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Abstract: The fluorenyl cation is a textbook example for a 4w
antiaromatic cation. However, contrasting results have been
published on how the annelated benzene rings compensate the
destabilizing effect of the 4 antiaromatic five-membered ring
in its core. Whereas previous attempts to synthesize this cation
in superacidic media resulted in undefined polymeric material
only, we herein report that it can be generated and isolated in
amorphous water ice at temperatures below 30 K by photolysis
of diazofluorene. Under these conditions, the fluorenylidene is
protonated by water to give the fluorenyl cation, which could
be characterized spectroscopically. Its absorption in the visible-
light range matches that previously obtained by ultrafast
absorption spectroscopy, and furthermore, its IR spectrum
could be recorded. The IR bands in amorphous ice very nicely
match predictions from DFT and DFT/MM calculations,
suggesting the absence of strong interactions between the
cation and surrounding water molecules.

There has been some debate in the literature whether the
fluorenyl cation 1 with a formal 4 electron five-membered
ring system in its core should be regarded as a prototypical
antiaromatic cation, or if the two annelated benzene rings
compensate the antiaromaticity, and the molecule is non-
aromatic at best or even aromatic.'*! In 1980, Olah and
Schleyer et al. described unsuccessful attempts to isolate 1 in
superacidic media: “We were not able to generate the parent
9-fluorenyl cation 1-H by slowly adding SO, or SO,CIF
solutions of possible precursors... at —120°C. The resulting
solutions immediately became dark and unidentifiable poly-
meric materials were formed”.l” In contrast, the benzhydryl
cation 2 was readily obtained under similar conditions.
However, as in 2 the two phenyl groups are rotated out of
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plane, the higher stability of 2 compared to 1 might reflect
a kinetic stabilization of 2 and not the antiaromatic destabi-
lization of 1. Amyes, Richard, and Novak determined the pKy
values of 1 and 2, which compare the stabilities of the cations
to their respective alcohols, and concluded that “the descrip-
tion of 1 as antiaromatic is misleading because it implies an
exceptionally unstable carbocation, and this is not supported
by the data”.l'! Schleyer et al. concluded on the basis of
calculations of the nucleus-independent chemical shifts
(NICS) that the fluorenyl cation 1 is non-aromatic, whereas
the fluorenyl anion bearing two more electrons is clearly
aromatic.”
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An obvious problem when defining the (anti)aromaticity
of a molecule is the choice of an appropriate reference
system. More O’Ferrall and co-workers selected the planar
anthracenyl cation 3 as reference system for 1, and in very
careful experiments, they determined the pKy value of 1 to be
—15.9, that of 2 to be —11.7, and that of 3 to be —5.1.1® They
concluded that 1 is destabilized compared to 3 by 12—
13 kcalmol . Therefore, the fluorenyl cation 1 is approxi-
mately as much destabilized by antiaromaticity as the
fluorenyl anion is stabilized by aromaticity. This was con-
firmed in a later study of Herndon and Mills by calculating the
aromatic stabilization energy (ASE) of 1 using various
reference systems to be 16.3 4 1.6 kcalmol .M

The only available spectroscopic data for 1 are transient
absorptions obtained by ultrafast spectroscopy. Mecklenburg
and Hilinski observed that the photolysis of fluorenol 4 in
H,0/CH;OH mixtures produced an absorption at 515 nm
with a lifetime of less than 20 ps, which was assigned to 1.1
This was later confirmed by McClelland et al." More
recently, Platz et al. studied the protonation of fluorenylidene
6 in methanol by picosecond spectroscopy using 9-diazofluor-
ene (5) as the precursor (Scheme 1).''! The same 515 nm
transient absorption peak as for 1 was observed, and its
lifetime was determined to be only S ps. Under similar
conditions, the lifetime of benzhydryl cation 2 is 30 ps,'?
which demonstrates the higher reactivity of 1 compared to
2. In aprotic solvents, laser photolysis of 5 produces singlet
fluorenylidene S-6 (4, =420 nm), triplet fluorenylidene T-6
(Amax =470 nm), and the fluorenyl radical 7 (A, =470,
497 nm).""

Angew. Chem. 2015, 127, 26942698


http://dx.doi.org/10.1002/anie.201411234

-H0

+ CHsOH
CeH12

—CH30"

Scheme 1. Generation of fluorenyl cation 1 by protonation of fluoreny-
lidene 6. ISC=intersystem crossing.

