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complexes with bis-amidine ligands and their
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The development of efficient catalysts for CO, transformation into value-added products is crucial for
sustainable chemistry. In this work, we report the synthesis and characterization of a new series of tetra-
and penta-coordinated aluminum complexes supported by bis-amidine ligands featuring a rigid naphtha-
lene bridge and their application as catalysts in the reaction of carbon dioxide with epoxides to form
cyclic carbonates. Interestingly, while tetra- and penta-coordinated aluminum complexes bearing methyl
groups are efficient when used with TBAI as a co-catalyst, their iodo analogs proved to be inefficient in
mono-component catalysis, requiring the use of additional TBAI. Computational results of the proposed
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systems reveal the necessity of achieving a delicate balance between the nucleophilic properties of iodide
atoms and the steric configuration of the complexes. Experimental and computational studies offer valu-
able insights into the role of ligand structure in aluminum-based catalysts, highlighting the potential of

rsc.li/dalton main-group metals in CO, fixation.
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Introduction

Research in the field of coordination chemistry has contribu-
ted enormously to the current development of transition metal
chemistry, which plays a crucial role in homogeneous catalysis.
Indeed, the properties of transition metal catalysts can be care-
fully tuned through ligand design and metal selection, making
them applicable in a wide variety of fields. Thus, transition
metal complexes can act as catalysts to accelerate reactions,
activate substrates, and/or reduce the energy costs of many
industrial processes (olefin metathesis, hydroformylation,
polymerization processes, etc.) and as catalysts to directly
convert CO, into high value-added chemicals."™ Utilizing CO,
as a raw material for organic compound production adds value
and could help offset the costs of its capture and storage.
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Additionally, it offers an alternative to reduce dependence on
fossil fuels for chemical production.*” In this context, the for-
mation of cyclic carbonates from epoxides and carbon dioxide
has emerged as one of the most extensively studied methods
for carbon dioxide fixation in recent years. On the other hand,
cyclic carbonates are valuable as solvents for electrolytes in
lithium-ion batteries, as polar aprotic solvents, and as inter-
mediates in the synthesis of different small molecules and
polymers.*” These cyclic carbonates can be synthesized
through reactions between epoxides and CO,, using several
organometallic complexes as catalysts (Scheme 1). In these
catalytic processes, systems combining Lewis acids and nucleo-
philes are required. The metal center serves as the Lewis acid,
activating the epoxide, while a cocatalyst provides a halide that
acts as a nucleophile, inducing ring-opening.®
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Scheme 1 Synthesis of cyclic carbonates from epoxides and CO,.
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Fig. 1 Double aluminum amidinate, bi- and tri-aluminum amidinate and pentacoordinate bis-amidinate complexes described by our group.

As an alternative to transition metals, nowadays the chemistry
of main-group element complexes, capable of mimicking tran-
sition metal behavior, is experiencing significant development.
In particular, recent research has demonstrated that aluminum
derivatives, the third most abundant element in the Earth’s
crust with low toxicity and low production costs, behave quite
similarly to transition metal complexes and are able to activate
strong bonds in small molecules (H,, N,, CO, and CO,).>*°

Since the choice of ligands is essential in each organo-
metallic process, amidinate ligands, which are endlessly versa-
tile in their potential structure and substitution patterns, have
attracted attention for the stabilization of aluminum species."*
Indeed, they present high basicity with a pK, value of approxi-
mately 12 and therefore exhibit good affinity for protons and
Lewis acids.'>'® Amidinate aluminum complexes have shown
promising catalytic activity in various processes, such as ring-
opening polymerization, alkyne hydroboration and the conver-
sion of CO, to cyclic carbonates.!**"

In recent years, our research group has reported a series of
aluminum amidinate complexes as catalysts for synthesizing
cyclic carbonates from CO, and epoxides.'*'® The first sym-
metric aluminum bimetallic complex I (a double aluminum
amidinate, see Fig. 1) proved to be an excellent catalyst (con-
versions between 62 and 100% in 24 h) in the presence of
tetrabutylammonium iodide (TBAI) as a co-catalyst.'* Bi- and
tri-metallic aluminum-amidinate complexes were also reported
(Fig. 1, II and III, respectively) as efficient catalysts for the for-
mation of cyclic carbonates from terminal epoxides and CO, at
50 °C under 1 bar of CO, pressure without solvent.” In 2021, a
pentacoordinate bisamidinate iodide aluminum complex IV
(Fig. 1) was reported, which is one of the first examples of a
neutral non-zwitterionic aluminum complex used as a single-

