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We report and discuss the infrared (IR) vibrational circular dichroism (VCD) spectra of the enantiomeric
pairs of the olefin derivatives of fenchone (1,3,3-trimethyl-2-methylenebicyclo[2.2.1]heptane) and camphor
(1,7,7-trimethyl-2-methylenebicyclo[2.2.1]heptane), respectively, together with those of the parent molecules.
The VCD spectra were taken in three spectral regions: the mid-IR region, encompassing the fundamental
deformation modes, the region of CH-stretching fundamental modes and the NIR-region between 1100 and
1300 nm, which corresponds to the second CH-stretching overtone. The VCD and absorption spectra in the
first two regions are analyzed by use of current density functional theory (DFT) calculations. The NIR region
is analyzed by a protocol that consists of the use of DFT-based calculations and in assuming local mode
behavior: the local mode approach is found appropriate for interpreting the absorption spectra and, for the
moment, acceptable for calculating NHYCD spectra. The analysis of the first region allows us to track the
contribution of the &0 group in the vibrational optical activity of-€C stretching modes; notable differences

are indeed found in olefins and ketones. On the contrary, in the other two regions the VCD spectra of olefins
and ketones are more similar: in the normal mode region of CH stretching fundamentals the spectra are
determined by the mutual orientation of the CH bonds; in the second overtone local mode region olefins and

ketones signals show some differences.

I. Introduction methyl groups encoded in the octant rule. In a study prior to

. . the present on&the optical rotatory dispersion (ORD) curves
Fenchone (FEN) and camphor (CAM) are two optically active in the near UV for CAM and FEN were investigated together

ggggoggriztgi‘;;';\{izsbes& ot]:g; ztll;?)lesdhg\?vms%argaemi/r?tlg.reg:iiéwnh the corresponding curves of the olefin derivatives thereof
differences. Both compounds are bicyclic [2.2.1]heptanones of (1,7,7-trimethyl-2-methylenebicyclo[2.2.1]heptane and 1,3,3-

> o . trimethyl-2-methylenebicyclo[2.2.1]heptane, or 2-methylene-
natural origin with the same chemical raw formulao®:sO, camphor and 2-methylenefenchone for short, which we will

and both compounds are fairly rigid. Both enantiomers thereof genote as MECAM and MEFEN, respectively). By comparing

g[)eurf]?i:?]? ;;S’arrlltaigﬁrrgr ?g%%%‘::e agit":hgoéh tgﬁi tg:i%nmos ata of the olefins and ketones, as well as by critically examining
. P the computational method for calculating ORD, the role and

O o e o he nanomers Wi he S8 mportance of the - - tanstonal probabiie, and
Other ph sicocghemical roperties are different; notaI:F))Ip CAM consequently of the n ana" orbitals, was evaluated for the
phy prop ’ Y, ketones. From the same study we learn that the ORD curves at

s a solid up to 175°C, whereas FEN is a liquid at room high wavelengths for FEN and MEFEN are the same in sign,

ter_rr1r|c])er_aturet._ i f chiroptical ies of th q whereas they are opposite for CAM and MECAM. We infer
€ investigation of chiroptical Properties ot these COMPOUNTS w4t the conclusion in refs 4 and 5 on the perturbing effects of

has been conducted for a long tirhi&in particular, the analysis helical structures of rings in the vicinity of chromophores is

O]t the c:rculartd|chr|0|srr:1 (CD) spe'cttrtjrg Itrll th; rf1'e.at.r uv ]'cn te;mst" valid for the electronic states of the=@® group and not for the
of simple sector rules has necessitated the definition of “octant” .+t e—c groups.

and “anti-octant” contributions and the definition of curved nodal The present work is concerned with a VCD study of FEN,

1,3 inci i
planes.. A convincing analysis by Pulm et al,, based on Fh.G. CAM, MEFEN, and MECAM in three spectral ranges: the mid-
comparison of gas-phase CD data and state-of-the-art ab initio . 1 . .

. S - - IR region (906-1500 cn1?), the CH-stretching region (2860
calculations, allowed to pinpoint contributions from well-defined 1 . .
local moieties to the i 77* and n— 3s CD bandsin a counle 3000 cmY), and the second overtone region of the CH-stretching

P (1300-1100 nm= 7700-9100 cn1?). Related to the above

5 “ ;

of papﬁré the role of the .hell|cal arrangements of QH cited papers, we wish to use here VCD with the following two

groups* in the cyclopentanonic ring, which is enantiomeric in s . . . .
purposes: (i) to find out in which of the three spectroscopic

(1R)-fenchone and ®)-camphor, has been shown to be quite ; fth - ioned is th lici
special, in addition to the already known role of the substituent regions of the VeD spectrum just mentioned Is there an explicit
’ indication of the special role of the=€0 double bond; (ii) to

* Corresponding author. E-mail: abbate@med.unibs.it find out in which spectroscopic regions are there some VCD
TUnivergmdi Bgrescia_ ' ' ' o features common to MECAM and CAM or MEFEN and FEN
* Universitadella Basilicata. that indicate that vibrational optical activity is originated
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independently of &0/C=CH, functions. Previous important
studies of the VCD spectra of CAM and FEN have been
reported?8 as a matter of fact, ref 7 reports one of the first
examples of the application of the protocol devised by Stephens
and co-worker$,whereby on rigid molecules the use of VCD
experimental data combined with ab initio or DFT calculations
allows one to determine for the first time or to confirm the
molecular absolute configuration of rigid molecules. Due to the
success of the method, VCD has become an increasingly usefu
tool, after the pioneering work of several group&! As done

in ref 7, we have made DFT calculations using the GAUSSIAN-
03 packagé? In Chart 1 below, we report the chemical
structures of the (3-enantiomers of the four molecules under
study:

CHART 1

(1S)-FEN (1S)-CAM
2
1 3
6 4
5
(1S)-MEFEN (1S)-MECAM
CH, 2lCH2

II. Description of Experiments and Calculations

(a) Synthesis of the Olefin Derivatives of Fenchone and
Camphor. The enantiomers of FEN and CAM were bought
from Sigma-Aldrich and were used without further purification
in the spectroscopic experiments described below. The enanti-
omers of MEFEN and MECAM have been prepared as
previously reported.13 We wish to report here the values of
optical rotation (OR) at the sodium D-line measured at RT: for
(19-MEFEN, [o]p = +71 (c 1.05, hexane); for ®)-MEFEN,
[alp = —68 (c 1.08, hexane); for 3-MECAM, [a]p = +37
(c 0.96, hexane); for ®)-MECAM, [a]p —34 (c 1.03,
hexane). We recall from the Aldrich catalog that nea®){1
FEN has §Jp = —50.5, neat; (§-FEN has §Jp = +60, neat;
(1R)-CAM has [o]p = +44 (c 10, ethanol); and @-CAM has
[a]o = —43 (c 10, ethanol).

