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Is aromaticity loss necessary for transition-metal
promoted arene—alkene cycloadditions?
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Computed gas-phase reaction profiles for Diels—Alder reactions, nucleus-independent chemical shifts, and

bonding analyses for substituted and metal complexed, n2-, n*-, n®-coordinated arenes reveal that
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dearomatization is necessary for arenes to exhibit ene- and diene-like reactivity. Substituted arenes and

n®-arenes exhibit high free energy barriers towards cycloaddition reactions, but strongly dearomatized
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rsc.li/chemical-science reactions.

Introduction

Arenes are rarely envisioned as dienes or dienophiles for Diels-
Alder reactions because of the energetic penalty for disrupting
aromaticity. For this reason, known examples of arene Diels-
Alder reactions typically involve harsh conditions (i.e., high
temperature and pressure),” photoreactions,** strained scaf-
folds,”® or the use of highly potent dienes or dienophiles.’
Transition metal coordination can profoundly alter the reac-
tivity of aromatic systems,'*** and in some cases, instill diene-
or ene-like reactivity in much milder conditions.”>™ It was
suggested that increased diene- and ene-like reactivity is linked
to a loss of aromaticity in the metal coordinated arene, but such
relationships have only been speculated. In this computational
investigation, we show that diene- and ene-like reactivity in
transition metal coordinated arenes can only be expected when
the metal complexed arene displays a notable degree of
aromaticity loss.

Even though examples of dihapto (n?) and tetrahapto (n*)
coordinated arenes showing diene- and ene-like reactivity are
known, the role of aromaticity loss of the coordinated arene in
driving such reactivity has never been quantified. In a series of
papers, Harman et al. reported that n*-arenes, heteroarenes,
and fused arenes could mimic the cycloaddition reactivity of
dienes and undergo Diels-Alder reactions (Fig. 1a and b)***¢-182°
Cooper et al. found that n*-Mn(CO);-benzene could undergo
two sequential electrophilic addition steps followed by ring
closure to yield cyclohexadienyl complexes via a [2 + 2 + 2]
cycloaddition (Fig. 1c).”* Fe(CO); complexes of tropone show
enone-like reactivity.*** Yet, not all metal-complexed arenes
show diene- or ene-like reactivity. n°-Cr(CO);, n°-Mn(CO);", n°
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n2- and n*-arenes can display low free energy barriers (~20 kcal mol™ or less) for [4 + 2] cycloaddition

FeCp*, and n°-RuCp" readily undergo nucleophilic substitution
and addition reactions to form substituted benzenes and
cyclohexadienes, but do not show diene- or ene-like reactivity.*
Likewise, substituents can effectively promote electrophilic and
nucleophilic reactions in arenes, but do not show diene- or
ene-like reactivity either. What are the necessary criteria for
making arenes react like dienes and dienophiles?

Results and discussion

We selected three aromatic systems (benzene, naphthalene,
indole) and first examined the dearomatization effects of > (1-
8), n* (9-14), and n°® (15-17) coordination, as quantified by
dissected nucleus-independent chemical shifts,>* NICS(1),.,
a magnetic index of aromaticity that measures the diatropicity
and paratropicity of a system (Fig. 2). Negative NICS(1),, values
indicate aromaticity (diatropicity), and positive NICS(1),, values
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Fig. 1 Examples of n?- and n*- arenes and fused arenes showing
diene- and ene-like reactivity.
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Fig. 2 NICS(1),, values for selected arenes and their n2-, n-, and n°-
complexes.

indicate antiaromaticity (paratropicity). Noting that a nearby
transition-metal could cause deshielding effects on the
computed NICS values,> NICS probes were placed 1 A above the
T-ring opposite to the transition-metal coordinating side. The
complexes shown in Fig. 2 are organized based on increasing
effective nuclear charge of the metal (left to right across a Row
and up to down across a Group). Large negative NICS(1),, values
indicate that all of the uncomplexed parent compounds are
strongly aromatic (Fig. 2). Computed NICS(1),, values for
selected substituted benzenes: aniline (—25.7 ppm), nitroben-
zene (—28.8 ppm), and p-nitrobenzene (—22.5 ppm) are only
modestly less negative compared to benzene and exemplify the
robustness of aromaticity towards ring substitution.”® A small
decrease in diatropicity occurs only when push-pull groups are
placed strategically around the arene; and even then, there is
only modest aromaticity loss.

