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The IR spectra of 3,4-benzotropor® énd naphtho[2,8]tropone @) isolated in nitrogen matrices at 13 K

were directly observed. These tropones were generated in the matrices by the photoisomerization of 6,7-

benzobicyclo[3.2.0]hepta-3,6-dien-2-ond) @nd naphtho[2,3}bicyclo[3.2.0]hepta-3,6-dien-2-on&)( re-

spectively. The observed IR bands of the photoproducts were in good agreement with the theoretically predicted

bands. The intense=80/C=C bands of2 were observed at 1607 and 1615 ¢mand the corresponding

band of3 was observed at 1605 crhwith shoulder peaks. The fact that the=O/C=C band of3 was

observed at a slightly lower wavenumber than the corresponding bartdimditates that benzo-annelation

enhanced the contribution of the polarized resonance forBn The observed IR spectra &fin the nitrogen

matrix differed significantly from the spectra observed previously in a @FCF,BrCF,Br—CHCI; matrix.

Self-consistent reaction field calculations 8rusing the Onsager dipolar-sphere model revealed that the

observed differences in the spectra reflect structural changes induced in the tropones by the surrounding
fraction studieg,and microwave studies on the free monotaer

media.
i) ’.
as well as theoretical studie€ have suggested thdthas a la b
predominantly triene character with little aromaticity. The level 0
of aromaticity is considered to depend on the contribution of
electronically polarized formib*® (Scheme 1), which should OO - ©@
2a 2

stabilize the planar geometry.
contribution of the polarized resonance fofm! Although

o
b
strong mixing between the=€0 and G=C stretching often P o)
complicates the assignment of the=O/C=C bands, the IR OOO
bands of tropones have been reasonably well assigned by means ©©
3a 3b

Introduction SCHEME 1

Tropone () has generally been considered to be a representa-
tive nonbenzenoid aromatic compound. However, structural
studies-such as X-ray crystallographic studies)ectron dif-

1

The IR spectra of tropones have been used to probe the

of IR studies using various media aH® isotopomers ! and

by means of theoretical studieéddowever, complex spectral
changes induced by the surrounding media are not sufficiently
understood.

Recently, one of the authors (M. O.) reported that in a
CFChL—CF,BrCFBr—CHCI3 matrix, 3,4-benzotropone?2)
showed multiple &0O/C=C IR bands. On the basis of an
isotopic shift induced by'80 labeling, an IR band at a
significantly lower wavenumber (1506 cr) was assigned to
a vibration involving primarily GO stretching-? This result
indicated that the contribution of polarized resonance falm
was enhanced and, consequently, that t/eCCbond was
elongated ir2, even thougt? was predicted to be only weakly
stabilized relative to its valence isomers, 2,3-benzotropone and

4,5-benzotropon& Because? is ano-quinoidal species, it is a
highly reactive, kinetically unstable molecule and easily dimer-
izes in fluid media even at78 °C. Moreover, recent theoretical
studies on benzo-annelated tropones indicate that aromaticity
may be further enhanced in naphtho[2]8opone @).14

Prompted by these results, we conducted detailed studies of
the IR spectra of benzo-annelated tropoB8esd3 by means
of the matrix-isolation technique using solid nitrogen as a matrix
medium. This technique enabled us to study these labile species
by directly observing their IR spectra. Troporizand 3 were
generated in nitrogen matrices by the photoinduced rearrange-
ment of the corresponding precursctgnd5 (Scheme 2). The

- - - - observed IR spectra were analyzed with the aid of density
; Corresponding author. E-mail: sato-tadatake@aist.go.jp, functional theory (DFT) calculations. Because polarized reso-
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(AIST). nance forms such akb have larger dipole moments than do
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SCHEME 2

Absorbance

0.0

resonance form may increase in polar media. Accordingly, the
molecular structures of the tropones may depend on the medium. 200 300 400 500 600 700 800
This medium effect has been discussed on the basis of results
obtained by means of self-consistent reaction field (SCRF)

calculations using the Onsager dipole-sphere m&dél. Figure 1. UV —vis absorption spectra observed upon irradiatio® of
in a nitrogen matrix at 13 K with a XeCl excimer lasér= 308 nm,

. . 5 Hz, 2.5 mdcm2-pulse’d): (a) 60, (b) 1560, and (c) 6060 pulses and
Experimental Section (d) subsequent irradiation with a high-pressure mercury lamp 290

. . . nm) for 1 h.
Chemicals.The preparation of 6,7-benzobicyclo[3.2.0]hepta-

3_,6-diene-2-one40 and naphtho[z,3_]-bicyc|c_)[3.2.0]hepta-3,6- Results and Discussion
diene-2-one ) has been reported in previous articlés?

