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Abstract: The NICS values of the dication of tetrabenzo[5.5]fulvalebleshow substantial antiaromaticity.
Substituted fluorenyl cations possess antiaromatic five-membered rings but the calculated antiaromaticity (NICS)
of the six-membered rings depends on the calculational level. Through calculation of magnetic susceptibility
exaltation (), 1 is antiaromatic while fluorenyl cations are not. The paratropic shift seen iAHhEMR

spectra ofl and the substituted fluorenyl cations is linearly related to NICS (six-membered ring) akd to
NICS values suggest that electron delocalization in the fluorenyl cations occurs to maintain the aromaticity of
the benzene subunits and to localize the positive charge in the five-membered ring. In contrast, electron
delocalization inl results in delocalization of a positive charge throughout each fluorenyl system.

While the antiaromatic character of the cyclopentadienyl
cation is well recognizedithat of the fluorenyl cation has been
the subject of controversy. Early solvolysis studies of fluorenyl
derivatives attributed their low chemical reactivity to the
instability of the 12s-electron fluorenyl cation, which was
assumed to be antiaromatict More recent studies continued
the controversy,with a study disputing the claim that fluorenyl
cations were antiaromatic based dtgwalue$ and a subsequent
study supporting the antiaromaticity of a doubly destabilized
fluorenyl catiof based on the strong rate retardation to
solvolysis of its tosylate precursor.

The criteria by which aromaticity and antiaromaticity are
evaluated fall into the following three general categories,
energetic, structural, and magnetitOf these, magnetic criteria
appear to be most reliable predictors of aromaticity and
antiaromaticity? Magnetic criteria are based on the existence
of a ring current which, while experimentally unobservable, can
be measured indirectly through the chemical shift of the
protons!? the magnetic susceptibility exaltatioA)**~14 and
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anisotropy, as well as evaluated through the calculated nucleus
independent chemical shift (NIC$).Of the three manifesta-
tions, diamagnetic susceptibility exaltation appears to be the
most reliable'®

Recently, Schleyer et &l.have attempted to set the contro-
versy of the antiaromaticity of the fluorenyl cation to rest
through use of high level ab initio and density functional theory
computations to assess the aromaticity and antiaromaticity of
the cations and anions derived from cyclopentadiene, indene,
and fluorene. Using IGLO-calculated magnetic susceptibility
exaltations () and the GIAO-calculated nucleus-independent
chemical shifts (NICS), they determined that the cyclopenta-
dienyl and indenyl cations were as antiaromatic as cyclobuta-
diene and benzocyclobutadiene, respectively. However, the
fluorenyl cation was deemed nonaromatic by assessment of
magnetic susceptibility exaltatioth(= —0.6) and a very small
value for the NICS of the six-membered ring.

We have been interested in this controversy because of our
ongoing examination of the dications of tetrabenzo[5.5]-
fulvalenel®19 as well as other dications which contain the
fluorenyl cation?%21 The dication of tetrabenzo[5.5]fulvalene
(2) is essentially two fluorenyl cations linked by a single bond.
The ™H NMR shift of 1 shows a substantial upfield chemical
shift, compared to its acyclic analogue, the tetraphenyl ethylene
dication @) (Table 1). Such an upfield (paratropic) shift has
been considered evidence of antiaromati€&itye have carefully
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Table 1. Comparison ofH NMR Chemical Shifts for Fluorenyl Cation with Diphenylmethyl Cation

c d e f av o] m p av Aday
1 5.33+ 0.02 5.16- 0.01 5.7% 0.02 4.9% 0.02 5.31 2 8.55 8.55 9.07 8.65 —3.35
3a 7.50 7.10 7.82 6.95 7.34 4a 8.17 7.28 8.28 7.84 —0.50
3b 7.62 7.04 7.62 7.04 7.33 4b 7.96 7.53 8.12 7.82 —0.49
3c 7.65 7.25 7.55 7.25 7.43 4c 7.56 7.74 8.12 7.74 —-0.32
3d 7.90 7.60 7.90 7.60 7.75 4d 8.12 7.82 8.15 8.01 -0.26

examined all other factors (hybridization, charge density,
medium effects) and have concluded that the upfield shift of
is due to the existence of an antiaromatic ring current. Sub-
stituted fluorenyl cation8a—d show a much smaller upfield
shift in comparison to the corresponding substituted diphenyl
methyl cationsda—d (Table 1).

