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Cyclotribenzylene alkynylgold(i) phosphine
complexes: synthesis, chirality, and exchange of
phosphinef
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Bruno Vincent (2 and Jean-Claude Chambron (=) *2

Two different alkynyl-substituted Cs-symmetric cyclotribenzylenes (CTB) were synthesized in racemic
and enantiomerically pure forms, and six gold()) phosphine complexes differing by the nature of the CTB
and the phosphine were prepared and characterized, in particular by NMR spectroscopy, DOSY, electronic
circular dichroism (ECD), and electrospray ionization mass spectrometry (ESI-MS). Their ECD patterns
depended on the substitution of the starting CTBs and were shifted bathochromically by comparison with
the latter. ESI-MS in the presence of HCO,H allowed us to detect the complexes as proton adducts. The
intensities of the signals were stronger when the phosphine was more electron-rich. This technique was
also used to investigate the exchange of phosphine betweeen pairs of CTB complexes. The scrambling
reaction was demonstrated by the higher intensity of the signals of the complexes subjected to the
exchange of a single phosphine ligand by comparison with the intensity of the signals of the starting

rsc.li/dalton complexes.

Introduction

Self-assembly under thermodynamic control is an efficient and
expeditious tool for the synthesis of highly symmetrical cage-
like molecular structures from simple components." As a
matter of fact, it has been used extensively for the construction
of molecular containers and nanoreactors.>® This synthetic
approach takes advantage of bonding interactions that are
reversible in certain conditions, such as hydrogen bonding,*
coordination bonds,” dynamic covalent bonds,*” and hydro-
phobic interactions.® Among other reversible but less common
interactions, the Au(1)---Au(1) aurophilic bonding interaction is
worth mentioning because it has an energy similar to that of a
standard hydrogen bond.’ This attractive interaction can
occur, in the absence of steric hindrance, between linearly
two-coordinate Au® ions at distances between 2.50 and 3.50 A,
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that is, below the sum of their van der Waals radii (>4 A).*
The occurrence of aurophilic interactions in gold complexes
stems from the low coordination geometry of Au(1) and the
maximum relativistic contraction of gold orbitals. Therefore,
among the identified M---M contacts, those involving Au() are
the strongest. Aurophilic interactions have been identified, in
particular, by single crystal X-ray crystallography analysis of
several aryl acetylide gold(1) phosphine complexes, whether
they were unsupported'’™ or supported by covalent
bonds,'®™® and the so-called topological bonds.*

We have been interested for several years in the self-assem-
bly and study of chiral metallacages based on tritopic cyclotri-
benzylene (CTB) organic ligands and [ML]*" assembling metal
complex fragments (M Pd, Pt; L = phosphine or
diphosphine).>"*> The first members of this family of com-
pounds were reported in 2001 by Shinkai and coworkers.*?
Further developments in the last few decades were performed
by the group of Hardie.>*>® The structure, the stereochemistry,
and the properties of CTB-based metallacages make them
coordination complex analogues of the cryptophanes.**?
These latter compounds, which were designed four decades
ago by Collet and coworkers, are macropolycyclic receptors.
They feature a cavity lined by aromatic walls, and are able to
host a great variety of substrates. The prototypical members of
this family of compounds were shown to strongly complex
hydro(halo)carbons, quaternary ammoniums, and the xenon
atom. More recently, functionalized cryptophanes were used
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for the encapsulation of soft metal cations in aqueous
solutions.>*?* An organometallic cryptophane, obtained by
external grafting of [Cp*Ru]" complex fragments onto the CTB
subunits of an organic cryptophane was shown to host lipophi-
lic anions such as BF,~, PF,~, and CF;50,~.%°

In a previous study, we reported on the preparation of a C;-
symmetric CTB bearing three ethynyl functions.?® This com-
pound was used as a precursor for the synthesis of three tri-
nuclear CTB-based acetylide gold(i) phosphine complexes
differing by the nature of the terminal phosphine (PPh;, PCys;,
and PEt;), which showed interesting luminescence properties.
In CHCI; solution, the complexes exhibited a long-lived blue
phosphorescence and a weak fluorescence in the UV. In
addition, in MeOH-rich solvent mixtures, their UV emission
switched to a green emission. As we observed the aggregation
phenomenon concomitantly, we qualified this new emission
as an aggregation induced emission (AIE). In this paper, we
shall examine the consequences of a systematic variation of
the nature of the phosphine and of the CTB on the solution
and gas-phase structure of the complexes, their electronic and
chiroptical properties, and their intermolecular interactions in
the gas phase. In particular, the possibility of the alkynylgold
(1) CTBs to form metallocryptophanes in solution by dimeriza-
tion templated by Au---Au bonding will be scrutinized.

Results and discussion
Preparation and spectroscopic characterization

The chemical structures of the six alkynylgold(i) phosphine
complexes C1-C6 of this study and their cyclotribenzylene
(CTB) precursors are shown in Fig. 1. The complexes derive
from the ethynyl y-substituted cyclotribenzylenes CTB(H,
C,H)*° and CTB(OMe,C,H),*” both displaying the C; symmetry,
and the latter differing from the former by the methoxy substi-
tuents in y position. Two groups of complexes were therefore
synthesized and investigated, depending on the precursor
CTB: C1, C2, and C3 derive from CTB(H,C,H), and C4, C5, and
C6 derive from CTB(OMe,C,H). In each group, the complexes
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Fig. 1 Chemical structures of the CTBs
complexes).
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differed by the terminal phosphine ligand, with systematic
variation of the balance between the steric congestion and the
electrodonor character: PPh; for C1 and C4, PPh,Me for C2
and C5, and PPhMe, for C3 and Cé.

The complexes were prepared using either of the following
methods of the literature: the first (method A) consists in the
nucleophilic substitution reaction of the [AuCl(PPh,Me;_,)]
complex by CTB(H,C,H) or CTB(OMe,C,H) in the presence of
sodium methoxide and requires gentle heating,*®*?° whereas
the second (method B) involves the cleavage of the presynthe-
sized organometallic coordination polymer [CTB(R,C,Au)], (R
= H or OMe) by a stoichiometric amount of the PPh,Me;_,
phosphine at room temperature.*®*" The yields were moderate
to good (Table S1f). Method B showed higher simplicity than
method 4A; it operates in milder conditions, and the product
can be isolated without recrystallization.

The alkynylgold(i) CTB complexes were characterized by 'H,
3¢, and *'P NMR spectroscopies (Fig. $4-S337), ESI-TOF mass
spectrometry, IR spectroscopy, and elemental analysis. 1D
NMR acquisitions were completed by 2D "H/'H ROESY, *C/'H
HSQC, and *C/"H HMBC experiments in order to assign the
'H and the "*C NMR spectra. The resulting NMR data includ-
ing the complexation induced shifts (CIS) are collected in
Tables S2 (*H and *'P) and S3 (**C).T

Upon metallation of CTB(H,C,H) and CTB(OMe,C,H), the
singlet of the alkynyl proton, at 3.02 and 3.24 ppm respectively,
disappeared, providing a convenient method for monitoring
the reaction by "H NMR spectroscopy. The typical CTB patterns
were observed in the "H NMR spectra of the ligand precursors
and correspond to molecules of C; symmetry: two pairs of
doublets for the diastereotopic axial (a) and equatorial (e)
protons of the methylene bridges; a doublet for each of the a
and o' protons and a doublet of doublets for the y protons of
CTB(H,C,H); a singlet for each of the a« and o’ protons of CTB
(OMe,C,H). The same patterns were observed in the "H NMR
spectra of the corresponding gold complexes, which, in
addition, showed the signals of the phosphine ligands.
Noticeably, the signals of o-H (0o-H), which are the most
deshielded of the aromatic protons, shifted downfield by
+0.1 ppm increments upon going from C1 to C2 and C3, as a
result of the stepwise replacement of a phenyl by a methyl sub-
stituent. A similar observation could be done within the series
C4, C5, C6. Characteristic features of the methyl-substituted
phosphine ligands were the doublets at ca. 2.05 ppm for
PPh,Me and ca. 1.75 ppm for PPhMe, with */yp ranging
between 9 and 11 Hz. Doublets were also observed for the
carbon atoms of the same methyl substituents at ca. 14.2 ppm
for PPh,Me and ca. 15.7 ppm for PPhMe, with ‘Jpc of ca. 35
Hz, and for the signals of the ipso (i-C), ortho (o and o'-C), and
para (p-C) carbon atoms of the phenyl substituents with het-
eronuclear coupling constants of ‘Jcp = 55.3 Hz, *Jcp = 13.8,
and *Jcp = 11.3 Hz (these values precisely for C2), respectively.
The chemical shift of the phosphorus atom of the phosphine
terminal ligand was independent of the CTB but depended on
the nature of the phosphine: 43.0 ppm for PPh;, 27.2 ppm for
PPh,Me, and 14.2 ppm for PPhMe,. With regard to the **C

This journal is © The Royal Society of Chemistry 2024
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NMR spectra the signatures of the two series differed because
of the presence of the methoxy substituent, which significantly
impacted the chemical shifts of y’-C (by ca. —11 ppm), a-C (by
ca. —18 ppm), and y-C (by ca. 28 ppm).

