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ABSTRACT: The comprehensive investigation reported .on Conpnp {
herein provides compelling evidence that anion—z interactions he 9 £
$

are the main driving force in the formation of self-assembled
Fe(II)-templated metallacycles with bptz [3,6-bis(2-pyridyl)-

1,2,4,5-tetrazine] in high yields. It was demonstrated by X-ray

crystallography, 'H NMR, solution and solid-state MAS “°F

NMR spectroscopies, CV and MS studies that the anions [X]~ Fe{ll} /ﬁ Fa(ll)

= [BF,]7, [ClO,]™ and the anions [Y]™ = [SbF4]~, [AsF]~, ,‘E'

[PF¢]~ template molecular squares [Fe4(bptz)4(CH3CN)8]— sﬁ:d,:su[f C 15;:::;[::?]

[X]s and pentagons [Fes(bptz)s(CH;CN)o][Y]yo respec- %\_ ._4/0
tively. The X-ray structures of [{Fe,(bptz),(CH;CN)s}C

BF,][BF,]; and [{Fes(bptz);(CH;CN),o}C2SbF¢][SbFq]s

revealed that the [BF,]” and [SbF4]™ anions occupy the 7-

acidic cavities, establishing close directional F-+-Cy.4,ine contacts with the tetrazine rings that are by ~0.4 A shorter than the sum
of the F---C van der Waals radii () R,qy F---C = 3.17 A). The number and strength of F++Cyqpine cOntacts are maximized; the
F---Cietrazine distances and anion positioning versus the polygon opposing tetrazine rings are in agreement with DFT calculations
for C,N,R,-[X]™--C,N,R, (R = F, CN; [X]™ = [BE,]”, [PF]"). In unprecedented solid-state '’F MAS NMR studies, the
templating anions, engaged in anion—7 interactions in the solid state, exhibit downfield chemical shifts AS(*°F) ~ 3.5—4.0 ppm
versus peripheral anions. NMR, CV, and MS studies also establish that the Fe(II) metallacycles remain intact in solution.
Additionally, interconversion studies between the Fe(II) metallacycles in solution, monitored by 'H NMR spectroscopy,
underscore the remarkable stability of the metallapentacycles Fes(bptz)S(CH3CN)10 [PFs],o < [Fes(bptz)(CH,CN),,)-
[SbF¢lio < [Fes(bptz)s(CH3CN),o][AsF¢],, versus [Fe,(bptz),(CH;CN)g][BF,] v given the inherent angle strain in five-
membered rings. Finally, the low anion activation energies of encapsulation (AG* = 50 kJ/mol), determined from variable-
temperature '"F NMR studies for [Fes(bptz)s(CH;CN),o][PF4);, and [Zn,(bptz),(CH;CN)s][BF,]s, confirm anion
encapsulation in the z-acidic cavities by anion—z contacts (~20—70 kJ/mol).

B INTRODUCTION the scarcity of 108° subunits and the incongruity between
octahedral L—M—L and internal pentagon angles (108°), both
of which contribute to their inherent lower stability as
compared to squares.'® These factors have contributed to a
dearth of reported pentagonal architectures, with the exceptions
of a handful of self-assembled pentameric metallacycles
detected by mass spectrometry,"®'® an anion-templated
pentanuclear circular helicate,”® a molecular pentafoil knot,"
and very recently a remarkable unprecedented self-assembled
pentagonal prism.>

Apart from the directing elements imposed by the building
blocks, the outcome of the self-assembly reactions can be
controlled by external factors such as synthon concentration,
solvent, counterions, or the presence of a template. A template
is a directing element that induces or selectively stabilizes a
desired assembly through noncovalent interactions, during a

Coordination-driven self- assembly, a topic at the frontier of
supramolecular chemistry,”® harnesses the structural versatility
of metal ions and the directionality of metal—ligand interactions
to promote the spontaneous assembly of elegant supra-
molecular achitectures,”>”~® endowed in some instances with
unusual properties and i 1n%en10us applications'®™"* or intriguing
host—guest behavior." This fascinating synthetic strategy
has led to a myriad of metallacyclic architectures, ranging from
molecular triangles to cages, capsules, and various polyhedra’
and to many examples of the most common nuclearity
structures, namely, molecular squares.">* In pioneering studies
by Stang et al.' and Fujita et al.” transition metals with 90° L—
M-L bonds (where L is a ligand), which are compatible with
square angles, were incorporated as building blocks into the
first square frameworks and, when combined with the
appropriate organic linkers, led to an abundance of conforma-
tionally stable molecular squares and rectangles.' In contrast to Received: August 24, 2012

this situation is the challenge of constructing pentagons, due to Published: February 18, 2013
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delicatelZ balanced thermodynamically controlled self-assembly
process; % in essence, this means that the template tips the
scales in favor of the emergence of a single preferred product, at
the expense of other potential products that can form from the
reactants.”* The strategy of exposing the system to a template
to favor a desired supramolecular entity is an extremely
important tool in supramolecular chemistry, with the impact on
the self-assembly reaction outcome underscored in several
notable paradigms.””*>~*® The template can be a temporary or
permanent helper, but its presence, however fleeting, is always
necessary for the formation of the final product and essential
for its integrity in some cases.””** From a structural point of
view, the size and geometry of the template are important in
targeting the desired templated product, whereas in terms of
electrostatics, the template can be cationic, neutral, or anionic.
Despite the extensive use of cationic templates, the ability of
anions to operate as templates (or guests) and direct the course
of an assembly process through noncovalent interactions was
not fully appreciated until recently.”********" Anion binding
typically involves noncovalent interactions, such as hydrogen-
bonding, electrostatic, 7—x stacking, and other van der Waals
forces,” ® but recently, another novel noncovalent attractive
force involving anions and m-acidic (or electron-deficient)
charge-neutral aromatic rings, namely, the anion—z inter-
action,>* >° has become a topic of great interest. The
pioneering theoretical studies®” > that established the favor-
able nature of anion—r interactions (~20—70 kJ/mol), albeit at
first glance counterintuitive, were complemented by an ever-
increasing arsenal of experimental evidence for their presence in
the solid state**™>% and in solution,>*>*~® as well as additional
theoretical studies™ > that lend further insight into aspects of
the interaction. Currently, the area of anion—z research is
highly topical in the scientific community,**~> from both the
fundamental point of view and the promise that anion—x
interactions hold for the design of novel colorimetric
sensors,”*** highly selective anion receptors,”****%>% selective
hosts®” for anion recognition******”% and anion transport,” as
well as their likely involvement in biological functions.®””°
Armed with the aforementioned information and our early
ﬁnding7s involving anion encapsulation in Ni(II) metalla-
cycles,”' ™7 gleaned from X-ray crystallography and mass
spectrometry experiments, we launched a comprehensive
investigation of anion-templated self-assembly reactions
between solvated Fe(II) metal ions and the divergent z-acidic
bis-bipyridine ligand 3,6-bis(2-pyridyl)-1,2,4,5-tetrazine (bptz;
Chart 1). Herein, we report the preparation and character-

Chart 1
6—nN /N—N\ —
5 5
N/ =/ N/
bptz

ization of the anion-templated molecular squares [Fe,(bptz),-
(CH;CN)gJ[X]s ([X]™ [BF,]~, [ClO,]”) and pentagons
[Fes(bptz)s(CH3CN) 0] [Y]1o ([Y]™ [SbFs]™, [AsFe]
[PF4]7), featuring z-acidic cavities, in high yields. In the
molecular metallapentacycle [{Fe;(bptz);(CH,CN),,}C
2SbF4][SbF4]s, * which was reported in preliminary commu-
nication form, the anion—7z contacts are evidenced by X-ray
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crystallography. In the current work, we report, for the first
time, studies involving anion—7z interactions by '"F magic-
angle-spinning (MAS) nuclear magnetic resonance (NMR)
spectrometry as well as density functional theory (DFT)
calculations, results that support the strategic nature of the
anion positioning and the additive anion—z contacts in the
aforementioned z-acidic metallacycle cavities. The notable
stability of the polygons in solution was probed by 'H NMR
spectroscopy and cyclic voltammetry, as well as by mass
spectrometry. Finally, unprecedented NMR studies on the
metallacycles in solution clearly support the contention that the
anions play a decisive role in their formation and stability and
provide unequivocal evidence for templation only in the
presence of specific anions.

B EXPERIMENTAL DETAILS

Materials. The ligand 3,6-bis(2—pyridyl)—1,2,4,5—tetrazine (bptz)
was prepared by a literature procedure”® and recrystallized from
benzene. The fully solvated white metal salts [Fe(CH;CN)¢][X], (X =
[BF,]™, [SbF4]~) were prepared from literature procedures by reacting
Fe(s) with the nitrosonium salts of the corresponding anions and
stored in the drybox.”® The salt Fe(ClO,),-2H,0 was purchased from
Aldrich and used without further purification. (Caution! Perchlorate
salts of metal complexes with organic ligands are potential explosives.
Although we have encountered no incidents in the preparation and studies
of the salts, it is advisible to use only small amounts and to handle the
compounds with caution in the presence of wet solvents.) The salts
[n-Bu,N][BFE,], [n-Bu,N][PF4], and KAsF, were purchased from Alfa-
Aesar or Aldrich and used without further purification under dry
conditions. The salt [n-Bu,N][SbF¢] was prepared by metathesis of
NaSbF; and [1n-Bu,N][Cl] in H,O, recrystallized from ethyl acetate,
and precipitated with pentane. All reactions were performed in the
drybox or under an atmosphere of dry N, with the use of Schlenk-line
procedures. All of the samples for the NMR measurements in solution
and the solid state were prepared in the drybox. Airtight NMR tubes
equipped with a J. Young valve were used for the acquisition of all
NMR data for the Fe(II) compounds in solution to prevent oxidation.
All solvents were dried by standard methods, distilled under nitrogen,
and deoxygenated prior to use. Anhydrous acetonitrile was purchased
from Aldrich and used for the electrochemistry studies. Anhydrous
deuterated CD;CN-d; was purchased from CIL.

Physical Measurements. Please see the Supporting Information.

Syntheses. [{Fe,(bptz),(CH;CN)g}CBF,J[BF,J, (1). A magenta
solution of bptz (283 mg, 1.20 mmol) in CH;CN (30 mL) was
slowly added with stirring to a colorless solution of [Fe(CH;CN),]-
[BF,], (576 mg, 1.21 mmol) in CH;CN (40 mL); an immediate color
change of the reaction solution to dark blue ensued. After overnight
stirring, a small quantity of [#-Bu,N][BF,] (20 mg) was added to the
solution, which was subsequently separated into two portions and
layered over either toluene or dichloromethane. After several days,
analytically pure solid was removed by filtration and dried under
anaerobic conditions. Yield: 233 mg (81%). Anal. Calcd for
Fe,Ce,N3,HsBgF1,-4CH,CL-CH,CN: C, 32.65; N, 17.96; H, 2.60%.
Found: C, 32.69; N, 18.14; H, 2.63%. 'H NMR in CD,CN (3, ppm):
7.61 (d, 8H, 3,3’-H), 8.05 (td, 8H, 5,5'-H), 8.27 (td, 8H, 4,4"-H), 8.89
(d, 8H, 6,6'-H), 1.95 (24H, s, CH,CN). UV—vis (CH;CN) 1/nm (e&/
[M™' em™]): 797 (19000). Cyclic voltammetry (CV; CH;CN, versus
Ag/AgCl): E,,(ox): —0.094, +0.047, +0.32, +0.52 V (reversible).
Electrospray ionization Fourier transform ion cyclotron resonance
mass spectrometry (ESI-FT-ICR-MS; m/z): 2155.01 for [Fe,(bptz),-
(CH;CN)4(CD;CN)(BF,); + H']* (NMR sample dissolved in
CD;CN; Figure S1).

