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Abstract

The carbene anions resulting from in situ deprotonation of the Fischer-type carbene complexes Cp%(CO)2Mn�C(OEt)CH2R (1;
1a: R=H; 1b: Me) undergo an oxidative coupling in the presence of Cu(I), Cu(II) or Fe(III) salts to produce the corresponding
m-bis(carbene)dimanganese complexes {Cp%(CO)2Mn}2{m-�C(OEt)CH(R)CH(R)(OEt)C�} (2; 2a: R=H; 2b: Me). Double depro-
tonation of 2a gives a dianionic species that undergoes an oxidation in the presence of Fe(III) chloride to afford the
m-bis(vinylcarbene)dimanganese complex (E)-{Cp%(CO)2Mn}2{m-�C(OEt)CH�CH(OEt)C�} (3). The controlled electro-reduction
of the latter gives a radical anion whose ESR spectrum is consistent with a type III Mn0/MnI mixed valence complex. When
reacted with BCl3 followed by benzylideneaniline complex 2 afford a mixture of the mixed m-(alkylalkoxy carbene/azetidinyli-

dene)dimanganese complex {Cp%(CO)2Mn}2{m-�C(OEt)CH2CHCH(Ph)N(Ph)C
¸¹¹¹¹¹¹¹¹¹º

�} (4) and the m-bis(azetidinylidene)dimanganese

complex {Cp%(CO)2Mn}2{m-�CN(Ph)CH(Ph)C
¸¹¹¹¹¹¹¹¹º

HCHCH(Ph)N(Ph)C
¸¹¹¹¹¹¹¹¹¹º

�} (5). Complex 4 is the product of a net [2+2] cycloaddition
reaction between the mixed m-(alkylalkoxy carbene/carbyne)dimanganese complex {Cp%(CO)2Mn}2{m-�C(OEt)CH2CH2C�}+ [6]+

and the imine, whereas 5 results from a net 2× [2+2] cycloaddition between the m-bis(carbyne)dimanganese complex
{Cp%(CO)2Mn}2{m-�CCH2CH2C�}2+ [7]2+ and imine. The treatment of complex 4 by BCl3 followed by reaction with benzylidene-
aniline afford the mixed m-(vinylidene/azetidinylidene)dimanganese complex {Cp%(CO)2Mn}2{m-�C�CHCHCH(Ph)N(Ph)C

¸¹¹¹¹¹¹¹¹¹º
�} (8).

Finally, the oxidative coupling-type reaction observed from the alkylalkoxy carbene complex 1 could be extended to the
azetidinylidene complex [Cp%(CO)2Mn�CN(Ph)CHPhCH2] (10) to yield 5 in a selective manner. © 2001 Elsevier Science B.V. All
rights reserved.
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1. Introduction

Since their original report in 1964 [1], Fischer-type
carbene complexes have been extensively studied and
have found widespread applications in organic synthe-
sis. [2]. Due to the electrophilic character of the carbene
carbon atoms in this class of complexes adjacent C�H
bonds present an enhanced acidity [3]. As a conse-
quence, metal carbene anions are easily generated upon
treatment of alkyl carbene complexes with bases [4].

Such a property has been widely utilised to build elabo-
rated carbene side chains of interest in organic synthesis
via (i) formation of carbene anion and (ii) reaction with
electrophilic organic [2c, 5] or organometallic [6]
reagents.

In some aspects, the chemistry of carbene anions is
reminiscent to that of organic ester enolates, as in
aldol- or aldol condensation-type reaction with alde-
hydes or ketones [5b, 7] or in cycloaddition reactions
with a,b-unsaturated imines [8] for instance. While
studying the reactivity of chromium carbene anion
[Li][(CO)5Cr�C(OMe)CH2] toward oxiranes with the
aim to prepare oxacyclo carbene complexes, Licandro
et al. briefly mentioned the formation of traces the
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Table 1
Oxidative coupling of the carbene anions
[Cp%(CO)2Mn�C(OEt)CH2R]− ([1]−; [1a]−: R=H; [1b]−: R=Me).

Oxidising agentCarbene anion Product (%yield)

[1a]− 2a (63)CuI/O2
a,b,d

[1a]− CuCl2
a,c 2a (49)

[1a]− 2a (47)CuBr2
a,c

2a (47)CuI2
a,c[1a]−

2a (68)[1a]− CuCl2/O2
a,b,d

2a (85)FeCl3[1a]−

electrooxidation e[1a]− 2a (42)
2b (43)CuI/O2

a,b,d[1b]−

FeCl3
a,c[1b]− 2b (65)

a Carbene anion generated at −60°C in THF.
b 0.5 Equivalent of oxidising agent added at −80°C as a solid.
c Equivalent of oxidising agent added at −80°C as a solid.
d O2 bubbled for 30 s at −80°C.
e Carbene anion generated at −30°C, anodic oxidation performed

at −30°C.

bis(alky carbyne) complexes, whose reactivity had never
been examined.

In this paper, we present details of the synthesis of m-
bis(carbene)dimanganese complexes obtained by inter-
molecular oxidative coupling and oxidation of the man-
ganese carbene anions [Cp%(CO)2Mn�C(OEt)CHR]−

and [{Cp%(CO)2Mn}2{m-C(OEt)CHCH(OEt)C}]2−, re-
spectively, and the results of our investigation directed
at the synthesis of new dimanganese bis(carbyne) com-
plexes. The solid state structures of {Cp%(CO)2Mn}2{m-
�C(OEt)CH2CH2(EtO)C�}, (E)-{Cp%(CO)2Mn}2{m-�C-
(OEt)CH�CH(EtO)C�} and {Cp%(CO)2Mn}2{m-
�CN(Ph)CH(Ph)C

¸¹¹¹¹¹¹¹¹º
HCHCH(Ph)N(Ph)C

¸¹¹¹¹¹¹¹¹¹º
�} are also pre-

sented. A preliminary account of part of this work has
appeared [15,16].

2. Results and discussion

2.1. Intermolecular oxidati6e coupling of the carbene
anions [Cp %(CO)2Mn�C(OEt)CHR]− (1)

Cu(I), Cu(II) or Fe(III) salts are commonly used to
induce the oxidative coupling of carbanions [11,17].
Examination of the literature shows that the use 0.5 M
equivalent of cuprous salt (usually followed by reaction
with O2), or 1 M equivalent of a cupric salt (sometimes
followed by reaction with O2) usually provides the best
yields in coupling products. Following procedures di-
rectly inspired from organic chemistry, we found that
the treatment of a solution the carbene anion
[Cp%(CO)2Mn�C(OEt)CH2]− ([1a]−)-generated in situ
by reaction of Cp%(CO)2Mn�C(OEt)CH3 (1a) with
nBuLi in THF at −60°C, by either Cu(I) or Cu(II) salts
lead to the formation of m-bis(carbene)dimanganese
complex {Cp%(CO)2Mn}2{m-�C(OEt)CH2CH2(OEt)C�}
(2a) in yields ranged between 42 and 68%, depending
on the nature of the copper salt and on the reaction
conditions (see Table 1).

Ultimately, it was found that anhydrous Fe(III) chlo-
ride is best oxidative coupling reagent for that reaction,
affording 2a in 85% isolated yield (Schemes 1 and 2).
Similar treatment of the carbene complex Cp%(CO)2-
Mn�C(OEt)CH2Me (1b) afforded the complex {Cp%-
(CO)2Mn}2{m-�C(OEt)CH(Me)CH(Me)(EtO)C�} (2b)
in 63% yield.

Scheme 1.

m-bis(carbene)dichromium complex {(CO)5Cr}2{m-
�C(OMe)CH2CH2(OMe)C�} as side product of the re-
actions [9]. This complex could be seen as the net result
of the oxidative coupling of two chromium carbene
anions. It was suggested that such a coupling might
have been induced by TiCl4 used to pre-activate the
oxiranes substrates.

In the course of our investigations of the reactivity of
the manganese alkylalkoxy carbene complexes Cp-
%(CO)2Mn�C(OEt)CH2R (Cp%=h5-MeC5H4) [7c,8,10]
and with the support of the above observations, we
became interested in determining whether their depro-
tonated form would indeed undergo an oxidative cou-
pling in the presence of metal salts just as ketone
enolates or ester enolates do [11] to afford m-bis(alkyl-
alkoxy carbene)dimanganese complexes in effective
yields [12]. Having in mind that manganese alkylalkoxy
carbene can easily be derived into highly reactive
cationic alkyl carbyne complexes [13,14], one of our
objectives was to further use the incipient dinuclear
bis(alkyl carbene) complexes as precursors for dinuclear

Scheme 2.



A. Rabier et al. / Journal of Organometallic Chemistry 617–618 (2001) 681–695 683

Fig. 1. Perspective view of the complex {Cp%(CO)2Mn}2{m-
�C(OEt)CH2CH2(OEt)C�} (2a).

ciently promote the oxidation of 1,4-diketones dieno-
lates to give olefinic diketones [11c]. Upon
consideration of the similarity in the reactivity pattern
of organic enolates and carbene anions, we anticipated
that an appropriate treatment of the m-bis(car-
bene)dimanganese complexes {Cp%(CO)2Mn}2{m-
�C(OEt)CH(R)CH(R)(EtO)C�} (2) could lead to a
m-bis(vinylcarbene)dimanganese species.

