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Abstract

The valence excited electronic states and the circular dichroism (CD) spectra of the recently synthesized 12,15-
dichloro[3.0]orthometacyclopharfeare discussed by means of quantum chemical calculations which combine
density functional theory with the single-excitation configuration interaction approach (DFT/SCI). The X-ray
structure of this highly strained biphenylophane is presented. In order to investigate the influence of the cyclophane-
type distortions on the CD spectrum bfthe CD spectra of three model geometri2a-c) are also calculated.

It appears that the CD spectrum of the biphenylophhmkffers substantially from that of the corresponding
unstrained bipheny2c. Furthermore, it is found that the pyramidalization of the bridging atoms of the cyclophane
ring is an important factor for the red shift of the first band with respect to that of an unstrained benzene
chromophore. © 1999 Elsevier Science Ltd. All rights reserved.

1. Introduction

The circular dichroism (CD) spectra of cyclophanes, e.g. ring substituted [2.2]paracyclophades
[n]paracyclophane3? hetera[2.2]metacyclopharfesind triphenylenicene,have been the subject of
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Figure 1. Structure ofg9-ende12,15-dichloro[3.0]orthometacyclophate

special interest. Recently, in the quest for highly strained yet isolabieefacyclophanes, the synthesis
and reactivity of 12,15-dichloro[3.0]orthometacyclophdn@ee Fig. 1) has been descritfed.

This molecule can be derived from 8,11-dichloro[5]metacyclophane by formally replacing two methyl-
ene groups of the cyclophane bridge byostino-substituted benzene ring. Thereby the structural features
of a biphenyl and annjmetacyclophane are combined in this highly strained molecule: the dichloro-
substituted benzene ring (atoms C(10)-C(15), henceforth denoted as ring 1) shows the typical boat-
type distortions of fijmetacyclophane, whereas tbetho-substituted benzene ring (atoms C(1)-C(6),
henceforth denoted as ring 1l) is only slightly distorted except for the elongation of the C(1)-C(6) bond
(see below). Since ring Il is incorporated into the cyclophane bridge, the biphenyl axis is strongly bent
from linearity. The biphenylophan& can be considered as having axial or, depending on the point of
view, planar chirality. In the present context, the absolute conformatioh isfalways denoted with
reference to the axial chirality of the biphenyl moiety.

In the present paper we discuss the CD spectrurh. @uantum chemical calculations of the CD
spectrum have been carried out in order to assign the measured bands and to determine the absolute
conformation ofl. Furthermore, we want to compare the chiroptical properties of the strongly distorted
biphenyl moiety ofl with those of unstrained biphenyls whose chiroptical properties have been studied
earlier by several authofs22 For this purpose we have calculated the CD spectra for different geometries
of a model system (see Fig. 2).

In this model system the cyclophane bridge is broken in order to change the geometry from that
corresponding to the framework af (geometry2a) to that of the unstrained biphengk. It will be
seen that the CD spectrum of the biphenylophardiffers substantially from the CD spectrum of the
corresponding biphenyl.

2. Experimental details

The preparation ofl was performed as described previodsligubsequentlyl was separated into
its enantiomers using high performance liquid chromatography (HPLC) on a chiral stationary phase
(cellulose-tris(3,5-dimethylphenyl)carbamate on silica gel); although failing in baseline separation, the
enantiomers could be enriched.



C. Niederalt et al. / TetrahedromAsymmetry10 (1999) 2153-2164 2155

2a

Figure 2. Model geometries @a-2c. The most important changes of the geometry fao 2b are indicated by arrows (see
text)
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3. Computational details