This journal is © The Royal Society of Chemistry 2025

component catalyst for the synthesis of carbonates (catalytic
activity at 80 °C and 1 bar of CO,, without a co-catalyst).'®

As part of our ongoing interest in designing new aluminum
complexes for catalytic applications, this work reports the syn-
thesis and structural characterization of a new series of tetra-
and penta-coordinated aluminum complexes with amidinate
ligands featuring a rigid naphthalene bridge (1-7, Fig. 1). The
performance and reactivity of these complexes were evaluated
as catalysts in the reaction of carbon dioxide with epoxides to
form cyclic carbonates. The influence of the substitution
pattern on the amidinate ligand was explored to understand
how these variations affect the catalytic activity and selectivity
of the corresponding aluminum complexes.

Results and discussion
Synthesis of aluminum complexes

Aluminum complexes 1-4 were synthesized through protonoly-
sis reactions between the corresponding bis(amidine) ligands
(LyH, or L,H,) and one or two equivalents of Al(CHj)s
(Scheme 2). These reactions were easily monitored by gas
bubble evolution (CH,). Complex 1 was obtained through the
reaction of one equivalent of L;H, and one equivalent of Al
(CH3); in dry benzene at 60 °C for 2 hours because of the high
steric hindrance. Complex 1 was isolated as a yellow solid in
93% yield. The formation of a pentacoordinate aluminum
complex was established by NMR spectroscopy. The "H NMR
spectrum showed the disappearance of the resonance corres-
ponding to the N-H groups of ligand L;H,. Additionally, the
methyl group coordinated to the aluminum atom is easily
identified in "H and C NMR spectra, each exhibiting a
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Scheme 2 Synthesis of penta-coordinated aluminum (1 and 2) and tetra-coordinated bis-aluminum (3 and 4) complexes.

characteristic signal in the negative region, respectively, at
—0.34 ppm and —4.28 ppm, in good agreement with previously
reported pentacoordinate aluminum complexes.'® The 'H and
C NMR resonance patterns support the existence of a plane
of symmetry in this complex. On the other hand, L,H, reacts
much faster and smoothly with one equivalent of Al(CH3); in
CH,CIl, at room temperature, affording the pentacoordinate
aluminum complex 2 as a yellow solid in 90% yield within
only one hour. Similarly, the methyl group coordinated to the
central aluminum atom appears at —0.89 ppm and —3.99 ppm
in the respective 'H and "*C NMR spectra.

The bis-aluminum complex 3 was synthesized using 1 equi-
valent of LH, and two equivalents of Al(CHj3); in dry toluene
at room temperature for 1 hour. Complex 3 was obtained as
orange crystals in 83% yield. The formation of the corres-
ponding bis-aluminum complexes was established by NMR
spectroscopy and corroborated by XRD analysis (Fig. 2). The
"H NMR spectrum exhibited two signals in the negative region
at —0.02 and —0.33 ppm, each integrating for 6 H, indicating
that each aluminum atom is tetracoordinated with one amidi-
nate ligand and two CH; groups in its structure. In the *C
NMR spectrum, the signals of the methyl groups coordinated
to the aluminum atoms appeared at —5.41 and —9.16 ppm.

Finally, the analogous aluminum complex 4 was obtained
when L,H, is mixed with two equivalents of Al(CH;);. The NMR
data are very similar to those of complex 3 with signals at —0.33
and —0.75 ppm that integrate for 6 H in the "H NMR spectrum.

To gain more insight into these electronic structures,
quantum chemical calculations were performed. Each mole-

17182 | Dalton Trans., 2025, 54, 17180-17188

Fig. 2 Molecular structure of 3 (hydrogens are omitted for clarity).
Thermal ellipsoids are shown at 50% probability. Selected bond lengths
(A) and angles [*]: C16-Al1 1.948(4), C17-All 1.956(4), Al1-N2 1.942(3),
Al1-N1 1.948(3), Al2-N3 1.942(3), Al2-N4 1.954(3), C11-N2 1.333(4),
C11-N1 1.375(4), C26—N4 1.335(4), C26—N3 1.369(4), C31-Al2 1.954(4),
C32-Al2 1.949(4); N2—-C11-N1 108.5(3), N4-C26—N3 108.7(3).

cular structure was optimized by employing density functional
theory (DFT) calculations at the wB97XD/def2-TZVP level of
theory. Geometric indexes, such as 75 and 7,4, were computed at
the DFT level. Molecular electrostatic potentials (MEPs) were
calculated for all systems and are shown in Fig. 3. At first
glance, this analysis underscores notable variations in elec-
tronic distribution that can be attributed to the effects of sub-
stitution either at the aluminum center or at the ligand.

