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The matrix isolation technique, combined with infrared spectroscopy, has been used to characterize the products
of the photochemical reactions of toluems,, o-, and p-xylene, mesitylene, and hexamethylbenzene with
CrCLO,. While initial twin jet deposition of the reagents led to no visible changes in the recorded spectra,
strong product bands were noted following irradiation with lighf.of 300 nm. The irradiation was shown

to lead to oxygen atom transfer, forming complexes between methylcyclohexadienone derivatives gdd CrCl
With the xylenes and mesitylene, di- and trimethylphenols, complexed to,@r@ere also observed,
respectively. This latter result arises from-8 bond activation and oxygen atom insertion into-akCbond.

The identification of the complexes was further supported by isotopic labélit)gad by density functional
calculations at the B3LYP/6-31H5t(d,2p) level. Product distributions were rationalized by an analysis of

the electron density distribution.

Introduction at 14 K in solid argor#* Spectroscopic evidence supported
formation of 2,4-cyclohexadienone complexed to the gCl
species, through an oxygen atom transfer. The identification of

of chemists:? Of particular interest is the selectivity of the the product was further supported by isotopic labeling and

oxidation of organic compounds and the specificity of the density functional calculauc_nns. ) )
product(s) formed. These metal oxo compounds are able to The present study examines the photochemical reactions of
transfer an oxygen atom to certain olefins and hydrocarbdds. ~ CrCLO; with tolueneo-, m-, andp-xylene, as well as mesitylene
Cook and Mayer observed a range of oxygenated products fromanq hgxamethylbenzene, to further explore t.he nature of the
the oxidation of aromatics such as ketones, aldehydes, chlorooXidation reaction. PE have explored the reaction of O atoms,
ketones, epoxides, and alcohols. They postulated a mechanisnPhotochemically generated fromsOwith several of these

in which the CrCjO, oxidizes the cyclic compound by initial ~ Organic species. However, the nature of the oxidation reaction
abstraction of a hydrogen atom. While these studies represenof CrCLO is quite different from that of an O atom and is

a significant advance in the overall understanding of these important to our understanding of the role of high valent
reactions, their work was limited to product studies and did not transition metal oxo compounds in these reactions.

identify the initial intermediates in these reactions. Metal oxo

compounds such as these have also been used as catalysts Experimental Section

organic or polymer synthesis and as models for the active sites

The oxidation of organic substrates with metal oxo com-
pounds, including CrGO,, is of continuing interest to a range

in enzymes such as Cytochrome P-458.Extensive theoretical All of the experiments in this study were carried out on a
calculations of the potential energy surfaces for the reactions conventional matrix isolation apparatus that has been de-
of CrCLO, with small substrates have been condudfed.1517 scribed3® Chromyl chloride, CrGIO, (Acros), was introduced
Finally, while much of the experimental work has been done into the vacuum system as the vapor above the room-temperature
in solution, a few studies have explored the reactions of £xCl  liquid, after purification by freezepump-thaw cycles at 77

in the gas phasg* K. Toluene (Fisher), toluends (99%+ D, Acros), m-xylene

The matrix isolation technique was developed to facilitate (ACros), nkxylenedso (98% D, Cambridge Isotope Laborato-
the isolation and spectroscopic characterization of reactive fi€s), o-xylene (Matheson, Coleman, and Belsxylened;o
intermediate’$-2° and may provide access to the study of initial  (99%+ D, Acros), p-xylene (Fisher)p-xylenedio (99%+ D,
intermediates in the above reactions. Past studies in thisAcros), and mesitylene (Baker) were introduced in a similar
laboratory have examined the matrix-isolated products of the manner into a separate vacuum manifold and were purified by
thermal and photochemical reactions of G and OVC} repeated freezepump-thaw cycles at 77 K. Hexamethylben-
with smaller organic and inorganic substrated:32 Also, zene (Aldrich) is a solid at room temperature. A small sample
Parker and Davi@ (hereafter PD) have studied the reaction of Was placed in a small stainless steel sidearm, connected to the
oxygen atoms (photochemica”y generated from ozone) and deposition line by an Ultra Torr tee. The vapor pressure of the
benzene using matrix isolation and have shown that an Oxygensolid was entrained in ﬂOWlng argon, carried to the cold WindOW,
atom addition to benzene leads first to a cyclic ketone, which and deposited. The vapor pressure and hence sample concentra-
then ring opens to a ketene. This lab has recently reported thetion could be controlled by placing a heating mantle around

photochemical product of the reaction of CsG} and benzene the sidearm and heating. Temperatures between room temper-
ature and 56C were employed. Argon (Wright Brothers) was

