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Abstract

The reaction of Mn2(CO)10 with tert-butyl isocyanide in the presence of 10 bar of carbon monoxide leads to the formation of cis- and
trans-[Mn(tBuNC)4(CN)(CO)], 1a and 1b, in good yields together with [Mn(tBuNC)6]CN (2), as a minor product. Nevertheless, the reac-
tion pathway highly depends on the reaction conditions. An interesting side-product is obtained, if chloroform is used during the workup
procedure. Compound 3 is composed of cationic [Mn(tBuNC)5(CO)] units as well as dinuclear anionic [Mn(tBuNC)4(CO)(l–CN)MnCl3]
moieties. If no additional CO pressure is applied to the system, the organic product N,N 0-di-tert-butyl-3,5-bis-tert-butylimino-4-phenyl-
cyclopent-1-ene-1,2-diamine (4), is formed in considerable amount. Compound 4 most probably is produced via a double benzylic C–H
activation of the solvent toluene and the oligomerization of four isocyanide moieties. The reaction of 1b with Co(NO3)2 leads to the
isolation of the trinuclear cyanide bridged coordination compound {[Mn(tBuNC)4) (CO) (l–CN)]2Co(NO3)2}, 5, in which the cobalt
atoms are tetrahedrally surrounded by the two cyanide ligands and the g1-coordinated nitro groups. In contrast to the reaction of
1b, treatment of the dicyano complexes cis- or trans-[Ru(tBuNC)4(CN)2] with Co(NO3)2 results in the formation of the coordination
polymers {[Ru(tBuNC)4(CN)2]Co(NO3)2}n, 7 (trans) and 9 (cis). All new compounds are characterized by X-ray diffraction experiments.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The synthesis of cyanide bridged coordination polymers
has found considerable interest corresponding to the possi-
bilities of tuning the electronic and/or magnetic coupling
between the bridged metal centers [1]. It has been pointed
out that the magnetic properties of such a supramolecular
aggregate is dependent on the nature of the transition met-
als and their oxidation state as well as on the number and
the relative arrangement of the metal centers with respect
to each other. The latter prerequisites often are difficult
to control if homoleptic cyanometallates are introduced
in the formation of coordination polymers. Thus starting
compounds with a limited number of cyanide ligands in a
0022-328X/$ - see front matter � 2007 Elsevier B.V. All rights reserved.
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well-defined stereochemistry might be ideal starting com-
pounds for this kind of investigations.

Some of us recently found that the reaction of ruthe-
nium carbonyl with tert-butylisocyanide under CO pres-
sure produces the octahedral ruthenium complexes
[Ru(tBuNC)4(CN)2] as a mixture of the cis- and trans-iso-
mers in quantitative yield [2]. Slight modifications of the
reaction conditions allow the synthesis of the correspond-
ing iron(II) derivatives from Fe2(CO)9 [3]. The ruthenium
complexes have already been introduced to the formation
of cyanide bridged coordination polymers. These reactions
demonstrated that the arrangement of metal centers rela-
tive to each other can be controlled by the use of the iso-
meric cis- or trans-complexes, respectively, and that the
different isomeric coordination polymers show distinctively
different magnetic properties [4]. Nevertheless, cyano com-
plexes of paramagnetic transition metals like e.g. Mn2+

would be much more interesting starting compounds for
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the synthesis of cyanide bridged coordination polymers.
The results of the reaction of Mn2(CO)10 with tert-butylis-
ocyanide under various reaction conditions are described in
this report.

2. Results and discussion

The reaction of Mn2(CO)10 with tert-butylisocyanide
proceeds via the oxidation of the transition metal and the
concomitant reductive cleavage of the isocyanide in anal-
ogy to iron and ruthenium carbonyl compounds [2,3].
The isolated products are depicted in Scheme 1. In the reac-
tion of Ru3(CO)12 we recognized that moderate CO pres-
sure was necessary to stabilize mononuclear metal
carbonyl fragments. Our first experiments with Mn2(CO)10

were therefore also performed under 10 bar of carbon mon-
oxide. This leads to the isolation of the mononuclear com-
pounds cis- and trans-[Mn(tBuNC)4(CN)(CO)] (1a and 1b),
in excellent yields. So starting from Mn2(CO)10 the metal
atom is only oxidized to the +1-state and not to the +2-
state as it was observed for the corresponding reaction of
ruthenium and iron carbonyl compounds [2,3]. The IR-
and MS-data, the elemental analysis (cf. Experimental
Part) as well as the outcome of the X-ray structure analysis
unequivocally show that 1a and 1b are not the originally
expected compound [Mn(tBuNC)4(CN)2]. The IR-spec-
trum of 1a and 1b exhibits two sets of bands representing
Scheme
the carbon monoxide ligand (app. 1900 cm�1) as well as
the cyanide and isocyanide groups (app. 2100 cm�1).

The molecular structure of 1b is presented in Fig. 1, the
most important bond lengths and angles are summarized in
Table 1. The manganese atom is octahedrally coordinated
by four isocyanide ligands, one carbon monoxide group
and one cyanide ligand, the latter showing a trans-arrange-
ment. Although nitrogen and oxygen are not reliably dis-
tinguishable by X-ray crystallography, the different metal
carbon bond lengths (Mn–C21 199.7(3) pm, Mn–C22
180.3(3) pm) allow the localization of the CO and CN
ligand, respectively. In agreement with earlier studies on
mixed carbonyl cyanide transition metal complexes the
shorter metal carbon bond length is typical for the carbon
monoxide ligand [5]. In addition, the supramolecular struc-
ture of 1b (Fig. 2) is also indicative of our assignment. 1b

crystallizes with one molecule of water per asymmetric
unit. The solvent molecule is engaged in several hydrogen
bond interactions. As it would be expected the strongest
hydrogen bonds are observed between the water molecules
and the negatively charged cyanide ligands. These interac-
tions lead to the formation of a cyclic aggregate consisting
of two water molecules and two complex units (Fig. 2). The
three dimensional crystal structure finally is built up by
additional weak C–H� � �O interactions of tert-butyl substit-
uents towards the water molecule or the CO ligand. The
same central cyclic motif has been structurally character-
1.



