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Structure-reactivity relationships for alcohol elimination reactions mere studied 
over two well-characterized hydroxyapntite catalysts. A “stoichiometric” preparation 
(HA), with the composition Ca,(POJo(OH),, catalyzed both dehydration and de- 
hydrogenation. A “non-stoichiometric” catalyst (NH.4) with Ca/P = 1.58 was active 
only for dehydration. The dehydration rate constants for fifteen acyclic alcohols over 
the NH,4 catalyst correlated with Taft ua* constants for substitution at the alpha 
carbon atom yielding pa* = -5 at 230°C. The dehydration rates were much slower 
over the less aridic HA catalyst, and a t,emperaturc of 400°C Tvas needed for a linear 
relation between uo* values and the logarithms of the rate constants. At that temper- 
ature pa* = -2 for alpha substitution. The structure-reactivity relationships were 
remarkably similar to those for gas phase reactions such as HBr-catalyzed alcohol 
dehydration and the pyrolysis of esters. Like the latter, the eliminations over hy- 
droxyapatite were mainly syn-eliminations. The necessary requirement is apparentl? 
the presence of a sufficiently acidic hydroxyl group at the surface. Beta elimination 
predominated in the alcohol dehydrations, but, over the NHA catalyst, both primar? 
and secondary alcohols yielded products attributahlc to gamma elimination, and some 
of the primary alcohols gave cyclopropanes. 

Dehydrogenation of secondary alcohols over the HB catalyst could be correlated 
with u* values at 400°C but in the opposite dirwtion to dehydration; pa* = +1.5 for 
alpha substitution, suggesting that the transition state is negatively charged. Sn 
alkoxide ion is a likely precursor. with hydride transfer as the rate-limiting step. 

INTRODUCTION 

Metal oxides are effect,ive catalysts for 
the decomposition of alcohols, either by de- 
hydration or dehydrogenation (1). The se- 
lectivity for one of these two types of elimi- 
nation from simple, acyclic primary and 
secondary alcohols is largely governed by 
properties of the catalyst, but the rates are 
also affected by changes in the alcohol struc- 
ture (1, 2). Dehydration is favored over 
oxides with small, highly-charged cations, 
while dehydrogenation has been associated 
with larger more polarizable cations such 
as the alkaline earth ions (1, 3-5). It has 
been postulated (3-9) that acidic hydroxyl 
groups are required for dehydrat’ion. Ex- 
posed cations may be needed for dehydro- 
genation (S-6) and in some cases also for 

dehydration (2). Thus, studies of alcohol 
decomposition may be used to define some 
of the properties of certain surfaces and to 
elucidate the nature of the catalytic sites 
which are present. 

Most often, the products of alcohol de- 
hydration are an olefin and water, but 
ethers may be formed (9,10). The hydrogen 
eliminated with the hydroxyl group is usu- 
ally derived from the p-carbon atom, al- 
though, in the formation of certain products, 
it may come from elsewhere in the mole- 
cule. When there are two or more different 
p-eliminations possible, the selectivity 
towards each may be governed by either 
Saytzeff or Hofmann orientation rules, de- 
pending upon t.he reaction mechanism (ll- 
14). The direction of elimination of the 
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p-hydrogen atom, relative to the hydroxyl 
group, may be either syn or anti in a con- 
certed reaction, or nonspecific (as in a step- 
wise ionic process). The arrangements of 
substituents in the olefins formed may be 
either cis or trans. All of these selectivities 
may be determined by use of suitable alco- 
hols. Some of them are sensitive to very 
small changes in relative rates, and almost 
any combination of the various results is 
possible. Taken together, they provide a 
“fingerprint” of a catalyst which, if properly 
related to its structure and chemistry, can 
provide much useful information concerning 
the way in which it functions. 

The literature (18, 14) contains a large 
amount of information relating reactivity 
and selectivity data for olefin-forming re- 
actions in solution to their reaction mecha- 
nisms. This knowledge has been used 
judiciously to make inferences concerning 
mechanisms of certain gas phase elimina- 
tions (15) and all this background is now 
available for comparison with data for het- 
erogeneously-catalyzed eliminations. This 
comparison must be made cautiously, how- 
ever, because steric effects may be much 
more important in the heterogeneous case. 

Dehydration rates of alcohols are strongly 
dependent upon the alcohol structure (16), 
especially on increasing a-substitution which 
tends to shift the mechanism towards El 
(14). The response of dehydration rates to 
changes in alcohol structure may be used 
as a test of the uniformity of a catalytic re- 
action mechanism and correlations with 
polar and/or steric substituent parameters 
can indicate their importance. 

In the present paper an extensive study 
of the effects of alkyl substituents on the 
dehydration and dehydrogenation of acyclic 
aliphatic alcohols over two well-character- 
ized hydroxyapatite catalysts (17) is re- 
ported. One of these crystalline catalysts 
favored dehydration, and the other dehy- 
drogenation (18). The relative rates and se- 
lectivities were determined at several tem- 
peratures for each alcohol, so that 
activation energy differences could be ob- 
tained. Correlations, using the Taft a* 
parameters (16) , were made using both de- 
hydration and dehydrogenation rate con- 

stants. Hydroxyapatites vary from the 
“stoichiometric composition,” Cal0 (PO,) 6 
(OH) 2 (HA), to nearly that of a tricalcium 
phosphate, Ca, (HPO,) (FO,),OH (NHA), 
without any fundamental change in the 
crystal lattice (17). For moderate changes 
in the Ca/P ratio, calcium deficiencies are 
compensated by protons. Thus, the com- 
position of hydroxyapatite may be varied 
from calcium rich suitable for alcohol de- 
hydrogenation, to phosphate-rich, suitable 
for dehydration of alcohols. It was the pur- 
pose of the present work to add information 
concerning the effects of changes in alcohol 
structure to the existing knowledge con- 
cerning this model catalyst system. 

EXPERIMENTAL 

Materials 

Ethanol was obtained from Commercial 
Solvents Corporation (Rossville “Gold 
Shield”) ; propanol, isopropanol, and 2-bu- 
tanol were Fisher Certified reagents, and 
tert-pentanol was Fisher Reagent Grade ; 
3-pentanol, 3-methyl-2-butanol, and 2- 
methyl-1-butanol were Eastman White 
Label reagents ; 2-pentano1 and neopentanol 
were obtained from Chemicals Procurement 
Company; butanol, tert-butanol, pentanol, 
isopentanol, and isobutanol were all 99 + % 
“chromatoquality” reagents from Matheson, 
Coleman, and Bell. None of the alcohols 
was further purified, but all were checked 
by gas chromatography and only the tert- 
pentanol was found to be less than 98% 
pure (excluding water). A second lot of 
tert-pentanol was about 99% pure. Common 
impurities in the secondary alcohols were 
the corresponding ketones, and all of the 
alcohols contained traces of water. 

