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ABSTRACT

We introduce a flexible indolocarbazole-based ligand platform for constructing multinuclear metal complexes with tunable
metal-metal separations and donor strength. The platform is functionalized with two 2-(2’-pyridyl)-2-propanoate units. This
architecture provides rotational freedom that enables access to multiple coordination geometries, while deprotonation modulates
ligand donor power. Coordination to iridium affords a tetracarbonyl diiridium complex with an Ir--Ir distance of 4.6 A; compu-

tational studies indicate that u-oxo incorporation could contract this separation to values relevant for high-valent iridium water

oxidation catalysts. In contrast, copper coordination yields a tetranuclear solid-state assembly that dissociates into dinuclear

units in solution and features a well-defined molecular pocket with Cu-Cu separations reminiscent of methanotrophic enzyme

active sites. Although steric and oxidative limitations currently restrict catalytic activity, the ligand framework's ability to enforce
specific metal-metal distances and encapsulate small molecules highlights its promise as a modular platform for multinuclear

catalysis and gas-binding applications.

1 | Introduction

The ligand 2-(2’-pyridyl)-2-propanoate, pyalk, has proved highly
effective in oxidation catalysis [1, 2]. Its alkoxide functional-
ity facilitates proton-coupled electron transfer (PCET), while
strong o- and n-donor properties stabilize unusually high-valent
metal oxidation states. The pyridine unit, featuring a dimethyl-
protected benzylic position, provides robust metal binding and
resistance to ligand degradation under oxidative catalytic condi-
tions. Pyalk also exhibits broad solubility in both aqueous and
nonaqueous media and generates an anisotropic ligand field that
enhances the geometry-dependent redox behavior.

Our group has extensively investigated pyalk-supported oxida-
tion catalysts across a range of metal centers (Mn, Cu, Ni, and Ir),
consistently observing effective oxidation activity [3-8]. Among
these systems, Ir and Cu complexes display particularly strong
performance in water oxidation. Ir-pyalk complexes give rise to
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the so-called “Blue Solution”: a homogeneous deep purple-blue
solution (A, ~610nm) containing molecular iridium dimers
that catalyze water oxidation efficiently under acidic conditions
[9, 10]. Formation of the Blue Solution requires bidentate ligand
coordination, while monodentate binding favors the formation
of iridium oxide nanoparticles under oxidative activation. The
Blue Solution comprises a mixture of regio- and structural iso-
mers with varying catalytic activities. Combined experimental
and computational studies have proposed the active species
to be a p-oxo bridged Ir(IV) dimer with an Ir---Ir separation of
approximately 3.5A, each metal center coordinated by a single
pyalk ligand; however, no crystal structure of an active isomer
has yet been obtained [11, 12]. Current efforts are, therefore, fo-
cused on minimizing isomer formation to increase the popula-
tion of a single active species amenable to crystallization.

Copper pyalk complexes offer a complementary and earth-
abundant alternative, with superior water oxidation activity at
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pH>10.5 when compared to Ir complexes, with an overpoten-
tial of only 550 mV and a turnover frequency of 0.7s7! [5]. These
catalysts retained robust stability with ~80% activity after 12h of
continuous electrolysis, achieving more than 30 catalytic turn-
overs. Mechanistic studies combining experiment and compu-
tation established a mononuclear catalytic pathway involving
ligand rearrangement to generate a substrate-binding site [13].
A dinuclear mechanism was excluded based on the linear de-
pendence of peak catalytic current on catalyst concentration in
cyclic voltammetry, consistent with the short-lived oxyl radical
intermediates favoring mononuclear reactivity. Nevertheless,
the potential role of cooperative effects between proximal cata-
lyst molecules remains an open question.

