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ABSTRACT: New metallomacrocycles composed of 2,2':6,2"-ter-
pyridine (tpy) ligands and Ru" or Fe"" transition metal ions were
prepared by stepwise directed assembly and characterized by 2D
diffusion NMR spectroscopy (DOSY), electrospray ionization travel-
ing wave ion mobility mass spectrometry (ESI TWIM MS), and
molecular modeling. The supramolecular polymers synthesized in-
clude a homonuclear all-Ru hexamer as well as heteronuclear hexamer 1l 4. 4 |
and nonamer with alternating Ru/Ru/Fe metal centers. ESI MS T TRE | giedeioinys
yields several charge states from each supramacromolecule. If ESTis  “« w« w o« v cw v v v v«

Molecular Modeling
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interfaced with TWIM MS, overlapping charge states and the

isomeric components of an individual charge state are separated based on their unique drift times through the TWIM region. From
experimentally measured drift times, collision cross-sections can be deduced. The collision cross-sections obtained for the
synthesized supramacromolecules are in good agreement with those predicted by molecular modeling for macrocyclic structures.
Similarly, the hydrodynamic radii of the synthesized complexes derived from 2D DOSY NMR experiments agree excellently with the
radii calculated for macrocyclic architectures, confirming the ESI TWIM MS finding. ESI TWIM MS and 2D DOSY NMR
spectroscopy provide an alternative approach for the structural analysis of supramolecules that are difficult or impossible to
crystallize, such as the large macrocyclic assemblies investigated. EST TWIM MS will be particularly valuable for the characterization
of supramolecular assemblies not available in the quantity or purity required for NMR studies.

B INTRODUCTION

The construction of supramolecular architectures via self-
assembly of designed building blocks has experienced significant
progress in the past two decades." The elegant work by Lehn,*®
Stang,9713 Fujita,”f21 Mirkin,”* ** and many others®> ?° has
demonstrated the importance of metal—ligand coordinative inter-
actions in the formation of such structures. Several successful
strategies have been developed for the sgrnthesis of metallo-
cycles with triangular,®®° rectangular,*~*" pentagonal,****
and hexagonal**~>° shapes. In contrast, only a few larger poly-
gonal structures have been synthesized,”' *° presumably be-
cause their formation is entropically disfavored. Stepwise
directed assembly can help to overcome this limitation, as
recently shown by Jiang and Lin, who succeeded in constructing
a family of larger metallocycles with kinetically inert Pt—alkynyl
linkages.>” Still, the synthesis of predetermined larger metallo-
cycles with rigid spacers remains challenging.

The characterization of large macrocycles poses an additional
challenge, because in many cases such substances do not readily
form single crystals suitable for X-ray crystallographic analysis. As a
result, NMR spectroscopy and electrospray ionization mass spectro-
metry (ESI MS) have become the principal analytical tools for the
determination of metallomacrocyclic structures.**~®* Under the
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mild, ambient conditions of ESI, weakly bonded organometallic
assemblies available in low quantity can be analyzed intact without
the need of extensive sample purification because of the high
sensitivity and dispersive nature of MS. This advantage is
compromised as the size of an assembly increases, causing the
production of isomeric structures with the same masses and
charges and, thus, indistinguishable by MS even at high resolution.
Moreover, ESI tends to form many, differently charged ions with
superimposed isotope clusters from the same macrocycle, which
hinders definitive assignment of the correct composition. As
recently shown,****"¢ these problems can be adequately ad-
dressed by interfacing ESI MS with ion mobility spectrometry
(IMS),%* %% which enables mass-, charge-, and shape-dependent
dispersion to thereby resolve isomers with distinct architectures as
well as deconvolute the isotope clusters of overlapping charge
distributions.

IMS and the closely related variant of traveling wave ion
mobility mass spectrometry (TWIM MS)*'~** may be viewed as
gas-phase ion chromatography methods, with the ion mobility
region being equivalent to the chromatographic column. In the
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ion mobility region, ions drift under the influence of an electric
field against a gas stream. The time needed for an ion to travel
through this region is dictated by its mass, charge, and shape and
can be converted to a collision cross-section that reflects these
critical structural parameters. Comparison of experimental cross-
sections with computationally predicted cross-sections obtained
for specific architectures, allows for identification of the precise
structure and geometry of the particular ions under study.
Analogous structure and size information can be obtained by
X-ray crystallography and 2D DOSY NMR experiments. Re-
cently, Bowers and co-workers combined drift cell IMS with
X-ray data and molecular modeling to characterize Pt-based
organometallic assemblies with square, triangular, and prismatic
geometries and masses up to ~5800 Da.%® Here, we report the
first combined TWIM MS, molecular modeling, and DOSY
NMR investigation on the architectures of new homo- and
heteronuclear metallomacrocycles having masses up to ~8500
Da and containing the <tpy—M' —tpy> connectivity, where tpy
=2,2":6,2"-terpyridine and M = Fe and Ru. These coordinatively
bound supramacromolecules were synthesized by stepwise self-
assembly procedures and include larger rings, viz., two hexamers
and one nonamer, for which no crystals have yet been obtained.
Both the synthesis and the characterization of these novel
macromolecules pose significant challenges. Our study examines
the agreement between the structures and sizes deduced from the
TWIM MS and NMR data to determine whether the MS-based
method is as suitable as the already established NMR approach
for the analysis of supramolecular architectures. As mentioned
above, an MS-based method is much less sensitive to impurities
and, hence, would significantly facilitate the characterization of
such supramacromolecules.

