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ABSTRACT: The development of metal-free and recyclable catalysts for significant
yet challenging transformations of naturally abundant feedstocks has long been
sought after. In this work, we contribute a general strategy of combining the
rationally designed crystalline covalent organic framework (COF) with a newly
developed chiral frustrated Lewis pair (CFLP) to afford chiral frustrated Lewis pair
framework (CFLPF), which can efficiently promote the asymmetric olefin
hydrogenation in a heterogeneous manner, outperforming the homogeneous
CFLP counterpart. Notably, the metal-free CFLPF exhibits superior activity/
enantioselectivity in addition to excellent stability/recyclability. A series of in situ
spectroscopic studies, kinetic isotope effect measurements, and density-functional
theory computational calculations were also performed to gain an insightful
understanding of the superior asymmetric hydrogenation catalysis performances of
CFLPF. Our work not only increases the versatility of catalysts for asymmetric
catalysis but also broadens the reactivity of porous organic materials with the addition of frustrated Lewis pair (FLP) chemistry,
thereby suggesting a new approach for practical and substantial transformations through the advancement of novel catalysts from
both concept and design perspectives.

■ INTRODUCTION
Asymmetric catalysis plays an important role in synthesizing
bioactive products that are closely related to human health. In
its current state, the performance of existing catalysts remains
far from satisfactory, and opportunity for discovery abounds.
One specific direction is asymmetric olefin hydrogenation,
which represents a class of step-economical and important
transformations that flourish in homogeneous catalysis with
the cooperation of many metals and delicate chiral ligands.1

The past decades have witnessed the development of catalysts
evolving from expensive noble metals (Rh, Ir, Ru, Pd, etc.)2 to
earth-abundant transition metals (Ni, Co, Ti, etc.),3 as well as
the advancement of chiral ligands and scaffolds from
cyclohexyl(2-methoxyphenyl)methylphosphine (CAMP)4 to
2,2′-bis(diphenylphosphino)-1,1′-binaphthyl (BINAP)5 and
those with 9,9′-spirobifluorene backbone (SFDP),6 etc. All of
these efforts have contributed to the improvement of reaction
efficiency, productivity, selectivity, and substrate scope for
asymmetric olefin hydrogenation. Despite the significant
progress, there remain several issues including addressing the
poor compatibility of metal complexes, the requisite addition
of highly active organolithium reagents in conjunction with a
transition metal, and the difficulty in unique chiral ligand
synthesis. To alleviate these issues, current efforts are devoted
toward two solutions: (1) developing a metal-free catalyst7 that
may conceptually reduce the sensitivity, toxicity, and cost of

metal complexes and (2) constructing a recyclable catalyst8

that circumvents continuous consumption and repetitive
synthesis of chiral ligands. Despite some progress in each
aspect, the desired goal of preparing the optimal catalyst
showcasing both metal-free and recyclable merits for practical
production remains unaddressed.
Recently, the discovery and development of frustrated Lewis

pair (FLP) chemistry has unveiled a new dimension in catalysis
with the realization of metal-free hydrogenation under mild
conditions.9 Particularly, the coupling of a bulky Lewis base
(P/N compounds) with a bulky Lewis acid (B compounds)
results in strong steric hindrance that enables the activation of
small molecules and C−H bonds among others.10 This
catalytic activity has led to the rapid success of FLP chemistry
over the past decade. In a mark of progress, the synthesis and
application of chiral frustrated Lewis pairs (CFLPs) have also
been realized, performing efficient asymmetric conversions
including hydrogenation.11 The utilization of CFLPs for
asymmetric hydrogenation of olefins remains a significant
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challenge, as achieving simultaneous high reactivity and
enantioselectivity is difficult. Moreover, the further prospect
of utilizing CFLPs for practical transformations has been
hindered since molecular CFLPs bear the same intrinsic
drawbacks of all homogeneous catalysts with no/poor
reusability and inefficiency in product−catalyst separation.
The development of heterogeneous catalysts for asymmetric

