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The Effects of Fluorine and Chlorine Substituents across the Fjords of
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The bistricyclic aromatic enes (BAEs) (E)- and (Z)-1,1’-difluo-
robifluorenylidene, 1,8,1’,8’-tetrafluorobifluorenylidene, (E)-
and (Z)-3,3'-difluorobifluorenylidene, 3,6,3',6'-tetrafluorobi-
fluorenylidene, and their chlorinated analogues were sub-
jected to a DFT study of overcrowding in their fjord regions.
The B3LYP hybrid functional was employed to calculate en-
ergies and geometries of the twisted conformations of these
BAEs. The diastereomers E11'F2 and Z11'F2 have identical
twist angles (w = 37.1°) and similar degrees of overcrowding,
but differ in the degree and mode of pyramidali-
zation, y. In E11'F2, #(C°) = +x(C®) = 7.0° (syn-pyramidali-
zation), while in Z11'F2, x(C°) = —(C®) = 1.0° (anti-pyramid-
alization). By contrast, in E11'CI2 and Z11'Cl2, w = 40.6° and
42.7°, respectively. Introducing four halogen substituents re-
sults in higher twist angles: w = 40.3° in 181'8'F4 and 52.6°
in 181'8'Cl4. Surprisingly, Z11'F2 is more stable than E11'F2

(AHo9g = -1.9 kJ/mol), whereas Z11'CI2 is less stable than
E11'Cl12 (AH,9g = 2.2 kJ/mol). Both results are consistent with
the experimental relative stabilities of these diastereomers.
The unexpected stability of Z11'F2 is explained by a combi-
nation of steric and electronic effects. Calculations of Cou-
lomb energies for point charge systems of atoms C, F, and H
in the fjord regions shows stabilization of the (Z) dia-
stereomer by —45.5 kJ/mol. The dipole—dipole interactions in
the fjord region destabilize Z11'F2 by 6.4 kJ/mol relative to
E11'F2. Careful examination of the NMR spectra of E11'F2
and Z11'F2 shows, in the latter, evidence of long-range fluor-
ine—fluorine coupling over seven bonds (11.4 Hz) and car-
bon-fluorine coupling over six bonds (4.8 Hz).

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Introduction

The bistricyclic aromatic enes (BAEs)!!-? (Figure 1) have
fascinated chemists since bifluorenylidene (BF) (Figure 1;
X, Y: —) was synthesized in 1875, dixanthylene (Figure I,
X,Y: O) was synthesized in 1895, and thermochromism!!
and photochromism were revealed in bianthrone (Figure 1;
X, Y: C=0)."1 They can be classified into homomerous
bistricyclic aromatic enes (Figure I, X = Y) and #hetero-
merous bistricyclic aromatic enes (Figure 1, X # Y).[
They may be viewed as bridged tetraarylethylenes or as
tetrabenzofulvalenes. These systems are attractive substrates
for the study of the ground-state conformations and
dynamic stereochemistry of overcrowded polycyclic aro-
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matic enes (PAEs)."! Thermochromic and photochromic
polycyclic aromatic enes are candidates for potential molec-
ular switches.[®

Figure 1. Bistricyclic aromatic enes.

The BAEs, including BF, are overcrowded in the fjord
regions on both sides of the central ene (C°=C?"). Intramo-
lecular overcrowding is a steric effect shown by aromatic
structures in which certain (intramolecular) distances be-
tween nonbonded atoms are smaller than the sum of the
van der Waals radii of the atoms involved.[ The intramo-
lecular overcrowding in BAEs requires out-of-plane defor-
mations to alleviate prohibitively close contacts of non-
bonded atoms in the fjord regions resulting from the steri-
cally demanding tricyclic moieties.
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Bifluorenylidene (BF), the smallest BAE, is a unique case
among the homomerous bistricyclic enes, because of its cen-
tral five-membered rings, which increase the coplanar dis-
tances 1-1’ and 8-8' compared to those in their central six-
membered ring analogues, the bianthracenylidenes. This
topology introduces a bias towards planarity of the tricyclic
moieties, while concomitantly rendering them sterically less
demanding, especially in twisted conformations.””! Indeed,
bifluorenylidenes (BFs) adopt twisted conformations.[”*! In
the parent BF, the pure twist around C°=C’ is 32°.1I BF is
a fullerene fragment and a starting material for the prepara-
tion of buckybowls.['%!l As to the question of thermochro-
mism of BF, it has been claimed that BF “is intensely red,
but loses its color when chilled to low temperatures, the
same phenomenon as in the case of dixanthylene may be
assumed to occur, but in different temperature range”.l'?!
However, this claim of thermochromic character of bifluor-
enylidene has never been substantiated.

The use of the term fjord needs a clarification. The term
fjord in BAEs was coined in analogy to its use in polycyclic
aromatic hydrocarbons (PAHs). The most important over-
crowding motifs in PAHs and in BAEs are bay, cove and
fjord ['3-161 These well-established terms!'3-19 refer to parts
of the peripheries of PAHs consisting of three, four and five
consecutive C—C bonds, respectively, forming peripheral
concave regions. Bay is the overcrowding region
(C*C*C*C?) in phenanthrene. Cove is the overcrowding re-
gion (C2C'22C!?*C!1>¢C!)y  in  benzo[c]phenanthrene
([4]helicene).  Fjord is the overcrowding region
(CH4C4aCl4bCl4eCl4dCly jn dibenzo[c,g]phenanthrene ([5]-
helicene). These motifs play a significant role in the mecha-
nisms of carcinogenicity of PAHs, e.g., the bay-region diol
epoxide theory.!'”l Dibenzo[a,/]pyrene,!'®!°1 one of the worst
environmental hazards,?2!] has a cove region and is chiral,
while the notorious carcinogen benzo[a]pyrenel®” has a bay
region and is planar.[*3 Kresmar et al.’*l have mistakenly
used the term cove instead of the preferred term fjord to
denote the overcrowding regions in bifluorenylidenes. There
seems to be no need for more “catchy” nomenclature when
the older “fjord” can aptly describe such regions in a range
of molecules.