Indeed, the treatment of complex {Cp%(CO)2Mn}2{m-
�(OEt)CH2CH2(EtO)C�} (2) at low temperature with
2.2 M equivalents of nBuLi followed by addition of 2.2
M equivalents of Cu(II) chloride gave the new m-
bis(vinylcarbene)dimanganese complex {Cp%(CO)2Mn}2-
{m-�C(OEt)CH�CH(OEt)C�} (3) in 36% yield. Bubbling
O2 for few seconds into the cold solution could signifi-
cantly improve the yield of 3 (62%). As for the synthesis
of 2a, anhydrous FeCl3 was finally found to be the best
oxidative coupling reagent allowing us to recover com-
plex 3 in 75% yield (Scheme 3).

Complex 3 was characterised by the usual spectro-
scopic techniques and by an X-ray diffraction study.

The 13C-NMR spectrum of 3 clearly shows, in addi-
tion to the signals due to the ethoxy groups and to the
Cp% ligand, a singlet at 129.1 ppm characteristic of the
vinylic carbon atoms. In the 1H-NMR spectrum, the
vinylic hydrogen atoms appear as a singlet at 6.85 ppm.
A perspective view of complex 3 is given in Fig. 2.
Bond distances and bond angles of interest are gathered
in Table 2, along with those for 2a.

The X-ray structure determination reveals an E ar-
rangement of the Cp(%(CO)2Mn fragment relative to the
C(7)�C(8) carbon�carbon double bond. Examination of
the carbon�carbon bond lengths within the
Mn(1)�C(5)�C(7)�C(8)�C(6)�Mn(2) chain deserve some
comments. The C(7)�C(8) (C(7)�C(8)�1.323(4) A, ) bond
is longer than the C�C distance of isolated double bond
(1.299 A, [18]) and compares well with the C�C distance
found in conjugate systems (1.330 A, [18]). On the other
hand the C(5)�C(6)) and C(7)�C(8)) bond are signifi-
cantly shorter than the corresponding C�C bond in

The oxidative coupling of the carbene anion [1a]−

could also be induced by electro-oxidation. Cyclic
voltamperometry of a solution of the carbene anion
[1a]− at −30°C displayed an irreversible oxidation
wave at 0.040 V (versus SCE) at a scan speed of 0.1 V
s−1. An anodic oxidation of [1a]− conducted at a
platinum gauze electrode at −30°C in THF/
[nBu4N][PF6] medium led to the formation of 2a, which
was isolated in 42% yield.

The complexes 2a and 2b were characterised by the
usual spectroscopic techniques (see Section 4) and for
2a by an X-ray diffraction study (see Fig. 1 and below).
NMR analysis of 2b, which bears two asymmetric
carbon atoms, shows the compound to form as a 1:1
mixture of the meso form and the dl pair. Attempts to
separate the two diastereoisomers by column chro-
matography remained unsuccessful.

2.2. Oxidation of the m-bis(carbene dianion)
[{Cp %(CO)2Mn}2{m-�C(OEt)CHCH(OEt)C�}]2−

([2a] 2−)

Saegusa et al. reported that Cu(II) salts can effi-

Scheme 3.
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Fig. 2. Perspective view of the complex (E)-{Cp%(CO)2Mn}2{m-
�C(OEt)CH�CH(OEt)C�} (3).

complex 2a (see Table 2). This indicates a substantial
delocalisation of the C�C bond within the hydrocarbon
link. Yet, the Mn�C bonds are little affected by this
phenomenon since both Mn(1)�C(5) and Mn(2)�C(6)
bond distances are equal within the experimental error
to the Mn�C bonds distances found in complex 2a.

It is very likely that in the formation of complex 3
proceeds via the intermediacy of a m-bis(carbene) dian-
ion resulting from a double deprotonation of 2a,
[Li]2[2a], followed by an oxidation induced by the
Fe(III) salt (or the Cu(II) salt). Though the dianionic
complex was not observed due its thermal instability,
evidence for its formation was obtained upon treatment
with MeI at low temperature, giving complex 2b in a
nearly quantitative yield as a 60:40 mixture of
diastereoisomers (Scheme 2).

Efforts to extend the reaction shown on Scheme 3 to
complex 2b failed. Apparently, the hydrogen atoms a to
the carbene atom in 2b are not acidic enough to be
removed by nBuLi. When 2b was sequentially treated by
a slight excess of nBuLi at −60°C and by MeI, no
methylation product could be detected, whereas 2b was
recovered unchanged. In contrast to earlier observa-
tions by Casey et al. that even tertiary carbon atom
attached to the carbene carbon atom of a chromium
Fischer-type carbene complexes can be deprotonated
[19], here the Cp%(CO)2Mn fragment we deal with pre-
sents a poorer acceptor ability than the (CO)5M (M�Cr,
W) fragment and is thus less likely to stabilise tertiary
carbanions as those that would form upon deprotona-
tion of 2b. It is worth noting that attempts to deproto-
nated 2b by tBuLi led to an intricate mixture of
compounds.

While seeking the best experimental procedure for
the synthesis of 3, 2a was deprotonated with the use of
KH (Scheme 4). As far as the oxidation reaction is
concerned, the reactivity of [K]2 [2a] is about the same
as [Li]2 [2a] as its treatment with FeCl3 (or CuCl2/O2) at
low temperature followed by warming up to room
temperature (r.t.) does lead to the formation 3 with a
comparable yield. However, the complex [K]2 [2a]—

Table 2
Bond distances (A, ) and bond angles (°) of interest for compounds 2a
and 3 a

2a 3

Bond distances
1.777(3)1.774(2)Mn(1)�C(1)

1.773(2)Mn(1)�C(3) 1.775(4)
Mn(1)�C(5) 1.885(2) 1.893(3)

1.149(4)1.155(3)C(1)�O(1)
1.148(5)1.155(3)C(3)�O(3)

1.334(2) 1.338(4)C(5)�O(5)
1.523(2) 1.471(4)C(5)�C(7)

1.323(4)1.540(3)C(7)�C(8)
1.775(2) 1.775(3)Mn(2)�C(2)
1.772(2)Mn(2)�C(4) 1.776(4)

1.891(3)1.880(2)Mn(2)�C(6)
1.150(2)C(4)�O(4) 1.153(6)
1.153(2) 1.151(4)C(2)�O(2)
1.346(2)C(6)�O(6) 1.344(3)
1.521(2)C(6)�C(8) 1.472(4)

Bond angles
91.42(10) 88.6(2)C(1)�Mn(1)�C(3)
99.73(9)C(1)�Mn(1)�C(5) 93.2(1)
87.86(9)C(3)�Mn(1)�C(5) 97.5(2)

173.1(2)Mn(1)�C(1)�O(1) 176.8(3)
Mn(1)�C(3)�O(3) 175.45(3)178.9(2)

103.46(15)O(5)�C(5)�C(7) 106.4(3)
132.37(13)Mn(1)�C(5)�O(5) 132.5(2)
123.72(13)Mn(1)�C(5)�C(7) 120.7(2)

C(5)�C(7)�C(8) 113.82(15) 124.2(2)
90.24(9)C(4)�Mn(2)�C(2) 90.3(2)

C(4)�Mn(2)�C(6) 95.97(9) 90.4(2)
C(2)�Mn(2)�C(6) 99.3(1)94.17(9)

175.91(19)Mn(2)�C(4)�O(4) 179.3(3)
Mn(2)�C(2)�O(2) 177.04(19) 173.9(3)

102.64(15)O(6)�C(6)�C(8) 106.3(3)
Mn(2)�C(6)�O(6) 132.06(13) 130.9(2)

125.17(13)Mn(2)�C(6)�C(8) 122.7(2)
108.74(15)C(6)�C(8)�C(7) 124.9(2)

a Esd’s in parentheses. Scheme 4.
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Fig. 3. Cyclic voltammetry of [{Cp%(CO)2Mn}2{m-C(OEt)CHCH-
(OEt)C}]2− ([2a]2−, upper trace) and (E)-{Cp%(CO)2Mn}2{m-
�C(OEt)CH�CH(OEt)C�} (3, lower trace) (−20°C, THF/
[nBu4N]PF6], 0.1 V s−1).

Both controlled reduction of 3 or controlled oxida-
tion of [2a]2− on the plateau between the two oxido-re-
duction waves leads to the formation of the same
radical anion [2a]−�.The r.t. ESR spectrum of this
complex shows an hyperfine pattern that consists of an
undecet of triplets (Fig. 4). This pattern is consistent
with a type III [20] Mn0/MnI mixed-valence complex in
which the unpaired electron would be delocalised on
the EPR time scale over the two manganese atoms. The
electrochemical behaviour of complexes [2a]2−/3 is
reminiscent of those of closely related dimetal com-
plexes in which a C4 unsaturated hydrocarbon chain
spans the two metal centres [21].