To suppress isomer formation in the Blue Solution and to probe
possible cooperative dinuclear reactivity in Cu-pyalk systems,
we designed a rigid, oxidation-resistant organic scaffold capable
of maintaining two metal centers at a target separation of ~3.5 A,
thereby promoting u-oxo bridge formation upon oxidation. This
scaffold consists of a planar indolocarbazole framework bearing
pyalk-functionalized nitrogen atoms (Figure 1). Rotation about
the CoyNic bond (py=pyalk, ic=indolocarbazole) allows each
pyalk unit to independently coordinate a metal center while
modulating the metal-metal distance.

Here, we report the synthesis and characterization of this dimeric
ligand and its complexes with Ir and Cu. For Ir, the tetracarbonyl
precatalyst was structurally characterized, with its crystal struc-
ture revealing an Ir-Ir distance of 4.6 A; computational analysis
indicates sufficient flexibility to accommodate p-oxo formation at
3.5A, consistent with the proposed active Blue Solution isomer.
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FIGURE 1 Molecular structure of the investigated molecules,
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In contrast, Cu coordination yields a tetranuclear cluster in the
solid state, in which two orthogonal ligand scaffolds bind four Cu
centers, with pyalk hydroxyl groups bridging pairs of Cu ions at
~3.0A. This assembly creates an internal cavity with Cu---Cu sep-
arations of 5.3-5.7 A, suggesting potential applications in catalysis
or gas absorption; solution studies reveal dissociation into dinu-
clear species, eliminating the cavity and rendering the Cu centers
within each ligand effectively independent.

2 | Results and Discussion
2.1 | Molecular Design and Synthesis

The indolocarbazole scaffold exhibits a carbazole N...carbazole N
distance of approximately 5A and provides a convenient platform
for symmetrical functionalization at both nitrogen atoms [14, 15].
The incorporation of two pyalk substituents, which possess ro-
tational freedom around the pr-NiC bond, enables the ligand to
adopt fewer conformational geometries than in the untethered
case. The rotational flexibility results in pyridine N...pyridine N
distances ranging from 4.2 to 6.85A, accommodating metal cen-
ters with varying coordination requirements. The conformational
freedom of the pyalk units also permits stabilization of structures
in which the metal centers are positioned on opposite faces of the
indolocarbazole plane. Importantly, the dihedral angle between
the pyalk moieties and the indolocarbazole core effectively inhib-
its charge transfer through the scaffold, thereby minimizing elec-
tronic coupling between the spatially separated metal centers.

The ICDPyalk ligand was synthesized through a two-step syn-
thesis (Figure 2). First, the microwave-assisted copper-catalyzed
pseudo-Ullmann coupling of 5,7-dihydroindolo[2,3-b]carbazole
with 1-(5-bromopyridin-2-yl)ethanone inserted the pyridinyl pen-
dants on the indolocarbazole scaffold [16]. Subsequent treatment
with Grignard reagent in tetrahydrofuran for 2h introduced the
alcohol functionalities, yielding a pale yellowish solid. The product
was purified by column chromatography followed by recrystalliza-
tion from EtOAc:hexanes (2:1) to afford the ICDPyalk ligand (2).

For iridium complexation, ICDPyalk (2) was dissolved
in dichloromethane with freshly purified [Ir(cod)(OMe)],
(cod=1,5-cyclooctadiene) and stirred for 1h (Figure 3).
Bubbling CO through the solution for 15 min generated the tet-
racarbonyl precatalyst [Ir,(ICDPyalk)(CO),] (3) as a brown
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FIGURE 2 | Synthetic pathway for 2. (i) 1-(5-Bromopyridin-2-yl)ethenone, copper iodide, cesium carbonate, N,N-dimethylformamide, micro-

