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1. Experimental section

1.1. General experimental details

All reagents and solvents were used of commercial grade without additional purification. All operations with Lewis
acid were carried out under dry argon atmosphere. TLC analysis was performed on Merck Silica gel 60 TLC plates
using ag. solution of KMnO4 or phosphomolybdic acid in Pr'OH as developer. For preparative chromatography,
silica gel 60 (0.040-0.063 mm) was used. GC analysis was performed on Chromatec Crystal 5000.2 gas
chromatographer (column J&W Scientific DB-5+, 30 m x 0.245 mm, 5%-phenyl-95%-dimethylpolysiloxane 0.25
um, carrier gas — He, detector — FID). *H, **C NMR spectra were recorded on a Bruker AVANCE Il 300 MHz
(300.1 and 75.5 MHz MHz respectively) in CDCls, containing 0.05% Me.Si as the internal standard. Monitoring of
the reactions in NMR tube was made in CD,Cl, solution containing 0.05% MesSi as the internal standard.
Determinations of structures and stereochemistry of obtained compounds and assignments of *H and *C signals
were made with the aid of 1D and 2D COSY, HSQC, HMBC spectra. High-resolution mass spectra were recorded
on a Bruker Daltonics micrOTOF-Q 1l device (electrospray ionization).

1.2. General method for cyclopropanation of methylenecycloalkanes

Starting spiro[2.n]alkane-1,1-dicarboxylates (SADC) 1la-d was synthesized from methylenecycloalkanes
respectively. The Rha(esp). (0.1 mol.%) solution in dry CH2Cl> (1 ml/mmol for diazo compound) was cooled to
0°C, and the corresponding methylenecycloalkane (10-15 mmol, 1.5 equiv.) was added. The mixture was stirred for
5 minutes, and then dimethyl diazomalonate (1 equiv.) was added in a single portion. After stirring the mixture for 4
hours at 0°C and overnight at room temperature, the solution was passed through SiO; and evaporated. The crude
product was purified by vacuo distillation.

Dimethyl spiro[2.2]pentane-1,1-dicarboxylate 1la : 56%, colorless liquid, bp 107-108°C/22 Torr. *H NMR (300
MHz, CDCls3) § 0.75 — 1.13 (m, 4H, 2 CHy), 1.92 (s, 2H, CHy), 3.74 (s, 6H, 2 OCHs). *C NMR (75 MHz, CDCls) &
6.2 (2 CH,), 21.3 (CHy), 25.1 (C), 33.5 (C), 52.4 (CHs3), 169.7 (CO,CHs). The NMR spectra correspond to the
literature data.S!

Dimethyl spiro[2.3]hexane-1,1-dicarboxylate 1b : 59%, colorless liquid, bp 120-122°C/15 Torr. *'H NMR (300
MHz, CDCls) d: 1.64 (s, 2H, CHy), 2.16 — 1.84 (m, 4H, 2 CH.),2.49 — 2.23 (m, 2H, CH>), 3.69 (s, 6H, 2 OCH3). 1*C
NMR (75 MHz, CDCls) ¢0: 15.9 (CHy), 27.5 (CH,), 28.5 (2 CH,), 36.8 (C), 37.5 (C), 52.1 (CO.CHs), 168.8 (2
CO,CHgs). HRMS (ESI), m/z: 199.0969 [M+H]", (calc. for C10H1404%, m/z: 199.0973).

Dimethyl spiro[2.4]heptane-1,1-dicarboxylate 1c : 65%, colorless liquid, bp 135-140°C/10 Torr. *H NMR (300
MHz, CDCls) §: 1.58 (s, 2H, CH2), 1.54 — 1.63 (m, 2H, CH) 1.67 — 1.90 (m, 6H, 3CH,), 3.74 (s, 6H, 2 OCH3). *C
NMR (75 MHz, CDCls) 6 25.7, 28.0, 32.8, 38.3, 40.1, 52.3, 169.5. The NMR spectra correspond to the literature
data.s?