Catalysts 

The preparation of the hydroxyapatite 
catalysts has been described (17) previ- 
ously. A 150-mg sample of each catalyst 
was used for the full set of experiments. 
One was a “stoichiometric” hydroxyapatite 
with a Ca/P ratio of 1.67 and a specific 
surface area of 75 m”/g. The other was a 
calcium-deficient or “non-stoichiometric” 
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hydroxyapatite with a Ca/P ratio of 1.58 
and a specific surface area of 46 m”/g. 
These will be referred to as the HA and 
NHA cat,alysts, respectively. Both could be 
regenerated in a flow of dry helium at 
500°C for 15-20 hr (the trace oxygen im- 
purity was sufficient to remove hydrocar- 
bon residues). This was adopted as a stan- 
dard pret.reatment for the HA catalyst. It 
was also used for the NHA catalyst, but, 
in addition, a one-hour treatment with 
water (ca. 300 Torr in helium carrier) at 
350°C was necessary to restore its maxi- 
mum activity for dehydration. The NHA 
catalyst became dehydroxylated below 
500°C with formation of pyrophosphate 
groups; this decreased the dehydration ac- 
tivity by a factor of two or three. 

Apparatus 

The microreactor has been described 
previously (18) ; it was used in the con- 
tinuous flow mode. Alcohols were separated 
from ketones and olefins on a 10 ft, 1/ in. 
column of 10% polypropylene glycol on 
60/80 mesh Chromosorb P at 85%100°C. 
The olefin products were further separated 
on a 30 ft, 3/fi in. column of 15% dimethyl- 
sulfolane on SO/SO mesh Chromosorb P 
operated at, 0°C. Ident’ifications were made 
from the retention times and by analysis 
with a Nuclide 6 in.-60” magnetic sector 
mass spectrometer. 

Procedures 

The dehydration and dehydrogenation 
rates of all of the alcohols were zero order 
in alcohol pressure between 5 and 100 Torr. 
Rates were taken as the limiting slopes of 
the conversion vs reciprocal flow rate curves, 
as the abscissa approached zero. The linear 
region extended to about 20% conversion 
for secondary and tertiary alcohols over 
the NH-4 catalyst, and to 50% conversion 
for primary alcohols. Over the HA catalyst, 
however, inhibition by product ketone was 
very strong so that conversions had to be 
kept below 5%. Even so, the dehydrogena- 
tion rates decreased rapidly with through- 
put so that’ it was necessary to extrapolate 
the rate data back to zero time and to make 
a separate run for each temperature. Con- 

sequently, the Arrhenius parameters for de- 
hydrogenation were less precise than those 
for dehydration where data at several tem- 
peratures could be determined during a 
single experiment. For primary alcohols, 
polymerization of the product aldehydes 
was so extensive on the HA catalyst that 
the rate data for dehydrogenation were not 
reliable, and side reactions also interfered 
with the dehydrat.ion reaction. Data for 
dehydration of n-propanol reported for the 
HA catalyst are probably reliable at the 
high temperature extreme, but the low tem- 
perature data and the corresponding Ar- 
rhenius parameters may have been altered 
by the dehydrogenation reaction. Olefin 
product distributions were reasonably inde- 
pendent of flow rate for the linear alcohols, 
but branched olefins such as 2-methyl-l-bu- 
tene and 2-methyl-2-butene were easily 
equilibrated. Initial distributions were ob- 
tained by extrapolation of the olefin ratios 
to zero reciprocal flow rate. 

RESULTS 

Over the calcium-deficient hydroxyapa- 
tite catalyst, dehydration was the only rc- 
action observed. Both dehydration and de- 
hydrogenation occurred over stoichiometric 
hydroxyapatite, with dehydrogenation fa- 
vored at lower temperatures. On both cata- 
lysts, the major dehydration products from 
alcohols having a p-hydrogen were those 
at.tributable to p-elimination, i.e., 

No other products were formed by tertiary 
alcohols. As shown in Table 1, primary and 
secondary alcohols also yielded olefins 
which required hydrogen or alkyl group mi- 
gration when passed over the NHA catalyst, 
and ring closure to cyclopropanes was found 
in dehydrations involving primary alcohols. 
The temperatures required for dehydration 
increased in the order tertiary < secondary 
< primary; tertiary alcohols were dehy- 
drated at 15&25O”C, secondary alcohols at 
25@-35O”C, and primary alcohols at 300- 
400°C. No ethers were formed from any of 
the alcohols. Since the dehydrations were 
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TABLE 1 
PRODUCT DISTRIBUTIONS IN ALCOHOL DEHYDRATION OVER A CALCIUM-DEFICIENT HYDROXYAPATITE 

CATALYST (G/P = 1.58)a 

Alcohol* ,%Elimination productsc Other productsd 

t-Butyl 
tBenty1 
2-Propyl 
2-Butyl 
ZPentyl 
3-Pentyl 
(3-Methyl-2-Butyl) 
Ethyl 
1-Propyl 
1-Butyl 
1-Pentyl 
Isobutyl 
Isopentyl 
(2-Methyl-1-Butyl) 

Neopentyl 

iB 100% 
2MB 100% 
~-&HI 100% 
nB 100% 
nP 100% 
2P 98% 2% 1p 
(3MlB + 2M2B) 80% 2Ooj, 2MlBc 
CzHr 100% 
n&H, 98% 2y0 cycle-CaHo 
1B 80% 20% 2B, c/t = 1.2 
1P 80% 2Oa/o, 2P, c/t = 0.9 
iB 90% 10% nB, 3:3:4 = lB:t2B:c2B 
3MlB 85oj, 11% 2M2B, 4y0 2MlB 
2MlB 70% (15y0 2M2B,c 1% 3MlB, 10% nP, 2’% tDMC, 

2% CJL + CJ&) 
No p-hydrogen (70% 2MlB, 28% 2M2B, 1.5% iB, 0.5% 

3MlB and/or gDMC) 

a Results for secondary and tertiary alcohols were much the same over the stoichiometric catalyst (Ca/P = 
1.67), except that somewhat smaller amounts of “other products” were produced. Primary alcohols were 
not studied extensively because the aldehydes produced by dehydrogenation underwent secondary reactions 
which complicated separation and produced catalyst poisons. 

