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Various (arene)tricarbonylchromium complexes were synthesized within the confines of NaX zeolite and studied
with diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) and carbon-13 magic-angle-spinning
nuclear magnetic resonance (MAS NMR) spectroscopy. In each case, the surface complex Cr(CO)(0O.)s (O, represents
a framework oxygen of the NaX zeolite) was prepared before a particular arene was added. The arenes benzene,
toluene, mesitylene, anisole, and aniline all produce hexahapto sz-complexes physisorbed within the zeolite supercage.
DRIFTS spectra show three bands in the carbonyl region indicating less than Cs, symmetry. The NMR spectra
have narrow carbonyl bands near 240 ppm which indicate rapidly reorienting complexes within the zeolite. The
(17°-benzene)tricarbonylchromium complex is physisorbed at two sites as indicated both by the DRIFTS spectra
and by two carbonyl resonances at 242.5 and 239.1 ppm at 300 K. Variable-temperature MAS NMR shows these
two resonances coalescing near 360 K with an activation energy of 48 £ 6 kJ/mol. When the temperature is
decreased to 205 K, the high-frequency carbonyl resonance disappears. The 239 ppm resonance is still narrow at
134 K while MAS sidebands show that the resonance from physisorbed benzene is ca. 200 ppm wide. The complex
prepared with pyridine gave a broad resonance as indicated by the spinning sidebands in the MAS NMR spectra.
The pyridine complex was identified as Cr(CO)3(CsHsN)s.

Introduction that permit more control of the placement of metal-containing

A compound adsorbed in a zeolite is in an environment SPecies within the zeolite.
that presents a challenge for chemists to understand and WWhile IR spectroscopy provides keys to understanding the
exploit. Group 6 metal carbonyls deposited on zeolites have location and identity of adsorbed species, NMR spectroscopy
been shown to be catalyst precurdéend may be precursors often can add information about the dynamic behavior of
of materials for electronic or optical devicg# few studies ~ the adsorbed species. Many organic and inorganic com-
of the kinetic details of the reaction of group 6 metal Pounds, including group 6 metal hexacarbonyls, are known
carbonyls with other species within the “nanoreactors” 0 move rapidly within the confines of the zeolite so that
provided by the zeolite environment have been carrie¢dut. their NMR spectra differ little from the spectra of the

There continues to be a need for basic data and understandingompounds dissolved in a liquid solveéntThis coincides

with a view that a zeolite can behave as a solid sol¥ent.
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(Arene)tricarbonylchromium Complexes

course, the time scale of the observation method determines.5 mg of Cr(COJ (Aldrich 99%). The mixture was agitated and
whether the intrazeolite species can be observed as eitheheated at 403 K in a 30 c¥min flow of helium for aboti1 h to
dynamic or anchored. One example is in spectra of Cr¢CO) Produce the surface species, Cr(GO}))s. Up to 43 mg of the
adsorbed in NaX zeolite. The IR spectrum indicates strong appropriate arene was then distilled into the evacuated reactor, and
interactions with the zeoliéwhile carbon-13 NMR indicates "€ Mixture was held at 403 K fa2 h for most samples. The
that the Cr(CQYis undergoing rapid, isotropic motion which samples were sealed in glass tubes to await IR studies.

t by i bet diff t orientati f h Samples prepared for NMR studies were enriched in carbon-13
must occur by jumps between difierent orientations or the by exchange witR3CO (90 atom %, BOC Limited). Th®CO gas

molecule?® (about 30 kPa) was admitted to the reactor containing the C&£CO)
X- and Y-type zeolites are synthetic faujasites with eight (o,); sample, and exchange was allowed to continue for 0.5 h at
supercages/unit cell. The supercages have diameters of ca373 K. The sample was again flushed with helium and heated to
1.3 nm/unit cell and admit molecules with kinetic diameters 403 K until CO evolution became negligible and the enriched Cr-
up to ca. 0.8 nm! The considerable number of studies of (COX(O,)s surface species was apparently formed. Enrichment of
group 6 metal hexacarbonyls adsorbed on these zeolites havéhe carbonyl carbons is to 78 10 atom %. The arene was then
established that a thermally stable surface tricarbonyl speciesadded and treated as described for the nonenriched samples. The
M(CO)s(0,); (M = Cr, Mo, or W), can form within the enriched .sample was Q|V|ded apd flame-sealed in a glas; tpbg for
supercage when oxygens of the zeolite framework) (O IR analysis and a glass insert (Wilmad DWGSK2356) that fits inside

