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Abstract. Metalation of secondary phosphanes HPRR� [R = R� =
C6H4-4-Me, C6H3-3,5-Me2 (3), C6H4-4-NMe2 (4); R/R� = Ph/cHex]
with Mn2(CO)10 in boiling xylene (mixture of isomers), until the evol-
ution of gaseous carbon monoxide ceases, leads to the formation of
the dinuclear complexes of the type [(OC)4Mn(μ-PRR�)]2 [R = R� =
C6H4-4-Me (5), C6H3-3,5-Me2 (6), R/R� = Ph/cHex (7), R = R� = C6H4-

Introduction

Very recently the suitability of manganese(I) thiolates as CO
releasing molecules (CORMs) to administer the signaling mol-
ecule carbon monoxide for biochemical, biological, and medic-
inal applications was studied.[1] The preferred synthetic route
to these thiolate complexes involves the metalation of thiols
with Mn2(CO)10, commonly yielding mixtures of dinuclear
and tetranuclear complexes of the types [(OC)4Mn(μ-SR)]2 and
[(OC)3Mn(μ3-SR)]4 with bridging thiolato ligands. Alterna-
tively, the metathetical approach via the reaction of [(OC)

5MnBr] with KSR also proofed to offer a suitable access to
these complexes. In contrast to the common di- and tetranu-
clear molecular structures, the 2,4,6-trimethylphenyltiolato
manganese(I) complex precipitated as the trinuclear complex
[(OC)4Mn(μ-SMes)]3 (Mes = C6H2-2,4,6-Me3, mesityl) with a
six-membered Mn3S3 ring.[1] In complexes with carbonyl li-
gands trans-arranged to each other, a weakening of the Mn–
CO bond has been observed by IR spectroscopy and X-ray
structure determination. Consequently, the tetranuclear hetero-
cubane-type complexes form due to the fact that a free electron
pair at sulfur competes with such a carbonyl ligand; liberation
of CO and related ligand exchange then converts dinuclear
[(OC)4Mn(μ-SR)]2 into tetranuclear [(OC)3Mn(μ3-SR)]4. The
ease of exchange of one carbonyl ligand by Lewis bases has
also been shown by dissolution of [(OC)4Mn(μ-SR)]2 in di-
methylsulfoxide (dmso) yielding [(OC)3(dmso)Mn(μ-SR)]2. In
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4-NMe2 (8)] with poor to moderate yields. These manganese(I) com-
plexes are only sparingly soluble or even nearly insoluble in hydro-
carbons at room temperature. Planar four-membered Mn2P2 rings rep-
resent the central moiety with four carbonyl ligands at each manga-
nese(I) atom. The steric demand of the P-bound substituents influences
the Mn–P bond lengths as well as the P–Mn–P bond angles.

order to suppress this ligand exchange and to stabilize manga-
nese(I) complexes with carbonyl ligands in trans positions to
each other, an anionic ligand without a second free electron
pair was chosen and the isolobal phosphanides of the type
[(OC)4Mn{μ-P(R)Aryl}]2 was studied.

The manganese(I) carbonyl phosphanides represent a sub-
stance class with a long history of more than 50 years. Several
strategies have been developed for the preparation of dinuclear
[(OC)4Mn{μ-PRR�}]2 (Scheme 1) (R = H, F, aryl, alkyl):

Scheme 1. Preparative protocols for the synthesis of dinuclear manga-
nese(I) complexes of the type [(OC)4Mn{µ-PR1R2}]2 (for assignment
of R1 and R2 see text).

(i) First preparative protocols describe the metathetical ap-
proach of NaMn(CO)5 with ClPR2 (R = Ph,[2,3] Me);[3] espe-
cially the phenyl derivative [(OC)4Mn{μ-PPh2}]2 was access-
ible only with poor yields.

