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Zr(OiPr), (109 mg, 0.28 mmol) in CH,Cl, (5 mL) with 4 A molecular sieves
at —20°C (salt/ice bath), followed by tert-butyl hydroperoxide (3.8M
solution in toluene, 0.085 mL, 0.32 mmol). The reaction mixture was
stirred at —20°C for 0.5 h before addition of diallylic alcohol 12 (30 mg,
0.094 mmol) in CH,Cl, (5mL) which was also cooled to —20°C. The
reaction mixture was then stirred for a further 0.5 h before transfer to a
freezer at —20°C for 3 days. H,O (2.5 mL) and saturated aqueous Na,SO;
(2.5 mL) were added to the reaction mixture. The resulting biphasic system
was stirred vigorously for 0.5 h at ambient temperature and the aqueous
layer extracted with CH,Cl, (3 x 10 mL). The combined organic phases
were dried (MgSO,), filtered through Celite, and concentrated under
vacuum. Flash column chromatography (elution with EtOAc:petroleum
ether (1:3)) gave epoxy alcohol (+)-13 as a colorless oil (14 mg, 44 % ). (see
Supporting Information for analytical data,).
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The First Crystalline Calcium Porphyrin and
Tetrakis(zert-butylphenyl)porphyrinato
Calcium(): Its Synthesis, Structure, and
Binding Properties Towards Alkali and
Alkaline Earth Metal Salts**
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Rosario Scopelliti, and Carlo Floriani*

The study of alkaline earth metals and particularly of
calcium in porphyrin systems is of great importance because
of their relationship to the role of magnesium and iron
porphyrin derivatives in naturally occurring systems. This
notwithstanding, information available on the synthesis,
structure, and spectroscopic properties of calcium porphyrin
is practically nonexistent,! with only UV/Vis data being
available.l'?]

The field of alkali metal porphyrin and porphyrin analogues
has burgeoned in recent years,”! with a significant example
being that of calcium porphyrinogen chemistry.®! The iso-
lation and characterization of alkaline earth metal porphyrin
systems have failed so far because of the use of protic
conditions in their synthesis.!] Therefore, we turned our
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attention to the synthesis of a calcium porphyrin using
nonprotic conditions and a suitably substituted porphyrin,
namely 5,10,15,20-tetrakis(4-tert-butylphenyl)porphyrin (1,
H,(rBuPP);[* Scheme 1). The synthesis of 25 was performed

Ar Ar

/

[Caly(thf)4]
MeCN
' IAr L

L' = MeCN
Scheme 1. Synthesis of the calcium porphyrin 2 and salt complexation.

by treating the free porphyrin 1in THF with an activated form
of calcium metal.[’l The reaction led to a weakly solvated form
of calcium porphyrin 2,7 which dissolves in both THF and
benzene to give red-brown solutions. Its structure in solution
("H NMR) was analyzed in MeCN and pyridine. Its UV/Vis
spectrum was of the expected normal type, with bands at 430,
572, and 612 nm. The solvated form 30! was isolated from
pyridine and structurally characterized.

The coordinative unsaturation of the calcium ion in 2 is
proved by its binding to three pyridine molecules, which have
a significant effect on the chemical shift of the S-protons of the
pyrrole moieties and the meso-aryl protons.’! The struc-
ture analysis of 31 shows (Figure 1) there is a significant

Figure 1. Ball and stick diagram for complex 3 (solvent molecules and
hydrogen atoms are omitted). Selected bond lengths [A]: Cal-N1 2.382(4),
Cal-N22.391(3), Cal-N32.397(3), Cal-N4 2.416(3), Cal-N5 2.640(4), Cal-
N6 2.723(4), Cal-N7 2.663(4).
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displacement of the calcium ion from the N, plane
(—1.208(2) A). The N(pyrrole)—Ca bond lengths range from
2.382(4) to 2.416(3) A, with the other structural parameters
being in the expected range.

