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A novel “site decompression technique” that takes advantage of specific pressure relaxation effects in cryogenic
noble gas matrices was applied in a spectroscopic investigation of the two title compounds, resulting in virtually
background-free, complete, high-resolution IR spectra with line widths of ca. 0.1 Time compounds were
prepared photochemically in Ar and Ne matrices and, together with the related intermediates, fluorinated
benzocyclopropenone and cyclopentadienylideneketene, characterized by IR andsiblé absorption
spectroscopy. Weak IR absorption bands observed at 1878fomperfluoroo-benzyne and at 1866 crh

for 3-fluoro-o-benzyne were assigned to CC triple bond stretching vibrations, corresponding to the transition
at 1846 cm? in the parenb-benzyne. The application of polarization spectroscopy on photooriented samples
led to the determination of transition moment directions for most of the observed vibrational transitions.
Absolute IR absorption intensities were also obtained. The assignments of the observed transitions were
supported by the results of B3LYP/cc-pVDZ quantum chemical calculations.

1. Introduction

Arynes containing a highly reactive formal triple bond
continue to attract attention of theoreticians as well as
experimentalist-38 One of the most scrutinized reactive
intermediates in this class @sbenzyne {), extensively utilized
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in organic synthesis and mechanistic studiésDespite a long

history of efforts directed toward understanding its properties,
basic spectroscopic characterization was provided only re-

cently81516.2324The vibrational spectrum is still not completely
established and continues to be a subject of discussionan

anhydrides Za and 2b). During the preparation of this manu-
script, we became aware of the recent spectroscopic studies by
Wenk and Sander$,which also includedLb.

Our initial intent for the IR studies was to enhance the
intensity of the triple bond stretching fundamentallaby the
presence of a single fluorine atom in a “highly asymmetrical”
position. This would help in a definitive assignment of this
vibration, which has been the subject of some contrové&rsy.
Preliminary results of ab initio calculations (HF/6-31G*)
performed forlaindeed suggested that the intensity of this band
should be much higher than thatinHigher-level calculations
tend to predict a smaller vibrational intensity for the triple bond
stretch inla, albeit still significantly larger than in the case of
1 and 1b. Our experimental observations concur with this
finding.

The photochemical investigation of fluorobenzynes was also
motivated by our previous discovery of an interesting photo-
chemical ring-opening path for pareatbenzyné® Excitation
of matrix-isolatedb-benzyne with 248 or 193 nm light leads to
nearly quantitative formation of hex-1-ene-3,5-diyne. In view
of the very small number of reported fluorinated acetylenic
compounds, this photochemical path should be of interest as a
potential way of preparing such derivatives. Also, the excep-

attempt to clarify and reinforce earlier spectral assignments for tional chemistry of perfluorm-benzyne {b) warrants further

1, we have prepared 3-fluor@benzyne {a) and perfluoroe-
benzyne 1b) by photolysis of the corresponding phthalic
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studies of this reactive intermediate. While the reactivity of
3-fluoro-o-benzyne 1a) is similar to that of parent benzyng)(
perfluoro-o-benzyne 1b) is characterized by a much higher
electrophilicity and reactivity than that of the parent compotind.
This is manifested, for instance, in the Dielslder reaction of

1b with thiophene in which the parentbenzyne is unreactivé.
Benzynelb also reacts with benzene and its derivatives, giving
1,4-adducts in much higher yield than other halobenzynes and
benzyne itself! Another example of the high reactivity b
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is observed in the reaction with 9-alkylanthracene. While in case SCHEME 1: Photochemical and Thermal Trans-
of benzyne and other halobenzynes, this reaction leads to 1,4formations of Fluorinated Anhydrides and o-Benzynes
addition at the anthracene 9,10-positions, yielding triptycenes

as sole productd,b forms 1,4-adducts with the central and the (()j>=o hy (308 ) . o)
peripheral anthracene rings in a 3:2 rdficlhe high electro- = - sa.b) '\02 5
philicity of 1b is also apparent from its reactions with ethers, 5(a, b) ’
sulfides, and amineS.The 3-fluoroe-benzyne,la, has been /1»093 hv (308 nm) 2a6) O
less scrutinized than perfluombenzyne1b, but it has been & -0
quite frequently used in mechanistic studies of regioselectivity 2
of nucleophile additiot,as well as in the synthesis of specif- @| v,
ically fluorinated compound¥' ‘b/ ) 8'101)*
i i i 1 (Fo AN
2. Experimental and Computational Details @.@ 1a(3F) ”"’)‘co
The fluorinatedo-benzynesla and 1b were prepared by 4o b) 1b (Fa) D%O
photolysis of the corresponding phthalic anhydridzsand2b) 3(a, b)

