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ABSTRACT: We report the gas-phase synthesis and reactivity of adamantylidene and pentacyclo[5.4.0.0>%.0*'°.0°?Jundecanylidene. The lat-
ter, a previously unreported carbene, represents only the second alkyl carbene spectroscopically characterized to date. The singlet carbenes

were generated through irradiation of their corresponding diazirine precursors followed by trapping the products in argon or nitrogen matrices

at 3.5 K. Analyses using IR and UV/Vis spectroscopy, together with density functional theory computations provide strong evidence for the

successful preparation of these reactive species. Adamantylidene (AEsr = —3.0 kcal mol™) undergoes a slow hitherto unreported but theoreti-

cally predicted quantum mechanical tunneling (QMT) C-H-bond insertion and ring-closure to 2,4-dehydroadamantane. In contrast, penta-

cyclo[5.4.0.04.0*"°.0°"Jundecanylidene (AEsr = -5.2 kcal mol™) remains unchanged under cryogenic conditions but rearranges to homohy-

postrophene upon A = 627 nm irradiation. Attempts to prepare protoadamantylidene (AEsr=—S.1 kcal mol™) in a similar fashion did not allow

the direct observation of the free carbene, but enabled follow-up QMT reactions, whose selectivities are determined by the "H and *H isotopo-

logs, thereby demonstrating isotope-controlled selectivity (ICS).

Isotope-controlled selectivity (ICS) is defined as a molecular system
where one of two conceivable products resulting from a quantum
mechanical tunneling (QMT) reaction forms predominantly, only
depending on isotopic composition." This novel concept of control-
ling reactivity has been theoretically predicted' but to this day, has
not been demonstrated experimentally. Here we investigate the ef-
fect of isotopic substitution (hydrogen vs. deuterium) in the reactiv-
ity of singlet protoadamantylidene and provide spectroscopic evi-
dence for the formation of different products as a result of ICS.
Singlet alkyl carbenes are highly unstable and there is only one
spectroscopic report on such a carbene, namely adamantylidene (1,
Figure 1).> The majority of research into these carbenes stems from
computational and theoretical studies.” Beyond methylene (which
has a triplet ground state), singlet ethylidene represents the simplest
alkyl carbene, which, however, undergoes a very facile [1,2]H-shift;
despite multiple attempts, the direct spectroscopic characterization
of ethylidene has remained elusive.*'" Analogs such as 2,2,2-trifluo-
roethylidene'” have been generated and characterized in noble gas
matrices at low temperatures. Carbenes including norbornen-7-yli-
dene,”™ cyclobutylidene,"* and tricyclooct-8-ylidene' have all been
investigated theoretically. Such so-called foiled carbenes'*"” display
a combination of through-space interactions, non-classical bonding,
and hyperconjugative interaction.'® Apart from fast 1,2-shifts, cyclic
singlet carbenes may also undergo ring expansion by heavy-atom
QMT through C-C or C-H bond insertion reactions.””** Heavy-
atom QMT is less common,” owing to the mass dependence of the
tunneling rate, which typically results in significantly extended tun-
neling half-lives unless the reaction barrier is narrow.” Examples of
reactions involving carbon tunneling include automerizations of
cyclobutadiene,” 1,5-dimethylsemibullvalene,* and the ring closure
of cyclopentane-1,3-diyl.*® As QMT half-lives depend profoundly

on particle mass but even more so on barrier height and width,”
computational predictions require a suitable potential energy hyper-
surface (PES). Canonical Variational Transition State Theory
(CVT)* corrected for small-curvature tunneling (SCT)” in con-
junction with density functional theory (DFT)*? provides results

t.30

in reasonably good agreement with experimen

? amT
7 )
predicted
10 1

4
no QUT
&
9 2 11
Competing QMT-reactivity depending on H/D isotopolog
oAl D/H
DH ..
o QMT  DH QMmT D/HE
1,214 e
shift insertion
12 3 4

Figure 1. Outlining the hitherto unreported reactivity of known
carbene 1 and the reactivities of novel carbenes 3 and 4.

Carbene 1 stands alone as the first and only alkyl carbene to be
isolated and characterized spectroscopically by the matrix isolation
technique by Bally and Platz et al.> In 2014, Kozuch et al. studied the
tunneling reactivity of 1 and calculated a tunneling half-life of 62.2 h
at the CVT/SCT//B3LYP/6-31G(d,p) level of theory.” While
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Bally and Platz et al.” observed the rearrangement of 1 to 4 upon UV
irradiation, they (unintentionally) did not wait long enough to also
observe its reactivity in the dark. As such, we sought to
experimentally examine the predicted QMT ring closure reaction of
1 to 4 in the dark, and to take this QMT reactivity as a model for
possibly observing ICS with a carbene. As we will outline, 1 proved
not to be suitable for this purpose, even though it does show the
predicted QMT reactivity, because alternative rearrangements
pathways are not competitive. ~'We moved on to pentacy-
clo[5.4.0.0%.0*"°.0°’Jundecanylidene (PCU-carbene) (2), which
constitutes only the second spectroscopically characterized alkyl
carbene.® Surprisingly, 2 does not display observable QMT reactiv-
ity because it is unexpectedly stable under our conditions, most
likely due to stabilization through a carbon-nitrogen complex, which
hinders QMT.**** We finally arrived at protoadamantylidene (3),
an isomer of 1 that has a rather short QMT half-life, but does
demonstrate H/D-ICS in competing QMT reactions.

