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Abstract Supersonic expansions of organic molecules in helium carri-
er gas mixtures are used to synthesize model (pre)reactive complexes at
low temperature. Whether or not barriers for hydrogen bond rear-
rangements can be overcome in this collisional process is not well un-
derstood. Using the example of alcohols inserting into intramolecular
hydrogen bonds of -hydroxy esters, we explore whether dispersion en-
ergy donors can assist the process in a systematic way. Bromo, iodo,
and tert-butyl substitution of benzyl alcohol in the para-position is used
to show that the insertion process into methyl glycolate is controllable,
whereas it is largely avoided for the chiral methyl lactate homologue.
Methyl lactate appears to steer the transient chirality of benzyl alcohol
derivatives in a uniform direction relative to the lactate handedness for
the OH···O=C insertion product, as well as for the competing attach-
ment to the hydroxy group of the ester. A simple rule based on the total
binding energy in relation to the rearrangement barrier is tentatively
proposed to estimate whether the insertion is feasible or not in such
molecular complexes during expansion.

Key words spectroscopy, chirality induction, gas phase reaction, hy-
drogen bond topology, halogenation, -hydroxy esters

At room temperature, weak intramolecular hydrogen

bonds are easily overcome by thermal motion and cannot

serve as kinetic barriers for the outcome of a molecular at-

tachment reaction. This is different for the synthesis of mo-

lecular aggregates in supersonic jet expansions,1 and even

more so in helium nanodroplets,2 where relatively low bar-

riers of the order of a few kJ·mol–1 can effectively block re-

action channels and lead to metastable cluster structures.

One aspect that has not been systematically addressed in

this area of research is the role of the aggregation energy

that is released when the reaction partners meet in the gas

phase and which remains in the collision complex until it is

carried away by further collisions with the atoms of the

carrier gas. In contrast to directional hydrogen bonds, Lon-

don dispersion interactions add to this aggregation energy

in a less specific and fairly universal way, making more en-

ergy available for any rearrangement within the complex.3

Therefore, one may speculate that given enough dispersion

energy, isomerization barriers of increasing size might be

overcome and could give way to the global minimum struc-

ture hidden behind such barriers. The stickiness of London

dispersion would thus give the collisional complex enough

time and energy to overcome a sizeable barrier due to in-

tramolecular hydrogen bonding.

To modify the cohesion between the gas phase reaction

partners, two established strategies are explored in the

present work. One is the popular replacement of hydrogen

atoms by tert-butyl groups;4 the other involves exchange

with various halogen atoms. Moving down the periodic ta-

ble in the halogen group is a frequent exercise in chemistry,

with diverse outcomes due to counteracting trends. For the

van der Waals complexes of hydrogen halides with argon,

the structural preference (head or tail) switches between Br

and I.5 Halogen bonding to the N end of HCN becomes in-

creasingly competitive with hydrogen bonding on increas-

ing the size of the halogen.6 In aqueous solution, methyl ha-

lides have an increasing affinity toward porphyrins and

other hosts.7 In axial–equatorial equilibria of halogenated

cyclohexanes, steric and London dispersion contributions

compete with each other.8 Many other examples could be

added.

In this work, we show that substituted benzyl alcohols

indeed insert into the intramolecular hydrogen bond of -

hydroxy esters in the gas phase,9 if this insertion leads to a

lower-energy structure than does a barrierless attachment.

Counter to previous expectations,1 this may even be the

case if the barrier from the cold complex with the attached

alcohol to the inserted complex exceeds 10 kJ·mol–1.
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Whether the barrier is transmissive or not might depend on

the transiently released cohesion energy of the complex.

Both the driving force and the barrier height are modulated

by para-substitution of the benzyl alcohol with a Br, I, or

tert-butyl group. This is because the insertion channel

moves the ester away from the para-substitution site.10 By

adding a methyl group in the -position of the ester, the in-

sertion product can be further destabilized and the tran-

siently chiral benzyl alcohol is driven into a uniform enan-

tiomeric conformation relative to the now chiral hydroxy

ester. These theoretical predictions are shown to be consis-

tent with experimental findings. Only a systematic study of

several examples can disentangle the uncertainties in theo-

retical driving force and chirality induction predictions and

the experimental evidence for insertion and chirality pref-

erence. The results might also be relevant for prereactive

complexes at more typical reaction temperatures if corre-

spondingly larger barriers maintain kinetic control.

