
&Matrix Isolation |Very Important Paper |

Heavy-Atom Tunneling in Semibullvalenes: How Driving Force,
Substituents, and Environment Influence the Tunneling Rates

Tim Schleif,[a] Jçrg Tatchen,[b] Julien F. Rowen,[a] Frederike Beyer,[a] Elsa Sanchez-Garcia,*[b]

and Wolfram Sander*[a]

Abstract: The Cope rearrangement of selectively deuterated

isotopomers of 1,5-dimethylsemibullvalene 2 a and 3,7-dicya-

no-1,5-dimethylsemibullvalene 2 b were studied in cryogenic
matrices. In both semibullvalenes the Cope rearrangement is

governed by heavy-atom tunneling. The driving force for the
rearrangements is the small difference in the zero-point vi-

brational energies of the isotopomers. To evaluate the effect
of the driving force on the tunneling probability in 2 a and

2 b, two different pairs of isotopomers were studied for each

of the semibullvalenes. The reaction rates for the rearrange-

ment of 2 b in cryogenic matrices were found to be smaller

than the ones of 2 a under similar conditions, whereas differ-
ences in the driving force do not influence the rates. Small
curvature tunneling (SCT) calculations suggest that the re-

duced tunneling rate of 2 b compared to that of 2 a results
from a change in the shape of the potential energy barrier.

The tunneling probability of the semibullvalenes strongly
depends on the matrix environment; however, for 2 a in a

qualitatively different way than for 2 b.

Introduction

Quantum mechanical tunneling describes the penetration of
potential energy barriers without crossing the barriers, and

thus provides alternative routes to classical thermal reaction

pathways. The probability for tunneling reactions is highly de-
pendent on the width and height of the barrier as well as on

the mass of the tunneling system. The latter dependency ex-
plains why tunneling processes dominated by the movement

of heavier atoms like carbon, often termed „heavy-atom tun-
neling“, have only rarely been observed experimentally

(Scheme 1) compared to a plethora of well-documented exam-

ples for hydrogen tunneling.[1] Though the instances of heavy-
atom tunneling reported so far cover a broad range of reac-
tions, the formation or opening of three-membered rings is a
common motif in many of these reactions. This results from

the minimal structural changes and thus narrow barriers in
many of these processes. The ring expansion of benzazirines is

Scheme 1. Previously reported reactions with experimental evidence for
heavy-atom tunneling: Automerisations of cyclobutadiene 1[6] and 1,5-dime-
thylsemibullvalene 2 a[4] (see also the conformational tunneling of gauche-
butadiene),[7] ring closures of cyclopentane-1,3-diyl 3[8] and cyclobutane-1,3-
diyls 5,[9] ring opening of cyclopropyl carbinyl 7,[3b] rearrangement of trifluor-
oacetyl nitrene 9,[10] ring opening of benzazirine 11 a,[2c] ring expansions of
tert-butylchlorocarbene 13,[11] fluorocarbene 15,[12] noradamantylchlorocar-
bene 17,[13] oxocyclohexadienylidene 19[14] and benzazirines 11 a–e.[2]
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one of the few examples where the tunneling rates as a func-
tion of the shape of the barrier were studied in some detail.[2]

While most of the reactions dominated by heavy-atom tun-
neling were chance discoveries, small curvature tunneling

(SCT) calculations have some predictive power[3] as demon-
strated by our experimental investigation of the Cope rear-

rangement of 1,5-dimethylsemibullvalene 2 a.[4] Based on a

computational study by Borden et al. ,[5] selective deuteration
in 2-/4-position was chosen to lift the degeneracy of this Cope

rearrangement (Scheme 2). The two resulting isotopomers
slightly differ in their zero-point vibrational energies (ZPVE)

due to changes in the C@H bending frequencies. While the iso-
topic label barely affects the thermodynamic equilibrium at

elevated temperatures, it results in a significant thermodynam-

ic driving force at cryogenic temperatures, favoring the more
stable isotopomer d2-2 a. Thus, rapid quenching of the room

temperature equilibrium by deposition onto a cold spectro-
scopic window at 3–30 K allowed us to measure the reaction

rates at these temperatures. The rearrangement is observed at
lowest temperatures despite the absence of sufficient thermal

energy to surmount the activation barrier, and between 3 and

30 K the rates are nearly independent of temperature. This
strongly indicates that under these conditions the rearrange-

ment is governed by heavy-atom tunneling.
Herein, we report how the driving force, substituents, and

the matrix environment influence the tunneling rates of the
Cope rearrangements of semibullvalenes.