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Molecular electrostatic potential (MEP) for all complexes (isosur-
face 0.01 au). NPA charges (qg;) for selected atoms are displayed.

The DFT-optimized molecular structures of complexes 1
and 2 confirmed a pentacoordinate Al center with 75 indexes"’
of 0.35 and 0.28, suggesting a distorted square pyramidal geo-
metry at the Al centers. The computed equilibrium Al-C dis-
tances (bond orders) were 1.967 A (0.56) and 1.965 A (0.58), for
complexes 1 and 2, respectively. Fig. 3 reveals that the Al atom
in complex 1 exhibits a depletion of the electron density
shown as a more positive atomic charge, while the C atom
exhibits a more pronounced negative charge compared to
complex 2. This observation is further supported by the com-
parative analysis of bond distances, bond orders, and atomic
charges. Specifically, the longer bond distance and lower bond
order, coupled with the greater charge separation of the Al-C
bond in complex 1, unequivocally indicate a more polar Al-C
covalent bond in this system compared to complex 2. Besides
the small differences observed, these indexes still highlight
the effect of the different R groups in both ligands. The 7,
index'® computed from the XRD and DFT structures was 0.95
and 0.94, which supports the use of the DFT structures for
structural comparison. However, for a fair comparison, only
the DFT-derived indexes are discussed. The 7, indexes com-
puted from the DFT structures were found to be 0.95 and 0.96
for complexes 3 and 4, respectively, confirming the distorted
tetrahedral structure at Al. Interestingly, the DFT structures of
the aluminum complexes reported slightly different Al-C bond
distances for each Al center in complex 3 of 1.963 A and
1.957 A, respectively. However, the respective bond order
remains similar for both distances around 0.67. The indistin-
guishable bond distances of N-C in the NCN unit and almost
equal N-Al bond distances proved the formation of a deloca-
lized system.

In a previously reported article, we have established that THE
incorporation of a nucleophile (iodide) at the aluminum center
could be an interesting strategy to obtain a single-component
catalyst (avoiding the use of ammonium iodide as a cocatalyst).
Indeed, the reaction mechanism has been shown to require an

This journal is © The Royal Society of Chemistry 2025
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Scheme 3 Synthesis of complexes 5 and 6.

epoxide-iodide exchange at the aluminum atom, with an acti-
vation free energy of ~20 kcal mol ™ for styrene oxide.®

For the pentacoordinate aluminum complexes, the for-
mation of the respective iodide derivatives was achieved by
reacting the corresponding complex (1 or 2) with one equi-
valent of I, using a method previously described (Scheme 3).

Compounds 5 and 6 were obtained as brown solids in 95%
and 96% yields, respectively. The products were fully character-
ized by NMR spectroscopy. These reactions were easily moni-
tored by "H NMR, with the disappearance of the signal corres-
ponding to the methyl group at the aluminum center.

The NMR patterns of both iodo-complexes 5 and 6 again
indicate molecular symmetry.

The optimized DFT structures of iodine-containing com-
plexes (complexes 5 and 6) show Al-I bond distances of
2.565 A (a bond order of 0.82) for complex 5 and a slightly
shorter bond length of 2.547 A (a bond order of 0.85) for
complex 6. Notably, the NBO charges at the iodine centers
remain consistent, with only minor variations in the electron
population at the aluminum center. This significant electron
density difference between Al and I suggests a polarized
covalent bond, an essential characteristic for their function as
single-component catalysts (vide infra). The MEP of complexes
5 and 6 (Fig. 3) indicates charge accumulation on the iodine
atom, with delocalization across the ligand backbone. This
delocalization is more pronounced in complex 6, extending
between the naphthalene and phenyl groups due to the com-
plex’s relatively planar conformation.

In the case of the bis-aluminum complexes 3 and 4, attempts
to replace the methyl groups with iodide using I, with the
present procedure were unsuccessful in our hands, resulting in
mixtures of products that were difficult to identify. As an alterna-
tive synthetic route, BI; was used as a source of iodides to carry
out the substitution. The reaction between 3 and 2 equivalents
of BI; was carried out in benzene at room temperature for
1 hour (Scheme 4), resulting in the isolation of compound 7 as
yellow crystals (91% yield). As before, the evident disappearance
of signals in the negative region of the "H NMR spectrum was a
good indicator of reaction completion. Complex 7 presents an
extremely low solubility in common solvents, preventing us from
acquiring the corresponding *C NMR spectrum. However, the
formation of the bis-(iodo)complex was established by DRX ana-
lysis (Fig. 4), which revealed that the aluminum atoms exhibit a
distorted tetrahedral geometry.

