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Abstract. The semi-empiricd PM3 SCFMO method is used to invedigate the Wagne—Meerwein
migration of vaious groups during the pinacol-pinacolone rearrangement of some acydic sysems. Pina
col first protonates and dehydrates to form a carbocation that undergoes a 1,2-migraion to form a proto-
nated ketone, which then deprotonates to yield the pinacolone product. We sudy the Wagne—Meerwein
migration of hydride, methyl, ethyl, isopropyl, t-butyl, phenyl and heterocylic 2-, 3- and 4-pyridyl groups
in various ayclic 1,2-diol (pinacol) systems as they rearrange to pinacolones. This 1,2-migraion in-
volves a threecentred moiety in the cationic trandtion state. The migratory aptitude predicted here fal-
lows the order: hydride > t-butyl >isopropyl > ethyl > methyl > phenyl, which accords well with avalade
expeimentd data and/or chemicd intuition, reflecting dso on the ahility of the group involved to carry
postive charge in the trandtion state. The dtructure of the migrating group (whether diphatic or aro-
matic) within the trangtion state also supports the stabilisng role of delocdisation of postive charge for
reection feashility. Geometricd and thermodynamic condderations coincide in assigning the following
oder to rdative “earliness’ of the trandtion state adong the reaction pathway: t-butyl >isopropyl >

phenyl > methyl > 2-pyridyl > 4-pyridyl.
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1. Introduction

Carbocation existence, athough often only tran-
sent, has been the subject of intense experimenta
and theoreticd study in relation to structure, stabi-
lity and reactivity (including rearrangements),” hav-
ing acquired a prominent and interesting place in the
world of chemistry. Their widespread occurrence as
reactive intermediates in chemical reactions enables
carbocations to be of considerable importance in a
large variety of well-known chemica reactions? We
concern ourselves here with theoretica studies on
structural and reactivity aspects of the Wagner—
Meerwein migration reaction as agpplied to the pina-
col—pinacolone rearrangement in acyclic systems,
which is important in the context of carbocationic
species acting as reaction intermediates.

*For correspondence

11 Wagner—Meerwein migrationsin pinacol—
pinacolone rearrangements

The Wagner—Meawein migration, origindly stud-
ied with respect to secondary and tertiary acohols
derived from terpene systems, now has a much
wider scope embracing any 1,2-nucleophilic shift of
hydride, akyl, aryl, arakyl groups etc within a car-
bocation or eectrophile leading to rearranged prod-
ucts. Pine® has defined it as any migration to an
electron-deficient carbon atom, while %/ks“ defined
it as any change in a carbon skeleton involving car-
bocations. The Wagner—Meerwein rearrangement in
its broadest scope thus incorporates a wide variety
of substrates and electrophilic reagents or interme-
diates. In a typica case of this reaction, an acohal
substrate protonates and eliminates water to create a
carbocation species. This carbocation then under-
goes the 1,2-nucleophilic group migration leading to
a rearranged carbocation, which step congtitutes the
actua Wagner—Meerwein migration. The new car-
bocation may then go on to react in various ways,
e.g. loss of a carbon-bonded proton (as per Zaitsev's
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rule) to give olefin, or maybe deprotonation from a
hetero-atom (e.g. oxygen, if present) to give multi-
ple-bonded products like ketones or imines.

Known since 1860,> the pinacol—pinacolone rear-
rangement has been subjected to much experimenta
research® pertaining to its stereochemistry’™° and
the relative migratory™*™* aptitudes of various groups.
Pinacols themselves are made by the reduction of
ketones with bivaent metals, usualy magnesum,
under anhydrous conditions. This rearrangement is
portrayed in figure 1 for the typica case of a 1,2,2-
trimethyl-1,2-dio, 1 (known as a pinacol) which
bears a subgtituent R at the 1-position. Protonation
occurs at one of the hydroxy groups in acidic medium
to give rise to species 2. This then eliminates water
to give an a-hydroxy carbocation 3. The group R
then undergoes 1,2 shift from the a-carbon of 3 to
its carbocation centre via a transition state 4, forming
a rearranged cation 5, which then O-deprotonates
yielding a ketone 6 as the final rearrangement prod-
uct (a pinacolone). This rearrangement can proceed
with 1,2-diol substrates (pinacols) containing akyl,
aryl, hetaryl or arakyl groups. Different groups R
have varying migratory aptitudes, estimation of
which forms a part of this study.

