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Editor’s Note
11th International Conference on Circular Dichroism

This special issue of Chirality is a snapshot of the exciting presentations and poster contributions made at the 11%
International Conference on Circular Dichroism (www.cd2007.fmns.rug.nl) held between the 2" and the 6™ of Sep-
tember 2007 in the University town of Groningen in the North of the Netherlands. As CD spectroscopy is so inti-
mately linked to molecular and supramolecular chirality, Chirality is certainly an entirely appropriate venue to give a
flavour of CD 2007 in the collected Original Research Papers, Short Communications, or Conference Reports in this
special issue.

The conference was an outstanding success with a packed schedule of nine keynote lectures, 28 invited lectures, 26
oral contributions, 78 poster presentations and over 170 participants from 21 countries. The scientific program includ-
ing contributions in core areas of CD spectroscopy such as absolute configuration determination, chiroptical techni-
ques including vibrational optical activity (vibrational CD,VCD, and Raman optical activity, ROA), circular polarized flu-
orescence, solid state CD, theory of chiroptical spectroscopy, electronic circular dichroism (ECD), and computational
techniques based on Density Functional Theory. CD spectroscopy continues to be an essential method for the study
of bio (macro-) molecules as reflected in several outstanding contributions. However a key goal in developing the sci-
entific program for this edition of the series was to expand the scope of the conference beyond the traditional area of
CD to cover topics in which CD spectroscopy plays a less apparent, but by no means less important, contribution
including nanotechnology, chemical biology, supramolecular chemistry, molecularly modified surfaces and advanced
materials. CD studies of molecular nanomachines, self-assembly processes, responsive polymers and chiral surfaces,
among others, reflected some of the exciting developments ahead. It is safe to conclude that as a consequence the
field of chiroptical spectroscopy is rapidly expanding and new techniques and applications are emerging continuously.
The contributions in this special issue with studies ranging from proteins, oligonucleotides and artificial channels to
the origin of chirality and single molecule CD are further testimony of the growing importance of this field of science.
The excellent facilities available at the conference venue ‘De Oosterpoort’ and the venue for the conference dinner
‘De Coendersborg’ together with the buzzying atmosphere of the city of Groningen ensured that despite the hectic sci-
entific schedule and the sometimes inconvenient weather there was plenty of opportunity to experience all that is best
about Dutch hospitality and culture.

The co-chairs, Bert Meijer and Ben Feringa would very much like to express their deepest appreciation for the gener-
osity of our sponsors and the team of organisers, in particular Dr. Wesley Browne, who worked hard to ensure every-
thing ran without a hitch.

The conference on CD will stay in Europe for the next two meetings in the series in Brescia (Italy) in 2009 and in
Oxford (UK) in 2011. We hope that we will see you there and share with us many new exciting discoveries in the field
of chiroptical spectroscopy.

Professor Ben L. Feringa
Guest Editor
University of Groningen

Professor Nina Berova
Editor
Columbia University

DOLI: 10.1002/chir.20643
Published online 20 June 2008 in Wiley InterScience
(www.interscience.wiley.com).
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ABSTRACT  We introduce a method to detect the activity of ion channels and pores
with circular dichroism (CD) spectroscopy. G-quartets obtained by potassium templated
self-assembly of 5-guanosine monophosphate (GMP) are used as CD probes, the bee-
toxin melittin as representative pore and gramicidin A as representative ion channel. To
detect the activity of pores with CD spectroscopy, vesicles were loaded with GMP at
concentrations above the dissociation constant (Kp) of G-quartets. GMP efflux through
added pores was detectable as CD silencing due to G-quartet disassembly by local dilu-
tion. The Hill plot of melittin with Hill coefficient » = 4 was faithfully reproduced with
CD detection. The same was true for counterion-activated cell-penetrating peptides, con-
firming their ability to mediate the export of anions such as GMP. The same method is
not applicable to the CD detection of the activity of ion channels because GMP efflux
does not occur. To do that, the potassium selectivity of G-quartets was used. Namely,
vesicles were loaded with GMP at concentrations above the dissociation constant (Kp)
of G-quartets stabilized by potassium. External M/K cation exchange resulted in CD
silencing by M/K antiport through the added ion channel followed by G-quartet disas-
sembly within the vesicle. Reversal of the direction of M/K antiport was achieved with
Cs-loaded vesicles and detected as the appearance of the CD signature of G-quartets in
response to K influx. Corroborative examples with gramicidin A include CD detection of
the Eisenman I selectivity sequence and the Hill coefficient. Chirality 20:932-937,
2008.  © 2008 Wiley-Liss, Inc.
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INTRODUCTION

Circular dichroism (CD) spectroscopy is used routinely
in organic chemistry and related fields for structural
studies.! Common applications include the determination
of the absolute configuration and enantiomeric purity of
molecules such as natural products or synthetic drugs.
Other classical topics that are routinely addressed by CD
spectroscopy include conformational changes, self-assem-
bly, and ligand binding of proteins, DNA, RNA, and com-
plex synthetic architectures.'™

In sharp contrast to this popular use to study structures,
CD spectroscopy is rarely used to study functions. There
are no obvious reasons for this neglect. Advantages known
from structural studies, such as sensitivity without interfer-
ence from achiral components of complex systems, apply
also for functional studies. The use of exciton coupled CD
(ECCD) spectroscopy appears particularly appealing for
functional studies, because the characteristic bisignate
ECCD Cotton effect is perfectly suited for the ratiometric
detection of changes in CD as response to the activity of
interest. Often difficult to obtain with other methods, ratio-
© 2008 Wiley-Liss, Inc.

metric detection is very attractive in functional studies to
exclude artifacts with confidence.

One of the rare recent examples for the use of CD spec-
troscopy for functional studies concerns the introduction
of G-quartets as functional CD probes to detect osmotic
stress.* G-Quartets, which were discovered 1962 in hydro-
gels formed by 5-guanosine monophosphate (GMP), are
planar supramolecular macrocycles composed of four
guanosines (Fig. 1).>® One quartet contains eight intermo-
lecular hydrogen bonds between complementary Watson—
Crick and Hoogsteen edges of neighboring guanines. The
self-assembly of G-quartets further requires templation by
Na™ or K", which coordinate to the four carbonyl oxygens
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Fig. 1. Potassium-templated self-assembly of the nearly CD-silent
GMP into G-quartets with their CD spectrum (continuing assembly into
face-to-face n-stacked octamers and higher-order columnar phases is omit-
ted for clarity). A full set of UV-vis and CD spectra of GMP-loaded vesicles
with assembled and disassembled G-quartets is shown in Ref. 4.

in the middle of the macrocycle. Coordination to two quar-
tets stabilizes octamers, and face-to-face n—r interactions
promote the formation of longer cylindrical n-stacks. G-
quartets occur in biology in many variations far beyond
telomer DNA and are intensely used in medicinal chemis-
try (e.g., aptamers), supramolecular chemistry and nano-
technology. Examples include antithrombin G-quartet
aptamers’ or covalent capture of hydrophobic G-quartets
as synthetic ion channels.®

The CD spectrum of the selected G-quartets of GMP in
water is very simple (Fig. 1).*° A negative CD Cotton
effect at 262 nm is followed by a positive CD Cotton effect
at 241 nm. This bisignate doublet originates from exciton
coupling between two stacked G-quartets with an M-helical
twist. The magnitude of these two signals thus increases
and decreases together and can be described as the sum
of the two, named CD amplitude. For G-quartets in gen-
eral, the sign and shape of this couplet can vary, depend-
ing on several factors such as the exact structure of the
guanylic derivative, the type of facing between quartets,
and so on.*1°

To detect osmotic stress with CD spectroscopy, vesicles
were loaded with GMP-quartets at concentrations around
their dissociation constant.! Under these conditions,
hyperosmotic pressure was reported to increase CD ampli-
tude. This signal transduction occurs because of increas-
ing assembly of intravesicular G-quartets in response to
hyperosmotic vesicle shrinking. Hypoosmotic pressure
was correspondingly reported as CD silencing caused by
G-quartet disassembly in response to vesicle swelling.
However, the responsiveness of G-quartets within vesicles
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to changes in local GMP or cation concentration is natu-
rally not limited to the detection of osmotic stress by CD
spectroscopy. Here, we introduce G-quartets within vesicles
as functional CD probes to detect the activity of ion chan-
nels and pores. Gramicidin A and melittin are used as
model ion channels and pores, and nonlinear concentration
dependences and ion selectivity sequences are addressed
as illustrative examples. Usual methods to detect these
activities include conductance measurements in planar
bilayer membranes and the use of fluorescence probes in
spherical vesicle membranes.'! Established CD methods to
detect the activity of ion channels or pores do not exist.

MATERIALS AND METHODS
Materials

Na,GMP, melittin, gramicidin A, triton X-100, polyargi-
nine, and all salts and buffers were of the best grade avail-
able from Sigma and used as received. 5(6)-carboxyfluo-
rescein (CF) was from Fluka. Egg yolk phosphatidylcholine
(EYPC) and a Mini-Extruder used for LUV preparation
were from Avanti Polar Lipids. UV-Vis spectra were
recorded on a JASCO V-650 spectrophotometer. CD spec-
tra were recorded on a JASCO J-815 spectropolarimeter
equipped with a total fluorescence detector. Fluorescence
measurements were performed with FluoroMax-2 (Jobin-
Yvon Spex). UV-Vis and CD spectra were obtained using
quartz glass cells with 1 cm path length; all spectrometers
were equipped with a stirrer and a temperature controller
(measurements at 25°C).

Preparation of Large Unilamellar Vesicles

A thin film of EYPC (25 mg) was prepared by evaporat-
ing a solution in 1 ml MeOH/CHCl; (1:1) on a rotary evap-
orator and then in vacuo (>2 h). After hydration (>30
min) with 1.0 ml buffer (100 mM Na,GMP, 0 (i.e., EYPC-
LUVs > GMP) or 10 mM CF (.e., EYPC-LUVs > GMP/
CF), 10 mM HEPES, 800 mM MCI, pH 7.4, M = Cs, Rb,
K, Na, and Li), the resulting suspension was subjected to
>5 freeze-thaw cycles (liquid Ny, warm water bath), and
>15 times extruded through a polycarbonate membrane
(pore size 100 nm). The extravesicular components were
removed by size exclusion chromatography (Sephadex G-
50) with 10 mM HEPES, 900 mM MCI (M as in the subse-
quently used measurement buffer), pH 7.4. The concentra-
tion of entrapped GMP in the resulting LUVs dispersion
was estimated from the absorption spectrum of coen-
trapped CF after lysis. Final conditions: 7.5 mM EYPC;
inside: 100 mM Na,GMP, 0 or 10 mM CF, 10 mM HEPES,
800 mM MCI, pH 7.4, outside: 10 mM HEPES, 900 mM
MCI], pH 7.4, M = Cs, Rb, K, Na, Li.

Pore Activity by CD

EYPC-LUVs > GMP or EYPC-LUVs > GMP/CF (400
ul, Minsige = K) were added to gently stirred, thermo-
stated buffer (1600 ul, 10 mM HEPES, 900 mM KCl) in a
CD cell. The time courses of Ag at Ay, = 264 nm and of
CF emission [ at Ao, = 517 nm (A = 264 nm) were
monitored simultaneously during the addition of melittin
(20 pl stock solution, 0-1000 nM final monomer concentra-

Chirality DOI 10.1002/chir
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tion) at £ = 0 min, and addition of 80 pl 1.2% (aq.) triton
X-100 or melittin at the end of every experiment.

Time courses Ag; were normalized to Ae (per mono-
meric GMP) using eq. 1 for CD silencing and (2) for chiro-
genesis (vide infra).

Ae = (Agr — Aen)/(Aep — Agy) 1)
Ae = (Agr — Agy) /(Aes, — Agy) (2)

where Agy = Ag, at pore addition and As,, = Ag; at satura-
tion after lysis. The obtained Ae was further normalized
into fractional Aeg using eq. 3

Agp = Ag/Aepax (3)

where Agpax is the reference value for the varied parame-
ter of interest, e.g., maximal activity just before lysis. Frac-
tional activity Y is introduced to compare fractional Asp at
a given time, usually 200 s after the start of the experiment
just before lysis.

For Hill analysis, Y was plotted against concentration
cv (monomer of pore forming molecule) and fitted to the
Hill eq. 4 to give effective concentration ECs, and the Hill
coefficient .

Y = Yoo + (Yo — Yoo) /{1 + em/ECs0)"} (4)

Y, is Y without pore, Y is Y with excess pore.

Activity of Polyarginine

EYPC-LUVs > GMP or EYPC-LUVs > GMP/CF (400
ul, Mingiqe = K) were added to gently stirred, thermostated
buffer (1600 pl, 10 mM HEPES, 900 mM KCI) in a CD
cell. The time course of Ag; was monitored at L., = 264
nm during the addition of polyarginine (10 pl, 100 uM in
H,0O) and dodecylphosphate (20 ul stock solution in
DMSO, 10-1000 uM final concentration) at = 0 min (both
sequences of addition), and the addition of triton X-100 at
the end of every experiment (80 pl, 1.2% aq). Time courses
were analyzed in analogy with eqs. 2—4.

Fluorescence Controls

Fluorescence intensity changes of EYPC-LUVs > GMP/
CF during melittin or polyarginine/dodecylphosphate
addition were measured at the emission wavelength Ay,
= 517 nm on the fluorometer (excitation was at ko, = 492
nm) and in double-channel experiment on the spectropo-
larimeter. Time courses were analyzed in analogy with
eqs. 2-4.

Ion Channel Activity

EYPC-LUVs > GMP or EYPC-LUVs > GMP/CF (400
ul, Minsiqe = Li, Na, K, Rb, Cs) were added to gently
stirred, thermostated buffer (1980 ul, 10 mM HEPES, 100
mM MCI (Moutside = Ll, Na, Ko Rb, CS, Moutside # Minside)
in a CD cell. The time courses of Ag; at Ayps = 264 nm and
of CF emission [; at Aoy, = 517 nm (Aox = 492 nm) were
monitored simultaneously during the addition of grami-
cidin A (20 pl stock solution, 0-300 nM final monomer
Chirality DOI 10.1002/chir
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Fig. 2. Detection of the activity of pores by CD spectroscopy. Vesicles
are loaded with GMP and potassium at concentrations high enough to
give G-quartets with their typical CD signature. The dilution by GMP
efflux through added pores causes G-quartet disassembly. [Color figure
can be viewed in the online issue, which is available at www.interscience.
wiley.com.]

concentration) at £ = 0 min, and triton X-100 at the end of
every experiment (80 pl, 1.2% aq). Time courses Ag; were
normalized as described for pores.

RESULTS AND DISCUSSION

The CD method to detect the activity of pores was
designed as follows (Fig. 2). Vesicles were loaded with
GMP in potassium-rich buffer at potassium concentrations
high enough to template the assembly of G-quartets. The
addition of pores to these vesicles would then cause the
efflux of GMP. This local GMP dilution would result in
the disassembly of the G-quartets, which would then be
reported as CD silencing.

Melittin, the pore forming peptide from the bee venom,
was selected as model pore to test the validity of this simple
concept.’>'® GMP-loaded large unilamellar EYPC vesicles
(EYPC-LUVs > GMP) were prepared. Their negative Ae =
—0.8 M ' em ™! at 264 nm demonstrated the presence of
intravesicular G-quartets (Fig. 1). The addition of melittin
to these vesicles caused a rapid decrease in Ae (Fig. 3A).
This change was consistent with G-quartet disassembly
due to GMP efflux through the pores formed by melittin.
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Fig. 3. Change in Ae (Ayps = 264 nm) during the addition of (A) melit-
tin (0.1 (solid) and 0.3 uM (dotted) final concentration) to EYPC-LUVs D>
GMP (100 mM Na,GMP, 10 mM HEPES, 800 mM KClI, pH 7.4) in buffer
(10 mM HEPES, 900 mM KCl, pH 7.4), calibrated by (B) final addition of
excess triton X-100 (80 pl, 1.2% aq).

The final addition of an excess of the detergent triton X-100
caused the nearly complete CD silencing (Fig. 3B). This
change was as expected for the full destruction of the
vesicles. Independent evidence for the working principle in
Figure 2 was obtained by the concomitant increase in fluo-
rescence intensity of EYPC-LUVs > GMP/CF, in which CF
has been coincluded in the vesicles at sufficiently high con-
centrations to afford self-quenching. Detection of the
increase in CF emission in response to pore addition is a
classical assay for pore activity.!"'* Double-channel
kinetics with melittin gave identical results for simultane-
ously detected increase in CF emission and decrease in
ECCD of GMP (not shown). This control experiment con-
firmed that eventual contributions from light scattering or
peptide pores to the CD signals in the useful wavelength
range from 250 to 290 nm do not interfere with the detec-
tion of melittin function by CD. The development of func-
tional CD probes with (a) stronger and (b) red-shifted CD
Cotton effects remains nevertheless an attractive objective
to minimize noise and maximize sensitivity.

The dependence of the activity of the melittin pore on
the peptide concentration was determined next (Fig. 4).
The Hill plot obtained with functional CD probes was com-
parable with the Hill plot of melittin obtained by other
methods.'>* The good fit found with a Hill coefficient
n = 3.4 = 0.5 was in agreement with the endergonic self-
assembly!® into the tetrameric active suprastructure of
melittin.'>!* The effective monomer concentration found
for melittin was EC5y = 139 + 6 nM.

Arginine-rich cell-penetrating peptides (CPPs) represent
another class of compounds, which is able to translocate
anionic molecules across a lipid bilayer membrane upon
activation by amphiphilic counteranions.’® This activity
has, for example, been demonstrated by phosphatidylgly-
cerol-activated export of CF from vesicles in the presence
of polyarginine (pR),'® and was more recently applied to
the detection of enzyme inhibitors.” It was therefore
appealing to investigate, through the novel CD-based
assay, whether or not counterion-activated polyarginines
also mediate the efflux of GMP.
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Fig. 4. Hill plot of the activity of melittin determined by CD spectros-
copy. The dependence of the fractional activity Y on the concentration ¢y
of monomeric peptide was determined in EYPC-LUVs > GMP as speci-
fied in Fig. 3.

To do so, dodecylphosphate (DP) and pR were added
to a mixture of EYPC-LUVs > GMP with or without
coincluded CF. Increasing CD silencing with increasing
DP concentration was found (Fig. 5). This result demon-
strated GMP export by synergistic pR-DP transporters
with a comparably!” weak effective concentration ECs, =
93 + 7 uM and a Hill coefficient of n = 2.4 = 0.6.

The ability of pores and CPPs to translocate molecules
as large as GMP made the development of a CD method
to detect their activity very easy. The situation with ion
channels, limited to the transport of small inorganic ions
rather than larger organic molecules, was clearly more
challenging, because GMP efflux would not be operational
in this case. The addition of an ion channel to vesicles
loaded with K*-stabilized G-quartets will thus not cause
any change in CD.

To detect ion channel activity by CD spectroscopy, we
thought to exploit the ion selectivity of G-quartets instead
(Fig. 6). We first considered vesicles that are loaded with
K" -stabilized G-quartets and permeabilized with the ion
channel of interest (Fig. 6A). Exchange of the external K*

Y

0.5 -

10 100 1000
activator concentration (M)

Fig. 5. Hill plot of the activity of polyarginine-dodecylphosphate (pR-
DP) transporters determined by CD spectroscopy with respect to the acti-
vator DP. The fractional activity ¥ of pR-DP transporters was determined
as CD silencing in response to GMP efflux (cf. Fig. 2). The dependence of
Y on the concentration of DP was determined in EYPC-LUVs > GMP as
exemplified in Fig. 3.
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Fig. 6. Detection of the activity of ion channels by CD spectroscopy.
(A) Vesicles are loaded with GMP and K at concentrations high enough
to give G-quartets with their typical CD signature. Channel addition and
external K'/Cs®™ exchange followed by transmembrane Cs™/K"
exchange will disassemble the G-quartets within the vesicle. The result is
CD silencing. (B) The reversed, chirogenic CD detection of ion channel
activity starts with vesicles that are loaded with GMP and Cs* instead of
K*. Channel addition and external K*/Cs" exchange followed by trans-
membrane K*/Cs™ exchange will in this case cause the assembly of G-
quartets within the vesicle. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

with isoosmolar Cs™ could turn on transmembrane K*/
Cs™ antiport through the ion channel of interest and fully
replace the internal K* with Cs™ because the external
volume is much larger than the internal volume. This
exchange of the internal K™ with Cs™ would cause the dis-
assembly of G-quartets at constant GMP concentration
within the vesicle because Cs™ is too big to act as a tem-
plate. This intravesicular G-quartet disassembly would be
detected as CD silencing. This CD response would
directly report on the ability of the ion channel of interest
to mediate K*/Cs* antiport. The CD response to ex-
change of the external K" with isoosmolar Rb* would
then report on K*/Rb™ antiport, and so on.

The reversed mode of CD detection was even more
appealing because it is chirogenic and can thus demon-
strate that ion channels act in intact vesicles (Fig. 6B). For
chirogenic detection, we considered vesicles that are
loaded with GMP and cesium cations. In the presence of
Cs™, G-quartets will not form and no CD signal will be
detected. Exchange of external Cs™ with isoosmolar K™
followed by transmembrane Cs*/K* antiport through the
ion channel of interest would then initiate the assembly of
G-quartets within the vesicle. This intravesicular G-quartet
assembly would be detected as appearance of the charac-
teristic bisignate CD doublet.

Gramicidin A was selected as classical model channel to
test this new approach to detect ion channel activity with
Chirality DOI 10.1002/chir
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Fig. 7. (A) Change in Ae (A 265 nm) during the addition of gramicidin
(0.15 pM final concentration, ¢ = 0 min) to EYPC-LUVs > GMP (100 mM
Na,GMP, 10 mM HEPES, 800 mM KCIl, pH 7.4) in buffer (10 mM
HEPES, 900 mM CsCl, pH 7.4), calibrated by final addition of excess tri-
ton X-100 (20 ul, 1.2% aq, ¢t = 8 min). (B) Same with internal CsCl and
external KCI.

CD spectroscopy.'®1® Addition of gramicidin to EYPC-
LUVs > GMP with internal K™ and external K™ did not
cause any changes in CD (not shown). This lack of
responsiveness confirmed that gramicidin does not medi-
ate the efflux of GMP. Addition of gramicidin to EYPC-
LUVs > GMP with internal K and external Cs™, how-
ever, caused a rapid decrease in Ae (Fig. 7A). This change
was consistent with G-quartet disassembly within the vesi-
cle due to transmembrane Cs*/K* exchange through the
gramicidin ion channel. Final lysis with triton X-100
caused the expected complete CD silencing. A constant
fluorescence intensity during the addition of gramicidin A
to EYPC-LUVs > GMP/CF further confirmed that the

0.5 1

_—-’/

of &3

10 100
menomer conceniration (n)

Fig. 8. Hill plot of the activity of the gramicidin ion channel deter-
mined by CD spectroscopy. The dependence of the fractional activity ¥ on
the concentration of monomeric peptide was determined in EYPC-LUVs >
GMP with internal RbCl and external KCl as specified in Fig. 6B.
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Fig. 9. The Eisenman selectivity topology of gramicidin ion channel
determined by CD spectroscopy. The dependence of the ECs, as a mea-
sure for ion channel activity on the reciprocal cation radius was deter-
mined from Hill plots for CD assays with internal MCl and external KCI
as specified in Fig. 6.

vesicles were not destroyed and that solely ion transport
could be the source of the CD silencing.

The reversed, chirogenic CD detection was tested with
EYPC-LUVs > GMP with internal Cs* and external K*
(Figs. 6B and 7B). Addition of gramicidin caused a rapid
appearance of the CD signal characteristic for G-quartet
self-assembly (Fig. 7B). This change was as predicted for
transmembrane Cs™/K' exchange through the grami-
cidin ion channel. Final lysis with triton X-100 cleanly
removed this CD signal. This complementary CD
response to potassium-mediated G-quartet assembly and
disassembly corroborated that eventual contributions from
light scattering or peptide channels to CD signals at 250-
290 nm do not interfere with the detection of gramicidin
function by CD. Different to the situation with pores, the
development of red-shifted CD probes for the detection of
ion channel activity with maximal sensitivity and selectivity
will however be more demanding because they have to op-
erate by ion-selective, templated self-assembly.

The CD method to detect the activity of gramicidin as
model ion channel was further expanded to a complete se-
ries of internal and external Cs*, Rb*, Na*, and Li* with
K™ as constant partner. Hill plots were recorded for each
situation. The Hill plots with assumed Hill coefficients of
n = 2 were in excellent agreement with the dimeric active
suprastructure of gramicidin (see for example Fig. 8 with
internal Rb™ and external K*).'® The effective concentra-
tion ECsy (i.e.,, the monomer concentration needed to
observe 50% ion channel activity) obtained for Cs/K, Rb/
K, Na/K, and Li/K gradients decreased with increasing ra-
dius of the variable cation except for a strong Li-anomaly*’
(Fig. 9). The resulting selectivity topology was similar to
an Eisenman I selectivity sequence that is exclusively gov-
erned by cation dehydration without contributions from
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cation binding to the channel?® This is the selectivity
sequence of gramicidin A.*°
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ABSTRACT  Time-dependent density functional theory (TD-DFT) in conjunction
with qualitative molecular orbital theory is employed to interpret the circular dichroism
(CD) spectrum of A-[Co(en)s]®". The simulated spectrum based on TD-DFT is com-
pared in details with the experimental data. Emphasis is put on a qualitative understand-
ing of the origin of optical activity in o-bonded trigonal dihedral complexes with biden-
tate ligands in general. Rotatory strengths associated with the CD bands of both d-d
transitions and ligand-to-metal charge transfer (LMCT) are interpreted based on the
metal-ligand c-interactions. These interactions are in turn analyzed in terms of symme-
try unique overlaps between metal d- and symmetry ligand-orbitals as well as the de-
pendence of these overlaps on geometrical parameters of the complex. Chirality

20:938-950, 2008.  © 2008 Wiley-Liss, Inc.
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INTRODUCTION

For a long time, there has been an interest in the circu-
lar dichroism (CD)! of transition metal complexes, [M (-
L)3]"*, where the optical activity arises due to the helical
arrangement of the chelate rings formed by the bidentate
ligand L-L contaning only c-orbitals. The CD spectrum of
[Co(en);]®™, one of the most familiar and basic of all the
tris-bidentate complex ions, exhibits almost all the impor-
tant features of tris-bidentate complexes. Chiroptical prop-
erties of this complex have been extensively studied since
the pioneering work of Mathieu? and Kobayashi.> Moffitt
introduced the first quantum-mechanical theory of optical
activity in transition metal complexes® and the use of sec-
tor rules® for the correlation of structure with optical activ-
ity. Many subsequent theories were developed based
upon the Moffitt model. Liehr® and Karipides and Piper’
proposed the first molecular-orbital formulation for optical
activity in metal complexes. Although the models do give
useful qualitative information about the sensitivity of the
rotational strengths of d-d transitions due to distortions
within the MLg molecular frame, none of them is capable
of providing an adequate formulation of the origin of the d-
d optical activity in D3 metal complexes. Other approaches
are independent system-perturbation models that include
both static® ! and dynamic metal ion-ligand polarization
interactions.'®!® These theories, however, are developed
in particular to address d-d excitations and cannot describe
the nature of the ligand-to-metal charge transfer.

The formulation of CD in terms of time dependent den-
sity functional theory (TD-DFT)*'® has resulted in a
© 2008 Wiley-Liss, Inc.

number of TD-DFT applications to moderately sized or-
ganic molecules'*"2 as well as some transition metal
complexes.?2* TD-DFT has proved to be an especially
attractive approach as it gives reasonable accuracy at a low
computatlonal cost. Exploratory studies on the optical ac-
tivity in tris-bidentate Co (III) and Rh (III)21 23 complexes
as well as other transition metal systems®® have already
appeared.

Tris-diamine complexes [M(I-L)3]"" exist in two enan-
tiomeric configurations, A or A, depending on the helical
arrangement of the chelate rings formed by the 1,2-dia-
mine rings around the metal ion, Scheme 1. In addition,
the fivemembered chelate rings can adopt one of two
puckered conformations,?® % or §, depending on whether
the N---N direction and the C—C bond form a segment of
a lefthanded or a righthanded helix, respectively. The
[Co(en);]*" complex has as already mentioned been stud-
ied before based on TD-DFT by our group.?~* However,
our current objective is to introduce a qualitative frame-
work that can be used to analyze CD spectra of coordina-
tion compounds in conjunction with TD-DFT calculations.
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Scheme 1. Enantiomers of [Co(en)s]®".

The first step towards meeting this objective will be taken
in the present study where we shall deal with [Co(en);]*"
as the prototype for trigonal dihedral d® complexes of
bidentate ligands containing only oc-orbitals. The scope
will later on be extended to ligands with more complex
electronic structures or other geometries as well as to
metal centers with different d-electron counts. The qualita-
tive analysis is an extension of previous work!® restricted
to d-d transitions only.

MATERIALS AND METHODS

The calculations reported in the present study are car-
ried out with a modified CD version of the Amsterdam
density functional (ADF) program.?®?® The CD version'* ¢
contains the methodology for the computation of optical
rotations and CD spectra implemented in the previously
developed TD-DFT code by Gisbergen et al.?*! The 20
lowest spin-allowed excitations have been calculated. On
the basis of the computed excitation energies, associated
oscillator strengths, and rotatory strengths, spectra have
been simulated for a comparison with experimental data.
An empirical recipe® has been employed to simulate the
spectrum in which the band width Av, is given by
AV = 7.5\/3, where v is the absorption frequency in cm ™.
Numerical data for the experimental spectra have been
extracted using “g3data” software.*® The frozen core-
valence triple-c polarized “TZP” Slater basis sets of the
ADF database have been employed for the calculations.
The data presented here are obtained with the dipole-
length formula for the rotatory strength. It has been
shown? for [Co(en);]®" that rotatory strengths computed
with the this formula are in good agreement with those
obtained from dipole-velocity form. The “COnductor-like
continuum Solvent MOdel” (COSMO0)***® has been
applied in the calculations of the CD spectrum to simulate
the environment of the +3 ion. Molecular vibrations and
other effects on the spectra are neglected in this study.

The Vosko-Wilk-Nusair (VWN)>® local density approxi-
mation (LDA) with the Becke88-Perdew86 (BP86) gradi-
ent corrections®”*® have been used in the CD calculations.
The application of other gradient-corrected functionals
does not significantly change the simulated spectrum.
Except for model molecules, TD-DFT calculations have
been carried out based on optimized geometries.
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RESULTS AND DISCUSSION
Geometrical Considerations

We start with a hypothetical configuration of tris-ethyl-
enediamine complex in which the molecule contains Dy,
symmetry. In this configuration the planes of the three dia-
mine rings are situated parallel to the Cj axis, i.e. z-axis in
the coordinate system shown in Figure la. The three
ligands are represented by rectangles for the sake of
clarity. The Ds;, configuration is not chiral due to the
reflection planes present in the complex and therefore do
not exhibit optical activity.

As illustrated in Figure 1b, a counterclockwise rotation
(from the point of view of an observer looking along the
axis of rotation towards the metal) of the three diamine
rings by o degrees leads to the A-configuration of
[M(en)3]®*, which is chiral and thus in principle able to
exhibit circular dichroism as its symmetry now is D;. We
note that a rotation by —m would have resulted in the A-
configuration of the complexes. The exact angle of rotation
o observed in [M(en)3]®" is 34.7° for cobalt, 36.1° for rho-
dium, and 36.3° for iridium.

The rotation angle can be correlated to the polar ratio®
(s/h of Fig. 2b), a measure of the polar displacement of
the six nitrogens away from the ideal octahedron and the
azimuthal angle® (¢ of Fig. 2c), a parameter for the radial
distortion of the six nitrogens away from the ideal octahe-

dron, as:
s = 1/3(b% + a2 sin® »), 1)

h = 2acos o, (2)

tan(¢/2) = %sin o. 3)

Here a is the half distance between two nitrogens on the
diamine ligand and b is the distance between the metal
and the midpoint of the same two nitrogens. Figure 2a dis-
plays the definition of the parameters a and b. We recall
that for an ideal octahedron, s/k = 1.22 and ¢ = 60°,
which corresponds to @ = b and » = 35.3°.

Simple Orbital Interaction Diagram

To understand the mechanism that makes it possible for
[M(en)s]®" of D3 symmetry to exhibit CD, we shall now

Fig. 1. (a) Structure of [M(en)s]®* Ds;, symmetry, (b) Structure of A-
[M(en)s]®* of Ds symmetry after a rotation of diamine rings by ®
degrees.

Chirality DOI 10.1002/chir
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Fig. 2. (a) Geometry parameters in [M(en)s]>", (b) polar ration s// in
octahedrons, (c) azimuthal angle ¢ in octahedrons.

consider in details the important orbitals that participate in
the formation of the [M(en)3]>* complex, i.e. the nd orbi-
tals on the metal center and the nitrogen based o-type
lone pairs on the diamine ligands.

The nitrogen based lone-pair c-orbitals on a diamine
ring are shown in Figure 3, where they are labeled “a;”
and “b,” according to C,, symmetry. Linear combinations
of the equivalent orbitals on different diamine rings mak-
ing up the symmetry ligand orbitals in [M(en);]*>" accord-
ing to Ds;, (or D3) symmetry are listed in Table 1, where
the diamine orbitals of @; symmetry are expressed as o
and those of b, symmetry as B with the subscript indicat-
ing the ring they belong to. The same symmetry combina-
tions are displayed in Figure 4 where we also introduce
the numbering of the rings and the nitrogen atoms.

Among the nd orbitals of the metal ions are dr;, dm,,
and dmng of f5, symmetry in the O, parentage. These orbi-
tals transform as a; and e in D3 symmetry, respectively,

H,C CH, H,C

o\
AV V- A

a, by

CHy

Fig. 3. Nitrogen based c-orbitals on an ethylenediamine ring.
Chirality DOI 10.1002/chir
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TABLE 1. Symmetry ligand orbitals in [M(en)s]>*
in terms of diamine orbitals®?

ay 1/V3(af +af +ag)
ag 1/V3(BF + B3 +BS
1eg 1/V6(—2af +af +af)
1e9 1/vV2(~ag + o)

2 1/V2(=BS +B5)

(o}
2ey

1/V6(@2BT — B3 — B

“afis an diamine c-orbital on ring 7 (1,3) of a; symmetry; B¢ is an diamine
c-orbital on ring 7 (1,3) of b, symmetry, see Figure 3.
PNumbering of ligands and atoms is shown in Figure 4.

see Figure 5. We have in addition do; and do, of ¢, sym-
metry in the O, parentage transforming as e in D3 symme-
try, see Figure 5.

Important information about the bonding in [M(en);]**
can be obtained from the overlaps between the metal nd
orbitals and the symmetry ligand orbitals. The symmetry
unique overlaps between the d-orbitals and the symmetry
ligand c-orbitals are expressed in terms of the geometry
parameters of the complexes in Table 2. For the case of
a = b and o = 35.3°, we have the perfect octahedral geom-
etry. The overlaps in the octahedral case are listed in
Table 3. It is not surprising that in a perfect octahedral
arrangement of the six nitrogens, the ligand ¢ combina-
tions will only overlap with the do orbitals. In the case
where the six nitrogens are displaced from the ideal octa-
hedron, the ligand o combinations overlap with both do
and dn orbitals. As an example, the overlaps between
the metal d-orbitals and the symmetry ligand c-orbitals
are carried out for [Co (en)s]*" of Dy symmetry with @ =
1321 A, b = 1445 A, and o = 33.7°. We see that with the
distorted octahedral geometry, the orbitals dr;, dn,, and
drg that originally had no overlaps with the c-orbitals now
slightly overlap with these orbitals, see Table 3.

On the basis of the overlap information discussed ear-
lier, a simplified MO interaction diagram can be con-

le” le” 2¢° 2¢"

Fig. 4. Symmetry ligand c-orbitals of [M(en);]** with numbering of
the three ligands and six nitrogen atoms.
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Fig. 5. Metal nd orbitals in O; and D; (in parenthesis) representa-
tions.

structed to illustrate the bonding in the [M(en);]** com-
plexes. Figure 6 illustrates the interaction between the
metal do orbitals of Figure 5 and the symmetry ligand o-
orbitals of Table 1. It follows from Table 3 that the do orbi-
tals transforming as e in Ds; symmetry overlap both with
the 1e¢° combination (Table 1) made up of the @, nitrogen
lone-pair ring orbitals (see Fig. 4) and with the 2¢° combi-
nation constructed from similar nitrogen lone-pair orbitals
of by (Cy,) symmetry, see Figure 4. We can by denoting
the two group overlaps S(doy,1ef) and S(doy,2¢7) of Ta-

TABLE 2. Unique overlaps between the metal nd orbitals®
and the symmetry ligand orbitals® in A-[M(en)3]>*

Overlaps Expressions®?
S(do1,1e9); S(do,1e5) L [J% (E=isito) | (@ sggzw)] S0
S(do1,267); S(do2,2¢5) (J58ine + cos )SY,
Stirsap e ps,

S(dny,1e2); S(dng,le;’)
S(dng,2e2); S(dng,Ze}?)

222 2
_ % [(b ub25m (u) _ % (a 55;21203)] ng

; 1 0
—(sino — Z5cos w)S,,

“See Figure 5.

PSee Table 1.
cs() — ﬁab
vz = @2+ b2 V0"

dS. is the overlap between a d, orbital on the metal and a o-ligand orbital
pointing along the z-axis towards the metal.
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TABLE 3. Calculated unique overlaps between the metal nd
orbitals and the symmetry ligand c-orbitals®
in A-[Co(en)sI®*

Overlaps Case I Case II°

S(doy,1e3); S(dcz,le;’) 0.612 S, 0.611 S,
S(doy,2¢3); S(doy,265) 1.061 S, 1.056 S,
S(dny,af) 0 0.047 So
S(dms,1e9); S(dng,le;,’) 0 —0.094 S,
S(dmy,2e3); S(dn3,2e§,’) 0 0.030 S,

“See Table 2 for the definition of overlaps.

bOctahedron case with @ = b, o = 35.3". . .

‘Real geometry of A-[Co(en)s]®t, @ = 1.321 A b = 1445 A and o =
33.7°.

ble 2 as S;(c) and S,(c), respectively, construct two sym-
metry o-ligand combinations

=L (50027~ Syo)lel] ()
\/Si(0) + S3(o)
and
260 — 1 [8,(0)1ef — Sy(c)2¢]. (5

© /S0 + Sio)

Similar expressions can be obtained for 1¢7 and 2é7
from combing overlaps S(doy,le) and S(doz2e,). As a
result, the 16° combination has zero overlap with do
whereas 2é¢° has a full overlap of 1S, with do. Figure 6
depicts the level diagram from the metal-ligand c-interac-
tions. The orbital of lowest energy is 1e made up mostly of
2¢° stabilized by bonding interactions with do. This over-

Energy
&, —_—
P E dinie, Jdole )
g —H— —t—
dmla ) da e, ) dmle,
4,
fu
[
O oy o
metal d-orbitals  o-type molecular orbitals  O-type ligand orbitals

Fig. 6. Schematic orbital interaction diagram for complexes
[M(en)s]®*. The metal d-orbitals are given in Figure 5. The symmetry
ligand orbitals are shown in Figure 4 and Table 1.

Chirality DOI 10.1002/chir
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Fig. 7. Molecular orbital diagram of [Co(en);]** from DFT calcula-
tions.

lap corresponds to the e, component of the bonding o-type
orbitals in O, symmetry. Next in Figure 6 are the non-
bonding ligand ¢ combinations 2¢ made up of 1é°, and
lay, la; made up of 1af and lag, respectively. These or-
bital levels correspond to the #,(2e, 1az) and ay.(a1) o-
ligand levels in O, symmetry. We have finally, the non-
bonding dr orbitals labeled 2a;(dr;) and 3e(dm,, dms)
respectively, as well as the do orbitals destabilized by 2¢°
ligand combinations and labeled 4e. We note that 2a, (dr;)
and 3e(dny,dns) are the f, d-set in octahedral complexes
whereas 4e(doy, doy) is the corresponding eg-set. It is also
noted that overlaps between the dr orbitals and the ligand
o-combinations become different from zero when the con-
formation of the six nitrogen atoms differ from O, symme-
try as in Case II of Table 3. The new overlaps will not
change the position of the energy levels significantly.
They will however change the composition of the molecu-
lar orbitals enough to introduce CD, as we shall see
shortly.

Analysis of CD Spectra for A-[Co(en)s°*

The qualitative bonding analysis we have introduced so
far and the qualitative spectral analysis we are about to
introduce should apply to most trigonal dihedral com-
plexes [M(I-L)3]"" of bidentate ligands containing only o-
orbitals. However, we shall introduce our analysis scheme
in combination with quantitative TD-DFT calculations on
[Co(en);]®". This species was chosen as it has a rich ex-

Chirality DOI 10.1002/chir
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Fig. 8. Simulated CD spectrum of A-[Co(en);]**.

perimental CD spectrum and an extensive theoretical liter-
ature discussion on the spectrum. The actual calculated or-
bital diagram is displayed in Figure 7 where the orbital
splitting and composition (in parentheses) are indicated
for comparison to the qualitative interaction diagram in
Figure 6. Figure 8 displays the simulated CD spectrum of
A-[Co(en);]®". The corresponding experimental spectrum
is displayed in Figure 9. Important one-electron excitations
contributing to the bands as numbered in the simulated
spectrum are listed in Table 4.

Recorded and simulated CD spectrum for A-
[Co(en)3]®* in the d-d transition region. In the low
energy absorption region, the two CD bands (25,000-
30,000 cm 1) with rotatory strength of opposite signs (1
and 2) are due to d-d transitions from the metal based
HOMOs of t,, parentage in O symmetry to the metal-
based LUMOs of e, parentage in O, symmetry, ie.,
A}, - T}, of Scheme 2. The two bands correspond to the
E and A, components of O, parentage in the D5 point
group, see Scheme 2, with contributions from 2a; — 4e

3 T T T T T T T
i —~
=
M Ag/10 7 7
Iy ;
w I ! ] ; -
g8 | & a '
) ’ 3 s 4
- ° ~= .~ A
(=] \\ *y []
g v oN i
= | ' T
3 | Vo
1
2~ || ! =
1 1
L \ '
% ’
o \\J' =
4 1 1 | | | 1 1 L
15 20 3 30 35 0 45 = 55 0
|
AE 107 cm

Fig. 9. Experimental CD spectrum of A-[Co(en)s]**.
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TABLE 4. Calculated and experimental excitation energies and rotatory strengths for A-[Co(en)3]3*
One-electron
R* (107%0 cgs) AEP (10° em™h) transition®
Band Calc. Obs. Calc. Obs. Symmetry© Excitation? MO — MO %
1 +33.08 +4.8f 26.7 20.3" E (Tyy) 1Al 1E! 2a; — de 57
+59.9% 20.76% 3e — 4e 43
2 -30.00 —0.4f 27.1 23.7° Ay (Typ) - 14} 3e - de 100
—55.7% 20.99%
3 +2.98 +0.7° 314 28.5 E (Typ) - 2F! 3e— 4e 57
2a, — 4e 43
4 -91.99 —67" 413 47.2f E (Ty) - 3E! 2¢ — de 77
la;, — 4e 22
5 +162.87 - 439 - Ay (T1) - 2A§ 2e — 4e 81
“Rotatory strength.

YExcitation energy.
‘Symmetry of excited states with Oy, parentage.
dState-to-state transition involved.

“Major contributions from one electron transitions to each state-to-state excitation.

Values for an aqueous solution of the complex ion, Ref. 1.
&Values for single-crystal, Ref. 40.

and 3e — 4e one electron excitation, Table 4. From our cal-
culations the positive band at lower energy is of E-symme-
try, in agreement with experiments.'® The A,-band is only
barely noticeable in the experimental spectrum, due to an
extensive cancellation of the rotatory strengths of the two
components, E and A, since the trigonal splitting, i.e.,
splitting of 7% (O,) into E' and A} (Ds), is small. The rota-
tory strengths are calculated to be +33.08 and —30.00 X
100 cgs at 26,700 and 27,100 cm ™' for the E- and Ay
band respectively, when compared with +4.8 and —0.4 X
1074° ¢cgs at 20,300 and 23,700 cm ™! from the measure-
ments in solution.! On the other hand, the calculated rota-
tory strengths are in good agreement with the value from
the crystal CD spectrum,*’ which is an order of magnitude
larger than that recorded in solution. In addition, both
experiment and theory reveal a positive weak band (3) at
~31,000 cm L. The calculated rotatory strength, +2.98 at
31,400 cm ™}, is again compared to the observation, +0.7
at 28,500 cm ™. The band has a low 1nten51ty since it corre-
sponds to the d-d transition Al — 2E' where E' is of T}
O, parentage with the Aj, — T1 transition being botﬁ
electrically and magnetlcally forblﬁden, see Scheme 2. As
indicated in Table 4, the computed excitation energies of
the d-d transitions are systematically overestimated by
~4000 cm ™1,

The wave functions of the states involved in the d-d tran-
sitions are expressed in determinantal form in Table 5.
The one electron excitations involved are 2a; — 4e and
3¢ —4e for the Al —»1E' and A} —2E' excitations and
3e — 4de for the Al —>A1 transmon We can view the 1E!
and 2E! excited states as due to interactions between the
2a; — 4e and 3e — 4e one-electron transitions. In O, sym-
metry, the mix would be equal with ¢; = *¢,, see Table 5.
Further, the combination of higher energy gives rises to
ng’ see Scheme 2. In D; symmetry the 1E! (T{ ) state of
lower energy has a larger contribution from 2a1 — 4e than
from 3e — 4e whereas the opposite is the case for

2E! (T1 ). This is consistent with the fact that the 2a; ~ 4e
energy gap is smaller than the 3e ~ 4e gap, Figure 7.

Recorded and simulated CD spectrum for A-
[Co(en)3]3* in the LMCT region. CD bands in the
higher energy region are ascribed to LMCT caused by
excitations from the ligand-based orbitals of ¢;, parentage
in O, symmetry to the metal-based LUMOs of e, parentage
in O, symmetry, i.e., A1 — T%,, Scheme 2. In D5 symme-
try the ligand orbltals are la, and 2e, and the metal orbital
4e, Figure 7. The corresponding transitions are termed
Al - 3E" and Al - 24}, Scheme 2. The 3E'-component

. - -— 3A11
— 4E!

. lu” €
Ligand-to-metal —g:

charge transfer OO . — ) A12
- —— 3E!

! 1

T, . - — ZAI

/&"'-_ 2E1

.. [
d-to-d transitions s’

N Tig ‘____ 1A12
T — gl

tpe® Al, A,
- - - - - - - -
Configuration Oy D;

Scheme 2. Lowest singlet excited states for an octahedral complex
with a d° ground state configuration and their splitting in D; point group
symmetry.
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TABLE 5. Many-electron determinantal wave functions for the states involved in the d-d and
ligand-to-metal charge transfer transitions for the [Co(en)3]®* complexes

State Wave function®”
Al (GS) |2a12a13¢,32,3¢,32,|
Tig 1A} 3{|3e,4e,| — |3e,de,| — |3ecdey| + |3ecde, |}
1E! sci{[Becdes] — [3edes| — [3eydey| + [3edey|} + s ea{[2a1de,| — [2a14e]}
1E} se{|3e4e,| — |3e,de.| + |3ecde,| — [3edey |} +\/l§cz{\2014éy| — |2a14e,|}
Tog 2F] Leo{Bede| — PBecder] — 3648, + 324 |) — Lei{|2a140,] — 2arde])
2E] sc2{[3ede.| — [3e,der| + [3erdey| — [3ecde |} — Jser{|2a1dey| — 2214y [}
Tiu 2A} 1{|2e,42,| — |22,4e,| — |2e4e)| + |2e.4e,|}
3E! ses{12e4e| — 122:de:| — |2¢)48| + 2846y} + J5ca{|1axde;| — [1azdes}
3E! Les{|2e4e,| — |2e,4e,| + |2ec4e,| — |2e.4e,|} + %64{‘1024?” — [1a24e,|}

“Refer to Figure 7 for one-electron molecular orbitals.

PPlease note that a one-electron transition ;o — ;o is represented by the Slater determinant NI,-\II]-‘ where all the other occupied ground state orbitals

are omitted. In the same way ;8 — \;; is represented by [, \;|.

(band 4) corresponding to the Ai — 3E! transition is of
lower energy with a negative sign for R(3E") and the 2A}-
component (band 5) corresponding to the Al — 2A} transi-
tion is of higher energy with a positive sign for R(2A%).
The band intensity in this region is much higher than that
of the d-d transitions as the excitations are electrically
allowed, see later. Besides the fact that the calculated rota-
tory strength agrees well with the experiment for the E
component, the excitation energies in this region are
underestimated by ~6000 cm ™!, Table 4.

Molecular orbitals of A-[Co(en)3]®* in terms of
metal and ligand symmetry orbitals. It follows from
Figure 6 that [M(en)s]®" is formed from the interaction of
the five d-orbitals with the ligand combinations 1é°, 2¢°
of egs. 4 and 5 and «f and «f of Table 1. We display in Ta-
ble 6 the ligand-metal overlaps for the octahedral Case I
as well as the actual geometry, Case II. In Case I, we have
only one ligand-metal overlap involving do and 2¢° and it
is positive. In Case II we see the emergence of another
two positive overlaps involving S(dny,ay) and S(dm,1€9),
S(dng,lé;’). We shall shortly demonstrate that the latter

TABLE 6. Calculated unique overlaps between the metal nd
orbitals and the transformed symmetry ligand c-orbitals®
in A-[Co(en)s13*

Overlaps® Case I° Case I Case III°
S(doy,2¢9); S(dcg,Zé;) 1.225 S, 1.220 S4 1.193 S,
S(do1,187); S(doz,187) 0 —0.001 S, 0.013 S,
S(dny,af) 0 0.047 Ss 0.287 So
S(dnz,1¢5); S(dns,1¢5) 0 0.096 S,  —0.102 S,
S(dny,2¢2); S(dTCg,Zé;) 0 —0.021 S, —0.160 S,

“See text for the relation between ¢° and ¢°.

bSee Figure 6 for the orbital symmetry.

“Octahedron case with a = b, ® = 35.3°.

IReal geometry of A-[Co(en);]*", @ = 1.321 A, b = 1.445 A, and o =
33.7°. (¢ = 53.7°, s/h = 1.28). . .

®Model geometry of A-[Co(en)s]®*, @ = 1.321 A, b = 1.445 A, and o =
45.6° (b = 66.3°, s/h = 1.61).

Chirality DOI 10.1002/chir

two symmetry equivalent overlaps are essential for the
appearance of CD in [M(en)s]®". We note that 16° in Case
I can be written as 1¢° = (—/3/2)1¢° + (1/2)2¢° whereas
2¢° = (1/2)1e° + (v/3/2)2¢°. The two orbitals are dis-
played in Figure 10. It follows from Figure 10 that 1¢° has
the appearance of a #;, ligand c-orbital in O, symmetry
whereas 2¢° corresponds to the f,, c-orbital. The composi-
tions of 1¢° and 2¢° are only slightly changed in going to
Case II. Table 7 displays the composition of the molecular
orbitals in terms of d and ligand combinations. We find in
line with the qualitative discussion that \s;, is a bonding or-
bital between do and 2¢°, where do and 2¢° add in-phase
to 1, as S(do,2é°) is positive. The \y, orbital is predomi-
nantly 1é° with an in-phase contribution from dr as
S(dn,2¢°) is positive. i3, is the corresponding anti-bonding
orbital where 1¢° adds out-of-phase to the predominant dr
component. Also {4, is the anti-bonding out-of-phase com-
bination between dc and 2¢°. We finally have that ., is
ligand-based (a) whereas \sy,, is represented by dn and
\Ijlaz by ag .

It is clear from the discussion earlier that we can write
in general the molecular orbitals in [M(en);]*" as linear
combinations of symmetry ligand and/or metal orbitals.
Thus,

1] 1) 2 b

Fig. 10. Representation of 1¢° and 2¢°.
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TABLE 7. Combination coefficients for molecular orbitals of A-[Co(en)s]>*
in terms of the symmetry ligand and/or metal orbitals

\Illala

2a1b

laz

\l/ le
\Ij2e
\l/Se
\Ij4e

0.0019
0.9833

e(lay,1) = 0.5610, ¢(1a1,2)=
¢(2a1,1) = 0.0119, ¢(2a,,2)=
C(lay) = 0.8633

C(1e,1) = 0.0718, C(1e,2) = 0.5828, C(1e,3) = 0.4497, C(1e,4) = 0.0085
C(2e,1) = 0.8866, C(2¢,2) =
C@Be,1) = —0.0979, C(3e,2) = 0.0077, C(3e,3) = 0.0042, C(3e,4) = 0.9725
C(e,1) = 0.0048, C(4e,2) =

—0.1145, C(2¢,3) = —0.0564, C(2¢,4) = 0.1176

—0.7788, C(4e,3) = 0.8582, C(4e,4) = 0.0033

*For Vue,: 1 = af; 2 = dny, see Table 1.
bFor Va, 1=a3, see Table 1.
‘For s 1=1€°; 2 = 2¢°; 3 = do; 4 = dn, see Table 1.

2

\j/mn = Z (nab )Xw (6)
i
where y; = af and y3 = dny, and
4
\l’nexy = Z C(”ex.ya i)Xia (7)

i
with y; = 1é°, y» = 28°, y3 = do and y4 = dn, whereas
\Ijmzz = c(nag)ag. (8)

We indicate in eq. 8 that a, is a pure ligand orbital as sym-
metry prevents any overlaps with the d-orbitals.

Analysis of the Origin of the Rotatory Strengths
in A-[Co(en)s]°”

The rotatory strength of a transition from the ground
state (0) to the excited state (7)) is in general given as the
scalar product of the electric transition dipole moment and
the magnetic transition dipole moments as

Ry = Im[(o|ali) - (i|rajo)] )

where i and m are the electronic and magnetic dipole
moment operators.

Analysis of the rotatory strengths in the d-d transi-
tion region. For the d-d transition A} — 1A}, the rotatory
strength is given as

R(143) = Im[(A]|4[14}) - (143|m|A7)]. (10)

Since the transition in this case is caused by one-electron
excitations from the molecular orbital 3e to 4e, by substi-
tuting the wave functions of Table 5 into eq. 10, we are
able to express R(lA ) in terms of molecular orbitals as

R(1A}) = 4[(3ec| ldey) - (4ey|in|3e;)]
4 4
= 422(3 3€x, 4ey7])<X1‘ﬂ|X]>
i=1 j=1
4 4
X ZZC dey, k)c(dey, 1) (y,[mly;) (11)
k=1 I=1

where we on the right hand side of eq. 11 have expanded

the molecular orbitals in terms of symmetry orbitals
according to eqs. 6-8.

For the transition Al — A} to be allowed, it is required
that the electric transmon moment integral (A}|a|1AL) #
0. This integral over all space is non-zero only when the
integrand is totally symmetric, which in group theory
leads to the conclusion that the components of the electric
transition dipole moment operator ji, transforming as x, y,
or z, should belong to the same irreducible representation
as the direct product A; X A, = A,. We notice that in our
case where A-[Co(en);]>" has Dy symmetry, only the z
component transforms as A,. It therefore follows that the
A} — 1A} transition should be polarized in the z direction
with respect to the coordinate system in Figure 1. We are
thus able to see from inspection of eq. 11 which type of
integrals (y,|a|y;) and (y;mly;) wil contribute to
R(lA1 — in eq. 10. Let us first look at the electric compo-
nent containing the dipole integral (y;|f|y;). When both y;
and y; in (y;|a[y;) are pure metal d-orbitals, the integrand
can be considered as having (at least) Oy, symmetry. It is
further seen that the integral is zero as the direct product
of two gerade d-orbitals is gerade while the dipole operator
is ungerade. We are now left with contributions (y;|i|x)
where y; is a d-orbital whereas y;, is a ligand combination,
or where both y; and y; are ligand combinations. It turns
out from the numerical calculations that the major contri-
bution comes from (1é7[2]2¢67) through the contribution
c(3ex,1) from 165 to \1132 and c(4ey,2) from 23“ to e,
Table 7. That (1672|2¢7) is non-zero is not surprlsmg as
1¢¢ is ungerade Whereas 2¢3 is gerade, Figure 10.

It is readily seen that the metal d-orbitals will have a
major contribution to the magnetic part of the expression
in eq. 11 through the contribution c(4ey,3) from do to g,
and c¢(3ey,4) from dmy to 3, in the form of

c(4ey,3)c(3er, 4)c(4ey, 3)c(3ey, 4) - <dc52|m|dn2>. By defini-
tion, a non-zero rotatory strengh should intrinsically
require a component of magnetic transition moments
pointing, in the case of the A, transitions, along the zaxis,
Le. (dos|m,|dny). With m = I, where I is the orbital
angular momentum operator, the action of the magnetic
operator m, on an orbital is simply to rotate the orbital
around zaxis by 90°. It is readily seen that
(doy|im,|dmy) = ﬁ/3(<dxy|m2|dx2—y2> = (d|m;|dy;)).  The
effect of the orbital angular momentum operators on d
atomic orbitals is tabulated in the literature.*!

On the basis of the arguments made earlier, the expres-
sion in eq. 11 becomes

Chirality DOI 10.1002/chir
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Fig. 11. Product of two symmetry ligand c-orbitals with respect to the
coordinate system.

12 36, d)clde, 2) 12

R(14;) = 3 )]
X [c(4ey,3)c(3erd) - ((dyylme|dye_y2) — (dicm|dy))].  (12)
We note that in a basis of real orbitals, (i|al/) = (7]ili),

(ilm|j) = —(j|mli), and (187|2|267) = — (267 |2|1¢7).

