Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 14 2024. Downloaded on 2026/2/13 05:17:50.

(cc)

PCCP

¥® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue

’ '.) Check for updates ‘

Cite this: Phys. Chem. Chem. Phys.,
2024, 26, 26976

Received 13th August 2024,
Accepted 12th October 2024

DOI: 10.1039/d4cp03203a

rsc.li/pccp

1 Introduction

Controlling achiral and chiral conformations
of benzyl alcohol by ortho-halogenation,
collisional relaxation and dimerisationT

Elisabeth Sennert® and Martin A. Suhm (2 *

Ortho-Halogenated benzyl alcohol can exist in two different low energy chiral conformations, only one
of them with an OH-X contact (X = Cl, Br, I). A third, achiral conformation is enabled by the halogen
substitution. We show by IR spectroscopy in supersonic jets that the achiral monomer is less stable than
the chiral conformation with OH-X contact, but both can be produced in similar amounts using helium
as a carrier gas. The robust OH transition observed for the achiral monomer is a sensitive benchmark for
the conformational energy sequence, since the chiral conformation without OH-X contact is at least an
order of magnitude less abundant, although it is often predicted by DFT to be slightly more stable and
separated from the achiral conformation by a low barrier. This competing chiral conformation must be
energetically higher by at least a few tenths of a kJ mol™ to be consistent with experimental observa-
tions. That is indeed predicted by high-level energy calculations at the DFT-optimised structures. The
most stable dimers of ortho-halogenated benzyl alcohols involve torsionally homo- and heterochiral
pairings of the two OH groups, where the hydrogen bond-accepting OH group forms a cooperative
intramolecular OH-X contact. The achiral monomer conformation is suppressed in these dimers.
A homochiral dimer is formed almost exclusively for Cl, whereas its heterochiral variant is progressively
co-stabilised with increasing halogen size. The stretching wavenumber of the donor OH in the dimers
depends on the relative chirality of the donor and acceptor conformations. The consistent picture that
emerges for Cl, Br and | substitution in ortho-position of benzyl alcohol is discussed in the context of
interconversion barriers, heavy atom tunneling, n—n stacking, suppression of OH-n bonding, chirality
synchronisation, and shortcomings of DFT approaches in reproducing the observations. The homochiral
aggregation preference observed for simple benzyl alcohol is conserved and even enhanced upon
ortho-halogenation, albeit partly by different interactions.

studied in solution at room temperature.” It was found that the
role of mirror-symmetric conformations was not strongly influ-

Benzyl alcohol is among the dynamically most interesting
alcohols." In the monomeric state, it shows degenerate heavy
atom tunneling between mirror image conformations.” This
differs from most other alcohols, where tunneling between
equivalent conformations largely occurs by hydrogen motion.®
Beyond the tightly interconnected manifold of transiently
chiral benzyl alcohol conformations, an approximately mirror-
symmetric (C;) isomer has been frequently postulated,*” but
never safely detected at low temperature.

The strong influence of ortho-fluorination on the conforma-
tional properties of benzyl alcohol has been spectroscopically
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enced by the fluorine substitution. However, thermal excitation
and solvent effects complicate the direct comparison of experi-
ment with spectroscopic gas phase predictions. In the cold gas
phase, no isomer beyond the one with an internal hydrogen
bond to the fluorine could be detected.® A mirror symmetric
isomer was not considered in that work. To fill this gap, and to
extend to halogens below F in the periodic table, the present
work investigates vacuume-isolated ortho-chloro- to ortho-
iodobenzyl alcohol monomers in supersonic jet expansions.
Such expansions also facilitate the formation of dimers.
Their cold vibrational spectra can be probed by UV/IR double
resonance, which allows for size and conformational selectivity,’
and also by direct infrared absorption,''" where dimers are easily
distinguished from monomers by concentration variation and
spectral position but different conformations are simultaneously
observed. In both cases, the conformational abundance ratio is
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dictated by the relative (Gibbs) energy of the species, but conver-
sion between conformers may freeze at different effective tem-
peratures anywhere between the nozzle temperature and the final
rotational temperature, depending on the expansion conditions
and the interconversion barrier. The chirality synchronisation'” in
the dimer of benzyl alcohol as a particularly interesting conforma-
tional conversion has been investigated thoroughly."® It is a special
variant of chirality discrimination in the gas phase™ which applies
to two transiently chiral species. Again, we present the first spectra
for jet-cooled dimers of transiently chiral ortho-chloro- to ortho-
iodobenzyl alcohol and show that the preferred aggregation
involves two (different) chiral conformations of the monomer with
the same handedness of the OH group relative to the backbone of
the molecule. This synchronisation of transient chirality is evi-
dently rather effective under jet expansion conditions for CH,OH
units attached to an aromatic ring.

