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Heavy atom tunneling? There is a light for anti-aromatic molecules!
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Heavy Atom Tunneling in the Automerization of
Pentalene and other Antiaromatic Systems.

Sebastian Kozuch

Cyclobutadiene is a well-known system that can automerize (i.e. undergo a Ttbond-shifting) by a heavy
atom tunneling mechanism. To understand the rules that allow this process, a theoretical study has been
carried out on the contribution of tunneling to the automerization reactions of several other molecules
with antiaromatic Tt systems: pentalene, heptalene, acepentalene, and substituted pentalenes. The
calculations find that automerization of molecules such as pentalene, which have planar structures, are
most likely to proceed by rapid carbon tunneling from the lowest vibrational state, since such molecules
have relatively low activation energy and narrow barriers. However, if a molecule is not planar (thus
formally “non-aromatic”) and/or requires large geometry changes in order to reach the automerization
transition state, then the tunneling will be strongly hindered. In some cases, such as heptalene and tri-
tert-butylpentalene, the rearrangement of the reactant requires a modest amount of thermal energy,
which can be followed by the 1 bond-shifting through a tunneling mechanism (“thermally activated
tunneling”).

Introduction

Shifting of thert bonds in cyclobutadien€cBD) was the first

reaction in which, through a combination of expexims and Pentalene (PL) (2)
calculations, tunneling by carbon was shown to rhpartant.

The anomalously low, pre-exponential factor for the
automerization of cyclobutadiene{gqgn (1)), =

. . Heptalene (HL) (3)
IZ[D E[D 1 0 — a/ = \a

o DO
measured by Whitman and Carperitérwas subsequently Acepentalene (APL) @

interpreted by Carpenter as being due to quanturchamécal

tunneling (QMT) through the reaction barrier, rathtban All three of these molecules have alternating bdengths,

passage over #t.Additional calculations’ and spectroscopic caused by pseudo-Jahn-Teller distortions of the tmos

experiments supported this interpretattorSubsequently, symmetrical geometrie$-1” They are highly reactive, with a

calculations have predicted and experiments coefirnthat tendency to dimerize even at low temperatdré:

tunneling by carbon occurs in the ring opening diL was first synthesized in 1961 and the elusivesPL and

cyclopropylcarbinyl radical, the ring expansion of PL in 19957 and 1996¢ respectively (although sterically

methylcyclobutylfluorocarben®,the degenerate rearrangemershielded or electronically stabilized derivativesé been known

of semibullvalené! and the ring expansions of noradamantyfor some decadé¥?123-2§. In all these cases the dianion is a

chlorocarben®-13and other similar carbené&s. stable aromatic compounid@?® with the capacity to act as an

Like CBD, pentaleneRL), acepentaleneAPL), and heptalene organometallic ligand?

(HL) are antiaromatic, containing alternanbondst As shown In this paper the results of a computational inigesion of the

in eqns (2) to (4)PL, HL and APL can, likeCBD, undergo extentto which QMT is involved in the automeripatireactions

automerization by shifting of theebonds. in eqns (2) to (4) (including some substituted eyws) are
reported. In addition, an analysis of the experitaeresults in

This journal is © The Royal Society of Chemistry 2014 RSC Adv., 2014, 00, 1-3 | 1
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the automerizations of 1,3,5-tért-butyl-pentalen# (tBusPL) Rate constants for passage over the reaction bmriere
and ofHL 28is tackled, with both reactions occurring faster thatomputed using canonical variational transitiontesttheory

the NMR time-scale at low temperaturés. (CVT)%2 and the contributions of multi-dimensional tunngli
were incorporated using the small curvature tumge(iSCT)

Computational Methodology approximatiof® with step size of 0.001 Bohr and quantized
reactant state tunneling (QRST) for the reactioordmate

Degeneracy of the Frontier Orbitals mode. This approach has proven to be successfptevious