(ii) The oxidative addition of tetraphenyldiphosphane to
manganese carbonyl gave [(OC)4Mn{μ-PPh2}]2 with yields up
to 46%.[3]



Journal of Inorganic and General Chemistry

Zeitschrift für anorganische und allgemeine Chemie

www.zaac.wiley-vch.de ARTICLE

(iii) The reaction of (OC)5MnX (X = Cl, Br) with trimethyl-
silylphosphane (R1 = R2 = H)[4] and trimethylsilyldiphenylpho-
sphane (R1 = R2 = Ph)[5] yielded a mixture of dinuclear and
trinuclear cyclic [(OC)4Mn{μ-PH2}]n (n = 2, 3) and volatile
Me3SiX. Coupling constants were elucidated from higher order
NMR spectra for [(OC)4Mn{μ-PH2}]n, verifying the di-
(n = 2) and trinuclear (n = 3) nature of these complexes.
However, the use of the manganese carbonyl iodide yielded
[{(OC)4Mn}2{μ-PH2}(μ-I)] under similar reaction condi-
tions.[4]

(iv) The addition of phosphanes to manganese carbonyl also
allowed the isolation of [(OC)4Mn{μ-PRR�}]2 (R, R� = H, Ph,
Me, cHex) with rather poor yields.[6–9] The reaction of
Mn2(CO)10 with H2P-cHex gave desired [(OC)4Mn{μ-
P(H)cHex}]2 with a yield of 10.5% and the side-product
[{(OC)4Mn}2{μ-P(H)cHex}(μ-H)] with a yield of 40.8 %.[8]

(v) The reduction of R2P(S)-P(S)R2 with Mn2(CO)10 yielded
a mixture of [(OC)4Mn{μ-PR2}]2 and [(OC)3Mn(μ-S=PR2)]3

(R = Me, Et, nPr, nBu).[10]

(vi) Derivatization by reaction of the dinuclear complexes
[(OC)4Mn{μ-PPhR}]2 (R = Ph, Me) with HC�CH and
H2C=C=CH2 were also reported.[11]

(vii) The reaction of [(OC)4Mn{μ-PHPh}]2 with n-butyllith-
ium and RX yielded the corresponding dinuclear complexes
[(OC)4Mn{μ-PPhR}]2 (R = Me, Et, nPr, COMe, CH2COMe,
CO2Et).[6,7]

Despite these early investigations, this substance class re-
mained scarcely studied most probably due to the low yields
and diverse side-products. In the frame of studies regarding
the light-induced CO releasing molecules (photoCORMs)[12]

for biological and medicinal applications, interest in this sub-
stance class arose because manganese(I) carbonyl complexes
already proved to be an extremely valuable substance class
for these applications. Early investigations clarified the first
reaction step of light-triggered loss of one carbonyl ligand
yielding [{(OC)3Mn}2(μ-CO){μ-P(R)Aryl}2] with a Mn–Mn
distance of 281.2(2) pm.[13] Applicability of these dinuclear
complexes of the type [(OC)4Mn{μ-P(R)Aryl}]2 for medicinal
purposes requires solubility in aqueous solutions as well as
non-toxicity of the complexes and their degradation products
after CO liberation. In order to study the suitability of this
substance class as photoCORMs, the P-bound substituents
were varied in order to elucidate spectroscopic and structural
properties. Recently, it has been demonstrated that manga-
nese(I) carbonyls represent a promising substance class for
medication of carbon monoxide. Thus, thiocarbamato[14] and
thioacetato complexes[15] with the manganese(I) tetracarbonyl
fragments (known as CORM-401 and CORM-371, respec-
tively) have been tested in biological and medicinal tissues.

Results and Discussion

Synthesis

In analogy to earlier protocols,[16,17] the reaction of arylmag-
nesium bromide with diethyl phosphite yielded the correspond-
ing secondary phosphane oxides as shown in Scheme 2. The
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reduction of these phosphane oxides succeeds with lithium alu-
minum hydride giving the corresponding secondary phospha-
nes.

Scheme 2. Synthesis of secondary phosphanes of the type HP(R)Aryl.

Metalation of these secondary phosphanes with Mn2(CO)10

in boiling xylene (mixture of isomers) till the evolution of gas-
eous carbon monoxide ceased gave the dinuclear complexes of
the type [(OC)4Mn{μ-P(R)Aryl}]2 with poor to moderate
yields (Scheme 3) in analogy to an earlier procedure.[9] These
manganese(I) complexes are only sparingly soluble or even
nearly insoluble in hydrocarbons at room temperature. There-
fore, no reliable NMR spectroscopic data were obtained for
compound 6.

Scheme 3. Synthesis of dinuclear complexes of the type [(OC)4Mn(μ-
PR1R2)]2.