* Tertiary alcohols at 181”C, secondary alcohols at 282”C, and primary alcohols at 352°C. 
cn = normal, i = iso, M = methyl, DM = dimethyl, B = butene, P = pentene, C = cyclopropane, 

t = trans, c = cis, g = geminal. 
d Some of thii product may be formed by isomerization. 

zero order in alcohol pressure, the rate con- 
stants have the units of the rates themselves. 

In Table 2 zero order rate constants are 
presented for dehydration of fifteen alcohols 
over the NHA catalyst. The rate constants 
are given relative to those for 2-propanol, 
as log (k/c,,) at three temperatures charac- 
teristic of the three ranges for the different 
alcohol types. Arrhenius constants are given 
for the variation of rate constant with tem- 
perature for each alcohol, as obtained from 
least squares fits of the relation: 

log k= log A-E (l/2.3 RT) 

(2) 
Rate constants for temperatures not covered 
by experimental data were calculated using 
Eq. 2. Thus, columns 3, 4, and 5 include 
some data obtained by extrapolation. The 
sum of the Taft u* values for the alkyl 
groups at the a-carbon, relative to S-Q” = 
0.49 for the three groups (two methyl, one 

hydrogen) of 2-propanol, are listed in col- 
umn 2 as (u” - a,*),. The relative rate 
constants for dehydration followed the Taft 
equation (19) in the form: 

This is 
230°C 
-5 at 
to -4 

b(k/k,)=p*(o*-ur) (3) 

illustrated in Fig. 1 for the data at 
(103JT = R). The pb* value was 
that temperature and it decreased 
at 350°C. As shown in Fig. 2, the 

activation energies themselves were corre- 
lated with the uu+ parameter, although three 
secondary alcohols had relatively low acti- 
vation energies and appeared to define a 
separate line (in compensation for their low 
activation energies, each had a low A fac- 
tor as well). 

Over the stoichiometric hydroxyapatite, 
3-pentanol yielded traces (<0.50/o) of l- 
pentene, and 3-methyl-2-butanol produced 
about 10% 2-methyl-1-butene. These were 
the only products found which could not 
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TABLE 2 
EFFECTS OF ~-SUBSTITUTION ON DEHYDR.~TION OF ALCOHOLS ovm .I CAL~IUM-UEFICIENT 

HYDROXYAP~TITE (Ca/P = 1.58) 

log (k/W 

Alcohol (IT* - uo*)oa 103/T = Rd 10$/T = 1.8 103/T = 1.6 EC log AC 

Ethyl 0.49 -2.79 -2.35 -1.89 41.7 5.9 
Propyl 0.39 -2.16 -1.79 -1.39 40.1 5.8 
Butyl 0.375 -1.83 -1.51 -1.15 39.0 5.7 
Isopentyl 0.365 -1.98 -1.63 -1.26 39.4 6.1 
Pentyl 0.36 -1.81 -1.47 -1.12 39.0 5.7 
Isobutyl 0.30 -1.62 -1.28 -0.91 39.4 5.7 
2-Methyl-l-B&y1 0.28 -1.16 -0.86 -0.53 38.5 6.1 
Neopentyl 0.19 -1 .35 -1.07 -0.78 37.8 5.6 
2-Propyl 0 31.0 4.0 

(ko, mole/m*/sec) (3.7 ; lo-lo) (6.8 “x 10F9) (1.6 “x lo+) 
2-Butyl -0.10 0.48 0.39 0.29 28.9 3.6 
2-Pentyl -0.115 0.15 0.19 0.23 32.0 4.6 
3-Methyl-ZButyl -0.19 0.91 0.76 0.60 27.4 3.4 
3-Pentyl -0.20 0.92 0.92 0.93 31.2 5.0 
t-Butyl -0.49 2 36 2.21 2.06 27.5 4.9 
t-Pent,yl -0.59 3.14 3.00 2.85 27.5 5.6 

;;I:;:; -5.1 0.994 -4.5 0.992 -3.9 0.985 

0 Taft, uu* values (19) for subst,itution at the a-carbon atom (additivity of u* assumed for multiple sub- 
stitution), relat,ive to 2-propanol. 

b Rate constant ratio for total dehydration, at specified temperature. ko is for propylene from 2-propanol. 
c Arrhenius constants from least squares fits of log k = log A - [(E/2.3R) (103/T)]. E is in kcal/mole, 

with standard deviation & 1 kcal/mole for most alcohols. Both k and A are in units of mole/m2/sec, with 
standard deviation of log A k 1.5 or less. 

d R = 1.987. 
o Constants from least squares fits of log(klkO)Y = (pu*),(u* - UO*).. Standard deviations of (P~*)~ were 

* 0.2. 
J Correlation coefficients for least squares fits made in e. 

be attributed to p-elimination. Rate con- 
stant data for dehydrations over the HA 
catalyst are given in Table 3. A linear plot 
of log (k/k,) vs ((T* - Q++) for a-substitu- 
tion was found (Fig. 3) at 395°C (103/T = 
1.5) , from which a value of pux = - 2.3 was 
derived. Only the data for the primary alco- 
hols were obtained experimentally at that 
temperature, however, and at 282°C 
(103/T = 1.8) the LFER plots had con- 
siderable curvature as both primary and 
tertiary alcohols had lower activation ener- 
gies than the secondary alcohols and their 
rate constants increased relative to those 
of the standard 2-propanol. Thus, for the 
range between primary and secondary alco- 
hols, pn* = 1.5, while for that between the 
tertiary and secondary alcohols pan = -3. 

The overall value calculated for all of the 
data was -2.5, i.e., just a little higher than 
the value obtained at the higher temper- 
ature. Secondary and tertiary alcohol de- 
hydrations at 282°C were l&100 times 
faster on NHA than on HA. 

One method of determining the effects of 
,f3-substitution is to compare the appropriate 
dehydration rates for a series of different 
alcohols. Since the U* values for P-substi- 
tution are strongly correlated with the val- 
ues for a-substitution (with up* z 5 U~* as 
can be seen in Table 4)) the relative rate 
constants will necessarily give a linear re- 
lation with ~0% if they do with ma+. The vari- 
ation of log (k/k,) vs (a” - gaoQ)p for l- 
olefin formation (p-elimination) from 
primary alcohols over the NHA catalyst 
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is given in Table 4 and is shown in Fig. 4. is given in Table 4 and is shown in Fig. 4. 
At 282”C, values of pp* = - 1.2 and per* = At 282”C, values of pp* = - 1.2 and per* = z 40 - 

-6.0 were derived; the latter is about 30% -6.0 were derived; the latter is about 30% 
larger than the pa* larger than the pa* value for total dehy- value for total dehy- 
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FIG. 1. Variation of alcohol dehydration rate 
constants with Taft u* (Ref. 19) for reactions over 
calcium-deficient hydroxyapatite at 230°C. The 
reference compound is isopropanol and the data 
(Table 2) are for cu-substitution. 

