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The vibrational absorption spectra and vibrational circular dichroism (VCD) spectra of both enantiomers of
4-X-[2.2]paracyclophanes (¥ COOCD;, Cl, I) have been recorded for a few regions in the range 0900
12000 cni®. The analysis of the VCD spectra for the two IR regions,-90600 cni! and 2806-3200 cm'?,

is conducted by comparing with DFT calculations of the corresponding spectra; the latter region reveals
common motifs of vibrational modes for the three molecules for aliphatic CH stretching fundamentals, whereas
in the mid-IR region, one is able to identify specific signatures arising from the substituent groups X. In the
CH stretching region between 2900 and 2800 e identify and interpret a group of three IR VCD bands

due to HCH bending overtone transitions in Fermi resonance with CH stretching fundamental transitions.
The analysis of the NIR region betwee8000 anc~9000 cmt for X = COOCD; reveals important features

of the aromatic CH stretching overtones that are of value since the aromatic CH stretching fundamentals are
almost silent. The intensifying of such overtones is attributed to electrical anharmonicity terms, which are
evaluated here by ab initio methods and compared with literature data.

1. Introduction CHART 1
Since the first time of their synthesi§2.2]paracyclophanes 1 e 1016 . 2% 115
(PC) have been considered interesting molecular systems and ) T 10@
have been challenging various physical and chemical techniques 477 > 7178 Sex
in defining diverse aspects tied to their peculiar structure. Several 23 Ny 96 5
characteristics that are mainly related to the planar chirality of (R) (S)
the cyclophane moiety have been investigdtedd recently, X=C00CDg, Cl, |
there has been a renewed interest to use derivatives of PC in
asymmetric catalysior to employ them in material sciente. of the electronic transitionsPrior to this work, VCD spectros-

Herein, we are merely interested in chiroptical and spectroscopiccopy in the 1008-1800 cnt! range had already been used on
aspects of some of these still exotic molecules, namely, 4-X- some chiral disubstituted [2.2]paracyclophafesth the scope
[2.2]paracyclophanet (X = COOCDy), 2 (X = Cl), and3 (X of making a safe assignment of the absolute configuration (AC),
= 1) (Chart 1 below); yet, we have found results that allow an when charge-transfer effects were verified to obscure the simple
understanding of the general properties of the moieties of theseinterpretation of the UV-CD spectrum provided in ref 7. The
molecules, namely, the aromatic rings, the polarizable halogenscopes of the present work are somewhat different from those
atoms, and the behavior of the methoxycarbonyl group and of of ref 7 since here the AC is known from the beginning; we
bridging aliphatic CH groups. are going to focus on finer details of the VCD spectra, which
We have been doing so by use of absorption infrared (IR) Will though be of help in understanding the characteristics of
and near infrared (NIR) spectroscopy, as well as by vibrational the different moieties of the molecules under investigation.
circular dichroism (VCD) spectroscopy both in the IR and NIR
ranges. We were inspired by precedent research on 4-X-[2.2]-2. Materials and Methods
paracyclophanes by some offlisvho were able to relate the Synthesis and Polarimetric MeasurementsThe synthesis
observed specific rotation values to the polarizability values of of hoth enantiomers of the 4-halogenated [2.2]paracyclophanes,
the substituent grodpand were also able to interpret the 5 and3, was reported previousfyand the measurements of
observed circular dichroism spectra in the UV range (CD) in the specific optical rotation were described therein. Both
terms of the exciton modesupplemented with due accounting  enantiomers of. were obtained by reacting optically purR)¢
for the influence of the X group on tilting the transition moments g q-4-carboxy[2.2]paracyclophafwith SOCh followed by
the DMAP-catalyzed solvolysis of the resulting acyl chloride
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paracyclophane. As discussed later, these values give furthet
credit to the interpretation put forward in ref 6.

IR and IR-VCD Spectra Measurements. IR absorption
spectra, IR spectra for short, and IR-VCD spectra were recorded
with a JASCO FVS4000 FTIR spectropolarimeter equipped with
two detectors, a MCT one and an InSb one. The first one has
been used to investigate the mid-IR region, 90600 cnr?
and the second one for the CH stretching region, 273%D0
cm; for the former region, 4000 scans were needed for each
spectra €40 min), and for the latter 10000 were needed 2
h). The spectra of both the enantiomergaind3 were recorded

(A)

(B)

for CCl, solutions (ca0.08-0.1 M, cell path length 50@m),
whereas the spectra of the enantiomer& wfere recorded for
CDCls solutions (0.5 M, cell path length 1G0n) in BaF, cells.

