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Organic Frameworks

« Crystallinity
— Highly ordered periodic
structure —— +O—> '

— Allows structural
determination, investigation of
structure-activity relationships

 Reticular synthesis

— Rational “design” using
molecular building units

— Shape of ligand and metal

connecting point determine \ A/

connectivity of final material I\

« Ease of Imparting Functionality oppe
— Mild synthetic preparation Paddlewheel

— Bridging ligands can contain a
secondary functional group,
which can be modified or used
directly upon MOF

preparation Zine
Tetrahedron




Talk Outline

¢ Chiral MOFs as Single-Site Solid
Asymmetric Catalysts

¢ MOFs as A New Platform for Discovering
Base-Metal Catalysts

¢ MOFs for Artificial Photosynthesis and
Photocatalysis




Metal-Organic Frameworks as Single-Site Solid Asymmetric Catalysts

Chiral channels of several
nanometers in dimensions
would be needed to allow
the diffusion of substrates
and products.

Identical catalyst sites in the
solid material

Size- and enantio-selectivity
Recyclability and re-usability
Synthetic tunability
Enhanced catalytic activity
Unique reactivity

Practical utility?




Synthesis of Chiral Lamellar Lanthanide Phosphonate MOFs
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Single-Crystalline MOF for Asymmetric Diethylzinc Additions

N _~—— primary
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Wu, C.: Hu, A.; Zhang, L.;: Lin, W. J. Am. Chem. Soc. 2005, 127, 8940.



Single-Crystalline MOF for Asymmetric Diethylzinc Additions

OH
i + ZnEt, ﬂl_» Ar ~<’HEt
Ar H Ti(O'Pr)4 Y
BINOL/Ti(O'Pr), 1°Ti
Ar
conv.% ee% conv.% ee%
1-Naph >99 94 >99 93
Ph >99 88 >99 83
4-Cl-Ph >99 86 >99 80
3-Br-Ph >99 84 >99 80
4" -G,0OPh >99 80 >99 88
4" -G, OPh >99 75 73 77
4" -G,0Ph >99 78 63 81
4'-G," OPh 95b 67° 0 —
o— (0]
R\O O/R
Estimated size: 0.8 nm 1.45nm 1.55 nm 2.0 nm

Dendritic aldehydes



Isoreticular Homochiral Frameworks

morganic functionalized
connecting point linkers
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Isoreticular Homochiral Frameworks Viewed along the a Axis

Ma, L.; Falkowski, J.M.; Abney, C.; Lin, W. Nat. Chem. 2010, 2, 838.



Severe Framework Distortion Upon Solvent Removal
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=‘Permanent porosity” (from gas sorption measurements) does not provide an

accurate description of catalytically active MOFs as large pore sizes and channels
can lead to severe framework distortion upon solvent removal.

=“‘Permanent porosity” is not needed for heterogeneous catalysis since most of the
catalytic reactions are carried out in the presence of solvents.



Catalytic Diethylzinc Addition as A Probe for Substrate Accessibility

0 OH
homochiral MOFs
)k + EtyZn . > )\/
Ar H Ti(O'Pr), Ar
Entry CMOF- Ar Selectivity% Conv. % ee%
.......... R e R
2 6 4-Cl-Ph 84 >909 80
3 6 4-Br-Ph 53 93 80
4 6 4" -Me-Ph 72 >99 78
5 6 Ph 68 >09 82
6 8 Ph 82 >99 84
7 4 Ph 64 98 70
8 2 Ph 91 98 <3
9 5 Ph 10 >09 0




Isoreticular Salen-based MOFs
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SO,'Bu 0
/—\ 0.1 mol% catalyst N .
Rl R?
10 CHzclz, r.t.

Rt R?
6a-g 7

entry catalyst alkene conv.%®  ee%°

1 CMOF-1 63 47

2 CMOF-3 o 80 64

3 CMOF-5 54 61

4 Ls-Me, 60 64

CMOF-5 N 82 92

CMOF-4 6b 87 85

oo o

g v 7 L;-Me, 90 92
_-' ________________________________________________________________________

< Ao 8 CMOF-5 60 79

: NC N
9 CMOF-4 \©\/j< 6c 79 83
10 Ls-Me, o 82 88




conversion

Expoxidation Rates Depend on MOF Channel Sizes
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Song, F.; Wang, C.; Falkowski, J.M.; Ma, L.; Lin, W. J. Am. Chem. Soc. 2010, 132,15390-15398.



