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Antiaromaticity is extended from aromaticity as a complement to describe the unsatu-
rated cyclic molecules with antiaromatic destabilization. To prepare antiaromatic species
is a particularly challenging goal in synthetic chemistry because of the thermodynamic
instability of such molecules. Among that, both Hiickel and Mébius antiaromatic spe-
cies have been reported, whereas the Craig one has not been realized to date. Here, we
report the first example of planar Craig antiaromatic species. Eight Craig antiaromatic
compounds were synthesized by deprotonation-induced reduction process and were
fully characterized as follows. Single-crystal X-ray crystallography showed that these
complexes have planar structures composed of fused five-membered rings with clearly
alternating carbon—carbon bond lengths. In addition, proton NMR (‘"H NMR) spec-
troscopy in these structures showed distinctive upfield shifts of the proton peaks to the
range of antiaromatic peripheral hydrogens. Experimental spectroscopy observations,
along with density-functional theory (DFT) calculations, provided evidence for the
Craig antiaromaticity of these complexes. Further study experimentally and theoretically
revealed that the strong exothermicity of the acid-base neutralization process was the
driving force for this challenging transformation forming Craig antiaromatic species.
Our findings complete a full cycle of aromatic chemistry, opening an avenue for the
development of new class of antiaromatic systems.

aromaticity | Craig-type antiaromaticity | deprotonation-induced reduction process
driving force of aromaticity transformation

Aromaticity is a fundamental concept in chemistry that was initially proposed to describe
electronic delocalization with anomalous stability in n-conjugated molecules; three pat-
terns of ground state aromaticity have since described Hiickel (1), Craig (2) and Mébius
aromaticity (3) (Fig. 1A4), and all have been studied both experimentally and theoretically
(4-12). The Hiickel aromaticity, proposed in 1931, applies to planar molecule with [47
+ 2] m electrons and has been exemplified by two well-known aromatic molecules, naph-
thalene (13) and benzene (14) (Fig. 1B) that were discovered in the 1820s. In contrast,
Craig and Mébius aromaticity, predicted later in 1958 and 1964, respectively, describe
molecules with [47] 7 electrons in ®T-conjugated systems with a 180° phase shift. Mobius
aromaticity is achieved by a 180° (1) half-twist of the p-atomic orbitals in conjugated
systems into a Mobius strip conformation and the first Mobius aromatic compound [16]
annulene was experimentally isolated in 2003 (4). Whereas Craig aromaticity is achieved
by introducing the d-atomic orbital for 180° phase shift with the p,—, delocalization to
retain a planar structure and the first Craig aromatic compound, namely metallapentalyne,
was synthesized in 2013 (Fig. 1B) (15).

Antiaromaticity was proposed subsequently by Breslow (16) as a complement of aro-
maticity to describe the m-conjugated molecules with opposite electron counting rule and
antiaromatic destabilization, which has not been studied as thoroughly as aromaticity as
it is associated a cyclic molecule with high thermodynamic instability (16, 17). Thus, the
synthesis of such molecules is particularly challenging, and only a few antiaromatic mol-
ecules have been reported thus far (18-23). For instance, the classic Hiickel antiaromatic
cyclobutadiene was attributed to the synthesis of sterically protected cyclobutadienes by
Krebs et al. and Maier et al. in the 1970s (18, 19), and its antiaromaticity was subsequently
experimentally characterized in 1999 by Snyder et al. (21). The first Mébius antiaromatic
compound Pd-vacataporphyrin was synthesized without attaining a crystal structure in
2008 by Latos-Grazyniski et al. (22) (Fig. 1C). As for Craig antiaromatic species (2), it was
expected to have a planar structure with [47 + 2] & electrons, but such geometric and
electronic structure is highly likely to exhibit Hiickel aromaticity rather than Craig antia-
romaticity due to the former endows molecule with extra stability but the latter endows
instability. Apart from that, Craig antiaromatic species required an additional d-atomic
orbital for 180° phase shift with the p,—, interaction. Therefore, the realization of Craig
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extra thermodynamic instability
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experimentally and theoretically.
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Fig. 1. Complete development of r-aromatic chemistry over the last two centuries. (A) The proposed concepts of aromaticity. (B) The discovery of aromatic

molecules. (C) The discovery of antiaromatic molecules.