1.2 Approach to this study

To date, no sgnificant theoretica work has been
carried out to eucidate mechanistic aspects of the
pinacol—pinacolone rearrangement, thereby prompt-
ing this study incorporating a set of nine different
pinacols as they arrange to their pinacolone products.
Each pinacol 1 is a 1-substituted 1,2,2-trimethyl-
1,2-diol with the 1-substituent R taken as the mi-
grating group, where R is respectively hydride (H),
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OH-C—C-CHy —= OH-C—C—CHy 9% on-Cc—Ccmy
CHy CH CHy CH; O CHy
F'llna-:al Pru:rt-:rnéj'led Giycol a_;:a;[:;n A !
r K Fi
CH; K - e K Sah, 1 s
—C-CHy =+—— OH-C—cCCiy = OH-C—C-CH
CHH CH CHy CH, CHy CHs
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Figure 1. Successve deps of the pinacol—-inacolone
rearangement involving Waghe—Mearwein 1,2 shifts  for
nine 122-trimethyl-1,2-diol cases (R=H, Me, FEt, Pr,
BU,, 2-Py, 3-Py and 4-Py).

methyl (Me), ethyl (Et), isopropyl (Pr'), t-butyl
(Bu), phenyl (Ph), 2-pyridyl (2-Py), 3-pyridyl (3
Py) and 4-pyridyl (4-Py) for the nine different cases.
Except for the cases where R is H or Me, al these
pinacols are opticdly active, while the pinacolone
product is opticdly inactive. For the purpose of this
study, we take only the R-isomers to trace the entire
course of the rearrangement reaction in each case,
leading to the pinacolone product which is itself op-
ticdly inactive. The corresponding S-isomers in
each case would have their reaction courses energe-
tically identical to the R-isomers, since the two reac-
tion courses are smply mirror images of each other,
both leading to the same pinacolone product. Apart
from the energetics of the entire reaction course, we
aso investigate in detail the key step of this rear-
rangement reaction, viz. the 1,2-migration step in
the a-hydroxy carbocation 3 leading to the rearran-
ged carbocation 5 viathe trangition state 4.

1.2a Energy profile of the whole reaction: By
caculating the theoreticad heats of formation for
each of the species involved in the various steps of
the pinacol—pinacolone rearrangement as given in
figure 1 (including the trangtion date 4 between 3
and 5) we can plot an energy profile diagram for the
reaction as a whole for any particular case and make
comparisons between the cases studied.

12b Relative migratory aptitudes. Limited ex-
perimental data™ '’ on the pinacol—pinacolone rear-
rangement suggests the order hydride > methyl >
phenyl for relative migratory facility. A theoretica
study™® on bonding between various cations and the
ethylene molecule suggested the order t-butyl >
isopropyl > ethyl > methyl for relative migratory ap-
titude in a cationic Situation. By incorporating diffe-
rent migrating groups R in the 1-postion of the
pinacol 1, their migratory aptitudes during the 1,2-
migration step may be compared. The kinetic faci-
lity of migration is estimated by the activation energy
for this step, while the thermodynamic facility is es-
timated smply from the enthapy of the migration
reaction involving conversion of species 3 to species
5.

12c Transition state geometries. We focus on
the trangition state 4 involved in the rearrangement
of species 3 to species 5. The trangition state geome-
try may be related to the reactant and product geo-
metries as per the Hammond postulate”® which
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states that, for any reaction with a moderate activa-
tion barrier and reaction enthapy, the transtion state
geometry resembles the reactant geometry for exo-
thermic reactions and the product geometry for en-
dothermic reactions. Exothermic reactions thus have
trangition states described as “early”, while those for
endothermic reactions are described as “late’. Geo-
metry characteristics of the transition state as com-
puted in this sudy may help define its postion
aong the reaction coordinate, whether “early”,
“midway” or “late’. These may further be related to
the caculated exothermicity or endothermicity of
the reaction in question.

