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Abstract: We report a state-of-the-art spectroscopic study of an
archetypical barbaralone, conclusively revealing the valence
tautomerism phenomena for this bistable molecular system. The two
distinct 1- and 5-substituted valence tautomers have beenisolated in
a supersonic expansion for the first time and successfuly
characterized by high-resolution rotational spectroscopy. This work
provides irrefutable experimental evidence of the [3,3]-rearrangement
in barbaralones and highlights the use of rotational spectroscopy to
analyze shape-shifting mixtures. Moreover, this observation opens
the window toward the characterization of new fluxional systems in
the isolation conditions of the gas phase and should serve as a
reference pointin the general understanding of valence tautomerism.

Dynamic covalent chemistry (DCvC) is a coveted synthetic
strategy that has attracted many theoretical and experimental
studies for around a century [1]. It plays a key role in developing
intricate  supramolecular assemblies from discrete molecular
building blocks [2]. Among all DCvC processes, w e targeted the
valence tautomerism. This phenomenon, w hich lies under the
umbrella of sigmatropic rearrangements, consists in an
intramolecular rearrangement, giving rise to a usually different
molecular structure (see Fig. 1).

In this context, barbaralone, bullvalone, and bullvalene, widely
w ell-know n fluxional or “shape-shifting” molecules, have been
deeply ingrained in understanding the valence tautomerism
phenomena. [3, 4] These structurally unique dynamic molecules
can interconvert among different constitutional isomers through
low-energy strain-assisted = Cope  rearrangements  ([3,3]-
sigmatropic  rearrangements). For instance, 1.2 million
degenerate isomers are anticipated for bullvalene [3%]. How ever,
a lower number of valence tautomers exist for substituted
bullvalenes [5-7], and only twodiscrete species are expected for
barbaralone. [8] So far, valence-tautomerism phenomena have
been investigated in the condensed phases by NMR and X-ray
diffraction experiments [9-12]. It is well know n that modern NMR
spectroscopy has become the chemist's "choice by default" w hen
it comes to the description of a chemical structure as well as the
dynamics of molecular systems. The successful determination of
dynamic parameters depends on w hether the target process is
faster or slow er than the corresponding NMR time scale. For fast
processes, a simplified NMR spectrum is observed, w hich
typically de-coalesce into a more complex, and therefore

informative, array of peaks whenw e decrease the temperature of
the experiment [5]. Nevertheless, the dynamic equilibria may be
perturbed due to interactions w ith the environment.

phe-BA: R = -Ph

Figure 1. Valence tautomerism of 1-substituted barbaralones, showing the
redistribution of bonding electrons ascribed to the sigmatropic equilibrium. As
shown, a g-bond migrates, leading to a reorganization of the two 1 -bonds, but
the sequence of atoms within the carbon cage remains unchanged.

The prior scenario highlights the need of a benchmark
investigation on a fluxional system to decipher its intrinsic
structural properties, therefore precluding laborious spectroscopic
interpretations. Thus, to understand the structure of these
molecular architectures, it is desirable firstto study these systems
in the absence of intermolecular interactions. Gas-phase
experiments will enable the study of each structure involved in the
dynamic equilibria separately instead of trying to deconvolute
those equilibria in the condensed phase. They should represent
an essential source of reference data to unveil the phenomena of
valence tautomerism, especially those involving very fast
rearrangements under normal conditions.