The dinuclear nature of these complexes is evident from the
coupling pattern of the 13C{1H} NMR resonances as shown in
Figure 1 for complex 5. The hyper fine structure of the signals
appears as pseudo triplets of an AA�X type spectrum due to the
fact that the phosphorus nuclei are magnetically not equivalent.
In agreement with an earlier report[18] it was not possible to
detect the 13C{1H} NMR carbonyl resonances.

However, the complete interpretation of the AA�X type cou-
pling pattern was impossible because the 31P{1H} NMR reso-
nances are broad (Figure 2) regardless of solvent, concentra-
tion, and substitution pattern of the aryl groups. For complex
7 transannular syn/anti isomerism should be expected, how-
ever, only one broad resonance was detected also for this de-
rivative. In the 13C{1H} NMR spectrum the presence of both
isomers leads to a double set of resonances. Due to the poor
solubility, the carbonyl resonances have not been observed. Se-
lected NMR parameters are summarized in Table 1. The chem-
ical shifts of the 31P{1H} NMR resonances of [(OC)4Mn{μ-
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Figure 1. 13C{1H} NMR spectrum of 5 in [D8]THF depicting the AA�X
coupling pattern of the aryl carbon atoms.

Figure 2. 31P{1H} NMR spectrum of 5 (A, [D8]THF), 7 (B, CD2Cl2),
and 8 (C, [D8]THF) at room temperature showing the broadening of
the resonances regardless of solvent and substitution pattern.

PRR�}]2 significantly depend on the substitution pattern and
are observed between approx. +100 (R = R� = alkyl)[10] and
–200 ppm (R = R� = H).[5] The bis(aryl)phosphanides show
chemical 31P{1H} NMR shifts around –50 ppm.

Table 1. Selected spectroscopic parameters of carbonyl complexes of the type [(OC)4Mn(μ-PR1R2)]2. Due to the fact that these complexes are
only sparingly soluble, only the 31P{1H} NMR shifts are given. Furthermore, only the carbonyl stretching modes between 1900 and 2100 cm–1

are listed.

R1 / R2 Compound δ(31P) (solvent) ν(CO) Reference

Ph – – 2053, 1992, 1957 [3]
Me – 106.00 (CDCl3) 2046, 2016, 1984, 1962 [10]
Et – 105.80 (CDCl3) 2044, 1985, 1969, 1960 [10]
nPr – 105.60 (CDCl3) 2041, 1977, 1962, 1958 [10]
nBu – 105.60 (CDCl3) 2041, 1977, 1966, 1958 [10]
H – –194.00 (CD2Cl2) 2060, 1998, 1978, 1945 [4, 5]
cHex / H – –88.00 (CDCl3) 2049, 1999, 1981, 1968 [9]
Ph / H – –65.60 (CDCl3) 2093, 2062, 2004, 1969 [6]
C6H4-4-Me 5 –44.51 ([D8]THF) 2046, 1976, 1946, 1937 This work
C6H3-3,5-Me2 6 – 2046, 1996, 1945, 1922 This work
Ph / cHex 7 –32.16 (CD2Cl2) 2068, 2038, 1973, 1963, 1932 This work
C6H4-4-NMe2 8 –53.89 ([D8]THF) 2041, 1986, 1958, 1927 This work
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The stretching vibrations of the carbonyl ligands are also
listed in Table 1. For [(OC)4Mn{μ-PPh2}]2 the carbonyl
stretching modes were observed at 2053 [A1(1)], 1992 [overlap
of A1(2) and B2], and 1957 cm–1 (B1).[19] Substituents at the
P-bound phenyl groups lead to an annihilation of the overlap-
ping of the A1(2) and B2 modes and hence, four stretching
vibrations are observed. In complex 7 the phosphanide ligands
carry a phenyl and a cyclo-hexyl group; therefore transannular
syn and anti coordination is possible. Due to two possible iso-
mers, five CO stretching modes are resolved in the IR spec-
trum.

