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1. Introduction

Enzymes catalyze a wide variety of biochemical reactions that occur in living organisms.
Compared to man-made, chemical catalysts, enzymes frequently exhibit superior performance.

1) rate enhancement

2) reaction specificity
3) activity under moderate conditions
4)| capacity for regulation

three-dimensional structure and elegant regulation by
conformational changes though allosteric regulator

Structures that mimic enzyme reactivity have been pursued by an active field of researchers
for decades with the goals of...

» developing synthetically useful catalysts inspired by enzymes
* understanding fundamental questions with regard to mechanisms of enzyme action



for the development of a “smart” catalysts

In order to realize stimulus-responsive control of chemical
catalysis in artificial molecular catalysts, it is critical to exploit
the features of conformational flexibility like enzymes do.

> catalysts for
organic synthesis

facile preparation of each product enantiomer individually

From a chemist's viewpoint, it certainly constitutes an appealing idea to be able to
temporally and spatially modulate any given catalyst's activity and selectivity.

U
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Switchable Catalysts

In the living cell, uncountable reactions occur in parallel. To ensure that all these
processes proceed without interfering with one another, these operations must be
controlled, their function must be switchable, and the switching must be reversible.

U. Lining, Angew. Chem. Int. Ed. 2012, 51, 8163
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Switchable Catalysts

prerequisites

4 A
* in situ reversibility between ON and OFF state
* high ON/OFF ratio of reactivity
* a significant population of the desired catalyst species
\. y,
allosteric effectors possible regulation
(" )
small molecules .
H (proton) reactivity
. PTP chemoselectivity
ion (anion, metal) . .
regioselectivity
temperature ..
i stereoselectivity
light
\. y,




2. Photoswitchable Catalysts

Light is perhaps the most advantageous stimulus as it is a noninvasive stimulus that can
be conveniently manipulated by modern optics, potentially enabling the setup of highly
parallel processes.

ageneral approaches towards photocontrol of catalytic activity

a) reactive b) c)

9oC,
1 C... / \ // \\

inactive Inactive reactive fnactive reactive
photocatalysis photocaged catalysis photoswitchable catalysis
* transient excited state is reactive -« irreversibly generate the * reversibly toggle between their
» stoichiometric use of photons catalytically active species inactive and reactive forms

Photocontrolled thermal catalysis (b and c) is clearly an appealing yet challenging
concept that offers great potential for the realization of smart catalysts.

S. Hecht, et al. Angew. Chem. Int. Ed. 2010, 49, 5054



The design of photoswitchable catalysts

in order to realize a reversible process, photochromic moieties have to be incorporated

into the catalyst system

two different light stimuli reversibly shuttle the catalytic system between an active ON

state and an inactive OFF state.

1) Inhibitor 4) Shielding
Substrate Substrate
Cat ‘_—‘
hv
i Product Product
inactive reactive inactive reactive
2) Activator 5) Electronic effects
Substrate Substrate
EAG EAG
@ 4 hv
e
-
e T (e
inactive reactive Product Product
inactive reactive
(EAG; electronically active group)
3) Template D@ @ e [ R SRR SR
Substrate + 1, 2) intermolecular interaction of a suitable
. n@® @ photochromic additive :
-— + 3, 4) direct incorporation of the photochrome .
hv into the catalyst framework
Product 2@ @ :  5) manipulation of the electronic nature
inactive reactive '
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2-1. Inhibitor @C
®

A. Ueno, et al. J. Chem. Soc. Chem. Commun. 1980, 837 inactive reactive

Photorequlation of Catalvtic Activity of B-Cvclodextrin by an Azo Inhibitor

— — E— ——

The first example of a photoswitchable catalyst system was described as early as in 1980.

photochromic inhibitor

5.3 90
OH OH D
A " B
0" X0
320-390 nm
+ — — + Z-isomer does not
@ l fit into B-CD
‘ N*
NO, \_ Y,

inhibiting 1 not inhibiting

substrate : 2.5 x 10°° M
B-CD:2.5x10% M

after
photoirradiation

B-CD provides a host for the hydrophobic

aryl residue of the ester i}
U on~)-°

product

80

facilitates nucleophilic attack from one of
the nearby peripheral OH groups

40F

Relative activity/*l

before

2°F photoirradiation

drawbacks
* The system does not provide turnover.
(excess amont of B-CD and inhibitor is needed)
* The regulation is not satisfactory.

0 L 1 1
0 05 1-0 15

1073 [inhibitor] M




2-2. Activator

S. Inoue, et al. J. Am. Chem. Soc. 1999, 121, 2325

Photoresponsive Molecular Switch to Control Chemical Fixation

290~360 nm

> 380 nm

fast

conversion is only observed in the '
presence of axial nitrogen-based ligands!
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2-3. Template

J. Rebek, Jr., et al. Angew. Chem. Int. Ed. 1995, 34, 446
Liaght-Switchable Catalysis in Synthetic Receptors

The first example of photochromic template was described in 1995.

inactive

hv
-_—y—
hv

reactive

receptor derived from Kemp's triacid, which is
known to efficiently bind adenine moieties

-
.= N

S

' §

extended E-isomer = ‘ kinked Z-isomer\
slow NS A= fast
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NO,
drawbacks

* low ON/OFF ratio because of the background reactivity in the absence of catalyst

* low efficiency of isomerization (ca. 50% Z-isomer) because of the carbazole absorption
* reactants have to be equipped with adenine residues

 product inhibition (equimolar amount of catalyst is needed)

’
’
4
I

Lo “"the reactive groups are

arranged in close proximity
in the complex with Z-isomer

—

N
\

/,
N

NH,
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2-3. Template /*U
R. Cacciapaglia, et al. J. Am. Chem. Soc. 2003, 125, 2224 inactive reactive

