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Organoplatinum-Bridged Cyclotribenzylene Dimers

Jing Zhang,® Frédéric Aribot,” Jean-Claude Chambron,**® Nathalie Zorn,"
Emmanuelle Leize-Wagner,*™ Marion Jean," Nicolas Vanthuyne,* Enrique Espinosa, and

Emmanuel Aubert*™

Cyclotribenzylenes (CTBs) combining carbonitrile (—CN) and
alkyne (—C,H) substituents were synthesized as racemic
mixtures and resolved by HPLC on chiral stationary phases. Two
of these compounds were used to prepare platinum-bridged
CTB dimers, in which Pt' is bound to the CTBs via Pt-alkynyl
bonds in cis configuration. The organometallic complexes were
examined by mass spectrometry and NMR spectroscopy, which
indicated that they were obtained as mixtures of diastereoisom-
ers (@ meso or syn form and a pair of chiral or anti forms) when
racemic CTBs were used. Enantiomerically pure complexes were
prepared from resolved CTBs, which allowed us to distinguish
the NMR signals of the chiral and meso forms in the

Introduction

Metallo-cryptophanes™ are analogues of the macropolycyclic
compounds invented and subsequently developed by Collet
and coworkers in the last two decades of the 20" century.”
These hollow spheroidal compounds, which can exist in chiral
versions, were shown to host a great variety of substrates, e.g.,
molecular, ionic, and even atomic, this last property being
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diastereoisomeric mixtures. In certain conditions, the platinum
complexes played the role of a pincer m-alkynyl ligand for Cu(l)
coming from the copper iodide used as a synthetic auxiliary.
The Cu' cations could be easily removed by treatment with
NaCN, affording the mononuclear bis-cyclotribenzylene com-
plexes. These compounds failed to lead to metallo-crypto-
phanes by coordination of two [M(dppp)]*" complex subunits
(M=Pd, Pt; dppp=1,3-bis(diphenylphosphino)propane), each
to two carbonitrile substituents belonging to different CTBs,
pointing to the superiority of the one pot self-assembly
processes for the preparation of metallo-cryptophanes.

currently exploited for the development of biosensors and IRM
probes based on hyperpolarized xenon.” In metallo-crypto-
phanes the usual organic bridges that connect two cyclo-
tribenzylene (CTB) subunits in face-to-face configuration are
replaced by metal complex subunits. For this purpose, it is
necessary to design and synthesize CTB precursors bearing
pendant ligand subunits. Thus CTBs with pyridyl,“
carboxylate,”! and carbonitrile® end groups have been re-
ported, which, in combination with Pd"-, Pt"-, I'"-, and Ag-based
metal complex subunits were shown to form a great variety of
metallo-cryptophanes in terms of size by one-pot self-assembly
reactions.

We recently used CTBs bearing carbonitrile groups for the
Pd"- and Pt'-directed self-assembly of metallo-cryptophanes®
with a size similar to those of the smallest organic cryptophanes
that encapsulate haloalkanes, methane, and a xenon atom. The
self-assembly proceeded under thermodynamic control, pro-
ducing in some instances the chiral Ds;-symmetric form
diastereospecifically. In order to increase the robustness of
these compounds, in particular with regard to dilution,” we
decided to replace one of the carbonitrile substituents by an
isosteric alkyne substituent, which would allow us to make
metallo-cryptophanes incorporating a kinetically inert cis-
dialkynyl Pt" bridge. The synthesis of such metallo-cryptophanes
would involve two steps, first the preparation of the Pt-bridged
CTB dimer, then its closure to a cryptophane by reaction with
two equivalents of [ML,]*" (M=Pd or Pt, L=PEt; or L,=dppp)
complex subunits. Such a strategy resembles the approach for
making organic cryptophanes of well-controlled cavity sizes by
using bridges of different lengths.” In addition, the introduction
of cis-(diarylalkynyl) Pt" complex subunits would impart the
metallo-cryptophane with interesting photophysical
properties.”! It is important to note that cis-(diarylalkynyl) Pt"

© 2023 The Authors. European Journal of Inorganic Chemistry published by Wiley-VCH GmbH
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complex subunits have been used as hinges for making
tweezers-like receptors” or metallamacrocycles,"” but this is
the first time they are considered as potential assembling unit
in molecular cages. In this report, we summarize our efforts
towards such a challenging endeavor: The synthesis of C;-
symmetrical CTBs, their chiral resolution, their use in the
preparation of Pt-bridged CTB dimers in enantiomerically pure
form, and the attempts of the metal-complexation driven
cyclization of the CTB dimers.

Results and Discussion

Synthesis, characterization, resolution, and absolute
configurations of the asymmetric cyclotribenzylenes

The chemical structures of the enantiomers of the cyclo-
tribenzylenes synthesized for and involved in these investiga-
tions are shown in Figure 1 with atom labelling. Compounds 1H
and 2H are substituted CTBs, of which two Y’ positions bear a

(M)-2

Figure 1. Structural formulae of the enantiomers of the cyclotribenzylenes
(CTB) of this study. Protons labels are indicated for cycle A. They should be
read a,, etc. for cycle A, o, etc. for cycle B, etc. For the sake of simplicity
colors are used in the figures: A, blue; B, magenta; C, green.
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Scheme 1. Synthetic steps leading to (a) CTB 1H and (b) CTB 2H from known
CTB precursors, respectively CTB(H,OH) and CTB(OMe,l).
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carbonitrile substituent, the third one bearing a terminal alkyne.
The vy positions of 1H are unsubstituted, while those of 2H bear
methoxy substituents. Remarkably, these compounds differ by
their asymmetry from the classical CTBs of the literature, which
are usually Gs-symmetric. TH and 2H were prepared from known
C;-symmetric CTBs of the literature, namely CTB(H,OTH)®? and
CTB(OMe,)),"" respectively. In each case the desymmetrization,
relying on a statistical distribution, was performed in the first
step of the synthetic sequence. In the case of the preparation of
1H (Scheme 1a), we chose to introduce the terminal alkyne first,
via a copper-free Sonogashira coupling reaction.'? Accordingly,
CTB(H,0Tf), which was prepared from CTB(H,OH), was reacted
with trimethylsilylacetylene (1 equiv) in the presence of
25 mol% of [Pd(PPh,),Cl,] catalyst and excess triethylamine at
50°C overnight. Singly functionalized CTB 3 was separated by
flash column chromatography from the di- and trisubstituted
by-products (3’ and 3“, respectively) and obtained in 30%
isolated yield. In the next steps, we planned to introduce the
carbonitrile substituents, then to remove the alkynyl protection.
Therefore, 3 was reacted with [Zn(CN),] in the presence of
catalytic amounts of [Pd(PPhs),] and an excess of LiCl in DMF."
After 5 days stirring at 120°C and purification by flash column
chromatography, compound 1H, in which the TMS protection
had been removed, was obtained in 59% yield. The unantici-
pated deprotection of the terminal alkyne by CN~ somewhat
compensated the 17 % overall yield obtained in the preparation
of unsymmetrical CTB 1H from its symmetrical precursor. In the
case of the preparation of CTB 2H (Scheme 1b), preliminary
experiments had shown that the reaction of CTB(OMe,l) with
trimethysilylacetylene had led to difficult chromatographic
separations. Therefore we reversed the order of steps, and first
reacted CTB(OMe,l) with [Zn(CN),] in the same conditions as for
the preparation of 1H," except that the reaction was stopped
after 2 hours heating. Column chromatography led to the
isolation of the desired disubstituted CTB intermediate 4 in
35% yield, alongside the singly substituted derivative 4/, which
was obtained in 21% yield. Next the aryliodide 4 was reacted,
in Sonogashira conditions,”"® for 2 hours at 40°C with an excess
of trimethylsilylacetylene in the presence of 25 mol% of [Pd-
(PPh;),Cl,] catalyst, 30 mol% Cul cocatalyst, and an excess of
triethylamine. Compound 5 was obtained in 95% yield after
column chromatography. The target CTB 2H was readily
obtained in 97% vyield by reaction of 5 with an excess of
tetrabutylammonium fluoride in THF at room temperature.

1H and 2H were characterized by 'H and "C NMR
spectroscopy, as well as IR spectrophotometry. Their NMR
spectra are more complex than those of their C;-symmetric
precursors, as all three constitutive benzene rings are different
(Figure 2 and Figures S1-S11). Therefore, each proton and each
carbon atom showed its own signal, and it was necessary to
perform 2D homonuclear (COSY and N(R)OESY) as well as
heteronuclear (HSQC and HMBC) experiments to be able to
assign all the NMR signals. The key NOESY correlations are
those within the three proton triads (a-H, e-H, o’-H); the 3, 8/,
Y, &', and €',-C carbon atoms are identified through the 3-bond
BC-'H correlations. Noteworthy, because of the asymmetry of
the molecules, the dipolar couplings within the triad a-H can be
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Figure 2. 'H NMR spectra (500 MHz, [D]s-acetone, 300 K) of (a) CTB 1H and
(b) CTB 2H (structures of (M)-1H and (P)-2H shown). Ring A: labels in blue;
ring B: labels in magenta; ring C: labels in green.

seen in the ROESY maps of 1H and 2H (see Figure S3, for
example). The signals of the terminal carbon and proton at
79.26 and 3.629 ppm, and 79.59 and 3.272 ppm, for 1H and 2H,
respectively, attest to the presence of a single alkynyl
substituent. The IR spectra show a sharp absorption at 2227
(1H) and 2224 cm™' (2H) due to the C=N bond of the carbon-
itrile substituents, and a very weak absorption at 2104 (1H) and
2103 (2H) cm™" due to the C=C bond of the alkyne substituent.

The asymmetry of the CTBs 1H and 2H was probed by
analytical HPLC on chiral phases coupled with UV and ECD
detection. The chromatograms obtained showed two well
separated signals, which exhibited opposite ECDs (Figures S12
and S14). Preparative HPLC on (S,5)-Whelk-O1 and elution with
heptane/CH,Cl, 30:70 for 1H, and heptane/CH,Cl,/ethanol
30:60:10 for 2H, allowed us to separate, in good yields and
ee’s, (+)-1H and (—)-1H, on the one hand, (+)-2H and (—)-2H,
on the other hand. In both cases the first eluted compound was
the dextrorotatory enantiomer. The optical rotations at 365 nm
measured for (+)-1H were much higher than those measured
for (+)-2H, e.g +2530 (CH,Cl,, ¢=0.06), vs. +241 (CH.Cl,, c=
0.07), while the kinetics of enantiomerization, run in chloroform,
gave quasi-identical results (Figures S13 and S15): The half-life
t,, of an optically pure sample in chloroform at 62°C was
204 min, and the corresponding barrier for enantiomerization
was 111.6 kimol™' (26.7 kcalmol™). These values are in keeping
with the values reported for substituted CTBs, and confirm
again that the influence of the substituents on the enantiome-
rization barrier is negligible.” The electronic absorption spectra
of the enantiomers of 1H (Figure S16) showed a broad band in
the UV with a maximum at 244 nm (€=47000 M~'cm™) and a
tail extending between 265 and 295 nm, and maximizing at
278 nm (€=2191 M"'cm™). By contrast, those of 2H showed
two bands, one in the same UV region as 1H, with a maximum
at 245 nm (£=36700 M~'cm™'), the other at lower energy, with
a maximum at 311 nm and a lower molar extinction coefficient
(€=14200 M'cm™"). Whereas the high energy UV absorption
of 1H and 2H is likely to correspond to the B,, region of the
phenyl ring, the low energy UV absorption of 2H could

Eur. J. Inorg. Chem. 2023, 26, 202300284 (3 of 15)

correspond to the m*«—n transition originating from the meth-
oxy substituents and overlapping with the B,, transition of the
phenyl ring."® The ECD of (+)-1H (Figure 3) shows a bisignate
band extending down to 267 nm, with maxima and minima at
235 (Ae=+93.8 M 'cm™") and 252 nm (Ae=-335M"'cm™),
sign inversion at 248 nm, and a singly signed band with a low
A&, Of 767 M~'cm™" at 288 nm. This spectrum is similar to the
ECD spectrum of the C;-symmetric CTB(H,CN) analogue of 1H,
which bears three carbonitrile substituents®™ The ECD of
(+)-2H shows the fragment of a negative band down to
230 nm, then a bisignate band from 230 to 281 nm, with
maxima and minima at 239 (Ae= +55.7 M"'cm™") and 261 nm
(Ae=—-27.8 M'cm™") and sign inversion at 252 nm. The value
of 281 nm seems also to be the high energy limit of a second
bisigned band showing first a minimum at 295 nm (Ae=
—11.0M'em™), then a maximum at 314nm (Ae=+
20.5M'em™), which are separated by the point of sign
inversion at 304 nm. This latter band is likely to be associated
with the t*«n transition identified in the electronic absorption
spectrum.