. . . 7 mm rotors for solid-state NMR studies.
displace three carbonyl ligan#st?13The reactions of group

6 metal h bonvis with b . iIv within Y-t DRIFTS studies used a Mattson Research Series FTIR spec-
metal hexacarbonyls wi enzene primanly within Y-type .o meter with an MCT detector and a “Praying Mantis” diffuse

zeolites have been studied by Brard et al. using diffuse  refiectance attachment (Harrick Scientific Corp., DRA-3C5). Inside
reflectance infrared Fourier transform spectroscopy (DRIFTS) 4 glovebox with a nitrogen atmosphere, the IR sample was
and molecular simulations of the energetics and siting transferred to a Harrick vacuum chamber (HVC-DRP) designed
locations!*%6 This work concluded that the reaction on NaY for the DRA. All DRIFTS spectra were obtained at room temper-
zeolite proceeds through the loss of three CO ligands to ature with a resolution of 2 cm using 500 scans. The spectra were
produce the M(CQJO,); surface moiety before benzene obtained as single-beam spectra and ratioed against the spectrum
exchanges with the zeolite oxygens to produce M@EO) from a separate sample of calcine_d NaX zeolite. Mattson _software
(CeHg).25 Ozkar et al. have studied the reactions between Was psed to present the spectra |n_e|ther “absorption units” or as
the M(COY(O,); moiety formed in Y zeolites and adsorbed baseline-corrected “KubelkaMunk units” 18 Below ca. 1350 cmt,

. . strong absorbance by the zeolite makes the spectra unusable. The
arenes to again produce (arene)tricarbonylmetal ComplexesOH spectral bands above 3500 chare not of high quality since
physisorbed within the zeolite supercades.

) > ) _they are affected by slight variations in the different zeolite samples
This work represents a continuation of our research in ysed in the single beam and background spectra.

WhiCh (ﬂﬁ'benZen?)tricarbonyk?hromium(o) amzP(aniso.Ie)- The NMR spectra were made using either a 4.7 T Bruker MSL
tricarbonylchromium(0) were prepared on NaX zeolite and spectrometer at the NAWCWD or a 7.05 T Bruker DPX spectrom-
observed by DRIFTS Additional arenes are used and solid- eter at PSU. Both spectrometers were equipped with broad-band,
state carbon-13 NMR adds information about the motion of cross-polarization/magic-angle-spinning (CP/MAS) probes using 7
the adsorbed species. Guidance for understanding the reacmm ZrO rotors. High-power proton decoupling (without CP) was
tions is provided by the earlier work of Breard et al. and ~ USed on most samples although decoupling effects on carbonyl
Ozkar et al.. but their work did not involve carbon-13 NMR  ¢arbons were minimal. Chemical shifts are reported relative to TMS

ut were determined using adamantane as an external reference
iggﬁ:;oscc’py and arene complexes were not formed on Nax?38.56 ppm). Uncertainty in the chemical shifts are akbdi2 ppm

(unless otherwise indicated), while uncertainty in the temperature
for NMR measurements is thought to 2 K (but perhaps higher
at very low temperatures).
Samples were prepared as described previously under conditions
in which air was rigorously excludédAbout 0.25 g of NaX zeolite ~ Results

(Strem Chemicals, 600 mesh powder) was calcined at 773 Kfor1  petails of the preparations for samples of (arene)tricar-

hin ©; and 0.5 h under vacuum before it was dry-mixed with ca. ;v jchromium(0) complexes absorbed within NaX zeolite
are given in Table 1. Samples B (with benzene) and C (with

Experimental Section

(9) Okamoto, Y.; Inui, Y.; Onimatsu, H.; Imanaka, J. Phys. Chem.