EtOH / EtO" NMe,*

o
\NJ\CHFZ / )\ SNH
o
A

COZ- NMe4+ COZ- NMG4+

CHF,
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2-3. Template [’j‘__‘w

R. Cacciapaglia, et al. J. Am. Chem. Soc. 2003, 125, 2224 inactive reactive

/~\
(0_ 0/_\O_c> 1) H,, Pd(C), MeOH, rt <>_ ° O_c>

2) KMnO4/CUSO4, CH2C|2, rt

OzN_</—§_° o—> ’(‘0 Y N"\q o\_/o_>
— \ / /0 (o)
\— o o) —> trans-1

25
3.0
1 _ trans-1[Ba],
25 o 2.0 -
after 40 or 60 s irradiation
) o~ trans-1[Bal, (quasi-trans-1[Bal,)
20 ] A after 20 s irradiation
o 15
15 l T
1.0
1.0
_- after 20 s irradiation 05 | I". /quasi-cr's-1[Ba]2
0.5 _ after 40 or 60 s irradiation
] (guasi-cis-1[Bal,)
L] ™
0.0 +———r—————————— 00 =771 T T
200 300 400 500 600 700 200 300 400 500 600 700
A (nm) A (nm)
Figure 2. UV—vis spectra of 0.10 mM frans-1-[Ba]a before and after Figure 3. UV—vis spectra of 0.10 mM quasi-cis-1+[Ba] before Iancl after
irradiation at 370 nm irradiation at 480 nm. The spectrum of 0.10 mM #rans-1-[Ba), 1s shown
o ' for comparison.
Irradiation at 370 nm leads to Irradiation at 480 nm leads to
quasi-cis-1[Ba], (cis / trans = 95/ 5) quasi-trans-1[Ba], (cis / trans =19/ 81)

relatively high efficient and fast interconvertibility of photostationary states !! 13



2-3. Template

R. Cacciapaglia, et al. J. Am. Chem. Soc. 2003, 125, 2224 inactive reactive

Table 1. Catalysis of the Basic Ethanolysis of Anilides 2 and 3 in
EtOH—CH3CN (65/35 v/v) at 25 °CA

substrate additive (0.10 mM) Kans? (5-1) Keal
2 none 3.93 x 1073 1
rans-1-[Bal, 1.09 x 1072 280
quasi-frans-1+[Ba]z 1.84 x 1072 470
quasi-cis-1:[Ba]z 4.89 x 1072 1240
3 none 1.85 x 1076 1
trans-1-[Ba]z 426 x 107* 230
quasi-frans-1+[Ba]z 7.82 x 1074 420
quasi-cis-1-[Ba], 2.36 x 1073 1280

a Experiments carried out on 0.025 mM substrate solutions in the presence
of 1.00 mM MegNOEt. P Clean first-order time dependence was observed
in all cases. Error limits are on the order of £5%.
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1 : 0 T T
18 0 200 400 600 800 |
20 - 1.0
4w L
! _
0 y T | — L L L e 0.0
0 3000 8000 9000 12000 15000

t(s)
Figure 5. Turnover catalysis with product inhibition in the ethanolysis of
a 5-fold molar excess of 3 in the presence of 5.00 mM EtONMe, and 0.10
mM trans-1+[Ba] irradiated at 370 nm for 40 < after 5 min from the start.
The line represents the background ethanolysis. The inset shows the early
stages of the reaction.

/
@}
\ \)
o/
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Figure 8. Basic ethanolysis of 3. Repeated photoconversion into quasi-cis-1¢[Ba],
and quasi-trans-1+[Ba], were obtained upon alternate irradiation at 370 or 480 nm
for 40 s. Specific rates are reported on the right-hand ordinate axis.
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The activity of the catalyst is repeatedly photoswitched !!

drawbacks

* narrow substrate scope *low ON/OFF ratio
* product inhibition (equimolar amount of catalyst)

14



2-3. Template ‘__‘@

B. L. Feringa, et al. Science 2011, 331, 1429 inactive reactive

Dvnamic Control of Chiral Space in a Catalvtic Asvmmetric Reaction
Using a Molecular Motor

step-3,4

/ Il M-helicity lll  P-helicity

(2R,2'R)-(P,P)-trans-1

A and B can cooperate to form this catalyst allows for exquisite
a bifunctional organocatalyst control over not only catalyst

when in proximity ro each other activity but also stereoselectivity
15




2-3. Tem plate B. L. Feringa, et al. Science 2011, 331, 1429 R

A * B ' C ™ D reactive
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2] 1] 1] 12}
Qo Ke] Nl Ko
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2-3. Template

B. L. Feringa, et al. Science 2011, 331, 1429

inactive reactive
A C(P,P)-trans; -

ReRle o I Soasotepyry

* 03mol%1 /@ NN L.

2 3 CDECIE -15°C -

(P,P)-trans-1

(v 1)
I
=z

f
| =
D (M,M)-cis ||l
83% yield (P.P)-cis Nl
L 189 in 15 hourf R S ) U I'L
g LA 4 (M,M)- c:s
T A . o *® \
‘ o - |
-§- 0.08 4 A o ® [ ] 'O‘f)syl':eld ||I
A 7% yield l[ 'ul
& (P,P)-trans in 15 hours JAWAN
0.00 m e mnsmmnmnE
0 3 5 9 12 15 20 25 30
time/fh Minutes

Fig. 3. Catalytic performance of compound 1 for the Michael addition of 2 (0.2 M) to 3 (0.2 M) to give
chiral adduct 4. (A) Reaction scheme and conditions. (B) Reaction kinetics followed by measuring
product formation with in situ *H-NMR spectroscopy. (C to E) Chiral HPLC traces of the reaction product

4 using catalyst (P,P)-trans-1 (e.r., S/R, 49/51), (M, M)-cis-1 (e.r., SIR, 75/25), and (P,P)-cis-1 (e.r., SIR
23/77), respectively.

a catalyst loading is as low as 0.3 mol% !!

