conclusion, this
is an example of cheap and easy-to-prepare chiral self-as-
sembling ligands of high potential for a number of interest-
ing catalytic applications.

Experimental Section
General Remarks: All reactions were carried out in flame-dried
glassware with magnetic stirring under nitrogen atmosphere, unless
otherwise stated. The solvents for reactions were dried by distil-
lation over the following drying agents and transferred under nitro-
gen: CH2Cl2 (CaH2), MeOH (CaH2), THF (Na), toluene (Na),
hexane (Na), Et3N (CaH2). Dry Et2O (over molecular sieves in
bottles with crown cap) was purchased from Fluka and stored un-
der nitrogen. The reactions were monitored by analytical thin-layer
chromatography (TLC) using silica gel 60 F254 pre-coated glass
plates (0.25 mm thickness). Visualization was accomplished by irra-
diation with a UV lamp and/or staining with a potassium perman-
ganate alkaline solution. Flash column chromatography was per-
formed using silica gel 60 Å, particle size 40–64 µm, following the
procedure by Still and co-workers.[28] Proton NMR spectra were
recorded on a spectrometer operating at 400.13 MHz. Proton
chemical shifts are reported as δ values (ppm) with the solvent ref-
erence relative to tetramethylsilane (TMS) employed as the internal
standard (CDCl3: δ = 7.26 ppm; CD2Cl2: 5.32 ppm; [D8]THF: δ =
3.58, 1.73 ppm; [D6]DMSO: δ = 2.50 ppm). The following abbrevi-
ations are used to describe spin multiplicity: s for singlet, d for
doublet, t for triplet, q for quartet, m for multiplet, br. for broad
signal, dd for double doublet. 13C-NMR spectra were recorded on
a 400 MHz spectrometer operating at 100.56 MHz, with complete
proton decoupling. Carbon chemical shifts are reported in ppm (δ)
relative to TMS with the respective solvent resonance as the in-
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ternal standard (CDCl3, δ = 77.23 ppm. CD2Cl2 = 54.00 ppm; [D8]-
THF: δ = 67.57, 25.37 ppm; [D6]DMSO: δ = 39.51 ppm). 31P-
NMR spectra were recorded on a 400 MHz spectrometer operating
at 162 MHz, with complete proton decoupling. 31P-NMR chemical
shifts are reported as δ values (ppm) relative to external 85%
H3PO4 at 0 ppm (positive values downfield). Infrared spectra were
recorded on a standard FT/IR spectrometer. Optical rotation val-
ues were measured on an automatic polarimeter with a 1-dm cell
at the sodium-D line (λ = 589 nm). Gas chromatography was per-
formed on a GC instrument equipped with a flame ionization de-
tector, using a chiral capillary column. Mass spectra (MS) were
performed on a Thermo-Finnigan LCQ Advantage mass spectrom-
eter equipped with an ion trap detector and an ESI ion source.
Elemental analyses were performed on a CHN Analyzer.

Materials: Commercially available reagents were used as received.
All the hydroxy acids employed and 3-(dimethylamino)phenol are
commercially available. 4-(dimethylamino)phenol,[29] 3- and 4-[(di-
methylamino)methyl]phenol[24] were prepared according to litera-
ture procedures. While both enantiomers of 2,2�-dihydroxy-1,1�-bi-
naphthalene (BINOL) are commercially available, (R)-3,3�-di-
methyl-2,2�-dihydroxy-1,1�-binaphthalene (3,3�-Me-BINOL) was
synthesized from BINOL according to known protocols.[30] The
preparation of the corresponding chlorophosphites (BINOL-PCl
and 3,3�-Me-BINOL-PCl) was carried out on gram scale according
to a literature procedure.[23]

General Procedure for the Synthesis of the Basic Phosphites: A mix-
ture of the aminophenol (1 equiv.) and triethylamine (2 equiv.) in
THF or toluene (3 mL/mmol of aminophenol) was prepared and
cooled to 0 °C while stirring. BINOL-PCl (1 equiv.; typical scale:
0.245 g) was dissolved in the same solvent (3 mL/mmol of chloro-
phosphite) and transferred into the reaction mixture, which was
then warmed to room temperature and stirred overnight. After
adding some hexane (the same volume as the reaction solvent) the
mixture was filtered through a pad of celite. The solvent was then
evaporated at reduced pressure, the crude product re-dissolved in
DCM and the resulting solution washed three times with water.
The organic solution was dried with Na2SO4 and filtered, and the
solvent removed by rotary evaporation to give the crude product
as a white solid. When indicated, the crude was purified by flash
column chromatography.