antiaromatic molecule is even more challenging. Although many
efforts have been made to synthesize Craig antiaromatic molecules,
the obtained compounds have ultimately adopted a nonplanar
structure to alleviate the antiaromaticity destabilization. For exam-
ple, Xi et al. reported in 2016 that dicupra[10]annulene (24) with
the dihedral angle between two 1,3-diene planes is 77.8°. More
recently, our group attempted to incorporate a bridgehead transi-
tion metal into naphthalene to convert a Hiickel aromatic naph-
thalene into a Craig antiaromatic metal-bridgehead naphthalene
(25), but a nonaromatic rather than an antiaromatic twisted geom-
etry with a dihedral angle of 43.1° was ultimately obtained instead.
Thus, the Craig antiaromatic compound has not been reported
to date.

Herein, we developed a deprotonation-induced redox reac-
tion-based strategy to synthesize the first planar Craig antiaro-
matic molecules, which are denoted complexes (3) (Fig. 24).
Single-crystal X-ray diffraction studies characterizing isolated
complexes (3) revealed nearly perfectly planar fused five-member
rings (5MRs) with significant alternation of the carbon—carbon
bond lengths. The 'H NMR spectra of complexes (3) showed
remarkable upfield shifts of the proton peaks, which were similar
to the NMR shifts computed for a classic antiaromatic heterocy-
clic five-membered ring (borole) (Fig. 2E). A combination of
experimental and theoretical results demonstrates the Craig antia-
romaticity of these compounds. We further synthesized a series
of reactants with different acidity via substituting ligands and
functional groups, and totally eight Craig antiaromatic com-
pounds were obtained. It turns out that a higher acidity of reac-
tants leads to the successful synthesis of these Craig antiaromatic
compounds.

Results and Discussion

Synthesis and Characterization of Craig Antiaromatic
Complexes (3). To prepare the Craig antiaromatic complexes (3),
we synthesized complexes (2) (Fig. 24) as start material, which

https://doi.org/10.1073/pnas.2215900120

is according to the previous predicted that acidity of a cyclic
compound is expected to decrease by the antiaromaticity in its
conjugated base (16). Complexes (2) were designed to contain
two phosphonium groups, whose strongly electron-withdrawing
character is expected to increase both the stability and the
acidity of the reactant complexes (2) (16, 26), and the acidity of
complexes (2) could be modulated by the different functional
groups on cyclic structure and/or ligands on metal center. Mixing
complex 1 (Fig. 24) (27) with a propargyl phosphonium salt (28,
29) [HC = CCH,PR;]*[BPh,]” containing different functional
groups in dichloromethane (DCM) at room temperature (RT)
produced complexes 2a and 2b (Fig. 24). Ligand replacement
reactions of 2a and 2b with CH;CN (ACN) and 2,2’-bipyridine
(bpy) at 60 °C led to formation of complexes 2a-ACN and
2a-bpy, 2b-ACN and 2b-bpy, respectively (Fig. 24). Further
investigation of the >'P NMR spectra of these compounds
showed two obvious signals for CPPh;, suggesting successful
construction of two phosphonium groups in complexes (2)
(Supplementary SI Appendix, Figs. S1, S6, S24, §29, S39 and
S44). Complexes (3) were obtained by reacting complexes (2)
with E¢,NH as a base, which was accompanied by a color change
from brownish yellow to deep green (Fig. 2A). Specifically,
mixing complex 2a and 2b with excess of Et, NH and PPh,
in DCM at RT afforded complexes 3a-PPh; and 3b-PPh,,
respectively, in good yields (81% and 77% %, respectively).
3a-ACN, 3a-bpy, 3b-ACN, and 3b-bpy were synthesized by
adding E¢,NH to their corresponding complexes (2) (Fig. 24).
To prepare complexes 3a-bpy and 3b-bpy, another method is
through ligand replacement reactions of 3a-PPh; and 3b-PPh,,
respectively, in the presence of bpy (Fig. 24). However, 3a-ACN
and 3b-ACN could not be synthesized from 3a-PPh; and
3b-PPh, by ACN ligand replacement because the PPh; ligand
could not be substituted by the weak ACN ligand (Fig. 24). In
addition, the reactions converting complexes (2) to complexes (3)
in the presence of a base (Et,NH) could be reversed by adding
an acid (HCI-Et,O or HBF,-Et,O) (Fig. 24). As for stability,
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(A) Synthesis of antiaromatic complexes (3) with different functional groups and ligands. (B) Labeling of the selected bond lengths in fused 5MRs for