FIG. 2. Variation of activation energy with Taft 
U* (Ref. 19) for alcohol dehydration over calcium- 
deficient hydroxyapatite. The reference compound 
is isopropanol and the data (Table 2) are for LY- 
substitution. 

dration at this temperature given in Table 
2. Variations of p-elimination rate constants 
for secondary alcohols are compared for 
the two catalysts in Fig. 5. At 282”C, the 
value of pp* = -1.0 for the NHA catalyst 
is in good agreement with that for the pri- 
mary alcohols. For the HA catalyst, p,3* = 

TABLE 3 
EFFECTS OF ,X-SUBSTITUTION ON DEHYDRATION OF ALCOHOLS OVER STOICHIOMETFLIC 

HYDROXYAPATITE (Ca/P = 1.67) 

1ogWW 

Alcohol (u* - uo*)(2a 103/T = 1.8 103/T = 1.5 EC log AC 

Propyl 0.39 -0.50 -0.85 29.0 1.8 
2-Propyl 0 0 0 34.2 4.4 

(ko, mole/m2/sec) (7.9 x lo+) (1.4 x 10-7) 
2-Bu tyl -0.10 0.11 -0.02 32.0 3.6 
2-Pentyl -0.115 0.32 0.27 33.5 4.4 
3-Methyl-BButyl -0.19 0.35 0.11 30.4 3.2 
3-Pentyl -0.20 0.27 0.05 30.8 3.2 
t-Butyl -0.49 1.64 1.23 28.6 3.8 
t-Pentyl -0.59 1.80 1.38 27.7 3.6 
;;~:,':: -2.5 0.94 f 0.3 -2.3 0.96 f 0.2 

a As defined in Table 2. 
b As defined in Table 2. 
c As defined in Table 2. Standard deviations of k 2 kcal/mole for E and Z!I 2 for log A are higher than those 

for Table 2. 
d As defined in Table 2; standard deviations are shown. 
e As defined in Table 2. 
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-0.5 
(6 :o*)a 
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FIG. 4. Variation of p-elimination rate constants 
FIG. 3. Variation of alcohol dehydration rate with /&substitution. Intermolecular comparisons of 

constants with Taft o* (Ref. 19) for reactions over primary alcohol dehydration over calcium-deficient 
stoichiometric hydroxyapatite at 395°C. The refer- hydroxyapatite at 282°C. The reference compound 
ence compound is isopropanol and the data (Table is ethanol and the data (Table 4) are for p- 
3) are for a-substitution. substitution. 

TABLE 4 
EFFECTS OF fi-SUBSTITUTION ON ALCOHOL DEHYDRATION OVER HYDROXYAPATITIG. INTERMOLECULAR 

COMP.~RISONS OF @-ELIMIN.4TIONS 

A. Primary alcohols : 
log(k/ko)c, NHA catalyst 

(a* - ua*)f (m* - uo*)y” 03/T = 1.8 103/T = 1.6 

Ethyl 0 0 0 0 

Propyl -0.49 -0.10 0.57 0.50 

Butyl -0.59 -0.115 0.68 0.65 
Pentyl -0.605 -0.13 0.78 0.69 
Isopentyl -0.68 -0.125 0.70 0.56 
Isobutyl -0.98 -0.19 1.05 0.96 
2-Methyl-l-Butyl -1.08 -0.21 1.35 1.21 

r* J r* f 
(Ps*)Td 
(Pa*)re 

B. Secondary alcohols: 

(-1.2) 0.98 (-1.1) 0.98 
(-6.1) 0.99 (-5.5) 0.99 

log(&/ko)c at 103/3’ = 1.8 

(u* - aa*)ga (u* - UO*)~~ NHA catalyst HA catalyst 

2-Propyl 0 0 
2-Butyl -0.49 -0.10 
3-Met’hyl-2-Butyl -0.98 -0.19 

0 0 
0.49 0.21 
1.01 0.40 

r*f r* f 

-1.03) 0.99 (-0.41) 0.99 
-5.3) 0.99 (-2.1) 0.99 

(1 Taft co* values (19) for substitution at p-carbon. 
b Taft Us* values (1.9) for substitution at a-carbon. 
c Rate constant ratio for p-elimination from substituted carbon. 
d Constant from least squares fit of log(k/ko) = po*(u* - UO*)B. 
8 Constant from least squares fit of log(k/ko) = pa*(u* - co*).. 
f Correlation coefficients for fits made in d and e. 
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I.0 ,NHA Catalyst 
I 

I I I 

-1.0 -0.5 
(ObO*)B O 

FIG. 5. Variation of p-elimination rate constants 
with ,&substitution. Intermolecular comparisons of 
secondary alcohol dehydration at 282°C. The refer- 
ence compound is isopropanol and the data (Table 
4) are for p-substitution. 

-0.4 and pa* = - 2.1 at the same temper- 
ature. The effects of ,&substitution on 
(total) p-elimination rates are therefore 
predictable from the effects of 
cY-substitution. 

A more subtle effect of p-substitution is 
on the selectivity between alternate modes 
of p-elimination from secondary and ter- 
tiary alcohols. A negative value of pp* for 

TABLE 5 
EFFECTS OF fi-SUBSTITUTION ON ALCOHOL 

DEHYDRATION OVER HYDROXYAPATITE. 
INTRAMOLECULAR COMPARISON OF 

&ELIMINATIONS 

log(k/kO)a at 
103/T = 1.8 

Alcohol 
NHA HA 

(u* - co*)@” catalyst catalyst 

2-Butyl -0.49 0.33 0.27 
2-Pentyl -0.59 0.27 0.21 
3-Methyl-2-Butyl -0.98 0.62 0.33 
tPenty1 -0.49 0.32 0.17 
PB* c -0.61 -0.36 
r&4* d 0.99 0.97 

a Taft ub* values (19) for group on substituted 
carbon, relative to hydrogen (on methyl carbon). 

b Ratio of rate constant for elimination from the 
substituted group to that for elimination from the 
methyl group. Values for t-pentanol corrected by 
multiplying lc/ko by two. 

c Constant for least squares fit of log k/k0 = 
PB*(a* - uo*)8. 