1991, 95, 4596. anisole) were used in a previous investigation, and prepara-
(10) ?é‘i%ey’ W. M.; Abdul-Manan, N.; Frye, J. Siorg. Chem1988 27, tion conditions for these samples were optimized in the
) . 7 i : :
(11) Breck, D. W.Zeolite Molecular Siges John Wiley and Sons: New  €arlier study.” While meS|t_erne reqU”ed_ a _h!gher temper-
York, 1974. ature than benzene or anisole to react significantly with the
12) %g"lmgéoé%o'ma”aka' T Asakura, K.; lwasawa JYPhys. Chem g\ ,rface chromium tricarbonyl complex on NaX, pyridine
(13) Gzkar, S.; Ozin, G. A.; Moller, K.; Bein, TJ. Am. Chem. S0499Q reacted with the surface complex at room temperature to give
112, 9575. a yellow sample.
(14) Bramard, C.Coord. Chem. Re 1998 178 1647. y p .
(15) Bramard, C.: Ginestet, G.; Le Maire, M. Am. Chem. Socl996 DRIFTS. The DRIFTS spectra from the nonenriched sam-
118 12724. _ _ ) o ples (B-G) are shown in Figure 1 using absorbance units.
(16) Eg?fggécl'ifg‘zefft' G.; Laureyns, J.; Le Maire, MAm. Chem. g0 0tra| pands arise from both the synthesized intrazeolite
(17) Shirley, W. M.; Scoville, S. PMicroporous Mesoporous Mate200Q
37, 271. (18) White, R. L.Anal. Chem1992 64, 2010.
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Figure 1. Room-temperature DRIFTS spectra of nonenriched samples Figure 2. Room-temperature DRIFTS spectra of nonenriched samples
prepared from Cr(CQ@) NaX zeolite, and an arene. The spectra are of the prepared from Cr(C@) NaX, and an arene. The spectra are in the same
following samples: (a) sample B (benzene); (b) sample D (toluene); (c) order as those of Figure 1. Asterisks mark bands identified with the surface
sample E (mesitylene); (d) sample C (anisole); (e) sample F (aniline); (f) complex, Cr(COYO,)s.
sample G (pyridine).

. . somewhat unusual since other samples prepared with benzene
Table 1. Samples Prepared with Hexacarbonylchromium and 0.25 g of P prep

Calcined NaX Zeolite under nominglly the same conditions tend to show a secpnd,
CrCOp cOlcr i arene T used usuglly _Iess intense, set of Carbon)_/l bands. In a previous
sample  (mg) ratio  enriched? arene  (mg)  (K) publication, the carbonyl bands seen in the DRIFTS spectrum
A 5.80 280 no none of sample B were referred to as site 1” bands while the
AE 5.99 3.06 yes none second set of bands is from a “site 2” compléxncluded
gz gg‘; g-gg no genzene 32-2 jgg in Table 1 is preparation data for a sample (B2) whose
. . no enzene . . .
BE 583 313 yes benzene 279 403  DPRIFTS spectrum shows site 1 and site 2 bands of almost
B2E 5.87 2.71 yes benzene 26.6 403 equal intensity as judged by the 1958 and 1930 chands.
gE g-gi gig no a”'_50||e 1%22 i%% While the preparation of sample B2 is considered inferior
. . yes anisole . . ..
D 561 315 no toluene 347 403 to that of sample B, perhaps due to madequate mixing, the
DE 5.79 3.00 yes toluene 37.0 403 exact cause of sample differences is not known. Of the
EE g-i?l’ g-gé no mes'_tty'le”e ?é%% 2133 present samples, the benzene samples were the only ones to
. . yes mesitylene . .
= 6.49 315 no aniline 21 403 show two different typ_es of carbonyl b_ands.
FE 5.43 2,57 yes aniline 38.8 403 Wavenumbers obtained from the major carbonyl bands of
G 647 319 no pyridine 109 (300)  the DRIFTS spectra of all samples are listed in Table 2. The
GE 6.42 3.00 yes pyridine 37.1 403