2a, 3a-PPh,, 2a-bpy, and 3a-bpy. Selected bond lengths are given in A. (C) X-ray crystal structures for cations of 2a and 3a-PPhy/3b-PPh;, 2a-bpy/2b-bpy, and
3a-bpy/3b-bpy drawn with 50% probabilities (the phenyl groups, p-methylphenyl or cyclohexyl group in the PR; moieties are omitted for clarity). (D) Experimental
"H NMR spectra showing an upfield shift in 3a-PPh; compared with 2a in CD,Cl,. (F) Comparison of proton chemical shifts (theoretical values are in parenthesis)
of 3a to that of the classic antiaromatic borole with a heterocyclic 5SMR (ppm versus tetramethylsilane). (F) Os 4f XPS spectra of complexes 2a-bpy and 3a-bpy.
(G) UV-Vis-NIR absorption spectra of 2a-bpy and 3a-bpy (1.0 x 10™* M) measured in CH,CN at RT. Blue color represents aromatic species, whereas red color

represents antiaromatic species.

complexes (2) were found to be more stable in air than complexes
(3); solutions of the former in air were stable for several days,
whereas solutions of the latter in air were decomposed completely

PNAS 2023 Vol.120 No.6 e2215900120

in 2 h. Both complexes (2) and (3) were characterized by NMR
and high-resolution mass spectrometry (HRMS) (87 Appendix,
Figs. S1-598).
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Single-crystal X-ray diffraction was conducted to determine the
structures of complexes (2) and (3) (Fig. 2 B and C). As shown in
Fig. 2C, complexes (2) and (3), all have planar conjugated systems
as reflected by the mean deviations from the least-squares plane of
0.028 A (2a), 0.027 A (2a-bpy), 0.016 A (2b-bpy), 0.023 A (3a-
PPh,), 0.023 A (3b-PPh,), 0.052 A (3a-bpy) and 0.061 A (3a-
bpy) in the SMRs (S Appendix, Figs. S99-S106), respectively.
Notably, the sum of the angles in 5MRs, such as 539.9(4)°/539.8(0)°
in 2aand 540.1(1)°/540.0(5)° in 3a-PPh; (SI Appendix, Figs. S99—
S$105), were all consistent with the ideal value 540° of the sum of
the interior angles of a planar pentagon. Further comparison of
these structures suggested that 3a-PPhy is similar to 2a with a dif-
ference of only one proton in the C8 position of the conjugated
framework, and this one proton difference was also observed
between cationic 2a-bpy and 3a-bpy structures (Fig. 2C). However,
significant differences in bond lengths were found in these otherwise
similar frameworks (Fig. 2B). For example, the C—C bond lengths
(C1-C7) in 3a-PPh; were 1.344(6), 1.454(6), 1.347(6), 1.442(6),
1.346(6) and 1.422(6) A, but those of 2a are 1. 403(12) 1.393(12),
1.375(12), 1.405(12), 1.372(12) and 1.386(12) A, demonstrating
negligible bond alternation in 2a but significant alternation in the
bond lengths in 3a-PPh;, indicating the presence of alternating
single and double C-C bonds in the latter (Fig. 2B). Likewise,
similar negligible bond alternation was observed for 2a-bpy and
2b-bpy, and significant bond alternation was observed in 3b-PPhs,
3a-bpy and 3b-bpy (Fig. 2B and S/ Appendix, Figs. S101-5105).
This result was further verified by the analysis of the alternation of
the C—C bonds in the SMRs, and we first calculated the mean
values of C-C bond such as 1.389 A for complex 2a and 1.392 A
for complex 3a-PPh;, which indicates their mean values of C-C
bond is close. Then we calculated the SDs for the lengths of the six
C-C bonds, as a very small SDs in complexes (2) (2a: 0.0127 A,
2b: 0.0174 A, 2a-bpy: 0.0199 A and 2b- bpy: 0.0156 A) whereas
much larger value in complexes (3) (3a-PPhs: 0.0478 A, 3b- PPh;:
0.0473 A, 3a-bpy: 0.0437 A and 3b-bpy: 0.0364 A) In addmon
the Os1-C7 bond lengths in complexes (3) (2.084 Ain 3a-PPh,,
2.087 A in 3a-bpy) were longer than those of in complexes (2)
(1.969 A in 2a, 1.971 A in 2a-bpy), thus indicating the presence
of formal Os-C single bonds in complexes (3). These results showed
that complexes 2a, 2a-bpy, and 2b-bpy have delocalized structures
and are comparable to a Craig aromatic metallapentalene that was
reported previously (30), whereas the planar complexes 3a-PPhs,
3b-PPh;, 3a-bpy, and 3b-bpy have localized structures with sig-
mﬁcant bond alternation, suggesting antiaromaticity.