(P,P)-cis-1

17



2-3. Template [‘j‘__‘w

inactive reactive

B. L. Feringa, et al. Science 2011, 331, 1429

S /

—N
no cooperative effect is possible v %\_f’
NH

-NH ™ [’} _:‘—Q*
X0 A e e
. (0 -

S A N
(P,P)-trans-1 (M,M)-cis-1 Q (P,P)-cis1 cm:__

F4C
A [ CF4
NH-.
2=
NH- 8
;iE motor ,:
Vi

NH 9]
\ —— J.,”
!’N \ {,NH -3

Fig. 4. Proposed ternary complex (A) involved in the mechanism of thiol addition to enone catalyzed by
1 and the energy-minimized structures for the asymmetric Michael addition (B and C) obtained using
Hyperchem 8.0 (RM1). (B) Catalyst (2R,2'R)-(M,M)-cis-1; thiol addition to the Si face is favored (marked
with arrow) to give the product (S)-4. (C) Catalyst (2R,2'R)-(P,P)-cis-1; thiol addition to the Re face is
favored to give the product (R)-4. In the trans isomer (not shown), the catalytic units are pointed
antiparallel to each other, precluding bifunctional activation ’

18



2-4. Shielding (e

inactive reactive

The development of photoswitchable catalysts based on B-CDs by Ueno and co-workers
was complemented by covalently linking the photochromic azobenzene with the catalytically active macrocycle.

OH enhanced binding affinity

o
320-390 nm
deep cavity
NO,

O
AW W
OIS
O
A. Ueno, et al. J. Chem. Soc. Chem. Commun. 1981, 94

,,N

shallow cavity

N
A. Ueno, et al. Macromol. Rapid. Commun. 2001, 22, 448

N7 NH

not inhibiting

s M
(0] —N
Y

HN

320-390 nm

w—

R
o)\o
NO,

extended E-isomer kinked Z-isomer does
occupies the cavity inhibiting not fit into the cavity

NO,

19



2-4. Shielding =

inactive reactive

S. Hecht, et al. Angew. Chem. Int. Ed. 2008, 47, 5968
Photoswitching of Basicity

While previous two examples are based on photocontrolled steric shielding of the substrate binding site,
another approach followed by Heckt's group is the photocontrolled shielding of the active site.

——

\
833@ Base

Uga I &

|'1| or l
Shielg accessible
‘ basic/nucleophilic ¥
ste —

/ \ conformationally restricted
365 nm - R~N N-alkylated piperidine base

*N
. .N > 400 nm

\@N Ione pair @

» the preference of the piperidine ring to adopt a chair conformation
with the N-alkyl substituent in an equatorial position

« the spiro junction enables the rigid and orthogonal positioning of the.
photochromic azobenzene moiety '

R.




2-4. Shielding

S. Hecht, et al. Angew. Chem. Int. Ed. 2008, 47, 5968

; O :
. o R : conformational fixation |
. R’ : steric-shielding capability }
i R-N :
: N :
R N ‘ :
: 4a R = Me, R' = tBu :
' 4b R =1tBu, R'={Bu '
' 4c R = tBu, R' = 2,6-Me,CgH3 !
; R' ;
D o o e o e e e e o o mm e mm Ee e mm A e A m m m e o o i ]
Table 1: Photochemical, kinetic, and thermodynamic data for the
piperidine bases 4a—c.
PS Sl‘J t T..-"2le kuﬁlcl kunldj krr:l ﬂp Kalcl
(Z/E) [h] [10°°s) |00 s (Ken/ker)
4a 90:10 268 4 .96 21.5 4.3 -
4b 90:10 286 0.963 12.7 13.2 0.8
4c =>90:10 466 0.391 13.9 35.5 0.7

[a] Photostationary state (PSS) obtained by irradiation at 365 nm.
[b] Half-life of the Zisomer, measured at 20°C. [c] Rate constant of
Henry reaction using pure Eisomer (Figure 3). [d] Rate constant of
Henry reaction extrapolated to 100 % Z isomer (Figure 3). [e] Difference
of pK,values, ie. pK,(PSS)—pK.(E), obtained from titration with
trifluoromethanesulfonic acid using Neutral Red as reference base.

inactive reactive
hotoswitchable in H reaction
(o!
H H 4c (10 mol%)
+ =
)\Noz [Dg]THF, RT
NO, 6
5 7
0.3¢

! 100% (Z)-4c L

T, 02f S

:‘ o .lv'

o “' ...

E “1‘..11

= o1l (atiee*" PSS (2)-4c

= ! _"".“

E A::..

= I~ I

& ..t" (E)-4c

0_=............|---lllI---llllll

0 25 50 75 100 125 150
{ih —=

Figure 3. Performance of the photoswitchable piperidine 4c in its two
switching states as general base catalyst for the Henry reaction of 5
with 6 to give 7: m (E)-4c, ® (Z)-4c in the photostationary state with
residual (E)-4c, A extrapolation to 100% (Z)-4 ¢ with a correction for
the thermal (Z)-4c— (E)-4 c back reaction. Reaction conditions: cata-
lyst (10 mol%), 4-nitrobenzaldehyde (0.40m, 1 equiv), nitroethane
(12 equiv), [Dg]THF, 25°C.

Although this example illustrates the power of structure-based optimization, the system suffers from
the low intrinsic activity of the piperidine lead structure, which limits the general scope of the catalyst

system and the attainable ON/OFF ratios.

21



2-5. Electronic effects =

inactive reactive

T. Kawashima, et al. Org. Lett. 2005, 7, 3909

QN
. \
N=N eff|C|ent_ 360 nm “N
o donation = L . o
7 \\_g.O 431 nm 5’ j@
—_— A \
o@ o)

Lewis 'neutral’

Lewis acidic

feasibility of
N. R. Branda, et al. Angew. Chem. Int. Ed. 2008, 47, 5034 electronic modulation

photochemical ring closure |
of a dithienylethene (DTE) .

