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The CH/Dz exchange reaction over thermally activated solid base catalyst MgO, where CH 
represents a hydrocarbon (carbon acid), has been investigated from a mechanistic point of view. 
Extensive kinetic studies of the exchange, analyses of hydroxyl content of MgO activated at 
various temperatures, spectroscopic studies, and consideration of pore sizes and possible reaction 
sites on MgO have led to the following conclusions: (1) the active site on MgO involves basic 02- 
ions, which abstract protons from carbon acids, as well as acidic Mg 2+ ions, which stabilize 
resulting carbanions (2) the active site is probably a defect site of high electron density (perhaps a 
cation vacancy) and contains an O - H  (or O-D) group; (3) the transition state in the R-H(g) + 
D2(g) MgO) R-D(g) + HD(g) exchange reaction probably involves OZ--D + attack on adsorbed 
R --- H + in the active site. A reaction coordinate diagram is proposed that explains our findings 
that exchange rates roughly correlate with literature solution-phase pK~ values for R-H.  © 1990 
Academic Press, Inc. 

INTRODUCTION 

From the measured CH/D2 exchange 
rates over solid MgO for CH4, C2H6, and 
methyl and methine CH in isobutane, 
Tanabe and co-workers concluded, 

kCH4 > kc2H 6, kHC(Ctt93 > kHC(CH3)3, 

that the abstraction of a proton from CH by 
a basic site on MgO was the rate-determin- 
ing step, (1). Isomerization, amination, and 
hydrogenation of alkenes and dienes over 
MgO are also believed to proceed via a pro- 
ton abstraction step (2). The same hetero- 
lyric cleavage RH ~ Rids + Ha+ds over MgO 
has been proposed by Garrone and Stone 
(3). And our studies of rates of CH/D2 ex- 
change over MgO have correlated surpris- 
ingly well with solution-phase acidity val- 
ues for R - H  carbon acids, and this solid 
base is capable of controllably removing 
protons from methane, neopentane, ben- 
zene, toluene, and a variety of other hydro- 
carbons and heterosubstituted hydrocar- 

i To whom correspondence should be addressed. 

bons (4). All these observations leave little 
doubt that the cleavage of C - H  over active 
MgO is heterolytic, yielding an adsorbed 
proton and carbanion. However, little is 
known about the active sites on MgO in- 
volved in this process, or about the C - H  
activated complex involved. Therefore, we 
have undertaken a series of experiments in- 
tended to offer understanding of this facile 
exchange process. Thus, a wide range of 
kinetic analyses of the exchange reaction 
over various samples of thermally activated 
MgO were carried out. 

Mgo 
R - H ( g )  + D2(g) R - D  + H D  

EXPERIMENTAL 

Chemicals 

Hydrocarbons were purchased from Al- 
drich, Fluka, or Columbia Chemicals in 
their purest form. They were further puri- 
fied by storage over Call2, freeze-thaw de- 
gassing cycles, and then passage as a vapor 
over/through 4-A molecular sieves held at a 
temperature just above that at which the 
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hydrocarbon had sufficient vapor pressure. 
The hydrocarbon was then condensed in a 
liquid nitrogen trap. As a final purification 
step the hydrocarbons were passed over 
thermally activated MgO chips (see below). 
Finally, the hydrocarbons were stored un- 
der vacuum over 4-A molecular sieves in 
air-tight sample tubes. Deuterium and hy- 
drogen were purified by passage through 4- 
A molecular sieves at -78°C and collected 
in a 5-liter bulb containing activated (350°C 
at < 1 x 10 -3 Torr overnight) 13 x molecular 
sieves. 

Magnesium oxide (MgO, 99.999%) from 
ROC/RIC was treated with deionized dis- 
tilled water (25 g MgO added to 300 ml boil- 
ing water). After boiling and stirring for 
several minutes, the slurry was hot-filtered 
by use of a fine porosity glass filter with 
suction. This hydrated MgO was dried at 
ll0°C for 10 h. The solid mass was broken 
up into -2 -mm pieces and stored in a 
sealed glass container. Portions of this 
MgO were thermally activated as described 
previously (4, 5). 

Reactor 

The recirculation reactor employed in 
these studies is shown in Fig. 1. Catalyst 
(from 0.04 to 0.1 g) was placed in a quartz 
U-tube and was thermally activated at 
660°C or other desired temperature under 
vacuum for 3 h. (This tube was cleaned 
prior to each use with aqua regia, then with 
KOH-isopropyl  alcohol, and finally with 
deionized distilled water and dried at 120°C 
for 4 h.) 

Hydrocarbon (4 Torr) and D~ (110 Torr) 
mixtures were circulated over the activated 
catalyst at the desired reaction tempera- 
ture, and samples were extracted periodi- 
cally into sample tube D' through stopcock 
g for GC, MS, or NMR analysis. 

Determination of Rate Constants 

Deuterium uptake rates were determined 
by MS analysis, correcting for 13C abun- 
dance. The kinetic equation (6) 

CnHm(x Tort) 
+ D2(y Torr) catalyst CnOm -t- HD 

t 

a 

c 

A B 

to fore  pump 

G r e a s e l e s s  
Stopcock 

U I 

f 

C~ 

o-r ing joint ~__ Ground glass 
joint 

F 

FIG. 1. Schematic of vacuum line and recirculation reactor used in CH/D2 exchange studies. Stop- 
cocks are shown with lower case letters. Important components are: (A, C) cold trap, (B) diffusion 
pump, (C and D) cold trap, (D') sampling tube, (E) magnetically driven piston pump, (U) catalyst 
container, (F) furnace or cooling bath, (H) manometer; the shaded portion of the vacuum line consti- 
tutes the recirculation reactor. 
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is deduced as follows: Suppose Xi is the 
percentage of  total hydrocarbon molecules 
present  as CnHrn-iDi at time t. Then q5 indi- 
cates the number  of  deuterium atoms 
present  in 100 molecules at time t: 

~b = X + 2 X 2 +  3X3 + ' ' "  +nXn.  