The homochirality preference of the benzyl alcohol dimer
continues for larger clusters'® and may also be compared to the
crystal structure preferences. For benzyl alcohol, homochiral
chains of cooperative OH- - -O hydrogen bonds are found.*® The
same is observed for ortho-chlorobenzyl alcohol'” and ortho-
bromobenzyl alcohol."® The ortho-iodobenzyl alcohol crystal
structure shows 50% disorder which means that there are
probably two different conformers present in the crystal.*®°
This makes it difficult to determine the homo- or heterochir-
ality and to compare the ortho-iodobenzyl alcohol crystal struc-
ture to the crystal structures of other ortho-benzyl alcohols.

2 Methods

2.1 Experimental techniques

For investigating the cold gas phase spectra of 2-chlorobenzyl
alcohol (BLD Pharmatech, Kaiserslautern, Germany, 99.95%),
2-bromobenzyl alcohol (BLD Pharmatech, Kaiserslautern,
Germany, 99%) and 2-iodobenzyl alcohol (BLD Pharmatech,
Kaiserslautern, Germany, 99.75%) an FTIR jet setup was used
that is specifically designed for measuring substances with
lower vapour pressure. A supersonic coexpansion of helium
(Nippon Gases, Diisseldorf, Germany, >99.996%) carrier gas
(with a small percentage of argon (Linde, Pullach, Germany,
>99.999%) added in Fig. 12) and a small fraction of the alcohol
is created by filling the helium into a 69 L reservoir at a
pressure of 1.5 bar. From there the gas is pulsed through a
heatable substance chamber where the less volatile alcohols
(supported on molecular sieve) are entrained into the carrier
gas flow. The resulting gas mixture is expanded through a
60 mm x 0.2 mm heatable slit nozzle into the vacuum
chamber. To ensure a low background pressure of the expan-
sion the vacuum chamber is connected to a buffer volume that
is continuously pumped (500 m® h™"). The Bruker IFS 66v/S
FTIR spectrometer synchronised to the pulses includes CaF,
lenses, a KBr beamsplitter and a ceramic glower as light source.
The absorption is detected by a L-N, cooled Judson InSb
detector. A spectral resolution of 2 cm™' is chosen as a
compromise between gas consumption and intrinsic width of
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the vibrational transitions. The presented spectra are averaged
over 140 to 490 interferometer scans, where one scan is equal to
one pulse of the gas mixture. More information about this
setup can be found in ref. 20 and 21.

2.2 Computational techniques

The potential energy hypersurface was explored with the CREST*
program to locate a large number of conformers which were then
pre-optimised using the B97-3¢ functional.”® All conformers up to
a relative electronic energy of 10 k] mol " were re-optimised with
the B3LYP**° functional, using the D3 dispersion correction®”
including Becke-Johnson damping,”®*' three-body terms and the
def2-TZVP** or def2-QZVP** basis set (for iodine: effective core
potential def2-ECP**). IR wavenumbers and intensities were calcu-
lated in the harmonic approximation.

Nudged elastic band climbing image** (NEB-CI) calculations
and subsequent transition state optimisations were done using
the same functional and options using def2-TZVP** and def2-
QZVP.32

DLPNO-CCSD(T)** single point calculations were performed
using the “TightPNO” settings, the aug-cc-pVQZ>*®~? basis set
(for iodine: aug-cc-pVQZ-PP****° and effective core potential SK-
MCDHF-RSC*) at the optimised B3LYP geometries.

Geometry optimisations, single point calculations, NEB,
transition state optimisations and relaxed scans were carried out
using ORCA version 5.0.3.*' Computational details can be found
in the ESIt (Table S1), including the choice of atomic masses
(Table S2, ESTY).