312 nm
L N

Q cross-

conjugated

-
>434 nm

Neither Kawashima’s nor Branda’s system have been used as photoswitchable Lewis acids
to control any chemical transformation...

22



2-5. Electronic effects

C. W. Bielawski, et al. . Am. Chem. Soc. 2012, 134, 12693

PEAG

inactive reactive

Photoswitchable N-Heterocyclic Carbene Orqanocatal\gsts

Ph Ph

1-colesd

e o |ower electron density
(o)
R2™ “OR3
Figure 1. 1:HPFg (1 mol %)
0 __OH KOtBu (1 mol%) O
+ —e——— -
)LO/“% = THF 0NF
0.1 M 0.1 M
a) b)
_ 50 ¢ uv _ 5 * UV
£ 40 B Vis 32 40 m Vis
3 s
+ 30- . ] L] = ? 304 -
E 20- E 20
8 101 8 10- -
oleeee ¢ * o] oo enm

photomodulation of its electronic structure.

0 10 20 30 40 50 60 70

Time (min)

0 15 30 45 60 75 90
Time (min)

The activity of the NHC organocatalyst was remotely tuned via exposure to UV and visible
light. This is rare example of a photoswitchable catalyst that operates via the remote

1-open

o ° hlgher electron density

(o)
+  R'XH J
2 1
(X = 0, NH) R XR
Flgure 2, 1-HPFg (2.5 mol %) o
NaHMDS (2.2 mol %)
N OH
HaNT CeHs | THF A N ~~CH
0.1M
b)
70-
= g 604
g 50 - - n
" Vis ® 401 rwl
¢ uw g 30; m Vi
5 20{"® & v
* © 4o
0 3 6 9 12 15 18 21 24 0 3 6 9 12 15 18 21 24

Time

{h)

Time (h)
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3. Metal-Cation-Switchable Catalysts

M. Shibasaki, et al. J. Am. Chem. Soc. 2009, 131, 3779

Diastereoswitching of catalvtic asymmetric Mannich-tvpe reaction

N

0 _Boc '592"%:5 ;0 mO'I% T | )\H 1.0equiv O NHBoc O NHBOC _.opeccccccccean=
+ r(OPr) .5 mol % Nz 25mo % ''OH O OH
&CN A ACOEL0°C,1h 0°C, 12 hk - Ar * Z “Ph N '
Ar H ! ' ’ CN CN : u :
56 59 — > syn-80 ant-58 ' o '
1 L}
2.4 equiv 1.0 equiv syn-selective anti-selective yield 85% yield 88% 1 ligand 55 '
catalyst catalyst antilsyn=9/91 antisyn=90/10 "= ====¥=====m====- !

Ar = 2-CICgH, 98% ee (syn) 91% ee (anti)

« amide-based ligands possess reasonable
rigidity (planar amide) and conformational
flexibility (a-carbon)

* rare earth metals have multiple coordination
modes and coordination numbers

i / mdeg
10

Although the dynamic nature
and paramagnetic properties
of the Er®* hampered NMR

1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
! metalp !
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1

analysis, CD spectra of each o R ,_ngk, rare earth
catalyst produced distinct J
patterns, suggesting that A /nm ( » »
chiroptically dlfferent.catalysts Bkt - O
were formed dependingon -5 ligand
the rare earth metal used. \/ * | |
rare earth metal (RE)
CD spectra of the catalyst tiple [€00rdination mode output o output §
-10 | e [coordlnation number ;

Unfortunately, the change in the stereoselevtivity was only unidirectional and
a reversible switching system remains to be developed.

24



3. Metal-Cation-Switchable Catalysts

M Schmittel, et al. Angew. Chem. Int. Ed. 2012, 51, 3832

unlocked state locked stale T -’r + CH:(COOEL):
piperidine inactivated piperidine activated |
off state Cu abstracting reagent on state N
------------------ HO _
U:‘E'.
By choosing an organocatalyst as the external guest lignad, the |

self-locking system allows for reversible capture/release of
catalytically active species and functions as a switchable catalyst. NOg 25



4. Supramolecular approaches

Supramolecular approaches display a distinct three-dimensional architecture through
noncovalent interactions, while a reasonable degree of conformational freedom remains
to allow modification of its three-dimensional shape in response to specific signals.

4-1. Layered Systems 4-2. Rotaxanes
inactive
O ey
ﬁ - \ inactive
M ] \
H ) ——
| closed state |
- /.WL"‘ /|
NaOH“CFe,cozH
A (A ___
—
| |

A

catalytic site
VU exposed

reactive

»

U
reactive

26



4-1-1. Layered Systems - Introduction
C. A. Mirkin, et al. Angew. Chem. Int. Ed. 2011, 50, 114

Supramolecular Coordination Assemblv Approaches

.dlrectlonal -bonding approach (DBA) _______________________________
: weak-link approach (WLA)
M : for example, Rh', Pd', cu!, I
4 + 4 A P
— (
’ 2 P x@ A D=
) 2 + 2 @ ——r
O : blocking group P X@-XJ
B : weakly coordinating ligand X -
AT eg. N@—@N [P 6 +4L1T-4L
P flexible
L f I
6 ° 4 @ : hemilabile ligand P P
— ol L@L L@L
P = PPh,
4 G P P
- o 32 8 I@J
Ho_*i'\@ o o
............... ... ... reversible in situ modification
: symmetry-interaction approach (SIA).
M : for example Ga'" Fell Al (charges and counterions are not shown)

Structures formed through these supramolecular approaches can exhibit catalytic activities reminiscent
of enzymes in terms of catalytic acceleration by proximity effects in cages, discrimination between
different isomers of a substrate, and regulation in terms of catalytic activity and selectivity.