Matrix Isolation. Matrix-isolation experiments were per- Matrix Spectra of Naphthotropone. To generate3, we
formed with a closed-cycle helium cryostat (Air Products Photolyzed precursdiisolated in a nitrogen matrix at 13 K by
Displex CS-202). The pressure in the sample chamber wasMmonochromatic irradiation with a XeCl excimer laser. The
maintained at 10*—10-5 Pa during the experiments. A Csl or Photolysis was monitored by UWis and FT-IR absorption
BaR plate cooled to 13 K was used as a substrate, on which SPectroscopy (Figure 1). The changes in the spectra were similar
vaporized4 or 5 was co-deposited with nitrogen (99.9999%). to those previously observed in EPA glass at 7% Rrecursor
The cryostat had two pairs of windows: one pair of KBr 5 could be photolyzed further with a high-pressure mercury lamp
windows for FT-IR measurements and one pair of quartz €quipped with a UV-cut filter{ > 290 nm).
windows for UV—vis absorption measurements. The two sets  During the photolysis, new IR bands ascribed to the photo-
of windows allowed for the measurement of both the-tiXs products appeared in the FT-IR spectra while the IR bands of
and FT-IR spectra of each sample. The matrix-isolated precur-5 decreased in intensity. The changes in the IR spectra
sors were photoirradiated with light from a high-pressure corresponded to those observed in the-tNs spectra. The
mercury lamp (Ushio, 500 W) with a 20-cm water filter and a difference IR spectrum before and after irradiation is shown in
glass UV-cut filter. The precursors could also be photolyzed Figure 2, together with the theoretical IR spectra3adnd 5.
with a XeCl excimer laserl(= 308 nm; Lambda Physik) whose ~ The most intense €0/C=C band of the photoproducts was
repetition rate and laser fluence were set at 5 Hz and 1 observed at 1605 cm. We expected that the benzo-annelation
mJcm-2-pulse’?, respectively. FT-IR spectra were measured 0f 2would enhance the contribution of the polarized resonance
on a Perkin-Elmer Spectrum-GXI spectrometer with a resolution form in 3 and, accordingly, that the prominert=0©/C=C bands
of 1 cnL, and UV~vis spectra were measured with a Shimadzu of 3 would appear at lower wavenumbers than the band. of
UV-3100 spectrometer. However, the most intense band ®fvas located at a higher
wavenumber than the previously observed@band of2 (1506
cm~1).22 Despite the prominent<€0/C=C band that appears
at an unexpectedly higher wavenumber, the fact that the IR

All DFT calculations were performed with the Gaussian 98 bands of the photoproduetsiot only the prominent €0/C=
program packagt® Geometries were optimized using the C band but also the weak skeletal vibrational bands
B3LYP method®2° and the 6-31G* basis set. The obtained corresponded fairly well to the theoretical IR band8 ¢éxcept
geometries were identical to those used previously to calculatefor the IR band at 2128 cm) proved that3 was generated.
the nucleus-independent chemical shift (NICS) vakieBhe (The assignment of the IR band at 2128 ¢mwill be discussed
nature of the stationary points was assessed by means ofater.) The intense €0/C=C band of3 (1605 cm') was
vibrational frequency analysis. A value of 0.9510 was used as observed at a lower wavenumber than the@ bands of5,

a scaling factor for the calculated vibrational frequencies; this which appeared at 1721 and 1731 ©m(Table 1). This
value was determined from the observed and calculated difference indicates that the bond & was elongated relative
frequencies of seven=80 bands ir2, 3, 4, and5. The medium to that in5; that is, the polarized resonance form contributed to
effect on the tropones was confirmed by means of SCRF 3.

calculations at the B3LYP/6-31G* level by using the Onsager It is worth mentioning that DFT calculations predicted only
dipole-sphere modéP~1” This model permits full structural  one G=0 band, at 1724.8 cm, for 5 and two intense €0/
optimizations and vibrational frequency calculations. Vibrational C=C bands for3 (1605.1 and 1609.7 cmd) (Table 1). The
frequencies obtained by these calculations were scaled by a valuesplitting observed for the €0 band of5 was probably due to

of 0.9614. All of the calculations were made on the IBM RS/ Fermi resonanc&:?'The intense &0/C=C band of3 at 1605
6000-SP system at the Tsukuba Advanced Computing Centercm~! was accompanied by shoulder peaks at 1585, 1589, and
(TACC) of AIST. 1614 cntl. Although some of these shoulder peaks could also

Wavelength / nm

Computational Methods
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Figure 2. (a) IR spectrum o8 calculated at the B3LYP/6-31G* level. Figure 3. (a) IR spectrum of calculated at the B3LYP/6-31G* level.