[{Fes(bptz)s(CH;CN);(}C2SbF][SbFelg (2). A magenta solution of
bptz (169 mg, 0.716 mmol) in CH;CN was slowly added to a colorless
solution of [Fe(CH;CN)4][SbF¢], (554 mg, 0.716 mmol) in CH;CN,
resulting in an immediate color change of the solution to dark blue.
The reaction solution was layered with toluene after stirring overnight

to yield a dark blue analytically pure solid, which was filtered and dried
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under anaerobic conditions. Yield: 555 mg (90%). Anal. Calcd for
Fe CyoNyoHy0SbyoFeo'C,Hy: C, 24.18; N, 12.96; H, 1.84%. Found: C,
24.40; N, 13.28; H, 1.96%. '"H NMR in CD;CN (8, ppm): 7.52 (d,
10H, 3,3’-H), 8.07 (td, 10H, 5,5'-H), 8.31 (td, 10H, 4,4’-H), 8.82 (d,
10H, 6,6'-H), 1.95 (30H, s, CH,CN). UV—vis (CH,CN) 4/nm (e/
[M™" em™]): 802 (30000). CV (CH;CN, versus Ag/AgCl): E, ,,(ox):
—0.027, +0.034, +0.37, +0.56 V (reversible). ESI-FT-ICR-MS (m/z):
1774.83 for [Fe,(bptz)s(CH;CN)4(SbFq)s—2H]** (Figure S$2).”*

[Fe(CH3CN)4][PF4],. A white suspension of TIPF, (100 mg, 0.286
mmol) in CH;CN (10 mL) was added to a purple/brown solution of
Fel, (44.3 mg, 0.143 mmol) in CH;CN (10 mL). Precipitation of
yellow TII ensued immediately. The reaction mixture was stirred
overnight in a drybox, the resulting yellow precipitate was removed by
filtration, and the solution was filtered again several times through dry
Celite to remove fine particles. The almost-colorless solution was
reduced in volume to ~6 mL on a vacuum line, and diethyl ether was
slowly added to produce a cloudy solution from which colorless
needle-like crystals formed. The flask was placed in the refrigerator for
three days in a drybox, and the white solid that formed was removed
by filtration, washed with diethyl ether (3 X 3 mL), and dried under a
vacuum. Yield: 57 mg (67%). ’F NMR in CD,CN (5, ppm): —71.6
ppm (free [PF¢]™ ions). IR (Nujol mull, CsI, cm™): (CH;CN) veoy
2325 (s), 2293 (s); ([PEs]™) vpgg 875 (vs), 558(s).

[Fes(bptz)s(CH3;CN);0][PFgl;o (3). A magenta solution of bptz (76.4
mg, 0.323 mmol) in CH;CN (15 mL) was slowly added to a colorless
solution of [Fe(CH;CN)4][PFq], (191.5 mg, 0.323 mmol) in CH;CN
(15 mL), resulting in an immediate color change of the solution to
dark blue. Layering the reaction solution with either toluene or
dichloromethane, after it had been stirred overnight and separated into
two portions, afforded a dark blue solid, which was filtered and dried
under anaerobic conditions. Yield: 134 mg (64%). Anal. Caled for
Fe,CgoNyoHoP1oFeo-4CH,Cly: C, 27.56; N, 15.31; H, 2.15%. Found:
C, 27.56; N, 15.40; H, 2.31%. '"H NMR in CD;CN (5, ppm): 7.52 (d,
10H, 3,3'-H), 8.06 (td, 10H, 5,5'-H), 8.33 (td, 10H, 4,4'-H), 8.84 (d,
10H, 6,6'-H), 1.95 (30H, s, CH,CN). UV—vis (CH,CN) A/nm (e/
M~ em™]): 828 (19040), 607 (15670). CV (CH;CN, versus Ag/
AgCl): E, 5(0x): —0.085, +0.039, +0.32, +0.55 V. ESI-FT-ICR-MS
(m/z): 1046.17 for [Fes(bptz)s(CH;CN)o(PFq), + 2H]** (Figure
S3).

[Fes(bptz)s(CH3CN) 6][AsFsl; (4). A magenta solution of bptz (49
mg, 0.207 mmol) in CH;CN (15 mL) was added to an off-white/light
tan suspension of Fe(CF;S0;), (70 mg, 0.198 mmol) in CH;CN (1S
mL) under a N, atmosphere, resulting in an immediate color change of
the solution to dark blue. The reaction solution was stirred for 15 min,
and a 3-fold excess of KAsF (144 mg, 0.633 mmol) was subsequently
added. The reaction mixture was stirred overnight, and the solution
was layered over toluene, which produced a dark blue solid at the
bottom of the flask after two days. Yield: 122 mg (82%). Anal. Calcd
for Fe,CeoNyoH0As oF e 4CH,CN-2CHy: C, 29.81; N, 15.00; H,
2.40%. Found: C, 29.5; N, 15.19; H, 2.31%. "H NMR in CD,CN (5,
ppm): 7.48 (d, 10H, 3,3'-H), 8.04 (td, 10H, S,5'-H), 8.30 (td, 10H,
4,4'-H), 8.85 (d, 10H, 6,6'-H), 1.95 (30H, s, CH;CN). UV—vis
(CH,CN) A/nm (g/[M™' em™]): 768 (29240), 711 (20290), 517
(7246). CV (CH;CN, versus Ag/AgCl): E,,,(ox): — 0.090, +0.040,
+0.34, + 0.58 V (reversible). ESI-FT-ICR-MS (m/z): 1507.3 for
[Fes(bptz)s(CH;CN)(AsFy)s]** (Figure S4).

[Fe,(bptz) ,(CH;CN)g][CIO Jg (5): Small Scale Synthesis for NMR
Studies. A magenta solution of bptz (13 mg, 0.055 mmol) in CD;CN
(0.75 mL) was added to a solution of Fe(ClO,),-2H,0 (16 mg, 0.055
mmol) in CD;CN (0.75 mL), resulting in an immediate color change
of the solution to dark blue. The reaction solution was stirred for a
short time, and the spectra were recorded. 'H NMR in CD;CN (5,
ppm): 7.66 (d, 8H, 3,3"-H), 8.02 (td, 8H, 5,5'-H), 827 (td, 8H, 4,4'-
H), 8.88 (d, 8H, 6,6'-H), 1.95 (24H, s, CH,CN). ESLFT-ICR-MS
(m/z): 882.87 for [Fe,(bptz),(ClO,), + 2H*]** (Figure SS).

X-ray Crystallography. Single-crystal X-ray data for 1 and 2 were
collected on a Bruker APEX II CCD X-ray diffractometer equipped
with a graphite-monochromated Mo Ka radiation source (4 = 0.71073
A). Dark blue crystals of 1 and 2 were affixed as quickly as possible to a
nylon loop with Paratone oil and placed in a N,(g) cryostream at

3041

163(2) K to minimize exposure to air. The crystal parameters and
information pertaining to the data collection, solution, and refinement
of the crystals for 1-9CH;CN and 2-8.5CH;CN are detailed in the
Supporting Information and summarized in Table S1. Selected bond
distances and angles are provided in the figure captions and Tables S2
and S3. Numerous efforts to crystallize [Feg(bptz);(CH;CN),o]-
[PFq],, invariably led to poorly diffracting crystals even when the data
were acquired with synchrotron radiation.

[{Fe,(bptz) (CH3CN)g}CBF J[BF ;] 9CH;CN, 1-9CH;CN. Dark blue
plate-like crystals were grown by layering an acetonitrile solution of 1
over toluene. Compound 1 crystallizes in the triclinic system, space
group P1. The [BF,]” anion residing in the cavity of the square is
equally disordered over two positions. The electron density
corresponding to nine highly disordered solvent molecules observed
during the data refinement was removed using the SQUEEZE"’
routine implemented in PLATON.”®

[{Fes(bptz)s(CH3;CN) ;) C2SbF][SbF4lg-8.5CH3CN, 2-8.5CH;CN.
Dark blue plate-like crystals were grown by layering an acetonitrile
solution of compound 2 over toluene. Compound 2 crystallizes in the
orthorhombic system, space group Pbcn. There are two symmetry-
related [SbF¢]™ anions in close proximity in the cavity of 2. The
electron density corresponding to 8.5 disordered solvent molecules
observed during the data refinement was removed using the
SQUEEZE"” routine implemented in PLATON.”®

Theoretical Calculations. Density functional theory (DFT)
computations were undertaken for 3,6-difluoro- and dicyanotetrazine
with the [BF,]™ and [PF4]" anions, as well as for the corresponding
double-ring/single-anion systems. The calculations were performed in
Gaussian 09, revision B.01,”° with the B3LYP hybrid functional
incorporating the Becke three-parameter (B3) exchange functional®®
and the correlation functional of Lee, Yang, and Parr (LYP)*' with the
Pople-type basis set 6-31+G(d),** incorporating diffuse orbital and
polarization functions on non-hydrogen atoms [B3LYP/6-31+G(d)].
For the single-ring/anion calculations, the basis set superposition
errors (BSSEs)®® were calculated and were negligible.84 Unrestricted
geometry optimizations of one arene with one anion as well as the
individual anions and arenes were performed on a 128-processor Altix
3700 with Itanium® Madison processors. Unrestricted geometry
optimizations of two arenes with one anion were performed on an
IBM iDataplex Cluster comprising 372 nodes based on Intel’s 64-bit
Nehalem and Westmere processor architecture. Frequency computa-
tions were performed on the final geometry-optimized structures to
ensure that a minimum had been reached, as determined by the
absence of imaginary frequencies. Results were analyzed and images
were generated using the Agui graphical user interface.®®

B RESULTS

X-ray Crystallography. [{Fe,(bptz),(CH;CN)g}CBF,J-
[BF,J9CH;CN. The thermal ellipsoid and the space-filling
plots for 1 are provided in Figures 1 and 2, respectively. The
four Fe(Il) ions and bptz ligands form a molecular square in
which each metal ion occupies a vertex and each ligand spans
one edge as a bridge between the metal centers. The
coordination geometry of the Fe(Il) ions is octahedral with
four sites being occupied by two chelating bptz N-donor
ligands, in an anti orientation, with the remaining positions
being filled by two CH3CN molecules. The Fe—N distances are
in the range of 1.86—1.97 A (Table S2), which indicates low-
spin (LS) Fe(II) centers (the Fe—N bond lengths can be used
as an indicator of the spin state, because the population of the
antibonding e, in the high spin (HS) center causes elongation
of the bond length by about 0.2 A),'°* whereas the N—Fe—N
angles are in the range 80.9—97.0°. The Fe---Fe cross-ligand
distances are ~6.45 A, and the Fe:--Fe cross-cavity distances are
9.23 and 9.02 A. The Fe---Fe---Fe angles are 88.6° and 91.3°,
which are close to the ideal 90° angles required for a square.
The cavity of 1 contains a tightly encapsulated [BF,]™ anion
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Figure 1. Thermal ellipsoid plot of the cationic unit [Fe,(bptz),-
(CH4CN){CBF,]7 in 1 at the 50% probability level. Selected bond
distances (A) and angles (deg): Fel—N2 1.893(5), Fel—N23
1.901(6), Fe2—NS5 1.900(6), Fe2—N9 1.963(7), Fe3—N15 1.960(8),
Fe3—N11 1.860(7), Fe4—N18 1.950(7), Fe4—N21 1.922(7), N2—
Fel—-N23 92.7(2), NS—Fe2—N9 91.6(3), N30—Fe3—NI15 90.8,
N21-Fe4—N32 92.0(3), Fe--Fe--Fe 88.6 and 91.3. Atom colors:
Fe, fuschia; C, dark gray; N, blue; B, purple; F, green.

Figure 2. (a) Space-filling front-view representation of the cavity of
[Fe,(bptz),(CH;CN);CBF,]”* depicting the tight packing of the
encapsulated [BF,]” anion. (b) Side view of the cavity with the anion
depicted with space-filling spheres. Atom colors: Fe, fuschia; C, dark
gray; N, blue; B, purple; F, green; H, white.

