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Chemists have largely taken inspiration from Nature in the
development of new approaches to synthetic challenges.
Combinatorial chemistry stems from the concept of evolu-
tion, whereby random mutation of a chemical structure gives
rise to libraries of compounds, from which an optimal lead can
be found with high probability. On the other hand, Nature
makes wide use of noncovalent interactions to build its
complex supramolecular architectures and to achieve effi-
cient and selective transformations. In recent years, combi-
natorial and supramolecular approaches to the development
of new ligands for asymmetric catalysis has gained momen-
tum.[1, 2d] The term “supramolecular ligand” encompasses all
ligands possessing, besides the atom(s) coordinating to the
catalytic metal atom, an additional functionality capable of
noncovalent interactions (mainly hydrogen[3] or coordinative
bonds[4]) which can play the following roles: 1) self-assembly
of two monodentate ligands to form a so-called supramolec-
ular bidentate ligand;[5] 2) binding the substrate(s) in prox-
imity to the catalytic metal center[2] in analogy to metal-
loenzymes.[6] Among the different kinds of noncovalent
interactions that have been used so far for developing
supramolecular ligands,[5] hydrogen bonds are arguably the
most practical and efficient[2,3] for several reasons: 1) func-
tional groups capable of hydrogen bonding (e.g., amides,
ureas, guanidines) are stable and relatively easy to introduce;
2) hydrogen bonds are created dynamically and reversibly in
the reaction medium (where catalysis is to take place), are
capable of self-repair when broken, and often coexist with
other interactions in a “noninvasive” manner.

As a result of our continued interest in developing
supramolecular ligands,[7] we report herein the design and
synthesis of a novel class of chiral monodentate phosphite
ligands, named PhthalaPhos, which contain a phthalic acid
primary diamide moiety (Scheme 1). The phthalamidic group

displays both donor and acceptor hydrogen-bonding proper-
ties that, in principle, can give rise to supramolecular
interactions both between the ligands and with the reaction
substrate. The modular nature of the PhthalaPhos ligands
allows their properties to be tuned by simply varying
structural elements such as the linker, the binol moiety, and
the ancillary amide group (i.e., the amide not connected to
the phosphite group), and thus parallel-combinatorial ligand
optimization is possible.[1a,c]

The PhthalaPhos ligands were easily prepared in four
steps as outlined in Scheme 1: phthalic anhydride was treated
with a primary amine to give phthalic acid mono amides 1 in
94–98% yield.[8] Dehydration of the latter in the presence of
trifluoroacetic anhydride gave phthalisoimides 2 in high
yields, whose reaction with a chosen amino alcohol led to
phthalic acid diamides 3.[9] Diamide mono-alcohols 3 were
treated with binol-derived chlorophosphites[10] to give Phtha-
laPhos ligands 4.

Although we synthesized and screened a relatively large
library of nineteen members (4a–s, see the Supporting
Information for the complete layout of the library and the
complete set of results), here we present the results obtained
with a selected subset of the most successful nine ligands (4a–

Scheme 1. a) Phthalic anhydride, CHCl3, reflux, 94–98%;
b) (CF3CO)2O, TEA, dioxane or THF, 0 8C to RT, 97–99%; c) amino
alcohol, THF, RT, 66–90%; d) (S)-binol-PCl, TEA, THF, RT, 62–78%.
TEA = triethylamine.
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i, Figure 1) in the rhodium-catalyzed enantioselective hydro-
genation of olefins.

We assessed the catalytic properties of the new ligands in
the hydrogenation of two classical benchmark substrates,
namely, methyl 2-acetamidoacrylate (S1) and N-(1-phenyl-
vinyl)acetamide (S2 ; Table 1), taking the known phosphite 5
as touchstone.[11]

The results of this preliminary screening turned out to be
very encouraging: four ligands gave ee values higher than
97% with substrate S1 (Table 1, entries 1–4), and six reached
the same level of performance with S2 (Table 1, entries 6–11).
Remarkably, the reference ligand 5, featuring the same binol
phosphite moiety as 4a–i, gave only 84% ee with S1 and 90%
ee with S2 (entries 5, 12), which suggests that the phthalamide
residue significantly influences the catalytic properties of
these ligands. Further support to this conclusion came from
the effect on the enantioselectivity displayed by the linker,
particularly evident in the case of ligands 4h and 4 i, for which
a subtle variation of the linker length resulted in remarkably
different ee values (S1, 4h : 89 % ee, 4 i : 98% ee ; S2, 4h : 97%
ee, 4 i : 83 % ee ; see the complete set of results in the
Supporting Information). Indeed, if the phthalamide residue
were a simple bystander and 4a–i behaved as “normal”
monodentate phosphites, only negligible differences in enan-
tioselectivity should be expected for the ligands. Another
interesting observation is that not always the best ee values
with S1 and S2 were obtained with the same ligands, which
underlines the advantage of the combinatorial approach
followed in the ligand design.

