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ABSTRACT: DFT calculations with long-range dispersion corrections
have been used to analyze the structures and binding energies of
rotaxanes featuring dimetal polyynediyl Pt,C, dumbbells threaded
through a 1,10-phenanthroline-based macrocycle. Results indicate that
(i) the threading of the organometallic wire hardly affects its geometric
and electronic properties and (ii) the noncovalent binding energies
between the axle and macrocycle not only arise from mechanical
bonding enforced weak interactions derived from the close proximity of
the sp carbon chain to the macrocycle atoms, but also include hydrogen-
bonding contacts involving hydrogen atoms of the metal bound
phosphine ligands of the former and the nitrogen and oxygen atoms
of the latter. The optimized geometries of the rotaxane and macrocycle
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are compared to the corresponding crystal structures where available.

B INTRODUCTION

Bimetallic complexes with 7z-conjugated carbon bridges' are
often referred to as molecular wires” and have attracted great
attention because of their potential applications in molecular
electronics.’ In these compounds, the carbon chain length
represents one of the several fundamental structural variables,
and various redox-active bimetallic polyynediyl complexes
L,M(C=C),ML,, containing carbon chains that can be
extended to over 20 atoms are well documented.* However,
previous studies have clearly shown that the lengthening of the
polyynediyl linkers is sometimes limited by their poor chemical
stability due to linker—solvent and/or linker—linker reactions.’
Introduction of aromatic rings or even organometallic units in
the polyynediyl spacer constitutes an attractive strategy to
circumvent this instability and eventually to tune their physical
properties.l’6 An alternative way to prevent interchain cross-
talk, which would also alter the optical and electronic properties
of these assemblies, is to insulate the unsaturated carbon
linkers.” One of us has prepared a series of diplatinum
polyynediyl complexes insulated by @,@-polymethylene diphos-
phine ligands that bridge from one organometallic end group to
the other.® This approach to insulated double-helical “bean-
pole” molecular wires (IMWs) is quite unique in that it relies
only on van der Waals interactions between the wrapped
polyynyl and the enveloping polymethylene chains. Another
strategy to prepare IMWs consists of stabilizing polyyne “axles”
by threading them through macrocyclic “beads” to form
rotaxanes.
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Recently, the second approach was successfully realized
through the synthesis of a [2]rotaxane featuring a dimetal
polyynediyl axle threaded through a phenanthroline-based
macrocycle, namely [transtrans-(C¢Fs)(p-tol;P),Pt(C=
C),Pt(P-p-tol;),(C¢Fs)]C(2,9-(1,10-phenanthrolinediyl) ) (p-
C¢H,O(CH,)40),(1,3-C¢H,), or 2-3 (Figure 1). Similarly, a
C,, rotaxane of macrocycle 3 with bulky organic end groups,
[(3,5-t-Bu,C4H;);C(C=C)4C(3,5-t-Bu,C¢H;);]C(2,9-(1,10-
phenanthrolinediyl)) (p-C¢H,O(CH,)40),(1,3-C¢H,), has
been characterized.'® The axles and beads in rotaxanes are
considered to be joined by mechanical bonds."" Accordingly,
we sought to investigate the nature of the bonding interactions
between the two components in the bimetallic system, the axle
or Pt,Cg “dumbbell” 2 and bead or macrocycle 3.

In this paper, we analyze theoretical results obtained at the
density functional theory (DFT) level to provide some insight
regarding noncovalent electronic interactions'> between the
rotaxane components in the interlocked system 23 as well as
(still) hypothetical higher homologues. The crystal structure of
macrocycle 3, which has not previously been reported, is also
detailed and compared to those described earlier for 2'* and 2-
3.7 All of these structures are contrasted with the respective
computed geometries.
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Figure 1. Representation of rotaxane 2:3.

B RESULTS AND DISCUSSION

1. Geometries of Rotaxanes and their Components.
The components of the rotaxane 2:3 were first optimized and
analyzed separately and then together. The minimum energy
structure for the macrocycle 3 is given in Figure 2 (top), and
that for 2-3 is provided in Figure 3 (top). The structures of
reasonably close models for the axle 2, transtrans-(CFs)-
(H;P),Pt(C=C),Pt(PH;),(C4Fs)] (n = 2-6, 8, 10, 12)14 have
been computed earlier; therefore, the rather similar geometry
found for 2 is not depicted.
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Figure 2. Structure of 3 obtained from DFT calculations (top) and the
X-ray crystal structure with thermal ellipsoids at the 50% probability
level (bottom). Hydrogen atoms are omitted for clarity.
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Figure 3. Structure of 2-3 obtained from DFT calculations (top) and
the X-ray crystal structure with thermal ellipsoids at the 50%
probability level (bottom). Hydrogen atoms are omitted for clarity.

