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Catalytic cyclopropanation of hexa-1,3,5-triene with diazomethane
as a simple synthesis of high-energy tercyclopropane
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1. Characterization

Analytical methods. H (600 MHz) and 3C (150 MHz) NMR spectra were recorded on a
Bruker AV-600 NMR spectrometer. *H (300 MHz) and 3C (75 MHz) NMR spectra were recorded
on a Bruker AV-300 NMR spectrometer. All spectra were recorded at 300 K in CDCl3 solution
using tetramethylsilane (TMS) as internal standard. Chemical shifts & are reported in parts per

million (ppm) relative to TMS and coupling constants are expressed in Hertz (Hz).

GC/MS analysis was performed on a Trace GC Ultra chromatograph (Thermo Scientific)
coupled to a DSQ-I1 mass spectrometer detector fitted with a non-polar TR-5MS capillary column
(30 m x 0.25 mm; 0.25 um film thickness). The oven temperature was programmed from 40°C
(held for 3 min) to 280°C at 20°C min™ and held at the final temperature for 20 min. Helium carrier
gas flow was 2.0 ml min™t. The injector temperature was 280°C, and the injection size 0.1 pl. MS

were taken at 70 eV with a mass range of m/z 20-450.

The calorific values of tercyclopropane were measured with the use of the IKA C200
calorimeter according to the ASTM D4809. The mean standard deviation in the gross calorific
values determination amounted to 60 kJ-kg 1. The density of tercyclopropane were measured using
a vibration densitometer VIP-2MR according to the ASTM D4052 (measurement precision within
+0.1 kg m™3). The freezing point of tercyclopropane were measured with the using of ‘Lintel

Kristall-20E’ (‘BashNefteKhimavtomatika’, Russia) according to the ASTM D2386 method.
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2. Cyclopropanation of hexa-1,3,5-triene with diazomethane generated in situ

General Information. Commercial hexa-1,3,5-triene 5 (isomer ratio E/Z=7:1) was distilled

before use. All other commercial reagents were used without further purification.

Cyclopropanation of hexa-1,3,5-triene 5 with diazomethane generated in situ (method?). A
solution of KOH in water (130 g, about 50%) was placed in a flask without thin sections, cooled to
12°C, and a solution of hexa-1,3,5-triene (6.5 g, 0.079 mol) in CH2Cl> (20 ml) was added. With
stirring, loose N-methyl-N-nitrosourea (about 0.3-0.5 g) was added until a yellow color appeared,
and then a solution of catalyst (Pd(acac). or (PhCN)2PdClz, 0.2 mmol) in CH2Cl> (10 ml) was
added. In this case, there is a release of nitrogen and the weakening of the yellow color. From this
point on, a total of 15.0 g (0.14 mol) of N-methyl-N-nitrosourea was added in portions of 1 g with
stirring at 18-20°C. After that reaction mixture was additionally stirred for 15-20 min, organic
layer was separated and filtered through a small layer of alumina. Then solvent was evaporated and
the residue was fractionated under reduced pressure. With catalyst Pd(acac),, yield of

tercyclopropane 2 8.7 g (90%, E/Z=7:1), colorless liquid, b.p. 151-152 °C, d4* 0.860 g mIL,

Note. The cyclopropanation reaction with diazomethane generated in situ consists of two steps.
In the first step, the active form of the catalyst is formed by reacting of Pd(acac), with
diazomethane. At this step, it is important to maintain a temperature of 12—-16°C. The second step is
the cyclopropanation reaction of hexa-1,3,5-triene 5. It is important to add N-methyl-N-nitrosourea
at such a rate that diazomethane does not accumulate (control by yellow color). It is most
convenient and safe to carry out the reaction at a temperature of 18-20°C, but not higher than 25°C,

at which an irreversible loss of catalyst activity occurs. When the temperature drops to +5°C, the

! Nefedov O. M., Tomilov Yu. V., Kostitsyn A. B., Dzhemilev U. M., Dokitchev V. A.
Cyclopropanation of Unsaturated Compounds with Diazomethane Generated in situ: A New
Efficient and Practical Route to Cyclopropane Derivatives. Mendeleev Commun. 1992; 2(1): 13-5.
https://doi.org/10.1070/MC1992v002n01ABEH000099.
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generation of diazomethane stops, and the reaction mixture becomes very thick and difficult to be

stirred.