MOF-catalyzed sequential asymmetric epoxidation/ring-opening reactions

Zn(NO3)2-6H20
N= dbf, EtOH, 80 °C

O e

By

Zn4O(L)3+(dbf)40°(EtOH)e*(H20)

1) 1 mol% 1 o
— 1.0 equiv 2, CH,Cl, Nj R
R" R? = *
2) TMSNg;, cyclohexane = R2
3 5, R=Hor TMS
Substrate Product Yield[%]  ee[%]
N3, ,OTMS N,
R2 MeO ~ OH
up to 86% e.e. 3 m (5a) 57 81(82)
@)
N3

R2 :
3g ©:><OTMS (5b) 60 50 (48)

Song, F.; Wang, C.; Lin, W. Chem. Commun. 2011, 47, 8256.



Privileged Phosphine-Based Metal-Organic Frameworks for Broad-
Scope Asymmetric Catalysis

CO,Me CO,Me CO,H

' ' Il Il Il
PPhy i) P(O)Ph; ii) g g P(O)Ph, iii) g g PPh, jy) O‘ PPh,
O‘ PPh; g g P(O)Ph, ! ! P(O)Ph, i i PPh, — > | | PPh,
! ! I I

Cone COzMe COZH
—— Me,L HaoL
g
A
P>Ru(MeOH)zBr2 —TRu RU(MeZL)(MeOH)zBrz
— OO "
Ph
1eRu 0.8 1
— L
OO Au(cod)(z—Me—allyl)gl ii) HBr ;
 — PPh2 8
‘_ PPh, B 0.4
i O s -
’: e Y ——— e
o al o
£ B 12 \(3\
s yﬁ%’ — i
< « ¥ BINAP-MOF (1) 'Iph/F’h
P

\ /
P
s
E)
I3
a
~3
o
o
1

P ‘ T T T
1P 22200 22500 22800 23100
JoRh E (eV)

Falkowski, J.M.;T Sawano, T."et al. J. Am. Chem. Soc., 2014, 136, 5213—5216.



Privileged Phosphine-Based Metal-Organic Frameworks for Broad-
Scope Asymmetric Catalysis

O O
1- 19 I
+ ArB(OH), — 3 mol% cata yst>
dioxane/H,0, 40 °C A
2a 3 4

catalyst loading

W Ph 1+Rh 1mol%  80% >99
2 m-MeCO,Ph 1<Rh 1 mol% 85% >99
p MeC(O) -Ph  1:Rh 1mol%  99% 99

Rh-H,L 3 mol% 0% N/A
Ph Rh-Me,L 3 mol% 7% N/A
Ph Rh-BINAP 1 mol% 29% >99
m-MeCO,Ph Rh-BINAP 1 mol% 34% >99
p-MeC(O)-Ph  Rh-BINAP 1 mol% 46% >99
Ph Rh-BINAP 3 mol% 85% >99

m-MeCO,Ph  Rh-BINAP  3mol%  87% 99
-pMeC(O) -Ph  Rh-BINAP 3mol%  87% >99



Privileged Phosphine-Based Metal-Organic Frameworks for Broad-
Scope Asymmetric Catalysis

O HO Me
: 4 mol° | 17 6a: R'+R2 = -(CH.)-
R | + 15 AlMe, 0.4 mol% cata yst> R | R (CH5)3
THF, r.t., 24 h 6b: R'+R* = -(CH>),-
R2 R2
2aor 2b

71%
- ij Rh-Mel  gp 509 46%
0 1-Rh

97 99 68%
@ Rh-Me.l g1 >99  <40%
o) o) 0.5 mol% cat. OH O
H, (40 bar)
R1)J\/U\OR2 g R1/'\)J\OR2
7 MeOH, rt, 16 h 8

Quant. Conversion
Up to 97% ee



Privileged Phosphine-Based Metal-Organic Frameworks for Broad-
Scope Asymmetric Catalysis

o 1-3 mol% IRh(BF,)
— R H, (1 atm)

0 bcE rr on> O
\\ 1a-1e

Rh-
loading | yield | ee
catalyst mol%0) | (%)° | (%)°
68 94

I'Rh(BF,) Me (1a) 1
SOVEARNEIN Me (1a) 1 10 91
I'Rh(BF,) Me (1a) 3 95 95
I'Rh(BF,) H (1b) 3 89 96
I'Rh(BF,) OMe (1c) 3 87 95
I'Rh(BF,) ‘Bu (1d) 3 82 99

<

70 94

I'Rh(BF,) CF; (1e)

Proposed rhodacycle
intermediate in the MOF



Privileged Phosphine-Based Metal-Organic Frameworks for Broad-
Scope Asymmetric Catalysis

)

0.2-0.5 mol% I*RhClI
\ AgSbFg

Et CH20|2, r.t., 2h

Rh loading | yield ee (%)°
(mol%) (%)P

H (3a) 99 (4a)

\YXElo) I 0.2 65 (4b) 99
Me (3b) B 99 (4b) 99
OMe(3c) K 60 (4c) 99
OMe (3c) ks 99 (4c) 99
'Bu (3d) [ 99 (4d) 99
CF; (3e) [Kowi 99 (4e) 99

Proposed rhodacycle
intermediate in the MOF




Mixed-Ligand MOFs for Asymmetric Pauson-Khand Reactions
R

/—\ IH.DLAI ///§

Ar

y TON ~500
o up to 99% ee
N

Me

TON ~-134
up to 87% ee

TON ~68
up to 99% ee

H(lb)  79(5b) 87

Sawano, T. et al. submitted.



