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Abstract. Optimized geometries of macrocycles composed of four Pt(PR;), linkers and four rods
terminated with ethynyl or pyridyl moieties have been calculated at the PBEO/Def2-
TZVPP//PBE0/Def2-SVP level of density functional theory for all combinations of cis and trans
configurations at the Pt centers. For uncharged complexes with four p,p'-bis(ethynyl)biphenyl rods
and neutral Pt centers, the energy of the planar oval-shaped all-trans isomer lies 17 kcal/mol below
that of the puckered square-shaped all-cis isomer. In this case, the electronic strain associated with
the cis arrangement at the Pt atoms overrules the mechanical strain associated with the bending of
triple bonds. For cationic complexes containing two bipyridyl and two p, p'-bis(ethynyl)biphenyl rods,
with a +1 charge on each Pt center, a puckered rectangular structure with all-cis Pt centers is found
to be 38 kcal/mol lower in energy than the isomer with all four Pt centers trans. The results have
been analyzed in terms of three additive factors, referred to as electronic, mechanical, and
electrostatic strain.



Introduction

Self-assembly of molecular rods and transition-metal connectors is known to be capable of
producing large symmetrical polygonal molecules.'***>%* These complexes have many possible
applications such as molecular encapsulation,’ catalysis,'” and construction of metal-organic
frameworks (MOFs).'"'>  When first produced,” products assembled from four square planar
Pt(II)(PEt,), linkers and four p, p'-bis(ethynyl)biphenyl rods, or two p, p'-bis(ethynyl)biphenyl rods and
two bis(4-pyridyl)ethyne rods, were automatically assumed to be rectangular macrocycles with a cis
configuration on all four Pt atoms, 1 and 2, respectively, since the trans configuration on platinum
seemed to strain the ring unreasonably and appeared unlikely to self-assemble. Similar products were
obtained with bis(4-pyridyl)butadiyne rods. With considerable encouragement from the presently
reported calculations, the macrocycle containing four p,p'-bis(ethynyl)biphenyl rods has been more
recently recognized by detailed analysis of NMR spectra to actually have a trans configuration at each
Pt atom and to possess strongly bent triple bonds, which give it a surprising oval shape.'* At the same
time, the products containing two p, p'-bis(ethynyl)biphenyl rods and two bis(4-pyridyl)ethyne (or
bis(4-pyridyl)butadiyne) rods were shown not to be macrocycles, but a mixture of linear oligomers.

Presently, we report the details of the calculations that triggered the re-evaluation of the self-
assembled structures, and extend them to all possible geometrical isomers.
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Figure 1. Chemical formulas for platinum macrocycles 1 and 2. L represents
phosphine ligands which can be oriented cis or trans.

Computational Details

All calculations used density functional theory (DFT) with the PBEO hybrid functional'® and
were carried out using the quantum chemistry program ORCA.'® This functional was selected
because of its accuracy in calculating optimized geometries of transition-metal complexes.'” It has
also been found to perform well in calculating relative energies.'”® The Stuttgart effective core
potential (ECP) Def2-SD" basis set was employed for platinum atoms along with the Ahlrichs-type
valence basis sets Def2-SVP** and Def2-TZVPP.*! Calculations on rods and ligands used the
corresponding all-electron basis sets. Stuttgart-Dresden” type ECPs* perform well for transition-
metal complex geometries when compared to all-electron results using ZORA (zeroth order regular
approximation).'”** Geometry optimizations for the macrocycles were performed with the Def2-SVP
basis set while all single point energy calculations were carried out using the Def2-TZVPP basis.
These calculations all employed the RIJ-COSX***® approximation to Coulomb and exchange integral
evaluation along with the Def2/J*” auxiliary basis. Geometry optimization and frequency analysis of
allsmall molecules and fragments were performed with the Def2-TZVPP basis with no approximation
to integral evaluation and a finer grid to ensure that they were true minima. The optimization of the
macrocyclic geometries could not be converged when Grimme’s DFT-D3BJ* dispersion correction
was included in the calculations. Therefore, it was not included in any of the other calculations. The
effect of the dispersion correction was nevertheless examined and determined to be inconsequential
(see the Supporting Information). XYZ coordinates are provided in the Supporting Information.