DRIFTS spectra of samples that had been carbon-13 enriched
' . , enerally show the formation of the same complexes
(arene)tricarbonylchromium and the excess arene phySISOrl:’eﬂ%dicated in the spectra of the nonenriched samples. The three

In the Nax zeolite. The physisorbed arene bands gen(_}rallylargest carbonyl bands of each of the enriched samples are
overwhelm bands from the complexed arene. The (benzene)-_, : : .
tricarbonylchromium spectrum (Figure 1a) shows a shar shifted about 40 crt lower in wavenumber relative to those

y P 79 P of the natural abundance samples while bands involving the
band at 1477 cm from the physisorbed benzene and a very

arene are not shifted. Figure 3 gives a comparison of the
small band_ at 1452 cm from the complexed benzene as DRIFTS spectra of an enriched sample (BE) and a nonen-
noted previously’

riched sample (B) prepared with benzene.

In the region between 1700 and 2000 ¢nare carbonyl Room-Temperature NMR Spectroscopy MAS NMR
stretching vibrations. Figure 2 shows the DRIFTS spectra spectra of the carbon-13 enriched samples show at least one
of the carbonyl region from the nonenriched samples using isotropic carbonyl resonance near 240 ppm. Values of the
Kubelka—Munk units. Five of the spectra of the (arene)- chemical shifts found for the carbonyls are given in Table
tricarbonylchromium complexes in Figure 2 show three main 2. |n the samples (CE and EE) with anisole and mesitylene,
bands. The spectrum (f) of the pyridine complex is signifi- the presence of the unreacted Cr(g0}); complex is
cantly different from the others in this region with just two indicated by an additional resonance at 246.7 ppm in
main bands. Spectra of the anisole (d) and mesitylene (c)agreement with DRIFTS results on samples C arifl Ehe
complexes have additional bands at ca. 1918 and 1774 cm benzene-containing samples (BE and B2E) are the only
which are identified with excess Cr(C{)p,)s.’ These bands  samples whose NMR spectra show two isotropic carbonyl
indicate that the reactions to form the anisole and mesityleneresonances coming from the (arene)tricarbonylchromium
complexes did not go to completion under the conditions complex. These two samples, while nominally prepared
used. Sample B prepared with benzene has turned out to bainder identical conditions, show different relative intensities
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Table 2. DRIFTS and Carbon-13 MAS NMR Carbonyl Spectral Data
from Samples Prepared with Cr(CONaX, and an Arene
T
sample arene DRIFTS (cm) NMR (pprh) a
A none 1919 1776
AE none 1892 1757 246.7
1875 1735
B benzene 1957 1867 1825
B2 benzene 1958 1866 1832
193¢
BE benzene 1918 1820 172 242.%
239.1
B2E benzene 1917 1818 1792 242.%
1908 239.2 b.
1889
C anisole 1959 1878 1840 Wbt i —
CE anisole 1926 1839 1798 236.2 ' I ' 1
1917 300 200 100 PPM
D toluene 1949 1862 1825 Figure 4. Room-temperature carbon-13 solid-state NMR spectra at 7.05
DE toluene 1913 1822 1788 239.0 T of the enriched sample prepared with Cr(g®jaX zeolite, and benzene
E mesitylene 1949 1865 1825 (sample BE). The following parameters were used: 0.040 s acquisition time;
EE mesitylene 1910 1830 1787 2391 4 us pulse (90); 2.0 s repetition time; 8 Hz line broadening. In (a) the
F aniline 1940 1843 1793 sample isi a 7 mm MASrotor but it is not spinning; 1200 scans are used
FE aniline 1904 1807 1759 241.6 without decoupling. In (b) the sample is in the MAS rotor spinning at 3000
G pyridine 1902 117128 Hz, and 600 scans are used with high-power decoupling.
GE pyridine 1874 1737 237
1857 1722 13. Carbon resonances from the arene complexed to chro-

aFor comparison, the following chemical shifts of the dissolved mium are apparently too weak to be seen in these NMR

complexes have been reported in refs 19 and 20: (benzene)tricarbonyl-SpPectra.

