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The diamond-shaped heterometallic cyanide-bridged
complex of iron(ll) and copper(l), [CpFe(CO)(u-
CN),Cu(CH3CN),], (1), has been synthesized from the reac-
tion of K[CpFe(CO)(CN),] and [Cu(CH3CN),][BF,] in aceto-
nitrile. Upon the addition of 2-4 equivalents of phosphane li-
gands to complex 1, the coordination geometry of the copper
centers can be varied from trigonal planar as in
[CpFe(CO)(n-CN),Cu(PCysz)], (2), to tetrahedral as found in
[CpFe(CO)(n-CN),Cu(PCys)2], (3). Analogous derivatives
containing other phosphane ligands, namely PMes, P(p-to-
lyl);, PMe,Ph, and PPh,Me have been synthesized as well.
Prolonged exposure of complex 3 in CH,Cl, to excess PCy;
has provided the bimetallic complex [CpFe(PCyjz)(CN)(u-
CN)Cu(PCys),] (4), where the metal aggregate is disrupted
and PCyj; has displaced CO at the iron center. Bidentate pho-
sphane analogs of complex 3 have been prepared by adding
two equivalents of dcpe [bis(dicyclohexylphosphanyl)-
ethane] or dcpp [bis(dicyclohexylphosphanyl)propane]| to

complex 1. The solid-state structures of several of these dia-
mond-shaped derivatives, in addition to complex 4, have
been determined by X-ray crystallography. The overlapping
diamond-shaped [Fe,(CN),Cu,] cores, which form channels
within the solids, are blocked by bulky, copper-bound phos-
phane ligands such as PCy;. However, in the case of the
small phosphane PMegs, or the chelating phosphanes dcpe
and dcpp, these channels are not blocked by the phosphane
ligands; solvent molecules occupy the channels created by
the overlapping metal cores instead. Alternatively, the com-
plex [CpFe(CO)(CN)(u-CN)Cu(dcpm)], (13), derived from
bis(dicyclohexylphosphanyl)methane(dcpm), possesses two
copper(l) centers, each in a distorted trigonal coordination
geometry, bridged by two dcpm ligands to form an eight-
membered metallacycle with a short Cu'---Cu! separation of
2.844 A. The third ligand completing each copper's coordina-
tion sphere is a nitrogen-bound bridging cyanide group from
a CpFe(CO)(CN),~ anion.

Introduction

The use of linkage groups for assembling multinuclear
complexes has been extensively investigated. A variety of
polygons of transition metal complexes has been created
using different linkage groups.'! Among these, molecular
squares are the most common of the metallacyclic polygons
which have been prepared and structurally characterized.
Included in these are one-, two-, and three-dimensional
complexes which have been synthesized employing bridging
cyanide groups of M,(CN), building blocks.*~2 Recently,
the research groups of Rauchfuss,”®) and Longl?” have re-
ported remarkable molecular boxes, cages, and clusters
made from M(CN); or MgQsCN)s (Q = S, Se, or Te)
building blocks. Other studies ranging from the electronic
communication between metal atoms, i.e. electron transfer,
mixed-valence, and magnetic interactions,”®! to the under-
standing of cyanide’s role as a respiratory inhibitor in heme-
copper oxidases, involve the investigation of metal cyanide
complexes.l*!

Recently, we have communicated our initial investigations
of the synthesis and characterization of diamond-shaped
heterometallic cyanide-bridged complexes of iron(Il) and
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copper(I) with tricyclohexylphosphane ligands coordinated
to the copper(I) centers.?”) These studies showed that the
coordination geometries of the copper(I) centers in the
complexes [CpFe(CO)(u-CN),Cu(PCys),], (Cp = n>-CsHs;
n = 1 or 2) vary from trigonal planar (n = 1) to tetrahedral
(n = 2) upon the addition of a phosphane ligand. Herein
we elaborate upon these investigations employing a variety
of monodentate and bidentate phosphanes. Hopefully, these
results will yield the necessary knowledge to allow us to
expand our studies to dimeric cyanide-bridged complexes
of iron(IT) and zinc(II), the latter of which may serve to
mimic the double metal cyanide (DMC) catalysts employed
in the homopolymerization of epoxides or the copolymeriz-
ation of CO,/epoxides.B!]