"H NMR spectra were obtained to investigate the antiaroma-
ticity of the prepared compounds as the hydrogens outside the
conjugated ring would be influenced by a shielding field and shift
to upfield. Significant upfield shifts of the proton peaks in the
spectrum of 3a-PPhj relative to those in the spectra of complexes
2a were observed, even with the additional electron-withdrawing
phosphonium group participating in the cyclic conjugated struc-
ture of the former complex (Fig. 2D). Specifically, the proton
chemical signals of 3a-PPh, were upfield at 12.12, 6.45, 6.35,
and 4.97 ppm, whereas those of 2a were downfield at 14.49, 8.17,
8. 96 and 6.83 ppm (Fig. 2D and SI Appendix, Table S1). Similarly,
the "H NMR signals of all other complexes (3) were clearly upfield
relative to those of the corresponding complexes (2), such as dif-
ference ranging from 2.11 to 3.40 ppm between 2a-ACN and
3a-ACN (S! Appendix, Table S1). Consistently, these distinctive
upfield shifts of the proton peaks were also reproduced reasonably
well by theoretlcal calculations (87 Appendix, Fig. S109).
Furthermore, the "H NMR signals corresponding to H3, H5 and
HG6 in the spectrum of 3a-PPh, (Fig. 2E) were at 6.45, 6.35, and
4.97 ppm, respectively, which are within the range reported for

40f8 https://doi.org/10.1073/pnas.2215900120

antiaromatic peripheral hydrogens (31, 32). In addition, the "H
NMR signals corresponding to H3, H5, and H6 in the spectrum
of 3a-PPh; were similar to the proton chemical shifts calculated
for the antiaromatic borole (H1: 5.53 and H2: 6.75 ppm, Fig. 2E).
The 'H NMR signal corresponding to H1 in the spectrum of
3a-PPh; was downfield than those of H3, H5, and H6 because
of the proximity of this proton to both the transition metal and
the electron-withdrawing phosphonium group (33), but this signal
was still shifted upfield by 2.37 ppm with respect to the H1 peak
in the spectrum of 2a (Fig. 2 D and E). The significant upfield
shifts of proton peaks to the antiaromatic peripheral hydrogens
indicate the antiaromaticity of the complexes (3).