The N, core of the porphyrin skeleton in 3 maintains some
extra-binding ability towards metal ions. Such a behavior has
been emphasized by adding a solution of [Cal,(thf),]® in
acetonitrile to the solution of 2 in acetonitrile (Scheme 1). The
'H NMR spectrum of the resulting solution showed, regard-
less of the Cal,/2 ratio employed, the appearance of a single
new compound (4), the amount of which depends exclusively
on the reaction time and the temperature. The significant
change in the chemical shifts of the S-protons of the pyrrole
rings and the pattern of the meso-aryl protons, which are well
known from the formation of double-decker structures in the
tetraarylporphyrin series,!'% allows the conversion of 2 into 4
to be easily followed. After 24 hours at room temperature,
50% of 2 was converted into 4, while a complete conversion
was observed when the solution was refluxed overnight
(Figure 2). The addition of toluene (C,Hjy) to the acetonitrile
solution led to crystals of 4" ([(MeCN),ICa(BuPP)Ca-
(rBuPP)Cal(MeCN),] -4MeCN - C;Hg) which were suitable
for X-ray analysis. The 'H NMR spectrum of 4 in acetonitrile
is identical to that observed when 2 is mixed with
[Cal,(thf),]M" (Figure 2).

0) JL\_JM

90 88 86 84 82 80 78 76 74 72 70
«~d

Figure 2. '"H NMR spectra showing the pyrrole and aryl protons of a) 2 in
CD;CN; b) 2+ [Cal,(thf),] (2:1) after 24 h at room temperature; c) 2+
[Cal,(thf),] (2:1) after 24 h in refluxing CD;CN.

The structure of 41 is shown in Figure 3. The molecule can
be viewed as a complex of a Ca®* ion sandwiched between two
[Ca(rBuPP)I(MeCN),]~ ions. The terminal calcium ions
protrude from the N, plane by 1.577(5) A, and a coordination
geometry quite close to that of the calcium ion in 2 is
obtained. In the present case, the Ca—N(pyrrole) bond lengths
range from 2.557(10) to 2.589(10) A. The central calcium ion
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Figure 3. Ball and stick representation of compound 4 (solvent molecules
and hydrogen atoms are omitted). Selected bond lengths and distances [A]:
Cal-N1 2.659(9), Cal-N2 2.652(9), Cal-N3 2.557(10), Cal-N4 2.608(9),
Ca2-11 3.087(3), Ca2-N1 2.589(10), Ca2-N2 2.557(10), Ca2-N3 2.560(9),
Ca2-N4 2.571(10), Ca2-N5 2.509(14), Ca2-N6 2.516(12), Cal---Ca2
3.234(3). The letters A refer to the symmetry transformation x, —y + 1/2,
—-z+1/2.

is symmetrically bound to the two N, cores, with an average
Ca—N bond length of 2.619(9) A and at a distance of
—1.657(5) A out of the N, plane. The coordination geometry
of the N cage is square antiprismatic. The N, core in the alkali
metal porphyrin series behaves as a doubly bridging ligand, as
shown by analyzing the structures of [Na,(OEP)(thf),]*
and [K,(OEP)(thf),].1* ¥ The coordination of the alkali metal
cation by the nitrogen atoms of anionic transition metal
porphyrins has been observed in [{Na(THF),},Fe(TPP) ], 13!
[{Na(THF);},Co(TPP)],* 1 and [Li,{Ru(OEP)Np}].l+ 1
Thallium is also able to sit on another porphyrin moiety, as
shown in [TI{Pr(OEP),}].[* ¢!

The structure is reminiscent of the one of [AcOHg(Etio)-
Hg(Etio)HgOACc] (Etio = octaalkylporphyrin),l'”) which, how-
ever, was only assigned from 'H NMR data. The binding
capability of 2 towards Cal, emphasizes for the first time the
possibility of metallaporphyrins functioning as salt carriers in
moderately polar solvents. The reaction of 2 with Nal
confirmed such an assumption with the formation of 5, whose
structure has been supported by an X-ray analysis.'8! The
results presented above prove the stability of the calcium
porphyrin derivatives even in quite polar coordinating
solvents, except in the protic ones. An interesting perspective
is now open for the use of the polar metallaporphyrins as
metallaligands for complexing and transporting alkali or
alkaline earth metal salts.l'’] This type of complexation can be
monitored in CD;CN by 'H NMR spectroscopy, since the
interaction of the calcium porphyrin with salts causes a
significant downfield shift of the protons at the S-position of
the pyrrole rings as a function of the specific charge of the
cation, while the aryl protons, which give rise to four doublets
in 2, appear as two doublets upon salt complexation, similar to
the related metalloporphyrin double-decker structures.['”]