An interesting issue is the complexation-induced shifts (A5
= CIS, see Tables S2 and S371). In the case of C1, the protons o~
H were deshielded by +0.026 ppm, but o-H, y-H, a-H and e-H
were shielded by values ranging from -0.042 (y-H) to
—0.088 ppm (e-H) by comparison with CTB(H,C,H). In the
series C1-C3 the CIS of o-H and y-H (protons ortho to the
alkynyl substituents) were the most affected upon going from
C1 to C2, but showed only small changes when comparing C2
and C3, indicating that the replacement of the first phenyl
substituent by a methyl substituent had the strongest effect. In
the case of the ">C NMR spectra, only did the signals of the
carbon atoms proximal to the metal, that is y"-C, &'-C and ¢'-C,
showed changes, moving downfield by +2.3 and +21 ppm,
respectively. Comparison of the CTBs of the series C4-C6 to
their homologues of the series C1-C3 showed that the chemi-
cal shifts of the CTB protons in C4-C6 were less affected by
metallation and by the nature of the phosphine co-ligand, o’-H
excepted, the CIS of which decreased from +0.060 in C4 to
+0.036 in C6. The observations pertaining to the *C NMR
spectra of complexes C1-C3 hold true in the case of C4-C6 as
well.

The IR spectra of the complexes all showed the character-
istic very weak (vw) absorption at ca. 2100 cm ™" corresponding
to the ethynyl triple bond stretch. An absorption of medium
(m) intensity at 1265 cm ™' was visible only in the spectra of
the complexes C4-C6, which indicates that it corresponds to
the C-O bond stretch of the arylether. Medium to strong (s)
absorptions that were shared by all the spectra were found at
ca. 1490 (m), 1435 (s), 1385 (weak for C1, but strong or
medium for the others), 1100 (s or m), 735-745 (s or m), and
688-693 cm™" (s or m).

Investigations of the nuclearities of the gold complexes

ESI-MS experiments. The alkynylgold(:) CTBs C1-C6 were
examined by electrospray ionisation mass spectrometry
(ESI-MS) in the positive mode. The spectra are reproduced in
Fig. S34-S45.1 Before injection, 10~ mol L' solutions in
CH,Cl, were diluted twice in i-PrOH/HCO,H 1%, affording a
final concentration of 5 x 107> mol L™". We found it necessary
to run the experiments in acidic solutions despite the fact that
the gold-alkynyl bond is acid-sensitive, because otherwise the
molecular signal could be hardly detected. As a matter of fact,
the main species that were identified are, in decreasing order
of signal intensity: [Au(PPh,Me(3_,),]" > [M-Au(PPh,)Me;_,) +
2H]" > [M + HJ" > [2M + 2H]*", M corresponding to the
complex Cn. We measured the ratio between the intensities of
the signal of the species of interest and [Au(PPh,,Me(3_n))2]+,
the major ion that results from demetallation/reprotonation of
the complexes in acidic conditions, as a function of E.. (the
energy, expressed in eV, used for collision-induced fragmenta-
tion) and plotted them for each complex (Fig. 2). Comparison
of the graphs within each series C1-C3 and C4-C6 shows that

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Evolution of the intensities of the ESI-MS signals of the following
ions: [Au(PPh,Me(_,)21" (blue), [IM-Au(PPh,)Me(_p,) + 2HI* (green), [M +
HI* (red dashes) [2M + 2H]?* (red dots). The sum of the signals of [M +
HI* and [2M + 2H]?* is represented by the red lines.

the more electron-rich the phosphine, the highest the intensi-
ties of the signals of the [M-Au(PPh,)Me(;_,) + 2H]" fragment
and the molecular species (expressed as the sum of the signals
of [M + H]" and [2M + 2H]*"). Comparisons between C1/C4 and
C2/C5 indicate that the substitution of OMe for H also
increases the intensities of the signals of these two species,
which is consistent with the concomitant increase of the elec-
tron richness of the CTB. In the case of C3/Cé the differences
are levelled out, as the intensities are higher for C3 by com-
parison with C6. As the intensities of the molecular signal ([M
+ H]") and the signal of the fragment [M-Au(PPh,)Me(_,) +
2H]" increase with the electron richness of the phosphine and
CTB ligands, the observed trend reflects more the overall
proton affinities than the stabilities of the complexes.

The plots in Fig. 2 also show the separate evolutions of the
intensities of the signals of the doubly charged species associ-
ated with the molecular signal, [2M + 2HJ]*" (see also
Table S47). The intensity of the signal of [2M + 2H]*" is usually
maximal at E..; = 5 €V, excepted in the case of C4, for which it
is maximal at E.o;; = 10 €V. At the maximum, it increases in the
order C1 < C2 < C3 < C4 < C5 < C6. Noticeably, experiments at
higher concentration (107 mol L") gave similar monomer to
dimer ratios as those measured for C2 (E.,; = 5 and 10 eV), C5
(Econ = 5, 10, and 20 eV), and C6 (Eo; = 2 and 5 eV).

Dalton Trans., 2024, 53, 5521-5533 | 5523
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Compound
Imaginary or real dimer hydrodynamics
Dimensions®
Ellipsoid v, /A*>  Cylinder v,/A’
Concentration a/A b/A
Compound (x10° mol L")  T/K LA d/A 4/3(nab®) 2nab? Solvent D,” D> /A vu/A®? vpvy
CTB(H,CZH)e 298 5.31 6.69 995 — 30.30 8.64 6.17 980 0.98
C1 0.9 298 5.781 15.088 5510 — 16.50 4.23 10.40 4650 0.84
13.910 30.176 — 9948 4.23 10.60 4980 0.50
10 298 5.781 15.088 5510 — 16.90 3.89 11.10 5760 1.05
13.910 30.176 — 9948 3.89 11.40 6180 0.62
C3 0.2 298 5.816 12.868 4030 — 23.80 5.01 9.16 3220 0.80
11.632 25.736 — 6051 5.01 9.18 3240 0.54
10 298 5.816 12.868 4030 — 20.60 4.82 9.46 3550 0.88
11.632 25.736 — 6051 4.82 9.48 3570 0.59
C4 0.1 298 5.882  14.965 5520 — 23.30 4.15 10.60 4930 0.89
13.988 29.930 — 9841 4.15 10.80 5240 0.53
10 298 5.882  14.965 5520 — 22.00 4.06 10.80 5210 0.94
13.988 29.930 — 9841 4.06 11.00 5550 0.56

“a and b are respectively the radii of the polar and the equatorial axes of an oblate ellipsoid and are related to the height (L) and the diameter (d)
of a cylinder by the relationship: d = 2b and L = 2a. ” Diffusion coefficient. Unit: 10'° m* s™*. ¢ Hydrodynamic radius (A), see footnote of Table S5}
for the details of calculation. ¢ Hydrodynamic volume vy = 27ry® (A). © Ref. 36.

DOSY experiments. In this section we investigate the effect
of the decrease of the steric hindrance (at the expense of the
electron acceptor ability) in the series C1-C3 and the effect of
the methoxy substitution of the CTB ring by comparing the be-
havior of C1 with those of C3 and C4, respectively. The data
are collected in Table 1 and its complete version in the ESI
(Table S51). We also included the data that we had obtained
for CTB(H,C,H).*® The DOSY spectra were acquired at two con-
centrations for each of the three complexes. We considered
two models for the shape of the Cn dimers, either the oblate
ellipsoid or the cylinder.*? The dimensions of these 3D figures
were estimated from the computed structures of the CTBs as
indicated in the ESI (Fig. S46-S53t). They were used for the
calculation of the corresponding metric volumes vy of the
ellipsoid and the cylinder models. The CTBs and the corres-
ponding cryptophane-like dimers are represented in simplified
form schematically in Fig. 3. As the dimerization proceeds by
interpenetration of the CTBs, two cases can be envisaged: In
the first (small phosphine ligand; Fig. 3a and b), the radius a
of the short axis of the ellipsoid model (distance h,, between
the centroids of the e-H and the Au atoms) is half the height L
of the cylinder model (2a); in the second (Fig. 3c and d), the
large phosphine substituents envelop the CTB cone. Therefore,
we kept a = Ay, but took L = 2(hy — hy,), where £, is the height
of Cn. In the case of CTB(H,C,H), we considered a virtual
dimer obtained by putting two such molecules concavity-to-
concavity and applied the ellipsoid model. The details of the
calculations of the hydrodynamic radii, hence the volumes vy
of the corresponding hydrodynamic spheres from the
measured diffusion coefficients D, are illustrated for C4 in
Fig. S54 (ellipsoid model) and S55 (cylinder model).¥

Surprisingly, the vy/vy ratio obtained for the virtual dimer
of CTB(H,C,H) is very close to 1 (0.98), in spite of the fact that

5524 | Dalton Trans., 2024, 53, 5521-5533
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Fig. 3 Schematical views in simplified form of a CTB complex with (a)
small and (c) large phosphine ligands and the corresponding (b and d)
interpenetrated CTB dimers. The ellipsoid and cylinder shapes are
marked with blue and black lines, respectively in (b) and (d).