(Figure 2), which is disordered equally over two positions and
is poised to establish close F---C contacts with the C atoms of
two opposing bptz tetrazine rings (for every position) at the
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following distances: F1A--C6 2.923(9), F2A--C7 2.861(9),
F3A:--C30 2.883(9), F4A---C31 2.835(9), F1B---C43 2.742(2),
F2B--C18 2.951(16), F3B--C19 2.780(2), and F4B---C42
2.798(2) (Figure 3). The aforementioned F-+Cypine distances

Figure 3. Stick representation of the cationic unit [Fe,(bptz),-
(CH,CN)4CBF,]7 in 1. Anion—7 contacts are depicted with red and
teal dashed lines; the two colors correspond to the two positions of
disorder for the anion.

are up to 0.43 A shorter than the sum of the van der Waals
radii, Y R qw F+-C = 3.17 A. Regarding the outer-sphere [BF,]~
anions, four are located around the periphery of the square
metallacycle, close to the tetrazine and pyridyl rings of the
cationic unit, and establish several short anion—7 contacts with
the C atoms (e.g,, for [BF,]ox **Cremrazine: F13--+C30 2.845(10),
F17--C42 2.892(8), F5-++C6 2.937(8) A; for [BE,] ey Cpyriays
F20--C41 2.942(11) A; Figure S6). The remaining three
anions are located between the cationic units along with solvent
molecules (Figure S7).

[{Fes(bptz) s(CH3CN),o}C2SbF¢][SbF s]g-8.5CH;CN. The es-
sential features of the molecular structure of 2 were reported
in a previous communication.”* A thermal ellipsoid plot and a
packing diagram of 2 are provided in Figures 4 and S8,
respectively. The molecular cation consists of a pentagon in
which the metal ions occupy the apices and the five bptz ligands
span the edges of the polygon. Two different cis chelating bptz
N-donor moieties, in an anti orientation, and two CH;CN
molecules compose the octahedral environment of each Fe(II)
ion. The interatomic Fe—N distances are in the range of 1.87—
2.00 A (Table S3), which indicate LS Fe(II) centers as in the
case of 1.% The Fe---Fe--Fe vertex angles correspond to an
ideal pentagon (108°) despite the fact that the N—Fe—N
coordination angles at the vertices are close to 90°. These two
essential geometrical requirements are met owing to the
flexibility of the bptz bridging ligands; the tetrazine rings bow
inward and do not lie in the same plane as the two outer pyridyl
rings (average dihedral angles ~8°) to alleviate angle strain and
allow for the formation of the closed pentagonal structure.”*

There are two symmetry-related [SbF]™ anions in close
proximity in the cavity of 2 (Figures 4 and S9A), which is
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Figure 4. Thermal ellipsoid of the cationic unit [{Fe;(bptz);-
(CH,CN);}C2SbFg]® in 2, at the 50% probability level, depicted

with the two encapsulated [SbF¢]™ anions. Selected bond distances
(A) and angles (deg): Fel—N1 1.96(1), Fel-N2 1.90(1), Fel—N4
1.963(12), Fe2—N8 1.872(12), Fe2—N9 2.007(13), Fe2—NI10
1.959(11), Fe2—N11 1.884(11), Fe3—N13 1.868(11), Fe3—N15
1.972(11); N1—Fel—NS 92.9(5), N2—Fel—NS 93.9(5), N11—Fe2—
N8 95.4(5), N11—-Fe2—N9 92.5(5), Fel---Fe2---Fe3 109.2, Fel--
Fel*---Fe2* 107.5, Fe2---Fe3:--Fe2* 106.5. Atom colors: Fe, fuschia;
C, dark gray; N, blue; Sb, yellow; F, green.

unusual but not unprecedented for metallacyclic cages.*’ ™

The two encapsulated [SbF]™ anions fit tightly within the
cavity of 2, and each anion engages in three short F-Cioprayine
contacts with the tetrazine rings of the bptz entities (each anion
is disordered between two positions: [SbF¢]™*Cietrasines
F10--C13 2.81(2), F12A--C12 2.83(3), F14A--C25 2.89(3),
F14---C24 2.93(2), F10A:--C13 2.96(3), F12---C12 3.03(2) A),
as well as in longer F---C contacts F10A---C6 3.35(3), F12---C6
3.37(2) A (Figure S9A).”* The aforementioned F--Cpaine
distances are up to 0.36 A shorter than Y R4y F--C (3.17 A).
The remaining eight [SbF¢]™ anions are located around the
external periphery of the cationic unit. In 2, close contacts, up
to 0.32 A shorter than Y R 4y C-+F, are also observed between
the peripheral [SbFy]™ anion F atoms and the tetrazine or
pyridyl rings of the bptz entities (Figure S9B). For example, for
[SbF¢]ex **Cretrazines  the distances are F18:--C24 2.848,
F6---C12 2.943, F2:--C13 3.105 A (colored dotted lines), and
for [SbFg]ey ++*Cpyriay they are F3---C15 2.855, F5-+-C10 2.942,
F17--C22 = 2.936 A (black dotted lines). Compound 2 exhibits
a corrugated packing of the pentagon units along the b and ¢
axes with interstitial anions and solvent molecules occupying
the intermolecular voids; the pentagonal metallacycles are
aligned along the a axis (Figure S8).

NMR Spectroscopic Studies in Solution. '"H NMR
Spectroscopy of the Fe(ll) Metallacycles. The aromatic
region of the 'H NMR spectrum of free bptz in CD,CN
exhibits resonances at § 8.93 (6,6'), 8.64 (3,3'), 8.10 (4,4'), and
7.65 (5,5") ppm for the protons of the pyridyl rings (Figure
5a).”* The 'H NMR spectra of the Fe(II) metallacycles exhibit
the expected number of resonances for symmetrically
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Figure 5. 'H NMR spectra in CD;CN of (a) free bptz and (b)
[Fe,(bptz),(CH;CN)s][BF,]s.

coordinated bptz ligands. The aromatic region of the 'H
NMR spectrum for the square [Fe,(bptz),(CH;CN)g][BF,]q
(Figure Sb) in CD;CN exhibits four sets of resonances,
indicating that each bptz ligand is bridging two metal centers
and that the two bptz pyridyl groups are equivalent. The
resonances at § 7.61, 8.05, 8.27, and 8.89 ppm are ascribed to
the 3,3’-, 5,5'-, 44’-, and 6,6'-H of the pyridyl rings,
respectively (Figure Sb, Table 1). The resonances for protons

Table 1. "H NMR Resonances for Free bptz and the Fe(II)
Metallacycles in CD;CN

S (ppm)
compound 33H S55-H 44-H 6,6-H
bptz 8.64 7.65 8.10 8.93
[Fe,(bptz),(CH;CN)s][BF, ], 7.61 8.05 827 8.89
[Fe,(bptz),(CH;CN),][CIO,]; 7.66 8.02 8.27 8.88
[Fes(bptz)s(CH;CN), 0] [SbFg] 7.52 8.07 8.31 8.82
[Fes(bptz)s(CH,CN) ;0] [PF¢] 0 7.52 8.06 8.33 8.84
[Fes(bptz)s(CH;CN), 0] [AsFq], 7.48 8.04 8.30 8.85

5,5'-H and 4,4"-H shift downfield and appear as multiplets
because of the three-bond coupling to the neighboring protons
on the same ring. Conversely, the resonances (doublets) for
3,3"-H are shifted upfield with respect to 3,3’-H of free bptz as a
result of shielding by the pyridyl rings of the neighboring bptz
units in the metallacycle.”? Accordingly, [Fe,(bptz),-
(CH,;CN),][ClO,]s in CD,;CN exhibits four aromatic reso-
nances in the "H NMR spectrum, in the same sequence and
with very similar positions as those of [Fe,(bptz),(CH;CN),]-
[BF,],, ie, & 7.66, 8.02, 827, and 8.88 ppm ascribed to the
3,3"-, 5,5, 44’-, and 6,6"-H of the pyridyl rings, respectively
(Table 1).

The 'H NMR spectrum for the pentagon [Fes(bptz)s-
(CH;CN),0][SbF¢],, in CD;CN exhibits four sets of
resonances in the aromatic region at § 7.52, 8.07, 8.31, and
8.82 ppm assigned to the 3,3’-, 5,5'-, 4,4'-, and 6,6'-H of the
pyridyl rings, respectively (Figure 6b; Table 1). Despite the fact
that the resonances for [Fes(bptz)s(CH;CN),,][SbFq];q are
similar to those of the aforementioned square polygons, which
is not unexpected given the presence of the same metal ions
and the similar chemical environments for the bptz protons in
both polygons, the 3,3’- and 6,6'-H resonances for the
pentagon are noticeably upfield-shifted as compared to the
squares. Indeed, similar shifts are also observed in the '"H NMR
spectra of the pentagons [Fes(bptz)s(CH;CN),,][PF4],, and
[Fe(bptz)s(CH,CN),0][AsFs],o in CD;CN. The aromatic
region for [Fe;(bptz)s(CH;CN),][PF4y, exhibits four sets

dx.doi.org/10.1021/ja3082473 | J. Am. Chem. Soc. 2013, 135, 3039—3055
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Figure 6. 'H NMR spectra in CD;CN of (a) free bptz, (b)
[Fes(bptz)s(CH3CN),][SbFg] o, (¢) [Fes(bptz)s(CH;CN),0][PFg] 5o
(the resonances marked with an asterisk (*) are attributed to an open
form of the metallacycle in solution, also contributing to the breadth of
the closed metallacycle resonances), and (d) [Fes(bptz)s(CH;CN),0]-
[AsFg],; the broad resonances in spectrum (d), despite excellent
shimming, are attributed to paramagnetic impurities in the Fe(II)
starting material.

of resonances at & 7.52 (3,3’-H), 8.06 (5,5'-H), 8.33 (4,4'-H),
and 8.84 (6,6'-H) (Figure 6c). Likewise, the 'H NMR
resonances for [Fes(bptz)s(CH;CN),o][AsF¢],, appear at &
7.48 (3,3'-H), 8.04 (5,5'-H), 8.30 (4,4'-H), and 8.85 (6,6'-H)
(Figure 6d). Apparently, the resonances for protons 3,3'-H and
6,6'-H in the pentagonal cavities exhibit upfield shifts by Ad ~
0.10 and 0.05 ppm, respectively, as compared to the
corresponding protons in the squares (Table 1), because of
the slightly more shielded environment in the former case;
these upfield-shifted resonances assist in tracking the presence
of the pentagonal versus the tetragonal metallacycles during the
interconversion studies described in the ensuing section.

Interconversions of the Fe(ll) Metallacycles Moni-
tored by '"H NMR Spectroscopy. The Fe(Il) metallacycles
with bptz are LS and thus diamagnetic,91 which renders them
amenable to '"H NMR spectroscopic studies for character-
ization, as discussed earlier, as well as ideal candidates for 'H
NMR interconversion studies monitoring their self-assembly
and relative stability in solution upon addition of the
appropriate anions.

Conversion of [Fe;(bptz);(CH;CN),,][SbF¢l;, to
[Fe,(bptz),(CH;CN)gl[BF,lg. A sample of [Feg(bptz)s-
(CH,CN),,][SbF¢],, was dissolved in CD;CN, and the 'H
NMR spectrum was recorded (Figure 7a). A S-fold excess of
[n-Bu,N][BF,] was then added, and the sample was stirred for
1 h. No changes in the resonances of [Fes(bptz)s(CH;CN),]-
[SbF¢],, were observed in the acquired "H NMR spectrum.
Two separate additions of a 5-fold excess of [n-Bu,N][BE,] to
the sample were performed, and the mixture was stirred under
nitrogen for 1 h and overnight in the two cases. The recorded
'"H NMR spectra are the same as that of the original
[Fes(bptz)s(CH;CN); 0] [SbF¢],o sample; that is, no conversion
to the square took place. Subsequently, a fresh sample of
[Fes(bptz)s(CH;CN),0][SbF¢] o was dissolved in CD;CN, and
the solution was refluxed in the presence of a 25-fold excess of
[n-Bu,N][BF,] under nitrogen. The 'H NMR spectrum of the
solution was recorded at short time intervals; the onset of
square formation was obvious at 1 h (Figure 7b), and at 2 h,
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Figure 7. Conversion of [Fes(bptz)s(CH;CN),(][SbF¢],o to
[Fe,(bptz),(CH;CN),][BF,]s monitored by NMR spectroscopy. 'H
NMR spectra in CD;CN of (a) freshly dissolved [Fes(bptz)s-
(CH4CN),o][SbF¢];o; the reaction solution of [Fes(bptz)-
(CH;CN),0][SbF¢] o refluxed in the presence of a 25-fold excess of
[#n-Bu,N][BF,] in CD;CN for (b) 1, (c) 2, and (d) 4 h.

partial conversion of [Fe(bptz)(CH;CN),o][SbF4],o to
[Fe,(bptz),(CH;CN);][BF,]s had occurred, as indicated by
the presence of the square resonances for 3,3’-H and 6,6’-H at
7.61 and 8.89 ppm, respectively, in the spectrum (Figure 7c).
Complete conversion of [Fe(bptz)s(CH;CN),,][SbF¢];, to
[Fe,(bptz),(CH;CN);][BF,]s took place only after refluxing of
the metallapentacycle for 4 h with a 25-fold excess of
[n-Bu,N][BF,], as indicated by the absence of the resonances
for [Fes(bptz)s(CH;CN) o] [SbF¢] ;o at 7.52 (3,3’-H) and 8.82
(6,6’-H) ppm (Figure 7d).