isolated in cryogenic matrices, according to procedures previ-
ously discussed in detdift” Thus, the fluorinated phthalic ; . i ) ) )
anhydride 2) was sublimed at 2632 °C into a stream of noble the corresponding fluorinated phthalic acids with acetic anhy-

gas (13 mmol/min) and condensed on a cold Csl target. The dride, according to standard procedures. The 3-fluoro- and
matrix isolation ratio was always lower than 1:500. The perfluorophthalic acids were purchased from Lancaster Synthesis
estimates of the precurs@gor 2b) concentration (and matrix (997 Purity).

ratio) were made by combining the measurement of the matrix For geometry optimization and calculations of vibrational
1 niti * *%
thicknesés and the knowledge of the extinction coefficient [T€duencies, ab initio HF/6-31G*, MP2/6-311G**, and DFT

obtained from the solution. Although there is a change in the B3LYP/cc-pVDZ quantum chemical calculations were per-

bandwidth of the vibronic components of the absorptioRaf  ormed according to standard procedures implemented in the
or 2b, and therefore in the extinction coefficients between room Gaussian 98 suite of prograrffs.

temperature solution and the matrix, the lower limit of the matrix
ratio (concentration) can be readily determined. The temperature
of the spectroscopic window during the matrix deposition was  Irradiation of the matrix-isolated anhydrid@swith the 308
maintained at 28 K for Ar and 4.2 K for Ne. The Ar matrices nm light produces C®and cyclopropenone$); Absorption
were annealed 23 times by cycling temperature between 7 of subsequent 308 nm photons convestmto a mixture of

and 32 K. The deposition temperature of 28 K for argon matrices o-benzynes 1), CO, and cyclopentadienylideneketené®. (

is routinely used in our laboratory (and by others) to prepare Continued irradiation of the sample at 248 nm rapidly transforms
good optical quality samples required for photochemical trans- ketenes3 back intoo-benzynesl, while the latter are slowly
formations and polarization studies. With the rare exceptions transformed into diyne& (somewhat faster at 193 nm). Warm-

of highly polar compounds, the aggregation in this concentration up of the samples containirigbenzynes leads to the formation
regime is negligible and does not seem to lead to noticeable of the biphenylenes4, which can be identified by GEMS,
amounts of additional photoproducts. The diffusion of molecules and provides direct chemical evidence for structur&cheme

with a size comparable to the anhydrigiés still fairly slow at 1 indicates the path of the anhydride photolysis and some of
28 K, and the aggregation level is mostly determined just by the photoinduced and thermal reactions of the resulting

the initial concentration in the gas phase. Use of lower deposition benzyne.

temperatures can eliminate diffusion, but it tends to produce Using such procedures and taking advantage of the site
frosty samples that preclude penetration of light without decompression technique described below, we have obtained
unwanted scattering. The anhydride was subsequently photo-exceedingly clean and resolved infrared absorption spectra of
lyzed, and the infrared spectra were recorded by using a FTIR 3-fluoro-o-benzyne 1a) and perfluoroe-benzyne {b). They are
spectrophotometer (Nicolet Magna 560) with 0.1257¢m  presented in the bottom segments of Figures 1 and 2. These
resolution. During the spectroscopic measurements and laseispecies were prepared by photolysis of the appropriate fluori-
irradiations, the Ar matrices were kept at temperatures aroundnated anhydrides at 308 or 248 nm in Ar or Ne matrixes at
7 K; for Ne, a temperature of 4.2 K was necessary at all times. 4.2—6 K. The top portions of these figures show a graphical
The low temperatures were maintained by the use of closedrepresentation of the fundamental vibrational transitions pre-
cycle refrigerators, either a two-stage Displex (6.5 K) or a three dicted within the B3LYP/cc-pVDZ approximation. The general
stage Heliplex (4.2 K) unit (APD Cryogenics). An excimer laser consistency between experimental and theoretical results sup-
(Lambda Physik) was used to induce the photochemical ports the assignment of the observed vibrational modes. Ad-
transformations, generating monochromatic radiation at 193 nmditionally, the assignment is aided by the polarization spectra
(ArF), 248 nm (KrF), 308 nm (XeCl), and 351 nm (XeF). In (see below), which provide information on the symmetries of
some experiments, the 356 nm light from an Ar-ion laser the observed vibrational transitions.