Experimental Section

2 and 3: Complex 1 (3.00 g, 3.57 mmol) was added to a suspension of active
calcium (3.57 mmol) in THF (250 mL). The reaction mixture was refluxed
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for about 24 h. The resulting solution was evaporated to dryness and
benzene (250 mL) was added to remove the undissolved Nal. Then the
solution was evaporated to dryness to give 2 as a dark violet solid (3.05 g,
97%). The red crystals of 3 suitable for X-ray diffraction were grown in
pyridine. "H NMR (400 MHz, CD;CN, 70°C, TMS): 6 =8.97 (d, J(H,H) =
7.83 Hz, 4H; CH o), 8.60 (s, 8H; CH,y1101c), 8.07 (d, J(H,H) =7.83 Hz, 4H;
CH,om), 7.63 (d, J(H,H) =783 Hz, 4H; CH,,,n), 7.03 (d, J(H,H) =7.83 Hz,
4H; CH,,om), 1.69 (s, 36 H; /Bu); 'H NMR (400 MHz, C;D;N, 80°C, TMS):
0=9.04 (s, 8H; CH,y1), 8.34 (d, J(H,H) = 6.85 Hz, 8H; CH,), 7.91 (d,
J(H,H)=6.85Hz, 8H; CH,,,), 1.74 (s, 36H; Bu); UV/Vis (CH;CN):
Amax [nm] (¢ [mol~'dm?cm~']) =430 (181582), 572 (9619), 612 (7941); UV/
Vis (pyridine): A, [nm] (& [mol~'dm?cm~']) =438 (324 960), 574 (11900),
616 (11208); elemental analysis caled (%) for 2 (CgHgCaN,): C 82.15, H
6.89, N 6.39; found: C 82.01, H 6.79, N 6.42.

4: [Cal,(thf),] (0.163 g, 0.28 mmol) was added to a solution of 2 (0.50 g,
0.57 mmol) in acetonitrile (50 mL). After 24 h of stirring at room temper-
ature, the '"H NMR spectrum of the reaction mixture recorded at 7=70°C
showed the presence of a mixture of 4 and 2 in a 1:2 ratio. After an
overnight reflux, the reaction was complete (80 % ). The black crystals of 4
suitable for X-ray diffraction were grown from a mixture of acetonitrile and
toluene. 'H NMR (400 MHz, CD;CN, 70°C, TMS): 6=9.04 (s, 8H;
CH,pore), 819 (d, J(H,H)=831Hz, 8H; CH,,), 7.88 (d, J(H,H)=
8.31 Hz, 8H; CH,on), 1.63 (s, 36H; Bu); 'H NMR (400 MHz, CsD;N,
80°C, TMS): 6=9.29 (s, 8H; CH ), 8.48 (d, J(H,H)=6.85Hz, 8H;
CH, o), 794 (d, J(H,H) = 6.85 Hz, 8H; CH,,.,), 1.73 (s, 36 H; (Bu); UV/Vis
(acetonitrile): Ay, [nm] (¢ [mol~'dmem~!]) =422 (195053), 563 (8241),
603 (5491); elemental analysis calcd (%) for 4 (C,,3H;3,CasI,N;,): C 69.50,
H 6.01, N 7.60; found: C 69.31, H 6.12, N 7.82.