wave, 200°C, 60 min, 200 W. (ii) methylmagnesiumbromide, THF, 30°C, 2h.
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solid. Layering of n-octane onto a dichloromethane solution of
3 at —20°C under nitrogen atmosphere for 1day gave delicate
pale-yellow crystals. The precatalyst exhibits bench stability
for several days but is best stored in the freezer. For copper
complexation, ICDPyalk was treated with Cu(OAc),+4H,0 in
a CHCIl,/MeOH/MeCN solvent mixture (Figure 3). After stir-
ring overnight at room temperature and removing the solvents,
the resulting bluish-green solid was redissolved in CHCl, and
filtered with a 0.2um PTFE (polytetrafluoroethylene) mem-
brane filter to remove insoluble material. Crystallization
via vapor diffusion of pentane at —20°C over 1week yielded
blue crystals corresponding to the tetranuclear copper com-
plex [Cu,(ICDPyalk),(OAc),] formed by two subunits of
[Cu,(ICDPyalk)(OAc),(L),] (4), where L represents a neu-
tral ligand, such as water or methanol, necessary to achieve
the square-planar geometry typical of Cu(II) complexes.

2.2 | X-Ray Diffraction Characterization

The crystals obtained with complexes 3 and 4 have been ana-
lyzed with X-ray diffraction (XRD). For complex 3, the XRD
data show two distorted square-planar iridium centers coordi-
nated with the pyalk ligands and two carbonyls (Figure 4). The
molecules are packed via m-stacking of the three central rings
of the indolocarbazole scaffold and a weak hydrogen bonding
of the methyl groups with the basic pyalk oxygen atoms (3.7 A).
The packing of the indolocarbazole scaffolds is not exactly par-
allel and the distances between two different molecules range
from 3.3 to 4.3A. These findings are reflected in the physical
properties of the crystals, which exhibited thermal instability at

ICDPyalk

room temperature and demonstrated mechanical fragility, read-
ily fracturing into smaller fragments. Interestingly, in each mol-
ecule, the two iridium centers face each other with only 4.36 A
distance, a value close to the target distance for Blue Solution
species [11]. The crystal structure of complex 4 reveals four cop-
per centers with distinct coordination geometries: three adopt
distorted square pyramidal configurations with apical water li-
gands at 2.4 A, while the fourth exhibits square-planar geometry
(Figure 5). The two dinuclear units are interconnected through
pyalk hydroxyl bridges linking copper centers from the adjacent
dinuclear units at 2.9 A, while the distance between two copper
atoms belonging to the same indolocarbazole scaffold is about
5.5A. The structure contains an internal pocket in which two
water molecules are coordinated by two copper atoms and two
acetate ligands. Strong hydrogen-bonding interactions are pres-
ent within this pocket. This hydrogen-bonding network is rep-
licated between adjacent tetranuclear units, further stabilizing
the inter-molecular packing. The indolocarbazole scaffolds also
exhibit strong 7t-7 stacking interactions with an interplanar sep-
aration of approximately 3.5 A. The hydrogen-bonding network
and 7-7t stacking interactions directly translate to the physical
properties of the crystals, which exhibit remarkable stability
under ambient conditions and poor solubility.

2.3 | Spectroscopic Characterization
of Compounds 3 and 4
Compound 3 was characterized by high resolution mass spec-

trometry (HRMS) and by NMR, IR and UV-vis spectroscopy. In
the 'H NMR spectra, the coordination of ligand 2 to the metal

[Cuy(ICDPyalk)(OAc)(L),]

FIGURE3 | Synthetic pathway for 3 and 4 (L=H,0, MeOH, or another neutral ligand). (iii) 1. [Ir(cod)(OMe)],, CH,Cl,, rt, 1.5h; 2. CO bubbling,

rt, 15min. (iv) Cu(OAc),+4H,0, CHCI,:MeOH (1:1), rt, overnight.
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FIGURE4 | (a)XRD structure of 3. (b) Ellipsoid representation of 3 highlighting the Ir-Ir’ distance and square-planar geometry angles. (c) Crystal
packing of 3, showing the arrangement of the indolocarbazole planes (in green). (d) Orthogonal view of crystal packing.

