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Aromatic Interactions in Organocatalyst Design:
Augmenting Selectivity Reversal in Iminium Ion Activation
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Abstract: Substituting N-methylpyrrole for N-methyindole in
secondary-amine-catalysed Friedel–Crafts reactions leads to
a curious erosion of enantioselectivity. In extreme cases, this
substrate dependence can lead to an inversion in the sense
of enantioinduction. Indeed, these closely similar transforma-
tions require two structurally distinct catalysts to obtain
comparable selectivities. Herein a focussed molecular editing
study is disclosed to illuminate the structural features re-
sponsible for this disparity, and thus identify lead catalyst
structures to further exploit this selectivity reversal. Key to

effective catalyst re-engineering was delineating the non-co-
valent interactions that manifest themselves in conforma-
tion. Herein we disclose preliminary validation that intermo-
lecular aromatic (CH–p and cation–p) interactions between
the incipient iminium cation and the indole ring system is
key to rationalising selectivity reversal. This is absent in the
N-methylpyrrole alkylation, thus forming the basis of two
competing enantio-induction pathways. A simple l-valine
catalyst has been developed that significantly augments this
interaction.

Introduction

Organocatalysis intermediates are excellent platforms from
which to study the non-covalent interactions that control bio-
molecular structure and function.[1, 2] This is particularly true for
the a,b-unsaturated iminium salts derived from the MacMillan
imidazolidinones (e.g. 1 + 2!3 ; Figure 1).[3] Unsurprisingly, the
conformational behaviour of these phenylalanine derivatives is
governed by intramolecular CH–p and p–p interactions; these
are pervasive in larger proteins that are rich in aromatic amino
acid side chains.[4] Consequently, investigating the role of non-
covalent interactions in controlling the conformation and reac-
tivity of iminium ion intermediates has become a vibrant

aspect of covalent organocatalysis.[1, 5–7] The enantioselective
Friedel–Crafts alkylation of N-methylpyrrole developed by Mac-
Millan and co-workers[8] has emerged as a valuable catalysis
manifold for such investigations.[9, 10] This system is well be-
haved, with intentionally disruptive structural changes mani-

Figure 1. The organocatalytic Friedel–Crafts reactions of N-methylindole 4
(left) and N-methylpyrrole 5 (right).
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festing themselves in decreased enantioselectivities. However,
studies from this laboratory, and also from Seebach and Gro-
šelj, have revealed that switching from N-methylpyrrole (5) to
N-methylindole (4)[11, 12] causes a severe erosion of the enantio-
selectivity.[13] Often even modest structural modifications to the
catalyst can result in an inversion in the sense of enantio-in-
duction (Figure 1).[14] Motivated by this intriguing selectivity
disparity, and the likely interplay of directing non-covalent in-
teractions in catalysis, a molecular editing study of catalyst
1 was initiated to 1) delineate the structural features responsi-
ble for this unprecedented induction mode, and 2) generalise
the phenomenon.

Whilst studying intermolecular interactions in the reactive
iminium ion intermediate 3 by classical spectroscopic and crys-
tallographic techniques[15] is now well established in mechanis-
tic organocatalysis, the study of intermolecular interactions be-
tween the iminium ion and substrate remains challenging.[16]

Nonetheless, it seems reasonable that such a scenario may be
operational in this case.

Just as the syn-methyl group of the imidazolidinone core
can interact with the proximal phenyl ring in a stabilising, in-
tramolecular CH–p interaction (Figure 2; upper right),[10a, 15] it is

conceivable that an analogous, intermolecular interaction
might occur with highly electron rich Friedel–Crafts substrates
such as N-methylindole (Figure 2).[17] Such an intermolecular in-
teraction (Path I) may then give rise to a directing effect which
competes with conventional steric induction (Path II).[18] This
phenomenon would manifest itself in severely diminished
enantioselectivity, and in some cases invert the inherent sense
of enantio-induction. The differing steric and electronic signa-

tures of the side-arm benzyl ring (intramolecular interaction),
N-methylpyrrole and N-methylindole (intermolecular interac-
tions) may be a clue to this phenomenon. Consequently, the
traceless quadrupole moment tensors orthogonal to the aryl
ring (Qzz) were calculated, revealing that for N-methylpyrrole
Qzz =¢4.10, N-methylindole Qzz =¢4.94 (5-membered ring)
and ¢5.10 (6-membered ring) (Figure 2, lower).