The experimental and quantum-chemical procedures

employed in this work closely follow the initial investiga-

tion of the parent benzyl alcohol and its para-chlorinated

derivative in combination with the simplest achiral and chi-

ral -hydroxy esters.10 We refer to that work for the details

of the supersonic jet infrared and Raman spectroscopy

techniques, and to the Supporting Information (SI) for the

actual spectra obtained and for their assignment (see Fig-

ures S5–S8 for the spectra, Tables S8–S11 for the assigned

band positions, and Table S12 for the experimental condi-

tions), which is based on systematic harmonic shift predic-

tions obtained at the B3LYP-D3(BJ)/def2-TZVP level11,12

with the ORCA 4.0 program suite.13 The experimental out-

come is analyzed in terms of optimized transition states

and reaction paths acquired with the Turbomole 7.3 pack-

age.14 Applied ORCA and Turbomole parameters are listed

in Tables S1 and S2 of the SI. Here, we focus on the correla-

tion of the experimental yield with the theoretical barrier

and with low-temperature exothermicity predictions. The

co-aggregated species are abbreviated G for methyl glyco-

late, L for methyl lactate, and B for benzyl alcohol. Generic

para-halogenation of B is abbreviated H, and specific halo-

genation is indicated by the corresponding element symbol

(Cl, Br, I). p-(tert-Butyl)benzyl alcohol is abbreviated T, and

the previously investigated methanol is abbreviated as M15

(see Figure 1 for an overview of the structures, full names,

and abbreviations of the aromatic alcohols and esters). An

‘a’ is added for the attachment product and an ‘i’ for the in-

sertion product. If the transient axial chirality of the (sub-

stituted) benzyl alcohol has the same sign as the methyl

lactate standard optical rotation [i.e., g– and S-(–)-lactate or

g+ and R-(+)-lactate], we arbitrarily call the complex ‘ho-

mochiral’ (hom); otherwise, it is denoted 'heterochiral'

(het). hom-ILi would thus be the inserted isomer of the (G-

g-) 1:1 p-iodobenzyl alcohol with S-(–)-methyl lactate.

The outcomes of the experiments are concisely summa-

rized in Figure 2 for methyl glycolate and in Figure 3 for

methyl lactate, and they are combined with the key ener-

getic predictions at the B3LYP-D3(BJ)/def2-TZVP level,

namely the zero-point energy-corrected relative energies of

the insertion product (red) and the attachment product

(green, normalized to zero), as well as the reaction barrier

from the attachment perspective.

Figure 2  Computed (B3LYP-D3(BJ)/def2-TZVP) 0 K insertion barriers 
and relative energies in kJ·mol–1 from attachment (a) complexes of alco-
hols B, T, and H with G to the corresponding insertion complexes (i). For 
transmissive barriers (→), insertion dominates (heavy red frame) in the 
experiment; otherwise, it is detected as a trace product (―|, thin frame, 
HGi). Attachment complexes dominate (HGa), survive as a trace (TGa), 
or are not detected (BGa). See the text for further explanations.

Heavy frames drawn around the complex labels indicate

major products and light frames indicate minor products of

the supersonic jet synthesis. The omission of a frame

around the species means that this isomer was not detect-

ed. The quantification is carried out through predicted IR

and Raman cross-sections.10 When the energy calculations

were repeated with the def2-QZVP basis set,12 the relative

energies of minima and connecting transition states

changed by less than 0.6 kJ·mol–1 and the energies for disso-

ciation into benzyl alcohol and hydroxy ester units (dis-

cussed later) rather uniformly dropped by less than 10%

(see SI, Tables S6 and S7). This does not affect the conclu-

sions of this work, and we continue with the consistent

B3LYP-D3(BJ)/def2-TZVP approach for optimized struc-

tures, electronic energies, harmonic zero-point corrections,

Figure 1  Structures, full names, and abbreviations of the aromatic al-
cohols and -hydroxy esters investigated in this work.
Synlett 2022, 33, 2004–2008
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and OH stretching wavenumbers. As shown before,10 DLP-

NO-CCSD(T)/aug-cc-pVQZ16 calculations also do not change

the energetic picture significantly, but they tend to stabilize

the attachment complexes by 1 to 3 kJ·mol–1 (see SI, Tables

S4 and S5).

For the glycolate case, it has previously been shown that

B quantitatively inserts into the hydrogen bond over a low

barrier with a strong driving force.10 T is predicted to in-

crease the barrier substantially and to enhance the driving

force slightly. We found that this leaves a trace of attach-

ment product TGa, but TGi is the dominant product. Thus,

the barrier starts to have some influence. Halogenation

(quite independent of whether it is Cl10 or now Br or I; see

SI, Figure S2) further increases the barrier and essentially

removes the driving force. This still allows for a trace of the

insertion product HGi, but the main product is now HGa.

Depending on the accuracy of the calculations, this obser-

vation can either be interpreted as kinetic hindrance (the

barrier of nearly 14 kJ·mol–1 becoming limiting) or an insuf-

ficient driving force.