The crystal structure of 3 was determined as part of this
study as described in the Experimental Section and Supporting
Information (Table S1). Those of 2 and 23 have been
previously reported.”'> The molecular structure of 3 is depicted
in Figure 2 (bottom), and selected experimental and computa-
tional data are compared in Table 1 and in Table S2
(Supporting Information).

For the axle 2, the bead 3, and the rotaxane 2-3, the
optimized distances compare rather well with the experimental
data (Tables 1 and Table S2 (Supporting Information)). In 2-3,
for instance, the computed Pt—C distances (2.004 and 2.005 A)
are quite close to the experimental values (1.993(3) and
1.990(5) A). The optimized C—C bond lengths also match
fairly well with experiment, with the largest discrepancy being
0.016 A. As observed in earlier work,'* the Pt—P bond lengths
in 2 and 2-3 are overestimated by ca. 0.05 A. In any case, the
bond lengths and angles associated with the PtCyPt dumbbell
axle do not change much upon threading with 3. For example,
the computed Pt1—C1 and C1=C2 distances increase by only
0.005 and 0.002 A, respectively.

The geometry of the macrocycle 3 can be analyzed with
respect to that of 2-3. First, consider the computed structure as
compared to that found in the crystal structure (Figure 2, top
and bottom). The latter is, of course, affected by crystal-packing
forces, whereas the former represents the gas-phase energy
minimum. Interestingly, neither structure exhibits any non-
trivial symmetry element. The least-squares planes of p-CcH,O
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Table 1. Selected Computed Bond Lengths (A) for 2, 2%, and
2-3%

2 2* 23

Pt1-Cl 1.999 [1.951(5)] 1.959 2.004 [1.993(3)]
Cl=C2 1.245 [1.252(6)] 1.264 1.247 [1.207(5)]
C2-C3 1.361 [1.365(6)] 1.330 1.362 [1.358(6)]
C3=C4 1.242 [1.209(6)] 1.261 1.244 [1.206(7)]
C4—Cs 1.354 [1.351(8)] 1.323 1.356 [1.359(7)]
C5=Cé6 1.242 [1.209(6)] 1.261 1.244 [1.213(6)]
C6-C7 1.361 [1.365(6)] 1.330 1.362 [1.346(5)]
C7=C8 1.245 [1.252(6)] 1.264 1.247 [1.213(6)]
C8—Pt2 1.999 [1.951(5)] 1.958 2.005 [1.990(5)]
Pt1—Cypyo 2.085 [2.059(4)] 2.077 2.081 [2.071(3)]
Pt1-P1 2.351 [2.299(1)] 2.373 2.348 [2.299(1)]
Pt1-P2 2.355 [2.306(1)] 2373 2.362 [2.306(1)]
P2—Cy, 2.083 [2.059(4)] 2.079 2.083 [2.080(4)]
Pt2—P3 2.352 [2.297(1)] 2372 2.352 [2.297(1)]
Pt2—P4 2.352 [2.305(1)] 2.372 2.351 [2.305(1)]
av Cy,—C,, 1.359 [1.360] 1.328 1.360 [1.354]
av C,=C,, 1.243 [1.231] 1.262 1.245 [1.210]
Pt--Pt 13.048 [12.895(3)] 12.949 13.062 [12.839(7)]

“Experimental crystallographic data are given in brackets.

rings (see A and B in Figure 2) in the crystal are somewhat
more twisted with respect to the least-squares plane of the
phenanthroline moiety than in the computed structure (30.4
and 19.0° vs 8.8 and 6.7°; Table S2 (Supporting Information)).
These values are closely mirrored by the corresponding N—
Cphen—Cayi—Cayyi torsion angles (Table S2).

