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Selective catalytic transfer hydrogenation (CTH) of carbonyl compounds to obtain specific alcohols holds
significant importance across various fields. Achieving multiple selectivity in CTH is particularly crucial,
but full of great challenge. Herein, a cationic In-captured Zr-porphyrin framework (1) with nanosized
pores/cages was successfully constructed and showed high structure stability. Catalytic investigations re-
vealed that 1 displayed highly multi-selective CTH of aldehydes and ketones containing both chemo- and
size selectivity for the first time. The CTH of aldehydes and ketones exhibited remarkable reductive se-
lectivity of 99% towards C=0 bonds into CH-OH in the presence of -NO,, -CN and C=C groups. Through
tuning the reaction conditions, 1 also exhibited highly selective reduction of 97% for -CHO groups in
the simultaneous presence of -CHO and -COCH3 groups in intra- and intermolecular settings. Remark-
ably, reductive selectivity towards -CHO group remained prominent among five concurrent unsaturated
groups mentioned above. Additionally, the definite pore size of 1 facilitated volume control of substrates,
enabling size selectivity. 1 as a heterogeneous catalyst was further confirmed by leaching tests, and main-
tained high activity even after being used for at least six cycles. Mechanistic studies have revealed that
Zrg0g clusters served as the catalytic centers and the observed chemoselectivity mainly results from the
synergistic effect of distinct metal sites within 1. The heightened selectivity towards -CHO over -COCH3
can be attributed to the easier realization of transfer hydrogenation processes for -CHO compared to -

COCHj3.
© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
Medica, Chinese Academy of Medical Sciences.

Selective hydrogenation displays significant importance in vari-
ous domains, including organic synthesis, drug manufacturing, and
industrial production [1-3]. This valuable topic focuses on pre-
serving specific functional groups or selecting distinct substrates,
meeting the specific requirements in these fields mentioned above
[4-7]. Compared with traditional direct hydrogenation, catalytic
transfer hydrogenation (CTH) using renewable and sustainable lig-
uids such as alcohols and formates as hydrogen sources, avoids
the need for flammable H, gas with high pressure and promotes
the selectivity of unsaturated bonds [8]. Recent achievements have
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witnessed impressive progress in CTH reactions [9,10], and selec-
tive CTH of furfural, alkenes and «,8-unsaturated carbonyls have
been widely studied [11-13]. Since most chemicals in nature or
generated from biomass commonly maintain multi-unsaturated
groups like -CHO, -COR, -NO,, -CN and C=C bonds, highly selec-
tive reduction aimed at a specific group ensures the generation
of definite products preserving other unsaturated groups, which
is crucial for realizing advanced functions in the areas of phar-
maceutical and chemical industry. Nevertheless, the investigations
on selective CTH mainly focused on reduction of the given group
in two types of unsaturated groups, while the selective reduction
of a specific functional group amongst many kinds of unsaturated
groups remains undeveloped [14,15]. Actually, the 7-bonds within
unsaturated groups are generally easy to be unselectively reduced,
and selective CTH frequently confronts the confusion, where the
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Fig. 1. (a) Synthetic schematic of 1, (b) SEM and EDS images of 1.

high activity of catalysts promotes thorough reduction of all unsat-
urated bonds and inert activity results in an ineffective reaction.
As a result, the selective reduction of a single group among vari-
ous unsaturated groups become greatly challenging [16]. Further-
more, size selectivity enables the screening of substrates with spe-
cific volumes for reactions [17-19], and to our best knowledge no
size selectivity has been reported in CTH reactions hitherto. There-
fore, to realize selective CTH with both definite chemoselectivity
among many kinds of unsaturated groups and size selectivity for
various substrates, the exploration of an ideal catalyst with suitable
catalytic activity and defined pore size is necessary and important.

