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Selective ring expansion and C−H
functionalization of azulenes

Sangjune Park 1,2, Cheol-Eui Kim1,2, Jinhoon Jeong3,4, Ho Ryu 3,4,
Chanyoung Maeng1,2, Dongwook Kim 3,4, Mu-Hyun Baik 3,4 &
Phil Ho Lee 1,2,5

We report a transition metal-catalyzed ring expansion of azulene that can be
contrasted with C–H functionalization. This study represents the first example
of the successful ring expansion of azulene using Cu(hfacac)2 (hfacac: hexa-
fluoroacetylacetonate) with a diazo reagent. This result is notable for
extending the Buchner reaction, previously limited to benzenoid aromatics, to
nonbenzenoid compounds. The chemoselectivity of the reaction can be
directed towards C–H functionalization by substituting the Cu catalyst with
AgOTf. This approach does not require the addition of phosphine, NHC, or
related ligands, and prefunctionalization of azulenes is unnecessary. Further-
more, the method exhibits excellent functional group tolerance, allowing for
the synthesis of a wide range of 6,7-bicyclic compounds and C–H functiona-
lized azulenes. We also present a theoretical study that explains the experi-
mental observations, explaining why copper afford the ring expansion
product while silver forms the C–H alkylation product.

Fused carbocycles are key structural elements of molecules in nature
and they are often found in drugs and organic materials. Many syn-
thetic methods for assembling these privileged structures have been
developed, but bicyclic systems containing six and seven-membered
rings proved exceedingly difficult to prepare. We found a solution by
functionalizing an azulene skeleton that consists of fused five and
seven-membered rings and carry out a ring expansion reaction to
afford the desired bicycle. The azulene derivatives are important tar-
gets on their own right and have attracted much attention in the past.
The π-electron polarization in azulene is special, because the lack of
symmetry in how the two rings are fused leads to a negative charge
polarization in the five-membered ring and a positive charge polar-
ization in the seven-membered ring, giving rise to a surprisingly large
dipole moment. This unusual polarization results in distinctive elec-
tronic properties and an intensive deep blue color. Azulenes found
applications in material science involving optoelectronic1 and elec-
trochromic devices2, nonlinear optics3, organic electroluminescent

devices4, near-infrared quencher5, to only name a few. Azulene deri-
vatives as a structural motif are also used for anti-inflammatory6 and
anticancer7 agents in medicinal chemistry.

The large dipole moment of azulenes due to their π-electron
polarization is associated with their high reactivity, rendering the C1-
and C3-positions of five-membered ring nucleophilic, while C4-, C6-,
and C8-positions are electrophilic. Thus, electrophilic substitutions
usually occur at the C1- and C3-positions, whereas nucleophilic addi-
tions are common for the C4-, C6-, and C8-positions, and C–H func-
tionalization of azulenes are well developed for the synthesis of
azulene-containing compounds (Fig. 1A)8–18.

Diazo compounds in combination with transition metal catalysts
offer a rich foundation for C–H activation16–24, where highly reactive
metal carbenoid complexes are formed by extruding dinitrogen. We
envisioned that the C–H bonds of the negatively polarized five-
membered ring in azulene should be reactive towards an electrophilic
metal carbenoid complex. Indeed, AgOTf can effectively catalyze the
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C–H functionalization of azulene in the presence of diazo compounds
(Fig. 1B). Compared to the previously reported methods of C–H
functionalization of azulenes8, the silver catalyst provides direct C–H
alkylationwith high levels of functional group tolerance and efficiency.

While C–H activation chemistry mediated by metal carbenes is a
well-known outcome, a less explored alternative reaction is the access
to cyclohexadiene intermediates that can lead to ring expansion. The
Buchner ring expansion reaction, reported by E. Buchner and T. Cur-
tius in 1885, historically provided access to seven-membered rings via
dearomatization of benzenoid aromatic substrates (Fig. 1C)25. The first
stepof theBuchner ring expansion reaction involves the formationof a
carbene from ethyl diazoacetate, which then cyclopropanates a ben-
zenoid aromatic ring through (2 + 1) cycloaddition. The ring expansion
occurs in the second step with an electrocyclic opening of the cyclo-
hexadiene ring to form the seven-membered ring. Since its discovery,
non-catalyzed and metal-mediated variants of this reaction have
become a standardmethod for preparing seven-membered rings from
benzenoid aromatic substrates.

Conventional methods of cyclopropanation using diazo reagents
have significant drawbacks. The first cyclopropanation of α-
diazoketones was reported in 1970, offering a useful synthetic
method for 5,7-fused bicycles, but yields were modest, and harsh

conditions were required26. Later, CuCl was shown to catalyze the
intramolecular Buchner reaction of 1-diazo-4-phenylbutan-2-one to
afford cross-conjugated dihydroazulenone27. However, high reaction
temperatures prevented the access of cycloheptatriene, a fairly labile
kinetic product. Dirhodium catalysts, pioneered by Noels28 offered
significant advances, and various substituted benzene derivatives
could be used to obtain useful products with good yields and regios-
electivity. Nevertheless, the Buchner reaction produced ring expan-
sion of 6- to 7-membered rings in all cases, and the expansion of a non-
benzenoid 5-membered ring to produce a 6-membered ring remained
unknown to date29. Conversely, 3-halopyridines were prepared
from the reaction of pyrrole with haloform-derived carbenes in 188130.
Recently, Levin and co-workers reported a reaction that selectively
generates 3-arylpyridine and quinoline motifs by inserting aryl carby-
nyl cation equivalents into pyrrole and indole cores, respectively31.