(b) VCD and Absorption Spectra: Mid-IR Region. The
spectra were taken on the following solutions: for both
enantiomers of FEN, 1.2 M/Cglfor both enantiomers of CAM,
1.2 M/CCly; for both enantiomers of MEFEN, 3 M/C&lfor
both enantiomers of MECAM, 3 M/CDgIThe solutions were
placed in 0.05 mm path length Ba€ells and the VCD spectra
were taken on a JASCO FVS4000 FTIR instrument equipped
with an MCT detector; 2000 scans were taken for both
enantiomers, with 4 crm resolution. VCD spectra were taken
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enantiomerd? The frequency range is between 900 and 1500
cm1, for all molecules except for MECAM (15620 cn1?l),
because the spectra for the latter compound were taken in
CDClz, which has an absorption band at ca. 900 &nThe
ordinate axes are i and Ae for absorption and VCD,
respectively.

(c) VCD and Absorption Spectra: CH-Stretching Region.
The spectra were taken on the following solutions: for both
knantiomers of FEN, 0.3 M/Cglfor both enantiomers of CAM,
0.4 M/CCl; for both enantiomers of MEFEN, 0.3 M/CgFor
both enantiomers of MECAM, 0.33 M/CD&IThe solutions
were placed in 0.05 mm path length Bagells and the VCD
spectra were taken on a JASCO FVS4000 FTIR instrument
equipped with an InSb detector; 10 000 scans were taken for
both enantiomers, with 8 crhresolution. In Figure 3 we report
the absorption and VCD spectra of FEN and MEFEN, together
with the results of the calculations discussed below. In Figure
4 we report the absorption and VCD spectra of CAM and
MECAM, together with the results of the calculations discussed
below. As for the mid-IR region, the reported VCD spectra are
obtained from the averages of the VCD spectraR)f and Q-
enantiomers; i.e., they are obtained fro®) (¢ (R))/2.1* In all
cases the frequency range is between 2800 and 3058 Gitme
ordinate axes are i and Ae for absorption and VCD,
respectively.

(d) VCD and Absorption Spectra: NIR Region.In Figure
5 we give the NIR absorption and NHR/CD spectra in the
region 1106-1300 nm of both enantiomers of FEN, CAM,
MEFEN, and MECAM,; the reported VCD spectra are presented
as superimposed, but we give the absorption spectrum of just
one enantiomer. The NlRVCD spectra in the second overtone
region (1306-1100 nm) of both enantiomers of FEN, and of
both enantiomers of CAM were first reported in refs 15 and
16, where our homemade experimental dispersive apparatus and
the procedure to obtain NRRVCD spectra are described; we
show them here for completeness. Both enantiomers of FEN
were used as neat liquids (ca. 6.23 M) in 5 mm path length
quartz cells; both enantiomers of CAM were measured on a
2.6 M solution of CCJin 5 mm quartz cells. The enantiomers
of MEFEN were treated similarly to those of FEN; namely,
they were used neat in 5 mm quartz cells (to evalaardAc
the density of fenchone has been assumed); the enantiomers of
MECAM were dissolved in CGlwith 2.8 ardl 3 M concentration
for the two enantiomers @ and (RR), respectively, and NIR
VCD spectra were taken in 5 mm quartz cells.

The procedure followed to take NHR/CD spectra is
described in ref 16, and succinctly, we may say that it consists
of taking a number of CD spectra from 2 to 4, subtracting out
polarization artifacts that vary with varying absorbance, as
obtained by measuring spectra with the sample cell placed
between the linear polarizer and the photoelastic modulator, and
by finally dividing by the dc signal, which is provided by our
apparatus. Notice that CAM NHRVCD spectrum compares
well with the FTNIR-VCD result obtained by Cao et 4.

(e) Calculations.As mentioned above, ab initio/DFT calcula-
tions have been used to get an interpretation of the experimental

for both enantiomers, and mirror image appearance was obtainedesults presented in Figures—%. We have employed the

for them. In Figure 1 we report the absorption and VCD spectra
of FEN and MEFEN, together with the results of the calculations
discussed below. In Figure 2 we report the absorption and VCD
spectra of CAM and MECAM, together with the results of the

GAUSSIANOS platformi2and a JASCO FVS4000 software that
allows easy comparison of experiment and calculations. For the
mid-IR and CH-stretching regionse worked as suggested in
the literature and in particular as already done for FEN and

calculations discussed below. In all cases the reported VCD dataCAM.” We tried the functionals/basis sets B3LYP/6-31G** and

are one-half the difference of the two VCD spectra of enantiomer
(9 and R) and are thus to be associated with th&){1

B3PW91/TZVP. Comparable results were obtained for the two
cases except for a quite characteristic negative VCD doublet
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Figure 1. Experimental and calculated absorption and VCD spectra in the mid-IREBQ0 cnt?) of (19)-fenchone (FEN) (left) and of @-
2-methylenefenchone (MEFEN) (right). The experimental VCD spectra are obtained from the VCD sped®eevig(itiomer and @-enantiomer,

as explained in the text. The calculated absorption and VCD spectra are obtained from calculated frequencies, dipole strengths, and rotational
strengths (B3PW91/TZVP), by assigning a Lorentzian shape to bands of 4-8viHH. The numbering on the calculated spectra indicates normal
modes illustrated in Table 1.