2.3. Synthesis and characterisation of the mixed
m-(alkylalkoxy carbene/azetidinylidene) dimanganese
complex {Cp %(CO)2Mn}2{m-�C(OEt)CH2-
CHCH(Ph)N(Ph)C
¸¹¹¹¹¹¹¹¹¹º

�} (4) and the
m-bis(azetidinylidene)dimanganese complex
{Cp %(CO)2Mn}2{m-�CN(Ph)CH(Ph)C

¸¹¹¹¹¹¹¹¹º
H-

CHCH(Ph)N(Ph)C
¸¹¹¹¹¹¹¹¹¹º

�} (5)

One of our objectives was to use the above m-
bis(alkylalkoxy carbene)dimanganese complexes as pre-
cursors of m-bis(alkyl carbyne)dimanganese complexes.
However, when the carbene complex 2a was reacted
with an excess of BCl3 at low temperature-the most
typical procedure used for the generation of manganese
carbyne complexes [13,14]—the compounds that
formed were found to be extremely thermolabile and
could not be characterised. We then thought about
assaying the formation of dinuclear carbyne complexes
by their reaction with N-benzylideneaniline. Indeed,
some of us previously reported that the cationic alkyl-
carbyne complexes [Cp%(CO)2Mn�CCH2R]+ react with
imines to produce stable azetidinylidene complexes in
high yield through net [2+2] cycloaddition reactions
[14].

Complex 2a was thus reacted with an excess of BCl3
and subsequently treated with four M equivalent of
N-benzylideneaniline, PhN�CHPh. After chromato-
graphic workup, the two new complexes
{Cp%(CO)2Mn}2{m - �C(OEt)CH2CHCH(Ph)N(Ph)C

¸¹¹¹¹¹¹¹¹¹º
�}

(4) and {Cp%(CO)2Mn}2{m-�CN(Ph)CH(Ph)C
¸¹¹¹¹¹¹¹¹º

H-
CHCH(Ph)N(Ph)C
¸¹¹¹¹¹¹¹¹¹º

�} (5) were isolated in 41 and 25%
yield, respectively (Scheme 5).

The structure of complex 4 was inferred from spec-
troscopic data. The presence of the amino- and the
alkoxy-carbene functions within the complex is evi-
denced in both the IR and 13C-NMR spectra. Indeed,
the IR spectrum shows four bands of similar of inten-
sity in the 6(CO) region which can be regarded as two
sets of two bands. The first set, 1950, 1890 cm−1, is
characteristic of the Cp%(CO)2Mn-alkoxy carbene frag-
ment (compare to IR data for 2a for instance), while

Fig. 4. ESR spectrum (bottom) of [2a]�− at 22°C (g=2.007). Simu-
lated spectrum (top) was obtained assuming the unpaired electron
was coupled to two equivalent Mn nuclei (S=5/2), and two equiva-
lent H nuclei (S=1/2) with hyperfine coupling constants of AMn=
16.2 G and AH=4.3 G.

whose IR spectrum shows two bands shifted by 75–100
cm−1 with respect to those of 2a—was found to be
much more thermally stable than its lithium analogue.
This prompted us to investigate its electrochemical
behaviour.

Cyclic voltammetry (CV) of the complex [K]2 [2a] at
0°C in THF/[nBu4N][PF6] medium (scan rate=0.1 V
s−1displays two quasi-reversible one electron oxidation
waves at −0.95 and −1.15 V versus Fig. 3, upper
trace). Under the same conditions, CV of 3 (Fig. 3,
lower trace) shows two quasi-reversible one electron
reduction waves at the same potentials as for [2a]2−.
An anodic oxidation of [2a]2− at 0.0 V conducted at a
platinum gauze electrode at −20°C in THF/
[nBu4N][PF6] medium led to the formation of 3 (Scheme
4).
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Scheme 5.

the second set, which appears at lower wave numbers,
1935, 1970 cm−1, can be attributed to the
Cp%(CO)2Mn-aminocarbene part [14]. The 13C-NMR
spectrum also displays two very distinct signals in the
carbene carbon region at 337.7 ppm and at 298.9 ppm,
which can be attributed to the alkylalkoxy carbene
carbon and to the alkylamino carbene carbon, respec-
tively. The 1H-NMR spectrum of 4 indicates the com-
plex forms as a mixture of diastereoisomers. Indeed, the
1H-NMR displays two doublets at 5.58 ppm (JHH=5
Hz) and 5.27 ppm (JHH=2 Hz), with an intensity ratio
of 8:92. By comparison with the 1H-NMR spectrum of
Cp%(CO)2Mn�CN(Ph)CH(Ph)CH(Me) [14], the most in-
tense doublet was assigned to the diastereoisomer in
which the benzyl and the methine protons are trans to
each other. Although we could not obtain a complete
data set for the minor isomer (some signals being
totally or partially obscured by those of 4), we tenta-
tively attribute the other doublet to the benzyl proton
of the other diastereoisomer (benzyl and the methine
protons cis to each other).

The second complex isolated from the
reaction, {Cp%(CO)2Mn}2{m-�CN(Ph)CH(Ph)C

¸¹¹¹¹¹¹¹º
H-

CHCH(Ph)N(Ph)C
¸¹¹¹¹¹¹¹¹¹º

�} (5), was characterised both spec-
troscopically and crystallographically.

A perspective view of complex 5 is given in the Fig.
5. Bond distances and bond angles of interest are
gathered in Table 3. The molecule can be described as
two azetidinylidene fragments linked together on their
a position via the C(5)�C(5)% carbon�carbon bond. The
molecule, that carries four stereogenic centres (C(4),
C(5), C(5)c , and C(4)c ), could exists under four
different diastereomeric forms: two meso forms and
four dl pairs. The present molecule possesses a crystal-
lographic inversion centre located in the middle of the
C(5)�C(5)c vector (origin of the cell); therefore it is
one of the meso form. The Mn�C bond distance
(Mn(1)�C(3)=1.906(6) A, ) is equivalent within the ex-

perimental error to the Mn�C distance found in the
related azetidinylidene complex Cp%(CO)2Mn�CCH2-
CH(Ph)N(Ph) (Mn�C=1.889(4), and 1.894(4) A, for
each independent molecule, respectively [14]) and, no-
ticeably, not significantly different from Mn�C bond
distances found in compound 2a or in other manganese
alkylalkoxy- or arylalkoxy-carbene complexes [22]. This
feature shows that NR2 and OR groups are not differ-
ent enough in terms of p-donation ability to compete
with the Cp% fragment, which eventually determines the
Mn�C bond length. The atoms C(3), C(5), C(5), and
N(1), that constitute the four-membered amino carbene
cycle, are essentially coplanar [average deviation from
least-squares plane is 0.0218 A, with maximum devia-
tion of 0.025 associate with C(4)]. Within the four-
membered ring, the C(5)�C(4) and the C(5)�C(3) bond
distances are equivalent whilst the N(1)�C(3) distance is
significantly shorter than the N(1)�C(4) bond
[C(3)�N(1)=1.348(8) A, ; N(1)�C(4)=1.483(7) A, ] thus
evidencing substantial p-donation from the nitrogen
atom to the carbene carbon atom.

Fig. 5. Perspective view of the complex {Cp%(CO)2Mn}2{m-
�CNPhCH(Ph)CHCHCH(Ph)N(Ph)C

¸¹¹¹¹¹¹¹¹¹º
�} (5).
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Table 3
Bond distances (A, ) and bond angles (°) of interest for compound 5 a,b

Bond distances
Mn(1)�C(2) 1.750(8)

1.758(9)Mn(1)�C(1)
1.906(6)Mn(1)�C(3)
2.126(9)Mn(1)�C(12)
2.131(12)Mn(1)�C(13)

Mn(1)�C(11) 2.148(9)
2.150(10)Mn(1)�C(15)

Mn(1)�C(14) 2.155(10)

1.160(11)C(1)�O(1)

C(2)�O(2) 1.175(9)
1.348(8)C(3)�N(1)
1.566(8)C(3)�C(5)
1.483(7)N(1)�C(4)
1.565(8)C(4)�C(5)

C(5)�C(5)c 1.535(12)

Bond angles
C(2)�Mn(1)�C(1) 89.5(4)
C(2)�Mn(1)�C(1) 89.5(4)

89.5(4)C(2)�Mn(1)�C(1)
C(2)�Mn(1)�C(3) 94.4(3)

88.2(3)C(1)�Mn(1)�C(3)
180.0(7)Mn(1)�C(1)�O(1)
175.5(6)Mn(1)�C(2)�O(2)
90.1(4)N(1)�C(3)�C(5)

Mn(1)�C(3)�N(1) 133.3(4)
136.5(4)Mn(1)�C(3)�C(5)
98.1(4)C(3)�N(1)�C(4)

N(1)�C(4)�C(5) 85.4(4)
112.7(6)C(4)�C(5)�C(5)c
113.2(6)C(3)�C(5)�C(5)c

86.3(4)C(3)�C(5)�C(4)

a Esd’s in parentheses.
b Symmetry transformations used to generate equivalent atoms:

c1 −x,−y,−z.

byne)dimanganese complex {Cp%(CO)2Mn}2{m-
�CCH2CH2C�}2+ [7]2+. Complex 4 can be seen as the
result of a formal [2+2] cycloaddition reaction be-
tween [6]+ and PhN�CHPh, whilst 5 would be the
reaction product of 2× [2+2] cycloadditions between
[7]2+ and PhN�CHPh, as shown in Scheme 5.

