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Both theoretical calculations and kinetic measurements are 
important for the development or verification of a reaction 
mechanism. Nuclear magnetic resonance (NMR) studies of 
reactions on solid acids and bases, including zeolites,1"1 metal 
oxides,4 and metal halides,5 have characterized persistent 
intermediates, and the range of these investigations has been 
extended by monitoring label scrambling.6 However, there have 
been no detailed in situ NMR kinetic measurements. We have 
carried out the first such study, a detailed investigation of the 
H/D exchange reaction of benzene, which is the most simple 
example of the class of aromatic substitution reactions that 
includes important processes such as toluene alkylation. The 
results of theoretical and experimental investigations of H/D 
exchange in alkanes have led to mechanisms contrary to 
traditional views of acid catalysis,7-12 as is the case here for 
aromatic substitution. 

The theoretical calculations were done using density func­
tional theory (DFT) as implemented in the program DmOl,1-' 
the BLYP1 4 1 5 exchange-correlation functional, a double nu­
merical polarized basis set,16 and an XFINE mesh. The model" 
for the zeolite ( A l S i i O ^ ) is taken from zeolite Y. We 
determined the minimum energy geometries for benzene, the 
zeolite, the van der Waals (VDW, Figure la) complex between 
benzene and the zeolite, and the transition state (TS, Figure lb) 
for H/D exchange. In all cases we optimized the central A10:H 
of the zeolite model, while the rest of the atoms were held fixed 
in crystal positions. To determine the contribution of zero-point 
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Figure 1. Optimized BLYP/DNP structures and selected bond 
distances: (a) van der Waals complex (VDW); (b) transition slate (TS) 
for H/D exchange. 

energy to the reaction barriers, we performed frequency calcula­
tions for both the VDW and TS geometries. 

In the VDW complex benzene is if coordinated to the acidic-
zeolite proton with an interaction energy of 1.3 kcal/mol. The 
calculated TS geometry corresponds to the asymmetric exchange 
of the hydrons (these calculations do not distinguish between 
isotopes). Although the TS resembles a benzenonium cation, 
the charge on C(Mi is only 0.56|e|. In addition, the bond lengths 
between the exchanging hydrons and the carbon are »0.1 A 
longer than in a free benzenonium cation. More importantly, 
the TS collapses to the VDW complex with no barrier; thus no 
stable benzenonium is involved. The energy barrier for H/D 
exchange, taken as the difference in total energy between the 
VDW and TS geometries, is 21.2 kcal/mol. Inclusion of the 
change in the zero-point energy lowers the theoretical barrier 
to 17.9 kcal/mol. Graphical analysis of the normal mode 
displacements verifies that an imaginary frequency (—423 cm"1) 
corresponds to hydron exchange (the TS frequency calculation 
has more than one imaginary frequency because we constrain 
the geometry to that of zeolite Y). 

Previous transition state calculations using DFT methods'" 
suggested that the BLYP functional tends to underestimate 
reaction barriers, a deficiency which hybrid functionals (i.e., 
B3LYP19) that include the exact exchange appear to correct. 
To explore this possibility, we used Gaussian94-!" to obtain the 
single-point B3LYP/6-31G* energies at the BLYP/DNP geom­
etries for the VDW and TS. The B3LYP/6-31G* energy barrier 
is 23.9 kcal/mol, which decreases to 20.6 kcal/mol when the 
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Figure 2. (a) Representative in situ kinetic study showing exchange 
between benzene-^ and zeolite NaHY at 393 K; 360-MHz 1H magic 
angle spinning spectra acquired every 50 s over total measurement times 
of up to 1 h clearly showed the growth of the benzene signal at 7.0 
ppm at the expense of the signal for the Br0nsted site, (b) Arrhenius 
plots constructed from in situ kinetic studies at various temperatures 
for zeolites HZSM-5, USY, and NaHY. 

zero-point energy corrections are included. While we expect 
that even higher levels of theory will alter the numerical result, 
the qualitative aspects of the reaction will not likely change. 

Zeolite powders were activated in a variant of the CAVERN 
device21 that permits adsorption of reagents onto an "ultra-
shallow bed" (for uniform distribution) at reduced temperatures. 
Benzene-^6 was adsorbed at temperatures well below the onset 
of isotopic exchange, and the sample was transferred into the 
MAS rotor, sealed, and then rapidly placed in a MAS probe. 
H/D exchange22 was initiated by jumping the probe temperature 
to a final value typically between 333 and 393 K on a time 
scale usually much shorter than that required for the formation 
of a measurable 1H signal for partially exchanged benzene. 
Figure 2 shows representative results for the case of a partially 
sodium exchanged HY zeolite (NaHY). Plots of integrated 
intensity of the benzene signal vs time are invariably linear over 
the first 5—10 min, and the initial slopes of such graphs are 
taken as the rates of H/D exchange. Since benzene is completely 
adsorbed at the loadings and temperatures used, and since mass 
transport is not required for a net increase in the benzene proton 
signal early in the reaction, the measured rates do not require 
correction for adsorption equilibria or diffusion. The experi­
mental activation energies for benzene H/D exchange on various 
acidic zeolites (Figure 2) ranged between 14.4 and 25.5 kcal/ 
mol, and the experimental value (20.3 kcal/mol) that most 
closely agreed with the 20.6 kcal/mol theoretical barrier was 
obtained on the zeolite (USY) most closely modeled by the 
cluster in Figure 1.23 

These calculated structures in Figure 1 require that the 
equilibrium structure of benzene in the zeolite is a VDW 
complex rather than a benzenonium cation. Figure 3 reports 
13C MAS spectra of benzene in zeolite HY and in magic acid 
(HS03F/SbF5). The NMR spectrum acquired at 83 K in frozen 
magic acid shows a static benzenonium cation, and a rapidly 
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Figure 3. 13C MAS NMR spectra of benzene-13C6 in zeolite HY (90.5 
MHz, <0.1 equiv) or magic acid (75.4 MHz). A static benzenonium 
cation is seen in frozen magic acid at 83 K. Benzene shows no 
protonation shift in the zeolite, and the line shape reflects large 
amplitude reorientation. Chemical shifts of the isotropic peaks are 
indicated. 

equilibrating benzenonium cation in the liquid at 233 K with a 
single exchange-averaged resonance at 146 ppm.24 In zeolite 
HY, however, the isotropic 13C shift (129 ppm) indicates 
negligible protonation over a wide range of temperatures. The 
spinning sidebands in the spectra acquired in the zeolite at low 
temperatures are indicative of restricted large amplitude reori­
entation of the Ce axis of benzene.25 

The transition state structure in Figure 1 has a strong 
resemblance to those determined for H/D exchange for methane 
by Kramer and van Santen1112 and for hydrogen by Evleth and 
co-workers.26 The experimental and theoretical barriers reported 
for methane are ca. twice what we observe for benzene. The 
avoidance of a free cation even for the energetically less 
demanding reaction studied here suggests that free cations in 
acid catalysis by zeolites at low temperature may be the 
exception rather than the rule; indeed, the only such species 
observed spectroscopically have been exceptionally stable 
cations.2'27 
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