As is obvious in Figure 2, the conformations of the sp’
carbon segments differ significantly. The four atom linkages
that run from O4 to O3 exhibit gauche, anti, anti, gauche, and
gauche conformations in the crystal, but anti, gauche, anti, anti,
and anti conformations in the computed structure, as reflected
by the torsion angles. For the linkages that run from O1 to 02,
the corresponding conformations are anti, gauche, anti, anti, and
gauche and then anti, anti, anti, gauche, and anti, respectively.
However, the bond lengths and bond angles closely
correspond, with differences less than 0.02 A and 2.0°,
respectively. The former are summarized in Table S2
(Supporting Information).

Analogous to the findings with the PtCgPt axle above, the
bond lengths and angles associated with the macrocycle bead in
2-3 are similar to those computed for free 3 (Table S2
(Supporting Information)). The bond lengths exhibit a
maximum deviation of 0.02 A. However, the least-squares
planes of the p-C;H,O rings with respect to that of the
phenanthroline moiety are 8.2 and 21.1°, respectively, reflecting
a somewhat altered conformation. The four atom linkages that
run from O4 to O3 exhibit anti, gauche, anti, anti, and anti
conformations in the crystal but anti, anti, anti, gauche, and anti
conformations in the computed structure. For the linkages that
run from O1 to O2, the corresponding conformations are anti,
anti, anti, gauche, and anti and then anti, gauche, gauche, anti,
and gauche, respectively. Both patterns in the crystal of 2-3
agree with the O4 to O3 and O1 to O2 segments in computed
3.

In accord with experimental structural findings with both 2
and 2:3, as well as a host of related diplatinum polyynediyl
complexes,”'® 77 aromatic stacking interactions between the
C¢Fs groups and tolyl groups of the p-tol;P ligands are
computed. As summarized in Table S3 (Supporting Informa-
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tion), the calculated and experimental stacking distances and
angles for 2-3 (defined per the table) are 3.886 vs 3.847 A and
157 vs 154°, respectively. Also, the proximity of the sp carbon
chain to various macrocycle atoms can be compared. The
computed average (C(sp-chain)—C(sp*-macrocycle) distance is
4.576 A, slightly longer than the average experimental value of
4207 A (see Table S3).” The C(sp>macrocycle) distances are
much more remote (5.991 vs 6.081 A).

In addition, the computations show that some weak
hydrogen bonds (in the range of 2.50—3.10 A), derived from
the C4H, and CH; hydrogen atoms of the tri-p-tolylphosphine
ligands tethered to the platinum centers and the oxygen and
nitrogen atoms of the macrocycle, are present. These
individually weak interactions between the thread and the
bead are computed to be collectively attractive by —13.27 kcal/
mol. This point will be further analyzed later on.

2. MO Diagrams. The molecular orbital (MO) diagrams of
the rotaxane 2+3 and its components 2 and 3 are shown in
Figure 4. As noted above, a model for 2, transtrans-
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Figure 4. DFT molecular orbital diagrams of 2-3 (center) and the
components 2 (right) and 3 (left). The relative Pt/carbon chain
percentage contributions are given in italics.

[(C¢Hs)(H,P),Pt(C=C),Pt(PH;),(C¢Hs)], has been previ-
ously computed and discussed.'* Indeed, the HOMO and
HOMO-1, of similar energy, are n-type in character and result
from antibonding interactions between the highest occupied 7
orbital of the sp carbon chain fragment and the filled d—=
orbitals of the two platinum fragments (Figure S, top). This
metal—carbon chain antibonding character is a common feature
for carbon group containing organometallic species and governs
their optical and/or redox properties."'® These HOMOs are
mainly octatetraynediyl in character with a computed
contribution close to 90%, whereas the platinum character is
only ca. 10%. The LUMOs (Figure S, top) are predominantly
localized on the ancillary ligands attached to the metal centers
with a weak metal participation (ca. 10%).

When 2 is threaded through the macrocycle to give 2:3, the
HOMOs hardly change in character, but there is a slight
energetic stabilization of ca. 025 eV due to electrostatic
interactions with the macrocycle. The LUMOs of 2:3 are
macrocycle-centered, located predominantly on the 1,10-
phenanthroline moiety intercalating below the LUMOs of the
Pt,Cg wire (Figure S, bottom). Consequently, the HOMO—
LUMO gap of the rotaxane is smaller than that computed for
the components (Figure 4). It must be stressed that a very tiny
charge transfer (0.01S e according to a Hirshfeld charge



Organometallics

HOMO (-6.08 eV)

>

e

o L)
t‘ "% C )
¢ \. X S
X o A A X Y
A Y SYPy D
Y Y

LUMO (-0.71 eV)
2.3

Figure 5. Plots of the HOMOs and LUMOs of 2-3 (bottom) and the
components 2 (top) and 3 (middle). Contour values are +0.03 (e/
bohr®)"/2 The energies are given in parentheses.

analysis'®) occurs from the macrocycle to the axle upon
threading.

