PCCP

Accepted Manuscript

st s s s This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
= standard Terms & Conditions and the Ethical guidelines still

‘z?@ﬁs&é%: apply. In no event shall the Royal Society of Chemistry be held

responsible for any errors or omissions in this Accepted Manuscript

Or any consequences arising from the use of any information it

contains.

ROYAL SOCIETY
OF CHEMISTRY WWW.rsc.org/pccp


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 10 Physical Chemistry Chemical Physics

Journal Name RSCPublishing
ARTICLE

Thereactivity game: Theoretical predictionsfor
heavy atom tunneling on adamantyl and related
carbenes

Cite this: DOI: 10.1039/x0xx00000x

S. Kozucht
Received 00th January 2012,
Accepted 00th January 2012

The possibility of carbon atom tunneling at cryogaemperatures for carbene-baser
DOI: 10.1039/x0xx00000x ring expansion of adamantane analogues calls fiwlizate balance of reactivity to
experimentally detect the transpiring reaction. Awerly reactive carbene will
precipitously decay; an excessively stable carbeitienot tunnel. Nevertheless, the
factors that affect the quantum-mechanical tunmge(l@MT) reactivity—mass, barrier
height and width— are strikingly different from tblkassical “over the barrier” thermal
mechanism. Herein, comparisons with experimentduas and predictions on
measurable rate constants for novel carbene systeenpresented by way of small
curvature tunneling (SCT) computations. Adamantammradamantane and
bisnoradamantane have a significantly different Gx@hd strain and reactivity,
which can be modulated by tinkering with the cadenbstituent atom (H, Cl or F)
to obtain an observable lifetime of the reactarite Thfluence of barrier heights and
widths, kinetic isotope effects (KIE), the detectiof the tunneling-determining
atoms (TDA) and the comparisons with hydrogen-basedtions are discussed with
the objective of finding the physical limits for QM
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Introduction such a way that it can be distinguished from anttadly activated
classical mechanisms), and a narrow barrier onrdaetion
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Quantum-mechanical tunneling (QMT) is a well-known
mechanism for reactions involving the displacenuditydrogen
atoms! The tunneling probability is increased by a smadiss
of the moving parts of the molecule, thus the lighkatom allows
an easy non-classical pathway. This QMT probabdigreases
as the exponential of the square root of the sigiftnass and
barrier height AE¥). However, the probability is directly
proportional to the exponential of the negativetiod barrier
width (a variable that has no importance on traositstate
theory), making the amplitude of the atomic movetadime most
critical factor for a swift tunneling:® This trend can be

approximatecdas 8
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whereP is the tunneling probabilityy is the width of the barrier,
AE* the activation energyn the mass of the moving parts, and
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Whitman and Carpent‘éﬁ pI’OVGd that the bond Shlﬂlng (a'k'aScheme 1 Some observed or computed reactions taking place by heavy atom
automerization) of cyclobutadiene-1,4-groceeds by QMT, tunneling. A) Cyclobutadiene automerization.*¢ B) Methyl-cyclobutyl-
thus showing the first examp|e of a "heavy" atomrteling. In fluorocarbene ring expansion.” C) Cyclopropyl-carbene ring expansion.® D) Ring

) . opening of cyclopropyl-carbinyl radical.>!® E) Degenerate rearrangement of
the last decade, several other reactions of tiisr@dave been semibullvalene.! F) Ketenimine ring expansion.'? G) Ring closure of cyclopentane-
observed and/or computed (see Scheme 1), all of gfearing 1,3-diyl.’>4 H) Bergman cyclization of a 10-membered-ring enediyne.!® Reactions

the same characteristics: a rather hﬁlt (but not too low, in (A) to (G) occur at cryogenic conditions from the ground vibrationally state.
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Car benes from adamantane analogues
Another reaction studied experimentdflyand theoretically
was the ring expansion of Noradamantyl-carbeNes\yith X =
H, Me, Cl or F, see Scheme 2) to form substitutéddrantenes
(AT).
Cp C: X

Cq

A;z(ne

X=H,CI,F

Scheme 2 Ring expansion of Noradamantyl-carbenes!®!” forming Adamantenes.

