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ABSTRACT

Probing quantum mechanical tunneling (QMT) in chemical reactions is crucial to understand and
develop new possibilities of molecular design. Primary H/D kinetic isotopic effects (KIEs) beyond
the semiclassical maximum values of 7-10 are commonly used to assess QMT contributions in
one-step hydrogen transfer reactions, because H-atom QMT reactions are assumed to necessarily
have large primary H/D KIEs. Nevertheless, we report here the discovery of a reaction model
occurring  exclusively by H-atom QMT with residual primary H/DKIEs. A
2-hydroxyphenylnitrene, generated in N> matrix, was found to isomerize to an imino-ketone via
domino QMT involving sequential anti to syn OH-rotamerization (rate determining step) and
[1,4]-H shift reactions. This domino QMT transformation was also observed in the OD deuterated
sample, and unexpected primary H/D KIEs between 3 and 4 were measured at 3 to 20 K.
Analogous residual primary H/D KIEs were found in the anti to syn OH-rotamerization QMT of
2-cyanophenol in N2 matrix. Evidence suggest that the intriguing isotope-insensitive QMT
observations arise due to the coupling between the cryogenic N> medium and the movement of
H/D tunneling particles. Should a similar rationale be extrapolated to conventional solution

conditions, then QMT may have been overlooked in many chemical reactions.
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INTRODUCTION

Quantum mechanical tunneling (QMT), the ability of particles to permeate through potential
energy barriers, has been known to increase reaction rates beyond the classical expectations.
More recently, it has been recognized that QMT can determine the outcome of chemical reactions,
superseding the classical kinetic or thermodynamic control, and lead to products impossible to
rationalize based on the classical transition state theory.**% QMT is particularly prominent for
reactions involving the displacement of light hydrogen atoms (or ions) because its probability
decreases exponentially with the square root of the tunneling particle’s mass.> Hence, QMT
manifestations are important in fields like enzymatic and conventional catalytic C—H bond
activation,1-16

Primary kinetic isotope effects (KIEs, e.g., kn/kp) are commonly measured to probe QMT in
chemical reactions. The semi-classical interpretation of primary H/D KIEs sets an upper limit of
7-10 for one-step hydrogen transfer reactions occurring at room temperature (corresponding to the
maximum zero-point vibrational energy (ZPVE) difference).!’” The observation of larger primary
H/D KIEs supports the occurrence of QMT, owing to the much greater QMT probability of protium
vs. deuterium.'®2 Nevertheless, it also must be acknowledge that residual primary H/D KIEs
(within the semi-classical limit) for one-step hydrogen transfer reactions can hide QMT
contributions. In a seminal work, Saunders et al. (1979) described that the elimination reaction
(E2) of 2-phenylethyltrimethylammonium with hydroxide ion (Scheme 1) occurs around room
temperature with significative contribution of QMT despite showing residual primary H/D KIE <
6, which was explained by the coupling between the movement of heavy-atoms (C—C contraction
and C—N stretching) with the movement of the protium or deuterium.?*?® Possibly due to lack of
further convincing evidence, residual primary H/D KIEs have been associated with QMT being
absent, which implies that many QMT reactions may have been overlooked. Reviving this
important subject, we report here the discovery of a reaction model occurring exclusively by
H-atom QMT at cryogenic temperatures with a residual primary H/D KIE, which apparently arises
from the coupling between heavy-atoms of the cryogenic medium and the movement of protium

or deuterium.
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Scheme 1. Elimination reaction (E2) of 2-phenylethyltrimethylammonium with hydroxide ion in
H>O/DMSO (30-50%) at around room temperature. The existence of QMT contribution was
supported by temperature-dependent KIE indicators (An/Ap and Ea(D)—Ea(H) values) and found to
be dependent on solvent composition. Residual primary H/D KIEs < 6 were found.?*

