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ABSTRACT: Chemical reduction study of a paraphenylene compris-
ing five para-connected aromatic rings, namely, p-quinquephenyl
(C3oHyy, 1), with alkali metals in THF revealed a facile formation of
the doubly reduced anion, 127, which was crystallized with different
alkali metal counterions. Several products were characterized using
single-crystal X-ray diffraction and spectroscopic methods. The use of
different alkali metals allowed tuning of metal binding in the resulting
crystalline products. The consequences of electron addition and metal
complexation on the core of p-quinquephenyl were investigated with
the help of computational methods. Most notably, reduction results in
a shift from locally aromatic to quinoidal character of 1*~, which is
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mitigated by complexation to the alkali metal cations.

B INTRODUCTION

The reduction of polycyclic aromatic hydrocarbons (PAHs)
has attracted significant attention over recent years, inspired by
fundamental chemistry and material science applications.' ™
Chemical reduction of PAHs with alkali metals enables the
formation of charged m-conjugated carbanions with positive
and ne%ative curvatures, which undergo structural deforma-
tion,®™* core transformation,’” > and reductive dimerization
processes.24_27 Moreover, the alkali metal intercalated
products of PAHs have shown interesting quantum phenom-
ena,”” thus stimulating the developments of new molecular
materials with intriguin% electronic,” " conducting,**~** and
magnetic properties.z’g’4

Among a wide variety of PAHs, linear paraphenylenes,
chain-like organic compounds comprising a certain number of
para-connected aromatic rings (Scheme 1a),""** have been
realized as promising materials in molecular electronics and
nanotechnology due to their conductivity, high thermal and
oxidative stability, and compressive mechanical property. The
shortest paraphenylene, biphenyl (Scheme 1b), occurring
naturally in petroleum, has been widely studied as a charge/
energy transfer salt in preparation of nanocarbons,*’ as well as

Scheme 1. Depictions of (a) Paraphenylenes and (b)
Biphenyl
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an electrolyte additive for lithium-ion batteries.** Over the
course of several decades, despite many reports on poly-p-
phenylenes, the synthesis of longer paraphenylenes with
certain lengths has remained challenging due to their poor
solubility. To date, the longest paraphenylene successfully
synthesized is p-nonaphenylene (n = 9),* but the longest one
for which structural characterization was accomplished is p-
septiphenyl (n = 7).*

Unlike [n]cycloparaphenylenes ([n]CPPs,"” the segments of
armchair carbon nanotubes), the HOMO—-LUMO gaps of
linear paraphenylenes narrow as the number of aromatic rings
is increased,”® and they can become p- or n-type semi-
conducting materials upon complexation. The study of
conductivity of paraphenylenes was initiated by Baughman et
al. in 1979" and was recently developed by Ren et al.>>>" 1t
was found that paraphenylenes can be converted from
electrical insulators to highly conducting charge transfer
complexes when doped with electron donors (Li, Na, or K)
or electron acceptors (AsFs, SbF, or BF;). In addition, Chen
et al. demonstrated the superconductivity of a series of
potassium-doped paraphenylenes (n = 2—S5), with T, values
measured up to 123 K.**7>° However, an in-depth under-
standing of doping, charge transfer effects, and structure—
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Scheme 2. Chemical Reduction of 1 with Group 1 Metals in THF
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Figure 1. Crystal structure of 2: (a) ball-and-stick and (b) space-filling models.

property correlations has been limited due to the lack of single-
crystalline materials.

Charging PAHs with electrons and elucidating the structural
and electronic consequences is not only of great significance in
fundamental chemistry, but also enables better understanding
of the corresponding materials properties. For shorter
paraphenylenes, chemical reduction processes have been well
studied through cyclic voltammetry,56 spectroscopic techni-
ques, 5"~
information exists in the scientific literature on the chemical

and computational methods.”” A plethora of

reduction of the simplest paraphenylene, biphenyl,”' ~** which
undergoes two-electron reduction accompanied by the
formation of a dianionic quinoid structure. Moreover, p-
terphenyl (n = 3) and p-quarterphenyl (n = 4) can readily
accept up to two electrons, affording the doubly reduced
products with sodium counterions, which can turn on/off their
binding to the charged anionic core.**%*

In terms of longer paraphenylenes, such as p-quinquephenyl
(n = S) containing five phenyl rings linearly linked through the
para-positions,*® the electrochemical study of in situ generated
radical anions and cations through Raman spectroscopy has
been reported by Tasumi et al.®® However, no chemical
reduction or X-ray crystallographic data on the reduced
products have been reported up to date. Herein, we carry out a
broad investigation of the chemical reduction behavior of p-
quinquephenyl (1) with Group 1 metals ranging from lithium
to rubidium. As a result, a family of the doubly reduced p-
quinquephenyl anions has been prepared with the correspond-
ing alkali metal counterions and fully characterized using
single-crystal X-ray diffraction and NMR and UV-—vis
spectroscopy. A computational analysis has been performed
to elucidate the electronic structures of the studied
compounds.
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B RESULTS AND DISCUSSION