3. UV-Vis Spectra. TD-DFT energies of the lowest
allowed electronic excitations of the rotaxane and its
components were computed. They are shown in Figure 6
and compared in Table 2. The agreement between the
simulated and experimentally measured UV—vis spectra is
reasonable. As observed experimentally,” the computed UV—vis
spectrum of 2+3 is essentially the sum of those of the Pt,Cq wire
and the macrocycle, although some slight macrocycle to
organometallic wire (or vice versa) charge transfer occurs
according to the computed transitions responsible for the
excitations. Most of the intense excitations of the former
computed at (energy in nm, oscillator strength f in parentheses)
272 (1.32), 280 (0.08), 287 (0.29), and 297 (3.64) are found
for the rotaxane at 279 (0.07), 287 (0.28), and 296 (3.32). A
weak excitation computed for 2 at 420 (0.01) involving
HOMO-LUMO region transitions, i.e., metal—ligand to ligand
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charge transfer, is also found for 23 at the same energy. The
four intense excitations computed for the bead 3 at 281 (1.38),
287 (0.11), 321 (0.15), and 332 (0.70) are also found in the
computed spectrum of the rotaxane 2+3 at similar energies and
intensities (278 (1.10), 286 (0.11), 318 (0.11), and 326
(0.49)).

4. Oxidized Species. The redox properties of the rotaxane
2-3 have been experimentally studied and compared to those of
the components 2 and 3.” Interestingly, cyclic voltammetry
(CV) shows that the Pt,Cg wire 2 undergoes a quasi-reversible
mono-oxidation at ca. 1.2 V (vs Ag/AgCl), whereas the
macrocycle 3 undergoes irreversible oxidations at 1.40 and 1.71
V (no detectable anodic current). The rotaxane 2-3 also
exhibits an irreversible oxidation, as evidenced by continually
increasing cathodic current, with no “maxima” or other features,
until the anodic scan is begun.

The adiabatic ionization potentials (IPs) were computed for
the rotaxane and its components. For the wire 2, a value of 5.80
eV is found. A glance at the Hirshfeld'® atomic net charges of
the neutral and cationic molecules (see Figure S1 (Supporting
Information)) indicates that oxidation takes place mostly on
the sp carbon chain. This is confirmed by the Hirshfeld'®
atomic spin density computed for 2%, which is largely
distributed over all of the carbon chain (Figure S2 (Supporting
Information)). Geometry optimization of 2* shows a short-
ening of the Pt—C and C—C single bonds by roughly 0.04 and
0.03 A, respectively, and a slight elongation of the C=C triple
bonds by ca. 0.02 A (Table 1). This is consistent with the nodal
properties of the HOMO and HOMO-1 of 2 (vide supra).
Depopulation of the metal—carbon slightly antibonding
HOMOs is a common feature in organometallic wires."™ The
first and second IPs for the macrocycle 3 are 6.89 and 8.53 eV,
respectively. These values are in agreement with the CV
experiments, which show that the wire is more readily oxidized
than the macrocycle. Interestingly, the first IP calculated for the
rotaxane is 6.02 eV, slightly higher than that computed for the
unthreaded organometallic wire. The oxidation of rotaxane 23
is therefore expected to be thermodynamically less favorable
than that of the unwrapped wire.

5. Higher Homologues. So far, 2:3 is the only rotaxane
containing a conjugated Pt,C, (n = 8) polyynediyl axle that has
been structurally characterized. Higher homologues should be
readily accessible, as oxidative homocouplings become more
facile as the sp carbon chain is lengthened, and end group/
macrocycle steric interactions should diminish. As noted above,
related rotaxanes featuring “organic” polyynes with 8, 12, and
20 sp carbon atoms in the axle and bulky tris(3,5-di-tert-
butylphenyl)methyl end groups have been reported.'® Thus,
higher homologues of rotaxane 2-3 (R8) with 10 (R10), 12
(R12), and 14 (R14) sp carbon atoms were computed and
analyzed. As expected, the Pt—C and C—C distances in the
Pt,C, axles are similar overall (see Table S4 (Supporting
Information)) and comparable to those measured for the
unthreaded wires."”> The HOMO—-LUMO gaps—S.70, 5.47,
and 526 eV for R10, R12, and RI4, respectively—are
comparable to that computed for 2-:3 (R8) and monotonically
decrease as with the unthreaded wires."* As for 2:3 (R8), very
weak charge transfers occur from the macrocycle to the axle
upon threading (0.031, 0.029, and 0.023 e according to a
Hirshfeld'® charge analysis for R10, RI2 and RI14,
respectively).