We report here the results of a theoretical DFT study of
various difluoro-, tetrafluoro-, dichloro- and tetrachlorobi-
fluorenylidenes. An '"F NMR study of the through-space
spin—spin interactions in (E)- and (Z)-1,1'-difluorobifluor-
enylidenes is also described. Through-space '"F-!°F coup-
ling was reported in the literature.?*2 Special emphasis is
given to the effects of fluorine vs. chlorine substituents ac-
ross the fjord regions of bifluorenylidenes and to (E) vs. (Z)
diastereomers. In particular, the unexpected higher stability
of the (Z)-1,1'-difluoro diastereomer relative to the (FE)-
1,1’-difluoro diastereomer is highlighted and analyzed.

The substitution of hydrogen atoms of BF by fluorine
and chlorine atoms was primarily motivated by the follow-
ing considerations. Sterically, but not electronically, fluorine
resembles hydrogen: it is the second smallest atom after hy-
drogen (discarding isotopes). Their van der Waals radii are
115 pm (H) and 140 pm (F).[3?l Hence, introducing fluorine
5060
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atoms in the fjord regions (1, 1’, 8, and 8’ positions) was
not expected to affect significantly the overcrowding of BF.
On the other hand, it would allow the use of °F NMR
spectroscopy for studying (E)- and (Z)-1,1'-difluorobifluor-
enylidenes and the through-space interactions in their fjord
regions. By contrast, introducing the bulkier chlorine atom
(van der Waals radius 190 pm[*?l) in the fjord regions was
expected to increase the degree of overcrowding. The struc-
tures of perchlorobifluorenylidene and 1,3,6,8,1',3',6",8'-
octachlorobifluorenylidene, in which all four positions at
the fjord regions are occupied by chlorine atoms, have been
described.*?! For comparison, fluorine and chlorine atoms
were also introduced not in the fjord regions of BF (posi-
tions 3, 3’, 6, and 6’). In these substituted bifluorenylidenes
overcrowding was not expected to be affected.

Results and Discussion

DFT can be successfully used to probe the aromaticity
of large molecular systems, in a cost-effective way, using
the different energetic, geometrical and magnetic criteria of
aromaticity.?”] Recently, the B3LYP hybrid functional was
successfully employed to treat BAEs,[?81 LPAHSs,'6! fuller-
enes, and fulvalenes.” The following difluoro-, tetra-
fluoro-, dichloro-, and tetrachlorobifluorenylidenes were
subjected to DFT B3LYP calculations, along with the
parent bifluorenylidene (BF): (E)-1,1’'-difluorobifluor-
enylidene  (E11'F2),25301  (Z)-1,1’-difluorobifluorenyl-
idene (Z11'F2),125:301 18,1’ 8'-tetrafluorobifluorenylidene
(181'8'F4), (E)-3,3'-difluorobifluorenylidene (E33'F2), (Z)-
3,3’-difluorobifluorenylidene (Z33'F2), 3,6,3',6'-tetrafluo-
robifluorenylidene (363'6'F4), (E)-1,1’-dichlorobifluor-
enylidene  (E11'CI2),%  (Z)-1,1'-dichlorobifluoreny-
lidene (Z11'CI2),B% 1,8,1’,8'-tetrachlorobifluorenylidene
(181'8'Cl4), (E)-3,3'-dichlorobifluorenylidene (E33'Cl4),
(2)-3,3'-dichlorobifluorenylidene (Z33'Cl2), and 3,6,3',6'-
tetrachlorobifluorenylidene (363'6'Cl4). In the present
study, only the twisted conformations were considered.

The structures and atom labeling of the above BFs are
shown in Figure 2. Table 1 gives the calculated relative ener-
gies [AEty, AHyyg and AGsog at the B3LYP/6-31G(d),
B3LYP/6-31+G(d), B3LYP/6-311G(d,p) and B3LYP/6-
311++G(d,p) levels] of the various twisted BFs under study,
along with their symmetries. The respective calculated total
energies are given in the Supporting Information (Table S1).
Table 2 gives the relative energies of a series of homode-
smotic reactions of the studied BFs. Table 3 gives represen-
tative optimized geometrical parameters of the twisted con-
formations of the various BFs under study [at the B3LYP/
6-311++G(d,p) level] and the respective experimental pa-
rameters of Z11'F2,24 Z11'CI12,*! and 1,3,6,8,1',3',6'.8'-
octachlorobifluorenylidene  (13681'3'6’8' CI8)*°!  derived
from their molecular (X-ray) structures. The following geo-
metrical parameters were included: pure ethylenic twist an-
gle (w) around C°=C?, defined as the average of the two
torsion angles C**—C°-C%'-C%*" and C®-C°-C*-C?’; fold-
ing dihedral angle of the tricyclic (fluorenylidene) moiety
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(A-B), defined as the dihedral angle between the least-
square planes of the atoms C!, C2, C3, C4, C*, C°* and C°,
Co, C7, C8, C%, C* (Figure2) of the benzene rings and
reflecting the nonplanarity of the tricyclic moieties; twisting
dihedral angle between the fluorenylidene moieties (4EB-
CFD), defined as the dihedral angle between the least-
square planes of all the untagged and all the tagged carbon
atoms; pyramidalization angles™ (y) at C° and C°', defined
as the improper torsion angle C**-C°-C%-C8% subtracted
from 180°, bond lengths #(C°—C?"), r(X'-C"), interatomic
nonbonding distances r(C!-C!"), r(H8H?"), r(X!-X"),
r(X!-Cl), r(X!'+-H?¥) and r(C8--H?¥"), where X = F or CL.
Additional geometrical parameters are provided in
Table S2. Table S3 gives the calculated natural atomic
charges at the B3LYP/6-311++G(d,p) level of the various
BFs under study. The respective Mulliken charges are given
in Table S4. The following analysis is based on the B3LYP/