hydrogenation is steadily advancing toward the exploration of
metal-free catalysts. The construction of privileged chiral
ligands into metal-free porous organic materials12 has shown
benefits for scalable production and could avoid the drawback
of the chiral molecular catalysts leaching into solution.
Nonetheless, these heterogeneous supports have been reported
to drive asymmetric olefin hydrogenation only after the
introduction of a noble metal complex/nanoparticle,13 without
which the pristine metal-free polymers/crystalline organic
frameworks were reported to merely have the capacity for
limited catalytic ability within well-investigated reactions such
as the Henry, aldol, and Diels−Alder reactions. Therefore, the
development of metal-free catalysts based on organic materials
for asymmetric olefin hydrogenation is highly desirable, as it
may not only enhance the catalyst by eliminating the usage of
noble metals but also expand the reactivity of porous organic
materials.
In this context, we envision that the conceptually innovative

combination of CFLPs with porous organic materials (such as
covalent organic frameworks (COFs)) can accomplish two
goals with one strategy, as it may simultaneously achieve the
development of a catalyst with the capacity for asymmetric
olefin hydrogenation and allow for the advancement of porous
organic materials based on FLP chemistry. COFs represent a
new class of supports because of their robust crystalline
structure, tunable metal-free composition and porosity, and
superior catalysis compatibility.14 To the best of our
knowledge, the construction of CFLPs in the structure of
COFs has not been reported thus far, predominantly due to
the difficulty in identifying reactive CFLPs suitable for such a
task and a feasible construction strategy to introduce them into
COFs. Herein, we demonstrate the postmodification of a
rationally designed COF with a newly devised CFLP can
realize the development of a new class of metal-free and
recyclable catalyst: chiral frustrated Lewis pair framework
(CFLPF, Figure 1), which catalyzes asymmetric olefin
hydrogenation with excellent activity and enantioselectivity
while acting as an indispensable role in advancing both

asymmetric olefin hydrogenation and porous organic materials
by virtue of FLPs chemistry.

■ RESULTS AND DISCUSSION
To construct a CFLPF, design considerations are needed from
the aspects of both CFLPs and COFs. In particular, the
discovery and application of CFLPs are still in their infancy11

and lack a prototype for molecular-level modification. To date,
three strategies have been established to create molecular
CFLPs: (i) intramolecular CFLPs, (ii) bulky chiral Lewis acid
paired with bulky achiral Lewis base, and (iii) coupling bulky
achiral Lewis acid with bulky chiral Lewis base.15 In this work,
we aim to employ the third strategy, as there are plentiful chiral
Lewis bases that can facilitate access to a new array of CFLPs.
We propose that the introduction of bulky chiral Lewis bases
into COF functionalized with carboxylate groups is achievable
by amidation/esterification of bulky chiral amine/chiral
oxazoline which is synthetically available with amino/
hydroxylic derivatives, respectively; the subsequent incorpo-
ration of a Lewis acid such as tris(pentafluorophenyl)borane
into COF may allow for the successful preparation of CFLPF.
To achieve this, a large pore size that can accommodate the
bulky CFLPs is required for the carboxylate functionalized
COF, which herein was designed and prepared using 1,3,5-tri-
(4-aminophenyl)benzene (TAPB) and p-terphenyl-2′,5′-dicar-
boxylic acid-4,4″-dicarboxaldehyde (3P-COOH) (Figure 2).
The large pore size of COF-TAPB-3P-COOH was obtained
under solvothermal conditions using glacial acetic acid as a
catalyst. The crystallinity of the resulting COF was confirmed
by the powder X-ray diffraction (PXRD) pattern, which
corresponds well with the simulated pattern showing four
characteristic peaks assigned to (200), (002), (400), and (004)
facets, respectively (Figure S1). The composition of COF-
TAPB-3P-COOH was determined as an order combination of
TAPB and 3P-COOH by Fourier-transform infrared spectros-
copy (FT-IR), displaying the characteristic C�NH vibration
at 1688 cm−1 and the disappearance of characteristic −NH2
double peaks of TAPB (Figure S2). Furthermore, solid-state
cross-polarization magic angle spinning carbon-13 nuclear
magnetic resonance (CP/MAS 13C NMR) clearly revealed the
presence of a benzene ring, C�N, and carboxylic group in
COF-TAPB-3P-COOH (Figure S3). These results indicate the
successful construction of COF via the imine bond formation.
The porous nature of COF-TAPB-3P-COOH was examined