Collet and Gottarelli applied the exciton model of optical
activity to C;-symmetric cyclotriveratrylenes in particular."”
They demonstrated that this model, combined with the Platt’s
spectroscopic moment theory, could be used for the assign-
ment of absolute configurations, as the shapes of the calculated
spectra matched well with those of the experimental ones. The
CTBs of the present study being asymmetric, we preferred to
carry out ab-initio TD-DFT calculations. They were performed at
the CAM-B3LYP-D3 level of theory, using the 6-311-+ G(d,p)
functional, and took into account the effects of the solvent
(CH,CL,). They allowed us to calculate the optical rotations at
the experimental wavelengths, as well as the ECD spectra. In
the case of 1H, the calculations were performed for the M
configuration (Figure S17) and were straightforward. The por-
tion of the calculated ECD spectrum corresponding to the B,
region of the electronic absorption spectrum (Figure S18)
matched very well with the experimental spectrum of (+)-1H,
which showed that the absolute configurations of (+)-1H and
(—=)-1H were M and P, respectively. The quality of the
calculations was confirmed by the good correspondence and

100 1
50

0 ]

Ag/Lmol~Tcm™!

50 P

-100 +———— , . —
220 240 260 280 300 320 340
Anm

Figure 3. Experimental ECD spectra of the enantiomers of CTBs 1H and 2H in
CH,Cl,.
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the linear correlation between the theoretical and the exper-
imental optical rotations (Figure S19). In the case of 2H, the
calculations were complicated by the fact that the molecule can
adopt different conformations, which result from different
orientations of the methyl group of the methoxy substituents,
either towards the inside (i) or towards the outside (o) of the
molecular concavity. They give rise to secondary energy minima
as already noted in the case of related compounds."® Eight
conformations were identified: ooo and iii, on the one hand,
ioo, oio, 00i, iio, ioi, and oii, on the other hand (Figure S20).
After optimization of the structures, calculation of the energies,
and determination of the distribution of the Boltzmann
populations of these conformations (Table S1), their ECD
spectra were calculated, as well as the ECD spectrum of their
weighted superposition (Figure S21). The spectrum calculated
for the P configuration (Figure S22) matched well with the
experimental spectrum recorded for (+)-2H in the B,, region.
This assignment was confirmed by the calculation of the optical
rotations of (P)-2H (Table S2), which were all positive, whatever
the conformation; however, unlike (M)-1H, the magnitudes of
the calculated [a]”;, were very much higher than their
experimental counterpart, and they were not linearly correlated.
We found also that the absorption band at 314 nm was not
confirmed by the calculations.

In conclusion, opposite configurations of 1H and 2H have
the same sign of optical rotation, the absolute configurations of
(+)-1H and (+)-2H being M and P, respectively.

Preparation of the Pt"-Bridged CTB dimers

The structures of the four platinum bis-alkynyl complexes of
this study and their anti and syn diastereoisomers are displayed
in Figure 4. We used two different ancillary ligands for the Pt**
cation, either two single donor atom PEt; phosphine ligands
predisposed in cis configuration, or a diphosphine chelate
(dppp = 1,3-bis(diphenylphosphino)propane), for the prepara-
tion of the neutral complexes cis-[Pt(PEt;),(1),], [Pt(dppp)(1),],
cis-[Pt(PEt;)5(2),], and [Pt(dppp)(2),]. Following the original
report by Sonogashira, Hagihara and coworkers,'” the com-
plexes were prepared by the copper(l)-catalyzed dehydrohalo-
genation coupling reaction of the appropriate cis-[PtL,Cl,]
precursor (L=PEt; or L,=dppp) with the alkyne-functionalized
CTBs in racemic or optically pure form in the presence of a base
(NEt;) and Cul. In the first case diastereoisomeric mixtures of
the achiral syn form and chiral anti forms were obtained, in the
second case, enantiomerically pure CTB dimers were isolated.
They were characterized in solution by ESI mass spectrometry
and by NMR spectroscopy ('H, C, and *'P), the signals of the 'H
and "*C NMR spectra being assigned by a combination of 'H/'H
ROESY, "C/'H HSQC and “C/'H HMBC 2D techniques. Assign-
ment of the NMR spectra of the mixtures of the anti and syn
diastereoisomers was performed using the corresponding data
obtained for one of the anti diastereoisomers, either prepared
from an enantiopure CTB or obtained by preparative HPLC on a
chiral phase.

Eur. J. Inorg. Chem. 2023, 26, €202300284 (4 of 15)
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Figure 4. Structural formulae and absolute configurations of the (a and b)
anti and (c) syn diastereoisomers of the CTB dimers [cis-Pt(PEt;),(1).], [cis-
Pt(PEt,),(2),], [Pt(dppp)(1),], and [Pt(dppp)(2),] (dppp is 1,3-
bis(diphenylphosphino)propane).

Preparation and characterization of the platinum complexes
deriving from CTB 1H

Reaction of rac-1H with cis-[Pt(PEt;),Cl,] in 2:1 ratio in THF at
room temperature in the presence of 40 mol% Cul (with respect
to Pt) and Et;N in excess afforded, after aqueous workup and
silicagel column chromatography, cis-[Pt(PEt;),(1),] in 48 % yield,
as a 1:1 mixture of syn and anti diastereoisomers (Figures S23—
S27). In the 'H NMR spectrum the most deshielded signals of
the CTB aromatic protons (ca. 7.94 ppm) were those of the o
and o'c protons ortho to the —CN functions, while the most
shielded (7.07 ppm) were the overlapping dd signals of the vy,
protons ortho to the metal-bound alkynyl functions. For a
collision energy (E.;)>100 eV, the ESI mass spectrum of the
mixture of diastereoisomers (Figure S28) showed a major signal
at m/z 1140.38, which corresponds to the molecular sodium
adduct ((M+Na]*), and a signal of lower intensity at m/z
2257.78, which corresponds to the sodium adduct of the
molecular dimer ([2 M+Na]*). Both exhibited the expected
isotopic profile (Figure S29). In the same conditions, the
reaction of rac-1H with [Pt(dppp)Cl,] afforded, after purification,
[Pt(dppp),(1),] in 27 % yield, again as the expected 1:1 mixture
of syn and anti diastereomers (Figures S30-S34). The signals of
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the o'y and o'c protons were also the most deshielded of the
CTB component (at ca. 7.62 ppm), but to a lesser extent than in
the case of cis-[Pt(PEt;),(1),]. The dd signals of the y, protons
were well separated and were shielded by 0.61 ppm by
comparison with their homologs in cis-[Pt(PEt;),(1),]. This
shielding could be due to the proximity of one of the phenyl
substituents of the dppp ligand (see the insert of Figure 5).
Once again, the ESI mass spectrum of the product showed the
signal of the sodium molecular adduct at m/z 1316.35 with the
expected isotopic profiles (Figures S35-537). It was the major
one only at E.,, > 150 eV. Below this value, the major signal was
observed at m/z 1379.37, the origin of which is unclear.

The enantiomerically pure anti complexes [Pt(dppp)((—)-1),]
and [Pt(dppp)((+)-1),] were prepared separately from the
corresponding enantiomerically pure CTBs. They were obtained
in 54% and 34 % vyields, respectively, after column chromatog-
raphy on silicagel. The 'H NMR spectra of these complexes are,
as expected, identical. Moreover, they do not show any trace of
meso form, which indicates that the CTBs did not racemize in
the course of the preparation. As an illustration, the 'H NMR
spectrum of [Pt(dppp)((—)-1),] is displayed in Figure 5 (complete
assignment: Figures S38-5S44). Comparison with the corre-
sponding spectrum of [Pt(dppp),(1),] (Figures S30-534) shows
that the signals of the protons of the syn diastereoisomer are
not strongly shifted with respect to those of the enantiomers of
the anti diastereoisomer. In particular, the signals of the axial
and the equatorial protons seem to be superimposed. Remark-
ably, the [Cn—Pt—P(C;CsHo),—CHy,,] sequence could be identi-
fied in the 2D "*C/"H HMBC map as the four-bond correlation
€',-C/r-H (Figure S44). It is complemented by the *J., couplings
g ,-C/cis-P=22Hz and ¢&,-C/trans-P=147 Hz. The P NMR
spectrum of [Pt(dppp)((+)-1),] showed a singlet at —5.97 ppm
with two Pt satellites ('J,p,=2188 Hz, Figure S40), values that
are in keeping with literature data.” The ESI mass spectrum of
[Pt(dppp)((—)-1),] (Figure S45) showed very weak signals of the
proton and sodium molecular adducts, respectively at m/z
1294.35 (l4=0.45) and m/z 1316.35 (,4=1.00) when E =
20 eV. The signal of the doubly charged species, corresponding
to the ion [2 M+2Na]* was superposed to the signal of [M+
Na] ™. It presumably corresponded to an artifact as upon rinsing
the capillary only the signal of [M+ Na]* was observed.

The electronic spectroscopy and chiroptical properties of
the complexes [Pt(dppp)((+)-1),] and [Pt(dppp)((—)-1),] were
investigated in dichloromethane solution. Optical rotations
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Figure 5. 'H NMR spectrum (500 MHz, CD,Cl,, 300 K) of [Pt(dppp)((—)-(P)-1),]
(%k: solvent impurity). Ring A: labels in blue; ring B: labels in magenta; ring C:
labels in green.
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(Table S1) of [Pt(dppp)((+)-1),], which was prepared from
(+)-1H, ranged from + 340 at 589 nm to+ 1180 at 405 nm, and
are therefore of lower magnitude than those corresponding to
(+)-1H (respectively +595 and + 1690). Opposite values were
recorded for [Pt(dppp)((—)-1),], which was prepared from (—)-
1H. The electronic absorption spectra of [Pt(dppp)((+)-1),] and
of its precursor (+)-1H are displayed in Figure S46. Whereas, as
seen earlier, TH shows an absorption band centered at 244 nm,
the complex [Pt(dppp)((—)-1),] shows multiple absorption
bands between 220 and 360 nm with a shoulder at 232 nm (e=
65200 M~'cm™), and maxima at 275 (€=27600 M~'cm™") and
318 nm (£=21500 M~'cm™"). The ECD spectra of [Pt(dppp)((+)-
1),] and [Pt(dppp)((—)-1),] (Figure S47) do not show any
bisignate pattern between 220 and 360 nm, contrary to those
of the corresponding CTBs (+)-1 and (—)-1, but broad
absorptions with positive maxima at 235 (Ae=67 M 'cm™),
288 (Ae=7.7M'ecm™), and 325 nm (Ae=16.5M"cm™") for
[Pt(dppp)((+)-1),] and negative maxima for [Pt(dppp)((—)-1),]. A
similar spectrum had been observed in the case of the
platinocryptophane [Pt;(dppp);(CTB(H,CN)),I°* made from the
Cs-symmetric carbonitrile-substituted CTB(H,CN)."’

Preparation and characterization of the platinum complexes
deriving from CTB 2H

Complexes based on the cis-[Pt(PEt;),F’* assembling unit

The crude product of the reaction of rac-2H with cis-[Pt-
(PEt;),Cl,] in 2:1 ratio in the presence of 41 mol% Cul with
respect to Pt and excess Et;N in DMF at room temperature for
3 days was controlled by 'H NMR spectroscopy before work-up
and purification. By contrast with what we observed in the
experiments involving CTB 1H, the spectrum showed, in
particular, two low field singlets at 852 and 8.41 ppm,
respectively, that corresponded to the o', protons of two
products in 1:1 ratio (Figure S48). The crude was purified by
column chromatography on silicagel, and the different fractions
examined by 'H NMR spectroscopy. The less polar product was
the singly substituted platinum complex, [Pt(PEt;)(2)Cl], the
spectrum of which was very similar to the one of 2H; the
subsequent fractions contained a mixture of two products, the
ratio between the diastereoisomers changing in the course of
the chromatographic separation, the most polar being the one
exhibiting the most deshielded o', protons. The last fractions
contained exclusively the most polar product in minor amounts.
The set of fractions that were collected for complete NMR
characterization (Figures S49-555) had a ratio of 66:34 between
the more polar (anti) and the less polar (syn) product. The yield
of the isolated mixture of diastereoisomers in pure form was
50%. These products were examined by Q-Tof ESI-MS. At an
ionization energy (IE) of 30 eV, signals were observed at m/z
1320.45, 1360.39, and 1418.35 in 50:17:33 ratio. They corre-
sponded to the molecular ions [M+Na]*, [M+Cu]*, and [M+
CuCl+Na]™, respectively. At IE=50 eV, there remained only the
signal corresponding to [M-+Cu]® (Figures S56-S57). DOSY
experiments allowed us to compare the diffusion coefficients of
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2H and of the diastereoisomeric complexes (Figure S58): D=
9.74x 107" m?s™! for the former, and D=6.10x10""" m?s™' for
the latter, which is in qualitative agreement with the expected
increase of size on going from the CTB to the platinum-bridged
CTB dimer. Further use of the DOSY information will be
provided in a next section.