6-311++G(d,p) results.
4 5
8 4adb, 6
e
1 92 8a g
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A 6= Ab'aa’ s

E11'F2

Geometries

The DFT-calculated geometries of Z11'F2, Z11'Cl2, and
181'8'Cl4 are in reasonably good agreement with the exper-
imental X-ray molecular structures (Table 3). The slightly
smaller experimental twist of Z11'CI2 (40.4° vs. 42.7°) and,
consequently shorter ClI'+-Cl!" and CI'--C!" distances, stem
probably from solid-state effects and from intermolecular
interactions in the crystal structure. Thus, four chlorine
atoms of Z11'CI2 form a chain with an intermolecular
Cll--Cl' <error>((<=AUTHOR: CI' twice ok?))</error>
distance of 359.4 pm.B!l Expanding the basis set from 6-
31+G(d) to 6-311++G(d,p) improves the calculated geome-
tries only marginally. Figure 3 shows the B3LYP/6-
311++G(d,p)-optimized C,-twisted conformations of
E11'F2, Z11'F2, E11'CI2, and Z11'CI2. The principal
mode of deviation from planarity of BFs is the twist angle
 around C°=C" 12 In the parent BF, » = 32.0°,81 while the
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Figure 2. Substituted bifluorenylidenes.
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Table 1. DFT-calculated relative energies, enthalpies and free energies [kJ/mol] of the various twisted substituted bifluorenylidenes.
B3LYP/6-31G(d) B3LYP/6-31+G(d) B3LYP/6-311G(d,p) B3LYP/6-311++G(d,p)
AE‘Tot A1-1298 AG298 AE‘Tot A11298 AGZ‘)S AE‘Tol A1—1298 AG298 AE‘Tot AHZ‘)S AG298

E11'F2 ¢, 9.85 9.08 10.55 18.16 17.39 18.86 11.83 11.06 12.53 16.81 16.04 17.51
Z11'F2 G,  6.05 5.46 7.66 16.06 15.47 17.67 9.07 8.48 10.68 14.75 14.15 16.36
E33’F2 ¢, 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Z33F2 C, 0.16 0.17 0.05 0.18 0.19 0.07 0.20 0.21 0.09 0.21 0.22 0.10
E11'C12 G, 46.28 44.55 46.66 42.90 41.18 43.29 42.35 40.63 42.73 39.93 38.20 40.31
Z11'C12 C, 48.63 46.83 49.15 45.47 43.67 45.99 44.83 43.03 45.35 42.21 40.41 42.73
E33'Cl2 G,  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
733C12 G, 0.20 0.28 0.19 0.22 0.30 0.21 0.25 0.33 0.24 0.23 0.31 0.22
181'8'F4 D, 10.44 9.40 13.94 29.71 28.74 33.27 16.15 15.11 19.65 27.16 26.12 30.66
363'6'F4 D, 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
181'8'C4 D, 92.95 89.74 93.69 86.34 83.13 87.08 85.64 82.44 86.39 80.35 77.14 81.09
363'6'Cl4 D, 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Table 2. DFT-calculated relative energies, enthalpies and free energies [kJ/mol] of a series of homodesmotic reactions of the various
bifluorenylidenes.

# Homodesmotic reaction B3LYP/6-31G(d) B3LYP/6-31+G(d) B3LYP/6-311G(d,p) B3LYP/6-311++G(d,p)

AETO[ AHZQS AG298 AETD[ AHZQX AGZ9S AETO[ AH298 AG298 AETO[ A1.1298 AGZQS

1 E11'F2 + E11'F2 = 181'8'F4 + BF -7.11  -6.68 -197 -3.69 -3.26 145 497 -454 017 353 -3.11 1.61
2 Z11'F2 + Z11'F2 = 181'8'F4 + BF 0.49 0.57 3.82 0.50 0.58 3.84 0.54 0.62 3.88 0.58 0.66 3.92
3 E33'F2 + E33'F2 = 363'6'F4 + BF 2.15 2.08 5.20 2.86 2.79 591 2.54 2.47 5.59 2.92 2.85 597
4 Z33'F2 + Z33'F2 = 363'6'F4 + BF 1.82 1.74 5.09 2.50 242 5.71 2.14 2.05 5.41 2.50 242 5.71
5 E11'C12 + E11'CI12 = 181'8'C4 + BF 4.29 4.42 7.32 4.04 4.17 7.07 4.94 5.07 7.97 3.63 3.77 6.67
6 Z11'C12 + Z11'CI12 = 181'8'Cl4 + BF -042 -0.12 235 -1.10 -0.80 1.67 -0.03  0.27 274 094 -0.64 1.84
7 E33'CI2 + E33'CI2 = 363'6'Cl4 + BF 3.89 3.79 6.95 3.50 3.40 6.57 3.99 3.88 7.05 3.14 3.03 6.20
8 Z33'CI2 + Z33'CI2 = 363'6'Cl4 + BF 3.48 3.23 6.57 3.06 2.81 6.15 3.48 3.23 6.57 2.68 242 5.76
9 2xE11'F2 + 363'6'F4 = 2xE33'F2 + 181'8'F4 -9.26 876 -7.17 -6.55 -6.05 446 -7.50 -7.01 -542 645 595 -4.36
10 2xZ11'F2 + 363'6'F4 = 2xZ33'F2 + 181'8'F4 -134  -1.17 -127 200 -1.83 -194 -1.59 -143 -1.53 -192 -1.75 -1.86