(Coherent 1-200) was used or the tunable, doubled output from The peak positions and absolute intensities for the experi-
a ring dye laser. mental and theoretical data are listed in Tables 1 and 2. For
FTIR polarization spectra were recorded by using a Nicolet comparison, we include in Table 3 the previously repdrted

FTIR (Magna 850) instrument and a Cambridge Physical vibrational transitions for the parent benzyhetogether with
Sciences polarizer (IPG-225). The resolution was 0.5cfar- the presently calculated data. Figure 3 shows the computed
infrared peaks were measured on a Nicolet F-20 vacuum benchmolecular equilibrium geometries far 1a, and1b. The absolute

UV —visible polarization spectra were measured on a ShimadzulR intensities for the benzynes were obtained by comparison
3100 spectrophotometer equipped with Gtaihompson po- of the observed peak areas to those observed for CO and CO
larizers. of which the absolute intensities have been measured indepen-

The anhydride®a and 2b were obtained by dehydration of

3. Results and Discussion
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2000 1500 1000 500 TABLE 1: Observed and Calculated Fundamental
' o5 : : . Vibrational Transitions for 3-fluoro- o-benzyne (18}
E +4° Calculated
100 4 y g B3LYP/cc-pVDZ _ exptl _ B3LYP/cc-pvVDZ approximate
km c=cC +17° P I |pP e I P A description
I(Eﬁ) 1 2007 +24° a”
504 e rd 3108 0.2 3235 2.90+40 174.16 C-Hstr
H 20 v, 3077 <0.1 3204  1.46 —43 150.14 GHstr
- AN H 45 L4560 V3 3054 0.2 3177 2.86+33 11241 G-Hstr
e i ve 1866 3.9 37 2007 4530+11 1291 G-Cpstr
0 — R s 1468 319 10 1511 115.67-25 9.07 ring def
. Experimenta ve 1457 12.4 28 1496 62.96+24  6.33 ring def+
12 Ar matrix, 12K C—Hwag
V7 1416 19.7 22 1447 83.73+3 3.45 C-Hwag+
A " 220 ring def
4 9 Vg 1345 05 1294 0.36—8 12.48 C-Hwag+
0.2
f ring def
=c z ) 1236 345 12 1260 108.79+4 6.10 ring def+
= w| 1 CO, 4o . C—F str
e oo o) 2 * J 7 vie 1177 0.9 1156 21.06—-45  7.17 ring def
0.0 J Lk WS Wi il vy 1121 65 31 1136 7.67-38 6.93 G-Hwag
. T T T T .
500 V12 1032 0.8 1040 13.30+56 11.34 ring def
2000 1500 = (em) 1000 vis 919 203 22 928 76.62+17 17.39 ring defr
C—F str
Figure 1. Infrared absorption spectrum of 3-fluomebenzyne 1a) zn 782 0.1 784  0.49-78 252 ring deft
isolated in an Ar matrix at 12 K (bottom). Theoretical transitions C—Fstr
calculated with B3LYP/cc-pVDZ (unscaled) are presented at the top. V15 540 88 20 555 30.88+2 6.14 C_rﬁzt&:f
2000 1500 1000 500 V16 484 93 7 459 39.87+12 8.52 ring_dgﬂv\-lag
1 1 1 1 L
600 Y Calculated V17 411 01 404 17.12+3 3.99 C-Fwag+
. B3LYP/cc-pVDZ ring def
(v E vigd' 862 062z 948 0.86 z 1.04 C-H oop wag
V19 847 <01 z 876 4.33 z 2.43 C-H oop wag
300 - ° V20 749 384 z 752 64.06 z 2.87 C-H oop wag
c=cC F . Va1 565 0.3 z 614  0.40 z 0.09 ring oop def
12031 F . V22 514 <0.1 559 <0.01 z 0.25 ring torsion
. o V23 457 06 z 441 051 z 0.22 ring torsion
0 * x40 o o e ° Voa 220 04 224 024z 5.16 ring oop def
4 o .
i"pe“:,‘emlazlg{ a4y = wavenumber in crmt, | = IR intensity in km/mol,¢ = in-
T A, plane transition moment angle (Figure 6) in deg, ané= Raman
14 ° scattering activity in Aamu.? See Figure 6 for the definition ap.
A c=C The estimated experimental error limits aré&7° for ¢ close to 0 and
1878 . 90°, and+9° for ¢ close to 48. ¢ Unscaled.
® x40
MJ”&M o 7 o el © ) . . .
04 ol e | ‘ } [ by the calculations (both in the order and magnitadee Tables
T ¥ 1 T T
2000 1500 1000 500 1 and 2).