Metal-organic frameworks (MOFs) constitute a significant cat-
egory of porous materials that find widespread use as heteroge-
nous catalysts [20-29], and are regarded as candidates for achiev-
ing efficient and multi-selective CTH reactions based on the fol-
lowing considerations: (1) Porous structures provide reaction space
and allow full utilization of catalytic sites, thus accelerating re-
action rate [30-35]; (2) Multi-metallic sites can activate different
functional groups, leading to selectivity of specific reaction sites
[36-39]; (3) Fixed orifice size enables spatial confinement and
presents potentially size-selective properties [40,41]; (4) Stable
frameworks make the catalysts easily separated from the reaction
mixture and reused several times [42-44]. Despite the numerous
advantages of using MOFs as catalysts for CTH reactions, there has
been little research on their ability to achieve multiple selectivity,
including chemoselectivity towards diverse functional groups and
size selectivity [11,45].

With this in mind, a nanopore-based In-captured Zr-porphyrin
framework (1) was successfully synthesized. In the structure, ZrgOg
clusters induce electrons from central metals over the porphyrin
skeletons, enhancing the Lewis acidity of the In centers to facilitate
the substrate into the pores and interact [46,47]. In CTH reactions
of aldehydes and ketones, the dual metal centers in 1 can serve
as divided active sites to give definite reductive selectivity towards
-CHO or -COCH3 when existing -NO,, -CN, C=C groups, and note
that high selectivity can be also obtained for reduction of -CHO to
-CH,OH in the simultaneous presence of -CHO and -COCH3 groups.
Interestingly, when five unsaturated groups mentioned above were
concurrently introduced to the CTH system, 1 exhibited a high re-
ductive selectivity towards the -CHO group. Additionally, the spe-
cific pore size of 1 afforded volume control of the substrates to

give obvious size selectivity. It is the first time to realize highly
multi-selective CTH reactions of aldehydes and ketones containing
selectivity from various unsaturated groups and volume size con-
finement.

1 was first synthesized via the reaction between Zr-porphyrin
framework PCN-224 and In(NOs)3-5H,0 in DMF (Fig. 1a). Scan-
ning electron microscopy (SEM) images show the block morphol-
ogy of 1, and EDS mapping analysis indicates homogeneous distri-
bution of C, N, O, Zr and In elements on the surface (Fig. 1b and
Fig. S1 in Supporting information). The elemental amount deter-
mined by ICP-OES analysis suggested a 5.78% weight of In in the
structure (calcd. 7.77%). In the compared PXRD patterns, the peaks
match well with those of PCN-224 and PCN-224(Bi) at 4.6°, 6.4°,
7.9° and 9.0°, as reported previously [47], indicating the scaffold
unchanged (Fig. S2 in Supporting information). FT-IR spectrum of
1 is also compared with those of PCN-224 and PCN-224(Bi), and
the peak located at 1709.8 cm! related to carboxylic C=0 bond is
nearly the same, suggesting the ZrgOg cluster remained unchanged
(Fig. S3 in Supporting information). The N-H peak at 3324.2cm!
disappears, indicating the In-N bond formation. X-ray photoelec-
tron spectroscopy (XPS) results are shown in Fig. 2 and Fig. S4
(Supporting information), and the survey spectrum suggests the
existence of In, Zr, N, C and O elements (Fig. 2a). Two typical
peaks located at 452.9 and 445.4eV in In 3d region are related
to In 3dz;, and 3ds), electronic configurations, respectively, indi-
cating the In3+ state (Fig. 2b) [48]. The signals at 185.3 eV (3d3p,)
and 182.9eV (3ds;) in Zr 3d spectrum confirm the existence of
Zr** ions (Fig. 2c) [48]. In N 1s spectrum, the peaks at 399.9
and 397.8eV are attributed to C=N/C-N bonds of porphyrin moi-
ety and In-N bonds, and 407.3 eV signal can be assigned to NOs3-,
indicating that 1 is a cationic framework (Fig. 2d) [49]. With re-
spect to C 1s, three signals at 288.8, 285.9 and 284.8eV can be
attributed to C-0/C=0, C-N/C=N and C-C/C=C bonds (Fig. S4a
in Supporting information) [50]. The O 1s peaks located at 533.1,
531.9 and 530.3eV are correlated to C-0, C=0 and Zr-O bonds
(Fig. S4b in Supporting information) [51]. TGA curve is depicted
in Fig. S5 (Supporting information), and the swift weight reduc-
tion of 10% observed prior to reaching 85°C can be ascribed to
solvent evaporation. A reposeful platform with only 15% weight
loss is obtained from 85°C to even 409 °C, showing excellent ther-
mal stability of 1. After 409 °C, a sharp weight decline suggests the
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Fig. 2. XPS analysis of 1: (a) Survey spectrum, (b-d) In 3d, Zr 3d and N 1s spectra.