B EXPERIMENTAL SECTION

General Procedures. Reagents and solvents were purchased from
Sigma-Aldrich or Fisher. Thin layer chromatography (TLC) was
performed on flexible sheets (Baker-flex) precoated with Al,O3 (IB-F)
or SiO, (IB2-F) and visualized by UV light. Column chromatography
was conducted using basic Al,O3, Brockman Activity I (60—325 mesh),
or SiO, (60—200 mesh) from Fisher Scientific. UV—vis spectra were
recorded on a Chem2000 UV—vis spectrophotometer from Ocean
Optics, Inc. "H and *C NMR spectra were recorded on either a Varian
NMRS 500 or a Varian Mercury 300 NMR spectrometer at 25 °C; the
former instrument was also used to acquire the 2D DOSY NMR spectra.
The proteins used to calibrate the drift time scale in TWIM MS
experiments, in order to obtain collision cross-sections, were acquired
from Sigma-Aldrich. All purchased chemicals were used in the condition
received without further purification.

ESI MS and TWIM MS. Electrospray ionization (ESI) mass spectra
were acquired with a Waters Synapt HDMS quadrupole/time-of-flight
(Q/ToF) tandem mass spectrometer, following procedures described in
detail elsewhere.’® The TWIM MS experiments were performed with
the same instrument, using the following parameters (unless noted
otherwise): ESI capillary voltage, 1.5 kV; sample cone voltage, 15 V;
extraction cone voltage, 3.2 V; desolvation gas flow, 800 L/h (N,); trap
collision energy (CE), 2 eV; transfer CE, 1 eV; trap gas flow, 1.5 mL/min
(Ar); ion mobility cell gas flow, 22.7 mL/min (N,); sample flow rate,
S uL/min; source temperature, 30 °C; desolvation temperature, 40 °C;
IM traveling wave height, 12 V; and IM traveling wave velocity, 350 m/s.
The sprayed solution was prepared by dissolving ~0.3 mg of sample in
1 mL of a MeCN/MeOH (1:1, v/v) mixture. Data analyses were
conducted using the MassLynx 4.1 and DriftScope 2.1 programs
provided by Waters.

Collision Cross-Section Calibration. The drift time scale of the
TWIM MS experiments was converted to a collision cross-section scale
following the calibration procedure of Scrivens et al.®* Briefly, the
corrected collision cross-sections of the molecular ions of insulin
(bovine pancreas), ubiquitin (bovine red blood cells), and cytochrome
C (horse heart), obtained from published work,**®* were plotted against
the corrected drift times (arrival times) of the corresponding molecular
ions measured in TWIM MS experiments at the same traveling wave
velocity, traveling wave height, and ion mobility gas flow setting used for
the metallomacrocycles, viz. 350 m/s, 12 V, and 22.7 mL/min, respec-
tively. All well-characterized conformers observed within each charge
state of the calibrants were considered for the construction of the curve.

Molecular Modeling. Energy minimization of the macrocycles
and select linear isomers was carried out with the Materials Studio
version 4.2 program, using the Anneal and Geometry Optimization tasks
in the Forcite module (Accelrys Software, Inc.). The counterions were
omitted. An initially energy-minimized structure was subjected to
80—200 annealing cycles with initial and midcycle temperatures of
300 and 1400 K, twenty heating ramps per cycle, one thousand dynamics
steps per ramp, and one dynamics step per femtosecond. The tempera-
ture vs time dependence of the annealing process is shown in the plot of
Figure S7 (Supporting Information). A constant volume/constant
energy (NVE) ensemble was used, and the geometry was optimized
after each cycle. All geometry optimizations used a universal force field
with atom-based summation and cubic spline truncation for both the
electrostatic and van der Waals parameters.®® For each macrocycle and
linear structure, 80—200 candidate structures were selected for the
calculation of collision cross-sections by the DriftScope 2.1 program,
which uses the projection approximation method.*® Plotting the result-
ing cross-sections against the corresponding relative energies helps
to identify the families of conformers existing for each isomer
(Figures S8—S13, Supporting Information). The projection approxima-
tion model tends to underestimate the cross-sections, especially of large
ions, because it does not treat scattering phenomena properly and
neglects long-range interactions between the ions and the gas in the ion
mobility region. Therefore, the MOBCAL algorithm® was employed
to calculate collision cross-sections also by the exact hard sphere
scattering®® and trajectory® methods; both account for the details of
the scattering process, and the trajectory method also considers long-
range ion/gas interactions. In order to keep the computations tractable,
the latter two methods were applied to 10—15 structures of each isomer
and conformer, selected near the average structures found in the cross-
section vs relative energy plots constructed with the projection approx-
imation data (Figures S8—S13). It is worth noting that the Materials
Studio program permits geometry optimization and energy minimiza-
tion for both Fe" as well as Ru" complexes. On the other hand,
DriftScope 2.1 and MOBCAL are only parametrized for Fe''; however,
because the metal atoms are sequestered by the ligands, and mainly
hydrogen atoms on the surface of the complexes interact with the
nitrogen gas in the IM cell, the interaction parameters of F e can be used
to approximate the heavier Ru" centers in DriftScope 2.1 and MOBCAL
calculations.

