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Bimetallic species with formal bond orders higher than four
have been known as chemical curiosities for decades.!"
Molecules like Cr, had been stabilized in inert matrices at
low temperature? or generated in the gas phase as a short-
lived intermediate by pulsed photolysis of chromium hexa-
carbonyl® and by vaporization of the metal.! Unfortunately,
the stability of the multiply bonded dimer only under extreme
conditions restricts its use in chemistry. Recently, Power and
co-workers synthesized the first stable molecule with a formal
bond order of five based on aryl ligands® and the groups of
Theopold,” Tsai,” and Kempe® synthesized N-ligand stabi-
lized coordination compounds with such high bond orders and
ultra-short metal-metal bonds. Stimulated by these findings
immense effort has been directed towards the understanding
of very high (formal) bond orders.”) The new chance is to
enable quintuple bond reactivity studies, and thus to illustrate
the use of these multiply bonded bimetallic platforms for
small-molecule activation, catalysis etc.'” Until now only
very few quintuple bond reactivity studies have appeared.!'!

Activation of white phosphorus by main group ele-
ments!'? and transition metals"™ is an active research area
in chemistry. However, bimetallic activation by transition
metals is very rare. Usually, an addition occurs in a stepwise
sequence at one and then afterwards at another vertex of P, to
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give a bimetallic complex with an intact P, tetrahedron."!
Moreover, [[CpRFe(CO),},] (CpR=n>-CsH,Bu;, 1’-
CsH;Bu,) is known to react in a cothermolysis or photolysis
with P, by opening one P—P bond to result in a butterfly-like
P>~ moiety coordinated by two {CpRFe(CO),} units.™> In a
different approach under reducing conditions Fryzuk et al.
showed the formation of a cyclo-P,*~ unit with almost equal
P—P bond lengths of 2.241(1) A doubly capped by two Zr
complex fragments."® Furthermore, a similar structured U
complex was reported in the literature."®! Similar examples
for yellow arsenic As, do not exist. These P, squares are
reminiscent of the dianionic aromatic Zintl phases P,>~,'"”! for
which also the arsenic species is known.['¥! For both types in
transition-metal chemistry only monometallic examples of Nb
and Ta are known, in which the E,*~ unit reveals a kitelike
distortion."”! Preliminary investigations on the AsP; mole-
cule® revealed its similarity to P, It can either be
coordinated as an intact tetrahedron or become activated by
transition-metal and main-group compounds?”? to yield
products containing an AsP;>~ butterfly moiety. Complexes
with a cyclo-AsP;*~ ligand are unknown so far. Here, we
report on a novel bimetallic activation of P,, which could also
be applied for the first time to AsP; and As,. The products are
bimetallic complexes with cyclo-E,*~ ligands as novel termi-
nal cyclo-E,-decks.

The Cr complex 1'% reacts with white phosphorus, AsPs,
and yellow arsenic, respectively, already at room temperature
in THF to afford 2a-c selectively in high yields within 16 h
2a: 97%; 2b: 68%; 2¢: 69%; Scheme 1). The crystal
structure analysis of the isostructural complexes 2a and 2b
show nearly square-planar geometry for the n'- and n’-
coordinated P, and As, units (Figure 1)) The P1-P4
(2.176(1) A), P1-P2 (2.179(2) A), P2-P3 (2.168(1) A), and
P3—P4 (2.183(2) A) bonds in 2a are shorter than that of a P—P
single bond.”!! The bond lengths between the bridging P
atoms and Cr (av 2.6826 A and av 2.6820 A) are larger than
the terminal P—Cr bonds (P2—Cr2 2.379(1) A and P4—Crl

2362(1) A).
Similar structural behavior is observed in 2b with Asl—
As2  (2.398(1) A), Asl-As4 (2405(1) A), As2—As3

(2.406(1) A), and As3—As4 (2.388(1) A) bond lengths,
which are shorter than a As—As single bond (2.435 A
determined by electron diffraction™ and 2.4372 A specified
by DFT calculations®®}). Thus, the coordinated P, and As,
units in 2a and 2b can be viewed as rarely known cyclo-P,*~
and cyclo-As/ ligands."”"® The short Cr—Cr distances of
1.8664(8) and 1.863(2) A, respectively, in these compounds
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Scheme 1. Synthesis of complexes 2 and 3. The number above the
Cr—Cr bond refers to the bond order.

