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The reactivity game: Theoretical predictions for 
heavy atom tunneling on adamantyl and related 
carbenes 

S. Kozucha 

The possibility of carbon atom tunneling at cryogenic temperatures for carbene-based 
ring expansion of adamantane analogues calls for a delicate balance of reactivity to 
experimentally detect the transpiring reaction. An overly reactive carbene will 
precipitously decay; an excessively stable carbene will not tunnel. Nevertheless, the 
factors that affect the quantum-mechanical tunneling (QMT) reactivity–mass, barrier 
height and width– are strikingly different from the classical “over the barrier” thermal 
mechanism. Herein, comparisons with experimental values and predictions on 
measurable rate constants for novel carbene systems are presented by way of small 
curvature tunneling (SCT) computations. Adamantane, noradamantane and 
bisnoradamantane have a significantly different C-C bond strain and reactivity, 
which can be modulated by tinkering with the carbene substituent atom (H, Cl or F) 
to obtain an observable lifetime of the reactant. The influence of barrier heights and 
widths, kinetic isotope effects (KIE), the detection of the tunneling-determining 
atoms (TDA) and the comparisons with hydrogen-based reactions are discussed with 
the objective of finding the physical limits for QMT. 

 

Introduction 

Quantum-mechanical tunneling (QMT) is a well-known 
mechanism for reactions involving the displacement of hydrogen 
atoms.1 The tunneling probability is increased by a small mass 
of the moving parts of the molecule, thus the light H atom allows 
an easy non-classical pathway. This QMT probability decreases 
as the exponential of the square root of the shifting mass and 
barrier height (∆E‡). However, the probability is directly 
proportional to the exponential of the negative of the barrier 
width (a variable that has no importance on transition state 
theory), making the amplitude of the atomic movements the most 
critical factor for a swift tunneling.1–3 This trend can be 
approximated as 

� ∝ e��	��∆
‡	�     (1) 
where P is the tunneling probability, w is the width of the barrier, 
∆E‡ the activation energy, m the mass of the moving parts, and x 
a factor that depends on the shape of the potential energy curve 
(for a rectangular barrier,  = 2√2 ℏ⁄ ).1  
Whitman and Carpenter4–6 proved that the bond shifting (a.k.a. 
automerization) of cyclobutadiene-1,4-d2 proceeds by QMT, 
thus showing the first example of a “heavy” atom tunneling. In 
the last decade, several other reactions of this nature have been 
observed and/or computed (see Scheme 1), all of them sharing 
the same characteristics: a rather low ∆E‡ (but not too low, in 

such a way that it can be distinguished from a thermally activated 
classical mechanisms), and a narrow barrier on the reaction 
coordinate. 

 
Scheme 1 Some observed or computed reactions taking place by heavy atom 

tunneling. A) Cyclobutadiene automerization.4–6 B) Methyl-cyclobutyl-

fluorocarbene ring expansion.7 C) Cyclopropyl-carbene ring expansion.8 D) Ring 

opening of cyclopropyl-carbinyl radical.9,10 E) Degenerate rearrangement of 

semibullvalene.11 F) Ketenimine ring expansion.12 G) Ring closure of cyclopentane-

1,3-diyl.13,14 H) Bergman cyclization of a 10-membered-ring enediyne.15 Reactions 

(A) to (G) occur at cryogenic conditions from the ground vibrationally state. 
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Carbenes from adamantane analogues 

Another reaction studied experimentally16 and theoretically17 
was the ring expansion of Noradamantyl-carbenes (NX, with X = 
H, Me, Cl or F, see Scheme 2) to form substituted Adamantenes 
(AX

ene). 

 
Scheme 2 Ring expansion of Noradamantyl-carbenes16,17 forming Adamantenes. 

The Noradamantane skeleton has a strained σ C-C bond (0.12 Å 
longer than the other two bonds adjacent to the carbene in NCl) 
that can hiperconjugate with the empty p atomic orbital (AO) of 
the carbene (see Fig. 1A). Accordingly, the most stable 
conformer has a small C:-Cα-Cβ angle (only 100o in NCl), and an 
almost perpendicular Cβ-Cα-C:-Cl dihedral angle (97o, see Fig. 
2). This geometry is close to the transition state for the ring 
opening, and therefore the atoms must only shift a short distance 
to break the Cα-Cβ and form the C:-Cβ bonds. In addition, the 
reactivity of this system produces a strongly exothermic reaction 
(see Table 1), a factor that further narrows the barrier. As a result, 
these carbenes attached to strained cycles (usually produced by 
photolysis of a diazirine compound18) are excellent candidates 
for heavy atom tunneling (similar to the reactions of Schemes 1B 
and 1C). 