Although there are many similarities betwe@BD on one hand theoretical studie¥'* The rate constants were computed with
and PL, HL and APL on the other, there is one obviou$olyrate3* using Gaussrateas the interface between Polyrate
difference —PL, HL andAPL each contain C-C bonds acros&nd Gaussian0%.Unless specified, SCT values include the CVT
the antiaromatic annulene rings. The existencehe$e¢ bonds rate constant and the tunneling correction.
make their electronic structures different fromttbhCBD in SCT calculations require calculation of energiesiergy
one important way. At the geometries of highestmyaimy, CBD  gradients, and second derivatives, not only atehetant and TS
contain a pair of halffilled MOs that are degenerdy geometries but also at many points along the reagtathway.
symmetry. In contrast, iRL, HL andAPL the cross-ring bond High-quality, wave-function-based calculations ao¢ practical
between the bridgehead carbons lifts this degepdraallowing for SCT. Therefore, a search for a DFT functiormeit twould
the 2p AOs on these carbons to intef8dhus creating non- provide high-quality results with a small basis sets carried
alternant systen®.As shown in Fig. 1, this interaction does ngdut. As a benchmark against which DFT results wlifferent
affect the LUMO ofPL or APL, but it stabilizes the HOMO. On functionals could be judged, the relative energywieen the
the other hand, iRiL, it is the LUMO that is destabilized by thisreactant and TS\E) for the automerization dPL andHL was
interaction and the HOMO that is unaffected. computed at the CCSD(T)-F12/cc-pVTZ-F12//M06-2X/6-
311G(d) level of theory. Molpfé8 was used to perform these
Somo calculations. Values oDE* = 11.3 and 14.9 kcal/mol were
obtained, respectively, fd?L andHL.3° The values of the T1
diagnostics were 0.017 for both transition staltesddition, an
(8/8)CASSCF calculation oRL found that the weight of the
HOMO LUMO second most important configuration, in which thdMO is
doubly occupied, relative to the configuration irhieh the
HOMO is doubly occupied, is only 0.09/0.75 = 0.12This
indicates that single-reference CCSD(T) calculaioare
adequate for these reactions.
The AE* values for twenty DFT functionals were computed an
compared to the CCSD(T)-F12/cc-pVTZ-F12 benchmaiie
6-31G(d) basis set was used for these DFT caloaisitiwhich
were all performed with Gaussian®9The values obtained from
these calculations are given in the ESlhe values that were
closest to the CCSD(T)-F12/cc-pVTZ-F12 ones wertioked
with M06-2X .40 Therefore, this functional was selected for all
the QMT calculations presented here (see the' E@l a
discussion on the accuracy of unrestricted M06-@XBD).
ThetBusPL molecule is too large to allow calculation of @€T
i o rate constant. In order to simulate the effecthaf tnass of the
T e 1= tertbutyl groups intBusPL, we also calculated the rate
(symmetries Dan, Dan, D, and Cs, respectively). constants for automerization of 1,3,5-tribromopkme,Br3PL,
(whose bromine substituents have a mass almost timas
The degeneracy of the pair of singly occupied mdkacorbitals higher than theert-butyls oftBusPL), and with a model system
(SOMOs) in squareCBD means that a two determinantabf PL with the hydrogens in the first, third and fifttogition
electronic wave function must be used at and nearsgjuare having a mass of 57 (the mass aBa group and without the
geometry (the TS} In contrast, provided that the HOMO-electronic effects of Br atoms). However, 821 groups may
LUMO gap is sufficiently large in the other molees] a single- rotate during the automerization reaction, while &tomic Br
configuration wave function should suffice. Thisffelience and®H cannot mimic this movement. This may be a sigaifit
should make calculations of the automerization srateuch factor in the tunneling regime, hence we also dated the
simpler forPL, HL andAPL (egns (2) to (4)) than f@BD (eqn automerization of 1,3,5-trimethylpentalen®&PL) and an

CBD

(2)). hypothetical trimethylpentalene with the hydrogeof the
) methyls having a mass of 15 (the mass of 3)Ckb model the
Rate Constant Calculations tBu substituent rotatior{M esPL).

2 | RSC Adv., 2014, 00, 1-3 This journal is © The Royal Society of Chemistry 2014
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Table 1 M06-2X/6-31G* activation energies, CVT and SCTerabnstants  for the automerization reactionsRif , BrsPL, ¥HsPL, MesPL, “MesPL,
APL andHL at selected temperatures.

