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Abstract: Prereactive complexes in noncovalent organocatalysis are sensitive to the relative chi-1

rality of the binding partners and to hydrogen bond isomerism. Both effects are present when2

a transiently chiral alcohol docks on a chiral α-hydroxy ester, turning such 1:1 complexes into3

elementary, non-reactive model systems for chirality induction in the gas phase. With the help4

of linear infrared and Raman spectroscopy in supersonic jet expansions, conformational pre-5

ferences are investigated for benzyl alcohol in combination with methyl lactate, also exploring6

p-chlorination of the alcohol and the achiral homolog methyl glycolate to identify potential Lon-7

don dispersion and chirality effects on the energy sequence. Three of the four combinations8

prefer barrierless complexation via the hydroxy group of the ester (association). In contrast, the9

lightest complex shows predominantly insertion into the intramolecular hydrogen bond, like10

the analogous lactate and glycolate complexes of methanol. The experimental findings are ra-11

tionalized with computations and a uniform helicality induction in the alcohol by the lactate is12

predicted, independent on insertion into or association with the internal lactate hydrogen bond.13

p-Chlorination of benzyl alcohol has a stabilizing effect on association, because the insertion motif14

prevents a close contact between the chlorine and the hydroxy ester. After simple anharmonicity15

and substitution corrections, the B3LYP-D3 approach offers a fairly systematic description of the16

known spectroscopic data on alcohol complexes with α-hydroxy esters.17

Keywords: molecular recognition; infrared spectroscopy; Raman spectroscopy; supersonic expan-18

sion; chirality induction; hydrogen bond topology; cooperativity; chlorination19

1. Introduction20

Hydrogen bonds between oxygen atoms involve a strong polarization of the parti-21

cipating chemical bonds and therefore it matters how the :OH group of an added alcohol22

interacts with such a preformed :OH:O: unit. Solvation of the donor :OH (:OH:OH:O:) is23

typically more favorable than additional solvation of the bivalent acceptor :O: from the24

other side (:OH:O:HO:), because the former can be more cooperative [1,2]. In this sense,25

cooperativity wins over symmetric solvation of the two lone electron pairs of the acceptor26

oxygen. Insertion into the :OH:O: unit (:OH:OH:O:) is equivalent to donor solvation, if27

the two :OH groups are chemically identical and independent of each other. If, however,28

the preformed :OH:O: hydrogen bond is intramolecular and strained, insertion can be29

more attractive than donor solvation due to the release of the intramolecular strain in30

the enlarged hydrogen bonded cycle. On the other hand, insertion of the alcohol may be31

kinetically hindered because it involves a hydrogen bond-opening barrier, in contrast to32

more or less barrierless attachment to the :OH:O: unit on its free ends, which has been33

termed addition [3] or association [4]. Therefore, kinetic and thermodynamic control34

of the insertion/association ratio in hydrogen-bonded complexes is of considerable35

interest. The preference is not only controlled by the hydrogen bond energetics at the36

core [5], but also by remote interactions of the organic groups attached to the three37
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Figure 1. Different complexation options between an alcoholic OH and an internally OH:O=C
hydrogen bonded ester, either inserting (red arrow, activation barrier) the alcohol into or attaching
it (green arrow) onto the internal hydrogen bond. FTIR (lower left) and Raman (upper right,
inverted) spectra are combined to elucidate the actual preferences under supersonic jet expansion
conditions. The permanent (black *) and transient chirality (grey *) of the binding partners can
potentially lead to chirality induction processes (dashed arrows).

oxygen atoms. Hence, it may serve as a sensitive probe for London dispersion [6] and38

other interactions between these groups [7,8]. The latter can tip the balance between39

insertion and association in favorable cases. If the preformed unit is chiral, it may induce40

a preferred chirality in the docking alcohol, even if that alcohol is on average achiral.41

This asymmetric or chirality induction is of key importance in organic reactions and42

prereactive complexes may play a relevant mechanistic role. Hence, a study of complexes43

between chiral molecules with intramolecular hydrogen bonds and achiral alcohols in44

supersonic jet expansion addresses several questions. Can the energy gap between45

insertion and association be tuned by chemical substitution? Does thermodynamic46

preference win over kinetic control? Is there an effect of chirality? These questions are47

schematically summarized in Fig. 1.48

In the present study, we focus on all three aspects, by combining benzyl alcohol [9]49

and 4-chlorobenzyl alcohol [10] with achiral methyl glycolate [11,12] and chiral methyl50

lactate [13,14] as hydroxy esters. The monofunctionality of the alcohol minimizes other51

aggregation topologies [15] than insertion and association. We compare the results52

to previous studies of other alcohols [3,16] and phenol [17] in complexes with these53

two hydroxy esters. Where the donating OH group is attached to an aromatic ring,54

size- and conformationally selective vibrational techniques are possible [16,17]. In the55

present work, like in the methanol study [3], the main tool is FTIR jet spectroscopy, but56

important additional insights are obtained from Raman jet spectroscopy, because cooper-57

ative hydrogen bonds may exhibit different intensity patterns for the hydride stretching58

fundamentals in these complementary techniques. Although conformationally selective59

stimulated Raman spectroscopy of selected (typically aromatic) non-volatile molecules60

is starting to become accessible [18,19], we explore the more general spontaneous Ra-61

man scattering variant [20], which also allows for limited volatility of the molecular62

ingredients.63

After describing the experimental and computational methods, we present the64

experimental spectra obtained for binary supersonic expansions in combination with65

uniformly scaled harmonic DFT predictions for the most stable cold 1:1 complexes66
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between the alcohol and the hydroxy ester. This leads to largely unambiguous assign-67

ments of the topologies realized in the 1:1 complexes and to a rough quantification of68

their abundance. From the latter, we draw conclusions about the insertion/association69

preference as a function of chemical substitution and we analyze the possible effect70

of chirality induction in the lactate complexes by comparison to the achiral glycolate71

counterparts. The results might also help to rationalize chirality discrimination involving72

permanently chiral alcohols [16] and they fill a gap in the vibrational characterization of73

chirality recognition phenomena in the gas phase [21], with implications for solution74

phenomena [22,23].75

2. Materials and Methods76

2.1. Experimental Methods77

Gas mixtures of the volatile hydroxy esters (methyl (S)-(−)-lactate (abbreviated78