 
Figure 1 (A) Low lying molecular orbital showing the charge transfer 

(hyperconjugation) of the strained Cα-Cβ σ bond and of the Cl p AO towards the 

empty p AO on the carbene of NCl. (B) The HOMO, mostly localized in the sp hybrid 

orbital (“lone pair”) of the carbene. (C) The LUMO, primarily on the p AO of the 

carbene. 

  
Figure 2 Most stable conformer of NCl, with selected bond distances (in Å) and 

angles. The dihedral angle between the Cl and the strained C-C bond (Cβ-Cα-C:-Cl) 

is 97.2o (geometry taken from ref. 17).  

The stabilization of the carbene awarded by the substituent atom 
provides the first dimension for the reactivity towards the ring 
expansion. The fluoride in NF stabilizes the carbene by p→p 
electron donation (see Fig. 1A) more than the chloride in NCl.19 
Consequently, NF has a higher activation barrier† than NCl (9.7 
vs. 5.8 kcal/mol) making the tunneling at cryogenic conditions 
of NF probably too slow to be observed experimentally (with a 
calculated half-life of millions of years).16,17 The ring expansion 
of methyl-cyclobutyl-fluorocarbene (Scheme 1B), thanks to the 
stressed four-carbon ring, actually requires the “decelerating” 
effect of the F substituent to make the reaction experimentally 
observable. 
In contrast to the stability provided by the halides, a simple 
hydrogen substituent (as in NH) produces a severely reactive 
carbene, due to the lack of p electrons on H to donate.19,20 The 
cyclopropyl-carbene ring expansion shown in Scheme 1C is an 
example where the relative stability of the ring requires an H 
substituent on the carbene to “accelerate” the reaction in order to 
occur at cryogenic temperature.8 The calculated reaction barrier 
for the ring expansion of NH is negligible (0.5 kcal/mol), and the 
reaction is virtually instantaneous at any temperature,16,20,21 
making it impossible to distinguish between the classical and 
QMT mechanisms. 
The second dimension of the reactivity resides in the tension on 
the Cα-Cβ bond. Adamantane does not have a strained bond as 
the one in noradamantane, and therefore an adamantyl-carbene 
(AX, see Scheme 3A) will be less reactive compared to a 
noradamantyl-carbene. Indeed, ACl is stable at low 
temperature.22 Furthermore, AH can be chemically trapped by 
solvent molecules or scavengers before the ring expansion can 
occur, while the much more reactive NH falls directly to the 
adamantene product before being trapped (still, AH was never 
detected in an argon matrix, suggesting a faster tunneling than 
NCl).20 All this indicates a much longer lifetime for adamantyl- 
compared to noradamantyl-carbenes. 
In contrast to the stable bonds in the adamantane structure, 
bisnoradamantane has two strained C-C bonds acting in a 
synergetic manner, making it even more reactive than 
noradamantane. Therefore, bisnoradamantyl-carbene systems 
(BX, Scheme 3B) should react extremely fast towards the ring-
expansion. 
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Scheme 3 Ring expansion of (A) adamantyl-carbene (AX) to form a 

homoadamantene (HX
ene), and (B) bisnoradamantyl-carbene (BX) to form a 

noradamantene (NX
ene). 

As a measure of the reactivity of the three described moieties 
(adamantane < noradamantane < bisnoradamantane), the 
exothermicity towards the hydrogenolysis of the strained bonds 
was calculated (in the case of adamantane all bonds are 
equivalent), resulting in a clear trend of -10.6, -26.0 and -51.7 
kcal/mol, respectively. Another measure of the C-C bond strain 
is the C-C bond length; taking as a reference the stable bonds of 
adamantane (1.544 Å), the strained bond of bisnoradamantane is 
longer by 5.2 %, and of noradamantane by 3.3 % (with the rest 
of the C-C bonds ranging from 0.7 % longer to 0.2 % shorter, see 
geometries in the ESI). Evidently there is a ladder of reactivity 
going from adamantane to noradamantane to bisnoradamantane, 
parallel to the reactivity going from hydro to chloro to fluoro-
carbenes, as depicted in Table 1. 

Table 1 Energies of activation† and of reaction for the ring expansion of 
adamantyl, noradamantyl and bisnoradamantyl carbenes (see Schemes 2 and 
3), in kcal/mol calculated at the B3LYP/6-31G(d) level. 

  AX NX BX 

X= Ha Cl F Ha Clb Fb H Cl F 

∆E‡ 6.2 15.3 19.1 0.5 5.8 9.7 No 
barrier 

2.3 5.7 

∆Erx -47.8 -31.3 -29.7 -33.9 -21.5 -21.0 -32.5 -32.7 

a See also Ref. 20. 

b See also Refs. 16 and 17. 

