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Threefold reactivity of a COF-embedded rhenium
catalyst: reductive etherification, oxidative
esterification or transfer hydrogenation†

Sean T. Goralski, a Krystal M. Cid-Seara,bd Jenni J. Jarju,b Laura Rodriguez-
Lorenzo, b Alec P. LaGrow, b Michael J. Rose *a and Laura M. Salonen *bc

The reactivity of the novel Re(I) catalyst [Re(C12Anth-py2)(CO)3Br] is

modulated by its interactions with the covalent organic framework

(COF) TFB-BD. The complex catalyzes either reductive etherification,

oxidative esterification, or transfer hydrogenation depending on its local

environment (embedded in TFB-BD, in homogeneous solution or

co-incubatedwith TFB-BD, respectively). The results highlight that COFs

can drastically modulate the reactivity of homogeneous catalysts.

The reactivity and selectivity of catalytic sites—whether molecular,
biochemical, or heterogeneous—has been historically ascribed to
the atoms directly involved in the bond-making and bond-
breaking events. However, the effect of secondary interactions
and confined spaces in modulating reactivity and selectivity has
become evident in recent years. Like enzymes, catalytic pockets of
porous materials may provide favorable intermolecular interac-
tions and complementary close contacts between the active site
and the substrate; thus, such environments use spatial confine-
ment to adjust selectivity and reactivity. Covalent organic frame-
works (COFs) are a class of porous, crystalline materials composed
of organic building blocks connected by covalent bonds; these
materials can be prepared with precise control over composition
and topology.1 The high surface area of a COF and its customizable
pore size, shape, and environment render this class of materials
promising candidates for heterogeneous catalysis.2,3 Several stra-
tegies have been reported to develop COF materials for catalysis,
including (i) incorporation of catalytic sites into the COF building
blocks,4–6 (ii) post-synthetic metal coordination by the pore wall,7,8

(iii) integration of a pre-assembled molecular catalyst via post-
synthetic reactions,9 (iv) confinement of metal nanoparticles10–12

or complexes13 within the pores, and (v) insertion of polymers to
provide cooperative catalytic sites.14,15

One well-known metal-catalyzed reaction of recent importance
is transfer hydrogenation (TH) in both biomimetic and synthetic
schemes. In this vein, N,N-chelated manganese(I) tricarbonyl
complexes have garnered much attention in the literature for their
TH reactivity.16 Rhenium(I) congeners of such catalysts are attrac-
tive synthetic targets, as they provide greater thermal and chemical
stability for a wider range of catalytic systems. Such rhenium
complexes featuring the same N,N-chelated rhenium(I) tricarbonyl
motif have found their most notable application as catalysts for
non-aqueous reduction of CO2 to CO by both electrochemical17–20

and photochemical21,22 means. However, to our knowledge, appli-
cation of this class of rhenium complexes to TH catalysis has not
been reported, although Re–H species have been spectroscopically
and structurally characterized23 and phosphine-based Re(I/III) sys-
tems catalyze TH catalysis.24

In this work, we demonstrate that the molecular catalyst
[Re(C12Anth-py2)(CO)3Br] exhibits vastly different product out-
comes dependent on the presence or absence of its heterogeneous
‘partner’. Embedding the rhenium complex in the COF generates a
hybrid heterogeneous catalyst, which provides unexpected reduc-
tive etherification (aldehyde- ester- ether) in a single reaction.
Meanwhile, the isolated molecular catalyst in homogeneous
solution exhibits only the aldehyde - ester transformation (oxi-
dative esterification) without further reduction to the ether.
Furthermore, the same catalyst co-incubated with the COF support
(but not embedded) exhibits the initially expected transfer hydro-
genation. We thus emphasize the utility of COF materials to
achieve varying reactivity using only non-covalent interactions with
a molecular catalyst. Such a simple and tunable approach pro-
mises a greater scope of catalytic outcomes with existing materials
without further catalyst development.