The CD spectra (excitation energies and rotatory strengths) were calculated with a recently developed
method* combining Kohn—-Sham density functional theory (DFT) with the single-excitation configura-
tion interaction (SCI) approach. The DFT calculations were performed employing the hybrid B3LYP
exchange-correlation functiontl:1® The Gaussian AO basis sets employed were of split-valence (SV)
quality (i.e. [32p] for carbon, [43p] for chlorine and [2] for hydrogen)!’ augmented with polarization
d-functions at the carbon atoms (exponet=0.8) and at the chlorine atoma{=0.65). This basis set
is abbreviated as SV(P). Diffuse Rydberg functions were not included in the AO basis sets because
Rydberg transitions are obliterated under the conditions of the measurements in the condensed phase. In
the SCI treatment all valence electrons and all virtual MOs were included. The transition moments were
calculated in the dipole length form; the origin of the coordinate system lying at the centre of mass of
the molecule. The calculated excitation energies correspond to vertical transitions, i.e. the ground state
geometry was used for ground and excited states. The rotatory strengths R were given in CGS units, i.e.
in esu cm erg Gt which corresponds to 3.33@071° C2 m® s71 in Sl units. The simulated CD spectra
were obtained by summing up Gaussian curves weighted with the calculated rotatory stréfgitl]
molecules and transitions, the width of the Gaussian curves (full width of half maximum) was chosen to
be 0.33 eV.

The molecular geometries bfand2a-2cwere calculated with the PM3-HamiltoniahThe molecular
geometry ofL was also calculated at the ab initio RI-MP2 level of treatn#@i. the RI-MP2 method, an
approximate resolution of identity (RI) is used to calculate the MP2 energy and its first derivatives. For the
RI-MP2 calculations, an SVP basis was employed, i.e. the SV(P) basis set was additionally augmented
with a polarizationp-function at the hydrogen atome=0.8); the auxiliary basis set used is the same
as in the literaturé® The DFT and RI-MP2 calculations are performed with the TURBOMOLE suite of
programs’-22 and the PM3 calculations with the MOPAC &@rogram system.

4. Results and discussion
4.1. Geometry of the biphenylophahe

The X-ray data indicate thdt adopts theendoconformation (atom C(7) points toward C(12), see
Fig. 3). This confirms previous density functional resulisdicating that theendo conformation is
preferred over thexoconformation by 3.3 kcal/mol. Selected experimental geometrical parameters of
endel are compared with calculated ones obtained at the PM3 and the RI-MP2 level of treatment in
Table 1.

The most pronounced deformations of ring Il with respect to benzene occur in the strong elonga-
tion of the bond C(1)-C(6) and in the bond angles of C(6). In the experimental structure, the bond
C(3)-C(4) is somewhat shortened which is not reflected by any of the present calculations. Ring |
adopts an unsymmetrical boat-like conformation; i.e. the atoms C(12) and C(15) are distorted out
of the plane of the remaining benzene carbon atoms. For the deformation angled 3 (angle
between plane C(10)C(11)C(13)C(14) and C(10)C(15)C(14) and between plane C(10)C(11)C(13)C(14)
and C(11)C(12)C(13), respectively, see Fig. 1) values=6.8(2)° and3=12.1(1)° were found (X-ray
data). A further distortion of ring | results from the pyramidalization of especially the bridging atoms
C(10) and C(14). According to the crystal structure analysis, the sum of the bond angles for these atoms
is 354.9° and 353.9°, respectively, whereas values from 357.4° (for C(15)) to 360° were obtained for
the other carbon atoms of ring I. The strain of the molecule also became evident in the elongation of
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Figure 3. Crystal structure @nde12,15-dichloro[3.0]orthometacyclophateDisplacement ellipsoid plot (50% probability)

most of the bonds and in the distortion of most bond angles in the cyclophane bridge. The torsion angles
along C(1)—C(14) have four different values because of the boat-type distortion of ring | (Table 1). The
geometry obtained at the RI-MP2 level of treatment is in very good agreement with the crystal structure.
The largest deviation occurs in the bond length C(3)-C(4), as mentioned above. The X-ray data also
confirm the density functional values for the geometrical parameters published in the litéraherenost
pronounced difference between the X-ray data and the density functional data lies in the distance between
the cyclophane bridge and the cyclophane ring, e.g. in the non-bonded distance C(7)—@id) bf

This distance is overestimated by the density functional calculations: 2.862 A compared to 2.818(3)
A according to the X-ray data. Although the density functional and RI-MP2 values are generally in
very good agreement, the C(7)—C(15) distance obtained by the RI-MP2 method is in considerably better
agreement with the X-ray data. An analogous deviation of density functional calculations from X-ray data
and RI-MP2 calculations was also found in the case of the inter-ring distance of [2.2]metacycléphanes
and an azulenopharie.

