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Abstract 14 

π-Aromaticity is an important driving force in directing the synthesis of aromatic 15 

compounds; in contrast, reactions induced by σ-aromaticity are uncommon. Herein, we 16 

report a strategy based on π- and σ-aromaticity relays to realize the first structurally 17 

defined ring contraction of metallacyclobutadiene to metallacyclopropene. This 18 

reaction involves the release of the π-antiaromaticity of metallacyclobutadiene in 2a to 19 

afford a π-aromatic intermediate (4A), followed by ring reclosure to generate σ-20 

aromatic metallacyclopropene in 3a. The ring-opening-reclosing mechanism and 21 

versatile switching of the aromaticity of the metallacyclic species are supported by 22 



experimental results and theoretical calculations. This work demonstrates the 23 

importance of the synergistic effects of π- and σ-aromaticity as driving forces in 24 

reactions and sheds light on possible applications in other challenging transformations. 25 

Introduction 26 

Aromaticity is one of the most fundamental and interesting topics in organic 27 

chemistry.1,2 Traditional π-aromaticity is characterized by π-electron delocalization in 28 

closed circuits of unsaturated compounds3 and σ-aromaticity is characterized by the 29 

delocalization contributed by σ-electrons, which was first proposed by Dewar to 30 

explain the abnormal magnetic behavior of cyclopropane.4 Subsequently, other systems, 31 

such as hydrogen clusters,5 inorganic rings,6 metal clusters7-10 and 32 

metallacyclopropenes,11-14 featuring delocalized σ-conjugation, were suggested to have 33 

σ-aromatic character. The terms π- and σ-aromaticity are used to describe the electron 34 

delocalization of many cyclic compounds. Both π- and σ-aromaticity endow molecules 35 

with aromatic stabilization, leading to products with lower energies. Therefore, 36 

aromaticity-driven reactions play a crucial role in synthetic chemistry.15,16 Currently, π-37 

aromaticity-driven strategies are well known to guide the synthesis of aromatic 38 

compounds, but reactions induced by σ-aromaticity have seldom been reported.17,18 39 

The synthesis and transformation of small heterocycles are valuable in synthetic 40 

chemistry. The small metallacycles, metallacyclobutadienes and metallacyclopropenes 41 

are intriguing species because of their rich reactivity and catalytic applications.19,20 42 

Metallacyclobutadienes are well known in alkyne metathesis21,22 and polymer 43 



synthesis,23 while metallacyclopropenes play important roles in organometallic 44 

chemistry, such as ring-expansion polymerization for macrocyclic polyenes,24 selective 45 

coupling25 and activation of C-H bonds.26 Thus, the synthesis, reactivity, and structural 46 

properties of these metallacycles have attracted continuous attention.27-29 In general, 47 

small metallacycles tend to undergo ring expansion by insertion of unsaturated species 48 

into the M-C bond or to participate in rearrangement/addition processes, resulting in 49 

opening of the metallacycles. On the other hand, the ring-contraction reaction of small 50 

metallacycles is challenging due to ring-strain effects, especially in the smallest four-51 

to-three ring-contraction reaction. Considerable effort has been devoted to studying 52 

such ring-contraction reactions, such as the migration process in metallacyclobutanes30 53 

and the conversion of metallacyclobutenes to several metal-allene complexes.31 54 

However, ring-contraction of metallacyclobutadienes was proposed as a key step only 55 

for the formation of metallacyclopropenes via reactions of metal carbynes with 56 

alkynes/phosphaalkynes.32,33 Experimental evidence for the ring contraction of 57 

metallacyclobutadienes remains sparse. 58 

 59 

Scheme 1. Aromaticity switching in the ring contraction of metallacyclobutadiene to metallacyclopropene. 60 



Herein, we report a unique π- and σ-aromaticity relay strategy to realize the first 61 

structurally defined ring contraction of metallacyclobutadiene to metallacyclopropene 62 

