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Arene Ring Expansion by Ruthenium n°-Arene Complexes

William G. Whitehurst, Tim Schulte, Zikuan Wang, Felix Waldbach, and Tobias Ritter*

Abstract: Transition metal n-arene complexes enable
the dearomatization of benzene rings to access diversi-
fied unsaturated carbocycles through multistep synthetic
procedures involving sequential addition of nucleophiles
and electrophiles. This work details a single-step dear-
omatization process by reaction of Ru(n’-arene) com-
plexes with enolates derived from a-halo or a-(tosyloxy)-
esters to directly transform n-coordinated arenes to ring-
expanded cycloheptatrienes. )

Dearomatization of arenes via transition metal n-arene
complexes provides a direct approach to access functional-
ized unsaturated carbocycles."” Dearomatization is typically
achieved with basic carbanion nucleophiles, in combination
with a proton source or oxidant, necessitating multistep
synthetic sequences. This work reports an alternative
strategy employing enolates derived from a-halo or a-
(tosyloxy)esters in reactions with Ru(n‘-arene) complexes,
resulting in arene ring expansion to form cycloheptatriene
products. The reaction proceeds by nucleophilic attack of
the enolate to the m-coordinated arene, forming a Ru(n’-
cyclohexadienyl) intermediate, followed by intramolecular
displacement of the a-carbonyl leaving group. The mecha-
nism was experimentally supported by the synthesis and
thermolysis reaction of an isolable Ru(n’-cyclohexadienyl)
complex derived from an o-chloroester and Ru(n’-benzene)
complex. Computational analysis elucidated additional in-
termediates in the reaction pathway occurring after leaving
group displacement. The discovery and mechanistic inves-
tigation of an unprecedented transformation of m-arene
complexes provides a basis on which to expand the scope of
n-arene activation by transition metals towards the develop-
ment of catalytic applications.
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The abundance and diversity of arenes make them
appealing synthetic precursors for chemical transformations.
Peripheral modifications that retain the aromatic core are
well explored, such as nucleophilic aromatic substitution and
cross-coupling, which represent two of the top five reactions
used by medicinal chemists.®# Conversely, dearomatization
reactions are comparatively limited in their scope and
application,”! despite the utility of the dearomatized prod-
ucts as synthetic intermediates towards complex C(sp?)-rich
frameworks relevant to natural products synthesis and small
molecule pharmaceuticals.™” In particular, the larger reso-
nance stabilization of benzenoid rings compared to hetero-
arenes poses a significant challenge to the development of
reactions which disrupt their aromaticity."

n-Coordination of arenes to transition metals by n’- or
1’-binding modes has been explored as an approach to
stabilize intermediates and products of dearomatization
reactions.” For n‘-arene complexes, ligation to electron-
withdrawing metal centers, typically as [Cr(CO);] or [Mn-
(CO),]* fragments,® increases the electrophilicity of the
arene to facilitate nucleophilic attack (Scheme 1A). The
resulting n’-cyclohexadienyl intermediates undergo reaction
with electrophiles, or are oxidized prior to reaction with a
second nucleophile,®™ to afford cyclohexadiene products
with varying substitution patterns. While these transition
metal-mediated reactions provide unrivaled access to val-
uable, highly functionalized carbocycles from aromatic feed-
stocks, dearomatization protocols routinely employ organo-
lithium or Grignard reagents, harsh acidic conditions, and
strong oxidants such as elemental iodine or nitrosonium
cation.'® Consequently, given that the nucleophiles and
electrophiles (or oxidants) would quench one another if
present in the same reaction mixture, multistep synthetic
sequences are required to access the liberated organic
products. Development of single-step procedures is there-
fore an important target to improve the practicality and thus
overall utility of metal-mediated dearomatization reactions
by n-arene activation.