d Correlation coefficient for fit made in c. 

alkyl group substitution would be associated 
with Saytzeff (12) and a positive value with 
Hofmann (II) orientation when comparing 
elimination from two branches of an alco- 
hol. Data concerning this type of selec- 
tivity are given in Table 5 and are plotted 
in Fig. 6 for both catalysts. The less sub- 
stituted group in each case studied was 
methyl, so all of the alcohols had the same 
reference group. Over the NHA catalyst at 
282”C, the pp* value for this intramolecular 
,&substitut,ion was - 0.6, while it was - 0.3 
over the HA catalyst. Saytzeff (12) orien- 
tation was therefore favored over both 
catalysts and a LFER relation was obeyed 
for each. Comparison of the data in Figs. 
5 and 6 shows that P-substitution also ac- 
celerated elimination from the unsubstituted 
,&carbon over the NSA catalyst, and that 
the pp* values were much larger for an inter- 
molecular comparison than for an intra- 
molecular comparison. Over the HA cata- 
lyst the effect was mainly localized in the 
substituted branch and the pp* values were 
more nearly equal for the two types of 
comparison. 

Another type of product selectivity in 
dehydrations of secondary alcohols is cis/ 
trans selectivity in 2-olefin formation. Data 
for this are presented in Table 6. Compari- 
sons of cis/trans ratios among the three 
alcohols studied, as well as activation energy 
differences between cis-2-olefin and trans-2- 
olefin formation were fairly precise. The 

I 

0.0 - 0.0 - 

FIG. 6. Variation of p-elimination rate constants 
with p-substitution. Intramolecular comparison of 
secondary alcohols at 282°C. The reference com- 
pound was isopropanol and the data (Table 5) are 
for ,8-substitution. 
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TABLE 6 
&/tram I~ATIOS IN DEHYDRATIONS OF SECONDARY ALCOHOLS OVER HYDROXYAPATITE 

Alcohol Catalysta Ratio* 
Value at 

282°C (E‘ - E,)c (-&/Add 

2-Butyl NHA c2B/t2B 1.46 2.6 
HA 1.43 2.3 

2-Pentyl NHA c2P/i2P 1.12 2.2 
HA 1.08 2.4 

Y-Pentyl NHA c2P/t2P 0.91 2.0 
HA 0.93 2.3 

a NHA = hydroxyapatite with Ca/P = 1.58. 
HA = hydroxyapatite with Ca/P = 1.67. 

bc = cis, t = trans, B = butene, P = pentene. 
c Activation energy difference, kcal/mole. 
d Ratio of preexponential factors, from (&/tram) = (AC/At) exp (Et - E,)/RT. 

0.14 
0.18 
0.15 
0.13 
0.15 
0.11 

absolute values of the ratios varied by as 
much as 50% from those given in the table, 
depending upon the state of the catalyst. 
Comparisons between catalysts were there- 
fore difficult, but the data in Table 6, which 
are averages of many runs, indicate that 
there was no significant difference between 
the NHA and HA catalyst with respect to 
&s/bans ratios. For both catalysts, intro- 
duction of larger alkyl groups decreased the 
&s/tram ratio. This is apparently due to a 
lower activation energy difference favoring 
the c&-2-olefin over the NHA catalyst, 
whereas it seems to be related to a lower 

frequency factor ratio with the HA catalyst. 
The data were not sufficiently precise, how- 
ever, for such distinctions to be considered 
established. 

Dehydrogenation 

The stoichiometric hydroxyapatite dehy- 
drogenated primary alcohols to aldehydes 
and secondary alcohols to ketones. Under 
most of the conditions investigated, these 
reactions were faster than dehydration over 
a fresh catalyst. Condensation reactions 
were even faster for the aldehydes formed 
from primary alcohols so that. the major 

TABLE 7 
EFFECTS OF a-SUBSTITUTION ON DEHYDROGENATION OF ALCOHOLS OVER STOICHIOMETKIC 

HYDROXY~PATITE (Ca/P = 1.67) 

Alcohol (a* - u*o)‘?. 

2-Propyl 0 
(k,, mole/ml/set) 

2-Butyl -0.10 
2-Pentyl -0.115 
3-Methyl-2-Butyl -0.19 
3-Pentyl -0.20 

103/T = 1.8 

(i.9 x 10-9) 
-0.03 
-0.12 
-0.29 
-0.13 
+1.11 (*0.08) 

0.79 

10$/T = 1.5 EC log AC 

(F.7 x 24.0 1.2 10-T) 

-0.18 21.7 0.2 
-0.15 23.4 0.8 
-0.37 23.3 0.6 
-0.24 22.3 0.3 
+1.52 (50.06) 

0.91 

a As defined in Table 2. 
b Ratio of dehydrogenation rate constants at specified temperat’ure. ko is for acetone from 2-propanol. 
c As defined in Table 2. Standard deviations of E were +_ 2 kcal/mole, standard deviations of log A were 

,2. 
d As defined in Table 2. Standard deviations are shown. 
* As defined in Table 2. 
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products were often neither aldehyde nor 
olefin. Hence, the rate data for these dehy- 
drogenations were not very reproducible. 
Secondary reactions of ketones were much 
slower and the data more reliable. Some 
zero order rate constants for secondary alco- 
hol dehydrogenation are reported in Table 
7. The activation energies were lower than 
those for dehydration by 7-10 kcal mole-‘, 
and the A factors lower by a factor of 
about 103. Only one ketone product was 
formed from each alcohol, according to 
Eq. 4: 

OH 0 

R&R2 * R,-LR2+H2 (4) I 

Molecular hydrogen, not water, was formed 
as expected since no reduction of hydroxy- 
apatite is possible. The relative rate con- 
stants at 395°C (103/T = 1.5) varied in 
accord with uay+ for cY-substitution as shown 
in Fig. 7. The positive value of pa* obtained, 
1.5, suggests that a negative charge is de- 
veloped at the a-carbon in the transition 
state for dehydrogenation. It may be com- 
pared with the value of pa* = -2.3 at the 
same temperature for dehydration. At 
282”C, the corresponding values were pa* = 
-2.5 for dehydration (of secondary alco- 
hols). The range in ua* values (0.2) was 
quite small for dehydrogenation, and the 

0.0 

-0.1 

a$ so 2 

-0.3 

-0.4 

0 

0 

/ 

0 
0 

0 I I , 
-0.2 -0.1 0.0 

(-*- 4, 

FIG. 7. Variation of alcohol dehydrogenation 
rate constants with Taft u* (Ref. 19) for reactions 
over stoichiometric hydroxyapatite at 395°C. The 
reference compound was isopropanol and the data 
are for n-substitution. 

correlation coefficients were not as high as 
those for dehydration. 

