Chapter 13

Supramolecular Photochemistry

Controlling photocycloadditions through
pre-organization and templatation

Concept

Examples

In the absence of control photoaddition leads to multiple products
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®  Multiple products with different stereo and regiochemistry
possible (assuming no electronic or steric preference).

®  Pre-organization is essential to achieve selectivity. The cost for
selectivity should be pre-paid, /.e., system should be entropically
prepared.

The Concept of Reaction Cavity and Free Space

Reaction cavity

Boundary

I

Free Space Cohen and Schmidt
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Role of Weak Interactions
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Pre-organization Through Weak Interactions
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Supramolecular Containers as Reaction Vessels
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Photoreactions in Crystals

(Stobbe, Ber., 1922, 55, 2225; de Jong, Ber., 1922, 55, 463)

L. Ruzika

A crystal is a chemical cemetery”
Nobel Laureate L. Ruzika (1930s)

Photodimerization of frans-Cinnamic acids

COOH
a - form Ar
Double bond separation: 3.6 - 4.1A4
Nearest neighbour relation; Centric Ar
COOH

a - truxillic acid

Ar,
\=\ hv Ar
Ar
COOH Solid B - form (3.9 - 4.1A; Translation) —_—
COOH

COOH
hv Solution
B - truxinic acid
Ar/ \COOH y - form (4.7 - 5.1A; Translation) e b relktion

Topochemical principle: Reactions in the solid state take
place with minimum atomic movements.

G. M. J. Schmidt et al. ‘Solid State Photochemitsry, A Collection of Papers’, Verlag Chemie, 1976.
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Topochemical principle: Reactions in the solid state take
place with minimum atomic movements.

G. M. J. Schmidt et al. ‘Solid State Photochemitsry, A Collection of Papers’, Verlag Chemie, 1976.

Meir Lahav Leslie Leiserowitz
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hv / Crystals
P~ coon e No Reaction
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y-form (4.7--5.1 A"):
Translation
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Templation through Cl---Cl interaction: Crystal engineering
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Templation through Cl---Cl interaction

hv "
_— no reaction
solid state

’) ’Cb Ar.

. e
O X O SO|Id state Ar

S VA no reaction

solid state

hv Th Ar = 2,4-Cl,CgHg
—
solid state Ar  Th = 2-thienyl

o
Ar = 3,4-Cl,CqHg

Ar

Th

Templation through ionic interaction

Ar Ar

NH;* -00C I, Ar ¥ o
Ar solid

NH;= "00C___ HO,C CO,H COH
Ar B-truxinic acid

Ar = 0-MeCgH, 30% 23%

Ar = 0-CIC¢Hy 84 9

Ar = m-NO,CgH, 70 4

Ar = 2-thienyl 13 0

Ar
13
Templation through ionic interaction
Ar A
r Ar Ar
+
Ar solid state
HOC COH  COM
Ar B-truxinic acid
Ar = 0-MeCgH, 30% 23%
Ar = 0-CICgH, 84% 9%
Ph
Ph Ph COH Ph
N, W .
= Ph CO,H
Ph solid state |, 0,6 COH COH
==, B-truxinic acid §-truxinic acid
Eh 64% 3% 1%

Templation through ionic interaction

Cl

O m RS
NH;* “00C 2 —_— ""NHJEOOC
- NHy OOC—\\—QCI Crystals

B-truxinate
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Templation through hydrogen bonding
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Templation through hydrogen bonding
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Stilbazoles not oriented suitably for photodimerization
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Stilbazole not oriented suitably for photodimerization
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4-Halo Stilbazole.HC| Salt
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Photodimerization of Stilbazole.HCl Salts
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Thiourea as a Template: Importance of hydrogen bonding
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Photochemistry in Water
Key West at sunset 35

Interface helps to

SegEan

Qutside
Inside
are the same

2360
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fe

Poor alignment
Multiple products

Tl

Homogeneous Systems:
Solution, crystals

orient molecules

Water molecule

o,
Ci Cig
&5k

Gouy-Chapman Layer
(up to several hundred A)

