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1. Introduction

Tunneling through a barrier' is a consequence of the wave na-
ture of matter. If the thickness of the barrier is approximately equal
to or less than the de Broglie wavelength of a particle approaching
the barrier, then tunneling can occur. Tunneling increases the rate
of a chemical reaction because it occurs in addition to passage over
the barrier. Since it accesses lower energy pathways for reaction, it
can lower the measured activation energy. The degree to which that
occurs depends on the shape of the barrier, the atomic masses, and
the temperature; the role of each will be discussed below. Ther-
mally activated tunneling” means that most of the tunneling con-
tribution to the rate comes from excited vibrational levels of the
reactant, as opposed to the zero-point level, »=0 (Fig. 1). In many
reactions in which tunneling is important, tunneling from »=0 is
negligible. In Section 3 we discuss the effect of barrier shape,
atomic mass and temperature on tunneling probabilities and rates

of reactions.

< possibly >
v=2,3, etc

—-  Thermally
activated
tunneling

Fig. 1. Thermally activated tunneling (v=1) or higher excited vibrational levels (v=2, 3,
etc.) and tunneling from the lowest vibrational level (v=0).

2. Scope

This review is meant to be of interest to organic chemists. Lit-
erature reviews have covered thermally activated tunneling,® >
theoretical treatments of tunneling,"®~® or were focused on tun-
neling in materials"® and enzymes.”!°""7 Tunneling at cryogenic
temperatures (e.g., Argon matrix at 10 K) has also been reviewed
before'>~>18720 where low thermal energy halts the reaction from
proceeding over the barrier, but we deem such examples to be
outside the norm of bench top organic reactions.

No reviews exist that target tunneling at temperatures com-
monly encountered in organic chemistry, which is done here. In
Section 3, a background on tunneling is provided. The remainder of

e ;c X3

C—— «—N oo

the review has been divided into two sections describing the tun-
neling of carbon or nitrogen, and hydrogen, which cover literature
over the past ~10 years (Sections 4 and 5). In Section 4, carbon-
and nitrogen-atom tunneling is described (Fig. 2). In Section 5,
literature is covered on H-atom transfer, and H™ and H™ transfer
reactions in organic chemistry (Fig. 2). Useful aspects of experi-
mental and computational methods for evidence of tunneling in
organic chemistry are also included.

3. Background

A particle approaching a parabolic barrier is a good qualitative
model for tunneling. If the particle has mass m and energy E, and
the barrier has height V and width w, the tunneling probability is
proportional to exp(—w[m(V—E)]"/2). The barrier width has the
greatest effect on tunneling because it occurs as the first power. The
mass dependence is not as strong, but clearly is important for ki-
netic isotope effects (KIEs).

In transition state theory (TST), the effect of tunneling on the
rate constant k is contained in the transmission coefficient k, i.e.,
k=k(ksT/h)exp(—AG!/RT). k is the quantum correction for motion
along the reaction coordinate. It includes the effect of forward
transmission through the barrier and backward reflection (dif-
fraction) above it. With this definition, k is the ratio of the
tunneling-corrected rate to the classical rate (TST); k=1 if there is
no tunneling and k>1 if tunneling contributes to the rate. We take
(k—1)/x as a convenient measure of the fraction of reaction due to
tunneling (actually a lower bound, because k is tunneling minus
reflection), so that k=2 implies 50% tunneling.

The clearest experimental evidence for tunneling has been ob-
tained at cryogenic temperature.">~>'8~20 with negligible thermal
energy, any product formation must be due to tunneling, and the
reaction rate is independent of temperature in this regime. As
temperature is increased, the fraction of reaction occurring over the
barrier increases rapidly. In a hypothetical reaction examined from
near O K to high temperature, an Arrhenius plot of In k vs 1/T would
be straight at high temperature, horizontal at low temperature, and
curved in between as shown in the red line in Fig. 3A and C. In
contrast, a TST calculation neglecting tunneling would predict
a nearly straight line (black). Fig. 3B and D shows an Arrhenius plot
of In(KIE) versus 1/T, where KIE=ky/kp (H is hydrogen, D is deute-
rium) or k'%c/k'3¢ or k'y/k'®y, in which an upward curve for tun-
neling is contrasted to a straight line where there is no tunneling.
Common experimental methods used are 'H and °C NMR, UV/
visible and IR spectroscopy.

POLYRATE?' is a commonly used computational package for
computing rates of reaction based on TST with optional inclusion
of tunneling. The TST option usually chosen is canonical varia-
tional transition state theory, or CVT. The tunneling treatment is
typically the small curvature tunneling (SCT) approximation.”?2°

o

Fig. 2. Schematic illustration of tunneling in carbon—carbon and carbon—nitrogen bond formations, and hydrogen-atom transfer.
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Fig. 3. Experimental Arrhenius plots with In k (A) and In KIE (B). Calculated Arrhenius plots without (CVT) and with (CVT+SCT) the inclusion of tunneling for In k (C) and In KIE (D).

In SCT, curvature refers to curvature along the minimum energy
path (MEP), which occurs as the path changes direction during
the course of a reaction. Regions of high curvature on the MEP
create an opportunity for a tunneling particle to ‘cut the corner’
and tunnel through a shorter distance than the MEP arc length
distance. Small curvature means that the tunneling path does not
stray far from the MEP. Rate constants computed with and
without SCT tunneling are kcyrsct and Kcyr.

In the high-temperature linear portion of a curved Arrhenius
plot, tunneling may account for a substantial fraction of the rate.
This is the temperature regime where some of the reactions dis-
cussed in this review take place. If curvature is not apparent, other
tunneling criteria are considered, such as anomalous negative ac-
tivation entropies (e.g., AS'=~ —10 to —40 eu),”’ and very large
KIEs.?® For H atom tunneling, the criteria suggested by Kim and
Kreevoy®® are often applied: (a) ky/kp>7 at 25 °C; (b) Arrhenius
pre-exponential ratio Ay/Ap<1.0; (c) Es(D)—E4(H) >1.2 kcal/mol.

Small barrier
Tunneling can occur
at any energy,
including v = 0.

Large barrier
Tunneling is localized
at high energies where
the barrier is narrow.

