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VIBRATIONAL 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
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Forms of Vibrational Optical Activity
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FT-VCD
Measurements



FT-VCD Instrumental Layout
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The IR spectra of enantiomers
are 1dentical, but theirr VCD
spectra are opposite in sign
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Setup of Dual Polarization Modulation
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ChiralIR with DualPEM accessory




View of Sample Area of DualPEM Setup




Eftect of Dual Modulation
Automatic Baseline Correction
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CCD-ROA
Measurements



Path of Laser Activity in Chiral RAMAN ~ Incident Light
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ChiralRAMAM SCP-ROA Spectrometer
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Determination of
Absolute Configuration



Absolute Configuration

 VCD provides unambiguous determination of
Absolute Configuration 1n solution

« VCD 1s ‘accepted’ by regulatory agencies as proof of
Absolute Configuration

 VCD 1s used by major pharmaceutical companies:
Abbott, Amgen, Astra-Zeneca (2), Boehringer-
Ingelheim, Bristol-Myers-Squibb, Cell Therapeutics,
El 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

e 20 heavy atoms
1 chiral center

Drs. Edwin Kellenbach, Organon
Laboratories, Riom, France & Petr
van Hoof, Organon NV
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New Iminolactone: 16 heavy atoms, 1 chiral center
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Absolute Configuration with VCD

 No need for crystallization
e Solution phase sampling only

« Ab-initio calculations require only ground
electronic state calculation

e Solution conformation obtained from analysis

e Software for VCD calculation is now
commercially available (Gaussian98/03 —
gaussian.com and BioTools, btools.com)




Solution-State
Conformational Analysis



Key Points of VCD 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 1s 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
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McN 5652-X Inhibitor of Seratonin Reuptake

SMe
g M
10b _N
H
(+)-1 (McN-5652-X) Conformer SRa Conformer SRb
trans-(6S,10bR) +1.63 kcal/mol 0.0 kcal/mol

Bruce E. Maryanoff, David F. McComsey, Rina K. Dukor,
Laurence A. Nafie, Teresa B. Freedman, Xiaolin Cao, and
Victor W. Day, Biorg. Med. Chem., 11, 2463-2470, (2003).
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Absolute Configuration
Determination using
Raman Optical Activity



10/ electrons

10 electrons

Comparison of Measured and Calculated SCP-ROA

2.0 4 "(w) =" (n) - —-Ado{m)/dQ
1.5 - 20 ;
1.0 T
0.5 '5' 1.0
i o .
0.0 ] <L 0.0 _
—0.5 L? ]
I o -1.0+
-1.0 = |
1.5 - - -2.0
2.0 N |
n n
40 i) 7, () | nda(r)/dQ
3.5 ] ] 50 N 7
30 't - — -
2.5 H _ :@ 4,0 - _
I A 8] n "
2.0 . :E 3.0 -
1.5 - - L 0. ]
1.0 ~ . - H
S R |
. i 1 i
OO ' T | ' I T I T I T [ T | T | T 0.0 T A‘[ Y T T T T T

i T i 1 I T ] T I T
1800 1600 1400 1200 1000 800 600 400 200 1800 1600 1400 1200 1000 800 600 400 200 O

Wavenumber/cm! Wavenumber/cm-—1

(=]



Absolute C

onfiguration using ROA

nagre

LETTERS

Wal MA] 3 March 2007 | do B 100I00E, e sur w088 1

Absolute configuration of chirally deuterated

neopentane

LHassler'!, L Schindebalz!, E_ Rigust!, C. G Bachet' & W, Hug!

