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VIBRATIONAL OPTICAL ACTIVITYVIBRATIONAL OPTICAL ACTIVITY
Differential Interaction of a Chiral Molecule with Left and Right Circularly 
Polarized Radiation During Vibrational Excitation
VIBRATIONAL CIRCULAR DICHROISM RAMAN OPTICAL ACTIVITY
Differential Absorption of Left and Right            Differential Raman Scattering of Left 
Circularly Polarized Infrared Radiation and Right Incident and/or Scattered 

Radiation



Forms of Vibrational Optical ActivityForms of Vibrational Optical Activity
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FT-VCD 
Measurements
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The IR spectra of enantiomers 
are identical, but their VCD 
spectra are opposite in sign

(1R)-(+)-camphor (1S)-(-)-camphor
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Setup of Dual Polarization Modulation

LIA=Lock-in Amplifier; PEM=Photoelastic Modulator 
with Axes at 45 degrees from Vertical

L.A.Nafie, Applied Spectroscopy, 2000, 54, 1643



ChiralIR with DualPEM accessory



View of Sample Area of DualPEM Setup



Effect of Dual Modulation
Automatic Baseline Correction



CCD-ROA 
Measurements



Path of Laser Activity in ChiralRAMAN
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ChiralRAMAM SCP-ROA Spectrometer



(a)(a) ROA of ROA of 
SS--((--))--αα--pinenepinene

(b)(b) ROA ofROA of
RR--(+)(+)--αα--pinenepinene

(c)(c) Raman spectrum of Raman spectrum of 
αα--pinenepinene

Measured SCPMeasured SCP--ROA ROA 
SpectraSpectra



Determination of 
Absolute Configuration



Absolute Configuration
• VCD provides unambiguous determination of 

Absolute Configuration in solution
• VCD is ‘accepted’ by regulatory agencies as proof of 

Absolute Configuration
• VCD is used by major pharmaceutical companies: 

Abbott, Amgen, Astra-Zeneca (2), Boehringer-
Ingelheim, Bristol-Myers-Squibb, Cell Therapeutics, 
Eli Lilly, Glaxo-Smith-Kline, Johnson & Johnson, 
Merck, Novartis, Organon, Pfizer, Roche, Sanofi-
Aventis, Wyeth, and U.S. FDA

To our estimate over 1000 AC determinations have been performed!



Absolute configuration  of a 
Mirtazapine enantiomer

• Mirtazapine the active 
ingredient of an 
antidepressant drug

• 20 heavy atoms
• 1 chiral center

N
N

N

H

Drs. Edwin Drs. Edwin KellenbachKellenbach, , OrganonOrganon
Laboratories, Laboratories, RiomRiom, France & , France & PetrPetr
van Hoof, van Hoof, OrganonOrganon NVNV



Vibrational circular dichroism 
(VCD) is used to identify 
unambiguously the absolute 
configuration of Mirtazapine as 
(-)-R and solution conformation 
as shown above
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Absolute Configuration with VCD
• No need for crystallization
• Solution phase sampling only
• Ab-initio calculations require only ground 

electronic state calculation
• Solution conformation obtained from analysis
• Software for VCD calculation is now 

commercially available (Gaussian98/03 –
gaussian.com and BioTools, btools.com)



Solution-State 
Conformational Analysis



• Optical spectra are linear superpositions of 
conformational populations with sub-
picosecond temporal resolution

• X-ray conformational structures are limited 
to single-crystal packing environments

• NMR conformational analysis is limited to 
populations exchanging slower than the 
NMR timescale: microseconds

• Matching experimental VCD spectra to ab 
initio VCD spectra determines the solution 
state conformation of the molecule

Key Points of VCD Conformational AnalysisKey Points of VCD Conformational Analysis



Δ
ε 

x 
10

3

-20

-10

0

10

20

30

40

50

60

MB124SS1b,c vs. observed in CCl4

-1.0
-0.5
0.0
0.5
1.0
1.5
2.0

Δ
A 

x 
10

4

1600 1400 1200 1000
Wavenumber (cm-1)