In this work, and following a previous communication,17 the 
question of finding the right combination of reactivity that can 
produce an experimentally observable lifetime window for the 
ring expansion by carbenes through heavy atom quantum 
tunneling was tackled. In addition, a rationalisation of the 
experimental outcomes of some of these systems was 
pursued,16,20 and the possibility of having tunneling 
controlled8,23,24 hydrogen shifts as competing reactions was 
considered. When dealing with quantum tunneling this is not just 
a matter of finding the right barrier height (Table 1) since, as 
explained before (eq. 1), we must take into account also the 
displaced masses and, most critically, the width of the barriers. 
Therefore, a comparison of the requirements for hydrogen and 
carbon QMT was carried out. 

Theoretical Method 

There are several semi-quantitative methods to estimate the 
tunneling correction to the rate constant, including the renowned 
Wigner correction (it must be noted that this correction fails at 
low temperatures, see ESI).1 However, these methods do not 
mimic the real shape of the reaction coordinate, nor take into 
account the possibility of “cutting corners” of the reaction 
coordinate to pass through the least-action pathway.25 A 
considerably more accurate (and significantly more demanding) 
method for reactions whose least-action pathway lies close to the 
reaction coordinate is the small-curvature tunneling (SCT) 
approximation,26 which was the one used in this and previous17 
works. This method remedies the deficiencies of Wigner and 
other corrections by “plotting” the potential energy surface 
surrounding the valley of minimum energy. To this end, it 
calculates energies, energy gradients and second derivatives, not 
only at the reactant and TS geometries but also at many points 
along the reaction pathway. 
Because of the massive computational cost of the SCT 
calculation, it cannot be carried out with a high quality ab initio 
method. We employed for this purpose the B3LYP 
functional27,28 with a very small basis set, 6-31G(d),29 except for 
the H-shift reactions calculated with 6-31G(d,p), a more accurate 
basis set when a hydrogen is the central atom of the reaction 
(when the migrating atom is not an H, the difference between 
both basis sets is negligible).17 Admittedly, this is hardly the best 
method for most barrier calculations.30 However, previous 
comparisons to CCSD(T) benchmarks17 and experimentally 
obtained rate constant16 proved that for these specific carbene 
reactions it is actually a very reliable methodology. 
All DFT electronic structure calculations were performed with 
Gaussian09.31 The rate constant calculations were done with 
Polyrate,32 using Gaussrate33 as the interface between Polyrate 
and Gaussian09. Classical rate constants were computed using 
canonical variational transition state theory (CVT),34 and SCT 
was used for the tunneling correction,26  with a step size of 0.001 
Bohr and quantized reactant state tunneling (QRST)35 for the 
reaction coordinate mode. Unless specified, SCT rate constant 
values will include the CVT component. 

Results and Discussion 

Table 2 shows the rate constants with and without tunneling 
corrections (SCT and CVT, respectively), at cryogenic 
temperature (10 K) and close to room temperature (300 K). The 
full tables at a wide range of temperatures can be found in the 
ESI. In all cases, SCT rates are several orders of magnitude faster 
than raw CVT values at very low T. This is not unexpected, since 
the thermal energy required to pass over the reaction barrier is 
virtually inexistent in these conditions (except for NH and BH, 
having negligible or null barriers, see table 1). However, the fact 
that tunneling is significantly more probable than classical 
reactivity is not enough to indicate that the reaction can proceed 
at experimentally measurable times, as shown in the calculated 
half-lives of table 2. 
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Table 2. Classical (CVT) and tunneling corrected (SCT) rate constants in s-1 at 10 K and 300 K, and the half-life of the reactants for the ring expansion reaction 
(in hours, including tunneling). 

    AX NX BX 

X=   H Cl F H Cla Fa H Cl F 

10 K CVT 1.5 × 10-125 5.8 × 10-307 2.0 × 10-390 8.7 × 102 7.8 × 10-103 1.6 × 10-190 

No 
Barrier 

4.7 × 10-29 1.0 × 10-99 

 SCT 6.8 × 10-4 2.7 × 10-31 3.6 × 10-35 2.8 × 1011 3.7 × 10-7 7.3 × 10-16 5.6 × 102 4.8 × 10-7 

 t1/2 2.8 × 10-1 7.2 × 1026 5.3 × 1030 7.0 × 10-16 5.1 × 102 2.6 × 1011 3.4 × 10-7 4.0 × 102 

300 K CVT 1.3 × 108 4.4 × 101 6.5 × 10-2 3.4 × 1012 3.1 × 108 3.8 × 105 1.0 × 1011 3.3 × 108 

 SCT 1.4 × 108 5.5 × 101 8.4 × 10-2 3.3 × 1012 3.6 × 108 4.3 × 105 1.1 × 1011 3.7 × 108 

  t1/2 1.4 × 10-12 3.5 × 10-6 2.3 × 10-3 5.8 × 10-17 5.4 × 10-13 4.5 × 10-10 1.7 × 10-15 5.3 × 10-13 

a From ref. 17. 