Comparison of the proton NMR spectra of 2H and of its
reaction product with cis-[Pt(PEt;),Cl,] and Cul in CD,Cl, is
shown in Figure 6a,b. In the latter, the CTB signals are splitted
in two, each set corresponding to a diastereoisomer (syn and
anti), respectively. Note that we use embolded symbols for
labelling the subspectra of the anti diastereoisomers through-
out this report. The effect of the substitution of the cis-
[Pt(PEt;),]*" moiety for the alkynyl proton of 2H is the following:
In the aromatic region, the signals of protons a,, a's, and o'c
show only small shifts, whereas those of protons oz and oy
undergo significant downfield shifts, whatever the diaster-
eoisomer considered. In the aliphatic region, the chemical shifts
of the signals of the methoxy protons Me; and Me, of the syn-
diastereoisomer are very close to those of 2H, whereas the
signals of the methoxy protons Me, and Me; of the anti-
diastereoisomer are significantly shielded and deshielded,
respectively. The *'P{'"H} NMR spectrum of the diastereoisomeric
mixture (Figure S50) showed two singlets, at 4.18 and 4.23 ppm
with two Pt satellites ("Jpp,=2495 Hz). Noteworthy is the fact
that the 'H NMR spectra of the mixture of diastereoisomers are
solvent-, concentration-, and temperature-dependent: Details
are provided in the Supporting Information p. S5 and in
Figures S59-5S63.
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Figure 6. Stacked plot of the "H NMR spectra (400 MHz, CD,Cl,, 298 K) of (a)
CTB 2H (structure of (M)-2H shown), (b) the diastereoisomeric mixture of the
complexes syn- and anti, cis-[Pt(PEt;),(2),CuCl] (structure of anti, cis-[Pt-
(PEt;),((M)-2),CuCl] shown), and (c) the diastereoisomeric mixture of the
complexes syn- and anti, cis-[Pt(PEt;),(2),] (structure of anti, cis-[Pt(PEt;),((M)-
2),] shown). Ring A: labels in blue; ring B: labels in magenta; ring C: labels in
green. The embolded labels mark signals of the anti diastereoisomers in (b)
and (c).
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Based on the large ca. +1 ppm downfield shift of the
signals of the o', protons of both diastereoisomers, the mass
spectrometry results, and the concentration dependence of
their '"H NMR spectra, we suggest that the Pt complexes
obtained in the conditions described in this section could be
formulated as cis-[Pt(PEt;),(2),CuCl], in which CuCl is bound in
n*fashion to each alkynyl bridge (insert of Figure 6b). In this
way, the metal-coordinated halide ion could interact with the
proximal o, protons of the CTB subunits via Ar—H--Cl hydrogen
bonding, which would explain the sizeable deshielding of o',
by comparison with o'y and o'c. Further evidence of the CuCl
coordination could be provided by the estimation of the molar
mass of cis-[Pt(PEts),(2),CuCl] according to Equation (1):

Mx = Mg(Dg/Dn)’ (1)

where M, is the molar mass of the CTB dimer, Mg the molar
mass of 2H, and D, and D; the corresponding diffusion
coefficients. Using the values obtained from the DOSY measure-
ments and the molar mass of 2H we obtain M,=1769 gmol~',
which is 27% (36 %) higher than the 1397.35 gmol™' (1298.38)
value expected for cis-[Pt(PEt;),(2),CuCl] (cis-[Pt(PEt;),(2),]),
respectively.

Such a “spontaneous”, somewhat unexpected CuCl adduct
formation by m-coordination to the triple bonds of alkynyl
ligands bound to a cis-platinum metal complex fragment had
been already observed,”” for example in the course of the
preparations of [Pt(dppe)(C,Ph),],2™ [Pt-
(Mes—BIAN)(C,SiMe;),],»™ and the metallamacrocycle cis-[Pt-
(PEt;),L], in which L is a bis-alkyne chelate.”' Besides, binuclear
complexes [LM(C,R),-n>n>-M'X] based on bis-alkynyl pincer
complexes [LM(C,R),] with 0 M—C bonds have been known for
quite a long time.”? Direct evidence of M'X binding to the bis-
alkynyl m-tweezers was provided in all cases in the solid state
by an X-ray crystallography study. In solution, binding of CuCl
to cis-[Pt(dppe)(C,Ph),] for example, had little effect on the *'P
NMR chemical shift (A6 = —3 %) and no effect on the alkynyl *C
NMR chemical shifts;”'® +FAB mass spectrometry of [Pt-
(‘Bu,bipy)(C=CC4H,Me),Cu(SCN)] gave the signal corresponding
to [M—SCN"1".2¥ We note that such a hydrogen bond with a
metal-bound halide has been recently observed in platinum
indolylphosphine fluorido and chlorido complexes, with strong
deshielding of the hydrogen-bound NH protons.”!

To test further the hypothesis of copper(l) coordination, the
crude product of the reaction of rac-2H with cis-[Pt(PEt;),Cl,] in
2:1 ratio in the presence of 21 mol% Cul and excess Et;N was,
after removal of the volatile species, treated with the stoichio-
metric amount of NaCN prior to purification by column
chromatography on silicagel. Figure S64 compares the '"H NMR
spectra in CDCl; of the crude product before and after treat-
ment by NaCN, so that the diastereoisomeric ratio is the same
in both samples. The complex cis-[Pt(PEt;),(2),CuCl] was diluted,
hence, as could be inferred from the trends observed in
Figure S60, the syn and anti diastereoisomers had nearly super-
imposable spectra, except for the signals of protons o', and oy,
that is, the protons that are directly bound and very close to
the chloride anion, respectively. The anti diastereoisomers of
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cis-[Pt(PEt;),(2),CuCl] and cis-[Pt(PEt;),(2),] are characterized by
the most deshielded o', and most shielded Me; protons
respectively in their '"H NMR spectra (CD,Cl,: Figure 6b,c; CDCl;:
Figure S64a,b). Therefore, upon going from cis-[Pt-
(PEt;),(2),CuCl] to cis-[Pt(PEt;),(2),], whereas, whatever diaster-
eoisomer considered, the signals of the protons o'c, o', 0, O,
Me,, and Me., did not show significant shifts, the major
differences concerned the signals of the protons o'y, a5 and
Meg, which were shifted upfield in both diastereoisomers, the
signal of a',-H exhibiting the strongest shift (>1 ppm). The
product cis-[Pt(PEt;),(2),] was obtained in 65% yield as a
mixture of diastereoisomers (in 56:44 syn/anti d.r.) as confirmed
by TLC, H, "*C, and *'P NMR spectroscopy (Figures $65-572). In
particular, the *'P NMR spectrum in C,D,Cl, solution (Figure S67)
showed two close singlets at 4.37 and 4.32 ppm with Jpp,=
2254 Hz. In the C NMR spectrum, the signals of the alkynyl
carbon atoms &', (t, *Jcp=16.5 Hz) and €', (dd, *J,;.cp=21.8 Hz,
% Jyrans.cp = 142.5 Hz) of both diastereoisomers could be identified
owing to the C/"H HMBC correlations with the methyl protons
of the PEt; co-ligands (Figure S72). The ESI-MS spectrum of cis-
[Pt(PEt;),(2),] showed the signals of the proton (m/z 1298.47)
and sodium (m/z 1320.45) molecular adducts in ratios depend-
ing on E., and the ion (E,,) energy (41:59 for E.;=50 eV and
Eon=5¢€V; 57:43 for E,,=5eV and E,,=40V), with the
expected isotopic distribution (Figures S73-575).

Analysis of the changes of the '"H NMR spectra in CDCl,
upon going from 2H to the diastereoisomeric mixture of cis-
[Pt(PEt;),(2),] is also quite interesting (Figure S76). In the
aromatic region, only the signals of the protons a, and oy are
affected significantly, being upfield shifted. In the aliphatic
region, the most important changes concern the signals of the
Me; protons (the Me, protons also, albeit to a lesser extent),
which are shifted upfield by —0.56 ppm for the anti diaster-
eoisomer and —0.23 ppm for the syn diastereoisomer. In fact, as
illustrated in Figure S77, whereas the chemical shift of the Meg
signal of the syn diasterecisomer was solvent independent
(3.71 ppm in CDCl;, 3.74 ppm in CD,Cl,, and 3.73 ppm in
C,D,Cl,), this was not the case of the chemical shift of the Meg
signal of the anti diastereoisomer: 3.39 ppm in CDCl;, 3.62 ppm
in CD,Cl,, and 3.70 ppm in C,D,Cl,. In this last solvent, the Meg
protons of the two diastereoisomers experience similar mag-
netic fields. We shall see that the upfield shift of the Meg
protons vs. their Me, and Me. counterparts is a general
characteristics of the copper-free CTB dimers, whatever the
nature of the phosphine ancillary ligand, and that it will allow
us to outline the conformation of these complexes.

The NMR fingerprints of the syn and anti configurations of
the diastereoisomers of cis-[Pt(PEt;),(2),CuCl] and cis-[Pt-
(PEt;),(2),] were then established by preparing the enantiomeri-
cally pure complexes cis-[Pt(PEt;),((—)-2),CuCl] and cis-[Pt-
(PEt;),((—)-2),], and comparing their NMR spectra to those of
the corresponding diastereoisomeric mixtures, details being
given in the Supporting Information p. S5 and in Figures S78-
S80.

Eur. J. Inorg. Chem. 2023, 26, 202300284 (7 of 15)

Complexes based on the [Pt(dppp)** assembling unit

The reaction of the CTB racemate 2H and [Pt(dppp)Cl,] in 2:1
ratio with less Cul loading than previously used (ca. 15 mol%)
but still excess Et;N and for three days at room temperature
allowed us to obtain both diastereoisomeric mixtures of
[Pt(dppp)(2),] (in 57:43 d.r.) and [Pt(dppp)(2),CuCl] (in 67:33
anti/syn d.r.), as shown by the 'H NMR spectrum of the crude
product (Figure S81). They were separated by column chroma-
tography and isolated in 32 and 31% yields, respectively. Their
ESI-MS spectra are shown in Figures S82-S86 and their
complete set of NMR spectra are shown in Figures S87-5106.
Details are reported in the Supporting Information p. S6. The 'H
NMR spectrum in CDCl; of the pure diastereoisomeric mixture
of [Pt(dppp)(2),] is displayed together with the spectrum of 2H
in Figure 7. The comparison shows that the complexation of
[Pt(dppp)]** to the CTB 2~ subunits induces significant upfield
shifts of several protons in both diasterecisomers. In the
aromatic region of the spectrum, the most affected signals are
those of o', o, and og-H; in the high field region, the most
affected are the signals of a, and e,, ag and eg-H, Me, and Meg,
the Me; signal of the anti diastereoisomer being more shifted
(A6=—0.51 ppm) than the one of the syn (A0 =—0.36 ppm). In
CD,Cl,, the Meg signal is shielded by Ad=-0.31 ppm and
—0.20 ppm for the anti and syn diastereoisomers, respectively.
The solvent-dependence of the 'H NMR spectra of the
diastereoisomers of [Pt(dppp)(2),] is illustrated in Figure S96.
Examination of the '"H NMR spectrum of the diastereoiso-
meric mixture of [Pt(dppp)(2),CuCl] that was strongly enriched
in the anti diastereoisomer (83:17 anti/syn d.r) shows, by
comparison with the spectrum of the diastereoisomeric mixture
of anti- and syn-[Pt(dppp)(2),] (Figure S106), that the strong
downfield shift of the signals of o'y that was previously
observed in the case of [Pt(PEt;),(2),CuCl] is also observed in
the case of [Pt(dppp)(2),CuCl], pointing to the same mode of
bonding of the CuCl complex fragment. A noticeable difference
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Figure 7. Stacked plot of the "H NMR spectra (CDCl;, 400 MHz, 298 K) of (a)
CTB 2H and (b) the diastereoisomeric mixture of the complexes syn- and

anti-[Pt(dppp)(2),] (structures of (M)-2H and anti-[Pt(dppp)((M)-2),] shown).
Ring A: labels in blue; ring B: labels in magenta; ring C: labels in green. The
embolded labels mark signals of the anti diastereoisomers.
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however is the strong upfield shift of the signals of the methoxy
Me, protons, which is probably due to the shielding of these
protons by one of the phenyl substituents of the dppp ligand,
the latter being closer to Me, than the other methoxy
substituents, as observed in the case of [Pt(dppp)(2),]. The same
phenomenon could also explain why the o', protons are slightly
less deshielded in [Pt(dppp)(2),CuCl] than in [Pt(PEt;),(2),CuCl],
the deshielding, due to hydrogen bonding to the chloride anion
being thwarted by the shielding effect of the phenyl dppp
substituents. Besides, the Me; protons of both complexes
undergo upfield shifts upon Cu™ removal.