(Scheme 1). Combined experimental and computational studies indicate that the 63 

transformation occurs via two consecutive steps along a ring-opening-reclosing 64 

pathway and involves versatile aromaticity switches in the metallacycles. Initially, the 65 

acid-promoted release of the π-antiaromaticity of the osmacyclobutadiene moiety 66 

afforded a vinylcarbene fragment. Subsequently, the unusual generation of a strained 67 

three-membered ring from vinylcarbene occurred and was found to be driven by the σ-68 

aromaticity of the osmacyclopropene. This synergistic effect of π- and σ-aromaticity 69 

driving forces could facilitate the discovery of new reactions, leading to aromatic 70 

species that are inaccessible by other methods. 71 

Results and Discussion 72 

Synthesis of precursor 1, [2+2] cycloaddition products 2a–2c and ring-contraction 73 

products 3a–3c. 74 

We previously developed a series of aromatic metal bridgehead polycyclic frameworks 75 

with a triphenylphosphonium substituent attached to the metallacycle.34,35 The bulky 76 

triphenylphosphonium group stabilizes the metallacyclic skeletons but may reduce the 77 

reactivity due to its steric and electron-withdrawing properties. Accordingly, we 78 

designed and synthesized an osmapentalyne (1) with a chlorine substituent instead of 79 

triphenylphosphonium at C2 through the treatment of OsCl2(PPh3)3 with a multiyne 80 

(L1) in the presence of excess tetrabutylammonium chloride. The structure of 1 was 81 



identified by nuclear magnetic resonance (NMR) spectroscopy and high-resolution 82 

mass spectrometry (HRMS). When osmapentalyne 1 was treated with different terminal 83 

alkynes, including p-toluenesulfonylacetylene, methyl propiolate and propiolic acid, all 84 

bearing electron-deficient groups, the [2+2] cycloaddition reactions occurred within 5 85 

min, affording osmacyclobutadienes 2a–2c in high yields (>90%) (Figure 1a). 86 

 87 
Fig. 1 | Synthesis and characterization of 1, 2a–2c and 3a–3c. a, Synthesis of osmapentalyne 1 and its reactions 88 
with alkynes via formal [2+2] cycloaddition to yield complexes 2a-2c and the synthesis of 3a-3c by reactions of 2a-89 
2c with CF3COOH. b, X-ray crystal structures for 2a and 3a drawn at the 50% probability level. The phenyl groups 90 
in PPh3 have been omitted for clarity. c, Selected bond lengths (Å) for 2a and 3a. d, Selected NMR chemical shifts 91 
(ppm) for 1, 2a and 3a. 92 

The structure of complex 2a was confirmed by single-crystal X-ray diffraction 93 

analysis. As shown in Figure 1b, complex 2a has a planar metallatricyclic structure, as 94 

reflected by the mean deviation from the least-squares plane (0.022 Å) through Os1 and 95 

C1–C9. In the four-membered ring (4MR) of 2a, the bond lengths of Os1–C7 (2.064 96 

Å), Os1–C9 (2.218 Å), C7–C8 (1.425 Å) and C8–C9 (1.338 Å) are all comparable to 97 

those reported for osmacyclobutadienes (Figure 1c).36 The structure of complex 2a was 98 



further supported by NMR spectroscopy. In the 1H NMR spectrum, the singlet signal 99 

attributed to C1H at  = 13.29 ppm was assigned to OsCH.36 In the 13C{1H} NMR 100 

spectrum, the characteristic signal of C7 in 2a was observed at  = 173.3 ppm, shifting 101 

136.7 ppm to a higher field compared to the signal of C7 in complex 1 (310.0 ppm), 102 

revealing the conversion from metal carbyne to metal carbene. The main NMR 103 

chemical shifts () of 1 and 2a are shown in Figure 1d. The [2+2] cycloaddition reaction 104 

of metal carbynes with alkynes has been used to synthesize metallacyclobutadienes 105 

containing, for example, Ta, Mo, W and Re.19 In contrast, this method has rarely been 106 

used for the synthesis of metallacyclobutadienes containing late transition metals,36-38 107 

whose reactivity has rarely been studied. With osmacyclobutadienes 2a–2c in hand, we 108 

investigated their chemical reactions. 109 

Complexes 2a–2c were treated with 10 equiv. of CF3COOH in CH2Cl2 at rt for 3 110 

h, resulting in reddish-brown complexes 3a–3c in isolated yields of 40-60% (Figure 1a). 111 

The structure of 3a was confirmed by single-crystal X-ray diffraction. As shown in 112 

Figure 1b, the metal was shared by the propene and pentalene rings in 3a. Similar to 113 

that in 2a, ring contraction involves the cleavage of Os1–C9 and the formation of Os1–114 