Dalton Trans., 2025, 54,17180-17188 | 17183


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5dt02221e

Open Access Article. Published on 21 October 2025. Downloaded on 3/3/2026 1:34:34 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

2Bl,

View Article Online

Dalton Transactions

+  2B(CHy)

Benzene, RT, 1 h
91%

Scheme 4 Synthesis of 7.

Fig. 4 Molecular structure of 7 (hydrogens are omitted for clarity).
Thermal ellipsoids are shown at 50% probability. Selected bond lengths
(A) and angles [°]: AlL-N1 1.894(2), Al1-N2 1.906(2), All-12 2.4847(9),
All-11 2.4949(9), C11-N2 1.331(3), C11-N1 1.371(3), Al2-N3 1.901(2),
Al2—N4 1.905(2), Al2-13 2.4987(8), Al2—-14 2.4996(8), C24—N4 1.330(3),
C24-N3 1.385(3); N2-C11-N1108.8(2), N4-C24-N3 108.8(2).

For the bimetallic complex 7, the MEP surface reveals a dis-
tinctive electronic distribution influenced by the presence of
two Al-1 bonds. By comparing the atomic charges at the Al and
I centers, we gain insights into the polarity of these bonds."
The results show that the Al-I bonds in complex 7 are approxi-
mately 20% less polar than those in complexes 5 and 6.
Consequently, this reduced polarity of the two covalent bonds
in complex 7 may suggest lower reactivity, limiting its efficacy
as a single-component catalyst for cyclic carbonate formation.

Surprisingly, the replacement of methyl groups in complex
4 with iodides to form the halogenated complex led to a ther-
mally unstable species. Indeed, at low temperature (—78 °C),
the 'H spectrum indicates that the reaction proceeds similarly
to the previously reported complexes 1-3. Above this tempera-
ture, decomposition occurred, making it impossible to isolate
the iodocomplex.

Catalytic study for the synthesis of cyclic carbonates

With complexes 1-7 in hand, we explored their use as catalysts
for the preparation of a range of cyclic carbonates (9a-h) from
their corresponding epoxides (8a-h) and CO, under solvent-
free conditions. The results of the catalytic runs are shown in

17184 | Dalton Trans., 2025, 54,17180-17188

Fig. 5. The reactions were carried out at 80 °C under 1 bar of
CO, pressure for 24 h employing a combination of 1.5 mol%
of complexes 1 or 2 and 1.5 mol% of TBAI as a cocatalyst and
0.75 mol% of complexes 3 or 4 with 1.5 mol% of TBAI for dual
component systems. For one-component systems, only 1.5 or
0.75 mol% of catalysts 5, 6 or 7 were used. As expected, under
these reaction conditions, no polycarbonates were obtained.
Catalysts 1-4 associated with TBAI achieved moderate to excel-
lent yields (50-97%) for the preparation of cyclic carbonates
9a-9h (Fig. 5).%"'*® No clear trend can be identified regard-
ing the effectiveness of these systems based on the electronic
or steric effects triggered by the R substituent in the starting
epoxide, demonstrating that these systems exhibit good
efficiency and broad scope.

Generally, complexes 3 and 4 exhibited slightly better
efficiency than complexes 1 and 2. For the mono-component
catalysts 5, 6, and 7, the results were disappointing. Indeed, no
catalytic activity could be detected for catalysts 5 and 7, and

(o]
0] 1 0r 2 (1.5 mol%) / TBAI (1.5 mol%)
/ \ 30r4(0.75mol%) / TBAI (1.5mol%)  Q 0
R 80 °C, 1 bar CO,, 24 h R/\

8a-h 9a-h
a R=Ph- e R =4-CICgHy4-
b R =n-Bu- f R =4-BrCgHy-
¢ R=CICH,- g R=4-FCgH,-

d R=PhCH,0CHy- h R = CHF,(CF,)3CH,0CH,-

100 940001 01939495 o)
0 |

Fig. 5 Conversion of cyclic carbonates 9a—h employing catalysts 1-7.
@ Determined by *H NMR spectroscopy of the crude reaction mixture.
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extremely low conversions were observed with catalyst 6 for
three substrates (8, 3 and 9% conversion for substrates 9a, 9e,
9g, respectively). Specifically, the absence or the poor catalytic
activity of compounds 5, 6 and 7 can be attributed to the poor
polarity of the Al-I bonds as shown by the MEP surface (Fig. 3)
that probably prevents (or limits) the liberation of the iodide
atom. The X-ray data obtained in the case of complex 7 corro-
borate this hypothesis, with Al-I bond lengths rather short
(between 2.4847 and 2.4996 A) when compared to the one
observed in a similar active one-component system (2.553 A)
with a similar ligand reported by our research group.'®