Charge distributions were obtained from Mulliken” and Natural Bond Orbital (NBO)***!
population analysis using the density matrix produced by PBE0/Def2-TZVPP DFT calculations.
Mulliken population analysis was performed by the ORCA program and NBO analysis was performed
using the NBO 6.0 program’” linked to ORCA.

For the neutral macrocycle 1, there are 6 possible geometrical isomers that result from each
of the four platinum metal centers being either cis or trans: t,, ct;, ctet (where two trans platinum
atoms are opposite to each other), ctte (where two trans platinum atoms are adjacent to each other),
¢c;t, and ¢,. In the cationic macrocycle 2, there is one more, because the presence of two different
rods allows two possible ctte isomers: one with a p, p'-bis(ethynyl)biphenyl rod between two adjacent
trans platinum atoms, ct:tc, and another with a bis(4-pyridyl)ethyne rod between them, ct-tc. This
would require geometry optimizations for 13 macrocycles with 276 and 268 atoms for 1 and 2,
respectively. The systems were reduced by 72 atoms each to a more manageable size by replacing
the triethylphosphine with trimethylphosphine ligands. Optimized geometries for macrocycles with
the two different phosphine ligands were compared for the all-trans and all-cis isomers of 1 and were
found to be very similar, justifying this approximation.

Results

Isomer Geometries and Energies. Relative ground state energies for the twelve cis/trans
isomers of neutral 1 and cationic 2 macrocycles found are shown in Table 1. All six possible isomers
were found for 1 while only six of the possible seven were found for 2. Of the two cationic isomers
containing two cis and two trans Pt atoms with similar centers located on the same rod (ct-tc and
ct:tc), we found the optimized geometry of only the isomer with the same platinum configurations
on a bis(ethynyl)biphenyl rod, ct:tc. The geometry optimization of the ct-tc isomer, with similar
centers connected by a bipyridyl rod, repeatedly failed to converge. This is likely due to excessive
mechanical strain between the two trans centers associated with the extreme curvature required of
the shorter bipyridyl rod. In the puckered rectangle-shaped ¢, isomers of 1 and 2, all six distances
between two Pt atoms connected by a bis(ethynyl)biphenyl rod are 16.5 A and the distance between
two Pt atoms connected by a bipyridyl rod is only 11.3 A. In the oval-shaped t, isomers, the distances
are 15.0, 15.0, 15.3, & 15.6 A between Pt atoms connected by a bis(ethynyl)biphenyl rod and in 2t,
they are 14.5 A for Pt atoms connected by bis(ethynyl)biphenyl rods and 10.6 A for those connected
by bipyridyl rods.

The neutral macrocycle 1 is generally destabilized as the number of cis centers increases.
However, the isomer containing two cis and two trans platinum centers in which similar centers are
opposite to each other (ctct) deviates from this trend and is nearly the most stable isomer. The trend
is reversed in the cationic macrocycle 2, though again the energy of the ctet isomer is very close to
that of the lowest energy isomer. Figure 2 shows the optimized structures of the twelve macrocycles.
Front and side views are provided to show the three dimensional structure. Larger images are
provided in the Supporting Information.



Table 1. Relative PBE0/Def2-TZVPP//PBE(0/Def2-SVP Energies of Macrocycles (kcal/mol).”

1 E,. 2 E,.
t, 0.0 t, 37.6
ct, 4.2 ct, 24.5
ctet 0.4 ctet 0.4
cttc 9.8 ct:tc 13.8
c,t 11.4 c,t 3.0
(A 17.2 cy 0.0
for 2.

“ The energy of the most stable isomer is -6620.564 a.u. for 1 and -6381.777 a.u.
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Figure 2. PBE0/Def2-SVP structures for isomers of 1 (left) and 2 (right).
Platinum atom centers are labeled 1 to 4.