In the present work, w e report the firstexperimental investigation
of the archetypal phenyl-substituted barbaralone (phe-BA from
now) isolated in the gas phase to shed light on these shape-
shifting molecular systems. Rotational spectroscopy has proven
a pow erfultool for unambiguously identifying chemical species in
the gas phase and is acknowledged among the most robust
techniques to distinguish betw een subtle changes in molecular
geometry. Since every molecule has a unique three-dimensional
structure, it possesses a characteristic set of rotational constants.
The major problem of w orking with gas-phase barbaralones is the
labile nature of their solid samples and inherent vaporization
difficulties. Fourier-transform microw ave spectroscopy, coupled
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with laser-ablation techniques, breaks through the limitation of
placing nonvolatile molecules in the gas phase, unraveling the
most stable conformers generated in a supersonic expansion [13,
14]. To date, detailed structural and conformational information
has been reported on many building blocks using this
experimental approach. [15-19]. The beauty of this approach is
that the spectral assignments rely on the consistency of hundreds
of observed rotational lines. In our particular case of study,
different constitutional isomers, if they are enough populated in
the supersonic expansion, will present distinct spectroscopic
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constants and can be therefore unequivocally identified w ithout
any spectral overlap. The usefulness of rotational spectroscopy is
that it allow s discerning betw een similar molecules w ith minimal
structural changes. This fact is strongly supported by the
experimental observation of the tautomeric properties of several
nitrogen bases and creatinine [20*"]. Even very similar
compounds such as the 1- and 5- valence tautomers. of the phe-
BA (see Fig.1) should be readily distinguished on this basis.
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Figure 2. a) Jet-cooled broadband LA-CP-FTMW rotational spectrum of BA from 1.5 to 7.0 GHz, where intense °Q-branches are remarked in blue, *R-branch
progressions are highlighted in green and intense °R-branch lines are indicated in garnet. b) Section of the broadband spectrum showing a comparison of strong
#R-branch transitions (J' < J”’ =5 « 4) for both tautomers, 1-phe-BA (in blue) and 5-phe-BA (in red); c) Zoomed viewshowing the same °R-branch transitions of
the 3C isotopomers of 1-phe-BA (in green). The intensity is in arbitrary units.
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Phe-BA was synthesized following our previously reported
strategy [21] to generate substituted barbaralones by a gold(l)-
catalyzed oxidative cyclization of 7-alkynyl-1,3,5-
cycloheptatrienes, w hich are pow erful precursors of barbaralyl-
cation intermediates.[22] We employed our laser ablation chirped-
pulse Fourier transform microw ave (LA-CP-FTMW) spectrometer
[23] to record the broadband spectrum from 2.0 to 7.0 GHz of the
solid phe-BA (m.p. 108-110 °C), shownin Fig. 2. Besides several
intense °R-branch line progressions, it was straightforward to
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identify strong °Q-branch progressions (see Fig. 2) ascribable to
a first rotameric species labeled as |. Also, characteristic
progressions of *R-branch transitions ranging from J”=1to J” =
7 were quickly recognized and attributed to the same rotamer. Up
to 147 rotational transitions were collected, and subsequently,
least-squares fitted to semirigid-rotor Hamitonian [24]. The
determined spectroscopic constants are listed in the first column
of Table 1.

Table 1 Experimental spectroscopic parameters of the phe-BA tautomers compared with those theoretically predicted for the lowest in energy structures.

Experimental Theory 9
Parameters Rotamer | Rotamer Il 1-phe-BA 5-phe-BA
A/ MHz 1274.35677 (46) ™ 1331.6505 (10) 1271.7 1327.5
B/ MHz 388.10352 (12) 394.31620 (45) 387.5 392.3
C/ MHz 379.62560 (12) 381.92829 (41) 378.5 380.8
Ax | kHz 0.0742 (22) - - -
Ak | kKHz -5.519 (28) - — -
|Hal / D observed observed 1.2 2.5
|| / D not observed not observed 0.0 0.0
|| / D observed observed 3.1 2.6
Pl 183.747 168.971 183.2 170.9
o/ kHz 10.7 14.4 - -
N 147 43 - -
AE'®/ kcal mol™ - 0.0 2.6

TT'A, B, and C represent the rotational constants (in MHz); W, M, and pc are the electric dipole moment components (in D); ™ P is the planar inertial

moment (in u A% with respect to the ab sy mmetry plane, computed using the following equation: P = % (I + Ip— I¢). Conv ersion factor: 505379.1 MHz -

u A? ' RMS dev iation of the fit (in kHz) using a Hamiltonian in the Watson’s A-reduction, I'-Representation. [ Number of measured transitions. [ Relative

energies (in kcal/mol) concerning the global minimum, taking into account the zero-point energy (ZPE). [ Standard error in parentheses in units of the

last digit. [ Theoretical computations were conducted at the B3LY P-GD3/aug-cc-pVTZ level of theory.