 
ACl, AF and NF will show virtually no ring expansion products 
(in a reasonable time). Inversely, the abrupt reactions on NH, BCl 
and BH will probably make impossible the detection of the 
carbene reactants and to measure their rate constant. These 
differences in reactivity are not only caused by the height of the 
barriers, and certainly not by the mass of the H, Cl or F 
substituents (which are not significantly moving, see later Figs. 
5 and 6); the main factor resides in the width of the barrier (see 
eq. 1).  
Figure 3 shows for the noradamantyl-carbenes the displacement 
of the carbene (the tunneling-determining atom –TDA– for these 
molecules, see later Fig. 5) from the reactant until the reaction 
starts to be exergonic (crossing the zero Gibbs energy line). It is 
clear that the lower the barrier, the narrower it tends to be. This 
can be seen as a corollary of Hammond’s postulate, pointing to 
a tighter barrier when having an early transition state resembling 
the reactant. Still, as we shall see later, this is only an 
approximate feature, and small differences in the barrier width 
may have a great impact on the rate. 

 
Figure 3 Gibbs energy vs. C: atom displacement in the ring-expansion reaction for 

NH, NCl and NF. Zero displacement corresponds to the transition state geometry. 

Figure 4 shows an Arrhenius graph for the three “observable” 
systems, AH, NCl and BF. The tunneling corrected curves depart 
from the CVT values at T ≲ 100 K. A plateau for the rate 
constants at increasingly low temperatures indicates that the 
tunneling proceeds mostly from the ground vibrational level. The 
threshold temperature for this plateau is ∼50 K for AH, and ∼20 

K for NCl and BF. Above these temperatures, QMT from the 
vibrationally excited states have the lion’s share of the process; 
their population is still low compared to the ground state, but 
their higher energy makes the effective barrier lower and 
narrower, and consequently the tunneling more probable. At 
approximately 150 K the three systems begin to behave 
classically, with the CVT rates being higher than the tunneling 
correction. 

 
Figure 4 Arrhenius graph for the ring expansion reaction of AH, NCl and BF. Dotted 

lines corresponds to the CVT (classical) rate constants, while continuous lines are 

SCT (classical + tunneling) values. 

NCl and BF have a practically identical rate profile both at low 
and high temperatures, with AH as the odd one out of this triad. 
At high temperature (classical regime) the ring expansion rate of 
reaction of AH is very similar to the other two systems, as would 
be expected from their similar ∆E‡. But when approaching the 
absolute zero, AH generates a more than three orders of 
magnitude faster reaction. 
The experimental rate of reaction for NCl was measured by Moss 
et. al., with a value of k ≈ 2.3 × 10-7 s-1 at 9 K in an argon matrix,16 
remarkably close to the one calculated by SCT, 3.7 × 10-7 s-1.17 
This gives the confidence to predict that BF will also be observed 
to tunnel at similar times, if the bisnoradamantyl-carbene can be 
synthetized.  
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AH was not observed experimentally at low T, but as explained 
before, its stability was long enough to be trapped by scavengers 
at 15 ºC (opposed to NH, that readily falls to adamantene).20 The 
lifetime of AH was estimated in the order of the nanoseconds at 
300 K, in fair agreement with classical TST calculations. In an 
argon matrix at 14 K the HHene  product was directly observed after 
irradiation of the diazirine precursor, without IR evidence of a 
stable carbene (a clear sign of a fast heavy atom tunneling). 
According to the SCT calculations (Table 2), the lifetime of AH 
is 2000 times faster than NCl, implying that if the adamantyl-
carbene is to be experimentally observed, the IR spectrum should 
be recorded only minutes after the photolysis.§ 
The question that begs to be answer is: Why AH is much more 
reactive than NCl and BF at low temperatures, even when it is 
more than two times slower at room temperature? 

Kinetic isotope effects (KIE) and atomic displacements 

In hydrogen-based reactions it is presumed that the sole atom that 
tunnels is the light hydrogen; given that the reduced mass is the 
factor to take into account,1 this is usually a valid approximation. 
However, in reactions including heavy atom tunneling, the 
reduced mass is a complex combination of the different moving 
parts of the system. To understand the influence of these parts on 
the ring expansion and detect the tunneling-determining atom 
(TDA), several KIE calculations were performed, and the 
displacement of the critical atoms was analyzed (see Figs. 5, 6 
and 7). 

  
Figure 5 Kinetic Isotope Effect (KIE) in the ring expansion reactions for the carbene 

(C:), the α and β carbons, and the heteroatom (18F, 37Cl and D) in BF, NCl and AH.  

 
Figure 6 Atomic displacements in the ring expansion reaction for the carbene, the 

α and β carbons, and the heteroatom (F, Cl and H) in BF, NCl and AH.  