Fig. 4 illustrates some features of the dependence of k on barrier
shape and temperature by considering the limiting cases of small
versus large barriers. (Numerical values for small vs large depend
on the effective tunneling mass.) The shading qualitatively in-
dicates energy regions that contribute to k over the temperature
range of a typical Arrhenius plot. In the small barrier limit, a large
temperature range is often accessible. Tunneling can contribute at
any energy including the »=0 level; the curved region of the
Arrhenius plot can be observed, and k can be very large. For a large
barrier, tunneling probabilities may span 30—40 orders of magni-
tude from the TS down to »=0. The range of energies with signifi-
cant contributions to k is typically a few times RT below the TS,
where the barrier is narrow. As a result, the low temperature
curved region of the Arrhenius plot is not observable because the
reaction rate becomes too slow. This is particularly true in heavy-
atom tunneling with large barriers where the low-energy tunnel-
ing probabilities are extremely small.

Too wide for
tunneling

Fig. 4. Tunneling through small versus large barriers. Shaded areas identify regions with substantial contributions to k. For a given barrier, these regions depend on the tunneling
mass and temperature. The shading qualitatively indicates contributions to k over the temperature range of a typical Arrhenius plot for each barrier.
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4. Carbon atom and nitrogen atom tunneling

The examples presented here describe carbon and nitrogen
atom tunneling. There are 8 literature examples of which 4 contain
both experimental and theoretical evidence, and 3 that contain
theoretical evidence alone.

4.1. Ring-opening of a cyclopropylcarbinyl radical

A 2010 report describes the ring-opening of cyclopropylcarbinyl
radical 1 where experimental and computational studies provided
evidence for carbon atom tunneling (Scheme 1).3° To reach 1,
(bromomethyl)cyclopropane was reacted with BuzSn. An additional
step with BusSnH afforded 1-butene and methylcyclopropane.

H BusSnH H
H_4 2_CH,
Br — 3 1 + >—€H
H Et3B, 02 Hi/\/ H
BusSn* BusSnH
H H 4 2_CH,
> — ﬁ/s\ﬁ
H
1 H 2

Scheme 1. (Bromomethyl)cyclopropane reaction leading to the ring opening of the
cyclocyclopropylcarbinyl radical 1. Carbon atom numbering is shown.

A stated goal of this study>® was to obtain prima facie experi-
mental evidence for tunneling — that is, experimental results that
imply tunneling without recourse to calculation. The relative
amount of 13C at positions 3 and 4 of 1-butene was analyzed by
NMR at natural abundance at five temperatures from —100 to
+80 °C. This gave intramolecular KIEs, defined as [kic/kisc (at C4)]/
[kizc/kisc (at C3)], ranging from 1.062 at 80 °C to 1.163 at —100 °C,
with uncertainties of £0.002 to 0.004. Fig. 5 shows the plot of In
(KIE) versus 1/T. A linear fit to the experimental data appears ac-
ceptable, with R>=0.99 (this linear fit was not mentioned in ref 30;

400 250 182 143 118 100 T(K)
0.5 1 i 1 1 1
—CVT
—— CVT + SCT
0.41 ¢ Experimental
wl 0.3'
X
c
—  0.2-
0.1
0.0 . . . . .
2.5 4.0 5.5 7.0 8.5 10
1000
T(K)

Fig. 5. Experimental and calculated Arrhenius plots for the ring opening of 1 (In KIE is
[kuclkisc (at C4)]/[kic[knc (at C3)]) over the temperature range of 100 K—353 K. The
calculations were without (CVT) and with (CVT+SCT) the inclusion of tunneling.
Adapted with permission from ref 30. Copyright 2010 American Chemical Society.

we have plotted the data.) With the small error bars, however, it is
clear that the linear fit is inadequate, and must be rejected in favor
of a tunneling model that implies curvature. Such a model was
provided by POLYRATE calculations that predicted a curved plot
that fit the data. By itself, the experimental plot in Fig. 5 implies
tunneling, because the points do not lie on a line and TST demands
a linear plot. The high precision of the NMR measurements was
critical here.

Given the nonlinearity, the three highest and the two lowest
temperature points were analyzed in separate linear plots. The
high-T points gave E,(3C)—E;(12C)=0.052 kcal/mol and A/
Anc=0.987; the low-T points gave E,(13C)—E,(12C)=0.085 kcal/mol
and Anc/Ac=0.908. The large difference in E,('3C)—Ea('?C) is con-
sistent with tunneling, as is Awzc/Aic< 1. Furthermore, KIE computed
by CVT+SCT matched well with the experimental data, but the
calculated KIE based on CVT alone (without tunneling) did not.

4.2. The Roush allylboration of aldehydes

A 2012 paper reported experimental and computational >C/3C
KIE data at —78 °C for the reaction of anisaldehyde 3 with Roush
(+)-diisopropyl L-tartrate-modified allylboronate 4 to reach allylic
alcohol 5 (Scheme 2).%!

Experimental evidence for tunneling included >C/'3C KIE values
that were larger than 1.00 at C1, C2, and C4 of 1.052, 1.036, and
1.019, respectively, for 3+4 reaching 5. Computational evidence for
tunneling included MO06-2X/6-31+G(d,p) calculations of
KIEcyTs scr=kuc/kic and KIEcyt=kic/kisc were conducted in the gas
phase and with polarized continuum model (PCM) of CHyCl,. The
KIEcyt without tunneling were lower than those obtained experi-
mentally, and this underestimation was most distinct for C1 and C2,
both of which were most involved in the reaction progress. The
calculations with inclusion of tunneling were highly valuable by
showing a correlation to the experimental KIE data (Table 1).
Computational data showed that 36% of this Roush reaction is due
to carbon atom tunneling.

