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Tunneling control of chemical reactions: C–H insertion
versus H-tunneling in tert-butylhydroxycarbene†

David Ley, Dennis Gerbig and Peter R. Schreiner*

Elusive tert-butylhydroxycarbene was generated in the gas phase via high-vacuum flash pyrolysis of

tert-butylglyoxylic acid at 960 �C. The pyrolysis products were subsequently matrix isolated in solid Ar at

11 K and characterized by means of IR spectroscopy. While still being exposed to the harsh pyrolysis

conditions, the hydroxycarbene undergoes CH-insertion to dimethylcyclopropanol, as well as a CC-

insertion to novel methylbutenol, with activation barriers of 23.8 and 31.0 kcal mol�1, respectively. Once

embedded in the cold Ar matrix, the carbene transforms to its isomer pivaldehyde not only by

photolysis, but it also cuts through the barrier of 27.3 kcal mol�1 by quantum mechanical tunneling.

The temperature independent half-life is measured as 1.7 h; the tunneling pathway was entirely

blocked upon O-deuteration. The experimental half-life of tert-butylhydroxycarbene was verified by

tunneling computations applying the Wentzel–Kramers–Brillouin formalism on the minimum energy

path evaluated at the computationally feasible M06-2X/6-311++G(d,p) level of theory. Our experimental

findings are supported by relative energy computations at the CCSD(T)/cc-pVDZ level of theory.
Introduction

Tunneling, the ability to overcome potential energy barriers
despite of a lack of energy to surmount them,1,2 is a theoretically
reasonably well understood yet unappreciated phenomenon in
chemistry.3 While quantum mechanical tunneling (QMT) is
oen considered merely a correction to the rate of a reaction4–10

we have demonstrated recently that it must be considered as the
third form of chemical reaction control next to thermodynamic
and kinetic control.11 Here we describe the preparation of a new
molecular system where tunneling control3,12,13 ensues in the
sense that the formally more stable product forms although it is
associated with a higher barrier.14 This supports and general-
izes our ndings for methylhydroxycarbene (1) that undergoes
facile [1,2]H-tunneling to give the thermodynamic product
acetaldehyde (2), although the barrier for formation of vinyl
alcohol (3) is considerably lower (by about 5 kcal mol�1).12 This
situation can be rationalized with the notion that barrier width
(which has a linear relationship to the barrier penetration
integral) trumps barrier height (which correlates with its square
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root).15 We have recently shown that the novel family of
hydroxycarbenes (R–C–OH) is ideally suited to study these
phenomena as they break3 the classic rules11,16,17 of kinetic vs.
thermodynamic control by means of QMT.15,18–21 They nicely
complement and expand the well-established reactivity patterns
of many other donor-substituted carbenes.22–29
Scheme 1 Competing pathways of [1,2]H-tunneling shifts vs. [1,n]CH-insertions
in hydroxycarbenes 1, 4, and 9 as well as tert-butylchlorocarbene (7).
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For instance, matrix-isolated tert-butylchlorocarbene (7,
Scheme 1) undergoes a [1,3]CH-insertion reaction to 8 by a
tunneling mechanism within 0.5–6 h at 11 K.30 Similarly, phe-
nylhydroxycarbene exclusively gives benzaldehyde through
facile H-tunneling within 2.5 h.31

As neither carbene is an ideal substrate to examine
competing reaction paths as for 1, we had initially hoped that
o-methoxyphenylhydroxycarbene (4) would provide evidence for
both the intramolecular CH-insertion of the intermediate
hydroxycarbene and a competing [1,2]H-shi driven by
tunneling. However, 4 cannot be observed directly and only the
insertion product was detected.32 Hitherto unknown tert-butyl-
hydroxycarbene (9) appeared to be an ideal system to provide
another rm example for tunneling control as there are several
competing reaction paths with largely different kinetic barriers
and thermodynamic driving forces (Scheme 1). As 7 undergoes a
tunneling [1,3]CH bond insertion, we were particularly inter-
ested in determining if that is also the case for 9, leading to
cyclopropyl alcohol 11, or if the expected [1,2]H-tunneling shi
to 10 is indeed faster despite a higher barrier, which is, however,
expected to be narrower. We also consider the [1,2]CH3-shi of 9
to enol 12 as a viable reaction path for yet another competing
process with a barrier that is predicted to be both high and wide
and thus not susceptible to tunneling.

