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Abstract The polymenc complex [RI$CO)&OAC& IS the fmt Ru(I) catalyst that efiuently catalyzes cyclopropanation of 

alkenes wth dazoace~c esters The related dmuclear catalyst R~(CO),(ji-OAc),(MeCN)2 shows a smular performance only 

for cyclopropanation of monosubstltuted alkenes 

For the cyclopropanatton of alkenes with dtazo compounds, a variety of highly efficrent copper-, 
palladmm-, and rhodium-based catalysts are avarlable’ The catalytic process IS believed to involve me- 
tal-carbene intermediates that are responsible for the chemo- and stereoselecttvrty observed m these re- 
acttons2d Although the avatlable catalysts, espectally the rhodmm(II) carboxylates and copper(I) 
tnflate, have proven their value m many instances, the search for alternattve catalysts goes on Recently, 
ruthemum(I1) carboxylates7b and ruthenacarboranesg have been introduced as effictent cyclopropana- 
tton catalysts, both of which are superior to the Ru(II,III) complex Ru2(0Ac)aCl investigated earher 
Ru$CO)l2 has been reported to catalyze cyclopropanatton of an electron-nch alkene (n-butyl vmyl 
ether)lO, but has not been evaluated further for other alkenes 

We wtsh to introduce now the polymeric complex [Rt#COq)(lr-OAc)2], (l)l’ and the dmuclear 
brs(acetomtrde) complex Ru2(CO)&-OAc)2(MeCN)2 (2) as the first ruthemum(1) complexes that 
exhibit a remarkable catalytic acttvny for alkene cyclopropanatton wtth dtazoacetates In contrast to 1, 
the complex 2 has a good solubthty m the alkenes Investigated, tt also catalyzes efftcrently 
cyclopropanatton of monosubstituted alkenes, but less so of more highly alkyl-substituted alkenes. 
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Results and Discussion 

Synthesis of cyclopropanes 3 from methyl diazoacetate (MDA) and the appropriate alkene with 1 
as catalyst succeeds at room temperature (Table 1) Typ~ally, 1 mol-% of catalyst 1s applied, but wth 
styrene and MDA, even smaller amounts of 1 were found to be sufficient (0 3 mol-%: overall reactlon 
time 48 h, 87 % yield, 0 5 mol-% 16 h, 95%). The formal carbene dimers, dlmethyl maleate and fuma- 
rate, constitute by-products m these reactions Their formation can be greatly reduced by keepmg the 
dlazoester concentration ver/ low (high dilution and slow addition to the alkene / catalyst rmxture) 

R', R2 
C=C< + N,=CH-COOMe cat* ’ 0r2. 

R3’ R4 42 

COOMe COOMe 

E-3 2-3 
hznti-31 bqjn-31 

Complex 11s a yellow solid that initially does not dissolve m the reaction rmxtures, but disappears 
partly or completely durmg the course of the reactions In order to provide entirely homogeneous reac- 
tion condltlons, we used catalyst 2 which is well soluble in most of the alkenes used Dlsappomtmgly, the 
cyclopropane yields were consistently lower by ca 35% than those obtamed wth 1 as catalyst under 
analogous condltlons at 20 OC (Table 1, entries 2,6) At elevated temperature, however, monosubstltuted 
alkenes (styrene, ethyl vmyl ether) are agam cyclopropanated m high yield, whereas no improvement was 
observed for cyclopropanatlon of 2,3-dlmethyl-2-butene The low yield m the latter case may be caused 
by a destruction of the active catalyst Mrxmg of dlazoester, catalyst, and alkene for entry 12 produces a 
black-colored solution that subsequently turns pale-yellow with concormtant formation of a brown-red 
preclpltate In contrast, the solutions remam yellow and homogeneous throughout the reaction for 
entnes 3 and 7 

Thus, catalyst 2 cannot compete with 1 in terms of general efficiency for alkene cyclopropanafion, 
despite of its good solublhty m the liquid alkenes This seems to contradict general expenence, but It 
should be taken into account that neither 1 nor 2 1~ likely to be the active catalysts since the ruthemum 
atoms are coordmatlvely saturated m both cases In order to generate a metal carbene mterrnedlate 
that is generally assumed to be involved in these carbenold transformatlonsl, hgand exchange must take 
place Introduction of a carbene hgand at ruthemum is likely to break up the polymenc structure of 1 
(whtch would explain why msoluble 1 IS gradually consumed during the reacttons), whereas it occurs by 
displacement of a weakly-bound acetorutrlle hgand m 2 