The mass spectra of the complexes of the type [(OC)4Mn{μ-
P(R)Aryl}]2 show the initial and step-wise loss of carbonyl
ligands finally yielding the cations [Mn{μ-P(R)Aryl}]2

+

([M+ – 8 CO]) which represent the most intense mass peak.
For the derivatives 5 and 6, also the monomeric [MnP(R)
Aryl}]+ cation was detected with substantial intensity. This
monomerization behavior of the carbonyl-free cation of
[(OC)4Mn{μ-PMe2}]2 was also observed earlier, however, in
contrast to these findings, the cations, which arise from partial
loss of carbonyl ligands, were not observed for this manga-
nese(I) complex.[20]

Molecular Structures

The dinuclear manganese(I) complexes contain planar four-
membered Mn2P2 rings with two carbonyl ligands trans to
each other (marked as Ccis-P) and two carbonyls in trans posi-
tion to the phosphorus atom (with the subscript Ctrans-P). Se-
lected structural parameters are summarized in Table 2. Com-
pounds 5 and 8 are shown in Figure 3 and Figure 4, and com-
plexes 6 and 7 are represented in Figures S1 and S2 (Support-
ing Information).

The Mn–P bond lengths vary between 235 and 241 pm
mainly depending on the bulkiness of the P-bound substituents.
Thus, the short bonds are observed to the bridging PH2

[21] and
PMe2

[22] ligands, whereas the large Mn–P distances are en-
forced by the rather demanding P(cHex)2

[9] and P(C6H3-3,5-
Me2)2 groups. The shape of the central four-membered Mn2P2

ring also is influenced by the steric demand of the bridging
phosphanide ligands with larger P–Mn–P bond angles for
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Table 2. Selected structural parameters (average bond lengths /pm and angles /°) of carbonyl complexes of the type [(OC)4Mn(μ-PR1R2)]2. The
subscripts at the carbon atoms Ctrans-P and Ccis-P characterize carbonyl ligands in trans and cis positions to the anions, respectively.

R1 / R2 Compound Mn–Ctrans-P Ctrans-P–O Mn–Ccis-P Ccis-P–O Mn–P P–Mn–P Mn–P–Mn Mn···Mn Reference

H – 183.1 113.0 184.1 113.5 235.1 76.1 103.9 370.3 [21]
Me – 181.5 114.5 184.0 113.5 234.7 76.9 103.1 367.5 [22]
cHex – – – – – 241.1 78.6 101.4 [23]
cHex / H – – – – – 235.8 76.9 103.1 [23]
nBu – 184.8 115.2 185.3 114.9 239.8 77.2 102.8 [10]
Ph – 182.4 113.6 184.5 113.6 238.8 78.7 101.2 369.0 [24]
Ph / H – 182.1 114.1 184.2 113.4 235.6 77.0 103.1 [6]
Ph / C(O)Me – 184 113 184 113 236.0 77.6 102.3 [6]
C6H4-4-Me 5 182.4 114.7 185.1 113.5 238.3 79.2 100.8 367.1 This work
C6H3-3,5-Me2 6 181.3 114.8 185.4 113.1 240.7 81.6 98.4 364.3 This work
Ph / cHex 7 182.6 114.4 185.0 113.9 239.0 78.3 101.7 370.6 This work
C6H4-4-NMe2 8 182.6 114.3 184.6 113.4 239.5 79.1 100.9 370.1 This work

Figure 3. Molecular structure and numbering scheme of complex 5.
The ellipsoids represent a probability of 30, hydrogen atoms are omit-
ted for clarity. Selected bond lengths /pm: Mn1–P1 238.91(7), Mn1–
P2 237.51(7), Mn1–C29 183.0(3), Mn1–C30 181.7(2), Mn1–C31
185.1(3), Mn1–C32 185.1(3), Mn2–P1 238.43(7), Mn2–P2 238.37(7),
Mn2–C33 182.3(3), Mn2–C34 183.4(2), Mn2–C35 185.2(3), Mn2–
C36185.1(3), P1–C1 184.5(2), P1–C8 184.6(2), P2–C15 184.4(2), P2–
C22 284.0(2). Bond angles /°: P1–Mn1–P2 79.23(2), P1–Mn2–P2
79.15(2), Mn1–P1–Mn2 100.55(3), Mn1–P2–Mn2 100.97(3), C1–P1–
C8 97.5(1), C15–P2–C22 97.2(1).

bulky phosphanides. A significantly larger average Mn–P bond
length of 246.8 pm was observed for the trinuclear manganese
complex [{(OC)4Mn}2{μ-PPh2}{μ-P(Ph)Mn(CO)5}] to the
bridging phosphorus atom bound to all three Mn atoms.[7]