If  ~b~ is the equilibrium value of  ~b, then the 
fraction of  exchangable H atoms at time t in 
100 molecules  of  hydrocarbon is (qS= - @/ 
4~. Provided that all hydrogen atoms in the 
molecule are equally reactive and isotope 
effects are negligible, for a first-order ex- 
change the rate df)/dt will be proportional 
to (~b~ - qS)hb=) and the amount  of  catalyst 
W: 

d4~_ 

The unit k 6 is the number  of  deuterium at- 
oms entering in 100 molecules per second 
per unit weight of  catalyst. 

Integration yields 

Wk4ot 
log(~b= - ~b) - 2.3034~ + log(qS® - qS0), 

where ~b0 is the initial value of  ~b. A plot of  
log(4~ - qS) vs t is a straight line, the slope 
of  which yields a rate constant  according to 

k 6 = - s l o p e  x 2.303 x cbJW. 

Calculation o f  Entropy o f  Activation ASS 

In the Arrhenius equation given in Ref. 
(7), A exp( -EJRT) ,  k is the rate constant,  
E~ is the Arrhenius activation energy, and A 
is the preexponential  factor. For  a first-or- 
der reaction, A has the same unit as k. A 
logarithmic form of this equation is log k = 
(-Ea/2.303R)(1/T) + log A. Therefore,  
from a log k vs 1/T linear plot, E~ can be 
determined from the slope (= EJ2.303R), 
and A can be determined from the intercept 
(= log A). From absolute rate theory one 
can deduce (7): 

A -= e m ( C ° )  1 m X (RT/NAh) x e As*/R, 

where m is the moleculari ty of  the reaction, 
C O is the standard state of  reactants,  R is 

the gas constant,  h is Planck's  constant,  
and NA is Avogadro 's  number. This can 
be rewrit ten as 

ASS = R ln[A(C°) '~-1 x (NAh/Rem)]. 

For  a bimolecular reaction, which is the 
case for CH/D2 exchange over  MgO sur- 
faces, 

ASS = R ln[AC ° x (NAh/RTe2)]. 

So the value of zXSS depends on the stan- 
dard state for a bimolecular reaction (8). 
Since CH/D2 exchange occurs only after 
adsorption of  reactants,  a reasonable stan- 
dard state, C O , must be defined for surface- 
adsorbed materials. In analogy to the defi- 
nition of C o for three-dimensional matter  
such as 1 atm at any temperature  (T), Kern- 
ball and Rideal (9) defined a standard state 
for adsorbed materials in terms of  an area 
per molecule as 22.53T ~2 where T is the 
absolute temperature.  This corresponds to 
the same volume per molecule as the three- 
dimensional state if the thickness of the sur- 
face layer is 6 A. 

For  calculation of  2xSS, we use 

ke~ = Ae -E"/I~. 

For  a pseudo-first-order reaction, A has the 
same units as k 6 [i.e., No. of  D atoms/(100 
molecules) -~ (g MgO) -~ s-~]. The standard 
state of adsorbed molecules (C o ) defined as 
an area per molecule and measured by 
22.53T z~x 2 may be calculated at 25°C to be 
6.71 x 10 -17 m 2. We can replace 1 g MgO by 
its measured surface area, 129 m2/g. Now 
we have 

AC ° = A(100) -1 (129 m2) -1 s -1 

x 6.71 x l0 -17 m 2 

= A  x 5.20 x 10 -21 s -1. 

At 25°C 

NAh/RTe 2 
6.02 x 1023 mo1-1 x 6.63 x 10 -34 J s 
8.314 J K -1 tool -1 z 298K x (2.72) 2 

= 2.18 x 10 -14 S. 
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TABLE1 

Entropies of Activation ASS 
for CH/Dz Exchange over Ac- 
tivated MgO 

Carbon acid AS~ 

Toluene - 27.5 
Ethylbenzene -28.0  
Cumene -28.4  
o-Xylene -26.8 
m-Xylene -27.3 
p-Xylene -27.3 
Thiophene -26.6  
Benzene -26.0 
CrHsCD3 
ortho-H -25.9 
meta-H -25.9  
para-H -26.3 
C6HsCMe3 
ortho-H - 26.1 
meta-H -27.2 
para-H -27.4 
CH4 -26.1 
C2H 6 -26.4 
C3H8 -25.6 
iso-C4H~0 -25.8 
neo-C~Hlz -26.4 
c-C3H 6 -26.2  
c-C4H8 -26.5 
c-C~H10 -26.5 
c-C6HI2 -26.5 

(or H) were  incorporated during the kinetic 
evaluations• Normal  reaction conditions 
were used: 4 Torr  toluene,  110 Tor r  H2 (or 
D2) and 100 and 200°C. The amount  of  start- 
ing MgO was 0.05 g (nonact ivated weight). 
Table 2 summarizes  these experiments• I t  
can be seen that  reproducibil i ty was very  
good. Also catalyst  reuse exper iments  
showed that poisoning of the catalyst  was 
not a problem.  Overall  results were  kn/kD at 
100°C = 1.6 and at 200°C = 1.3. 

