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Abstract: A new efficient synthesis of m-xylylene 1 is reported. The diradical 1 was trapped in argon matrices
at 10 K and characterized by IR, UV—vis, and EPR spectroscopy. The syntheses reported before only
allowed generation of 1 in organic glasses, and the spectroscopic identification was limited to fluorescence
and EPR spectroscopy. Diradical 1 proved to be highly photolabile, and irradiation results in the formation
of three isomeric hydrocarbons 7, 9, and 11 which could be identified by comparison of their IR spectra

with the results of DFT calculations.

Introduction

m-Xylylene 1 is the parent molecule of all high-spin polyradi-
cal systems wittmetaphenylene coupling units used to design
organic magnetic materials. A stable derivative If the

tetraphenyl-substituted Schlenk’s hydrocarbon, was synthesized

as early as 1915In 1970 it was identified as a triplet ground
state diradical by EPR spectrosccpyhe parentm-xylylene 1
has been generated by UV irradiationmedxylene2 in organic
glasses, however, in very low yield with the monoradical as
major radical species formed. Diradichlcould be identified

by the sensitive fluorescence spectroscopy in these experiments

(Scheme 1§. Later it was found that the yield df could be
increased by using either dichloroxyler84® or bis-diazo
compound4® as photochemical precursors in ethanol glasses at
77 K. An alternative synthesis df is the photofragmentation
of 6 to produce the highly strained hydrocarbowhich rapidly
rearranges tdl.”8 Platz et al. were able to record the EPR
spectrum ofl in organic glasse® which proved the triplet
ground state of this diradical.

The singlet-triplet gap AEsy) of diradicall was determined
by Wenthold et al. using photoelectron spectroscopy to19.6
0.2 kcal/mol® UB3LYP/6-31G(d) calculations predi&Est =
6.72 kcal/mol without and 13.2 kcal/mol with spin projection,
which probably overcorrects singlet energié$n a recentab
initio study AEst = 13.8 kcal/mol was obtaineld:12 The heat
of formation of 1 was determined by gas-phase ion chemistry
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Scheme 1. Synthesis of m-Xylylene 1
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to 80.8 kcal/mol? ca. 33 kcal/mol higher than the quinaictho-

and para-xylylene. The first and second bond dissociation
energies (BDE) oim-xylene 2 to give 1 via the monoradical
were measured to 90.1 and 90.7 kcal/mol, respectively, with
errors of 2-3 kcal/mol?® DFT calculations predict BDEs of
87.6 and 85.6 kcal/mol, which are within the error limits of the
experiment. The slightly smaller second BDE suggests a small
stabilizing interaction between the radical centérs.

All the syntheses ol reported so far (Scheme 1) are based
on UV photolysis of suitable precursors. However, as shown
here, diradicall is highly photolabile, and therefore its yield is
diminished by secondary photolysis. Only small amount$ of
survive in photostationary equilibria, and high yieldsloan
only be obtained if photochemical steps are avoided in its
synthesis.

Results and Discussion

m-Xylylene 1. Flash vacuum pyrolysis (FVP) of 1lds-
iodomethyl-benzen® at 400°C and subsequent trapping of

(13) Hammad, L. A.; Wenthold, P. G. Am. Chem. So@00Q 122, 11203~
11211.
(14) Zhang, D. Y.; Borden, W. TJ. Org. Chem2002 67, 3989-3995.
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Figure 1. IR spectra showing the synthesis and the photochemistry of - V/om

m-xylylene 1 in argon at 10 K. (a) FVP of 1,Bissiodomethyl-benzeng at

450 °C and trapping the products in argon at 10 K. Black dots indicate
remaining8. (b) Same matrix aftet > 400 nm irradiation. (c) Difference
IR spectrum (b)- (a). (c) IR spectrum ot calculated at the UB3LYP/6-
311G(d,p) level of theory.

the products in argon at 10 K result in a marked decrease of
precursoB and formation of a new produtt The newly formed
productl shows strong IR absorptions at 1434, 835, 766, 724,
and 641 cm? (Figure 1, Table 1). At 450C, the highest yield
of 1 is obtained, whereas above 500 further products are
formed and the amount df decreases. By comparison of the
experimental IR data with calculations at the UB3LYP level of
theory compound. was assigned the structure mixylylene.
Traces ofl were also formed on direct UV irradiation of matrix-
isolated8. However, due to the photolability dfthis is a highly
inefficient process.