Fig. 1. Molecular structure of 1b. Displacement parameters are drawn at
the 45% probability level.

1900 K. Halbauer et al. / Journal of Organometallic Chemistry 692 (2007) 1898–1911
ized only four times before [6]. A more general statistic on
hydrogen bonds between metal bound cyanide ligands and
water or alcohol solvent molecules on the basis of 285
structure analyses shows that the hydrogen bond distances
of 291.2 pm and 297.6 pm, respectively, observed in the
crystal structure of 1b are slightly longer than the average
(cf. Supplementary Material) [7]. The hydrogen bond dis-
tances between the CO ligand and the hydrogen atoms of
hydrocarbon substituents are also in the range that is typ-
ically observed for this kind of interaction [8].

Together with 1a and 1b compound 2 is produced in low
yields. In contrast to 1a and 1b the IR spectrum of 2 shows
no signals representing carbon monoxide ligands. The same
is true for the 13C NMR spectrum. The composition of 2 as
a manganese(I) complex octahedrally surrounded by six
isocyanide ligands is unequivocally demonstrated by the
mass spectrum in which a peak for [Mn(tBuNC)6]+ is
observed. Similar compounds which only differ in the coun-
terion have already been described in the literature and
show analogous spectroscopic and redox properties [9].

Since our goal was to prepare Mn(II) coordination com-
pounds with cyanide ligands in a well-defined stereochem-
istry, we looked at the redox behaviour of the compounds
1b, 2 and 5 by CV measurements, the latter being a trinu-
clear compound in which two manganese(I) complex units
are bridged by a cobalt atom via the cyanide ligands of 1b

(vide supra). The outcome of the experiments is depicted in
Fig. 3 and shows that the manganese centers may be quasi-
reversibly oxidised at half-wave potentials of 0.109 (1b),
0.0305 (2) and 0.205 (5) V vs. ferrocene. The plot of the
redox behaviour of 5 quite likely represents two very simi-
lar one electron oxidation steps corresponding to the oxi-
dation of the two manganese(I) centers which means that
the communication between the two manganese atoms
over the cyanide bridges and the central cobalt atom obvi-
ously is quite weak.

If chloroform is used during the workup procedure of
the reaction mixture another interesting side-product is
obtained in very small yields. Compound 3 is an ionic com-
pound with both the cation and the anion being manganese
complex units. The IR-spectrum again shows bands typical
for the stretching frequencies of cyanide and isocyanide as
well as of CO ligands (2178, 2115, 2070 cm�1 and 1949,
1927 cm�1). The molecular structure of the cation with
the general formula [Mn(tBuNC)5(CO)]+ is shown in
Fig. 4, bond lengths and angles are presented in Table 1.
It consists of an octahedrally coordinated Mn+ ion sur-
rounded by five tert-butyl isocyanide and one carbon mon-
oxide ligand. The metal carbon bond length of the CO
group again is significantly shorter than the average Mn–
C bond length towards the isocyanide moeities (182.9(4)
vs. 191.8(3) pm). As it is expected the manganese carbon
bond length in trans-position with respect to the carbon
monoxide ligand is the longest manganese isocyanide
bond. The molecular structure of the anion of 3 with the
general formula [Mn(tBuNC)4(CO)(l–CN)MnCl3]� is
depicted in Fig. 5. The anion is a dinuclear species consist-
ing of the cis-isomer of 1a together with an additional
[MnCl3]� unit. The short manganese carbon bond length
Mn1–C1 of 182.7(4) compared to the other metal carbon
bond lengths in the anion again allows the assignment of
this ligand as a CO ligand. The metal carbon bond length
of the cyanide ligand (197.2(3) pm) is elongated compared
to the corresponding bond in 1b because of the function of
this cyanide moiety acting as a bridging ligand towards
Mn2. In contrast to Mn1 and Mn3 showing an oxidation
state of +1, Mn2 has to be assigned an oxidation state of
+2 so that all charges in 3 add up to zero. Searching the
Cambridge Structural Data Base [7] for compounds in
which a manganese atom with at least one CO and one cya-
nide ligand in it’s coordination sphere bridged to another
metal via the cyanide ligand yields 34 hits. Just one of them
is a structurally characterized compound highly related to 3

showing an MnCl3 moiety attached to a bridging cyanide
ligand which is coordinated to another Mn(II) center
[10]. In addition, there are several compounds in which
two manganese atoms are bridged by a cyanide moiety
[11]. Nevertheless, it has to be pointed out that all but
one [10b] of these compounds exhibit either two Mn(I) or
two Mn(II) centers which makes the anion of 3 only the
second structurally characterised mixed valence compound
of this type. The search is completed by a number of com-
plexes in which a manganese center and another main
group or transition metal are bridged by a cyanide ligand
[10,12].

In connection with the synthesis of cis- and
trans-[Fe(tBuNC)4(CN)2] we recognized that this reaction



Table 1
Selected bond lengths [pm] and angles [degr] of 1b, 3–5

1b

Mn–C1 190.3(3) Mn–C6 191.0(3) Mn–C11 191.7(3) Mn–C16 190.9(3)
Mn–C21 200.3(3) Mn–C22 179.7(3) C1–N1 116.1(3) C6–N2 116.0(3)
C11–N3 116.0(3) C16–N4 115.5(3) C21–N5 115.4(3) C22–O1 115.5(3)
N5–H1w1 193.6(6) N5–H2waa 218.8(7)
C1–Mn–C6 86.9(1) C1–Mn–C11 172.2(1) C1–Mn–C16 92.1(1) C1–Mn–C21 89.4(1)
C1–Mn–C22 92.0(1) C6–Mn–C11 86.8(1) C6–Mn–C16 176.00(1) C6–Mn–C21 88.5(1)
C6–Mn–C22 91.8(1) C11–Mn–C16 93.6(1) C11–Mn–C21 85.9(1) C11–Mn–C22 92.7(1)
C16–Mn–C21 87.7(1) C16–Mn–C22 92.1(1) C21–Mn–C22 178.6(1) Mn–C1–N1 175.7(2)
Mn–C6–N2 179.6(3) Mn–C11–N3 175.0(2) Mn–C16–N4 179.2(2) Mn–C21–N5 178.4(3)
Mn–C22–O1 179.5(3)