Figure 1. Calculated conformations of minimum energy fér)-4-
methoxycarbonyts-[2.2]paracyclophanelj. The conformation on the
left is the absolute minimum, and on the right is a secondary minimum

The IR spectra reported below were obtained by subtracting (population ratio 84/16 on the basis of B3LYP/TZVP calculations).
out the IR spectra of the solvent. The VCD spectra of the

enantiomers of each molecule were verified to be mirror images

of each other. However, to avoid confusion and for better hydrogenis away from the phenyl plane. The calculations allow
comparison with calculations, we will report in the following ©one to come up with harmonic frequencies and dipole and

just the average VCD spectra of the tvR) &nd ©) enantiomers, rotational strengths, which, in turn, can be used to generate a
namely, the VCD data for (1/2)R) — (9)]. calculated IR and VCD spectrum for each molecule by assigning

NIR and NIR-VCD Spectra Measurements.NIR absorption a Lorentzian band shape to each fundamental vibrational
spectra, NIR spectra for short, in the range of 13800 nm transition. We have done so by using a routine in the JASCO
and NIR-VCD spectra in the region of 1250050 nm have FVS4000 software withy = 8 cn”* (y is the half-W|d1th at half-
been recorded with a homemade dispersive apparatus equippemax'mum) _(for the_ m|(.j-_|R region) and = 16 cnt " (for the .
with an InGaAs detector described previoudkin the range CH stretching region); in the latter case, a frequency scaling
of 1800-1600 nm. we used a Jasco 470 Plus: Spectra for the has been adopted in order to facilitate the comparison of
first overtone of the CH stretchingA ¢ = 2) (1800-1600 nm) calculated and experimental spectra. However, quantum me-
for the second overtone of the CH stretchings & 3) (1250_’ chanical calculations have been found to be useful also for

1050 nm), and for the third overtone of the CH stretchins ( interpreting some important aspects of the NIR and NIR-VCD
= 4 (1060—800 nm) have been recorded for 0.5 M CBCI spectre!” Further and new use has been made here of these
solutions ofL in 0.5, 2, and 2 cm quartz cuvettes }espectively calculations, which has allowed us to better understand NIR

The NIR-VCD spectra in thé\v = 3 region were registered data.
for the same solutions in the same cuvettes as those for the Resul d Di .
NIR absorption experiments, averaging over four spectra of four S Results and Discussion

scans each. In Figure 5, the spectra of both enantiomers are Each investigated spectral region brings useful information
reported. Cautions in collecting NIR-VCD data for the interested on which we comment below.

reader may be found in refs 9 and 10.

Density Functional Theory (DFT) Calculations. As first
described by Stephefsind amply usedinthe VCD literatute; '’

The Mid-IR Region (1600-900 cnT?). In Figure 2 the
experimental IR (left) and VCD spectra (right) of the thr&g-(
4-X-[2.2]paracyclophane$—3 (continuous lines) and, super-

the VCD spectra in the IR can be easily assigned when theyimposed, the corresponding calculated spectra (dotted lines) are
are accompanied by DFT calculations. For this reason, by usereported. As observed in several cases of rigid molecules or in
of the GAUSSIANO3 suite of prograrisfor 1—3 (R), we ran molecules with limited conformational flexibiliti£ 17 the agree-
DFT calculations with B3LYP functionals and with both ment of calculated and experimental IR and VCD spectra is
6-31G** and TZVP bases; for the iodine atom in compo®d)d  quite good. At first sight, one may grasp interesting differences
we adopted the 3-21G** basis set. By comparing experimental and analogies among the three molecules. Three groups of bands
and calculated IR and VCD spectra, we propose that TZVP is are worth comment.

a better choice for all three molecular species. Moreoverl. for i. Region between 1000 and 1100 ¢nifwo intense IR bands

we have studied two conformers, namely, the one in which the with corresponding positive VCD bands are observed and also
C=0 in the substituent X= COOCD; is closer to (conformer  calculated fo2 and3 at~1050 and~1010 cnT?, respectively.

A) or farther from (conformer B) the aliphatic moiety nearby, From the analysis of DFT calculations, we may state that these
bridging the two aromatic rings. The two conformers are bands are due to normal mode (NM) 44, involving the following
depicted in Figure 1 and are separated by~#@n95 kcal/mol linear combination of CC stretchings of the ring containing the
energy difference in the B3LYP/TZVP choice, yielding a X atom: (GCs + C¢C7 — C3C4 — C3Cg), mixed with in-plane
population ratio of 84 versus 16% for A versus B at room CH bending vibrations of the same ring (see the electronic
temperature (taking into account the Gibbs free energy and theSupporting Information, ESI). For compoudgda very intense
zero point energy, the population of conformer A decreases to IR band at~1100 cnt?, which corresponds to a couple of
82% and the one of B increases to 18%). Conformation A should positive VCD features, is observed. The intense absorption band
then account for almost all of the observed spectroscopic featurescorresponds to NMs 56 and 57; the first NM is similar to the
derived in the present work. For all three molecules, we have one described above for compour@leind 3 and bears high

not been able to find the two possible skew conformations of rotational strength, the second one involves the CO@CD
the two phenyl rings, as done by Grimme and Bahln&for moiety, and its frequency is nearly the same in the two
4-F-[2.2]paracyclophane; we think that, here, bulky substituent conformers. The second VCD band observed-&1.05 cnr!