DISCUSSION 
The relative rate constants for most ole- 

fin-forming eliminations from a-methyl sub- 
stituted compounds fall in the order (15, 
20) : 

tbutyl >> isopropyl >> ethyl. 
The induction of an a-methyl group has an 
adverse effect on the acidity of P-hydro- 
gens (13) but helps stabilize a positive 
charge at the a-carbon; through hypercon- 
jugation, an a-methyl group will also help 
stabilize the double bond as it is formed. 
The increasing positive charge on the a-car- 
bon tends to shift the mechanism towards 
the El extreme (14). As shown in Table 8, 
not only the order but the magnitudes of 
the relative rate constants for reactions of 
a variety of a-methyl substituted com- 
pounds are nearly the same for several 
quite different conditions. These data may 
be correlated by the Taft equation (16, 19), 
leading to negative values of pa* (-2 to 
-3). Hence, these reactions may all be 
classed as concerted, but with an appreci- 
able amount of charge separation in their 
transition states. After Maccoll (15), we 
would refer to them as “quasiheterolytic.” 
The data for alcohol dehydration over the 
calcium-deficient hydroxyapatite are in re- 
markable agreement with those for both 
gas-phase and solution reactions (Table 8). 

The effects of ,8-substitution depend 
much more upon the reaction mechanism 
than do those of a-substitution. A P-methyl 
group will tend to stabilize a partially- 
formed ,~,8 double bond in an E2 transition 
state, just as will an a-methyl group. Its 
stabilizing influence on a positive charge at 
the a-carbon will be much weaker, how- 
ever, while its adverse effect on P-hydrogen 
acidity will be much stronger (IS). Thus, 
,&methyl substitution should cause a smaller 
rate increase than an a-methyl substitution. 
In fact, for transition st.ates on the ElcB 
side, for which C-H bond breaking is fur- 
ther advanced than the C-X bond breaking 
at the a-carbon (14)) ,&methyl substitution 
will retard the rate of elimination. Thus, 
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TABLE 8 
EFFECTS OF ALKYL SUBSTITUKNTS ON ELIMINATION RATE CONSTANTS 

Relative rate constants 

Catalyzed alcohol Solution reactions 
dehydration (E2, by OEt-) 

-. Gas phase pyrolysis 
Alkyl NHA Sulfoniume 
group HBra catalyst* Acetate” Formatec Bromided ion Bromide8 

Ethyl 1 1 1 1 1 1 1 
2-Propyl 25 26 26 (24) 20 140 23 10 
t-Butyl 1600 2000 1000 (2000) 720 10,000 590 120 
Few, “Cl 440 440 400 400 440 45 25 

2-Propyl 1 1 1 - 1 1 1 
2-Butyl 2.0 1.5 0.96 (1.6) - 1.7 0.7, (2.0)' 1.5 
Few, "Cl 446 440 SO8 (411) 440 64 2.5 

t-Butyl 1 1 1 1 1 1 
t-Pentyl 1.7 6.0 1.5 (2.5) - 2.4 0.7, (4.6)' 4.2 
iTem, “Cl 361 361 237 (311) 361 25 25 

Orientationg ISI s T-T PI II [Sl s 

a Homogeneous, bimolecular gas phase reaction. From data of Stimson (21-66). 
b Reaction over calcium-deficient (Ca/P = 1.58) hydroxyapatite. 
c Unimolecular gas phase reactions. Data of Maccoll (27) and Scheer et al. (28) (in parentheses), taken 

from Ref. 16. 
d Data of Thomas (,W), Maccoll and Thomas (30), and Sergeev (31), taken from Ref. 15. 
c In dry ethanol. Data of Hughes et al. (13). 
1 For unimolecular El reaction in same solvent. Data of Hughes et al. (13). 
!J S = Saytzeff orientation, H = Hofmann orientation. Brackets indicate products may have isomerixed. 

positive pp* values result in correlations of 
ethyl, proml, and isobutyl elimination 
rates from positive ions such as alkylam- 
monium and alkylsulfonium ions (13). In 
these cases, st’eric effects have also been 
proposed (32, 33) to account for Hofmann 
elimination. While Hofmann elimination is 
characteristic of ElcB-like states, those on 
the El-side, as evidenced by a negative 
pa* value for overall rates, may also follow 
the “generalized” Hofmann rule. For in- 
stance, t-pentyl acetate undergoes elimina- 
tion considerably faster than t-butyl acetate 
(Table 8), but the product from t-pentyl 
acetate pyrolysis is mainly 2-methyl-l- 
butene (15). The necessity, in acetate 
pyrolysis, that the leaving group also be 
the base which abstracts the P-proton evi- 
dently introduces steric factors which lead 
to t,he Hofmann-rule product. 

The expectations for olefin-forming elimi- 

nations catalyzed by polar surfaces are 
that a-substitution should increase reaction 
rates of normal, “quasi-heterolytic” elimi- 
nations. This has indeed been found for 
many reactions on many surfaces (2, 9, 
34). For most eliminations from neutral 
molecules such as esters, halides, and alco- 
hols, the leaving group is sufficiently electro- 
negative to expect that the reaction mecha- 
nism will be on the El side, and that 
Saytzeff orientation and increases in rate 
with ,G-substitution should be common. 
Hofmann orientation would not be expected 
unless the catalysts’ basic centers were very 
strong and its acid centers weak (mecha- 
nism on the ElcB side), or unless steric 
requirements were very important. Both 
Hofmann and Saytzeff orientations have 
been observed (2, 34,35). 

Considering only an alcohol molecule, it 
is difficult to think of reasons why more 
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cis-olefin might be produced than trans. 
Eclipsing of IY- and ,&alkyl groups, which 
is necessary when cis-olefins are formed via 
transition states with significant double 
bond character, or by syn-elimination, is 
not a factor in the formation of the trans- 
olefin. Special interactions which alter the 
picture may occur when a solid surface 
intervenes. Thus, high cis/trans ratios have 
been found (4) for anti-elimination from 
2-butanol over alumina, because most of 
the molecular configurations which could 
produce trans-2-butene require a methyl 
group to be directed into the surface. Cis- 
selectivity should be traceable to a lower 
activation energy for this pathway. 