Eight of the twelve macrocycles are mostly planar. The exceptions are 1ctte, 1e¢st, 1c,, and
2¢,. Interestingly, three of the four non-planar structures are isomers of the neutral macrocycle 1,
while only one is an isomer of the cationic macrocycle 2. The 1ctte macrocycle deviates slightly from
planarity but its cationic counterpart, 2ct:te, is planar. Also, the neutral macrocycles 1e,t and 1¢, are
both puckered while only 2¢, is puckered among the cationic species. Rods which are between two
cis platinum centers are the least bent and strained. As the number of trans platinum atoms in a
macrocycle increases, the ring strain must also increases as a result of the curvature required to close
the cycle. Cis platinum atoms allow for less curved macrocycle geometries and therefore less ring
strain; however, isomers with more cis platinum centers are only preferred over those with more trans
platinum atoms in the cationic macrocycle 2.

Electronic Strain. In order to elucidate the competition between electronic and mechanical
strain in the macrocycles, platinum-based fragments of the macrocycles were also calculated (Figure
3). They consist of a platinum center with two trimethylphosphine ligands and one half of either two
bis(ethynyl)biphenyl rods for the neutral species 1 or one half each of a bis(ethynyl)biphenyl and a
bipyridyl rod for 2. The half-rods are made by cutting the central C-C bond in the rod and capping
with a terminal hydrogen. Table 2 gives the relative energies of the cis and trans isomers of the
fragments with all coordinates optimized. These structures are assumed to be the preferred structures
for each fragment species. The trans isomer is the more stable for each species, with the cis isomer
being electronically strained by 10.5 and 5.8 kcal/mol in the neutral and cationic fragments,

respectively.
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Figure 3. Optimized geometries for cis and trans isomers of
(A) neutral and (B) cationic platinum-centered fragments.
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Table 2. Relative PBEO/Def2-TZVPP Energies of Optimized Fragment Isomers (kcal/mol).*”

E (el
Fragment rd—xtmm(e eC)
1 2
trans 0.0 0.0
cis 10.5 5.8

“ See Figure 3
® The energy of the most stable isomer is -1656.340 a.u. for 1 and -1596.689 a.u. for 2.

Mechanical Strain. To investigate the mechanical strain induced by ring formation, we again
use the platinum-centered fragments shown in Figure 3. Each macrocycle is divided into four
fragments by cutting the central C-C bonds in the four rods and capping with terminal hydrogens.
The numbers next to each platinum in Figure 2 correspond to the fragment number in Table 3. The
quantity £, . (mech) shown in Table 3 is the energy of a fragment distorted to its geometry in the
macrocycle shown in Figure 2, relative to the corresponding cis or trans fragment with all coordinates
optimized (Figure 3). The geometries of these fragments are taken from the optimized geometries
of the macrocycles and have the positions of the two added terminal hydrogens optimized. Their
positions are constrained to be along the line of the C-C bond which was cut to retain some of the

strain.



Table 3. Mechanical Strain in Macrocycle Fragments (kcal/mol).

Compd./Fragment | £ . (mech) || Compd./Fragment | £ . (mech)
1 2
t, t,
1 9.17 1 13.21
9.90 2 13.55
3 10.20 3 13.18
10.46 4 13.53
sum 39.74 sum 53.46
cty cty
1 4.58 1 3.02
6.12 2 11.54
3 15.53 3 18.64
7.05 4 8.14
sum 33.28 sum 41.34
ctet ctet
1 5.96 1 5.70
2 4.23 2 4.80
3 4.16 3 5.70
4 4.53 4 4.80
sum 18.87 sum 21.00
ctte ct:tc
1 9.76 1 3.39
2 11.17 2 3.53
3 2.88 3 12.28
4 4.45 4 11.76
sum 28.26 sum 30.96
c;t c;t
3.6 1 3.23
3.37 2 8.82
3 5.19 3 3.85
7.08 4 4.57
sum 19.24 sum 20.46
c, C,
1 4.41 1 3.38
2.59 2 3.30
3 2.56 3 3.50
4.13 4 3.32
sum 13.69 sum 13.51