By comparing the KIEs (Fig. 5) to the atomic displacements (Fig. 
6), it is possible to see their relation: the wider the trajectory of 
an atom, the higher its KIE for a QMT mechanism. 
The three carbons (C:, Cα and Cβ) show similar displacements 
along the reaction coordinate. However, in the three examined 
reactants (AH, NCl and BF) the carbene atom is the one that has a 
wider trajectory, and consequently is the TDA. The KIE of C: 
(measured as 12k/13k) is the highest on each system, reaching 
values of 2.0, 1.7 and 1.9 at cryogenic conditions for AH, NCl and 
BF (compare to the “standard” values of 1.08, 1.03 and 1.03, 
respectively, at 300 K, where tunneling is negligible). The other 
two carbons have a smaller but still appreciable effect on the rate 
of reaction. For BF and NCl the α carbon is the second in 
importance, moving away as the strain of the C-C bond is 
released in the ring expansion. In AH the β carbon has a wider 
trajectory compared to the α one, and a resulting higher KIE. 
The Cl and F substituents have considerable KIE values (1.17 
and 1.18 at low T), but they are much less significant than the 
KIE of the previously described carbons. The displacement of Cl 
and F in NCl and BF is small, especially approaching the 
transition state (see Figs. 6 and 7). At that point, where the energy 
is a maximum, the extent of the displacement is more important 
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than closer to the reactant, where the energy profile is much 
lower and the tunneling easier. This is decisive for heftier atoms, 
especially for the “massive” chlorine. The importance of the 
reaction coordinate width at the TS is the reason why the Wigner 
approximation only requires as input the magnitude of the 
imaginary frequency.1 Although the different isotopic relations 
(12Ck/13Ck, 18Fk/19Fk, and 35Ck/37Clk) make it difficult to draw 
quantitative conclusions, we can say that the weight of the 
halides does not significantly affect the tunneling rates (although 
their electronic effects do). 

 
Figure 7 Scaled vectors for the heavy atom displacements at the TS of the ring 

expansion for NCl. The carbene atom has the broadest trajectory at this point, 

followed by the α carbon (moving in the opposite direction), and finally by the β 

carbon. The chlorine is almost static close to the TS. 

The deuterium kinetic isotope effect in AH is extremely small 
(0.56 at 10 K), caused by a classical inverted secondary KIE. The 
tunneling effect starts to reverse this trend below ~ 100 K (with 
a minimum Hk/Dk = 0.42), and flattens at T < 50 K. In other 
words, a small substituent atom mass helps the tunneling 
mechanism, but it cannot compensate the inverse effect on the 
zero-point energy that acts at higher temperatures and favours 
higher masses. On a more thorough observation of the fluoride 
KIE in BF (Fig. 5), we can see that the same trend occurs for this 
heavier substituent, although in this case the tunneling easily 
overcomes the inverted KIE. 
The study of the KIE gives information on relative rate constants, 
but it does not reveal absolute rates, and it does not answer the 
question of the fast ring expansion of AH. However, a visual 
analysis of the displacement graphs (Fig. 6) reveals that the 
amplitude of the trajectory of the determining atom (C:) is 
shorter in AH than in NCl and BF. If we take as a qualitative 
measure the amplitude of the carbene atom displacement at half-
barrier height, it moves 0.26 Å in AH, and 0.31 Å in NCl and BF. 
Since the tunneling probability depends exponentially on the 
width, the difference of 0.05 Å can account for the three orders 
of magnitude faster ring opening, even when the barriers are of 
similar heights. The imaginary frequencies of the transition 
states also hints to a tighter barrier through a stronger curvature 
at the energy peaks, with 430 cm-1 for AH, 338 cm-1 for NCl and 
299 cm-1 for BF. Therefore, the requirement of a narrow reaction 
pathway to observe a QMT event is taken to an extreme in AH, 
where it has such an ephemeral existence that it will be very hard 
to observe before falling to the product.20 

H-migration by tunneling control? 

Several contingencies may hinder the observation of the ring 
expansion products. For instance, in methyl-noradamantyl-
carbene (NMe) it has been calculated and predicted that even 
though there is a higher activation energy for a 1,2-hydrogen-
shift from the Me group to form a vinyl product compared to the 
ring expansion, at cryogenic conditions the H-shift is actually 
favored.17 This effect was termed “tunneling control”,8,23,24,36 
when owing to the characteristics of the reaction (in this case the 
small mass of the shifting H) the reaction outcome will be 
different to the kinetically or thermodynamically controlled 
cases. 
In the systems studied here there is no methyl group bonded to 
the carbene, but the close by hydrogens on the β carbon might 
shift and generate a cyclopropyl ring, especially in the adamantyl 
case, as depicted in Scheme 4. 

 
Scheme 4 Hypothetical formation of a cyclopropyl ring by 1,3-hydrogen shift on 

AH. 