X groups favor the conformation where the nearest methylenic is due to NM 58 of conformer B (see ESI Tables).
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Figure 2. Experimental (bold character) and calculated (light character) IR absorption (left) and VCD (right) spectra in the mid-IR region for
(R)-4-methoxycarbonytls-[2.2]paracyclophanelf (Top), for (R)-4-chloro-[2.2]paracyclophan@)(Center), and forR)-4-iodo-[2.2]paracyclophane

(3) (Bottom). On the experimental IR and VCD spectralpfve denote with an asterisk the bands due to the less populated conformer B. In all
graphse andAe are in 16 cn? mol~* units. The inset in the top left panel has thaxis (coinciding with the inset height) reduced by a factor 0.18

so that the full scale is 1100.

ii. VCD Doublet between 1250 and 1300 ¢mFor the three it was observed previousht517The calculations presented in
X-substituted PC, one observes a negative VCD doublet, which Figure 2 reproduce this fact very well.
is much more intense fat than for2 and3. In all cases, the v. IR and VCD Bands of the Less Populated Conformer.
DFT calculations allow one to assign these bands to NMs reported above, conformer A has a population84% versus
containing important contributions from GHvagging and  conformer B, which is populated at16%. This has a nice
twisting modes of the aliphatic moiety bridging the two aromatic counterpart in the finding that almost all of the experimental
rings on the side of the stereogenic group X. Eahe COOCIR IR and VCD bands are attributed to calculated IR and VCD
group causes the enhancement of the intensity of the doublethands for conformer A (see ESI material, Table and Figure 1).
both in absorption and CD. This effect can be traced back to However, as may be seen from the ESI materiaL there are some
the influence of the oxygen atom, as observed in other jsolated and intense VCD and IR bands of conformer B which
substituted cyclophantsnd in other casé3!’ (see also the  “survive” the statistical average and show up in the experimental
comments iv to the data in this section). The negative VCD spectra. We have been able to identify four of them in the VCD
doublet can be ascribed to the prevalence of conformer A over spectrum at 1407-), 1246 ¢), 1131 (), and 1100¢) cm 1
conformer B; indeed, for conformer A, calculations provide a and one in the IR spectrum at 1437 thin Figure 2, they are
negative doublet due to the CO- and CC stretching vibrations marked with an asterisk, and they Suggest a h|gher popu|ati0n
of the two bonds adjacent to the carbonyl, while, for the same for B than that computed by our in vacuo calculation. In any
NMs, a (=,+) doublet (in order of increasing frequencies) is case, bands associated with the less-populated conformers have
calculated for conformer B. been observed in many instances; we cite a very analogous

iii. VCD Band at 1400 cm!. This VCD band is in cor- situation, namely, the study of -(+)-methylcyclohexanon€.
respondence with a couple of moderately intense IR bands and As a general comment, we may say that there is an overall
is negative forl and positive for2 and 3. On the basis of  similarity in the mid-IR absorption and VCD spectradfnd
calculated NMs (see ESI material), we assign it to the;CH 3 as opposed to those &f Only in part can these differences
modes on the bridging aliphatic moiety opposite to the stereo- pe ascribed to the presence of additional normal modes of the
genic group X plus in-plane bending modes of nearby CH bonds COOCD; moiety; the X substituent, in fact, determines also
on the aromatic ring containing X (see ESI). Intense negative dipole and rotational strengths of other normal modes, for
VCD is associated with conformer B. example, in-plane bending of phenyl rings and deformation

iv. IR Intensities (Dipole Strengthsjhe IR spectra ol in modes of aliphatic bridges, thus differentiating the spectroscopic
the range of 10581350 cnT! are much more intense than those behavior of 4-X-[2.2]paracyclophanes. Some analogy may be
of 2and3. This is due to the influence of the oxygen atoms, as found with the previous study of ref 6, where a linear correlation
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Figure 3. Experimental (bold character) and calculated (light character) IR absorption (left) and VCD (right) spectra in the fundamental CH
stretching region forR)-4-methoxycarbonyti:-[2.2]paracyclophanelf (Top), for (R)-4-chloro-[2.2]paracyclophan&) (Center), and for R)-4-
iodo-[2.2]paracyclophane) (Bottom). Underneath of the calculated IR and VCD band$, it the calculated wavenumbers, we report bars that

are proportional to calculated dipole and rotational strengths, respectively. In all geagigAe are in 16 cn? mol=* units.

of the specific rotation valuea] with the polarizability value The Aliphatic Region. a. Bands between 2900 and 3000
Px of the X group was proposed; therein, two distinct correlation cnt 1. There is a very intense IR band centered-2030 cnt?!
straight lines were found betweea][and Px, one for X= Cl, with one broad shoulder at 295@960 cn1?. In correspondence