11 2xE11'CI2 + 363'6'Cl4 = 2xXE33'CI2 + 181'8'Cl4 -390 335 422 -416 -3.61 448 351 -296 -383 -3.61 -3.06 -3.93
12 2xZ11'CI2 + 363'6'Cl4 = 2xZ33'CI2 + 181'8'Cl4 0.39 0.63 0.36 0.54 0.78 0.51 0.95 1.19 0.92 0.49 0.73 0.47

Table 3. Selected calculated [B3LYP/6-311++G(d,p)] and experimental geometrical parameters of the twisted conformations of substituted
(X = F, Cl) bifluorenylidenes.

Pure Dihedral CleeC¥(E)  X!'-H¥ (E) X!'C¥ (E)  Cl-+H¥ (E)

Afro wwist  TO¢ twist (ew e xC ClC'"(z2) XX (E) H-HY X'-Cl'(z) C%H¥ (2)
[kJ/mol] [’ [ [ [l [pm] [pm] [pm] [pm] [pm] [pm] [pm]
BF - 340 26 4.7 0.0 137.8 - 321.2 225.8 2258 - 259.9
E11'F2 16.81 371 3.7 48.0 7.0s 1381 1352 333.0 249.6 - 282.5 265.4
Z11'F2 14.75 371 28 46.1 1.0a 1382 1352 3432 270.7 227.9 283.5 261.7
Z11'F20! - 378 5.0 49.4 0.8a 137.7 1345 347.2 263.8 234.8 275.5 267.7
E33'F2 0.00 340 2.7 4.7 0.2s 1378 1355 3213 - 2259 - 259.9
Z33'F2 0.21 339 26 426 0.4a 1378 1355 320.8 - 2253 - 260.0
E11'CI2 39.93 40.6 47 55.7 127s 1384 1754 342.8 292.6 - 322.6 270.5
Z11'CI2 4221 927 36 51.9 2.0a 1386 1754 375.3 358.3 235.0 331.0 263.8
, 4.0, 1.9a, 172.5,
Z11'CI2 - 04 49.7 17 1379 0 370.5 359.4 253.0  321.5 321.8 259.0,277.7
E33'CI2 0.00 341 26 42.8 0.4s 1378 175.8 3215 - 226.1 - 260.6
Z33C12 0.23 340 2.5 4.6 0.1a 1378 1758 320.9 - 225.4 - 260.1
181'8'F4 27.16 403 19 49.6 0.0 1387  135.1 344.9 271.9 - 285.1 -
363'6'F4 0.00 33.8 25 4.5 0.0 1378 1354 321.1 - 226.4 - 260.2
181'8'Cl4 80.35 526 1.7 61.8 0.0 1399 1753 378.7 366.4 - 336.8 -
173.1,
v erorrtal 29, 2025 172.9, 336.4, 331.0,
13681'3'6'8'CI8™! - 55 38 2627 2817 1392 Y ‘ 137.4, 138.2  365.6, 355.8 - 332.7 3364 -
173.8
363'6'Cl4 0.00 339 24 4.5 0.0 1379 175.6 321.4 - 226.7 - 260.6

[a] s and a designate syn- and anti-pyramidalization, respectively. [b] The geometrical parameters taken from the X-ray molecular struc-
tures.
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fluorenylidene moieties are almost planar (folding dihedral
angle: 5.2-2.7°).2! Introduction of fluorine or chlorine sub-
stituents at positions 3, 6, 3’ and 6’ hardly affects the twist.
For example, in 363'6'F4 and 363'6'Cl4 w = 33.8° and
33.9°, respectively. These results indicate that the degree of
overcrowding in BF is maintained in these derivatives. A
different picture emerges when fluorine or chlorine substit-
uents are introduced in the fjord regions: the degree of twist
is enhanced. In E11'F2 and Z11'F2, w = 37.1°. As ex-
pected, introduction of chlorine substituents results in a
larger twist angle. For example, in 181'8'F4, w = 40.3°,
while in 181'8'Cl4, w = 52.6°. For comparison, in
13681'3'6'8'CI8 and in perchlorobifluorenylidene, «» = 55°
and 66°, respectively.”®! Surprisingly, the two diastereomers
E11'F2 and Z11'F2 have identical twists, @ = 37.1°. By
contrast, in E11'CI2 and Z11'CI2, w = 40.6° and 42.7°,
respectively. At first glance, it seems that there is no differ-
ence in the degree of overcrowding in the fjord regions of
E11'F2 and Z11'F2. However, these (E) and (Z) dia-
stereomers differ in the degree and mode of pyramidaliz-
ation, y, at C° and C°'. In E11'F2, y(C%) = +4(C%) = 7.0°
(syn-pyramidalization), while in Z11'F2, y(C®%) = —(C%) =
1.0° (anti-pyramidalization). The syn-pyramidalization of
the (E) diastereomer and the anti-pyramidalization of the
(Z) diastereomer are dictated by the orientation of the two-
fold C, axis relative to C°=C?’, which passes through the
center of the double bond perpendicularly to the mean
plane of the molecule [(E) diastereomer] and through the
center of the fjord region [(Z) diastereomer]. From this