PL BrsPL 5H4PL MesPL M e;PL HL APL?
= 11.3 9.0 11.3 11.9 11.9 13.0 7.3
T(K) CVT SCT CVT SCT CVT SCT CVT SCT CVT SCT CVT SCT CVT SCT
10 2.1x10%2.2x10 1.4x105 2.8x1G 4.8x10'° 8.8x10 9.6x10'7 7.2x10* 1.9x10?* 1.5x10% 1.6x107%° 1.2x10°® 1.3x10'% 1.9x10°
50 4.2x10° 2.3x16 6.5x10%° 3.9x1¢ 5.2x10%° 1.1x1G 4.4x10%° 3.2x1¢ 9.2x10°2 4.0x10' 7.0x10% 1.4x10%° 3.6x10'® 5.0x10°
100 4.7x10° 3.3x1¢ 5.7x10* 7.9x10¢ 5.1x10° 1.9x1G 5.2x10° 1.8x10 2.9x10% 5.3x1G 2.1x10™ 3.6x10' 3.8x1(* 3.4x10
150 5.9x107 5.2x10 1.4x1G 1.6x10 6.2x10? 3.5x10 5.6x10* 2.9x10 3.6x10° 1.6x10 7.9x10° 1.2x1G 2.1x1G 4.9x10
200 2.3x1G 8.6x1G 7.8x10 3.0x10 2.4x1G 6.5x1G 1.7x1G 1.6x10 1.2x10 1.1x16 1.7x10 9.5x10 5.1x1G 8.4x10
300 1.0x10 2.5x10 4.7x10 1.0x106° 1.0x16G 2.2x10 4.9x1G 1.4x1G 3.5x10 1.1x10 3.8x1¢ 1.2x10 1.3x1G 1.7x106
400 7.0x10 7.6x10 1.2x10 3.0x16° 7.0x10 7.0x10 2.4x10 6.3x16G 1.7x16 5.0x10 6.0x16 2.0x16 2.1x10 2.4x10

2 SinceAPL has three equivalent minima, the rate constédmsld be doubled to account for the two possibteraerizations.
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Fig. 2 Arrhenius graphs for the automerization reaction of PL, HL, APL, BrsPL, MesPL, 1MesPL and 57H;PL. In blue the CVT (classical) rate values. In red the SCT (QMT)
values.

actually consist of two equivalent structures istfaquilibrium
(i.e., they each have a “double well” potentia¢myy surface).
Table 1 and Fig. 2 present the rate constants avithwithout In the case of the rate constants for automeriaaifdvi esPL a
tunneling corrections (CVT in blue and SCT in re@)assical plateau is also reached, but only at a much lowmperature
rate constants give linear Arrhenius plots, coesiswith the (approximately at 20 K) with a much longer half ¢ifib2 = 1 s)
Arrhenius formulation (Irkk = In A — E4RT). However, QMT in this temperature regime.

processes are temperature independent (at leash whe “MesPL, HL andAPL do not reach such a plateau except at
reaction occurs from the ground vibrational staae)] therefore extremely low temperatures (below 20 K, see EStwElver, the

a plateau in the Arrhenius plot indicates a turinglinechanism. SCT rate constants for bond shifting*iMesPL andHL still

At 10 K the tunnelling calculations predict verysfabond- have values that are much larger than the CVT omkih do
shifting in PL, BrsPL and5"HsPL, with extremely short half- not include tunneling (for APL this only occurs &l 100 K).
lives of 3x1(®, 2x10° and 8x1€ s, respectively (computed asThis difference can be attributed to thermally\zatiéd tunneling
In(2)/k). According to these calculations, these systeansstift (caused by large atom displacements, as descréded’}y where
their thonds at such a pace that it will be virtually ospible to the occupation of vibrationally excited states fssin a lower
observe the alternating bond lengths by common réxeatal and narrower effective barrier.

procedures (e.g., NMR) at any temperature. Theeeffar all

practical purposes, pentalene and two of the #utesi Discussion

pentalenes will not show alternating bonds and wflpear to
have a single symmetrical geometry, in spite offdoe that they

Results

Pentalene (PL) and derivatives

This journal is © The Royal Society of Chemistry 2014 RSC Adv., 2014, 00, 1-3 | 3
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PL has a flat Arrhenius profile, indicating very f&3MT from results predict that the masses of the substituentsesePL
the ground state for the bond-shifting reactiom &troad range derivativeswill not have much effect on the rates of tunnejlin
of temperatures (see Tableahd Fig. 2). This is an indicationThe reason for this lack of sensitivity to the gditbent mass is

that heavy atom tunneling may be possible for thgederate
rearrangement of antiaromatic molecules other @BD. Even
at high temperatures automerization B is predicted to
proceed by tunnelling, albeit from vibrationallyoibed states. At
room temperature, the SCT rate constanPlofautomerization
is still computed to be three orders of magnituadgér than the
CVT rate constant.