this dimer cannot exist! This result shows that the hydrodyn-
amic behavior of the cone-shaped CTB is incidentally
mimicked by the oblate ellipsoid, the metric parameters a and
b of which correspond to a = iy and b = r of Fig. S47.1 In the
case of the complexes, the ratios vy/vy, calculated for the ellip-
soid model varied between 0.84 and 1.05. However, given the
results obtained in the case of the parent CTB, it is likely that
the ellipsoid model is not suitable for the complexes as well.
In the case of the cylinder model, the vy/v\ ratios are all com-
prised between 0.50 and 0.62. They increase for C1 by 24%
(for a 11 x concentration increase), for C3 by 10% (for a 50 x
concentration increase), and for C4 by ca. 6% (for a 100 x con-
centration increase). The cylinder model seems to be better
adapted to complexes with large phosphine co-ligands, which
envelop the CTB cone. Given the values of the vy/vy ratios

This journal is © The Royal Society of Chemistry 2024
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obtained for C1 and C4 in the frame of the cylinder model,
these complexes are likely to be monomeric at lower concen-
tration. The highest rate of increase of the vy/vy ratio with
concentration observed for C1 (2.16) by comparison with C4
(0.06) indicates that we can consider that 10 mM solutions of
the former contain a small fraction of dimer in fast exchange
with the monomer. Therefore, whereas ESI-MS provided evi-
dence for dimeric species in the gas phase for all six Cn com-
plexes, solution DOSY experiments confirmed our earlier con-
clusion®® that only C1 was prone to dimerize in pure chloro-
form solution, albeit to a very limited extent. This was con-
firmed by the evolution of the *'P and "H NMR spectra of solu-
tions of C1 in CDCI; in the concentration range 0.055-1.06 X
107" mol L™" (Fig. S561). As the concentration of C1 increased,
the signal of the PPh; phosphorus atom was gradually shifted
to higher field and broadened, the maximum chemical shift
variation in this concentration range being —0.17 ppm. The
contrasted observations between NMR and ESI-MS are outward
discrepancies, as the conditions of the experimental tech-
niques (solvent, concentrations, state of the matter) are
different. Moreover, the recognized risk to detect unspecific
aggregates by ESI-MS must not be overlooked. This would
concern, in the present case, dimers held by other interactions
than those expected (here Au---Au bonds).

Investigations on the chirality of the complexes

Preparation of the enantiomerically pure complexes. CTB
(OMe,C,H) was resolved into its enantiomerically pure forms
by HPLC on a chiral stationary phase, which provided (-)-CTB
(OMe,C,H) followed by (+)-CTB(OMe,C,H). The resolution of
CTB(H,C,H) by the same means was reported earlier,”® and
afforded also (—)-CTB(H,C,H) first, followed by (+)-CTB(H,
C,H). Polarimetric data are collected in Tables S6 (C1-C3) and
S7 (C4-C6).t Whereas for (+)-CTB(H,C,H) o’ = +633 (CH,Cl,, ¢
= 0.121), for (-)-CTB(OMe,C,H) it was increased in absolute
value to +138 (CH,Cl,, ¢ = 0.112). The enantiomerisation rate
of CTB(OMe,C,H) was 3.74 x 10> s~ (62 °C, CHCl3), which is
ca. 25 times higher than the value found for CTB(H,C,H), 1.40
x 107% 57! (40 °C, CH,Cl,). The corresponding energy barriers
are 110.8 kJ mol™" (26.5 kecal mol™") and 111.9 kJ mol™"
(26.7 keal mol ™). Therefore the methoxy substituents increase
only by 1% the enantiomerisation barrier of the CTB. In any
case the latter is in the 26-28 keal mol™" range noted for this
family of compounds.?®

The resolution of the CTB complexes by chiral HPLC was
not as straightforward, because in most cases the compounds
were prone to partial decomposition upon elution through the
column. Separation of the enantiomers by chiral HPLC was
restricted to C1, affording (+)-C1 and (-)-C1, as reported
earlier;®® C5, which afforded (-)-C5 then (+)-C5; and C6, which
afforded (+)-C6 then (—)-C6. However, the enantiopurity of
(+)-C6 was not satisfactory. The enantiomers of the remaining
complexes (C2, C3, and C4) were prepared separately from the
enantiopure CTB precursors using the mild (short reaction
time, room temperature) reaction conditions of method B.
Accordingly, (—)-C2 and (+)-C2 were obtained in 79 and 41%
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yields, (—)-C3 in 73% yield, and (-)-C4 and (+)-C4 in 86 and
56% yields, respectively. Additionally, (—)-C5 on the one hand,
(-)-C6 and (+)-C6 on the other hand were also prepared by
method B and obtained in 80, 70, and 61% yields, respectively
(Table S17).

Electronic and chiroptical properties - absolute configur-
ations. The electronic absorption and ECD spectra of the com-
pounds of this study are shown in Fig. S57-S69.1 The elec-
tronic absorption spectrum of CTB(H,C,H) in CH,Cl,
(Fig. S57bf) shows a prominent broad band with strong
absorptions in the 230-265 nm region with a broad maximum
at 247 nm (e = 55700 mol™' em™) and a sharp maximum at
257 nm (e = 57 800 mol~" em™"), and a weak broad band in the
265-310 nm region with maxima at 282 nm (¢ = 2500 mol™*
em ') and 293 nm (¢ = 2050 mol™" ¢m™'). The two bands
correspond to the B,, and B,, forbidden transitions of the
benzene ring, respectively. They are shifted bathochromically
by ca. 10 nm with respect to m-ethynyltoluene (Fig. S57at). The
magnitude and sign of the spectroscopic moment sm of the
ethynyl substituent for the so-called 2600A electronic tran-
sition of benzene was estimated to +19 (pp. S5-S6). The ECD
spectrum of CTB(H,C,H) (Fig. 4a and S57b¥) shows a bisignate
Cotton effect in the B,, region, with a broad and prominent
band up to 257.9 nm and a weaker band extending between
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Fig. 4 Plots of the ECD spectra of (a) CTB(H,C;H) in CH,Cl, and (b)
CTB(OMe,C,H) in CH3CN between 225 and 345 nm, which covers the
regions of the By, and By, transitions. The ECD spectrum of CTB(OMe,
C,H) in the full range is shown in Fig. S64b.t The spectra of the first
eluted enantiomers are in green, those of the second eluted enantio-
mers are in red. In (c) and (e) are represented the directions of polariz-
ation (angle 6,) of the By, transitions of (M)-CTB(H,C,H) and (M)-CTB
(OMe,C,H). Two are possible in the case of the latter compounds. They
are discussed in the text. In (e) is also represented the direction of polar-
ization (angle 6,) of the B,, transition of (M)-CTB(OMe,C,H). It is lacking
for the B,, transition of (M)-CTB(H,C,H), because this transition does
not show an exciton couplet. (d) The orientations of the dipole
moments of the transitions By, and B,, of benzene are shown in blue
and pink, respectively. The expected shapes of the exciton couplets of
the By, and By, transitions as a function of the location of the direction
of polarization of the transition dipole in quadrants | (0° < 8 < 45°), Il (45°
<0<90°), Il (90° < 6 < 135°), and IV (135° < @ < 180°) are also shown. See
ref. 43 and 46 for details.
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257.9 and 266.3 nm. In the B,, region, the ECD spectrum,
extending between 266.3 nm to ca. 303 nm shows a singly
signed band and is even weaker. Simulation of the ECD of (M)-
CTB(H,C,H) by TD-DFT calculations at the CAM-B3LYP-D3 6-
311+G(d,p) level of theory (Fig. S59t) indicated that this enan-
tiomer was the second eluted, and thus corresponded to
(+)-CTB(H,C,H); therefore (P)-CTB(H,C,H) is (—)-CTB(H,C,H).

The electronic absorption spectrum of CTB(OMe,C,H) in
acetonitrile (Fig. S63at) shows three bands, a high energy
band with a maximum at 216 nm (e = 68 700 mol ' em™"), an
intermediate energy band with a maximum at 247 nm (e
48500 mol™ cm™') and a shoulder at 253 nm (¢ =
46 300 mol~" em™"), and a low energy band with a shoulder at
303 nm (e = 15300 mol™" em™), a maximum at 310 nm (e =
17100 mol™* ecm™), and a tail extending from ca. 320 nm
down to ca. 400 nm. The high energy band corresponds to the
allowed E;, transition of the benzene rings, and the intermedi-
ate energy bands are located in the B,, region, whereas the low
energy band is located in the B,, region. By contrast with CTB
(H,C,H), the ECD spectrum of CTB(OMe,C,H) in acetonitrile
(Fig. 4b and S64bft) shows three bisignate exciton patterns.
The highest energy one is centered on the isotropic absorption
of the E,, transition, and the lowest energy ones are centered
on the isotropic absorptions of the By, and B,, transitions. In
the B,, region, a bisignate Cotton effect between 229.5 and
276 nm with sign inversion at 258.4 nm, is followed, in the B,,
region, by a bisignate Cotton effect showing the opposite
sequence of signs from 276 to ca. 350 nm with sign inversion
at 302.2 nm. Simulation of the ECD of (P)-CTB(OMe,C,H) by
TD-DFT calculations at the CAM-B3LYP-D3 6-311+G(d,p) level
of theory (Fig. S651) indicated that this enantiomer was the
second and thus corresponded to (+)-CTB(OMe,C,H); therefore
the absolute configuration of (+)-CTB(OMe,C,H) is (P)-CTB
(OMe,C,H), and the one of (—)-CTB(OMe,C,H) is (M)-CTB
(OMe,C,H).