It is possible from eq. 12 to determine the sign of
R(14)). For the transition dipole part we have that
c(3ex,1)-c(4ey,2) is positive, Table 7, as ¢(3e,,1) and c(4e,,2)
both are negative according to our bonding analysis. For
(1é ), we plot the integrant 167 - 267 in Figure 11. It
follows from this plot that 1¢7 - 267 is negative for positive
z values and positive for negative zvalues. The integral
(167]2]2¢67) is as a consequence negative as is the total
electric transition dipole moment c¢QGe,,1)c(4e,,2) (163
212¢7). Turning next to the magnetic transition dipole
moment, we have that c(4e,3), c(e,4), and c(4e,3)-
¢(3e,,4) all are positive according to Table 7 and our quali-
tative bonding analysis. On the other hand, tabulations®!
clearly show that (d.|m.|d.: _2) — (dy|m.|d,) is positive
so that the total magnetic transition dipole moment is posi-
tive. Finally, with the electric and magnetic transition
dipole moments being of different signs, we must have
that R(1A ) is negative, in agreement with experiment and
our quantitative DFT calculations.

We can within the same framework analyze the E com-
ponent of the d-d transition A% —1E'. The rotatory
strength here can be written as

R(E") = Im[(Aj{|a|1E") - (1E'|m|A])) (13)

Using symmetry arguments introduced earlier for the Ay
component, the A} - 1E" transition will be polarized in the
xy plane shown in Figure 1 since A; X E = E and ¥, y to-
gether transform as E in the D; point group. By making
use of Table 5, we are able to write the following expres-
sions for R(1E,) in terms of molecular orbitals

R(1E,) = 4¢3 (3e,|ji4e,) - (4e,|m|3e,)
+ 2V2¢1¢5 (3¢ || de,) - (de|m|ar) + 2v/2¢1co(2ay | plde,)
X (dey|m|3e;) + 2¢5(2a: |ildey) - (de;|m|2ar) (14)
Chirality DOI 10.1002/chir

FAN AND ZIEGLER

with a similar expression for R(1E,) by applying the lE1
wave function in Table 5. Here ¢; and ¢, of Table 5 Would
be ¢; = ¢; = 1/v/2 in octahedral symmetry. In the actual
system, c¢; is slightly smaller than c¢,, see Table 4. By mak-
ing use of arguments similar to those applied for analyzing
contributions to R(Az) we find that the important contribu-
tions to the electric transition dipole moment of R(E') now
come from (16°Jx,y|2¢°). The Al — 1E' transition is made
up of 2a; — 4e and 3e — 4e one-electron excitations and
the d components in both excitations contribute to the
magnetic transition dipole moment in R(1EY), see eq. 14.

The third band at 31,400 cm™!, see Table 4, is as men-
tioned already due to the transition A} — 2E" where 2E" is
the higher energy component of the coupling between the
one electron transitions 2a; — 4e and 3e — 4e, Table 5.
The Al - 2E! transition is polarized in the x,y direction.
We get by using Table 5 R(2E!) in terms of molecular
orbitals as

R(2E}) = 4¢3 (3e,|it|de,) - (4e,|m|3e,)
X (de,|m|2a;)

— 2V2¢1¢9(3e,|ji|4ey)
— 2V2¢105(2a; |fi|de,) - (4e,||3e,)

+ 26 (2a1| fldey) - (4ex|m|2ar)  (15)
A similar expression is obtained for R(2E1) by using the
2Ey1 wave function. We get again that the transition
becomes dipole allowed due to contributions from
(16°|x,9|26°). For this transition ¢; = ¢; = 1/v/2 in octahe-
dral symmetry.

As indicated from both the calculations and experiment,
the rotatory strengths of the two E component, 1E' and
2E! are of a different order of magnitude. The contribu-
tions of the transition moments from different molecular
orbitals are shown in eqs. 14 and 15, in which the corre-
sponding matrix elements in the four terms are identical,
while the coefficients of the second and third terms
change sign in going from R(1E") to R(2EY). The values
of the transition moments calculated are given in Table 8.
It is no surprise that the electric transition moments
associated are of one or two order of magnitude smaller
than the corresponding magnetic transition moments
since d-d transition is formally forbidden. With all the
positive-valued transition moments and c¢; and ¢
(c1 = 0.929/V/2,¢c; = 1.064/+/2 from the computations), it
is readily seen from eqs. 14 and 15 that while the relevant
one-electron transitions 2a; — 4e and 3¢ — 4e add up in the
Ai - T} transition they tend to cancel out in the
Alg . Case.

Analysis of the rotatory strengths in the LMCT
region. The CD bands (4 and 5) in the UV region are

TABLE 8. Some of the relevant integrals® used to calculate
the rotatory strength of the 1E" and 2E! bands

(3ex|i|dex) (2a1||4ey) <4ex|1|3ex>
0.06911 0.005643 0.5372

(4e,|1|2ay)
0.7678

“Integrals expressed in atomic units.
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ascribed to the LMCT with the E component correspond-
ing to Al - 3E" and the A, component to A} —2A}. We
can write the rotatory strengths as

R(243)

= Im[(A][[243) - (2A;|m|A1)] (16a)

RGE") = Im[(Al|i[2E") - 2E'|imlA})].  (16b)
or in terms of one-electron excitations from the ligand-

based orbital 2e to the metal-based LUMO A4e.

R(2A3) = 4[(2e.|it[4ey) - (4ey|mn|2¢,)]
4 4
=4 c(2ex, ) (4eya])<Xz‘”|X]>
=1 j=1
4 4
X3S eldey R)e(er, 1) yldinfy,) (172)
k=1 I=1
R(3EY) = 4[(2e,|i1|4ey) - (dey|m|2e,))

4 4

4ZZC (2ey,1)

i=1 j=1

4 4
X 375" cldec Rye(2er D) (17b)

k=1 I=1

48}’#)<X1‘”|X]>

~.

where we have omitted the minor contribution to 3E! from
the la; — 4e transition represented by ¢4 of Table 5 and
retained the major contribution from 3e — 4e given by c¢3
as ¢3 = 1. In our calculation, la, — 4e contributes only
22%, see Table 4. Thus neglecting ¢, is justified in a quali-
tative discussion. The actual quantitative R(3E") value of
Table 4 contains contributions from both ¢5 and ¢4.

The rotatory strength for the charge transfer transition
Al - 2A} shown in egs. 16a and 17a has its polarization in
the z direction. It has substantial contributions to the elec-
tric transition dipole moment from (1é°|2|2¢°) as 2e is pri-
marily a ligand based orbital made up of 1° whereas the
d-based 4e has a contribution from 2¢°, Table 7. We note
that these contributions are much larger than for R(lA;),
Table 7. On the other hand, the contribution to the mag-
netic transition dipole moment of R(2A ) comes from the
large do, component in 4e, and the small but crucial dn,
component in 2e, Table 7, through c(de,, 3)c(Ze,, 4)-
(dos|m.|dnz). We can thus write R(2A}) in the form given
in eq. 18.

R(24;) = 43ﬁ [e(2ex,1)e(4ey,2) (1¢7|22¢)]

X [c(4ey,3)c(2ex,4) - ((dyy|me|d2_ye) — (diz|mz|dy))].  (18)

We note that the approximate expressions for R(lA%) in
eq. 12 and R(2A}) are related as

c(2e¢,1)c(2e,,4)

R(243) c(3e1)c(3e.,4)

~ R(1A}) - (19)
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Now in 2, = ¢(2ey,1)1eg + c(2e,,4)dny, the coefficients
¢(2e,,1) and ¢(2e,,4) are of the same sign as i3, is bonding,
Table 7. On the other hand in V3, = cQe,1)1e +
¢(3e,,4)dn,, the coefficients are of opposite signs as i3, is
anti- bondlng We predict thus in agreement with experi-
ment R(lA ) and R(ZAé) to be of opposite signs. The same
can be shown for R(AEY) and RGEY).

For the Al - 3E! transition with x, y polarization we get
again large contributions to the electric transition dipole
moment, now from (1é°Jx,y|2¢°), and modest contributions
to the magnetic transition dipole moment from do of 4e
and dr of 2e.

The dependence of the rotatory strength on the mo-
lecular parameters a, b, and o. Relationships between
the geometry of a tris-bidentate complex and its optical ac-
tivity were first suggested by Stiefel and Brown®® as well
as Judkins and Royer as an experimental observation with-
out any theoretical justification.*? Polar distortion, s/k of
Figure 2b, and azimuthal distortion, ¢ of Figure 2c, were
related to the splitting and signs of the two CD bands in
the d-d transition region. It was found that, to first order,
the polar distortion, s/k, gives rise to the As-E energy sep-
aration but makes no contribution to the rotatory strength
while the azimuthal distortion, ¢, is responsible for the
rotatory strength but makes no contribution to the A,-E
splitting.*?

We shall in the following show, how the rotatory
strength of [Co(en);]®" is influenced by the geometrical
parameters a, b, and o introduced in Figure 2a. We com-
pare to this end in Table 6 under Case III the calculated
ligand-metal overlaps for a model geometry that has an az-
imuthal expansion of A¢p = +6.3° corresponding to » =
45.6° with overlaps for Case II, corresponding to the real
geometry of A-[Co(en)s]®" where Ap = —6.3° and o =
33.7°. Here A¢ is the deviation from the octahedral value
for ¢ of ¢ = 60°. We see from S(doz,Ze") and S(dm,,1€9),
the overlaps of the most 1mportance to the rotatory
strengths according to our qualitative analysis made
above, that the latter changed in sign from positive for
Case II with A¢p = —6.3° to negative for A¢p = —6.3° of
Case III. On the basis of the same molecular orbital argu-
ments made earlier, the coefficient ¢(3¢,1) in Table 7 and
eq. 12 should be positive in Case III in order to add 1é°
out-of-phase to the dn component of {5, as the overlap
S(dny,1€2) is now negative. With the sign, not necessarily
the magnitude, of the other contributions in eq. 12 remain-
ing the same, the sign of R(lA;) should change when the
direction of the azimuthal distortion changes, in agree-
ment with the experimental observations and computa-
tions.%"?* We plot in Figure 12 the calculated rotatory
strengths for the three bands in the d-d region of Figure 8
as a function of . The corresponding overlaps S(dm,,1€2)
in different geometries are also plotted against o in the
same figure. It is noted that all the model molecules with
different o are obtained by rotating three ligands (see Fig.
1b) in the real molecule of A-[Co(en);]*>" based on geome-
try optimizations. Obviously, as shown in Figure 12, the
rotatory strengths as well as the overlap tend to change
sign at an angle around 40°. Note that with the same a and

Chirality DOI 10.1002/chir
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Fig. 12. Plots of rotatory strengths (R) and overlaps (S) between dny
and 1¢¢ at different . The labels correspond to the numbers in Table 4.

b,ie,a=1321Ab6=14454 a geometry that has Ap =
0° corresponds to @ = 39.2°.

The sign change of the overlap is depicted in Scheme 3
and shown numerically in Figure 12. In Scheme 3, the
three ligands are rotated from the Ds;, geometry (o = 0°)
over the azimuthal contraction (v = 33.7°), and the ap-
proximate octahedral orientation (o = 35.3°) to the azi-
muthal expansion (o = 45.6°). It can be seen that while
the two shaded negative lobes of the ligand orbitals have
dominant overlaps with the negative lobes of the d-orbitals
in the contraction geometry (o = 33.7°), they (o = 45.6°)
overlap more with the positive lobes of the d-orbitals in
the expansion geometry. It is also obvious that in the ideal
octahedral case where o = 35.3° and a = b, S(dn,,1¢€0)
goes to zero, since the four lobes of the ligand orbitals are
now situated in the nodal planes of the d-orbital. On the
other hand, 267 will maintain a positive overlap with do,
during the rotation depicted in Scheme 3. We refer to the
relevant orbitals displayed in Figures 5 and 10.

CONCLUSION

We have presented a qualitative analysis of the CD spec-
trum of A-[Co(en);]®", where the complex was chosen as
a prototype for d® complexes of bidentate ligands contain-
ing only c-orbitals. The analysis was based on TD-DFT
and qualitative molecular orbital theory. The CD spectrum
consists of two groups. In the first group we find three d-d
bands of moderate intensity in the visible and near-ultra-
violet region. Here A} — 1E' and A} ,— 1A} are ascribed
to the magnetically allowed A} ,— T}, transition of Oy, par-
entage whereas A% — 1E" corresponds to the both electri-
cally and magnetically forbidden Aj,— T3, transition in
octahedral symmetry, Scheme 2. In the second group, we
find the allowed ligand-to-metal charge transfer transitions
Al —3E" and Al,— 24} of Aj,~ Ty, parentage, Scheme
2. gI'he rotatory strengths associated with these bands are
interpreted based on the metal-ligand orbital interactions.
In [M(L-L)3]®*, where L-L denotes a diamine ligand con-
taining only c-orbitals, the ligand ¢ combinations on the
Chirality DOI 10.1002/chir
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nitrogen atoms will overlap only with the do orbitals on
the metal center in a perfect octahedral arrangement of
the six nitrogens. In the case where the six nitrogens are
displaced from the ideal octahedron, the originally non-
bonding dr orbitals can slightly overlap with the ligand o-
orbitals. The small portion of the ligand c-orbitals partici-
pating in the HOMO metal-based dr orbitals will contrib-
ute to the d-d electric transition moment through
(1¢°|a|2¢°). Likewise, the metal d-orbitals mixed into the
ligand-based orbitals will have a contribution to the mag-
netic transition moments of the CT through (drn|m|dc).
These contributions are responsible for the CD in trigonal
dihedral d® complexes of bidentate ligands containing only
o-orbitals.

Within the simple model outline here, the rotatory
strength of the A, component of the d-d transitions is writ-
ten as shown in eq. 12 in terms of the contribution to the
electric part exclusively from (1¢7|z|2¢}) and the magnetic
part from (dy;|m;|dy,) and (dy|m.|d,._,) only. On the basis
of the simplified expression for R(14}) in eq. 12, we are
able to predict the sign of R(1A4}) to be negative in agree-
ment with experiment. We are able, on the other hand, to
predict that R(2A1) in agreement with experiment is posi-
tive. The change in sign comes from the fact that Vs,
involved in the 1A} — 24} transition and Vs, involved
in the 1A} — 14} transition are respectively bonding
and antibonding with respect to the same metal and ligand
components. The fact that the . is the bonding com-

7°, Ad=-6.3°,8 >0

#
- .
o+

w=353°Ad=0° w=45.6° Ad=+6.3°,S<0

Scheme 3. Dependence of overlap S (d‘rtz, le;’ )on geometric
parameter o.
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ponent can further be used to explain why |[R(1A4})| <
|R(2A})|. Similar arguments apply to the relative signs and
magnitudes of R(1EY) and R(EY).

It follows from both calculations and experiment that
the rotatory strengths of the two E component, 1E' and
2E' of the A}, > T}, and A}, > T}, transitions, respec-
tively, are of dglfferent order of magnitude. This is due to
the fact that while the relevant one-electron transitions
2a; — 4e and 3¢ — 4e add up in the contribution to R(1EY),
they subtract in the contribution to R(2E").

We have finally shown how the rotatory strength can
change sign as a function of the molecular parameters a,
b, and o.
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ABSTRACT  The thermal behavior of the synthetic, high molecular weight, double
stranded polynucleotides poly(dA-dT)-poly(dA-dT) [polyAT] and poly(dG-dC)-poly (dG-
dC) [polyGC] solubilized in the aqueous core of the quaternary water-in-oil cationic
microemulsion CTAB|z-pentanol|#-hexane|water in the presence of increasing amounts
of NiCl, at several constant ionic strength values (NaCl) has been studied by means of
circular dichroism and electronic absorption spectroscopies. In the microemulsive me-
dium, both polynucleotides show temperature-induced modifications that markedly vary
with both Ni(Il) concentration and ionic strength. An increase of temperature causes
denaturation of the polyAT duplex at low nickel concentrations, while more complex
CD spectral modifications are observed at higher nickel concentrations and ionic
strengths. By contrast, thermal denaturation is never observed for polyGC. At low Ni(II)
concentrations, the increase of temperature induces conformational transitions from B-
DNA to Z-DNA form, or, more precisely, to lefthanded helical structures. In some
cases, at higher nickel concentrations, the CD spectra suggest the presence of Z'-type
forms of the polynucleotide. Chirality 20:951-960, 2008.  © 2008 Wiley-Liss, Inc.

KEY WORDS: model polynucleotides; thermal denaturation; water-in-oil microemulsions;

nickel (IT) ions; CD and UV spectroscopies

INTRODUCTION

The polymorphic behavior and the flexibility of both nat-
ural DNA’s and synthetic model polynucleotides is well
known: they depend not only on the type and the sequence
of nucleotides in each strand but also on even local modifi-
cations of the medium.~ The factors that mainly influence
the conformational polymorphism of DNA are the pH of
the medium, the hydration of the polymer, and the nature
and concentration of added electrolytes.®>!!

The so called hard metals (alkaline and alkaline earth
cations) interact with DNA primarily at the level of phos-
phate groups and stabilize the double helix reducing
the electrostatic repulsion between adjacent negatively
charged groups; the soft metals (transition metal cations),
on the other hand, interact preferentially with the nucleic
bases breaking the base pairs and destabilizing the struc-
ture of the polymer. The separation between the two
classes, however, is not clear-cut and the existence of bor-
derline ions, for which the binding affinities for the two
types of sites can be modulated by the experimental condi-
tions, has been evidenced.'*1®

DNA molecule, in-vivo, exhibits an extreme degree of
compactness that cannot be simply explained by the dou-
ble helix model of its secondary structure. It is well
© 2008 Wiley-Liss, Inc.

known, for example, that the double helix of DNA in its
extended form has dimensions that far exceed those of
the biological structures where it is found, and that, in the
cells, the nucleic acids are present in extremely com-
pacted or condensed forms as in chromatin or in the bacte-
riophage head.'''%%° The structure and reactivity of poly-
nucleotides confined in such restricted volumes could be
different from those observed in solution. Since, in-vivo,
the nucleic acids are often associated with bilayer-type
structures, such as those of membranes, one might rea-
sonably wonder if the presence of an interface can contrib-
ute to the phenomena of their superpackaging.?!

For the study of the phenomena connected with these
characteristics of the polynucleotydes, the huge complex-
ity of the living systems suggests to resort to appropriate
model systems. Therefore, the use of synthetic polynu-
cleotides of known base sequence confined in the aque-
ous domain of the simplified model of the endocellular
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microenvironment known as “water-in-oil microemul-
sions” (w/o pE), or reverse micelles, is strongly recom-
mended.?*?* The term microemulsion indicates the ho-
mogeneous, optically transparent, and isotropic dispersion
of two immiscible liquids (an organic solvent -the oil- and
water, for example) mediated by the presence of a surfac-
tant, which is necessary for significant lowering of the
oil-water interfacial tension. When moderate quantities of
water are added to the organic solvent, the w/o pE are
obtained: they are characterized by the presence of dis-
crete aggregates of water microdrops dispersed in the
hydrophobic continuum. The average size of such drop-
lets falls in the range 5-100 nm: they are polydisperse in
nature and the polydispersity decreases with decreasing
particle size. In a great number of cases, the stabilization
of the water—oil interface requires the presence of a fourth
component, the cosurfactant (as a rule, an alkanol with
five or six carbon atoms) which aids the surfactant in low-
ering the interfacial tension between the two immiscible
liquids.?>?8

To define from a physico-chemical point of view the qua-
ternary microemulsions (surfactant|cosurfactant|oil|water)
it is necessary to know the value of three parameters: the
surfactant concentration, the amount of solubilized water
(W, = [water]/[surfactant]) on which the dimensions of
the droplets depend®” and the amount of cosurfactant (P,
= [cosurfactant]/[surfactant]), which modifies the sponta-
neous curvature of the interface and the viscosity of the
medium.?® Our research group, in several previous stud-
ies, has utilized the quaternary w/o pE CTAB|n-penta-
nol|n-hexane|water (CTAB = hexadecyltrimethylammo-
nium bromide) of the following characteristics: [CTAB] =
0.10 M; W, = 15; P, = 8.5. This system can easily dissolve
in its aqueous microdomain the synthetic model duplex
polynucleotides poly(dA-dT)-poly(dA-dT) and poly(dG-
dC) -poly (dG-dC), from now on indicated, respectively, as
polyAT and polyGC. The solubilization in w/o0 pE does not
alter the fundamental characteristics of the polynucleoti-
des, such as the well known hyperchromic effect that
accompanies the denaturation of the double helix or the
possibility of their reversible chemical (acid and basic)
denaturation.?%=2

Nevertheless, the presence of the cationic interface
exerts a remarkable stabilizing effects on the double helix,
since, indeed, the thermal denaturation of polyAT is pre-
vented. Furthermore, in the presence of electrolytes at
moderately high concentration (e.g., [NaCl] > 300 mM)
the confinement in the aqueous compartment of the pE
favors the formation of condensed structures of the DNA
model molecules similar to those obtained, for the natural
polynucleotide, in the presence of high molecular weight
polymers (¥ forms).**>* Recently, we have examined the
thermal behavior of polyAT in aqueous solution in the
presence of NiCl,. The melting temperature of the double
helix to random coil transition increases with ionic
strength at constant NiCl, concentration and decreases
with Ni(II) concentration at constant ionic strength.>> Poly-
GC, instead, exhibits a B- to Z- conformational transition
induced by NiCl,, requiring increasing nickel concentra-
tions at increasing ionic strength.*® The model, high
Chirality DOI 10.1002/chir
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molecular weight polynucleotide duplexes polyAT and
polyGC were solubilized in the quaternary cationic w/o
microemulsion CTAB|z-hexane|n-pentanol|water in the
presence of increasing amounts of NiCl, and at several
ionic strength values and their thermal behavior was stud-
ied by means of circular dichroism and electronic absorp-
tion spectroscopies. The results are collected and dis-
cussed in the present article.

MATERIALS AND METHODS
Chemicals

Hexadecyltrimethylammonium bromide (CTAB, Fluka)
was purified and stored as described elsewhere.®”

PolyAT (sodium salt, MW = 900 - 1900 kDa) was pur-
chased from Sigma in vials of 50 U (1 U is the amount of
polynucleotide giving an absorbance of 1.0 at 260 nm,
when dissolved in 1 ml of water in a 1.0-cm optical path-
length cuvette). PolyGC (sodium salt, MW = 490 - 520
kDa) was also a Sigma product and arrived in vials of
25 U. Lyophilized polyAT and polyGC samples were pre-
pared in Eppendorf vials and stored over silica gel as previ-
ously described.

NaCl (Merck Suprapur) was dried at 383 K for 5 h in an
oven and then stored over silica gel under vacuum.

NiCl,.6H,O (Aldrich, 99.9999%) was used as received.
Concentrated stock solution of NiCl, titrated with EDTA
(Fluka) using Red Eriochrome B as indicator,*® was di-
luted as required for each experiment.

UV-spectroscopy grade #-pentanol (Fluka), used as
cosurfactant, and »-hexane (Fluka) were used without pu-
rification.

Tris, 2-amino-2(hydroxymethyl)-1,3-propanediol, was a
Sigma product and was used as received.

Twice distilled water was always employed.

Instrumentation

The CD spectra were acquired with a Jasco J715 spec-
tropolarimeter under nitrogen flux. The temperature was
controlled to =1 K by means of a Julabo F10 thermostat.
The variable temperature UV spectra were obtained from
the data collected with the J715 instrument, by processing
them with the appropriate algorithm implemented in the
Jasco program.

The initial, room temperature, UV spectra, used to
obtain the actual concentration of polynucleotide (in mono-
mer units) of each sample, were recorded with a double
beam Varian Cary 100 spectrometer.

The concentration was calculated by means of the
Beer-Lambert equation using the absorbance value at
262 nm, Asgy, for polyAT, and at 255 nm, Ayss, for polyGC
(both corrected for Ass) and the eya, value of 6650 mol ™
1em™ 1% and the 255 value of 8400 mol ' 1 cm™1,*® respec-
tively.

The contents of Eppendorf vials obtained by lyophilizing
equal aliquots of the stock solutions of polyAT, or polyGC,
did not differ from one another by more than 10%.

Hellma Quartz Suprasil cuvettes of 1.0 cm optical path-
length were always used. The spectral region explored
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was 230-350 nm; the high absorption of the medium bars
the region of A < 230 nm.

The temperature was varied between 293 and 336K; the
high limit being set by the boiling temperature of the #-
hexane. At least 10 min were allowed for thermal equilibra-
tion at each temperature.

The reported CD spectra are all baseline corrected by
subtraction of the appropriate blank spectra. The blanks
were microemulsions identical to the measurement sam-
ples but “empty,” i.e. without the polynucleotide.

Microemulsions Preparation

All microemulsions, either “empty” or “filled” (with
polynucleotide), had the following characteristics: [CTAB]
= 0.10 M, P, (i.e.[#n-pentanol]/[CTAB]) = 8.5 and W,
(i.e.[H,O]/[CTAB]) = 15.

The NiCl,-NaCl solutions required for the preparation of
the microemulsions were obtained at the selected metal
ion concentration and (nominal) ionic strength, I, by
weighing in a volumetric flask the necessary amount of
NaCl, adding with a microsyringe the appropriate volume
of the metal ion stock solution and taking to volume with
1.0 mM Tris buffer solution (pH = 7.8 + 0.2). The I value
was calculated neglecting the contribution of the buffer
and of the polynucleotide.

To obtain the microemulsive samples for the measure-
ments, an empty microemulsion was first prepared by
weighing in a volumetric flask the appropriate amounts of
CTAB and #z-pentanol, adding the volume of the selected
NaCl-NiCl, solution necessary to reach W, = 5 and then
n-hexane to volume: the system was vortex stirred until a
clear isotropic solution was obtained. Separately the lyoph-
ilized polyAT (or polyGC) content of an Eppendorf vial
was dissolved in the volume of the selected NaCl-NiCl, so-
lution required to have a W, value of 15 in the final sam-
ple; the appropriate volume of the matched empty microe-
mulsion at W, = 5 was added and the system was vortex
stirred until a clear solution was obtained.

The blanks were prepared by the same procedure, with-
out the polynucleotide.

All microemulsions were prepared immediately before
starting the measurements.

EXPERIMENTAL RESULTS

Variable temperature UV and CD spectra of polyAT
solubilized in the aqueous core of CTAB|z-hexane|n-penta-
nol|water reverse micelles, in the presence of increasing
concentrations of NiCl, were recorded between 293 and
336 K. The measurements were performed at different 1
values ranging from 0.003 to 0.21.

For polyGC solubilized in the reverse micelles, CD and
UV variable temperature (293 — 336 K) spectra were col-
lected at fixed 7 (0.21; NaCl) and variable NiCl, concentra-
tion (1.0 = 70.0 mM), and at fixed NiCl, concentration
(1.0 mM) and variable 7 (0.003 = 0.21; NaCl).

Effects of NiCl» on PolyAT

The CD spectrum of polyAT at 293 K, for all the samples
considered, corresponds to that of a canonical B, or more

953

14000

7000

-6000
-8000

-7000 | -10000

[0] (degree cm? dmol™)

-12000

-14000

-14000 | 16000 330K

[61248 nm
(degree cm® dmol")

-18000
322 326 330 334 331

temperature (K)

250 270 280 310 330 350

-21000
230
wavelength (nm)

Fig. 1. Thermal behavior of polyAT in the quaternary w/o microemul-
sion. [polyAT] = 8.60 X 10> M in monomer units; [NiCl,] = 10 mM; I =
0.12. Inset. Molar ellipticity evolution as a function of the temperature
(number refers to the inflection point of the sigmoid as derived by the
best fit procedure described in the text).

often of the B-family, double helix.**** The corresponding
electronic absorption spectra showed the characteristic
band centered at 262.2 + 0.2 nm.

On increasing the temperature, the CD spectra exhib-
ited a marked dependence both on the I value and on the
nickel concentration. At 1.0 mM NiCly, for all values of I,
only small spectral variations were observed, resembling
those indicated as “pre-melting” changes in solution,>**
but no thermal melting occurred.

At 5.0 mM NiCl,, for all I values, in addition to the “pre-
melting” changes, the beginning of thermal denaturation
was observed at temperatures close to the upper limit of
the available range (7' < 336 K). The melting was indi-
cated by hyperchromism in the UV band, and decreased
amplitude and red-shift of the CD spectra, consequent to
the loss of base-stacking and ordered double helical struc-
ture. Since complete melting could not be observed, the
hyperchromic effect measured (5-10%) was much smaller
than that observed for thermal denaturation in solution®*
or chemical denaturation in microemulsion,* that can be
larger than 50%.

When the NiCl, concentration was increased to 10.0 mM,
complete thermal denaturation could be observed at
certain I values, entailing a 32-34% hyperchromic effect
and a small blue shift of the maximum in the electronic
absorption spectra. The corresponding CD spectra exhib-
ited a marked decrease of the amplitude and a red-shift of
the bands (see Fig. 1). In these cases it was possible to
obtain a melting curve by plotting the absorbance or the
molar ellipticity value at a fixed wavelength as a function
of temperature. From these sigmoidal curves, which indi-
cate that melting is a cooperative process, the melting tem-
perature, T, i.e. the temperature value at the inflection
point, was obtained by a fitting procedure with a four-pa-
rameters sigmoid (Sigmaplot software). A typical experi-
mental melting curve, together with the one calculated by
means of the fitting procedure, is shown in the inset of
Figure 1. Curves of absorbance or CD at a fixed wave-
length vs. temperature were constructed also for samples

Chirality DOI 10.1002/chir
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TABLE 1. Transition temperatures, 7; (K = half dispersion), of polyAT in the w/0 microemulsion
CTAB|n-hexane|n-pentanol|water in the presence of NiCl, at several values of I*

[NiCl,]/mM I=0.003 =003 =006 I=012 =021
0.0° 325.8 (331.1) (336.3) (340.6)
1.0 c C C C C
5.0 ¢ 330.8 = 0.4 >333 >336

(334.4 = 0.2) (336.4 = 0.2) (3402 = 0.1)

10.0 327.4 = 0.3 329.1 = 0.1 330.0 + 0.1 325.1 = 0.1

(328.6 = 0.6) (332.9 = 0.1) (335.7 = 0.2) (3395 = 0.2)

20.0 320.1 = 0.1 319.6 = 0.2 309.8 = 2.1
(325.9 = 0.1) (3309 = 0.5) 318.0

(335.6 = 0.2)
30.0 313.2 + 0.4 310.5
(327.6 = 0.8) 326.2

(333.0 = 0.5)

50.0 309.5 = 0.1
315.4

(326.1 = 0.3)

70.0 3119 + 0.6

(3225 = 0.3)

“In parentheses are the melting temperatures of the matched aqueous solutions (from Ref. 35).

From Ref. 34.
“Only premelting modifications.

with NiCl, 1.0 mM, but these were not complete and could
be fitted only when defined up to beyond the inflection
point. Regular melting curves were recorded for NiCl,
10.0 mM at the 7 values 0.03, 0.06, and 0.12; for NiCl, 20.0
mM at [ equal to 0.06 and 0.12 and for NiCl, 30.0 mM at [
equal to 0.12. At the other NiCl, concentrations at the dif-
ferent ionic strengths, cooperative transitions, that were
not melting, were observed upon increasing the tempera-
ture. Fitting of the sigmoidal Ay or CDg,y vs. T curves
yielded transition temperatures, that are collected together
with the regular melting temperatures in Table 1, and all
are named T..

A comparison of the CD spectra of the thermally modi-
fied polyAT in the presence of 10.0 mM NiCl, at I equal to
0.12 and 0.21 (Fig. 2), immediately showed that the two
high temperature conformations were different. In addi-
tion, the lower hyperchromicity recorded at I = 0.21 was
in bearing with a nonmelting transition under these condi-
tions (Fig. 2, inset).

The thermal behavior of polyAT at I = 0.21 in the pres-
ence of progressively higher concentrations of NiCly
became less easy to interpret.

For NiCl, concentrations 20.0 and 30.0 mM, the in-
crease of the temperature lead initially to the appearance
of a very intense maximum in the CD spectra (Fig. 3,
Panel A), while an absorbance decrease of the order of
10-15% was observed in the UV band centered at about
260 nm.

A further increase of temperature seemed to induce
denaturation of such high chirality form, as suggested by
the lowering of the molar ellipticity and the marked hyper-
chromic effect (45-50%) (Fig. 3, Panel B).

The high temperature CD spectra exhibited the same
features observed for polyAT thermally denatured in the
presence of NiCl, (see Fig. 1).

Chirality DOI 10.1002/chir

At higher NiCl, concentrations (50.0 and 70.0 mM),
when the temperature was raised above 293 K, an absorb-
ance increase of 30-35% was observed for the UV elec-
tronic absorption band, while the CD spectrum changed
from a noncanonical B pattern, to one with the minimum
(247 nm) and the maximum (262 nm) of lower amplitude
and the small minimum at about 288 nm of increased am-
plitude and red shifted.

A further increase of temperature caused an abrupt
decrease of intensity of the CD spectrum, that became
nearly conservative with a minimum at 251 nm and a maxi-
mum at 276 nm: apparently the spectrum of the denatured
nickelated polyAT as observed for NiCl, 10.0 mM at [ =
0.12 (compare Fig. 1).

12000

08 =012

o
EY

8000

120

1=0.21

Abs (0.D.)
-
2

4000 g

00| Wms — L=
230 250 270 290 310 330 350
wavelength (nm)

[0] (degree cm? dmol™)

-4000 -

1=0.12

8000 L . L . .
2 250 270 290 310 330 350

wavelength {nm)

Fig. 2. CD spectra of the thermally modified polyAT in the quaternary
w/0 microemulsion at two diﬁerentrvalues (0.12 and 0.21) of the
ionic strength. [polyAT] = 8.60 X 10> M in monomer units; [NiCl,] =
10 mM; 7 = 336 K. Inset. UV spectra of the same systems.
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sion. [polyAT] = 9.23 X 10> M in monomer units; [NiCl,] = 20 mM; I =
0.21. (See text for details). Insets. UV spectra of the same system.

However, while in the latter case, denaturation was re-
versible, i.e. lowering of the temperature restored the ini-
tial UV and CD spectra, this did not occur in the former
case. For such samples, on cooling below the melting tem-
perature, a different form of polyAT was observed, charac-
terized by high intensity CD spectra and UV spectra
exhibiting the same hyperchromism of the denatured poly-
nucleotide.

Effects of NiCl> on PolyGC

The CD spectrum at 293 K of polyGC in the CTAB|»-
hexane|n-pentanol|water microemulsion in the presence of
NiCl, 1.0 mM (no NaCl) exhibited the characteristic pat-
tern of the canonical B form (minimum at 252.2 = 0.4 nm;
less intense maximum at 273 = 1 nm with a shoulder at
ca. 291 nm). When the I value of the aqueous core of the
microemulsion was raised, and adjusted to the selected
values by addition of NaCl, the CD spectra suggested con-
formational deviations from the B double helix. At all I val-
ues, the electronic absorption spectrum presented the
expected band centered at 257 nm; its absorbance
decreased ~7-10% upon increasing the temperature while
a shoulder developed at longer wavelengths (285-
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290 nm). Temperature effects, dependent on I value, were
observed at constant 1.0 mM NiCl, in the CD spectra.

In the absence of added NaCl, a thermal transition starts
around 325 K leading to the Z form of polyGC, as indicated
by the characteristic minimum developing at 294.2 = 0.4 nm
and a more pronounced maximum at 269 = 1 nm (Fig. 4).
The existence of a well defined isoelliptic point at 281.0 =
0.4 nm implies an equilibrium between the two forms.

At increasing I, the thermal evolution of both CD an UV
spectra pointed to a conformational transition to the Z
form, starting at a temperature that increased with the I
value and was in any case close to the upper limit of the
explorable temperature range. Consequently, the complete
transition could never be recorded, at variance with the ob-
servation in the absence of NaCl.

However, since the B- to Z-+transition is known to be
slow,”*647 the time evolution of the high temperature
spectra was followed for some samples.

Indeed, the amount of Zform does increase with time,
to eventually become the only one present in some cases,
as shown in Figure 5 for I = 0.12.

The dependence of the thermal stability on the NiCl,
concentration, at constant I, was also investigated. The [
value of 0.21 was chosen to allow for a larger range of
nickel concentrations. At 293 K, the CD spectra suggested
a B-DNA (see Fig. 6) or, possibly, partially C-DNA,**52
type of conformation for the polynucleotide when the
NiCl, concentration was 1.0 or 2.0 mM, while at metal con-
centrations 3.0 and 5.0 mM the spectral pattern hinted to
the simultaneous presence of B- and Z-forms.

Indeed, the spectra exhibited a minimum at about 252
nm, a maximum centered at 272 nm and a second mini-
mum at 293 nm, characteristic of the Z-form>**?>=* and
closely resembled those calculated as the sum of B- and Z-
polyGC spectra, mixed in different proportions.”® For
NiCl, concentrations in the range 10.0-70.0 mM, the CD
spectra (Fig. 6), with two minima centered at 256 and 291
nm, suggested the simultaneous presence of the polynu-
cleotide in the C-form and in one of the Z-family exhibiting
a single minimum at about 293 nm.*® At all nickel concen-
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trations, both the CD and the electronic absorption spectra
underwent marked changes, upon increasing the tempera-
ture, and the high temperature spectra evolved with time.

At 1.0 and 2.0 mM NiCl, concentrations the tempera-
ture-induced changes were a hypochromic effect in the
UV spectrum (7.0 and 16.5%, respectively) and a change of
the CD spectrum towards that of the Z-DNA form. The
time evolution of the high temperature (336 K) spectra
suggested an increase of the Z conformer, but no isoellip-
tic point was detectable.

At higher NiCl,, concentrations, 10.0-70.0 mM, the tem-
perature-induced changes were even less easily rational-
ized. In the Figures 7 and 8 the temperature and, respec-
tively, the time CD spectral evolution are shown for a
NiCl, concentration 70.0 mM, as an example.

The changes of the electronic absorption spectra, on the
other hand, were not very conspicuous: the main feature
was the increase of the ratio of absorbances at 290 nm
(where an evident shoulder developed) and at 257 nm
(where an hypochromic effect of ~8%, becoming 14% with
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Fig. 6. Dependence of the conformation of polyGC in the quaternary
w/0 microemulsion on the NiCl, concentration at constant ionic strength
(I = 0.21). [polyGC] = 1.03 X 10~* M in monomer units; 7" = 293 K.
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Fig. 7. Thermal behavior of polyGC in the quaternary w/o microemul-
sion. [polyGC] = 1.03 X 10~* M in monomer units; [NiCl,] = 70.0 mM;
1=0.21.

time).” Scattering at : >300 nm, ascribable to sedimenta-
tion of aggregates'*1%3>657 was never observed.

DISCUSSION AND CONCLUSIONS
Eftects of NiCl» on PolyAT

The effects of NiCl, on the thermal stability of polyAT in
aqueous solution® are consistent with the borderline na-
ture of the metal, i.e. a stabilization is observed at low con-
centrations due to preferential binding of the metal cations
to the phosphate groups, while destabilization and forma-
tion of aggregates occurs at high concentrations. This is
reflected in the values of T,,, when, at a given ionic
strength, NiCl, replaces NaCl (Table 1).

At variance, in microemulsion, even low concentrations
of NiCl, destabilize the double helix and, in many cases,
lead to melting at temperatures lower than in the matched
aqueous solutions (Table 1).

Such destabilizing effect is even more surprising when
one considers that thermal melting of polyAT in micro-
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Fig. 8. Time evolution of the high temperature spectra (7' = 336 K) of

polyGC in the quaternary w/o microemulsion. [polyGC] = 1.03 x 10™* M
in monomer units; [NiCly] = 70 mM; I = 0.21.
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emulsion, in the absence of nickel, cannot be observed
even at NaCl concentrations as low as 10.0 mM, where in
aqueous solution melting occurs at 317.5 K24

However, even in microemulsion, when the observed
temperature-induced transition is really melting, an
increase of the nickel concentration leads to lower values
of T, in agreement with the literature reports on the
effects of multivalent cations on polynucleotides in aque-
ous solution.!>%8

Consistent with the known behavior in aqueous solution
is also the T}, increase observed at increasing I, when the
NiCl, concentration is kept constant (Table 1). However,
this is true at low values of I and NiCl, concentration,
while the experimental thermal behavior of polyAT is not
so easily interpretable when I and the nickel concentra-
tions are increased. The anomalies begin at I = 0.12 and
become more marked at I = 0.21. Thus, the melting tem-
perature of polyAT for a 20.0 mM NiCl, concentration at [
= 0.12, is lower than at I = 0.06: this can be accounted for
only considering the behavior at higher ionic strength
(vide infra). When at the same I value, the nickel concen-
tration was raised at 30.0 mM, after the melting transition
a decrease of both the absorbance at the maximum and of
the CD spectra was recorded. Such spectral changes can
be ascribed to the formation of a small amount of sedi-
ment, probably comprised of condensed structures. It is
indeed well documented the aggregation of the thermally
denatured DNA in the presence of divalent cations, not
only soft or borderline, but even hard, by formation of
interstrand bonds.!*1>°%%° The aggregates, once formed,
would leak from the reverse micelles due to their dimen-
sions.

At ionic strength 0.21, the variable temperature behavior
is consistent with the findings obtained at lower I values
only for low NiCl, concentrations (1.0 and 5.0 mM), while,
as already mentioned, the thermal transition observed at
10.0 mM nickel concentration is not the double helix-to-
coil melting. Some clues to infer the nature of the transi-
tion can be gained from the findings obtained at higher
nickel concentrations.

The prominent CD maximum recorded for 20.0 mM
nickel concentration at temperatures intermediate bet-
ween room and melting, suggests the formation of either
an A-form of polyAT or ¥ (+) aggregates,® %" both exhib-
iting a strong CD maximum, at 260 nm for the canonical
A-form of polyAT® and at about 280 nm for the ¥ (+) form
obtained in the ethanol (33.6%)-NaClO,4 (0.61 M) solvent at
267 K.®® However it is well known that the A-form of pol-
yAT can be obtained only at low temperatures®® and that
the B-to-A transition is inhibited by even very low concen-
trations of nickel.%® A typical feature of the A-form, in addi-
tion, is a strong CD minimum in the region 210-220 nm.%
In microemulsion, the region below 230 nm cannot be
explored, but the appearance of our spectra would sug-
gest, instead, the growth of a strong positive band in that
spectral region, in analogy with what has been reported
for the W (+) aggregates.®®" It is, therefore, reasonable to
assign the first temperature-induced conformational
change to the transition from a B-family double helix to a
Y (+) compact form of polyAT, while the second thermal
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process can be identified as the melting of the ¥ (+)
aggregates to yield the denatured polynucleotide.

A similar sequence of temperature-induced changes was
observed at 30.0 mM nickel concentration, but the transi-
tion to the ¥ (+) form was not yet completed when the ab-
rupt melting occurred.

It is worth noting (Table 1) that the conformational tran-
sition occurs at the same temperature for NiCl, concentra-
tions 20.0 and 30.0 mM, while the melting temperature is
higher when the metal concentration is higher. Since the
Y (+) aggregates are favored and stabilized by interhelix
bonds, made possible by the presence of divalent cations,
it is reasonable to assume that the number of such bridges
would increase with the metal concentration and thus lead
to a higher T, value.

When the nickel concentration increases (50.0 and
70.0 mM), the B-family to W (+) transition temperature,
that seems to be independent on the metal concentration,
and Ty, of polyAT duplex, that decreases with NiCl, con-
centration, approach one another and the two transitions
become competitive. Thus, while at 50.0 mM nickel the
beginning of the B-to-¥(+) transition was observed, at
70.0 mM nickel only the double helix-to-coil melting was
recorded at a temperature consistent with the destabilizing
effect of high nickel concentrations.!>"

Eftects of NiCl» on PolyGC

It is well known that polynucleotides containing GC
sequences tend to assume the Z-DNA conformation.!* Z-
type structures are favored by low water activity and by
divalent cations; in particular, Ni*2 ions are well known
inducers of the B-Z transition.183640:46:56.68.69 The aqueous
microdomain of w/o microemulsions should be a very
favorable medium for the formation of Z-structures, since
the endomicellar water has activity and dielectric constant
much lower than bulk water.”>™ Indeed, in w/0 micro-
emulsion, in the absence of added NaCl, 10.0 mM NiCl,
induces the B-to-Z transition of polyGC, when the tempera-
ture is increased (see Fig. 4), even though the Z-form of
nickelated polyGC has CD spectral features appreciably
different from the Z-form in the absence of the metal (see
Fig. 9). At higher I values, and NiCl, 10.0 mM, the room
temperature CD spectra would suggest a shift of the B-
form towards a C-DNA form.*®

The C-DNA, found in fibers at low relative humidity, is
generally considered a righthanded overwound helix*®;
yet, some authors have suggested for C-DNA a lefthanded
helix conformation.’®®' Such, possibly partially C, form
undergoes a thermal transition towards the Z-DNA form,
but more slowly and at higher temperature than in the ab-
sence of NaCl. The time evolution of the high temperature
Z-form leads to a CD spectrum where the maximum has a
higher amplitude than the minimum (see Fig. 5), at var-
iance with the Z-form. The thermal and time evolution of
the CD spectra at higher NiCl, concentration (I = 0.21)
might suggest a rationale for such behavior. The CD spec-
tra, that at room temperature seem to arise from a mixture
of B (or partially C) and Z-form of polyGC, evolve with
temperature to spectral patterns reminiscent of Z' poly-
GC.16538 Guch conformation has been reported for

Chirality DOI 10.1002/chir
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Fig. 9. Zform of polyGC in the quaternary w/o microemulsion in the
absence (A) and in the presence (B) of 1.0 mM NiCl,.

polyGC solutions at high ethanol (85%) or methanol (88%)
content™ or for 85% ethanol solutions in the presence of
multivalent cations. Isomerization to Z' form of polyAT and
of poly(dA-dC)-poly (dG-dT) has been induced in aqueous
solution of ethanol (15 and 28%, respectively)-NaClO, (4.3
and 3 M, respectively) by addition of submillimolar con-
centrations of NiCl,.®® Thus, Z' structures of polynucleoti-
des have been observed in media of low water activity and
dielectric constant largely smaller than that of bulk water.
Such medium characteristics are well matched by endomi-
cellar water, especially at fairly high I values. Thus, we
confidently attribute the CD spectra, I/ = 0.21 and high
nickel concentrations to Z' forms of polyGC. One point
worth of notice of such NiCl, -induced conformational tran-
sitions is that they occur at temperatures near 273 K in so-
lution, while in microemulsions they are prompted by a
temperature increase.

CONCLUSIONS

The above discussed results evidence once more the ba-
sic difference between solution and microemulsion behav-
ior of polynucleotides. The most interesting feature is the
variety of conformations elicited by NiCl, in microemul-
sion, both for polyAT and polyGC that are not found in sol-
utions of matched composition. Some of such conforma-
tions appear to exist in a very limited range of medium
composition, as, for instance, the W(+) form of polyAT,
observed only at I = 0.21, nickel concentration in the
range 20.0-50.0 mM and temperatures between room and
about 313 K. Such finding, however, is not anomalous
since the ¥ (+) form in solution has been observed only in
special conditions, namely temperatures near 273 K and
perchlorate-ethanol solutions® or in the presence of triva-
lent cations.®® Moreover, in solution, the W¥(+) form is
very unstable and can easily be transformed in the ¥ (—)
aggregates by increasing the temperature from 267 to
284 K (in perchlorate-ethanol solutions)® or by mere
mechanical stirring.%®

In microemulsion the W(+) form of polyAT, while
observed only in a very limited range of conditions, is sta-
Chirality DOI 10.1002/chir
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ble and does not convert to W (—) aggregates or other con-
densed form that would give scattering or sedimentation.
Even for polyGC, the Z' form has been observed only in
ethanol®®"* or methanol® rich solutions, the several forms
of the Z-family in trifluoroethanol rich (66-78%) water solu-
tions®* and the C-form in 3.8 M LiCl solution.*’

It is worth of comment that Z and Z' forms could be
induced in microemulsion for polyGC but not for polyAT.
It is well known that in solution transitions to left-handed
forms can be observed for polyGC under a large range of
experimental conditions,®”186:46:47.53-55.65.68,74-77 where-
as such transitions have been reported for polyAT only in
a limited number of cases. Thus, the Z’-DNA form of poly-
AT has been observed only in ethanol(15%)-NaClO4
(4.3 M) solutions in the presence of >0.87 mM NiCl, at
271 K.% The Z-DNA form, on the other hand has been
identified either in films,”®" typically at low water content
(RH 76%), high polynucleotide concentration, and in the
presence of two Ni?" per nucleotide,”® or in solution at
5 M NaCl/95 mM NiCl, with polyAT concentration of
1 OD/ul® The B-to-Z transition of polyAT in solution
requires the combined effect of high sodium chloride and
NiCl, in a very narrow range of concentrations (85—
95 mM).8®2 Tt is possible that stringent conditions of
similar type are required also in microemulsion for the Z-
DNA form of polyAT to occur, and were not met in any of
the systems investigated.

Therefore the most interesting aspect of the rich nickel-
induced variety of polymorphs in microemulsion is that
they all occur in the same aqueous medium and at not
very high salt concentrations. Certainly the peculiar charac-
teristics of the aqueous compartment of the w/o micro-
emulsions’®"® resemble those of aqueous solutions rich in
alcohol or with high salt concentrations, but they are also
similar to those of the water near biological membranes.

The results presented here, therefore, might be relevant
to tackle the problem of the reactivity of DNA packed in
the eukaryotic cell nuclei or superpackaged in the chroma-
tin of cells in metaphase.

Another point which is worth of comment is the temper-
ature range where some conformations have been
observed, in particular the W(+) compact form of polyAT.
In solution, ¥ (+) has only been observed at temperatures
near 273 K, while in microemulsion the B-to- ¥(+) transi-
tion occurs around the physiological temperature of 310 K,
and denaturation at 7> 313 K.

Therefore, even the W (+) conformation could be biolog-
ically significant.

The results presented here suggest once more that the
use of w/o microemulsions as models of the endocellular
compartment would be appropriate when studying the
reactivity and the conformational stability of DNA.
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ABSTRACT The technique of photoelectron circular dichroism (PECD) is intro-
duced and illustrated by the presentation of results obtained for the C 1s core ionization
of (+)-S-carvone enantiomers. Using circularly polarized ionizing radiation, large chiral
effects in the angular distribution of photoelectrons emitted from a dilute, randomly ori-
ented gas phase sample can be detected. This effect is predicted in the pure electric
dipole approximation and is expected to be quite general. The forward—backward asym-
metry regularly exceeds 10%, as demonstrated here for the carbonyl C 1s photoemission
of carvone. Calculations are presented that reveal a pronounced dependence of this
effect on molecular conformation. In the case of carvone the PECD associated with the
C 1s electron localized at the carbonyl group varies with orientation of the isopropenyl
tail group at the opposite end of the molecule. Comparisons of calculations with experi-
ment confirm the molecular configuration and permit inferences to be drawn concern-
ing the relative conformer populations in the experimental sample. Chirality 20:961-
968, 2008.  © 2008 Wiley-Liss, Inc.

KEY WORDS: photoionization; photoelectron spectroscopy; synchrotron radiation;
molecular conformation; core electrons; photoemission

INTRODUCTION

Photoelectron circular dichroism (PECD) is a relatively
new technique that is based upon the measurement of chi-
ral asymmetries in the angular distribution of photoelec-
trons emitted following ionization by a beam of circularly
polarized radiation. Perhaps the most remarkable feature
of this photoemission asymmetry is that it is already pres-
ent in the lowest order, pure electric dipole approximation;
no recourse to higher order interactions in the photon-mol-
ecule interaction (i.e., neither electric quadrupole, nor
magnetic dipole terms) is required to explain the phenom-
enon. Consequently, since the effect was first predicted! it
was always anticipated that it would be large. The first
fully realistic calculations suggested that asymmetry fac-
tors of the order of a few 10% should be expected, a predic-
tion which has subsequently been borne out by experi-
ment in a number of different molecules.? !

As a form of photoelectron spectroscopy, PECD is natu-
rally performed under vacuum conditions using vapour
phase samples of randomly oriented molecules; either at
low pressure (<5 X 10~° mbar) in a gas cell or effusive
jet, or in a supersonic molecular beam in the spectrometer
interaction region. In either case the sample molecules are
effectively isolated, noninteracting and nonsolvated. The
absence of solvent permits the possibility to examine the
intrinsic molecular conformation and removes solvent in-
terference effects. An enormous range of photon energies,
from near the photoionization threshold (typically ~8 eV)
© 2008 Wiley-Liss, Inc.

through to the soft X-ray region (500 eV or more) can
therefore be used, with a correspondingly rich variety of
behavior observed. The combination of energy and angu-
lar measurement of the photoelectrons provides for PECD
phenomena to be resolved into contributions made by indi-
vidual initial orbitals.®% !

The exceptional size of PECD asymmetry factors, sev-
eral orders of magnitude greater than typically encoun-
tered in normal CD measurements made with isolated
molecules (i.e., in the absence of cooperative condensed
phase enhancement mechanisms) suggests that high sen-
sitivities are potentially achievable. However, it should be
stressed that this arises from the ability of the technique
to provide angular resolution of the final state wave func-
tion. Once integration over all possible photoemission
directions takes place, as in a total cross-section measure-
ment, the enhanced PECD asymmetry is lost. Conven-
tional circular dichroism may persist in the angle-inte-
grated photoionization cross-section, just as in bound-
bound photoabsorption measurement, but with the antici-
pated strength reduced by orders of magnitude.
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Scheme 1. S-carvone.

There are clear indications that PECD measurements,
particularly when spanning a range of energies and/or dif-
ferent orbital ionizations, may be strongly sensitive to mo-
lecular geometry, and thus able to differentiate between al-
ternative molecular conformations.”'™1® At the same time
the successful application of theoretical models to treat the
experimental data provides clear evidence that not just mo-
lecular conformation, but also absolute configuration could
be assigned with such experimental data.

In the following the author outlines the basis for the
phenomenon and its theoretical treatment and then pro-
vides an example to demonstrate principal features of the
technique that draws upon a fresh analysis of results
obtained for the C 1s ionization of S-carvone (C;oH;4O-
Scheme 1). It might be thought that measurements made
with core electrons were unpromising territory for the
study of molecular chirality; an initial 1s orbital is spherical
(achiral) and localized. As such it must be very largely
uninfluenced by the handedness of the molecular frame-
work within which it is located, especially so when, as in
carvone, it is localized at some distance from the asymmet-
ric carbon centre. Nevertheless, core level PECD*” has
been found to be at least comparable in magnitude to typi-
cal valence shell results.®%1!

PECD

The quite general expression, in the electric dipole
approximation, for the normalized angular distribution of
photoelectron flux in a single photon ionization takes the
phenomenological form:

1,(8) = 1+ b} Py (cos 0) + b5P>(cos 6) (1)

where P, is the nth order Legendre polynomial and the
coefficients b2 depend on the photoionization dynamics as
well as on the polarization (or photon helicity), p. For lin-
ear polarization (p = 0) the laboratory frame direction, 0,
is understood to be measured from the electric vector
axis, while for circularly polarized light (CPL), or for an
unpolarized beam of light, it is appropriate to measure 0
from the light beam propagation direction.

Theoretical analysis™* of the electric dipole photon-mol-
ecule interaction indicates that the coefficients b depend
on summations over complex expressions involving vari-
ous angular momentum coupling terms and the radial
electric dipole matrix elements. The former dictates vari-
ous symmetry properties for the b coefficients.

Of principal interest here is that the b’l’ coefficient must
vanish for all but CPL, but will be then antisymmetric
(change sign) with respect to a switch between positive
Chirality DOI 10.1002/chir
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and negative helicity radiation i.e., from left (9 = +1) to
right (p = —1) handed CPL. This is not, however, suffi-
cient as the photoionization matrix elements that have op-
posite projections of angular momentum must be inequiva-
lent, otherwise there will be a self-cancellation over the full
summation. In other words, only for chiral molecules ion-
ized with CPL does the additional 1st Legendre polynomial
term (simply a cosine function) appear in the angular dis-
tribution. But when it does it, the odd inversion character
of the cos 6 term implies a forward—backward asymmetry
in the angular distribution relative to the direction of the
photon beam. In addition, from angular momentum con-
siderations®!* it may be shown that biﬂ} = fbifl} for a
given molecular enantiomer and that b’{ will also swap sign
with exchange of enantiomer. Thus the dissymmetry in
the angular distribution should reverse on swapping the
handedness of either the light or the molecule.

These properties of the angular distribution mean that
there exists a circular dichroism in the angle resolved pho-
toemission. A PECD asymmetry factor, I', can hence be
defined using eq. 1 for a given enantiomer as:

(0) = I.(6) — Ix(6) = 261" cos 0 (2)

Here I;, and Iy refer respectively to distributions obtained
with left- and righthanded CPL. As a special case the
PECD in the forward direction, 6 = 0°, is then just:

o = (IL(0) — Iz(0)) = —(IL.(180) — Ix(180)) = 26{ ™" (3)

Alternatively, a quantitative measure of the photoelectron
angular asymmetry for a given enantiomer and light helic-
ity, p, can be defined from eq. 1 as the difference in the
electron fluxes through equal area elements on the unit
sphere in the 0° and 180° directions normalized to the
mean flux through an area element (average over the
whole sphere) as

Gap = |I,(0)sin 6 do de
—1,(180) sin 6 do de/sin 6 do do| = [20%]. (4)

The PECD and angular asymmetry factors are thus seen
to be essentially equivalent, but provide alternative
approaches to measure the chiral b‘l’ parameters. In princi-
ple, Gap can be determined with a single light polarization
and measurements taken at two or more angles. Neverthe-
less, it is usually convenient to measure the dichroism at
one or more detection angles using alternate left- and right
CPL, as this approach can be used to achieve cancellation
of instrumentally induced asymmetry (for example any
angular variation in electron detection sensitivity).
Equation 1 will undoubtedly be more familiar without
the middle P; term, given the far more common circum-
stances where linearly polarized radiation and/or achiral
molecules are investigated. In such cases b = 0 and the
2nd Legendre polynomial coefficient can be readily identi-
fied with the familiar 8 anisotropy parameter; more com-
pletely the relationships are: g = b = —2b{*1 = —2punPel,
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EXPERIMENTAL DETAILS

The experiments were made at the UE56/2 beamline at
the BESSY II synchrotron radiation facility (Berlin). This
beamline has twin undulators that may be set to produce
CPL of opposite handededness.’® A mechanical chopper
arrangement is then used to provide 0.1 Hz switching
between alternate polarizations at the experimental station.
In this experimental chamber the photon beam passes
through a heated gas cell (80°C) containing a vapour of
(+)-S-carvone (Aldrich 96%) from which electrons are
extracted into an electron analyser. Background pressures
in the system are <10~® mbar. The hemispherical electron
analyser system accepts electrons at 54.7° to the photon
beam propagation direction. A potential experimental diffi-
culty lies in the need to normalize the experimental counts
rather than work directly with eq. 2. For example:

I(0) = (N,11,1(6) — N_1I_1(0))

/(N41141(8) + N_11-1(6))/2) - (5)

Assuming that the sampling conditions are set or compen-
sated so that the angle integrated counts are comparable,
i.e.,, N1 = N_1, the expected form of the angular distribu-
tion, Eq. 1, implies that the denominator will still depend
on the (probably unknowne béﬂ} coefficients, impeding the
extraction of the chiral b parameters from the measured
I'(0). However, the partlcular choice of 0 = 54.7°, the so-
called magic angle at which P,(cos®) = 0, means that the
measured data will be independent of b &1 }, and conse-
quently b can be independently determmed at this
measurement angle.

