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ABSTRACT: The chemo- and stereoselective two-step transformation of aliphatic polyketones composed of 3,3-
dimethylpentane-2,4-dione units was achieved to generate π-conjugated polyimines.  Upon treatment with hydrazine, dis-
crete oligoketones with 4–8 carbonyl groups afforded ethylene-bridged oligoisopyrazoles in 80–89% yields.  These oli-
goisopyrazoles underwent stereoselective oxidation at the ethylene bridge to give fully π-conjugated oligo(isopyrazole-3,5-
diyl-trans-vinylene)s in 73–87% yields.  Oxidation of the oligoimines drastically changed their absorption and metal-
coordination behaviors. Finally, this two-step transformation was applied to polydisperse polymers.  Imine formation pro-
ceeded almost quantitatively, even for longer polyketones, including docosamer. Subsequent oxidation of the polyimines 
furnished a virtually insoluble material that showed broad and red-shifted solid-state absorption over the whole visible 
region resulting from extended π-conjugation. 

INTRODUCTION 

Aliphatic oligo- and polyketones are widely used as im-
portant precursors of polycyclic and aromatic compounds, 
and in engineering plastics.1  An attractive features of these 
compounds is the diversity of chemical transformations 
using ketone-related reactions2, with nucleophilic addition 
able to introduce various functional groups, and dehydra-
tive condensation able to change the flexibility of the 
polyketone chains.  These transformations are of particular 
importance in post-synthetic modifications used to induce 
drastic changes in the structural and optical properties of 
polyketones.  However, chemo-, regio-, and stereoselectivi-
ty of such reactions to obtain structurally uniform and 
highly functionalized products is often problematic.  For 
example, poly(1,4-diketone)s, which are common 
polyketones prepared from olefins and carbon monoxide, 
often contain isolated ketones after the Paal–Knorr-type 
conversion of 1,4-diketone units.3 As a result, the final 
chemical structures become unclear, causing a decrease in 
the desired functionality.  This implies that some 
knowledge gaps remain between controlled transfor-
mations of small molecules and macromolecules with 
proper structural elucidation. Therefore, reliable chemical 
transformation methods are needed.   

 Recently, our group developed a new polyketone 
sequence composed of alternating 1,3- and 1,4-diketones 
from the oligomerization of 3,3-dimethylpentane-2,4-

dione (1).4 Unlike other polyketone sequences, oligomers 
of 1 underwent highly chemoselective transformations. 
Upon treatment with acid, only the 1,4-diketone units were 
converted into furan rings, while reactions with hydrazine 
resulted in the formation of isopyrazole rings from 1,3-
diketone subunits. Furthermore, such chemically modified 
chains exhibited unique structural and metal-coordination 
characteristics to form two- and three-dimensional assem-
blies.  These features prompted us to further investigate 
the chemical functionalization of polyketones to induce 
dramatic changes in structural and optical properties.   

Herein, we report the two-step synthesis of π-
conjugated polyimines from poly(3,3-dimethylpentane-
2,4-dione)s.  These chemical conversions generated struc-
turally rigid organic chromophores from flexible and non-
conjugated compounds.  We first examined the transfor-
mation reactions of discrete oligomers 4–6 to optimize the 
reaction conditions and to investigate the resulting chang-
es in optical and structural properties in detail.  We found 
that condensation reactions between hydrazine monohy-
drate and oligoketones proceeded quite efficiently under 
mild conditions to give ethylene-bridged isopyrazole oli-
gomers 7–9.  Subsequent oxidation of 7–9 with p-chloranil 
converted the bridging ethylene units into trans-vinylene 
groups to afford multiple nitrogen-embedded all-trans	
polyene derivatives 10–12.  The structures of these dis-
crete oligomers were fully determined by NMR, ESI–TOF 
MS, and single crystal X-ray diffraction analyses.  UV–Vis 



 

absorption spectra and DFT calculations confirmed that 
the lowest energy transition bands of the oligomers were 
redshifted with an increasing number of repeating units.  
Changes in the structural flexibility upon oxidation of the 
imine chains also altered the coordination behavior with 
Cd2+ ions. Finally, we applied the two-step transformation 
protocol to polydisperse polymer 15.  Even for longer ana-
logues, the condensation reaction with hydrazine proceed-
ed completely to give polyimines 16.  Subsequent oxida-
tion afforded π-conjugated organic chromophore 17 with a 
small HOMO–LUMO gap.  