C8. The ten atoms (Os1 and C1–C9) in 3a are almost coplanar, and the mean deviation 115 

from the least-squares plane is only 0.025 Å. The Os1–C7 distance (2.008 Å) of 3a is 116 

shorter than the Os1–C7 distance (2.064 Å) of 2a, indicating some Os=C double bond 117 

character.39 Compared to the Os1–C9 distance (2.218 Å) of 2a, the Os1–C8 distance 118 

(2.169 Å) of 3a is shorter and is characteristic of metallacyclopropenes (Figure 1c). The 119 

C7–C8 bond length of 1.363 Å is similar to that of previously reported fused 120 



osmacyclopropenes.11-14,40 The C8–C9 bond length (1.325 Å) is typical of C=C double 121 

bonds. The 1H NMR spectrum of 3a displays a characteristic signal at  = 12.81 ppm 122 

attributed to C1H. Both the C9H and C9 signals at  = 6.45 and 113.6 ppm, respectively, 123 

suggest that C9 is a vinyl carbon atom. Similar structures of 3b and 3c were also 124 

determined by single-crystal X-ray diffraction (Supplementary Figs. S3 and S4). 125 

Chemical reactions of metallacyclobutadienes have been investigated previously, 126 

including the dissociation of alkynes to afford carbyne complexes,21,22 alkyne/CO 127 

insertion and the formation of metallabenzenes/other cyclic carbene complexes or 128 

reductive elimination products, such as η5-cyclopentadienyl and η3-cyclopropenyl 129 

complexes.41,42 Metallacyclobutadienes have also been proposed as intermediates in the 130 

formation of vinylcarbene complexes43 or metallacyclopropenes from reactions of 131 

metal carbynes with alkynes/phosphoalkynes.32,33 In principle, metallacyclobutadienes 132 

tend to undergo ring expansion or ring opening. In fact, to the best of our knowledge, 133 

the transformation of 2a to 3a represents the first observation of a structurally well-134 

defined ring contraction of metallacyclobutadiene to metallacyclopropene. In addition, 135 

metallacyclopropenes have usually been synthesized by the direct [2+1] addition of an 136 

alkyne to a metal center.28,29 The formation of 3a–3c by an unprecedented ring 137 

contraction process provides a new strategy to synthesize metallacyclopropenes. 138 

Verification of the mechanism by theoretical calculations and the isolation of key 139 

intermediates. 140 

DFT calculations were performed to investigate the mechanism of the formation of 3a. 141 



The computed Gibbs free energy profile of the key reaction steps is shown as a black 142 

line in Figure 2a. The initial attack of CF3COOH led to the cleavage of the Os–C9 single 143 

bond in 2a and the formation of C9-H, generating Int 4a via a transition state (TS1). 144 

The protonation process has an energy barrier of 14.2 kcal mol-1 and is exergonic by 145 

9.9 kcal mol-1; therefore, this reaction is theoretically facile. Subsequently, elimination 146 

of C8H yields the final energetically favorable product (3a) from Int 4a with an energy 147 

barrier of 10.7 kcal mol-1, and this process is exergonic by 16.9 kcal mol-1. 148 

Control experiments were performed to further confirm the proposed mechanism. 149 

Different amounts of acids were tested in reactions monitored by 31P{1H} NMR 150 

spectroscopy. As shown in Figure 2c, upon reaction of complex 2a with 10 equiv. of 151 

CF3COOH, product 3a was obtained exclusively. However, when the reaction was 152 

carried out in the presence of 20 equiv. of CF3COOH, a new singlet at 17.45 ppm in the 153 

31P{1H} NMR spectrum, attributed to species 4a, was observed. A series of parallel 154 

experiments showed that the content of 4a increased gradually as the amount of acid 155 

increased. When the acid level exceeded 50 equiv., the relative ratio of 3a and 4a 156 

remained almost unchanged. It can be assumed that the excess acid stabilized 157 

intermediate 4a. When dilution experiments were conducted by the addition of CH2Cl2 158 

to the reaction mixture of 3a and 4a, compound 4a was gradually converted into 3a 159 

with decreasing acid concentration. Based on these results, 4a was concluded to be an 160 

intermediate in the formation of 3a, and the transformation from intermediate 4a to 161 

final product 3a was inhibited by excess CF3COOH. Other acids were tested in the 162 

formation of 4a. Fortunately, upon treatment of 2a with excess HBF4·Et2O, a 4a analog 163 



named 4A was isolated as the main product. This analog was completely converted into 164 

