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mphoterism of an acridinium unit†

Elishua D. Litle, Shantabh Bedajna and François P. Gabbäı *

As part of our study of ambiphilic carbenium-based ligands, we now report on the coordination chemistry

of the known acridinium phosphine ligand [(o-Ph2P(C6H4)Acr)]
+ ([Lacr]+, Acr = 9-N-methylacridinium)

towards rhodium(I) reagents. While the simple coordination complex [LacrRh(COD)Cl]+ ([1]+) is obtained

from [Lacr]+ and [Rh(COD)Cl]2 (COD = 1,5-cyclooctadiene) in CH2Cl2, the use of [Rh(COE)2Cl]2 (COE =

cyclooctene) in MeCN affords [(o-Ph2P(C6H4)Acr)Rh(MeCN)2Cl]2
2+ ([2]2

2+), a chloride-bridged dimeric

complex in which each rhodium atom is involved in a Rh/Ccarb dative bond (Ccarb = acridinium C9

atom), indicating Z-type behavior of the acridinium unit. The same reaction in CH2Cl2 affords [(o-

Ph2P(C6H4)Acr)RhCl]2
2+ ([3]2

2+), a chloride-bridged dimeric square planar complex in which the

acridinium assumes the role of an h2-heteroarene, L-type ligand. All complexes, which have been

structurally characterized as their triflate salts, can be interconverted into one another via simple ligand

exchange or displacement reactions. These experimental results, supported by computational analyses,

show that the acridinium unit of [Lacr]+ displays ligand-type amphoterism as it easily and reversibly

switches from L-type to Z-type in response to changes in the coordination sphere of the metal center.
The Covalent Bond Classication (CBC) can be used to dene
ligands according to their ability to donate or accept electrons
when interacting with a metal.1 The extremes of this ligand
classication include the most common L-type, for ligands
donating two electrons to a metal, and Z-type, for ligands
accepting two electrons from a metal center.2,3 Side-on bound
arene ligands are examples of L-type ligands that contribute two
electrons to the valence of ametal complex.4 The simplest Z-type
ligands are boranes capable of accepting two electrons from
a metal center.3,5 The diametrically opposed behavior of these
two ligands can be used tomodulate the electron richness of the
metal center, which can be particularly useful in the context of
catalysis.2f–h,5 However, ligands that can switch behavior from L-
type to Z-type, without ligand-centered compositional
changes,6,7 are, to our knowledge, unknown.

Our recent efforts in the chemistry of Z-type ligands has led
us to consider cationic phosphines8 featuring a pendent car-
benium functionality9–11 positioned to interact with the coor-
dinated transition metal center.12 One of the best-studied
examples of such ligands includes the cationic ambiphilic
system [Lacr]+ which features an acridinium moiety as the
electron-poor unit (Fig. 1).10 Being isoelectronic with anthra-
cene and thus aromatic, the acridinium core could, in prin-
ciple, behave as an arene-like L-type ligand. While a related
versity, College Station, TX 77843, USA.

ESI) available: Additional experimental
lographic data in cif format. CCDC
raphic data in CIF or other electronic
sc00965k

10856
behavior has been observed in the case of pyridinium units
such as in [I]+,13 the chemistry of acridinium-containing
ligands is dominated by the Lewis acidity of the C9 carbon
atom, referred to as Ccarb (Fig. 1). This behavior is in full display
in complexes of type [II]+,11 where the group 10 metal engages
the acridinium unit via a dative M/Ccarb interaction. Building
on our interest in the design of atypical and coordination non-
innocent ligands, we are now describing a series of rhodium
systems in which the acridinium unit of [Lacr]+ displays ligand
amphoterism, switching its behavior from L-type to Z-type in
response to changes in the coordination environment of the
metal center.
Fig. 1 Top: example of L-type and Z-type ligands. Bottom: structure
of [Lacr]+ and known complexes illustrating the L-type behavior of
a pyridinium unit ([I]+) and the Z-type behavior of an acridnium unit
([II]+).
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Fig. 2 Top: crystal structure of the dimeric form of [2][OTf] with
ellipsoid drawn at the 50% probability level. Hydrogen atoms and tri-
flate anions are omitted for clarity. N atoms shown in blue. Bottom:
truncated view of [2]+ showing the Pipek–Mezey orbital defining the
Rh/Ccarb bond. The main atomic orbital parentages are also
provided.
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Results and discussion

Our investigation began with the reaction of [Lacr][OTf] with
[Rh(COD)Cl]2 (COD = 1,5-cyclooctadiene) in CH2Cl2 which
proceeded smoothly at room temperature to produce a new
complex characterized in CDCl3 by a