2. Theoretical methodology

The semi-empiricd PM3 SCF-MO method™ of the
MOPAC 6.0 package® was used to obtain the wave-
function and al molecular properties for al the mo-
lecular systems 1 to 6 studied here. All equilibrium
geometries were obtained by full optimisation with-
out symmetry congraints usng the BFGS minimiza-
tion agorithm.?” In each case of the migration step,
the reactant 3 and product 5 were subjected to con-
formational analysis to yield the most stable confor-
mer of both. The trangtion state 4 was located for
each case by the SADDLE keyword of the MOPAC
package, invoking a reverse search strategy with in-
terpolation between the equilibrium geometries of
the reactant 3 and product 5 (in their lowest energy
conformers) to arrive at the saddle point or transi-
tion state 4. Once located, the transition state was
verified as such by diagonalising the Hessian matrix
to yield one and only one negative eigenvalue.

2.1 Enthalpy indices

The thermodynamics of the various steps aong the
pathway of the pinacol—pinacolone rearrangement
was traced by assigning enthalpy indices to each
step as portrayed in figure 1. The initid step of O-
protonation of pinacol 1 to give 2 is described by
the enthalpy of protonation DH, where the pinacol is
protonated by a hydronium ion H;O". The next step
of loss of water from 2 is described by the enthdpy
of dehydration DHy, to create the carbocation 3.
This then rearranges to the cation 5 via the trangtion
state 4, and the enthapy of this 1,2-migration step is
termed DH,. The rearranged species 5 then deproto-
nates to the pinacolone product 6, and this step is
described by the deprotonation enthapy DHg4, where

the proton lost is accepted by a water molecule. Fi-
naly, the overdl enthalpy of the pinacol—pinacolone
rearrangement is represented by DH,, the enthapy
difference between the reactants (pinacol plus H;O")
and the find products (pinacolone plus H;O" and
H,0).

2.2 Relative migratory aptitudes

Relative migratory aptitude was considered from the
kinetic as well as the thermodynamic points of view.
The final outcome, however, is expected to depend
primarily on the kinetic factor owing to the instabi-
lity of the cationic reactive intermediates involved.
The nine different migrating groups R were com-
pared with regard to kinetic facility of undergoing
the 1,2-migration step by comparing the calculated
values of the activation energy E, for the conversion
of species 3 to species 5 for each case. The thermo-
dynamic facility of the migration was also estimated
for each case by the enthalpy term DH,. The capa-
city of the migrating group R to retain charge in the
trangtion State is estimated by caculating the sum
totd Q, of al the Mulliken atomic charges on the
atoms of the group R as it exists in the transition
state.

2.3 Transition state geometries

We focus primarily on the three-centered moiety in
the transition state 4 for the step of 1,2-migration as
depicted in figure 2, which consists of the carbon
C1 on the migration origin, the carbon C2 at the mi-
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Figure 2. Schemaic diagram of the trandtion sate 4
for the Wagne—Meerwein migration <tep, with dihedrd
anglesj ; = [C3-C1-C2-C4] and j , = [C1-C2-C3-C5].
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gration terminus and the carbon C3 of the migrating
group. This moiety has three C—C bond lengths Ry,,
Rz and Ry; as shown, of which the C1-C3 bond is
being broken while the C3—C2 bond is being formed
during the course of the migration. The angles a, b
and g are defined as the bond angles C2-C1-C3,
C1-C2-C3 and C2-C3-C1 respectively. The dihe-
dra angle j ; is the one that encompasses the atoms
C3, C1, C2 and C4 in turn, where C4 is the carbon
of the 2-methyl group trans to the 1-hydroxy group.
Another dihedrd angle j , is defined as that encom-
passing the atoms C1, C2, C3 and C5 in turn, where
C5 is the carbon (or hydrogen) atom bonded to the
migrating group carbon C3 and occurring closest to
the plane of the triangular moiety C1-C2-C3 and
behind it when postioned as in figure 2 and viewed
from above. These two dihedrals give some picture
of the three-dimensiona structure of the transtion
Sstate.