The Mn–C distances to the carbonyl ligands expectedly de-
pend on the trans-positioned moiety. The Mn–C bond lengths
to the carbonyl groups in trans position to the bridging phos-
phanide are approximately 2 pm smaller than those of the carb-
onyl ligands in cis position to the phosphorus atoms due to an
enhanced back donation from the metal into the π*(CO) orbit-
als. This charge transfer leads to a slight lengthening of the
respective C–O bonds.
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Figure 4. Molecular structure and numbering scheme of complex 8.
This compound crystallizes with two half molecules A and B in the
asymmetric unit; only molecule A is depicted. A second letter A is
added to the atoms generated by inversion symmetry. The ellipsoids
represent a probability of 30%, hydrogen atoms are omitted for clarity.
Selected bond lengths /pm: Mn1A–P1A 238.96(6), Mn1A–P1AA
240.19(6), Mn1A–C17A 182.7(2), Mn1A–C18A 184.6(3), Mn1A–
C19A 184.6(2), Mn1A–C20A 182.4(2), P1A–C1A 183.7(2), P1A–
C9A 184.1(2). Bond angles /°: P1A–Mn1A–P1AA 79.14(2), C1A–
P1A–C9A 99.2(1).

Conclusions

The synthesis of the dinuclear complexes of the type
[(OC)4Mn(μ-PRR�)]2 [R = R� = C6H4-4-Me (5), C6H3-3,5-Me2

(6), R/R� = Ph/cHex (7), R = R� = C6H4-4-NMe2 (8)] succeeds
via the metalation of the appropriate secondary phosphanes
HPRR� (R = aryl, R� = aryl, cHex) with Mn2(CO)10 in boiling
xylene (mixture of isomers) only with poor to moderate yields.
These complexes are only sparingly soluble in hydrocarbons
and this fact hampered the measurements of NMR spectra. Due
to the insolubility of these manganese(I) complexes in ethereal
and aqueous solutions they are inappropriate for biological and
medicinal applications.

The yellow manganese(I) carbonyl phosphanides can be
recrystallized from toluene, yielding single crystals suitable for
X-ray diffraction experiments. The molecular structures con-
tain central planar Mn2P2 rings. Due to the trans effect, the
carbonyl ligands trans to the phosphorus atoms show a
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stronger charge transfer from the metal into the π*(CO) orbital
leading to smaller Mn–C bond lengths and slightly larger C–
O distances than observed for carbonyl ligands trans arranged
to each other. These complexes are significantly more stable
than the isostructural thiolates of the type [(OC)4Mn(μ-SR)]2,
which degrade under liberation of carbon monoxide to tetranu-
clear [(OC)3Mn(μ3-SR)]4.[1]

Experimental Section

General: All manipulations were carried out in an inert nitrogen atmo-
sphere using standard Schlenk techniques. The solvents were purified
and dried by standard techniques prior to use. The yields given are not
optimized. 1H, 13C{1H}, and 31P{1H} NMR spectra were recorded
with Bruker AC 200, AC 400, and AC 600 spectrometers. Chemical
shifts are reported in parts per million. [D8]THF was dried with so-
dium. Chemicals and solvents were commercially available and were
used as received without further purification. The synthesis of phos-
phanes that were not purchased, are described in the Supporting Infor-
mation.

Synthesis of {(CO)4Mn[P(C6H4-4-Me)2]}2 (5): Mn2(CO)10 (230 mg,
0.59 mmol) was suspended in xylene (20 mL, mixture of isomers). In
another flask bis(p-tolyl)phosphane (280 mg, 1.31 mmol) was dis-
solved in xylene (30 mL) and transferred at once to the Mn2(CO)10

