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Molecular transition metal phosphides (TMPs) containing a Rh,P, and unprecedented Rh4P4 core could
be generated from Na[OCP] and rhodium() precursor complexes carrying the bischelating tropPPh,
ligand. These reaction proceed through a formal P-transfer step (trop = 5H-dibenzola,d]cyclohepten-5-
yl), which involves migration of the CO unit to the Rh() center. With the related tetradentate ligand tropzP
and tridentate ligand trop,PPh the first neutral and anionic [Rh,(L),(PCO),l, complexes containing up to
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two rhodium centers and three intact phosphaethynolate units. These complexes are inert against CO
migration. The results demonstrate a large influence of the metal coordination sphere on product for-
mation, and indicate that low-coordinate rhodium(i) precursors are most effective for the preparation of
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Introduction

Transition metal phosphide (TMP) nanomaterials have been
identified as high-performing catalysts for electrocatalytic
water splitting” and deoxygenation of bio-oil,”> which may be of
interest for the development of sustainable energy sources.
Their variety in the structural composition and associated elec-
tronic structures is attractive as it provides for a handle on
catalytic activity and material properties. Generally, TMPs can
be divided into metal-rich phases containing M-M bonds and
phosphide-rich phases with P-P bonds, which explains the
broad range of structure types and consequently electronic pro-
perties. The synthesis of TMP bulk and nanomaterials mostly
relies on the reaction of hazardous phosphorus sources such
as PHj3, P(SiMejs)s, or P, with a suitable transition metal pre-
cursor under various reaction conditions, which frequently
involve high temperatures.? Molecular TMP complexes (featur-
ing preformed M-P bonds) can be used as single-source mole-
cular precursors for the synthesis of nanoparticles.>®* Their
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RhP complexes using Na[OCP] as P-source.

selective preparation, however, is challenging especially for
phosphides of the late transition metals.’

Binary rhodium phosphides of composition Rh,P, Rh;P,,
Rh,P;, RhP,, and RhP; have been reported (for a review see
ref. 3¢) and the structures of some of them are known since
over 60 years.® Only recently, the remarkable properties of
especially Rh,P as component of catalytically active materials
in electro-” and photocatalytic® water splitting, methanol oxi-
dation,® hydrogenation and hydrodesulfurization,"® hydrofor-
mulation,'* and amination'® has been discovered.

The development of large-scale syntheses of phosphaethy-
nolate salts (M + [OCP]"; M = K, Na)"® has spurred the use of
these salts as phosphorus containing small building blocks
over the last decade.™ In analogy to the isovalence electronic
azide anion, the [OCP]” anion may serve as “P™” transfer
reagent under extrusion of CO (as suggested by the resonance
structure [0=C — P7])."»'®> Salt metathesis reactions of Na
[OCP] with metal halides show the phosphaethynolate anion
to coordinate to d- and f-block metal centers either through
the P- or O-binding site, producing stable monomeric com-
pounds of the type A (M=Re,'® Co,"” Cu,"” Ag'® and Au")
and B (M=U," Th,"” S¢,*° Y,*' Nd*' and Sm *') or dinuclear
complexes such as C (M = Fe)** or D (M = Nd,”* Scheme 1a).
These type of complexes may indeed afford metal phosphides
through CO migration or release.”® For example, the ligand-
stabilized Ti,P, 1,>* Ir,P, II,"” (for a related Pt,P, complex see
ref. 25), U,P, IIL?® Ni,P, IV,>” Fe,P; V*® and anionic [WP]~
VI ?® could be prepared (Scheme 1b). Note that V proved to be
a suitable molecular precursor for the preparation FeP nano-

This journal is © The Royal Society of Chemistry 2025
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Scheme 1 (a) Structural motifs obtained from [OCP]~ coordination to

d- and f-block element centers. (b) Metal phosphide complexes
obtained from Na[OCP] through CO migration or release. NHC = IPr or
IMes, Arl = m-xylyl, Ar2 = Dipp.

particles that were found to be especially active as electrocata-
lysts on the anodic and cathodic side for water-splitting.*?

To the best of our knowledge, well-defined binary RhP
phases or molecular rhodium phosphido complexes with a
Rh: P ratio of 1:1 are unknown. Here we report the results of
our attempts to prepare molecular Rh phosphide complexes
using a variety of rhodium(i) precursor complexes and Na
[OCP] as “P™” transfer reagent. These reactions afforded the
first Rh(PCO) adducts of the type A and C. Furthermore, a new
type of a dinuclear complex with a central p,-P,(C=0), hetero-
cycle was discovered. Finally the formation of polynuclear
Rh,P, and unprecedented Rh,P, complexes with Rh and P in a
1:1 ratio is disclosed, whose electronic structures were ana-
lysed by DFT methods.