The four strong vibrations of between 835 and 641 crh
are assigned to Bsymmetrical o.0.p. €H deformation
vibrations and the absorption at 1434 ¢nto a B, symmetrical
combination of G-C stretching and i.p. €H deformation
vibration. For the B symmetrical mode a frequency of 1580
40 cnmt was previously determined from photoelectron spec-
troscopy in the gas pha8@euteration of the benzylic positions
in ds-1 leads to characteristic isotopic shifts, again in excellent
agreement with the calculated values (Figure 2, Table 1). The
largest red-shift of 143.2 cm (calculated 144.6 cm) is found

Table 1. IR Spectroscopic Data of m-Xylylene 1 and ds-1

Figure 2. IR spectra in the range 55®00 cnt?! of m-xylylene 1 and its
tetradeuterated isotopomey-1 showing isotopic shifts of the out-of-plane
deformation modes. (a)-1in Ar at 10 K. (b)1in Ar at 10 K. (c) UB3LYP/
6-311G(d,p) calculated IR spectrum df-1. (d) UB3LYP/6-311G(d,p)
calculated IR spectrum df.

for the vibration at 724 cm, indicating a large contribution of
the benzylic H atoms. The other three; Bibrations are
characterized as benzene-B 0.0.p. deformation vibrations and
consequently show only small isotopic shifts<@ cnT?) in
ds-1. For the C-H stretching vibrations involving the benzylic
hydrogen atoms also large isotopic shifts are predicted; however,
these vibrations are overlapping with bands of the precursor,
secondary products, and contaminations and are thus difficult
to assign.

The symmetry of the strongest IR bandslafias determined
by measuring the IR dichroism of partially oriented matrices.
This method depends on the partial bleaching of a matrix-
isolated compound with linear polarized light. Diradidals
photolabile toward 400 nm irradiation (see below), and linear
polarized light of this wavelength was used for the photoselec-
tion experiments. The molecules afare initially randomly
oriented in the matrix. Molecules with their electronic transition
moments oriented parallel to the E vector of the polarized light
will show a more efficient photochemistry than those with a
perpendicular orientation. The result is a photoselection of both

mode Dewlom™t Peadem1 Velom™t Veadem1
no. sym (exp,re)? (Jeatc.e)® (lexpyre)? (leatc el)® assignment pol.
ds ds
11 B 640.5 (100) 655.0 (97) 645.6 (45) 661.3 (45) 248—H out-of-plane deformation —
12 By 723.9 (45) 721.0 (55) 581.0 (100) 576.5 (97) 78 H, out-of-plane wagging -
15 By 766.4 (90) 777.0 (95) 759.1 (65) 772.6 (67) 2456-H out-of-plane deformation -
16 By 834.9 (60) 849.0 (59) 831.4 (50) 847.3 (50) 2~¢H out-of-plane deformation -
32 B, 1433.9 (25) 1502.0 (25) 1459.8 (15) 1488.5 (17) 78€H,rocking; G=C aromatic +
stretching; &458-H in-plane deformation
35 A d 3144.6 (2) 2214.4 (15) 2283.6 (2) symmetrie8-H; stretching d
36 B, 3034.4 ()¢ 3145.1 (23) 2214.4 (15) 2283.9 (12) symmetrfcd€H, stretching d
41 B, 3110.6 ()¢ 3240.9 (8) 2347.3 (15) 2415.7 (5) asymmetric®€H; stretching d
42 Aq 3114.2 ()¢ 3241.1(7) 2347.3 (15) 2416.0 (17) asymmetric¢EH; stretching d

aArgon, 10 K.P UB3LYP/6-311G(d,p). ¢ Intensity is not assigned due to

the broad peaks in this regldot assigned.
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Figure 4. (a) UV—vis spectrum of an Ar matrix containing the FVP
Figure 3. IR dichroism of1 in argon at 10 K after partial photolysis af products of 1,3is-iodomethyl-benzend. (b) UV—vis spectrum of the same

using linearly polarized visible light (460450 nm). The IR bands assigned ~ Mmatrix after irradiation withl = 400-450 nm. Inset: 386450 nm.
to 1 are marked with stars. (a) Difference IR spectrum with the IR
polarization filter perpendicular to the polarization direction of the photolysis
(90° between IR and vis light polarization). Peaks pointing downward
decrease and peaks pointing upward increase during irradiation. (b)
Difference IR spectrum with the IR polarization filter parallel to the
polarization direction of the photolysis {tetween IR and vis light
polarization). Peaks pointing downward decrease upon irradiation, and peaks
pointing upward increase during irradiation. &1d B indicate the symmetry

of the vibrations. (c) Difference spectrum between (a) and (b) showing
differences in the polarization directions of IR bands. Since this effect is ~
small, only strong absorptions can be observed.