decomposition of 1. The analytic results above verify the success-
ful construction of In-captured Zr-porphyrin framework 1, and por-
phyrins with In occupied in centers were linked by ZrgOg clusters
in this compound [47]. Additionally, the substrate framework PCN-
224 featuring nanosized pores/cages of approximately 16A, along
with 2.2 nm average pore size of 1 (Fig. S6 in Supporting informa-
tion), provides ample space for diverse organic molecules to ap-
proach the catalytic centers, and also possible to realize the size
confinement towards these substrates.

Comparatively, the reduction of -NO, to -NH, in nitrobenzene
(redox potential: —1.31eV) is considered easier than the reduction
of -CHO to -CH,0H in benzaldehyde (redox potential: —1.68eV)
theoretically [12]. As demonstrated in previous research studies,
for nitrobenzaldehydes, -NO, and -CHO are together reduced to
give aminobenzyl alcohols, or -NO, are selectively transferred into
-NH, to afford aminobenzaldehydes in most direct hydrogenation
and transfer hydrogenation systems [52-54]. However, in our re-
search, using 1 as a catalyst and isopropanol (iPrOH) as the hy-
drogen source, 4-nitrobenzaldehyde (1a) can be selectively reduced
to 4-nitrobenzyl alcohol (2a) while preserving the -NO, group en-
tirely (Table 1, entry 1). In contrast, -NO, was also hydrogenated
to -NH, meanwhile in most MOF-based catalytic system when a
strong base was used as an additive [45]. 5,10,15,20-Tetrakis(4-

Table 1
Catalyst optimization for selective CTH of 4-nitrobenzaldehyde.?

i

/@) Catalyst (2 mol%) /©/kH

ON iPrOH acetone 02N
1a 2a

Entry Catalyst Yield (%)
1 Catalyst 1 95
2 In-TCPP <5
3 PCN-224 83
4 In(NO3)3-5H,0 +H,TCPP+ZrCly 35
5 PCN-224(Co) 77
6 PCN-224(Ni) 35
7 PCN-224(Bi) 81

2 Reaction conditions: catalyst (2 mol%), iPrOH (2 mL), 80°C, 2 h, the yields were
determined as an average value of three runs by '"H NMR analysis.
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carboxyphenyl)porphyrin-In (In-TCPP) afforded no reductive prod-
uct under the same conditions and PCN-224 showed lower yield
than catalyst 1, suggesting obvious synergistic effect of two moi-
eties within the catalyst in this reaction (entries 2-3). When a mix-
ture of In(NO3)3-5H,0, H,TCPP and ZrCl4 was used, only 35% yield
of 2a was presented, indicating efficient activity of the MOF cat-
alyst (entry 4). The performance of other metals associated with
the porphyrin center, such as PCN-224(M) (M= Co, Ni, Bi) was also
compared. These selected MOFs showed lower efficiency than com-
pound 1, suggesting the essential role of the In center within the
porphyrin ring. Based on the results above and the optimations
in Tables S1-S4 (Supporting information), 1 exhibited high activity
and selectivity in CTH of 1a and was further used as the catalyst
for subsequent investigations.