4-1-1. Layered Systems -

Introduction

Heteroliqated Complexes via Halide-Induced Ligand Rearranaement (HILR)

2+ 2Cr
pho ) s} bPh,
\ rearrangement

Rh/NBD — -

Ph,R S

12a,b 13a,b
S-u—o 2cr lZAgBB
I X :
Ph,P Tph2 p/_\ /_\124- 2BF,
-I l-o PPh
CI—RIh—Co Cl—Rh—CO 2cCI/CO (1 atm) \/ / :
fiadit A LR L.
thI!' Ph, / \P
— oI
o-filks e
17a,b
.............................. Rz ‘Rz
Trlple -Decker Complexes RV Ry
------------------------------ O
— Ry — Rz R, CI_\HPth
PhoP X X PPhy + 2pth/_\y RNCODICIL: Ri Ry
thP Pth
Ry Ry R, é ;1 e
29a) X=S, R;=H 30a) Y=0, R,=CH, Ph zp
29b) X=0, Ry=CH, 30b) Y=0, Rp=H L\ 31a) Ry=H, R;=CH
30c) Y=S, R;=H o 31b) Ry=H, R,=H
R;@-Rz
R7Y'R; :
[Rh(COD)CI], LiB(CeFs)s| | C1
R — -
il 5~ = pen O
Rh
y_f /PLZP " LiB(CFs)s \ ?-‘%2‘ 7"\
6" 5.
OQO Lo Phg x—@—x PPh,
i Hf,_/ cr LT W
: hy R o !
RY Ph P/ \Y =
&>>s pph, e N .
2 2

32a) X=S, Y=0, Ry=H, R;=CH,
32b) X=S, Y=0, Ry=H, R,=H
32¢) X=0, Y=S, Ry=CH3, R,=H

C. A. Mirkin, et al. Acc. Chem. Res. 2008, 41, 1618

s~PPh . _PPh,
+ @ + 0.5[Rh(NBD)CI],
, xS
21af 22a (X =CHyp)
22b (X = 0) as ;.@ X = CH
b= E—@ X=0
— 1+CI »
X—Q T+ cr er 2_©_F X=0
Pﬁ thP S—{ar] F_F
\Rh/ % s Rh d=§.{:} X=0
< thp\_ls— F F
PPh,
-\ 23a-f é
X e= —2 >— X=0
24a (X = CHy) Halli}e;:rﬁ,uced
24b (X =0) Rearrangement Q
=N N=
f= 3— H— )-ouHo
Na[B(ArF)d] "hz" hs —{ar] co Bu ¢-Bu
cis
cr pth\ i semi-open X=0
25a-f xfj
S s—{ar]
+
PhaP, ) s——I thPrJ
/Rh\ Cl/CO C;leh coopen
PhP_ 0~ TE—— PPh, — —
closed x/" 28a-f halide abstracting
26b-f
PhaP S . Leagents
Rh NaBArF
oc’ PPh, cr (BArF = tetrakis
co 272 [(3,5-trifluoromethyl)
& Na[B(ArF
R ] phenyl]borate)
S L|B(CGF5)‘Et20 )
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4-1-2. Macrocycle Approach

C. A. Mirkin, et al. J. Am. Chem. Soc. 2003, 125, 10508

inactive This reaction was selected because of its demonstrated bimetallic
mechanism that requires two metal-salen monomeric catalyst to

VN
I | ~ | | activate both the electrophile (epoxide) and the nucleophile (azide).

u— O —u fmmmmmmmmm———- 6 Cr(llI) complex 2<Cl

closed state

. ¢ Cr ) :
: C _;d_;_/' : —N Cl N
L+ ; ' ;
ﬂ G - \ Q C
A o | iwD o
a— 2 = =T
! 0 : rate-limiting : 2:N3 C@
' step 6
20 W 1 I
: N \
open state reactive /
Nj OH

¢ TMSN;

HNg <+

o N, OTMS " 1/2 TMS,0
<f> n d H
N

OTMS

TMSN; *C(
E. N. Jacobsen "

Acc. Chem. Res. 2000, 33, 421
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4-1-2. Macrocycle Approach

(R.R)
’“s" °s"“P .
Bu

1 M= Cr'C|2|VI Zn

o

R P
P 50" 0 Vi
éh/ Bu B Rh

inactive

HCH

3:M=CrCl, 4:M=2n

allosteric effector “ (ii)
co,Cr '
(R R)
?;—N %
Ph, F|= Bu  Bu
CI-Th-CO Cl— Rh Cco

’Bu PPh
_HN |-T
<:§' reactive
5:M=CrCl, 6: M=Zn

PR

C. A. Mirkin, et al. J. Am. Chem. Soc. 2003, 125, 10508
This work represented the first demonstration of an allosteric catalyst made possible
through supramolecular coordination chemistry.

-

\.

0
C> + TMSN; —3»

N3

= 0008 A

"§ 0.006 3-closed

T 0004

&, 00w 7-monomeric

0 50

100 180

Time (min)

) <)
OTMS H “H
N, CLN
.Gt
& — Bu o] 0] Bu
Bu Bu
J 7
o B

[Product] M

0 100

Time (min)

Figure 2. Graph A: Initial rate kietics for the ring opening of cyclohexene

oxide by TMSN; catalyzed by 3 (A) (2.6 mM) and a monomeric Cr(III)-
salen complex 7 (@) (5.2 mM) in benzonitrile at room temperature. The
catalyst concentrations are the same with respect to Cr(III). Graph B: Initial
rate kinetics for the ring opening of cyclohexene oxide by TMSN;, as

catalyzed by 3 (A) and 5 (M) each at 2.6 mM, n benzonifrile/pyridine at
room temperature.

@ Counterions are BF4~

. Reagents and solvents:

(1) Rh(norbomadiene),BF4.