4.3. The Bergman cyclization of an enediyne

In 2013, a paper reported on computations of the Bergman cy-
clization of (3Z)-cyclodec-3-en-1,5-diyne 6 (Scheme 3).%?

mBLYP//CASSCF and CASSCF computational evidence for car-
bon atom tunneling included (i) Arrhenius plots of the In KIEs
versus T~! with inclusion of tunneling represented by the red
lines in Fig. 6. The blue lines were larger than black Arrhenius
plots obtained without tunneling and demonstrated more tem-
perature dependence on the right side where the temperatures is
lower. It is because the tunneling contributions increase at lower
temperatures. The slope obtained with CVT+SCT over the range
—23°Cto 70 °C was 2.5 times the CVT slope, and that difference is
expected to be experimentally noticeable. (ii) Computed 2C/13C
KIEs [kizc/kisc (at C10)]/[kizc/kisc (at C1)] for the conversion of 6 to 7
provide mass increases (13C) at C10 versus C1. The 2C/3C KIEs
were larger with inclusion of tunneling, KIEcyt,scr=1.049, than
without tunneling, KIEcyt=1.028 at —23 °C. Temperatures higher
than —23 °C show negligible tunneling. (iii) At 37 °C, tunneling
was predicted to have a considerable impact on the rate because of
transmission coefficient, ksct, value of 1.40 or 1.73 (Fig. 7). Due to
KscT energy regions through which tunneling contributions are
the highest were determined. Tunneling contribution was most
significant at the upper portion (1.5 kcal/mol) from the top of the
barrier with mBLYP//CASSCF and 2.2 kcal/mol with CASSCF (which
is where darker maroon color appears in Fig. 7). Computational
data showed that 39% of this enediyne reaction is due to carbon
atom tunneling.
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0 R CH.Cl,
-78 °C
1TH 4 3 0 R T

2 4 B

/\/ ~

MeO “ %
R: COO-i-Pr, H
3 4

MeO

Scheme 2. Reaction of anisaldehyde 3 with allylboronate 4 yielding allylic alcohol 5. Carbon atom numbering is shown.

Table 1
Computed and experimenta 1'2C/'3C KIEs for the reaction of 3+4
Method C1 c2 c3 c4
KIEcyT+scr
Gas phase 1.047 1.036 0.998 1.020
PCM 1.052 1.038 0.999 1.019
Experimental KIEs
1.052(5) 1.036(5) 0.997(5) 1.019(8)
;
, 1 10 )
3 9 ©ij e @O
P —_—
4
5= 8 :
6 7
6 7 8

Scheme 3. Bergman cyclization of enediyne 6.

364 333 286 250 222 200 T(K)
0% : : A p :
----- CVT + SCT (CASSCF)
0129 CVT + SCT (mBLYP//CASSCF)
----- CVT (CASSCF) T
0.10] ——CVT(mBLYP//CASSC) "
W 0.081
=
c  0.061
0.04+
0.02+
0.00 . . . .
2.75 3.0 3.5 4.0 4.5 5.0
1000
T(K)

Fig. 6. Arrhenius plot of In KIE (KIE=[kec/ksc (at C10)]/[kuc/knc (at C1)]) versus
1000xT~! computed with mBLYP (solid lines) and CASSCF (dashed lines). Black lines
are without (CVT) and red lines are with (CVT+SCT) the inclusion of tunneling.
Adapted with permission from ref 32. Copyright 2013 American Chemical Society.

4.4. Myers-Saito cyclization of an annulene

In 2016, a report used computations to examine the Myers-Saito
cyclization of cyclodeca-1,2,3,5,9-pentaen-7-yen 9 and ring-fused
annulene 12 and found evidence of carbon atom tunneling
(Scheme 4).23

Computational evidence for tunneling includes: (i) For 9 (Scheme
4A), computations of keyr was 2.47x10% s~ and of keyr,scr was
326x107%s7 1 at 222 K, predicting that the reaction rate is 35 min
with tunneling and 45 min without tunneling, of which the former is
close to the experimentally measured half-life of 21—31 min. For 12
(Scheme 4B), computations of kcyr was 2.56x107° s~! and of
kevriscr was 3.36x107> s~ at 235 K, predicting that the reaction
rate is 5.7 h with tunneling and 7.5 h without tunneling. (ii) >C3
and 2C2 atoms were substituted with >C atoms, and primary,

C1-Cs (A) C1-Cs (A)
21 ' 20 19 20 19 18

0 0-
_ KSCT= 1 40 KSCT = 1 73
] )
E ]90% of
5 4] Kscr -1 A
-
o P 90% of
§ Kser-1
w -2 -24 *
mBLYP//CASSCF \ | ™™ CASSCF
06 04 02 0 02 04 04 02 0 0.2 04
s, A-amu'/2 s, A-amu/2

Fig. 7. Tunneling contributions based on mBLYP//CASSCF and CASSCF calculations
based on kscr for the Bergman cyclization of enediyne 6. From ref 32. Copyright 2013
American Chemical Society.

secondary, and total (1°42°) KIEs were obtained for the conversion
of 9 to 10. The primary KIE of 9— 10 was 1.024 without tunneling,
and that with tunneling was 1.099. The secondary KIEcyt of was
1.005 without tunneling, whereas with tunneling it was 1.033. The
Arrhenius plot for In KIEcyt,sct versus T~! over the temperature
range 100 K—300 K was curved suggesting that the tunneling in-
creases the reaction rate. (iii) Without tunneling the ESYT=17.1 kcal/
mol and log Ac=133 s, and with tunneling the
E§VT+SCT_16.8 keal/mol and log Acvr scr=13.0 s—! at 222 K, sug-
gesting that the tunneling decreases the energy of activation and
thus increases the rate of the Myers-Saito cyclization. (iv) At 200 K,
ksct values for 9 and 12 were 1.4, and at 298 K both were 1.2, thus
indicative of tunneling contribution to the reaction rate. The barrier
width for 9 was 1.26 A, and for 12 was 1.14 A.

4.5. Shifting of the 7 bonds (automerization) of antiaromatic
systems

A historically important report from 1983* described the
shifting of the -bonds in cyclobutadiene. This landmark paper was
the first unambiguous demonstration of carbon tunneling in
a thermal reaction, and it inaugurated the modern study of heavy-
atom tunneling. Recently, a computational report from 2014 de-
scribed the shifting of the w-bonds in pentalene and heptalene via
tunneling (Scheme 5).3°

MO06-2X calculations provided evidence for tunneling with an
Arrhenius plot of In keyriscr versus T~ for temperatures of
10 K—400 K. The m-bond shifting of 15 arose because of a narrow
barrier width where temperature had little effect on the rate con-
stant. The keyryscr values for 15 were 2.2x10% s=! at 10 K and
7.6x10° s~1 at 400 K and are indicative of tunneling. Thus, even at
a high temperature of 400 K, automerization of 15 was predicted to
proceed by tunneling. Furthermore, computations indicated tun-
neling contributions in the automerization of w-bonds of a tri-tert-
butylpentalene 16 and heptalene 17.°
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Scheme 4. Myers-Saito cyclization of annulene 9 (A) and annulene 12 (B).