The Noradamantane skeleton has a strain€dC bond (0.12 A
longer than the other two bonds adjacent to theerar inNci)
that can hiperconjugate with the empty p atomidtarAO) of
the carbene (see Fig. 1A). Accordingly, the mosblst
conformer has a smdll:-Cq-Cp angle (only 100in Ncr), and an
almost perpendiculaCp-Ca-C:-Cl dihedral angle (97 see Fig.
2). This geometry is close to the transition stfatethe ring
opening, and therefore the atoms must only stsftat distance
to break theCq-Cp and form theC:-Cp bonds. In addition, the
reactivity of this system produces a strongly egathic reaction
(see Table 1), a factor that further narrows theiéra As a result,
these carbenes attached to strained cycles (ugualtjuced by

photolysis of a diazirine compout®jl are excellent candidates

for heavy atom tunneling (similar to the reactioh&chemes 1B
and 1C).

Figure 1 (A) Low lying molecular orbital showing the charge transfer
(hyperconjugation) of the strained Cq-Cg 0 bond and of the Cl p AO towards the
empty p AO on the carbene of Ng. (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.
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Figure 2 Most stable conformer of Ng, with selected bond distances (in A) and
angles. The dihedral angle between the Cl and the strained C-C bond (Cg-Cq-C:-Cl)
is 97.2° (geometry taken from ref. 17).

The stabilization of the carbene awarded by thetiuient atom
provides the first dimension for the reactivity tmds the ring
expansion. The fluoride iNr stabilizes the carbene by—p
electron donation (see Fig. 1A) more than the aétoin N¢).1°
ConsequentlyNr has a higher activation barrighanNci (9.7
vs. 5.8 kcal/mol) making the tunneling at cryogecomditions
of NF probably too slow to be observed experimentallith(va
calculated half-life of millions of years§.'” The ring expansion
of methyl-cyclobutyl-fluorocarbene (Scheme 1B),rtkato the
stressed four-carbon ring, actually requires thectderating”
effect of the F substituent to make the reactiopeexnentally
observable.

In contrast to the stability provided by the hasidan simple
hydrogen substituent (as Nn) produces a severely reactive
carbene, due to the lack of p electrons on H tocatki42° The
cyclopropyl-carbene ring expansion shown in Schéf@és an
example where the relative stability of the ringuiges an H
substituent on the carbene to “accelerate” theticram order to
occur at cryogenic temperatur@he calculated reaction barrie:
for the ring expansion df+ is negligible (0.5 kcal/mol), and the
reaction is virtually instantaneous at any tempeegf 2021
making it impossible to distinguish between thessieal and
QMT mechanisms.

The second dimension of the reactivity resideshietension on
the Cq-Cp bond. Adamantane does not have a strained bond s
the one in noradamantane, and therefore an adaktanbene
(Ax, see Scheme 3A) will be less reactive compared tc
noradamantyl-carbene. IndeedAci is stable at low
temperaturé? Furthermore An can be chemically trapped by
solvent molecules or scavengers before the ringm@sipn can
occur, while the much more reactilgy falls directly to the
adamantene product before being trapped (gtill,was never
detected in an argon matrix, suggesting a fastamneling than
Nci).2% All this indicates a much longer lifetime for adamtyl-
compared to noradamantyl-carbenes.

In contrast to the stable bonds in the adamantametsre,
bisnoradamantane has two strained C-C bonds adting
synergetic manner, making it even more reactiventta
noradamantane. Therefore, bisnoradamantyl-carbgsterss
(Bx, Scheme 3B) should react extremely fast towardsithg-
expansion.

This journal is © The Royal Society of Chemistry 2012
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Scheme 3 Ring expansion of (A) adamantyl-carbene (Ax) to form a

homoadamantene (H%"®), and (B) bisnoradamantyl-carbene (Bx) to form a

noradamantene (N§").

As a measure of the reactivity of the three descrimoieties
(adamantane < noradamantane < bisnoradamantane),
exothermicity towards the hydrogenolysis of thaisted bonds
was calculated (in the case of adamantane all bards
equivalent), resulting in a clear trend of -10856.0 and -51.7
kcal/mol, respectively. Another measure of the ®add strain
is the C-C bond length; taking as a reference téales bonds of
adamantane (1.544 A), the strained bond of bisronamtane is
longer by 5.2 %, and of noradamantane by 3.3 %h(thie rest
of the C-C bonds ranging from 0.7 % longer to 0.2rter, see
geometries in the ESI). Evidently there is a ladafereactivity

going from adamantane to noradamantane to bisnoraatane,
parallel to the reactivity going from hydro to cidoto fluoro-

carbenes, as depicted in Table 1.

