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4-(5-azaspiro[2.3]hex-1-en-5-yl)benzoic acid CP-1. 

To a stirred solution of CP (430 mg, 2 mmol) in MeOH (3 mL) and THF (3 mL) was added 

aqueous NaOH (10%, 6 mL). The mixture was stirred at room temperature for 48 h, 

concentrated, and extracted with Et2O (2×5 ml). The aqueous layer was acidified to pH 6 

with HCl (10%). The precipitate was collected, washed with Et2O (2 x 5 ml), and dried in 

vacuo to give CP-1 as a white solid (320 mg, 80%): mp 200~201 °C (dec); 1H NMR (d6-

DMSO, 400 MHz) d 3.94 (s, 4 H), 6.38-6.40 (m, 2 H), 7.73-7.75 (m, 2 H), 7.84 (s, 2 H); 13C 

NMR (d6-DMSO, 100 MHz) d 19.2, 63.1, 110.2, 117.3, 117.5, 130.9, 153.3, 167.5; IR (KBr) 

n  3460, 3104, 2911, 2840, 2665, 2547, 1659, 1407, 1537, 1439, 1422, 1329, 1308, 1292, 

1169, 1023, 834, 773 cm-1; HRMS (ESI, m/z) calcd C12H12O2N (M+H+): 202.0868; found: 

202.0879 

 

a,a’-Bis[4-(5-azaspiro[2.3]hex-1-en-5-yl0)benzoyloxy]-para-xylene. 

A mixture of CP-1 (230 mg, 1.14 mmol), 1,4-bis(bromomethyl)benzene (151 mg, 0.57 

mmol), and dried K2CO3 (632 mg, 4.57 mmol) in DMF (6 ml) was heated to 40 oC under 

nitrogen for 12 h. The reaction mixture was cooled to room temperature, diluted with EtOAc 

(20 mL), and washed with water (30 mL x 4). The organic layer was collected, dried over 

MgSO4, evaporated in vacuo to give the residue which was purified by column 

chromatography to afford BCP-1 as a solid (220 mg, 77%): mp: 250~251 oC; 1H NMR 

(CDCl3, 400 MHz) d 4.00 (s, 8 H), 5.32 (s, 4 H), 6.35-6.37 (m, 4 H), 7.42 (s, 4 H), 7.45 (s, 4 

H), 7.91-7.94 (m, 4 H); 13C NMR (CDCl3, 100 MHz) d 20.4, 63.3, 65.6, 110.1, 117.1, 117.3, 

128.1, 131.3, 136.5, 153.7, 166.8; IR (KBr) n  3101, 2942, 2847, 1705, 1605, 1523, 1371, 

1274, 1173, 1098, 1013, 833, 771, 700, 622 cm-1; HRMS (ESI, m/z) calcd C32H29O4N 

(M+H+): 505.2127; found: 505.2162. 

G-1-catalysed ROMP of BCP-1 

To a vigorously stirred solution of BCP-1 (20 mg, 4.0 x 10−2 mmol) in DCM (1.5 mL), was 

added a solution of G-1 (3.3 mg, 4.0 x 10−3 mmol, 10 mol %) in 0.5 mL DCM. Was added 

The mixture was stirred at ambient temperature for 2 h. then quenched with excess ethyl 

vinyl ether (0.5 mL) and the mixture was stirred for 30 mins. The residue was precipitated 
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from methanol (5 mL x 3) to give crude CDP: 1H NMR (400 MHz, CDCl3) d 3.35-4.30 (8.8 

H, br), 4.90-5.55 (3.2 H, br), 5.60-6.60 (6.9 H, br), 7.00-7.60 (6.0 H, br), 7.65-8.10 (4 H, br)/ 

 
 

 
 Mn Mw Mn/Mw 
Distribution 1 121588 493672 4.1 
Distribution  2 6271 31157 5.0 

 
Figure S1 . GPC curve for a sample of CDP  Deconvolution of the profile gave two 
distributions at Mn = 122,000 (PDI = 4.1) and 6,000, (PDI 5.0). 
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Figure S2.  A comparison of -1H NMR spectra of (a) monomer BCP-1, (b) dimer CHD-1, 
(c) single stranded PCP, and (d) crude CDP containing stromaphane (SP-1) and byproduct 
AMP-1.  (e) Curve fitting of the peaks from d 5.5 to 6.7 ppm in Figue 1d.  The ratio of the 
intensity for vinylic  protons and those for cyclohexadiene is 4.3 to 1. 
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(a)                                    (b) 

 
Figure S3  A sample of CDP under optical microscopy (a) a global view of CDP (b) a view 

in selected area of SP-1. 
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Figure S3  A sample of SP-1 crystals under optical microscopy. 
 