Conversion of [Fe,(bptz),(CH;CN)g][BF,]g to
[Fes(bptz)5(CH3;CN),ol[SbFgl,g. A sample of [Fe,(bptz),-
(CH,;CN),][BE,]; was dissolved in CD,CN, and the 'H
NMR spectrum was recorded (Figure 8a). A 10-fold excess of
[n-Bu,N][SbF4] was added, and the sample was mildly heated
to +45 °C for 20 h with no discernible changes in the '"H NMR
spectrum. A fresh sample of [Fe,(bptz),(CH;CN),][BF,]s was
dissolved in CD;CN, and the solution was refluxed for 2 days in
the presence of a 16-fold excess of [n-Bu,N][SbF¢] under
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Figure 8. Conversion of [Fe,(bptz),(CH;CN)g][BF,]; to
[Fes(bptz)s(CH3CN),,][SbF4],, monitored by NMR spectroscopy.
'"H NMR spectra in CD;CN of (a) freshly dissolved [Fe,(bptz),-
(CH;CN)g][BF,]g; the reaction solution of [Fe,(bptz),(CH;CN)]-
[BF,]s and a 16-fold excess of [n-Bu,N][SbF,] refluxed for (b) 2 and
(c) 4 days. (d) 'H NMR spectrum of preformed [Fes(bptz)s-
(CH,CN) ] [SbE,], in CD;CN.
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nitrogen. This resulted in a ~50:50% mixture of square/
pentagon metallacycles (Figure 8b), as evidenced by the
appearance of the upfield-shifted resonances at 7.52 (3,3'-H)
and 8.82 (6,6'-H) ppm in the 'H NMR spectrum (indicative of
[Fes(bptz)s(CH;CN),o][SbF¢],o; Figure 8d). The same
solution was refluxed for 2 additional days but no changes in
the relative ratio of the pentagon to square resonances were
observed in the '"H NMR spectrum (Figure 8c).

An additional 10-fold excess of [n-Bu,N][SbF] was added
(total 26-fold excess) to the previous sample, and the solution
was refluxed for 2 additional days (total refluxing time of 6
days). No changes in the relative ratio of the pentagon to
square resonances or the appearance of the "H NMR spectrum
were noted as compared to Figure 8c. Finally, addition of a
large excess of [n-Bu,N][BF,] to the previous sample did not
affect the equilibrium in favor of [Fe,(bptz),(CH;CN)g][BF,]s,
indicating that the system had reached thermodynamic
equilibrium. Efforts to study the interconversion of [Fe,(bptz),-
(CH;CN);][BF,]s to [Fes(bptz)s(CH3CN) 0] [PF4 ] and vice
versa, by "H NMR spectroscopy, were not successful because of
the temperature sensitivity of [Fes(bptz)s(CH;CN);0][PF¢]0
Refluxing [Fe,(bptz),(CH;CN)g][BF,]; for 21 h or even mild
heating for 2 h under N, in the presence of a 15-fold excess of
[n-BuyN][PF,], resulted in precipitation of unidentifiable
insoluble products.

Conversion of [Fe,(bptz),(CH;CN)g][BF,]g to
[Fes(bptz)5(CH3CN) ol[AsFglip. A sample of [Fe,(bptz),-
(CH,CN),][BF,]; was dissolved in CD,CN, and the 'H
NMR spectrum was recorded (Figure 9a). A 10-fold excess of
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Figure 9. Conversion of [Fe,(bptz),(CH;CN),][BF,]; to
[Fes(bptz)s(CH;CN) o] [AsFg] ;o monitored by 'H NMR spectrosco-
py. "H NMR spectra in CD;CN of (a) freshly dissolved [Fe,(bptz),-
(CH;CN),][BF,]s; the reaction solution of [Fe,(bptz),(CH;CN)g]-
[BF,]s and a 15-fold excess of KAsF; in CD;CN with stirring at +5S
°C after (b) 12 and (c) 24 h. (d) '"H NMR spectrum of preformed
[Fes(bptz)s(CH3CN) o] [AsF4] o in CD;CN.

KAsF¢ was added, and the sample was mildly heated to +55 °C
for 2 h with no changes occurring in the '"H NMR spectrum.
The addition of a 5-fold excess of KAsF4 to the previous
[Fe,(bptz),(CH,CN);][BF,]s sample (total 15-fold excess of
KAsF) with overnight stirring under N, at +55 °C, however,
resulted in a ~44:56% mixture of the square [Fe,(bptz),
(CH;CN)g][BF,]s and pentagon [Feg(bptz);(CH;CN),,]-
[AsF4] o metallacycles in solution (Figure 9b). The presence
of [Fes(bptz)(CH;CN),o][AsF¢],, is indicated by the
appearance of the upfield-shifted pentagon resonances for
3,3-H and 6,6'-H at 7.49 and 8.84 ppm, respectively (Figure
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9d). Heating the previous sample for an additional 12 h (total
of 24 h) at +55 °C did not affect the equilibrium of the two
metallacycles in solution (Figure 9c).

Anion-Template Studies of the Metallacycles. The
anion-templated process was monitored by performing several
small-scale reactions monitored by "H NMR spectroscopy. A
solution of bptz in CD,CN (3 mL) was added to a small
equimolar quantity of Fe(CF;SO;), in CD;CN (3 mL), and
the reaction mixture was stirred under a N, atmosphere for a
short time. The '"H NMR spectrum (Figure 10a) lacks the

[CF3S041°

Fe(ll) + bptz no templation

N
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Figure 10. (a) 'H NMR spectrum of the reaction mixture of
Fe(CF;80;), and bptz in CD;CN. 'H NMR spectrum of the same
solution as for trace (a) upon addition of (b) KAsF, (3-fold excess),
(c¢) [n-Bu,N][SbF,] (4-fold excess), and (d) [n-Bu,N][BF,] (4-fold

excess).

characteristic features of the aforementioned highly symmetric
polygons (Figures Sb and 6b—d) and hints at the formation of
oligomeric mixtures of Fe(II)/bptz moieties in the presence of
[CF;SO;]™ anions, thereby indicating that the latter are non-
templating anions. The initial solution of Fe(CF;SO;), with
bptz in CD;CN (Figure 10a) was subsequently separated into
three 2 mL portions; an excess amount of KAsF, (3-fold), [n-
Bu,N][SbF] (4-fold), or [n-Bu,N][BF,] (4-fold) was added to
each portion and the '"H NMR spectra were recorded (Figure
10b—d, respectively). The "H NMR data are in accord with the
spectra of the preformed polygons [Fes(bptz)s(CH;CN),,]-
[AsFglio [Fes(bptz)s(CH;CN) ] [SbF¢lyo, and [Fey(bptz),-
(CH;CN);][BF,]s, respectively (Figures 6d, 6b, and Sb,
respectively), thus providing incontrovertible evidence for an
anion templation effect occurring in the presence of suitable
templating anions, namely, [AsFs]7, [SbF¢]~, or [BF,]™.
Reactions of Zn(II) with bptz were also found to be under
templation control, thus further underscoring the pivotal role of
the anion in stabilizing a specific metallacycle (Figures S10 and
S11). To our knowledge, anion-based templation was verified
in solution by 'H NMR spectroscopy for two Co(II)
tetrahedral cages.”>*

F NMR Spectroscopy of the Fe(ll) Metallacycles in
Solution. ’F NMR spectra in solution were acquired for
[Fe,(bptz),(CH;CN)][BE,]5, [Fes(bptz)s(CH;CN),,]-
[PF¢lio [Fes(bptz)s(CH;CN) ] [SbF¢yo, and [Zn,(bptz),-
(CH;CN),][BE,J;.

[Fe,(bptz) ,(CH;CN)g][BF J;. The 'F NMR spectra of
[Fe,(bptz),(CH;CN);][BF,]s in CD3;CN between +20 and
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—40 °C exhibit one resonance at § ¥ —150 ppm (Figure S$12),
which is ascribed to the free [BF,]” ions.”>*>> Despite
extensive experimental efforts, it was not possible to observe a
second "F NMR resonance of lower intensity for the
encapsulated [BF,]” ions, by variable-temperature (VT)
experiments.**”>~* The resonance at § ~ —150 ppm, however,
exhibits considerable broadening with increasing temperature in
the range between —40 and +20 °C, an indication of rapid
[BF,]” anion exchange on the time scale of the NMR
experiment.”>”*™®” The inability to observe the 'F NMR
resonance corresponding to the [BF,]™ anions in the cavity of
the polygons can also be attributed to broadening due to the
paramagnetic contribution from a small percentage of HS
Fe(1I) atoms,”™” contributing to faster relaxation of the '°F
nuclei.

[Fes(bptz)s(CH;CN)o][PFgl;o. The F NMR spectrum of
[n-Bu,N][PF4] in CD,CN at +22 °C exhibits a doublet at & ~
—71 ppm [J(*F=*'P) = 710 Hz], assigned to free [PF4] ™ ions.
Likewise, the "’F NMR spectrum of [Fes(bptz)s(CH;CN);o]-
[PFg],o in CD,CN at +22 °C exhibits a doublet at § ~ —71
ppm [J(F=3'P) = 710 Hz] due to the free [PFq] ™ ions.*>*>*®
At —40 °C, however, a second substantially upfield-shifted '°F
doublet resonance of lower intensity appears at 6 & —180 ppm
(Figure S13 inset), which is ascribed to the encapsulated
[PF4]™ ions in the cavity of [Fes(bptz)(CH;CN);o][PF4]10.*
Possible factors contributing to the substantial upfield shift of
the NMR resonance for the encapsulated [PF]™ anions in
[Fes(bptz)s(CH;CN),0][PF4],o as compared to the corre-
sponding free anions, are detailed in the Supporting
Information. It is important to note that the lower-intensity
F NMR resonance at § & —180 ppm is reproducible in several
different batches of [Fes(bptz)(CH;CN),][PF];, but is
clearly absent from the '"F NMR spectra of the starting
materials TIPFg and [Fe(CH,CN)4][PF¢], used to prepare
[Fes(bptz)(CH;3CN)o][PF4],o; this fact eliminates the
possibility of impurities giving rise to the resonance. The 'F
NMR spectrum of [Feg(bptz);(CH;CN),o][SbF4],, in solution
is discussed in the Supporting Information (see also Figure
S14).

The encapsulated [PF4]™ anions are in dynamic exchange
with the free anions in solution,””>™® as evidenced by the
broadening of both the '’F NMR resonances observed in the
spectra of [Fes(bptz)s(CH;CN),0][PFq]1o, upon lowering the
temperature to —40 °C. The population difference of the two
types of [PF¢]™ anions and the line-width analyses of the °F
NMR resonances (determined as ~97 and ~150 Hz for the free
and encapsulated anions, respectively) permit the calculation of
the [PF4]~ anion-exchange rate, which is k.. (pr,) = 166(16) s™*

at —40 °C; this value corresponds to an activation energy of
encapsulation AG¥,53¢pp,) = 46(4) kJ/mol at 233 K for the

[PF4]™ anions.