Compared with aldehydes, ketones need an elevated tempera-
ture of 120°C to afford the desired secondary alcohol products in
ideal results (Tables S5-S9 in Supporting information), and higher
activity of catalyst 1 over PCN-224 also indicated the significant
role of In-TCPP moiety. C=0 bond was also reduced selectively for
4-nitroacetophenone (3a) with -NO, remained and the yield of
4a is 97% (Fig. 3a). -CN group can be hydrogenated to -CH=NH,
-CONH, or -CH,NH, under H, hydrogenation or via CTH. Theo-
retically, -CN group is more easily reduced than C=0 bonds due
to the lower reduction potential (-CHO, —1.68; -COCH3, —1.75;
-CN, —1.29) [55,56]. In the 1 catalytic transfer hydrogenation of
4-cyanobenzaldehyde (1b) and 4-cyanoacetophenone (3b), C=0
bonds were selectively reduced while -CN remained completely,
and the alcohols 2b and 4b were obtained in high yields (Fig. 3b).
As is well-known, the selective reduction of «,B-unsaturated alde-
hydes and ketones is a significant research focus, cause allylic al-
cohols are highly vital compounds in many fields [13]. However,
in these substrates, C=C bonds also exhibit high reactivity towards
reduction, thus it is still a challenge to control the selectivity for
C=C and C=0 bonds. Attractively, based on catalyst 1, cinnamalde-

(a) Selective CTH of C=0 bond in the presence of -NO,

@*

2a YleIdISeI (%): 95/99

/©) iPrOH, 80 °C, 2 h
Catalyst 1
iPrOH, 120 °C, 24 h
4a Yield/Sel. (%): 97/99

(b) Selective CTH of C=0 bond in the presence of -CN
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Fig. 3. Selective CTH of C=0 bonds in the presence of (a) -NO,, (b) -CN and (c)
C=C bonds.
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Fig. 5. Selective CTH of -CHO among various unsaturated groups.

hyde (1c) produced cinnamyl alcohol (2¢) and cyclohexanone (3c)
afforded cyclohexanol (4¢), maintaining complete selectivity for the
reduction of C=0 bonds while leaving the C=C bonds unaffected
(Fig. 3c). The results above indicate superior reductive selectivity
towards the C=0 bonds of aldehydes and ketones into CH-OH in
the presence of -NO,, -CN and C=C groups.

In addition to the high selectivity between C=0 bonds and the
three groups mentioned above, we also conducted investigations
into CTH reactions involving the simultaneous presence of -CHO
and -COCH3 groups. As we know, -CHO and -COCH3 are similar
groups, selective distinction between these two groups is challeng-
ing and has an important role in practical applications [57]. To our
delight, as shown in Fig. 4a, 1 catalyzed transfer hydrogenation of
4-acetylbenzaldehyde (1d) smoothly in 93% yield using iPrOH sol-
vent at 80°C for 6h. The -CHO reductive product 4-acetylbenzyl
alcohol (2d) occupied 90%, and the complete reduction product
2d’ was only 3%, showing high reductive selectivity of 97% towards
-CHO. In contrast, another ZrgOg cluster-based MOF-808 exhibited
a selectivity of only 72% for 2d under the same condition (Fig. 4b).
When benzaldehyde (1f) and acetophenone (3d) were both intro-
duced to the reaction, benzyl alcohol (2f) and 1-phenylethanol (4d)
were afforded in 90% and 4% yields, respectively (Fig. 4c). The re-
sults revealed a notable preference for the selective reduction of
the -CHO group over -COCHj3, regardless of whether it was present
in an intermolecular or intramolecular context.