On switching from methyl glycolate to methyl lactate,

the OH group becomes a better hydrogen bond acceptor

and, therefore, the attachment to it becomes more attrac-

tive, whereas insertion into the intramolecular hydrogen

bond does not profit as much. For BL, the previous finding

was that insertion is hindered but not completely avoided,10

either due to a higher barrier or a reduced driving force.

Chlorination further increases the barrier and eliminates

the driving force, thereby completely suppressing insertion.

This is confirmed here for Br and I substitution (see SI, Fig-

ure S3). Therefore, no HLi is detected along with HLa. The

effect of T is again to somewhat increase the barrier relative

to B, while conserving the reduced driving force. Experi-

mentally, a small amount of TLi is observed. Therefore, a

barrier of more than 13 kJ·mol–1 does not completely pre-

vent insertion. TLa is now the dominant, but not the exclu-

sive, product. Even if the calculations underestimate the

driving force, insertion over such a barrier is quite notable

and calls for a mechanistic extension of previous findings

for smaller aggregates.1

A remarkable theoretical prediction for the chiral lac-

tate, which is consistent with the lack of experimental evi-

dence for coexisting homo- and heterochiral products with

all benzyl alcohol derivatives, is the prediction of a system-

atic homochiral energy preference. The lactate directs the

incoming benzyl alcohol into a uniform helicity (which is

composed of two torsional angles CC–CO (G) and CO–OH (g)

of the same sign17), regardless of whether it just attaches to

or inserts into the intramolecular hydrogen bond. The in-

sertion case is easy to understand because the heterochiral

combination places the extra methyl group between the

plane of the aromatic ring and the hydroxy ester plane and

reduces their London dispersion attraction. This het desta-

bilization is particularly pronounced for TL. If the chirality

induction were not quantitative, it would give rise to dou-

blets in the relevant IR and Raman spectra, which should

frequently exceed the spectral resolution. Although spectral

congestion and coincidental overlap prevent an unambigu-

ous statement, the fact that such splittings are not observed

for B, Cl, Br, I, and T strengthens the hypothesis that the pre-

dicted chirality induction is indeed active in the supersonic

jet experiment.

The experimental barrier-crossing success can be com-

pared with the calculated barrier height and the energy

that is internally released when the alcohol docks onto the

OH group of the hydroxy ester to form an attached complex

(Figure 4). The zero-point corrected binding energies of the

complexes relative to the most stable monomer conforma-

tions are listed in Table S3 of the SI. If only 25% of that ener-

gy is used to cross the barrier, it is possible to rationalize

why inserted complexes dominate the jet expansion for BG

Figure 3  Computed (B3LYP-D3(BJ)/def2-TZVP) 0 K insertion barriers 
and relative energies in kJ·mol–1 from transiently homochiral attach-
ment (a) complexes of alcohols B, T, and H with L to the corresponding 
insertion complexes (i). Insertion is at best detected as a byproduct 
(thin red frame) in the experiment. Lines connect the homochiral com-
plexes to the energy of their metastable heterochiral counterparts. See 
the text for further explanations.

Figure 4  Comparison of the binding or negative dissociation energy 
―D0 released when the alcohols M, B, T, Cl, Br, and I attach to the hy-
droxy esters G and L (full bars), and one quarter of it (colored bar sec-
tions), with transmissive (→) and blocking (―|) barrier heights for 
insertion. All values are computed at the B3LYP-D3(BJ)/def2-TZVP level 
and include a harmonic zero-point correction. For M, the barriers are so 
low that transmission is granted (see SI, Figure S4). For the heavier sys-
tems, it is observed that transmission to a downhill insertion complex is 
dominant when the barrier does not exceed about one quarter of D0.
Synlett 2022, 33, 2004–2008
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and TG, whereas the halogenated glycolate complex HG and

all lactate complexes would need more than 25% of the at-

tachment energy to insert. In those cases where trace

amounts of insertion were still detected, the fraction is

around 30% and the process is predicted to be at least

slightly exothermic. It was shown that even for the unsub-

stituted systems, London dispersion typically accounts for

75% or more of the total interaction energy for the attach-

ment products.10 Furthermore, para-chlorination at the

benzyl alcohol was shown to lead to a significant enhance-

ment of the dispersion interactions in the attachment pro-

cess. The energy freed upon attachment can thus be modi-

fied by substitution, but this also affects the barrier to in-

sertion, because the inserted complex removes the close

interaction of the ester with the para-position of the benzyl

alcohol. The comparison of a fraction of the binding energy

of the attachment complex (empirically 25% in the present

systems) with the unimolecular barrier to be overcome for

insertion is a plausible approach, given that the density of

states at this energy and the statistical reaction rate at the

barrier threshold will be very slow. It has to be accelerated

by substantial excess energy to be relevant on the microsec-

ond timescale of supersonic expansions. However, this can-

not be more than a rough and tentative rule of thumb that

requires further evidence.