(R)- and (S)-3-(Dinaphtho[1,2-f:2�,1�-d][1,3,2]dioxaphosphepin-4-
yloxy)-N,N�-dimethylaniline (B1): The General Procedure was fol-
lowed with THF as the solvent, starting from 0.245 g of BINOL-
PCl (0.698 mmol), 0.096 g of 3-(dimethylamino)phenol
(0.698 mmol) and 0.2 mL of triethylamine (1.40 mmol). The prod-
uct was purified by column chromatography on silica gel (eluent:
DCM). A white solid was obtained; yield 186 mg (59%); m.p. 89–
93 °C. [α]D25 enantiomer S = +182.8 (CHCl3, c = 1.00). FT-IR (film):
ν̃ = 1610.3, 1504.2, 1202.4, 1070.3, 952.7 cm–1. 1H NMR
(400 MHz, CDCl3): δ = 8.07 (d, J = 8.8 Hz, 1 H), 8.02–7.98 (m, 3
H), 7.68 (d, J = 8.8 Hz, 1 H), 7.57–7.48 (m, 5 H), 7.38–7.30 (m, 3
H), 6.73 (d, J = 7.2 Hz, 1 H), 6.62–6.60 (m, 2 H), 2.98 (s, 6 H)
ppm. 13C NMR (100 MHz, CDCl3): δ = 153.4, 152.7, 148.4, 147.9,
133.6, 133.4, 132.4, 132.1, 131.2, 130.8, 130.6, 129.2, 129.1, 127.8,
127.7, 127.1, 127.9, 125.9, 125.8, 125.2, 123.7, 122.6, 122.5, 109.4,
108.7, 105.3, 41.2 ppm. 31P NMR (162 MHz, CDCl3): δ =
146.0 ppm. MS (ESI +): calcd. for C28H22NO3P: 451.1; found 452.5
[M + H]+. C28H22NO3P (451.46): calcd. C 74.49, H 4.91, N 3.10;
found C 74.52, H 4.89, N 3.13.

(R)- and (S)-1-[3-(Dinaphtho[1,2-f:2�,1�-d][1,3,2]dioxaphosphepin-4-
yloxy)phenyl]-N,N�-dimethylmethanamine (B2): The General Pro-
cedure was followed with toluene as the solvent, starting from
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0.245 g of BINOL-PCl (0.698 mmol), 0.106 g of 3-[(dimeth-
ylamino)methyl]phenol (0.698 mmol) and 0.2 mL of triethylamine
(1.40 mmol). This phosphite could not be purified by chromatog-
raphy (it underwent degradation), but its purity was sufficient for
further use; yield 244 mg (75%); m.p. 100 °C. [α]D18 enantiomer R =
–230.0 (CH2Cl2, c = 1.09). FT-IR (film): ν̃ = 1587.1, 1224.6, 1070.3,
940.1 cm–1. 1H NMR (400 MHz, CD2Cl2): δ = 8.09 (d, J = 8.8 Hz,
1 H), 8.04–7.99 (m, 3 H), 7.64 (d, J = 8.8 Hz, 1 H), 7.51–7.40 (m,
5 H), 7.36–7.26 (m, 4 H), 7.15 (m, 2 H), 3.43 (s, 2 H), 2.26 (s, 6 H)
ppm. 13C NMR (100 MHz, CD2Cl2): δ = 153.6, 152.3, 148.3, 147.7,
141.7, 133.5, 133.2, 132.4, 132.0, 131.3, 130.6, 130.2, 129.1, 127.5,
127.4, 127.1, 127.0, 126.0, 125.8, 123.5, 122.4, 122.3, 121.6, 121.5,
119.7, 119.6, 64.10, 45.5 ppm. 31P NMR (162 MHz, CD2Cl2): δ =
145.8 ppm. MS (ESI +): calcd. for C29H24NO3P: 465.2; found 466.2
[M + H]+. C29H24NO3P (465.49): calcd. C 74.83, H 5.20, N 3.01;
found C 74.79, H 5.18, N 3.06.

