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Non-covalent chalcogen bond (ChB) interactions have found utility in many fields, including organocatalysis. To assess the

potential of ChB interactions of the most abundant chalcogens (oxygen and sulfur) in catalysis, the kinetic effect of Sand O

ChBs were experimentally measured using a series of molecular rotors. The rotors were designed to form stabilizing ChB

interactions in their bond rotations in transition states. The lower rotational barriers and increased rates of rotation were

monitored by 2D EXSY *HNMR. Despite the lack of the strong electron-withdrawing groups, a properly oriented sulfur

lowered the rotational barriers of by as much as -7.2 kcal/mol. Oxygen rotors also could form ChB interactions but required

electron withdrawing groups. These findings suggest that ChB interactions can be used to design efficient catalysts for a

variety of reactions. The geometric propensities of the interactions showed that the oxygen and sulfur interactions had

different orbital-orbital components the corresponded to their polarizabilities. The strong correlation between the strength

of the interactions and ESP provides a valuable tool for the rational design of future ChB catalysts.

Introduction

The chalcogen bond (ChB) is an attractive interaction
between an electron-poor region on a chalcogen atom (O, S,
Se, Te) with an electron-rich region of a second group.13
ChBs are relatively new non-covalent interactions. Yet, they
have already found applications in molecular recognition,*7
drug design,810 crystal engineering, 2112 and organic
semiconductors.13 A particularly promising application has
been in organocatalysis.’*17 For example, Matile has
developed a organocatalyst which activates pyridines,
quinolines, and imines for reduction using selenium
chalcogen bonds (Figure 1a).1418 Elsewhere, Smith proposed
that intramolecular sulfur chalcogen bonding interactions
were essential in an isothiourea-catalyzed asymmetric
annulation reaction (Figure 1b).1® Additional examples of
chalcogen bonding promoted or catalyzed reactions include:
enantioselective acylation of alcohols,20-22 hydrogenation,14
bromination,?3 halide abstraction,2* Michael addition,?>
Rauhut-Currier-type reactions,’’” ketone cyanosilylation,26
and Diels-Alder reactions.?”
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Fig. 1 Examples of chalcogen bonding (ChB) interactions in organocatalysis,
highlighting the role of the ChB interaction (dotted line) in the key transition state
or intermediate complexes.181°
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While there have been experimental and theoretical
studies of chalcogen bonding interactions,211.12,28-31 few
have directly examined their abilities to effect reaction
rates3? and kinetics33 via the stabilization of transition states
and intermediates. Most studies have focused on the ChB
interactions of thermodynamically stable structures such as
those in host-guest complexes or self-assembly.>3435 The
stability trends for non-covalent interactions formed in
transition states may differ due to their hypervalent atoms
and distorted bond lengths and angles. Therefore, the goal
of this study was to quantitatively assess the catalytic
abilities of the ChB interaction and compare them to other
common non-covalent interactions used in organocatalysts
such as hydrogen bonding and n = nt* interactions. We were
particularly interested in the smallest chalcogens, oxygen
and sulfur, which are the most abundant and commonly
found in organic frameworks.

Measuring the kinetic effects of non-covalent interactions
is challenging as transition states are unstable structures
that are difficult to probe. In addition, transition state
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structures and mechanisms can change over the course of a
study. Thus, we developed a simple kinetic model system
based on an N-phenylsuccinimide molecular rotor (Figure
2).36-39 Rotation of the central Nimige-Cphenyl Single bond is a
unimolecular kinetic process with a single barrier and a well-
defined planar transition state where interacting groups are
forced close together. Rotors which can form stabilizing
intramolecular ChBs in the TS will have lower rotational
barriers and spin faster. The TS stabilizing effects of the ChB
(Eint) can be quantified by comparing the barrier to control
rotors that cannot form stabilizing TS interactions (Esteric)-
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Fig. 2 Schematic representation of the energy profile of the bond rotation process
that highlights the strategy of isolating the stabilizing chalcogen bonding (ChB)
interactions (E) in the TS by comparison with a steric control rotor which measures
the steric component of the rotational barrier (Egteric)-

We have successfully employed N-phenylsuccinimide
rotors to measure and study the kinetic effects other non-
covalent interactions such as hydrogen bonding and n 2 nt*
interactions.36-39 This provides support for the effectiveness
of the molecular rotors approach and also provides the
opportunity to compare the kinetic effects of the ChB
interactions with other non-covalent interactions that have
been used in organocatalysts.

The larger chalcogens (Se, Te) are known to form stronger
ChB interactions as they are more polarizable which enables
the formation of a larger o-hole. Our main question was
whether the smaller chalcogens (S, O) also had potential in
organocatalysis by measuring their abilities to affect kinetic
processes. While the weaker ChB interactions of sulfur and
oxygen would mitigate their utility, this is offset by their
greater abundance and ease of incorporation into organic
frameworks.

Therefore, our objectives were to employ the molecular
rotors to: 1) measure the TS stabilizing abilities sulfur and
oxygen ChB interactions, 2) examine the influence of
interaction geometry and electron withdrawing groups 3)
compare the kinetic effects of ChB interactions with other
non-covalent interactions and 4) to develop predictive
models to guide researches in designing new ChB
organocatalysts.
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N-phenylsuccinimide sulfur rotors 1 and oxygen rotors 2
were designed to measure the TS stabilizing effects of the
sulfur ChB and oxygen ChB interactions (Figure 3). Due to the
steric interactions of the imide C=0 groups, the rotors
display restricted rotation leading the formation of syn- and
anti-conformers (Figure 3). The imide C=0 groups can also
form TS stabilizing chalcogen bonding interactions with the
sulfur or oxygen atoms in the 2-position of the N-phenyl unit
of rotors 1 and 2.

