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Abstract

Alkali metal salts of the 2-phosphaethynolate anion PCO™ synthesized from
reactions of CO with NaPH,; or K;P7have recently become available in quantities for the
synthesis of transition metal complexes of the potentially ambidentate PCO ligand
(Angew. Chem. Int. Ed., 2013, 38, 10064). This is exemplified by the recently reported
rhenium carbonyl complex (triphos)Re(CO),(PCO) (triphos = MeP(CH;,PPh,)3). Density
functional theory studies on the related manganese carbonyl complexes Mn(CO),(PCO)
(n =135, 4, 3) and Mn,(CO),(PCO), (n = 8, 7, 6, 5) are now reported. For the binuclear
systems the low-energy Mn,(CO)g(PCO), structures are singlet spin state structures
having two bridging P-bonded phosphaketenyl 4-PCO ligands without a direct Mn—Mn
bond. Carbonyl loss from Mny(CO)s(u-PCO), is predicted to lead to migration of CO
groups from phosphorus to manganese resulting in Mny(CO),2(n-P2) structures with
bridging diphosphido groups as the lowest energy Mn,(CO),(PCO), isomers (n =7, 6, 5).
Isomeric Mny(CO)s(PCO), structures with dihapto bridging m?-u-PCO ligands at
~30 kcal/mol above the global minimum are also found representing intermediates in the
migration of CO groups from phosphorus to manganese. For the mononuclear systems
the P-bonded Mn(CO),(PCO) (n= 5, 4) phosphaketenyl structures are found to lie 20 to
28 kcal mol™" in energy below the isomeric O-bonded Mn(CO),(PCO) phosphaethynoxy
isomers consistent with previously reported results by Griitzmacher and coworkers on
R3E(PCO)/R3E(OCP) systems (R = iPr, Ph; E = Si, Sn, Ge, Pb). The lowest energy
structure for the tricarbonyl Mn(CO);(PCO) is a singlet structure with an unusual trihapto
1’-PCO ligand. However, higher energy isomeric Mn(CO)3(PCO) structures with
P-bonded phosphaketenyl or O-bonded phosphaethynoxy ligands and tetrahedral Mn
coordination are also found.
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1. Introduction

One of the simplest inorganic phosphorus ligands is the 2-phosphaethynolate
anion PCO", which is the phosphorus analogue of the much more familiar isocyanate
anion NCO' . However, until recently the development of the coordination chemistry of
the 2-phosphaethynolate ligand has been limited by difficulties in its synthesis. In 1992
Becker and coworkers' first reported the 2-phosphaethynolate anion (PCO") as a product
from the reaction of LiP(SiMes), with dimethylcarbonate. However, the yields from this
reaction were too low to make the PCO™ anion sufficiently accessible as a reagent for the
synthesis of coordination compounds. The key breakthrough in making the PCO"
available enough for study of its chemistry occurred only in 2011 when Griitzmacher and
coworkers® found that heating NaPH, in dimethoxyethane solution with CO under
pressure cleanly gave the sodium salt NaOCP as its dimethoxyethane solvate. This
sodium salt was used to prepare the rhenium carbonyl complex (triphos)Re(CO),(PCO)
(triphos = MeP(CH,PPh,);) by a simple metathesis reaction in tetrahydrofuran solution.’
In addition NaOCP has been shown to be a useful reagent for the synthesis of phosphorus
heterocycles™ and unusual phosphorus-based stable free radicals. Subsequently a more
convenient synthesis of the PCO™ anion as its potassium salt was discovered by Jupp and
Goicoechea’ using the reaction of a dimethylformamide solution of KsP; with CO at
atmospheric pressure in the presence of [18]-crown-6. A very recently reported synthesis
of NaOCP by Grutzmacher et al. from red phosphorus, sodium, and ethylene carbonate is
still more convenient since the use of CO as a reagent is avoided.”

The PCO™ ligand is an ambidentate ligand® analogous to the (iso)cyanate ligand,
NCO", that can bond to a metal atom either through its phosphorus atom as a
phosphaketenyl ligand or through its oxygen atom as a 2-phosphaethynoxy ligand. The
recently reported syntheses of salts of the PCO anion use reactions of CO with
phosphorus anions, which, at least formally, can be sources of the P~ monoanion
unknown except in the gas phase. Thus the NaPH, used in the Griitzmacher synthesis” of
solvated NaOCP can generate “NaP” by loss of H,. Use of K;P7 as a source of P in the
Goicoechea synthesis’ of solvated KOCP is more complicated but is seen to lead to the
polyphosphide anions Pis> and P,;>" as by-products. The success in such syntheses of
PCO™ salts by carbonylation of reagents generating P~ fragments suggests the possibility
of reversing such reactions by using transition metal PCO complexes to generate novel
transition metal phosphide complexes. In order to explore this possibility we have
undertaken a theoretical study of the manganese carbonyl complexes Mn(CO),(PCO) (n
=5, 4, 3) and Mny(CO),(PCO), (n = 8, 7, 6, 5). We chose manganese carbonyl
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derivatives for our initial studies in this area because of their relationship to the rhenium
carbonyl derivative (triphos)Re(CO),(PCO) that has been synthesized and structurally
characterized by X-ray crystallography.” Our results, reported in this paper, predict the
generation of isomeric phosphide and diphosphide Mny(CO),:,P, complexes having six
to nine terminal CO groups in the unsaturated Mn,(CO),(PCO), (n = 7, 6, 5) systems. In
addition, Mn,(CO)s(PCO), structures containing three-electron donor bridging n*-u-PCO
groups have been discovered. Such structures are plausible intermediates in the migration

of CO from phosphorus in a PCO ligand to a metal atom.

2. Theoretical Methods

Electron correlation effects were considered by using density functional theory
(DFT) methods, which have evolved as a practical and effective computational tool,
especially for organometallic compounds. *'*!'"'2!%1415 Two DFT methods (B3LYP and
BP86) were used in this study. The B3LYP method is the hybrid HF/DFT method using
a combination of the three-parameter Becke functional (B3)'° with the Lee—Yang—Parr
(LYP) generalized gradient correlation functional.'” The BP86 method combines Becke’s
1988 exchange functional (B)'® with Perdew’s 1986 gradient corrected correlation
functional (P86)."”

In this work all computations were performed using double-C plus polarization
(DZP) basis sets. For carbon, oxygen and phosphorus, these DZP basis sets are obtained
by adding one set of pure spherical harmonic d functions with orbital exponents ag(C) =
0.75, a4g(O) = 0.85, and a4(P) = 0.60 to the standard Huzinaga—Dunning contracted DZ

20,21
sets. 2

The loosely contracted DZP basis set for manganese is the Wachters primitive
set” augmented by two sets of p functions and one set of d functions and contracted
following Hood, Pitzer, and Schaefer,” and is designated as (14s11p6d/10s8p3d).**

The geometries of all structures were fully optimized. Vibrational frequencies
and their corresponding infrared intensities were determined analytically. All of the
computations were carried out with the Gaussian 09 program,” exercising the fine
integration grid option (75 radial shells, 302 angular points) for evaluating integrals
numerically.?® The finer (120, 974) grid was only used to check small imaginary
vibrational frequencies.

The optimized structures are shown in Figures 1 to 6 and Tables 1 to 6.
Structures are designated as ab-¢S (or ab-cT), where a is the number of manganese
atoms (the same as the number of PCO groups), b is the number of CO groups, and ¢

orders the structures according to their relative energies by the B3LYP method. S and T
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represent singlet and triplet spin state structures, respectively. Thus the lowest energy
structure (singlet) of Mny(CO)g(PCO), is designated as 28-18.