(R)- and (S)-1-[4-(Dinaphtho[1,2-f:2�,1�-d][1,3,2]dioxaphosphepin-4-
yloxy)phenyl]-N,N�-dimethylmethanamine (B3): The product was
prepared following the General Procedure with toluene as the sol-
vent, starting from 0.245 g of BINOL-PCl (0.698 mmol), 0.106 g
of 4-[(dimethylamino)methyl]phenol (0.698 mmol) and 0.2 mL of
triethylamine (1.40 mmol). B3 could not be purified by chromatog-
raphy because of degradation. Solvent was removed to yield the
crude product as a white foamy solid; yield 202 mg (62%); m.p.
150 °C. [α]D19 enantiomer R = –114.5 (CH2Cl2, c = 1.04). FT-IR
(film): ν̃ = 1589.1, 1504.2, 1201.4, 1069.3, 954.6 cm–1. 1H NMR
(400 MHz, CD2Cl2): δ = 8.09 (d, J = 8.8 Hz, 1 H), 8.03–7.98 (m,
3 H), 7.63 (d, J = 8.8 Hz, 1 H), 7.55–7.37 (m, 5 H), 7.35–7.28 (m,
4 H), 7.20–7.15 (m, 2 H), 3.44 (s, 2 H), 2.24 (s, 6 H) ppm. 13C
NMR (100 MHz, CD2Cl2): δ = 154.0, 148.2, 147.7, 133.5, 133.2,
132.5, 132.0, 131.4, 131.3, 130.6, 129.1, 129.0, 127.5, 127.4, 127.0,
126.9, 126.0, 125.8, 122.4, 122.3, 120.9, 120.8, 116.5, 63.5,
45.0 ppm. 31P NMR (162 MHz, CD2Cl2): δ = 145.6 ppm. MS (ESI
+): calcd. for C29H24NO3P: 465.2; found 466.2 [M + H]+.
C29H24NO3P (465.49): calcd. C 74.83, H 5.20, N 3.01; found C
74.86, H 5.19, N 2.97.

(R)- and (S)-4-(Dinaphtho[1,2-f:2�,1�-d][1,3,2]dioxaphosphepin-4-
yloxy)-N,N�-dimethylaniline (B4): The product was prepared in
THF according to the General Procedure, starting from 0.245 g
of BINOL-PCl (0.698 mmol), 0.096 g of 4-(dimethylamino)phenol
(0.698 mmol) and 0.2 mL of triethylamine (1.40 mmol). After col-
umn chromatography on a short pad of silica gel (eluent: DCM)
the product was obtained as a white solid; yield 151 mg (48%);
m.p. 179 °C. [α]D25 enantiomer R = –100.5 (CHCl3, c = 1.07). FT-
IR (film): ν̃ = 1589.1, 1509.1, 1326.8, 1210.1, 1070.3 cm–1. 1H
NMR (400 MHz, CDCl3): δ = 8.02 (d, J = 8.8 Hz, 1 H), 7.98–7.92
(m, 3 H), 7.59 (d, J = 8.8 Hz, 1 H), 7.50–7.40 (m, 4 H), 7.33–7.27
(m, 3 H), 7.12 (d, J = 9.1 Hz, 2 H), 6.73 (d, J = 9.1 Hz, 2 H), 2.95
(s, 6 H) ppm. 13C NMR (100 MHz, CDCl3): δ = 148.7, 148.3,
147.8, 133.5, 133.2, 132.4, 131.9, 131.2, 130.5, 129.1, 129.0, 127.4,
127.3, 127.0, 126.9, 125.9, 125.7, 124.9, 123.6, 122.5, 122.4, 121.7,
121.6, 114.4, 41.6 ppm. 31P NMR (162 MHz, CDCl3): δ =
146.9 ppm. MS (ESI +): calcd. for C28H22NO3P: 451.1; found 452.1
[M + H]+. C28H22NO3P (451.46): calcd. C 74.49, H 4.91, N 3.10;
found C 74.47, H 4.97, N 3.09.

