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lodonium complexes incorporating tertiary amines have been syn-
thesised to study and explore why such species comprised of alkyl
amines are relatively rare. The complexes were characterised in
solution (*H and '*>N NMR spectroscopy) and the solid state
(SCXRD), and analysed computationally.

Halonium ions, [L-X-L]" (X = CI, Br, I), the acute case of a
halogen atom that has been completely ionised to a formally
cationic state, X" (termed a halenium ion)," and stabilised by a
pair of Lewis bases (L), were first reported in the 1960s.>* The
utility of halonium complexes is well established, in large part
due to the contributions of Barluenga from the 1990s
onwards, who popularised them through a myriad of organic
transformations such as the electrophilic iodonation of unacti-
vated arenes, the promotion of C-C and C-X bond formation,
and the selective direct iodonation of peptides.*” This utility,
coupled with their novelty as relatively stable examples of
2-coordinate halogen atoms in the unusual +1 oxidation state,
has fuelled continued research on halonium ions.

Halonium ions can be readily prepared upon reaction with
elemental halogens, X, (X = Br, I), via cation exchange from
their respective silver(i) complexes (Scheme 1).® Directly com-
bining a suitable nucleophilic base with X, can also yield a
halonium motif, [X(L),]X, although this pathway is more sus-
ceptible to side reactions due to the lack of a strong driving
force (such as with the previously discussed pathway that pre-
cipitates AgX). Examples of halonium complexes in the litera-
ture are predominantly comprised of aromatic N-heterocycles
(e.g., pyridine), with few examples incorporating tertiary
amines as the stabilising Lewis base,’°} several of which
were synthesised unintentionally. As a consequence, these ter-
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tiary amine iodonium complexes have never been comprehen-
sively studied in detail by modern analytical techniques. Given
the recent slew of revelations in halonium chemistry with the
first unrestrained heteroleptic,’”*° supramolecular,>*°">* and
nucleophilic interactions of iodonium complexes being
reported,’>"** renewed interest in halonium ions comprised
of tertiary amines is warranted.

The tetrafluoroborate bromonium (Br') and iodonium (I;
[1]BF,) solid-state structures of quinuclidine (quin) were
reported in the 1980s;'>"* however, no solution state data were
included in either instance. Therefore, this was taken as an
opportunity to access and expand this research, as a series of
quinuclidine complexes with differing anions were also syn-
thesised to explore any effects this change might have.

The addition of two equivalents of quin to a series of silver
(1) salts, followed by cation exchange with elemental iodine,
yielded the desired iodonium ion, [I(quin),]" (1), with a range
of anions ([1]BF,, [1]PF,, [1]NO3, and [1]ClO,) in quantitative
yields, as determined by "H NMR spectroscopy. No apparent
anion effects were observed in the solution state, with the 'H
and "N NMR chemical shifts for the four complexes being
found to be effectively identical; therefore, [1]PF, is discussed
as a representative of the series.

Upon complexation from uncoordinated quinuclidine to [1]
PF,, three peaks in the "H NMR spectra were observed to shift
to higher values by 0.46 ppm («-H), 0.25 ppm (p-H), and
0.23 ppm (y-H) (Fig. 1), a trend consistent with the reported
NMR data of aromatic iodonium complexes.'® However, the
SN NMR spectra revealed that the quinuclidine resonance
(—366.6 ppm) shifted in [1]PF¢ (—357.3 ppm) by 9.3 ppm. This

® X,
L=Ag=L ———> L—>X=L
- AgX
Scheme 1 A general method to synthesise halonium ions, facilitated by
the strong driving force of the precipitation of AgX (spectator anions
omitted for clarity).
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Fig. 1 The superimposed *H NMR spectra (500 MHz, 298 K) in CDsCN
of quinuclidine (red) and [1]PFg (turquoise) showing the observed shift
upon formation of the iodonium complex. Inset: An annotated molecule
of quinuclidine.