L, TCI, > 98% and Sigma-Aldrich, 98%); methyl glycolate (G, Alfa Aesar, 98% and79

Sigma-Aldrich, 98%)) and the less volatile aromatic alcohols (benzyl alcohol (B, Alfa80

Aesar, 99% and Sigma-Aldrich, 99%); 4-chlorobenzyl alcohol (C, Sigma-Aldrich, 98%))81

in a large excess of helium (Linde, 99.996%) were prepared by first mixing in the ester82

and then flowing the gas through a heated bed of the aromatic alcohol. This was done83

differently for subsequent FTIR spectroscopy and Raman spectroscopy, but in both cases84

the gas mixture was expanded through a slit nozzle into a vacuum chamber, where85

the expansion was crossed by photons and their absorption (FTIR, ceramic glower) or86

inelastic scattering (Raman, 25 W cw 532 nm laser) was detected (L-N2 coooled InSb87

detector in the IR and L-N2-cooled Pylon CCD camera for Raman).88

In the FTIR case, helium was guided through a coolable saturator, where it picked89

up hydroxy ester molecules, into a 69 L reservoir at 1.5 bar. From there, the mixture was90

led through a channel, in which the aromatic alcohol, deposited on molecular sieve, was91

placed between two poppet valves. From there, it was expanded through a heatable V-92

shaped 60 mm x 0.2 mm slit nozzle. To keep the background pressure low, the expansion93

chamber is connected to a buffer volume (3.6 m3) which was continuously evacuated by94

three vacuum pumps in sequence (500 m3/h total pumping speed). The FTIR spectrum95

was recorded by a Bruker IFS 66 v/S spectrometer with KBr beamsplitter and CaF296

optics, the above mentioned glower as light source and a resolution of 2 cm–1. One97

spectrum consists of 350-500 co-averaged pulses. Further details of the experimental98

setup may be found in references [24] and [25].99

In the Raman case, helium was mixed with the hydroxy ester in a coolable saturator,100

from where the mixture flowed through a heatable saturator, which contained the101

aromatic alcohol, into a reservoir at 1.0 bar. The subsequent continuous expansion took102

place through a heatable 4 mm x 0.2 mm slit nozzle which was located at a distance of103

1 mm (BG, CL, CG) or 1.5 mm (BL) from the laser. Perpendicular to the laser and to the104

gas flow, scattered photons were collected by a monochromator and detected with the105

CCD camera. A resolution of 1 cm–1 was achieved. The expansion was exposed for 4 min106

(BL, CL, CG) or 10 min (BG) and the data were co-averaged over 4 (CL), 6 (BL, BG) or 11107

(CG) exposures. Further details of the experimental setup are described in reference [20].108

2.2. Computational Methods and Nomenclature109

To find the most stable mixed dimer structures and to assign the experimental110

spectra, DFT studies were carried out with ORCA version 4.2.1 [26]. An initial structure111

search was done both manually and with Grimme’s CREST tool [27]. The structures112

found were pre-optimized with the B97-3c functional [28] and then optimized using113

the B3LYP functional [29–31] in combination with D3 dispersion correction [32], Becke-114

Johnson damping [33–36], a three-body term [37] and the def2-TZVP basis set [38].115

Double-harmonic frequency and intensity calculations were added, including Raman116

intensities. The latter were converted into scattering cross sections. The search for117

transition states and reaction paths was done with Turbomole version 7.3 [39,40]. To118
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evaluate the role of London dispersion interactions within this study, local energy119

decomposition analyses (LED) [41,42] were also performed. Computational details can120

be found in the supporting information (Tab. S1).121

Instead of providing each compound with its own (e.g. monomer-based) scaling122

factor, all predicted harmonic OH stretching frequencies were scaled with a uniform123

factor of 0.97 to allow for less biased intersystem comparisons and to cover modes with124

mixed alcohol and hydroxyester character. This factor includes both anharmonicity125

effects and DFT errors. As we will see, two significant digits cover all individual126

assignments, and, more importantly, also the OH:O stretching vibrations for the B dimer127

(homOgπ and hetOgπ [43]) and the analogous C counterparts, to an adequate degree.128

When switching to methanol or phenol, deviations are expected due to differing DFT129

performance and different anharmonicity, but the expectation is that these deviations130

are systematic, rather than erratic, at least in a narrow spectral range. This would be less131

the case if OH:O vibrations were compared to OH:π vibrations [43].132

In the following, mixed dimers will be labelled by the acronym for the alcohol (B or133

C), followed by the ester (L or G). An added i (inserted) or a (associated) denotes the134

topology of the two hydrogen bonds and for the lactate complexes, hom and het are135

used to indicate the relative chirality of the alcohol conformation and the permanently136

chiral ester, as discussed in more detail later on.137

3. Results138

3.1. Vibrational spectra139
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Figure 2. Comparison of experimental IR (upwards) and Raman (downwards) spectra of B(enzyl
alcohol)-L(actate) coexpansions with He and simulated stick spectra (uppermost and lowermost
trace, B3LYP-D3(BJ, abc)/def2-TZVP, double-harmonic approximation, wavenumber-scaled by
0.97, relative intensity based on IR band strength and Raman scattering cross section) of inserted
(red) and associated (green) BL complexes (the darker color corresponds to the more stable
isomer). Shaded areas represent known contributions from homodimers BB (and isomeric BB’),
LL and monomers B, L, as marked with their wavenumbers, leaving unshaded features as the best
candidates for mixed complexes.
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The four binary complexes of interest, BG, BL, CB and CL, appear in the OH-140

stretching infrared and Raman spectra of supersonic expansions involving their compo-141

nents in the He carrier gas. They compete with single component dimers (homodimers)142