31P{1H} NMR resonance at
33.95 ppm split into a doublet by a 1JP–Rh coupling constant of
150.7 Hz (Scheme 1). This coupling is analogous to that re-
ported for Ph3PRh(COD)Cl (

1JP–Rh = 152.0 Hz),14 suggesting that
the product of this reaction is the simple coordination complex
[LacrRh(COD)Cl][OTf] ([1][OTf]). Formation of this complex was
conrmed by single crystal X-ray diffraction (see ESI†), which
also shows that the acridinium ligand is disengaged from the
metal and acts as a spectator unit. In agreement with this view,
the 13C{1H} NMR spectrum of [1][OTf] in CDCl3 displays
a resonance at 162.6 ppm corresponding to the uncompromised
carbenium atom of [Lacr]+. Interestingly, dissolving [1][OTf] in
CD3CN results in an immediate broadening of the 31P{1H} NMR
resonance, suggesting the onset of a reaction. Over time, the
resonance assigned to [1][OTf] disappears to give rise to
a doublet at 52.95 ppm (1JP–Rh = 128.4 Hz), signaling the
formation of a new species referred to as [2][OTf] (Scheme 1).
The 1JP–Rh coupling constant measured for [2][OTf] falls within
the expected range for phosphine RhIII complex and can be
compared to the value of 103 Hz in RhCl3(triphos).15 This new
species, which assumes a dark red color in solution, also forms
when [Lacr][OTf] is allowed to react with [Rh(COE)2Cl]2 (COE =

cyclooctene) in MeCN. The 13C{1H} NMR spectrum of this new
complex displays a resonance at 63.02 ppm, assigned to the
former carbenium center. This high eld resonance indicates
coordination of this center to the rhodium atom, a notion
supported by the multiplicity of this signal which couples with
the rhodium center via a 1JC–Rh coupling constant of 18.3 Hz.
This 13C{1H} NMR chemical shi is at a higher eld than that
measured in the case of [1][OTf] (162.6 ppm), suggesting Rh/
Ccarb dative bonding as in complexes of type [II]+.11

A single crystal X-ray diffraction study afforded the structure
shown in Fig. 2. The rhodium atom is coordinated by four
primary ligands, including two tightly bound acetonitriles,
a chloride anion and the phosphine ligand. The bonds that
these ligands form with the rhodium center are quite short, as
Scheme 1 Synthesis of the rhodium complexes [1][OTf] and [2][OTf].

© 2025 The Author(s). Published by the Royal Society of Chemistry
indicated by the Rh–N (2.025(5) and 2.012(5) Å), Rh–P
(2.2301(18) Å), and Rh–Cl (2.4590(16) Å) distances. These four
ligands, which dene a square plane, are complemented by two
additional ligands positioned above and below the rhodium
atom. One of these ligands is the carbenium ion of the acridi-
nium moiety which is engaged in a long Rh/Ccarb interaction
of 2.229(6) Å with the adjacent acridinium unit. The trans site,
which is acidied by the carbenium Z-type ligand,16 is occupied
by the bridging chloride ligand Cl0. This bridging chloride
ligand forms a Rh–Cl0 distance of 2.5848(16) Å which is signif-
icantly longer than the primary Rh–Cl bond (2.4590(16) Å). The
Rh/Ccarb bond present in [2][OTf] induces a distinct pyr-
amidalization of the carbenium center as illustrated by the sum
of the C–Ccarb–C angle of 336.4°. The polarization of the Rh/
Ccarb bond was assessed computationally through a Pipek–
Mezey orbital analysis, using an approach previously adopted to
probe the polarization of metal–carbon bonds.11,17 This analysis
shows that the Rh/Ccarb bond of [2]+ displays a higher
parentage from the rhodium (47.1%) than the Ccarb carbon
atom (36.8%). Altogether, the data collected for [2][OTf] indi-
cates that the acridinium unit functions as a Z-type ligand
through its carbenium ion, as observed in complexes of type
[II]+.11