Direct evidence for the diastereoisomeric nature of [Pt-
(dppp)(2),CuCl] was obtained by chiral HPLC. The chromato-
gram showed three bands (Figure S107). The first two bands
were nearly base-line separated, had similar areas (32.5 and
31.2%), and had CD signals of opposite signs; the third band
partially overlapped with the second band, had an area of
36.3%, and did not show any CD. These analytical results are
consistent with the fact that the mixture investigated contained
two types of diastereoisomers, the two optically-active enan-
tiomers (anti form) eluting first followed by the achiral
diastereoisomer (syn or meso form). The pair of enantiomers
could be separated from the meso form on an analytical column
in sufficient amounts to record the '"H NMR spectra of the
diastereoisomers separately in CD,Cl, (Figure S108). The syn
diastereoisomer was characterized by the highest field signal of
protons o', at 0=8.09 ppm, while the anti diastereoisomer
showed the lowest field signal of protons o', at 6 =8.18 ppm.

Interestingly, at highest Cul loading (50 mol %), we isolated,
in addition to the already known diastereoisomeric mixture of
the CuCl adduct, the one corresponding to [Pt(dppp)(2),Cull.
The "H NMR spectra in CDCl, of both diastereoisomeric mixtures
are compared in Figure S109. [Pt(dppp)(2),Cull was the less
polar mixture of diastereoisomers. It showed (Figure S109a)
shielded and deshielded singlets for the o/, (8.27 and 8.08 ppm)
and the Me, (3.28 and 3.19 ppm) protons, respectively, by
comparison with [Pt(dppp)(2),CuCl], the more polar mixture of
diastereoisomers, which showed (Figure S109b) the opposite
(for ao’p-H, 6=8.33 and 8.13 ppm; for Me, 0=3.14 and
3.07 ppm). The downfield shift (ca. +0.06 ppm) upon going
from the Cul adduct to the CuCl adduct is consistent with the
highest electronegativity of chloride by comparison with iodide.
Evidence for the formulation of the Cul adduct was provided by
its ESI-MS spectrum, which gave six peaks that corresponded to
the following ions: m/z 1190.16 [{Pt(dppp)(2)Cl} + Nal*, 1231.09
[{Pt(dppp)(2)Cl} 4+ Cu] ", 1497.40 [{Pt(dppp)(2),} +Na]*, 1537.35
[{Pt(dppp)(2),+Cul*, 1687.23 [{Pt(dppp)(2),Cul}+Nal*, and
1727.17 [{Pt(dppp)(2),Cul}+Cu]™. Their relative intensities de-
pended on the ISCID and the E_,; (Figures S110-5113). Elemen-
tal analyses (see Experimental section) were also consistent
with the less polar diastereoisomers incorporating Cul and the
more polar diastereoisomers incorporating CuCl. The enantio-
merically pure complex anti-[Pt(dppp)((4+)-2),Cul] was obtained
in 38% yield by reacting (+)-2H and [Pt(dppp)Cl,] in 2:1 ratio in
the presence of a nearly stoichiometric amount of Cul
(83 mol%) and an excess of Et;N in THF for three days at room
temperature. Column chromatography also allowed us to
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isolate, as side-product in 18% yield, anti-[Pt(dppp)CI((+)-2)],
which was characterized by 'H and *'P NMR (Figures S114 and
S115). The enantiomerically pure anti-[Pt(dppp)((+)-2),Cul]
complex was fully characterized by NMR spectroscopy (Figur-
es $116-5129), mass spectrometry (Figure S130), and electronic
spectroscopy (Figure S131). The values of the optical rotations
are collected in Table S5.

Subsequently, the complex anti-[Pt(dppp)((+)-2),] could be
obtained by reaction of anti-[Pt(dppp)((+)-2),Cul]l with an
excess of NaCN (4 equiv) at 0°C. A stacked plot of its '"H NMR
spectra in three different solvents (CDCl;, CD,Cl,, and C,D,Cl,) is
shown in Figure $132. It can be seen that whereas the chemical
shifts of the Me. protons are solvent-independent, this is not
the case of the Me, and Meg protons, which are increasingly
shielded upon going from CD,Cl, to CDCl;. Furthermore,
comparison of the '"H NMR spectra of enantiomerically pure
anti-[Pt(dppp)((4+)-2),] and of the mixture of the syn and anti
diastereoisomers of [Pt(dppp)(2),] (Figure S133) shows that the
most shielded Meg protons signals are those of the anti
diastereoisomer. This observation is a key for the description of
the conformation of the copper-free CTB dimers (see
Scheme 2).

The formulation [Pt(dppp)(2),Cul] of the complex obtained
at high Cul loading was confirmed by reacting [Pt(dppp)(2),],
which had been isolated after column chromatography as a
69:31 mixture of anti/syn diastereoisomers, with a nearly two-
fold excess of Cul (1.75 equiv) in THF. Comparison of the 'H
NMR spectrum of the product with the spectrum of [Pt-
(dppp)(2),] (Figures S134a and S134b) showed that the diaster-
eoisomeric ratios have been preserved in the course of the
reaction as the product had a d.r. of 64:36. Comparison with
the spectrum of anti-[Pt(dppp)((+)-2),Cul] (Figure S134c) con-
firmed that copper(l) was bound to iodide in this enantiomeri-
cally pure complex, and that the most deshielded singlet of the
o', protons arose from the anti diastereoisomer.

To summarize, we have observed that the Mey protons of
anti-[Pt(dppp)(2),] were strongly shielded, particularly in CDCl;
(Figure 7), a feature that we also noticed in the case of
[Pt(PEt;),(2),]. This fact could indicate that the Pt-bridged CTB
dimers take up a conformation in which the OMe; substituent
of a given CTB is placed in the shielding field of the other CTB
in a symmetrical manner. By contrast, the Me; protons of syn-
[Pt(dppp)(2),] are less shielded, because only the OMe;
substituent of one CTB can be included in the other CTB. As a

““““““ H S
M~ SN
Z meo MeO

T

anti-[Pt(dppp)(2),Cul]

OMe

anti-[P(dppp)(2)2]

Scheme 2. lllustration, for anti-[Pt(dppp)(2),], of the chemical processes
taking place at the platinum-bridged CTB dimers and the resulting
conformational changes.
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consequence of the conformational rearrangement of the CTB
dimers, the OMe, substituent is mechanically positioned closer
to a phenyl ring of the dppp chelate, which explains the upfield
shift of its signals in the '"H NMR spectrum (Figure 7b). This is
confirmed by the fact that this feature is not observed in the
case of [Pt(PEt;),(2),] (Figure S77). The copper(l) complexation/
decomplexation processes taking place at the platinum bis-
alkynyl chelate, together with the proposed conformational
change of the CTB dimer are illustrated in Scheme 2. The
conformation of the anti diastereoisomers in the copper-free
platinum-bridged CTB dimers has some significance, because it
makes these complexes resemble chiral molecular tweezers.
This family of compounds, first examplified by Whitlock and
coll. in 19782% covers a wide range of applications, from simple
molecular recognition to stimulus-responsive molecular recog-
nition and switching.” Therefore, it would be interesting, in
the future, to investigate whether these organometallic CTB
dimers exhibit molecular tweezers properties.

Detection of “saddle” conformers in both series of complexes

Careful examination by "H NMR spectroscopy of all the fractions
obtained in the course of the chromatographic purification of
the anti/syn diastereoisomeric mixtures of cis-[Pt(PEt;),(2),] and
[Pt(dppp)(2),] allowed us to identify fractions containing
products that corresponded neither to the syn or the anti
diastereoisomers characterized so far. In these diastereoisomers,
the CTB components display the “cone” conformation, as
illustrated in Figure 4. However, CTBs can also exist in the so-
called “saddle” conformation, in which one of the aromatic
rings is oriented up while the other are oriented down.?”
Considering again the mixture of the anti and syn diaster-
eoisomers of cis-[Pt(PEt;),(2),], examination of the 'H NMR
spectra of the different fractions collected in the course of the
chromatographic purification of the crude product (Figur-
es S135-5137) showed residual signals in the spectrum of
Figure S136 (highlighted in orange), which were predominant
in the spectra of the first fractions. Given the fact that they
spanned a broad chemical shift range, they could arise from cis-
[Pt(PEt;),(2),] complexes in which the CTBs have indeed the so-
called saddle conformation.”®? As a matter of fact, equilibrat-
ing a 2:1 anti/syn diastereoisomeric mixture containing signifi-
cant amounts of the supposed saddle complexes in CDCl;, led,
after 1 day at room temperature followed by heating at 45°C
for 9 h then at 60°C for 14 h, to a 1:1 syn/anti ratio together
with the decrease of the relative intensities of the signals of the
saddle forms (Figure S137).

Furthermore, in the course of the chromatographic purifica-
tion of the anti/syn diastereoisomeric mixture of [Pt(dppp)(2),],
we realized, also by examination of the different fractions by 'H
NMR spectroscopy, that a few of them showed, in addition to
the signals of the diastereoisomers, extra signals of lower
intensity. Our attention was attracted by the fact that the
intensities of these signals increased equally with time when
the solutions were abandoned, pointing to the presence of a
well-defined, third species in solution (Figure S138). Column
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chromatography on silicagel allowed us to isolate milligram
amounts of the corresponding product, the '"H NMR spectrum
of which is shown in Figure $S139. This product was isolated in
pure form in fractions ahead of those containing anti/syn-
[Pt(dppp)(2),]. lts ESI mass spectrum showed a signal at
1474.43, which corresponded to [{Pt(dppp)(2),}+H"] (Fig-
ure S140). In order to further characterize this new isomer of
[Pt(dppp)(2).], a sample of contaminated anti/syn-[Pt(dppp)(2).]
was subjected to analytical HPLC on chiral phases using
simultaneous UV and polarimetric detection (Figure S141).
Chiralpak IH gave four bands peaking at 6.15 (13%), 7.22 (37 %),
9.08 (25%), and 9.68 (25 %) min. The first and second band had
a negative [alp, the third band did not show any polarimetric
response, while the fourth band had a positive [alp. Chiralpak
IG also gave four bands, five in fact, if we take into account the
shoulder of the second one, at 6.44 (21%), 7.55 (49%), 9.80
(16%), and 14.78 (14 %) min. The first and the third band had a
positive [alp, the second and the fourth, a negative [a]p. Taking
into account again the possibility that the CTBs of [Pt(dppp)(2).]
can adopt a saddle conformation, five different isomers could
be identified from the analytical HPLC experiments (Table S6):
The two enantiomers anti-(+)-[Pt(dppp)(2),] and anti-(—)-[Pt-
(dppp)(2),1,2% the meso diastereoisomer syn-[Pt(dppp)(2),], and
the two enantiomeric saddle conformers anti-(+)-[Pt-
(dppp)(2)(saddle-2)], and anti-(—)-[Pt(dppp)(2),(saddle-2)], in
which one CTB is in the saddle conformation, the other being in
the cone conformation. Moreover, samples of these isomers
could be isolated by preparative HPLC of [Pt(dppp)(2),] (26 mg)
on chiral phases. The ECD spectra of the pairs of enantiomers
anti-(+)-[Pt(dppp)(2).l/anti-(—)-[Pt(dppp)(2),] and those of anti-
(+)-[Pt(dppp)(2)(saddle-2)1/anti-(—)-[Pt(dppp)(2)(saddle-2)] are
reproduced in Figure S142. The latter compounds could be
intermediates in the enantiomerization pathway of anti-[Pt-
(dppp)(2),]. For instance, the conversion of [Pt(dppp)((P)-2),]
into its enantiomer [Pt(dppp)((M)-2),] would involve first [Pt-
(dppp)((P)-2)(saddle-2)] as intermediate for the conversion of
[Pt(dppp)((P)-2),] into  [Pt(dppp)((P)-2)(M)-2)], then [Pt-
(dppp)(saddle-2)((M)-2)] for the conversion of syn-[Pt(dppp)(2),]
into [Pt(dppp)((M)-2),].