1 and the products with respect to'&® Since the symmetry

of 1 is Cy, the transition moment of the electronic excitation
as well as the vibrational transition moments have to be parallel
to the principal axes, y, or z of the molecule. Since the Magnetic field (Gauss)

orientation is uniaxial, only two distinct polarization orientations ~Figure 5. EPR spectrum obtained after FVP of hig-iodomethyl-benzene
are possible (parallel or perpendicular to this axis, the two gi;;;.so C and trapping the products in argon at 4 K. Inset: half-field
perpendicular axes are undistinguishable in these experiments).

This is found in the experiment (Figure 3): the out-of-plane  ppotochemistry of 1. Irradiation of matrix-isolated. with

deformation vibrations of Bsymmetry are polarized perpen- yjisiple light (1 > 400 nm) results in a decrease of all IR, BV

dicular to the B symmetrical in-plane deformation vibration. \is and EPR bands assigned Taand formation of the two

The transition moments of they Bibrations are oriented parallel e\ GHg isomers 4 6-dimethylene-bicyclo[3.1.0]hex-2-6he

to the z axes, whereas that of,Bs parallel tox. This cleafly and 3-methylene-bicyclo[4.1.0]hepta-1,4-dieh¢Scheme 2).

demonstrates th€z, symmetry ofl and confirms the assign-  rradiation at a slightly shorter wavelength¢ 350 nm) results

ment of the five strongest IR bandsbfSince the photoselection  jj, the rearrangement 6fto 7 (Figure 6), while short wavelength

of 1is low and the effect is very small, the polarization direction v/ irradiation (¢ = 254 nm) leads partially back to diradichl

of the weaker bands could not be determined. N and partially to the formation of a further isomer, 3,5-
The UV—vis spectrum of matrix-isolatetishows transitions  gimethylene-tricyclo[2.2.0.0*2,6*]hexanl. The reversible

at 231 nm (strong, broad), 279 nm (weak), 287 nm (strong, photochemistry (Figures-68) demonstrates tha, 9, and11

sharp), and 433 nm (very weak, Figure 4). The 279 and 287 4re GHgisomers ofl formed in photostationary equilibria. Since

nm absorptions (presumably one electronic transition with a the equilibrium between these species depends on the irradiation

vibrational progression) are similar to the transitions observed onditions. sets of IR bands can be assigned to each isomer

in a fluorescence excitation spectrum (ca. 295 and 287°nm). g the comparison with the results of DFT calculations allows

We could not verify an additional transition at 312 nm described ¢ igentification of the compounds.

in this paper. The very weak transition at 433 nm is In  pyqrocarhon7 shows characteristic€C stretching vibra-

accordance with the observation of fluorescence on excitation g of the twoexomethylene groups at 1745.3 cin(C(6)=

of 1 at 439 nmt’ The strong and broad absorption with a maxi- C(8)) and 1640.6 crt (C(4)=C(7)) with deuterium shifts of

mum at 231 nm has not been described in literature, thus far. 1g 9 and 26.2 cmi respectively, inds-7 (Figure 6, Table 2).

The EPR spectrum of, matrix-isolated in argon at 4 K, g high frequency of the former vibration is characteristic of
showed a very intense triplet signal with zfs paramef®rac|

= 0.011 cnt! and|E/hc] = 0.001 cnT? (Figure 5), in excellent (15) Thulstrup, E. W.; Michl, JElementary Polarization SpectroscopyCH:

3250 3300 3350 3400 3450 3500 3550 3600

i i iti _ New York, NY 1989.
.agreer.nem Wl.th th.e published Va.l®$n aqdltlon’ a low (16) Michl, J., Thulstrup, E. W., EdSpectroscopy with Polarized Light: Solute
intensity half field signal, characteristic of triplet EPR spectra, Alignment by Photoselection, Liquid Crystals, Polymers, and Membranes