(b) Secondary. Relative rates for benzylic 
exchange in C6DsCD3 and C6H5CD3 were 
determined at 100 and 200°C by  examining 
these substrates  together:  4 Torr  C6D4CD3, 
4 Tor r  C6HsCD3, 110 Torr  Hz. The ratios of  
rate constants  were  as follows: 

at 100°C 

(benzylic kD(C6DsCD3) _ 1.040 
exchange kD(C6H5CD3) 

TABLE 2 

Primary Kinetic Isotope Effects for Benzylic 
Exchange over MgO at 100 ° and 200°C 

Carbon  Catalyst  a Exchange  Rate  ktt/kD ct 
acid no. temp (°C) constant  

N O W ,  

ASS = R In[AC ° × (Nah/RTe 2] 

= (R/2.303) log[A × 5.20 × 10 -21 s -I 

x 2.18 x 10 ~4 s] 

= 0.863(1og A - 33.95) ca l •  mo1-1 

• deg-~. 

Substituting log A values determined f rom 
intercepts of  log k6 vs 1/T plots,  ASS values 
for different CH/D2 react ions over  MgO 
can be calculated (Table 1). 

Measurement of Isotope Effects 
(a) Primary. To obtain krt/k~ for benzylic 

proton abstract ion,  toluene and toluene-d8 
were  used. Initial exchange rates were 
compared;  that  is, only 0.8 to 1.8 a toms D 

C6 D s -CD ~ l 100 k D = 24.3 

2 1(30 kl~ = 24.6 

C6H5-CIt3 Reuse  of  2 100 k H = 39.0 a 
3 100 k• = 39.6 

4 100 ki_ I = 40.3 

C r D s - C D  3 5 200 k D = 40.6 
6 200 k D = 40.0 

Reuse  of  6 200 kl-i = 47.3 b 

C 6 H s - C H  3 7 200 k H = 50.5 
8 200 kH = 51.2 

C r H s - C D  3 100 kD = 23.6 c 

200 kj3 = 38.1 c 

39.3 
kH/kD = 

= 1.604 

at 100°C 

50.9 
ka/ko  = 

= 1.263 
at  200°C 

kH/kb -- 39.3 
23.6 

1.665 
at 100°C 

kH/k b _ 50.9 -3~.1 
= 1.336 
at 200°C 

a The  catalyst  was act ivated separately dur ing  de terminat ion  of  each 

rate constant .  
b klt va lues  obtained by  reusing the cata lys t  for C6Hs-CH3/D2 ex- 

change after pumping  ou t  C6D5-CD3/H2 mixture;  these kH values  have 
not  been  considered dur ing  the calculat ion of  average kH, but  are impor-  
tant  resul ts  demonst ra t ing  that  k D < kH is due to isotope effect, not  due 

to partial  poisoning by  impuri t ies  in CrD5-CD3 and/or  Hz.  
c Calculated f rom exper imenta l ly  measured  ratio kD(CrDs-CD3)/ 

kD(C6Hs-CD3) and exper imenta l  kn values  for  CrDs-CD3.  
d No .  of  isotopes  incorpora ted  per  molecule  ranged f rom 0 .8-1 .8  dur- 

ing rate measurements .  
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at 200°C 
(benzyl ic  kD(C6DsCD3) 

- 1.057 
exchange kD(C6HsCD3) (corrected for 

some exchange 
occurring at 
ring positions). 

Thus, a small secondary inverse isotope ef- 
fect was observed. 

Exchange Activity as a Function of MgO 
Actioation Temperature 

The rate constant for CH/D2 exchange in 
benzene was measured over 0.10 g MgO 
activated for 6 h at various temperatures 
(while under vacuum). Reaction tempera- 
ture was 100°C. From a plot of activation 
temperature vs k+ (Fig. 2) it appears that 
maximum activity may be attained by acti- 
vating at 510 -+ 5°C. 

20.0 
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Fro. 2. Relative CH/Dz exchange rates of benzene 
over MgO thermally activated at various temperatures 
(temperature of catalytic reaction = 100°C). 

Determination of Residual -OH Groups 
on Activated MgO 

After thermal activation under vacuum, 
the MgO samples (0.60 g) were cooled to 
300°C and treated with 40 Tort pure D2. In 
the mass spectrometer the ratio of HD + to 
D2 ~ was determined, and from this informa- 
tion (with known volume of Dz added), the 
moles of-OH present on the catalyst could 
be determined. 

NMR Studies of Solid MgO with 
Adsorbed Carbon Acids 

About 1 g of MgO was thermally acti- 
vated and placed in an NMR tube which 
was then sealed to a vacuum system. After 
evacuation the MgO was exposed to an ex- 
cess of carbon acid at room temperature for 
several minutes. Excess carbon acid was 
pumped away and the NMR tube was 
sealed. Spectra were recorded on the pow- 
der using a normal NMR (Bruker WP, 400 
MHz for protons). In other words, a 
"solids" NMR probe was not used. Appro- 
priate blanks were also examined, where 
the MgO was not exposed to carbon acid. 
Also, other experiments where the MgO 
was exposed to H2 or D2 were carried out. 