observed in FEN at ca. 1000 ctn For this reason we report isolated CH-stretchings: these values represent the local modes
just the results for B3PW91/TZVP: in Table 1 we give the atAv = 1. We transfer them ta.v = 3 as follows. The values
calculated frequencies, dipole strengths, rotational strengths, andbf D andR are used as they are: this means that the relative
a rough mode description for the vibrational normal modes in values ofD andR for then local mode transitions are assumed
the mid-IR of the four molecules as deduced from GAUSS- to be the same in thAv = 1 as in theAv = 3 (and further)
VIEW.12 The numbering of Table 1 is then used to label the region. ForD this is seen approximately to be the case, as of
calculated features of Figures 1 and 2, where we give the local mode intensity studié8;?2 for Rthis is a mere assumption.
calculated results in graphical terms, by assigning a Lorentzian Finally, we evaluate theo 3 values in theAv = 3 region from
shape to the calculated bands of given center-frequency andthe Birge-Sponer relatioi?20

dipole (rotational) strenghts witlr = 4 cnrl, without any

scaling factor, and we superimpose the calculated spectra to Wy 3= S(wh ) /4

experimental ones, to facilitate comparison. In Table 2 we give

the corresponding results of the calculations in the CH-stretching wherew" is the harmonic frequency ands the anharmonicity
region; analogously to what was done in the mid-IR region; constant. In ref 16»" were assumed to coincide with the ab
we also produce the graphical representation of the calculations,initio calculated values faio, and a value foy = 70 cnt? for

by assigning Lorentzian band shapes witk= 8 cm ! to each all CH bonds was taken; an excellent almost quantitative
calculated feature and superimpose the calculated absorptiorprediction of the experimental absorption spectrum was obtained
and VCD spectra to experimental ones in Figures 3 and 4, and an almost acceptable qualitative interpretation of the VCD
shifting the frequencies by 134 crh this is provided by the spectrum was achieved. The same procedure was followed, with
software of JASCO FVS 4000 and has the same effect as an acsimilar success for- and -pinenes? In the present case
hoc multiplicative factor that is currently uséé* For theNIR though, we recognize that the chosen absolute valug fer
region B3LYP/6-31G** calculations have been done, following somewhat high as compared to the experimental values of the
a procedure already used in ref 16. The basic assumption isliterature for cycli@* and noncyclic ketone®, as well as for
that in the considered spectral region, corresponding tathe  cyclic hydrocarbons such as cyclohex&fh@deed a valug =

= 3 overtones of CH-stretchings, only local modes are 65 cnT! seems more adequate for these compounds and we
present®18 For this reason we have performed = 16 have taken here this value for the present work. For the same
calculations for FEN and CAM, and = 18 calculations for reason we took = 55 cnt? for the olefin CHs, as of the studies
MEFEN and MECAM, wherebyr( — 1) hydrogen atoms are  of propylene?® butene% and cycloakyned’ In the latter triad

°H isotopes and one is % isotope. Out of these calculations  of papers®>2 the valuesy = 60 cnt! are deduced for methyl

we taken values for the calculated harmonic frequenaiges CHs or non olefin CHs close to the=€C double bond: such a

for the dipole strengthB, and for the rotational strengtffisof value was used for the two CH bonds in posit®im MECAM.
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Figure 2. Experimental and calculated absorption and VCD spectra in the mid-IRHBBE0 cn?) of (1S)-camphor (CAM) (left) and of ($)-
2-methylenecamphor (MECAM) (right). The experimental VCD spectra are obtained from the VCD specRaafghtiomer and @-enantiomer,

as explained in the text. The calculated absorption and VCD spectra are obtained from calculated frequencies, dipole strengths, and rotational
strengths (B3PW91/TZVP), by assigning a Lorentzian shape to bands of YHWHH.

The results are summarized in Table/3v@lues are obtained (i) The largest differences in this respect are noticed in the
from wo—3 in the above Birge Sponer equation). In Figure 6  group of two bands observed in absorption spectra of FEN and
we report the graphical representation of the results for t8e (1  CAM just above 1000 crrt, which are not observed in MEFEN
enantiomers, where each one of the n transitions is representednd MECAM. To those intense absorption bands there cor-
by a Lorentzian band centered at the calculdtedlue, with respond large experimental intense VCD features in FEN and
integrated area equal to eithBror |R|, and withy = 10 nm CAM, whereas correspondingly VCD features in MEFEN and
for all transitions. The calculated spectra are the superpositionsSMECAM are quite weak. On the other extreme frequency side
of these Lorentzian traces. The results are presented in the samef absorption and VCD spectra, at ca. 1450 &nthe behavior
order as done in Figure 5 for the experimental results, namely, of MEFEN and FEN and of MECAM and CAM is more similar.

in the top left square we have the result foBFEN, in the The analysis of normal modes in Table 1 and Figures 1 and 2
top right one those for @-CAM, in the bottom left one those  allows one to get some clue onto understanding the reason for
for (19-MEFEN, in the bottom right one those for it these intensity differences. It is indeed observed that features

MECAM. 31 and 32, which are the particularly intense lines just mentioned
_ ) for FEN and CAM, are due to CC-stretchings close to tlre C
1. Discussion of the Results O bond; the corresponding modes in MEFEN and MECAM

The study of all three investigated regions allows one to get aré for CC-stretchings close to the=CH, group: they have
useful information about the absolute configuration of the Similar frequencies and they are rather weak. On the contrary,
molecules and/or the role played by chemical groups within the features at ca. 1450 cfnare due to HCH bendings and are
the molecules. Below we discuss the three regions in order of 1€ss influenced by the nearby=© or G=CH; group, resulting
increasing frequency. in more similar spectra in the olefins and I_<etones. The strong

(a) Mid-IR Region. In this region and for this type of rigid  influence of the oxygen atom on the absorption and VCD spectra
molecules the comparison of DFT and experimental data is IS not just typical of the €O group but is also observed for
expected to be quite satisfactory for both absorption and VCD the endeCOH group in bornedf and fenchyl alcohot? the
spectrd,® This is indeed the case even for MEFEN and Same phenomenon is also observed in sugar molecules, expe-
MECAM that, to our knowledge, had not been investigated Cially in a-anomers of aldohexoses, where a group of VCD
previously. From the comparison of the results of FEN and features between 1000 and 1100¢mas been suggested to
MEFEN and CAM and MECAM, we may notice a few Mmonitor the anomeric statd&3*
interesting facts, which are explained on the basis of the (b) CH-Stretching Region. The most interesting feature of
calculations. this region is that, overall, the VCD spectrum of FEN is opposite

