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self-assembly of diiridium
macrocyclic catalysts imparts substrate selectivity
and glutathione tolerance†
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and Loi H. Do *

Molecular inorganic catalysts (MICs) tend to have solvent-exposed metal centers that lack substrate

specificity and are easily inhibited by biological nucleophiles. Unfortunately, these limitations exclude

many MICs from being considered for in vivo applications. To overcome this challenge, a strategy to

spatially confine MICs using Lewis acid-driven self-assembly is presented. It was shown that in the

presence of external cations (e.g., Li+, Na+, K+, or Cs+) or phosphate buffered saline, diiridium

macrocycles spontaneously formed supramolecular iridium-cation species, which were characterized by

X-ray crystallography and dynamic light scattering. These nanoassemblies selectively reduced sterically

unhindered C]O groups via transfer hydrogenation and tolerated up to 1 mM of glutathione. In

contrast, when non-coordinating tetraalkylammonium cations were used, the diiridium catalysts were

unable to form higher-ordered structures and discriminate between different aldehyde substrates. This

work suggests that in situ coordination self-assembly could be a versatile approach to enable or

enhance the integration of MICs with biological hosts.
Introduction

Bioorthogonal chemistry has allowed researchers to study and
manipulate living systems with high precision and efficiency.1–4

It has extensive biomedical applications, from the labelling of
disease targets to the in vivo generation of therapeutic drugs.
Metal-free click reactions such as strain-promoted azide–alkyne
cycloaddition5 and inverse electron-demand Diels–Alder6 are
among the most widely usedmethods. There is growing interest
in expanding the bioorthogonal chemistry library by leveraging
metal catalysis.7–11 For example, molecular inorganic catalysts
(MICs) have been used to mediate intracellular C–C bond cross-
coupling,12 olen metathesis,13,14 protecting group cleavage,15–18

transfer hydrogenation,19,20 and others.21–23 Unfortunately, since
MICs lack the ability to restrict access to their active sites, they
are prone to inhibition by endogenous thiols21,24,25 and have
poor substrate selectivity. These deciencies severely limit their
practical applications in living environments.

To enhance their biocompatibility, MICs can be spatially
conned26–30 within macromolecular hosts31–33 or designer
ligands34–36 (Chart 1A). For example, Ward and coworkers re-
ported that organoiridium complexes incorporated into human
ton, 4800 Calhoun Road, Houston, Texas,

ESI) available. CCDC 2267222. For ESI
other electronic format see DOI:

10272
carbonic anhydrase II were capable of catalyzing transfer
hydrogenation reactions in the periplasm of E. coli bacteria.37

These articial metalloenzymes achieved turnover numbers of
>90. In another example, Zimmerman and coworkers con-
structed metal–organic nanoparticles by crosslinking single
polymer chains containing copper ions.38,39 These complexes
Chart 1 Examples of spatially confined bioorthogonal catalysts (A) and
chemical optimization of transfer hydrogenation catalysts (B).
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have low toxicity and were used to synthesize anti-microbial
agents inside E. coli. In recent work, Martinez, Colomban and
coworkers developed caged catalysts comprising Cu(I) centers
supported by hemicryptophane ligands. These caged MICs
catalyzed azide–alkyne cycloaddition in the presence of excess
glutathione (GSH).40 A caveat, however, is that these reactions
were not performed under biologically relevant conditions (e.g.,
they were conducted in MeOH/CH2Cl2 solutions). Other
researchers have reported the use of inorganic nanoparticle
catalysts for in-cell catalysis, but these materials are not based
on MICs.41–44 Although the connement strategies above have
been demonstrated to be effective in some cases, they also have
limitations. For example, macromolecular catalysts may not be
able to cross the blood–brain barrier due to their large size45 and
some MICs may not be easily converted into caged species.