2.3 Nomenclature

Acronyms used for the investigated molecules are B for benzyl
alcohol, ClI for 2-chlorobenzyl alcohol, Br for 2-bromobenzyl
alcohol and I for 2-iodobenzyl alcohol. The simplicity and
systematics of the vibrational spectra invites a coarse-grained
conformational nomenclature, which builds on relative chiral-
ity because no permanently chiral compounds are investigated.
Whenever two gauche torsional angles in a monomer or dimer
are opposite in sign, a prime is added to one of them. The
(X)CCCO torsional angle involving the substituted ortho carbon
is classified with a capital letter G (gauche) or T (trans),
depending on whether its magnitude falls within 0-120° or
120-240°, when the appropriate enantiomer is chosen. The
same is done for the CCOH torsional angle with a lower case
g or t. Thus, a Gg' monomer has (X)CCCO and CCOH dihedral
angles of opposite sign. Dimers are labelled in donor-acceptor
sequence. For chiral monomers and dimers, the enantiomer
with the minimal number of primes (in the donor) is discussed.
A Tg-G’g 2-chlorobenzyl alcohol dimer (Fig. 1, equivalent to
Tg'-Gg’ but avoiding the ' in the donor) is one where the donor
oxygen points away from its ortho C-Cl bond and the donor
hydrogen leads out of the plane, coordinating the OH group of
the acceptor which is positioned in between the two stacking
aromatic rings. This OH group forms a weak intramolecular
hydrogen bond to the ortho C-Cl. Because the sign of the two g
angles is the same, we denote this dimer hom(ochiral). It has
the two Cl atoms pointing in opposite directions, which may
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Fig. 1 Illustration of the torsional nomenclature for dimers, using the

global minimum structure Tg—G'g. See text for explanations.

Tg-G’g
hom het

Tg-Gg’

Fig. 2 Comparison of the most stable hom(ochiral) with the most stable
het(erochiral) Cl dimer structure. The enantiomeric acceptor units lead to
a large difference in the Cl-Cl atom distance.

contribute to its stability in terms of dipole-dipole interactions.
The corresponding het(erochiral) diastereomer Tg-Gg’ involves
a mirror image of the acceptor (Fig. 2) and has the two chlorine
atoms on the same side. Due to the flatness of the two aromatic
rings, several minima with the same monomer conformation
may be stabilised and the higher ones are denoted with a
terminal a, b etc., if needed.

3 Results and discussion

3.1 Computational results

Before introducing the infrared spectra, robust computational
trends for the halogenated benzylalcohols and their dimers
shall be discussed.

3.1.1 Monomer conformations. It is instructive to start
with an approximate 2D torsional contour map of Cl with
respect to the CCCO (upper case designator) and CCOH (lower
case designator) torsional angles and to compare it to the well-
studied B case.”® Relaxed torsional scans at B97-3c level are
sufficient for our purpose, because the zero point energy
variation anyway distorts the quantitative conformational land-
scape and the effect of chlorination is pronounced. Fig. 3 shows
the deep conformational trough connecting all relevant Cl
conformations Gg-Gg'-Tg'-Tt-Tg-G'g-G'g’ in a sequential way,
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Fig. 3 Contour plot of the two dimensional orca relaxed full cycle scan of
the CCCO angle and the CCOH angle of the Cl monomer at B97-3c level
with a stepsize of 20°. The shown electronic energy difference is referred
to the structure with the lowest calculated energy (Gg’, respectively G'g
conformer).

where every step involves the change of a single torsional angle
and is energetically more or less feasible (deep blue color).
In contrast, any conversion through a vanishing CCCO angle is
highly unfeasible (yellow and red) due to the repulsion between
the O and the Cl atom. The contrast to unsubstituted B (Fig. 4)
could hardly be starker. Here, the most feasible conformational
conversion involves a concerted torsional switch from Gg to G'g’
(across the plot boundary) which gives rise to heavy atom
tunneling motion through a shallow (2 kJ mol™") transition
state,">® 1134243 The entire torsional landscape is much more
accessible, as emphasized by the dominantly blue color coding.
Ortho-Halogenation removes the symmetry and introduces a
penalty for short oxygen-halogen contacts. This turns the direct
inversion path for B into a sixfold barrier-crossing event for Cl.
The enantiomeric global minima Gg’ and G’g which are stabi-
lised by hydrogen bonding are still separated by four sequential
surmountable barriers. This is more than for meta-substituted

AE, / kl-mol™

40
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30
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CCCO torsion

15

10

5.0

0.0

CCOH torsion

Fig. 4 AsFig. 3 (including the energy scale) but for the B monomer. G and
G’ labels are now interchangeable due to symmetry.