2.4. Synthesis and characterisation of the mixed
m-(6inylidene/azetidinylidene)dimanganese complex
{Cp %(CO)2Mn}2{m-�C�CHCHCH(Ph)N(Ph)C

¸¹¹¹¹¹¹¹¹¹º
�} (8)

In an attempt to convert the dimanganese complex
{Cp%(CO)2Mn}2{m - �C(OEt)CH2CHCH(Ph)N(Ph)C

¸¹¹¹¹¹¹¹¹¹º
�}

(4) into the m-bis(azetidinylidene)dimanganese
complex {Cp%(CO)2Mn}2{m-�CN(Ph)CH(Ph)C

¸¹¹¹¹¹¹¹¹º
H-

CHCH(Ph)N(Ph)C
¸¹¹¹¹¹¹¹¹¹º

�} (5), complex 4 was reacted with
BCl3 followed by PhN�CHPh. Although 5 could indeed
be produced in that manner, the major product of the
reaction was found to be the mixed m-(vinylidene/aze-
tidinylidene)dimanganese complex {Cp%(CO)2Mn}2{m-
�C�CHCHCH(Ph)N(Ph)C

¸¹¹¹¹¹¹¹¹¹º
�} (8). At this stage NMR

analysis of the mixture showed the compounds 5 and 8
to be present in a 32:68 ratio. Attempts to separate the
two complexes remained unsuccessful, extensive chro-
matographic workup leading to the decomposition of 8.
Only complex 5 could be ultimately isolated in a pure
form in 20% yield.

The structure of complex 8 has been inferred from
spectroscopic data. As for complex 4, IR and 13C-NMR
spectra of 8 clearly indicate the presence of two differ-
ent functions in the complex. The IR spectrum shows
three bands in the nCO region which can be reduced to
two sets of two bands 1998, 1939 cm−1, and 1939, 1875
cm−1. The second set is characteristic of the azetidinyli-
dene moiety (vide supra), while the first set compares
well with CO stretches in Cp%(CO)2Mn-vinylidene com-
plexes (Cp%(CO)2Mn�C�CH(Me) (nCO: 1992, 1928
cm−1 in CH2Cl2). The C�C stretch of the vinylidene
moiety is observed at 1646 cm−1 (Cp%(CO)2-
Mn�C�CH(Me): nCC 1662 cm−1 in CH2Cl2 [14]). The
13C-NMR spectrum of 8 shows two very distinct signals
in the low field region at 372.2 and 297.0 ppm. The first
signal can unambiguously be attributed to the a-carbon
atom of the vinylidene part [14], while the second one
can be assigned to the azetidinylidene carbon atom
(vide supra). Other NMR data are in good agreement
with the proposed structure.

Considering the nature reaction products, it is very
likely that {Cp%(CO)2Mn}2{m-�C(OEt)-
CH2CHCH(Ph)N(Ph)C

¸¹¹¹¹¹¹¹¹¹º
�} (4) react with BCl3 to afford

the carbyne complex {Cp%(CO)2Mn}2{m-
�CCH2CHCH(Ph)N(Ph)C

¸¹¹¹¹¹¹¹¹¹º
�} [9]+, as shown in Scheme

6. Upon addition of the imine, two reaction pathways
would compete: (i) a deprotonation of the carbon atom

In solution, the RMN data are consistent with the
structure in the solid state. In particular, the methyne
fragments appear at 6.13 and 3.75 ppm as singlets as
one expected for the meso form shown in Fig. 5 . It is
worth noting that no other diastereomer of 5 could be
detected in the NMR spectra of the crude reaction
mixture yet after filtration on short column of alumina.
Under the specific reaction conditions described in
Scheme 5, complex 5 thus seems to form in a
diastereoselective manner.

Even though we were unable to clearly identify any
of the compounds formed after the initial addition of
BCl3, the nature of the compounds isolated at the end
of the reaction sequence strongly suggests that the
reaction of BCl3 and 2a leads to a mixture of the mixed
m-(carbene-carbyne)dimanganese complex {Cp%(CO)2-
Mn}2{m-�C(OEt)CH2CH2C�}+ [6]+, and the m-bis(car-
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Scheme 6.

Scheme 7.

a to the carbyne carbon atom by the imine would lead
to 8, or (ii) the nucleophilic attack of the imine on the
carbyne carbon atom would give the adduct [10]+,
which in turn would undergo a deprotonation—likely
by the imine present in the medium [14]—to give 5 as
the final product. It is worth noting that whereas the
vinylidene complex Cp%(CO)2Mn�C�CH(Me) reacts
with PhN�CHPh to give the azetidinylidene complex
Cp%(CO)2Mn�CN(Ph)CH(Ph)CH(Me) [14], complex 8
do not react with PhN�CHPh neither in the above
reaction condition nor at r.t, probably for steric
reasons.

2.5. Oxidati6e coupling of the azetidinylidene anion
[Cp %(CO)2Mn�CN(Ph)CHPhCH]− ([10]−)

As noted in Section 2.3, complex 5 can be viewed as
the association of two azetidinylidene moieties
[Cp%(CO)2Mn�CN(Ph)CH(Ph)CH] linked together on
their a position. It was naturally tempting to check
whether complex 5 could be synthesised via oxidative
coupling of the azetidinylidene anion [Cp%(CO)2Mn�

CN(Ph)CH(Ph)CH]−.
In a preliminary experiment aimed at assaying the

formation of an azetidinylidene anion, complex
Cp%(CO)2Mn�CN(Ph)CHPhCH2 (10) [14] was sequen-
tially treated with nBuLi and methyl iodide. This effec-
tively produced the methylated derivative Cp%(CO)2-
Mn�CN(Ph) CHPhCH(Me) (11) in almost quantitative
yield. In addition, an NMR analysis of the crude
reaction mixture showed the methylation reaction to be
totally trans selective (Scheme 7).

The azetidinylidene anion [Cp%(CO)2Mn�CN-
(Ph)CH(Ph)CH]− [10]− was next allowed to react at
low temperature with a suspension 0.6 equivalent of
CuI followed by oxygen (Scheme 8). In addition to
traces of unreacted complex 10, the 1H-NMR analysis
of the crude reaction mixture indicated the formation
two complexes in a 2:1 ratio. As expected, 5 was the
most abundant, whereas the minor product 5% was
identified as a stereoisomer of 5. The structure of 5% was
inferred from the NMR data. The observation of two
singlets only in the 1H-NMR spectrum (d 5.71 and 3.95

Scheme 8.
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ppm) for its four methine groups implies that (i) the
protons within each of the azetidinylidene rings are
trans to each other and (ii) the corresponding protons
in each of the azetidinylidene rings are magnetically
equivalent. Among the six stereoisomers that are distin-
guishable by NMR—four dl pairs and two meso
forms—only two have structures compatible with such
an NMR spectrum, the meso form 5 (vide supra) and
the dl pair 5% as drawn on Scheme 8.

Considering the structures of 5 and 5%, it appears that
the oxidative coupling of the azetidinylidene rings oc-
curs exclusively in trans position relative to the phenyl
groups-just like the methylation reaction shown in
Scheme 7 — but the overall reaction is poorly
stereoselective with respect to the relative configuration
of the a carbon atoms of the azetidinylidene rings 3.

3. Conclusion

In summary, we have shown that carbene anions
resulting from in situ deprotonation of manganese
alkoxy- or amino-carbene complexes bearing primary
or secondary carbon atoms in the a position relative to
the carbene carbon atom can undergo intermolecular
oxidative coupling in the presence of Cu(I), Cu(II), or
Fe(III) to afford m-bis(carbene)dimanganese complexes
in good yield. It has been observed that such an oxida-
tive coupling can also take place in an intramolecular
fashion as a manganese m-bis(carbene)dianion was con-
verted into m-bis(vinylcarbene)dimanganese upon reac-
tion with a Fe(III) salt.

This type of reaction, a convenient route to carbon-
linked bis(carbene)dimetal complexes, is not specific of
manganese complexes, since it has been also observed
with chromium carbene complexes [16b].

Treatment of the m-bis(alkylalcoxy carbene)-
dimanganese complex {Cp%(CO)2Mn}2{m-�C(OEt)CH-
(R)CH(R)(OEt)C�} with a Lewis acid gave an ex-
tremely labile species. However, subsequent reaction
with benzylidene aniline gave evidence for the forma-
tion of transient dinuclear alkyl carbyne complexes and
allowed the synthesis a series of unusual species such as
m-(alkylalkoxy carbene/carbyne)-, m-(alkylalkoxy car-
bene/azetidinylidene)-, m-(vinylidene/azetidinylidene)-
or even m-bis(azetidinylidene)dimanganese complexes.

4. Experimental

4.1. General

The complexes Cp%(CO)2Mn�C(OEt)CH3 (1a) [23],
Cp%(CO)2Mn�C(OEt)CH2CH3 (1b), [24]and Cp%(CO)2-
Mn�CCH2CH(Ph)N(Ph) (10) [14]were prepared by
published procedures. Tetrahydrofuran and diethylox-

ide used for the synthesis were distilled under nitrogen
from sodium benzophenone ketyl just before use. Other
solvents were purified following standard procedure,
and stored under nitrogen. The following reagent grade
chemicals PhN�CH(Ph), BCl3 (1 M solution in hexane),
nBuLi (1.6 M solution in hexane), CuCl2, CuBr2, CuI2,
CuI, FeCl3, and MeI were obtained from Aldrich and
used without further purification. All synthetic manipu-
lations were carried out using standard Schlenk tech-
niques under an atmosphere of dry nitrogen. A liquid
N2/isopropanol slush bath was used to maintain sam-
ples at the desired low temperature. Chromatographic
separation of the complexes was performed on alumina
(neutral, activity III (Aldrich)). Solution IR spectra
were recorded on either Perkin–Elmer 225 or Perkin–
Elmer 983G spectrophotometer with 0.1 mm cells
equipped with CaF2 windows. 1H, and 13C spectra were
obtained on Brucker AC200 or WM250 spectrometers
in C6D6 and were referenced to the residual signals of
the solvent. Mass spectra were recorded on a Nermag
R10-10 mass spectrometer (EI). Microanalysis of C, H,
and N elements were performed on a Perkin–Elmer
2400 CHN analyser. Electrochemical studies were car-
ried out on a home-made potensiostat [25].