A distinct approach to the use of nucleophile-electro-
phile combinations is to invoke reactive species with
ambiphilic character, such as carbenes. A classical example
is the Buchner ring expansion involving the reaction of
arenes with free carbenes or catalytically generated rhodium
carbenes, forming cyclopropanated products (norcara-
dienes) that undergo valence tautomerism to cyclohepta-
trienes (Scheme 1B).'"""! While the Buchner reaction is
uniquely capable of directly accessing arene-derived unsatu-
rated carbocycles, a significant drawback is that intermolec-
ular processes currently require large excesses of arene to
trap the short-lived carbene intermediate, which limits its
application to simple and inexpensive arenes. To date,
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Scheme 1. (A) Prior art for the dearomatization of arenes by n-arene
activation. (B) Carbene insertion into arenes, and (C) diminished
reactivity with t-complexation. (D) Arene ring expansion by Ru(n®
arene) complexes.

approaches to activate the arene towards carbon group
insertion to potentially lower substrate loading have been
unsuccessful. For example, it was reported by Merlic that 0’
arene coordination by [Cr(CO);] deactivates bound arenes
towards reaction with rhodium-carbenes due to a philicity
mismatch between the electrophilic n-arene ligand and the
electrophilic metal-carbene (Scheme 1C).'"! With consider-
ation of Merlic’s observation, we envisioned an alternative
strategy to exploit m-arene activation by employing a
nucleophilic carbenoid™ — a carbon nucleophile bearing an
a-leaving group — that would allow for the direct conversion
of electrophilic n-arene complexes to ring-expanded cyclo-
heptatrienes (Scheme 1D). Provided that nucleophilic addi-
tion to the n’-arene ligand is facile, avoidance of a discrete
carbene intermediate circumvents the requirement for large
excesses of the arene component as ring expansion results
from an intramolecular process within an n’-cyclohexadienyl
ligand. Additionally, this distinct mechanistic basis could
result in different regioselectivity outcomes compared to
established carbene insertions in the case of substituted
arenes, opening the possibility to synthesize previously
inaccessible isomers of carbon group insertion.

Herein, the realization of this strategy is reported,
employing Ru(n‘-arene) complexes¥ coordinated by the
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tripodal hydridotris(pyrazolyl)borate (Tp) ligand with eno-
lates derived from a-halo- or a-(tosyloxy)esters. The current
reaction is stoichiometric in ruthenium but demonstrates a
fundamentally new reactivity that opens the possibility to
promote dearomatization in a single-step procedure with
recovery of the ruthenium complex as an adduct with
coordinated solvent, at the same oxidation state. Given that
the compatibility of all reaction components and mainte-
nance of catalyst fidelity and oxidation state are prereq-
uisites for catalytic turnover,"” the current study provides a
potential blueprint for the development of metal-catalyzed
dearomatization reactions.

[(Tp)Ru(n®-CgH)JOTE (1) was synthesized from
commercially available [(n’-C¢Hg)RuCl,], by reaction with
KTp in acetonitrile at 23°C followed by addition of silver
triflate, providing 1 as a yellow solid in 83 % yield. Reaction
of complex 1 with ethyl 2-chloropropanoate (3 equivalents)
and 2-tert-butyl-1,1,3,3-tetramethylguanidine (BTMG,
3 equivalents) in acetonitrile at 23°C resulted in complete
conversion of the cationic starting complex to a neutral 1’-
cyclohexadienyl-coordinated ruthenium complex 2, with
concomitant elimination of the triflic acid salt of BTMG
(Scheme 2A). Nucleophilic addition of the prochiral a-
chloroester enolate to the m-coordinated benzene occurs
from the exo face to generate the cyclohexadienyl ligand,
which bears a quaternary carbon stereocenter with chloro,
methyl, and ethyl ester substituents and affords the addition
product 2 as a racemate. Complex 2 formed quantitatively
(>95 % yield by '"H NMR spectroscopy) and was isolated as
a pale-yellow solid in 64 % yield by precipitation at —30°C
from a pentane solution after the reaction. The '"H NMR
spectrum of 2 in dichloromethane-d, exhibited diagnostic
signals for the cyclohexadienyl fragment, including two pairs
of diastereotopic C(sp?)—H signals due to the presence of
the o-carbonyl stereocentre. Restricted rotation of the Tp
ligand in 2 gave broad pyrazolyl signals at 25 °C'*! that were
sharpened by cooling to —40°C. X-ray diffraction of single
crystals of complexes1 and 2 elucidated their molecular
structures (Scheme 2B)."!