Chemical Reduction of p-Quinquephenyl and Crys-
tallographic Study of its Doubly-Reduced Products. The
chemical reduction of 1 with Group 1 metals has been
investigated in THF at room temperature. Using UV—vis
absorption spectroscopy, a quick color change from purple
(530 nm) to blue (321 nm) has been detected in all cases
(Figures S1—S4). This is indicative of a two-step reduction
process and the intermediate monoreduced state of 1 can be
detected by EPR spectroscopy (Figure S21). By slow diffusion
of hexanes into the THF reaction solutions (Scheme 2), dark
purple needles or blocks have been isolated in moderate yield
within 7 days. Single-crystal X-ray diffraction analysis
confirmed the formation of a solvent-separated ion product
of the doubly reduced anion, 1*7, with Li* counterions,
[Li*(THF),],[(1*>7)] (crystallized with 0.4 interstitial THF
molecule as 2-0.4THF), and a complex with Na* counterions,
[{Na*(THF);},(1*7)] (3). Additionally, when 18-crown-6
ether was added during crystallization, two complexes of 1>~
with K* and Rb* counterions were isolated, namely, [{K*(18-
crown-6)(THF)},(1%7)] (4) and [{Rb*(18-crown-6)},(1%7)]
(crystallized with 2 interstitial THF molecules as 5-2THF).

In the crystal structure of 2, there are five crystallographically
independent Li* ions and two and a half independent 1>~
anions (Figure S21), thus the values discussed below are
averaged. The Li" jons are solvent-separated from the “naked”
1>~ dianion (Figure 1), allowing investigation of the para-
phenylene core upon 2-fold reduction without direct metal
binding influence. The coordination of each Li* cation is
completed by four THF molecules, with the Li—Oqyg
distances ranging from 1.862(10) A to 1.929(9) A, which
are close to those previously reported.'”*>%”

The crystal structure of 3 contains two crystallographically
independent Na* ions (Figure S23). The Nal ion is bound to
the central phenyl ring of 1>~ in an asymmetric 7*-fashion, with
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Figure 4. Solid-state packing in 3: (a) mixed (no H atoms) and (b) space-filling models.

the Na—C distances ranging over 2.649(7)—3.131(8) A
(Figure 2). Notably, the Na2 ion is #°-coordinated to the
adjacent phenyl ring with a smaller range of Na—C distances
(2.86(4)—2.93(4) A). This asymmetric metal binding of Na*
ions has been observed in a shorter paraphenylene p-terphenyl,
with the Na* ions being coordinated to either two different
phenyl rings or the same one.”**° Both Na* ions are capped by
three THF molecules, and the Na—Opyp distances of
2.19(4)—2.301(8) A are consistent with those previously
reported.”*””"

2494

In the solid-state structure of 2 (Figure 3), multiple C—H---x
contacts are found between the 1>~ anions and the
{Li*(THF),} cations, with the distances spanning over
2.499(13)—2.803(13) A. The relatively loose packing of this
crystal structure results in the formation of a 3D network,
where the 1>~ anions are packed in two directions. In the solid-
state structure of 3, a 3D network is formed through C—H---7
interactions (2.755(10)—2.813(10) A) between the 1?~ anions
and the coordinated THF molecules of the cations. In contrast
to 2, the 1?7 anions in 3 are nearly aligned in the same
direction (Figure 4).

https://doi.org/10.1021/acs.organomet.2c00583
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Figure 8. Solid-state packing in 5: (a) mixed (no H atoms) and (b) space-filling models.

In the crystal structure of 4, there is only one crystallo- coordinated to the phenyl ring next to the central one, with the
graphically independent K* ion (Figure S25). The K" ion is 7’- K—C distances of 3.168(3) A and 3.189(3) A (Figure 5). A
2495 https://doi.org/10.1021/acs.organomet.2c00583
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similar binding mode has been observed in the doubly reduced
[6]CPP and [8]CPP, with the K—C distances bein_g slightly
longer due to the curvature of these macrocycles.”””” The
coordination environment of the K" ion in 4 is completed by
an equatorial 18-crown-6 ether (K—O,qy: 2.752(2)—2.871(2)
A) and an axial THF molecule (K—Orpyp: 2.747(3) A), with
the K—C and K—O distances being comparable to those
reported in the literature,*>*#*%7277*