3

C1–C2 153.9(3) C2–C3 148.3(3) C3–C4 136.9(3) C4–C5 147.7(3)
C5–C1 154.2(3) C2–N1 127.3(3) C3–N2 139.1(3) C4–N3 140.6(3)
C5–N4 127.9(3) C1–C6 152.3(3)
C1–C2–C3 108.4(2) C2–C3–C4 110.1(2) C3–C4–C5 110.1(2) C4–C5–C1 108.8(2)
C5–C1–C2 101.8(2) C1–C2–N1 133.6(2) C3–C2–N1 118.0(2) C2–N1–C12 129.2(2)
C2–C3–N2 117.5(2) C4–C3–N2 132.2(2) C3–N2–C16 121.9(2) C3–C4–N3 130.8(2)
C5–C4–N3 119.1(2) C4–N3–C20 118.6(2) C4–C5–N4 117.3(2) C1–C5–N4 133.9(2)
C5–N4–C24 128.5(2) C5–C1–C6 112.1(2) C2–C1–C6 111.5(2)

4

Mn1–C1 180.7(4) Mn1–C2 197.2(3) Mn1–C3 190.8(3) Mn1–C8 193.9(3)
Mn1–C13 191.2(3) Mn1–C18 187.8(3) C1–O1 115.4(4) C2–N1 115.3(4)
C3–N2 116.1(4) C8–N3 115.2(4) C13–N4 116.0(3) C18–N5 116.1(4)
Mn2–N1 209.1(3) Mn2–Cl1 236.49(8) Mn2–Cl2 235.29(9) Mn2–Cl3 235.28(9)
Mn3–C23 181.5(3) Mn3–C24 191.5(3) Mn3–C29 190.7(3) Mn3–C34 193.8(3)
Mn3–C39 191.1(3) Mn3–C44 192.0(3) C23–O2 114.4(4) C24–N6 114.9(4)
C29–N7 115.5(4) C34–N8 114.9(4) C39–N9 115.5(4) C44–N10 116.0(4)
C1–Mn1–C2 90.9(1) C1–Mn1–C3 91.1(1) C1–Mn1–C8 177.6(1) C1–Mn1–C13 91.9(1)
C1–Mn1–C18 93.2(1) C2–Mn1–C3 89.6(1) C2–Mn1–C8 88.4(1) C2–Mn1–C13 92.4(1)
C2–Mn1–C18 175.9(1) C3–Mn1–C8 86.5(1) C3–Mn1–C13 176.3(1) C3–Mn1–C18 90.1(1)
C8–Mn1–C13 90.4(1) C8–Mn1–C18 87.5(1) C13–Mn1–C18 87.8(1) Mn1–C1–O1 179.5(3)
Mn1–C2–N1 178.3(2) Mn1–C3–N2 176.6(3) Mn1–C8–N3 175.6(3) Mn1–C13–N4 175.5(2)
Mn1–C18–N5 177.0(3) C2–N1–Mn2 174.8(2) N1–Mn2–Cl1 106.63(7) N1–Mn2–Cl2 107.41(8)
N1–Mn2–Cl3 111.02(8) C23–Mn3–C24 93.1(1) C23–Mn3–C29 91.3(1) C23–Mn3–C34 178.1(1)
C23–Mn3–C39 92.7(1) C23–Mn3–C44 93.0(1) C24–Mn3–C29 89.6(1) C24–Mn3–C34 87.0(1)
C24–Mn3–C39 174.1(1) C24–Mn3–C44 88.4(1) C29–Mn3–C34 86.9(1) C29–Mn3–C39 88.9(1)
C29–Mn3–C44 175.4(1) C34–Mn3–C39 87.2(1) C34–Mn3–C44 88.9(1) C39–Mn3–C44 92.7(1)
Mn3–C23–O2 178.2(3) Mn3–C24–N6 177.3(3) Mn3–C29–N7 177.7(3) Mn3–C34–N8 178.0(3)
Mn3–C39–N9 175.1(3) Mn3–C44–N10 176.6(6)

5

Mn1–C1 179.7(5) Mn1–C2 198.9(5) Mn1–C5 190.1(5) Mn1–C10 190.4(5)
Mn1–C15 191.4(5) Mn1–C20 193.6(5) C1–O1 115.7(6) C2–N2 114.4(6)
C5–N5 116.0(6) C10–N6 116.3(6) C15–N7 116.2(6) C20–N8 115.2(6)
Mn2–C3 197.8(5) Mn2–C4 180.7(5) Mn2–C25 191.2(5) Mn2–C30 191.7(5)
Mn2–C35 189.9(5) Mn2–C40 189.6(5) C3–N3 115.0(6) C4–O4 114.9(6)
C25–N9 116.4(6) C30–N10 115.3(6) C35–N11 115.6(6) C40–N12 115.7(6)
Co–N2 198.6(4) Co–N3 196.3(4) Co–O2na 197.7(9) Co–O2n2 198.4(5)
C1–Mn1–C2 173.1(2) C1–Mn1–C5 90.4(2) C1–Mn1–C10 92.3(2) C1–Mn1–C15 92.8(2)
C1–Mn1–C20 94.5(2) C2–Mn1–C5 83.0(2) C2–Mn1–C10 85.9(2) C2–Mn1–C15 89.0(2)
C2–Mn1–C20 92.2(2) C5–Mn1–C10 89.4(2) C5–Mn1–C15 89.7(2) C5–Mn1–C20 175.0(2)
C10–Mn1–C15 174.8(2) C10–Mn1–C20 91.6(2) C15–Mn1–C20 88.8(2) Mn1–C1-O1 177.0(4)
Mn1–C2–N2 170.5(4) Mn1–C5–N5 176.8(4) Mn1–C10–N6 177.5(4) Mn1–C15–N7 179.1(4)
Mn1–C20–N8 178.7(4) C3–Mn2–C4 179.1(2) C3–Mn2–C25 86.5(2) C3–Mn2–C30 85.4(2)
C3–Mn2–C35 89.2(2) C3–Mn2–C40 91.7(2) C4–Mn2–C25 94.4(2) C4–Mn2–C30 94.4(2)
C4–Mn2–C35 91.1(2) C4–Mn2–C40 87.4(2) C25-Mn2–C30 88.0(2) C25–Mn2–C35 88.6(2)
C25–Mn2–C40 178.0(2) C30–Mn2–C35 173.7(2) C30–Mn2–C40 91.2(2) C35–Mn2–C40 92.1(2)
Mn2–C3–N3 176.7(4) Mn2–C4–O4 177.8(4) Mn2–C25–N9 177.4(4) Mn2–C30–N10 174.7(4)
Mn2–C35–N11 178.4(4) Mn2–C40–N12 176.6(4) C2–N2–Co 158.4(4) C3–N3–Co 169.7(4)
N2–Co–N3 118.7(2) N2–Co–O2na 88.7(3) N2–Co–O2n2 103.7(2) N3–Co–O2na 107.4(3)
N3–Co–O2n2 121.8(2) O2na–Co–O2n2 111.6(3)

