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a b s t r a c t

The construction of all-carbon molecule frameworks remains challenging. Herein, we report a facile and

efficient one-pot synthesis of a novel all-carbon stair containing dimerized pentalene core using inex-

pensive cyclopropyl alkyne catalyzed by in situ generated Cu(I) from the comproportionation reaction of

Cu(II) salt and Cu powder under mild reaction conditions. The reaction proceeds via sequential acetylenic

coupling, followed by cyclization and [2 + 2] cycloaddition to directly produce pentalene dimer, which

is difficult to access by other established methods. Different mechanistic paths were studied for the pen-

talene formation using density functional theory, suggesting that the reaction also proceeds through

acetylenic coupling followed by cyclization and [2 + 2] cycloaddition. Based on the activation energy

barriers, Path 1 has the rate-determining step of 38.63 kcal/mol, which is the most thermodynamically

preferred one among the four paths.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

During the past few decades, pentalene and its derivatives

have attracted much attention of chemists due to their synthetic

challenges and antiaromatic characters [1–6]. The chemistry of

benzopentalene derivatives has been well explored [7–10]. How-

ever, the pentalene dimer or its derivatives are elusive because

of multistep syntheses, tedious purification processes, and low

synthetic yield. For instance, Neuenschwander et al. isolated un-

substituted pentalene dimer by two pathways, firstly oxidative

coupling of dilithium pentalenediide dihydropentalene [11] and

secondly the removal of hydrogen bromide from 1–bromo-1,2-

dihydropentalene resulting in the dimerization of 1–bromo-1,2-

dihydropentalene [12]. The dilithium pentalenediide was obtained

by the reaction of BuLi and dihydropentalenes, which had to

be produced via gas-phase pyrolysis of cyclooctatetraene at 400–

675 °C [13,14]. Although the synthesis of pentalene by nonpyrolytic

methods may also be achieved by the Skattebol rearrangement of
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a geminal dibromocyclopropane fused cycloheptatriene [15,16], a

general method for the synthesis of substituted pentalene dimers

has not been reported.

One of the most exciting aspects of transition metal chemistry

is the formation of new stable metal complexes with unstable or-

ganic molecules under normal conditions [17–21]. For example,

Pettit et al. isolated a stable tricarbonyliron complex by dehalo-

genation of 3,4-dichlorocyclobut-1-ene with Fe2(CO)9 [22]. Katz

et al. have shown that the coordination to metals centres can sta-

bilize pentalene [23–25]. Several organometallic complexes with

highly unstable pentalene and its derivatives exhibiting interesting

electronic properties have been well investigated [26,27].

On the other hand, alkynyl ligands have been proved to be

multifunctional protective ligands for constructing atomically pre-

cise metal nanoclusters [28]. Inspired by our previous works [29–

31], herein, we were interested in developing copper nanoclus-

ter in the presence of cPrC≡CH, Cu(CF3COO)2 and Cu powder un-

der solvothermal conditions. To our surprise, the reaction under-

went multiple in situ transformations, resulting in the formation

of a pentalene dimer instead of a copper nanocluster. The ensu-

ing pentalene dimer has been comprehensively characterized by

https://doi.org/10.1016/j.cclet.2021.10.036

1001-8417/© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.



H. Zhao, R.K. Gupta, W. Zhang et al. Chinese Chemical Letters 33 (2022) 2047–2051

Scheme 1. One-pot synthesis of pentalene dimer derivative.

NMR, MALDI-TOF/MS, single-crystal X-ray diffraction, UV–vis ab-

sorption studies, and further supported by theoretical calculations.

To our knowledge, this is the simplest and effective synthetic route

for pentalene dimer, and it is also the first example of such com-

pounds characterized by single-crystal X-ray analysis.