* Corresponding author. E-mail: bruce.ault@uc.edu. used as the matrix gas without further purification.
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Matrix samples were deposited in the twin jet mode. In the TABLE 1. Calculated (B3LYP/6-311G++(d,2p)) and
twin jet mode, the two gas samples were deposited from separatésgsg\sfggta':{isgUﬁgﬁ'@?&i‘:‘lﬂoLsé);ggzgnsomgé:g 6(‘) Complex
. . : ! 5
rllozzles. onto the ]T4 K W|ndi, allowing for only a brlgf MIXING  om the Photochemical Reaction of CrC4O, with Toluene
time prior to matrix deposition. A few of these matrices were

subsequently warmed to 334 K to permit limited diffusion normal isotope H
and then recooled to 14 K and additional spectra were recorded. calcd. frec? exp. freq. calcd. shift exp. shift
In addition, all of these matrices were irradiated for 0.5 h or 413 441 1 —4
more with the HO/Pyrex-filtered output of a 200 W medium- 460 —69
pressure Hg arc lamp or with a 75 W Hg lamp with the Pyrex 461 456 —22 -2
globe removed, after which additional spectra were recorded. 538 —20
The matrices were deposited at the rate of 2 mmol/h from each gg; :?21
sample manifold onto the cold window. Final spectra were 707 3
recorded on a Perkin-Elmer Spectrum One Fourier transform 718 716 —54 -71
infrared spectrometer at 1 crhresolution. 836 803 —-99
Theoretical calculations were carried out on likely intermedi- 868 835 —100
ates in this study, using Gaussian 03 and 03W suites of 932 —117
. , . ) . ; 946 -176
programs¥’ Density functional calculations using the hybrid 063
B3LYP functional were used to locate energy minima, determine 975
structures, and calculate vibrational spectra. Final calculations 1039 1074 —-177
with full geometry optimization employed the 6-31H5+(d, 1058 1060 —244 —260
2p) basis set, after initial calculations with smaller basis sets 1833 i(l)g 2 —4
were run to approximately locate energy minima. Thermody- 1157 1165 _304 _308
namic functions for the reactants and potential intermediates 1161 1171 —256 —256
were also calculated. 1249 1266
. 1312 1325 —136 —126
Experimental Results 1341 1348 —347
Prior to any co-deposition experiments, blank experiments 1366 1341 —30 32
were run on each of the reagents used in this study. In each 1232 1397 —259
case, the blanks were in good agreement with literature 1435 1404 —402
spectra?®—45 and with blanks run previously in this laboratory. 1452 1456 —412 —418
Each blank experiment was then irradiated by th©Pyrex- 1527 1541 —12 —-28
filtered output of a 200 W Hg arc lamp for 1.0 h, and no changes 1562 1566 —-12 -9
were noted, other than in the Ar/CiChL blank, where the 1633 116?(;’22 —46 —43
growth of very weak bands due to photochemical reaction with 2910 —~790
impurity HO was seef® Weak bands due to HCI impurity were 2017 —765
noted in all of the CrGlO, blank experiments, as well as bands 2944 —828
from the complexes of HCI with the methyl-substituted ben- 2992 —778
zenest o 1
CrCIl,0O, + Toluene, Tolueneds. In an initial twin jet 3078 :808
experiment, a sample of Ar/Cr), = 250 was co-deposited 3097 —798

