Chiroptical Spectroscopy
Theory and Applications in Organic Chemistry

Lecture 6: Circular dichroism (exciton coupling)

Masters Level Class (181 041)

Block course, october 2020
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Exciton coupling

Trivial case:
= One or more separated chromophores, i.e. a
carbonyl and a remote C=C group

= Spectrum is superposition of individual

molar absorbance ¢/ M" cm’

contributions
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Exciton coupling:

= Simultaneous excitation of two identical
chormophores (not conjugated, but spatially
close)

= UV band composed of two strong transitions
= CD band shows strong Cotton effect

(+/- or —/+ pattern)
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Exciton coupling: Benzoates
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Exciton coupling: Not just an empirical rule

a-state
energy E*=E, -V
E+V, - dipole strength D% = 1/2(pipq — Hwa)z
E.1 a—f— — a rotational strength R* = +%7T00 +7ij (Hioa X Hjoa)
E.-V,
p-state
energy E* =E, +V;
dipole strength D% = 1/2(ui0a + u,-o(l)z
rotational strength R% = _l,wo -ﬁj’(ywa X uj()a)
En > 0 = - 0 -
chromohore i chromohore j If V; > 0, a-state lower in energy than -state,

i.e. longer wavelength side features positive sign.

The outcome of the theoretical consideration for n-r* transitions:
= Mixing of chromophores / and j leads to splitting of bands by V.

= Rotational strength of a-state is of opposite sign than p3-state!

= Rotational strength (approxmiately) depends on distance of edtm (as intra-

chromphore magnetic contribution are negligible).
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Exciton coupling: Benzoates
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vector product
Hioa X Hjoa

R « ﬁf(:uiOa X .ujOa) = R*>0

RF o _ﬁj(/fliOa X .ujOa) = RF <0

Only mutual spatial orientation of the two dipole
moments matter and determine the sign!

Try reversing the directions of y,, and see yourself!
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Exciton coupling: Qualitative definition

If two EDTM constitute a clockwise screw sence, CD shows positive first at longer

wave length and negative second Cotton effect at shorter wavelength, and vice versa.

+
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%} Positive exciton chirality

—

77+ (ioa X tjoa)Vij > 0

Negative exciton chirality 7 (Hioa X Mjoa)Vij <O

l> % l> %
&
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Exciton coupling

From EC pattern:
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Negative exciton chirality
— angle<0
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correct stereochemistry!

Advantage of benzoates: edtm almost parallel to C-O of alcohol
— Benzoate EC directly reflects angle of diols!
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Useful chromophores for EC

Chromophores for OH groups:

<€ : cg
X
Own
X =H, Br, OMe, NMe,
230-310 nm

(o)

Loy

235 nm, fluorescent

<€
x—@—//_{om

X = OMe, NMe,
300-360 nm

270 nm, fluorescent

Ph M = 2H, Zn, Mg
410 nm, fluorescent

Only para-substituted phenyl has edtm parallel to C-CO,R axis, ortho and meta not!

TPP-COOH shows very strong band at 410 nm, so that even microanalysis is possible!
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Useful chromophores for EC

For NH, groups: For —-COOH groups For —C=C — groups
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260 nm, ﬂuorescgvt
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N
3 >

230 nm, fluorescent

<_M!_N=@=/';>2 (—@/ari) Ph M=2H,2n, Mg
\F o v 420 nm, fluorescent
305 nm 260 nm
%N—(/_\B—\\\ o <f> <f>
=/ \_« 280 nm, fluorescent
HNw
350 nm
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Exciton coupling: Amines
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(10% 1,4-dioxane in EtOH)
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Intramolecular charge-transfer band of benzamides:

polarized along long axis of chormophore
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Exciton coupling: Binaphthyl systems
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400

¢/ 10

10

positive exciton chirality

— positive angle between naphthyl planes
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Exciton coupling

Stereoisomer A
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Exercise on exciton coupling: Determination of AC of diols
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Additional measurement of 'H-coupling constants necessary

to confirm the preferred conformation before AC assignment.
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Peptide secondary structures: Applications in biophysical chemistry
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~190 CD spectrum of poly(L-Glu) at pH 4.3:
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Peptide secondary structures: Applications in biophysical chemistry
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Main applications in biophysical chemistry:

1) Monitoring structural changes

Example of N*-acetylated 17mer consisting of
L-Ala, L-Glu and L-Lys (pH 7)

Thermal degradation
from o-helical to unordered structure

2) Drug binding studies

Databases and component analysis software are
available to quantify the %-contributions of individual
secondary structures from their characteristic model

spectral
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From MO models to calculations

CD response mainly arising from strongly twisted tetraene system

» CD can be calculated in n-approximation: SCF-CI-DV MO method
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From MO models to calculations

Harada et al, J. Am. Chem. Soc. 1987, 109, 1661-1665
A€ Obsd A€ Caled :
Q9 @‘
+I100F 287(+80.4) N £ s +100F +?oano-40 i
/ T T
-40 .7
+2I7x10 K‘, .
+ 50F +50r =
cD (S)-(=) - cD (S) ¥
o o
»
i \/ Gj i ’
—50F 285(23,500) ' -3 ~50" ,6.0x107% 3
/ 398 (-45.3)
-100F MeOH 12 —er n.7x10736 (- TR 12
378(7,900) ., 1 v - '3.6x107%8 |
/" "//
1 1 L 1 1 || I} | W
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: : : : 3h 2
Calculation predicts rotational strength and dipole strength (D; =

m . fl) in Cgs units
» Calc. yields stick spectra which need to be broadened by assigning Gaussian band shape
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From MO models to calculations

Harada et al, J. Am. Chem. Soc. 1989, 111, 5668-5674

Even in presence of several functional groups,

the n-system can be shown to dominate the CD spectrum

l“229(+4O.9!