Figure 1. Molecular structure of the isostructural complexes 2a and
2b. Hydrogen atoms have been omitted for clarity. 2a (E=P): Selected
bond lengths [A] and angles [°]: N1-Cr1 2.029(3), N2-Cr2 2.037(3),
N3-Cr2 2.029(3), N4-Cr1 2.036(3), P1-P4 2.176(1), P1-P2 2.179(2),
P1-Cr1 2.679(1), P1-Cr2 2.687(1), P2-P3 2.168(1), P2-Cr2 2.379(1),
P3-P4 2.183(2), P3-Cr2 2.678(1), P3—Crl 2.682(1), P4-Cr1 2.362(1)
Cr1-Cr2 1.8664(8); P4-P1-P2 91.55(5), P3-P2-P1 86.85(5), P2-P3-P4
91.67(5), P1-P4-P3 86.53(5). 2b (E =As): Selected bond lengths [A]
and angles [°J: N1-Cr1 2.031(6), N2-Cr2 2.049(6), N3-Cr2 2.036(5),
N4-Cr1 2.045(5), Cr1—Cr2 1.863(2), Crl—As4 2.505(1), Cr1—As3
2.769(1), Cri-As1 2.786(1), Cr2—As2 2.490(1), Cr2—As3 2.769(1), Cr2—
As1 2.779(1), As1-As2 2.398(1), As1-As4 2.405(1), As2-As3 2.406(1),
As3-As4 2.388(1); As2-As1-As4 92.10(4), As1-As2-As3 85.59(4), As4-
As3-As2 92.32(4), As3-As4-As] 85.81(4).

)

are indicative of quadruple bonds. This essentially means that
the Cr—Cr center has been oxidized, which led to a reduction
of the P, and As, units.

The *'P NMR spectrum of 2a at room temperature
displays a complex pattern of two multiplets at 6 =243.9
and 275.6 ppm of an AA'MM’ spin system, for which the
coupling constants were simulated.” As the two signals are
totally symmetrical, an assignment of the chemical shifts to
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the corresponding P atoms was not possible at this point. To
determine the *'P chemical shifts in 2a, 1 was treated with
AsP; to yield 2¢ (Scheme 1). The *'P{'H} NMR spectrum of
2 ¢ shows three sharp doublets of an AMN spin system at 6 =
255.6,260.6, and 291.0 ppm with integral intensities of 1:1:1.%°
The crystal structure analysis of 2¢ (Figure 2) reveals that

Figure 2. Molecular structure of 2c. For clarity reasons only one of the
two arsenic positions is shown and hydrogen atoms are omitted.
Selected bond lengths [A] and angles [°]: N1-Cr1 2.031(2), N2—-Cr2
2.035(2), N3-Cr2 2.027(2), N4-Cr1 2.035(2), Cr1-Cr2 1.8735(5), Cr2—
P4 2.3814(7), Cr2—-P3 2.702(4), Cr1-P3 2.561(6), Cr1-P2 2.3926(7),
Cri-As1 2.75(1), Cr2-As1 2.76(1), P4-P3 2.390(1), P3-P2 2.303(2),
P2-As1 2.258(9), As1-P4 2.29(1); P4-P3-P2 90.9(2), P3-P2-As1 91.7(3),
P2-As1-P4 89.4(4), As1-P4-P3 83.6(3).

arsenic only occupies the bridging positions. Therefore the
up-field shifted signals of 2a and 2¢ can be assigned to the
terminal phosphorus atoms, the down-field shifted signals to
the bridging ones.

The structure of 2¢ reveals a mixed 1:1 occupancy of
phosphorus and arsenic only at the positions E1 and E3.” In
both cases the molecule shows a nearly square-planar
arrangement of the AsP;*~ unit. The E-E bond lengths of
2.258(9) to 2.390(1) A are consistent with a distortion of the
cyclo-E, unit due to the size difference between phosphorus
and arsenic. The Cr1-Cr2 distance of 1.8735(5) A is a little bit
longer than the ones observed in 2a and 2b.

In an effort to use the lone pairs of the P,~ moiety, 2a was
allowed to react with an excess of [W(CO)s(thf)] to give
exclusively the monosubstituted derivative 3a (Scheme 1).
The crystal structure of 3a (Figure 3) reveals P—P distances
comparable to those in the uncoordinated 2a, however, an
elongation for the Cr—Cr bond length to 1.9038(6) is
observed. The coordination of any further tungsten penta-
carbonyl fragment might be restricted by the steric crowding
of the molecule.