by N2 sorption at 77 K, with a Brunauer−Emmett−Teller
(BET) surface area of 691 m2/g and a pore size distribution
centered at 2.95 nm (Figure S4), which is large enough to
accommodate CFLP moieties. Thereafter, the introduction of
freshly synthesized chiral N1,N1-di-tert-butyl-3,3-dimethylbu-
tane-1,2-diamine (R1*NH2) and chiral 4,5-dihydro-4-phenyl-
2-oxazolemethanol (R2*OH) as chiral Lewis bases were
conducted to yield COF-TAPB-3P-COHNR1* by amination
and COF-TAPB-3P-COOR2* by esterification, which was
further associated with B(C6F5)3 to afford the target catalysts,
defined as CFLPF1 and CFLPF2 (Figure 3), respectively. The
process of CFLP introduction into the COF was monitored by
FT-IR and displayed the characteristic stretching vibration of
C�O (1654 cm−1), bending vibration (1517 cm−1) and
stretching vibration (3340 cm−1) of amide N−H, and aliphatic
C−H (2960 cm−1) in COF-TAPB-3P-COHNR1*. Addition-
ally, the characteristic stretching vibrations of C�O (1695
cm−1), and aromatic and aliphatic C−H (3030−2926 cm−1) in
COF-TAPB-3P-COOR2* were also observed, thus validating

Figure 1. Innovative combination of COF and CFLP for generating a
metal-free heterogeneous catalyst CFLPF.
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the successful introduction of chiral Lewis bases by post-
modification (Figure S5). The diminished C�O signal of
COOH in both cases also implies successful anchoring of
CLPFs to COFs. Furthermore, the characteristic C−F
vibration in both CFLPF1 and CFLPF2 corroborated the
successful incorporation of B(C6F5)3 (Figures S6 and S7). The
crystallinity was retained after the addition of CFLP inside the
parent COF as revealed by the PXRD patterns of CFLPF1 and
CFLPF2 (Figure S8). N2 sorption isotherms indicated that,
after the incorporation of CFLP into COF, the BET surface
area decreased in the resulting CFLPF1 (247 m2/g, Figure S9)
and CFLPF2 (183 m2/g, Figure S10), whereas the pore size of
both samples was distributed in the range of 1.5−3.0 nm,
indicative of adequate accessible pores for the ingress of

reactants and egress of products. The morphology of CFLPFs
was observed by scanning electronic microscopy (Figure S11)
and retained the same morphology of aggregated crystalline
particles inherited from COF-TAPB-3P-COOH. The energy-
dispersive spectrometry (EDS) mapping showed the order
distribution of C, N, and O in COF-TAPB-3P-COOH (Figure
S12), and C, N, O, B, and F in CFLPFs (Figures S13 and S14),
verifying the successful incorporation of CFLPs into COF at a
molecular scale. Diagnostic fluorine signals were observed in
the X-ray photoelectron spectroscopy (XPS) surveys of
CFLPFs compared with the parent COFs (Figure S15),
further supporting the successful introduction of CFLP inside
the COF.16

Figure 2. Preparation of COF-TAPB-3P-COOH.

Figure 3. Procedure of preparing CFLPFs.

Figure 4. CD spectra of R(S)-R1*NH2 (a) and VCD spectra of R(S)-CFLPF1 (b).
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To verify the enantiomeric nature of chiral Lewis bases and
the corresponding CFLPFs, we performed circular dichroism
(CD) and vibrational circular dichroism (VCD) spectroscopy
measurements. The synthesized chiral (R and S) R1*NH2
(Figures 4a and S16) and R2*OH (Figure S17) enantiomers
show good chiral purity as they exhibited mirror images of
each other in the CD spectra owing to the Cotton effect.
Accordingly, CFLPF1 (Figure 4b) and CFLPF2 (Figure S18)
displayed mirror images between the R and S enantiomers in
the VCD spectra indicative of their excellent chiral induction
properties, which result from the dissimilar discrimination
capacity toward circularly polarized light of CFLPF1′s and
CFLPF2′s C−H stretching vibrations in the investigated range.
The obtained catalysts’ performances were examined in the