3. Results

3.1. The mononuclear derivatives Mn(CO),(PCO) (n =5, 4, 3)

3.1.1 Mn(CO)s(PCO). Two Mn(CO)s(PCO) structures have been optimized, namely
15-1S and 15-2S (Figure 1 and Table 1). The global minimum 15-18 is a C; singlet
structure with approximate octahedral Mn coordination, similar to that in the experi-
mentally known HMn(CO)s.””*** The PCO group is a monohapto 1n'-PCO phospha-
ketenyl ligand coordinated to the Mn atom through the phosphorus atom with a strongly
bent Mn—P-C angle of 98.3° (B3LYP) or 98.0° (BP86). This compares with an
experimental Re—P—C angle of 92.6° determined by X-ray crystallography in the related
Griitzmacher complex (triphos)Re(CO),(PCO).* The strongly bent Mn—P—C angle in
15-1S indicates a stereochemically active lone pair on the phosphorus atom, implying

that the neutral PCO ligand is a one-electron donor.

1.178
1.19

1.150

116540

15-1S (Cs) 15-2S (Cs)

1.576 ’

1.596

1260 €

1.894 1.147

14-1S (Cs) 14-2S (Cs)

Figure 1. The optimized Mn(CO)s(PCO) and Mn(CO)4(PCO) structures. Bond distances
are given in A with the B3LYP values on top and the BP86 values on the bottom.
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Table 1 Total energies (E in Hartree) and relative energies with and without ZPVE
corrections (AE and AEzpyg in kcal mol™' for the Mn(CO)s(PCO) and Mn(CO)4(PCO)
structures. None of these structures has any imaginary vibrational frequencies.

15-1S(C) 1528 (Cy)  14-1S(C,)  14-28 (C))

B3LYP -E 2172.56143  2172.52527 2059.19129  2059.15984
AE 0.0 22.7 0.0 19.7
AEzvpg 0.0 224 0.0 19.5

BP86 -E 2172.82339 2172.77861  2059.40542  2059.40962
AE 0.0 28.1 0.0 24.2
AEzvrg 0.0 27.7 0.0 24.0

The isomeric O-bonded singlet phosphaethynoxy Mn(CO)s(OCP) structure 15-2S
was also optimized. However, it was found to be a high energy structure, lying
22.7 kcal mol™' (B3LYP) or 28.1 kcal mol™' (BP86) above 15-1S (Figure 1 and Table 1).
Thus phosphorus coordination of the PCO ligand appears to be greatly preferred over
oxygen coordination, at least in metal carbonyl complexes. The predicted M—O—C angle
in the phosphaethynoxy complex 15-2S of 123.8° (B3LYP) or 124.3° (BP86) is not as
sharply bent as the M—P—C angle in the phosphaketenyl complex 15-1S. The neutral
PCO ligand is a one-electron donor in both 15-1S and 15-2S thereby giving the Mn atoms
the favored 18-electron configuration. Triplet states of Mn(CO)s(PCO) lie more than

30 kecal mol ™ in energy above 15-1S and thus are not discussed in this paper.

3.1.2 Mn(CO)4PCO). Two low-lying singlet structures, namely 14-1S and 14-2S, were
found for Mn(CO)4(PCO) (Figure 1 and Table 1). Structure 14-18 is a genuine minimum
with Cs symmetry, which can be derived from the singlet Mn(CO)s(PCO) phosphaketenyl
structure 15-1S by removal of the axial CO group with some distortion of the remaining
four CO groups. The predicted Mn—P bond length of ~2.32 A in structure 14-1S is
significantly shorter than the Mn—P bond length of ~2.55 A in 15-1S. The bent PCO
group in 14-18, like that in 15-1S, implies a stereochemically active lone pair on the
phosphorus atom so that the PCO group in 14-18S, considered as a neutral ligand, is a one-
electron donor to give the Mn atom a 16-electron configuration. Structure 14-2S is an
isomeric O-bonded singlet phosphaethynoxy Mn(CO)4(OCP) structure similar to 15-28S,
lying at the relatively high energy of 19.7 kcal mol™ (B3LYP) or 28.1 kcal mol ™’ (BP86)
above 14-1S. The M—O—C angle in 14-2S of ~138° is larger than that of 15-2S. The PCO

ligand in 14-28S is a one-electron donor to give the Mn atom a 16-electron configuration.

3.1.3 Mn(CO);(PCO). Two singlet state structures and one energetically competitive
triplet state structure were found for Mn(CO);(PCO) (Figure 2 and Table 2). None of

these structures has any imaginary vibrational frequencies. The lowest energy singlet
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structure 13-1S has an unprecedented trihapto 1°-PCO group, as indicated by bonding
Mn-O, Mn-C, and Mn-P distances of ~2.2, ~2.0, and ~2.4 A, respectively. Such a
neutral PCO ligand in 13-1S is a three-electron donor, leading to a 16-electron
configuration for the Mn atom. The Cs, tetrahedral Mn(CO);(PCO) structure 13-2S with
an O-bonded PCO 2-phosphaethynoxy group, lies 14.6 kcal mol' (B3LYP) or
17.9 kecal mol™' (BP86) above 13-1S. The linear PCO ligand with the O atom linking to
the Mn atom is a three-electron donor to give the Mn atom a 16-electron configuration.
The triplet state Mn(CO)3(PCO) structure 13-1T, lying 10.5 kcal mol' (B3LYP) or
23.2 kcal mol™' (BP86) in energy above 13-1S, has approximately square planar Mn

coordination and a bent P-bonded phosphaketenyl ligand with a Mn—P—C angle of 101.3°.

The Mn-P bond distance in 13-1T is predicted to be 2.392 A (B3LYP) or 2.345 A
(BP86), which is comparable to the Mn—P bond distance in 14-1S. The bent PCO group

is a one-electron donor, leading to a 14-electron configuration for the Mn atom.

Table 2. Total energies (E in Hartree), relative energies with and without ZPVE
corrections (AE and and AEzpve in kecal mol™"), and spin expectation values <S2> for the
Mn(CO)3(PCO) structures. None of the structures has any imaginary vibrational
frequencies.

13-1S (Cy) 1328 (C3,)  13-1T (Cy)

B3LYP -E 1945.82001  1945.79678  1945.80328
AE 0.0 14.6 10.5
AEzypg 0.0 14.5 9.6
(S%) 0.00 0.00 2.10

BP86 -E 1946.06906  1946.04051  1946.03211
AE 0.0 17.9 232
AEzypg 0.0 17.9 222
(S%) 0.00 0.00 2.05

13-1S (Cs) 13-2S (Csv) 13-1T (Cs)
Figure 2. The optimized Mn(CO)3;(PCO) structures. Bond distances are given in A, with
the B3LYP values on top and the BP86 values on the bottom.
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3.2. Binuclear Derivatives

3.2.1 Mny(CO)s(PCO),. Three singlet structures 28-1S, 28-2S, and 28-3S were found
having energies within 20 kcal mol’ (Figure 3 and Table 3). All of these
Mn,(CO)s(PCO), structures are genuine minima. The global minimum 28-1S (C;) has
two three-electron donor bridging phosphaketenyl u-PCO ligands bonded to the
manganese atoms solely through the phosphorus atoms. The geometry of 28-1S is
similar to H,Mny(CO)g predicted in a previous DET study,”’ and also similar to

H,Re,(CO)s observed by X-ray crystallography.’*!

The C,, structure 28-28, lying only
0.4 kcal mol! (B3LYP or BP86) in energy above 28-1S, is a cis stereoisomer with
different PCO orientations. This small energy difference suggests fluxionality for the
Mn,(CO)g(PCO), system. Each manganese atom in 28-1S and 28-2S has octahedral
coordination. The Mn"Mn distances of ~3.8 A in these two structures are nearly 1 A
longer than the Mn—Mn single bond distance in Mn,(CO)o of 2.92 A* or 2.895 A*
determined by X-ray crystallography. Thus, there appear to be no direct Mn—Mn bonds in
these Mn,(CO)g(PCO), structures. Since each of the bridging u-PCO ligands is a three-
electron donor, each manganese atom in 28-1S and 28-2S has the favored 18-electron

configuration even without an Mn-Mn bond.

1.150 2125 1.874
1166@2120 1619 g 1504
o 1.887 N -
11980 1.152
1.170 1.835 . 1.168
.1.814 : C 17156

c .