The geometry ofl obtained at the PM3 level of treatment is generally also in good agreement with the
X-ray data. Larger deviations occur for the C—C bond lengths of the cyclophane bridge and the central
biphenyl bond C(1)-C(14) which are calculated to be 1.9 to 4.2 pm too short at the PM3 level of theory,
the largest deviation occurring for the elongated bond C(7)—C(8). The deformation angles are somewhat
overestimated at the PM3 level of treatment: valuesto81.3° andpf=13.3° are obtained at the PM3
level compared tax=26.8(2)° andf=12.1(1)° from the X-ray data. Since the CD spectrum calculated
with the PM3 geometry is in good agreement with the experimental CD spectrum all further calculations
of CD spectra are based on geometries calculated with the PM3-Hamiltonian.
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Table 1
Comparison of selected experimental and calculated geometrical parameteBiginces are given
in A, angles in degrees

PM3 RI-MP2/SVP X-ray

C(1)-C(6) 1.419 1.431 1.421(2)

ring I C(3)-C(4) 1.388 1.399 1.378(3)
(C(1) - C(6)) remaining four C-C lengths  1.388-1.394  1.399 - 1.404 1.392(2) - 1.399(2)
C(1)-C(6)-C(5) 117.8 117.2 117.4(1)

remaining five C-C-C angles 119.7 - 221.2  119.7-121.6 119.8(2) - 121.1(2)

ring I C-C bond lengths 1.392 - 1.407  1.400 - 1.406 1.385(2) - 1.397(2)
(C(10) - C(15)) C-C-C angles 114.6 - 119.7  117.5-119.8 116.6(2) - 120.3(2)
C(6)-C(7) 1.516 1.537 1.548(2)

C(7)-C(8) 1.541 1.570 1.582(2)

C(8)-C(9) 1.553 1.573 1.579(2)

cyclophane C(9)-C(10) 1.492 1.507 1.511(2)
bridge C(6)-C(1)-C(14) 114.6 112.2 112.6(1)
C(1)-C(6)-C(7) 123.7 123.7 124.2(1)

C(6)-C(7)-C(8) 117.7 120.7 121.0(2)

C(7)-C(8)-C(9) 117.1 118.1 118.6(1)

C(8)-C(9)-C(10) 108.9 108.3 108.5(1)

C(1)-C(14) 1.469 1.482 1.498(2)

C(7)-C(15) 2.860 2.803 2.818(3)

o 31.3 25.6 26.8(2)

8 13.3 10.9 12.1(1)

pyramidalization C(10) 356.2 354.5 354.9
(sum of bond angles) C(14) 355.5 353.5 353.9
C(2)-C(1)-C(14)-C(13) 81.5 87.8 86.8(2)

C(2)-C(1)-C(14)-C(15) -122.8 -121.1 -121.4(2)

C(6)-C(1)-C(14)-C(13) -100.1 -95.4 -97.6(2)

C(6)-C(1)-C(14)-C(15) 55.6 55.7 54.2(2)

