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We present a variable-temperature NMR study of the conformational behavior of homo- and heteroleptic yttrium(Ill)
triple-decker complexes containing butoxy- and 15-crown-5-substituted phthalocyanine ligands Y,[(BuQ)gPcl; and
[(BuO)gPc]Y[(BuO)sPc]Y[(15C5),Pc] in dichloromethane. In the homoleptic complex, the adjacent BuO-substituted
ligands form gauche conformers, which undergo interconversion due to rapid rotation around the C, axis. In contrast, in
the heteroleptic complex, the inner BuO- and the outer 15C5-substituted ligands are in the staggered conformation;
moreover, such an arrangement of the ligands has been shown to decrease the rotation rate of the outer BuO-substituted
ligand. This allowed to find the coalescence temperature (223 K) and to determine the activation energy E, (57.743.4
kJ/mol) and other thermodynamic properties of the ligand rotation in the heteroleptic complex. These conclusions were
supported by DFT GIAO calculations. The obtained results will be useful for further characterization of magnetic
properties of paramagnetic analogues of the synthesized complexes using VI-NMR spectroscopy.

Keywords: Triple-decker complex, phthalocyanine, variable temperature NMR, GIAO approximation, conformation,
intramolecular rotation.
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C ucnonvsosanuem cnekmpockonuu SAMP npu nepemennoti memnepamype nposeoeHo ucciedo8amue Konpopmayu-
OHHO20 NOBEOCHUSl 20MO- U 2eMEPOTIeNMUYECKUX mpexnanyonvix komniexcos ummpusi(1ll), cooepacawux 6ymokcu- u
15-kpayn-5-3amewgennvie pmanoyuanunosvie aueanovl Y [(BuO)gPcl; u [(BuO)sPc]Y[(BuO)sPc]Y[(15C5),Pc] &
ouxnopmemane. B smux xomnnexcax cocednue BuO-3amewjennvie nueanovl HAX00AMCA 8 CKOUWEHHbIX KOHQpopma-
Yusix, nepexoosuux opye 6 opyea 3a ciem Obicmpo2eo 8paujeHust 1ueanoos goxkpye ocu cummempuu Cy B eemeponen-
muueckom xomniexce enympennutl BuO- u enewnuii 15C5-3amewyennvlii aueanovl HAXO0SAMCA 8 3AMOPMOI’CEHHOU
KOHGhopmayuu, u ObLI0 NOKA3AHO, YO MAKOe PACHON0NCEHUEe MAKPOYUKIO8 YMEeHbLden CKOPOCb 8PalyeHusl GHeUl-
neco BuO-3amewennoco aueanoa. Imo no3eoauno Haumu memnepamypy xoanecyenyuu (223 K) u onpedearums suep-
euro akmueayuu E, (57.743.4 x/loc/mons) u Opyeue mepmoouHamuieckue Xapakmepucmuky epaujeHus pmanoyua-
HUHOB020 U2aHOa 8 2emepoienmuyeckom Komniekce. IlonyyenHvle 66160061 ObLIU NOOMBEPIHCOCHBL PACHEMAMU C
UCnoab308anuem meopuu Qyukyuonaia niomuocmu 6 npuoaudicenuu GIAQ. Pesyrsmamul pabomel 6y0ym noaesHvl
oA OanvHeuulell XapaKxmepuzayuu MazHUMHsIX C80UCME NAPAMASHUMHbBIX AHAN0208 CUHMESUPOBAHHBIX KOMNIEKCO8
¢ nomowvio cnekmpockonuu AMP.

Karouesbie cioBa: TpexnanyOHblii koMIuieke, ¢pranonnanud, SIMP npu nepemenHoii Temneparype, mpuobImKeHue
GIAO, xonhopmaiysi, BHyTPUMOJIEKYJIIPHOE BpaIllCHHE.
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Introduction

Controlling molecular motion is the key to the
development of molecular machines, which are expected to
form the basis of future advanced nanotechnologies."
Typically, two types of such motion are considered — either
gliding of molecular components with respect to each
other,” or rotation of components around certain axes."”! The
interest in molecular rotation has led to elaboration of various
rotors, toppers, brakes, turnstiles, propellers, and gears.

Sandwich complexes with macrocyclic ligands are
among the most prominent components of molecular
rotors, where rotation occurs around the coordinating
metal center.'**! For example, this principle guided the
design of allosteric receptors based on p-oxo-diiron(III)!*!
and cerium(IV)!"! bisporphyrinates for the recognition of
chiral molecules. Another example is the family of
heteroleptic ~ crown-substituted  trisphthalocyaninates
[(15C5)4Pc]M*[(15C5),Pc]M(Pc) (M, M* = Tb, Y), which
can bind potassium cations via their intercalation between the
crown-ether rings of the adjacent decks.”® This switches the
twist angle between the crown-substituted ligands from 45 to
0°, which affects the symmetry of the coordination
polyhedron of the M* metal center. When the paramagnetic
Tb" cation is inserted into this site, the axial component of
the magnetic susceptibility tensor is greatly enhanced, which
is important for the design of magnetic materials.”'"

