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The energetics and decomposition mechanisms o){0EtHs)CO~ and {-Pr)(GHs).CO™ have been studied
at the G2+, G3, and G3(MP2) levels of theory. It is found that the energies required for methane elimination
of (CHg)2(C;Hs)CO™ are less than that for ethane elimination, in agreement with experiment that only the

former reaction is observed. On the other hand, the energies required for ethane and propane eliminations of

(i-Pr)(GHs),CO™ are within 2 kJ mol' of each other. So both eliminations are likely, as observed
experimentally. Mechanistically, it is found that alkane dissociation of the tertiary alkoxide anions follows a
pathway similar to that of methane elimination for primary and secondary alkoxides. The dissociation starts
with detachment of a carbanion, followed by proton abstraction to form an alkane molecule, with-an ion
molecular complex being formed as an intermediate.

Introduction (CHy,(C,H5)CO™ — CH,CH=C(CH,)O™ + CH, (1a)
The decomposition of alkoxide anions has been studied fairly CH.).(C.H.)CO™ — CH.=C(C.H.)O™ + CH 1b

extensively both experimentaliy? and theoretically®-12 The (CHIA(C.Hy) 7~ C(GHg) 4 (1b)

dissociation mechanism of simple alkoxide anions has been (CH,),(C,H5)CO™ — CH,=C(CH,)O™ + C,H,q (1c)

investigated by collision-activated dissociation (CAD) which

showed that the elimination of alkoxide anions should proceed (;_py\(CH.).CO™ — CH.CH=C(C.H.)O™ + C.H 2a

via a stepwise pathwaly’ Besides, the technique of infrared (-P(GHy) s (GHy) M (23)

multiple photon (IRMP) photodissociation has also been applied (i-Pr)(CHs),CO — (CH,),C=C(C,H.)O™ + C,Hy (2h)

to study these dissociatiof8 Brauman and co-workers further

suggested that the initial bond breaking involved in the (i-Pr)(CHg),CO™ — CH,CH=C(i-Pr)O" + C,H, (2c)

dissociation of alkoxide anions should be heterolytic rather than

homolytic® On the other hand, different levels of theory have
also been employed to study the energetics and mechanism
on the hydrogen and methane eliminations of alkoxide affois.
Bowie et all%11have studied the mechanism of the elimination
reaction of ethoxide antert-butoxide anions. Also, we have
recently reportetf the energy barriers and reaction mechanisms
of hydrogen and methane elimination of several simple alkoxide
anions at the G2+13 and G3* levels of theory. All of these
findings are consistent with the results reported from experi-
ments. However, it appears that there is a lack of theoretical

This study attempts to answer some of the questions raised in

dur previous papét regarding alkoxide anion dissociations: (1)

When the anions are tertiary alkoxides, do their dissociations
proceed via a stepwise or a concerted mechanism? (2) Why is
the heterolytic cleavage more favorable than the homolytic one,
as deduced from experimental results? Also, we will attempt

to draw a conclusion on the dissociation mechanisms of primary,

secondary, and tertiary alkoxide anions.

Methods of Calculations

study on the methane, ethane, and propane eliminations from

tertiary alkoxide anions, and this is the subject we take up in
this work.

Here we study the following alkane eliminations of tertiary
alkoxide anions (Ch)2(C;Hs)CO~ and {-Pr)(GHs),CO™ at a
high theoretical level:

* To whom correspondence should be addressed.

All of the calculations were carried out on DEC 500au,
XP900, XP1000, as well as on an SGI Origin 2000 High-
Performance Server, using the Gaussial? 84d Gaussian 98
packages of programs. The computational models we employed
for (CH3)2(C;Hs)CO~ were the modified Gaussian-2 (&%)
and Gaussian-3 (G3) levels of theory. The details of these
theoretical models have been described in our previous ¥ork.
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TABLE 1: Heterolytic and Homolytic Bond Dissociation Energies of Various Alkoxide Anions at the G3 Levelb

(CoHs)(CH)C=0 + CHs™ - (CHz)2(CoHs)CO™ (1) - (CoHs)(CHZ)C=0" + "CHs
200.4 0 287.2

(CH3)20=O + CoHs™ - (CH3)2(C2H5)CCT (1) - (CH3)2C=07 + *CoHs
224.3 0 296.0

(i-Pr)(GHs)C=0+ CoHs~ - (i-Pr)(GHs)CO™ (7) - (i-Pr)(GHs)C=0"+ *C;Hs
209.5 0 264.1

(CoHs).C=0 + i-Pr e (i-Pr)(GHs)CO™ (7) nd (CoH5),C=0" + *i-Pr
197.8 0 263.4

@ The species shown in the first column are the products of a heterolytic cleavage of the alkoxide anions given in the middle column; those given
in the last column are the products of a homolytic cleavaddde values foi7 and all of the related species are calculated at the G3(MP2) level.

