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Atom-transfer radical addition (ATRA) reactions of ethyl tri-
chloroacetate, dichloromalononitrile, or diethyl 2,2-dichloro-
malonate with olefins followed by dechlorination have pro-
vided functionalized cyclopropanes in one step. The Ru™
complex [Cp*RuCl,(PPhj)] was used as a catalyst precursor

and commercial Mn powder as reducing agent. Reactions
with the less activated substrate ethyl dichloroacetate gave
ATRA products with high turnover numbers but cycloprop-
anation was not observed.

Introduction

Transition-metal-catalyzed atom-transfer radical ad-
dition (ATRA) reactions allow the coupling of halogenated
compounds to olefins.[''? In recent years, catalysts and re-
action conditions have been optimized and nowadays it is
possible to perform highly efficient and selective ATRA re-
actions with a wide range of substrates.'l Many transition
metals are able to catalyze ATRA reactions, but most stud-
ies have focused on copperl®! and ruthenium complexes.
These complexes are particularly effective catalysts if they
are used in conjunction with reducing agents.'®31 Different
reagents have been used in this context, including magne-
sium powder,!®! the diazo compounds AIBN!"! and V-70,!®]
and ascorbic acid.[”! The role of these reagents is to convert
inactive Cu'™ and Ru'™ complexes into active Cu' and Ru'!
complexes.

We recently reported that the products of ATRA reac-
tions between olefins and activated dichloro compounds
can be converted into cyclopropanes by dechlorination with
Mg (Scheme 1).' The cyclopropanations can be per-
formed as one-pot-two-step reactions. First, a 1,3-dichlo-
ride is formed in an ATRA process with [Cp*RuCl,(PPh;)]
as the catalyst precursor and Mg as reducing agent. The
ATRA reaction is performed in a nonpolar organic solvent
such as toluene. Subsequent addition of the more polar
THF induces dechlorination to give the final cyclopropane.

An advantage of this cyclopropanation reaction is the
fact that functionalized cyclopropanes can be obtained
without the use of potentially problematic diazo com-
pounds. However, there are also limitations. The reaction
has to be performed in a two-step fashion because THF,
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Scheme 1. Synthesis of cyclopropanes by sequential ATRA/dechlo-
rination reactions.!%!

which is required for the dechlorination step, is not compat-
ible with the ATRA reaction (Mg reacts with the chlori-
nated starting material if THF is added at the beginning of
the reaction). Furthermore, we encountered difficulties with
highly activated dichlorides such as ClL,C(CN), or
C13CCO,Et. These substrates undergo ATRA reactions but
fail to give cyclopropanes in acceptable yields. As a conse-
quence, it was not possible to synthesize cyclopropanes with
two electron-withdrawing groups in geminal positions. Be-
low we report that these limitations can be overcome if Mn
is used as a reducing agent instead of Mg. The new Mn-
based procedure allows one-step olefin cyclopropanation
reactions to be performed with highly activated dichlorides
to give difunctional cyclopropanes in good yields.

Results and Discussion

To address the shortcomings of our reported cycloprop-
anation procedure with Mg, we had to find an alternative
reducing agent with the following characteristics: 1) It
should be able to reduce the Ru'! catalyst precursor, 2) it
should be largely inert towards the 1,1-dichloride starting
material, and 3) it should be able to promote the reductive
intramolecular coupling of the intermediate 1,3-dichloride.
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Metallic manganese appeared to be an attractive choice.
Mn is cheap, nontoxic, and it has a M"/M reduction poten-
tial that is intermediate between that of Zn and Mg.[''l The
functional group tolerance of organomanganese com-
pounds is very good!'? and commercial Mn powder is not
very reactive towards organyl halides.'*!'¥ Mn® has been
employed as a selective stoichiometric reductant for reac-
tions with chromium,’ titanocene,'®) and nickel com-
plexes.!'”! Its use as a reducing agent in Ru-catalyzed ATRA
reactions is, to the best of our knowledge, unprecedented.