context of asymmetric hydrogenation of olefins with the
isolated yields and enantiomeric excess (ee) values summar-
ized in Table 1 and Figure 5. Unless otherwise stated, the

tested chiral catalysts were R enantiomers. COF-TAPB-3P-
COOH did not initiate the transformation of methyl 2-phenyl
acrylate (substrate 1a) to the desired product 2a because of its
inactivity for hydrogenation (Entry 1). The homogeneous
CFLP R1*NH2 + B(C6F5)3 catalyst afforded moderate yield
(75%) and ee value (78%), but was not recyclable (Entry 2).
In contrast, although chiral oxazoline Lewis bases have recently
been reported to be effective for asymmetric hydrogenation of
aldehyde,15 the homogeneous CFLP R2*OH + B(C6F5)3 was
not active toward olefin hydrogenation (Entry 3). This was
likely caused by the self-deactivation via the reaction between
−OH and B(C6F5)3.

17 To our delight, CFLPF1 demonstrated
a notably high yield (95%) and ee value (86%) (Entry 4). This
enhancement compared with the molecular R1*NH2 +
B(C6F5)3 can be attributed to a higher local concentration of
CFLP active sites and the enforced stronger chiral environ-
ment within the nanospace of the COF.18 By contrast, the
physical mixture of homogeneous CFLP1 R1*NH2 + B(C6F5)3

and COF-TAPB-3P-COOH could only attain 73% yield and
79% ee (Entry 5) value comparable to that of homogeneous
CFLP1, suggesting the importance of synergy within an
ordered structure resembling enzymatic catalysis.19

Surprisingly, CFLPF2, which circumvents the self-deactiva-
tion issue in R2*OH + B(C6F5)3, produced a racemic product,
albeit in an 80% yield (Entry 6). The striking difference in
performance between CFLPF1 and CFLPF2 implies there
should exist some specific interaction with the substrate
molecule in the vicinity of the active center important for chiral
induction, and we hypothesize that hydrogen bonding may
serve such a critical role in facilitating the chirality transfer
from the catalyst to the substrate. To verify our hypothesis, 1-
phenyl-1-aminomethylethene, which has the potential to form
a hydrogen bond with CFLPF2, was used as the substrate for
asymmetric hydrogenation. As anticipated, a successful
chirality transfer with a 63% ee value was observed (Entry
7). Meanwhile, the S enantiomer of CFLPF1 exhibited a
similar yield (94%) but inverse enantioselectivity (−85%), thus
indicating the general chiral induction of CFLPF1 (Entry 8).
The influence of solvent on the catalysis performance of
CFLPF1 was also assessed, showing that toluene was the best
to achieve both a high yield and an ee value among all tested
solvents (toluene, CH2Cl2, and tetrahydrofuran (THF)). A
much lower yield (76%) and ee value (65%) were observed
with CH2Cl2 (Entry 9), likely due to its poor solubility for
substrates, thus hindering the mass transfer. Although a
comparable yield (96%) could be obtained with THF as the
solvent, a lower ee value (52%) was attained (Entry 10). This
can be attributed to (1) THF + B(C6F5)3 forming an achiral
FLP that is hydrogenation active20 and (2) hydrogen bonding
inhibition of THF that is detrimental to chirality transfer.
Recyclability is an important aspect of catalysis for practical

application. CFLPF1 showed no obvious decrease in catalysis
performance after being used five consecutive times (Figure
S19) and retained its structural integrity, composition, and
porosity as evidenced by the PXRD (Figure S20), EDS
mapping (Figure S21), XPS survey (Figure S22), and BET
surface area measurements (Figure S23). Collectively, this
verifies its heterogeneous nature with good reusability/
recyclability. To quantify the CFLP amount in CFLPF1, the

Table 1. Optimization of Asymmetric Olefin Hydrogenation
with CFLPF

entry catalyst solvent yield (%) ee value (%)

1a COF toluene 0 0
2 CFLP1 toluene 75 78
3 CFLP2 toluene 0 0
4 CFLPF1 toluene 95 86
5 CFLP1 + COF toluene 73 79
6 CFLPF2 toluene 80 0
7b CFLPF2 toluene 82 63
8c CFLPF1 toluene 94 −85
9 CFLPF1 CH2Cl2 76 65
10 CFLPF1 THF 96 52

aUnless otherwise stated, the reaction proceeded under the following
conditions: 2 mL dry solvent, 10 mg catalyst, 0.1 mmol substrate, 60
bar H2, 48 h at room temperature. The yield was determined by the
mass of the isolated product, and the ee value was determined by
high-performance liquid chromatography (HPLC). The correspond-
ing NMR spectroscopy and HPLC results of products are provided in
the Supporting Information. b1-Phenyl-1-aminomethylethene sub-
strate. cS-CFLPF1 catalyst.