The yields of cyclopropanes 3 resultmg from monosubstituted or 1,1-dlsubstltuted alkenes and 1 
or 2 (at elevated temperature) (Table 1, entries 1,3,4,5,7,10) compare well wth those obtamed m the re- 
actlons catalyzed by Rh2(OAc)42,3*5, but are somewhat lower for the cyclopropanes derived from the 
1,Zdlsubstltuted and tetrasubstltuted alkenes (entries 8,9,11) The stereoselectivltles of carbene transfer 
to styrene, 1-hexene, and cyclohexene resemble those obtamed in the Rh2(0Ac)4-catalyzed reactlons In 
the case of ethyl vmyl ether and 2,3-dlhydrofuran, catalysis by 1 remarkably increases the dlastereomer 
excess of the stencally more favored (E)-cyclopropane, which may be attributed at least m part to a fast 
eplmerlzatlon and ring-opening lsomerlzatlon of (z)-3 (syn-3) by the catalyst13 On the other hand, the 
crs-selectlvlty observed for cyclopropanatlon of a-meth lstyrene (entry 10) contrasts with E/Z ratios of 
15 and 0 98 in the reactlons catalyzed by Cu(acac)2 1I and Rh2(0Ac)4 (ethyl dlazoacetate instead of 
MDA)5, respectively The stereochemlcal assignments rest upon the mterpretatlon of the ‘H NMR 
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spectra as given in the hterature14-16. The assignments are corroborated further by the 13C NMR 
spectra (Table 2). Most sign&ant is the mutual shteldmg of the carbon atoms that are attached to the 
cyclopropane ring and belong to vi&al cr.+postttoned substituents, certainly a consequence of the well- 
precedented v-effect. As a consequence of this effect, the carbonyl signal of the major isomer (E in 1,2- 
dlsubstituted cyclopropanes and anri in the bicyclo[n.l Olalkanes) is consistently found at lower field as 
compared to the minor isomer 

Table 1. Formatton of Cyclopropanes 3 from Alkenes and Methyl Dmzoacetate (MDA) 
Catalyzed by 1 or 2 

Entry R1 R2 R3 R4 Catalyst/ Reaction Temp. 
Methoda Time [hlb f°Cl 

1 Ph H H H I/A 1214 20 95 
2 2/A 8112 20 58 
3 2/B 512 60 94 
4 Bu Ii H H l/A 12/4 20 67 
5 Et0 H H H l/A 1214 20 89 
6 2/A 8/36 20 54 
7 2/B 512 36 83 
8 -(CIi2)4- H H l/A 1214 20 68 
9 -(CH2)20-H H 1/A 12/4 20 62f 

10 Ph H Me H 1/A 12/4 20 91 
11 Me Me Me Me 1/A 1214 20 479 
12 2/B 512 60 12h 

1.6 
2.3 
1.5 
2.0 
4.5 

11.9 
5.4 
3.7 
>97:<3 
0.67 

a Method A MDA (20 mmol), diluted m alkene and CH2Cl2, 1s added over 8-12 h to a suspension of 
the catalyst (0 2 mmol) m excess alkene and CH2C12 - Method R MDA (20 mmol), diluted in alkene, 
is added over 5 h to a solutton of catalyst (02 mmol) in excess alkene kept at the indicated 
temperature For further details, see Experimental Sectton 

b Time of addition / subsequent time for complete decomposition of MDA 
c Yield of dtsttlled cyclopropanes 3. Dtmethyl maleate and dimethyl fumarate were observed as by- 

products 
d Anh/iyn for entries 8 and 9 
e Determined by ‘H NMR (400 MHz) 
f Mixture of u-3 and (2,3-drhydro-4~furyl)acetate, ratio 9 1 
g Dtmethyl maleate and fumarate were isolated m 36 and 15 % yield, resp 
h Dtmethyl maleate and fumarate were Isolated m 57 and 30 % yteld, resp 