point of view, the (E) diastereomer is more overcrowded
than the (Z) diastereomer. The higher stability of Z11'F2
relative to E11'F2 may be attributed to the difference in the
degree and sign of the pyramidalization at C° and C°'. In
181'8'F4, with two pairs of bucking fluorine atoms in the
fjord regions [(Z) to one another], D, symmetry dictates
that y(C%) = (C°) = 0°. In this case, the burden of over-
crowding falls on the twist angle: w = 40.3°. In E11'CI2,
the pyramidalization of C° is considerably higher than in
E11'F2, 4(C%) = 12.7° (syn), while in Z11'CI2, the pyrami-
dalization of C° is still very small, y(C°) = 2.0° (anti), sim-
ilar to that in Z11'F2. Another indication of overcrowding
in the fjord regions is the penetration across the fjords, when
the nonbonding interatomic distance of the relevant pair of
atoms is smaller than their van der Waals contact distances.
The van der Waals radii of hydrogen, fluorine, carbon and
chlorine are 115 pm (H), 140 pm (F), 171 pm (C) and
190 pm (CI).1*?! Therefore, the van der Waals contact dis-
tances are 280 (F--F), 380 (CI---Cl), 342 (C--C), 230
(H---H), 255 (F---H), 305 (Cl---H), 311 (F---C), 361 (CI---C),
and 286 (C---H) pm. Only slight penetration (ca. § %) across
the fjord regions has mostly been observed. The highest de-
grees of penetration are found between the fjord region car-
bon atoms and the opposite substituents. The C---H dis-
tances in the parent compound (BF) and in the 3,3'-disub-
stituted derivatives (E33'F2, Z33'F2, E33'Cl2, and
733'C12) are 260-261 pm, corresponding to 9% penetra-
tion. The C---F distances in E11'F2, Z11'F2, and 181'8'F4
range from 283 to 285 pm, corresponding to 8-9% penetra-

Figure 3. Optimized C,-twisted conformations of Z11'CI2 (top left), E11'CI2 (top right), Z11'F2 (bottom left) and E11'F2 (bottom right)

[at B3LYP/6-311++G(d.p)].
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tion. The C-+-Cl distances are 323 pm (11% penetration) in
E11'CI12, 331 pm (8% penetration) in Z11'CI2 and 337 pm
(7% penetration) in 363'6’Cl4. All other nonbonding dis-
tances across the fjord regions correspond to penetrations
of 6% or less.

Energies

The energies presented in Table 1 are calculated with the
6-311++G(d,p) basis set. In order to obtain more reliable
energies of noncovalent interactions, the basis set should
contain polarization and diffuse functions.l*3 The data pre-
sented in Table 1 show the importance of including the dif-
fuse function on carbon atoms. Omitting them overesti-
mates by a factor of two the stability of E11'F2 and Z11'F2
relative to E33'F2, and slightly underestimates the stability
of E11'CI2 and Z11'CI2 relative to E33'CI2. On the other
hand, expanding the basis set from 6-31+G(d) to 6-
311++G(d,p) hardly affects the results. Addition of polar-
ization and diffuse functions to hydrogen atoms slightly sta-
bilizes 1,8-disubstituted BFs relatively to 3,6-disubstituted
ones. Table 1 also gives the relative enthalpies, AH»9g, and
the relative free energies, AG,gg, calculated from thermal
corrections computed at the B3LYP/6-31G(d) level.

E33'F2 and Z33'F2 have essentially equal relative ener-
gies. The same is true for E33'Cl2 and Z33'CI2. Over-
crowded E11'F2 and Z11'F2 are significantly less stable
than E33'F2 and Z33'F2: AH,yg = 16.0 and 13.9 kJ/mol,
respectively. E11'CI12 and Z11'CI2 are considerably less
stable than E33'Cl2 and Z33'CI2: AH,9s = 38.2 and
40.1 kJ/mol, respectively. Thus, introduction of fluorine or
chlorine substituents in the fjord regions leads to destabili-
zation, both in the (E) diastereomer and in the (Z) dia-
stereomer. The destabilizing effect of halogen substitution
in a fjord region is approximately doubled for tetrahaloge-
nated compounds: 181'8'F4 is less stable than 363'6'F4 by
26.1 kJ/mol, while 181'8'Cl4 is higher in energy than
363'6'Cl4 by 77.1 kJ/mol (AH,eg).

Surprisingly, in the fluorine series, Z11'F2 is more stable
than E11'F2: AH»o5 = —1.9 kJ/mol, AGyyg = —1.2 kJ/mol,
contrary to the expectation that bucking fluorine atoms and
hydrogen atoms across the fjord regions of the (Z) dia-
stereomer would be sterically more demanding than a pair
of bucking fluorine and hydrogen atoms in the fjord regions
of the (E) diastereomer.[>> This result is consistent with the
experimental ratio (Z)/(E) = 69:31 (2.2:1, AGyg = -2.0 kJ/
mol) observed in the 'H NMR spectrum of a mixture of
Z11'F2 and E11'F2 in solution.**