General Procedure for the Synthesis of the Acidic Phosphites: A
solution of chlorophosphite (1 equiv; typical scale: 0.245 g) in THF
(5.7 mL/mmol) was transferred into a solution (or suspension) of
the chosen hydroxy acid (1 equiv., previously azeotropically dried
with toluene) and triethylamine (3 equiv.) in THF (2.9 mL/mmol
of hydroxy acid) at 0 °C. The reaction mixture was warmed to room
temperature and stirred overnight. The solvent was removed, and
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the crude product dissolved in DCM (29 mL/mmol of substrate).
The solution was rapidly washed with water (10 mL), 0.5  HCl
aqueous solution (2 � 10 mL), and finally with brine (10 mL). The
organic phase was dried with Na2SO4, filtered, concentrated to give
the product as a white or yellowish solid. Most of the products
were only sparingly soluble in DCM (see below), so they could be
washed with small amounts of this solvent as it follows: DCM (1
or 2 mL) was added to the crude solid, then the resulting yellowish
solution (containing the impurities) was decanted away from the
white residue. The residue was washed again in the same way once
or twice.

(R)-3-(Dinaphtho[1,2-f:2�,1�-d][1,3,2]dioxaphosphepin-4-yloxy)ben-
zoic Acid (A1): The product, a white solid, was prepared and puri-
fied according to the General Procedure, starting from 0.245 g of
BINOL-PCl (0.698 mmol), 0.096 g of 3-hydroxybenzoic acid
(0.698 mmol) and 0.3 mL of triethylamine (2.09 mmol); yield 262
(83%); m.p. 143 °C. [α]D26 = –170.6 (THF; c = 1.18). FT-IR (4 m

solution in DCM): ν̃ = 3524.3, 1735.9, 1699.3, 1587.4, 1294.0 cm–1.
1H NMR (400 MHz, [D6]DMSO): δ = 8.23 (d, J = 8.8 Hz, 1 H),
8.17–8.09 (m, 3 H), 7.85–7.72 (m, 3 H), 7.60–7.53 (m, 5 H), 7.42–
7.38 (m, 2 H), 7.26–7.21 (m, 2 H) ppm. 13C NMR (100 MHz, [D6]-
DMSO): δ = 167.5, 152.0, 148.0, 147.4, 133.1, 132.9, 132.6, 132.3,
132.1, 131.8, 131.6, 129.9, 129.8, 128.1, 128.0, 127.2, 127.0, 126.8,
126.6, 124.6, 123.1, 122.7, 122.6, 121.8, 121.7 ppm. 31P NMR
(162 MHz, [D6]DMSO): δ = 145.0 ppm. MS (ESI–): calcd. for
C27H17O5P: 452.1; found 451.1 [M – H]–. C27H17O5P (452.40):
calcd. C 71.68, H 3.79; found C 71.74, H 3.82.