The simulation of the ECD spectra of CTBs has been, in the
past, undertaken by Collet, Gottarelli and coworkers**™** in the
frame of the Kuhn-Kirkwood coupled-oscillator theory, in
which the exciton model for molecules incorporating chromo-
phores interacting through their electric transition dipoles
generated in a radiation field was developed (see Fig. 4d). The
CTBs contain three benzene chromophores that are tilted
around a C; symmetry axis. Each benzene ring bears four sub-
stituents, invariably two methylene bridges in  and f' posi-
tions, and two variable substituents R and R’ in y and y’ posi-
tions. The lowest energy transitions in the UV are labelled B,,
(230-250 nm) and B,, (255-310 nm); if R = R’ their dipole
moments are polarized along the long and short axes of the
benzene ring, respectively. If R # R’, the transition dipole
moments are tilted by an angle of 9, (for B,,,) or 6, (for B,,), as
shown in Fig. 4c and e. The sign and magnitude of 6, depends
on the values of the spectroscopic moments sm of R and R'. 6,
often equals 6, + 90° but this turned out not to be always the
case.”®?” Three coupling modes for each of the B,, and By,
transitions operate in Cs-symmetric CTBs, the symmetrical
A-coupling and the two degenerate non-symmetrical
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E-couplings. In A the electric (¢) and magnetic (m) moments
are aligned along the C; axis whereas in E they are polarized
along the direction perpendicular to the C; axis. Each of the A
and E couplings generate one of the two oppositely signed
Cotton bands of the exciton CD, the sign of which directly
depends on the sign of the rotational strength y x m, and the
energy of which depends on the nature of the interactions
between the dipoles (higher if repulsive, lower if attractive).

The ECD spectra of CTB(H,C,H) and CTB(OMe,C,H) were
examined in the light of the exciton coupling theory. The
former showed a bisignate pattern only in the B,, region with
a positive-negative sequence from high to low energy (negative
Cotton effect) for the M enantiomer. It corresponds therefore
to the E-A sequence of couplings of quadrant III, which is in
agreement with our finding that sm(C,H) = 19 > sm(H) =0 M~V
2 em™"2, CTB(OMe,C,H) showed bisignate patterns for the By,
(positive Cotton effect) and the B,, transitions (negative
Cotton effect) for the M enantiomer. The pattern of the By,
transition corresponds to the A-E sequence of couplings of
quadrant I, which is in agreement with the fact that sm(C,H) =
19 < sm(OMe) ~ 31 M~V> cm™*2.*® By contrast, the B;, tran-
sition should show a negative Cotton effect (quadrant III) if
the relationship: 6; = 6, + 90° applied. As a positive Cotton
effect is observed, the B;, and B,, transitions are not polarized
at 90°. Therefore, the direction of polarization of the B,, tran-
sition is either located in quadrant I (By,(u) of Fig. 4e), or in
quadrant IV (By,(iv) of Fig. 4e) as they both account for the
observed positive Cotton effect. This confirms the observation
by Collet and coworkers that only the B,, transition can be
used safely in the case of CTB(OMe,C,H) for the absolute con-
figuration assignment.*®

The electronic absorption and chiroptical properties ([a]2,
electronic circular dichroism - ECD) of the enantiopure com-
plexes, ie., (-)-C2 and (+)-C2 (Fig. S62%), (—)-C3 and (+)-C3
(Fig. S631), (-)-C4 and (+)-C4 (Fig. S667%), (=)-C5 and (+)-C5
(Fig. S687), and (—)-Cé6 and (+)-C6 (Fig. S691) were recorded
using solutions in CH,Cl,, and the data are collected in Tables
S6-S81 together with those of (—)-C1 and (+)-C1 (Fig. S607),
which were available from a previous study.>® The electronic
absorption spectra of C1-C3 in CH,Cl, all show the same
pattern, a strong absorption band at high energy, which is
characterized by a shoulder at ca. 236 nm (¢ = 112600 M
em™'), and a broad structured band extending between 255
and 315 nm, which, in the case of C1, shows a shoulder at
263 nm (¢ = 56500 M~' em™!), maxima at 275 (82 000), 285
(97 500), and 297 nm (e = 83 900 M~' cm™"), and a shoulder at
306 nm (e = 39200 M~" cm™"). There is a weak residual absorp-
tion extending down to ca. 350 nm. The spectra undergo a
hypochromic (C1 > C2 ~ C3) and a slight hypsochromic (ca.
1 nm) shift upon going from C1 to C3, the differences being
the highest in the high energy region.

The ECD spectra of C1-C3 (Fig. 5a) show similar patterns:
from high to low energy, in the By, region, a bisignate non-
symmetrical band, the highest energy and absorbance com-
ponent extending down to ca. 264 nm, followed by an inter-
mediate energy and weak absorbance component across

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Plots of the ECD spectra of (a) complexes C1-C3 and (b) com-
plexes C4—-C6 in CHCl,.

10 nm; in the B,, region, a singly signate band between 274
and 315 nm tailing down to 350 nm. The broadest bands are
structured, which is particularly clear in the case of C3. Upon
going from C1 to C3, these maxima (in absolute value)
undergo hypsochromic (ca. 1-3 nm) and hypochromic (C1 >
C2 ~ C3) shifts. The ECD spectrum of (M)-C1 was simulated by
TD-DFT calculations (Fig. S617). Comparison of the simulation
shows that it reproduces the sequence of signs and number of
bands of the experimental spectrum of the second eluted
enantiomer, (+)-C1. Therefore, (P)-C1 is (-)-C1.

The electronic absorption spectra of C4-C6 show three
bands as for the parent CTB(OMe,C,H). For example, in the
case of C4, from the highest to the lowest energy: the foot of
an intense band, then an intermediate energy structured band
with three local maxima of similar absorbance (263, 268, and
275 nm), and peaking at 284 nm (¢ = 59100 M~" cm™"), fol-
lowed by a low energy structured band with a shoulder at
315 nm (e = 48600 M~' cm™") and a maximum at 324 nm (e =
58800 M™" ecm™'), with a tail extending between 340 and
400 nm. As observed in the case of the series C1-C3, upon
going from C4 to C6, the maxima slightly shift to lower energy,
and the absorbance of C4 is much higher than those of C5
and C6.

The ECD spectra of the complexes C4-C6 (Fig. 5b) show the
same sequence of bands as for C1-C3: in the case of C4, from
high to low energy, a broad structured band between 229.8
and 294.1 nm, then a band of opposite sign with a single
maximum at 304 nm extending down to ca. 312 nm, and in
the low energy region, after sign inversion, a band peaking at
327 nm, showing the highest differential absorbance. The
local maxima show a slight hypsochromic shift within the
sequence C4-C6. The hypochromic shifts are less marked than
in the C1-C3 series. The ECD spectrum of (P)-C4 was simu-
lated by TD-DFT calculations (Fig. S67t). Comparison of the
theoretical and experimental data shows that the calculated
spectrum of (P)-C4 coincides with the experimental spectrum
of (+)-C4. Therefore (P)-C4 is (+)-C4 and (M)-C4 is (—)-C4. Given
the invariance of the Cotton effects within the homogeneous
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series C1-C3 and C4-C6 each, (M)-Cn < (+)-Cn and (P)-Cn <
(=)-Cn for n = 1-3, and (M)-Cn < (—)-Cn and (P)-Cn < (+)-Cn
for n = 4-6. It is worth noticing that the same relationships
hold true for CTB(H,C,H) and CTB(OMe,C,H).

General interpretation of the electronic absorption and ECD
spectra of C1-C6

The high energy absorptions (230-265 nm for C1-C3,
230-320 nm for C4-C6) arise from intraligand transitions of
the coordinated alkynyl CTB and phosphine ligands. In par-
ticular, the decrease of the absorption between 230 and
260 nm upon going along both series is due to the decrease of
the number of phenyl substituents in the series PPh; >
PPh,Me > PPhMe,. The lower energy absorption bands
(265-350 nm for C1-C3, 300-400 nm for C4-C6) were attribu-
ted in previous studies to gold(1)-perturbed intraligand = — =*
(C=CAr) transitions of the alkynyl units*>*° and o(Au-P) - n*
(C=C) transitions.”® Vibrational progressional spacings
between 1276 and 1659 cm™" (aromatic C=C stretches)>> were
calculated in the 260-300 nm regions of C1 and C4, whereas a
vibrational progressional spacing of ca. 2100 ecm™ (C=C
stretch) was calculated in the same region for C4.”* The three
chromophores in C1 are independent, as the molar extinction
coefficient of this complex at 285 nm (94100 M~' em™) is
three times the one measured for the mononuclear complex
Ph;PAUC=CPh.>® The slight blue shift of the absorption
maxima upon moving along the series C1-C3 on the one
hand, C4-C6 on the other hand, confirms that these absorp-
tion features may involve the o(Au-P) orbital, as its stabiliz-
ation by the gradual replacement of a phenyl by a methyl sub-
stituent makes transitions originating therefrom highest in
energy.

