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Artificial Light-Gated Catalyst Systems

Ragnar S. Stoll and Stefan Heche*

“Beyond activity control: Throughout this review we have
focused on catalytic activity, encoding the ability of the catalyst
to enable and speed up an otherwise unfeasible chemical
reaction. However, one of the inherent challenges in catalyst
research 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.”
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Motivation

“Ultimately, photoswitchable catalysis will require the ability to
photochemically alter the selectivity of the catalyst in addition
to its activity. A system in which the catalyst’s intrinsic chemo-,
regio-, and/or  stereoselectivity could be remotely
photomodulated will have numerous applications in tandem
catalysis, and is expected to provide unprecedented control over
polymer microstructure, as well as to simplify multistep
syntheses of complex small molecules.”
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Illuminating Photoswitchable Catalysis
Bethany M. Neilson and Christopher W. Bielawski*
Department of Chemistry and Biochemintry, The University of Teras a1 Austin, Awstis, Tesan 78712, Uned States
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B INTRODUCTION

Many of the emestial kncvoms found i living onganisms ase
wontrolied by molecular wnits that undergo changes triggered
by extersal stimul Indeed, many Mokogical systems harses
externally applied energy and use % to regulate mobeculsr
transport o catabytic phecomens with exquaite spatel and
temporal contrel. In conteast, systhetic chemical peocesses are
typically lissized 10 o fed rate wsd/or selectivity eoce the
reaction condiions are chosen. [ncoeporatieg stimull-respon-
sive units into synthetic joocesses may esable switchable
catalytic activities and/or sedectivities, and facilitate apphestions
that raege froes streamlinel multiviep syntheses 1o the
production. of polyssers with sophisticated micostracee.

Sigaficant efiorts in the field of catalyvis have been directed
towanrd the optimization of catalyst structere 1o achieve high
sulvtrate comversions and/or bigh rego., chemo., of stereo-
selextivities. Moee recently, however, efforts bave focused oo
using external stimull, incloding acid-base chemistry,”
mechanical force,' redox processes,' and light' to modulste
the introsic activithes and/oc selectvities displayed by catalysts.
Light, in particedar, i s ateeactive stimubs & 2 i scoinvisive,
olfers escellent temporal and spatial resclution, and ca be
precisely coatrolled with an appropeiste source. Fasthermore,
using gt of predetermined wavelengths allows for selective
excitation and subieguest reactivity of speciic moleculer weis
in a dghly controlled ssasser,

Photocesponsive processes found in mature, =cloding
photosysthesis and vison, (lustrate the power of using
dectromagnetic radiation to initiate and -q:uhu mmplu

biochermical

precatalyst w (rradiated to groerste & atalytically active,
photoexcted state which sbsequently reacts with » substrate
(Pigure 1), In contrast, photoscowated or “photecaged”
catalyshe warte with wn (nactve cetalyst species Dt wpon
leradiation, becoeses catalytically sctive (Figure 1b). Notable
examples of photoactivated catalysis incdode photoscd wsd
photobase generators,” as well as metal complenes that hecome
activated wpon the dwsociation of photolabile kgands **
Photoswitihable catalysis invelves & catalyscdy sdive species
that undergoes 4 revensible photochesscal transhormation and,
w4 result, ahers i ntrinei catalytic propesties (Figure 1¢).
The catalyst i % initial state may Be active or tnactive, and the
photoindoced transfoemation may etther change the rate ot
which the catalyst ciltates & gven reaction (A = I &, # &)
or may allow the catabynt to promote & different reacsen (C -
D). Ilh!a\-mtn-lmuummmnmedby
cethogonal stimul (Le, differest wavelengtts of Tght), the
catalyst may be toggied between two states that duplay
different reactivities or selectivities via 3 remote Iight stimelus
Altho: more. difosit in vwhr phmon-udub& ﬂn‘nu
effens
wdy‘kmunndhlhtpmmmﬁnmmlﬂgﬁttﬂﬂ
s the resction proceeds in addition te regulating the nitiaticn

process.
An ideal photoswachable catalyst reguires that the photo-
induced trandcemution (i) cccses with high effciency in both
the foeward and the reverse directions, (&) causes & i
dreration in steric ee electronic properties of the catalyst, asd
(m) ukimately wllt; z charges in catalytic activies and/or
unit shosid be

melecslar and processes, and
potential utility of synthetic catadyss that reigond to kght m.s

1
capable of absarbing light at 3 wavelengeh that will not excite

similar preciston. A number of ly diferent
approaches have beem used to reakae antificial photoresponsive
systems, inchuding photocatadysis, photoactivated catalysis, snd
photoswitchable citalysis. In photocatalysis” an inactive
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Motivation

o

Even though progress in this field has been remarkable, major
barriers remain that need to be overcome. For example, a
photoswitchable catalyst capable of catalyzing two orthogonal
reactions is yet to be reported. Unlike redox-switchable and ion-
switchable systems, in which chemical waste is generated,
photoswitchable systems offer major advantages, as they use a
clean and noninvasive external trigger that allows
spatiotemporal precision.
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I Switchable Catalysts

Dynamic Responsive Systems for Catalytic Function
Matea Viatkovic, Beatrice S, L. Collins, and Ben L. Feringa®"

M. Vlatkovi¢, B. S. L. Collins, B. L. Feringa, Chem. Eur. J. 2016, 22, 17080-17111.
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State-of-the-Art AN
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CF;
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J. Wang, B. L. Feringa, Science 2011, 331, 1429-1432.