In the crystal structure of $, there is only one independent
Rb* ion (Figure S27). Similar to 4, the Rb* ion is coordinated
to the phenyl ring next to the central one but in an asymmetric
n’-fashion with the Rb—C distances ranging over 3.195(1)—
3.574(1) A (Figure 6). The Rb" ion is also entrapped by an 18-
crown-6 ether (Rb—O,qm: 2.755(10)—2.813(10) A) with all
Rb—C and Rb—O distances being close to those previously
reported.*>”> ="’

Despite the absence of the coordinated THF molecules in S,
similar solid-state packing patterns are observed in 4 and S. In
both crystal structures (Figures 7 and 8), 2D layers are formed
along b and ¢ axes through C—H:--7 interactions between the
1>~ anions and 18-crown-6 ether from adjacent cationic
moieties, with the contacts of 2.559(2)—2.641(2) A and
2.737(2)—2.807(2) A, respectively. No significant interactions
are found between the adjacent layers.

p-Quinquephenyl Core Transformation Analysis. The
addition of two electrons leads to structural deformation of the
paraphenylene core, which can be illustrated by a direct
comparison of C—C bond lengths between 1 and 1>~ (Table
1). Taking 1>~ in 2 as an example, a quinoidal distortion along

Table 1. Key C—C Bond Lengths (A) of 1 and 1*” in 2—5
along with a Labeling Scheme

b f J

RTE T avWalia

D000,
07 v / \ / \ _of \b 4

bond 1" 27 3 4 5
a 1376(7)  1386(13)  1.386(10)  1.398(2)  1392(2)
b 1.386(7)  1.380(13)  1.384(10)  1.390(2)  1.387(2)
c 1.390(7)  1.415(13)  1.408(10)  1422(2)  1418(2)
d 1484(7)  1444(13)  1465(10)  1451(2)  1.454(2)
e 1373(7)  1418(13)  1417(10)  1427(2)  1.425(2)
£ 1379(7)  1368(13)  1.373(10)  1.378(2)  1376(2)
g 1371(7)  1432(13)  1432(10)  1437(2)  1.440(2)
h 1485(7)  1421(13)  1426(10)  1426(2)  1.424(2)
i 1379(7)  1432(13)  1436(10)  1438(2)  1.438(2)
j 1.380(7)  1.364(13)  1.368(10)  1.374(2)  1.371(2)

“Values are averaged.

the molecular chain is observed upon chemical reduction
(Figure 9). In 1, the C—C bond lengths at a, ¢, e, and g range
from 1.371(7) A to 1.390(7) A. They are slightly elongated at
aand ¢ (A,,, = 0.015 A) and more notably elongated at e and
g (Aavg. = 0.055 A) in 2. Moreover, the C—C bond lengths at
b, f, and j in 2 are gradually decreased by 0.006, 0.011, and
0.016 A, respectively. It should be noted that the C—C bonds
connecting the phenyl rings (d and h) are significantly
shortened to 1.444(13) and 1.421(13) A in 2. These bond
length alterations clearly reveal the quinoidal character and
change in aromaticity of 1 upon 2-fold reduction, which is
consistent with the core transformation observed in the doubly
reduced [n]CPPs.”>"*
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Figure 9. Comparison of C—C bond lengths in 1 and 1>~ in 2.

In addition, an unusual structural distortion of the
paraphenylene core is observed upon chemical reduction.
Despite having free rotation around the single C—C bonds
connecting six-membered rings, the neutral parent exhibits a
near-planar conformation in the solid state (Table 2). In

Table 2. Selected Twisting (Green) and Bending (Red)
Angles (deg) between Phenyl Rings in 1 and 1>~ in 2—5
along with a Labeling Scheme

©

pa PR STM pa s
§ A o6 B'-p*€é'C »¢ D » ¢ E 0
\ —— d \ - / \ / N\ : / \y °//

oo @0 [EE 00 -c0-00 0 00 GO PO

angle 1 2 3 4 S
A-C 1.2 0.2 1.7 0.8 124
o Y B-C 0.1 45 93 1.0 0.1
twisting angle
D-C 0.1 2.6 4.9 1.0 0.1
E-C 1.2 2.4 3.7 0.8 12.4
A/C 0.9 4.3 4.8 1.7 0.3
. . B/C 1.1 2.6 2.1 2.1 1.1
bending angle
D/C 1.1 2.3 5.7 2.1 1.1
E/C 0.9 2.6 4.1 1.7 0.3

“Values are averaged. bTwisting angle = torsion angle of two phenyl
rings perpendicular to the central axis. “Bending angle = 180° — bond
angle of two phenyl rings along the central axis.

doubly reduced 1?7, the paraphenylene core is more distorted
compared to the neutral parent. Interestingly, the phenyl rings
can be either “twisted” or “bent”, that is, in the same complex,
the ring with a larger twisting angle usually has a smaller
bending angle (e.g,, 0.2° and 4.3° in 2). In products 3—5 with
direct metal coordination, the large twisting angle (or small
bending angle) is observed at the rings without any metal
binding (e.g., 9.3° and 2.1° in 4); in contrast, those with metal
coordination are less twisted but slightly bent (e.g, 1.0° and
2.1° in 4).