The n>benzenes (1-6) exhibit a range of NICS(1),, values.
Going across a row, the series: 1 (—10.7 ppm), 2 (—16.3 ppm), 3
(—24.9 ppm) (W — Re — Os), and the series: 4 (+5.3 ppm), 5
(—11.2 ppm), 6 (—26.5 ppm) (Cr — Mn — Fe), both show
increasing diatropicity at the arene as the metal identity shifts
from an early to late transition metal. Sums of Wiberg Bond
Index (WBI)*’ values for the two metal-carbon contacts in each
of the complexes decrease in the order: 1 (sum of WBI = 1.23,
W) > 2 (1.17, Re) > 3 (0.82, Os) (Row 6), and 4 (1.03, Cr) > 5 (0.92,
Mn) > 6 (0.54, Fe) (Row 4), suggesting that metals with a lower
effective nuclear charge have stronger back-bonding interac-
tions with the arene (i.e., metal dr orbital to arene pm*). These
findings are consistent with prior studies showing that 1 and 2
readily undergo Diels-Alder reactions with N-methylmaleimide
(NMM) at room temperature, while 3 is unreactive.'*”
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Fused arenes also can be activated for electrophilic addition
by n’-coordination. Harman et al. reported a Diels-Alder reac-
tions for 7 with NMM."® The authors speculated that the ther-
modynamically favored 1,2-n>*coordinated species, 7, first ring
walks to a 2,3-n2-binding mode over a ~19 kcal mol™* barrier,
and then NMM adds to the complexed ring (ring A, see 7' in
Fig. 2 and S2t)."® Experiments carried out at elevated tempera-
tures produced the cycloadduct with shorter reaction times.®
Computed NICS(1),, values for the 2,3-n*-binding mode of 7
(ring A: —4.9 ppm, ring B: —27.2 ppm) and 7’ (ring A:
—18.9 ppm, ring B: —9.3 ppm) suggest that ring walking from
a1,2-n* to a 2,3-n* binding mode is a relevant step. In 7, adding
NMM to ring A disrupts aromaticity in ring B (ring B in adduct:
—1.3 ppm). Butin 7/, adding NMM to ring A restores aromaticity
in ring B (ring B in adduct: —30.9 ppm). No Diels-Alder reac-
tions were observed for 8 with NMM."*** Computed NICS(1),,
values for 8 (ring A: —25.2 ppm, ring B: —13.4 ppm) reveal
a strongly aromatic ring A, which may explain the absence of
a Diels-Alder reaction.

The n*-benzenes (9-14) all show largely reduced dia-
tropicities as the coordinated ring distorts from planarity. To
estimate the NICS(1),, values, an “out-of-plane” tensor compo-
nent (2z) was defined by placing carbons C1, C2, C4, and C5 in
the xy plane (see ring carbon numbering for 9, Fig. 2). Going
across Row 4: 9 (—3.5 ppm), 10 (—7.4 ppm), 11 (—7.8 ppm) (Cr
— Mn — Fe), and down Group 9: 12 (—5.6 ppm), 13 (—9.6
ppm), 14 (—13.2 ppm) (Co — Rh — Ir), increased effective
nuclear charge is accompanied by a more negative NICS(1),,
values. Since all of the n*-arenes are nonplanar, we realize that
the trends of the estimated NICS(1),, values do not necessarily
reflect changes in aromaticity. Nevertheless, it is reasonable to
expect that all of the n*-arenes are largely dearomatized.