Recently, we found that the benzhydryl cation 2 is
kinetically stabilized in amorphous water ice (low-density
amorphous ice, LDA ice)!' at cryogenic temperatures.'* The
photolysis of diphenyldiazomethane, which was matrix-iso-
lated in LDA ice, produced 2 in good yields, which allowed us
not only to characterize it by UV/Vis, but also by IR
spectroscopy. Although the reaction of 2 with water is
highly exothermic, resulting in the pKy value of —11.7,% the
reaction with water (or with the hydroxyl ion) leading to the
formation of benzhydryl alcohol is only observed at temper-
atures above 50 K. It was therefore tempting to use the same
method to isolate the elusive cation 1 in LDA ice, despite its
pKg value of —15.9 indicating an even lower stability in
water.

Herein, we describe the reaction of fluorenylidene 6 with
water in both H,O-doped argon matrices and in amorphous
water ice. In the first set of experiments, diazofluorene 5 was
isolated in argon matrices doped with small amounts (0.5 %)
of water. UV photolysis (365 nm) at temperatures between
3 K and 10 K produced carbene 6 in its triplet ground state!'”!
and only traces of reaction products with water. In these
matrices, the water molecules are mostly trapped as mono-
mers, as revealed by IR spectroscopy. At temperatures below
20 K, solid argon is very rigid, and the diffusion of water
molecules therefore efficiently suppressed. Above 20 K, the
matrix becomes softer, and the diffusion of water can be
directly monitored by IR spectroscopy:''7' Bands of the
water dimer and higher oligomers increase in intensity, and all
IR bands of T-6 decrease in intensity. Simultaneously, a new
compound with strong absorptions at 714.6, 767.8, 1178.0, and
1600.4 cm ™' is formed (Figure 1b).

When D,0O was used in these experiments, the spectrum of
this new species looked virtually identical, and none of its
bands showed significant isotopic shifts. Recently, we
reported that triplet diphenylcarbene T-8 reacted with both
single molecules of CH;OH!" and H,0" to form strongly
hydrogen-bonded complexes between the singlet carbene S-8
and the hydrogen bond donors. We therefore assign the new
species formed in the reaction between T-6 and H,O to the
singlet carbene complex S-6---H,O.
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Figure 1. IR spectra showing the chemistry of fluorenylidene 6 in H,O
doped (0.5%) argon. a) T-6 obtained after photolysis of 5 at 3 K.

b) Difference IR spectrum of the same matrix after annealing at 25 K
for 10 minutes. Bands pointing downwards, which were assigned to
T-6 and H,O, are disappearing, bands pointing upwards, which were
assigned to the complex between S-6 and H,0, are appearing.

c) Difference IR spectrum at 3 K after 14 hours. Bands pointing
upwards were assigned to 9-fluorenol 4 and are appearing, bands
pointing downwards correspond to S-1---H,O and are disappearing.
d) Compound 4 in argon at 3 K.
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Figure 2. Visible spectra showing the photochemistry of diazofluorene
5 in H,O doped (0.5%) argon (bottom) and LDA water ice (top).

a) Spectrum after deposition of 5 in argon/H,O (0.5%) at 8 K. b) On
irradiation (A =365 nm) for 1 hour, T-6 was formed with 4,,,, =463 nm.
c) On annealing at 25 K for 10 min, the amount of T-6 decreased, and
S-6:-H,0 (A =416 nm) was formed. d) Spectrum after deposition of
5 in LDA water ice at 8 K. e) On irradiation (A=365 nm) for 10 min,
T-6 (Amax=465 nm) and cation 1 (A,,,,=515 nm) were formed. f) On
irradiation (=520 nm) for 10 min, the absorption of 1 at 515 nm
decreased in intensity.
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This assignment was confirmed by following the reaction
by UV/Vis spectroscopy (Figure 2b,c). The characteristic
absorption of T-6 at 463 nm decreased in intensity during
annealing of the matrix at 25K, and a new band with
amaximum at 416 nm appeared, nicely matching the transient
absorption at 420 nm observed for S-6 in picosecond absorp-
tion spectroscopy (Supporting Information, Figure S1).''! The
reaction of T-6 with H,O was also studied by EPR spectros-
copy. After annealing for five minutes at 25 K, the intensity of
the triplet signal of T-6 had already decreased by 59 %
without formation of new paramagnetic species.

The strongly basic singlet state S-6 forms a strong hydro-
gen bond with water whereas T-6 only weakly interacts. The
additional stabilization of S-6 by hydrogen bonding is larger
than the S-T gap, and therefore, the singlet state becomes the
ground state. This was confirmed by ab initio calculations
(CCSD(T)/cc-pVDZ//B3LYP-D3/def2-TZVP), which pre-
dicted an S-T gap of 3.4 kcalmol™' for 6 (in the gas phase).
In the complex with water, this gap is inverted to —1.1 kcal
mol " in favor of the singlet.