Although complex 2 is stable in the solid state and
persistent in solution at ambient temperature, heating 2 in
acetonitrile-d; at 80°C generated cycloheptatriene 3a in
high yield (90% after 8 hours as assessed by 'H NMR
spectroscopy) along with formation of the solvent-coordi-
nated ruthenium by-product [TpRu(CD;CN);|Cl (82%
yield).”*?l Evidently, the cyclohexadienyl anion is suffi-
ciently nucleophilic to promote intramolecular displacement
of the tertiary alkyl chloride, leading to a ring expansion
process that equates to a formal carbene insertion into
benzene. Monitoring the thermolysis by 'H NMR spectro-
scopy, complex 2 was found to undergo first-order decay,
with liberated cycloheptatriene 3a evolving over the course
of the reaction without the accumulation of an intermediate
species (Scheme 2C). Further interpretation of the kinetic
behavior is made in conjunction with computational analysis
(see below).

Conversion of 2 to 3a did not proceed in benzene-d,
solvent but did occur in other polar aprotic solvents such as
dimethyl sulfoxide-d, or nitromethane-d; with yields of 3a
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Zuschrift

Angewandte
Chemie
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Hydrogen atoms omitted for clarity, except for those bonded to boron or the cyclohexadienyl-C(sp®) atom. (C) Reaction profile for the thermolysis
of complex 2. (D) Reaction of 1 with a-bromo or o-(tosyloxy) esters. Yields determined by '"H NMR spectroscopy using an internal standard, unless

otherwise stated.

of 80% and 55%, respectively. Product 3a was directly
accessed from complex 1 when heating the reaction mixture
containing ethyl 2-chloropropanoate and BTMG in
acetonitrile-d; at 80°C, resulting in 82 % yield of 3a after
16 hours (Scheme 2A). Replacing BTMG with a weaker
organic base, triethylamine, did not result in observed
product, whereas other bases with sufficient strength to
promote the reaction gave lower yields than BTMG (12—
69% 3a for potassium tert-butoxide, 1,1,3,3-tetrameth-
ylguanidine, cesium carbonate, phosphazene base P1-t-Bu-
tris(tetramethylene), and 1,8-diazabicyclo[5.4.0]Jundec-7-ene,
in order of increasing yield; see the Supporting Information,
p. S15). Changing the o-carbonyl leaving group from
chloride to more reactive bromide or tosylate groups
resulted in the conversion of 1 to 3a at 23°C in 83 % and
68 % yields, respectively (Scheme 2D). Following the reac-
tions by '"H NMR spectroscopy, in the case of a bromide
group, the putative Ru(n’-cyclohexadienyl) intermediate
was observed during the conversion of 1 to 3a, indicating
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that the rate of bromide displacement by the cyclohexadien-
yl is comparable to the rate of nucleophilic addition by the
enolate. Conversely, for a tosylate group, the Ru(n’-cyclo-
hexadienyl) intermediate was not observed during the
reaction, suggesting that displacement of the leaving group
is fast compared to nucleophilic addition.