Full experimental details and an explanation of the data
analysis needed are given in a previous paper.’

COMPUTATIONAL DETAILS

The evaluation of the angular distribution parameters,
b” requires the calculation of the electrlc dipole matrix ele-
ments for the ionization process.'* A feasible approach for
doing this, applicable to molecules of the size of typical
chiral species, is the continuum multiple scattering model,
using the Xa local-exchange potential (CMS-Xa).'%'" This
computational method for obtaining photoionization matrix
elements has been described in the context of molecule-
frame photoelectron angular distributions for polyatomic
and was subsequently extended to treat arbi-
trary light polarization states and, specifically, the estima-
tion of PECD parameters.*%

In the present work we update previous calculations
made for the carvone molecule.”'? CMSXa calculations
are made using model potentials that subdivide the mole-
cule into overlapping spherical regions centred at each
atomic site, the positions of these atomic centres being
obtained from MP2/6-31G(p,d) optimized geometries. For
the new work the atomic sphere radii have been taken
from the optimized values suggested by Takai and John-
son,?! however, the H atom radius suggested by this
source leads to excessive overlap of the central carbon
atom in tetrahedral geometries, and experience with CMS-
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Xa PECD calculations suggests that consequently over-
emphasised spatial averaging in the C atom vicinity can
excessively smear the potential. Instead, an alternative,
smaller choice for the H atom radius is preferred.?? This
hybrid set of atomic sphere radii has recently been estab-
lished to work well in rather large molecules such as
fenchone.!®

The CMS_Xa calculations work with a set of angular ba-
sis functions located on each atomic site, while the radial
functions are obtained directly by numerical integration.
The angular basis requires truncation at some appropriate
values of the angular momentum, /.. An earlier study of
carvone demonstrated how, exceptionally for the calcula-
tion of PECD effects, the [, limit in the asymptotic
region had to be set as large as 18. Following this finding
the truncation limits for the calculation of the continuum
functions are set here at 18,10,5 in (respectively) the
outer-, the first row atom-, and the H-atom spherical
regions. The truncation limits for the initial state calcula-
tion are also increased from the earlier papers7‘12 to [6,3,1]
(with the same ordering) as recent experience has indi-
cated the importance of using more than the minimal | =
0 basis on H atoms, even when the initial orbital consid-
ered contains negligible H atom contributions.

RESULTS AND DISCUSSION

In the carbon K-edge region the carvone X-ray photo-
electron spectrum (XPS) possesses three distinct peaks
that are assigned to the carbonyl C=0, the isopropenyl
CH,=, and the remaining CH C 1s photoemissions. An
example spectrum, recorded at a photon energy of 300 eV,
is shown in Figure 1, with these assignments indicated.
Figure 1 in fact includes two S-enantiomer spectra, Sy and
Sr recorded with left- and righthanded CPL. These
recordings are made in such a way that exact comparabil-
ity is ensured, compensating for variations in vapour pres-
sure, light intensity, etc.” It can then be seen that there is

a perceptible intensity difference for the C=0 1s! peaks
20 T T T T T 200
Spactra y ! . e

18] X0 & —‘;:)‘i L £y Sq
s o H Pk Base| 4 150
£ 0] a 5
& & it il 100 5
-@ 5 Al !?—||Ln. =
= AT b =)
o 2
i i HOCH=
i s g L 2 50
€=0
-5 e e e 1l
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Binding Energy (eV)

Fig. 1. C 1s region XPS (kv = 300 eV) recorded with (+)-S-carvone
enantiomer. S; and Sk are recordings made with, respectively, left and
right circular polarization. Normalized asymmetry is shown with error
bars (left axis scale). [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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Fig. 2. PECD of the (+)-S-carvone C=0 1s photoemission. Open and
filled plotting symbols distinguish measurements made on separate occa-
sions. The curves show two CMSXa calculations assuming alternative
conformer populations, discussed in the text.

in the two spectra as a result of the dichroism. Also
included in the figure are the asymmetry factors, I'(54.7°),
obtained from the difference spectrum, S;-Sg, as given in
eq. 5. These are presented point by point in those regions
where they are statistically significant.

In the carbonyl peak region the S-enantiomer asymme-
try I'(54.7°) ~ 6%. This corresponds to a forward-backward
angular asymmetry, Gap, of over 10% (eqs. 2-4). It is also
clear from Figure 1 that the PECD asymmetry in the XPS
at this single photon energy varies with the peak, or the
identity of the ionized orbital. The isopropenyl CH,= peak
displays a smaller I' of a few percentage, while for the
principal CH peak it barely exceeds zero. It should be

POWIS

noted however, that this latter peak is a composite of
many superimposed orbital contributions. As such the
individual orbitals may contribute a non-negligible PECD
asymmetry, but because some may be positive, some neg-
ative, their average will always tend to move towards zero.
This expectation has been quantitatively demonstrated in
the case of a similar composite peak in camphor.* The
asymmetries recorded also show a dependence upon the
photon energy (equivalently the electron Kkinetic energy
upon ejection from a given orbital).

Figure 2 presents the mean asymmetries for the S-enan-
tiomer sample, averaged over the FWHM of the carbonyl
C=0 1s peak, as a function of photon energy. The experi-
mental asymmetries I'(54.7°) have been trivially converted
by factoring out the cos(54.7°) so as to plot I'y(= Zbi“})
for this enantiomer, facilitating comparison with theoreti-
cal predictions of the b{ﬂ} coefficient. The experimental
data analysis undertaken to produce Figure 2 incorporates
an improved spectrum baseline correction treatment.
Although any background is automatically cancelled in
forming the difference spectrum, it can still influence the
outcome if it is retained in the denominator in eq. 5 when
normalizing. An incomplete baseline subtraction in the de-
nominator will therefore introduce magnitude errors to
the deduced asymmetry factors. Application of the
improved baseline correction has now reduced the scatter
in previously published carvone PECD results’” and addi-
tional S-enantiomer data points have also been added in.
The S-enantiomer data displayed in Figure 2 were obtained
over two separate beamtime allocations at BESSY. Where
they overlap it can be seen that the reproducibility is good.

A carvone enantiomer has six possible conformations,
corresponding to equatorial and axial positions for the iso-
propenyl tail group, with three rotational conformers in
each case.'>?>?* These are illustrated for the S-enantiomer
in Figure 3, but otherwise employ the same labelling as in

Ax-2

Ax-3

Fig. 3. S-carvone conformations. Oxygen atom is drawn in black, asymmetric carbon is shaded dark gray.

Chirality DOI 10.1002/chir
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TABLE 1. Absolute energies, E, free energies, G, and estimated relative populations at 350 K for carvone conformers

Conformer Eg-1 Eqg-2 Eqg-3 Ax-1 Ax-2 Ax-3

B3LYP/6-31G**
E (au) —464.7154211 —464.7149355 —464.7150088 —464.7120498 —464.7121499 —464.7125433
AE (eV)? 0.000 0.013 0.011 0.092 0.089 0.078
AE (cm™})? 0.00 106.58 90.48 739.93 717.95 631.62
Population (350 K) 0.41 0.26 0.28 0.02 0.02 0.03
G (au) —464.536555 —464.535844 —464.535869 —464.532509 —464.532872 —464.53309
AG (eV)? 0.000 0.019 0.019 0.110 0.100 0.094
AG (cm™)? 0.00 156.05 150.56 888.00 808.33 760.49
Population (350 K) 0.47 0.24 0.25 0.01 0.01 0.02

MP2/6-31G**
E (au) —463.3014004 —463.3004316 —463.3007744 —463.299837 —463.3001968 —463.3008793
AE (eV)? 0.000 0.026 0.017 0.043 0.033 0.014
AE (cm ™ b2 0.00 212.62 137.39 343.13 264.15 114.36
Population (350 K) 0.32 0.13 0.18 0.07 0.10 0.20
G (au) —463.116939 —463.116534 —463.116441 —463.114544 —463.115133 —463.115270
AG (eV)? 0.000 0.011 0.014 0.052 0.036 0.032
AG (cm™H)? 0.00 88.89 109.30 416.35 287.08 257.01
Population (350 K) 0.32 0.22 0.20 0.05 0.09 0.11

“Differences relative to the Eq-1 conformer.

b

Electron K.E. (eV)

Fig. 4. CMS-Xa calculations for the six S-carvone conformers. From
the top: Cross-sec%joqs (0); B-parameters; b; " coefficients for the equato-
rial conformers; bl+1 coefficients for the axial conformers. The same keys
apply to all panels. [Color figure can be viewed in the online issue, which
is available at www.interscience.wiley.com.]

previous computational studies made for the R-enan-
tiomer.'??3 Table 1 lists the results of two sets of calcula-
tions for these conformers, made using the Gaussian-03
programme? with either a BSLYP functional or an MP2
post Hartree-Fock method and, in either case a 6-
31G(p,d) basis. In addition to the absolute energy for each
conformer, free energy differences are estimated using
calculated vibrational frequencies, and estimated popula-
tions at the experimental temperature of 350 K estimated
from these. It is seen that the equatorial conformations are
the most stable and that only a relatively small thermal
population of the axial conformations is expected.
Nevertheless, the exact population ratios are quite
model dependent owing to the small energy differences
(<250 cm ! or, equivalently, <1 kcal mol ) between the
three rotamers in each group.

Figure 4 compares the newly extended CMS-Xa calcula-
tions for the photoionization of the C=0 1s orbital of each
of these S-(+) conformers. The cross-section results for
the three equatorial conformers are quite similar to
one other, and the conformers Ax-2 and Ax-3 are also very
similar to the other. But these two groups differ some-
what, both from each other and also from the Ax-1 con-
former. The amount of variation is a little unexpected, and
this is underlined by the core binding energies (CEBEs)
for the carbonyl C 1s orbital, calculated Chong’s
AExs(PW86—PW91) method?®2® with relativistic correc-
tions,”” and shown in Table 2. As can be seen these show
negligible differences, suggesting that any changes in
electron density at the carbonyl group as a result of the
changed conformation are negligible with consequently no
variation in the binding energy shift.

The calculated B anisotropy parameters (equivalently
bép } coefficients) are similar for all conformers, only the
Ax-1 and Eg-2 showing much deviation from the mean,

Chirality DOI 10.1002/chir
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TABLE 2. C—O 1s core binding energies calculated by the
AExs(PW86 — PW91) + C, method

Conformer CEBE (eV)
Eqg-1 292.43
Eq-2 292.53
Eqg-3 292.55
Ax-1 292.42
Ax-2 292.49
Ax-3 292.52

and even then only over limited energy ranges. However,
the biﬂ} coefficients (lower panels of Figure 4) show
big differences, most notably between the axial and equa-
torial conformations, but also within these groups. In other
words the chiral part of the angular distribution is much
more sensitive to molecular conformation than the regular
B parameter. This is now expected behavior from
other studies'"**% and arises because of the different way
in which the chiral biﬂ} coefficient is sensitive to phase
shifts induced as the electron scatters from the ion
core, even when the relative phase differences are quite
small.*?

We can anticipate that the dominant contribution to
the experimental PECD comes from the equatorial
conformers, based upon the much larger predicted popula-
tions of this group (Table 1). Focussing on this set of
curves in Figure 4, it can be seen that significantly, in the
region broadly centred around 10 eV above the threshold
where the experimental data are concentrated, the eq-3
conformer predictions are for a much smaller b, coeffi-
cient than for either the eq-l or eq2 structures. In
this same region, the axial conformers all have predicted
biﬂ} values that are negative. The net sign and amplitude
of the experimental asymmetry in this region should thus
be sensitive to the relative contributions made by the
(eq. 1, eq. 2) pair, the eq-3 conformer, and the axial con-
formers.

Figure 2 includes results from the CMS-Xa calculations
in a form allowing direct comparison with experiment. The
relative conformer populations suggested by the MP2 and
B3LYP free energy calculations in Table 1 are used to gen-
erate two curves as ap%)ro}priately weighted averages of the
individual conformer bl+1 curves that are displayed in Fig-
ure 4. Strictly, an additional weighting factor at each
energy should be obtained from the relative conformer
ionization cross-sections as well as populations, but this is
thought unlikely to significantly change the present find-
ings. In plotting these curves on Figure 2 an energy scale
offset of —1.25 eV has been introduced to allow the pre-
dicted and experimental maxima to coincide. This is
because the Xa potential is overall insufficiently attractive,
so that continuum features appear shifted up in energy.
While this could be overcome by tuning the Xa parameter-
izations the ad hoc plotting offset is usually sufficient to
permit useful comparisons.

From Figure 2 it may be seen that the calculations pro-
vide at least semiquantitative agreement with experi-
ment; significantly the sign and approximate magnitude
Chirality DOI 10.1002/chir
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of the peak asymmetry are convincingly reproduced.
Looking more closely at the averaging, it can be seen in
Table 1 that the MP2 and B3LYP calculations differ
principally in the predicted 350 K populations of the
axial conformers. These are essentially negligible in the
latter calculation, only slightly less so in the former.
Within the group of equatorial conformations the calcu-
lations agree on nearly equal population for eq-2 and
eq-3, but differ in the predicted eq-1 population relative
to these. As noted above mixing in more contribution
from the eq-3 conformer will have the effect of reducing
the magnitude of the peak asymmetry; mixing in
more eq-1 contribution will increase this magnitude.
The MP2 weighted bﬁl} curve, with a smaller (eq-1 +
eq-2): eq-3 ratio has a correspondingly smaller peak ampli-
tude than the alternative B3LYP weighted curve. However,
it is clearly possible to infer from the theory-experiment
comparison that a conformer other than eq-1 and/or eq-2
is populated in the experiment, for either of these alone
predicts the peak asymmetry I'g(= Zb{“}) to be ~20%,
which is clearly greater than that which is observed in the
experiment. Given the expectations about the reduced sta-
bility of the axial conformers it seems improbable that
they would be present in significant amount, so that a
clear deduction can be made that there is around 25%
population of the eq-3 conformer present in our thermal
sample.

Previous gas phase electron diffraction experiments®
while concurring about the dominant presence of equato-
rial conformers, were unable to distinguish the relative
contributions made by eq-2 and eq-3. A laser spectroscopy
investigation of carvone, performed in a seeded supersonic
molecular beam,?° found features which could be attrib-
uted to each of the three equatorial conformers, with eq-1
making the major contribution. The present finding is
complementary to these, clearly indicating the presence of
significant eq-3 populations.

Compared to an earlier investigation of PECD for this
molecule,'? the improvements that have now been
implemented in both the experimental data analysis and
the theoretical modeling allow the present work to
arrive at a much more definitive conclusion than was
previously obtained. Discrepancies between theory and
experiment remain, however, most notably the pre-
dicted secondary peak in the bi*l} curve at ~10 eV ki-
netic energy. It can be seen from Figure 4 that this peak
in the PECD curves correlates with structure predicted in
the cross-section and, most significantly, a pronounced dip
in the B-parameter curves. Such characteristics are fre-
quently used to infer the presence of a shape resonance in
the ionization continuum, and it is postulated that this is
the case here also. Shape resonances provide a well-docu-
mented difficulty for current computational approaches,
which typically over-estimate the magnitude of the behav-
ior they induce. In the present case it can be seen that
while there is indeed a suggestion of a shoulder in the ex-
perimental PECD data at 10 eV, this falls short of the dis-
tinct peak predicted—all of which is consistent with a reso-
nance that currently impedes a fully quantitative compari-
son in this region.
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CONCLUSIONS

The C 1s core ionization of (+)-S-carvone enantiomers
by circularly polarized soft X-ray radiation displays many
of the more general features now being encountered in
PECD investigations. The chiral asymmetries in angle-
resolved photoemission can be large—at least 12% here—
even though for a 1s ionization the initial orbital is achiral
and so oblivious to the molecular handedness. The photo-
electron must therefore “sense” the chirality only after its
ejection, as it is scattered by the molecular ion core. There
is then paradoxical evidence that the PECD does strongly
depend upon which orbital is being ionized. In the case of
these supposedly achiral 1s orbitals this must be attribut-
able to their localization at different sites within the mole-
cule where they can provide different point emission sour-
ces for a kind of in situ low energy electron scattering.

A dramatic feature of this chiral electron scattering is
the marked dependence upon molecular conformation.
Although this has been noted in different circumstances, it
is perhaps most surprising here, in carvone. The carbonyl
C 1s™ ! photoelectron angular asymmetry is strong yet at
some energies can seemingly be “quenched” or even
reversed by changes in the orientation of the isopropenyl
tail located at some distance from the initial emission site.
The comparisons with theory that are provided here allow
a fairly strong inference that there is a significant popula-
tion of the eq-3 conformer together with the eq-1 and/or
eq-2 conformers. Because of the small energy differences
between the conformers, predicted population distribu-
tions are quite model sensitive, but on balance an eq-1:eq-
2:eq-3 ratio of 2:1:1 looks to be plausible.

Whatever ambiguities may persist in the theory to
experiment comparisons, and so may serve to limit full
quantitative agreement—due perhaps to theoretical limita-
tions, experimental limitations, population uncertainties,
shape resonances—it is abundantly clear that the present
level of calculation can accurately predict the sign of the
key features in the photon energy dependent PECD spec-
tra. There is thus a capability to use such experiments and
accompanying modeling to assign absolute configuration
where this is not already known.
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ABSTRACT Sugar amino acids and their oligomers, known as carbopeptoids, are
commonly studied as foldamers. However, study of their conformational preference is
often challenging when the adopted conformations are extended and/or disordered.
This study is the first to explore the disordered nature of such carbopeptoids by utiliz-
ing a family of 2,5-trans carbopeptoids. An array of spectroscopic techniques has been
used to investigate the conformational preference of these carbopeptoids. However,
using this data alone it has not been possible to assign conformational preference as an
ordered extended conformation or as a disordered family of closely related conforma-
tions. Computational methods need to be employed to achieve reliable interpretation of
the spectroscopic data. Chirality 20:969-972, 2008.  © 2008 Wiley-Liss, Inc.
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INTRODUCTION

Sugar amino acids (SAAs) are a structurally diverse
class of compounds which are commonly used as dipep-
tide isosteres in the field of peptidomimetics.'™ As such,
the understanding of the conformational preference of the
corresponding oligomers, known as carbopeptoids, is vital
to successfully utilize SAAs to create biologically active
analogues.® The strategy for interpretation of carbopeptoid
conformational preference has been previously discussed
in detail and relies on the combination of an array of spec-
troscopic techniques to gain a deeper understanding of
the conformational preference of these systems.® A combi-
nation of 'H NMR, infrared (IR), and circular dichroism
(CD) data will be discussed here to illustrate the issues of
conformational assignment of extended and disordered
systems. The conformational assignment of disordered
systems is still an ongoing issue, even for the most well-
defined foldamer systems such as a-peptides and proteins.
Disordered conformations have been identified as impor-
tant for biological function” and thus the identification and
understanding of such systems is vital to the further under-
standing of structure—function relationships in biological
systems. For clarity, the phrases used to describe second-
ary structure are defined as follows: ordered, where a sin-
gle conformation (regular or irregular) is adopted; disor-
dered, when dynamic switching occurs between ordered
structures or when the backbone is flexible and can adopt a
continuum of conformations; irregular, when a single con-
formation is adopted, which has no regularity, e.g., a static
loop; regular, a single conformation with a regular repeating
© 2008 Wiley-Liss, Inc.

unit, e.g., an o-helix; extended, a conformation where no
close contacts occur, e.g., the polyproline type II helix.

The carbopeptoids discussed herein refer to a family of
d-amino acids derived from SAAs of basic structure 1. The
presence of a 2,5-cis relationship has been identified as the
important structural feature of 1 which led to the adoption
of repeating B-turn-type conformations (a regular, ordered
hydrogen-bonded conformation) in tetramers and longer
oligomers. This work has recently been extended to the
gas phase and similar results are observed as for the solu-
tion phase.® In contrast, only one of the 2,5-trans carbopep-
toid series shown in Figure 1 has been found to adopt a
regular, ordered hydrogen-bonded conformation. The 3,4-
O-acetonide protected D-talo octamer (2) adopted a left-
handed helix (akin to that of a w-helix).® By the use of CD,
in combination with NMR and IR, it was possible to estab-
lish that the shorter tetrameric carbopeptoid adopted an
extended conformation closely related to that of the octa-
mer. One other 2,5-trans carbopeptoid series, of D-manno
stereochemistry, has been studied for conformational pref-
erence as unprotected (3: tetramer, hexamer, and octa-
men)® and acetyl-protected (4: tetramer) oligomers.!11?
None of these p-manno oligomers were found to adopt or-
dered, regular hydrogen-bonded conformations.
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Fig. 1. Previous 2,5-trans related carbopeptoids studied for conformational preference.

To gain further insight into which structural features
gave rise to the observed helical conformation for octamer
2, simplified versions of the 2,5-trans SAA were prepared
and studied, where R! = H for the basic structure 1. To
obtain maximum information from this 3-deoxy SAA, two
stereochemistries at C4 were studied and the hydroxyl
group derivatized to ascertain the effect of modification at
C-4 upon the conformational preference of the peptidomi-
metic backbone (see Fig. 2a).

MATERIALS AND METHODS

The unprotected (R® = H) carbopeptoids were prepared
from the corresponding SAAs™ in good yields using stand-
ard methodology in solution phase; this involved selective
deprotection and subsequent iterative coupling using pep-
tide-coupling reagents.!* The triethylsilyl ether (TES) and
acetyl ester protected carbopeptoids were prepared from
the corresponding unprotected carbopeptoids. There was
only one exception to this: the unprotected 1-arabino octa-
mer 12 was isolated as the free acid after deprotection of
the TES-protected carbopeptoid 14. The CD, solution IR,
and NMR spectroscopic data were acquired in a similar
manner to that reported previously.’

RESULTS AND DISCUSSION
Data Acquisition for the Unprotected Carbopeptoids

The presence of only one hydroxyl on each SAA mono-
mer facilitates the analysis of the unprotected oligomers,
even octamers, in a range of solvents including water.
This is in contrast to previous carbopeptoid studies where

(a)

OR3 OR3
HOZCVQ g —NHy HOZCQ"'W/NHQ
L-lyxo L-arabino

O
4 /
~g~OH - —O—C\ - —O—Si—\
R3=H R3=Ac R3=TES)

two hydroxyls were present in the monomer unit. Unfortu-
nately, the presence of unprotected hydroxyls complicates
the NH region of the solution IR spectrum and renders
the oligomers (longer than dimers) insoluble in CDCls.
Despite this, NMR studies were conducted for the tet-
ramers in pyridine-ds. The advantage of unprotected carbo-
peptoids is the ability to study the conformational prefer-
ence in an aqueous environment. Exchange of amide pro-
tons with deuterium in H,O/D»,O meant that the full
assignment of 'H NMR spectra in aqueous media was not
attempted. Because of these issues, CD has become the
preferred technique for the study of the unprotected
oligomers in a range of solvents including water. However,
it should be borne in mind that the interpretation of the
CD spectra using the basis spectra for a-peptides is not
reliable because of the difference in the environment
between the amide chromophores.

Data Acquisition for the Protected Carbopeptoids

As in earlier spectroscopic studies, NMR spectra
recorded in CDCl; can give a wealth of secondary struc-
ture information when sufficient signal dispersion is
achieved in the 'H NMR spectrum.’ This is usually the
case for regular hydrogen-bonded conformations where
the NH protons are dispersed and are shifted above
7.2 ppm. In contrast, when the NH signals are not dis-
perse, and typically also with dyy around 7.2 ppm, then
there is a greater degree of signal overlap which restricts
the conformational information that can be obtained. In
general, it is assumed that in such circumstances there
are little long-range nOes evident in the spectrum, for

OR?

(b) OR? oR®
j H
prorgﬁ.,,,,/N Do A .
[¢] o] o
R’ n L-lyxo L-arabino
H 4 5 11
H 8 6 12*
TES 4 7 13
TES 8 8 14
Ac 4 9 15
Ac 8 10 16

*Free acid not isopropyl ester

Fig. 2. The 3-deoxy carbopeptoid series of 3-amino acids. (a) The structural diversity and (b) carbopeptoids studied.
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TABLE 1. Spectroscopic data acquired for the tetrameric and octameric carbopeptoids

R’ NMR CDCl, NMR Pyridine-ds Solution IR CHCl; CD TFE CD H,0
H X v/ X v/ v
TES e - v v X2
Ac /P - v/ Xe Xe

TFE, 2,2,2 trifluoroethanol. NMR data were obtained at 400 or 500 MHz, IR data were collected in the NH stretch region, and CD spectra were acquired

in the far UV region.
“Not obtained due to solubility.

bSome 'H and *C NMR spectra were assigned in benzene-dg because of decreased signal overlap relative to CDCls.

“Not obtained due to signal overlap.

example, due to the presence of ordered extended confor-
mations or an increase in disorder which results in confor-
mational averaging, or a combination of these. Under such
circumstances, NMR does not provide detailed conforma-
tional information. Study of the NH region by IR, even
when there is poor signal dispersion by 'H NMR, can
reveal useful information on the environment(s) of the NH
protons and similarly their population(s). The IR data
reported here relates to the NH stretch region only, as the
data observed from the amide I and amide II bands, to
date, has proved inconclusive in terms of secondary struc-
tural features for this family of compounds. Employing sol-
vents such as 2,2,2-trifluoroethanol (TFE), it is possible to
obtain CD spectra of both the protected and unprotected
carbopeptoids in the same solvent, thus obtaining struc-
tural information which can be directly compared to ascer-
tain if there is any conformational effect attributable to
modification of the hydroxyl moiety. Unfortunately, the
presence of carbonyl group in the acetyl-protected carbo-
peptoids complicates the far UV region of the CD spec-
trum and has meant that only the unprotected and triethyl-
silyl-protected oligomers could be studied.

By using a combination of techniques it is possible to
asses the effect of both the stereochemistry and derivatiza-
tion of the hydroxyl groups on the conformational prefer-
ence of the carbopeptoid backbone (see Table 1).

The 'H NMR data obtained for all the triethylsilyl- and
acetyl-protected carbopeptoids (in CDCls) and the unpro-
tected tetramers (in pyridine-ds) showed poor signal dis-
persion and the dyg were consistent with nonhydrogen-
bonded environments. The solution IR spectra of the NH
region for the oligomers were largely consistent with
these observations, but the combination of increased chain
length, 1-lyxo stereochemistry, and acetyl derivatization led
to a significant increase of a second amide environment
(occurring in the region 3320-3380 cm™ ) in relation to
the nonhydrogen-bonded amide environment observed at
ca. 3422 cm ™! (see Fig. 3). This would indicate that hydro-
gen-bonded environments can be adopted by the amide
protons of this family of protected carbopeptoids and that
the population of this second environment is enhanced by
the 4,5-cis relationship when a small protecting group capa-
ble of hydrogen bonding is present at C-4. Further infor-
mation is required to deduce the specific hydrogen-bond-
ing interactions responsible for the second amide environ-
ment observed. Because of the signal overlap by 'H NMR
and the noncrystalline nature of the protected oligomers,

only computational methods would be able to provide addi-
tional insight into the conformational preference.'®

CD spectra can give direct information on the similarity
of conformational preference of the peptidomimetic back-
bone of different carbopeptoids because of the phenom-
enon of exciton coupling, as evidenced for a-peptides and
proteins. The CD spectra discussed here are displayed ac-
cording to the concentration of amide linkages (200 uM)
in each carbopeptoid to enable a direct comparison of the
amide bond environment to be visualized independent of
chain length. Each octamer exhibited a similar spectrum
to the corresponding tetramer, whether unprotected or
TES-protected, indicating that the conformational prefer-
ence is not significantly altered by increased chain length
(data not shown). Both the 1-lyxo and 1-arabino TES-pro-
tected oligomers (8 and 14) in TFE display similar spec-
tral features although the position of the positive maxima
and the intercept of the wavelength-axis differ by ca. 5 nm
(see Fig. 4a). Similarly, the unprotected octamers (6 and
12) in TFE exhibit negative maxima ca. 5 nm apart, but
the 1-lyxo octamer 6 displays a second positive maxima at
210 nm (nearly meeting the wavelength-axis) which is in
contrast to the 1-arabino octamer 12 that does not display
such a positive maxima. By comparison of the TES-pro-

(a) (b) (c) (d) ()
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Fig. 3. Solution IR spectra of amide N—H stretch region at 2 mM in
CHCl; at room temperature. (a) TES protected 1-lyxo octamer 8; (b) Ac
protected 1-lyxo tetramer 9; (c) Ac protected 1-lyxo octamer 10; (d) Ac pro-
tected 1-arabino octamer 16; (e) TES protected 1-arabino octamer 14.
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Fig. 4. Circular dichroism spectra of the octameric carbopeptoids
(recorded on a Jasco J600 at 298 K). (a) The triethylsilyl-protected and unpro-
tected 1-lyxo and 1-arabino octamers in TFE and (b) The unprotected 1-/yxo
and 1-arabino octamers in TFE and water. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com.]

tected and unprotected octamers in TFE, it is clear that
there is a significant conformational effect introduced by
protection of the hydroxyl groups with triethylsilyl; this is
unsurprising given the steric hindrance introduced by this
bulky protecting group. It is apparent that the inversion of
stereochemistry at C-4 does have an effect upon the con-
formational preference.

The CD spectrum of the unprotected 1-lyxo octamer 6
does not differ dramatically on change of solvent from
TFE to water (see Fig. 4b). However, for the unprotected
L-arabino octamer 12, the change in the CD spectrum on
going from TFE to water is much more pronounced
because of changes in the spectral features; the negative
maxima at ca. 195 nm in TFE virtually disappears and is
replaced by a broad negative maxima at ca. 220 nm in
water. This would indicate that water has the ability to
alter the conformational preference of octamer 12. Insuffi-
cient spectroscopic evidence is present to enable the
determination of whether this is due to disruption of
hydrogen-bonded conformations present in the octamer
12 in TFE or by the formation of hydrogen bonds to the
solvent water, or a combination of both.

CONCLUSION

In summary, much spectroscopic evidence has been
obtained for this family of carbopeptoids, but it has still not
been possible to unambiguously interpret this evidence to
Chirality DOI 10.1002/chir

assign conformational preference. To facilitate the correct
interpretation of the spectroscopic data, computational
studies will need to be undertaken. Early results by com-
putational methods indicate that further detailed interpre-
tation will be possible. The spectroscopic evidence indi-
cates that these oligomers prefer to adopt more than one
conformation and that, by CD, increased chain length does
not alter this preference for the unprotected and TES-pro-
tected carbopeptoids. However, by CD and IR, variation in
conformational preference was observed when inversion of
stereochemistry or derivatization of the hydroxyl group
occurred. Perhaps what is most surprising is the effect
induced by inversion of the hydroxyl remote to the back-
bone. The aim of this work is to establish an approach for
identification of disordered foldamer systems; with further
computational studies, this will be achieved.
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ABSTRACT

Phthalic acid rapidly crystallizing in thin aqueous films is deposited

radially and rhythmically as dendritic banded spherulites that have heterochiral meso-
textures in hemi-circles. The chiral fields differentially scatter left and right circularly
polarized light. A scenario for chiral amplification and the origin of biomolecular homo-
chirality is thus proposed that combines the influences of crystals and light. Chirality
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BIOMOLECULAR HOMOCHIRALITY

Speculation about the origin of biomolecular homochi-
rality continues apace.™® Proposals run from deterministic
chemical expressions of the dissymmetry of nuclei’*° to
stochastic fluctuations of an optically inactive medium®!
followed by asymmetric autocatalysis.'>'® But, fluctua-
tions need not be stochastic. Local fluctuations might have
been encouraged by enantioselective adsorption to chiral
or by asymmetric photochemistry'®2° in-
duced by a circularly polarized light (CPL) source.

Chiral crystals have their advocates while others con-
sider asymmetric photochemistry decisive. Crystals or
light? While two credible hypotheses may compete for
favor, Nature need not be parsimonious and may honor
both. Herein, on the basis of our observations of the den-
dritic growth of phthalic acid (PA) and the light scattering
properties of ensembles of these crystallites, we propose a
scenario for chiral amplification that employs asymmetric
adsorption to crystals and asymmetric photochemistry in
concert. Perhaps the combined action of two or more
small influences was manifest.

CRYSTALS

Chiral discrimination of organic compounds by minerals
has been a rich subject for speculation since the early sug-
gestions by Goldschmidt®! and Bernal?® that quartz®® or
chiral clays,?*2% respectively, may have been responsible
for the origin of biomolecular homochirality. Scientists
have subsequently worked out many mechanisms of chiral
discrimination of molecules by crystal surfaces.?>°
Others have taken advantage of the chirality of crystal sur-
faces to achieve practical aims such as heterogeneous
asymmetric catalysis.*® The use of high index metal sur-
faces in this regard has become an explosive theme.*’

oa-Quartz, the most widely distributed mineral in the
earth’s crust, has pride of place among studies of the enan-
© 2008 Wiley-Liss, Inc.

tioselective adsorption of racemates to minerals.*® Many
researchers have claimed to have partially resolved race-
mic mixtures with p or I-quartz powders®*® but their
reports were called into question by Amariglio et al.,
whose careful reinvestigation of small residual optical
activities following presumed enantioselective adsorption
were determined to be experimentally insignificant.*>°
Bonner and Kavasmaneck ultimately collected reliable
data on asymmetric adsorption to quartz.’™® Most
recently, Soai et al. demonstrated the enantioselective
reduction of aldehydes in the presence of quartz.>* How-
ever, in the aggregate, research on enantioselective
adsorption of chiral compounds to quartz has been pro-
tracted and characterized by weak selectivities. Downs
and Hazen showed that the facets of quartz are barely chi-
ral according to a reasonable “chirality function” of their
invention.>® We showed computationally that their insights
were well founded.”®

Dextrorotatory and levorotatory quartz appear to be
equally distributed on earth.%” Therefore, a chiral crystal
can only be responsible for biomlecular homochirality if
we invoke the amplification of the influence of just one
such crystal. Given the necessity of this singular “immacu-
late adsorption,” it is evident that enantiomorphous crys-
tals are by no means a requirement in a crystal based
mechanism of the origin of biomolecular homochirality. As
emphasized by Hazen and coworkers, one of a pair of
enantiomorphous faces of achiral crystals may well have
produced a local enantiomeric excess.'®!” Likewise, enan-
tiomorphous vicinal faces of hillocks on achiral faces
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might have been sufficient to produce a local chiral bias.
De Yoreo et al. showed that racemic aspartic acid was
enantioselectively adsorbed to the spiral hillocks on the
{104} faces of calcite.’® Further reduction requires the con-
sideration of enantiomorphous kinks on achiral steps.>*%

LIGHT

Feringa and van Delden? distinguish three classes
asymmetric photochemical processes: preferential photo-
destruction of one enantiomer, photoresolution of a race-
mic mixture, and enantioselective photochemical transfor-
mation. They trace considerations of enantiodifferentiating
photoreactions to the stereochemistry pioneers, Van't
Hoff, Le Bel, and Cotton. Kuhn and coworkers first suc-
cessfully observed such a process.®"%2 However, asymmet-
ric light-induced transformations typically yield small enan-
tiomeric excesses (ees) by virtue of the fact that differ-
ences in extinction coefficients for left and right CPL tend
to be small. Bonner, by irradiating racemic leucine at
212.8 nm (180 J), achieved only 2% ee 5364

CPL was proposed as a biomolecular homochirality
inducing agent in 1977.9>5¢ However, photochemical etiol-
ogies for the origin of biomolecular homochirality require
sources of CPL. Interstellar sources of CPL were first
detected by Bailey.®” He later considered the role of this
CPL in the origin of life on earth,% albeit while displacing
the problem of symmetry breaking to outer space.®’

Living creatures can be excellent sources of CPL. Some
beetles effectively produce CPL by differential reflection, a
mechanism akin to that giving rise to the reflection band
in cholesteric liquid crystals.”” However, the authors are
unaware of any prebiotic substances with such characteris-
tics. The differential specular reflection of left and right
CPL from ordinary crystal surfaces is a weak effect.”™"

PHTHALIC ACID SPHERULITES

We previously described PA precipitated rapidly by
evaporation of single drops of 20% ethanol/water solutions
on glass slides.” Concentric polycrystalline (established
as the C2/c¢ structure™ by powder XRD) rings separated
by about 30 um were observed spreading over several
square millimeters. Viewed between crossed polarizers,
these rings showed “Maltese cross” extinction characteris-
tic of organized radial bodies.

Analysis of the PA aggregates by atomic force micros-
copy (AFM) revealed that PA is a type-2 spherulite’® in
which the nucleus is a needle rather than a point source.
The ends of the needle branch dendritically, covering a plane
as they fold around the nucleus to approximate a circular
shape.

When rhythmic PA precipitates were imaged at low
magnification’® with a previously described circular extinc-
tion imaging microscope’”"® at 550 nm, they showed divi-
sion into two large heterochiral fields one of which passes
right-handed light more effectively than left-handed light,
and vice versa. The general phenomenon described here
is known as circular intensity differential scattering
(CIDS).””® The average difference in circular transmis-
Chirality DOI 10.1002/chir
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Fig. 1. Phthalic acid spherulites. Micrograph made with a Stokes—
Mueller imaging polarimeter. Scale at right is (Ix — I;)/ (g + I1). Scale
bar is 0.3 mm. Inset shows schematically the dextrorotatory and levoroa-
tory halves of the spherulites. For a comparable image in color, see
Ref. 74.

sion g — I;)/(Ig + I}) for 0.1 mm? sections was +4(1)%.
PA has a mirror plane perpendicular to the [010] axis, and
a twofold axis parallel to [010]. In accordance with the
Neumann-Curie principle, the division of spherulites into
homochiral fields is consistent with a vertical (010) mirror.
Any such crystal lying with its b-axis on a substrate would
have Cs symmetry when the crystal is considered in rela-
tion to the surface. Birefringence imaging indicated that
the slow axis was always oriented in the radial direction
for banded PA spherulites.®! The largest refractive index
of PA is along [010] (2 = 1.756).%2 Thus, on average the
radii of the branching dendrites are parallel to [010], the
slow axis of the crystal.

To verify the nature of the image in Ref. 74, we repro-
duced it using a wholly different instrument, a homemade
Stokes—Mueller imaging polarimeter.®® A monochromatic
light source of 532 nm (diode or Nd:YAG) was passed
through a 532 nm interference filter (ThorLabs), linear po-
larizer (TECHSPEC), and rotatable quarter wave plate
(Thorlabs 532 nm Zero Order Waveplate). The sample
was placed on the stage of a Amscope microscope whose
base was removed. Images were recorded with a 4X objec-
tive and a Canon RebelXT digital camera. The quantity (Ix
— I)/(r + I;) was computed for each green pixel to pro-
duce the image in Figure 1. In this way, we obtained large
heterochiral fields of 0.1-0.2 mm? that preferentially reflect
one sense of circular polarization to the extent of about 3-
4% when averaged over large portions of like handed halves.
The circularly polarized input was analyzed after removing
the sample with a Stokes analyzer (rotating quarter wave-
plate and linear polarizer). The Stokes vectors for the right
circular input were [0.98, —0.04, 0.02, 0.95], and for the left
circular input were [0.99, 0.03, —0.04, —0.95].

A COMBINED PROPOSAL

It is conceivable that heterochiral mesostructures as
observed in PA can be formed by many type-2 spherulitic
substances. We can therefore imagine the following sce-
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nario for the origin of biomolecular homochirality that
takes advantage asymmetric adsorption to crystals and
asymmetric photochemistry.

o A common, prebiotic mineral forms macroscopic hetero-
chiral fields of dendritic crystals.

« Enhanced surface areas of dendritic formations, relative
to single crystals, favor the adsorption of small organic
compounds (PA, for instance, has been shown to orient
and overgrow a large number of dyes.®®) enantiose-
lectively, in the respective spherulite hemi-circles.

o One part of the spherulite is in shade while the other
part is illuminated.

o The illuminated part scatters light with one circular
polarization.

« The other circular polarization acts on organic adsor-
bates resulting in asymmetric photochemistry, thus pro-
ducing and concentrating chiral organic compounds
with nonenantiomorphous configurations.

In this scenario, we can imagine weak enantioselective
adsorption augmented by enantioselective photochemis-
try. We are not advocating this mechanism. However, the
existence of optical micrographs such as those shown in
Figure 1, elevate this mechanism to the realm of possibil-
ity and it should be considered among any others.

Which likely prebiotic minerals can we identify? Hazen
and coworkers have pointed out that the evaporative min-
erals gypsum (hydrous calcium sulfate), barite (barium
sulfate), and apatite (calcium phosphate) display enantio-
morphous faces.'®!” Fibrous,” morphologically complex®!
crystals of BaSO, have been described. Apatite grows
spherulitically.”* These minerals could well be amenable
to the mechanism that we propose above on the basis of
the optical characterization of rhythmic precipitates of PA.
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ABSTRACT A combination of experimental and theoretical circular dichroism (CD)
spectroscopy was used to study local deformations of DNA caused by binding of the
base flipping DNA methyltransferase M.Taql. To selectively study the structural
changes within the DNA, we replaced single guanine residues at six different positions
in duplex DNA with 6-thioguanine (s°G), which absorbs at 342 nm where unmodified
DNA and the enzyme are transparent. The shape and the transition wavelength of a CD
signal around 340 nm in the spectra of the free DNA and the M.Taql-bound DNA were
found to depend on the position of the s°G probe. Theoretical rotational strengths were
calculated employing the matrix method which is frequently used to model the CD of
large biomolecules. The only chromophores in these calculations were the nucleic acid
bases. Comparison of the measured and the calculated CD spectra showed that the
applied computational method qualitatively reproduces the dominant band observed
around 340 nm in all cases. From our results we conclude that the spectral changes
observed upon binding of the enzyme to the DNA are indeed predominantly due to
structural changes within the DNA and not to other effects caused by the presence of
the enzyme. Chirality 20:978-984, 2008.  © 2008 Wiley-Liss, Inc.

KEY WORDS: circular dichroism; matrix method calculations; protein binding; structural

changes; DNA; M.Taql; 6-thioguanine

INTRODUCTION

Circular dichroism (CD) spectroscopy is a useful tool to
study global conformational changes of the DNA double
helix. Thus, for example, the A, B, and Z form of DNA!
give different characteristic CD spectra. Enzymes which
modify the nucleobases in DNA often gain access to their
targets by flipping the corresponding base out of the inner
part of the DNA helix (see Fig. 1). Such a base flipping
can cause in principle significant structural changes both
within the DNA and the enzyme, and thus a strong influ-
ence on the CD of both components is expected. However,
since the absorption bands of the DNA bases strongly
overlap with those of the proteinogenic aromatic amino
acid side chains, it is extremely difficult to correlate the
observed changes of the total CD with certain structural
changes in either the DNA or the enzyme part of the com-
plex. Thus, for the selective observation of local structural
changes within the DNA, we incorporated® a CD spectro-
scopic probe into the nucleic acid which absorbs in a
range where there is no overlap with the UV absorptions
of the unmodified part of the DNA or of the enzyme.

A similar approach was previously pursued by Johnson
and von Hippel using 2-aminopurine (2-AP),*® a structural
isomer of adenine, and pyrrolo-cytosine (PC),” a bicyclic
cytosine derivative, both absorbing above 300 nm where
nucleic acids and proteins are transparent. Replacement of
adenine residues with 2-AP or cytosine residues with PC
© 2008 Wiley-Liss, Inc.

produced strong CD signals depending on their nearest
neighbors and was utilized to monitor local structural
changes in DNA and RNA. However, these structural mod-
ifications—moving the exocyclic amino function of ade-
nine or fusing another ring to cytosine—could interfere
significantly with binding of proteins that specifically rec-
ognize nucleobases, especially when the two base ana-
logues are placed within the recognition sequence. To
avoid such problems we replaced single guanine residues
within a DNA duplex containing 14 base pairs (14 mer) by
6-thioguanine (s°G) as a CD-spectroscopic probe to study
local structural changes upon protein binding.? 6-Thiogua-
nine which can be incorporated into DNA by solid-phase
DNA synthesis,? is an analogue of guanine where only the
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STUDY OF LOCAL STRUCTURAL CHANGES UPON PROTEIN BINDING

(a) target base

Fig. 1. (a) Structure of the free DNA (14 mer) generated with the
3DNA software.? The target base modified by M.Taql is the adenine resi-
due at base pair position 9. The target adenine of the complementary
strand was methylated at the N6 position (m°A = N6-methyladenine) to
direct binding of M.Taql in a single orientation. Guanine residues which
were individually replaced by 6-thioguanine are starred and the recognition
sequence of M.Taql is in bold type. (b) Structure of the DNA (14 mer) in
complex with M. Taql generated from the coordinates of the DNA (10 mer)
bound to M.Taql (Protein Data Bank entry number 1G38). The figure shows
the flipped-out target adenine at base pair position 9 and the opposing
thymine (labeled T) partly inserted into the opened space left behind.

carbonyl oxygen atom is replaced by sulphur and exhibits
a UV maximum at 342 nm.”'° When this probe is incorpo-
rated into DNA, the resulting CD-spectrum above 300 nm
should predominantly depend on the local environment of
the thiobase, especially on its orientation relative to the
neighboring stacked nucleobases.

To support the assumption that the observed changes of
the CD spectra above 300 nm which are caused by addi-
tion of M.Taql are indeed predominantly due to structural
changes in the DNA and not to other effects caused by the
presence of the enzyme, we performed calculations on the
CD spectra of both the free DNA and the DNA in complex
with the enzyme. The matrix method of Bayley et al.!! in
its dipole—dipole approximation has recently been used
successfully to understand at least qualitatively the differ-
ences between the CD spectra of three different G-quadru-
plexes, while matrix method calculations using INDO/S
monopoles gave less satisfying results.'? Encouraged by the
good performance of the dipole-dipole approximation we
decided to apply the same method to the current problem.

979

MATERIALS AND METHODS
Modified DNA, Enzyme, and Measurement
of CD spectra

s%G-substituted DNA was produced by solid-phase DNA
synthesis employing the 5-dimethoxytrityl-N2-trifluoroace-
tyl-2’-deoxy-6-(2-cyanoethyl) thioguanosine,3'-[ (2-cyanoethyl)-
(N,N-diisopropyl) ]-phosphoramidite (Glen Research, Ster-
ling, VA) and used to detect local deformations caused by
protein binding. For this purpose we used the structurally
well characterized N6-adenine-DNA-methyltransferase
from Thermus aquaticus (M.Taql) which binds as a mono-
mer to the double-stranded 5-TCGA-3' recognition
sequence and flips the target adenine out of the helix
while inserting the partner thymine into the space left
behind (Fig. 1b).! To direct binding of M.TagI on the pal-
indromic recognition sequence in one orientation, the tar-
get adenine of the lower complementary strand was meth-
ylated. At six different positions of a DNA duplex with
fourteen base pairs (14 mer, Fig. 1a) single guanine resi-
dues were replaced by 6-thioguanine and the CD spectra
of the six free DNA duplexes (25 uM) and of the six DNA
duplexes (25 uM) with M.Taql (31 uM) were measured in
solution. The CD spectra were recorded at room tempera-
ture in a buffered aqueous solution (20 mM Tris/HOAc,
10 mM Mg (OAc)s, 50 mM KOAc, 1 mM DTT, 0.01% Tri-
ton X-100 reduced form, pH 7.9) on an AVIV (Lakewood,
NJ) 62DS spectrometer. The path length of the optical cell
was 10 mm and the spectral bandwidths were 2 nm at A <
250 nm and 1 nm at A > 250 nm.

Computational Methods

The matrix method calculations were performed using a
modified version'* of the program MATMAC.' The
model structures of the free modified DNA duplexes con-
taining 14 base pairs (14 mer) were generated using the
3DNA software package.? The structures of the DNA
duplexes bound to M.Taql were generated starting from
the solid state structure of a 10 mer DNA duplex in com-
plex with M. TaqI'® which was completed to 14 mers using
the same software as for the free DNA. As a result the
structures of the DNA in complex with the enzyme and
the free DNA are identical at base pair positions 1 and 2 as
well as 13 and 14.

This process is described in detail in Ref. 3. The nucleic
acid bases were the only chromophoric groups used in the
calculations on both the free DNA and the DNA in complex
with the enzyme. The influence of the sugar backbone was
neglected since the corresponding electronic transitions
occur at wavelengths shorter than those of the measured
CD spectra. Moreover, the influence of the chromophores
of the enzyme was also neglected because of their large
distance from the thiobase. As in Ref. 12 the centre of the
positive charge of the heavy atoms of each base was cho-
sen as the origin of the corresponding dipole moment. Cal-
culated transition energies and electric transition moments
were used throughout this study. The geometries of
the nucleic acid base molecules were optimized under con-
straint of C, symmetry at the B3LYP/DGDZVP!1
level of density functional theory as implemented in the

Chirality DOI 10.1002/chir
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Fig. 2. Structures of adenine (1), cytosine (2), guanine (3), thymine
(4), and 6-thioguanine (5) optimized at the B3LYP/DGDZVP level of den-
sity functional theory showing schematically the definition of the orienta-
tion of the lowest electronic 1 — n* transition dipole moment relative to
the heavy atom skeletons of the molecules. The actual numerical values
for © are given in Tables 1-5. Molecular structures were plotted using
the program SCHAKAL.*

GAUSSIANO3 suite of quantum-chemical routines.?’ Using
the resulting geometries the excitation energies and transi-
tion moments were calculated at the time-dependent level
of density functional theory (TDDFT)?! using the program
TURBOMOLE,?? the same functional and the TZVP? basis
set. The TDDFT calculations of the free nucleic acid bases
have been performed considering the 15 lowest transitions.
The two lowest 1 — =* transitions emerging from these
calculations have then been used in the calculation of the
CD spectra with the matrix method shown in Figure 4. The
calculated CD curves were obtained as a sum of Gaussians.
Each of the Gaussians was centred at the corresponding
transition wavelength (M. and was multiplied with the
rotational strength belonging to this transition. The Gaus-
sians were generated using a half bandwidth of ' = 10 nm
at Aeax/e. As mentioned in the introduction the matrix cal-
culations were performed using the dipole-dipole approxi-
mation. In the case of the isolated nucleobases adenine,
cytosine, guanine, and thymine only the two energetically
lowest n — 7* transitions were included while only the low-
Chirality DOI 10.1002/chir
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Fig. 3. (a) The experimental absorption spectra of 6-thio-2’-desoxygua-
nosine (solid line) and 2’-desoxyguanosine (dashed line). (b) The absorp-
tion spectra of adenine (1), cytosine (2), guanine (3), thymine (4), and
6-thioguanine (5) calculated with the time dependent density functional
theory using the B3LYP functional, the TZVP basis set, and the B3LYP/
DGDZVP-optimized molecular structures. Note that 6-thioguanine causes
a relatively strong absorption in a region where the other bases are trans-
parent.

TABLE 1. Transition wavelengths (., nm), oscillator
strengths (f), absolute values of the electric transition
moments (|p|, Debye), and transition moment directions
(O, degrees) for the two energetically lowest electronic
n—n* transitions of guanine calculated at the
TDDFT/B3LYP/DGDZVP//B3LYP/TZVP level

TDDFT Exp.
A 250 278
f 0.13 0.16
Iy 2.63 3.07
(€] -34 —4(3)
A 236 254
f 0.24 0.25
[n 3.47 3.67
(€] +76 +105(3)

The experimental data given for reasons of comparison are for 9-ethylgua-
nine from Ref. 25. Compilations of experimental and theoretical values
for the excitation energies, transition moment directions, and oscillator
strengths from different sources for adenine and guanine, cytosine, and thy-
mine as well as for some of their derivatives are given in Refs. 26, 27, and 28.
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TABLE 2. Transition wavelengths (A, nm), oscillator
strengths (f), absolute values of the electric transition
moment (|p|, Debye), and transition moment directions
(O, degrees) for the energetically lowest electronic n—n*
and n—n* transitions of 6-thioguanine calculated at the
TDDFT/B3LYP/DGDZVP//B3LYP/TZVP level. The
experimental data given for reasons of comparison are
for the N9H tautomer of 6-thioguanine from Refs. 9 and 10

TDDFT Exp

no>7*

Iy 301 342

f 0.26 0.47

I 4.08 5.84

(©) +18 -
n—m*

S 396

f 0.00

| 0.00

® _a

“The transition moment direction of the zn—nr* transition is perpendicular
to the plane of the molecule.

est 1 — m* transition was used for 6-thioguanine. Addition
of the very weak calculated » — n* transition at 396 nm
(see Table 2) in the matrix calculations caused only negligi-
ble changes of all of the calculated spectra. Moreover,
increasing the number of = — =* transitions to 10 did
not change the spectra significantly. Like in Ref. 12 mag-
netic transition moments were omitted in these calcula-
tions, and in addition, the transition moments between the
excited states as well as the three permanent electric
moments (i.e., those of the ground state and the two
excited states) were neglected. This procedure was suc-
cessfully used in our study of G-quartets to understand at
least qualitatively their CD spectra.'? We call this approxi-
mation Method 1.

In another set of calculations (Method 2) calculated
quadrupole transition moments were included where the
origins of the moments were chosen as in the case of the
dipole moments.

TABLE 3. Transition wavelengths (A, nm), oscillator
strengths (f), absolute values of the electric transition
moments (|p|, Debye), and transition moment directions
(O, degrees) for the two energetically lowest electronic
n—n* transitions of adenine calculated at the
TDDFT/B3LYP/DGDZVP//B3LYP/TZVP level

TDDFT Exp

Iy 246 275

F 0.18 0.10
ul 3.07 242
(€] +58 +83(8)
Iy 234 255

f 0.06 0.20
|1 1.68 3.39
(€] +31 +25(5)

The experimental data given for reasons of comparison are from Ref. 29.

See footnote Table 1.

TABLE 4. Transition wavelengths (A, nm), oscillator
strengths (f), absolute values of the electric transition
moments (Ju|, Debye), and transition moment directions
(O, degrees) for the two energetically lowest electronic
n—n* transitions of cytosine calculated at the
TDDFI/B3LYP/DGDZVP//B3LYP/TZVP level

TDDFT Exp.
A 266 268

f 0.04 0.06
m 1.50 1.85
e} +39 +6(2)
iy 227 241

f 0.09 0.07
M 2.09 1.89
e} 0 —35(30)°

The experimental data given for reasons of comparison are for cytosine
monohydrate from Ref. 30. See footnote Table 1.
*Value uncertain.

To further test for the influence of magnetic moments we
included them in a third series of calculations (Method 3).

RESULTS AND DISCUSSION
DFT and TDDFT Calculations on the Five Nucleic
Acid Bases

The optimized structures of the five nucleic acid bases
and the definition of the directions of the transition
moments of the lowest excitations relative to the heavy
atom skeletons of the molecules as defined by the angle ©
are shown in Figure 2b, and the calculated absorption
spectra are given in Figure 3. Numerical values for A,
the oscillator strengths, and the angles ©® for each of the
five bases are given in Tables 1-5. Compared with the ex-
perimental data the TDDFT results for the first and sec-
ond © — m* transitions of the bases are shifted to the blue.