Dimethyl spiro[2.5]octane-1,1-dicarboxylate 1d : 86%, colorless liquid, bp 52-55°C/1.5%102 Torr. *H NMR (300
MHz, CDCls) 8: 1.42 (s, 2H, CHy), 1.39 — 1.53 (m, 5H, 2 CHzand H2 from CHy), 1.54 — 1.69 (m, 5H, 2 CH,and H®
from CHy), 3.73 (s, 6H, 2 OCH;3).*C NMR (75 MHz, CDCls) d: 25.4 (CH), 25.6 (CH.), 25.9 (CH>), 31.5 (CH>),
36.4, 39.6, 52.3 (CO2CHs), 169.1 (CO,CHa;). The NMR spectra correspond to the literature data.S®

1.3. General synthetic procedures and spectroscopic data for obtained products

All operations were performed under dry argon atmosphere. The Lewis acid (1.0-2.0 equiv.) was added in one
portion to a solution of SADC l1a-d (0.4-0.5 mmole, 1.0 equiv.) in dry CH:Cl; (5-10 ml) at room temperature and
the reaction mixture was stirred for 3 hours. After that, 8-12 ml of aqueous solution of HCI (10%) was added and
the reaction mixture was extracted with CH.Cl (3%x15 ml). The organic layer was dried over MgSO. and the solvent
was removed in vacuo. The residue was analyzed by *H NMR spectroscopy using 1,4-dinitrobenzene as an internal
standard and the yields are presented in Table 1 of the Main Article. For the compound characterizations, crude
product mixtures were purified by column chromatography on silica gel (benzene to benzene-EtOAc (10:1))
followed by additional purification on TLC plates (20x20 cm) eluting with benzene. These resulted pure products
2-8, either in isomerically pure form or as mixtures of 2-3 isomers, but however with substantial losses on a
preparative TLC stage. In certain cases, lactones S1-S3 were detected. However, their quantities were
irreproducible and believed to be a result of traces of moisture evidently introduced during the reactions set up.
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Dimethyl [(1-chloromethyl)cyclopropyl]malonate 2 : colorless liquid. *H NMR (300 MHz, CDCls) &: 0.76-0.87 (m,
4H, 2 CHy), 3.52 (s, 1H, CH), 3.70 (s, 2H, CH.CI), 3.75 (s, 6H, 2 CO,CHs). *C NMR (75 MHz, CDCls) & 12.6 (2
CHy), 21.9 (C), 52.1 (CHCI), 52.5 (2 CO.CH3), 53.9 (CH), 168.3 (2 CO>CHs). HRMS (ESI), m/z: 243.0396 [M+Na]",
(calc. for CoH13ClOsNa*, m/z: 243.0395).

Dimethyl [(1-chlorocyclobutyl)methylJmalonate 3b : colorless liquid. *H NMR (300 MHz, CDCls) & 2.04-2.13 (m,
2H, CHy), 2.27-2.50 (m, 4H, 2 CHy), 2.58 (d, 2H, CH.CH, ®J 6.4 Hz), 3.68 (t, 2H, CH.CH, %] 6.4 Hz), 3.76 (br.s, 6H, 2
CO2CHj). *C NMR (75 MHz, CDCls) &: 15.8 (CH,), 28.4 (2 CH), 40.8 (CH,CH), 48.5 (CH.CH), 52.1 (2 CO.CHj),
70.3 (C-Cl), 168.7 (2 CO,Me). HRMS (ESI), m/z: 235.0732 [M+H]*, (calc. for C1oH1sCIOsH*, m/z: 235.0742).

Dimethyl [(1-chlorocyclopentyl)methylJmalonate 3c : colorless liquid. *H NMR (300 MHz, CDCls) & 1.9-1.96 (m,
8H, 4 CHy), 2.70 (d, 2H, CH.CH, 3J 7.0 Hz), 3.76 (s, 6H, 2 CO.CHs), 3.87 (t, 1H, CH,CH, 3] 7.0 Hz). **C NMR
(75 MHz, CDCls) ¢: 22.8 (2 CH), 30.4 (CH.CH), 42.2 (2 CH), 49.4 (CH2CH), 52.5 (2 CO.CH3), 80.9 (C-ClI), 169.9
(2 COzMe). HRMS (ESI), m/z: 213.1121 [M+H]*, (calc. for C11H1604H*, m/z: 213.1131).