TR N

Highly aligned
Single products

Microheterogeneous systems and some homogeneous
systems : Silica, clay and zeolite surfaces, monolayers,

micelles, bilayers, organic, inorganic hosts and !::iologicm!\a6
systems in water.
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Templation in water with the help of a micelle
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Templation in water with the help of an organized assembly

K«
0.6 0 Q6
— A \(

@5@‘ f Cf 50\ Cz_ieo

9 CsHys
d\ n-Bu CSHH CsHys

18 21

CHZOH 0% 100%
0% 100%

CeH1z
KDC Micelle  70% 30%
39

Templation in water with the help of an organized assembly

K+

o@o Q9
—-R/ \[

@\5@ fj Shes °f[®

K*

Q n-Bu 9 )
—_— +
Bu n-Bu -| -
o) n-Bu n-Bu
19 20

CeHs 9% 9%
CeHya 96% 4%
KDC Micelle 2% 98%

Templation in solution through hydrogen bonding

fl R R R

J. M. Lehn a

Host

40

Guest templated by host
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m PHX receptor
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2 00 X=Me; Z=OCgH1

anti-HH
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R CO;Me CO2Me

L7 -
Cofya Cethra |
v UN OM

/Aj : N R = CO,Me
H HH

p-truxinate  * unsymmetrical E-truxillate
syn-HH neotruxinate syn-HT

42

Templation in solution through hydrogen bonding

43

Templation with the help of an organic host: Cyclodextrins

O \ O s No Reaction

Crystals

Ph

Q L - hv Ph
+ y-Cyclodextrin ——>
\ O Solid M
Ph b

Oligosaccharides consisting of 6 or more a-
1,4-linked D-glucose units

Volume (A3): 176 (), 346 (B), 510 (1)

Dia at the larger end (A):
8.8 (), 10.8 (B), 12.0 (v)

Primary hydroxyl rim

44
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€Oz hy >320nm

anti-HT syn-HT anti-HH syn-HH
Chiral Chiral

A comparison of cavity dimensions of cyclodextrins and cucurbit[n]urils

45
Templation with cucurbiturils
Syn head-head Anti head-tail
X X X X
2x \ —
n- 7 interaction
47

Kimoon Kim
Cyclodextrins Glycouril unit
CBI5] CBI[6] CBI[7] CBI8]
portal diameter (A) 2.4 3.9 5.4 6.9
cavity diameter (A) 4.4 5.8 7.3 8.8
cavity volume (A3) 82 164 279 479
outer diameter (A) 13.1 14.4 16.0 {72,
height (A) 9.1 9.1 9.1 9.1 46
Photodimerization of frans-Cinnamic acids
COOH
a - form Ar
Double bond separation: 3.6 - 4.1A
Nearest neighbour relation; Centric Ar
COOH

Ar,
N hv

COOH  Solid B - form (3.9 - 4.1A; Translation) N
T Solution
COOH y - form (4.7 - 5.1A; Translation)

a - truxillic acid

Ar

Ar
COOH
COOH

B - truxinic acid

No reaction

Topochemical principle: Reactions in the solid state take

place with minimum atomic movements.

G. M. J. Schmidt et al. ‘Solid State Photochemitsry, A Collection of Papers’, Verlag Chemie, 1976.
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frans-Cinnamic acids that are photo inactive in solid state (y-form)

Crystals  No Reaction

" hv |Solution /@/\'
R/@/J [[SCE 3 COOH

Ar =R-Ph
CB[8] OOH
. :%oou * Rmoou

H3C

CH; Hs

frans-Cinnamic acids that yield ant/ H-T dimer upon irradiation in
solid state (a-form)

HOOC AT
Crystals jl:coou
Ar

Solution mo oH
— R
e COOH m

+

%coou R COOH

Ar

OAJ\DH D/'O/\im‘ H
Hi Hy*N

o

Ar =R-Ph

CB[8]