Jem™)

Initial ab initio calculations (HF/6-31G*) performed fda
predicted that the transition moment of the triple bond stretching
vibration should be substantially inclined 33rom the axis
bisecting the +2 and 4-5 bonds. Moreover, a large intensity
increase with respect to that @fwas predicted (118 km/mol
vs 0.05 km/mol). However, the experimentally determined
dently® The estimation of the absolute infrared intensities is intensity of the triple bond stretching band was found to be
possible because of the nearly one-to-one stoichiometric ratiostill quite low (3.9 km/mol). The MP2/6-311G** calculation
of benzyne, CO, and CQunder conditions indicated in Scheme yielded a value of 2.4 km/mol, evidently in much better
1 and described in the text below. As can be seen from Figuresagreement with experiment. Interestingly, the present DFT
1 and 2 and from Tables 1 and 2, the agreement betweenB3LYP/cc-pVDZ predictions, which are otherwise superior to
observed and computed relative intensities is very good, those obtained with the MP2 method, substantially overestimate
particularly for all strong transitions. the intensity of this transition, yielding a value of 45.3 km/

mol.

Figure 2. Infrared absorption spectrum of the compressed form of
perfluoroo-benzyne 1b) isolated in an Ar matrix at 12 K (bottom).
Theoretical transitions calculated with B3LYP/cc-pVDZ (unscaled) are
presented at the top. Solid dots indicatevibrations; open circles
indicate b vibrations.

The results of this study are consistent with an earlier
assignment of the triple bond stretching fundamental Xor
corresponding to a weak transition observed at 1846'érifihe

The results obtained with the DFT approach gave slightly
better overall agreement with experiment and are therefore
corresponding transition for 3-fluore-benzyne {a) appears at presented in more detail; the calculated fundamental vibrational
1866 cni?, while for perfluoroe-benzyne {b) it is found at wavenumbers, IR intensities, and Raman scattering activities
1878 cnT. As can be seen from Figures 1 and 2, the intensities for 1, 1a, and1b are listed in Tables-23. Regression of all 63
of the triple bond stretching fundamentals for the fluorobenzynes fundamental wavenumbers observed for the ttodenzynes
are still quite low, but the band is significantly stronger for on the corresponding calculated ones led to the least-squares
3-fluoro-o-benzyne. The observed frequency shifts, in particular, scaling relationyoPsd= 0.967cad with a standard deviation
for the triple bond vibration betweela and1b are reproduced  of 39 cntl. In view of the general difficulties in the description
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TABLE 2: Observed and Calculated Fundamental
Vibrational Transitions for Perfluoro- o-benzyne (1b%}

exptP exptF B3LYP/cc-pvDZ approximate
P | v | d | A description
vias 18784 0.8 18786 0.52031 0.50 13.29-C; str
v,  1497.6 19.1 1499.7 8.4 1511 22.70 15.49&Cfs str+ ring
e
14929 10.7

vz  1456.9 13.2 1457.6 12.0 1486 159.62 5.28 ring breat®—F

str
1459.1 15.1
Va4 1349.1 0.7 1298 3.94 10.82 ring def
vs  1076.4 20.5 1076.5 81.0 1094 131.07 1.5%Fcstr+ ring def
1074.0 14.2