3a by heating the in situ mixture to 40 °C (Figure 2b). 165 

 166 
Fig. 2 | Mechanistic investigation: DFT calculations, control experiments and the isolation of key 167 
intermediates 4A. a, Energy profiles for the formation of complex 3a in the presence of CF3COOH (black) or 168 
HBF4·Et2O (blue). Energies are given in kcal mol-1. The Gibbs free energy of reactant 2a with acid (CF3COOH or 169 
HBF4·Et2O) was designated as 0 kcal mol-1. The B3LYP-D3/Def2-TZVP method with SMD solvation in CH2Cl2 170 
was used. b, ring-contraction of 2a–2c to 3a–3c through a stepwise pathway involving the ring-opening product of 171 
4A induced by HBF4·Et2O. c, investigation of the formation of 4a by 31P{1H} NMR spectroscopy. Parallel reactions 172 
of 10, 20, 30 and 50 equiv. of CF3COOH with 2a (left). The in situ reaction system (30 equiv. of CF3COOH with 2a) 173 
was diluted to 5/7, 5/9 and 1/2 of its original concentration (right). d, X-ray crystal structure of cation of intermediate 174 
4A drawn at the 50% probability level. The phenyl groups in PPh3 have been omitted for clarity.  175 

Single-crystal X-ray diffraction showed that 4A is an osmapentalene bearing a 176 

vinyl group attached at C7. As shown in Figure 2d, the metal is coordinated with six 177 

atoms, namely, three carbon atoms (C1, C4 and C7), two phosphorus atoms and a 178 



chlorine atom, leading to a coordinated unsaturated 16 electron osmium center. The 179 

bond lengths of Os1–C1 (1.962 Å) and Os1–C7 (2.021 Å) are comparable to previous 180 

observations in osmapentalenes (1.926–2.084 Å).44 The C8–C9 bond length (1.323 Å) 181 

is consistent with that of a typical C=C double bond. The C7–C8 bond connects the 182 

metallabicycle with a vinyl group, and the distance (1.464 Å) indicates a C–C single 183 

bond. In the 1H NMR spectrum, the two doublets at  = 6.99 and 6.10 ppm were 184 

assigned to C8H and C9H, respectively. The coupling constant of HC8=C9H group was 185 

14.40 Hz, confirming the E-isomer configuration. All the data confirm that the cation 186 

of structure 4A is identical to that of Int 4a in the proposed mechanism. 187 

Additional DFT calculations were performed to examine the formation of 3a under 188 

acidic conditions in the presence of HBF4·Et2O (blue line in Figure 2a). The formation 189 

of 3a through TS1' was associated with a much higher exothermicity of 23.4 kcal mol-190 

1 to form Int 4A than to form Int 4a (9.9 kcal mol-1). The species Int 4A is 191 

thermodynamically favored and is more stable than Int 4a. In addition, the conversion 192 

of Int 4A to 3a via TS2' proceeded with a significantly higher computed barrier of 20.8 193 

kcal mol-1 (10.7 kcal mol-1 for TS2); thus, Int 4A can be readily isolated and 194 

characterized, and it’s consistent with our experimental studies showing that producing 195 

3a required heating (Figure 2b). 196 

The combined experiments and DFT calculations confirmed that ring contraction 197 

proceeds through a ring-opening-reclosing pathway involving acid-mediated 198 

protonation and deprotonation via vinylcarbene species (4A). Notably, the Gibbs free 199 

energy profile suggested that 3a, with a strained metallacyclopropene, is more stable 200 



than 4A. To address this issue, the aromaticity of each of these species was investigated. 201 

Theoretical studies of aromaticity. 202 

Nucleus-independent chemical shift (NICS) calculations45 were performed based on 203 

simplified model compounds 2a', 3a' and 4A', in which PH3 groups were used to 204 

replace the PPh3 ligands and the phenyl ring attached to C3 was omitted. In general, 205 

negative NICS values indicate aromaticity, while positive NICS values represent 206 

antiaromaticity. As shown in Figure 3a, the positive NICS(1)zz value of the fused 4MR 207 

(+25.8 ppm) suggests antiaromaticity in the fused metallacyclobutadiene in complex 208 