with a sample of Ar/toluene= 818. After 22 h of deposition,
no new bands were detected. The matrix was irradiated for 2.0
h with the 75 W Hg lamp, which led to the observation of many . .
new product bands, as listed in Table 1. The most intense bandsOf Ar/toluenedg. After 2.2'0 h of deposition, the_ matrix was
were seen at 1662, 1641, 1566, 1541, 1456, 1397, 1348, 1266,|rrad|ated for 2.0 h with the 75 W lamp. This irradiation
1137, 1017, 835, and 441 ci Most of the observed product produced many new bal_wd_s (see Table 1). Mos_t of the observed
bands were split into doublets or multiplets. Figure 1 shows a product bands were split into doublets or multiplets.
representative region of this spectrum_ CrCl 202 + m'Xylene, m'xylene'dlo. In an initial twin ]et
Numerous additional twin jet experiments were conducted, experiment, a sample of Ar/Cré, = 250 was co-deposited
at sample concentrations ranging from Ar/G«@4 = 250 to with a sample of Anfrxylene= 420. After 22 h of deposition,
Ar/CrCl,0, = 500 and Ar/toluene= 409 to Ar/toluene= 818. no new bands were detected. The matrix was irradiated for 1.0
The same product bands were observed after irradiation h with the filtered £ > 300 nm) output of a medium-pressure
throughout, with relative intensities (i.e., relative to all other Hg arc lamp. This process produced many new product bands,
bands in the set) that appeared to be consistent. Band intensitie¥/hich are listed in Table 2. The matrix was annealed to notice
were also consistent with the concentrations employed over all if any changes in the spectrum would occur; however, there
of the experiments. The product bands were sharpest in the mostvere no visible changes. Most of the observed product bands
dilute experiments and became much broader as the concentrawere split into doublets or multiplets. Figure 2 shows repre-
tion of toluene increased, as was seen in the earlier study withsSentative regions of this spectrum.
benzene. This is consistent with the known aggregation of Additional experiments were conducted, using twin jets to
benzene and derivatives in argon matrices with increasing deposit the two reagents into solid argon matrices at different
sample concentratiol.The product bands grew in over 0.5 h  concentrations. The concentrations ranged from Ar/@g
period of irradiation and reached a maximum in 2.0 h of 250 to Ar/CrChO, = 500 and Arn-xylene = 420 to Arim
irradiation. xylene = 780. The same products bands were observed after
In addition, multiple twin jet experiments were conducted in irradiation throughout, with relative intensities (i.e., relative to
which samples of Ar/CrGD, were co-deposited with samples all other bands in the set) that appeared to be consistent. Band

aFrequencies scaled by a factor of 0.9Frequencies in cri.
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Figure 1. Infrared spectra of a matrix formed by the twin jet deposition of a sample of ArOsGt 250 with a sample of Ar/toluene 410. The
lower trace is before irradiation, while the upper trace is after 1.0 h of irradiation with light>0f300 nm.

TABLE 2: Product Band Positions Arising from the Irradiation of Matrices Containing CrCl ,0, and Either m-, o-, or p-Xylene

CrClLO, + CrClLO, + CrClLO, + CrClLO, + CrChLO, + CrChLO, +
m-xylene m-xylenedo o-xylene o-xylened;o p-xylene p-xylened;o
(cm™) (cm™) (cm™) (cm™) (cm™) (cm™)
419 439 441 441
440 441 450 451 466
454 478 805 474
740 848 757
789 724 1012 1014 762 702
791 787 815
796 817 830
820 1070 823 846
895 849 924 753
921 1102 802 810
928 1106 841
931 1131 1146 845
1017 1015 1187 907 1015 1017
1070 1227 1210 1110
1104 820 1260 1155
1117 1279 1176 905
1178 831 1298 1291 1190
1192 1331 1179
1214 1160 1342 1238 1210
1265 1176 1359 970 1267 1186
1324 1228 1391 1128 1310 1221
1348 1115 1296 1230
1265 1305 1330
1299 1386 1354 1236
1391 1395 1318
1407 1366 1418 1384 1329
1382 1526 1508 1396 1106
1430 1541 1554 1429
1459 1563 1441 1032
1537 1520 1583 1598 1374
1567 1560 1646 1638 1534 1436
1599 1659 1544 1518
1661 1633 3553 2622 1567 1560
3553 2622 1587
1649 1615
3553 2622

intensities were also consistent with the concentrations employedproduced many new bands (see Table 2). Most of the observed
over all of the experiments. product bands were split into doublets or multiplets.