0

200

400

600

M
ol

ar
 A

bs
or

pt
iv

ity
, ε

0.0

0.2

0.4

0.6

0.8

Ab
so

rb
an

ce

Observed
Calculated conf1b
Calculated conf 1c

New Oxathiane: 
17 heavy atoms
2 chiral centers

Professor Professor ArletteArlette SolladieSolladie--CavalloCavallo, University of Strasbourg, University of Strasbourg
Tetrahedron Asymmetry, 12, 2605, 2001



Δ
ε 

x 
10

3

-10

0

10

20

MB124 in CCl4 vs Bolzmann average

of conformers 1c and 1b

-1.0
-0.5
0.0
0.5
1.0
1.5
2.0

Δ
A

 x
 1

04

1600 1400 1200 1000
Wavenumber (cm-1)

0

100

200

M
ol

ar
 A

bs
or

pt
iv

ity
, ε

0.0

0.2

0.4

0.6

0.8

A
bs

or
ba

nc
e

Observed
1b*.276 +1c*.723

New Oxathiane: 
17 heavy atoms
2 chiral centers

Boltzmann Average: 
27% Conformer 1b 
and 
73% Conformer 1c



McN 5652-X Inhibitor of Seratonin Reuptake

(+)-1 (McN-5652-X)
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Victor W. Day, Victor W. Day, BiorgBiorg. Med. Chem. Med. Chem., ., 1111, 2463, 2463--2470, (2003).2470, (2003).
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(+)-1 (McN-5652-X)
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Absolute Configuration 
Determination using 

Raman Optical Activity



Comparison of Measured and Calculated SCPComparison of Measured and Calculated SCP--ROAROA



Absolute Configuration using ROA



Comparison of Comparison of 
Measured SCPMeasured SCP--ROA at ROA at 
two temperatures and two temperatures and 
Calculated SCPCalculated SCP--ROA as ROA as 
a composite of nine a composite of nine 
conformations of  conformations of  
chirallychirally deuterateddeuterated
neopentaneneopentane



Following Chirality in Along 
Synthetic Pathway

VCD spectra of each isolated species is a 
check on absolute configuration and can be 
calculated if desired to check on absolute 
configuration 

Further Applications of Further Applications of 
Absolute Configuration DeterminationAbsolute Configuration Determination



Determination of Drug-Protein 
Binding Conformations

Active Conformation is typically one of the 
important conformations for VCD spectral 
matching. Small molecule protein 
interaction

Further Applications of Further Applications of 
Absolute Configuration DeterminationAbsolute Configuration Determination



Reaction Monitoring of 
Chiral Molecules



Key Aspects of %EE Determinations
Using VCD

• VCD magnitude directly proportional to %EE
• Need one reference spectrum for each 

compound to determine absolute %EE
• Chromatographic separation not needed
• VCD is multiple spectral point measure of 

%EE
• IR and Molecular Structure information 

obtained simultaneously with %EE



FlowFlow--Cell Setup for %EE VCD MeasurementsCell Setup for %EE VCD Measurements



Flow cell experiment for 3.14M  α-pinene enantiomers CCl4 solution

(a) 11 IR spectra of α-
pinene in a flow-cell

(b) VCD spectra. From top to bottom,
 the EE% (R-S) of α-pinene solution
are 100, 88.2, 77.8, 68.4, 60.0, 52.4,
45.5, 33.3, 23.1, 14.3, 6.7.

