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Interesting organometallic compounds can often be ob-
tained by replacement of (hydro)carbon groups of organic
compounds with isolobal transition metal fragments.[1] For
example, the CH2 group in CH2�CHR can be replaced by 16-
electron transition metal fragments [LnM] to give carbene
complexes [LnM�CHR], the CH group in HC�CR can be
replaced by 15-electron transition metal fragments [LnM] to
give carbyne complexes [LnM�CR], and a CH group in
benzene can be replaced by 15-electron transition metal
fragments to give metallabenzenes.[2] In principle, a carbon
atom in benzyne could also be replaced by 14-electron
transition metal fragments to give metallabenzynes. However,
such a possibility has not previously been realized. Here we
describe the synthesis and characterization of the first metal-
labenzyne.

Treatment of [OsCl2(PPh3)3] (1)[3] with an excess of
HC�CSiMe3 in wet benzene produced a yellow precipitate
and a brown solution. The yellow precipitate was identified as

tal analysis (%) calcd for C21H15N3O3Ni: C 60.62, H 3.63, N 10.10; found: C
60.58, H 3.60, N 10.05; 1H NMR (200 MHz, CDCl3): d� 3.80 (s, 2 H, CH2),
6.8 ± 8.9 (m, 13 H, ArH); UV (CH2Cl2, lge (lmax)): 4.60 (354 nm); IR: nÄ �
1685, 1610 (amide), 1650 cmÿ1 (C�N).

Asymmetric alkylation of 3 under PTC conditions (described for RX�
BnBr): Finely ground NaOH (2.0 g, 50 mmol), substrate 3 (2.1 g, 5 mmol),
and (R)-NOBIN (0.14 g, 0.5 mmol) in anhydrous CH2Cl2 (30 mL) were
stirred under Ar for 3 min at 15 ± 20 8C. Then BnBr (1 g, 5.8 mmol) was
added under Ar, and the mixture was stirred for an additional 8 min. The
reaction mixture was quenched by the addition of 10 mL of aqueous AcOH
and diluted with CH2Cl2 (30 mL). The organic layer was separated, and a
small part of it was used to determine the ee (97 % R) of the crude Phe
(Table 1, entry 5). The residue was purified by flash chromatography on
silica gel (to remove unconsumed 3) with CHCl3/acetone as eluent to give 5
(2.3 g, 4.5 mmol, 90 % yield, 97% ee according to GLC analysis of the
corresponding (R)-amino acid). The crude complex was crystallized from
C6H6/acetone to give the enantiomerically pure product 5 (R�Bn; 1.9 g,
3.7 mmol, 74% yield); m.p. 276 8C, [a]25

D �ÿ36058 (c� 1, CHCl3/MeOH),
ee> 99.8 % (R) according to GLC on the amino acid (ref. [9]: for 5 (R�
Bn) with ee 13 % (S): [a]25

D ��3708 (c� 1, CHCl3/MeOH)). Elemental
analysis (%) calculated for C28H21N3O3Ni: C 66.40, H 4.15, N 8.30; found: C
66.63, H 4.28, N 8.11; 1H NMR (200 MHz, CDCl3): d� 2.86, 3.13 (ABX
system, JA,B� 13.4 Hz, 2 H, CH2), 4.36 (ABX system, JA,X� 2.9, JB,X�
5.65 Hz, 1H, CH), 6.80 ± 7.90 (m, 18H, Ar); UV (CHCl3, lge (lmax)): 2.80
(256), 3.79 (351), 3.68 (455 nm). IR: nÄ � 1685, 1615 (amide), 1660 cmÿ1

(C�N).

Recovery of amino acids, as illustrated for Phe: The crystallized complex 5
(R�Bn, 1.8 g, 3.5 mmol) was decomposed by refluxing a suspension in a
mixture of aqueous 6n HCl (5 mL) and MeOH (6 mL) for a few minutes
until the red color of the solution disappeared, as described previously.[9]

The solution was evaporated to dryness, water was added to the residue,
and the insoluble material was filtered off, washed with water, and dried to
afford 4 ´ HCl. The aqueous layer was adjusted to pH 8 with aqueous
ammonia solution, and the mixture was extracted with CHCl3 (3� 10 mL)
to remove small amounts of remaining 4. Phe was recovered from the
aqueous solution by the ion-exchange technique (DOWEX-50, H� form).
(R)-Phe (0.40 g, yield 68 %) was analyzed by chiral GLC (ee> 99.8 %);
m.p. 288 ± 290 8C (decomp), [a]25