FIGURES5 | (a) XRD structure of 4. (b) Ellipsoid representation of 4 highlighting the Cu-Cu’ distances and Cu-H,0 distance. (c) Crystal packing
of 4, showing the intralayer water channel. (d) Crystal packing of 4, showing the 7-7 stacking between the indolocarbazoles.

centers was confirmed by the shift of the signals assigned to the asymmetrical stretching bands around 2000cm™ in the infrared
pyridine protons to low field by about 0.3 ppm with respect to com- spectrum confirmed the expected insertion of the carbonyls in the
pound 2 (Figure S3). The formation of two strong symmetrical and ~ last step of the synthetic reaction (Figure S8). The insertion of two
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iridium centers was confirmed by HRMS, which found the molec-
ular ion at an m/z value of 1021.1317 with an isotopic distribution
pattern consistent with having two iridium atoms (Figure S10).
UV-vis spectroscopic analysis of 3 in dichloromethane solution
revealed limited absorption in the visible region (Figure S13). The
most notable difference between 3 and 2 is the enhanced absorp-
tion spanning from 450 to 320nm, which can be attributed to the
iridium coordination center. An absorption band at approximately
360nm, assigned to ligand-centered transitions, appeared slightly
blue shifted and with higher intensity than that observed for 2
under identical conditions (Figure S13). Additionally, the band at
300nm shows a 4-nm blueshift, whereas the higher energy tran-
sitions at 288, 276, and 264nm remain unchanged compared to
2. The hyperchromic shift suggests the formation of a metal-to-
ligand charge transfer band with high absorbance intensity. The
molar extinction coefficients of the most relevant transitions are
reported in Table 1.

The structural behavior of compound 4 exhibits a notable solid-
state versus solution-state discrepancy. The X-ray diffraction
analysis reveals a tetranuclear structure in the crystalline form,
which would suggest diamagnetic character based on the short
2.9A distance between the hydroxyl-bridged Cu(lII) centers in
the tetranuclear structure. However, the 'H NMR spectrum dis-
plays pronounced paramagnetic features in the aromatic region
(Figure S6). Proton signals from the indolocarbazole scaffold re-
main distinguishable due to their distance from the copper cen-
ters, suggesting that the tetranuclear assembly dissociates into
dinuclear units upon dissolution, giving magnetically independent
Cu(II) centers that are not strongly interacting and resulting in a
paramagnetic molecule. The presence of the dinuclear species in
solution is further supported by HRMS analysis, which found a
molecular ion containing only two copper atoms (Figures S11 and
S12). Compound 4 exhibited a broad visible absorption band with
Ay At 689nm, consistent with the light blue color of the crystals
and the insertion of Cu (Figure S14). The absorption band ex-
tended into the near-infrared region beyond the detection limit
of the spectrophotometer, precluding accurate determination of
the molar extinction coefficient. The molar extinction coefficient
was calculated based on the concentration of the dinuclear spe-
cies, as this is the predominant species of 4 in solution, and allows
for better comparison with 2 and 3, which each contain only one

TABLE 1 | Optical and electrochemical parameters of investigated
compounds in solution.

Apar® V.2 [V vs. Fc/

Compound [nm] g2 [Mtcm™] Fc*]+£10 [mV]
2 362 21,500 =600 0.61

304 103,200+ 1500
3 358 30,600+ 600 0.54

300 111,700+ 500
4¢ 689 125 +4 0.56

361 9400 £ 100

304 37,600+1500

*The UV-vis study was performed in CH,Cl, for compounds 2 and 3, while the
spectra of compound 4 were recorded in CHCI,.

YElectrolyte: 0.1M TBAPF, in CHCl,.