Carbene transfer to isoprene with MDA/l ytelds the cyclopropanes 4 (56%, E/Z = 0.92) and 5 
(36%, E/Z = 2 5) The preference for the more electron-nch l,l-dtsubstuuted double bond of the diene 
has been observed before for rhodium- and copper-catalyzed reacuons17s18 In fact, for the cyclopropa- 
nation catalyzed by 1 and by Rh2(0Ac)4, the ytelds of 4 and 5, the regtoselectivny (4/S) and the stereo- 
selectlvuy for 4 (E/Z rattos of 0 9718 and 1 l3 have been reported) are nearly identical. Only the ratio E- 
5/Z-5 IS higher than wtth any other catalyst used before 
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J-- cat. 1, 20 “C 
- + MDA 

- 
-p”‘+- 

COOMe COOMe 

4 5 

Table 2. 13C NMR Data of Cyclopropanes 3 (solvent CDCl3 6 values m ppm)a 

R1 R2 R3 R4 Iso- CHCO CRlR3 CR2R4 OMe CO Other Signals 
mer 

Ph H H H 2 25.3 23.7 11.0 51.04 171.0 136.2 (i-Ph) 
E 26.0 21.4 16.7 51.52 173.4 139.7 (i-Ph) 

Bu H H H Zb 21.7 17.7 13.2 51.06 173.1 13.7 (Me); 22.1, 
26.4, 32.5 Eb (CH2) 22.7 19.7 15.2 51.17 174.6 13.7 

(Me); 22.1, 
31.1, 31.6 (CH2) 

-(CH2)4- H H =yn 21.6 16.2 16.8 50.64 171.9 18.2, 20.9 (CH2) 
anti 25.2 21.8 21.8 51.04 174.8 20.7, 22.5 (CH2) 

Me Me Me Me 35.4 29.9 29.9 50.6 172.3 16.4, 23.3 (Me) 

aDatafortherem~mngcyclopropanesofTable lhavealreadybeenrepo~?ed'~ 
bAsslgnments arebasedonJ-modulatedspm-echo expenments 

We have also checked the ability of 1 to catalyze alkene cyclopropanation wrth methyl dnuo- 
(trimethylsrlyl)acetate 6 The draxo carbon atom of 6 is both stertcally shielded and rendered less nucleo- 
phrhc than 111 MDA by the 9Me3 substttuent Thus, diaxoester 6 provides a further test for the perfor- 
mance of 1 as a carbene transfer catalyst 

Duuoester 6 is only decomposed at elevated temperatures (60-80 OC), as expected, but cyclopro- 
panes 7 are stall obtained m good yield (Table 3) Two other catalysts whtch decompose 6 already at 20 
OC Cu(1) t&ate and Rh(II) perfluorobutyrate, also produce cyclopropanes 7 from styrene and 1-hexene, 
though m somewhat lower yteld” In contrast to 1, however, they furmsh no cyclopropane wrth cyclohe- 
xene, but only the product of carbene insertion into an allyhc C-H bond. This result underhnes the ex- 
cellent cyclopropanatzon actzvity of our new ruthemum(1) catalyst 1 The cyclopropanatron of 1-hexene 
was accompamed by a small amount of the metathesis product BuCH=C(SrMe3)COOMe The low yield 
and the farlure to detect slmrlar olefms in the other cases mdtcate that 1, m contrast to Ru2(OAc)d7, 1s 
not an effectzve metathesis catalyst under the gtven reaction conditions 

Accordmg to the diastereomer ratio for 7a-c, the stencally favored Isomer prevarls, r e. the tnme- 
thylsrlyl group occupies the less substituted stde of the cyclopropane ring The stereochemical assignment 
is based on lH and 13C NMR crztena For 7a, the phenyl rmg causes the expected high-field shaft of the 
czs-&Me3 and cu-COOMe proton signals as compared to the same groups in rruns positton For 7h and 
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7c, the protons of &Me 
crs po~rtron~~ In the 3 

and COOMe are slightly deshtelded, when the neighboring alkyl groups are in 
C NMR spectra, the C=O signal is shifted to hrgher field when the alkyl and 

ester groups are crs to each other, agam, thts 1s m agreement wrth the 7-syn-effect mentioned above. 