1 1797 1.818°\1.824
é 112% 1.153 1.689 H?g\- 1.802 1.806
1169 1704 (°] , C 1458
1.886 T1.150 :
® e 1.861 €25171 108 %173
1.179 1169 5507 1.872
6 1.18% 1.853
28-1S (Czn) 28-2S (Cav) 28-3S (C1)

Figure 3. The optimized Mn,(CO)g(PCO), structures. Bond distances are given in A,
with the B3LYP values on top and the BP86 values on the bottom.

An isomeric Mny(CO)g(PCO), structure 28-3S, lying 11.4 kcal mol™ (B3LYP) or
16.4 kcal mol™ (BP86) in energy above 28-1S, has two three-electron donor bridging
u-PCO phosphaketenyl u-PCO ligands like 28-1S and 28-2S (Figure 3 and Table 3)
However, one of these bridging ligands is a three-electron donor end-to-end dihapto
1*-u-PCO ligand bonded to one Mn atom through the phosphorus atom (Mn—P distance
of ~2.6 A) and to the other Mn atom through the oxygen atom (Mn—O distance of ~2.1 A).
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The other bridging phosphaketenyl ligand in 28-3S is a three-electron donor monohapto
bridging u-PCO ligand similar to the u-PCO ligands in 28-1S and 28-2S. The long
Mn""Mn distance of ~4.4 A in 28-3S implies the absence of a direct Mn—Mn bond.
Nevertheless, each Mn atom in 28-3S has the favored 18-electron configuration. Triplet
spin states of Mn,(CO)s(PCO), are found to lie at least 20 kcal mol” above the global

minimum 28-1S and thus are not discussed in this paper.

Table 3. Total energies (E in Hartree) and relative energies with and without ZPVE
corrections (AE and AEzpyg in keal mol ™), for the Mny(CO)g(PCO); structures. None of
these structures has any imaginary vibrational frequencies.

28-1S (Cy)  28-2S (Cy)  28-3S (Cy)

B3LYP -E 4118.43386 4118.43331 4118.41564
AE 0.0 0.4 11.4
AEzvpE 0.0 0.3 11.4

BP86 -E 4118.95341 4118.95271 4118.92723
AE 0.0 0.4 16.4
AEzvpE 0.0 1.4 16.5

3.2.2 Mny(CO),(PCO),. The two lowest energy structures of stoichiometry
Mn;,(CO)7(PCO); are the Mny(CO)9P; isomers 27-1S and 27-2S (Figure 4 and Table 4).
In these two structures the carbonyls in the PCO groups have migrated from the
phosphorus atoms to the two manganese atoms, leaving a coupled P, fragment bridging
the two manganese atoms. Neither structure has any imaginary vibrational frequencies.
The lowest energy Mn,(CO)oP, structure 27-1S (C;) has an 1°-P, group with a P=P
distance of 1.991 A (B3LYP) or 2.002 A (BP86) corresponding to a formal double bond.
The long Mn"*Mn distance (> 4.7 A) in 27-18 implies the absence of a direct bond. Since
the bridging 1°-P, ligand is a four-electron donor with a lone pair remaining on the
phosphorus atom bonded to only a single manganese atom, each manganese atom in
27-1S8 has the favored 18-electron configuration. The Mn,(CO)oP, structure 27-2S, lying
6.6 kcal mol” (B3LYP) or 5.2 kcal mol™ (BP86) in energy above 27-1S, has a bridging
end-to-end P, group. The P=P distance of 1.991 A (B3LYP) or 2.005 A (BP86) in 27-2S
corresponds to a formal double bond. The Mn-P distance of 2.552 A (B3LYP) or
2.531 A (BP86) to the Mn(CO)s group corresponds to a formal single bond. The much
shorter Mn=P distance of 2.113 A (B3LYP) or 2.107 A (BP86) to the Mn(CO),
corresponds to a formal double bond. This gives each Mn atom the favored 18-electron
configuration if the Mn(CO)s; manganese bears a formal negative charge and the

phosphorus atom bonded to the Mn(CO)4 group bears a formal positive charge.
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1.164

C' 1.842

1.879 1.829

1859 14 153
/1.16

1.801
1.782

1.161

1.178

27-8S (Cs)

Figure 4. The optimized Mn,(CO)7(PCO), structures. Bond distances are given in A,
with the B3LYP values on top and the BP86 values on the bottom.

27-7S (Cs)



New Journal of Chemistry

10

Table 4. Total energies (E in Hartree) and relative energies with and without ZPVE
corrections (AE and AEzpyg in kcal mol ") for the Mny(CO);(PCO); structures. None of
the structures has any imaginary vibrational frequencies.

27-1S(C,)  27-2S(C,)  27-38(C,)  27-4S (C»)

B3LYP -E 4005.08012 4005.06961 4005.05775 4005.05824
AE 0.0 6.6 14.0 13.7
AEzvpr 0.0 6.5 13.8 13.6

BP&6 -E 4005.59327 4005.58491 4005.58237 4005.58181
AE 0.0 5.2 6.8 7.2
N 0.0 5.2 6.7 7.1

27-58 (C1)  27-6S(C,)  27-7S(C,)  27-8S (C,)

B3LYP -E 4005.05078 4005.05106 4005.04285 4005.04288
AE 18.4 18.2 23.4 23.4
AEzver 18.0 17.9 23.0 23.0

BP&6 -E 4005.56098 4005.56081 4005.56007 4005.55997
AE 20.3 20.4 20.8 20.9
N 20.0 20.1 20.5 20.6

The Mny(CO)7(PCO), structures 27-3S (C;) and 27-4S (C,,) are a trans-cis
stereoisomer pair, which are degenerate in energy within 0.4 kcal mol ' (Figure 4 and
Table 4). These structures lie ~14 kcal mol” (B3LYP) or ~7 kcal mol™ (BP86) in energy
above 27-1S. Both 27-3S and 27-4S have two three-electron donor P-bonded bridging
u-PCO groups similar to those in 28-1S and 28-2S (Figure 3) as well as one bridging
u-CO group and six terminal CO groups. The Mn-Mn bond distances of 2.674 A
(B3LYP) or 2.642 A (BP86) in 27-3S and 2.682 A (B3LYP) or 2.649 A (BP86) in 27-4S
can correspond to the formal Mn—Mn single bond needed to give each Mn atom in 27-3S
and 27-4S the favored 18-electron configuration.

The Mny(CO)7(PCO); structures 27-5S (Cy) and 27-6S (C,) are another trans-cis
stereoisomer pair with two bridging u-PCO groups and seven terminal CO groups.
Structures 27-5S and 27-6S are almost degenerate in energy within 0.2 kcal mol ' and lie
~18 kcal mol™ (B3LYP) or ~20 kcal mol” (BP86) above 27-1S. The long MnMn
distances in 27-58 and 27-6S of ~3.80 A indicate lack of direct Mn—Mn bonding. Thus,
in 27-5S and 27-6S, the Mn atom bearing four CO groups has the favored 18-electron
configuration, while the Mn atom bearing three CO groups has only a 16-electron
configuration. Structures 27-5S and 27-6S can be derived from structures 28-1S and
28-2S by removal of one axial carbonyl group, respectively, thereby leaving a hole in the

octahedral coordination of the Mn atoms with the 16-electron configuration.
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The Mny(CO)7(PCO), structures 27-7S and 27-8S are also a cis-trans
stereoisomer pair with two bridging u-PCO groups and seven terminal CO groups
(Figure 4 and Table 4). They are degenerate in energy within 0.1 kcal mol™', lying
~23 keal mol” (B3LYP) or ~21 kcal mol™ (BP86) above 27-1S. The Mn—Mn distances
of 3.053 A (B3LYP) or 2.919 A (BP86) for 27-7S and 3.055 A (B3LYP) or 2.920 A
(BP86) 27-8S can correspond to long single bonds from the Mn(CO), manganese to the

Mn(CO); manganese. This gives each Mn atom the favored 18-electron configuration.