Encouraged by these preliminary results, we decided to
investigate the role of hydrogen bonding in the catalytic
properties of the PhthalaPhos ligands. The precatalyst
obtained by treating a representative ligand (4a, 2 equiv)
with [Rh(cod)2]BF4 (cod = 1,5-cyclooctadiene, 1 equiv) in
CH2Cl2 or CD2Cl2 was studied by spectroscopic methods.
The 31P NMR spectrum of the Rh complex displayed a clean
doublet at 122.0 ppm with JRh,P = 257.7 Hz which, matched
with the 1H NMR spectrum and the result of HRMS analysis
(m/z 1643.49193), indicates formation of the cationic species
[Rh(4 a)2(cod)]+, where the phosphite groups occupy two
adjacent cis positions. Only one set of signals could be

Figure 1. Selected ligands 4a–i from the PhthalaPhos library and reference phosphite 5.

Table 1: Selected screening results of the PhthalaPhos library in
enantioselective hydrogenation of substrates S1 and S2.[a]

Entry Substrate Ligand ee [%],[d] abs. config.[e]

1 S1[b] 4b 98, R
2 S1[b] 4e >99, R
3 S1[b] 4 f 98, R
4 S1[b] 4 i 98, R
5 S1[b] 5 84, R
6 S2[c] 4a 98, R
7 S2[c] 4b 98, R
8 S2[c] 4e 97, R
9 S2[c] 4 f 98, R

10 S2[c] 4g 99, R
11 S2[c] 4h 97, R
12 S2[c] 5 90, R

[a] Reaction conditions: substrate/ligand/[Rh(cod)2]BF4 = 100:2.2:1, sol-
vent = CH2Cl2, c0(S1) =0.048m, c0(S2) = 0.024m, T =25 8C. All reactions
proceeded with 100 % conversion. See the Supporting Information for
the complete set of results. [b] p = 1 bar. [c] p =5 bar. [d] Determined by
GC equipped on a chiral capillary column (MEGADEX DACTBSb,
diacetyl-tert-butylsilyl-b-cyclodextrin). [e] Assignment based on the GC
retention times, by comparison with the results obtained with 5, whose
stereochemical preference is known.[11]
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detected in the NMR spectra of the Rh complex, and the two
coordinated molecules of 4a could not be distinguished. The
hydrogen bonding state of the NH protons for both the free
ligand and the Rh complex was then investigated by 1H NMR
spectroscopy, and in particular the following data were
collected: 1) temperature coefficient (Dd/DT) of each NH
proton; 2) kinetics of H/D exchange of the amide protons
upon addition of excess CD3OD; 3) downfield shift of the NH
protons in the presence of excess CD3OD. These experiments,
which are commonly used to differentiate between random-
coil peptides and peptides in hydrogen-bonded conforma-
tions,[12, 13] were conducted in dilute (1.2 mm) solutions in
CD2Cl2. This concentration was chosen since aggregation, at
least of the Rh complex, is not significant at 1.2 mm, as
determined by studying the dependence of the NH chemical
shifts on the concentration in the 20.0–0.3 mm range.

From the experimental results, which are outlined in
Table 2 and reported in detail in the Supporting Information,
the following conclusions can be drawn: on the one hand, no

evidence of intramolecular hydrogen bonding could be found
for the free ligand 4a, which, moreover, shows a strong
tendency to intermolecular aggregation even at high dilution.
On the other hand, proton NHA in the Rh complex is
definitely involved in an intramolecular hydrogen bond, as
confirmed by its downfield chemical shift (d = 9.6 ppm), its
reduced rate of exchange with CD3OD (t1/2 = 47 min), and
limited shift when CD3OD is added (Dd = 0.27 ppm). Proton
NHB, conversely, appears to be in a nonbonded state.
Consistent with these observations, two distinct NH stretch-
ing bands (~nn = 3409.5 and 3268.8 cm�1) were detected in the
IR spectrum of the Rh complex (1.2 mm solution in CH2Cl2),
while only one band could be found for the free ligand (~nn =

3408.6 cm�1). Also, detection of the C=O stretching band of
the Rh complex at a lower wavenumber than that of the free
ligand (~nn = 1661.4 vs. 1676.8 cm�1) confirmed the presence of
an intramolecular hydrogen bond.