Unequivocal spectroscopic observations of QMT reactions have been obtained in the last
decades using cryogenic matrices.?6-2 At cryogenic temperatures (e.g. 3—20 K) the activation of
thermal over-the-barrier reactions (with energy barriers > 4 kJ mol ) becomes virtually impossible
and the occurrence of spontaneous transformations can only take place by vibrational ground-state
QMT (deep tunneling). This approach has been decisive to unveil QMT in several organic
reactions and to contribute to fundamental understandings on QMT chemistry.>2*-3! In our recent
endeavors to attain control over QMT reactivity, we have demonstrated an innovative strategy to
swittch  ON a QMT reaction using external IR radiation. Upon generation of triplet
2-hydroxyphenylnitrene 32 in an N2 matrix at 10 K, its OH moiety converted from anti to syn
orientation (32a to 32s) by selective vibrational excitation of the 2v(OH) mode (Scheme 2).%2 This
moves the H atom closer to the vicinal nitrene center and induces a fast H-atom QMT reaction to
singlet imino-ketone 3Z. Although 32a was kept essentially preserved in the dark during the
experimental time scale of ~1 h, whereas more than half of it was consumed upon IR irradiation,
for longer times an apparent slow spontaneous decay was noticed. Here, we present investigations
revealing a spontaneous domino QMT process from 32a to 3Z, and the surprising discovery that
upon OD deuteration this QMT process does not cease. This and other OH-rotamerization QMT
reaction models, investigated in cryogenic N> matrices, showed residual primary H/D KIEs. The
origin of these unexpected results was addressed, bringing further knowledge and implications to
QMT reactivity.
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Scheme 2. Summary of the H-atom QMT activation from triplet 2-hydroxyphenylnitrene 32 to
imino-ketone 3Z in an N2 matrix at 10 K upon conformational isomerization of %2a to 32s by IR
irradiation at the 2v(OH) mode.?

RESULTS AND DISCUSSION

The arylazide 1 isolated in an N2 matrix (Supporting Information, Figure S1 and Table S1) was
photolyzed at 255 nm to generate the anti-OH triplet arylnitrene 32a (Figures S3 and S4). The
imino-ketone 3Z also formed (major product) during the irradiation (no other species was
observed). The apparent prior observation of a slow spontaneous decay of 32a was then
investigated by keeping the sample in the dark at 3.5 K. The IR spectrum collected at the end of
56 h reveals that more than half of 32a had transformed into 3Z (Figure 1a,b). Characteristic IR
bands of 32a were observed at ~3576 [v(O—H)], 1538 [v(CC)], 1444 [§(C—H)], 996/990 [v(C—F)
+ v(CC)], and 768/765 [y(C—H)] cm™?, and of 3Z at ~3216 [v(N-H)], 1691 [v(C=0)], 1114
[S(N—H) + v(C—C)as], 836 [5(ring)], and 727 [y(C—H)] cm . The detailed assignment of the IR
spectra of 32a and 3Z (Tables S2 and S3) is in accordance with those previously reported.*

The kinetics of the spontaneous transformation of 32a to 3Z in an N2 matrix at 3.5 K in the
dark was measured by collecting IR spectra over time using a longpass filter blocking light above
2200 cm™* (Figure 2a). Fitting the experimental data with a first-order exponential decay equation
provided a rate constant knsky = 4.4 x 10°® s [r12 = 43.6 h] . The same procedure was performed

to measure the Kinetics at 10 and 20 K, and rate constants Kncox) = 1.9 x 10°° s [z12 = 10.4 h] and
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Kri2ok) = 2.4 x 10~° s 1 [r12 = 8.0 h] were obtained (Figure S5). The minimal increase in the reaction
rate of 32a to 3Z (less than one order of magnitude) observed upon increase the temperature up to
~5.7 times clearly indicates a QMT mechanism. The Arrhenius plot gives an activation energy of
6.1 x 102 kJ mol* and a pre-exponential factor of 3.6 x 107> s (Figure S7). An activation energy
close to zero and a pre-exponential factor similar to the rate constants emphasize the occurrence
of a deep H-tunneling process.334