This reaction has a ∆E‡ of 19.2 kcal/mol, significantly higher 
than the 6.2 kcal/mol for the ring expansion of AH; but again, in 
the H-shift the displaced mass is significantly lighter than 
carbons of the ring expansion. Nevertheless, SCT calculations 
conclude that in this case there is no tunneling control, and the 
H-shift reaction is 9 orders of magnitude slower than ring 
expansion at low temperatures (k = 7.8 × 10-13 s-1 at 10 K). To 
the best of our knowledge, and agreeing with the above result, 
this reaction has not been observed experimentally. 
The fast hydrogen migration in the NMe case17 has two 
advantages with respect to our AH system. First, the ∆E‡ is lower 
by 9.4 kcal/mol; but more important, in the former case we have 
a 1,2-H-shift, while in the later it is a 1,3-H-shift, making it a 
wider barrier. 
Near room temperature (300 K) the ring opening is still 8 orders 
of magnitude faster than the H-shift in AH. However, there is a 
significant weight of vibrationally activated tunneling for the 
hydrogen migration, making the SCT rate constant 5 times faster 
than the purely classical CVT value (1.8 vs. 0.35 s-1), while in 
the ring expansion there is virtually no tunneling involved (see 
table 2). This indicates that for systems where H-shifting is the 
main reaction, QMT should not be disregarded from the rate 
constant calculation even at room temperature. 

Adamantylidene, a limit case for hydrogen tunneling 

Still working in the adamantane analogues business, one reaction 
that may provide the limits of hydrogen QMT is the 1,3-H-shift 
of adamantylidene (A:) to form 2,4-dehydroadamantane (DHA), 
as depicted in Scheme 5 (the 1,2-H-shift is hindered by 
geometrical constraints37). The reaction can also be considered a 
cyclopropanation, since after the migration of the proximal 
hydrogen (Hp) an ephemeral singlet diradical is formed (actually, 
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an unstable inflection point in the potential energy surface), 
which promptly creates the covalent bond between the former 
carbene (C:) and the beta to the carbene carbon atom (Cβ) in a 
concerted mechanism.   

 
Scheme 5 Formation of 2,4-dehydroadamantane from adamantylidene after a 

concerted 1,3-H-shift and cyclopropanation. 

The reaction is known since 1966, when it was first reported by 
Udding and coworkers.38 Since the carbene was formed by 
pyrolysis of a tosylhydrazone salt, there was no way to measure 
the rate of reaction at low temperatures. In a much later study in 
which the reaction was initiated by photolysis, it was observed 
that in an argon matrix at 10 K the carbene was stable, producing 
DHA by further irradiation;37 however, the lifetime and natural 
decay of A: in these conditions was not measured. Still, in a 
cyclodextrin host at 77 K the formation of DHA was observed 
(along other intermolecular parallel reactions).39  
A simple calculation at the B3LYP/6-31G(d,p) level provides a 
∆E‡ of 11.6 kcal/mol, and ∆G‡ = 10.8 kcal/mol (see also Ref. 40). 
A classical CVT calculation gives a rate of reaction of 1.5 × 10-

18 s-1 at 77 K for this reaction, with a half-life of roughly the 
currently accepted age of the universe. Therefore, QMT of the 
migrating H would be the sensible mechanism. 
The rate constant including tunneling correction (SCT) gives a 
value of k = 3.0 × 10-6 s-1 at 10 K (tunneling from the ground 
vibrational state), 9.3 × 10-6 s-1 at 77 K (including tunneling from 
vibrationally excited states), and 1.4 × 105 s-1 at 300 K 
(approximately twice the CVT value). Therefore, these 
calculations predict that up to room temperature most of this 1,3-
H-shift occur by QMT, and at cryogenic temperatures the half-
life of A: will be only an order of magnitude shorter than the t1/2 
of NCl or BF (64 hours). Adamantylidene should be 
experimentally detectable in these conditions for several days, 
while DHA is slowly formed. 
Adamantylidene deviates from a high C2v geometry because of a 
hyperconjugation effect with the vicinal C-C σ bonds, which can 
explain the relative stability of this molecule.40,41 This 
hyperconjugation causes the carbene atom to slightly tilt to one 
side (resulting in a Cs symmetry), giving the proximal H a higher 
probability to migrate. The TS of the H-shift reaction is presented 
in Fig. 8, including the most important displacement vectors 
along the reaction coordinate. 

 
Figure 8 Transition state geometry of the A: � DHA reaction, including some 

critical bond distances and the scaled displacement vectors. 

From Fig. 8 it can be deduced that Hp has the wider 
displacement, while the distal hydrogen (Hd) moves to stabilize 
a momentary planar conformation on Cβ, corresponding to an 
unstable radical. This is a very early TS, quite far from the 
product geometry. Once again, the high exothermicity of the 
reaction (∆Erx = -58.3 kcal/mol) plays in favor of the tunneling 
mechanism by narrowing the barrier. 