(R)-3-[4-(Dinaphtho[1,2-f:2�,1�-d][1,3,2]dioxaphosphepin-4-yloxy)-
phenyl]propanoic Acid (A2): The product was prepared according
to the General Procedure, starting from 0.245 g of BINOL-PCl
(0.698 mmol), 0.116 g of 3-(4-hydroxyphenyl)propanoic acid
(0.698 mmol) and 0.3 mL of triethylamine (2.09 mmol). This prod-
uct could not be purified by the DCM washing, due to its high
solubility. By careful column chromatography on silica gel (eluent:
8:2 DCM/Et2O), a fraction of pure product could be isolated as a
white solid; yield 67 mg (20%); m.p. 170 °C. [α]D30 = –56.7 (THF; c
= 1.15). FT-IR (film): ν̃ = 1707.7, 1204.3 cm–1. 1H NMR
(400 MHz, CDCl3): δ = 8.02 (d, J = 8.8 Hz), 7.98–7.93 (m, 3 H),
7.59 (d, J = 8.8 Hz, 1 H), 7.50–7.40 (m, 5 H), 7.34–7.27 (m, 2 H),
7.21 (d, J = 8.5 Hz, 2 H), 7.14 (d, J = 8.5 Hz, 2 H), 2.98 (t, J =
7.6 Hz, 2 H), 2.71 (t, J = 7.6 Hz, 2 H) ppm. 13C NMR (100 MHz,
CDCl3): δ = 179.0, 155.0, 148.2, 147.7, 137.0, 133.6, 133.3, 132.7,
132.4, 131.2, 130.6, 130.3, 130.0, 129.1, 129.0, 127.8, 127.6, 127.1,
127.0, 126.0, 125.8, 123.6, 122.4, 121.2, 121.1, 116.1, 36.3,
30.5 ppm. 31P NMR (162 MHz, CDCl3): δ = 145.9 ppm. MS (ESI –
): calcd. for C29H21O5P: 480.1; found 479.1 [M – H]–. C29H21O5P
(480.46): calcd. C 72.50, H 4.41; found C 72.52, H 4.39.

(R)-4-(Dinaphtho[2,1-d:1�,2�-f][1,3,2]dioxaphosphepin-4-yloxy)ben-
zoic Acid (A3): The product was obtained as a white solid following
the General Procedure, starting from 0.245 g of BINOL-PCl
(0.698 mmol), 0.096 g of 4-hydroxybenzoic acid (0.698 mmol) and
0.3 mL of triethylamine (2.09 mmol); yield 215 mg (68%); m.p.
183 °C. [α]D30 = –124.0 (THF; c = 1.08). FT-IR (nujol): ν̃ = 2723.9,
1677.7, 1216.9 cm–1. 1H NMR (400 MHz, [D6]DMSO): δ = 8.25
(d, J = 8.8 Hz, 1 H), 8.18–8.10 (m, 3 H), 8.01 (d, J = 8.6 Hz, 2 H),
7.77 (d, J = 8.8 Hz, 1 H), 7.59–7.52 (m, 3 H), 7.41–7.35 (m, 4 H),
7.26–7.23 (m, 2 H) ppm. 13C NMR (100 MHz, [D6]DMSO): δ =
167.0, 155.0, 154.9, 147.3, 146.7, 132.5, 132.2, 131.9, 131.7, 131.4,
131.0, 129.2, 129.1, 127.7, 127.4, 127.3, 126.5, 126.4, 126.1, 125.9,
123.9, 122.5, 122.0, 120.7, 120.6 ppm. 31P NMR (162 MHz, [D6]-
DMSO): δ = 144.9 ppm. MS (ESI –): calcd. for C27H17O5P: 452.1;
found 451.1 [M – H]–. C27H17O5P (452.40): calcd. C 71.68, H 3.79;
found C 71.69, H 3.77.
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(R)- and (S)-3-[(2,6-Dimethyldinaphtho[1,2-f:2�,1�-d][1,3,2]di-
oxaphosphepin-4-yl)oxy]benzoic Acid (A1-Me): This product was
prepared according to the General Procedure, starting from 0.360 g
of 3,3�-Me-BINOL-PCl (0.950 mmol), 0.131 g of 3-hydroxybenzoic
acid (0.950 mmol) and 0.4 mL of triethylamine (2.85 mmol); yield
301 mg (66%); m.p. 120 °C. [α]D19 enantiomer R = –108.0 (CHCl3,
c = 1.00). FT-IR (film): ν̃ = 3364.2, 2724.0, 1696.1, 1584.2, 1205.3,
1099.2 cm–1. 1H NMR (400 MHz, [D6]DMSO): δ = 8.05 (s, 1 H),
7.99–7.94 (m, 3 H), 7.80 (d, J = 7.6 Hz, 1 H), 7.73 (s, 1 H), 7.54
(t, J = 7.6 Hz, 1 H), 7.48–7.43 (m, 3 H), 7.28–7.22 (m, 2 H), 7.15–
7.12 (m, 2 H), 2.61 (s, 3 H), 2.51 (s, 3 H) ppm. 13C NMR
(100 MHz, [D6]DMSO): δ = 166.8, 151.8, 147.3, 145.8, 133.4,
131.7, 131.4, 131.2, 131.1, 130.9, 130.4, 130.0, 128.4, 128.3, 126.4,
126.2, 126.1, 125.9, 125.8, 124.6, 124.3, 122.6, 120.3, 120.2, 17.8,
17.4 ppm. 31P NMR (162 MHz, [D6]DMSO): δ = 142.9 ppm. MS
(ESI –): calcd. for C29H21O5P: 480.1; found 479.1 [M – H]–.
C29H21O5P (452.40): calcd. C 72.50, H 4.41; found C 72.51, H 4.43.