Experimental and Calculated CD Spectra

The experimental® and the CD spectra calculated with
Method 1'* are shown in Figure 4, columns one and two,

TABLE 5. Transition wavelengths (., nm), oscillator
strengths (f), absolute values of the electric transition
moments (||, Debye), and transition moment directions
(O, degrees) for the two energetically lowest electronic
n—n* transitions of thymine calculated at the
TDDFT/B3LYP/DGDZVP//B3LYP/TZVP level

TDDFT Exp.
Iy 246 275
F 0.14 -
[y 2.70 -
C] -5 -12
Iy 206 213
F 0.07 -
[y 1.75 -
C] -34 (=31 or +91)*

The experimental data given for reasons of comparison are from Ref. 31.
See footnote Table 1.
#Value uncertain.
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Experimental Method 1 Method 1 Method 2
next two stacked bases only
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25 50 50 50
20 1 40 40 40
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300 320 340 360 380 400 200 300 310 320 330 340 280 300 310 320 330 340 280 300 310 320 330 340
Base pair position 2
30 | 60 80 80
25 1 50 50 50
20 { 40 40 40
15 a0 30 b, 30
10 20 N 20 20
5 10 S, 10 10
0 0 0 0
-5 10 -0+ -0+
-10 S — s - s -20 it
300 320 340 360 380 400 200 300 310 320 330 340 200 300 310 320 330 340 280 300 310 320 330 340
Base pair position 4
60 T 60 €0 T
50 50 50
40 40 40
| 30 30+ 30
1 20 20 20
10 k 10 10
. {0 o= — 0
-5 L 1-10 -10 -10
-10 - gl ‘I-_/ - I -2 . - PR— 120 i - TE— 1 ap L - - P
300 320 340 360 380 400 290 300 310 320 330 340 290 300 310 320 330 340 200 300 310 320 330 340
Base pair position 5
a0 60 60 60
25 50 50 50 |
20 40 40 + 40 +
10 1 20 20 20
Fa “
5 o Y 10 P = 10 - . 10 Pl Y
0 0 0 .-l".--"‘--_ oF
-5 -10 -10 -10
=10 =20 =20 =20
300 320 340 360 380 400 280 300 310 320 330 340 280 300 310 320 330 340 200 300 310 320 330 340
Base pair position 7
a0 60 60 60
50 50 50
40 440 - 440 -
30 30 30
20 20 + : 20 -
10 - : 10 / 10 }
O —— = — 0 s
-10 10 | 10 | ]
-20 -20 -20
300 320 340 360 380 400 200 300 310 320 330 340 280 300 310 320 330 340 280 300 310 320 330 340
Base pair position 8
30 80 80 80
25 50 50 50
20 40 40 + 40
15 30 1 30 30
10 20 20 - 20
10 10 o 10
0 0 0
=10 =10 =10
-10 20

300 320 340 360 380 400 200 300 310 320 330 340 290 300 310 320 330 340 200 300 0 320 30 34
Base pair position 11

Fig. 4. Experimental (first column) and calculated (columns 2—4) CD spectra of pure DNA (gray, light-faced) and theDNA/MTaql complexes (black,
bold) with 6-thioguanine at 6 different positions. The CD is in Ae (1000 cm?/mol), the wavelengths are in nm. The spectra shown in column two are
those calculated with Method 1. Those in column 3 were also calculated with Method 1, however, only the two nearest stacked neighbors of the thio-
base were included. Finally the spectra shown in column four were obtained with Method 2. Note that compared with the experimental spectra the cal-
culated CD curves are somewhat shifted to the blue resulting in different wavelength scales for the observed and the theoretical spectra.
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respectively, where the gray curves are the CD spectra of
the free and the black ones those of the DNA in complex
with the enzyme. The CD peak observed near 340 nm
showed changes upon M.Taql binding which were found to
depend on the position of the thiobase. These changes
were most significant for base pair positions 8 and 5 (Figs. 1
and 4). Because the structures of the DNA in complex with
the enzyme and the free DNA are identical at base pair posi-
tions 1 and 2 the environment of the 6-thioguanine in posi-
tion 2 is very similar in both structures and their calculated
CD curves essentially coincide. With one exception the ex-
perimental CD spectra have dominant positive Cotton
effects around 340 nm. The exception is the DNA/enzyme
complex with s®G at base pair position 8 (see Figs. 1 and 4)
which is the position in immediate vicinity of the flipped ad-
enine and the interstrand stacked partner thymine
(inserted into the opened space after base flipping). This
structure gives a negative CD curve between 310 and 400
nm. Compared with the experimental spectra the calculated
bands are shifted about 30 nm to the blue. A similar blue
shift of 18-36 nm was observed in our previous study of
G-quartets'? when experimental excitation energies and
transition dipole moments were replaced by values
obtained at the TDDFT level using the same functional and
basis set as in this study. In spite of the blue shift the calcu-
lated spectra qualitatively reproduce the shape of their ex-
perimental counterparts around 340 nm. This is also true
for the structure that causes a negative CD curve between
310 and 400 nm (base pair position 8) where s°G is
expected to be stacked between its 5 neighbor and the
interstrand stacked partner of the target adenine. However,
a small negative Cotton effect observed for all but one*
structure around 365 nm is missing in the calculated
spectra. This band is probably due to coupling of the ener-
getically lowest # — n* transition with the n — n* transi-
tions of s°G in the static field of the DNA which was omitted
in our calculations. Yet the good qualitative reproduction of
the experimental spectra around 340 nm supports the
assumption that the changes of the CD spectra above
300 nm observed upon addition of M.Taql to single-atom-
edited DNA are largely due to structural changes of the
DNA caused by the enzyme.

We also performed calculations on the free DNA and on
the DNA/enzyme complex where only the two nearest
stacked neighbours of s°G were considered. The results
are shown in column three of Figure 4. With the exception
of the CD spectrum calculated for s°G in base pair position
5, where compared with the experimental result the
curves for the free nucleic acid and the DNA/M.Taql com-
plex are interchanged, these calculated spectra also quali-
tatively reproduce the general shapes of their experimen-
tal counterparts around 340 nm. Therefore, we conclude
that the bands observed around 340 nm are predominantly
due to coupling of the energetically lowest t—n* transi-
tion of the thiobase with the lowest t—n* transitions of its
stacked nucleobase neighbors.

Using quadrupole moments in addition to the dipole
moments (Method 2) gave the CD spectra shown in col-

*The exception is the structure where s°G is in base pair position 5 of the
DNA/M.Taql complex.
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umn four of Figure 4. As far as the relative intensities of
the CD curves calculated for the free DNA and the DNA
in complex with the enzyme are concerned, the agreement
between the calculated and the measured CD spectra is
improved for substitution at base pair positions 5 and 11,
while it got worse for substitution at base pair position 4.

Inclusion of magnetic moments (Model 3) does not
change the calculated CD spectra significantly. The result-
ing CD curves are, therefore, not shown.

CONCLUSIONS

The matrix method in the dipole-dipole approximation
using transition energies and transition moments calcu-
lated with the time-dependent density functional theory
was successfully used to reproduce qualitatively the gen-
eral features of the experimental CD spectra of single-
atom-edited DNA (replacement of oxygen in single G resi-
dues by sulfur) in its free form and in complex with
M.Taql above 300 nm. The only structural changes caused
by the addition of the complex considered in our calcula-
tions were those of the DNA. Compared with the experi-
mental data the calculated bands are shifted about 30 nm
to the blue. However, the generally good qualitative agree-
ment between theoretical and measured CD spectra led us
to the conclusion that the spectral changes observed
around 340 nm upon the addition of the enzyme are
mainly due to local structural changes in the DNA caused
by binding of the enzyme and are not merely because of
the presence of the enzyme. Thus, s°G in duplex DNA can
serve as a good CD-spectroscopic tool to study local DNA
deformations induced by protein binding.

A detailed description of all experimental aspects of this
study is currently being prepared and will be published
separately.
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ABSTRACT Elastomeric proteins are widespread in the animal kingdom, and their
main function is to confer elasticity and resilience to organs and tissues. Besides com-
mon functional properties, elastomeric proteins share a common sequence design.
They are usually constituted by repetitive sequences with a high content of glycine resi-
dues. From a conformational point of view, all the elastomeric proteins since now ana-
lyzed show a dynamic equilibria between folded (mainly B-turns) and extended (poly-
proline I and B-strands) conformations that could be at the origin of the high entropy of
the relaxed state. As a matter of fact, elastin, lamprin, abductin, as well as the PEVK do-
main of titin share the same conformational ensemble, thus pointing to a common mo-
lecular mechanism as the origin of elasticity. CD spectroscopy represents the proper
spectroscopic technique to be used overall because of its particular sensitivity to the
presence of PPII structure. Its use in the molecular studies of elastin, abductin, and
lamprin as well as the recently analyzed protein resilin will be presented. Chirality

20:985-994, 2008.  © 2008 Wiley-Liss, Inc.
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INTRODUCTION

Elastomeric proteins are present in a wide range of liv-
ing organisms spanning from plants to humans. They are
contained in vertebrates (elastin,? titin,® lamprin?), plants
(gluten®), insects (resilin,®® flagelliform silk®!?), bivalve
molluscs (abductin'!), and mussels (byssus threads'?).
The main function of elastomeric proteins is to confer
rubber-like elasticity to organs and tissues thus enabling
them to undergo high deformation without rupture and to
return to their original state on removal of the stress.'
Accordingly, the energy stored during the deformation
process is entirely conserved and returned. The second
stage of this process is passive and does not require an
input of energy. This mechanism is of entropic origin and
it well adapts to materials able to last a long time. For
example, in the case of elastin the aortic elastin undergoes
millions of stress—strain cycles in a human life span, and
in mussels where byssus threads binding to rocks resist
wave actions. Furthermore, the elastomeric polypeptide
sequences are characterized by the presence of con-
straints that render them resistant to rupture, localized
into nonelastic domains, and called cross-links. The elas-
ticity will depend on the length of elastic sequences and
on the extent of the cross-link domains. As a matter of
fact, the presence of a network of crosslinks (covalent or
noncovalent) should be one of the common features to
most of those proteins together with that of elastic
© 2008 Wiley-Liss, Inc.

repeated sequences with highly flexible monomeric chains
and with high content of glycyl residues (Table 1).

These observations lead us to investigate, on the basis
of structural studies, the possibility of a common molecu-
lar mechanism of elasticity for the elastomeric proteins.
Within this framework, CD studies were fundamental in
order to work out a structure-function relationship for
elastin.’*'6 On this basis, in this article our aim is to
report on the extension of CD studies to other elastomeric
proteins of extracellular matrix, different from elastin such
as, for example, resilin and abductin. While elastin is the
well-known and widely investigated elastomeric protein of
vertebrates, structural studies regarding resilin, present in
insects such as locusts, cicades, dragonflies, and fruit flies,
and abductin, present in mollusc bivalves, such as scal-
lops, are very few, if any. A further element of interest
rose from the knowledge that elastin and resilin express
their resilience after removal of the extension force,
whereas abductin responds to a compressive force.
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TABLE 1. Repetitive sequences and cross-link nature of some elastomeric proteins

Elastomeric protein Elastomeric repeat motifs

Crosslinks

*Elastin VGVAPG, VGVPG, VPGG Desmosines; isodesmosines;
VGGLG, LGGLG Lysinonorleucines; (dehydro)lysinonorleucines

Lamprin VGGLG, YGGLG Pyridinolines
*Abductin FGGMGGGNAG, GGFGGMGGGX Disulphide bridges
*Resilin PGGGNGGRPSDTYGA (N-terminal repeat) Dityrosines, trityrosines

PGGQDLGGYSGGR (C-terminal repeat)
Gluten PGQGQQ, GYYPTSPQQ Disulphide bridge
Flagelliform silk GPGGSGPGGY Non covalent bonds (hydrogen and hydrophobic bonds)
Byssus GPGGG DOPA-lysines

The stars indicate the proteins discussed in the present review.

The first conformational studies on elastomeric
sequences were performed on some repetitive se-
quences of elastin, such as (LGGVG)n,'" ' (VPGVG)n?*>2
and independent domains containing quasi-repetitive
sequences.l“_16

The last approach has been used, and validated, particu-
larly for elastin even if it is currently applied also to other
elastomeric proteins.

In the following we will give some general information
on those proteins, before trying to review our most impor-
tant results on the molecular mechanism(s) of elasticity.

Elastin

Human Tropoelastin is constituted by 760 aminoacides
encoded by 34 exons.?>?* The abundance of glycine resi-
dues is high, followed by alanine, valine, and proline resi-
dues. Although, in minor amount also lysine residues are
present. They play an important functional role because
are responsible of the cross-links formation that enable the
protein to undergo relatively high deformation without
rupture. The sequences responsible for cross-linking are
of two different types, the KP- and KA-rich polypeptides,
that is those containing lysines and prolines, and those
containing short polyalanine stretches with lysine resi-
dues, respectively. In elastin, the lysine residues are re-
sponsible for the formation of cross-links. The cross-links
are originated by the enzymic oxidation of some lysine e-
amino groups which form a-aminoadipic acid §-semialde-
hyde (allysine).? Then, through either aldol condensation
or Schiff reactions (dehydro)lysinonorleucine, desmosine,
and isodesmosine crosslinks are chemically synthe-
sized.26?° There are also a small number of additional
cross-links present in insoluble elastin, including lysino-
norleucine (formed by the condensation of allysine and ly-
sine side chains), and allysine aldol (formed by the con-
densation of two allysine side chains), (Table 1).

The gene of human tropoelastin has a “cassette-like”
structure where the exons encoding for hydrophobic, puta-
tively responsible for the elastic properties of the protein,
and cross-linking sequences regularly alternate giving rise
to polypeptide sequences with autonomous and independ-
ent conformations and functions®® (Fig. 1). The study of
the individual exons encoding an independent and self-
contained structure has been called the “reductionist
approach” and has been shown to work in a series of
Chirality DOI 10.1002/chir

papers.#163%3% Ohyiously, this approach will not apply to
globular proteins where the concept of autonomous
domains is usually not applicable. However, even in the
case of elastin some scepticism could be present. It is the
opinion of the present authors that this originates essen-
tially from the reluctance of some researchers to realize
the profound differences indeed existing between globular
and elastomeric proteins. As a matter of fact, the last ones
are characterized by many repetitive sequences which, of
course, adopt the same conformations. Let us use elastin
as a classical example. Previous studies,'* mainly carried
out by CD on polymerized repetitive sequences, demon-
strated essentially unstructured conformations in aqueous
solution, whereas B-turns confined to PG, GG, and XG X
=V, L, A) were dominant in TFE solutions.

Based on those archaic investigations, two different
mechanisms of elasticity were put forward.

The first one has become very popular in the past deca-
des, Urry and coworkers®>>® proposed a structure called
B-spiral and constituted by consecutive B-turns of type II
which is the dominant conformation in solvents of low po-
larity. In particular, on the basis of extensive studies on

Homo sapiens tropoelastin
5 10 15 20 25 30 38

Drosophila melanogaster resilin

é N-terminal
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Fig. 1. Domain structures of the discussed elastomeric proteins.
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Fig. 2. Sliding B-turns of the sequence GVGGL. [Color figure can be
viewed in the online issue, which is available at www.interscience.wiley.
com.]

synthetic poly(VPGVG), a repeating sequence of elastin,
he introduced a structural model supporting a new mecha-
nism of elasticity. With Urry’s model of poly(VPGVG),
there is one type II B-turn per pentameric unit with PG at
the corner of the bend and a 4 — 1 hydrogen bond con-
necting the C=0 group of the first valine to the NH of the
fourth valine along the sequence. The repetition of this
conformational unit gives rise to a helical arrangement
called the B-spiral. The B-turns act as spacers between the
turns of the spiral. Between the B-turns are suspended
dipeptide (VG) segments within which large-amplitude,
low frequency librations can occur. The decrease in ampli-
tude of the librations on extension causes a large decrease
in the entropy of the segment, providing the driving force
for return to the relaxed state. It is to be noted that this
model, at variance with the classical theory of rubber elas-
ticity, implies fixed end-to-end chain lengths®”>® and refer-
ences therein. The model has been apparently validated
by molecular dynamics simulations in vacuum®™ and in
explicit aqueous solvent.** However, in both cases the
end-to-end distance was fixed; when this parameter was
allowed to freely fluctuate, the recurring B-turns of the -
spiral were lost during the trajectory*! and extended struc-
tures now appear. Quite interestingly, the X-ray structure
of Boc-VPGVG-OH, which comprises the monomeric
sequence of poly(VPGVG) constituting the ideal model for
the B-spiral, shows an antiparallel -sheet conformation.*?

More recently, Tamburro et al. put forward a new
model*® where nonrecurring, isolated type II p-turns are
proposed for (GXGGX) repeating sequence. These have
XG or GG segments at the corners with 4 — 1 hydrogen
bonds connecting the first and the fourth glycine or the
second and fifth X residue, respectively. Because of the
fact that G substitutes for P, the turns are rather labile
and, therefore, can interconvert giving rise to dynamical -
turns sliding (Fig. 2) along the chain.**** Thus a regular
array of B-turns (the Urry B-spiral) cannot be stable
enough for these sequences, and the polypeptide chain is
freely fluctuating (variable end-to-end distance), according
to the classical theory of rubber elasticity.

Urry and Tamburro structural models strictly apply to
different regions of elastin. In fact, it is well known that
proline in the second position stabilizes type II B-turns,
because the corresponding ¢ dihedral is essentially fixed

987

around the value of —60° typical for an ideal type II B-turn.
On the contrary, when the proline is substituted by gly-
cine or by a generic hydrophobic residue (X), the flexibil-
ity increases and the stability of the turn decreases. This
is particularly true when XGG sequences are considered.
The accessibility to the conformational space is a priori
dramatically enhanced. It should be noted that the two
models although differing in many respects, present a
common conformational feature that is the presence of
type II B-turns.

Very recently, Tamburro et al. refined the model by
studying the polypeptide sequences coded by all the
exons of human tropoelastin.!*!® Some representative
results are reported in the section below.

CD Studies

The peptides were monitored by CD spectroscopy at dif-
ferent temperatures. However, the conformational analysis
is only qualitative. In fact, previous studies'* demonstrated
that CD deconvolution programs were not useful in estab-
lishing realistic values for the conformation of elastin pepti-
des, because their reference databases consist predomi-
nately of CD spectra of globular proteins of known second-
ary structure.

What emerged from the CDPro analysis of our peptides
was that the CD spectra of elastin peptides are not well
represented in the reference proteins, so these programs
are not suited for CD analysis of the hydrophobic and flex-
ible peptides present in elastin sequence. For this reason,
CD spectra of the different sequences were analyzed by
comparing the curves with CD spectra of peptides with
known secondary structures or with peptides that adopt a
mixture of known structures. Furthermore, the number of
CD curves acquired for each peptide is not enough for
being fitted by the van’t Hoff equation thus disabling the
estimation of some physical parameters such as entropy,
enthalpy and transition temperature.

Stated that, we report here on some CD spectra of three
representative different types i.e. hydrophobic, KP, and
KA domains (Table 2).

The CD spectra of hydrophobic EX7 domain in aqueous
solution and in trifluoroethanol (TFE) at the indicated tem-
peratures are shown in Figure 3. In aqueous solution at
0° and 25°C the spectra are very similar and dominated by
a strong negative band at about 190 nm indicating the pre-
dominance of random coil conformation. Very different
CD spectra are exhibited in TFE. At 0° and 25°C the CD
spectra are characterized by a negative band at about
230 nm and by a strong positive one at about 205 nm. On
increasing the temperature to 60°C, the positive band is
almost reduced to zero and is also red-shifted. On the
whole, the spectra are highly indicative of the presence of
type-II B-turn which is less stable at high temperatures.

Figure 4a reports the CD spectra of KP EX12 domain in
aqueous solution at different temperatures. The spectrum
at 0°C is characterized by a strong negative band at
200 nm and by a trend toward positive values at about
225 nm suggesting the presence of PPII structure. The
reduction of the negative band on increasing the tempera-
ture to 25° and 60°C, together with the adoption of more
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TABLE 2. Polypeptide sequences of the analyzed exon-coded peptides of human tropoelastin

Exon Sequence
EX7 (hydrophobic domain) GAGLGGVPGVGGLGVSA
EX12 (KP domain) GVGPFGGPQPGVPLGYPIKAPKLP
EX15 (KA domain) GVGPQAAAAAAAKAAAKF

EX6 (KA domain)

GLGAFPAVTFPGALVPGGVADAAAAYKAAKA

negative ellipticities values at 225 nm, suggests the pres-
ence of random coil conformers predominant at higher
temperatures. Accordingly, the isodichroic point at about
212 nm is indicative of a two-state equilibrium between
PPII and random coil conformations.

Typical PPII CD spectra are characterized by a negative
band around 200 nm and by a weaker positive band at
about 217 nm. This positive band is shifted toward 225 nm
for peptides rich in proline/hydroxyproline. This is due to
wavelength shifts in electronic transitions between second-
ary and tertiary amides.

The CD spectra of EX12 in TFE at different tempera-
tures are reported in Figure 4b. The CD spectrum at 0°C

(a)
a

—_ "
o g /

=1

2 "

= Fa

2

$ g
= o

= =15 -"-'.F

- s

= ...__

20
T T T T T T T
190 200 210 220 230 240 250
WL{nm)
(b)
24 ’
P

o
o b o
=] |
: / ‘W
% P
-
] /
2 ]
I
Fragd
= il
E 7 § ’
= .
gl °Ff
P
1 .
-8 T T T T T T T
150 200 210 220 230 240 250

WL({nm)

Fig. 3. CD spectra of EX7 domain in (a) aqueous solution at 0°C (@),
25°C (M), and in (b) TFE at 0°C (@), 25°C (M), 60°C (A).
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is dominated by a strong negative band at 203 nm and by
a weaker one at 217 nm. The increase of the temperature
to 25° and 60°C induces a progressive reduction and a
slight red shift of the bands that are indicative of the pres-
ence of B-turns, favored at high temperature. This feature
is very common to elastin peptides.

As expected, the CD spectra of the alanine-rich EX15
and EX6 domains reported in Figures 5 and 6, respectively
are significantly different from those above analyzed, espe-
cially in TFE where the classic o-helix conformation
appears. The conformational features in aqueous solution
are somewhat different and indicative of the presence of
the PPII conformation together with the a-helix structure.
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(a) aqueous solution and (b) TFE.
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Fig. 5. CD spectra of EX15 domain at 0°C (@), 25°C (M), 60°C (A) in
(a) aqueous solution and (b) TFE.

This is more evident for EX6 where the presence of an iso-
elliptic point both in aqueous solution and in TFE is indica-
tive of the presence of an equilibrium between «-helix and
PPII conformations.

Summing up, the dominant conformation for the hydro-
phobic domains is in aqueous solution the polyproline II
(PPID) often in equilibrium with the so-called “unordered”
state. In the less polar solvent, such as TFE, in contrast,
folded conformations, such as type I and II B-turns, are
found together with unordered conformations. In regard
to the regions containing lysines and polyalanine se-
quences (KA domains), the a-helix structure was found to
dominate in TFE, but it was often present, although to a
minor extend, even in water. On the contrary, the KP
domains adopt either PPII or B-turns like the hydrophobic
sequences.

ABDUCTIN

Abductin is a natural elastomer that serves as the pri-
mary building block for the abductor ligament in bivalves.
The hydrated abductor ligament is triangular in shape
with dark brown tint and rubber-like consistency. It is
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located in the hinge region of the bivalve and functions
similar to a coil spring to open the shell upon relaxation of
the abductor muscle that keeps the shell tightly closed. In
addition, the ligament plays a role in the swimming of
such scallops as Aequipecten irradians and Placopecten
magellanicus. The abductor ligament serves to repeatedly
open the shell after relaxation of the abductor muscle at a
frequency of 4 Hz, causing expulsion of water dorsally ena-
bling the scallop to swim several meters at a time to
escape slow moving predators such as starfish. Abductin
is a unique protein as it is the only elastomer identified in
nature as having compressible elasticity whose conceptual
amino acid sequence, derived from Argopecten irradians
has been published.*®

In the abductin extracted from the ligament of Placo-
pecten magellanicus, the amino acid analysis revealed the
presence, among others, of methionine and homocysteine,
the last one being considered a cross-link precursor.*® As
a matter of fact, the ligament of Pecten fumatus fumatus, an
Australian species with a similar composition to that of Pla-
copecten, showed the N-terminus after cleavage with ami-
nopeptidase M to contain a sequence, with two homocys-
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teines. Those result suggested the presence of disulfide
crosslinks, originated by homocysteines, which in the oxi-
dative environment of sea water is very stable (Table 1).

CD Studies

The CD spectra of two repeating polypeptide sequences
of abductin are reported in Figures 7 and 8. In Figure 7,
the CD spectra of the pentaeicosapeptide (25 amino acid
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residues) in hexa-fluoroisopropanol (HFIP) is shown
(HFIP is the only transparent solvent in which the poly-
peptide is soluble). We can see that the unordered confor-
mation is dominant at 25°C while the PPII conformation
revealed by both the negative band at 198 nm and by the
positive one at 215 nm is present at 0 and 45°C with a pos-
sible minor amount of type-ll B turn conformers. This
observation indicates that the polypeptide undergoes an
inverse temperature transition in that it goes from a domi-
nant unordered conformation to a periodic, extended
PPII conformation with increasing temperature. In elasto-
meric proteins, able to coacervate such as elastin
and abductin peptides, it is very common to observe an
increase of folded conformations when the temperature is
raised.

The CD spectrum of FGGMGGGNAG in aqueous solu-
tion at 0°C (Fig. 8a) shows the presence of a positive band
at 220 nm and of a negative one at about 200 nm, again in-
dicative of PPII conformation. The first one decreases on
increasing the temperature, as expected for PPII confor-
mation. A similar spectral feature is shown by the CD
spectra in TFE, (Fig. 8b) although with stronger bands.
Furthermore, the increase of temperature induces a slight
reduction of the negative band, thus suggesting the pres-
ence of PPII conformation also in TFE. However, a contri-
bution from B-turns or by the absorption of the phenylala-
nine possibly frozen in a very rigid position because of the
folded conformation cannot be excluded in TFE.
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TABLE 3. Conformational properties of the most significative repetitive sequences of Resilin as suggested by CD spectra

Peptide H,0 TFE
PGGGN B B2
PGGGNGGRP U + PPII p-turn
SDTYGAPGGGNGGRP U + PPII B2 + Bl
PGGGNGGRPSDTYGAPGGGNGGRP U + PPII B2 + p1
(PGGGN) U + B-turn B2
GYSGGRPGGQDLGGYSGGRPGGQDLGGYSGGRPGGQDLG U + PPII + B-turn(s) B-turn(s)

RESILIN

Resilin is the major protein constituent of the elastic lig-
ament attaching the wings to the thoraxes of insects,
where it is responsible for the rapid vibration of the wings:
as elastic tendons in dragonflies and as elastic wing hinges
in locusts.*” Furthermore, it has been recently demon-
strated that resilin can work as a useful spring over the
very wide range of speeds encountered in insect biome-
chanics. For example, in cicadas, where resilin acts as the
elastic element in the sound-producing tymbal mecha-
nism*®*® the damped resonant vibration of the tymbal
equa}_)%es with energy losses in the whole system of under
20%.

Weis-Fogh found that resilin shows perfect elasticity:
even when strained to over twice its original length for
2 wk, a dragonfly’s resilin tendon snaps back perfectly when
the stress is relieved (hence the name he gave it) and that it
showed neither tearing nor fatigue when stressed within its
natural limits.*’He pointed out that resilin was an ideal mate-
rial for making elastic joints, such as hinges, that were sub-
jected to repeated cyclical stress. As a matter of fact, during
its life, the insect may fly for 8 h per day for about 30 days,
requiring over 20 million wing beats; a cicada, singing at a
frequency of 4 kHz for 2 or 3 h per day, stresses the resilin
in each tymbal over 400 million times, which is more than
the number of cycles per year encountered by the hair-
spring of a mechanical watch.

In resilin, Andersen identified the cross-links with fluo-
rescent amino-acids dityrosine and trityrosine®®! (Table
1). Recently, starting from tryptic sequences identified in
locust resilin, a gene putatively assigned to Drosophila mel-
anogaster resilin has been detected.® In this protein
sequence, it is possible to distinguish three different
regions, apart from a 23 residue long signal peptide (see
Fig. 1). The N-terminal region presents a 18 times
repeated peptide sequence, while in the C-terminal domain
a 13 residue sequence is repeated 11 times.

CD Studies

The CD properties of the most significative repetitive
sequences of resilin are reported in Table 3.

In aqueous solution they are dominated by the coexis-
tence of PPII, unordered conformations and B-turns. In
TFE more folded structures (type-II B-turns) are populat-
ing the conformational space.

Taken together, these results are very similar to those
found for the other elastomeric proteins studied by us.

CONCLUSIONS

The so-called unordered structures seem to play an im-
portant role in the structure (and elasticity) of the elasto-
meric proteins. For many years they were thought as sta-
tistical (mathematical) random coils according to the chain
flexibility introduced by Flory®® into the classical theory of
rubber elasticity. However, more recent results (the litera-
ture on this topic is too large to be cited here) pointed out
a different and more realistic picture. As a matter of fact,
the structural disorder does not originate from a full explo-
ration of the conformational hyperspace, rather it is an
expression of the chain flexibility in only some selected
regions of the Ramachandran map. One of these regions is
that comprising the polyproline II (PPII) structure.

From a structural point of view, type II polyproline is a
left-handed helix with an axial translation of 3.20 A com-
posed of three residues per turn, joined by transpeptide
bonds with backbone dihedrals of (¢, V¥, ®) = (=75°,
+145°, +180°).

In spite of the regularity of the PPII structure and, more
precisely, of its well-defined dihedral angle values, a typi-
cal feature of PPII structure is the absence of any intra-
chain hydrogen bonds that renders the PPII structure
almost indistinguishable from an irregular backbone struc-
ture by 'H NMR spectroscopy.> Therefore, CD spectros-
copy is a powerful tool for identify this structure in solu-
tion often confused with unordered, disordered, irregular,
unstructured, extended, or random coil conformations.>*

Actually, the absence of characteristic through-space
NOEs and of low-temperature coefficients for NH protons
involved in intramolecular hydrogen bonds makes NMR
spectroscopy-otherwise so powerful for conformational
analysis in solution-of difficult use for the identification of
PPII conformation. Basically, one could do careful meas-
uring of Noe volumes of sequential and intraresidue Ho-
HN NOE crosspeaks.®3* This volume ratio analysis
requires reduced overlap of the signals, difficult to find for
glycine-rich elastomeric peptides. On the other hand, the
method put forward by Lam and Hsu® is interesting; how-
ever it requires further validation before becoming a stand-
ard protocol. As a matter of fact, some doubts arise from
the analysis of the CD spectra of the so-called “random
coil” peptides reported in that paper. Spectra clearly show
that a certain degree of PPII is still present in some of the
“random coil” peptides. Furthermore, the NMR measure-
ments of the so-called “random coil” peptides were
recorded in 1M Urea, a well known PPII stabilization
agent, thus suggesting that the peptides analyzed by NMR
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cannot be surely considered as a standard of random coil
peptides.

Accordingly, the only way to unambiguously reveal the
PPII structure in solution is to use spectroscopies based
on optical activity, such as circular dichroism®®(CD), vibra-
tional circular dichroism®”*® (VCD), and Raman optical ac-
tivity">®® (ROA). Herein, we focus on electronic CD
(ECD) identification of PPII structure, widely considered
to be the most reliable methodology. In fact, CD data are
invaluable as a preliminary guide to conformation and
to conformational transitions under a wide range of
conditions.

Polypeptides with ionized side chains and previously
considered to adopt unordered conformations,®* such as
polyLys, and polyGlu at neutral pH show CD spectra with
strong negative CD band below 200 nm and a positive one
at 218 nm. An additional negative band near 170 nm is
also observed in vacuum UV.

As a matter of fact, the theoretical work of Krimm and
Mark revealed that the lefthanded extended 3; helix
(PPII) is the favored conformation for polypeptide chains
with ionized side chains.®? Accordingly, Krimm and cow-
orkers®?% noted the resemblance of the CD spectra of the
unordered structures to those of PPII and collagen and
suggested that the so-called unordered structure consists
mainly of short segments (4-7 residues) of PPII helical
conformation mixed with sharp bends. Recent low-temper-
ature CD measurements on polylysine and VCD studies of
polylysine, support the Tiffany and Krimm proposal.
Woody summarized® the experimental and theoretical
studies, concluding that “unordered” systems showing
positive CD absorptions near 220 nm mostly adopt PPII
conformation. These lefthanded helical regions are
less populated at room temperature and more at low tem-
peratures. Isoelliptic points are seen in the temperature-
dependent spectra of many unordered polypeptides
and should be attributed to a conformational equilibrium
between the lefthanded PPII and truly unordered
conformation.®*

Recently, it has been suggested that water can be an im-
portant stabilizing effect for the PPII structure.®>%” The
main question concerns the forces stabilizing this confor-
mation in spite of the absence of both intramolecular and
intermolecular hydrogen bonds, which are typical of
regular conformations such as o-helix and B-pleated
sheets, respectively. Actually, the water molecules can be
hydrogen-bonded to the peptide backbone thus stabilizing
its quasi-extended conformation.

PPII conformation is widely present in titin,®> wheat glu-
tenin, lamprin,®® elastin,!*® abductin,*® and resilin which
are elastomeric proteins and therefore it should play a piv-
otal role in the genesis of elasticity. According to our stud-
ies a possible mechanism could be based on the following
considerations.

PPII is a flexible conformation, the most flexible among
the regular, periodic structures, almost surely due to the
absence of intrachain hydrogen bonds and to its particular
dihedral angles. As a matter of fact, the PPII conformation
is an extended structure located very close to type II B-
turns (first corner residue) and B-strand in the Ramachan-
Chirality DOI 10.1002/chir
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dran map. This allows the issue of multiconformational
equilibria like the following:

—

— —

PPIl P

irregular [-strand

B-turn

which are common to all studied elastomeric proteins.
Accordingly, the high entropy of the relaxed state should
originate (in addition to the sliding B-turns) from general
equilibria akin open/folded. In the case of extensible pro-
teins (elastin, titin, lamprin, resilin) the stretching should
shift the equilibria toward the open, extended conforma-
tions, on the contrary, for the compressible protein abduc-
tin on compression the equilibrium extended/folded
should be shifted to the folded structures, again decreas-
ing the entropy, the uncompressed, multiconformational
state being recovered by a simple increase in entropy after
removal of the compression force.

Of course, the question arises as to whether the results
obtained on simple and relatively short peptides might be
transferred to the entire protein. Although this “reduc-
tionist approach” is of doubtful utility in the case of globu-
lar proteins, an enormous amount of experimental data,
mainly obtained for elastin, may nevertheless point to a
quite different scenario for elastomeric proteins.

As previously suggested, this probably originates from
the intrinsic (sequence) fractality of those proteins, giving
rise to the same structural pattern independently of the
scale of observation.2*36:69-71
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ABSTRACT

It can be computationally expensive to compute smooth, well resolved,

optical rotation (OR) dispersion (ORD) curves from first principles theory. Instead of
computing the OR at a large number of frequency points, similar results can be obtained
by combined use of a computed circular dichroism (CD) spectrum along with a few OR
calculations by using subtractive Kramers-Kronig transformations. We have tested vari-
ous subtractive schemes for simulated (analytical) CD/ORD and for time-dependent
density functional computations for dimethyloxirane, fenchone, and [4]triangulane. Non-
resonant ORD can be obtained with as few as two OR and one CD calculation. For reso-
nant ORD we found that between 7 and 15 OR computations plus the CD spectrum
were typically sufficient, depending on the number of excitations within the frequency

window of interest. Chirality 20:995-1008, 2008.
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INTRODUCTION

It is now well recognized that first-principles based
computations of optical activity are very valuable in the
study of chiral organic molecules'™ and metal com-
plexes.%” We will focus on electronic optical activity here
[optical rotation (OR) and circular dichroism (CD)] and
refer the reader to the literature for computational work
on vibrational optical activity.>' One of the important
applications of computed CD and OR is to determine the
absolute configuration (AC) of a chiral molecule by match-
ing experimental data with computational data for one of
the possible enantiomers. Because of its relatively easy
and inexpensive measurement the OR at the sodium -
line (589.3 nm, 16969 cm™ !, 2.104 €V, 0.07732 au) has
been used extensively for assignment of ACs with the
help of computations. However, because there is only a
single data point available for comparison, and because
approximations in the computational model necessarily
lead to some deviations between theory and experiment,
care must be taken that the assignment is statistically
meaningful.'>'® Additional confidence in the AC assign-
ment can also be gained by considering part of the OR
dispersion (ORD), the CD spectrum, or both. See the
aforementioned reviews and Refs. 14-16 for computational
approaches to CD using time-dependent density functional
theory (TDDFT), which are now mainly used in this field,
and a selection of case studies. The more information
about the chiroptical response of a molecule that can be
obtained and brought to a match between theory and
experiment, the higher the likelihood of a correct compu-
tational-based assignment of the AC. Concerted studies
that include the pline OR or a larger range of the ORD
© 2008 Wiley-Liss, Inc.

as well as electronic CD have been undertaken by a num-
ber of authors.>'"?! If a large enough range of the ORD
can be accessed experimentally, comparison with com-
puted data should also allow for a more reliable assign-
ment of the AC than using the OR at just a single wave-
length.2"2® There is also a renewed interest in studying
OR as a function of wavelength/frequency for chiral mole-
cules, and to investigate rovibrational effects on the OR,?*
9 since gas-phase measurements have become possible
using cavity ring-down polarimetry.*°

Chirality and optical activity are of interest for very
fundamental chemical and physical research.’'* Along
with the application of chiroptical response calculations
for AC assignments, the study of CD and ORD is inter-
esting and important in its own right because it gains
detailed insight into the electronic structure of chiral or-
ganic molecules and metal complexes. A physically
meaningful response function is complex. In chiroptical
response, the optical rotation angle ¢ (ORD) is the real
part and the ellipticity 0 (CD) is the imaginary part of
the complex OR angle @,

D =@ +16. (1)
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Therefore, concerted studies of CD and ORD investi-
gate the full, complex, electronic chiroptical linear
response (LR). In principle, only the real or the imagi-
nary part needs to be known since ¢ can be obtained
from 0, and vice versa, through the Kramers-Kronig
(KK) transformation.>>*® However, the KK integral
transformation requires the complete spectrum includ-
ing all continuum states up to infinite frequency. See the
Appendix for details. Since in practice only a finite range
of frequencies is accessible, knowledge of both the CD
and ORD in the low-frequency range may yield useful in-
formation about the inaccessible parts of the spectrum/
dispersion. This issue has recently been addressed by
Polavarapu who suggested computational protocols that
make use of combined CD and ORD measurements and
computations along with the use of KK transforma-
tions.®"° Our group has recently studied the conver-
sion of ORD into CD and vice versa in detail from a theo-
retical point of view, using LR calculations with empiri-
cal damping to obtain ¢ and 0 from the complex
response along with direct computations of rotatory
strengths R,; and excitation frequencies wy; to obtain
the same quantities.*’

One of the disadvantages of calculating a well-
resolved ORD over a large frequency range (with or
without use of damping) is that the LR computations
have to be repeated at each frequency point. Depending
on the level of theory and the intended resolution of the
ORD this may require significant computational
time.21234%41 The purpose of this study is to investigate
several protocols involving KK transformations which
combine LR computations of ORD at a relatively small
number of frequencies with computations of rotatory
strengths R,; and excitation frequencies wg; (from which
CD spectra are usually simulated). The goal is to obtain
well resolved ORD curves that do not contain large trun-
cation errors from finite frequency range KK transfor-
mations of the CD. Further, we apply these methods to
address a conceptual issue in computations of resonant
ORD: Without applying any damping, the ORD diverges
at the excitation energies and can therefore not be com-
pared to experiment. Damping leads to smooth ORD
that has the correct qualitative peak/trough pattern
around the excitation.?’*! As it is commonly imple-
mented*?**? the damping appears as an empirical Lor-
entzian broadening of the excited states whereas typi-
cally in spectroscopy one would rather approximate the
broadening with Gaussian functions. The combination of
LR computations of ORD with CD calculations allows
the removal of such implicit line-shape from the com-
puted results and therefore to model the resonant ORD
with any desired broadening. In this work, we will con-
sider a Gaussian broadening and show the differences
compared to resonant ORD based on Lorentzian broad-
ening.

This study is organized as follows: In Computational
Details and Methodology, we will summarize the com-
putational details for the optical response calculations
performed for the selected molecules, and discuss meth-
ods of performing the modified KK transformations and
Chirality DOI 10.1002/chir
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recovering lineshapes from dampened OR dispersion
calculations. In Results and Discussion, we catalogue
the results of our calculations and transformations. We
will first discuss an analytic model CD/ORD for a hypo-
thetical molecule, and then perform KK transformations
on computational data for three molecules: dimethyloxir-
ane (DMO), fenchone, and (P)-[4]triangulane. Compari-
sons with experiment will be made for fenchone and
[4]triangulane. We summarize our findings in Summary
and Conclusions section. Some additional information
about KK and Hilbert transformations is given in the
Appendix.

COMPUTATIONAL DETAILS AND METHODOLOGY
Density Functional Computations

We have used TDDEFT for all response computations.
For (2R,3R)-DMO, and (1R)-(—)-fenchone, the ORD and
CD were calculated with the Amsterdam density func-
tional (ADF) package®® using the chiroptical response
methods described in Refs. 15, 21, 44 and 45. Optimized
structures for fenchone and DMO were taken from
Refs. 21 and 45. We have used the asymptotically cor-
rect statistical average of orbital potentials (SAOP)
exchange-correlation (XC) potential developed by Baer-
ends and coworkers*® along with the adiabatic local den-
sity approximation for the XC response kernel. For
DMO, we have used the TZ2P+ basis from the ADF ba-
sis set library,*® which is a valence triple-{ doubly-polar-
ized Slater-type basis (TZ2P) that has been augmented
with additional diffuse functions (two sets of p functions
for H and one set of s, p, d functions for C, O). See Ref.
45 for further details. A global damping parameter of
0.007 Hartree atomic units (au, ~0.2 €V or 1.5 X 10°
cm™ 1) was used in the LR computations of the ORD.
The CD was computed from rotatory strengths and exci-
tation energies!® for a few dozen excitations which were
subsequently broadened with the same linewidth of
0.007 au. See Refs. 15, 21 and the Appendix for further
details. The ORD and CD of fenchone were calculated
for a large frequency range with a polarized double-{
(DZP) basis with a damping/linewidth parameter of
0.007 au. Calculations for fenchone were also done with
the TZ2P+ basis. For benchmark computational data for
these molecules using the same functionals and Slater-
type basis sets see Refs. 15, 21 and 45. The Turbomole
5.7 package,*” using Becke’s 3-parameter hybrid func-
tional BHLYP (50% exact exchange) and the aug-cc-
pVDZ Gaussian-type basis, was used to compute the
ORD and CD of (P)-(+)-[4]triangulane and its structure
was optimized using the hybrid functional B3LYP and a
polarized triple-{ (TZVP) basis. We decided to use a
Gaussian-type basis and a hybrid functional for compati-
bility with previously published data for this molecule.?
The computed ORs are based on a common gauge ori-
gin (CGO, here the center of nuclear charge). Although
the CGO results are in principle origin dependent we
have previously shown that qualitatively the same
results are obtained in studies of the performance of KK
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transformation when the CGO is used instead of an ori-
gin independent modified velocity gauge, for example.*’
For computations with the doubly polarized diffuse basis
sets the origin dependence is relatively weak.*>*® In the
spectra/ORD for the molecules, we use an energy scale
(in eV), which is proportional to the wavenumber (1 eV
~ 8066 cm ). For the three molecules we also show a
wavelength scale for convenience.

KK Transformations and Subtractive Methods

For Gaussian and Lorentzian functions, the KK (or
Hilbert) transformations are known analytically. See the
Appendix for details and the expressions for Lorentzian
and Gaussian transform pairs. For experimental spectra,
or other more complicated broadening functions, KK-,
Hilbert-, and the subtractive KK-transformations investi-
gated here are more easily performed by numerical inte-
gration. Polavarapu recently recommended the use of the
Maclaurin’s Formula for the numerical integration in KK
transformations of CD and ORD.3” Ohta and Ishida have
previously tested several numerical integration methods
for KK transformations,*® and found that Maclaurin’s For-
mula outperformed the others investigated. It has also
been extensively tested in our previous work on KK trans-
formations.*® Maclaurin’s numerical integration formula
employs an evenly spaced grid and divides it into sets of
odd (o) and even points (e), as shown in eq. 2 below,
which is done to avoid the singularity at p = ». When an
odd point is being evaluated, the summation goes over all
of the even points and vice versa. As Ohta and Ishida
pointed out, this method of avoiding the singularity at p =
o produces excellent results. For instance, the KK trans-
formation of the imaginary part of the OR parameter
(proportional to 8/w?) to its real part (proportional to
¢/®?) the numerical formula reads

grid Im

2h Z (2)

j€o.e

where 7 is the spacing of the data grid and the summation
goes over the odd (o) set when grid point o; is even (e)
and vice versa. o and p are frequency-like variables (fre-
quency, energy, or wavenumber). The multiply subtractive
KK transformation (MSKK) is an adaptation of the KK
transformation to include a number of “anchor points” at
which the transform is known exactly. One subtracts the
known value from the KK equation to get the singly-sub-
tractive KK transformation (SSKK). A second known value
can then be subtracted from the SSKK equation to give a
doubly-subtractive equation (DSKK), and so forth. This
has been proposed to eliminate the cut-off errors when the
integration is truncated at low frequencies® since the
transform can be “anchored” to the exact values. Applica-
tions to computed molecular properties were not tested in
Ref. 50. More information about KK and MSKK transfor-
mations is given in the Appendix and in Ref. 40, where we
have studied the performance of a singly-subtractive
method for CD-to-ORD transformations. Given the knowl-
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edge of N such anchor values of the OR at frequencies
®;,7 = 1...N, the Nth order subtractive KK transformation
can be written conveniently in closed form as

032—03]2)
Re[B ZRC[B ; ]1;!((”12_(”]2)
N 00
L2 H(wz_mz)} | LTI
T 0 2 2 _ 2
(= o) [T~ o)
That is, the anchor values of the OR are the

Re[B](w;), which can be calculated from LR using the
same basis set and methods used to compute a truncated
CD. For the present work we have implemented the
MSKK of eq. 3 using numerical integration as in eq. 2.
The software is available free of charge from the authors
upon request.

The MSKK is useful in situations where the complete
CD spectrum is not known (which is almost always the
case). Regardless of the integration range in eq. 3, right
at an anchor point where o = w;, the product in front of
the integral vanishes and the first term on the right hand
side of (3) will be equal to Re[B](wy). This ensures that the
MSKK transform will always be exact at the anchor points
regardless of a truncation of the CD spectrum as long as
the exact value of B is known. The computational cost of
the numerical MSKK integrations is negligible compared
with those for state-of-the-art response computations on
chiral molecules. We may therefore exploit this fact to
generate accurate ORD curves quickly from a MSKK
transformation by calculating a small set of OR anchor
points by LR, along with the CD over the frequency range
of interest. For small to medium sized molecules, calculat-
ing a few dozen CD transitions is roughly as costly as com-
puting the OR at one to several frequencies. Therefore, as
we will show with typically 10 OR points plus one CD com-
putation, one can obtain a well resolved ORD curve that
may otherwise require on the order of 50-100 LR computa-
tions (here this corresponds to a speedup of roughly one
order of magnitude). In the offresonance regime, where
no oscillations of the ORD occur, fewer ORD points from
LR would be needed to obtain a reasonably smooth curve.
However, in this case the MSKK yields very good results
with only 2 or 3 anchor points and therefore still offers a
substantial speedup.

Although Maclaurin’s formula avoids the singularity in
the regular KK transformation, the MSKK will introduce
a new singularity at each anchor point where p = wy.
Previously we applied this method with a single anchor
point outside the integration range to avoid this problem.*’
Unfortunately, in this form the singly-subtractive KK
turned out to not be very useful since the effect of the
anchor point disappears further away from the anchor fre-
quency. Here, we propose that one creates a set of anchor
points covering the range of frequencies that the ORD is
to be studied, and also uses a rather tight numerical inte-
gration grid for the MSKK transformation (on the order of
10 to 10* points). The integration grid should be dense

Chirality DOI 10.1002/chir
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enough such that adjacent points afford approximately the
same OR value when compared with the magnitude of the
ORD. With this in effect, the anchor point may span two
adjacent points on the integration grid; w,qq ~ ®; & Oeyen-
Now when evaluating the MSKK at an odd/even grid
point, the integration goes over the even/odd grid and we
use the corresponding odd/even-point anchors. This tech-
nique avoids the singularity in the same way as the origi-
nal Maclaurin formula for the standard KK transform.
Since the same ¢(w;) is used for odd/even anchor point
pairs, it should be noted that the larger the true
O(®oqd) — ®(®even) for adjacent grid points is, a more
strongly pronounced odd-even oscillation (ringing) will be
obtained in the MSKK transform.

Anchor point placement. As Palmer has pointed
out,”® the collection of terms in the multiply subtractive
KK transformation, other than the integral itself, has the
form of an Nth degree Lagrange interpolating polynomial,
in powers of ®? that joins the N anchor points. There is a
well known problem when using interpolating polynomials
of high degree called Runge’s phenomenon: the higher
degree of the polynomial used, the more the interpolation
oscillates towards the ends of the interval. Such oscilla-
tions can be minimized by using the Chebyshev nodes,
instead of an equally spaced grid of anchors for instance,
as in this case the maximum error diminishes with
increasing polynomial order. These nodes can be found
with the equation

1 (2q + D)m
O)th = ﬁ (((Dipper - 0)lzower) cos {T}

DOl

+ (wﬁpper - w%ower)) (4)

where N is the number of anchor points, g goes from 0 to
N — 1, and ®ypper/tower are the upper and lower boundaries
the nodes are to be generated in between. Here, ®ypper/
lower define the frequency window of interest for a spec-
trum being transformed. Since the multiply subtractive KK
transformation has the form of an interpolating polynomial,
placing the anchor points at the Chebyshev nodes should
minimize oscillations between the bounds. One must also
consider that the Chebyshev nodes represent a nonlinear
distribution that are dependent on N and ®ypper/iower, 1-€-
they are independent of what the spectrum may look like.
One should choose the Chebyshev-zeros such that the
anchor points will fall onto frequencies where important
ORD features should be reproduced as accurately as possi-
ble. To find these important spectral features, should ex-
perimental data not be known, we suggest to calculate a
CD spectrum spanning the desired frequency region and
then perform a regular (nonsubtractive) KK transforma-
tion on it. This will show the main peak/trough pattern of
the ORD apart from the relatively smooth truncation error
(see below).

Chained subtractive transformations. Another pos-
sibility is to perform transformations of low polynomial
Chirality DOI 10.1002/chir
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order and “chain” them back together; herein we pro-
pose a chained doubly-subtractive KK transformation
(CDKK). To our knowledge, this version of the sub-
tractive KK has not yet been considered. To picture
this method, one should imagine anchor points
W1, ®2, 03, ..., oy Where N — 1 doubly subtractive transfor-
mations of the CD use anchors »; to s, then w, to m3 and
so forth. The resulting transformations are stitched back
together at the common anchor points and the data out-
side the [w;, ®;, 1] interval for transformation 7 is discarded.
The resulting transformation polynomial is of low order,
which will also reduce the interpolation error. The CDKK
has properties that are more akin to a spline fit (along
with the advantages of spline fits) than a polynomial fit.

Lineshape-replacement KK method. The damp-
ened ORD computed from LR has an intrinsic Lorentzian
absorptive lineshape with a constant linewidth built into
itself (as a result of the implementation®*%). However, we
may still obtain ORD based on other lineshapes, such as
Gaussian, and/or other linewidths with the help of Lorent-
zian and Gaussian broadened CD spectra along with a
smooth ORD curve generated either from a large number
of LR calculations or, more efficiently, from MSKK/CDKK
transformations. This can be achieved, for instance, with
the following protocol:

1. Select a frequency window for the ORD.

2. Calculate the ORD within the frequency window, either
on many frequency points, or using subtractive KK
methods, with a reasonable damping parameter
(undamped calculations may work but would be
numerically very sensitive near the resonance frequen-
cies).

3. Covering at least this frequency window, calculate a
CD spectrum with a Lorentzian broadening consistent
with step 2. Alternatively, one may use peak fitting for
the imaginary part of the LR OR of step 2.

4. Subtract the KK transformation of the CD of step 3
from the ORD of step 2. The difference, AORD, repre-
sents the contribution to the ORD from CD transitions
outside the frequency window of interest (the KK trun-
cation error).

5. Add that difference, AORD, to the KK transformation of
a Gaussian or otherwise broadened CD spectrum.

By KK-transforming the Lorentzian CD spectrum and
then subtracting it from the ORD we remove the informa-
tion specific to the lineshape and line-width. What is left,
AORD, is the influence from higher excitations that consti-
tutes the cut-off error made when transforming a truncated
spectrum. The CD cut-off should be high enough such
that the line-shape of these high-lying excitations has no
effect on AORD, which for practical purposes we assume
to be the case if the cut-off for the CD is several eV (sev-
eral 10* cm™!) above the frequency range for which the
ORD is to be studied. The information contained in AORD
can then be added to the KK of a Gaussian or otherwise
broadened CD, which yields an ORD corresponding to
line shapes that are more consistent with lineshapes
observed experimentally.
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Fig. 1. Normalized Gaussian and Lorentzian functions with the same width at half peak height (left), and their analytic and numerical Hilbert

transforms (right).

RESULTS AND DISCUSSION
Analytic Model Spectra

Analytical KK-transform solutions are known for anti-
symmetrized Lorentzian®® and Gaussian® functions (see
Appendix). Since the computations on molecules involve
imprecisions from numerical integrations and finite con-
vergence thresholds, an exact “synthetic” analytic spec-
trum with a known lineshape is useful to test the accuracy
of the transformations as well as the principal performance
of the various subtractive methods. In Figure 1, we show a
normalized Lorentzian and a normalized Gaussian function
along with their analytical and numerical (using Maclaur-
in’s integration) transforms. The agreement between nu-
merical and analytical results is excellent. Because of the
faster decay of the Gaussian function, when comparing the
transforms of two normalized peaks with the same width
at half peak height, the transform of the Gaussian has a
more strongly pronounced peak and trough.

In this section, the functions and transformations shown
are based on Lorentzians unless otherwise noted. The
methods work equally well for Gaussian lineshapes.

An analytic “Im[B]” and corresponding “Re[B]” were
generated using a linear combination of over 3000 anti-
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Fig. 2. Synthetic model Im[] in its full and truncated forms.

symmetrized Lorentzian (or Gaussian) functions repre-
senting excitations with a broadening (half width at half
peak height) of vy = 0.007 au to represent the real and
imaginary part of the OR parameter B for a hypothetical
molecule. We note that the spectral data is typical for a
molecule described computationally by a finite atomic or-
bital basis set. A truncated version of this spectrum gener-
ated from the lowest 16 excitations as illustrated in Fig-
ure 2 was then taken to study the performance of the
MSKK, CDKK, and the lineshape-replacement methods.
Regular (non-anchored) KK transformations of the full and
the truncated spectrum are shown in Figure 3. The error
from truncation is clearly visible by comparing the trans-
formations.

Figure 4 shows the comparison of MSKK transforma-
tions with 2, 5, and 10 anchor points at the Chebyshev
zeros on the range o between 3.5 and 10 (all quantities
in arbitrary units). It is seen that with increasing number
of anchoring points the accuracy of the MSKK transfor-
mation becomes better. It appears that for a CD/ORD
with as many spectral features as present in our analytic
model example 10 anchor points yield quite acceptable
results.

Analytic Re[g] -
KK of full analytic Im[B] —— -
KK of truncated analytic Im[p] --------

800

Optical rotation parameter 3 / arb. units

®/ arb. units

Fig. 3. Numerical KK transforms of full and truncated analytic model
Im[B] spectra, respectively, along with the analytic Re[B].
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Fig. 4. Numerical MSKK of the analytic model Im[B] spectrum with
varying numbers of anchor points.

An important issue for obtaining accurate MSKK trans-
forms of truncated spectra is the placement of the anchor
points. Figure 5 shows a comparison of two MSKK trans-
formations with 10 anchor points each. One transforma-
tion has anchors at the 10 Chebychev zeroes of the inter-
val [3.5-10], the other uses the interval [4.0-9.6]. The
transformation with anchors in the [4.0-9.6] range better
matches the exact result. This shows that it is not only
important to choose the anchor points at the Chebychev
zeros to reduce the error from the high order polynomial
interpolation nature of the MSKK procedure, but also to
choose a range for those points where they lie on impor-
tant spectral features (as mentioned earlier). We can see
that the transformation in the [4.0-9.6] interval has a
point on the small peak at ® = 9 and two more near the
top of the larger peak at 9.5 eV. The four anchors at high-
est frequency for the transformation in the [3.5-10] inter-
val have two peaks and two troughs between them, and
Im[B] is rapidly changing near the anchor points, which
is an undesirable situation. When choosing the place-
ment of anchor points we therefore recommend to con-
trol the result visually as in Figure 5 to ensure an optimal

700 T

Analytical Re[B]
10 anchors [3.5:10] ——
10 anchors [4:9.6] ««ww--

Optical rotation parameter 3 / arb. units

o/ arb. units
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placement with respect to strongly oscillating parts of the
transform.

Figure 6 shows a CDKK that used 20 evenly spaced
anchor points in the interval 4-10 (the anchors do not
coincide with the Chebyshev zeroes). It can be seen that
the transform agrees very well with the exact result.
Therefore, at the cost of a somewhat larger number of
anchor points one can choose an evenly spaced anchor
point grid straightforwardly and does not need to worry
about an accidental suboptimal anchor point placement. In
a number of tests on random analytic model spectra, we
have typically obtained results of the same quality as for a
MSKK with well chosen anchor points when using a
CDKK with a uniform grid of 1.5 to 2 times as many
anchor points.

Figure 7 shows the lineshape-replacement KK method
(LRKK, see Methodology section) for removing the Lor-
entzian lineshape that is inherently built into dampened
OR computations. We have subtracted the KK transforma-
tion of the truncated Lorentzian Im[B] spectral data from
the analytical Lorentzian Re[B] to obtain AORD. This
result was then added to the KK transformation of the
truncated Gaussian Im[B]. The analytical Re[B] based on
the Gaussian lineshape is plotted as well for comparison.
We can see that the Gaussian broadened Re[B] from the
LRKK procedure is in excellent agreement with the analyt-
ical solution as it should be. Towards the high energy cut-
off there is some deviation, but that is expected as noted
earlier. The deviation can be reduced by extending the
cut-off for the CD beyond the ORD frequency window of
interest (typically >1 eV in practical computations). The
cutoff for the excitations used for Figure 7 was at ~10 arb.
units, i.e. the most accurate results for the lineshape-
replacement method would be at frequencies below this
value where tails of absorption peaks above the cut-off do
not affect AORD.

DMO

DMO has been one of the “benchmark” molecules for
chiroptical response computations because of its small
number of atoms, the fact that its CD has been measured
up to ~9 eV,*? and that the CD is well reproduced by TD-
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Fig. 5. Left: MSKK transformations of the analytic Im[B] using 10 anchor points within different ranges. Right: Placement of the anchor points.
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Fig. 6. Chained doubly-subtractive KK (CDKK) for the truncated
analytic model Im[B] spectrum.