Results and Discussion

Influence of substituents

The experimental approach restricts the choice of suitable
target molecules to symmetrically substituted, deuterated sem-
ibullvalenes. A suitable molecule is the 3,7-dinitrile derivative

2 b which is easier to synthesize and handle than the parent
semibullvalene 22 while it is predicted to show an activation
barrier only slightly higher than that of 2 a (Table 1).

The room temperature equilibrium mixture of the isotopo-
mers d2-2 b and d4-2 b (containing non-deuterated 2 b as minor
impurity) was deposited with a large excess of neon on a CsI

window at 3 K. The IR spectra of the isotopomers noticeably

differ in the mid IR region which allows to quantify changes in
the concentrations of d2-2 b and d4-2 b. Keeping the matrix in

the dark for approximately two days results in a decrease of
the IR signals of the less stable isotopomer d4-2 b and concom-

itant increase of the d2-2 b signals (Figure 1). This is in accord-
ance with our findings for d1-2 a.[4] With approx. 5 kcal mol@1,

the Cope rearrangement of 2 b shows an even higher activa-

tion barrier than that of 2 a ; the observation of this rearrange-

ment at cryogenic temperatures thus strongly indicates heavy-
atom tunneling. As expected, reference experiments with non-

deuterated 2 b did not result in any time-dependent changes
in the IR spectra.

IR broadband irradiation above 2000 cm@1 results in an ap-
proximately 1:1 ratio of d2-2 b and d4-2 b, and therefore appro-

Scheme 2. Representation of the experimental approach to study heavy-atom tunneling in the Cope rearrangement of semibullvalenes.

Table 1. DFT calculated[a] energy and geometric parameters of 2 a, 2 b, and the
parent semibullvalene 22.

Property 2 a 2 b 22
calcd. exptl. calcd. exptl. calcd. exptl.

DH* (EA)
[kcal mol@1]

3.1 (3.2) 4.5 (4.8)[15] 4.8 (4.9) 5.6[16] 4.0 (4.0) 4.8 (5.1)[17]

DDC–C[b] [a] 0.72 – 0.72 0.21[18] 0.75 0.66[19]

DZPVE(d1)[c]

[kcal mol@1]
@0.08 @0.12[20] @0.08 @0.08[21] @0.08 @0.07[22]

[a] All calculations were performed at the B3LYP/6–311G(d,p) level of theory.
[b] DDC–C are the differences in the distances between the carbon atoms C2/C8
and C4/C6, respectively. [c] DZPVE are the differences in zero-point vibrational
energies between the corresponding d1-isotopomers.

Figure 1. IR difference spectra showing the Cope rearrangement of d4-2 b
and its photochemical reversion. a) Experimental IR difference spectrum ob-
tained after keeping a neon matrix containing a mixture of d2-2 b and d4-2 b
in the dark at 3 K for 46.6 h. b) Theoretical IR spectra of d4-2 b (pointing
downwards) and d2-2 b (pointing upwards) calculated at the B3LYP/6–
311G(d,p) level of theory. c) Experimental IR difference spectrum obtained
after subsequent broadband irradiation (~n>2000 cm@1) of this matrix with
the IR Globar for 4.5 hours at 3 K. The peak at approx. 670 cm@1 pointing
downwards in either of the experimental IR difference spectra is due to CO2.
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priate IR band-pass filters had to be used to suppress any IR in-
duced rearrangement that could compete with the tunneling

process. However, after the kinetics measurements, IR induced
rearrangement was used to increase the concentration of the

less stable isotopomer d4-2 b for subsequent kinetics runs
using the same matrix.