; : - TABLE 2: G2++ and G3 Total Energie$ (Eo), Enthalpies
Because of the large size of theRP(GHs),CO™ system, a (H209), and Standard Heats of Formation @ 0 K (AH%) and

less expensive variant of the G3 method, G3(MP2yas 298 K (AHC9s) of the Species Involved in the Fragmentation
employed for all of the stable and transition structures involved Reaction of (CHa)2(C2Hs)CO~ (1)

in the dissociation reactions. In the G3(MP2) model, structures AH% AHC%0s

are optimized at the MP2(Full)/6-31G(d) level and single-point  species  E, (hartree) Haos (hartree) (kI mot?)  (kJ mol?)
calculations at the QCISD(T)/6-31G(d) and MP2/G3MP2large 57186028 —27185153 2679 —2983

levels are carried out. Here G3MP2large is a basis set specially 27213111 —272.12251 —255.0 —285.9
designed for the G3(MP2) model. Furthermore, higher level (—300+ 13y
correction is also included to give th& of the system. The (—300+ 8.8f
MP2(Full)/6-31G(d) harmonic vibrational frequencies, scaled 2 —271.80964 —271.79810 —134.9 -—158.0

by 0.9661, are used for the zero-point vibration energy (ZPVE) (3a+ 3b)° :gi-ggégg :g%gg?g; —1245 -1480

correction &0 K (Ep = Ee + ZPVE). 57213394 —272.12288
Before proceeding further, some remarks are made regarding(aa + 4b)¢ —271.86325 —271.85233

the three chosen methods. It is noted that thet@&2model —272.13418 —272.12345
was specifically designed for anionic systems (recalling that G2 5 —271.80172 —271.79083 —114.1 —139.0
does not treat hydride anion satisfactori§)and the G2+ —272.07025 —272.05961  —95.3 —120.8

. ; 3 (6a+ 6b)? —271.85653 —271.84608
results obtained so far are quite godd? On the other hand, 57219743 —272.11725

the G3 model is the latest version of the Gaussianethods, TS@—2) -—271.80523 —271.79423 —123.3 —147.9

and the present application may serve as a benchmark on how —272.07684 —272.06594 —112.6 —137.4
well this model does in treating anionic systems. Finally, for TS@—3) —271.81082 —271.79976 —138.0 —162.4
systems that are too large to be treated by eithet-&2r G3, —272.08309 —272.07213 —129.0 —153.6

; ; ; TS@—4) —271.80999 —271.79922 -135.8 -161.0
the less expensive G3(MP2) method is used instead. 57508229 —272.07162 —1269 —1523

The thermochemical data for ions presented in this work are tgq—5)  —571.79507 —271.78446 —96.6 —122.2

based on the ion convention (frozen electrbnThe G2++, —272.06365 —272.05326 —77.9 —104.1
G3, or G3(MP2) heats of formation at temperatlir@AH®%r) TSG—6) —271.80230 —271.79212 —115.6 —142.3
for anion AB reported in this work were calculated from the —272.07082 —272.06105 —96.7 —124.5
corresponding heats of reactidH°+(AB~ — A + B + €7) aG2++ energies are shown in bold font, and G3 energies are in

and the experimentahH%(A) and AH%(B) for elements A italic font. ® The experimental value, taken from ref 18, is given in

and B, respectively, witthH%r(e™) = 0. This method has been  brackets® The experimental value, taken from ref 21, is given in

described in more detail in our previous wdfk. bracketsd Here, the two fragments are assumed to be infinitely apart.
In this work, many transition structures (TSs) were located.

The initial structure of each TS may be obtained by scanning TABLE 3: G3(MP2) Total Energies (Eo), Enthalpies (Hzs),

along an approximate reaction coordinate. The “reactant(s)” and ?Eﬂ "Sta)r%?rtﬂeHggteSci%stIg(/ngﬁ/t(Ia%ni r?t?ngli(rggHrﬁ(gn?gt?oﬁ% K

« ” : H H H H 298,

prodl_Jct(s) of each TS were confirmed by intrinsic reaction  Ja,ction of (-Pr)(C5Hs),CO™ (6)

coordinate calculations.

AH%, AH%;9g

Results and Discussion species Eo (hartree) Hagg (hartree) (kJ mol?) (kJ mol?)