1 2
f
a e
Q8 ) Q2
4b ¢
Y Y
3 4
a, Y=CI a, Y=ClI
b, Y=CH b, Y=CH,
¢, Y=CgHs ¢, Y=CgHs
d, Y=OH d, Y=OH

As our experimental evidence for antiaromaticity rests solely
on the paratropic shift observed, we report in this paper our
evaluation of antiaromaticity via the use of ab initio and density
functional calculations to evaluate the magnetic susceptibility
exaltation and NICS forl and for 3a—d. In addition, the
relationship between the chemical shift differences betwieen
and3a—d and their analogue® and4a—d in Table 1 Aday)
and the calculated values for magnetic susceptibility exaltation

B3LYP/6-31G(d) optimization of 1

B3LYP/6-31G(d) optimization of 3b
Figure 1. Structures from geometry optimization at B3LPY/6-31G-
(d) for 1 and 2b.

the IGLO?26 method and basis sets DZ and Il for all systems. The
DZ basis set was constructed from the Huzifa¢jgs3p) set for carbon

and NICS were examined. This represents the first use of NIcSand the (3s/2s) set for hydrogen, confracting it to (4111/21) and

in conjunction with experimental data to determine the anti-
aromaticity of a set of cations.

Computational Methods
Geometries were optimized at RHF/6-31G(d) ab initio and B3LYP/

augmenting it by a d-set for Gy(= 1.0) and a p-set)= 0.65) for H.
Basis Il was constructed from the Huzindg&s5p) set for carbon
and the (5s) set for hydrogen, contracting it to (51111/2111) and
augmenting it by a d-set for G;(= 1.0) and a p-sety= 0.65) for H.

The magnetic susceptibility exaltationd)(were evaluated from the
difference between each. and the “normal” values deduced from

6-31G(d) density functional theory levels with the Gaussian 94 package increments for hypothetical polyene systems without cyclic delocal-

(Figure 1 for2 and3b).2% The calculated absolute energieslofnd
3a—d are given in the Supporting Information as well as the coordinates
of their optimized geometries and frequenci&ésThe nucleus-
independent chemical shifts (NIEpin the ring centers were calculated
at RHF/6-31G(d) and B3LYP/6-31G(d) using the GIAO approach in
Gaussian 94. The magnetic susceptibilitigs were calculated with
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Results and Discussion Table 2. Experimental and CalculatédC NMR Chemical Shifts
for 1 and3a—d, GIAO-SCF/6-31G(d)//B3LYP/6-31G(d) and
NICS Calculations, Choice of Calculational Level.Al- GIAO-B3LYP/6-31G(d)//B3LYP/6-31G(d)
though the work of Schleyer et #l.calculated the nucleus- SCF/- B3LYP/-
independent chemical shifts at the GIAO-RHF/6-31G(d) level, exp 6-31G(d) diff 6-31G(d) diff
we began our investigations with calculations at both the ab 1
initio and density functional theory (DFT) level because we had 3 189 199 ~10 178 11
access to the experimentdC chemical shifts fod and3a—d b 146 129 17 134 12
and could “check” the quality of the calculations by comparison ¢ 145 144 1 132 13
with experimental data. ThEC chemical shifts calculated at d ﬁg ﬁg _éz ézlﬁ éo
the RHF/6-31G(d) level and at the B3LYP/6-31G(d) level are ? 130 122 8 121 9
given in Table 2, along with the experimental chemical shifts. ¢ 152 148 4 143 9
Because solvent and counterion are not included in these stdevA 9 2
calculations, it is not surprising that the calculated (gas phase) 3a

values deviate from the experimental values. If we assume that a 218 224 -6 202 16
the effect of solvent manifests itself in a similar way for all b 141 127 14 130 11
carbons, we can assess the quality of the calculations by looking g 134 141 -7 128 6
e