As Craig aromaticity involves the electrons from 4 orbital for
pr—dr interactions in a T-conjugated system, the prepared com-
plexes were further investigated by X-ray photoelectron spectros-
copy (XPS), from which the changes in the valence state of the
osmium center reflected by binding energy were applied to cor-
relate the change in the number of electrons in the 4 orbital. The
binding energies of these complexes were determined, with a lower
binding energy corresponding to a lower valence state with more
electrons in the & orbital (34). As shown in Fig. 2F, the binding
energies of osmium in 3a-bpy were clearly much lower than that
in 2a-bpy. All binding energies are referenced to a C 1s value of
285.0 eV (34). The difference in the Os 4f;,, binding energies of
2a-bpy (52.1 eV) and 3a-bpy (51.3 eV) was 0.8 ¢V, and the same
difference was found between 2a (51.9 eV) and 3a-PPh; (51.1
V) (Fig. 2F and SI Appendix, Fig. S107). All of these results indi-
cated that the valence states of osmium in complexes 3a-bpy and
3a-PPh; were lower than those in complexes 2a-bpy and 2a,
respectively, which is in line with the formal valence state of com-
plexes (2) (+6) and (3) (+4). These significant differences were
attributed to a remarkable change in the number of electrons in
d orbitals, clearly indicating that the conversion from complexes
(2) to (3) is a deprotonation-induced reduction process. Note that
the number of electrons in the & orbital between complexes (2)
and (3) is different, which might be connected to the opposite
number of m-conjugated electron between Craig aromaticity and
antiaromaticity. Thus, this difference might lead to the change of
the number of electrons from 4 orbital in p ~, interactions, ena-
bling the Craig antiaromaticity in complexes (3). In addition,
UV-Vis-NIR absorption spectra of these complexes were
obtained, and the spectra of both 3a-bpy and 3a-PPh; exhibited
weak absorption with redshifted bands at 573 and 607 nm in
comparison with those of 2a-bpy (A, = 444 nm) and 2a (A,
= 461 nm), respectively, which is consistent with the previous
work reported that the antiaromatic molecule would exhibit a
weak long tail with redshift character (32) (Fig.2G and
SI Appendix, Fig. S108). Overall, our experimental observations
all pointed the Craig antiaromaticity in the complexes (3).

Theoretical Study of Craig Antiaromaticity Properties of
Prepared Complexes (3). To further examine the antiaromaticity of
complexes (3), we followed by conducting the density-functional
theory (DFT) calculations. We began with the optimized
geometries of complexes (3), which consisted of planar structures
with significant bond alternation in localized 5MRs, whereas
optimized geometries of complexes (2) exhibited negligible
bond alternation and delocalized structures, consistent with the
experimental observations (S/ Appendix, Fig. S110). Moreover,
simplified models for complexes 3’, 3-ACN’ and 3-bpy’, with
relatively small PMe; ligands and hydrogen atoms in place of
the PPh; ligands and phosphonium substituents, respectively,
showed similar bond alternation in the bond lengths and planar

structure SMR structures (SI Appendix, Table S5). The results
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of all geometries of complexes optimized are in line with our
experimental observations, showing the reliability of theoretical
calculation and could be applied to the following (anti)aromaticity
calculations.

We performed canonical molecular orbital (CMO) nucleus-in-
dependent chemical shift (NICS) calculations on the simplified
models to gain further insight into the antiaromaticity of prepared
complexes (35, 36). The NICS(0),, describes the zz component
above the geometrical center, and the NICS(0)r,, has been shown
to be a suitable indicator of T-aromaticity (36), whereas NICS(0),,
is suitable for assessing G-aromaticity (37), with negative values
generally indicating aromaticity and positive values indicating
antiaromaticity. As shown in Fig. 34, the NICS(0)r,, values for
the 5SMRs of 3', denoted ring L and ring R, were +28.4 and +28.6
ppm, respectively. Positive NICS(0)r,, values were also found for
3-ACN’ (+27.2 ppmin L and +24.4 ppm in R) and 3-bpy’ (+35.1
ppm in L and +36.5 ppm in R) (Fig. 3F and S/ Appendix, Fig.