The kinetics of the Cope rearrangement d4-2 b!d2-2 b was
followed by monitoring changes in the intensities of the char-
acteristic IR peaks at 755 cm@1 assigned to d2-2 b and at
817 cm@1 assigned to d4-2 b. These peaks do not significantly
overlap and show sufficiently high intensity for a quantitative
assessment. The kinetics of the rearrangement were found to
be highly dispersive, as also observed for 2 a,[4] necessitating

the use of the stretched exponential approach by Wildman
and Siebrand [Eq. (1)] .[23] In this approximation, a dispersion co-

efficient b is employed to account for the presence of a variety

of non-uniform matrix sites exhibiting individual, slightly vary-
ing rate constants. The inclusion of a constant offset c into the

expression allows for the simultaneous fit of the increasing as
well as decreasing IR intensities.

I ¼ I0 1 e@ ktð Þb þ c with 0 < b < 1 ð1Þ

The evaluation of the kinetics data reveals that changing the
matrix temperature does not influence the rates significantly

(Table 2). With an experimental activation enthalpy of 5.6 kcal
mol@1,[16] the eightfold increase in temperature in N2 should

result in a rate acceleration of approx. 10357 assuming a con-
ventional thermal reaction, contrary to the observations.

In solid Ar, N2, or Ne the Cope rearrangement of d4-2 b is no-

ticeably slower than that of d4-2 a (by a factor of approx. 5).
Rate calculations for 2 a, 2 b, and 22 using SCT + TST theory

reveal that, as expected, the barrier height determines the re-
arrangement rates in the high-temperature regime: k2 a>k22>

k2 b (Figure 2). However, at cryogenic temperatures, in the tun-
neling regime, 2 b and 22 are predicted to exhibit almost iden-
tical reaction rates: k2 a>k22&k2 b.

According to the Wentzel–Kramers–Brillouin approxima-

tion,[24] probabilities for one-dimensional tunneling through a
parabolic barrier only depend on three parameters [Eq. (2)]:

P Eð Þ ¼ e@p2 w
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2mðV0@EÞ
p

=h ð2Þ

The effective tunneling mass m of the three semibullvalenes
is identical[5] and the activation energy EA (as an approximate

measure for V0@E)[25] could already be ruled out as the cause

of the increased tunneling rate of 2 b. Thus, we conclude that
2 b exhibits a noticeably different barrier shape with a smaller

tunneling width w to compensate for the increased barrier
height. To confirm this hypothesis, the energy profiles for the

Cope rearrangement of several semibullvalenes were com-
pared. Besides 22, 2 a, and 2 b, the two additional reference

compounds 2 c and 2 d were investigated in order to shed

light on the electronic influence of the nitrile groups in 2 b.
The fluoro substituents in 2 c mimic the electron-withdrawing

properties of their pseudohalogen analogues, whereas the
acetylene moieties in 2 d are isoelectronic to @C/N and con-

serve their triple bond motif.

As evident from the reaction coordinates for the Cope rear-
rangements of 2 a–d and 22 in Figure 3, two distinct barrier

shapes can be identified: 1,5-dimethylsemibullvalene 2 a pos-
sesses a similar barrier shape than the parent semibullvalene

22, both exhibiting a full width at half height (FWHH) of
(0.43:0.01) a despite different barrier heights (Table 3). In
marked contrast to this, the widths of the barriers for the Cope

rearrangement of 2 b, the difluoride 2 c or 3,7-diacetylene 2 d
noticeably differ despite being very similar in barrier height.

The impact of these differences in the barrier widths on the
tunneling probabilities can be quantified via Eq. (2), with the
values for FWHH from the energy profiles in Figure 4 being
used as an approximate measure[25] of the barrier width w and

EA as a measure for V0@E. An analogous analysis has been

demonstrated to provide quantitatively correct predictions for
the rates of the ring expansions of benzazirines 11 d/e.[2d] Like-

wise, the relative tunneling probabilities as obtained from
Eq. (2) of all semibullvalenes nicely correlate with both the rate

constants gained from experiments as well as the ones from
SCT calculations (Table 3).

Table 2. Rate constants[a] apparent half-life for the Cope rearrangements
of semibullvalenes d1-2 a and d1-2 b in various matrices.