MALDI-ToF Mass Spectrometry. MALDI-ToF MS measure-
ments were performed with a Bruker Ultraflex III ToF/ToF mass
spectrometer, equipped with a Nd:YAG laser emitting at a wavelength
of 355 nm. All spectra were measured in positive reflector mode.”® The
instrument was calibrated externally with a polystyrene standard prior to
each measurement. THF and trans-2-[3-(4-tert-butylphenyl)-2-methyl-
2-propenylidene]malononitrile (DCTB) served as solvent and matrix,
respectively. Solutions of the matrix in THF and the macrocycles in
MeOH/MeCN (1:1, v/v) were prepared at concentrations of 20
mg/mL and 5 mg/mL, respectively. Sample preparation involved
depositing 0.5 uL of matrix solution (20 mg/mL) on the wells of a
384-well ground-steel plate, allowing the spots to dry, depositing 0.5 4L of
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Scheme 1. Ru" Hexamer 3 and [Ru"—Ru"—Fe"], Macrocycles 4 (n = 2) and 5 (n = 3) Obtained by Self-Assembly of 2°
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“ Reagents and conditions: (a) RuCls-3H,0, EtOH, reflux, 12 h; (b) 1, N-ethylmorpholine, MeOH, reflux, 18 h; (c) RuCl,(DMSO),, MeOH, reflux,

2 days; (d) FeCl,-4H,0, MeOH, reflux, 18 h (each macrocycle isolated as the polyPF,~ salt).

each macrocycle (S mg/mL) on a spot of dry matrix, and adding another 0.5
UL of DCTB solution on top of the dry macrocycle (sandwich method).
Data analyses were conducted with Bruker’s flexAnalysis software.
3,5-Di(4’-terpyridinyl)anisole (1). To a stirred solution of
5-methoxyisophthalaldehyde® (5.0 g, 30.5 mmol) and 2-acetylpyridine
(15.5 g, 127.9 mmol) in EtOH (500 mL) was added a solution of NaOH
(6.1 g, 152.5 mmol) in H,O (15 mL). After the mixture was stirred at
25 °C for 2 h, aqueous NH,OH (255 mL, 28—30%) was added into the
mixture. After the mixture was refluxed for 20 h, the precipitate was
filtered, purified by column chromatography (AL, O3) using CHCl; as
eluent, and recrystallized from CHC13/ MeOH to give 1, as a white solid:
40¢g (23%), mp 242—244 °C; "H NMR (300 MHz, CDCls) 6 8.8 (4H,
s, PyH "5, 875 (4H, d, ] = 4.8 Hz, PyH®®"), 8.70 (4H, d, ] = 7.8 Hz,
PyH>>"),7.93—7.87 (SH, m, PyH**’ andArH4),750 (2H,d,J = 1.2 Hg,
ArH“) 7.39—7.34 (4H, m, PyH>*"), and 4.03 (3H, s, OCH;);
3C NMR (75 MHz, CDCl;) 8 160.9, 156.5, 156.3, 150.5, 149.4,
1412, 137.1, 124.1, 121.7, 119.6, 119.3, 113.9, and 56.1; high resolution
ESIMS (m/z) 571.2264 [M + H]" (caled m/z = 571.2246).
[Ruy(1)3(NOs),4] (2). Prepared according to literature methods:*
'"H NMR [500 MHz, CD;0D/CDCl; (1:1)] 6 9.46 (4H, s, PyH>"Y),
9.31 (4H, s,PyH3 ,9.01 (4H, d, ] = 80Hz,1>yH33 ),8.95 (4H,d,J =
8.0 Hz, PyH33 ), 8.88 (4H, s, free- -PyH>"), 8.75—8.73 (9H, m, ArH*,
free-PyH>* and free-PyH>"), 8.35 (2H, s, ArH*), 8.05—8.01 (14H, m,
ArH*®, free-PyH"" and PyH*""), 7.91 (2H, 5, ArH), 7.77 (2H, s, ArH),
7.61 (4H, d, ] = 5.0 Hz, PyH*®"), 7.50 (4H, dd, ] = 6.0 Hz, free-PyH>*"),
7.47 (4H, dd, ] = 5.5 Hz, PyH*®"), 7.36 (4H, dd, ] = 7.0 Hz, PyH>"),
7.29 (4H, dd, ] = 7.0 Hz, PyH>*"), 426 (3H, s, OCH}), and 4.16 (6H, s,
OCH,); *C NMR [125 MHz, CD;0D/CDCl; (1:1)] 8 162.5, 162.4,

159.2,158.9,156.9,156.7,156.5,156.3,153.1, 152.5, 150.5, 149.7, 149.5,
149.4,142.0, 140.4, 139.5, 139.4, 139.3, 138.7,129.0, 128.7, 126.3, 125.9,
125.4,123.2,123.0, 122.5, 121.1,119.8, 119.7, 115.9, 115.3, 115.1, 56.7,
and 56.5; ESIMS (m/z): 1019.2 [M — 2NO; ™~ ]** (caled m/z = 1019.2),
658.8 [M — 3NO; I** (caled m/z = 658.8), and 478.6 [M — 4NO; |+
(caled m/z = 478.6).