S111), which indicates that the ligands on the osmium center had

3-bpy’
NICS(0),., 35.1 | 36.5

30.7 | 28.0

minor effects on the antiaromaticity of the SMR conjugated sys-
tem. In addition, the negative NICS(0),, values calculated in 3MR
of 3’, 3-bpy’, and 3-ACN’ (-37.2, -48.5, and -36.9 ppm) suggest
c-aromaticity in 3MR, similar to the previous report (37). Similar
calculations were also performed for the classic aromatic benzene
(4’) and antiaromatic borole (5") structures (Fig. 34 and
SI Appendix, Fig. S112) for comparison. The NICS(0)r,, value of
benzene was -35.7 ppm, whereas that for borole was +43.2 ppm
(Fig. 34), consistent with the aromaticity and antiaromaticity,
respectively, of these structures. The highly positive NICS(0)r,,
values of 3’, 3-ACN’, and 3-bpy’ were all consistent with that of
the antiaromatic borole, but were in sharp contrast to that of
aromatic benzene, verifying the antiaromaticity of 3’, 3-ACN’,
and 3-bpy’.

The antiaromaticity of 3" was also investigated by anisotropy of
the current induced density (ACID) calculation (38). The ACID
function is obtained by adding products of the tensor elements of
the current density susceptibility function. In general, diatropic

i
‘J
HOMO (-0.40 eV) HOMO-3 (-2.35 eV)
39.346.2 0.3]-5.7

J) JJ
HOMO-6 (-3.21 eV) HOMO-11 (-5.03 eV)
411-12 -6.9|-8.2

HOMO-14 (-5.90 eV)

1 &
3-bpyP 7 -8.4]-25

Fig. 3. (A) NICS(0)m,, values (in ppm) for 3’, 4’, and 5'. (B) Computed ACID plots of 3’, 4’, and 5’ from the z contributions, displayed with an isosurface value of
0.03 a.u. (Q) ICSS,, plot of 3/, 4, and 5’, the red surface indicates shielding, whereas the blue surface indicates deshielding. (D) Key occupied = MOs and their
energies together with eigenvalues in parentheses for 3'. (E) Comparison between NICS(0)m,, values (in ppm) of 3-bpy’ and 3-bpy-P’ to investigate the impact
of phosphonium substituents on the Craig antiaromaticity. (F) ACID plots of 3-bpy-P’ computed from the z contribution are displayed with an isosurface value

of 0.02 a.u.
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ring current indicates aromaticity, whereas paratropic ring current
exhibits antiaromaticity. The distinct counterclockwise paratropic
circulation in the 7t-system of 3" indicated that antiaromaticity is
similar to that exhibited by borole 5" and stood in sharp contrast
to the clockwise ring current of benzene 4’ (Fig. 3B and
SI Appendix, Figs. S113-S115). Similar counterclockwise parat-
ropic  circulation was also found for 3-ACN’and
3-bpy’ (S] Appendix, Figs. S116 and S117). Analysis of the
iso-chemical shielding surface (ICSS) (39) was also performed to
investigate the antiaromaticity of 3’. As shown in Fig. 3C, the zz
component of ICSS (ICSS,,) in 3" was plotted with a deshielding
cone (blue) surrounded by a shielding loop (red) and was similar
to the ICSS,, of the antiaromatic borole 5’. Likewise, a deshielding
cone surrounded by a shielding loop was also observed for
3-ACN’ and 3-bpy’ (8] Appendix, Fig. S118). In contrast, a shield-
ing cone surrounded by a deshielding loop was found in the ICSS
of benzene 4’ (Fig. 3C). Both the paratropic ring current of ACID
and shielding loop surrounding of ICSS, results verify the antia-
romaticity in 3, 3-ACN’ and 3-bpy’, in line with the NICS(0)x,,
values. Furthermore, isomerization stabilization energy (ISE) (40)
and electron density of delocalized bonds (EDDB) (41) calcula-
tions were performed, respectively. As shown in S Appendix, Figs.
S119 and S120, the positive ISE values and the significantly
reduced EDDB values both support the antiaromaticity in 5SMRs.