Ve 699.1 85 699.3 8.9 706 10.04 24.17 ring str

v7 4428 0.3 451 0.04 5.54 ring bend

Vg 3122 29 315 0.95 0.11-€F wag

vy 271.0 05 274 0.01 0.13-€F wag

V103 696 O 0.34 ring torsion

Y11 430 O 3.94 ring oop def
+ C—F wag

V12 381 O 0.72 G—Cytorsion

V13 156 O 0.05 G-Fwag

vy 577.8 0.6 628 1.30 0.03 ring oop def
C—F wag

V15 3314 47 343 1.16 1.63 ring oop def
C—F wag

V16 140.0 <0.1 142 0.56 0.62 ring oop def
C—F wag

v17bp 1558.8
V18 1486.5
V19 1214.0
V20 980.2
971.4
642.0
586.0
463.6
296.4

16.7 1555.8 13.2 1573 15.73 1.97 ring def
164.0 1486.5 217.0 1528 562.64 0.84FCstr+ ring def
27.51217.0 30.2 1230 21.54 2.79Fstr+ ring def
31.2 974.0 149.0 986 255.67 0.06[str+ ring def
37.2

0.2 657.0<0.1 658 <0.01 0.55 G-Fwag

13.6 586.2 14.1 551 19.57 1.34 ring bend
12.1 465.1 10.2 448 38.00 16.70 ring bend

0.7 277 2.79 0.01-€F wag

ap = wavenumber in cm, | = IR intensity in km/mol, andA =
Raman scattering activity in 4amu.? Relaxed form (see text).
¢ Compressed form (see text)Unscaled.

V21
V22
V23
V24

TABLE 3: Observed and Calculated Fundamental
Vibrational Transitions for o-benzyne (1}

exptP B3LYP/cc-pvVDZ
v | e | A approximate description
viaa 3094 5.7 3207 550 373.82 & str
V2 3071 0.9 3182 459 140.29 - str
V3 1846 2.0 2022 0.02 15.20 1E€C;str
Vs 1415 0.1 1484 0.75 10.18 ring strC—H wag
Vs 1271 1.3 1315 0.66 18.62  ring strC—H wag
Ve 1055 7.4 1153 0.05 2.70 ring strC—H wag
V7 1039 10.4 1081 2259 25.32  ring str
Vg 982 5.2 1000 7.31 15.55 ring strC—H wag
2 582 0.1 620 043 4.04 ring bend
Vio& 973 0 0.08 CG-Hoopwag
11 870 0 3.55 C-H oop wag
V12 598 0 0.19  ring torsion
V13 437 0 0.63  ring torsion
vaby 838 0.3 921 0.01 1.08 €Hoopwag
V15 737 47.4 751 58.28 2.97 H oopwag
V16 388 4.2 393 4.20 0.11  ring oop def
vizb, 3086 9.1 3203 29.40 4.68 -€Hstr
vig 3049 0.6 3166 0.98 85.41 Hstr
V19 1451 9.1 1472 11.56 7.29 ring strC—H wag
vo 1394 55 1423 4.81 0.10  ring strC—H wag
v 1307 0.2 1260 0.11 3.66 Hwag
vy 1094 1.3 1103 149 10.83 -@Hwag
V23 849 24.8 839 30.25 0.50  ring bend
Vo4 472 81.0 404 112.84 17.74  ring bend
ay = wavenumber in cmt, | = IR intensity in km/mol, andA =

Raman scattering activity in %amu.? Reference 6¢ Unscaled.

of the electronic structure of benzynes, this result may be
considered as very satisfactory.

J. Phys. Chem. A, Vol. 106, No. 29, 2002733
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Figure 3. B3LYP/cc-pVDZ equilibrium geometries farbenzyne 1),
perfluoroe-benzyne 1b), and 3-fluoroe-benzyne 1a). Bond lengths
are given in A, and bond angles are given in deg.

The MP2 calculations yielded better values for the triple bond
stretching vibration, regarding wavenumber and intensity. On
the other hand, the predicted frequency shift upon going from
lato 1bis incorrect for MP2, whereas the DFT results agree
with experiment.