BB, CC, GG and LL and because all species are hydrogen bond donors, the correspond-143

ing signals are shifted from the free OH of B and C, and to a lesser extent from the144

internally hydrogen-bonded OH signals of G and L. Furthermore, despite the high145

dilution employed in the expansions, there may be small contributions from trimeric146

aggregates. Therefore, the spectral congestion can be significant.147

Based on previously published spectra of the homodimers BB, GG and LL [3,43]148

and the homodimer spectra of CC (Fig. S4), as well as estimated relative abundances of149

these species based on computed intensities, the known contributions can be marked and150

allow to focus on the new, binary dimer signals. This is shown in Fig. 2 for the (FT)IR and151

Raman (upside down) spectra obtained from relatively concentrated B/L coexpansions.152

Shaded monomer contributions match in wavenumber in the IR and Raman traces, as153

do most homodimers except for the metastable inversion-symmetric BB’, where the154

strong coupling between vibrations (accentuated by the rule of mutual exclusion) leads155

to displaced transitions. There is a single strong peak in both spectra at 3503 cm−1
156

which must be due to a BL complex. If it were dominated by an insertion complex,157

there should be an even more intense, further downshifted Raman signal from the158

in-phase stretching motion of the two OH groups. However, there is only a less intense159

peak at 3461 cm−1 which immediately tells that associated BL complexes dominate over160

inserted complexes. This qualitative assignment can be further supported by harmonic161

wavenumber predictions for the most stable structures, which are uniformly scaled by162
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Figure 3. Comparison of experimental IR (upwards) and Raman (downwards) spectra of B(enzyl
alcohol)-G(lycolate) coexpansions with He and simulated stick spectra (uppermost and lowermost
trace, B3LYP-D3(BJ, abc)/def2-TZVP, double-harmonic approximation, wavenumber-scaled by
0.97, relative intensity based on IR band strength and Raman scattering cross section) of inserted
(red) and associated (green) BG complexes. Shaded areas represent known contributions from
homodimers BB (and isomeric BB’), GG and monomers B, G, as marked with their wavenumbers,
leaving unshaded features as the best candidates for mixed complexes.
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0.97 to best match the known homodimer signals. These suggest that the dominant BL163

peak in the IR spectrum could indeed have overlapping contributions from strongly164

IR-active OH stretching vibrations in hom and het variants of BLi and BLa, whereas the165

insertion/association-discriminating vibrations (upshifted for association, downshifted166

for insertion) are predicted and found to be too weak to be identified. The single, further167

downshifted Raman signal suggests that there is some insertion happening, but clearly168

less than association. There is no evidence for a het/hom splitting (predicted to be small,169

but detectable). This is all one can conclude from the BL spectra: more association than170

insertion, no evidence for the presence of hom and het complexes at the same time.171

To verify the interpretation, it is instructive to remove the chirality center at L by172

switching to G. Superficially, Fig. 3 shows a rather similar situation. Again, the known173

B, G, BB and GG contributions are shaded to focus on the binary complexes. Now, the174

dominant binary peaks do not match in the IR and Raman spectra. This is somewhat175

obscured by a coincidence with the GG signal in the Raman spectrum, but there cannot176

be a significant contribution by BG under that peak. Instead, a strongly downshifted177

BG signal in the Raman spectrum (3453 cm−1) has no significant IR counterpart and178

must be due to an insertion complex. The scaled harmonic predictions confirm that and179

any small BGa contribution would be well hidden behind several homodimer signals.180

Therefore, the removal of the methyl group at the chiral center of L has the qualitative181

consequence of switching from association to insertion, which is quite a remarkable182

effect. Its thermodynamic and kinetic aspects will be analyzed below.183
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Figure 4. Comparison of experimental IR (upwards) and Raman (downwards) spectra of
(4-)C(hlorobenzyl alcohol)-L(actate) coexpansions with He and simulated stick spectra (upper-
most and lowermost trace, B3LYP-D3(BJ, abc)/def2-TZVP, double-harmonic approximation,
wavenumber-scaled by 0.97, relative intensity based on IR band strength and Raman scattering
cross section) of inserted (red) and associated (green) CL complexes (the darker color corresponds
to the more stable isomer). Shaded areas represent known contributions from homodimer CC
and monomers C, L, as marked with their wavenumbers, leaving unshaded features as the best
candidates for mixed complexes.
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The qualitative consequences of such a small chemical change require further em-184

pirical support. Therefore, the benzyl alcohol B is replaced by its para-chloro derivative185

C in Fig. 4 in combination with L. The situation closely resembles the BL case, with a186

single, coincident, dominant IR and Raman signal for the binary complex. No evidence187

for a Raman trace due to an inserted complex may be seen, so we conclude exclusive188

association of C to L. The absence of any splitting of the main peak should not be inter-189

preted as complete relaxation between the hom and het variants towards the more stable190

one (effective chirality induction from L into C), because theory predicts no significant191

splitting in this case.192

Finally, the achiral pairing of C with G is investigated in Fig. 5. Despite some193

homodimer overlap, one can now identify two IR contributions. The higher wavenumber194

contribution is matched in the Raman spectrum, indicative of association, whereas the195

lower and somewhat weaker contribution is not adequately matched when considering196

the expected contribution of a coinciding GG signal. Instead, a downshifted very weak197

contribution may be spotted and indicates a minor insertion signal. Comparison to the198

harmonic predictions of wavenumber and intensity suggests that association is favored199

by at least a factor of two, likely more. Again, as in the BL/BG pair, removal of the200

methyl group at the chiral center appears to promote insertion, but to a lesser degree.201