Table 1 Energies of activationand of reaction for the ring expansion of
adamantyl, noradamantyl and bisnoradamantyl cag@ee Schemesahd
3), in kcal/mol calculated at the B3LYP/6-31G(d)de

Ax Nx Bx
X= W ¢ F KW chP P H cC F
AE' 62 153 191 05 58 9.7 No 23 57
AE, -47.8 -31.3 -29.7 -33.9 215 21.0 "™ 355 327

2 See also Ref. 20.
b See also Refs. 16 and 17.
In this work, and following a previous communicatid the

question of finding the right combination of ready that can
produce an experimentally observable lifetime windor the

Physical Chemistry Chemical Physics

Theoretical Method

There are several semi-quantitative methods tanes#i the
tunneling correction to the rate constant, inclgdime renowned
Wigner correction (it must be noted that this cotign fails at
low temperatures, see ESIXowever, these methods do not
mimic the real shape of the reaction coordinate, take into
account the possibility of “cutting corners” of ttreaction
coordinate to pass through the least-action pattfva
considerably more accurate (and significantly maemanding)
method for reactions whose least-action pathwaydiese to the
reaction coordinate is the small-curvature tunmelSCT)
approximatiorf® which was the one used in this and previéuc
V\mrks. This method remedies the deficiencies of W¥igand
other corrections by “plotting” the potential engrgurface
surrounding the valley of minimum energy. To thisde it
calculates energies, energy gradients and secontiees, not
only at the reactant and TS geometries but alsoaaty points
along the reaction pathway.

Because of the massive computational cost of thel SC
calculation, it cannot be carried out with a higlality ab initio
method. We employed for this purpose the B3LYP
functionaf”28with a very small basis set, 6-31Ggexcept for
the H-shift reactions calculated with 6-31G(d,pn@re accurate
basis set when a hydrogen is the central atom efré¢laction
(when the migrating atom is not an H, the diffeehetween
both basis sets is negligibl&)Admittedly, this is hardly the best
method for most barrier calculatioffs.However, previous
comparisons to CCSD(T) benchmadrksaand experimentally
obtained rate constdfitproved that for these specific carber.c
reactions it is actually a very reliable methodglog

All DFT electronic structure calculations were menfied with
Gaussian08! The rate constant calculations were done with
Polyrate3? using Gaussratéas the interface between Polyrate
and Gaussian09. Classical rate constants were dethpsing
canonical variational transition state theory (C¥Tand SCT
was used for the tunneling correcti®nwith a step size of 0.001
Bohr and quantized reactant state tunneling (QRS®) the
reaction coordinate mode. Unless specified, SC& canstant
values will include the CVT component.

Results and Discussion

ring expansion by carbenes through heavy atom quoant

tunneling was tackled. In addition, a rationalisatiof the Table 2 shows the rate constants with and withaohéling
experimental outcomes of some of these systems wasrections (SCT and CVT, respectively), at cryagen
pursued®20 and the possibility of having tunnelingtemperature (10 K) and close to room temperatu®8 3. The
controlled?324 hydrogen shifts as competing reactions wdall tables at a wide range of temperatures cafobed in the

considered. When dealing with quantum tunneling ifhnot just
a matter of finding the right barrier height (Tallg since, as
explained before (eq. 1), we must take into accaist the
displaced masses and, most critically, the widtlhefbarriers.
Therefore, a comparison of the requirements fordgen and
carbon QMT was carried out.

This journal is © The Royal Society of Chemistry 2012

ESI. In all cases, SCT rates are several ordarsaghitude faster
than raw CVT values at very low T. This is not upested, since
the thermal energy required to pass over the @adtarrier is
virtually inexistent in these conditions (except fd+ andBH,
having negligible or null barriers, see table 1dwéver, the fact
that tunneling is significantly more probable thalassical
reactivity is not enough to indicate that the rimactan proceed
at experimentally measurable times, as shown ircéheulated
half-lives of table 2.