Ar Solid state % of dimer in % of cis isomer
CB[8] S
R=4-OCH3 -- 72 28
R=3-0OCH3 -- 72 28 ’
R=3-CH3 -- 83 17
X X

n- 7 interaction

Ar Solid state % of Syn H-H dimer o eas T
% of anti H-T dimer in CB[8]
R=H 100 54 46
R=4-0OH 100 38 62 v
R=4-NH3" 100 88 172
x* X+

X+

Charge repulsion Cation-7 interaction

} |

== <
00 O
Syn H-H Anti H-T
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water MY N
Nz HN~z

hv cis cyclized
z
2 g
S
S S *Nl P
Nz U HT S
" !
HNZ
E N . A syn H-H
Cation-n interaction =

Minimized ionic repulsion

Photochemistry of Stilbazoles

Counter anion Cl-

AntiH-T
Cation- n interaction
Medium antiH-T  synH-T cis
dil. HCI 13 16 71 >
PHBSA 24 14 62
CA[6]SOzH 76 5 19
CA[8]SO;H 86 2 12
CB[8] 20 . 10 CA[8] CB[8] 54

Guest Medium  anti H-T syn H-T  cis
y Water 03 02 95
HNy 4 CB[8] 90 05 05
L H Water 02 02 96
=2 cBI8] 82 00 18
Cation- 7 interaction Charge repulsion
Xt

Head-Tail Head-Head

Can additional weak interactions (eg. Cl---Cl) alter the olefin pre-orientation?

H H H H
1 +) 1 + )
“ Mg “ N
5 { B \
P> =z 2 =
z z - z
cl
CH, HJC,o cl cl Counter anion Cl-

X CToN-H
pp— X
H—N] =
:f>—\\_C/,>
X
o
N> 5
Head- head
Guest Medium Ok Head- tail Head- head
COyclized
=
ZaNTal ca[8] 02 93 05
y-CD 48 _27 19|
N ~Cen c8[8] 12 8 ©
7~ ca[8] 02 92 06
c +C0 27
= o~ CB[8] 03 84 13
y-CD 25 8 67
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Fluorescence Intensity
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Wavelength (nm)
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M. Fujita

Interior dia ~ 30 A
Hydrophobic interior
Water soluble

H
ke
U
2
iy
H
-

R R R R R
Pd-CNC1a L) hv ()
T O

O < 0060~ v €0
:;E;Me

9 R
At
‘O Pd-CNC2
Aqueous
Y Solution
a)R!=R?=H

b) R’ = Me, R = H
©)R'=H, R2=OMe

59

58
?
nz - ge}
d [+ /
Seal — y__ »
N o,
H,
)
o
COOCH.
QMOCH: — A e moocu
R COOCH; R N
Ar
ArS RED syn H-H dimer
Substrate % of Syn H-H dimer % of cis isomer
in
o
HlRO/\)LOCH; 63 37
HyC
0
HiC
pcH: 42 58
0
oCH
,O/\)\ J 40 60
HyCO 60
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o~ OCH; o
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\ ~G OCH;
~
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AY ~
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se a6 34 32 30 28 26 | pem o
1) Top-H NMR of O-methoxy cinnamate in D20
2) Bottom- tH NMR of encapsulated O-methoxy cinnamate in Pd-Nanocage (0.5 eq.)
9
= § Jm ’ A O cooct;
a N N By _ v »'
G "k%sFo ) O "COOCH,
FCCN ;
H Syn head-head dimer
Q 61