Geometry optimization indicates that, for R10 and R12, the
polyyne chain accommodates the macrocycle in its middle
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Figure 6. Experimental (left)” and calculated (right) UV—vis spectra of 2:3 and the components.

(Figure 7), as observed for 2:3 and the structurally
characterized “organic” C;, sp carbon chain containing
rotaxane.'® In the case of 2-3, the van der Waals contacts do
not allow any appreciable slippage from the midpoint of the
carbon chain, but RI0O and RI2 are less constrained.
Interestingly, with RI4, a substantial displacement of the
macrocycle from the middle toward one platinum center is
computed (Figure 7, bottom right).

The adiabatic noncovalent interaction energies between the
thread and bead components of rotaxanes 2-3 (RS8), R10, R12,
and R14 were calculated using the long-range-separated CAM-
B3LYP functional in order to understand the effect of the
extension of the carbon chain. Interestingly, the binding
energies decrease from R8 to RI0 to RI2 but increase again
for R14, as depicted graphically in Figure 8 (exact values
—13.27, —11.41, —7.71, and —8.15 kcal/mol). Computations
on the “organic” polyyne rotaxanes, designated R8'—RI14,
exhibit the same trend but with binding energies 1 order of
magnitude smaller, as also shown in Figure 8. Here, energies for
the R8’ and R10’ analogues are attractive (—0.46 and —0.31
kcal/mol), but those for R12’ and R14' are slightly repulsive
(+0.63 and +0.06 kcal/mol). Importantly, when BSSE
corrections are not taken into account, somewhat attractive
energies are computed for R12' and R14’ (—2.38 and —3.48
kcal/mol).

The shortest atomic contacts between the two components
in the preceding rotaxanes were identified and are summarized
in Table 3. The data indicate that the attractive interactions are
mainly due to hydrogen bonds in the 2.50—3.10 A range, as
opposed to contacts involving atoms of the sp carbon chain
(Table S3 (Supporting Information)). These involve the
nitrogen and oxygen atoms of the macrocycle and both the
C¢H, and CHj; hydrogen atoms of the tolyl groups of the bulky
phosphine ligands for the organometallic series R8—R14 or the
CHj; hydrogen atoms of the bulky tris(3,5-di-tert-butylphenyl)-
methyl end groups for the organic series R8'—R14'.

As shown in Table 3, the hydrogen bonds become longer and
less numerous upon going from R8 to R12, consistent with
decreasing steric constraints on the macrocycle by the end
groups. With R12, a slight S-shaped distortion of the carbon
chain and a skewed threading of the macrocycle is evident
(Figure 7). This facilitates synergistic hydrogen bonding
involving both end groups, with N1 associated with the tolyl
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hydrogen atoms of one platinum moiety and O2 and O3
associated with tolyl hydrogen atoms of the other.

Further lengthening of the carbon chain increases the
translational freedom for “slippage” of the macrocycle within
the rotaxane. Indeed, with RI4, a displacement of the
macrocycle toward one end group is computed, allowing
shorter hydrogen contacts in comparison to R12 and thereby
increasing the binding energy. To help interpret these data, an
isomeric structure, R14,,, was investigated (see Figure S3
(Supporting Informationi). Here, the atoms of the macrocycle
closest to the axle were restricted to the middle of the chain.
Although conformational distortions allowed a single hydrogen
bond to be maintained (02--H = 2.599 A), the binding energy
decreased (—6.15 vs —8.15 kcal/mol), as would be intuitively
expected.'” Furthermore, these data explain why the “organic”
polyyne rotaxanes R8'—R14’, in which there are fewer and/or
much longer heteroatom---H contacts (Table 3), exhibit much
weaker binding energies (Figure 8).