This journal is © the Owner Societies 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cp03203a

Open Access Article. Published on 14 2024. Downloaded on 2026/2/13 05:17:50.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

G'g (B) Gg

0 ki-mol™

3800 cm™ 3810 cm™

TS =

Tg Tt

+1.6 kJ*mol™ +1.7 kJ*mol™

3819 cm™ 3850 cm™

Fig. 5 Optimised Cl monomer structures (Tables S3-S5, ESI{) with har-
monically zero-point-corrected relative energies and unscaled harmonic
OH stretching wavenumbers at B3LYP-D3(BJ)/def2-QZVP level. The Br
and | monomers show analogous structures but different relative energies
(Fig. 7). The Gg conformation of B monomer is shown for comparison.

benzyl alcohols.* In the center of the Gg'-G'g conversions, a
well-defined all-planar (deviations from planarity below 0.1°)
minimum T¢ emerges. Note that in the case of B, the planar Tt
structure is a shallow saddle-point connecting two quasi-planar
enantiomeric minima. NCI** analysis (Fig. 3, ESIt) suggests
that the planarisation of Tt in Cl has to do with the attraction of
the two methylene hydrogens to the halogen atom.

Fig. 5 describes the relevant conformational minima from
the 2D contour plots after optimisation at higher level together
with their relative zero-point corrected energy and harmonic
OH stretching wavenumber. G’g profits from the internal
hydrogen bond, whereas Tg and Tt are essentially isoenergeti-
cal, also considering that without zero-point energy correction
they still differ by 0.6 k] mol~". Because their predicted OH
stretching wavenumber is quite different, experimental spectra
should be able to clearly distinguish and thus energetically
rank the two competing conformations. This is particularly
easy because the barrier connecting the two is only about
1.5 kJ mol " including ZPVE.

The maximum barrier to be overcome from G’g to Gg' via Tg,
Tt and Tg' is significantly higher, as illustrated in Fig. 6. This is
due to the sizeable heavy atom torsion barrier, which is not
lowered much by zero point energy correction. Very relevant for
benchmarking purposes, the T¢ conformer profits much from
replacing the DFT electronic energy by a coupled cluster
wavefunction value. Now, Tg is no more competitive with Tt,
which should be verifiable due to their markedly different IR
signature and low interconversion threshold. In any case, the
complexity of the chirality inversion path in Cl compared to the
concerted heavy atom tunneling racemisation path for B is
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Fig. 6 Cl monomer energies for minima and transition states (Tables S6,
S7 and Fig. S2 in the ESIt) at B3LYP-D3(BJ)/def2-QZVP level without ZVPE
(Eep, with ZVPE (Eg) and with the electronic energy being replaced by the
DLPNO-CCSD(T)/aug-cc-pVQZ//B3LYP-D3(BJ)/def2-QZVP value (Ecc).

remarkable, but the barriers stay small enough to allow for
some conformational dynamics in Cl during the supersonic
expansion.

The pronounced difference between B and its halogenated
variants is also reflected in the energy difference between the
metastable T conformations and the global minimum structure
(Fig. 7, including zero-point energy correction). While quasi-
planar Tt is high up in energy and Tg does not correspond to a
stable structure for B, consistent with their non-observation,
chlorination brings Tt and Tg down to less than 2 kJ mol ™"
energy penalty already at DFT level, and thus into reach for our
supersonic jet spectra. Correction of the electronic energy at
CCSD(T) level further lowers the energy in particular for Tt,
such that it should be well populated in the jet expansion. For
heavier halogen atoms, the T stabilisation trend gradually
reverses, but Tt remains energetically in reach even for I. These

DLPNO-CCSD(T)/aug-cc-pvQz //

B3LYP/def2-QzVP B3LYP/def2-QZVP
T T

T T T T || T T
e m Gg La
® Tg
ATt

A
3 1k F3
E E
< [ <
32_ N 4L ° —23
S S
w ‘ A w
°
1 1k A F1
A
04 m [ ] ] - tm ] ] m O
T T T T T T T T
B cl Br | B cl Br |