J. Name., 2012, 00, 1-3 | 3
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Table 2. Classical (CVT) and tunneling correcte@Tprate constants intsat 10 K and 300 K, and the half-life of the reatsgfor the ring expansion reaction
(in hours, including tunneling).

Ax Nx Bx
X= H Cl F H Ct F H Cl F
10K CVT 15x10*® 58x10Y 20x106% 8.7x16 7.8 x 109 1.6 x10“° 47x10° 1.0 x10°
SCT 6.8x10 27x10" 36x10° 28x10' 3.7x10 7.3 x 10 56x16 4.8x10

tuz 2.8 x 10 72x16° 53x16° 7.0x10°% 51x16 2.6 x 10* No 34x10 40x16

300K CVT 13x10 44x10 65x1¢ 34x16? 31x16 38x16 S2Me ;4.180 33x16
SCT 14x10 55x18 84x1® 33x10° 36x160 43 x16 11x16' 3.7 x 16
ty  14x102 35x10F 23x1F 58x107 54x10° 45 x 100 17x105 5.3 x 109

aFrom ref.17.

Aci, Ar andNFr will show virtually no ring expansion productsK for Nci and Br. Above these temperatures, QMT from the
(in areasonable time). Inversely, the abrupt ieastonNH, Bci  vibrationally excited states have the lion’s shafr¢he process;
and Bn will probably make impossible the detection of theheir population is still low compared to the grdustate, but
carbene reactants and to measure their rate condthase their higher energy makes the effective barrier dovand
differences in reactivity are not only caused by lieight of the narrower, and consequently the tunneling more labaAt
barriers, and certainly not by the mass of the H,o0€ F approximately 150 K the three systems begin to Weht
substituents (which are not significantly movingedater Figs. classically, with the CVT rates being higher thhe tunneling

5 and 6); the main factor resides in the width of ltlaerier (see correction.
eq. 1).

Figure 3 shows for the noradamantyl-carbenes thgatement 5 -
of the carbene (the tunneling-determining atom —Fé these

molecules, see later Fig. 5) from the reactant! dm¢i reaction

starts to be exergonic (crossing the zero Gibbsggrime). It is 0
clear that the lower the barrier, the narroweeitds to be. This

can be seen as a corollary of Hammond’s postupatieting to T
a tighter barrier when having an early transititatesresembling £ 5 |
the reactant. Still, as we shall see later, thisody an -
approximate feature, and small differences in theiér width -
may have a great impact on the rate. 10 |
10 4
8 - Ne -15 -
E 6 Figure 4 Arrhenius graph for the ring expansion reaction of Ay, N¢ and Bg. Dotted
= lines corresponds to the CVT (classical) rate constants, while continuous lines are
9_48, 4 SCT (classical + tunneling) values.
(U]
2 4 Nci andBr have a practically identical rate profile bothlaw
0 and high temperatures, wikw as the odd one out of this triad.

04 03 02 01 00 01 02 At high temperature (classical regime) the ringasmgion rate of
Displacement (A) reaction ofAn is very similar to the other two systems, as would
Figure 3 Gibbs energy vs. C: atom displacement in the ring-expansion reaction for be eXpeCted from their simil&E*. But when approaChing the
Ny, N and Ng. Zero displacement corresponds to the transition state geometry. absolute Zero,An genel’ates a more than three orders cf
magnitude faster reaction.
Figure 4 shows an Arrhenius graph for the threeséobable” The experimental rate of reaction fé¢ was measured by Moss
systemsAn, Nci andBr. The tunneling corrected curves depasit. al., with a value of k 2.3x 107 s at 9 K in an argon matré,
from the CVT values at & 100 K. A plateau for the rateremarkably close to the one calculated by SCT x31D7 s1.17
constants at increasingly low temperatures indicdkat the This gives the confidence to predict tBatwill also be observed
tunneling proceeds mostly from the ground vibragidevel. The to tunnel at similar times, if the bisnoradamartgtbene can be
threshold temperature for this plateal® K for An, and[20 synthetized.