a Symmetry code [1 � x, �y, 1 � z]
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Fig. 2. Hydrogen bond network in the crystal structure of 1b.

Fig. 3. Cyclovoltammetric studies of the redox behaviour of 1b, 2 and 5 vs. ferrocene at a scan rate of 100 mV/s.
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in contrast to the analogous reaction starting from ruthe-
nium carbonyls is only successful if no carbon monoxide
is present [3]. So we performed the reaction of Mn2(CO)10

with tert-butyl isocyanide without any additional CO pres-
sure. After evaporating all volatile material recrystallisa-
tion from acetone yielded a white crystalline precipitate.
It turned out that this compound was not some kind of
manganese coordination compound but the purely organic
compound 4. If the filtrate of this crystallization procedure
is dried, the residue dissolved in THF and recrystallized
from THF at low temperatures, another portion of the
compounds 1a and 1b are obtained. The latter are therefore
also formed in the reaction of Mn2(CO)10 with tert-butyl
isocyanide without additional CO pressure although in
lower yields.
The molecular structure of 4 is presented in Fig. 6, the
most important bond lengths and angles are summarized
in Table 1. The carbon carbon bonds in the ring system
are clearly single bonds except C3–C4 which is in the typ-
ical range of a double bond. Corresponding to this obser-
vation N1–C2 and N4–C5 also demonstrate the double
bond character of the respective imino groups whereas all
bonds around N2 and N3 are single bonds of amino sub-
stituents. The positions of the hydrogen atoms at N2 and
N3 have been determined from the difference Fourier
map. 4 therefore is a cyclopentene derivative and is obvi-
ously composed of four isocyanides and one molecule of
toluene which was used as the solvent of the reaction.
The four isocyanide moieties are all interconnected by
new carbon carbon bonds. To the best of our knowledge



Fig. 4. Molecular structure of the cation of 3. Displacement parameters are drawn at the 45% probability level.

Fig. 5. Molecular structure of the anion of 3. Displacement parameters are drawn at the 45% probability level.
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this is the first 3,5-bis-imino-cyclopent-1-ene-1,2-diamine
reported in the literature. The incorporation of toluene is
achieved by a double benzylic C–H activation reaction.
Oligomerization reactions of isocyanides leading to other
types of carbocyclic or mostly heterocyclic products have
already been described in the literature [13].
One of the typical reactions of transition metal cyano
complexes is the formation of cyanide bridged coordina-
tion polymers [1,4]. So another proof for the identity of
1a or 1b as a compound with a mixed cyanide carbon mon-
oxide coordination sphere would be the reaction with an
additional transition metal fragment and the comparison



Fig. 6. Molecular structure of 4. Displacement parameters are drawn at
the 45% probability level.
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of the outcome of this reaction with the products of the
same transition metal fragment with an octahedral dicyano
complex. The reaction of 1b with Co(NO3)2 results in the
formation of the trinuclear compound 5 (Scheme 2). The
molecular structure of 5 is presented in Fig. 7, selected
bond lengths and angles are depicted in Table 1. Com-
pound 5 is a trinuclear coordination compound in which
the central cobalt atom shows a distorted tetrahedral coor-
dination sphere and is coordinated by two nitrate anions in
a g1-fashion as well as by the nitrogen atoms of the cyanide
ligands of 1b. Although the cyanide ligands in 5 act as
bridging ligands between two transition metal centers the
carbon manganese bond lengths are slightly shorter com-
pared to the bonding situation in 1b. In addition, the bond
angles at the cyanide nitrogen atoms are not linear, most
probably due to the tetrahedral ligand environment around
cobalt together with steric interactions of the nitrate ions
with the tert-butyl groups of the isocyanides. The bond
lengths and angles of the CO ligands are also not affected
Scheme
by the coordination of the cobalt atom the cyanide ligands
in trans-position. In the crystal structure of 5 the carbon
monoxide ligands only show intermolecular contacts
towards hydrogen atoms of tert-butyl groups of neighbor-
ing molecules of 5 representing weak C–H� � �O interactions
with H� � �O contacts above 2.7 Å.

In contrast to these observations the reaction of
Co(NO3)2 with the isomeric complexes cis- or trans-[Ru(t-

BuNC)4(CN)2] (6, 8) yields coordination polymers by the
interactions of both cyanide ligands per ruthenium center
with the additional cobalt atoms (Scheme 3). In both cases
linear 1D-coordination polymers are produced which nev-
ertheless differ in their supramolecular architecture due to
the different stereochemistry of the starting compounds.
The molecular structure of 7 which is formed in the reac-
tion of the trans-isomer 6 with Co(NO3)2 is depicted in
Fig. 8, the molecular structure of 9 (produced from the
cis-isomer 8) is presented in Fig. 9, selected bond lengths
and angels are also summarized in Table 2. In analogy to
the molecular structure of 5 the coordination polymers 7

and 9 show the cobalt atoms in a distorted tetrahedral
coordination sphere. On the other hand, the nitrate anions
in 7 and 9 are bound to the cobalt ions in a g2-fashion
although one of the cobalt oxygen bond lengths is signifi-
cantly longer than the second interaction of this type.