Br, and | substituents and the other for all other substituent with it, a couple of evident VCD bands can be observed at
groups X. (Parenthetically, we observe that in ref 6, the case of ~2930 and 2950 cm having opposite signs<,+) for the R)
X = COOCD; was not reported in the correlation plot; however, enantiomer, with rotational strengths that are more intense for
if we consider the relationshipx= —0.017f] + 1.58 being 1 than for2 and 3. Other VCD features in the same region are
valid, from a mean experimental value oflp23 = —149, aPx observed at~2920 () and~2980 cnr! (—, very weak) forl
value of 4.11 & can be deduced for th&) enantiomer. This and at~2965 cnt! (—) for 2 and 3. The calculations allow
value is in accord with thoség = 4.17 A3) calculated for the assignment of the major IR feature-a2930 cn1? to the four
COOCH; group from the mean polarizability values given in  CH,-symmetric stretching vibrations and the IR shoulder at
ref 21 for formaldehyde, dimethyl ether, and £&hd GHe, ~2950 cnr? to the four CH-antisymmetric stretchings. Cor-
on the basis of a hypothesis of the polarizability additivity.)  respondingly, referring to thélj enantiomer, the pair of major
Coming back to absorption and VCD spectra, we find much VCD bands with {-) and () signs are attributed to superim-
larger dipole and rotational strengths in IR and VCD spectra posed VCD CH-symmetric and Ci#antisymmetric vibrational
between 1050 and 1300 cifor 1 as opposed t@ and3; also, transitions, respectively, bearing mostly (but not exclusively)
differences in intensities can be noticed between compofnds (—) and () signs. The other observed VCD features at
and3. Whether this is related to some characteristic invariant frequencies just above and below the major VCD bands are
of atomic polar tensors, in response to a different substituentdue to lower intensity components bearing different signs
group X, remains to be investigated but is beyond the scope ofembedded in the major VCD features (see Figure 3 and ESI).
the present study. b. Bands between 2800 and 2900 émLooking at the
The CH Stretching Region (2806-3200 cntl). The ex- experimental spectra of Figure 3, two IR bands-&850 and
perimental IR and VCD spectra &f 2, and3 are quite similar ~2890 cnT?, with constant intensity ratio and a triplet of VCD
(Figure 3, continuous lines) and comprise three groups of bands,features of alternating sign—(+,—) in correspondence with
two groups in the aliphatic region (below 3000 cihand one  them, can be observed far 2, and3 (for 1, just the+ and —
group in the aromatic region. The DFT harmonic calculations bands are observed). In the DFT calculations (Figure 3, dotted
allow one to get a clue for the assignment of the observed banddines), there is no trace of these features, and we attribute them
between 3200 and 2900 cras well as to acceptably simulate  to strong FR anharmonic phenomena, such that thet@Hding
the observed IR and VCD features in the same range (see Figurévertone and combination transitions “acquire” dipole strengths
3, dotted lines). Furthermore, we give here a quantitatively or rotational strengths from nearby @llymmetric stretching
acceptable interpretation of the features in the range of 2800 fundamentals.
2900 cm! in terms of anharmonic parameters previously  To get a first, qualitatively and quantitatively acceptable
derived to interpret the Fermi resonance (FR) phenomenon ininterpretation of the FR phenomenon, we adopt the approach
CH, moieties??23 Let us analyze the spectra in detail. of ref 22, where the case of GDH,CH,CD; was examined.
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Here, FR is originated within each one of the four Qiihits (anharmonic frequencyss — 2xsy) and the first overtones of
by an anharmonic interaction between the HCH bending normal mode€,sandQya (anharmonic frequenciesvgs — 6y p
coordinate ¢) and the two CH stretching coordinated énd and 2vpa — 6y p); the second one is a (2 2) and describes the

dy). As done in ref 22, we write this interaction Hamiltonian as interaction of CH stretching fundamental associated with normal
mode Qas (anharmonic frequencywas — 2ysy) With the

Varn = faoo [(dyy + 050, + (dyyy + )0, 7] + combination of normal mode®ys and Qua (anharmonic
2 2 frequencywps + wpa — 4y ). Herexy, is an effective anharmonic
fans (o G )on™ + (G0 )0ny ] correction, whose valfje is cor’r)fmented below. The diagonal-
=V,{1,2)+ V,,{(9,10) Q) ization of these four matrices provides four new frequencies
associated with locally symmetric CH stretchings, plus six
Here, I, II, lll, and IV denote the Cilunits originated from frequencies associated with bending overtones and combina-
carbon atoms 1, 2, 9, and 10, respectively. As discussed in thetions; further, it provides normalized eigenvectors, whose first
Appendix, the anharmonic interaction force consfagtis an coefficient's square may be used to weight the CH stretching

“effective” measure of the anharmonic interaction between fundamental dipole and rotational strengths, as done in refs 22
bendings and stretchings; in general, one should “divide” it into and 23. The matrices are presented in the Appendix. From DFT
several contributions, part of them being of kinetic nature, tied calculations on molecule 2, we have obtained for moiety (1,2)
to the curvilinear nature of internal coordinates. For now, we the valuesvss= 3062.2 cn, w,s=3045.7 cm?, wps= 1504.4
settle for the heuristic value derived in ref 22 relative to cm 2, andwp, =1485.4 cmil; for moiety (9,10), the valuesss
hexadeuterated-butane. Albeit the merely phenomenological = 3053.8 cm?, w,s =3041.2 cm?, wys = 1504.9 cn?, and
value of this approach, we notice that it was used in the past . =1483.3 cm! were obtained in the same way (see ESI).
for several molecules containing Gldnits, and the values of  As anharmonicity constants, we assumegl= 60.6 cnt* and