[Zn4(bptz) (CH3CN)gl[BF ,Js. As previously reported, the
spectra of [Zn,(bptz),(CH;CN),][BF,]s in CD;CN exhibit
two '’F NMR resonances at § & —151 and —144 ppm, between
—10 and —35 °C, ascribed to free and encapsulated [BF,]”
ions, respectively.”> The low intensity resonance at —144 ppm
is downfield-shifted by Ad ~ 6.0 ppm relative to that of free
[BF,]™ ions. This chemical shift difference, characteristic of the
encapsulated [BF,]” ions interacting with the metallacyclo-
phane edges, is significant and compares well with the A5('H)
values observed for strong hydrogen bonds or the AS('°F)
values for various intermolecular noncovalent interactions.””

3046

The encapsulated [BF,]™ anions are in dynamic exchange with
the free anions in solution,”® as evidenced by a broadening of
the "F NMR resonances in the spectra of [Zn,(bptz),-
(CH,;CN)][BF,]s upon lowering the temperature (the
encapsulated anion '’F resonance line width increases from
~58 to ~160 Hz upon cooling from —10 to —35 °C). From the
analyses of the F NMR resonances, the [BF,]” anion-
exchange rate for [Zn,(bptz),(CH;CN),][BF,]5 was calculated
to be kepr,) = 140(14) s at 238 K, yielding an activation

energy of encapsulation AG*238K(BF4) = 48(4) kJ/mol for the

[BF,]™ anions.

Solid-State MAS 'F NMR Spectroscopy'® of the
Metallacycles. [{Fe,(bptz),(CH;CN)g}CBF,I[BF,],. The room-
temperature '’F MAS NMR spectrum of a solid sample of
[{Fe,(bptz),(CH;CN)s}CBF,][BF,],, spinning at a rate of 12
kHz, exhibits a resonance, shifted downfield by ~10 ppm
relative to that of solid NaBF, (Figures S15a and S16a). The
F MAS NMR resonance for [{Fe,(bptz),(CH;CN)s}C
BF,][BF,]; is significantly broadened (Av = 2400 Hz) as
compared to NaBF, and nonsymmetrical relative to a
maximum (Figure S16a). An applied procedure of line
narrowing to this broad resonance results in resolution of
three overlapping resonances with chemical shifts § ~ 13.1,
114, and 9.7 ppm (Figure S16b) and relative intensities 1:3:4,
which indicate that there are three different types of [BF,]”
anions in [{Fe,(bptz),(CH;CN) }CBF,][BF,], in the solid
state.

[{Zn ,(bptz) ,(CH;CN)g}CBF J[BF ] "> The room-temperature
F MAS NMR spectrum of solid [Zn,(bptz),(CH;CN)g]-
[BF,] spinning at a rate of 10 kHz, exhibits two resonances
with isotropic chemical shifts § &~ 12.0 and 9.5 ppm (Figure
S15d). Both resonances are downfield-shifted relative to free
[BF,]” ions in solution (Figure S15b), they exhibit Lorentzian
shapes, and the low-field line is more broadened. Because MAS
NMR experiments average heteronuclear coupling,'” the more
broadened low-field resonance is ascribed to the presence of
two unresolved lines. This is confirmed by the partially relaxed
F NMR spectrum collected by inversion—recovery experi-
ments for [Zn,(bptz),(CH;CN),][BF,]; wherein it is clear that
three resonances are present at 6 ~ 12.4, 11.1, and 9.5 ppm
(Figure S15c).

[{Fes(bptz)s(CH;CN);o}C2SbFI[SbF¢]s. The room-temper-
ature ’F MAS NMR spectrum of [Fes(bptz)(CH;CN),,]-
[SbF¢],o spinning at a rate of 12 kHz, shows a resonance
centered at § ~ 404 ppm (Figure S17b), which is shifted
downfield by Ad ~ 18 ppm as compared to solid NaSbFq
(centered at ~22.5 ppm relative to solid NaBF,; Figures S15a
and S17a). By applying a procedure of mathematical line
narrowing, the solid-state '’F NMR resonance of [Fes(bptz)s-
(CH;CN),][SbFq] is transformed to the pattern shown in
Figure S17c, in which at least 20 overlapping lines are well
resolved. Within this multiplet, one can distinguish a sextet with
a coupling constant of 'J;(*’F—"'Sb) ~ 1940—1950 Hz, which
is comparable to 'J(*?F—'2'Sb) for free [SbF4] ™ ions in CD,CN
(vide supra; Figure S14), as well as an octet with a coupling
constant of 'J(*’F—'2*Sb) ~ 1033 Hz. Aside from these
teatures, however, the lines in the multiplet show additional
splittings of ~630 and ~1230 Hz, which cannot be attributed to
YJ(*F-"21123Sb) spin—spin couplings. Because the isotopic
shift (F—"21123Sb) is not detectable in the solid-state NMR
spectra, the complex 'F NMR pattern in Figure S17c can be
assigned to three types of inequivalent [SbF]™ ions being
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present in [{Fe(bptz)s(CH;CN),o}C2SbF¢][SbF]s with
relative chemical shifts 6 = 0.0, 1.6, and 3.9 ppm. A complete
analysis of the pattern is not possible, but nonetheless, a pattern
very similar to that in Figure S17c can be generated on the basis
of three experimentally observed '°’F NMR resonances for solid
NaSbF, (with integral intensity ratios ~1:1.6:2.5 or 2:3:5) and
practically the same chemical shift differences (Figure S18),
thus corresponding to chemical shifts of 6 =~ 43.3, 40.0, and
39.4 ppm in Figure S17c.

Electrochemistry. The molecular square [Fe,(bptz),-
(CH,CN),][BE,]; in CH,CN (0.15 M [n-Bu,N][BE,])
exhibits four consecutive reversible Fe(II)-based oxidations at
E,, = —0.094, +0.047, +0.32, and +0.52 V (Figure 11), in
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Figure 11. (a) Differential pulse voltammetry (DPV) and (b) cyclic
voltammetry (CV) of [Fe,(bptz),(CH;CN),][BF,]; versus Ag/AgCl
in CH;CN (in 0.15 M [n-Bu,N][BF,] supporting electrolyte) with a
Pt working electrode at a scan rate of 0.2 V/s at 25 °C.

addition to the irreversible bptz reduction feature at —1.07 V.
The first two metal-centered Fe(II)/Fe(III) oxidation events
closely overlap, a fact that is attributed to redox events
occurring at the Fe(II) sites occupying opposing vertices in the
square metallacycle. It thus becomes more difficult for the
remaining Fe(II) ions, which are adjacent to the Fe(III) ions, to
be oxidized, thereby leading to an increase in their oxidation
potentials.

The Fe(1I)/bptz metallapentacycles exhibit similar electro-
chemical behavior, which involves oxidation of the Fe(Il) ions
at non-neighboring vertices of the polygons at low potentials,
with minimal influence from the remaining Fe(II) ions, which
are subsequently oxidized at higher potentials (Table 2). The
cyclic voltammagram for [Fe;(bptz)s(CH;CN),,][SbFq], in
CH,CN exhibits two Fe(II)/Fe(Ill) nearly overlapping
reversible oxidation couples that occur at very similar E,/,

values of —0.027 and +0.034 V followed by two clearly resolved
events at higher potentials (+0.37, +0.56 V; Figure S19). In the
case of [Fes(bptz),o(CH;CN),o][AsF¢],, there are closely
spaced Fe(II)/Fe(III) events whose reversibility is less apparent
than in the previously described cases (Figure S20; Table 2).
Additionally, the metallacycle [Fe(bptz),,(CH;CN),o][PFq]1o
exhibits a few reversible Fe(Il) /Fe(III) oxidation steps followed
by a quasi-reversible oxidation at a higher potential (Figure
$21), which is not surprising, as we have established by NMR
spectroscopy that it is less stable than the pentagonal
metallacycles with other templating anions. The irreversible
reduction feature for the bptz ligand in [Fes(bptz),o-
(CH;CN)o][PF¢lyo occurs at —1.01 V versus Ag/AgCl and
at more negative potentials for [Fes(bptz)s(CH;CN);o]-
[SbFelio and [Fes(bptz),o(CH;CN) o] [AsFglyy (—1.22 and
—1.48 V, respectively), thus also confirming the higher redox
stabilities of [Fes(bptz)s(CH;CN),o][SbF4];o and
[Fes(bptz) ;o(CH;CN) o] [AsFg]io versus [Fes(bptz),,-
(CH:CN) ) [PEg,

Stability of the Fe(ll) Metallacycles in Solution
Evidenced by Cyclic Voltammetric Studies. The Fe(II)/
bptz polygons explored herein exhibit rich electrochemical
behavior with several metal-centered reversible sequential
Fe(1I)/Fe(Ill) oxidation processes for each (Figures 11 and
$19—S21; Table 2).

The remarkable separation range of ~600—650 mV between
the oxidation processes for each Fe(II) metallacycle under
discussion (Table 2) indicates considerable electronic commu-
nication between the Fe(Il) centers mediated by the tetrazine
rings.'®" More importantly, the electrochemical studies support
the remarkable stability of the intact polygons [Fe,(bptz),
(CH;CN)][BF,]5, [Fes(bptz)s(CH;CN),o][SbF4]i0,
[Fes(bptz)s(CH3CN) o] [AsFglip, and to a lesser extent
[Fes(bptz)s(CH;CN);0][PF4],o in solution. In contrast to the
reduction of the bptz ligand in the poly§ons being irreversible,
the reduction of free bptz is reversible.'"” The irreversibility of
the ligand-based reductions in the polygons indicates
destruction of the metallacycles, which can be attributed to
their destabilization with decreasing m-acidity of the central
rings, thereby weakening the anion—7 interactions with the
encapsulated anions. Conversely, oxidation of the metal centers
increases the s-acidity of the rings and thus the favorable
anion—7z contacts between the encapsulated anions and the 7-
acidic rings, thereby granting exceptional stability to the
metallacycles. It is also noteworthy that the reduction for the
free bptz ligand is more facile than that for the metallacycles
(Table 2), indicating more electron-rich bptz moieties in the
polygons, which is attributed to the anion—7 contacts with the
encapsulated anions.'®® In the absence of anion—7z contacts,
however, the reduction of the bound bptz ligand would be

Table 2. Electrochemical Data® for Fe(II) Metallacycles with bptz

EI/Z(OX) V)

complex 1
[Fe,(bptz),(CH;CN )] [BE,];" —0.094°
[Fes(bptz)s(CH3CN)10] [SbF4]10° —0.027°¢
[Fes(bptz)s(CH;CN) o) [AsF],” —0.090°
[Fe;(bptz)s(CH,CN),] [PE4] 1" —0.085°¢

bptzd

I 111 v E,.4(bptz) (V)
+0.047° +0.32° +0.52° —1.07%
+0.034° +0.37° +0.56° —1.228
+0.040° +0.34° +0.58° —1.48%
+0.039¢ +0.32° +0.55 —1.018

—0.72°

“Data collected in CH;CN versus Ag/AgCl at 25 °C. “Supporting electrolyte 0.15 M [n-Bu,N][BF,]. “Supporting electrolyte 0.20 M
[n-Bu,N][SbF]. dSupporting electrolyte 0.15 M [n-Bu,N][PF]. “Reversible. /Quasi-reversible. €Irreversible.
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expected to occur at less negative potentials due to the
coordination of the cationic metal atoms. In short, the findings
from the electrochemical behavior of the metallacycles further
emphasize the presence and importance of the anion—n
interactions in stabilizing the assemblies in solution.
Computational Studies. In the DFT studies, the
interactions for the geometry-optimized single- and double-
ring complexes between the 3,6-difluoro and 3,6-dicyano
derivatives of tetrazine and the [BF,]™ or [PF4]™ anions were
evaluated by DFT methods; the results are collected in Table 3

Table 3. Equilibrium Distances Rg..c(tetrazine) (A) and Binding
Energies (kcal mol™') for the Geometry-Optimized
Complexes C,N,R,**[X]™ and C,N,R,**[X]™C,N,R, (R =
F, CN; [X]™ = [BF,] , [PF¢]") at the B3LYP/6-31+G(d)
Level of Theory

Re...cgetrazine) E
(X) (keal mol™)

complex

C,N,F,-[BE,]” 2.69° -12.3

C,N,(CN),[BE,]~ 2.63° —184

C,N,F,-[PF(]” 2.88 —96
278

C,N,(CN),[PF4]™ 2.80 —14.6
270

C,N,F,---[BF,]™-C,N,F, 27450 —23.0

C,N,(CN),-[BE,]™-C,N,(CN), 27140 -332

C,N,F,---[PF¢]™-C,N,F, 2.807 —18.1
2.86"

C,N,(CN),[PF¢]™--C,N,(CN), 2.77° —26.7
2.83%

“Two contacts per ring. bF"-Ctetmme distances to two opposing rings
are equal.

