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Abstract

The reactions leading to dissociation of the metastable enol isomers of 2-butanone have a puzzling feature: whyQle&@HCHCH,C*H,
(2) isomerize to the less stable 2-butanone catidn and dissociate to the exclusion of conversion to,€8(OH"*)CH,CH; (1) and
CH3;C(OH"*)=CHCH; (4)? To answer this, the stationary points on the pathways established previously are located using ab initio and hybrid
density functional theory and their geometries and energies determined. Rate curves for some of the reactions are also obtained by RRKM theol
It is found that2 isomerizes t@ rather than to its more stable enol isomki@nd4 because ketonization has the lowest barrier, despite its giving
the highest energy product. Fb¢ 1, this barrier arises from a strained, twisted transition state geometry being required in transfer of a hydrogen
to thew-bonded methylene group ihwhereas TSX = 3) is completely planar. The energy of the transition statedfer 2 is elevated by a
different phenomenon, the need for an electron to go into an antibonding orbital in a 1,2-H-shift, raising its energy above thatef3)S (
The critical energies for the 5-membered ring isomerizatioris-2fand2-3 are significantly higher than those of the 6-membered ring processes
that ketonize and enolize GB(=0OH")CH,CH,C*H, (6). However, similarly t2, isomerization o% to CH;C(=0"*)CH,CH,CH; has a lower
energy transition state and is preferred to isomerization to the more stabteQ{BIH"*)CH,CH,CHs. This is also attributable to twisting at the
C1 methylene as hydrogen is transferred to and from it.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction In the early 1970s, McAdoo, McLafferty and cowork-
ers [7,8] (MMP) reported that the metastable enol iso-
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Scheme 1.

The absence of transfer of hydrogen from C1 to C2,ine., 2. Theory
why2 — 3 — products is at least 100 times faster than reversion
of 2 to 1 when1 is 49 kJ/mol more stable than[13] has long The Gaussian 920] and Gaussian J21] suites of programs
been a puzzle. We address whysomerizes preferentially to were employed to describe stationary points and the intrinsic
the less stabl8 than to the more stable, even though both reaction coordinate (IRC) far = 2. We found candidate tran-
processes are 5-membered ring hydrogen rearrangements. \8iton states by first constraining the migrating hydrogen to be
also explore why — 2 is largely irreversible. equidistant between the migration termini and optimizing all
We previously found that in enol-to-keto isomerizations ofof the other parameters. The candidate structures were then
CHo,=CHOH'"*, CH3C(OH"*)=CH, and CH=C(OH)** the fed into another run with the constraint to equal bond lengths
methylenes destined to receive the itinerant hydrogens rotatemoved and the route card specifying B3LYP/6-31pt = -
to being perpendicular to the planes of the ions before there isatrix, ts, tight, calcall). The transition state geometry and force
much movement of the transferring HgH.e., the reactions are  constants found at the B3LYP/6-31@vel were then used as
highly asynchronoufl4,15] From this we hypothesized thatin starting points to locate the transition states at other levels of
1 — 2 twisting of methylene to receive the itinerant hydrogentheory. This procedure did not work for finding Te& £ 7) at
to its p-orbital might elevate the energy required to transfer Hhe QCISD level. In that case, the distance from O tomds
to that group. There is no comparable requirement for twistfirst constrained to 1.3& and the C—Hdistance to 1.28. All
ing that breaks off conjugation and creates non-planarity in T®ther parameters were then optimized using QCISD theory. The
(2 = 3). We performed density functional and ab initio cal- resulting structure was fed into a transition state-finding rou-
culations on the species iBcheme 1to test our hypothesis tine with the constraints removed. Force constants calculated
that the energy required to twist GHat TS @ = 1) renders  at the HF level were used. Zero-point energies were computed
reaction through that transition state unable to compete witlat the B3LYP/6-31G level and scaled by 0.9806, as recom-
reaction through the lower energy, planar T5=£ 3). Next = mended by Radom for that level of thed&2]. Except for the
we modeled the kinetics &— 1 and2 — 3 with RRKM cal-  QCISD(T) results, energies and geometries were obtained at the
culations to establish further whether the former reaction isame levels of theory. Stationary points indicated in the tables as
competitive with the latter. Then we used ab initio, density func-QCISD(T)/6-311G" are from QCISD(T)/6-3115//QCISD/6-
tional and RRKM theories to characterize the isomerizations 081G’ theory. The structures in the figures were all optimized by
CH3C(=0OH")CH,CH,C*H; (6) to CH3C(=0**)CH,CH,CHz  QCISD/6-31G theory. For RRKM calculationf23] the vibra-
(7) (the reverse of the first step of the McLafferty rearrangementional frequencies computed at the B3LYP/6-31ével were
[16-18) and to CH=C(OH"*)CH,CH,CHjs (5) (the reverse of scaled by Radom’s factors of 1.0620 for frequencies below
the second step of the double McLafferty rearrangerfisy). 600 cnm ! and by 0.9945 for frequencies above 600¢rf22].
H-transfers through 6-membered ring transition states in thesReaction pathways were traced at the B3LYP/6-31a5el by
reactions also form higher energy keto ions in preference téRC methodg24,25].
lower energy enol iongL9].
Finally, we determined whether generatihfy the McLaf- 3. Results and discussion
ferty rearrangement rather than by fragmentation of the 1-
ethylcyclobutanol ion, that is orienting the hydrogen on oxygers./. C,HgO**
cis to the one carbon side of the molecule so that it is not posi-
tioned to participate in the rearrangem2a3, raises the energy 3.1.1. CH,=C(OH"*)CH,CHj3
required for that reaction. We found that/trans isomerization (1) — CH3;C(=OH*)CH,C*H,;
of the hydrogen on the oxygen bfs more facile than rearrange- (2) — CH;C(=0**)CH>CHj3 (3)
mentsl-2 and2-3, rendering the fragmentation patterns of the  Figs. 1-3depict the structures we obtained for the ground
cis andtrans isomers ofl indistinguishable. states ofl, 2, and3 respectively. The skeleton and the H on O
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0.984