D ��33.2 (c� 2, H2O), [ref. [10]: (S)-Phe
[a]25

D �ÿ33.4 (c� 1.3, H2O)]. Elemental analysis (%) calcd for C9H11NO2:
C 65.44, H 6.71, N 8.48; found: C 65.36, H 6.78, N 8.44.
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the carbyne complex [OsCl3(�CCH3)(PPh3)2] (2). From the
brown solution, complexes 3, 4, and the metallacyclic 5 were
isolated in 22, 4.5, and 30 % yield, respectively (Scheme 1).
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Scheme 1. Reaction of 1 with HC�CSiMe3.

All new complexes were characterized by elemental
analysis and multinuclear NMR spectroscopy. The structures
of 4 and 5 were also confirmed by X-ray diffraction analysis
(Figures 1 and 2).[4] Formation of complexes 2 and 3 from the

Figure 1. Molecular structure of 4. Selected bond lengths [�] and an-
gles [8]: Os1-P1 2.3821(14), Os1-P2 2.3722(14), Os1-C1 1.803(6), Os1-C6
2.060(5), Os1-C11 2.126(5), Os1-C16 2.341(5), Os1-C17 2.685(5), C1-C2,
1.332(7), C6-C7 1.218(6), C11-C12 1.321(7), C11-C16 1.406(7), C16-C17
1.223(7); C2-C1-Os1 179.1(5), C1-C2-Si1 128.7(5), C7-C6-Os1 177.6(5), C6-
C7-Si2 172.8(5), C12-C11-Os1 150.6(4), C11-C12-Si3 126.9(4), C16-C11-
Os1 80.2(3), C16-C17-Si4 161.5(5), C11-C16-Os1, 63.5(3), C17-C16-Os1
92.3(4), C12-C11-C16 129.1(5), C17-C16-C11 155.8(5), Si4-C17-Os1
137.87(26), P2-Os1-P1 171.41(5).

reaction of 1 with an excess of HC�CSiMe3 can be under-
stood, as the similar products [OsCl3(�CCH2CMe3)(PPh3)2]
and [OsCl(�C�CHCMe3){C(C�CCMe3)�CHCMe3}(PPh3)2]
were obtained from the reaction of 1 with an excess of
HC�CCMe3 via the intermediate [OsCl2(�C�CHCMe3)-
(PPh3)2].[5] Thus one might expect that [OsCl3(�CCH2-
SiMe3)(PPh3)2] and 3 could also be produced from the
reaction of 1 with HC�CSiMe3 via the intermediate [OsCl2-
(�C�CHSiMe3)(PPh3)2]. However, desilylation apparently
occurred in the formation of 2 as a result of hydrolysis of
the CÿSiMe3 bond. There are many reports that reactions of

Figure 2. Molecular structure of 5. Selected bond lengths [�] and an-
gles [8]: Os1-P1 2.4103(9), Os1-P2 2.4117(10), Os1-Cl1 2.4798(9), Os1-Cl2
2.4811(10), Os1-C1 1.815(4), Os1-C5 1.939(5), C1-C2 1.376(5), C2-C3
1.420(5), C3-C4 1.416(6), C4-C5 1.378(6), C3-C6 1.515(7); P1-Os1-P2
171.21(3), C1-Os1-C5 78.1(2), C4-C3-C2 124.0(4), C2-C1-Os1 148.7(3), C4-
C5-Os1 138.6(5), C1-C2-C3 112.4(4), C5-C4-C3 117.7(4), C1-C2-Si1
120.0(3), C5-C4-Si2 118.8(4), C3-C2-Si1 127.6(3), C3-C4-Si2 123.4(3), C2-
C3-C6 117.4(5), C4-C3-C6 118.6(5).

silylated alkynes with low-valent transition metal complexes
in the presence of water can lead to hydrolysis of CÿSi bonds
to give CÿH bonds.[6, 7] Complex 4 is presumably formed by
the reaction of 3 with HC�CSiMe3 and elimination of HCl.