The factors influencing syn- and anti- 
elimination are not fully understood, even 
for homogeneous reactions (35, 41). The 
gauche configurations of the molecule are 
lower in energy than the eclipsed configura- 
tions which are necessary for syn-elimina- 
tion. Thus, when the latter is obtained, par- 
ticular interactions must be present which 
compensate for this energy cost, e.g., the 
formation of a closed ring involving charge- 
transfer interactions. In solution, syn-elimi- 
nation has been ascribed to ElcB transition 
states (43) and to steric factors (44). Bulky 
groups, both in the substrate molecule and 
in the attacking base, can influence the di- 
rection of the elimination (36, 44). In this 
connection, a solid surface should present 
very pronounced steric requirements so that 
syn-elimination might be expected to be 
common. Actually, the opposite is true 
(2, 9, 34) although complete stereospecific- 
ity has not been found for any sllrface-cata- 
lysed reaction (34, 42). A possible rationale 
is that, anti-elimination occurs when a sur- 
face anion vacancy is filled by the hydroxyl 
group of the adsorbing alcohol, as with 
alumina (@) , and that syn-eliminations 
will occur with a Bronsted acid when a 
cyclic transition state is formed involving 
the alcohol and the acidic surface OH. 

Dehydration over hydroxyapatite was 
found to obey the Saytzeff rule. The effects 
of both 01- and p-substitution were greater 
on the more acidic NHA than over the HA 
catalyst. ,&substitution also accelerated 
elimination from unsubstituted branches of 
secondary and tertiary alcohols over NHA, 

while its effect was mainly localized in the 
substituted branch over HA. These findings 
were consistent with an “El-like” transition 
state for both catalysts, with the mechanism 
over HA being more nearly synchronous, 
i.e., with a lower positive charge developed 
on the a-carbon. 

Syn-elimination was shown to be the pre- 
ferred mode over NHA, and a kinetic iso- 
tope effect, k&c, = 1.5 at 3OO”C, was re- 
ported (@) for elimination of a P-hydrogen. 
The stereoselectivity was not complete; 
larger amounts of anti-elimination products 
were obtained than is usual for syn-elimina- 
tions in homogeneous systems. Lack of com- 
plete stereoselectivity in surface react,ions 
has been suggested (34) to be caused by 
competition from a nonselective El mecha- 
nism. In our view, it is possible both for 
El surface reactions to be selective and E2 
reactions, nonselective. Hence, a lack of 
stereoselectivity does not necessarily imply 
a transition state in which the identities of 
/3-hydrogens are lost. 

The cis/trans ratios in 2-olefin formation 
were nearly identical for both catalysts at 
a given temperature (Table 6). As in many 
surface-catalyzed dehydrations (2, 34)) the 
cis-&olefins were formed as fast or faster 
than the corresponding trans-2-olefins. The 
data show that this was due to lower acti- 
vation energies (2-3 kcal/mole) for the for- 
mation of the cis-2-olefins than for either 
trans-2-olefins or 1-olefins (matched by 
lower A-factors). As noted above, it is diffi- 
cult to conceive of steric intramolecular in- 
teractions which would favor formation of 
the ci.s-2-olefins. Therefore, steric interac- 
tions with the surface probably play a con- 
trolling role. Such factors are known (45) to 
lead to ci.s/trans ratios near unity in the 
isomerization of 1-butene via an El 
mechanism. 

The rate constant data in Tables 2 and 
3 were for zero order kinetics (18) and thus 
represent the reactions of surface species. 
Changes in A-factor ratios due to surface 
coverages should not be important, nor 
should heats of adsorption be included in 
the activation energies. The A-factors for 
primary alcohol dehydration did not vary 
more than a factor of 2 from the mean 
value, and for all fifteen alcohols dehy- 
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drated over NHA, the average deviation 
from the mean value of log A was only 0.7 
(a factor of 5). The major factor affecting 
the dehydration rates on both catalysts was 
the activation energy. The range of activa- 
tion energies on NHA was 14.2 kcal/mol, 
corresponding to a rate difference of 4 X 
lo5 at 282°C. 

Comparing catalysts, it is seen that the 
activation energy differences for tertiary 
alcohols were very small, and that the dif- 
ferences in dehydration rates were mainly 
due to differences in the A-factors. The lat- 
ter were l&l00 times greater on NHA 
than on HA, comparable to similar differ- 
ences in the numbers of HP0,2- ions (17, 
18) and in the number of carbonium ions 
which could be formed from indicators such 
as trianisylcarbinol (17). There was a defi- 
nite trend in the differences in A-factors 
between the two catalysts depending, upon 
alcohol structure, with smaller differences 
for lesser degrees of substitution. At the 
same time, activation energy differences 
increased, so that the activation energies 
for secondary alcohols were 2-3 kcal/mole 
lower on NHA than on HA. This suggests 
that the dehydrations became progressively 
more dependent upon the intensive proper- 
ties of the catalyst (acidities) as the alcohol 
molecule itself became less able to ionize, 
but that for more readily ionized molecules 
such as t-butanol, the number of acid sites 
was more important. These findings sug- 
gest that a distribution of sites of varying 
acidity arc present on the catalyst surface. 

The differences between secondary and 
tertiary alcohol dehydration can be related 
to differences in t’he ease of forming second- 
ary and tertiary carbonium ions. It was 
found, for example, that 2-methyl-I-butene 
and 2-methyl-2-butenc were readily inter- 
converted over both catalysts although at 
much slower rates over HA. Linear olcfins 
and 3-methyl-1-butene were not isomerized 
at 300°C. Since the t-pentyl ion is lo-15 
kcal/mole lower in energy than the 3- 
methyl-2-butyl ion (46) in acid solutions, a 
similar energy difference may be expected 
on hydroxyapatite. Consequently, tertiary 
alcohols may be dehydrated via carbonium 
ion formation (El mechanism), but this 

pathway is not possible for secondary or 
primary alcohols. The latter must be dehy- 
drated in concerted reactions, although these 
may be on the El side (14). 

As with some other oxide systems, ex- 
tensive dehydration of the NHA catalyst 
lowered its dehydration activity, Hence, the 
involvement of OH groups at the surface 
seems probable and the exchange mecha- 
nism of Eucken and Wicke (3-G) can be 
applied to the dehydration of alcohols over 
hydroxyapatite, i.e., 

R, R3 I2 I R? R3 
I I R,-C-C-R4 I ‘t\ Fl-C=C-Rd 

I 

H 
CoH 

HOH 

H _) H (5) 

oe A 
1 

‘M’ 
“\/ 

It is possible that only one surface oxy- 
gen (the acidic hydroxyl group) is involved. 
The cyclic six-membered ring transition 
state which would be formed in the latter 
case has also been postulated for acetate 
pyrolysis (47) and HBr-catalyzed alcohol 
dehydrations (15, 21-Pfi), i.c., 

RZ R3 R2 Rj 
I I I I 

R,-.c.r.c,,-RJ 
tY 

R,-~zC--R1 
b H’ ‘O-H 

:. o.‘ ; . . . .’ (6) 

‘CHJ 
BV..H’ 

A cyclic transition state is attractive in 
that it provides a ready explanation for 
syn-elimination. 