RESULTS AND DISCUSSION 

Oligo(3,3-dimethylpentane-2,4-dione)s 4–6 used in this 
study were prepared by the silver(I) oxide mediated oxida-
tive coupling of corresponding enol silyl ethers (Scheme 1). 
By changing the base and solvent, mono- and bis-silyl eno-
lates 24 and 35 were exclusively obtained from 1 in 93% 
and 80% yields, respectively, according to reported proce-
dures.  While dimer 4 was prepared by homocoupling re-
action of silyl enolate 2, trimer 5 was synthesized from the 
cross-coupling reaction between 2 and 3 under similar 
silver(I) oxide mediated reaction conditions.4,6  When pre-
cursors 2 and 3 were used in a 2.2 : 1 molar ratio, trimer 5 
was formed in only 11% yield based on compound 3, along 
with other oligomers such as 4 (23%) and 6	(14%).  In the 
presence of excess 2 (5 equiv.), the formation of longer 
oligomers was suppressed and trimer 5 was isolated in 
27% yield based on 3. Tetramer 6 was also synthesized 
using a previously reported procedure, but using ethyl 
acetate instead of diethyl ether as the extraction solvent, 
which gave a slightly increased isolated yield of 6 (55%). 

With the aim to changes the structural and optical prop-
erties of polyketone chains through chemical transfor-
mations, we attempted to generate extended π-conjugation 
over the main carbon chains of 4–6.  To circumvent the 
quaternary carbon atoms (dimethylmethylene subunits), 
we planned to create linear π-conjugation by oxidizing the 
main chain after converting the 1,3-diketone subunits into 
isopyrazole rings (Scheme 2). 

The condensation reaction of oligoketones 4–6 with hy-
drazine monohydrate4,7 proceeded under mild conditions 
to give ethylene-bridged isopyrazoles 7–9	 in 80–89% 
yields.  Although t aqueous workup caused slight loss of 
the hydroscopic products 7–9,8 1H NMR analysis of the 
reaction solution confirmed virtually quantitative conden-
sation of 4–6 without the formation of detectable byprod-
ucts.  The complete disappearance of carbonyl groups after 
treating with hydrazine was also confirmed by 13C{1H} 
NMR analysis, with no signals observed in the carbonyl 
region (200–210 ppm) and imine carbon peaks observed 
at 180–190 ppm. 

 

Scheme	1.	Synthesis of discrete oligoketones	4–6. 

 

Ethylene-bridges in oligoimines 7–9 were completely 
and stereoselectively oxidized to trans-vinylene units upon 
oxidation with p-chloranil in 1,4-dioxane.9 When diiso-
pyrazole 7 was treated with p‐chloranil (1.1 equiv.) at 
room temperature, compound 7 was completely consumed 
in 1 h. Reaction monitoring by 1H NMR spectroscopy 
showed that the olefinic proton peak at 7.27 ppm appeared 
concomitantly with the decrease in the ethylene proton 
signal at 2.98 ppm without forming detectable side prod-
ucts.  After chromatographic purification, oxidized product 
10 was isolated in 87% yield as an off-white solid.  Under 
similar reaction conditions, compound 8 gave conjugated 
isopyrazole 11 in 78 % yield.  Although the oxidation reac-
tion of tetramer 9 was not completed at room temperature 
presumably due to the low solubility of reaction interme-
diates (i.e. partially oxidized products), product 12 was 
obtained in 73% yield when the reaction solution was 
heated to 50 ºC.  The terminal vinylene proton signals 
(7.41 and 7.32 ppm, and 7.41 and 7.33 ppm in CDCl3 for 11 
and 12, respectively) were observed as a pair of doublets 
with a coupling constant of 17.0 Hz, which indicated trans-
selective oxidation.  Notably, even for the oxidation of te-
tramer 9, diastereomers, namely cis-vinylene isomers, 
were not observed. 
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Scheme	2.	Two-step transformation of oligoketones	4–6	
into conjugated imines	10–12.			

 

Single crystal X-ray analysis unambiguously confirmed 
the trans configuration of the vinylene-bridge in com-
pounds 10 and 11	 (Figure 1).10,11  The C=C double bond 
lengths were 1.339(3) Å (C5=C5’) for 10 and 1.346(2) Å 
(C5=C6 and C5’=C6’) for 11. In the crystal, the diazadiene 
subunits (N2=C4–C5=C5’ and N2’=C4’–C5’=C5) of 10 both 
adopted s-trans conformations.  Similarly, compound 11 
was observed to have an all-s-trans conformation.  The 
planar structures of 10 and 11 were indicative of the effec-
tive extension of π-conjugation over the oligoimine chains.  
Although parent oligoketones 4–6 show curled or waved 
structures in the carbon main chains (see SI and ref. 4), the 
X-ray structures of 10 and 11 suggested rather rigid and 
rod-like conformations for the conjugated imines.  This 
implied that the structural flexibility of the carbon chains 
was markedly altered  by the two-step transformation. In 
fact, oxidized products 10–12 became less soluble in 
common organic solvents, such as DMSO, toluene, and ace-
tonitrile, as the number of repeating subunits increased, 
while parent carbonyl and imine compounds 4–9 retained 
good solubility regardless of the chain length. 