Results and Discussion

Synthesis and Infrared Spectroscopy

Upon reacting K[CpFe(CO)(CN),] (Cp = n°-CsHs) with
[Cu(CH;CN)4][BF,] in acetonitrile at ambient temperature,
a clear vyellow solution of [CpFe(CO)(u-CN),Cu-
(CH3CN),], (1) and a fine pale gray solid of KBF, were
formed immediately. Two CN and one CO absorption
bands in the infrared spectrum of complex 1 were observed
at higher frequencies [2125 sh, 2118s (ven); 1974 vs ecm ™!
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Table 1. Infrared spectroscopic data in vy and v regions
Compound Condition ven (em™h) veo (em™1)
K[CpFe(CO)(CN)s] CH;CN 2094 w, 2088 w 1949 vs
KBr 2095 w, 2085 w 1973 s, 1954 s
[CpFe(CO)(1-CN),Cu(CH;CN),], (1) CH;CN 2125 sh, 2118 s 1974 vs
CH,Cl, 21375, 2123 s 1990 vs
KBr 2131 sh, 2118 s 1981vs
[CpFe(CO)(u-CN),Cu(PPhs); o, »]» (12) KBr 2118 sh, 2112's 1964 vs
[CpFe(CO)(1-CN),Cu(PCy3)]s (2) CH,Cl, 2115's 1974 vs
[CpFe(CO)(1-CN),Cu(PCy3)]> (3) CH,CN 2105 s, 2095 s 1959 vs
CH,(Cl, 2105's, 2093 s 1963 vs
[CpFe(PCy3)(CN)(i-CN),Cu(PCys),] (4) CH,CI, 2062 s, 2049 s
[CpFe(CO)(1-CN),Cu{P(p-tolyl);}], (5) CH,CN 2120 sh, 2114 s 1970 vs
CH,Cl, 2127, 2114 s 1983 vs
[CpFe(CO)(1-CN),Cu{P(p-tolyl)s }]> (6) CH,CN 2112s 1964 vs
CH,(Cl, 2121 s, 2095 sh 1970 vs
THF 2120 s 1968 vs
[CpFe(CO)(1-CN),Cu(PMePh,)], (7) CH;CN 2114 s 1970 vs
[CpFe(CO)(1-CN),Cu(PMe,Ph)]; (8) CH;CN 2115's 1971 vs
[CpFe(CO)(1-CN),Cu(PMes)]> (9) CH;CN 2115s 1971 vs
CH,(Cl, 2119s 1977 vs
[CpFe(CO)(u-CN),Cu(PMePh,),], (10) CH;CN 2110 m, 2095 s 1958 vs
[CpFe(CO)(u-CN)>Cu(PMe,Ph),], (11) CH;CN 2110 m, 2095 s 1956 vs
[CpFe(CO)(1-CN),Cu(PMes),], (12) CH;CN 2110 m, 2095 s 1956 vs
CH,(Cl, 2108 s, 2092 s 1963 vs
[CpFe(CO)(CN)(u-CN)Cu(depm)], (13) CH,Cl, 2101, 2092 1964
[CpFe(CO)(u-CN)>Cu(depe)], (14) CH,Cl, 2121, 2111 1970
[CpFe(CO)(u-CN)>Cu(depp)], (15) CH,Cl, 2111, 2093 1964
[CpFe(CO)(p-CN),Cu(depb)],, (16) CH,Cl, 2108, 2093 1965
in the infrared spectrum of the resulting solution, with the
CN and CO bands being shifted to higher frequencies (Fig-
A ure 2). These observations indicate that the acetonitrile mo-
lecules are dissociated from the copper(I) centers in dichlor-
/l')\ omethane solution, thereby making the metal more electron
s deficient. This in turn leads to a significant withdrawal of
N electron density from the nitrogens of the bridging cyanides
; to the Cu' centers, and the frequencies of the CN and CO
» | B vibrational modes are shifted to significantly higher fre-
n quencies than those seen in complex 1. Nevertheless, it is
Z most likely that in this instance there are weak Cu-++Cl inter-
actions with dichloromethane. In the absence of strongly
coordinating solvents, the complex was unstable under an
. . T T 7 ™ argon atmosphere and decomposed within 3—4 h.
2200 2100 2000 1900 1800

Figure 1. Infrared spectra of: A: [K][CpFe(CO)(CN),], and B:
[CpFe(CO)(u-CN),Cu(CH;3CN), ],

(vVco), Table 1] than in the parent anion CpFe(CO)(CN),~.
The absolute intensity of the vcy bands vs. that of the CO
stretching vibration of 1 was increased by a factor of 2.1
times that of the corresponding bands in the parent anion
(Figure 1).

The greater intensities and higher frequencies of the CN
bands are evidence that the CN groups of the
CpFe(CO)(CN), ™ unit are ligated to Cu' centers in complex
1. Two acetonitrile molecules are expected to complete each
copper’s coordination sphere. When the reaction was car-
ried out in dichloromethane, free acetonitrile was observed

2812

A turbid solution resulted immediately upon adding tri-
phenylphosphane to an acetonitrile solution of 1, with sub-
sequent formation of a yellow solid after several minutes of
stirring at ambient temperature. The isolated yellow solid
was found to be insoluble in all common organic solvents.
However, the solid-state infrared spectrum of this material
(1a) exhibited vcn and veo vibrational modes of lower fre-
quencies than those observed in complex 1, and hence in-
dicate the binding of PPhj; ligands at the copper(I) centers.
In order to obtain an analogous complex which was soluble
in organic solvent, complex 1 was reacted with tricyclohex-
ylphosphane. In this manner, two complexes, [CpFe(CO)(p-
CN)Cu(PCys3)l, (2) and [CpFe(CO)(u-CN),Cu(PCys)a],
(3), were synthesized by the reaction of 1 with two or four
equivalents of PCys, respectively.’®] Whereas, complex 2
precipitated directly from the acetonitrile reaction solution,

Eur. J. Inorg. Chem. 2001, 2811—2822
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Figure 2. Infrared spectra of: A [CpFe(CO)(u-CN),Cu(CH3CN),),
and B: [CpFe(CO)(u-CN),Cu]

complex 3 remained in solution; both derivatives were read-
ily soluble in dichloromethane. As seen in Table 1, the vy
and vco bands progressively shift to lower frequencies in
proceeding from complex 1 to 2 and 3, consistent with one
and two equivalents of PCy; binding to the Cu' centers.
The subsequent addition of PCy; to complex 3 in dichloro-
methane with stirring over a period of time affords a com-
plex devoid of any CO ligand which has been characterized
as [CpFe(PCy3)(CN)(u-CN)Cu(PCys),] (4) (vide infra).
Scheme 1 summarizes the sequence of reactions employed
in the synthesis of 2 and 3 and other phosphane analogs,
along with further reaction pathways of these derivatives.

[K][CpFe(CO)CN),] + [Cu(CH;CN)a][BF4]

-[K][BF4)CH3CN
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Scheme 1

In an effort to prepare soluble derivatives containing a
phosphane ligand that closely mimics the electronic and
steric properties of PPh;, we synthesized the P(p-tolyl); de-
rivatives. Upon adding two equivalents of P(p-tolyl); to
complex 1 in acetonitrile, a yellow solution of
[CpFe(CO)(n-CN),Cu{P(p-tolyl);}]» (5) was obtained. Un-
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fortunately, complex 5 was unstable in acetonitrile or
dichloromethane solution, even when maintained at 10 °C.
In contrast, the addition of four equivalents of P(p-tolyl)s
to 1 in acetonitrile resulted in the formation of a precipitate
of [CpFe(CO)(u-CN),Cu{P(p-tolyl)s},], (6), which was
stable when redissolved in either THF or dichloromethane.
The conversion of complex 6 to the bimetallic complex
[CpFe{P(p-tolyl);} (CN)(u-CN)Cu{P(p-tolyl)s}],, in the
presence of added equivalents of P(p-tolyl); in dichlorome-
thane (ven = 2086 sh, 2073 s cm ™ ') proceeded more rapidly
(only four days) than the corresponding process involving
3 and PCys;. In addition the reaction of two or four equiva-
lents of the series of phosphanes PMe,Ph;_, (n = 1, 2, or
3) with complex 1 in dichloromethane have similarly pro-
vided the mono- and bisphosphane-substituted copper(I)
derivatives 7, 9, 11, and 8, 10, 12, respectively. As is evident
from the vibrational data in Table 1, the basicity of the pho-
sphane ligand, which varies significantly from PMe; to
PPh,Me, has a negligible effect on the vy and veo values
observed. Complexes 8, 10, and 12 were found to react
more rapidly with added equivalents of the corresponding
phosphane ligand to provide the bimetallic complex than
previously observed for other complexes. For example, com-
plex 12 was quantitatively converted in the presence of
PMe; into [CpFe(PMes3)(CN)(u-CN)Cu(PMes),] in two
days. When eight equivalents of PMe,Ph;_, (n = 1, 2, or
3) were added directly to complex 1 in dichloromethane,
the infrared spectra of the products were consistent with
complete disruption of the parallelogram structures with
concomitant formation of the [Cu(PMe,Ph;_,),]-
[CpFe(CO)(CN),] salts.