Results and discussion

In order to evaluate the influence of different coordination
environments around a rhodium() centre in reactions with Na
[OCP], various Rh-X precursor complexes were tested.
Commercially available [RhCI(PPh;);] or [Rhy(p,-Cl)y(cod)s,]
only gave black precipitates (likely Rh particles) and a variety
of phosphorus compounds (detected by *'P NMR), which were
not identified. However, Rh(1) complexes with trop-substituted
(trop = 5H-dibenzo[a,d|cyclohepten-5-yl) tetra-, tri- and biden-
tate phosphine ligands, which were prepared according to
known procedures (see the SI for details),* reacted with Na
[OCP] to give defined compounds.

First the saturated 18-valence electron configured [RhCl
(Ptrops)] complex with a tetradentate tris(olefin) phosphine
ligand, was reacted with Na[OCP] in dichloromethane (DCM)
at room temperature. The instant formation of [Rh(PCO)
(Ptrops)] 1 resulted from a salt metathesis reaction (Scheme 2),
and a yield of 90% was obtained after work-up. The intact
P-bound PCO entity shows a *'P NMR resonance signal at § =
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Scheme 2 Reaction of Na[OCP] with Rh(tropzP)Cl to afford 1, dimeri-
zation to 1* and related complex 2; trop = 5H-dibenzola,d]cyclohepten-
5-yl.

—346.9 ppm, (¢f 8*'P Na[OCP] = =391 ppm), which is in the
middle of the rather broad range of *'P NMR shifts observed
for k' P-PCO bound complexes (§*'P = —225.8 [Co(PDI)(PCO)] to
—441.0 ppm ([W(CO)5(PCO)])).*** The resonance of the *'P
nucleus of the P=C=0 ligand is split into a doublet of doub-
lets by coupling with the *'P nucleus of the trop;P ligand in
trans-position (*Jpp = 138.5 Hz) and the directly bound "*Rh
nucleus (Y/prn = 36.7 Hz). The *'P nucleus of the trop,P ligand
shows likewise a doublet of doublet resonance but the 1jp,Rh
coupling (138.5 Hz) is significantly larger. The asymmetric
stretching frequency of the PCO ligand appears at v,em(PCO) =
1839 cm™" in the IR spectrum, which is in the range of x'P-
PCO bound ligands in other complexes."** The related 18
valence electron complex [RhCI(PPh;)(HNtrop,)] also reacts
cleanly in a salt metathesis reaction with Na[OCP] to give the
corresponding complex [Rh(PCO)(PPh;)(HNtrop,)] 2. Note that
in the precursor complex the chlorido ligand is located in axial
position, while in 2 the PCO ligand is located in equatorial
position of the trigonal bipyramidal structure (5>'P Rh(PCO) =
—365.1 pm; Vaeym(PCO) = 1853 em™ "), which is indicated by the
small %/ » coupling constant (10.0 Hz) typical of a cis-arrange-
ment Ph;P-Rh-PCO (Scheme 2). This phenomenon was also
observed when Cl™ is replaced with other weakly binding
ligands such as (O3;SCF;)” (OTf™).”°* Indeed, the Rh-PCO
bond (2.493 A) is remarkably long in comparison to the Rh-
PPh; bond (2.269 A) (for details see S3 in the SI).

Compound 1 is soluble in tetrahydrofuran (THF) and 1,2-
dichlorobenzene, in which it is stable for at least 24 h at room
temperature. With the aim of extruding CO, solutions of 1 in
both solvents were heated to 70 °C and analyzed using *'P
NMR spectroscopy. Instead of decarbonylation, however, a
dimerization towards [Rh,(Ptrops),[p,-kP,xP-(P,C,0,)]] 1*
occurs. The formation of this complex with a bridging dianio-
nic four-membered 1,3-diphosphacyclobutanyl-2,4-dione as-
heterocycle, [P,(C=0),]*", is indicated by the profound shift of
the *'P resonance to higher frequencies in the >'P NMR spec-
trum (*'PS = 183.0 ppm, AS = 530 ppm). A conversion of up to
30% can be reached after 18 h. UV irradiation of solutions of 1
gave the same result. It was not possible to achieve a higher
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conversion rate even upon prolonged heating, which indicates
an equilibrium between 1 and 1*, with a sizable barrier for
interconversion. This is confirmed by DFT calculations
(@B97X-D/Def2-SVP),*° which indicate that the process 2 1 S
1* is mildly exergonic by —7.0 kcal mol™" with a barrier of AG*
=27.1 keal mol ™" for the concerted [2 + 2]-dimerization.