[o]
(o] N—@ [o) 2 3
N
) = )
{23 \ o
\ \
syn anti
rotor cyclic cyclic acyclic acyclic
type  sulfur oxygen sulfur oxygen control
3 3
-— 2
= :f;] fo;j 23—SCH,  23—OCH; 2§—CHj
1(thiofuran) 2(furan) 1(SCH3) 2(OCHg) 3(CHj)
»{;D {)D $—sPh  §-OPh §—Et
1(benzothiofuran)  2(benzofuran) 1(SPh) 2(OPh) 3(Et)
~N =N .
f\fSJ *{;J $-SCF, $—OCF; §—i-Pr  $—Br
1(thiazole) 2(oxazole)  1(SCF3) 2(0CFs;)  3(-Pr)  3(Br)

{Zj $-0COCH;  §—Cl  §—I

2(2H-furan) 2(0COCHz)  3(Cl)  3(I)

Fig. 3. Conformational syn-anti equilibrium of the N-phenylsuccinimide molecular
rotors 1 arising from bond rotation around the C-N bond. The R-groups are attached
at the 2-position of the N-phenyl unit with the all the cyclic structures which were
fused at the ortho- and meta-positions.

There are two general classes of ChB rotors: cyclic and
acyclic. The cyclic rotors have a chalcogen heterocycle fused
to the 2- and 3-positions of the N-phenyl unit. The cyclic
constraint fixes the geometry of chalcogen atom at the 2-
position into a favorable geometry for the ChB interaction
(vide infra). The acyclic rotors allow greater conformational
freedom of the chalcogen group, and in most cases, the
rotors adopt a poor ChB geometry, with the chalcogen o-
hole is perpendicular to the imide oxygen lone pair. In
addition to exploring the importance of chalcogen atom size
and geometry, variations in conjugation and electron
withdrawing abilities of the groups attached to the sulfur
and oxygen atoms assessed the role of electrostatics and o-
hole size.

To assist in separating the stabilizing ChB and destabilizing
steric components of the rotational barriers, control rotors
3 were designed that lack chalcogen atoms and cannot form
ChB interactions. Therefore, the rotational barriers of rotors
3 provided a direct measure of the steric component. We
have previously successfully utilized this set of control rotors
to isolate the TS stabilizing of n =2 n*,38 n & m(aromatic)??,
and pnictogen interactions.40
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Results and Discussion
Experimental measurements

The new ChB rotors 1 and 2 were synthesized by thermal
condensation of the appropriate ortho-substituted aniline
with cis-5-norbornene-endo-2,3-dicarboxylic anhydride to
form the N-phenylsuccinimide rotors (Figure 4, see ESI
section 2).384041 The imide cyclization reaction is high
yielding, does not require additional reagents or catalysts,
and functional group tolerant, enabling the rapid assembly
of rotors with a variety of chalcogen groups. The structures
of several of the rotors (1(benzothiofuran), 1(thiazole),
1(SPh), 2(benzofuran)) were also confirmed by X-ray
crystallography (ESI). As expected, the steric interactions
between the imide carbonyl and the R-groups in the 2-
position lead to distinct syn- or anti-conformers.

(0]

@i"
0
neat

O Mmoo G — 0 o)
NMP, 110 °C 130°C, 12 h ° R
!

Br NH,

(60 - 80%) (50 - 80%)

Fig. 4 General scheme for the two-step synthesis of the chalcogen rotors.

The rotational barriers (AG*.x,) were measured using 2D
EXSY NMR in TCE-d2. All rotors displayed restricted rotation,
as separate peaks were observed in the NMR spectra for the
syn- and anti-conformers below their coalescence
temperatures (-50 to >140 °C). The rates of exchange
between the syn- and anti-conformers was measured over a
range of temperatures using 2D EXSY of the 1H NMR spectra
of the norborene alkene protons.3840 The resulting AH*e,
and AS*e, values from the Eyring plots were used to
calculate AG*, at a common temperature (298.15 K) to
allow direct comparisons. The error in AG*., was estimated
as * 0.2 kcal/mol based on previous literature
precedence.4243

The NMR measured rotational barriers (AG¥ep) of the
chalcogen rotors varied from 12.0 to 24.2 kcal/mol (Table 1).
In general, the sulfur rotors 1 had higher barriers than the
oxygen rotors 1, which is consistent with the larger size of
the sulfur atoms, leading to greater steric interactions in the
TS. The cyclic rotors had lower barriers than the acyclic
rotors due to the constraints provided by the fused 5-
membered rings moving the chalcogen atom away from the
opposing C=0 oxygen.