[Rue(1)6(PFs)12] (3). To a stirred solution of 2 (100.3 mg, 46.4
umol) in MeOH (800 mL) was added solid RuCl,(DMSO),** (23.6
mg, 48.7 umol). After being refluxed for 2 days, the solvent was
evaporated in vacuo to give a residue that was purified with column
chromatography (SiO,) using a H,O/MeCN/sat. KNOj3(,q) (1:12.5:1;
v/v/v) mixture as eluent; the counterion was subsequently exchanged by
adding a slight excess of methanolic NH,PF4 (1 M) to yield 3, as a red
solid: 29 mg, 22%; "H NMR (500 MHz, CD;CN) 0 9.24 (24H, s,
PyH>"'), 8.80 (24H, d, ] = 8.0 Hz, PyH>*"), 8.53 (6H, s, ArH"), 8.03
(12H, s, ArH*®), 8.00 (24H, dd, ] = 8.0 Hz, PyH"*"), 7.54 (24H, d, ] =
5.5 Hz, PyH*®"), 7.26 (24H, dd, ] = 7.0 Hz, PyH>*"), and 4.28 (18H, s,
OCH;); >*C NMR (125 MHz, CD;CN) 6 162.7, 159.3, 156.6, 153.6,
148.6, 1409, 139.2, 128.7, 125.8, 123.2, 121.1, 115.9, and 57.1; ESI
MS (m/z) 1297.7 [M — 4PF¢ |** (caled m/z = 1297.6), 1009.1
[M — SPFs °* (caled m/z = 1009.1), 816.7 [M — 6PFq ]°* (calced
m/z = 816.8), 679.3 [M — 7PFs |”* (caled m/z = 679.4), 5764 [M —
8PFs %" (caled m/z = 576.3),496.2 [M — 9PF¢~1°* (caled m/z = 496.2),
432.1 [M — 10PF 1'% (caled m/z = 432.1), 379.6 [M — 11PFs |'**
(caled m/z = 379.6), and 3359 [M — 12PF¢ ]'** (caled m/z = 3359).

Self-Assembly of 4 and 5. To a stirred solution of 2 (66.4 mg,
30.7 umol) in MeOH (250 mL) was slowly added a solution of
FeCl,-4H,0 (6.4 mg, 32.2 umol) in MeOH (S0 mL). After being
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Figure 1. Mass spectra and drift time distributions of 3, 4,and 5. (a) ESI (left) and MALDI (right) mass spectra of 3. (b) ESI mass spectrum of 4. (c) ESI
mass spectrum of 5. (d) Drift time distributions for the m/z ratio corresponding to the +5 charge state of 3, +5 charge state of 4, and +6 charge state of S.
The peaks at 1.45 ms, 1.44 ms, and 1.75 ms arise from the cyclic architectures; whereas, those at 2.25 ms, 1.99 ms, and 3.52 ms arise from the
correspondm§ linear isomers. (The minor peaks observed at the low-mass sides of the major peaks mainly arise from the loss of PFs from the PF4

counterions.

refluxed for 18 h, the solvent was evaporated in vacuo and the resultant
residue was subjected to column chromatography (SiO,) using a H,O/
MeCN/sat. KNOj(,q) (1:10:1; v/v/v) mixture as eluent to separate
macrocycles 4 (R¢ = 0.32) and 5 (R = 0.22). The NO; ™ counterions
were converted to PFs~ by treating the eluates with an excess of
methanolic NH,PF (1 M).

[RugFe,(1)s(PFg)12] (4). Yield 42.2 mg, 49%; "H NMR (500 MHz,
CD;CN) 6 942 (8H, s, PyH>), 9.28 (8H, s, PyH>""), 9.25 (8H, s,
PyH>"), 8.83—8.80 (16H, m, PyH>>), 8.77 (8H, d, ] = 8.5 Hg,
PyH>¥"), 8.64 (4H, s, ArH"), 8.54 (2H, s, ArH"), 8.14 (4H, s, ArH),
8.08 (4H, s, ArH), 8.04—7.96 (28H, m, ArH and PyH"*), 7.55 (16H, d,
J=S5.0Hz, PyH*®"),7.30 (8H, d, ] = 5.0 Hz, PyH*""), 7.26 (16H, dd, ] =
6.5 Hz, PyH>), 7.17 (8H, dd, ] = 6.5 Hz, PyH>"'), 431 (12H, s,
OCHj,), and 429 (6H, s, OCH;); *C NMR (125 MHz, CD;CN) o
162.9,162.8,161.6,159.3,159.2,156.8, 156.7, 154.2,153.6, 150.9, 148.7,
141.1,140.9, 140.8, 140.0,139.3, 128.8, 128.6,125.8,125.1, 123.3, 123.2,
1213, 1212, 116.3, 116.1, 116.0, 57.3, and 57.2; ESI MS (m/z) 1275.2
[M — 4PFs~ |* (caled m/z=1275.1),991.1 [M — SPEs~ ]°* (caled m/z =
991.1),801.7 [M — 6PF¢ ]°* (caled m/z = 801.8), 666.5 [M — 7PF¢ |7
(caled m/z = 666.5), 565.0 [M — 8PFs~ %* (calcd m/z = 565.1), 486.2
[M — 9PF¢ ™ 1°* (caled m/z = 486.2), 422.9 [M — 10PFs 1'% (calcd
m/z=422.9),371.4 [M — 11PFs """ (caled m/z = 371.5), and 328.4
[M — 12PF¢ 1"** (caled m/z = 328.4).

[RugFes(1)o(PFe)1g] (5). Yield 12.1 mg, 14%; 'H NMR (500 MHz,
CD;CN) 0 9.44 (12H, 5, PyH*" ),930 (12H;s, PyH>"),9.27 (12H, s,
PyH” 5), 8.85—8.82 (24H, m, PyH>), 8.79 (12H, d, ] = 8.0 Hz,
PyH33 ),8.72 (6H, s, ArH"), 8.61 (3H, s, ArH*), 8.15 (6H, s, ArH), 8.09
(6H, s, ArH), 8.05—7.97 (42H, m, ArH and PyH"*), 7.56 (24H, d, ] =
5.5 Hz, PyH*®"), 7.32 (12H, d, ] = 5.5 Hz, PyH*""), 7.28 (24H, dd,