Herein, we present a copper-catalyzed ring expansion of non-
benzenoid aromatic azulene substrates that allows the conversion
of 5-membered rings to 6-membered rings under mild conditions
using copper catalysts (Fig. 1D). The functional group tolerance is
excellent and allows the synthesis of a wide range of 6,7-bicyclic
compounds. This approach does not demand any specific ligand
and prefunctionalization of azulenes. When silver catalysts are
employed, the reaction can effectively be redirected towards C–H
functionalization.

Results and discussion
Reaction optimization
Table 1 summarizes the catalytic conditions that were explored
using a model reaction of azulene (1a) with methyl 2-diazo-2-
phenylacetate (2a). Although copper(II) chloride and bromide were
ineffective, copper(I) chloride and bromide afforded the desired
6,7-bicyclic product (3a) in DCE as red solids in 36% and 45% yields,
respectively, together with C–H alkylation product (4a) (entries
1–4). Other copper(II) catalysts such as Cu(OAc)2, Cu(OAc)2 ⋅H2O,
and Cu(OTf)2 produced 3a in dioxane in yields ranging from 32% to
39% (entries 5–7). Further screening of catalysts, including
Cu(acac)2, Cu(tfacac)2, and Cu(hfacac)2, (acac: acetylacetone; tfa-
cac: trifluoroacetylacetone; hfacac: hexafluoroacetylacetone)
revealed that Cu(hfacac)2 is an optimal catalyst to selectively fur-
nish 3a in 81% yield (entries 8–10). Among the solvents tested,
dichloroethane (DCE) gave the best results, although dioxane,
hexane, toluene, chloroform, and acetonitrile were also effective
(entries 10–15). Dilution of the reaction mixture from 0.1 M to
0.05 M increased the yield and the best result was achieved through
the treatment of 1a (0.2 mmol, 0.1 equiv) with 2a (1.0 equiv) in the
presence of Cu(hfacac)2 (2.0 mol %) in DCE at 25 °C for 30min,
which resulted in the 6,7-bicyclic product (3a) in 95% yield (entry
17). In contrast, silver(I) triflate (2.0mol %) was an effective catalyst
for the C–H alkylation of 1a with 2a, affording selectively 4a as a
blue solid in 74% yield (entry 19). In addition, a variety of diazo
compounds, including ethyl diazoacetate, ethyl vinyl diazoacetate,
α-diazo-β-keto ester, diazomalonate, and α-diazo oxime ether, were
examined (see the Supplementary Table S2). Ethyl diazoacetate and
ethyl vinyl diazoacetate was not effective. Although reaction of
azulene with diazomalonate provided the ring expansion and C–H
alkylation product (39% and 25%, respectively), α-diazo-β-keto ester
and α-diazo oxime ether were selectively converted to the C–H
alkylation product (53%) and the ring expansion product (83%).
These results indicate that the structure of diazo compound is cri-
tically important for successful reactions. Other reaction para-
meters were tested, as discussed in the Supplementary Information.

Substrate scope
With the optimized conditions in hand, the scope and limitation of
diazoesters and azulenes were scrutinized (Fig. 2). Variation of

Fig. 1 | Transformations ofAzulenes. ADipolar properties of azulenes and general
azulene functionalizations. B Silver(I)-catalyzed C(sp2)–C(sp3) coupling of azulenes
in this work. C Ring expansion reaction of benzenoid aromatic compounds
(Buchner reaction). D Selective ring expansion and C–H alkylation of azulene,
which is non-benzenoid aromatic compound.
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substituents on the aryl group of aryl diazoesters 2 was investigated
and found to have a little effect on the efficiency of the ring expansion
reaction. Products using aryl diazoesters (2) bearing electron-donating
substituents such as methyl (2b–2d) and methoxy (2e and 2f) on the
aryl ring were formed in good yields ranging from 70% to 82% at 25 °C.
Whenmethylene-3,4-dioxy-substitutedphenyl diazoesterwas exposed
to azulene 1a in the presence of 2.0mol % Cu(hfacac)2, the expected
6,7-fused bicyclic ring expansion product (3g) was obtained in
91% yield at 25 °C in 30min with the release of a dinitrogen molecule.
Aryl diazoesters (2) having electron-withdrawing groups such as
chloro-, bromo-, ester-, and nitrile group are applicable to the present
transformation, affording the corresponding ring expanded
compounds (3h–3k) in good to excellent yields. Notably, aryl diazoe-
sters (2) bearing labile trimethylsilyl-, pinacolboryl-, azo, and
activated olefinic groups underwent the ring expansion reaction with
azulene efficiently at 25 °C. The structure of 3o was confirmed by
X-ray crystallography. When ethyl diazoester (2p) possessing
an estrone moiety was employed as the substrate, the ring
expansionproduct3pwasobtained in 51% yield. Alkyl diazoesterswere
compatible with the reaction conditions. For example, methyl and
phenethyl diazoesters were applied to the present method, providing
the desired ring expansion product 3q and 3r in 84% and 87% yields,
respectively.