. . : : 133 123 10 123 10
at the internal consistency of the calculated values in comparison 150 154 ) 143 7

to the experimental values. If the difference between the 126 117 9 115 11
experimental and calculated chemical shit fexp — Ocaicd IS g 147 146 1 139 8
similar for each carbon of the fluorenyl system, the calculated st devA 8 3
shift would be considered “good”. The measure of the deviation 3b

0of dexp — Ocaicabetween each carbon is reported as the standard a 228 229 -1 206 22
deviation in Table 2. Thus, fofl, the difference between b 144 129 15 132 12
experimental and calculated shifts at the RHF/6-31G(d) level = ¢ 141 141 0 129 12
e
f

range from—10 to 17, with a standard deviation of 9, while ﬁg ﬁi _120 1}1222 1(131

the differences at the B3LYP/6-31G(d) level range from 8 to 126 117 9 115 11
13, with a standard deviation of 2. By this measure, the chemical g 151 148 3 140 11
shifts calculated at the B3LYP/6-31G(d) level are better than CHs 19 12 7 10 9
at the RHF/6-31G(d) level fat. There is reasonable improve- ~ StdevA 7 4

ment at the B3LYP/6-31G(d) level f@a—b and3d and poorer 3c

224 213 11 187 37
144 127 17 129 15
141 140 1 130 11

performance foi3c. a

Calculations at the density functional theory level give slightly E
smaller (less deshielded) chemical shifts in the absence of 4 135 122 13 121 14
solvent. In addition to revealing that the calculated chemical e 153 147 6 137 16
shift is smaller than the experimental one at the density f 127 117 10 115 12

functional theory level, the only other apparent trend is that at :El

[0}

m

p

the density functional theory level, the greatest deviation 138 120 18 120 18

136 132 4 122 14

between calculated and experimental shifts is for carbon a. 131 123 8 120 11
Carbon a is also the carbon with the greatest downfield shift, 141 143 ) 133 8
presumably the one with the greatest concentration of positive st devA 5 9
charge, and therefore the carbon which could benefit the most 3d
from interaction with the solvent/counterion, which is not a 206 204 2 185 21
reflected in our calculations. b 131 116 15 118 13
NICS Calculations. Because of the consistency between g gg igg 1(1) ﬁi ﬁ
calculated and experimental chemical shifts shown at the 147 149 ) 138 9

B3LYP/6-31G(d) level, we assume that the magnetic properties f 125 118 7 115 10
calculated at that level to assess antiaromaticity are slightly more g 149 145 4 138 11
reliable than those calculated at the RHF/6-31G(d) level. For stdevA 6 3
purposes of examination however, we have calculated the

nucleus-independent chemical shifts (NICS) fand3a—d at Table 3. The Calculated Nucleus Independent Chemical Shifts
both the RHF/6-31G(d) level and the B3LYP/6-31G(d) level. (NICS) for1and3a—d

Those values are shown in Table 3. It is immediately obvious SCF/6-31G(d) B3LYP/6-31G(d)

that the magnitude and sign of the NICS value depends greatly e membered six-membered five-membered six-membered
on the calculational method. Thus comparisons between NICS ring ring ring ring
valuesmustbe made at the same calculational level and method. 245 20.9 289 143
The NICS_ yalues calculated using density functlon_al theory are 34 20.8 —02 24.2 6.2
more positive than those at the Hartrdeock level, with larger 3b 21.2 -0.8 255 6.2
positive values indicating greater antiaromaticity. For both ab 3c 18.2 -21 20.9 3.7
initio and density functional theory calculations, the greatest 3d 153 —3.6 17.5 13

amount of antiaromatic character lies in the five-membered ring
of 1and3a—d, as shown by the greater positive value calculated