Site Decompression and High-Resolution SpectraVe have
been able to obtain highly resolved spectra of the fluorinated
benzynes {a and 1b) by using a technique that we call “site
decompression”. This method utilizes the static pressure created
during photochemical transformations and relaxation effects
(pressure release) occurring during warm-up of solid matrices.
In the rigid environment, the anhydride molecules are tightly
surrounded by matrix atoms. Photochemical fragmentation
replaces a single anhydride molecule with three molecules:
benzyne, CO, and GOFor the reaction proceeding in the gas
phase, the volume of the products would be slightly larger than
the volume of the precursor. However, in our case, the reaction
proceeds in a highly incompressible environment and results
in a hydrostatic pressure exerted by the products on each other
as well as on the surroundings. This leads to shifts of the
absorption frequencies for all fragments. Previous studies of
mechanical stress caused by reactions in molecular crystals have
demonstrated that the shifts of the asymmetric stretching
vibration of CQ can be used to estimate the magnitude of the
pressure in the cavity~50 A shift to the blue (higher frequency)
of 0.4 cn* corresponds to 1 kbar of increase of the pres&ure.
However, in the absence of calibration studies, it is not obvious
to what extent these results are transferable to pressure deter-
mination in matrices.
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Figure 5. Linear dichroism spectrum of perfluombenzyne {b)
photooriented by 308 nm (top trace) and by 248 nm irradiation (bottom
trace) and of the remaining perfluorophthalic anhydride isolated in an
Ar matrix at 12 K. Solid dots indicate @ibrations; open circles indicate

b, vibrations.

46K

. : . produces derivative-like spectra. This makes the spectral as-
966 962 signments somewhat arbitrary and incomplete, especially for
Yem™ the weakest bands in the regions where there is an overlap
. o . between the product and precursor absorptions. Second, the
Figure 4. The spectral changes in a “site cluster” in an Ar matrix L . . )
containing (b) during gradual warm-up from 4.6 to 11.6 K. The top quan'utatwe conversion of the initial anhydride samlple exclu-
trace corresponds to fully relaxed matrix, while bottom curve originates Sively to GF4, CO, and CQdoes not seem to be possible under
from the mixture of compressed and relaxed molecules after initial any photochemical conditions that we have examined. At the
irradiation at 308 nm. “best” wavelengths, 308, 248, or 254 nm, facile conversion of
the anhydride is always accompanied by much slower (by at
An example of this phenomenon in matrices is presented in least an order of magnitude) secondary photochemical reactions.
Figure 2, which was produced by taking advantage of the high Upon absorption of the next-arriving photons, some of the earlier
static pressure created by photochemical fragmentation in thecreated @F4 molecules slowly photoreact with CO and O
solid noble-gas matrix cavity (kept at about 4.6 K) initially filled  because we observe the decrease of their intensities. Sgimpe C
with the anhydride2b. The increase in the total volume of the presumably decomposes to difluoroacetylene, as witnessed by
photofragments with respect to that of the precursor in this a weak absorption at 1341 cd which has been previously
highly incompressible environment results in a high static ascribed to this speci€Under any circumstances, the “clean”
pressure exerted ongky by CO and CQ. However, gentle spectra of the benzynes can be produced only by some kind of
warm-up of the matrix (by less than 10 K) allows the molecules “approximate” spectral manipulation. We find that the “site
to reorient slightly, and pressure is thus released. We measurediecompression” procedure described above leads to the “clean-
spectra of both the initial “compressed” sample and of the est” and the best-resolved spectra @F£ and it is much more
“relaxed” sample (Figure 4). The difference between these two efficient in data deconvolution than a simple removal of the
exhibits very narrow lines (Figure 2), with individual line widths  precursor spectrum. In Figure 2, we present only the positive
of less than 0.1 cnt (limited by instrument resolution). The  half of the difference spectrum, corresponding to the less-
advantage of this technique lies in the fact that it virtually perturbed, “relaxed” gF,. Although, the term “high resolution”
removes the unwanted background absorptions originating fromis relative, because the majority of the IR absorption spectra of
the unreacted anhydrideand minor impurities. A prerequisite  reactive intermediates in matrices is reported in the literature
for a successful application of this method is that the relaxation with resolution of 0.5-1 cn%, we believe that it is appropriate
produces changes in population between discrete levels rathetto the case presented here.
than gradual spectral shifts. This is indeed observed, similarly  polarization Results.Figure 5 presents IR linear dichroism
to what has been reported previously for molecular cry$tals. (D) spectra forlb, obtained after photolysis of the phthalic
The merits of the “site decompression” technique become anhydride precursor with linearly polarized 308 or 248 nm light.
obvious when compared with the usually available and em- In a rigid environment, both the remaining precursor and the
ployed procedures for obtaining difference spectra. Using a ensuing photoproduct become patrtially oriented. The LD curves
standard approach of subtracting the initial spectra from thoserepresent the difference in the absorption of light polarized
obtained after irradiation often leads to spectral artifacts. Under parallel and perpendicular to the electric vector of the photo-
any of the examined irradiation conditions (various wave- lyzing radiation. The sign of the resulting IR LD signal is
lengths), two phenomena always happen in our experiments anddetermined by the electronic transition moment direction in the
complicate the extraction of the sought-after spectral details. precursor and by the symmetry species of a particular vibration.
First, the yields of the photolysis of the anhydri@ediffer It has been observédhat irradiation of2 with polarized 248
significantly for various matrix sites. For some minor sites, the nm light leads to a negative IR LD sign for and R vibrations
difference amounts to a factor of 5, and thus simple subtractionand to a positive sign for ospecies in the photoproduced
of the precursor from the partially photoconverted sample o-benzyne. Using 308 nm excitation produces negative LD for
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TABLE 4: Vibrational Frequencies Determined for Molecules Engaged in the Phototransformation Leading from Phthalic
Anhydride to Benzyne (See Scheme 1)