Somewhat more quantitative conclusions on relative abundances of monomer and202

dimer species can be drawn from a comparison of the experimental signal strengths203

with theoretical intensity predictions in the double-harmonic approximation. These are204

provided in Tabs. S3-S6 in the supplementary information. Despite considerable uncer-205

tainties due to overlap of bands, the intensity error of the harmonic DFT calculations206
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Figure 5. Comparison of experimental IR (upwards) and Raman (downwards) spectra of
(4-)C(hlorobenzyl alcohol)-G(lycolate) coexpansions with He and simulated stick spectra (up-
permost and lowermost trace, B3LYP-D3(BJ, abc)/def2-TZVP, double-harmonic approximation,
wavenumber-scaled by 0.97, relative intensity based on IR band strength and Raman scattering
cross section) of inserted (red) and associated (green) CG complexes. Shaded areas represent
known contributions from homodimers CC, GG and monomers C, G, as marked with their
wavenumbers, leaving unshaded features as the best candidates for mixed complexes.

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 17 December 2021                   doi:10.20944/preprints202112.0289.v1

https://doi.org/10.20944/preprints202112.0289.v1


Version December 17, 2021 submitted to Symmetry 8 of 19

and competitive aggregation, the resulting rough abundance estimates fit well with the207

qualitative conclusions drawn based on the inspection of the spectra.208

In summary, the experimental spectra reveal three preferences for association and209

one for insertion of the (substituted) benzyl alcohol onto/into the hydroxy ester. In two210

instances (BL, CG) there is minor evidence for insertion and in the other two cases (BG211

and CL) only one pattern is observed for insertion and association, respectively, such that212

the four systems nicely explore the balance between these two hydrogen bond topologies.213

This may be compared with methanol [3], where insertion was predominantly observed,214

and with more complex alcohols, where association was preferred in the case of a naph-215

thylethanol [16]. No evidence for the simultaneous occurrence of hom/het complexes216

was observed in the present systems, which may be due to pronounced relaxation into217

the more stable variant, but might also be explained by insufficient spectral resolution in218

this range.219

This diversity of experimental findings calls for a systematic analysis by quantum220

chemical methods. As the scaled harmonic DFT predictions of the vibrational spectra221

performed remarkably well with only minor shifts to the observed bands (Figs. 2– 5),222

one may hope that the employed computational level also gives reliable insights into the223

relative energetics of the isomers and the interconversion barriers between them.224

3.2. Predicted substitution trends225

Several energy trends can be extracted from the comparison of BL, BG, CG and226

CL conformations in Fig. 6 (for a more complete representation, see Fig. S1 in the227

supplementary information). All DFT energies are corrected for zero-point vibrational228

contributions and aligned at zero for the most stable associated complex. This complex229

has a similar structure in all four cases (see Fig. 7), with the alcoholic OH group more or230

less in line with the two hydroxy ester oxygen atoms connected by the intramolecular231

hydrogen bond. For the chiral methyl lactate, the arrangement is such that the extra232

methyl group points away from the aromatic ring, thus minimizing the distance between233

the two molecular backbone planes. This is best realized for the combination of a234

g− conformation of benzyl alcohol with the S-configured (−) lactate, which we will235

arbitrarily call hom(ochiral) in the following. It is equivalent to g+ in combination236

with methyl R(+)-lactate. In all hom structures, the alcohol OH runs parallel to the237

CC bond fixing the intramolecular hydrogen bond. As a consequence, the two oxygen238

atoms of the ester group are relatively far away from the phenyl ring atoms. The239

het(erochiral) pairings g+/S or g−/R are about 2 kJ·mol–1 higher in energy for BL and240

for CL in the associated complexes. They also avoid the extra methyl group at the chiral241

center pointing to the phenyl ring. Instead, the relative chirality of the benzyl alcohol242

switches and the alcoholic OH as well as the ester backbone run more parallel to the para243

axis of the benzyl group. It is not so obvious why this comes with an energy penalty,244

based on the structures alone. This will be discussed below. However, Fig. S1 in the245

supplementary information shows that this energy penalty is already present in the246

achiral G ester (realized in the BGa and CGa isomers 1.8 and 1.6 kJ·mol–1 above the most247

stable structures, respectively, see Fig. 6). It is thus due to the different interactions of the248

enantiotopic faces of G with a given alcohol conformation. When moving to L by adding249

a methyl group, only one of these faces remains sufficiently flat to favorably interact250

with the alcohol. The alternative complex structure, which accepts the methyl group251

pointing to the phenyl ring, is even higher in energy and thus gives way to the better252

alignment of the molecular planes.253

The most stable inserted complexes (Fig. 8) involve a triangular arrangement of the254

alcohol O and the two ester oxygens which sacrifice their intramolecular hydrogen bond.255

They also prefer a homochiral pairing for L, again by about 2-3 kJ·mol–1 but now clearly256

due to the interference of the chirality-generating methyl group with an alignment of the257

ester and phenyl planes in the het case. The intramolecular hydrogen bond arrangement258

does not allow for het stacking while having the extra methyl group pointing away from259
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Figure 6. Vibrational zero point-corrected energy differences (B3LYP-D3(BJ, abc)/def2-TZVP)
between different conformers for the four systems BL, BG, CG and CL. The most stable associated
complexes are aligned at zero and all conformers up to an energy difference of 5 kJ·mol–1 above
that complex are shown. Red (green) colors indicate inserted (associated) structures. Complexes in
which the alcohol is hydrogen bonded to the carbonyl oxygen atom of the ester are marked in grey
and labeled =. A prime indicates structures where the ester conformation or coordination deviates
from the most stable structures. Solid lines are drawn for hom stuctures in which the (S)-(−)-lactate
induces a gauche(−) conformation in the alcohol and dashed lines mark het complexes. The lines
do not imply structural similarity but rather best-in-class property. The connecting line pattern
thus emphasizes the systematic hom preference (chirality induction by L in B and C).
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0 BLa 0 BGa 0 CGa 0 CLa

2.0 CLa2.0 BLa

het

hom

Figure 7. The most stable associated structures for the four systems BL, BG, CG and CL (all
homochiral) and the most stable heterochiral complexes for the lactate cases. Structures observed
in the experiment are framed. The chirality-generating methyl group is highlighted by different
colors.