(28) Zyweitz, T. K.; Jaio, H.; Schleyer, P. v. R.; de Meijere,JAOrg. for NICS
Chem.1998 63, 3417-3422. ’ .
(29) Jiao, H.; Nagelkerke, R.; Kurtz, H. A.; Williams, R. V.; Borden, At the RHF/6-31G(d) level, the NICS values for the six-

W. T.; Schleyer, P. v. Rl. Am. Chem. S0d.997, 119, 5921-5929. membered ring show a steady decrease in antiaromatic character/
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increase in aromatic character, which is consistent with the Table 4. Experimental and Calculated (IGLG3C NMR Chemical

decreasing difference betwegrand2 and betweeBa—d and Shifts for1 and3a—d

4a—d shown in Table 1. Of greater interest is the distribution exp IGLO(DZ)  diff  IGLO(I)  diff

of the NICS values between the five- and six-membered rings 1

for 1 compared tBa—d. All of the antiaromaticity of3a—d is a 189 203 —14 210 —21

found in the five-membered ring, while iththere is additional b 146 131 15 137 9

antiaromaticity in the six-membered ring where there was none 3 igg igg —103 115;4 —92

or slight (local) antiaromaticity ir8. o 159 172 _13 172 _13
In contrast, NICS calculated at the B3LYP/6-31G(d) level, ¢ 130 130 0 130 0

also shown in Table 3, show that while the five-membered rings ¢ 152 153 -1 157 -5

of 3a—d possess a substantial amount of antiaromatic character, stdevA 10 9

the six-membered rings are also antiaromatic. Again, the degree 3a

of antiaromatic character decreases as the chemical shift a 218 248 —30 237 —-19
differences decrease as shown in Table 1. At this level, the P 141 132 9 136 5
calculated NICS values for the six-membered rindlahows 3 fég ig% _181 115??2 _161
a substantial amount of antiaromaticity, consistent with the large ¢ 150 164 15 163 14
chemical shift difference betweehand2 shown in Table 1. f 126 126 0 125 0
Because théH chemical shift differences betweenand g 147 149 —2 154 =7
st devA 14 9

3a—d and reference compoun@sand 4a—d (AJd) appear to
vary in a consistent manner with the NICS values for the six- 3b

membered rings, we examined a plotefchemical shifts 40, z fi? fé% _152 211:?8 _166
A(01,3a-d — 92,4a-a)) VS NICS values for the six-membered ring. 141 150 9 129 g
As mentioned previouslyH chemical shifts are affected by a ¢ 133 132 1 132 1
number of effects. In the case bf protons on carbons ¢ and d e 152 162 —-10 162 -10
feel the effect of the fluorenyl ring system attached at carbon f 126 126 1 125 1
al819 That same effect is not present a To evaluate the g 151 151 0 156 —4
chemical shifts on the same basis, we plotted the chemical shift gt"éSevA 19 18 91 14 75
difference between the average shift of protons on carbons e
and f of 1 and3a—d and the average shift qf all protons ﬁn a 224 2213C 3 295 1
and4a—d (A0) vs the NICS value for the S|x-membe_red rng 144 130 14 136 8
calculated at the B3LYP/6-31G(d) level. The correlation coef- ¢ 141 150 -9 150 -9
ficient is adequate to show a roughly linear relationship, with d 135 132 3 132 3
R = 0.940. The analogous plot of chemical shift difference vs € 153 158 =5 157 -4
NICS value calculated at the RHF/6-31G(d) level shows a better f 11%71 11%61 % 112555 42
linear relationship, with a correlation coefficient of 0.998. ig 138 124 14 130 B 8
Magnetic Susceptibility Exaltation, Choice of Basis Set. ) 136 141 -5 142 -6
Magnetic susceptibilities are often calculated using the IGLO m 131 131 0 133 -2
program of Kutzelnigg and SchindI&3which also calculates p 141 154 —13 154 —13
chemical shifts. Again, we can assess the “quality” of the ﬁtr?r?gm B ! s
calculational level by comparison with experimental chemical
shifts. We report thé*C NMR shifts of1 and3a—d calculated a 206 2233d _17 217 1
on geometries optimized at the B3LYP/6-31G(d) level using 131 121 10 125 6
IGLO/DZ and IGLO/II in Table 4, along with the experimental ¢ 134 144 -10 143 -9
chemical shifts. We again calculated the differertedex, — d 133 132 1 132 1
dcalcd between the experimental values and those calculated with € 147 159 —-12 159 -12
basis sets DZ and Il for eaciC NMR shift of 1 and 3a—d f 1131% 11252 :i g; :é
and evaluated the “accuracy” of the calculation for each basis gt devA 10 6