In studies designed to examine the nature of the complex
formed when the monodentate tricyclohexylphosphane is
replaced by its bidentate analogs Cy,P-(CH,),-PCy,, we
synthesized the derivatives where n varies from 1 to 4 in an
identical manner. Infrared spectroscopic data in the vco
and vy regions for the derivatives of depm [bis(dicyclohex-
ylphosphanyl)methane] (13), dcpe [I,2-bis(dicyclohexyl-
phosphanyl)ethane] (14), and dcpp [bis(dicyclohexylphos-
phanyl)propane] (15) are quite similar (Table 1). Further-
more, these derivatives were shown by elemental analysis to
be stoichiometrically of the same composition. The most
distinguishing spectral feature noted between complex 13
and complexes 14 and 15 is the magnitude of the downfield
shift of the 3'P NMR resonance of the bisphosphane ligand
upon complexation to copper(I): whereas the 3'P NMR
shift is significantly different from that of the free phos-
phane in complex 13 (by 16 ppm), in complexes 14 and 15
the chemical shift difference is only 0.9—1.2 ppm (see
Table 2).

X-ray Crystal Structures

X-ray quality crystals of 2 were obtained upon the slow
diffusion of acetonitrile into a dichloromethane solution of
the complex over several days at 10 °C. Under similar con-
ditions, yellow or yellow-orange crystals of complexes 3, 6,
12, and 15 were obtained from THF/hexane, and orange
crystals of 4, 13, and 14 from dichloromethane/diethyl
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Table 2. 3'P NMR spectroscopic data

Compound® 3, ppm
PCy; 10.86
[CpFe(CO)(p-CN),Cu(PCy3)]> (2) 15.16
[CpFe(CO)(u-CN),Cu(PCys3),]> (3) 11.74
[CpFe(PCy3)(CN)(u-CN),Cu(PCys),] (4) 80.16, 12.00
PMePh, —26.65
[CpFe(CO)(u-CN),Cu(PMePh,)], (7) —22.08
[CpFe(CO)(u-CN),Cu(PMePh,),], (10) —20.06
PMe,Ph —45.01
[CpFe(CO)(u-CN),Cu(PMe,Ph)], (8) —35.48
[CpFe(CO)(u-CN),Cu(PMe,Ph),], (11) —32.95
PMe; —60.96
[CpFe(CO)(n-CN),Cu(PMes)]» (9) —47.48
[CpFe(CO)(n-CN),Cu(PMes),], (12) —44.79
dcpm -9.93
[CpFe(CO)(CN)(n-CN)Cu(depm)], (13) 6.20
dcpe 2.25
[CpFe(CO)(n-CN),Cu(dcpe)], (14) 3.10
dcpp —5.55
[CpFe(CO)(n-CN),Cu(depp)]» (15) -6.71
dcpb —4.30
[CpFe(CO)(n-CN),Cu(depb)], (16) —0.82

[al Spectra determined in dichloromethane at ambient temperature.

ether. The solid-state structures of 2, 3, 4, 6, and 12—15
were determined by X-ray crystallographic analysis. Se-
lected bond lengths and angles of 2, 3, 4, 6, 12—15 are listed
in Table 3. Figure 3 presents a crystal packing diagram of
complex 2, and Figure 4 shows a thermal ellipsoid drawing
of complex 3. Complexes 2 and 3 possess a diamond-
shaped motif composed of two 1n°-CsHsFe(CO) fragments,
two Cu! centers, and four bridging CN groups. Due to the
addition of phosphane ligands, the coordination geometry
about the copper(I) centers of 2 and 3 are trigonal planar
and tetrahedral, respectively. As anticipated, upon increa-
sing the coordination number of the copper centers from
three to four, i.e., proceeding from complex 2 to 3, the aver-
age Cu—P and Cu—N bond lengths are lengthened by
about 0.1 A. As seen in Figure 4, the diamond-shaped core
of complex 3 was found to be partially blocked by the cyclo-
hexyl groups from phosphane ligands. This steric hindrance

Figure 3. Crystal
CN)-Cu(PCy3)]> (2)

packing diagram of

[CpFe(CO)(u-

is not observed in complex 2 or in the chelated bisphos-
phane derivatives (vide infra). Figure 3 shows the packing
diagrams for complex 2, where solvent molecules (CH,Cl,)
lie between the overlapping diamonds that form channels
within the solids. Complex 2 is the only structurally charac-
terized of these species that has a trigonal Cu' center. Pre-
sumably due to the sterically encumbering PCy; ligand,
which has a cone angle of 179°,3% complex 2 is stabilized
by filling up the coordination space of the copper centers
with PCy;. We were not able to crystallize other derivatives
from solution. The insert in Figure 4 illustrates another in-
teresting feature of the solid-state structure of 3: the dis-
order of the n’-CsHsFe fragments. This type of disorder is
also found in the solid-state structure of complex 6. This is
illustrated in Figure 5, which shows that complex 6 has a
structure similar to complex 3; the ball-stick drawing of the
n>-CsHsFe disorder of complex 6 is provided as the insert
of Figure 5.

