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ABSTRACT: Through the design of a second generation of more reactive 7-substituted 1,3,5-cycloheptatrienes, a room-
temperature gold(I)-catalyzed retro-Buchner−cyclopropanation sequence and the first zinc(II)-catalyzed version of this process,
which uses inexpensive ZnBr2 as catalyst, have been developed. This led to a broad-scope cyclopropanation of both activated
and unactivated alkenes, including late-stage derivatization of biologically relevant compounds, and to the total synthesis of
(±)-lactobacillic acid.

Over the past few years, the gold(I)-catalyzed retro-
Buchner reaction has emerged as a powerful tool for the

generation of gold(I) carbenes (I) from 7-substituted 1,3,5-
cycloheptatrienes such as 1 (Scheme 1a).1 These reactive

intermediates2 can be efficiently trapped by alkenes to give
aryl- or vinylcyclopropanes, undergo intramolecular Friedel−
Crafts-type reactivity,3 or engage in formal cycloadditions with
different partners.4,5

Despite the variety of reactivities that have been explored
with this chemistry, the decarbenation process requires
temperatures in the range of 75−120 °C. The reaction is

restricted to the use of gold(I) complexes, and the resulting
carbenes only react satisfactorily with aryl-substituted alkenes.
We now report a room-temperature version of the gold(I)-
catalyzed cis-vinylcyclopropanation reaction, with improved
diastereoselectivity. More significantly, we have discovered the
first zinc(II)-catalyzed retro-Buchner−cyclopropanation se-
quence.6,7

Based on our studies that demonstrated that the rate-
limiting step for the retro-Buchner reaction is the cleavage of
the first C−C bond of norcaradiene II to give Wheland-type
cationic intermediate III (Scheme 2),3 we decided to introduce
electron-donating groups (EDG) in the cycloheptatriene ring
to lower the activation energy of this step.

We found that 1,3,5-trimethyl-7-styryl-1,3,5-cyclohepta-
triene 4a undergoes a retro-Buchner reaction in the presence
of 5 mol % of [(JohnPhos)Au(MeCN)]SbF6 at 24 °C to
generate a gold(I) carbene that can be trapped with styrene in
good yield and excellent diastereoselectivity (Table 1, entry 1),
releasing one molecule of mesitylene. Trimethylcyclohepta-
trienes 4 were synthesized by Julia−Kocienski olefination of
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Scheme 1. New Retro-Buchner Reactivity Unlocked through
a New Generation of Cycloheptatrienes

Scheme 2. Working Hypothesis for the Design of a Second
Generation of Cycloheptatrienes
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aldehydes, using a sulfone that was prepared by a sequence
starting with a Rh(II)-catalyzed ring expansion of mesitylene
with ethyl diazoacetate (EDA), and the reduction of the
resulting ester, giving alcohol 7. Then a Mitsunobu reaction
with 1-phenyl-1H-tetrazole-5-thiol and subsequent oxidation
afforded Julia−Kocienski reagent 8 on a multigram scale
(Scheme 3).8

Although the use of 1,3,5-trimethyl-1,3,5-cycloheptatrienes
is preferable for synthetic purposes, we also attempted to
introduce more electron-donating substituents, such as
methoxy, but the synthetic intermediates were found to be
highly unstable. In parallel, we found that the retro-Buchner−
cyclopropanation sequence could also be carried out with
ZnBr2 (10 mol %) at 65 °C (Table 1, entry 2). Interestingly,
while the gold(I)-based conditions (A) gave poor yields in the
cyclopropanation of unactivated alkenes such as cyclohexene,
the zinc(II)-based system allowed us to obtain the
corresponding cyclopropane in 55% yield. In both cases, the
reaction with the corresponding first generation cyclohepta-
triene (1a) was not successful (Table 1, entries 3 and 8).
In view of those results, we adopted the two new systems as

complementary methods for the diastereoselective cyclo-
propanation of a broad range of alkenes, selecting the
gold(I)-based conditions (A) as the best method for the
reaction with styrenes or related activated alkenes and the
zinc(II)-based system (B) for the cyclopropanation of simple
unactivated alkenes.
The results of the gold(I)-catalyzed cis-vinylcyclopropana-