Figure 5. Performance of CFLPF1 in the transformation of different
substrates.
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amount of Lewis acid before and after the recycle test was
calculated using nuclear magnetic resonance (NMR) spectros-
copy and was determined to be 1.4 mmol per gram of COF-
TAPB-3P-COOH (Figure S24), indicating no noticeable
leaching of CFLP during the reaction process.
These results demonstrate that CFLPFs are excellent in

catalytic performance for the asymmetric hydrogenation of
olefins. Specifically, the inheritance of crystallinity and porosity
from COF allows for the creation of plentiful nanoreactors
within which the enriched CFLP boosts asymmetric hydro-
genation due to the high local concentration of active sites and
the enhanced chiral induction environment. As such, CFLPFs,
as a new group of metal-free and recyclable chiral catalysts, will
promote further enthusiasm for constructing diverse catalysts
and resolving issues not limited to asymmetric hydrogenation.
In view of its superior catalysis performance, CFLPF1 was

adopted to expand the substrate scope by catalyzing the
asymmetric hydrogenation of different olefins (Figure 5) under
the obtained optimal conditions. The olefin with aliphatic
substitution (substrate 1b) was readily transformed with a 96%
yield and an 84% ee value. Compatible yield (93%) and ee
value (80%) were obtained for the substrate with an electron-
donating group on the aromatic substitution (substrate 1c).
The substrate with halogen on aromatic substitution (substrate
1d) was transformed to the target product with a 94% yield
and 85% ee value. In addition, substrate 1e with aromatic ester
was also well converted with a yield of 97% and an ee value of
87%. Furthermore, substrate 1f including additional steric
hindrance from the t-butyl group was subject to this
transformation as well, with a yield of 96% and an ee value
of 83%. These results highlight CFLPF1 as an excellent
heterogeneous catalyst for the asymmetric hydrogenation of
olefins.
Encouraged by the enhanced hydrogenation enantioselec-

tivity by CFLPF1 relative to the homogeneous FLP counter-
part, we sought further experimental and computational
insights into the catalytic mechanism. First, to probe the
direct interaction between H2 and CFLPF1, we conducted in
situ IR measurements with the dry sample upon exposure to
gaseous H2. Figure 6 clearly shows that H2 is adsorbed in
CFLPF1, as evidenced by the occurrence of a distinct band at

4117 cm−1 that can be attributed to the H−H stretching
vibration (ν). Compared with the value of gas phase ortho-H2
at 4155 cm−1,21a ν(H−H) in CFLPF1 displays a redshift of 38
cm−1, falling into the range of 35−45 cm−1 indicating bond
weakening due to interaction between H2 and functional
groups.21b The assignment of 4117 cm−1 to adsorbed H2, most
likely bound to CFLP, is further confirmed by measuring the
CFLPF1 sample after exposure to N2, which does not show a
peak in this region, and by the observation that it is also absent
in the H2-exposed pristine COF-TAPB-3P-COOH sample (see
Figure 6a). Examination of the lower frequency region (1700−
800 cm−1) in the difference spectrum reveals that upon loading
H2, the absorption bands associated with stretching of C−C/
C−F bonds at different positions of B(C6F5)3