Remarkably, upon introducing a blend of benzonitrile, ace-
tophenone, nitrobenzene, styrene, and benzaldehyde into the CTH
system, benzaldehyde demonstrated high yield of benzyl alcohol
(2f) and acetal in 88% and 7%, respectively. The production of 1-
phenylethanol (4d) was limited to only 9%, and no discernible
transformation was observed for other functional groups (Fig. 5
and Fig. S8 in Supporting information). It is important to point out
that the selective hydrogenation generally occurs between two un-
saturated groups. Here, a notable breakthrough is the achievement
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of highly selective reduction for -CHO groups, even in the presence
of various functional groups. Significantly, the precise chemoselec-
tivity among various unsaturated groups demonstrated by catalyst
1 in CTH reactions finds significant prospects in selective reduction
fields and industrial production.

Subsequently, an assessment was conducted on the range of
aldehydes incorporating various functional groups, taking their
electronic effects, steric hindrance, and volumetric dimensions into
account (Table 2). Widely studied biomass derived furfural (FUL,
1e) could be converted to furfural alcohol (FOL, 2e) in high yield
(92%). Benzaldehyde (1f) successfully yielded benzyl alcohol (2f)
with a high yield of 94%. In the case of 2-methylbenzaldehyde
(1g), the corresponding primary alcohol (2g) was obtained with a
moderate yield. When it came to ortho-halogen substituted ben-
zaldehydes (1h-1j), the yield decreased as the size of the halogen
increased. The disparity in yields observed for ortho-substituted
groups may be attributed to the varying degrees of steric hin-
drance and their respective interference with the reaction center,
and bulky ortho-substituents tend to obstruct the reaction site,
thereby inhibiting the yield. 3-Methylbenzaldehyde (1k) provided
a moderate yield of product 2k (49%), while 3-bromobenzaldehyde
(11) exhibited a high yield in the CTH process (2, 93%). The dis-
crepancy can be attributed to the differing electronic effects of the
substituents. 4-Methyl and 4-methoxybenzaldehyde gave the cor-
responding CTH products 2m-2n in moderate yields, while electron
deficient group containing benzaldehydes 10-1q presented the al-
cohol products 20-2q in high yields (93%-99%). Compared to elec-
tronic or steric hindrance effect, volumetric effect has a more ob-
vious influence. 1-Naphthaldehyde (1r) exhibited a lower yield of
64% in the formation of 1-naphthalenemethanol (2r) compared
to substrates with smaller sizes. 4-Phenylbenzaldehyde (1s) pro-
duced the alcohol 2s in 60% yield due to the larger size. When
larger-sized substrates, such as 1t and 1u, were chosen for trans-
fer hydrogenation reactions, the yields further decreased to 19%
and 20% respectively. The significantly bulky substrate 1v only
achieved the target primary alcohol product with a yield of 10%
under standard conditions, leaving a substantial amount of start-
ing material unused. Therefore, this catalytic system exhibits ex-
cellent selectivity towards the size of aldehyde substrates and can
be utilized for the efficient screening of reactants suitable for the
reaction.

After condition optimization using acetophenone (3d) as the
model substrate (Tables S5-S9 and Table 3, entry 1), various ke-
tones were evaluated in CTH reactions with 1 as the catalyst and
iPrOH as the hydrogen source at 120°C for 24h (Table 3). 2-
Methylacetophenone (3e) gave the corresponding reduction prod-
uct 4e in 58% yield, which was possibly due to the bulky steric hin-
drance around the reactive center and the difficulty of approach-
ing the catalytic sites. When 4-methylacetophenone (3f) was intro-
duced to this reaction, product 4f could be obtained in 76% yield,
and an elevated value of 88% could be realized when extended
to 36h. para-Halogen group-containing acetophenones 3g-3i un-
derwent the CTH process smoothly, and presented corresponding
alcohol products 4g-4i in high yields (94%). N-Heterocyclic ke-
tones 3j-3k were also examined, with the result that 2- and 4-
acetylpyridine showed excellent activity to give 4j and 4Kk in 92%
and 99% yields. Aliphatic cyclic ketones also exhibited efficient ac-
tivities. Cyclopentanone and cyclohexanone (31 and 3m) both ex-
hibited excellent yields of 99% to give cyclopentanol and cyclo-
hexanol (41 and 4m), respectively. Ascribed to the bulky size, ben-
zophenone (3n) and 1-phenyl-1-butanone (30) delivered the alco-
hol products 4n and 40 in reduced yields of 62% and 61%. When
larger-sized ketones were introduced, the yields exhibited a more
significant decrease. 4,4’-Dimethylbenzophenone (3p) could realize
the CTH reaction, but produced the product 4p in 40% yield. The
lager-sized 4-benzoylbiphenyl (3q) afforded the desired CTH prod-
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Table 2
Substrate scope of aldehydes.?
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2 Reaction conditions: aldehydes (0.3 mmol), 1 (2 mol%), iPrOH (2 mL), 80°C, 8 h, isolated yields.
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Table 3
Substrate scope of ketones.®:®
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_H
(o] Catalyst 1 (2 mol%) o H
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2 Reaction conditions: ketones (0.3 mmol), 1 (2 mol%), iPrOH (1 mL), 120°C, 24 h, isolated yields.