Multiple twin jet experiments were conducted in which CrCl 0, + o-Xylene, o-Xylene-dig, p-Xylene, p-Xylene-
samples of Ar/CrGIO, were co-deposited with samples of Ar/  dio, and Mesitylene.A pattern of experiments very similar to
mexylened;o. After 22.0 h of deposition, the matrix was the CrChO, + m-xylene twin jet experiments described above
irradiated for 1.0 h with the Hg arc lamp. This irradiation were conducted foo-xylene, p-xylene, their perdeutero isoto-
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Figure 2. Infrared spectra of a matrix formed by the twin jet deposition of a sample of ArfOsGt 250 with a sample of Am-xylene= 430.
The red trace is before irradiation, while the blue trace is after 1.0 h of irradiation with light0800 nm. The two upper spectra regions are of
the (a) O-H stretch and the (b) ©D stretch.

pomers, and mesitylene (1,3,5-trimethylbenzene). Matrices werelikely structures (products) relative to CeCh + toluene; the
deposited over a range of sample concentrations, irradiated forenergies are also listed in the Supporting Information. Figure 4
1.0 h, and some matrices were then annealed. A number ofshows the calculated structures of three representative complexes
products bands were observed in each of these experimentsarising from the reaction of Cr@D, with toluene (a cyclohexa-
some of which had substantial intensity. All of the product bands dienone, a phenol, and a ketene). The Supporting Information
from all of these pairs of reagents are listed in Tables 2 and 3. shows graphics representations of all of these calculated
Product band intensities for a given pair of reagents maintainedstructures (structureS1a—S1h S2a-S2¢ S3a-S3j) as well
constant relative intensities in the different experiments that were as tables listing the calculated energies relative to SOCH
conducted and had absolute intensities that varied directly with the methyl-substituted benzenes. All of the structures correspond
the concentrations of the reagents. to a single oxygen transfer from the chromyl chloride to a
CrCl 20, + Hexamethylbenzene (HMB).In an initial twin methyl-substituted benzene. All of the proposed complexes
jet experiment, a sample of Ar/CrC), = 250 was co-deposited  optimized to energy minima on their respective potential energy
with a sample of AH- HMB. After 22 h of deposition, no new  surfaces, with all positive vibrational frequencies. For the
product bands were detected. The matrix was then irradiatedCrCl,0—cyclic diene ketone complexes produced from toluene
for 1 h, a spectrum was recorded, and then the matrix was andm-, o-, p-xylene as well as the CrgD—phenols produced
irradiated for an additioria h with the filtered 4 > 300 nm) from m-, o-, p-xylene, and mesitylene, vibrational frequencies
output of a medium pressure Hg arc lamp. Only three weak were also calculated for the completely deuterated isotopomers.

product bands were observed, at 3438, 3426, and 746,cm Representative calculated frequencies are given in Tabi@s 1
arising from the photochemical reaction of CyG} with

impurity H,0.23 This experiment was repeated two more times
with a more concentrated sample of ArHMB, while the Ar/
CrClzoz concentration was held constant. The Samples were No distinct product bands were observed upon initial co-

each irradiated for 1 h. Again, no product bands were observeddeposition of the methyl-substituted benzenes and their isoto-

Discussion

in each of the trials. pomers with CrGIO, into argon matrices. However, subsequent
) irradiation of these matrices led to the formation of strong
Results of Calculations product bands. This is identical to the most recent system studied

The structures, energetics, and vibrational spectra of a numberin this lab®* CrC,0, + benzene, as well as past systeths,

of possible products of the multiple systems were calculated including the reactions of Cr@D, + PH; and OVC} + PHs.
using the B3LYP hybrid functional and basis sets as high as For a photochemical reaction to occur, the reactants must be
6-311G++(d,2p). Because experimental evidence for oxygen trapped in the same matrix cage. It is likely that there are cage
atom transfer was observed (see below), calculations focusedpairs formed from the statistical distribution of components of
on possible products and isomers of oxygen atom transfer tothe system during the matrix condensation process. All of the
form cyclic diene ketones, as determined from the previous product bands for a given system maintained a constant intensity
study, complexed to the remaining metal fragment, goCl ratio with respect to one another in the several different
which is trapped within the same matrix cage. In addition, experiments at different concentrations that were run with each
phenols formed through the insertion of an O atom into-eHC pair of reactants. This is suggestive of the formation of either
bond and ketenes formed through a ring-opening reaction werea single product, or two or more products formed in each
considered, each complexed to Gi@I Two modes of coor- experiment in the same relative amounts within experimental
dination, end ong?!, and side ong?, to the G=0O bond were error. Whether the former or the latter is correct, the product(s)
calculated. Figure 3 shows the energies of the 21 calculatedstill must arise from one molecule of each reactant. This is a
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TABLE 3: Product Band Positions Arising from the Irradiation of Matrices Containing CrCl ,0, and Mesitylene and the
Calculated® Bands of CrCl,0—2,4,6-Trimethylcyclohexa-2,4-dienone and CrGIO—2,4,6-Trimethylphenol