 
Figure 9 Displacement vs. free energy of the critical atoms for A: � DHA (see 

Scheme 5). 

Fig. 9 shows the displacement of the four specified atoms. There 
is no doubt that the carbons are mostly static compared to the 
hydrogens. The half-height barrier widths are 0.78, 0.58, 0.13 
and 0.12 Å for Hp, Hd, C: and Cβ, respectively. This might 
indicate that the small movement of the carbon can affect the 
kinetics, but probably in a much lesser extent than in the ring-
expansion reactions. Since the SCT approximation does not 
necessarily follows to the letter the path of minimum energy, but 
the path of minimum action25 (as long as it is close to the former), 
the influence of each atom should be properly gauged by a 
kinetic isotope effect calculation. 
The KIE values (Hk/Dk and 12Ck/13Ck) at room temperatures are 
2.44, 1.54, 1.01 and 1.05 for Hp, Hd, C: and Cβ, respectively. 
These are ordinary semi-classical values, and even the value for 
Hp may be considered small for a first order KIE involving a 
migrating H. However, as we move to cryogenic conditions, the 
picture gets radically different. At 10 K C: has a KIE of 1.21, 
and Cβ of 1.37, implying at best a moderate influence of the 
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carbons on the tunneling, corresponding to their very short 
displacement. Substituting the hydrogens for deuteriums has a 
much more drastic effect. Hd has a KIE of 65, and Hp of 5863. 
In this tunneling process, the proximal hydrogen is “guilty as 
charged” and, not surprisingly, it is the TDA. 

Tunneling limits 

Since the H-shift of A: and the ring expansions of NCl and BF 
have similar tunneling rates, which are not far from the 
measurable limits in a normal experimental project, this can 
serve us to compare the minimum requirements to observe 
carbon and hydrogen tunneling. The height and half-height width 
of the TDA in the barriers for NCl and BF ring expansions are 
circa 6 kcal/mol and 0.3 Å, whereas for A: H-shift they are 12 
kcal/mol and 0.8 Å. It can be deduced that, as a very rough rule 
of thumb, these values mark the limits of quantifiable kinetics by 
QMT from the ground state: carbon atom tunneling will be 
possible with barriers half the height and three times slimmer 
than the maximum barriers for H tunneling. This has sense if we 
recall the introductory claim that the probability of tunneling 
decreases with the power of the barrier width times the square 
root of the barrier height and mass (eq. 1).1 Mathematically, we 
can express this as: 
 

� ∝ e��	���∆
�‡�� ≈ e��	����
�‡��    (2) 
 
where now we are defining w as the half-height width of the 
barrier, and m is the mass of the TDA for the H or C shifting 
reactions. As mC = 12 mH, we can derive that if ∆��‡≈ 2 Δ��‡, then 
wC will be approximately a third of wH, close to the previous 
comparison of the H-shift of A: and the ring-expansion of NCl or 
BF. 
Considering the tunneling rates of all our systems, we might 
venture (again, as a rough rule of thumb) to express a “tunneling 
limit” ( TL) as 
 
�� =  √∆�‡!     (3) 
 
where again w is the half-height width of the barrier, and m is the 
mass of the TDA. Low TL should correlate with a high tunneling 
probability and short lifetime of the reactant. QMT reactions 
with TL close to 2.6 (as NCl and BF ring expansions, and A: 
hydrogen shift, see Table 3) will have the right lifetime window 
to be observed at cryogenic temperatures. With a TL over 2.6 we 
are crossing the limit of tunneling from the ground state. TL has 
an approximately linear tendency vis-à-vis ln k for all the 
reactions studied in this paper (see fig. 10). Therefore, the use of 
the TL ≈ 2.6 limit may be a fast and easy method for a qualitative 
screening of systems driven by QMT at cryogenic temperatures. 
This only requires the calculation of the intrinsic-reaction 
coordinate. The validity of this rule will be analyzed for different 
systems in subsequent studies. 
(Disclaimer: this TL boundary may be affected by reactions 
without a clear TDA, by the formation of unexpected compounds 
or inefficient quenching,§ by systems where the least action 

pathway lies far from the minimum energy path, or any other 
unforeseen condition. The author is not responsible for the use 
or misuse of TL by a third party.) 

Table 3 Activation energies, barrier widths, mass of the tunneling-
determining atom (in kcal/mol, Å and atomic mass units, respectively), 
tunneling limit (eq. 3) and natural logarithm of the SCT rate constant at 10 K 
for all the reactions studied here. 