This journal is © The Royal Society of Chemistry 20xx

Table 1 Measured parameters (AG*exp, Esteric, Eint) for molecular rotors 1, 2, and 3
and the steric parameter B-value for the R-groups in the 2-position of the N-
phenylsuccinimide rotors. The values for all parameters are in units of kcal/mol.

rotors type AG*ep®  B-valueb  Esteric® Eintd
1(thiofuran) cyclic 14.9 5.2 19.7 -4.8
1(benzothiofuran) cyclic 14.9 5.5 19.9 -5.0
1(thiazole) cyclic 12.0 4.6 19.2 -7.2
2(furan) cyclic 15.0 1.9 17.0 -2.0
2(benzofuran) cyclic 14.9 2.0 17.1 -2.2
2(oxazole) cyclic 12.0 1.5 16.7 -4.7
2(2H-furan) cyclic 15.8 1.6 16.8 -1.0
1(SCH3) acyclic 22.5 8.6 22.4 +0.1
1(SPh) acyclic 21.8 8.3 22.2 -0.4
1(SCFs) acyclic 21.8 8.2 22.1 -0.3
2(OCHs) acyclic 20.2 5.6 20.0 +0.2f
2(OPh) acyclic 18.2 4.2 18.9 -0.7f
2(OCFs) acyclic 17.9 5.5 19.9 -2.0
2(OCOCH3) acyclic 16.3 5.4 19.8 -3.5
3(CHs) acyclic  21.7¢ 7.4 21.4 f
3(Et) acyclic  22.0® 8.7 22.5 f
3(i-Pr) acyclic  23.6° 11.1 24.4 f
3(Cl) acyclic  22.1e 7.7 21.7 f
3(Br) acyclic  23.1e 8.7 22.5 f
3(1) acyclic  23.7¢ 10.0 23.5 f
3(CF3) acyclic  24.2¢ 10.5 23.9 f

ameasured by EXSY 1H NMR. bvalues from literature or calculated (italics)
at the B3LYP / 6-31G*.#* ccalculated from equation 2. dcalculated from
equation 1. evalues previously reported.3840 frotor was used to calculate the
steric trendline.

Confirmation that the rotors formed stabilizing chalcogen
interactions were provided by analysis of the experimental
and computational rotational barriers. The first indications
of the ChB interactions were provided by comparison of
AG*eyp values for structurally similar pairs of sulfur and
oxygen rotors. The barriers for the sulfur rotors were
expected to be higher, due to the larger size and steric
interactions of the sulfur versus oxygen atoms. However,
the more polarizable sulfur atom is known to form stronger
ChB interactions than the less polarizable oxygen atom. 30
Therefore, if the sulfur rotors had similar or lower barriers
than the oxygen rotors, this could be an indication of the
presence of additional TS stabilizing ChB interactions in the
sulfur rotors. This was what was observed when comparing
similar cyclic sulfur and oxygen rotors. For example, the
sulfur rotor 1(thiofuran) and the oxygen rotor 2(furan) had
very similar AG*ex, values (14.9 and 15.0 kcal/mol). The two
other pairs of structurally similar cyclic chalcogen rotors also
had similar barriers that went against the steric trends. The
rotors 1(benzothiofuran) and 2(benzofuran) had the same
barriers (14.9 and 14.9 kcal/mol). Likewise, the rotor pair
1(thiazole) and 2(oxazole) had the same barriers (12.0 and
12.0 kcal/mol).

In contrast, the AG*, values for the acyclic chalcogen
rotors followed the expected steric trends and did not show
evidence of stabilizing ChB interactions. For example, rotor
1(SCHs) had a higher barrier versus the oxygen rotor 2(OCHs)
(22.5 vs 20.2 kcal/mol). The other acyclic sulfur and oxygen
pairs (1(SPh) and 2(OPh), 1(SCFs) and 2(OCFs)) also followed
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the steric trends with the sulfur rotors having a higher
barrier than the oxygen rotors. These initial comparisons
suggest that the cyclic chalcogen rotors form TS stabilizing
ChB interactions. Whereas, the acyclic chalcogen rotors do
not. These conclusions were corroborated by the
computational analyses below.

Computational analyses

Computational studies provided further support for the
formation of TS stabilizing ChB interactions in the cyclic
sulfur rotors and an explanation for the absence of ChB
interactions in the acyclic sulfur rotors. The ground state and
transition state structures were calculated at the B3LYP-
D3/6-311G* level of theory. The ground state structures
were consistent with the x-ray structures. Support for the
accuracy of the transition state structures was provided by
the ability to reproduce the measured barriers (Table 2) with
a good level of accuracy (+1.1 kcal/mol). The accuracy was
similar for rotors which formed and did not form ChB
interactions (see ESI). The level of accuracy and ability to
model TS interactions were consistent with our previous
computational studies of N-phenylsuccinimide rotors.3840

Analyses of the cyclic sulfur rotor TS structures were
consistent with the formation of stabilizing chalcogen
interactions (Figure 5). The distances between the C=0
oxygen and the sulfur atoms (Table 2) were significantly
shorter than the sum of the VDW radii for S and O, which is
3.32 A. For example, the distances (2.535 to 2.580 A) for
1(thiofuran), 1(benzothiofuran), and 1(thiazole) fall within
the range for ChB bonds observed in crystallographic and
theory studies (2.4-3.0 A).83245 These distances were also
similar to the intramolecular chalcogen bonds in the
organocatalysts such as the N-acyl isothiourea systems
highlighted in Figure 1b.32

rotor 1(thiofuran) 2.546 A

rotor 1(SCH3) 2.784 A
b)

C (Y

rotor 2(furan) 2.500 A rotor 2(0CH;) 2.565 A

Fig. 5 a) Comparison of the C=0eeechalcogen TS distances of cyclic rotor
1(thiofuran) and acyclic rotor 1(SCHs). b) Comparison of the C=0eeechalcogen TS
distances of cyclic rotor 2(furan) and acyclic rotor 2(OCHs).

