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Over the past decade, metal-organic frameworks (MOFs)
have provided an excellent platform for engineering func-
tional materials through judicious choices of the constituent
building blocks. Numerous MOFs have been synthesized, and
some of them have been explored for potential applications
such as gas storage,!! chemical sensing,? catalysis,”! biomed-
ical imaging,”” and drug delivery.”! Catalytic MOFs having
imbedded, well-defined active sites are of particular interest
owing to their utility as recyclable and reusable catalysts.
Because of their highly ordered and typically crystalline
structures, MOF catalysts can in principle be characterized by
X-ray diffraction methods to provide precise structural
information on the catalytic active sites, thus allowing the
delineation of catalyst structure—function relationships.’
Herein we report the first observation of the actuation of a
MOF catalyst through a reversible single-crystal to single-
crystal reduction process.

Among many strategies for synthesizing catalytic MOFs,
direct incorporation of catalytically competent building
blocks into the MOF frameworks has recently emerged as a
powerful approach toward building highly active and selective
solid catalysts.™”! Motivated by excellent asymmetric catalytic
activities exhibited by many homogeneous metal/salen com-
plexes [where an archetypical chiral salen ligand is (R,R)-1,2-
cyclohexanediamino-N,N'-bis(3-tert-butyl-salicylidene)]
MOFs containing metal/salen building blocks have attracted a
great deal of recent interest.”) Whereas some of the chiral
metal/salen-based MOFs have shown promise in chiral
recognition and separation,'” two manganese/salen-derived
MOF systems have recently been shown to be excellent
asymmetric alkene epoxidation catalysts.'!l In this work, a
pair of interpenetrated and non-interpenetrated chiral MOFs
(CMOFs) of the primitive cubic unit (pcu) topology were
constructed from redox active ruthenium/salen-based bridg-
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ing ligands and [Zn4(-O)(O,CR),] secondary building units
(SBUs). These CMOFs showed the first example of reversible
single-crystal to single-crystal reduction/reoxidation behav-
ior. Although a few examples of single-crystal to single-crystal
oxidation of MOFs were reported, none of these redox
reactions were demonstrated to be reversible.'” In contrast,
the reduction of a MOF was recently elucidated by a Rietveld
analysis of powder X-ray diffraction data."® We report here
that upon single-crystal to single-crystal reduction, catalyti-
cally inactive Ru-based CMOFs were activated to form
Ru"-based MOF catalysts for the asymmetric cyclopropana-
tion of styrene and other substituted alkenes with very high
diastereo- and enantioselectivities (d.r.=7:1 and ee=91%).
The catalytic activity of the CMOFs is catenation dependent:
the non-interpenetrated CMOF is highly active whereas the
interpenetrated CMOF is nearly inactive. We also show that
the CMOFs maintain their crystallinity, and less than 0.01 %
of the ruthenium/salen catalyst leached into the solution after
the catalytic reaction.

The enantiopure ruthenium(I) complex, [Ru(L-
Me,)(py).] (py = pyridine), where L-Me, is the methyl ester
of  (R,R)-(—)-N,N'-(methyl-3-carboxyl-5-tert-butylsalicyli-
dene)-1,2-cyclohexanediamine, was prepared by a metathesis
reaction between the potassium salt of L-Me, and [{RuCl,(p-
cymene)},]. Saponification of [Ru(L-Me,)(py),] and subse-
quent acidification with dilute hydrochloric acid and air
oxidation resulted in the Ru"/salen-derived dicarboxylic acid,
[Ru(L-H,)(py),]JCl. The diamagnetic complex [Ru(L-
Me,)(py),] was characterized by 'H and *C NMR spectros-
copy, whereas the paramagnetic [Ru(L-H,)(py),]Cl was
characterized by MS and single-crystal X-ray diffraction
(Figure 1a).0"