Fig. 7 Computed energetic order of the monomer conformers for B, Cl,
Br, | calculated at B3LYP-D3(BJ)/def2-QZVP level (left) compared to
results from calculations at DLPNO-CCSD(T)/aug-cc-pVQZ//B3LYP-
D3(BJ)/def2-QZVP level (right). All energies include B3LYP-D3(BJ)/def2-
QZVP ZPVE. For results without ZPVE, see Fig. S1 in the ESL{

Phys. Chem. Chem. Phys., 2024, 26, 26976-26983 | 26979


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cp03203a

Open Access Article. Published on 14 2024. Downloaded on 2026/2/13 05:17:50.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

PCCP
3860 3840 3820 3800 3780 3760
Tt
Tg G'g
c. |
z )
(%]
c
()
€
~ |Br |
I |
3860 3840 3820 3800 3780 3760

wavenumber / cm™!

Fig. 8 Comparison between the calculated harmonic wavenumbers and
IR intensities for the monomer conformers of Cl, Br, |, calculated at B3LYP-
D3(BJ)/def2-QZVP level.

predictions, which do not depend critically on zero point energy
correction (Fig. S1, ESIt), encourage the spectroscopic study of the
monomers. As suggested by the simulated spectra in Fig. 8, the
conformations should be easily distinguishable. Furthermore, only
the global minimum conformation is predicted to be sensitive to
the halogen type.

3.1.2 Dimer conformations. The experimentally relevant
conformational landscape of the dimers of ortho-halogenated
benzyl alcohols is simpler than that of benzyl alcohol
dimers.>"® In an energy window of 4 k] mol™", there are two
pairs of stacking variants (Fig. 9). The lower energy pair involves
homochiral OH group orientations relative to the heavy atom
monomer scaffolds and because the two structures are rather
similar, it is expected that a supersonic jet expansion collapses
the less stable one (Tg-G'g-a) into the most stable arrangement
Tg-G'g. The higher energy pair replaces the acceptor molecule
with its mirror image and thus leads to a heterochiral combi-
nation of the two OH torsions. This brings the two Cl atoms
closer to each other and only the slightly lower energy variant is
expected to be populated. The barriers for interconversion
within each of the conformational pairs are predicted below
2 kJ mol " (for Cl, B3LYP-D3(B])/def2-QZVP, see Fig. S5, S6, S12
and S13, ESIt) and can be easily surmounted. Due to the
typically facile inversion of the benzyl group chirality'® and a
predicted driving force of more than 2 kJ mol " in the case of Cl
dimers, it is even conceivable that a heterochiral encounter,
which happens statistically with 50% likelihood for this tran-
siently chiral species, is converted into the lower energy homo-
chiral pairing during the expansion. However, the barrier for
interconversion is sizeable (B3LYP-D3(BJ)/def2-QZVP predicts a
barrier of ca. 17 k] mol™' with ZVPE, see Fig. S5, S6 and
Table S14, ESIt), due to the required flipping of the aromatic
ring stacking to separate the Cl atoms. Therefore, experiment
must decide whether one or two dimer conformations are
observed. This is realistic, because theory predicts that the
hom and het pairings should be spectrally distinguishable
(Fig. 9) at least for the intensified hydrogen-bonded OH
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Fig. 9 Optimised Cl dimer structures (Tables S8-S11, ESIf) with harmo-
nically zero-point-corrected relative energies, unscaled harmonic OH
stretching wavenumbers and calculated IR intensities (hydrogen bond
donor/hydrogen bond acceptor) at B3LYP-D3(BJ)/def2-QZVP level.
Included are all structures up to a relative energy of 4 kJ mol™. The Br
and | dimers show similar structures but different relative energies (Fig. 10).

het
+2.2 kI-mol™?

stretching mode. Although the position of this mode is non-
systematic among all four conformations, the hom pairing is
predicted to give rise to a systematic downshift if relaxation into
the most stable hom and het conformations is assumed (see
Fig. S4, ESIt). Because the double-harmonic prediction of the
IR intensity for these hom and het dimer variants is compar-
able, the signal strength is a faithful measure for the relative
population of the diastereomeric complexes. DFT theory also
predicts that the hom/het energy gap starts to close with
increasing size of the halogen atom (Fig. 10) and the transition
state increases in energy (Fig. S7, ESIT), such that the chances
to observe the het dimer increase with increasing halogen size.