Error Limits 

By using these experimental methods we 
were able to determine rather precise val- 
ues of Ea for each hydrocarbon with possi- 
ble errors of +0.02 kcal/mol for more acidic 
hydrocarbons and -+0.3 for less acidic hy- 
drocarbons. At least three temperatures, 
usually more, were employed ranging over 
100°C; rate constants were measured for 
each hydrocarbon separately with two to 
three determinations at each temperature. 
Error limits did not exceed _+ ! .6% for k~ for 
each determination at the same tempera- 
ture. 

RESULTS AND DISCUSSION 

Thermal Activation of MgO 

First, let us deal with aspects of the MgO 
surface. It is known that thermal activation 
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of high-surface-area MgO causes the loss of 
adsorbed water and, depending on temper- 
ature, partial loss of surface OH groups (5). 
A defective relatively high-surface-area 
(usually 120-140 mZ/g) active form of MgO 
results from this thermal activation step (5). 
The activation is usually done under vac- 
uum between 300 and 1100°C, often around 
600°C. The temperature chosen has a dra- 
matic effect on surface activity for subse- 
quent catalytic processes carried out (10- 
12). In this regard, we have made a careful 
study of thermal activation on activity for 
CH/D2 exchange of benzene, and our 
results are illustrated in Fig. 2. Obviously, 
there is a dramatic dependence on activa- 
tion temperature, and about 500°C is opti- 
mum (MgOs00). 

The Question of Pore Size and 
Restricted Diffusion 

It is possible that reaction rates are diffu- 
sion controlled, and diffusion could be re- 
stricted by pore size. Pore sizes are known 
for these MogO samples. They range from 
radii 25-75 A for a 600°C activated sample 
(5). For our earlier work (5) and the present 
work, the MgO source was a mixture of 
MgO/Mg(OH)2 (mainly surface-hydroxyl- 
ated MgO). Upon thermal activation water 
was desorbed and many hydroxyl groups 
were eliminated, probably mostly by slight 
surface reconstruction: 

OH OH O 

I I / \  
Mg Mg Mg Mg 

Pore size distributions have been studied in 
more detail by De Vleesschauwer (13), 
where MgO was prepared by MgCO3 de- 
composition. At 600°C their measured pore 
size distributions compared well with our 
results. They also studied MgO activated at 
500, 550, 600, 700, and 800°C, and found 
that average pore radii increased and the 
distribution broadened with activation tem- 
perature increase. Since Fig. 2 clearly 
shows that exchange rate decreases as tem- 
perature of MgO activation goes above 

500°C, and since pore sizes increase with 
higher activation temperature, we believe 
there is no correlation of reaction rate with 
pore size, at least for MgO activation tem- 
perature above 500°C. (All of our kinetic 
data in which different hydrocarbons are 
compared were collected using MgO acti- 
vated at 660°C.) 

On the other hand, we have noted 
changes in rates and Ea for CH/DE ex- 
change in benzene with change in MgO ac- 
tivation temperature (ranging from 5-8 
kcal/mol for activation temperatures from 
350 to 660°C, the highest Ea found for the 
highest activation temperature). It has been 
predicted, on the basis of kinetic argu- 
ments, that small restrictive pores would 
cause a significant decrease in Ea, about 
halving the true value that would be found 
with a large-pore unrestrictive catalyst (14). 
Therefore, it is possible that at the lower 
activation temperature, restrictive pore 
size may be important. However, about 
500°C it seems unlikely, considering the 
large-pore radii and the data in Fig. 2. We 
believe a more likely explanation of E~ vari- 
ation is a change in the nature of the active 
sites generated by different MgO activation 
temperatures, rather than due simply to 
changes in pore sizes. Therefore, on the 
basis of the relatively large size of these 
pores, compared with those of RH, and the 
fact that our rate data do not correlate with 
pore size change, we believe diffusion 
through pores is not of rate-determining 
concern in our experiments (where activa- 
tion temperatures above 500°C were em- 
ployed). 

Consideration of Steric Factors 
in Deprotonation 

Hoffman and co-workers (15) found Ea = 
18 kcal/mol for CH/D2 exchange for both 
toluene and ethylbenzene in DMSO/t-BuO- 
suggesting no steric problems in this solu- 
tion phase system. We found very low Ea 
values near 1 kcal/mol for toluene, ethyl- 
benzene, and cumene in the Rn + D2 •go_> 
RD + HD reaction. Since no significant 
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changes in Ea were found for these mole- 
cules in our system, this suggests no signifi- 
cant steric problems due to methyl groups, 
since Ea should be sensitive to steric crowd- 
ing in the transition state (16). 

Role of Surface Hydroxyl Groups 
In order to learn more about the nature of 

these active sites, we determined the hy- 
droxyl content in a series of activated MgO 
samples. This was done by treating each 
sample with pure D2 and measuring the 
amount of HD formed by means of MS. 
Activation temperatures of 550, 600, and 
660°C were used (17, 18), and these yielded 
1.38 x 10 -4, 2.89 x 10 -5, and 3.60 x 10 -6 
mo1 of OH/g MgO. Our MgO samples have 
a surface area of 129 m2/g, so we can calcu- 
late the number of OH groups per square 
nanometer; these results are shown below: 

MgO550 0.644 OH/nm 2 

MgO600 0.135 OH/nm 2 

MgO660 0.017 OH/nm z 

Figure 3 shows a plot of OH content vs rate 
constants, and there is obviously a good 
correlation. Also, note that the line in Fig. 3 
nearly goes through the origin, supplying 
more evidence for the need of an OH-bear- 
ing site. Such results strongly suggest that 
an OH group is intimately involved in the 
catalytically active sites for CH/D2 ex- 
change. Perhaps this should not be surpris- 
ing as Boudart and co-workers have re- 
ported similar conclusions regarding Hz/D2 
exchange (19), and Larson and Hall for 
CH4/D2 exchange over A1203 samples (20). 
Likewise, Lemberton and co-workers (21) 
concluded that butene isomerizations and 
H/D exchange in mixtures of protio and 
deutero butenes depended on the presence 
of surface OH groups. 