DFT computations.®® Because of the abundance of theoret-
ical data we decided that DMO would be a suitable test
case for a first application of the various subtractive
schemes using first-principles computations. Figure 8
shows a comparison of the simulated CD (from excitation
energies and rotatory strengths) versus the imaginary part
of the damped LR molar rotation. For the purpose of this
benchmark study we have computed the LR OR with
damping at a comparatively large number of frequency
points. As can be seen, the molar ellipticity and the imagi-
nary part of the molar rotation have excellent agreement
up to about 10 eV whereafter slight deviations start to
occur due to the high density of states.*’ For applications
of the LRKK method it is important to know that the LR
computations of the complex rotation angle yield the same
CD as separate CD computations. Slight disagreement is
typically obtained due to numerical imprecisions, finite
convergence criteria, and so on.

Figure 9 shows the comparison of MSKK transforma-
tions for DMO with 2, 5, and 10 anchor points at the Che-
bychev zeroes in the frequency interval [6.0-10.5] eV. As
with the analytic model spectrum, the use of 10 ORD

2000 T
Analyt|ca| Lorentzian Re[B] e

% Relp] - KK of truncated Lorentzian Im[p] --------
E Rel[p] - KK of Im[B] + KK of truncated Gaussian Im[J] -
2 1500 Analytical Gaussian Re[f]  + R
o
T
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5 1000 F
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£
o
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f=d
o
®
g
©
o
s
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Fig. 7. The lineshape-replacement method (LRKK) described in the
Methodology section applied to the analytic model Im[B] spectral data
using Lorentzian and Gaussian broadening.
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Fig. 8. Computed molar ellipticity of DMO (y = 0.007 au Lorentzian
broadening), and computed imaginary part of the molar rotation from
damped linear response.

anchor points turns out to be sufficient to anchor the KK
transformation of the truncated CD over this frequency
interval. Figure 10 shows a CDKK with 14 points in the 6-
10 range in comparison with the MSKK with 10 anchor
points. In this case, 14 evenly spaced points yielded about
the same quality of transform as an MSKK with carefully
chosen Chebychev zeros. As a rule of thumb, with multi-
ple excitations over the desired frequency window and
damping parameters on the order of 0.2 eV, 4-5 anchors
per eV turned out to yield good coverage of the spectrum.
In comparison, it is not always straightforward to increase
the accuracy of a MSKK due to the accumulation of singu-
lar terms. Figure 11 shows the breakdown of the MSKK
towards the upper and lower bounds of the frequency win-
dow when using the same 14 anchors as used in the
CDKK (as expected). This illustrates that the anchor
placement can be somewhat inflexible with the MSKK
method, i.e. the use of the Chebychev zeros becomes
mandatory at a high enough number of anchor points.
Overall, however, it can be seen that both methods pro-
duce good results. The chained method is easier to apply

200 180 160 140 120
‘ LRORD ——

300 - - MSKK of CD, 2 anchors -t
MSKK of CD, 5 anchors -

7 MSKK of CD, 10 anchors -

200 b

7678 8 8284

Molar rotation [®] / 1000

6 6.5 7 7.5 8 8.5 9 9.5 10
w/eV

Fig. 9. Molar rotation of DMO from MSKK transformations with
varying numbers of anchors (y = 0.007 au Lorentzian broadening).

Chirality DOI 10.1002/chir



1002
A/nm
200 180 160 140 120
50 ‘ " LRORD '
300 60 | | § | MSKK of CD, 10 anchors - -
i CDKK of CD, 14 anchors -
70t i
8 8L | VA
2 201 g0t ‘v’ ] A
5 -100 e !,r Y
p 9 9.29.49698 10 /
§ 100+ i
g !
S /
T ¥
K 0 *W M 71 |
§ mew/ \‘L* }1
P,
\+ f ‘%‘:@5‘
100 | Yy |

6 6.5 7 7.5 8 8.5 9 9.5 10 105

w/eV

Fig. 10. Molar rotation of DMO from CDKK transformations of the
CD using 14 anchor points, compared with a 10-anchor MSKK (y = 0.007
au Lorentzian broadening).

and appears to be more balanced, but requires somewhat
more anchor points.

Using the LRKK, Figure 12 shows the ORD where a
Gaussian line shape is underlying the resonant part. As al-
ready indicated in Figure 1, the peak/trough pattern of
the ORD becomes more pronounced when using Gaussian
broadening with the same line width at half peak height
used for the Lorentzian broadening of the CD. Qualita-
tively, the pattern is the same, as one might expect. Since
we have used a large frequency range for the CD, the KK
frequency-cutoff error is relatively small compared with
the peak/trough heights in the ORD at low frequencies.

Fenchone

Figure 13 shows a comparison of the computed CD ver-
sus the imaginary part of the LR molar rotation computa-
tions. The small DZP basis was chosen to facilitate bench-
mark calculations over a wide frequency range. However,
we note that for fenchone the ORD in the near-UV range
is quite well reproduced with TDDFT computations of this
type.2! As with DMO, the results agree reasonably well

A/nm
200 180 160 140 120

MSKK of CD, 14 evenly 'spaced points
LR ORD

250

Molar rotation [@] / 1000

6 6.5 7 7.5 8 8.5 9 9.5 10
w/eV

Fig. 11. MSKK of truncated CD for DMO, using 14 evenly spaced
anchor points (squares). Note the breakdown of the MSKK at high
frequencies and the considerable noise in the transform.
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Fig. 12. Gaussian-broadening based ORD for DMO, computed with
the subtractive LRKK method as outlined in Results and Discussion (y =
0.007 au).

over the entirety of the frequency range with larger devia-
tions occurring at higher frequencies. The deviations at
higher o are likely due to the high density of states in this
frequency range.’® For the various KK transformations we
have used the 50 lowest-energy CD transitions.

Figure 14 shows the comparison of MSKK transforma-
tions with 2, 5, and 10 anchor points for the SAOP/DZP
computations. As it was found for DMO, also for fenchone
10 anchor points appear to be sufficient to yield an accu-
rate transform. Figure 15 shows a CDKK with 18 anchors
(evenly spaced) along side of the MSKK with 10 anchor
points. Both the CDKK and MSKK agree quite well over
the observed frequency range. The largest deviations
occur in the resonant region, where the ORD oscillates
strongly and larger (absolute) deviations may be expected.
The usefulness of the CDKK method becomes visible
here, as the anchors can be chosen more freely in contrast
to the nonlinear distribution of Chebyshev zeros fixed by
the frequency range. To change the Chebyshev zeroes,
one would have to adjust the bounds, which would in turn
affect the location of every anchor point.

A/nm
300 270 240 210 180 150

Im[LR ORD]
cD

30

Molar ellipticity [6] / 1000

w/eV

Fig. 13. Computed molar ellipticity of fenchone, and computed imagi-
nary part of the molar rotation from damped linear response, both with
DZP basis and y = 0.007 au.
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Fig. 14. Molar rotation of fenchone from MSKK transformations of
SAOP/DZP computations with varying numbers of anchor points.

For direct comparisons with experimental data, we have
recomputed the CD spectrum and the ORD in the #-to-n*
region with the diffuse doubly polarized triple-{ basis
TZ2P+ (see Computational Details and Methodology).
Results for a CDKK procedure are shown in Figure 16
along with a large number of LR OR points and experimen-
tal data. The use of 7 anchors with a CDKK transformation
produces an ORD curve that is in excellent agreement
with the computed LR OR. The agreement with experi-
ment is also quite good, as was already noted in Ref. 21,
despite the underlying Lorentzian lineshape.

Figure 17 displays the experimental CD spectrum of fen-
chone in the z-to-n* region along with computed Gaussian-
and Lorentzian-broadened CD. It is easy to test different
linewidths and shapes for the CD once the rotatory
strengths and excitations have been calculated, to find the
lineshape/linewidth combination that matches best with
the experiment. One can then use the subtractive method
(LRKK) to investigate lineshape effects on the ORD.
Results for the LRKK method are shown in Figure 18. We
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Fig. 15. Molar rotation of fenchone from CDKK transformations of the
SAOP/DZP CD using 18 anchors, compared with a 10-anchor MSKK.
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Fig. 16. Molar rotation of fenchone in the n-to-t* region from a CDKK
transformation using 7 anchor points (squares), SAOP/TZ2P+ computa-
tions (y = 0.007 au). Also shown is the corresponding linear response
ORD and Experimental ORD. Experimental data from Ref. 22.

have decided not to scale the computed CD intensities
because this would yield a different long-wavelength limit
of the molar rotation than the LR computations.

Using the LRKK subtractive method of KK transforma-
tions outlined in the Methodology section, Figure 18
shows the #n-to-n* resonant ORD based on Gaussian line
shapes (SAOP/TZ2P+ level of theory). We note that the
KK truncation error is quite pronounced even with the use
of 50 CD excitations (comparing the magnitude of AORD
with the peak/trough heights), therefore the determina-
tion of AORD is mandatory here. Regarding the overall
agreement with experiment, some improvement is
obtained when using a Gaussian broadening of v = 0.0077
au because it leads to a larger frequency separation of the
ORD'’s peak and trough. This value for v is also the one
that leads to good agreement with the peak height of the
CD in Figure 17. However, to further improve the agree-
ment with the experimental ORD from the LRKK proce-
dure, it would also be necessary to blue-shift the excitation
energy slightly, and to use a slightly reduced rotatory

AJnm
280
Calc. Lorentzian CD v=0.0070 a.u.

Calc. Gaussian CD y=0.0077 a.u. ---------
1r Exp.CD o

340 310
2 T

Molar ellipticity [6] / 1000

3.6 3.8 4 4.2 4.4 4.6 4.8 5

Fig. 17. Computed CD spectrum of fenchone, SAOP/TZ2P+ level of
theory. Lorentzian and Gaussian broadening as indicated in the key.
Experimental data from Ref. 52.
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Fig. 18. Use of the subtractive method (LRKK) with Gaussian broad-
ened CD spectra (y = 0.0070 and y = 0.0077 au). Subtraction based upon
the 25 LR ORD points shown in Fig. 16. Alternatively, the 7-point CDKK
could be used. Experimental data from Ref. 22.

strengths for the z-to-n* transition. It is likely that a more
accurate computation (e.g., at a highly correlated ab-initio
level with a large basis set) would yield improved excita-
tion energies and rotatory strengths in which case a com-
bination of CDKK and LRKK should be able to yield full
agreement with the experimental ORD at affordable com-
putational cost.

(P)-(+)-[4[Triangulane

Recently, accurate computed ORs for (P)-(+)-[4]trian-
gulane have been showcased to demonstrate how compu-
tations can assist with the assignment of the AC.?> The
experimentally available ORD for triangulane lies in the
nonresonant frequency region.>* As Crawford et al. have
shown,?® TD-DFT yields ORs that follow the experimental
trend but are somewhat too large in magnitude (most
likely due to an underestimation of the lowest excitation
energies). Coupled-cluster singles and doubles (CCSD)
results were shown to agree very well with experiment,
but the computations required a significant amount of
time. The authors quoted a CPU time consumption of
about one week for each frequency point. Therefore, this
molecule is a good target for applying the subtractive KK
methods in the nonresonant regime.

For [4]triangulane, we decided to use the BHLYP
hybrid functional (50% exact exchange) along with the
aug-cc-pVDZ basis since this level of theory yields ORs
that agree reasonably well with experiment and with the
CCSD results. To create Figure 19, we have initially used
the calculated CD from the lowest 90 excitations and used
2 LR OR anchor points in the frequency range where ex-
perimental data are available to perform a MSKK transfor-
mation. Essentially the same MSKK results can be
obtained with as few as the lowest 2 or 3 excitations in this
case. We note that the lowest excitations are 4-5 eV above
the frequency range where the ORD has been measured.
The transformation with only 2 anchor points reproduces
the calculated OR values with excellent agreement. No
separate CDKK transformation was performed here, as
with only 2 anchor points the two methods are equivalent.
Chirality DOI 10.1002/chir
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Fig. 19. Molar rotation of (P)-(+)-[4]triangulane: MSKK of the
BHLYP/aug-cc-pVDZ CD with 2 LR OR anchor points (squares), and
BHLYP/aug-cc-pVDZ LR optical rotations on a finer frequency grid (“+”
markers).

Provided that a CD spectrum can be obtained at relatively
low computational cost (for instance from TD-DFT) or
computational cost comparable with one LR OR point
(which we would expect for a few excitations calculated at
the CCSD level) the savings in computational time are
potentially quite significant despite the fact that in the non-
resonant region fewer LR points are needed to produce a
smooth ORD curve.

For Figure 20, we have used the calculated CD
(BHLYP/aug-cc-pVDZ), along with two of the five CCSD
ORs from Ref. 23 for anchoring. Once again, the use of
only 2 anchors produces a smooth ORD curve that encom-
passes all 5 calculated values. Since the CCSD results of
Crawford et al. are very close to the experimental values,
no separate MSKK transformation is shown using experi-
mental anchors. We assume that the CD spectrum from
the TD-DFT computations is moderately accurate because
of the reasonable performance of BHLYP/aug-cc-pVDZ to
reproduce the ORD. In this case, it is seen that a few accu-
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Fig. 20. Molar rotation of [4]triangulane. Same as Figure 19, but using

two CCSD data-points for anchoring (squares). Other CCSD results
indicated by “+” markers.
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rate OR computations at a correlated ab-initio level along
with the MSKK transformation of the CD computed with
TD-DFT may yield excellent agreement with experiment
over the whole range where the ORD is known. Upon
transformation, the anchoring appears to eliminate most of
the errors in the computed CD from approximations in the
density functional (i.e., we obtain the same results as what
one would expect from an anchored transformation of the
CD spectrum calculated at the CCSD level of theory).
Although it would be preferable to compute the CD with a
consistent method (here CCSD), a mixed-level approach
may perhaps be useful in cases where CD spectra cannot
be obtained at the same level of theory or would be too
costly to determine.

SUMMARY AND CONCLUSIONS

We have tested the accuracy and principal perform-
ance of subtractive KK transformations for the purpose
of generating smooth ORD curves from a combination of
damped LR computations of ORD at selected frequencies
(anchor points) with simulated CD spectra (obtained
from computations of excitation energies and rotatory
strengths). Both CD and ORD were obtained from first-
principles computations. The results are very promising
and show that such transformations are a feasible way to
produce smooth accurate dispersion curves with a small
number of LR OR points, while avoiding the truncation
error of the unmodified KK transformation when using a
truncated CD spectrum. The advantages are obvious for
the case of resonant ORD. However, the case of [4]trian-
gulane has shown that potentially large savings of com-
puter time are also possible for nonresonant ORD
because the subtractive methods yield very good results
here with just two anchor points, one at the beginning
and one at the end of the frequency range of interest. It
also seems possible to use a subtractive method based
on anchor points calculated with a highly accurate
method to eliminate (modest) errors from TD-DFT
approximations along with the cut-off error when using
TD-DFT CD spectra to obtain the OR dispersion. In
most cases, however, it would be preferred to use theo-
retical methods for OR and CD that are as consistent as
possible.

As Palmer has pointed out, a MSKK with N anchor
points has features similar to that of an Nth degree inter-
polating polynomial. Therefore, the Chebychev zeros
(eq. 4) should be used to minimize the interpolation
error.”® These zeroes are determined from N and the
frequency range of interest, and are therefore independ-
ent of the features of the spectrum being transformed.
We found that 10 anchor points typically yielded good
results, but one should select a frequency range and
number of anchor points so that the Chebychev zeroes
lie on important spectral features. To select the anchor
points for the OR computations, it would be advisable to
compute the CD first, and visually inspect the anchor
point locations with respect to a nonsubtractive KK
transform of the CD spectrum.
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Alternatively, by performing a series of doubly-subtrac-
tive KK transformations, the results can be “chained” back
together to yield a transformation that has properties more
similar to a spline fit than a polynomial fit (CDKK). With
this method, the placement of anchor points is more easily
manageable; anchor points can be added or removed at
any time (as opposed to selecting Chebychev zeros where
the addition anchor points renders the previously used set
of anchors obsolete). For the examples investigated here
the CDKK needed a somewhat larger number of anchor
points as a MSKK with well chosen anchors. We believe
that the advantage of the simple choice of anchor points
and the possibility of easily adding points would make the
CDKXK procedure the preferred choice in most cases.

With the help of standard or subtractive KK transforma-
tions, the Lorentzian line shape information that is implicit
in the damped OR computations can be subtracted out of
the damped LR. Afterwards, the KK transform of an arbi-
trarily broadened CD spectrum can be added back into
the ORD. We have termed this method the LRKK, which
allows to take advantage of the nonsingular behavior of
the damped LR computations near and at resonances with-
out being restricted to simulations that are implicitly based
on Lorentzian lineshapes. In many cases, it would be pre-
ferred to use a Gaussian-broadened CD spectrum, for
instance. In the future work, we will explore the possibility
of using the even more realistic line shapes obtained from
simulations of the vibronic structure of the CD spectrum
in the LRKK protocol.>®
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APPENDIX
Hilbert and KK Transformations

For a complex function, which represents the Fourier
transform of a linear and causal physical response,

f(0) =fR(0) + 1f (o) (A1)
the real (%) and imaginary (') part of Aw) constitute a Hil-

bert transform pair. The Hilbert transformations (forwards
and backwards) are given as

foy=Lp [0 g,

P (A2)
PR
Aw=-1p Q%‘”fldw (A3)

where P stands for the Principal Value of the integral, as
there is a pole at ® = p. For our optical response calcula-
tions fR(w) would be representative of the dispersive ORD
and f'(w) would be the absorptive CD. For reasons of cau-
sality the ORD is an even function and the CD is an odd
function, which is to say

(o) =X (0) (Ad)

fl(-o) = (o) (A5)

With this symmetry, one can eliminate negative frequen-
cies from eqs. A2 and A3 to obtain the well known KK
transformations

2 A1
o) =2 P

(A6)
0
o [ fR(o
P = -2 P[22 o (A7)
0
Line Shapes

In this section, we will consider Gaussian and Lorent-
zian functions for f; in the Hilbert transformations. Let f;
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be the imaginary part of the complex OR angle in eq. 1,
represented by a single peak centered at frequency w,
the Hilbert transform pairs for Lorentzian and Gaussian
shapes are

o Lorentzian

b(0) = o a7 (A8)
K (o— o)
0 = Py (A9)
o Gaussian
8(0) = exp < (© = o) ) (A10)
cV2rn 20?

K (0 — o) (@ — )

o(w) 16 2nexp( 552 >erf<1 o773 ) (A11)

The Lorentzian and Gaussian functions are normalized
for k = 1. Here, 2v is the full peak width at half peak
height for the Lorentzian, and the Gaussian function has
the same width at half height for ¢ = y/(v/In4). For the
numerically accurate and rapid calculation of the error
function along the imaginary axis in the Hilbert transform
of the Gaussian function one may employ readily available
code for the so-called Dawson integral

(0]

exp(fwz)/exp(uz)dp: *l?@XD(*(ﬂZ)erf(w)) (A12)
0

(e.g. at www.netlib.org). The transform pairs in eqs. A8-
A11 can be easily symmetrized/antisymmetrized as

fo =F() £f(~0) (A13)
to yield analytic KK transform pairs for f; and £ in eq. Al.
Using numerical software for KK transformation implies
that the functions to be transformed are properly symme-
trized/antisymmetrized, and the resulting transform will
have the corresponding symmetry imposed onto it. To

transform an unmodified Lorentzian/Gaussian the Hilbert
transformation should be used instead.

Multiply Subtractive Kramers-Kronig Relations

Subtractive KK transformations have been used in vari-
ous fields of science and engineering for some time and
are fairly straightforward to derive.>® The principle has
been applied further to provide multiply subtractive KK
transformations (MSKK) by Palmer® for reflectance and
transmittance spectra. MSKK transformations are straight-
forward to adapt to CD and ORD.*® The assumption is that
for a given frequency, y, if the value of the ORD, i.e., the
real part [3%(w;)] of the OR parameter, is known then it

Chirality DOI 10.1002/chir
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can be used to “anchor” a truncated KK transformation
around that point in the form of a subtractive KK transfor-
mation to reduce or eliminate the errors from truncation of
the absorptive spectrum. With the KK relations already
given in eqs A6 and A7, we will show such adaptations for
the singly, doubly and then multiply subtractive KK equa-
tions.

The singly subtractive Kramers-Kronig transforma-
tion. One begins with eq. A6 at ® = »; to yield

e

Here, BR = Re[p] and B! =
eq. Al4 from eq. A6 to give

?—HI\D

(A14)
m[B]. Then one subtracts

/[B ud

(A15)

(o) - 8oy = 2 [ W

0

The integrals on the right hand side of eq. A15 can be
combined to yield the SSKK equation, as shown in eqs.
Al6 and A17.

B ()] = [B%(00)] + ~ (0 —0}) O/ <(
(A17)

The doubly subtractive Kramers-Kronig transforma-
tion. The doubly subtractive transformation is derived in
the same manner as the singly subtractive: one takes a
second anchor point, m,, and considers the SSKK equation
at that frequency. This result is then subtracted from the
SSKK equation. For higher-orders, the nth subtractive
transformation is derived from the (#-1)th equation. Note

Chirality DOI 10.1002/chir
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that the derivation is easier after division of eq. A17 by
(0 — o?):

B
(R m%)) o

(A18)

o? — w? T
0

B ()] — [B¥(01)] _ 27(

[BR (w2)] — BR (@) 2 [
of 1TO/( %)>dp (A19)

Subtracting eq. A19 from eq. A18 yields the DSKK equa-
tion (eqgs. A20 and A21):

BX(@)] = [B%(@1)]  [BX(@2)] = [B"(@1)]
o? —of o3 —of

2 Bk 27 Bwhk
_“O/ <<u2—m2><u2—w%>)d“ 0/ ((uZ—w§><u2—m%>>d“

2, L B ()]u
= "’2)/ <<u2w2><u2w%><u2

0

w§)> du (A20)

which can be rewritten as

9 9 2 9
] = B 2=+ ) =)

/°°( [B (1)
J (= 0?) (1 — o) (1 - f)

2
+2 (02 - 0f) (07 - 0})

)dp.
(A21)

The multiply subtractive Kramers-Kronig transfor-
mation. One may have noticed that for every anchor point
o; a factor of (p? — @? ) appears in the denominator of the
integral and a factor of (0? — ok ?) appears outside of the in-
tegral. This trend follows through the 3rd, 4th, 5th and so
on transformations to give the general multiply subtractive
KK transformation (MSKK) equation for N anchors points
as shown in eq. 3 in Computational Details and Methodol-
ogy. It is noted that the Hilbert transformation can be suc-
cessfully adapted for subtractive equations through the
same process. One can prove eq. 3 by induction.
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ABSTRACT  Quantum chemical calculations have been performed to investigate the
conformer distribution of 4-ethyl-4-methyloctane and its optical rotation. With the refer-
ence methods MP2 and SCS-MP2, the energies of seven conformers are found within a
range of about 1.5 kcal mol 1. It is demonstrated that the relative energies cannot be
reliably predicted with conventional GGA or hybrid density functionals, Hartree-Fock,
semiempirical AM1, and classical force field (MM3) calculations. An empirical disper-
sion correction to GGA (PBE-D), hybrid (B3LYP-D), or double hybrid (B2PLYP-D) func-
tionals corrects these errors and results in very good agreement with the reference
energies. Optical rotations have been calculated for all seven conformers at the
TDDFT(BHLYP/aTZV2P) level. The computed macroscopic rotation is derived from a
classical Boltzmann average. The result (1.9-3.2 deg dm ™! (g/mL) }) is very close to
the experimental value of 0.2 deg dm ! (g/mL) ! for the (R)-enantiomer and has the
right sign. Because six conformers are significantly populated at room temperature and
the rotations of individual conformers differ in sign and magnitude, the calculated aver-
age rotation is rather sensitive to the conformer population used. From the electronic
structure point of view, this example emphasizes the effect of long-range dispersion
effects for the evaluation of population averaged quantities in large molecules. Computa-
tions based on free enthalpies are in worse agreement with experiment that is attributed
to artefacts of the harmonic approximation used to compute the vibrational entropy
terms. Chirality 20:1009-1015, 2008.  © 2008 Wiley-Liss, Inc.

KEY WORDS: quantum chemical calculations; intramolecular dispersion; optical

rotation; conformational energies

INTRODUCTION

The conformation of a molecule has a substantial influ-
ence on its physical and chemical properties. When sev-
eral conformers of a compound are present in rapid equi-
librium, many spectroscopic properties of the substance
will appear as the average over the most abundant con-
formers. In these cases, calculations using quantum chem-
ical methods simultaneously have to reliably predict the
right relative energy of each conformer and its molecular
properties.

Beside the inherent torsional potentials that are typical
for the atom types and bonding situations in a molecule,
different types of noncovalent intramolecular and intermo-
lecular (solvent) interactions contribute to the relative
energies of conformational isomers. Electrostatic (ES) and
orbital interactions are of high importance for polar mole-
cules with functional groups including heteroatoms. These
are typically assumed to be negligible for non-polar alka-
nes where the dominant parts are Pauli-exchange repul-
sion (EXR) and attractive dispersion (DISP, also called
van-der-Waals) interactions.! In any case, sufficient accu-
racy of a theoretical method is only achieved when it ren-
ders a reliable quantitative contribution of all the afore-
mentioned forces.
© 2008 Wiley-Liss, Inc.

Despite their appealingly simple structure and nonpolar
character, energies of linear and branched alkanes have
been shown to represent a kind of pitfall for the widely
used density functional theory (DFT) methods. Because
of some inability to correctly describe the mid- and long-
range behavior of electron correlation, common GGA and
hybrid functional even qualitatively fail to reproduce isom-
erization energies of alkanes.? It is shown here for the first
time that related problems of nonlocal electron correlation
effects also occur for seemingly simple conformational
processes in alkanes, and that common force fields are not
free of inconsistencies.

This problem came to our attention while studying the
chiral alkane 4-ethyl-4-methyloctane that represents the
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most simple unbranched saturated hydrocarbon with a
quaternary stereogenic center.

Y4
AN

(R)-4-ethyl-4-methyloctane

The optical rotation (OR) of the (R)-enantiomer had ear-
lier been assigned to be positive but very small ([a]%, =
0.185 [for 85% ee, ie., [a]Zg = 0.22]).* In the more recent
synthesis of the title compound, similar values were found
([a]® = 0.19, [a]Z; = 0.70) and the absolute configura-
tion assigned also by VCD and other spectroscopical meth-
ods.® In the following, all specific OR are reported in the
usual units deg - [dm - (g/mL)] L. The theoretical ab inito
computation of such a small OR for a flexible and rather
large compound clearly represents a challenge for quan-
tum chemistry. We furthermore propose this compound as
a suitable test case for the evaluation of conformational
energies of a nonpolar organic compound with several
conformers in a rather narrow energy window. For recent
theoretical studies on related chiroptical problems, see for
example, Ref. 5-11.

Two theoretical schemes that can accurately compute
noncovalent intermolecular and intramolecular interac-
tions have been successfully elaborated by us recently.
The first is the systematic correction of GGA and hybrid
density functionals for the largely missing dispersion
forces by an empirical (classical) correction term (“DFT-
D”).!2 The second approach improves DFT energies by
including a second-order perturbation term that introduces
nonlocal electron correlations to a hybrid functional (“dou-
ble hybrid density functionals”).”® A density functional
that combines both approaches is B2PLYP-D, that shows
outstanding performance for the S22 (noncovalent com-
plexes) and G3/99 (heats of formation) test sets.'* The
B2PLYP-D approach also yields for the conformational
energies of a tripeptide model results that are very close
to accurate CCSD(T) reference data.'* Standard function-
als like PBE™ and B3LYP! have also been included in
this study with and without dispersion correction to assess
their performance. Alkanes have been extensively studied
in the past with force field methods and for this reason,
MM3” was also used for comparison. As reference meth-
ods for the conformational energies, we use second-order
perturbation theory in standard form (MP2') or in the
spin-scaled variant (SCS-MP2'°) that improves in almost
all cases on MP2.

METHODS AND TECHNICAL DETAILS

The (SCS)-MP2 and DFT calculations have been per-
formed with slightly modified versions of the TURBO-
MOLE suite of programs.?’ As AO basis triple-zeta (TZV)
sets of Schiifer et al.>?? (The basis sets are available from
the TURBOMOLE homepage via the FTP Server Button
Chirality DOI 10.1002/chir
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(in the subdirectories basen, jbasen, and chasen) have
been used. If not mentioned otherwise, we use two sets of
polarization functions (2d for carbon and 2p for hydrogen)
and a set of diffuse spd-functions on the carbon atoms.
The exponents of these functions were taken from the cor-
responding correlation consistent sets aug-cc-pVIZ.23%
This AO basis yields typically results very close to the ba-
sis set limit in DFT calculations and is termed aTZV2P (in
standard notation [5s3p2d + 1s1pld/3s2p]). As most accu-
rate quantum chemical methods for large systems, we use
the mentioned MP2 methods'®!® and the B2PLYP double
hybrid density functional.®® As computationally cheap
methods (with resolution-of-the-identity (RI, also called
density-fitting) integral approximation they scale as O(N;’l)
with system size), semilocal (nonhybrid) functionals like
PBE' or B97-D? are used. The B97-D functional is a
recent reparametrization of Beckes GGA ansatz from
1997%% but now including damped, atom-pairwise Cg - R~ °
corrections to account for dispersion (van der Waals)
effects. When other density functionals are used together
with the dispersion correction, we add the suffix “-D” to
the functional name in order to distinguish from conven-
tional DFT computations (that are occasionally also
reported to illustrate the effect of dispersion).

In all second-order perturbative treatments (MP2, SCS-
MP2, and B2-PLYP) the RI approximation for the two-elec-
tron integrals has been used.?” As Rl-auxiliary basis, the
sets of Weigend et al.?® that were optimized for the cc-
pVTZ AO basis have been employed. The Rl-approxima-
tion has also been used in DFT treatments with pure GGA
functionals?® employing the corresponding optimized aux-
iliary basis sets.*® In general, the Rl-approximation speeds
up calculations by about a factor of 3-15 depending on sys-
tem/basis size albeit at insignificant loss of accuracy
(errors for AE < 0.02-0.03 kcal mol ! compared to non-RI
treatments). In the (SCS)-MP2 computations, we employ
the frozen-core (FC) approximation for the correlation
energy.

All geometry optimizations have been performed at the
B97-D/TZV(d,p) level and these structures have been
used in all subsequent single-point computations of ener-
gies and optical rotations (OR). The OR values at the so-
dium-D-line wavelength (589 nm) were obtained from
time-dependent density functional theory (TDDFT®!) cal-
culations using the BHLYP?? or BLYP®*** functional, and
also employing the aTZV2P AO basis set. BHLYP calcula-
tions were additionally performed for a wavelength of 365
nm. The calculated OR at 589 nm was also used to com-
pare with the experimental [«a]%s, because the change of
[a] would be only minor. For a general overview about
chiroptical calculations, see Ref. 35, 36 for the particular
application of TDDFT methods for OR computations see
Ref. 37-41 and for examples that include also several con-
formers and Boltzmann averaging see Ref. 5-11.

Because of technical reasons, the TDDFT/BHLYP cal-
culations could be performed only in the coordinate origin-
dependent dipole-length representation for the rotatory
strengths (denoted L). Test calculations employing the
pure BLYP functional®®®* and the origin-independent
velocity gauge representation?? (denoted V) show, how-
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Fig. 1. Investigated conformations of (R)-4-ethyl-4-methyloctane. [Color figure can be viewed in the online issue, which is available at www.

interscience.wiley.com.]

ever, that the differences between the two forms are rather
small (see below).

RESULTS AND DISCUSSION

The seven energetically lowest-lying conformers from a
search employing the MMX force field*® are depicted in
Figure 1. We first discuss their relative energies (based
on B2PLYP-D results) and their methodological depend-
ence and finally consider thermal and entropy effects and
the Boltzmann averaging of individual OR values. Note
that this classical procedure (opposed to a quantum me-
chanical average over the low-frequency, anharmonic
vibrations) is the main limitation of our attempt to compute

the experimentally observed OR. Solvent effects to the OR
can be large in special cases,* but they are usually
smaller than 5-10% of the computed OR and furthermore
should be similar for all conformers studied.

As shown in Figure 2 (see also Table 1), the relative
energies of the conformers fall in three main groups: 1-3
are within 0.2 kcal mol ™!, 4-6 are between 0.6 and 0.7 kcal
mol ™! and 7 is highest with a relative energy of about
1.5 kcal mol 1. As can be seen in Figure 1, this is related
to the number of gauche-type torsions in each group, but a
distinction between the conformers in the groups is not
possible by simple reasoning. This gradual increase of the
conformational energy in a sub-kcal range leads to a signif-
icant population of the first six conformers. As shown
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=& SCS-MP2

& B2PLYP

>—> B3LYP

r |<¢< HF

- *—% PBE

--- MM3
Disp(DFT-D=1.0)
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i
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=8 SCS-MP2
&— B2PLYP-D
> B3LYP-D
*— PBE-D

—

E [kcal/mol]

o
n
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conformer #
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Fig. 2. Relative energies (/aTZV2P//B97-D/TZVP, energy of conformer 1 set to zero) of the investigated conformations. The left plot shows uncor-
rected methods, while in the right figure the dispersion correction has been used. The MP2 and SCS-MP2 values serve as reference values and the
mark upper and lower limits, respectively, of the true conformational energy. The MM3 values refer to MM3 optimized structures.
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TABLE 1. Computed (B2PLYP-D/aTZV2P) relative
energies (AE, not ZPVE corrected), enthalpies (AH) and
free enthalpies (A G) including vibrational corrections
(B97-D/TZVP) at 298 K in kcal mol ™!

Conformer AE AH (298 K) AG (298 K)
1 0.0 (26.9) 0.0 (27.3) 0.0 (28.9)
2 0.04 (25.1) 0.05 (25.1) 0.12 (23.6)
3 0.18 (19.8) 0.23 (18.5) 0.49 (12.6)
4 0.59 (9.9) 0.56 (10.6) 0.46 (13.3)
5 0.70 (8.2) 0.73 (7.9) 0.93 (6.0)
6 0.72 (8.0) 0.68 (8.6) 0.50 (12.4)
7 1.54 (2.0) 1.55 (2.0) 1.33 3.1)

Computed Boltzmann populations (percent, 298 K) are given in parenthe-
ses.

below, even conformer 7 with a population of about 2%
should be considered in this case for property evaluation.

The relative energies of conformers 2-7 are qualitatively
not equally described by uncorrected DFT, and the semi-
empirical and MM3 methods. According to previous expe-
rience,® the true result should fall in between that of MP2
and SCS-MP2 that mark upper and lower limits for nonco-
valent interactions in main-group species. With HF and
B3LYP, 3 is incorrectly lower-lying than 1, and also the
energetic ordering of 5 and 6 relative to 4 is wrong. The
situation is a bit better with PBE (as expected, see Ref. 46)
and significant improvement is seen for the B2PLYP func-
tional. This clearly indicates that missing intramolecular
dispersion effects are important here and thus, quantitative
accuracy can only be achieved by adding the dispersion
correction. The results for B2PLYP-D, B3PLYP-D, and
PBE-D are shown in Figure 2, right. They now almost
exactly fall between MP2 and SCS-MP2 for all conformers.
These results are in line with previous reports on DFT
problems reproducing the energy changes during folding
of long alkanes.*’

Although the problem of DFT seems to be dispersion,
the situation is exactly opposite for the MM3 force field
(and this may hold for other classical approaches as well).
Interestingly, the MM3 energy profile looks qualitatively
different than those of the accurate quantum chemical
methods, but parallels the plot of the pure dispersion

GRIMME AND MUCK-LICHTENFELD

energy as calculated with our DFT-D correction scheme.'?
This is understandable because, the molecule is nonpolar
and the conformers differ mainly in their molecular shape.
Hence, the difference of the force field energies mainly
results from the nonbonded terms that are described by
Lennard-Jones-type van der Waals potentials, whose attrac-
tive part is similar to that used in DFT-D. This example
shows that even in this seemingly simple case, the repul-
sive part of the potential (Pauli-exchange repulsion) dis-
criminates between the conformers. Missing induction (in-
tramolecular polarizability) and electrostatic terms seem to
be less important. Note that the balance between torsional
potentials and nonbonding terms cannot be the reason,
because also the relative energies of conformers 1-3
(which do not have any torsional strain) are not well
described with MM3. The results with the semiempirical
AM1 method are even worse, because it generally under-
estimates all conformational energies and even adding the
dispersion correction would not solve the problems.

To compare with experiment, we have calculated har-
monic vibrational corrections to the relative energies at
the B97-D/TZVP level. As can be concluded from Table 1,
the populations are only changed to minor extent if AH
values are considered. However, the picture changes sig-
nificantly when entropic contributions are taken into
account. The relative free enthalpies (AG) are different
from the electronic energies, now predicting 3, 4, and 6 to
be almost at the same level. This can be explained by the
many low-frequency vibrational torsional modes that enter
the formulas for the entropy in a highly nonlinear
(inverse) fashion. Because in such cases the harmonic
approximation is rather bad, we expect big errors for the
final AG.

Computed optical rotations (OR) are given in Table 2 at
different levels. As the small difference of the aTZV2P (L)
and aTZV2P(V) data with the BLYP functional shows, the
basis set used is quite complete, and we can discuss the
most reliable BHLYP/TZV2P(L) results as follows. Note
that for the smaller TZVP AO basis significant differences
between the L- and V-forms for the OR occur (cf. the last
two columns).

The computed [a]p values at the BHLYP/aTZV2P(L)
level span a large range from —8.8 for conformer 3 to 41.1
for conformer 7 that has the highest number of helical tor-

TABLE 2. Computed optical rotations [a]p (in brackets: [a]365) for (K)-4-ethyl-4- methyloctane

BHLYP BLYP
Conformer aTZV2P (L) aTZV2P (L) aTZV2P (V) TZVP (L) TZVP (V)
1 10.7 (29.9) 11.7 13.6 18.6 5.2
2 —-2.9(-94) -5.0 —54 -11.6 4.8
3 —-8.8(—24.2) -8.6 -10.2 -9.9 -115
4 2.4 2.7) 0.3 2.5 —6.7 4.5
5 4.9 (11.1) 5.3 7.7 1.1 -0.1
6 -0.1 2.3) 0.6 0.2 5.0 10.6
7 41.1 (123.4) 50.2 52.1 35.6 9.2
Average 1.9 @.7) 1.7 2.2 0.7 1.8

The labels L and V refer to the length and velocity dipole form for the computation of optical rotations. Averaged values are based on Boltzmann popula-

tions at 298 K (AE(B2PYLP-D)).
Chirality DOI 10.1002/chir
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TABLE 3. Computed average optical rotations [a]p based
on the BHLYP/aTZV2P data from Table 2 and populations
calculated from relative conformer energies in Table 1

Average based on

Method AE AH>gg AGogg
Exp. 0.2

B2PLYP-D 1.9 2.0 3.2
SCS-MP2 2.1 - -
MP2 1.9 - -
B3PLYP-D 1.8 - -
B3PLYP 3.1 - -
MM3 4.0 4.0 5.6

The vibrational corrections to H and G are taken from B97-D/TZVP com-
putations.

sions. More simple reasoning is not possible to explain
these values.

Taking the Boltzmann distribution of the conformers
into consideration, we have calculated population averaged
OR based on different AE, AH, and AG values (Table 3).
The total OR of [a]p falls in the range of 1.9-3.2 with
B2PLYP-D, which is (as expected) similar to the results
that are based on (SCS)-MP2 or B3LYP-D energy data.
Compared to the experimental value of about 0.2, this is
the right sign and correct order of magnitude for the OR.

Conformer 3 has similar absolute OR but opposite sign
than 1. Its relative energy is therefore important for the
total OR, as is the energy of conformer 7. Because
of the rather different OR of 3 and 7 compared to that of
1, the total [a]p is more sensitive to the population of
these conformers than of 2, 4, 5, and 6. The resulting OR
increases when taking AG into account, because the popu-
lation of conformer 3 is increased by the entropic contribu-
tions, while conformer 7 is lowered compared to 1. Thus,
the AG based average is in worse agreement with experi-
ment that (as discussed above) probably results from arte-
facts of the harmonic approximation in the vibrational
treatment. In the light of the good agreement of the aver-
aged OR with experiment using AH or only AE, we con-
clude that enthalpy or energy calculations are sufficient to
get a reasonable conformer distribution of this molecule.
For comparison, OR values are also given for populations
based on MM3 energies. They are much too high,
because the force field predicts a much too low relative
energy for conformer 7. Similar observations (but to a
lesser extent) are made for uncorrected density function-
als like B3LYP. As an extreme case, we obtain an average
[a]p with the AM1 based populations of 8.1 that empha-
sizes the sensitivity of the present example and thus the
importance of using accurate energies.

Because it seems somewhat arbitrary only to include
one higher-lying conformer (7) and to ignore many others
that will appear in the 1.5-3.0 kcal mol ! range, we have
also computed an average [a]p only including conformers
1-6. Under this assumption (that the effects of all higher-
lying ones cancel) we obtain (using B2PLYP-D popula-
tions) [a]p = 1.1, which is in even better agreement with
experiment.
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The calculated optical rotation at the shorter wavelength
([a]ses) is positive and larger than [a]p as expected for a
conventional ORD. The experimental value ([a]sgs = 0.7)
is also larger at the shorter wavelength and the ratio
between the two OR values at 365 and 578 nm is computed
in the right ballpark (exp.: 3.5, theor.: 2.5).

SUMMARY AND CONCLUSIONS

In this work, we have shown that both dispersion-cor-
rected GGA, hybrid-GGA (PBE-D, B3LYP-D), and double
hybrid (B2PLYP-D) density functional methods are able to
correctly reproduce relative energies of seven conformers
of 4-ethyl-4-methyloctane with an accuracy of about 0.1-0.2
kcal mol !, when compared to accurate SCS-MP2 and
MP2 reference energies. This is also the estimated error
range compared to the “true” conformational energies.
Regarding B2PLYP-D, this estimation confirms previous
conclusions based on dipeptide conformational analysis
compared to accurate CCSD(T) reference data.'* The opti-
cal rotations (OR) of these conformers have been com-
puted at the TDDFT level employing large AO basis sets.
These values show a large span (and different signs) that
is more than one order of magnitude larger than the ex-
perimental value. Because of significant differences in the
individual OR values, this makes accurate relative energy
evaluations necessary.

The Boltzmann distribution of these conformers gives
rise to a predicted total optical rotation of about 1.8-2.1
deg dm ! (g/mL) ! at 589 nm, which is in good qualita-
tive (right order of magnitude) agreement with the experi-
mental value of about 0.2. Improving the theoretical
description of the conformational energies always leads to
an improved computed OR compared to experiment. For
the molecule presented here, opposite signs of « for differ-
ent, inherently rather chiral conformers sum up to a very
small total optical rotation. In summary, a determination of
the absolute configuration of this molecule based on our
analysis would have been correct. However, other systems
with conformational effects on the OR may be more chal-
lenging, because distinct chromophores (that are absent
here) lead to a more complicated dependence of [a] on
structure. Thus, although our positive results allow no
general conclusions regarding the assignment of AC by
computation for flexible systems, we could at least show,
that very small ORs can also be computed correctly when
the electronic structure is simple and reliable relative ener-
gies are used.

It is often argued that the errors of a theoretical method
cancel when only conformers, not isomers are investi-
gated. We have reported here a case for which the optical
rotation is sensitive to the population of several conform-
ers that have relative energies within 1.5 kcal mol ! range.
Quite surprisingly, standard methods for conformational
problems, such as B3LYP or MM3, do not provide suffi-
cient accuracy to reproduce the conformer distribution.
This is even more intriguing, because alkanes and their
conformations are usually considered as electronically
being very simple. The problems of standard DFT are

Chirality DOI 10.1002/chir
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once again attributed to missing long-range electron corre-
lations, while semiempirical and force field methods seem

to

be inaccurate due to missing molecule-specific

exchange repulsion effects. Caution is therefore advised if
very small energy differences of conformers are found
with these methods, because persisting intrinsic errors
may lead to quantitatively and qualitatively wrong conclu-
sions. However, the future for conformational analysis
seems bright. Using reasonable integral approximations
and reliable AO basis sets, accurate B2PLYP-D computa-
tions are routinely possible for systems with about 100
atoms and for 10-100 conformations that is out of reach
for any other quantum chemical method of similar accu-
racy and broad range of applicability.
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ABSTRACT  We demonstrate by using vibrational circular dichroism (VCD) spec-
troscopy that it is possible to investigate the chirality of a supramolecular polymeric sys-
tem in relatively dilute solutions. Chiral Cs-symmetrical discotic molecules, based on a
trialkylbenzene-1,3,5-carboxamide, form supramolecular columnar stacks with a right-
handed helical structure in solution due to intermolecular hydrogen bonds. The handed-
ness of the supramolecular chirality is determined using electronic spectroscopy meas-
urements. Under dilute conditions (at 10™® M concentrations), it was also possible to
probe the hydrogen bonding moieties with IR and VCD spectroscopy on these self-
assembled structures. In combination with density functional theory (DFT) calculations,
we could verify the preference for a right-handed chirality in the helical stacks and the
nonplanar orientation of the carbonyl groups present in the molecule. This chiral
arrangement is in agreement with the structure determined for a related benzene-1,3,5-
tricarboxamide by X-ray diffraction. Chirality 20:1016-1022, 2008.  © 2008 Wiley-Liss, Inc.

KEY WORDS: vibrational circular dichroism; DFT calculations; supramolecular

assembly; helical structure; nonplanar amide bonds; spectroscopy

INTRODUCTION

The investigation of helically self-assembled organic
molecules in solution has typically relied on electronic
spectroscopic techniques, such as UV/vis absorption, cir-
cular dichroism (CD) and fluorescence spectroscopy, as
well as NMR and IR techniques.! Most of these self-
assembled systems are based on noncovalent interactions
including m—r interactions, van der Waals interactions,
hydrogen bonding, and electrostatic interactions. Detailed
information on the organization of the chromophores in
these self-assembled structures can be obtained by these
techniques.? To obtain more information about the internal
structure of self-assembled structures, that involve hydro-
gen bonds, vibrational circular dichroism (VCD) spectros-
copy, in combination with density functional theory (DFT)
calculations, can be applied as a complementary technique
next to electronic spectroscopy. In the last decades, VCD
spectroscopy has been used to study the conformation of
chiral molecules,’ such as determination of absolute config-
uration,” and to elucidate larger, more complex structures,
including biopolymers (and oligomers),®!! synthetic poly-
mers,>° structural chiral complexes,w‘lg and also fol-
damers.?*?! More recently, VCD spectroscopy was also
used to elucidate the structure of concrete, supramolecular
assemblies.?*?* Furthermore, Setnika et al. have shown
that it was possible to study the sol-gel phase transition, at
10! to 102 M concentration, by VCD spectroscopy.?* This
concentration regime is already considerably low for VCD
© 2008 Wiley-Liss, Inc.

spectroscopy, due to its low sensitivity compared with CD
spectroscopy, where concentrations can be used as low as
107% M. Here we show that is possible to extend the use of
VCD spectroscopy to supramolecular polymeric systems in
relatively dilute solutions, i.e., as low as 1.8 X 10 * M and
to study the intermolecular hydrogen bonding events in the
supramolecular polymer.

The self-assembled system we have investigated is
based on the Cssymmetrical N,N ,N’-Tris-[(R)-3,7-di-
methyloctyl]benzene-1,3,5tricarboxamide, (R)-1 (Scheme 1).

Recently, we reported on the self-assembly of (R)-1 in
dilute alkane solution, in which temperature-dependent
CD and UV/vis absorption spectroscopy was used to
elucidate the selfassembly of (R)-1 from monomers
into one-dimensional columnar stacks.?® CD spectroscopy
confirmed the presence of helical stacks of (R)-1 with
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Scheme 1. The Cs-symmetrical discotic (R)-1 (left) and the related discotic 2 studied by Lightfoot® (right).

a preferred handedness in solution, as a result of the
enantiomerically pure alkyl chains. We assumed a confor-
mation of (K)-1 in solution similar to that of achiral
benzene-1,3,5-tricarboxamide 2 (N,N',N"-Tris-[2-methoxy-
ethyl]benzene-1,3,5-tricarboxamide, Scheme 1). X-ray dif-
fraction studies by Lightfoot et al. on 2 revealed a helical,
columnar crystal structure without a preferred handed-
ness,” in which intermolecular hydrogen bonding was
present, with the amide functionalities making a 45° angle
with respect to the benzene ring. The intermolecular
hydrogen bonds within the stacks were confirmed by
infrared spectroscopy on the aggregates in solution, which
were absent for the molecularly dissolved monomers in so-
lution.?” Using VCD spectroscopy, combined with DFT
calculations, we set out to obtain more insight into the
hydrogen bonds involved in the self-assembled aggregate
of (R)-1.

MATERIALS AND METHODS
Materials

The synthesis of N,N',N"'-Tris-[(R)-3,7-dimethyloctyl]-
benzene-1,3,5-tricarboxamide, (K)-1, has been reported
previously.?” Decahydronaphthalene was obtained from
Merck as a mixture of cis and trans isomers and used as
received.

UV vis and CD Measurements

UV/vis and CD measurements were performed on a
Jasco J-815 spectropolarimeter with a response time set at
1 sec and a scan rate of 50 nm/min. The spectropolarime-
ter was equipped with a PFD-425S/15 Peltier-type temper-
ature controller with a temperature range of 263-383 K
and adjustable temperature slope.

IR and VCD Measurements

The infrared and VCD spectra were recorded with a
ThermoNicolet Nexus 670 FTIR spectrometer equipped

with a VCD optical bench.?® In this optical bench, the light
beam was focused on the sample by a BaF, lens (191 mm
focal length), passing an optical filter (1850-800 cm™*
spectral range), a BaF, wire grid polarizer (Specac), and a
ZnSe photoelastic modulator (Hinds Instruments, Type 11/
7S50). The light was then focused by a ZnSe lens (38.1
mm focal length) onto a 1 X 1 mm® HgCdTe (Thermo-
Nicolet, MCTA* E6032) detector. IR absorption and VCD
spectra were recorded at a resolution of 4 cm ™!, by coadd-
ing 50 scans and 24,000 scans (8-h acquisition time),
respectively. Samples were held in a fixed path length
(45 um) cell with CaF, windows. Baseline corrections of
the VCD spectra were performed by subtracting the raw
VCD spectra of the solvent. The photoelastic modulator
was adjusted for a maximum efficiency at 1600 cm 1. Cal-
culations were performed via the standard ThermoNicolet
software, using Happ and Genzel apodization, de-Haseth
phase-correction and a zero-filling factor of one. Calibra-
tion spectra were recorded using a birefringent plate
(CdSe) and a second BaF, wire grid polarizer, following
the experimental procedure previously published.?’

Theoretical Calculations

Regarding the long computational time necessary to
fully optimize the geometry of self-assembled stacking of
(®)-1 within DFT, and further to determine the frequen-
cies, the dipolar and rotational strengths, it was necessary
to simplify the system prior to the calculations. To this
end, the three chiral aliphatic side chains were replaced
by methyl groups in self-assemblies of two, three, five or
seven molecules. Moreover, to take into account the mo-
lecular chirality of (R)-1, the dimer with three (R)-3-meth-
ylpentyl chains were also considered.

The geometry optimizations, vibrational frequencies,
and absorption and VCD intensities were calculated by
Gaussian 03 program®® on the CISIBM (on eight or six-
teen processors) at the M3PEC computing center of the
University Bordeaux 1. Calculations of the optimized geo-
metries of self assembly of increasing size were performed
at the density functional theory level using B3PW91 func-

Chirality DOI 10.1002/chir
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Fig. 1. CD (A) and UV/vis spectrum (B) for (R)-1 in decahydronaphthalene (0.9 x 10™2 M) at 20 and 100°C. [Color figure can be viewed in the

online issue, which is available at www.interscience.wiley.com.]

tional and 6-31G* basis set. Each molecule was rotated by
60° from the others to favor intermolecular hydrogen
bonding between the C=0 and N—H groups. As deter-
mined from the CD measurements, we considered a right-
handed helical stacking, defined by the clockwise direc-
tion of the intermolecular hydrogen bonds. No tight con-
vergence of the optimization was reached after a few days,
possibly due to the presence of multiple local energy min-
ima states due to weak interactions between the mole-
cules. Therefore we decided to use the “nearly-optimized”
geometry (optimization convergence criteria in the range
107 to 1077 to calculate the frequencies and the dipolar
and rotational strengths. Vibrational frequencies and IR
and VCD intensities were calculated at the same level of
theory, utilizing the magnetic field perturbation method
with gauge-invariant atomic orbitals.*’ For comparison
with the experimental data, the calculated frequencies
were scaled by 0.965, and the calculated intensities were
converted to Lorentzian bands with halfwidth of 7 cm™ ..
Moreover, the calculated IR and VCD spectrum were di-
vided by the number of molecules to compare with the ex-
perimental molar absorptivity ¢ and Ae, respectively.

RESULTS AND DISCUSSION
UVvis and CD Results

Typically, the self-assembly of (R)-1 is studied in hep-
tane solutions at 10™* to 107> M concentration.?® How-
ever, as for VCD spectroscopy higher concentrations are
required, decahydronaphthalene was selected as solvent,
since in this solvent (R)-1 is better soluble and hence the
self-assembly occurs at higher concentration (vide infra).
Figure 1 shows the CD and UV/vis absorption spectra of
(R)-1 in decahydronaphthalene at 0.9 X 10> M recorded
at 20 and 100°C.

At 100°C, the absence of a CD effect and the UV/vis
absorption maximum at 208 nm both indicate that (R)-1 is
molecularly dissolved at this temperature.?’ At room
temperature, the hypsochromic shift of the maximum in
UV/vis absorption and the appearance of a positive couplet
Chirality DOI 10.1002/chir

in CD indicate the formation of righthanded helical
assemblies.??

IR and VCD Results

The IR and VCD spectra of (R)-1 in decahydronaphtha-
lene, in the amide I (carbonyl stretching) and amide II
(coupling of N—H bending and C—N stretching) regions,
are presented in Figure 2. Similar molar absorptivities
were obtained for the three different concentrations that
were investigated, i.e., 1.8, 6.3, and 9.2 X 1073 M (see also
Figure 1 in the supporting information for IR spectra in
the N—H stretching region). Only at the highest concen-
tration we observed that after sample preparation (heating
to dissolve the molecule followed by cooling to room tem-
perature), a turbid gel was obtained instead of a transpar-
ent, homogeneous solution.

The N—H stretching vibration at 3235 cm ! and the
carbonyl stretching vibration at 1642 cm ! indicate the
presence of hydrogen-bonded species in solution, and cor-
respond with the values measured in the solid state for
(R)-1, 3225 and 1636 cm !, respectively (see Fig. 2 in the
supporting information). Furthermore, the N—H stretch-
ing vibration at 3235 cm ™!, measured in decahydronaphtha-
lene, corresponded nicely to the value of 3242 cm™ ! that
was previously reported for (S)-1 in hexane (at 10~ M).2”

The formation of a right-handed helical structure, which
was concluded from the CD measurements, was further
studied by VCD spectroscopy, since the preferred handed-
ness of the stacks implies that the hydrogen-bonded am-
ide groups in these stacks also must have a chiral orienta-
tion.

At concentrations as low as 1.8 X 1072 M, we still could
observe the VCD signal, although at this concentration,
the signal-to-noise ratio is rather low. At 6.3 X 1073 M, we
observed a VCD spectrum with a better signal-to-noise ra-
tio for the carbonyl stretching vibration, which presents a
(+,—,+) pattern. The two positive components at 1648
and 1628 cm ™! exhibit lower intensities than the negative
component at 1640 cm ™ *. The VCD spectrum observed for
the highest concentration (9.2 X 10~3 M) is significantly
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different from the spectra obtained for the transparent sol-
utions. Indeed, the negative component is observed at
1632 cm™! (a shoulder at 1640 cm™' is also observed)
with a lower intensity. This feature is most likely related to
the gelation process that had occurred in solution and pos-
sibly also to orientation effects during sample preparation,
which could lead to contribution of vibrational linear
dichroism to the measured vibrational circular dichroism
spectrum.?® We have observed similar artifacts in elec-
tronic circular dichroism spectra due to alignment of fibers
in solution.*

Fig. 3. Side view of stacking with seven molecules of (R)-1. [Color
figure can be viewed in the online issue, which is available at www.
interscience.wiley.com.]

Structural Parameters

The cartesian coordinates of the “nearly-optimized” geo-
metries of dimers (with and without asymmetric centers),
trimer, pentamer, and heptamer are reported in the sup-
porting information. As an example, the optimized geome-
try of the heptamer is shown in Figure 3, while the rele-
vant structural parameters for all considered oligomers are
reported in Table 1. In Figure 3, one can see the right-
handed helix by following the intermolecular hydrogen
bonds between the amide groups.