Fig. 3 shows the energy of the system vs. the aigphent of the
carbon atoms with the wider trajectory. It is pb#sito see that

that these substituents are almost immobile throughhe
automerization reaction, and therefore their masaes not
determining factors for QMT.

However, tBusPL has several different conformers that are
produced by the rotation of the thrteet-butyl substituents, with
the energies of these conformers affected by tls@ipos of the
double bonds in the eight-member&i ring. As will be
discussed shortly, this means that ted-butyl groups must
rotate as the double bondstBusPL shift. This effect cannot be

the barrier profile foPL is very narrow, an optimal factor for amimicked by calculations oBrzPL or 5"HsPL.

fast QMT (see Fig. 4 for the difference betweengkinand
double bond distances of these molecules).

14
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Fig. 3 Energy vs. displacement curves for the highlighted carbon atoms. The TS is
set at zero displacement. Note that since multidimensional tunneling can “cut
corners”, to proceed through the least action pathway,*! the actual trajectories
may differ slightly from the one-dimensional pathways in this figure.

Fig. 4 C-C bond distances in A at the optimized geometries of the three anti-
aromatic molecules.

Therefore, a study of 1,3,5-trimethylpentaleddefPL) was
carried out, in order to model the effect of tee-butyl group
conformations. Of course, the effective masseb®htydrogens
of a rotating methyl group iMesPL are very different from
those of a rotatintert-butyl group intBusPL, and this difference
in effective mass could make the probability ofhrtaling very
different in these moleculé$. Therefore, we also performed
QMT calculations ort®™esPL, an hypothetical molecule with
an isotopic mass of 15 on the hydrogens of the yheftoups,
since the mass dfH is equivalent to the mass of the methyl
groups of eachert-butyl substituent. This model is far from
perfect, because the C-H bonds in the methyl granp<a. 0.4
A shorter than the C-C bonds in tteet-butyl groupsHowever,
calculations orf®esPL should at least provide an upper limit
to the rate of automerization by tunneling®fizPL .

Fig. 5 Automerization of Me3PL, including the rotation of the methyl groups. At
the TS there is a rotation of 60° of the left-upper Me group, and 30° of the lower
one.

The rate of automerization iPL has not been measuredl he preferred conformation of a methyl substituisnbne in

experimentally, but low-temperature (-50 °C) NMPperiments
found that the peaks in tHéC NMR spectra of 1,3,5-ttiert-
butylpentalene (tBusPL) showed no
localization?* Unfortunately, tBusPL has too much
conformational flexibility and too many atoms to keaSCT
calculations on its automerization practical.

which one C-H bond eclipses the CsCbond of the doubly
bonded carbor®.In the reactant oMesPL all three methyl

indication of bondgdroups have this conformation. However, as the yheffoups

in the product also have this preferred conforrmatthey must
rotate as the double bonds shift, as depicteddn3=i Thus, for
the automerization dlesPL to be completely degenerate, the

Therefore, in order to investigate the effect af thasses of the bond-shifting and rotation of the three methyl greby 60° must

threetert-butyl groups on the rate of automerization, caltiohs
on simpler models were performed, including 1,3iBdmo-

be coupled.
The eclipsed conformation between a C-H and ancedjat

pentalene BrsPL), and a pentalene with three, hypotheticapond is favored by[2 kcal mot' over the staggered
Super-heavy5’7H isotopes 5(7H3P|_) at C1, C3, and C5, in orderconformatiorﬁz However, the overall AE* for M esPL
to mimic the masses of thBu groups that are attached to thesautomerization is only 0.6 kcal mbhigher than that dPL (see
carbons inBusPL. The SCT rate constants (Tablard Fig. 2) Table 1), much less than the sum of three Me mtat(5 kcal
are very similar to those for the automerization the Mol?) and an independeL bond-shifting (11.3 kcal mgd).
unsubstitutedPL (the AE* for automerization oBrsPL is lower This occurs because both reactiond¢nd-shifting and methyl
than that forPL, but not enough to affect the kinetics). Thed@tations) are, in fact, coupled, one aiding tHesot

4 | RSC Adv., 2014, 00, 1-3 This journal is © The Royal Society of Chemistry 2014
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The Arrhenius plots for automerization MfesPL and*®®MesPL  mol! at the same experimental temperatures, compat@lite
are substantially different from that BL at low temperatures experimental results.