We then decided to investigate the effect of OD deuteration on the reactivity of triplet nitrene
32. The (OD) azide d-1 with a deuterium enrichment of ~90% (see Experimental and
Computational Methods in SI) was isolated in an N2 matrix (Figure S2 and Table S1) and
photolyzed at 255 nm to generate the anti-OD triplet nitrene d-32a (Figures S3 and S4). Similar to
the photolysis of 1, the photolysis of d-1 led to (ND) imino-ketone d-3Z also formed (major
product), and no evidence of the syn-OD triplet nitrene d-32s was found. Surprisingly, after keeping
the irradiated sample in the dark at 3.5 K for 48 h, a significant amount of d-32a spontaneously
transformed into d-3Z (Figure 1c,d). Distinctive IR bands of d-32a were observed at ~2644, 1440,
1306, 1074, and 902/897 cm™?, in good agreement with the corresponding B3LYP/6-311+G(2d,p)
computed IR bands at 2617 [v(O—D)], 1432 [6(C—H)], 1298 [v(C—N)], 1064 [v(C—F) + 3(O—-D)],
and 886 [5(O—D)] cm 1. Some representative bands of d-3Z were observed at ~2377, 1694, 1244,
1053, and 664 cm™, in good agreement with the corresponding B3LYP/6-311+G(2d,p) computed
IR bands at 2352 [v(N-D)], 1700 [v(C=0)], 1230 [v(C-F)], 1042 [v(C—C)as + 8(C—H)], and 666
[y(N-D)] cm™. The comprehensive assignment of the IR spectra that clearly identifies d-32a and
d-3Z is given in Tables S2 and S3.

The kinetics of the spontaneous transformation of d-32a into d-3Z in an N2 matrix in the dark
was then measured using fresh samples of d-2a generated at 3.5, 10, and 20 K. Following a similar
procedure to that employed for the kinetics of the spontaneous transformation of 2a to 3Z, rate
constants kp@sk) = 1.5 x 107® s [r12 = 131.1 h], kpqok) = 4.2 x 1070572 [z12 = 46.1 h], and kp(ok)
=5.7 x 10° s [z1/2 = 34.0 h] were obtained (Figures 2b and S6). Such marginal increase in the
rate constants upon increasing the temperature up to ~5.7 times clearly indicates the existence of
QMT also for the deuterated derivate (d-32a — d-3Z). The Arrhenius plot gives an activation
energy of 4.7 x 1072 kJ mol™* and a pre-exponential factor of 7.5 x 10°°s™!, which strongly

suggests a deep H-tunneling processes (Figure S7).
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Figure 1. Experimental difference IR spectra showing the spontaneous transformation of (a) triplet
anti-3-fluoro-2-hydroxyphenylnitrene 32a to (Z)-2-fluoro-6-imino-2,4-cyclohexadienone 3Z after
56 h and of (c¢) deuterated (OD) d-32a to deuterated (ND) d-3Z after 48 h, in an N> matrix in the
dark at 3.5 K (subsequent to irradiation of 1 and d-1 at 255 nm, respectively). B3LYP/6-
311+G(2d,p) computed IR spectrum of (b) 32a (pointing downwards) and 3Z (pointing upwards),
and of (d) d-*2a (pointing downwards) and d-3Z (pointing upwards).
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Figure 2. Kinetics of the spontaneous transformation (a) of triplet anti-3-fluoro-2-
hydroxyphenyInitrene 32a to (Z)-2-fluoro-6-imino-2,4-cyclohexadienone 3Z, and (b) of deuterated
(OD) d-*2a to deuterated (ND) d-3Z, in an N> matrix at 3.5 K in the dark. The IR spectra
acquisition was performed with a long-pass filter transmitting only below 2200 cm™. The solid
lines represent the best fits obtained using a first-order exponential decay. The rate constants
obtained were knsky = 4.4 x 1076 s™! (112 = 43.6 h) and kpsky = 1.5 x 106 57! (z12 = 131.1 h).

The mechanism for the transformation of 32a to 3Z must occur via a domino QMT
process®>3® involving sequential OH-rotamerization from 32a to 32s and [1,4]-H shift from 32s to
3Z (Figure 3). The latter process must be considerably faster than the former because 32s is not
detected experimentally. We found that the [1,4]-H shift QMT should occur through crossing the
triplet 32s to the singlet 3Z surfaces.®? Although the minimum-energy crossing point (MECP) is
relatively high in energy (=39 kJ mol ™2, Table S4), the trajectory to reach the other side of the
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surface should be very narrow, due to the huge reaction exothermicity (>115 kJ mol™, Table S4),
which makes H-atom QMT very fast. Considering that the rate-determining step must be the
OH-rotamerization QMT from 32a to 32s, we analyzed this process in more detail.

