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Hydrogen as a migrating group in some pinacol
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ABSTRACT: DFT calculations at the Becke3LYP/6—-31G* level were employed to demonstrate that the pinacol
rearrangement of ethylene glycol and the 1,1-dimethyl and 1,1,2-trimethyl analogs undergo pinacol rearrangements
by a concerted hydrogen-bridged transition structure. No evidence for a bridged intermediate was found. Calculations
by two methods on the ethylene glycol system were repeated with the various structures embedded in a solvent cavity
with the medium dielectric constant set for water. The ratio of rates for the two methylated glycols was calculated
with good agreement with the experimental value. The kinetic isotope effect for the rearrangement of 1,1,2-
trimethylethylene glycol was calculated (2.8) in fair agreement with the experimental value of 1.6. Sources of error
are briefly discussed. Copyright 1999 John Wiley & Sons, Ltd.

KEYWORDS: hydrogen migration; pinacol rearrangements; kinetic isotope effects; density functional theory
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INTRODUCTION Recently, Nakamura and Osamura publishedaan
initio study of the pinacol rearrangement of ethylene,
By 1949 it could be seriously proposed that the pinacol propylene and isobutylene glycols at the HF/6-31G
rearrangement was the best studied reaction in all oflevel.” They reported that thg-hydroxycations formed
organic chemistry. Whelaridn that year published an by the loss of water from the first two glycols rearrange
extensive review of the reaction applying the classical spontaneously to the appropriate protonated carbonyl
mechanistic steps previously proposed by Whitnfos. products. Thetertiary f-hydroxycation from the iso-
applied to the long known rearrangement of ethylene butylene glycol was stated to form a stable intermediate
glycol to acetaldehydgthis mechanism may be written cation. With this exception, they discounted the im-
as shown in Scheme 1. portance of the classical ion mechanism, reporting that a
In the 1950s and 1960s, physical organic chemistry concerted hydrogen-bridged transition structure (Scheme
entered into what has been described as the ‘rococo2) was energetically the more favorable pathway. These
period’ of carbocation mechanisfisridged ion inter-  early results were based on calculations with Gaussian 82
mediates and neighboring group participation becameand are difficult to assess since they did not give any
pervading concepts widely applied with a lack of verification of their transition states (TSs) and zero point
discrimination. energy (ZPE) corrections were not included. At the time,
This perception began to alter with the work of solvent corrections to the energies or structures were not
Collins’ group at Oak Ridgé.By the use of kinetic  possible.
isotope effect arguments, it was established that the acid- Schleyer and co-workers found the employmenalof
catalyzed rearrangement of 1,1,2-triphenylethylene gly- initio calculations by HF or MP2 methods to be
col could only be accommodated by an open classicalinconsistent regarding non-classical structures. They
carbocation mechanism shown above. However, whensuggested that density functional theory (DFT) calcula-
similar studies were extended to the rearrangement oftions at the Becke3LYP/6-31G* level represent a
1,1-dimethylethylene glycol and 1,1,2-trimethylene gly- minimum satisfactory level for assessing such struc-
col? the kinetic isotope effectscé 1.6-1.7) were  tures®® This paper reports the application of such
interpreted as indicating hydrogen acting as a neighbor-calculations to the pinacol rearrangement of ethylene
ing group forming a non-classical hydrogen-bridged glycol with and without corrections for the polarity of the

intermediate as shown in Scheme 2. solvent. Prior to the arrival of computational methodol-

*Correspondence toW. B. Smith, Department of Chemistry, Texas ogy, small kinetic isotope effects were interpreted largely
Christian University, Fort Worth, Texas 76129, USA. ’ based on speculative reasoning. Carrying forth from the
E-mail: wbsmith@gamma.is.tcu.ed ethylene glycol results, the current study was extended to
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Scheme 1

establishif the observedinetic isotopeeffectsfrom our
previous experiementalwork were consistentwith the
postulationof hydrogen-bridge TSs.