4.2. Preparation of
{Cp %(CO)2Mn}2{m-�C(OEt)CH2CH2(OEt)C�} (2a)

4.2.1. Cu(I)/O2-assisted synthesis
The carbene complex Cp%(CO)2Mn�C(OEt)CH3 (1a)

(500 mg, 1.9 mmol) was dissolved in 10 ml of THF. The
solution was cooled at −60°C and nBuLi (1.3 ml of a
1.6 M solution in hexane, 2.1 mmol) was added drop-
wise via syringe. After stirring for 30 min, the solution
was cooled to −80°C and CuI (217 mg, 1.1 mmol) was
added. When all the solid CuI disappeared (2 h) dry
oxygen was bubbled to the solution for 30 s, which
caused the orange solution to turn yellow–brown. The
solvent was then removed under vacuum while the
reaction flask was allowed to reach r.t. The residue was
extracted with ether (50 ml) and filtered on a short
column of alumina. The filtrate was evaporated to
dryness and recrystallisation of the residue from diethyl-
oxide/hexane left complex {Cp%(CO)2Mn}2{m-�C(OEt)-
CH2CH2(OEt)C�} (2a) as an orange microcrystalline
compound in 63% yield (315 mg, 0.6 mmol).

4.2.2. Fe(III) assisted synthesis
The carbene anion was generated as above from

Cp%(CO)2Mn�C(OEt)CH3 (1a) (3 g, 11.5 mmol) in solu-
tion in THF (25 ml) and nBuLi (8 ml of a 1.6 M
solution in hexanes, 12.7 mmol). After stirring for 30
min, the solution was cooled to −80°C and anhydrous
FeCl3 (2.06 g, 12.7 mmol) was added. The reaction
mixture was stirred for 3 h while maintaining the
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temperature at −80°C. The mixture was warmed to r.t,
then filtered on a short column of alumina. The filtrate
was evaporated to dryness and recrystallisation of the
residue as above afforded complex 2a in 85% yield (2.5
g, 4.8 mmol).

4.2.3. Synthesis 6ia electrooxidation
The carbene complex Cp%(CO)2Mn�C(OEt)CH3 (1a)

(306 mg, 1.2 mmol) was dissolved in a Schlenk flask in
50 ml of THF. The solution was cooled at −60°C and
nBuLi (1.3 ml of a 1.6 M solution in hexane, 2.1 mmol)
was added dropwise via syringe. After stirring for 30
min [nBu4N][PF6] (1.93 g, 5 mmol) was added and the
mixture was transferred with the use of a cannula to the
anodic compartment of electrolysis cell precooled at
−30°C. The working electrode was a Pt foil (ca. 16
cm2), the reference electrode consisted of a SCE sepa-
rated from the solution by a bridge compartment filled
with a solution of the same supporting electrolyte in the
same solvent as used in the cell. The counter-electrode
was a spiral of Pt wire of ca. 1 cm2 apparent surface
area. The electrolysis was performed at 0.6 V (versus
SCE). When one electron was exchanged, the electroly-
sis was stopped. The electrolysis cell was warmed to r.t,
the solution was transferred in a Schlenk flask and
evaporated to dryness. The residue was extracted with
diethyloxide (2×20 ml) and chromatographic workup
as above gave complex 2a in 42% yield (130 mg, 0.25
mmol).

2a: Anal. Calc. for C24H28Mn2O6: C, 55.17; H, 5.36.
Found: C, 55.20; H, 5.44% IR (nCO, CH2Cl2) 1945,
1880 cm−1. 1H-NMR (C6D6): d 4.66 (q, 4H, JHH=7
Hz, �OCH2CH3), 4.57–4.33 (m, 8H, C5H4CH3), 3.02 (s,
4H, �CH2CH2−), 1.73 (s, 6H, C5H4CH3), 1.19 (t, 6H,
JHH=7 Hz, �OCH2CH3). 13C-NMR (C6D6): d 338.53
(Mn�C), 233.6 (Mn�CO), 103.7, 87.5, 86.3, (C5H4CH3),
72.3 (�OCH2CH3), 57.9 (�CH2CH2�), 14.9, 13.6
(C5H4CH3 and �OCH2CH3). MS (EI) m/z 522 (M+).

4.3. Preparation of {Cp %(CO)2Mn}2{m-�C(OEt)CH-
(Me)C(Me)(OEt)C�} (2b)

4.3.1. From Cp %(CO)2Mn�C(OEt)CH2CH3 (1b)
The carbene complex 1b (630 mg, 2.3 mmol) was

dissolved in 10 ml of THF. The solution was cooled at
−60°C and nBuLi (1.6 ml of a 1.6 M solution in
hexane, 2.5 mmol) was added dropwise via syringe.
After stirring for 30 min, the solution was cooled to
−80°C and FeCl3 (406 mg, 2.5 mmol) was added. The
reaction mixture was stirred for 3 h while maintaining
the temperature at −80°C. The solution was warmed
to r.t. and evaporated to dryness under vacuum. The
residue was extracted with ether (50 ml) and filtered on
a short column of alumina. The filtrate was evaporated
to dryness and recrystallisation of the residue from
diethyloxide/hexane gave complex {Cp%(CO)2Mn}2{m-

�C(OEt)CH(Me)CH(Me)(OEt)C�} (2b) as an orange
microcrystalline compound in 65% yield (407 mg, 0.7
mmol). NRM analysis of 2b showed the complex to
form as a 1:1 mixture of the diastereoisomers.

4.3.2. From {Cp %(CO)2Mn}2{m-�C(OEt)-
CH2CH2(OEt)C�} (2a)

The carbene complex 2a (261 mg, 0.5 mmol) was
dissolved in THF (15 ml). The solution was cooled at
−60°C and nBuLi (0.69 ml of 1.6 M solution in
hexane, 1.1 mmol) was added dropwise via syringe.
After stirring for 30 min the solution was cooled to
−80°C and an excess of MeI (0.093 ml, 1.5 mmol) was
added. The cooling bath was removed to allow the
solution to warm to r.t. The THF was evaporated
under vacuum, the residue was extracted with ether,
and filtered on a short column of alumina. Recrystalli-
sation of the crude product from diethyloxide/hexane
gave complex 2b in 85% yield (240 mg, 0.44 mmol).

2b: Anal. Calc. for C26H32Mn2O6: C, 56.74; H, 5.86.
Found: C, 56.27; H, 5.86% IR (nCO, CH2Cl2) 1945,
1880 cm−1. 1H-NMR (C6D6, mixture of diastereoiso-
mers 2b and 2b%): d 4.8-4.2 (m, �OCH2CH3 and
C5H4CH3), 3.93 (AA%(X3X%3) pattern, 2H, JAA%=6.7 Hz,
JAX=6.9 Hz, �CH(CH3)CH(CH3)�, isomer 2b), 3.71
(AA%(X3X%3) pattern, 2H, JAA%=10.7 Hz, JAX=6.5 Hz,
�CH(CH3)CH(CH3)�, isomer 2b%), 1.76 (s, 6H,
C5H4CH3), 1.75 (s, 6H, C5H4CH3), 1.20 (t, 6H, JHH=
7.0 Hz, �OCH2CH3), 1.18 (t, 6H, JHH=7.0 Hz,
�OCH2CH3), 0.96 ((AA%)X3X%3 pattern, 3H,
�CH(CH3)CH(CH3)�, isomer 2b%), 0.91 ((AA%)X3X%3
pattern, 3H, �CH(CH3)CH(CH3)�, isomer 2b). 13C-
NMR (C6D6, mixture of diastereoisomers): d 344.4
(Mn�C), 233.5, 234.2 (Mn�CO), 104.2, 103.2, 88.75–
85.9, (C5H4CH3), 73.0, 72.7 (�OCH2CH3), 65.7, 65.5
(�CH(CH3)CH(CH3)�), 18.3, 18.11, 15.4, 15.2, 14.2
(C5H4CH3, �OCH2CH3 and �CH(CH3)CH(CH3)�).
MS (EI) m/z 550 (M+), 466 (M+�3CO), 438 (M+

�4CO).

4.4. Preparation of (E)-
{Cp %(CO)2Mn}2{m-�C(OEt)CH�CH(OEt)C�} (3)

4.4.1. Fe(III)-assisted synthesis
The complex {Cp%(CO)2Mn}2{m-�C(OEt)CH2CH2-

(OEt)C�} (2a) (260 mg, 0.5 mmol) was dissolved in
THF (10 ml). The solution was cooled at −60°C and
nBuLi (0.68 ml of 1.6 M solution in hexane, 1.1 mmol)
was added drop wise via syringe. After stirring for 30
min, the solution was cooled to −80°C and FeCl3 (178
mg, 1.1 mmol) was added. After stirring for 3 h at
−80°C the solution was allowed to reach r.t. by remov-
ing the cooling bath. The resulting deep purple solution
was filtrated on a short column of alumina, the THF
was evaporated under vacuum, and the oily residue was
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dissolved in pure pentane. Compound 3 was obtained
as black crystals (195 mg, 75% yield) upon standing of
the solution at −30°C overnight.