is of interest for two reasons: firstly, the change in the chemi-
cal shift is relatively small compared to previously reported
aromatic iodonium complexes such as [I[[DMAP),|PFs (DMAP =
4-dimethylaminopyridine). Upon complexation from uncoordi-
nated DMAP (—107.2 ppm) to [[(DMAP),|PF¢ (—216.1 ppm), a
difference of 108.9 ppm has been observed, and larger differ-
ences in the corresponding chemical shifts have been reported
for heteroleptic iodonium complexes.'”*®* Secondly, all
reported >N NMR resonances of iodonium complexes mani-
fest negative chemical shift changes, whilst the quinuclidine
iodonium complexes synthesised herein were observed to have
modestly reversed, viz. positive chemical shift changes, which
highlights a drastic difference in the electronic environments
of aromatic versus tertiary amine iodonium motifs.

Other solvent systems were attempted to further study the
[1]" series, such as DCM and DMSO, although these alternative
solvent systems were largely unsuccessful for various reasons.
When DCM was used as the solvent, it was found that during
the preparation of the precursor [Ag(quin),]" complexes, DCM
itself reacted. This side reaction gave rise to the dominant side
product [CICH,(quin)][AgCl,], in which quinuclidine had sub-
stituted a chlorine atom of DCM with the assistance of the Ag"
salt. DMSO, like MeCN, was found to be a suitable solvent for
the reactions to proceed as desired; however, the resulting
broadness of the "H NMR spectra precluded the collection of
satisfactory '"H-'>N HMBC data, therefore preventing compari-
sons from being made regarding the values of the "N NMR
chemical shifts.

An examination of the solid-state structures of [1]PFg, [1]
NO;, and [1]ClO, revealed that all I-N bond lengths were
within a crystallographically indistinguishable (within a 3c>
tolerance) range of 2.293(4)-2.303(5) A, although at the longer
end of the range typically observed for N-heterocyclic iodo-
nium complexes (2.23-2.32 A),§ and were actually more remi-
niscent of the bond lengths observed for iodonium complexes
incorporating two sterically bulky groups at the ortho-posi-
tions, like with 2,4,6-trimethylpyridine (~2.30 A).2®*” A supra-
molecular structure constructed from N-I-N linkages, based
on the bicyclic tertiary amine DABCO (1,4-diazabicyclo[2.2.2]
octane) as the coordinating group,"” had I-N bond lengths in a
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range of 2.25(2)-2.35(2) A, which again is consistent with the
values observed herein and for known N-heterocyclic iodo-
nium complexes. The elemental iodine adduct of quinuclidine
(I,>quin) was obtained as a trace impurity and its crystal struc-
ture has an I-N bond length of 2.35(1) A, revealing that the
quinuclidine ligands do bind to I' more strongly than to
neutral I,. Given the cubic crystallographic symmetry of [1]PFs
and [1]ClO,, only [1]NO; (with an orthorhombic space group)
has an N-I-N angle (179.6(2)°) that deviates from 180°,
although [1]PF, and [1]NO; share a staggered conformation of
the quinuclidine ligands (Fig. 2), contrary to the eclipsed con-
formation observed for [1]ClO, (and previously reported for [1]
BF,)."> However, given that there is no m-system present as
with the aromatic N-heterocyclic iodonium examples, these
different orientations likely have no electronic significance
and are simply a consequence of packing effects toward accom-
modating the various anions.

To further explore halonium complexes of tertiary amines,
1-ethylpiperidine (1-Etpip) was used as a ligand in an attempt
to synthesise the analogous series of iodonium complexes [I(1-
Etpip),][anion] ([2][anion]; anion = BF,, PFs, NO;, and ClO,) as
previously performed for quinuclidine. This monocyclic com-
pound was seen as an ideal progression toward less strained
tertiary amines compared to the rigid bicyclic quinuclidine,
whilst effectively maintaining the steric and electronic pro-
perties for the purpose of comparison. However, in striking
contrast to the stable [I(quin),]" complexes previously dis-
cussed, all complexes of [I(1-Etpip),]" were observed to
immediately begin degrading upon synthesis, with complete
decomposition of the iodonium complexes being observed (by
'H and "H-""N HMBC NMR analyses) within 30 minutes from
the addition of elemental iodine. Initially, this was believed to
be due to the accessible pendant ethyl substituent, as the com-
paratively short longevity of [I(2-ethylpyridine),]PF; in solution
has also recently been noted in comparison with its 4-ethylpyr-
idine analogue, [I(4-ethylpyridine),]PF¢.>® However, given that
iodonium complexes of 2,4,6-trimethylpyridine and [I(2-ethyl-
pyridine),]PF, have been characterised in the solid state,*>*” it
would indicate that the pendant ethyl substituent is not solely
the cause of the observed reactivity.