chromium in CHC4, 233.3 ppm; (anisole)tricarbonylchromium in CHCI 3 ;
233.2 ppm; (toluene)tricarbonylchromium in CHC233.6 ppm; (aniline)- The MAS NMR spectrum of thé“C-enriched benzene

tricarbonylchromium in ChCl,, 234.6 ppm; (mesitylene)tricarbonylchro- ~ Sample (BE) is seen in Figure 4b. There are no clear spinning
mium in CHCl,, 234.5 ppm? Identified with site 2. Significant contribu- sidebands for either the benzene resonance or the carbonyl

tions from both site 1 and site 2. resonances. The resonances broaden somewhat when the
NMR spectra are run without MAS (Figure 4a), but the line
widths are relatively narrow for non-MAS carbon-13 solid-
state NMR. In Figure 4a, the two carbonyl peaks have
merged into one 1300 Hz wide resonance and the benzene
resonance is 320 Hz wide. The resonances from samples with
toluene, mesitylene, anisole, and aniline also have no clear
spinning sidebands with MAS and are observable without
MAS.

The complex prepared with Cr(Cg)pyridine, and NaX
zeolite has an MAS NMR spectrum unlike the other five
complexes (Figure S5 in the Supporting Information). The
carbonyl resonance cannot be found without MAS. The
isotropic resonance for sample GE is at 287 ppm while
spinning sidebands are seen over the range from 440 ppm
to —30 ppm with an MAS rate of 5000 Hz. Despite the

_ Wavenumbers heating of the sample to 353 K while the MAS NMR
Figure 3. Room-temperature DRIFTS spectra of samples prepared from . .
spectrum was obtained, no narrowing of the carbonyl

Cr(CO), NaX zeolite, and benzene: (a) carbon-13 enriched sample BE;
(b) nonenriched sample B. resonance was observed.

Variable-Temperature NMR Spectroscopy Variable-
of the two carbonyl resonances with the 242 ppm resonancetemperature carbon-13 NMR spectra were carried out on the
being less intense than the 239 ppm resonance in sampléenzene-containing sample BE. This is the same sample used
BE but more intense in sample B2E. Sample B2E also hasin the Figure 4 spectra, but the variable-temperature studies
a small resonance at 247 ppm indicating that unreacted Cr-were made at a lower field (4.7 T) and at a MAS rate of ca.
(COX(0,)zis also present. The 239 and 242 ppm resonances2000 Hz. Figure 5 shows the carbonyl resonances obtained
in the enriched benzene-containing samples appear to corfrom 205 to 380 K. The two carbonyl peaks at room
respond to the site 1 and site 2 sets of DRIFTS bands foundtemperature appear to coalesce near 360 K. As the temper-
with samples B and B2. Carbon resonances from the excessature is decreased below room temperature, the high-
physisorbed arene are also seen in the carbon-13 NMRfrequency resonance seems to disappear so that at 205 K
spectra although the arenes were not enriched with carbon-there is again only one carbonyl peak.

®DO3VWT=-0nTP>
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Figure 5. Carbon-13 solid-state NMR spectra at various temperatures for
the enriched sample prepared with Cr(gQO)aX zeolite, and benzene
(sample BE). The field is 4.7 T, the MAS rate is 2000 Hz, the acquisition
time is 51.2 ms, the repetition time is 5 s, the pulse length i3:4.00),

the number of scans is from 320 to 450, and high-power decoupling is
used.
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Figure 6. Carbon-13 solid-state NMR spectra at 4.7 T for the enriched
sample prepared with Cr(C@)NaX zeolite, and benzene (sample BE):
(a) 205 K, 320 scan$ s repetition, and 2000 Hz; (b) 134 K, 1000 scans,
4 s repetition, and 1300 Hz. Other parameters are as given in Figure 5.