In order to define the active site further 
we can draw on the results of several other 
literature reports. Molecular orbital calcu- 
lations have been carried out in a attempt to 
correlate basicity and surface structure 
(22). Important features in increasing the 

14, 5 5 0 /  

12, 

10 

,-;-, uj 6, 
d 

~ 4 .  

2. 

2'o 4'0 6'o go 1'oo 1'2o 1~o 
6 

10 [ moles of OH/gMgo] 

FIe. 3. Plot of OH content vs rate constants for CH/ 
D2 exchange of benzene over thermally activated 
MgO. 

basicity of certain 0 2- sites were: (1) low 
coordination of Mg z+ to the O 2-, (2) high 
coordination of nearby 0 2- to Mg 2+ adja- 
cent to the O 2- in question, and (3) electro- 
static interaction between an adsorbed H + 
and the 02- in question. Examples of such 
low coordination have been symbolized as 
O2c and 2+ MgLc, and these are found in sur- 
face models of imperfect MgO crystallites 
given by Coluccia and co-workers (23, 24). 
Such species are also generated by the 
presence of Schottky and/or Frenkel de- 
fects (5, 12). 

Studies of residual OH on CaO (25) have 
led to the conclusion that basic sites for H + 
abstraction may be adjacent to already ex- 
isting OH sites, although there also exist 
non-OH sites capable of H + abstraction 
from benzaldehyde or isopropyl alcohol. In 
the absence of similar data for MgO, we 
may recall the study of CO2 adsorption by 
Krylov and co-workers (26), in which they 
proposed three types of basic sites on MgO: 



356 HOQ, NIEVES, AND KLABUNDE 

(1) strongly basic 0 2 -  , (2) strongly basic 
O 2- sites adjacent to OH, and (3) weakly 
basic surface OH groups. 

Thus, our rate data vs OH content and 
literature precedent lend strength to the 
idea that the active site contains an -OH 
moiety. The site is probably very strongly 
basic as well, since proton abstraction can 
take place with essentially any hydrocar- 
bons. Also, some NMR data we have col- 
lected suggest that the site is rich in elec- 
tron density. Surprisingly, the resonance 
for residual H + (presumably as some form 
of OH) comes at 0.0 ppm relative to TMS. 
Since OH absorptions generally are ob- 
served at much lower fields, these data indi- 
cate that the residual proton is highly 
shielded, thus bound to a site of high elec- 
tron density, (Of course, we cannot be sure 
that the proton we observe by NMR is in 
the active site. However,  only one absorp- 
tion was observed, and the kinetic data 
clearly show that a small amount of residual 
OH is necessary for high exchange rates; 
this suggests that the residual OH may be at 
or very near the true active site.) 

Role of Surface Mg 2+ 

We have already discussed the dramati- 
cally low activation energies for CH/D2 ex- 
change over MgO (4, 27). Such findings re- 
quire that a bifunctional catalytic process 
be operating such that the active site can 
pull the proton, but simultaneously stabi- 
lize/coordinate the carbanion. Thus, the 
presence of one or m o r e  M g  2+ in the active 
site is understood. In addition, we have 
found that C H / D  2 exchange is very facile 
over activated MgO for carbon acids in the 
range 30-60 pKg. Carbon acids more acidic 
than that poison the catalyst. This is rea- 
sonable considering that carbanions from 
stronger acids form stronger bonds with 
magnesium (28) and irreversible proton ab- 
straction could thus occur. However, 
Lewis bases can also poison the catalyst. 
For example, NH3 and C6HIINH2, whose 
pKa values (29, 30) are in the range of fast 
exchange (4b), only cause poisoning and no 

NH/D2 exchange occurs. This finding also 
requires that a Lewis acid site (i.e., Mg 2+) 
be an intimate part of CH/D2 exchange site 
and cycle. 

Probing Active Site Structure 

The acidities of C - H  in furan and thio- 
phene have been examined in DMSO/t- 
BuO- (31). Very large differences in C - H  
acidities have been recorded in this media, 
and relative rates of exchange are shown 
in Table 3; the large rate differences in 
solution are explainable on the basis of 
inductive effects of the heteroatom which 
apparently overcome destabilization of 
carbanions at the 2,5-positions by hetero- 
atom lone pairs. With thiophene, d-orbitals 
also become important in stabilizing carb- 
anions at the 2 or 5 positions (31). So the 
results in DMSO/t-BuO- are reasonable. 

We found, however, that over MgO CH/ 
D2 exchange rates were almost completely 
equalized. This was very surprising since 
hydrocarbons without heteroatoms be- 
haved as expected by their solution acidi- 
ties (see later discussion (1-4). It is clear 
that the heteroatom-containing substrates 
are handled much differently by the active 
sites on MgO. 