T [K] Matrix d4-2 b!d2-2 b d4-2 a!d2-2 a[4]

k·10@5 [s@1] tapp [h] k·10@5 [s@1] tapp [h]

3 N2 5.6:0.8 3.0 2.5:0.1 0.7
8 N2 4.7:0.9 3.5
13 N2 11.2:2.6 1.5
18 N2 6.4:0.9 2.6
23 N2 6.3:2.0 2.6
3 Ar 6.0:1.3 2.7 1.5:0.1 1.2
25 Ar 9.8:2.9 1.7 4.8:0.5 0.4
3 p-H2 not observed 1.1:0.1 1.7
3 Xe 2.6:0.9 6.3 not observed
35 Xe 3.9:0.9 4.2
3 neat not observed not observed
3 Ne 2.8:0.2[b] 6.8 1.7:0.1 1.3
6 Ne 2.8:0.4[b] 7.0

[a] Rate constants fitted to Eq. (1) with b = 0.8 for 2 a in Ne, 1.0 for 2 b in
Ne and b= 0.7 for 2 b in all other matrices. [b] Averaged over two differ-
ent experiments within the same matrix.

Figure 2. Calculated (SCT + TST, B3LYP-D3/6-31G(d)) Arrhenius plots for semi-
bullvalene 22, 1,5-dimethylsemibullvalene 2 a, and 3,7-dicyano-1,5-dimethyl-
semibullvalene 2 b.

Chem. Eur. J. 2020, 26, 10452 – 10458 www.chemeurj.org T 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim10454

Chemistry—A European Journal
Full Paper
doi.org/10.1002/chem.202001202

http://www.chemeurj.org


The underlying cause for the narrower barrier for the Cope
rearrangement of 2 b (with respect to the barrier height) has

already been indirectly stated by Dannenberg et al.[26] in their
MNDO study of the Cope rearrangement of isomeric dicyano-

semibullvalenes. While the two cyano groups in 3- and 7-posi-
tion stabilize the ground states due to conjugation, they

barely affect the homo-conjugated transition state with the
highest occupied molecular orbital having a node at carbons

C3 and C7. This hypothesis not only explains the greater

height of the activation barrier, but also elucidates the rapid
stabilization upon increasing the bond localization between

the carbons C3 (C7) and C2 (C8) or C3 (C7) and C4 (C6), respec-
tively. The same mechanism is at work in 2 d which also experi-

ences a rather steep drop in energy upon smaller changes in
DDC–C due to the onset of conjugation. Subsequently, 2 d
shows a narrow barrier comparable in shape to 2 b, although

the greater height results in a smaller tunneling probability.

Influence of the environment

The order of the rate constants at 3 K in various matrices no-
ticeably differs between 2 a (p-H2<Ne&Ar<N2) and 2 b (Xe&
Ne<N2&Ar), with no clear trend with respect to macroscopic

properties of these matrices (e.g. polarizability or melting
point). Remarkable is the quenching of the tunneling rear-

rangements in the neat compounds (deposition at 3 K without
matrix) and in either solid Xe (2 a) or p-H2 (2 b). For p-H2 it was

reported that traces of o-H2 (<0.1 %) cluster around polar dop-

ants which results in the quenching of tunneling processes
(e.g. in acetylacetone or 2-chloromalonaldehyde).[27] Since the

dinitrile 2 b is calculated to be highly polar (m= 6.7 D from
B3LYP/6–311G(d,p)) and exhibits rather broad IR bands when

isolated in p-H2, a similar phenomenon might also inhibit its
heavy-atom tunneling, though the underlying mechanism is

not understood.

It was found that polar and polarizable solvents can signifi-
cantly lower the barrier for the rearrangement of semibullva-

lenes due to the greater polarizability of the homo-conjugated
transition states.[28] Moreover, some semibullvalene derivatives

have been reported to exhibit distorted geometries in the
solid state (as also evident from the unusually small DDC–C for

2 b in Table 1),[29] which can lead to localized structures in con-
densed phase despite having a delocalized homoaromatic

ground state in the vapor phase.[30] Thus, the Cope rearrange-
ment of semibullvalenes is governed by a complex interplay of
confinement and solvation. Since this is highly specific for indi-

vidual semibullvalenes, these subtle effects might lead to the
contrasting behavior of 2 a and 2 b in solid p-H2 and Xe.