cot. 1 

R’, ,R2 ,SiMe, 63-83 “C COOMe 

,,,C=C.H + N,=C, + 

COOMe -N2 

6 E-7 z-7 
bTdi-71 [8$49’b-7) 

Table 3 Cyclopropanatton of Alkenes wrth Methyl Draxo(trrmethylsilyl)acetate (6) Catalyzed by I 

Cycle- R1 R2 Reaction Yield of 7 E/f+ 

propane temp. [Oc] [*Ia (antl/syn) 

7a Ph H 70 70 1.8 
7b Bu H 63 89’ 3.4 
7c -(CH2)4- 83 54 7.0 

a Yield of isolated products 
bDetermmed by lH NMR spectroscopy (200 MHZ). 
c The cyclopropane was accompanied by a small amount of 

BuCH = C(StMe3)COOMe (5% yield, 2 isomers, ratio 3 2.1). 

The electrophthc nature of the metal-carbene mtermedrate derrved from 1 and MDA becomes 
obvrous from experiments to cyclopropanate benzene and amsole. Decomposrtron of MDA m an excess 
of benzene catalyzed by 1 (1 mol-%) furmshed only the formal carbene dimers, dnnethyl fumarate and 
maleate, whereas carbene transfer to the more electron-rich amsole [slow addition of MDA to an excess 
of amsole contarmng l(1 mol-%), 20 OC] was more successful Besides the carbene duners (62%), two of 
the three regrorsomenc methoxycycloheptatriene-7_carboxylates, 8 and 9 (total yreld 24%. 8/9 = 12.5), 
as well as (Zmethoxyphenyl)- and (4-methoxyphenyl)acetates 10 (3%) and 11 (3%) were obtamed after 
column chromatography A comparison wrth Rh(I1) carboxylate catalysts1p21 IS mstructive. Rh2(OAc)4 1s 
quite mefftcrent m promoting alkoxycarbonylcarbene transfer to benzene, whereas the more electrophihc 
Rh2(02CCF3)4 1s the catalyst of choice for acylcarbene transfer to aromatic molecules Thts comparison 
shows agam the snmlartty between catalyst 1 and Rh2(0Ac)4 The regioselectivity observed m the 
amsole reaction catalyzed by 1, on the other hand, 1s strongly different from that reported for 
Rh2(02CCF3)4 as catalyst, where the 3-, l-, and 2-methoxy derrvattves of methyl 1,3,5-cycloheptatnene- 
7-carboxylate have been obtained in yrelds of 56,29, and 8 % , respectrvely21 
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OMe 
cat. 1 

+ N2 = CH - COOMe . 
42 

H, 
,C=C< + O”-; + oh + &Cti_CWMe 

E 

lot 2-OMe 
0 0 lt 4-O& 

In summary, we have described the fit efficient Ru(1) catalyst for alkene cyclopropanatron with 
diazoesters The catalyst 1 is easily accessrble1122 and easy-to-handle. Cyclopropanatron succeeds not 
only wrth methyl diazoacetate, but also with sterrcally shrelded disubstrtuted methyl dutzo(trimethylsilyl)- 
acetate In terms of electrophlliaty, efficiency, rego- and (partly) stereoselectivity, 1 compares remar- 
kably well with Rh2(OAc)4 A comparison of current prizes of ruthemum and rhodium derivatives also 
recommends 1 as a distinctly less costly alternative 

Experimental 

General injiormation NMR spectra Bruker WP 200 (lH. 200 MHz, 13C 50 3 MHz) and Bruker AM 400 
(lH 400 MHz; l3 C 100 6 MHz). All spectra were recorded m CDCl3 with TMS as internal standard IR 
spectra Perkm-Elmer IR 397, wavenumbers [cm-‘] are given. Elemental analyses Perk&Elmer EA 
2400 f Ru~(CO)~(~~-OAC)~]~ (1) and Ru2(CO)4(fi-OAc)2(MeCN)2 (2) were prepared by literature me- 
thods 1 All cyclopropanation reactions were carried out under an argon atmosphere. 