Our recent work on the preparation and identication of
several hydroxycarbenes12,31,33 revealed a dependency of the
H-tunneling half-lives on the electronic properties of the car-
bene substituents: stronger electron donors entail longer half-
lives for the H-tunneling process, culminating in the supres-
sion of H-tunneling for hydroxycarbenes with a second
heteroatom on the carbene carbon.27,29 In the course of our
ongoing work on hydroxycarbenes we were able to show
that the intrinsic reactivity that comes along with the low-
valent carbon not only drives the [1,2]H-shi, but as well
rapidly occurring thermal reactions that are characteristic for
carbenes: both 1 and 4 undergo CH-insertion,12,32 while
cyclopropylhydroxycarbene also displays an intramolecular
CC-insertion.13 With the [1,2]H-shi to the corresponding
Scheme 2 Potential energy hypersurface of tert-butylglyoxylic acid (13): decarbox
the only thermally accessible reactions under our conditions. The carbene forms a
persistent under the pyrolysis conditions due to rapid dissociation into the carbene

678 | Chem. Sci., 2013, 4, 677–684
aldehyde being the only known tunneling reaction in
hydroxycarbenes to date, the question arises whether 9
behaves likewise, or if it is more akin to its other parental
side (Scheme 1), i.e., 7, which is an example for heavy atom
tunneling through a barrier of 7 kcal mol�1.30 We were curious
if 9 could possibly represent a system with two competing
tunneling pathways, namely light and heavy atom tunneling
in the same molecule: the kinetics of the [1,2]H-tunneling
mechanism ascribed to the hydroxycarbene side was
expected to parallel that of structurally related 1. Assuming
that the hydroxyl group has similar electronic effects on the
barrier width as the chlorine substituent in 7, we initially
supposed that 9 would have two tunneling pathways that
were roughly equal in terms of tunneling rates: light-
atom tunneling through the barrier of the [1,2]H-shi
and heavy-atom tunneling through that of the [1,3]CH-
insertion.
Results and discussion
Pyrolysis of the precursor

All energies in this paragraph were evaluated by computing
relative CCSD(T)/cc-pVTZ single point energies for structures
optimized at the M06-2X/6-311++G(d,p) level of theory,
employing the latter one’s zero point vibrational energy
(ZPVE). We chose the underlying level of theory for structural
computations, because it has shown to provide accurate
computational data for hydroxycarbenes.13,32,34 According to
the computational results (Scheme 2), the only passable reac-
tion for the carbene precursor 13 is CO2 extrusion over a
barrier of 38.4 kcal mol�1 (TS1) yielding the desired hydroxy-
carbene 9. A four-membered transition state (TS2) for
decarboxylation directly leading to 10 can be located compu-
tationally, but is insignicant due to the sizeable activation
barrier of 73.2 kcal mol�1; similarly, the concerted extrusion
of isobutylene from 13 over TS3 has no practical
relevance owing to an even higher activation barrier of
86.3 kcal mol�1.
ylation to the hydroxycarbene 9 and rearrangement to the products 10 + CO2 are
weakly bound CO2 complex, which can be located computationally but is not
and CO2.