By By

16
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Scheme 5. mw-Bond shifting of pentalene 15, 1,3,5-tri-tert-butylpentalene 16, and
heptalene 17.

4.6. Carbon—carbon bond reductive elimination with gold
(III) complexes

Two reports appeared in 2014°%37 that describe the C—C bond
reductive elimination. One report>® was an experimental study of
cis-|AuPPh3(4-F-CgHy)>Cl] 18 to form 4,4’-difluorobiphenyl 20
(Scheme 6A), and the other report>” was a computational study on
a model system 21, which found evidence for carbon atom tun-
neling (Scheme 6B).

similar electronic properties, energy barriers for reductive elimi-
nation of 18 and 21 were similar as well (AH*=17.1 kcal/mol, and
17.5 kcal/mol, respectively). For 21 at -52 °C, kcyr was
5.29x10~> s~. and with the inclusion of tunneling effect, the
kevrascr was 7.43x107° s L The latter value is closer to the ex-
perimental rate constant kops=1.5x10" 451 than that of the former.
Tunneling was found to occur at 0.14 kcal/mol below the tip of the
barrier suggesting that the mode of tunneling is thermally acti-
vated. It is also evident from the Arrhenius plot computed with
tunneling, which lacks curvature in the range of temperatures from
—52 °Cto —3 °C. Computations predict that 28% of the C1—C1’ bond
formation is due to carbon atom tunneling.

4.7. Linoleic acid oxidation by soybean lipoxygenase 1

In 2011, a paper described the oxidation of linoleic acid 23-d5 by
soybean lipoxygenase 1 (Scheme 7). First, there was the forma-
tion of a pentadienyl radical by hydrogen atom abstraction at C11,
which was followed by the addition of dioxygen at C13 and a sub-
sequent H-abstraction step to reach 26-d. This reaction involved
carbon-atom tunneling through the hydrogen abstraction process
via carbon (kic/kisc) KIE at C11.8

Table 2 shows experimental evidence for tunneling included
12¢/13C KIEs for linoleic acid 23-d, oxidation by soybean lip-
oxygenase 1. The 12C/'3C KIE for C11 directly involved in the hy-
drogen abstraction was high compared to C9, C10, C12, and C13.
The KIE values are apparently greater than 1,000, although the
error bounds are fairly high, which may reflect the difficulty of
measurements in a biological sample. B3LYP/6-31+G(d,p) calcu-

A PhgP. Cl i F
Y / L + PhsP—Au—ClI
1
A [l o A
LF 19 F - 20
B r o F
HsP Cl
P cl ¥ A 1'
3
)©/\ /\©\ /@ — O +  HpP—Au—Cl
1
O -
LF 22 i 2

Scheme 6. Reductive elimination of a biphenyl compound from gold(IlI) complex 18 (A) and 21 (B).

Experimental data showed that the reaction of Au(Ill) complex
18 to form 4,4’-difluorobiphenyl 20 and (Ph3P)AuCl was rapid at
—52 °C with k=1.5+0.1x10"% s~ Computational evidence for
tunneling included results on 21 as a model system. Since PPh3 and
PH3 share similar electronic properties, their energy barriers were

lations provided further evidence for carbon atom tunneling in
2,5-heptadiene-4,4-d, as a model for 23-d;. In 2,5-heptadiene-
4,4-d;, the equilibrium isotope effects were calculated. The cal-
culated isotope effects at C4 were in reasonable agreement with
the experimental data for 23-d,. This was taken as an evidence of
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Scheme 7. Linoleic acid oxidation by soybean lipoxygenase 1, where HO-Fe(Ill) is the catalytic site.

Table 2
Experimental'2C/*3C KIEs at atoms C9 to C13 for the oxidation of 23-d,
13 12 10 9
CgHy4 C-H{,COOH
D
23-d,
Atom number 12¢/13¢ KIE?
9 1.025(6)
10 1.026(9)
c11 1.046(29)
c12 1.035(8)
c13 1.016(4)

2 Values in parentheses are error bounds in the last two digits.

involvement of C11 in tunneling during abstraction of deuterium
in 23—(12.

4.8. Nitrogen-atom tunneling in a Huisgen reaction

A 2015 computational study describes an intramolecular Huis-
gen reaction where evidence was found for nitrogen atom tun-
neling (Scheme 8).>° Here, a cycloaddition in 2-(azidomethyl)-3-
(ethynyloxy)tetrahydrofuran 27 leads to triazole 28. Computational
data included (i) an Arrhenius plot yielded ESY"=23.0 kcal/mol,
Acvt=2.5x1010 71 whereas  ESVTH5¢T=225 kcal/mol,
Acvriscr=2.0x10"0 s~ at 298 K, which indicated a 35% increase in
the reaction rate due to tunneling. Tunneling lowered both the
activation energy and the pre-exponential factor due to its barrier
width of ~2.4 A. (ii) Computed "N/">N KIEs (at N1 and at N3) led to
K]Ec\rr:l.O] and I(IECW+5C[:].O4. The KlECVl‘+SCT is larger than
KIEcyr where values are likely too close to contemplate experi-
ments to distinguish them well.

Heavy atom tunneling is involved in some hydrocarbon and
heteroatom reactions, although more publications exist for tun-
neling of light atoms, as we will see next.

5. Hydrogen atom, hydride, and proton tunneling

We now turn to H*, H™ and H™ organic reactions and discuss
examples where tunneling evidence was found. There are 14 lit-
erature examples of which 5 contain both experimental and

1.9, 1 2
_N.
er 2°NO 0 N-N 3
— N
S
o—= 0
271,2,3=14N 28
0 5 3 1 2
,’N\
er 2°NO O N-N 3
J— N
S
0o—== 0
27-15N1 = 15N; 2, 3 = 14N 28-15N

3=15N;1,2=14N

Scheme 8. Intramolecular ‘click’ reaction of 27.

theoretical evidence, and 3 literature examples that are based on
theoretical evidence alone.

5.1. Hydrogen-atom transfer reactions

5.1.1. 1,3-Hydrogen shift in cyclobutylidenes. A 2014 report de-
scribes the hydrogen shift in the conversion of cyclobutylidene 29
and a 3-trimethylsilyl (TMS) 31 derivative to bicyclobutylidenes 30
and 32, respectively (Scheme 9).*° Computational data showed the
rate of the 1,3-hydrogen migration was enhanced by the TMS group
in the y-position, but that this enhancement was not due to tun-
neling. On the other hand, rate constants, Arrhenius plots, and KIE
data provide evidence for tunneling when comparing 29 and 29-d,
and when comparing 31 and 31-d.