Next, the Cu-catalyzed ring expansion reaction was tested for
a wide range of azulenes. The substituents on the cyclopentadienyl

ring of the azulene have little influence on the reaction efficiency.
The ring expansion reaction was amenable to azulenes having
substituents such as phenyl-, 4-methylphenyl-, 3-chlorophenyl-, and
4-trifluoromethylphenyl groups at the C1 position to deliver the
desired products 3s–3v in good to excellent yields in the range of
70–93%. Interestingly, the presence of potentially reactive olefinic
double bonds on the aryl ring did not deteriorate the selectivity
between ring expansion reaction of the cyclopentadienyl ring. The
presence of tosylamino group in azulene did not influence the out-
come of the ring expansion reaction, thus affording 3w in 88% yield.
The ring expansion reaction occurred exclusively on the cyclopenta-
dienyl ring of azulene even in the presence of electron-rich 1-phenyl-2-
(N-tosylamino)ethenyl group. Also, azulenolactoneunderwent the ring
expansion reaction. Guaiazulene having methyl as well as isopropyl
group on the cycloheptatrienyl ring of azulene was readily ring-
expanded with phenyl-, 4-methylphenyl-, and 4-bromophenyl diazoe-
sters, producing the desired ring expanded 6,7-fused bicyclic com-
pounds (3z, 3a’, and 3b’) inmoderate to good yields ranging from68%
to 85%. When 4,6,8-trimethylazulene was treated with methyl phenyl
diazoacetate in the presence of the Cu-catalyst in dioxane, the desired
product 3c’ was obtained in 88% yield. Likewise, a ring expansion
reaction using 4,6,8-trimethylazulenylmethyl phenyl diazoacetate
was attempted under the standard conditions, producing the ring
expanded tricyclic azulenyl compound 3d’ as an orange solid in
95% yield.

Table 1 | Reaction optimizationa

Entry Cat. (mol %) Solvent Temp. (°C) Conv. (%)
Yield (%)b

3a 4a

1 CuCl DCE 25 100 36 7

2 CuBr DCE 25 80 45 9

3 CuCl2 DCE 70 100 0 0

4 CuBr2 DCE 70 100 0 0

5 Cu(OAc)2 dioxane 70 70 39 7

6 Cu(OAc)2
.H2O dioxane 70 65 38 9

7 Cu(OTf)2 dioxane 25 100 32 0

8 Cu(acac)2 dioxane 40 62 55 2

9 Cu(tfacac)2 dioxane 40 78 42 1

10 Cu(hfacac)2 dioxane 40 87 81 (78)c 0

11 Cu(hfacac)2 hexane 25 84 58 1

12 Cu(hfacac)2 toluene 25 100 64 1

13 Cu(hfacac)2 DCE 25 100 84 (82)c 0

14 Cu(hfacac)2 CHCl3 25 98 68 2

15 Cu(hfacac)2 MeCN 40 85 53 4

16 Cu(hfacac)2 DMF 40 30 6 0

17d Cu(hfacac)2 DCE 25 100 95 (93)c 0

18d,e Cu(hfacac)2 DCE 25 100 90 0

19d,f AgOTf DCE 25 100 0 74c (5)c,g

aAzulene (1a, 0.2mmol, 1.0 equiv), diazo compound (2a, 1.0 equiv), and catalyst (2.0mol %) were used in solvent (1.0mL, 0.1M) under a N2 atmosphere.
bNMR yield with CH2Br2 as an internal standard.
cIsolated yield.
dDCE (4.0mL, 0.05M) was used.
eCatalyst (1.0mol %) was used.
f1a (2.0 equiv) and 2a (0.2mmol, 1.0 equiv) were used.
g1,3-Dialkylated product.
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Next, we examined the scope and limitation of the C–H alkyla-
tion for variously substituted azulenes 1 in the reaction with dia-
zoacetate (2) (Fig. 3). The reaction efficiency was not influenced by
the electronic properties of the azulenes. When 1-phenylazulene was
exposed to 1.0 equivalent of methyl phenyl diazoacetate in the
presence of 2.0mol % AgOTf at 25 °C, the desiredmethyl 2-phenyl-2-
[(3-phenyl)azulen-1-yl] acetate 4bwas obtained in 80% yield with the
extrusion of a dinitrogen molecule. Azulenes having substituents,
including 4-methylphenyl and 3-chlorophenyl, at C1 position
underwent the C–H alkylation at 25 °C to give the corresponding
azulenes 4c and 4d in 86% and 72% yields, respectively. It was
noteworthy that the selectivity between C–H alkylation on cyclo-
pentadienyl ring and the Buchner reaction on the aryl ring was
maintained. Benzoyl- and 1-phenyl-2-(N-tosylamino)ethyl-sub-
stituted azulenes took part in the C–H alkylation reaction with dia-
zoacetate to afford the corresponding products 4e and 4f in good
yields. In addition, azulenolactone was subjected to the C–H alky-
lation reaction. When guaiazulene was treated with methyl phenyl
diazoacetate in the presence of Ag catalyst, the desired alkylated
azulene 4h was obtained in 74% yield in spite of steric congestion.