T3
RC3C4=1.551
Angle C2C3C4 =110.0

Fig. 1. Structurda. In this structure, C1pl C1C2C3, O and the H on O are Fig. 3. The structure o8. C1C2C30 is planar in this structure with the

all within 3° of being in the .same plane, "fmd_ C4H3 bisected by thgt plane. C3C4 bond pointing slightly away from this plane (the dihedral angle
However, the C4C3C2C1 dihedral angle is’ 80e., the C3C4 bond is almost C4C3C2C1=-167)

perpendicular to the plane of the rest of the ion.

| i he C3—C4 bond i | fstate (excluding the bond to{Htotal 347.2, 12.8 less than
ggfupyha p a}ne i _,rﬁxcept the —f : gf\ IS atn;'in Zn%e 0 required for a planar methylene group. The non-planarity of the
to that plane. The structures of the distonic band the - qqtion state 5-membered ring is also evident in a bond angle

keto ion3 are similar to thf';lt ol, except the hydrogens on_their sum about the ring of 530:9which is 9.7 less than the sum for
carbons are not symmetric to the skeletal plane and C4 is closer

to the plane ir2 and3 than in1 (C4C3C2C1 dihedral angles of
—172.6 and 167 versus 80).

The structure for TSX = 1) is depicted irFig. 4. Consistent
with our hypothesis (see above), the methylene group containing
Clistwisted out of the C1C2C3 plane in TIS#£ 2). The C1h
methylene is coplanar with CCO1nand therefore it might have
to twist to achieve transfer ofitb its face. The twisting amounts
to 66.3 for the H on Clcis to C3 (the H more nearly internal
to the 5-membered ring), and 26.5 the same sense for the
remaining H on C1. The bond angles about C1 in this transition

ROH=0.985 1135

Fig. 4. TS ¢— 1) optimized at the QCISD/6-31Glevel of theory. H is
slightly closer to C1 than to C3 at this transition state. The dihedral angle
0OC2C3C4=-146.4, demonstrating that C4 is out of the skeletal plane. The
dihedral angle C3C2C1Hs —28.7, demonstrating that Hs about the same
degree outside and on the same side of the plane of the carbons as C4. The
dihedral angles HC1C2C3 for the two hydrogens on C1 are’@hd—153.T

so these hydrogens are also substantially out of the C1C2C3 plane, allowing
H; to move to between the hydrogens on both the carbon it comes from and
the one to which it goes. At the transition state,islabout equidistant from