−2.0 BLi −5.5 BGi −0.7 CGi 2.8 CLi

0.7 BLi 5.0 CLi

het

hom

Figure 8. The most stable inserted structures for the four systems BL, BG, CG and CL (all
homochiral) and the most stable heterochiral complexes for the lactate cases. The experimentally
dominant inserted structure is framed as in Fig. 7, whereas minor observed inserted contributions
are marked by thinner frames.
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the phenyl ring. This is nicely reflected in the angle between the aromatic plane and260

the ester plane. It is only 3-6◦ for all associated complexes, illustrating their ability to261

accomodate for stacking. For the inserted (hom) complexes, it amounts to 14-17◦, because262

the insertion reduces intermolecular flexibility. For the two inserted het complexes (BL263

and CL), the angle between the two planes increases to 46◦ to accomodate the chirality-264

generating methyl group. It appears plausible that this comes with an energy penalty265

for heterochiral insertion and that is what Fig. 8 confirms.266

Relative to the associated complexes, the most stable inserted complexes show a267

large variation in energy (Fig. 6). For benzyl alcohol, there is a 3.5 kJ·mol–1 penalty when268

moving from glycolate to lactate, although the extra methyl group in L points away from269

the aromatic plane. A possible structural explanation is that the extra methyl group can270

undergo less dispersion interaction with the ring in the inserted geometry, compared271

to the associated reference structure. In addition and perhaps more importantly, there272

could be inductive effects of the methyl group on the acceptor strength of the ester273

hydroxy group which give the associated structure an advantage. Interestingly, the274

same insertion penalty is found for C instead of B despite the vicinity of the Cl atom275

and the new methyl group, when moving from G to L, and the structures are indeed276

rather similar to those for B. This supports the through-bond inductive interpretation.277

Remarkably, chlorination of B in the para position has a large (≈ 5 kJ·mol–1) destabilising278

effect on the relative energy of the most stable insertion structures, independent on279

whether the ester is chiral or not. Insertion is perhaps disfavored due to an unfavorable280

interaction of the polar C-H group in the ester with the polar C-Cl bond in the alcohol,281

or association is favored by attraction between the ester group and the C-Cl bond. The282

interplay of these three energy trends among the most stable conformations leads to283

a large energy advantage of BGi over BGa, which is attenuated in BLi and CGi. For284

CLi, where the two insertion penalties add, the association complex becomes even more285

stable than the insertion complex, although it still contains a strained intramolecular286

hydrogen bond.287

Together, these three 2-5 kJ·mol–1-trends nicely explain why BG is the only system288

where the inserted complex dominates in the experimental spectra. For BL and CG,289

the insertion advantage is much smaller, closer to or even within the accuracy of the290

hybrid functional, and the barrier associated with it prevents a dominance of the inserted291

conformers in the jet expansion. They are only observed as minor constituents. For CL,292

insertion is so unattractive due to the unfavorable interaction of C-H with C-Cl and the293

less favorable CH3-ring interaction that only the associated complex is observed.294

It is rewarding that these conclusions from dispersion-corrected B3LYP calculations295

do not change qualitatively when single point energies at DLPNO-CCSD(T) level are296

added (Tabs. 1 and 2). The relative energies typically change by less than 0.5 kJ·mol–1.297

The only exceptions are the BG and CG complexes, where the stability advantage of298

the inserted complex is reduced by 1-2 kJ·mol–1. For BG, this does not change the299

experimental and DFT evidence for the BGi global minimum, whereas for CG, it may300

indicate a switch from CGi to CGa in terms of the global minimum. This would actually301

match the experimental evidence for more CGa species, without having to invoke302

a kinetic argument. In summary, there is a high degree of consistency between the303

experimental findings and the theoretical energy sequences and a significant kinetic304

hindrance for insertion only has to be invoked for BL, where a 1-2 kJ·mol–1 energy305

advantage of BLi is not obvious from the spectra.306
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Table 1. Glycolate-based vibrational zero point-corrected B3LYP energy differences ∆E0 (B3LYP),
electronic B3LYP and CCSD(T) energy differences (∆Eel (B3LYP), ∆Eel (CCSD(T))) and relative con-
tributions of the dispersion correction ∆D3 for the most stable associated and inserted complexes.
Also given are absolute CCSD(T) interaction energies Eint (CCSD(T)) and CCSD(T) dispersion
contributions Edisp (LED) as well as their ratios Edisp/Eint (LED). All energies are given in kJ·mol–1.

∆E0 ∆Eel ∆Eel Eint Edisp Edisp/Eint ∆D3
(B3LYP) (B3LYP) (CCSD(T)) (CCSD(T)) (LED) (LED) (B3LYP)

BGi 0 0 0 –59.2 –38.9 0.66 0
BGa 5.5 7.4 5.8 –42.3 –32.3 0.76 2.2
CGi 0 0 0 –58.9 –39.7 0.67 0
CGa 0.7 2.1 0.9 –47.2 –36.7 0.78 –1.2

Table 2. Lactate-based vibrational zero point-corrected B3LYP energy differences ∆E0 (B3LYP),
electronic B3LYP and CCSD(T) energy differences (∆Eel (B3LYP), ∆Eel (CCSD(T))) and relative
contributions of the dispersion correction ∆D3 for the most stable associated and inserted hom
complexes and their het counterparts. Also given are absolute CCSD(T) interaction energies Eint

(CCSD(T)) and CCSD(T) dispersion contributions Edisp (LED) as well as their ratios Edisp/Eint

(LED). All energies are given in kJ·mol–1.