4.4.2. Synthesis 6ia electrooxydation
THF (20 ml) was slowly introduced via syringe to a

Schlenk flask containing Cp%(CO)2Mn}2{m−�C(OEt)-
CH2CH2(OEt)C�} (2a) (260 mg, 0.5 mmol) and KH (45
mg, 1.1 mmol) precooled at 0°C. After IR monitoring
showed total disappearance of 2a [nCO (THF) 1943,
1878 cm−1] to the profit of [Cp%(CO)2Mn}2{m-
�C(OEt)CH2CH2(OEt)C�}] [2a]2− [nCO (THF) 1865,
1780 cm−1], the solution was transferred via cannula to
the anodic compartment of electrolysis cell containing a
solution of [nBu4N][PF6] (1.93 g, 5 mmol) in THF (20
ml) precooled at −30°C, see section Section 4.2. The
electrolysis was performed on the plateau between the
two oxido-reduction waves (−1000 mV versus SCE).
When one electron was exchanged, the electrolysis was
stopped and a 1 ml aliquot of the solution was trans-
ferred into an EPR tube for analysis. The electrolysis
was resumed at 0.0 mV versus SCE until one more
electron was exchanged. At this stage, the electrolysis
was stopped and the residue was extracted with diethyl-
oxide (2×20 ml). After chromatographic workup, the
complex 3 was isolated 57% yield as a microcrystalline
black solid.

3: Anal. Calc. for C24H26Mn2O6: C, 55.38; H, 5.00.
Found: C, 55.27; H, 5.09%. IR (nCO, Et2O) 1940, 1885
cm−1. 1H-NMR (C6D6): d 6.85 (s, 2H, �HC�CH�),
4.50 (q, 4H, JHH�7 Hz, �OCH2CH3), 4.6–4.4 (m, 8H,
C5H4CH3), 1.64 (s, 6H, C5H4CH3), 1.23 (t, 6H, JHH=7
Hz, �OCH2CH3). 13C-NMR (C6D6): d 319.6 (Mn�C),
234.5 (Mn�CO), 129.1 (s, �HC�CH�), 105.4, 88.8,
88.0, (CH3C5H5), 72.1 (�OCH2CH3), 15.5, 14.0
(C5H4CH3 and �OCH2CH3). MS (EI) m/z 520 (M+),
464 (M+ −2CO).

4.5. Reaction of {Cp %(CO)2Mn}2{m-�C(OEt)-
CH2CH2(EtO)C�} (2a) with BCl3, followed by N-ben-
zylideneaniline

Complex 2a (220 mg, 0.42 mmol) was dissolved in a
mixture of dichloromethane (5 ml) and toluene (15 ml).
The solution was cooled to −50°C and BCl3 (1.7 ml of
a 1 M solution in hexane, 1.7 mmol) was added drop-
wise via syringe, which caused deposition of a red oil.
After stirring for 20 min, the supernatant was removed
with the use of a cannula. The flask was cooled to
−80°C, the residue was dissolved in THF (20 ml), and
PhN�C(H)Ph (310 mg dissolved in 5 ml of THF, 1.7
mmol) was added with the use of a cannula. After
stirring for 2 h at −80°C the solution was allowed to
reach r.t. by removing the cooling bath. The THF was
removed under vacuum and the residue was extracted

with ether (20 ml). The solution was filtered on a short
column of alumina, concentrated to �2 ml under
vacuum, and chromatographed on alumina. Elution
with a 10:1 pentane/diethyloxide mixture gave an or-
ange band containing complex {Cp%(CO)2Mn}2{m-
�C(OEt)CH2CHCH(Ph)N(Ph)C

¸¹¹¹¹¹¹¹¹¹º
�} (4), and continued

elution with 1:1 pentane/diethyloxide gave a red band
of {Cp%(CO)2Mn}2{m-�CN(Ph)CHPhCHCHCHPhN-
(Ph)C�} (5). Removal of the solvent from the collected
bands gave 4 as an orange oil (112 mg, 41% yield) and
5 a dark orange microcrystalline solid (82 mg, 25%
yield). NMR analysis of 4 showed the complex to form
as a mixture of two diastereoisomers, 4 and 4%, in a 8:92
ratio.

4: Anal. Calc. for C35H33Mn2NO5: C, 63.93; H, 5.06;
N, 2.13. Found: C, 66.57; H, 5.59; N, 1.98%. IR (nCO,
Et2O) 1950, 1935, 1890, 1870 cm−1. 1H-NMR (C6D6):
d 7.3–6.8 (m, 10H, C6H5), 5.27 (d, 1H, JHdHc=2 Hz,
Hd), 4.8–4.2 (m, 8H, C5H4CH3), 4.55 (ABX3 pattern,
2H, JHH=1 Hz, JHH(Me)=7 Hz, �OCH2CH3), 4.25 (dd,
1H, JHaHb=15 Hz, JHaHc=4 Hz, Ha), 3.56 (dd, 1H,
JHbHa=15 Hz, JHbHc=12 Hz, Hb), 3.37 (ddd, 1H,
JHcHd=2 Hz, JHcHa=4 Hz, JHcHb=12 Hz, Hc), 1.83 (s,
3H, C5H4CH3), 1.72 (s, 3H, C5H4CH3), 0.72 (t, 3H,
JHH=7 Hz, �OCH2CH3). 13C-NMR (C6D6): d 337.2
(Mn�C(OEt)�), 298.9 (Mn�C(NPh)�), 234.1(br,
Mn�CO), 135–120 (m, C6H5), 104.0, 101.6, 88.2, 87.1,
84.3, 84.1, 83.7, 82.9 (C5H4CH3), 80.2, (�CHPh�), 73.3
(�OCH2CH3), 63.7 (�CHCH2�), 62.2 (�CH2�), 14.8,
14.6, 14.1 (C5H4CH3 and �OCH2CH3). MS (EI) m/z
657 (M+ ), 573 (M+�3CO).

4% (from a mixture of 4/4%): 1H-NMR (C6D6): d

7.3–6.8 (m, 10H, C6H5), 5.58 (d, 1H, JHdHc=5 Hz,
Hd), 1.82 (s, 3H, C5H4CH3), 1.62 (s, 3H, C5H4CH3),
1.20 (t, 3H, JHH=7 Hz, �OCH2CH3) (due to overlap-
ping with the signals of 4, the �OCH2CH3, C5H4CH3,
and �CHCH2� groups could not be unambiguously
identified).

5: Calc. for C23H16MnNO2 : C, 69.70; H, 4.83; N,
3.53. Found: C, 69.39; H, 5.29; N, 3.53%. IR (nCO,
Et2O) 1935, 1865 cm−1. 1H-NMR (C6D6): d 7.6–6.8
(m, 10H, C6H5), 6.13 (s, 1H, �CHPh), 4.5–4.2 (m, 4H,
C5H4CH3), 3.75 (s, 1H, �CH�), 1.73 (s, 3H, C5H4CH3).
13C-NMR (C6D6): d 296.1 (Mn�C(NPh)�), 234.6
(Mn�CO), 136.4–122.2 (m, C6H5), 102.1, (C5H4CH3),
88.9–85.2, (C5H4CH3), 78.7 (�CHPh�), 65.6 (�CH�),
14.3 (C5H4CH3). MS (EI) m/z 792 (M+), 736 (M+

�2CO).

4.6. Synthesis of {Cp %(CO)2Mn}2{m-�C(OEt)-
CH2CHCH(Ph)N(Ph)C

¸¹¹¹¹¹¹¹¹¹º
�} (4).

The complex {Cp%(CO)2Mn}2{m-�C(OEt)CH2CH2C-
(OEt)�} (2a) (260 mg, 0.5 mmol) was dissolved in a
mixture of toluene (5 ml) and hexane (15 ml). The
solution was cooled to −50°C, and BCl3 (1.1 ml of a 1
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M solution in hexane, 1.1 mmol) was added dropwise
via syringe, which caused deposition of a red oil. After
the addition of BCl3 was complete, the reaction mixture
was stirred an additional 15 min, then the supernatant
was removed with the use of a cannula. The flask was
cooled to −80°C and residue was dissolved in THF (20
ml). To this was added via cannula PhN�C(H)Ph
(200 mg dissolved in 5 ml of THF, 1.1 mmol). The
reaction flask was allowed the slowly warm to r.t,
the THF was removed under vacuum, and the residue
was extracted with ether (20 ml). The solution was
filtered on a short column of celite, concentrated to
�2ml under vacuum, and chromatographed on alu-
mina. Elution with a 1:1 pentane/diethyloxide mixture
gave an orange band containing a mixture of complexes
4, 4%, and 5. At this stage, NMR analysis of the mixture
showed the compounds 4, 4%, and 5 to be present in a
21:3:1 ratio. The mixture was chromatographied again
on a alumina column. Elution with a 10:1 pentane/di-
ethyloxide mixture gave an orange band containing
complexes 4 and 4%. Removal of the solvents from this
fraction left complex 4 as a red–orange oil (220
mg, 0.33 mmol, 68% yield, 9:1 mixture of diastereoiso-
mers).