This journal is ª The Royal Society of Chemistry 2013
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Scheme 3 ZPVE-corrected PES around 9; bold type face: CCSD(T)/cc-pVDZ; in brackets: M06-2X/6-311++G(d,p). The hydroxycarbene features three pathways with
different activation barriers. While 11 and 12 form concomitantly with the carbene during pyrolysis, the reaction towards 10, thus the one with the highest activation
barrier, still occurs in the kinetically stabilizing matrix via QMT.
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As high-vacuum ash pyrolysis (HVFP) is a non-equilibrium
process and we cannot evaluate the contact time of the
molecules in the pyrolysis zone, it is impossible to establish a
link between the temperature of the pyrolysis zone and the
upper limit of thermally accessible reaction paths. We were
able to roughly estimate this limit by experimental means:
while methyl bromide remains unchanged under the
applied HVFP conditions (960 �C), methyl iodide undergoes
cleavage of the C–I bond. With the bond dissociation
energies for the two halomethanes35 being 69.8 and
56.1 kcal mol�1, respectively, the upper limit of energetic
accessibility must be in between the two values, i.e., around 60
kcal mol�1. We can exclude radical cleavage of 13, as we had
no spectroscopic evidence for the tert-butyl radical in the
pyrolysis mixture,36 and as comparative considerations based
on related systems37 indicate a dissociation energy of almost
80 kcal mol�1 that is far above the possible limit of our
pyrolysis apparatus. Surprisingly, the pyrolysis mixture of 13
does not only contain 9, but a variety of other compounds
(namely 10–12, 14, 16 and 17). This must be due to consecu-
tive reactions of 9.
Scheme 4 Thermal decarboxylation of tert-butylglyoxylic acid (13) yields the
desired tert-butylhydroxycarbene 9, which undergoes subsequent thermal (red)
as well as tunneling (blue) reactions. There is no experimental evidence for radical
cleavage (grey) of 13.
Reactions in the pyrolysis zone

Paralleling the reactivity of other tert-butyl carbenes, the reaction
pathwith the lowest activationbarrier (TS6; 23.8 kcalmol�1) for 9
leads to the cyclic insertion product 11, which is the kinetic
product that should preferentially form as long as there is
enough energy in the system to overcome this barrier—a
condition that can be assumed for molecules passing the
pyrolysis zone.38

The [1,2]H-shi over the sizable barrier of 27.3 kcal mol�1

(TS4) would give the thermodynamic product 10 and a third,
energetically intermediate reaction path, yields 2,3-dimethyl-
buten-2-ol (12) via a shi of a methyl group (TS5). Whereas 10,
11 as well as the keto-isomer of 12 (i.e., 17) could easily be
identied by comparison with the IR spectra of the pure
This journal is ª The Royal Society of Chemistry 2013
matrix isolated compounds (either commercially available, or
synthesized as in the case of 11; see ESI†), some IR absorptions
of 12 were assigned by comparison with the computed vibra-
tional frequencies. While 10 and 12 were only present in rather
small amounts, the abundance of 11 as well as of its degrada-
tion products indicate that the reaction pathway with the lowest
activation barrier is favoured within the pyrolysis zone.

Dimethylcyclopropanol (11), the insertion product of 9,
undergoes degradation reactions in the pyrolysis zone
(Scheme 4). Aldehyde 10 can be detected in the pyrolysis
mixture of 11 (also prepared independently), so that the reverse
process of the hydroxycarbene’s CH-insertion must occur. The
abundance of isobutylene (14) and formaldehyde (16) in the
pyrolysis mixture of 11 provides evidence for another degrada-
tion process, namely retro-cyclopropanation (through TS7,
Scheme 3). Intermediate hydroxycarbene 15 must carry enough
excess energy to allow rapid isomerization to the respective
aldehyde prior to matrix isolation, thereby avoiding direct
spectroscopic identication.
Chem. Sci., 2013, 4, 677–684 | 679
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Scheme 5 Correlation between the isodesmic reaction energy as a measure of
substituent stabilization in tert-butyl carbenes and the activation barrier for the
respective insertion at M06-2X/6-311++G(d,p).
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Carbene preparation and identication