Comparison of the TS conformations of the cyclic and
acyclic sulfur rotors 1 confirmed the importance of the
interaction geometry in forming a strong ChB interaction
(Figure 5). Theoretical studies have shown that a strong ChB
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interaction adopt a geometry where the o-hole of the
chalcogen is aligned with the lone pair of the ChB
acceptor.34647 The TS structures of the cyclic chalcogen
rotors are constrained in a favorable ChB geometry with
near linear OeeeS-C angles from 175° to 178°. This is
consistent with the cyclic 1 rotors forming stabilizing ChB
interactions.

Table 2 Measurements from the calculated TS structures (B3LYP-D3/6-311G*)

rotors angle? distance? NBO® ESPc
QeeeCh- QeeeCh (kcal/mol)  (kcal/mol)
C (A)
(deg)

1(thiofuran) 177.7 2.546 -6.5 12.5
1(benzothiofuran) 177.8 2.535 -6.9 15.0
1(thiazole) 175.1 2.580 -5.8 22.0
2(furan) 152.3 2.503 -0.5 -12.5
2(benzofuran) 151.4 2.500 -0.5 -10.0
2(oxazole) 157.7 2.512 -0.6 7.5
2(2H-furan) 146.6 2.510 0.0 -15.0
1(SCHs) 76.0¢ 2.591¢ 0.0¢ -22.0¢
(160.0)c  (2.784)c (-3.7) (3.0)

1(SPh) 77.1 2.814 0.0 -17.5
1(SCF3) 87.7 2.783 0.0 -14.0
2(OCHs) 74.0 2.565 0.0 -22.5
2(OPh) 75.0 2.527 0.0 -17.5
2(OCF3) 89.7 2.524 0.0 -5.0
2(OCOCH3) 74.7 2.579 0.0 0.5

aCh = oxygen or sulfur. bsecond order NBO perturbation energies calculated
at the wB97M-V/6-311+G* level of theory for the sum of orbital interactions
between the C=0 oxygen lone pairs and the chalcogen atom. ccalculated at the
wB97M-V/6-311+G*level of theory at the position on the chalcogen atom
closest to the C=0 oxygen in the TS. dperpendicular TS of 1(SCHs). eplanar TS
of 1(SCH3).

In contrast, the acyclic sulfur rotors had difficulty adopting
a favorable ChB interaction geometry (Figure 5). The TS
structures of 1(SCHs), 1(CF3) and 1(SPh) had the thioether
group twisted out of the plane of the N-phenyl group. This
perpendicular geometry avoids the destabilizing steric
interactions between the R-group of the thioether and
adjacent C-H groups of the phenyl ring (Figure 6). However
in doing so, the sulfur o-hole is out of alignment with the
oxygen lone pair as the OeeeS-C bond angles were far from
linear (76.0° to 87.7°) as shown in Table 2. The absence of
strong ChB interactions in the acyclic sulfur rotors was
evident from the consistently longer C=0eeeS distances
(2.78 to 2.81 A) in comparison to the cyclic rotors (2.54 to
2.58 A). The shorter distances for the cyclic sulfur rotors are
even more impressive given the framework constraints that
favor the opposite trends. The fused five-membered rings of
the cyclic rotors pull the sulfur away from the opposing C=0
group in the TS due to the smaller Cs-C>-S bond angle
favoring longer SeeeQ distances (Figure 6). By comparison,
the acyclic rotor has larger C3-C,-S bond angles favoring
shorter ChB distances.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 6 Comparison of the geometric variations in the TS structures of the acyclic
chalcogen rotors.

The one outlier in the trends for the acyclic sulfur rotors was
1(SCHs) which has perpendicular and planar TS structures
that are very close in energy. A comparison of the two TS
geometries provided further proof for the importance of
proper alignment of the o-hole in the sulfur ChB interaction.
The planar TS has good alignment of the sulfur g-hole with
the C=0 oxygen with a ChB bond angle of 160°. The presence
of a stabilizing ChB interaction was evident from the short
Seee( distance of 2.59 A. In contrast, the perpendicular TS
had poor alignment with a bond angle of 76° and a much
longer SeeeQ distance of 2.78 A, indicative of a weaker ChB
interaction. While 1(SCHs) has the ability to form a ChB
interaction in the planar TS, the TS stabilizing effects of the
interaction are offset by the additional steric interactions
that are formed by the CHs; and thus, the similarity in the
energies of the perpendicular and planar geometries. For
the other acyclic rotors 1(Ph) and 1(CFs), the destabilizing
steric interactions in the planar geometry are larger and thus
the perpendicular geometry is favored.

Quantitative empirical measurement of the ChB interactions

To better understand the trends and to evaluate its
potential in effecting reaction rates, we quantitatively
measured the magnitude of the TS stabilization by the ChB
interactions. Our approach relies on decomposing the
rotational barrier (AG*ep) into a destabilizing steric (Esteric)
and a stabilizing non-covalent component (Eint). Thus, Eint
can be isolated by subtracting Esteric from AG*e, (equation 1).
Therefore, the key to measuring Ein is to find appropriate
steric control rotors to measure Egeric. In the above studies,
pairwise comparisons were used where the ChB forming
rotors were compared with structurally similar rotors that
either do not form or form weaker ChB interactions. The

This journal is © The Royal Society of Chemistry 20xx

difficulty with this analysis is that there are not always
structurally similar control rotors available for comparison.