The molecules are closer in the dimer containing the
three aliphatic side chains with the asymmetric centers (la-
beled “dimer with *C” in Table 1). Indeed, the inter-ring
distance, diing, is 3.64 A whereas this distance is slightly
higher (3.68 A) for the simpler dimer with three methyl
groups (labeled “dimer without *C” in Table 1). Since the
mean planes of the three amide units make similar angles
o with the aryl mean plane for the two dimers, the O—H
distance, do_g, of the hydrogen bond is lower for the
dimer containing the three aliphatic side chains with the
asymmetric centers. On the other hand, the inter-ring dis-
tance increase with the size of the stacking. This increase
of dying is associated with the increase of the o angle and
the decrease of the do_g (or do_n) distances. The values
of a and dg_n for the pentamer and the heptamer are in

TABLE 1. Structural parameters of the optimized structures
of the dimers, trimer, pentamer, and heptamer of (R)-1

Stacking ding @ o () dom @A) don(A)
Dimer with *C 3.64 25 2.04 3.00
Dimer without *C 3.68 26 2.07 3.05
Trimer? 3.72 36 2.01 3.01
Pentamer? 3.73 42.5 1.95 2.95
Heptamer® 3.76 43 1.92 2.92

“Excluding the top and bottom molecule in the stack.
Chirality DOI 10.1002/chir
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accordance with the values determined by X-ray for struc-
ture 2 (Scheme 1).% These results show that a minimum
of five molecules is necessary to obtain accurate structural
parameters on helical, hydrogen-bonded amide stacks. For
Chirality DOI 10.1002/chir

self-assemblies of lower size, the amide groups of the first
and the last molecule are hydrogen-bonded by only one
dipole (C=0 or N—H), which decrease the value of the o
angle.
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Calculated IR and VCD Spectra

The calculated VCD and IR spectra of dimers (with and
without asymmetric centers), trimer, pentamer, and hep-
tamer are presented in Figure 4. The calculated IR spectra
of pentamer and heptamer reproduce very well the molar
absorptivities of the amide I and amide II modes measured
in the experimental spectrum. Nevertheless, the frequency
calculated for the amide I mode is higher than that
observed in the experimental spectrum. This discrepancy
may originate from (i) the computational method (DFT)
and the modest basis set (6-31G*) used in this study,
which do not calculate correctly the frequency of hydro-
gen bonded C=O0 groups; (ii) the calculations were done
for the stacking in the gas phase, whereas experiments
were performed in decahydronaphthalene solution; and
(iii) the calculations were performed for simpler molecules
(the three aliphatic side chains with the asymmetric cen-
ters were replaced by methyl groups). The effect of this
last point can be estimated in the calculation of the IR
spectra of the two dimers (with and without the three ali-
phatic side chains with the asymmetric centers) presented
in Figure 4A.

As observed in Figure 4A, the shape of the VCD spec-
trum of dimer seems to be independent on the presence
of the aliphatic side chains containing asymmetric centers.
Indeed, the same (+,—,+) pattern is calculated in amide I
region for the two dimers. Nevertheless, the intensity is
significantly higher for the dimer containing the aliphatic
side chains with asymmetric centers. This calculated VCD
spectrum reproduces very well the sign of the bands
observed in the experimental spectrum recorded at a con-
centration of 6.3 X 10> M. The VCD spectrum calculated
for the trimer in the amide I region exhibits two positive
bands at higher wavenumbers and a positive couplet at
lower wavenumbers. This couplet arises from the coupling
of C=0 dipoles of the central molecule for which the am-
ide groups are hydrogen-bonded with the amide groups of
the upper and lower molecules. The two positive bands
calculated at higher wavenumbers are due to the C=0
groups of the first and the last molecules for which the am-
ide groups are hydrogen-bonded by only one dipole (C=0
or N—H). The positive couplet becomes the main contribu-
tion for self-assemblies of increasing size (pentamer and
heptamer) since the number of amide groups hydrogen-
bonded with neighboring amide groups increases. It is
noteworthy that this positive couplet is observed in the ex-
perimental spectrum recorded at higher concentrations.

Although we have considered only relatively short
stacks, the calculated VCD spectra are in satisfactory qual-
itative agreement with the experimental VCD spectrum.
The discrepancies observed between experimental and
calculated spectra may originate from specific interactions
of (R)-1 molecules with decahydronaphthalene and possi-
ble aggregation effects. However, together with the elec-
tronic absorption, CD and IR data, this VCD study con-
firms that the stacks of (R)-1 in solution have a similar or-
ganization as the helical structure determined by Lightfoot
et al. for 2 (Scheme 1) by X-ray analysis,? i.e., a helical or-
ganization of the molecules, with an offset of 60° between
neighboring molecules and intermolecular hydrogen

1021

bonds, due to the nonplanarity of the amides bonds with
respect to the benzene core.

CONCLUSION

In conclusion, we have shown the complementarity of
VCD and CD spectroscopy to study self-assembled struc-
tures of (R)-1 molecules in solution. VCD spectra with a
good signal-to-noise ratio have been obtained at relatively
low concentration. VCD spectroscopy combined with DFT
calculations resulted in a structure for the stacks of (R)-1
that is in agreement with the structure determined by
X-ray for a related benzene-1,3,5tricarboxamide.”” We
could conclude that in the stack, there is a preference for
a chiral and nonplanar orientation of the carbonyl groups,
which are involved in the hydrogen bonding event, pres-
ent in the molecule.
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ABSTRACT  We have designed a compact optical cell for studying the absorption
and circular dichroism (CD) of a solution sample in the vacuum ultraviolet (VUV)
region using a temperature control unit. The cell size was 34 mm in diameter and
14 mm in length. Such compactness was obtained by coating the VUV scintillator onto
the outside of the back window. Because this scintillator converts the transmitted VUV
light to visible light, the outside of this cell is operated under atmospheric pressure.
The temperature of the sample solution was maintained in the range of 5°C to 80°C
using a temperature control unit with a Peltier thermoelectric element. Changes in the
sample temperature were observed by monitoring the absorption intensity of water.
Through the study of VUV-CD spectra of ammonium camphor-10-sulfonate aqueous sol-
utions and the transmitted spectrum of an empty cell, it was concluded that this cell
unit has sufficient performance for use in VUV spectroscopy. Chirality 20:1023-1028,
2008. © 2008 Wiley-Liss, Inc.

KEY WORDS: synchrotron radiation; linear dichroism; polarization spectroscopy;

undulator; temperature control; absorption of water; transmitted spectra

INTRODUCTION

Circular dichroism (CD) spectroscopy in the vacuum
ultraviolet (VUV) region allows more precise protein sec-
ondary structure analysis'™ and provides chiral and struc-
tural information on molecules comprising only o-elec-
trons, such as sugars.* However, the absorption of a sol-
vent, usually water in the case of biomolecules, increases
drastically with photon energy in this region. Therefore,
the vacuum ultraviolet circular dichroism (VUV-CD) as
well as the absorption spectroscopy of an aqueous solution
requires an optical cell with a short optical path length
(less than 100 um) for minimizing absorption of the sol-
vent. For example, a demountable thin quartz cell with 120
um spacers has been designed by Gray et al.” Recently, a
well-established micro cell for VUV-CD measurements has
been developed by Wien and Wallace.® This cell has some
advantages in that it has a very short path length (as small
as 2 um), and requires fairly small sample volumes. How-
ever, it is available only in a nitrogen gas atmosphere.

The VUV-CD spectra of aqueous solutions have success-
fully been measured using a combination of synchrotron
radiation and photo-elastic modulators (PEMs) at several
synchrotron radiation facilities such as beamline CD12 in
SRS (UK),” beamline UV1 in ASTRID (Denmark), beam-
lines U9b and U11 in NSLS (USA), beamline 3m_NIM1_C
in BESSY2 (Germany), beamline BL-15 in HiSOR (Japan),®
© 2008 Wiley-Liss, Inc.

beamline DISCO in SOLEIL (France),’ and beamline 4B8
in BSRF (China). These facilities have adopted PEM for
the modulation of circular polarization. Recently, we have
developed a unique VUV-CD measurement system'® '3
using a polarizing undulator instead of PEMs as a polar-
ized light source. The polarizing undulator can irradiate
bright polarized light. It is therefore the most suitable
polarized light source and has been utilized to obtain
VUV-CD and linear dichroism (LD) spectra.l®!!

Our VUV-CD measurement system'*>*® using the polar-
izing undulator required the evacuation of the whole opti-
cal path including the optical cell in high vacuum. This is
because it is difficult to use this system with transparent-
type optics such as windows, owing to its polarization char-
acteristic as well as its absorbance. In the case of the other
VUV-CD instrument, the PEM is usually located between
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the monochromator or linear polarizer and sample cell. In
contrast, in our system, the polarization light source, that
is, the polarizing undulator, is located in the storage ring,
and the polarization of incoming light can then be modi-
fied using the polarization characteristic of the optics. If
the windows have linear anisotropy, the recorded CD and
LD spectra may be disturbed because of their anisotropy,
and the description of the recorded signal based on the
Mueller matrix calculation may be too complicated to
extract the true CD and/or LD signals.'° Therefore, super-
fluous optics such as windows should be not used if possi-
ble, because high vacuum is required to prevent the
change in the polarization of incident light in this system
and the optical cell.

A vacuum-proof optical cell system with a temperature
control unit was constructed by Matsuo et al.'* Because
this cell system needs to be loaded in a vacuum chamber
evacuated under 10™* Pa, it requires large-scale equip-
ment such as a vacuum chamber with vacuum pumps and
liquid-nitrogen temperature control unit. In addition, it is
difficult to evaluate the contribution of linear anisotropy.

In this study, a compact optical cell with a temperature
control unit was designed to study CD and absorption
spectroscopy in the VUV region. The performance of this
cell system was evaluated by measuring the absorption
spectra of H,O at several temperatures, the VUV-CD spec-
tra of ammonium camphor-10-sulfonate (ACS) aqueous sol-
utions, and the transmitted spectrum of an empty cell. We
also found that the temperature dependence of water
absorption intensity is useful for monitoring the tempera-
ture of the sample solution.

This article is organized as follows. In the first section,
we explain the design of the optical cell and the tempera-
ture control unit developed in this study. In the second
section, we describe the temperature dependence of the
H,0 absorption spectra and the method for estimating the
temperature of the sample solution. Finally, in the third
section, we demonstrate the performance of this cell unit
by measuring the VUV-CD of the ACS aqueous solution
and the transmitted spectra of an empty cell.

DESIGN OF THE COMPACT OPTICAL CELL WITH THE
TEMPERATURE CONTROL UNIT

Figure la and b shows the schematic views of the
designed optical cell and temperature control unit, respec-
tively. The size of the cell is 34 mm in diameter and 14
mm in length. The cell volume is about one-fifth that of
the vacuum-installed optical cell designed by Matsuo
et al.'* and almost the same as that of the micro cell with a
cell holder developed by Wien and Wallace.® By coating a
VUV scintillator on the outside of the back window, the
outside of the cell can be operated under atmospheric
pressure, but not in vacuum. The temperature of the cell
is maintained in the range of 5°C to 80°C using the tem-
perature control unit equipped with a Peltier thermoelec-
tric element.

As shown in Figure 1a, the optical cell consists of two
stainless steel blocks (2) and (3), two O-rings (4), two flat
Chirality DOI 10.1002/chir
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Fig. 1. (a) Schematic drawing of a compact optical cell. The linear
dimensions are in mm. (1) 34 mm OD flange; (2) stainless-steel block; (3)
stainless-steel cover; (4) P-12 type O-rings; (5) coated sodium salicylate;
(6) CaF, optical windows (diameter, 20 mm, thickness ¢ = 1.5 mm); (7)
solution sample; and (8) Teflon spacer (t = 5-500 um). (b) Schematic
drawing of the temperature control unit and apparatus for adjusting the
cell position. The linear dimensions are in mm. (9) dual-axis x4y stage;
(10) rotatable axis stage; (11) 34 mm OD nipple; (12) box consisting of a
vacuum insulation panel; (13) optical cell; (14) optical fiber; (15) Peltier
thermoelectric element; (16) Pt thermistor; (17) photomultiplier; and (18)
Peltier thermo-controller.

CaF, optical windows of radius 10 mm and thickness
1.5 mm (6), and a ring-shaped spacer made of Teflon (8).
The sample solution (7) is sealed between the two CaF,
windows by tightening the screws with a torque-controlled
screwdriver. The cell is easily attached to the vacuum sys-
tem with a 34 mm flange (1). The optical path length of
the cell is adjusted by changing the spacers, which are of
various thicknesses (5-500 pm). In the case of the cell
without any spacers, the optical path length is estimated to
be 2 um from the interference pattern in the transmitted
spectrum of the empty cell, and the required sample vol-
ume is approximated to be as low as 1 pl. Optical path-
length estimation will be detailed in a later section. The
upper section of the front window is evacuated to less than
10~* Pa within about 1 h, which is sufficient to permit the
synchrotron radiation experiment, and to less than 10~°
Pa within about one day.

The main advantage of this cell is its compactness. The
cell size was reduced by coating sodium salicylate on the
outside of the back window (5). Sodium salicylate is usu-
ally employed as a VUV scintillator.’® The VUV light trans-
mitted through the two windows and sample solution is
converted to visible light, centered around 420 nm, by the
sodium-salicylate scintillator. The converted visible light
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is easily detected with a conventional photomultiplier
(R6249, HAMAMATSU Photonics K.K. was used in this
work). Because the outside of this cell is under atmos-
pheric pressure, it can be said that we successfully devel-
oped a simple and compact optical cell system. In addition,
apparent CD signal derived from the linear anisotropy of
the detector can be ignored, as discussed in the next
paragraph. Most other SR-CD instruments use a photo-
multiplier with VUV transparent windows rather than
phosphors.

The linear anisotropy of the cell windows is evaluated
by measuring the rotation angle 6 dependence of CD and
LD spectra. If the window has linear anisotropy, the
observed CD signal consists of not only a real CD signal
but also a signal originating from the linear anisotropy.'®
To measure the 0 dependence, the cell is rotated around
the zaxis using a rotatable axis stage (10), and its center
is adjusted to the light spot using a dual-axis x-y stage (9),
as shown in Figure 1b. The definitions of the x, y, and z
directions and the rotational angle 0 are illustrated in Fig-
ure 1b. Figure 2 shows the rotation angle 0 dependence of
the LD spectra of the empty CaF, cell. This result clearly
indicates that the LD spectra are independent of 6. The ab-
sence of angle dependence of the LD spectra is direct evi-
dence that the contribution of linear anisotropy can be
ignored in this cell system.

In addition, the absence of angle dependence of the LD
spectra shown in Figure 2 directly indicates that our phos-
phor-based detector is also free from linear anisotropy. A
conventional photomultiplier occasionally acts as a partial
polarizer, and therefore, one can observe the angle depend-
ence of CD and LD spectra.!® An apparent signal induced
from the anisotropic detector occasionally becomes a seri-
ous problem.!” From the result shown in Figure 2, our cell
system was confirmed as an isotropic optical component.

As shown in Figure 1b, the temperature control unit is
composed of a thermal insulated box (12), a Pt thermis-
tor (16), Peltier thermoelectric elements (15), and a Pelt-
ier thermo-controller (18). The cell (13) is inserted in
the box, which consists of a vacuum insulating panel
(12). The Pt thermistor (16) is used for monitoring the
temperature of the cell surface. The temperature of the
cell surface is adjusted by blowing temperature-regu-
lated air into the box. The air temperature is controlled
using Peltier thermoelectric elements (15) and the Pelt-
ier thermo-controller (18) by the conventional PID
method. The temperature control unit can maintain the
cell temperature in the range of 5°C to 80°C to a preci-
sion of + 0.1°C. The estimation of the precision will be
described in the next section. The Peltier element (15) is
air-cooled by a fan. Since it is not necessary to evacuate
the outside of the cell, the design of the temperature
control unit is relatively simple.

The converted visible light is propagated out of the box
through an optical fiber (30 cm in length) (14) and
detected with a photomultiplier (17). The photomultiplier
(17) is placed outside the box because its efficiency is de-
pendent on the ambient temperature. The optical fiber
(14) attenuates approximately half of the converted visible
light intensity. Thus, in the experiment without a tempera-
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Fig. 2. LD spectrum of the empty CaF, cell without a spacer at the
rotation angles 0 = 0°, 45°, 90°, and 135°. In this figure, four lines overlap
each other.

ture control, the photomultiplier can be connected directly
to the cell.

ABSORPTION OF WATER AS A MONITOR OF THE
SAMPLE TEMPERATURE

The absorption spectra of H,O at several temperatures
were measured using a conventional VUV monochromator
(Acton, VM-502) equipped with a D, lamp as a light
source. Ultra-pure water (Wako chemical, LC/MS grade)
was carefully dropped into the cell with a 20 pm spacer.
The absorption spectra at a given temperature were
recorded in thermal equilibrium between the cell sur-
face and water, that is, about 1 h after setting the cell
temperature.

Figure 3a shows the absorption spectra of liquid H,O at
cell temperatures of 20°C, 35°C, and 80°C. It is clear that
the absorption spectra of H,O are red-shifted with increas-
ing temperature, as reported elsewhere.'®!® This shift is
explained by a lower shift of the electronic transition
energy.!? This temperature dependence indicates that
temperature regulation is essential for accurately meas-
uring absorption spectra in the VUV region. That is, the
contribution of H,O absorption is determined from the
observed VUV absorption spectra of the sample solution
recorded at the same temperature.

Varying the absorption of water with temperature is con-
sidered to be useful for monitoring the temperature of the
sample solution and not the cell surface. In general, it is
difficult to monitor the temperature of a sample solution at
micrometer-scale path length. Figure 3b shows the absorb-
ance of water at a wavelength of 173 nm as a function of
cell temperature. It is clear that the absorbance is almost
proportional to the cell temperature while increasing and
decreasing the temperature. Therefore, one can observe
the variation of the temperature of the sample solution by
measuring the absorbance of water.

Chirality DOI 10.1002/chir
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Fig. 3. (a) Absorption spectra of liquid HoO with a 20 pm spacer at
temperatures of 20°C (solid line), 35°C (broken line), and 80°C (dotted
line). (b) Absorbance of liquid H,O with a 20-um spacer at a wavelength
of 173 nm as a function of temperature during rising temperature (closed
square) and falling temperature (open circle). (¢) The relationship
between the difference in H,O absorbance at a wavelength of 173 nm
(solid line) and the temperature of the cell surface (dotted line) as a func-
tion of time. Here, the difference in absorption is defined as the subtrac-
tion of absorbance at 20°C. The Peltier thermo-controller was set to 35°C
and 20°C at 0 and 52 min, respectively.

Figure 3c shows the time-dependence of the cell tem-
perature and the difference in the absorbance of water at a
wavelength of 173 nm. When the Peltier thermo-controller
was set to a given temperature, the cell temperature
changed immediately and then oscillated around the set-
point as a decaying sinusoid. The absorption intensity fol-
lowed the change in cell temperature with some time lag.
This time lag corresponds to the heat transfer from the
cell surface to the sample solution. Both the cell tempera-
ture and the absorption intensity were stable after about
40 min in this case. While the cell temperature is stabi-
lized, the temperature of the sample solution is considered
to be the same as that of the cell surface. In addition, from
the distribution of the absorbance before the temperature
was set at 35°C, the precision of the sample temperature
was also estimated to be about =0.1°C.

VUV-CD AND TRANSPARENT-SPECTRA
MEASUREMENT

To evaluate the performance of this cell system, we
measured the absorption and VUV-CD spectra of a stand-
ard sample. These spectra of the ACS aqueous solution
were measured at the TERAS BL-5'>13 of the National
Institute of Advanced Industrial Science and Technology
and calibrated using the calibration method recently devel-
Chirality DOI 10.1002/chir
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oped by us.Z’ Powders of S- and R-ACS were purchased
from Kanto Kagaku and Sigma Aldrich Japan, respectively,
and dissolved in distilled water. The VUV-CD and absorp-
tion spectra of the 240 mM ACS aqueous solutions with a
5 pm spacer were measured at 25°C in the wavelength
range down to 175 nm. Here, measurement of the 0-de-
pendence of the VUV-CD and LD spectra confirmed that
the cell was isotropic. To compensate for a little non-chiral
baseline, the VUV-CD spectrum of R-ACS was subtracted
from that of S-ACS.?! Details of VUV-CD measurements at
the TERAS BL-5 and the calibration method have been
reported elsewhere.!®!® The calibrated CD spectropho-
tometer (J720WI, JASCO) was also used to obtain the
standard CD spectra of ACS aqueous solutions.??

The optical path length was calculated by following the
Lambert-Beer law using values for the observed optical
density, concentration (240 mA), and molar absorption
coefficient. The molar absorption coefficients in the range
of greater than 190 nm were determined by another
absorption measurement recorded with a conventional UV
spectrophotometer (Shimadzu Co, UV1200), quartz cell
(optical path length 3 mm), and 2.4 mM ACS aqueous so-
lution. Using these values, the optical path length in this
VUV-CD measurement was determined to be 8.2 um.

Figure 4a and b shows the absorption and VUV-CD
spectra of the S-ACS aqueous solution, respectively. The
obtained VUV-CD spectrum is in good agreement with the
standard spectrum,'® which is also shown in Figure 4b.
The determination of the optical path length by measuring
the absorption spectrum is necessary to obtain accurate
VUV-CD spectra, because of the variations in the optical
path length between loadings of the sample solution.

Figure 5 shows the transmitted spectrum of the empty
CaF, cell without the spacer. This spectrum was also
measured at the TERAS BL5. It is clear that this cell can

'TE 3 )
T; 2
S 1_
=0
4
2
1 E O
o
T2
% I
w -4
< |
6L 4
180 190 200 210 220 230
Wavelength (nm)

Fig. 4. (a) Absorption spectrum of S-ACS aqueous solution at 25°C.
(b) VUV-CD spectra of S-ACS aqueous solution measured at TERAS BL-5
at 25°C (open circle) and that measured with a conventional CD spectro-
photometer (dotted line).
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Fig. 5. Transmitted spectrum of the empty CaF, cell without a
spacer.

transmit VUV light in the wavelength range of greater
than 130 nm. This limit is due to the cut-off of the CaF,
windows. It should be noted that this transparency
includes the attenuation by the optical fiber. Excluding
this attenuation, the transparency was approximated to be
80% at a wavelength of 200 nm and 60% at 140 nm. These
results clearly indicate that our phosphor-based cell can
be used for the VUV region. A clear interference pattern is
found in this spectrum. Using this interference pattern,?
the optical path length in the empty cell was estimated to
be 2.4 um.

From these results, it was concluded that this compact
optical cell system has sufficient performance to measure
VUV-CD and absorption spectra. The VUV-CD measure-
ment of chiral liquids such as saturated chiral alcohols as
well as that of solutions of biomolecules is in the planning
stage.

CONCLUSION

A compact optical cell for measuring VUV-CD and
absorption spectra was successfully developed. The adop-
tion of a VUV scintillator coated on the outside of the back
window allowed the outside of the cell to work under
atmospheric pressure. The cell, 34 mm in diameter and
14 mm in length, was easily attached to the conventional
34 mm flange. The cell was confirmed to be free of any
contribution from linear anisotropy. A simple temperature
control unit including the cell successfully maintained the
temperature of the cell surface in the range of 5°C to 80°C
using a Peltier thermoelectric element. We found that the
temperature dependence of the absorbance of water corre-
sponded to the sample temperature, which is useful for
monitoring the temperature of a sample solution even at
micrometer-scale path lengths. The recorded VUV-CD
spectra of the ACS aqueous solution showed good consis-
tency with standard spectra. The cell with CaF, windows
transmitted VUV light greater than 130 nm. Therefore,
regardless of its compactness, this cell system is suitable
for use in VUV spectroscopy.
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ABSTRACT  To obtain accurate and consistent measurements from circular dichro-
ism (CD) instruments over time and from different laboratories, it is important that they
are properly calibrated. The characteristics of the available reference materials are not
ideal to ensure proper calibration as they typically only give peaks in one or two spectral
regions, and often have issues concerning purity and stability. Currently either camphor
sulfonic acid or ammonium camphor sulfonate are used. The latter can be an unstable,
slightly hygroscopic secondary standard compound with only one characterized CD
band. The former is the very hygroscopic primary standard for which only one enan-
tiomer is readily available. We have synthesized a new reference material for CD,
Na[Co(EDDS)]-H,O (EDDS = N,N-ethylenediaminedisuccinic acid) which addresses
these problems. It is extremely stable and available in both enantiomeric forms. The CD
spectrum of Na[Co(EDDS)]-H,O has nine distinct peaks between 180 and 599 nm. It
thus fulfils the principal requirements for CD calibration chemical standards and has
the potential to be used to ensure good practice in the measurement of CD data, provid-
ing two spectra of equal magnitude and opposite sign for a given concentration and path
length. We have carried out an interlaboratory comparison using this material and show
how it can be used to improve CD comparability between laboratories. A fitting algo-
rithm has been developed to assess CD spectropolarimeter performance between 750
and 178 nm. This could be the basis of a formal quality control process once criteria for

performance have been decided. Chirality 20:1029-1038, 2008.  © 2008 Wiley-Liss, Inc.

KEY WORDS: circular dichroism,; calibration; enantiomers; standard

INTRODUCTION

Circular dichroism (CD) is a powerful spectroscopic tech-
nique with many applications in organic chemistry and bio-
chemistry. For example, one can qualitatively and quantita-
tively assess the purity of two enantiomers of a chiral mole-
cule; one can sensitively detect changes in the structure of
protein molecules; and one can predict the secondary struc-
ture of proteins. It is important, prior to the analysis, to es-
tablish quality assurance for factors affecting the reliability
of the data. This is especially true when spectra are crucial
evidence of the structure and stability of a protein compo-
nent of a pharmaceutical product, but it is also important
when spectra are to be reported for almost any purpose.

To achieve comparability of CD spectra between instru-
ments, it is important that the instruments are well-main-
tained and used correctly.? However, even where this is
done, differences between instruments will mean that data
are typically not comparable.>* One route to the compara-
bility of data is to characterize CD instruments in terms of
both CD intensity calibration and wavelength calibration
across the spectral range of interest. However, currently
available “standard” materials typically only provide a sin-
© 2008 Wiley-Liss, Inc.

gle CD peak, and are often poorly characterized, as is dis-
cussed below. The lack of confidence that data can meaning-
fully be compared when they are measured in different labo-
ratories, or at different times, undermines the usefulness of
CD as a technique. This is particularly true in heavily regu-
lated areas such as biopharmaceutical quality control.

In the past decades, a series of optically active substan-
ces have been identified and used extensively for the cali-
bration of CD spectropolarimeters. p-10-camphorsulfonic
acid (CSA) in water at 290.5 nm has been regarded as the
primary standard and has been the one used extensively
throughout the world. However, differences in the magni-
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tude of its spectra due to its hygroscopic nature have
repeatedly been reported in the literature.® Other substan-
ces such as androsterone and isoandrosterone in dioxane
have also been considered>® as well as glucurono-y-lac-
tone and p-pantolactone in other organic solvents.” Glucur-
ono-y-lactone was found to be less suitable than the p-pan-
tolactone that became commercially available as optically
pure crystals having relatively high optical rotation with
weak UV absorption and less water uptake than CSA.” A
study was also conducted by Chen and Yang® comparing
CSA in water at 290.5 nm, D-pantolactone in methanol at
222 nm and (+)-tris-(ethylenediamine) Co(II) iodide
monohydrate in water at 490 nm. The study revealed devi-
ations in molar ellipticity of up to 30% for p-pantolactone
and (+)-tris-(ethylenediamine) Co(IIl) iodide monohy-
drate® between measurements carried by different spectro-
polarimeters. That study may suggest that [Co(ethy-
lenediamine)s]®* would make a good standard. It is cer-
tainly chemically and enantiomerically stable. However, it
is challenging to make up solutions accurately for UV
measurements (literature extinction coefficient data is all
for the visible region and the UV intensity is orders of
magnitude larger). In addition, a single solution cannot be
used from the visible region to the UV region. The final
nail in its coffin is that it is not commercially available and
it extremely difficult to produce 100% enantiomerically
pure as it is resolved by repeated co-crystallization with
chiral anions.”

Ammonium p-10-camphorsulfonate (ACS) (see Fig. 1),
which is less hygroscopic, but much more expensive, than
CSA, has been widely adopted as a secondary standard.
ACS was found to be essentially non-hygroscopic, easily
handled and to have the same spectrometric behavior as
CSA because of the fact that both compounds form the
same ion in solution.*® Calibration with both CSA and
ACS routinely involves using only the 290.5 nm peak.
Thus, there is no calibration of the visible region and none
at lower wavelength. CSA does have a CD band at 191.5
nm, however, there is still some debate as to what its mag-
nitude is (the consensus is that the 192.5 nm:290.5 nm ra-
tio should be about 2.0).> A further concern with ACS is
that its stability is variable. Jones et al.' showed its inten-
sity can change within 2 wk even when refrigerated. Thus
fresh standards need to be made regularly and accurately
to a standardized protocol.>? The material used also needs
to be of a known chemical purity and enantiomeric purity.
In a recent interlaboratory comparison study coordinated
by the National Physical Laboratory (NPL),! it became
apparent that the current single point calibration even with
an externally provided standard did not ensure instrument
comparability or even provide enough data to indicate
whether instruments recorded comparable data.* For all
types of measurement, the ideal is that standards should
be traceable to the International System of Units (the SI)*?
with a known uncertainty.’®! This means that all meas-
urements that are made in this way can be compared
within a known uncertainty; moreover this is recognized
as an efficient means of achieving comparability. Traceabil-
ity is typically established through a chain of measure-
ments, starting from a primary, absolute measurement (of-
Chirality DOI 10.1002/chir
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Fig. 1. (@ S,S-N,N-ethylenediaminedisuccinic acid (EDDS); (b) Co-
EDDS with proton labeling indicated.

ten made by a National Measurement Institute, such as
NPL) and disseminated through primary and secondary
standards. No such chain exists for CD, and therefore the
absolute values of the CD of the standard compounds are
not known with any confidence. However, where such a
chain cannot be established, it may be sufficient for practi-
cal purposes to establish the comparability of measure-
ments by other means, and this is what we have set out to
achieve.

What impacts do uncertainties in the measurement of
CD have? A good example is the use of CD spectra to pre-
dict the secondary structure of proteins. With some algo-
rithms, errors in the intensity and wavelength scales of
CD spectrometers have a significant effect on the pre-
dicted structures.’® Similar problems arise when CD is
used to measure enantiomeric purity since CD intensity is
proportional to enantiomeric excess. In empirical applica-
tions such as comparing the spectra of biopharmaceutical
formulations, the comparisons between data measured on
different occasions and/or in different laboratories are
only valid if the instruments can be relied on to produce
consistent data. Thus it is essential that, even in the ab-
sence of an absolute standard for CD, all instruments used
would produce essentially the same data for the same sam-
ple. Furthermore we need a measure of what we mean by
‘the same’.

There has been a long running project at Warwick Uni-
versity to find an alternative CD secondary standard with
the following prerequisites: chemical stability in solution;
enantiomeric stability in solution; availability of bands
across the full UV-visible region (including below 200
nm) that can be measured on the same concentration solu-
tion; and availability of both enantiomers. One of the
issues with low wavelength instrument performance is
that in most instruments stray light becomes a significant
problem. Instrument problems, in this or any other region
of the spectrum, apart from a simple magnitude scaling,
are likely to result in enantiomers not having mirror image
spectra. The availability of both enantiomers and a require-
ment for equal magnitude and opposite signed CD signals
at all wavelengths were therefore among the requirements
of this work. We have screened many compounds over the
years and have finally selected and tested R,R- and S,S-
Na[Co(EDDS)]-H,O ((EDDS = N,N-ethylenediaminedi-
succinic acid), henceforth referred to as R,R-CoEDDS and
S,S-CoEDDS, respectively). CoEDDS is a transition metal
complex with d—d transitions which was first synthesized
by Neal and Rose in 1968.1° Its visible region CD spectrum
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Fig. 2. Stereogenic arrangements of the five- and six-membered rings
in the EDDS complex Li(H,0)5[Co™(S,S-EDDS)].1

has been previously published'®!” though no UV CD data
were available prior to this study. With modern instru-
ments, it is now possible to collect data for this compound
from the visible to well into the far UV region with the
same sample in the cuvette as shown later. In fact by using
both bench top and synchrotron radiation instruments we
have acquired data from the visible down to 165 nm. To-
gether with its stability (see later) and the availability of
both enantiomers this makes it an attractive calibration
standard.

For both enantiomers of Na[Co(EDDS)]-H,O we have
considered the effects of temperature and concentration
on the CD spectra line shapes and also tested the chemi-
cal and enantiomeric stability of the compounds over a pe-
riod of 12 mo. In addition we undertook a small interlabor-
atory comparison (including Warwick University, National
Physical Laboratory, the National Institute for Biological
Standards and Control, and Chiralabs). Data were also col-
lected at the synchrotron source at Aarhus University to
determine low wavelength spectral shape. The aim of the
comparison study was to investigate the utility of the new
material in achieving comparability between laboratories
and to confirm the spectral characterization performed at
Warwick. We also investigated the use of the material in
instrument performance verification testing.

MATERIALS AND METHODS

Optically pure S,S-EDDS (see Fig. 2) was donated by
Innospec. Other materials were obtained from Sigma-
Aldrich and used without further purification. 18.2 MQ
water was used throughout.

R,R-EDDS’6

A mixture of p-aspartic acid (50.73 g, 0.38 mol, ee =
98%), NaOH (30 ml, 50% aqueous solution), Ca(OH),
(13.94 g, 0.19 mol), and deionized water (70 ml) was
placed in a 1-liter three-necked flask fitted with a reflux
condenser and 50 ml pressure-equalized dropping funnel
and large magnetic follower. 1,2-dibromoethane (28 ml,
61.0 g, 0.33 mol) was added carefully with stirring via the
third side-arm and the mixture was heated to gentle reflux.
A further portion of NaOH (24 ml, 50% aqueous) was
added dropwise over about 6 hr, maintaining the reflux.
Water (100 ml) was added and the solution was heated at
reflux for 1 hr. The reaction mixture was left to cool with
stirring for 1 hr. The mixture was acidified with concen-
trated HCI until pH 3 by which time a copious white pre-
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cipitate had formed. The filtrate was collected and added
to water (225 ml) followed by NaOH (50% aqueous) to pH
11. The solution was carefully acidified with HCl to pH 3.5
and the subsequent precipitate was collected, washed with
dilute HCI and dried in air at 65°C in vacuo. Yield 17.9 g
(32%). Anal. Found (Calcd. for CioHisN2Og) %C 41.02
(41.10), H 5.50 (5.52), N 9.31 (9.59). 'H NMR (400 MHz,
293 K, NaOH/D-0 ref. 4.79) § ca. 2.35 (dd, 2H, CH,CO,),
2.51 (dd, 2H, CH,COy) 2.64 (m, 4H, CH,CH,), 3.39 (dd,
2H, CH) (NH and CO-H not observed at this pH). *Cpp
NMR $ 41.5 (CH,), 46.8 (CH), 61.5 (CH,—CH,), 179.9
(Cy, 181.6 (Cy). MS (FAB) m/z292 (M™).

N33[00(003)3]~3H2016

Co(NO3)2.6H,0O (29.1 g, 0.1 mol) in water (50 ml) and
Hy0, (10 ml, 30%) was added dropwise to a cold slurry of
NaH(CO3) (42.0 g, 0.5 mol) in water (50 ml). The mixture
was allowed to stand for 1 hr at 0°C with continuous stir-
ring. The resultant green product was filtered, washed
with cold water (thrice in 10 ml), ethanol, and diethyl
ether, and then dried in vacuo. Yield 29 g, 80%.

Na[Co(S,S-EDDS)JH-0 (R,R-Isomer Prepared
Similarly)'®

S,S-EDDS (3.10 g, 10 mmol) was added with stirring to
an ice cold slurry of Na3[Co(COs3)3]-3H,0 (3.63 g, 10
mmol) and activated charcoal (3 g) in water (75 ml). The
reaction mixture was allowed to warm to ambient tempera-
ture and was stirred until CO, evolution ceased. The mix-
ture was then heated to 80°C and stirred for 20 min, fol-
lowed by slow addition of small amounts of acetic acid (5%
aqueous, total 10 ml) to complete evolution of CO,. The
solution was heated again to 80°C for 5 min and allowed to
cool. Acetic acid solution was added to pH 4.25. The solu-
tion was filtered through Celite to remove the charcoal
and the volume of the solution was reduced to about
30 ml. Slow addition of ethanol (ca. 100 ml) resulted in
precipitation of a purple solid which was isolated by filtra-
tion. The solid was suspended in ethanol (ca. 100 ml) and
sufficient water was added to dissolve the solid. The solu-
tion was filtered and ethanol was slowly added with stir-
ring until a solid began to precipitate. The mixture was
then heated to redissolve the complex and was left to cool.
The fine crystals of Na[Co(EDDS)]-H,O (see Fig. 2) ob-
tained were isolated by filtration and left to dry in air over-
night (yield 1.7 g, 44%). Intriguingly drying the crystals in
a vacuum oven removed the water of crystallization. How-
ever, on exposure to the atmosphere (most obviously on a
balance), one molecule of water per Co was reincorpo-
rated. S,S-isomer: Anal. found (Calcd. for C;oH;,09CoN,Na)
% C 30.17 (30.94), H 3.75 (3.64), N 7.00 (7.22). *H NMR
(400 MHz, 298 K, D,0) & 3.51 (2H, dd, *Jyy = 5.5 Hz,
3Tyn = 1.5 Hz, Hy), 3.16 (2H, d, ?Juy = 10.5 Hz, H,/H,),
3.09 (2H, dd, %Jyn = 24 Hz, *Jyn = 5.5 Hz, Hy), 2.84 (2H,
dd, “Juy = 24 Hz, 1.5 Hz, Hy), 2.71 @H, d, “Jgu = 10.5
Hz, H,/Hy). *C {} NMR (100 MHz, 298 K, D,0) 3¢ 183.1
(C./Co), 183.0 (C./C.), 66.6 (Cp), 52.6 (Cp 40.0 (Cq,
observed at 353 K). MS (ESI negative) m/z 346.9 (IM]"),
302.9 (IM]~, COy), 259.0 (IM]~, 2 X COy). IR v em %

Chirality DOI 10.1002/chir
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1563 s (COO asymmetric stretch), 1383 s (COO symmet-
ric stretch), 1209 m, 1134 w, 1040 m, 925 w, 879 m.

Circular Dichroism Analysis

The spectral characterization and stability study spectra
of the CoEDDS compounds were all obtained using the
Jasco J-715 spectropolarimeter at Warwick (calibrated
using 0.060% ACS for intensity and a neodymium filter for
wavelength) or the Jasco J-810 at NPL (calibrated using
0.060% ACS for intensity and a holmium filter for wave-
length). As a rule of thumb, with the Jasco’s photomulti-
plier tubes we choose sample concentrations to keep the
high tension voltage below 600 V. The standard parame-
ters used were: bandwidth 1 nm; response time 1 sec;
wavelength scan range 190-750 nm; data pitch 0.5 nm;
and scanning speed 100 nm/min. These parameters gave
spectra that overlaid with those collected at slower scan
speeds and narrower bandwidth and so were deemed sat-
isfactory. If one wishes only to calibrate in the visible
region then a concentration of ~2 mM is appropriate
(higher concentrations can be used but with Jasco instru-
ments require the low sensitivity setting to be selected,
otherwise the signal goes off scale); in the UV region a
smaller concentration (0.05 mM) is required to ensure the
sample’s absorbance is not too high.

All cuvettes used in this study were washed three times
with water (18.2 MQ) and three times with ethanol and
dried with compressed air. Before establishing the stabil-
ity study, the instrument-only (i.e. air only in the sample
compartment) baseline and the water baseline of each cuv-
ette used were collected. Instrument-only baselines were
then collected at each time point. Thus at intermediate
time points, ¢, the baseline that was subtracted from the
sample spectrum was the water baseline of the cuvette at
time O plus the difference between the instrument-only
baseline at time ¢ and the instrument-only baseline at time
0. Samples of each of the R, R and S,S-[Co(EDDS)] at a
concentration of 0.05 mM in water were stored at 4°C, at
room temperature in the dark, and at room temperature in
the light for 12 mo.

Interlaboratory Comparison

The interlaboratory comparison followed a “star” design
where samples were distributed from the coordinating lab-
oratory to the participants. The study participants are
listed in Table 1. The samples that were distributed
included both the R,R- and the S,S-CoEDDS enantiomers
of the standard (of concentrations 0.067 mM) and a race-
mic mixture of the two; an ACS solution for comparison,
and a water blank. The participants were provided with a
common protocol for measurements. All spectra were
acquired in 10 mm path length cuvettes provided by the
participant laboratory; CoEDDS spectra were collected
from 180 to 800 nm and ACS spectra from 200 to 360 nm.
The spectra were collected with a 1 nm bandwidth, 0.1 nm
data pitch, and 6 accumulations. The reference spectra col-
lected at NPL were collected at a scan speed of 10 nm/
min with a 4 sec response time. Participants were left to
choose the scan speed they felt most appropriate, but 50
nm/min with a 1 sec response was suggested. Baseline
Chirality DOI 10.1002/chir
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TABLE 1. Participants in the interlaboratory comparison

Institution

NPL (Coordinator)
University of Warwick

Participants

Alex Knight; Jascindra Ravi

Alison Rodger; Angeliki
Damianoglou

Christopher Jones

National Institute for Biological
Standards and Control
Chiralabs George Tranter; Delphine

LePevelen; Ann Talbert

and sample spectra were then returned to the organizing
laboratory for baseline subtraction and further analysis. To
investigate the use of the standards for instrument per-
formance verification, one participant (designated 4) inten-
tionally used an instrument that was known to be in need
of calibration and with a poorly performing lamp.

Curve Fitting

Manipulation and analysis of the interlaboratory compar-
ison data was performed in MATLAB (The MathWorks,
Natick, MA). Curve fitting of the spectra was performed
using the MATLAB Curve Fitting Toolbox. The model
chosen for the interlaboratory comparison data was a sum
of 9 Gaussians (reflecting the 9 maxima in the observed
spectra), with constraints applied to peak position, height,
and width to ensure an accurate fit. The equation used
was of the form:

aye (/) | gy o=/l | | g (—bo)/eo)

where for the nth Gaussian peak a, corresponds to the
peak height, b, to the peak (or center) wavelength, and ¢,
is related to the peak width (with the full width at half
maximum given by 2./21n(2)c). To achieve accurate fit-
ting of the spectra it was necessary to include constraints
in the fitting method, and these are listed in Table 2. The
peak heights (@ parameters) were constrained to be either
positive (0 to + oo) or negative (—oo to 0); the peak wave-
lengths (b parameters) were constrained to a 10 nm or
15 nm window. In addition, the ¢ (width) parameters were
constrained to a minimum of 10 nm for all peaks except 1,
which was constrained to a minimum of 5 nm. These con-
straints were developed empirically by iteratively adding
terms to the model until the residuals approached a flat
line. Additionally, spectra were truncated at short wave-
lengths to exclude noisy data.

RESULTS
Structure of the Complexes

EDDS (EDDS = N,N-ethylenediaminedisuccinic acid)
is a hexadentate chelating agent, isomeric with EDTA, and
forms an octahedral complex with two nitrogen and four
oxygen donors; the latter are typically deprotonated under

basic conditions.’® A key structural difference between
H,EDDS and H,EDTA is that the former contains two
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TABLE 2. Constraints used in Gaussian fitting of COEDDS and fit coefficients for NPL data

Fit constraints

Fit parameters

Wavelength (nm) Sign Wavelength (nm) Height (mdeg) Width (nm)
Peak Min Max S,S RR S,S RR S,S RR S,S RR
1 175 185 + - 179.2 181.4 25.494 —19.650 8.770 7.804
2 205 215 + — 211.0 211.0 61.189 —62.025 12.120 12.117
3 225 240 - + 234.9 233.6 —11.691 12.165 26.215 26.479
4 260 275 + - 267.6 268.6 9.985 —9.577 28.034 27.307
5 367 377 + - 368.0 370.3 1.740 -1.919 23.656 25.343
6 399 409 + — 406.8 409.0 2.129 —2.016 29.775 27.371
7 478 488 + — 482.6 484.2 1.719 -1.791 32.972 36.096
8 540 550 — + 544.9 545.4 —5.947 6.170 31.572 33.284
9 595 610 + - 598.8 595.0 1.188 —1.382 30.218 34.488

Confidence limits for these data are available in Supplementary Information. Additionally, minimum width constraints were applied to the peaks to
ensure an accurate fit. Note that S,S- and R,R- data are in most cases consistent within 95% confidence limits (see Supplementary Information). Where
peaks are not well constrained by the data they may show differences but these peaks would not be used for calibration purposes.

stereogenic carbon atoms which retain their stereochemis-
try upon chelation. However, unlike with EDTA where the
four carboxyl arms all form five-membered rings upon
coordination, EDDS forms two five-membered rings and
two six-membered rings (see Fig. 2). When the two stereo-
genic carbon atoms have the same absolute configuration
(i.e. both S,S- or both R,R-), only one arrangement, that
with the five-membered rings in the axial positions and
the six-membered rings in the equatorial positions has
been observed.'®171%20 This is a result of excessive strain
energy associated with having the five-membered rings in
equatorial positions.'®*®?° As a result, all homochiral
EDDS complexes are diastereomerically pure; the chirality
of the ligand is expressed perfectly in the absolute config-
uration of the metal atom such that e.g. S,S-EDDS gives
only the complexes A-[M(S,S-EDDS)]” . It is this stereo-
genic arrangement of the ligand around the metal atom
that leads to the observed CD spectrum.

Characterization and Purity by NMR

The cobalt complexes produced by the methods
described in this article were chemically, diasteriomeri-
cally, and enantiomerically pure within limits of detection.
After the reaction there is at most 0.01% of any R,R-EDDS
in the S,S- product due to the high enantiomeric purity of
the starting materials. (The aspartic acid is >98% ee (er =
99:1), but the product diastereomer is homochiral. Any
heterochiral (R,S) is crystallized out, and is absent accord-
ing to NMR. Chances of any homochiral product of wrong
handedness is thus 1% of 1%, i.e. 0.01%.) Recrystallization
will have further reduced this. The 'H-NMR spectra of
Na[Co(S,S-EDDS)]-H,O and Na[Co(R,R-EDDS)]-H,O in
D,O (see Fig. 3) were superposable on one another. They
showed no detectable impurities; small apparent fluctua-
tions in the baselines in Figure 3 (e.g. about 3.1 and 3.4
ppm) are due to ®C satellites. The spectra showed the
expected five sets of multiplets, the NH groups having
been deuteriated by the solvent. The assignments given in
the experimental section were made via H—'H and

13C—H correlation spectra and other standard methods.
The H atoms on the ethylene backbone, H, and Hjy, gave
two second-order doublets of doublets centered at 2.81
and 3.28 ppm. Hy and H. gave two sets of mutually
coupled doublets centered at 2.98 ppm and 3.22 ppm with
the smaller and inequivalent couplings to H. (3.59 ppm)
allowing their assignment via the Karplus equations. In
the 3C spectrum the resonance for the C atom bonded to
Hg/e was observed only at high temperature or via 'H
observed heteronuclear correlation, presumably as a result
of an exchange between conformers of this 6-membered
ring. We note that the corresponding 'H resonances are
also relatively broad. Unfortunately, the freezing point of

IElJ (b) .I I I lf} - IT ll. I
' i

ppm 3.50 3.00

Fig. 3. 'H NMR spectra of (a) Na[Co(RR-EDDS)]-H,O and (b)
Na[Co(S,S-EDDS)]-H,0.

Chirality DOI 10.1002/chir
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Fig. 4. Absorbance spectra (1 cm path length) as a function of increas-
ing sample concentration (indicated in figure) for S,S-CoEDDS.

the solvent precluded measurement of low temperature
spectra.

Extinction Coefficient Determination

Most laboratories with CD machines have UV/visible
absorption instruments but not all have high quality bal-
ances. Thus, accurate values for the extinction coefficients
of CoEDDS are required in all application wavelength
ranges. Absorbance data were collected over a series of
separately prepared samples of each enantiomer at a range
of concentrations (determined by weighing four independ-
ent samples and making to volume in a volumetric flask,
then diluting these samples) (see Fig. 4). Data at the wave-
length maxima were extracted and plotted to determine
extinction coefficients as summarized in Table 3.

CD Spectra of R,R- and S,S-CoEDDS

A full wavelength spectrum of R,R-CoEDDS is given in
Figure 5a. It is a concatenation of data collected at War-
wick, NPL, and the synchrotron source at Aarhus (cali-
brated using 0.060% ACS for intensity and benzene vapor
for wavelength) to give the best signal-to-noise at each
wavelength and to ensure significant overlap of the differ-
ent instruments (spectra in common wavelength regions

were identical within the noise envelope of the data). The
spectra for the two enantiomers are equal and opposite in
sign at each wavelength, as illustrated in Figure 5b where
the spectra of the R,R and —S,S (minus 1 times the S,S
spectrum) spectra overlay within instrument noise. Ae val-
ues are given in Table 3. The low wavelength spectra col-
lected with a 1 cm cell overlaid those collected with 100
um and 18 pm pathlengths, when scaled to account for the
pathlengths and concentrations (data not shown).

Stability Studies by CD

The CD spectral shapes of the two enantiomers show
that the samples are stable for at least 1 yr even at room
temperature exposed to light. All storage conditions
retained the same spectral shapes over the 12 mo period
(most data not shown) as illustrated in Figure 6. Despite
sealing the cuvettes with Teflon tape, a slight degree of
evaporation occurred for one sample, which has been cor-
rected for in Figure 6 by a scaling factor determined from
the change in the absorbance.

Curve Fitting

Comparison of spectra by eye is sufficient for many pur-
poses. However, if we wish to use CD to, for example,
Good Laboratory Practice (GLP) standard, a more rigor-
ous and quantitative evaluation of instrument performance
is required. To this end, we first showed that the CoOEDDS
CD spectra could be fitted using a sum of 9 Gaussian func-
tions (see methods). To illustrate the fitting results, fits
and residuals for the NPL data from the round robin study
are shown in Figure 7. The constraints and fit parameters
are given in Table 2. It is clear that the model fits the data
accurately from 185 to 800 nm. The residuals are small
and randomly distributed, although greater noise in the
spectra is evident at the wavelength extrema. The R? for
the S,S enantiomer was 0.9998 and for the R R enantiomer,
0.9997. Once a data set has been reduced to a sum of
Gaussians, comparison with a similarly represented stand-
ard spectral data set is straightforward.

Interlaboratory Comparison

The interlaboratory comparison (see Supplementary In-
formation for details) clearly illustrated the value of the fit-
ting methodology. It was possible to show pictorially with
spectra (Supplementary Information Fig. S3) and quantita-
tively with residual plots (Supplementary Information Fig.

TABLE 3. Extinction coefficient and delta epsilon values for both enantiomers, fitted using Kaleidagraph

Wavelength (nm) €s.s (mol~ ! dm® em™)

ERR (mol ™' dm® ecm™?)

Aes s (mol™ ' dm® em™?) Aep g (mol™' dm® ecm™?)

545 209 £ 0.4 211+0.9 -2.40 = 0.05 +2.33 = 0.05
515 296 = 0.4 299 + 0.3

480 +0.68 = 0.015 -0.67 = 0.015
382 103 £ 0.5 104 = 0.6 -0.95 = 0.025 +0.93 = 0.025
274 6142 + 20 6131 += 33 +3.35 = 0.10 -3.30 = 0.10
237 +3 +0.3 +4 = 0.3
221.5 18,997 + 24 18,985 + 32 +0.665 = 0.10 -0.675 £ 0.10
210 17,490 = 35 17,500 = 60 +24.0 = 0.3 -22.5+0.3

Error quoted is standard deviation. Data and its analysis are given in Supplementary information. Data in bold are peak maxima.

Chirality DOI 10.1002/chir
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Fig. 5. (a) CD spectrum in millidegrees of R,R-CoEDDS in water (concentration of 0.056 mM, 1 cm path length and 0.56 mM, 100 uM pathlength).
S,S-CoEDDS is equal in magnitude and opppsite in sign at each wavelength but is not shown for clarity. The insert shows the low wavelength part of the
spectrum. (b) Overlaid CD spectra of R,R-, S,S-CoEDDS and minus S,S-CoEDDS (0.072 mM, 1 cm path length) illustrating the equal magnitude and op-

posite sign of the two enantiomers.

S4) that 3 of the 4 laboratories were giving consistent data.
As expected Laboratory 4 clearly had problems, giving R
values with respect to the standard of 0.44 (S,S) and 0.79
(R,R). This implies that “rogue” spectra can be automati-
cally rejected by software based on fit quality statistics
such as the R? value. The 211 nm peak is particularly use-
ful for instrument validation as it typically gives the nar-
rowest confidence intervals, shown by the error bars in
the plots in Supplementary Information Figure $4.

A more subtle application of the standards and the fit-
ting method to analyze instrument performance is pro-
vided by the spectra of Figure 8. These R R- and S,S- spec-

40 -

20 -

* w— R R-CoEDDS =0

CDimdeag (00516 mM)
=]
:

=20 - —— R.A-CoEDDS 1=12 (1.076)
= =35 5-CoEDDS 1=0
— 8,5CoEDDS 1=12
-5, 5-CoEDDS =0
-40 |
1 - 1 i 1 . 1 i 1 i 1
200 300 400 500 GO0 700
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Fig. 6. CD spectra of R,R- and S,S-Co EDDS (0.56 mM in water, 1 cm
pathlength) obtained at time = 0 and time = 12 mo (labeled ¢t = 0 and ¢ =
12, respectively) and stored on the bench at room temperature in the light
between measurements which were using the Jasco J-715 instrument. A
water baseline measured on the same day as the sample was subtracted
from the initial and final spectra. R,R-CoEDDS at t = 12 mo has been
scaled to account for a slight increase in concentration (as determined
from absorbance measurements) of the sample due to evaporation.

tra should match the ones in Figures 5 and 6 as the sam-
ples were the same but the data collected with a 2 nm
bandwidth. Our expectation with a 2 nm bandwidth was
that most of the spectra should be of reasonable quality
(and usually better than with 1 nm bandwidth, as more
light passes through the sample with wider slits) but that
the sharp peak at 210 nm might show some flattening. In
practice, however, on the Warwick J-715 instrument when
these spectra were collected, it is apparent from the over-
lay of the two enantiomers and more clearly from the R R-
plus S,S- spectrum (which should be a flat line of zero
magnitude), that below 300 nm the instrument perform-
ance with 2 nm bandwidth would not be satisfactory for
many applications.

CONCLUSIONS

To meet the pressing requirement for better consis-
tency and comparability of circular dichroism measure-
ments, we have set out, in the program reported in this
article, to synthesize and characterize a suitable reference
material. The synthesis of the two enantiomers of the
metal complex Na[Co(EDDS)]-H,O (EDDS = N,N-ethyl-
enediaminedisuccinic acid) has been accomplished and
its properties assessed. The stereochemistry of EDDS
ensures that the metal complexes adopt only one diaster-
eomeric form, thus the enantiomeric purity of the ligand
determines the enantiomeric purity of the final complex. ¢
and Ac¢ values have been determined for a number of
wavelengths. We have shown that both enantiomers
remain stable in solution at room temperature on the
bench for at least 12 mo (in contrast to ACS which can of-
ten be surprisingly unstable'®). Greater care does need to
be taken to prevent evaporation and we recommend seal-
ing the cuvettes to be used. We have also demonstrated
that consistent results can be obtained with these stand-
ards (when used according to good practice recommenda-

Chirality DOI 10.1002/chir
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Fig. 7. (a) Overlay of NPL experimental CD data for R,R- and S,S-CoEDDS (0.067 mM) with its fit to a sum of 9 Gaussian curves; (b) the fit residuals.

tions)? between laboratories, particularly between con-
ventional instruments and the synchrotron CD instrument
at Aarhus in Denmark. By combining data from different
instruments we have produced a standard spectrum from
a single solution of concentration ~0.05 mM which can be
used as an instrument performance verification tool and to
compare the calibration status of CD instruments from 750
to 168 nm. For more critical work, however, higher con-
centrations could be used for measurements of the longer
wavelength peaks.

The broad spectral range of this standard means that it
will be useful for a wide range of applications. For exam-
ple, if we consider only proteins, in conventional CD, the
far UV range (typically 180 to 260 nm) is primarily used
for protein secondary structure measurements. The main
peak of ACS or CSA is at 290.5 nm, which lies outside this
range. However, CoEDDS has intense peaks at 210 and
237 nm; it also has a peak at around 179 nm, which is read-

40

a0 -

— ALAR-CoEDDS
— — 5,5CoEDDS
......... R.R- plus 5,5-

i
i
1!
1
20 !
i !
1!
I
I
1

CD mdag
=]

10

=20 [

-30 |-

" . 1 . 1 s 1 " L

200 300 400 500 BOO oo
Wavelength / nm

Fig. 8. CD spectra of R,R-CoEDDS and S,S-CoEDDS (0.056 mM and
1 cm path length) collected with 2 nm bandwidth. Also show is the sum of
the two enantiomeric spectra.
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ily accessible on synchrotron CD instruments. The near
UV region (typically 240 to 320 nm) provides information
on the aromatic side-chains and disulfide bridges in pro-
teins, and can be calibrated using the CoEDDS peak at
270 nm. Further, peaks are found at 370, 410, 480, 545,
and 599 nm, extending well into the visible region. In pro-
tein work this spectral region is principally used for stud-
ies of prosthetic groups such as haems. This wide spectral
range should prove to be of similar benefit in other appli-
cations.

The CD spectrum of CoEDDS thus has a number of
peaks across the spectral range from the far UV to the visi-
ble region, all of which can be measured with a single so-
lution. Furthermore, we noted that the spectrum can be
accurately modeled as a summation of nine Gaussian func-
tions. This means that the characteristics of the instru-
ment across the spectral range where virtually all elec-
tronic CD measurements are made can be reduced down
to a set of a few numbers, which greatly facilitates the
comparison across instruments. Indeed, such a set of pa-
rameters could be used to “correct” for differences
between instrument sensitivity profiles, as previously
described by Miles et al.®> but with the benefit that only
one standard is required rather than three. We have there-
fore developed a protocol for CD wavelength and intensity
calibrations using a method for ‘automatic’ instrument vali-
dation. The data from participant 4 and also the Warwick
data collected with a 2 nm bandwidth provided a test of
the standard material in instrument performance verifica-
tion. Automated pass/fail testing based on this standard
could readily be implemented in software used as part of a
quality control regime, for example in industrial applica-
tions. Criteria could include a threshold for fit quality, and
acceptable ranges for the wavelength and intensity of each
peak.

We would suggest the following procedure for the use
of the standard:

1. Certified samples of both enantiomers of CoOEDDS are
distributed to users in sealed cuvettes, together with
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appropriate documentation, a protocol for their use,

software for analysis of the resulting spectra, and the

cuvette baseline. The certification would indicate the
cell path length, peak parameters (intensity and wave-
length), and recalibration intervals.

2. A spectrum is acquired from each of the two enantio-
mers of CoEDDS using appropriate parameters, to-
gether with baseline spectra (determined from the local
instrument baseline and the provided cuvette baseline).
If desired, the spectra can be truncated to the range of
wavelengths of interest.