Table 3. Selected bond lengths (A) and bond angles (deg) for complexes 2—4, 6 and 12—15

2 3 4 6 12 13 14 15
Cu—N(1) 1.957(3) 2.036(3) 1.943(9) 2.028(3) 2.032(4) 1.994(3) 1.974(5) 2.004(3)
Cu—N(2) 1.953(4) 2.020(4) - 2.008(3) 2.010(4) 1.977(5) 1.992(3)
Cu—P(1) 2.206(2) 2.2958(10) 2.233(3) 2.2814(9) 2.2454(16) 2.2473(11) 2.2462(17) 2.2542(9)
Cu—P(2) - 2.2622(10) 2.236(3) 2.2474(9) 2.2369(15) 2.2626(11) 2.2478(16) 2.2494(9)
Fe—C(1) 1.886(4) 1.875(5) 1.854(10) 1.923(5) 1.898(5) 1.880(4) 1.890(6) 1.898(3)
Fe—C(2) 1.897(4) 1.882(5) 1.870(13) 1.888(5) 1.901(5) 1.900(5) 1.891(6) 1.900(3)
Fe—C(3) 1.750(4) 1.737(12) - 1.801(6) 1.731(6) 1.788(5) 1.755(6) 1.749(3)
Fe—Ccp (av.) 2.101 2.008 2.092 2.056 2.091 2.075 2.096 2.099
P(1)—Cu—P(2) - 127.75(4) 139.54(11) 121.21(3) 118.71(6) 144.26(4) 92.49(6) 104.67(3)
N(1)—Cu—N(2) 109.33(13) 100.58(14) - 106.78(11) 103.04(16) 103.93(19) 101.98(11)
Cu—N-C (av.) 160.4 166.7 166.5(9) 162.9 174.7 158.3(3) 178.9(5) 172.1(3)
Fe—C—N (av.) 175.5 178.4 172.9(10) 171.1 176.9 175.4(4) 176.9(5) 179.1(3)
2814 Eur. J. Inorg. Chem. 2001, 2811—2822
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Figure 5. Thermal ellipsoid representation of [CpFe(CO)(u-CN),Cu(P-p-totyls),], (6)

As previously mentioned, the prolonged exposure of
complex 3 to PCy; in CH,Cl, affords the bimetallic com-
plex 4, which does not contain a CO ligand bound to iron.
The thermal ellipsoid representation of complex 4 is de-
picted in Figure 6. A tricyclohexylphosphane, a terminal
CN ligand, and the bridging CN group occupy the re-
maining coordination sites of the CpFe moiety. The coor-
dination geometry about the Cu' center is trigonal, and the
copper’s coordination sphere is completed by the bridging
CN group and two PCyj; ligands. Apparently, complex 4 is
synthesized by the substitution of CO with PCy; on the
iron centers of 3 and the cleavage of one Cu’'—N bond on
each copper center of complex 3. The average Cu—P bond
length in complex 4 (2.235 /3;) is slightly shorter than those
found in complex 3 (2.279 A). Similarly, the Cu—N bond
length of 1.943(9) A is shorter than the average Cu—N
bond length in 3 (2.028 A). These bond length trends are
the same as those observed in proceeding from 2 to 3, that
is, when the coordination number of copper increases from
three to four. By comparing the two trigonal Cu' centers of

Eur. J. Inorg. Chem. 2001, 2811—2822

complexes 2 and 4, the average Cu—P bond length in 4
(2.235 A) is slightly longer than that in 2 [2.206(2) A],
whereas, the Cu—N bond length in 4 [1.943(9) A] is shorter
than that in 2 (1.955 A on average). As expected, the
P(I)-Cu—P(2) bond angle in complex 4 [139.54(11)°] is
much larger than that found in 3 [127.75(4)°]. The bonding
mode of Fe—C=N-Cu in complex 4 is nonlinear, with
Fe—C(1)—N(1) and C(1)=N(1)—Cu bond angles of
172.9(10) and 166.5(9)°, respectively.

Figure 7 shows a thermal ellipsoid drawing of
[CpFe(CO)(u-CN),Cu(PMes),], (12), where the basic metal
cyanide core structure is similar to those seen in the other
bis-bimetallic derivatives. However, in this instance the Cp
and carbonyl ligands were not disordered about the
[Fe(CN),Cu], plane.

Furthermore, unlike the bis tricyclohexylphosphane and
P(p-tolyl); analogs, the sterically less demanding PMes li-
gands do not block the entrance to the diamond-shaped
core. Instead, solvent molecules are able to occupy the
channels created by the overlapping diamonds as in com-
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Figure 6. Thermal ellipsoid representation of CpFe(PCy3)(CN)(u-
CN)Cu(PCys), (4)

Figure 7. Thermal ellipsoid representation of [CpFe(CO)(p-
CN),Cu(PMe;),]> (12)

plex 2. It is noteworthy that in this complex the C=N—-Cu
bond angles are close to being linear, with an average bond
angle of 174.7°. The corresponding average C=N-Cu
bond angles in the other crystallographically determined
derivatives (complexes 2, 3, and 6) cover a range of
160.4—166.7°. Although complexes 3, 6, and 12 have sim-
ilar structures, the P—Cu—P angles and Cu—P bond
lengths respond to the steric requirements of the phosphane
ligands, that is, the P—Cu—P angles become more obtuse
and the Cu—P bond lengths become longer with increasing
phosphane cone angles (see Table 4).

A thermal ellipsoid representation of complex 13 is
shown in Figure §, and a list of selected bond lengths and
angles is provided in Table 3. Unlike the bis(tricyclohexyl-
phosphane) derivative, complex 13 consists of two Cu! cen-
ters, each in a distorted trigonal environment, separated by
2.844 A and bridged by the two dcpm ligands. The third
ligand completing each copper center’s coordination sphere
is a nitrogen atom of a bridging CN group from the
CpFe(CO)(CN), ™ anion. The insert in Figure 8 illustrates
the distorted T-shape about the copper centers, where the
P(1)—Cu(1)—P(2) angle is 144.26(4)°. Hence, like the CO
ligand, one cyanide ligand of the CpFe(CO)(CN),™ units
is terminal.