CrClLO—
2,4,6- CrCLO—
CrClLO; + trimethylcyclohexa- 2,4,6-
mesitylene 2,4-dienone calcd. intensity trimethylphenol calcd. intensity
(exp. freq?) (calcd. freq.) (km/mol) (calcd. freq.) (km/mol)
440 404 163.5 422 149.3
424 2.7 473 16.3
454 455 6.0 491 2.8
474 499 12.6 506 0.2
531 2.1 511 11.8
548 2.9 559 0.8
641 2.4 566 0.6
726 4.8 583 8.2
750 786 6.6 717 3.0
830 829 16.8 745 20.1
884 4.8 847 17.6
906 19.6 878 0.0
923 915 2.0 920 4.0
944 961 4.4 945 1.7
974 8.6 1001 8.3
1005 13.0 1004 0.3
1017 5.2 1026 2.4
1029 1038 0.7 1028 7.1
1048 1041 3.1 1030 5.6
1094 1073 9.2 1031 0.3
1012 1092 233.0 1093 209.7
1153 1113 0.1 1106 67.1
1195 1175 4.6 1173 42.1
1216 1219 6.1 1204 115.0
1266 1244 8.5 1248 10.8
1292 1312 6.1 1288 7.2
1347 1330 10.6 1296 7.7
1369 2.8 1376 1.2
1384 1374 325 1382 1.7
1389 1380 7.8 1385 0.0
1397 1384 18.8 1400 0.7
1436 9.9 1418 3.2
1434 1443 6.8 1445 9.2
1450 2.4 1451 7.4
1455 13.6 1454 0.5
1458 2.2 1454 8.0
1459 1462 13.0 1464 24.2
1540 1538 293.9 1476 51.2
1580 1570 39.8 1588 14.3
1660 1650 13.4 1595 3.7
2930 28.5 2930 16.3
2936 1.7 2934 23.6
2943 11.8 2946 12.4
2950 25.8 2983 5.7
2974 12.8 2984 15.7
2990 6.0 2994 7.1
3015 11.4 3009 12.9
3017 10.0 3019 145
3020 11.4 3022 10.7
3041 0.2 3063 12.8
3047 11.4 3065 7.8
3553 3062 6.9 3572 119.0

a Calculated values have been scaled by a factor of 0.97, B3LYP/6-83(&2p)." Frequencies in cmi.

situation similar to that seen in a recent study with the reaction substitution, further supporting this assignment. Thus, the
of CrChLO, + chloroethene$? spectral evidence strongly supports formation ofGZO and

One potential mode of photochemical reaction involves oxygen atom transfer to the substituted benzenes in a reaction
oxygen atom transfer from CrgD, to the organic substrate, analogous to the CrgD,/CgHg System.
yielding an oxidized product and CrQ. CLCrO has been Toluene.Based on calculated energetics and previous studies,
observed by several research groiifg°and has characteristic  the three classes of potential oxidation products are cyclic
absorptions near 1014 and 450 ¢niThe exact position of these  dienones and phenols that form while keeping the ring intact,
absorptions varied slightly from system to system, due to and ketenes that form through a ring-opening reaction; repre-
complexation of GICrO to the oxidized product. In the present sentative structures of these three classes each complexed to
study, product bands were observed near 1014 and 440 cm CrCl,O are shown in Figure 4. Each class of products has very
for every system and are very reasonably assignedA0rOl distinctive infrared signatures. Phenols are all characterized by
Further, these bands did not shift measurably with D isotopic an distinct G-H stretch above 3000 cth, ketenes by an intense
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Energy A CrCl,O + 2-methylhexa-1,3,5-trien-1-onc mmmm 48,0 kcal/mol
CrCl,O + 4-methylhexa-1,3,5-trien-1-onc mmm  47.5 kcal/mol

CrCLO + 3-methylhexa-1,3,5-trien-1-one mmm  47.1 keal/mol 46.4 keal/mol CrCl,0-4-methylhexa-13,5-trien- 1-one,n(C=0)