; ; VCH: Weinheim, 1995.
was found at 1708 G. This clearly demonstrates that indeed a(17) LeJeune, V.. Despres. A.: Migirdicyan, & Phys. Chen.984 88, 2719

triplet state is observed. 2722.
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Scheme 2. Photochemistry of m-Xylylene 1
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U —_ W Figure 6. Difference IR spectra showing the photochemical interconversion
< of 1, 7, and9 in argon at 10 K. The experimental difference spectra are
10 " compared to simulated difference spectra based on calculations at the

B3LYP/6-311G(d,p) level of theory. () = 254 nm irradiation converts

) . . ds-7 (disappearing, peaks pointing downward) idiel (appearing, peaks

methylenecyclopropanes, and the isotopic shifts demonstrate thapointing upward). (b > 350 nm irradiation convert§ (disappearing,
bothexamethylene groups are deuteratediif7. Other intense peaks pointing downward) intd (appearing, peaks pointing upward). (c)

; ; : ; ; Simulated difference spectrutg1—d,-7 corresponding to (a). (d) Simulated
IR absorptions are found in the fingerprint region of the difference spectrun7—9 corresponding to (b). The isotopic shifts of the
spectrum. The most intense band at 883.2 tshows a very exomethylene groups of are shown in the spectra.

large isotopic shift of 179.8 cmt and is assigned to the C(8)-

H, out-of-plane wagging deformation. The band positions,  The strongest IR absorption of hydrocart®is (like in 7)
relative intensities, and isotopic shifts are nicely reproduced by the C(8)H out-of-plane wagging vibration of trexomethylene
DFT calculations, as can be seen by the very similar patternsgroup at 874.2 cmt, in good agreement with the calculation
of the simulated (from DFT calculations) and experimental (Figure 7, Table 3). As expected, -9 this band shows a
difference IR spectra (Figure 6). very large isotopic shift (110.7 cm). Another band with a large

Table 2. IR Spectroscopic Data of 7 and ds-7

mode Veglom™? Vealem™1 Veglom™? Pealem™1
no. (’exp‘rel)a (Ica/c,re/)b (Iexp,re/)‘a (Ica/c,re/)b assignment
da ds

6 448.8 (25) 461.8 (23) 424.8 (20) 433.1(18) 1-@6—C8 deformation

7 —c 605.4 (0) 487.7 (20) 497.4 (22) 7@—H, twisting; in-plane ring deformation

8 628.0 (5) 640.3 (7) 607.5 (25) 619.5 (33) skeletal vibration

11 733.6 (20) 757.8 (23) 681.1 (75) 698.8 (70) asymmetrie—C5—H bending;
out-of-plane ring deformation

12 —c 780.4 (2) 731.7 (15) 744.9 (14) asymmetrie-8—C5—H bending;
in-plane ring deformation

13 789.7 (80) 812.5 (84) 770.3 (65) 784.8 (59) —E&P=C3—H out-of-plane deformation;
C8—H, twisting

14 855.5 (2) 868.7 (5) —c 851.9 (0) asymmetric HC'—C5—H bending

15 869.9 893.2 (51) 797.1 (25) 813.0 (7) 8-€H, twisting; C'—H; out-of-plane wagging

16 869.9 (110) 899.9 (69) 808.1 (45) 822.2 (81) 8—El, twisting; C'—H; out-of-plane wagging

17 883.2 (100) 915.3 (100) 703.4 (60) 726.5 (59) 8—€l, out-of-plane wagging

18 923.3(5) 941.0 (5) 797.1 (25) 813.0 (7) 7—€H; in-plane rocking

22 1029.1 (5) 1054.2 (5) 1006.5 (5) 1031.1(7) L5€H bending

24 —c 1117.0 (5) 1036.0 (10) 1040.9 (25) asymmetrie €#=C®—H in plane deformation;
C’—Hj, rocking

25 1099.6 (10) 1127.3 (10) 1109.5 (10) 1131.4 (11) asymmetri€t+=C3—H in plane deformation;
C’—H_ rocking

29 1336.2 (10) 1358.8 (15) 1341.2 (20) 1364.5 (18) symmetti€H=C3—H in plane deformation;
C’—H; bending

32 1565.3 (5) 1620.7 (7) 1573.0 (10) 1615.2 (14) 2=CS8 stretching

33 1640.6 (80) 1696.4 (76) 1614.4 (70) 1658.8 (100) 4=C’ stretching

34 1745.3 (40) 1817.1 (41) 1726.4 (50) 1783.7 (66) 6=C8 stretching

aArgon, 10 K. " B3LYP/6-311G(d,p)¢ Not assigned.
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Figure 7. Difference IR spectra showing the photochemical interconversion
of 7 and 9 in argon at 10 K. The experimental difference spectra are

of a methylenecyclopropane unit. Consequently, the=€Ci(R)
stretching vibration is found at very high frequency (1753.6
cm™Y). Since no deuterium atoms are directly attached to this
double bond inds-9 the isotopic shift is small.