Control reactions using benzene in place of complex 1
did not result in the formation of cycloheptatriene 3a.
Additionally, commonly employed Ru(n’-cyclopentadienyl)
complexes, [CpRu(n’-C4H;)]PF, and [Cp*Ru(n®-C¢H¢)]OTH,
were tested under the reaction conditions and found to give
no conversion with either alkyl chloride or bromide coupling
partners (Scheme 3A). An n’-phenoxo supporting ligand,
isolobal to Cp, in [(’-(2,6-dibromo-4-methoxy-1-phenoxo)-
Ru(n®-C¢Hg)]JOTH also did not provide detectable cyclo-
heptatriene. The ability of the Tp supporting ligand to
promote dearomatization is, in part, attributed to the greater
electrophilicity of the m-coordinated benzene in complex 1
compared to complexes with more electron-donating Cp
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ligands,™ which enables nucleophilic addition of the highly
substituted ester enolate. While further studies are required
to understand ligand effects in the subsequent leaving group
displacement, it is posited that the cationic ruthenium center
must not be overly electron-withdrawing as the n’-cyclo-
hexadienyl ligand must retain nucleophilic character. To the
best of our knowledge, transformation of a m-coordinated
arene to a cycloheptatriene via an w’-cyclohexadienyl
intermediate is unprecedented in transition metal chemistry.
In a related reaction, Rose-Munch previously reported the
synthesis of (n’-cyclohexadienyl)Mn(CO); complexes de-
rived from the addition of lithium enolates of a-chloro and
a-bromo esters to [(n°-C¢Hg)Mn(CO);|PF,.”*! However, the
isolated complexes from nucleophilic addition were not
observed to undergo ring expansion to form a cyclohepta-
triene (Scheme 3B).

The reaction profile for the transformation of complex 2
to cycloheptatriene 3a was computed using ORCAP! at the
DLPNO-CCSD(T1)//PBE0-D3 level of theory (Scheme 4).
In complex 2, the quaternary stereogenic carbon can adopt
two possible reactive conformations wherein the C—CI bond
is primed to undergo backside attack by the cyclohexadienyl
anion, either with a methyl substituent eclipsing the cyclo-
hexadienyl ligand (as drawn in Scheme 4A) or an eclipsing
ester substituent (as in the crystal structure of 2). Pathways
for intramolecular chloride displacement via both con-
formers of 2 were calculated,” and it was found that the

E:I EI

Me_ CO,Et

\ +3MeCN ©
Ru -
N (= [TPRU(MeCN)3ICI)
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[
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(-11.7)

Scheme 4. (A) Computed pathways for the transformation of 2 to 3a, and (B) associated Gibbs free energy profile. (C) Computed interatomic
distances (A) between the norcaradiene ligand and ruthenium center in int-1. ORCA at the DLPNO-CCSD(T1)//PBE0-D3 level of theory was used.
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kinetically and thermodynamically favored pathway occurs
from the conformer with the eclipsing methyl group,
resulting in an intermediate complex bearing a ruthenium-
bound norcaradiene with endo-Me and exo-ester substitu-
ents (int-I). The activation free energy for chloride displace-
ment (TS-I, 25.4 kcal/mol) is consistent with the experimen-
tal observation that 3a is formed at 80°C but not at 23°C.
Within int-I, the strained bridging C—C bond of the cyclo-
propane readily cleaves, giving a Ru(n’-cycloheptatriene)
complex (int-II; via TS-II, 4 3.9 kcal/mol relative to int-T).
Replacement of either the norcaradiene or cycloheptatriene
ligand by acetonitrile is exergonic (—14.5 and —7.2 kcal/mol,
respectively), which liberates the organic product as equili-
brating norcaradiene (3a’)! and cycloheptatriene (3a)
forms. The lower calculated Gibbs free energy of 3a relative
to 3a’ (0.4 kcal/mol free energy difference) is in agreement
with experimental low-temperature NMR studies showing
that the equilibrium is shifted towards the cycloheptatriene
form for compounds with geminal ester and alkyl
substituents.” Based on the computed reaction pathway,
the experimentally determined first-order decay for the
thermolysis of 2 relates to a rate-limiting intramolecular
chloride ion displacement step (computed TS-T). The lack of
experimental observation of a ruthenium-bound cyclohepta-
triene intermediate (computed int-II) during the course of
reaction is consistent with facile ligand substitution by
acetonitrile solvent.