To test the suitability of Mn we first investigated the cou-
pling of ethyl dichloroacetate with styrene (Scheme 2). The
reaction was performed at room temperature with
[Cp*RuCl,(PPhy)] as catalyst precursor (0.1 mol-%) using
THF as the solvent. An excess of commercial Mn powder
(5 equiv. with respect to styrene) was added to the reaction
mixture. After only 1 h, we observed the clean formation
of the ATRA product ethyl 2,4-dichloro-4-phenylbutanoate
(86% yield). However, we did not observe the formation of
the corresponding cyclopropane, even if the reaction mix-
ture was heated at 60 °C.

/= [Cp*RuCly(PPhy)] o o COEt
PR Mn, THF, r.t. X
Ph COEt $
Cl,HCCO,Et PR

Scheme 2. ATRA reaction between ethyl dichloroacetate and styr-
ene.

The combination of [Cp*RuCl,(PPh;)] and Mn was
found to be a very potent catalyst system for ATRA reac-
tions of ethyl dichloroacetate. Lowering the Ru concentra-
tion to 0.02 mol-% still gave the coupling product in 78 %
yield (Table 1, entry 1). The high turnover numbers indicate
that Mn is able to fulfill the dual role of reducing agent in
ATRA reactions: 1) Activation of the catalyst precursor
and 2) constant regeneration of the Ru'! catalyst from Ru'!'
complexes, which are formed as a result of termination re-
actions.’] Mn alone or a mixture of Mn and MnCl, did not
promote the ATRA reaction, which corroborates the cru-
cial role of the Ru catalyst.

Table 1. ATRA reactions between ethyl dichloroacetate and olefins
catalyzed by [Cp*RuCl,(PPh;)] in the presence of Mn.[

Olefin Ru/Olefin t [h] Yield [%]
1 styrene 1:5000 24 78
2 p-chlorostyrene 1:5000 48 93
3 o-methylstyrene 1:1000 24 83
4 1-hexene 1:250 24 83

—_

a] Reaction conditions: [Cl,HCCO-Et] = 2.74 m, [olefin] = 1.37 M,
[Mn] = 5 equiv. with respect to the olefin, THF, room temp. The
yield was determined by '"H NMR spectroscopy. The conversion of
the olefin was quantitative in all cases.

We also examined the ATRA reaction of ethyl dichlo-
roacetate with other olefins. By using between 0.4 and
0.02 mol-% Ru, we were able to obtain the corresponding
1,3-dichlorides in good yields (Table 1). The performance
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of the Ru/Mn catalyst system in these reactions was very
good and comparable to those of Ru catalysts used in com-
bination with Mg.

Next we examined ATRA reactions with the more acti-
vated ethyl trichloroacetate using conditions similar to
those described above. As was observed for the dichlori-
nated substrate, the ATRA product was formed rapidly.
However, the reaction did not stop at that stage but pro-
ceeded to give the desired cyclopropane 1 (Scheme 3).

/=  [Cp*RuCly(PPh Cl_ COsEt
Ph : R/In TH2|g rts)] cra, c
.  THF, rt. -~
Ph CO,Et| - MnCl; ¢
CI3CCO,Et Ph

1

Scheme 3. ATRA/dechlorination reaction between ethyl trichloro-
acetate and styrene.

Optimization of the reaction conditions revealed that a
slightly elevated temperature of 60 °C is advantageous.
Lowering the styrene concentration to 0.1 M and using
4 equiv. of ethyl trichloroacetate also improved the yield of
the cyclopropane. The low styrene concentration helps to
avoid the addition of a second olefin to the intermediate
1,3-dichloride, a process that we have recently investigated
in more detail."® The excess of the chlorinated substrate is
beneficial because Mn reacts to some extent with the highly
activated trichloro ester (GC analysis revealed the forma-
tion of sizeable amounts of a diester resulting from homo-
coupling of ethyl trichloroacetate).