A common feature of the Cope rearrangement of 2 a and
2 b is that even during prolonged experiments (up to several

days) the thermodynamic equilibrium between the two iso-

topomers is not reached. After more than ten half-life times
the experimental isotopomeric ratios d2-2 b : d4-2 b are largely

differing from the ratios expected from the (experimentally de-
termined)[21] difference in ZPVE of @0.08 kcal mol@1 (see Sup-

porting Information). The isotopomeric ratios obtained in vari-
ous matrices show no obvious correlation with the matrix tem-

Figure 3. Potential energy scan of semibullvalenes regarding to the differ-
ence in the distances between the carbon atoms C2 and C8 and between
C4 and C6 (DDC–C). Calculations at the B3LYP/6-311G(d,p) level of theory;
for the equivalent plot of the reaction paths used for the SCT calculations
see Supporting Information.

Figure 4. IR spectra showing the Cope rearrangements of CD3
cyc-2 a and

CD2Hcyc-2 a. a) Experimental IR difference spectrum obtained after keeping a
neon matrix containing a mixture of CD3

cyc-2 a and CD3
open-2 a (with possible

contaminations by CD2Hcyc-2 a and CD2Hopen-2 a) in the dark for 16.4 hours at
3 K. b) Calculated IR spectra of CD3

cyc-2 a (pointing downwards) and CD3
open-

2 a (pointing upwards), B3LYP/6–311G(d,p). c) Calculated difference spectrum
of a combination of the two degenerate asymmetric and the symmetric ro-
tamers of CD2Hcyc-2 a (pointing downwards) and the corresponding rotamers
of CD2Hopen-2 a (pointing upwards), B3LYP/6–311G(d,p). d) Experimental IR dif-
ference spectrum obtained after subsequent broadband irradiation
(~n>2000 cm@1) of this matrix at 3 K.

Table 3. Tunneling probabilities and rate constants[a] of semibullvalenes
2 a–d and 22 as function of barrier height (EA) and width (FWHH).

Species EA [kcal mol@1] FWHH [a] Prel k10K
SCTþTST [s@1] k3K

Ne ½s@1]

22 4.0 0.42 7 V 10@2 1.4 V 10@4 /
2 a 3.2 0.43 1 1.8 V 10@3 1.7 V 10@4 [4]

2 b 4.9 0.37 2 V 10@1 1.5 V 10@4 2.8 V 10@5

2 c 4.6 0.50 2 V 10@5 1.7 V 10@8 /
2 d 5.3 0.40 3 V 10@3 4.5 V 10@6 /

[a] Rate constants from SCT calculations (kSCT + TST) compared to experi-
mental rate constants in neon at 3 K (kNe).
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perature or the type of matrix and generally reach a final value
d2-2 b : d4-2 b of roughly 2.

This observation is in line with our earlier findings for 2 a,
but also with similar reports by Nakata et al. on the tunneling

of hydroquinones:[31] They found that these compounds exhib-
it ratios far different from the thermodynamic equilibrium at

cryogenic temperatures and hypothesized that the inhomoge-
neous matrix environment subtly varies the energy differences
between conformers. This hypothesis might also explain why

the hydrogen-tunneling of malondialdehyde, observable in gas
phase, is inhibited in a rare gas matrix[32] or the tunneling split-
ting is reduced in spectra of tropolone in neon matrices com-
pared to the gas phase.[33] In each of these cases the asymme-

try of the PES induced by the rigid environment might affect
the tunneling processes. Such phenomenon has even been ex-

plicitly predicted by Bredtmann et al. for the Cope rearrange-

ment of semibullvalene within small external electric fields[34]

as they might be experienced in crystalline environments.

Influence of the thermodynamic driving force

In addition to the deuterium label in 2- or 4-position, the selec-

tive deuteration of one of the methyl groups was chosen as an
alternative means to lift the degeneracy of the Cope rearrange-

ment of 2 a/b (Scheme 3). Askani et al. demonstrated that the

isotopomers of CD3-2 a differ in ZPVE by approx. 0.01 kcal

mol@1,[35] nearly one order of magnitude less than the corre-

sponding isotopomers of d1-2 a, which barely depends on the
degree of deuteration (for an extended discussion, see Sup-
porting Information) or symmetry (Table 4).