b 36h.

uct 4q in only 28% yield, indicating obvious size selectivity for the
substrates.

As the reaction time increased, obvious gradual consumption of
the substrates and generation of the reduction products can be ob-
served by 'H NMR analysis (Fig. 6a and Fig. S9 in Supporting in-
formation). Using acetophenone 3d as an example, the CTH exhib-
ited rapid progress within the first 2 h, followed by a slower rate
up to 12 h (Fig. 6b, blue line). Unlike the continuous formation of

the product observed in the catalyst-induced system, the reductive
product 4d was not obtained upon removing the catalyst from the
system after a 4-h reaction, indicating the essential role and high
stability of the catalyst (Fig. 6b, pink line). The yield of CTH prod-
uct remained remarkably high even after the catalyst employed for
at least 6 times, showing high catalytic performance and recycla-
bility of 1 (Fig. 6¢ and Fig. S10 in Supporting information). ICP-OES
analysis indicated the contents of Zr and In of the used catalyst



H. Liu, J. Zhao, Q. Li et al.

Chinese Chemical Letters 36 (2025) 110593

(a) (b) (©)
oH 100 1004 97 97
2h U]
80 80
2 | || = -
| Ew E
9h =3 s
0 40 o 3
> ) 40
6h | —a— With Catalyst 1 >
Bl | [} L L & 20 9 Without Catalyst 1
oh @Aﬁ / 20
04 @
0
8 6 4 2 0 0 2 4 8 10 12 1 2 3 4 5 6
1 (ppm) t (h) Cycles
(d) (e) ®
P c In 3d o= 2r3d
1s : s2 zr3d
In3d After catalysis Aftor catalyels  4p53 1raz 5
| After catalysis —~ b / Vo
(3‘; wh=af | N1s = /\ \ 3 /\ \
& A < & e
> //A/‘V/ ‘ «.CJ I 7:3d : A / \ = Z \
G | Boforo catalysis | N | gefore catalysis :;:dgm _nady, g | Before catalysis
TR | AN = z 4454
1o P A B B 2
= | £ =i
!
1200 1000 800 600 400 200 0 458 456 4%4 452 450 4"18 446 444 442 190 188 186 184 182 180 178

Binding energy (eV)

Binding energy (eV)

Binding energy (eV)

Fig. 6. (a) Monitoring the CTH of acetophenone (3d) for different reaction time. (b) Yield-time curve (3d) and the leaching test. (c) Catalytic results for CTH of 3d after
catalyst reused successive 6 times. (d-f) Compared XPS spectra of 1 before and after catalysis.