State-of-the-Art
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J. Wang, B. L. Feringa, Science 2011, 331, 1429-1432.
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State-of-the-Art
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catalyst catalyst
1) A-B-C < e A-B+C > A-B-C
external stimulus
catalyst catalyst
2) (S)-A-B-C =« A-B+C » (R)-A-B-C
external stimulus external stimulus
This work
catalyst catalyst
3) C—A-B < A-B+C > A-B—C
dark hv

o

g

Z-catalyst

ON/OFF

Switching

Stereoselectivity

o /
4 N

Switching
Site-Selectivity

o /




Concept to Control Regioselectivity in Acylation Reactions & &
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0 H °N \_N
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5R'=Me, RZ=H
o) 4 1 2
N S 6 R' = Me, R =Cy
VN 7R'=Bn, R?=Cy

E-6

AH, = 0.0 (0.0) kcal molt AH, =12.4 (10.5) kcal mol"

B3LYP-D3(BJ)/6-311G(d,p) and DLPNO-CCSD(T)/def2-tzvpp//B3LYP-D3(BJ)/6-311G(d,p) (in parentheses) levels of theory.



Concept to Control Regioselectivity in Acylation Reactions

AH*;;=22.1(28.7) kecal mol?
TSye

<—
A=365nm

B3LYP-D3(BJ)/6-311G(d,p) and DLPNO-CCSD(T)/def2-tzvpp//B3LYP-D3(BJ)/6-311G(d,p) (in parentheses) levels of theory.



Synthetic Strategy

NH,
EDAC, HOBt

TEA oS
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Synthetic Strategy
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Synthesized Catalysts
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Acetylation of (4,6-0O-benzylidene)methyl-a-D-glucopyranoside 1

2 mol% Cat.

Ph/voo o 1.0 equiv. Ac,0 Ph/%o o . Ph/voo o . Ph/voo o
HO toluene, r.t., HO AcO AcO
HO oMe 18 h AcO\e HO OMe AcO e
1 10 1 12
Catalyst 100 110 121 Yield® / %
NMI 3.0 10.6 1.0 84
4 6.4 3.8 1.0 81
4 (365 nm) 4.8 2.6 1.0 90
5 17.3 6.8 1.0 62
5 (365 nm) 5.5 35 1.0 83
6Lkl 9.4 7.1 1.0 88
6 (365 nm) 8.8 9.4 1.0 80

[a] Yield and ratio determined via *H NMR. [b] Reaction at 0 °C. NMI = N-methylimidazol.
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Acetylation of (4,6-0O-benzylidene)methyl-a-D-galactopyranoside 2

Ph Ph Ph Ph
OO 2 mol% Cat. %)O oO oO
" HO Ome t°'“??ﬁ’, "t " AcO oMe Ao HO Ome Ao AcO oMe
2 13 14 15
Catalyst 130 148 150 Yield / %!
NMI 4.8 6.6 1.0 14
5 8.3 30.1 1.0 48
5 (365 nm) 11.1 18.0 1.0 75
6 2.8 9.7 1.0 79
6 (365 nm) 6.3 9.4 1.0 81
6 (365 nm)l 7.0 7.6 1.0 77

[a] Ratio was determined via NMR. [b] Yield was determined via NMR. [c] Reaction was carried out at 0°C.




Acetylation of (4,6-O-benzylidene)methyl-a-D-mannopyranoside 3a

2 mol% Cat.

b
{8

Ph/%%og 1.0 equiv. Ac,0 Phﬁ%‘@’ ) Ph/%%og ) Phﬁ%
HO toluene, rt., HO AcO AcO
OMe 18 h OMe OMe OMe
3a 16a 17a 18a
Catalyst 16al 17al 18al Yield / %@
NMI 1.1 8.1 1.0 44
6 2.3 1.1 1.0 62
6 (448 nm)! 1.8 1.0 1.0 66
6 (365 nm) 1.0 4.7 34 61
6 (365 nm)!© 1.0 7.4 3.2 66
6 (365 nm)®:cl 1.0 19.8 10.1 74
7 1.7 1.0 1.1 68
7 (365 nm)l 1.0 11.9 7.0 77