To further understand the absence of reactivity of 5 and the
limited reactivity of 6, we examined the geometries of these
complexes by DFT when functioning as single-component cat-
alysts. A critical comparison with the reactive system IV (Fig. 1)
suggests that the pivotal step in these new complexes is the
initial stage of the mechanism, involving the epoxide-iodide
exchange at the aluminum center. The transition-state struc-
ture (TSpv+a) of complex IV during this exchange with styrene
oxide (a) is depicted in Fig. 6. Concurrently, steric maps illus-
trating the computed free volume in the frontal regions of
systems 5 and 6 are also presented in Fig. 6.

It is important to note that complexes IV and 5 differ only
in the R substituent linked to the amidine moiety, with methyl
in IV and ‘butyl in complex 6. Although this substitution
might seem minor, the bulkier ‘butyl substituent in complex 5
significantly hampers its reactivity as a single-component cata-
lyst. The steric maps in Fig. 7 further detail the approximate
entry channel for the epoxide and the exit channel for the
iodide atom, consistent with the transition state structure
shown on the left. As illustrated, the ‘butyl group on the
amidine moiety, along with the methyl groups on the phenyl
rings, obstructs both the entry channel for the epoxide and the
exit channel for the iodide, thereby inhibiting the reaction
mechanism.

Conversely, the low reactivity of complex 6 towards the
selected epoxide can be attributed to more open entry and exit
channels, coupled with a larger free volume. This is achieved

o, .
% Vfree .

6%

Fig. 6 lllustration of the transition state structure for the reaction
between complex IV and styrene oxide (a). Key methyl groups in the
ligand are highlighted in red, while the epoxide is rendered transparent
for enhanced clarity (inset box). Steric maps of complexes 5 and 6 are
presented, showing the computed free volume percentage in the frontal
region of the complexes. Arrows indicate the entry pathway of the
epoxide and the exit route of iodide atoms.

This journal is © The Royal Society of Chemistry 2025
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by retaining the bulky ‘butyl groups while positioning the
methyl group on the phenyl rings at the para position.
Computational analysis of the systems suggests that achieving
an optimal balance between the nucleophilic nature of the
iodide atoms and the steric demands of the complexes, which
facilitates favorable entry and exit channels for the exchange of
epoxide and iodide atoms, is crucial for the future design of
single-component catalysts.

To investigate whether the lack of catalytic activity of com-
plexes 5, 6, and 7 as one-component systems is due to the non-
dissociation of the iodide ligand, we employed these com-
plexes in the presence of TBAI as a cocatalyst, keeping all the
other experimental conditions unchanged.

The conversions are depicted in Fig. 7, demonstrating that
the simple addition of TBAI as a cocatalyst leads to an active
system for every studied substrate. The efficiency of the mono-
and bimetallic catalysts is very similar for every substrate. It is
worth noting that the catalytic activity of iodoaluminum com-
plexes is slightly lower than that of their methylated analogs.

These new catalytic systems show interesting reactivities,
comparable to those previously described in the literature."**~
™14-16 The recyclability of the catalyst, due to the type of cataly-
sis (homogeneous catalysis) and the experimental conditions
(without solvent, mol%...), is not possible.

Conclusions

In this study, we synthesized and characterized a series of
tetra- and penta-coordinated aluminum complexes with bis-
amidine ligands and evaluated their catalytic performance in
the conversion of CO, and epoxides into cyclic carbonates. The
results highlight the significant influence of ligand structure
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on the catalytic efficiency and selectivity of these aluminum
complexes. While tetra- and penta-coordinated aluminum
complexes 1-4 bearing methyl groups are efficient when used
with TBAI as a co-catalyst, their iodo analogs 5-7 proved to be
inefficient in mono-component catalysis, requiring the use of
additional TBAI. Computational results of the proposed
systems reveal the necessity of achieving a delicate balance
between the nucleophilic properties of iodide atoms and the
steric configuration of the complexes, which is pivotal for facil-
itating effective entry and exit channels in the design of future
single-component catalysts. This study underscores the poten-
tial of aluminum-based catalysts as sustainable alternatives for
CO, fixation. Future research should focus on further ligand
modifications (electronic and steric) to enhance the catalyst
reactivity and obtain efficient single-component catalysts for
cyclic carbonate synthesis.