(a) (b)
1+ iPrOH OH
o g i
(CH,),C30 o P
2a 0 o
PCN-224 + /PrOH ‘ Q \
7 6 5 4 3 2 1 0 0 8 6 4 2 0
f1 (ppm) f1 (ppm)
(c) (d
4-nitrobenzaldehyde + ZrCl, + iPrOH 4-nitrobenzaldehyde + In-TCPP
+iPrOH
-CHO -CHO

4-nitrobenzaldehyde + In-TCPP

J ”J (Pl |

d-nnrobenzalderde

16 14 12 10 8 6 4 2 0 -2
f1 (ppm)

4-nitrobenzaldefyd

N W | US—

11 10 9 8 7
f1 (ppm)

Fig. 7. Control experiments detected by "H NMR analysis. (a) None acetone gen-
eration after mixing of iPrOH with 1 or PCN-224. (b) In-situ CTH reaction of 4-
nitrobenzaldehyde (1a) in NMR tube. (c) "H NMR spectra for interaction of 1a, ZrCly
and iPrOH. (d) '"H NMR spectra for interaction of 1a, In-TCPP and iPrOH.

were 16.2% and 4.98% respectively, only slightly losing compared
with the fresh 1 (15.5% for Zr, 5.78% for In). Additionally, XPS sig-
nals and PXRD peaks were almost identical between the fresh and
recycled catalyst (Figs. 6d-f and Fig. S11 in Supporting information).
The results above demonstrated the outstanding stability, recycla-
bility and catalytic activity of the heterogeneous catalyst 1.

To gain a deeper understanding of the mechanism underlying
activity and selectivity of the CTH process, we carried out con-
trol experiments and density functional theory (DFT) calculations
(Figs. 7 and 8, Fig. S12 in Supporting information). No detectable
acetone signal was generated according to 'H NMR analysis even
over a prolonged period when PCN-224 or catalyst 1 was combined
with iPrOH, but the in-situ CTH reaction of 1a afforded product
2a and acetone (Figs. 7a and b), which ruled out the possibility of
metal hydride serving as an intermediate in this process and deter-

mined the transfer hydrogenation mediated by iPrOH. The corre-
sponding hydrogen signals shifted significantly when mixing iPrOH
and ZrCly (Fig. S12 in Supporting information). Furthermore, the
-CHO hydrogen signal experienced a significant shift when ZrCly
and 1a were introduced to iPrOH (Fig. 7c). Whereas in both these
scenarios, the -CHO hydrogen signal remained original state when
either 1a and In-TCPP or 1a, In-TCPP and iPrOH were combined
(Fig. 7d). These observations imply that the ZrgOg cluster engages
in interactions with both iPrOH and aldehyde group, and serves
as the catalysis center, whereas the In-porphyrin component does
not participate in such interactions. However, In-TCPP may inter-
act with -NO, and other unsaturated groups within the substrates
[58], constituting different functions of the porphyrin metal cen-
ters and the ZrgOg nodes within catalyst 1. These results constitute
the fundamental reason for the observed chemoselectivity, and the
multiple Lewis acid centers also promote the substrates into the
channels and accelerate the reaction rate.

DFT calculations were firstly conducted to explore the reac-
tion among ZrgOg node, 1a, and iPrOH, with the corresponding
energy profile (AG) depicted in Fig. 8a. In the initial step, the -
OH group of iPrOH underwent deprotonation by the -OH within
the ZrgOg node, resulting in the attachment of the deprotonated
iPrOH to ZrgOg node (+0.41kcal/mol, Int-1). Subsequently, the
aldehyde group of 1a displaced the water molecule of the clus-
ter (+3.92 kcal/mol, Int-2). Transfer hydrogenation took place from
the tertiary carbon of the deprotonated iPrOH to the carbon of -
CHO group through transition state Ts-1, and a high activation en-
ergy of +13.22 kcal/mol with a substantial energy barrier signifies
that this step is the rate-determining step. The reaction energy de-
crease for acetone and benzyl oxygen anion interacting with the
Zrg0g node (Ts-1— Int-3) was estimated to be highly exother-
mic by —19.94 kcal/mol. Subsequently, the acetone was substituted
with a second iPrOH, leading to a substantial exothermic process of
—5.46 kcal/mol (Int-4). The second transfer hydrogenation process
occurred from the -OH group of iPrOH to benzyl oxygen anion (Ts-
2) with a low energy barrier of +0.68 kcal/mol and affording Int-
5. However, the energy gap in this step was notably lower than
Ts-1. Following this, upon the replacement by H,0, product 2a
was afforded and Int-1’ was regenerated to complete the catalytic
cycle.