4.2. Chiroptical properties

The experimental and calculated CD spectral @fre compared in Fig. 4. In the experimental CD
spectrum, four bands\(a=331, 285, 204 and 185 nm) and one broad band system (217-267 nm,
minima at 222 and 254 nm) are seen in the wavelength range down to 180 nm and are denoted A—-E. The
calculated and experimental CD spectra are generally in good agreement. Compared to the experimental
spectrum, the calculated transitions in the long-wavelength range (especially the transition attributed to
band B) are red shifted. The calculated CD intensity is generally slightly larger than the experimental
one; however, this may be attributed to the incomplete enantioresolutibnSihce the calculated CD
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Figure 4. Comparison of the calculated CD spectrumad-endol (dashed line) and the experimental CD spectrum (solid

line). The calculated rotatory strengths (R) are designated by sticks, excitations with very small rotatory strengths are indicated
with filled circles. The dashed line shows the simulated CD spectrum which is obtained by summing up rotatory strengths
weighted Gaussian curves withy,n,=0.33 eV

spectrum shown in Fig. 4 is obtained with a geometrya$) (conformation, this conformation can be
assigned to the enantiomer whose CD spectrum is shown in Fig. 4 (positive CD band at 204 nm).

The characterization of the transitions on the basis of the transition densities is given in Table 2. The
first two positive CD bands (A and B) can be assignedg@hd L, transitions, respectively, which are
essentially localized at the cyclophane-type distorted ring | (transitions of this type will be abbreviated
by Lp(l) and Ly(I)). The transition density of the ) state has slightly larger contributions from parts
outside ring I, namely from the region of C(1), C(6), C(2) and the bridge atom C(8). The obseiVed L
band is centred at 331 nm and thereby strongly red shifted with respect to the corresponding transitions
in unstrained compounds (compare for example thednsition in 1,4-dichlorobenzene which is located
at Amax=272 nm)?® This red shift is also found in other strainagdyclophanes and is attributed to the
distortion of the benzene rirfg.A transition which is composed of an transition at ring 1l and ar—t*
transition at ring | is calculated at 257 nm, near the position of thednd ino-xylene at\ =262 nm?°
The strong transition calculated at 267 nm igwefrt* character; it is not localized at one of the benzene
rings and cannot be traced back to a transition of the benzene chromophore. In the 213-236 nm region,
a series of ring-to-ring charge transfer transitions is found. The most intense CD band observed at 204
nm (band D) originates mainly from a transition which is composed of #Hh)Lliransition and a lone
pair(Cl)— Tt* transition.

In order to gain further insight into the relationship between molecular structure on the one hand and
the character of the excited states and chiroptical properties on the other, we compare the CD spectrum of
1 with those of the different model geometri€a{2c) shown in Fig. 2. In the first step, the cyclophane
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Table 2
DFT/SCI results for the vertical excitation wavelengtldg, (oscillator strengths (f) and rotatory
strengths (R) of d9-endel. The transitions are characterized according to the nomenclature of
Platf* whenever possible. If a transition is essentially localized in ring | (C(10)—-C(15)) or in ring
Il (C(1)—C(6)), this is specified in parentheses. A lone pair of a chlorine substituent is abbreviated by
Ip and a charge transfer transition by CT

state  A/nm f  R/cgs band character of excited state

2'A 342 0021 80 A ILy(])

31A 312 0124 437 B 'L(])

4'A 267 0186 577 C w7

51A 257 0041 -173 C  Ly(I), 7 — 7*()
6'A 247 0014 87 C 7o

7'IA 242 0056 -08 C w7t

81A 236 0025 3.0 m — m*, CTI!
9'A 231 0010 -05 C w7

10'A 225 0002 -14 C -, CT™N
11'A 216 0053 107 D - % CTU-!
12'A 213 0047 103 D 7« —qt, CTN
13'A 209 0057 39 D ror

14'A 204 0197 -51.6 T

15'A 202 0066 1194 D !L,(II), Ip(CI'®) = 7*, = — x*(I)

16'A 199 0053 229 D Ip(CI'512) o 7% 'L, (ID), 7 — 7*(I)
17'A 195 0.08 -47.3 E  Ip(CI*¥™2) —» n* 7 — 7

bridge is broken by removing the methylene group of C(8) and exchanging the methylene groups of C(7)
and C(9) with methyl groups. In this way it is possible to change the geometrpdhat of an unstrained
biphenyl in two further steps (see Fig. 2). In order to test the influence of the variations in the cyclophane
bridge on the calculated CD spectrum, the first geomedrywas chosen to be exactly the geometrylof
except for the optimized position of the hydrogen atoms of the methyl groups. The calculated CD spectra
of 2aand1 are compared in Fig. 5.