Because 1-(4-methylphenyl)azulene gave the alkylation product
(4c) in highest yield (86%), this substrate was treatedwith a wide range
of aryl diazoacetates to investigate the efficiency of the Ag-catalyzed
C–H alkylation reaction. Electronicmodification of substituents on the
aryl group of alkyl aryl diazoacetates 2 was examined and had little
effect on the efficiency of the C–H alkylation. The functionalized
azulenes (4i–4l) were produced from the reaction of azulene with a
variety of aryl diazoesters (2) having electron-donating substituents
including methyl and methoxy on the aryl ring in good yields varying
from 70% to 82% at 25 °C. Methylene-3,4-dioxy-substituted phenyl
diazoester turned out to be compatible with the reaction conditions,
providing the desired product 4m in 72% yield. Aryl diazoacetates
bearing electron-withdrawing groups, including chloro-, bromo-,
ester-, and nitrile on the aryl ring, are applicable to the C–H alkylation,
producing the desired azulenes (4n–4q) in good to excellent yields
ranging from 65% to 91%. Aryl diazoacetates bearing labile tri-
methylsilyl-, pinacolboryl-, methylsulfinyl-, and activated olefinic
groups were also compatible with the reaction conditions. When dia-
zoacetate having an estrone moiety underwent the C–H alkylation
reaction with 1-(4-methylphenyl)azulene, the corresponding product
4vwas obtained in 48% yield. No ring expansion productwas observed
in all cases.

Mechanistic studies and DFT calculations
The dramatically different reactivities toward azulenes depending on
the choice of metal are difficult to understand. Thus, we conducted a
detailed mechanistic study using density functional theory

Fig. 2 | Scope of azulenes and diazoesters in ring expansion reactiona. a1
(0.2mmol, 1.0 equiv), 2 (1.0 equiv), and Cu(hfacac)2 (2.0mol %) were used in DCE
(4.0mL) at room temperature for 30min under a N2 atmosphere. bDiazo

compound (1.5 equiv) was used. cDiastereomeric ratio. dCu(hfacac)2 (4.0mol %)was
used. eDioxane was used as a solvent.
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calculations using the popular B3LYP and M06 functionals (full tech-
nical details are provided in the Supplementary Information), which
produced the catalytic cycles shown in Fig. 4A to explain the experi-
mental observations. The reaction begins with the formation of a
metal-carbenoid species extruding dinitrogen and the nucleophilic
carbon in azulene attacks the electrophilic α-carbon in the metal-
carbenoid. This azulene alkylation into the metal-carbenoid species
gives a metal alkyl complex, which is energetically favorable partially
due to the stabilization of a positive charge in the azulene by deloca-
lization of the π-electrons over 10 carbons. The details of the metal
alkyl complex formation are presented in the Supplementary Infor-
mation. Our calculations suggest that the chemoselectivity originates
from two independent reaction pathways, as illustrated in Fig. 4B. For
the ring expansion, the metal alkyl complex undergoes cyclization
giving a cyclopropane intermediate, which ring-expands to form a 6,7-
fused bicyclic product. The C–H alkylation proceeds via a 1,4-proton
shift followed by tautomerization. Details of several other possible
reaction pathways that we considered are given in the Supplementary
Information.

Figure 4B compares the two possible reaction pathways for the
copper alkyl complex A4 and the silver alkyl complex B4. As pre-
viously reported, copper(II) complexes are easily reduced to cop-
per(I) in the presence of diazo compounds32–34. In the copper
catalysis, we observed darkening of the reaction mixture by the
formation of copper(0) species and the homo-coupling side pro-
duct of the diazo compound32, which indicates the formation of
copper(I) species. Therefore, the catalytic reaction begins with
CuI(hfacac) as an active catalyst instead of CuII(hfacac)2. The copper
alkyl complex A4 can either undergo a 1,4-proton shift, where a
carbonyl oxygen in the ester group deprotonates the β-proton in
the azulene moiety passing through the transition state TS(A4-A5)

or a cyclization via the transition state TS(A4-A8). Since the tran-
sition state TS(A4-A8) is 3.4 kcal/mol lower in energy TS(A4-A5),
the reaction is predicted to dominantly form the fused cyclopro-
pane intermediate A8. To force the reaction forward and promote
ring expansion, a C–C bond cleavage must take place. This reaction
traverses the transition state TS(A8-A9) with a barrier of 20.1 kcal/
mol and forms the ring-expanded product A9 at a relative solution
phase free energy of –8.3 kcal/mol. Meanwhile, the C–H alkylation
pathway in the copper catalysis is energetically higher than the ring
expansion pathway. A 1,4-proton shift of A4 furnishes an enol
intermediate A5, which is downhill in energy by –6.4 kcal/mol, and
two equivalents of A5 forms the adduct A6 followed by tautomer-
ization via the transition state TS(A6-A7). The calculated overall
barrier for this reaction pathway is 22.3 kcal/mol, and is 3.1 kcal/mol
higher than TS(A8-A9), rendering the the C–H alkylation pathway
unlikely with the copper catalyst.