%EE VARIATION%EE VARIATION
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Reaction Simulation: Reaction Simulation: 
CAMPHOR CAMPHOR BORNEOLBORNEOL
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Reaction Monitoring: Flow Cell 
Simulation
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Table 4. Predicted EE% (calculated from IR and VCD prediction results)
EE% of [(1S)-endo]-(-)-borneol EE% of (1S)-(-)-Camphor
Actual Predicted Variance Actual Predicted Variance

1 100.00 96.30 -3.70 100.00 94.99 -5.01
2 93.10 90.30 -2.80 85.71 83.42 -2.29
3 87.10 86.59 -0.50 75.00 74.87 -0.13
4 81.82 85.58 3.76 66.67 69.45 2.79
5 77.14 77.91 0.76 60.00 60.77 0.77
6 72.97 73.16 0.19 54.55 54.75 0.21
7 69.23 69.61 0.38 50.00 50.27 0.27
8 65.85 65.09 -0.76 46.15 45.96 -0.19
9 62.79 62.62 -0.17 42.86 42.58 -0.28
10 60.00 60.00 0.00 40.00 39.74 -0.26

RMSD 1.93 1.98
STDEV 2.04 2.08



Solid-Phase VCD 
Measurements



Key Elements of Solid Phase VCD

• Mulls, Particle-Size Scattering
– Grind to Particle Size smaller than 

wavelength of the light

• Films, Birefringence Effects
• Spray-Dried Samples
• Excipients and Formulated Products
• Quality control applications



Δ
A

 X
 1

04

-3

-2

-1

0

1

2

3

4
Camphor in Mull Camphor in CCl4 Solution

1500 1400 1300 1200 1100 1000 900

Wavenumber (cm-1)

0.0

0.2

0.4

0.6

0.8

A
bs

or
ba

nc
e

1400 1300 1200 1100 1000 900

Wavenumber (cm-1)

Comparison of Solid and Solution VCDComparison of Solid and Solution VCD







-6

-4

-2

0

2

4

6

Δ
A´

10
5

Dec. 6

1800 1700 1600 1500 1400 1300 1200 1100 1000

Wavenumbers (cm-1)

0.00

0.05

0.10

0.15

0.20

0.25

Ab
so

rb
an

ce

Alanine VCD 
and IR in H2O 
using 6 micron 
pathlength cell

VCD max is 
~0.04% of IR 
intensity



-10
-8
-6
-4
-2
0
2
4
6
8

10
12
14

Δ
A´

10
4

L-Ala
D-Ala

1800 1700 1600 1500 1400 1300 1200 1100 1000 900 800

Wavenumbers (cm-1)

0.0

0.2

0.4

0.6

0.8

Δ
AX

10
3

L- & D-Alanine in nujol, 4cm-1, 20 min each. 1400cm-1

-10

-8

-6

-4

-2

0

2

4

6

8

Δ
A´

10
4

1800 1700 1600 1500 1400 1300 1200 1100 1000 900 800

Wavenumbers (cm-1)

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

Ab
so

rb
an

ce

L-Alanine in nujol (IR corrected), 4cm-1, 20min, PEM=1400cm-1

Mull VCD/IR of Alanine  VCD max is ~0.2% of IR intensity



-4

-3

-2

-1

0

1

2

3

4

Δ
AX

10
3

1800 1700 1600 1500 1400 1300 1200 1100 1000 900 800

Wavenumbers (cm-1)

0.0

0.1

0.2

0.3

Ab
so

rb
an

ce

L-Alanine
D-Alanine

L- and D-
Alanine 
neat H2O 
solution 
sprayed on 
IR window

VCD max is 
~2% of IR 
intensity



SEM Image of Alanine Spray-Dried Film
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VCD of Solids can now be routinely run 
opening up pharmaceutical 
applications in the areas of:

1. Raw material ID of incoming chiral starting materials

2. Chiral excipients and excipient drug mixtures

3. Final formulated solid pharmaceutical products



Conclusions
• VCD and ROA are a sensitive spectroscopic 

probes of absolute molecular stereochemistry 
of all classifications of chiral molecules

• VOA offers an alternative to X-ray 
crystallography for a priori determination of 
absolute configuration

• VOA is a new probe of solution-state 
conformational population determinations

• VOA can be used in situ to measure %EE of 
multiple chiral components in a reaction 
mixture

• VCD can be measured in solids, films, 
powders, sprays and other solid phase 
sampling environments
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