Fig. 2. The structure dfa. C1C2C30 and the H on oxygen are planar and the the two hydrogens on C4 (1.9665 and 2.0@1,7but at differing distance from
C3C4 bond is turned down away from the oxygen but still close to the planghe hydrogens on C1 (1.8229 and 2.1§aBThus the C1H is twisted at the

of the rest of the skeleton (the C4C3C2C1 dihedral angldé #2.6"). None of transition state relative to the C{€B plane, but C4Hlis very nearly symmetric
C1Hz, C3H,; and C4h is symmetric to the skeletal plane. to that plane.
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o Distonic ion, CH3C(=OH+) CH2CH2 to external enol
+ Distonic ion, CH3C(=OH+) CH2CH2 to 2-butanone ion
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Fig. 5. TS @ — 3). At this transition state, all of the heavy atoms,atd one

hydrogen on C1 are in a plane and the remaining hydrogens arejm@dps Fig. 6. Plot of the RRKM computed reaction rate26f> 3 (filled diamonds)
that are symmetric to that plane. Thas+$ 3) is planar. and2— 1 (open squares) as a function of ion internal energy. Note that the
reactions involvind are slower than those involvirly

a fully planar ring. In contrast, the ring in T2 & 3) (Fig. 5
is planar, creating a plane of symmetry for the whole transitiorof deuterated forms df and4 appears to indicate otherwifgj.
state. Possibly3 — 2 occurs, but is not observable because reversion

The energy of TSX = 1) exceeds that for TS2(=3) by 2 — 3 is faster thar2 — 1 and2 — 4. However, based on
by 39-55kJ/mol, depending on the computational methogresent results and previously calculated RRKM rate curves for
(Tables 1 and g with the lower number probably being our the dissociations a3 [26] near threshold, that ion should lose
best result (QCISD(T)/6-311G/QCISD/6-31G results will  methyl about 100 times faster than it isomerize€ tonaking
be considered and referred to as our best results in all casé#ssociation much faster than isomerization, thereby suppress-
because that is the highest level of theory that we applied)ng 3 — 2. This is also in keeping with the observations and
In both B3LYP and QCISD calculations, larger (and thereforeconclusions of MMP.
presumably better) basis sets gave smaller differences in the To define better the factors that fa#> 3 over2 — 1, we
energies of the two transition states. The energy requirememtaced the reaction coordinatelof> 2 by IRC calculations. Per-
of 130.5 kJ/mol that we obtained fdr— 2, which is also the tinent changes in angles and bond distances are plottd.if.
energy requirement for the overall procdss> 3, is in good  Twisting of the external methylene and rotation of the methyl
agreement with the difference of 12510 kJ/mol between the so as to position the associated hydrogens to allgwrahsfer
appearance energies of the products of metastable decomposecurs first and then ¢ransfer accompanied by little other
tion to GH30* and of1 [8].

All but our lowest level calculations (B3LYP/6-31Fpredict
that the energy required fdr— 2 exceeds that of the fragmen- 100 1

= R(Ht-C4)

tation products o8, and our (QCISD(T)/6-311G//QCISD/6- e DAH123
31G) calculation predicted that the energy of TH<£ 2) ﬁ : :j —V—DAEH123;::
is 26 kJ/mol above that for GICO" + CH3C*Hy, the higher 0 -2~ ——DA321H)

energy set of simple dissociation products3ofFig. 6 gives ‘/,/6— =% _e-DA(0234)
the RRKM rate constants f&@ — 3 and2 — 1 as a function

of energy. When k foil — 2 equals 18s71, i.e., in the region -100-
of metastable decompositiorisfor 2 — 3 is 10¥s~1 and k for

2—1is 1.6x 10°s~1. Over the energy range considered, the

rate for2 — 3 is 10 to 6x 10° times as fast as the ratedf> 1, 200 i . , : : ,

the greatest differences occurring near threshold. There is also 0 25 50 75 100 125 150

an energy region below the theoretical thresholdXes 1 in Energy

which only2 — 3 can occur. All of these results are fully consis- Fig. 7. Plots of parameters of the IRC of GHC(OH**)CHCH;3—

tent with the conclusions of MMP that— 2 — 3 is essentially =~ CH3C(=OH")CH,C*H; as a function of the energy of the reaction coordinate
irreversible. from the ground state of the firstion to the transition state for the rearrangement.