Since Lewis acid sites are crucial to the 
exchange process and since furan and thio- 
phene would be expected to behave as 
Lewis bases through their heteroatoms, we 

TABLE3 

Relative Rates of H/D Exchange in Furan 
and Thiophene in DMSO/t-BuO Solution 
and over MgO Surface 

DMSO/t-BuO MgO Surface 

(1.00) 1.12 

500 I. 15 

S 
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propose that strong complexation of the he- 
teroatom lone pair with Lewis acid sites 
can explain these acidity-leveling results 
(reaction (1)). Note that the 3,4-positions 
could be affected most favorably. So our 
data strongly imply that a Lewis acid site is 
an intimate part of the active site. In fact, 
the Lewis acid site may also help orient fu- 
ran or thiophene for more efficient interac- 
tion with the basic site. 

L A f " - - " ~ :  S ~  H 

L~- S ~ H  (1) 

A little further insight comes from con- 
sidering hydrogen as a chemical probe. Ito 
and co-workers (32) have studied tempera- 
ture-programmed desorption of adsorbed 
H2 from thermally activated MgO. Interest- 
ingly, with MgOs00 all Hz was readily de- 
sorbed at one time around 110°C. However, 
MgO850 held adsorbed H2 more tightly; 
some desorbed about 127°C, more at 230 °, 
290°C, and a little at 420°C. From our data, 
MgOs00 is the most active catalyst for 
CH/Dz exchange. This catalyst is, of 
course, also capable of rapid H2/D2 ex- 
change. Now we also know that it easily 
releases adsorbed, scrambled HE (or HD or 
Dz). If we assume that higher and higher 
activation temperatures allow more and 
more dehydroxylated, defective sites to be- 
come available, these are the sites that tend 
to hold Ha+as and Hads more tightly. 

We also know that not much H2 is 
present on the surface at any one time, 
however, as we could not detect ~H NMR 
lines for chemisorbed H + or H- from H2. 
Nor did treatment with H2 cause a buildup 
of H + in CH/D2 active site. However, D2 
addition did cause the H + in the CH/D~ site 
to exchange to D +. 

If we assume that dissociation of H2 oc- 
curs on the lowest coordination sites of 
Mg 2+ and O z- (i.e., Mg3Z~ and O2~, where 

3C stands for three coordination sites to ox- 
ygen or magnesium, 4C for four sites, etc.) 
and that these sites tightly bind the Ha+ds and 
Hyds, we could also assume that such cor- 
ner- or edge-defective sites are not the 
CH/D2 exchange sites. 

~,r~2+ ¢~2- 2+ 2 -  Thus, 1,,~3c,-,3c and 3Mg3c205c could be 
ruled out as exchange sites. We note that 
the dissociative adsorption of H2 was attrib- 
uted to the pair consisting of low-coordi- 
nated oxide and magnesium ions (23). Tolu- 
ene is one of the fastest exchanging acids 
over MgO (4). Since H2 is 6 pKa units more 
acidic than toluene (ion-pair pKa of hydro- 
gen (33) = 35.3 -+ 0.3 and that of toluene 
(34) = 41.2), we believe that a strongly ba- 
sic oxide such as O~ is not essential for 
deprotonating hydrogen; a mildly basic ox- 
ide (e.g., O]c, O2c) ion may be good enough 
to result in the dissociative adsorption of 
hydrogen provided a highly acidic magne- 
sium (e.g., Mg2~) is available to stabilize 
the hydride. 

These considerations argue against the 
CH/D2 exchange site being a low-coordina- 
tion edge or corner site. Thus, there must 
be some other unique feature. We propose 
that this feature is possibly a cation va- 
cancy. Such a site would be deeply basic 
and could strongly adsorb H + or D +, and 
similar sites have been implicated in earlier 
work we carried out in which abstraction of 
H + was rate determining (35). 

Transition State for Exchange 

We return to the question of activation 
energies for exchange. Table 4 compares Ea 
values for solution studies from the litera- 
ture and our MgO system. The values for 
H/D exchange in toluene, for example, are 
very different and suggest differences in 
fransition states in each system. In DMSO/ 
t-BuO a structure such as 1 has been pro- 
posed (15). Note that the potassium ion 
does not play a role since it is taken out of 
the picture by strong DMSO solvation. In 
contrast, Streitweiser and co-workers 
(30a), on the basis of a great deal of infor- 
mation, have proposed a four-centered 
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T A B L E  4 

A r r h e n i u s  A c t i v a t i o n  E n e r g i e s  f o r  B a s e - C a t a l y z e d  

H y d r o g e n  I s o t o p e  E x c h a n g e  in D i f f e r e n t  S y s t e m s  

Carbon acids ERkcal/mol) 

DMSO/t-BuO- C H A / L i C H A  Basic 
surface 
of MgO 

C6~715CH 3 18 a 0.9 
C6I-I5C~2CH3 ][8 ° 0.1 
p-(CH3)zC6H4 21.6 ~ 1.1 

NH3/KNH2 

Benzene-d 16.2 b,c 8.9 a 
Toluene-c~-d 10.0 b 1.7 

a Ref. (15). 
b The authors reported AH+ - 8.8 kcal/mol for toluene (38) 

and 15 kcal/mol for benzene (see footnote c); we converted to 
E~ using the equation E~ = AH$ + toRT,  where m indicates 
molecularity (in this case m = 2), R = 1.987 cal/mol • deg, and 
T = 298°K (8). 