J = 6.5 Hz, PyH>""), 7.18 (12H, dd, ] = 6.5 Hz, PyH>""), 4.31 (18H, 5,
OCHj,), and 4.28 (9H, s, OCH;); "*C NMR (75 MHz, CD;CN) 0
162.8,162.7,161.6,159.3,159.2,156.8,156.7, 154.2, 153.6, 150.8, 148.6,
141.0, 140.8, 140.7, 140.0, 139.3, 128.8, 128.6, 125.9, 125.1,123.2, 123.1,
120.8, 120.7, 116.5, 116.3, 116.2, 57.3, and 57.2; ESIMS (m/z) 1558.9
[M — SPF¢ °* (caled m/z = 1559.0), 1274.9 [M — 6PF¢ %" (caled
m/z = 1275.0), 1072.1 [M — 7PFs | (caled m/z = 1072.1), 920.0
[M — 8PFs |%* (caled m/z = 920.0), 801.7 [M — 9PFs |°* (calcd
m/z = 801.7), 706.9 [M — 10PFs ]'°* (caled m/z = 707.0), 629.6
[M — 11PFg "' (caled m/z = 629.5), 564.8 [M — 12PF4 |'**
(caled m/z = 565.0), 510.4 [M — 13PFs ]"** (caled m/z = 510.4),
463.5 [M — 14PFs |'** (caled m/z = 463.6),423.1 [M — 15PF¢ |'**
(caled m/z=423.1),and 387.6 [M — 16PF4 |'* (calcd m/z = 387.6).

B RESULTS AND DISCUSSION

The [Ru,(1);(NO;),] trimer 2 was prepared accordmg to
our previously reported procedure.** The full Ru" hexamer
(Scheme 1) was generated by refluxing a dilute solution (5.8 x
10> M) of 2 and 1.05 equiv of RuCl,(DMSO),** in methanol
for 2 days. After column chromatography (SiO,; eluent: H,O/
MeCN/sat. KNOs,q), 1:12.5:1v/v/v) and counterion exchange
(NO; ™ to PF4 ), the hexamer 3 was isolated in 22% yield. The
"H NMR spectrum (Figure S1b, Supporting Information) of 3
exhibits four sharp singlets at 9.24 (3/,5'-tpyHs), 8.53 (4-ArH),
8.03 (2,6-ArHs), and 4.28 (OCH3;) ppm supporting the presence
of the cyclic structure. In comparison with trimer 2 (Figure S1a),
an expected upfield shift for 6,6”-tpyHs of 3 from 8.74 to
7.54 ppm further confirms that the <tpy—Ru"—tpy> units are

11970 dx.doi.org/10.1021/ja107307u |J. Am. Chem. Soc. 2011, 133, 11967-11976



Journal of the American Chemical Society

] én+
6nPFg

1)
n
35
OMe

4(n=2)
b)

S(n=3)

) 95 9.0 85 8.0 ) 7.5 ’ 7.0 435 2.0

Chemical Shift (ppm)

Figure 2. 'H NMR spectra of (a) hexamer 4 and (b) nonamer 5. The peak marked by * is due to residual CHCl,.

now confined in a macrocycle. The hexagonal motif is further
corroborated by the three intense MALDI-ToF MS peaks
(Figure 1a, right) at m/z 5625.2 [M — PFs |* (caled m/z =
5625.3), 2739.9 [M — 2PFs ]** (caled m/z = 2739.7), and
1778.3 [M — 3PFs ** (caled m/z = 1778.5) and the six intense
ESI MS peaks (Figure 1a, left) at m/z 1297.7 [M — 4PFs |**
(caled m/z = 1297.6), 1009.1 [M — SPFs °* (caled m/z =
1009.1), 8167 [M — 6PFs 1 (caled m/z = 816.8), 679.3
[M — 7PFs 17" (caled m/z = 679.4), 576.4 [M — 8PF¢ |**
(caled m/z = 576.3), and 496.2 [M — 9PFs °* (caled m/z =
496.2). The isotope patterns of the +1 to +12 charge states
(Figure S2, Supporting Information) are in accord with the
calculated distributions. It is noteworthy that the intact hexamer
3 could not be detected in a é)revious MALDI-ToF MS study,
which utilized a nitrogen laser. ! Such lasers emit light of 337 nm,
which is strongly absorbed by 3—$ (Figure 3; vide infra), leading
to their destruction. In contrast, the absorptivity of 3—5 at
355 nm, i.e., the wavelength emitted by the currently used Nd:
YAG laser, is substantially reduced (vide infra), enabling their
observation by MALDI MS. Fragments of the hexamer 3 are
essentially absent in both the ESI as well as the MALDI mass
spectrum (Figure 1a), in agreement with the high stability of such
<tpy—RuH—tpy> connectivity.”>**

Reaction of [Ru,(1)5(NO3),] trimer 2 (Scheme 1) with 1.05
equiv of FeCl,+4H,0 in methanol at the reflux temperature for
18 h gave the heteronuclear [Ru"—Ru"—Fe"], macrocycles 4
(n = 2, hexamer) and § (n = 3, nonamer), which were isolated
by column chromatography (SiO,) using H,O/MeCN/sat.
KNO;(,q) (1:10:1; v/v/v), as eluent; the NO;~ counterions
were exchanged with PFs~ by adding a slight excess of metha-
nolic NH,PFs (1 M) to the eluate. After chromatographic
purification and counterion exchange, 4 and S were obtained
in yields of 49% and 14%, respectively. The "H NMR spectrum of

0.6~

Absorbance Intensity

—_— . -
300 350 400 450 500 550 600 650 70O
Wavelength (nm)

Figure 3. Absorption spectra of macrocycles 3,4, and § in dilute MeCN
(1.0 x 10°° M).