N ; The actual values of the angles are given, but the C1H distances were obtained by
The QCISD(T) energy for TSZ(\— 3) (91 kJ/moD is about subtracting 1A from the actual values and then multiplying them by 20 to make

the same as those for the d|SSOC|at|on539fepresent¢d N the changes in the length of that bond apparent on the scale of the other traces
Scheme 1103.7 and 88.2 kJ/mol). Thus significdt> 2might i the plot. Note that the changes in bond angles largely precede the change in

be expected, although the lack of exchange in the dissociationise C1H bond distances.
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Table 1
Ab initio C4HgO" energies (hartrees)
Method structure B3LYP/6-31G ZPVE B3LYP/6-311G’ QCISD/6-31G QCISD(T)/6-311G
“OH
| —232.139855 291.7 —232.206692 —231.415448 —231.592732
C'H,=CCH,CH; (la)
HO"
| —232.137611 291.3 —232.204788 —231.413398 —231.590701
C'H,=CCH,CH; (1b)
-+,
I —232.132636 284.2 —232.195660 —231.407055 —231.590701
CH;CCH,CH;3 (3)
‘OH
[ —232.127341 285.0 —232.195045 —231.405599 —231.582554
CH;CCH,C'H, (2a)
HO*
—232.127769 288.4 —232.195148 —231.403171 —231.581133
CH;CCH.C'H; (2b)
“OH
| —232.155652 288.9 —232.222955 —231.427797 —231.604010
CH;C=CHCH; (4t)
“OH
\ —232.155944 289.3 —232.223094 —231.428253 —231.604599
CH;C=CHCH; (4c¢)
TS (1a— 2a) —232.085703 277.7 —232.154792 —231.352780 —231.537682
TS (1b— 2b) —232.086574 277.7 —232.155602 —231.353758 —231.538476
TS Ra— 3) —232.105207 274.7 —232.169769 —231.372522 —231.551535
TS (2a — 4t) —232.094994 279.0 —232.165096 —231.361172 —231.544072
TS (2a — 4c) —232.096340 279.3 —232.166224 —231.362479 —231.545423
TS (1a— 1b) —232.111415 284.6 —232.179292 —231.383825 —231.561000
TS (2a — 2b) —232.091920 274.3 —232.161568 —231.364246 —231.541196
CHzCO* —152.923535 115.3 —152.968581 —152.495501 —152.597785
CoHs® —79.157867 153.6 —79.183653 —78.869044 —78.946757
C,HsCO* —192.246649 190.5 —192.301551 —191.680455 —191.817561
CHa* —39.838292 76.8 —39.853758 —39.689122 —39.732301
“OH
l
CH;CCH=CH: (8) —231.567786 264.5 —231.634585 —230.856087 —231.025905
He —0.498231 0.0 —0.499809 —0.498231 —0.499809

4t has C1C2C3C#éans and OC2C3C4is; 4c has C1C2C3Cdis and OC2C3C4rans.

change in geometry follows. This sequence is similar to thaversuslb. Therefore, we determined whethks and 1b can

of H-transfer in the ketonization reactions of GHCHOH"®, interconvert at the energies required to fodnfrom 1. Fig. 8

CHo,=C(OH)** and CHC(OH"*)=CH, [14,15] The initial  representsthe transition state for thisisomerization. We obtained

twisting takes about 2/3 of the energy required to reach TS&ritical energies fola — 1b ranging from 65.5 to 76.2 kJ/mol.