the anharmonic constaify;; were successfully transferred to = 25 or 20, or 15 cm, andfgss = 0.201 mdyrrad-2. We
several molecules containing methylefiléstrom the ESI  optained the results of Figure 4, which we consider quite
material, we may learn that, as expected, the CH stretching satisfactory, especially for the caseyaf= 15 cnt (in Figure
normal modes involve contributions from either the (1,2) or from 4 tg each transition, we associated a Lorentzian band, centered
the (9,10) moiety but are not mixtures of (1,2) and (9,10) units. 4t the calculated frequency, with the (signed) area equal to the
As such, we assume, for the (1,2) moiety, a symmetric bending cgculated dipole (rotational) strength and with= 8 cnml).
normal modeQs and an antisymmetric bending normal mode  gefore commenting on the results, let us discuss how the values
Qoa While there are four stretching normal mod@s, Qas Qsa, for anharmonicity constants were derivgg, has been obtained
andQaa, which are symmetric or antisymmetric within the £H 5 experimental IR and NIR CH stretching frequencies fitted
units (S or A) or between the two GHinits (s or a). In this 4 5 Bjrge-Sponer plct (reported in Figure 3 of ESI, on the
5|mpI|f|eq scheme, they are tied to the internal coordinates by g of the frequencies of experimental NIR absorption bands
the relations of Figure 2, ESl)xp = 25 cnt! was obtained by assuming

1 1 that the difference between bending harmonic frequenaigs

Qps= 7 Lyt + NG L,y andwp, calculated with Gaussian03 and of the frequencies for
2 2 the observed VCD and absorption features at 1443 and 1425
1. 1. cm ! (assigned to the fundament@}, and Qus normal modes,
Qpra=—=Ls0,——=Ls0, respectively) was equal toy2 yxp = 15 cnT! was instead
V2 V2 proposed in ref 26 in a study of overtone spectra-paraffins,

andy, = 20 cnT! was an intermediate tentative value. Finally,

and fass = 0.201 mdynrrad—2 was derived in ref 22 and used in refs

1 1, 4 1, 4 1, 4 23 and 26. The aromatic region, not affected by FR, is also
Qss= 2 Lsdy + 2 Lowt + 2 Low 0y + 2 Loy reported in Figure 4; it was obtained from the Gaussian03 results
by subtracting¢ s = 65.4 cn?, as evaluated from the Birge
Q.= 1 L1 + 1 L — 1 L3 — 1 L1 Sponer plot presented in the ESI. In Figure 4, we compare the
as TSwTll g mstrTel o mstrELl D T2l FR results with those obtained with no FR interaction taking
place. In this Figure, we did not adopt an arbitrary frequency
Q= % L;trldll — % L;(;LdZI + % L;rldl” - % L;trldzu shift (see Figure 3); instead, having inserted the contribution

of stretching anharmonicity sy, we obtained a satisfactory
1 1 1 1 prediction of experimental absorpti_on and VCD spectra with
Q= > Ly, — > Lyrdy — > Lydy, + > Loy respect to frequencies. On the basis of the complete results of
Figure 4, we propose that the three,{,—) VCD features
These assumptions are quite simplifying, but they are not too OPserved below 2900 cm acquired their rotational strength
far from what can be found by the precise normal-mode analysis ffom the CH-symmetric stretching fundamental; the latter
obtained by use of Gaussian03 (see ESI). The inverse of theModes gave rise to the intense and unresolved VCD negative
above relations may be substituted into eq 1, obtaining feature at 2940 cmt. The higher frequency region, not involved
in FR, is well reproduced by this frequency anharmonic
Vi 1,2) = fyss LstrLg (stQ§s+ stQEa"‘ 2Q,Q, Q) (2) co_rrgction_treatment. As a general cqn_clusion, we observe that
this is an instance where anharmonicity does not obscure the
Analogous results can be found fog{9,10). From eq 2, for ~ usability of the VCD data; indeed, the VCD spectra are similar
the moiety (1,2) and analogously for moiety (9,10), two for 1, 2, and3, and thus, we surmise that the same phenomenon
interaction matrices, given in the Appendix, can be obtained. is taking place in the same way for the three molecules. As a
The first one is a (3x 3) and describes the interaction of the final comment and as noticed at the beginning of this paragraph,
CH stretching fundamental associated with normal mQgde we remark that the anharmonic interactions of eq 1 may not be
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Figure 4. Calculated absorption and CD spectra for mole@ulErom top to bottom: without Fermi resonance (top row), with Fermi Resonance,
andy, = 15, 20, and 25 (second, third, and fourth row, respectively) (see text).