The ECD pattern of the spectra of C1-C3 is similar to, but
red shifted by ca. 5-10 nm with reference to the one of CTB(H,
C,H), with a bisignate Cotton effect in the B,, region between
225 and 275 nm, and a considerably enhanced singly signed
Cotton effect in the B,, region. The sequence of signs in the
B,, region is the same along the series CTB(H,C,H), C1-C3,
which implies that the metallation of the alkynyl substituent
does not change its sm (90 < 6; < 135). The ECD pattern of the
spectra of C4-C6 differs, at first glance, from the one of CTB
(OMe,C,H), unless we consider that the low energy Cotton
band of the B,, couplet has merged with the high energy band
of the B,, couplet, due to a stronger red shift of the former
with respect to the latter. If this hypothesis is correct, the low
energy Cotton band of the B,, couplet is considerably
enhanced, as in the case of the former series, and its sequence
of signs is preserved, which allows us to draw the same con-
clusions about the sm of the metallated alkynyl substituents.

Study of the phosphine exchange in the gas phase in C1-C6

Exchange of phosphine ligands of mononuclear phosphine-
gold ethynyl complexes has been investigated in solution by
3Ip NMR spectroscopy and shown to be fast.*® Inspired by
reports on the use of ESI-MS to study the exchange of com-
ponents in metallo-supramolecular macrocycles® and cages,’”
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we examined how this technique can bring some information
on the phosphine exchange reactions within the series of alky-
nylgold(i) phosphine complexes C1-C6. As each species is
characterized by a single signal, the spectra of the mixtures are
quite simple, making quantifications straightforward. The
equilibrium pertaining to the phosphine exchange reaction
between two complexes Cp and Cq is the following (eqn (1)):

Cp+Cq =2 Cp'+Cq’ (1)

in which CTBs Cp' and Cq’ result from the replacement of a
phosphine of CTB Cp by a phosphine of CTB Cq and vice
versa. We can define the equilibrium constant Kcp,cq) accord-
ing to the eqn (2):

[Cp' +HY]

[Cq’' +H]
K(CP~C’~]) = [CP+H+]

[Cq' +H*]’

(2)

in which [Cn + H'] is the concentration of protonated Cn,
measured as the relative intensity of its ESI-MS signal.

The nine following pairs {Cp, Cq} of CTBs were examined:
{C1, c2}, {C1, C3}, {C1, C4}, {C2, C3}, {C2, C5}, {C3, C6}, {C4,
C5}, {C4, C6}, and {C5, C6}. Except for the pairs {C1, C4}, {C2,
C5}, and {C3, C6}, in which the Cp and Cq complexes contain
the same phosphine ligand, that is, PPh; for {C1, C4}, PPh,Me
for {C2, C5}, and PPhMe, for {C3, C6}, and give rise to degen-
erate exchange reactions, these experiments allowed us to
observe new signals that could not be detected when a single
complex was examined, that is, signals resulting from the
exchange of a phosphine, e.g. [Cp’ + H]" = [Cp-PPh,,Me(;_,, +
PPh,Me@_p) + H]', and signals arising from the diprotonated
heterodimer, e.g. [Cp + Cq + 2H]*". Therefore, for a given {Cp,
Cq} pair, we monitored the signal intensities of the following
species as a function of E.o: the singly charged species [Cp +
H]', [Cq + H], [Cp’ + H]', [Cq’' + H]', and the doubly charged
species [2Cp + 2H]*, [2Cq + 2H]*, [Cp + Cq + 2H]*, [2Cp’ +
2H]*, [2Cq' + 2H]*', [Cp + Cp’ + 2H]*" and [Cq + Cq' + 2H]*".
The spectra and the corresponding plots of the relative pro-
portion of each species as a function of E.,; are collected in
Fig. S70-S87,1 the spectra of {C4, C5} being also reproduced in
Fig. 6.

It must be emphasized that the relative proportions of the
different species are those of the protonated CTBs, which are
detected in this form. Therefore they a priori depend on the
relative basicities (electron richness) of the complexes. We
expect that it is stronger in the case of the methoxy-substituted
series (C4-C6) and, within each series, it increases with the
degree of methyl-substitution of the phosphine, which was
roughly observed in the case of the experiments run on each
complex alone (see Fig. 2). Moreover, the basicity of Cp and
Cp’ (respectively Cq and Cq’) should differ in the following
way: if p < g, the basicity of Cp’ should be higher than the basi-
city of Cq’, and the basicity of Cq’ should be lower than the
basicity of Cq, and vice versa if p > q.

Examination of the nine plots shows that the populations
of the doubly charged, dimer species decrease as E.qq
increases, while the populations of the singly charged,
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monomer species, that is, [Cp’ + H]", [Cq' + H]", [Cp + H]", and
[Cq + H]', increase concomitantly. The E., at which the
former approach their minimum roughly coincides with the
E.on at which the latter approach their maximum, between 10
and 15 eV. Another general trend is the highest proportion of
species containing two different phosphines, e.g. [Cp' + H]' vs.
[Cp + H]" and [2Cp’ + 2H]*" vs. [2Cp + 2H]*". These differences
result from the decrease of the concentrations of Cp and
Cq, as Cp’' and Cq' are generated, as explicited in the equili-
brium (1).

The differences between the signals of Cp and Cq on the
one hand, and of Cp' and Cq’ on the other hand, are usually
minimal at low E.o;; (5 eV), then they increase with E..y. This is
particularly the case of the pairs {C1, C3}, {C4, C5}, {C4, C6},
and {C5, C6}. The other non-degenerate pairs {C1, C2} and
{C2, C5} illustrate two opposite behaviors, as for the former
these differences are low, whatever E, and for the latter they
are high, whatever E_q.

We consider first in detail the case of the pairs of com-
plexes {C1, C4}, {C2, C5}, and {C3, C6}, giving degenerate
exchange reactions (Fig. S74, S75 and S78-S81%). The relative
proportions within each pair follow the order [C1 + H]" > [C4 +
HJ', [C2 + H]" ~ [C5 + H]", and [C3 + H]" > [C6 + H]', which
are opposite the expected trends, at least for the pairs {C1, C4}
and {C3, C6}. Meanwhile, in the case of the pairs {C1, C4} and
{C2, C5}, at E.on < 10 €V, the signals of highest intensity orig-
inate from the dimer species [C1 + C4 + 2H]*" > [2C4 + 2H]*"
> [2C1 + 2H]" for the former pair, and [C2 + C5 + 2H]*" >
[2C5 + 2H]*" > [2C2 + 2H]*" for the latter pair, the intensities
of the signals of [2C1 + 2H]*" and [2C2 + 2H]”" being the
weakest of all the species detected. Therefore, in the case of
the homodimers, the order of the signal intensities follows the
expected CTB basicities. The plots of Fig. S75 and S79t nicely
illustrate the fact that the dimers [2C4 + 2H]*" and [2C5 +
2H]*" play the role of reservoir of C4 and C5, respectively, and
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that [2C4 + 2H]*" > [2C1 + 2H]** compensates for [C1 + H]" >
[C4 + HJ", while [2C5 + 2H]** > [2C2 + 2H]** compensates for
[C2 + H]" ~ [C5 + H]" at least at E., < 15 eV. Taking into
account the dimers restores the order expected on basicity
grounds. In the case of the {C3, C6} pair, the observed [C3 +
H]" > [C6 + H]" order is consistent with the ranking deduced
from subjecting separately C3 and C6 to the ESI-MS experi-
ments, as shown in Fig. 2, which could suggest that other
factor(s) than basicity could contribute to the singular behav-
ior of Cé.

We now turn to the six pairs giving non-degenerate
exchange reactions. In the case of {C1, C2} (Fig. S70 and S71})
the differences between the apparent proportions of [C1 + H]"
and [C2 + H]" (and of [C1' + H]" and [C2’ + H]") are small and
in keeping with the observations done on the individual com-
plexes (Fig. 2). As a consequence, the ratios [Cp’ + H]"/[Cp +
H]" are similar, and at 20 eV, where only these four species
remain, we can calculate the equilibrium constant as shown in

eqn (3):

_ [c1'+H']
~[C1+HY

[C2' +H']
X C2iH 9.2 (3)

K12

Switching to the homologous system in the other series,
that is, {C4, C5} (Fig. S82 and S83t) shows substantial differ-
ences between the responses of C4 and C5. However, they are
now in agreement with the expected basicity order, the signals
arising from C5 being more intense than those arising from
C4. However, as the ratios [Cp’ + H]'/[Cp + H]" differ by 30% at
20 eV, it is not possible to determine an equilibrium constant
for this system. Back to the unsubstituted series, we examine
the two systems {C1, C3} (Fig. S72 and S731) and {C2, C3}
(Fig. S76 and S77%). The responses of the CTBs are fully con-
sistent with the basicity order C3 > C2 > C1, but the differences
in the ratios [Cp’ + H]'/[Cp + H]' for each pair again preclude
their use for the calculation of equilibrium constants. Finally,
we examined the cases of the systems homologous of {C1, C3}
and {C2, C3} in the methoxy-substituted series, that is, {C4,
C6} (Fig. S84 and S851) and {C5, C6} (Fig. S86 and S877). C4’
and C6' are not distinguished from each other whatever the
E.on value, but the response of C4 is stronger than the
response of C6 at E.,; > 2 €V, that is opposite the one expected
from their basicity order. Nevertheless, C4 and C6 give signals
of relatively close intensities at 20 eV, which allowed us to esti-
mate the equilibrium constant as shown in eqn (4):

[C4'+HT] [C6'+HT]
K = =6.2 4
(©4¢6) =gt H'] © [C6+ HT] (4)

The differences between the responses of C5 and C6 on the
one hand, and of C5’ and C6’ on the other hand, are also oppo-
site the expected basicity order C6 > C5, but they are too high
to allow us to calculate an equilibrium constant. The fact
remains that the observed inversions affect all three CTB pairs
involving C6, that is {C3, C6}, {C4, C6}, and {C5, C6}, which
also confirms the singularity of C6.