2a'. The NICS(1)zz values of the two fused five-membered rings (5MR) (-3.7 and 3.3 209 

ppm) imply nonaromaticity. In sharp contrast, the two fused 5MRs of 4A' show 210 

NICS(1)zz to have significantly reduced negative values (-15.1 and -22.6 ppm), 211 

revealing the aromaticity of 4A'. The ring-opening of the 4MR relieves the 212 

antiaromaticity of the metallacyclobutadiene in 2a' and results in enhancement of the 213 

aromaticity of the two 5MRs in 4A'. The new generation of the aromatic 3MR in 3a' is 214 

supported by the negative NICS(1)zz value of -30.4 ppm. The other two fused 5MRs of 215 

3a' with large negative NICS(1)zz values of -17.0 and -17.6 ppm suggest that the 216 

aromaticity is maintained. Coincidentally, the NICS(1)zz grids demonstrate that the 217 

inner cavity area of metallacyclobutadiene in 2a' is deshielded (red, positive values), 218 

while the inner cavity area of metallacyclopropene in 3a' is shielded (blue, negative 219 

values) (Figure 3a). Anisotropy of the induced current density (AICD)46 analysis also 220 

supported the aromaticity changes in these complexes (Figure 3b). Distinct221 



 222 
Fig. 3 | Aromaticity evaluation. a, NICS(1)zz values and NICS(1)zz grids for model compounds 2a', 4A' and 3a' 223 
(NICS(1)zz calculated at 1.0 Å above the ring centers. Each grid is parallel to the fused ring with 0.01 Å resolution 224 
and 40000 points. A fixed color scale (−30.000 to +30.000 ppm) is used in all grids for a visualized comparison. 225 
Projections of the framework are presented on the maps and connected by lines). b, The AICD plots of 2a', 4A' and 226 
3a'. The isosurface value of the AICD plots is 0.030 a.u. The magnetic field vector is orthogonal with respect to the 227 
ring plane and is directed upward (the corresponding paratropic (red arrow) and diatropic (blue arrow) ring currents 228 
are shown). c, key occupied π MOs and their energies together with their contributions to NICS(0) and NICS(1)zz 229 
(in ppm) for model complex 3a'. The eigenvalues of the MOs are given in parentheses in the first line, and the 230 
NICS(0) and NICS(1)zz values of rings a, b, and c are given in the second line. d, Isodesmic reactions for 3a' (all 231 
energies are given in kcal mol-1). 232 



counterclockwise circulation of 2a' was observed in the fused osmacyclobutadiene, 233 

suggesting antiaromaticity, whereas the clockwise circulation observed in two fused 234 

5MRs demonstrated the aromaticity of 4A', and the clockwise circulation along the 235 

periphery of the whole metallatricycle of 3a' indicated expansion of the global 236 

aromaticity. 237 

To further examine our hypothesis of the aromaticity of complex 3a', canonical 238 

molecular orbital (CMO) NICS calculations were performed to identify the σ and π 239 

orbital contributions separately (Figure 3c). The dissected NICS(0) and NICS(1)zz were 240 

selected to evaluate the nature of the possible σ-aromaticity in the 3MR. The total 241 

diamagnetic contribution of the NICS(0) value for the 3MR from the six occupied π 242 

molecular orbitals (HOMO, HOMO-1, HOMO-3, HOMO-19, HOMO-25, and HOMO-243 

28) was -9.2 ppm, whereas the NICS(0) value from all the σ-orbitals (-28.4 ppm) was 244 

much more negative, indicating that σ-aromaticity is dominant in the 3MR and is the 245 

major contribution to aromaticity in the 3MR in 3a'. The results are consistent with the 246 

σ-aromatic character of reported metallacyclopropenes.11-14 The stability of 247 

osmacyclopropene in 3a' can be investigated by means of two isodesmic reactions  248 

(Figure 3d). The endothermic (+36.8 and +37.7 kcal mol-1) nature of the cleavage of 249 

the Os–C or C–C bonds in the 3MR in these isodesmic reactions also confirms the 250 

aromatic stabilization of the osmacyclopropene unit.47 251 

Theoretical calculations indicated that aromaticity plays an important role in 252 

lowering the energy associated with the transformation of 2a → 3a. The ring-opening 253 

of osmacyclobutadiene in 2a to form 4A involves the release of antiaromaticity 254 



accompanied by the reinforcement of the π-aromaticity in osmapentalene and can be 255 

viewed as a π-aromaticity-driven process. Next, the ring-reclosing process from 4A → 256 