4| J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012
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An was not observed experimentally at low T, but>gdaned
before, its stability was long enough to be trappgdcavengers
at 15 °C (opposed g+, that readily falls to adamanterf@)The
lifetime of An was estimated in the order of the nanoseconds at
300 K, in fair agreement with classical TST caltiolas. In an
argon matrix at 14 K thHf'® product was directly observed after
irradiation of the diazirine precursor, without ERidence of a
stable carbene (a clear sign of a fast heavy atometing).
According to the SCT calculations (Table 2), tHietime of An

is 2000 times faster thaNci, implying that if the adamantyl-
carbene is to be experimentally observed, the &tspm should
be recorded only minutes after the photolysis.

The question that begs to be answer is: \Mhyis much more
reactive tharNci andBr 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 thatdheeatom that
tunnels is the light hydrogen; given that the relimass is the
factor to take into accouhthis is usually a valid approximation.
However, in reactions including heavy atom tunrglithe
reduced mass is a complex combination of the diffemoving
parts of the system. To understand the influendcbexe parts on
the ring expansion and detect the tunneling-det@ngi atom
(TDA), several KIE calculations were performed, atite
displacement of the critical atoms was analyzed (&gs. 5, 6
and 7).

2.0
1.8
1.6
1.4
1.2

KIE

1.0
0.8
0.6

0.4

0 002 004 0
1/T (k)

002 004 O 002 004
1/T (KY) 1/T (k)

Figure 5 Kinetic Isotope Effect (KIE) in the ring expansion reactions for the carbene
(C:), the a and B carbons, and the heteroatom (8F, 3’Cl and D) in Bg, N and Ay.
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- BF
0.4 -0.2 0.0 0.2
Displacement (A)
| Ng
4 C
0.4 -0.2 0.0 0.2
Displacement (&)
- AH
-0.4 -0.2 0.0 0.2

Displacement (&)

Figure 6 Atomic displacements in the ring expansion reaction for the carbene, the
o and 3 carbons, and the heteroatom (F, Cl and H) in Bg, Ng and Ay.

By comparing the KIEs (Fig. 5) to the atomic dis@ments (Fig.
6), it is possible to see their relation: the wittex trajectory of
an atom, the higher its KIE for a QMT mechanism.

The three carbon(, Cq andCp) show similar displacements
along the reaction coordinate. However, in thedhegamined
reactantsAH, Nc andBF) the carbene atom is the one that has a
wider trajectory, and consequently is the TDA. HKI& of C:
(measured a%%k/'%k) is the highest on each system, reaching

5

values of 2.0, 1.7 and 1.9 at cryogenic conditfon#\n, Nci and
Br (compare to the “standard” values of 1.08, 1.08 &r03,
respectively, at 300 K, where tunneling is negligfbThe other
two carbons have a smaller but still apprecialfiectbn the rate
of reaction. ForBr and Nci the a carbon is the second in
importance, moving away as the strain of the C-@Qdbds
released in the ring expansion.Am the 3 carbon has a wider
trajectory compared to tleeone, and a resulting higher KIE.
The Cl and F substituents have considerable KiGesa(1.17
and 1.18 at low T), but they are much less sigaifichan the
KIE of the previously described carbons. The disptaent of Cl
and F inNc and Br is small, especially approaching the
transition state (see Figs. 6 and 7). At that pevhiere the energy
is a maximum, the extent of the displacement isemimportant

This journal is © The Royal Society of Chemistry 2012
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than closer to the reactant, where the energy Iprigi much H-migration by tunneling control?
lower and the tunneling easier. This is decisivehigftier atoms
especially for the “massive” chlorine. The impoxanof the
reaction coordinate width at the TS is the reasby the Wigner
approximation only requires as input the magnitudethe
imaginary frequency.Although the different isotopic relations
(F2%/13%, 18R/, and 35%/37Ck) make it difficult to draw
quantitative conclusions, we can say that the wefhthe
halides does not significantly affect the tunneliates (although
their electronic effects do).

' Several contingencies may hinder the observatiothefring
expansion products. For instance, in methyl-noraddyt
carbene Nlme) it has been calculated and predicted that even
though there is a higher activation energy for 2Hydrogen-
shift from the Me group to form a vinyl product cpaned to the
ring expansion, at cryogenic conditions the H-shifactually
favored!” This effect was termed “tunneling contrg{324.36
when owing to the characteristics of the reactiorHis case the
small mass of the shifting H) the reaction outcowi# be
different to the kinetically or thermodynamicallyordrolled
cases.