NMR Spectroscopic Study. A careful literature search
revealed that NMR spectroscopic investigation of 1 and 1>~
has not been reported. Therefore, a thorough NMR
spectroscopic analysis of 1—5 has been carried out, targeting
evaluation of the effect of 2-fold reduction and alkali metal
binding. Due to poor solubility of 1 in THF at room
temperature, the 'H (Figures 10a and S9) and 'H—'H COSY
(Figure S10) NMR spectra were recorded in THF-dg at 60 °C.
Notably, the proton shifts of 1 at 60 °C are close to those at
room temperature (see the Supporting Information for more
details), thus they can be used for comparison with the doubly

https://doi.org/10.1021/acs.organomet.2c00583
Organometallics 2023, 42, 2492—2504


https://pubs.acs.org/doi/suppl/10.1021/acs.organomet.2c00583/suppl_file/om2c00583_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.organomet.2c00583/suppl_file/om2c00583_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.organomet.2c00583/suppl_file/om2c00583_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.organomet.2c00583/suppl_file/om2c00583_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.2c00583?fig=tbl1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.2c00583?fig=tbl1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.2c00583?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.2c00583?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.2c00583?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.2c00583?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.2c00583?fig=tbl2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.2c00583?fig=tbl2&ref=pdf
pubs.acs.org/Organometallics?ref=pdf
https://doi.org/10.1021/acs.organomet.2c00583?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Organometallics

pubs.acs.org/Organometallics

c)

Hd Hc Hb  Ha

60 °C
70 65 60  576,ppm
Ho  H,
Hy, H, H, 6.03 6.00
6.69 6.61 6.41 /  H
589 0.0
8.0 75 7.0 65 6.0 5.7 &, ppm
H,
6.01
Hy
Hy H, H. 6.02
6.85 6.73 6.57 Hf\
-20°C
8.0 75 70 65 60  5706,ppm

Figure 10. "H NMR spectra of (a) 1 at 60 °C, (b) 2 at —20 °C, and (c) 3 at —20 °C in THF-dg aromatic region.

Ring NICS Charge
A -20.1 0.00
B -18.6 0.00
(o -18.3 0.00
D -18.6 0.00
E -20.1 0.00

Ring NICS Charge
A -15.0 -0.18
B -10.8 -0.21
C -9.9 -0.23
D -10.8 -0.21
E -15.0 -0.18

Ring NICS Charge
A -8.3 -0.43
B -7.4 -0.38
C -6.4 -0.38
D -7.4 -0.38
E -8.3 -0.43

Figure 11. Front-view and side-view of the optimized geometries for (a) neutral 1; (b) monoanion 17; and (c) dianion 127, Selected bond lengths
(in A) are displayed for the structures. Blue denotes bonds that are parallel to the main axis of the molecule; red denotes bonds that are not parallel
to the main axis of the molecule. NICS(1.7),, values (in ppm) and Loewdin partial charges for each ring are provided in a table beside each
compound. For the radical anion (b), the spin density is plotted at an isosurface value of & = 0.005.

reduced species. In the "H NMR spectra of 2 and 3 (Figures
10b,c and S11—S16), the protons of 1>~ are notably shifted
upfield compared to the neutral state, consistent with a

combined effect of two-electron addition and aromaticity
reduction in the quinquephenyl core. The largest shift found
around ring C (1.7 ppm) is still smaller than that observed in
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Ring NICS Charge
A -11.8 -0.29
B -8.5 -0.34
C -7.2 -0.33
D 9.4 -0.32
E 422 -0.27

(b) 3
[3
©

Ring NICS Charge
A -17.0 -0.14
B -11.6 -0.24
C -1.2 -0.40
D -9.0 -0.39
E -15.0 -0.25

(c)4
Ring NICS Charge
A -14.1 -0.26
B -7.6 -0.36
(¢ -7.0 -0.42
D -7.6 -0.36
E -14.1 -0.26

Ring NICS Charge
A -15.1 -0.21
B -6.7 -0.48
(o -8.4 -0.38
D -6.6 -0.48
E -15.1 -0.21

Figure 12. NICS(1.7),; values and partial charges for the individual rings in structures (a) 2 (averaged values), (b) 3, (c) 4, and (d) 5. The rings
are denoted A—E, reading from the left-hand side of p-quinquephenyl. To clarify the relative position of the metal in each structure, a side view of
the computed structures are provided as well, with solvent molecules and hydrogen atoms removed for better visibility.