In our bioorthogonal catalyst discovery program, we use an
iterative approach to engineer MICs with improved biocom-
patibility. In previous work, we found that [Cp*IrCl2]2 (Cp* =

pentamethylcyclopentadienyl anion) was a poor transfer
hydrogenation catalyst under physiologically relevant condi-
tions (Chart 1B).46 This complex is too kinetically labile to form
single component species necessary for efficient catalysis.
When the Cp*Ir unit was ligated with N-phenylpicolinamidate
to give [Cp*Ir(N-phenylpicolinamidate)Cl] (Ir1), high catalytic
Scheme 1 Synthesis of monoiridium Ir1 and Ir1′ (A) and diiridium Ir2 (B)
and their UV-vis absorption (CH2Cl2, RT) and infrared spectra (C).

© 2023 The Author(s). Published by the Royal Society of Chemistry
activity was observed in aqueous solutions.46,47 Surprisingly,
other bidentate donors such as 2,2′-bipyridine or 2-phenyl-
pyridine did not produce viable Ir catalysts. Despite its high
intrinsic activity, Ir1 is prone to catalyst inhibition by thiols due
to its unprotected half-sandwich structure. Although Ir1 was
used successfully to perform transfer hydrogenation in living
cells,19 its catalytic efficiency is likely low due to their potential
to be deactivated in the biological milieu.

In the present work, to protect Ir1, we created a macrocyclic
platform that would accommodate two Cp*Ir units to give Ir2
(Scheme 1). In addition to being easier to synthesize than
a caged catalyst, Ir2 also contains backbone amides that are
capable of binding external Lewis acids, reminiscent of amino
acid side chains inside biological ion channels.48,49 We discov-
ered that combining Ir2 with alkali ions led to the formation of
higher-ordered structures, which exhibited improved tolerance
towards glutathione and reacted preferentially with small
aldehyde substrates under physiologically relevant conditions.
Although supramolecular metal–organic complexes have been
used in biological applications,50–52 bioorthogonal catalysts
formed in situ viametal–ligand coordination are unprecedented
to the best of our knowledge. Our work suggests that coordi-
nation self-assembly may complement other MIC connement
strategies26 and provide a convenient way to endow catalysts
with emergent properties.53,54 In particular, the ability to
discriminate between sterically hindered vs. unhindered
carbonyl groups could be useful in biological aldehyde
detoxication.55–57
Results and discussion

Because Ir1 lacks steric shielding on one hemisphere due to its
half-sandwich structure, it can interact with external species of
varying shapes and sizes. This feature is problematic because
the catalyst can be readily poisoned by endogenous components
and is unable to differentiate between functionally similar
substrates. We reasoned that if two Ir1 units could be linked
through several attachment points, the iridium centers would
be spatially conned by restricting their rotational freedom.
Based on this rationale, we synthesized the symmetric Ir2
complex, which has the formula [Cp*2Ir2(ligand L5)Cl2]
(Scheme 1B). The ligand L5 was prepared starting from
precursor L3, which contains 3-aminophenol units anking
a m-xylene spacer. Combining L3 with 5-hydroxypicolinic acid
in the presence of N-(3-dimethylaminopropyl)-N′-ethyl-
carbodiimide hydrochloride (EDC$HCl), 4-(dimethylamino)
pyridine (DMAP), and N-hydroxybenzotriazole (HOBt) provided
L4 in 59% yield. Template-assisted ring closing by treating L4
with aliquots ofm-xylylene dibromide and Cs2CO3 over a period
of 96 h under dilute conditions afforded L5 as a white solid
(42% yield). Finally, Ir2 was obtained by stirring L5 with
[Cp*IrCl2]2 and NH4PF6 at 80 °C for 36 h to furnish a yellow
solid in 68% yield aer purication by silica gel column chro-
matography. As catalyst standards, we also prepared Ir1 (ref. 58)
and a variant bearing N-phenyl-5-methoxypicolinamidate (Ir1′)
(Scheme 1A). The latter was designed to be a mononuclear
Chem. Sci., 2023, 14, 10264–10272 | 10265

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc02836d


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
Se

pt
em

be
r 

20
23

. D
ow

nl
oa

de
d 

on
 1

2/
9/

20
25

 2
:5

8:
56

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
analogue of Ir2, except that it lacks the ability to coordinate with
Lewis acids as will be demonstrated in a later section.