(b) Difference IR spectrum before and after irradiation of a nitrogen () Difference IR spectrum before and after irradiation of a nitrogen
matrix containing5 with a XeCl excimer laser and a high-pressure matrix containing with a high-pressure mercury lamp for 2'.5 h (Peaks
mercury lamp. (Peaks pointing up correspond to the product, and peaksgg'r?élg gorl:g tf)or{ﬁjpgggofﬁ (t)r;?adprorc(jali:ﬁ}sgp ;j ([ztt)aalkF;5 Soglttlpt?mdg\;vn
pointing down correspond to the decomposed precursor.). (c) IR calc Iapied at the B3LYP/6 glG* Iepel ’ P

spectrum of5 calculated at the B3LYP/6-31G* level. u ; Vel

TABLE 1: Observed and Calculated Vibrational SCHEME 3

Frequencies (cn?t) of Prominent ¥(C=0/C=C) Modes of
Tropones 2 and 3 andv(C=0) Modes of Precursors 4 and 5

N2 matrix

00— (ood ) —

compd at13 K calcd previou$
4 1718 1723.9 (292) 1688
2 1607 1607.5 (139) 1506
1615 1615.6 (204) OOO + CO
5 1721 1724.8 (314)
1731 )
3 1605 1605.1 (305) IR band at a smaller wavenumber. They suggest that the reaction
1609.7 (125) proceeds via the cyclopropanone intermediate. Given these
1 1596.1 (123) 1553 earlier results, we believe that CO was formed during the

1636.0 (178)

aCalculated at the B3LYP/6-31G* level and scaled by a factor of
0.9510. The calculated IR intensities are in parenthesesngkin?).
b Reference 12.

photoirradiation of5 by means of the further reaction &f
(Scheme 3). The decomposition of the cyclopropanone inter-
mediate would proceed efficiently under photoirradiation condi-
tions (as it does in the case of naphthocyclopropefiprie
produce anthracene and CO. Indeed, the weak-U¥ bands
be due to Fermi resonance, one of them might arise from the with vibronic structures that we observed at 371 nm could be
strong mixing of the &0 and G=C stretching mode%1° ascribed to anthracere.
Indeed, the calculated vibrational modes3ofat the B3LYP/ Matrix Spectra of Benzotropone.Prompted by unexpected
6-31G* level) between 1500 and 1800 thshow complex  results for3, we reexamined the IR spectra 2fby using a
mixing between the €0 and G=C stretching modes. (See nitrogen matrix. We photolyzedlin a similar manner to observe
Supporting Information, Figure S3.) It should be noted that the the IR spectrum of2 in a nitrogen matrix. Matrix-isolated
C=0/C=C band observed at 1547 cfplocated on the lower-  precursor was photolyzed upon irradiation by a high-pressure
wavenumber side of the intense=O/C=C band at 1605 c, mercury lamp with a UV-cut filter X > 290 nm). Upon
was shown to be more intense than the corresponding band inirradiation, the observed UWis absorption spectra were similar
the predicted spectrum & to those reported in EPA glass at 77-&which indicates the
On the basis of the preceding result for phenoxybenzotroponegeneration o (Supporting Information). In the difference IR
reported by Chapman et &F we tentatively ascribed the IR spectrum for the photolysis (Figure 3), new IR bands ascribed
band observed at 2128 cfupon the photoirradiation & to to products and carbon monoxide appeared with the concomitant
carbon monoxid@® The decarbonylation of tropone and its diminution of the bands o4.
benzo-annelated derivatives is induced by thermal excitation The generation of2 was confirmed by the good cor-
or electron-impact excitation, and the mechanisms of theserespondence between the observed and calculated IR bands, as
processes have been studied in défdilhapman et al. indicated ~ shown in the Figure. The intense<®©/C=C bands of2 were
that phenoxybenzotropone showed similar decarbonilation in observed at 1607 and 1615 chand the GO band of4 was
an argon matrix, and generated carbon monoxide showed anobserved at 1718 cm. The G=0/C=C bands of2 were
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observed at much higher wavenumbers than the IR band(a) 10
observed previously (1506 crj. Although the IR bands
observed at 1574 and 1559 ci(on the lower-wavenumber
side of the intense €0/C=C bands) were more intense than
predicted, the observed=8/C=C bands differed significantly
from the multiple bands previously observed in the G~ClI
CFR:BrCFRBr—CHCI; matrix12