B CONCLUSION

The preceding DFT calculations have established that the
electronic properties of rotaxanes generated by threading
phosphine-substituted diplatinum polyynediyl complexes
through a 1,10-phenanthroline-based macrocycle essentially
correspond to those of the components. The bond distances
and bond angles are also largely unperturbed. However, various
types of hydrogen-bonding contacts involving the nitrogen and
oxygen atoms of the macrocycle and p-tolyl hydrogen atoms of
the phosphine ligands are identified. These are maximized at
shorter sp carbon chain lengths, which position the macrocycle
and platinum phosphine end groups at van der Waals distances.
However, some contacts are maintained at longer chain lengths,
by either skewing of the macrocycle or slippage toward one end
group. All of these motifs provide a much greater contribution
to the interaction energies than the weak van der Waals
attractions derived from the close proximity of the sp carbon
chain to the macrocycle atoms and other van der Waals
contacts enforced by the mechanical bond. This is further
evidenced by the much weaker interaction energies in related
rotaxanes that feature organic polyynes with bulky triaryl-
methane end groups that are apparently much less disposed to
hydrogen bonding.
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Table 2. Computed Energies (4, nm), Oscillator Strengths (f), Main Composition, and Main Assignment of the First UV—Vis

Electronic Excitations for 2, 3 and 2-3

main assignment

PtCyPt — p-tol;,P
(PtCgPt)C4Fs — p-tolsP
PtCyPt — p-tol;,P

PtCyPt— p-tol;P

PtCgPt — p-tol;,P

PtCgPt — Cg (carbon chain)

PtCyPt— p-tol;P
PtCgPt — Cg (carbon chain)
PtCyPt — Cg (carbon chain)
PtCyPt— p-tol;P

L1 - L1
Ll - L1
Ll - LI
Ll— L1’
L1- L1

Ll - L1
L1- L1

macrocycle — macrocycle
macrocycle — macrocycle
PtC4Pt — macrocycle

PtCsPt (p-tol,P) — PtCyPt
macrocycle — PtCgPt

PtCgPt (p-tol;P) — macrocycle
PtCgPt — PtC,Dt

PtCPt — PtC,Pt

PtC,Pt — PtCyDt

1 (f) main composition
Compound 2
269 (0.02) 58% HOMO — LUMO+2
13% HOMO-5 — LUMO+2
272 (1.32) 11% HOMO-14 — LUMO+1
7% HOMO — LUMO+1
280 (0.08) 47% HOMO-1 — LUMO+2
287 (0.29) 14% HOMO-15 — LUMO
8% HOMO-4 — LUMO
297 (3.64) 25% HOMO — LUMO+1
22% HOMO-1 — LUMO
420 (0.01) 35% HOMO-1 — LUMO
31% HOMO — LUMO+1
Compound 3
281 (1.38) 56% HOMO-2 — LUMO
20% HOMO — LUMO+2
287 (0.11) 70% HOMO-2 — LUMO+1
321 (0.15) 60% HOMO — LUMO+1
21% HOMO-2 — LUMO
332 (0.70) 87% HOMO — LUMO
7% HOMO-2 — LUMO+2
Compound 2-3
278 (1.10) 54% HOMO-4 — LUMO
14% HOMO-2 — LUMO+7
279 (0.07) 12% HOMO-19 — LUMO+1
8% HOMO-21 — LUMO+3
286 (0.11) 66% HOMO-4 — LUMO+2
287 (0.28) 12% HOMO-21 — LUMO+1
8% HOMO-19 — LUMO+3
296 (3.32) 18% HOMO-1 — LUMO+3
17% HOMO — LUMO+3
15% HOMO-1 - LUMO+1
15% HOMO — LUMO+1
318 (0.11) 55% HOMO-2 — LUMO+2
20% HOMO-4 — LUMO
326 (0.49) 82% HOMO-2 — LUMO
420 (0.01) 25% HOMO-1 — LUMO+1

23% HOMO — LUMO+1
21% HOMO — LUMO+3

21% HOMO-1 — LUMO+3

PtC4Pt — macrocycle
PtCgPt — macrocycle
macrocycle — PtCgPt
macrocycle — macrocycle
macrocycle — macrocycle
PtC4Pt — macrocycle
PtCgPt — macrocycle
PtCgPt — Cg (carbon chain)
PtCgPt — Cg (carbon chain)

“L1: (2,9-(1,10-phenanthrolinediyl) (p-C¢H,O), fragment. L1’: 1,10-phenanthroline fragment.