∆E0 ∆Eel ∆Eel Eint Edisp Edisp/Eint ∆D3
(B3LYP) (B3LYP) (CCSD(T)) (CCSD(T)) (LED) (LED) (B3LYP)

BLi (hom) 0 0 0 –58.6 –40.4 0.69 0
BLa (hom) 2.0 3.4 3.0 –44.2 –33.8 0.76 2.6
BLi (het) 2.7 2.7 2.6 –56.5 –35.6 0.63 5.5
BLa (het) 4.0 5.8 5.5 –41.7 –32.7 0.78 3.3

CLa (hom) 0 0 0 –49.6 –38.0 0.77 0
CLa (het) 2.0 2.3 2.3 –47.0 –36.5 0.78 1.3
CLi (hom) 2.8 1.8 1.9 –58.5 –41.4 0.71 0.5
CLi (het) 5.0 3.8 4.0 –57.5 –36.4 0.63 5.8

3.3. Interconversion paths307

The competition between insertion and association complexes does not only require308

an analysis of their relative energies, but also of the interconversion paths between them.309

This interconversion is illustrated for all four complexes in the supplementary material310

(Fig. S2). It involves a transition state with hydrogen bond bifurcation. Other than in311

conventional bifurcation, where one hydrogen is shared between two oxygens [44], the312

carbonyl oxygen is shared between the two OH groups. The barrier height, as viewed313

from the associated complex, is typically larger than 10 kJ·mol–1, except for BG, where it314

is predicted below 7 kJ·mol–1 and thus relatively easy to overcome even in a supersonic315

jet expansion. This further supports the insertion preference for BG, in addition to the316

energetic driving force. The experimental findings are schematically summarized in Fig.317

9.318

4. Discussion319

4.1. Energy decomposition analysis320

To explain some of the theoretical energy rankings, it is instructive to attempt some321

energy decomposition. For the insertion-association preference, this needs particular322

caution. If one looks at the dispersion contribution to the total interaction energy be-323

tween the alcohol and hydroxy ester fragment, as provided by a LED analysis of the324

DLPNO-CCSD(T) data or similar decomposition schemes, one finds a clear dispersion325

preference for association. Namely, the dispersion contribution (strong and weak pairs326

together) amounts to 76-78% of the total electronic interaction energy for all six associa-327

tion complexes, whereas it varies between 63 and 71% for the six insertion complexes328
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Figure 9. Schematic summary of the experimental findings for the combination of the alcohols
B, C with the esters G, L in terms of insertion (i) and association (a) complexes (circles). The
predicted winning complexes are placed on the edges of the square and the less stable topologies
are placed away from the edges, with connecting lines qualitatively proportional in length to
their predicted energy penalty. If the barrier exceeds 10 kJ·mol–1, the connecting lines are crossed
(||). Observed structures are surrounded by thick circles if dominant and by thin circles if minor.
The observations are consistent with insertion dominating for barriers less than 10 kJ·mol–1, if
association is energetically disfavored.

(Tabs. 1 and 2). In contrast, leaving away the D3 dispersion correction as a very rough329

qualitative approach leads to unsystematic results. It suggests that dispersion favors330

insertion for BG, association for CG and CL, and remains inconclusive for BL. The331

absolute size of the LED dispersion contribution provides yet another picture, clearly332

being larger for insertion in all four combinations (39-41 kJ·mol–1 for the most stable333

insertion complexes) than for association (32-38 kJ·mol–1 for the most stable associated334

complexes). The explanation for these contradictory trends lies in the deformation en-335

ergy to prepare in particular the hydroxy ester for insertion of the alcohol. This is on the336

order of 10 kJ·mol–1 and renders the interaction energy comparison between insertion337

and association complexes less useful than a comparison of total energies. Overall, it338

appears that the influence of dispersion on association vs. insertion is mixed. The large339

difference between BG and CG can be clarified by energy decomposition. The interaction340

energy of the inserted complex differs by less than 1 kJ·mol–1 and so does the dispersion341

contribution. In contrast, the associated CG complex interacts 5 kJ·mol–1 more strongly342

than BG, and more than 4 kJ·mol–1 are due to dispersion interaction. Therefore, the343

exceptional stability of BGi is actually a lack of stability of BGa, which is compensated in344

CGa by dispersion interaction between the Cl atom and the methoxy group of the ester.345

This stabilization of associated complexes by chlorine substitution in para position is also346

active in the CL complexes and contributes to the absence of insertion in experiment.347

More robust conclusions can be drawn for the role of dispersion in chirality induc-348

tion, because the deformation energies should be similar for hom and het pairings, if349

one does not mix insertion and assocation complexes. For BL and CL, the CCSD(T)350

interaction energy is always larger for hom complexes than for the corresponding het351

complexes, by 1-3 kJ·mol–1. This is also true for the total energy, both at CCSD(T) level352

(2-3 kJ·mol–1) and at DFT level (2-3 kJ·mol–1). The contribution of dispersion energy to353

this systematic hom preference is 1-2 kJ·mol–1 for associated complexes, which means354

that dispersion slightly supports the homochirality of the two binding partners, but other355
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interactions do so as well. This fits the somewhat unclear structural situation discussed356

before, where the energetic hom preference was not so obvious. For inserted complexes,357

the situation is different. Here, the dispersion preference for hom is 4-5 kJ·mol–1 and358

thus larger than the total hom preference. The explanation is quite straightforward,359

because in the inserted geometry, het complexes are less coplanar due to the methyl360

group placed between the planes. The hom preference of London dispersion is so pro-361

nounced that without its action, insertion complexes would likely prefer a heterochiral362

arrangement, whereas for association complexes the dispersion influence is quite subtle363

and het complexes would also be disfavored in the absence of London dispersion forces.364