Dimethyl [(1-chlorocyclohexyl)methylJmalonate 3d : colorless liquid. *H NMR (300 MHz, CDCls) &: 1.18-1.32 (m,
2H, CHy), 1.52-1.69 (m, 4H, 2 CH,), 1.77-1.94 (m, 4H, 2 CHy), 2.47 (d, 2H, CH.CH, %] 6.0 Hz), 3.75 (br.s, 6H, 2
CO,CHs), 3.80-3.84 (m, 1H, CH.CH). **C NMR (75 MHz, CDCls) & 21.9 (2 CH,), 25.0 (2 CH), 27.8 (CH,), 43.6
(CHCH), 47.7 (CH.CH), 52.7 (2 CO,CHj3), 73.9 (C-Cl), 169.5 (2 CO,Me). HRMS (ESI), m/z: 285.0845 [M+Na]",
(calc. for C12H1oClIOsNa*, m/z: 285.0864).

Dimethyl (cyclopentylmethylene)malonate 4c : colorless liquid. *H NMR (300 MHz, CDCls) & 1.33-1.45 (m, 4H, 2
CHy), 1.56-1.78 (m, 4H, 2 CHy), 2.76-2.85 (m, 1H, CH-CH=), 3.78 (s, 3H, CO2CHs3), 3.83 (s, 3H, CO.CHs3), 6.94 (d,
1H, CH-CH=, 3J10.5Hz). *C NMR (75 MHz, CDCls) & 25.7 (2 CHy), 33.2 (2 CH,), 40.5 (CH-CH=), 52.2
(CO2CHs3), 52.3 (CO.CHg), 126.3 (CH=C-), 154.9 (CH=C-), 164.6 (CO:Me), 166.2 (CO,Me). HRMS (ESI), m/z:
213.1121 [M+H]*, (calc. for C11H1s04H", m/z: 213.1131).

Dimethyl (cyclohexylmethylene)malonate 4d : colorless liquid. *H NMR (300 MHz, CDCls) & 1.11-1.36 (m, 4H, 2
CHy), 1.64-1.78 (m, 6H, 3 CHy), 2.33-2.45 (m, 1H, CH-CH=), 3.77 (s, 3H, CO2CHs3), 3.83 (s, 3H, CO2.CHs3), 6.85 (d,
1H, CH-CH=, 3] 10.5 Hz). *C NMR (75 MHz, CDCls) & 25.2 (CHy), 25.6 (2 CHy), 31.2 (2 CHy), 39.2 (CH-CH=),
52.3 (CO.CHj3), 52.4 (CO.CHs), 126.1 (CH=C-), 154.7 (CH-CH=), 164.7 (CO;Me), 166.2 (CO,Me). HRMS (ESI),
m/z: 227.1276 [M+H]", (calc. for C12H1804H", m/z: 227.1278).

Dimethyl (cyclobutylidene)malonate 5a : colorless liquid. *H NMR (300 MHz, CDCls) & 2.13 (p, 2H, CH,, 3] 7.9 Hz),
3.15 (t, 4H, 2 CHy, ) 7.9 Hz), 3.77 (s, 6H, 2 CO,CHz). *)C NMR (75 MHz, CDCl3) & 17.3 (CH,), 33.9 (2 CH,), 51.7
(2 CO,CH3), 119.4 (C(CO2Me)y), 164.6 (C=C), 176.0 (2 CO.CHs). HRMS (ESI), m/z: 207.0630 [M+Na]*, (calc. for
CoH1204Na*, m/z: 207.0628).

Dimethyl (cyclopentylidene)malonate 5b : colorless liquid. *H NMR (300 MHz, CDCls) &: 1.64-1.69 (m, 4H, 2 CHy),
2.58-2.63 (M, 4H, 2 CHy), 3.70 (s, 6H, 2 CO,CHj3). *C NMR (75 MHz, CDCls) &: 25.9 (2 CH,), 34.4 (2 CH,), 51.8 (2
CO2CHa), 119.9 (C(CHy)2), 1659 (C=), 170.3 (2 CO,Me). HRMS (ESI), m/z: 199.0973 [M+H]", (calc. for
C10H1404H+, m/z; 1990973)

Dimethyl -(3chloro-2-methylenepropyl)malonate 6. *H NMR (300 MHz, CDCls) 6: 5.20 (s, 1H, C=CH?), 5.01 (s, 1H,
C=CH?), 4.0 (br s, 2H, CHy), 3.74 (s, 6H, 2 CO;CHs), 3.67 (t, J=7.7 Hz, 1H, CH), 2.80 (d, J=7.7 Hz, 2H, CH,); 33C
NMR (75 MHz, CDCls) § 169.06 (2 CO,CHs), 141.39 (C=C), 116.68 (C=CH,), 52.67 (2 CHs), 50.14 (CH), 47.45
(CHy), 32.03 (CH,). The NMR spectra correspond to the literature data. 5