Figure 12. Side view of ball-and-stick representations for the
geometry-optimized complexes at the B3LYP/6-31+G(d) level of
theory: (A) C,N,(CN),[BF,]” and (B) C,N,(CN),[BF,] -
C,N,(CN),. Atom colors: C, gray; N, blue; F, green; B, purple.

and depicted in Figures 12, 13 and Figures S22, S23). The
tetrazine derivatives were used to avoid hydrogen-bond
formation with the F atoms of the anions without imposing
symmetry restraints on the systems, as well as to increase the 7-
acidity of the tetrazine ring. As indicated in Figure S24, the
dicyanotetrazine ring is more s-acidic than the difluoro
derivative, and both molecules are amenable to anion—zx
interactions.
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Figure 13. Side view of ball-and-stick representations for the
geometry-optimized complexes at the B3LYP/6-31+G(d) level of
theory: (A) C,N,(CN),[PF¢]” and (B) C,N,(CN),-[PF4] -
C,N,(CN),. Atom colors: C, gray; N, blue; F, green; P, orange.

We performed the calculations for the geometry-optimized
complexes at the B3LYP/6-31+G(d) level of theory, which
yields smaller binding energies and longer distances
Rg..C(totrazine) than the MP2 level, facts established in
comparative studies for relevant systems with this type of
interactions.®”'®*'%° This is also corroborated by a comparison
of our results with those for the complex of 3,6-difluorote-
trazine with [BF,]™ ions previously studied at the MP2/6-31++
G** level of theory.'”® Nonetheless, the B3LYP/6-31+G(d)
level results have been shown to provide good qualitative trends
for anion—~ interactions (as compared to the MP2 level)*” and
proved to be in good agreement with our experimental results
(vide infra). In the single-ring complexes, the distances
Ry...C(tetrazine) to the polyatomic anions [BF,]™ or [PF4]™ are
considerably shorter than YR,y F-C (3.17 A) and the
energies are negative (Table 3), thus indicating that the
interactions between the substituted tetrazine rings and the
anions are favorable.>**® As expected, the energy values are
more negative and the Rg...c(ietraine) distances are shorter for
both rings with [BF,]™ as compared to the respective values for
the larger [PFs]™ anion (Table 3; the same trends were
observed for trifluorotriazine,'*”® tetrazine'®”® and other
systems with halides®” studied at the MP2/6-314++G** and
B3LYP/6-31+G(d,p) levels of theory, respectively). Moreover,
because of the higher -acidity of dicyanotetrazine as compared
to the difluoro derivative (Figure $24), the binding energies are
more negative, indicating stronger interactions, for the former
complexes as compared to the latter (Table 3).

In the geometry-optimized single-ring complexes, it is clear
that there is a symmetric positioning of the [BF,]™ or [PF4]~
anions over the ring centroids of 3,6-dicyanotetrazine (Figures
12A and 13A) or 3,6-difluorotetrazine (Figures S22A and
S23A), and that each complex possesses a C, symmetry axis
perpendicular to the ring plane. For both anions, two anion F
atoms are pointed toward the two C atoms of the tetrazine
moieties, which are the more 7-acidic regions of the ring, and
engage in two directional F---C anion—r interactions; more-
over, the two F atoms of [BF,] ™ are equidistant (or within 0.10
A for [PF¢]”) from the tetrazine C atoms (Table 3). The same
positioning of [BF,]” over the ring was found for 3,6-
difluorotetrazine studied at the MP2/6-314++G** level of
theory.106 Also, a symmetric positioning of the anions was
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observed for the trifluorotriazine complexes with [BF,]” and
[PF¢]™ studied at the MP2/6-31++G** level of theory, with
preference for the establishment of three short F---C anion
contacts with the trifluorotriazine carbon atoms.'%”*

To better assess the positioning and short contacts of the
encapsulated polyatomic anions [BF,]” and [SbF¢]™ in the
metallacycles previously studied”' ™" as well as in this work, we
also undertook calculations of the model binary adducts
CoONR,+[X] ™ CNyR, (R = F, CN; [X]” [BE,]” or
[PF4]™ as an exemplary octahedral anion). The energy values
and the Ryg...c(tetrazine) distances in the CN,R,-[X]7-C,N,R,
complexes exhibit similar trends with respect to the arene
substituents as in C,N,R,--[X]™, namely, greater binding
energies and shorter distances for the dicyano as compared to
the difluoro derivative of tetrazine (Table 3).

The binary complexes C,N,R,--[BF,]™-C,N,R, (R = F,
CN) display optimized geometries in which the two tetrazine
moieties are rotated by 90° with respect to each other, an
orientation that maximizes the number of F-+-Cy.qosine
of the [BF,]™ anion with both rings and serves to accommodate
the tetrahedral geometry of the anion (Figures 12B and S22B).
In the C,N,R,-[BF,]---C,N,R, complexes, the four F atoms
of the [BF,]” anion are directly positioned toward the four
carbon atoms (two per ring; the C atoms correspond to the
more 7-acidic regions) of the two rings, with the Rp...c(tetraine)
contacts being ~0.40 A shorter than Y R gy F--C (2.74 and
2.71 A for R = F and CN, respectively; Table 3), but slightly
longer than those in the corresponding single-ring C,N,R,---
[BF,]” complexes (2.69 and 2.63 A for R = F and CN,
respectively). These findings with respect to the distances
resemble the results of other comparable systems with two
rings and one anion.*”

The binary adducts C,N,R,--[PFs]™-C,N,R, (R = F, CN)
display optimized geometries in which the substituted tetrazine
moieties maximize the F---C contacts with the [PF4]™ anions
(two per ring; Figures 13B and S23B). In the C,N R,
[PF¢]”--C,N,R, complexes, the two tetrazine rings are
eclipsed, as opposed to the 90° angle between the ring
substituents in the binary complexes with the [BF,]” anions;
this is attributed to the octahedral geometry of the [PF4]~
anion, which allows two F-+Ci.iraine
the two eclipsed tetrazine rings. Four fluorine atoms of the
[PF¢]~ anion are directed toward the four carbon atoms of the
two opposing rings (these are the more z-acidic regions of the
rings). The R...(tetrazine) CONtacts in the double-ring complexes
with [PF¢]™ anions are by ~0.37 A shorter than Y R gy F-+-C
(average values 2.83 and 2.80 A for R = F and CN, respectively;
Table 3), and as in the case of the [BF,]™ anions, they are
slightly longer than those in the corresponding single-ring
complexes C,N,R,-[PF4] ™ (average values 2.81 and 2.75 A for
R = F and CN, respectively).

For both the [BF,]” and [PF4]~
distances for the binary systems are essentially insensitive to the
complex stoichiometry, as previously reported by Deya et al.'*®
for monoatomic anions with halide derivatives of 1,3,5-triazine.
Additionally, the binding energies of the binary systems with
[BF,]™ or [PF]™ anions are favorable and approximately twice
the binding energies of the respective complexes with only one
tetrazine ring (Table 3), in agreement with the studies showing

that anion—7 interactions are additive in 7-acidic systems with
67b,108

contacts

close contacts with each of

anions, the RF -+-C(tetrazine)

monoatomic anions.
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B DISCUSSION

Anion—x Contacts of the Fe(ll) Metallacycles in the
Solid State. Tetrazine is a nitrogen-rich 7z-acidic aromatic
heterocycle, which poises it to engage in anion—z inter-
actions.”!P7374 Moreover, recent theoretical studies indicated
that the anion—z binding ability of the tetrazine ring is
enhanced by multiple N coordination to metal ions.*' '* Thus,
the Fe(Il) polygons, with the bptz moieties spanning their
edges and providing a m-acidic interior, are excellent candidates
to engage in anion—x contacts with the encapsulated anions, as
previously shown for the Ni(II) and Zn(II) congeners,”" ™" as
well as for other relevant s-acidic cavities involving metal
ions.**>*” The Fe(Il) metallacycles 1 and 2 are structurally
similar to the Ni(II) congeners [Ni,(bptz),(CH;CN)]-
[BF,]s""”* and [Nis(bptz)s(CH;CN),(][SbF¢]i0,>"* respec-
tively. The Fe(II) metallacycle cavities of 1 and 2 are smaller,
however, because there is a significant contraction in the
M(II)---M(II) vertex separations in both Fe(Il) polygons as
compared to the corresponding Ni(II) congeners; this is due to
population of the e, orbitals on going from the LS Fe(II) to the
HS Ni(II) congeners (for the squares, ~6.5 A for Fe(II) versus
~6.9 A for Ni(Il); for the pentagons, ~6.4 A for Fe(II) versus
~6.7 A for Ni(I)). The metallacycle [{Fe,(bptz),(CH;CN)g}
CBF,]’* has the smallest cavity from the polygon series
investigated to date. Both Fe(II) polygons exhibit higher than
the statlstlcally favored (55%) cavity occupancy by the guest
anions'? (void cavity volume calculations were carried out on
the crystal structures of [Fe4(bptz)4(CH CN),]®¥* and
[Fes(bptz)s(CH, CN),o]1%);" 0715 this s usually attained
when intermolecular host—guest interactions are present’”''*
(anion—7 host—guest interactions in the case of the Fe(II)
polygons). In both 1 and 2, the cations with 7-acidic interiors
are excellent hosts for the encapsulated anions. Indeed, a tightly
packed [BF,]™ anion resides in the cavity of 1 (Figure 2) and is
equally disordered over two positions such as to allow the F
atoms of the [BF,]™ anion to maximize contacts with the two
sets of opposing tetrazine rings (Figure 3). The encapsulated
[BF,]™ anion exhibits the ideal tetrahedral geometry to interact
with the edges of the square and engages in four short F--C
contacts for every anion position of disorder; the anion is
poised in a manner to establish two close F---C directional
contacts with each tetrazine ring, with two F atoms lying over
the two electropositive C atoms of each central ring at an
average distance of F---C = 2.84 A (Figure 3).

The DFT calculations are in excellent agreement with the X-
ray structural data with respect to the positioning of the anions
as well as the predicted distances in the optimized binary
adducts C,N,R,-+[BF,]™-C,N,R, (R = F, CN). In these
complexes, the two tetrazine moieties are rotated by 90° with
respect to one another, and the four F atoms of the tetrahedral
[BF,]” anion are directed at the four carbon atoms that
correspond to the more 7-acidic regions of the two rings (two
per ring; Figures 12B and S22B). As detailed in the preceding
paragraph, the same positioning of the [BF,]” anion with
respect to the opposing rings is encountered in [{Fe,(bptz),
(CH,CN)g}CBF,]”" with the only difference being that, in the
crystal structure, the opposing tetrazine moieties (and thus the
bptz ligands) are rotated by 60° only (instead of 90° in the
optimized model with untethered tetrazine rings) with respect
to one another because of the structural constraints imposed
due to chelation to the metal centers. Despite this fact, the
computationally derived F-+Cieyaime distance (2.71 A) in the
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geometry-optimized binary complex C,N,(CN),-[BF,] -
C,N,(CN), in the gas phase is only slightly shorter than the
crystallographically determined F---Ci. . distances for
[Fe,(bptz),(CH;CN);][BF,]s (2.74—2.88 A); these contacts
are up to 0.43 A shorter than Y R g F-+-C (3.17 A). Shorter
distances in the gas-phase theoretical models as compared to
the X-ray data are expected® and have been reported for other
systems, for example, the fluoride selective cyclophane
sandwich-type hosts reported by Mascal et al.%’

The aforementioned findings point to the fact that the
encapsulated [BF,]” anion is critical for the stability of the
metallacycle. The small cavity size of [Fe,(bptz),(CH;CN)g]-
[BF,]s, which favors short F---C anion—n contacts, and the
tetrahedral geometry of [BF,]™ render it ideal for templation of
a square by maximizing four F---C contacts per set of opposing
tetrazine rings. The positioning of the [BF,]” anion in the
cavity, as well as the additivity of the anion—n contacts in
[Fe,(bptz),(CH;CN),][BF,]; (anion—n, system for each
disorder position of the anion), which were established by
the DFT studies, corroborate the importance of the anion—n
interactions in the formation and stability of the tetranuclear
[{Fe,(bptz),(CH,CN) }CBF,]”* cation with the encapsulated
anion.