the only anharmonic interaction of HCH bending modes and a single absorption feature composed of three shoulders. It
CH stretching modes. However, we think that what really consists of seven transitions; the lowest frequency features are
matters is that the nondiagonal interaction terfagiven in the three antisymmetric combinations of pairs of CH stretchings
the Appendix be on the order of 2B0 cnT! (see also refs 22  that are localized on each benzene ring on the same side with
and 23). The fact that they depend solelyf@p, (as done here)  respect to the aliphatic moiety connecting the two aromatic rings.
or on other parameters is not crucial; we defer some further The highest frequency components of that feature are the
discussion to the Appendix. corresponding three symmetric combinations and the localized
We recognize that the recent works of Barone and co-workers CH stretching mode of C(5), which is the closest to the
should be considered if one wishes to evaluate anharmonic forcesubstituent group. The latter vibrational mode has a negative
constants by ab initio method%Indeed, calculations of cubic ~ VCD in all three cases and has the highest frequency and does
and semidiagonal quartic force constants have been recentlynot correlate with experiment, except rThe other calculated
implemented in Gaussian in the frame of second-order perturba-VCD features associated with the other modes can hardly be
tion theory; this permits also evaluation of anharmonic-corrected correlated with the VCD experimental features.
frequencies (here, done by means of experimentally deduced The NIR Region.Considering NIR data is important not only
xst) on which FR treatment must be conducted. per se but also to obtain parameters useful for improving the
The Aromatic Region. The IR spectrum ofl, 2, and3 is interpretation of the IR absorption and IR-VCD spectra. In
comprised of three weak bands-&8010, 3040, and 3070 cri Figure 2 ESI, we show the CH stretching fundamental absorp-
the corresponding VCD features are weak as well. Fane tion spectra for, for the Av = 1 region (3206-3600 nm), the
observes a+,—,+) triplet, where the negative feature is the CH stretching first overtone regiohv = 2 (1600-1800 nm),
weakest, and the highest frequency positive feature is very the CH stretching second overtone regiom= 3 (1100-1220
broad; for2, one has a-,+,—,+) quadruplet, in which the =~ nm), and the CH stretching third overtone region (82000
last component is very broad, and the lowest frequency nm). As one may immediately appreciate, the aromatic region
component is at-3000 cntl. For 3, one has a-{,+,—) triplet, is of much weaker intensity than the aliphatic regiomat=
where the broadest feature is the middle, positive one. Thel but is of comparable intensity @&v = 3 and 4. This had
calculations do not provide a one-to-one assignment of the threebeen observed previously in other compout/.The rather
IR bands and of the three or four VCD bands; however, they evident difference between they = 1 and theAv = 2 and 3
are somewhat helpful. First of all, the calculated dipole and regions is not only due to the local mode regime taking over
rotational strengths are all weak, as are the experimental datafor Av > 3 with respect to a normal mode one because of
A close analysis of the calculation outcome allows us to identify mechanical anharmonicity, but it is also due to high nonlin-
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Figure 5. Comparison of experimental (top row, both enantiomers) and calculgtednfiguration) NIR-VCD spectra atv = 3 for moleculel.
Absorption and rotational strengths have been evaluated, as explained in the text in the hypothesis of the electric harmonic approximation (middle
row) and with electrical anharmonicity (bottom row).

earities in the CH bond electrical dipole moment functions. The to Av = 3, applying the hypothesis of electrical harmonicity.
Av = 2 region is of intermediate character and thus is hard to We have inserted here the correction fattéf
decipher. Due to local mode behaviorat > 3, one is able to
deducewo andy from a Birge-Sponer plo#* this is done in O]r — rolvj2 1
Figure 3 ESI and givea, = 3045 cntt andy = 60.6 cnt? Ofr — rol1 2 (2K)"
for aliphatic CH stretchings andy = 3173 cnt! andy = 65.4
cm ! for aromatic CH stretchings. This is in accord with (being K = wq/2y) for dipole strengths (2.64 104 for
literature datéf and, as we have seen above in Figure 4, allows aliphatic CHs and 2.8% 10~ for aromatic CHs, for = 3)
one to acceptably reproduce the normal-mode observed frequenand the correction factor
cies at Av = 1 by subtracting the empirical mechanical
anharmonicityy from the ab initio-calculated normal-mode O — rolsIPIOL 1
frequencies. [O]r — ro|1M|p|00 v (2K)"

While the mechanical anharmonicity can be easily evaluated
as done above, the electrical anharmonicity needs to be dealffor rotational strengths (7.92 10~ for aliphatic CHs and 8.49
with in a different way; as it will be seen below, it has important x 1074 for aromatic CHs, fow = 3). The above factors have
effects on absorption and VCD spectrasat = 3. Indeed, in been evaluated using Morse wave functions and under the
Figure 5, we compare experimental datdat= 3 of compound hypothesis that the electric dipole moment function depends
1 with calculated spectra with and without electrical anharmo- linearly on ¢ — rg) and the magnetic dipole moment is
nicities in the assumption of local modes. In the top two panels proportional top; the transition moments for (- rp) andp are
of this figure, we report the experimental data (VCD data are given in ref 29 and here have been approximated under the
for both enantiomers); in the center two panels are the resultshypothesis thatiR > ». By comparing calculated and experi-
of a first set of calculations for théR] enantiomer, performed  mental results, we see that our model gives dipole and rotational
in the same way as in ref 10. As done there, we transfer the strengths less intense than those observed. As is well-known
results of CH stretching fundamental “local mode” transitions from the literature, this fact is related to assuming zero electrical
Av = 1 (where local modes are obtained by considering the anharmonicity?® Furthermore, the aromatic feature at shorter
molecule with all H atoms but one substituted by deuteridm) wavelengths is underestimated with respect to the aliphatic one

l
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Figure 6. Calculated dependence of the molecular dipole moment function projected onto selected CH bonds on H-atom displacements along the
bond itself for compound (left) and ethylbenzene (right). For the latter molecule, distinction is made between one of the aromatic atoms next to
the CH.CHs; group and the one farthest off; similar calculations have been repeated for an aliphatic methylene CH and for a methyl CH.