The pentalene dimer was synthesized by the reaction of a mix-

ture of Cu(CF3COO)2, Cu powder and cPrC≡CH in a 1:4:1 (v/v/v)

mixture of DMF-MeOH-MeCN (6 mL). The mixture was reacted at

50 °C by stirring for 6 h, followed by the solvothermal treatment

at 70 °C for 36 h (Scheme 1). A large number of orange rod-like

crystals (ca. 20%) and the small number of yellow rod-like crys-

tals (ca. 5%) of C40H44 were obtained within two days, which were

unambiguously characterized by X-ray crystallography. These com-

pounds have been identified as triclinic (4t) and monoclinic (4m)

polymorphs of C40H44. The synthesis details and some basic char-

acterizations are provided in the Supporting information.

Notably, due to the polymorphic nature, only 4t has been taken

as a representative for discussions in detail, but some differences

between 4m and 4t were also included. The IR spectrum of 4t ex-

hibits the characteristic stretching vibrations at 3074, 2998, and

1615 cm−1, assigned to =C–H, –C–H and C=C, respectively (Fig. S1

in Supporting information). The 1H NMR spectrum of 4t shows the

characteristics proton signals for the pentalene (H5) and cyclobu-

tane (H15) at 5.45 and 2.15 ppm as singlet, respectively (Fig. 1a).

The chemical shift of methylene (CH2) and methine proton (CH)

on the cyclopropyl ring attached to the cyclobutane ring appear

below 0.5 ppm (δH –0.33, td; 0.14–0.03, m; 0.19, ddd; 0.50–0.44,

m) and 1.47, tt, respectively. Among them, one proton (H13B) on a

cyclopropyl ring showing upfield shift (δH –0.33), which is caused

by the shielding effect from the adjacent pentalene ring. Whereas

the protons on the cyclopropyl ring attached to the pentacene

core resonated in the region of 0.51–1.83 ppm. Correspondingly,

the 13C{1H} NMR spectrum shows the characteristics sp3 tertiary

carbon (C15) and sp3 quaternary carbon (C11) and at 38.26 and

71.53 ppm, respectively (Fig. 1b). The sp2 tertiary carbons of the

pentalene core resonated at 159.66 (C4), 142.90 (C6), 161.99 (C7),

145.47 (C16), 130.53 (C17) ppm, together with sp2 secondary car-

bon (C5) at 101.28 ppm. The carbons of the cyclopropyl group ap-

peared in the range of –0.18−15.96 ppm. All these assignments for

protons on 4t were further supported by DEPT135 and 2D NMR

spectroscopic data, including 1H–13C HMBC, 1H–1H COSY, and 1H–
1H NOESY experiments. The detailed data of 1D and 2D NMR are

shown in Tables S1, S2 and Figs. S2-S5 (Supporting information).

The experimental 1H and 13C{1H} NMR data match well with the

theoretical data (Figs. S6-S9 and Table S1 in Supporting informa-

tion). The composition of 4t has been further confirmed by the

matrix-assisted laser desorption/ionization–time–of–flight (MALDI-

TOF) mass spectrum (m/z calcd. for C40H44 [M]+, 524.343; found

524.391) (Fig. S10 in Supporting information).

High-quality single crystals suitable for X-ray diffraction of

pentalene dimers were grown by slow evaporation of the reac-

Scheme 2. Proposed transformations and mechanisms for pentalene dimer forma-

tion.

tion mixture for 2–3 days. It crystallizes as a polymorph in the

centrosymmetric triclinic and monoclinic crystal system with the

space group of P-1 and P21/c, respectively (Table S3 in Support-

ing information). Although some reports on pentalene dimers are

well documented, and various geometries and isomers were sug-

gested, no crystal structures with such kinds of dimers were re-

ported to date. To our knowledge, this is the first example of a

pentalene dimer, which has been unambiguously determined by

single-crystal X-ray analysis. Due to the similarity of their molecu-

lar structures, we take the triclinic system (4t) as a representative

for discussions in detail below.