To probe the origin of the antiaromaticity in 3’, the electronic
structure of these complexes was investigated. As shown in
Fig. 3D, five occupied ® molecular orbitals (T-MOs) of 3, namely
the HOMO, HOMO-3, HOMO-6, HOMO-11, and HOMO-
14, formed an eight-center 10-electron (8c-10e) antiaromatic
system. Of these occupied orbitals, HOMO, HOMO-3, and
HOMO-11 participated in pn— dn interaction in the 1-MOs
involved the phase shift in the osmium center. These results
showed that 3" consists of the properties of [47 + 2] @ electrons,
pr—dr interaction and planarity, demonstrating 3" exhibits Craig
antiaromaticity. Similarly, five occupied 1-MOs forming 8c-10e
Craig antiaromatic systems were also found for 3-ACN’ and
3-bpy’ (SI Appendix, Fig. S111). Similar calculations were con-
ducted for benzene and borole. We found three occupied 1-MOs

A S .
R o Tleeng Lo, PhP o TTBPN
S S F
= ). : (I des
N\ PPh, X PPh3

2¢ 3¢-PPh;

C HB8 of reactant (2) increased
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= NCCH; ~13BF; PhsP  NCCH; ~12BF;

s / NCCH Eto,NH, / -
ht o~ 3 CysP B NCCHg
CysP/Eo@ AG=-73 Yo b/s/
+
N\ ~~/“PPh, AE=-7.2 S BPhs
2c-ACN 3¢c-ACN

= - =
PR (I “13BF; PhsP \NI ]28BF;
Hg = N
8 /NS EbNH /  CysP "-,,//N\\

+ /
N-SNUPPh,  AE=-6.4 N\ ~PPh,

2c-bpy

forming a 6¢-6e Hiickel aromatic system in benzene 4" and two
occupied T-MOs forming a Sc-4e Hiickel antiaromatic system in
borole 5’, demonstrating the reliability of the calculations
(SI Appendix, Fig. S112). All these results suggested that 3’,
3-ACN’ and 3-bpy’ exhibit Craig antiaromaticity.

In addition, 3-bpy-P’ model was further calculated to investi-
gate the impact of the phosphonium substituent on aromaticity
(Fig. 3E and SI Appendix, Fig. S121). As shown in Fig. 3, the
NICS(0)x,, values of 3-bpy-P’ were +30.7 ppm for L ring and
+28.0 ppm for R ring. Although the NICS(0)r, values of 3-bpy-
P’ were slightly lower than those of the simplified model of
3-bpy’ (+35.1 ppm in Lring and +36.5 ppm in Rring), the highly
positive values still indicated the antiaromaticity of 3-bpy-P’. In
addition, analysis of the electronic structures of 3-bpy-P’ suggests
an 8c¢-10e Craig antiaromatic character (S Appendix, Fig. S121).
An anticlockwise ring current in the ACID plots of 3-bpy-P’ was
observed (Fig. 3F and S/ Appendix, Fig. S122). All these results
demonstrated that 3-bpy-P’ is similar to 3-bpy’ and exhibits
Craig antiaromaticity.

Driving Force for the Synthesis of Craig Antiaromatic Compounds.
Once the Craig antiaromaticity of complexes (3) had been clearly
established both experimentally and theoretically, the next aim
was to determine the driving force in the realization of Craig
antiaromatic compounds via this deprotonation-induced reduction
process. A series of complexes (2) with different acidity of H8
were synthesized (Fig. 4). By comparison with the synthesis in
Fig. 24, we found that the method used to form 3a-PPh; and
3b-PPh; from 2a and 2b failed to generate 3¢-PPh; from 2¢
(Fig. 44 and SI Appendix, Figs. S11-S15 and S$86). As the only
structure difference among 2a, 2b, and 2c¢ is the phosphonium
group, we assumed that the failure of 3¢-PPhy is possibly because
the acidity of H8 of reactant 2¢ was decreased with weaker electron-
withdrawing nature of the tricyclohexyl phosphonium group by
comparing with 2a and 2b. To test this hypothesis, monocationic
complexes (2) [e.g., 2d-PPh;(30)] (Fig. 48 and S/ Appendix, Fig.
S123A) with lower acidity and tricationic complexes 2¢-ACN
and 2c-bpy (Fig. 4C) with higher acidity were synthesized