Data were collected and provide evidence of tunneling. (i) Rate
constants kcyt and keyt,scr were calculated at six temperatures
from 77 to 400 K. At 298 K, 73% of the reaction proceeds by tun-
neling for 29. At 298 K, 48% proceeds by tunneling for 31. The
contribution of tunneling in 29 is greater than in 31 and effective
barrier width of 29 is narrower by 0.1 A than that 31 making tun-
neling across a narrower yet larger barrier (ESVT=13.7 kcal/mol) in
29 more efficient than through the smaller barrier (ESY"=9.5 kcal/
mol) in 31. Furthermore, the contribution of tunneling decreased
with an increase in temperature. (ii) Computed Arrhenius plots of
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Scheme 9. Hydrogen atom shift in cyclobutylidene and a TMS-substituted
cyclobutylidene.

In keyrascr versus T~ show greater curvature for 29 versus 31, and
greater curvature for 29-d versus 31-d consistent with greater
tunneling. The activation energy at 298 K the ES¥"5¢T was reduced
by 1.0 kcal/mol for 29, and the ESYT5¢T was reduced by 0.7 kcal/mol
for 31, when compared to ESVT values. (iii) KIEs with inclusion of
tunneling (KIEcyt,scr=ku/kp) for 31/31-d— 32/32-d displayed in
Table 3 showed a decrease with increasing temperature indicating
tunneling.

Table 3
Computed H/D KIEs of 31 without (CVT) and with (CVT+SCT) the inclusion of
tunneling

KIE=ky(31)kp(31-d)

T(K) VT CVT+SCT
240 2.29 2.56
300 1.90 2.04
400 1.59 1.63

5.1.2. A 1,3-Hydrogen shift in adamantylidene. A paper appeared in
2014 describing a hydrogen atom shift in the cyclopropanation of
adamantylidene 33 to form 2,4-dehydroadamantane 34
(Scheme 10).! Here, the H-atom transfer and cyclopropanation
occurred in a concerted manner. A singlet diradical was not an
actual intermediate; instead, it was located on an inflection point of
the potential energy surface reaching 34.

H H
o —
33 34
H H
o —
33-d 34-d

Scheme 10. 1,3-Hydrogen shift in adamantylidene 33.

B3LYP/6-31G(d,p) calculations also hint at tunneling. At 300 K,
the computed rate constants with  tunneling of
kevriscr=14x10° s~! which is approximately twice the kcyr
without tunneling implicating that at 300 K this shift occurs mostly
by tunneling. H/D KIE was 2.44 below the value of 7 that is more
firm evidence of tunneling.

5.13. A[1,5]-Sigmatropic shift in cyclopentadienes. An experimental
report from 1969* and a computational report from 2007*> have

provided evidence for tunneling in the [1,5]-sigmatropic shift of
cyclopentadienes (Scheme 11).

R 1 R'
R
R 1o R
R
o .
R R
R R
R R
35 R=H,R'=CHj 36
35-dR =D, R'=CHj 36-d
37 R=H,R'=H 38
37-dR=D,R'=H 38-d

Scheme 11. [1,5]-Sigmatropic shift reactions in cyclopentadienes.

The experimental evidence*” for tunneling included (i) a tem-
perature dependence in the H/D KIE for 35/35-d — 36/36-d. Mea-
sured ky/kp for the 35 and 35-d pair were equal to 7.67 at 280 K,
5.75 at 300 K, and 4.70 at 320 K. (ii) Auy/Ap of ~ 0.1 were found,
which is less than 1.0 and (iii) Ey(D) - Es(H) was equal to 2.5 kcal/
mol that is >1.2 kcal/mol, and fit within the Kim/Kreevoy criteria as
evidence for tunneling.

Computational evidence®® for tunneling included (i) rate con-
stants kcyt and keyryscr for [1,5]-sigmatropic shifts in 35, 35-d, 37,
and 37-d at 300 K which equated tunneling contributions to 88% for
35, 73% for 35-d, 89% for 37, and 75% for 37-d. (ii) Computed
Arrhenius plots of the In kcyt.sct versus T ! for the rearrangements
of 35 and 37 for 240 K—320 K predicted slight curvature at
240 K—260 K. (iii) Calculations of the H/D KIE for 35 and 37 showed
temperature dependence indicative of tunneling. The ratios of
KIEcvt, sct k(35)/k(35-d) and k(37)/k(37-d) decreased by 60—70 %,
from 11.8 to 5.50 and from 11.2 to 5.72, respectively, over range
from 280 K to 320 K, which was attributed to a large difference
between the activation energies for the shift of hydrogen versus
deuterium (e.g., ESVT™5CT for the reactions of 35 and 35-d are
4.1 kcal/mol and 1.4 kcal/mol, respectively, while for the reactions
of 37 and 37-d are 5.5 kcal/mol and 1.7 kcal/mol, respectively). The
data show a modest KIEcyr scr (equal to ky/kp)=5.50 at room
temperature that may hint at tunneling, but does not meet the Kim/
Kreevoy criteria of >7. (iv) Differences in activation energies for 35
and 35-d, E;(D)—E,(H)=2.5+0.3 kcal/mol is above the Kim/Kreevoy
1.2 threshold to indicate the importance of tunneling.

5.1.4. [1,5]-Sigmatropic shift in pentadienes. Scheme 12 shows the
[1,5]-sigmatropic shift of cis-1,3-pentadiene 39.244~*% Computed
data®** show a substantial fraction of the hydrogen shift is due to
tunneling.