TABLE 1: Comparison of Calculated and Experimental Dipole Moment Derivatives with respect to CH Stretching Coordinates
(See Text and Figure 6)

4-X-[2.2]-paracyclophane

(X = COOCDy) ethylbenzenk
Arom Aliph Arom-o Arom-p Aliph-CH Aliph-CHs
Calculated
(Bular)o(e) —-0.114 —0.168 -0.121 —-0.127 —-0.161 —-0.227
(22uldr?)o(elA) —0.501 —0.603 —0.496 —0.578 —0.567 —0.325
Experimental
(3ular)o(e) —0.063 —0.101
(22uldr?)o(elA) —0.360 —0.400
toluené
(3ular)o(e) —0.066 —0.067
(8%ul3r?)o(elA) —0.366 —0.355

a Arom-0: CH position is ortho to CKCHz. Arom-p: CH position is para to Ci€Hs. ° Experimental values from ref 3t From ref 27.

both in absorption and in VCD since the calculations follow (3%u/0r?)o and compare them in Table 1 with experimentally
the prediction of theAv = 1 region, where they match derived values for tolueA&and ethylbenzen®& The comparison
experiment. Besides, the alternating features of VCD are is rather encouraging. On the basis of eq 6 of refs 27 and 29,
calculated with an overalH1) factor, although the alternation ~we may provide a further correction factor, which includes
of bands seems to be correctly predicted. electrical anharmonicity, to go frodv = 1 to Av = v local

In order to cope with the effects of electrical anharmonicity, mode intensities
we have run DFT calculations of electric dipole moment
functions, whose results are shown in Figure 6 (B3LYPfunctional, O]u|v0 _
6-31G**basis set). On the left, we provide the calculated (qulor), Or — rol10
components of the electric dipole moment functions along one

CH bond of the aromatic moiety (g in the scheme) and along 1 o 1 (aZﬂ/aﬁ)o 1 1
one CH bond of the aliphatic moiety {§1 in the scheme). Such = /(ZK—)”_l 1-=—-7— (1 +-+ ...+ —) =

functions have been evaluated by extending and shortening the v a (dulor) 2 v—1
two CH bonds in steps of 0.02 A up 0.4 A; the calculated ' (Pulor?)

data have been fitted afterward to a fourth-order polynomial, 1 v: [1 _ 1M o E(y } =

in a similar way to what was done by Henry, Kjaergaard, et al. vA 2Kyt a (dular),

in ref 31. We have checked that the fourth-order polynomial
coefficients do not significantly vary when the fitting polynomial 1 F U—!f (v)

.. d »—1 anhar
order is increased up to seven. For sake of comparison, we have vy (2K)
also performed calculations for ethylbenzene, and in Figure 6,
we report the results for two aromatic CH bonds (one ortho In the latter term, the dimensionless paraméggr(v) contains
and one para to the GBHs; group) and for the CH bonds of  the corrections due to electrical anharmonicity. The Morse
CH, and CH. As one may immediately see, the first derivatives parameten = [872mgy/h]*2is 1.82 A1 for aliphatic CHs and
of such functions,du/or),, are negative and larger in magnitude 1.89 A-1 for aromatic CHs. In our case, the use of the values
for aliphatic CHs than for those for aromatic CHs; this fact for (du/or)o and @?u/dr?)o calculated for moleculd provide,
justifies the observed feature of higher intensities (dipole and with fannadv) = —1.958, for aliphatic CHs and, withnnad{v) =
rotational as well) in the aliphatic region A = 1. From the —2.487, for aromatic CHs at = 3. By applyingfanha®(v), we
plots in Figure 6, we have derived the values féu/fr)o and obtain calculated absorption spectra that compare quite satis-
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factorily with the observed ones (see the bottom left panel of [1,0,000 10,0,2,0 |0,0,0,Z3
Figure 5), both with respect to the overall intensities and with 7 0,0,0 w.s— ¢4, A A,
respect to the ratio of the aromatic to the aliphatic bands. ,0,2,0 A, 20,6 — 6y, 0

Interestingly fanha(?) is negative for both aromatic and aliphatic

CHs; this result is due to the fact thalu(or)o and @%u/dr?)o [0,0,0,2

have the same sign (see Table 1 and Figure 6)|&lra)(0%u/

ar2)oF(v)| > |(dular)e|. If we apply the calculated factor to the and

previous results_ of Figure 5, center right, we obtain the re_sults 0,1,0,a] 10,0,1,T1

for the bottom right panel. The calculated VCD spectrum is of 010 _ 5 A

much lower overall intensity than the experimental one, even — ' 0 Pas™ s s

though signs are in better correspondence with the experiment.[0.0,1,1 Ag O

We notice that in this treatment of calculated rotational strengths, )

we have introduced a correction for the electric dipole moment, Where A1= (LsuL s fuso)/(2Hwss"wpg) = 22.96 cntt, Az =

but we have not taken into account the nonlinearities of the (Lsilj fass)/(2Hwss?wns) = 22.32 cm, Az = (Lsy

magnetic moment. We do not know yet if this is the only reason L2 fase)/(v2Hwas"? wpst? wpat?) = 32.82 cml, and H =

for underestimated rotational strengths. (87352107 13/Np*?h12), The frequencies, anharmonicitieg,
and interaction constants are in wavenumberg; is the light