As seen in Figure §, the two CpFe(CO)(CN),™ moieties
are on opposite sides of the eight-membered metallacycle
afforded by the two copper(I) atoms and the two bisphos-
phane ligands. The Cu—P bond lengths in complex 13
[2.2473(11) and 2.2626(11) A] are slightly shorter than those
found in the diamond-shaped bis(tricyclohexylphosphane)
derivative (2.28 A on average), where the geometry about
the copper is tetrahedral with two bridging CN ligands.
Similarly, the Cu—N bond length of 1.994(3) A is shorter
than the average Cu—N bond length in the bis-PCy; ana-
log. These observations are to be expected in proceeding
from three- to four-coordinate copper, and are also ob-
served in the mono- and bis-tricyclohexylphosphane com-
plexes. Interestingly, the C—N—-Cu bond angle in 13
[158.3(3)°] is more acute than that found in the geometric-
ally constrained diamond-shaped derivatives (vide infra).

Again, in an effort to conclusively define the structures
of complexes 14 and 15 we have resorted to X-ray crystallo-
graphy. This is of particular importance since the spectro-
scopic data for complexes 13—15 are so similar. Thermal
ellipsoid drawings of complexes 14 and 15 are found in Fig-
ures 9 and 10, respectively, and lists of selected bond lengths
and angles are provided in Table 3.

Table 4. Cone angles, P—Cu—P bond angles, and Cu—P bond lengths of 3, 6, and 12

Compound Cone angle P—Cu-P Cu—P
(deg) (deg) (A)
[CpFe(CO)(u-CN),Cu(PCys3)sl> (3) 179 127.75 2.264
[CpFe(CO)(n-CN),Cu{(P-p-tolyl)s},], (6) 145 121.21 2.279
[CpFe(CO)(n-CN),Cu(PMes),], (12) 118 118.71 2.241
2816 Eur. J. Inorg. Chem. 2001, 2811—2822
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Figure 8. Thermal ellipsoid representation of complex 13; the insert
illustrates the coordination sphere about the copper(I) center

Figure 9.Thermal ellipsoid representation of complex 14

Complex 14 crystallized with two molecules each of
CH,Cl, and CH;CN, whereas complex 15 crystallized with
five molecules of THF. Both derivatives possess the dia-
mond-shaped structure previously observed in the analog-

Eur. J. Inorg. Chem. 2001, 2811—2822

Figure 10. Thermal ellipsoid representation of complex 15

ous complexes containing monodentate tricyclohexylphos-
phane ligands. The diamond or parallelogram is formed by
two iron(I) and two copper(I) atoms linked by four
bridging cyanide ligands, where the carbon end of the CN
group is bound to iron and the nitrogen end to copper. The
coppers’ coordination spheres are completed by a chelating
bisphosphane ligand. Hence, upon changing the number of
methylene groups between the two PCy, donors from one
to two or three, the bisphosphanes switch from bridging to
chelating with regard to their binding to the copper(I) cen-
ters. The two iron-bound terminal CO ligands lie on oppos-
ite sites of the plane defined by the four metal atoms.

The average Cu—N and Cu—P bond lengths were found
to be 1.975(5) and 2.247(2) A in 14, and 1.998(3) and
2.252(1) A in 15, respectively. These bond parameters are
quite similar to those found in complex 13. The P—Cu—P
angle in 14 at 92.49(6)° is, as expected, more acute than that
seen in complex 15 [104.69(4)°] due to the change in going
from a five-membered chelate ring to a six-membered che-
late ring. On the other hand, the N—Cu—N angles are quite
similar in the two diamond-shaped complexes at 103.93(19)
and 101.93(12)°, in 14 and 15 respectively. Similarly, the
C—Fe—C angles in the two parallelograms differ only
slightly, 87.0(2) in 14 and 87.99(14)° in 15. In contrast to
complex 13, where the Cu—N—C—Fe linkage is highly non-
linear, in complexes 14 and 15 which contain C—N—Cu
average angles of 175.8(5) and 172.0(3)° and N—C—Fe av-
erage angles of 177.3(5) and 179.2(3)°, this unit is fairly lin-
ear.

The geometric dimensions of the Fe,Cu, diamond-
shaped core in complexes 14 and 15 are summarized in Fig-
ure 11. The internal area of the diamond is approximately
25 A2. Asis seen in the space-filling model of 15 (Figure 12)
access to the internal void space, which can accommodate
a sphere with a radius up to approximately 1.04 A, is ready
available in the case of the chelated cyclohexylphosphane
ligands. This is not the case in the analogous bis PCy; deriv-
ative where the cyclohexyl rings partially block the opening.
Figure 13 displays a packing diagram for complex 14, where
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between the layers of overlapping diamonds, which form
channels in the solids, there are solvate molecules of
CH,;CN.

Fe Fe

5.000A /" 87° 50034, 88°
cu)toa Cu cu)1ox Cu

Fe Fe

Fe---Fe:7.56 A Fe---Fe:7.48 A
Cu---Cu:6.56 A Cu---Cu:6.74 A
14 15

Figure 11. Metric parameters of the Fe,Cu,(CN), cores of com-
plexes 14 and 15

Figure 12. Space-filling model of complex 15

Figure 13. Packing diagram for complex 14, indicating solvent mo-
lecules between the layers of the stacked diamond-shaped
complexes

2818

Since we have observed [CpFe(CO)(u-CN),CuPCys],,
where the copper(I) center is trigonal, to be quite stable, it
was of interest to examine the effect of extending the num-
ber of methylene units in the Cy,P(CH,),PCy, ligand to
four. In this instance the bisphosphane ligand may have a
greater propensity for affording linked chains of diamond-
shaped moieties as opposed to chelating to a single cop-
per(I) center. Hence, the synthesis of the derivative with
Cy,P(CH,)4PCy; (dcpb) (16) was performed in a com-
pletely analogous manner to that employed for complexes
14 and 15. Unfortunately, we have yet to obtain X-ray qual-
ity crystals of 16, and therefore have not been able to defin-
itively identify its structure. However, based on the close
spectral resemblance of complex 16 to complexes 14 and 15
(see Table 1), coupled with its ready solubility, we suggest it
to be the seven-membered chelate bisphosphane derivative.