Figure 6 shows the NMR spectra of sample BE at low

Shirley et al.
Discussion

The reaction between the chromium tricarbonyl surface

species and an arene such as benzene can be represented as

the exchange of-bonded framework oxygen atoms with
m-bonded benzene

Cr(CO)(0,); + CeHg — Cr(COX(1°-CgHe) + 30,

with O, indicating a zeolite oxygen. Qualitative observations
indicate that this reaction occurs more readily on NaY than
NaX zeolite. On NaX, an elevated temperature and excess
arene is requirdd while Ozkar et al. indicated that the
reaction occurs at room temperature on N&Yhe higher
aluminum content of NaX compared to NaY is thought to
increase the basicity of the,@toms and give a more stable
M(CO)3(0,)s surface species (M Cr, Mo, or W) on Nax3!
There is considerable evidence that the surface tricarbonyl
and the synthesized arene complexes are formed within the
X or Y zeolite supercages withZBar et al. demonstrating
the size-exclusion effects of reactions with surface tricarbo-
nyls on NaY and Brmard et al. calculating positions of the
complexes within the supercages of NaX and Na%.

The DRIFTS spectra of Figures 1 and 2 show evidence
of only one type of adsorbed complex being produced for
each different arene used in this study. With the exception
of the pyridine-containing sample, the arene-containing
samples have DRIFTS spectra in the CO region (Figure 2)
which correspond to “site 1” spectra of refs 13 and 17 with
no second site indicated. In this study, only benzene-
containing samples showed evidence of a “site 2" pattern as
indicated in Table 2 primarily with a band at 1930 ¢nfior
sample B2. Thef-anisole)tricarbonylchromium complex
adsorbed in NaX showed both site 1 and site 2 patterns under
some conditions in ref 17, but the site 2 pattern was not found
here. The presence of three carbonyl bands in site 1 patterns
indicates that the symmetry of the adsorbed complex is lower
than the approximat€s, point group of the free complex.
The DRIFTS spectrum of the pyridine-containing sample
(sample G) shows two main carbonyl bands at 1902 and 1768
with a shoulder at 1746 cm. This is strikingly similar to
bands at 1902, 1760, and 1736 ¢meported for Mo(CQOy
(CsHsN); on NaY zeolite?? That the pyridine complex
prepared on NaX is Cr(C@Q(CsHsN); seems clear given the
known difficulty of synthesizing ther-complex §5-pyridi-
ne)tricarbonylchromiurd?

The absence of significant spinning sidebands in the

temperatures. The carbon MAS NMR resonance from the carhon-13 MAS NMR spectra for all samples except the one
physisorbed benzene of this sample begins to broadenyth pyridine (sample GE) indicates that both the complexes
SubStantia”y as the temperature iS IOWered belOW 205 K. At and the physisorbed arenes undergo rapid isotropic motion
134 K, the benzene resonance is seen as an isotropic
resonance at 129 ppm with spinning sidebands between aboufl9) Fedorov, L. A.: Petrovskii, P. V.; Fedin, E. I.; Panosyan, G. A.; Tsoi,

ot A. A.; Baranetskaya, N. K.; Setkina, V. N. O t. Cheni97
50 and 220 ppm. It is striking that although the benzene 35 gg eSKAya etkina rganomet. Chens7q

resonance broadens, the carbonyl resonance remains relg20) Cozak, D.; Butler, I. S.; Hickey, J. P.; Todd, L.dl.Magn. Reson.

. . . : i ; 1979 33, 149.
tively narrow with no sidebands appearing. The intensity of 21) Okamoto, Y. Kubota, TMicroporous Mesoporous Mate2001, 48,
the carbonyl peak decreases relative to the benzene on goin 301.

from 205 to 134 K perhaps partly because the carbonyl (22) Boulet, H.; Bfenard, C.; Depecker, C.; Legrand, #.Chem. Soc.,
resonance is entering a low-temperature region of broadenin Chem. Commuri99], 1411.