3. The spectra are imported into the analysis software,
baselines are subtracted, and the curve fitting method
described earlier is applied to the spectra.

4. The parameters of the fit are then compared to refer-
ence values. If the values fall outside a predefined
range, the instrument will be considered to have failed
the test. These parameters would include:

(@ The R? (coefficient of determination) of the fit
should exceed 0.99. If the value is less than this, it
indicates poor quality spectra, for example due to
severe wavelength errors, noise, or other distor-
tions. This also serves as a check that the correct
spectrum is being used.

(b) The peak wavelength parameters should fit the ref-
erence values to within a defined range, for exam-
ple =1 nm. (This should only be applied to peaks
within the measured range. This would also take
into account the confidence limits of the fit, and
should only be applied to peaks which have posi-
tions well constrained by the data.)

(¢) The peak heights should match the reference val-
ues to within a predefined limit. For example, for
critical work we recommend the value of the 211
nm peak should be correct to within, say 0.5% (in
which case the above quoted 2 nm bandwidth spec-
trum of Figure 8 would ‘“fail’) or less critically to
within 5% (in which case it would pass). Again, this
criterion would only apply to these peaks within
the measured spectral range and that are suffi-
ciently well estimated by the fitting algorithm.

(d) Implicit within the above criteria is that the two
enantiomers will exhibit equal and opposite spec-
tra, confirming that the instrument is performing
correctly.

5. The software would then generate a report, including
the measured and reference spectra, the results of the
curve fitting, and a parameter-by-parameter pass/fail
assessment of the spectrum. Finally, the software
would generate an overall pass/fail decision and a rec-
ommendation for the next action in the event of a

failure:
(a) In the event that the spectra pass on the fit quality

and wavelength checks, but fail on the peak inten-
sities, the user will be first recommended to
remeasure the spectra, checking all instrument
parameters. If this situation still holds, the soft-
ware will offer the option of generating a calibra-
tion correction curve. This curve can be applied to
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data to make them comparable to data measured
on the reference instrument. This option serves to
accommodate the scenario where a simple single-
wavelength intensity calibration adjustment (as
available on most instruments) is insufficient to
achieve comparability; for example, where instru-
ments exhibit wavelength-dependent variation in
sensitivity.

(b) If the spectra fail on fit quality or wavelength
checks, or if the intensity correction option is not
appropriate, the user will be recommended to per-
form further calibration checks or adjustments, or
call in a service engineer.

We believe that this new standard, when used as
described above, will greatly improve the reproducibility
and comparability of circular dichroism spectroscopy.
Although we anticipate most users will want calibration in
the UV region, CoEDDS has already been used by physi-
cists at Durham who were building a visible region CD
machine and could not find a commercially available
standard.?! The usefulness of this material could be
greater still if its absolute, traceable spectral characteris-
tics were determined. It could then be used to disseminate
traceable CD to end-user laboratories. However, this will
require the development of CD reference instruments by a
National Measurement Institute.
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ABSTRACT  We present results of fluorescence excitation circular dichroism studies
of the chiroptical response of single (bridged triarylamine) helicene molecules immobi-
lized at a polymer interface. We extract directly dissymmetry parameters, and corre-
sponding probability distributions, associated with the single-molecule fluorescence ex-
citation associated with modulation of a circular polarized excitation field for three differ-
ent excitation wavelengths (405, 440, 457 nm) showing circular dichroism in bulk films.
The observed single molecule chiroptical response is anomalously large in comparison
with the results of time-dependent density functional calculations, and the observed
defocused emission patterns seem to indicate a higher multipole nature to the transition
probed. Our results provide new insights into chiroptical properties of chiral fluoro-
phores that are hidden under the extensive averaging associated with conventional chi-
roptical probes. Chirality 20:1039-1046, 2008.  © 2008 Wiley-Liss, Inc.

KEY WORDS: single-molecule; fluorescence; thin-films; chiroptical response; rotatory

strength tensor

INTRODUCTION

Despite nearly 200 yr of experimental investigation of
the dissymmetric interaction of light with chiral materi-
als,’™ very little is known experimentally of the individual
molecular contributions (and the role of solvation and local
dielectric environment) to a collective chiroptical
response. Conventional chiroptical probes such as optical
rotatory dispersion (ORD) or circular dichroism (CD)
measure the cumulative differential response of large num-
bers of molecules, and are therefore blind to any heteroge-
neities or fluctuations that might be present at the single-
molecule level. Using single-molecule fluorescence imag-
ing techniques, we have investigated the chiroptical
response of single helicene molecules immobilized in poly-
mer supported films to probe the distribution of chiroptical
dissymmetries in fluorescence excitation. Our preliminary
results indicated a broad and nonsymmetric distribution of
dissymmetry parameters, suggestive of a strong orienta-
tional dependence in the individual molecular response.
Here, we provide an in-depth examination of the dissym-
metry parameter distributions at three different excitation
wavelengths in the spectral region where strong circular
dichroism in bulk films is observed. An orientational de-
pendence on the single-molecule chiroptical response is
supported here by time-dependent density functional elec-
tronic structure calculations yielding the full rotatory
strength tensor, followed by numerical integration over
the solid angle of our collection objective for several differ-
ent selected molecular orientations.

© 2008 Wiley-Liss, Inc.

The dissymmetry parameter, g, captures both the sign
and magnitude of the light-matter interaction with chiral
materials.® In CD measurements, g is quantified by the
relation g = 2 [er, — erl/[er, + ¢r], where ¢g and ¢, are the
measured absorbances associated with right or left circu-
lar polarized excitation, respectively. In Fluorescence-
Detected Circular Dichroism (FDCD),® the fluorescence
intensity is used as a reporter of the differential absorption
cross-section for right- and left-circularly polarized excita-
tion. In contrast with absorption or scattering, fluores-
cence-based probes of molecular chirality, originally
reported by Turner and coworkers,” offer significantly
enhanced sensitivity, and have been widely used in a num-
ber of interesting applications.!®'® In particular, the sensi-
tivity of fluorescence signals to molecular conformation
and local environment is attractive from the standpoint of
recovering detailed information on the heterogeneity of
chiroptical response in condensed phase systems. How-
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Fig. 1. Chemical structures and optimized 3D representation of M2 helicene. In the simulations, the camphanate moiety was replaced by an acetyl
group to allow comparison with previous work.2 The transition electric (blue) and magnetic (red) dipoles, obtained from TD-DFT (B3LYP 6-31g*) are
shown as vectors superimposed on the molecular frame. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

ever, it is also well known that immobilized molecules (in
thin solid films, for example) may exhibit an apparent dis-
symmetry in the light-matter interaction that is associated
with orientation-dependent electric dipole/electric quadru-
pole interactions.® Such contributions to the chiroptical
signature vanish in the limit where the molecule may sam-
ple all orientations on the timescale of the measurement,
but can be significant even for achiral species with fixed
orientations.!*

In the context of single-molecule fluorescence measure-
ments, our primary interest is in identifying heterogene-
ities (and fluctuations) in the molecular chiroptical
response associated with coupling between the molecule
and surrounding host medium. Vaccaro and co-workers
have developed novel gas-phase polarimetry methods to
probe the effect of solvation and local dielectric environ-
ment'®17 on the cumulative chiroptical response. These
results illustrate dramatically how the chiroptical response
is tied to solvation and the nature of the local molecular
environment. In the condensed phase, Kahr and cow-
orkers have developed circular extinction imaging techni-
ques to probe chiral properties of organic'® and inorganic
crystals’ and mechanisms for chiral meso- and micro-
structure evolution in thin-film growth.?

In the past several years, single-molecule spectroscopy
has emerged as a powerful tool to disentangle heterogene-
ities in complex physical systems.?*?> For example, many
elegant published works on orientational dynamics,?* spec-
troscopy of conjugated polymers,?*? and quantum dot
systems,?® have shown how a single emitter approach can
provide detailed information on the photophysics of com-
plex systems. In the biophysics communities, for example,
single molecule spectroscopy has offered fascinating new
insights into a multitude of problems including molecular
transport, kinetics,?! and macromolecular structural dy-
namics.?” Single-molecule spectroscopy holds the potential
to answer important questions such as effects of local envi-
ronment using different polymer hosts, and fluctuations
Chirality DOI 10.1002/chir

(and associated timescales) in a single-molecule chiropti-
cal response.

Recently, Venkataraman and Riehl demonstrated the
synthesis and bulk chiroptical characterization of bridged
triarylamine helicenes (Fig. 1B) where a specific-handed-
ness in the molecular frame is enforced by the presence
of a camphanate group at the indicated position.?® A
weak dissymmetry in the circular polarized luminescence
(|€um| ~ 0.001) was observed from solution-phase sam-
ples of these species,?® which was similar in magnitude
and sign to the circular dichroism at the same excitation
wavelengths. Our approach here was to use ultradilute
thin polymer films doped with helicenes to image the
dichroic response of a single molecule using fluores-
cence-excitation. By modulating the circular polarization
of the excitation field, we were able to record the fluo-
rescence intensity as a function of input (Right/Left) cir-
cular polarization, thus allowing direct access to the dis-
symmetry (in fluorescence excitation) from a single mol-
ecule. From sets of several hundred different single-
molecule measurements, we were able to construct prob-
ability distributions of the single-molecule dissymmetry
parameters for three different excitation wavelengths in
the lowest energy electronic transitions for these spe-
cies.

EXPERIMENTAL

Figure 1 shows structural schematics of the M2/P2 heli-
cenes, and a 3D structure adapted from crystal structure
determination. The molecules were synthesized using pre-
viously reported procedures.?® The pure M- and P-type dia-
stereomers of helicenes (as verified by 'H NMR) were
derivatized with a camphanate moiety to sterically enforce
a specific chirality.?®

Figure 2 shows a schematic of our experimental appara-
tus, along with bulk absorption and emission spectra indi-
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Fig. 2. (Left) Experimental setup for single-molecule fluorescence excitation measurements. (A) Quarter waveplate Melles Griot (B) Dichroic 2027
DRLP Omega (C) 460 nm or 480 nm long pass filter Omega. (D) Combined sheet polarizer and quarter waveplate. (Right) Bulk solid state absorption
(A), CD (B), and emission (C) of M2/P2 helicene. CPL (D) adapted from Field et al. 1 Solid (dashed) P2 (M2) Spectral positions of (fixed-wavelength)

laser sources indicated with arrows.

cating the spectral positions of our excitation sources and
fluorescence integration. Our experimental design used an
epi-illumination configuration on a Nikon TE300 micro-
scope with 1.4 N.A. objective. Right- or left-hand circularly
polarized light from a CW Ar™ ion laser (457 nm; ~100
uW nominal power) was delivered to the sample by orient-
ing a multi-order quarter waveplate (QWP) on a rotation
stage at +/— 45° with respect to the (horizontal) input
polarization axis. Care was taken to minimize the ellipticity
of in the input polarization; typical purity of circular polar-
ization (probed by retroreflecting the beam at the sample
plane) was determined to be >98%. We acquired 5-10 se-
quential CCD camera exposures (Roper Scientific Photo-
nMax) for each QWP orientation. Individual frame expo-
sure times were set to be between 1 and 2 sec, which aver-
aged out most of the shorttime (blinking) instabilities in
the fluorescence and yielded higher signal-to-noise ratio in
the fluorescence image. Only molecules with sufficient
photostability to survive at least 1.5 polarization rotation
cycles (e.g., I-R-L) were considered. For molecules with
longer photochemical survival time, we were able to
assess any cycle-to-cycle changes in the dissymmetry
within the experimental observation time.

In the fluorescence-excitation measurements, three dif-
ferent fixed-wavelength lasers were used as excitation
sources within the lowest electronic absorption band
where bulk solution and solid film CD for these molecules
is observed. Figure 2 (Right) shows the ensemble solid-
film CD spectra for M2 and P2 helicenes in Zeonex™, and
the locations of the 405, 440, and 457 nm laser lines used
for excitation. Solutions of the two diastereomers were dis-
solved in semiconductor-grade cyclohexane, and diluted to
nominal concentrations of 10~ ' M; film-based samples
were prepared by drop-casting ~200 pl of the ultradilute
solution onto a thin polycycloolefin (Zeonex) polymer film.
We find that the photochemical stability of the helicenes is

significantly enhanced by the use of a Zeonex supporting
film over clean glass.

RESULTS
Defocused Radiation Patterns from Single
Helicene Molecules

Spatial intensity patterns obtained via defocusing is a
well established tool in single-molecule spectroscopy to
probe orientational dynamics in condensed phase®*" and
self-assembly on surfaces.?® The diffraction pattern induced
by the defocusing reveals the underlying “antenna” char-
acteristics of the emitter; for a molecular system with
emission wavelength 690 nm and a single linear transition
dipole oriented in the x-y plane, these patterns appear as
“cat’s eye” like patterns at smaller defocus (approximately
—300 to —100 nm) and as bi-lobed patterns at defocus val-
ues ~1 um. In contrast, multi-chromophoric sources such
as dye-doped spheres yield circularly symmetric Airy spa-
tial intensity patterns. Recently, this technique has been
applied to quantum dot luminescence to explore the na-
ture of the optical transition moments in quasi-spherical
nano-confined systems.®*3

The defocused helicene images shown in Figure 3
(panels A-F) are similar to numerically predicted point
dipole radiation patterns but with some subtle and perhaps
important differences in image symmetry. While theory
predicts that a linear 1-d dipole emission pattern will
always possess a line of bilateral symmetry, we can see
that the experimental images show a pronounced breaking
of this symmetry. Panels G and H illustrate results of our
numerical simulations (extending earlier work®*®°) in
which two radiating dipoles at different orientations and
with a relative phase difference produce defocused images
that lack the clear bilateral symmetry of a single dipole.
Simulations of the defocused image of such a source is

Chirality DOI 10.1002/chir
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Fig. 3. Panels A-F: Defocused fluorescence images from (different) single M2 molecules using right circular excitation. The contours on E empha-
size the asymmetry of the emission pattern. Panels G and H depict simulated defocused images of two noncoplanar dipoles with a relative phase differ-
ence, to illustrate the effects of a slight elliptical polarization of the fluorescence emission. [Color figure can be viewed in the online issue, which is avail-

able at www.interscience.wiley.com.]

intended as a crude approximation to a higher order multi-
pole source, and is motivated by the large dissymmetry
values observed in the individual helicene measurements.
We speculate that the complexities of the local molecular
environment may serve to enhance the higher multipole
transition matrix elements, resulting in larger dissymme-
tries and a somewhat distorted radiation pattern. Ongoing
experimental and theoretical investigations seek to
address these possibilities.

Fluorescence Excitation of Single Helicene Molecules

Figure 4 shows representative fluorescence intensity
traces from the M2 and P2 helicenes under excitation
with right- and left-circularly polarized laser radiation. In

these examples, the sample is illuminated with alternat-
ing right and left-circular polarized laser radiation every
10 frames, with an integration time of 2 sec per frame.
The dissymmetry factor, g, in the single-molecule fluores-
cence excitation signal was defined as 2 [l — )/, +
Iy)] where I;, Iz are the measured fluorescence inten-
sities associated with left or right circularly polarized ex-
citation, respectively.>3” While some variations in g are
observed within a given single-molecule intensity trajec-
tory, the gross value of g appears to be well defined for a
given molecule during the measurement duration sug-
gesting that a particular single-molecule g-factor is deter-
mined primarily by a predominantly static orientation or
local environment.
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Fig. 4. Fluorescence intensity trajectories from different selected M2 and P2 molecules during FECD measurements. Here a 2-second exposure
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time was used, rotating between right and left circular polarized excitation every 10 frames.
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Fig. 5. Normalized histograms of FECD dissymmetry parameters
determined from single M-2 (dashed) and P-2 (solid) fluorescence meas-
urements. The solid gray curve is a fit of three Gaussians to the M-2 dis-
symmetry histogram data. The lower graphic illustrates three different
molecule orientations on a surface along with relative orientations of the
transition electric dipole components. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com.]

Several different control experiments were performed to
ensure that experimental artifacts associated with linear
polarization bias did not contribute to our results. Our pri-
mary control experiment was to probe dissymmetry in flu-
orescence excitation from 20-nm dye-doped polymer nano-
spheres. After sonication and dilution, individual fluores-
cent nanospheres were interrogated by AFM and circular
polarized excitation using the same experimental protocol
as for the helicenes. In all cases, the distribution of dis-
symmetry parameters, P(g), obtained for the nanospheres
was symmetric about g = 0, with a small width o, ~ 0.05.
We performed similar measurements on (achiral) linear
dipole systems (Dil-18), and obtained results similar to the
dye-doped nanospheres in terms of the distribution of
apparent dissymmetry parameters, indicating that any lin-
ear bias in the experiment was negligible.

Figure 5 shows the distribution of the dissymmetry pa-
rameter, g, obtained from single M2 and P2 molecules.
The structure of the histograms for M2 and P2 are striking
mirror images of each other, with each distribution span-
ning a significant range of positive and negative g-values
for a given diastereomer. Despite the fact that the com-
pounds were isolated as pure diastereomers, we consid-
ered the possibility that this component could be associ-
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ated with the opposite enantiomer formed by partial race-
mization while in methanol solution or by reaction with
condensed water vapor on the film during sample prepara-
tion. However, further experiments starting from pure M2
powder under strict anhydrous conditions within a solvent
such as cyclohexane showed that distribution remained
approximately the same, and therefore not a result of sam-
ple degradation.

Analysis of the M2 and P2 dissymmetry parameter dis-
tributions are suggestive of three distinct components,
with similar amplitudes but opposite signs for the two dia-
stereomers. We originally proposed that these three com-
ponents are associated with three distinct stable molecular
frame orientations at the surface shown in Figure 5B:
Camphanate-down, camphanate-up, and “tripod” (chiral
axis perpendicular to the optical axis).* We speculated that
the two in-plane orientations (“camphanate-up” orientation,
placing the helicene frame in direct contact with (or sol-
vated by) the polymer film, vs. “camphanate-down”) might
be distinguishable from each other. To examine this effect
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Fig. 6. Normalized P(g) determined from single molecule fluorescence
measurements at different excitation wavelengths (M2, dashed; P2, solid).
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Fig. 7. (A) Geometry of the lab frame with respect to the 1.4NA objective. The objective is located at _z. y (=67°) describes the solid angle of collec-
tion. « and B correspond to counter clockwise rotations of the molecule and I'(0,¢) about the x and y axis, respectively. (B) M2 overlaid with T'(0,¢) in
the lab frame with « = 0° and B = 0°. This orientation of M2 and I"(8,¢) corresponds to camphanate up. (C) M2 and I'(6,¢) have been rotated by F =
90° corresponding to the tripod orientation. The green and red in the plots of I'(6,¢p) corresponds to positive and negative values, respectively. [Color fig-
ure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

more closely, we investigated the excitation wavelength
dependence of the single-molecule response.

Figure 6 summarizes the results obtained using 405-,
440- and 457-nm excitation wavelengths. Interestingly, the
shapes of the distributions are slightly different at each ex-
citation wavelength. At 405 and 457 nm excitation, the signs
of the first moments are consistent with bulk CD/CPL
measurements, although the magnitudes are significantly
larger. However, with 440-nm excitation—the wavelength
that generates maximum dichroic response in the bulk—
the signs of the first moments of P(g) become inverted with
respect to the bulk. Normalized P(g) determined from sin-
gle molecule fluorescence measurements at different excita-
tion wavelengths (M2, dashed; P2, solid). The first
moments of the distributions were < g >405 nm = —0.03(M-
2), 0.17(P-2); < g >440 nm = 0.03(M-2), —0.01(P-2); < g >
457 nm = -0.18(M-2), 0.06(P-2). Efforts are currently
underway to understand the interplay between orientation
with respect to the interface and excitation wavelength, and
the resulting measurements of single molecule CD.

Computational Modeling

We performed time-dependent density functional
(TDFT) calculations using the B3LYP 6-31g* basis on the
Chirality DOI 10.1002/chir

structure of M2 (substituting an acetyl group for the cam-
phanate group for computational convenience).*®*® From
representations of the electronic states involved in the low-
est energy optical transition, we determined the compo-
nents of the rotatory strength tensor, which in turn was
used to compute angle-integrated dissymmetry values for
a particular molecular orientation. According to Peder-
son,** the dissymmetry in circular dichroism associated
with a specific k-vector aligned along an arbitrary direction
7 relative to the chiral axis of the molecule is given by the
scalar product:

T0(0,0) =#-R- 7= sin?@ [R;’;’ cos®  + R sin? ¢
+1 (R”O + R”O) sin 2(1)} + sin 20 F (R + R2) cos ¢
2w yx 2 \"xz 2
1 n0 m0 \ o3 2 70
t3 (Ryz + R, ) sing| +cos” Ok, (1)

where 6 and ¢ are spherical polar angles for 7 in the mo-
lecular frame. The predicted dissymmetry values are then
calculated from the circular dichroism for various orienta-
tions, assuming a high numerical aperture for collection of
radiation.



SINGLE-MOLECULE CHIROPTICAL SPECTROSCOPY

TABLE 1. Computed dissymmetry values obtained
for M2 by numerical integration of the scalar product,
I'n,0(0,0), over a solid angle with a half angle of ~67°
corresponding to the collection angle of the 1.4NA objective

Orientation a B Dissymmetry (g)
Camph up 300° 0 +0.0021
Camph up 315° 0 +0.0034
Camph up 0° 0 +0.0022
Camph up 45° 0 —0.0026
Tripod 0 90° —0.0025
Camph down 120° 0 +0.0021
Camph down 135° 0 0.0034
Camph down 180° 0 0.0022
Camph down 225° 0 —0.0026

In Figure 7(B,C) T',0(0,9) is pictorially displayed by the
green/red mesh spherical plot representing positive and
negative values (respectively) of the scalar product. Figure
7 represent the camphanate up and tripod orientation of
M2 in the lab frame. The dissymmetries for these and
other orientations are displayed in Table 1. The total dis-
symmetry, calculated by integration over 4n steradians, is
—0.0016, in agreement with the ensemble value of
—0.0010. We note that these values are all much smaller
in magnitude than those observed in our measurements,
and speculate that the same environmental effects on mul-
tipolar transition matrix elements may be responsible.

From Table 1 note the dissymmetry values are the same
for camphanate up and down when the molecular frame
orientation is the same relative to the objective. As the
angle of observation is shifted slightly the dissymmetry
calculated for camphanate up and down is observed to be
positive or negative. In previous work,* we postulated it
would be possible to differentiate between camphanate up
and down. From an initial look at the dissymmetry values
there is no difference between camphanate up and down.
Taking into account the effect of the camphanate group on
orientation a difference could be predicted. In camphanate
up, the molecular frame will orient almost flat on the sur-
face with the chiral axis is almost perpendicular to the sur-
face. In camphanate down, camphanate prevents the mo-
lecular frame from orienting flat on the surface so the chi-
ral axis is at an angle to the surface. These differences and
contributions of surface interactions may allow distinguish-
ing between camphanate up and down.

The dissymmetry values calculated for each of the orien-
tations support the idea of a discrete set of orientations
contributing to the distribution of single molecule dissym-
metry values. We stress once again that such a multi-
modal distribution is unique to fixed orientation mole-
cules, and unlike directionally averaged measurements
(i.e., in solution), reflects rotatory strength contributions
from not only the magnetic dipolar, but also from the elec-
tric quadrupolar properties of the electronic transition.

SUMMARY AND CONCLUSIONS

In summary, we have investigated the chiroptical
response of individual helicene molecules immobilized in
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polymer-supported films. Both short- and long-time fluo-
rescence instabilities (blinking and discrete photobleach-
ing) provide evidence that we are indeed interrogating sin-
gle-molecules. In addition, the defocused fluorescence
images obtained from single-helicene molecules show spa-
tial intensity patterns that appear to be associated with a
bi-directional transition moment and are qualitatively dif-
ferent from the well-known patterns associated with linear
dipoles. From the single-molecule fluorescence intensity
trajectories, we are able to extract dissymmetry parame-
ters, g, associated with fluorescence excitation and emis-
sion. From these measurements, we are able to construct
probability distributions P(g) as a function of excitation
wavelength. Interestingly, P(g) spans a relatively large
range of positive and negative g values for a given diaster-
eomer, at each of the excitation wavelengths studied. We
also observe that the sign of the first moment of P(g)—
consistent with bulk measurements at the red (457 nm)
and blue (405 nm) edge of the specific electronic transi-
tion being probed—is inverted with respect to the ensem-
ble when excited at 440 nm. These results have provided a
new insight into the asymmetric light-matter interaction
with chiral organic molecules, and we hope this will spark
further experimental and theoretical efforts in the study of
individual chiral fluorophores.
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ABSTRACT

We discuss the influence of absorption flattening (AF) on CD spectra,

aiming at finding a simple way to compensate the induced distortions. A simple algebraic
formalism is proposed based on an unconventional measuring approach, which makes
use of a commercial unit. Validation of the proposed compensation method for AF is con-
ducted not only on the already studied CD Vis spectral region of a Co chiral complex
with the use of an AF emulator, but also on the far UV CD spectra of poly-1-glutamic acid
suspensions with different turbidity levels. Comparison with some correction factors pro-

posed in the literature is presented. Chirality 20:1047-1052, 2008.
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INTRODUCTION

We have recently devoted some attention to the effect
on CD spectra of absorption flattening (AF), also known
as Duysens effect.! In a previous paper,® we proposed a
simple sampling emulator and, also by considering spectra
simulations from ideal solution data, we showed that AF
may induce distortions and spectral wavelength shifts in
the CD spectra (particularly when CD and absorption max-
ima are not at the same wavelength). In a subsequent
paper,® we showed how AF induces band splittings in the
presence of excitonic features.

In our approach, solvent/buffer absorption was not taken
into account and was assumed to give no contribution to
the CD signal distortion, which originates only from the
changes that AF induces in the sample absorption spec-
trum. The key open aspect is now how to correct for this
effect, particularly in the UV region. In this article, we
extend our previous formalism®® including the possibility of
solvent absorption and we intend also to define an operative
“tell-me-what-to-do” protocol in terms of a simple measuring
approach and postrun data treatment that allows one to esti-
mate and to compensate AF effects even in far UV region.

We have first tested the new approach in the Vis region
with A-Co(en);Cl; complex using our AF emulator?, and
then we have applied it to the far UV region for poly-L-glu-
tamic acid (PGA), as originally proposed by Urry et al.*®:
needless to say, we think that the real interest and needs
of adequately dealing with CD data and of correctly man-
aging the AF artifacts is in the latter type of example.

THE ALGEBRAIC FORMALISMS

Commercial CD spectrometers are based on photoelas-
tic modulators. The CD spectrum, which is defined as the
© 2008 Wiley-Liss, Inc.

difference in absorbance of left circularly polarized light
and right circularly polarized light, may be expressed also
in terms of intensities, using the fact that the difference in
intensities 1, and Ik is much smaller than the correspond-
ing sum:

CD = (I, — Iy) /(I + Iz) ~ AC/DC

Usually (I;, — Iy) is three to five orders of magnitude
smaller than (I, + Ig). This imposes a different strategy
for the measurement of the two quantities: the former
quantity, appearing in the numerator of the above equa-
tion, is proportional to a modulated signal from a lock-in
amplifier (AC) connected to the photoelastic modulator
(PEM); the latter quantity, appearing in the denominator,
corresponds to a DC signal. Normally only the AC compo-
nent is measured, since the DC component is kept con-
stant by dynode feedback circuitry of the photomultiplier
tube (PM). In the following formalisms we assume, on the
opposite, that the voltage on the PM is kept constant so
that the DC value will change during the experiment.

Using an extension of the same approach as previously
published,? we have

CDExp(M)={f /[ACsam (%.f) + ACs1(1)]
+ (1 =f)ACsa(M)}/DCexp(2) (1)
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where fis the ratio of the volume in which the sample is
dissolved with respect to the total volume of the solution;
in other words, it is the fraction of the light beam incident
onto the (more concentrated) sample with respect to the
total light beam; CDgy, is the expected CD signal of the
whole system (solvent + sample) when AF is present;
ACsam(f) is the AC component of just the sample in the
conditions of AF; ACsg, is the AC component of the solvent
(or better solvent + cell windows); DCpy,, is the expected
DC component of the whole system (solvent + sample)
when AF is present.

In addition, we introduce, CDg,,, the CD of the homo-
geneous solution, i.e. when f = 1; ACs,m, the AC compo-
nent in the homogeneous solution, i.e. when f = 1;
DCsam+sol, the DC component (sample + solvent to-
gether) in the homogeneous solution, i.e. when f= 1.

We now assume that ACs, (1) is zero, since solvent and
cell are not optically active and in addition we consider that

ACsam(1.f) = (1/f)ACsam (%)

This allows to take into account the concentration effect,
since in the inhomogeneous solution the local sample con-
centration is higher by a factor 1/f with respect to the sit-
uation of the homogeneous one. So, from eq. 1, one has

CDExp(K) = ACSamO\')/DCExpOV) (1/)

We now take into account that

CDsam () = ACsam (1) /DCsams01(A)

which means that CD of ideal solution is indeed simply
the ratio of the lock-in amplifier output by the DC level
coming from the sample dissolved in the solvent and filled
in a cell. We can now rewrite (1) as

CDExp(k) = CDSam(}V)DCSam+Sol(>\')/DCEXp(7”) (1”)
We could go further, as done in Ref. 2, and take into
account that DC levels are proportional to transmittance
(rather than absorbance), but we regard it as unnecessary,
since our measurement strategy here is based on eq. 1”.
The latter equation indicates that, to obtain a CD signal
cleaned of AF, i.e. in order to obtain CDs,,, (1), we can cor-
rect the experimental distorted spectrum CDyy,(A) simply
dividing it by DCsam+s01(A)/DCrx,(A). We call this ratio
Qr(), so
CDsam(X) = CDgxp(R)/ @ (1) (1)
Qr(M) is the ratio of the DC spectrum of the homogeneous
solution versus the one obtained in AF conditions.

MATERIALS AND METHODS

A-Co(en)sCl; complex® was kindly provided by Prof.
Sven E. Harnung of University of Copenhagen, different
aqueous solutions (2.85, 1.95, 1.45, 1.14 X 107® M) were
measured in standard (10-mm aperture) and in semimicro
Chirality DOI 10.1002/chir
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(4-mm aperture with clear walls) 10-mm path length rec-
tangular quartz cells at room temperature.

PGA was purchased from Sigma-Aldrich and used with-
out further purification. A PGA solution of 4 mg/ml was
diluted with bi-distillated water and HCI 0.1N was added to
reach pH 2.45. The final concentration of the PGA solution
was 2.05 mg/ml and the spectra were taken on the freshly
prepared solution. In this condition, the solution is already
turbid and very probably already giving AF effects. Spectra
were obtained in a 0.1-mm path cylindrical Hellma cell at
room temperature on the prepared solution as it was and
after repeated time-controlled sonications to increase tur-
bidity (and AF effects).

A JASCO J-815SE spectrometer has been used with the
following parameters:

o For the Co complex: SBW = 2 nm, integration time =
0.25 s, scanning speed = 100 nm/min, single scan with
no further smoothing.

o For PGA: SBW = 1 nm, integration time = 1 s, scanning
speed = 100 nm/min, taking the average of 5 runs with
no further smoothing.

In the PGA case, the sample was placed on the side of
the sample compartment as close as possible to the PM
tube active surface to increase solid angle sampling view-
ing geometry’ and to collect as much forward scattering
as possible.

In contrast to common practice, thanks to the built-in fa-
cility of the instrument, spectra were acquired keeping the
PM tube high voltage constant, at 200 and 260 V for the
Vis and the UV regions, respectively, in order not to satu-
rate the preamplifier at any wavelength.

We have collected the following in the same run: AC
data (i.e., the lock-in amplifier output) and DC data.

Alternatively, after verifying that the PM tube dark cur-
rent was low enough not to influence the data directly, one
may collect AC/DC data (i.e., the calibrated CD data) and
DC.

It is mentioned that the measuring approach adopted
here for pedagogical reasons is used in NIR-CD and in VCD
dispersive or FTIR instruments when dealing with fixed
gain detectors (such as Si, InGaAs, InSb, MCT, .. ).

Results for the Cobalt Complex Using AF Emulator

Figure 1 (left) shows the CD molar ellipticity spectra
obtained at the different concentrations in the 4-mm aper-
ture cell compared to the one obtained in the standard one
(10-mm wide). As predicted by AF theory,? distortions and
wavelength red shift are observed to increase with the
sample concentration.

Individual @:()) were calculated for each concentration
by the ratio of the two DC(X) spectra obtained in the 10-
and 4-mm wide cells, respectively, for the same solution.
However, since the same sample concentration was used
in the two cells, the relationship

ACSam()‘vf) = (1/f)ACsam(7\')
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Fig. 1. Left: CD spectra of A-Co(en);Cl; complex in 4-mm aperture cell at different concentrations when compared with the one in standard 10-mm
aperture cell. Right: same as left, but corrected by fand @,(}) factors (see text).

does not apply. Instead one has
ACsam(.f) = ACsam (1)
And, as a consequence, eq. 1’ should be substituted by
CDgxp (1) = fACsam (1) /DChxp (1)
Consequently,

CDsam(A) = (1/f)[CDgxp (1) /€ (M)] (1)

Figure 1 (right) shows the overlay of the same spectra
corrected in this way. Using for f the value 0.74 (estimated
from the geometric shape of our sampling beam),? com-
pensation is proper and the validity of our approach is con-
firmed. It must be stressed that in normal situation there
is no need to introduce fin the calculations, since the for-
mation of a suspension (instead of a homogeneous solu-
tion) changes the local concentration in a way very diffi-
cult to evaluate, but roughly giving a local concentration
inversely proportional to the occupied volume.

Results for PGA

Figure 2 (top) shows the obtained DC spectra of the
PGA solution prepared with sonication times of ¢t = 0, 30,
45, and 60 sec. On the same panel, we report the spectrum
of the empty sample compartment and of the dark. The lat-

ter was obtained by inserting a screen, which traps the
light before the PM tube and may be very effective in sub-
tracting dark current of the PM tube or whatever DC off-
set signal from the preamplifier. This “dark” signal, when
of appreciable amplitude, should be subtracted from regu-
lar DC spectra to improve accuracy.

It is noticed that while operating the CD spectrometer
in the usual procedure (constant DC level by automatic
change of the PM tube high voltage) there is no way to
compensate the “dark.” In addition, dark current of PM
tubes is strongly related to the high voltage applied, so a
builtin source of error may be present, when running
spectra in normal procedure. In our case, the dark signal
was measured as less than 0.86 mV, many times smaller
than the minimum DC level from our samples, so there
has been no need of subtraction.

Figure 2 (bottom) shows the AC spectra for samples
obtained with sonication times of ¢ = 0, 30, 45, 60 sec.

Figure 3 (top) shows the four CD spectra (obtained by
the AC/DC operation); please remember they could be
obtained directly (as was done for the Co complex case)
using the instrument software. The presentation of the
data looks more familiar to the routine CD utilizer and the
AF effect, depressing more and more the CD signal for
longer sonication times, is quite clear.

Figure 3 (bottom) presents the overlay of the starting
spectra (¢ = 0) with the ones after 30, 45, and 60 sec soni-
cation divided by @(1). Matching is quite fair, even
though not perfect; in addition to AF, differential scatter is
present in this case as pointed out previously.*”

Chirality DOI 10.1002/chir
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Fig. 2. Top: DC spectra at constant high voltage on PM tube of empty
sample compartment, PGA solution at ¢t = 0, 30, 45, 60 sec sonication
times and dark (which is coincident with the wavelength axis). Bottom:
AC spectra of PGA solution at t = 0, 30, 45, and 60 sec sonication times
(PM tube voltage constant).

COMPARISON WITH PREVIOUSLY REPORTED
CORRECTION FACTORS

In 1970, Urry et al.* proposed a model to correct CD
spectra for both AF and scattering effects. They correctly
pointed out that AF and scattering distort the absorption
spectra in opposite directions: the presence of scattering
increases apparent absorption, while AF depresses absorp-
tion maxima. Their correction model was based on @4 and
Chirality DOI 10.1002/chir
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As, where Q4 is the Duysens flattening coefficient (ratio
between absorption spectra of the suspensions and of the
dispersed solution) and Ag is the part of the absorption
due to scattered light.

In 1984, Wallace and Mao made a detailed analysis for
the case of membrane proteins® and concluded that, by
using a wide angle collection photomultiplier tube/sample
geometry,” scattering component may be neglected and
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Fig. 3. Top: experimental CD spectra (AC/DC) of PGA solutions at
t = 0, 30, 45, and 60 sec sonication times. Bottom: same as top, but
corrected by @) factors.
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TABLE 1. Comparison of correction factors Q 4,
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and Qg (present approach) at fixed wavelength for the two

absorbance values 0.4 and 1

Outcoming photons

f D Cexp Texp Aexp QA K,g D Qf
A=04 1 39.8 0.398 0.400 1 1 1
0.95 5 + 36.03* 0.41 0.387 0.967 0.935 0.970
0.9 10 + 32.35 0.423 0.373 0.932 0.865 0.941
0.8 20 + 25.30¢ 0.453 0.344 0.860 0.720 0.873
A=1 1 10 0.1 1 1 1 1
0.95 5 + 8.424 0.134 0.873 0.873 0.746 0.746
0.9 10 + 6.97¢ 0.170 0.770 0.770 0.540 0.588
0.8 20 + 4.50" 0.245 0.611 0.611 0.222 0.408

Since 5 pass through and 95 are attenuated by 0.421 O.D.
bSince 10 pass through and 90 are attenuated by 0.444 O.D.
Since 20 pass through and 80 are attenuated by 0.5 O.D.
dSince 5 pass through and 95 are attenuated by 1.053 O.D.
Since 10 pass through and 90 are attenuated by 1.111 O.D.
fSince 20 pass through and 80 are attenuated by 1.25 O.D.

flattening coefficient only (expressed as @, in their pa-
per) may be used.

In 1988, Bustamante and Maestre approached again the
problem treating AF as localized statistical fluctuation in
the concentration of the absorbing species.” They showed
that @, (named Kf(abs) in their paper) cannot be used to
compensate the CD spectrum and proposed a flattening
coefficient for CD: KD = 2 [k — (1/2)].

How do the flattening coefficients of the literature com-
pare with our proposed @,? We should first of all consider
that correction factors obtained from ratios of absorbances
should be intrinsically less accurate; indeed, in current CD
instruments the spectra are obtained by the ratio of the
AC to DC components, and the DC components are pro-
portional to transmittance not to absorbance (see also
Ref. 2). To quantify the comparison, we present a simple
numerical example in Table 1. Herein, we assume to oper-
ate at a given wavelength with two samples, respectively,
of 0.4 and 1 optical density, we hypothesize the situation
in which samples are fed with 110 photons, 10 of which
are absorbed by the solvent and the cuvette walls. Differ-
ent f values (ratio of the number of photons interacting
with the sample and of the total number of photons) are
applied: f= 1 (no AF), 0.95, 0.9, 0.8. As expected, the table
shows little differences in € and @4 values for moderate
absorption levels, and larger differences for large absor-
bances, and this is related to the more rigorous meaning
of @ Besides, we point out that the use of @y versus @, in
our proposed sample approach is more advantageous,
since estimation of §)is very easy. Although AF effects on
CD spectra are caused only by the pertinent distortion of
the regular absorption profile, with our proposed sampling
approach, there is no need to measure or to calculate the
absorption spectra (since the relevant information is al-
ready “included” in the DC profile).

It is a common practice with CD spectrometers to
extract the absorption data from the PM tube high voltage,

which continuously changes to keep constant DC, but the
technique is not error-free, since this practice relays on
the PM tube log response stored in the instrument mem-
ory. Further calibration is possible,!® but it is not a trivial
operation. In addition, proper subtraction of buffer/solvent
absorption baseline is necessary, an operation which calls
for skill, particularly in the low UV range. On the contrary,
our approach is very simple to apply and calls for mini-
mum postrun data manipulation.

CONCLUSIONS

We have shown here that by a different spectra collec-
tion strategy and simple postrun data treatment it is possi-
ble to quantify a correction factor @,(1) to compensate AF
spectra distortions. For complete correction, the spectrum
of homogeneous solution is necessary, but even in the
cases in which the latter is not available, this approach can
provide quick information on whether apparent spectral
modifications are caused by real conformational modifica-
tions or merely by AF.
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ABSTRACT  The copper/chiral phosphoramidite (L;)-catalyzed conjugate addition
of dimethylzinc to cycloocta-2,7-dienone 4, followed by the methylation of the intermedi-
ate enolate, yielded a single isomer of 7,8-dimethylcyclooct-2-enone (+)-5. Compound
(+)-5 was subjected to the second conjugate addition with ent-L; giving only one
stereoisomer of 2,3,7-trimethylcyclooctanone (+)-6, which was converted to 2,3,7-trime-
thylcyclooctanol 7. To determine the relative and absolute configurations of these com-
pounds, the 'H NMR anisotropy method using (S)-(+)-2-methoxy-2-(1-naphthyl)-
propionic acid {(S)-(+)-MaNP acid} 1 was applied. Racemic alcohol (*)-7 was esteri-
fied with (S)-(+)-MaNP acid 1 yielding diastereomeric esters, which were efficiently
separated by HPLC on silica gel affording the first-eluted MaNP ester (-)-10a and the
second-eluted one (-)-10b. The relative and absolute configurations of ester (-)-10a
were determined to be (S;1R,2S,3R,7S) by analyzing the 'H and *C NMR spectra of (-)-
10a and (-)-10b, especially their HSQC-TOCSY and NOESY spectra, and by applying
the MaNP anisotropy method. The alcohol 7 formed from (+)-6 was similarly esterified
with (S)-(+)-MaNP acid 1 yielding an MaNP ester, which was identical with (-)-10a,
and the relative and absolute configurations of 2,3,7-trimethylcyclooctanone (+)-6 were
determined to be (2S,3R,7S). Chirality 20:1053-1065, 2008.  © 2008 Wiley-Liss, Inc.

KEY WORDS: chiral phosphoramidite; asymmetric conjugate addition; 2,3,7-

trimethylcyclooctanone; 2,3,7-trimethylcyclooctanol; MaNP acid; 2-
methoxy-2-(1-naphthyl) propionic acid; HPLC separation on silica gel;
stereochemistry; absolute configuration; HSQC-TOCSY; 'H NMR

anisotropy

INTRODUCTION

The MaNP acid method!® is very useful for the prepa-
ration of enantiopure alcohols and the simultaneous deter-
mination of their absolute configurations by the 'H NMR
anisotropy effect. For example, racemic alcohol (+)-2 is
esterified with a chiral 'H NMR anisotropy reagent (CAR),
2-methoxy-2-(1-naphthyl) propionic acid {MaNP acid} (S)-
(+)-1, yielding diastereomeric MaNP esters, which are
easily separable by HPLC on silica gel (Fig. 1a). The 'H
NMR signals of the first-eluted ester (S;X)-3a and those of
the second-eluted ester (S;—X)-3b are assigned by 'H-'H
COSY, *C, HMQC, HMBC, and HSQC-TOCSY methods
leading to the calculation of A8 values {AS = d(RX) -
3(SX) = 8(S-X) - 8(S;X) = d(@nd Fr) - 8(1st Fr)},
where R and S denote the absolute configuration of the
MaNP acid parts, respectively, and X and -X are those of
the alcoholic parts of the first-eluted ester and the second-
eluted ester, respectively. By applying the MaNP sector
© 2008 Wiley-Liss, Inc.

rule, the absolute configuration X of the first-eluted ester
3a can be determined (Fig. 1b). If enantiopure or enantio-
enriched alcohol 2 has already been obtained by asym-
metric synthesis, the chiral alcohol 2 is esterified with
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Fig. 1. Determination of the absolute configuration of chiral alcohol by
the 'H NMR anisotropy method using (S)-(+)-MaNP acid 1 (CAR)'™: (a)
synthesis of diastereomeric MaNP esters and HPLC separation, (b) calcu-
lation of A8 values and application of the sector rule, and (c) synthesis of
MaNP ester from chiral alcohol (X)-2.

acid (S)-(+)-1 yielding MaNP ester 3a or 3b. By compari-
son of data from HPLC and 'H and *C NMR spectra, the
MaNP ester prepared from chiral alcohol 2 can be identi-
fied and, therefore, the absolute configuration of chiral
alcohol 2 can be determined (Fig. 1c). The MaNP acid
method is thus useful for determining the absolute config-
uration of chiral alcohols by the 'H NMR anisotropy
method.™®

Stereoselective reactions on eight-membered ring com-
pounds have not been intensively studied because of the
general expectation that the reactions result mostly in mix-
tures of products due to the flexibility of the ring. In addi-
tion, the determination of the stereochemistry of the prod-
ucts is not easy due to the absence of established NMR
rules such as the Karplus relation in six-membered rings.
The first argument is largely incorrect as previously
Chirality DOI 10.1002/ chir
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shown by Still and Galynker.? The second argument, how-
ever, is certainly valid.

Some of us have studied the copper-catalyzed asymmet-
ric conjugate addition of dimethylzinc to cycloocta-2,7-dien-
one 4 as a basis to prepare synthetic chiral building blocks
for natural product synthesis.!®'? In the study, we
observed that methylation of the enolate resulting from
the copper/chiral phosphoramidite (L;)-catalyzed conju-
gate addition of dimethylzinc was a highly stereoselective
process affording only a single isomer of 7,8-dimethylcy-
clooct-2-enone (+)-5 (Scheme 1). When compound (+)-5
was subjected to the second conjugate addition with ent-
L, involving the remaining enone functionality, only one
stereoisomer of 2,3,7-trimethylcyclooctanone (+)-6 could
be produced reflecting the enantiomeric structure of the
catalyst. We were eager to elucidate the stereochemistry
of (+)-6 and therefore ketone (+)-6 was converted to chi-
ral 2,3,7-trimethylcyclooctanol 7, to which we applied the
MaNP acid method.

In this article, we report the details of stereoselective
synthesis of 2,3,7-trimethylcyclooctanone (+)-6 and
related compounds. To determine the relative and abso-
lute configurations of these compounds, the 'H NMR an-
isotropy method using (S)-(+)-MaNP acid 1 has been
applied to alcohol 7. Compound 7 is a saturated eight-
membered cycloalkanol, and so it is generally difficult to
assign the 'H NMR signals because of heavy overlap of
proton signals. Therefore, it is hard to determine the rela-
tive and absolute configurations by NMR spectroscopy.
However, we have overcome these difficulties by the use
of its MaNP ester, the 'H NMR signals of which were well
separated by the diamagnetic anisotropy effect generated
by the naphthalene group, especially in the case of the sec-
ond-eluted MaNP ester. By the intensive use of 'H-'H
COSY, *C, HMQC, HMBC, and HSQC-TOCSY spectra,
all 'H and '3C NMR signals could be assigned, leading to
the unambiguous determination of the relative and abso-
lute configurations. The conformation of 2,3,7-trimethylcy-
clooctanol has been confirmed by NOESY as well. The
applied procedure is described in detail below.

MATERIALS AND METHODS
General

Melting points are uncorrected. IR spectra were obta-
ined as KBr disks or neat on a Jasco FT/IR-410 spectro-
photometer. 'H NMR spectra were recorded on Varian
Gemini-200 (200 MHz), Varian VXR300 (300MHz), Varian
AMX400 (400 MHz), Bruker DMX 500 (500 MHz), Jeol
JNM-LA600 (600 MHz), and/or Bruker Avance 800 (800
MHz) spectrometers. 3C NMR spectra were obtained on
Varian Gemini-200 (50 MHz), Varian VXR300 (75 MHz),
Varian AMX400 (100 MHz), DMX 500 (125 MHz), and/or
Jeol JNM-LA600 (150 MHz) spectrometers. All NMR data
are reported in ppm (3) downfield from TMS. Specific rota-
tions [a]p were measured on a Jasco DIP-1000 spectropo-
larimeter or a Schmidt+Haensch Polartronic MHS8 spec-
tropolarimeter. Mass spectra (HRMS) were recorded on
an AEI MS-902. Silica gel 60 Fy54 precoated plates on glass
from Merck Ltd. were used for thinlayer chromatography
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(@) Cu(OTY), (5 mol%), (R,,S,5)-L; (10 mol%), Me,Zn (5.0 eq), toluene, —25 °C.
(b) Mel (8 eq), HMPA (8 eq). (c) Cu(OTf), (5 mol%), (S,,R.R)-ent-L; (10
mol%), Me,Zn (3.0 eq), toluene, —25 °C. (d) NaBH,, MeOH/DCM.

Scheme 1. Enantioselective synthesis of enantiopure 2,3,7-trimethylcyclooctanone (2S,3R,7S)-(+)-6 and related compounds, the absolute configura-

tions of which were determined as discussed here.

(TLC). HPLC separation was performed using a prepacked
glass column (22 ¢ X 300 mm, number of theoretical
plates n = 9300-10,600) of silica gel (particle size, 5-10
um) from Kusano, Tokyo. Reverse phase HPLC was car-
ried out using a prepacked ODS column (22 ¢ X 300 mm,
number of theoretical plates » = 6000-7200, particle size,
20 um) from Kusano, Tokyo. The purities of the title com-
pounds were shown to be >99% by *H NMR, TLC, and/or
HPLC.

Synthesis

Cycloocta-2,7-dienone 4. Cyclooctanone (3.0 g,
23.7 mmol) was dissolved in DMSO (320 ml) and 2-iodoxy-
benzoic acid (IBX, 26.6 g, 95 mmol, 4.0 eq) was added.
The resulting solution was slowly heated to 85°C and
stirred for 6 h and then overnight at 65°C. After cooling to
room temperature, the mixture was diluted with Et,O until
two layers appeared. The DMSO-layer was extracted with
Et;0 (9X%). The combined ether extracts were washed
with aq. NaHCO3 (5% w/w, 3X), water and brine (sat.),
dried (MgS0O,), and concentrated. Purification by open
column chromatography (pentane/Et,O 5:1) gave dienone
4 (2.45 g, 20.0 mmol, 84%) as a light yellow liquid. NMR
data agreed with those reported in the literature'®: 'H
NMR (300 MHz, CDCls) & 1.77 2 H, m), 2.38 (4 H, m),
6.35 (4 H, m); "*C NMR (50.3 MHz, CDCls) 5 25.0 (t), 27.1
(t), 135.9 (d), 141.5 (d), the carbonyl carbon signal was
not observed.

7,8-Dimethylcyclooct-2-enone (7R,85)-(+)-5. Cu
(0OT9), (0.355 g, 0.98 mmol, 5 mol %) and (R,,S,S)-L; (1.06
g, 1.96 mmol, 10 mol %) were dissolved in dry toluene
(60 ml) and stirred at room temperature for 30 min under
nitrogen. The solution was cooled to —25°C and Me,Zn

(2.0 M in toluene, 39.3 ml, 78.6 mmol, 4 eq) was added
over 5 min. After stirring for 10 min, dienone 4 (2.4 g, 19.6
mmol) dissolved in toluene (60 ml) was added via a sy-
ringe pump over 5 h. The resulting solution was stirred at
-25°C overnight, and then HMPA (27.3 ml, 157.1 mmol, 8
eq) and Mel (9.8 ml, 157.1 mmol, 8 eq) were added to the
reaction mixture, and the solution was stirred for 72 h at
-25°C and then quenched with aq. NH,CI (sat.), extracted
with Et,O (3X%), washed with brine (sat.), and dried with
MgSO,. The Et,O was removed under vacuum, and the
product was purified by open column chromatography
(pentane/Et,0 50:1 to 5:1) to give compound (+)-5 (2.19
g, 14.4 mmol, 73%) as a colorless oil: [8]Z +145.2 (¢ 1.59,
CHCly); 'H NMR (300 MHz, CDCl3) 8 1.07 @ H, d,J =
6.2 Hz), 1.09 B H, d, / = 6.2 Hz), 1.43 (2 H, m), 1.65 (2 H,
m), 1.83 (1 H, m), 2.30 (1 H, m), 2.72 2 H, m), 6.09 (1 H,
dd, J = 12.4, 1.6 Hz), 6.35 (1 H, m); *C NMR (50 MHz,
CDCly) 8 159 (9), 17.8 (@), 19.7 (©), 27.5 (t), 30.4 (), 35.6
(d), 51.0 (d), 134.0 (d), 140.2 (d), 208.0 (s) (see Supple-
mentary Material). MS (ED) for C;oH160: m/z 152 [M™'],
HRMS calcd for C;oH160: 152.120, found: 152.120.

2,3,7-Trimethylcyclooctanone (2S,3R,75)-(+)-6. Cu
(0OTf), (0.143 g, 0.39 mmol, 5 mol %) and (S,,R,R)-ent-L,
(0.425 g, 0.79 mmol, 10 mol %) were dissolved in dry tolu-
ene (50 ml) and stirred at room temperature for 30 min
under nitrogen. The solution was cooled to -25°C and
MeyZn (2.0 M in toluene, 11.8 ml, 23.6 mmol, 3 eq) was
added over 5 min. After stirring for 10 min (+)-5 (1.2 g,
7.88 mmol) dissolved in DCM (25 ml) was added via a sy-
ringe pump over 5 h. The resulting solution was stirred at
-25°C overnight and then quenched with aq. NH4CI (sat.),
extracted with Et,O (3%), washed with brine (sat.), and
dried with MgSO,. The Et,O was removed under vacuum.
Chirality DOI 10.1002/chir
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To remove the remaining ligand which causes purification
problems, the crude product was dissolved in DCM and
m-CPBA (0.315 g, 1.8 mmol) was added and the mixture
was stirred overnight (0°C to room temp.). The reaction
was quenched with aq. Nay,S,05 (10% w/w), extracted with
DCM (3X), washed with brine (sat.), dried with MgSO,.
After checking the mixture for peroxides, the product was
concentrated and purified by open column chromatogra-
phy (pentane/Et,O 5:1) to give (+)-6 (1.13 g, 6.7 mmol,
85%) as a colorless liquid: [8]3 +34.8 (c 0.92, CHCly); 'H
NMR (400 MHz, CDCl;) 8 0.95 3 H, d, /] = 6.6 Hz), 0.98
BH,d, J=68Hz),1.04 3H,d,J=6.7Hz), 1.10-1.36 (3
H, m), 1.60-1.76 (4 H, m), 2.14 (1 H, m), 2.30 2 H, m),
244 (1 H, dd, J = 12.2, 3.7 Hz); ®*C NMR (50 MHz,
CDCly) 8 16.2 (q), 20.6 (@), 23.1 (¢), 23.6 (t), 33.2 (d), 36.3
(), 36.6 (1), 39.5 (d), 49.6 (t), 54.1 (d), 219.3 (s) (see Sup-
plementary Material) MS (EI) for C;1H00, m/2 168 [M "],
HRMS calcd for C1;H00: 168.151, found: 168.151.

2,3,7-Trimethylcyclooctanol (1R,2S,3R,7S5)-7. Ke-
tone (+)-6 (0.116 g, 0.69 mmol) was dissolved in MeOH
(2.0 ml) and DCM (4.0 mL), cooled to 0°C and subse-
quently NaBH, (130 mg, 3.45 mmol, 5 eq) was added and
the mixture was stirred overnight. The reaction was
quenched with aq. NH4CI (sat.), concentrated, and taken
up in HyO. Subsequently, aq. HCl (10%) was added and
the aqueous layer was extracted with Et;O (3X). The com-
bined ether extracts were dried with MgSO,, concen-
trated, and the crude product was purified by open column
chromatography (pentane/Et,O 5:1) to give 7 (88.2 mg,
0.52 mmol, 75%) as a colorless liquid: 'H NMR (400 MHz,
CDCl3) 3091 BH,d,J=64Hz),09 3H,d,J =64
Hz), 098 3 H, d, J = 6.4 Hz), 1.12-1.60 (9 H, m), 1.60-
1.70 1 H, m), 1.70-1.80 (2 H, m), 4.15 (1 H, dt, J = 7.0,
3.3 Hz,); ®*C NMR (50 MHz, CDCl,) 8 12.6 (q), 24.8 (q),
25.6 (q), 29.2 (d), 30.1 (), 344 (1), 35.4 (1), 38.4 (d), 41.7
(t), 459 (d), 70.8 (d) (see Supplementary Material).
MS(ED for Cy;Hs00: m/z 170 [M*], HRMS calcd for
C11H220: 170.167, found: 170.167.

7,8-Dimethylcyclooct-2-enone (7 R*,85*)-(*+)-5.
To a stirring suspension of Cul (1.23 g, 6.44 mmol, 1.125
eq, pre-dried with a hotgun) in dry Et,O (65 ml) at 0°C
under nitrogen was added MeLi (8.0 ml, 12.9 mmol, 2.25
eq). After stirring for 10 min, compound 4 (0.700 g, 5.73
mmol) dissolved in Et,O (7.0 ml) was added. After 1 h
HMPA (4.98 ml, 28.65 mmol, 5 eq) and Mel (1.8 ml, 28.65
mmol, 5 eq) were added and the solution was stirred over-
night at 0°C and then quenched with aq. NH,Cl (sat.),
extracted with Et,0 (3X), washed with dilute aq. ammo-
nia, washed with brine (sat.), and dried with MgSQO,. The
Et,0 was removed under vacuum and the product purified
by open column chromatography (pentane/Et,O 8:1) to
give (+)-5 (0.523 g, 3.44 mmol, 60%) as a colorless oil. *H
NMR, *C NMR, MS (EI), and HRMS were identical with
those of (7R,85)-(+)-5.

2,3,7-Trimethylcyclooctanone (2S*,3R*,75%)-(*)-6.
To a stirring suspension of Cul (0.398 g, 2.09 mmol, 1.125
eq, pre-dried with a hotgun) in dry Et,O (18 ml) at 0°C
under nitrogen was added MeLi (2.62 ml, 4.19 mmol, 2.25
Chirality DOI 10.1002/chir
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eq). After stirring for 10 min, compound (*)-5 (0.283 g,
1.86 mmol) dissolved in Et,O (2.5 ml) was added. After
full conversion the reaction was quenched with aq. NH,Cl
(sat.), extracted with Et,O (3X), washed with dilute aq.
ammonia, washed with brine (sat.), and dried with
MgSO,. The Et,0 was removed under vacuum and the
product purified by open column chromatography (pen-
tane/Et,0 5:1) to give (+)-6 (0.250 g, 1.49 mmol, 80%) as
a colorless oil. '"H NMR, *C NMR, MS (EI), and HRMS
were identical with those of (2S,3R,7S5)-(+)-6.