We followed the conversion of anti-(—)-[Pt(dppp)(2)(saddle-
2)] that was isolated by HPLC into a diastereoisomeric mixture
of anti- and syn-[Pt(dppp)(2),] in cone conformation by 'H NMR
spectroscopy in CDCl; (Figure S143). The conversion was nearly
complete after two weeks and produced a ca. 1:1 ratio of anti-
and syn-[Pt(dppp)(2),] (Figure S143d). A similar experiment was
run in C,D,Cl,, in which the rate of conversion was increased by
heating at 45 °C (Figure S144).

In summary, the conformational isomerization of the cone
form of a CTB component into its saddle form was thus
observed in both series of the platinum-bridged CTB dimers.
This observation is significant, because it cannot be done in any
circumstances. The saddle form of a chiral CTB is the identified
intermediate in its enantiomerization pathway. It is less stable
than the cone form, and in the case of cyclotriveratrylene the
energy difference between the two forms is close to 10 kimol ™,
while the activation energy for the conversion of the cone form
into the saddle form is 97.4 kyJmol~'*” As a consequence, the
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observation of the saddle form in solutions of cyclotriveratry-
lene had been unsuccessful until Luz and coworkers discovered
an experimental procedure that allowed them to generate and
separate it in sizable amounts. However, a cryptophane
exhibiting an in-out cone/saddle conformation rather than the
classical in-in cone conformation had been isolated earlier and
characterized by 'H NMR in solution and X-ray crystallography
in the solid state.”® The in-out cone/saddle conformation was
generated by removing an included solvent molecule from a
large-size cryptophane. The cryptophane exhibiting this con-
formation has been called an imploded cryptophane, the cavity
being “filled” by one of the twisted phenylene rings of the CTB
in saddle conformation. Once dissolved in a solvent, the
cryptophane takes back the in-in cone conformation. In the
case of the platinum-bridged CTB dimers, the situation is
different, unless the interaction of the Mey substituent of a CTB
with the cavity of the other CTB is at the origin of the
conformational change.

Attempts to prepare the metallo-cryptophanes from the
platinum-bridged dimers

The Pt"-bridged organometallic CTB dimers anti-[Pt(dppp)((—)-
1),] and [Pt(dppp)(2),], the latter as an anti, syn diastereoiso-
meric mixture, were evaluated for their ability to play the role
of “pre-cryptophanes”, that is, intermediates in the preparation
of the organometallic analogues of metallo-cryptophane anti-
[Pt;(dppp)s(CTB(H,CN),I°" (Figure 8).°" First, anti-[Pt(dppp)((—)-
1),] was combined in CD,Cl, with [Pd(dppp)(OTf),] in 1:2 molar
ratio. The homogeneous reaction mixture was examined by 'H
NMR spectroscopy. The spectrum recorded after 24 h did not
differ significantly from that after 2h (Figure S145). Both
showed broad features for the CTB component to such an
extent that the signals of the a, o', and y protons had vanished,
while the different axial and equatorial protons were no longer
distinguishable, which made their integration underestimated.
Less broad were the signals that could be attributed to
[Pd(dppp)]*" complex subunits, and the ratio of the aromatic
protons to the aliphatic dppp protons was correct, i.e., 78:12
for r-H and 78:6 for s-H. By comparison with their homologs in
the precursor anti-[Pt(dppp)((—)-1),], the dppp r and s protons
were deshielded by ~0.3 ppm, but the r protons were less

i\ " e+ 601 " ar.401r
R R C R
th,b,(‘;,/N/’ \\\ ph“%N R \\
I Wi \ / :>
Pt M
! ] \N F '{‘\ / \
R P R R ’4 th P”h \\\C A /// th
a¥s
anti-Pty(dppp)3(CTB(H,CN),](OTf)s R=H:  anti{PtPdy(dppp)s((P)-(-)-1)21(0Tf)4

R = OMe: anti-{Pt3(dppp)3(2)21(O0Tf)4

Figure 8. Structures of a) the existing chiral platino-cryptophane based on
CTB(H,CN)"® and of b) the projected isosteric chiral metallo-cryptophanes
based on CTBs 1H and 2H.
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deshielded than in the case of the metallo-cryptophane anti-
[Pt;(dppp)s(CTB(H,CN)),J(OTH.“ The *'P NMR spectrum of the
reaction mixture after 2 h showed a very broad signal between
16.0 and 14.8 ppm. In another experiment, [Pt(dppp)(2),] in ca.
1:1 diastereoisomeric ratio was titrated by [Pt(dppp)(OTf),]. The
experiment was monitored by 'H NMR spectroscopy
(107 molL™" solutions of [Pt(dppp)(2),] in C,D,Cl,). A stacked
plot of the NMR spectra is displayed in Figure S146. As
increasing amounts of [Pt(dppp)(OTf),] complex subunits were
added the signals broadened and their number increased,
which was particularly clear in the aromatic region below
7.0 ppm (where the signals of the protons a, and o'y, 0 and o,
are located), and in the region between 4.0 and 3.3 ppm (where
the singlets of the methoxy protons are located). The region of
the dppp aromatic protons seemed to shrink around prominent
signals, and the broad signal of the dppp r protons seemed to
disappear at the expense of a less broad signal at ca. 2.75 ppm,
close to the chemical shift value of the same protons in
[Pt(dppp)(OTH),]. These features indicated that the [Pt(dppp)]**
indeed reacted with [Pt(dppp)(2),], but did not form a single
and well-defined species.

The two-step formation of a metallo-cryptophane via a
single platinum-bridged CTB dimer intermediate under kinetic
control differs from the one-pot self-assembly of a metallo-
cryptophane from its separate components (two equivalents of
CTB and three equivalents of bridging metal complex) under
thermodynamic control. In the former approach the intra-
molecular interactions between the CTBs may represent a
barrier to the complexation of the two [M(dppp)I*" complex
subunits.

Conclusions

We have reported the preparation of the first cyclotribenzylenes
(CTBs) bearing at least two different substituents on the vy’
positions of their large rim. The two asymmetric CTBs 1H and
2H were resolved into their enantiomers and their absolute
configurations determined. Our objective was to make metallo-
cryptophanes incorporating simultaneously inert and labile
coordination bonds based respectively on alkynyl and nitrile
ligand fragments. The metallo-cryptophane assembly would
involve first the preparation of a CTB dimer by formation of a
cis-platinum(ll) bis-alkynyl complex, then the closure of this
intermediate by bridging the two pairs of nitrile groups by
[ML,J** complex metal fragments (M=Pd, Pt; L=PEt;, L,=
dppp). We prepared the following organometallic platinum
dimers from the CTBs and [PtL,Cl,] in the presence of
substoichiometric amounts of Cul: cis-[Pt(PEt;),(1),], [Pt-
(dppp)(1),], cis-[Pt(PEt,),(2).], and [Pt(dppp)(2),] all in anti, syn
diastereoisomeric mixtures; we also prepared the optically pure
complexes  [Pt(dppp)((4)-1),],  [Pt(dppp)((—)-1),],  cis-[Pt-
(PEt5),((—)-2),], and [Pt(dppp)((+)-2),], and isolated the pure syn-
[Pt(dppp)(2),] complex. We observed that, in the case of the
complexes of CTB 2H, the dimers always incorporated either Cul
or CuCl, depending on the Cu/Pt ratio. At low Cul loading, CuCl
adducts predominated along with copper-free CTB dimers. NMR
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spectroscopy studies indicated that the CuX complex fragments
were bound in 1’n? fashion to the cis-platinum bis(alkynyl)
bridging complex fragments, which played the role of pincer
complex-as-ligands. Treatment of the binuclear Pt'/Cu' com-
plexes with NaCN allowed us to isolate the copper-free CTB
dimers. Reaction of [Pt(dppp)((—)-1),] with two equiv. of
[Pd(dppp)(OTf),] did not afford the sought metallo-crypto-
phanes, as judged by the 'H NMR analysis. An NMR titration of
the anti, syn mixture of [Pt(dppp)(2),] by [Pt(dppp)(OTf),] led to
the same conclusion. It remains to be tested whether the
copper-free CTB dimers in anti configuration could be used as
ditopic chiral receptors.

Experimental Section

Materials, methods, and instrumentation

The following abbreviations were used: THF (tetrahydrofuran) and
DMF (N,N-dimethylformamide). Unless otherwise stated, all reac-
tions were performed at a vacuum/argon line using Schlenk-type
glassware. The following solvents and liquid reagents were dried
and distilled under argon prior to use: DMF (anhydrous magnesium
sulfate), THF (Na/benzophenone), dichloromethane (P,O;), and
triethylamine (Na or KOH). Other commercially available solvents
and reagents were used as received. Separations by flash column
chromatography used either silicagel (Geduran™ Si 60, 40-63 um,
from Merck) or aluminum oxide 90 (standardized, according to
Brockmann, from Merck). CTB(H,0Tf),*® CTB(OMe,),"" cis-[Pt-
(PEt5),CL,1,2% [Pd(dppp)(OTH),1,2% and [Pt(dppp)Cl,]°" were prepared
as reported in the literature. NMR spectra were recorded on Bruker
Avance Il 400 MHz, 500 MHz and 600 MHz spectrometers. Chemical
shifts were reported using the residual solvent 'H signal (7.26 and
77.16 ppm for CHCl;, 532 and 54.00 ppm for CHDCI, 6.00 and
73.78 ppm for C,DHCI,) as internal reference for the calibration of
the "H NMR and *C NMR spectra, respectively, and the phosphorus
signal (set at 0 ppm) of a 85% aqueous solution of H;PO, placed
inside an insert for the calibration of the 3'P NMR spectra. IR spectra
were recorded in the ATR mode using a Bruker Alpha II
spectrophotometer. ECD spectra and the associated electronic
absorption spectra were measured on a JASCO J-815 spectrometer
equipped with a JASCO Peltier cell holder PTC-423 to maintain the
temperature at 25.04+0.2°C. A cell of 1 mm of optical pathlength
was used. The CD spectrometer was purged with nitrogen before
recording each spectrum, which was baseline subtracted. The
baseline was always measured for the same solvent and in the
same cell as the samples. The spectra were presented without
smoothing and further data processing. Optical rotations were
measured on a JASCO P-2000 polarimeter with a halogen lamp
(589, 578, 546, and 436 nm) in a 10 cm cell thermostated at 25°C
with a Peltier controlled cell holder.

Mass spectrometry experiments. The mass spectrometry data were
obtained using a MicrOTOF—Q Il (Bruker Daltonics, Bremen,
Germany) mass spectrometer fitted with a Z-spray electrospray ion
source and operating within a mass range of 2-4000 Thomson. The
mass calibration was performed using a mix of Tune Low (Agilent
Technologies G1969-8500) prior to analysis. The data were proc-
essed with the Data Analysis software from Bruker Daltonics. The
mass spectrometer was operated in the positive ion mode, with a
potential of 3500 V applied to the electrospray probe body and the
source temperature set to 180°C. Mass spectrometry data were
acquired from m/z=300 to 3000. The ISCID energy was kept at
0 eV, while the energy of the collision cell (E,;) was varied from 2
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to 20 eV (in some cases up to 200 eV) in order to observe the
dissociation of potential dimers. In some specific cases ISCID was
varied to increase the intensity of the signal of the molecular peak
of interest.

Each sample at a supplied concentration of 10~* molL™" in CHCl; or
CH,Cl, was diluted to a final concentration of 5x 10~ molL™" with
an equal volume of isopropanol containing 1% v/v of formic acid
prior to injection into the mass spectrometer.