suspension. The reaction was heated to reflux for 4 h until gas evol-
ution ceased. After the reaction mixture was allowed to cool to room
temperature, CO was bubbled through the solution for 2 min. Re-
duction of the volume under reduced pressure yielded a yellow solid.
This precipitate was suspended in toluene (2 mL), filtered, washed
with toluene (another 2 mL) and dried in vacuo. Recrystallization from
toluene gave single crystals suitable for X-ray diffraction studies.
Yield: 160 mg (0.21 mmol, 36%). 1H NMR (400.075 MHz,
[D8]THF): δ = 7.64 (m, 8 H), 7.16 (m, 8 H), 2.29 (s, 12 H). 31P NMR
(161.953 MHz, [D8]THF): δ = –44.5 (s). 13C{1H} NMR
(101.599 MHz, [D8]THF): δ = 139.3 (s), 138.1 (AA’X type), 134.0
(AA’X type), 129.5 (AA’X type), 20.8 (s). MS (DEI): m/z (%) = 732
[M+ – CO] (24), 648 [M+ – 4 CO] (41), 536 [M+ – 8 CO] (100), 481
(22), 299 (53), 268 [M+ – 8 CO]0.5 (50), 237 (40), 211 (53), 146 (29),
55 (44). IR (neat solid): ν̃ = 2046 (m), 1976 (s), 1946 (m), 1937 (s),
1495 (w), 1447 (w), 1394 (w), 1306 (w), 1263 (w), 1190 (w), 1081
(w), 1041 (w), 1016 (w), 802 (w), 542 (w), 513 (m), 505 (s), 488 (m),
475 (m), 447 (m), 434 (m), 416 (m) cm–1. C36H28Mn2O8P2 (760.43):
calcd. C 56.86, H 3.71%; found: C 56.48, H 3.80%. M.p.: 479 K
(dec.).

Synthesis of {(CO)4Mn[P(C6H3-3,5-Me2)2]}2 (6): Mn2(CO)10

(315 mg, 0.81 mmol) was suspended in xylene (20 mL, mixture of iso-
mers). In another flask bis(3,5-dimethylphenyl)phosphane (388 mg,
1.60 mmol) was dissolved in xylene (5.4 mL) and transferred at once
to the Mn2(CO)10 suspension. The reaction was heated to reflux for
4 h until gas evolution ceased. While the reaction mixture was allowed
to cool to room temperature, a yellow solid formed. The precipitate
was collected, washed with cold xylene (2 mL) and dried in vacuo.
The yellow residue was recrystallized from toluene. Yield: 290 mg
(0.36 mmol, 44%). MS (DEI): m/z (%) = 788 [M+– CO] (27), 704
[M+– 4 CO] (84), 676 [M+– 5 CO] (9), 648 [M+–6 CO] (43), 620
[M+– 7 CO] (4), 592 [M+– 8 CO] (100), 537 [M+– 8 CO - Mn] (22),
482 [((Me2C6H3)2P)2

+] (5), 327 [MnP2(C6H3Me2)2
+] (71), 296

[MnP(C6H3Me2)2
+] (100), 241 [P(C6H3Me2)2

+] (16). IR (neat solid):
ν̃ = 2918(w), 2851 (w), 2047 (w), 1997 (w), 1946 (m), 1923 (m), 1894
(w), 1842 (w), 1799 (w), 1768 (w), 1747 (w), 1731 (w), 1714 (w),

Z. Anorg. Allg. Chem. 2016, 508–514 © 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim512

1694 (w), 1681 (w), 1667 (w), 1660 (w), 1651 (w), 1644 (w), 1633
(w), 1614 (w), 1599 (w), 1574 (w), 1556 (w), 1538 (w), 1515 (w),
1504 (w), 1495 (w), 1485 (w), 1463 (w), 1454 (w), 1434 (w), 1405
(w), 1373 (w), 1299 (w), 1259 (w), 1117 (w), 1036 (w), 993 (w), 898
(w), 875 (w), 829 (w), 799 (w), 693 (w), 683 (w), 555 (m), 515 (m),
496 (m), 475 (m), 432 (w), 406 (w) cm–1. C40H36Mn2O8P2, 815.53):
calcd. C 58.84, H 4.44 %; found: C 59.38, H 4.71%. M.p.: 509 K
(dec.).

Synthesis of {(CO)4Mn[P(Ph)(cHex)]}2 (7): Mn2(CO)10 (753 mg,
1.89 mmol) was suspended in xylene (20 mL, mixture of isomers). In
another flask (cyclo-hexyl)phenylphosphane (798 mg, 4.15 mmol) was
dissolved in xylene (30 mL) and transferred at once to the Mn2(CO)10