Computations indicate that the OH-rotamerization of 32a to 32s has an energy barrier close
to 19 kJ mol~! and an exothermicity of ~3 kJ mol™! (Figure 3 and Table S4). Similar results were
found for the OD-rotamerization of d-32a to d-32s (~1 kJ mol™' higher energy barrier). As
mentioned above, experimental Arrhenius plots for the transformation of 32a to 3Z and of d-32a

to d-3Z give activation energies of 0.05-0.06 kJ mol™! (Figure S7). The discrepancy between the

computed energy barriers and the experimental activation energies allows us to confidently
exclude any contribution from a classical

over-the-barrier process. Applying the
Wentzel—Kramers—Brillouin (WKB) model on the M06-2X/6-311+G(2d,p) computed reaction

path of 32a to 32s and of d-32a to d-32s, OH and OD rotamerization QMT rates of 6.0 x 10%s™

[r12= 1.2 ms] and 1.8 x 1072 s [z12 = 7.4 min] were estimated (details are given in the
Experimental and Computational Methods in Sl).
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Figure 3. Relative energy diagram (AHok in kJ mol™) for the 32a — 3Z and d-*2a — d-3Z

reactions, computed at the M06-2X/6-311+G(2d,p) + ZPVE level of theory. TS1 = Transition
state; MECP = Minimum energy crossing point.

It has been reported that OH-rotamerization QMT rates (and other H-atom QMT processes)
can decrease by two or more orders of magnitude when an N2 matrix is used instead of Ar.837-3°
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Therefore, it is conceivable that the difference between our experimental and computed rates for
the reaction of nitrene *2a and d-32a arises from an N, matrix solvation effect. Indeed, when azide
1 and d-1 were isolated in Ar matrices at 10 K (Figures S1 and S2) and photolyzed at 255 nm,
there was no evidence of trapped nitrenes 32a and d-32a by IR steady-state spectroscopy (a fast
QMT process must occur with a half-time life less than a few seconds). However, as QMT rates
decrease exponentially with the square root of the tunneling particle’s mass, a massive deceleration
should had occurred in the N2> matrix experiments upon deuteration of the moving H-atom in the
QMT process. For instance, the primary H/D kinetic isotope effect (KIE) computed with WKB
approximation is 3.8 x 10°. Therefore, the residual primary H/D KIE of 3.0 to 4.4 observed
experimentally emerged at first sight as completely incomprehensible.

In an attempt to find a rationale for such intriguing residual primary H/D KIE, we carried
out further investigations and revisited the OH-rotamerization QMT reaction of 2-cyanophenol
4.3 In agreement with the previously reported observations, the anti-OH 4a (minor) and syn-OH
4s (major) conformers were isolated in an N2 matrix at 3.5 K (Figure S9), and the spontaneous
transformation of 4a to 4s was observed in the dark (Figure 4a,b). Characteristic IR bands of 4a
appear at 3617 [v(O—H)], 2240 [v(C=N)], 1590 [v(CC)], 1506 [6(C—H)], 1211 [6(O—H) + v(CC)],
and 761/756 [y(C—H)] cm™!, and of 4s at 3571 [v(O—H)], 2230 [v(C=N)], 1580 [v(CC)], 1492
[§(C-H)], 1218 [8(O—H) + v(CC)], and 766/764 [y(C—H)] cm™' (comprehensive assignments are
provided in Tables S5 and S6). The kinetics of this transformation was measured (see the Kinetics
section in the SI for details) and has a rate constant of k'ngsky = 3.1 x 107* 57! [z12 = 37.6 min]
(Figure 5a).%° Previous measurements in N2 matrices in the dark at 10, 15, and 20 K reported rate
constants of ~3 x 1074 s [r12 = 32—40 min].*® These data unequivocally evidence the occurrence
of OH-rotamerization QMT from 4a to 4s in the deep tunneling regime.