Using the relative electronic strain in the optimized cis and trans fragments in Table 2 and the
mechanical strain in each fragment at its macrocyclic geometry from Table 3, the total ring strain can
be approximated for each macrocycle isomer by summing the mechanical and the electronic strain in
all four of its fragments {‘total ring strain’ = Z[E,, . (mech)] + E, , ....(elec)x(# of cis Pt) }.

Calculating the total ring strain in each macrocycle and subtracting that of the most stable isomer for
each species gives the relative total strain £ (tot) for each macrocycle, which is an approximation

rel-strain



to its relative energy, E,,,. The results of these calculations are shown in Table 4, where E,,, is the
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relative energy of a macrocycle from Table 1.

Table 4: Relative Macrocycle Energies Calculated from Electronic and Mechanical Strain in
Fragments (kcal/mol).

Compd. E., E. . am(tot)|  Error
1
t, 0.0 0.0 0.0
ct, 4.2 4.0 -0.2
ctet 0.4 0.1 -0.3
ctte 9.8 9.5 -0.3
cst 11.4 10.9 -0.5
(N 17.2 15.9 -1.3
2
t, 37.6 16.8 -20.8
ct, 24.5 10.5 -14.0
ctet 0.4 -4.1 -4.5
ct:tc 13.8 5.9 -7.9
cst 3.0 1.2 -1.8
Cy 0.0 0.0 0.0

The small difference between E,,, ,...(tot) and E,, illustrates the additivity of the electronic
and mechanical forms of strain in the six neutral macrocycles 1. The errors are almost all under 0.5
kcal/mol and the trend in relative isomer energies is reproduced.

Unlike the energies of their neutral counterparts, the relative energies of the six isomers of the
cationic macrocycle 2 are not reproduced well by summing their relative electronic and mechanical
strain. The differences between £, ,,....,(tot) and £, , are large and increase with the number of trans
fragments in the macrocycle. The trend in relative energies is nevertheless mostly reproduced, except
that the ctct isomer is predicted to be the most stable. The large discrepancies are probably due to
electrostatic interactions among the four fragments in each macrocycle, which are neglected in the
calculation of £, ,,.,(tot). This interaction could be called electrostatic strain and should be much
greater among the charged fragments in 2 than among the neutral fragments in 1.

Electrostatic Strain. This quantity is less well defined than the two types of strain that have
been considered so far, as it depends on the choice of counterions and of solvent. The classical
electrostatic interactions between each pair of fragments in each macrocycle in vacuum were
calculated for all neutral and cationic species using both Mulliken and NBO charge distributions,
represented by point charges on atoms. The electrostatic interaction energies between each fragment
in each macrocycle in vacuum are provided in the Supporting Information (Tables S5 through S8)
and the relative electrostatic interaction energy for each macrocycle isomer is given in Table Sas E, ;.

(ES). We use only the NBO charges in the following.

strain



Table 5: Relative Electrostatic Interaction Between Fragments (kcal/mol).

1 E\orirain(ES) 2 E\orsirain(ES)
t, 0.0 t, 32.1
ct; 0.3 ct; 22.6
ctet 1.0 ctet 14.9
cttc 0.8 ct:tc 9.4
c,t 2.0 c,t 8.3
c, 3.0 Cy 0.0

As suspected, the interactions are small in isomers of macrocycle 1 and large in the isomers

of 2. Table 6 provides E,, and E (tot) from Table 4 as well as E

rel-strain

rel-strain

electrostatic correction from NBO charge distribution analysis for comparison.