COMPUTATIONAL METHODS

Preliminary calculationswere carried out either with
SPARTAN (Wavefunction, Irvine, CA, USA), Gaus-
sian94° or Gaussiar®8.1° DFT calculationswverecarried
out at the Becke3LYP/6-31G1evel. At therequesiof a
reviewer,certainsingle-pointcalculationswererepeated
on pertinentstructuresat the MP2/6—-31+ G**//Becke-
3LYP/6—-31G*level. Synchronougdransit-guidedquasi-
Newton methods were used to obtained transition
structures:>*?1n the fastestof these QST2,a transition
structureis approximatedfrom input structuresfor the
starting materialand the product(s).This structuremay
then require refinementby the QST3 methodin which
thesestructuresare augmentecby the approximateTS
leadingto a new TS refinedsufficiently to give a single
imaginary frequencyupon a frequencycalculation. In
somecasesone may go directly to the TS by useof the
startingandproductstructuresandaguessedtructurefor
the TS. Zero point energycorrectionsfor all TSswere
Becke3LYP/6-3G* calculations. The normal coordi-
natemotionsof theimaginaryvibrationalfrequenciesor
all TSs were visualized via Gaussview (Gaussian,
Pittsburgh,PA) to insurethe correspondencwith valid
reactioncoordinates.
Thepotentialenergysurfacenearthevarioustransition
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structureswas found to be very flat, requiring extreme
strictures on the convergencecriteria and frequency
calculations for each cycle [opt=(TS, very tight,
CalcAll)]. Solvent correctionsto the ethylene glycol
systemwere first studiedutilizing the Onsagereaction
field model (SCRF=dipole) with the spherical cavity
approximation® Basedon the slight changesn starting
materialandTS geometriesmoreaccurateenergieswere
determinedas single-pointcalculationsusing the polar-
ized continuummodel (PCM) method of Miertus and
Tomasi** Softwarelimitations preventeptimizationof
the TS underthe PCM method.

RESULTS AND DISSCUSSION

Initially thetransitionstatefor the pinacolrearrangement
of ethylene glycol was sought by a series of bond
stretchingcalculationsin which the protonatechydroxyl
groupwasprogressivelffengthenedrom its equilibrium
value.A TS wasfoundwith the waterat a considerable
from a 2-hydroxy-1-ethylcation. Nakamuraand Osa-
murd reportedthat the 2-hydroxy-1-ethy cation rear-
rangedspontaneouslin azeroactivationenergyprocess
to the protonated acetaldehydeproduct. A detailed
examinationseemedvarranted A potentialenergyscan
was carried out on the 2-hydroxy-1-ethylcation while
rotatingaboutthe C(1)—C(2) bond. This first found TS
was establishedas the barrier to this rotation by an
intrinsic reaction coordinate (IRC) calculatiort® and
examination of the imaginary vibrational mode via
Gaussview.The only point at which the spontaneous
rearrangmentoccured was with the C(2)—H bond
antiperiplanato the just departingwater moiety. It may
be mentionedparentheticallythat the spontaneousear-
angementtells us nothing about the rearrangement
pathwayof the carbocationasthe modeling programis
designedto find an energy minimum but does not
necessarilyollow thereactioncoordinaten accomplish-
ing this.

A valid concerted TS for the rearrangementof
protonated ethylene glycol was found by means of
successiv®ST2andQST3calculations.The energyfor
this structureis given in Table 1 and the structureis
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displayedin Fig. 1. Not unexpectedlythe differencein
computationalevelsproducedminor differencesn bond
lengths, bond angles and reaction enthalpy from the
previously reported values’ Gaussviewdisplayed the
imaginary frequency correspondingto the expected
reactioncoordinatewith the bridging hydrogenoscillat-
ing betweencarbonsl and 2. The calculatedactivation
enthalpyof 26.0kcalmol™ (1 kcal = 4.184kJ) compares
with the earlier published valu€’ of 23.6kcalmol™™.
When corrected for ZPE the value decreasesto
21.4kcalmol™. An IRC calculationclearly connected
this TS with the starting glycol and the acetaldehyde
product.No evidencefor a stablebridged intermediate
wasfound. Indeed,an approximationto sucha structure
collapsedmmediatelyto acetaldehyde.