I

CrClL0 + 5-methylhexa-1,3,5-trien-1-one mmmm  46.2 kcal/mol 45.9 keal/mol wmmm CrCl0-2-methylhexa-1,3,5-trien-1-one,n*(C=0)

CrCl,O + 6-methylhexa-1,3,5-trien-1-one mmm 44,9 kcal/mol 45.0 kcal/mol CrC]20-3-methylhexa-l,3,5-trien-l-one,nz(C=O)
44.1 kcal/mol  w—m CrCIQO—S—methylhexa—l,3,5—trien—l—one,n2(CZO)
42,3 kcal/mo]  m— CrC]20—6—methylhexa—l,3,5—trien—l—one,n2(C:0)
36.4 kcal/mol wmmm CrCl,0-3-methylhexa-1 ,3,5—trien—1—one,n](end on)
36.2 kecal/mo]  m— CrC120-4-methylhexa-1,3,5-trien-I-one,nl(end on)
35.8 keal/mo]  m— CrC130-2-1nethylhexa-1,3,5-trien-l-one,n:(end on)
35.7 kcal/mo] wmmm CrCl,O-5-methylhexa-1,3,5-trien-1-one,n (end on)
33.8 keal/mo]  m—m CrC]20—6—methylhexa—l,3,5—trien—l—one,n1(end on)

CrCl,0 + 6-methylcyclohexa-2,4-dienonc mmm  28.8 kcal/mol
CrCl,0 + 4-methylcyclohexa-2,5-dienone mmm  28.0 kcal/mol

CrClL,0 + 4-methylcyclohexa-2,4-dienonc mmm  25.6 kcal/mol
CrCl,0 + 2-methyleyclohexa-2,4-dienone mmm  24.7 kcal/mol
CrCl,0 + 5-methylcyclohexa-2,4-dienonc mmmm  24.2 kcal/mol
CrCl,O + 3-methylcyclohexa-2,4-dienonc mmmm  24.1 kcal/mol
CrCl,O + 2-methyleyclohexa-2,5-dienone mmmm  23.9 kcal/mol
CrCl,0 + 3-methylcyclohexa-2,5-dienone mmmm 23 .4 kcal/mol

CrCLO + 4-methylphenol wmmm 8.7 kcal/mol
CrCl,0 + 3-methylphenol mmmm 8.2 kcal/mol
CrCl,O + 2-methylphenol mmmm 8.1 kcal/mol

0.9 kcal/mo] wmmm CrCl,0-3-methylcyclohexa-2,5-dienone
CrCl,0, + toluene -

-0.9 keal/mol wmmm CrCl,0-6-methylcyclohexa-2,4-dienone
-2.3 kecal/mol wmmm CrCl,0O-4-methylcyclohexa-2,5-dienone
-4.1 kcal/mol wmmm CrCl,0-4-methylcyclohexa-2,4-dienone
-5.9 kecal/mol wmmm CrCl,0-5-methylcyclohexa-2,4-dienone
-6.0 kecal/mol wmmm CrCl,0O-2-methylcyclohexa-2,4-dienone
-6.4 kcal/mol wmmm CrCl,0O-3-methylcyclohexa-2,4-dienone
-6.9 kcal/mol wmmm CrCl,0O-2-methylcyclohexa-2,5-dienone
-12.2 kcal/mol wmmm  CrCl,0-4-methylphenol
-12.3 kcal/mol wmmm CrCl,0-2-methylphenol
-12.6 kecal/mol wmmm CrCl,0-3-methylphenol

uncomplexed species complexed species

Figure 3. Relative energies of the uncomplexed and complexed products as compared A0.Grtel toluene.