Oxidation of the ethylene bridges in oligoimines 7–9 to 
give conjugated imines 10–12 led to drastic changes in the 
UV–Vis absorption spectra (Figure 2). While oligoketones 
4–6 and oligoimines 7–9 did not show any absorption 
band above 300 nm in CH2Cl2, an intense absorption band 
with a molar extinction coefficient of 2.2  104 L mol–1cm–1 
was observed at max = 309 nm for conjugated dimer 10.  

The lowest energy absorption band was redshifted to 363 
and 392 nm in 11	and 12, respectively, accompanying with 
the increased absorption coefficient.  As a result of the 
bathochromic shift, compounds 11 and 12 exhibited a yel-
low color in solution (see SI).  This tendency was similar to 
those of polyenes and their nitrogen-embedded analogues, 
such as azines.12 The UV–Vis absorption spectra clearly 
showed that π-conjugation was extended by oxidation of 
the ethylene bridges, despite the presence of quaternary 
carbons in the main chains. 

 

 

Figure	1. X-ray crystal structures of conjugated oligoimines 
(a) 10 and (b) 11.  Selected bond lengths (Å): N1–N2 
1.4421(17), N2–C4 1.2919(18), C4–C5 1.449(2), C5–C5’ 
1.339(3) for 10; N1–N2 1.4487(18), N2–C4 1.297(2), C4–C5 
1.453(2), C5–C6 1.346(2), C6–C7 1.452(2), C7–N3 1.302(2), 
N3–N3’ 1.436(2) for 11. 

 
 

 

Figure	2. UV–Vis absorption spectra of conjugated imines 10–
12 in CH2Cl2. 

 
 

The metal coordination behavior of isopyrazole subunits 
in oligoimine chains also dramatically changed upon oxida-
tion of the ethylene bridge. In a previous study, we have 
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reported that structures of metal complexes with 
tetraimine ligand 7 varied depending on the metal ions 
and stoichiometry owing to their structurally flexible na-
ture.4,13  When isopyrazole dimer 7 was complexed with 
Cd(NO3)2•4H2O in acetonitrile, colorless crystals formulat-
ed as [Cd(7)2(OH2)2(NO3)2•(CH3CN)]n (13), were obtained 
in 44% yield (Scheme 3a). The two-dimensional coordina-
tion network structure of complex 13 was determined by 
single crystal X-ray analysis.14  Each ligand 7 was coordi-
nated to two different Cd2+ ions through the terminal 
iminic nitrogen atoms as a bidentate bridging ligand, while 
two internal nitrogen atoms remained uncoordinated 
(Figure 3). This type of coordination is essentially the same 
as that previously reported for the Zn complex of 74. 

 

 
Scheme	3.	Complexation of Cd(NO3)2•4H2O with (a) ligand	
7	and (b) 10. 

 
Oxidized compound 10 gave a different Cd complex 

[Cd(10)(OH2)(NO3)2]n (14) in 37% yield as microcrystals 
under similar conditions (Scheme 3b). Single crystals of 14 
for X-ray diffraction analysis were grown from ethanol.15  
The crystal structure of 14 showed the repeating di-µ‐
isopyrazole-di-µ-aquo-tetrakis(nitrato-O,O’)dicadmium 
substructures16 that were one-dimensionally linked by 
trans-vinylene bridges to form coordination polymers.17 
Ligand 10 adopted an all s-trans conformation similar to 
its pure form.  Unlike complex 13, all the nitrogen atoms in 
ligand 10 were coordinated by four different Cd2+ ions.  
The difference in the coordination behavior of 7 and 10 
with Cd2+ ions was attributed to the lower steric hinder-

ance of the favored s-trans conformation of 10 during met-
al coordination to the internal nitrogen atoms. 