Table 6: Relative Macrocycle Energies Calculated from Electronic, Mechanical, and Electrostatic

Strain (kcal/mol).
Compd. E, E, .\ ain®0t)  E,ain(tot/NBO) | Error  Error (NBO)
1
t, 0.0 0.0 0.0 0.0 0.0
ot 4.2 4.0 43 0.2 0.1
ctet 0.4 0.1 1.1 -0.3 0.7
ctte 9.8 9.5 10.3 -0.3 0.5
cst 11.4 10.9 12.9 -0.5 1.4
(N 17.2 15.9 18.9 -1.3 1.7
total 2.7 4.4
2
t, 37.6 16.8 48.9 -20.8 114
ct, 24.5 10.5 33.1 -14.0 8.6
ctet 0.4 -4.1 10.8 -4.5 10.4
ctte 13.8 5.9 15.3 -7.9 1.5
cst 3.0 1.2 9.4 -1.9 6.4
cy 0.0 0.0 0.0 0.0 0.0
total 49.0 38.3

(tot/ES) with the

In the neutral species 1, the correction for electrostatics does not provide any improvement.
The energy trend remains the same but the correction is excessive. In the charged macrocycle 2, the
electrostatic correction improves the accuracy of the predicted strain. The total absolute error is
reduced for all isomers of 2 by ~11 kcal/mol and the 2¢, isomer is correctly identified as the lowest
energy isomer. The correction is too large for 2ctet, which is predicted to be less stable than 2¢;t as
opposed to being nearly as stable as 2¢,. However, it correctly places 2ctte above 2ctct in energy.

Cycle Formation. Experimental evidence shows that the most stable isomer of macrocycle
of 1, the all-trans isomer 1t,, is formed while 2 forms no cycle but linear all-trans oligomers instead."*
Geometry optimizations of linear tetramers (macrocycles opened at a Pt-C or Pt-N bond) of 1 and
2 could not be converged to determine the energy difference between the macrocycle and linear
tetramer; however, as a proxy, the sum of the mechanical strains in the four fragments of a



macrocycle from Table 3 can serve as a good approximation in the case of macrocycle 1 and less so
for 2 based on their errors. Macrocycle opening for 1 and 2 also involves breaking a Pt-C or Pt-N
bond and inserting HI or NO, . This is approximated for the macrocycles using optimized fragments
as shown for the trans case in Figure 4. The cis case is similar in the obvious way. The energy
changes associated with these reactions are provided in Table 7.

A
L L
Q;Tlt;@ + H — Q;T'_t_l + H%Q

B
@%%t*N\_/ -+ NOy ——» @%%t—NO3 -+ ND

Figure 4. Model cycle-opening reactions for (A) neutral and (B) cationic
platinum-centered fragments. Reactions for trans isomers shown.

Table 7. PBE0/Def2-TZVPP Energies of Model Macrocycle Opening Reactions (kcal/mol).

Fragment AE,.,
1 2
trans -19.5 -79.1
cis -20.7 -74.2

The sum of the four fragment mechanical strains for the 1t, isomer is 39.7 kcal/mol while it
is 53.5 kcal/mol for 2t, (Table 3: sum rows). These are the energies required to distort a linear
tetramer (approximated as four electrostatically non-interacting optimized fragments from Figure 3)
to the geometry of the all-trans macrocycles. The macrocycle closing reaction of Figure 4 itself then
requires an additional 19.5 or 79.1 kcal/mol for 1 and 2, respectively (Table7: trans row).
Macrocycle formation would then be approximately endothermic by 59.2 kcal/mol for 1t, and
endothermic by at least 132.6 kcal/mol for 2t, by summing the total mechanical strain and macrocycle
closing reaction energy for each species. Addition of the electrostatic strain is insignificant for 1 but
increases the endothermicity considerably for 2t,. In vacuum, the endothermicities become 73.1
kcal/mol for 1t, and 288.4 for 2t,. The numbers would be smaller in solution and in the presence of
counterions.