In the chlorine series, the (Z)/(E) ratio is reversed:
Z11'C12 is less stable than E11'CI2: AH,9g = 2.2 kJ/mol,
AGr9g = 2.4 kJ/mol. Bucking chlorine atoms and bucking
hydrogen atoms in the fjord regions of the (Z) diastereomer
are indeed sterically more demanding than a pair of buck-
ing chlorine and hydrogen atoms in the fjord regions of the
(E) diastereomer. This result is also consistent with the ex-
perimental ratio of (Z)/(E) = 30:70 (1:2.3, AGyeg = 2.1 kJ/
mol) observed in the 'H NMR spectrum of a mixture of
Z11'CI2 and E11'CI2 in solution.[3!
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The unexpected relative stability of the (Z) stereochemis-
try of fluorine atoms in a fjord region of BFs is reflected
also in a series of homodesmotic reactions** (Table 2). In
particular, in the fluorine series, (Z£)-difluoro-BFs have a
stability comparable to the average of the 1,8,1',8'-tetra-
chloro-BF and the parent BF (and the pure twist angle,
37.1°, comparable to the average pure twist angles of
181'8'F4, 40.3°, and BF, 34.0°): AH,93 = +0.7 kJ/mol for
Z11'F2 + Z11'F2 — 181'8'F4 + BF, while for E11'F2 +
E11'F2 — 181'8'F4 + BF, AH,y3 = 3.1 kJ/mol. By con-
trast, in the chlorine series, AH,yg = +3.8 kJ/mol for
E11'C12 + E11'C12 — 181'8'Cl4 + BF and AH,y =
—0.6 kJ/mol for Z11'C12 + Z11'CI12 — 181'8'Cl4 + BF. In
the latter case, the steric strain in 181’8’ Cl4 is reduced due
to its significantly larger twist angle, 52.6° vs. 42.7° in
Z11'CI12. In the 3,6-disubstituted series, the average stability
of each of the tetrasubstituted BFs and BF is less than the
stability of the respective disubstituted BF (Table 2).

In general, the relative enthalpies of 1,1’-disubstituted
and 1,8,1',8 -tetrasubstituted BFs are lower than the re-
spective relative energies by 0.6-3.2 kJ/mol, while the en-
tropy effect manifests itself in the destabilization of 1,8-di-
substituted BFs by 1.5-4.5 kJ/mol.

Electronic Structure

The natural atomic charges [at the B3LYP/6-
311++G(d,p) level] of the BFs under study are provided in
Table S3. The C-F bond has a significant ionic character in
both E11'F2 and Z11'F2, as demonstrated by the high
charges on the F! (-0.343 and —0.345, respectively) and C!
(0.436 and 0.450, respectively) atoms. The carbon—fluorine
bonds in E33'F2 and Z33'F2 are similarly polarized. By
contrast, the carbon—chlorine bonds in E11'CI2 and
Z11'C12 are nearly purely covalent, with CI' charged
slightly positive (0.028 and 0.023, respectively) and C! bear-
ing a small charge (—0.013 and 0.016, respectively). Accord-
ing to the natural bond orbital (NBO) analysis of the C'-
F! and C'-Cl' bonds, the natural atomic hybrid on chlorine
has notably higher p character, sp*d%3, than the analo-
gous hybrid on fluorine, sp>3! [(E) diastereomers]. The high
p component in the spd hybrid (in the direction of the
bond) is due to the fact that a 3s orbital of Cl is too diffuse
for a good overlap with the sp? hybrid (2s,2p) of the carbon
atom aligned along the bond.

The C¥-H® and C%-H?® bonds of E11'F2 and Z11'F2,
respectively, are also polar, with negatively charged carbon
atoms and positive hydrogen atoms. Taking into consider-
ation only the C-F and C-H bonds of the fjord regions of
E11'F2 and Z11'F2, two different point charge models, so
called “ion triplets”,*! were examined, as depicted in Fig-
ure 4.

Considering Coulomb’s law, the net electrostatic energy
of the collection of charges corresponding to Z11'F2 (Fig-
ure 4) would be given by Equation (1).

The analogous expression for the net electrostatic energy
of model describing E11'F2 is given by Equation (2).
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Figure 4. Point charge models of the fjord regions of 1,8'-dihalobifluorenylidenes together with natural atomic charges [at the B3LYP/6-

311++G(d,p) level].
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At the 6-311++G(d,p) level, ESg11r2) = ~390.1 kJ/mol,
while E€ 21152y = —435.6 kJ/mol, with the energy difference
AEC = —45.5 k]J/mol in favour of Z11'F2. For comparison,
the net electrostatic energy calculated for the two pairs of
C-H bonds in the fjord region of the parent BF is —106.7 kJ/
mol. From examining the separate terms in Equations (1)
and (2), it follows that the energy losses in Z11'F2 because
of the repulsive F'-F!" (61.2 kJ/mol) and C'--C! (81.9)
interactions are outweighed by the energy gain due to the
two attractive C'+-F!" (~152.2) and C8+H?® (-44.5) interac-
tions. Thus, considering only Coulomb interactions, the (Z)
diastereomer is considerably stabilized relative to the (E)
diastereomer. In the case of E11'CI2 and Z11'CI2, the dif-
ference is much smaller, with ESg11-ciz) = —96.8, EC(z11'ciz)
= -105.0, and AE® = —8.2 kJ/mol. Note that introduction
of two fluorine atoms into the fjord regions of BF leads to
stabilizing Coulomb interaction as compared to the parent
BF, whereas E11'CI2 and Z11'CI2 are considerably less sta-
bilized due to the presence of two chlorine atoms.