4.7. Reaction of {Cp %(CO)2Mn}2{m-�C(OEt)-
CH2CHCH(Ph)N(Ph)C

¸¹¹¹¹¹¹¹¹¹º
�} (4) with BCl3 followed by

N-benzylideneaniline

Complex 4 (220 mg, 0.33 mmol) was dissolved in a
mixture of toluene (5 ml) and hexane (15 ml). The
solution was cooled to −50°C and BCl3 (0.66 ml of a
1 M solution in hexane, 0.66 mmol) was added dropwise
via syringe, which caused deposition of a red oil. After
the addition of BCl3 was complete, the reaction mixture
was stirred an additional 15 min, then the supernatant
was removed with the use of a cannula. The flask was
cooled to −80°C and the residue was dissolved in THF
(20 ml). To this was added via cannula PhN�CHPh (120
mg dissolved in 5 ml of THF, 0.66 mmol). The reaction
flask was then allowed to slowly warm to r.t, the THF
was removed under vacuum, and the residue was
extracted with ether (20 ml). The solution was filtered
on a short column of celite, concentrated to �2ml
under vacuum, and chromatographed on a short
column of alumina. Elution with a 1:1 pentane/
diethyloxide mixture gave an orange band containing
a mixture of complexes 5 and {Cp%(CO)2-
Mn}2{m-�CCHCHCH(Ph)N(Ph)C

¸¹¹¹¹¹¹¹¹¹º
�} (8). At this stage

Table 4
Experimental data for X-ray study of compounds 2a, 3 and 5

52a 3

C24H28Mn2O6C46H40Mn2N2OFormula C22H28Mn2O6

792.72520.36Fw (amu) 522.36
10.172(6) 10.039(2)a (A, ) 10.047(1)
11.095(3) 8.523(1)b (A, ) 11.404(1)

11.460(1) 11.356(3)c (A, ) 22.821(2)
106.61(1)a (°) 105.42(2)

93.07(5) 94.56(1)b (°) 108.07(1)
108.06(5)g (°) 91.02(1)

1187.9(3) 1162(1)V (A, 3) 1946.5(5)
2 2Z 4

1.46 1.352Dcalc (g cm−3) 1.46
C2h

5 -P21/nCi
1-P1 (bar)Space group Ci

1-P1 (bar)
22 22T (°C) 22
Mo–Ka (l=0.71073 A, )Radiation

10.55 10.791m(Mo–Ka) (cm−1) 6.663
1−0.973 1−0.952Transmission factors 1−0.934

4.0×4.0 4.0×4.0Receiving aperture (mm) 4.0×4.0
variablevariable, 2–8Scan speed (deg min−1) variable, 2–5.5

v/2u vScan mode v/2u

0.8 0.9Scan range (°) 0.8
2–462–482u limit (°) 2–50

4169 (n=2) 3407 (n=3)Unique data used in final refinment, 1806 (n=3)
Fo2\ns(Fo2)

293 289 184Final number of variables
0.026R (on Fo2, Fo2\3s(Fo2))
0.069R (on Fo2, Fo2\3s(Fo2))

0.032 0.032R (on Fo, Fo2\3s(Fo2))
0.034Rw (on Fo, Fo2\3s(Fo2)) 0.060
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NMR analysis of the mixture showed the compounds 5
and 8 to be present in a 32:68 ratio. Attempts to separate
the two complexes have been unsuccessful. However,
extensive chromatographic workup lead to the decompo-
sition of compound 8 and complex 5 could be ultimately
isolated in a pure form in 20% yield.

8: IR (Et2O) nC�O 1998(m), 1939(s), 1875(m); nC�C

1646(w) cm−1. 1H-NMR (C6D6): d 7.6–6.8 (m, 10H,
C6H5), 5.95 (d, 1H, JHdHc=9 Hz, �C�CH�), 5.40 (d, 1H,
JHH=2 Hz, �CH(Ph)�), 4.7–4.2 (m, 8H, C5H4CH3),
3.51 (dd, 1H, JHH=9 Hz, 2 Hz, �CHCH(Ph)�), 1.88 (s,
3H, C5H4CH3), 1.53 (s, 3H, C5H4CH3). 13C-NMR
(C6D6): d 372.2 (Mn�C�C), 297.0 (Mn�C(NPh)�), 234.2,
233.7, 228.1, 227.7 (Mn�CO), 138–123 (m, C6H5), 117.7
(Mn�C�C), 106.3, 101.7, 88.2, 87.1, 84.3, 84.1, 83.7, 82.9
(CH3C5H4), 80.1, (�CHPh�), 60.2 (�CHCHPh�), 14.1,
13.4 (CH3C5H4). MS (EI) m/z 611 (M+).

4.8. Synthesis of Cp %(CO)2Mn�CN(Ph)CH(Ph)CH(Me)
(11)

The azetidinylidene complex Cp%(CO)2Mn�CN-
(Ph)CH(Ph)CH2 (10) (400 mg, 1 mmol) was dissolved in
THF (15 ml). The solution was cooled at −60°C and
nBuLi (0.69 ml of 1.6 M solution in hexanes, 1.1 mmol)
was added dropwise via syringe. After stirring for 30 min
the solution was cooled to −80°C and an excess of MeI
(0.093 ml, 1.5 mmol) was added. The cooling bath was
removed to allow the solution to warm to r.t. The
solution was filtered on a short column of alumina,
concentrated to �2 ml under vacuum, and chro-
matographed on alumina. Elution with a 10:1 pentane/
diethyloxide mixture gave an orange band containing
traces of Cp%Mn(CO)3 and continued elution with 1:1
pentane/diethyloxide gave a red band of
Cp%(CO)2Mn�CN(Ph)CHPhCH(Me) (11). After evapo-
ration of the solvents under high vacuum, complex 11
was isolated as a red oil (365 mg, 0.89 mmol, 89% yield).

Complex 11 was identified by comparison of its NMR
spectra with those of an authentic sample of
Cp%(CO)2Mn�CN(Ph)CH(Ph)CH(Me) [14].

4.9. Intermolecular oxidati6e coupling of the azetidinyli-
dene anion Cp %(CO)2Mn�CN(Ph)CH(Ph)CH2 ([10]−)

The azetidinylidene complex Cp%(CO)2Mn�CN-
(Ph)CH(Ph)CH2 (10, 400 mg, 1 mmol) was dissolved in
THF (15 ml). The solution was cooled at −60°C, and
nBuLi (0.69 ml of a 1.6 M solution in hexane, 1.1 mmol)
was added dropwise via syringe. After stirring for 30 min
the solution was cooled to −80°C and CuI (114 mg, 0.6
mmol) was added. When all of the solid CuI disappeared
(2 h) dry oxygen was bubbled to the solution for 30 s.
The solvent was then removed under vacuum while the
reaction flask was allowed to reach r.t. The residue was
extracted with ether (50 ml), and filtered on a short

column of alumina. The mixture was chromatographed
again on alumina. A first elution with a 1:10 diethyloxide/
pentane mixture gave a yellow band containing traces of
unreacted 10. Continued elution with a 1:1 diethyloxide/
pentane mixture gave an orange band containing com-
plex 5. Evaporation of the solvents from that second
fraction afforded complex 5 as an orange oil in 74% yield
(290 mg, 0.37 mmol). NMR analysis of 5 showed the
complex to form in these reaction conditions as a mixture
of two diastereoisomers (5 and 5%) in a 2:1 ratio. Attempts
to separate the two isomers by column chromatography
have been unsuccessful.

5% (from a mixture of 5/5%): 1H-NMR (C6D6): d 7.6–6.8
(m, 10H, C6H5), 5.71 (s, 1H, �CHPh), 4.5–4.2 (m, 4H,
CH3C5H4), 3.95 (s, 1H, �CH�), 1.57 (s, 3H, CH3C5H4).
13C-NMR (C6D6): d 295.5 (Mn�C(NPh)�), 234.4
(Mn�CO), 136.4–122.2 (m, C6H5), 102.3 (C5H4CH3),
88.9–85.2, (C5H4CH3), 75.7 (�CHPh�), 65.3 (�CH�),
14.1 (C5H4CH3).

Table 5
Atomic coordinates and equivalent isotropic displacement parameters
(A, 2×100) for compound 2a

x/a y/b z/cAtom Ueq/Uiso
a

0.4276(1)Mn(1) 0.3122(1) 0.2359(1) 3.3(1)
C(1) 4.8(1)0.1053(2)0.1738(2)0.3714(2)

0.3489(2) 0.0816(2)O(1) 0.0233(2) 7.9(1)
0.3803(2) 0.2418(2)C(3) 0.3390(2) 4.4(1)
0.3499(2) 0.1976(2)O(3) 0.4076(2) 7.1(1)

O(5) 0.1220(1) 0.3325(1) 0.1623(1) 4.2(1)
0.2564(2) 0.3821(2)C(5) 0.2139(2) 3.3(1)

0.5181(2) 3.8(1)0.2467(2)C(7) 0.2731(2)
0.2027(2)C(9) 0.953(2)0.0794(2) 4.5(1)
0.1827(2)C(11) 0.0610(3)0.0773(2) 6.1(1)

5.1(1)0.1612(2)0.3649(2)C(13) 0.5845(2)
C(15) 0.5452(2) 0.4720(2) 0.2343(2) 5.0(1)
C(17) 5.1(1)0.3621(2)0.4697(2)0.5794(2)

0.3684(2)0.3598(2) 5.3(1)0.6403(2)C(19)
C(21) 0.6444(2) 0.2960(2) 0.2462(2) 5.2(1)

0.5758(3) 0.3345(3)C(23) 0.0238(3) 7.8(1)
Mn(2) 0.0173(1) 0.7789(1) 0.3160(1) 3.1(1)