(1 = 2). Thus twisting of C1H as it is formed so Hcan depart ~ Since these are substantially less at all levels of theory than our

the developing p orbital on this carbon contributes substantiallgomputed critical energy of 120.8—-150.5 kJ/mol for> 2, it

to the higher energy requirement > 1 than for2 — 3. The s not surprising that it makes little difference in its reactions

remaining 1/3 of the critical energy is used during H-transferwhetherl is generated from 3-octanone (which should produce

presumably to conduct that process. only 1b initially) or from 1-ethylcyclobutanol (which should
Generation ofl by a McLafferty rearrangement produces produce a mixture ofa andlb) [8]. The correspondings/trans

1b (1 with the H on oxygen pointed toward the C1 end1df isomerization of2 requires more energy (117.9 kJ/mol relative

rather thanla (1 with the H on oxygen pointed toward the C4 to 1) than doedla — 1b, but its critical energy is nonetheless

end of1) required to form3 from 2. Maintenance of the HO lower than that fod — 2. Therefore reactivity would probably

orientation in1lb would generate different reactivities fda  not be affected byis/trans isomerization oR.
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Table 2

C4HgO" relative energies

Method structure B3LYP/6-31G B3LYP/6-311C" QCISD/6-31G QCISD(T)/6-3118
la 0 0 0 0

1b 55 5.3 5.0 4.9
3 11.5 22.2 14.5 18.8
2a 26.2 23.9 19.2 20.0
2b 28.4 27.0 28.9 27.2
4t —-44.3 —-44.8 -35.2 -335
4c —44.6 —44.8 —36.0 —33.6
TS (la— 2a) 128.2 123.0 150.5 130.5
TS (1b — 2b) 125.9 120.8 148.0 128.4
TS Ra— 3) 74.0 80.6 95.7 91.2
TS (2a— 4t) 105.1 97.2 129.8 115.1
TS Qa— 4c) 101.8 94.6 126.7 111.8
TS (1a— 1b) 67.6 65.5 75.9 76.2
TS (2a— 2b) 108.5 101.1 117.0 117.9
CH3CO*" + CoHs 130.7 120.2 110.8 103.7
CoHsCO" + CHs 119.8 110.5 96.0 88.2
8+H* 166.7 162.6 133.3 148.8

4t has C1C2C3C#éans and OC2C3C4is; 4c has C1C2C3Cdis and OC2C3C4rans.

MMP concluded from secondary isotope effects thatsidered.Ourbestcalculations gave values of 148.6 kJ/molforthe
CH3C(OH'*)=CHCHz (4) decomposes primarily by isomerwiththe carbon skeletanuns (4t) and 145.4 kd/mol with
4— 2— 3— products Bcheme 1 Figs. 9 and 10show the carbon skeletaris (4c). Our computed values in the range of
the structures oda (4 with the H on oxygen pointed toward the 162.7-165.0 kJ/mol may be somewhat too high, as those calcu-
C4 side of the ion) and T2 (= 4a), respectively. According to lations did not incorporate polarization functions on hydrogen,
our resultda contains a plane of symmetry. Previously, only thewhich are important in computing the energies of [1,2]-H-shifts
C1 methyl inda was found by MP2(FULL)/6-31+G(d,p) theory [28].
to be bisected by the plane containing the heavy af@Tis The rearrangemeft— 4isa[1,2]-H-shiftin a cation radical,

MMP obtained differences between the appearance energgactionsto which there tendto be moderate barf28isIn sim-
of 4 and the peaks for metastable fragmentationsdab  ple radicals, such shifts are higher in energy than dissociation by
C3Hs0" and GH30" of 164 and 193 kJ/motl, respectively, loss of the hydrogen that migrates because the transition state is
both £19kJ/mol. Our computed threshold energy for theserequired to have an electron in an antibonding orltp@]. How-
processes, the energy required to reach 7$=(4) from 4, ever, when one of the reaction termini has a very strong electron
vary from 139.4 to 165.0 kJ/mot, depending on computational withdrawing group attached to it, such as a protonated carbonyl
method and theis/trans isomer about the C2—-C3 bonddfon-  group, the antibonding character of the HOMO is reduced, and

rearrangement becomes the lower energy reaf2i®h Consis-
tent with this, our calculations show tHik,2]-shift to be lower

\ H"51 426 1205

Fig. 8. TS forcis/trans isomerization ofla to 1b. At the transition state, the
HOC2C1 dihedral angle is 9T.3as would be expected. The C4C3C2C1 dihedral
angle is 96.9, so the C3C4 bond is nearly perpendicular to the plane containing=ig. 9. The structure ofc. All of the heavy atoms, Ht and the H on C3 are in
the heavy atoms other than C4. same plane.
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OH™

Angle C2C3C4 -=123.9
RC4Ht = 1.464
RC3Ht =1.209

CH,=CCH,CH,CH,
" e
CH,CCH,CH,C'H,
6 \ o
||

CH;CCH,CH,CH;
7

1.427 1212

Scheme 2.