I-phe-BA

5-phe-BA

Figure 3. Structures of the two plausible valence tautomers: 1-substituted phe-barbaralone (1-phe-BA, left), 5-substituted phe-barbaralone (5-phe-BA, right). We

named the different tautomers based on the position of the Ph substituent (see Fig.1). The equivalent carbons of 1-phe-BA (Cs sy mmetry) are marked with an

orange circle.
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The values of the rotational constants of rotamer | are consistent
w ith those expected for a sizeable molecular species suchas phe-
BA. Nevertheless, the two candidate structures exhibit minimal
structural differences in the carbon cages (see Fig. 1) that should
induce a small but specific change in the values of the rotational
constants, significant enough to allow conclusive discrimination.
Within this framew ork and concurrent to the experimental w ork,
theoretical calculations were carried out on the tw o plausible 1-
and 5- substituted phe-BA tautomers. We explored the potential
energy surface (PES) of each tautomer separately using fast
molecular-mechanics methods. For both systems, only one single
conformation w as found below an energetic window of 1000 cm’
!, Then, we executed geometry optimizations for the 1- and 5-phe-
BA tautomers using high-level theoretical computations,
performed using Gaussian 16 (Revision A.03) program Package
[25] (see Supporting Information for detailed information). The
predicted spectroscopic constants for 1- and 5-phe-BA are
presented in Table 1 for comparison and the structures are
depicted in Fig. 3. We found an excellent matching betw een the
experimental values of the rotational constants for rotamer | (first
column of Table 1) and those theoretically predicted for 1-phe-BA.
Scaling factors ranging from 1.001 to 1.003 bring the predicted
DFT rotational constants values to the experimental ones,
highlighting a remarkable resemblance w hich further supports the
unequivocal identification.

At this point, an intriguing question arises: Is the 5-phe-BA
tautomer present in the supersonic expansion? In a quest to
confirm the existence of the higher-in-energy tautomer, we
removed the lines belonging to rotamer | and performed a
thorough inspection in the low-intensity background of the
spectrum. Strikingly, using the above scaling factors, much
w eaker rotational features attributable to a second rotamer 1l w ere
found following a- and c- type dipole moment selection rules.
Thus, wewere able firstto assign *R-branch (J+1)g j«1 < (J+1)o 5
transitions, w hich are spaced approximately B + C [see Figure
2(b)]. Subsequently, we extended the analysis to other a- and c-
type lines and performed a least-square fit using a rigid-rotor
approximation. We present the corresponding spectroscopic
parameters in the second column of Table 1.

In this case, the experimental rotational constants for rotamer II
are in excellent agreement with those calculated for 5-phe-BA.
Thus, follow ing the abovementioned arguments, rotamer Il can be
directly ascribed to 5-phe-BA. Moreover, forrotamer Il, a- and c-
type lines show ed relatively similar intensities, whichis in good
agreement with the resemblance of the pa and pc calculated
dipole-moment components of 5-phe-BA (given in Table 1 for
comparison). We have provided the firstexperimental evidence of
the higher in energy tautomer based on a line-by-line assignment
of over 40 discrete spectroscopic features. Finally, additional
proof of the tautomeric identification comes from the P. planar
inertial moment values with respect to the ab symmetry plane.
They vary from 183.74 to 168.97 u A? in excellent agreement w ith
the predicted values shown in Table 1. This remarkable
theoretical-experimental synergy has been found in previous
rotational studies [26*"] and is in the context of a recent
spectroscopic benchmark data base. [26°]

The relative abundances of both tautomers have been estimated
by the relative intensity of a selected set of transitions [20°, 27].
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Therefore, we can estimate ratios of approximately 97:3 + 1
betw een the 1- and 5- phenyl-barbaralone. Within this framew ork,
this w ork offers definite experimental proof suggesting that the 1-
substituted valence tautomer is the most stable tautomer, in
accordance with the previous results reported by Ferrer &
Echevarren. [21]