Adamantane diazirine (5) and pentacy-
clo[5.4.0.0%.0*"°.0°Jundecan-8-diazirine (PCU diazirine, 6,
Figure 1) were synthesized according to literature procedures from
the corresponding ketones 7 and 8.>** Due to their high volatility §
and 6 could easily be evaporated onto the cold matrix window using
an excess of argon as the host gas.

Our matrix-IR spectrum of § is in excellent agreement with re-
ported data® (see Supporting Information, SI, for matrix IR spectra
and signal assignments). Upon irradiation with 365 nm, matrix-iso-
lated § and 6 undergo a series of reactions, resulting in the formation
of 1 and 2, and leading to the concomitant disappearance of all IR
absorptions assigned to § and 6. In parallel, new IR bands corre-
sponding to 1 and 2 emerged (Fig. S21 and $22). The experimen-
tally observed IR spectra of 1 and 2 match well the computed IR
spectra at BBLYP/6-311++G(3df,2pd). Due to the overlapping of
most bands above 1500 cm™, the assignments are difficult. In the
range of 1500-600 cm™, cage vibrations dominate, with very weak
intensities as compared to the stretching vibrations.

In contrast to the previous study by Bally and Platz et al., 1,” we
found that over the course of several hours the bands of 1 gradually
disappeared (in the dark) while those of 4 slowly emerged (Fig.
S21). The observed reactivity of 1 under these experimental condi-
tions with a half-life of 6 h can only be explained by QMT, in line
with the prediction by Kozuch'" and our computational data (vide
infra). Carbene 1, generated from irradiation of § at 365 nm, exhib-
its a UV/Vis spectrum with an absorption maximum at around 610
nm (Fig. 2a). After 18 h in the dark, this UV/Vis signal disappears
completely, confirming the QMT reactivity observed also in the IR
spectra. Only 4 was obtained, rendering 1 unsuitable for the inves-
tigation of ICS. Consequently, our attention shifted to 2.

To our surprise, 2, generated from 6 by 365 nm irradiation, did
not display QMT reactivity even after several days in the dark; this
strongly indicates that 2 is persistent under cryogenic conditions,
making it the first persistent singlet alkyl carbene reported to date.
Only after irradiating 2 with 627 nm light, we observed the disap-
pearance of the bands of 2 and the simultaneous appearance of
bands corresponding to homohypostrophene (9). Even though we
are pleased to have spectroscopically characterized only the second
alkyl carbene, its unexpected cryogenic stability and QMT inactivity
also excludes it from experiments related to ICS. In moving forward,
we had to first understand the QMT behavior of 1 and 2.
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Figure 2. Experimental UV/Vis spectra. A): The spectra of §
(black) and 1 (red) are in good agreement with literature data.> Car-
bene 1 vanishes when keeping the matrix in the dark for 18 h (blue).
B): Analogous spectra were recorded before (black) and after (red)
irradiation of 6. However, 2 is persistent and its fine-structured
UV/Vis absorption (red) only vanishes (blue) when the matrix is
irradiated at 627 nm.

To understand the different QMT reactivities of 1 and 2, we con-
ducted a detailed analysis of their intrinsic reaction coordinates
(IRC) for the QMT pathways using the UB3LYP/6-31G(d) level of
theory (Figure 3), according to Kozuch et al.”” Concurrently, we em-
ployed CVT/SCT**”’ to compute the half-lives (t) for these reac-
tions at the same level of theory, which enabled us to quantitatively
assess the likelihood of QMT occurring under our experimental con-
ditions. For the 1 — 4 C-H bond insertion reaction, the computed
half-life of 20 h agrees well with the experimental value. At
UB3LYP/6-31G(d) the reaction leading towards anti-Bredt ada-
mantene® (10) gives a computed half-life of > 9 x 10” b, indicating
that this reaction is not competitive (Figure 3A); indeed, 10 was not
detectable in our experiments. This also implies that ICS cannot be
studied with 1.