21c are primarily
perturbed, as typified by the derivative-like features (see Figure
6b), which provides further evidence that H2 mainly interacts
with CFLP groups. We further disclosed the underlying
mechanism of activation/dissociation of H2 by the CFLPF
catalyst under real reaction conditions. The change on the wet
sample (dispersing CFLPF1 in toluene solvent) before and
after exposure to H2 at 60 bar was tracked through attenuated
total reflection (ATR) IR. The differential spectrum of H2-
exposed CFLPF1 in Figure S25 showed a broad absorption
band in the region 3300−3000 cm−1. This feature is most
likely due to ν(N−H) stretching. An evident band at a low
wavenumber of 1254 cm−1 and a small yet noticeable gain
around 2350 cm−1 correspond to bending and stretching
vibrations of B−H, respectively. All of these spectral features
serve as direct evidence of the formation of N−H and B−H
due to H2 dissociation. More remarkably, after the addition of
the substrate methyl 2-phenyl acrylate, clear loss of these bands
except bending β(B−H) that is marked by the absorption
bands of the added reactant was observed, which points to the
consumption of dissociated H2 species by reacting with the
substrate. Meanwhile, XPS measurements revealed B 1s
binding energy shifts to a lower value in solution-derived
CFLPF1-H2 relative to the pristine CFLPF1 (Figure S26),
consistent with heterolytic activation of H2 in solution.22

Furthermore, we carried out hydrogenation using D2 in
place of H2 to measure the kinetic isotope effect (KIE) and
reveal the dynamic process of hydrogenation (Figure S27). We
found that the reaction rate decreased slightly giving a normal
KH/KD of 1.223a because of the zero-point energy difference
between isotopic isomers. The near-unity of the KIE indicates
that cleavage of the H2(D2) bond occurs simultaneously with
the formation of the B−H(D) and N−H(D) bonds in a
concerted mechanism.23b This implies that the rate-determin-
ing step of hydrogen activation may be H2(D2) diffusion to the
active FLP sites rather than the H2(D2) cleavage.
Computational insight into the catalytic mechanism is

provided by the Gibbs energy profile of the reaction pathway,
calculated with R1HNCOCH3 + B(C6F5)3 and R1NH2 +
B(C6F5)3 serving as models for CFLPF1 and its homogeneous
counterpart, respectively (Figure 7 and Figures S28, S30, and
S31, see details in the Supporting Information). As expected,
the experimental results in which CFLPF1 exhibited an
enhanced yield and enantioselectivity were supported by the
calculated results. Two pathways were considered: a “proton-
first” pathway (blue in Figure 7, Figure S28) in which a proton
is transferred to the substrate at the β-position of the olefin and
a “hydride-first” pathway (red in Figure 7, Figure S28) in
which a hydride is transferred to the substrate at the β-position
of the olefin. Attempts to transfer the proton or hydride to the

Figure 6. (a) Difference spectra showing exposure of CFLPF1 to H2
and N2, and COF-TAPB-3P-COOH to H2 at ∼20 bar, 25 °C. Each
spectrum is referenced to the activated (empty) sample. (b)
Difference spectrum in the 1800−800 cm−1 region after exposure of
CFLPF1 to H2 (top) and IR absorbance spectrum of empty CFLPF1
(bottom). Notations and acronyms: ν, stretch; ortho, o; meta, m;
para, p.
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α-position resulted in spontaneous rearrangement, resulting in
a proton or hydride transfer to the β-position. A preference for
the “hydride-first” pathway is observed in both systems;
however, the thermodynamic difference between the pathways
is greater in the CFLPF1 model. Specifically, the CFLPF1
model predicts a ΔG difference between the proton-first
intermediate and the hydride-first intermediate of 27.9 kcal/
mol (IIIa, Figure 7), whereas the homogeneous system model
predicts a ΔG difference of 17.7 kcal/mol (IIIb, Figure S28).
Catalyst-to-substrate chirality transfer is favored by the
“hydride-first” pathway because only the Lewis base is chiral.
Therefore, the transfer of a proton from the protonated chiral
Lewis base to the hydride addition intermediate as the second
step can be expected to have significantly increased
enantioselectivity. Chirality transfer in these systems requires
hydrogen bonding, as evidenced by CFLPF2 reactivity within
the same scope of esters as CFLPF1. Specifically, only when
CFLPF2 was exposed to a substrate with a H-bonding donor
moiety, 1-phenyl 1-aminomethylethene, chirality transfer was
observed as a consequence of hydrogen bonding interaction
between the oxazoline/ester backbone linkage of the chiral
Lewis base and the amine. Additionally, when the reaction of
was performed in a THF solvent that can competitively inhibit
hydrogen bonding of substrate, the ee value decreased by 34%
(Table 1, Entry 9). Furthermore, the lowest energy structures
of the intermediate geometries, regardless of the pathway,
reveal the existence of catalyst substrate N−H···O hydrogen
bonding from the substrate ester carbonyl oxygen to the amide
or amine N−H for IIIa and IIIb, respectively. Careful
examination of the FT-IR spectrum of CFLPF1 + 1a displayed
a redshift in the C�O stretching vibration (1641−1655 cm−1)
and a blueshift in the N−H bending vibration (1517−1713
cm−1) compared with CFLPF1 (Figure S29), consistent with
hydrogen bonding between the two moieties. Since the energy
difference between the proton- and the hydride-first pathways
is >18 kcal/mol for both catalysts, these results alone do not
account for the observed enantioselectivity enhancement.
The importance of hydrogen bonding for product yield and