suspension. The reaction was heated to reflux for 4 h until gas evol-
ution ceased. While the reaction mixture was allowed to cool to room
temp., a yellow solid precipitated. Afterwards CO was bubbled through
the solution for 2 min. The precipitate was collected, washed with n-
hexane (3 mL) and dried in vacuo. Yield: 518 mg (0.72 mmol, 38%).
1H NMR (400.075 MHz, CD2Cl2): δ = 7.88–7.73 (m, 4 H), 7.60–7.29
(m, 6 H), 2.34–2.15 (m, 6 H), 1.83–1.73 (m, 4 H), 1.61–1.51 (m, 4
H), 1.44–1.29 (m, 8 H). 31P NMR (161.953 MHz, CD2Cl2): δ = –32.2
(s). 13C{1H} NMR (100.599 MHz, CD2Cl2): δ = 136.1 (AA’X type),
135.8 (AA’X type), 134.3 (AA’X type), 129.6 (s), 129.5 (s), 128.0 (m),
43.5 (AA’X type), 43.2 (AA’X type), 30.5 (AA’X type), 30.3 (AA’X
type), 28.0 (AA’X type), 27.9 (AA’X type), 26.0 (s), 25.9 (s). MS
(DEI): m/z (%) = 688 [M+ – CO] (32), 604 [M+ – 4 CO] (60), 492
[M+ – 8 CO] (100). IR (neat solid): ν̃ = 3062 (w), 2931 (w), 2857
(w), 2068 (w), 2038 (m), 1973 (s), 1963 (s), 1932 (vs), 1477 (w), 1450
(w), 1431 (w), 1336 (w), 1295 (w), 1265 (w), 1202 (w), 1173 (w),
1112 (w), 1080 (w), 1048 (w), 1001 (w), 915 (w), 890 (w), 850 (w),
819 (w), 740 (m), 722 (w), 696 (m), 551 (m), 524 (m), 499 (s), 484
(s), 447 (s), 418 (s) cm–1. C32H32Mn2O8P2, 716.42): calcd. C 53.65,
H 4.50%; found: C 53.32, H 4.45%. M.p.: 463 K (dec.).

Synthesis of {(CO)4Mn[P(C6H4-4-NMe2)2]}2 (8): Mn2(CO)10

(249 mg, 0.62 mmol) was suspended in xylene (5 mL, mixture of iso-
mers). In another flask bis(4-dimethylaminophenyl)phosphane
(350 mg, 1.29 mmol) was dissolved in xylene (20 mL) and transferred
at once to the Mn2(CO)10 suspension. The reaction was heated to re-
flux for 4 h until gas evolution ceased. During this time, a yellow solid
precipitated. After the reaction mixture was allowed to cool to room
temperature CO was bubbled through the solution for 2 min. The pre-
cipitate was collected, washed twice with xylene (5 mL) and dried in
vacuo. The yellow residue was recrystallized from THF. Yield: 378 mg
(0.43 mmol, 69%). 1H NMR (400.075 MHz, [D8]THF): δ = 7.60–7.53
(m, 8 H), 6.66 (m, 8 H), 2.92 (s, 24 H). 31P NMR (161.953 MHz,
[D8]THF): δ = –53.9 (s). 13C{1H} NMR (100.599 MHz, [D8]THF): δ
= 151.1 (s), 135.1 (AA’X type), 130.6 (AA’X type), 112.2 (AA’X
type), 40.1 (s). MS (Micro-ESI pos. in THF and methanol): m/z (%)
= 876.9 [M+ + H] (75), 848.9 [M+ + H - CO] (26), 820.9 [M+ + H -
2 CO] (32), 699.1 (37), 629.2 (62), 599.1 (100), 199.0 (43). IR (neat
solid): ν̃ = 3088 (w), 2896 (w), 2857 (w), 2812 (w), 2041 (m), 1986
(s), 1958 (s), 1927 (s), 1593 (m), 1545 (w), 1508 (m), 1443 (m), 1420
(w), 1359 (m), 1318 (w), 1284 (w), 1231 (m), 1202 (m), 1173 (w),
1121 (w), 1086 (m), 998 (w), 948 (m), 931 (w), 804 (m), 777 (w), 764
(w), 751 (w), 718 (w), 694 (w), 650 (s), 633 (s), 550 (m), 529 (m),
516 (s), 493 (m), 432 (m), 417 (m), 407 (m) cm–1. C40H40Mn2N4O8P2,
876.59): calcd. C 54.81, H 4.60, N 6.39%; found: C 54.69, H 4.95, N
6.13%. M.p.: 458 K (dec.).

Crystal Structure Determination: The intensity data for the com-
pounds were collected with a Nonius KappaCCD diffractometer using
graphite-monochromated Mo-Kα radiation. Data were corrected for
Lorentz and polarization effects; absorption was taken into account on
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Table 3. Crystal data and refinement details for the X-ray structure determinations for compounds 5–8.