Solvothermal reactions of [Ru(L-H,)(py),|Cl with Zn-
(NO;),6H,0 in DBF/DEF/EtOH (DBF =dibutylform-
amide, DEF = N,N-diethylformamide) or in DEF/DMF/
EtOH (DMF = N,N-dimethylformamide) at 80°C afforded,
after 36 hours, dark-green, cuboid single crystals of the
twofold interpenetrated CMOF 1 with the formula {Zn,(uy-
O)[(Ru(L-H,)(py),Cl];}-(DBF),-(DEF),, and the non-inter-
penetrated CMOF 2 with the formula {Zn,(u-O)[(Ru(L-
H,)(py)Cl];}-(DEF),o(DMF)s-(H,0);; (Figure 1b)."1 Com-
pound 1 crystallizes in the R32 space group,' with the
asymmetric unit containing two [Ru(L)(py),]Cl ligands and
two-thirds of a Zn,(p,-O) cluster composed of two Zn atoms
of full occupancy and two Zn atoms of one-third occupancy,
as well as two O atoms of one-third occupancy. As expected,
the carboxylate groups from six adjacent [Ru(L)(py),|Cl
ligands coordinate to the four Zn centers to form [Zn,(uy-
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Figure 1. a) ORTEP drawing of the [Ru"'(L-H,) (py),]Cl ligand as deter-
mined from single-crystal X-ray diffraction. The thermal ellipsoids are
shown at 50% probability. b) Synthesis and single-crystal to single-
crystal reduction/oxidation of 1 and 2. The photographs illustrate the
typical colors and morphologies of 2 (green) and 2R (red). c) Space-
filling model of 1 as viewed perpendicular to the (1 0 —2) plane.

d) Space-filling model of 2 as viewed perpendicular to the (1 0 —2)
plane.

0)(0O,CR)¢] SBUs, which are linked by the [Ru(L)(py),]Cl
ligands to form a three-dimensional network of the pcu
topology (Figure 1b). Because of the elongated [Ru(L)-
(py),]Cl ligands, 1 adopts a twofold interpenetrated structure
with 54.5 % of void space, as calculated by PLATON, that is
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filled with the DBF, DEF, and ethanol molecules. The precise
solvent content could not be determined by X-ray crystallo-
graphy owing to its disordered nature. The solvent content
was instead established by a combination of '"H NMR studies
and thermogravimetric analyses (TGA; see the Supporting
Information). The largest cavities in the interpenetrated
networks of 1 measure 0.8 nm in diameter and are connected
to each other by 0.4 x 0.3 nm* windows (Figure 1c).

Compound 2 crystallizes in the R3 space group with very
similar unit-cell dimensions and the same asymmetric unit
content as 1.1 The framework of 2 is exactly identical to one
of the two interpenetrating nets in 1 having the same metal—
ligand connectivity and network topology (Figure 1b). The
R3 space group symmetry of 2, however, led to a non-
interpenetrated structure. As a result, 2 enjoys much larger
open channel dimensions of 1.4 x 1.0 nm* and a cavity size of
1.7 nm (Figure 1d), with 78.8 % of void space as calculated by
PLATON.

Compounds 1 and 2 can be readily identified on the basis
of the differences in their powder X-ray diffraction (PXRD)
patterns. As indicated in our previous work on CMOFs made
from manganese/salen-derived dicarboxylic acid bridging
ligands,"""! the twofold interpenetrated 1 showed additional
systematic absences in the PXRD because of the presence of a
pseudo 4; screw axis (Figure 2a). The structures of 1 and 2 are
also supported by their solvent weight losses determined by
TGA; 1 and 2 exhibited approximately 40 and 50 wt%
solvent loss, respectively, in the 25-200°C temperature range.
We have also recently demonstrated the use of dye inclusion
assays in differentiating catenated versus noncatenated
MOFs. 11181 Dye-inclusion studies with brilliant blue R-250
indicated a Swt% and 30wt% dye uptake for 1 and 2,
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Figure 2. a) Experimental and simulated PXRD patterns of 1 and 2.
The peak at 26 ca. 4.3°, which corresponds to the Miller indices
10 —2, is missing in the PXRD of 1 because of the pseudo 4; screw
axis. b) Diffuse reflectance and c) solution absorption spectra of 1, TR,
and 7', thus demonstrating reversible reduction of 1 to 1R with
LiBEt;H and reoxidation of 1R to 1 in air. The solution spectra were
taken by dissolving CMOFs in pyridine. d) PXRD patterns of 1, 1R, and
1. Their similarity supports the reversible single-crystal to single-
crystal reduction of 1 to 1R and reoxidation of TR to 1.
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Table 1: Asymmetric cyclopropanation of substituted olefins using CMOF cata-

0.4 and 124 wt% of crystal violet, respectively. lysts.”
These results additionally confirm the different ]+ Nﬁ CO-Et J> "COE P—COQEt
catenation behaviors for 1 and 2. R 2 CHCL R R