4.2. Experimental evidence for metastable complexes365

After understanding the reasons for heterochiral metastability in these alcohol-366

hydroxy ester complexes, we should briefly come back to the observed spectra. Experi-367

mentally, it is difficult to rule out such het complexes, because their spectra do not differ368

much from the hom variants. At least there are no prominent spectral doublets, even in369

cases where the hom/het spectral splitting is predicted to be significant. A resolution370

of this uncertainty might come from microwave spectroscopy, which should be able to371

unambiguously identify the preferred relative chirality of the alcohol conformation and372

the ester.373

It is also difficult to experimentally rule out anticooperative associated complexes,374

where the alcohol docks on the carbonyl oxygen and competes with the intramolecular375

hydrogen bond to the other carbonyl lone pair (:OH:O:HO:). Small fractions of such376

isomers might be hidden behind homodimer and monomer signals. However, these377

complexes (indicated by = in Fig. 6) are always predicted at least 5 kJ·mol–1 higher378

in energy than the most stable complexes and always less stable than the most stable379

associated complex of a given alcohol-ester combination. This is also the case for380

complexes in which the ester conformation or coordination deviates from the most stable381

structures, denoted with a prime. Furthermore, hydrogen bond coordination of the382

methoxy group was not predicted to be competitive.383

As discussed before, the computed barriers for interconversion between associated384

and inserted complexes are typically larger than 10 kJ·mol–1 and thus help to explain why385

only small amounts (BL, CG) or no (CL) inserted complexes are observed experimentally.386

Only for BG, the barrier is less than 10 kJ·mol–1 (see Fig. S2 in the supplementary387

information for the interconversion path) and the driving force for insertion is so large388

that only the inserted complex is observed and the metastable associated isomer is389

elusive.390

In summary, the predicted energy sequence of the alcohol-ester conformations391

and of the activation barriers for insertion is fully consistent with the experimental392

observation, but experiment cannot strictly rule out small contributions of competing393

isomers.394

4.3. Comparison with other alcohols and phenol395

For methanol (M) in combination with L and G, it was experimentally verified for396

the 1:1 complexes that insertion wins over association, despite the insertion barrier and397

its potential kinetic hindrance [3]. In the present work, we find the same preference398

for benzyl alcohol (B), at least in combination with G. Evidently, the insertion barrier399

is still small enough and the driving force persists. The combination of phenol with L400

also revealed both kinds of aggregation topologies [17]. This is apparently no more the401

case for a larger aromatic, naphthyl-based alcohol [16] (N), where exclusively associated402

complexes are assigned and inserted topologies are expected to be less stable due to the403

less flexible hinge between the monomer units. The chlorinated variant of benzyl alcohol404

C is a borderline case between plain phenyl- and naphthyl-substituted methanols, where405

the associated complex already dominates but the inserted complex may still be detected406

(at least in combination with G). Perhaps, dispersion interaction of the methoxy group in407
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Table 3. Performance of the uniformly scaled harmonic wavenumber prediction ν̃calc for the
experimental bands assigned in this work (left column) and in previous investigations of alcohol -
hydroxyester complexes (right column, P=phenol, M=methanol, N=(S)-2-naphthyl-1-ethanol in
combination with (R)-lactate). For PL, the most stable inserted (i) and the most stable associated
complex (a) are considered. For NL, only the folded OH-addition complex is considered and
adopted for NG. The OH stretching vibrations of the inserted complexes explored in this work are
strongly coupled, resulting in a symmetric (s) and an antisymmetric (as) mode.

label mode (0.97 · ν̃calc − ν̃exp) system label (0.97 · ν̃calc − ν̃exp)
this work /cm–1 /cm–1

BLa 3503 (OHB) –7 PL [17] i (OHP) –3
BLi 3461 (OHs) 0 PL [17] i (OHL) +6
BGi 3497 (OHas) –4 PL [17] a (OHP) +9
BGi 3453 (OHs) –4 PL [17] a (OHL) +44
CLa 3497 (OHC) –5 NL [16] SR1,A (OHN) –1
CGa 3509 (OHC) –4 NL [16] SR1,A (OHL) +25
CGi 3498 (OHas) –3 NG [16] (OHN) –1
CGi 3452 (OHs) –1 NG [16] (OHG) +27

ML [3] 1-Ia (OHM) –22
ML [3] 1-Ib (OHL) –17
MG [3] 0-Ia (OHM) –25
MG [3] 0-Ib (OHG) –30

α-hydroxy esters with distant (para) ring substituents of the benzyl alcohol (including an408

annealed ring for N) represents a generic stabilization motif for association complexes.409

Insertion topologies do not profit from that kind of interaction, because the hydroxy410

ester backbone runs orthogonal to the para-axis.411

If all these topological assignments from experiment are correct, one may expect that412

the uniformly scaled B3LYP-D3 method makes reasonably consistent predictions for the413

observed OH fundamental band positions in the most stable 1:1 complexes of methanol,414

phenol, (chlorinated) benzyl alcohol and 2-naphthyl-1-ethanol. This is explored in Tab. 3,415

with the underlying raw data being listed in Tab. S2 in the supplementary information. In416

the left half, one can see that the eight assignments from the present work indeed match417

the scaled prediction very systematically, with negative deviations of less than 10 cm−1.418

However, no ester-based OH stretching fundamental could be assigned for associated419

complexes due to their weak IR and Raman intensity. Using the same scaling factor, the420

four known inserted complex transitions for methanol [3] are also predicted uniformly,421

but systematically underestimated by 17-30 cm−1. This is actually expected due to a422

systematic substitution dependence of B3LYP calculations for alcohol monomers [45],423

amounting to about 15 cm−1 between methanol and benzyl alcohol and adding to the424

deviation found in the benzyl alcohol based complexes. Therefore, all 12 FTIR/Raman425

band positions for BL, BG, CL, CG, ML, MG are consistent with each other at the B3LYP-426