tion of several activated alkenes with 1,3,5-trimethyl-7-styryl-

1,3,5-cycloheptatrienes 4 at room temperature were compared
with those previously reported using 7-styryl-1,3,5-cyclo-
heptatrienes at 75 °C (Scheme 4).3c In general, with both

electron-rich and electron-poor styrylcycloheptatrienes, com-
parable yields and improved diastereoselectivities were
obtained, especially with challenging alkenes such as vinyl-
phtalimide (3d−f), which gave poor selectivities at high
temperature.3c Remarkably, very electron-rich vinylcyclopro-
panes bearing a p-methoxy group (3b and 3e), which easily
undergo a gold(I)-catalyzed cis to trans isomerization at 75
°C,3c can be obtained at 25 °C as the cis products. In order to
demonstrate the applicability of this transformation under mild
conditions, we performed a late-stage derivatization of three
biologically relevant products. We prepared cis-vinylcyclopro-
pane derivatives of fenofibrate (marketed as Tricor, a
treatment for hypercholesterolemia, 3j), estrone (a steroid
derived from cholesterol, 3k), and α-tocopherol (one type of
vitamin E, 3l). In every case, the reaction proceeded cleanly,
allowing almost complete recovery of all the remaining styrene
derivatives.
We also prepared a (E,E)-dienyl gold(I) carbene from

cycloheptatriene 4h at 25 °C, which reacted with styrene 2f to
give diene 9 in 52% yield and a 7:1 cis/trans ratio of
diastereoisomers (Scheme 5).
It has been previously shown that zinc carbenes can be

generated from cyclopropenes and used to cyclopropanate

Table 1. Optimization and Comparison of the Two
Reported Reaction Conditions

aR = Me for the starting cycloheptatriene unless otherwise stated.
b[Au] = [(JohnPhos)Au(MeCN)]SbF6.

cYield and dr determined by
1H NMR using diphenylmethane as internal standard. cis/endo-
Cyclopropane is the major diastereoisomer.

Scheme 3. Synthesis of the Julia−Kocienski Reagent

Scheme 4. Room-Temperature Gold(I)-Catalyzed
Cyclopropanation of Styrenes

a[Au] = [(JohnPhos)Au(MeCN)]SbF6.
bIsolated yield and cis/trans

ratio of diastereoisomers in parentheses. Yield and dr obtained with
the previous generation of cycloheptatrienes (75 °C) in brackets.
cObtained as a 1:1 mixture of the two possible cis-cyclopropane
products.
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alkenes.9 In our case, 1,3,5-trimethyl-7-styryl-1,3,5-cyclohepta-
trienes 4 reacted in the presence of 10 mol % of ZnBr2 at 65
°C with alkenes to give the corresponding cyclopropanes 6 in
good yields (Scheme 6). Both linear and cyclic unactivated

alkenes with any kind of substitution pattern, from
monosubstituted to tetrasubstituted, reacted satisfactorily.
The cis or endo product was obtained preferably in all cases,
as it was confirmed by the X-ray diffraction structures of 6i and
6o and by NOE experiments in all other substrates. Both
electron-rich and electron-poor cycloheptatrienes can be used
to give the corresponding cyclopropanes 6a−f, although the
reaction with electron-poor substrates was much slower and
gave products 6c and 6e in lower yields. The best results in
terms of diastereoselectivity were obtained using electron-rich
substrates (6b) and disubstituted Z alkenes (6q−t).
As a part of our efforts to apply new synthetic methodologies

for the total synthesis of natural products,10 we decided to
prepare lactobacillic acid (11), a natural fatty acid that has

attracted the interest of many synthetic organic chemists since
its isolation more than 50 years ago (Scheme 7).11

The reaction of cycloheptatriene 4e with 1-octene in the
presence of ZnBr2 as catalyst afforded cis-vinylcyclopropane 6v
in a 6:1 ratio of diastereoisomers (along with 15% w/w of
mesitylene that could not be removed by distillation). Then 6v
was converted into intermediate 10 as a E/Z mixture by cross-
metathesis with 9-decenoic acid using the second-generation
Hoveyda−Grubbs catalyst. Finally, reduction of 10 with
diimide afforded lactobacillic acid (11). The main advantage
of this straightforward route is its versatility, since it could be
used to obtain a variety of natural or non-natural cyclo-
propane-containing fatty acids by just tuning the number of
carbon atoms in the aliphatic chains of 5 and the carboxylic
acid.
In our search for more reactive and selective systems, we

found that the Lewis acid that is formed in situ by the
combination of 1 equiv of 6,6′-Br2-BINOL and 1.1 equiv of
ZnEt2