Similarly, in [{Fes(bptz)(CH;CN),,}C2SbF][SbF¢];, the
close F-+-Cyyasine contacts of the encapsulated [SbF¢]™ anions
are also maximized with two tetrazine rings participating in two
anion— interactions and two tetrazine rings being involved in
one such contact.”* The two encapsulated [SbF]™ anions fit
tightly in the cavity of 2, and each anion participates in three
close F---C contacts with three F atoms oriented toward the C
atoms of three tetrazine rings (Figure S9A) as well as in a
longer F---C contact to an additional tetrazine ring. The average
F--C distance is 2.91 A, and the anion—ring distances are up to
0.36 A shorter than Y R gy E--C (3.17 A).”* Each encapsulated
anion is disordered between two positions in a way that allows
it to engage in several short F---C anion—7 contacts with the
electropositive C atoms of the bptz tetrazine rings. Evidently,
the geometry of the octahedral [SbF,]™ anion is better suited
than a tetrahedral one to engage in anion—7 contacts with the
pentagonal 7-acidic cavity. The positioning of the [SbF4]~
anion can be better appreciated in the reported structure of the
metallacycle [{Fey(bmtz)(CH;CN),,}CSbF4][SbF], [bmtz =
3,6-bis(2-pyrimidyl)-1,2,4,5-tetrazine] ;/* in this case, two F
atoms of the well-ordered octahedral [SbF¢]™ ion are lying over
the electropositive C atoms of one tetrazine ring (exhibiting
two short F--C contacts); each of the remaining four rings
establishes one short F---C contact with the encapsulated anion,
thereby having all five edges of the polygon engaged in
anion—7 interactions. Two F++-Cyy,ine close contacts with each
of the two tetrazine rings were also located in the geometry-
optimized binary adducts C,N,R,-:[PF¢]™--C,N,R, (R = F,
CN) wherein the substituted tetrazine moieties are eclipsed,
thereby maximizing the F-Ciy.me contacts between the
[PF,]™ anion and both tetrazine rings (two per ring; Figures
13B and S23B). In the crystal structures of the pentagonal
metallacycles, however, the opposing tetrazine moieties (and
thus the bptz ligands) are rotated by 60° with respect to each
other because of the structural constraints imposed by the bptz
chelation to the metal centers. Despite this situation and the
fact that the [SbF4]™ anion in the pentagons is larger than
[PFs]”, the computationally derived Rg..c(tetrazine) distances
(~2.7-2.8 A) in the geometry-optimized binary adducts
C,N,R,+[PF¢]+C,N,R, are only by ~0.1 A shorter than
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the crystallographically determined F---C,,,,. distances for
[{Fes(bptz)(CH,CN),,}C2SbF4][SbFy]s (~2.8—2.9 A); this
is an expected difference as indicated in the previous discussion
for the [BF,]™ anions in the square cavity.*”®”* As in the case of
[Fe,(bptz),(CH;CN);][BF,]s, the small cavity size for the
Fe(II) pentagons allows for short anion—7 contacts. Moreover,
the optimal positioning of the octahedral [SbF4]~ anion(s)
leads to multiple short F---C contacts with the z-acidic tetrazine
edges, and the additivity of the established anion—n contacts
(anion—7g and —z for [{Fes(bptz);(CH;CN),o}C2SbF]-
[SbFs]s and [{Fes(bmtz);(CH;CN),o}CSbF][SbF],, respec-
tively) confirms the importance of the anion identity as well as
of the anion—r interactions in stabilizing the pentagonal
metallacycles, despite their inherent angle strain and counter-
intuitive nuclearity.

Probing Anion—z Contacts in the Metallacycles by
MAS 'F NMR Spectroscopy. To our knowledge, until the
present studies, X-ray crystallography was the sole method to
detect anion—n interactions in the solid state, and the
application of MAS NMR spectroscopy to study them is
unprecedented. In general, the use of MAS NMR spectroscopy
has experienced limited success in providing information at the
molecular level for supramolecular systems with noncovalent
interactions, because of technical difficulties and the fact that
the interactions are highly anisotropic in the solid state, which
in many cases leads to broad featureless spectra.'"> These
hurdles notwithstanding, we set out to acquire MAS '*F NMR
spectra for the structurally characterized Fe(Il) metallacycles
[Fe,(bptz),(CH;CN)g][BF,]; and [Fes(bptz)s(CH;CN);(]-
[SbF],, with the goal of probing the chemical environment
of the encapsulated anions. The MAS 'F NMR data for the
diamagnetic molecular square [Zn,(bptz),(CH;CN),][BF,],
were also collected, primarily to test the possible paramagnetic
effects of the Fe(II) atoms on the MAS spectra, which were,
however, ruled out.

The room-temperature '’F MAS NMR spectrum of a solid
sample of [{Fe,(bptz),(CH;CN)s}CBF,][BF,], exhibits a
broad nonsymmetrical resonance, which is resolved into three
overlapping resonances with chemical shifts 6 &~ 13.1, 11.4, and
9.7 ppm (relative intensities 1:3:4; Figure S16b). These MAS
F NMR data are in good agreement with the single-crystal X-
ray structural findings for [{Fe,(bptz),(CH;CN)¢}CBF,]-
[BF,],, which revealed one encapsulated, four peripheral, and
three interstitial [BF,]” anions (Figures S6 and S7). It is
reasonable to assign the most downfield '’F NMR resonance at
& ~ 13.1 ppm (with intensity 1) to the encapsulated [BF,]” ion
in the cavity of the metallacycle (Figures 1—3), the upfield '°F
NMR resonance at § & 9.7 ppm to the four [BF,]™ anions that
are packed close to the outer edges of the cavity (Figure S6),
and the third resonance at § &~ 11.4 ppm to the remaining three
interstitial [BF,]” ions (Figure S7). As detailed in the X-ray
crystallography section, the encapsulated [BF,]™ anions have
their F atoms in close F---C contacts with the C atoms of the
opposing tetrazine rings at an average distance of F---C ~ 2.84
A (Figure 3); the presence and strength of these noncovalent
interactions with the encapsulated [BF,]” anion (anion—z,
system for each anion) are reflected by the '°F NMR downfield
resonance at § ~ 13.1 ppm (with intensity 1), which is shifted
by AS(*F) ~ 3.4 ppm from the ""F NMR resonance of the
four [BF,]™ anions, participating in short F---C contacts with
both the tetrazine and pyridyl rings at the Fe(Il) square
peripheral edges.
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Similarly, the appearance of three different '’F MAS NMR
resonances for the [BF,]” ions in the spectrum of
[{Zn,(bptz) ,(CH;CN)4}CBF,][BF,], is in accord with the
X-ray crystal structure.”’ From the inversion—recovery 'F
NMR spectrum, it is concluded that three resonances at § =
12.4,11.1, and 9.5 ppm are present in the partially relaxed MAS
spectrum for [{Zn,(bptz),(CH;CN).}CBF,][BF,], (Figure
S15c). It is reasonable to assign the lowest field '’F NMR
resonance at 6 & 12.4 ppm, with the slightly smaller T}, to the
encapsulated [BF,]” ions that participate in the close F---C
anion—7 contacts with the tetrazine rings.73 The other two "F
NMR resonances at 6 ~ 11.1 and 9.5 ppm are assigned to the
[BF,]” anions that are located near the outer edges of the
square and to the remaining interstitial [BF,]™ ions as in the
case of [{Fe,(bptz),(CH;CN),}CBF,][BF,],.

The three resonances with chemical shifts § ~ 43.3, 40.0, and
39.4 ppm, that can be obtained from the analysis of the 'F
MAS NMR spectrum for [{Fe(bptz)s(CH;CN),,}C2SbF]-
[SbF¢]s (Figures S17c and S18), and integrate in the ratio
~1:1.6:2.5 (approximately 2:3:5), indicate the presence of three
types of inequivalent [SbF¢]™ ions in this ratio, in agreement
with the X-ray data for 2. In particular, the downfield 'F MAS
NMR resonance at § & 43.3 ppm and integration intensity of 2
can be assigned to the two encapsulated [SbF,]™ anions nestled
inside the cavity of the polygon (Figures 4 and S9A) and in
close F--C 7 contacts with the z-acidic tetrazine edges
(anion—z, for each encapsulated anion). The upfield resonance
at 5 ~ 39.4 ppm, with relative intensity 5, is shifted by AS(*’F)
~ 3.9 ppm with respect to the '’F NMR resonance for the two
encapsulated anions and is attributed to the five [SbF4]™ anions
that participate in short F---C contacts with the tetrazine rings
only at the outer periphery of the Fe(II) pentagons (contacts
marked with colored dotted lines in Figure S9B). Finally, the
third "F MAS NMR resonance at 5 ~ 40.0 ppm, with relative
intensity 3, is assigned to the three [SbF¢]™ anions that
participate in short F---C contacts at the outer periphery of the
Fe(II) pentagons with both the tetrazine and outer pyridyl
rings (Figure S9B).

In summary, by applying '’F MAS NMR spectroscopy, we
garnered direct evidence of the different types of anions in the
solid state despite only subtle differences in their environments;
in particular, the '"F MAS NMR resonances for the
encapsulated anions in the cationic entities of 1 and 2 are
shifted downfield by AS(*’F) ~ 3.5—4.0 ppm as compared to
the peripheral anions. These shifts AS(*F) for the encapsu-
lated anions, engaged in anion—7 contacts with the cavities,
compare well with the corresponding shifts AS('"H) ~ 3-5
ppm observed for various intermolecular noncovalent inter-
actions in the solid state, such as hydrogen-bonding, 7—x, and
host—guest interactions.''> Thus, the use of '’F MAS NMR
spectroscopy to discriminate different types of anions,
exhibiting subtle differences due to short F--C anion—n
contacts, proved to be highly useful in tandem with X-ray
crystallography.

Monitoring the Interconversions of the Fe(ll) Metalla-
cycles in Solution by 'H NMR Spectroscopy. X-ray
crystallographic studies revealed that small anions'® such as
[BF,]™ and [ClO,]” yield Fe(II) molecular squares, whereas
the larger [SbF,]™ favors formation of the pentagon. The mass
spectrometric data clearly point to the existence of [Fe,]®"
moieties in solution in the presence of the tetrahedral [BF,]”
and [ClO,]” anions (Figures S1 and S5) and [Fe]'* units
with the octahedral anions [SbF¢]™, [PF4]~, and [AsF¢]~
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(Figures S2—S4). No evidence for higher-nuclearity species
or the coexistence of squares and pentagons in the presence of
each anion was found. Furthermore, the competing influence of
the anions in stabilizing Fe(II) metallacycles of different
nuclearities as well as the interconversions between square
and pentagon metallacycles, in the presence of the appropriate
anions, was successfully probed in solution by 'H NMR
spectroscopy. To our knowledge, this is the first time that such
studies for anion-templated metallacycles have been monitored
by applying NMR methods.