We finally discarded the lines belonging to 1- and 5-phe-BA and
the w eakintensity background of the broadband spectrum did not
reveal the presence of other higher in energy predicted species
(see Table S1 of the Supporting Information) nor plausible
photofragmentation species [28]. How ever, on the low -frequency
side of each ®R-branch line of1-phe-BA [see Figure 1(c) forthe J’
«— J”5 « 4 transitions], we managed to identify very weak sets
of transitions w hich could only be ascribed to the five pairs of *C
isotopomers in their natural abundance (1.1 %), showing doubled
intensity due to their equivalent positions (Cs symmetry). The
observed frequency shifts were consistent with those predicted
theoretically for 1-phe-BA. (see Table S2 of the Supporting
Information). The cartesian coordinates of the substituted atoms
are determined in the principal axis system using the Kraitchman
equations [29] (see Table 2). The derived C-C bond distances of
the bonds implied in the electron migration are d(C>—Cs) =1.4805
(21) A and d(Cs—Cs) = 1.3431 (81) A, which coincides with typical
C-C and C=C bond distances, respectively, further corroborating
the identification of rotamer | as 1-phe-BA. The complete list of
the measured experimental frequencies for both tautomers and
the 3C isotopomers are collected in Tables S3-S9 of the
Supporting Information. A comparison betw een the gas-phase
and solid-state geometric parameters (see Table S10 of the
Supporting Information) shows a breakdow n of the Cs symmetry
in the crystal due to the lattice constraints.

Table 2. Substitution structure of 1-phe-BA

Atom lal bl Icl

TG 09350 (I7) ™ 0.7768 (21 2714 (13)
Cs, G 2.16219 (79)  1.5260 (11) 0.9186 (19)
Cs,Cs 2.88180 (57)  1.2017 (14) 0.1681 (98)
Cu, Cis 1.9800 (12) 1.2050 (19) 0.105 (22)
Ci,Cu 3.37737 (70)  1.20190 (20)  0.107 (23)
Parameter rs re o

F(O2o) 1.4805 (20) 14713

KCa-Cy) 1.3431 (81) 1.3344

r(Cu-Ci2) 1.3974 (14) 1.3931

o(C2Cs-Ca) 120.98 (15) 120.80

[a] Standard error in parenthesis in units of the last digit. Bond
distances are given in Angstroms (A) and bond angles in degrees. [b]
Equilibrium structure calculated at the B3LY P-GD3/aug-cc-pVTZ level.
We show the equivalent carbon atoms due to the Cs symmetry of the
molecule.

In summary, w e have provided compelling evidence of the shape-
shifting rearrangement for an archetypal monosubstituted
barbaralone through the use of rotational spectroscopy. Hence,
the tw o distinct valence tautomers (1- and 5-substituted forms)
have been unequivocally identified in the jet, showing that the
most abundant species (1-phe-BA) matches the form expected
along with the crystal structure. In addition, the C-C bond
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distances involved in the 1-bond reorganization have been
precisely determined for the parent species, corroborating the
identification of 1-phe-BA. Our investigation further suggests that
substituted barbaralones are chemically robust yet structurally
dynamic, whichis an essential step toward their further use as
starting materials and may bear implications in their chemical-
physical properties in materials science. So far, NMR
spectroscopy has been employed for the analysis of shape-
shifting mixtures, but it is an arduous task to conclusively identify
the individual structures rather than derive averaged chemical
properties. How ever, as show n, the isolation conditions granted
by the supersonic expansion enabled the study of each structure
separately, instead of trying to deconvolute the dynamic equilibria
in the condensed phase [11, 30], whichmay be perturbed due to
interactions with the environment. We are fiercely exploring the
full scope and capabilities of rotational spectroscopy coupled to a
laser-ablation vaporization source as a reliable characterization
technique to unravel dynamic molecular systems. Further gas-
phase studies exploring the valence-tautomerism equilibrium of
relevant fluxional molecules will be undertaken to pave the route
in the characterization of new shape-shifting species.
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Laser Ablation

Ps Nd: YAG laser

The twovalence tautomers have been revealed in the supersonic expansion for an archetypal fluxional molecule phenyl-barbaralone
(see figure), providing definite experimental evidence of the [3, 3]- sigmatropic rearrangement in these shape-shifting systems.
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