Spectroscopic characterization of the mono- and diiridium
complexes revealed that they exhibit similar features (Scheme
1C). For example, the ultraviolet-visible (UV-vis) absorption
spectra of Ir1′ and Ir2 were nearly identical, showing a prom-
inent band centered at 280 nm. In contrast, Ir1 has an
absorption maximum at 320 nm. All three complexes displayed
C]O vibrational stretches at ∼1590 cm−1, suggesting that the
amidate groups donate electron density to their respective
metal centers to the same extent. These results indicate that the
Ir centers in Ir1, Ir1′, and Ir2 are electronically similar despite
the latter having a more sterically crowded environment due to
the macrocycle structure. Thus, the effects of spatial conne-
ment on the catalyst behavior could be teased out by comparing
the reactivity of Ir1/Ir1′ vs. Ir2.

To test its transfer hydrogenation activity under biologically
relevant conditions, Ir2 (0.5 mol% relative to substrate) was
combined with benzaldehyde and excess sodium formate
(HCOONa) in various mixtures at 37 °C for 24 h. About 10% v/v
of DMSO was needed to sufficiently solubilize Ir2. Our results
showed that >80% yield of benzyl alcohol was obtained in H2O/
DMSO and phosphate buffered saline (PBS)/DMSO (Fig. 1A).
The use of cell culture media such as Roswell Park Memorial
Institute (RPMI) 1640 and Dulbecco's Modied Eagle Medium
(DMEM), with or without fetal bovine serum (FBS), lowered the
reaction yield to below 50%. The presence of glutamine (Gln),
lysine (Lys), or arginine (Arg) as additives had minimal effects
on Ir2 (∼70–80% yield). However, having high concentrations
Fig. 1 (A) Comparison of the transfer hydrogenation yield using Ir2 in
various aqueous media. Abbreviations: PBS = phosphate buffered
saline, RMPI = Roswell Park Memorial Institute, DMEM = Dulbecco's
Modified Eagle Medium, FBS = fetal bovine serum, Gln = glutamine,
Lys = lysine, Arg = arginine, Glc = glucose. Single asterisk (*) = 5 mM;
double asterisk (**) = 25 mM. (B) Cell viability curves for Ir1 and Ir2 in
NIH-3T3 cells after 24 h exposure.

10266 | Chem. Sci., 2023, 14, 10264–10272
(5–25 mM) of glucose (Glc) reduced the reaction efficiency to
#52% yield. In previous studies,46 we also observed that Ir1 was
more active in PBS than in cell culture media, which was
attributed to the inhibiting effects of sulfur- and nitrogen-
containing species present in the latter.

To assess the potential of Ir2 to be applied in living systems,
we measured its effects on NIH-3T3 mouse broblast cells aer
treatment for 24 h (Fig. 1B). Our results showed that the half-
maximal inhibition concentration (IC50) of Ir2 was 85 mM,
which is higher than that for Ir1 (IC50 = 62 mM), suggesting that
the former may be less cytotoxic than the latter. To determine
whether the iridium complexes are cell permeable, we measured
the iridium content of NIH-3T3 cells treated with either Ir1 or Ir2
for 24 h (Table S13 and Fig. S74†). Our inductively coupled
plasma mass spectrometric (ICP-MS) results showed that the
cells contained about 1.7× more Ir2 than Ir1 (1487 vs. 858 ng Ir/
106 cells, respectively).57 Based on these cytotoxicity and cellular
uptake data, Ir2 will likely be compatible with biological hosts at
low catalyst loadings (i.e., below its IC50).

We evaluated the substrate scope of Ir2 under our standard
transfer hydrogenation conditions (Fig. 2). In these experi-
ments, an aldehyde was combined with Ir2 (0.5 mol% relative to
Fig. 2 Transfer hydrogenation studies using Ir1 or Ir2 and HCOONa
with benzaldehyde and its derivatives (A) or other carbonyl-containing
(B) substrates.