[n]cycloparaphenylene (2.2 ppm), where the quinoidal
distortion upon 2-fold reduction is symmetric and more
pronounced.”” Taking 2 as an example, the H, and H, proton
signals are shifted upfield to 6.03 and 6.00 ppm in comparison
to 7.77 and 7.76 ppm in the neutral state. Doublets H_ and Hy
are shifted to 6.41 and 6.69 ppm in contrast to 7.72 and 7.67
ppm, respectively. Finally, triplets H, and H are shifted to 6.61
and 5.89 ppm in comparison to 7.42 and 7.31 ppm,
respectively. Similarly, H, and H, in 3 are comparable, and
all other proton shifts vary by 0.12—0.23 ppm. This is
particularly apparent in the triplet corresponding to H¢ which
shifts by 0.23 ppm and has different positioning in 2 and 3.
Considering the nature of the doubly reduced product, the
signals of 17~ in 2 are shifted slightly downfield than those for
complexes 4 and § (see the Supporting Information for more
details), but shifted slightly more upfield compared to 3, which
may stem from weaker interactions of Na* ions to the doubly
reduced quinquephenyl core in solution. Recently, we
investigated the reduction of pentacene through NMR
spectroscopy”® and revealed that the signals of the doubly
reduced pentacene shift considerably (up to 4.46 ppm)
compared to neutral parent. This is a stark contrast to the
solution behavior of p-quinquephenyl and its doubly reduced
state, where the proton signals are shifted to a far lesser extent.
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Computational Investigation. To better understand the
behavior of the parent p-quinquephenyl (1), its dianion (1>7),
and the complexes of the dianion with alkali metals, we
performed a computational investigation. In our study, we
focused on the geometric, electronic, and aromatic changes the
hydrocarbon system undergoes due to reduction and complex-
ation.

To begin, we characterized the “naked” parent, 1. In contrast
to the planar geometry observed in the crystal structure, the
fully optimized gas-phase neutral system adopts a nonplanar
structure, in which the neighboring rings are twisted relative to
each other (i.e., with a “biphenyl angle”). The driving force for
such twisting is usually attributed to reduction of steric
hindrance. However, it may also have an electronic
component: this arrangement allows breaking of the
conjugation between adjacent rings to a certain extent, which
enables them each to sustain local ring currents (i.e., local
aromaticity). Hence, it is likely that the planarity seen in the
crystal structure is caused by packing forces. Indeed, the
NICS(1.7)5; values of the individual rings in the neutral p-
quinquephenyl indicate that each of the rings has marked
aromatic character (approximately —20 ppm, or 91% of
benzene; NICS(1.7),, = —22 ppm for benzene at the same
level of theory) and the total value for the molecule is
ENICS(1.7)4, = —95.7 ppm. There are very slight differences
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between the six-membered rings along the core (see table in
Figure 11a), with the middle ring (ring C) displaying the least
negative values and the external rings (rings A/E) displaying
the most negative values. These observations are in agreement
with a previous investigation of polyphenyl oligomers and their
aromatic behavior.”®

Upon reduction to the radical monoanion, the dihedral
angles decrease as the molecule tends more toward planarity
(see side view in Figure 11b). In addition, the characteristic
geometric features of a quinoidal system appear: shortening of
the bond lengths along the backbone of the polycyclic system
(bonds b, d, £, h, and j in Table 1, shown in blue in Figure 11)
and elongation of the bond lengths at the alternating positions
(bonds a, ¢, e, g, and i in Table 1, shown in red in Figure 11).
The electronic structure analysis confirms this transformation.
There is a loss of aromaticity in all of the rings, as seen from
the total value of XNICS(1.7);; = —64.1 ppm, and the
individual NICS(1.7);; values decreasing (in absolute value)
to range between —10 ppm to —16 ppm (45-73% of
benzene). The ACID plot (Figure S29) also shows that the
individual ring currents of the neutral species change to a
molecular current along the length of the core. As with the
neutral system, the strongest diatropicity is in the outer rings
and the weakest is in the center ring, albeit the differences are
quite small. An opposite trend is observed for the partial
charges, whereby there is slightly greater negative charge
accumulation in the center rings than in the external rings. This
is somewhat similar to the monoreduced triphenylene systems
studied previously,”” in which six-membered rings with higher
negative charge displayed stronger antiaromaticity. Here, we
observe that the rings with more charge are less aromatic.
Overall, the changes in aromaticity, together with the spin-
density distribution (Figure 11b), corroborate the quinoidal
character of the monoanion.