3.2.3 Mny(CO)s(PCO),. Similar to Mny(CO)7(PCO),, the six lowest energy
Mny(CO)s(PCO), structures 26-1S, 26-2S, 26-3S, 26-1T, 26-4S, and 26-2T are
essentially Mny(CO)g(pn-P,) structures with bridging diphosphido ligands (Figure 5 and
Table 5). Structures 26-1S and 26-2S have similar geometries (only with different
relative CO positions) and similar relative energies within 1.0 kcal mol™'. Both 26-1S (C»)
and 26-2S (C;) have a four-electron donor bridging p-P; ligand with Mn—P distances of
~2.4 A as well as eight terminal CO groups. The Mn—Mn distances of ~2.8 A suggest
formal single Mn—Mn bonds, thereby giving each Mn atom the favored 18-electron
configuration. Structure 26-3S, lying 3.5 kcal mol™ (B3LYP) or 16.4 kcal mol™ (BP86)
above 26-1S, has a P, group bridging the two Mn atoms. The long Mn""Mn distance
(> 4.2 A) in 26-3S implies the absence of a direct Mn—Mn bond.

The triplet Mny(CO)s(pi-P,) structure 26-1T, lying 15.7 kcal mol™ (B3LYP) or
26.2 kcal mol! (BP86) in energy above 26-18, has similar geometry to 26-1S with the P,
group bridging the two Mn atoms (Figure 5 and Table 5). The Mn—P and P—P distances in
26-1T are ~2.4 A and ~2.2 A, respectively. The very long Mn""Mn distance in 26-1T of
~4.1 A indicates lack of direct Mn-Mn bonding thereby giving each Mn atom the
17-electron configuration, consistent with a binuclear triplet spin state structure.

The Mny(CO)s(u-Py) structure 26-4S, lying 17.9 kcal mol” (B3LYP) or
27.8 kcal mol™ (BP86) in energy above 26-1S, has an end-to-end P, group bridging the
two Mn atoms (Figure 5 and Table 5). Structure 26-4S has one tiny imaginary vibrational
frequency, but this becomes real when a finer integration grid (120, 974) is used.
Structure 26-4S can be derived from 27-28 by loss of a CO group from the Mn(CO)s unit.
The Mn—P and P=P distances in 26-4S are ~2.1 A and ~2.0 A, respectively. The long
MnMn distance (> 6.0 A) in 26-4S implies the absence of a direct Mn—-Mn bond. The
u-P, ligand has a formal P=P double bond and donates three electrons to each manganese

atom. This gives each manganese atom the favored 18-electron configuration.
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Figure 5. The optimized Mn,(CO)s(PCO), structures. Bond distances are given in A,
with the B3LYP values on top and the BP86 values on the bottom.
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Table 5. Total energies (E in Hartree), relative energies with and without ZPVE
corrections (AE and AEzpyg in kcal mol™'), numbers of imaginary vibrational frequencies
(Nime), and spin expectation values (S”) for the Mny(CO)s(PCO); structures.

26-1S (C:)  26-2S (C;)  26-3S(Cy)  26-1T (C»)  26-4S (Cay)

B3LYP -E 3891.71697 3891.71857 3891.71135  3891.69195  3891.68847
AE 0.0 -1.0 3.5 15.7 17.9
AEzvpe 0.0 -0.9 2.9 14.6 17.2
Nimg none none none none 1(5.70)
(5% 0.00 0.00 0.00 2.06 0.00
BP86 -E 3892.24546 3892.24509 3892.21939  3892.20378  -3892.20121
AE 0.0 0.2 16.4 26.2 27.8
AEzvpe 0.0 0.3 15.9 25.2 27.1
Nimg none none none none 1(0.30)
(8% 0.00 0.00 0.00 2.02 0.00

26-2T (C2)  26-5S (Cy)  26-6S (C1)  26-7S (Cy)

B3LYP -E 3891.69187 3891.66912 3891.66690  3891.67999
AE 15.8 30.0 31.4 23.2
N 14.4 29.3 30.5 225
Nimg none none none none
(8% 2.03 0.00 0.00 0.00
BPS6 -E 3892.19927 3892.20182  3892.18906  3892.18602
AE 29.0 27.4 35.4 373
N 27.8 26.9 34.5 36.6
Nimg none none none none
(%) 2.01 0.00 0.00 0.00

The triplet Mny(CO)¢(u-P2) structure 26-2T, lying 15.8 kcal mol”' (B3LYP) or
29.0 kcal mol™ (BP86) in energy above 26-18, has a similar structure to 26-1T except for
the positions of the CO groups (Figure 5 and Table 5). The bridging p-P, group in 26-2T
is bonded to the two Mn atoms with Mn-P distances of 2.625 and 2.458 A (B3LYP) or
2.598 and 2.424 A (BP86). The long Mn""Mn distance (> 4.0 A) in 26-2T implies the
absence of a direct Mn—Mn bond thereby giving each Mn atom the 17-electron
configuration for a binuclear triplet.

Three low-lying Mny(CO)g(PCO), structures with intact PCO ligands were
optimized, namely 26-5S, 26-6S, and 26-7S (Figure 5 and Table 5). Although the BP86
method prefers energetically the structures with the normal bridging 4-PCO groups and
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the B3LYP method prefers structures with dihapto bridging n>-u-PCO ligands, these
three structures have relative energies within 10 kcal mol”. The C, structure 26-5S, lying
~30 kcal mol™ (B3LYP) or ~27 kcal mol™ (BP86) in energy above 26-18, has two three-
electron donor bridging dihapto 1*-u-PCO ligands and six terminal CO groups. The
1n*-u-PCO bridging ligands in structure 26-5S are bonded to the “right” Mn atom (Figure
5) through both phosphorus and carbon atoms with a short Mn—C distance of ~2.0 A and
bonded to the “left” Mn atom only through the P atoms. The Mn—Mn distance of 2.816 A
(B3LYP) or 2.760 A (BP86) in 26-5S can be interpreted as a single bond, thereby giving
the Mn atom bonded to four terminal CO groups (the “left” Mn atom in Figure 5) the

favored 18-electron configuration but the other Mn atom only a 16-electron configuration.

The Mny(CO)s(PCO), structure 26-6S, lying 31.4 kcal mol' (B3LYP) or
35.4 kcal mol™ (BP86) in energy above 26-1S, has two different types of bridging PCO
groups (Figure 5 and Table 5). One of the bridging PCO groups is a three-electron donor
bridging u-PCO group bonded to the Mn atoms solely through the phosphorus atom
similar to the bridging w-PCO groups in the two lowest energy Mny(CO)s(PCO),
structures 28-18 and 28-2S (Figure 3). The other bridging PCO group is the same type of
bridging n*-u-PCO ligand found in 26-5S. Like 26-5S discussed above, the Mn—Mn
bond distance of 2.811 A (B3LYP) or 2.712 A (BP86) in 26-6S also can be interpreted as
a formal single bond, thereby giving the Mn atom bonded to four terminal CO groups
(the “left” Mn atom in Figure 5) the favored 18-electron configuration but the other Mn
atom only a 16-electron configuration.

The Mny(CO)s(PCO), structure 26-7S, lying 23.2 kcal mol' (B3LYP) or
37.3 kcal mol™ (BP86) in energy above 26-1S, has two bridging u-PCO groups bonded to
the Mn atoms solely through their phosphorus atoms similar to the bridging u-PCO
groups in the two lowest energy Mny(CO)s(PCO); structures 28-1S and 28-2S (Figure 5
and Table 5). The Mn—Mn distance of 3.048 A (B3LYP) or 2.898 A (BP86) suggests the
formal single bond required to give one Mn atom the favored 18-electron configuration

but the other Mn atom only a 16-electron configuration.

3.2.4 Mny(CO)s(PCO),. Three singlet structures and one triplet structure were optimized
for Mn,(CO)s(PCO), (Figure 6 and Table 6). All four structures are genuine minima
with no imaginary vibrational frequencies. In all four structures the carbonyl part of at
least one PCO ligand has migrated to an Mn atom, leaving at least one phosphorus atom
bridging the two Mn atoms. Thus these complexes may be more precisely designated as
Mn,(CO);P,, except for 25-3S, which is Mny(CO)s(PCO)(P).

Page 14 of 30
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Figure 6. The optimized Mn,(CO)s(PCO), structures. Bond distances are given in A
with the B3LYP values on top and the BP86 values on the bottom.