Eint = AG*exp— Esteric  (€quation 1)
Esteric = 0.8061(B-value) + 15.47  (equation 2)
Eint = AG¥exp— 0.8061(B-value) - 15.47  (equation 3)

Therefore, a systematic approach was employed to
generate an ideal steric control for each chalcogen rotor.
The barriers from a previously measured series of control
rotors 3 were used to generate equation 2 for Eeric for any
size R-group.3840 Rotors 3 have R-groups that lack a
chalcogen atom and cannot form ChB or other stabilizing
non-covalent interactions with the C=0 group. Thus, we
assumed that their barriers were due only to the steric
component, Eseric. The size of the R-groups in rotors were
guantitatively assessed using Mazzanti’s steric parameter,
B-value (Table 1), which was chosen because the parameter
is based on the rotational barrier of a similar biaryl
molecular rotor.#4 Confirmation of the ability of B-value to
assess the steric size of the R-groups in the N-
phenylsuccinimide rotors as provided by the good linear
correlation of the AG*e, values of rotors 3 with B-value gave
a linear correlation (Figure 7, black filled squares) with B-
value demonstrating that the rotational barriers of the
control rotors 3 were primarily due to the steric size of their
R-groups.

A limitation in the series of control rotors 3 was the lack of
rotors with small R-groups (B-values < 7.4 kcal/mol) that
would be close to the size of the R-groups in the chalcogen
rotors 1 and 2. Therefore, the acyclic oxygen rotors 2(OCHs)
and 2(OPh) were added to the steric control group (Figure 7,
open triangles). We reasoned that these rotors were unlikely
to form ChB interactions as they were acyclic rotors, which
do not adopt the proper TS geometry. In addition, they
contain the least polarizable and smallest chalcogen, oxygen,
which was unlike to form ChB interactions without attached
electron-withdrawing groups.4>48 These hypotheses were
confirmed as the rotational barriers for 2(OCHs) and 2(OPh)
fell on the steric trendline and extended the line to lower B-
values. In addition, all of the ChB forming rotors had barriers
that were lower than predicted by the steric trendline. The
distance from the steric trendline, as calculated using
equation 3, provided the TS stabilization energy by the ChB
interaction.

J. Name., 2013, 00, 1-3 | 5
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Fig. 7 Quantitative analysis of the measured rotational barriers (AG*c,) versus the
steric parameter (B-value) to isolate the repulsive steric and attractive ChB
components of the rotational barriers. The steric trendline (black solid line) was
generated from the control rotors 3 (open black squares) and acyclic oxygen rotors
2(0OCH3) and 2(OPh) (open black triangles). Deviations from the steric trendline on
the y-axis provides a measure of the ChB interaction energy (E;,) for the cyclic sulfur
rotors 1 (filled red circles), acylic sulfur rotors 1 (open red circles), cyclic oxygen
rotors 2 (filled blue triangles) and acyclic oxygen rotors 2 with electron withdrawing
groups (open blue triangles).

A key assumption in the above analysis was that variations
in the rotational barriers were due only to variations in
energy of the TS energies and that the ground state energies
stay constant. This assumption was supported by energy
decomposition analyses (ESI, Section 13) that showed that
the calculated intramolecular TS interactions were strongly
correlated with the experimentally measured interaction
energies. More directly, the excellent correlation (R2= 0.914)
of the AG*., values for the steric control rotors 3 and non-
interacting acyclic oxygen rotors 2(OCHs) and 2(OPh) with
the steric parameter B-value provided strong support for the
ability to accurately model the barriers by examination of
the TS interactions. This assumption was also supported by
our previous studies that used a similar series of steric
control rotors to successfully isolate the stabilizing TS
interactions in the N-phenylsuccinimide rotors.36-40

Equation 3, which is derived from a combination of
equations 1 and 2, was used to calculate the ChB interaction
energies (Eint) for each of the chalcogen rotors (Table 1). The
cyclic sulfur rotors 1(thiofuran), 1(benzothiofuran),
1(thiazole), which had the best o-hole alignment, had the
strongest Einx values (-4.8 to -7.2 kcal/mol) which is
consistent with the formation of strong stabilizing ChB
interactions. In contrast, the acyclic sulfur rotors 1(SCHs),
1(SPh), 1(SCF3) which had poor o-hole alignment had very
small Eint values of 0.1 to -0.4 kcal/mol. Thus, the analysis
provided quantitative data to support our initial pairwise
analyses.

The quantitative analyses also provided the means to
answer the question of whether oxygen can form effective
ChB interactions.*>48 Oxygen is the least polarizable and
most electronegative chalcogen and thus generally forms
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the weakest ChB interactions. However, oxygen is also the
most abundant chalcogen and thus has considerable
potential in ChB catalyst design. The Eint values (-1.1 to -4.7
kcal/mol) suggest that cyclic oxygen rotors 2(2H-furan),
2(furan), 2(benzofuran), and 2(oxazole) form weak to
moderate ChB interactions. However, these Ei.t values have
a higher degree of uncertainty than for the larger sulfur
rotors. The cyclic oxygen rotors have very low B-values (1.5
to 2.1 kcal/mol) which extend below the range of the range
of the experimentally measured B-values (4.2 to 11.5
kcal/mol) for the steric control rotors. Thus, their Ei,: values
are based on extrapolations of the steric trendline which
have higher degrees of uncertainty (See ESI, section 5). For
example, the confidence interval for Ein is 1.0 to 1.5
kcal/molin the low B-value range for the cyclic oxygen rotors
(ESI, Figure S28 regression confidence line), which is similar
in magnitude to the Ei values (-1.0 to -4.7 kcal/mol). So
there was a high degree of uncertainty in establishing that
the oxygen rotors were forming ChB interactions. For
comparison, the confidence interval in the B-value range for
the cyclic sulfur rotors is much smaller £0.6 to +0.8 kcal/mol
especially comparison to the Ei.: values (-4.8 to -7.2
kcal/mol).