The trangition state geometry may also give clues
to the relative postion of the transition state aong
the reaction pathway. We propose the ratio Rys/Rys
of the length of the bresking bond to that of the
forming bond as a putative index to help indicate
this pogtion aong the reaction coordinate. Smaller
vaues of this ratio would indicate the transtion
state as relatively “early”, while larger values would
indicate it as relatively “late”. These assignments of
“early” or “late’” may then be compared with the de-
gree of exothermicity or endothermicity of the reac-
tion to vaidate Hammond's postulate. It must be
remembered, though, that this bond length ratio index
can only point to relative postion adong the reaction
coordinate in the context of the whole set of cases
studied, and does not furnish an index for absolute
position along the reaction pathway.

3. Results and discussion

This theoretical study has been pursued in the gas
phase without consideration of solvent effects, since
incorporation of these effects appreciably increases
the computational load. The occurrence of the pina-
col—pinacolone rearrangement in gas phase is
known for unsubstituted pinacol itself.® It is expe-
cted that solvation would appreciably increase the
stability of the cationic intermediates 3 and 5 as well
as that of the cationic trangtion state 4. This would
result in an overdl decrease in the values of the acti-
vation energies for the Wagner—Meerwein migration
step, but the order of magnitudes for the activation

energies with respect to migrating group may be ex-
pected to be the same as for the gas phase, leading
to the same conclusions. Likewise, the enthalpy of
deprotonation of the intermediate 5 would be expec-
ted to decrease upon changing from the gas phase to
the solvent phase.

Our study invedtigates (a) the overall thermody-
namic profile of the rearrangement of the acyclic
1,2,2-trimethyl-1,2-diol or pinacol 1 to the pinaco-
lone 6, (b) the relative migratory aptitude of the
various groups R as they migrate during rearrange-
ment of species 3 to species 5, and (¢) the geometry
of the corresponding transition state 4 in the context
of the Hammond postulate. This study is carried out
for nine different pinacols (1-subgtituted 1,2,2-
trimethyl-1,2-diols) with nine different migrating
groups R present as the 1-subgtituent in the parent
pinacol.

3.1 Overall thermodynamic profile

Our PM3 enthalpies for four successive steps of the
pinacol—pinacolone rearrangement are presented in
table 1 for nine different cases (R =H, Me, Et, Pr',
Bu', Ph, 2-Py, 3-Py and 4-Py), where the enthapy
indices are as defined earlier, including the overal
enthalpy of whole rearrangement. The values for
DH,, the enthalpy of initid protonation of the pina-
col 1 to give 2, are all negative, ranging from —36¥3
to —2241 kca/mol, uniformly indicating the exo-
thermicity of this step. The next step of dehydration
of the protonated pinacol 2 is predicted to range bet-

Table 1. PM3 enthadpies* for successve seps of the
pinacol-pinacolone  rearrangement,  including  enthdpies
for the steps of protonation of 1 (DHp), dehydration of 2
(DHgp), rearangement of 3 (DH;), deprotonation of 5
(DHgp) and for the overdl rearangement of 1 to 6 (DHpc)
for nine different migrating groups (R=H, Me, Et, Pr'
BU,, Ph, 2-Py, 3-Py and 4-Py).

R DH, DHah DH; DHap  DHpc
H  —22x11 624 1564 3069 082
Me —3L60 1293 -1692 3244 265
Et 3204 11B0 1402 3203 273
Pl 3281 784 1382 3466 443
Bu' 3262 4Bl -1308 3549 640
Ph 3143 648 -1561 3485 561
2-Py —36w3 1348 2086 3926 485
3-Py 3304 1342 -16¥2 316l 563
4Py 2889 962 -1508 30929 466

*All enthalpiesin kea/mol
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ween 4%1 to 13¥8 kcal/mol, indicating rather small
absolute values for the enthapy index DHg, here.
The cases where R is an aromatic ring have the en-
thalpy index DHgy, vaues ranging towards the higher
side than the cases where R is diphatic. The third
step of the rearrangement itself (Wagner—Meerwein
migration of group R) is marked by a sgnificant
exothermicity, where the enthapy index DH, ranges
from —2086 to —1328 kca/mol. This indicates a
definite thermodynamic favourability for the rear-
rangement itself, and predicts that the new bond
formed between the migrating group R and the mi-
gration terminus C2 would be significantly stronger
than the old one between the group R and the migra-
tion origin C1.