The B3LYP method predicts the lowest energy Mn,(CO)s(PCO), structure to be
the triplet 25-1T, while the BP86 method predicts it to be the singlet 25-1S (Figure 6 and
Table 6). This is not surprising, since Reiher and coworkers have found that the B3LYP
favors high-spin states, while the BP86 method favors low-spin states, with the true
singlet-triplet splitting energies lying between the two predicted energies.*** Stability
tests of the wavefunction have been performed for 25-1T and 25-1S at both the B3LYP
and BP86 levels of theory. The results show that the wavefunctions of 25-1T and 25-1S
are stable under the perturbations considered.

The Mny(CO)s(PCO), structure 25-1T has the two phosphorus atoms generated
by decarbonylation of the PCO ligands coupled to form a bridging u-P, unit with a P—P
single bond distance of 2.051 A (B3LYP) or 2.084 A (BP86) (Figure 6 and Table 6).
This P, ligand can be considered to be a four-electron donor providing two electrons for
each Mn atom. The Mn=Mn bond distance for the triplet Mny(CO)s(PCO), structure
25-1T is 2.714 A (B3LYP) or 2.704 A (BP86) , which can be interpreted as formal
double bond of the o + % type. Such an Mn=Mn double bond in 25-1T is similar to the
Fe=Fe double bond in the experimentally known®®*” (1>-CsHs),Fe,(u-CO)s, in which the

triplet spin state arises from the two unpaired electrons reside in the two orthogonal @



New Journal of Chemistry

16

“half-bonds.” The Mn=Mn double bond gives each Mn atom in 25-1T the favored
18-electron configuration with a formal positive charge on the Mn(CO)4 manganese and a

formal negative charge on the Mn(CO); manganese.

Table 6 Total energies (E in Hartree), relative energies with and without ZPVE
corrections (AE and and AEzpye in kcal mol™"), and spin expectation values <S2> for the
Mn,(CO)s(PCO) structures. None of the structures has any imaginary vibrational
frequencies.

25-1T(C))  25-1S(C,) 2528 (C,)  25-3S(Cy)

B3LYP E 377833255 377832235 377833113 3778.31657
AE 0.0 6.4 0.9 10.0
AEzvee 0.0 7.6 1.7 11.2
(%) 2.06 0.00 0.00 0.00

BP86 E 3778.84087 3778.84618 3778.84365 3778.83202
AE 0.0 -3.3 -1.7 5.6
N 0.0 -2.5 1.1 6.4
(8% 2.02 0.00 0.00 0.00

The relative energy of the singlet Mny(CO)s(PCO), structure 25-1S should be
close to that of 25-1T, since the B3LYP method predicts 25-1S to lie 6.4 kcal mol™
above 25-1T, whereas the BP86 method predicts 25-1S to lie 3.3 kcal mol™' below 25-1T
(Figure 6 and Table 6). Structure 25-1S has two isolated phosphorus atoms bridging the
manganese atoms, each acting as a three-electron donor to the central Mn, unit. The
Mn-Mn distance of 2.712 A (B3LYP) or 2.672 A (BP86) suggests a short dative single
bond from the Mn(CO); manganese to the Mn(CO); manganese. This gives each Mn
atom in 25-18 the favored 18-electron configuration.

The Mny(CO)s(PCO), structure 25-2S lies only 0.9 kcal mol' above 25-1T
(B3LYP) or 1.7 kcal mol™' (BP86) below 25-1T, indicating these two structures to be
almost degenerate in energy (Figure 6 and Table 6). Structure 25-2S is an Mn,(CO)7(u-P»)
structure in which the two phosphorus atoms generated by decarbonylation of the PCO
ligands have coupled to form a bridging u-P, unit with a P-P single bond distance of
2.120 A (B3LYP) or 2.171 A (BP86). The u-P, ligand can be considered to be a four-
electron donor providing two electrons for each Mn atom. The Mn—Mn distance of
2.919 A (B3LYP) or 2.882 A (BP86) in 25-2S can be interpreted as a formal single bond.
This gives the Mn atom bearing four CO groups the favored 18-electron configuration,

but the Mn atom bearing three CO groups only a 16-electron configuration.
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The Mny(CO)s(PCO), structure 25-3S, lying 10.0 kcal mol' (B3LYP) above
25-1T or 5.6 kcal mol™' (BP86) below 25-1T, is an Mny(CO)s(u-PCO)(p-P) structure
with one three-electron donor bridging u—-PCO group and one three-electron donor
bridging u-P group (Figure 6 and Table 6). The Mn=Mn distance of 2.619 A (B3LYP) or
2.585 A (BP86) is at least ~0.1 A shorter than any of the Mn—Mn distances in the other
Mn,(CO)s(PCO), structures suggested to be formal single bonds. This suggests the
formal Mn=Mn double bond in 25-3S required to give each Mn atom the favored

18-electron configuration.

3.3. Dissociation Energies

The predicted energies for dissociation of one CO group from the lowest energy
singlet mononuclear Mn(CO),,(PCO) and binuclear Mny(CO),(PCO), structures
according to the following equations range from 15 to 45 kcal mol ™' (Table 7):

Mn(CO),,(PCO) — Mn(CO),,1(PCO) + CO (m =5, 4)
Mn;(CO),(PCO), — Mny(CO),_1(PCO), + CO (n =8, 7, 6)

Thus the CO dissociation energy of Mn(CO)s(PCO) is predicted by the BP86 method to
be 30.1 kcal mol” (BP86), while the CO dissociation energy of Mn(CO)4(PCO) is
predicted to be 26.7 kcal mol”! (B3LYP) or 32.6 kcal mol”! (BP86). These values are
comparable with the known experimental carbonyl dissociation energies *® of
27 keal mol™ for Ni(CO)4, 37 keal mol™ for Cr(CO)s and 41 kcal mol™ for Fe(CO)s. The
dissociation energies required to remove one CO from the lowest-lying singlet binuclear
structures of Mny(CO)(PCO), (n = 8, 7) are similar at 20.7 kcal mol™” (n = 8) and
12.9 kcal mol! (n = 7), respectively. However, the CO dissociation energy from
Mn,(CO)s(PCO), to give Mny(CO)s(PCO), is significantly higher at 45.2 kcal mol™.
These substantial dissociation energies show that the Mn(CO),(PCO) (m = 5, 4) and
Mn,(CO),(PCO), (n =8, 7, 6) complexes are all viable with respect to CO loss.

Table 7. Dissociation energies (kcal mol™') for the successive removal of carbonyl
groups from the lowest singlet mononuclear and binuclear phosphaketenyl manganese
carbonyls.

B3LYP  BP86

Mn(CO)s(PCO) — Mn(CO)4(PCO) + CO 26.0 30.1
Mn(CO)4(PCO) — Mn(CO)3(PCO) + CO 26.7 32.6
Mn(CO)s(PCO); — Mny(CO)-(PCO), + CO 15.7 20.7
Mn(CO)7(PCO), — Mny(CO)s(PCO), + CO 21.6 12.9

Mny(CO)s(PCO), — Mny(CO)s(PCO), + CO 414 45.2
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The predicted energies for dissociation of the lowest-lying singlet binuclear
Mn,(CO),(PCO), compounds (n = 8, 7, 6, 5) into mononuclear fragments by the
following reactions range from 32 to 68 kcal mol™' (Table 8):

Mn;(CO),(PCO), — Mn(CO).(PCO) + Mn(CO), (PCO) (n=8,7, 6;x=5,4,3)

These significantly endothermic dissociation energies confirm that at least the binuclear
Mn,(CO)s(PCO), and Mn,(CO)7(PCO), structures are viable relative to dissociation into
mononuclear complexes.

The disproportionation energies reported in Table 9 correspond to reactions of the
following type:

2Mny(CO),(PCO),—Mny(CO),+1(PCO); + Mny(CO),_1(PCO), (=17, 6).