9 P g g(23) Davies, S. G.; Shipton, M. R. Chem. Soc., Chem. Commadf8389
below 134 K. 995.
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at room temperature. The presence of rapid motion is alsothe enriched (BE and B2E) and nonenriched samples (B and
indicated by the relatively narrow line widths observed in B2) are not conclusive, the enriched samples are compatible
the static spectra (e.g., Figure 4a). In solid-benzene)- with samples containing the carbonyl complexes in the two
tricarbonylchromium at 293 K, the carbonyl carbon reso- sites. It should be recognized that the (benzene)tricarbonyl-
nance is over 400 ppm wide with reported shielding chromium/NaX samples used here (B, B2, BE, and B2E)
parameter®;; = 02 = 379,033 = —51, anddis, = 235.7 represent the extremes in the range of site 1 to site 2 ratios
ppm2* The motions of the complexes must be occurring at found in our benzene-containing samples, and the site 1
30 kHz or more to get a collapse of the powder pattern at complex is generally favored by our reaction conditions.
7.05 T. While the motion includes arene rotation and  The temperature dependence of the carbonyl carbon NMR
reorientational motion of the Cr(C@)moiety as found in  resonances from (benzene)tricarbonylchromium on NaX
solid Cr(CO}(C¢He),2* isotropic reorientation of the whole  offers the possibility of obtaining dynamic information about
complex must be occurring within the zeolite. The pyridine- the adsorbed complex. We note that the single resonance in
containing complex (sample GE) is clearly not as dynamic the 380 K spectrum of Figure 5 is centered at 240.1 ppm
a species in the zeolite as the other complexes studied hereand is thus consistent with a coalescence of the two
The spinning sidebands of sample GE seem compatible withresonances found at 242.5 and 239.1 ppm at 300 K. The
an axially symmetric powder pattern approximately 400 ppm single resonance at 205 K is centered at 239.1 ppm and seems
wide as expected for static carbonyls although some obscuredo be the low-frequency carbonyl resonance after the high-
sidebands make a more detailed analysis questionable. Thérequency resonance has disappeared. The low signal-to-noise
hindered motion of the pyridine complex lends support to ratio of the spectra and the complexity of the system limit
the identification of this complex as Cr(C§¢sHsN)z and the analysis. The standard equation for exchange between
not the smallerr-complex. two inequivalent positions A and B has 7 parameters (the
Since the DRIFTS results indicate that there is lower than static frequencies;a andvg; relaxation timesT,, andTzg;
Cs, symmetry for the complexes in the NaX zeolite, at least population fraction,pa; rate constantks; normalization
one carbonyl carbon is expected to be inequivalent to the constantC) with ps = 1 — pa andks = ka(pa/ps).2® While
other two. Rapid exchange of the carbonyl ligands must be this is too many parameters for a meaningful fit if all
averaging out any inequivalence and resulting in only one parameters are allowed to vary, satisfactory fits of the-300
carbonyl carbon resonance in the room-temperature MAS 360 K spectra from Figure 5 were obtained by allowkag
NMR spectra for all enriched samples except the onesand C to vary while keeping the following parameters
containing benzene (BE and B2E). This averaging by constant:va = 12.220 kHz (242.7 ppm);s = 12.036 kHz
intramolecular CO exchange probably is also occurring in (239.1 ppm);T,a = 0.0030 s;T,s = 0.0024 sjpa = 0.333;
the (benzene)tricarbonylchromium samples (BE and B2E) ps = 0.667. These parameters are reasonable estimates but
despite the appearance of two carbonyl resonances (Figuregsire not based on precise line shape analysis. In this manner,
4b and 5). The ratio of the intensities of the 242 ppm the following rate constants were founi(300 K) = 37 &
resonance relative to the 239 ppm resonance is ca. 1 t0 27 s%; ka(320 K) = 754+ 8 s7%; ka(340 K) = 274+ 18 s'%;
for sample BE and ca. 1.3 to 1 for sample B2E at room ks(360 K) = 890+ 54 s 1. An Arrhenius plot of Inka) vs
temperature. It appears that, in similar benzene-containing1/T for these four rate constants is fairly linear and gives an
samples, the amount of the (benzene)tricarbonylchromium activation energy of 48+ 6 kJ/mol. A free energy of
located at one site compared to the second site can beactivation of 704 5 kJ/mol has been reported for the rotation
different. Thus, the 1 to 2 ratio found for sample BE is not of the Cr(CO} unit in solid Cr(CO)(CeHe).2* A lower
an indication that one carbony! carbon in the complex is activation energy is probably expected for the complex
inequivalent to the other two. adsorbed in the zeolite as opposed to the solid complex;
If we are to conclude that the 239 ppm resonance from however, until more is known about what motion gives rise
sample BE corresponds to the complex located at site 1 andto the coalescence, comparisons do not seem warranted.
the 242 ppm resonance is for the complex at site 2, then the In the present samples, the excess physisorbed arene is a
two sites should be indicated in the DRIFTS spectrum of key factor in interpreting motions of the adsorbed complex.
enriched samples BE (Figure 3a) and B2E. One problem with Much is presently known about the behavior and location
the DRIFTS spectra of our enriched samples is that the of benzene in a zeolit€:22Neutron diffraction indicates that
carbon-13 enrichment is incomplete and mixed isotope benzene in NaX zeolite coordinates to“Nans located at
complexes such as Cr{8s)(**CO)(*?CO) can be expected  the faces of 6-rings in the supercages (the Sl cation) but, in
to obscure the bands of the fully labeled complexhe contrast to the situation in NaY, benzene is not found in the
spectrum of enriched sample BE in Figure 3a shows clear plane of the 12-ring opening of the supercay®.The low-
distortions of the site 1 spectrum from nonenriched sample
B in Figure 3b that are thought to come from the presence (26) Sandstrom, Dynamic NMR Spectroscoppcademic Press: New