The enthalpy of deprotonation DHg, to yield the
pinacolone product 6 is invaridbly on the postive
side, which is pardld to the initid step of protona-
tion of the pinacol 1 where the corresponding proto-
nation enthapy DH, is aways negative. When we
come to the overal reaction, viz. the transformation
of pinacol 1 to pinacolone 6 plus a water molecule,
we note that the overall enthalpy of rearrangement
DH, is negative and mostly on the smdl side, rang-
ing from —082 to —640kca/mol. The reatively
narrower range for the values for the DH,. index is
due to the net number of covaent bonds being preser-
ved between reactant and products (not al, however,
of the same type between reactant and products).
The overdl thermodynamic profile, include the
trangtion dtate, is portrayed in figure 3 for three of
the cases studied here (R =Me, Pr' and Ph) giving
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Figure 3. Ovedl themodynamic profile for the pina
colpinacolone  rearangement  of 1,2, 2-trimethyl-1,2-diols
involving migration of methyl, isopropyl and phenyl
groups.

the six successive phases for the overall reaction in
terms of the species 1 to 6 in turn, usng the net sum
of heats of formation SDH; at each step along the
way. We have scaled the profile such as to make the
starting point for al three cases coincide with an ar-
bitrary enthalpy value of zero. We note the overal
trend is the same in al cases in that the peaks aong
the energy profile diagram include the starting pina-
cal 1, the transition state 4 and the pinacolone prod-
uct 6 itsef, while the lowest point is that of the
rearranged cation 5.

3.2 Relative migratory aptitudes

Table 2 presents the PM3 data concerning the actual
rearrangement step itself, viz, the 1,2-migration of
group R in species 3 to give the rearranged species 5
via the trangition state 4 (R = H, Me, Et, Pr', BU,, Ph,
2-Py, 3-Py and 4-Py groups). The data includes the
rearrangement enthalpy DH,, the activation energy
E., the single negative Hessian eigenvalue n;, and
the net Mulliken charge Q, on the migrating group
in the trangition state.

As indicated earlier, the Wagner—Meerwein rear-
rangement of the carbocation 3 to carbocation 4 is
here predicted to be an exothermic reaction for al
nine cases. The negative values of the reaction en-
thalpy DH, uniformly indicates a transition state on
the “early” side, resembling the reactant rather than
the product for al the cases, as per the Hammond
postulate. This will be discussed in the section on
transition state geometries.

Table 2. PM3 daa* for 12-shift of various migraing
groups R in the Wagne—Meearwein step of the pinacol—
pinacolone rearangement, giving reaction enthdpy [H,
for this dstep, the activation barrier E;, the single Hessan
negdive eigenvdue N and the net charge Qr on the mi-
graing group Rin the trangition state.

R DH; Ea n Q&

H —-15%4 14507 —1452 00998
Me —-16%2 19x12 -0658 04672
Et —14592 1891 —0074 02743
pr 1382 16581 —04.02 08062
BU! -13%8 1466 —0%.78 08263
Ph —-15%61 284 —0640 00963
2-Py —2086 24563 —04496 00663
3-Py —16%72 2855 -0695 00593
4-Py 1508 24581 -0827 00627

*Enthdpies in kcd/mol; Hessan egenvdue in  mdyn/
angstrom; chargesin atomic units
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Thermodynamically, the rearrangement facility
given by the enthapy index DH, turns out to be 2-Py
>3-Py>Me>4Py>H>Ph>Et>Pr >Bu. This
order points to the negative effect that branching on
the dkyl group has on thermodynamic facility, as
well as to the relatively greater facility predicted for
the three pyridyl groups. The case of hydride migra-
tion is somewhere in the middie. We aso note that
this ordering for thermodynamic facility does not
correlate at all with the Mulliken charge index Q.