D3 level. This is also the case for the alcoholic OH stretching fundamental of the most427

stable associated (S)-2-naphthyl-1-ethanol (N) 1:1 complexes with L and G [16], whereas428

there is a considerable mismatch for their ester OH stretch fundamentals. Because there429

is no independent FTIR verification of weakly IR-active ester-localized OH vibrations430

in either B, G, M or N complexes, this unsystematic scaling has to remain open. We431

note that the hydroxyester monomer OH transitions for L and G are off by +25 cm–1 and432

+21 cm–1, respectively, using our uniform theoretical scaling approach. This may offer433

an explanation in the same spirit as for the methanol complexes, although it remains434

unclear why this offset is not found for inserted complexes. Furthermore, it should be435

noted that a uniform scaling factor of 0.97 will necessarily fail for either much stronger436

or much weaker hydrogen bonds, and in particular for isolated alcohol monomers [45].437

It is bound to a relatively narrow range of transition wavenumbers, due to hybrid DFT438
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deficiencies and the harmonic approximation, and even there it can fail for different439

types of hydrogen bond acceptors [43].440

One may finally compare our results to a recent study of inserted and associated441

complexes of phenol (P) with L [17]. We do not compare the structures Ia and IIa442

assigned by Hong et al. (also based on electronic spectroscopy), but instead the most443

stable inserted and associated complex found with the theoretical method used in this444

work, for consistency. These are the inserted structure IIb from reference [17] (marked i445

in Tab. 3) and an associated structure (a) that has not been discussed in that reference and446

is shown in Fig. S3 in the supplementary information. Deviations between theory and447

experiment are again quite systematic for the inserted structure and the alcohol-based448

OH stretching fundamental in the associated complex with differences between –3 cm–1
449

and +9 cm–1. For the monomer-like ester-based OH vibration in the association complex,450

theory again deviates significantly. This pattern occurs for PL, NL and NG and is an451

indication that the simple uniform harmonic scaling approach is skewed for those cases452

in which the intramolecular hydrogen bond of the ester is not broken, in addition to the453

well known methanol case.454

Building on these insights, it is conceivable that more complex alcoholic binding455

partners such as 1-indanol may be better understood in their interaction with hydroxy-456

esters [46]. This may also be true for simple amines [47] and amino alcohols [48,49].457

5. Conclusions458

When the transiently chiral benzyl alcohol forms a complex with methyl lactate,459

it has two decisions to make. Will it insert into the intramolecular lactate hydrogen460

bond in an activated process or will it attach to the hydroxy group without significant461

reaction barrier? Will it adjust to the chirality of the lactate or will this be irrelevant?462

Despite the subtlety of the interaction, different levels of theory suggest that benzyl463

alcohol uniformly adjusts to the lactate chirality, independent on whether the ring is464

para-substituted by chlorine and whether the alcohol inserts into or associates onto the465

lactate. For insertion, this preference is strongly dispersion-driven, for association less466

so, because the hydrogen bond pattern can avoid a conflict with the chirality-generating467

methyl group.468

The question of insertion vs. association finds less uniform answers across methyl469

lactate and its achiral counterpart methyl glycolate. Experimentally, it is clear that in three470

out of the four combinations, association is preferred. Only the combination of benzyl471

alcohol with methyl glycolate prefers insertion, despite the existence of an insertion472

barrier. It is remarkable that a modification as subtle as hydrogen/chlorine substitution473

six bonds away from the interacting OH group of the alcohol changes this preference,474

whereas for example the replacement of OH by SH in benzyl alcohol has much more475

subtle effects on its self-aggregation via hydrogen bonding [50]. The hydrogen bond476

topology switches with chlorination and methylation are in good agreement with the477

theoretical predictions. Dispersion-corrected B3LYP calculations appear to capture all478

essential interactions and only differ in detail from DLPNO-CCSD(T) electronic energy479

checks, beyond the conclusiveness of the experimental spectra due to kinetic hindrance480

issues. Furthermore, a simple, uniformly scaled harmonic prediction of transition481

wavenumbers is remarkably consistent except for a known deficiency for methanol and482

a less well understood deficiency for the intramolecularly hydrogen-bonded OH stretch483

in association complexes. Microwave spectroscopy [47,51] promises to provide finer484

details of the chirality induction processes which these hydrogen-bonded model systems485

exhibit, and which are at the heart of some cases of enantioselective organocatalysis [52–486

54].487

Supplementary Materials: The following are available online at https://www.mdpi.com/article/488

10.3390/sym1010000/s1, Figure S1: Energy scheme, Figure S2: Interconversion paths, Figure S3:489

Associated PL dimer, Figure S4: Experimental IR and Raman spectra of C, Table S1: Computational490

keywords, Table S2: Raw data for the analysis of the uniformly scaled B3LYP-D3 method, Table491
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S3: Relative abundances of species in the BL spectra, Table S4: Relative abundances of species492

in the BG spectra, Table S5: Relative abundances of species in the CL spectra, Table S6: Relative493

abundances of species in the CG spectra.494
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Abbreviations517

The following abbreviations are used in this manuscript:518

519

B Benzyl alcohol
C 4-Chlorobenzyl alcohol
L Methyl (S)-(−)-lactate
G Methyl glycolate
P Phenol
N (S)-2-Naphthyl-1-ethanol
M Methanol
CCD Charge Coupled Device
L-N2 Liquid Nitrogen
DFT Density Functional Theory
CREST Conformer-Rotamer Ensemble Sampling Tool
B3LYP Becke 3-parameter Lee-Yang-Parr density functional
D3 Third-generation Grimme parametrization of density functional dispersion

correction
BJ Becke and Johnson damping function for small interatomic distances
LED Local energy decomposition
DLPNO-CCSD(T) Domain based local pair-natural orbital singles and doubles coupled cluster

with perturbative triples correction
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