The most unusual complex formed in the reaction of 1 with
an excess of HC�CSiMe3 is 5. As confirmed by X-ray
diffraction analysis, it contains an essentially planar six-
membered metallacycle (Figure 2). The maximum deviation
from the least-squares plane through Os1 and C1 ± C5 is
0.047 � for C1. The C1ÿC2 distance (1.376(5) �) is compa-
rable to that of C4ÿC5 (1.378(6) �), and the C2ÿC3 distance
(1.420(5) �) is similar to that of C3ÿC4 (1.416(6) �). The
OsÿC1 bond length (1.815(4) �) is slightly longer than those
observed for typical Os�C bonds[6, 8] and is at the lower end of
those found for Os�C�CRR' complexes.[9] The OsÿC5 bond
length (1.939(5) �) is slightly shorter than those observed for
typical OsÿC(vinyl) bonds[10] and is within the range of those
reported for OsÿC(carbene) bonds.[11] The OsÿC and CÿC
bond lengths within the six-membered ring, together with its
planar nature, indicate that the six-membered metallacycle
has a delocalized structure with contributions from the
resonance structures 5 and 5 A. The Os1-C1-C2 angle
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(148.7(3)8) is significantly smaller than that expected for a
carbyne or vinylidene complex owing to the constraint of the
six-membered ring. Consistent with the solid-state structure,
the 13C{1H} NMR spectrum of 5 displayed signals for Os�C
and OsÿCH at d� 306.6 and 227.8, respectively. Since the
structure of 5 is closely related to that of benzyne, complex 5
can be regarded as a metallabenzyne.
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Although many metallabenzenes are known,[2] complex 5
appears to be the first well characterized example of a
metallabenzyne. Benzynes[12] are important intermediates
which have been widely used in organic and organometallic
synthesis and mechanistic studies. However, it is difficult to
isolate free benzynes because of their low thermal stability
and high reactivity. To our knowledge, no X-ray structures of
free benzynes have previously been determined.

Scheme 2 shows a plausible mechanism for the formation of
5. Reaction of [OsCl2(PPh3)3] (1) with HC�CSiMe3 could
initially produce the vinylidene intermediate [OsCl2-
(�C�CHSiMe3)(PPh3)2] which can undergo desilylation in
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Scheme 2. A proposed mechanism for the formation of 5.

the presence of water to give 6. Related ruthenium vinylidene
complexes [RuCl2(�C�CHR)(PPh3)2] were prepared from
the reactions of [RuCl2(PPh3)3] with HC�CR.[13] Intermediate
6 can react with additional HC�CSiMe3 to give 7 and 8.
Complex 8 could then rearrange to the osmabenzyne 5 by an
acid-catalyzed reaction, i.e. , protonation of the�CH2 carbon
atom of 8 to give 9 followed by deprotonation of an a-CH
proton of 9. The protonation/deprotonation process could be
mediated by any proton donor (e.g., the carbyne complex 3 or
H2O) present in the reaction mixture. Consistent with the
mechanism, it was shown that deuterium is incorporated into
the methyl group of 5 when the reaction is carried out in the
presence of D2O.

In summary, we have synthesized the first metallabenzyne 5
from the reaction of [OsCl2(PPh3)3] (1) with HC�CSiMe3. We
are currently preparing other metallabenzynes and investi-
gating the chemistry of this novel class of compounds.

Experimental Section

A mixture of 1 (1.0 g, 0.95 mmol) and HC�CSiMe3 (1.1 mL, 7.6 mmol) in
benzene (15 mL) was stirred at room temperature (RT) for 5 d to give a
yellow microcrystalline solid and a brown solution. The volume of the
reaction mixture was reduced to ca. 5 mL, and it was filtered. The yellow
solid was washed with benzene (3 mL) and diethyl ether (2� 10 mL) and
dried under vacuum to give 2 (0.11 g, 14 %). The filtrate was concentrated
to ca. 1 mL, and hexane (30 mL) was added slowly with stirring to give a
brownish green precipitate and a brownish red solution, which were
separated by filtration. The solvent of the brownish red filtrate was
removed under vacuum, and the residue was extracted with 10 mL of
hexane and filtered. The brownish red extract was allowed to stand at

ÿ8 8C for several days to give 4 as yellow microcrystalline needles, which
were collected by filtration and washed with hexane (3 mL) and dried
under vacuum (0.047 g, 4.5%). Further storage of the mother liquid at
ÿ8 8C after concentration to 5 mL gave 3 as brownish red blade crystals,
which were collected by filtration, washed with hexane (5 mL) and dried
under vacuum (0.22 g, 22%). The brownish green solid obtained above was
washed with hexane (15 mL), dried, and redissolved in 2 mL of CH2Cl2. A
greenish blue solid formed when hexane (30 mL) was added with stirring.
The solid was collected by filtration, washed with diethyl ether (2� 10 mL)
and hexane (2� 20 mL), and dried under vacuum to give 5 (0.29 g, 30%).