This journal is © The Royal Society of Chemistry 2024
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Conclusions

Organometallic cyclotribenzylenes, in particular those contain-
ing gold, are novel chiral compounds, the properties of which
deserve being investigated further. In this work, we have inves-
tigated methods and selected the best for their preparation in
enantiomeric pure form. Their electronic absorption and ECD
bands, shifted to the red by gold complexation, can be tuned
by the nature of the substituents of the CTB platform. The
complexes are mainly monomeric in solution, according to
DOSY experiments. We have shown, by ESI-MS, that the ability
of the CTB complexes to form proton adducts was dependent
upon the nature of the phosphine and CTB substitution, the
more basic the complex, the stronger the signal of the proto-
nated species. ESI-MS was also used to probe phosphine
exchange reactions. Future work will explore the emission pro-
perties of these alkynylgold complexes. In addition, as they
encompass a cavity lined by phosphine termini of different
sizes, we plan to screen potential guests and study the kinetics
and thermodynamics of their interaction with the guests
discovered.

Experimental
Materials, methods and instrumentation

The following abbreviations were used: THF (tetrahydrofuran)
and DMF (N,N-dimethylformamide). Unless otherwise stated,
all reactions were performed under argon using the following
solvents and liquid reagents, which were dried and distilled
under argon: DMF (anhydrous magnesium sulfate), THF (Na/
benzophenone), dichloromethane (P,Os), methanol (Mg), tri-
ethylamine (KOH), and acetone (K,COj;). Other commercially
available solvents and reagents were used as received.
Separations by flash column chromatography used silicagel
(Geduran Si 60, 40-63 pm from Merck). CTB(H,C,H),*® C1,
(+)-C1 and (-)-C1,*® CTB(OMe,C,H),*” and [Au(PPh,Me;_,)Cl],
n =1, 2, and 3,>® were obtained according to the literature.
[CTB(H,C,Au)], and [CTB(OMe,C,Au)], were prepared in
racemic and enantiomeric pure forms by using reported pro-
cedures.* NMR spectra were recorded on Bruker Avance III
400 MHz and Avance II 500 MHz spectrometers. Chemical
shifts were reported using the residual solvent 'H signal (7.26
and 77.16 ppm for CHCI;) as internal reference for "H NMR
and C NMR, respectively, and the phosphorus signal (set at
0 ppm) of 85% H;PO, placed inside an insert for *'P NMR. IR
spectra were recorded using a Bruker Alpha II FT-IR spectro-
meter. CAUTION: Some gold acetylide have been reported to
be shock sensitive. These compounds should be handled in
small quantities using protective equipment.

Analytical and preparative chiral HPLC

Chiral HPLC analyses were performed using the Agilent 1260
Infinity unit (pump G1311B, autosampler G1329B, DAD
G1315D) with Igloo-Cil ovens, monitored by SRA Instruments
Seleccol software. The chiroptical detection was performed
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with Jasco OR-1590 and CD-2095 polarimetric and circular
dichroism detectors, respectively. The signs given by the on-
line circular dichroism at 254 nm and the polarimeter are the
signs of the compound in the solvent used for the chromato-
graphic separation. HPLC grade heptane and isopropanol were
degassed and filtered on a 0.45 pm millipore membrane
before use. Retention times R, (min), retention factors k; = (Ry
— Ry)/Ry, enantioselectivity factors a = k,/k;, and resolution Ry
= 1.18(R, — Ru1)/(w1 + w,) were determined (R, was measured
by injection of 1,3,5-tri(tert-butyl) benzene and wj; is the peak
width at half-height). Preparative chiral HPLC separation were
performed using an Agilent 1260 Infinity unit (pump G1311C,
autosampler G1329B, DAD G1365D and fraction collector
G1364C), monitoring with an Agilent OpenLAB CDS
Chemstation LC.

Mass spectrometry

Mass data were obtained using a MicrOTOF-Q II (Bruker
Daltonics, Bremen, Germany) mass spectrometer fitted with
Z-spray electrospray ion source and with a mass range of
2-4000 Thomson. The mass spectrometer was operated in
positive ion mode, with a potential of 3500 V applied to the
electrospray probe body and the source temperature set to
180 °C. MS data were acquired from 300 to 3000 m/z. The
ISCID energy was kept at 0 eV, while energy of the collision cell
(Econ) was varied from 2 to 20 eV in order to dissociate poten-
tial dimers. Mass calibration was performed using a mix of
Tune Low (Agilent Technologies G1969-8500) prior to analysis.
Data were processed with Data Analysis software (Bruker
Daltonics). CTB solutions at a concentration of 10~ mol L™" in
CHCI; were diluted to a final concentration of 5 x 107> mol L™*
with an equal volume of isopropanol acidified with HCO,H
1%, so that the composition of the sample mixture was
CHCI,/'PrOH/HCO,H 50:49.5: 0.5 prior to injection into the
mass spectrometer.

Preparation and characterization of CTB(R,C,AuPPh,Me;_,,)
C2-Cé6

Method A. CTB(R,C,H), [AuCl(PPh,Me;_,)], and sodium
methoxide were mixed in THF and methanol (1:1, v/v) at
40 °C. After stirring the reaction mixture for several days, the
solvents were removed by rotary evaporation. The residue was
taken up in dichloromethane, and clarified by filtration, which
afforded a yellow solution. The latter was concentrated to a
volume of 1-2 mL and treated by dropwise addition of cyclo-
hexane (1.5-2 mL) until the product started to precipitate. The
mixture was stored in the refrigerator overnight and filtered. A
yellow powder was obtained after drying in vacuum.

Method B. A solution of PPh,Me;_,, in THF was added to a
suspension of [CTB(OMe,C,Au)], in dichloromethane, and the
reaction mixture stirred for the given period of time at room
temperature. It was then clarified by filtration through a poro-
sity 4 sintered glass funnel, which afforded a light-yellow solu-
tion. The solvents were evaporated to dryness. The solid
residue was washed with methanol and dried in vacuum,
leaving a yellow powder.
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C2. (Method A) Prepared from CTB(H,C,H) (0.005 g; 0.0146
x 10~ mol), [AuCl(PPh,Me)] (0.019 g; 0.0439 x 10~ mol), and
sodium methoxide (0.012 g; 0.222 x 10> mol) in MeOH (4 mL)
and THF (4 mL), 3 days stirring. Yield: 0.0095 g (0.0063 mol,
43%). (Method B) Prepared from PPh,Me (0.016 mL, 0.0173 g;
0.0862 x 10~ mol) and [CTB(H,C,Au)], (0.026 g; 0.0279 x 107>
mol), in CH,Cl, (3 mL) and THF (1 mL), 1.5 h stirring. Yield:
0.036 g (0.0235 x 107> mol, 84%). Mp 195 °C; 'H NMR
(500.13 MHz, CDCl, 295 K): § (ppm) = 7.636 (m, 12 H; o- and
0'-H), 7.490 (d, ¥Jun = 1.5 Hz, 3 H; «-H), 7.453 (m, 6 H; p-H),
7.439 (m, 12 H; m- and m'-H), 7.247 (d, */qu = 8.0 Hz, 3 H;
o-H), 7.186 (dd, Juu = 1.5 Hz, *Juu = 7.5 Hz, 3 H; y-H), 4.742
(d, *Juu = 13.5 Hz, 3 H; a-H), 3.624 (d, >Jau = 13.5 Hz, 3 H;
e-H), 2.052 (d, *Jup = 9.0 Hz; CH;); "*C NMR (125.77 MHz,
CDCly, 295 K): & (ppm) = 138.82 (s; p'-C), 138.15 (s; B-C), 134.14
(s; &'-C), 132.97 (d, *Jcp = 13.8 Hz; 0- and 0-C), 131.72 (d, Yo p
= 55.3 Hz; i-C), 131.58 (s; p-C), 131.00 (s; y-C), 130.25 (s; o-C),
129.27 (d, *Jcp = 11.3 Hz; m- and m'-C), 123.40 (s; y-C), 104.71,
104.48 (2 s; 8- and ¢-C), 37.04 (s; CH,), 14.24 (d, Ycp = 35.2
Hz; CH;); *'P NMR (161.98 MHz, CDCl;, 298 K): § (ppm) =
27.19 (s); IR (KBr): v (em™) = 3053 (w), 3019 (w), 2958 (sh),
2922, 2854 (m), 2352 (w), 2319 (w), 2103, 1968, 1892 (w), 1600
(m), 1545 (w), 1486 (m), 1434 (s), 1417, 1385, 1334, 1310 (m),
1294 (w), 1267, 1239 (m), 1204 (sh), 1189, 1162 (m), 1102 (s),
1075 (sh), 1030 (w), 1002 (m), 970 (sh), 957 (m), 890 (s), 834
(m), 807 (w), 737 (s), 690 (s), 635 (m), 483, 475, 427 (w), 511 (s),
478 (m), 453 (sh), 431 (sh); HR-MS (+ESI): m/z caled for
CecHss5AusP;, 1531.251 [M + H]'; found, 1531.249; elemental
analysis: caled for CeeHssAuzP32H,0 (1539.99), C 51.48, H
3.60; found, C 51.45, H 3.66.