Interestingly, the silver catalyzed reaction shows dramatically
different barriers for these two possible reaction pathways. The
silver ion is more polarizable than the copper ion and effectively
stabilizes a negatively-charged alkyl-substrate in B4, thus the
energy of ring expansion reaction in silver catalysis is up-shifted
compared to the copper catalysis. The transition state TS(B4-B8) is
found at 12.4 kcal/mol, and the cyclization affords B8 at –3.3 kcal/
mol. The C–C bond cleavage requires 18.8 kcal/mol, generating the
product B9 with a solution phase free energy of –5.1 kcal/mol.
Intriguingly, the energy ordering displayed by the two metals in the
C–H alkylation pathway is reversed when compared to the ring-
expansion reaction. Although the enol intermediate B5 is slightly
higher in energy at –3.4 kcal/mol than the copper analogue A5, the
silver adductB6 is significantly lower thanA6, the adduct formed by
copper. This is easy to understand as the silver ion can

Fig. 3 | Scope of azulenes and diazoesters in C−H alkylationa. a1 (0.2mmol, 1.0
equiv), 2 (1.5 equiv), and AgOTf (2.0mol %) were used in DCE (4.0mL) at 25 °C for
1 h under a N2 atmosphere. b1a (2.0 equiv) and 2a (0.2mmol, 1.0 equiv) were used.

1,3-Dialkylated product was obtained in 5% yield. cReaction temperature: 50 °C.
dMethyl phenyl diazoacetate (3.0 equiv) was used. eReaction temperature: 70 °C.
fDiastereomeric ratio.
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accommodate higher coordination numbers and can engage π-
electron donors more effectively than copper. As a result, the silver
ion in B6 displays an additional interaction with the aryl
group attached to the enol functionality. This advantage of
silver over copper causes the enol intermediate to interact more
strongly with the metal. As a consequence, the tautomerization
barrier is much lower when silver is used. The related transition
state TS(B6-B7) is located at 10.0 kcal/mol and is 5.5 kcal/mol lower
than TS(B8-B9), giving rise to a dominant formation of the pro-
duct B7.

In conclusion, we developed a transition metal-catalyzed ring
expansion and C–H functionalization of azulene. The chemoselec-
tivity can be controlled simply by changing the metal ion. A theo-
retical study was able to explain the experimental observations that
copper affords the ring expansion product while silver results in the
formation of C–H alkylation products. The α-carbon in the transi-
tion state for the cyclization is a relatively hard Lewis base. It
interacts much more weakly with the soft silver ion than the copper
ion, leading to the observed selectivity. This work constitutes the
first example of the ring expansion of azulene using diazo

compounds, offering a stark contrast to the alternative C–H func-
tionalization reaction. This achievement is particularly noteworthy
because it extends the scope of the Buchner reaction, a transfor-
mation previously limited to benzenoid aromatics, to non-
benzenoid counterparts. Thismethod does not demand any specific
ligand and prefunctionalization of azulenes. In addition, the excel-
lent functional group tolerance allows the synthesis of a wide range
of 6,7-bicyclic compounds.

Methods
General procedure for ring expansion of azulenes with alkyl and
aryl diazo esters
Cu(hfacac)2 (1.9mg, 2.0mol %), azulene derivatives (0.2mmol), and
DCE (3.0mL)were added to a test tube equippedwith a stirring bar. To
the solutionwas added aryl diazoacetate derivatives (0.2mmol) inDCE
(4.0mL). The mixture was stirred at 25 °C for 30min under a nitrogen
atmosphere. The residue was passed through a pad of Cellite to
remove Cu(hfacac)2 and eluted with CH2Cl2. The filtrate was con-
centratedunder reducedpressureand the residuewaspurifiedbyflash
column chromatography (EtOAc:hexane) to give 3.

Fig. 4 | A Proposed mechanism. A Proposed mechanism of ring expansion and C–H alkylation pathways. B Computed reaction profiles of ring expansion and C–H
alkylation pathways catalyzed by either Cu(hfacac)2 or AgOTf. The dotted lines indicate a minor pathway.
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General procedure for C–H functionalization of azulenes with
aryl diazo esters
AgOTf (1.0mg, 2.0mol %), azulene derivatives 1 (0.2mmol), and DCE
(3.0mL) were added to a test tube equipped with a stirring bar. To the
solution was added aryl diazoacetate derivatives 2 (0.3mmol) in DCE
(1.0mL). The mixture was stirred at 25 °C for 1 h under a nitrogen
atmosphere. The residue was passed through a pad of Cellite to
remove AgOTf and eluted with CH2Cl2. The filtrate was concentrated
under reduced pressure and the residue was purified by flash column
chromatography to give 4.