Computational data were collected for isotopomers 39-d, and
39-d3. (i) Ei(D)—E,;(H) for CVT/SCT compared to CVT is >1.2 kcal/
mol, and Ay/Ap<1.0 suggesting tunneling (Table 4). (ii) MINDO/3,
AM1, and PM3 calculations predicted large KIEs (ky(39-d2)/kp(39-
ds3)) in the [1,5]-sigmatropic shift in pentadiene 39-d, and 39-d3 at
temperatures from 463 K to 500 K (Table 5).¢ KIEs without tun-
neling (KIEcyt) increased 6—7%, while with tunneling (KIEcyT.sct)
they increased 18—27% (experimentally it was 13%) over
463 K—500 K.*’ Contribution of tunneling was also corroborated by
mPW1K/6-31+G(d,p) KIE calculations for the H-atom transfer in
D,C=CHCH=CHCHj3 39-d, and D-atom transfer in HoC=CHCH=
CHCD; 39-ds over the temperatures of 400—500 K.*® The semi-
empirical and DFT computed KIEs were lower than experimental
values acquired 50 years ago. It is not immediately clear why there
is a discrepancy between the computational data and experimental
data. However, we note the paper®’ published in 1966 did not as-
sess whether tunneling arose. (iii) The computed transmission
coefficients ksct provide evidence for the tunneling contribution at
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Scheme 12. [1,5]-Sigmatropic shift reactions in pentadiene 39 and isotopomers 39-d, and 39-ds.

Table 4
Computed pre-exponential factors and Activation energies for 39-d, and 39-ds
without (CVT) and with (CVT+SCT) the inclusion of tunneling

Method An/Ap EA(D)—Ea(H) (kcal/mol)
CVT CVT+SCT CVT CVT+SCT
MINDO/3 1.1 0.54 0.8 2.0
AM1 1.0 0.24 0.7 2.8
PM3 1.1 0.30 0.9 2.7
Table 5

MINDO/3, AM1 and PM3 computed H/D KIEcyt. sct for 39-d5 and 39-d3

T(K) KIECVT+SC1‘:kH(39'd2)/kD(39'd3)

MINDO/3 AM1 PM3
463 4.5 52 5.7
470 4.3 49 5.5
478 4.2 4.7 5.2
500 3.8 4.1 4.6

400 K and 500 K. It was determined that ky(39-d3)/kp(39-d3) was
2.5 at 400 K and that was 1.5 at 500 K, both of which are greater
than 1.0 and indicative of tunneling.*®

5.1.5. [1,5]-Sigmatropic shift in a diarylpentadiene. Two papers*®>%
reported experimentally derived rate constants for the 1,5-H
transfer of (Z)-1-p-tolyl-5-phenyl-1,3-pentadiene (Scheme 13) at
four temperatures spanning 108 K to test for tunneling.

The Arrhenius plot was said to be linear, but no graph was
shown*®°? and the matter was dropped. However, when the data
are plotted as seen in Fig. 8, the 4-point linear fit (red dotted line)
looks acceptable, but the residuals of the fit are larger than the error
bars (numbers in red). This indicates a nonlinear plot; we employed
the same procedure as Singleton and Borden>° to compare slopes in
the high versus low temperature regions. The difference in slopes is
large, and corresponds to a 4.8 kcal/mol decrease in activation
energy. This suggests a significant amount of tunneling, roughly
comparable to [1,5]-sigmatropic shift in cyclopentadiene.*®

X

5.1.6. [1,7]-Sigmatropic shift in octatrienes. Reports from 1988,
2007°? and 2014 describe the [1,7]-sigmatropic shift of 7-
methylocta-1,3,5-triene 43 (Scheme 14).%8°152 Experimental and
computed work sought evidence for tunneling.

Experimental data included an Arrhenius plot of In KIE versus
T~!, which was curved, but for a few points produced a straight line
and a slope [E,(D)—E;(H)]/R (where R=gas constant) and intercept
Au/Ap. Es(D)—E,(H) was equal to 2 kcal/mol, and Ay/Ap=0.32, both
of which point to tunneling by exceeding the Kim/Kreevoy criteria.
However, the experimental H/D KIE data were less conclusive for
tunneling contributions.”!

Computational evidence pointed to tunneling including (i)
Arrhenius parameters Ey(D)—E,;(H), using CVT with microcanonical
optimized multidimensional tunneling corrections pOMT fit better
to those obtained experimentally compared to CVT alone.>” (ii) H/D
KIEs were computed including tunneling (by means of CVT+uOMT,
squares, Fig. 9) were lower than experimental (solid circles,
Fig. 9).*® When tunneling was accounted for by semiclassical
instanton (SI) (solid line, Fig. 9), the H/D KIE of the sigmatropic shift
were in even better agreement with experimental results.*® Similar
to [1,5]-sigmatropic shifts in Section 5.1.4, here the computational
data were fair in reproducing the experimental data.

5.1.7. Hydrogen-atom transfer in tetralin autoxidation. In 2015,
areport appeared with experimental H/D KIE evidence of hydrogen
atom tunneling from tetralin (45-dz, Scheme 15) or diethylbenzene,
or dibenzylbenzene to a peroxyl radical.>® These experiments were
carried out at 65 °C. The KIE for formation of products 47-d» and 49-
d was found to be 15.941.4, which exceeded the Kim/Kreevoy cri-
terion ~ 7, suggesting significant contribution of tunneling in the H
abstraction. Similar effects were observed for diethylbenzene and
dibenzylbenzene for conversion to hydroperoxide. The KIE of
diethylbenzene was measured to be 13.7+2.0, and that of diben-
zylbenzene was measured to be 12+2.0.

5.1.8. Double-hydrogen atom transfer in solid-state porphycenes. A
2016 report described hydrogen atom tunneling in the tautomeri-
zation of porphycenes 50 and 51 (Scheme 16).°* These

7

DRA® "0
HsC HsC

a1

42

Scheme 13. [1,5]-Sigmatropic shift in (Z)-1-p-tolyl-5-phenyl-1,3-pentadiene 41.
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Fig. 8. Arrhenius plot for the [1,5]-sigmatropic shift reaction in pentadiene 41 in
Scheme 13. The residuals of the linear fit are larger than the error bars (shown in red),
which show the plot is nonlinear. Separate lines at low and high temperature give
a difference in E, of 4.8 kcal/mol. The significant curvature at low temperature suggests
that tunneling is important in this reaction.

43-d

Scheme 14. The [1,7]-sigmatropic shift in octa-1,3,5-triene 43 to form octa-2,4,6-triene 44.

@® Experiment
O CVT/pOMT
— SI

KIE

O

360 380 400
T(K)

Fig. 9. KIE for the [1,7]-sigmatropic shift of octa-1,3,5-triene 43. The solid circles are
the experimental data, the solid line is the mPWB1K/6-31G+(d,p) with semiclassical
instanton, the open squares are the PES from mPWB1K/6-31+G(d,p), and the dashed
line is the classical transition state theory. The calculations were without (CVT) and
with (CVT+pOMT) the inclusion of tunneling. Adapted with permission from ref 48.
Copyright 2014 American Chemical Society.

tautomerizations occur by a double hydrogen atom transfer in both
the ground and excited states of the porphycenes.