© 2023 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc02836d


Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
Se

pt
em

be
r 

20
23

. D
ow

nl
oa

de
d 

on
 1

2/
9/

20
25

 2
:5

8:
56

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
substrate) and HCOONa as the hydride source in H2O/DMSO
(9 : 1) at 37 °C under air for 24 h. Reactions of benzaldehyde
or its derivatives featuring non-polar substituents (1a–1d) gave
the corresponding benzyl alcohol (2a–2d) in excellent yields
(>80%) (Fig. 2A). Benzaldehyde variants with electron-
withdrawing 3-carbonyl (1h) or 4-nitro (1l) groups were also
reduced efficiently (86 and 96% yield of 2h and 2l, respectively).
In contrast, benzaldehyde substrates with electron-donating
groups (e.g., 4-methoxy in 1e, 4-benzyloxy in 1f, 4-hydroxy in
1g, 4-hydroxy-3-methoxy in 1i, 4-acetylamino in 1j, and 4-
dimethylamino in 1k) afforded yields of the alcohol products
below 50%.

A similar set of reactions were performed using the mono-
iridium complexes, except that the catalyst loading was doubled
to 1.0 mol% (relative to substrate) so that the same amount of
iridium was used as in the Ir2 reactions. Our data showed that
in the presence of HCOONa, Ir1 converted nearly all benzalde-
hydes to their corresponding benzyl alcohols with almost
quantitative yields (Fig. 2A). The lower yield of 2f (53%) from 1f
is presumably due to the steric hindrance of the benzyloxy
(OBn) group. Since this substituent was not cleaved under our
transfer hydrogenation conditions, it suggests that the OBn
moiety in the Ir2 macrocycle is unaffected during catalysis.
Substrates 1a, 1e, 1k, and 1l were also subjected to transfer
hydrogenation reactions using Ir1′ (Table S3†). The results
showed that Ir1′ was just as efficient as Ir1, giving $90% yields
of 2a, 2e, 2k, and 2l, respectively. Neither Ir1 nor Ir2 with
HCOONa were able to reduce 4-formylpyridine 1y (Fig. S34†),
presumably due to pyridine coordination to Ir.59 Surprisingly,
we observed signicant yield differences between Ir1 vs. Ir2 for
products 2e (97 vs. 19%), 2g (99 vs. <5%), 2i (99 vs. 17%), and 2k
(91 vs. <5%). Since the iridium centers in Ir1, Ir1′, and Ir2 are
electronically similar according to their IR spectral data, the
differences are not likely due to electronic effects. We can rule
out steric effects because the bulky 4-isopropylbenzaldehyde
(1b) and 4-phenylbenzaldehyde (1c) substrates were readily
reduced by Ir2/HCOONa. Based on our catalyst structure studies
(vide infra), we hypothesize that substrates containing nucleo-
philic groups (e.g., hydroxy, alkoxy, or amino) are capable of
binding to the iridium center via their substituents and are slow
to dissociate inside the supramolecular Ir2 + Na+ structure. In
contrast, because Ir1 and Ir1′ are not spatially conned, re-
orientation of the substrates to favor hydride transfer to the
electrophilic C]O moiety is more facile.

We expanded our substrate scope studies to include other
aldehydes (Fig. 2B). Using our typical reaction conditions, we
screened aliphatic (1m), a,b-unsaturated (1n, 1o), aromatic (1p–
1s), and acetaldehyde substrates (1t–1u). Both Ir1 and Ir2 with
HCOONa gave similar yields of 2m, 2n (both C]O and C]C
bonds were reduced), and 2o. For all other alcohol products, the
monoiridium catalyst afforded signicantly greater yields
(>20%) than the diiridium catalyst, indicating that the former is
more promiscuous toward substrates. The inuence of spatial
connement in Ir2 is most apparent when comparing the
reaction yields between chemically similar substrates. For
example, Ir2 gave higher yields of 2q (70%) than its structural
isomer 2p (51%) since the aldehyde group in 1q is less sterically
© 2023 The Author(s). Published by the Royal Society of Chemistry
shielded than that in 1p. Similarly, Ir2 produced 2t (55% yield)
with much higher efficiency than 2u (<5% yield). The two a-
phenyl groups in 1u likely make the substate too bulky to
engage in hydride exchange with the Ir catalyst and formate.
Overall, our results clearly showed that Ir2 favors substrates
with less sterically accessible aldehyde groups. The ability to
differentiate molecular species based on shape and size has not
been achieved using conventional half-sandwich catalysts (e.g.,
Ir1 or Ir1′).