. . . . . 7 —389.60248 —389.58989 —281.1 —328.7

The heterolytic and homolytic bond dissociation energies of g —389.55188 —389.53710 —148.2 —190.1
the alkoxide anions (Chh(CoHs)CO~ (1) and {-Pr)(GHs)»- (9a+9b)2  —389.60502 —389.59111

CO™ (7) are summarized in Table 1. The &2 and G3 10 —389.55481 —389.53964 —1559 —196.8

standard heats of formation for the species involved in reactions (Eai i%g)z :ggg-gggig :ggg-ggggi

1a, 1b, and 1c at 0 and 298 K are listed in Table 2, whereas the'(rsgﬂza) ) 38054730 38953318 -1362  —179.9
G3(MP?2) results for the species involved in reactions 2a, 2b, 15@g—g) 38955099 —389.53714 —1459  —190.2
and 2c are given in Table 3. Also, the energy profiles for these TS@7—10) —389.54633 —389.53205 —133.7 —176.9
six dissociation reactions are displayed in Figures 1 and 2. The TS(10—11) —389.55667 —389.54247 —160.8  —204.2

geometries for all of the stable and transition structures are TS10—~12)  —389.54916 —389.53494 —141.1  —1845

illustrated in Figure 3. Throughout this work, &# and aHere the two fragments are assumed to be infinitely apart.
G3MP2 energies are used in discussions unless explicitly stated
otherwise. (IMCs) or ion—radical complexes (IRCs) when we compare the

Initial Bond Cleavage of Alkoxide Anions. As mentioned energetics for the heterolytic and homolytic pathways. From
in our previous papée the dissociation of alkoxide anions is  Table 1, it is seen that all of the heterolytic cleavages require
mediated by ior-neutral complexes (INCs). We can determine less energie than their homolytic counterparts. So, we can simply
whether the reaction is dominated by temolecular complexes  conclude that, for alkoxide anion dissociations, the heterolytic



10818 J. Phys. Chem. A, Vol. 105, No. 48, 2001 Lau et al.

200.0—
180.0-
160.0-
140.0-
120.0-
100.0-
80.0 —
60.0 —
40.0 —

20.0

(1}

H H',
H—e/-—< " 5 H
H S S

Hu VP SeH
H

H
+ )('H
%

3a 3b

1 " H

Figure 1. G2++ energy profiles of the dissociations for (@kC;Hs)CO~ (1). The G3 relative energies are given in parentheses.

bond cleavage is more favorable than the homolytic one. In 2, TS@2 — 3), and TSR — 4) could not be located at the MP2-
other words, the reaction starts with heterolytic bond cleavage (Full)/6-31G(d) level. It is known that the use of diffuse
to form the carbanion rather than homolytic bond cleavage to functions is very important in the geometry optimization and
form the alkyl radical. Based on these results, we infer that the energy calculations for the anions. Althoughis a tertiary
INCs involved in the dissociations studied in this work are IMCs alkoxide anion, it is still possible for it to undergo hydrogen
rather than IRCs. These results are consistent with our previouselimination via IMC [H™+--c-CH,C(C;Hs)(CH3)0], i.e., 1 —
study. In the homolytic bond cleavage process, two open-shell [H™++-c-CH,C(C,Hs)(CH3)O] — H; + CsHgO~ [c-CHC(GHs)-
species, i.e., radicals, are formed, whereas the heterolytic(CHz)O~ or (CHs)(CH3)C=CHO]. However, as we discussed
cleavage forms two close-shell species. It is generally held thatin our previous papéf this kind of reaction is energetically
close-shell species should be more stable than the open-shelhoncompetitive to alkane eliminations. From Figure 1, it is seen
ones. So, it is not surprising that the heterolytic cleavage is morethat the elimination of methane starts with methyl anion
favorable than the homolytic one in the dissociation of an dissociation, followed by proton abstraction (from two different
alkoxide anion. sources) to form the methane molecule. On the other hand, the
Dissociation of Alkoxide Anions. Dissociation of (CH),- elimination of ethane starts with ethyl anion dissociation,
(CoHs5)CO™ (2). As shown in Figure 1, there are three possible followed by proton abstraction to form the ethane molecule.
dissociations fod: two different eliminations of methane and  All of these pathways involve the formation of IMC intermedi-
the elimination of ethane. These reactions may be described asates. In other words, the dissociations follow a stepwise
mechanism.
(CH,),(C,H-)CO (1) ~ TS —2) — From the G2+ potential energy curves for reactions-a
_ shown in Figure 1, the overall barrier for either of the twoCH
[HsC ++(CHY(CHy)CO] (2) =~ TSR — 3) — eliminations is 145 kJ mol, whereas that for the elimination
CH,CH=C(CH,)O (3a) + CH, (3b) (1a) of ethane is 171 kJ mot. In other words, the eliminations of
methane are more favorable by 26 kJ mdkhe G3 results are
(CHy),(C,H)CO () —TSL—2)— similar). This is consistent with the results reported by Brauman
- . . and co-worker§, where only methane was observed in their
[HoC +++(CHY)(C,He)CO] 2) — TSR — 4) experiments. The G2+ (or G3) results are also in line with
CH,=C(C,H;)O (4a) + CH, (4b) (1b) the low-energy CAD studyof 1. methane elimination is the
dominant channel observed among its dissociation pathways,
(CHy),(CH-)CO (1) —TSA—5)— and elimination of ethane frorhincreases as collision energy
[HC, *++(CH5),CO] (5) — TSE — 6) — increases, _ _
N The energy barriers of reactions 1a and 1b are the same (145
CH,=C(CH,)O (6a) + C;H, (6b) (1c) kJ mol%). However, fragmenBais more stable thada by 15
kJ moll. Hence, reaction la is thermodynamically more
It is noted that, in the G3 calculations of reactions la and 1b, favorable than reaction 1b. In other words, among the three
the structures of T3(— 2), 2, TSR — 3), and TSR — 4) dissociation pathways df, the elimination of methane leading
were optimized at the MP2(Full)/6-31-G(d) level because  to the formation of 3a and 3b is the most favorable.
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Figure 2. G3(MP2) energy profiles of the dissociations foiPf)(CHs),CO~ (6).