Dimethyl (4-chloro-2-methylenebutyl)malonate 7 : colorless liquid. *H NMR (300 MHz, CDCls) & 2.50 (t, 2H,
CH.CH,Cl, 3] 7.1 Hz), 2.66 (d, 2H, CH,CH, %) 7.8 Hz), 3.59-3.65 (m, 3H, CH,CHCIl, CH,CH), 3.74 (br.s, 6H, 2
CO,CHg), 4.91 (br.s, 2H, =CH,). °C NMR (75 MHz, CDCls) &. 34.5 (CH,CH), 38.9 (CH,CH,CI), 42.3 (CH.CH),
50.3 (CHCI), 52.7 (2 CO,CHj3), 113.9 (C=CHy), 141.7 (C=CH,), 169.2 (2 CO;Me). HRMS (ESI), m/z: 235.0736
[M+H]*, (calc. for C1oH1sCIO4H™, m/z: 235.0732).
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Dimethyl (cyclopent-1-en-1-ylmethyl)malonate 8¢ : colorless liquid. *H NMR (300 MHz, CDCl3) &: 1.80-1.90 (m, 2H,
CHy), 2.22-2.28 (m, 4H, 2 CHy), 2.69 (d, 2H, CH,CH, 3] 7.7 Hz), 3.61 (t, 1H, CH.CH, 3] 7.7 Hz), 3.73 (br.s, 6H, 2
CO,CHg), 5.39 (br.s, 1H, CH=C). *C NMR (75 MHz, CDCls) & 23.34(CH,), 30.4 (CH>), 32.5 (CH.), 34.9 (CHy),
50.6 (CH), 52.5 (2 CO.CHas), 125.9 (CH=C-), 140.4 (CH=C-), 169.7 (2 CO.Me). HRMS (ESI), m/z: 213.1121
[M+H]", (calc. for C11H1604H", m/z: 213.1131).

Dimethyl 2-(cyclohex-1-en-1-ylmethyl)malonate 8d : colorless liquid. *H NMR (300 MHz, CDCls) &: 1.11-1.36 (m,
2H, CHy), 1.90-1.94 (m, 4H, 2 CH), 2.33-2.45 (m, 2H, CHy), 2.54 (d, 2H, CH.CH, 3] 8.0 Hz), 3.58 (t, 1H, CH.CH,
%] 8.0 Hz), 3.72 (br.s, 6H, 2 CO,CH3), 5.39 (br.s, 1H, CH=C). ¥C NMR (75 MHz, CDCls) &: 22.3 (CHy), 22.9 (CH>),
25.3 (CHy), 28.0 (CH), 37.1 (CH2CH), 50.5 (CH.CH), 52.5 (2 CO,CHj3), 123.9 (CH=C-), 133.6 (CH=C-), 169.6 (2
CO;Me). HRMS (ESI), m/z: 227.1276 [M+H]*, (calc. for C12H1s04H*, m/z; 227.1278).

Methyl 6-0xo-5-oxaspiro[3.4]octane-7-carboxylate S1 : colorless liquid. *H NMR (300 MHz, CDCls) &: 1.64-1.77 (m,
1H, CHy), 1.83-1.95 (m, 1H, CHy), 2.12-2.29 (m, 2H, 2 CHy), 2.42-2.73 (m, 4H, 2 CH, CH.CH), 3.63 (t, 1H, CH.CH,
%] 8.9 Hz), 3.80 (s, 3H, CO,CHs). *C NMR (75 MHz, CDCls5) &: 12.1 (CH), 34.6 (CH>), 34.8 (CH>), 37.1 (CH.CH),
46.9 (CH2CH), 53.1 (CO2CHs3), 84.6 (Cspiro), 168.2 (CO2Me), 171.1 (C=0). HRMS (ESI), m/z: 223.0373 [M+K],
(calc. for CoH1204K*, m/z: 223.0367).