Tert-butylhydroxycarbene 9 was prepared by thermal gas-phase
decarboxylation of tert-butylglyoxylic acid (13, Scheme 4), which
was synthesized through SeO2 oxidation of commercially
available tert-butyl methyl ketone. The precursor (13) was
allowed to slowly evaporate into the pyrolysis zone of our matrix
apparatus (see Experimental section for details). The pyrolyses
Fig. 1 IR spectrum of pyrolysis mixture of 13 (top) and corresponding difference s
downward and arematched with the computed spectrum of 9 (bottom) [CCSD(T)/cc
formation of 10, as well as interconversion of two isomers of 13. The pyrolysis was

680 | Chem. Sci., 2013, 4, 677–684
were typically carried out at a temperature of 960 �C, the highest
accessible temperature for our experimental setup. In contrast
to other hydroxycarbenes, the IR spectra of the pyrolyses
mixtures of 13 showed rather small amounts of the carbene
itself, but dimethylcyclopropanol (11)—the [1,3]CH bond
insertion product of 9 (vide supra)—was clearly observable, as
was the aldehyde (10). We also found traces of 12, which is the
[1,2]CH3-shi product of 9. Both isobutylene (14) and formal-
dehyde (16) were present in the pyrolyses mixtures, indicating
further degradation of 9 or one of its reaction products.

The UV absorption maximum of 9, computed with time-
dependent perturbation theory (TD-MP2) at the MP2/cc-pVTZ
level, was determined as lmax ¼ 361 nm (1A0 / 1A0 0, open shell)
and short exposure of the matrix to 366 nm light from a high-
pressure mercury lamp led to complete disappearance of the
carbenes IR bands, in favour of rising IR bands of 10.

This photo-induced transformation of 9 to 10 allowed
matching the carbene’s IR absorptions (n) with the CCSD(T)/cc-
pVDZ computed harmonic vibrational frequencies (u) of the
energetically favourable conformation of 9 with the OH group
pointing away from the tert-butyl group and an s-trans-confor-
mation of the HOCC moiety (Fig. 1 and Table 1).

The agreement between the experimental and scaled (by a
factor of 0.9788) (ref. 39) harmonic vibrational frequencies is
generally very good (Table 1), with the largest deviation of 4%
for the highly anharmonic OH stretch. This noticeable
pectrum after 5 min of irradiation at 366 nm (middle); disappearing signals point
-pVDZ, frequencies scaled with a factor of 0.9788]. Difference bands are due to the
carried out at 960 �C.

This journal is ª The Royal Society of Chemistry 2013
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Table 1 Experimental (n) and computed harmonic vibrational frequencies u

(unscaled) and u0 (scaled with a factor of 0.9788)(in cm�1) of 9 (C1) and d-9
[CCSD(T)/cc-pVDZ]; Itheor in km mol�1

Approx. description n Iobs u u0 Itheor

(H3C)3C–OH (9)
OH str. 3546 w 3755 3675 104

3544
CO str. 1297 s 1317 1289 154

1296
COH def. 1183 w 1242 1216 46
OH o.o.p. def. 780 s 825 808 79

(H3C)3C–OD (d-9)
CH str. 3062 w 3132 3066 39
CH str. 3049 w 3119 3053 47
OD str. 2662 m 2735 2677 59

2660
CO str. 1291 s 1324 1296 109

1290
COD def. 607 w 639 625 46
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difference also appears in the relative deuterium shis (exper-
imental: 884 cm�1; computational: 998 cm�1). This common
observation for hydroxycarbenes for the OH and OD stretching
vibrations is due to their strongly anharmonic character. The
minimum energy conformation of 9 at the CCSD(T)/cc-pVDZ
level of theory is CS symmetric (Fig. 1), but has a very small
imaginary vibrational mode (7i cm�1).