 
Figure S4 The powder XRD result of the solid AMP-1. The broad profile indicates that AMP-

1 may adopt amorphous structure.   
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Figure S5.  A two dimensional XRD pattern recorded in Mar345 Image Plate detector 

measured under Debye-Scherrer geometry. 
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Figure S6 Cell constants refinement by Le Bail profile fitting method on SP-1. The 

experimental data, the Bragg peaks, the profile fitting results, and the differences are 
drawn in the black star (*), pink bar (|), read line (-) and blue line (-), respectively. 
The agreement factor of Rwp = 1.17% and Rp = 0.72%, and cell constants are: a = 
6.0455(3) nm, b = 0.92292(4) nm, c = 1.15838(6) nm, b = 90.649(3)o, based on the 
indexed cell constants: a = 6.038(2) nm, b = 0.9233(4) nm, c = 1.1573(4) nm, b = 
90.59(3)o, obtained in DICVOL program and Pa space group in CMPR program. 
The simulated XRD pattern based on the structure of the periodic DFT calculations 
is drawn in orange line. The hydorgen atoms are skip for clarity. 
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Structure simulation by periodic DFT calculation 
 

Although we cannot solve the crystal structure of SP-1 based on the experimental powder XRD 

data, yet we can manually tune the geometry and orientation of the asymmetric unit in the 

crystal to approach the relative intensities of experimental XRD pattern within the cell 

constants and space group which we obtained from experimental XRD data. This is based on 

the fundamental crystallography theory, 

  

𝐼!"#$%& ∝ #𝐹!"#$%&#', 𝐹!"# ='𝑓(

)

(*+

exp	-2𝜋𝑖1ℎ𝑥( + 𝑘𝑦( + 𝑙𝑧(9:𝑇( 

 

where 𝐼!"#$%& is the observed experimental XRD intensity of each reflection with Miller index 

(hkl), 𝐹!"#  is the structure factor which is a summation of the contributions of each atom 

1𝑥( , 𝑦( , 𝑧(9 on the reflection (hkl). For each atom, the atomic scattering factor is denoted as 𝑓(, 

and the thermal parameter Tj is assumed to be 1 which implies we omit the effect of the thermal 

vibration of each atom. On the basis of these concepts, we will iteratively change the geometry 

and orientation of the asymmetric unit and then perform periodic DFT calculation to obtain 

𝐹!"#,-#, and compare its relative intensities, 𝐼!"#,-# ∝ #𝐹!"#,-##2 , with experimental relative intensities 

𝐼!"#$%&.  

 

In order to achieve this purpose, we first need an asymmetric unit of the SP-1 packing and then 

put it into a crystal with the experimental cell constants (a = 6.038(2) nm, b = 0.9233(4) nm, c 

= 1.1573(4) nm, b = 90.59(3)o) and space group (P a) (No.7 in the International Table of Space 

Group, symmetry operator: (x, y, z), (1/2 + x, -y, z)), and then perform geometric optimization 
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in the crystal. However, the initially asymmetric unit may be not suitable into the experimental 

unit cell, so that we have to gradually change the initially estimated cell constants and relax the 

structural strain step by step to the experimental cell constants. Once the asymmetric unit is fit 

into our experimental cell constants, a fully geometric optimization will be performed to satisfy 

the standard converged criteria. All these periodic DFT calculations are performed in 

CRYSTAL17 softwareS1 with BP86 exchange functional including Grimme’s D3(BJ-damping) 

dispersion correction.S2-S4 The STO-3G basis setS5 is used to obtained the packing structure in 

each step, and the final structure is optimized at STO-6G basis set. In sampling the Brillouin-

zone, the number of K points are set to 8 for the calculations. The irreducible matrix elements 

are 81019 and 161404 for STO-3G and STO-6G basis sets, respectively. Following is a 

description on how to achieve the final asymmetric unit and packing structure.     