The DFT calculations were further investigated among ZrgOg
node, 3a, and iPrOH under the same conditions as 1a system
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Fig. 8. (a) Reaction energies for CTH of 1a calculated by DFT. (b) Reaction energies for CTH of 3a calculated by DFT. (c) Binding energies of In-TCPP with -NO, and -CN for

corresponding aldehydes. (d) Proposed CTH mechanism towards the example of 1a.

(Fig. 8b). The activated energies for Ts-1 and Ts-2 were deter-
mined to be 13.85 and 1.58 kcal/mol, respectively. Notably, the en-
ergy value for Ts-2 of -COCH3 was significantly higher compared
to that of -CHO (+0.68 kcal/mol), whereas the energy value of Ts-1
was relatively similar. Moreover, the corresponding reaction ener-
gies required for the first hydrogen transfer process (Int-2 — Int-
3) with 3a as substrate was much higher than that of 1a. The
above results suggest that the CTH conversion of -COCH3 is more
challenging than that of -CHO, providing a reasonable insight into
the high selectivity between -CHO and -COCH;3 in CTH reaction.
To elucidate other chemoselectivity, we conducted interaction cal-
culations involving 1a and 1b with In-TCPP. The binding energies
for -NO, and -CN with the porphyrin central metal were deter-
mined to be —25.39 and —28.93 kcal/mol, respectively (Fig. 8c). The
above-mentioned results indicate that -NO, and -CN exhibit strong
interactions with the In-porphyrin moiety, whereas -C=0 displays
a greater affinity for the ZrgOg-based CTH catalytic center. Thus,
the chemoselectivity arises from the distinct Lewis acid center-
substrate group interactions. Furthermore, both ZrgOg nodes and
In-porphyrin moieties facilitate preferential enrichment of reac-
tants, promoting the catalytic process for the CTH reaction. There-
fore, the proposed mechanism (Fig. 8d), highlights that ZrgOg clus-
ters serve as the catalytic sites and the In-porphyrin acts as the

Lewis acid binding site, playing an important role in enhancing ac-
tivity and chemoselectivity during the CTH process.

In summary, a new In-captured Zr-porphyrin framework (1) as-
sembled by ZrgOg clusters and In-porphyrin moieties was success-
fully constructed. 1 displayed highly multi-selective CTH of aldehy-
des and ketones containing both chemo- and size selectivity. Based
on catalyst 1, C=0 bonds in aldehydes and ketones could be se-
lectively reduced to CH-OH in the presence of other unsaturated
groups including -NO,, -CN, and C=C bonds. Furthermore, through
tuning the conditions under the activation of catalyst 1, high se-
lectivity of 97% towards -CHO was achieved in the concurrent ex-
istence of -CHO and -COCH3 groups, whether in intra- or inter-
molecular settings. Importantly, 1 also exhibited prominent selec-
tivity towards -CHO in the CTH among five types of unsaturated
groups mentioned above. Additionally, an obvious size selectivity
was achieved, primarily attributed to the well-defined pore size
of the catalyst. Control experiments and DFT calculations provided
clear evidence that chemoselectivity was mainly controlled by syn-
ergistic effect of the Zr and In centers within 1, and the selectivity
towards -CHO in presence of -COCH3 was attributed to the easier
realization of transfer hydrogenation processes for -CHO compared
to -COCHs. This research represents the first example for realiz-
ing multi-selective CTH reactions, combining both chemoselectiv-
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ity among many kinds of unsaturated groups and size selectivity
for various substrates.
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