Computational methods
All calculations were performed at the density functional theory
(DFT) level as implemented in the Jaguar 9.135. Geometry optimi-
zations were carried out with the Becke’s three-parameter exchange
functional (B3LYP)36, 37 with D3 correction38 and 6–31 G** basis set39.
Copper and silver were represented using the Los Alamos double
zeta basis, which contains effective core potentials40–42. The ener-
gies of the optimized structures were reevaluated with a triple-ζ
basis set cc-pVTZ(-f)43 for the main group elemental and with
LACV3P for the copper and silver, using the Minnesota functional
M0644, as this protocol produced reaction energies that were most
consistent with the experimental observations. Vibrational fre-
quency calculations were performed using the same level of theory
used for geometry optimization. The zero-point energy (ZPE) values
and entropy were obtained from the frequency calculations. Sol-
vation energies were simulated by a self-consistent reaction field
(SCRF)45–47 approach with the dielectric constant ε = 10.125 (DCE)
using the optimized structures in the gas phase.

The energy components have been computed with the following
protocol. The free energy in solution phase G(sol) has been calculated
as follows:

GðsolÞ=GðgasÞ+GðsolvÞ ð1Þ

G gasð Þ=H gasð Þ � TSðgasÞ ð2Þ

HðgasÞ=EðSCFÞ+ZPE ð3Þ

ΔE SCFð Þ=
X

E SCFð Þfor products�
X

EðSCFÞfor reactants ð4Þ

ΔG solð Þ=
X

G solð Þfor products�
X

GðsolÞfor reactants ð5Þ

G(gas) is the free energy in gas phase; G(solv) is the free energy
of solvation; H(gas) is the enthalpy in gas phase; T is the tempera-
ture (298.15 K); S(gas) is the entropy in gas phase; E(SCF) is elec-
tronic energy as computed from the SCF procedure and ZPE is the
zero point energy. The entropy we refer involves vibrational,
rotational, and translational entropy of the solute(s) and the
entropy of the solvent is implicitly included in the continuum
solvation model.

Data availability
The data supporting the findings of this study are available within this
article and its Supplementary Information, which contains experi-
mental details, characterization data, copies ofNMRspectra for all new
compounds, and DFT calculation data. Crystallographic data for 3o,
3y, and 4g have been deposited at the Cambridge Crystallographic
Data Centre (CCDC) under deposition numbers CCDC 1435091,
1916356, and 1916358, respectively. Copies of the data can be accessed
free of charge via https://www.ccdc.cam.ac.uk/structures/. All other
data are available from the corresponding author upon
request. Source data are provided with this paper.

References
1. Hirakawa, S. et al. Two-photon absorption properties of azulenyl

compounds having a conjugated ketone backbone. J. Phys. Chem.
A. 112, 5198–5207 (2008).

2. Wang, F. et al. Azulene-containing organic chromophores with
tunable near-IR absorption in the range of 0.6 to 1.7 μm. J. Mater.
Chem. 22, 10448–10451 (2012).

3. Cristian, L. et al. Donating strength of azulene in various azulen-1-yl-
substituted cationic dyes: application in nonlinear optics. Chem.
Mater. 16, 3543–3551 (2004).

4. Thanh, N. C. et al. Synthesis of N,N,N′,N′-tetrasubstituted 1,3-bis(4-
aminophenyl)azulenes and their application to a hole-injecting
material in organic electroluminescent devices. Tetrahedron 62,
11227–11239 (2006).

5. Pham, W., Weissleder, R. & Tung, C.-H. An azulene dimer as a near-
infrared quencher. Angew. Chem. Int. Ed. 41, 3659–3662 (2002).

6. Rekka, E., Chrysselis, M., Siskou, I. & Kourounakis, A. Synthesis of
new azulene derivatives and study of their effect on lipid perox-
idation and lipoxygenase activity. Chem. Pharm. Bull. 50,
904–907 (2002).

7. Chen, C.-H. et al. Novel azulene-based derivatives as potent multi-
receptor tyrosine kinase inhibitors. Bioorg. Med. Chem. Lett. 20,
6129–6132 (2010).

8. Carreras, J., Popowski, Y., Caballero, A., Amir, E. & Pérez, P. J. Cat-
alytic functionalization of C-H bonds of azulene by carbene/nitrene
incorporation. J. Org. Chem. 83, 11125–11132 (2018).

9. Shi, X., Sasmal, A., Soulé, J.-F. & Doucet, H. Metal-catalyzed C-H
bond activation of 5-membered carbocyclic rings: A powerful
access to azulene, acenaphthylene and fulvene derivatives. Chem.
Asian J. 13, 143–157 (2018).

10. Cambeiro, X. C., Ahlsten, N. & Larrosa, I. Au-catalyzed cross-cou-
pling of arenes via double C-H activation. J. Am. Chem. Soc. 137,
15636–15639 (2015).

11. Park, S., Yong, W.-S., Kim, S. & Lee, P. H. Diastereoselective N-sul-
fonylaminoalkenylation of azulenes from terminal alkynes and
azides via N-sulfonyl-1,2,3-triazoles.Org. Lett. 16, 4468–4471 (2014).