macrocycle 4 (Figure 2a) reveals three types of 3/,5'-tpyHs (0 =
9.42, 9.28, and 9.25 ppm) and two distinct singlets at 4.31 and
4.29 ppm in a 2:1 ratio for the methoxy groups bordered by
Ru/Fe and Ru/Ru, respectively. The [Ru'—Ru''—Fe"],
sequence in the cyclic structure also leads to five different singlets
at 8.64 (b-ArH), 8.54 (a-ArH), 8.14 (e-ArH), 8.08 (d-ArH), and
8.04 (c-ArH), which are confirmed by the weak meta couplings in
the 2D COSY NMR spectrum (Figure S3, Supporting In-
formation). The "H NMR spectrum of nonamer § (Figure 2b)
exhibits a similar pattern, but the signals of the terpyridine part
show a slight downfield shift relative to the corresponding signals
in 4, presumably because the extra metal centers in the larger ring
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result in added electron deficiency; moreover, in comparison
with hexamer 4, the benzene rings of nonamer 5 have more
conformational flexibility to avoid the shielding effect provided
by the adjacent pyridines, which causes its inner aromatic protons
(a- and b-ArHs in Figure 2) to shift further downfield (AJ = +0.08
and +0.07 ppm, respectively). The cyclic structure 4 is verified by
ESIMS (Figure 1b) with the peaks at m/z 1275.2, 991.1, 801.7,
666.5, 565.0, and 485.8, which agree well with its +4 to +9 charge
states, respectively; the corresponding isotope distributions of
4 are shown in Figure S4, Supporting Information. Similarly,
the ESI mass spectrum of § confirms the nonameric
[Ru"—Ru"—Fe'']; structure with ten intense signals represent-
ing multiply charged ions with +5 to +14 charges. Notably,
the isotope pattern observed for the highly charged
M — 16PF6_]16+ ion from nonamer $ is in good accordance
with the theoretical distribution (Figure SS, Supporting In-
formation). MALDI MS was also performed on 4 and 5, but
no intact macrocycles were observed due to the lower stability
of <tpy—Fe''—tpy> containing complexes under MALDI
conditions.”**

The UV—vis spectra of macrocycles 3—S5 in dilute MeCN
solution (Figure 3 , and Table S1, Supporting Information)
exhibit the expected absorption transitions. In the case of 3, the
peaks at 288 and 313 nm are attributed to ligand-centered (LC)
absorption and the peak at 494 nm to the metal-to-ligand charge-
transfer transition (MLCT) for Ru"" complexes.”® Macrocycles 4
and § give rise to the same bands plus the MLCT band of Fe"'
complexes, which is observed at 568 nm. Increasing the ring size
from hexamer 4 to nonamer S results in an increase in the molar
extinction coefficient of each absorption band (Table S1),
consistent with the corresponding increase in the number of
ligands and Fe''/Ru" metal centers in S.

The [M — SPF4 ]°* charge states of 3 and 4 (cf,, Figures S2
and S4, respectively) were selected for ion mobility separation
due to the low number of possible ligand/metal combinations at
their mass-to-charge ratios.’”* Two isomers are detected after
ion mobility separation for both 3 and 4 (Figure 1d). Numerous
IMS and TWIM MS studies have demonstrated that flexible,
extended structures drift more slowly during ion mobility
separation (due to collisions with the buffer gas) than compact,
less flexible architectures.’ % Our recent TWIM MS study of
self-assembled Cd" macrocycles confirmed this trend.*® On the
basis of these facts, the strong signals with shorter drift times, viz.,
1.4S5 and 1.44 ms, are assigned to the expected cyclic structures
and the weak signals with the longer drift times, viz., 2.25 and
1.99 ms, to ring-opened isomers, which might be generated in the
ESI process or during ion mobility separation, as they are not
observed in the NMR experiments (vide supra). Ion mobility
analysis has also been performed on the [M — 6PF4 ]°* ions
from §; it yields signals at 1.75 and 3.52 ms (Figure 1d) which,
according to the foregoing discussion, must correspond to cyclic
and ring-opened isomers, respectively.

Molecular modeling reveals that the hexameric macrocycles 3
and 4 have consistently circular (O-shaped) conformations,
while the larger nonameric macrocycle $ can exist in circular
(O-shaped) as well as twisted (8-shaped) conformations, with
the former being more probable (Figure S10, Supporting In-
formation). For the linear isomers of 3—S5, molecular modeling
predicts mainly extended conformations, but there is also a small
fraction of compact, ring-like conformers which is most densely
populated for the larger complex S (see Figures S11—S13,
Supporting Information). The chain ends of the compact linear

conformers are in close proximity, which should facilitate ring-
closure to the thermodynamically more stable macrocyclic iso-
mers. Any remaining compact linear conformers would drift
together with the macrocyclic species because of their very
similar shapes and, hence, could be present as minor components
in the ion populations giving rise to the TWIM signals at 1.45,
1.44, and 1.75 ms.%

From the drift times of [M — SPF¢ ]** and [M — 6PFs %,
experimental collision cross-sections (CCSs) can be derived by
calibrating the drift time scale of our TWIM device, as has been
reported.”*** The calibration curve (Figure $6) was built by the
procedure of Scrivens et al,® using insulin, ubiquitin, and cytochrome
C as calibrants; the CCSs of several charge states of these
proteins have been established by drift cell IMS.**~®% The cali-
bration curve constructed (Figure S6) was tested with lysozyme,
for which cross-sectional data acquired by drift cell IMS are also
available.*® The cross-sections of lysozyme ions obtained from
the calibration curve matched within 2% those measured by
conventional IMS (see Supporting Information), indicating that
the traveling wave does not induce significant conformational
changes in the protein calibrants’® and that TWIM MS can
provide correct cross-sections.