C3. (Method B) Prepared from [CTB(H,C,Au)], (0.073 g;
0.0785 x 10™° mol) and PPhMe, (0.035 mL, 0.034 g; 0.246 x
10~ mol) in a mixture of CH,Cl, (12 mL) and THF (3 mL), 4 h
stirring. Yield: 0.081 g (0.0602 x 10~ mol, 77%). Mp 187.5 °C;
"H NMR (500.13 MHz, CDCl3, 295 K): § (ppm) = 7.724 (m, Ju u
= 1.5 Hz, *Juu = 8.0 Hz, 6 H; 0- and 0"-H), 7.480 (d, YJuu = 1.5
Hz, 3 H; o’-H), 7.460 (br m, 9 H; p-, m-, and m'-H), 7.244 (d,
*uu = 7.5 Hz, 3 H; aH), 7.177 (dd, Yun = 1.5 Hz, YJupu = 7.5
Hz, 3 H; y-H), 4.743 (d, >Juu = 13.5 Hz, 3 H; a-H), 3.624 (d,
*Juu = 13.5 Hz, 3 H; e-H), 1.747 (d, *Jpu = 9.5 Hz; CHj); °C
NMR (125.76 MHz, CDCl;, 295 K): § (ppm) = 138.83 (s; p'-C),
138.13 (s; p-C), 134.12 (s; o-C), 132.56 (d, Y p = 56.9 Hz; i-C),
132.16 (d, *Jop = 13.8 Hz; 0- and 0'-C), 131.75 (s; p-C), 130.98
(s; y-C), 130.22 (s; a-C), 129.29 (d, ¥Jc p = 11.6 Hz; m- and m'-C),
123.47 (s; y'-C), 104.87, 104.84 (2 s; 8- and &'-C), 37.03 (s; CH,),
15.66 (d, “Jop = 35.2 Hz; CHs); *'P NMR (161.98 MHz, CDCl;,
298 K): § (ppm) = 14.24 (s); IR (KBr): v (cm™") = 3054, 2959 (W),
2920 (s), 2852, 2353, 2331, 2321, 2102, 1750, 1733, 1716, 1696,
1682, 1645 (w), 1600 (m), 1579 (w), 1560 (m), 1543, 1523, 1509
(w), 1487 (s), 1473 (sh), 1457 (w), 1434 (s), 1418 (m), 1396 (W),
1384 (s), 1363, 1340, 1313, 1302, 1108, 1274, 1265, 1237, 1199,
1187, 1161, 1136 (w), 1107 (m), 1095 (sh), 1071 (sh), 1058 (sh),
1047 (sh), 1033 (w), 1022 (w), 1006 (W), 986 (W), 952 (s), 915 (s),
906 (sh), 893 (sh), 840, 805 (m), 739 (s), 718 (m), 688 (s), 633
(m), 612, 590, 572, 561, 548, 536, 521, 513, (W), 483 (s), 461 (W),
446 (sh), 435 (m), 426, 413 (sh); HR-MS (+ESI): m/z calcd for

This journal is © The Royal Society of Chemistry 2024
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Cs1HioAuzP; [M + HJ', 1344.197; found, 1345.202; elemental
analysis: caled for CsHssAu;P;-3H,0 (1353.77), C 45.25, H
3.65; found, C 45.23, H 3.74.

C4. (Method A) Prepared from CTB(OMe,C,H) (0.008 g;
0.0185 x 10~ mol), [AuCI(PPh;)] (0.030 g; 0.061 x 10> mol),
and sodium methoxide (0.025 g; 0.463 x 10~ mol) in MeOH
(5 mL) and THF (5 mL), 4 h stirring. Yield: 0.025 g (0.0138 x
10~ mol, 75%). (Method B) Prepared from [CTB(OMe,C,Au)],
(0.070 g; 0.0686 x 10~% mol) and PPh; (0.058 g; 0.2212 x 10>
mol) in CH,Cl, (12 mL) and THF (4 mL), 5 h stirring. Yield:
0.082 g (0.0454 x 10~ mol, 66%). Mp 181 °C; 'H NMR
(500.13 MHz, CDCl;, 295 K): 5 (ppm) = 7.553 (dd, ¥y = 7.8
Hz, YJun = 1.5 Hz, 9 H; 0-H); 7.528 (dd, Juu = 7.8 Hz, Juu =
1.5 Hz, 9 H; 0'-H); 7.485 (s, 3 H; o-H), 7.474 (dd, *Ju u = 7.8 Hz,
Yuu = 1.5 Hz, 9 H; p-H), 7.429 (dd, */gu = 7.8 Hz, 9 H; m-H),
7.425 (dd, *Jgu = 7.8 Hz, 9 H; m'-H), 6.789 (s, 3 H; a-H), 4.679
(d, >Jau = 13.5 Hz, 3 H; a-H), 3.898 (s, 9 H; OCH3;), 3.550 (s,
*Juu = 13.5 Hz, 3 H; e-H); "*C NMR (125.76 MHz, CDCls,
295 K): 6 (ppm) = 159.43 (s; y-C), 139.92 (s, p-C), 135.83 (s; o’
C), 134.49 (d, *Jcp = 13.8 Hz; 0- and 0'-C), 131.56 (d, Yo p = 2.5
Hz; p-C), 130.61 (s; p-C), 130.08 (d, YJe p = 55.3 Hz; i-C), 129.18
(d, *Jop = 11.3 Hz; m- and m'-C), 112.67 (s; y'-C), 111.91 (s; o-C),
99.93, 99.72 (2 s; &'~ and &'-C), 56.30 (s; OCHj), 29.83 (s; CH,);
*'p NMR (161.98 MHz, CDCl;, 298 K): § (ppm) = 42.89; IR
(KBr): v (em™) = 3448 (br, m), 3049 (w), 2947 (w), 2843 (w),
2099 (w), 1967 (w), 1892 (w), 1812 (w), 1600 (m), 1493 (s), 1481
(s), 1435 (vs), 1385 (s), 1308 (m), 1265 (s), 1217 (m), 1186 (m),
1142 (m), 1099 (s), 1080 (s), 997 (m), 897 (m), 841 (m), 744 (vs),
711 (m), 692 (vs), 626 (w), 536 (vs), 509 (s); HR-MS (+ESI): m/z
caled for CgyHg7Au305P;, 1807.33; found, 1807.33 [M + HJ';
elemental analysis: caled for CgyHesAuz03P3-3/2CH,Cl,
(1934.66), C 53.08, H 3.60; found, C 52.96, H 3.74.

C5. (Method A) Prepared from CTB(OMe,C,H) (0.0129 g;
0.0298 x 10~ mol), [AuCl(PPh,Me)] (0.040 g; 0.0925 x 10~°
mol), and sodium methoxide (0.032 g; 0.592 x 10> mol), over-
night stirring. Yield: 0.040 g (0.0247 x 10> mol, 83%).
(Method B) Prepared from [CTB(OMe,C,Au)], (0.055 g; 0.0539
x 107 mol) and PPh,Me (0.032 mL, 0.0346 x 107> g; 0.173 x
10~* mol) in CH,Cl, (6 mL) and THF (1 mL), 4 h stirring.
Yield: 0.074 g (0.0456 x 10~ mol, 85%). Mp 177.2 °C; '"H NMR
(300.13 MHz, CDCl;, 298 K): § (ppm) = 7.642 (m, /gy = 1.8
Hz, 12 H; o- and 0-H), 7.468 (s, 3 H; o-H), 7.451 (d, *z u = 1.8
Hz, 12 H; m- and m'-H), 7.430 (t, ¥uu = 1.8 Hz, 6 H; p-H),
6.683 (s, 3 H; o-H), 4.679 (d, */u,u = 13.5 Hz, 3 H; a-H), 3.888
(s, 9 H; OCH3), 3.591 (d, *Ju,u = 13.5 Hz, 3 H; e-H), 2.032 (d,
*Jup = 9.0 Hz, 9 H; CH;); ">C NMR (125.77 MHz, CDCls,
295 K): 6 (ppm) = 159.44 (s; y-C), 139.89 (s; p-C), 135.75 (s; o’
C), 132.99 (d, *J¢p = 13.8 Hz; 0- and 0'-C), 131.85 (d, Yo p = 55.3
Hz; i-C), 131.52 (s; p-C), 130.60 (s; p™-C), 129.21 (d, *Jcp = 11.3
Hz; m- and m'-C), 112.72 (s; y"-C), 111.92 (s; a-C), 100.50 (2 s;
§"- and ¢'-C), 55.28 (s; OCH3;), 37.08 (s; CHy); 14.25 (d, Yep =
34.0 Hz); *'P NMR (161.98 MHz, CDCl;, 298 K): § (ppm) =
27.15; IR (KBr): v (cm™") = 3444 (br, vs), 3074 (sh), 3053 (w),
3022, 3004, 2988, 2959 (sh), 2918, 2849 (m), 2826 (sh), 2353,
2321, 2222, 2104 (w), 1603 (m), 1577, 1561 (w), 1545 (sh), 1494
(m), 1475 (sh), 1458 (d; m), 1435 (s), 1417 (m), 1385 (s), 1333
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(w), 1309 (m), 1298 (sh), 1265, 1217, 1182 (m), 1163 (w), 1140,
1103, 1078 (m), 1049, 1029, 1013 (sh), 999 (m), 978, 965 (sh),
948 (w), 893 (s), 857, 841 (m), 813 (sh), 735 (s), 690 (s), 647, 627
(w), 611, 587, 571 (sh), 558 (w), 543 (m), 511 (s), 484, 472, 455,
441, 427, 413 (m); HR-MS (+ESI): m/z calcd for CgoHgAu305P;5
[M + H]', 1621.283; found, 1621.283; elemental analysis: calced
for CeoHgoAu303P3-2CH,Cl, (1790.91), C 47.62, H 3.60; found,
C 47.66, H 3.62.