The complex S-6--H,O is only metastable, and even at
3 K, it slowly rearranges to fluorenol 4 (Figure 1d, Scheme 2).
At 3K and at 12 K, almost identical rates of 1.3+0.2x
107> s™" were recorded for this rearrangement. This implies
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Scheme 2. Reaction of fluorenylidene 6 with H,0.

that the thermal activation barrier is zero, indicating a tunnel-
ing mechanism. With D,0O, only a small kinetic isotope effect
of approximately 2 was found, and therefore, the hydrogen
atom transfer cannot be the rate-determining step. The
activation barrier for the thermal rearrangement was calcu-
lated to be 9.3 kcalmol™ (CCSD(T)/cc-pVDZ//B3LYP-D3/
def2-TZVP, see the Supporting Information), which is
prohibitively high for any thermal reaction at 3 K, and again
strongly supports a tunneling mechanism. The calculations
suggest that in the gas phase and in argon, the ion pair is not
a stationary point, and that the formation of 4 from S-6---H,O
is a concerted process.

So far, the reaction of fluorenylidene 6 with water is
analogous to that of diphenylcarbene 8 with water.'¥ The
crucial question is whether or not LDA water ice is able to
protonate carbene 6 to form the destabilized fluorenyl cation
1. Photolysis (A =365 nm) of 5 in LDA ice at 8 K resulted in
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two new absorptions in the visible region of the spectrum
(Figure 2¢): a band with 1,,,, =515 nm that exactly matches
the reported picosecond transient absorption of cation 1,11
and a band with A,,,=465nm that fits to the visible
absorption of T-6. The EPR spectrum shows the characteristic
triplet spectrum of T-6, which demonstrates that in LDA ice, 6
has a triplet ground state, and that the singlet complex
S-6-+-H,0O is not formed under these conditions (see the
Supporting Information).

To confirm these assignments, we also monitored the
photolysis (365 nm) of 5in LDA ice at 3 K by IR spectroscopy
(Figure 3). A major product found after the photolysis was

1600 1500 1400 1300 1200 1100 1000
¥lem™

Figure 3. IR spectra showing the photochemistry of diazofluorene 5 in
LDA water ice. The fluorenyl cation 1 was generated by UV photolysis
(365 nm) for 15 min at 9 K. a) Difference IR spectrum showing
changes in the matrix after annealing for several minutes at 50 K.
Bands pointing downwards are disappearing and were assigned to 1,
bands pointing upwards are increasing in intensity and were assigned
to 4. b) Fluorenol 4 isolated in LDA ice at 9 K. c) Calculated IR
spectrum of 1, B3LYP-D3/def2-TZVP scaled by 0.977. d) Same con-
ditions as described in (a) but using D,O LDA ice, showing the
formation of [D]-1. e) Calculated IR spectrum of [D]-1, B3LYP-D3/def2-
TZVP scaled by 0.977.

fluorenol 4, which could be identified by comparison with an
authentic sample isolated in LDA ice. In addition, a new
compound with strong IR absorptions at 1575.7 and
1076.8 cm ! and medium-intensity absorptions at 1343.7 and
1163.5 cm™" was observed (Figure 3, Table 1). When D,0 was
used in these experiments, the band at 1343.7 cm ™' showed
a pronounced isotopic shift of —19.8 cm™!, which clearly
indicates that deuterium was incorporated into the new
compound. Warming the LDA matrix from 3K to 50K
resulted in the disappearance of all of these absorptions and
the formation of 4. We therefore assign the new compound to
fluorenyl cation 1. The IR frequencies, relative intensities, and
isotopic shifts of 1 and [D]-1 calculated at the B3LYP level of
theory (Figure 3c,e) are in excellent agreement with the
experimental data (Figure 3a,d) and nicely support our
assignment of 1.

LDA water ice has proven to be a suitable medium to
isolate unstable carbenium ions, and for the first time, cation

Angew. Chem. 2015, 127, 26942698
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Table 1: IR spectroscopic data of the fluorenyl cation 1 and its deuterated isotopomer [D]-1 matrix-

isolated in LDA water ice compared to calculated data.
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UV/Vis spectroscopy) cooled to 3 K. A
flow rate of approximately 1.80 sccm