The 4t exhibits a stair-like structure (Fig. 2) with two pental-

ene units fused on a central cyclobutane ring left and right. The

formula of 4t is C40H44. Of note, a total of eight cyclopropyl groups

attached to above dimerized pentalene core, with six on the pen-

talene and the other two on the central cyclobutane ring. The bond

length of the four-membered cyclobutane ring is slightly longer

than those of carbon-carbon single bonds and varies in the range

of 1.56−1.60 Å. The dimerized pentalene core showed C2h symme-

try, alternate long (1.449(2), 1.4905(19), 1.5337(2) and 1.491(2) Å

for C5–C6, C4–C17, C7–C11, and C15–C16, respectively) and short

bonds (1.359(2), 1.354(2), and 1.353(2) Å for C4–C5, C6–C7 and

C16–C17, respectively), which are in good agreement with the pre-

viously reported structures of pentalene derivatives (Fig. 2a, Ta-

ble S4 in Supporting information) [32]. The cyclopropyl C–C bond

lengths vary in the range of 1.473(3)−1.515(2) Å, indicating the sin-

gle bond nature. The conjugated pentalene ring (A) deviates from

the nonconjugated ring (B) with an average of 2.62° and 2.56° for
4t and 4m, respectively (Figs. S11 and S12 in Supporting infor-

maion). The dihedral angles between the planes of the two pental-

ene units are 11.55° and 10.48° for 4t and 4m, respectively (Figs.

S13 and S14 in Supporting information). The bond lengths and

bond angles in both polymorphs are similar. More interestingly,

through C–H···π and van der Waals interactions, C40H44 molecules

in 4t and 4m packed in ABAB and ABCD fashions along a and c axis,

respectively, (Figs. S15 and S16 in Supporting information), which

dictate their different crystallized space groups in solid-state. The

bond lengths comparison between the crystal structure and geo-

metrically optimized structure (vide infra) is in good agreement, as

shown in Fig. S17 (Supporting information).

To shed insights into the reaction mechanism of the pentalene

dimer, a process of dimerization, cyclization followed by cycload-

dition is proposed. The mechanism for the formation of 4 is il-

lustrated in Scheme 2. The proposed mechanism can be roughly

divided into two steps. The first step is the Giles Gasser dimer-
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Fig. 1. (a) 1H NMR and (b) 13C{1H} NMR spectrum of 4t in CDCl3. The asterisks

indicate the resonance of the residual solvent signals.

Fig. 2. Crystal structure of pentalene dimer (a) front view (b) side view. Thermal

ellipsoids are shown at the 50% probability level.

ization of terminal aliphatic alkyne (1) in the presence of Cu(I) in

situ generated and oxygen as an oxidant to produce (2). The sec-

ond step is the cyclotetramerization of a dimerized alkyne to give

pentalene (3), which is prone to dimerization in order to relieve

its electronic strain resulting from the conjugated 8π antiaromatic

system to yield pentalene dimer (4) finally. Bailey et al. isolated

and structurally characterized stable dihydropentalenes (Ph4PnH2)

from cyclotetramerization of phenylacetylene catalyzed by PdCl2,

where there is no driving force for dimerization in the fulvenic 6π
aromatic dihydropentalene [33].

Following the above similar synthetic route, we also performed

a series of parallel reactions in the presence of only Cu(CF3COO)2,

only copper powder, or in the absence of Cu(CF3COO)2 and copper

powder. All these reactions do not produce the pentalene dimer,

confirming that both Cu(CF3COO)2 and Cu powder are essential

for the reaction. Furthermore, to understand the influence of sub-

stituents on the terminal alkyne, the reactions of phenyl and tert–

butyl substituted alkyne, i.e., phenyl acetylene and tert–butyl acety-

lene were carried out under identical conditions. Both the reac-

tions yielded some uncharacterized products. This may be due

to the fact that the steric hindrance of the phenyl substituent is

greater than the cyclopropyl group and does not engage in oxida-

tive coupling. On the other hand, electron-donating tendency im-

posed by the tert–butyl substituent of tert–butyl acetylene is not

enough to induce the oxidative coupling.