CH,Cly: (11) PPNCU/CO, benzonitrile; 3 and 4 may be synthesized from 5
and 6, respectively, by the removal of CO in vacuo or by N purge.
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4-1-3. Molecular Tweezers

C. A. Mirkin, et al. Angew. Chem. Int. Ed. 2004, 43, 5503

{0 H
N_.

msj .

1M=CrCL2:M=2n

L

reactive

3:M=CrClL4:M=2n

ll 5

allosteric effector
CO, CI

-N-.. 4N_
rBu—(Z?o’M‘O
tBu tBu

inactive mu 1B

S:M=CrCl;8:M=2Zn

Scheme 2. Synthesis of the allosteric tweezer complexes. Counterions are BF,

clohexyl salen backbones have (R,R) stereochemistry. Reagents and solvents;
a) [Rh(NBD),]BF,, CH,Cl,; b) PPNCI/CO (PPNCl =

S - nn—-m O—Qo 53—

~. All ¢y-

O Structural transition-metal center

[ Catalytic transition-metal center

reactive site

™\

inactive ligand

This dramatic change in shape was expected
to generate a larger allosteric effect than the
related macrocyclic analogue!

bis(triphenylphosphoranylidene)am

monium chloride); 3 and 4 may be synthesized from 5 and 6, respectively, by the

removal of CO in vacuo or by purging with N,.
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4-1-3. Molecular Tweezers

v LR L L L LR L TP EEELLE L : C. A. Mirkin, et al. Angew. Chem. Int. Ed. 2004, 43, 5503
» (3) reactive (5) inactive :
: +ligand :
: L . 1
' ~— .
' -ligand . Figure 1. The allosteric effect expressed in terms of selectivity
femmmmmmmmmmmmmmmmmmmmmmmmm e ' 2.4 grmmmmmmm——-- el mmmme Tmmmmmmmmsmeey
v oms 2] R = allosteric selectivity ratio

%ee of the product formed by using 3

Brme e wipe

%ee of the product formed by using 5

R 164 \ === Meeeeeessssssssssssssssssssssssssssssaa- ’
Entry Catalyst [Catalyst] m 1x107° % ee of product® 1.4+ . L.
: ; - " 12 as the catalyst concentration is increased the
2 5 72 24 reaction would become more intermolecular
- 1.0
3 7 7.2 26 i . i : .
4 3 4.7 30 0.000 0.002 0.004 0.006 0.008
5 5 4.7 73 [Catalyst] M
6 3 3.6 79
7 5 3.6 68 . . o .
3 7 36 12 Figure 2. In situ reversibility of the catalysis
9 3 2.5 77
10 5 25 €0 a) 0.027- Closed b} 0.0048- _.._.. - Closed/Open >
11 3 1.8 72 e
12 5 18 54 0.0244 Open/Closed /.f
13 3 0.72 65
14 5 0.72 44 £ 0.021- s
15 3 0.36 63 E -CO +CO =
16 5 0.36 32 = S 0.0024-
17 3 0.14 49 E 0.018+ 3
18 5 0.14 21 § a
0.0154
[a] All reactions were performed at room temperature in THF. [b] % ee of Open Open
1-azido-2-(trimethylsiloxy) cyclohexane was determined by chiral GC.
0.012
increased solubility S e P P S VA SO 0.0000 4+ —
(in comparison with the macrocycle) ) 0 50 100 150 200
t/min fimin
@ The ability to reversibly convert from 3 to 5 in situ by CO saturation and
greater ranges of catalyst concentration CO desaturation of a solution containing CI” ions were shown.
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4-1-4. Triple-Layer Catalysts

C. A. Mirkin, et al. Science 2010, 330, 66

an allosteric spramolecular structure

in which a monometallic catalytic site
has been buried in the middle layer of
a triple-layer complex

a-CaproIactone

\}w%

Polycaprolactone

—

Inactive
(closed)

F = Blocking ligand Ac_tive
ﬂ = Catalytic ligand (semiopen)

5[] = Structural regulatory site
g ry Allosteric effector (CI°) can open and close

o = Allosteric effector this complex and reversibly expose and
conceal the catalytic center.
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4-1-4. Triple-Layer Catalysts

C. A. Mirkin, et al. Science 2010, 330, 66

Figure. The synthesis of triple-layer complexes with chemically tailorable layers through the choice of hemilabile
ligand starting materials

PhiP Php Q}/o N reagents and reaction conditions
Ly AW (b) Pl b~ e + (@) CH,Cly, rt i
@ + @ + [Rh(cod)Cl], —1-- Phop \s—@—shpphz PhoR s—@—s Pth (b) LiB(CgF5)°Et,0, CH,Cly, it
2 3 /—’PFH (c) @0\_,,% : (C) ("Bu)sNCI, CHoCly, rt ;

1 PPh; h 4 1 (d) THF, rt

Rh-O linkage is too easily broken E (e) NaBArF, CH,ClI,, rt
1 (f) ("Bu)4NCI, CH,Cly, rt

thpl \ . _
I thP\L , Ph P,_;m Ph F’)’_\N‘__I o
2
N {8) Rh

N Rh

+ + [Rh(cod)Cll, — ph®_ s Prr.<—= thP{_}S-Si;,:Pth
(or [Rh(coe);Cll2) o e (f o e,
s ’,_{ 2 ' [
oPh more robust structure N
1 7 Ba with an amine
5 6b 7a h 8a halide abstracting reagents
7b 8b | NaBArF (BArF = tetrakis[(3,5-trifluoromethyl)

phenyl]borate) and LiB(CgF5)*Et,O

=- OHHO . 7al8a (-_ @ -=+©i~)
5 (mm=rO-GromeD-04) 0 0 s w

6b (mm=-+ ) _-#OH )
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4-1-4. Triple-Layer Catalysts

i)