 

 

Figure	3. X-ray crystal structures of (a) coordination network 
13 and (b) coordination chain 14.  Thermal ellipsoids are set 
at the 50% probability level.  (gray: carbon, sky blue: nitrogen, 
red: oxygen, yellow: cadmium, and white: hydrogen) 

 

Encouraged by the efficient two-step transformation of 
oligoketones 4–6 and attractive changes in structural and 
optical properties, we examined similar conversions of 
polydisperse polymers.  When bis-silyl enolate 3 was ex-
posed to homocoupling conditions, polymer 15 with a 
mean degree of polymerization of 5.1 was obtained in 64% 
yield (Scheme 4).  MALDI TOF–MS analysis of 15 showed 
ion peaks of up to the docosamer (22-mer) in the Na+ ion 
adduct form (see SI), and the polydisperse index of 15 was 
estimated to be 1.24.   Treatment of polymer 15 with hy-
drazine monohydrate (1.2 equiv. based on monomer units) 
in THF resulted in the complete disappearance of carbonyl 
carbon signals at 207.7–209.6 ppm.  Instead, signals as-
signed to imine carbon atoms were observed at 180.3–
182.2 ppm.  After a workup similar to that applied to oli-
gomers, polyimine 16 was obtained in 94% yield. MALDI 
TOF–MS spectrum of 16 also indicated complete conver-
sion of the 1,3-diketone units into isopyrazoles. 

Upon treatment of polyimine 16 with p-chloranil in 1,4-
dioxane under reflux, the reaction solution immediately 
turned dark brown, and a precipitate was formed.  Alt-
hough shorter oligomers (from dimer 10 to tetramer 12) 
were extracted by washing the precipitate with dioxane 
and methanol, most part of the precipitate was insoluble in 



 

common organic solvents, suggesting the formation of 
structurally rigid products with extended π-conjugation. 

 

 
Scheme	 4.	 Synthesis of polyketone	 15	 and its transfor-
mation into conjugated polyimine	17. 

 

IR spectroscopy suggested efficient oxidation of the eth-
ylene bridges in polymer 16. Before the oxidation, dimer 7 
exhibited imine stretching signals at 1572 cm–1 as nearly a 
single band.  After oxidation, conjugated imine 10 showed 
two different signals for imine stretching modes at 1566 
and 1523 cm–1, which were assigned to stretching bands of 
the terminal and trans-vinylene-bridged internal imines, 
respectively.  A similar tendency was observed for trimers 
8 and 11, and tetramers 9 and 12, while the relative inten-
sities of the conjugated imine at 1513 cm–1 (for both 11 
and 12) were enhanced as the number of imine subunits 
increased.  For the polymers, although the IR spectrum of 
non-conjugated polyimine 16 was similar to that of oligo-
mers 7–9, conjugated polyimine 17	 exhibited very weak 
signals for the terminal imines at 1568 cm–1.  Instead, an 
intense signal corresponding to internal imines was ob-
served at 1510 cm–1.  Considering that the mean degree of 
polymerization of parent polyketone 15 was 5.1, this 
strongly suggested that ethylene-bridges in polyimine 16 
were quite efficiently oxidized.   

Solid state diffuse reflectance spectroscopy confirmed 
the drastic extension of π-conjugation in oxidized polymer 
17 (Figure 4).  Broad absorption bands of 17 (max = 414 
nm) covered the whole visible region and the absorption 
edge reached the near infrared region (~900 nm).  Com-
pared with tetramer 12, the bathochromic shift in the ab-
sorption spectrum was notable, which indicated very long-
range π-conjugation in polymer 17. 

DFT calculations were performed to further investigate 
the effect of π-conjugation extension.  Geometry optimiza-
tion was conducted at the B3LYP/6-31G* level using the 
coordinates of the crystal structures of 10 and 11, and all 

trans-vinylene and s-trans conformations for 12 and long-
er oligomers (hexamer, octamer, dodecamer, and hexa-
decamer as initial structures; see SI).  For all oligomers, 
planar conformations were obtained as the optimized 
structures.  Comparing the energy levels for frontier orbit-
als clearly showed that the HOMO–LUMO gaps gradually 
decreased as the number of repeating subunits increased 
(Figure 5a). While marked stabilization of the LUMO ener-
gy level was observed up to the octamer, shifts in the  
HOMO and LUMO levels were trivial for longer oligomers.    

 

 

 

 

Figure	 4. Diffuse reflectance spectrum of conjugated imine 
polymer 17.  Inset shows the picture of polymer 17 under 
ambient light. 