Elemental analysis of [2][OTf] pointed to the facile dissoci-
ation of the MeCN ligand. Intrigued by this possibility, [2][OTf]
was dissolved in CH2Cl2 and evacuated to dryness. Repeating
this protocol three times produced a green solid product
referred to as [3][OTf] (Scheme 2). This complex is poorly
soluble in CD2Cl2 which prevented its full characterization in
this solvent. Yet, extended acquisition allowed for the detection
of a 31P{1H} NMR signal at 64.71 ppm (1JP–Rh = 135.3 Hz),
a chemical shi almost identical to that determined by 31P
HPDec-MAS NMR spectroscopy (63.24 ppm). An additional clue
Chem. Sci., 2025, 16, 10852–10856 | 10853
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Scheme 2 Synthesis of the rhodium complex [3][OTf].
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into the identity of [3][OTf] was derived from the observation
that it dissolves in CD3CN to afford [2][OTf], as conrmed by 1H
and 31P{1H} NMR spectroscopy. Further information on the
nature of [3][OTf], which is also formed by reaction of [Lacr][OTf]
with 0.5 equiv. [Rh(COE)2Cl]2 in CH2Cl2 (Scheme 2), were ob-
tained from an X-ray diffraction experiment (Fig. 3) carried out
on single crystals obtained from a very dilute CH2Cl2 solution.
Like its precursor [2][OTf], complex [3][OTf] exists as a chloride-
bridged dimer with the rhodium atom in a distorted square
planar geometry (s4 = 0.20).18 In addition to the two bridging
chloride and the phosphine ligand, the rhodium center is also
coordinated in a h2-fashion by the anking acridinium unit
which now functions as an L-type ligand. The two carbon atoms
involved in this h2-interaction are the carbenium center and the
adjacent C10 atom, placing the centroid of the Ccarb–C10 bond at
Fig. 3 Top: crystal structure of the dimeric form of [3][OTf] with
ellipsoid draw at the 50% probability level. Hydrogen atoms and triflate
anions are omitted for clarity. Bottom: truncated view of [3]+ showing
the Pipek–Mezey orbitals defining the Rh–acridinium interactions
(orbital parentage: PMO1: 17.0%, Ccarb 12.3%, C10 37.7%; PMO2: Rh
63.7%, Ccarb 20.5%). The corresponding NBOs associated to the Rh–
acridinium donor–acceptor bonding interactions are also shown.

10854 | Chem. Sci., 2025, 16, 10852–10856
just 2.045(3) Å from the rhodium atom. This bonding descrip-
tion is supported by the moderate pyramidalization of the car-
benium atom (S(C–Ccarb–C) = 353.7°). The h2-interaction is
rather symmetrical, as conrmed by the Rh–Ccarb and Rh–C10

distances of 2.149(4) Å and 2.191(4) Å, respectively. These
distances are close to those found in h2-arene rhodium(I)
complexes,19 including [Cp*Rh(h2-phenanthrene)(PMe3)] (III,
Fig. 4) in which the arene ligand interacts with the rhodium
center via bonds of 2.128 (4) and 2.144 (4) Å.20 A comparison can
also be made with complex [IV]+ which also features an intra-
molecular h2-arene coordination motif. In this case, however,
the longer Rh–C distance of 2.411(3) and 2.476(3) Å suggest
weaker coordination of the arene ligand, possibly because of the
hindrance imposed on the metal center by the norbornadiene
ligand.21 The structure of [3][OTf] also indicates a noticeable
asymmetry in the Rh–Cl distances, with the longest one being
formed with the chlorine atom trans to the phosphine ligand
(2.4609(13) Å) and the shortest with the chlorine atom trans to
the h2-bonded acridinium heteroarene moiety (2.3422(11) Å). A
similar asymmetry is seen in [RhCl(C2H4)(P

iPr3)]2 which
features Rh–Cl distances of 2.376(1) and 2.441(1) Å for the
chlorine atom trans to the ethylene and phosphine ligand,
respectively.22 These structural results support the description
of [3]+ as a square planar rhodium(I) complex featuring an h2-
heteroarene unit as one of the four ligands. A Pipek–Mezey
orbital analysis suggests that this interaction benets both from
donation from the heteroarene p system, with signicant back
donation from the metal to the carbenium center (Fig. 3). An
NBO calculation, carried out with full atomic disconnection,
offers a consistent picture, with the forward-donation from the
C10 carbon center to the rhodium center and the backdonation
from the rhodium to the carbenium center, respectively asso-
ciated with second-order energy corrections of 29.9 and
99.1 kcal mol−1. These NBO results show that the backdonation
dominates the h2-heteroarene–rhodium interaction present in
this complex. The large back donation observed in this complex
is typical of h2-arene complexes involving electron-rich transi-
tion metals.23 Such bonding features are also seen in simple
olen complexes such as Zeise's salt for which a recent
computational investigation indicates the dominant inuence
of the backbonding interaction.24 Finally, it is worthmentioning
that these interactions are asymmetrical, with the donation
originating mostly from the C10 carbon atom while the back
donation occurs between the rhodium atom and the Ccarb atom.
Such asymmetrical p-bonding and backbonding interactions
are typical of polar olen or olen-like fragments such as
borataalkenes.25