5 6 7 8

Formula C36H28Mn2O8P2 C40H36Mn2O8P2[*] C32H32Mn2O8P2 C48H50Mn2N4O8P2

Fw /g·mol–1 760.40 816.51[*] 716.40 982.74
T /°C –140(2) –140(2) –140(2) –140(2)
Crystal system monoclinic triclinic monoclinic triclinic
Space group P21/c P1̄ C2/m P1̄
a /Å 10.5614(2) 8.8628(2) 13.6298(15) 13.0615(2)
b /Å 18.8623(3) 11.6388(3) 11.5464(13) 13.6658(3)
c /Å 17.4536(3) 11.7388(3) 11.8367(14) 14.1632(3)
α /° 90 105.573(1) 90 82.253(1)
β /° 103.412(1) 111.788(1) 121.800(6) 66.658(1)
γ /° 90 95.672(2) 90 86.432(1)
V /Å3 3382.14(10) 1056.10(5) 1583.2(3) 2299.87(8)
Z 4 1 2 2
ρ /g·cm–3 1.493 1.284a) 1.503 1.419
μ /cm–1 8.93 7.2a) 9.49 6.77
Measured data 20263 6670 4251 13937
Data with I � 2σ(I) 6380 4244 1650 9373
Unique data (Rint) 7734/0.0391 4598/0.0149 1854/0.0481 10345/0.0215
wR2 (all data, on F2)b) 0.0870 0.1305 0.1221 0.1103
R1 [I � 2σ(I)]b) 0.0407 0.0478 0.0503 0.0451
sc) 1.080 1.100 1.165 1.074
Res. dens./e·Å–3 0.405/–0.366 0.799/–0.598 0.625/–0.415 0.974/–0.541
Absorpt method multi-scan multi-scan multi-scan multi-scan
Absorpt corr Tmin/max 0.6382/0.7456 0.7123/0.7456 0.7087/0.7456 0.6875/0.7456

a) These parameters do not contain the contribution of the disordered solvent. b) Definition of the R indices: R1 = (Σ||Fo|–|Fc||)/Σ|Fo|; wR2 =
{Σ[w(Fo

2–Fc
2)2]/Σ[w(Fo

2)2]}1/2 with w–1 = σ2(Fo
2)+(aP)2+bP; P = [2Fc

2+Max(Fo
2]/3. c) s = {Σ[w(Fo

2–Fc
2)2]/(No–Np)}1/2.

a semi-empirical basis using multiple-scans.[25–27] The structures were
solved by direct methods (SHELXS)[28] and refined by full-matrix le-
ast-squares techniques against Fo

2 (SHELXL-97).[28] All hydrogen
atoms bound to the compounds 5 and the hydrogen atoms of the phenyl
groups of 8 were located by difference Fourier synthesis and refined
isotropically. All other hydrogen atoms were included at calculated
positions with fixed thermal parameters. All non-hydrogen and non-
disordered atoms were refined anisotropically.[28] The crystal of 6 con-
tains large voids, filled with disordered solvent molecules. The sizes
of the voids are 178 Å3 per unit cell. Their contribution to the structure
factors was secured by back-Fourier transformation using the
SQUEEZE routine of the program PLATON[29] resulting in 98 elec-
trons per unit cell. The crystals of complex 7 contain the different syn
and anti isomers. This fact causes a disordering of the P-bound phenyl
and cyclohexyl groups. This disordering could be resolved for a part
of the molecule. Crystallographic data as well as structure solution and
refinement details are summarized in Table 3. XP (SIEMENS Analyti-
cal X-ray Instruments, Inc.) was used for structure representations.

Crystallographic data (excluding structure factors) for the structures in
this paper have been deposited with the Cambridge Crystallographic
Data Centre, CCDC, 12 Union Road, Cambridge CB21EZ, UK. Copies
of the data can be obtained free of charge on quoting the depository
numbers CCDC-1451187 for 5, CCDC-1451188 for 6, CCDC-1451189
for 7, and CCDC-1451190 for 8 (Fax: +44-1223-336-033; E-Mail:
deposit@ccdc.cam.ac.uk, http://www.ccdc.cam.ac.uk).

Supporting Information (see footnote on the first page of this article):
Preparative details of 1 to 4 and structure representations of the dinu-
clear manganese(I) complexes 6 and 7.
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