Theoretical calculations. Molecular structures were optimized at
the DFT CAM-B3LYP (with Grimme D3 dispersion corrections) level
of theory, using the 6-311+G(d,p) basis set (Gaussian09
software).’? Solvent effects were taken into account by PCM model
(CH,Cl,) and frequency calculations were performed in order to
check that true energy minima were obtained. TD-DFT calculations
were then performed at the same level of theory.

Compound 3. CTB(H,0Tf) (0.300 g; 4.2x 10~* mol) and [Pd(PPh,),Cl,]
(0.072 g; 1.02x10"* mol) were dissolved in DMF (15 mL). Triethyl-
amine (2.4 mL; 1.72x 107> mol) was added, followed by a solution
of trimethylsilylacetylene (3.2mL, 0.1 molL™"; 3.2x10*mol) in
DMF, which was delivered dropwise (20 min). The reaction mixture
was heated to 50°C and stirred at this temperature overnight. After
cooling to room temperature, the solvent was removed in vacuo.
The crude product was adsorbed on neutral alumina and purified
by column chromatography (SiO,; cyclohexane/dichloromethane
8:2). Pure 3 was isolated as a colorless oil (0.082 g; 30% yield). 3’
(0.005 g), and 3” (0.005 g) were isolated as side products. 3: '"H NMR
(d*-acetone; 500.13 MHz, 292.9 K) 6 =7.830 (d, *J;,,=8.5 Hz, 1 H; 0
H), 7.798 (d, *J44=8.5 Hz, 1 H; ag-H), 7.684 (d, *}y,=2.5Hz, 1 H; o~
H), 7.663 (d, YJyu=2.5Hz, 1 H; a/c-H), 7.657 (d, Yyy=2.5Hz, 1 H;
a'p-H), 7.619 (d, *}y=8.5Hz, 1 H; a,-H), 7.253 (dd, *},,=8.5 Hz,
Jun=2.5Hz, 1 H; yg-H), 7.239 (dd, *Jyy=8.5Hz, *J;,=2.5Hz, 1 H;
ya-H), 7.233 (dd, *Jyy=8.5Hz, “Jyy=2.5Hz, 1 H; y-H), 5.123 (d,
2Ju=135Hz, 1 H; ag-H), 5.109 (d, 2s=13.5Hz, 1 H; ac-H), 5.061
(d, Yyu=13.5Hz, 1 H; as-H), 5123 (d, 2yy=135Hz, 1 H; agH),
4.032 (d, 2Jyy=13.5Hz, 1 H; eg-H), 3.974 (d, Jyu=13.5Hz, 1 H; ec-
H), 3.948 (d, *Jyy=13.5Hz, 1 H; e,-H), 0.201 (s, 9 H; SiCH;) ppm; "*C
NMR (d®-acetone; 125.77 MHz, 293 K) 6 =149.33 (y'-C), 149.26 (Y'y-
Q), 14331 (B'c-C), 142.86 (B'5-C), 141.46 (B,-C), 140.83 (B-C), 140.69
(B-C), 14040 (B'4-C), 134.24 (o4-C), 133.35 (0c-C), 133.26 (ag-0),
131.51, 131.46 (04-C, ¥a-C), 123.68, 123.66 (o5-C, &'-C), 122.91 (Y -
Q), 120.94 (yg-C), 120.78 (y--C), 118.33 (CF;), 105.63 (d',-C), 94.34
(e'4-C), 36.81 (CH,(Q)), 36.26 (CH,(B)), 36.17 (CH,(A)), 0.25 (SiCH5)
ppm. Elemental analysis: % calcd for C,gH,,FcO6S,Si: C, 50.75; H,
3.65. Found: C, 50.92; H, 3.86.

Compound 1H. A solution of 3 (0.120 g; 1.81x 10 *mol) in DMF
(5mL) was transferred into a flask containing solid [Pd(PPh,),]
(0.052 g; 0.45x 107> mol), LiCl (0.046 g; 1.09%x10°* mol), and [Zn-
(CN),] (0.0859¢; 7.32x107*mol). The resulting suspension was
heated to 120°C, and stirred at this temperature for 5 days. The
solvent was removed under reduced pressure. Chloroform (50 mL)
and water (20 mL) were added to the residue, and the resulting
mixture sonicated until the organic phase was homogeneous. The
aqueous phase was separated and washed with chloroform (2x
15 mL). The combined organic extracts were washed with a
saturated aqueous solution of ammonium chloride until a clear
organic solution was obtained. After drying (MgSO,) and filtration
of the organic phase, the crude product obtained after solvent
removal, redissolution in dichloromethane, and adsorption on
neutral alumina was purified by column chromatography (SiO.;
cyclohexane/acetone, 75:25). A mixture of three products was
obtained, which was applied in the same conditions to a second
chromatographic column, affording 1H (0.037 g) in 59% yield; 'H
NMR (d°-acetone; 500.13 MHz, 293 K) 5 =8.008 (d, “Jy5=1.5Hz, 1 H;
a’g-H), 7.982 (d, “Jyy=1.5Hz, 1 H; o/'c-H), 7.876 (d, *J;,y;=8.0 Hz, 1 H;
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de-H), 7.829 (d, *Jyy=8.0 Hz, 1 H; 0g-H), 7.700 (d, “Jyy=1.5Hz, 1 H;
a'p-H), 7.666 (d, *4y=8.0Hz, 1 H; a,-H), 7.555 (dd, *},;;=8.0 Hz,
Jun=1.5Hz, 1 H; vg-H), 7.457 (dd, *Jyy=8.0Hz, }y=15Hz, 1 H;
Yc-H), 7.283 (dd, *Jyy=8.0Hz, },y=1.5Hz, 1 H; y,-H), 5185 (d,
2Jun=13.5Hz, 1 H; ag-H), 5.117, 5.110 (d, 2Jyy=13.5Hz, 1 H; a,-H,
ac-H), 4.039 (d, J,y=13.5Hz, 1 H; eg-H), 3.970 (d, *Jyy=13.5Hz, 1
H; ex-H, ecH), 3.629 (s, 1 H; &,-H) ppm; *C NMR (d®-acetone;
125.77 MHz, 293 K) 6 =146.12 (Bs-C), 145.32 (B-C), 142.01 (B'-Q),
141.13 (B'5-C), 140.94 (Bo-C), 139.98 (B'»-C), 134.84, 134.83 (a'sC,
o'-Q), 13456 (a'p-C), 132.42 (04-C), 132.35 (0c-C), 131.73 (y,-Q),
131.59 (a,-C), 131.57 (y-C), 131.48 (y5-C), 122.23 (y'5-C), 119.13 (&'4-
C, 8Q), 111.89 (y-C), 111.78 (y5C), 83.78, 79.26 (8/',-C, €,-C),
36.82 (CH,(A)), 36.63 (CH,(B)), 36.54 (CH,(C)) ppm. IR (ATR): v=3299
(m; C=C—H), 2925 (m), 2356 (m), 2227 (s; C=N), 2104 (vw, C=C),
1734 (m), 1711 (m), 1605 (m), 1565 (m), 1492 (s), 1479 (s), 1401 (m),
1308, 1287, 1243, 1227, 1164, 1154 (w), 1094 (m), 1047 (w), 945 (w),
903 (m), 835 (s), 804 (m), 754 (s), 721 (w), 629, 620 (m), 590 (s), 533
(w), 503 (m) cm™'. LC-MS: m/z calcd for CyHi¢N, 344.13; found
(negative mode), 343.09. Elemental analysis: % calcd for
CysHi6N,-2 CHO: C, 80.84; H, 6.13; N, 6.08. Found: C, 80.75; H, 5.67;
N, 6.15.

Preparative separation of the enantiomers of 1H by chiral HPLC.
A stock solution of (+)-1H (ca. 0.041 g) was prepared by dissolution
in dichloromethane (40 mL). Aliquots of 300 pL were injected every
6.7 minutes into an (5,5)-Whelk-O1 (25010 mm) column, eluting
with hexane/dichloromethane 35:65 at a flow-rate of 5 mL/min.
The fractions collected were detected at 254 nm. The procedure
was repeated 132 times affording (+)-1H (0.0168 g; >99.5% ee)
followed by (—)-1H (0.0166 g, >97% ee). Polarimetry of (+)-1H:
[a]%, = +585 (CH,Cl,, ¢=0.088); polarimetry of (—)-1H: [a]5%,=
—580 (CH,Cl,, c=0.086).

Compound 4. CTB(OMe,l) (0.5 g; 0.68 mmol), [Pd(PPh,),] (0.04g;
0.034 mmol), and [Zn(CN),] (0.085 g; 0.72 mmol) were dissolved in
DMF (20 mL). The reaction mixture was heated to 120°C and stirred
at this temperature for 2 hr. The solvent was removed in vacuo, and
the resulting brown solid subjected to column chromatography
(SiO,, cyclohexane/dichloromethane/ethylacetate from 6:10:0 to
6:10:1.5), which afforded 4 as a colorless solid (0.127 g) in 35%
yield, and 4’ (0.092 g, 21 % yield) as side product. 4: 'H NMR (CDCl,;
500.13 MHz, 292.9K) 6=7.734 (s, 1 H; o',-H), 7.528 (s, 1 H; o/-H),
7.512 (s, 1 H; a'g-H), 6.902 (s, 1 H; ag-H), 6.867 (s, 1 H; a-H), 6.716 (s,
1 H; aupH), 4733 (d, jyy=13.5Hz, 1 H; agH), 4704 (d, Jyu=
13.5 Hz, 1 H; a,-H), 4.677 (d, 2JH,H: 13.5Hz, 1 H; ac-H), 3.938 (s, 3 H;
OCH;(C)), 3.933 (s, 3 H; OCH,(B)), 3.882 (s, 3 H; OCH,(A)), 3.687 (d,
2Jun=135Hz, 1 H; eg-H), 3.667 (d, 2ys=13.5 Hz, 1 H; e,-H), 3.650
(d, 2Jyy=13.5Hz, 1 H; ecH) ppm; *C NMR (CDCl;; 125.76 MHz,
293.7 K): 6=160.30, 160.23 (vg-C, Yc-C), 157.73 (ya-C), 146.63 (Bs-C),
145.74 (B-C), 140.74 (0/,-C), 140.35 (BA-C), 135.23 (a/'-C), 135.11
(a'g-0), 131.76 (B'4-C), 131.63 (B'c-C), 130.53 (B'g-C), 116.37 (§/3-C, &'
), 112.82 (a-C), 112.62 (a-C), 112.14 (a,-C), 101.09 (y'-C), 100.91
(v'5-C), 84.84 (y'4-C), 56.74 (OCH,(A)), 56.44, 56.38 (OCH,(B), OCH,(C)),
36.71 (CH,(B)), 36.68 (CH,(C)), 36.35 (CH,(A)) ppm. 4: "H NMR (CDCls;
500.13 MHz, 295.1K) 6=7.736 (s, 1 H; o’,-H), 7.717 (s, 1 H; o/g-H),
7511 (s, 1 H; o'-H), 6.885 (s, 1 H; a-H), 6.743 (s, 1 H; a,-H), 6.706 (s,
1 H; ogH), 4720 (d, Yyy=13.5Hz, 1 H; agH), 4693 (d, Y=
135 Hz, 1 H; acH), 4.624 (d, 2y =13.5 Hz, 1 H; a,-H), 3.922 (s, 3 H;
OCH,(C)), 3.872 (s, 6 H; OCHs(A), OCH;(B)), 3.638 (d, *Jyy=13.5Hz, 1
H; eg-H), 3.621 (d, Jyy=13.5Hz, 1 H; ec-H), 3.601 (d, *Jyy=13.5 Hz,
1 H; ex-H) ppm; *C NMR (CDCl; 125.77 MHz, 295.1 K): 6 =160.10
(vc-C), 157.56, 157.48 (yo-C, v5-C), 146.50 (Bc-C), 141.10 (Bg-C), 140.76
(a',-C), 140.61 (a'g-C), 140.20 (Bo-C), 135.10 (a'-C), 132.97 (B'-0),
131.88 (B'5-C), 131.70 (B'c-C), 116.53 (8'5-C, &'-C), 112.82 (a-Q),
112.36 (ag-C), 112.16 (0,-C), 100.72 (y'c-C), 84.71 (y',-C), 8442 (Vg
C), 56.75, 56.70 (OCH;(A), OCH;(B)), 56.37 (OCH,(C)), 36.61 (CH,(B)),
36.27 (CH,(C)), 36.23 (CH,(A)) ppm. Elemental analysis: % calcd for
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CysHyLNO;: C, 47.12; H, 3.32; N, 2.20; found: C, 47.31; H, 3.42; N,
2.50.