Analogous enhancement of axial anisotropy was obser-
ved for heteroleptic [(BuO)sPc]M[(BuO)sPc]M*[(15C5)4Pc]
M, M* = Tb, Y) complexes — their fragments
“M[(BuO)sPc], switched between the staggered and
gauche conformations upon changing the solvent from
aromatic toluene to aliphatic dichloromethane and chloro-
form."" In contrast, the “[(BuO)sPc]M*[(15C5),Pc]”
fragment was conformationally invariant and remained in
the staggered form in both types of solvents. This behavior
was explained by the stabilization of certain conformers by
specific solvation, including the formation of hydrogen
bonds with crown-ether substituents which blocked the
arrangement of the neighboring ligand. Detailed analysis of
NMR evidenced that X-ray structural data can be safely
extrapolated to the behavior in solutions.

In the present work, we aimed to gain deeper insight
into the rotational behavior of the triple-decker complex
[(BuO)sPc]Y[(BuO)sPc]Y[(15C5),Pc] (Figure 1la) by
means of variable temperature "H NMR spectroscopy.

Results and Discussion

For brevity, the butoxy- and crown-substituted ligands
are henceforth referred to as [B4] and [Cy4], where the letters
"B" and "C" stand for BuO- and 15C5-substituted phthalic
units in the phthalocyanine rings, respectively, so that in
this notation the target complexes will be referred to as
[BJY[B4] Y[C4l.

The interest in a detailed characterization of the
rotational dynamics of [B4]Y[B4]Y[C4] has arisen first of
all from the discrepancy between its UV-vis and '"H NMR
spectra in halogenated alkanes. For example, the UV-vis
spectrum of the title compound in dichloromethane shows
the strongly broadened Q-band with multiple inflexions on
both the short and long wavelength sides (Figure 1b), which
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is typical for sandwich complexes existing in gauche
conformations in solution.">"¥ In contrast, the "H NMR
spectrum in CD,Cl, demonstrates that all aromatic protons
of each type of phthalocyanine ligand are equivalent; i.e.,
the complex molecules turns out to be highly symmetric
(Figure 1c). This contradicts the distorted shape of the
molecule, where four aromatic protons of the outer BuO-
substituted ligand are expected to be located above the
benzene rings of the inner ligand and vice versa (Figure
1d,e), which should result in their shielding with respect to
the other four protons that are located above the gap
between the benzene rings.

The apparent symmetrization of the 'HNMR
spectrum could result from the exchange between two
gauche conformers due to the fast rotation of the ligands
around the C, symmetry axis (Figure lc). Therefore, we
used variable temperature NMR spectroscopy in the range
of 293-193 K to see if the rotation could be slowed down
on the NMR time scale and determine its thermodynamic
characteristics

Indeed, cooling the sample resulted in a gradual
broadening of the resonance signals of the aromatic protons
of the butoxy-substituted ligands bHp.” and bHp.’, with their
disappearance at 223 K (Figure 2a). Further cooling
resulted in the appearance of four signals whose shapes and
positions stabilized by reaching the temperature of 193 K.
The maximum separation &v between the pairs of
exchanging resonances corresponding to the outer and inner
BuO-substituted decks achieved at low-temperatures was
517 and 665 Hz, respectively.

In contrast, the broadening of the resonance signal of
cHp.” was much less pronounced and its signal was
observed in the whole temperature range. Overall, the
spectra below 213 K corresponded to those expected for the
molecule in which the [B,]Y[B,] fragment is in the gauche
conformation and [B4]Y[C,] is in the staggered form.

These results are in general agreement with DFT
calculations (Figure 2b) performed to estimate the chemical
shifts of aromatic protons in the model complex Y,[Myls,
where two pairs of adjacent octamethoxy-substituted
phthalocyanine ligands are in staggered and gauche
conformations (Figure 3). This model was constructed from
the X-ray data for the solvate [B4]Y[B4]Y[C4]-10CH,Cl, by
removing the solvate molecules, truncating the substituents to
leave only methyl groups proximal to the Pc ligands, and
optimizing the positions of the hydrogen atoms using the
semiempirical PM6-DH2X method"* on MOPAC2016."!
This procedure allowed all the structural features of the
macrocyclic core to be retained for further calculations.