Experimental
General information

All manipulations were performed under an inert atmosphere
of argon or nitrogen using standard Schlenk line and glovebox
techniques. Dry, oxygen-free solvents were employed. Reagents
were obtained from commercial suppliers unless otherwise
stated. N,N'-(naphthalene-1,8-diyl)bis(2,2-dimethyl-
propanamide),”®  N,N'(naphthalene-1,8-diyl)bis(2,2-dimethyl-
propanimidoyl chloride),”® L;H,,> and L,H,>' were syn-
thesized following reported procedures. 1D and 2D NMR
spectra were recorded with the following spectrometers for "H
and '*C: Bruker Avance II 300 MHz, Avance III HD 400 MHz,
and Avance I and II 500 MHz spectrometers. The chemical
shifts were counted positively relative to the low field and
expressed in parts per million (ppm). Mass spectrometric ana-
lyses were performed using a Maldi micro MX micro-mass
spectrometer with a pyrene matrix (ratio of product/matrix: 1/
100). Melting points were measured with a capillary electro-
thermal Stuart SMP40 apparatus, and samples were prepared
in the glovebox before the analysis. Single-crystal X-ray data
were collected at low temperature (193(2) K) on a Bruker D8
VENTURE diffractometer equipped with a PHOTON III detec-
tor and using MoK, radiation (A = 0.71037 A). Phi and omega
scans were performed for data collection, and an empirical
absorption correction was applied.””> The structures were
solved by the intrinsic phasing method (ShelXT)** and refined
by the full-matrix least-squares method on F>.>* All non-hydro-
gen atoms were refined with anisotropic displacement para-
meters. All hydrogen atoms were refined isotropically at calcu-
lated positions using a riding model, except for those of the
water molecules in the structure of compound 3, which were
not located in the difference Fourier maps. For 3, some elec-
tron density was difficult to model; therefore, the SQUEEZE
tool*® of PLATON was used to remove the corresponding elec-
tron density from the intensity data.

Deposition numbers 2477633 (3) and 2477634 (7) contain
the supplementary crystallographic data for this paper.
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Complexes 1-7 were fully optimized at the ®B97XD/def2-
TZVP level of theory, with the resulting structures confirmed
by frequency calculations at the same level. Population and
bond order analyses were conducted using the NBO3.1
program, interfaced with Gaussian16 Rev B.01. Bond orders
were specifically calculated using the Mayer definition, rec-
ommended as a suitable method for characterizing bonds in
metal complexes due to its incorporation of the overlap matrix
in the bond order determination.”® Molecular electrostatic
potentials were computed for all systems at the same level of
theory.

Synthesis of complex 1. Al(CH;); (8.12 mg, 0.11 mmol) was
added to a solution of L;H, (60 mg, 0.11 mmol) in dry
benzene. The mixture was stirred for 2 h at 60 °C. After the
solvent was removed, the solid residue was washed with
pentane. A yellow solid was obtained (59.5 mg, 0.10 mmol,
93%). Melting point: 206 °C. "H NMR (C4¢Ds, 400 MHz): § 7.42
(t, Jun = 8.2 Hz, 4H, C;oHg), 7.22 (t, Jun = 7.8 Hz, 2H, C;oH),
6.86 (s, 6H, C¢H3), 2.08 (s, 12H, CHj;), 1.06 (s, 18H, C(CH,)s),
—0.34 (s, 3H, CH;-Al). *C{'H} NMR (C4Ds, 100 MHz): § 181.6
(NCN), 144.8 (CeHazipso)y 142.2 (C1oHeipso)y 137.4 (CroHeipso)s
133.8 (CeHajpso)s 128.3 (CeHs), 126.5 (C1oHeipso)s 125.2 (C1oHe),
124.6 (CgH3), 123.4 (C1oHg), 121.0 (C1oHe), 39.9 (C(CH3)3), 29.5
(C(CHs)3), 19.7 (CH3), —4.3 (CH3-Al).