Compound 5. 4 (0.085 g; 0.159 mmol), Cul (0.010 g; 0.0525 mmol),
and [Pd(PPh,),Cl,] (0.031 g; 0.0442 mmol) were dissolved in DMF
(18 mL). Trimethylsilylacetylene (0.07 mL; 0.492 mmol) and triethyl-
amine (3.0 mL; 21.5 mmol) were added and the reaction mixture
heated to 40°C. After 2 hrs stirring at this temperature, the solvent
was removed in vacuo to give a dark-brown residue, which was
purified by column chromatography (SiO,; toluene/ethylacetate,
9:1), which afforded 5 (0.056 g) as a pale yellow solid in 95% yield:
MW =545.73; "H NMR (CDCl;; 500.13 MHz, 295.1K) 6=7.517 (s, 1 H;
o'-H), 7.507 (s, 1 H; a'g-H), 7.375 (s, 1 H; a's-H), 6.937 (s, 1 H; ag-H),
6.687 (s, 1 H; ac-H), 6.751 (s, 1 H; a,-H), 4773 (d, Jyy=13.5Hz, 1 H;
ag-H), 4.703 (d, *Jyy=13.5Hz, 1 H; a,-H), 4.693 (d, *Jyy=13.5Hz, 1
H; ac-H), 3.943 (s, 6 H; OCH,(B), OCH,(C)), 3.877 (s, 3 H; OCH;(A)),
3.678 (d, Yy =13.5Hz, 1 H; eg-H), 3.664 (d, 2y =13.5Hz, 1 H; e,
H), 3.651 (d, Jyy=13.5 Hz, 1 H; ec-H), 0.239 (s, 9 H; SiCH,) ppm; "*C
NMR (CDCl;; 125.76 MHz, 295.1 K): 6=160.28, 160.19 (y5-C, vc-CO),
159.71 (ya-C), 146.83 (Bg-C), 145.74 (B-C), 140.73 (BA-C), 135.54 (/-
C), 135.30 (a’'-C), 135.06 (0's-C), 131.65 (f'-C), 130.56 (B'z-C), 129.48
(B'a-C), 116.43 (8/'5-C, &'-C), 113.03 (a1g-C), 112,61 (0.c-C), 112.20 (ci-
Q), 112,09 (y'4-C), 101.06 (y'c-C), 100.83 (y'z-C), 100.69 (&,-C), 99.02
(e',-C), 56.43, 56.37, 56.34 (OCH;(A), OCH,(B), OCH,(C)), 36.91
(CH,(A)), 36.75 (CH,(B)), 36.60 (CH,(C)), 0.21 (SiCH;) ppm. Elemental
analysis: % calcd for C5,H;oN,055i-2/3H,0: C, 71.79; H, 6.09; N, 5.40;
found: C, 71.76; H, 5.88; N. 5.35.

Compound 2H. To a solution of 5 (0.048 g, 0.095 mmol) in THF
(4 mL) was added a solution of tetrabutylammonium fluoride in
THF (0.5 mL of a 1 M solution; 0.5 mmol). The reaction mixture was
stirred at room temperature for 4 hrs. The solvent was removed in
vacuo and the residue soaked in water (50 mL). The resulting
mixture was extracted into dichloromethane (3x25mL). The
organic phase was washed with water, dried (MgSO,), filtered, and
the solvent evaporated under vacuum to afford 2H (0.040 g) in
97% yield: '"H NMR (CDCl;; 500.13 MHz, 295.1 K) 6=7.535 (s, 1 H;
o'-H), 7.513 (s, 1 H; a'g-H), 7.421 (s, 1 H; a's-H), 6.934 (s, 1 H; ag-H),
6.874 (5, 1 H; ac-H), 6.797 (s, 1 H; a,-H), 4787 (d, Yy =135 Hz, 1 H;
ag-H), 4.728 (d, 2yy=13.5Hz, 1 H; ac-H), 4719 (d, 2y=13.5 Hz, 1
H; a,-H), 3.941 (s, 3 H; OCH,(C)), 3.934 (s, 3 H; OCH,(B)), 3.912 (s, 3 H;
OCH;(A)), 3.693 (d, = 13.5 Hz, 1 H; ey-H), 3.680 (d, = 13.5 Hz,
1 H; ey-H), 3.677 (d, 2yy=135Hz, 1 H; ec-H), 3272 (5, 1 H; &8's-H)
ppm; 'H NMR (CD,Cl,; 500.13 MHz, 298 K) 6 =7.570 (s, 1 H; o/c-H),
7.558 (s, 1 H; o/-H), 7.449 (s, 1 H; o s-H), 6.964 (s, 1 H; ag-H), 6.924
(s, 1 H; ac-H), 6.830 (s, 1 H; a,-H), 4.804 (d, Jyy=13.5 Hz, 1 H; ag-H),
4751 (d, 2Juy=13.5Hz, 1 H; ac-H), 4743 (d, Jyy=13.5Hz, 1 H; a,-
H), 3.939 (s, 3 H; OCH;(C)), 3.934 (s, 3 H; OCH;(B)), 3.878 (s, 3 H;
OCH;,(A)), 3.716 (d, *Jyy=13.5 Hz, 1 H; eg-H), 3.703 (d, *Jyy=13.5 Hz,
1 H; ex-H), 3.694 (d, 2y =13.5Hz, 1 H; e-H), 3.268 (s, 1 H; &4-H)
ppm; *C NMR (CDCl;; 125.76 MHz, 295.1 K): 6 = 160.32 (y,-C), 160.25
(vc-Q), 159.95 (y,-C), 146.70 (Bg-C), 145.79 (B-C), 141.15 (Bo-0),
135.61 (0,-C), 135.31 (o'c-C), 135.10 (a's-C), 131.51 (B'c-C), 130.56
(B's-C), 129.66 (B'4-C), 116.39 (0'5-C, &'c-C), 112.93 (0z-C), 112.64 (0~
0), 112.07 (a,-C), 110.89 (y',-C), 101.12 (y'-C), 100.91 (y'5-C), 81.48,
79.59 (8',-C, €',-Q), 56.43, 56.39, 56.32 (OCH;(A), OCHs(B), OCH;(Q)),
36.92 (CH,(A)), 36.76 (CH,(B)), 36.61 (CH,(C)) ppm. IR (ATR): v=3282
(m; C=C—H), 2932, 2920 (w), 2850 (vw), 2224 (s; C=N), 2103 (vw,
C=C), 1980 (vw), 1606 (s), 1567 (m), 1499 (vs), 1476 (s), 1460, 1444,
1392, 1312, 1270 (vs), 1209 (s), 1181, 1141 (m), 1079 (vs), 1003 (s),
940, 927 (m), 896 (w), 853, 835 (m), 797 (vw), 739 (s), 679, 643 (m),
607 (s), 533, 510, 467 (m), 428 (w) cm™". Elemental analysis: % calcd
for CosHp,N,05:1/3CH,Cl,-2/3H,0: C, 72.59; H, 5.02; N, 5.98; found: C,
72.77; H, 4.98; N. 6.03.

Preparative separation of the enantiomers of 2H by chiral HPLC.
A stock solution of (+)-2H (ca. 0.057 g) was prepared by dissolution
in dichloromethane (65 mL). Aliquots of 800 uL were injected every
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6 minutes into an (S,5)-Whelk-O1 (25010 mm) column, eluting
with hexane/ethanol/dichloromethane 30:10:60 at a flow-rate of
5 mL/min. The fractions collected were detected at 254 nm. The
procedure was repeated 82 times affording (+)-2H (0.0178 g,
>98% ee) followed by (—)-2H (0.0185 g; >99% ee). Polarimetry of
(+)-2H: [a]25o = 46 (CH,Cl,, ¢=0.06); polarimetry of (—)-2H: [a]2, =
—6 (CH,Cl,, c=0.07).

anti-[Pt(dppp)((—)-(1),]. (=)-1H (0.007 g; 0.0203 mmol), [Pt-
(dppp)Cl,] (0.0051 g; 0.0075 mmol), Cul (0.001 g; 0.00525 mmol),
and triethylamine (0.05 mL; 0.359 mmol) were mixed in THF (5 mL).
The reaction mixture was stirred for 24 hrs at room temperature.
After TLC control, which indicated that significant amounts of
starting CTB were still present, additional portions of [Pt(dppp)Cl,]
(0.0025 g; 0.0037 mmol), Cul (0.001 g; 0.00525 mmol), and triethyl-
amine (0.02 mL; 0.144 mmol) were added. The reaction was stirred
for 3 days more. The solvent was removed under vacuum and the
residue taken up in water (30 mL). The product was extracted into
dichloromethane (10 mL). After addition of an aqueous solution of
sodium hydroxide (1 M; 10 mL), the aqueous phase was further
extracted with dichloromethane (2x 10 mL). The organic phase was
concentrated by rotary evaporation. The residue, after adsorption
on neutral alumina, was submitted to column chromatography
(SiO,; cyclohexane/acetone 6:4), which afforded anti-[Pt(dppp)((—)-
1),] (0.0071g) as a pure product in 54% yield; '"H NMR (CD,Cl,;
500.13 MHz, 295 K): 6 =7.763 (br dd, 4 H; o-H), 7.727 (br dd, 4 H; o’-
H), 7.627 (d, “Jyy=1.5 Hz, 2 H; og-H), 7.611 (d, *Jyy=15Hz, 2 H; o/~
H), 7.456 (d, *Jyy=8.0 Hz, 2 H; ac-H), 7.426, 7.409 (2 t, *J;,;=8.0 Hz,
2x2 H; p-H, p'-H), 7.396 (dd, )y =8.0 Hz, *Jyy=1.5 Hz, 2 H; vc-H),
7.377-7.345 (d, *Jyy=8.0 Hz, 8 H; m-H, m"-H), 7.353 (d, *J,;,;=8.0 Hz,
2 H; ag-H), 7.318 (dd, *Jy;=8.0 Hz, Y= 1.5 Hz, 2 H; vg-H), 7.040 (d,
*Jup=8.0Hz, 2 H; a,-H), 6915 (d, *y;=1.5Hz, 2 H; o'y-H), 6.459
(dd, *Jyy=8.0 Hz, Y= 1.5 Hz, 2 H; ya-H), 4.900 (d, 2y =13.5 Hz, 2
H; ag-H), 4.732 (d, yu=13.5 Hz, 2 H; ac-H), 4727 (d, *Jy;=13.5 Hz,
2 H; ax-H), 3.778 (Jyy=13.5 Hz, 2 H; eg-H), 3.677 (d, *Jyy=13.5Hz, 2
H; ec-H), 3.613 (d, 2Jyy=13.5 Hz, 2 H; e,-H), 2.494 (quint., 4 H; r-H),
2.029 (m, 2 H; s-H) ppm; *C NMR (CD,Cl,; 125.76 MHz, 295 K): 6 =
14559 (Bs-C), 144.09 (B-C), 141.58 (B'-C), 139.81 (f's-C), 137.72
(B'2-0), 135.82 (B4-C), 134.30, 134.26 (2 d, *Jc,=5.3 Hz; 01-C, 02-C),
134.21 (o'g-C), 134.00, 133.95 (2 d, ¥Jc,=5.3 Hz; 0'1-C, 0'2-C), 133.06
(/'4-C), 131.88 (€/4-C, 05-C), 13140 (0c-C), 131.22 (y-C or vg-0),
131.18 (p-C), 131.08 (p'-C, yc-C or v5-C), 130.93 (y,-C), 129.92 (0,-C),
128.86, 128.81 (2 d, *Jcp=5.2 Hz; m-C, m'-C), 127.80 (y',-C), 119.15,
11913 (83-C, §c-C), 111.72 (y-0), 111.36 (y5-C), 109.58 (§/,-C),
37.36 (CH,p), 37.09 (CHy), 36.93 (CH,), 26.62 (t, YJp=18 Hz; 1-C),
20.71 (s-C) ppm; [a)%, = -+ 340 (CH,Cl, ¢=0.046); ESI-MS: m/z calcd
for C,,Hs¢N,NaP,Pt, 1316.35256; found 1316.33 for [M+ Na]*.