The exceptional stability of [Fes(bptz)s(CH;CN);,][SbF¢];0
is evidenced by the absence of '"H NMR resonances for the
square [Fe,(bptz),(CH;CN);][BF,]; despite overnight stirring
of the pentagon sample with a 15-fold excess of [n-Bu,N][BF,].
Only after refluxing the metallapentacycle for 4 h with a 25-fold
excess of [n-Bu,N][BF,] is complete conversion to the square
achieved (Figure 7). Further evidence for the remarkable
stability of the pentagon unit is the fact that a ~50:50% mixture
of [Fe,(bptz),(CH;CN);][BF,]s/[Fes(bptz)s(CH;CN) o ]-
[SbF¢],o forms when [Fe,(bptz),(CH;CN)s][BF,]; is refluxed
with a 16-fold excess of [n-Bu,N][SbF] for 2 or 4 days, as
determined by '"H NMR spectroscopy (Figure 8b,c). These
results for the Fe(II) metallacycles can be contrasted with the
corresponding interconversion ESI-MS studies of the Ni(Il)
congeners: complete conversion of the Ni(Il) pentagon to the
square analog is easily achieved by mere stirring of a
[Nis(bptz)s(CH;CN),0][SbF¢] o solution for several minutes
in the presence of excess [BF,]” or [ClO,]™ anions. Moreover,
only small quantities of the Ni(II) pentagon are detected by
ESI-MS after refluxing a [Ni,(bptz),(CH;CN)g][BF,]s sol-
ution with a 50-fold excess of [SbF¢]™ anions for 2 days. Even
after S days of reflux, the product distribution favors the Ni(II)
square as evidenced by ESI-MS.”

An even more notable finding is that the Fe(II) pentagon
templated by [AsF4]™ is more stable than that templated by
[SbF4]™, as mere overnight stirring of [Fe,(bptz),(CH;CN)s]-
[BF,] with a 15-fold excess of [AsF4]™ anions at +55 °C results
in a ~44:56% ratio of [Fe,(bptz),(CH;CN);][BF,]s/
[Fes(bptz)s(CH;CN),,][AsF4] o in solution (Figure 9). Addi-
tionally, although a Ni(II) metallacycle templated by [PF]~
anions was not detected in our earlier studies,”> in the case of
Fe(II), the NMR, CV, and ESI-FT-ICR-MS data (Figures 6c,
S21, and S3, respectively) support the formation of the
pentagon [Fes(bptz)s(CH;CN),o][PF¢],, despite its relatively
low stability. The small quantities of partially open metallacycle
apparent in the '"H NMR spectrum (Figure 6c), the quasi-
reversible oxidation event at higher potential in the electro-
chemical data, and the thermal sensitivity of [Fes(bptz)s-
(CH,CN),o][PF¢],,, which prevented any interconversion
studies from being conducted, attest to its lower stability as
compared to the pentagonal metallacycles with other
templating anions.

The aforementioned data gleaned from the "H NMR studies
lead to the following order of stability for the Fe(1I) pentagons:
[Fes(bptz)s(CH;CN) o] [PFqli0 << [Fes(bptz)s(CH;CN)yo]-
[SbF¢l,o < [Fes(bptz)s(CH;CN),o][AsFq]1- From this order-
ing, taking into consideration the relative anion sizes {ie.,
[PF]™ (54 A%) < [AsFe]™ (63 A%) < [SbE¢]™ (71 A%)},'” it is
concluded that the [AsF]™ ions provide the optimal anion—z
contacts with the Fe(II) pentagonal cavity, followed by
[SbF¢] ™. The [PF4]™ anion is apparently too small to template
a very stable Fe(Il) pentagon (yet too large to template an
Fe(II) square). It is noteworthy, however, that the templation
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of the metallapentacycles is not merely a matter of anion size
but rather a synergistic combination of shape, size, and
symmetry of the encapsulated anion and its potential to
establish short anion—z contacts. This conclusion is supported
by the fact that, although the [CF;SO;]” anion (68 AP s
comparable in size with [AsF¢]™ (63 A%) and [SbF¢]™ (71 A%),
which are known to lead to pentagons,''® [CF;SO,]~ does not
support polygon templation, as revealed by the NMR
spectroscopic data (Figure 10a). Formation of the polygons
[Fes(bptz)s(CH3CN) ] [AsF¢], [Fes(bptz)s(CH;CN),,]-
[SbF¢l,0, and [Fe,(bptz),(CH;CN),][BF,]; takes place,
however, upon addition of the suitable templating anions,
namely, [AsFq]~, [SbF¢]™, and [BF,], respectively (Figures
10b—d, respectively). These data thus provide unequivocal
confirmation of anion-based templation for the aforementioned
metallacycles.

Additionally, the reduction of the cavity size due to the M—N
(M = Zn, Ni, Fe) distances contracting in the order Zn(II) >
Ni(II) > Fe(II) also agrees well with the fact that the [PF]~
anion does not template a Ni(I) metallacycle” and that a
Zn(II) pentagon with [SbF¢]™ anions does not form owing to
the fact that the Ni(II) and Zn(II) cavities would be too large
to be templated by the corresponding anions. It is also noted
that the ligand lability of Zn(II) and Ni(II) ions as compared to
LS Fe(II) ions is higher, which is expected to contribute to the
reduced relative stability of [Nis(bptz)s(CH;CN),o][SbFq];, as
compared to [Fe;(bptz)(CH;CN),(][SbF],, (vide supra) and
the absence of a Zn(II) pentagon. The foregoing comparative
correlations provide compelling evidence for the importance of
establishing an optimum anion/cavity close orientation,
allowing for short anion—7z contacts, and reinforce our
contention that the latter play a pivotal role in stabilizing the
metallacycles.

F NMR Spectroscopy of the Fe(ll) Metallacycles in
Solution. The considerable broadening of the '"F NMR
resonance for [Fe,(bptz),(CH;CN)g][BF,]s at § & —150 ppm
with increasing temperature, in the range between +20 and —40
°C (Figure S12), indicates rapid exchange of the encapsulated
[BF,]™ anions with the free species on the time scale of the
NMR experiment,**® in accord with the smallest square Fe(II)
cavity among the polygons and its high occupancy by the
guest."'® The fast exchange of the [BF,]™ anion is presumably
facilitated by its off-center positioning in the cavity and the
anion being rather closer to the open face of the polygon as
indicated by the X-ray crystal structure (Figure 2). Additionally,
upon lowering the temperature, the polygons [Fes(bptz)s-
(CH;CN)][PF4],, (Figure S13) and [Zn,(bptz),-
(CH,CN),][BF,]s exhibit broadening of the '"F NMR
resonances, and each metallacycle exhibits a second distinct
F NMR resonance of lower intensity, which corroborates the
presence of encapsulated anions. The calculated anion-
exchange rates®®!1 are Kexe(sr,) = 140(14) s' (at 238 K)
and ke pp) = 166(16) s7' (at 233 K), yielding activation
energies of encapsulation AG¢238K(BF4) = 48(4) kJ/mol and
AG¥ s kpry) = 46(4) KJ/mol for [Zn,(bptz),(CH,CN)g]-
[BF,]s and [Fes(bptz)s(CH;CN);o][PF¢],(, respectively. The
aforementioned low activation energy values confirm that the
exchange involves diffusion of the anions through the open
faces of the intact metallacyclic cages without cleavage of the
M~—N coordination bonds, which would require considerably
higher activation energies. The determined low activation
energies of encapsulation for the anions (AG* = 50 kJ/mol)
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are in the expected energy range for anion—r interactions
(~20—70 kJ/mol**), which corroborates anion encapsulation
in the metallacycle cavities by noncovalent contacts.

B CONCLUSIONS

The results of the studies reported herein provide unambiguous
evidence that anion—7 interactions are the main driving force in
the templation process leading to the formation of Fe(II)
metallacycles with 7-acidic cavities spanned by the divergent
chelating ligand bptz. Comprehensive studies conducted both
in the solid state and in solution support the contention that
the templating anions play a decisive role in the formation and
identity of the polygons. It was demonstrated by X-ray
crystallography, 'H and '"F NMR spectroscopies in solution,
F MAS NMR spectroscopy, and CV and mass spectrometry
studies that the anions [X]™ = [BF,]” and [ClO,]” template
the molecular squares [Fe,(bptz),(CH;CN)g][X],, whereas the
larger anions [Y]™ = [SbF¢]~, [AsFs]", and [PF4]~ induce
formation of the molecular pentagons [Fes(bptz)-
(CH;CN) ][ Y], in high yields.

The X-ray crystal structures of [{Fe,(bptz),(CH;CN) }C
BF,][BF,]; and [{Fes(bptz);(CH;CN),,}C2SbF,][SbF]s re-
vealed that the corresponding encapsulated [BF,]™ and [SbF,]~
anions are tightly packed in the cavities of the metallacycles and
that their F atoms are within van der Waals contact with the
tetrazine C atoms of the bptz entities (by up to ~0.4 A shorter
than Y R g F---C = 3.17 A). The encapsulated anions occupy
the z-acidic cavities at optimal locations, which results in the
maximum number and strength of close directional F---C
contacts with all the central bptz rings. The F atoms of the
encapsulated anions are directly located over the more 7-acidic
tetrazine C atoms, establishing additive anion—ng or —m,
contacts with the metallacycle edges. The F---C distances and
the positioning of the anions with respect to the opposing
tetrazine rings at the polygon edges derived from the X-ray data
are in excellent agreement with the DFT calculations
performed on the optimized binary adducts C,N,R,-+[X]
C,N,R, (R =F, CN; [X]™ = [BF,] , [PF¢]"). Additionally, the
close contacts of the anions to the z-acidic rings in the solid
state were probed by ’F MAS NMR spectroscopy, which, to
our knowledge, is the first example of such studies. The Pg
MAS NMR resonances for the encapsulated anions, involved in
the anion—7 contacts, are shifted downfield by A§(*’F) ~ 3.5—
4.0 ppm as compared to the peripheral anions of the polygons;
these shifts correlate well with the fact that the anions are
engaged in noncovalent interactions in the solid state.

Evidence for anion-based templation in solution and the
instrumental role of the templating anions in favoring and
stabilizing Fe(II) metallacycles of specific nuclearities was
obtained by the application of NMR spectroscopy for the first
time. Notably, random Fe(1I)/bptz oligomers are formed in the
presence of non-templating anions (e.g, [CF;SO;]7), and self-
assembly of the respective closed polygons is not activated
unless the appropriate templating anions (e.g, [BF,]”, [AsF4],
[SbF¢]™) are added to the solution. We thus conclude with
confidence that the appropriate anions act as templates rather
than merely diffusing into preformed cagesgo’%’lu'né and that
they constitute an essential directing element in the polygon
self-assembly.

Additionally, interconversion solution studies between the
square and pentagonal Fe(Il) metallacycles in the presence of
excess amounts of the appropriate anions unearthed the fact
that the pentagonal structural units are remarkably stable. The
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relative order of stability was found to be [Feg(bptz)s-
(CH3CN) ] [PFqlig << [Fes(bptz)s(CH;CN),o][SbEg]yo <
[Fes(bptz)s(CH;CN) o] [AsF¢],0, which is in accord with the
anion sizes ([PF4]™ < [AsF4]™ < [SbF¢]™) and optimal cavity
size/anion—7x contacts. Apart from the 'H NMR evidence,
cyclic voltammetric and mass spectrometric studies firmly
established that the Fe(II) metallacycles remain as discrete,
stable, and intact entities in solution and form polygons of only
a single nuclearity in the presence of each anion. Moreover, the
electrochemical studies indicate that the z-acidity of the bound
bptz ligands is reduced, despite the electron donation to the
coordinated metal atoms, which is attributed to the anion—n
contacts with the encapsulated anions. The combined results of
all the aforementioned experiments provide strong corrobo-
ration for our contention that the Fe(Il) metallacycles are very
stable in solution and, in particular, that the pentagons are very
robust, which is remarkable, considering their inherent angle
strain as compared to the more commonly encountered square
motif. Finally, the low activation energies of encapsulation for
the anions (AG* ~ 50 kJ/mol), which are in the expected
energy range for anion—z interactions (~20—70 kJ/mol),
confirm that the anions in the s-acidic metallacycle cavities
studied herein engage in anion—7x contacts that drive the
formation of a particular polygon product.
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