The predicted disproportionation of Mny(CO)7(PCO), into Mny(CO)s(PCO), +
Mn,(CO)s(PCO), by —8 kcal mol” (B3LYP) or 6 kcal mol” (BP86) suggests that such
disproportionation is essentially thermoneutral suggesting that the even the lowest energy
Mn,(CO)7(PCO); structure (actually the Mny(CO)o(p-P2) structure 27-1S) is not viable
towards such disproportionation. However, the disproportionation of the lowest energy
Mn,(CO)¢(PCO), structure (actually the Mny(CO)s(u-Py) structure 26-1S) into
Mn,(CO)7(PCO), + Mny(CO)s(PCO), 1is clearly endothermic, suggesting that
Mn,(CO)6(PCO), is viable with respect to such disproportianation.

Table 8 Energies (kcal mol') for dissociation of the lowest energy binuclear
Mn,(CO),(PCO), structures into two mononuclear fragments.

B3LYP BPS6
Mn,(CO)s(PCO),— Mn(CO)s(PCO) + Mn(CO);(PCO)  32.9 383
Mn(CO)s(PCO), — Mn(CO)4(PCO) + Mn(CO)4(PCO)  32.2 35.8
Mny(CO);(PCO), —Mn(CO)4(PCO) + Mn(CO);(PCO)  43.2 47.7
Mny(CO)s(PCO), — Mn(CO);(PCO) + Mn(CO);(PCO)  48.3 67.4

Table 9 Energies (kcal mol') for the disproportionation of the lowest energy
Mn,(CO),(PCO), (n =7, 6) structures into Mn,(CO),+1(PCO); + Mn,(CO),.1(PCO),.

B3LYP BPS86
2Mny(CO)7(PCO), — Mny(CO)s(PCO), + Mny(CO)s(PCO), 5.9 ~7.7
2Mny(CO)6(PCO), — Mny(CO),(PCO), + Mny(CO)s(PCO),  19.8 32.3
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3.4. Natural Bond Orbital (NBO) Analysis

Table 10 reports the natural charges for the two manganese atoms, the Wiberg
bond indices (WBIs) for the Mn-Mn and P-P bonds as well as the Mn—Mn and P-P
distances for the singlet Mn,(CO),(PCO), complexes obtained by natural bonding orbital
(NBO)*’ analysis using the Gaussian03 (C.02) program.*’

The WBI values for the Mn—Mn bonds predicted by the BP86 method are
consistent with the bond orders suggested by the Mn-Mn distances, electron counting,
"on the WBIs of metal
carbonyls such as Fe;(CO)9 and Fes;(CO);, show the WBIs of transition metal-metal

and coordination geometries (Table 10). Previous studies®

bonds to be relatively low compared with the formal bond orders, particularly when the
metal-metal bonds are bridged by carbonyl groups. This is consistent with our
observations on the WBIs of the Mn—Mn bonds in the Mn,(CO),(PCO), derivatives. Thus
the WBIs for the Mn—Mn formal single bonds range from 0.05 to 0.19. The only
Mn,(CO),(PCO), species with a formal Mn=Mn double bond is the
Mn,(CO)e(n-PCO)(u-P) species 25-3S which has a significantly higher WBI of 0.30 for
the Mn=Mn interaction than any of the Mn,(CO),(PCO), species with formal Mn—Mn
single bonds. The WBI values for the Mn""Mn interactions in the Mn,(CO),(PCO);
species in which the manganese atoms are too far apart for a direct bond are less than
0.04 except for those in 26-3S and 26-4S, which are ~0.09 (Table 10).

For bonds between main group atoms such as sulfur and phosphorus the WBI
values are numerically close to the actual formal bond order in contrast to transition
metal-metal bonds. For the Mn,(CO),(PCO), derivatives discussed in this paper, this is
also the case. Thus for the Mn,(CO),(PCO), derivatives with a short enough P—P distance
to suggest a direct bond, namely the Mn,(CO);(u-P,) tetrahedrane species 27-1S, 27-28S,
26-18S, 26-28S, 26-3S, 26-4S, and 25-2S with a predicted bonding P—P distances ranging
from 2.002 A to 2.171 A, the WBI values range from 1.18 to 2.00 (Table 10). More
specifically, the structures 27-1S, 27-2S, and 26-4S with P=P double bond distances of
~2.01 A have WBISs ranging from 1.84 to 2.00 close to the assumed bond order of 2. The
WBI values for the formally non-bonding PP interactions in the other Mn,(CO),(PCO),
structures are all less than 0.32.

The natural atomic charges on the manganese atoms for all of the
Mn,(CO),(PCO); structures are negative and the negative values increase when more CO
and PCO ligands are connected directly to a manganese atom (Table 10). This suggests
that the backbonding of the manganese d electrons into the antibonding orbitals of CO

and PCO, although strong relative to most other ligands, is not sufficient to compensate
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for all of the charge transfer from the forward o-bonding. However, since the
backbonding capabilities of CO and PCO are not the same, there is not a simple

relationship between the manganese natural atomic charge and the number of ligands.

Table 10 The Wiberg bond indices (WBI) for the Mn—Mn bonds and P—P bonds and the
natural atomic charges for the Mn and Mn atoms in the singlet binuclear complexes
Mn,(CO),(PCO), (n=38,7,6,5) predicted by the BP86 method.

Mn-Mn Mn—Mn WBI P-P P-P WBI for Natural
distance Bond for distance Bond P_p charge on
(in A) Order Mn—Mn (in A) Order Mn/Mn

28-1S 3.829 0 0.01 3.179 0 0.06 -0.95/-0.95
28-28S 3.814 0 0.01 3.179 0 0.05 -0.95/-0.95
28-3S 4.363 0 0.02 3.753 0 0.01 -0.91/-0.72
27-18 4.642 0 0.04 2.002 2 2.00 -0.91/-1.04
27-28 5.644 0 0.03 2.005 2 1.95 -0.84/-1.01
27-3S 2.642 1 0.11 3.215 0 0.06 -0.92/-0.92
27-4S 2.649 1 0.11 2.969 0 0.09 -0.91/-0.91
27-58 3.799 0 0.04 3.014 0 0.10 -0.96/-0.54
27-6S 3.731 0 0.01 2.976 0 0.10 -0.50/-0.95
27-7S 2919 1 0.12 3.820 0 0.07 -0.95/-0.74
27-8S 2.920 1 0.05 3.844 0 0.07 -0.95/-0.74
26-1S 2.764 1 0.16 2.067 >1 1.45 -0.91/-0.91
26-2S 2.782 1 0.14 2.101 >1 1.33 -0.93/-0.93
26-3S 4.298 0 0.09 2.053 >1 1.77 -0.86/-0.86
26-4S 6.060 0 0.09 2.012 2 1.84 -0.78/-0.78
26-5S 2.760 1 0.13 3.786 0 0.17 -0.70/-1.04
26-6S 2.712 1 0.15 3.870 0 0.10 -0.62/-1.00
26-7S 2.898 1 0.09 2.924 0 0.10 -0.71/-0.56
25-1S 2.672 1 0.14 3.639 0 0.32 -0.84/-1.08
25-28 2.882 1 0.19 2.171 1 1.18 -0.81/-0.58
25-3S 2.585 2 0.30 3.765 0 0.16 -0.74/-0.74

3.5. Vibrational Frequencies

The predicted \(CO) and WPC) vibrational frequencies for the optimized
Mn(CO),(PCO) (n =5, 4, 3) and Mn,(CO),(PCO), (n =8, 7, 6, 5) structures predicted by
the BP86 method are listed in Tables 11 and 12. The BP86 method was chosen since in
other systems it is shown to predict more reliable V(CO) frequencies than the B3LYP
method without requiring a scaling factor.*>* The terminal (CO) frequencies for the CO
groups in all of the Mn(CO),(PCO) and Mn,(CO),(PCO);, structures fall in the expected
range from 2097 to 1921 cm”. The bridging CO groups in 27-3S and 27-4S exhibit
significantly lower W(CO) frequencies of 1888 and 1885 cm™, respectively, in accord

with expectation.
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The WCO), W(CO)pco and W(PC)pco vibrational frequencies of the

mononuclear Mn(CO),(PCO) (n = 5, 4, 3) derivatives using the BP86 method. Infrared
intensities in km mol  are given in parentheses.