In the structure determination of 7 two crystallographi-
cally independent ruthenium atoms are observed each
being situated on crystallographic centers of inversion.
Due to the symmetry operations related to the space group
P�1 as well as to the tetrahedral coordination geometry
around the cobalt atom the supramolecular structure is a
infinite zig-zag chain with a Ru–Co–Ru angle of 123.0�.
In addition, one molecule of ethanol per asymmetric unit
is observed in the unit cell with a site occupation factor
of 0.5. The ethanol moieties each show one hydrogen bond
from the OH group of the solvent molecule towards one of
the oxygen atoms of a nitrate ligand as well as another
hydrogen bond in which the OH group acts as the hydro-
gen bond acceptor from a tert-butyl group of one of the
ruthenium complex units (Fig. 8).

Since the bond angle between the two cyanide ligands in
8 is 90� compared to 180� in 6, it would be expected that
the zig-zag chain resulting from the coordination of
2.



Scheme 3.

Fig. 7. Molecular structure of 5. Displacement parameters are drawn at the 40% probability level.
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Co(NO3)2 to the ruthenium complex fragments would
show smaller Ru–Co–Ru angles for 9 compared to 7.
The corresponding angle measures to 113.8� and is there-
fore indeed smaller than the angle in 7, although the differ-
ence is not as significant as it would have been expected.
This is due to the fact that the Ru–C–N–Co axis is not lin-
ear. The other bond lengths and angels in 9 are very similar
to those observed for 7 (Fig. 9 and Table 2).



Fig. 8. Molecular structure of 7. Displacement parameters are drawn at the 35% probability level.

Fig. 9. Molecular structure of 9. Displacement parameters are drawn at the 35% probability level.
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In summary, we have demonstrated that the reaction of
manganese carbonyl with tert-butyl isocyanide proceeds
via the reductive cleavage of isocyanide ligands together
with a concomitant oxidation of the metal centers. Never-
theless, the main products of the reaction in the presence of
carbon monoxide are the Mn(I) compounds cis- and trans-



Table 2
Selected bond lengths (pm) and angles (�) of 7 and 9

7

Ru1–C1 204.2(6) Ru1–C3 199.7(6) Ru1–C8 199.2(6) C1–N1 114.2(7)
C3–N3 114.8(7) C8–N4 113.9(7) Ru2–C2 204.4(6) Ru2–C13 201.5(5)
Ru2–C18 201.5(6) C2–N2 114.3(7) C13–N5 113.3(7) C18–N6 113.8(8)
Co–N1 199.4(5) Co–N2 199.1(5) Co–O1 240.9(5) Co–O3 204.0(5)
Co–O4 203.0(5) Co–O5 235.8(5)
C1–Ru1–C3 95.0(2) C1–Ru1–C8 86.9(2) C3–Ru1–C8 91.9(2) Ru1–C1–N1 172.8(5)
Ru1–C3–N3 174.0(5) Ru1–C8–N4 175.1(5) C2–Ru2–C13 84.8(2) C2–Ru2–C18 87.8(2)
C13–Ru2–C18 87.1(2) Ru2–C2–N2 173.4(5) Ru2–C13–N5 172.8(5) Ru2–C18–N6 176.0(5)
C1–N1–Co 167.9(5) N1–Co–N2 103.8(2) C2–N2–Co 165.6(5)

9

Ru1–C1 200(1) Ru1–C6 201(1) Ru1–C11 201(2) Ru1–C16 201(1)
Ru1–C21 205(1) Ru1–C22 204(1) C1–N1 114(1) C6–N2 114(1)
C11–C3 114(2) C16–N4 114(1) C21–N6 116(1) C22–N5 113(1)
Co1aa–N5 202.0(9) Co1–N6 199.1(9) Co1–O1 205.1(8) Co1–O2 236.9(7)
Co1–O4 239.0(8) Co1–O5 203.9(8)
C1–Ru1–C6 92.4(4) C1–Ru1–C11 93.4(4) C1–Ru1–C16 93.1(4) C1–Ru1–C21 90.3(4)
C1–Ru1–C22 88.4(4) C6–Ru1–C11 84.7(5) C6–Ru1–C16 92.8(4) C6–Ru1–C21 176.8(4)
C6–Ru1–C22 89.4(4) C11–Ru1–C16 93.4(4) C11–Ru1–C21 92.8(4) C11–Ru1–C22 85.2(4)
C16–Ru1–C21 85.5(4) C16–Ru1–C22 177.2(4) C21–Ru1–C22 92.2(4) Ru1–C1–N1 174(1)
Ru1–C6–N2 176(1) Ru1–C11–N3 171(1) Ru1–C16–N4 174.3(9) Ru1–C21–N5 176.2(8)
Ru1–C22–N6 174.9(9) C22–N5–Co1aa 162.1(8) C21–N6–Co1 172.5(9) N6–Co1–N5ab 104.9(3)

a Symmetry code [x � 0.5, y + 0.5, z � 0.5];
b Symmetry code [x + 0.5, �y + 0.5, z + 0.5]
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[Mn(tBuNC)4(CN)(CO)] (1a and 1b). If no additional CO
pressure is present the formation of an organic compound
produced by the oligomerisation of four tert-butyl isocya-
nide moieties together with the incorporation of one mole-
cule of toluene, which was used as the solvent, is observed.
The nature of 1a and 1b as compounds with a mixed car-
bon monoxide and cyanide ligand environment is shown
by several spectroscopic techniques together with structural
studies. The reaction of 1b with Co(NO3)2 yields a trinu-
clear coordination oligomer whereas highly related com-
plexes with another cyanide instead of the CO ligand
always react via the formation of coordination polymers
if they are treated with a transition metal salt. This is exem-
plified by the molecular structures of the compounds from
the reaction of Co(NO3)2 with cis- and trans-
[Ru(tBuNC)4(CN)2].

3. Experimental

3.1. General

All procedures were carried out under an argon atmo-
sphere in anhydrous, freshly distilled solvents. Cis- and
trans-[Ru(tBuNC)4(CN)2] were prepared according to the
published method [2].