set via the standard deviations &f Those standard deviations
are also reported in Table 4 and show that basis set Il is very
slightly better than basis set DZ in terms of the agreement of between the calculateg,: and the “normal” values deduced
the calculated values with experiment. from increments for hypothetical polyene systems without cyclic
Using simple resonance theory, one can determine thosedelocalization. The “normal values” were obtained by calcula-
carbons which would be expected to possess a partial positivelion Using basis sets DZ and Il on localized cations whose
charge. When one looks at the difference between calculateddeOmetries were optimized at the B3LYP/6-31G(d) level. The
and experimental shifts, those carbons which would be partially increments, and the cations or dications from which the
positively charged (carbons a, ¢, e, and g) show a calculatedincrements were derived, are listed in Table 5 and the calculated
shift which is further downfield than in the experimental spectra, Magnetic susceptibility/t.) and magnetic susceptibility exalta-
with the opposite effect shown for the carbons not bearing tion (A) for 1 and3a—d are listed in Table 6. Positive values
positive charges. This suggests that IGLO calculations may for A reflect antiaromatic character; negative values reflect
overstate the localization of charge in a delocalized system, asaromaticity. Calculation ofy is basis set dependent far
manifested in thé3C chemical shifts. In general, the greatest and3a—d and for the increment values in Table 5 and is smaller
deviation from experimental chemical shifts was for carbon a. for basis set Il than for D2? The calculated values of are

Qa|CU|ati0n Of Magneti.c S.uscemibility Exaltation. Mag- (30) Kutzelnigg, W.; Schindler, M.; Fleischer, MMR, Basic Principles
netic susceptibility exaltation is evaluated through the difference and ProgressSpringer-Verlag: Berlin, Germany, 1990.
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Table 5. IGLO/DZ and IGLO/II Calculated Magnetic Susceptibilities (ppm cgs), Increment Values
increment precursor, increment precursor,
increment precursor value DZ basis value Il basis
>CH* 2-propyl cation 4.17, lik. —31.43 2.34 —28.66
>CCI* 2-chloropropyl cation —-12.13 —47.73 —-13.79 —44.79
>COH" 2-hydroxypropyl cation -75 —43.1 —7.76 —38.76
>CPh" 2-phenylpropyl cation —64.43 —100.03 —57.66 —88.66
>CCHs" tert-butyl cation —8.96 —44.56 -9.9 —40.9
(>C—C<)?* tetramethylethylene dictation 998 —61.22 6.56 —55.44
(>C=Cx) 2,3-dimethylbutene —14.2¢ —85.4 —12.09 —74.09
lit. —13.8
ciss:CH=CH— cis-2-butene —19.3¢ —54.9 —16.57 —47.57
lit. —19.2

alncrement values derived from calculated magnetic susceptibility for each precursor minus the magnetic susceptibility for 8sh@zz(
bisis set;—31.01/Il basis setP Zyweitzx, T. K.; Jaio, H.; Schleyer, P. v. R.; de Meijere, A.Org. Chem1998 63, 3417-3422.¢ Increment
values= precursor— 2 x ethane.