Further evidence implicating the six-membered ring of N-
methylindole as being key to this selectivity difference can be
gleaned from structural biology and computational studies. Ar-
omatic interactions involving the indole-containing amino acid
tryptophan are known to be crucial in controlling protein
structure.[19] Computational analyses by Macias and MacKerell
have concluded that CH–p interactions to the six-membered
ring of tryptophan are stronger than to all other aromatic
amino acid side chains.[19d] Furthermore, a computational study
of methane–indole complexes by Sherrill and co-workers dem-
onstrated that interactions with the six-membered ring of tryp-
tophan are favoured over those with the five-membered
ring.[20] Together with the quadrupole moment differences,
these observations make a compelling argument for the im-
portance of an aromatic interaction to rationalise the selectivi-
ty variation in switching from N-methylpyrrole to N-methylin-
dole. Consequently, an aromatic directing model can be envis-
aged to account for the addition of the nucleophile to the
more sterically congested face of the transient iminium p-
system.[21] Whilst the concepts of electronic versus sterically
controlled selection is well established in secondary amine cat-
alysis,[22] it is traditionally associated with hydrogen-bonding
ensembles, in contrast to this postulate.[23]

To validate this notion, a focussed molecular editing study
was performed[24] to identify the structural features that influ-
ence enantioselection in the alkylation of N-methylindole
(Figure 3). Specifically, the side-chain region of the correspond-

ing amino acids (R1) and the aminal substituents (R2 and R3)
were modified to subtly disrupt the (intramolecular) aromatic
interaction that is important in orchestrating induction in the
N-methylpyrrole alkylation.[21] This intuitive observation stems
from the highly delocalised nature of the iminium cation,[25]

and the well-described preference of the pendant phenyl ring
to align proximal to the syn-methyl group of the first-genera-
tion catalyst (R1 = R2 = Me). Since the Friedel–Crafts alkylation

Figure 2. Upper: A directing model to account for the lower enantioselectiv-
ity and/or reversal of selectivity in the organocatalytic Friedel–Crafts alkyla-
tion of N-methylindole (Path I) versus N-methylpyrrole (Path II). Lower: The
traceless quadrupole moment tensor (Qzz) of N-methylindole (4) and N-meth-
ylpyrrole (5). Qzz calculated using DFT (TPSS/def2-TZVP).

Figure 3. Molecular editing of the MacMillan first-generation catalyst to
identify the structural features responsible for selectivity reversal in the Frie-
del–Crafts alkylation of N-methylindole.
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of N-methylpyrrole catalysed by the first-generation MacMillan
catalyst does not display this reverse selectivity tendency, this
transformation was performed in parallel with the N-methylin-
dole alkylations as a control.

Results and Discussion

Since non-covalent interactions manifest themselves in confor-
mation, systematic variation of positions R1, R2 and R3 was per-
formed to disrupt the optimised geometry of the core first-
generation structure (Figure 4). Moreover, the strategic use of

pentafluorophenyl and trimethoxybenzene rings (Qzz = + 3.01
and ¢5.68, respectively) was employed to further delineate the
role of the shielding group and probe for the involvement of
a cation–p interaction (Table 1).[9c, 21]

Initially, a series of imidazolidinone organocatalysts (1 and
6–20) were prepared which differ in sites R1, R2 and R3

(Figure 4). A number of these catalysts are commercially avail-
able or their syntheses have been described elsewhere.[9c, 26]

Full details are provided in the Supporting Information.
Targets 7–14 were conceived based on the first-generation

catalyst structure. Catalysts 7–10 were designed to distort the
position of the key hydrogen atom implicated in the stabilising
cation-.p interaction,[9c, 10a, 21] whilst retaining its proximity to
the aryl ring. Since the syn-methyl group plays a pivotal role in
catalysis, a logical control structure was that with the entire

geminal-dimethyl moiety deleted (7). Re-introducing this fea-
ture in the form of a spiro compound (4-, 5- and 6-membered
rings, 8–10, respectively) would allow the effect of subtle
changes in geometry to be probed: should this interaction be
important in catalysis then any disruption would likely mani-
fest itself in decreased selectivity. Similarly, by homologating
the arm of the shielding group (11), the system would no
longer benefit from the characteristic pre-organised geometry
of the parent iminium salt (Figure 2). It was envisaged that the
(diphenyl)methyl moiety of catalyst 12 might simultaneously
interact with the syn-methyl group and the pendant iminium
chain, thus satisfying both cation–p sites.[9c, 21, 25] Recently, we
have established that electronic modulation of the aryl shield-
ing group has profound effects on the conformation and reac-
tivity of the first-generation iminium salts.[9c] Consequently,