“Molar extinction coefficients were calculated based on the concentration of the
dinuclear species in solution.

indolocarbazole unit in their structure. Using 500nm as a baseline
reference point, the molar extinction coefficient for the 689-nm d-d
transition was estimated to be (125 +£4) M~!cm™. The high-energy
part of the spectrum shows transitions associated with ligand 2,
presenting the same A_, . The lower molar extinction coefficients
observed for the high-energy transitions of 4 compared to 2 can
be associated with the reduction in the intraligand m— nt* tran-
sition probability upon coordination to the metal centers, which
may affect the symmetry of the indolocarbazole chromophore
and perturbs its electronic structure. The FTIR spectrum displays
strong absorption bands at approximately 1583 and 1382cm™,
characteristic of the stretching mode of coordinated acetate, con-
firming the presence of acetate in the copper coordination sphere
(Figure S9) [17].

2.4 | Electrochemical Characterization

Compounds 2, 3, and 4 have also been characterized electro-
chemically, with 2 being investigated to understand the stability
of the ligand toward oxidation conditions. The cyclic voltamme-
try of 2 in N,N-dimethylformamide (Figure S15a) showed the
onset of an irreversible oxidation curve at around 1.1V versus
Ag/AgCl (1.3V vs. NHE). Differential pulse voltammetry was
employed to obtain the potential for oxidation (V) in com-
pounds that showed irreversible cyclic voltammetry features
(Figure S15b). In the case of 2, the V__is 1.46V versus NHE.
To maintain consistency with the preferred solubility of com-
pounds 3 and 4 in CHCI,, electrochemical characterization
of 2 was performed in the same solvent (Figure 6a, Table 1).
Compound 2 exhibited an irreversible oxidation with V__of ap-
proximately 0.61V versus Fc/Fct (where Fc denotes the ferro-
cene internal standard) with a returning reducing peak at 0.35V
versus Fc/Fct. Conversion to the NHE scale employed the com-
monly reported value of E°(Fct/Fc)=0.77V versus NHE, recog-
nizing that this value lacks solvent specificity [18]. This yields
Vix2=1.38V versus NHE. Due to the oxidation-resistant nature
of pyalk [1], we hypothesize that the first oxidation of 2 occurs at
the central hydrogen (position 6) of the indolocarbazole scaffold
[15]. Following the initial cycle, the electrochemical behavior
revealed the formation of a new redox wave at approximately
0.41V versus Fc/Fct, which can be attributed to the oxidized
2 species (Figure S16b). Since V_, is higher than the potential
required to oxidize [Ir(pyalk)(CO),] electrochemically to the
blue solution (1.0V vs. NHE) [7], the ligand looks promising and
stable under conditions needed by 3 to oxidize water. The elec-
trochemical response of 3 exhibited an irreversible feature at
approximately 0.54 V versus Fc/Fc*, occurring at a lower poten-
tial than that of 2 and displaying a distinctly different voltam-
metric profile (Figure 6b). Consistent with the low potential for
oxidation characteristic of iridium dicarbonyl complexes, we at-
tribute this feature to the oxidation of the Ir center accompanied
by loss of the dicarbonyl ligands. The irreversibility of the vol-
tammetric trace further supports carbonyl dissociation under
oxidative conditions, while the decrease in current intensity
at 0.54V upon repeated cycling suggests decomposition of the
precatalytic complex during prolonged oxidation (Figure S17b).
Compound 4, in contrast, exhibited a voltammetric profile like
that of 2, displaying a quasi-reversible oxidation at 0.56V ver-
sus Fc/Fct (Figure 6¢). The cathodic shift in the potential for
oxidation relative to 2 may be attributed to metal coordination.
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FIGURE6 | CVin CHCI, 0.1M tetrabutylammonium hexafluorophosphate (TBAPF,) of 2 (a), 3 (b), and 4 (c).

FIGURE 7 | Optimized geometry calculated with DFT. The Ir---Ir
separation is highlighted in light blue.

Following the initial cycle, a new feature emerged at 0.3V ver-
sus Fc/Fc*, analogous to the post-oxidation feature observed for
2 but shifted to lower potential (Figure S18b). These results sug-
gest that oxidation of the indolocarbazole scaffold in 4 occurs
more readily than metal oxidation. Compared to Cu(pyalk),,
which exhibits an E,,=0.37V versus Fc/Fct in MeCN, this sys-
tem lacks the second pyalk coordination around the Cu center,
which may account for the shift in redox potential [4].