By using the optimized conditions, we performed ATRA/
dechlorination reactions with ethyl trichloroacetate and dif-
ferent aromatic olefins, which gave the corresponding cyclo-
propanes 1-3 as a mixture of isomers in yields of around
70% (Table 2, entries 1-3). The isolated yields were lower
due to loss of product during chromatographic purification.

Ethyl 1-chloro-2-phenylcyclopropane-1-carboxylate (1)
has previously been made by Rh-catalyzed reaction of styr-
ene with ethyl a-chlorodiazoacetate, a reagent that decom-
poses rapidly at room temperature.['” On the other hand, 1
has also been prepared in three steps from 1,1-dichloro-2-
phenylcyclopropane.”?”) Our one-pot procedure based on
commercially available starting materials therefore repre-
sents an interesting synthetic alternative, even though the
isolated yield is not very high.

When ethyl trichloroacetate was replaced by dichloro-
malononitrile, the cyclopropane-1,1-dicarbonitriles 4-8
were obtained in isolated yields of 51-83% (Table 2, en-
tries 4-8). An increased catalyst loading of 5 mol-% was
employed in these reactions. Alternative ways of preparing
cyclopropane-1,1-dicarbonitriles involve the reductive cycli-
zation of an appropriate allylic bromide,?!! the photoiniti-
ated addition of bromomalonitrile to an olefin followed by
cyclizative dehydrobromination,??! the PhI(OAc),-mediated
oxidative addition of malononitrile to olefins,? and the
indium-mediated reductive coupling of dibromomalonitrile
with olefins.?* The last two methods are one-step pro-
cedures but the cyclopropanes are obtained in poor yields.
2273
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Table 2. ATRA/dechlorination reactions catalyzed by [Cp*RuCl,(PPh;)] in the presence of Mn.[#!

Olefin Cl,CRR’ Product t[h] Yield
[%][P]
1 Cl;CCO,Et Cl 3 75 (64)
CO,Et
P Ph“‘<‘ 1
cis:trans = 6:1
olc] Cl,CCO,Et Cl COEt 3 67 (49)
F F
cis:itrans = 7:1
3[c] Cl;CCO,Et Cl COLEt 3 71 (49)
/©/\ d/ 3
MeO MeO
cisitrans = 2:1
NC
4ld] ~ CI,C(CN), N 19 71 (64)
Ph™ X 4
Ph
5ld] CI,C(CN), NC oN 19 91 (83)
X
o ;
F
sld] CI,C(CN), NC N 19 58 (51)
X
o :
MeO
71d] /K CI,C(CN), NC cN 19 58 (53)
Ph Ph 7
gld] CI,C(CN), CN 19 79 (73)
o .
8
g[d] C|zC(COzEt)2[e] EtO,C COLEt 2 79 (66)
P X /d/ 29

P

=

[a] Reaction conditions: [CL,CRR'] = 0.40 m, [olefin] = 0.10 M, [Ru] = 1.0 mM (1.0 mol-%), [Mn] = 5 equiv. with respect to the olefin,
THEF, 60 °C. [b] Crude yields determined by GC. The isolated yields are given in parentheses. [c] Use of 2 mol-% catalyst. [d] Use of

5 mol-% catalyst. [e] [CL,C(CO,Et),] = 0.25 m.

We have also investigated the reaction of styrene with
diethyl 2,2-dichloromalonate. The corresponding cycloprop-
ane 9 was obtained in 66% yield (Table 2, entry 9). Gemi-
nal cyclopropanedicarboxylates such as 9 are valuable pre-
cursors for a variety of reactions.?’) They are most often
prepared by the reaction of an alkylidenemalonate with di-
methylsulfoxonium or dimethylsulfonium methylides.[>32-2¢]
Other methodologies involve the metal-catalyzed reactions
of an olefin with diazomalonates?”! or iodonium ylides.[*®!