12 can also cleanly promote the retro-Buchner−cyclo-
propanation sequence at room temperature (Scheme 8). This

Scheme 5. Cyclopropanation with a Vinylogous Styryl
Gold(I) Carbene Generated by Retro-Buchner Reaction

Scheme 6. Zinc(II)-Catalyzed Cyclopropanation of
Unactivated Alkenes

aIsolated yield and cis/trans ratio of diastereoisomers between
parentheses. bAt 80 °C for 60 h. cStructure and cis configuration
confirmed by X-ray diffraction. d10 equiv of alkene employed in order
to minimize volatility or selectivity issues.

Scheme 7. Total Synthesis of (±)-Lactobacillic Acid

aNMR yield of the isolated product after flash chromatography,
containing 15% w/w of mesitylene.

Scheme 8. Room Temperature Cyclopropanation Promoted
by the BINOL−Zn System

aNMR yield and cis/trans ratio of diastereoisomers between
parentheses. bReaction performed with (R)-6,6′-Br2BINOL. The
absolute configuration of the major enantiomer was not determined.
cIsolated yield at 1.5 mmol scale using BINOL.
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method gave up to quantitative yields and excellent
diastereoselectivities and was tolerant to both unactivated
and activated alkenes. Furthermore, an alternative intermediate
for the synthesis of lactobacillic acid (6w), could be obtained
with improved diastereoselectivity. More importantly, when
employing (R)-6,6′-Br2-BINOL, it was possible to obtain, for
the first time in a sequence involving a retro-Buchner reaction,
a product (3g) with 44% ee.
In conclusion, we have prepared a new generation of more

reactive cycloheptatrienes, which allowed us to develop two
new systems, based on gold(I) or zinc(II), that perform the
retro-Buchner−cyclopropanation sequence under very mild
conditions. This is the first example of a decarbenation
reaction using zinc(II). Our two new catalytic systems led to a
synthesis of cis-vinylcyclopropanes with wide scope and to the
total synthesis of (±)-lactobacillic acid. Additionally, our first
results with a system based on BINOL and ZnEt2 demonstrate
the possibility of developing an enantioselective version of this
transformation. Further investigations along these lines are in
progress.
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UE (CTQ2016-75960-P), Severo Ochoa Excellence Acre-
ditation 2014-2018 (SEV-2013-0319 and FPI predoctoral
fellowship to M.M.), the European Research Council
(Advanced Grant No. 321066), the AGAUR (2017 SGR
1257), and CERCA Program/Generalitat de Catalunya for
financial support. We also thank the ICIQ X-ray Diffraction
unit, the CELLEX-ICIQ HTE unit and Evaristo Villaseco (La
Caixa Summer Fellowship 2016) for preliminary results.

■ REFERENCES
(1) Solorio-Alvarado, C. R.; Echavarren, A. M. Gold-Catalyzed
Annulation/Fragmentation: Formation of Free Gold Carbenes by
Retro-Cyclopropanation. J. Am. Chem. Soc. 2010, 132, 11881−11883.