2.5 | Density Functional Theory Calculations

Density functional theory (DFT) calculations were carried out
to evaluate whether a dinuclear iridium complex supported by
the ICDPyalk ligand can accommodate the proposed u-oxo-
bridged core that is commonly associated with highly active
molecular water oxidation catalysts [11]. Structural analyses

of blue solution-type iridium catalysts consistently report Ir---Ir
separation of approximately 3.5A for catalytically relevant -
oxo-bridged dimers [11]. In contrast, the crystal structure of the
precatalyst reported here shows a larger Ir---Ir distance, prompt-
ing a computational assessment of whether the dinuclear scaf-
fold can contract to the separation required for u-oxo bridge
formation.

A p-oxo-bridged dinuclear iridium model was constructed
in which each iridium center adopts an octahedral coordina-
tion geometry completed by one water ligand and two acetate
ligands. Geometry optimizations were performed using un-
restricted B3LYP with the SDD effective core potential for irid-
ium and a polarized continuum solvation model for water. The
optimized structure preserves the u-oxo bridge and converges
to an Ir--Ir separation of 3.53 A (Figure 7), in good agreement
with reported values for molecular iridium water oxidation cat-
alysts [11, 19, 20]. These results indicate that, despite the larger
metal-metal separation observed in the solid-state precatalyst,
the dinuclear framework is capable of adopting the shorter
Ir---Ir distance required to support the proposed active u-oxo-
bridged motif.

3 | Conclusions

We have developed and validated a versatile ligand platform ca-
pable of supporting multinuclear metal complexes across differ-
ent metal centers through the synthesis of iridium and copper
derivatives together with their spectroscopic and electrochemi-
cal characterization.

The iridium complex shows strong potential as a precursor to
water oxidation catalysis. The ligand imparts rotational flexi-
bility that enables modulation of the Ir---Ir separation, allowing
contraction to the ~3.5A distance required for formation of a
catalytically relevant p-oxo bridge. This structural flexibility
suggests that, although the solid-state precatalyst exhibits a
longer metal-metal distance, the framework can access the
shorter separation associated with active dinuclear iridium
water oxidation motifs. Preliminary results obtained in our
group confirm the validity of this strategy with the forma-
tion of a blue molecular solution under oxidation conditions
(Figure S19). More detailed catalytic and mechanistic studies
are currently ongoing.
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The copper system displays pronounced structural dynamics. In
the solid state, it assembles into a tetranuclear structure featur-
ing a well-defined molecular pocket that positions copper cen-
ters in proximity (2.4 A to the nearest neighbor and ~5A along
the vertical axis). In solution, however, NMR data indicate dis-
sociation into a paramagnetic dinuclear complex. The tetranu-
clear structure contains p-oxo bridges analogous to those found
in other multinuclear copper oxidation catalysts [21-24] and
enforces Cu---Cu distances comparable to those observed in bi-
ological systems such as the methane monooxygenase found in
methanotrophic bacteria (which oxidizes methane through two
copper centers positioned 2.7 A apart) [25], and synthetic dicop-
per oxidation sites, pointing to potential reactivity of our copper
complex in oxidative transformations.

Direct catalytic application may be hindered by steric conges-
tion around the p-oxo bridge and by ligand-centered oxidation
occurring before higher copper oxidation states are reached
electrochemically. Nevertheless, the rigid pocket defined by the
tetranuclear complex has dimensions suitable for binding small
diatomic or triatomic guests between two copper centers. This
host-guest capability imparts characteristics reminiscent of po-
rous coordination materials and suggests possible utility in gas
capture and storage.

Overall, this ligand framework provides a flexible and modular
platform for constructing multinuclear metal complexes with
tunable metal-metal separations and emergent cavity-like fea-
tures. These properties open avenues for further exploration in
both redox catalysis and functional materials design.