The catalyst [Re(C12Anth-py2)(CO)3Br] was synthesized by
modifying a previously reported procedure.19 The addition of
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a dodecyl chain to the ligand scaffold was twofold important:
(i) iminic COFs related to TFB-BD are known to effectively
sequester nonpolar species like hydrocarbons and small mole-
cule drugs from aqueous solution, thus we aimed to increase
the stability of the COF|molecule hybrid;25,26 and (ii) the
9-dodecylanthracene scaffold exhibits enhanced solubility com-
pared to the unmodified anthracene scaffold, and this property
was hypothesized to facilitate the catalyst embedding procedure.
As target crystalline material to enable full characterization, we
chose the complementary COF material TFB-BD (vide infra), which
features a pore size of B2 nm (20 Å)27 that is suitable to
incorporate the 1 nm diameter of [Re(C12Anth-py2)(CO)3Br]. The
BD building block lining the COF pores was envisioned to provide
suitable hydrophobic interactions with the anthracene moiety and
the alkyl tail. The structure is formed by the self-assembly of
1,3,5-triformylbenzene (TFB) and 1,10-biphenyl-4,40-diamine (BD)
(Fig. 1a). Imine-based COFs—as compared with those linked by
boronic ester28—feature enhanced stability against hydrolysis.

A literature procedure27 was adapted to prepare TFB-BD COF
(for further details, see ESI†).29

To embed the rhenium catalyst in this COF, TFB-BD (155 mg)
was treated with a CH2Cl2 solution of [Re(C12Anth-py2)(CO)3Br]
(7 mg) and then the solid dried at 90 1C under N2 atmosphere
(ambient pressure) for 48 h to obtain [Re]@TFB-BD (B1% Re by
atomic mass). Powder XRD confirmed that the crystallinity of
[Re]@TFB-BD (Fig. 1b) with a sharp reflection at 2y = 3.51 was
preserved. FTIR spectroscopy evidenced both the preservation of
the pristine TFB-BD spectrum and the appearance of new
features at 2028, 1926, and 1902 cm�1—corresponding to the
Re(CRO)3 moiety of [Re(C12Anth-py2)(CO)3Br] (Fig. 1c).

Comparison of the Raman spectra of pristine TFB-BD and
[Re]@TFB-BD (Fig. S6, ESI†) evidenced the vibrational modes
observed for [Re(C12Anth-py2)(CO)3Br] invisible or largely
shifted in the spectrum of [Re]@TFB-BD. The new features at
208 and 1013 cm�1 and the increase in the intensity of the
bands at 785 and 1215 cm�1 in the spectrum of [Re]@TFB-BD
could be assigned to Re–Br stretching, ring deformations, and
C–N and C–C stretching from the catalyst.30 A slight red-shift
was observed for the COF features centered at 1584 cm�1 and
1170 cm�1 (DRaman-shift = 2–4 cm�1), accompanied by a slight

increase in the broadness (FWHM for TFB-BD is 30 cm�1, while
for [Re]@TFB-BD it is 34 cm�1) (Fig. S7, ESI†). These features
may originate from structural distortions of the COF crystal in
the presence of [Re(C12Anth-py2)(CO)3Br], which supports the
hypothesis of the catalyst occupying the COF pores. Such shifts
in the positions of the Raman features have been reported
for metal–organic frameworks (MOF, e.g. Mn-MOF-74 or
Co-MOF-74)31,32 impregnated with small organic compounds
(e.g. 7,7,8,8-tetracyanoquinodimethane).

The N2 physisorption showed a decrease of the BET surface
area by 53% down to 396 m2 g�1 upon [Re] incorporation, as
expected for a molecular complex blocking the pores (Fig. S1,
S4 and S5, ESI†). Pore size distribution showed a maximum at
1.4 nm, nearly identical to the as-synthesized COF material.
Thermogravimetric analysis (TGA) indicated material stability
up to 380 1C, similar to the pristine COF (Fig. S8 and S9, ESI†).
High-angle annular dark field-scanning transmission electron
microscopy (HAADF–STEM) of [Re]@TFB-BD evidenced single
atom Re as bright dots on the COF support (Fig. S10, ESI†), and
energy dispersive X-ray spectroscopy maps in STEM (STEM-
EDX) indicated that the Re sites were evenly distributed
throughout the COF material (Fig. S11, ESI†).