Experimental evidence for tunneling included (i) Arrhenius
plots of the ground-state (Sp) and excited-state (S;) hydrogen
transfer rate constant In k vs T~! for the temperature range of
20 K—400 K were plotted for 50, 51, 50-d5, and 51-d, and showed
curvature. Arrhenius plots for 50-d; and 51-d, showed less tun-
neling than for 50 and 51 due the greater mass of deuterium. (ii) H/
D KIEs (for kyy/kpp) were measured for ground-state tautomeri-
zation in 50 and 51 were >7 and revealed tunneling for 50 at
T<270 K and for 51 at T<370 K. Themes on hydrogen atom transfer
in organometallic chemistry have been reported, as we will see
next.

5.1.9. Hydrogen-atom transfer from hydrocarbon to an osmium-
centered radical. A 2014 paper reported on the homolysis of bilaterally
symmetrical compounds [Cp(CO),0s]; and [1°-PryCsH(CO),0s],
(Scheme 17)>°> Here, osmium radicals Cp(CO),0s* 52 and
1°-iPr4CsH(CO),0s* 54 were shown to have utility in tunneling with
hydrogen atom donors fluorene, xanthene, 9,10-dihydroanthracene,
and 1,4-cyclohexadiene.

Experimental evidence for tunneling included (i) activation pa-
rameters for H donation from xanthene to 1°-"Pr4CsH(CO),0s* was
E4(D)—Eg(H)=3.3+0.2 kcal/mol~" and Ay/Ap=0.06-:0.02 [Kim/Kree-
voy criteria are E;(D)—E,(H) are greater than ~ 1.2 kcal/mol and Ay/Ap
is less than 1.0]. (ii) H/D KIEs were determined using time resolved IR
and 'H NMR spectroscopy and ranged from 9.3 to 16.8 at 25 °C, where

Tt
7N CHj3

CH
N\_cH,

44

E—

/\CH3

CH
N\ cH,p°

44-d

E—

Kim/Kreevoy criteria for H/D KIE is above ~ 7. The H/D KIEs from 10 °C
to 70 °C for 1°-iPr4CsH(CO),0s* with xanthene and fluorine showed
a temperature dependence. The results reveal H/D KIEs of 6.2 (70 °C)
to 17.9 (10 °C) for xanthene, and 9.8 (70 °C) and 18.0 (10 °C) for flu-
orene with Cp(C0),0s*, 1°-iPr4CsH(CO),0s, respectively.

5.1.10. Release of methane from hydridomethylbis-phosphine plati-
num complexes. An experimental report from 1978°° described
primary H/D KIEs of methylbis(triphenylphosphine) platinum 56
and 56-d for the reductive elimination of methane (Scheme 18).
The H/D KIE of k(56)/k(56-d) was equal to 3.30.3 at 248K,’® which
is a modest value and thus involvement of tunneling could not be
concluded with any certainty. Recently, a computational report
from 2008°7 describes a reductive elimination of methane and
elaborates on possible tunneling contributions.

Computational evidence for tunneling included (i) the rate
constant at 248 K for 57 without tunneling is kcyr=1.27x10"% s~
and with tunneling is kcyt,scr=5.11 x107% s~1 where the latter rate
constant is in a better agreement with the experimental value of
k=(4.5+£0.5)x10* s~ for 56. Thus at 248 K, 86% of the reductive
elimination of methane from 57 is attributed to involve tunneling,
and lower the E; by 1.7 kcal/mol. Primary KIEs for reductive elim-
ination of methane (data not shown) were inconclusive to deduce
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tunneling contributions, thus secondary KIEs were sought. (ii)
Secondary KIEs were computed for k(57)/k(58-d3), and compared
to k(57-d)/k(58-d4). Based on CVT, calculations without tunneling
k(57)/k(58-d3)=0.99 and k(57-d)/k(58-d4)=1.00, whereas inclusion
of tunneling CVT+SCT show a relative difference between sec-
ondary KIEs with k(57)/k(58-d3)=1.35 and k(57-d)/k(58-d4)=1.06.

5.1.11. C—H amination involving iron imido complexes. An intriguing
report from 2011 describes the C—H amination of high-spin iron
imido complexes 59 and 60 (Scheme 19).°® Here, this is an example
where tunneling contributes in conjunction with catalysis. Exper-
imental evidence for tunneling included a large H/D KIE of 12.8 for
the reaction of ("IL)Fe''CI(OEt,) 59, azidoadamantane and toluene
at 60 °C (Scheme 19A). An even larger H/D KIE of 24 was observed
for the reaction of (ArL)FeCl(NCGH4—p—tBu) 60 at room temperature
(Scheme 19B). Both values for H/D KIE are above 7 and far exceed
Kim/Kreevoy criteria.

5.2. Hydride shift reactions

5.2.1. Hydride shift from an NADH analogue to a dioxoruthenium(VI)
complex. In 2015, a report appeared on trans-[Ru’(TMC)(0),]>*
(TMC=1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclotetradecane) 61
that received a hydride from an NADH analogue, 10-methyl-9,10-
dihydroacridine (AcrHy) 62 (Scheme 20).°° By monitoring the UV
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Scheme 17. Hydrogen atom transfer between hydrocarbons and osmium-centered radicals 52 and 54.

band appearance at 358 nm (e=1.8x10* M~ cm™!), experimental
evidence for hydride tunneling included large H/D KIE of 13 in
acetonitrile at 0 °C. Again, this large H/D KIE is above the Kim/
Kreevoy criteria.

5.2.2. Hydride shift of glyceraldehyde to dihydroxyacetone. In 2015
a report described a hydride shift in the isomerization of glyceral-
dehyde 65 to dihydroxyacetone 69 (Scheme 21).5° Dehydration of
triol 65 and Ca** complexation led to 67, where experimental and
computational data provided evidence for the tunneling in the
hydride shift step of 67 to 68.