Figure 4. The catalyst library (1 and 6–20) investigated in the organocatalyt-
ic Friedel–Crafts alkylation of N-methylindole (4) and N-methylpyrrole (5).

Table 1. Application of catalysts 1 and 6–20 in the enantioselective Frie-
del–Crafts alkylation of N-methylpyrrole (5) and N-methylindole (4).[a]

R1 Qzz R2 R3 e.r.[b]

pyrrole 5
e.r.[b]

indole 4

1 Ph ¢3.46 CH3 CH3 92:8 65:35
2 Ph ¢3.46 H H 60:40 54:46

3 Ph ¢3.46 61:39 56.5:43.5

4 Ph ¢3.46 86:14 67:33

5 Ph ¢3.46 67.5:32.5 62:38

6 ¢3.46 CH3 CH3 69:31 36.5:63.5[c]

7 ¢3.46 CH3 CH3 75.5:24.5 60.5:39.5

8 ¢5.68 CH3 CH3 97:3 73:27

9 + 3.01 CH3 CH3 83:17 40:60[c]

10 Ph ¢3.46 tBu H 92.5:7.5 88:12
11 Ph ¢3.46 H tBu 54:46 50:50

12 ¢5.68 tBu H 92:8 77:23

13 ¢5.68 H tBu 68:32 58:42

14 + 3.01 tBu H 77:23 84:16

15 + 3.01 H tBu 67:33 45:55

16 glycine N/A[d] H tBu 33:67 23.5:76.5

[a] Full experimental details are provided in the Supporting Information.
[b] The product aldehydes were reduced in situ and the enantiomeric
ratios were determined for the corresponding alcohols. [c] Selectivity re-
versal observed. [d] N/A = not applicable.
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compounds 13 and 14 would serve as electronic extremes of
the parent catalyst (13 Qzz<0 and 14 Qzz>0). Finally, this pro-
cess was repeated for the second- generation catalyst furnish-
ing the diastereomer pairs 6/15, and for the electronically
modulated systems 16/17, and 18/19. Finally, the gylcine deri-
vate 20 was prepared as a control catalyst.

Collectively, it was envisaged that this library of electronical-
ly modulated, homologated, truncated or rigidified analogues
would effectively probe the spacial and electronic factors that
underpin this tentative induction model. Gratifyingly, a number
of these catalyst salts were crystalline (9, 10, 13, 14 and 18)
and could be characterised by single-crystal X-ray analysis
(Figure 5).[27]

In the Friedel–Crafts alkylation of N-methylpyrrole with
trans-cinnamaldehyde catalysed by the first-generation ana-
logues (Figure 1), the parent catalyst (R1 = Ph,[8] Table 1, entry 1)
gave encouraging levels of enantioselectivity at ambient tem-
perature (e.r. 92:8).

Complete deletion of the gem-dimethyl motif (entry 2, R2 =

R3 = H) resulted in a dramatic reduction in selectivity (e.r.
60:40). This may be attributed to the removal of a key structur-
al feature required for the cation–p interaction, but is more
likely a consequence of the alleviation of A1,3-strain in the in-
cipient iminium ion leading to an geometric (E/Z) mixture in
which both faces are accessible to the nucleophile.[9a]