Cyclopropanatron of alkenes wrth methyl diazoacetate catalyzed by 1 or 2; general procedure Alkenes 
were generally purified by drstillatron prior to use A solution of methyl diazoacetate (20 mmol) in alkene 
(20 mmol) and dtchloromethane (50 ml) is added at 20 OC during 8-12 h via an automauc pump to a 
stirred rmxture of alkene (180 mmol) and drchloromethane (20 ml) contaming the catalyst [l (0 086 g, 0 2 
mmol) or 2 (0 103 g, 0.2 mmol)] Surrmg is continued until the evolution of N2 has ceased (4-36 h, see 
Table l), and the solvent and excess alkene are removed by drstillatron at ambient pressure (except for 
styrene and a-methylstyrene which were removed by column chromatography on silica gel, eluant low- 
boding petroleum ether) Cyclopropanes 3 are isolated by column chromatography [80 g of srhca gel, 
eluant pentane/ether, 5 l] as the first fraction (followed by drmethyl fumarate and dunethyl maleate) 
and purified further by distdlation Drastereomerrc rmxtures could not be separated m this manner For 
yields and dmstereomer rattos, see Table 1 

All cyclopropanes 3 so obtained were characterized by lH and 13C NMR spectra as well as by 
elemental analysis lH NMR data have been reported before m the llterature14-16, 13C NMR data are 
given m Table 2 

Cyclopropanatton of rsoprene A mixture of methyZ (E)- and (Z)-2-methyl-2-vmykyclopropane-l- 
carboglate (4) and methyl (E)- and (2)-2-(l-methylvmyl)-qclopropane-I-carboxykte (5) was obtamed 
Assignment of the mdivrdual regioisomers and drastereomers was possible by the close simrlanty of the 
‘H NMR data wnh those reported for the correspondmg ethyl esters2a3 Isomer ratios were determined 
by mtegration of the lH NMR spectrum (400 MHz) of the mixture 
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Cyclopropanatwn o alkenes with methyl drazo(t&nethyWyl)acetate (6) cataiyzed by 1; geneml 
z& procedure A soluuon of 6 0 42 g, 2 4 mmol) 1n the alkene (10 ml) is added over 1.5-2 h at a controlled 

rate to a stirred suspension of l(35 mg, 0.081 mmol, 3 4 mol-%) 111 the alkene (10 ml) kept at the tempe- 
rature that 1s Fven 1n Table 2 Stimng 1s continued until evolution of N2 has ceased (6-8 h) The mixture 
1s filtered over neutral alumma (ca 10 g) to remove the catalyst, excess alkene is dstilled off at ambient 
pressure, and the cyclopropane 1s isolated by vacuum distillation or column chromatography [Merck Lo- 
bar columns, L1Chroprep S1-60,40-63 pm, eluant petroleum ether / ether (91)] 

Methyl (E)-and (Z)-2-phenyl-l-tnmethylsrlyl-I-cyclopropanecarboxylate (7a) Chromatographm se- 
paration of the reaction rmxture yields first oligomers of styrene, then cyclopropane 7a as a mixture of 
dmstereomers (70%, E/Z ratio 18). - lH NMR (200 MI-Ix)* Z-7~ 6 = -0 18 (s, S1Me3). 1.42 (dd, I = 6.8, 
4OHz,lH),172(dd,J=8.8,4OHz,lH),284(dd,J=88,68H~lH),3.75(OMe),728(m,Ph) E- 
7a 6 =012(S1Me3),125(dd,.J=81 49Hx,1H),196(dd,I=6.5,49Hx,1H),240(dd,I=8.1,6.5 
Hz, 1 H), 3.35 (OMe), 7 28 (m, Ph) - i3C NMR Z-7a 6 = -12 (SiMe3), 15.8 (C-3), 20 1 (C-l), 32 1 (C- 
2), 517 (OMe), 137 8 (ipso-Ph), 176 7 (C=O). -E-7a 6 = -2 6 (8Me3), 14.2 (C-3), 23 5 (C-l), 28 2 (C-2), 
512 (OMe), 1374 (Ipso-Ph), 1727 (C=O) -1R (neat) 1710 (C=O) - Anal Calcd for CI4H2OO2S1 
(248 4) C, 67 69, H, 8 11 Found C, 67 6, H, 7 9 