Currentlyavailablesoftwaredoesnot permita detailed
examinationof specificsolventinteractionwith charged
substrates.The self-consistentreaction field method
employing the sphericalcavity modef® producedonly
aslightlengtheningof the bondto the departingwaterin
the TS (Fig. 1). As stated previously, computational
limitations dictatedthe use of single-pointenergiesto
evaluatethe effectsof employingthe more sophisticated
PCM model. As seenin Table 2, dielectric constant
effects are minimal with the simpler spherical cavity
model and considerablymore realistic with the PCM
model. However as reflectedin Table 3, the effect of
increasing the dielectric constantis to increasethe
activation enthalpy to 34.1kcalmol™. This result is
dueto the enhancednteractionof the mediumwith the

Figure 1. Becke3LYP/6-31G* TS structures for (A) ethylene glycol, (B) ethylene glycol in the simple dipole model water cavity, (C)
1,1-dimethylethylene glycol, (D) 1,1,2-trimethylethylene glycol, (E) threo-butane-2,3-diol and (F) erythro-butane-2,3-diol
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Table 1. Becke3LYP/6-31* and MP2/6-31 + G** energies (hartree) including Becke3LYP/6-31* ZPEs

Species Energy’ ZPE? MP2®
CH,(OH)CH,(O"Hy) —230.560710 0.098126 —229.933466
TS —230.519260 0.090856 —229.892096
CHsCH(=O"H) —154.136705 0.068648

H.O —76.408953 0.021159

HsO" —76.685908 0.032479

(CH3)2C(O"Hy)CH,(OH) —309.213303 0.153790 —308.327345
TS —309.179983 0.145576 —308.292655
(CHs)2 CHCH(=0"H) —232.774397 0.126325

(CHs)» C(O"H,)CH(OH)CH; —348.533442 0.181868 —347.518761
TS —348.504739 0.1735583 —347.485092
(CH3),CHC(=O"H)CH; —271.113693 0.154277

threo-Butane-2,3-diol —390.212960

TS —309.175870

erythro-Butane-2,3-diol —390.210921

TS —390.171567

& Energiesin hartrees.
P MP2/6-31G*//BeckeBYP/6-31G*.

compactchargeof the protonatedglycol as opposedo
the morediffuse chargeof the TS.

The TSsfor the rearrangementsf 1,1-dimethylethy-
lene glycol and 1,1,2-trimethylethyleneglycol were
determinedin the same fashion. The ZPE-corrected
energiesfor the starting protonatedglycols, TSs and
productsaregivenin Tablel. Thestructuresandenergies
relativeto eachprotonatedylycol aregivenin Fig. 1. The
ZPE-correcte@nthalpief activation(0 K) for thethree
glycolsin this studyfall in the sequence1.5,15.8and
12.8kcalmol™, reflecting the stabilizing influence of
increasingmethyl substitution.

In ethyleneglycol, the C—H bondlengthto thecarbon
with the protonatedDH groupwas1.089A, in contrasto
the more normal C—H distanceof 1.095A. The bond
lengths to the bridging hydrogen are of interest in
reflectingthe stateof developmenbf eachTS.In the TS
for ethyleneglycol thelengthsto the migratingH moiety
are 1.260A to the migration origin and 1.479A to the
migrationterminus.Clearly the TS is not symmetrically
bridged. For the 1,1-dimethyl case,the corresponding
valuesare 1.272 and 1.433A, respectively,indicating

this TSto beslightly furtheralongthereactioncoordinate
than the less substitutedcase.However, for the 1,1,2-
trimethyl case,TS developments clearly at an earlier
pointreflectingthe inductivehelp of the methyl groupat
C(2).

At 73°C in 1.2M perchloricacid, theratio of the first-
order rate constantfor 1,1-dimethylethylae glycol to
that for 1,1,2-trimethylcompoundis 1.1+ 0.3°° If one
acceptghat the pre-expontentiafactor in the Arrhenius
equationmust be similar for both processe&® the rate
ratio may be written as

ku/kz = expl(AG3 — AGY)/RT] (1)

wherethe AG* s arethe differencesin the temperature-
correctecandscaled’ sumof electronicandthermalfree
energiesfor the transition structuresand reactantsThe
calculatedvalue for this systemis 1.0, which must be
consideredas very good agreemenasfree energiesare
calculated via statistical thermodynamicsfrom the
calculatedvibrational frequencieswhich are subject,in

Table 2. Effects of a solvent correction to ¢ = 78.38 D for species of interest in the ethylene glycol series?