Because most of the conclusions have been derived

from experiments in combination with harmonic B3LYP-

D3(BJ)/def2-TZVP predictions, it is advisable to analyze

higher-level DLPNO-CCSD(T)/aug-cc-pVQZ energy calcula-

tions at the B3LYP-D3(BJ)/def2-TZVP-optimized minimum

structures, including an analysis of the London dispersion

part of the interaction energy between the fragments. Fig-

ure 5 shows the computed substitution dependence of the

insertion preference over attachment (black) and the dis-

persion energy contribution to this preference, through the

interaction energy difference of the fragments (red, LED

scheme)18 for G and L complexes. Because the total energy

includes deformation energy whereas the interaction ener-

gy does not do so, the trends in the curves are more signifi-

cant than the absolute values.10

The black curves show that the extra methyl group in L

systematically destabilizes insertion over attachment,

largely by increasing the hydrogen bond-accepting capabili-

ty of the OH group. They also show that halogenation desta-

bilizes insertion for G and L, and that this preference is al-

most the same for het (dashed, species not observed in ex-

periment, because they are less stable independent on

attachment or insertion) and hom pairings for L.

This parallel behavior of het and hom pairs is actually

the consequence of a cancellation effect, as shown by the

dispersion contribution to the preference (in red). For G, the

black and red curves run closely parallel, so that any London

dispersion preference for insertion is reflected in the total

energy difference (black). For L, the red curve runs much

higher in the hom case, where the two molecular planes

can align well with each other in the insertion complex.

This dispersion advantage is evidently counteracted by oth-

er contributions, such as repulsion. In the het case, the chi-

rality-generating methyl group prevents an alignment of

the planes, and thus the dispersion advantage of insertion

is lost to a large degree. Because this also reduces repulsive

forces, the overall insertion preference for het pairs is simi-

lar to that for hom pairs, despite the large hom preference

for dispersion.

Another interesting detail is seen when comparing Cl

with Br. While the total energy indicates more attachment

preference for Br, the dispersion contribution uniformly

suggests less attachment preference for Br. It will be inter-

esting to see how this divergence between the London dis-

persion contribution and the total energy develops for I.

The following qualitative picture is thus proposed:

during the formation process of the attachment complexes

in the early stage of the expansion, some of the aggregation

energy is removed by carrier gas collisions to stabilize the

aggregate. The remaining excess energy is needed to drive

the isomerization reaction over the barrier, before it is car-

ried away by further strong collisions or it is transferred to

a slow carrier gas atom during the exothermic insertion.3,19

In any case the rule1 that supersonic relaxation is hindered

by barriers of more than about 5 kJ·mol–1 has to be adapted

for the aggregation of larger molecules, particularly when

combined with a downhill process.

Whether or not it is possible to derive a general low-

temperature gas phase synthesis principle in which reac-

tion barriers can be overcome by adding dispersion-energy

donors to the reactants20 remains to be seen. With appro-

priate placing, these auxiliary substituents might even be

able to open specific reaction channels preferentially. For

true reactions, it would, however, be necessary to mix the

Figure 5  DLPNO-CCSD(T)/aug-cc-pVQZ energy differences between 
insertion and attachment at the B3LYP-D3(BJ)/def2-TZVP-optimized 1:1 
complex structures. The lines connect different substitutions at the 
para-position of the benzyl alcohol. Dashed lines show the values for 
het pairings in the case of L. The London dispersion contribution to the 
interaction energy difference (LED scheme) is plotted in red and the to-
tal electronic energy is plotted in black. See the text for further explana-
tions.
Synlett 2022, 33, 2004–2008
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reactants in or immediately after the nozzle, because other-

wise the reaction might already proceed nonspecifically in

the stagnation chamber before the nozzle.

There is one caveat for the insertion process of benzyl

alcohol derivatives into -hydroxy esters, which requires

future computational investigation. We have so far assumed

that isomerization proceeds directly from the (hot) at-

tached isomer to the inserted isomer, because these are the

species that are detected spectroscopically. It is conceivable

that insertion preferentially exploits a lower barrier from

another isomer of the 1:1 complex that is transiently

formed near the nozzle. A systematic investigation of the

network of transition states between the local minima in

such alcohol/hydroxy ester complexes is currently under-

way.21 Also, it would be helpful to structurally investigate

some of the discussed complexes by rotational spectrosco-

py,22 to further verify the validity of the computational ap-

proaches and the propensity toward different isomers. Fi-

nally, extensions of this analysis to other hydroxy com-

pounds, such as achiral phenols23 or permanently chiral

aromatic alcohols,24 would be of interest.
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