The third isomer formed during the photolysis bfis the
tricyclic hydrocarbonll. Due to its higher symmetry the IR
spectrum ofl1is simpler than that of and9 (Figure 8, Table
4). The strongest absorptions are the antisymmetrical and
symmetrical combinations of the twexomethylene &C
stretching vibrations at 1678.6 (16.0 chisotopic shift) and
1683.8 cm! (14.6 cnt! isotopic shift), respectively. The
antisymmetrical and symmetrical combinations of the wagging
vibrations of theexomethylene groups are found at 851.7 (64.5
cm1isotopic shift) and 852.9 cm (63.1 cn1? isotopic shift),
respectively. As with7 and 9 the IR spectrum ofl1 is very
nicely reproduced by DFT calculations. There is no evidence

compared to simulated difference spectra based on calculations at thefor the formation of further isomeric hydrocarbons sucHas

B3LYP/6-311G(d,p) level of theory. (&) > 350 nm irradiation converts
ds-9 (disappearing, peaks pointing downward) inte7 (appearing, peaks
pointing upward). (b > 350 nm irradiation convert8 (disappearing,
peaks pointing downward) intd (appearing, peaks pointing upward). (c)
Simulated difference spectruta-7—d,-9 corresponding to (a). (d) Simulated
difference spectrun7—9 corresponding to (b). The isotopic shifts of the
exomethylene groups dd are shown in the spectra.

isotopic shift is the C(7)kltwisting vibration at the cyclopropane
ring at 796.0 cm?! (96.7 cnt! isotopic shift inds-9). The
strongly distorted bridgehead double bond &C)2) is part

(Figure 9, Scheme 2).

All three isomer, 9, and11 contain a fused three-membered
ring resulting in high strain energy which pushes their energy
well above that of Tt and even St The most stable of the
three isomers i¥ which at the B3LYP/6-311G(d,p) level of
theory is calculated to be 19.2 kcal/mol abové @nd 13 kcal/
mol above St. The hydrocarbo® with an anti-Bredt bridge-
head double bond is with 25.7 kcal/mol relative tal even
less stable (Table 5). Ibl the three-membered ring is fused to

Table 3. IR Spectroscopic Data of 9 and 9-d,
mode Peglom™? Vealem™! Deglem™? Veademt
no. (Iexp,re!)a (Ica/c,re/)b (Iexp,re/)a (Icalc‘rel)b aSSignmem
ds da

7 528.9 (20) 543.6 (18) 498.5 (30) 509.7 (22) in-plane ring deformation;
C’™—H twisting

8 575.0 (30) 586.7 (28) 557.0 (75) 570.3 (51) skeletal vibration

10 706.6 (25) 715.8 (31) 627.1 (25) 633.9 (32) 7—Ei, twisting; ring deformation

11 757.4 (15) 770.8 (10) 689.7 (30) 702.3 (19) 5-@1 bending; G—H, twisting;
in-plane ring deformation

12 796.0 (30) 811.1 (42) 699.3 (1) 716.5 (3) symmetrie€C#=C>—H out-of-plane
deformation; C¢—H, twisting

13 806.6 (35) 830.2 (36) —c 769.3 (25) C—H bending; C—H; rocking;
C8—H, twisting

15 874.2 (100) 896.6 (100) 763.5 (100) 784.2 (48) 8—@, out-of-plane wagging

14? 806.1 (80) 828.6 (64) 7€ Hj twisting; C'—C5—C> deformation

16 912.6 (30) 931.2 (34) 868.5 (75) 896.4 (41) 26eH bending; G—H; twisting;
C3—C*—C>® deformation

20 985.1 (30) 1009.0 (26) —c 988.7 (9) C—H,wagging; G—C'—C’ deformation

23 1065.2 (35) 1082.7 (31) 1001.4 (80) 1017.5 (51) 7—@, rocking; G—H bending

24 1113.4 (10) 1134.4 (15) 1073.1 (15) 1096.0 (12) 6—§ bending; asymmetric HC*=C5—H
in-plane deformation