Photochemistry of Coumarins

R3
R? X hv
R! 0710

v
Ry Ry
R R; Rz
: hv Ry N Ry R
Ry e — [}
o. OHHD
o
Syn HH Anti HH
R1= R2= R3=H Water 60 40 .
Pd-nanocage >90 - d
R1=Me, Water 15 - 85
R2=R3=H Pd-nanocage >90 - J
R2= OMe, Water >90 .
R1= R3=H Pd-nanocage >90 _ i
R3=0Me Water Not soluble 3
R1=R2= H Pd-nanocage >90 - i

anti-HT
2 62
o
4 -
/ N
|
| |
— ‘
|
| | i
| ﬂ /
\ 3 /
A y
A 4 -
1373 A
Octa acid (OA)
Water soluble at pH 9
C.L.D. Gibb, and B. C. Gibb, J. Am. Chem. Soc., 2004, 126, 11408-11409. 64
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S
Acetonitrile

Syn HH Syn HT Anti HH Anti HT
Direct 74 5 12 6
Triplet sensitized 3 5 84 8

96 4

Electron transfer sensitized

hv

'm.

=

Anti-HT

65

A% = 3.1 ppm

As = 2.6 ppm

-0.1 -0.2 -0.3 0.4 ~-0.5 -0.6 -0.7 -0.8 -0.9 -1.0 ~-1.1 ppm

> Pre-organized for dimerization

/ \ > Enough free space to accommodate the dimers

Ar CHs
2 ([ T # + O
H,C.
5 r LI
Dimer ratio: 55:45 66

NMR integration ratio: 53:47

AC

(ol
2000 ——
Oee hv 365 nm

0.Cozl 35y o (= A5 .
1 2 2

anti-HT

&.,g cor
Ey-cor
3

anti-HH

1:1

e

syn-HT

-0, KL TZZ) :
0,04 .Q
3

o

anti-HH

{
b

2:1

syn-HT

Q.yg cor
I8

4
syn-HH

co;
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(a) 2000 cos 0A
1 Phosphate AC v 365 nm
2 buffer

. e GOt 73 Oy 4 Qvg cor 4 ng Co;
0Ll 3y el e A Lycor AL i
AC 3 :

1 2 3 4
anti-HT syn-HT anti-HH syn-HH

t.xA x
- =

0 10 20 30 40 50
Retention time (min)

HPLC chromatogram of the photoirradiated solution of 0.2 mM AC (a) in absence of host,
and in the presence of (b) 2.0 mM y-CD and (c)1.0 mM OA using a UFLC SHIMADZU
system equipped with Inertsil ODS-2 (achiral column).

Photodimerization of 2-AC (0.2 mM)

host/guest Relative yield (%
host g CsC/M yield (%)
ratio 1 2 3 4
None 0 0 42.0 36.0 13.8 8.2
y-CD 10 0 42.9 44.7 7.3 5.2
OA 5 0 0 0 57.3 427
2 0 0 0 57.8 42.1
1 0 0 0 56.5 435
0.5 0 0 0 56.4 43.6
0.33 0 4.7 3.8 54.8 36.6
0.25 0 8.7 7.4 47.5 36.4
0.2 0 19.4 17.2 383 25.1
5 6 0 0 44.8 55.2
2 6 0 0 43.0 57.0
1 6 0 0 40.0 60.0
0.5 6 0 0 34.8 65.2
0.2 6 0 0 29.3 70.7

<}
CO; 002@

71

Channels as reaction vessels in the solid state

Porous Crystals

L. S. Shimizu

Guest Absorption

o self-assembly \k
Xy e
HOH
d b Product
o o= f Extraction
E—H H—f
T
o

Guest-filled Crystals

I Product-filled Crystals
Macrocycle 1 Dissolve :
Assembly Reaction

72
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Back to photochemistry of coumarins

Q Q
O
O O 0.1 mMin CH3CN
Q O

13.5A

o

o
anti-HH anti-HT
HOCH,), 59 % 19 % 22 % =
solid 30 % 20 % 30 % 10 %
with host <1% 97 % <1%

73

P. de Mayo Y. Ito

L. MacGillivray D. Bassani

M. Fujita L. S. Shimizu

75

Selective photodimerization of coumarin

Porous nanotubes

Selective dimerization

anti-HH product fits well in host
syn-HH does not fit in channel.
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