Solution 3'P NMR Spectroscopy

Table 2 lists the 3'P NMR spectra in CH,Cl, of the het-
erobimetallic complexes synthesized and structurally char-
acterized in this report. As seen in Table 2 and Figures 14A
and 14B, the 3'P NMR resonances for complexes 2 and
3, the mono- and bis-tricyclohexylphosphane derivatives of
[CpFe(CO)(n-CN),Cu),, at ambient temperature are shifted
slightly downfield from the free ligand at 6 = 15.16 and
11.74, respectively, and are somewhat broadened with fre-
quency width half-height (fwhh) values of 106 and 65 Hz,
respectively. This is presumably due to line broadening by

h 23°C J 23°C
h 0°C

l -40°C l -40°C
1 -80°C J‘ -80°C
30 20 10 0 -10 30 20 10 0 -0
A) (B)
23°C l 23°C
1
JL 0°C J 0°C
-40°C -40°C
I e
J -80°C -80°C
30 20 10 0 -10 30 20 10 0 -10

© D)

Figure 14. Variable temperature *'P NMR spectra of [CpFe(CO)-
(H-CN),Cu(PCys)l,  (A), [CpFe(CO)(-CN),Cu(PCys)ol>  (B),
[CpFe(CO)(u-CN),Cu(PCy;3)s], + PCys (C), and PCys (D)
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the quadrupolar nuclei ©*Cu and ®*Cu. By way of contrast,
the free PCy; ligand has a resonance at & = 10.86 with a
fwhh of only 11 Hz at ambient temperature. Nevertheless,
there is a temperature dependence of the free PCy; ligand
with broadening being noted around —40 °C; this can be
attributed to the conformation exchange of the chair and
boat forms of the cyclohexyl rings (see Figure 14D).

Upon the addition of two equivalents of PCy; to complex
3 in dichloromethane the 3'P NMR spectrum exhibits res-
onances for both complex 3 and free PCys. These 3'P NMR
signals display the same temperature behavior noted for the
individually determined spectra, i.e., the sum of the spectra
in Figure 14B and 14D afford that seen in Figure 14C.
These *'P NMR spectral results are indicative of slow phos-
phane exchange between complex 3 and PCy; (<<100
sec” ). Furthermore, the infrared spectra of complexes 2
and 3 clearly indicate that there is only one principal species
in pure solutions of these two derivatives, as can be seen
from the overlapping spectra in the v(CN) region in Fig-
ure 15. As previously indicated prolonged standing of the
reaction solution containing complex 3 and PCy; affords
complex 4, where the phosphorous resonance for PCy;
bound to iron is observed at 5 = §0.2.

B OB M Tm O v T

T T T
2200 2100 2000 1900 1800

Figure 15. Superimposition of the infrared spectra of complexes 2
(—)and3(----)

There is a trend noted in the 3'P NMR resonance of the
methyl(phenyl)phosphane derivatives. That is, the more ba-
sic phosphane derivative shows an increased downfield shift
in the complex compared to that of the free phosphane li-
gand (Table 2). These differences in chemical shift range
from the most basic PMes derivative (9; 6 = 13.48) to the
least basic PPh,Me derivative (7; 6 = 4.04). In addition,
the 3'P NMR resonances of the derivatives containing two
phosphanes per copper center all fall downfield from their
one-phosphane-bound counterparts by about 2 ppm.

Concluding Remarks

Encompassed in this report are contributions to the
growing body of work on the synthesis and structural char-
acterization of metallacyclic polygons,[!l in particular those
containing cyanide bridges.>~271 Among the iron(II)/cop-
per(I) cyanide-bridged bimetallic complexes we have syn-
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thesized, 13 is the only complex composed of an eight-
membered metallacycle with a short Cu'--Cu' distance in
the solid-state due to dcpm bridging the two copper(I) cen-
ters. As the number of methylene groups between the PCy,
donors of the bisphosphane ligand is increased, the bispho-
sphane changes its bonding mode from bridging to chelat-
ing. Hence, the X-ray structures of complexes 14 and 15,
which contain the bisphosphane ligands dcpe and dcpp, re-
spectively, show an Fe,Cu, diamond-shaped core as seen in
the monodentate phosphane derivatives 2, 3, 6, and 12, e.g.,
[CpFe(CO)(u-CN),(PCys),s]», where the copper(I) centers
are four coordinate. The diamond-shaped core can readily
accommodate a sphere with a radius of up to 1.04 A. In
contrast to the bis(tricyclohexylphosphane) derivative, the
cores of 12, 14 and 15 are not blocked by cyclohexyl groups.
Therefore, solvent molecules are able to occupy the chan-
nels created by the overlapping diamonds in the solids. In
general the Cu—N—C—Fe linkage is nonlinear, with the
Cu—N-C and Fe—C—N angles covering a range of 158.3
to 178.9° and 171.1 to 179.1°, respectively.

Experimental Section

Methods and Materials: All manipulations were performed under
argon using standard Schlenk and glovebox techniques. Acetonitr-
ile was distilled once from CaH, and once from P,Os and then
freshly distilled from CaH, immediately before use. Dichlorome-
thane was dried and distilled over P,Os. Hexane, diethyl ether, and
THF were dried in sodium benzophenone stills prior to use. The
following reagents were used as received without further purifica-
tion: Cyclopentadienylirondicarbonyl dimer, tetrafluoroboric acid,
dimethylphenylphosphane (Aldrich); bromine (EM Science); potas-
sium cyanide, cuprous oxide, triphenylphosphane (Fisher Scient-
ific); tricyclohexylphosphane, trimethylphosphane, methyldi-
phenylphosphane, tri-p-tolylphosphane (Strem), bis(dicyclohexyl-
phosphanyl)methane, dcpm (Strem), 1,2-bis(dicyclohexylphos-
phanyl)ethane, dcpe (Strem), 1,3-bis(dicyclohexylphosphanyl)-
propane, dcpp (Aldrich), 1,4-bis(dicyclohexylphosphanyl)butane,
depb (Aldrich). [Cu(CH3CN)4|[BF,]3 and K[CpFe(CO)(CN),]34
salts were prepared according to published literature procedures.

Infrared spectra were recorded on a Mattson 6021 FTIR using a
0.1 mm CaF,-sealed cell for solutions and KBr pellets for solid
samples. All 3'P NMR spectra were recorded on a Varian Unity
Plus 300 MHz spectrometer (121.4 MHz 3'P) using non-deuterated
dichloromethane as solvent. The magnetic field was locked with
deuterium oxide, and a tube with an 85% phosphoric acid solution
was used as an external reference. Variable temperature *'P NMR
spectra were recorded every 20 °C from +20 to —80 °C using liquid
N, as coolant. Elemental analyses were carried out by Canadian
Microanalytical Service, Ltd., Canada.