(Table 1and Fig. 2). At 10 K the automerization MfesPL is If the tunneling effect is so evident HiL, why does it not start
predicted to be fast, with/4 = 1 s (but still more than eight orderdrom the ground vibrational state (i.e. reachinglateau in the
of magnitude slower than that BE ). Arrhenius plot, see Fig. 2)? Similar tBusPL, HL must
In contrast taM esPL, the rate of automerization &MesPL at rearrange its geometry prior to the bond-shifting. The
10 K is computed to be essentially zero. To themixthat the optimizedHL is a puckere®2 non-planar geometryHowever,
hypothetical ®*HsC groups model thetert-butyl groups, thermbond-shifting requires an almost planar geometsyshown
calculations predict thaBusPL will not automerize at cryogenicin Fig. 6. As a result, the molecule undergoes lapffing”
temperatures. movement, inverting the concavity after thidond-shifting, as
As shown by the results of our calculations BrsPL and can be seen in Fig. 6. This flapping motion haaagd amplitude,
5’H3PL, the masses of the substituents do not affe¢titireeling especially for the outermost carbon atoms.

rates for the bond-shifting. Since the automerimatbarrier

heights are very similar for all thBL based systems, the HL P

disparity between the Arrhenius plots for autonsgion of LM;’E L:l:.zi\.%:$
MesPL,’®M esPL, andPL must be attributed to the rotation of e BB 2 (8-2-ou-0 e <

the Me groups. The fifteen times greater mass ehyydrogens

in the hypothetical®™M esPL, compared to the actual masses of APL I
hydrogens irM esPL produces a computed tunneling rate at 10 _ﬁ & - ’m_

. ¢ = A
K 10?4times slower. C e ¢ e ¢ e

The low barriers to methyl group torsions makelatieely easy

thermal crossing of this barrig€onsequently, on-going from 10Fig. 6 Side view of the deformation of heptalene and acepentalene in the bond-
K to 100 K, although the rate of automerizatiorun§ubstituted shifting reaction.

PL is calculated to increase by only a factor of, thg increase ) ) .

for M esPL is calculated to be greater than a factor 8¢, 1due N Fig. 3 the displacement graph of this outerneasbon ofHL
to a “thermally activated tunneling” process. (in purple) shows these two orthogonal movements.the
What do computational results predict for the raté beginning, there is a broad and flat curve, cowading to the
automerization oftBusPL? Its behaviour will resemble thePlanarization (the first half of the flapping). $u@ wide
model 5M esPL system: at cryogenic temperatures it would gEajectory is difficult to overcome by a tunnelimgchanism, but
impossible to have rotation of the bulkBu groups, and its low energy profile is easy to “climb” by a siamount of
therefore the automerization will be virtually ingsible. thermal energy. It is possible to calculate theglag inversion
However, theert-butyl rotation requires almost the same energythout Tt bond-shifting, providing AE* of 4.7 keal mot (not
as the methyl groups ®MesPL (ca. 2 kcal/mol per Substituem)_surprlsmgly close to the “Arrhenius style” activat energy); at
With a calculated\E* similar to all the othePL derivatives for Mild temperatures this barrier can be easily sumtel

the degenerate rearrangement (12.3 kcal/mol),litunidergo a ©Once the (almost) pll.am.ar geometry Is reached,hbepsenergy
thermally activated tunneling at higher temperatuas was peak of thet bond-shifting is ideal for a QMT crossing, but not
experimentally observed, showing an apparently delocalizedOr a classical “over the barrier” mechanism. Assult, the SCT
system instead of the localized “Kekule” structu(se the ESI calculation shows a much faster reaction than C¥or@lers of
for the XYZ structures and a description of the foomers of Magnitude at 150 K); still, at low enough temperesu(without

tBusPL). a sufficient amount of thermal energy to flatter tholecule)
tunneling through the automerization barrier wélimpossible.
Heptalene (HL) and acepentalene (APL) At -160 °C the calculatedfor the automerization is 0.14 s, and