The isotropic chemical shielding o for the thus
obtained geometry was calculated using the gauge-
independent atomic orbital (GIAO)""® method implemented
in the ORCA 5.0.3 package!'” with TPSS functional,!'®
pcSseg-2 basis set for light elements!"”*” and LANL2
effective core potential for yttrium,*"! followed by
averaging the obtained values for the chemically equivalent
protons. The calculation of o for tetramethylsilane (TMS)
was performed at the same level of theory, so subtracting
the shielding of the complex protons from ¢™* allowed us
to calculate the required chemical shifts, and their
comparison with the experiment demonstrated the perfect
agreement between these values, assuming certain
simplifications of the computational model.
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Figure 1. (a) — The heteroleptic trisphthalocyaninate [B4] Y[B4] Y[C,] studied here with labeling of the protons used to assign the 'H NMR spectra.
(b)— UV-Vis spectrum of the complex in dichloromethane. (c) — 'H NMR spectrum of the complex in CD,Cl, acquired at 293 K. (d) — Top view
of the [B4]Y[B,] fragment in the gauche conformation, explaining the difference in the chemical environment of protons located above the
underlying benzene ring (highlighted with a green ball) or above the gap between the benzene rings and the exchange between these positions due

to switching between the conformers. (e) — Top view of the [B4]Y[C,] fragment in the staggered conformation explaining the equivalence of
aromatic protons of the [C,] ligand.
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Figure 2. (a) — Evolution of the aromatic part of "H NMR spectra of [B4]Y[B4] Y[C4] in CD,Cl, upon cooling from 293 to 193 K. (b) — Correlation

between the experimental "H NMR spectra of [B] Y[B4] Y[Cy4] in CD,Cl,at 293 and 193 K and the chemical shifts for the model complex Y,[M,];

calculated at the DFT TPSS/pcSseg-2 level using the GIAO method. Dotted lines show the least-squares fits between the calculated 8°° and the
experimental 8™ chemical shifts.
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Native X-ray structure of [B,]Y[B,]Y[C,]-10CH,CI,

1. Removal of solvent molecules
2. Truncation of substituents to MeO-groups
3. Optimization of hydrogen atoms positions

Model structure 'YZ[M4]3 for DFT CIAO calculations

Figure 3. Constructing the model molecule Y,[My]; for DFT GIAO calculations.

For the further analysis, the resonance of the outer
[B4] ligand is used as its signals can do not overlap with any
other resonances, which facilitates the measurements of
their characteristics.

The barrier corresponding to the rotation of the
ligands in the [B4]Y[B,4] fragment was calculated using the
Arrhenius dependency of the chemical exchange constant k
vs. the reciprocal temperature, equation (1):

k =Kk, - exp (—%) (1

Here, T — temperature in K, ky — frequency factor, R —
universal gas constant (8.31J mol™ K™).

The exchange constants were calculated using the
well-documented approach®*! at the regions of fast
exchange [298-233 K, equation (2)], coalescence point [T,
223 K, equation (3)] and slow exchange [213-193 K,
equation (4)]:

his sv?
Kest = 3" 200l )
k, = 55\; 3)
kslow = H(AUE - ASI/E (4)

Here, dv is the separation between the exchanging
resonances at the low temperature limit; A/, - half-width of
the resonance signal at the given temperature, Af 2 and A7
are half-widths of the resonance signal at the high and low
temperature limits. All values are used in Hz.

Thus, plotting In(k) vs. 1/T throughout the studied
temperature range afforded a straight line with the slope
allowing to find the activation energy £, of 57.7+3.4 kJ/mol
(Figure 4a).
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Further analysis of the available data was performed
using the Eyring equation (5) which allowed to find the free
energy of activation AG™ at the coalescence temperature,
equal to 41.1 kJ mol™.**! Plotting In(K/T) vs. T allowed us
to determine its enthalpic (57.1£1.2 kJ/mol) and entropic
(71.8+4.7 T mol™ K" contributions (Figure 4b).

o en(-5) ®

() = -4 5 (1) ©

Here, Ky and h are Boltzmann and Plank constants,
respectively.

Interestingly, the found AG” at T, for the heteroleptic
yttrium(III) trisphthalocyaninate perfectly matches the
value of AG” 40.5 kJ/mol which was previously found for
the siloxane dimer (u-O)[(OctO)gPcSi-OSiMe,tBu], also
existing in the gauche state in dichloromethane.*”!
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Figure 4. Analysis of VT-NMR data using the logarithmic forms
of Arrhenius equation (a) and Eyring equation (b).

153



Conformational Dynamics of Yttrium(III) Tris-Phthalocyaninates

OBu 204

(@) B bHe.’ OBu (b)
[Bal° Bu 353

™ Wiil e
BuoB / \/ \
‘Si‘i /7 g

" ‘%/ E\T p— .