The mixing of the G0 and C=C stretching in2 was also q
. . . . 5 1 1 | - Il
observed in the calculated vibrational patterns, as in the case 0 20 40 60 80 0 4 60 80
of 3 (Supporting Information). As theoretically predicted, the Dielectric constant (€) Dielectric constant (¢)
intense G=0/C=C band of3 (1605 cnT!) was located at a
slightly lower wavenumber than the band<2qfL607 and 1615
cm1). We ascribe this shift to the increase in the contribution
of 3binduced by the benzo-annelation®fThus, although the °
peak shift from2 to 3 was small, the enhancement of aromaticity 1255 -
in the benzo-annelated tropones that is predicted by the

theoretical calculatiod$ was confirmed.

As discussed above, the IR spectra of the tropones in nitrogen
matrices showed fair agreement with the calculated IR spectra. 1.245Tv
However, the IR spectra & observed in the nitrogen matrix
differed significantly from the spectra observed in a G&~Cl
CF,BrCFRBr—CHCI; matrix at 118 K12 The observed difference Dielectric constant ()

may arise from structural changes induced in the tropones by Figure 4. (a) Dipole moment, (b) atomic charge on the O atom, and
the surrounding media. (c) and C=0 bond length for2 obtained using SCRF calculations for

. ) various media.

Polarized resonance forb has a larger dipole moment than
nonpolarized form2a, and in media with higher dielectric
constants, the electrostatic stabilization2df must be higher the intensities of two IR bands (modes 42 and 43) drastically
than that of2a. Accordingly, the contribution of the polarized increased with increasing dielectric constant (Table 2).
resonance form may increase in polar media, and this increase The changes in these bands were observed even in the
may change the molecular structure. Thus, the molecular medium with a low dielectric constant (CCE = 2.23). The
structures of the tropones might be sensitive to interactions with CFCl,—CF,BrCF,Br—CHCl; (25:25:4) matrix should have a
the surrounding media. dielectric constant that is intermediate between the values for

To examine the effect of the surrounding media on the CCl, (2.23) and THF (7.58). (The dielectric constants of GF-Cl
tropones, we performed SCRF calculations using the OnsagerCF,BrCFBr, and CHC} are 3.00, 2.34, and 4.81, respec-
dipole-sphere model fa. In this model, the solute occupies a tively.?®) The four G=O/C=C bands at 1594, 1538, 1506, and
spherical cavity within the solvent field. The optimum cavity 1438 cn1! observed in the CFgCRBrCFRBr—CHCI; matrix
radius for2 was estimated to be 4.30 A. Geometrical optimiza- should correspond to vibrational modes 45, 44, 43, and 42,
tions and subsequent frequency analyses were executed for fourespectively, which are predicted to be at 1593.5, 1552.8, 1539.6,
representative media: carbon tetrachloride=(2.23), tetrahy- and 1509.2 cml, respectively, in CGl These bands showed
drofuran (THF,e = 7.58), methanold = 32.63), and watere( isotropic shifts to lower wavenumbers (2, 2, 14, and 4tm
= 78.39). The changes in the dipole moment, in the atomic respectively) upod®O labeling!? These shifts were predicted
charge on the O atom, and in the length of tre@bond of2 to be 4, 1, 12, and 7 cm, respectively, for'80-labeled?2
clearly showed the increased contribution of polarized resonancesurrounded by CGl the predicted shifts corresponded well to
form 2b with the increasing dielectric constant of the surround- the observed isotropic shifts. Thus, the multipleeG/C=C
ing medium (Figure 4). A reduction of the bond alternation in bands observed in the CREICFRBrCFBr—CHCl; matrix
the benzotropone frame was revealed concomitantly with the reflected the geometrical change 2rinduced by the relative
elongation of the €0 bond (Supporting Information). In the  polarity of the surrounding medium. From these results, we
region where the dielectric constant is small, the molecular concluded the following: the most intense=O band observed
structure of2 varies drastically. in a nitrogen matrix was ascribed to vibrational mode 45, and