cis-[(Pt(PEt;),(2),)CuCl]. A mixture of 2H (0.105 g; 0.242 mmol), cis-
[Pt(PEt;),Cl,] (0.0705g; 0.140 mmol), Cul (0.012g; 0.630 mmol),
triethylamine (1.0 mL; 7.17 mmol) in THF (25 mL) was stirred at
room temperature for 2 days. The solvent was removed under
vacuum and the residue purified by column chromatography (SiO,;
cyclohexane/dichloromethane/ethylacetate from 6:10:1 to 6:10:6
v/v), which afforded cis-[(Pt(PEt;),(2),CuCl] (0.0844 g; 0.0604 mmol)
in 50% vyield and 66:34 anti/syn diastereoisomeric ratio. '"H NMR
(CD,Cl,; 600.13 MHz, 298 K): 0 =8.524 (s, 2 H; a’',-H, anti), 8.407 (s, 2
H; o's-H, syn), 7.562 (s, 2 H; o'c-H, syn), 7.554 (s, 2 H; o'-H, anti),
7.493 (s, 2 H; o'g-H, syn), 7.400 (br s, 2 H; o'g-H, anti), 7.389 (s, 2 H;
ag-H, anti), 7.317 (s, 2 H; ag-H, syn), 6.912 (s, 2 H; ac-H, syn), 6.844 (br
s, 2 H; ac-H, anti), 6.722 (s, 2 H; a-H, syn), 6.679 (s, 2 H; a,-H, anti),
4817 (d, *Jyn=13.5Hz, 2 H; ac-H, syn), 4733 (d, *Jy4u=13.5Hz, 2 H;
ax-H, syn), 4725 (d, *Jyu=13.5Hz, 2 H; a,-H, anti), 4702 (d, *Jy,=
13.5 Hz, 2x2 H; ag-H, syn, ac-H, anti), 4.681 (d, Jyy=13.5 Hz, 2 H; a-
H, anti), 4.008 (s, 6 H; OCH,g, anti), 3.942 (s, 6 H; OCH,c, anti), 3.932
(s, 6 H; OCHsc, syn), 3.909 (s, 6 H; OCHsg, syn), 3.828 (s, 6 H; OCH;,,
syn), 3.796 (d, *Jy,=13.5 Hz, 2 H; eg-H, syn), 3.773 (d, Jy4=13.5 Hz,
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8 H; eg-H, anti, OCHs,, anti), 3.688 (d, “J,y=13.5 Hz, 2 H; e,-H, anti),
3.681 (d, 2Jyy=13.5Hz, 2 H; ec-H, syn), 3.654 (d, Jyy=13.5Hz, 2 H;
ex-H, syn), 3.518 (br d, *Jy=13.5 Hz, 2 H; ec-H, syn), 2.035 (m, 2x 12
H; PCH,CH;, anti and syn), 1.119 (m, 18 H; PCH,CH,, anti), 1.116 (m,
18 H; PCH,CH,, syn) ppm; *'P NMR (CD,Cl,; 121.49 MHz, 298 K): =
4.18 (anti), 4.23 (syn) ppm ("Jpp,=2495 Hz); ESI-MS: m/z calcd for
CegH,,CUN,O4P,Pt, 1360.38708; found, 1360.36 (80%) for [M+Cul*;
m/z calcd for CggH,,N,NaO¢P,Pt, 1320.44725; found 1320.44 (7.7 %)
for [M+Na]*.

[Pt(dppp)(2),CuCl]  and  [Pt(dppp)(2),Cull. 2H  (0.040g;
0.0921 mmol), [Pt(dppp)Cl,] (0.0374 g; 0.0551 mmol), copper iodide
(0.00528 g;  0.02772 mmol), and triethylamine  (0.33 mL;
2.3676 mmol) were mixed in THF (15 mL). The reaction mixture was
stirred at room temperature for 4 days. The solvent was removed
by rotary evaporation and the residue purified by column
chromatography (SiO,; cyclohexane/dichloromethane/ethylacetate
from 3:5:0.5 to 3:5:2, v/v), which afforded first [Pt(dppp)(2),Cul]
(0.008 g; 0.04805 mmol) as a mixture of diastereoisomers in ca.
1:0.95 anti/syn ratio and 10% yield, then [Pt(dppp)(2),CuCl]
(0.020 g; 0.01271 mmol) as a mixture of diastereoisomers in 28%
yield and 1:0.62 anti/syn ratio. '"H NMR spectra reproduced in
Figure S109. Elemental analyses: [Pt(dppp)(2),CuCl]-2 C¢H,,, % calcd
for CosHg,CuCIN,O4P,Pt : C, 65.51; H, 5.32; N, 3.22; found: C, 65.96; H,
5.34; N. 3.43; [Pt(dppp)(2),Cul]-3/2CH,Cl,: C, 56.63; H, 3.99; N, 3.13;
found: 56.35; H, 4.02; N, 3.31.

anti-[Pt(dppp)((+)-2),Cull. (+)-2H (0.0165 g; 0.0380 mmol), [Pt-
(dppp)Cl,] (0.0143 g; 0.02108 mmol), copper iodide (0.0035 g;
0.0184 mmol), and triethylamine (0.550 mL; 3.946 mmol) were
mixed in THF (11 mL). The reaction mixture was stirred at room
temperature for 6 hrs. The solvent was removed by rotary
evaporation, and the residue was purified by column chromatog-
raphy (SiO,; cyclohexane/acetone 4:3 then 1:1, v/v), which afforded
first [Pt(dppp)((+)-2),] (0.005 g; 0.00339 mmol) in 18% yield, then
[Pt(dppp)((+)-2),Cull (0.012 g; 0.00721 mmol) in 38% yield. A
7.5mg sample of the latter was further purified by HPLC on
Chiralpak ID (250%x4.6 mm), eluting with hexane/ethanol/CH,Cl,
50:10:40 at a flow rate of 1 mLmn~". 26 injections of 50 uL each
afforded 3.1 mg of anti-[Pt(dppp)((+)-2),Cull, (a5, = +202 (CH,Cl,,
¢=0.16); 'H NMR (CDCl,; 500.13 MHz, 295.1 K): 0 =8.261 (s, 2 H; o/
H), 7.737 (br t, 4 H; o-H), 7.656 (t, 4 H; o'-H), 7.446 (s, 2 H; o/-H),
7.435 (s, 2 H; a'g-H), 7.374 (br t, 4 H; p-H), 7.310 (br t, 4 H; m-H),
7.235 (s, 2 H; ag-H), 7.118 (br t, 4 H; m’-H), 7.088 (br t, 2 H; p'-H),
6.847 (s, 2 H; ac-H), 6.415 (s, 2 H; a4-H), 4751 (d, Yy =13.5 Hz, 2 H;
ac-H), 4.622 (d, *Jyy=13.5 Hz, 2 H; a,-H), 4.563 (d, *Jyy=13.5Hz, 2
H; ag-H), 3.927 (s, 6 H; OCH,(), 3.867 (s, 6 H; OCHsg), 3.728 (d, *Jy=
135 Hz, 2 H; eg-H), 3.608 (d, Yyy=13.5Hz, 2 H; e-H), 3.536 (d,
2Jun=13.5 Hz, 2 H; e,-H), 3.502 (5, 6 H, OCHs,), 2.478 (br m, 4 H; r-H),
2.075 (br m, 2 H; s-H) ppm; *C NMR (CDCl5; 125.76 MHz, 295 K): 6 =
160.52 (y5-C), 160.00 (y-C), 158.68 (y4-C), 147.72 (Bg-C), 146.13 (Pc-
C), 138.57 (Bo-C), 135.28 (0 -C), 135.22 (a',-C), 134.49 (a's-C), 133.83
(br t 0-C), 133.44 (br t; 0-C), 13231 (f'C), 131.15 (br s; p’-Q),
130.98 (br s; p-C), 130.12 (B'z-C), 128.72 (§',-C), 128.59 (br t; m-C),
128.44 (m'-C), 116.90, 116.67 (8'5-C and &'-C), 114.20 (a-C), 113.63
(Y'a-Q), 112,59 (ac-C), 110.53 (a,-C), 100.62 (y'-C), 99.96 (y's-C),
58.11 (OCHs5), 56.40 (OCH,(), 55.09 (OCH;,), 36.72 (CH,o), 36.50 (br s;
CH,, and CH,g), 25.82 (vw s; r-C), 20.01 (vw s, s-C) ppm; *'P NMR
(CD,Cly; 202.50 MHz, 298 K): 0 =4.21 ('Jpp=2500 Hz) ppm; ESI-MS:
m/z calcd for Cg3HegN,NaOgxP,Pt, 1496.41595; found, 1496.42 (100 %)
for [M—Cu+Nal]"; m/z caled for CgHggCuN,O(P,Pt, 1536.35578;
found, 1536.36 (42 %) for [M]*.

syn-[Pt(dppp)(2),CuCl] and anti-[Pt(dppp)(2),CuCl]. 2H (0.020 g;
0.0460 mmol), [Pt(dppp)Cl,] (0.0241 g; 0.0355 mmol), copper iodide
(0.002 g; 0.010 mmol), and triethylamine (0.300 mL; 2.15 mmol)
were mixed in THF (7 mL). The reaction mixture was stirred at room
temperature for 6 hrs. The solvent was removed by rotary
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evaporation. The residue was retaken in dichloromethane (30 mL)
and the solution was washed with water (320 mL), dried (MgSO,),
and evaporated to dryness. The crude product was first isolated by
precipitation from dichloromethane/cyclohexane. It was further
purified by chromatography (SiO,; cyclohexane/CH,Cl,/ethylacetate
3:5:3) to afford [Pt(dppp)(2),CuCl] (0.009g, 5.72 107> mmol) in
25% yield as a mixture of syn and anti diastereoisomers. The
product was examined by analytical chiral HPLC using a Chiralpak
IE column and eluting with heptane/ethanol/dichloromethane
40:20:40 at a flow rate of 1 mLmin~". The chromatogram showed
three bands at 6.99, 8.67, and 10.42 min, the first ones correspond-
ing to the enantiomers of the chiral form and the last one to the
meso diastereoisomer, as indicated by the CD at 254 nm. Prepara-
tive HPLC in the same conditions allowed us to separate the meso
form, syn-[Pt(dppp)(2),CuCl] (0.0025 g) from the mixture of enan-
tiomers, anti-[Pt(dppp)(2),CuCl] (0.0045 g), but the resolution of the
latter turned out not to be possible in these conditions. '"H NMR
spectra of the separated diastereoisomers are shown in Fig-
ure S108.

anti-[Pt(dppp)((+)-2),]. anti-[Pt(dppp)((+)-2),Cul] (0.003 g; 0.186x
10® mol) was dissolved in CH,Cl, (2 mL) and stirred with a solution
of NaCN (0.0015 g; 3.061x 107° mol) in water (1 mL) at 0°C for 2 hrs.
The organic phase was separated, evaporated to dryness at 0°C
and further dried under vacuum to afford the enantiomerically-
pure anti-[Pt(dppp)((+)-2),]. The 'H NMR spectra in three different
solvents (CDCl;, CD,Cl,, and C,D,Cl,) are shown in Figure S132.

Separation of the different conformers of [Pt(dppp)(2),] by
HPLC on chiral phases

The first run, conducted with Chiralpak IH afforded pure anti-(—)-
[Pt(dppp)(2)(saddle-2)] (1.8 mg), a mixture of anti-(+)-[Pt-
(dppp)(2)(saddle-2)] and anti-(—)-[Pt(dppp)(2),], pure syn-[Pt-
(dppp)(2),] (2.5 mg), and a mixture of syn-[Pt(dppp)(2),] and anti-
(+)-[Pt(dppp)(2),]. The mixture of anti-(+)-[Pt(dppp)(2)(saddle-2)]
and anti-(—)-[Pt(dppp)(2)(saddle-2)] was separated on a Chiralpak
IA column, which afforded pure anti-(+)-[Pt(dppp)(2)(saddle-2)]
(1.2mg) and pure anti-(—)-[Pt(dppp)(2),]; the mixture of syn-
[Pt(dppp)(2),] and anti-(+)-[Pt(dppp)(2),] was separated on a Chiral
Art Cellulose SJ, which afforded pure anti-(+)-[Pt(dppp)(2),] (3 mg)
and pure syn-[Pt(dppp)(2),] (1.6 mg; intermediate fractions repre-
sented a total of 11.5 mg and consisted of mixtures of isomers). The
ECD spectra of the pairs of enantiomers anti-(+)-[Pt(dppp)(2),l/anti-
(—)-[Pt(dppp)(2),] and those of anti-(+)-[Pt(dppp)(2)(saddle-2)1/anti-
(—)-[Pt(dppp)(2)(saddle-2)] are reproduced in Figure S142a.
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