Complex [2]NO; was observed to have the longest lifetime
of the [2]" complexes, with observation of the iodonium
complex in the "H-'>N HMBC experiment being possible, and

¢ v ¢ v
Fig. 2 The X-ray structure of [l(quin),]* from [1]PF¢ (left), and viewed
along the linear N-I1-N bonds with the two quinuclidine ligands block

coloured (right) highlighting their staggered conformation (PF¢ anions
omitted for clarity).
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is therefore discussed as a representative of the series. As
observed for the [1]" complexes, upon complexation from
1-Etpip to [2]NO;, all resonances in the "H NMR spectra were
observed to shift to higher values by 0.74 ppm (a-H), 0.29 ppm
(B-H), 0.19 ppm (y-H), 0.72 ppm (8-H), and 0.26 ppm (e-H)
(Fig. 3). However, contrary to the positive shift observed in the
SN NMR resonances for the [1]" complexes (cf, 9.3 ppm), upon
complexation from 1-Etpip (-329.4 ppm) to [2]NO;
(-331.1 ppm), a modest negative shift of —1.7 ppm was
observed, the directionality of which is in agreement with the
change in the chemical shift seen for iodonium complexes
comprised of aromatic N-heterocyclic ligands (vide supra),
which also exhibit a negative shift. The "N NMR chemical
shift of [2]NO; after 1 hour (—327.5 ppm), however, revealed
that the complex had completely decomposed to [H(1-Etpip)]
NO; (—327.1 ppm).

The vastly improved stability of the [1]" complexes in com-
parison with [2]" highlights the remarkable utility of bicyclic
tertiary amines, such as quinuclidine, toward the formation of
iodonium complexes. Therefore, the need to better compre-
hend the apparently unique electronic architecture of tertiary
amine iodonium complexes is more crucial than ever and a
worthwhile target for in-depth computational studies.

DFT calculations for [1]", [2]', and (the previously reported)
[I(DMAP),]" iodonium complexes have been performed to
rationalise the aforementioned electronic differences between
aliphatic and aromatic amines. All complexes were optimised
at the MO06-2X/def2-TZVP level of theory (see ESI
Computational methodst) and the resulting geometries are
shown in Fig. 4 and 5. In agreement with the X-ray results, the
I-N distances are longer for the aliphatic complexes [1]" and
[2]" than for the [I(DMAP),]" cation (see also Table 1). This
gives reliability to the level of theory, which has already been
used by us for the analysis of similar systems."****> The
natural population analysis (NPA) charges at the I atom are
given in red in Fig. 4 and 5 (see also Table 1) and show that
the iodine’s positive charge is greater in the [[[DMAP),]" cation
than in [1]" and [2]". This is counterintuitive taking into con-
sideration that the I-N distance is shorter in [[([DMAP),]". A
likely explanation is that in this complex some type of back-
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Fig. 3 The superimposed *H NMR spectra (500 MHz, 298 K) in CDsCN
of 1-ethylpiperidine (red) and [2INOs (turquoise) showing the observed
shift upon formation of the iodonium complex. Inset: An annotated
molecule of 1-ethylpiperidine.
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Fig. 4 MO06-2X/def2-TZVP optimised geometries of [1]* (a) and [2]* (b)
(distances in A; WBI in italics; and the NPA charge in red).
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Fig. 5 (a) M06-2X/def2-TZVP optimised geometry of [I(DMAP),]* (dis-
tances in A; WBI in italics; and the NPA charge in red). (b) HOMO repre-
sentation. (c) HOMO-8 representation.