In the context of bioorthogonal chemistry, catalysts that
exhibit controlled reactivity are desirable because they can
target specic substrates without negatively impacting other
biological components.1,2 As a representative example of an
essential biomolecule, hydrocortisone (1v)60 was tested as
a potential substrate in transfer hydrogenation (Fig. 2B). When
Ir1 and HCOONa were combined with 1v in D2O/DMSO-d6 at
37 °C, reduction of the C3 carbonyl group to 2v was observed
(Fig. S5†).61 Up to 21% yield of 2v was obtained aer 24 h. In
contrast, when Ir2 was used as the catalyst, conversion of 1v to
2v did not occur aer the same time period (Fig. S7†).

Since many essential aldehydes (e.g., pyridoxal phosphate,
retinal, glyceraldehyde-3-phosphate, etc.) are bulky whereas
toxic aldehydes (e.g., acrolein, malondialdehyde, etc.) are non-
bulky,62–64 Ir2 could potentially be used as a selective detoxi-
cation agent.55–57 For example, our data showed that reduction
of the natural aldehyde vanillin 1i by Ir2/HCOONa is relatively
inefficient (17% yield, Fig. 2A). Because vanillin has more
potent antioxidant effects than the corresponding vanillyl
alcohol, it is desirable to avoid reducing 1i inside the cell.65–68 In
contrast, we found that the cell-damaging aldehydes croto-
naldehyde (1o, Fig. 2B), 4-hydroxynon-2-enal (Table S11,† entry
2), and hexa-2,4-dienal (Table S11,† entry 3) were converted to
their corresponding non-toxic alcohol products by Ir2/HCOONa
with high yields under our standard reaction conditions.
Although further studies are needed to test the selectivity of Ir2
inside live cells, our results suggest that it exhibits a key feature
of bioorthogonal catalysts by virtue of its ability to differentiate
between benecial vs. harmful substances.2

Based on previous studies,47,69 transfer hydrogenation reac-
tions using Ir catalysts can proceed via several pathways
(Fig. 3A). The productive route involves reaction of the Ir catalyst
with HCOONa to generate an iridium–hydride (Ir–H) interme-
diate, which can react further with aldehydes to give alcohol
products. Alternatively, the Ir–H species can reduce O2 to
generate H2O2.69 When thiols are present, such as glutathione,
cysteine (Cys), or homocysteine (Hsc), they can deactivate the Ir
centers via coordination inhibition. The presence of H2O2 in the
reaction mixture could lead to the conversion of thiols to
disuldes, which are non-coordinating. Oxidation of aldehydes
to carboxylic acids by H2O2 can also occur, but this process is
slower than its reduction under our reaction conditions (Tables
S5 and S9†).

To examine the thiol tolerance of the iridium complexes, we
measured their ability to generate H2O2 in the presence and
absence of glutathione (Fig. 3B). The iridium catalyst (50 mM of
Ir1 or 25 mM of Ir2) was combined with HCOONa (45 mM) and
GSH (50 mM) in H2O/DMSO (9 : 1) and stirred under air at 37 °C.
Chem. Sci., 2023, 14, 10264–10272 | 10267

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc02836d


Fig. 3 Possible reactions of iridium catalysts during the transfer
hydrogenation process (A) and the effects of GSH on H2O2 (B) and
alcohol product formation (C). Amounts used: Ir complex (0.15 mmol
of Ir1, 0.075 mmol of Ir2), HCOONa (135 mmol), GSH (up to 3.0 mmol),
1a (15 mmol, if any), Asc (6 mmol, if any), Cat (1000 units per mL, if any) in
H2O/DMSO (9 : 1, 3 mL) at 37 °C, 24 h. Single asterisk (*) = 1.5 mmol;
double asterisk (**) = 3.0 mmol. Abbreviations: Asc = sodium ascor-
bate, Cat = catalase.