The first four calculated transitions @a agree almost exactly in position, rotatory strength and
character with those of. In the shorter wavelength region, the influence of the cyclophane bridge
becomes larger and more pronounced differences between the calculated CD sp&dred @8k are
observed. At least in the long-wavelength region, the struc®arean thus be considered to be well
suited as a model system for

In the next step (geometBb), the pyramidalization of the atoms C(10) and C(14) was removed while
the boat-type distortion of ring | was maintained. For this purpose all coordinates were relaxed except
those of the six carbon atoms of the benzene ring | and its two chlorine and hydrogen substituents. The
pyramidalization of the atoms C(10) and C(14) was explicitly removed during the optimization, since
without this additional constrain the pyramidalization would not completely vanish but a slight inverted
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Figure 5. Calculated CD spectrum of the model geom2#r{solid line). The simulated CD spectrum of the biphenylophhne
is given for comparison as a dashed line

pyramidalization would occur. Furthermore, the torsion angle between the two benzene rings was fixed
so that the average torsion angle2afequals that oRa (and ofl).

In the structure2c all constraints were released except for the average torsion angle between the two
benzene rings which equals that of the previous structur@s and2b. Structure2c thus represents a
substituted biphenyl. The simulated CD spectr&lmand2c are compared with that & in Fig. 6.

As in the biphenylophang, the first transition of all three model geometries is gfl).character. The
position of this band was strongly blue shifted from 343 nri2dto 295 nm in2b and blue shifted to a
smaller extent to 278 nm i2c. Since in2b the boat-type distortion of the framework of the carbon atoms
in ring | is still present, it appears that the pyramidalization (or rehybridization) of the atoms C(10) and
C(14) was an important factor for the red shift of the first transition of the biphenylogheopared to
corresponding unstrained molecules. Note that an increase in the conjugation between the two benzene
rings would lead to a red shift?8 which is possibly superimposed to the calculated blue shift in going
from 2ato 2c.t

The rotatory strength of thepll) transition becomes smaller and changes the sign in going #@am
to 2b and is close to zero iAc. The second transition @&aand?2b, which shows a large positive Cotton
effect, is of Ly(l) character. Also this transition is blue shifted by 25 nm in going fr2arto 2b. The
second transition dIc, on the other hand, is ofd(ll) type with a small Ly(l) contribution and its rotatory

T 1tis only in an arbitrary way possible to remove the deformation angéd to maintain the pyramidalization of the atoms
C(10) and C(14). In a benzene model we have varied badind the pyramidalization. It turns out that the strong dependence
of the red shift of the |, band on the pyramidalization occurs only if the anglés large. In other words, the strong red shift of
the Ly, band occurs only if the angle as well as the pyramidalization are considerably large.
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Figure 6. Comparison of the simulated CD spectra of the model geom2&i&b and2c. Only the positions and rotatory
strengths (R) of the first two transitions 2& and2b, and of the first three transitions @€ are designated by sticks. The shift
of corresponding transitions is indicated by arrows

strength is close to zero. The broad negative region from 214-263 nm in the spect@lnsafaused

by ring-to-ring charge transfer ang—rt* transitions. The third transition and first stronger band in the
spectrum oRcis a combination of the 4 states of the two rings and corresponds thus to the conjugation
band of other biphenyls. The sign of this band is known to be characteristic for the absolute conformation
of bridged, symmetrically substituted biphenyls, i.e. it is negative d§-biphenyls as is also the case

for 2¢.”-101n the short wavelength limit of the spectrum2xd, a very strong positive band occurs which

is not found in the CD spectra df 2a and2b. This band originates from two transitions of which the
strongest one, calculated at 183 nm, is due to the coupling ofgfiedhd By(Il) transitions.