3a further expands the aromaticity system of the metallacycles with newly formed σ-257 

aromaticity. Thus, the ring-contraction reaction is driven by the relay of π- and σ-258 

aromaticity, which is readily achieved because it lowers the potential energies smoothly 259 

with no high barriers. 260 

Thermal and chemical stability and optical properties. 261 

Thermal stability tests indicated that aromatic species 3a–3c are significantly more 262 

stable than complexes 2a–2c. In the solid state, complexes 2a–2c are stable at rt and 263 

start to decompose at 100 °C for 2a and 2c or 110 °C in the case of 2b. In comparison, 264 

complexes 3a–3c exhibit higher thermal stability even when heated to 180 °C in the 265 

case of 3a, 160 °C for 3b and 140 °C for 3c in air for 3 h (Supplementary Fig. S11). 266 

In addition, the chemical reactivity of 3a was investigated. Treatment of 3a with 267 

N-chlorosuccinimide (NCS) or N-bromosuccinimide (NBS) led to the formation of 268 

complexes 5a and 5b, respectively, in high yields (both are 95%) (Figure 4a). The 269 

structure of 5b shows that C9 is now substituted by a bromine atom, indicating the 270 

electrophilic substitution of the vinyl group. Treatment of 3a with excess 2,3-dichloro-271 

5,6-dicyano-1,4-benzoquinone (DDQ) at 40 °C led to the formation of complex 6a. As 272 

shown in Figure 4b, the bond lengths of C10–O1 and C11–O2 (1.162 and 1.193 Å, 273 

respectively) indicated the C=O double bond character, confirming that the 2,5-274 

dihydrofuran unit of complex 3a was oxidized to form aldehydes. The NMR spectrum 275 



showed peaks attributed to C10H and C11H at  = 9.04 and 10.00 ppm, respectively, 276 

and together with the signals of C10 ( = 192.7 ppm) and C11 (188.9 ppm), they can 277 

be attributed to the two aldehyde groups. Electrophilic substitution and an oxidation 278 

reaction both occurred at the exocyclic positions of 3a, suggesting the high stability and 279 

resistance to oxidation of the metallatricyclic moiety, in accordance with its aromatic 280 

character. 281 

 282 
Fig. 4 | Chemical stability and optical properties. a, Electrophilic substitution and oxidation reaction of 3a. b, X-283 
ray crystal structure of complexes 5b (top) and 6a (down) drawn with 50% probability level. The phenyl groups in 284 
PPh3 have been omitted for clarity. c, UV–Vis absorption spectra for 1, 2a–2c (2.0 × 10-4 M) and 3a–3c, 5a, 5b, 6a 285 
(4.5 × 10-5 M) measured in CH2Cl2 at rt. d, Temperature curves for 2a–2c (1.00 mg mL-1) irradiated by an 808 nm 286 
laser at a power density of 1.0 W cm-2 in DMF. 287 

The UV–Vis absorption spectra of metallacycles 2a–2c display an absorption 288 

maximum max at approximately 470 nm, slightly redshifted compared with that of 289 

osmapentalyne (1) (Figure 4c). They also have weak and broad absorption band tails at 290 

700–800 nm, which are typical bathochromic shifts of NIR bands attributed to the 291 



decrease in optical band gaps, in accordance with the antiaromatic character.48,49 The 292 

NIR absorption of 2a–2c exhibits photothermal properties; for example, the 293 

temperature of the solution containing 1.00 mg mL-1 for 2c increased from 25.5 °C to 294 

46.6 °C within 7 min under irradiation at 808 nm by a laser at a laser power density of 295 

1.0 W cm-2 (Figure 4d). Metallacycles 3a–3c gave rise to two obvious absorption peaks 296 

at wavelengths of ~340 and ~510 nm. Compared with 3a, electrophilic substitution 297 

products 5a and 5b exhibited similar absorption properties, while the oxidation product 298 

6a gave rise to two slightly redshifted broad absorption peaks. 299 

Conclusion 300 

In summary, we have described an unusual acid-induced ring contraction of 301 

metallacyclobutadiene to metallacyclopropene via a ring-opening-reclosing process. 302 