(2) Reviews on methods for the generation of metal carbenes:
(a) Jia, M.; Ma, S. New Approaches to the Synthesis of Metal
Carbenes. Angew. Chem., Int. Ed. 2016, 55, 9134−9166. (b) Liu, L.;
Zhang, J. Gold-Catalyzed Transformations of α-Diazocarbonyl
Compounds: Selectivity and Diversity. Chem. Soc. Rev. 2016, 45,
506−516.
(3) (a) Solorio-Alvarado, C. R.; Wang, Y.; Echavarren, A. M.
Cyclopropanation with Gold(I) Carbenes by Retro-Buchner Reaction
from Cycloheptatrienes. J. Am. Chem. Soc. 2011, 133, 11952−11955.
(b) Wang, Y.; McGonigal, P. R.; Herle,́ B.; Besora, M.; Echavarren, A.
M. Gold(I) Carbenes by Retro-Buchner Reaction: Generation and
Fate. J. Am. Chem. Soc. 2014, 136, 801−809. (c) Herle,́ B.; Holstein,
P. M.; Echavarren, A. M. Stereoselective cis-Vinylcyclopropanation via
a Gold(I)-Catalyzed Retro-Buchner Reaction under Mild Conditions.
ACS Catal. 2017, 7, 3668−3675.
(4) Wang, Y.; Muratore, M. E.; Rong, Z.; Echavarren, A. M. Formal
(4 + 1) Cycloaddition of Methylenecyclopropanes with 7-Aryl-1,3,5-
Cycloheptatrienes by Triple Gold(I) Catalysis. Angew. Chem., Int. Ed.
2014, 53, 14022−14026.
(5) Yin, X.; Mato, M.; Echavarren, A. M. Gold(I)-Catalyzed
Synthesis of Indenes and Cyclopentadienes: Access to (±)-Laur-
okamurene B and the Skeletons of the Cycloaurenones and
Dysiherbols. Angew. Chem., Int. Ed. 2017, 56, 14591−14595.
(6) For relevant examples of metal-catalyzed cyclopropanation
reactions, see: (a) Davies, H. M. L.; Bruzinski, P. R.; Lake, D. H.;
Kong, N.; Fall, M. J. Asymmetric Cyclopropanations by Rhodium(II)
N-(Arylsulfonyl)prolinate Catalyzed Decomposition of Vinyldiazo-
methanes in the Presence of Alkenes. J. Am. Chem. Soc. 1996, 118,
6897−6907. (b) Lebel, H.; Marcoux, J.-F.; Molinaro, C.; Charette, A.
B. Stereoselective Cyclopropanation Reactions. Chem. Rev. 2003, 103,
977−1050. (c) Johansson, M. J.; Gorin, D. J.; Staben, S. T.; Toste, F.
D. Gold(I)-Catalyzed Stereoselective Olefin Cyclopropanation. J. Am.
Chem. Soc. 2005, 127, 18002−18003. (d) Zhu, S.; Perman, J. A.;
Zhang, X. P. Acceptor/Acceptor-Substituted Diazo Reagents for
Carbene Transfers: Cobalt-Catalyzed Asymmetric Z-Cyclopropana-
tion of Alkenes with α-Nitrodiazoacetates. Angew. Chem., Int. Ed.
2008, 47, 8460−8463. (e) Pellissier, H. Recent Developments in
Asymmetric Cyclopropanation. Tetrahedron 2008, 64, 7041−7095.
(f) Wang, H.; Guptill, D. M.; Varela-Alvarez, A.; Musaev, D. G.;
Davies, H. M. L. Rhodium-Catalyzed Enantioselective Cyclopropa-
nation of Electron-Deficient Alkenes. Chem. Sci. 2013, 4, 2844−2850.
(7) For examples on the use of earth-abundant metals to promote
cyclopropanation reactions, see: (a) Simmons, H. E.; Smith, R. D. A
New Synthesis of Cyclopropanes from Olefins. J. Am. Chem. Soc.
1958, 80, 5323−5324. (b) Evans, D. A.; Woerpel, K. A.; Hinman, M.
M.; Faul, M. M. Bis(oxazolines) as Chiral Ligands in Metal-Catalyzed
Asymmetric Reactions. Catalytic, Asymmetric Cyclopropanation of
Olefins. J. Am. Chem. Soc. 1991, 113, 726−728. (c) Murai, M.;
Mizuta, C.; Taniguchi, R.; Takai, K. Synthesis of Borylcyclopropanes
by Chromium-Promoted Cyclopropanation of Unactivated Alkenes.
Org. Lett. 2017, 19, 6104−6107. (d) Benoit, G.; Charette, A. B.
Diastereoselective Borocyclopropanation of Allylic Ethers Using a
Boromethylzinc Carbenoid. J. Am. Chem. Soc. 2017, 139, 1364−1367.
(8) See the Supporting Information for details.
(9) (a) Vicente, R.; Gonzaĺez, J.; Riesgo, L.; Gonzaĺez, J.; Loṕez, L.
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