chirality transfer was further explored in silico. Specifically, the
protic N−H of the protonated Lewis base is stabilized by the
amide-oxygen hydrogen bonding interaction, leaving the amide
N−H readily accessible to hydrogen bonding with the
substrate. Hydride addition products bind to this site in one
of two orientations to create reaction pathways generating the
S-enantiomer (S-path) or the R-enantiomer (R-path) products.

Transition state calculations of the proton transfer step reveal a
reduced transition state barrier energy (ΔG = 10.8 and 16.1
kcal/mol for the S and R paths, respectively) for the CFLPF1
model relative to the homogeneous model (ΔG = 18.5 and
19.9 kcal/mol for the S and R paths, respectively), due to the
stronger hydrogen bonding interaction of the amide nitrogen
with the ester carbonyl of the substrate (Figures S30 and S31).
The reduced energy of the proton transfer transition state is
consistent with the increased product yield of CFLPF1 under
identical conditions as the homogeneous analogue. The
enhanced enantioselectivity was found to originate in the
disparate thermodynamics of intermediates along the R- and S-
oriented pathways (Figure S30) due to the presence of a stable
intermediate with a pair of H bonds between (1) the substrate
ether carbonyl and the protic amine and (2) another H-bond
between the ester oxygen and the amide N−H, a configuration
inaccessible for the substrate on the R path. Additionally, a
lower energy-bound product configuration exists for the R path
(ΔG = −2.4 kcal/mol relative to the S-path analogue),
resulting in an increased thermodynamic barrier for product
release relative to the S path. The combination of the 3.3 kcal/
mol higher proton transfer barrier and more sluggish product
release leads to the enhanced enantioselectivity observed in
CFLPF1, and the absence of a H-bond donor moiety in
CFLPF2 explains the lack of enantioselectivity within the same
substrate scope.

■ CONCLUSIONS
In summary, a transformative combination of the rationally
designed COF with newly developed CFLPs via post-
modification has generated a class of versatile CFLPF catalysts.
They feature both a metal-free and recyclable nature and
exhibit impressive catalysis performance in asymmetric hydro-
genation of olefins. By inheriting the crystallinity and porosity
of COF, CFLPF can serve as an efficient nanoreactor within
which the enrichment of catalytically active CFLP promotes
H2 activation. The heterogeneous CFLPF was demonstrated to
be more thermodynamically favorable relative to the
corresponding homogeneous CFLP because of the post-
modification-induced stabilization of transition states. Calcu-
lations clearly support that the enforced chiral environment
boosts the enantioselectivity under the regulation of hydrogen
bonding by differentiating the intermediates of the stereo-
specific pathways. This work not only contributes CFLPF as a
new catalyst platform but also paves the way for achieving

Figure 7. Calculated Gibbs free energies (gas phase) of CFLPF1 with R1*HNCOCH3 + B(C6F5)3 as the model for H2 activation and subsequent
olefin hydrogenation at B3LYP/LANL2DZ/D3 level (Red = O, Blue = N, Green = F, Light blue = B, Gray = C, White = H). Energy values
between parentheses were calculated using toluene as the solvent.
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asymmetric catalysis and beyond based on catalyst advance-
ment via a judicious combination of porous materials with
CFLP.
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