The successful isolation of the key intermediate and the results of theoretical 303 

calculations confirm that the driving force of aromatization plays a vital role in the 304 

reaction. The π-aromaticity-driven ring opening of an antiaromatic 305 

metallacyclobutadiene followed by σ-aromaticity-driven ring-reclosing resulted in the 306 

expansion of global aromaticity. Versatile aromaticity switches in these metallacycles 307 

have been observed, i.e., from π-anti-/nonaromaticity to π-aromaticity and further π- 308 

and σ-aromaticity. These findings offer a valuable supplement to the ring contraction in 309 

small metallacycles and provide new insight into aromaticity-driven relay strategies and 310 

their potential application in challenging transformations. 311 



Methods 312 

General methods. Compounds S-1, S-2 and L1 were synthesized according to the 313 

literature.15 Details of the synthesis and characterization of compounds in this article as 314 

S-1, S-2, L1, 2a–2c, 3a–3c, 4A, 5a, 5b and 6a can be found in the Supplementary 315 

Information (SI). For general information, synthesis and characterization, see pages S2-316 

S11. For control experiments, see Figs. S1-S3. For crystallographic analysis, see Figs. 317 

S4-S10 and Tables S1-S10. For thermal stability tests, see Figs. S11. For computational 318 

methods, see Figs. S12-S14. For NMR spectra and ESI-MS spectra, see Figs. S15-S61. 319 

The X-ray crystal structures have been deposited in the Cambridge Crystallographic 320 

Data Centre (CCDC) and identified as 2103042 (2a), 2103166 (3a), 2103167 (3b), 321 

2103168 (3c), 2103171 (4A), 2103169 (5b) and 2103170 (6a). These data can be 322 

obtained free of charge from the Cambridge Crystallographic Data Centre via 323 

www.ccdc.cam.ac.uk/data_request/cif. 324 

Synthesis of complex 1. Under a N2 atmosphere, a mixture of L1 (256 mg, 1.14 mmol), 325 

OsCl2(PPh3)3 (1.00 g, 0.95 mmol) and n-Bu4NCl (1.00 g, 3.60 mmol) was stirred in 326 

CH2Cl2 (25 mL) at rt for 15 min to give a brown solution. The solution was evaporated 327 

under vacuum to a volume of approximately 2 mL. Then, the solution was purified by 328 

column chromatography (alumina gel, eluent: CH2Cl2) to give 1 (425 mg, 45%) to 329 

obtain a yellow solid. 330 

Synthesis of complex 2a: Under a N2 atmosphere, a mixture of complex 1 (500 mg, 331 

0.50 mmol) and p-toluenesulfonylacetylene (400 mg, 2.50 mmol) was stirred in CH2Cl2 332 

(25 mL) at rt for 5 min to give a brown solution. The solution was evaporated under 333 



vacuum to a volume of approximately 2 mL. Then a mixed solvent (Et2O/PE = 1:4, v/v, 334 

50 mL) was added to the solution. The brown precipitate was collected by filtration, 335 

washed with mixed solvent (Et2O/PE = 1:4, v/v, 2 × 50 mL) and dried under vacuum to 336 

give 2a (527 mg, 90%) as a brown solid. 337 

Synthesis of complex 3a. Under a N2 atmosphere, trifluoroacetic acid (500 μL, 6.73 338 

mmol) was added to a solution of complex 2a (500 mg, 0.43 mmol) in CH2Cl2 (25 mL). 339 

The reaction mixture was stirred at rt for 3 h to give a mandarin red solution. The 340 

solution was evaporated under vacuum to a volume of approximately 2 mL. Then the 341 

solution was purified by column chromatography (silica gel, eluent: CH2Cl2 and 342 

CH2Cl2/Me2CO = 100:1, v/v) to give 3a (200 mg, 40%) as a reddish-brown solid. 343 

Synthesis of complex 4A. Under a N2 atmosphere, a solution of HBF4·Et2O (50-55% 344 

w/w HBF4, 100 μL, 0.60 mmol) was added to a solution of complex 2a (50 mg, 42.5 345 

μmol) in CH2Cl2 (0.5 mL). The reaction mixture was stirred at rt for 30 min to give an 346 

orange solution of 4A (approximately 80% yield based on 1H- and 31P-NMR), which 347 

was characterized by in situ 1H-NMR, 31P-NMR and 13C-NMR. Complex 4A is stable 348 

only under strong acidic conditions. 349 

Data Availability 350 

The data supporting the findings of this study are available from the corresponding 351 

author upon request. 352 
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