Subsequently, OD deuterated 2-cyanophenol d-4 was prepared with an enrichment of ~90%
(see Experimental and Computational Methods in SI). The sample was isolated in an N2 matrix at
3.5 K as a mixture of anti-OD d-4a (minor) and syn-OD d-4s (major) conformers (Figure S10).
After keeping the matrix in the dark for a few hours, d-4a also spontaneously had converted into
d-4s (Figure 4c,d). Distinctive IR bands of d-4a were observed at 2670, 2240, 1501, 1266/1260,
928, and 760/756 cm™L, in good correspondence with the corresponding B3LYP/6-311+G(2d,p)
computed IR bands at 2645 [v(O-D)], 2273 [v(C=N)], 1496 [6(C—H)], 1250 [v(C—O)], 916
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Figure 4. Experimental difference IR spectra showing the spontaneous transformation of (a) anti-
2-cyanophenol 4a to syn-2-cyanophenol 4s after 2 h and of (c) deuterated (OD) d-4a to deuterated
(OD) d-4s after 6 h, in an N> matrix in the dark. B3LYP/6-311+G(2d,p) computed IR spectrum of
(b) 4a (pointing downwards) and 4s (pointing upwards), and of (d) d-4a (pointing downwards) and
d-4s (pointing upwards).
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[5(0-D)], and 746 [y(C—H)] cm™. Characteristic IR bands of d-4s observed at 2639, 2230,
1491,1255, 939, and 762 cm™* compare well with the corresponding B3LYP/6-311+G(2d,p)
computed IR bands at 2598 [v(O-D)], 2255 [v(C=N)], 1484 [8(C-H)], 1247 [v(C-0)], 939
[§(0O-D)], and 751 [y(C—H)] cm™. The kinetics of the d-4a to d-4s transformation was measured
and gave a rate constant of k'pz.sk) = 5.4 x 107 5! [z2 = 213.3 min] (Figure 5b).*° Remarkably,
these results demonstrate that the OD-rotamerization QMT of d-4a to d-4s occurs on a similar time

scale as the OH-rotamerization QMT of 4a to 4s.
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Figure 5. Kinetics of the spontaneous transformation (a) of anti-2-cyanophenol 4a to syn-2-
cyanophenol 4s, and (b) of deuterated (OD) d-4a to deuterated (OD) d-4s, in an N> matrix at 3.5 K
in the dark.*® The IR spectra acquisition was performed with a long-pass filter transmitting only
below 2200 cm™. The solid lines represent the best fits obtained using a first-order exponential
decay. The rate constants obtained were k'y@sky = 3.1 x 107 s™! (722 = 37.6 min) and k'p@sk) = 5.4
x 107 57! (ry2 = 213.3 min).

11

https://doi.org/10.26434/chemrxiv-2023-8h22d ORCID: https://orcid.org/0000-0002-8511-1230 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2023-8h22d
https://orcid.org/0000-0002-8511-1230
https://creativecommons.org/licenses/by-nc-nd/4.0/

Computations for the OH- and OD-rotamerizations of 4a to 4s and d-4a to d-4s show similar
reaction barriers, 10.8 vs 11.5 kJ mol ™!, and an exothermicity of ~11 kJ mol~! (Figure 6 and Table
S7). Appling the WKB model on the M06-2X/6-311+G(2d,p) computed reaction path of 4a to 4s
and of d-4a to d-4s, OH- and OD-rotamerization QMT rates of 4.4 x 10%s™! [ry2 ~ 0.2 ps] and 9.2
x 1025 [z12 ~ 0.8 ms] were estimated (details are given in the Experimental and Computational
Methods in SI). The computed fast QMT rates seem compatible with the lack of detection of
anti-OH 4a and anti-OD d-4a when experiments were carried out in Ar matrices at 3.5 K (Figures
S9 and S10). As mentioned above, the use of the N> matrix medium is key to slow the
OH-rotamerization QMT rates and make possible the experimental observation of 4a (and d-4a)
using steady state spectroscopy. However, the enormous QMT deceleration expected to occur
upon deuteration (4a vs d-4a), with a computed H/D KIE of 4.8 x 10° (based on the WKB
approximation), conflicts with the unexpected residual primary H/D KIE of 5.7 derived
experimentally. An inconsistency that is similar to that reported above for the QMT of triplet

nitrene 32a and d-32a.