(i) The intensities, both in absorption and in VCD, are to that of CAM for the same absolute configuration of the
generally larger for FEN than for MEFEN and for CAM than stereogenic carbon atom 1. Here we can add further facts that
for MECAM; may allow some general use of the VCD data in the CH-
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Figure 3. Experimental and calculated absorption and VCD spectra in the IR range of CH-stretching fundamentat8@800én?) of (19)-

fenchone (FEN) (left) and of @-2-methylenefenchone (MEFEN) (right). The experimental VCD spectra are obtained from the VCD spectra of
(1R)- enantiomer and @-enantiomer, as explained in the text. The calculated absorption and VCD spectra are obtained from calculated frequencies,
dipole strengths, and rotational strengths (B3PW91/TZVP), by assigning a Lorentzian shape to bands'dfi@/ethl; spectra have been shifted

by 134 cm® (see text). Bars superimposed to the calculated spectra are located at calculated frequencies and are proportional to calculated dipole
and rotational strengths.

stretching region for [2.2.1] bicyclic molecules. First, from in the region of CH-antisymmetric stretching normal modes
Figures 3 and 4 one may also see that, to a first approximation, (see Figures 3 and 4). However, it is not possible to assign the
the same is true for MEFEN and MECAM. Indeed, although individual bands in the calculated triplets to well-defined
in (19-FEN one has a clear triplet of VCD bands with delocalized CHor CH; antisymmetric normal modes. Indeed,

alternating signs—,+,—) at ca. 2980, 2965, and 2955 cth
respectively, followed by a broad-{-VCD feature at ca2900
cm?, in (19-CAM one has a VCD-triplet£, —, +) at ca.
2980, 2960, and 2945 crh followed by a broad {)-VCD

feature at ca. 2900 cmh (see Figures 3 and 4). At the same

time for (19-MEFEN one has a-, +, —)-VCD triplet at ca.

we observe that the VCD and absorption bands are superposi-
tions of several features (sometimes of different signs); in trying
to sort out the major contributions to the VCD bands from Table
2, we may say that, starting from the high-frequency side, we
have the following group contributions (the numbering refers
to the current IUPAC numbering of molecules, presented in

2975, 2965, and 2950 crh (the last negative feature is rather Chart 1):
weak) followed by a ) broad VCD band at 2900 cr. In
(19-MECAM one has a+, —, +) VCD triplet at 2980, 2960, FEN and MEFEN CAM and MECAM
and 2940 cm! followed by a broad £)-VCD feature at ca. VCD band of—sign ca. 2980 cmt of + sign
2900 cnrt (the highest frequency feature is here the less intense groups involved 3 T
one). Second, the calculated spectra, even though not perfect,VCD band off sign  ca. 2960 crrt of = sign

. . . . groupsinvolved 1,3,7 1,5,6
are in fair agreement with the experimental data and are, to a ycp pand of— sign of + sign
certain extent, useful to draw some conclusions. The calculated groups involved 4, 5, 6 ca. 2950 cin 4,56

VCD bands are consistent with the observed features at high

frequencies, whereas below 2900 ¢nthe matching of experi-

stretching symmetric normal modéshat are calculated in the

of theory and experiment is consequently much better. Triplets

According to these attributions, we conclude and propose that
ment and theory is less convincing, even for absorption data; the VCD in FEN/MEFEN being opposite to that in CAM/
indeed, there is more than a suspect here that the anharmonid/ECAM is not by chance and is due to the fact that the moiety
phenomenon of Fermi resonance (FR) is perturbing the-CH CHy(6)CHy(5)[C*H(4)]CH2(7)(CHs)2(3) generating the largest
part of the ¢, +, —) triplet in FEN/MEFEN is approximately
lowest part of the CH-stretching region (see Table 2). Account- enantiomeric to the moiety CKB)CHy(5)[C*H(4)]CH2(3)-

ing for FR is beyond the level of calculations of current (CHas)2(7) that generates thet( —, +) VCD triplet in CAM/
computational facilities for VCD:'?2 The CH-antisymmetric

MECAM. C*H(4) contributes significantly just to the pair CAM
stretching normal modes, whose frequencies have higher valuesand MECAM and for that reason we have reported it in brackets
than those of the CHstretching symmetric normal modes, are (see Chart 2). (Also Ckf1) seems to contribute a little, but we
unaffected by FR for local symmetry reasons and the matching exclude it for the time being.)

The mirror-image appearance of VCD spectra of FEN/

of calculated VCD bands of alternating signs are indeed found MEFEN and CAM/MECAM, being related to the spatial
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Figure 4. Experimental and calculated absorption and VCD spectra in the IR range of CH-stretching fundamentat8@800én?) of (19)-

camphor (CAM) (left) and of ($)-2-methylenecamphor (MECAM) (right). The experimental VCD spectra are obtained from the VCD spectra of
(1R)- enantiomer and @-enantiomer, as explained in the text. The calculated absorption and VCD spectra are obtained from calculated frequencies,
dipole strengths, and rotational strengths (B3PW91/TZVP), by assigning a Lorentzian shape to bands'dfi@/ethl; spectra have been shifted

by 134 cm! (see text). Bars superimposed to the calculated spectra are located at calculated frequencies and are proportional to calculated dipole

and rotational strengths.
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arrangement of local moieties in the molecules, is reminiscent
of the explanation of electronic CD data recalled in the
introduction of this paper but does not have to do with tkeCC
group, which in refs 4 and 5 was important. The generation of
VCD is here due to a moiety formed by GHC*H—(CHa)»
groups arranged in a chiral manner, most probably interacting
like vibrational excitons, as was proposed a long time ago for
the chiral CHCH,C*H fragment found in some twenty mono-
ring molecule$333 For this reason we feel confident to find
similar behavior in similar molecules: indeed, ir§fdborneol
we find the same behavior as ing1CAM and in (IR)-fenchyl
alcohol as in (R)-FEN2° Other examples of well defined [2.2.1]
bicyclic molecules had been studied jointly by Moscowitz,
Lightner and Pultz in 1982