Thee relutioambiap ket en mucroscapic chim Bty wnd & ira [y on e
mmeleculer beve Wi mmeguimcally ctiblded i 1951 1 Reoogh
Ao Koy scafionng . Ao 1k tockmig o oo The

o mmect bnd far ey 1 e el wie oo a
mmsrlecmlle, o ¢ rvepeart et | ot o om o hee u prproschh i 1 bott e mmode-
cukmumm‘hmf:bm Har uun;k, Boanine]. The direct
far awidier mege of mele
celabm nnﬁrtﬁ:“ [pomailely mcevariags molocnl's rlbve-

T iymt b of essestoensiched (R]-*H,, "Hy, 'H, |- sopestane
| el a o b lenge 18 bers i qestemsry chind cestre, e ubati-
Rimests of witich are diforestiaed caly by i Botogic putters &
gaomoes u mom temperatere asd premos, snd @t i bighly fum-
mevible TheeGonud ive oot oo yeabetic :md.pa bonnlm t:.l.:puum
oy’ el fem o om0 -5
(3o Supplesestury |odoemmton] Gl bn.w_-.:th:L* eleceromic
smd meric sisedlaniny betwoss the CH, wnd the CT grosgs pm
ke prek Son off e off et Jaa i ooz

el apbcal aclvity’ . Here we slow ) Estreseesta ] ad;
in Ramma opbal achit ™, comdized with qmmtem chemol
o, N determmne the aboadet ¢ c anfiy-

el of o diiayserctric sona dSd ribetian. 10 & cleesicn By Snert
and oz izt hd.un:ﬁnﬂ.hfdd.mh:uhh!wuumnlh

w:t:.:ﬁ: .J.n.\.l.nl.b::iluk Lo oo = h:kwn:n
a tetmaladd Cup' and & wigoaad O cabos by o y-depeotoaaton/
il plaos wgaet ah.vm:m}':u, I.-a::"r.ppl.:n:nm;,hi.u
i Bt o Tiall Pl sl ol . I Hesae, o
e chirad cusmellinose deriva e 4wl wdies beet byilnds
wde, allownd by iy betion with perdecteniod metbyl bide pr-

annlde confymration of the pusen? wsmp
e oo with wiber mdecale. spbal atiten and dodtren
ircabur dichsben are incsntnnd 4 the welldnewncneed bram-
CHleasBooremrfane® ¥ ot erpected e be meerile Visrem

wided b 15 with u di e prasity of 950 (the
Lo tmreeomen, 1wt win mee el by Epligen nedea magneti
rocrsmee, "HMME L #3 abiolfe coafprtion wa ageel by
smsaloyy o u deacly cnd allylation A% S pudne dhe b

sl b (3l s

e, Sdlowad by comd s wnd il
e

d’mhinh ras Selel cironkar dackee St moveal 1kt ks s il o e

e malocule & ol Lt e SEs wurmld e iymka:mﬂbhﬁ%m;:m-::lbu{m

# extremely difEcnl 'b:nl:r_pﬂ 11-;:-:1:-: b-:nn- M gl ke ren of e syetlinn Redudtie resvod of the chird e Su sy
ake ik wak Eekras ol

The msegeivacal mmdhmm redacion witk iodies bossdoateride, gave e diall T, whadk

Egmntion of | m‘g g Faroopentan therehime presented 3 then cooveriol it fhe atabie wmd merewlale Limeyhoe 4 'H-

o b Besge, ooy e | Bt ikt 1 boe woery Bossit o whaa! i pssadble

MME wesdyiis confirmndtbe eoced |3 ndioof metby ke vess

i. MaHMDS
E OOy

H
k .u.,._.dt,

o '.'u (=
—\F-Hn

HO
2

ﬂ‘\

.80l o
‘i | i |
T Tam g
: i 4
o EH ?
e Y s
at
pp H 1.0y
LiMD,, B :':'f'*:" 2. HamD
e o en, a5
L]
m‘-“"'.p oo
e
=i e
a 1
Fgum 1| chirally d 1 Viakds amm

e in pemamage ds, dasesomess nea xur_umudu:m

heramasiryldn farde; by, dushyl st My, mar; py, predine

TR panm e of CremiaTy Uriwnily of [ ch t e @, CH-T00 by, Seda wl e

£2007 MuisrsPablithing Grosp




(108 electrons)