Infrared spectra were recorded on a Perkin Elmer FT-IR
System 2000 using 0.2 mm KBr cuvettes. NMR spectra
were recorded on a Bruker DRX 400 spectrometer (1H:
400,13 MHz, 13C: 100.62 MHz, solvent as internal stan-
dard). Mass spectra were recorded on a Finnigan MAT
SSQ 710 instrument. High resolution mass spectra (HRMS)
were carried out using a Finnigan MAT 95 XL spectrome-
ter using ESI techniques. Elemental analyses were carried
out at the laboratory of the Institute of Organic Chemistry
and Macromolecular Chemistry of the Friedrich-Schille-
University Jena. Electrochemical data were obtained by
cyclic voltammetry using a PGSTAT20 potentiostat (Auto-
lab) and an electrode stand VA 663 (Metrohm). A single-
compartment three-electrode setup was composed of a plat-
inum working electrode, a glassy carbon counter electrode
and Ag/AgCl quasi-reference electrode. Measurements
were performed in 0.1 M TBABF4 acetonitrile electrolyte
under nitrogen atmosphere. At the end of the measurements
ferrocene was added as an internal standard and all data are
reported versus ferrocene.

3.2. X-ray crystallographic studies

The structure determinations of 1b, 3, 4, 5, 7 and 9 were
carried out on an Enraf Nonius Kappa CCD diffractome-
ter, crystal detector distance 25 mm, using graphite mono-
chromated Mo Ka radiation. The crystal was mounted in a
stream of cold nitrogen. Data were corrected for Lorentz
and polarization effects but not for absorption. The struc-
ture was solved by direct methods and refined by full-
matrix least squares techniques against F2 using the pro-
grams SHELXS 86 and SHELXL 97 [14]. The molecular illustra-
tions were drawn using the program XP [15]. The crystal
and intensity data are given in Table 3.

3.3. Synthesis of cis- and trans-[Mn(tBuNC)4(CO)(CN)]

(1a, 1b), and [Mn(tBuNC)6]CN (2)

A 50 ml autoclave charged with 123 mg (0.315 mmol)
dimanganesedecacarbonyl, 0.53 ml (4.725 mmol) tert-buty-
lisocyanide and 5 ml toluene is pressurized with 10 bar CO



Table 3
Crystal and intensity data for the compounds 1b, 3–5, 7 and 9

Compound 1 3 4 5 7 9

Formula C22H36N5ORu · H2O C48H81N10O2Cl3Mn3 C27H44N4 C44H72N12O8CoMn2 [C22H36N8CoRu]n [C22H36N8CoRu · 0.5
C2H5OH]n

Molecular
weight (g
mol�1]

459.51 1101.40 424.66 1065.95 668.59a 691.62a

Temperature (K) 183 183 183 183 183 183
Crystal colour Colorless Colorless Colorless Colorless Colorless Colorless
Crystal size

(mm3)
0.08 · 0.08 · 0.04 0.03 · 0.03 · 0.02 0.04 · 0.04 · 0.02 0.04 · 0.04 · 0.03 0.03 · 0.02 · 0.01 0.02 · 0.02 · 0.02

a (Å) 16.8870(4) 13.8640(4) 10.025(1) 11.6939(5) 10.1944(9) 9.1484(5)
b (Å) 9.4207(3) 20.0112(3) 10.656(1) 14.5357(7) 26.976(2) 12.1727(6)
c (Å) 18.9648(5) 23.8270(6) 14.060(1) 18.389(1) 12.709(1) 16.2898(9)
a (�) 90 90 102.046(5) 110.723(2) 90 94.531(2)
b (�) 113.489(2) 99.209(1) 97.795(6) 96.255(3) 105.743(4) 94.923(2)
c (�) 90 90 110.575(6) 90.037(3) 90 103.165(3)
Volume (Å3) 2767.1(1) 6525.2(3) 1338.9(3) 2903.6(3) 3364.0(5) 1750.8(2)
Z 4 4 2 2 4 2
F(000) 984 2324 468 1122 1372 712
qcalc (g cm�3) 1.103 1.121 1.053 1.219 1.320 1.312
Crystal system Monoclinic Monoclinic Triclinic Triclinic Monoclinic Triclinic
Spacegroup P21/c P21/n P�1 P�1 P21/n P�1
Absorption

coefficient
(mm�1)

0.500 0.733 0.062 0.764 0.984 0.949

h Limit (�) 2.18 < h< 27.47 1.60 < h < 27.50 2.12 < h< 27.52 2.22 < h < 27.47 1.83 < h< 27.40 1.73 < h < 27.49
Reflections

measured
19158 42085 7967 18895 20624 10795

Independent
reflections

6326 14898 5415 12739 7557 7518

Rint 0.0324 0.0519 0.0395 0.0386 0.2140 0.0447
Observed

reflections
ðF 2

o > 2rðF 2
oÞÞ

4731 9759 3412 7861 3314 5349

Number of
parameters

277 622 288 613 356 433

Goodness-of-fit 1.026 1.011 1.018 1.016 1.027 1.104
R1 0.0554 0.0509 0.0689 0.0748 0.1090 0.0666
wR2 0.1569 0.1182 0.1641 0.1776 0.1910 0.1275
Largest different

in peak/hole
(e Å�3)

1.014/�0.651 0.590/�0.503 0.270/�0.275 1.097/�0.669 1.580/�0.54 0.996/�0.840

a Relating to one monomeric unit
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and heated at 140 �C over night. After cooling all volatiles
are removed in vacuo. The residue was washed with chlo-
roform. 1a and 1b may be separated from the by-product
[Mn(tBuNC)6]CN (2), by chromatographic work up. 1b

crystallises selectively from an acetone solution containing
both isomers leaving a solution in which 1a is enriched.
Recrystallisation of 1b from chloroform/hexane leads to
crystals which were suitable for X-ray diffraction.