 
 

 

The Kohn–Sham orbitals for HOMOs and LUMOs of 10–
12	were reminiscent of those in polyenes (Figure 5b).  For 
the 10π-electron system of compound 10, four and five 
nodal planes were found in the HOMO and LUMO, respec-
tively, as observed for decapentaene analogues.18 As the 
number of π-electrons increased, the number of nodal 
planes in the frontier orbitals for compounds 11 and 12 
also increased, to seven and ten nodes for the HOMOs of 
11 and 12, respectively. While a similar tendency was ob-
served for longer oligomers, the orbital coefficients at the 
terminal isopyrazole subunits became negligible.  This 
implied that the effective conjugation length was limited, 
even as the number of subunits increased, as suggested by 
the energy level shifts in the HOMOs and LUMOs. 
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Time-dependent (TD)-DFT calculations indicated that 
the HOMO-to-LUMO transitions were dominant in the low-
est energy absorption bands observed in UV–Vis spectra.  
The calculated wavelengths of the lowest transitions at the 
B3LYP/6-31G* level were max = 333, 420, and 482 nm, 
with oscillator strengths of 0.793, 1.296, and 1.815, for 10, 
11, and 12, respectively.  The tendency of the batho-
chromic shift and the enhanced molar coefficients roughly 
matched with the observed spectra shown in Figure 2.  For 
longer oligomers, the lowest energy transition band was 
redshifted from 603 nm (for the hexamer) to 659 nm (for 
the hexadecamer).  Although B3LYP function has the ten-
dency to underestimate the molecular excitation, however, 
the redshift was almost saturated in the dodecamer.  None-
theless, the oscillator strength increased as the number of 
subunits increased.  Although calculation results in the gas 
phase cannot be directly compared with the solid-state 
diffuse reflectance spectra owing to the influence of π-
stacking being non-neglectable, DFT calculations can 
roughly explained the diffuse reflectance spectrum of con-
jugation polymer 17.  As parent polyketone 15 contained 
very long oligomers, at least docosamer, it was reasonable 
for conjugated polyimine 17 to exhibit broad and ill-
defined absorption bands covering the whole visible re-
gion. 

 

 

CONCLUSIONS 

In conclusion, we have developed a two-step transfor-
mation of aliphatic polyketones into conjugated polyimines, 
which results in dramatically changed structural, optical, 
and coordination properties. As the hydrazine condensa-
tion reaction proceeds chemoselectively without forming 
isolated ketones, all the carbonyl groups were efficiently 
converted to imine groups.  Stereoselective oxidation of 
the ethylene bridges using p-chloranil furnished structur-
ally rigid, π-conjugated compounds that showed signifi-
cantly redshifted absorption spectra and metal-
coordination properties as compared with the starting 

materials. These transformations were unambiguously 
confirmed for oligomers 4–6 using NMR and X-ray crystal-
lography, and then, applied to polydisperse polymers to 
give a virtually insoluble organic material with narrow 
HOMO–LUMO gap.  The generation of π-conjugated mate-
rials from non-conjugated, and therefore easy-to-handle, 
precursors is advantageous for the processing of organic 
π-electronic devices.  Furthermore, detailed optimization 
of the reaction conditions and full characterization of the 
products with discrete oligomers enabled efficient and 
reliable transformations of polydisperse polymers to be 
achieved.  Further functionalizations and applications of 
the polyketone and polyimine materials are in progress in 
our laboratory. 

 
 

EXPERIMENTAL SECTION 

General	 information.	Solvents and reagents were purchased 
from WAKO Pure Chemical Industries Ltd., TCI Co., Ltd., and Sig-
ma-Aldrich Co., and used without further purification.  All the 1H 
and 13C{1H} NMR spectra were recorded using a JEOL JMN-
ECS400 (400 MHz) spectrometer at 300 K and the chemical shifts 
are reported in parts per million (ppm) relative to an internal 
standard tetramethylsilane ( = 0.00 ppm for 1H and 13C) in CDCl3.  
ESI–TOF–MS spectra were recorded on a Thermo Scientific Exac-
tive spectrometer.  Infrared spectra were measured using a JASCO 
Co. FT/IR-4700 spectrometer. Elemental analysis was performed 
using a CE440 elemental analyzer (Exeter Analytical, Inc.).  Single 
crystal X-ray diffraction data were collected by a Rigaku XtaLAB 
P200 diffractometer equipped with a PILATUS200K detector 
using a multi-layer mirror (MoKα radiation  = 0.71073 Å) or s 
RAPID II diffractometer with an imaging plate detector. UV–Vis 
absorption spectra were recorded on a Shimadzu UV-1800 spec-
trophotometer. Diffuse reflectance spectrum was measured using 
a JASCO V-670 spectrometer with an integrating sphere unit 
(JASCO ISN-723).  DFT calculations were performed using Gaussi-
an 09 software.19 MALDI–TOF mass spectra were recorded using 
Bruker microflex LT MALDI–TOF mass spectrometer.  Com-
pounds 2, 3, 4, 6, 7, and 9 were prepared according to a reported 
procedure, but with ethyl acetate used as the extraction solvent in 
the synthesis of 6 instead of diethyl ether. 