A survey of the literature reveals that 
the substituent effects on rate constants of 
many surface-catalyzed olefin-forming re- 
actions may be correlated by the Taft 
Eq. 3 (48-63). Most of these results yielded 
negative values of pnK (between -2 and 
-8) ; like the examples in Table 8, the re- 
actions were “quasi-1leterolytic.” Alcohol 
dehydration over hydroxyapatite was 
typical of these contact eliminations in that 
Saytzeff orientation and high ck/trans 
ratios were obtained. It was atypical in that 
the direction of elimination was syn, which 
has usually been associated with Hofmann 
orientation. 

Since the Taft equation is believed to 
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account solely for the inductive effects of 
a substituent at a saturated carbon atom 
(64)) it is surprising that it works so well 
for elimination reactions. In these, the hy- 
bridization at the a-carbon changes from 
sp3 t.o sp2 so that effects of resonance (hy- 
perconjugation) might be expected. Also, 
steric effects must be important in surface 
reactions. 

For o-methyl substitution, the effects of 
hyperconjugation should be in the same 
direction as inductive effects, and the same 
additive property seems to hold (6.5, 666). 
Likewise, steric effects are correlat.ed with 
u+ for small changes in the substituent. 
Thus, neither steric nor resonance interac- 
tions grossly change the relation with ua* 
and they may reinforce it. As most surfaces 
cannot aid a heterolytic reaction to the ex- 
tent that is possible by solvation in liquid 
media, the iductive effects of substituents in 
stabilizing or opposing a charge should be 
much more critical for the surface reactions. 
This will tend to overcome small perturba- 
tions by steric or resonance effects and re- 
sults in good correlations of rate constants 
with ua*. 

Alcohol dehydrogenation over hydroxy- 
apat,ite yielded positive (TV* values, in ac- 
cord with data from the literature (48, 56, 
57). Thus, high electron density at the (Y- 
carbon is implied for the dehydrogenation 
transition state, whereas that for dehydra- 
tion must have been electron deficient. This 
is in agreement with the expectation that 
heterolytic cleavage of the bond to oxygen 
is easiest in each case. 

Just as the dehydration mechanism may 
be pictured as a nearly concerted elimina- 
tion involving an acidic and a basic site, A 
and B respectively, i.e., 

+ ;C=C: + BH + AOH 

(7) 

so may we conceive of the dehydrogenation 
reaction as 

Ifi 
-;--C-O-H --\CJC=O + HA + HB 

I I (8) 

AdH 

In dehydration (Eq. 7), it is the C-O bond 
which is cleaved and the ,&hydrogen which 
is discharged to the basic site; in dehydro- 
genation (Eq. 8), it is the alcoholic proton 
which is discharged to the basic site and the 
a-hydrogen to the acid. The identification 
of sites A and B for dehydrogenation is not 
as certain as for dehydration, but it is clear 
that they both cannot be the same for both 
reactions. This is because when the reac- 
tions are occurring simultaneously they 
have different poisoning characteristics. For 
dehydrogenation, possible choices for A in- 
clude catalyst cations or the protons of 
HP0,2- groups ; choices for B are OH- and 
POd3- groups. 

In the apatite structure, monovalent 
anions (F-, Cl-, OH-) occupy column posi- 
tions at or near the centers of calcium ion 
triangles (67, 68). Anion adsorption from 
aqueous solutions is very strong, especially 
by “stoichiometric” hydroxyapatite (69- 
74). The sites responsible are probably the 
calcium ion triangles because the adsorption 
is decreased by fluoride ion substitution 
(75). It is also decreased where there is a 
calcium ion deficiency (76). The effects of 
fluoride substitution and calcium ion defi- 
ciency on the anion adsorption properties 
are exactly paralleled by their effects on 
alcohol dehydrogenation activity (18, 77) . 
Dehydrogenation of primary and secondary 
alcohols was the predominant, mode of de- 
composition over HA (CaJP = 1.67)) 
whereas NHA (Ca/P = 1.58) was inactive 
for this purpose. Similarly, fluoriding HA 
eliminated its dehydrogenation activity 
while increasing that for dehydration (77). 

Alkoxide bands were found in the ir spec- 
tra (78) of 2-butanol adsorbed on hydroxy- 
apatite; these disappeared on heating HA, 
and carboxylate and adsorbed ketone bands 
appeared concommitantly. The latter were 
not observed with NHA because desorption 
or dehydration of the alcohol occurred in- 
stead. Similarly, carbonate bands appeared 
on HA, but were very weak or absent with 
NHA when CO, was adsorbed (78). The 
CO, adsorpt,ion and reaction was probably 
with the hydroxyl ions at the calcium ion 
triangles (79)) i.e., 
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and 

co2 + OH - --, HC03 (9) 

HC03- + OH- + COJ ‘- + H20 (10) 

Catalytic dehydrogenation and carbox- 
ylate formation may have also occurred at 
the calcium ion triangle sites, and the car- 
boxylate may have acted as a poison for 
dehydrogenation. Alkoxide formation may 
be visualized as 

/H 

/H 
R, -C--R2 

R,-C-R2 + Ca ‘+OH-Ca 
7+ + Ca2+~-Ca2+ 

+ HI0 
I 

OH Ca2+ Ca*+ 

(11) 

In the catalytic reaction, the a-hydrogen 
(H-) may combine with the proton of an 
adjacent HPO,*- group to yield Hz and the 
adsorbed ketone. An anion vacancy is 
created on desorption of the ketone, which 
may be used to carry on the catalytic chain 
by the dissociative adsorption of an alcohol 
molecule to recreate the alkoxide species of 
Eq. 11 and the HPOa2- group. The salient 
feature of this mechanism is the rate-de- 
termining hydride transfer from an alkoxide 
at the calcium ion triangle. A fluoride or 
carboxylate ion at the triangle site would 
render it ineffective for the dehydrogenation 
reaction. Consistent with the view that the 
transition state is negatively charged, e.g., 
as an alkoxide ion, is the positive pa* value 
obtained when dehydrogenation rate con- 
stants are correlated with the on* parameter. 
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