The results discussed above indicate that [Lacr]+ is ampho-
teric (Fig. 4) in that it is able to switch its behavior from Z-type in
[2]+ to L-type in [3]+, simply in response to changes in the
coordination environment of the metal center. Moreover, our
results show that this behavior is reversible, illustrating the
versatility of this system. While ligand-type switching has been
previously observed, it has, to our knowledge, always been
associated with a change in the composition of the ligand.6 A
close example of such behavior arises in the chemistry of the
phosphinogermylene complex [V]+ which switches from Z-type
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (A) Examples of complexes with h2-arene ligands.19,20 (B) Amphoteric behavior of the acridinium unit of [Lacr]+. (C) A recently documented
example of ligand amphoteric behavior triggered by a ligand-centered coordination event.7

Scheme 3 Reactions of [2][OTf] and [3][OTf] with COD.
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to L-type (Fig. 4).7 This switch occurs upon coordination of
a base to the Z-type germanium ligand, altering its composition
and electronic prole. The switching behavior documented here
for [Lacr]+ is thus different since it does not involve any changes
in the composition of the ligand.

To conclude this study, we have also explored how changes
in the ligand type would affect the reactivity of the metal center.
A simple test using COD shows that [3]+ reacts almost imme-
diately to form the corresponding COD complex [1]+ in CH2Cl2
(Scheme 3). To test the reactivity of [2]+ toward COD, we carried
out an analogous experiment in which a solution of [3]+ in
CH2Cl2 was rst combined with MeCN (15% vol.) to ensure
formation of [2]+ and subsequently COD, which le [2]+

unchanged. This lack of reactivity illustrates the ability of [Lacr]+

to alter the coordination environment and the reactivity of the
metal center when switching into a Z-type ligand. The differing
reactivity of [2]+ and [3]+ was further tested by investigating the
behavior of these two compounds towards O2 and H2O, which
reacted with [3]+ immediately to give the known phosphine
oxide [(o-Ph2P(O)(C6H4)Acr)]

+ in the case of O2.26 As in the
reaction involving COD, [2]+, generated in situ by the addition of
MeCN, shows much greater robustness and remains unaffected
when evaluated within 1 hour aer exposure.

Conclusions

In summary, the interaction of the acridinium–phosphine
ligand [Lacr]+ with [Rh(COE)2Cl]2 leads to different complexes,
the nature of which is inuenced by the conditions of the
© 2025 The Author(s). Published by the Royal Society of Chemistry
reaction. When carried out in MeCN, this reaction affords
a chloride-bridged octahedral 18-electron complex ([2]+)
featuring two acetonitrile ligands as well as a Rh/Ccarb donor–
acceptor motif indicating that the acridinium moiety acts as Z-
type ligand. The same reaction in CH2Cl2 follows a different
course and affords a square planar complex ([3]+) in which the
acridinium functionality behaves as a h2-heteroarene L-type
ligand, providing two electrons to the 16-electron square
planar metal center. Isolation and characterization of these two
complexes highlight the amphoteric ligand behavior of the
acridinium unit which can switch from L-type to Z-type based
on the coordination of auxiliary ligands to the metal center.
These results document a unique features of aromatic carbe-
nium functionalities which can assume a different role in
response to the electronic environment of the transition metal
center. We are currently aiming to exploit these attributes in the
context of catalysis.
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J. S. Jones and F. P. Gabbäı, Acc. Chem. Res., 2016, 49, 857–
867; (f) R. C. Cammarota, L. J. Clouston and C. C. Lu,
Coord. Chem. Rev., 2017, 334, 100–111; (g) J. Takaya, Chem.
Sci., 2021, 12, 1964–1981; (h) M. T. Whited, Dalton Trans.,
2021, 50, 16443–16450.

3 A. Amgoune and D. Bourissou, Chem. Commun., 2011, 47,
859–871.

4 (a) E. L. Muetterties, J. R. Bleeke, E. J. Wucherer and
T. Albright, Chem. Rev., 1982, 82, 499–525; (b) J. R. Sweet
and W. A. G. Graham, J. Am. Chem. Soc., 1983, 105, 305–
306; (c) S. M. Hubig, S. V. Lindeman and J. K. Kochi,
Coord. Chem. Rev., 2000, 200–202, 831–873; (d)
G. Pampaloni, Coord. Chem. Rev., 2010, 254, 402–419.

5 (a) M. Devillard, G. Bouhadir and D. Bourissou, Angew.
Chem., Int. Ed., 2015, 54, 730–732; (b) G. Bouhadir and
D. Bourissou, Chem. Soc. Rev., 2016, 45, 1065–1079; (c)
M. J. Chalkley, M. W. Drover and J. C. Peters, Chem. Rev.,
2020, 120, 5582–5636.

6 (a) I.-S. Ke, J. S. Jones and F. P. Gabbäı, Angew. Chem., Int. Ed.,
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and F. P. Gabbäı, Chem. Commun., 2021, 57, 10154–10157; (c)
G. Park, M. Karimi, W.-C. Liu and F. P. Gabbäı, Angew. Chem.,
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