[a] Yield and ratio determined via *H NMR. [b] 10 min irradiation before adding Ac.O; reaction in the dark. [c] Reaction at 0 °C.
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Acetylation of (4,6-O-benzylidene)methyl-a-D-mannopyranoside 3a-d

R? R? R? R?
OH 2 mol% Cat. 6 OA OH OA
RV‘%O 0 1.0 equiv. Ac,0 R1/‘%O Oc RV‘%O (0] R1/‘%O Oc
HO Ttoluene, rt. HO * AcO * AcO
OMe 18 h OMe OMe OMe
a R'=Ph, R?=H
3a-d b R'=Nap, R?=H 16a-d 17a-d 18a-d
¢ R'=Me, R>=Me
d R'=H, R*=H
Substrate 16a-d? 17a-dl 18a-d Yield / %™
3a 2.3 1.1 1.0 62
3a (365 nm)™! 1.0 19.8 10.1 74
3b 2.0 1.0 2.2 421
3b (365 nm)[] 1.0 10.7 9.5 250]
3c 3.9 3.6 1.0 75
3c (365 nm)™! 1.8 4.0 1.0 91
3d 4.1 1.7 1.0 441
3d (365 nm)[] 1.0 10.4 6.1 54[

[a] Yield and ratio determined via *H NMR. [b] Reaction at 0 °C. [c] Yield not determined exactly due to some decomposition

of the methylidene protecting group. [d] Low conversion due to solubility issues.
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Acetylation of diphenylmethylene ketal protected quercetin 19

£
ladre
4 2 s

2 mol% Cat.

1= 2_
1.0 equiv. Ac,0 20 R'=Ac, R*=H

21 R'=H, R2=Ac
22 R'=Ac, R2=Ac

R'0

toluene:acetone

(9:1),18 h
Catalyst 200 210 220 Yield / %
6 1.0 1.6 2.0 68
6 (365 nm) 1.3 1.0 1.5 73
6 (365 nm)L! 5.0 1.0 4.0 86
6 (365 nm)L© 7.7 1.0 6.1 80

[a] Yield and ratio determined via *H NMR [b] Acetone. [c] THF.

17



Homemade catalysis device .
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Homemade catalysis device; a) closed lightproof catalysis device b) reaction vessel equipped with septum to inject reactants and reagents c) inlet of the catalysis
device with support for the LED and d) close-up view of the LED reaction vessel area: (right) Emission spectra of the UV LED (purple) and Blue LED (blue) used within
18
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Investigation of Catalyst 6 via *H and 13C NMR spectroscopy PN

E isomer Z isomer
Atom number 8y [ppm] 8¢ [ppm] 8y [ppm] 8c[ppm]

1 3.73 51.9 3.68 51.6

2 - 172 - 172

3 4.48 53.9 4.43 53.9

4 3.1-2.9 26.4 3.1-2.9 26.4

5 - 138.2 - 138.2

6 7.43 129.3 7.38 129.2

7 7.34 128.4 7.30 128.4

8 7.25 126.7 7.22 126.7

9 7.14 - 7.10 -

10 - 166.2 - 166.1

11 - 135.8 - 1

12 8.16 128.9 7.92 128.5 1 26 25
13 7.99 122.5 7.01 119.7 N

14 - 154.1 - -1 0Xs o 12 13 16
15 - 148.4 - 1 NH _
16 8.022 124 6.96 122.2 8 5 4 %1 14N‘N 15
17 8.022 119.7 7.67 119.1 7 6 o

18 - 143.3 - -1

19 10.63 - 10.34 -

20 - 172.4 - 172

21 4.7 51.9 4.59 51.8

22 1.73 39.7 1.62 39.7
23-26 1.8-0.8 39.8 - 26.1 - -

27 8.42 - 8.40 -

28 . 1 - 1

29 4.87 54.9 4.78 54.9

30 3.3 36.5 3.2 36.5

31 - 21 - 21

32 6.81 127.6 6.79 127.6

33 7.56 137.9 7.54 137.9

34 3.65 137.9 3.65 137.9

35 9.2 - 9.02 -

36 - 166 - 166

37 - 79.8 . 79.8

38 1.38 27.9 1.34 27.9

IH and *3C chemical shift assignment for the E and Z isomer of catalyst 6 in DMF-d, at 273 K.
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In situ irradiation NMR spectroscopy

dark: E isomer

e

continuous UV
irradiation:
Z isomer

=

|

'

10

6 4
'H chemical shift [ppm]

aN

Tan

s

.