The enthapy of activation E, for the migration
step ranges from 1497 to 28%5 kcal/mol. Kineticaly,
the facility order for rearrangement with respect to
the group R involved, as given by the activation
energy E., is predicted to be H>Bu >Pr' >Et>
Me > 2-Py > 4-Py > Ph > 3-Py. This predicted order
of migration facility falls in good accordance with
the limited experimenta data™>™’" available on the
pinacol—pinacolone rearrangement, which gives the
relative migratory aptitude in this dtuation H >
Me > Ph. Other theoretical data™® on relaive migra-
tory gptitudes of some groups in a different cationic
dtuation gives the ordering as Bu' > Pr' > Et > Me,
much in line with these results of ours. This indi-
cates that these gas phase calculations yidd trends
that fit well with those obtained experimentaly in
the solvent phase, justifying our use of the gas phase
smulation here, at least insofar as qualititative trends
are concerned.

Note that this ordering predicted for kinetic faci-
lity is quite different from that predicted for ther-
modynamic facility; the orderings are in fact often
reverse to each other. The smalest group (hydride)
is here predicted to migrate most easily, while the
largest activation barrier is that for the 3-pyridyl
group. The effect of branching in the akyl groups
here is to facilitate migration in the order Bu' >
Pr' > Et >Me. The aromatic groups Ph, 2-Py, 3-Py
and 4-Py are predicted to have appreciably higher
activation energies than those for the akyl groups.
We thus see that the aromatic groups rank lower
than the akyl groups in kinetic facility, but on the
higher side with respect to thermodynamic facility.

The capacity of the migrating group to carry pos-
tive charge during migration has been suggested™ as
a hepful factor for nucleophilic migrations within
carbocation species, and is represented here by the
Mulliken charge index Q,. This index here has uni-
formly pogtive vaues, the order of magnitude with
respect to group R being Bu >Pr' >Et>Me>H >
Ph > 2-Py > 4-Py > 3-Py. We observe here that the

alkyl groups are predicted to have a greater capacity
for carrying podtive charge in the trandtion state
than the aromatic groups. This capacity is indicated
to correlate fairly well with the kinetic facility of
migration (given by the ordering above derived
from E,), apart for the cases of hydride and phenyl
group shifts. We may thus conclude that the capa
city to bear postive charge in the trandtion State is
one important factor that lowers the activation en-
ergy.

The factors discerned here which facilitate migra-
tion from the kinetic viewpoint are thus seen to be
(@) whether the migrating group is diphatic or aro-
matic, (b) degree of branching in the akyl group, (c)
capacity to carry positive charge, and (d) steric con-
Sderations as well. Steric bulk of the migrating
group emerges as a mgor deciding factor for rela-
tive migratory aptitude of the phenyl, methyl and
hydride groups, where the migration facility order
H > Me > Ph holds.

3.3 Transition state geometries

Our PM3 vaues for determinants of geometry
within the triangular moiety of the trangtion state 4
are given in table 3, which includes the bond lengths,
bond angles and dihedral as described earlier in fig-
ure 2, presented for the nine different R groups stud-
ied here. In general, the three carbon-carbon bonds
marked as Ri», Riz and R,z (figure 2) have the fol-
lowing ranges. Ry, from 1x407 to 1.440 A, R;; from
1949 to 2458 A, R;; from 1031 to 24471 A, except
for the hydride case, where the R;3 and R,; bonds
are carbon-hydrogen bonds ranging from 1x06 to
1612 A in length, and where the bond lengths and
bond angles indicate a roughly equilateral shape for
the central triangular moiety. In al other cases, the
C1-C3 and C2-C3 bond lengths are appreciably
larger than single C—C bond lengths, indicating the
bresking and making of bonds. The length of the
C1-C2 bond does not appreciably change in value
between transition state, reactant or product, since it
does not redly participate in the reaction. The dif-
ferences in the C1-C3 and C2-C3 bond lengths are
not very large, and the triangular moiety is generally
isosceles in shape, except for the t-butyl case, which
more resembles a right-angled triangle. The case of
the 2-Py group has the C1-C3 bond amost equa to
the C2-C3 bond in length, while for the 4-Py case,
the C1-C3 bond is shorter than the C2—C3 bond.
Thus, for these cases, the transition state may seem
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Table 3. Geometry parameters® for the trangtion dates of pinacol-inacolone rearrange-
ment involving various migrating groups (parameters described in text).