Many Industrial Catalysts Rely Metals of Low Abundance on Planet Earth

N 10° | T ' T v T ' 1
© Rock-forming elements
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O . .
SR C-H activation and
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Haxel, G. B.; Boore, S.; Mayfield, S.: http://pubs.usgs.gov/fs/2002/fs087-02/
http://en.wikipedia.org/wiki/Abundance of the chemical elements



Bipyridyl-containing Metal-organic Frameworks for Highly Efficient
Catalytic Organic Transformations

— bpy-UiO (simulated)

— bpy-UiO (experimental)
—— bpy-UiO-Ir (fresh)

—— bpy-UiOiIlr (after 20 reuses)

Ll
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20
AN
| AN [Pd(CH5CN),][BF ] LA [I(COD)(OMe)] | 2N
2
_PA(DMSO),[BF,], = ST A - _Ir(COD)(OMe)
NN DMSO ZaN THF 2N
A | X | X
Bpy-UiO-Pd Bpy-UiO Bpy-UiO-Ir

Manna, K.;" Zhang, T.;* Lin, W. J. Am. Chem. Soc. 2014, 136, 6566.



Bipyridyl-containing Metal-organic Frameworks for Arene Borylation
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Bipyridyl-containing Metal-organic Frameworks for Silylation and
Oxidation Reactions

0 OSiHEt,

Conversion %

100 4

50 -

—=—0.1 mol% MOF .
—e— 5 mol% homogeneous cat./

/.

|

0 | 3 | 6
time (d)

MOF is >1250 times more active
than the homogeneous catalyst.




Mixed-Linker Metal-organic Frameworks Directed C-H Functionalization
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Mixed-Linker MOFs for Tandem Hydrosilylation and ortho-Silylation

Et, Et
() ()/ESI\I“I F22
MOF-Ir
R2  1.05 equiv. Et,SiH, rR2 115°C, t, o
> > s
n-Heptane, 23 °C, t; =18 h -Hj R1 Et,
Rl 1 R1 2 3

Broad substrate scope, TON > 3040

—a— mPT-MOF-Ir (0.2 mol % Ir) 100 4
—e— {pth}Ir(COD)(OMe) ] — — . — il I/
(0.5 mol % Ir) 1

100 -

80

60

40 4

GC Yield (%)

20 +

GC conversion (%)
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Mixed-Linker MOFs for C-H Borylation of Arenes

2 Ar-H + ,B=B_
o)
10

MOF-Ir O

> 2 Ar—B.
115 °C O

11

Broad substrate scope, TON > 17,000

—a— mBPV-MOF-Ir (0.01mol % Ir)
100 { —®— [bpy(CH=CHCO,Me),]Ir(COD)(OMe)

(0.05 mol % Ir)

S ] o
o o o
I I I

GC conversion (%)

T T T T T T T T T

0 2 4 6 8

time (d)

100 - — —
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20 1

Run

Manna, K.; Zhang, T.; Greene, F.X.; Lin, W. J. Am. Chem. Soc., DOI: 10.1021/ja512478y.



A Salicylaldimine MOF Enables Highly Active Olefin
Hydrogenation with Iron and Cobalt Catalysts

% %
sal-MOF sal-M-MOF
(M =Fe, Co)
d) —— sal-MOF (simulated)

— sal-MOF (experimental)
—_ —— sal-Fe-MOF (fresh)
% —— sal-Fe-MOF (after run 1)
) —— sal-Fe-MOF (after run 5)
()
X
©
whd
g- 4004 —»— absorption TN
pe —<— desorption LY = magnitude (exp)
> 5 . .