The n°-arenes (15-17) show minimal dearomatization
(Fig. 2). Complexation to the electron-withdrawing Cr(CO)sz
group has been shown to activate arenes towards nucleophilic
addition.” Yet, known reactions typically involve the formation
of an m°-coordinated complex and the n°-binding mode is not
the reacting species. Though, notably, it has been pointed out
that Pauli repulsion lowering contributes to the interaction
energies in different Ru moieties m®-coordinated to cor-
annulene.*® In agreement with prior studies,* 15 (NICS(1),, =
—26.0 ppm) is nearly as aromatic as benzene (—30.3 ppm). The
computed NICS(1),, values for 16 (ring A: —24.8 ppm, ring B:
—27.3 ppm) are comparable to those of naphthalene (—29.5
ppm), and those for 17 (ring A: —25.6 ppm, ring B: —28.2 ppm)
are comparable to indole (ring A: —30.3 ppm, ring B: —29.6
ppm). All three n°complexes show only a slight decrease in
negative NICS(1),, values for the complexed arene (ring A); in 16
and 17, ring B retains aromaticity and thus is unlikely to show
“diene-like” reactivity. Hydrogenation and substitution reac-
tions for 16 and 17 have been observed,*** but their dearom-
atized analogs are even more reactive. This is consistent with
experiments showing that tricarbonyl(naphthoquinone)chro-
mium complexes could add to cyclic and acyclic dienes giving
endo Diels-Alder products in good yield.*

We further note that the computed NICS(1),, values for
complexes 1-8, 7/, 8, 15, 16, benzene, naphthalene, and the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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substituted benzenes (aniline, nitrobenzene, and p-nitroani-
line) correlate satisfactorily with geometric indices of aroma-
ticity, based on computed harmonic oscillator measure of
aromaticity (HOMA)* values (©* = 0.771) (see data in the ESIY).

We next computed gas-phase reaction profiles for Diels—
Alder reactions for benzene, p-nitroaniline, and selected n*-, n*
and nC-arenes. Activation free energy barriers (AG*) were
calculated based on the energy of the transition state structure
relative to the o-complex of the reactants. Since some of the
reactions studied can proceed in an endo or exo fashion, we
show the lower energy reaction pathway in Fig. 3a-d and
include data for the alternative pathway in the ESL{ The reac-
tion profile for a Diels-Alder reaction for benzene and cyclo-
pentadiene is endothermic and reveals a high barrier (AG* =
46.9 kecal mol ™', Fig. 3a). This is comparable to the computed
Diels-Alder reaction barrier for p-nitroaniline and cyclo-
pentadiene, which also shows a high barrier (AG* = 41.0 keal-
mol ™", endo, Fig. 3a), as anticipated by the largely intact
aromatic character of the substituted arene. Computed HOMO
and LUMO energies for benzene and p-nitroaniline reveal
a lower HOMO-LUMO energy gap for p-nitroaniline, consistent
with its higher reactivity (Table 1).

Computed energy profiles of Diels-Alder reactions for NMM
with benzene and the n*benzenes (1-3) show decreasing AG*
values for benzene (38.3 kcal mol %) > 3 (32.8 kcal mol %, endo) >
2(23.3 keal mol ™", exo) > 1 (22.9 keal mol ™", exo) (Fig. 3b), which
is consistent with decreasing aromatic character of the arene
ring: benzene > 3 > 2 > 1 (¢f. Fig. 2b). Dearomatization prompts
an earlier transition state, as suggested by the longer incipient
C-C bonds of the transition state structures of 1 > 2 > 3 (Fig. 4).
These findings are consistent with the observed “diene” reac-
tivity of 1 and 2 versus the unreactive 3.'*' Notably, the
computed HOMO-LUMO energy gaps for 1 (3.46 €V), 2 (4.10 eV),
and 3 (3.37 eV) are all lower than that of benzene (5.46 eV)
(Table 1). Yet, there is no clear relationship between the HOMO-
LUMO energy gaps of 1-3 and their computed Diels-Alder
reaction barriers; 3 exhibits a lower HOMO-LUMO energy gap
than 1 and 2 (Table 1), but a higher reaction barrier (Fig. 3b). In
this regard, computed NICS(1),, values, which quantify the
extent of aromaticity loss, appear to be a more effective
predictor for “diene-like” reactivity for n*-coordinated species—
less aromatic species are more reactive and exhibit lower Diels-
Alder reaction barriers.