H8 of reactant (2) decreased

G o Tlor P PP ;

8 3/ _.pph, Base P Ph— i/ _PPh; |

Ph — ==l O |
/E@* AG=224 | m :
N\ PPh; AE=203 ! ~/"PPh; !
2d-PPhy | 3d-PPh, :

Base = Et,NH, NEts, KOH,NaOH

Theoretical verification of the driving force of H8 acidity

Phap [ ] 7
Hsaj__: sy Ph3PE: N N/ ‘
B Ng R e S
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)
N\ —"R, N—R,
R1 R2 AG [ kcal mol' | AE [ kcal molt
PPh,* PPh;* -8.7 7.8
PPh,* H 7.1 7.9
H PPh,* 14.7 16.6
H H 33.9 35.3

Fig. 4. (A) Experimental failure of forming 3c-PPh; from 2c. Experimental verification by decreasing (B) and increasing (C) acidity of H8 in a series of reactants
(2), along with theoretical calculations of free Gibbs energies at 298 K and electronic energies (kcal mol™") with Et,NH as a base. (D) Theoretical verification of

the driving force of H8 acidity.
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(SI Appendix, Method). As we can see, monocationic complexes
2d-PPh; were not deprotonated by a base (e.g., Et, NH, NE&t;, and
NaOH) and CXthlth thermodynamically unfavorable energies
of 22.4 keal mol™ in forming 3d-PPh; (Fig. 4B). However, the
tricationic complexes 2c-ACN and 2c-bpy readily react with
EtZNH to generate 3¢-ACN and 3c-bpy (AG = -7.3 and -7.5 kcal
mol ™, respectively, as shown in Fig. 4). The hypothesis regarding
the ac1dity of H8 among complexes (2) was supported by pKa
calculations (42), as shown in S/ Appendix, Fig. S123B. Specifically,
the pKa values gradually decreased from monocationic 2d-PPh,
to tricationic 2c-ACN, which indicated that the acidity of these
complexes was enhanced. In addition, this hypothesis was supported
by further calculations of additional models (Fig. 4D) in which the
highly electron-withdrawing phosphonium groups were gradually
replaced with hydrogen, thus decreasmg the acidity. The reactions
changed from exergonic (-8.7 keal mol™ Wlth two phosphonium
groups) to endergonic (7.1 or 14.7 kcal/ mol ™ with phosphonium
and hydrogen, and 33.9 kcal mol™ with two hydrogens). These
results all suggested that the formation of antiaromatic (3) is
determined by the acidity of H8 in complexes (2). Note that the
reaction of (2) — (3) is an acid-base neutralization process, which
is highly exergonic, and a higher acidity of (2) favors the synthesis
of Craig antiaromatic species (3). Therefore, the driving force for
the realization of Craig antiaromatic compounds was determined
to be the energy released by acid-base neutralization.

Conclusion

We have developed a strategy to synthesize, isolate, and charac-
terize a planar Craig antiaromatic species (3) for the first time; the
synthesis was based on a deprotonation-induced reduction pro-
cess, and the antiaromaticity of the obtained molecules was evi-
denced by both experimental characterizations and theoretical
calculations. Further experiments along with thermodynamic
analysis supported by pKa and relevant reaction energy profile
calculations revealed that the intrinsic driving force for realization
of Craig antiaromatic compounds is the highly exothermic acid-
base chemistry. This work supports the realization of the first Craig
antiaromatic species, 203 y after the discovery of the aromatic
compound naphthalene and completes a full picture of m-aromatic
chemistry. The discovery of Craig antiaromatic molecules with
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