Upon substantiating the composition of [Re]@TFB-BD, we next
investigated the transfer hydrogenation activity of the hybrid mate-
rial with iPrOH and acetophenone. In a closed reaction vessel,
1 equiv. of acetophenone was heated to 70 1C with 7.0 mg of
[Re]@TFB-BD and 5 mol% of potassium tert-butoxide (KOtBu) in
iPrOH, which serves as both solvent and sacrificial hydrogen (H2)
donor. After 48 h, GCMS analysis indicated no reaction had
occurred and only acetophenone (starting material) was observed.
In contrast, the same reaction with benzaldehyde provided 59%
conversion (GCMS) of benzaldehyde to benzyl isopropylether (Fig.
S12, ESI†)—rather than the expected transfer hydrogenation pro-
duct (benzyl alcohol). In the negative control reaction, no reaction
was observed using unmodified TFB-BD under the same reaction
conditions. Furthermore, no leaching of the Re(C12Anth-py2)(CO)3Br
catalyst into the iPrOH solution was detected by 1H NMR, FTIR
spectroscopy or GCMS (vide infra, co-incubation study).

To determine the role of the TFB-BD scaffold in this unex-
pected catalytic transformation, we explored the reactivity of

Fig. 1 (a) The molecular structure of one pore of [Re]@TFB-BD; (b) powder XRD pattern of TFB-BD (blue) and [Re]@TFB-BD (red); (c) FTIR spectra of
[Re(C12Anth-py2)(CO)3Br] (black), TFB-BD (blue) and [Re]@TFB-BD (red).
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homogeneous [Re(C12Anth-py2)(CO)3Br] in the absence of COF.
The analogous reaction performed with benzaldehyde [1 equiv.,
5 mol% [Re(C12Anth-py2)(CO)3Br], 5 mol% of KOtBu in iPrOH]
resulted in 97% conversion from the starting material to
products (GCMS). However, rather than the reduced benzyl
isopropylether product observed in the hybrid [Re]@TFB-BD
catalyst system, we observed oxidative esterification of benzal-
dehyde to isopropyl benzoate (Fig. S13, ESI†). On this basis, we
conclude that the alteration in reactivity resulted from immo-
bilization of the rhenium catalyst in the TFB-BD pores.

This finding enters [Re(C12Anth-py2)(CO)3Br] into a limited
group of catalysts that perform oxidative esterification of
aldehydes.33–38 The direct catalytic conversion of aldehydes to
esters is step-efficient and atom-economic compared with the
canonical reaction sequence of aldehyde oxidation followed by
alcohol condensation. There are limited reports of transition
metal catalysts that mediate this transformation. Furthermore,
the utility and scalability of such methods is hindered by the
need for high temperature and pressure,33 co-catalysts,34–36 or
stoichiometric oxidizing agents.37,38 Notably, metal-free methods
for the oxidative esterification of aldehydes39–41 remain limited
by stoichiometric oxidants.

To demonstrate a host-guest interaction in the [Re]@TFB-BD
ensemble, another set of reactions was performed using the
rhenium catalyst simply co-incubated with (but not embedded
within) TFB-BD. That is, [Re(C12Anth-py2)(CO)3Br] was dissolved
in iPrOH and pristine (unmodified) TFB-BD was suspended
therewith. Benzaldehyde was then heated with this mixture
under the same conditions (iPrOH 70 1C, 5 mol% catalyst,
5 mol% KOtBu). We hypothesized that oxidative esterification
would proceed as in the homogeneous reaction (with no added
TFB-BD), as the evaporative embedding procedure was not
followed. Unexpectedly, the reaction generated neither the
oxidative esterification product (isopropyl benzoate) nor the
reduction product (benzyl isopropylether), but instead a new set
of products: 58% conversion of benzaldehyde to benzyl alcohol
(22%), benzalacetone (7%), and dibenzalacetone (29%) in a
B3 : 1 : 4 ratio. Indeed, these products are the result of the
initially hypothesized rhenium-mediated transfer hydrogena-
tion, which produces benzyl alcohol and 1 equiv. of acetone.
Subsequently, the byproduct acetone undergoes aldol conden-
sation with unreacted benzaldehyde either once to afford ben-
zalacetone, or twice to afford dibenzalacetone. The same
reaction performed in the absence of KOtBu still provides
transfer hydrogenation, but (beneficially) no aldol condensation
side products are observed (benzyl alcohol 55%).