R Ri2 Ris Res a b g Ja iz

H 1441 1406 1612 64x14 5680 5904 8662 -
Me 1433 1949 2057 7343 6505 41>83 8961 —287
Et 1417 2078 24144 72>89 6793 3948 90>69 —1366
P 1407 2458 284 76560 66%71 3679 8638 146
BU' 1430 2005 2471 9040 54524 3536 81>03 —4247
Ph 1429 1993 2082 72598 66X.3 4098 92>05 1796
2-Py 1433 2062 2060 6968 69%73 40569 9622 1844
3-Py 1432 2004 2046 7088 67x74 42>38 9335 1686
4-Py 1440 24128 1931 6206 7673 4121 10194 101

*All bond distancesin &ngstroms; bond angles and dikedral anglesin degrees

relatively less “early” than the others, which is dis-
cussed later.

The dihedrd j 1 gives some idea of the three-
dimensiona dructure and configuration of the tran-
gtion date by indicating how the 2-methyl group
opposite the 1-hydroxy group relates to the planar
triangular moiety. The values of this dihedral range
from 81%3° to 101%4°, thereby indicating that the
plane incorporating the 2-methyl group is aways
approximately perpendicular to the triangular moiety
described earlier.

The dihedral j , describes the orientation of the
migrating group R in relaion to the triangular moiety
C1-C2-C3. This angle is undefined for the hydride
case, while for the methyl case it incorporates a
methyl hydrogen atom, and a carbon atom for al the
other cases. We note that the akyl groups Me, Et,
Pr' and Bu' give values of j , varying from —4247°
to —287°. In the context of the overal geometry
(details not given in full here), this indicates that,
for the methyl migration case, the methyl group has
one hydrogen approximately in the plane of the tri-
angular moiety, and the other two sSituated on oppo-
ste sides of the plane, much like a norma sp’
hybridised methyl group might be expected to be.
For the ethyl migration case, the ethyl group has its
methyl group oriented away downwards from this
plane, where j, is —1366°, and its structure is
largely that of a norma sp® hybridised ethyl group.
The case of the migrating isopropyl group has its
two methyl groups oriented approximately on oppo-
sites sides of this plane, and the overdl conforma-
tion of the isopropyl group is much as would it be in
a normal sp® situation. In anaogous manner, the t-
butyl group has one methyl group approximately
aong the plane of the triangular moiety, and the two
others situated on opposite sides of this plane, and

its overall structure accords with a norma sp® hy-
bridised a-carbon. We thus infer that the migrating
akyl group in al cases does not partake much of the
planar nature of an akyl carbocation having an sp®
hybridised a-carbon. The migrating group here
rather bears more of the tetrahedral character of a
usua akyl group with an sp® hybridised a-carbon.
This points to a good degree of delocalisation of
positive charge during the migration itsdf, which
serves as a stabilising factor.

The aromatic rings of the migrating groups Ph, 2-
Py, 3-Py and 4-Py are dl orientated in amost the
same way with respect to the triangular moiety.
Their overal structure is more or less planar, indi-
cating preservation of aromaticity. The dihedrd | ,
varies from 1041° to 1844° and indicates that these
rings are nearly approximately coplanar with the tri-
angular moiety C1-C2—C3. This co-planarity would
certainly serve well to promote p-bond deocalisa-
tion between the aromatic rings and the triangular
moiety (consisting of the bresking and forming
bonds). Together with the above inference on the sp®
character of the migrating akyl groups, this recals
the theoretical study'® on the structure of p-comple-
xes between various cations and an ethylene mole-
cule, which predicts profuse orbita overlapping
between the cation moiety and the ethylene p-bond
leading to much ddocdisation of postive charge
and consequent stabilisation.

3.4 Relative position of transition states

Table 4 presents values of the ratio of the C1-C3
and C2-C3 bond lengths, viz. Ry3/Ry3, as it occurs in
the trangtion states involved for the 1,2-migration
of the nine different R groups studied. This ratio
ranges from 08114 to 14020 in value, in most cases
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farly close to unity, thus indicating that the trans-
tion states involved are neither too “early” or too
“late”’, but somewhat in the middle insofar as this
ratio itsdf would indicate. Relatively speaking
though, most of the cases have the ratio vaue
dightly less than unity, indicating a reatively
“early” character for the corresponding transition
states, in good line with what the Hammond postulate
itsdf would indicate from the exothermicity of this
reaction. The value of this ratio increases from the
t-butyl case to that of the 4-pyridyl group in the
order: Bu'<H <Pr'<Me<Ph<Et<3Py<2Py<
4-Py, which may be taken as indicating the relative
degree of “earliness’ of the trandgition state in that
order insofar as the bond length ratio index is con-
cerned.