Fig. 4 Transfer hydrogenation reactions using Ir catalysts and various
formate salts. Reaction conditions used: substrate (15 mmol), formate
salt (135 mmol), Ir complex (0.15 mmol of Ir1, 0.075 mmol or Ir2), 37 °C,
24 h. See Table S7† for specific yields.
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The formation of hydrogen peroxide was monitored using
commercial semi-quantitative H2O2 test strips (Fig. S14 and
S15†).69 Our results showed that in all reactions, H2O2 concen-
trations increased with and without GSH over the course of 15 h.
However, the addition of GSH to Ir1 led to a 48-fold inhibition in
H2O2 formation (870 vs. 18 mM), whereas the addition of GSH to
Ir2 led to only a 7-fold inhibition (401 vs. 57 mM). These
observations indicate that Ir2 is less sensitive to thiols than Ir1.
Since GSH is a relatively large small-molecule, it may not bind to
Ir2 as readily as Ir1 due to its protected active sites.

Next, we investigated the effects of thiols on the reduction of
benzaldehyde by the Ir catalysts and HCOONa. The rst set of
experiments was carried out under N2 to suppress the formation
of H2O2 (Fig. 3C and Table S4†). When GSH (1 mM) was added
to Ir1 (50 mM) and HCOONa (45 mM) in H2O/DMSO (9 : 1), the
10268 | Chem. Sci., 2023, 14, 10264–10272
conversion of 1a to 2a dropped by 8.9-fold, relative to the
standard reaction without GSH (11 vs. 98% yield, respectively).
In comparison, the addition of GSH (1 mM) to Ir2 (25 mM) only
lowered the activity by about 2.0-fold with respect to the control
(40 vs. 81% yield, respectively).

A second set of experiments was conducted in air to mimic
the aerobic environment of mammalian cells. We found that in
the presence of 0.5 mM of GSH, reduction of 1a by Ir1 (50 mM) or
Ir2 (25 mM) and HCOONa (45 mM) gave 27 and 63% yield of 2a,
respectively (Fig. 3C). To minimize oxidation of GSH (Fig. S8†),
the reactions were treated with either the anti-oxidant sodium
ascorbate (Asc) or H2O2-disproportionating enzyme catalase
(Cat) (Table S5†). As expected, the yields of benzyl alcohol
decreased due to the availability of more GSH to deactivate the
Ir catalysts. For example, the addition of Cat to Ir1 or Ir2 gave 2a
in 11 and 28% yield, respectively. Once again, however, reac-
tions with Ir2 generated more transfer hydrogenation products
than those with Ir1, demonstrating that the sterically protected
Ir2 exhibit better thiol tolerance. The catalyst inhibiting effects
of GSH could be reversed by introducing thiol scavengers such
as Michael acceptors or chemical oxidants (Table S6†).24,70

Under similar reaction conditions, the use of Cys or Hcy
instead of GSH completely deactivated the iridium catalysts
(Fig. S12†). Since Cys and Hcy are single amino acids rather
than a tripeptide like GSH, their smaller size may allow them to
bind Ir2 more readily. Finally, thioethers (e.g., methionine) and
disuldes (e.g., cystine and GSH disulde) have minimal effects
on the Ir catalysts.

Because the macrocyclic backbone in Ir2 features multiple
amide donors, we wondered if they could chelate cations with
different affinities.71,72 This interaction could tune simulta-
neously the steric and electronic properties of the Ir centers,
leading to corresponding changes in their substrate reactivity.
We found that when Ir2 and 1p were treated with HCOOLi,
HCOONa, HCOOK, or HCOOCs under our standard transfer
hydrogenation conditions, 2p (indicated as ** in Fig. 4) was
produced in 17, 38, 34, and 41% yield, respectively. However,
© 2023 The Author(s). Published by the Royal Society of Chemistry
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switching the formate salt to either HCOONMe4 or HCOONBu4
gave signicantly larger quantities of 2p (>70% yield). It appears
that the behavior of Ir2 is strongly dependent on the identity of
the cation used. Because 1p is sensitive to the Ir environment
due to its sterically crowded C]O group, these results suggest
that the catalyst structure is more conned in the reaction with
alkali ions than with tetraalkylammonium ions. For some
substrates, the amount of product generated was independent
of X in HCOOX. For example, the reduction of 1a and 1q to the
corresponding alcohol 2a (*) and 2q (***), respectively, pro-
ceeded with$75% yield for all formate salts tested. Because the
aldehyde moiety in 1a and 1q is unhindered, these substrates
can be readily reduced regardless of Ir2's spatial arrangement.