Treatment of 1 and 2 with strong reducing agents gy Catalyst R Mol% Yield dr  ee[%] ee[%]
such as LiBEt;H (superhydride) or NaB(OMe);H cat.  [%] (trans)  (cis)
led to a color change from dark green to dark red, ] 2R oh 3 78 42 65 51
thus suggesting the reduction of the Ru' centers to 2REl Ph 3 54 7 9 34
Ru" centers in the CMOFs. The reduced CMOFs, 3 2 Ph 3 1 _ _ _
1R and 2R, exhibited very different UV/Vis/NIR 4 1R Ph 3 1 1.2 33 47
diffuse reflectance spectra from those of 1 and 2 5 [Ru(L-Me;)(py);] ~ Ph 1 28 9.6 92 85
(Figure 2b). Upon reduction of 1 and 2, the © [RUb(L'Mez)(PY)z][b] Ph 1 53 109 98 92
characteristic Ru™/salen ligand-to-metal charge- ; ZRR[ ]L " b SE: ; 5(7) 26 517 %
transfer (LMCT) bands at 771nm disappeared, g [2;“,(] “Me2) (Py):] CH, (CH), 5 27 17 25 13
with concomitant appearance of new peaks at 4 [Ru(L-Mey) (py)s]®  CH,(CH), 2 47 17 29 24
520 nm that are indicative of the Ru'Ysalen 17 Zn-BPDC ph njad <1 _ _ _

'MLCT bands.'”! These results were confirmed by
the solution absorption spectra of the corresponding
CMOFs dissolved in pyridine (Figure 2c¢). Interest-
ingly, the reduction of 1 and 2 occurred in a single-
crystal to single-crystal fashion. 1R and 2R retained their
single-crystal nature with the same space groups and similar
cell parameters as those of 1 and 2, respectively. Single-crystal
X-ray structure studies additionally indicated that the struc-
tures of 1R and 2R are essentially identical to those of 1 and
2, respectively. Even more remarkably, 1R and 2R can be re-
oxidized in air to afford dark green CMOF crystals of 1’ and
2’, which is supported by the diffuse reflectance and solution
UV/Vis/NIR absorption spectra. Single-crystal to single-
crystal reduction/reoxidation processes in 1 and 2 are thus
entirely reversible. PXRD and unit-cell determinations
indicated that 1’ and 2’ remained single crystals with the
same structures as 1 and 2 (Figure 2d and see the Supporting
Information). This work represents the first example of totally
reversible single-crystal to single-crystal reduction/oxidation
processes in MOFs.*!

Nguyen etal. elegantly demonstrated that the [Ru-
(salen)(py),] complex is a competent homogeneous cyclo-
propanation catalyst that transfers the carbene fragment from
ethyldiazoacetate to various olefins with excellent enantio-
and diastereoselectivities.'¥ We hypothesized that the pres-
ent ruthenium/salen-derived CMOFs could catalyze the
cyclopropanation reactions heterogeneously. Using styrene
and other substituted alkenes as test substrates, we have
evaluated the activity of 1R and 2R towards enantio- and
diastereoselective cyclopropanation reactions.

After reduction of 2 with LiBEt;H, the resulting 2R was
washed repeatedly with anhydrous THF and then with
dichloromethane. The cyclopropanation reaction between
styrene and ethyldiazoacetate was carried out in the presence
of 3mol% of 2R under anaerobic conditions for 24 hours.
Disappointingly, the 2 R-catalyzed cyclopropanation reaction
afforded the cyclopropane products in less than 8 % yield with
a trans/cis diastereomeric ratio (d.r.) of 4.2 (Table 1, entry 1).
The enantiomeric excesses (ee) for the trans- and cis-cyclo-
propane products were 65% and 51 %, respectively. We
noticed that the color of the 2R suspension always turned
dark green during the cyclopropanation reactions, and we
reasoned that the Ru” centers in 2R were readily oxidized
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[a] For reaction conditions see Experimental section. [b] With NaBH(OMe); in
solution. [c] n/fa=not applicable.

and thus deactivated during the cyclopropanation reactions.
Consistent with this hypothesis, the control reaction with 2 as
the catalyst did not produce any cyclopropane product
(Table 1, entry 3). To prevent the 2R catalyst from oxidizing
and deactivating, we carried out the cyclopropanation reac-
tion in the presence of NaBH(OMe);. A much improved yield
(54%) of cyclopropane products was obtained under these
reaction conditions, with a d.r. of 7 in favor of the trans
products and ee values of 91 % and 84 % for the trans and cis
products, respectively (Table 1, entry2). Interestingly, a
similar cyclopropanation reaction with 1R as the catalyst
gave the desired products in less than 1% yield and with
modest ee values (Table 1, entry 4). The framework inter-
penetration in 1R significantly reduced the open channel
sizes, thus preventing the diffusion of the reagents into the
Ru"/salen active sites in the interior of 1R. The beneficial
effect of a reducing agent for the cyclopropanation reaction
was also observed for the homogeneous control reaction with
the [Ru(L-Me,)(py),] catalyst: The cyclopropane products
were obtained in a yield of 28 % and 53 % in the absence or
presence, respectively, of NaBH(OMe); (Table 1, entries 5
and 6). Finally, we have shown that 2R is also an active
catalyst for the cyclopropanation of both 1,3-pentadiene and
ethyl vinyl ether, albeit in lower yields and with lower d.r. and
ee values, as is the case for [Ru(L-Me,)(py),]-catalyzed cyclo-
propanation reactions (Table 1, entries 7-10).