25 1157.1 (5) 1189.0 (5) —c 1184.6 (3) asymmetric HC*=C>—H in-plane
deformation; ¢—H bending

26 1256.4 (1) 1281.9 (2) —c 1271.7 (0) @5—H bending

29 1378.0 (10) 1399.6 (15) 1378.9 (25) 1402.0 (12) —E4=C>—H in-plane deformation

32 1567.2 (10) 1622.2 (13) 1541.2 (35) 1595.3 (32) 4=C5 stretching; G=C8 stretching

33 1612.9 (15) 1671.2 (39) 1599.6 (25) 1650.0 (19) 3=CS8 stretching; @=C? stretching

34 1753.6 (20) 1768.7 (10) —c 1765.0 (16) @&=C2 stretching

36 —¢ 3096.5 (78) 2211.1 (15) 2247.1 (38) symmetrie-€1, stretching

41 —¢ 3180.1 (39) 2313.7 (25) 2369.8 (25) asymmetrie-€l; stretching

42 —¢ 3220.5 (28) 2330.7 (25) 2399.4 (16) asymmetrie-€l stretching

aArgon, 10 K. " B3LYP/6-311G(d,p) Not assigned.
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could be an intermediate; however, there is no evidence for this
in our experiments.

Conclusion

The synthesis of via FVP of8 has a number of advantages
compared to the previously known photochemical routes: (i)
up-scaling to obtain preparative amountd.a easily possible,

(i) no photochemical step is necessary that reduces the yield
of the photolabilel, and (iii) the diradicall can be trapped in
inert gas matrices without the formation of close radical pairs.
The formation of radical pairs is unavoidable if a matrix-isolated
photochemical precursor is irradiated. Annealing of these
950 200 850 800 750 700 050 800 550 matrices rapidly leads back to the starting material via radical
~—v/cm” recombination, and thus other intermolecular reactions occur,
Figure 8. Difference IR spectra showing the photochemical interconversion if at all, in very low yields. In contrast, the synthesis via FVP

of 1, 7,9, and11in argon at 10 K. The experimental difference spectraare )15\ys ys to investigate the chemistryboth in matrices and
compared to simulated difference spectra based on calculations at the

B3LYP/6-311G(d,p) level of theory. (d) > 320 nm irradiation converts a via classical trapping experiments.

mixture of 7 and 9 (disappearing, peaks pointing downward) irta It is interesting to compare the high yield of diradichl

(appearing, peaks pointing upward). g} 260 nm irradiation converts a btained by th o8 with th imil hesis afn

mixture ofds-1 andd,-7 (disappearing, peaks pointing downward) idie obtained by the FV_I_D with the similar synt e_S'S eta

11 (appearing, peaks pointing upward). (c) Simulated difference spectrum benzyne from 1,3-diiodobenzeke?° The synthesis of the less

(7 +9) — 11corresponding to (a). (d) Simulated difference spectrdpi( stablemetabenzyne requires much higher FVP temperatures

+ ds-7) — ds-11 corresponding to (b). The isotopic shifts of teseo . .

methylene groups of1 are shown in the spectra. and produces only very low yields of the benzyne, while the
generation of the related 3,5-pyridyne is more succe$sfiihe

photochemical generation of matrix-isolated radicals via pho-

tolysis of C-1 bonds depends in a nonpredictable way on the

matrix (sometimes argon, sometimes neon gives better yields),

on the matrix temperature (4 K or 10 K), and the nature of the

precursorf?22 It is thus not surprising that the photolysis of

matrix-isolatedd produces only very low yields df which in

addition is diminished by rearrangement#o9, and 11

two four-membered rings resulting in a relative energy of 48.6
kcal/mol. Thus, even from $-the ring-closure to givé&, 9, or
11 is highly endothermic and thus requires photochemical
excitation in addition to populate the singlet state from the triplet
ground state.

The hydrocarbong, 9, and11 show the same CH- and CC-
connectivity as diradical. Formally, the rearrangement @f
to 7 requires the formation of one new bond between C(2) and  The clean thermal synthesis bfallows a thorough spectro-
C(6) in diradicall, and that ofd requires the formation of one  scopic characterization of this diradical. A detailed IR spectro-
new bond between C(2) and C(7).1rthese carbon atoms bear ~Scopic investigation including isotopic substitution and deter-
high spin density as can be deduced from the correspondingmination of the IR dichroism of the strongest bands is in
resonance structures (Scheme 2). The formatiahlagquires accordance with the expect€,-symmetrical structure of.
the formation of two new bonds: one between C(2) and C(5) The EPR and UVvis spectra are in agreement with previously
and the other between C(4) and C(6). A diradical suci@s reported spectroscopic data.