+40r-
: +100

CH30 °?'+ CH30
+30k
e e

+20

3 +50" c
{12b8)-{—) | (1268)
+ioF D £ \ D
e o« 338(+6.4) =
. g \ b N
0 v & 0 = 1A E
<+ < =
| (@) w
o = o
~10F Obsd in MeOH v < Calcd <
) @ w0
218(42,000) "
~&er 301 (-23.3) R0 2
Sk ik /\ b
-30F 324(27,000) \
/ 13 \ ~30

1 1 1
200 300 x{nm) 400 200 300

M Chiroptical spectroscopy | Prof. Dr. C. Merten 161




Reassignments of AC based on calculations

Harada et al, J. Am. Chem. Soc. 1992, 114, 7687-7692

Assignment of AC based on exciton coupling: (aS)

Assumption for exciton coupling analysis:

+50- Obsd . '
27 5(21.3) /362.0{1-25.61 UV transition at 324 nm arises from p-methoxy
A€ / cinnamoyl moiety
AN AN
o .
: O
0
v
_50—
326.2(-54.4)’ 110
225.8 (51,800) uv
/ 273.0(41,400)
<5
'/ +— 324.2(40,200)
in E1OH
1 1 i 0 L] . . . .
200 300\ yom 400 = Orientation of edtm difficult to determine
= m-system actually extended over entire fragment
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Reassignments of AC based on calculations

Assignment of AC based on exciton coupling: (aS)

based on calculations: (aR)!
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Harada et al, J. Am. Chem. Soc. 1992, 114, 7687-7692
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Supramolecular chemistry: Characterization of a molecular motor

Unidirectional molecular motors designed by Feringa and co-workers

show distinct CD spectra for each switching state
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Supramolecular chemistry: Characterization of a molecular motor
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Configurations could be assigned to
switiching states by comparison with

calculated CD spectra
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Computing chiroptical spectra

0
, . H,;C
Today's standard: Time-dependent DFT v o OO
: : : 0.__0
... implemented in all major software packages
... computes vertical excitations O
... difference to previous examples: not just n-electrons! ‘I
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Computing chiroptical spectra

Chemical
Formula

!

Determine
— 3D structure /
structures

I

Molecule
_+..
Environment

gas-phase system

!

Calculate
bt Chiroptical
Response

- 5

N\
f 5\ ( If applicable: average
.~ \properties / spectra

~
T

—

If applicable:
broaden spectra

2 -
4

Boltzmann average
” (static structures,
conform. search)

or

MD / MC configs.

If needed: consider
vibrational effects
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If the molecules can adopt many different
conformations, their individual spectra need

to be averaged using Boltzmann statistics:

b= Y e—KTAE,

Important:

Getting good single conformer energies AE!

Note:
Computed excitation energies often too
high, therefore energy axis often empirically

scaled to allow better comparison!
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An everyday example
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Influences on the quality of agreement

Ae (M em™)
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240

260

Rvel

Theoretical level of calculation

Solvent effects:
= Shifting of excitation energies
(polar vs. non-polar)
= Explicit solvation
(affects conformations or excitation energies)

Vibronic fine structure of bands

Line width used in Gaussian broadening of
bands (user-dependent)
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Not so every day: More challenging tasks

- :Il — .-;imulfltion (shifted) ]
= - ll - L’Xpel'llllt‘.llt
& h - .
% 1o T - For small molecules, it is even feasible to
S a - - . . ,
£ & ‘}\1 I calculated the vibrational fine structure together
SJ 0 o v’n' w i e
2 1 i ~ . .
z . a2 with the CD signature
TS 0 AN -
= / \ uy

l"”, v
72% i i i i " LA it Vi [’ o B e [ | ] S S

.5 7 1.5 8 8.5 9
excitation energy / eV

600 3
400
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| Transition metal complexes still challenging,
0

but quite acceptable results can be obtained.

-200
4
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. s 3 -1
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Discussion: How reliable are AC assignments?

Are these reliable assignments?

Which information do you need to be

sure this assignment is correct?

Which additional information might be

81 required?

— 19 (expt.)
= = 19 (calc.)
s 1) (€XP1.)
------ 20 (calc.)

200 250
wavelength (nm)
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Outline of the lecture

Dates topics

v/ Monday Introduction

v Polarization of light

v/ Tuesday  Theoretical basis of optical activity
v Optical rotation

v/ Wednesday Circular dichroism

v Circular dichroism

Thursday  Vibrational optical activity

Vibrational optical activity

Oct 227 applications

L your part
Oct 297 applications
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