2,3,7-Trimethylcyclooctanol (1 R*,2S*,3R*,7S*)-
(+)-7. Racemic ketone (*)-6 (0.238 g, 1.41 mmol) was
reduced similarly as in the case of chiral ketone (+)-6 giv-
ing alcohol (+)-7 (0.189 g, 1.11 mmol, 79%). '"H NMR and
13C NMR were identical with those of (1R,2S,3R,7S5)-7.

7-Methylcyclooct-2-enone (R)-8. Cu(OTf), (0.151 g,
0.417 mmol, 5 mol%) and (R,,S,S)-L; (0.448 g, 0.83 mmol,
10 mol%) were dissolved in dry toluene (25 ml) and stirred
at room temperature for 30 min under nitrogen. The solu-
tion was cooled to -25°C and MeyZn (2.0 M in toluene,
16.7 ml, 33.3 mmol, 4 eq) was added over 5 min. After stir-
ring for 10 min, dienone 4 (1.0 g, 8.33 mmol) dissolved in
toluene (37.5 ml) was added via a syringe pump over 5 h.
The resulting solution was stirred at —25°C overnight and
then quenched with aq. NH,Cl (sat.), extracted with Et,0
(3X), washed with brine (sat.), and dried with MgSO,.
The Et,O was removed under vacuum and the product
purified by open column chromatography (pentane/Et,O
50:1 to 10:1) to give (R)-8 (0.965 g, 6.99 mmol, 84%) as a
colorless liquid: '"H NMR (400 MHz, CDCl3) & 1.01 (3 H,
d, /] = 6.8 Hz), 1.36 (1 H, m), 1.56-1.74 (3 H, m), 2.13 (1
H,m), 2.46 (1 H, dd, ] = 13.6, 8.4 Hz), 2.42-2.62 (2 H, m),
2.70 1 H, dd, J = 13.6, 5.6 Hz), 6.04 (1 H, d, /] = 12.4 Hz),
6.35 (1 H, dt, ] = 12.4, 7.2 Hz); *C NMR (50 MHz,
CDCly) & 21.5 (1), 21.8 (q), 28.0 (1), 28.8 (d), 32.0 (), 50.0
(t), 133.3 (d), 141.5 (d), 204.4 (s).

3,7-Dimethylcyclooctanone  (3R*,75%)-cis-9. Cu
(OTH), (16 mg, 45 umol, 2.5 mol %) and (S,,R,R)-ent-Ly (49
mg, 90 pumol, 5 mol %) were dissolved in dry DCM (6.3
ml) and stirred at room temperature for 30 min under
nitrogen. The solution was cooled to -25°C and Me,Zn
(2.0 M in toluene, 1.36 ml, 2.71 mmol, 1.5 eq) was added
over 5 min. After stirring for 10 min, enone (R)-8 (0.250 g,
1.81 mmol) dissolved in DCM (5 ml) was added via a sy-
ringe pump over 5 h. The resulting solution was stirred at
-25°C overnight and then quenched with aq. NH4Cl (sat.),
extracted with Et,O (3%), washed with brine (sat.), and
dried with MgSO,. The Et,O was removed under vacuum
and the product purified by open column chromatography
(pentane/Et,0 25:1) to give cis-ketone 9 (0.263 g, 1.71
mmol, 94%) as a colorless liquid: 'H NMR (400 MHz,
CDCl;) 5 0.96 (6 H, d, J = 6.4 Hz), 1.27 (3 H, m), 1.47 (1
H, m), 1.66 (2 H, m), 2.16 (4 H, m), 2.50 2 H, brd,J = 9.6
Hz); C NMR (100.6 MHz, CDCl3) & 22.3 (q), 22.5 (©),
32.4 (d), 36.3 (1), 50.2 (1), 215.2 (s).

2,3,7-Trimethylcyclooctanone (2S5*,3 R*,75%)-(*)-6.
To a solution of ¢is-9 (0.247 g, 1.6 mmol) in dry THF
under nitrogen at 0°C was added LIN[Si(CHz)3]» (1.76 ml,
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1.76 mmol, 1.0 M in THF, 1.1 eq) and the mixture stirred
for 1 h at 0°C. Subsequently the solution was cooled to
—78°C and Mel (150 pl, 2.4 mmol, 1.5 eq) was added. The
reaction mixture was allowed to slowly warm to ambient
temperature and was stirred overnight. The reaction was
quenched with aq. NH,Cl (sat.), extracted with Et,0 (3X),
washed with brine (sat.), and dried with MgSO,. The Et,0
was removed under vacuum and purified by open column
chromatography (pentane/Et,O 9:1) to give (+)-6 (0.204
g, 1.21 mmol, 76%) as a colorless liquid. 'H NMR and '*C
NMR were identical with those of (2S,3R,7S5)-(+)-6.

3,7-Dimethylcyclooctanone (3R,7 R)-trans-9.
Enone (R)-8 was subjected to the 1,4-addition reaction
with Cu(OTY),, (R,,S,S)-L;, and MeyZn as described for
the synthesis of cis-ketone 9. The reaction was quenched
with aq. NH,CI (sat.) and the mixture was worked up. The
crude product was purified by open column chromatogra-
phy (pentane/Et,O 9:1) to give trans-ketone 9 as a color-
less oil: 'H NMR (400 MHz, CDCl;) 5 0.97 (6 H, d, J = 6.8
Hz), 1.13 (2 H, m), 1.36 (2 H, m), 1.61 (2 H, m), 2.16 (2 H,
m), 2.20 2 H, brd, /J = 12.4 Hz), 2.28 2 H, dd, J = 124,
12.4 Hz); 3C NMR (100.6 MHz, CDCl;) & 23.3 (q), 23.7
®, 32.1 (d), 36.1 (t), 50.3 (t), 215.9 (s).

Synthesis of diastereomeric esters (S;1R,2S,3R,
75)-(-)-10a and (S;1S5,2R,3S5,7R)-(+)-10b from (S5)-
(+)-MaNP acid 1 and 2,3,7-trimethylcyclooctanol
(*£)-7, and their HPLC separation. To a mixture of
enantiopure MaNP acid (S)-(+)-1 (101 mg, 0.441 mmol),
4-(dimethylamino) pyridine (DMAP, 17.9 mg, 0.147 mmol),
racemic 2,3,7-trimethylcyclooctanol (+)-7 (50.0 mg, 0.294
mmol), and 1,3-dicyclohexylcarbodiimide (DCC, 121 mg,
0.588 mmol) in CH,Cl, (1.0 ml) cooled at 0°C was added
10-camphorsulfonic acid (CSA, 20 mg, 0.088 mmol), and
the mixture was stirred at room temperature overnight. Af-
ter addition of a small amount of water, the mixture was
stirred for 1 h, diluted with EtOAc, and filtered with Celite,
which was washed with EtOAc. The organic layer was
evaporated under reduced pressure, and the residue was
subjected to open column chromatography on silica gel
(hexane/EtOAc = 1:1) yielding a diastereomeric mixture
of esters.

The mixture was easily separated by HPLC on silica gel
(hexane/EtOAc 8:1, separation factor o = 1.35, resolution
factor Ry, = 1.92), giving the firsteluted ester
(S;1R,2S,3R,7S)-(-)-10a and the second-eluted one
(S;1S,2R,3S,7R)-(+)-10b. The second-eluted ester was fur-
ther purified by repeating HPLC with a ODS column
(MeOH) to remove small amounts of impurities.

MoNP ester (S;1R2S,3R,7S)-(-)-10a. Yield 37.6
mg, 33%; colorless amorphous solid; [«]3® -3.9 (¢ 0.83,
CHCly); IR (film) vmax 3048, 2953, 2925, 1723, 1509, 1458,
1397, 1370, 1258, 1181, 1135, 1065, 1054, 1030, 941, 918,
822, 779 cm™'; 'TH NMR (600 MHz, CDCls) 5 0.603 (3 H,
d, /] = 6.2 Hz, 7-CH3), 0.691 (3 H, d, / = 6.8 Hz, 2-CHy),
0.858 3 H, d, J = 6.5 Hz, 3-CH3), 0.880 (1 H, ddd, J =
13.7, 10.3, 3.5 Hz, 8H,,), 1.20 (1 H, m, 5H,y), 1.23 (1 H,
m, 3-H), 1.30 (1 H, m, 4-H,,), 1.31 @ H, m, 6-H), 1.31 (1 H,
m, 7-H), 1.344 (1 H, dqd, J = ~10.3, 6.8, 3.5 Hz, 2-H),
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1.404 (1 H, ddd, J = 13.7, 10.4, 4.4 Hz, 8-H,,), 1.494 (1 H,
dddd, J = 14.5, 11.4, 8.6, 2.7 Hz, 4-H,,), 1.680 (1 H, ddddd,
J = 137,56, 5.6, 2.8, 2.8 Hz, 5-H.y), 1.978 (3 H, s, 3-H),
3.146 (3 H, s, OCHy), 5.276 (1 H, ddd, J = 10.4, 3.5, 3.5
Hz, 1-H,,), 7.43-7.46 (3 H, m, 3"-H, 7”-H, 6”-H), 7.599 (1 H,
dd, J = 7.3, 1.1 Hz, 2"-H), 7.808 (1 H, d, J = 8.2 Hz, 4"-H),
7.834 (1 H, m, 5"-H), 8.413 (1 H, m, 8"-H); *C NMR (150
MHz, CDCl3) § 13.909 (2-CHs), 21.955 (3-C), 23.751 (3-
CHs), 24.918 (7-CH3), 28.658 (7-C), 28.863 (5-C), 34.011 (4-
0O), 35.022 (6-C), 37.334 (8-C), 37.857 (3-C), 42.616 (2-C),
51.107 (OCHsy), 75.890 (1-C), 81.723 (2'-C), 124.613 (3"-C),
125.356 (2"-C), 125.405 (8"-C), 125.547 (7"-C), 126.197 (6"-
O), 128.587 (5"-C), 129.160 (4"-C), 131.323 (1"-C), 134.067
(8"a-C), 135.743 (4"a-C), 173.294 (1'-C) (see Supplementary
Material).

MaNP ester (S;15,2R,3S5,7R)-(-)-10b. Yield 31 mg,
28%; colorless amorphous solid; [a]p?” -14.1 (¢ 1.02,
CHCly); IR (film) vpax 3049, 2953, 2925, 1741, 1540, 1508,
1457, 1396, 1373, 1255, 1136, 1065, 1054, 943, 893, 805,
780 cm™%; 'H NMR (600 MHz, CDCl3) $ 0.062 3 H, d, ] =
6.5 Hz, 2-CH3), 0.655 (3 H, d, / = 6.6 Hz, 3-CH3), 0.824 (3
H, d, /] = 6.6 Hz, 7-CH3), 0.961 (1 H, dqd, / = 9.8, 6.5, 3.5
Hz, 2-H), 1.05 (1 H, m, 3-H), 1.091 (1 H, ddd, J = 13.6,
11.1, 3.5 Hz, 8H,y), 1.234 (1 H, ddddd, J = 14.2, 11.8, 11.8,
3.6, 3.6 Hz, 5H,), 1.31 (1 H, br d, J = 15.0 Hz, 4-H,),
1.35 (1 H, dddd, J = 14.3, 11.7, 8.5, 2.9 Hz, 6-H,,), 1.42 (1
H, br d, J = 14.3 Hz, 6H.y), 1.49 A H, m, 4-H,y), 1.52 (1
H, m, 7-H), 1.634 (1 H, ddd, J = 13.6, 10.7, 4.6 Hz, 8H,,),
1.705 (1 H, ddddd, J = 14.2, 5.6, 5.6, 2.8, 2.8 Hz, 5H.,),
1.980 3 H, s, 3-H), 3.118 (3 H, s, OCHj3), 5.265 (1 H, ddd,
J =10.7, 3.5, 3.5 Hz, 1-H,,), 7.43-7.47 (3 H, m, 3"-H, 6"-H,
7"-H), 7575 1 H, dd, ] = 7.2, 1.0 Hz, 2"-H), 7.809 (1 H, d,
J = 8.2 Hz, 4"-H), 7.829 (1 H, m, 5"-H), 8.435 (1 H, m, 8"-
H); 3C NMR (150 MHz, CDCls) & 12.650 (2-CHs), 21.559
(3-C), 23.688 (3-CHa), 25.215 (7-CHa), 28.885 (7-C), 29.224
(5-0), 34.279 (4-C), 35.163 (6-C), 37.482 (8-C), 37.702 (3-
0), 42.241 (2-C), 50.917 (OCHs), 75.501 (1-C), 81.447 (2-
C), 124.550 (3"-C), 125.462 (8"-C), 125.568 (2"-C), 125.610
(7"-C), 126.310 (6"-C), 128.488 (5"-C), 129.209 @4"-C),
131.550 (1"-C), 134.039 (8"a-C), 135.431 (4"a-C), 173.422
(1’-C) (see Supplementary Material).

Preparation of MaNP ester (S;1R,2S5,3R,75)-(-)-10a.
Alcohol 7 (5.2 mg, 0.031 mmol) prepared from (+)-6 was
similarly esterified with MaNP acid (S)-(+)-1 (35.4 mg,
0.15 mmol) yielding ester 10a (5.0 mg, 43%), 'H NMR of
which was identical with that of the first-eluted ester
(S;,1R,2S,3R,75)-(-)-10a.

RESULTS AND DISCUSSION
Stereoselective Synthesis of 2,3, 7-
Trimethylcyclooctanone and Related Compounds

From earlier work it is known that the copper/chiral
phosphoramidite (I;)-catalyzed conjugate addition of
dimethylzinc to cyclic enones is highly stereoselective and
has proven to be useful for the preparation of chiral build-
ing blocks for natural products syntheses.!*? This meth-
odology was extended even further by combining the con-
jugate addition with successive methylation of the result-

Chirality DOI 10.1002/chir
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ing enolate. The details of the reactions and synthesis of
related compounds are described below.

The first copper-catalyzed asymmetric conjugate addi-
tion of dimethylzinc to cycloocta-2,7-dienone 4 and succes-
sive methylation of the enolate formed yielded only a sin-
gle isomer of 7,8-dimethylcyclooct-2-enone (+)-5 (73%
yield, Scheme 1). The stereochemistry of the conjugate
addition, i.e., the absolute configuration at position 7, was
thus controlled by the chirality of a ligand, phosphorami-
dite (R,,S,S)-L;. The stereochemistry of successive meth-
ylation of the enolate formed was governed by the chirality
at position 7. The whole reaction is thus effectively con-
trolled by the chirality of a ligand, phosphoramidite L;.
The second conjugate addition of dimethylzinc to enone
(+)-5 was carried out using an enantiomeric ligand, phos-
phoramidite (S,,R,R)-ent-L,, yielding a single isomer of
2,3, 7-trimethylcyclooctanone (+)-6 (85% yield). Since the
copper catalyst composed of ent-L; was employed, the
stereochemistry at the new chiral position would take an
opposite absolute configuration, as expected from the pre-
liminary results.'®'? Namely, the cis-configuration of 3,7-
dimethyl groups was expected as shown in Scheme 1.
Finally ketone (+)-6 was reduced to alcohol 7 (75% yield).

To determine the absolute configurations of these chiral
compounds 5-7 by application of the 'H NMR anisotropy
using MaNP acid (S)-(+)-1, racemic alcohol 7 was neces-
sary and therefore racemic compounds 5-7 were similarly
synthesized as in the case of chiral compounds described
above. In this case, no chiral ligand was employed, but the
product yields were similar to those of chiral reactions
(see Materials and Methods).

Determination of the cis Configuration of 3, 7-Dimethyl
Moiety in Ketone 6

In the above syntheses, the cis-configuration of 3,7-di-
methyl groups of ketone 6 was assumed based on the lit-
erature.'®'2 To confirm the cis-configuration, the chemical
correlation between 3,7-dimethylcyclooctanone (3R*,75*)-
ciss9 and ketone (+)-6 was performed as shown in
Scheme 2. The copper/chiral phosphoramidite L,-cata-
lyzed conjugate addition of dimethylzinc to dienone 4
gave 7-methylcyclooct-2-enone (R)-8 (84% yield), which
was subjected to the second conjugate addition reaction
with entL; affording 3,7-dimethylcyclooctanone (3R*,
75%)-cis-9 (94% yield). Another reference compound, 3,7-
dimethylcyclooctanone (3R,7R)-trans-9, was similarly syn-
thesized from (R)-8 using the copper/chiral phosphorami-
dite L;-catalyzed reaction (Scheme 2).

The ¥C NMR of cisketone 9 shows the signals of only
six carbon atoms, reflecting the meso structure of Cy-sym-
metry (see Materials and Methods). Namely the 3-methyl
and 7-methyl carbon atoms appear to be equivalent. It has
been reported that the cyclooctane ring prefers a boat-
chair (BC, ca. 94% at room temperature) or crown (CC, ca.
6%) conformation,'* and these BC and CC conformations
are of Co-symmetry. Both BC and CC conformations are
possible in 3,7-dimethylcyclooctanone cis9 keeping the
structure of Cgqsymmetry. Thus it is easy to interpret the
observed *C NMR of cis-ketone 9 based on the major BC
and CC conformations.

Chirality DOI 10.1002/chir
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(@) Cu(OTT), (5 mol%), (R,,S.5)-L; (10 mol%), Me,Zn (5.0 eq), toluene,
=25 °C. (b) Cu(OTf), (5 mol%), (S,.R,R)-ent-L; (10 mol%),
McyZn (3.0 cq), toluene, —25 °C. (c) LiN[Si(CH;);1,, Mcl, THF.

(d) Cu(OTf), (5 mol%), (R,.S,S)-Ly (10 mol%), Me,Zn (5.0 eq),
toluene, 25 °C.

Scheme 2. Chemical correlation among 3,7-dimethylcyclooctanones
¢is-9, trans-9, and 2,3,7-trimethylcyclooctanone (+)-6.

It is interesting that the 3C NMR of trans-ketone 9 also
shows the signals of only six carbon atoms, indicating the
chiral structure of Co-symmetry (see Materials and Meth-
ods). Namely the 3-methyl and 7-methyl carbon atoms
appear to be equivalent. Therefore, the conformation of Cs-
symmetry is conceivable for trans-ketone 9. If trans-ketone
9 adopts a BC or CC conformation, the two methyl groups
become nonequivalent. The twisted conformations (TBC
and TCC) of BC and CC are also reported for the cyclooc-
tane ring,14 and these TBC and TCC conformations are of
Co-symmetry. However, in trans-ketone 9, TBC and TCC
conformations cannot keep their exact C,-symmetrical
structures. Therefore, it is reasonable to consider that
trans-ketone 9 exists as rapidly interconverting conform-
ers that are a little deviated from the C,-symmetrical con-
formation, but converge to the average conformer of Co-
symmetry.

As seen in Materials and Methods, the *C NMR data of
cis- and trans-ketones 9 are very similar to each other, and
therefore, it is impossible to discriminate these stereoiso-
mers by 3C NMR spectroscopy. How can the stereochem-
istry, i.e., relative configuration, of cis- and trans-ketones
9 be determined? This problem was unambiguously
resolved as follows. The 'H NMR data of cis- and trans-
ketones 9 are shown in Figure 2, where the spectrum of
cis-ketone 9 (meso-form) shows multiplets at 1.26 ppm (3
H) and 1.47 ppm (1 H). Namely, the two protons at 5-C
appear at different chemical shifts, leading to the Cysym-
metrical structure, i.e., cis-configuration. The appearance
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Fig. 2. 'H NMR (400 MHz, CDCly) spectra of 3,7-dimethylcyclooctanones cis-9 and (3R,7R)-trans-9.

of nonequivalent one-proton signals is possible only in the
Cssymmetrical structure. The relative configuration of cis-
ketone 9 was thus established. In addition, the *H and **C
NMR data of cis-ketone 9 agree with the literature data
confirming the above assignment.'®

If the ketone 9 has a C,-symmetrical structure, i.e.,
trans-configuration, the two protons at 5-C are equivalent
to each other. Therefore, they should appear at the same
chemical shift as a signal of two-proton intensity. In fact, in
the 'H NMR of (3R,7R)-transketone 9, the two protons at
5-C appear as a multiplet at 1.13 ppm (2 H, m) or 1.37 ppm
(2 H, m) indicating the Cy-symmetrical structure (Fig. 2).
The relative configuration of transketone 9 was thus
unambiguously determined.

As shown in Scheme 2, cis-ketone 9 was methylated at
the position 2, and only one product (#+)-6 was obtained.
Its 'H and >C NMR spectra were identical with those of
chiral ketone (+)-6, indicating that the 3-methyl and 7-
methyl groups have a cis configuration in chiral ketone 6
(Scheme 1). Finally, the cis configuration of the 3,7-di-
methyl moiety of 6 and 7 was further confirmed by the
direct observation of an NOE between 3-H and 7-H of its
MaNP ester (-)-10b, as described below.

Preparation of Diastereomeric Esters from MxNP Acid
(S )-(+)-1 and Racemic 2,3, 7-Trimethylcyclooctanol
(%)-7, and HPLC Separation

Racemic 2,3,7-trimethylcyclooctanol (+)-7 was esteri-
fied with (S)-(+)-MaNP acid 1 as shown in Scheme 3.
Alcohol (*)-7 was treated with (S)-(+)-1, DCC, DMAP,
and CSA in CH,Cl, yielding a diastereomeric mixture of
esters 10a/10b (Scheme 3).

Diastereomeric MaNP esters 10a and 10b were easily

separable by HPLC on silica gel (hexane/EtOAc = 8/1)

CH,

(S;15,2R .35, 7R)-(—)-10b

(S;1R,28,3R,75)-(—)-10a

¢y
(S)_(+)_l + —_— (S,lR,2S,3R,7S)—(—)—10a
HO (b)
CH;

(IR2S,3R.75)-7

(a) DCC, DMAP, CSA/CH,Cl,. (b) HPLC on silica gel
(hexane/EtOAc = 8:1)

Scheme 3. Preparation of 2,3,7-trimethylcyclooctanol MaNP esters
(S;1R,2S,3R,7S)-(-)-10a and (S;1S,2R,3S,7R)-(-)-10b.
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Fig. 3. Separation of 'H NMR peaks by MaNP esterification (CDCls, 0.0-1.8 ppm): (a) 2,3,7-trimethylcyclooctanol 7 (400 MHz); (b) MaNP ester
(S;1R,25,3R,75)-(-)-10a (600 MHz); (c, d) MaNP ester (S;15,2R,3S,7R)-(-)-10b (600 and 800 MHz).

with baseline separation: separation factor o = 1.35, reso-
lution factor R, = 1.92. The first-eluted fraction gave ester
(9)-10a (33% yield) as an amorphous solid, the 'H NMR
spectrum of which indicated that the product is a single
isomer. However, the 'H NMR spectrum of the second-
eluted fraction showed the contamination with two byprod-
ucts, which might be MaNP esters of other stereoisomers.
To remove the byproducts, the second-eluted fraction was
purified by repeating reverse phase HPLC using a ODS
column with methanol giving pure MaNP ester (-)-10b
(28% yield).

Determination of the Relative Configuration and
Conformation of 2,3, 7-Trimethylcyclooctanol Moiety
by H NMR Spectroscopy

Alcohol 7 is an eight-membered cycloalkanol, and
hence in the 'H NMR spectrum, methyl, methylene, and
Chirality DOI 10.1002/ chir

methine proton peaks largely overlap with one another as
seen in Figure 3a. Therefore it is impossible to assign
each proton and to deduce the relative configuration. How-
ever, it should be emphasized that in MaNP esters (-)-
10a and (-)-10b, these proton peaks are largely separated
from one another (Figs. 3b and 3c); especially in the sec-
ond-eluted ester (-)-10b, most peaks appear as single pro-
tons (Fig. 3d). Hence the analysis of proton signals and
determination of the relative configuration became possi-
ble. This phenomenon is of course due to the 'H NMR ani-
sotropy effect of naphthalene ring contained in the MaNP
acid group. The MaNP acid method is thus useful not
only for the determination of absolute configurations but
also for the determination of relative configurations.

As discussed earlier, the cyclooctane ring takes a boat-
chair (BC) conformation as the most stable one!* as
shown in Figure 4. Since the two methyl groups at the



BC, boat-chair: OR, boat-end;
cis-trans-trans
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(b)

H3C'"“"

BC, boat-chair: OR, chair-end;
Cis-Cis-Cis

Fig. 4. Possible relative configurations and conformations of 2,3,7-trimethylcyclooctanol ester: (a) cis-trans-trans configuration; (b) cis-cis-cis configu-

ration.

3- and 7-positions have cis-configuration, these groups are
placed at the exo-positions. Therefore, 3,7-dimethylcy-
clooctanol takes a symmetrical conformation (a) or (b) as
shown in Figure 4, where the ester moiety OR is located
at the boat-end in (a) or at the chair-end in (b). This

assignment is supported by the 'H NMR coupling con-
stant data of esters 10a and 10b: in ester 10a, J;» = 3.5
Hz, Jisax = 104 Hz, J1g.q = 3.5 Hz (Table 1); in ester
10b, ]1,2 =35 HZ, ]I,Sax = 10.7 HZ, ]1,8eq = 3.5 Hz (Table
2). Namely, the ester moiety OR is located at the 1-equato-

TABLE 1. '3C (125 and/or 150 MHz) and *H (500 and/or 600 MHz) NMR data of the alcohol part of the first-eluted
2,3,7-trimethylcyclooctanol MaNP ester (S:1R,2S5,3R,75)-(-)-10a in CDCl3

Position B¢ H HSQC-TOCSY

1 75.89 528 (1 H, ddd,J = 10.4, 3.5, 3.5 Hz) 1-H/1-C, 1-H/8-C, 8ax-H/1-C, 8eq-H/1-C

2 42.62 1.34 (1 H, dqd, J = ~10.3, 6.8, 3.5 Hz) 2-H/2-C, 2-H/3-C, 2-H/2-CH;, 3-H/2-C,
3-CH;/2-C, 2-CH;3/2-C

2-CHs 13.91 0.69 BH,d,J = 6.8 Hz) 2-CHs/2-CH;, 2-CH5/2-C, 2-CH3/3-C, 2-H/2-CH;

3 37.86 1.23 1 H, m) 3-H/3-C, 3-H/2-C, 3-H/3-CHj3, 2-CH;5/3-C,
3-CH;/3-C, 2-H/3-C, 4-Hax/3-C

3-CHs 23.75 0.86 3 H, d,/ = 6.5Hz) 3-CHs/3-CH;, 3-CH;/4-C, 3-CH3/3-C,
3-CH3/2-C, 3-H/3-CH;

4-ax 34.01 1.49 (1 H, dddd, J = 14.5, 11.4, 8.6, 2.7 Hz) 4ax-H/4-C, 4ax-H/3-C, 4ax-H/5-C, 3-CH3/4-C,
3-H/4-C, 4eq-H/4-C, 5eq-H/4-C

4-eq - 1.30 1 H, m) 4eq-H/4-C

5-ax 28.86 1.20 (1 H, m) 5ax-H/5-C, 5eq-H/5-C

5-eq - 1.68 (1 H, ddddd, J = 13.7, 5.6, 5.6, 2.8, 2.8 Hz) 5eq-H/5-C, 5eq-H/4-C, 5eq-H/6-C

6 35.02 1.31 2 H, m) 6-H,/6-C, 5ax-H/6-C, 5eq-H/6-C, 7-CH3/6-C

7 28.66 1.31 1 H, m) 7-H/7-C, 7-H/6-C, 7-H/8-C, 7-H/7-CH;

7-CHs 24.92 0.60 BH, d,J =6.2Hz) 7-CH3/7-CH3, 7-CH3/7-C, 7-CH3/6-C,
7-CH/8-C, 7-H/7-CH;

8-ax 37.33 1.40 (1 H, ddd, J = 13.7, 10.4, 4.4 Hz) 8ax-H/8-C, 8ax-H/7-C, 7-H/8-C, 8eq-H/8-C, 7-CH3/8-C

8-eq - 0.88 (1 H, ddd, J = 13.7, 10.3, 3.5 Hz) 8eq-H/8-C, 8eq-H/7-C

Chirality DOI 10.1002/chir
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TABLE 2. '3C (125 and/or 150 MHz) and 'H (500 and/or 600 MHz) NMR data of the alcohol part of the second-eluted
2,3,7-trimethylcyclooctanol MaNP ester (S:15,2R,3S,7 R)-(-)-10b in CDCl3

Position B3¢ 'H HSQC-TOCSY

1 75.50 5.27 1 H, ddd, J = 10.7, 3.5, 3.5 Hz) 1-H/1-C, 1-H/8-C, 8ax-H/1-C, 8eq-H/1-C

2 42.24 0.96 (1 H, dqd, J = 9.8, 6.5, 3.5 Hz) 2-H/2-C, 2-H/3-C, 2-H/2-CH3, 3-H/2-C,
3-CH;/2-C, 2-CH;/2-C

2-CH; 12.65 0.06 3H, d,J = 6.5Hz) 2-CH;/2-CHs, 2-CH5/2-C, 2-CH3/3-C, 2-H/2-CH;

3 37.70 1.05 1 H, m) 3-H/3-C, 3-H/2-C, 3-H/3-CHs, 3-H/4-C, 2-CH3/3-C,
3-CH3/3-C, 2-H/3-C, 4-Hax/3-C

3-CHs 23.69 0.66 3 H, d,J = 6.6 Hz) 3-CH3/3-CHs, 3-CH3/4-C, 3-CH3/3-C,
3-CH;/2-C, 3-H/3-CH;

4-ax 34.28 1.49 1 H, m) 4ax-H/4-C, 4ax-H/3-C, 4ax-H/5-C, 3-CH3/4-C,
3-H/4-C, 4eq-H/4-C, 5ax-H/4-C, 5eq-H/4-C

4-eq - 1.31 1 H, brd,J = 15.0 Hz) 4eq-H/4-C, 4eq-H/5-C, 3-CH3/4-C

5-ax 29.22 1.23 (1 H, ddddd, J = 14.2, 11.8, 11.8, 3.6, 3.6 Hz) 5ax-H/5-C, 5ax-H/4-C, 5ax-H/6-C, 4eq-H/5-C,
6ax-H/5-C, 6eq-H/5-C, 4ax-H/5-C, 5eq-H/5-C

5-eq - 1.71 (1 H, ddddd, J = 14.2, 5.6, 5.6, 2.8, 2.8 Hz) 5eq-H/5-C, 5eq-H/4-C, 5eq-H/6-C

6-ax 35.16 1.35 (1 H, dddd, J = 14.3, 11.7, 8.5, 2.9 Hz) 6ax-H/6-C, 6ax-H/5-C, 6eq-H/6-C, 7-CH;/6-C
5ax-H/6-C, 5eq-H/6-C, 7-H/6-C

6-eq - 1.42 1 H,brd,J = 14.3 Hz) 6eq-H/6-C, 6eq-H/5-C, 6eq-H/7-C

7 28.89 1.52 1 H, m) 7-H/7-C, 7-H/6-C, 7-H/8-C, 7-H/7-CH;, 7-CH5/7-C,
8-H/7-C, 6ax-H/7-C, 6eq-H/7-C, 8-ax-H/7-C

7-CHy 25.22 0.82 3H,d,/ = 6.6 Hz) 7-CH;/7-CHs, 7-CH5/7-C, 7-CH;/6-C,
7-CHs/8-C, 7-H/7-CH;

8-ax 37.48 1.63 (1 H, ddd, J = 13.6, 10.7, 4.6 Hz) 8ax-H/8-C, 8ax-H/7-C, 7-H/8-C, 8eq-H/8-C, 7-CH3/8-C

8-eq - 1.09 (1 H, ddd, J = 13.6, 11.1, 3.5 Hz) 8eq-H/8-C, 8eq-H/7-C

rial position, the 2-CH3 group is at the 2-axial position, and
both 3-CH3 and 7-CH; groups are at the exo positions, as
shown in both conformers (a) and (b).

To discriminate between the two possible stereoisomers
(@) and (b), the 'H NMR coupling constant data were fur-
ther analyzed; in the ester 10a, the 8eq-H shows Jsux geq =
13.7 Hz, J7 8eq = 10.3 Hz, J1 geq = 3.5 Hz (Table 1); in ester
10b, the 8eq-H shows Jgax seq = 13.6 Hz, J7gq = 11.1 Hz,
Jiseq = 3.5 Hz (Table 2). These data of the coupling con-
stants between 7-H and 8eq-H (/7 geq = 10.3-11.1 Hz) indi-
cate that these two protons are in the trans relation {dihe-
dral angle ¢(7-H/8eq-H) = ca. 180°}, which is explicable
only by the stereoisomer (a). On the other hand, the dihe-
dral angle ¢(7-H/8eq-H) is ca. 120° in the stereoisomer
(b), and is not consistent with the observed coupling con-
stant data. Therefore, the stereoisomer (a) with the cis-
trans-trans configuration was assigned to esters 10a and
10b. We have continued further analyses by 'H, 'H-'H
COSY, 3¢, HMQC, and HMBC methods and came to the
final assignments as shown in Tables 1 and 2.

To confirm the relative configuration and conformation
of stereoisomer (a), we have studied the NOESY spectra
of esters 10a and 10b expecting an NOE between some
key protons, e.g., 3-H (endo) and 7-H (endo). In ester
10a, however, most methylene and methine protons of
the cyclooctane ring overlap with each other (Fig. 3b), and
3-H and 7-H appear at 8 1.23 and 1.31 ppm, respectively
(Table 1). Therefore, it was difficult to observe the NOE
between 3-H and 7-H. On the other hand, in ester 10b,
the methylene and methine protons of the cyclooctane
ring are separated well by the diamagnetic anisotropy
Chirality DOI 10.1002/chir

effect of the MaNP ester group as discussed earlier (Fig.
3d), and the 3-H and 7-H protons appeared at & 1.05 and
1.52 ppm, respectively (Table 2). When the NOESY spec-
trum was measured with an 800 MHz NMR spectrometer,
a clear cross peak was observed between 3-H and 7-H
(Fig. 5 and Table 3). In addition, cross peaks were clearly
observed for the following proton pairs: 2-CHs/8ax-H,
1-H/4ax-H, and 1-H/6ax-H. The latter two NOE’s, 1-H/4ax-
H, and 1-H/6ax-H, clearly indicate that the ester moiety is
located at the boat-end (Fig. 6). The relative configuration
and conformation of the 2,3,7-trimethylcyclooctanol moiety
was thus confirmed by NOESY as shown in Figure 6. It
should be noted that the anisotropy effect generated by
the MaNP group was thus useful for spreading and
enhancing the separation of the '"H NMR signals, which
made the NOE measurements possible.

Determination of the Absolute Configuration of 2,3, 7-
Trimethylcyclooctanol by ' H NMR Anisotropy

To determine the absolute configuration of 2,3,7-trime-
thylcyclooctanol, the MaNP acid method was next applied
to esters 10a and 10b. The parameter A3 representing
the anisotropy effect is defined as AS = & (2nd fr.) - & (Ist
fr), when (S)-(+)-MaNP acid is used.’® The methyl,
methylene, and methine protons of the cyclooctanol part
in MaNP esters 10a and 10b were assigned by analyzing
the 'H NMR coupling constants, and two-dimensional
"H-'H COSY, 'H-"*C COSY (HMQC and/or HSQC), and
HMBC spectra. The A3 values of all signals were calcu-
lated and plotted according to the MaNP ester sector rule.
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Fig. 5. 'H NMR (800 MHz, CDCl;) NOESY spectrum of 2,3,7-trimethylcyclooctanol MaNP ester (S;15,2R,3S,7R)-(-)-10b.

It was found that most protons showed a reasonable distri-
bution pattern; the right side protons showed positive A
values, while the left side ones negative AS values, obey-
ing the MaNP sector rule. However, irregularities were
found at 4ax-H and 6ax-H; 4ax-H showed as a positive AS
value despite its location at the left side, while 6ax-H
showed a negative A3 value despite its location at the right
side.

The above results clearly indicated errors in the assign-
ment of 4ax-H and 6ax-H in MaNP ester 10a or 10b. So
we rechecked the previous assignment and realized that
4ax-H and 6-axH in ester 10a may be convertible. Because
of the heavy overlapping of proton signals in ester 10a,
the connectivity of 4ax-H and 6ax-H was not clear, and
these protons had been assigned mainly by the similarity

of proton coupling pattern. Namely a signal at 8 1.49 ppm
(1 H, dddd, J = 14.5, 11.4, 8.6, 2.7 Hz) in ester 10a had
been assigned to 6ax-H, because its coupling pattern was
similar to that of 6ax-H in ester 10b, 8 1.35 ppm (1 H,
dddd, J = 14.3, 11.7, 8.5, 2.9 Hz) (Table 2). The remaining
6eq-H and 4-H appeared as multiplet and therefore those
were not useful for assignment.

To clarify the connectivity of these protons and their
attached carbons, we next measured the HSQC-TOCSY of
ester 10a, which was very useful for the assignment of 'H
and 3C signals as discussed below. From the HMQC and
HSQC, it was found that the 3C signals at & 34.01 and
35.02 ppm were assignable to 4-C or 6-C. The HSQC-
TOCSY spectrum with a mixing time of 12 ms showed
a weak cross peak between 3-CHs; (8 0.86 ppm) and C

Chirality DOI 10.1002/chir
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TABLE 3. 'H NMR (800 MHz) NOESY data of the alcohol
part of the second-eluted 2,3,7-trimethylcyclooctanol
MouNP ester (S:15,2R,3S,7 R)-(-)-10b in CDCl3

Position 'H NOESY

1 5.27 2-H, 3-H, 4ax-H, 6ax-H

2 0.96 1-H, 2-CH3, 3-H, 3-CH;
2-CHj3 0.06 2-H, 3-H, 3-CHj;, 8ax-H

3 1.05 1-H, 2-H, 2-CH3, 3-CH3, 7-H
3-CH; 0.66 2-CHs, 2-H, 3-H, 4eq-H
4-ax 1.49 1-H, 4eq-H

4-eq 1.31 4ax-H, 3-CH;

5-ax 1.23 5eq-H

5-eq 1.71 S5ax-H

6-ax 1.35 1-H, 6eq-H, 7-CH3

6-eq 1.42 6ax-H, 7- CH3

7 1.52 3-H, 7-CH3

7-CH; 0.82 6eq-H, 7-H, 8ax-H, 8eq-H
8-ax 1.63 2-CH3, 7-CHs, 8eq-H
8-eq 1.09 7-CH;, 8ax-H

(® 34.01 ppm), and the cross-peak became stronger with a
mixing time of 25 ms (Table 1). However, no cross-peak
was found between 3-CH; (3 0.86 ppm) and C (3 35.02
ppm), Therefore, it is clear that the signal at 34.01 ppm is
assignable to 4-C. On the other hand, 7-CH;3 (8 0.60 ppm)
showed a cross peak with C (8 35.02 ppm), which was

~o

! Me/naphthyl plane

MaNP plane

Two planes, perpendicular

(8:1R,2S,3R,7S)-(-)-10a

~o

: Me/naphthyl plane

MaNP plane

Two planes, perpendicular

(8:15,2R,3S,7R)-(-)-10b

Fig. 6. Preferred conformations of 2,3,7-trimethylcyclooctanol MaNP
esters (S;1R,2S,3R,7S)-(-)-10a and (S;1S,2R,3S,7R)-(-)-10b, and NOEs
for ester (-)-10b.
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+0.01  Hax Heq o1
~0.004 Heq : eq
H
~0.18 H
—0.203CH3

Ad = 8(2nd fr.) - 3(1st fr.)
= 3(10b) - 5(10a)

st fr. (S:1R,2S,3R,7S)

Fig. 7. Observed AS values (ppm), *H NMR anisotropy effects, of
2,3,7-trimethylcyclooctanol MaNP esters 10a/10b, and determination of
the absolute configuration of the first-eluted ester (-)-10a.

therefore assigned to 6-C (Table 1). From the HMQC and
HSQC spectra, the proton signal at § 1.49 ppm was
assigned to 4ax-H, 1.30 ppm to 4eq-H, and 1.31 ppm to 6-
H. The 'H and C signals of ester 10a were thus estab-
lished as shown in Table 1.

We next recalculated the Ad values {AS = 5(@2nd fr.) —
d(1st fr.) = 3(10b) — 8(10a)}; as shown in Figure 7, the
right side protons show positive AS values, while the left
side ones negative A values, among which the 2-methyl
group shows a large negative A8 value. This strong anisot-
ropy effect of the 2-methyl group is explicable by the confor-
mation of ester 10b, where the 2-methyl group is located
just above the naphthalene ring of the MaNP group. There-
fore, the strong diamagnetic anisotropy effect affected the
chemical shift of 2-methyl group, and it appeared at 5 0.06
ppm (Table 2). From these results, the absolute configura-
tion of the first-eluted fraction (-)-10a was determined to
be (S;1R,2S,3R,7S). The second-eluted ester (-)-10b natu-
rally takes the configuration of (S;1S,2R,3S,7R).

Chiral alcohol 7 synthesized from ketone (+)-6 was
esterified with (S)-(+)-MaNP acid 1 yielding an ester,
which was identical to the firsteluted ester (-)-10a (Scheme
3), and therefore the absolute configurations of ketone (+)-6
and alcohol 7 were determined to be (2S,3R,7S) and
(1R,2S,3R,7S), respectively (Schemes 1 and 3).
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CONCLUSION

The copper/chiral phosphoramidite L;-catalyzed conju-
gate addition of dimethylzinc to cyclooctadienone, fol-
lowed by methylation of the resulting enolate is a highly
stereoselective process affording only the trans isomer
(+)-5. When this product was subjected to the second
conjugate addition catalyzed with copper/ent-L;, only one
stereoisomer (+)-6 was produced reflecting the enantio-
meric structure of the catalyst. The relative and absolute
configurations of 2,3,7-trimethylcyclooctanone (+)-6 and
related compounds were determined by the MaNP acid
method, which was applied to alcohol 7. Diastereomeric
MaNP esters 10a and 10b formed were easily separable
by HPLC on silica gel. The strong 'H NMR anisotropy
effects observed in esters 10a and 10b were useful not
only for the determination of absolute configuration but
also for the determination of relative configuration by
NOESY. The anisotropy method using chiral MaNP acid
(S)-(+)-1 (CAR) is thus very powerful for the determina-
tion of stereochemistry of aliphatic alcohols such as 2,3,7-
trimethylcyclooctanol.
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ABSTRACT A new steroidal alkaloid amaranzole A (10) with a C24-imidazolyl group
displays an unusually large split-CD spectrum at short wavelengths that we assign to exci-
ton coupled circular dichroism (ECCD) between the polarized n-n* transitions of the C25
C=C double bond and the imidazolyl group. A model 4,5-disubstituted imidazole 11, pre-
pared from optically pure (R)-(-)-2-aminobutanol, exhibited similar ECCD and solvent and
pH-dependence consistent with changes in the protonation state of the imidazole ring. Cal-
culations and CD measurement of 12 (the dihydro-derivative of 11) suggest that the 4-
hydroxyphenyl group is not strongly conjugated to the imidazole group in 10, and the
observed ECCD is entirely accounted for by coupling between the C=C double bond and

isolated imidazole n-r* transitions. Chirality 20:1066-1070, 2008.

© 2008 Wiley-Liss, Inc.

KEY WORDS: circular dichroism; natural product; alkaloid; exciton coupling

INTRODUCTION

Electronic circular dichroism has a long association
with the study of natural products and the assignment of
their absolute configurations. Outstanding examples
include the interpretation of the Cotton effects (CEs) asso-
ciated with the forbidden n-t* transitions of cyclic ketones
and applications to conformational analysis in steroids.'?
Exciton coupled circular dichroism (ECCD) is a powerful
tool for assignment of configuration in natural products,
and has been used to predict the configurations of cyclic
diols, amino alcohols through their corresponding diben-
zoates or other chromophoric diester derivatives.>* Weak
CEs in acyclic systems are also useful in assignment of
configuration in acyclic molecules, provided there is an
understanding of the origin of the CE in context of the
conformation and configuration of the molecular structure.
For example, we assigned the configurations of the macro-
lide glycosides, phorbasides A (1) and B (2) (Fig. 1a), by
exploiting the CD of the remote hyperconjugated ene-yne
chlorocyclopropane chromophore (1232 nm, A¢ +9.1; 241,
+8.1) which relays stereochemical information within the
first sphere of asymmetry of the cyclopropyl group to the
allylic acyloxy-substituted carbon C13.° The sponge Xesto-
spongia muta, common throughout the Caribbean, typi-
cally produces long-chain brominated 1,3-diene and 1,3-
ene-yne unsaturated fatty acids. We recently characterized
seven minor components—mutafurans A-G (3-9, Fig. 1b)
which are the first chiral brominated lipids in this class®—
and assigned the absolute configuration of the tetrahydrofu-
ran ring based on interpretation of the weak ene-yne associ-
ated CEs (\227 nm, A¢ -0.46; 237, —-0.5; 252, +0.26) that are
© 2008 Wiley-Liss, Inc.

asymmetrically perturbed by the propargylic center C8. In
these two special cases of naturally occurring molecules
with ene-yne chromophores, it is important to realize that
calculations based on force field models predict the sp-sp?
bond is essentially a free rotor with a barrier to rotation of
approximately 0 kcal/mol™’. The important consequence of
the latter property is that accurate time-dependent DFT cal-
culations of the CD spectra will be compromised by small
inaccuracies in Boltzman-weighted distributions. In fact, as
the number of degrees of freedom in an acylic system
increases, the confidence level of geometry calculations
may even preclude accurate CD calculations. Under these
conditions, empirical approaches appear more attractive.
Recently, we reported an unusual N-imidazolyl steroidal
alkaloid, amaranzole A (10) from the tropical sponge Phor-
bas amaranthus (Note that the sign of rotation given in
this paper for (R)-2-amino-1-butanol is an error: it should
be (R)-(-)-2-amino-1-butanol, not (+). We thank a reviewer
for pointing out this error.).” While many imidazole and
2-aminoimidazole natural products and some steroidal
alkaloids are known from marine invertebrates and
microbes,® this is the first example of a steroidal imidazole
(A 2-aminoimidizolium salt of the steroidal di-sulfate ester,
halistanol, has been described).? The unusual structure of
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Fig. 1. Phorbasides A (1), B (2), mutafurans A-G (3-9), amaranzole A
(10), and model compounds (+)-(R)-11 and (-)-(R)-12.
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10 implies a convergence of isoprenoid and amino acid
secondary metabolism and presented a challenge for con-
figurational assignment. Amaranzole A exhibited a positive
CE at A ~205 nm which we presumed to arise from ECCD
between the imidazole and the 1,1-disubstituted olefin
which absorbs A < 200 nm. The C24 configuration was
solved by matching the CD spectrum of 10 with that of a
stereodefined model imidazole prepared from (R)-(-)-2-
amino-1-butanol.” In this report we characterize the CD
properties of allyl imidazole and propose an assignment of
the origin of the ECCD between the isolated imidazole
and the 1,1-disubstituted alkene.

EXPERIMENTAL
General

All CD spectra were acquired with a JASCO-810 spectro-
photometer at 23°C using a 2 mm cell at concentrations of
~1 x 107* M in spectroscopic or HPLC grade solvents
(Aldrich, MeOH, CH3;CN, H,0, or CF;CH,OH). Each CD
spectrum was acquired by averaging 20 scans with correc-
tion for background (solvent). Smoothing was applied to
the CD spectra in Figures 2a and 2b. No smoothing was
applied to the data in Figure 4. pH measurements were
carried out using a Denver Instrument Model 220 pH-con-
ductivity meter which was calibrated against standard buf-
fers. The isolation and purification of amaranzole A (10)
and synthesis of compounds (+)-(R)-11 and (-)-(R)-12
are described elsewhere.”

PH Dependence of the CD Spectrum of 11

The CD spectrum of a solution of 11 (0.1 mM, 500 pL) in
30% CFsCH,OH/20 mM aqueous Na,HPO,, pH 8.2) was
measured (pH = 8.2). The solution was titrated with aque-
ous HCI (0.375 M, 5 ul, resultant pH = 7.2), the CD spec-
trum measured again, and the procedure repeated (pH =
6.4). The solution was titrated sequentially three more times
with 0.125 M HCI (6 uL) and CD measurements made in
between additions at resultant pHs = 5.9, 4.9, and 3.3.

Calculations

Calculations were performed at semi-empirical level
(PM3) or DFT (B3LYP-/6-31G(D), Spartan 2004) on a
Macintosh (G4 Motorola processor, 1.44 GHz, or iMac
(Intel Core2 Duo, 2.4 GHz processor).

RESULTS AND DISCUSSION

The marine sponge Phorbas amaranthus occurs in
waters of the Florida Keys and, less commonly, in the
Bahamas. Amaranzole A (10) was isolated from the polar
extracts P. amaranthus collected at Key Largo by exten-
sive gel filtration chromatography and final purification by
HPLC. The substitution pattern and stereochemistry of
the sterol core was assigned using conventional NMR
techniques, in particular analysis of the vicinal coupling
constants and the NOESY spectra. Compound 10 is the
first example of a steroidal imidazole natural product and
presented a unique challenge for stereochemical analysis.
The configuration of the remote C24-imidazolyl group in

Chirality DOI 10.1002/chir
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Fig. 2. (a) CD spectra of (A) amaranzole A (10), (B) compound 11,
and compound 12 (3:7 CH;CN/H,0, T = 23°C). (b) CD spectra of com-
pound 11 and 12 (CH3CN, T = 23°C). [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com.]

10 could not be assigned by standard methods, however,
the CD spectrum of 10 (MeOH, 22°C) showed rich infor-
mation that allowed configurational assignment by com-
parison with suitable model compounds 11 and 12.
Compound 11 was prepared in several steps from (R)-

(-)-2-amino-1-butanol.” The CD spectra of 10 and 11 were
originally reported in MeOH, however, the low-wavelength
CEs are less obscured in 3:7 CH3CN/H,0O as reported
here (Fig. 2a). Compound 11 displayed a weak positive
CE at ~256 nm (<0.2), a negative CE at 218 nm (A¢ —0.9)
and stronger positive effect (A 201 nm, A¢ +8.4) followed
by a strong negative CE (189 nm, Ac -6.4). Almost identi-
Chirality DOI 10.1002/chir

cal CEs were seen in amaranzole A (10), except the inten-
sity of the CE at A 201 nm was decreased (Ae +4.5); there-
fore we may assign a (24R)-configuration to 10. The weak
band at 256 nm was assigned to a weakly perturbed phe-
nol chromophore, however the pH-dependent UV spectra
suggested this chromophore was, at best, poorly conju-
gated to the imidazole group. Vicinal substitution of the
imidazole ring by the N-l-alkenyl group and C4-para-
hydroxyphenyl group gives rise to nonbonded interactions
that force the two rings out of planarity; a phenomenon
that is supported by molecular mechanics calculations
which reveal that the imidazole and benzene rings 11 are
skewed at an angle of ~77° (Fig. 3¢).%
Because of the limited solubility of 10 in solvents other
than MeOH, the analysis of the ECCD of allylic N-imida-
zoles were interpreted from measurements of 11 and 12

Et
0 hb
\)3\(1 O\G}/‘
Hp
(a)

Et
S B3
4N Ha
\)NY o 8 f"" \Me )
3 1

(b) OH

(c)

Fig. 3. Dominant conformation of (3R)-N-allylic heterocycles (a) (R)-

phthalimide 14 showing directions of n-n* electronic transition dipole
moments and helicity of chromophores (from Skowronek and Gawron-
ski'%) (b) (R)-N-allyl imidazole 11 and nOe (c) Force field minimized con-
formation of 11 (MMFF94, Spartan 2004). [Color figure can be viewed in
the online issue, which is available at www.interscience.wiley.com.]
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Fig. 4. pH-dependent CD spectra for compound 11 (30% CF3CH,OH +
H,0, 20 mM Na,HPO,/NaH,PO,), T = 23°C. [Color figure can
be viewed in the online issue, which is available at www.interscience.
wiley.com.]

in CH3CN and comparisons with 10. The electronic spec-
trum of the parent heterocycle, imidazole 13, has been
studied both experimentally and by quantitative MO meth-
ods.''2 Two short-wavelength transitions of moderate in-
tensity are seen in neutral aqueous solutions of 13 at L =
187 nm (¢ 4200) and 207 nm (L 4500); the former band is
blue shifted at pH = 2 (» = 178 nm).!? Solvent and pH de-
pendence of the CD spectrum of substituted imidazole chro-
mophores may be expected if these transitions participate in
ECCD, however, it was not clear from the outset how this
would influence the CD spectrum of 10 and 11. Despite
these uncertainties, the expected directionality of the transi-
tion dipole moments in 10 and 11 based upon examination
of HOMO and LUMO should roughly bisect C2 (imidazole
numbering) and the mid-point of C4-C5. The 1,1-disubsti-
tuted olefin n-n* transition of 10 and 11 lies at the edge of
our observation window, however its participation in ECCD
is readily evident in the CD spectrum of 11 (Fig. 2b) where
the strong negative short-wavelength component of the split
CE is observed (A 187 nm, A¢ —11). The latter effect is
absent in the CD spectrum of dihydro-derivative 12 (Com-
pound 12 was prepared by catalytic hydrogenation of 11
(5% Pd-C, H,, 1 atm)) where only shallow CEs remain from
weak asymmetric perturbations of the imidazole and phenol
chromophores (Apax 200 nm, Ae < -0.2; ~250 Ae +1.5, note
reversal of sign at ~250 nm, A¢ —2, compared to 11).
Analysis of the origin of the ECCD in 10 and 11 is
made difficult by conformational mobility of the N1-side
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chain on the imidazole ring, uncertainties of the conformer
populations about several rotors, including the C3—N,
C2—C3, and C3—C4 bonds, and direction of the transition
dipole polarization. However, early studies of allylic alco-
hol and amine derivatives provide some guidance. Naka-
nishi and coworkers demonstrated that the major confor-
mation of benzoates esters of secondary allylic alcohols is
well-defined and consistent for all members; the lowest
energy conformation is that which eclipses the allylic
methine H, by the C=C bond.”® The transition dipole
moment of the benzoate chromophore is oriented roughly
along the C—O bond and subtends a negative helicity in
(R)-benzoates of allylic secondary alcohols that gives rise
to a negative ECCD. In (S)-enantiomers, the sign of the
ECCD is reversed. Skowronek and Gawronski showed
that the phthalimides derived from simple (R)-allylic
amines (e.g. 14) also give rise to a negative ECCD that
arises from essentially the similar conformation (Fig. 3).*°
Similar trends were observed for 2-naphthamides of allylic
amines.'* In contrast, the sign of the ECCD in 10 and
(+)-(R)-11 is reversed; (R)-Allylic imidazoles 10 and 11
show a positive ECCD effect. The sign reversal implies ei-
ther the transition dipole moment vector of the imidazole
has changed direction with respect to the n-n* transition
of the C=C double bond, or the dominant conformation of
the molecules are different, or both.

The conformation of 11 was defined by nOe measure-
ments and calculations. Irradiation of the vinyl methyl
group in 11 gave rise to a significant nOe at H3, but no
nOe was observed between the vinyl proton signals and
H3, suggesting the major conformation is that depicted in

(b)

Fig. 5. Calculated frontier orbitals of imidazole (13) (a) HOMO (b)
LUMO (PM3 level, Spartan 2004) and approximate direction of electronic
transition dipole. [Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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Figure 3b. NOe was also observed from H3 to the ortho-
protons (H1’) on the phenyl ring of 11 consistent with a
conformation in which the H3 methine is syn to the phenyl
ring (Fig. 3b). The lowest energy conformation of 11 was
also calculated using molecular mechanics (Fig. 3,
MMFF94, Spartan 2004) and found to be entirely consist-
ent with the nOe results, although, other low-lying
rotamers may make minor contributions to the global con-
former distribution in 2 and 11.

To further characterize the ECCD of allylic imidazoles,
we carried out pH-dependent measurements of the CD
spectrum of 11 (Fig. 4). At neutral or alkaline pH, the CD
spectrum of 11 (30% CF;CH,OH: aqueous phosphate
buffer) were essentially the same, however, lowering the
pH lead to a progressive diminution of the positive CE at
A ~ 200 nm until, at pH = 3.3, the sign of the long-wave-
length CE was inverted (Ae¢ —8). Within the limits of exper-
imental error, it appeared that all CD spectra passed
through an isobestic point at L ~ 210 nm suggesting the
pH-dependency of the CD spectrum was associated with
reversible protonation of the imidazole ring. Grebow and
Hooker showed that the orientation of the transition dipole
moment of the neutral form of imidazole and protonated
imidazole are significantly different.'> A corresponding
change in transition dipole orientation in 10 and 11 upon
protonation of the imidazole nitrogen (Fig. 5) may be re-
sponsible for the significant pH-dependent CEs we
observe. We cannot exclude other factors such as small
changes in the Boltzman-weighted populations of confor-
mations upon protonation of the imidazole N, although
this seems unlikely, and the former explanation would
seem to prevail.

CONCLUSION

In conclusion, the structure elucidation and configura-
tional assignment of amaranzole A (10) has lead to the
discovery of a useful ECCD in allylic imidazoles. Both
components of the split CE are observable when the CD
spectra were recorded in acetonitrile. From the pH de-
pendency and solvent effects of the CD spectra of allylic
imidazoles, it appears that the ECCD is fully accounted by
coupling between the terminal C=C double bond and the
imidazole, with negligible electronic contributions from
the p-hydroxyphenyl group. The present study should find

Chirality DOI 10.1002/chir
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utility in assignment of minor congeners of amaranzole A
and possible extension to other allylic azoles (e.g. 1,2-pyr-
azole, 1,2 4-triazole and benzimidazole).
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