Table 4. IR Spectroscopic Data of 11 and ds-11

vib. Veglom™? Veademt Deglem™? Vealem™t
no. SYmmeny (Iexp,re/)a (Ica/c,re/)b (Iexp,/e/)a (Ica/c,rel)b aSSignmem
da da
9 A" 721.6 (5) 743.0 (7) 632.8 (40) 646.6 (32) 7%-H, twisting
10 A 742.9 (30) 764.2 (19) 660.5 (60) 676.4 (51) —@C8—C* and C—C5—C8 out-of-plane
deformation; @—H bending
12 A" 763.8 (25) 782.4 (14) —¢ 771.8 (1) G265-H bending
13 A 784.5 (1) 806.6 (5) —¢ 753.5(2) G:5—H bending
16 A’ 851.7 (60) 876.4 (30) 787.2 (15) 797.5(19) 78-H, wagging
17 A 852.9 (40) 880.1 (54) 789.8 (15) 799.9 (11) 78-H, wagging
18 A" 899.7 (1) 910.8 (3) 867.1 (1) 871.0(2) 7&-H; rocking; C'—H bending
19 A 903.2 (1) 919.5(2) 824.1 (10) 832.5(9) 7€-H, rocking;
20 A’ —c 994.7 (3) 940.9 (10) 957.5 (8) 1€:6—H deformation; C-&—H, twisting
24 A 1092.2 (1) 1117.8 (5) 1069.0 (1) 1085.2 (1) 14-H bending
28 A 1237.4 (1) 1259.3 (5) 1211.7 (10) 1229.7 (7) 128—H bending; C-8—H; rocking
33 A’ 1678.6 (60) 1747.1 (98) 1662.6 (60) 1709.7 (98) 3=C7 and G=CS8 stretching
34 A 1683.8 (100) 1758.7 (69) 1669.2 (100) 1719.9 (70) 3=C7 and G=CB8stretching
aArgon, 10 K.» B3LYP/6-311G(d,p)¢ Not assigned.
7 4 8
hoNg
2 6
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Figure 9. (U)B3LYP optimized geometries of I; 7, 9, 11 and12. Bond length is given in pm, and bond angle, in deg.

Table 5. DFT Energies of the CgHg Isomers

molecule (E + ZPC)?hartrees E., kcal/mol
T-1° —309.534386 0
S-1° —309.524472 6.22
7° —309.503791 19.20
9c —309.493361 25.74
11¢ —309.456873 48.64
12 —309.491230 27.08

a All energies including zero-point vibrational energy correction (ZPC)
without spin-projection®PUB3LYP/6-311G(d,p)B3LYP/6-311G(d,p).

Experimental Section

1,3Bis-iodomethyl-benzene 8 Compound8 was synthesized ac-
cording to a literature proceduté.

1,3Bis-(hydroxymethyl)-benzened,. To a refluxing and stirred
suspension of lithiumaluminiumdeuterid LAD (0.60 g, 14.3 mmol) in
anhydrous THF (20 mL) under argon a solution of dimethyl benzene-
1,3-dicarboxylate (1.29 g, 6.65 mmol) in 10 mL of anhydrous THF
was added dropwise. The mixture was refluxed $oh and cooled
with ice. The excess LAD was hydrolyzed by careful addition of
water (2 mL), 15% ag. NaOH (2 mL), and again water (5 mL). After
stirring overnight, the white solid was filtered off and washed with
several portions of THF. All organic extracts were combined, and the
solvent was removed in vacuum to give a colorless oil which solidified
rapidly. The crude product was used without further purification in
the next step. Yield: 85%. IR (KBr) 3214, 2213, 2090, 1432, 1266,
1187, 1107, 1082, 1059, 954, 723, 690 émmass spectrummz
142 (M*).