We examined Harman et al.’s proposal that a 2,3-n*-coordi-
nated naphthalene could mimic the cycloaddition reactivity of
an o-quinodimethane. Cycloaddition adducts were reported for
a hypothesized intermediate 7' reacting with NMM. Indeed, the
computed Diels-Alder reaction barrier for 7 with NMM at the
metal complexed ring (ring A) (AG* = 10.6 kcal mol?, exo,
Fig. 3c) is reasonably low. For comparison, the computed
barrier for cycloaddition to the uncomplexed ring (ring B)
(29.7 kcal mol ', exo) is much higher. These results are
consistent with experimental observations of cycloaddition
occurring at the complexed ring (ring A). In sharp contrast,
computed Diels-Alder reaction barriers for an n°-naphthalene
complex, 16, and NMM (AG* = 31.0 kcal mol ?, endo, Fig. 3c) is
comparable to that of naphthalene with NMM (AG* =

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Computed reaction profiles for Diels—Alder reactions at
wB97X-D/def2-TZVPP//wB97X-D/def2-SVP. Single-point energies at
DLPNO-CCSD(T)/def2-TZVPP//wB97X-D/def2-SVP are in paren-
thesis. Cf. Fig. 4 shows computed transition state structures. All
reaction barriers are computed relative to a o-complex of the
reactants.

32.5 kcal mol™?, endo). This suggests that the uncomplexed
“diene” fragment of 16 does not display diene reactivity (note
that ring B remains largely aromatic, see Fig. 2, n°-set). Both 7’
(2.43 eV) and 16 (2.85 eV), exhibit narrower HOMO-LUMO
energy gaps than naphthalene (4.61 eV) (Table 1), which further
exemplifies that aromaticity loss is obligatory for complexed
arenes to show “diene-like” reactivity. Even though Cr(CO);
coordination activates 16 for nucleophilic addition,* this has

Chem. Sci., 2024, 15, 18093-18098 | 18095
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Table 1 Computed HOMO and LUMO energies and HOMO-LUMO
energy gaps (AEy_|) (in eV) of selected compounds

Compound HOMO LUMO AEy 1,
Benzene —8.49 —3.00 5.49
p-Nitroaniline —7.84 —3.37 4.47
1 —5.54 —2.08 3.46
2 —5.47 —-1.37 4.10
3 —13.80 —-10.4 3.37
14 —6.40 —2.96 3.44
Naphthalene —7.43 —2.82 4.61
7' —5.07 —2.64 2.43
16 —7.04 —4.19 2.85

o

2.340A <= 23774
o =

N.wz A

Bz-TS, 16-TS

2.043

14-TS

Bz-TS;

Fig. 4 Computed transition state structures for the Diels—Alder
reactions shown in Fig. 3 at wB97X-D/def2-SVP. Transition structures
including only one bond length denotes that both forming bond
lengths are identical.

little effect on promoting “diene-like” reactivity as the uncom-
plexed ring remains largely aromatic.