The IR spectra obtained for the various media showed the mostintense €0 band observed in the CREICFBrCF,-
intriguing differences (Figure 5). The normal calculation Br—CHClz matrix was ascribed to vibrational mode 43. Owing
(B3LYP/6-314-G* level), which corresponds to the calculation to the increased contribution @b, the mixing between €0
on a molecule isolated in vacuum, predicted one intense C and C=C stretching vibrations was altered. That is, in the polar
O/C=C band (mode 45, Figure 5e). The spectrum obtained at media, the stretching vibration of the elongateg-@ bond
this computational level was almost identical to the spectrum mixed strongly with the €&C stretching skeletal vibrational
obtained at the B3LYP/6-31G* level (Figure 3). Strong mixing modes appearing at lower wavenumbers. In the spect@ of
of the G=0 and G=C stretching modes was observed in the and 3 in nitrogen matrices, some IR bands observed on the
normal and SCRF results (Figure 6). The IR band for mode 45 lower-wavenumber side were shown to be more intense than
obtained from the normal calculation showed atomic motions the calculated bands. This difference may be due to a medium
similar to those of the corresponding mode inCH(a polar effect of the nitrogen matrix. Thus, we confirmed that the
medium): this IR band was shifted to a lower wavenumber molecular structures of tropones are sensitive to the contributions
(from 1601.6 to 1582.5 cm) with increasing dielectric constant.  of their polarized resonance forms, and that contribution can
However, there were other remarkable changes in the spectrabe changed by interaction with the surrounding medium.
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500 | ~1.00 Figure 6. (Left) Selected E&0O/C=C stretching modes & calculated
(e &= 100 (vac,) at the B3LYP/6-3+G* level. (Right) Corresponding €0/C=C
400 - 45 stretching modes d obtained by means of the SCRF Onsager dipole-
300 - sphere model (B3LYP/6-31G*), assuming am value of 78.39 (water).
200 - 43,72 TABLE 2: Vibrational Frequencies, v (cm™%), and IR
100 - / Intensities, | (km+mol~1), of v(C=0/C=C) Modes of 2 and 3
0 i 4 L ' all . Obtained by Means of SCRF Calculations
2000 1500 1000 500 mode 42  mode 43  mode 44 mode 45 mode 46
Wavenumber / cm™! evalue 12 | ya | v | V& | v |

Figure 5. (a—d) IR spectra oR in various media calculated using the
SCRF Onsager dipole-sphere model (B3LYP/6-&F level). (e) IR
spectra of2 calculated at the B3LYP/6-31G* level. Vibrational
frequencies were scaled by a factor of 0.9614.

1.00 1513.1 8 1547.4 117 1557.7 76 1601.6 341.0 1618.8 19
223  1509.2 45 1539.6 331 1552.8 56 1593.5 405.7 1618.0 14
7.58  1501.2 237 1527.3 550 1548.0 30 1586.4 443.3 1616.3 14
32.63 1494.9 434 1521.4 566 1545.3 29 1583.2 446.7 1615.0 12
78.39 1493.4 485 1520.2 550 1544.8 30 1582.5 453.7 1614.7 14

Conclusions
The IR spectra of 3,4-benzotropori® énd naphtho[2&]-
tropone B) isolated in nitrogen matrices at 13 K were directly were sensitive to the surrounding media. Owing to the increased
observed. These tropones were generated in the matrices by theontribution of the polarized resonance form, the mixing
photoisomerization of 6,7-benzobicyclo[3.2.0]hepta-3,6-diene- between the &0 and G=C stretching vibrations was altered.
2-one @) and naphtho[2,3fbicyclo[3.2.0]hepta-3,6-diene-2-one  In the polar media, the stretching vibrations of the elongated
(5), respectively. The observed IR bands of the photoproducts C=0 bond mixed strongly with the €C stretching skeletal
were in good agreement with the theoretically predicted IR vibrational modes appearing at lower wavenumbers. This mixing
bands. The prominent=80/C=C bands of were observed at s the origin of the multiple &0/C=C bands observed in the
1607 and 1615 cmi, and the corresponding band 8fwas spectra of the CFG+CFBrCF,Br—CHCI; matrix.
observed at 1605 cm with shoulder peaks. The=80 band of
3 was observed at a slightly lower wavenumber than the bands Supporting Information Available: UV -—vis absorption
of 2, which indicates the enhanced contribution of the polarized spectra observed during the photolysis 4fcalculated and
resonance form induced by benzo-annelation. observed IR data; calculated energies; Cartesian coordinates of
The IR spectra o2 in the nitrogen matrix differed from those  the optimized geometries of the tropones and their precursors;
observed in the CF@tCRBrCFBr—CHCIl; matrix. Self- and details of the SCRF Onsager dipole-sphere model calcula-
consistent reaction field calculations @nusing the Onsager  tions. This material is available free of charge via the Internet
dipolar-sphere model revealed that the structures of the troponesat http://pubs.acs.org.

a8 Frequencies were scaled by a factor of 0.9614.
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