Our calibration curve (Figure S6) leads to the experimental
collision cross-section listed in Table 1. The theoretical collision
cross-sections obtained by the trajectory method, which treats
most rigorously the collision process between ions and buffer gas
in the ion mobility region,”” are included in Table 1. There is fair
agreement (within 12—13%) between the experimental and
calculated CCSs for the hexameric macrocycles 3 and 4, as well
as between the experimental CCS of the macrocyclic nonamer §
and the CCS calculated for a mixture of cyclic O-shaped and
8-shaped $. The measured values lie, however, consistently below
the calculated values (by 12—13%); this difference is attributed
to the omission of the PF¢~ counterions in the calculations (vide
infra for the reason of the omission). Recent TWIM MS studies
on protein complexes” and oligosaccharides” have provided
strong evidence that the addition of counterions to compact
(globular) structures leads to increased compactness and de-
creased collision cross-sections. In the same vein, adding PF¢
anions to macrocyclic 3—S$ should promote ring contraction to a
more stable structure due to a reduction in like-charge repulsions,
resulting from the development of attractive electrostatic inter-
actions between the PF4™ units and the positive Fe and/or Ru
centers.

The experimental collision cross-sections of the more slowly
drifting, less compact components of 3—5 (Table 1) are mark-
edly larger than those of the macrocycles. Particularly large is the
difference between the CCSs of linear 5 and cyclic §, resulting
in a considerable difference in the drift times of these isomers
(cf,, Figure 1d). The measured collision cross-sections of the less
compact components of 3—5 are in reasonable agreement
(within 3—10%) with the cross-sections predicted by theory
for extended linear architectures; nevertheless, the measured
CCSs are now consistently higher (by 3—10%) than the calcu-
lated CCSs. Also this trend can be accounted for by the omission
of counterions in the calculations. The inclusion of counterions
in protein complexes has been shown to increase their stabilities
and to cause their partially denatured (and, hence, extended)
conformations to become more extended;”® an analogous action
by the PFs  counterions reconciles the slightly larger CCSs
measured for ring-opened 3—S$ than predicted by theory for
linear structures without any PF4 ™.
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Table 1. Collision Cross-Sections of Metallomacrocycles
3—S5 and Their Linear Isomers

cross-section (caled) [A%]”

drift time ~ cross-section
complex  (exp) [ms]  (exp) [A*]* architecture TJ
3 (5+) 1.45 cyclic 766 cyclic 874 (16)
2.25 linear 1038 linear, extended 945 (39)
linear, compact 804 (22)
4 (5+) 1.44 cyclic 760 cyclic 878 (14)
1.99 linear 978 linear, extended 950 (34)
linear, compact 802 (20)
S (6+) 1.75 cyclic 1081 cyclic, O-shaped 1305 (35)*
cyclic, 8-shaped 1142 (28)*
3.52 linear 1464 linear, extended 1362 (40)
linear, compact 1191 (44)

“ Obtained by calibrating the drift time scale of the TWIM device with
standards of known cross-sectional data (calibration plot shown in
Figure $6).%° ? Obtained from the energy-minimized structures deduced
computationally using the trajectory (TJ) method of the MOBCAL
program (see Experimental Section). The numbers in parentheses are
the corresponding standard deviations. See Table S2 for collision cross-
sections obtained using the less rigorous projection apprommatlon (PA)
and exact hard sphere scattering (EHSS) methods. ?The average
collision cross-section of both macrocyclic architectures is 1224 A%

The forgoing discussion underscores that counteranions can
affect subtly, yet measurably, the shapes and collision cross-
sections of organometallic supramacromolecules; however,
X-ray studies by several groups have documented that they are
highly disordered within the crystal lattice and difficult to locate
accurately even in relatively small self-assemblies.>>"#!>1719301%0
Furthermore, counterions may readily dissociate during the
heating process in molecular mechanics/dynamics calculations.
For this reason, counterions have generally been omitted in the
molecular modeling of supramolecules.'''*' Attempting to
position them arbitrarily in the cavities or periphery of 3—5 until
a structure is found that matches the experimentally observed
CCSs is not practical with the sizes of 3—35, which carry seven to
twelve counterions in the charge states examined (Table 1). More
information about how the PF4 anions might affect macrocyclic
architectures was therefore sought by a tandem mass spectro-
metry (MS?) experiment on triply charged 3, which contains nine
PFs  counterions. Collisionally activated dissociation (CAD) of
mass-selected 3 causes the consecutive eliminations of PFs
molecules (cf,, Figure S14, Supporting Information); in this
process, the PFs~ counterions (145 Da) are converted to F
(19 Da). TWIM separation of the fragments shows that they
have essentially the same drift time as triply charged 3 (Figure
S14). Clearly, the size of the counterions does not measurably
influence the collision cross-sections of large supramolecular
assemblies. Hence, it must be their charge that causes the CCS
changes discussed above. We will address this issue in detail in a
new study concerning metallomacrocycles of many different sizes
(up to decamer).

As mentioned earlier, the observation of intact hexameric (cyclic
or linear) ions only in the MALDI mass spectrum of 3 indicates a
stronger coordlnatlve bonding in the <tpy—Ru''—tpy> than the
<tpy—Fe"—tpy> connectivity. The TWIM results provide more
details about the relative stabilities of the three macrocycles.
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Figure 4. 2D DOSY NMR spectra of (a) hexamer 3, (b) hexamer 4,
and (c) nonamer §.