CD3-2 a was deposited in a neon matrix at 3 K, and changes
in the IR spectrum were monitored over time. These changes
indicate a rearrangement of CD3

cyc-2 a to the slightly more

stable CD3
open-2 a (Figure 4). Contributions of the rearrange-

ment of the partially deuterated isotopologue CD2H-2 a could
not be excluded, as additional features in the region around

1300 cm@1 might result from C@H scissoring motions only pres-
ent in CD2H-groups.

An analogous procedure with CD3-2 b gave similar results:
The IR difference spectrum resulting from keeping a neon

matrix containing the sample in the dark for 52 hours agrees

well with the expected rearrangement CD3
cyc-2 b!CD3

open-2 b.
Nonetheless, as with CD3-2 a, contributions from CD2H-2 b
might explain the peak structure around 1300 cm@1 (Figure 5).

The rate constants for the rearrangements of CD3-2 a strong-

ly resemble that for d1-2 a in neon at 3 K, although the discrep-
ancies in b prevent a more extensive mechanistic interpreta-

tion (Table 5). The rate constant for the rearrangement of CD3-
2 b also agrees reasonably well with the rate constant for d1-

2 b. Strikingly, the final isotopomer ratios also do not vary from
the values found for their monodeuterated counterparts, de-

spite significant differences in ZPVE and thus predicted Boltz-
mann distributions (see Supporting Information). This result

Scheme 3. Cope rearrangements of CD3-2 a/b.

Table 4. Differences in the zero-point vibrational energies (DZPVE) for
several isotopologues of 2 a/b.

Isotopologue 2 a 2 b
calcd.[a] DZPVE
[cal mol@1]

exptl.[b] DH0

[cal mol@1]
calcd.[a] DZPVE
[cal mol@1]

CD3 @19.5 @9.6 @6.3

CD2H
sym[c] @16.9 @6.5

@8.1
asym[c] @11.3 @2.5

CDH2

sym[c] @3.1
could not be resolved

+ 2.5
asym[c] @9.4 @5.0

[a] Calculated at the B3LYP/6-311G(d,p) level of theory. [b] Experimental
values, ref. [46] . [c] Symmetrical (sym) or asymmetrical (asym) with re-
spect to the Cs point group of 2 a/2 b. For clarification, see Figure with
atoms highlighted in green marking the position of the protium in the
CD2H group or of the deuterium in the CDH2 group, respectively.

Figure 5. IR spectra showing the Cope rearrangement of CD3
cyc-2 b. a) Experi-

mental IR difference spectrum obtained after keeping a neon matrix contain-
ing a mixture of CD3

cyc-2 b and CD3
open-2 b (with possible contaminations by

CD2Hcyc-2 b and CD2Hopen-2 b) in the dark for 51.5 hours at 6 K. b) Calculated
IR spectra of CD3

cyc-2 b (pointing downwards) and CD3
open-2 b (pointing up-

wards), B3LYP/6–311G(d,p). c) Calculated IR spectra of a combination of the
two degenerate asymmetric and the symmetric rotamers of CD2Hcyc-2 b
(pointing downwards) and the corresponding rotamers of CD2Hopen-2 b
(pointing upwards), B3LYP/6–311G(d,p). d) Experimental IR difference spec-
trum obtained after subsequent broadband irradiation (~n>2000 cm@1) of
this matrix at 6 K.
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casts doubt on the hypothesis that the deviation from the

thermodynamic equilibrium is (solely) caused by the environ-

ment distorting the PES, although we do not have alternative
explanations.

Conclusions

10 years ago, Borden et al. proposed an experiment that
would allow to test their prediction that semibullvalene under-

goes a rapid degenerate Cope rearrangement via quantum
chemical tunneling at cryogenic temperatures.[5] The basis of

this experiment is to use asymmetric isotopic labelling and to
use the equilibrium isotope effect to shift the equilibrium to

one of the isotopomers. While we could verify this prediction

for 1,5-dimethylsemibullvalene 2 a,[4] important questions re-
mained open: (i) Does the energy difference between the iso-

topomers (the thermodynamic driving force) influence the tun-
neling rates? (ii) How sensitive are the tunneling rates on envi-

ronmental effects in different matrices? (iii) Do these effects
(thermodynamics and environment) show the same trends in

different derivatives of semibullvalene?