In comparing the IRCs for the 2 — 9 and 2 — 11 rearrangements
(Figure 3a), it is evident that the former reaction involves a much
lower energy barrier of 14.8 keal mol ™, favoring the reaction to 9;
this barrier can readily be surpassed by irradiation at 627 nm (45.6
kecal mol™), leading to 9. Still, QMT reactivity was not
experimentally observed for 2, even though the computations
indicate a very short QMT half-life for the reaction to 9 (7.1x10°h)
and no QMT for the reaction to 11 (> 8x10'' h). As noted above, we
reasoned that 2 is stabilized through a complex with N, that is
trapped (from precursor 6) in the same matrix site; the effects on the
spectroscopy for such complexes, which have been reported before,

are small. >

2
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Hence, we needed a system that has a lower and thinner barrier
and would show QMT behavior in the right time interval. We
turned our attention to hitherto also unreported carbene 3, which is
an isomer of 1 that may show the right reactivity.
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Figure 3. Intrinsic reaction coordinates for the cage alkyl carbenes
of the present study computed at the UB3LYP/def2-TZVPP level of
theory.

According to our UB3LYP/6-31G(d) computations, the half-life
for the C-H insertion reaction of 3 to 4 is 4 x 10~ h while the half-
life for the competing [1,2]-H shift to 12 is 3x 10™*h. These values
suggest that the C-H insertion occurs much more readily than the
[1,2]-H shift, thus favoring the formation of 4 as the dominant prod-
uct in the protio-case. Note that the extremely short half-lives of 3
in either reaction means that the free carbene cannot be observed
directly under our matrix isolation conditions, and that we must rely
on product analysis. To generate 3, we initially irradiated the
precursor diazirine (13) at 365 nm, leading to its expected and well-

3637 35 observed in similar

known rearrangement into the diazo form,
molecules.” As this intermediate absorbs at the same wavelength
(254 nm) as the carbene (as judged from the computed UV
spectrum), this route was abandoned. Instead, we generated 3 via
high vacuum flash pyrolysis (HVFP) -which also alleviates
complexation with matrix-trapped N>— and recorded the typical
carbene follow-up reactions leading to products 4 and 12, whose
ratio depending on isotopic substitution should then reveal whether

ICS does occur.

The determination of the product ratios of the reactions of 3 to
investigate ICS is based on identifying the characteristic IR bands
(Figure 4) and the corresponding, red-shifted bands of the
isotopolog. Specifically, the strongest vibrational signal for each

product was identified and integrated. To accurately compare the
isotopolog ratios, a correction factor was applied. This factor was
derived from the computed intensity ratios of the vibrational signals
in the deuterated and parent molecules, allowing for direct compar-
ison between the undeuterated and deuterated peaks. The experi-
mental intensities were then normalized using the correction factor
(Tables S3-S6), ensuring that the observed data accurately reflect
the underlying reaction dynamics. The intensities obtained for the
H- and D-isotopologs were subsequently used to calculate the selec-
tivity between the competing reactions (Tables S3-S6).

H D
H D
Relative area Relative area
=0.891 =0.798

4 dy4

- —
745.65 727.86

760 750 740 730 720 710

H D
H D
Relative area Relative area
=0.307 =0.037

12 dp-12
742.8 Fus.8 6943
\
728.7 = soit T

‘ ; 600.4

|

750 740 730 720 710 700 690 680 620 610 600 590 580

Figure 4. Representative IR spectra showing the pyrolysis products
of protoadamantane diazirine (13) and d-protoadamantane diazir-
ine (d>-13), each trapped in an argon matrix at 3.5 K. The spectra
were analyzed by integrating the peaks to determine the product dis-
tribution.

As evident from the IR spectrum after HVFP, conducted three
times for both H-/D-isotopologs (Figures S32 and S34), the prod-
uct distribution shows a ratio of 2:1 favoring 4 (Figure S). Substitut-
ing hydrogen with deuterium at the a-position of 13, leading to
intermediate carbene d-3, changed the product ratio to 20:1,
favoring d»-4, which was also qualitatively predicted computation-
ally (Table S27). The markedly different product ratios highlight
the significant impact of deuterium substitution, providing strong

evidence for ICS.
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Figure S. Reactivity of matrix isolated of 3 and d»-3 after pyrolysis at
800 °C, with calculated half-lives at the UB3LYP/6-31G(d) level of
theory at 10 K.

In conclusion, we photochemically generated 1 and 2 from their di-
azirine precursors, with 2 being only the second matrix-isolated
aliphatic carbene. Carbene 1 underwenta QMT reaction as compu-
tationally predicted, with a half-life of 6 h, while 2 remained stable
under cryogenic conditions but rapidly rearranged to 9 upon 627 nm
irradiation. Much more reactive carbene 3 was generated in situ and
a-deuterium substitution of the diazirene precursor significantly
altered the ratio of the [1,2]H-shift vs. C-H-insertion products,
thereby providing the first experimental evidence of isotope-
controlled selectivity.
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