To establish the role of the Ru complex in the dechlorina-
tion process, we studied the cyclization of the isolated
ATRA adduct ethyl 2,2 4-trichloro-4-phenylbutanoate. The
reaction with 10 equiv. of Mn in THF did not give detect-
able amounts of cyclopropane 1, even not after 24 h. How-
ever, when the reducing agent was preactivated by stirring
it for 2min with CISiMe; (0.1equiv.) and PbCl,
(0.0025 equiv., both relative to Mn),['3! the corresponding
cyclization product was obtained in 81% yield (determined
2274
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by GC) after 3 h (Scheme 4). These results show that the
cyclization step can be performed without the Ru catalyst.
It is thus unlikely that the Ru complex is involved in the
dechlorination. However, it may contribute to the activation
of Mn, which occurs during the ATRA step.

1Cl Cl
¢ Mn
Ph COEL  ThF, 60 °Ci S
cicl ¢l Mn + PbCl, Cl_ COEt
+ CISiMes K
+ MnCl
P COEL T 60°C orf 2

1

Scheme 4. The dechlorination reaction of ethyl 2,2,4-trichloro-4-
phenylbutanoate requires activated Mn powder.
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Conclusions

Transition-metal-catalyzed ATRA reactions are best per-
formed in the presence of reducing agents.’>) We have shown
that commercial Mn powder is a potent reagent in this con-
text. The Ru-catalyzed coupling of ethyl dichloroacetate to
styrene, for example, can be achieved with only 0.02 mol-%
of Ru. An important advantage of Mn is the possibility
of performing sequential ATR A/dechlorination reactions?”!
with highly activated dichloro compounds such as ethyl tri-
chloroacetate, dichloromalononitrile, or diethyl 2,2-dichloro-
malonate. These reactions provide synthetically interesting
cyclopropanes in one step from easily available starting ma-
terials.

Experimental Section

General: All reactions were performed under dry nitrogen using a
glovebox. The solvents and liquid substrates were distilled from
appropriate drying agents and stored under nitrogen. The olefinic
substrates were stored at a temperature of —18 °C. The solvents and
chlorinated esters as well as the solids were kept at room tempera-
ture. The catalyst precursor [Cp*RuCl,(PPh;)]i3" and the substrate
ClL,C(CO,Et), were synthesized according to literature pro-
cedures. Mn powder (140-325 mesh, 99.6%) was purchased from
AlfaAesar. The '"H and '3C NMR spectra were recorded with a
Bruker Avance DPX 400 spectrometer with the residual solvents as
internal standards. All spectra were recorded at room temperature.
Column chromatography was performed using silica gel 60 (230—
400 mesh, 0.04-0.063 nm) from Fluka. Plates coated with silica gel
60 F245 from Merck were used for thin-layer chromatography. Ele-
mental analyses were performed with a EA 1110 CHN instrument.

General Procedure for the ATRA Reactions: The desired amount of
a stock solution of complex 1 in THF was added to a 2.0 mL vial
that contained Mn powder (370 mg). A stock solution of the chlori-
nated compound, the olefin, and mesitylene as an internal standard
was added to the vial and the total volume was increased to
1000 uL with THF ([olefin] = 1.38 ™, [chlorinated compound] =
2.76 M, [internal standard] = 138 mm). The resulting solution was
stirred at room temperature. After the given time, a sample (20 uL)
was removed from the reaction mixture, diluted with CDCly
(500 uL), and analyzed by "H NMR spectroscopy.

General Procedure for the Sequential ATRA/Reductive Cyclopropan-
ation Reactions: Mn powder (10 equiv.) and THF were added to a
flask containing the desired amount of the Ru catalyst. The olefin
(2.0 mmol) and the chlorinated substrate (8.0 mmol, 4 equiv.) were
added ([olefin]gua = 0.10 M) and the mixture was stirred at 60 °C.
After the given time, the crude reaction mixture was diluted with
hexane, filtered through kieselgur, and the solvent was removed
under reduced pressure. The product was purified by flash
chromatography.