Considering the substantial impact of QMT Bh, it may be at -120 °C 4 x 10 s. These results are compatible with the
expected that this effect can be generalized terathti-aromatic €XPerimental NMR observations of broadening of'fiiesignal
species. Therefore, an analysis of heptalene (8Jnapd of at the latter and splitting at the former tempeamtfitaking into
acepentalene (eqn (4)) was carried out. account the NMR time scalé® The matching
In NMR studiesHL showed a gradual broadening below -128Xperimental/theoretical results supports the tesaflthe SCT
°C and later splitting of th8C signals at -160 °€,an indication calculations, and corroborates the QMT hypothedisthe
of a fast alternation af bonds from two localized structures. AfUtomerization oHL.

that temperature range, the activation energytfeprocess was AS for APL, it shows a negligible tunneling correction intepi
estimated to be 3.5 kcal mbla fact that baffled the authdtef Of the fact that the single/double bond lengthetiéhce (Fig. 4)
the study, since the calculated barrier was of d kol (not is not much different t®L. However,APL has a bowl-shaped
far from the 13.0 kcal mdl calculated here). From the@symmetric geometry, which must be restructurdtstspecular
calculations, we can now explain this paradox asotitcome of Structure, as seen if Fig. 6. This process involeesvide
a tunneling process: an estimation of the SCT “énibs style” Movement of atoms, broadening the displacementec(green
activation energyK, = —R 8 Ink /0T 1) gives a value of 5 kcal Curve in Fig. 3). Opposed tdL, in APL the deformation of the

This journal is © The Royal Society of Chemistry 2014 RSC Adv., 2014, 00,0-0 | 5
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bowl and the bond-shifting are intertwined in a stho wide * Strictly speakingHL andAPL are not antiaromatic since they are not
reaction profile, not an ideal situation for QMT. planar®® However, they still follow other criteria and chateristics of
We can deduce from these results that automerizatib antiaromatic systems, such as the alternating esiagl double bonds.
antiaromatic molecules can proceed by QMT only whiem Interestingly, breaking the planarity rule is whatkes the tunneling
system is planar (as @BD andPL), or can be easily rearrangedmprobable, and therefore a purely antiaromaticemale (such aBL) has

to a planar system by infusing a moderate amourth@fmal a higher tendency to automerize by QMT.

energy (as inBusPL andHL).

Conclusions

§ As a reviewer points out, the NMR experimentatiis involve'*C/?C
isotopomers, which provide slightly different —ahdrdly observable—
automerization rates (this is exemplifiedln in the ESI).

A study of automerization reactions by heavy atomargum
mechanical tunneling was carried out on severahahatic
molecules. In a nutshell, in some of these systiémast bond-
shifting has the ideal conditions to proceed thiouggrbon
tunneling from the ground state (relatively IdME*, but most
critically very narrow barriers), as can be seerpéantalene.
However, if the system is not planar and/or recquigarranging
of the molecular geometry, then the tunneling Wwél strongly
hindered.

Indeed, the comparison of heptalene and acepeeptalerone
side, and pentalene on the other, shows that thmmefo
molecules, being non-planar, do not undergo f&@NET, as they
require a large displacement of atoms to achiev&oaher”
planar geometry for the bond-shifting.

HL is a particular case where the planarization ecaadhieved
by a small amount of thermal energy, paving the v@ya
tunneling mechanism on the bond-shifting. Therefore, SCT
calculations explain the experimentally observddtsm of the
13C NMR signals at -160 ®€by a thermally activated tunneling
process.

FortBusPL, the expected behaviour is more similatHtb than
to PL. ThetBu groups must rotate to match the shiftinigonds,
a process that cannot be achieved purely by QMTraqdires

1.

thermal energy (another example of thermally attida 13
tunneling).MesPL has similar energy requirementstBsisPL, '
but in this case the light hydrogens in the Me gmoaan still 14

rotate by QMT.
We hope these predictions and elucidations on QMITbe put
to the test by experimentalists’ hands.
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