To better address the question of whether oxygen can
form ChB interactions, oxygen rotors that former stronger
ChB interactions, which would be outside of our uncertainty
range, were examined. Electronegative and electron
withdrawing groups are known to enhance the strength of
ChB interactions by increasing the size of the o-hole and the
increasing the electrostatic positive charge of the chalcogen
atom.24? For example, the cyclic sulfur rotor which formed
the strongest ChB interaction (Eint = -7.2 kcal/mol) was
1(thiazole) which had an electronegative nitrogen in
conjugation with the chalcogen sulfur atom. The oxygen
rotors with enhanced ChB interactions included cyclic
(2(oxazole)) and acyclic (2(OCF3) and 2(OCOCHs)) rotors.

The Eint values for cyclic oxygen rotors with electronegative
groups showed an enhancement in the strength of the ChB,
which was similar to the enhancement observed for the
cyclic sulfur rotors. The conjugated electronegative nitrogen
in  2(oxazole) strengthened the intramolecular ChB
interaction by 2.7 kcal/mol in comparison to 2(furan) which
lacked the heterocyclic nitrogen. A similar increase of 2.4
kcal/mol was observed for the analogous sulfur pair of
1(thiazole) and 1(thiofuran). More importantly, the strength
of the oxygen ChB interaction was Ein: = -4.7 kcal/mol, which
was larger than the error of the analysis.

Interestingly, the electron withdrawing groups also
enhanced the strength of the ChB interactions for the acyclic
oxygen rotors. For example, the Ein of 2(OCF3) with a CF3
electron withdrawing group was -2.2 kcal/mol lower than
2(OCHs). Likewise, the acetyl group lowered the AG*ey, of
2(OCOCH?3) lower the barrier even further by -3.7 kcal/mol
in comparison to 2(OCHs).

The analogous electron withdrawing group trends were
not observed for in the acyclic sulfur rotors, which provided
insight into the relative contributions of the orbital-orbital
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(n=>0*) and electrostatic components. For the acyclic sulfur
rotors, attaching a CF; group had only a small influence as
the Eint of 1(SCF3) and 1(SCHs), which only differed by -0.3
kcal/mol. The origins of these differences in electron
withdrawing groups trends for the sulfur and oxygen ChB
interactions were investigated further in the next section.
In summary, the oxygen ChB interactions could be
observed and measured by the molecular rotors. Oxygen
formed weaker ChB interactions in comparison to sulfur as
expected. In the absence of electron withdrawing groups,
the oxygen ChB interactions were difficult to observe.
However, with electron withdrawing groups the oxygen ChB
interactions could be as strong as sulfur ChB interactions.

Analysis of orbital-orbital interactions

To assess the magnitude of the orbital component of the
ChB interactions, Natural Bonding Orbital (NBO) analyses
were performed on the TS structures. The second order
perturbation interaction energies of the donor orbitals on
the C=0 oxygen and acceptor orbitals on the chalcogens
were calculated for rotors 1 and 2 (Table 2), providing a
comparison of the n—>¢g* interactions.33° The NBO
interaction energies were consistent with the experimental
observations of the ChB interactions in the sulfur rotors 1. A
stabilizing NBO interaction (-5.8 to -6.9 kcal/mol) was
observed for the cyclic sulfur rotors (1(thiofuran),
1(benzothiofuran),  1(thiazole)), which form ChB
interactions. In contrast, the acyclic sulfur rotors, which do
not form ChB interactions, had negligible NBO interaction
energies (0.0 kcal/mol). The acyclic sulfur rotor 1(SCHs) was
again an exception, as the NBO interaction energies
depended on the TS geometry and the alignment of the
sulfur g*. The planar TS had an NBO interaction energy
similar to the cyclic sulfur rotors; whereas, the perpendicular
TS had an NBO interaction energy of zero.

In contrast, the NBO interaction energies for the oxygen
rotors did not correlate with the observed Ei: values. This is
consistent with the oxygen ChB interaction having a small or
negligible orbital component. The cyclic oxygen rotors had
small NBO energies of 0.0 to -0.6 kcal/mol. Even 2(oxazole)
which showed moderate TS stabilization (Ein: = -4.7 kcal/mol)
had a very NBO energy of only -0.6 kcal/mol. Similarly, the
acyclic oxygen rotor NBO energies were low regardless of
the observed stabilization energies (Eint). For example, even
the oxygen rotors with electron withdrawing groups
(2(OCF3) and 2(OCOCHs)) and modest Ejn values (-2.0 and -
3.5) had negligible NBO energies (0.0 kcal/mol).

This journal is © The Royal Society of Chemistry 20xx
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Fig. 8 Examples of the ESP surfaces generated for the N-phenyl units of rotors
1(benzothiofuran), 1(SCF3), 2(benzofuran), 2(OCF;). The calculations were
performed without the norborene succinimide units to allow visualization of the
interacting surface on the chalcogen atom. The position on the surface of the
chalcogen used to estimate the ESP for each rotor is highlighted with a red arrow
and corresponds to the approximate position of the C=0 oxygen in the TS. The o-
hole of the sulfur R-groups are highlighted with a blue arrow. The oxygen R-groups
did not have clearly defined a-holes.