(c) NIR Region. If one compares the results of Figure 6 with
those of Figure 5, one can still maintain the general judgment
drawn in the conclusions of ref 16, namely the prediction of

the absorption spectra by the proposed method is quite good,
as far as the general shape is concerned, and the calculation o
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Figure 5. Experimental absorption and VCD spectra in the NIR
1300-1100 nm) of (B)-fenchone (FEN) and g)-fenchone (top left),
f (19-camphor (CAM) and (R)-camphor (top right), of (9-2-

the VCD overtone spectrum is acceptable for the time being. methylenefenchone (MEFEN) andR)k2-methylenefenchone (bottom

Let us now first get to a more detailed examination of KiR-
absorption spectra the main feature for CAM and MECAM

left), and of (19-2-methylenecamphor (MECAM) and RJ-2-meth-
ylenecamphor (bottom right). For experimental details, see text.
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TABLE 1: Calculated Frequenciesw (cm™1), Dipole StrengthsD (1074° est? cm?), Rotational Strengths R (10-44 est? cm?) and
Mode Assignments for Fenchone, Methylenefenchone, Camphor, and Methylenecamphor in the Region 16@00 cmt2

no. w D R assignment no. w D R assignment
Fenchone
58 1522.96 22.00 —7.53 3, 5b, 6b 40 1245.23 9.49 -0.51 C2-C3
57 1505.97 32.22 —6.55 3,6b, 7b 39 1234.37 7.89 —12.24 C3-C4
56 1498.46 29.40 5.77 3, 5b, 6b, 7b 38 1216.38 1.19 1.56 ?
55 1494.81 5.01 0.58 1, 3,5hb,6b, 7b 37 1187.92 6.93 23.17 ?
54 1491.04 19.32 -—14.55 1,3, 7b 36 1174.56 7.25 1.86 ?
53 1487.23 24.34 0.47 1, 3,5b,6b, 7b 35 1133.56 7.50 6.19 ?
52 1481.97 6.54 —0.78 1 34 1120.26 19.68 11.18 4, 5t, 6t, 7t
51 1477.42 5.92 0.69 3, 5b, 6b 33 1084.53 5.07 6.19 1, 4, 5t, 6t, 7t
50 1473.05 3.13 0.88 3 32 1034.8 60.25 69.08 ?
49 1408.43 21.52 —7.31 1,3 31 1027.59 108.57 —54.32 cz2-C1
48 1407.38 31.85 2.61 1,3 30 1009.55 18.53 —37.84 ?
47 1384.13 19.96 —4.25 3 29 1000.49 20.00 —1.76 ?
46 1358.03 548 —12.36 CLHCH3 28 966.958 16.76  —1.99 C5-C6
45 1339.67 9.06 12.85 4 27 958.331 0.92 2.35 3
44 1312.5 17.91 —10.03 5r 26 954.577 34.36 17.34 €4
43 1290.34 8.93 —1.00 4, 6t, 7t 25 937.937 47.83 —30.34 ?
42 1269.08 1.32 1.15 4, 5t, 6t, 7r 24 901.121 2.98 14.05 ?
41 1260.47 6.03 2.35 Tr
Camphor

58 1525.09 18.29 1.56 5b, 7 40 1245.09 5.13 —-1.71 5t, 6r
57 1510.96 18.80 —13.51 6b, 7 39 1220.29 13.09 2.91 3t, 4, 5w, 6t
56 1507.20 1.00 —0.95 5b,7,1 38 1214.54 2.44 4.66 3r, 4, 5t
55 1494.90 12.63 —0.75 5b, 6b, 7,1 37 1186.97 10.33 —17.41 C-C (?) stretch 3t, 4, 5t, 6t
54 1490.70 14.60 —4.54 5b, 6b, 7,1 36 1169.91 2.91 6.33 5t, 6w
53 1484.18 19.19 —4.20 5b, 6b, 7,1 35 1146.54 3.88 —7.87 3t
52 1478.86 17.51 1.23 3b,5b,7,1 34 1111.08 18.78 591 3t, 5t, 6t
51 1475.08 7.74 0.66 5b, 6b, 7,1 33 1096.02 7.40 —0.26 3t, 5t, 6t
50 1448.38 38.59 471 3b 32 1058.18 124.29 38.44 —C2stretch, 5t, 6t
49 1417.24 37.94 8.97 7,1 31 1036.85 43.20 14.77 ?
48 1402.65 20.86 —-4.15 1 30 1028.04 548 —9.33 4,7
47 1396.48 26.60 1.26 7 29 1002.34 1.76 3.54 7
46 1348.27 21.23 —10.58 C1-CHa3 stretch, 6r 28 967.02 14.10 11.44 4,-856
45 1327.28 5.81 5.33 5r, 4 27 955.90 3.60 4.00 7
44 1322.73 4.09 7.08 5t, 4, 3r 26 951.44 10.39 —13.03 4,C5-C6
43 1300.04 32.10 1.37 ? 25 937.13 8.06 —25.55 3w
42 1272.55 10.30 —28.78 3t, 5t, 6t, 4 24 924.82 451 12.02 a7
41 1264.49 0.68 —4.25 3r,4,5

Methylenefenchone
62 1520.89 12.47 —6.11 3, 5b, 6b, 7b 43 1248.6 3.37 -0.25 4, 5t, 6r, 7t
61 1503.17 31.78 1.22 3,6b,1 42 1228.17 8.27 —7.98 4, 5t, 6t, 7t
60 1498.24 9.90 —9.95 1,3 41 1211.06 249 —7.19 ?
59 1495.45 17.14 8.55 1,3,5b 40 1198.6 4.28 3.51 ?
58 1491.07 17.72 —5.88 1,3, 7b 39 1177.64 12.29 25.10 ?
57 1484.61 19.69 0.19 1 38 1151.44 12.69 —4.15 ?
56 1483.17 5.22 1.75 6b 37 1127.39 22.17 7.25=CH2 w
55 1475.25 2.61 —0.74 3,5b 36 1116.2 13.39 —17.44 ?
54 1473.85 0.80 0.18 1,7b 35 1086.12 6.75 —11.96 7t
53 1437.01 28.57 —-1.17 =CH2b 34 1032.66 1.71 10.02 ck6
52 1405.52 19.53 0.73 3 33 1009.78 495 -9.17 ?
51 1403.34 19.91 0.41 1 32 1005.27 0.25 —-0.83 3
50 1384.83 25.44 —2.93 3 31 974.71 4.32 4.86 €&6, 7w, 1
49 1354.46 6.57 —6.59 CL-CH3, 6r, 7r 30 963.44 442 —4.62 C7C4
48 1337.35 2.50 7.34 4 29 952.27 3.40 11.70 ?
47 1314.7 2.45 —-1.57 5r 28 944.74 4.78 0.09 ?
46 1288.85 1.09 —4.80 4 27 916.13 793 —8.90 C7C4,C4-C5
45 1266.9 0.52 2.68 4, 5t, 6t 26 907.46 142.75 9.74 2r
44 1257.83 2.30 3.41 6r, 7r