Although1 contains a biphenyl moiety, its CD spectrum differs significantly from that of the unstrained
biphenyl 2c. One reason is that ring | shows a boat-type conformation with a pronounced pyramida-
lization at C(10) and C(14) while ring Il is only slightly distorted. As a consequence, the benzene
chromophore transitions of ring | are strongly shifted with respect to those of ring Il. The transitions
found in1 therefore have a different character than thos2odnd for example, the ‘conjugation band’
(combination of the | transitions at both rings) occurs &t but not in1. Furthermore the cyclophane-
type distortions have not only influence on the CD spectrurt by shifting the transition energies of
one ring with respect to those of the other ring, but also by affecting the transition moments. The boat-
type deformation gives, for example, rise to a magnetic transition moment ing{hetdansition. The
signs of the several CD bands in the spectrurth afe rather difficult to explain since the structure of the
chromophore ofl is much more complex than that of the unstrained biphenyl.

Finally, it should be noted that the energy difference betwzZgeand the conformer o2c in which
the torsion angle between the benzene rings is relaxed, can be considered as strain enaBgyttos
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approach, a strain energy of 51 kcal/mol is obtained at the PM3 level of theory in good agreement with
the value calculatédoy using group increments (48 kcal/mol).

5. Summary

The DFT/SCI method has been applied in order to discuss the CD spectrum and the valence excited
states of the biphenylopharie The absolute conformation has been assigned on the basis of the
calculated CD spectrum. By calculating the CD spectra of three model geometries, it was found that
the CD spectrum of the biphenylophahéiffers substantially from that of the corresponding unstrained
biphenyl2c. Furthermore it was found that the pyramidalization of the bridging atoms C(10) and C(14)
is, besides the boat-type deformation, an important factor for the red shift of the transitions localized at
the cyclophane-like distorted ring | with respect to those of corresponding unstrained molecules or those
of ring Il

6. Experimental
6.1. Crystal structure determination

Ci5H12Clp, M=263.15 g moil, pale yellow needles, 0.80.44x0.13 mn¥, orthorhombic, Pca2
a=16.4769(4) A,b=10.4623(2) A,c=7.2599(1) A ,v=1251.51(4) R, z=4, p=1.397 g cm3, 12085
measured reflections, 2476 unique reflectioRg:£¥0.0943), R (1>20(1)): R1=0.0256,wR2=0.0660.

R (all data): R1=0.0267,wR2=0.0669,5=1.052. Intensities were measured on a Nonius Kappa CCD
diffractometer with rotating anode (MoK A=0.71073 A) at a temperature of 150 K. The structures were
solved with the program SIR8%and refined with the program SHELXL%7against? of all reflections

up to a resolution of (sif/A)max=0.65 A1. Non hydrogen atoms were refined freely with anisotropic
displacement parameters. Hydrogen atoms were refined as rigid groups. An absorption correction was
not considered necessary. The drawings, structure calculations and checking for higher symmetry were
performed with the program PLATORL The absolute structure was determined by refinement of the
Flackx paramete?2 which resulted irx=0.00(5).

6.2. Enantioresolution

Chiralcell OD®, cellulose-tris(3,5-dimethylphenyl)carbamate (CDMPC) on silica gelx280mm;
eluent: n-hexane; 1.5 mL min'; injection of 5pL portions of a 1.%10™> molar solution ofl in n-
hexane; pressure: 17 bar; temp.: 0°C; detection: MA254 nm; resolution parameérR;=0.58. CD
measurement: JASCO-spectropolarimet&00; 1.9<10* mol L™ (enantiomer with positive CD band
at 204 nm), 9.5810°° mol L™ (enantiomer with negative CD band at 204 nm) solutiom-inexane
(concentration was determined by UV measurements of the enantiomers and calibration with racemic
solution), 0.2 mm cell.
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