We have also tested the heterogeneity of the CMOF
catalysts. The supernatants from the cyclopropanation reac-
tions after filtration through a 0.45 um filter did not afford
additional cyclopropane products. The CMOF catalysts were
recyclable and the recovered CMOF catalysts showed activity
in subsequent runs of cyclopropanation reactions, albeit in
reduced yields and stereoselectivities (see the Supporting
Information). We believe that the reduced yields and
stereoselectivities of the recovered CMOFs are a result of
the intrinsic instability of the Ru'/salen cyclopropanation
catalyst but not the dissolution or decomposition of the
CMOFs. Leaching experiments were performed on both 1
and 2. UV/Vis and ICP-MS analyses indicated that less than
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0.01% of the ruthenium was leached into solution after
24 hours under the typical reaction conditions. The CMOF
catalysts recovered from the catalytic reaction retained their
crystallinity as indicated by the similarity of their PXRD
patterns to those of the pristine solids (see Figures S31 and
S32 in the Supporting information). Finally, attempts to carry
out cyclopropanation reactions with the Zn-BPDC (BPDC =
4.4 -biphenyldicarboxylic acid) MOF™ did not produce any
cyclopropane product, thus confirming the catalytic activity of
the [Ru(L)(py),] strut in the present studies.

In summary, we have synthesized a pair of interpenetrated
and non-interpenetrated CMOFs using a redox active ruthe-
nium/salen-derived dicarboxylate bridging ligands. The as-
synthesized Ru™/salen MOFs underwent unprecedented
reversible single-crystal to single-crystal reduction/reoxida-
tion. The reduction of the Ru™ CMOFs turned on the
catalytic activity, and the resulting Ru"™ CMOFs were highly
active for the asymmetric cyclopropanation of substituted
alkenes with very high diastereo- and enantioselectivities.
This pair of reduced CMOFs also exhibited remarkable
catenation-dependent catalytic activity; non-interpenetrated
2R was highly active whereas interpenetrated 1R was nearly
inactive because of its inability to transport the substrates
through its small channels. The CMOF catalyst was recyclable
and reusable, with less than 0.01 % of the ruthenium/salen
catalyst leaching into the solution after the catalytic reaction.
We also showed that the CMOFs maintained their crystal-
linity after the catalytic reaction. This work highlights the
ability to structurally interrogate active MOF catalysts, and
promises to provide important insights into MOF-catalyzed
organic transformations.

Experimental Section

Synthesis of Zn,O(L);-(DEF),-(DBF), (CMOF-1). 1 mg of [Ru(L-
H,)(py),|Cl (1.2 pmol) and 1 mg of Zn(NO;)-6H,O (3.4 pmol) were
dissolved in 0.2 mL of DBF and 0.1 mL of DEF in a 0.5 dram screw-
capped vial. 20 pL of ethanol was added to this solution, and the vial
was heated to 80°C for 1 day to afford green cubes (0.76 mg, 61 %
yield). Solvent content was calculated from the proposed formula:
DMF: 16.0%; DBF: 24.8%; that determined by 'H NMR/TGA
studues: DBF: 25.0%; DEF: 16.0%.

Procedure for single-crystal to single-crystal reduction/reoxida-
tion. A sample of the CMOF 2 was washed with ethanol and dry THF.
The sample was then treated with an excess of LiBEt;H (1M in THF)
and allowed to stand for 5 min, after which the sample was washed
with THF. For single-crystal data sets, the crystal was then immersed
in chlorobenzene and mounted in a capillary tube. For reoxidation,
the reduced crystals were suspended in CH,Cl, and left to sit in a
capped vial overnight.

Asymmetric cyclopropanation recations with CMOFs. CMOF 2
(7 mg, 4.6 umol) was washed with ethanol and dry THF and then
treated with LiBEt;H. The sample stood for 5 min before being
washed with dry THF three more times. The sample was then washed
with dry CH,Cl, and degassed. Styrene (80 pL, 780 pmol) was added
to the suspension, and ethyl diazoacetate (EDA; 16.5 uL, 156 pmol)
was added dropwise over 30 min. After addition of the EDA, the
reaction mixture was stirred for 24 h. The suspension was then passed
through a 0.45 um filter and analyzed by chiral GC.
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