H-tunneling in tert-butylhydroxycarbene (9)

The reaction barriers surrounding 9 are too high to be over-
come at the temperatures of our noble gas matrices, as 11 K
would only allow a process to take place with an activation
barrier at the very most of 2 kcal mol�1. Similar to other
hydroxycarbenes, the IR bands of 9 vanish following rst-order
kinetics with a half-life of 1.7 h in favour of the bands of 10.
During the rate determination the matrix was carefully shiel-
ded from external light so that photochemical reactions can be
excluded. While the tunneling half-life of the closely related
methylhydroxycarbene12 shows strong sensitivity to the matrix
material, we did not measure much of an effect for 9, as varying
the matrix material (Ar, Kr and Xe) only affects the tunneling
half-lives slightly beyond our error tolerance, with a trend
toward longer tunneling half-lives in the heavier noble gases
(2.2 h in Kr, 2.8 h in Xe).

Our computations support the experimental evidence of
QMT accounting for the decay of 9: using the Wentzel–Kram-
ers–Brillouin (WKB)40 formalism, which gave good results for
our previously reported hydroxycarbenes,12,13,31–33 we computed
the [1,2]H-tunneling half-life of 9 as 0.4 h, in good agreement
with the experimental value of 1.7 h. The computed half-life of
the O-deuterated species is in the range of 103 years, in accor-
dance with our experiments that did not indicate its decay (over
a time period of at least several days). The other two reactions,
namely the insertion of 9 to 11, as well as the [1,2]CH3-shi from
9 to 12 both show negligible QMT contributions resulting in
computed half-lives of 1031 and 1040 years, respectively.
This journal is ª The Royal Society of Chemistry 2013
The system thus provides another example of tunneling
control, since the reaction through the higher, but narrower [1,2]
H-shi barrier is feasible at cryogenic conditions whereas the
highermasses that are involved in theCH-insertion and theCH3-
shi entail much broader barriers through which tunneling is
unlikely. The related system tert-butylchlorocarbene (7) does
feature QMT through the CH-insertion barrier, since it only
amounts to 8.0 kcalmol�1, compared to the 23.8 kcalmol�1 for 9.
Strong electron donors entail higher barriers for the [1,3]CH-
insertion process as they stabilize the carbene. This can be pro-
bed by evaluating the isodesmic equation for formal H2 transfer
with tert-butanol. The endothermicity of this hypothetical reac-
tion inversely correlates with carbene stability, which in return
entails higher barriers for the [1,3]CH-insertion.
Comparison of barrier shapes

As outlined above, 9 undergoes three different unimolecular
reactions (Scheme 4) in the diluted gas phase of the pyrolysis
zone: estimates of the pyrolysis product distribution show that a
major portion of the carbene undergoes CH-insertion, while a
smaller part overcomes the barrier to the aldehyde, either ther-
mally or by thermally activated tunneling,18,41–43 and an even
smaller portion undergoes [1,2]CH3-shi to 12. The product
distribution is in accordance with classic kinetic and thermody-
namic control of the reaction: for reactions in the pyrolysis zone,
one can have kinetic or thermodynamic control, where the deci-
sive factor is the amount of energy that the carbene receives from
collisionswith the hot wall.While the formation of 11 is favoured
for particles with less energy due to the lowest possible activation
barrier, particles that bear more thermal energy will underlie
thermodynamic control and thus favour the reaction to 10. The
barrier for the CH3-shi reaction of 9 to 12 is too high to allow
kinetic control, but toobroad to allow tunneling control.With the
reaction energy being too small for thermodynamic control, it is
obvious that this reaction is strongly disfavoured, thereby
explaining why the product of this path is scarcely formed.