The geometry and electronic structure of int-I deserves
further attention, as the bridging C—C bond of the norcar-
adiene ligand lies close to the Ru center, with Ru-C
distances of only 2.391 and 2.392 A, which are not signifi-
cantly longer than the other four Ru—C bonds (average
2.152 A, Scheme 4C). A natural bonding orbital (NBO)
calculation indicates that the bridging o(C—C) orbital is
significantly bent towards the ruthenium center.””! Second
order perturbative estimates find a 44.1 kcal/mol energy
contribution of the o(C—C)—d(Ru) donation, which is
smaller than those of the two n(C—C)—d(Ru) donations
(2243 and 225.5 kcal/mol, respectively) from the diene
moiety of the bound norcaradiene. Therefore, int-I can be
viewed as an n' complex with a o(C—C)—d(Ru) agostic
interaction.’” Despite formally being a 16-electron complex,
the ruthenium center of int-I was found in silico not to
readily recombine with the chloride counteranion, which
reflects a preference to maintain the C—C agostic interaction
as part of a cationic complex rather than form a neutral
complex containing a Ru—Cl bond.

To access a series of cycloheptatrienes by the ring
expansion of m-coordinated benzene, the coupling partner
was varied with different substituents (Scheme 5A). Where-
as a-halo or a-(tosyloxy)esters promoted dearomatization in
good yields, a-halo or a-(tosyloxy)nitriles gave low yields
(040 % assay yields), and 1,3-dicarbonyl or amide-contain-
ing reagents did not promote ring expansion.’! Reacting
complex 1 with alkyl tosylate reagents containing benzyl or
allyl ester groups provided cyclopheptatrienes 3b and 3¢ in
75 % and 68 % isolated yield, respectively, after 16 hours at
23°C. A benzylic chloride was also competent in the
reaction upon heating to 60°C, providing phenyl-substituted
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Scheme 5. (A) Variation of the ester coupling partner. (B) Thermolysis
of ethyl 2-chloroacetate-derived complex 4. Yields are of isolated
products. [a] 6 equiv ethyl 2-chloroacetate used. [b] Yield determined by
"H NMR spectroscopy using an internal standard.

product 3d in 62% yield. On the other hand, ethyl 2-
chloroacetate, a reagent containing two enolizable protons,
did not generate the corresponding cycloheptatriene 3e (<
5% vyield after 16 hours at 80°C). Analysis by 'H NMR
spectroscopy showed full conversion of complex 1 to a new
organometallic complex formed in 70% yield. It was
deduced that, under the basic reaction conditions, the
remaining enolizable proton in the product3e led to
deprotonation and ligation to the ruthenium center, forming
a cycloheptatrienyl-ligated ruthenium complex that was
observed by high-resolution mass spectrometry.®>**! Accord-
ingly, to promote dearomatization in the absence of
exogenous base, the Ru(n’-cyclohexadienyl) intermediate
derived from ethyl 2-chloroacetate (complex 4) was synthe-
sized, analogously to complex2. Thermolysis of 4 in
acetonitrile-d; at 80°C led to the formation of cyclohepta-
triene 3e in 62 % yield, demonstrating the possibility to
access the ring-expanded product using base-free conditions
(Scheme 5B).

The regioselectivity of the dearomatization was inves-
tigated by targeting a ruthenium complex bearing a sub-
stituted arene. [TpRu(n’-anisole)]OTf (5) was synthesized
from TpRu(COD)CI®¥ by reaction with silver triflate
followed by heating in neat anisole at 100°C for 2 days
(Scheme 6A). Complex 5 was isolated as a yellow solid in
57 % yield. Reaction of 5 with ethyl 2-chloropropanoate and
BTMG in acetonitrile at 80°C for 20 hours led to the
formation of a 1.4:1 mixture of dearomatized products,
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B Beeler, 2017 (Ref. 10c): Regioselectivity with Rh catalysis