Methylenecamphor
62 1520.15 11.54 4.22 7, 3b, 5b, 6b 43 1250.79 0.81 —0.81 5t, 6t
61 1509.86 26.34 —13.48 7,5b, 6b 42 1224.56 12.89 0.79 3t, 6t,7
60 1504.67 2.06 —-0.23 7,5b,1 41 1212.63 1.12 -3.08 ?
59 1502.8 4.22 —1.78 7,1 40 1194.4 1.59 —1.27 ?
58 1491.26 10.53 —2.51 7, 3b, 5b, 6b, 1 39 1176.12 852 —7.31 ?
57 1488.22 22.63 11.17 7, 3b, 5b, 6b, 1 38 1159 12.15 —1.25 ?
56 1483.4 26.78 4.48 7, 3b, 5b, 6b, 1 37 1146.98 12.17 213 —-G3
55 1476.32 6.01 0.78 7,3b, 6b, 1 36 1119.11 7.04—11.03 3t,4,5,6
54 1470.04 8.66 1.57 7, 3b, 5b, 6b 35 1095.55 10.94 23.91 ?
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TABLE 1 (Continued)

no. w D R assignment no. w D R assignment
Methylenecamphor (Cont'd)

53 1435.49 12.68 —-3.16 =CH2b 34 1042.42 1.56 2.35 3w, 4, 5r

52 1415.21 40.74 2.78 7,1 33 1032.08 2.35 —5.39 4, 3r, 5w, 6t

51 1400.2 19.22 —-0.43 1 32 1003.01 0.54 2.51 7

50 1394.99 21.92 1.67 7 31 971.23 4.90 1.56 —CB

49 1347.16 7.70 —11.48 6r 30 962.52 1.52 -3.17 7, 1w, 5t, 6w

48 1328.95 3.85 —4.25 5r 29 955.71 8.21 0.59 7

47 1320.82 0.02 —-0.78 4 28 947.12 11.17 —20.29 ?

46 1303.79 2.78 0.30 3,5,6 27 927.51 2.94 3.29 —C2

45 1275.69 2.89 —4.08 3r,5,6 26 925.34 3.27 8.31 €2

44 1268.81 1.46 3.83 3r 25 902.2 149.90 7.65 =CH2r

aDFT calculations performed by Gaussian 03 (see text). Numbers in the assignment lists refer to chemical groups; letters have the following
meanings: b= bend; r=rock; t= twist; w = wag. Single numbers correspond either to;@Fbups or to CHgroups where a single H is moving;
modes without a dominant motion, i.e., modes whose energy is spread out over the whole molecule are denoted by a question mark. The first
column is the numbering proposed by GAUSSIAN ordered by increasing frequency.

TABLE 2: Calculated Frequenciese (cm™1), Dipole StrengthsD (1074° est? cm?), Rotational Strengths R (1044 est? cm?) and
Mode Assignments for Fenchone, Methylenefenchone, Camphor, and Methylenecamphor in the Region 362800 cnr!2