In the cold matrix, tunneling control prevails, which is evident
from the experimentally observable decay of 9 to 10. As also
found for carbene 4,32 we have no evidence for a tunneling
contribution to the CH-insertion in 9 which only forms in the
pyrolysis zone. In contrast, while the activation barrier for the
isomerization of 7 to 8 has the same width it still allows
tunneling due to its much smaller height (Fig. 2). Our spectro-
scopic investigations reveal that the decay of 9 (see ESI for
evaluation of the half-lives†) corresponds to an increase of 10,
while at the same time the concentrations of 11 and 12 remain
unchanged. It is thus evident that [1,2]H-tunneling dominates
the low temperature reactivity of 9, thereby paralleling the
reactivity of some previously reported hydroxycarbenes. In order
to qualitatively compare the three reaction pathways, we eval-
uated the minimum energy path for each system and each
direction at the M06-2X/6-311++G(d,p) level of theory,
augmented with CCSD(T)/cc-pVDZ single point energies (Fig. 2).
It is obvious that the activation barriers for the [1,2]H-shi in
the two hydroxycarbenes 4 and 9 are very small and thereby
allow barrier penetration, while the insertion barrier in the
Chem. Sci., 2013, 4, 677–684 | 681
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Fig. 2 Comparison of the competitive minimum energy paths [CCSD(T)/cc-pVDZ//M06-2X/6-311++G(d,p)] of several carbenes. The reaction profiles of 9 to 11 and 12
(blue) are too broad and too high to allow QMT.
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chlorocarbene 7 is broader and only susceptible to tunneling
due to its much smaller height. Structures 4 and 9 are concep-
tually different in their energy proles of possible products: the
PES of 9 represents a generic example for a system featuring the
possibility of kinetic, thermodynamic, and tunneling control.
We could experimentally observe all products, since we were
able to matrix-isolate a complex mixture from the pyrolysis
zone. In contrast, the thermodynamic product of 4 is also the
one with the lower barrier so that both kinetic and thermody-
namic control favor its formation, and accordingly, we could
neither detect 4 nor its respective aldehyde 5 experimentally.
Fig. 3 Crystal structure (P21/c) of the dimer of 13 (50% probability ellipsoids).
Conclusion and outlook

In the prevalent notion of kinetic vs. thermodynamic control, the
decisive factor for theoutcomeof a chemical reactionwith several
accessible pathways is based on the differences in the activation
barriers. This concept has been challenged by the experimental
observation that many matrix isolated hydroxycarbenes isom-
erize in the direction of the higher barrier, while the reaction over
(or through) the lower barrier does not take place.We introduced
the term tunneling control, reecting that chemical selectivity is
not only determined by relative barrier heights, but also barrier
widths. The reactioncoordinate is a crucial property of a chemical
reaction that needs to be treated carefully in order to allow the
qualitative estimation of QMT contribution, and thus to fully
understand and evaluate chemical selectivity.

The classic rule of thermodynamic vs. kinetic control is not
the only established concept that is violated by the behavior of
carbene 9, as also is the Hammond-postulate,44 an intuitive rule
that links the energetic prole of a reaction with the position of
the TS: its relative position on the reaction coordinate is
supposed to be closer to the reactant, the more exergonic a
reaction is. Comparing the [1,3]CH-insertion and the [1,2]CH3-
shi in 9, one can see that this rule is inverted here, since the
earlier TS leads to the energetically less stable product 11.
682 | Chem. Sci., 2013, 4, 677–684
Experimental section
Precursor preparation

To a solution of 2 g (20 mmol) commercially available
3,3-dimethyl-2-butanone (pinacolone) in 8 mL dry pyridine were
slowly added 3.33 g (30 mmol) of SeO2 and the reaction mixture
was heated to 130 �C for 90min. Aer ltration, concentration of
the reactionmixture gave a brown oil that was dissolved in 20mL
of 5% sodium hydroxide solution and washed three times, each
with 20 mL diethyl ether. The aqueous layer was acidied with
diluted HCl and extracted three times with 20 mL methylene
chloride. The organic layer was dried over sodium sulfate and
distilled in vacuo; yield: 1.06 g tert-butylglyoxylic acid (41%); b.p.
62 �C at 35 mbar. 1H-NMR (CDCl3): d¼ 1.24 (s, 3 CH3); d¼ 10.54
(s, OH). 13C-NMR (400 MHz, CDCl3): d ¼ 25.65 ((H3C)3–C–C(O)–
COOH); d ¼ 42.6 ((H3C)3–C–C(O)–COOH); d ¼ 164.6 ((H3C)3–
C(O)–COOH; d ¼ 201.1 ((H3C)3–C(O)–COOH). The colorless
liquid slowly forms a crystalline dimer if stored at 5 �C. The
structure of the dimer, which we found bymeans of X-ray crystal
structure determination (Fig. 3, for details see ESI†) is in accor-
dance with the suggestionmade by Schellenberger and Oehme45

in 1964. The dimer transforms into its monomer by distillation,
or in the course of 2–3 weeks if stored above 20 �C.
This journal is ª The Royal Society of Chemistry 2013
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Matrix isolation experiments