 

Figure 5. (a) Energy levels of frontier orbitals for conjugated oligoimines 10–12.  (b) Kohn–Sham orbitals (top: LUMO, bottom: 
HOMO) of 10–12. 



 

 
3,3,8,8,13,13‐hexamethylpentadecane‐2,4,7,9,12,14‐hexaone	 (5).	

To a 300-mL round-bottom flask equipped with a reflux conden-
ser, were added enol silyl ethers 2 (13.1 g, 65.5 mmol) and 3 
(3.57 g, 13.1 mmol), dimethyl sulfone (25.9 g, 275 mmol), dime-
thyl sulfoxide (1.43 g, 18.3 mmol) and silver(I) oxide (12.8 g, 55.0 
mmol). The reaction mixture was stirred at 100 oC for 2 h.  After 
cooling to room temperature, the reaction mixture was passed 
through a Celite pad using dichloromethane (100 mL).  The sol-
vent was evaporated to give the crude products as a brown solid.  
The solid was dissolved in diethyl ether (100 mL), and the solu-
tion was washed with water (100 mL) using an extraction funnel.  
The aqueous layer was  further extracted with diethyl ether (50 
mL  3). The combined organic layer was washed with brine (100 
mL), and dried over anhydrous sodium sulfate before evaporating 
the solvent. The crude product was chromatographed on a silica 
gel column (diameter, 4.0 cm, height, 15.0 cm) using hexane/ethyl 
acetate (3:1, v/v) as eluent to give compound 5 (1.35 g, 3.55 
mmol) as a colorless solid in 27 % yield based on compound 3. 1H 
NMR (400 MHz, CDCl3, 298 K):  2.72 (overlapped t, 8H, ethylene), 
2.15 (s, 6H, acetyl), 1.41 (s, 6H, dimethylmethylene), 1.37 (s, 12H, 
dimethylmethylene); 13C{1H} NMR (100 MHz, CDCl3, 298 K):  
208.6, 208.3, 207.8, 62.3, 61.9, 32.3, 32.2, 26.4, 21.8, 21.7; IR (ATR, 
neat): 1714, 1693, 1362, 1040, 1014, 970, 504 cm-1; mp 42 ºC; 
HRMS(ESI-TOF) m/z: [M + Na]+	Calcd for C21H32O6Na 403.2089; 
Found 403.2091; Elemental analysis (%): Calcd for C21H32O6: C, 
66.29; H, 8.48; N, 0.00. Found: C, 66.12; H, 8.55; N, 0.04; Rf = 0.24 
(eluent: hexane/ethyl acetate = 3:1). 
 
5,5'‐((4,4‐dimethyl‐4H‐pyrazole‐3,5‐diyl)bis(ethane‐2,1‐

diyl))bis(3,4,4‐trimethyl‐4H‐pyrazole)	 (8).	 In a 200-mL round-
bottom flask equipped with a reflux condenser, compound 5 (1.70 
g, 4.47 mmol) was dissolved in THF (65 mL).  Hydrazine monohy-
drate (780 μL, 16.1 mmol) was then added and the reaction solu-
tion was stirred at 50 °C for 30 min.  After cooling to room tem-
perature, the solvent was removed using a rotary evaporator to 
afford the crude product as a white solid.  The crude product was 
dissolved in chloroform (100 mL) and washed with water (100 
mL).  The aqueous layer was further extracted with chloroform 
(100 mL  2).  The combined organic layer was dried over anhy-
drous sodium sulfate, evaporated under reduced pressure, and 
the obtained solid was then washed with diethyl ether (5 mL) 
using an ultrasonic bath for 1 min. After filtration, rinsing with 
diethyl ether (20 mL) on a funnel, compound 8•0.25(H2O) (1.45 g, 
3.89 mmol) was obtained as a white solid in 87% yield. 1H NMR 
(400 MHz, CDCl3, 298 K):  2.96–3.00 (overlapping (t  2) + s, 8H, 
ethylene), 2.15 (s, 6H, terminal methyl), 1.23 (s, 6H, dimethyl-
methylene), 1.18 (s, 12H, dimethylmethylene); 13C{1H} NMR (100 
MHz, CDCl3, 298 K):  182.2, 181.8, 180.3, 60.3, 59.9, 22.6, 22.4, 
20.5, 20.4, 12.3; IR (ATR, neat): 2971, 2935, 2921, 2889, 2876, 
1569, 1465, 1427 cm-1; mp 131-134 ºC (decomp.); HRMS(ESI-
TOF) m/z: [M + H]+	Calcd for C21H33N6 369.2761; Found 369.2766; 
Elemental analysis (%): Calcd for C21H32N6•0.25(H2O): C, 67.62; H, 
8.78; N, 22.53. Found: C, 67.79; H, 8.70; N, 22.28; Rf = 0.19 (eluent: 
dichloromethane/methanol = 10:1). 
 