The use of an excess of diazomethane makes it possible to carry out exhaustive
cyclopropanation of all intermediate products with the selective formation of tercyclopropane 2.
The reaction is not accompanied by any side processes. All intermediate products of this reaction

can be isolated by controlling the amount of diazomethane introduced into the reaction.

1,2-Dicyclopropylethene 3. Aqueous KOH solution (45-50%, 20 ml) and dichloromethane
(20 ml) are placed in a flask equipped with a stirrer, micropowder addition funnel and a coiled
condenser. Then hexa-1,3,5-triene 5 (8.10 g, 0.1 mol), N-methyl-N-nitrosourea (1.5-2.0 g) and
Pd(acac)2 (0.24 g, 0.8 mmol) were successively added to the reaction mixture at 15-18 °C. In this
case, the release of nitrogen should be observed. After that, the addition of N-methyl-N-nitrosourea
(30-34 g) was continued in small portions, making sure that the condensate from the reflux
condenser was not colored yellow. At the end of the reaction the organic layer is separated, the
resulting solution is filtered through Al20s at about 5 °C, the sorbent is washed with
dichloromethane (2 ml), then the solvent is removed and the product is isolated by fractional
distillation. Yield of 1,2-dicyclopropylethene 3 is 8.53 g (88%, E/Z=7:1), colorless liquid, b.p. 138—

140 °C. Physical and spectroscopic data were consistent with the literature data. 2
1,2-Dicyclopropylethene 3

[ L ] E-3. 'H NMR (300 MHz, CDCls): § 0.27-0.34 and 0.60-0.68 (two 4H m, cyclo-
CHy>), 1.32 (m, 2H, cyclo-CH), 5.06 (m, 2H, Hi, J = 15.25, J = 8.5). 3C NMR (75 MHz, CDCls): &
131.70 (C=C) 13.56 (cyclo-CH), 6.48 (cyclo-CH). Mass spectrum, m/z (1, %): 108 (35) [M]*, 79

(94), 77 (100).

2 Ahmar M, Knoke M, de Meijere A, Cazes B. Pauson-Khand Carbonylative Cocyclizations of
Acetylenes with Cyclopropylallenes. Synthesis 2007;2007(03):442-6. https://doi.org/10.1055/s-
2007-965882.
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Z-3. 'H NMR (300 MHz, CDCls): § 0.30-0.37 and 0.71-0.79 two 4H m, cyclo-CHy), 1.70 (m,
2H, cyclo-CH), 4.70 (m, 2H, Hi, J = J = 10.0). 3C NMR (75 MHz, CDCls): § 132.36 (C=C) 9.99
(cyclo-CH), 7.05 (cyclo-CHy).

The ratio of E/Z isomers of 1,2-dicyclopropylethene 3 was established based on the analysis of
spin-spin coupling constants (SSCC) in NMR spectra. The *H NMR spectrum of the main isomer
contains two SSCCs, 3J: = 15.25 and 3J, = 8.5 Hz, which corresponds to the E-isomer. For the
minor Z-isomer, 3J; = 3J, = 10.0 Hz. The isomer ratio is E:Z = 7.5 : 1.0.