Dissociation of (i-Pr)(GHs),CO~ (7). There are also three

formation of IMC intermediates. From Figure 2, the G3(MP2)

dissociations to be studied, two eliminations of ethane and onepotential energy curve shows that the energy barrier for the

elimination of propane, as shown in Figure 2:

(i-Pr)(GH5),CO (7) —~ TS(7 — 8) —
[(CHy),HC +++(C,Hg),CO] 8) —~ TSB— 9) —
CH,CH=C(C,H)O (9a) + C,H, (9b) (2a)
(i-Pr)(CHy),CO™ (7) — TS — 10) —
[HsC, ++(i-Pr)(C,Hg)CO] (10) —~ TS(10— 11) —
(CH,),C=C(C,H:)O™ (118) + C,H, (11b) (2b)
(i-Pr)(CH.),CO™ (7) — TS(Z — 10) —
[HsC, *+(i-Pr)(CHg)CO] (10) —~ TS(10— 12) —
CH,CH=C(i-Pr)O (12a) + C,H, (12b) (2¢)

The dissociation mechanisms foare very similar to those of
1: elimination of ethane starts with ethyl anion elimination,

elimination of ethane is 147 kJ md| whereas the barrier for
the elimination of propane is 145 kJ mél The small difference
in the energy barriers suggests that both the ethane and propane
eliminations of7 are equally likely. Again, this conclusion is
consistent with the results obtained by Brauman et ahjch
indicate that almost equal amounts of ethane (45%) and propane
(55%) are detected as products in the dissociatiof. df is
noted that the TS0 — 12) involved in reaction 2c was
optimized at the HF/6-31G(d) level. We tried to locate it at a
higher level, but without success.

General Dissociation Mechanism of Alkoxide Anionsin
the previous work and the present one, the dissociations
of six alkoxide anions-CHzO~, CH3;CH,O~, (CHg),CHO™,
(CH3)3CO™, (CH3)2(CoHs)CO-, and (-Pr)(GHs),CO—have
been studied at the G2+, G3, and G3(MP2) levels of theory.
On the basis of the calculated results, it is found that the
mechanisms of hydrogen and alkane eliminations are very
similar. They proceed through stepwise pathways, and the initial

followed by proton abstraction on the neighboring isopropyl or bond cleavage should be heterolytic rather than homolytic; that
ethyl group. On the other hand, the elimination of propane starts is, hydride ions or carbanions are first formed in the dissocia-

with propyl anion elimination, followed by proton abstraction

tions. For the hydrogen elimination from an alkoxide anion,

on the neighboring ethyl group. All reactions involve the the reaction starts with hydride ion dissociation. Then an IMC
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Figure 3. Optimized structures of all of the species involved in the fragmentation reactions gfh(C#Hs)CO™ (1) and {-Pr)(GHs).CO~ (7). All
of the structures involved with the reactionslofvere optimized at the MP2(Full)/6-34-G(d) level. Those involved with the reactionsivere
determined at the MP2(Full)/6-31G(d) level.

intermediate is formed. Finally, this intermediate abstracts a anion elimination, followed by proton abstraction to form the
proton to form a hydrogen molecule. On the other hand, alkane alkane molecule. In addition, an IMC intermediate is also
eliminations start with alkyl anion dissociation, followed by involved.

formation of an IMC intermediate. This intermediate then

abstracts a proton to form an alkane molecule. In other words, Acknowledgment. J.K.C.L. and W.K.L. are grateful to the
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