(E)‐1,2‐bis(4,4,5‐trimethyl‐4H‐pyrazol‐3‐yl)ethene	 (10).	 In a 

500-mL round bottom flask, compound 7 (1.00 g, 4.06 mmol) and 
p-chloranil (1.10 g, 4.47 mmol) were dissolved in 1,4-dioxane 
(200 mL) and stirred at room temperature for 1 h.  After remov-
ing the solvent using a rotary evaporator, the residual solid was 
dissolved in chloroform (300 mL) and washed with 5% aq. NaOH 
(100 mL  3).  The organic layer was dried over anhydrous sodi-
um sulfate and evaporated to dryness.  The crude product was 
chromatographed on a silica gel column (diameter, 4.0 cm, height, 
5.0 cm) using dichloromethane/methanol (20:1, v/v) as eluent.  
The resulting solid was then washed with diethyl ether (5 mL) 
using an ultrasonic bath for 1 min.  After filtration, rinsing with 
diethyl ether (10 mL), compound 10 (866 mg, 3.54 mmol) was 

obtained as an off-white solid in 87% yield. 1H NMR (400 MHz, 
CDCl3, 298 K):  7.27 (s, 2H, vinylene), 2.23 (s, 6H, terminal me-
thyl), 1.35 (s, 12H, dimethylmethylene); 13C{1H} NMR (100 MHz, 
CDCl3, 298 K):  182.5, 177.4, 126.1, 58.5, 21.1, 12.1; IR (ATR, 
neat): 3058, 2978, 2937, 2878, 1568, 1523, 1469, 1430, 980 cm-1; 
mp 199-201 ºC (decomp.); HRMS(ESI-TOF) m/z: [M + Na]+	Calcd 
for C14H20N4Na 267.1580; Found 267.1586; Elemental analysis 
(%): Calcd for C14H20N4: C, 68.82; H, 8.25; N, 22.93. Found: C, 
68.76; H, 8.24; N, 22.75;	 Rf = 0.09 (eluent: dichloro-
methane/methanol = 20:1); UV/Vis (dichloromethane): λmax () 
309 nm (2.2  104 L mol-1 cm-1).  

 
5,5'‐((1E,1'E)‐(4,4‐dimethyl‐4H‐pyrazole‐3,5‐diyl)bis(ethene‐2,1‐

diyl))bis(3,4,4‐trimethyl‐4H‐pyrazole)	 (11).	 Using the synthetic 
procedure for compound 10, compound 11•0.25(H2O) (0.77 g, 
2.09 mmol) was obtained as a pale yellow solid from 8•0.25(H2O)	
(1.00 g, 2.68 mmol) in 78% yield.  1H NMR (400 MHz, CDCl3, 298 
K):  7.41 (d, J = 17.0 Hz, 2H, vinylene), 7.32 (d, J = 17.0 Hz, 2H, 
vinylene), 2.25 (s, 6H, terminal methyl), 1.53 (s, 6H, dimethyl-
methylene), 1.36 (s, 12H, dimethylmethylene); 13C{1H} NMR (100 
MHz, CDCl3, 298 K):  182.6, 179.2, 177.4, 127.2, 125.0, 58.6, 57.4, 
22.0, 21.1, 12.3; IR (ATR, neat): 3047, 2993, 2969, 2935, 2871, 
1571, 1512, 1459, 1433, 996 cm-1; mp 226-228 ºC (decomp.); 
HRMS(ESI-TOF) m/z: [M + H]+	 Calcd for C21H29N6 365.2448; 
Found: 365.2446; Elemental analysis (%): Calcd for 
C21H28N6•0.25(H2O): C, 68.36; H, 7.79; N, 22.78. Found: C, 68.08; H, 
7.63; N, 22.42; Rf = 0.24 (eluent: dichloromethane/methanol = 
10:1);  UV/Vis (dichloromethane): λmax() 363 nm (3.6   104 L 
mol-1 cm-1). 