3.4. Spectroscopic and analytical data for 1a and 1b

Analysis calculated for C22H37N5O1.5Mn · 1/2H2O [%]:
C, 58.45; H, 8.30; N, 15.47. Found: C, 58.65; H, 8.28; N,
15.55%. m.p.: cis-isomer 1a: 150 �C; trans-isomer 1b:
190 �C.
MS (DEI) m/z (%): 441(7) ([Mn(tBuNC)4(CN)
(CO)]H+); 387(6) ([Mn(tBuNC)4]+); 330(31) ([Mn(tBuNC)3

(CN)]+); 274(3) ([Mn(tBuNC)2(CN)(CO)]H+); 247(66)
([Mn(tBuNC)2(CN)]+); 221(3) ([Mn(tBuNC)2]+); 191(100)
([Mn(tBuNC)(CN)(CO)]H+); 164(27) ([Mn(tBuNC)
(CN)]+).

IR (KBr): cis-isomer 1a: mas(CH) 2982(s), 2937(m);
ms(CH) 2874(m); m(–C„N/–N„C) 2183(m), 2027(vs),
2099(vs), 2063(vs); m(–C„O) 1978(vs), 1925(vs), 1883(vs);
das(–CH3) 1458(m); ds(–C(CH3)3) 1398(w), 1370(s),
1233(s), 1208(s); 653(m), 640(m), 624(m) cm�1; trans-iso-
mer 1b: mas(CH) 2982(s), 2937(m); ms(CH) 2875(m);
m(–C„N/ –N„C) 2101(vs), 2062(vs); m(–C„O) 1903(vs),
1885(vs); das(–CH3) 1459(m); ds(–C(CH3)3) 1397(w),
1369(s), 1233(s), 1209(s); 639(m), 624(m) cm�1.
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1H NMR (CD3OD, 293 K) [ppm]: cis-isomer 1a: 1.418,
1.444, 1.476 (CH3); trans-isomer 1b: 1.412 (s, CH3).

13C NMR (CDCl3, 293 K) [ppm]: cis-isomer 1a: 30.654,
30.762, 31.07 (CH3); 56.003, 56.869, 56.931 (C(CH3)3), car-
bon atoms of the cyano, isocyano and carbon monoxide
ligands are not detectable; trans-isomer 1b: 31.044 s
(CH3); 55.975 s (C(CH3)3); 170.206 (CN); 173.506
(C(CH3)3NC); 206.728 (CO).

3.5. Spectroscopic and analytical data for 2

Anal. Calcd for C31H54N7Mn · CHCl3 · 4 CH3OH [%]:
C, 52.27; H, 8.65; N, 11.85. Found: C, 52.76; H, 8.26; N,
11.41%. m.p.: 156 �C (decomp.)

IR (KBr): mas(CH) 2978(s), 2934(m); ms(CH) 2875(m);
m(–C„N/–N„C) 2092(vs), 2057(vs); das(–CH3) 1459(m);
ds(–C(CH3)3) 1397(w), 1369(s), 1234(s), 1204(s); 599
(m) cm�1.

1H NMR (CDCl3, 293 K) [ppm]: 1.410 s (CH3).
13C NMR (CDCl3, 293 K) [ppm]: 31.196 s (CH3);

56.173 s (C(CH3)3); 169.929 (CN); 174.387 (C(CH3)3NC).

3.6. Isolation of [Mn(tBuNC)5(CO)]+

[Mn(tBuNC)4(CO)(CN)MnCl3]� (3)

The remaining solution after the crystallization of 1b is
again dried in vacuo and the white precipitate is dissolved
in acetone/hexane. After a few weeks crystals of 2 which
are suitable for X-ray diffraction studies are obtained.

IR (KBr): mas(CH) 2962(s), 2920(vs); ms(CH) 2852(s);
m(–C„N/–N„C) 2178(w); 2115(m), 2070(m); m(–C„O)
1949(m), 1927(m); das(–CH3) 1460(m); ds(–C(CH3)3) 1400
(w), 1371(w), 1236(m), 1198(m) cm�1.

MS (FAB in nba) m/z (%): 553(42)([Mn(tBuNC)6]+);
498(100) ([Mn(tBuNC)5(CO)]+); 442(15) ([Mn(tBuNC)4-
(CO)(CN)]H+); 415(12) ([Mn(tBuNC)4(CO)]+); 387(42)
([Mn(tBuNC)4]+); 330(79) ([Mn(tBuNC)3(CN)]+); 304(75)
([Mn(tBuNC)3]+); 247(99) ([Mn(tBuNC)2(CN)]+); 221(53)
([Mn(tBuNC)2]+).

3.7. Synthesis of N,N 0-di-tert-butyl-3,5-bis-tert- butylimino-

4-phenyl-cyclopent-1-ene-1,2-diamine (4)

A 50 ml autoclave charged with 120 mg (0.308 mmol)
dimanganesedecacarbonyl, 0.52 ml (4.615 mmol) tert-buty-
lisocyanide and 5 ml toluene is heated without additional
CO pressure at 130 �C for 24 hours. After cooling all vola-
tiles are removed in vacuo. The residue is dissolved in ace-
tone. Crystallisation at �20 �C leads to the isolation of
crystalline 4. If the filtrate of this crystallization is evapo-
rated and the residue is dissolved in THF, another crystal-
lisation process produces crystals of 1b, which was shown
by identical mass and IR spectra as well as the identical
unit cell determined by X-ray diffraction.

Anal. Calcd for C27H44N4 · 2 MeOH · H2O [%]: C,
68.73; H, 10.74; N, 11.06. Found: C, 69.20; H, 9.64; N,
11.24%. m.p.: 144 �C.
IR (KBr): m (NH) 3241(m); mas(CH) 3087(w), 3068(w),
3007(m); 2965(vs), 2929(m) mas(CH); ms(CH) 2868(w);
m(C@N) 1620(vs); m(C@C) 1561(m), 1552(m); das (–CH3)
1452(m); ds(–C(CH3)3) 1390(w), 1358(m), 1221(m),1196
(s); m (NH) 1255(m) cm�1.

MS(DEI) m/z (%) 424(40) (M); 367(55) (M�tBu);
311(47) (MH�2tBu); 255(41) (MH2�3tBu); 199(67)
(MH3�4tBu).