Discussion

Why does 1 prefer the mechanically highly strained all-trans isomer 1t, instead of the all-cis
isomer 1c,, like 2 does? This must be a result of a competition between increasing mechanical strain
by introducing trans platinum centers and increasing electronic strain by introducing cis centers.
Macrocycle formation mechanically strains the cis fragments by 2.6 to 6.0 kcal/mol and the trans
fragments by 4.2 to 18.6 kcal/mol, while each cis center induces 10.5 kcal/mol of electronic strain in
1 and 5.8 kcal/mol in 2. The preference for the trans arrangement of ligands on the Pt atom is not



a surprise. Trans isomers of platinum(II) complexes are generally found to be lower in energy than
their cis counterparts and this has been attributed to a difference in unfavorable ligand-ligand
electrostatic interactions.” The electrostatic interactions within each fragment that we calculate
within the point charge approximation (Tables S5 - S8) indeed show that trans fragments in 1 have
much lower electrostatic interaction energy than the cis ones. For the cationic macrocycles 2, the
trans and cis fragments have effectively the same internal electrostatic interaction energy and the small
preference for the trans macrocycle is likely dominated by steric effects.™

We find that the effects of the three types of strain are additive and provide an answer to the
question posed above. In 1, the electronic strain is larger, overruling the smaller mechanical strain,
and 1t, is the preferred isomer. In the cationic macrocycles 2, the electronic strain due to cis platinum
centers is reduced, the mechanical strain overrules electronic, and 2¢, is the most stable isomer. The
electrostatic strain plays a negligible role in 1 and favors the 2¢, isomer in 2.

Mechanical strain is generally larger in cationic fragments than in their neutral counterparts.
This is likely due in part to the bipyridyl rods being shorter and therefore requiring more distortion
to form the macrocycle ring than the bis(ethynyl)biphenyl rods. The geometries of the ctct isomers
for both macrocycles 1 and 2 allow the two trans centers to be only slightly curved, resulting in the
lowest mechanical strain for trans fragments in any of the isomers. Increasing the number of trans
fragments in a macrocycle generally increases the total mechanical strain, with ctet isomers being the
exception. Although the 1ctet isomer appears energetically competitive with 1t,, the observed NMR
spectra of 1 contain no indication that cis-Pt arrangements are present in the molecule. If the
molecule is dynamic on the NMR time-scale, it spends only a minor fraction of time in the 1ctct form.

An evaluation of the endothermicity of a macrocyclization of the linear tetramer shows that
the process is very unfavorable in both instances, particularly for 2, and this is hardly a surprise. It
thus seems unlikely that the linear tetramers, once formed, would ever cyclize, especially the cationic
one. The fact that the formation of 1t, is actually observed suggests that the macrocyclization by self-
assembly occurs early in the process, before the linear tetramer is formed, as proposed in the
mechanism outlined in the earlier experimental paper.'* The fact that the even much more
endothermic 2 is not formed at all is understandable.

Summary

The favored geometrical structure of the macrocycles 1 and 2 can be understood to result
from a competition between three factors, which we refer to as electronic strain, for which trans
1somers are favored, mechanical strain, for which cis isomers are favored, and electrostatic strain.
Their effects are approximately additive. In the neutral macrocycles 1, only the electronic and the
mechanical strain are important and the former prevails. In the most stable 1t, isomer, all platinum
atoms are trans and the macrocycle is oval-shaped and planar. In the cationic macrocycles 2, all three
types of strain are important and mechanical and electrostatic strain prevail. All platinum atoms are
cis, and the macrocycle is rectangular and puckered.

Contflict of Interest Statement. The authors do not have any financial conflicts of interest.
Supporting Information. Large figures showing the structures of all isomers for both compounds,
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