Alternatively, the charge distributions depicted in Fig-
ure 4 can be described as constructed of dipoles C3*—F%
and C®—H®%* rather than of point charges. The charge mod-
els are then reduced to the two pairs of dipoles, which ex-
perience dipole-dipole interactions depending on 3136
[Equation (3)], where g1 gy and pcs sy are the dipole
moment vectors of the respective isolated bonds, and R is
the vector joining this two bonds.

Eur. J. Org. Chem. 2006, 5059-5068

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Edd (E11'F2) — 2[/1((:' Fhlcs HR)R(C' Fle-C¥-HY) -
-5
3(/1(CLF1)R(CLF1 c87H8))(/1(c87H8)R(CLF1 CS—Hg))R(CI—FI"-CS'—HS') 1

(€)

The dipole-dipole interaction energy for the Z11'F2
model would be written as Equation (4).

d _ 3
Ed (Z11'F2) —,u(CLFl)ﬂ(cl'7F1')R(C17Fl...cl’7]:1') —

5
3(ﬂ(C17F1)R(CLF1_,,C1'7F|'))(y(c|'71;1')R(C17F|,,,C1'71;1'))R(CLFI,,,CI;FV) +
,u(Csst)u(Cs;Hs')R(CS,HS...CB;HS')’ — S
3(#(C*—H*)R(C*‘—H*---C*'—H*'))(ﬂ(CX'—Hx')R(C“—H“---Cx'—HX'))R(C"—H*‘---CX'—H“')7

“4)

The dipole moments for C-F bonds in E11'F2 and
Z11'F2, calculated from the bond lengths and natural
atomic charges,*”! are 2.59 and 2.65 D, respectively, and the
dipole moments for C¥-H® (E11'F2) and C3-H? (Z11'F2)
are 1.07 and 1.11 D, respectively. Hence, the dipole-dipole
interaction energies for E11'F2 and Z11'F2 (Figure 4) are
EYYgrry = 109 and E49 44k = 17.3 kJ/mol, respec-
tively. The resulting AEY ¢ = 6.4 kJ/mol shows modest de-
stabilization of the (Z) diastereomer as compared to the
(E) diastereomer. Similarly, Z11'CI2 (E¢ = 3.4 kJ/mo]) is
destabilized by the dipole-dipole interaction energies rela-
tive to E11'CI2 (E4¢ = 0.5 kJ/mol).

Although the electrostatic energies derived from the sole
collection of charges presented in Figure 4 are approximate,
they nevertheless give a good insight into noncovalent inter-
actions in halogen-substituted BFs.

Relative Stability of (E) vs. (Z) Diastereomers

As noted previously, Z11'F2 is more stable than E11'F2
(AHzgg =-1.9 kJ/mOl, Angg =-1.2 kJ/mOl), while Z11'CI2
is less stable than E11'CI2 (AHyg = 2.2 kJ/mol, AG,eg =
2.4 kJ/mol). The stability difference can be explained by a
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combination of steric and electronic effects. In the fluorine
series, the degree of overcrowding in the fjord region of
E11'F2 and Z11'F2 is comparable, with identical twist
angles (w = 37.1°) and close dihedral AEB-CFD angles
(48.0° and 46.1°, respectively) and nonbonding C---F dis-
tances (282.5 and 283.5, respectively). The contact F'--F!
distance in Z11'F2 is 271.0 pm (3% penetration), and the
dipole—dipole interaction between fluorine atoms corre-
sponds to the nonstabilizing typel (angle C'-F!-FV
81.2°).381 E11'F2 is still more overcrowded as reflected by
the higher pyramidalization, y(C®) = 7.0° vs. 1.0°. In a sim-
ilar fashion, E11'CI2 is sterically more strained as com-
pared to Z11'Cl2, considering smaller pure twist angle (o
= 40.6° vs. 42.7°) but shorter C---Cl distance (322.6 vs.
331.0) and higher pyramidalization y(C°) = 12.7° vs. 2.0°.

The preference of Z11'F2 may be compared to the higher
stabilities of most (Z)-1,2-dihaloethylenes relative to their
(E) diastereomers, termed the cis effect, ascribed usually to
nonbonding interactions between halogen atoms.*] Thus,
for (E)/(Z) isomerization of 1,2-difluoroethylene, AH® =
3.88 kJ/mol,[*% and the evaluated electronic energy differ-
ences is 4.52 kJ/mol,"1 with the (Z) diastereomer having
the lower energy. According to the NBO-based second-or-
der perturbation-theory analysis of electron delocalization
in (Z)-1,2-difluoroethylene,*>43 geminal, vicinal stabilizing
interaction of C-F bonds and lone-pair interactions of the
fluorine lone-pair electrons are considered, with the latter
being the most important. Indeed, the delocalization energy
of the fluorine lone pairs in E11'F2 and Z11'F2 are 92.6
and 94.5 kJ/mol [at the B3LYP/6-31+G(d) level], respec-
tively, with the energy difference of 1.9 kJ/mol being mostly
due to n,f — mcc* excitations. At the B3LYP/6-
311++G(d,p) level, however, the delocalization energies of
E11'F2 and Z11'F2 are 85.5 and 84.9 kJ/mol, respectively.

The Coulomb interactions in the fjord regions were dem-
onstrated to increase the stability of Z11'F2 relative to
E11'F2 by —45.5 kJ/mol, while the stabilization of Z11'CI2
is only —8.2 kJ/mol. Finally, taking into account dipole—di-
pole interactions including C-X and C-H bonds, both (Z)
diastereomers are destabilized relative to the (E) dia-
stereomers by 2.9-6.4 kJ/mol. Thus, both geometric and
energetic effect account for the relative stability of Z11'F2
and E11'CI2 over their respective diastereomers.