Methyl 2-oxo-1-oxaspiro[4.4]nonane-3-carboxylate S2 : colorless liquid. *H NMR (300 MHz, CDCls) & 1.61-2.1 (m,
8H, 4 CHy), 2.42 (dd, 1H, CH,CH, 23 13.0 Hz, 3J 9.3 Hz), 2.70 (dd, 1H, CH,CH, 2J 13.0 Hz, 3] 9.3 Hz), 3.69-3.76 (m,
1H, CH,CH), 3.81 (s, 3H, CO,CHs). ®*C NMR (75 MHz, CDCls) &: 23.6 (CH.), 23.9 (CH,), 36.0 (CH.CH), 47.8
(CH2CH), 53.1 (CO.CHg), 94.1 (Cgpiro), 168.4 (CO2Me), 171.3 (C=0). HRMS (ESI), m/z: 221.0782 [M+Na]*, (calc.
for C1oH1404Na*, m/z: 221.0784).

Methyl 2-oxo-1-oxaspiro[4.5]decane-3-carboxylate S3 : colorless liquid. *H NMR (300 MHz, CDCls) &: 1.32-1.90
(m, 10H, 5 CHy), 2.31 (dd, 1H, CHCH, 2J 13.1 Hz, 3] 9.9 Hz), 2.44 (dd, 1H, CH,CH, 2J 13.1 Hz, 3J 9.9 Hz), 3.71 (t,
1H, CH.CH, 3J 9.9 Hz), 3.81 (s, 3H, CO,CHs). **C NMR (75 MHz, CDCls) & 22.6 (CH,), 24.8 (CH), 36.7
(CH2CH), 36.8 (CHy), 37.6 (CH,), 46.8 (CH2CH), 53.1 (CO2CHs), 85.6 (Csiro), 168.6 (CO2Me), 171.2 (C=0).
HRMS (ESI), m/z: 213.1123 [M+H]*, (calc. for C11H1604H*, m/z: 213.1121).
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2.1 GC monitoring for la rearrangement on TiCl,
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2.3 Additional mechanistic discussion

Overall proposed mechanism presented below includes ionization of DAC via coordination of LA on
malonate fragment. Next, cleavage of C(1)-C(2) or C(1)-C(3) proceeded that involves either nucleophilic
assistance by chloride source or its ionization similar to Sy1-type processes. The ratio between these two
plausible cleavage mechanism is likely determined by chloride source nucleophilicity, Lewis acidity of
TiCls/GaCls, the ability of polychlorinated Ti/Ga-anions to donate chloride as well as by corresponding
carbocation stability. Intermediates I1-111 and 1V-V are likely existing in an equilibrium to each other via
reversible LA mediated ionization and ion-pair return processes.>® These processes are obviously governed by
Lewis acidity of the reaction medium. Thus, chlorides 2 and 3 (products of aqueous work-up of intermediates 11
and 1V) could be easily observed in TiCls-mediated reactions, but not in GaCls-mediated that should be
attributed to well-known extremely high acidity of GaCls and its’ high chloride affinity.5>

Further carbocationic rearrangements via intermediates 11/111 and 1VV/V lead to the formation of alkylidene
malonates as the final products in all the cases. This outcome is one of the most remarkable achievement in this
work. Plausible mechanism should involve a set of 1,2-H- and 1,2-alkyl migrations in the formed carbocationic
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intermediates as illustrated below as rearrangements of 111 to Vla via 1,2-alkyl shift, of V to VII via 1,2-H shift,
and of VII to VI via subsequent 1,2-alkyl and 1,2-H shifts. Intermediates VI and VI represents complexes of
alkylidene malonate anions coordinated on Lewis acid that in the case of Ga(lll) are known as 1,2-zwitter ions
and therefor are able to react in gallium specific carbocation cascades.S” However, formation of 1,2-zwitter-ions
from DACs up to date were known only for most common 2-arylcyclopropane-1,1-dicarboxylates. Moreover,
herein we clearly observed that 1,2-zwitter-ion formation from DACSs can be stepwise via preliminary chloride-
mediated ring-opening followed by subsequent carbocation rearrangements, however, at least for TiCl..
Moreover, similarity of TiCls and GacCls in their ability to favor 1,2-zwitter-ion formation is also remarkable.
However, the detailed comparison of a degree of C=C-bond polarization induced by GaCls and TiCls in these
adducts to reveal their 1,2-zwitter-ionic nature and to compare their reactivity in carbocations transformations
are currently undergoing and will be published separately.
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