3.2 Experimental results

Fig. 11 compares the theoretical expectations in the double-
harmonic expectation with experiment for Cl, after employing a
rounded scaling factor of 0.96. Three strong OH stretching
transitions find straightforward interpretations. In the mono-
mer region, the spacing between two bands matches that
between the global minimum G’g conformation (downshifted

This journal is © the Owner Societies 2024
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Fig. 10 Computed relative energies of the main dimer conformers for Cl,
Br, |, calculated at B3LYP-D3(BJ)/def2-QZVP level with (Eg) and without
(Ee) ZPVE.
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1 =Tt

= Tg
L= Gg|

T T T
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wavenumber / cm™

3500
1

Fig. 11 Simulated stick spectra of (a) the Cl dimer and (c) the Cl monomer
conformers (harmonic wavenumbers calculated at B3LYP-D3(BJ)/def2-
QZVP level scaled by 0.96, relative intensity based on calculated IR band
strength) compared to (b) the measured FTIR spectrum in the OH
stretching region of CL.

due to hydrogen bonding) and the planar Tt conformation
which was elusive for B. Surprisingly, their experimental inten-
sities match the theoretical ones, indicating a similar abun-
dance of both conformers in the jet expansion. Tentatively, a
weak band in between may be attributed to the third monomer
conformation Tg in an order of magnitude inferior abundance.
The scarcity of the Tg signal in the presence of Tt shows that
DFT predictions of isoenergetic Tt and Tg conformations are
inaccurate. The strongest and strongly downshifted band fits
the prediction for the hydrogen bond donor in the most stable
dimer Tg-G'g, although the accuracy of harmonic DFT predic-
tions is not sufficient to prove its homochirality, given that the
heterochiral counterpart is only predicted 12 ecm™" higher in
wavenumber. Even an experimental hom-het overlap cannot be
ruled out completely. The corresponding acceptor OH stretch-
ing vibration is predicted to have an order of magnitude lower
intensity. It may overlap one of the monomer transitions or —
less likely - be the exclusive cause of the small peak tentatively
assigned to Tg.
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Fig. 12 FTIR spectrum in the OH stretching region of 2-chlorobenzyl
alcohol (Cl). (a) expanded with helium and argon and (b) with helium only
(for experimental details see ESIT). The relative depletion of the Tt signal
with Ar addition shows that G’'g has a lower energy and is separated from
Tt by a moderate size barrier.

While this assignment based on consistently underestimat-
ing scaled harmonic DFT wavenumber predictions is plausible
(a scaling factor of 0.97 would lead to predictions which
consistently overestimate the experimental wavenumbers), it
needs to be verified and aligned with further computational
and experimental evidence. An important piece of evidence is
shown in Fig. 12. By adding argon to the helium expansion, the
relaxation of the Tt monomer to the global minimum G'g
structure is expected to be enhanced.”> Indeed, the signal
assigned to Tt is now substantially attenuated and also the
tentative weak Tg absorption is no more detectable. This
strongly supports the robust global minimum character of
G'g and it also confirms that Tt is lower in energy than Tg.
The latter result is far from robust in the theoretical predic-
tions, but it is consistent with the highest level calculations. We
can thus unambiguously show the existence of the B-elusive Tt
conformation and prove its energetical rank as the second-most
stable structure.

The monomer conformational assignments are further sup-
ported by the halogenation trend, which was predicted in Fig. 8.
As the experimental spectral series for Cl, Br and I (Fig. 13)
shows, only the G’g band exhibits a noticeable wavenumber
trend with halogen size, as predicted and expected for an
intramolecular hydrogen bond. The same figure shows that
the hom dimer peak observed for Cl decreases in intensity with
halogen size, but remains largely unchanged in position.
Instead, a second peak emerges at somewhat higher wavenum-
ber, where the het dimer counterpart is predicted (compare Fig.
S4 in the ESIt). This matches the increasing energetical com-
petitiveness of the het dimer with halogen size (Fig. 10) and/or
suggests that the het-hom interconversion barrier increases
with halogen size. Indeed, DFT calculations suggest that the
lowest identified barrier steadily increases from Cl over Br to I
(Fig. S7, ESIf) and there may be a combination of thermo-
dynamic and kinetic effects at play. Assuming that the het/hom
predicted energy difference for Br is correct, a 20% population
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Fig. 13 FTIR spectra in the OH stretching region of Cl, Br, I. (a) 2-
Chlorobenzyl alcohol, (b) 2-bromobenzyl alcohol, (c) 2-iodobenzyl alco-
hol. For measurement conditions of the underlying helium expansions, see
Table S15, for theoretical predictions, see Fig. S4 in ESL