 AX NX BX A: AH 

X= H Cl F H Cl F Cl F (1,3-H-shift) 

∆E‡ 6.2 15.3 19.1 0.5 5.8 9.7 2.3 5.7 11.6 19.2 

wa 0.26 0.39 0.4 0.11 0.31 0.34 0.22 0.31 0.78 0.89 

m 12 12 12 12 12 12 12 12 1 1 

TL 2.25 5.29 6.06 0.28 2.58 3.66 1.17 2.55 2.66 3.90 

ln k -7.3 -70.4 -79.3 26.3 -14.8 -34.9 6.3 -14.5 -12.7 -27.9 

a Calculated at half-height (half ∆E‡). 

 

 
Figure 10 Tunneling limit (eq. 3) vs. ln k at 10 K for all the reactions in this study 

(see Table 3). 

Conclusions 

In this work we studied the heavy atom tunneling possibility at 
cryogenic temperatures for the carbene-based ring expansion of 
adamantane, noradamantane and bisnoradamantane to produce 
homoadamantene, adamantene and noradamantene (with the 
strain and reactivity of the partaking C-C bond growing in that 
order). To experimentally detect the decaying carbene, its 
reactivity has to be modulated with the stabilization granted by 
the second substituent: a hydrogen, chlorine or fluorine. The 
strong electron donation from a p AO of F on the empty p AO of 
the carbene stabilizes the system, making the fluorine 
complementary to the most reactive bisnoradamantane, and 
producing a carbene with a predicted observable lifetime (BF). 
Cl, less prone to the stabilization by charge transfer, works well 
with the noradamantyl system (NCl).16,17 Finally H, completely 
lacking p orbitals to stabilize the carbene, will match the less 
reactive adamantane (AH). 
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Although the barrier height is an intrinsically important factor for 
the tunneling rate, more decisive is the barrier width. 
Nevertheless these two variables are connected, and for similar 
systems a lower activation energy generally produces a narrower 
crossing (a corollary of the Hammond postulate). Therefore, the 
described reactions that occur exclusively by tunneling have 
similar ∆E‡ of circa 6 kcal/mol, producing half-height barrier 
width of approximately 0.3 Å for the carbene displacement.  
NCl has been proven experimentally16 and theoretically17 to have 
the “right” lifetime to be detected during the tunneling process. 
BF has a very similar computed rate constant, and therefore the 
same behaviour is predicted. 
Since in the AH system the barrier is narrower (0.26 Å for the 
carbene half-height barrier width), the reaction is significantly 
faster than for the noradamantyl and bisnoradamantyl cases, and 
the carbene will be much harder (but not impossible) to detect 
experimentally,20 even though its ∆E‡ is slightly higher than in 
the NCl and BF cases. 
An atomic displacement and KIE analysis shows that the carbene 
is the tunneling determining atom (TDA) in the QMT mechanism 
at cryogenic temperatures, but other carbons can also affect the 
rate. The mass of the Cl and F substituents produces small but 
non-negligible effect on the tunneling. There is an unexpected 
boost on the rate of adamantyl-carbene when the H is substituted 
by a D, caused by an inverted secondary KIE; this enhances the 
classical (CVT) rate with a higher substituent mass, overcoming 
the countering QMT effect. 
In an effort to compare the requirements of carbon vs. hydrogen 
tunneling, an H-shift on adamantylidene was studied. The 
experimental values39 and the theoretical results presented here 
show that this system, which has a resemblance to the previously 
studied ones, also occurs by QMT with an “experimentally 
observable” lifetime. The comparison of these reactions revealed 
that to obtain similar rates, a carbon migration must have a 
barrier of approximately half the height and a third of the width 
of a hydrogen migration. 
Finally, a tunneling limit (TL) condition is proposed, which can 
serve as a fast, qualitative test to see if a reaction has a chance of 
happening by QMT. 
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† Formally speaking, the activation energy is an empirical parameter 

estimated from the rate constant as Ea = -RT2.[d ln k / dT].42 By mixing this 

expression with the transition state theory it can be derived that Ea = ∆H‡ 

+ RT. In this manuscript we will use ∆E‡, the energy difference between 

the TS and the intermediate, as the definition of energy of activation or 

energy barrier. This is simpler to compute, and at the same time it is 

analogous to other activation definitions, such as ∆H‡ and ∆G‡. 
§ The possibility of rearrangement of excited diazo and diazirine precursors 

or the inefficient quenching in the Ar matrix of excited states after the 

photolysis may limit the experimental observation of highly reactive 

singlet carbenes.  The appearance of triplet carbenes can also change the 

rules of the game, but this does not seem to be the case of the systems 

studied here. CCSD(T)-F12/vdz-f12//B3LYP/6-31g(d) calculations on NH 

indicates that the singlet is 2.9 kcal/mol more stable than the triplet, while 

previous calculations on NCl put the singlet-triplet excitation in 2.0 

kcal/mol.17 
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