At room temperature the *'P NMR spectrum of 3a shows
a broad pseudo triplet at =250 ppm for the uncoordinated P
atoms, and a very broad signal between ¢ =210 and 230 ppm
for the P atoms coordinated to the tungsten fragment,
indicating a scrambling of the tungsten carbonyl unit.
Compared to the *'P NMR spectrum of 2a, the chemical
shift of 6 =250 ppm indicates that in solution the bridging
atoms P2/P4 coordinate to the {W(CO);} fragment, which
differs from the result of the crystal structure analysis
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Figure 3. Molecular structure of 3a. Hydrogen atoms and one CH,Cl,
molecule have been omitted for clarity. Selected bond lengths [A] and
angles [°]: W1-P1 2.5646(6), Cr1-Cr2 1.9038(6), Cr1-P1 2.3741(7),
Cr1-P2 2.7365(9), Cr1-P4 2.7630(9), Cr1-N2 2.023(2), Cr1-N3
2.011(2), Cr2-P2 2.6944(8), Cr2—P3 2.3382(9), Cr2—P4 2.6411(8), Cr2—
N1 2.011(2), Cr2-N4 1.998(2), P1-P2 2.1804(11), P1-P4 2.1869(11),
P2-P3 2.1797(11), P3—P4 2.1708(11); W1-P1-Cr1 159.37(4), W1-P1-P2
124.67(4), W1-P1-P4 112.28(3), Cr1-P1-P2 73.72(3), P2-P1-P4 88.27(4),
P1-P2-P3 89.97(4), P2-P3-P4 88.70(4), P1-P4-P3 90.03(4).

(Figure 3). At 183 K the dynamic behavior is slowed down
and the broad signals are well resolved to reveal four sets of
signals at 6 =269, 254, 251, and 133 ppm. The high-field
shifted signal at d = 133 ppm indicates the coordination to the
W atom.?"! Unfortunately, even at low temperatures no *W-
satellites are detected due to the limited solubility and the line
broadening. The signals for the noncoordinating P atoms
show roughly the same chemical shifts as the corresponding
atoms of 2a. Simulation of the experimental data proved the
suggested AMNX spin system with chemically but not
magnetically equivalent P1/P3 atoms and afforded the
associated coupling constants.'*’!

To shed more light onto the interaction of the Cr—Cr
quintuple bond with P,, theoretical calculations were per-
formed. The reaction of 1 with P, to give 2a in the gas phase
is predicted to be exothermic by 24 kImol~'. Taking into
account that planarization of tetrahedral P, requires
335 kJmol™, the interaction of the planar P, with 1 fully
compensates these unfavorable energy changes. The inter-
action is accompanied by the expected elongation of the Cr—
Cr bond by 0.098 A (the experimental increase in the Cr—Cr
bond length from 1 to 2ais 0.117 A) and the decrease of the
Wiberg bond index for the Cr—Cr bond from 4.39 in 1 to 2.91
in 2a, which is consistent with the oxidation of the Cr—Cr
center by P,.

The subsequent reaction of 2a with {W(CO)s}, which
leads to 3a, is exothermic by 93 kI mol~". This interaction only
marginally influences the Cr—Cr bond: the Cr—Cr bond length
is elongated by only 0.008 A (the experimental bond length
increase from 2a to 3a is 0.037 A). Correspondingly, the
Wiberg bond index of 2.86 for 3a is only slightly lower than
that for 2a.

To further investigate the discrepancy between the solid-
state and solution structure of 3a, four isomers were located
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on the potential energy surface, two with the {W(CO)s}
fragment coordinated either to the bridging P2/P4 or the
terminal P1/P3 atoms and the other two isomers featuring a
butterfly-type P, unit with a direct P2—P4 bond and coordi-
nation of {W(CO)s} to a terminal or bridging P atom
(Figure 4).

A\s
3a-lll

3a-| 3a-ll 3a-IVvV

Figure 4. Theoretically considered isomers of 3a. Carbonyl groups and
organic ligands have been omitted for clarity.

Isomers 3a-1I, 3a-III, and 3a-IV are 12, 53, and
82 kJmol ™! higher in energy than 3a-I at the B3LYP™//def2-
TZVPP?! level of theory, but with the smaller def2-SVP basis
set the 3a-II isomer is predicted to be by 2 kJmol™" lower in
energy than 3a-I. Since the energy difference between
isomers 3a-I and 3a-II is small, both isomers are expected
to co-exist in solution.

In conclusion, quintuply bonded systems have been used
for the activation of white phosphorus, yellow arsenic, and
AsP; at room temperature to give novel complexes containing
cyclo-P,;~, cyclo-As,>", and cyclo-AsP;*" units. For the first
time these molecules have been activated in a one-step
bimetallic fashion and the resulting products show a novel
coordination mode as terminal E,-decks over two metal
centers. Moreover, the subsequent reaction of the cyclo-P,
species with an excess of [W(CO)s(thf)] leads to the
coordination of a single {W(CO);} moiety.
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