For comparison, we performed similar reactions using the
monoiridium catalysts. Our results showed that Ir1 gave quan-
titative yields of 2a, 2p, and 2q with all HCOOX salts (Fig. 4),
suggesting that the identity of X had no impact on the catalyst
activity.

Next, further studies were performed to interrogate the
nature of the Ir2–Lewis acid interaction. First, we studied the
binding of Na+ to the iridium complexes in H2O/DMSO (9 : 1)
Fig. 5 Characterization of the Ir2 + Lewis acid species using UV-vis
absorption spectroscopy (A), single crystal X-ray crystallography (B),
and dynamic light scattering (C). In part B, the X-ray structure (left) and
cartoon representation (right) of [(Ir2)2Na(H2O)]Cl are shown in gray
and red-orange to highlight the presence of two different Ir2 units.

© 2023 The Author(s). Published by the Royal Society of Chemistry
using UV-vis absorption spectroscopy (Fig. 5A). When NaCl was
added to a solution containing Ir1, no spectral changes were
observed, indicating that Na+ does not bind to the Ir complex. In
contrast, when Ir2 was treated with NaCl, the mixture became
cloudy and its UV-vis absorption baseline increased. This effect
was also observed when NaCl was replaced with NaPF6
(Fig. S20†). Titration of Ir2 with NMe4Cl, which contains a non-
coordinating ammonium cation, resulted in no spectral
changes (Fig. S24†). These observations indicate that Ir2 binds
preferentially to Lewis acidic cations, whereas Ir1 does not.

Second, to obtain structural characterization of the Ir2
complex in the presence of Lewis acids, X-ray crystallography
was used. Single crystals were grown by layering pentane over
a dichloromethane solution of Ir2 containing trace amounts of
NaCl. Crystallographic analysis showed the presence of a multi-
nuclear species with the formula [(Ir2)2Na(H2O)]Cl (Ir2–Na)
(Fig. 5B). This complex features two Ir2 units coordinated to
a central Na+ ion via the amide groups of their ligand backbone.
The iridium centers adopt the expected half-sandwich structure
and the sodium center is ve-coordinate due to binding with an
additional water molecule. A chloride counteranion was also
located within the crystallographic asymmetric unit.

Third, to determine whether the structure of Ir2–Na is
representative of the species in bulk solution, we used dynamic
light scattering (DLS) to measure the Ir2 + NaCl particles in
various aqueous mixtures (Fig. 5C). DLS analysis of a H2O/
DMSO (9 : 1) solution containing 50 mM of Ir2 and 2 mM of
NaCl showed the presence of particles with a diameter of
∼290 nm. Since biological media contains signicant amounts
of Lewis acids, we also prepared samples of Ir2 in PBS/DMSO
(9 : 1) (Fig. S23†). The commercial PBS used is composed of
KCl (2.7 mM), NaCl (137 mM), Na2HPO4 (10 mM), and KH2PO4

(1.8 mM). Analysis of this heterogeneous solution by DLS
showed that the particles formed have an average size of
∼639 nm. Similarly, large nanoassemblies (>750 nm) were
observed when Ir2 was measured in the cell culture media
Dulbecco's Modied Eagle Medium (DMEM) (Fig. S27 and
S28†), which also contains high salt concentrations. Based on
the molecular structure of Ir2–Na, the longest length of a single
Ir2 complex is ∼1.8 nm. Thus, each Ir2 + NaCl particle must
contain hundreds of Ir2 species. However, it is unclear whether
the Ir2 + Lewis acid particles comprise aggregates of discrete
clusters or a continuous metal–organic network. Although our
cell uptake data showed that Ir2 is internalized inside cells, it is
uncertain whether the complex is taken up as a discrete
molecular species or nanoassembly.52,73–75