Table 6. The Calculated Magnetic Susceptibilitieg.{ and

protons in2 and4a—d. Those shifts were plotted vs. As was
Magnetic Susceptibility Exaltations\{ for 1 and3a—d

true for the NICS values, there is a linear relationship between

DZ I the experimentally determined chemical shift difference and the
Yot A Yot A calculatedA.
1 —194.23 6.99 —152.66 21.7 Evaluation of the Antiaromaticities of 1 and 3a—d. Both
3a —131.07 —13.34 —109.30 —5.05 the calculation of magnetic susceptibility exaltation and NICS
3b —125.18 —10.62 —104.66 —4.30 calculations confirm the substantial antiaromatic charactér of
3¢ —186.63 —16.60 —157.69 —9.57 proposed on the basis of its large paratropic $it.Using
3d —130.01 —-16.91 —109.46 —11.24

the DZ basis set, the magnetic susceptibility exaltatior fisr

6.9, and 21.7 with basis set Il. These values can be compared
more positive for basis set Il than for basis set DZ. Since the to values of 32.6 (basis set Il) for the cyclopentadienyl cation,
values ofy calculated at the Il basis set are normally closer 18.4 (basis set DZ) for the indenyl cation, an@.6 (basis set

to experimental value¥, the interpretation of the differences DZ) for the unsubstituted fluorenyl catidh Benzocyclobuta-

in A calculated with different basis sets would be that calcula- diene has a calculated magnetic susceptibility exaltation df9.0.
tions with the DZ basis set overestimate aromaticity. It is By this measurel is intermediate in antiaromaticity between
conceivable that calculations with larger basis sets would give the indenyl cation and the unsubstituted fluorenyl cation and
exaltations showing even lesser aromaticity/greater antiaroma-fairly similar to benzocyclobutadiene. Although comparisons
ticity. Because the magnitude of the exaltation depends on theare frequently made between molecules and ions with different
basis set usedit is inappropriate to compare magnetic ring sizes, the dependence of magnetic susceptibility on ring
susceptibility exaltations calculated using different basis sets. sjzd® makes comparison with nonfluorenyl systems problematic,

By use of either basis set,is shown to possess appreciable

antiaromaticity while the fluorenyl cation8a—d are all
aromatic. As noted above, basis set Il gives valueg\farhich

are more antiaromatic/less aromatic than those calculated with
the DZ basis set. Values of for 3a—d are more aromatic than
those calculated for the unsubstituted fluorenyl catie,6,

with basis set DZ. It is not surprising that the exaltation of
fluorenyl cations that contain potentially electron-donating
substituents reflects a greater aromaticity than that of the
unsubstituted fluorenyl cation. There is a roughly linear cor-
relation between the calculated exaltation and substituent
constants which reflect inductive effects, suchob8! and;32

the correlation becomes much better if the exaltation for the
chloro-substituted fluorenyl catioBa is removed. Because
chlorine is the only second row element in the compounds

studied, this may reflect the need for a larger basis set. Magnetic

susceptibilities of compounds containing chlorine have shown

greater deviations from experimental values than the suscepti-
bilities of compounds which do not contain chlorine when basis

set Il is used?

The relationship between the experimentally determined
measure of antiaromaticity, paratropic shift, ahdvas exam-
ined. As described above for the comparison of paratropic shift
and NICS, the paratropic shift dfand3a—d was determined
on the basis of the difference between the shift of protons e
and f on the fluorenyl system and the average shift of the phenyl

(31) Ritchie, C. D.; Sager, W. Prog. Phys. Org. Cheni964 2, 323—
400.
(32) Inamoto, N.; Masuda, £hem. Lett1982 1007-1010.

so the comparison with the indenyl cation and benzocyclob-
utadiene should be used as an approximate comparison of the
degree of antiaromaticity.