Synthesis of complex 2. Al(CH;); (28.6 mg, 0.39 mmol) was
added to a solution of L,H, (200 mg, 0.39 mmol) in dry
CH,Cl,. The mixture was stirred for 1 h at room temperature.
After the solvent was removed, the solid residue was washed
with pentane. A yellow solid was obtained (192 mg,
0.35 mmol, 90%). Melting point: 238 °C. '"H NMR (CDCl;,
400 MHz): § 7.42 (d, Jun = 8.2 Hz, 2H, C;oHy), 7.30-7.24 (m,
2H, C,Hg), 7.18 (d, Jyy = 7.4 Hz, 2H, C,oHg), 7.00 (d, Jy = 7.9
Hz, 4H, C¢H,), 6.81 (d, Juu = 7.9 Hz, 4H, C¢H,), 2.31 (s, 6H,
CH,3), 1.34 (s, 18H, C(CH,3);), —0.89 (s, 3H, CH;-Al). **C{'H}
NMR (CDCl;, 100 MHz): § 181.0 (NCN), 143.7 (CeHajpso), 142.7
(C10Hsipso)s 136.8 (C1oHeipso)s 132.3 (CoHuajpso)y 129.3 (CoHy),
125.2 (CyoHg), 124.6 (CgHy), 123.0 (CioHs), 122.5 (CioHsjpso),
120.3 (Cy0Hg), 40.5 (C(CHj)3), 31.1 (C(CHj3)3), 21.0 (CH3), —4.0
(CH;-Al).

Synthesis of complex 3. A 2 M solution of Al(CH;); in
heptane (1.9 mL, 3.8 mmol) was added to a solution of L,;H,
(1.0 g, 1.9 mmol) in toluene (20 mL) in a Schlenk flask. The
mixture was stirred for 2 h at room temperature. After the
solvent was removed, the solid residue was washed with
pentane (5 x 10 mL). An orange solid was recrystallized from
pentane at —30 °C. Orange crystals were obtained (1.07 g,
1.7 mmol, 83%). Melting point: 200 °C. "H NMR (C¢Ds,
500 MHz): § 7.44 (dd, Jy = 8.1, 1.0 Hz, 2H, C;,Hg), 7.18-7.16
(overlapped, 2H, C;oHg), 7.11-7.07 (m, 2H, C;0Hg), 7.00-6.91
(m, 6H, C¢H,), 2.55 (s, 6H, CH3), 2.52 (s, 6H, CH3), 0.95 (s, 9H,
C(CH3)3), —0.02 (s, 6H, CH3-Al), —0.33 (s, 6H, CH3-Al). **C{*H}
NMR (C¢Dg, 125 MHz): 6 186.9 (NCN), 144.6 (C1oHgjpso), 142.4
(CeHsipso)s 137.9 (C1oHeipso)y 133.9 (CeHaipso)s 132.8 (CeHaipso)s
129.0 (CeHs), 128.7 (CeHs), 127.1 (C1oHeipso)s 126.6 (C1oHs),
126.6 (CyoHs), 125.7 (C1oHe), 125.1 (CyoHe), 41.3 (C(CHa)s),
29.8 (C(CH,)3), 20.7 (CHs), 20.5 (CHj), —5.4 (CH3-Al), —9.2

This journal is © The Royal Society of Chemistry 2025
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(CH;-Al). MS (Maldi-TOF) m/z: 643.21 (M]"), 629.17 (M —
CH;]"), 615.16 (M — 2(CH3)]").

Synthesis of complex 4. A 2 M solution of Al(CHj;); in
heptane (0.6 mL, 1.2 mmol) was added to a solution of L;H
(300 mg, 0.60 mmol) in toluene (6 mL) in a Schlenk flask. The
mixture was stirred for 2 h at room temperature. After the
solvent was removed, the solid residue was washed with
pentane (5 x 10 mL). A yellow solid was obtained (295.0 mg,
0.48 mmol, 79%). Melting point: 221 °C. 'H NMR (CDCl;,
300 MHz): 6 7.63 (d, Juu = 8.2 Hz, 2H, CyoHg), 7.32 (t, Juu = 7.7
Hz, 2H, C,oHg), 7.16 (s, 8H, C¢H,), 6.99 (d, Juy = 7.3 Hz, 2H,
C10Hg), 2.36 (s, 6H, CH;), 0.89 (s, 18H, C(CH,);), —0.33 (s, 6H,
CH;-Al), -0.75 (s, 6H, CHz-Al). “C{'H} NMR (C¢Ds,
125 MHz): § 183.9 (NCN), 143.7 (C1oHsgipso)s 142.7 (CeHuaipso),
137.1 (C1oHeipso)y 134.7 (CeHagpso)y 129.9 (CeHy), 126.4 (C1oHs),
126.1 (CqoHs), 125.2 (C10Hg), 41.2 (C(CH3)3), 31.0 (C(CHs)s),
20.9 (CH3;), —7.9 (CH5-Al), —11.0 (CH;-Al).