4. Conclusions velocity, Ng is Avogadro’s number, anldis Planck’s constant.

The constantH given above is such that the anharmonicity

As previously reported by Furo et dlthis work on 4-X- . ) ,
substituted paracyclophanes shows, once more, the possibilityconstant is mdyne/rdaind the eigenvectors’ constarhis- and

. . . : ; Ly are in amu®2 and in (amu¥2 A). We evaluate them from
2950 oect A by 10D e i cgln combied i Wison© matedagona et - G2 sl ~
; y y aty Gyst? (Wilson, E.B., Jr.; Decius, J.C.; Cross, P)@olecular
available softwares are based on the double harmonic ap-

proximation, that is, the assumption of mechanical and electrical Vibrations Dover Books: New York, 1980). The matrices
harmonicity, Howe,ver our study of the IR-VCD spectra in the above are formally valid for both moieties (1,2) and (9,10); for
CH stretchi'ng regior; has led us to evaluate FR. which the latter, small adjustments are needed for slightly different

determines the 280662900 cn1? portion of the IR and IR-VCD V‘?"“es ofw’s. By_ diagonalizing them! one ob.talns three (two) .
) . L ; eigenvalues, which are the frequencies bearing the anharmonic
spectra and is due to mechanical anharmonicity. This has

been done by transferring an interaction force constant. which contribution, and for each eigenvalue, normalized eigenvectors
has been gemonstrateg to account well for metr,1 lenic with three (two) coefficients, each element of which describes
. . A Y the involvement of each state in the final state. The first
signals. The ab initio determination of such an anharmonic force

. ) oefficient, in all cases, is relative to the fundamental CH
constant is beyond the scope of the present work and is deferre - " - . .
. stretching state, and it is the coefficient to consider as responsible
to work like that of Barone et &f In any case, we may conclude

that the use of transferred anharmonic force constants or of abfor redistributing dipole and rotational strength to anharmoni-
cally perturbed bending overtone and combination stites.

initio-calculated anharmonic interactions permits one to exploit As pointed out in the main text, the interacting anharmonic

also the full CH stretching region to assign AC. A ; .
S - . Hamiltonian is most probably not complete; following ref 25,
Moreover, in this work, we examined NIR-VCD data, which in both moieties (1,2) and (9,10), one should also consider

allowed to shed some light on phenomena related to electrical
anharmonicity terms, as pointed out a long time ago on the basis 1 )
of intensity data of CH stretching fundamental and overtone Van(1,2) =75 (0G,/orciol(dy + da )Py +

transitions?’ The procedure proposed here is inevitably ap- 2
proximate due to the complexity of the problem, and in (g + c)Psu] (AD)
particular, further work needs to be done on the magnetic dipole

moment function.

In any case, we think that treating CH stretchings as isolate
Morse oscillators in a chiral field, as proposed some time ago , 3
by Polavarap# and applied in a few studig87is a good  (0Cue/Iculo =G~ — 2reh[1/my +
starting point for the analysis of NIR-VCD spectra. The correct (1 — cos(HCH)Iny)] (A1)
frame to tackle the problem of electrical and magnetic anhar-
monicity together with correct handling of mechanical anhar- From eq A1, following the same methodology in the text, we
monicity is that proposed by Bak et #l. obtain

A, 0 2w, — 1

wherepg is the momentum conjugate to the coordinateOne
has
d
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Appendix QusPiat 2Q,5PusPra) (A2)

Construction of FR Matrices. Due to the form of the  WherePys and Py, are the momenta conjugated to the normal
anharmonic interaction Hamiltonian, we need to consider the coordinatesQs andQua. Use of eqs A2 and Alallows one to
following harmonic wave functions for interacting matrices: evaluateA; = —(Lsil ;°G')(wpdwssd/8H' = 39.92 cn1?, A}
[1,0,0,00 = wl(QSS)WO(QaS)"/JO(QbS)WO(Qba)1 0,0,2,00 = = —(LstrLng')(wba/wssVZ)ISH' = 39.41 cnl, A3 = —(Lstr
Po(Qs9%0(Qagd¥2(Qbg)¥o(Qpa), 10,0,0,2 = 3o(Qs90(Qag) L, °G)(wps wod wad'4v/2H = 56.24 cntl, and H' =
Po(Qbd2(Qua), 10,1,0,00 = 1o(Qs9%1(Qag?o(Qb9Yo(Qba), (cY21078/NgYht3), These values are on the same order of
10,0,1,2> = 90(Qs910(Qag¥1(Qbdy1(Qrs)- TWo FR interacting magnitude as those fax;, A,, andAj that we have used above.
matrices are to be considered for moiety (1,2) These and other kinetic contributidhsare always present;
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however, as stated in the text, the ad hoc vdlye= 0.201
mdynerad-2 has guaranteed that the “effectivA”values used

in the interacting matrices reproduce the FR scheme well in
several molecules containing Glgroups?222 For this reason,

in the text, we report results ignoring kinetic contribution.
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