TS1'
5 15
€ —
) 108 N
\§ // T li \\\\\
E / unneling \
0.0 \\
\
CN N -11.0
o) .
“H/D -11.2
CN HD
4a, d-4a @/O
4s, d-4s

Figure 6. Relative energy diagram (AHok in kJ mol ™) for the 4a — 4s and d-4a — d-4s reactions,
computed at the M06-2X/6-311+G(2d,p) + ZPVE level of theory. TS1' = Transition state.

The OH- and OD-rotamerizations QMT rates were also computed using the more reliable
small curvature tunneling (CVT + SCT) approximation.*! Rate constants considering only the
passage over-the-barrier were computed using the canonical variational transition state theory
(CVT). The results from the CVT + SCT computations gave rate constants at 5 K similar to those
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obtained from the WKB computations (Table S8). Moreover, the CVT + SCT and CVT rate
constants computed for a wide range of temperatures clearly show the inexistence of thermally
activated QMT for temperatures below 40 K (Figure 7). The computed huge H/D KIEs remains
virtually unchanged from 5 to 40 K (~3 x 10° for arylnitrene 32 and ~2 x 102 for cyanophenol 4;
similar to the values obtained using the WKB approximation) and only start to significantly
decrease for temperatures above 60 K. Residual primary H/D KIEs (e.g., < 7) are computed only
as temperatures reach 110 K, where thermally activated QMT and thermal over-the-barrier
reactivity are the dominant processes (Table S9). These data further support the hypothesis that
the intriguing observed residual primary H/D KIEs in deep H-tunneling can only result from an

N2 matrix solvation effect.

T/K €)) T/K (b)
100 50 33 25 100 50 33 25
: : : 2.1E7 25 L1 9.6E™
H D
5 -7 Koy Kevr o
- 3.1E 20 K KD - 1.4E
A CVT+SCT CVT+SCT
\
- 4.7E° 154 % - 2.1E7
" 2 N 4a — 4s ”
- 6.9ET =, < 10 - 3.1E°
HH E . 4—:_‘
- 1.0E? 5 - N d-4a—d-4s | 4.7E°
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10 N d2a>d2s | LBE® 0 \ L 6.9E™
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-15 , Y , 2.3° -5 ——— 1.0E?
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TH/K? T/ K?

Figure 7. Arrhenius plots of the CVT (dashed lines) and CVT + SCT (full lines) rate constants
computed at M06-2X/6-311+(2d,p) level of theory for (a) 32a — 32s (black) and d-32a — d-32s
(gray), and (b) 4a — 4s (black) and d-4a — d-4s (gray).

The existence of R-OH---N2-matrix interactions is well known and can be probed through
the red-shift of the v(OH) frequency.*? For instance, when changing phenol and derivatives from
an Ar to an N2 matrix, a v(OH) red-shift of 5-20 cm™* was observed.34344 This type of interaction
is also known to affect H-atom QMT reactions leading to a rate decrease.®3" For instance, when

changing phenol derivatives from an Ar to an N2 matrix, a significant decrease in the
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OH-rotamerization QMT rates was observed, which was deemed crucial to allow the experimental
characterization of their corresponding higher-energy conformers using steady-state IR
spectroscopy.®®3 Our present results unequivocally established that the solvation effects of the N
matrix can also lead to deep H-tunneling reactions with unexpected residual primary H/D KIEs.
To the best of our knowledge, primary H/D KIEs for H-atom QMT reactions in N2> matrices were
previously only reported for the OH-rotamerization QMT of the HOCO radical, where also a

surprising residual value of ~5 was found at 4.5 K.*°

Seeking a rational for these intriguing findings, we analyzed some hypotheses that have been
reported to address the influence of the medium on the QMT reactions. Specifically, (i) the
existence of an isotope-insensitive process involving the medium in the formation of a
pre-tunneling state for an H/D-transfer reaction,*®*’ (ii) the existence of an H/D-atom QMT
reaction considering the sample interacting with the medium but decoupled from the motion of the
medium,* (iii) the existence of dominant QMT gateways between specific resonant state pairs of
the reactant and product with dependence on the medium.**->2 However, as discussed in detail in
the Supporting Information, none of these hypotheses help rationalize our experimental results. In
all cases, the medium is assumed to affect QMT reactions only indirectly. We suggest instead that
the nitrogen matrix medium should directly affect the QMT reaction by coupling with the
migrating H/D atom of the sample, in resemblance with a hypothesis provided to rationalize the
observations in the HOCO radical.®® In that case, the motion of the heavier atoms of the medium
that occurs concomitantly with the moving H/D atom can determine the QMT reaction rate. Such
scenario may lead to QMT reactions significantly isotope-insensitive, thereby explaining our
observed residual primary H/D KIEs (Figure 8).%