c Ref. (31), page 89. 
d Experimental  Ea(C-H) for benzene = 8.1 kcal/mol; exper- 

imental Er iC-D)  - E r iC-H)  for toluene = 1.7 - 0.9 = 0.8 
kcal/mol; we therefore, calculate Er iC-D) for benzene as 8.1 
+ 0.8 = 8.9 kcal/mol; examples of such calculations have been 
reported (38). (Although E~ can vary with different MgO acti- 
vation temperatures,  we have chosen 8.1 kcal/mol for compar-  
ison with toluene derivatives since all these data were col- 
lected using MgO activated at the same temperature (660°C).) 
Then •H$ was calculated f rom E~ as in footnote (b). 

transition state in the CHA/LiCHA system 
(structure 2), in which ion pairing is very 
important. Dotted lines in 2 represent 
bonds that are largely electrostatic in na- 
ture. Thus, when -NHC6Hll begins to pull 
H + away from the carbon acid, the Li + 
counterion starts to form an ion pair with 
the developing carbanion, and this probably 
lowers Ea. 

In our system we have the most extreme 
case of ion pairing and low Ea, and the tran- 
sition state must resemble 3. 

Li + 
~ . . . . . . . .  ~ H C 6 H 1 1  [R .... H .... B]- ~. . . . . . . . .  

H + 
1 2 

- -C--  .... H + 
/ i i 

I I 
Mg2+ 0 2- 

So as one might predict, a structure like 3 
must be important. 

Next, let us consider entropy of activa- 
tion. We found that for more than 18 carbon 
acids of widely different structures (benzy- 
lic and aromatic C-H,  aromatic heterocy- 
cles, alkanes and cycloalkanes) the entro- 
pies of activation ranged from -25.6 to 
-28.4 eu (Table 1). The ASS values were 
nearly constant, which leads to two conclu- 
sions: (1) the large negative values indicate 
that the surface complex is bimolecular and 
has a well-arranged and compact structure, 
and (2) the structure of this complex is 
nearly the same for all the substrates exam- 
ined. 

The isotope effect kn/kD ~ 1.3 (at 200°C) 
indicates that the activated complex has a 
nearly symmetrical nature such that it has 
nearly equal chances of decomposition into 
R - H  or R-D.  

D~+ _._ R a ___ Ha+. 

In further discussion of the active site 
and the activated complex, simplified nota- 
tions will be used. The active site is simpli- 
fied below with an O 2-, another O 2- as an 
O-D group, and Mg 2+ as the Lewis acid, as 
shown below: 

O ÷ 

I 
0 2 -  Mg2+ 0 2 -  

A 

We know that the residual O - H  exchanges 
to form O-D in the presence of D2 or 
deutero-hydrocarbons. In fact, with D2, ex- 
change occurs almost instantaneously (19). 

H + 

I 
0 2- M g  2+ 0 2 .  + D 2  last) 

0 2 -  Mg2-- 

O + 

[ 
02- + HD 
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0 2- M g  2+ 

O + 

I 
0 2-  -I'- R - H  slow> 

H + 

I 
O 2- Mg 2+ 0 2- + RD 

We expect that a cycle is set up in which D + 
and D- are formed and are mobile on the 
MgO surface. 

Table 5 and Fig. 4 show that the rate of 
heterolytic dissociation of R - H  on MgO de- 
pends on the acidity of R-H.  This correla- 
tion with "solution acidities" suggests a 
transition state for the exchange reaction 
that resembles neither products nor reac- 
tants. (These results also suggest that esti- 
mates of pKa of hydrocarbons may be pos- 
sible by use of such heterogeneous C H / D 2  

kinetic exchange studies and we will report 
on this later.) This is in accord with our 
isotope kH/kD results. In other words, the 
transition state is a structure on the path 
from R - H  to R- + H +, with the R - H  bond 
greatly perturbed. 

In such a structure return to R - H  would 
be slightly more favored than R-D forma- 
tion, which would agree with the kH/kD = 
1.3 value (which tells us that internal return 
is important). Scheme 1 summarizes how 
we believe the exchange occurs on the ac- 
tive site A. The position of the equilibrium, 
(B) ~ (D), Scheme 1) will be dependent on 
pK, of R-H.  In E we have the C-H bond at 
the limit of weak covalency, and the 
M g  2+ - - -  R- interaction is largely of ion- 
pair type. Attacking D + is driven by elec- 
trostatic forces, so the species would not be 
completely symmetric. 

The situation can be described further on 
a reaction coordinate diagram, which is 
shown in Scheme 2: the R - H  physisorbs on 
the active site A, resulting in some loss of 
translational and rotational freedom (6), 
yielding B of Scheme 1. Next, B passes 
through a barrier C to give adsorbed R- and 
H + described by D. The barrier to the over- 
all reaction is represented by E, and re- 

TABLE 5 

Rates k300oc (k¢ Divided by Number of Exchangable 
Hydrogens) on Logarithmic Scale a Obtained from RH 
+ D2 MgO RD + HD Experiment 

Carbon log k3oooe pka 
acid studied (kJEx.H) estimate b,c 

C6H5CH 3 5.278 (42) 35 
CHz~CHCH3 4.548 35.5 
C6H 6 3.823 37 
CH2~CH2 3.375 36.5 
c-C3H 6 2.533 39 
c-C4H8 0.666 43 
c-CsH1o 0.342 44 
c-C6H12 0.000 (standard) 45 
CH4 1.169 (55) 40 
CH3CH3 O. 114 42 
CH3CH2CH3 0.147 
(CH3)2CHCH3 0.360 
(CH3)3C-CH3 0.446 44 

a The temperatures employed for CH/D2 exchange 
varied from 50 ° to 300°C, depending on the hydrocar- 
bon under study. These were adjusted to 300°C using 
experimentally determined activation energies, thus 
yielding log k300o. 