2 : 31P{1H} NMR (121.5 MHz, CD2Cl2): d�ÿ13.5 (s); 1H NMR
(300.13 MHz, CD2Cl2): d� 0.042 (t, 4J(P,H)� 2.5 Hz, 3H, CH3), 7.36 ± 7.43
(m, 18 H, PPh3), 7.89 ± 7.96 (m, 12H, PPh3); 13C{1H} NMR (100.40 MHz,
CD2Cl2): d� 283.7 (t, 2J(P,C)� 12.3 Hz, Os�C), 135.1 ± 127.9 (m, PPh3),
36.9 (s, CH3); elemental analysis (%): calcd for C38H33Cl3OsP2: C 53.81, H
3.92; found: C 53.60, H 4.18.

3 : 31P{1H} NMR (121.5 MHz, CD2Cl2, 298 K): d� 13.6 (br s); 1H NMR
(300.13 MHz, CD2Cl2, 298 K): d�ÿ0.38 (s, 9 H, SiMe3), ÿ0.33 (s, 9H,
SiMe3), 0.02 (t, 4J(P,H)� 3.6 Hz, 1H, Os�C�CH), 0.08 (s, 9 H, SiMe3), 4.68
(br s, 1 H, Os-C�CH), 7.32 ± 7.40 (m, 18 H, PPh3), 7.62 ± 7.67 (m, 12 H, PPh3);
13C{1H} NMR (100.40 MHz, CD2Cl2, 298 K): d� 272.7 (br s, Os�C), 144.8
(br s, OsC�CH), 143.3 (br s, Os-C�CH), 136.2 ± 128.7 (m, other aromatic C
and C�C), 91.9 (br s, Os�C�CH), 1.9 (s, SiMe3), 0.0 (s, SiMe3), ÿ0.1 (br s,
SiMe3); elemental analysis (%): calcd for C51H59ClOsP2Si3: C 58.68, H 5.70;
found: C 58.79, H 5.87.

4 : 31P{1H} NMR (121.5 MHz, CD2Cl2, 298 K): d� 3.1 (br s); 1H NMR
(300.13 MHz, CD2Cl2, 298 K): d�ÿ0.51 (s, 9H, SiMe3), ÿ0.26 (br s, 18H,
2� SiMe3),ÿ0.02 (s, 9H, SiMe3), 0.48 (t, 4J(P,H)� 3.7 Hz, 1H, Os�C�CH),
5.47 (br s, 1H, OsC�CH), 7.28 ± 7.32 (m, 18 H, PPh3), 7.68 ± 7.84 (m, 12H,
PPh3); 13C{1H} NMR (100.40 MHz, CD2Cl2, 298 K): d� 275.1 (t, 2J(P,C)�
11.9 Hz, Os�C), 161.9 (t, 2J(P,C)� 6.7 Hz, OsC�CH), 140.2 (s, OsC�CH),
135.7 ± 127.4 (m, other aromatic C and C�C), 116.7 (s, OsC(C�CSi-
Me3)�CHSiMe3), 93.9 (t, 3J(P,C)� 3.7 Hz, Os�C�CH), 83.5 (s, Os-
C�CSiMe3), 1.2 (s, Si(CH3)3), 1.0 (s, SiMe3), ÿ1.0 (s, SiMe3), ÿ1.1 (s,
SiMe3); elemental analysis (%): calcd for C56H68OsP2Si4: C 60.84, H 6.20;
found: C 60.81, H 6.30.