Structures V(CO) VCO)pco V(PC)pco
15-1S 1994(670), 2007(1352), 2008(1217),2028(10), 2089(115) 1936(589) 736(6)
15-28 1993(634), 2022(1238), 2024(1135), 2047(24), 2097(312) 1641(72) 832(1)
14-18 1969(910), 1981(1071), 1988(1119), 2058(163) 1951(386) 686(5)
14-28 1968(919), 1989(372), 1999(1280), 2068(429) 1651(35) 874(21)
13-1S 1962(907), 1964(715), 2027(492) 1742(266) 767(1)
13-28 1951(885), 1951(885), 2021(675) 1669(69) 941(97)
13-1T 1958(1900), 1982(878), 2039(250) 1934(537) 698(20)

The Mn(CO)s(PCO) structure 15-1S with a P-bonded PCO group and its isomer
15-2S with an O-bonded PCO group exhibit the distinctly different V(CO)pco frequencies
of 1936 and 1641 cm', respectively (Table 11). In the binuclear structures
Mn,(CO),(PCO), the (CO) frequencies in the usual bridging u-PCO groups (bonded to
the Mn atoms only through the phosphorus atoms) range from 1934 to 2000 cm™ (Table
12). The v(CO) frequency for the end-to-end bridging 7°-u-PCO group forming Mn—P
and Mn—O bonds in 28-3S is lower at 1775 cm™'. The W(CO) frequencies for the bridging
17°-u-PCO groups forming Mn—P and Mn—C bonds in 26-5S and 26-6S are somewhat
higher, ranging from 1803 to 1826 cm .

In the mononuclear Mn(CO),(PCO) structures, the \(PC) frequencies for the
usual P-bonded terminal PCO groups range from 686 to 736 cm™' (Table 11). The
WPC) frequency increases to 767 cm ' for the trihapto 7°-PCO ligand in 13-1S. The
WPC) frequencies become significantly higher at 832 and 941 cm™ in 15-28 and 13-2S
for the PCO groups bonded to the Mn atom through the oxygen atom. In the binuclear
structures Mn,(CO),(PCO),, the (PC) frequencies for the usual bridging PCO groups
bonded to the Mn atoms through only the phosphorus atom range from 636 to 695 cm
(Table 12). The WPC) frequencies become lower for the bridging n*-u-PCO groups
forming Mn—P and Mn—C bonds in 26-5S and 26-6S; they range from 531 to 595 cm .
The W(PC) frequency increases to 801 cm™' for the end-to-end bridging PCO group
forming Mn—P and Mn—-O bonds in 28-3S.
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Table 12. The v(CO), WCO)pco and WPC)pco frequencies of the binuclear
Mn,(CO),(PCO), (n =8, 7, 6, 5) derivatives (with the BP86 method). Infrared intensities
are given in parentheses in km mol . The bridging WCO), WCO)pco and VPC)pco
frequencies are in bold type.

Structures v(CO) V(CO)pco V(PC)rco

28-18 1968(0), 1973(0), 1976(1699), 1986(631),
1994(0), 1997(2817), 2039(1248), 2068(0)

28-28 1967(0), 1973(0), 1981(2058), 1986(631),

1952(111), 1962(0)  681(0), 681(11)

1991(1001), 1998(1498), 2039(1246), 1956(0),1958(11) 679(11), 683(0)
2068(17)

28-3S 1974(48), 1979(801), 1981(854),
1989(743), 1997(1094), 2002(1302), 1775(429), 1957(14)  690(0), 801(5)

2047(968), 2073(141)

27-18 1956(630), 1961(973), 1975(436),
2006(648), 2015(988), 2016(1334),
2030(1262), 2035(0), 2090(310)

27-28 1967(909), 1979(863), 1985(398),
1998(701), 2006(951), 2007(1505),
2026(17), 2038(1628), 2083(269)

27-3S 1888(333), 1968(3), 1980(6), 1984(1685),
1992(1785), 2018(1974), 2050(62)

27-4S 1885(282), 1949(3), 1979(0), 1988(875),
1996(2406), 2017(1986), 2051(92)

27-58 1945(154), 1946(376), 1980(1406),
1990(1992), 1994(522), 2014(1309), 1959(265), 1970(12)  668(4), 691(6)
2061(230)

27-6S 1943(332), 1946(164), 1968(1),

1986(1359), 1992(284), 2016(1423), 1971(56), 1986(2176)  691(9), 695(2)
2062(238)

27-78 1930(310), 1946(360), 1987(949),

1990(1270), 1996(714), 2009(1614), 1959(283), 1963(426)  643(35),644(11)
2063(194)

27-8S 1929(392), 1946(321), 1985(727),

1994(72), 1996(2293), 2007(1468), 1961(445), 1961(243)  636(9), 647(20)
2064(185)

1954(0), 1961(259) 651(13),667(7)

1965(0), 1966(270)  663(13),672(12)

26-18 1964(20), 1968(247), 1973(1028),
1983(1025), 1988(4), 1994(886),
2015(1979), 2060(323)

26-28 1918(280), 1967(101), 1981(194),
1983(1738), 1992(523), 2003(297),
2023(1888), 2063(322)

26-3S 1969(372), 1972(33), 1973(1382),
1990(405), 1991(2109), 1994(225),
2034(1941), 2065(26)

26-1T 1973(0), 1974(1755), 1977(160),
1992(427), 1994(1194), 2000(896),
2025(2229), 2064(42)
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26-4S 1973(0), 1974(1917), 1983(0),
1989(2335), 1990(889), 1992(0),
2033(2879), 2061(0)

26-2T 1959(352), 1971(1307), 1972(215),
1977(64), 1982(1594), 1982(1284),
2019(1650), 2053(79)

26-58 1985(68), 1992(567), 1994(1665),
1999(594), 2019(1376), 2059(185)

26-6S 1951(296), 1988(945), 1989(1094),
1996(218), 2001(1892), 2056(280)

26-7S 1935(211), 1943(126), 1953(836),
1954(27), 1999(1752) , 2039(219)

1803(902), 1824(128)  531(1), 566(14)
1826(564), 1961(301)  595(36), 651(7)

1980(13), 2000(2342)  664(14),672(14)

25-1T 1930(272), 1949(433), 1975(1196),
1976(1275), 1988(1264), 1995(249),
2049(630)

25-18 1971(184), 1971(393), 1992(1678),
1994(538), 2000(297), 2004(1858),
2055(153)

25-28 1921(245), 1943(551), 1976(1225),
1981(617), 1992(1489), 2002(289),
2056(639)

25-38 1952(473), 1957(0), 1965(37),
1968(1058), 1992(1429), 2000(2055), 1992(1429)
2035(90)

4. Discussion

The recently developed successful syntheses of the phosphaethynolate anion,
PCO™ use reactions of a phosphide monoanion{P"} generator such as NaPH, or K;P; with
carbon monoxide.”” The chemistry of binuclear phosphaketenyl manganese carbonyl
derivatives derived from the PCO™ anion based on the predicted lowest energy structures
suggests that this reaction sequence can be reversed. This means that the PCO ligand can
transfer its CO group to the Mn atom thereby leaving a bare phosphide or diphosphide
ligand to bridge the central Mn, unit. Thus initial loss of a CO group from the
octacarbonyl Mn,(CO)g(u-PCO), (28-1S) might be expected first to result in formation of
a Mn—Mn bond to give Mny(CO)s(u-CO)(u-PCO), (27-3S). However, this structure
27-3S lies ~14 kcal/mol (B3LYP) or ~7 kcal/mol (BP86) above an isomeric
Mny(CO)o(pn-P2) structure 27-1S in which the CO groups in both PCO ligands have
migrated from phosphorus to manganese. For the more highly decarbonylated species,

several Mny(CO),+2(u-P2) isomers (n = 6, 5) are lower energy structures than their
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Mn,(CO),(pn-PCO), isomers with intact PCO ligands. Thus carbonyl migration from
PCO ligands to manganese atoms appears to be an energetically favorable process.