absorption between 1900 and 2000 énnear 2100 cm! for two bands near 1650 crhfor C=C stretching modes and near
the free ketene, and shifted somewhat to lower energy by 1550 cnt?for coordinated €O stretching modes, in agreement
complexation to CrGD), while the cyclic dienones have strong with the calculations. The presence of two bands in theCC
absorptions from 1500 to 1700 cihdue to the GO stretch stretching region suggests that more than a single isomer is
and the G=C stretches. On this basis, both phenols and ketenesformed in these reactions. Further, all of the remaining product
can be ruled out, as these characteristic bands were completelyoands and their deuterium counterparts cannot be accounted for
absent. Rather, the spectral data strongly support formation ofby any one isomer. Rather, the spectra suggest formation of
a cyclic dienone, consistent with the results from the previous more than one isomeric form of the methylcyclohexadienone.
study of the CrClO, + benzene reaction. There are eight It is tempting to try to assign each of the product bands to a
possible isomers for the cyclic dienone product, depending on specific isomer on the basis of the calculated band positions
the positions of the €0 and methyl groups with respect to for each of the isomers. However, given the intrinsic ap-
each other and to the two carbecarbon double bonds. proximations in the calculation of vibrational frequencies in
Computationally, oxygen transfer reactions to form the separatedB3LYP and all theoretical models at present, it is more
isomeric dienones and Cr0 species were all calculated to appropriate to identify the absorbing species responsible for the
be endothermic at the B3LYP/6-311-g(d,2p) level of theory number of product bands observed after irradiation of matrices
(see Figure 3). However, when complexation energy of the concerning CrCGlO, and CHCsHs as an isomeric mixture of
dienone to the CrGD species was included, theE,qg’’s to methylcycohexadienones, each complexed to £yCWithout
form the products from Cr@D, and toluene were calculated uniquely assigning each product band to a specific isomer. This
to be exothermic, except for the complex of 3-methylcyclohexa- product identification is useful in understanding the mechanism
2,5-dienone with CrGD where AE,gg® was calculated to be  of oxidation of toluene, and it stands in contrast to the results
+0.9 kcal/mol. All eight isomers were calculated to lie within  of Parker and Davis who observed ring opening and ketene
8 kcal/mol of one another. formation in photochemical matrix reactions of O atoms with
Three isomers require a 1,4 hydrogen shift (to form the 2,5 toluene. As will be discussed below, this identification also
dienones), while five isomers require a 1,2 hydrogen shift (to differs somewhat from those products identified in the reaction
form the 2,4 dienones). The latter shift appears more feasible of CrClLO, with the more heavily methyl-substituted benzene
from a kinetic point of view, although thermodynamically derivatives.
CrClLO-2-methylcyclohexa-2,5-dienone is calculated to be m-Xylene. A significant number of product bands were
among the more stable isomers. The primary means, then, toobserved in the photochemical reaction of Gl with
distinguish between the isomers is the infrared spectra of the m-xylene, as listed in Table 2. Because GZlwas again
product(s), both normal isotope and perdeuterated. The spectrabserved, oxidized products including dimethylphenol, dimeth-
clearly show bands in the expected spectral regions, for example,ylcyclohexadienone, and dimethylketenes must be considered.
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(a) (b) assignment of each product band to a specific isomer of

dimethylcyclohexadienoneCrClL,O is not possible. The key
. conclusion is that the products formed in the photochemical
' ! reaction of CrClO, with m-xylene in solid argon matrices are
‘_x__ N identified as a mixture of isomers of CiCl—dimethylcyclo-

' hexadienone and Cr&)—dimethylphenol.
)__. o-Xylene, p-Xylene, and Mesitylene.The product bands for
the photochemical reactions of CsO} with o-xylene,p-xylene,

and mesitylene followed closely the results described above for
m-xylene. A distinct, sharp band was observed in the 3550tcm
region, in some cases split into a doublet, as well as moderately
strong bands in the 1560700 cnT! region, and numerous
weaker bands below 1500 ct In all of these systems, no
bands were seen near 19@0100 cnm! where ketenes are
known to absorb. Thus, the same general conclusions can be
reached as fom-xylene. Foro- and p-xylene, the band in the

3550 cnT?! region is assigned to one or more isomers of
.\v dimethylphenol. The remainders of the bands are best assigned

(c)

to a mixture of isomers of the appropriate dimethylcyclohexa-
dienone, while no ketenes were observed. For mesitylene, as a
result of its higher symmetry, only a single isomer of trimeth-
ylphenol is likely, and only a single isomer of trimethylcyclo-
hexadienone. The product bands for the GBZH- mesitylene

{ f system are assigned to a mixture of these two products.
) Theoretical calculations are consistent with these conclusions,
J/‘ n finding stable minima for all isomers, with exotherni€,qg°’s
\ and vibrational frequencies that agreed well with the observed
9 JJ\J frequencies.
HexamethylbenzeneThe photochemical reaction of CeCh
Figure 4. Representative structures of the complexes of @it with hexamethylbenzene was explored in a manner similar to