C6. (Method A) Prepared from CTB(OMe,C,H) (0.010 g;
0.0231 x 10~ mol), AuCl(PPhMe,) (0.0944 x 10~ mol), and
NaOMe (0.555 x 10~ mol) in MeOH (7 mL) and THF (5 mL),
24 h stirring. Yield: 0.018 g (0.0125 x 10> mol, 54%). (Method
B) Prepared from [CTB(OMe,C,Au)], (0.055 g; 0.054 x 1073
mol) and PPhMe, (0.023 g; 0.166 x 10> mol) in a mixture of
CH,Cl, (12 mL) and THF (3 mL), 5 h stirring. Yield: 0.048 g
(0.0335 x 107> mol; 62%). Mp 182.5 °C; "H NMR (400.13 MHz,
CDCls, 298 K): § (ppm) = 7.738 (m, *Ju u = 2.0 Hz, 6 H; 0- and
0'-H), 7.477 (d, YJun = 2.0 Hz, 9 H; m-, m-, and p-H), 7.461 (s, 3
H; o-H), 6.785 (s, 3 H; o-H), 4.681 (d, *Juu = 13.6 Hz, 3 H;
a-H), 3.889 (s, 9 H; OCH3), 3.548 (s, ¥uu = 13.6 Hz, 3 H; e-H),
1.737 (d, *Jup = 9.6 Hz, 18 H; CH3); °C NMR (125.77 MHz,
CDCly, 295 K): & (ppm) = 159.47 (s; y-C), 139.87 (s; B-C), 135.72 (s;
o-C), 132.69 (d, Y p = 54.1 Hz; i-C), 132.19 (d, Yo, = 12.6 Hz; 0-
and 0-C), 131.70 (s; p-C), 130.61 (s, p-C), 129.25 (d, YJcp = 11.3
Hz; m- and m'-C), 112.79 (s; y-C), 111.95 (s; a-C), 100.23 (2 s; 8-
and ¢'-C), 56.28 (s; OCH3), 37.07 (s; CHy), 15.70 (d; Y p = 35.2 Hz;
CH,); *'P NMR (121.49 MHz, CDClg, 299 K): § (ppm) = 14.16; IR
(KBr): v (em™) = 3445 (v br, s), 3057, 2961 (w), 2919 (m), 2850
(m), 2360, 2341 (w), 2221 (w), 2100 (W), 1600 (m), 1558 (W), 1491
(s), 1462 (w), 1435 (s), 1422 (w), 1385 (s), 1308 (m), 1263 (s), 1217,
1190, 1147, 1107, 1080 (m), 1042 (w), 1017, 1000, 952 (m), 909 (s),
862 (w), 840 (m), 823, 802, 782 (sh), 742 (s), 722 (m), 691 (s), 645,
623, 608, 583, 561 (w), 542, 515, 488, 447, 430, 408 (m); HR-MS
(+ESI): m/z caled for Cs,Hs5Au3;05P; [M + HJ', 1435.236; found,
1435.236; elemental analysis: caled for CS4H54Au303P3-%CGH12
(1476.92), C 46.35, H 4.09; found, C 46.19, H 4.04.

(-)-C2. (Method B) Prepared from [(—)-CTB(H,C,Au)],
(0.010 g; 0.01074 x 10~* mol) and PPh,Me (0.0088 mlL,
0.0095 g; 0.0474 x 10~* mol) in a mixture of CH,Cl, (3 mL)
and THF (1 mL), 20 min stirring. Yield: 0.013 g (0.0849 x 10~*
mol; 79%).

(+)-C2. (Method B) Prepared from [(+)-CTB(H,C,Au)],
(0.030 g; 0.0322 x 10~% mol) and PPh,Me (0.024 mL, 0.0259 g;
1.292 x 107* mol) in CH,Cl, (5 mL). Yield: 0.020 g (0.0131 x
10~ mol; 41%).

(-)-C3. (Method B) Prepared from [(—)-CTB(H,C,Au)],
(0.016 g; 0.0172 x 10~* mol) and PPhMe, (0.010 mL, 0.0097 g;
0.0702 x 10~° mol), in CH,Cl, (2.5 mL). Yield: 0.017 g (0.0126
x 10™° mol; 73%).

(+)-C3. (Method B) Prepared from [(+)-CTB(H,C,Au)],
(0.040 g; 0.43 x 10~ mol) and PPhMe, (25 x 10~ mL, 0.0243 x
107° g; 1.757 x 10~* mol) in CH,Cl, (6 mL).

(—)-C4. (Method B) Prepared from [(—)-CTB(OMe,C,Au)],
(0.015 g; 0.0147 x 10> mol) and PPh; (0.0116 g; 0.0442 x 107>
mol) in CH,Cl, (3 mL) and THF (1 mL). Yield: 0.023 g (0.0127
x 107° mol; 86%).
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(+)-C4. (Method B) Prepared from [(+)-CTB(H,C,Au)],
(0.016 g; 0.0157 x 102 mol) and PPh; (0.014 g; 0.0534 x 1073
mol) in CH,Cl, (4 mL) and THF (2 mL) for 5 h. Yield: 0.016 g
(0.00885 x 10~ mol; 56%).

(-)-C5 and (+)-C5. (Method B) (—)-C5 was prepared from
[(-)-CTB(OMe,C,Au)], (0.0125 g; 0.0123 x 10~° mol) and
PPh,Me (0.007 mL, 0.0076 g; 0.038 X 1073 mol) in CH,Cl,
(2.5 mL) and THF (1 mL), overnight stirring. Yield: 0.016 g
(0.010 x 10~ mol; 80%). (Chromatographic separation)
Resolution of the C5 racemate (0.004 g dissolved in 1.2 mL of a
mixture of CH,Cl,/EtOH/hexane, 50: 25 : 25) was performed by
chiral HPLC using Chiralpak IB column (250 x 4.6 mm),
eluting with hexane/EtOH/CH,Cl, 40:40:20 at a flow rate of
1 mL min~" with UV detection at 254 nm. 24 injections of
50 pL each every 10 min were necessary. The first eluted pure
enantiomer was (—)-C5 (1.55 mg) and the second eluted pure
enantiomer was (+)-C5 (1.4 mg).

(-)-C6. (Method B) Prepared from [(—)-CTB(OMe,C,Au)],
(0.0135 g; 0.0132 x 10> mol) and PPhMe, (0.007 mL, 0.0068 g;
0.0492 x 10~ mol) in CH,Cl, (5 mL) and THF (1 mL). Yield:
0.0133 g (0.00927 x 10~ mol, 70%); or: resolution of a sample
of the racemate prepared according to method A (0.006 g dis-
solved in 3 mL of a mixture of CH,Cl,/hexane, 67 : 33) was per-
formed by chiral HPLC using Chiral Art Cellulose-S] column
(250 x 4.6 mm), eluting with hexane/EtOH/CH,Cl, 40:20: 40
at a flow rate of 1 mL min™" and UV detection at 230 nm. 40
injections of 50 L each every 6.4 min were necessary. The first
eluted enantiomer was (+)-C6 (1 mg) but its optical purity was
not satisfactory, and the second eluted enantiomer was pure
(-)-C6 (1.4 mg).

(+)-C6. (Method B) Prepared from [(+)-CTB(OMe,
C,PPhMe,)], (0.014 g; 0.0137 x 107> mol) and PPhMe,
(0.0071 mL, 0.0069 g; 0.0499 x 10~> mol) in THF (1 mL) and
CH,Cl, (6 mL). Yield: 0.012 g (0.00836 x 10~> mol; 61%).

Calculation of the structures and of the ECD spectra

Molecular structures of CTB(H,C,H), CTB(OMe,C,H), C1, C3
and C4 were optimized at the DFT level of theory using the
Gaussian09 software.”” The B3LYP functional was used and
completed with D3 empirical dispersion correction, together
with Def2-TZVPP basis set for light atoms and Def2-TZVPD
basis set for Au, including the associated pseudo-potential
taken from the Basis Set Exchange library.”® Frequency calcu-
lations were performed in order to check that true energy
minima were obtained.

The molecular structures of CTB(H,C,H), CTB(OMe,C,H),
C1 and C4 were also optimized at the DFT level of theory
(Gaussian09 software®”’) using the CAM-B3LYP functional
together with the 6-311+G(d,p) basis set for light atoms and
Def2-TZVPD basis set for Au, including the associated pseudo-
potential taken from the Basis Set Exchange library.’® The
solvent effects (CH,Cl,) were taken into account through a
PCM model. Frequency calculations were performed in order
to check that true energy minima were obtained. ECD spectra
were calculated by TD-DFT using the same functional and
basis sets. The half-widths at half height were adjusted for the
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comparison of the simulated ECD spectra with the experi-
mental ones.
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