was used for the deposition of the

Calculated for the gas phase® ~ QM/MM®! LDA icel matrix. Fluorenvlidens T-6 was gener.
Nr.  7[em™] (shif)® 1, (D] 7 [cm™] 7 [em™] (shif)® 1, (D]-1)®  Assignment ated bé} photolyzis of 5 at 3K usigng an
26 1008.8 16 992.9 986.0 13 8;,(C—H) LED source (4 =365 nm). After anneal-
32 1106.8 (+2.1) 51 (40) 1081.4 1076.8 (+1.7) 52 (57) 0 (C—H) ing at 25 K for 10 minutes, the matrices
34 11528 15 1121.2 1117.2 13 0, (C—H) were cooled back to 3K. LDA ice
35 1198.6 16 1169.0 1163.5 26 0, (C—H) matrices were generated by slow depo-
38 1267.0 14 1245.4 1235.1 14 0 (C—H) sition of water at 50 K followed by
42 13734 (—16.4) 24 (44) 1362.4 1343.7 (—19.8) 30 (50) v,(C—C—C)  cooling to 3-10 K. FT-IR spectra were
46 1510.8 (—8.3) 13 (15) 1490.3 1469.0 (—7.3) 17 (23) 0 (C=H) recorded from 400 to 4000 cm™' with
47  1530.7 (-3.2) 20 (22) 1521.9 1490.5 (—1.0) 13 (14) v(C=C) 0.5 cm ™! resolution. Matrix EPR spectra
48  1616.8 (—6.4) 100 (100) 1613.4 1575.7 (—4.4) 100 (100) v(C=C) were recorded using a Bruker ELEX-
50  1640.9 (0.0) 33 (39) 1620.7 1601.2 (—4.0) 13 (29) v(C=C) SYS 500 X-band spectrometer. Matrix

[a] B3LYP-D3/def2-TZVP calculation in the gas phase. [b] B3LYP-D3/def2-TZVP//CHARMM calculation
of 1in a water box. [c] LDA ice at 9 K. [d] Deuterium isotopic shift of [D]-1 relative to 1 in parentheses.
[e] Relative intensity of the [D]-1 isotopomer in parentheses. as=asymmetric, §;,=in-plane deforma-

tion, v=stretch.

1 could be isolated and kinetically stabilized in condensed
phase. This is remarkable as the reaction of 1 with water is
highly exothermic, and in protic solvents, its lifetime of only
a few picoseconds is extremely short. Obviously, below 30 K,
the reaction of 1 with surrounding water molecules or with the
hydroxyl ion does not occur, and even at 50 K, the reaction is
slow. We speculate that after its formation, the hydroxyl ion
very efficiently migrates away from the cation by fast proton
exchange in the hydrogen bond network. The energy neces-
sary for this could be provided by the excess energy released
after photolysis of precursor 5§ or by the exothermic proto-
nation of 6.

The IR spectrum of 1 nicely matches the spectrum
predicted by DFT calculations in the gas phase. Apart from
some line-broadening, presumably caused by the inhomoge-
neity of the amorphous ice, there are no significant shifts that
could indicate strong interactions with the surrounding water
molecules. This was confirmed by quantum mechanical/
molecular mechanical (QM/MM) calculations using the
same DFT method as in the gas phase, but including a box
of explicit water molecules to simulate solvation effects
(Table 1). These calculations suggest that the QM cation 1 is
only weakly interacting with the surrounding MM water
molecules, and consequently, only modest solvent-induced
red-shifts of the IR bands of 1 are predicted. The QM/MM
predicted IR frequencies are in almost perfect agreement
with the experimental data, demonstrating the validity of the
theoretical model. In summary, LDA ice is an ideal, only
weakly interacting medium of low polarity to isolate and
characterize highly reactive cations.

Experimental Section

Matrix-isolation spectroscopy: Matrix-isolation experiments were
performed by standard techniques using Sumitomo Heavy industries
two-staged closed-cycle helium cryostats (cooling power 1 W at 4 K)
to obtain temperatures of approximately 3 K. Water was degassed
several times before deposition. The matrices were generated by co-
deposition of diazofluorene 5 and 0.5 % of water with a large excess of
argon (Messer Griesheim, 99.99 %) on top of different substrates (Cu
rod, Csl, and sapphire windows, respectively for EPR, FT-IR, and

Angew. Chem. 2015, 127, 26942698
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UV/Vis spectra were recorded with
a Varian Cary 5000 spectrometer in the
range of 200-800 nm with a resolution of
0.1 nm.

Computational methods: All gas-
phase DFT geometry optimizations and
frequency calculations were carried out
using the B3LYP functional with the D3 empirical dispersion
correction® and the def2-TZVP basis set. The TURBOMOLE
program (v. 6.4)%% was employed. CCSD(T) single-point calcula-
tions were performed using the cc-pVDZ basis set®™ and the
MOLPRO program.’*?! QM MD, QM/MM MD simulations and
QM/MM optimizations were performed using the program Chem-
Shell®! as  an interface to TURBOMOLE 6.4 and
CHARMM 31b1.7" QM MD simulations were conducted at the
B3LYP-D3/def2-SVP level of theory whereas QM/MM MD simu-
lations were carried out at the B3LYP-D3/def2-SVP/CHARMM
level of theory. For more details, see the Supporting Information.
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