AAHP AAHP
Molecule Onsagel(h) (kcalmol™%) PCM (h) (kcalmol™%)
CH,(OH)CH,(O*H,) —230.563440 1.7 —230.677382 73.2
TS —230.520391 0.7 —230.623089 65.2
CH3CH(=0O"H) —154.139363 1.7 —154.245681 68.4
H-O —76.410251 0.8 —76.418088 5.7
H,O" —76.690145 2.7 —76.858425 108.3

@ Becke3LYP/6-31G* energies.
P AAH =the changein enthalpydueto the solventeffect.

Copyright0 1999JohnWiley & Sons,Ltd.

J. Phys.Org. Chem.12, 741-746(1999)



HYDROGENAS A MIGRATING GROUPIN PINACOL REARRANGEMENTS 745

Table 3. Activation enthalpies (kcal mol™") for the various glycols in this study

Compound Becke3LYP Becke3LYP+ ZPE MP2
CH,(OH)CH,(OH) 26.0 21.4 25.7
(CH3),C(OH)CH,(OH) 20.9 15.8 19.3
(CHs),C(OH)CH(OH)CH, 18.0 12.8 21.1
CHsC(OH)CH(OH)CH" 23.3
CH3C(OH)CH(OH)CH® 24.7

@ The solvent-correctedralue (PCM) was34.1kcalmol ™.
® threo-Diol.
¢ erythro-Diol.

turn, to theassumptiorf simpleharmonicvibrationsand
goodstructuresncluding electroncorrelation.

Equation(1) canalsobe appliedto the kinetic isotope
effectsby replacingthe subscriptsl and2 with H andD,
respectively On this basis the calculateckinetic isotope
effectfor 1,1,2-trimethylethylenglycol wasfoundto be
2.8, which canbe comparedvith the experimentalvalue
of 1.6. In consideringthe divergencehere, one must
considerthatthereis someexperimentakrrorin therate
measuremeniandin therequiredfour sumsof electronic
andthermalfree energieswith errorsasdescribedabove.
Raukhasextendedeqn. (1) by incorporatingthe effects
of internal rotorsin the molecule*®*° He recalculated
thesedatawith his versionof theequationarriving atthe
samevaluefor ky/kp.

In the interestof completenessa reviewersuggested
thatthe rearrangementf butane-2,3-diobe includedin
this study. The energiesfor the protonatedthreo and
erythroglycolsandthe correpondingransitionstructures
aregivenin Tablel with theactivationenergiesn Table
3. As canbeseenin Fig. 1, the C—H bondlengthto the
carbonat the rearranemenorigin for the threo glycol E
correspondto thatof the 1,1-dimethylethyleegylcol C;
thedistanceo the migrationterminusindicateshe TS to
be later than for C. The activation enthalpy is
iintermediate between those for ethylene glycol and
1,1-dimethylethylae glycol. With the eclipsinginterac-
tion of the two methylsin the erythroglycol D the TS is
considerably earlier than for the threo case. This
interactionis reflectedin the higher activationenthalpy
(24.7vs 23.3kcal mol~) for F overE andin theslightly
longer(0.04 A) C-Cbondlength.

In summary,it has beendemonstratedhat for the
glycols considerecherethe concertednechanismninvol-
ving a hydrogen-bridge TS offers the lowest energy
pathwayto products.No evidencefor the existenceof a
bridgedhydrogenintermediatavasfound. Theactivation
enthalpiescalculatedat the Becke3LYP/6-3G* level
are consistentwith the numberand location of methyl
groups. Reaction rate differences between the 1,1-
dimethyl and 1,1,2-trimethylethylenegglycols are mod-
eledfairly well. Within the limits of error expectedfor
suchcalculationsreplacementf themigratinghydrogen
by deuterium for the 1,1,2-trimethyl case gives a

Copyright0 1999JohnWiley & Sons,Ltd.

computed kinetic isotope effect consistentwith the
formation of a hydrogen-bridged'S. As shownin Fig.
1, the C(1)—C(2) bond lengths (1.40-1.42 A) are
significantly more sp—spf-like than the averagelength
of 1.53A foundin the protonatedglycols.
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