Fig. 10. TS 2a — 4c). The transferring H is closer to C3 (1.20éylthan to C4
(1.4620A) at this transition state, the C3C4 bond is rotated abotiftkn the
plane of C1C2C30, and the methyl and G4fe rotated out of the plane of the
heavy atoms.

in energy at every level of theory than the products pfdss,
with a best value for the difference of 37.0 kd/mol.

The results of B3LYP and QCI computationgable 2 dif-
fer as to whether the fragmentation products3cdire higher
or lower in energy than TS4¢ = 2) and TS 4t = 2). The
hybrid density functional calculations place the fragmentationsig 1. The structure of. The skeleton and hydrogens on C1, O and one H
products higher, while the QCI calculations place them loweron C5 are in a plane and the other hydrogens are in or symmetrically placed in
This reflects that both higher transition state energies and lowepirs relative to this plane.
fragment energies were obtained with QCI methods than with
B3LYP methods. long formed from1 contain enough energy inferred from experimental data for this react{ds], and as in
to rearrange td because TSI(= 2) is higher in energy than 5-membered ring H-transfers, 6-membered-ring transfer fom
TS 2 = 4) at all levels of theory. However, the energy requiredto give the higher energy keto isomer has a higher critical energy
for 2 — 4 is 20 kd/mol greater than that neededZes 3, sothe  thanisomerization to the lower energy enolisomer. Thus ahigher
latter reaction should be substantially favored, as is obs¢8yed critical energy for distonie> enol than for distonie> keto is
Nonetheless, a few ions arriving afrom 1 might convert to4 ~ againthe reason for preferred rearrangementto the higher energy
to form a reservoir of higher energy ions, because isomerization
back to2 would be very slow due to the deep well in whig¢h
resides.

3.2. CsHjpO**

We examined another enol ies distonic ion— ketone 1.091
ion sequence to extend our studies to 6-membered ring
H-transfers because transfer of H from O to C5 of
CH3C(=0OH")CH,CH,C*H> (6) occurs at least six times more
frequently than does H-transfer from C1 to [@9]. The second
step7 — 6 is the reverse reaction of the McLafferty rearrange-
ment[16-18] which has been characterized several times by
theory [30-32] The reactions we characterized are given in
Scheme 2

Figs. 11-13Xhow the structures &, 6, and7, respectively.
The ground state geometry ®has a plane of symmetry, and in
6 and7 C1, C2, C3, O and the H on O ) but not C4 and C5,

are planar. . . . . Fig. 12. The structure d. This structure is without unusual features. C1, C2,
Table 3gives the energies of the stationary points of per-c3, o and the H on the O are in the same plane, but the remainder of the ion is
tinent GH100"® isomers and connecting transition states. Asoutside this plane. No Grhydrogens are symmetric to this plane.
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Table 3
CsH100"* energies
Method structure B3LYP ZPVE B3LYP QCISD? QCISD(TY
Enol** (5) —271.457776 364.4 —271.535376 —270.596777 —270.809212
0 0 0 0
Sated —271.456653 365.7 —271.534239 —270.595811 —270.808752
4.2 4.3 3.8 2.5
Distonic™ (6) —271.450636 359.3 —271.528207 —270.590525 —270.803642
13.6 13.7 11.3 9.5
Keton€™® (7) —271.454488 356.7 —271.527648 —270.587672 —270.799421
0.9 12.6 16.2 18.0
TS(5—6) —271.426135 353.7 —271.504929 —270.555106 —270.775360
72.4 69.2 98.7 78.2
TS6—17) —271.446075 348.9 —271.521776 —270.575551 —270.790929
15.2 20.2 40.2 325

The values on the first line for each species are in Hartrees, and the values on the second line are in kJ/mol. All structures with a hydrogen atoimawe d@xygen
oriented toward the side of the longer chain.

2 6-31G //6-31G .

b 6-311G"//6-311G" .