Substituting the gem-dimethyl group by cyclic systems in-
stalled flanking C¢H units to engage in a cation–p interaction,
but introduced geometric constraints including restricted tor-
sional rotation (fH-C-C-N), and contracted C-C-C bond angles
(Table 1, entries 3–5). The highest levels of enantioselectivity
were found with the cyclopentane derivative 9 [(oxetane (e.r.
61:39), cyclopentane (e.r. 86:14), cyclohexane (e.r. 67.5:32.5)] .
One carbon homologation of the shielding group proved to
be detrimental to selectivity (e.r. 69:31, entry 6) as did installing
a diphenylmethyl substitutent (e.r. 75.5:24.5, entry 7). Electronic
modulation augmented the enantioselectivity considerably

with the more electron-rich trimethoxybenzene derivative
(entry 8, Qzz =¢5.68) delivering the product with the highest
enantioselectivities of the study (e.r. 97:3).[9c, 21] In contrast, the
electron-deficient pentafluorophenyl analogue (Qzz = + 3.01)
gave a notably lower selectivity (entry 9, e.r. 83:17). This obser-
vation is consistent with the notion that cation–p interactions
are enhanced in electron-rich systems (Qzz<0, Figure 6). Conse-
quently, the pentafluorophenyl group has found widespread
application as a mechanistic tool to assist in exposing interac-
tions of this type in biological settings.[28]

Analysis of second-generation MacMillan imidazolidinone
scaffolds also proved instructive (Table 1, entries 10–16). A
simple inversion of the aminal stereocentre caused a dramatic
loss of selectivity (e.r. 92.5:7.5!54:46, entries 10 and 11 re-
spectively). Finally, to examine the effect of the electronic
changes to R1 on catalysis, both diastereomers of the trime-
thoxyphenyl and pentafluorophenyl catalysts were investigat-
ed (16 and 17, 18 and 19, entries 12–15). Again, the configura-
tion of the aminal centre was the prevailing factor in confer-
ring induction, with the syn derivatives furnishing the highest
levels of enantioselectivity (e.r. 92:8 versus 68:32, entries 12
and 13; e.r. 77:23 versus 67:33, entries 14 and 15). The reac-
tions also showed a clear dependence on the electronic nature
of the aryl ring, with the trimethoxyphenyl system outperform-
ing the pentafluorophenyl (e.r. 92:8 versus 77:23, entries 12
and 14). In the control experiment with the glycine derived
catalyst 20 (entry 16), in which the only source of chiral infor-
mation in the aminal centre, comparable selectivity was ob-
served as for 19 (entry 15). This suggests that the pentafluoro-
phenyl substituent is not essential for enantioselective cataly-
sis. This observation also provides additional support to an ear-
lier conclusion that the corresponding fluorinated iminium salt
has a varied conformational behaviour often populating the
conformer in which the aryl ring is distal from the core (Cipso-C-
C-N+ ca. 1808).[9c]

Many of these general trends were observed in the analo-
gous reactions with N-methylindole. Deletion or replacement
of the gem-dimethyl group was detrimental to selectivity
(Table 1, entries 2–5), although slightly improved levels of in-
duction were noted with the cyclopentane system (entry 4, e.r.
67:33 versus 65.5:34.5): this is consistent with the N-methylpyr-
role alkylation. Homologating the side chain by one methylene
unit led to an intriguing reversal in the sense of enantioselec-
tivity compared to the first-generation catalyst (e.r. 36.5:63.5

Figure 5. X-ray crystallographic analysis of catalysts 9, 10, 13, 14 and 18.
Thermal ellipsoids shown at the 50 % probability level.[27]

Figure 6. The components of the traceless quadrupole moment tensor or-
thogonal to the aromatic ring (Debeye-ængstrom, Qzz) are given for the cor-
responding toluene derivatives of 1, 13 and 14.[9c] Qzz calculated using DFT
(TPSS/def2-TZVP).
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versus 65.5:34.5, entries 6 and 1, respectively). This is dimin-
ished in iminium salts derived from catalyst 1, where the intra-
molecular interaction dominates. The addition of a second aryl
ring in the form of a (diphenyl)methyl unit proved ineffective
(entry 7, e.r. 60.5:39.5). Consistent with the N-methylpyrrole
study, electronic modulation of the aryl shielding group gave
significantly different catalysis outcomes. The trimethoxyphen-
yl derivative outperformed the first-generation catalyst
(entry 8), whilst the pentafluorophenyl analogue led to the
second selectivity reversal hit (e.r. 40:60, entry 9). Again, this
may be a consequence of the decreased tendency of the elec-
tron deficient aryl ring to participate in an intramolecular inter-
action, thus placing the benzylic protons above the catalyst
core. A study of the second-generation imidazolidinone scaf-
fold (entries 10–16) once more confirmed the aminal configu-
ration-dependence of selectivity in both transformations (e.r.
88:12 and 50:50, entries 10 and 11 respectively). This was a pre-
dominant factor in catalysts irrespective of the electron rich
nature of the shielding group (entries 12/13 and 14/15). Con-
sistent with the N-methylpyrrole results, the syn-diastereomers
furnished higher levels of enantioselectivity than the corre-
sponding anti systems. However, the pentafluorophenyl cata-
lyst delivered selectivities that approach those of the MacMil-
lan second-generation catalyst. Importantly, complete deletion
of the benzyl substituent was remarkably well tolerated (e.r.
23.5:76.5, entry 16).