Our investigations led to several key ndings. First, the
macrocyclic effect is critical in enabling Ir2 to form adducts with
Lewis acids, since Ir1 and Ir1′ lack this ability despite also
possessing backbone amides. Second, the Ir2–Lewis acid
nanoassemblies are likely porous because some substrates were
reduced with high efficiency (e.g., 1a–1d, 1h, 1l, 1m, and 1n).
Presumably, the supramolecular motif allows small molecules
to diffuse in and out of the active sites but at the same time,
restricts access to species bearing nucleophilic substituents
(e.g., 1e, 1g, 1i, 1j, 1k, and 1y) or sterically hindered C]O groups
(e.g., 1r, 1u, and 1v). Our results also suggest that the conned
Chem. Sci., 2023, 14, 10264–10272 | 10269
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active sites in the Ir2–Lewis acid nanoassemblies disfavor
binding by GSH, which allows the free thiols to scavenge H2O2

and further increase the Ir catalyst's reaction efficiency. Third,
substrate selectivity may be further tuned by judicious selection
of the Lewis acid. For example, using Li+ gave lower yields of 2p
than using Na+, K+, or Cs+ (Fig. 4). A comparison of the IR
spectra of Ir2 with and without NaCl did not reveal any signif-
icant differences (Fig. S31†). However, further studies are
needed to determine how the binding of different cations
changes the structural and electronic properties of the Ir2
supramolecular motif. Although Korendovych and coworkers
have reported an elegant example using Cp*Ir nanoassemblies
for enantioselective transfer hydrogenation reactions,76 their
vesicle-like structures were formed via hydrophobic interactions
rather than metal–ligand coordination. Lastly, although the
intrinsic activity of Ir1 is higher than Ir2 + Lewis acid because
the former has a more sterically accessible active site (Fig. 3C,
le), Ir2 + Lewis acid showed higher activity when reactions
were conducted in the presence of GSH and air (Fig. 3C, right).
Thus, when developing catalysts for bioorthogonal chemistry
applications, it is important to consider how they might
perform under cell-like rather than controlled synthetic
environments.
Conclusions

In summary, we present a new strategy to design bioorthogonal
catalysts by leveraging Lewis acid-driven coordination self-
assembly. Our macrocyclic construct Ir2 was demonstrated to
be a highly active catalyst for transfer hydrogenation reactions
under physiologically relevant conditions. In the presence of
Lewis acids, Ir2 tolerates up to 1.0 mM of GSH and reacts
preferentially with small aldehydes. Their ability to discrimi-
nate substrates based on shape and size could have useful
biological applications, such as the selective detoxication of
toxic aldehydes over essential aldehydes. Our studies suggest
that the unique reactivity of the Ir2–Lewis acid nanoassemblies
stems from the spatial connement of the Ir centers in
a supramolecular framework. Although the exact nature of this
extended structure is currently under investigation, the preor-
ganized amide donors in Ir2 are likely responsible for its ability
to form stable adducts with secondary cations. Our MIC
connement approach is advantageous over other methods
because it can be applied in situ by exploiting naturally occur-
ring salts in biological media (e.g., Li+, Na+, K+, etc.). Based on
preliminary cell studies, Ir2 is non-toxic when used at low
concentrations (i.e., below its IC50 value of 85 mM in NIH-3T3
cells). However, the extent to which its reactivity in the ask is
replicated inside living cells and its cellular uptake mechanism
need to be investigated. Finally, we are also exploring advanced
applications, such as exploiting the heterogeneous cellular
environment to achieve dynamic or switchable self-assembly.49

Importantly, this work expands the options available for
developing metal-based intracellular catalysts, which will likely
provide new opportunities for bioorthogonal chemistry
discovery.
10270 | Chem. Sci., 2023, 14, 10264–10272
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