Overall, we sought to propose a mechanism for the various
reaction pathways observed in the [Re] � TFB-BD systems
described above. Considering the homogeneous system ([Re]
without TFB-BD) that performed oxidative esterification, we
desired to determine if a Re(I) hydride species was formed in
the reaction. Formation of Re–H would likely result from the
oxidation of benzaldehyde-isopropanol hemiacetal, as this species
would be far more hydridic than benzaldehyde. (Notably, neither
the reductive etherification nor the oxidative esterification occurs
in the absence of KOtBu base.) Thus, the oxidative esterification

reaction (as described earlier) was performed in a sealed NMR tube
using d8-isopropanol. The

1H NMR spectrum of the mixture
after 18 h exhibited a resonance at �5.45 ppm (Fig. S16, ESI†),
indicating the presence of a bridged Re–H–Re species.42 This
dimeric species was also stoichiometrically generated ex situ by
reaction of [Re(C12Anth-py2)(CO)3(solv)]

+ (via AgBF4) with
NaBH4,

43 which afforded the same bridged hydride species
(d �5.34 ppm, 1H NMR) as the major product, with a small
amount of terminal Re–H product (d �17.2 ppm, 1H NMR; 15 : 1
bridged:terminal ratio). This chemical shift is in good agreement
with a previously reported analogous compound [(m-H)(Re(bpy)-
(CO)3)2].

43 Since the only hydride donor (as opposed to deuteride
donor) in the solution is the benzaldehyde substrate, we
conclude that oxidative esterification occurs by Re-mediated
hydride abstraction from the isopropyl hemiacetal of benzalde-
hyde (Fig. 2).

Next, examining the [Re]@TFB-BD hybrid system: a homoge-
neous system was reported wherein a manganese(I) tricarbonyl
reduced esters to ethers via manganese-mediated hydride
transfer.42 We propose that ether formation in the [Re]@TFB-BD
system occurs by oxidative esterification and subsequent reduction
by the embedded Re–H species to afford the ether product (Fig. 2).
We propose that this second step (reduction) occurs only in the
hybrid catalyst system (and not in the homogeneous system)
because the catalytic sites are co-immobilized in the pores of
TFB-BD with trapped substrate. This immobilization serves (i) to
stabilize the terminal Re–H intermediate and prevent the catalyst-
inactivating formation of Re–H–Re, and (ii) to trap the ester
intermediate in close proximity to the reactive Re–H species, thus
promoting reduction. To test this hypothesis, ex situ-prepared
isopropyl benzoate was reacted with [Re]@TFB-BD, and its
reduction to benzyl isopropyl ether was observed (Fig. S18, ESI†).

Finally, we consider the system of [Re(C12Anth-py2)(CO)3Br]
co-incubated with TFB-BD. As a Re(I)–H intermediate
(d �5.34 ppm) was observed in the (completely) homogeneous
catalytic system, we postulate that the TH activity observed in
this system follows the reported mechanism of Mn(I)–H transfer

Fig. 2 Proposed catalytic cycles for the transfer hydrogenation (left) and
oxidative esterification/reductive etherification (right) of benzaldehyde by
[Re(C12Anth-py2)(CO)3Br].
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hydrogenations.16,29 Notably, the reported manganese systems
utilize a pendant base moiety (such as 2-hydroxypyridine) for
effective catalysis, as the pendant base acts as a proton acceptor/
donor. As such, our pyridine-based rhenium complex cannot
efficiently catalyze TH in the absence of a proximal pendant
base. It is thus possible that the aryl-NH2 groups at the TFB-BD
termini act as such a pendant base, leading to TH activity.
Additionally, adsorption of [Re(C12Anth-py2)(CO)3Br] to the
surface of TFB-BD would result in close spatial proximity of
the rhenium center to the amino termini. It has been observed
in metal organic framework (MOF) catalytic systems that the
MOF scaffold can provide important secondary interactions to
catalytic sites which alter and enhance reactivity.44

In summary, this work demonstrates that the presence
and mode of interaction (embedded or co-incubated) of a
COF co-catalyst drastically alters the reactivity of a homogeneous
rhenium catalyst, which determines its varying functional out-
come: reductive etherification (COF-embedded catalyst), oxidative
esterification (homogeneous catalyst) or transfer hydrogenation
(co-incubated catalyst). This demonstrates the utility of COF
materials to maintain their crystalline structure whilst altering
the inherent reactivity of molecular species—even in the
absence of covalent tethering. Such a hybrid material|catalyst
strategy is a practical and tractable approach for developing of
new catalytic systems based on known catalysts.
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