Comparison of the relative intensities of the cyclic and extended
linear components of hexamers 3 and 4, Figure 1d, reveals that ca.
3.4% of the homonuclear macrocycle 3 ring-opened during ESI or
ion mobility separation under the 1nstrumental settings used In
contrast, heteronuclear 4, which carries four Ru™ and two Fe™ ions,
shows a higher amount (ca. 24%) of ring-opened isomer. Notably,
an even higher fraction of nonamer $ (ca. 36%) is converted to the
linear isomer under the same conditions, consistent with the
presence of more of the less stable <tpy—Fe—tpy> moieties
(three) in this macrocyclic complex. Note that the percentages of
linear structures given should be considered as lower limits, as any
ring-like linear structures formed would overlap with the macro-
cyclic architectures. According to the modeling data, however, the
population of ring-like linear conformers is much smaller than the
population of extended linear conformers, especially for 3 and 4
(cf, Flgures Sll S13). Hence, the conclusion that a larger number
of <tpy—Fe"'—tpy> units in the macrocycle increases the efficiency
of ring-opening remains valid. Ring-opening could occur while the
ions travel through the lenses connecting the ESI source with the
mass analyzers and/or in the TWIM region due to the internal
energy imparted by the traveling wave during ion mobility
separations;>”° irrespective of the cause, the extent of such
reactions unveils insight about the intrinsic stabilities and reactiv-
ities of the systems being separated.

The lens and traveling wave parameters used to acquire the
discussed TWIM data (see Experimental Section) maximized the
sensitivity; however, parameters that sharply minimize isomer-
ization and dissociation of the ions en route from the ion source
to the detector can also be selected, at the expense of sensitivity.
This is demonstrated for complex 3 in Figure S15; under mild
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Table 2. Diffusion Coeflicients, Hydrodynamic Radii, and Modeled Radii of Metallomacrocycles 3—5

complex rcs (exp) [nm]” D[10 " m?']® ru (exp) [nm]°
3 1.56 4.57 1.30
4 1.56 4.51 1.32
S 1.85 331 1.80

Finner (calcd) [nm]? outer (calcd) [nm]? Fmean (caled) [nm]?

0.98 177 1.38
0.94 1.74 1.34
147 2.31 1.89

“rcs (exp) is the radius of a circular area equal to the experimental collision cross-section; rcs (exp) = [cross-section (exp)/7] 05 b Diffusion coefficient,
deduced from the 2D DOSY NMR experiments conducted in CD;CN at 298 K. “ Hydrodynamic radii calculated via the Stokes—Einstein equation D =
ksT/67nry (kg, Boltzmann constant; T, absolute temperature; 77 = 0.367 mPa-s, viscosity of CD;CN at 298 K).'® I Radii ey and royeer calculated

from the energy-minimized structures; fmean = (Finner + Touter)/2-

ESI and TWIM conditions, the drift time distributions of charge
states 3+ to 7+ show only one sharp peak, arising from the
macrocyclic architecture (cf,, Figure S15). This result provides
further evidence that the metallomacrocycles studied can survive
intact while traveling from the ambient conditions of the ESI
source to the vacuum system of the mass spectrometer and
through the TWIM region.

2D DOSY NMR spectroscopy has been widely used to
characterize supramacromolecules and monitor self-assembly
processes by correlating chemical resonances to diffusion coeffi-
cients in solution.'”" The DOSY NMR spectra of macrocycles 3,
4, and § (Figure 4) unambiguously reveal the presence of only
one species in solution for each substance. The experimental
diftusion coeflicients derived from spectra measured in CD;CN
at 298 K are 4.57 x 107", 4.51 x 107'°,and 3.31x 10~ m?*/s
for complexes 3, 4, and §, respectively. For each complex, the
experimental hydrodynamic radius (rg), calculated via the
Stokes—Einstein equation, agrees very well with the mean value
of the inner and outer radii obtained from the respective energy-
minimized macrocyclic structure (Table 2). Thus, the 2D DOSY
NMR and TWIM MS are in concert, with both methods
providing clear evidence that the self-assembled complexes 3,
4, and S have cyclic architectures. Note that ry should not be
used to calculate collision cross-sections; ry represents the radius
of a hard sphere that diffuses at the same rate as the species
examined. For not perfectly spherical species, ry is smaller than
the effective or rotational radius (established by rotation about
the species’ geometric center).'> On the other hand, a collision
cross-section, and the radius calculated from it (rcg), describe an
area involving an ion-neutral complex, which is associated with a
radius larger than ry, as confirmed by the data in Table 2.

B CONCLUSIONS

A series of homo- and heteronuclear metallomacrocycles with
<tpy—M"—tpy> (M = Fe or Ru) connectivity has been synthe-
sized and characterized by NMR spectroscopy and mass spectro-
metry. The successful generation of a nonamer, which is most
likely derived from the initially formed kinetic products, demon-
strates the feasibility of synthesizing larger rings through the use
of longer linear oligomers. In the size characterization, both the
solution-phase hydrodynamic radii obtained by DOSY NMR and
the gas-phase cross-sections acquired from TWIM MS agreed
reasonably well with the values predicted computationally for the
macrocyclic architectures. Considering the difficulty of single
crystal growth, ion mobility mass spectrometry and diffusion
NMR offer an alternative approach for the characterization of
supramacromolecules. Because of the dispersive nature and high
sensitivity of MS-based analyses, ion mobility mass spectrometry
could become a crucial tool for the unambiguous characterization
of supramolecular structure and size, especially if highly purified

samples or ample sample amounts, as generally necessary for
NMR studies, are not available.
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