 
(E)‐1,2‐bis(4,4‐dimethyl‐5‐((E)‐2‐(4,4,5‐trimethyl‐4H‐pyrazol‐3‐

yl)vinyl)‐4H‐pyrazol‐3‐yl)ethene	(12).	 In a 300-mL round-bottom 
flask equipped with a reflux condenser, compound 9 (1.00 g, 2.03 
mmol) was dissolved in 1,4-dioxane (100 mL) with stirring at 50 
ºC using an oil bath.  p-Chloranil (1.65 g, 6.72 mmol) was then 
added, and the reaction mixture was stirred for a further 30 min 
at 50 ºC. After a similar workup to that described in the synthesis 
of 10, compound 12•H2O		(0.74 g, 1.48 mmol) was obtained as a 
yellow solid in 73% yield.  1H NMR (400 MHz, CDCl3, 298 K):  
7.46 (s, 2H, vinylene), 7.41 (d, J = 17.0 Hz, 2H, vinylene), 7.33 (d, J 
= 17.0 Hz, 2H, vinylene), 2.25 (s, 6H, terminal methyl), 1.53 (s, 
12H, dimethyl), 1.36 (s, 12H, dimethylmethylene); 13C{1H} NMR 
(100 MHz, CDCl3, 298 K):  182.7, 179.2, 179.1, 177.4, 127.4, 
126.0, 125.0, 58.7, 57.4, 21.9, 21.0, 12.2; IR (ATR, neat): 3048, 
2988, 2933, 2873, 1570, 1512, 1459, 1430, 994 cm-1; mp >300 ºC 
(decomp.); HRMS(ESI-TOF) m/z: [M + H]+	 Calcd for C28H37N8 
485.3136; Found: 485.3134; Elemental analysis (%): Calcd for 
C28H36N8•(H2O): C, 66.90; H, 7.62; N, 22.29. Found: C, 67.03; H, 
7.26; N, 22.10; Rf = 0.27 (eluent: dichloromethane/methanol = 
10:1); UV/Vis (dichloromethane): λmax () 392 nm (5.0   104 L 
mol-1 cm-1). 

 
Cadmium	nitrate	complex	of	ethylene‐bridged	isopyrazole	dimer	

(13).	To an acetonitrile solution of Cd(NO3)2•4H2O (1.0 mL, 0.30 
M) in a 20-mL round-bottom flask was added a solution of ligand 
7	 (148 mg, 0.60 mmol) in acetonitrile (1 mL). The mixture was 
stirred for 10 min at room temperature, and then allowed to 
stand at room temperature.  After 3 d, colorless crystals had 
formed at the bottom of the flask.  The crystals were collected by 
filtration and rinsed with acetonitrile (10 mL) to give complex 
[Cd(7)2(OH2)2(NO3)2•(CH3CN)]n (106 mg, 0.131 mmol) in 44% 
yield.  IR (ATR, neat): 3365, 3218, 2974, 2935, 2876, 1595, 1577, 
1467, 1422, 1386, 1302, 1187, 1114, 1037, 830, 679 cm-1; mp >85 
ºC (decomp.); Elemental analysis (%): Calcd for 
Cd(C14H22N4)2(OH2)2 (NO3)2•(CH3CN): C, 44.69; H, 6.38; N, 19.11. 
Found: C, 44.31; H, 6.26; N, 19.17. 

 
Cadmium	nitrate	complex	of	vinylene‐bridged	isopyrazole	dimer	

(14). To a 4.0 mM solution of Cd(NO3)2•6H2O (136 mg, 0.44 



 

mmol) in acetonitrile (100 mL) in a 300 mL round bottom flask, 
was added an acetonitrile solution of compound 10	(100 mL, 2.0 
mM).  After stirring for 15 min at room temperature, brownish 
microcrystals were precipitated.  The precipitate was collected by 
suction filtration, rinsing with acetonitrile (30 mL), and dried 
under reduced pressure (1 mmHg) at 100 ºC for 1 h to give Cd 
complex [Cd2(10)(OH2)2(NO3)4･0.25(CH3CN)]n (14) (57 mg) in 
37% yield. IR (ATR, neat): 3174, 1584, 1538, 1411, 1389, 1328, 
1304, 1043, 970, 818, 740, 714, 683, 659 cm-1; mp >300 ºC (de-
comp.); Elemental analysis (%): Calcd for 
Cd2(C14H20N4)(OH2)1.8(NO3)4•(CH3CN)0.2: C, 22.82; H, 3.22; N, 
15.16; Found: C, 23.13; H, 3.31; N, 15.19. For powder sample, 
partial substitution of neutral aqua ligand by solvent acetonitrile 
which cannot be removed in vacuo was observed.  
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