In order to answer question (i) we studied the isotopologue
CD3-2 a with one of the methyl groups deuterated. Although

the difference in zero-point vibrational energy between the
two isotopomers of CD3-2 a is only roughly 10 % of that be-
tween d2-2 a and d4-2 a, the tunneling rates are the same
within error limits. The same was observed for the correspond-

ing isotopologues of the dicyano semibullvalene 2 b. This indi-
cates that the tunneling rates are independent of the thermo-

dynamic driving force. But not only the tunneling rates are the
same but also the final ratios of the isotopomers. The tunnel-
ing rearrangement never reaches the expected thermodynamic

equilibrium and the final ratios are independent of the thermo-
dynamic driving force. This indicates that the isotopomer

ratios are governed by kinetics, not thermodynamics.
We already showed that the kinetics of the tunneling rear-

rangement of 2 a are very dependent on the matrix,[4] and for

2 b we find a similar behavior. Notably, tunneling is only ob-
served for matrix-isolated semibullvalenes 2 a and 2 b, whereas

at the same temperatures the neat, microcrystalline com-
pounds do not show any rearrangement. Interestingly, 2 a
shows tunneling in p-H2 but not in xenon, whereas 2 b under-
goes tunneling in xenon but not in p-H2. Thus, there is no ob-

vious answer for question (iii). While it is known that the transi-
tion-state energies of the Cope rearrangement of semibullva-
lenes depend on a subtle interplay between confinement and
solvation,[28–30] there is no obvious explanation for the ob-

served difference in matrix effects between 2 a and 2 b. Even
the weakly interacting matrices Ne and p-H2 show pronounced
matrix effects, and the magnitude of these effects is different
in 2 a and 2 b (Table 2). Gas phase data cannot be measured
but results from SCT + TST calculations are reliable enough to

compare derivatives of semibullvalenes. An interesting finding
is that, despite the dicyanosemibullvalene 2 b having a consid-
erably larger activation barrier than 2 a, the tunneling rates for
both are predicted to be almost identical. This results from the
barrier width strongly influencing the tunneling rates while not
affecting the thermal rearrangement. The influence of cryosol-

vents on heavy-atom tunneling kinetics has rarely been stud-
ied, and therefore the data presented here provide an impor-
tant guide for future studies to untangle the general principles

behind the complex influences of confinement and solvation
on tunneling.

Experimental Section

Synthesis

1,5-dimethylsemibullvalene 2 a and 3,7-dicyano-1,5-dimethylsemi-
bullvalene 2 b as well as their isotopomers were prepared accord-
ing to literature procedures.[21] Matrix isolation experiments were
performed by standard techniques using two-staged closed-cycle
helium cryostats (cooling power 1 W at 4 K) to obtain temperatures
around 3 K. The matrices were generated by co-deposition of (d1-/
CD3-)2 a/b with a large excess of argon on top of a cold CsI
window at 3 K.

Computational details

Gas-phase geometry optimizations and frequency calculations
were performed using the B3LYP functional[36] employing the 6–
311G(d,p) basis set[37] as implemented in Gaussian 09.[38] The SCT
calculations,[39] performed via the Gaussrate[40] and Polyrate[41] soft-
ware packages, utilized the D3 dispersion correction[42] in combina-
tion with the computationally less demanding 6-31G(d) basis set in
order to allow for efficient calculations of the semibullvalenes’ po-
tential energy surfaces. For an extended discussion of the method-
ology, see Supporting Information.
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Table 5. Rate constants from Equation (1) with b as parameter[a] for the
Cope rearrangements of semibullvalenes 2 a[4] and 2 b measured in neon
matrices at different temperatures.

T [K] CD3
cyc-2 a!CD3

open-2 a CD3
cyc-2 b!CD3

open-2 b
k·10@4 [s@1] tapp [h] k·10@5 [s@1] tapp [h]

3 2.2:0.3[b] 0.7 5.5:0.5[b] 1.8
6 1.1:0.2[b] 1.4 7.2:0.7[b] 1.4

d4-2 a!d2-2 a d4-2 b!d2-2 b
3 1.7:0.1 1.3 2.8:0.2[b] 6.8

[a] b= 0.8 (for 2 a)/1.0 (for 2 b)/0.65 (for CD3-2 a)/0.35 (for CD3-2 b).
[b] Averaged over two different experiments within the same matrix.
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