Ethyl 1-Chloro-2-phenylcyclopropane-1-carboxylate (1): Flash
chromatography on silica gel, hexane/ethyl acetate = 7:1. The prod-
uct was obtained as a mixture of two diastereoisomers (ratio from
'"H NMR: cis/trans = 6:1). The spectroscopic data for the product
correspond to those previously described in the literature.l*?!

Ethyl 1-Chloro-2-(4-fluorophenyl)cyclopropane-1-carboxylate (2):
Flash chromatography on silica gel, hexane/ethyl acetate = 6:1. The

product was obtained as a mixture of two diastereoisomers (ratio
from '"H NMR: cis/trans = 7:1). The diastereoisomers were as-
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signed in analogy to the literature report.”’! The NMR spectro-
scopic data of the main product (cis isomer) is as follows: '"H NMR
(CDCl;, 400 MHz): 0 = 1.36 (t, J = 7.2 Hz, 3 H, CH3), 1.70-1.73
(m, 1 H, CHy), 2.15-2.19 (m, 1 H, CH,), 3.06 (dd, J = 8.9, 9.9 Hz,
1 H, ArCH), 428 (m, 2 H, OCH,), 7.03-7.22 (m, 4 H, aro-
matic) ppm. '*C NMR (CDCl;, 100 MHz): 6 = 14.1 (CH3), 23.7
(CH,), 32.9 (ArCH), 44.7 (CCl), 62.7 (OCH,), 115.0-131.1 (m, aro-
matic), 163.2 (d, J = 44.8Hz, CF), 170.1 (COOEt) ppm.
C,H,0,CIF-!/3H,0 (248.682): caled. C 57.96, H 5.13; found C
57.94, H 5.02.

Ethyl 1-Chloro-2-(4-methoxyphenyl)cyclopropane-1-carboxylate (3):
Flash chromatography on silica gel, hexane/ethyl acetate = 6:1. The
product was obtained as a mixture of two diastereoisomers (ratio
from '"H NMR: cis/trans = 2:1). The assignment of the diastereoiso-
mers was performed in analogy to the literature report.?’) 'TH NMR
(CDCls, 400 MHz): 6 = 0.96 (t, J = 7.2 Hz, 3 H, CHs, trans), 1.36
(t, J =7.0 Hz, 3 H, CHs, cis), 1.70-1.78 (m, 2 H, CH,, cis + trans),
2.15-2.19 (m, 2 H, CH,, cis + trans), 2.96-3.06 (m, 2 H, ArCH, cis
+ trans), 3.85-3.97 (m, 2 H, OCH,, trans), 4.26-4.32 (m, 2 H,
OCH,, cis), 6.82-7.20 (m, 8 H, aromatic, 2 H, cis + trans) ppm.
13C NMR (CDCl;, 100 MHz): 6 = 13.8 (CH3), 14.2 (CH3), 21.9
(CH,), 23.6 (CH,), 32.2 (ArCH), 36.3 (ArCH), 44.2 (CCl), 45.0
(CCl), 55.2 (OCH;), 61.9 (OCH,), 62.6 (OCH,), 113.5, 113.6,
126.4, 126.5, 130.0, 130.5 (aromatic), 158.9 (COCH;), 159.0
(COCH3), 167.4 (COOEY), 170.3 (COOEt) ppm. Due to the overlap
of peaks in the '*C NMR spectrum, the correct number of peaks
could not be observed. C;3H,505Cl-!/3H,0 (260.718): C 59.89, H
6.06; C 59.73, H 6.05.

Cyclopropanes 4-9: Flash chromatography on silica gel, hexane/
ethyl acetate = 4:1 (4-8) or 7:1 (9). The spectroscopic data for the

products correspond to those previously described in the litera-
ture.122.33-36]
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