¢ QCISD/6-311G(TY //QCISD/6-31G.

d 5a is a conformational isomer &

isomer. Results of RRKM calculation&i). 14 gave rates of CH, seems to have comparable energy requirements in the 5-
6 — 7 six orders of magnitude faster than or> S atthe thresh- and 6- membered ring transition states studied. The energies
old for the latter, a much greater difference than indicated byequired to twist CH arise from disruption of the conjugation
experimentd19]. Additional isotope exchange reactions may about C1C20. H-transfer to C1 of botrand5 have to disrupt
have perturbed the latter results. this conjugation, the degree of which seems to depend little on
The differences between the critical energies for distoniaing size.
ion— enol ion and distonic ior> ketone ion rearrangements  The critical energies for the 6-membered ring processes are
are about the same whether the transition states contain 62 kJ/mol (distonie-> keto)-59 kJ/mol (distonie> enol) lower
membered or 5-membered rings (45.7 versus 39.3 kJ/moin energy than the corresponding 5-membered ring processes in
respectively, by QCISD(T)/6-311G/QCISD/6-31G theory).  the GHgO™ ions. In intermolecular H-transfers, the preferred
The similar magnitudes of the differences suggest a comangle about iis nearly lineaf33], so any small ring H-transfer
mon influence on H-transfers via 5- and 6-membered ringswill have a critical energy associated with it. The smaller the ring,
Figs. 15 and 1@lepict the transition states for—~ 5and6 — 7.  the larger the critical energy is likely to be, with the exception of
HC1C2C3 dihedral angles of 168.&8nd—51.6° for TS (6 = 5)  the 3-membered ring, whose energy is governed by other factors
demonstrate that in this transition state the C1 methylene is
twisted substantially out of the skeletal plane it occupies,in
as is H also. Thus, as i?2 — 1and2 — 3, twisting of C1H
during transfer of H to and from it appears to be a substan- 18
tial factor in the preference f& — 5 over 6 — 7. Twisting of

o Distonic ion, CH3C(=OH+) CH2CCH2CH2 to external enol
+ Distonic ion, CH3C(=OH+) CH2CCH2CH?2 to ionized 2-pentanone

16

.
PR R
0"."
.

101 ¢

.

.
oo
DuuﬂﬂnnuuunuD

oo
5oo0a®
oo

Log K-RRKM (s™)

0 T T T T T T
0 50 100 150 200 250 300 350 400

lon Energy (kJ/mol)

) ) Fig. 14. RRKM computed reaction rates &€f> 7 (upper curve) and — 5
Fig. 13. The structure df. C1, C2 C3 and O are planar with C4 and C5 out of (jower curve) as a function of internal energy. Note that isomerization to the
the plane. There are no symmetries of hydrogens relative to the plane. enol isomess is much slower than t3.
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makes CHC(EOH')(CHy),* — CH3C(=0"*)(CHz)(,—1)CH3
reactions much faster than GE(=OHY)(CHy),* — CHy=C
(OH"*)(CH2)(»—1)CH3z  reactions. RG(OH")CH,C*Hy —
RCEO**)CH,CH3 reactions are faster than REJHY)
CH,C*H, — RC(OH*)=CHCH;s reactions for a different
reason: 1,2-H-shifts in radicals and radical cations require the
free electron to occupy a higher energy antibonding orbital in
the transition state, thus raising the critical energy of that type
of reaction above that for ketonization. Finally, as concluded
in the original work[8], barriers tol -2 — 3 and4 —2— 3
produce energize® that dissociates by simple cleavage
reactions faster than it can undergo the reverse reastior.

1.099
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1.094

1141 1196
Angle C2C1Ht = 98.5 ;

1.506

1.093

118.1 98.6

1.457 144.5

- - .
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Fig. 15. TS ¢ — 5). Note that the C1 methylene is substantially twisted out
of the CCCO plane, as demonstrated by HC1C2C3 angles of 1e8.8 References
—51.6. The transferring H is also substantially out of the C1C2C3 plane, as the
C3C2C1H dihedral angle is 490 C5H; is also substantially rotated relative to
the C3C4CS5 plane, with HC5C4C3 dihedral angles of 15ar@—60.7. Thus

this transition state is not planar.
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