(@) a methylcyclohexadienone, (b) a phenol, and (c) a methyl ketene yna ahove systems. Here, however, product formation can only
(one isomer of each shown). occur by a methyl group shift or insertion into a carb@arbon
Many of the product bands are quite similar in location and hond. Calculations indicated that hexamethylcyclohexadienone
intensity to those observed above in the reaction with toluene. that would form by a 1,2 methyl group shift is thermodynami-
For example, moderately intense bands were seen near 155Q|ly feasible. However, this does not consider the kinetic
and 1650 cm?, while no bands were observed near 2000&m  parriers to such a shift in a rigid argon matrix. Consistent with

in the ketene stretching region. However, one significant this, no products were observed upon irradiation of these
difference was the observation of a strong, sharp product bandy,atrices.

at 3553 cn1t, with a clear deuterium counterpart at 2622ém

as shown in Figure 2. This upper region is characteristic of an
O—H stretch, particularly one in which the oxygen atom is
coordinated to the Cr@D species. Moreover, the H/D ratio of
1.355 is just that expected for a somewhat anharmoni¢iO

Further Considerations. The mechanism of the photochemi-
cal reaction leading to the observed products is of interest as
well. Recent visible/UV spectroscopic studié¥ have shown
that a number o andx electron donors form 1:1 molecular

oscillator. There are six possible isomers of dimethylphenol, comp'lgxes. with OV@ and. CrC&Oz,' W'th .charge-transfer
each complexed to Crgd through the O atom. All six transitions in the visible region. Excitation into these charge-
complexes were calculated at the B3LYP/6-331g(d,2p) level transfer transitions has then been shown to lead to photochemical
and were found to be similar in energy to one another, and lower reaction for a number of systems. However, visible/UV spectra

in energy than the possible ketene or dimethylcyclohexadienonefecorded in the previous Ar/Cr&d, + Ar/CeHs study* did
products. In addition, all six were calculated to have a strong "0t show any distinct new electronic absorptions. This was
O—H stretch between 3550 and 3600 ©mThis is strong consistent W|th_the lack of op;e_rvatmn_of a d|sy.nct molecular
support for the formation of dimethylphenol, through insertion complex in the |n.frared upon initial matrix deposn!on. Nonethe-
of an oxygen atom from Cr@D; into a C-H bond ofm-xylene. less, photochemical reaction was observed both in ght @nd
While several reaction pathways have been observed for thein the present study, suggesting that there is some electronic
photochemical reactions of CrC), with organic and inorganic  interaction between the cage-paired partners. However, this
substrates, this is the first observed of 8 bond activation electronic interaction is sufficiently weak to escape spectroscopic
and oxygen atom insertion into a-& bond from CrCjO,. detection. Nonetheless, the photochemical mechanism very
It is clear from the observed product bands that isomers of likely arises from excitation of cage-paired partners, whether
dimethylcyclohexadienone are also formed in these matrices.these form a weakly bound molecular complex that was not
There are seven possible isomers, and as above it is not possiblgetected, or simply two species held in close proximity by the
to definitively identify a single isomer as the product. Rather it rigid argon matrix structure. The observation that G8zlalone
appears that a mixture of two or more isomers are formed, eachin solid argon is not photochemically active (i.e., to form GETI
complexed to CrGD. All seven were found computationally + O) strongly suggests that a cage reactant pair is required.
to be stable, although not quite as stable as dimethylphenol, This is also in agreement with the fact that the energy of a
and have quite similar vibrational spectra. As such, unique photon in the 500 nm region, where onset of photochemical
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reaction has been observed to occur, is significantly less thanbond. These conclusions were supported by isotopic labeling

the C=0O bond strength in Cr@Ds. (3H) and by B3LYP/6-311G+(d,2p) density functional cal-
Two additional interesting questions arise from the results culations. In contrast, irradiation of mixtures of CsG4 and

obtained here. The first arises from a comparison of the resultshexamethylbenzene did not yield any products. The product

of Parker and Davis (PD) to those obtained here. PD observeddistributions were rationalized by analysis of the atomic

ring opening and methylketene formation after the reaction of populations on the ring atoms as a function of methyl substitu-

O atoms (generated from the irradiation of)vith toluene tion.

and the xylenes. This was in agreement with their study of the
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