Experimental evidence for hydride tunneling included (i) rates
at which 2-protioglyceraldehyde 66 and 2-deuteroglyceraldehyde
66-d converted to dihydroxyacetone 69 and 69-d, respectively
show E;(H)=8.5 kcal/mol and E;(D)=10.6 kcal/mol where E;(D)—
Ei(H) >2.2 kcal/mol (ii) The experimental pre-exponential factors
were Ay=97.9 and Ap=344.2 and yielded Ay/Ap=0.28. (iii) The H/D
KIEs were found to be large, that is 14.9, 9.3 and 5.1 at temperatures
of 0 °C, 40 °C, and 80 °C. The above results for (i)-(iii) fit the Kim/
Kreevoy criteria.

Computational evidence was collected for tunneling. B3LYP/
6-31++G(d,p) calculations were used with POLYRATE and po-
larized continuum model water solvation, and a single point
CCSD(T)/6-31++G(d,p) energy correction for conversion of 67 to

68. The predicted Arrhenius parameters also exceeded Kim/
Kreevoy criteria, in which the E;(H)=17.8 kcal/mol and E (D)=
19.3 kcal/mol, thus giving E;(D) - E;(H)=1.5 kcal/mol, and Ay/
Ap=0.43. The computed KIEs by CVT+SCT for the Arrhenius plot
of In KIE versus T~! over the range of 0—80 °C were in rea-
sonable agreement with the experiments. Based on the calcu-
lations, at least 56—80% of the reaction proceeds by tunneling at
0—-80 °C.

5.3. Proton transfer reactions

Some equilibrium reactions take place and indicate that tun-
neling is not always a one-way street. There have been reports of
proton tunneling that are in tautomerization reactions.

5.3.1. Tautomerization of thiotropolone. In 2011°' and 2012,%% re-
ports appeared with evidence for tunneling in thiotropolone tau-
tomers 70 and 71 (Scheme 22). Experimental *C and 70 NMR
spectroscopy indicated the existence of 70:71 in ratio of 58:42 that
did not change over a temperature range (—130 °C and 27 °C), as
well as in the molten state (at 60 °C).°'

Computational studies added further evidence of tunneling,
including (i) MPW1K and MP2 calculations of 70 for proton transfer
over the temperature range —130 °C to 60 °C show kcyt increased
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Scheme 18. Reductive elimination of methane from methylbis-phosphine platinum complexes.

by ~10°, but kevrascr only increased 1.6 times indicating near in-
variance to temperature.®” (ii) The Arrhenius plot for the In keyrscr
versus T~ of 7071 show a large tunneling contribution over
wide temperature range. (iii) Computed values of H/D KIEcyt.sct
for 70 and 70-d were large, Table 6, which are greater than
Kim/Kreevoy criteria of H/D KIE of >7. (iv) Without tunneling the
ESVT was 5.8 kcal/mol, and log Acyr=11.9 s~ and with the SCT
tunneling correction the E§VT™5¢T=0.3 kcal/mol and log
Acvrescr=1.3 s7|, indicating that tunneling decreases the energy of
activation. Computations showed that the barrier is narrow so that
97% of the thiotropolone reaction is due to proton tunneling in
molten state at 60 °C.

Other than thiotropolones, tropolones contain tautomers
that interconvert with a tunneling contribution. Computational
methods show that 75% of the tropolone reaction is due to proton
tunneling.%?

5.3.2. Tautomerism of an aminofulvene-aldimine. A 2008 report
describes the tautomerization of N,N’-diphenyl-6-aminofuvene-1-
aldimine 72, in which the proton transfer of N—H---N to N---H—N is

an ultrafast process (Scheme 23).°% Fig. 10 shows an Arrhenius plot
for the H (©) and D (m) transfer process in crystalline and amor-
phous phases. The tautomerism is faster in the amorphous phase
than the crystalline phase, in which curvature in both phases was
interpreted as evidence of tunneling. The H/D KIE for the amor-
phous phase was 4 and for the crystalline phase was 9 suggesting
tunneling contributions in both.

6. Summary

Tunneling contributes, to varying extents, in organic reactions.
Sections 4 and 5 described the tunneling of heavy and light atoms,
respectively. Fewer publications exist for heavy atom tunneling
(Section 4) than light atom tunneling (Section 5), but this does not
mean the former is less important. Evidence suggests nontrivial
percentages for heavy atom tunneling in a Roush allylboration (36%),
a Au(IIT) promoted C—C bond formation (28%), an azide cycloaddition
(35%), and a Bergman cyclization (39%), which can occur at tem-
peratures from —78 °C to 37 °C. Literature examples sometimes point
to high percentages of light atom tunneling, e.g., in cyclobutylidene
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Scheme 19. Proposed mechanisms of C—H amination involving adamantane iron imido complex 59 (A) and iron imido complex 60 (B).
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Scheme 20. Intermolecular hydride shift from NADH analogue 62 to dioxoruthenium(VI) complex 61.
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Scheme 21. Isomerization of glyceraldehyde 66 to dihydroxyacetone 69 by a hydride shift.
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Scheme 23. Tautomerization of aminofulvene-aldimine 72. Tautomers 72’ and 72'-
Table 6 d are not degenerate with 72 and 72-d, respectively, due to intermolecular interaction
Computed H/D KIEcyt.scr for 70 and 70-d in the solid state.
T(°C) KIEcyT, sct=kn(70)/kp(70-d) . . . .
30 5 22><1+03 (73%), in dihydroxyacetone (56—80%), and in thiotropolone
_100 111x103 (60—97%), which can occur at temperatures from 0 °C to 80 °C.
-60 1.01x103 What are the future prospects of tunneling in organic chemistry? The
25 9.22x102 future looks promising although more facile methods are needed to
60 8.53x102

detect tunneling. Experimentally, detection of carbon-atom tunneling
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Fig. 10. Arrhenius plot for H/D transfer from the rate constants in 72. Lines were
generated by fitting data to the Bell-Limbach tunneling model. Adapted with per-
mission from ref 63. Copyright 2008 American Chemical Society.

can be difficult due to low 3C natural abundance, although reactions
on larger scales is one solution to this problem.%* Furthermore, the-
oretical methods that map discontinuous potential energy surfaces
can run into difficulty in screening for tunneling. Nevertheless,
computational methods can deduce tunneling contributions by cal-
culating small-curvature tunneling (SCT) and canonical variational
transition state theory (CVT) and thus ferret out classical contribu-
tions to the rate. Tunneling has a desired caveat of increasing the
speed to reach product through the barrier instead of over the barrier.
Lastly, tunneling control>®>%° provides an additional mechanistic tool
along with conventional kinetic and thermodynamic control.
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