Ji

1,1":2",1"-Tercyclopropane 2.
D c ﬂ E-2 (the main component of the mixture). *H NMR (600 MHz, CDCls): & -0.04-
- d 0.03 and 0.27-0.34 (two 4H m, CsH>), 0.11 (ex. t, 2H, J = 6.9, CqH>), 0.54 (m,
2H, CpH), 0.75 (m, 2H, CcH). 3C NMR (150 MHz, CDCls): & 18.59 (2Cp), 12.21 (2C¢), 7.98 (Cad),
3.07 and 2.91 (4Ca). Mass spectrum, m/z (I, %): 122 (1) [M]", 81 (50), 79 (100).
Z-2 (minor component of the mixture). *H NMR (600 MHz, CDCls): § -0.07 (ex.q., 1H, J =5.2,
CgH), 0.14-0.21 (two m, 1H + 1H, CaH), 0.37-0.45 (two m, 1H + 1H, C.H + Cg¢H), 0.51 (m, 1H,
CaH), 0.57 (m, 2H, CpH), 0.71 (m, 2H, CcH). C NMR (150 MHz, CDCls): & 19.78 (2Cb), 9.65

(2C¢), 8.40 (Cq), 4.85 u 4.48 (4C,). Mass spectrum, m/z (1, %): 122 (1) [M]", 81 (49), 79 (100).

The isomer ratio of tercyclopropane 2 was determined from the data of 'H and 2D H-'3C

HMBC NMR spectra (E:Z~7: 1).
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3. Computational Details

All calculations were performed using the Gaussian 09 program package.® All structures was
optimized by a DFT/B3LYP method using 6-31G(d,p) basis set.

8 Frisch M. J., Trucks G. W., Schlegel H. B., Scuseria G.E., Robb M.A., Cheeseman J. R. et al. Gaussian 09, Revision
D.01. Gaussian Inc, Wallingford, CT 2013.

S6



Table S1. Calculation data (in a.u.) of structures 1, 2, 7 in gas phase (273.15 K) of the optimized

geometries (B3LYP/6-31+G(d,p)).

Compound Total Energy Enthalpies* Gibbs Free energy*
Z-1 -390.62721272 -390.380956 -390.428710
E-1 -390.62742189 -390.381177 -390.429254
Z-2 -351.31054746 -351.093691 -351.138672
E-2 -351.31243043 -351.095851 -351.141176
Z-7 -350.09557597 -349.901860 -349.941399
E-7 -350.10486592 -349.911078 -349.950669

* with ZPE correction
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Coordinates of E-7.
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4. NMR spectra
Bruker AV-600 NMR spectrometer
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Figure S01: *H NMR (600 MHz) spectrum of 1,1":2",1"-tercyclopropane 2.
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Figure S03: 2D H-'H COSY NMR (600 MHz) spectrum of 1,1":2",1"-tercyclopropane 2.
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Figure S05: 2D 'H-*C HMBC NMR (600MHz) spectrum of 1,17:2",1"-tercyclopropane 2.
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Figure S06: *H NMR (300 MHz) spectrum of 1,1":2",1"-tercyclopropane 2.

0.34

S17



mmmmmmmmmmmm

------------
............
wwwwwwwwwwww

IIN\W74

77.51
77.09

131.72
76.67

=
™~

T T T T T T T T T T T T T T T T T T
170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 ppm

Figure S07: 13C NMR (75 MHz) spectrum of 1,1":2",1"-tercyclopropane 2.
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Figure S08: 3C DEPT135 NMR spectrum of 1,1":2",1"-tercyclopropane 2.
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Figure S09: 2D H-TH COSY NMR spectrum of 1,1":2",1"-tercyclopropane 2.
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Figure S10: 2D H-C HSQC NMR spectrum of 1,1":2",1"-tercyclopropane 2.
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Figure S11: 2D H-C HMBC NMR spectrum of 1,1":2",1"-tercyclopropane 2.
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Figure S12: *H NMR spectrum of 1,2-dicyclopropylethene 3.
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Figure S12: *H NMR spectrum of 1,2-dicyclopropylethene 3.
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Figure S14: 2D H-13C HSQC NMR spectrum of 1,2-dicyclopropylethene 3.
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4. Mass spectra
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Figure S15: Mass-spectra of E-1,1":2",1"-tercyclopropane 2.
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Figure S16: Mass-spectra of Z-1,1":2",1"-tercyclopropane 2.
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Figure S17: Mass-spectra of a mixture of E/Z-isomers of 1,2-dicyclopropylethene 3.
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