30

W'Y

IH NMR spectra (600 MHz proton resonance frequency) of a 1.3 mM solution of catalyst 6 in DMF-d, at 273 K prior to irradiation (upper trace) and during
continuous irradiation (lower trace) with UV light (A = 375 nm).
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In situ irradiation NMR spectroscopy \g;‘*@,

Z19

continuous irradiation Z35 Z27
with UV light: Z isomer

mmw

mixture

E19

dark: E isomer

11.0 10.5 10.0 9.5 9.0 8.5
'H chemical shift [ppm]

Amide signals in *H NMR spectra (600 MHz proton resonance frequency) of a 1.3 mM solution of catalyst 6 in DMF-d, at 273 K prior to irradiation (lower trace), of a
mixture of E and Z isomer produced by an short irradiation interval and during continuous irradiation (upper trace) with UV light (A = 375 nm).
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Tan

In situ irradiation NMR spectroscopy oo

o

continuous
irradiation
with UV light:
Z isomer

s

mixture

E 16/17

E12

dark:
E isomer

7.5 7.0
'H chemical shift [ppm]

Aromatic resonances in *H NMR spectra of a 1.3 mM solution of catalyst 6 in DMF-d, at 273 K prior to irradiation (lower trace), of a mixture of E and Z isomer
produced by an short irradiation interval and during continuous irradiation (upper trace) with UV light (A = 375 nm).
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Tan

In situ irradiation NMR spectroscopy oo
» )

W'Y

.

aN

continuous irradiation
with UV light: Z isomer

Z29 Z21 Z3

mixture

E 29 E 21 E 3

dark:
E isomer

5.0 4.8 4.6 4.4
'H chemical shift [ppm]

Resonances of protons in the a position of the peptide bonds in *H NMR spectra (600 MHz proton resonance frequency) of a 1.3 mM solution of catalyst 6 in DMF-d,
at 273 K prior to irradiation (lower trace), of a mixture of E and Z isomer produced by an short irradiation interval and during continuous irradiation (upper trace)
with UV light (A = 375 nm). 23



In situ irradiation NMR spectroscopy
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Molar fraction vs. time profiles for E (cyan) and Z (red) isomer of a 1.3 mM solution (left) and a 0.7 mM solution (right) of catalyst 6 in DMF-d, during continuous

irradiation with UV light (A = 375 nm) at 273 K. (top)

Molar fraction vs. time profiles for E (cyan) and Z (red) isomer of a 1.3 mM solution of catalyst 6 in DMF-dg during thermal fading after irradiation with UV light (A =24

375 nm) followed by continuous irradiation with blue light (A = 448 nm) at 273 K. (bottom)



In situ irradiation NMR spectroscopy

3
lom)
‘1{3'*
Z-NH19 Z-NH35
60 min il 8 M
M 1.0 ’0. A A
A
50 min M A ‘MmMm
N 08 ,A‘“
40 min f“l AMA
JL A o o AA‘A
————— c
- " o L/
0mn . A — M b 06 %0 44 ¢ E-isomer
- S\ ~ 0 M £ A Z-isomer
20min A k M, S\ 8 o4 - e g
R U ¢ M M 2 aA ’0.
10 min s
N A MM oo,
N A Mo 0.2 0,
0 min. JUL A ““m
E-NH19 E-NH35 oo I8 SRR St setegt
' I I I i I I ! I ' I
11.0 109 10.8 10.7 10.6 10.5 10.4 96 9.5 94 93 9.2 91 0 10 20 30 40 50 60
'H chemical shift [ppm] time [min]

Kinetic profiles of the E->Z photoisomerization of catalyst 6. Left: stacked plot of *H NMR spectra in DMF-d,at 0 °C for the amide protons NH19 (located between
the azo- and Pmh moieties) and NH35 (located at the Boc protecting group). Right: relative concentration profiles of the E- and Z-isomers with respect to the amide
proton NH19 at the timescale of 1 hour. 25



Computations &

E-6% Z-6%
inside catalytic event outside catalytic event
(2-acetylation) (3-acetylation)

Computed acetylation transition structures. Acetylation of (4,6-O-benzylidene)methyl-a-D-mannopyranoside 3a at B3LYP-D3(BJ)/6-31G(d); transition state for the
2-acetylation resulting from E-6 and 3a (left) and transition state for the 3-acetylation resulting from Z-6 and 3a (right)
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Computations &G

E-6% Z-6%
inside catalytic event outside catalytic event
(3-acetylation) (2-acetylation)
AE 3.8 (2.3) kcal mol? AE 6.9 (6.0) kcal mol?!

Computed acetylation transition structures. Acetylation of (4,6-O-benzylidene)methyl-a-D-mannopyranoside 3a at B3LYP-D3(BJ)/6-31G(d) and
B3LYP-D3(BJ)/cc-pVTZ//B3LYP-D3(BJ)/6-31G(d) (in parentheses); transition state for the 3-acetylation resulting from E-6 and 3a (left) and transition state for the
2-acetylation resulting from Z-6 and 3a (right) 27
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Thank you for your attention!
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