of the het dimer (Fig. 13) means that the het-to-hom inter-
conversion freezes around 150 K. For I, either the computed
energy difference is overestimated or the observed hom/het
ratio corresponds to nearly statistical and thus kinetically
controlled dimerisation without significant subsequent isomer-
isation. This is not unreasonable for the substantial barrier
which has to be overcome once the dimer is sufficiently cooled
by collisions. For Cl, with no trace of the het isomer, freezing of
the conformational relaxation may happen at temperatures
lower than 150 K, if there is no accidental band overlap hiding
the het dimer. Therefore, the halogens appear to tune the
diastereomeric dimer relaxation behaviour from easy relaxation
(C1) over hindered relaxation (Br) to early freezing (I). However,
the computed high racemisation barriers invite a reinvestiga-
tion by high-resolution structural methods to verify that the
heterochiral Cl dimer is not present in significant abundance.
All experimental wavenumbers together with the proposed
assignments are listed in Table S16 in the ESL

In summary, there is an excellent match between dispersion-
corrected DFT predictions and experiments for both monomers
and dimers of ortho-halogenated benzylalcohols, once one
accepts that the energetic order of the Tt and Tg conformations
is inverted and more pronounced than predicted, in line with
coupled cluster corrections to the energy sequence.

4 Conclusions

Replacement of an ortho hydrogen in benzyl alcohol by a
halogen atom introduces a new intramolecular hydrogen bond
contact which is more attractive than the weak OH interaction
with the aromatic ring. Somewhat counterintuitively, it also
lowers the relative energy of a (pseudo)planar conformation
which does not profit from this hydrogen bond contact and
which had remained elusive in jet studies of benzyl alcohol.
It does so to such an extent that this structure without internal
hydrogen bonding remains strongly populated in a supersonic
jet expansion, at least for helium as a carrier gas. Its population
can however be depleted by adding a small fraction of argon as
a relaxation promoter.
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Important findings of the present work include:

1. Ortho-Halogenation of benzyl alcohol favours a transiently
chiral conformation with intramolecular OH hydrogen bond to
the halogen.

2. In supersonic jets, a planar and thus achiral conformation
without OH hydrogen bond can be prepared in similar abun-
dance or largely avoided, depending on the collision partner
during the expansion.*” It had remained spectroscopically
elusive for simple benzyl alcohol.>"?

3. A chiral conformation without internal hydrogen bond is
energetically higher than the planar one, although DFT calcula-
tions tend to predict otherwise. Coupled cluster corrections
achieve consistency with experiment. Thus, ortho-halogenated
benzyl alcohols serve as experimental benchmarks*® for pre-
dicted conformational energy rankings.

4. Heavy-atom tunneling between enantiomers, which is
prominent in benzyl alcohol,” is likely quenched by the ortho-
halogenation, as this introduces a sequence of four isomerisa-
tion barriers instead of one.

5. When two ortho-halogenated benzyl alcohols dimerise,
the donor is forced into a chiral conformation without
intramolecular hydrogen bond by the stacking of the two
aromatic rings, whereas the acceptor keeps its intramolecular
hydrogen bond. Aryl-halogen interactions*” appear to be less
decisive.

6. In contrast to simple benzyl alcohol, OH-r hydrogen bond-
ing is not crucial for dimerisation after ortho-halogenation.

7. Heterochiral pairing of two halogenated benzyl alcohol
units becomes increasingly competitive with increasing size of
the halogen atom, whereas homochiral pairing and thus posi-
tive chirality synchronisation'> between the two monomers is
always observed.

8. Preferential homochirality was extensively discussed
for clusters of unsubstituted benzyl alcohol and previously
observed in the solid state of ortho-halogenated benzyl alcohols.
The present work underscores this preference at the molecular
level.

Extension of this work to fluorinated benzyl alcohols,® to
para- and meta-halogenated benzyl alcohols,*>*® and to other
acceptor molecules including persistent organic radicals is
planned. For the latter, ortho-halogenated benzyl alcohols offer
flexible, tunable solvents which control the accessibility of
the radical center including dynamical nuclear polarisation
effects.*
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