(106 electrons)

mixture

Experiment at 25 °C

Experiment at 0 °C

Calculated

Calculated rotamers

a
L \J R2 R5 R7

R3 R6 R8 R9

|
1,300

| ' | ' | ' | ' |
1,200 1,100 1,000 900 800
Wavenumber (cm-1)

Comparison of
Measured SCP-ROA at
two temperatures and
Calculated SCP-ROA as
a composite of nine
conformations of
chirally deuterated
neopentane



Further Applications of
Absolute Configuration Determination

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
Absolute 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



Reaction Monitoring of
Chiral Molecules



Key Aspects of %EE Determinations

Using VCD
e \VCD magnitude directly proportional to %EE

 Need one reference spectrum for each
compound to determine absolute %EE

e Chromatographic separation not needed

e \VCD Is multiple spectral point measure of
%EE

e IR and Molecular Structure information
obtained simultaneously with %EE



Flow-Cell Setup for %EE VCD Measurements




Howcell eqoenient for 3.14M o-pinere enantiomers GO, solution

11

-

T T T T T T T T 1
1350 1300 1250 1200 1150 1100 1050 1000 950 900

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

.0004-
.0003
.0002-

o001

-.00071
-.0002

-.0003

%EE VARIATION

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

0

T T T T T T T T
1350 1300 1250 1200 1150 1100 1050 1000 950 900



PLS analysis of VCD spectra for a-pinene: %EE variation

ed

ed

Pr o

a-pinene

Actual

00000

Actual Predicted Variance
EE % EE% (EE%)
88.2 87.2 1.0
77.8 75.9 1.9
68.4 69.7 -1.3
60 61.3 -1.3
52.4 52.2 0.2
45.5 45 .3 0.2
33.3 32.8 0.5
23.1 24 .4 -1.3
14.3 15.4 -1.1
6.7 4.9 1.8
0 0.3 -0.3
RMSD 1.15
STDEV 1.21




Reaction Simulation:
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Two-component Mixture
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Reaction Monitoring: Flow Cell
Simulation
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PLS Analysis of VCD spectra: %EE with CHANGING COMPOSITION

Predicted EE%

100 -
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Actual EE%

[(1S)-endo]-(-)-borneol

STDEV = 2.04%

Table 4. Predicted EE% (calculated from IR and VCD prediction results)

Predicted EE%

100 0

90 -
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20

or

(1S)-(-)-camphor

STDEV = 2.08%

. . . )
0 10 20 30 40 50 60 70 80 D) 100
Actual EE%

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

e Mulls, Particle-Size Scattering

— Grind to Particle Size smaller than
wavelength of the light

e Films, Birefringence Effects

e Spray-Dried Samples

e Excipients and Formulated Products
e Quality control applications



AA X 10%
O N R O R N W N

Absorbance

Comparison of Solid and Solution VCD

o
e

o
o

0.4

0.2

0.0

Camphor in Mull

Camphor in CCl, Solution

I,

|

A

n
Vo

,/\AVJ\AVJ\/\
L

Al
N
]

UU

Wavenumber (cm™)

1500 1400 1300 1200 1100 1000 900

1400 1300 1200 1100 1000 900

Wavenumber (cm™)



AA x 104
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AA X 104
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Alanine VCD |
and IR in H,O 2f
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pathlength cell
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Mull VCD/IR of Alanine VCD max
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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 /77 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



Acknowledgments

— Dr. Rina K. Dukor, BioTools, Inc.

— Prof. Tess Freedman, Dr. Xiaolin Cao (Amgen), Changning
Guo (FDA), Yanan He (Wyeth), Shengli Ma (Boehringer-
Ingelheim), Rosina, Lombardi, Syracuse University

— Dr. Rekha Shah, Johnson & Johnson R&D

— Prof. Arlette Solladie-Cavallo, University of Strasbourg

— Dr. Edwin Kellenbach, Organon, Oss, Netherlands

— Prof. Reinhard Schweitzer-Stenner, Drexel University

— Funding: NIH, NSF, NASA, Johnson & Johnson R&D,
BioTools, Inc.