10%¢, L mol" ecm™
= -
o [$)]
;
N
o
w

o
o
1

() CHS

He, 3 CHj

643 e
Hi, 1hA242 212938
303K

547

BUO N——\/~ 300 400 500 600 700 800 900 9 8 4 3 2 1

BuO

Bu Wavelength, nm Chemical shift, ppm

Figure 5. (a) — The homoleptic trisphthalocyaninate Y,[By]; studied here, with labeling of the protons used for the assignment of its 'H
NMR spectrum. (b) — UV-vis spectrum of the complex in CH,Cl,. (¢) — VT NMR spectrum of the complex in CD,Cl,.

For comparison, we studied the conformational
behavior of the homoleptic complex Y,[By4]s, whose UV-vis
spectrum also shows that both pairs of adjacent ligands are
in gauche conformations (Figure 5).'” However, no
coalescence was observed in the VT NMR spectra of this
complex in CD,Cl, upon cooling the sample to 205 K, only
a broadening of the signals was observed. Thus, the rotation
of the ligands in this complex was fast on the NMR time
scale over the entire temperature range.

The analysis of the available X-ray structures of
homoleptic ~ BuO-substituted  triple-deckers ~ M,[By];
obtained from dichloromethane solutions (M = Tb,*® Gd or
Gd/Y™™) is evidence that these complexes do not form any
solvates with this solvent; thus, there are no factors which
can hinder ligand rotation in the solution state which is in
line with the experimental data obtained herein from VT-
NMR spectroscopy.

To the contrast, in the heteroleptic complex
[B4]Y[B4]Y[C4] dichloromethane molecules are bound
with the 15-crown-5 macrocycles in the crystalline phase,
affecting the intramolecular mobility of the inner [By]
ligand (Figure 3);'"! however, the solvate molecules do not
interact with the outer [B,4] ligand. Thus, we can conclude
that complexes of this type can be considered the allosteric
receptor where the information about the conformational
state of the [B4]Y[C4] site is efficiently transferred to the
[B4]Y[B4] site.

Apart from the fundamental interest in the study of
intramolecular rotation, the data obtained will be useful for
further studies of the paramagnetic analogues of the
synthesized complexes aimed at revealing the correlations
between the coordination environment of the lanthanide
ions and their magnetic properties.

Experimental

Synthesis of the complexes [B4]Y[B4]Y[C4] and Y,[By4ls
was reported previously.!''"¥ UV—Vis spectra in the range of 250—
900 nm were measured using a JASCO V-770 spectrophotometer
in quartz cells with 0.5-1 cm optical path. NMR spectra were
recorded on a Bruker Avance III spectrometer with 600 MHz
proton frequency at the required temperature with the use of the
residual solvent resonances as internal references (dichloro-
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methane 5.32 ppm). Spectra were assigned using 'H-'H COSY,
NOESY and 'H-*C HSQC.

Homoleptic complex Y,[B ] 1H_NMR (600 MHz, dichloro-

methane-d,, 303 K) & 8.37 (s, 8H, Hp,'), 8.00 (s, 16H, Hp"), 4.89
(q,/=6.0 Hz, 16H, 1Y), 4.62 (q, J = 6.4 Hz, 16H, 1°),4.32 (q, J =
6.6 Hz, 16H, 17), 2.55 (m, 16H, 2'), 2.17 (m, 48H, 3" and 2°), 1.83
(m, 32H, 3°), 1.54 (t, J = 7.3 Hz, 24H, CH3'), 1.23 (t, J = 7.3 Hz,
48H, CH;°).
Heteroleptic complex [BJY[BJY[C,J;: 'H NMR (600 MHz,
dichloromethane-d,, 293 K) & 8.41 (s, 8H, bHp), 7.97 (s, 8H,
cHp,"), 7.84 (s, 8H, bHp.°), 4.95 (q, ] = 5.5 Hz, 8H, 1°), 4.77
(q, J=6.0 Hz, 8H, 1™, 4.65 (q, ] = 5.8 Hz, 8H, 1°), 4.59 (t, ] = 7.9 Hz,
8H, o), 4.38 (br s, 8H, 0°*), 4.27 (g, ] = 6.2 Hz, 8H, 1°’), 3.99 (m,
16H, B*°’), 4.02-3.50 (br m, 32H, y *** and § **), 2.49 (m, 16H,
2", 2.13 (m, 32H, 3'and 2°), 1.78 (m, 16H, 3"), 1.46 (t, J = 7.3 Hz,
24H, CH3"), 1.19 (t, J = 7.3 Hz, 24H, CH;°).
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