5 : 31P{1H} NMR (121.5 MHz, CD2Cl2): d�ÿ3.3 (s); 1H NMR (300.13 MHz,
CD2Cl2): d�ÿ0.14 (s, 9H, SiMe3), 0.06 (s, 9 H, SiMe3), 2.27 (s, 3 H, CH3),
7.27 ± 7.38 (m, 18 H, PPh3), 7.62 ± 7.68 (m, 12 H, PPh3), 13.83 (s, 1 H, OsCH);
13C{1H} NMR (100.40 MHz, CD2Cl2): d� 306.6 (t, 2J(P,C)� 10.1 Hz,
Os�C), 227.8 (t, 2J(P,C)� 6.5 Hz, OsCH), 188.6 (s, CCH3), 136.1 (s,
CSiMe3), 135.0 (t, J(P,C)� 4.6 Hz, m-PPh3), 132.6 (t, J(P,C)� 26.8 Hz,
ipso-PPh3), 130.5 (s, p-PPh3), 127.9 (t, J(P,C)� 4.6 Hz, o-PPh3), 113.0 (s,
CSiMe3), 27.1 (s, CH3), 1.7 (s, SiMe3), 0.9 (s, SiMe3); elemental analysis (%):
calcd for C48H52Cl2OsP2Si2: C 57.19, H 5.20; found: C 57.38, H 5.38.
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Characterization of the Alkylation Product of
Heme by the Antimalarial Drug Artemisinin**
Anne Robert, JeÂroÃ me Cazelles, and Bernard Meunier*

Artemisinin 1 and its hemi-synthetic derivatives such as
artemether 2 are increasingly used to treat Plasmodium falci-
parum drug-resistant malaria, which causes between one and
three million deaths annually.[1] The stable endoperoxide
bridge of these compounds is required for their antimalarial

activity. The activity of artemisinin is dependent on the
cleavage of the endoperoxide by intraparasitic heme, which is
generated by the digestion of hemoglobin within infected red
blood cells.[2±5] In fact, the reductive activation by FeII ± heme
results in the homolytic cleavage of the endoperoxide bond
and the subsequent formation of drug-derived carbon-cen-
tered radicals, which act as alkylating agents toward either
heme or vital parasite proteins. The alkylation of proteins[6] or
heme[7] was observed after the incubation of parasites with
pharmacologically relevant concentrations of artemisinin
derivatives but no heme ± artemisinin or protein ± artemisi-
nin adducts had been characterized up to now. Herein we
report the first characterized adduct produced by the alkyla-
tion of heme by the antimalarial artemisinin.

The alkylation of a synthetic metalloporphyrin heme
model, manganese(ii) tetraphenylporphyrin, by artemisinin,[8]

artemether, and other synthetic pharmacologically active
trioxanes[9] has been reported in recent years. Herein, the
ªtrueº target of artemisinin, heme, was used. Artemisinin was
incubated under an argon atmosphere with the dimethyl ester
of hemin, [FeIII(ppix-dme)Cl] (3), in dichloromethane in the
presence of 2,3-dimethylhydroquinone to reduce hemin to

riding atoms. Crystal data for 4 : C56H68OsP2Si4 ´ C6H6, Mr� 1183.71;
triclinic, space group P1Å ; a� 12.5486(16), b� 13.5107(18), c�
20.905(3) �, a� 90.187(3), b� 104.815(3), g� 116.824(2)8, V�
3028.7(7) �3; Z� 2, 1calcd� 1.298 g cmÿ3 ; 20 888 reflections, 13820
independent reflections (Rint� 0.0454); R1� 0.0502, wR2� 0.0736 for
630 parameters and 8304 reflections with I> 2 s(I). The two protons
H2A and H12A attached to the vinyl carbon atoms were located in the
difference Fourier maps and refined isotropically. Crystal data for 5 :
C48H52Cl2OsP2Si2, Mr� 1008.12; monoclinic, space group P21/n ; a�
12.7613(4), b� 17.4260(6), c� 21.4826(7) �, b� 104.1100(10)8, V�
4633.1(3) �3; Z� 4, 1calcd� 1.445 g cmÿ3 ; 30 794 reflections, 11178
independent reflections (Rint� 0.0478); R1� 0.0327, wR2� 0.0566 for
512 parameters and 7697 reflections with I> 2 s(I). The protons
attached to C5 and C6 were located from the difference Fourier maps
and refined with isotropic thermal parameters. Crystallographic data
(excluding structure factors) for the structures reported in this paper
have been deposited with the Cambridge Crystallographic Data
Centre as supplementary publication no. CCDC-155319 (4) and
CCDC-155320 (5). Copies of the data can be obtained free of charge
on application to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK
(fax: (�44) 1223-336-033; e-mail : deposit@ccdc.cam.ac.uk).
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