200 5] \ magnitude (fit)
b = real component (exp)
. E ffffff real component (fit)
00 02 04 06 08 10 0 1 2 3 4 5 10 20 30 40
plp, R (A)

20
Manna, K.; Teng Zhang, T.; Carboni, M.; Abney, C.W.; Lin, W.J. Am. Chem. Soc. 2014, 136, 13182-13185.



MOF-Enabled Olefin Hydrogenation with Fe and Co Catalysts

=3 sal-M-MOF Ry
R, )\/ Ry,  40atmH, g RZ)\/ Rs
THF, 23 °C

1 Fe 18h 100 10000

2 NN 8d 94  145000b

3 Co 18h 75 25000

4 Fe 18h 100 10000
CeHs™ 24 h A4 44000

6 Co 18h 55 18300
n NS Fe 24h 100 >10000

Co 18h 100  >2000¢

P Fe 18h 100  >10000

11 CeHs Co 18h 100  >2000¢
P Fe 24h 100  >2000¢

13 Co 18h 100 >2000¢
O Fe 24h 100 >1000f
Fe 18h 100 >1000f

16 @ Co 18h 100  >2000¢
0 Fe 70h 64 640

20 Ao~z Co 72h 0 0



MOF-Enabled Olefin Hydrogenation with Fe and Co Catalysts

100




MOFs for Artificial Photosynthesis

Reaction
Antenna center  Primary electron

Photon/ b acceptor
(‘NNWﬁ(

o e
«u«ug /ﬂf

SIS

Transfer
of energy

N To electron
N tran sport

} i)
i

Plgment
molecules

Thylakoid membrane

Chlorophyll a
molecule

Copyright © 2005 Pearson Education, Inc. Publishing as Pearson Benjamin Cummings. All rights reserved.



Light Harvesting with Metal-Organic Frameworks

DMF/H,O
90 °C

[LmZn]<2DMF-4H,0
(Lm-Hg, M = Ru or Os)




Rapid Energy Transfer in Phosphorescent MOFs

Energy

Transfer ‘




Light-Harvesting in Microscale MOFs by Energy Migration and
Interfacial Electron Transfer Quenching

Light absorption
a 1.00
o Transmission
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COH 7 ~CoH . . T . . . h
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Kent, C.A.; Liu, D.; Ma, L.; Papanikolas, J.M.; Meyer, T.J.; Lin, W. J. Am. Chem. Soc. 2011 133,12940.



Excited-State Electron Transfer and Stern-Vdmer Plots

excited-state

A
radiative or
absorption non-radiative
decay
qround Ui fa¥
-state Ru dr

For purely dynamic quenching:

Ioll — T()/T
I/l =1+K,,[Q] Kev = Kq X 1o

For both static and dynamic:

/1= (1 + Ky[Q]) (1+K,[Q])

bpy 7* wae guenching

o= o

BQ

e OO

reductive quenching TMBD

Measures both static and dynamic

N

Measures only
dynamic

v

T/ T




Light-Harvesting in Microscale MOFs by Energy Migration and
Interfacial Electron Transfer Quenching

Solution = TECE S SLFECE Solution
MLCT
Energy l Energy
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MOFs for Water Oxidation and Photocatalysis
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Wang, C.; Xie, Z.; deKrafft, K.E.; Lin, W. J. Am. Chem. Soc. 2011, 133, 13445.



MOFs for Water Oxidation and CO, Reduction
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Wang, C.; Xie, Z.; deKrafft, K.E.; Lin, W. J. Am. Chem. Soc. 2011, 133, 13445.




Elucidating Molecular Iridium Water Oxidation Catalysts Using MOFs
COZH—‘+

| ZFC|4, CF3COZH,

N_ ¢ DMF,100°C
S > [Zr6(13-0)4(13-OH)4(L1)l(CF3CO2)¢ 65DMF
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Identification of (bpy)Ir(H,O),XCl as an active water oxidation catalyst
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The assignment of (bpy)Ir(H,0),XCI
IS supported by:

X-ray photoelectron spectroscopy
Diffuse-reflectance UV-Vis,
Luminescence
Infrared spectroscopy
Kinetic modeling



A Diffusion-Reaction Kinetic Model Explains Partial WOC Modifications
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Synthesis of Pt Nanoparticle@Photoactive MOFs
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Wang, C.: deKrafft, K.E.: Lin, W. J. Am. Chem. Soc. 2012, 134, 7211-7214.



Characterization of Pt Nanoparticle@Photoactive MOFs
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Efficient Hydrogen Evolution via Synergistic Photo-excitation and
Electron Injection
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Photosensitizing MOF Enabling Visible-Light Driven Proton Reduction
by A Wells-Dawson-Type Polyoxometalate
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Photosensitizing MOF Enabling Visible-Light Driven Proton Reduction
by A Wells-Dawson-Type Polyoxometalate
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Combining Light-harvesting Antenna and Reactive Centers for
Water Splitting and CO, Reduction?

¢ Photosensitizing MOFs with built-in water oxidation catalysts and
encapsulated proton reduction (e.g., Pt) catalysts for water splitting.

¢ Integration of these components into the same framework and the
DSPEC platform for total water splitting and CO, reduction.
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