Migration of a carbonyl group from a PCO ligand to a transition metal atom is
expected to involve intermediates having dihapto n*-p-PCO ligands bonded to metal
atoms through both their phosphorus and carbon atoms. Intermediates of this type are
found in the Mny(CO)g(PCO), structures 26-5S and 26-6S, which, however, lie
~30 kcal/mol in energy above the lowest energy Mn,(CO)s(u-P;) isomer 26-1S (Figure 5
and Table 5). The essential features of this CO migration process are depicted in Figure 7
omitting for clarity the CO groups not undergoing migration. For example, in 26-5S the
two dihapto 7°-PCO groups donate a total of six electrons to the central Mn, unit.
However, in 25-18 the combination of two new terminal CO groups and the two bridging
phosphorus atoms donate ten electrons to the central Mn; unit. Thus carbonyl migration
from PCO ligands to metal atoms can compensate for the unsaturation generated by loss
of CO groups in a binuclear phosphaketenyl metal carbonyl. Note that for the
Mn,(CO),(PCO), system no low energy structures having formal Mn-Mn bond orders
greater than two are found. Thus carbonyl migration from PCO ligands to manganese in
this system appears to be a lower energy process than formation of metal-metal multiple
bonds.

The PCO" ligand is the phosphorus analogue of the well-known isocyanate ligand
NCO", which is one of the original ambidentate ligands, bonding to metal atoms either
through its nitrogen atom or its oxygen atom. The phosphaethynolate anion PCO™ is an
analogous ambidentate ligand,® which can bond as a monohapto ligand to a metal atom
either through its phosphorus or its oxygen atom. The P-bonded PCO™ can be considered
formally as the phosphaketenyl ligand M—P=C=0 whereas the O-bonded PCO" ligand
can be considered as the phosphaethynoxy ligand M-O—-C=P. The isomeric P-bonded
phosphaketenyl Mn(CO),(PCO) and O-bonded 2-phosphaethynoxy Mn(CO),(OCP)
structures are both found as 15-1S and 15-28S, respectively, for n» = 5 and as 14-1S and
14-28, respectively, for n = 4 (Figure 1 and Table 1). However, the 2-phosphaethynoxy
structures 15-2S and 14-2S are predicted to lie ~28 to ~20 kcal mol™' in energy,

respectively, above the isomeric phosphaketenyl structures 15-1S and 14-18, respectively.

This suggests that O-bonded 2-phosphaethynoxy structures are much less favorable than
P-bonded phosphaketenyl structures. This is consistent with a recent spectroscopic and
computational study on R;E(PCO)/R;E(OCP) (R = Ph, 'Pr; E = Si, Ge, Sn, Pb) systems
by Griitzmacher and coworkers, who find the P-bonded phosphaketene isomers to be the

thermodynamically preferred products.® The phosphaketene and phosphaethynoxy
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ligands are both linear but the angle at the ligating atom is bent rather than linear owing
to the presence of stereochemically active lone pairs (Figure 8). For the Mn(CO),(PCO)/-
Mn(CO),(OCP) isomer pairs this bending appears to be sharper for the P-bonded
phosphaketenyl complexes than for the O-bonded phosphaethynoxy complexes. For
example in the Mn(CO)s(PCO) structure 15-1S the Mn—P—C angle is ~98° whereas in the
isomeric Mn(CO)s(OCP) structure 15-2S the Mn—-O-C angle widens to ~124°. No
examples of the less favorable O-bonded phosphaethynoxy structures Mn,(CO),(OCP),
were found for the binuclear derivatives. Furthermore, the phosphaketenyl ligands in the

low energy Mn,(CO),(PCO); structures were always bridging ligands.

i
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Figure 7. The migration of CO groups bonded to phosphorus in bridging PCO ligands to
manganese in the Mn,(CO),(PCO) derivatives. The CO groups not undergoing migration
are omitted for clarity.

‘P—c=0. ‘0—c=p:
/ /
M M
phosphaketenyl phosphaethynoxy

Figure 8. The phosphaketenyl P-bonded and phosphaethynoxy O-bonded coordination
modes of the PCO™ ligand.

The P-bonded (phosphaketenyl) PCO  ligand has a formal C=O double bond
whereas the O-bonded (phosphaethynoxy) PCO™ ligand has a formal C—O single bond
(Figure 8). This is consistent with the predicted V(CO)pco frequency of 1936 cm™ for the
phosphaketenyl derivative Mn(CO)s(PCO) (15-1S) being higher than the 1641 cm™
VCO)pco frequency for the phosphaethynoxy derivative Mn(CO)s(COP) (15-2S). The
lower experimental v(CO)pco frequency of 1860 cm™' in tetrahydrofuran for the
experimentally known® (triphos)Re(CO),(PCO) relative to the predicted value for 15-1S
can be a consequence of the replacement of three CO groups in 15-1S by the weaker
back-bonding tritertiary phosphine ligand. Similarly the P-bonded (phosphaketenyl)
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PCO™ ligand has a formal P=C double bond, whereas the O-bonded (phosphaethynoxy)
PCO™ ligand has a formal P=C triple bond. This is consistent with the predicted V(PC)pco
frequency of 736 cm™' for 15-1S being lower than the 832 cm™' W(PC)pco frequency for
the O-bonded Mn(CO)s(COP) derivative 15-2S. In the binuclear Mn,(CO),(PCO),
derivatives the v(CO)pco frequencies for the usual monohapto bridging u-PCO groups
bonded to the metals only through the phosphorus atoms range from 1952 to 2000 cm ™,
which is only slightly higher than the terminal CO)pco frequency of 1936 cm™ in the
mononuclear Mn(CO)s(PCO). The predicted (CO)pco frequencies for the dihapto
bridging 1°-u-CO groups in the Mny(CO)s(1*-u-PCO), structures 26-5S and 26-6S are
significantly lower, ranging from 1803 to 1826 cm™'. The CO groups in the dihapto
17°-u-PCO ligands bridging an Mn—P bond in 26-5S and 26-6S are analogous to the
frequent examples of CO groups bridging metal-metal bonds in polynuclear metal
carbonyl chemistry. The CO groups in the more frequently encountered bridging u-PCO
ligands bonded to metal atoms only through their phosphorus atoms are analogous to
terminal CO groups in metal carbonyl chemistry. Therefore it is not surprising that the
WCO) frequencies for the dihapto bridging 7°-u-PCO ligands in 26-5S and 26-2S are
lower by ~150 cm ™' than those for bridging u-PCO groups bonded to the metals only
through the phosphorus atoms.

5. Summary

The phosphaethynolate anion, PCO", like the analogous isocyanate anion, NCO™
is predicted to be an ambidentate ligand in manganese carbonyl chemistry with isomeric
P-bonded phosphaketenyl Mn(CO),(PCO) and O-bonded phosphaethynoxy
Mn(CO),(OCP) structures (n = 5, 4) both being stationary points without imaginary
vibrational frequencies. However, the O-bonded Mn(CO),(OCP) structures (n =5, 4) are
found to lie ~20 to 28 kcal mol ' in energy above the isomeric P-bonded Mn(CO),(PCO)
structures. The lowest energy structure for the tricarbonyl Mn(CO)3;(PCO) is a singlet
structure with an unusual trihapto 7°-PCO ligand. However, higher energy
Mn(CO)3(PCO) structures with a P-bonded phosphaketenyl ligand and tetrahedral Mn
coordination and with an O-bonded phosphaethynoxy ligand are also found.

For the binuclear systems the low-energy Mn,(CO)g(PCO), structures are singlet
spin state structures having two bridging P-bonded phosphaketenyl u#-PCO ligands
without a direct Mn—Mn bond. Carbonyl loss from Mn,(CO)s(u-PCO); is predicted to

lead to migration of CO groups from phosphorus to manganese resulting in
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Mn,(CO),2(n-P2) structures with bridging diphosphido groups as the lowest energy
Mn,(CO),(PCO), isomers (n = 7, 6, 5). Isomeric Mny(CO)s(PCO), structures with
dihapto bridging m*-u-PCO ligands lying ~30 kcal/mol above the lowest energy
Mn;,(CO)s (n-P2) isomer are also found representing intermediates in the migration of CO

groups from phosphorus to manganese.
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