High resolution MS (Micro-ESI in CHCl3/MeOH): m/z

(exp): 425.36387; (calcd): 425.36442.
1H NMR(CD2Cl2, 293 K) [ppm]: 1.05 s (CH3); 1.29s

(CH3); 4.34s (C–H); 4.6b (NH); 7.19–7.34m (C6H5).
13C NMR(CD3OD, 293 K) [ppm]: 30.88 (CH3); 31.11

(CH3); 46.74 (CH); 55.73 (–C(CH3)3); 56.12 (–C(CH3)3);
127.13 (CHar); 128.83 (CHar); 129.29 (CHar); 140.41
(Car); 143.4 (@C� � �N); 162.51 (–C@N).

3.8. Synthesis of {[Mn(tBuNC)4) (CO)

(l-CN)]2Co(NO3)2} (5)

5.94 mg (0.0204 mmol) Co(NO3)2 · 6 H2O solved in eth-
anol were added to a solution of 18.0 mg (0.0408 mmol)
[Mn(tBuNC)4(CN)(CO)] in ethanol. The solvent was evap-
orated at room temperature. Crystallisation from ethanol
afforded purple crystals.

Anal. Calcd for C44H76N12O10Mn2Co = [Mn(tBuNC)4-
(CO)(CN)]2Co(NO3)2 · 2H2O [%]: C, 47.96; H, 6.95; N,
15.25. Found: C, 47.68; H, 6.18; N, 15.19%.

IR (KBr): mas(CH) 2982(m), ms(CH) 2936(m); 2875(w);
m(–C„N/–N„C) 2105(vs), 2063(vs); m(–C„O) 1918(s);
das(–CH3) 1459(m); ds (–C(CH3)3); 1369(s), 1232(m),
1209(m); m (–NO3) 1384(vs); 638(m), 617(m) cm�1.

MS (Micro-ESI in MeOH) m/z (%): 1444(6) ([Mn-
(tBuNC)4(CN)(CO)]3 Co(NO3)+); 1003(100) ([Mn(tBu-
NC)4(CN)(CO)]2 Co(NO3)+); 562(37) ([Mn(tBuNC)4(CN)
(CO)]Co(NO3)+).

3.9. Synthesis of {[trans-Ru(tBuNC)4(CN)2] Co(NO3)2}n

(7)

5.9 mg (0.020 mmol) Co(NO3)2 · 6H2O solved in etha-
nol were added to a solution of 10.2 mg (0.020 mmol)
trans-[Ru(tBuNC)4(CN)2] in ethanol. The solvent was
evaporated at room temperature. Purple single crystals
suitable for X-ray diffraction studies were obtained by crys-
tallisation from ethanol at room temperature.

Anal. Calcd for C22H40N8O8RuCo = [Ru(tBuNC)4-
(CN)Co(NO3)2] · 2H2O [%]: C, 37.50; H, 5.72; N, 15.90.
Found: C, 37.22; H, 5.48; N, 16.14.

IR (KBr): mas(CH) 2986(m), 2926(m); ms(CH) 2854(m);
m(–C„N/–N„C) 2230, 2174(vs), 2137(s); das (–CH3)
1460(m); ds(–C(CH3)3) 1400(w), 1374(s), 1236(m), 1196(s);
m (–NO3) 1384(m) cm�1.

MS (Micro-ESI in Methanol) m/z (%): 1761(4)
ð½RuðCNÞ2ðtBuNCÞ4�3Co2ðNO3Þþ3 Þ; 1578(87) ([Ru(CN)2-
(tBuNC)4]3 Co(NO3)+); 1275(9) ð½RuðCNÞ2ðtBuNCÞ4�2Co2

ðNO3Þþ3 Þ; 1093(43) ð½RuðCNÞ2ðtBuNCÞ4�2CoNOþ3 Þ;
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1001(79) ([Ru(CN)2(tBuNC)4]4Co++); 758(18) ([Ru(CN)2(t-

BuNC)4]3Co++); 509(100) ([Ru(CN)2(tBuNC)4]Na+);
487(70) ([Ru(CN)2(tBuNC)4]H+).

3.10. Synthesis of {[cis-Ru(tBuNC)4(CN)2] Co(NO3)2}n

(9)

4.6 mg (0.016 mmol) Co(NO3)2 · 6H2O solved in etha-
nol were added to a solution of 8.7 mg (0.016 mmol) cis-
[Ru(tBuNC)4(CN)2] in ethanol. The solvent was evapo-
rated at room temperature. Crystallisation in ethanol
yielded purple crystals which were suitable for X-ray dif-
fraction studies.

Anal. Calcd for C22H40N8O8 RuCo = [Ru(tBuNC)4-
(CN)Co(NO3)2] · 2 H2O [%]: C, 37.50; H, 5.72; N, 15.90.
Found: C, 37.57; H, 5.40; N, 15.99%.

IR (KBr): mas(CH) 2985(m), 2924(m); ms (CH) 2853(m);
mC”N(–C„N/–N„C) 2230(m), 2178(vs), 2146; das (–CH3)
1458(m); ds(–C(CH3)3) 1400(w), 1373(s), 1236(m), 1197(s);
m (–NO3) 1384(m) cm�1.

MS (Micro-ESI in Methanol) m/z (%): 1760(16)
ð½RuðCNÞ2ðtBuNCÞ4�3Co2ðNO3Þþ3 Þ;1578(36) ([Ru(CN)2-
(tBuNC)4]3 Co(NO3)+); 1276(3) ð½RuðCNÞ2ðtBuNCÞ4�2
Co2ðNO3Þþ3 Þ; 1093(15) ð½RuðCNÞ2ðtBuNCÞ4�2CoNOþ3 Þ;
1001(98) ([Ru(CN)2(tBuNC)4]4Co++); 758(100) ([Ru(CN)2-
(tBuNC)4]3Co++); 515(85) ([Ru(CN)2(tBuNC)4]2Co++);
509(71) ([Ru(CN)2(tBuNC)4]Na+); 487 (46) ([Ru(CN)2-
(tBuNC)4]H+).
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Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax:
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