The NICS at the ring centers (SCF/6-31G(d)) can be
compared with the corresponding values for the cyclopentadi-
enyl, indenyl, and fluorenyl catiorg,in which the NICS for
the five-membered ring was found to be 54.1, 34.5, and 24.7,
respectively, while that of the six-membered rings of the indenyl
and fluorenyl cations were 8.6 and 1.9. By these calculations,
the antiaromaticity of the five-membered ringdis substantial
and most comparable to that of the five-membered ring of the
fluorenyl cation. More interestingly, the antiaromaticity of the
six-membered ring ot is substantially greater than that of the
corresponding rings of the indenyl cation which is considered
antiaromatic. Benzocyclobutadiene, which has a similar mag-
netic susceptibility exaltation, has NICS of 21.5 (four-membered
ring) and—4.2 (six-membered ring}.

Schleyer et al” have discussed the degree of antiaromaticity
of the indenyl and fluorenyl cations in terms of compensation
of the “diamagnetic six ring and paramagnetic five ring” and
have concluded that for the indenyl cation the paramagnetic
dominates over the diamagnetic contribution; the net effect is
paramagnetic and the indenyl cation is still antiaromatic. For
the fluorenyl cation, the counterbalance of two diamagnetic rings
and one paramagnetic ring resulted im@maromatic species.
Similar conclusions were advanced for benzocyclobutadiene and
dibenzocyclobutadiene (biphenylene). The NICS Iareveal
that the six-membered ring is not diamagnetic, that it possesses
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appreciable paratropicity, resulting in the overall antiaromatic Table 7. Comparison of3C Chemical Shifts ofl with 3a—d

character ofl. avo for st

Evaluation of the antiaromaticity &a—d is more problem- 1 3a 3b 3c 3d 3a—d dev
atic. The calculation of magnetic susceptibility exaltation, 189 218.2 228 2242 2055 2190 85
proposed by Scheyler as the “only measurable property which p 146 141.3 144.3 143.8 131.4 1402 5.2
is uniquelyassociated with aromaticity’® for 3a—d reveals that c 145 134.3 141 1414 1341 1377 35
all four fluorenyl cations are aromatic; however, the basis set d 136 133.3 133 1346 1325 1334 038
dependence ofA suggests that small basis sets tend to € 159 1495 1524 1534 146.8 1505 26
. I ; . . . 130 1259 126.4 126.8 125.3 126.1 0.6
overestimate aromaticity, vide supra. While there_ls slightly g 152 1471 1514 1514 1491 149.8 18
better agreement between calculated and experiméatal av 148 145 148 148 142 146 31

chemical shifts using basis Il, both basis sets show effectively av of carbonsbg 145 139 141 142 137 140 25
the same trends in. The dependence & on basis set suggests ~ av of carbonsef 143 136 138 139 135 137 20
that A be used to evaluate aromaticity and antiaromaticity in a

relative, rather than absolute sense, for “small” values.of benzene ring. The NICS calculations suggest that the delocal-
While the NICS calculations at either RHF/6-31G(d) or jzation of electron density ift is very different from that in the
B3LYP/6-31G(d) for the five-membered rings of all systems nsupstituted fluorenyl cation with the six-membered ring
reveals substantial antiaromatic character, the six-membered,ccepting greater delocalization and therefore a greater amount
rings are antiaromatic by DFT calculations but nonaromatic or of the antiaromaticity of the system. Confirmation of this
slightly aromatic for NICS calculations at the RHF/6-31G(d) syggestion comes from an examination of the experimental
level. A comparison of the magnitude of the NICS calculations  chemjcal shifts of the fluorenyl ring system bfand3a—d. It
for both five- and six-membered rings shows that calculations s more difficult to include carbon a in this comparison because
at the DFT level are-5 ppm more positive (antiaromatic). For jts shift is the most variable. However, the average shift of
rings tha_lt are only sllghtly aromatic by HartreEock calcula-_ carbons b-g for 3a—d can be compared to the shift of the
tions, this is enough to give calculated values that are antiaro- corresponding carbons @f Those values are reported in Table
matic in density functional theory calculations. The dependence 7 oy all carbons, the shift of the carbonsiddre greater than
of the sign of the NICS value on the calculational method used g standard deviation larger than the shifts of the corresponding
suggests that NICS values be used to evaluate aromaticity anttarhons of 3a—d, suggesting that the positive charge is
antiaromaticity in a relative, rather than an absolute sense, for yg|ocalized more effectively into the six-membered ring4.of
NICS values which are5. _ Another way to sort out these differences is to consider only
As noted above, Schleyer et'dldescribe the parent fluorenyl  the carbons unique to the six-membered rings, carbetfs ¢
cation as a 4z-electron five-membered ring whose paramagnetic comparison of either the shifts of the individual carbors ¢
contribution is dominated by the diamagnetic contribution of o their average shift a—d with 1 reveals that the downfield
two 6 w-electron six-membered rings, resulting in a system ghift apparent in the six-membered ring bis even greater,
which is nonaromatic. Our calculations at this level allow us to ith the average shift of carbons-€in 1 at least two standard