Having identified catalysts 11 and 14 as lead structures in in-
verting the intrinsic sense of enantioinduction in organocata-
lytic Friedel–Crafts alkylation of N-methylindole (e.r. 36.5:63.5
and 40:60, respectively), a second iteration of molecular edit-
ing was performed (Table 2). Common to both structures is the
likely participation of the C2 C-H group (H-C-C-N+) in directing
the N-methylindole to the upper face of the p system either as
a consequence of homologation (11) or conformation (14). In
an attempt to augment the tentative aromatic interactions be-
tween the catalyst core and the substrate that forms the basis

of the working hypothesis, catalysts 21, 22 and 23 were con-
ceived (Table 2). It was envisaged that by progressively remov-
ing aromaticity (entry 1), and subsequently the steric footprint
of the shielding arm (entries 2 and 3), it would be possible to
enhance the tentative intermolecular cation–p interaction that
pre-organises the ensemble prior to C¢C bond formation.

To that end, imidazolidinones 21, 22 and 23 were prepared
from the constituent amino acids: gratifyingly the structures of
compounds 21 and 23 could be unequivocally established by
X-ray crystallography (Figure 7). The three catalysts were inde-

pendently exposed to trans-cinnamaldehyde and N-methylin-
dole at ambient temperature (Table 2). The analogous reactions
with N-methylpyrrole were performed in parallel as a control.
As expected, catalyst 21–23 proved to be perfectly competent
catalysts in the alkylation of N-methylpyrrole, albeit with
modest levels of enantiocontrol (up to e.r. 69:31).

However, switching to N-methylindole resulted in a general
inversion of the sense of enantiocontrol. This was most pro-
nounced with the l-valine derivative 22 for which an enantio-
meric ratio of 25:75 was obtained. Remarkably, this could be
enhanced to 14.5:85.5 at ¢55 8C.

The comparative analysis of N-methylpyrrole and N-methyl-
indole in Friedel–Crafts alkylations is consistent with the
notion that two distinct induction pathways are operational,
(Figure 2). This difference may be rationalised by invoking aro-
matic interactions between the substrate and the more steri-
cally congested face of the electrophile. Consequently, the C2
and C5 substituents of the imidazolidinone core pre-organise
the electron-rich N-methylindole prior to addition, thus form-
ing the basis of an induction model. Moreover, this would also
serve to increase the proximity of the reactants; a quintessen-
tial feature of enzyme catalysis.

Compelling experimental evidence suggests that the area
above the catalyst core is key to understanding this selectivity
difference (Figure 2). However, the geometrical constraints of
this intermolecular interaction are not immediately obvious. In-
itially, it was assumed that a pincer-type model may be opera-
tional, such that several cation/CH–p interactions[9c, 10a, 21] would
operate synergistically to pre-organise the ensemble. However,
this would necessarily position the two p systems orthogonal
to each other, thus introduce orbital constraints which would
require a process of realignment prior to productive bond for-
mation. Alternatively, a “sticky surface” model can be envis-
aged in which multiple the C¢H bonds can interact with the
same face of the electron-rich heterocycle.