. . . York, 1982; pp 12-18.
of site 2 bands. While comparisons of DRIFTS spectra from (27) Zibrowius, B.; Caro, J.; Pfeifer, H. Chem. Soc., Faraday Trans. 1

1988 84, 2347.

(24) Aliev, A. E.; Harris, K. D. M.; Guillaume, F.; Barrie, P. J. Chem. (28) Chen, Y.-H.; Hwang, L.-PJ. Phys. Chem. B999 103 5070.
Soc., Dalton Trans1994 3193. (29) Vitale, G.; Mellot, C. F.; Bull, L. M.; Cheetham, A. K. Phys. Chem.
(25) Ozin, G. A.; Qkar, S.; Mcintosh, D. Fl. Chem. Soc., Chem. Commun. B 1997 101, 4559.
199Q 841. (30) Fitch, A. N.; Jobic, H.; Renouprez, A. Phys. Cheml986 90, 1311.
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temperature spectra of Figure 6 demonstrate that benzendormed within NaX zeolite supercages. The DRIFTS spectra
has a strong affinity for sites within the zeolite, presumably indicate that the arenre-complexes which form interact with
the sodium ions. At 134 K, benzene shows spinning the zeolite in a way that disrupts the symmetry of the free
sidebands tracing out a powder pattern about 200 ppm widecomplex. The NMR spectra give a picture of very mobile
and in agreement with the powder pattern of solid benzene 7-complexes within the zeolite. Separate carbonyl NMR
at low temperaturé*? At the same temperature, the (ben- resonances from they{-benzene)tricarbonylchromium in
zene)tricarbonylchromium complex is still quite mobile on - Nax zeolite indicate two sites within the supercage for the
the NMR time scale with no spinning sidebands apparent. ¢omplex and allowed a temperature-dependence NMR study
The benzene may in fact be blocking access to theditas showing an exchange between the sites with an activation
and preventing the complex from finding an anchored energy of 48+ 6 kJ/mol. Further experimental and compu-

gfigoaoigoh;( sﬁogu;n"n) Ia%ns?).ré)r;g?ricll\ljf\t(lOtr;]?etéﬁmi:: tational work will be needed to determine the positions of
) : AT 6o . ’ 9% the two sites and to obtain details about their exchange
absorption sites were found with the lowest energy site mechanism

facially coordinated at the ¢Els to an Sl sodium iort* The
calculations also indicate that Mo(C4D)8-CsHs) will not
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