 

To obtain a reasonable asymmetric unit, a 2-dimensional structure was built and its geometry 

was optimized by molecular mechanics (MM) method with universal force field (UFF) in 

Avogadro program.S6 To avoid the effects of dangling bonds terminated by H-atoms, the 

horizontal and vertical repeats are eight and four times, respectively, to ensure that the bond 

distances and angles of the monomer SP-1 in the central part of the pattern are as close as 

possible. The results are displayed in Figure S7. The extracted monomer and its structural 

dimension was shown in the inset graph of Figure S7, where the distance between two nitrogen 

atoms is ~1.83 nm and the horizontal minimum repeating unit is ~0.37 nm. Comparing to the 

dimensions of experimental cell constants (a = 6.038(2) nm, b = 0.9233(4) nm, c = 1.1573(4) 

nm, b = 90.59(3)o), we have to use 2*2 units as the asymmetric unit and put it into an initially 

estimated unit cell (a = 4.8056 nm, b = 1.5208 nm, c = 1.7662 nm and b = 90.594°) and relax 

the structural strain a little bit by performing 30 cycles of geometry optimization with BP86-

D3 exchange functional and STO-3G basis set in CRYSTAL17 program. This implies that the 

calculations are involved 264 atoms in the asymmetric unit and 528 atoms in the whole unit 

cell. The obtained packing diagrams of the initial structure in such initial cell constants are 

displayed in Figure S8. The next step is to change the geometry of the asymmetric unit by 

optimization in a unit cell with a = 5.0056 m, b = 1.4408 nm, c = 1.6862 nm and b = 90.594°. 
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This implies that the length of a-axis is expanding by ~0.2 nm and the lengths of b-axis and c-

axis are both shrinking ~0.008 nm comparing to the initial cell constants in the first step. By 

repeating such procedure, we can obtain the asymmetric unit in a unit cell with a = 6.13484 

nm, b = 0.9608 nm, c = 1.2062 nm and b = 90.594°. Then, the final structure was optimized in 

our target unit cell with a = 6.03842 nm, b = 0.92333 nm, c = 1.15728 nm and b = 90.594°. 

The final geometry is satisfied the converged criteria with “MAX GRADIENT = 0.000450, 

RMS GRADIENT = 0.000300, MAX DISPLAC. = 0.001800, RMS GRADIENT = 0.001200, 

THRESHOLD ON ENERGY CHANGE=0.100E-06” in atomic unit. The band gap is 2.0566 

eV which indicates an insulating state.  

 

In the final structure displayed in Figure 3, the double bonds of PMEV backbone are in anti-

anti conformation, which is significantly different from that of the initial structure with syn-

syn conformation shown in Figure S8.  Obviously, such evolution from syn-syn to anti-anti 

conformation is due to the change of b-axis from ~1.52 to ~0.92 nm.  

 

In addition, the fluxional behavior of benzene triad linker in the final simulated shown in Figure 

3 indicated that the averaged monomer has the length ~3.3 nm and the distance between two 

adjacent linkers is ~ 0.46 nm, which are consistent with the dimension estimated from STM in 

that which the length of monomeric unit is ~0.3 nm and the distance between two adjacent 

linkers is ~ 0.45 nm. Moreover, we have noticed that the first reflection (2 0 0) indicated ~ 0.3 

nm repeats in the direction of a-axis (cell constants at a = 6.03842 nm) which is correlated to 

the length observed in STM. As the simulated XRD pattern shown in Figure S6 also displayed 

the strongest reflection at (2 0 0), which is consistent with the experimental XRD pattern, we 

believe that the simulated crystal structure is good enough to represent some of important 

characters shown in the experimental XRD data. Thus, we will use the simulated crystal 

structure for discussions.   
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Furthermore, the calculated insulating state of the SP-1 inspired an idea of preparing a 

nanoscale insulator with thickness below 1nm (ie. one sheet of SP-1), which may be useful for 

the nanoscale device preparation in the future, such as semiconductor technology.  

 

 

   

 

 
 
 
Figure S7. A 2D geometric optimized structure with horizontal and vertical repeats by eight 
and four times, respectively. The repeats are to ensure that the bond distances and angles 
of the monomer units in the central part of the pattern are as close as possible. The inset 
graph is the extracted monomer unit which will be used to construct the asymmetric unit 
for periodic DFT calculation in CRYSTAL17 program.  
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Figure S8. The packing diagram of initial structure viewed along c-axis (left) and along 
b-axis (right) in the estimated unit cell (a = 4.8056 nm, b = 1.5208 nm, c = 1.7662 nm and 
b = 90.594°). 
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Table S1.   XRD indexing results by DICVOL04 program  

 

All input diffraction peaks were initially deconvoluted by PersonVII profile fitting from the 

1-D XRD pattern.  The best result is further checked by CMPR program and the possible 

space group is P a.    
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