Polycaprolactone

C. A. Mirkin, et al. Science 2010, 330, 66

(Figure B, C) Catalytic acitivities of compounds 9 and 10 with respect to
the polymerization of e-caprolactone as a function of temperature and
monomer concentration. Dependence on temperature at 541 mM
monomer concentration (B) and dependence on monomer concentration

at 363 K in the presence of 9 (C).
catalyst concentration : 2.09 mM

—I 2BArF” B
P E i em, 100} A
reactive \/ P N\/Pph - IS
(a) e k- /A Sl
7b o s“a nhs bee === on -GN oD—4_om s | a -
c) o S 60f & _ - = 9at 343K
9 AN\ =X inactive = »
p..,\_\ 2 Z i, -e-10at 343K
\ o - -a-9at363K
. S 0 8 ol x- 102t 363K
? 4 (a) AlEts, toluene, 0°C—rt—80°C; EtOH, rt—80° C' L e
14" 1 (b) NaBArF, CH,Cly, rt : Dh**----:n---;d S
" 0 20 120 140
(9) ('BUNNCI (OD,CN can also be used), CH,Cl 1t Time (hr)
Figure B c1m- *
o * o @ °
semi-open compound 9 is active = 80r !.-" o _
closed compound 10 is initially|almost completely inactive !! E 60f :-" I," -331mM
S s} o 541
= [
after abount 100 hours of catalysis, residual activity is observed S 2l ;
(about 7% of 9), which is caused by decomposition of 10 3
Ote
0 10

20 30 40
Time (hr) 35



4-1-4. Triple-Layer Catalysts

C. A. Mirkin, et al. Science 2010, 330, 66

o (Figure D, E, F) Reversible allosteric regulation of the triple-layer complex
o o in terms of living polymerization reaction. The formation of the product was
n

Polycaprolactone

Traces of the GPC analysis (F).

] 2BArF

monitored by "H NMR spectroscopy (D), and samples were taken from the
reaction at various times (a to e) and analyzed by GPC for M,, and PDI (E).

(M,, = number average molecular weights)

PPh; P P Nﬁpphz
reactive \/ T S / E 7000
a =N N= b N N=
Tb(—L thpOs“ -, o"ci:;?h - SQPPM Q tha\ /s o |‘oh— oS _ PP 6000r
c
AW 9 () . P/\N <x™ jnactive 5000}
:\_\ AN ﬁ - n/
. 4 ' (a) AlEt3, toluene, 0°C—rt—80°C; EtOH, rt—>80°CE 3000
T A4 1 (b) NaBArF, CH,Cl,, rt E 2000}
+ (c) ("Bu)4NCI (CD5CN can also be used), CH,Cl,, rt ;
Figure D
As a proof-of-concept experiment, the D (10) —1 F
catalyst was deactivated by addition of the 80 ——— ‘.3' " e -E‘
CI abstracting agent (NaBArF), and addition < | NEEA’F c §
of acetonitrile reactivates the catalyst. 5';-:-* b . 'NJ:; £
Figure E -g W0 o N-d; E
A linear relation between percentage of = g
substrate conversion to product and M,, of § 20F (9) S
the polymer was observed, which confirms (9)
that the catalyst maintains its catalytic activity 0 'g T TR
during the allosteric regulation process. Time (hr)

15
— g
o M
. 1.4
9
c . 1.3%
o 3
1.2 £
b .- g
* * * o
. 1112
» *
a *
L L 1.0
30 40 50 60 70 80 90
Conversion (%)
I 18.2 18.8
12 —.a 179184 | 19.2
10} |__p YVVY VY ¥
08} —¢
06F —e
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4-2-1. Syntheses of Rotaxanes

Mechanically interlocked molecular systems such as rotaxanes and catenanes have attracted increasing
attention due to the unique bonding and structure and a prototype of molecular machines.

Rotaxane
firstly synthesized rotaxane

(Ing It depended on accidental formation
from mixuture of "thread", "ring" and

stopper®”.
(CeHs)sCOF(CHa)10+OC(CsHs)s  So the yield was very low...

Cat S. Harrison, et al.
atenane (CHa)zs J. Am. Chem. Soc. 1967, 89, 5723

2,R=H
6, R=CO(CH,);CO; resin OH

o 0
HO O

n the latter part of the 20th century

Some efficient syntheitic methodology were developed. ( %
1) host-guest interaction
2) donor-acceptor interaction «,o
3) hydrogen bond 0 Ho OH -
4) metal complexation crown-ether ©

HO

cyclodextrin
- OO
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4-2-2. Application to Molecular Machines

+ Acid
[HP*

& 2
£ i, = goately,

~ J. F. Stoddart, et al.
J. Am. Chem. Soc. 2006, 128, 1489
Scienece 2004, 303, 1845

J. F. Stoddart, et al. J. Am. Chem. Soc. 1991, 113, 5131

molecular muscle
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4-2-3. Application to Catalysts

Epoxidation of Polybutadiene bv i&;\gmmetri_c Benzoin Condensation
Topoloaically Linked catalyst
A. E. Rowan, et al. Nature 2003, 424, 915

T. Takata, et al. J. Am. Chem. Soc. 2004, 126, 3438

T |"| g oy

! 3 - J /\

Q<O

@ 'R \ the rotaxane structure gives
A a unique reaction field

Direction of catalyst
Bulky ligand >

\/
/O 0N
WIS
oo
0] @]
N
T s
(o) cat. rotaxane
Approach A Approach B Et.N
H 3
cavity containing A) 'outside' mechanism
porphyrin complex B) ‘inside' mechanism X

the rotaxane field made by mechanically linked
wheel and axle components gives an unprecedented
space for recognition and reaction

a rotaxane that mimics the ability of processive
enzymes to catalyze multiple rounds of reaction
while the polymer substrate stays bound



4-2-4. Rotaxane-Based Switchable Organocatalyst

D. A. Leigh, et al. Angew. Chem. Int. Ed. 2012, 51, 5166

catalytic site catalytic site
concealed exposed
\ CF,CO,H | \
: — L
-
NaOH
inactive reactive

allosteric effector |
+ pH
HS A~ (CF2);CF; h S/\/(CF2)7CF3

P
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4-2-4. Rotaxane-Based Switchable Organocatalyst