In the systems studied here there is no methylmghbmnded to
the carbene, but the close by hydrogens or3tbarbon might
shift and generate a cyclopropyl ring, especiallthie adamantyl
case, as depicted in Scheme 4.

Figure 7 Scaled vectors for the heavy atom displacements at the TS of the ring Scheme 4 Hypothetical formation of a cyclopropyl ring by 1,3-hydrogen shift on
expansion for N¢. The carbene atom has the broadest trajectory at this point, A,

followed by the a carbon (moving in the opposite direction), and finally by the 8
carbon. The chlorine is almost static close to the TS. . . R .
This reaction has AE* of 19.2 kcal/mol, significantly higher

The deuterium kinetic isotope effect & is extremely small than the 6.2 kcal/mol for the ring expansiomaf, but again, in
(0.56 at 10 K), caused by a classical inverted seaxy KIE. The the H-shift the displaced mass is significantlyhtiey than
tunneling effect starts to reverse this trend beto®00 K (with carbons of the ring expansion. Nevertheless, SQdukeions
a minimum"k/°k = 0.42), and flattens at T < 50 K. In othefFonclude that in this case there is no tunnelingrod, and the
words, a small substituent atom mass helps the etimpn H-shift reaction is 9 orders of magnitude slowearthring
mechanism, but it cannot compensate the inversetefin the €xPansion at low temperatures (k = ®.80%° s* at 10 K). To
zero-point energy that acts at higher temperataresfavours the best of our knowledge, and agreeing with thevelresult,
higher masses. On a more thorough observationeofitioride this reaction has not been observed experimentally.

KIE in Br (Fig. 5), we can see that the same trend occutsio 1he fast hydrogen migration in thblve casé’ has two
heavier substituent, although in this case the dling easily advantages with respect to du system. First, thAE* is lower
overcomes the inverted KIE. by 9.4 kcal/mol; but more important, in the forncase we have
The study of the KIE gives information on relatrage constants, @ 1,2-H-shift, while in the later it is a 1,3-H-&himaking it a
but it does not reveal absolute rates, and it doesanswer the Wider barrier.

question of the fast ring expansion A&fi. However, a visual Neéar room temperature (300 K) the ring openingilis&sorders
analysis of the displacement graphs (Fig. 6) revéaat the of magnitude faster than the H-shiftAm. However, there is a
amplitude of the trajectory of the determining at¢@t) is significant weight of vibrationally activated turlimg for the
shorter inAw than inNc and Br. If we take as a qualitative Nydrogen migration, making the SCT rate constaitgs faster
measure the amplitude of the carbene atom displeceat half- than the purely classical CVT value (1.8 vs. 0.3h while in
barrier height, it moves 0.26 A #n, and 0.31 A ifNci andBe. the ring expansion there is virtually no tunnelingolved (see
Since the tunneling probability depends expondgtiah the table 2). This indicates that for systems wherehfting is the
width, the difference of 0.05 A can account for theee orders Main reaction, QMT should not be disregarded from fate
of magnitude faster ring opening, even when theidrarare of Cconstant calculation even at room temperature.

similar heights. The imaginary frequencies of thansition

states also hints to a tighter barrier throughrensgter curvature

at the energy peaks, with 430 rfor An, 338 cm? for Nei and Still working in the adamantane analogues busir@ssreaction
299 cmt for Be. Therefore, the requirement of a narrow reactidhat may proyide the limits of hydrogen QMT is th&-H-shift
pathway to observe a QMT event is taken to an merimAn, ©f adamantylideneX() to form 2,4-dehydroadamantarizHA),

where it has such an ephemeral existence thall ibevivery hard @S depicted in Scheme 5 (the 1,2-H-shift is hindeby
to observe before falling to the prodéet. geometrical constrainty. The reaction can also be considered 1

cyclopropanation, since after the migration of t@ximal
hydrogen Hp) an ephemeral singlet diradical is formed (acyyali

Adamantylidene, alimit case for hydrogen tunneling

6 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012
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an unstable inflection point in the potential eryesurface),
which promptly creates the covalent bond betweenfthmer
carbene €:) and the beta to the carbene carbon atGp) ih a
concerted mechanism.