b Values in parentheses are more recent and more 
valid determinations (Ref. (29)) and Bordwell, F. G., 
Algrim, D., Vanier, N. R., J. Org. Chem. 42, 1817 
(1977). 

c These values are taken from Cram's MSAD scale 
(Cram, D., "Fundamentals of Carbanion Chemistry." 
Academic Press, New York, 1965). These are believed 
to be in "serious error" (Streitweiser, A., Jr., Juaristi, 
E., Nebenzahl, L. L., "Equilibrium Carbon Acidities 
in Solution" in "Comprehensive Carbanion Chemis- 
t ry"  (E. Buncel and T. Durst, Eds.), Part A, Chap. 7. 
Elsevier, New York, 1980.) However, since good esti- 
mates of these hydrocarbon acidities are not available, 
the trends in the MSAD scale are appropriate for the 
comparisons we want to make here. 

quires the attack of O2--D + in D. Then 
analogous backward steps lead to F, G, It, 
and finally products. At this point the MgO 
surface provides adsorbed D + and D- as 
mobile species, H-D is eliminated, and 
O2--D + is again available by interaction 
with deuterium. 

Of course, in this scheme the energies of 
D and H cannot be too low; that is, the 
acidities of R - H  cannot be too great, or 
catalyst poisoning will occur. Thus, deep 
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6.0 

5.0 

4.0 

8 
I o  

3.0 
0 

._1 
2.0 

1.0 

0.0 
32.0 

0 C 6  H5CH3 

"~H2=CHCH3 

"~C6H6 

CHa= CHae ~ .  

~ - C3H6 

CH4' O ~ C _ C 4  H8 

_ "-, ~(CH3)3CCH 3 
, , , p . ~ c ~ - ~ " , ~ c - c ~ . , , ~  

54.0 36.0 :58.0 40.0 42.0 44.0 46,0 

pKo 
48.0 

Fro. 4. Plot of the log of the rate constant for CH/D2 exchange (log k30~) for various hydrocarbons 
(this work) vs literature pka estimates (see Table 5). 

D + D + R - -  H 

'o 'o : R-H + 2- Mg2+ 02_ step 1 2- Mg2+ 02- 

A B 

I I Step 2 

D + R-- --- H + 

,o2  ,02+ ;2 
step 6 D 

( i )  - RD |~ 
(it) + D2 l /  Step 3 

(iii) - HD 

D + . . . .  R--- -- H + 
I ' : 02- M;2+ 02 - transition 

state 

D - - R  H + 
' ' I step 5 02- Mg 2+ 02- 

E 

D 4:-- R-- --H + 

02- Mg2+ I 02- 

J G 

SCHEME 1. Catalytic cycle for exchange of R-H with surface OD group. 
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D + H + 
I 

R-H + 0 2- Mg 2+ 0 2- R-D + 0 2- Mg 2+ 0 2- 

(gas) (solid) (gas) (solid) 

Energy 

E G 

R-D (~) 

Reaction Coordinate 

SCHEME 2. Reaction coordinate diagram for RH + D2 ~ RHD + HD exchange. 

energy wells in D and t t  cause irreversible 
adsorption. 

CONCLUSIONS 

Overall, our findings and considerations, 
in summarized form, are enumerated be- 
low: 

(1) Dramatically low activation energies 
(Ea) were found. 

(2) Kinetic acidities (log of rate con- 
stants) correlated with various published 
solution-phase acidity determinations (Fig. 
4). (Interestingly, our earlier work showed 
that AH:~ derived from Ea correlated with 
published gas-phase acidities for several R -  
H carbon acids) (27). 

(3) Nearly constant entropies of activa- 
tion ( -27  -+ 1 eu) were found for all carbon 
acids studied. 

(4) Equalization of rates of deprotonation 
of all C - H  in furan and thiophene, which 
are dramatically different from published 

solution-phase exchange studies, was ob- 
served. 

(5) A strong dependence of exchange 
rates on O - H  content in the MgO catalyst 
was found for the 550-660°C MgO activa- 
tion temperature range. Below about 500°C 
activation temperature this correlation 
breaks down; i.e., lower exchange rates oc- 
cur in spite of much larger O - H  surface 
concentrations. At the lower activation 
temperatures a variety of surface O - H  spe- 
cies are present, including adsorbed water, 
which could block active sites. 

(6) The kH/kD primary isotope effect was 
1.3-1.6, and a secondary isotope effect less 
than 6% was found. These results support 
the idea that in the transition state the C - H  
bond is not completely broken, but that it is 
weakened, whereupon D + attacks the in- 
cipient carbanion (36, 37). A small second- 
ary isotope effect supports this simple idea 
about the transition state; i.e., no inverse 
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secondary isotope effect was observed 
(36). 

(7) Consideration of pore size in MgO 
samples and its effect on Ea led to the con- 
clusion that pore size is not important in 
determining rate when MgO activation tem- 
peratures above 500°C are employed. 

(8) Steric effects surrounding the C - H  
site do not appear to be very important. 

(9) The active site for CH/D2 exchange 
must possess a residual OH (or OD) group 
in or near a defect site of high electron den- 
sity, possibly a cation vacancy. However, a 
Lewis acid site is also necessary so that a 
bimolecular acid-base reaction is involved 
in the CH/Dz exchange process. 
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