General Procedure for Complexation Experiments: The complex-
ation experiments were run in NMR tubes under nitrogen atmo-
sphere and monitored by 1H and 31P-NMR spectroscopy. The typi-
cal scale of the complexation experiments was about 0.02 mmol of
Rh(acac)(C2H4)2 in 0.75 mL of deuterated solvent (0.027  concen-
tration) and up to 0.04 mmol of ligand or ligands (0.02 mmol
each). CD2Cl2 was the most frequently used solvent, except in the
case of DCM-insoluble ligands (such as A1, A3 or A1-Me). In such
cases, [D8]THF was used instead. No significant discrepancies were
found when the same experiment was performed both in CD2Cl2
and in [D8]THF.

Experiments with One Ligand: Rh(acac)(C2H4)2 (0.5 equiv.) was
added to a solution of the ligand (1 equiv.) and then 1H and 31P-
NMR spectra were recorded. More rhodium source was then added
portionwise (always monitoring the experiment by NMR) until the
[Rh]/ligand ratio was reversed. At low [Rh]/ligand ratios the doub-
let signal of the homocomplex Rh(L)2(acac) was dominant, while
at high [Rh]/ligand ratios the signal of the mono complex
Rh(L)(C2H4)(acac) became bigger.

Ligand Combinations: The two ligands (1 equiv. each) were weighed
and dissolved in the chosen deuterated solvent into the NMR tube
and Rh(acac)(C2H4)2 (1 equiv.) was added; 1H NMR and 31P-
NMR spectra were recorded.

General Procedure for Asymmetric Hydrogenation Catalysis Tests:
The hydrogenations were carried out on methyl 2-acetamidoacryl-
ate at room temperature in DCM using Rh(COD)2BF4 as the Rh
source. A standard laboratory hydrogenation apparatus was used.
The ligand (0.0154 mmol) or the mixture of ligands (0.0077 mmol
each) was weighed in the reaction vessel, then a 0.007  stock solu-
tion of Rh(COD)2BF4 in DCM (1 mL) was added. A 0.7  solution
of methyl 2-acetamidoacrylate (1 mL) was finally added to the ves-
sel. The vessel was subjected to three vacuum/hydrogen cycles and
then stirred for 24 h under hydrogen atmosphere; yields and enan-
tiomeric excesses were determined by GC using a chiral column
(aliquots were taken directly from the reaction vessels and injected
in the GC). GC conditions: capillary column: MEGADEX
DACTBSβ, diacetyl-tert-butylsilyl-β-cyclodextrin, 0.25 µm; dia-
meter: 0.25 mm; length: 25 m; carrier gas: H2; flow: 1 mL/min; oven
temperature: 80 °C for 10 min, then a 0.5 °C/min gradient is ap-
plied: tsubstrate = 23.8 min; tS = 26.1 min; tR = 33.2 min.[8]
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