Gy Ha Cp.-Hq
. %
— B
A: DHA

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 fiegtorted by
Udding and coworker® Since the carbene was formed b
pyrolysis of a tosylhydrazone salt, there was ng t@ameasure
the rate of reaction at low temperatures. In a matr study in From Fig. 8it can be deduced thatl, has the wider
which the reaction was initiated by photolysiswas observed gisplacement, while the distal hydrogeu) moves to stabilize
that in an argon matrix at 10 K the carbene waslstaroducing 3 momentary planar conformation @p, corresponding to an
DHA by further irradiatior?’ however, the lifetime and naturalnstaple radical. This is a very early TS, quite flam the

decay ofA: in these conditions was not measured. Still, in oduct geometry. Once again, the high exothergnicft the
cyclodextrin host at 77 K the formation DPHA was observed [gaction QEx = -58.3 kcal/mol) plays in favor of the tunneling

Figure 8 Transition state geometry of the A: — DHA reaction, including some
¥ritica| bond distances and the scaled displacement vectors.

(along other intermolecular parallel reactioffs). mechanism by narrowing the barrier.
A simple calculation at the B3LYP/6-31G(d,p) leypebvides a
AE* of 11.6 kcal/mol, anAG* = 10.8 kcal/mol (see also Ref. 40). 12

A classical CVT calculation gives a rate of reactad 1.5x 10 A:

18 g1 at 77 K for this reaction, with a half-life of rghly the
currently accepted age of the universe. Theref@MT of the
migrating H would be the sensible mechanism.

The rate constant including tunneling correctio@T$ gives a
value of k = 3.0x 10° s* at 10 K (tunneling from the ground
vibrational state), 9.8 10® st at 77 K (including tunneling from
vibrationally excited states), and 1x 10° s! at 300 K

10

o)

G (kcal/mol)

(approximately twice the CVT value). Therefore, dghe 0 !
calculations predict that up to room temperaturstrobthis 1,3- 1 0.5 °0 0.5
H-shift occur by QMT, and at cryogenic temperatutes half- Displacement (A)

life of A: will be only an order of magnitude shorter thaa tir Figure 9 Displacement vs. free energy of the critical atoms for A: = DHA (see
of Nc or Be (64 hours). Adamantylidene should béchemes).

experimentally detectable in these conditions fresal days,

while DHA is slowly formed. Fig. 9shows the displacement of the four specified atdrhere
Adamantylidene deviates from a high, geometry because of aiS no doubt that the carbons are mostly static @egto the
hyperconjugation effect with the vicinal Ce&tbonds, which can hydrogens. The half-height barrier widths are 0088, 0.13
explain the relative stability of this molecdf#! This and 0.12 A forHp, Hu, C: and Cp, respectively. This might
hyperconjugation causes the carbene atom to sfigilitto one indicate that the small movement of the carbon affect the
side (resulting in £€s symmetry), giving the proximal H a higherkinetics, but probably in a much lesser extent timathe ring-
probability to migrate. The TS of the H-shift réactis presented €xpansion reactions. Since the SCT approximatioes doot

in Fig. 8, including the most important displacemeactors Nnecessarily follows to the letter the path of minimenergy, but
along the reaction coordinate. the path of minimum actiéh(as long as it is close to the former),

the influence of each atom should be properly gdubg a
kinetic isotope effect calculation.

The KIE values tk/Pk and?%k/13%) at room temperatures are
2.44, 1.54, 1.01 and 1.05 fétp, Hg, C: andCg, respectively.
These are ordinary semi-classical values, and thesmalue for
Hp may be considered small for a first order KIE ilwiiog a
migrating H. However, as we move to cryogenic ctiads, the
picture gets radically different. At 10 &: has a KIE of 1.21,
and Cg of 1.37, implying at best a moderate influencethaf

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 7
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carbons on the tunneling, corresponding to theny v&hort

displacement. Substituting the hydrogens for dawtes has a
much more drastic effedtls has a KIE of 65, an#l, of 5863.

In this tunneling process, the proximal hydrogerigsilty as

charged” and, not surprisingly, it is the TDA.

Tunneling limits

Chemical Physics

pathway lies far from the minimum energy path, oy ather
unforeseen condition. The author is not respondiniehe use
or misuse offL by a third party.)

Table 3 Activation energies, barrier widths, mass of tmeneling-
determining atom (in kcal/mol, A and atomic masisjmespectively),
tunneling limit (eq. 3) and natural logarithm o&tBCT rate constant at 10 K
for all the reactions studied here.