Electrostatic Potential Analysis

Next, we look for a simple parameter which could
accurately predict the ChB interaction energies. This could
be a useful tool for researchers designing new systems
based on ChB interactions or optimize existing systems. The
variability of the orbital component ruled out the use of NBO
interaction energies. However, the ChB interactions of
oxygen and sulfur rotors all appeared to have a strong
electrostatic component. Therefore, we explored the ability
of electrostatic potential (ESP) to predict the ChB
interactions energies. Of the many electrostatic parameters,
ESP has been shown to be effective in predicting non-
covalent interaction trends as best highlighted by the work
of Hunter.>! ESP describes the electrostatic potential energy
at points on a molecular surface and therefore provides a
measure of interaction energies and geometry.

The ability of ESP to predict the ChB interaction energies
was tested by correlating ESP with the experimentally
measured Eix values. The ESP energies (Table 2) were
calculated at the position on the surface of the chalcogen
atom with the closest contact to the C=0 oxygen in the TS
structures. Examples are shown in Figure 8. The norbornene
succinimide portions of the rotors were deleted because
they blocked the region of the chalcogen unit that was
involved in the ChB interaction.

An excellent correlation was observed between the
chalcogen ESP and rotor Ei,x with an R2 = 0.964 (Figure 9).
The ESP trendline included both sulfur and oxygen rotors
and also the cyclic and acyclic rotor, demonstrating the
generality of the predictive parameter across different types
of chalcogen bonding interactions. Thus, ESP was an
excellent predictor of the ability of ChB interactions to
stabilize the bond rotation transition states.
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Fig. 9 Plot of electrostatic surface potentials (ESP, wB97M-V/6-311+G*) versus the
experimentally measured stabilizing TS interaction energies (E;,) for rotors 1 and 2:
acyclic oxygen rotors 2(OCHs) and 2(OPh) (open black triangles), acylic sulfur rotors
1 (open red circles), cyclic oxygen rotors 2 (filled blue triangles), acyclic oxygen
rotors 2 with electron withdrawing groups (open blue triangles) and cyclic sulfur
rotors 1 (filled red circles).

The ability of ESP to simultaneously predict the ChB
interaction energies of rotors that had strong and weak
orbital components was surprising. For example, the cyclic
sulfur rotors that have a significant orbital component such
as 1(benzothiofuran), 1(thiofuran), and 1(thiazole) fell on
the same ESP trendline as the acyclic rotors that lack an
orbital component such as 2(OCF3) and 2(OCOCHs3). In the
case of the cyclic sulfur rotors, the position on the sulfur
atom used to measure the ESP coincided with the o-hole. An
example is shown in Figure 8 (R = benzothiofuran) where the
ESP position (red arrow) is the same as the og-hole (blue
arrow). However, the ESP position for the other types of
rotors either did not correlate with the o-hole (Figure 8, R
=SCF3) or the rotors laced a o hole (Figure 8, R = benzofuran
or OCF3). Thus, the effectiveness of ESP in predicting the
ChB interaction energies regardless of the degree of orbital
overlap suggest that the ESP values were either providing
some measure of the orbital component or were correlated
with the orbital interaction energies.

The only outlier from the Ein: vs ESP plot (Figure 9, open
red circle) was, again, the planar TS of rotor 1(SCHs). An
analysis of this deviation provided insight in the origins of
the effectiveness of ESP as a predictive parameter. The ESP
value for the planar TS of 1(SCH3) was +3.0 kcal/mol, which
fell well off the trendline. By comparison, the ESP value for
the perpendicular TS of 1(SCHs) was -22.0 kcal/mol which
fell on the trendline. We hypothesized that the differences
were due to ESP analysis only taking into account the TS
stabilizing interactions. This is effective for the majority of
the chalcogen R-groups, which adopt geometries that avoid
strong repulsive interactions. The ESP of the planar TS is
more positive than the perpendicular TS by 25.0 kcal/mol.
This difference is consistent with the planar TS forming a
chalcogen bonding interaction with the imide oxygen;
whereas the perpendicular TS not having the proper orbital
alignment to form an interaction. However, the planar TS of
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1(SCHs) also forms form modest steric interactions (Figure
6a). Therefore, the ESP value does not directly correlate to
the rotational barrier.

Contrasting components of the sulfur and oxygen ChB
interactions

The above analyses revealed that sulfur and oxygen can form
stabilizing ChB interactions, but the interactions differ in the
balance of their orbital-orbital and electrostatic components,
leading to different stability trends. The sulfur and oxygen ChB
interactions both have strong electrostatic components. This is
evident from the ability of the electrostatic parameter, ESP, to
accurately predict the interaction energies, Eint, as shown in
Figure 9. In contrast, the sulfur and oxygen ChB interactions have
different orbital-orbital components as seen from the NBO
secondary perturbation energies as shown in Table 2. The more
polarizable sulfur had a well-defined o* and could form strong
orbital-orbital interactions; whereas the less polarizable oxygen
had a smaller o* and could not form strong orbital-orbital
interactions. The differences in the orbital components are most
clearly perceived in cyclic sulfur and oxygen rotors, which have
their o*-orbitals aligned with the C=0 oxygen lone pairs. The
cyclic sulfur rotors 1 have significant NBO energies (-6.9 to -5.8
kcal/mol) as shown in Table 2. However, the cyclic oxygen rotors
2, which have similar lone-pair to g*-orbital geometries, displace
low or negligible NBO energies (-0.6 to 0 kcal/mol).