For thematrix isolation studies, we used an APD Cryogenics HC-
2 cryostat with closed-cycle refrigerator system, equipped with
an inner CsI window allowing IR measurements. Spectra were
recorded with a Bruker IFS 55 FT-IR spectrometer with a spec-
tral range of 4500–300 cm�1 and a resolution of 0.7 cm�1. For
the combination of high-vacuum ash pyrolysis with matrix
isolation, we employed a small, custom built water-cooled oven
based on a quartz tube of 80 mm length and 8 mm diameter,
which was directly connected to the vacuum shroud of the
cryostat. The quartz tube could be resistively heated by a coaxial
wire and thus served as the pyrolysis zone and its temperature
was monitored by means of a NiCr–Ni thermocouple. Tert-
butylglyoxylic acid and dimethylcyclopropanol were evaporated
at�35 �C from a storage bulb into the quartz pyrolysis tube. At a
distance of approximately 50 mm, all pyrolysis products were
mixed with a large excess of Ar (typically 60–120 mbar from a
2000 mL storage bulb) and condensed on the surface of the cold
(11 K) matrix window. A high-pressure mercury lamp (Osram
HBO 200) in combination with a monochromator (Bausch &
Lomb) was used as a light source for irradiation.
Computational methods

The PES of 9 was computed utilizing the CFOUR46 program
package for coupled-cluster single and double excitations (with
perturbatively included triple excitations) [CCSD(T)],47–50 using
the frozen core approximation and the Dunning-type correla-
tion consistent basis set cc-pVDZ,51 as well as analytically
computed vibrational harmonic frequencies. We used this level
of theory as a benchmark to measure the results of computa-
tionally less expensive methods: while MP2/cc-pVTZ fails to
describe the PES of 9, our SCS-MP2 results using ORCA52–54 were
much closer to the CCSD(T) benchmark, yet the relative barrier
heights could still not be reproduced. Considering the barrier
for the [1,2]H-shi, the results of our M06-2X/6-311++G(d,p)55,56

computations performed with Gaussian09 were in excellent
agreement with the CCSD(T)/cc-pVDZ benchmark. This is in
accordance with our observation on previously reported
hydroxycarbenes, wherein this level of theory gave good results
for computed tunneling half-lives. Admittedly, the rather strong
deviation between the M06-2X and the CCSD(T) energy
considering the barrier of the CH3-shi (Scheme 3) tells us that
the results of this functional have to be handled with care. At
the same time, the close agreement of the two methods
considering the [1,2]H-shi tunneling reaction in 9 justies the
usage of the M06-2X functional in describing this particular
reaction and thus justies computationally feasible tunneling
half-lives based on the WKB approximation at this level of
theory: for each examined reaction, we computed the intrinsic
reaction path (IRP) and the zero-point vibrational energy
corrections (ZPVE) of the projected frequencies along the path
at the M06-2X/6-311++G(d,p) level of theory utilizing the
Hessian-based predictor corrector algorithm,57 as implemented
in Gaussian09.58 Tunneling probabilities were evaluated by
computing one-dimensional barrier penetration integrals along
the IRP and invoking the WKB relation.40 By setting the attempt
This journal is ª The Royal Society of Chemistry 2013
energy of the particle equal to the zero-point energy of
the frequency that corresponds to the reaction coordinate,
tunneling half-lives could be evaluated from the tunneling
probabilities. Algebraic equations were solved with the Mathe-
matica program package.59
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