Synthesis of complex 5. Benzene was added to 1 (200.0 mg,
0.35 mmol) and I, (88.7 mg, 0.35 mmol) in a Schlenk flask.
The mixture was stirred for 1 h at room temperature. After the
solvent was removed, the solid residue was washed with
pentane (3 x 5 mL). A brown solid was obtained (228.0 mg,
0.33 mmol, 95%). Melting point: 196 °C (decomposition). 'H
NMR (C¢Dg, 400 MHz): § 7.54 (dd, Juyu = 21.5, 7.8 Hz, 4H,
CioHs), 7.33-7.26 (m, 2H, CyoHs), 7.04-6.94 (m, 6H, CeH3),
2.30 (s, 12H, CH3), 1.09 (s, 18H, C(CHj;);). "*C{"H} NMR (C¢Ds,
100 MHz): § 183.3 (NCN), 142.9 (CgHjjps0), 140.4 (CioHgjpso),
137.0 (CioHeipso)y 134.3 (CeHaipso)y 128.4 (CeHs), 126.5
(C10Heipso)s 125.5 (CeHj), 125.3 (C1oHe), 124.3 (C1oHs), 121.8
(C10Hs), 39.8 (C(CHs)s), 29.2 (C(CH3)5), 20.4 (CHs).

Synthesis of complex 6. CH,Cl, was added to 2 (200.0 mg,
0.37 mmol) and I, (93.3 mg, 0.37 mmol) in a Schlenk flask.
The mixture was stirred for 1 h at room temperature. After the
solvent was removed, the solid residue was washed with
pentane (3 x 5 mL). A brown solid was obtained (234.0 mg,
0.36 mmol, 96%). Melting point: 207 °C. '"H NMR (CDCl;,
400 MHz): § 7.47 (dd, Juy = 7.2, 1.7 Hz, 2H, C1oHy), 7.33-7.24
(m, 4H, C,,Hy), 7.01 (d, Jii = 8.0 Hz, 4H, C¢H,), 6.83 (d, Jiy =
8.1 Hz, 4H, C¢H,), 2.30 (s, 6H, CH3), 1.35 (s, 18H, C(CHz)3).
Bc{'H} NMR (CDCl;, 100 MHz): § 182.3 (NCN), 141.7
(C6H4ipso)7 140.6 (C10H6ipso)1 136.8 (C10H6ips0)7 133.7 (C6H4ipso)x
129.5 (CgHy), 125.2 (C¢Hy), 125.1 (C1oHg), 124.0 (C1oHg), 122.2
(C10Heipso)s 121.0 (C10He), 40.6 (C(CHj)s), 30.7 (C(CHs)s), 21.1
(CH).

Synthesis of complex 7. Benzene (10 mL) was added to 3
(200.0 mg, 0.31 mmol) and BI; (243.0 mg, 0.62 mmol) in a
Schlenk flask. The mixture was stirred for 1 h at room tempera-
ture, and a white precipitate was observed. After the solvent
was removed, the solid residue was washed with pentane (3 x
5 mL). A white solid was recrystallized from benzene at room
temperature. Yellow crystals were obtained (307.0 mg,
0.281 mmol, 91%). Melting point: 203 °C (decomposition). 'H
NMR (C¢Ds, 300 MHz): § 7.48-7.39 (m, 4H, C,oHg), 7.07-7.02
(m, 2H, C;oHe), 6.93-6.83 (m, 6H, CeHj;), 2.83 (s, 6H, CHj),
2.70 (s, 6H, CHj), 0.95 (s, 18H, C(CH;);). MS (Maldi-TOF) m/z:
583.3 ((M — 41]").

This journal is © The Royal Society of Chemistry 2025
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General catalysis protocol. Epoxide (0.2 mL) and the cata-
lysts (1-7) were placed in glass vials with a magnetic stirring
bar in an autoclave reactor. The reaction mixture was stirred at
80 °C under 1 bar of CO, pressure for 24 h. For complexes 1
and 2, the conditions were 1.5 mol% of catalyst and 1.5 mol%
of TBAI as a cocatalyst; for complexes 3 and 4, 0.75 mol% of
catalyst and 1.5 mol% of TBAI; for complexes 5 and 6,
1.5 mol% of catalyst without a cocatalyst; and for complex 7,
0.75 mol% of catalyst without TBAIL. Complexes 5, 6, and 7
were again tested under the same conditions mentioned
before with the addition of 0.75 mol% of TBAIL All the reac-
tions were carried out under solvent-free conditions.
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