no. w D R assignment no. w D R assignment
Fenchone

75 3131.126 25.2676 —4.7633 3 67 3096.18 18.2971 —26.9933 4,5, 6a

74 3127.432 36.7297 —14.0368 3 66 3092.569 46.202 12.7109 4

73 3119.525 45.4629 —14.6269 ba 65 3066.179 47.0876 31.7381 5s

72 3118.725 19.7255 3.3974 1 64 3056.885 37.3725 —9.1429 7s

71 3115.938 42.6515 105.77 3 63 3052.088 38.7663 —20.8639 6s

70 3113.861 16.402 —60.9262 3 62 3040.91 33.7208 0.3148 3

69 3110.969 23.8162 25.7066 1 61 3037.962 35.7346 2.1629 1

68 3107.541 13.0514  —38.0749 7a 60 3037.045 25.1997 5.3486 3

Camphor

75 3134.114 31.6823 4.6737 7 67 3097.192 7.7953 23.9967 4, 5a, 6a

74 3122.071 25.7027 —7.5398 7,3a 66 3092.994 36.5346 4.3387 4

73 3119.041 21.4172 —7.9829 1 65 3069.14 41.2331 —22.6157 4,5s, 6s

72 3116.126 73.6898 41.7325 1, 5a, 6a 64 3066.629 16.8975 5.253 3s

71 3114.732 12.0925 —56.2801 1, 5a, 6a 63 3059.582 33.9331 3.155 5s, 6s

70 3108.639 5.9482 —7.9682 3a 62 3041.951 45.6951 11.6851 1,7

69 3104.868 58.2208 6.8924 7 61 3039.347 28.6078 —14.7601 1,7

68 3099.024 6.3434 0.3681 7 60 3035.648 19.7342 1.1865 7
Methylenefenchone

81 3218.929 14.9658 1.1988 =CH2a 72 3099.732 21.7743 12.0434 1

80 3139.234 13.8016 —1.6907 =CH2s 71 3096.174 6.5238 —16.7144 5, 6a

79 3128.157 27.8695 —7.9571 3 70 3088.884 56.9678 11.4413 4

78 3124.668 42.4571 —14.9159 3,7 69 3061.939 63.2207 32.4768 5s

77 3117.606 56.1237 16.1391 5a, 6a 68 3052.078 41.7452—-18.0624 7s

76 3110.175 62.8804 99.8818 1,3, 7a 67 3045.153 45.8508 —9.1528 6s

75 3107.255 7.5456 —23.9353 1 66 3034.285 49.5896 —0.6072 7s

74 3104.466 47.7314  —89.8024 3 65 3030.244 33.8236 10.3184 1s

73 3100.05 18.5945 10.1325 3 64 3030.078 26.3635 —8.1585 7
Methylenecamphor

81 3220.243 13.6053 0.115 =CH2 a 72 3093.927 12.7454 —3.0897 3a, 4, 5a, 6a

80 3138.286 14.2617 —-1.2114 =CH2s 71 3088.969 28.7128 80.5896 3a, 4, 5a

79 3130.334 31.4474 4.6977 7 70 3087.517 39.5356 —60.6026 3a,4

78 3127.576 31.5507 —5.9336 7 69 3061.559 51.647 —27.7792 5s, 6s

77 3111.336 38.6301 52.9576 1 68 3051.788 42.7662 16.1363 5s, 6s

76 3109.483 65.1179 —76.3836 1, 5a, 6a 67 3051.02 28.302 7.9751 3s

75 3102.299 19.6114 —2.896 1,7 66 3038.885 62.7222 —5.8408 1.7

74 3099.271 73.583 5.6968 1,7 65 3033.812 25.6064 1.9926 1,7

73 3094.43 2.9688 17.2715 7 64 3032.98 22,5756 —1.6233 1,7

aDFT calculations performed by Gaussian 03 (see text). Numbers in the assignment lists refer to chemical groups; letters have the following
meanings: s= symmetric; a= antisymmetric. These labels are attached solely te @blups and describe the relative motion of the atoms within
the group. The symbetCH; stands for the olefin group. Single labels correspond tg @idups (the motion being a stretch in all cases). The first
column is the numbering proposed by GAUSSIAN ordered by increasing frequency.

is a quite narrow, slightly asymmetric band observed at ca. 1190to be close to experimental values, as discussed above. The
nm. The calculations are in line with these results, except that evident weak band observed for all camphors at ca. 1140 nm is
the narrow main absorption band is calculated 10 nm lower than not calculated in our model, which allows for the existence of
experimental, i.e., at ca. 1180 nm: this is due to the chosenjust (3, 0) local modes. It is then attributed to (2, 1) combina-
values for the anharmonicity constantswhich are assumed tions, because, by assuming = 3080 cn1? (see Table 3) and
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TABLE 3: Calculated Anharmonic Wavelengths 4 (nm) for the Av = 3 Region, Harmonic Frequenciesw (cm~1), Dipole
Strengths D (107%° est? cm?) and Rotational StrengthsR (10—44 esd cm?) for FEN, MEFEN, CAM, MECAM &

fenchone methylenefenchone camphor methylenecamphor
group 4 w D R group 4 1) D R group 1 w D R group 4 w D R

6 11849 3073.1 34.8-3.66 6 1189.5 3062.2 50.6-7.88 7 11829 3077.8 36.8 0.95 6 1185.7 3071.4 443 0.30

7 1183.1 3077.4 40.3-4.64 7 1185.9 3070.8 515 1.11 7 1181.7 3080.9 35.B.58 7 1183.7 3076.1 41.77.51

5 11829 3077.8 447 6.11 3 1185.6 30714 43644 6 1181.2 3082.1 28 418 7 1183.4 3076.7 40.5 041

3 1180.8 3083.0 34.1-6.1 5 1185.5 3071.7 51.8 567 5 1179.6 3085.8 438.12 7 1181.5 3081.3 35.9-6.36

3 1180.4 30839 348 191 3 1184.6 3073.8 48.1 018 6 1179.3 3086.5 30.82 5 1181.4 3081.4 48.1-3.64

6 1180.3 3084.2 27.2-3.63 1 1182.0 3080.1 30.8 8.70 7 1178.6 3088.2 3%6.59 7 1181.3 3081.7 36.4 9.46

1 1179.0 3087.3 36.1-0.18 1 1180.1 3084.7 38.0-1.68 3 1178.2 3089.1 17.6-6.68 1 1181.2 3081.9 314 7.79

4 1177.5 3090.8 47.3-1.12 4 1179.1 3086.9 54.7 1.06 7 1177.9 3089.9 30.6 6.21 5 1179.4 3086.3 4728

1 11755 3095.6 28.4-4.1 6 1177.8 3090.1 30.5 1.06 1 1177.7 3090.3 36:3.06 3 1179.2 3066.8 36.1-6.11

7 11746 3097.9 352 3.09 3 1177.1 3091.8 31.7 839 4 1177.0 3092.0 47.65 4 1178.8 3087.7 56.4 1.36

1 11721 31039 194 402 1 1176.9 3092.2 30-3.87 3 1176.6 30929 135 586 1 1178.3 3088.9 32.3.87

3 1170.3 3108.2 20.9-7.87 3 1175.2 3096.5 30.+-6.52 5 1176.2 3093.9 39.6-5.62 3 1177.8 3070.1 30.2 14.90

3 11701 3108.7 199 7.18 7 1173.1 31014 375 016 1 11745 3098.2 2588 1 1177.0 3092.0 27.6-5.30

3 1168.9 3111.6 29.7 0.63 5 1169.3 31108 37.8 255 1 11718 3104.6 19.1 343 6 11759 3094.6 339 2.73

3 1168.1 3113.7 29.1 4.63 3 1168.9 3111.6 299 054 7 1168.9 31116 252 0.66 7 1163.4 3125.0 22.6 0.66

5 1167.9 31142 347 236 3 1167.5 3115.0 28.7 4.02 7 1161.7 3129.2 282 093 7 1161.8 3129.2 298 2.84
=CH 1124.2 31849 169 0.75 =CH, 1124.8 3183.5 19.7 0.09
=CH 1120.0 3196.2 14.7 1.27 =CH, 1119.5 31975 131 0.34

a|n the first column for each molecule we provide the number of the groups to which the local CH-stretching belongs. The olefin CHs are
indicated as=CH.