The differences in the orbital components are consistent with
the differences in the polarizabilities of the sulfur and oxygen
atoms. The more polarizable sulfur enables the formation of a
significant o*-orbital. This can be seen by a well-formed o-hole
in the electrostatic surface maps of the sulfur groups (Figure 8, R
= benzothiofuran). In contrast, the less polarizable oxygens lead
to smaller o*-orbitals, and the corresponding oxygen o-holes are
not visible in the electrostatic surface maps (Figure 8, R =
benzofuran).

These differences in the orbital-orbital and electrostatic
component of the sulfur and oxygen ChB interactions also explain
the different trends for the acyclic rotors. The significant orbital
component of the sulfur ChB interaction leads to greater
geometric constraints, requiring alignment of the donor lone pair
with the chalcogen ag-hole. The importance of proper geometry
is evident from the large differences in the interaction energies
of the cyclic and acyclic sulfur rotors which have good and poor
o-hole alignments. In contrast, oxygen ChB interactions can
adopt a wider variety of geometries. The electron-withdrawing
effects of substituents are not focused on the g-hole and are
instead distributed more evenly across the oxygen atom surface.

Comparison of ChB with other non-covalent interactions

Our study of ChB interactions wusing the N-
phenylsuccinimide rotors provided the opportunity to
compare with non-covalent interactions. We have
previously measured the TS stabilizing effects of
n—=>1*(C0O),38 n>1(Ph),3” pnictogen bonds,*° and hydrogen
bonding interactions.3® The interactions were measured

This journal is © The Royal Society of Chemistry 20xx



using the same rotor framework and formed interactions
with the same succinimide C=0 oxygens. What differs is the
complementary acceptor group (S, O, N, C=0, Ph, HO) which
has electrostatically positive 1t- or a-hole region.

The relative TS stabilizing abilities of the interactions are
shown in Figure 10. The C=0eeeHO-Ph hydrogen bonds
were the strongest. However, the remaining interactions,
including the sulfur and oxygen chalcogen interactions,
spanned a broad and overlapping range of interaction
energies. The stability trends revealed some general trends.
First, electronegative accepting groups and electron-
withdrawing groups on the accepting groups enhanced the
strength of the interactions. This is consistent with the
interactions originating from donor-acceptor orbital-orbital
and electrostatic interactions. For example, when
comparing different types of pnictogen interactions, the
electron-poor nitrogen of amides forms the strongest
interactions, and the electron-rich nitrogen of amines form
weaker interactions.?© For the n—=>m* interactions, the
electron-poor carbonyl groups form stronger interactions
than phenyl groups.37:38 The same trends were observed for
the ChB interactions. The electron withdrawing groups on
the chalcogen atom such as CFs in rotors 2(OCFs3) or
conjugated electronegative nitrogen atoms in rotors
1(thiazole) and 2(oxazole) increase the strength of the
interaction.

hydrogen bond [ ]
n -> *(CO) ]
n = n(Ph) |
pnictogen [ |
ChB (oxygen) |
ChB (sulfur) I |
-12.0 -9|.0 -sl.o -3:.0 oro 3fo

Eint (kcal/mol)

Fig. 10 Comparison of the TS stabilizing effects (Ejx) measured in the N-
phenylsuccinimide rotors of the oxygen and sulfur chalcogen bonding interactions
in this study (blue bars) versus the previously measured n>1*(C0),? n=>m(Ph),3”
pnictogen,*® and hydrogen bonding interactions3® (red bars).

Conclusions

This study has demonstrated the potential of the chalcogen
bonding interactions of oxygen and sulfur in facilitating kinetic
processes and organocatalysis. Using N-phenylsuccinimide
molecular rotors, the transition state stabilizing effects of
chalcogen bonding interactions were measured and compared.
Rotors with variations in the chalcogen atom orientation and
electron-withdrawing groups were synthesized. The rotational
barriers were measured using dynamic NMR. The formation of
the intramolecular ChB interactions in the bond rotation
transition states were verified from the experimental rotational
barrier trends and computational modeling of the TS structures.
Evidence for the ChB interactions were provided by the short
atom-atom distances and correlation with proper alignment of

This journal is © The Royal Society of Chemistry 20xx

the chalcogen g-hole. The more polarizable sulfur rotors formed
strong ChB interactions as expected. However, the oxygen rotors
could also form ChB interactions if appropriate electronegative
or electron withdrawing groups were present. Given the higher
availability and better-established chemistry for incorporation of
oxygen and sulfur functional into organic frameworks, these
results suggest that new organic catalysts could be designed that
utilize oxygen and sulfur ChB interactions.

The oxygen and sulfur ChB interactions had different
geometric constraints due to the different strengths of their
orbital-orbital components. The sulfur ChB interaction has a
strong orbital component and thus is restricted to geometries
where the lone pair donor orbital is aligned with the sigma-hole
of the sulfur atom. The less polarizable oxygen atom does not
form a significant sigma-hole in our systems and thus does not
have a significant orbital component. However, this allows the
oxygen ChB interaction to form in a wider array of geometries as
the effects of electron withdrawing groups are more uniformly
distributed on the chalcogen atom surface of the less polarizable
oxygen. The ESP energy calculated at the interacting point on the
surface of the chalcogen atom was an excellent predictive
parameter for the strength and geometry of the interaction.
Therefore, ESP can be used in designing and optimizing
organocatalysts and reactions that involve ChB interactions.
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