Table 2. Application of catalysts 21, 22 and 23 in the enantioselective
Friedel–Crafts alkylation of N-methylpyrrole and N-methylindole.[a]

Catalyst e.r.[b]

N-Me pyrrole 5
e.r.[b]

N-Me indole 4

1 69:31 39:61[c]

2 63:37
25:75[c]

14.5:85.5[d]

3 63.5:36.5 33:67[c]

[a] Full experimental details are provided in the Supporting Information.
[b] The product aldehydes were reduced in situ and the enantioselectivi-
ties were determined for the corresponding alcohols. [c] Selectivity rever-
sal observed. [d] Reaction performed at ¢55 8C.

Figure 7. X-ray crystal structure analysis of catalysts 21 (HCl salt) and 23 (HCl
salt). Thermal ellipsoids shown at the 50 % probability level.[28]
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In an attempt to probe the interaction of the iminium ion
with the N-methylindole, the tryptophan derived imidazolidi-
none 24 and the corresponding iminium salt 25 were
prepared and characterised by single-crystal X-ray diffraction
(Figure 8).[30] Immediately evident from this analysis was that

formation of the iminium ion induces a compression of the C2
and C5 substituents above the catalyst core; this general phe-
nomenon in imidazolidinone-derived iminium ions is a conse-
quence of increased A1,3-strain. Consequently, the distance of
the neighbouring C¢H moieties at the C2 and C5 positions
contracts from 4.3 to 2.4 æ. This would preclude formation of
a pincer-type complex with orthogonal p systems. Accordingly,
it is conceivable that the N-methylindole interacts with the imi-
nium cation through both rings by means of a “sticky surface”
mode; this is in accordance with Sherrill and co-workers theo-
retical study of methane–indole complexes, although the
nature of the interaction in this scenario requires clarification
(Figure 9).[20] Solution-phase conformational analysis of the l-
valine-derived iminium salt 26 revealed key nOe contacts that
are consistent with one of the methyl groups of the isopropyl
substituent residing in the synclinal-endo conformation. This is
fully consistent with the Sherril model (for full details see the
Supporting Information). This conformation has also been ob-
served in a structurally related l-valine-derived auxiliary by
Seebach and co-workers.[31] Subsequent slippage of the N-
methylindole onto the iminium p system, conceivably bearing
some resemblance to the X-ray structure of 25, would then
satisfy the stereoelectronic requirements for bond formation
and account for this intriguing reversal of selectivity (Figure 9).

It is also interesting to note that the X-ray structure of 25 is
a rare example of an iminium salt in which the aryl ring is ori-
ented above the p system.[9]

Conclusion

Herein we disclose experimental validation of a novel directing
effect based on multiple aromatic interactions between an imi-
dazolidinone-derived iminium ion and N-methylindole.[32] This
study suggests that a subtle interplay of CH–p and cation–p

interactions between the covalent organocatalysis intermedi-
ate (C2 and C5) and substrate not only enhances proximity,
but also serves to pre-organise the ensemble prior to reaction.
This “sticky surface” concept invoking dispersion interactions
likely increases the effective reagent concentration prior to the
enantiodetermining C¢C bond forming process; this accounts
for the contrasting behaviour of N-methylindole and N-methyl-
pyrrole in organocatalytic Friedel–Crafts alkyations. A focussed
molecular editing study was performed to identify the structur-
al features responsible for this disparity. By reverse-engineering
the catalyst it has been possible to significantly augment this
reversal of selectivity with a valine derivative (e.r. 85.5:14.5,
Figure 10). Further application of this and related induction

Figure 8. X-ray crystal structure analysis of catalysts 24 (HCl salt) and 25
(HSbF6 salt). Thermal ellipsoids shown at the 50 % probability level.[30] In the
upper structure the chloride anion has been omitted for clarity. Note that
the increased A1,3-strain in the iminium salt 25 results in a significant short-
ening of the distance between the C¢H bonds (2.3 versus 4.3 æ).

Figure 9. A simple l-valine derived catalyst (22) alters the sense of enan-
tioinduction.

Figure 10. Catalyst re-engineering can lead to an inversion in the sense of
enantioselectivity in the Friedel–Crafts alkylation of N-methylindole.
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modes based on non-covalent interactions[33] are currently on-
going and will be reported in due course.

Experimental Section

Full experimental details are provided in the Supporting Informa-
tion.
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C. Sparr, M.-O. Ebert, A. K. Beck, L. B. McCusker, D. Šišak, T. Uchimaru,
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