for FEN and MEFEN; expecially for MEFEN the main observed
absorption peak should rather be called a doublet at 1195 and
1185 nm, which are matched by calculations, except that the
prediction is again for generally lower wavelengths, the
calculatedyo being “too harmonic” or the chosen anharmonicity
oo 1200 L 120 1300 constant being a bit too low. The rest of the features is attributed
" " in the same way as in the case of camphor compounds (see
¢ (1S)-FEN Figures 5 and 6). In both cases the shape of the absorption
spectra is also determined by calculated dipole strengths which
may evidently be considered acceptable. This means that
probably for hydrogen atoms the electrical anharmonic terms
s © beyond the APT’s are dependent on the chemical environment
" o e - - in a similar way as the APTs themselves (see, e.g., ref 21).
Let us now come to the discussion of tReR—VCD results
and let us say at the beginning that here the comparison of
(1S)-MEFEN (1S)-MECAM . . . . .
100 _ experiments and calculations is not as satisfactory as in the NIR-
absorption case. This may have several causes: “transferring”
or rather using AATs disregarding anharmonic corrections is
0 0 not as possible as for APPglso VCD may require a less crude
" - e 0 0 approximation than the local mode one. From Figure 5, we
observe that the @-CAM and (1S)-MECAM exhibit a negative
3 2 feature at high wavelengths (ca. 1190 nm) followed by a positive
(1S)-MEFEN (1S)-MECAM band at low wavelengths, the relative importance of-thand
— components is quite different in CAM and MECAM. Instead,
the (19-enantiomers of FEN and MEFEN exhibit two close-
by negative VCD features between 1195 and 1180 nm (resolved
. o o - el in the second case). For botf§IFEN/MEFEN and ($§)-CAM/
om om MECAM the calculations bear a common genera] {) aspect
Figure 6. Calculated absorption and VCD spectra in the NIR (1300  in decreasing order of wavelengths, which makes the results
1100 nm) of (B)-fenchone (FEN) (top left), of &-camphor (CAM) not fully satisfactory, expecially for FEN and CAM. The
(top right), of (15-2-methylenefenchone (MEFEN) (bottom left), and  ¢5|0jated NIR-VCD spectra look more acceptable for MECAM
of (19-2-methylenecamphor (MECAM) (bottom right). Calculations . . .
were performed as explained in the text, and MEFEN and this allows us to make a tentative assignment
of the observed features, accepting the indications of Table 3.
y = 65 cnTl, one has from the BirgeSponer law? wcomp = The negative feature for §-MECAM calculated at ca. 1180
2(wo — %) — 4 + (wo — %) — x = 3wo — 8¢ = 8720 cm'?, nm receives major contributions from local modes located in
i.e., Acomp = 1150 nm. The olefin CH local modes that are the bridge methyls, as well as in the methylLabf local modes
observed at ca. 1115 nm in MECAM are predicted by the at5 and 3; the positive feature calculated at ca. 1170 nm is
present calculations at ca. 1125 nm. All this is not too bad at principally due to local modes &and again to bridge methyl
all and in conclusion we may say that the cage-type structure CHs. In (15-MEFEN the negative feature at ca. 1180 nm is
of these bridged bicyclic rigid compounds gives rise to a sort due to local modes in the geminated methyl8iand to local
of degeneracy that is partially relieved by substituting tkeCC modes in5 and6. This feature is followed by a positive feature
group with G=CH,. These same effects are even more evident at ca. 1175 nm containing contributions from the {1, and

(1S)-FEN (1S)-CAM

100 100

AU
AU.

. (15)-CAM

AU,
AU

AU.
A
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from 6 and4*. Then we have calculated a faint negative feature overtone spectra appears almost irrelevant. The spectra in this
at ca. 1170 nm containing contributions from the O3 and region appear to be determined mainly by the chiral arrangement
1. The last feature, due to aliphatic local mode$ and in the of CH,, CHs, and C*H groups, which is the same in FEN and
CHgs at 3, is positive and is calculated at ca. 1165 nm. More or MEFEN and is the same in CAM and MECAM. The observed
less the same assignment can be made for the calculated featurggnd reproduced by calculations) opposite behavior of FEN and
of the CAM and FEN molecules, except for the local modes at CAM as well as that of MEFEN and MECAM, which is
3in camphor (see Table 3). Besides, the correspondence withparticularly evident in the IR CH-stretching fundamental VCD
experimental data in Figure 5 is not as nice. For both MECAM spectra, is attributed to a submoiety of the bicyclic structure
and MEFEN the olefin local modes at ca. 1120 nm are calculated having enantiomeric geometry in FEN and CAM.

to have a positive VCD, as observed. Of course in the present Both (1) and (2) are subject to future verification and will
calculations there is no possibility of calculating combinations attract our efforts. Conclusion 2 above has some potential use
modes that are observed a1140 nm and we have thus no in the determination of the absolute configuration (AC) of
explanation for the fact that such combination VCD features molecules. The part of the VCD spectrum in the fundamental
are negative for (§-CAM and (15-FEN, positive for (5)- CH stretching region for frequencies higher than 2900tm
MECAM and either negative or bisignated negative/positive for can be used together with reliable DFT calculation to predict
(19-MEFEN. As in the case of the fundamental CH-stretchings the AC, as currently done in the MID-IR (with the advantage
region, we notice that the shapes of the calculated VCD bandsof using less substance and even quartz cells). For this reason
are largely due to superpositions of nearby lines, which often we suggest investigation of the VCD spectra of related
are oppositely signed: this makes a detailed attribution of each molecules of natural origin, like borneol, thiocamphor, fenchyl
observed feature still impossible. The message arising out ofalcohol, etcetera, as well as of synthetic origin: common motifs
these spectra, however, is that the NIRCD spectra of FEN may be found for a minimal moiety of the large one indicated
and MEFEN and of CAM and MECAM, respectively, are in the Discussion. Otherwise, one may hope to define the
related in pairs: indeed, the NHR/CD spectra of the olefins  perturbations by substituent groups in the various positions that
resemble, to some extent, the same spectra as those of thean turn out to be useful both in the determination of AC and
corresponding ketones, with just a better resolution. This for the synthetic chemist. About NIRVCD, because a truly a
correspondence has been observed also in the fundamental CHpriori method to calculate spectra needs further theoretical
stretching region, where VCD spectra are determined by the developments, a correlative study is also needed in support.
chiral arrangement of C}#CHjs groups in the cage structure of
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