D. A. Leigh, et al. Angew. Chem. Int. Ed. 2012, 51, 5166

=\, : synthesis of rotaxane 1-H*3PFg :
NH, T TTTTTTTTTTTmTTmmmmnEmmTmnmmnmnmnamnenes ” ,;/\@\
Bu /N
Boc,0, NaHCO, N o/@ HH
l THF/MeOH/H,0, 70% 0/\/\ Q/\ "N
=\ ‘Bu azide compound, Cu(MeCN)4PFg
(o) e DBZ408, CH2C|2, 31%
id d, Cu(MeCN),PF host-guest
azide compound, Cu(MeCN),PFg . .
- l TBTA, CH,Cly, 84% interaction Q

o~ i
‘Bu N=N o Bu J/: \H
NHBoc N A ':.,0 /Y\
-

'Bu
TFA, CH,CI, Qo/\/\ N=N o 0 N ’\/\o
quant. f t
Bu

/@\ /\/\N‘ 1) Mel
N= —@—\NH 2) NH4PFg, H,O/acetone/CH,CI,
2

quant
l 1) 4-Prop-2-ynyloxybenzaldehyde, toluene

2) NaBH,4, THF/MeOH, 76%
o o
/2 rotaxane 1-H*3PFg

AT T
H
1) HCI CH2C|2 Q /\/\ N/N -::-) 0/\@}‘"\/\
2) NH4PF¢, H,Olacetone/CH,Cl, 0 Zj0 N o

<o, 3”\
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4-2-4. Rotaxane-Based Switchable Organocatalyst

Figure 1. Acid-base switching of the position of
the macrocycle in rotaxane

n_ a)
/ “:\
__ Catalytic site © {
~ concealed R
(o (o) \
k

a
gt /\ .-H H..
J
b l O O / ll
o N"er i
m \‘
c \ / 1-H-3PF,
BEMP phosphazene resin
or | | CF3COH
NaOH
J@f “@o/ J
N
[ N=p O
o 1-2PF4
— Catalytic site
~ exposed
] @f I)
b 0/\3/‘ Lo NN ’\“\
e 2-H-3PFg e &

O—=—=0

D. A. Leigh, et al. Angew. Chem. Int. Ed. 2012, 51, 5166
Figure 2. 'TH NMR spectra (400 MHz, CD3CN, 298 K)

b) ’ ——

9.0 8.5 8.0 75 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 20 1.5

a) thread 2-H<3PFg b) rotaxane 1-H*3PFg c) rotaxane 1-2PF4 (338 K)
d) solution from (c) after addition of 1 eq. of CF;CO,H
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4-2-4. Rotaxane-Based Switchable Organocatalyst
D. A. Leigh, et al. Angew. Chem. Int. Ed. 2012, 51, 5166

Michael addition of thiol 4 to trans-cinnamaldehyde 3 Figure 3. 1H NMR spectra (400 MHz, CD,Cl,, RT)

P LB AR L A TR LR ALELE L LA ALE

1.5 eq. 1 eq. (\J a)
5% catalyst (o] c A
PhMO N Hs/\/{CFz)'zCFs —CHCh \ A B oy "
3 4 0.IMBIRT,  ph” g (CF2)7CFs f | B
5 days 5 a | \ \ ’
Entry Catalyst Yield® b) :
1 no catalyst no reaction i
2 dibenzylamine 69 % 4
3 2-2PF, 30% LA
4 2-H-3PF, 49% c)
5 1-2PF, 83% o—4§—¢ iy
6 1-H-3PF; no reaction || | PR P Nl
7 1.2PF¢/1-H-3PF¢ 410 min NaOH ,, wash 66 % I ” Pt PPl LR
8 no catalyst+10 min NaOH,q wash traces! AN NG| N [ LA—J* I —
. . . . d)
[c] yield after 10 min washing with 1 M NaOH 4, and ‘c [
subsequent 1 h stirring at RT i 4 2 4 °‘_4°
‘ [ f s Ly
’ I }‘j \f\ A l ( {' E H l /,’:/ i ’4' \\\‘\\ ‘
rotaxane 1-H+3PFg rotaxane 1-2PFg S M N MM e o FE R AR R R, D
e
| \ ; A 6 T
__ \ ) ™) A % B
‘,1‘ Ph)\bs/\g/ (CF5);CF5
N W | E
v," ‘\\ I"A SLA. i N
a3 9n 75 70 65 60 55 50 45 40 35 30 25 20
thread 2 ppm

a) trans-cinnamaldehyde 3  b) tiol 4
o_g_.:c_;o c) reaction mixture of 3 and 4 after 48 h stirring in the presence of 5 mol% of 1-H+3PFg
d) reaction mixture from (c) 1 h after deprotonation of 1-H+*3PFg with a 10 min wash with 1 M
NaOH () (residual 3 is the result of 1.5 eq being used to ensure complete consumption of 4.
e) product 5 43



5. Summary and Perspective

“Impressive and significant advances through allosteric regulation have led to the
development of a number of switchable catalysts with multiple catalytic functions
having adequate temporal and spatial resolution.

* For the practical application of switchable catalysts, the low catalytic efficiency
and the narrow scope of applicable reactions are problematic so far.

- The goal of switchable catalysis is not only the mere enabling of a given chemical
transformation but also the complete control over its outcome by developing
suitable catalysts to dictate chemoselectivity, regioselectivity, and stereoselectivity
of the reaction. Applying these features to polymerization processes would be
particularly beneficial in this context.

 Furthermore these catalysts are not only advantageous for their utility in organic
synthesis, but can also be applied to a much broader field such as materials and
devices because these catalysts can produce multiple outputs from an intricate
molecular ensemble.
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