Following the second reduction to afford the “naked”
dianion, the core becomes almost completely planar, and the
bond alternation becomes even more pronounced (see side
view and detailed bond lengths in Figure 11c). The aromaticity
of the system is also further reduced, to ENICS(1.7),, =
—37.7 ppm, with individual NICS(1.7);; values ranging
between —6 and —8 ppm (27—36% of benzene). The ACID
plot (Figure S29) also shows an increase in the current density
along the backbone of the molecule. Thus, the computational
results indicate that the quinoidal character is strengthened by
the second reduction. Interestingly, as opposed to the radical
monoanion, in the dianion the partial negative charge is larger
in the outer rings. A plausible explanation is that the stronger
repulsive charge interactions in the doubly reduced core are
mitigated by separation of the charges over the length of the
molecule.

With a better understanding of the behavior of p-
quinquephenyl upon addition of one and two electrons, we
now turn to analyzing the effects of complexation to the
various alkali metal cations. As mentioned above, in 2 there is
no direct complexation of the Li" cations to the dianionic core;
instead the {Li(THF),}" species engage in multiple C—H--x
interactions with the surface of 1~ anions (Figure S21). Based
on the crystal structure, we identified five distinct types of such
interactions and calculated the partial charges and
NICS(1.7),; for all. The individual systems generally display
very similar features; thus we report here the averaged values
obtained from these five models. The results for different
models are reported in the Supporting Information. Despite
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the lack of direct complexation, there is an apparent shift in
charge distribution and aromaticity of the hydrocarbon
scaffold, most likely due to the aforementioned C—H--x
interactions. The average charge on the hydrocarbon core is
reduced from —2 to —1.56, which indicates charge transfer to
the solvated Li* ion. We observe that the loss of negative
charge is linked to a reversion to stronger aromaticity, which is
seen both in the averaged global value of ENICS(1.7),,
—49.0 ppm and in the individual values (e.g., the accumulated
charge in ring E is decreased from —0.43 to —0.27 and its
NICS(1.7),, value decreases from —8.3 to —12.1 ppm)
(Figure 12).

Unsurprisingly, the direct complexation of Na* to afford
complex 3 shows more pronounced effects. The cationic metal
centers are bound to the internal six-membered rings (in this
case, rings C and D). The partial charges in the outer rings are
further reduced, and the rings closest to the metal centers again
show the largest charge accumulation. Concurrently, the
aromatic character of the rings shift in the same trend as
before: the outer rings, which have the least charge, show the
greatest diatropicity, reaching values as low as NICS(1.7),, =
—15.0 ppm; the inner rings with the most charge reach values
as high as NICS(1.7),; = —1.0 ppm (essentially nonaromatic).
The total charge of the organic system is —1.42, which
indicates a substantial shift of the negative charge to the metal
centers. This is likely enabled by the closer interaction between
the alkali metal cations and the hydrocarbon core. The further
reduction in charge aligns well with the lower total aromaticity
of ENICS(1.7),, = —53.9 ppm.

Complexes 4 and S, formed by complexation of K" and Rb*
ions to 1>7, respectively, show somewhat different structural
patterns. In these cases, the cations are bound to rings B and
D, rather than to adjacent rings B and C/C and D. Here, as
well, the partial negative charge is largest on the rings serving
as binding sites to the metal ions. However, it appears that the
charge transfer between the dianionic core and the cationic
metal centers is not as efficient, leaving charges of —1.66 and
—1.76 on the hydrocarbon components in 4 and S,
respectively. This is perhaps due to the stabilization of the
metal centers by the crown ethers, which provides them with a
smaller effective positive charge and poorer contact with the
1>~ core. A similar metal ion size-dependent trend was
observed for the complexation of the monoreduced tripheny-
lene, whereby charge transfer was more effective for K', but
less so for Rb* and Cs*.” The less efficient charge transfer
results in decreased aromaticity, as seen in the values of
¥NICS(1.7)7z = —50.3 ppm and INICS(1.7),, = —51.8 ppm
for 4 and S, respectively. The trends for the individual rings
also remain the same: The rings with greater negative charge
display weaker diatropicity, and those with less charge display
stronger diatropicity.

In summary, the computational results show that the neutral
p-quinquephenyl comprises a series of strongly aromatic rings.
Addition of one electron to the system causes a reduction in
the aromatic character and the adoption of a quinoidal
structure, which can be seen in the geometric and electronic
properties of the system. Introduction of a second electron
leads to more pronounced quinoidal characteristics, along with
further reduction of aromaticity. Complexation to the various
alkali metal cations allows the doubly-reduced anion to relieve
some of the excess negative charge and, in doing so, regain
some of its aromatic character. This interpretation is supported
by the excellent agreement between XNICS(1.7),, and the
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total charge on the hydrocarbon system (Figure 13, R* =
0.9758). Moreover, we find that this effect is site-dependent:

0
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Figure 13. Scatter plot of the NICS(1.7), against the total charge
for the p-quinquephenyl system in all of the states and complexes
studied in this report (i.e., structures 1, 17, 1*7, 2, 3, 4, and §). R* =
0.9713. The value used for 2 is the average of the five models.