1,3Bis-bromomethyl-benzened,. To a stirred solution of 0.90 g
(6.33 mmol) 1,3bis-hydroxymethyl-benzend, in 30 mL of anhydrous
THF a solution of 0.77 mL (2.23 g, 8.23 mmol) phosphorus tribromide
in 15 mL of dry ether was added dropwise and stirred4ft atroom

temperature. 30 mL of water were added, and the organic layer was (22) V\;enk H. H.; Sander, WAngew. Chem.,

washed two times with 15 mL of water. After drying of the organic
layer over MgSQ@ and evaporation of the solvent, a colorless oil was
obtained which was purified by column chromatography (dichlo-
romethane/hexane, 1:1). Yield: 75%. IR (KBr) 2274, 2179, 1483, 1427,
1186, 1064, 953, 867, 791, 694 chmmass spectrunmve 268 (M™).
1,3Bis-iodomethyl-benzened,. 0.106 g (0.40 mmol) of 1,Bis
bromomethyl-benzend; was dissolved in 10 mL of dry acetone, and
0.6 g of Nal (4.0 mmol) was added. After stirring under reflux for 12

(18) Sander, WAcc. Chem. Red.999 32, 669-676.
(19) Winkler, M.; Sander, WJ. Phys. Chem. R001, 105 10422-10432.

h the solvent was removed, 150 mL of dichloromethane were added,
and the precipitate was filtered off. Removal of the solvent under
reduced pressure gave hB-iodomethyl-benzene, d.-8, which was
further purified by column chromatography using dichloromethane and
hexane (1:2) as eluent. Yield: 80%. IR (KBr) 2174, 1581, 1480, 1426,
1183, 1058, 926, 851,783, 690, 505 ¢mmass spectrurmvz 362
(M7).

Matrix Isolation. Matrix isolation experiments were performed by
standard techniqué&susing a closed cycle helium cryostat and a Csl
spectroscopic window cooled to 10 K. FTIR spectra were recorded
with a standard resolution of 0.5 ci using a N(I)-cooled MCT
detector in the range 46@1000 cm'. X-band EPR spectra were
recorded from a sample deposited on an oxygen-free high-conductivity
copper rod (75 mm length, 2 mm diameter) cooled with a closed cycle
cryostat to 4 K. UV spectra were recorded in the spectroscopic range
500 to 200 nm with a standard resolution of 0.02 nm, using a Varian
UV-vis NIR spectrophotometer from a sample deposited on a sapphire
window cooled to 10 K by a closed cycle cryostat. Flash vacuum
pyrolysis was carried out by slowly sublimif&through a 7 cmquartz
tube heated electrically with a tantalum wire.

Broadband irradiation was carried out with mercury high-pressure
arc lamps in housings equipped with quartz optics and dichroic mirrors
in combination with cutoff filters (50% transmission at the wavelength
specified). For 254 nm irradiation a low-pressure mercury arc lamp
was used.

Computational Methods. Optimized geometries and vibrational
frequencies of all species were calculated at the BR¥Plevel of
theory employing the 6-311G(d,p) polarized valence-triplbasis
set?®30 Tight convergence criteria were used throughout. A spin-

(20) Wenk, H. H.; Winkler, M.; Sander, WAngew. Chem.,
502-528.
(21) Winkler, M.; Cakir, B.; Sander, WI. Am. Chem. So2004 126, 6135~

Int. Ed2002 41, 2742

Int. EQ003 42,

(23) Sander, W.; Winkler, M.; Cakir, B.; Grote, D.; Bettinger, H. F.Org.
Chem.2007, 72 715—724

(24) Kida, T.; Kikuzawa, A.; Higashimoto, H.; Nakatsuji, Y.; Akashi,
Tetrahedron2005 61, 5763—5768

(25) Dunkin, I. R. Matrix-Isolation TechniquesOxford University Press:

Oxford, U.K., 1998.

Becke, A. D.] Chem. Phy51993 98, 5648-5652.

Lee, C Yang, W.; Parr, R. ®@hys. Re. B: Condens. Mattel988 37,

785-789.

Miehlich, B.; Savin, A.; Stoll, H.; Preuss, i@hem. Phys. Letil989 157,

200—-206.

McLean, A. D.; Chandler, G. S. Chem. Phys198Q 72, 5639-5648.

Krishnan, R.; Binkley, J. S.; Seeger, R.; Pople, JAChem. Physl98Q

72, 650-654.

(26)
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(28)
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J. AM. CHEM. SOC. = VOL. 130, NO. 10, 2008 2999



ARTICLES Neuhaus et al.

unrestricted formalism was used for all high-spin systems and for singlet ~ Supporting Information Available: Absolute energies, Car-

biradicals, whenever an instabifftywas observed. All DFT calculations  tesjan coordinates of all calculated structures, and complete ref

were carried out with Gaussian &3. 32. This material is available free of charge via the Internet at
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