4 | Experimental

General Procedures. All chemicals were purchased from Sigma
Aldrich, Ambeed, or Fisher Scientific and used as received.
Cu(Ac0),4H,0 was purchased from Fisher Scientific and used
without further purification.

Fourier Transform Infrared (FTIR) Spectroscopy was performed
using an Agilent Cary 660 spectrometer.

IH NMR spectra were collected at room temperature on a
400 MHz Bruker NMR spectrometer and referenced to the resid-
ual proteo-solvent signals.

High resolution mass spectrometry (HRMS) was performed with
a Shimadzu Scientific Instruments QToF 9030 LC-MS system.

UV-Vis absorption spectra were obtained using a Shimadzu
3600 UV-Vis spectrophotometer and a quartz cuvette with a
path length of 1cm.

Electrochemistry. Cyclic voltammetry (CV) and differen-
tial pulse voltammetry (DPV) were performed with a Pine
WaveNow potentiostat, using a standard three-electrode config-
uration. A boron-doped diamond (BDD) working electrode was
used 3mm diameter, polished with alumina and rinsed with
water, acetone, and acetonitrile then air-dried) with a platinum
wire counter electrode. A silver wire was used as a pseudo-
reference electrode, and the potential was referenced using a

ferrocene internal standard. N,N-dimethylformamide (DMF)
and CHCI, both with 0.1M tetrabutylammonium hexafluoro-
phosphate (TBAPF,) were used as electrolytes. The potentials
measured versus Fc/Fct are converted to normal hydrogen elec-
trode (NHE) by the addition of +0.77V [18]. All CVs were mea-
sured with a scan rate of 150mV/s, if not specified in the figure
caption. DPV used a pulse of 5mV height, 100 ms width, 500 ms
period, and 5mV increment.

Density functional theory calculations. Geometry optimizations
were carried out using density functional theory (DFT) with the
unrestricted B3LYP (UB3LYP) functional [26]. Iridium atoms
were treated using the Stuttgart-Dresden effective core potential
(SDD) [27], while all remaining atoms were described using a
double-£ basis set. Solvent effects were included using the po-
larizable continuum model (PCM) with water as the dielectric
medium [28], and Grimme's D3 empirical dispersion correction
was applied [29]. All structures were fully optimized without
symmetry constraints using the Gaussian 16 software package
[30]. Optimized geometries were visualized using Mercury soft-
ware [31].

Crystallographic data. Low-temperature diffraction data (w-
scans) were collected on a Rigaku Synergy-S diffractometer
coupled to a HyPix-Arc 100 detector with Cu Ka (A=1.54178 A)
for the structure of syn-24005. The diffraction images were pro-
cessed and scaled using Rigaku Oxford Diffraction software
CrysAlisPro [32]. The structure was solved with SHELXT and
was refined against F2 on all data by full-matrix least squares
with SHELXL [33]. All non-hydrogen atoms were refined
anisotropically. Hydrogen atoms were included in the model
at geometrically calculated positions and refined using a riding
model. The isotropic displacement parameters of all hydrogen
atoms were fixed to 1.2 times the U value of the atoms to which
they are linked (1.5 times for methyl groups). O—H hydro-
gen atoms were located from the difference map and refined
semi-freely. When a mask was used, it was computed using
the Olex2 implementation of SQUEEZE [34]. Crystallographic
data for the structures reported in this paper have been de-
posited with the Cambridge Crystallographic Data Centre as
supplementary publication no. CCDC2521680, CCDC2521681,
and CCDC2521435. Copies of the data can be obtained free of
charge on application to CCDC, 12 Union Road, Cambridge
CB2 1EZ, UK [fax.: (internat.) + 441,223/336-033; e-mail: de-
posit@ccdc.cam.ac.uk].
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trum of 3. Figure S9: FTIR spectrum of 4. Figure S10: HRMS of 3. (a)
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