compound IR uve
perfluorophthalic anhydride2p) 1843 (s), 1802 (vs), 1524 (s),1511 (vs), 1408 (m), 1329 (m), 304 (sh), 301 (st), 248 (br), 212 (br)
1220 (s), 1114 (m), 948 (s), 929 (s), 893 (m), 807 (w), 736 (W)
perfluorocyclopentadienylideneketergb) 2089 (vs) 288 (st)
perfluorobenzocyclopropenonéh) 1908 (s), 1860 (s), 1496 (vs), 1470 (vs), 1289 (m), 1109 (s), 271 (st), 238 (br)
1052 (s), 949 (s), 929 (s), 821 (m), 652 (M), 623 (M)
3-fluorophthalic anhydride2@) 1874 (s), 1799 (vs), 1619 (m), 1489 (s), 1352 (m), 1282 (w), 301 (st), 240 (br), 220 (st), 197 (br)

1271 (m), 1264 (s), 1257 (m), 1216 (s), 1132 (s), 961 (w),

825 (w), 781 (w), 740 (s)
3-fluorocyclopentadienylideneketerzaf 2080 (vs) 283 (st)
3-fluorobenzocyclopropenonéd) 1848 (vs) 268 (st), 231 (br)

2|R data in cm®; relative intensities: s-strong, vs-very strong, m-medium, w-we&R/—vis data in nm; sh-shoulder, st-structured, br-broad.

orientation factorK, = d/(1 + 2d,), can be determine®.The
other two principal orientation factors can then be determined
from the definition of the uniaxial orientatioiy = K, = (1 —
Ky/2. For transitiond, polarized in the molecular plane, we
then have

tarf ¢, = (K, — K)/(K; — Ky

where¢; is the angle between the transition momaeny, for
thei-th transition and the molecular axs(Figure 6).

Using this formula forla, we have obtained the in-plane
Figure 6. Definition of in-plane transition moment angleg, for transition moment anglesp|, compiled in Table 1. The angles

3-fluoro-o-benzyne 1a). Positives is measured from to y, wherex listed in_this table were obtained by averaging results from
is the axis passing through carbon centers C6 and C3y @ndefined several independent measurements. The errors are on average

as indicatedy can be considered to be almost parallel to a line passing about+17° for angles close to Oand 90 and+9° for those

through the midpoints of the GAC5 and C+C2 bonds). close to 48. This procedure does not allow for a determination
of the sign of¢.
b, and b vibrations and a positive sign for apecies. These The variation of the observed moment angles (Table 1)