Although we did not obtain single crystals of Cu(I) complexes,

Cu(I) species in mother liquor catalyzed the formation of penta-

lene dimer. In order to confirm the presence of Cu(I) species in

mother liquor, we performed the ESI-MS of the mother liquor. As

depicted in Fig. S18 (Supporting information), we observe three

peaks centered at m/z 576.8051 (1a), 706.7958 (1b) and 834.7783

(1c). After carefully checking the separation between the isotopes,

we found that 1a-1c are monovalent species and are assigned

to [Cu5(
cPrC≡C)4]

+ (1a, calcd. m/z 576.8022), [Cu6(
cPrC≡C)5]

+

(1b, calcd. m/z 706.7693) and [Cu7(
cPrC≡C)6]

+ (1c, calcd. m/z

834.7381), respectively (Table S5 in Supporting information).

To further identify the pentalene dimer formation mech-

anism, spin-polarized density functional theory calculations

were performed at the theoretical level of D3(BJ)-B3LYP/6-

31+G(d,p)//M06/TZVP by using Gaussian 09 package [34]. Four

possible reaction pathways were considered: Path 1 (Fig. 3) and

Paths 2–4 (Fig. S19), for details see Figs. S19-S70 and Tables S6-S56

(Supporting information). In the initial reaction, the cyclopropyl

alkyne attacks on the Cu to form Int1–2 with the releasing energy

of 2.84 kcal/mol, indicating that the triple bond of cyclopropyl

alkyne is thermodynamically activated. Then, the Int1–2 under-

goes subsequent reactions in two ways: (1) removing the H of C–H

to form Int1–3 (Path 1); (2) bonding with a cyclopropyl alkyne

to become Int3–1 (Path 3), respectively. As shown in Fig. 3 and

Fig. S19a, the Int1–3 is formed by removing the H atom of C–H

from Int1–2 with the required energy of 33.84 kcal/mol. After

removing the H, the C of Int1–3 with one unpaired electron

is beneficial to react with the next cyclopropyl alkyne to pro-

duce Int1–4. In the uphill process with the activation energy of

17.29 kcal/mol (TS1–2), the C–C coupling occurs from Int1–4 to

Int1–5. Meanwhile, Int1–5 has two reaction ways: (1) directly

bond with another Int1–5 intermediate (Path 1), (2) combine with

the reactant cyclopropyl alkyne for subsequent reactions (Path 2).

For the former (Fig. 3), both carbon atoms in Int1–5 connected to

Cu gradually get closer to generate Int1–7 via intermediate Int1–6

and TS1–3. Both carbon atoms feature doublets state, resulting in

the activation energy of 21.92 kcal/mol in this reaction process

and the reducing energy of 11.18 kcal/mol compared to Int1–1,

thermodynamically. The pentalene (Int1–9) was gained from the

intermediate of Int1–7 and Int1–8 through two-step successive

C–C coupling of TS1–4 (5.32 kcal/mol) and TS1–5 (32.84 kcal/mol),

respectively. Such reaction features an exothermic process with

about 106.17 kcal/mol for Int1–1.

Pentalene (Int1–9) is synthesized from the cyclopropyl acety-

lene through the above four reaction paths. Furthermore, Int1–9

bonds with the intermediate after removing Cu from Int1–9 to

form Int1–10 with larger exothermic energy of 226.39 kcal/mol.