We ran a Monte Carlo conformational search[14, 15] of the
precatalyst [Rh(4a)2(cod)]+ using AMBER* force field[16] for
the phthalamide region and a frozen core for the Rh(cod)
phosphite complex, which was previously optimized with
DFT calculations at the B3LYP/LACVP level of theory.[17] A
number of low-energy conformers were identified which, in
agreement with the spectroscopic data, are characterized by
interligand hydrogen bonding involving proton NHA. These
low-energy conformers were used as starting geometries for
DFT optimization[17] of the entire precatalyst [Rh(4 a)2-
(cod)]+, which showed that the double hydrogen-bond array
displayed in Figure 2 is highly favored over other arrange-

ments involving a single hydrogen-bonding interaction (see
the Supporting Information for details). In the DFT calcu-
lated structure shown in Figure 2, the ligands are held
together by two hydrogen bonds between proton NHA of
each ligand and the carbonyl group of the ancillary amide,
bearing NHB, of the other ligand. Therefore, the two
molecules of 4a behave as a supramolecular bidentate
ligand with a reduced degree of conformational freedom
compared to two simple monodentate phosphites coordinated
to a rhodium center.[18] This may explain the superior
stereoselectivity displayed by PhthalaPhos ligands compared
to simple monodentate phosphites, although substrate ori-
entation in the catalytic cycle through hydrogen bonding with
the ligand could also play a crucial role.[3o]

Table 2: Results of 1H NMR studies on NH protons of ligand 4a and its
Rh complex.[a]

Free ligand 4a [Rh(4a)2(cod)]BF4

NHA
[b] NHB

[b] NHA
[b] NHB

[b]

d [ppm] 8.692 8.342 9.604 8.506
Dd/DT [ppbK�1] n.d.[c] n.d.[c] �12.94 1.73
H/D exchange: t1/2 [min] 12.2 14.9 47.1 28.5
Dd in presence of excess
CD3OD [ppm]

0.654 0.742 0.274 0.558

[a] c = 1.2 mm in CD2Cl2. [b] Assignment of HA and HB was based on the
NOESY and COSY spectra. [c] Not determined: no linear dependence
observed. Figure 2. Supramolecular bidentate precatalyst [Rh(4a)2(cod)]+ and

DFT calculated structure. Heteroatoms (N, O, P, Rh) are shown in
black, carbon atoms in gray, and amide hydrogen atoms in light gray.
For clarity, all hydrogen atoms bound to carbon are omitted.
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To explore the scope of the PhthalaPhos ligands, we
decided to investigate the Rh-catalyzed hydrogenation of
more challenging substrates such as cyclic enamide S3 [N-
(3,4-dihydronaphthalen-1-yl)acetamide] and b2-dehydro
amino ester S4 [(E)-methyl 2-(acetamidomethyl)-3-phenyl-
acrylate], both of which are industrially relevant com-
pounds.[3p] The hydrogenation of S3 was carried out under
12 bar hydrogen pressure and gave the results reported in
Table 3.[19]

The results of this screening were quite variegated both in
terms of activity and enantioselectivity, and excellent con-
version and ee value were attained with ligand 4a (Table 3,
entry 1). The conversions followed more or less the same
trend as the ee values, the most stereoselective ligands being
also the most active. Poor results were obtained with
reference ligand 5 (Table 3, entry 7). Additionally, the fact
that the enantioselectivity strongly decreased with increasing
polarity of the solvent (Table 3, entries 2 and 3; see the
Supporting Information for the complete solvent screening)
confirms that hydrogen-bonding interactions between the
phthalamide groups play a crucial role in the activity and
selectivity of the catalyst. To the best of our knowledge, the
96% ee obtained with ligand 4a is the highest ever obtained
for this substrate with phosphite ligands, and rivals the best
literature precedents, obtained with a monodentate phos-
phoramidite (84% ee at RT, 98% ee at �20 8C)[20] and a bis-
phosphine (98 % ee at RT).[21]

The screening of the ligand library on S4 required a
hydrogen pressure of 50 bar due to the lower reactivity of this
substrate (Table 4). Also in this screening the enantioselec-
tivity varied quite widely and appeared to be linked to the
catalytic activity. Ligands 4c and 4 i (Table 4, entries 1 and 2)
gave very high ee values and good conversions, while the
other ligands displayed moderate to fair enantioselectivity.
Again, the reference phosphite 5 gave only very low
conversion and ee with this substrate (Table 4, entry 3).

Most importantly, 98 % is the highest ee ever obtained with
substrate S4, and only one highly stereoselective ligand was
reported so far.[3p]

In conclusion, a library of novel chiral supramolecular
ligands containing a phthalamide moiety capable of hydro-
gen-bonding interactions has been prepared. The new ligands,
named PhthalaPhos, are easily prepared from inexpensive
starting materials and show excellent enantioselectivity in the
hydrogenation of both benchmark olefins and challenging
substrates of potential industrial interest. The precatalytic Rh
complex of one of these ligands was fully characterized and
studied by NMR, IR, and mass spectroscopy, which confirmed
the presence of hydrogen bonds between the coordinated
ligands, and thus formation of a supramolecular bidentate
ligand. Further work is underway to expand the scope of
PhthalaPhos ligands to other substrates and different tran-
sition metal catalyzed processes.
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