12. Székely, A., Péter, Á., Aradi, K., Tolnai, G. L. & Novák, Z. Gold-
catalyzed direct alkynylation of azulenes. Org. Lett. 19,
954–957 (2017).

13. Makosza, M., Podraza, R. Hydroxylation and amination of azulenes
by vicarious nucleophilic substitution of hydrogen. Eur. J. Org.
Chem. 2000, 193–198 (2000).

14. Crombie, A. L., Kane, J. L., Shea, K. M. Jr & Danheiser, R. L. Ring
expansion-annulation strategy for the synthesis of substited azu-
lenes and oligoazulenes. 2. synthesis of azulenyl halides, sulfo-
nates, and azulenylmetal compounds and their application in
transition-metal-mediated coupling reactions. J. Org. Chem. 69,
8652–8667 (2004).

15. Kane, J. L., Shea, K. M. Jr, Crombie, A. L. & Danheiser, R. L. A ring
expansion-annulation strategy for the synthesis of substituted
azulenes. preparation and suzuki coupling reactions of 1-azulenyl
triflates. Org. Lett. 3, 1081–1084 (2001).

16. Maeng, C. et al. Expansion of azulenes as nonbenzenoid aromatic
compounds for C−H activation: rhodium- and iridium-catalyzed
oxidative cyclizationof azulenecarboxylic acidswith alkynes for the
synthesis of azulenolactones and benzoazulenes. J. Org. Chem. 85,
3824–3837 (2020).

17. Maeng, C. et al. Iridium(III)-catalyzed sequential C(2)-arylation and
intramolecular C−O bond formation from azulenecarboxylic acids
and diaryliodonium salts access to azulenofuranones.Org. Lett. 22,
7267–7272 (2020).

18. Maeng, C. & Lee, P. H. Synthesis of azulenolactones through
sequential C(2)-bromoarylation and intramolecular C-O bond for-
mation from azulene-1-carboxylic acids and di(2-bromoaryl)iodo-
nium salts in one pot. Bull. Korean Chem. Soc. 43, 564–569 (2022).

Article https://doi.org/10.1038/s41467-023-43200-7

Nature Communications |         (2023) 14:7936 7

https://www.ccdc.cam.ac.uk/structures/


19. Doyle, M. P. Catalytic methods for metal carbene transformations.
Chem. Rev. 86, 919–939 (1986).

20. Padwa, A. & Krumpe, K. E. Application of intramolecular carbenoid
reactions in organic synthesis. Tetrahedron 48, 5385–5453 (1992).

21. Ye, T. & McKervey, M. A. Organic synthesis with α-diazo carbonyl
compounds. Chem. Rev. 94, 1091–1160 (1994).

22. Doyle, M. P., McKervey, M. A., Ye, T. Modern Catalytic Methods for
Organic Synthesis with Diazo Compounds: from Cyclopropanes to
Ylides (Wiley New York, 1998), vol. 652.

23. Doyle, M. P. & Forbes, D. C. Recent advances in asymmetric cata-
lytic metal carbene transformations. Chem. Rev. 98,
911–936 (1998).

24. Ford, A. et al. Modern organic synthesis with α-diazocarbonyl
compounds. Chem. Rev. 115, 9981–10080 (2015).

25. Buchner, E. & Curtius, T. Ueber die einwirkung von diazoessigäther
auf aromatische kohlenwasserstoffe. Ber. Dtsch. Chem. Ges. 18,
2377–2379 (1885).

26. Ledon, H., Cannic, G., Linstrumelle, G. & Julia, S. Cyclisation des
carbenoides issus de diazomalonates mixtes de methyle et de
benzyles substitues. Tetrahedron Lett. 11, 3971–3974 (1970).

27. Scott, L. T. Azulenes: a synthesis based on intramolecular carbene
addition. J. Chem. Soc. Chem. Commun. 882–883 (1973).

28. Anciaux, A. J. et al. Catalytic control of reactions of dipoles and
carbenes, an easy and efficient synthesis of cycloheptatrienes from
aromatic compounds by an extension of Buchner’s reaction. J.
Chem. Soc. Chem. Commun. 765–766 (1980).

29. Hafner, K. & Rieper, W. New synthesis of 2H-Benzazulenes. Angew.
Chem. Int. Ed. 9, 248–248 (1970).

30. Ciamician, G. L. & Dennstedt, M. Ueber Die Einwirkung Des
Chloroforms Auf Die Kaliumverbindung Pyrrols. Ber. Dtsch. Chem.
Ges. 14, 1153–1163 (1881).

31. Dherange, B. D., Kelly, P. Q., Liles, J. P., Sigman, M. S. & Levin, M. D.
Carbon atom insertion into pyrroles and indoles promoted by
chlorodiazirines. J. Am. Chem. Soc. 143, 11337–11344 (2021).

32. Salomon, R. G. & Kochi, J. K. Copper (I) catalysis in cyclopropana-
tions with diazo compounds. Role of olefin coordination. J. Am.
Chem. Soc. 95, 3300–3310 (1973).