Through-Space Interactions in Z11'F2

Because of the symmetry of the molecule, the two fluor-
ine atoms in Z11'F2 have the same chemical shift. The same
is true for the diastereomer E11'F2. However, in the '*C
isotopomers, '3C-1"F-!1F-12C, the two fluorine atoms have
different chemical shifts due to an isotope effect, and any
measurable coupling between them is easily observed as a
splitting of the '3C satellites of the main fluorine reso-
nances. The '°F spectra are especially simple when recorded
with complete 'H decoupling, which removes the complex-
ity that would otherwise be caused by '?F-'H coupling.
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The following results were obtained; for E11'F2: §('°F—
12C) = 118.74 ppm, J(*’F-13C) = 118.83 ppm, 'Jc g =
246.3 Hz; for Z11'F2: 5(*°F-12C) = 119.71 ppm, §(*°F-13C)
= 119.80 ppm, Je g = 2623 Hz, "Jp p = 11.0%20.4 Hz,
%Jer = 4.8 Hz.

No splitting was observed in the '3C satellites of the '°F
resonance in the spectrum of E11'F2, which is perhaps not
unexpected, given the separation of its two fluorine atoms.
The corresponding resonances of Z11'F2 show splittings of
11.0+0.4 Hz and 4.8 Hz, which are ascribed to long-range
fluorine—fluorine and fluorine-carbon coupling across the
fjord, respectively.

Kresmar et al.,* on the basis of analysis of the 'H
NMR spectrum, reported 11.0 Hz for the "Jg_p coupling,
but did not report the details of the '°F spectrum. The '3C
data differ slightly from ours, with Kresmar reporting 'J_
r =260.2 Hz for E11'F2 and 265.2 or 255.5 Hz for Z11'F2,
compared to our value of 262.3 Hz. However, the "Jg g val-
ues are similar: 11.0 vs. our 11.4 Hz. The authors comment
that the value for this coupling constant “is rather small in
relation to the value of ca. 46 Hz” that they predict from
use of an empirical equation relating the F-F distance with
the size of the spin—spin coupling interaction. However, this
equation was devised to correlate data from a series of [2.2]-
metacyclophanes, in which the C—F bonds are substantially
parallel, rather than antiparallel in the case of the bifluoren-
ylidenes. Thus, the correlation seems to have limited value
outside the domain for which it was devised.

The long-range couplings in the bifluorenylidenes would
be much larger if the molecular framework were planar or
close to planar, but would be expected to fall off rapidly as
the fluorine—fluorine distance increases. Preliminary calcu-
lations*#! suggest that both the "Jp  couplings would de-
crease sharply as the twist angle around the central C=C
bond increased from 40° to 50° (from 250 to 19 Hz), but
these calculations did not take into account the concomi-
tant pyramidalization, and, while the trend is no doubt cor-
rect, the calculated values are high.

Because no system exists for correlation of the magnitude
of through-space coupling with the disposition of the fluor-
ine atoms and their respective C—F bonds, it is not possible
to make deductions about the structures on the basis of the
Jr_p values, except to say that these are consistent with the
fluorine atoms in Z11'F2 being close to each other.

Conclusions

The (Z) diastereomers Z11'F2 and Z11'CI2 were found
to be overcrowded, in a similar degree, relative to their re-
spective (E) diastereomers. The higher steric strain in
E11'F2 and E11'CI2 is reflected in their pyramidalization
at C° and C”'. Z11'F2 is more stable than E11'F2 by 1.2 kJ/
mol, whereas Z11'CI2 is less stable than E11'CI2 by 2.4 kJ/
mol. This difference in stability can be explained by a com-
bination of steric factors, electrostatic Coulombic and di-
pole—dipole interactions. The 'F NMR spectrum of
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Z11'F2 shows long-range fluorine—fluorine and carbon—
carbon coupling across the fjord region.

Experimental Section

Calculations: The DFT calculations of bifluorenylidenes were per-
formed using the Gaussian03™ package. Becke’s three-parameter
hybrid density functional B3LYP,*! with the nonlocal correlation
functional of Lee, Yang, and Parr’! was used. The basis sets 6-
31G(d), 6-31+G(d), 6-311G(d,p) and 6-311++G(d,p) were em-
ployed. All structures were fully optimized using symmetry con-
straints as indicated. Vibrational frequencies were calculated to ver-
ify minima at the B3LYP/6-31G(d) level. Nonscaled thermal energy
corrections calculated at the B3LYP/6-31G(d) level were used. Nat-
ural bond orbital (NBO) analysisi*®! was performed by the NBO
version 3.0 module as a part of Gaussian03 program.

NMR Spectroscopy: The '"F NMR spectra were measured at
282.41 MHz with a Bruker AM3000 spectrometer, for dilute solu-
tions of E11'F2 and Z11'F2 in CDCl; at room temperature with
CFCl; as internal standard. The digital resolution was 0.09 Hz/
point, and 'H decoupling was complete. The mixture of (E) and (Z)
diastereomers was purified by chromatography (benzene/alumina)
shortly before the NMR spectra were recorded. The ratio varied
across the fractions collected from the column, suggesting different
chromatographic mobilities for the two diastereomers. The °F
NMR spectra reported here were recorded for a mixture of (2)/(E)
=3:1.

Supporting Information (see also footnote on the first page of this
article): DFT total energies, enthalpies, and free energies, ad-
ditional geometrical parameters, natural atomic charges and Mul-
liken atomic charges of bifluorenylidenes under study.
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