Since the H-shift ofA: and the ring expansions bici andBr
have similar tunneling rates, which are not farnfrahe
measurable limits in a normal experimental projebis can
serve us to compare the minimum requirements tceerobs
carbon and hydrogen tunneling. The height and insilfht width
of the TDA in the barriers foNci and Br ring expansions are
circa 6 kcal/mol and 0.3 A, whereas far H-shift they are 12
kcal/mol and 0.8 A. It can be deduced that, asra raugh rule
of thumb, these values mark the limits of quartifgekinetics by
QMT from the ground state: carbon atom tunnelindl Wwe
possible with barriers half the height and threee8 slimmer
than the maximum barriers for H tunneling. This basse if we
recall the introductory claim that the probability tunneling
decreases with the power of the barrier width titiessquare
root of the barrier height and mass (eq! W)athematically, we
can express this as:

¥ ¥
—x wy |AE;my —xwc |[AE;mc
P xe NTTHTT ~ e ¢

where now we are defining as the half-height width of the

2

barrier, andm is the mass of the TDA for the H or C shifting

reactions. Asnc = 12mw, we can derive that 8Ej;~ 2 AE{, then
wc will be approximately a third ofv4, close to the previous
comparison of the H-shift &: and the ring-expansion dfci or
Br.

Considering the tunneling rates of all our systems, might
venture (again, as a rough rule of thumb) to exgpaedunneling
limit” (TL) as

T, = wWAE*m )

where againv is the half-height width of the barrier, amds the

Ax A:

Cl

Nx
Cl

Bx
Cl

Ay

X
AE* 6.2 153 19.1 05 58 9.7 2357 11.619.2
w?* 0.26 0.39 0.4 0.110.31 0.34 0.22 0.31 0.78 0.89
m 12 12 12 12 12 12 12 12 1 1
T. 2.255.29 6.06 0.28 2.58 3.66 1.17 2.55 2.66 3.90
Ink -7.3-70.4-79.326.3-14.8-34.9 6.3 -14.5-12.7-27.9

H F H F F (1,3-H-shift)

2Calculated at half-height (hafE?).

e.N
20 o
B
0 < A, (ring exp.)
= ‘e A:
A @
£ Be/Na . Ay(Hmig)
x e
£ ..
-40 Ne
-60
Age -Ag
-80 .
0 1 2 3 4 5 6
T

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

Conclusions

mass of the TDA. LowW. should correlate with a high tunnelingin this work we studied the heavy atom tunnelingsiloility at

probability and short lifetime of the reactant. QMd&actions
with TL close to 2.6 (a®Nci and BF ring expansions, and:
hydrogen shift, see Table 3) will have the rigfdtime window
to be observed at cryogenic temperatures. With@ver 2.6 we
are crossing the limit of tunneling from the grouwstdte.T. has
an approximately linear tendency vis-a-vis Knfor all the
reactions studied in this paper (see fig. 10). &fuze, the use of
theTL = 2.6 limit may be a fast and easy method for aitptale
screening of systems driven by QMT at cryogenicgeratures.
This only requires the calculation of the intrinsé@action
coordinate. The validity of this rule will be anaéd for different
systems in subsequent studies.

cryogenic temperatures for the carbene-based wpgresion of
adamantane, noradamantane and bisnoradamantamediace
homoadamantene, adamantene and noradamantene tfwith
strain and reactivity of the partaking C-C bondvgrg in that
order). To experimentally detect the decaying caebeits
reactivity has to be modulated with the stabili@gatgranted by
the second substituent: a hydrogen, chlorine aorithe¢. The
strong electron donation from a p AO of F on thepgnp AO of
the carbene stabilizes the system, making the ifilaor
complementary to the most reactive bisnoradamantand
producing a carbene with a predicted observabdtinife BF).
Cl, less prone to the stabilization by charge timmsvorks well

(Disclaimer: thisT. boundary may be affected by reactionwith the noradamantyl systerhld).1%17 Finally H, completely

without a clear TDA, by the formation of unexpectednpounds

lacking p orbitals to stabilize the carbene, wilateh the less

or inefficient quenching, by systems where the least actioneactive adamantanég).

8| J. Name., 2012, 00, 1-3
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