The n*-benzenes have a preference for inverse electron-
demand Diels-Alder reactions (Fig. 3d) as the uncomplexed
“ene” fragment is strained (i.e., like that of 7-norbornadiene)
and electron-rich." Computed energy profiles of Diels-Alder
reactions for 14 with cyclopentadiene (AG* = 29.2 kcal mol ?,
endo) versus with bis(trifluoromethyl)tetrazine (AG* =
14.7 keal mol *, inverse electron-demand) reveal a lower barrier
for the latter (Fig. 3d). An inverse electron-demand also is
observed when the complexing metal fragment is replaced by
Fe(CO); (reaction profiles for 11 with bis(trifluoromethyl)tetra-
zine, with cyclopentadiene, and with an electron-rich Dani-
shefsky diene are included to Fig. S3 of the ESIt). The electron
richness of the uncomplexed “ene” fragment in 14 also is

18096 | Chem. Sci, 2024, 15, 18093-18098
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evident from a significantly raised HOMO energy compared to
benzene (note the relatively unchanged LUMO energy of 14
relative to benzene).

Conclusions

Metal-coordinated arenes containing “planar” aromatic frag-
ments can exhibit aromaticity loss and reactivity gain depend-
ing on the nature of the complexed metal fragment. It is
obvious, for the n*-arenes, that metal complexation will distort
the arene from planarity, and activate the leftover ene fragment.
But the effect of aromaticity loss on reactivity is less intuitive for
the n>- and n°-arenes, which remain largely planar upon metal
coordination. We show here that aromaticity loss, but not
distortion from planarity, is necessary for activating “ene-like”
and “diene-like” reactivity in metal-complexed arenes. Our
computational investigation demonstrates a protocol for how
experimentalists might approach predicting ene-like and diene-
like reactivity for transition metal coordinated arenes. NICS
values can be convenient probes for predicting “ene-like” and
“diene-like” reactivity in metal complexed arenes.

Computational methods

Geometry optimizations and frequency calculations were per-
formed at wB97X-D/def2-TZVPP//wB97X-D/def2-SVP, employing
Gaussian 16, Revision C.01.** The def2-SVP and def2-TZVPP
basis sets include effective core potentials (ECPs) for atoms
with Z > 36. Vibrational frequency analysis and intrinsic reac-
tion coordinate (IRC) calculations verified the nature of the
minima and transition state structures. Wiberg Bond Indices
(WBIs) were computed using Natural Bond Orbital (NBO)
Version 7.0.>** HOMO-LUMO gaps (AEy_1) were obtained from
TD-DFT calculations at CAM-B3LYP/def2-TZVPP//wB97X-D/
def2-SVP. LUMO energies were derived by the sum of the
computed HOMO energy and the AEy; energies. Nucleus-
independent chemical shifts, NICS(1),,, were computed at
wB97X-D/def2-TZVPP. Bq points were placed at 1 A above the
ring centers opposite to the metal complexed face. NICS(1),,
values for the n*-complexes were estimated by defining an xy
plane with C1, C2, C4, and C5 (see ring carbon numbering for 9,
in Fig. 2).

Single-point energies for stationary points in the energetic
profiles shown in Fig. 3 were computed at DLPNO-CCSD(T)/
def2-TZVPP//wB97X-D/def2-SVP using ORCA 5.0.”” DFT func-
tionals (wB97X-D, PW6B95, M06, M06-L, MN15, PBE0-D3 all
with def2-TZVPP) known to accurately simulate organometallic
systems based on literature precedent*® were tested against each
other and benchmarked against data at the DLPNO-CCSD(T)/
def2-TZVPP level. We found that wB97X-D outperformed the
other functionals in estimating activation barriers and reac-
tions energies, and provided a reasonable cost-to-insight level
that tracks well with what is reported by others.*® Specifically,
©wB97X-D/def2-TZVPP//wB97X-D/def2-SVP yielded a free energy
activation barrier (AG*) that is within 3 kcal mol ™' and a free
energy of reaction that is within 1 kcal mol™* of the DLPNO-
CCSD(T)/def2-TZVPP//wB97X-D/def2-SVP results. Images of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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three-dimensional (3D) structures were produced using the
CYLView20 software.*

Data availability

The data supporting this article have been included as part of
the ESI.{ Details of computational methods, Cartesian coordi-
nates, and computed reaction barriers for alternative Diels—
Alder reaction pathways are included to the ESL
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