Interestingly, the computed stabilization that results from R-OH/OD---N interactions (used
as an approximate probe of the coupling between the sample and the medium) seems to correlate
with the observed OH- and OD-rotamerization QMT rates in N2 matrices (Table S11). The lower
stabilization was found for the 4a---N, complex [4.6 kJ mol™* at the M06-2X/6-311+G(2d,p) level
with D3 dispersion and counterpoise correction] that has the fastest QMT rate observed (12 = 37.6
min), whereas the higher stabilization was found for the d-32a---N2 complex (5.1 kJ mol™) that
has the slowest QMT rate observed (z12 = 131.1 h). In the same vein, the hypothesis of the medium
directly affecting QMT reactions by coupling with the migrating H/D atom of a sample seems also

to justify the significant decrease in the primary H/D KIEs observed upon increasing the polarity
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of the solvent in a particular organocatalytic reaction, which was recently discovered to proceed

through significative QMT in its rate determining step.>*>°

Tunneling Rate

ROX--N;

\\N\ x Interaction ~
~X X
0 o
R4 Rz Tunneling R4 R
—_— >
N, matrix | 3.5 K
32a X=HID 32s
4a 4s

Figure 8. Representation of the coupling between the N2> matrix medium and the migrating H/D
atom in the phenol derivatives %2a and 4a (represented specifically by considering the
ROH/OD:---N: interaction) leading to a significative reduction of the OH- and OD-rotamerization
QMT rates and unusual residual primary H/D KIEs at cryogenic temperatures.

CONCLUSIONS

We demonstrated that triplet 2-hydroxyphenylnitrene 32a isomerizes to singlet imino-ketone 3Z
in cryogenic N2 matrices via sequential OH-rotamerization (32a to 32s) and [1,4]-H shift (32s to
3Z) QMT reactions. Albeit significantly more energetic, the latter process (involving triplet-to-
singlet surface crossing) is considerably faster, which compromises the detection of 32s. This
constitutes a rare and interesting example of a domino QMT reaction. Surprisingly, this domino
QMT transformation was also found to proceed even with an OD deuterated sample (d-32a to
d-3Z). Residual primary H/D KIEs between 3 to 4 were measured in N> matrices between 3 and
20 K. These results emerged as completely unexpected since a massive deceleration should have
occurred upon doubling the tunneling particle’s mass (QMT computations predict a primary H/D
KIE of ~10° for the OH-rotamerization rate limiting step). Similar unexpected residual primary
H/D KIEs were found for the OH-rotamerization QMT of 2-cyanophenol 4a to 4s in cryogenic N
matrices.

The use of a cryogenic N2 matrix medium instead of noble-gas Ar matrix was crucial to
capture the most energetic anti-OH conformers 32a and 4a. The existence of R-OH---Nz-matrix

interactions has been associated with a significant decrease of the OH-rotamerization QMT rates.
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Our present results also demonstrate that the solvation effects of the N2> matrix can lead to H-atom
QMT reactions with residual primary H/D KIEs. These observations challenge the conventional
belief that one-step hydrogen transfer QMT reactions occur necessarily with high primary H/D
KIE values. We postulate that the coupling between the N> matrix medium and the migrating
tunneling H/D-atom of the reactant directly affects QMT and is the rooting cause for significative
isotope-insensitive QMT reactions. Based on this rationale, one can extrapolate similar scenarios
to conventional solution conditions, where strong interactions between the solvent and the reactant
can originate H-atom transfer reactions having significative QMT but residual primary H/D KIEs.
Since primary H/D KIEs are typically used as a first indicator to search for H-atom QMT
contributions, this puts into perspective the possibility of a systematic oversight of QMT in many

chemical reactions.
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