Synthesis of [CpFe(CO)(n-CN),Cu(CH;CN),|, (1): Acetonitrile
(10 mL) was added to a mixture of K[CpFe(CO)(CN),] (0.2 mmol,
0.048 g) and [Cu(CH;CN)4][BF,4] (0.2 mmol, 0.0628 g) in a 50 mL
Schlenk flask. After 30 min. of stirring at ambient temperature a
pale gray solid of KBF, precipitated from the yellow reaction mix-
ture. The KBF, salt was separated from the yellow solution of 1
by filtration. The acetonitrile solution of 1 was used immediately
in the following syntheses.
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Synthesis of [CpFe(CO)(n-CN),Cu(PCys)], (2): An acetonitrile so-
lution of 1 prepared as described above was added to a 50 mL
Schlenk flask containing 0.2 mmol of tricyclohexylphosphane
(0.056 g). The crude product precipitated out as a yellow solid.
Upon removal of the solvent by cannula and vacuum, the re-
maining solid was isolated in ca. 91% yield. X-ray quality crystals
of 2 were obtained upon slow diffusion of acetonitrile into a dichlo-
romethane solution of 2 maintained at 10 °C for several days. —
[CpFe(CO)(CN),Cu(PCys3)],:1.5CH,Cl,: caled. C 52.79, H 6.54, N
4.60; found C 52.90, H 7.21, N 4.36.

Synthesis of [CpFe(CO)(n-CN),Cu(PCys),]; (3). Method I: Com-
plex 3 was synthesized as described above for complex 2 employing
0.4 mmol of PCy; (0.112 g). A clear yellow solution of 3 was ob-
tained in acetonitrile. Upon removal of the solvent by vacuum, a
crude product of 3 was obtained as a yellow solid (yield 92%).
Yellow orange crystals of 3 were obtained by slow diffusion of hex-
ane into a THF solution of 3. — [CpFe(CO)(CN),Cu(PCys3)]>
2THF: caled. C 64.24, H 8.87, N 3.12; found C 63.60, H 10.13,
N 2.43.

Method II: Complex 3 could also be synthesized by adding two
equivalents of PCy; to complex 2 in dichloromethane.

Synthesis of [CpFe(PCy;)(CN)(n-CN)Cu(PCys),] 4): A SmL
dichloromethane solution of PCy; (0.2 mmol, 0.056 g) was added
to a 10 mL dichloromethane solution of complex 3 (0.1 mmol,
0.165 g). An olive solution was formed along with some gray pre-
cipitate after two weeks of stirring. The gray precipitate was separ-
ated by filtration, and complex 4 was isolated by recrystallization.
X-ray quality crystals of 4 were obtained by slow diffusion of di-
ethyl ether into a dichloromethane solution of 4.

Synthesis of [CpFe(CO)(n-CN),Cu(P-p-Tolz)], (5): The synthesis of
complex 5 was carried out exactly as described above for complex
2 employing tri-p-tolylphosphane (0.2 mmol, 0.061 g). A yellow so-
lution of 5 resulted; unfortunately, complex 5 decomposes at ambi-
ent temperature.

Synthesis of [CpFe(CO)(n-CN),Cu(P-p-Tols),], (6): An acetonitrile
solution of 1 as described above was added to a 50 mL Schlenk
flask containing 0.4 mmol of tri-p-tolylphosphane (0.122 g). The
reaction solution was stirred for 30 min., and 6 formed as a yellow
precipitate. Upon removing the solvent by cannula and vacuum,
the yellow solid was isolated in 90% yield. Yellow crystals of 6 were
obtained upon slow diffusion of hexane into a THF solution of 6
at 10 °C for several days. — Caled. C 68.77, H 5.42, N 3.21; found
C 68.23, H 5.50, N 3.13.

Synthesis of [CpFe(CO)(u-CN),CuL], [L = PMePh, (7), PMe,Ph
9), PMe; (11)]: A 5mL acetonitrile solution of phosphane
(0.2 mmol, 0.015 g for PMes, 0.028 g for PMe,Ph, and 0.040 g for
PMePh,) was slowly added to a yellow acetonitrile solution of 1.
A yellow-orange solution was obtained for each phosphane derivat-
ive. Upon removing the solvent by vacuum, yellow-orange solids
were isolated.

Synthesis of [CpFe(CO)(u-CN),Cul,,], [L = PMePh, (8), PMe,Ph
(10), PMes (12)]: The syntheses of complexes 8, 10, and 12 were
carried out as described above for 7, 9, and 11 with 0.4 mmol of
phosphane (0.030 g for PMes, 0.056 g for PMe,Ph, and 0.080 g for
PMePh,). X-ray quality crystals were obtained by slow diffusion
of hexane into a THF solution of 12.

Synthesis of [CpFe(CO)(CN)(u-CN)Cu(decpm)], (13): A 10 mL
dichloromethane solution of decpm (0.20 mmol, 0.081 g) was added
to an acetonitrile solution of 1 prepared as described above. The
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reaction solution was stirred for 30 min. at ambient temperature,
followed by removal of the mixed solvent under vacuum to afford
a yellow residue in 92% yield. Yellow-orange crystals of 13 were
obtained by slow diffusion of diethyl ether into a dichloromethane
solution of 13 maintained at 10 °C for several days. — CgsH;¢2Cu,-
Fe,N4O,P, (1346.24): caled. C 58.88, H 7.64, N 4.16; found C
58.10, H 8.00, N 3.98.

Synthesis of [CpFe(CO)(n-CN),Cu(dcpe)], (14): The synthesis of
this derivative was carried out exactly as described above for com-
plex 13 employing 0.20 mmol (0.084 g) of dcpe. The yellow-orange
product was recovered upon removing the mixed solvent under va-
cuum. Orange crystals of 14 were obtained from CH,Cl,/diethyl
ether maintained at 10 °C over several days. —
CesH 06Cu,Fer,N4O,P4-2CH,Cly: caled. C 54.45, H 7.18, N 3.63;
found C 55.29, H 7.97, N 3.97.