The best way to form pentalene dimer from Int1–10 is taken into

account. Int1–10 directly crosses the 38.63 kcal/mol energy bar-

rier to produce the final product. In general, the synthesis of pen-

talene dimer is mainly through multistep carbon-carbon coupling

from the cyclopropyl alkyne. In view of the activation energy bar-

riers, among the four paths, Path 1 with the rate-determining step

of 38.63 kcal/mol is thermodynamically preferable.
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Fig. 3. Gibbs free energy diagram of reaction coordinates (Path 1) for the product pentalene dimer formation from the reactant cyclopropyl alkyne at 298.15 K, unit: kcal/mol.

The electronic absorption spectrum of 4t was recorded in

dichloromethane (DCM) (Fig. S71 in Supporting information). The

absorption band at 391 nm may be assigned to the π-π ∗, whereas

the shoulder band and intense band at 326 and 298 nm, respec-

tively, are credited to the n-π ∗ transitions. Furthermore, to get

a deep insight into the electronic transitions, solid-state UV–vis

spectrum under reflectance mode was measured (Fig. S72a in Sup-

porting information). The bandgap energy (Eg) for 4t and 4m was

calculated to be 2.18 and 2.2 eV, respectively (Fig. S72b in Sup-

porting information). The slightly different bandgaps of two poly-

morphs of C40H44 should rise from the different molecule packing

in bulk phases.

To understand the electronic structure and the origin of the

absorption band of 4t, density functional theory (DFT) and time-

dependent density functional theory (TD-DFT) calculations were

carried out employing Gaussian 09 program (Revision A.02) 6–

31G(d,p) basis set for C, and H at B3LYP (Becke-3-Lee-Yang-Parr)

level (details see Supporting information). The solvent calcula-

tion was conducted in DCM using the polarized continuum model

(PCM). The frontier molecular orbital (FMO) plots of the 4t are

shown in Fig. S73 (Supporting information). The HOMO of 4t is

delocalized over the pentalene subunits, and the LUMO is delocal-

ized over the pentalene unit attached to the cyclobutane ring. The

calculated UV–vis absorption spectrum of 4t was simulated using

TD-DFT energy (vertical excitation and oscillator strengths) calcu-

lations on the optimized ground-state structures (Tables S57 and

S58 in Supporting information), and these data are in good correla-

tions with the experimental absorption spectrum (Fig. 4). The the-

oretical bandgap energies of 4t calculated at B3LYP level equal to

3.56 eV and matches the respective optical band energy of 3.12 eV

(in DCM). The TD-DFT calculation shows that the main absorption

band at ∼426 nm is contributed by the transitions from HOMO to

LUMO, whereas the band at 298 nm is contributed by the tran-

sitions from HOMO-2 and HOMO-3 to LUMO. The absorption band

centered at 258 nm is originated from the transitions from HOMO-

2 to LUMO and LUMO+1 (Fig. 5).

In conclusion, a simple and efficient route to synthesize a novel

cyclopropyl substituted pentalene dimer has been serendipitously

discovered and successfully characterized by X-ray crystallography,

demonstrating the first example of such compounds in the solid-

Fig. 4. Comparison of experimental and computed (6-31G(d,p) level by B3LYP

methods) absorption spectra of 4t.

Fig. 5. Frontier molecular orbitals of 4t at the B3LYP/6-31G(d,p) level in DCM sol-

vent using PCM model.

state. The reaction starting from cPrC≡CH has undergone multiple

transformations, including acetylenic coupling, followed by cycliza-

tion and [2 + 2] cycloaddition, and finally pentalene dimer is ob-

tained. The reaction mechanism was further investigated and elu-

cidated in detail by theoretical calculations. The rate-determining

step with the activation energy of 38.63 kcal/mol clearly indicated

that Path 1 was the most thermodynamically preferred among the

four proposed paths. The successful synthesis of pentalene dimer
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avoids the pyrolysis, flammable organolithium or Grignard reagents

and is performed utilizing readily available components under am-

bient conditions. We believe that the proposed synthetic route

would provide new insights into the synthesis and investigation

of the physicochemical properties of the elusive pentalene deriva-

tives.
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