Me_ ,CO,Et
OMe
Ny 0.5 mol% Rhy(R-PTAD),
+ >
Me)j\COZEt DCE, 25 °C in flow
150 psi, tg =20 min OMe
10 equiv 1 equiv 7b, 55%

Scheme 6. (A) Synthesis of [TpRu(n®-anisole)]OTf (5) and its reaction
with ethyl 2-chloropropanoate. Yields are of isolated products. [a]
Separation of 7a by preparative thin-layer chromatography. Relative
stereochemistry assigned by NMR spectroscopy at —40°C. (B)
Previously reported rhodium-carbene insertion into anisole."* R-
PTAD = (R)-(—)-(1-adamantyl)-(N-phthalimido)acetato; t; =residence
time.

norcaradiene 7a (major) and cycloheptratriene 7b (minor),
in a combined yield of 72 % after chromatographic removal
of the by-products and excess reagents. While both isomeric
products are the result of carbon group insertion, it is
established that the norcaradiene-cycloheptatriene equili-
brium lies in favour of the norcaradiene when a substituent
is vicinal to the cyclopropane, as in the case of 7a.l'"
Norcaradiene 7a was isolated as a pure compound by
preparative thin-layer chromatography in 37 % yield. The
minor constitutional isomer 7b is the exclusive product of
previously reported rhodium-catalyzed carbene insertion
into anisole using an  a-diazocarbonyl reagent
(Scheme 6B),!""*! highlighting the utility of n-arene activa-
tion as a complementary synthetic approach to access
alternative regioisomers through dearomatization. It is
noted that attempts to synthesize a Ru(n’-arene) complex
bearing an electron deficient arene were unsuccessful.*®!

Angew. Chem. 2025, 137, 202421608 (6 of 8)

Zuschrift

Angewandte
Chemie

To gain further insight, the reaction between complex §
and ethyl 2-chloropropanoate was conducted in acetonitrile-
d; at 23°C. After 12 hours, full conversion of 5 to Ru(n’-
cyclohexadienyl) intermediate 6 was observed (94 % yield
by 'H NMR spectroscopy, Scheme 6A). Inspection of the 'H
NMR spectrum of the reaction mixture revealed the
formation of a single constitutional isomer from nucleophilic
addition, wherein the ester enolate had selectively attacked
the meta position. A 1:1 mixture of diastereomers of 6
formed as a consequence of the a-carbonyl stereocentre and
planar chirality of the n’-cyclohexadienyl ligand.®” On the
basis of observing intermediate 6, isomers 7a and 7b can
thus be rationalized as the result of competing attack of the
a-chloroester moiety in 6 by the 2- and 4-positions (relative
to the methoxy group) of the cyclohexadienyl anion.

In conclusion, a dearomative ring expansion of arenes by
ruthenium-mediated n-arene activation was discovered. The
use of enolates derived from o-halo or a-(tosyloxy)esters
enabled the nucleophilic attack, dearomatization, and
liberation of the carbocyclic product under mild conditions
with the formation of a defined solvent-coordinated ruthe-
nium by-product. The departure from multistep dearomati-
zation protocols that sequentially add nucleophiles, electro-
philes, and oxidants to the reaction mixture lays the
groundwork for expanding the scope and practicality of
dearomatization reactions by m-arene complexes. Develop-
ment of a catalytic dearomatization process is ongoing in
our laboratory. Here, the outstanding challenge relates to
the displacement of the dearomatized product from the
ruthenium center by a molecule of arene substrate, rather
than coordinating solvent, to reform the Ru(n‘-arene)
complex. Combined with the lessons learned in the effect of
supporting ligands in the arene exchange kinetics of Ru(n’-
arene) complexes,” guiding principles for the design of
novel ruthenium complexes capable of catalytic dearomati-
zation via m-arene activation have been established.

Supporting Information

Experimental and computational procedures, spectroscopic
data, and NMR spectra of products are contained in the
Supporting Information. Additional references are cited
within the Supporting Information.[**]
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