Synthesis of [CpFe(CO)(n-CN),Cu(depp)l, (15): Alternatively, the
reaction between K[CpFe(CO)(CN),] (0.20 mmol, 0.048 g) and
[Cu(CH;CN);][BF,4] (0.20 mmol, 0.063 g) was carried out directly
in dichloromethane for 30 min. followed by filtration to remove the
KBF, salt. Subsequently, depp (0.20 mmol, 0.087 g) in 10 mL of
dichloromethane was added dropwise to the yellow filtrate and the
solution stirred at room temperature for 30 min. to yield a yellow
solution. Upon removal of the solvent under vacuum, the yellow
solid was redissolved in THF for recrystallization. Yellow crystals
of 15 were obtained upon slow diffusion of hexanes into a THF
solution of 15 maintained at 10 °C for several days.

X-ray Crystallography: A yellow or yellow-orange crystal of 2, 3,
or 4 was mounted on a glass fiber with epoxy cement and placed
in a cold nitrogen stream at 193 K. X-ray crystallographic data of
2, 3, and 4 were obtained on a Siemens R3m/V single-crystal
X-ray diffractometer operating at 55 kV and 30 mA, Mo-K, (A =
0.71073 A) radiation equipped with a Siemens LT-2 cryostat. Dif-
fractometer control software P3VAX 3.42 was supplied by Siemens
Analytical Instruments, Inc. Crystals of 6 and 12—15 were coated
by mineral oil and mounted on a glass fiber with apiezon grease at
room temperature. The mounted crystal was then placed in a cold
nitrogen stream (Oxford) maintained at 110 K on a Bruker
SMART 1000 three-circle goniometer. X-ray data of 6 and 12—15
were obtained on a Bruker CCD diffractometer and covered more
than a hemisphere of reciprocal space by a combination of three
sets of exposures.

Crystal data and details of data collection for complexes 2, 3, 4, 6,
and 12—15 are provided in Table 5. The structures were solved by
direct methods. Full-matrix least-squares anisotropic refinement
for all non-hydrogen atoms yielded R(F) and wR(F?) values as in-
dicated in Table 5 at convergence. Hydrogen atoms were placed in
idealized positions with isotropic thermal parameters fixed 1.2- or
1.5-times the value of the attached atom. Neutral atom scattering
factors and anomalous scattering factors were taken from the Inter-
national Tables for X-ray Crystallography Vol. C.

For complexes 2, 3, 4, 6, and 12—15, program(s) used to solve the
structure: SHELXS-86 (Sheldrick*); program(s) used to refine the
structure: SHELXL-97 (Sheldrick[*¢)); program(s) used for molecu-
lar graphics: SHELXTL version 5.0 (Bruker®*); software used to
prepare material for publication: SHELXTL version 5.0
(Bruker!37]).

Crystallographic data (excluding structure factors) for the struc-
tures reported in this paper have been deposited with the Cam-
bridge Crystallographic Data Centre as supplementary publication
nos. CCDC-118334 (2), -168366 (3), -168367 (4), -168368 (6),
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Table 5. X-ray crystallographic data for complexes 2—4, 6, and 12—15
2 3 4 6 12 13 14 15
Formula CsyHz6Cuyp- CggH 45Cus- CsiHi04Cu- CiooHosCus- CogHyCuy- C33Hs,Cu- CegHio6Cus- CssHssCu-
Fe,N,O,P, Fe,N,O,P, FeN,P; Fe,N4O,P, Fe,N,O,P, FeN,OP, Fe,N,O,P, FeN,OP,
2CH,Cl, 2C,HO 2CH,Cl, 2C,HO 2CH,Cl, -CH,Cl, 2CH,CL-2CH;CN  +2.5C,HgO
Formula wt. 1259.74 1794.92 1247.61 1890.66 1003.20 758.01 1626.19 881.40
(g/mol)
Crystal system Triclinic Triclinic Monoclinic Triclinic Monoclinic Triclinic Triclinic Triclinic
Space group PI P1 P2)/c PI P2,/n Pi Pi Pi
a(A) 9.615(8) 13.3707(9) 12.815(6) 11.6307(11) 10.799(4) 11.6437(8) 12.7117(11) 13.363(2)
b (A) 10.700(11) 13.8757(18) 18.698(5) 13.2303(12) 11.477(4) 11.7162(8) 12.7254(11) 13.568(2)
c(A) 14.918(11) 15.1154(16) 27.766(6) 16.3741(16) 18.081(6) 15.0748(11) 14.6351(13) 15.616(3)
a (deg) 84.06(7)° 67.049(09) - 92.829(2) - 104.4820(10)  89.812(2) 65.369(3)
B (deg) 82.86(6)° 69.703(7) 92.35(3) 105.674(2) 97.943(7) 107.1720(10)  69.976(2) 69.598(3)
v (deg) 75.56(8)° 80.748(9) - 99.244(2) - 102.6400(10)  67.664(2) 64.211(3)
Volume (A)3 1471(2) 2411.2(4) 6648(4) 2383.0(4) 2219.4(13) 1804.7(2) 2035.4(3) 2268.4(7)
VA 1 1 4 1 2 2 1 2
deqrea (glem?) 1.422 1.236 1.247 1.317 1.501 1.395 1.327 1.290
Temperature (K) 193 193 193 110 110 110 110 110
Wavelength (A) 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073
Abs. coeff. mm™! 1.475 0.846 0.809 0.860 1.866 1.257 1.120 0.900
Goodness of fit on 2 1.101 0.983 0.850 1.038 0.625 1.066 0.958 0.926
R 3.92 7.13 10.00 6.72 6.54 7.61 8.85 3.62
R, ™ 5.02 15.99 19.45 8.42 10.63 21.47 22.19 8.15

B R = S|F| = |FlVZFo. — ™ Ry = {[Zw(F? — FVEwF)].

-168362 (12), -168363 (13), -168364 (14), -168365 (15). Copies of
the data can be obtained free of charge on application to CCDC,
12 Union Road, Cambridge CB2 1EZ, UK [Fax: (internat.) + 44-
1223/336-033; E-mail: deposit@ccdc.cam.ac.uk].
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