Table 1 Dissociation energies (Egs kcal mol™), 1-N distances (d, A),
WBI and NPA charges (e7) for [1]*, [2]*, and [I(DMAP),]* at the M06-2X/
def2-TZVP level of theory

(1] 2" [I(DMAP),]"
Euis 179.7 177.3 181.8
d (I-N) 2.288 2.311 2.245
NPA (1) 0.39 0.38 0.41
WBI (I-N) 0.42 0.42 0.44
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donation from the iodine atom (free lone pair) to the n-system
occurs. This phenomenon can explain the different behaviour
of the aromatic compounds with respect to the aliphatic ones,
affecting the aromatic ring current (NMR chemical shifts) and
the stability of the complexes.

The Wiberg bond index (WBI) values are shown in italics in
Fig. 4 and 5,”® and support the proposed back-donation, I —
n(py), since the WBI value is larger (higher bond order) for the
I-N bond in the [I(DMAP),]" cation, with the small difference
indicating that the back-donation is small. Another interesting
result that supports the back-donation is the orbital analysis of
the complexes. Whilst complexes [1]" and [2]" only present o-
orbitals connecting the I and N atoms, the HOMO of the [I
(DMAP),]" cation is n-type and exhibits an antibonding
arrangement of the atomic N and I orbitals (Fig. 5). The corres-
ponding bonding MO is much more stable (HOMO-8) and
shows bonding overlap of the I and N atoms, thus evidencing
a partial double bond character of the I-N bond, in agreement
with the higher positive charge at the I atom (with a part of
the electrons transferred to the pyridine n-system), the WBI
value for the I-N bond, and shorter I-N bond lengths. Further
evidence was also obtained from Natural Bond Orbital (NBO)
analysis,” which showed a donor-acceptor interaction
between the lone pair at the I atom and the antibonding C-N
bonds of both pyridine rings, with a concomitant stabilisation
energy of 4.18 kcal mol ™. Finally, the dissociation energies of
the complexes have been computed (measured as [IL,]" — I' +
2L; Eg4;s). The results are presented in Table 1 and confirm the
greatest stability of the [I((DMAP),]" complex followed by [1]"
and [2]', in line with the experimental results.

Whilst iodonium complexes have long enjoyed pride of
place thanks to their myriad uses in organic transformations,
their properties have still not been fully evaluated, which is
especially true of iodonium complexes comprised of tertiary
amines for which there are very few examples. The work herein
has extensively studied iodonium complexes of comparable
bicyclic and monocyclic tertiary amines, and highlights that
the stability of bicyclic tertiary amines is exceptional, although
monocyclic complexes can also be synthesised despite their
increased reactivity. The structural studies of the [1]" series of
complexes have revealed that, despite the electronic differ-
ences, the complexes are remarkably reminiscent of their aro-
matic counterparts, such as [I[(DMAP),]’, with respect to the I-
N bond lengths.

The electronic structures of tertiary amine iodonium com-
plexes may lack some of the favourable interactions of their
aromatic analogues, such as stabilising =-interactions;
however, experimental and theoretical studies reveal that the
resulting iodonium complexes still possess many of the same
features, despite the diminished longevity that was observed
for the [2]" series of complexes.

Conflicts of interest

There are no conflicts to declare.

8300 | Dalton Trans., 2021, 50, 8297-8301

View Article Online

Dalton Transactions

Acknowledgements

We gratefully acknowledge the Finnish Cultural Foundation
Central Fund (J. S. W.; grant number 00201148), the Magnus
Ehrnrooth Foundation (J. S. W.), the MICIU/AEI of Spain (A. F,;
project CTQ2017-85821-R FEDER), the Academy of Finland (K.
R.; grant no. 317259), and the University of Jyvaskyla, Finland,
for financial support.

Notes and references

f[I(triethanolamine),]l has been reported previously;** however, the authors
could not independently confirm this work as only the unit cell was provided in
the CSD (TEAMID10; no atomic coordinates were included). Therefore, this work
cannot be discussed herein.

§Based on the search of the CSD for the I-N bond lengths for all reported
N-heterocyclic iodonium complexes.
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