3.9(1)0.4730(2)0.8493(2)C(2) 0.1389(2)
0.2130(2) 0.8961(2)O(2) 0.5769(2) 6.4(1)

C(4) 0.0235(2) 0.9199(2) 0.2806(2) 4.3(1)
1.0125(2) 0.2590(2)O(4) 7.2(1)0.0201(2)

0.2797(1) 0.7656(1)O(6) 0.2499(1) 4.3(1)
C(6) 0.1565(2) 0.7139(2) 0.2462(2) 3.3(1)

0.1563(2) 0.5786(2)C(8) 0.1761(2) 3.5(1)
0.3313(3) 0.8945(2)C(10) 0.3128(3) 6.3(1)

C(12) 0.4721(3) 0.9154(2) 0.3071(3) 7.0(1)
0.6835(2)C(14) 4.2(1)0.3969(2)0.1046(2)

C(16) 0.6021(2)0.0961(2) 0.2820(2) 4.6(1)
0.1595(2) 0.6499(2)C(18) 0.1797(2) 5.3(1)
0.2076(2) 0.7615(2)C(20) 0.2323(2) 5.5(1)

C(22) 0.1742(2) 0.7830(2) 0.3655(2) 4.7(1)
0.0580(3) 0.6665(2)C(24) 0.5279(2) 5.9(1)

a Ueq is defined as one third of the trace of the orthogonalised Uij

tensor.
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Table 7
Atomic coordinates and equivalent isotropic displacement parameters
(A, 2×100) for compound 5

y/b z/cAtom Ueq/Uisox/a
a

0.0122(1) 0.10683(4) 4.50(5)Mn(1) 0.27074(9)
0.204(1) 0.1350(4)0.2660(7) 6.4(5)C(1)

0.2629(7)O(1) 0.3305(8) 0.1536(3) 10.1(5)
0.3280(6)C(2) 0.0868(9) 0.0420(3) 5.4(4)

0.1373(7) 0.0004(2)0.3749(5) 6.9(4)O(2)
C(3) 0.0344(7)0.0865(6) 0.0808(3) 4.1(4)

0.0363(6) 0.1090(2)−0.0266(4) 4.0(3)N(1)
−0.1209(6)C(4) 0.0802(8) 0.0583(3) 4.4(4)
0.0036(6)C(5) 0.0699(8) 0.0213(2) 4.1(4)

−0.073(1) 0.1835(4)0.387(1) 7.5(6)C(11)
0.4479(8)C(12) −0.114(1) 0.1336(5) 8.7(7)

−0.209(1) 0.0999(4)0.367(1) 10.0(8)C(13)
−0.234(1) 0.1267(6)C(14) 9.1(8)0.253(1)
−0.149(1) 0.1789(5)0.2643(9) 8.3(7)C(15)
0.013(2) 0.2336(5)C(16) 21.(2)0.441(2)
0.0032(8) 0.1671(3)−0.0598(6) 4.2(1)C(21)

0.0040(7)C(22) 0.0754(8) 0.2155(3) 5.5(2)
−0.0308(8)C(23) 0.0331(9) 0.2712(3) 6.9(2)

−0.074(1) 0.2781(4)−0.1286(8) 7.9(3)C(24)
−0.142(1) 0.2296(4)C(25) 8.7(3)−0.1947(9)
−0.1032(9) 0.1735(3)−0.1599(7) 6.4(2)C(26)

−0.1840(7)C(31) 0.2393(8) 0.0641(3) 4.9(2)
−0.1067(9)C(32) 0.369(1) 0.0748(4) 8.3(3)

0.517(1) 0.0774(4)−0.168(1) 10.6(3)C(33)
C(34) −0.3073(9) 0.526(1) 0.0690(4) 9.0(3)

0.399(1) 0.0615(4)−0.3824(9) 7.3(2)C(35)
0.2527(9) 0.0584(3) 5.7(2)C(36) −0.3220(7)

a Ueq is defined as one third of the trace of the orthogonalized Uij

tensor.

Table 6
Atomic coordinates and equivalent isotropic displacement parameters
(A, 2×100) for 3

y/b z/cAtom Ueq/Uisox/a
a

0.81741(4)Mn(1) 0.77177(4)−0.48037(4) 3.50(2)
0.9793(3)C(1) 0.8528(3)−0.3642(3) 4.4(2)
1.0854(3) 0.9070(2)−0.2944(3) 6.1(2)O(1)

C(3) 0.7748(3)−0.4746(3) 0.9115(3) 4.6(2)
0.7505(3) 1.0037(2)−0.4779(3) 7.6(2)O(3)

−0.2128(2)O(5) 0.7632(2) 0.7638(2) 4.6(1)
−0.3349(3)C(5) 0.7586(3) 0.7094(3) 3.7(2)

0.7090(3) 0.5755(3)−0.3360(3) 3.9(2)C(7)
0.8111(4) 0.8956(3)C(9) 5.3(2)−0.1697(3)
0.8123(4) 0.9211(3)−0.0260(3) 5.8(2)C(11)

−0.6050(3)C(13) 0.9039(3) 0.6793(3) 4.5(2)
−0.5901(3)C(15) 0.7936(3) 0.5932(3) 4.7(2)

0.6793(4) 0.6302(3)−0.6487(3) 5.1(2)C(17)
−0.7018(3)C(19) 0.7189(4) 0.7400(4) 6.1(2)

0.8571(4) 0.7711(3)−0.6754(3) 5.5(2)C(21)
−0.5632(4)C(23) 1.0423(4) 0.6716(4) 6.2(2)
−0.05971(4)Mn(2) 0.73629(4) 0.31305(4) 3.72(2)

0.8430(3) 0.2452(3)−0.1145(3) 4.8(2)C(4)
−0.1485(3)O(4) 0.9133(3) 0.2015(3) 8.0(2)

0.6068(3) 0.1711(3)−0.1186(3) 5.0(2)C(2)
0.5260(3) 0.0773(3)O(2) 7.2(2)−0.1446(3)
0.6482(2) 0.3346(2)−0.3601(2) 4.5(1)O(6)

C(6) −0.2249(3) 0.6997(3) 0.3857(3) 3.9(2)
0.7352(3) 0.5204(3)−0.2237(3) 4.2(2)C(8)

−0.4067(3)C(10) 0.5978(3) 0.2041(3) 4.4(2)
−0.5619(3)C(12) 0.5616(4) 0.1864(3) 5.3(2)

0.6637(4) 0.3573(3)0.1054(3) 5.4(2)C(14)
0.0677(3)C(16) 0.7289(4) 0.4676(3) 5.8(2)

0.8618(4) 0.4731(3)0.0928(3) 5.6(2)C(18)
0.8805(4) 0.3659(4)C(20) 5.9(2)0.1472(3)
0.7593(4) 0.2945(3)0.1560(3) 5.5(2)C(22)
0.5246C(24) 0.3184(5)0.1032(4) 8.4(3)

a Ueq is defined as one third of the trace of the orthogonalised Uij

tensor.
gram [28]. For compound 3 and 5 calculations were
performed on a MicroVax 3400. Data reductions were
carried out using the SDP crystallographic computing
package [29]. The structures were solved by using
SHELXS-86 program [30]. All non-hydrogen atoms were
located by the usual combination of full matrix least-
squares refinement and difference electron density syn-
theses by using the SHELX-76 program [31].

Atomic scattering factors were taken from the usual
tabulations [32]. Anomalous dispersion terms for Mn
were included in Fc [33]. All non-hydrogen atoms were
allowed to vibrate anisotropically. All the hydrogen
atoms were set in idealised position (C�H=0.96 A, ; U
set to 0.06) and held fixed during refinements. The
intensities were corrected from absorption by using the
empirical C-scan method [34].

Final atomic coordinates for non-hydrogen atoms for
compounds 2a, 3, and 5 are given in Tables 5–7,
respectively. Lists of structure factor amplitude, an-
isotropic thermal parameters, and hydrogen atoms po-
sitions for the three structures are available from the
authors upon request.

4.10. X-ray diffraction studies

Crystals of 2a, 3, and 5 suitable for X-ray diffraction
were obtained through recrystallisation from diethyl
ether/pentane mixtures at −15°C. Data were collected
on an Enraf-Nonius CAD4 diffractometer at 22°C. Cell
constants were obtained by the least-squares refinement
of the setting angles of 25 reflections in the range
24°B2u(Mo–Ka1)B28°. Full crystallographic data for
the three complexes are gathered in Table 4.

For compound 2a, calculations were performed on a
PC-compatible computer using the WinGX system [26].
The structures were solved by using the SIR-92 program
[27], which revealed in each instance the position of
most of the non-hydrogen atoms. All remaining non-
hydrogen atoms were located by the usual combination
of full matrix least-squares refinement and difference
electron density syntheses by using the SHELXS-97 pro-
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5. Supplementary material

Lists of structure factor amplitude, anisotropic thermal
parameters, and hydrogen atoms positions for the three
structures are available from the authors upon request.
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G. Frenking, J.A. Gladysz, J. Am. Chem. Soc. 119 (1997) 775.

[22] U. Schubert, Organometallics 1 (1982) 1085.
[23] E.O. Fischer, A. Massböl, Chem. Ber. 100 (1967) 2445.
[24] C. Kelley, N. Lugan, M.R. Terry, G.L. Geoffroy, B.S. Haggerty,

A.L. Rheingold, J. Am. Chem. Soc. 114 (1992) 6735.
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