B EXPERIMENTAL SECTION

1. Computational Details. Density functional theory (DFT)
calculations were performed using the Gaussian09 program package.'®
Full geometry optimizations were carried out on both neutral and
monocationic systems without any symmetry constraint using the
CAM-B3LYP functional'® within the LANL2DZ ECP basis set which
partially takes into account the relativistic effects on Pt,** augmented
by a polarization function for all atoms except H. Time-dependent
density functional theory (TD-DFT) calculations were performed on
the optimized structures of 2:3 and its components using the CAM-
B3LYP functional, taking into account the solvation effects of the
dichloromethane solvent using the PCM model.>" The noncovalent
interaction energies between the axle and the bead were corrected for
the basis set superposition error (BSSE) using the counterpoise
correction.”” Molecular structures and orbitals were plotted using the
Molekel program.*® Orbital compositions were obtained using the
AOMix program.>* The UV—vis spectra have been simulated from the
computed TD-DFT transitions by using the SWizard program,* each
transition being associated with a Gaussian function of half-height
width equal to 3000 cm™.

£acrc

2. Crystallography. A CH,CI, solution of 3** was allowed to
slowly evaporate at room temperature. After 3 days, colorless plate-
shaped crystals were analyzed as summarized in Table S1 (Supporting
Information). Cell parameters were obtained from 1080 frames using a
0.5° scan using Cell Now” and refined with 24948 reflections.
Integrated intensity information for each reflection was obtained by
reduction of the data frames with APEX2.>® The integration method
employed a three-dimensional profiling algorithm, and all data were
corrected for Lorentz and polarization factors, as well as for crystal
decay effects. The data were merged and scaled to produce a suitable
data set, which was corrected for absorption effects using SADABS.>
Systematic reflection conditions and statistical tests indicated the space
group (Pn), and the structure was solved using SHELXTL
(SHELXS).* Hydrogen atoms were placed in idealized positions
and were refined using a riding model. All non-hydrogen atoms were
refined with anisotropic thermal parameters. The structure was refined

(weighted least-squares refinement on F?) to convergence.*
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Figure 7.

Lowest energy optimized structures of rotaxanes with different sp carbon chain lengths. Hydrogen atoms are omitted for clarity.
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Figure 8. Binding energies (BE, kcal/mol) in organometallic (M) and
organic (A) rotaxanes.

Table 3. Shortest Hydrogen Bonding Contacts (A) between
the Axle and the Bead for Organometallic and Organic
Rotaxanes”

organometallic rotaxane

R8 (2°3) RI10 RI12 R14
N1-~~H(CSP‘) 3.001 2.806 2.951 2.666
N1-~-H(Csp2) 2.868
N2--H( CSP3) 2.661 2.749
N2- ~~H(CSPZ) 3.049 2.867
Ol---H(CSPB) 2.683 2.631
02--H( CSP*) 2.534 2.581 2.774 2.578
O3~-H(CSP3) 2.700
O4~~-H(CSP1) 3.114 3.156 2.794

organic rotaxane
RS’ R10’ R12’ R14'

N2--H(Cy) 3.287 3.130 2.902
O1--H(Cy) 2.849 3.019 2.892

“H(CSP*) refers to a CHj; proton of the axle end group and H(CSPZ) to
a C¢H, proton. bOnly one short H bonding contact is computed for
R14,,, (02-+H = 2.599 A).

sym

£5cc
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© Supporting Information

Text, figures, tables, and a CIF file giving the optimized
procedure for the synthesis of 3, Hirshfeld atomic net charges
for neutral 2 and cationic 2, Hirshfeld atomic spin density for
2%, optimized structure of rotaxane R14y,,, crystal and structure
refinement data for 3, computed and crystallographic bond
lengths for the macrocycle in 3 and 2-3, stacking and axle/
macrocycle contacts in 23, selected computed bond lengths for
homologues of 2-3 with longer axles, Cartesian coordinates for
all calculated geometries, and a CIF file giving crystallographic
data for 3. This material is available free of charge via the
Internet at http://pubs.acs.org. Full details of the structure
determination have also been deposited with the Cambridge
Crystallographic Data Centre as CCDC 950619. Copies of this
information may be obtained free of charge from The Director,
CCDC, 12 Union Street, Cambridge CB2 1EZ, UK. (fax, +44-
1223-336-033; e-mail, deposit@ccdc.cam.ac.uk).
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