The rings that serve as binding sites to the metal centers retain
the greatest negative charge and are least aromatic; the farther
rings have less charge and, accordingly, regain more of their
aromatic character. These conclusions are further corroborated
by the good linear correlation between the partial charge of the
individual rings and its NICS(1.7);, value (see the Supporting
Information).

B CONCLUSION

Using chemical reduction with different alkali metals, we
revealed that p-quinquephenyl, 1, functions as a two-electron
acceptor to afford the doubly reduced anion, 1*~. Several
products of 1~ have been isolated and crystallographically
characterized to illustrate that alkali metal ion binding differs
for light (Li* vs Na*) and heavy (K* and Rb*) congeners. The
analysis of crystal structures also detected a notable quinoidal
core transformation of the dianion. The 'H NMR investigation
of p-quinquephenyl further supported the reduction in
aromaticity illustrated by notable upfield shifts of all protons
upon 2-fold electron addition.

Furthermore, our computational analysis characterized the
p-quinquephenyl system in all the states relevant to the
experimental studies: neutral, anionic, dianionic, and com-
plexed to various alkali metal cations. We observed that
reduction of the aromatic scaffold leads to an increase in
quinoidal character and a concurrent decrease in aromatic
character, which is exacerbated upon the second reduction
step. This apparent relationship between the charge and
aromaticity was supported by the analysis of complexed
systems. Upon complexation to the alkali metal cations, the
negative charge of the p-quinquephenyl dianion is partially
alleviated and some of the aromatic character is regained. The
series of alkali metals reveals a well-behaved correlation
between the extent of charge shift and regaining of aromaticity
for 1>. Interestingly, the Li' ion fits well within this
correlation, even though the mechanism of charge transfer in
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this case is through C—H:--z intermolecular interactions and
not due to direct complexation.

Opverall, the series of alkali-metal salts prepared in this work
provides the first crystallographically characterized examples of
the doubly reduced p-quinquephenyl. These products could be
now utilized in ligand metathesis reactions providing access to
new d- and f-metal complexes and expanding their chemistry
and applications.

B EXPERIMENTAL SECTION

Materials and Methods. All manipulations were carried out
using break-and-seal”” and glovebox techniques under an atmosphere
of argon. Tetrahydrofuran (THF) and hexanes (Sigma-Aldrich) were
dried over Na/benzophenone and distilled prior to use. THF-dg
(>99.5 atom %D, Sigma-Aldrich) was dried over NaK, alloy and
vacuum-transferred. p-Quinquephenyl (1) (99%) was purchased from
TCI and sublimed at 280 °C prior to use. Lithium (99.9%), sodium
(99.9%), potassium (98%), rubidium (99.6%), and 18-crown-6 ether
(99%) were purchased from Sigma-Aldrich and used as received. The
UV—vis absorption spectra were recorded on a Thermo Scientific
Evolution 201 UV—visible Spectrophotometer. The 'H and *C NMR
spectra were measured using Bruker Ascend-500 spectrometer (500
MHz for "H and 126 MHz for '3C) and referenced to the resonances
of THF-dg. The low-temperature NMR experiment was controlled by
a Cryo Diftusion cryogenic tank probe, and liquid N, was used as a
cooling source. The extreme air- and moisture sensitivity of crystals
2—S5, along with the presence of loosely-bound THF molecules,
prevented obtaining elemental analysis data.

[Li*(THF),],[(127)]-0.4THF (2:0.4THF). THF (1.5 mL) was added
to a custom-built glass system containing 1 (2.0 mg, 0.005 mmol) and
excess Li metal (0.5 mg, 0.070 mmol). The mixture was allowed to
stir under argon at 25 °C for 24 h in a closed system. The initial color
of the suspension was off-white (neutral ligand), and it changed to
light pink after 10 min and deepened to a deep purple-red after 20
min. The suspension was filtered, and the purple-blue filtrate was
layered with 2.0 mL of hexanes. The ampule was sealed and placed at
S °C. Purple-black plates were deposited after 7 days. Yield: 1.0 mg,
50%. '"H NMR (THF-dg, ppm, —40 °C): § 5.86—5.92 (2H, 1*7),
5.97—-6.08 (8H, 1*7), 6.37—6.45 (4H, 1*7), 6.58—6.64 (4H, 1*7),
6.66—6.73 (4H, 1*7) UV—vis (THF, nm): 1., 490.