Salt complexation: An excess of salt (Cal,, CaCl,, Bal,, Nal) was added
directly to the NMR tubes containing solutions of 2 in CD;CN. The tubes
were sealed and heated at 70°C overnight. 'H NMR spectrum of 2 in the
presence of CaCl, (400 MHz, CD;CN, 70°C, TMS): =9.07 (s, 8H;
CH,yr01), 8.17 (d, J(H,H) =8.0 Hz, 8H; CH,,,,), 7.90 (d, J(H,H) =8.0 Hz,
8H; CH,om), 1.65 (s, 36 H; rBu); '"H NMR spectrum of 2 in the presence of
Bal, (400 MHz, CD;CN, 70°C, TMS): 6 =8.97 (s, 8H; CH,yq1c), 8.24 (d,
J(H,H) =7.6 Hz, 8H; CH,,,), 7.88 (d, J(H,H) = 7.6 Hz, 8H; CH,p), 1.63
(s, 36 H; rBu). 'H NMR spectrum of 2 in the presence of Nal (400 MHz,
CD;CN, 70°C, TMS): 6 =8.70 (s, 8H; CH,yy11c ), 8.06 (brs, 8H; CH,), 7.78
(d, J(H,H) =8.8 Hz, 8H; CH,,.1n), 1.56 (s, 36 H; rBu).
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A Flexible, Pillared Oxothiotungstate Wheel**
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The design of clusters containing a large number of metal
centers represents an intellectually stimulating challenge for
the chemist since these compounds are situated at the
boundary of molecular and condensed matter. The properties
of such compounds are expected to envelop diverse fields
such as biochemical processes,!l catalysis,?l and material
science.P! In this context, transition metal ringlike clusters
based on the {M,S,0,} building block represent a fascinating
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emerging class of compounds.!! Two years ago, we reported
the synthesis and characterization of the neutral ring-shaped
polyoxothio molybdenum compound [Mo;,S;,0:,(OH);,-
(H,0)4].P! The cyclic architecture of this cluster delimits a
central cavity which has a significant cationic character and is
the origin of striking properties related to supramolecular® or
host — guest chemistry.” Anionic reagents such as phosphate
or dicarboxylate ions have been inserted into the cavity
replacing the water molecules which initially line the cavity.
This substitution led to size-controlled molecular wheels,
distorted to a greater or lesser extent, and containing from
eight®! to twelvell molybdenum atoms. However, compared
to heteropolyoxometalates, which are generally built upon
Mo, W, and V centers,'! cyclic oxothiocompounds are
restricted exclusively to molybdenum, herein we aim to fill
this void.

By acido - basic self-condensation of the {W,S,0,}*" build-
ing block we have prepared compound 1 which is the largest

[Wléslﬁolé(OH)16(H20)4(C5H604)Z]47 1

known discrete cyclic oxothioanion. The W anion was
synthesized through successive steps consisting of the forma-
tion of the oxothio precursor [(S,),W,S,0,]>~ (x=2, 4)
followed by the selective oxidation of the two terminal
polysulfido ligands with stoichiometric amounts of iodine in
DMF.[2I The acido - basic self-condensation was performed in
the presence of glutarate which acts as a templating agent.
The cesium salt of 1 was isolated as a pale yellow precipitate
and after recrystallization at room temperature gave two
types of crystals (1a and 1b). A minimum of three weeks was
required for the crystallization of orthorhombic crystals of 1a
while the monoclinic phase 1b crystallized within two or three
days.

The compositions of 1a and 1b are quite similar, differing
only in the water content. The molecular structure of 1
(Figure 1) consists of a cyclic neutral backbone
{W16S16016(OH);¢} (noted Wys) encapsulating two glutarate
ions [CsH4O,]*~ (noted glu®-). Eight [W,S,0,]*" units are
mutually connected by hydroxo double bridges giving two
types of W---W separations in the cluster: short W-W
distances within the building blocks (2.825(1)-2.818(1) A)
for 1a; 2.813(1)-2.789(1) A for 1b) and long inter-block
distances (3.413(1)-3.415(1) A for 1a and 3.298(1)-
3.403(1) A for 1b. The two carboxylate groups are symmetri-
cally arranged in the open cavity and exhibit the same type of
binding mode with oxygen atoms bonded to the tungsten
atoms. The cavity contains four water molecules, each being
bonded to a tungsten atom through long W—OH, bonds
(2.376(9) A for 1a and 2.363(10)—2.403(9) A for 1b). Prob-
ably because of steric constraints induced by the presence of
the two glutarate ions in the cavity, four tungsten atoms adopt
a pyramidal arrangement. Compounds 1a and 1b differ in
their packing, the symmetry of the wheel is also significantly
affected. In 1a (orthorhombic), the discrete {W,4} cluster has
D,, symmetry (Figure 1a) while in 1b (monoclinic), the
symmetry of the wheel is lowered to C, (Figure 1b). Both the
structures are formally related through “soft” deformations
which can be described as antiparallel stretching modes
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