33. Tang, Y. et al. Direct synthesis of chiral allenoates from the asym-
metric C–H insertion of α-diazoesters into terminal alkynes. Angew.
Chem. Int. Ed. 54, 9512–9516 (2015).

34. Zhu, C., Xu, G., Ding, D., Qiu, L. & Sun, J. Copper-catalyzed diazo
cross-/homo-coupling toward tetrasubstituted olefins and appli-
cations on the synthesis of maleimide derivatives. Org. Lett. 17,
4244–4247 (2015).

35. Bochevarov, A. D., Harder, E. & Hughes, T. F. Jaguar: a high‐per-
formance quantum chemistry software program with strengths in
life and materials sciences. Int. J. Quantum Chem. 113,
2110–2142 (2013).

36. Lee, C., Yang, W. & Parr, R. G. Development of the Colle-Salvetti
correlation-energy formula into a functional of the electron density.
Phys. Rev. B Condens. Matter 37, 785–789 (1988).

37. Becke, A. D. Density-functional thermochemistry. III. The role of
exact exchange. J. Chem. Phys. 98, 5648–5646 (1993).

38. Grimme, S., Antony, J., Ehrlich, S. & Krieg, H. A consistent and
accurate ab initio parametrization of density functional dispersion
correction (DFT-D) for the 94 elements H-Pu. J. Chem. Phys. 132,
154104 (2010).

39. Hehre, W. J., Ditchfield, R. & Pople, J. A. Self—consistent molecular
orbital methods. XII. Further extensions of Gaussian—type basis
sets for use in molecular orbital studies of organic molecules. J.
Chem. Phys. 56, 2257–2261 (1972).

40. Hay, P. J. & Wadt, W. R. Ab initio effective core potentials for
molecular calculations. Potentials for the transition metal atoms Sc
to Hg. J. Chem. Phys. 82, 270–283 (1985).

41. Wadt, W. R. & Hay, P. J. Ab initio effective core potentials for
molecular calculations. Potentials formaingroupelementsNa toBi.
J. Chem. Phys. 82, 284–298 (1985).

42. Hay, P. J. & Wadt, W. R. Ab initio effective core potentials for
molecular calculations. Potentials for K to Au including the
outermost core orbitals. J. Chem. Phys. 82, 299–310
(1985).

43. Dunning, T. H. Gaussian basis sets for use in correlated molecular
calculations. I. The atoms boron through neon and hydrogen. J.
Chem. Phys. 90, 1007–1023 (1989).

44. Zhao, Y. & Truhlar, D. G. The M06 suite of density functionals for
main group thermochemistry, thermochemical kinetics, non-
covalent interactions, excited states, and transition elements: two
new functionals and systematic testing of four M06-class func-
tionals and 12 other functionals. Theor. Chem. Acc. 120,
215–241 (2008).

45. Marten, B. et al. New model for calculation of solvation free ener-
gies: correction of self-consistent reaction field continuum dielec-
tric theory for short-range hydrogen-bonding effects. J. Phys.
Chem. 100, 11775–11788 (1996).

46. Edinger, S. R., Cortis, C., Shenkin, P. S. & Friesner, R. A. Solvation
free energies of peptides: Comparison of approximate continuum
solvation models with accurate solution of the Poisson−Boltzmann
equation. J. Phys. Chem. B 101, 1190–1197 (1997).

47. Friedrichs, M., Zhou, R., Edinger, S. R. & Friesner, R. A. Poisson
−Boltzmann analytical gradients for molecular modeling calcula-
tions. J. Phys. Chem. B 103, 3057–3061 (1999).

Acknowledgements
This work was supported by the National Research Foundation of Korea
(NRF) grant funded by the Korea government (MSIP)
(2021R1A2C3008862 and RS-2023-00271205). This work was also sup-
ported by the Institute for Basic Science (IBS-R010-A1) in Korea.

Author contributions
P.H.L. and M.-H.B. conceived and designed the project and wrote the
manuscript. S.P., C.-E.K., and C.M. carried out the experiments. J.J. and
H.R. performedcomputational studies. D.K. performed the single-crystal
X-ray diffraction analysis. P.H.L. organized the research and all authors
analyzed the data, discussed the results, and commented on the
manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-43200-7.

Correspondence and requests formaterials shouldbeaddressed toMu-
Hyun Baik or Phil Ho Lee.

Peer review information Nature Communications thanks the anon-
ymous reviewers for their contribution to the peer review of this work. A
peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Article https://doi.org/10.1038/s41467-023-43200-7

Nature Communications |         (2023) 14:7936 8

https://doi.org/10.1038/s41467-023-43200-7
http://www.nature.com/reprints


Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Article https://doi.org/10.1038/s41467-023-43200-7

Nature Communications |         (2023) 14:7936 9

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Selective ring expansion and C−H functionalization of azulenes
	Results and discussion
	Reaction optimization
	Substrate�scope
	Mechanistic studies and DFT calculations

	Methods
	General procedure for ring expansion of azulenes with alkyl and aryl diazo�esters
	General procedure for C–H functionalization of azulenes with aryl diazo�esters
	Computational methods

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