When comparing the values of this ratio index to
the values of the enthapy index DH,, we note that,
while this enthalpy index is uniformly negative, in-
dicating an “early” trangtion state for all cases, the
bond length ratio index itsdf is not uniformly
smdler than unity. This indicates that the bond
length ratio index is useful only to make relative as-
sgnments of podtion along the reaction path, and
not as an absolute index for such. There is, however,
some degree of correspondence between the bond
ratio index and the enthalpy index, notably for the
cases of the BU, Pr', Me, Ph, Et, 3-Py and 2-Py
groups, where the relative ordering predicted for de-
gree of “earliness’ is the same from both indices,
viz. BU' > Pr' > Me > Ph > Et < 3-Py > 2-Py.

The case for the t-butyl group has the “earliest”
trangtion state from both the geometrical and ther-

Table 4. The ratio of lengths of the bonds bresking and
making in the trandtion sates involved in the 1,2-migra
tion of group R for the various systems dudied aong
with remarks on the relative postion of the trangtion
State along the reaction pathway.

R R13 R23 R13/ R23 O H,— Remarks

H 1406 1612 09299 -1564 Quiteearly

Me 1949 2057 00474 -1622 -

Et 2078 2444 (00692 1492 -

Pr 2458 2284 (0448 1382 -

Bu' 2005 2471 08114 -1328 Mostealy

Ph 1993 2082 09572 -1561 Ealierthan
pyridyls

2-Py 2062 2060 10009 -2086

3-Py 2004 2046 00794 -16%2 -

4-Py 2428 1931 14020 -1508 Mostlate

*All bond disgtancesin 8ngstroms

modynamic consderations, with a vaue of 0.8114
for the bond length ratio index, as well as the least
degree of exothermicity (DH, =-13%28 kcal/moal).
The case for the 2-Py group may be designated as
relatively “late” from both considerations, where the
bond length ratio index is 10009 (closest to a
“midway” podition insofar as the bond ratio index is
concerned) and the enthapy index is —20%86 kcal/
mol (most exothermic).

The bond length ratio index would serve well as
an absolute indicator of position along the reaction
coordinate only if the subgtitution of the 1- and 2-
carbons was symmetrical, viz., if there were two
1-methyl groups instead of one 1-methyl and one 1-
hydroxy group. The presence of the 1-hydroxy
group upsets this symmetry, because of which the
bond length ratio index can serve only as an indica-
tor of relative podtion along the reaction path, and
not of absolute postion.

4. Conclusions

This theoretical study leads to the following predic-
tions and conclusions.

(1) The Wagner—Meerwein 1,2-migration in the
pinacol—pinacolone rearrangement is invariably fa-
voured thermodynamically, regardless of the migrat-
ing group involved.

(2) The relative migratory aptitude from the ki-
netic viewpoint is influenced by the basic type of
the group (whether aiphatic or aromatic), degree of
branching in the akyl group, capacity of the group
to carry positive charge, and steric considerations.

(3) The order predicted here for relative migratory
aptitude is H>Bu >Pr' >Et>Me> 2-Py > 4-Py >
Ph>3-Py which well reflects the limited experi-
mental data available for these systems as well as
theoretical data on similar systems.

(4) The migrating alkyl groups have besicaly sp®
hybridised a-carbons, while the migrating aryl
groups are coplanar with the rearranging moiety in
the transition state. These observations infer that there
would be much deocalisation of postive charge in
the trangition states leading to net stabilisation.

(5) The application of geometrical and thermody-
namic considerations lead to the following consistent
order, viz. t-butyl >isopropyl > methyl > phenyl >
ethyl > 2-pyridyl > 4-pyridyl, for relaive “earli-
ness’ of the trandgtion states involved, in good ac-
cordance with the Hammond postul ate.
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