Methyl (E)- and (Z)-2-butyl-l-tnmethyk~lyl-l-cyclopropanecarboxylate (7b) Chromatographlc se- 
paration of the reaction rmxture yields first oligomers of hexene, then cyclopropane 7b as a rmxture of 
dmstereomers (89%, E/Z ratio 3 4) - ‘H-NMR (400 MHz) 6 = -002 (s, S1Me3, E-isomer), 0.07 (s, 
S1Me3,Z-isomer), 0 6-l 5 (m, all CH, CH2, and CH3), 3 58 (s, OMe, Z-isomer), 3 60 (s, OMe, E-isomer) 
- 13C NMR Z-7b 6 = -0 1 (S1Me3), 17 7,29 6,30.1,32 0,176 8 (C=O), the remaimng signals coincide 
wnh signals of the major isomer E-7b 6 = -2 1 (StMe3), 14 0 (Me), 16 0 (C-3), 18 2 (C-l), 22 4 (CH2), 
24 7 (C-2), 28 4 (CH2), 316 (CH2), 514 (OMe), 174 6 (C=O). - IR (neat) 1725 (C=O) - Anal. Calcd 
for Cl2H2402S1(228 4) C, 63 1, H, 10.59 Found C, 62 9, H, 10 6 
The cyclopropane 1s contaminated v&h a trace of methyl 2-tnmethylsdyl-2-heptenoate held. ca 5%; two 
isomers, ratio 3 2 l), as evidenced by ‘H-NMR and analytical W-MS - IH-NMR (400 MHz), values for 
the major isomer are given first 6 = 0 08/O 10 (S1Me3), 2 32/v (pseudo-q, CH2-CH=), 3.67/3.70 (OMe), 
6 12/v (t, HC=) - Mass spectrum of major isomer (70 eV) m/r = 213 (14%) [M+], 197 (a), 185 (5), 
169 (lo), 143 (18), 89 (100) 

Methyl 7-anti- and syn-tnmethyl.s@l-brcyclo[4 I Olheptane-7-carboxylate (7~). After removal of ex- 
cess cyclohexene, 7c 1s isolated by Kugelrohr distillation at 60 OC /O 04 Torr as a rmxture of dmstereo- 
mers (54% yield, antr/syn = 7 0) - ‘H NMR (200 MHz) 6 = - 0 13 (s, arm-S1Me3), 0.09 (s, synSiMe3), 
0 7-l 9 (m, all CH, CH2), 3 46 (s, syn-OMe), 3 52 (s, anti-OMe) - 13C NMR. WI&7c 6 = -3 3 (S1Me3), 
17 2 (C-1,6), 20 4 and 210 (C-2,3,4,5), 22 7 (C-7), 50 7 (OMe), 172 8 (C=O) ~yn-7cc’ 6 = 13 (S1Me3), 
20 1 and 20 5 (C-2,3,4,5), 23 5 (C-1,6) C-7 not located, 51.2 (OMe), 177.0 (C=O) - Anal. Calcd for 
C12H2202S1 (226 4) C, 63 66, H, 9 80 Found C, 63 7, H, 9 9 

Reactlon of amsole wrth methyl drazoacetate catalyzed by 1 A solution of methyl diazoacetate (2.00 
g, 20 mmol) 1n amsole (3 ml) 1s added over 20 h to a stirred suspension of l(O.086 g, 0.2 mmol) in anisole 
(12 ml) The reaction rrnxture 1s then fractionated by column chromatography on silica gel (80 g). Excess 
amsole 1s eluated first with low-boiling petroleum ether Further eluatlon Hrlth ether / petroleum ether 
(1 9) yields the followmg fractions a) A mature of methyl 3-methoxy- and 2-methoxy-1,3,5- 
cycloheptatnene-7-carboxylate (8 and 9 
lH NMR spectral data with 

0 85 g, 24% yield, 8/9 = 12.5), identified by comparison of the 
21 published values, b) dimethyl fumarate (0 33 g, 23%), c) a mixture of 

methyl (2-methoxyphenyl)acetate and (4-methoxyphenyl)acetate (10 and 11, 0 21 g, 6% yield, lO/ll = 
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1 l), Identified by their 1H and 13C NlvE@l spectra Further eluation wnh ether / petroleum ether (3.7) 
furmshed dnnethyl maleate (0 56 g, 39%). 
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