two experimental situations are illustrated in Figure 5. Thus, obviously reflects the low molecular symmetryXd (Cy). The
the analysis of the IR LD signs obtained after irradiation with perturbation of th@-benzyne skeleton is large enough to activate
polarized light at two wavelengths corresponding to different the otherwise inactive infrared modes {a the C,, structure)
transition moment directions in the precursor makes it possible and to incline the in-plane transition moments away from the
to make absolute polarization assignments. Cz, symmetry axes. In view of the results of the “calibration”
While the determination of transition moment directions is studie8* of the quality of theoretical transition moment deter-
straightforward for high-symmetry molecules, sucilbscertain mination, the agreement between experimentally determined and
assumptions have to be made in the case of lower-symmetrypredicted transition moment directions is very good, given the
compound$? We use the following labeling of molecular axes relatively modest level of theoretical approximation applied at
for 1a (Figure 6): z = out-of-plane x = passing through the  present. It should be stressed, however, thatcafenzynes
centers C3 and C6, practically parallel to theEbond, and/ represent a difficult case for theotyas witnessed by problems
= in-plane, perpendicular toandz. In the laboratory coordinate  with intensity and frequency shifts of the CC triple bond
system, light propagates along the directdrand is linearly stretching vibration upon fluorine substitution.
polarized along th& axis. Using at first unpolarized ultraviolet Side Products and Their Electronic and IR Absorption
light (308 nm, excimer laser), we convert most of the precursor Spectra.The phototransformation of the phthalic anhydride into
to 1a. Only then is the sample exposed to polarized light at benzyne is accompanied by the formation of benzocyclopro-
248 nm. Partial destruction dfa produces a sample uniaxially —penone §), as well as other products of photolytic and thermal
oriented about th& axis. Polarization measurements indicate reactions: cyclopentadienylidenekete8g fiex-1-ene-3,5-diyne
that the UV transition moment is polarized approximately along (5), and biphenylenes4] (Scheme 1). We have obtained the
the C-F bond, that is, essentially along theaxis, because a  detailed electronic and IR absorption spectra for these molecules.
negative dichroism is observed in the IR for the-E stretch. The spectra were interpreted and structures were assigned on
All vibrations for which the IR dichroism could be determined the basis of very good agreement between experimental data
fall into two distinct classes, depending on the value of the and theoretical predictions for these and related hydrogenated
observed dichroic ratio. The same dichroic ratio should be compounds. The side-products identification is based on the
observed for all out-of-plane vibrations. This is not the case comparison of the observed IR absorptions and calculated
for in-plane vibrations, which may be polarized along any vibrational spectra for structuré&and6. The positions of the
direction in the plane, and the dichroic ratio may thus be observed characteristic absorptions in these compounds are
different for each transition. We have identified five out-of- highly compatible with well-established absorptions of the
plane infrared transitions iha. For each experiment, and thus cumulative double bond in pareB& and carbonyl stretch in
for a given degree of photoconversion, all of these transitions parent6.6 Simultaneous determination of the IR and Yuis
had (within experimental error) the same dichroic ratlp= absorption spectra allows for subsequent assignment of the
Ez/Ey. By use of the value of this ratio, the value of the electronic features. The compountisand4b were identified
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Figure 7. Electronic absorption spectra of (from bottom to top)
3-fluorophthalic anhydride2@), 3-fluorobenzocyclopropenonéd),
3-fluoro-o-benzyne 1d), 2-fluorocyclopentadienylideneketen&aj,

fluorohex-1-ene-3,5-diynebf), and a mixture oftis- and trans-3,9-
difluorobiphenylenes4@a).

with the help of GG-MS, in which molecular ions of the dimers
were present. In case df, no cis or trans conformers were
separated or identified, but the absorption of the warm-up
product oflb was assigned téb by comparison with absorption
of authentic sample obtained from irradiation2ifin solution.

The prominent IR frequencies and the UV absorption features
are presented in Table 4, while the electronic spectra are show

in Figure 7.

4. Summary and Conclusions

We have prepared and identified two fluoro-substituted
benzynes, 3-fluor@-benzyne {a) and perfluoroe-benzyne
(1b). This represents the first direct observatioriaffor which

a complete set of 24 IR vibrational fundamental wavenumbers
is reported and assigned, including the triple bond stretching

vibration at 1866 cm!. CompoundLb was recently investigated
by Wenk and Sandé.We extend the results of this investiga-
tion by observing kinetics of dimerization fotb and by

Radziszewski et al.

and to obtain highly resolved IR spectra of the target fluoroben-
zynes with high sensitivity. Application of this technique enabled

the observation of weak transitions that would otherwise easily
escape detection (like the triple bond stretching bantis$).

We recommend this technique as having great potential for
solid-phase spectral studies of reactions that are accompanied
by volume changes.
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