[{Na+(THF)3}2(12_)] (3). THF (1.3 mL) was added to a custom-
built glass system containing 1 (2.0 mg, 0.005 mmol) and excess Na
metal (5.0 mg, 0.22 mmol). The mixture was allowed to stir under
argon at 25 °C for 8 h in a closed system. The initial color of the
suspension was off-white (neutral ligand), and it changed to light pink
after S min and deepened to dark purple after 15 min. The suspension
was filtered, and the purple-blue filtrate was layered with 2.0 mL of
hexanes. The ampule was sealed and placed at S °C. Black-red blocks
were deposited after 7 days. Yield: 1.5 mg, 75%. 'H NMR (THF-d,,
ppm, —20 °C): § 5.98—6.05 (8H, 1*7), 6.09—6.14 (2H, 1*7), 6.54—
6.60 (4H, 1*7), 6.70—6.77 (4H, 1*7), 6.83—6.88 (4H, 1>7). UV—vis
(THF, nm): A, 321, 392.

[{K+(18-cr0wn-6)(THF)}2(12_)] (4). THF (1.8 mL) was added to
a custom-built glass system containing 1 (4.0 mg, 0.01 mmol), and
excess K metal (5.0 mg, 0.130 mmol). The mixture was allowed to stir
under argon at 25 °C for 6 h in a closed system. The initial color of
the suspension was off-white (neutral ligand), and it changed to light
pink after 2 min and deepened to dark brown after 10 min. The
suspension was filtered, and the purple-blue filtrate was layered with
2.0 mL of hexanes containing 18-crown-6 (15 mg, 0.056 mmol). The
ampule was sealed and placed at 5 °C. Black blocks were deposited
after 7 days. Yield: 1.5 mg, 38%. UV—vis (THF, nm): 4., 328.

[{Rb*(18-crown-6)},(127)] (5). THF (1.8 mL) was added to a
custom-built glass system containing 1 (4.0 mg, 0.01 mmol), and
excess Rb metal (10 mg, 0.118 mmol). The mixture was allowed to
stir under argon at 25 °C for 4 h in a closed system. The initial color
of the suspension was off-white (neutral ligand), and it changed to
light pink after 1 min and deepened to dark brown after S min. The
suspension was filtered, and the brown filtrate was layered with 2.0
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mL of hexanes containing 18-crown-6 (15 mg, 0.056 mmol). The
ampule was sealed and placed at 5 °C. Brown blocks were deposited
after 7 days. Yield: 1.3 mg, 33%. UV—vis (THF, nm): 4, 321.

Crystal Structure Determination and Refinement. Data
collections of 2, 3, and S were performed on a Bruker VENTURE
system equipped with a PHOTON 100 CMOS detector, a Mo-target
fine-focus X-ray source (A = 0.71073 A), and a graphite
monochromator. The data were collected at 100(2) K (Oxford
Cryosystems CRYOSTREAM 700), SO kV, and 30 mA with an
appropriate 0.5° @ scan strategy. Data collection of 4 was performed
at 100(2) K on a Huber Kappa system with a DECTRIS PILATUS3
X 2M(CdTe) pixel array detector using ¢ scans (synchrotron
radiation at A = 0.49594 A) located at the Advanced Photon Source,
Argonne National Laboratory (NSF’'s ChemMatCARS, Sector 18,
Beamline 15-ID-D).

All data sets’ reduction and integration were performed with the
Bruker software package SAINT (version 8.38A).%° Data were
corrected for absorption effects using the empirical methods as
implemented in SADABS (version 2016/2).°' The structures were
solved by SHELXT (version 2018/2)** and refined by full-matrix
least-squares procedures using the Bruker SHELXTL (version 2019/
2)* software package through the OLEX2 graphical interface.** All
non-hydrogen atoms, including those in disordered parts, were refined
anisotropically. Hydrogen atoms were included in idealized positions
for structure factor calculations with U,(H) = 1.2 U,(C). More
crystallographic details and structure refinement (Table S2) as well as
ORTEP drawings and solid-state packing are shown in the Supporting
Information.

Computational Details. All calculations were performed with the
ORCA 5.0.3 software package® using the PBE0**” functional and
the def2-TZVPD*** basis set. Dispersion effects were accounted for
using Grimme’s D3 correction with Becke—Johnson damping.”””*
Specific computational keywords are detailed in the sample input files
in the Supporting Information. For the parent p-quinquephenyl
structures (neutral, radical anion, and dianion), full optimizations
were performed, and frequency calculations confirmed the optimized
structures to be real minima (i.e., N4, = 0). For products 2, 3, 4, and
S, constrained optimizations were performed, in which only the
hydrogen coordinates were optimized on the crystal-structure
coordinates; all other atoms were kept frozen. XYZ coordinate files
for the NICS calculations’”* were generated with the AROMA
package.”* ACID plots”>”® were generated with the Gaussian 09 suite
of programs, revision D.01.”” The partial charges discussed in the text
are Loewdin charges calculated for the carbon atoms with the bonded
hydrogens. To obtain partial charges for each ring, the values were
summed over all carbons within each ring.
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