come to a similar conclusion about the lack of antiaromaticity geyiations larger than the average shift for the same carbons in
in substituted fluorenyl cations. Since the magnitude of the NICS 35—

values for both the five- and six-membered rings of the
substituted fluorenyl cations is less positive than for the Summary
unsubstituted fluorenyl cation, the effect of the substituent is
to decrease the antiaromaticity of each ring. This effect is also

seen in calculated values af. Furthermore, as was true for substantial antiaromaticity, which is consistent with the para-

values ofA, the more electron-donating the substituent through DR S
induction, the greater the decrease in antiaromatic character.trOpIC shift observed in it4H NMR spectrum. We have observed

Analogously, a strongly electron-withdrawing substituent would similar paratropic shifts in a family5j of derivatives ofl which
be expected to increase the antiaromaticity of the fluorenyl

Calculation of magnetic susceptibility exaltation, as well
as NICS for both five- and six-membered ringslafemonstrate

cation, as suggested recently by Tidwell ef dlhe fluorenyl O O
cations examined here can reasonably be considered to be o
nonantiaromatic.

It remains to address the reasons for the difference in the R+
antiaromaticity of the fluorenyl cation id compared to the 5

aromaticity/nonaromaticity @a—d. It appears that the presence

of a positively charged substituent on C-9 of the fluorenyl cation can be considered as fluorenyl cations with cationic sub-
is crucial for the antiaromaticity of the fluorenyl cation and we Stituents'®~2* The A and NICS values for these systems are
have observed this in other systeti?! The calculations, currently under investigation to confirm thatloes represent a
particularly of NICS, give additional information. The assess- New set of antiaromatic cations.

ment of aromaticity/antiaromaticity in polycyclic systems often  Fluorenyl cations3a—d, on the other hand, do not appear to
involves a consideration of the pattern of delocalization of be antiaromatic, on the basis of calculatiomoés well as NICS
electron density334For the fluorenyl monocations, the differ-  for both five- and six-membered rings, even though they
ence between the signs of the NICS in the five- and six- demonstrate a small paratropic shift compared to reference
membered rings suggests that the delocalization of electroncations. They are less antiaromatic than the parent fluorenyl

density occurs to maintain the aromaticity of the six-membered cation, with the diminution of antiaromaticity related to the
electron-donating ability of the substituent.

192(3363)252"‘1'23_?4‘6\’42&‘”56‘“ R.; Cadioli, B.; Steiner,Ghem. Phys. Lett. The NICS calculations suggest that the difference in the
(34) Minsky, A.: Meye,, A.Y.: Hafner, K.; Rabinovitz, MI. Am. Chem. antiaromaticity of these systems lies in the pattern of delocal-

Soc.1983 105 3975-3981. ization of the electron density of the-system. Forl, with a
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positively charged substituent, the electron density of the paratropic shifts in the determination of antiaromaticity, after

m-system is delocalized more completely to the six-membered careful examination of the other factors, which affect chemical

ring than in 3a—d. Substituted fluorenyl cation8a—d in shifts.

contrast show a delocalization pattern in which the aromaticity
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