In the next step, the dinuclear complex [Rhy(p,-
Cl),(trop,PPh),]—featuring the tridentate trop,PPh ligand
instead of tetradentate trop;P—was exposed to an excess of Na
[OCP] in acetonitrile (MeCN) at room temperature (Scheme 3).
Again no cleavage of the phosphorus-carbonyl bond could be
observed. The reaction produced one major product within
24 h that directly precipitated as red powder from the reaction
solution and was characterized as Na[3] (39% isolated yield) by
multinuclear NMR spectroscopy, elemental analysis, and
single crystal X-ray diffraction (XRD, Fig. 1b vide infra). Na[3] is
sparingly soluble in THF and slowly decomposes in solution
(see the SI). We propose that its formation proceeds via an Rh
(PCO) adduct similar to 1, which may then dimerize through
coordination of the available P-lone pair at the PCO ligand to a
rhodium center of a second unsaturated 16e [Rh(PCO)
(PhPtrop,)] fragment furnishing [IMI] with two p,-kP-PCO moi-
eties (Scheme 3; cf. E, Scheme 1). Subsequent nucleophilic
attack of additional Na[OCP] at one of its carbonyl C-atoms
then affords the final product. The *'P chemical shift found
for P1 at § = —471.6 ppm is the most low frequency chemical
shift reported for a PCO ligand to date. The other *'P nuclei
resonate at §°'P = 53.0 ppm (P2), 266.6 ppm (P3), and
120.2 ppm (P4/P5).

Heating or UV/Vis irradiation of Na[3] in THF does not
promote the elimination of CO. Like for 1 and 2, we assume
that the electronic saturation - all complexes discussed so far
are 18 valence electron configured - may be the reason this
inertness. We therefore chose the dinuclear complex [Rhy(p,-

; 1> P
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Scheme 3 Reaction of Na[OCP] with [Rh(trop,PPh)Cl], to afford Na[3]
or 4.

16720 | Dalton Trans., 2025, 54, 16718-16726

View Article Online

Dalton Transactions

Cl),(tropPPh,),] as precursor complex, which contains 16
valence electron configured d®-Rh(i) centers in a square planar
coordination sphere. The stoichiometric reaction with Na
[OCP] in acetonitrile at room temperature afforded
[Rh,(CO),(Ph,Ptrop),(n>-P,)] 4, which precipitated from the
reaction solution allowing isolation in 35% yield after filtration
and several washing steps (Scheme 3).

The absence of any *'P NMR signals at low frequencies
recorded for solutions of 4 show that no OCP unit remained
intact. This is also indicated by the IR spectrum, which shows
no absorptions in the region typical for coordinated OCP units
(1841-1890 c¢cm™')'** but a strong absorption at Ve,(CO) =
1966 cm ™! and a medium one at Vagym(CO) = 1960 cm ™, which
are assigned to Rh « CO carbonyl stretching vibrations. The
31p nuclei P3 and P3’ of the Ph,Ptrop ligand give rise to one
signal at 6 = 70.8 ppm (in [Dg]THF) indicating that these nuclei
are magnetically equivalent and related by symmetry.
Furthermore, two doublets are observed at *'P § = 102.1 ppm
and 124.6 ppm and the large ljp,p coupling constant of 540.7
Hz indicates a direct P-P bond. These spectroscopic data are
consistent with the formula given for 4 in Scheme 4 and is
confirmed by a XRD analysis (vide infra).

In solution, 4 is not stable and over the course of 24 h in
THF at room temperature, partly converted to a new complex
featuring a set of '"H and *'P NMR resonance signals corres-
ponding to a Rh-coordinated tropPPh, ligand (6°'P ~ 70 ppm).
In addition, one broad *'P NMR signal emerged at & =
119.8 ppm, which is in the same region as the signals originat-
ing from the P, bridge in 4 (see above). No further evolution of
the signal ratios was observed after 24 h, not even upon
heating the sample to 65 °C. A variable temperature *'P NMR
spectroscopy study in the range of T = —40-65 °C revealed a
reversible process. At 65 °C a significant sharpening of the
signals arising from both 4 and the newly formed product is
observed, while at —40 °C multiple unidentified species are
detected (see the SI for details). Although the exact nature of
this process is as yet unclear, it is possible that these obser-
vations arise from an isomerization of syn-CO 4 to its C, sym-
metric anti-CO conformer which may involve a number of
intermediates. A DFT calculations indicates that the energy
difference between these two isomers is very small, AGgn.co 4
= anti-co 4 = 1.6 keal-mol™.

Encouraged by the result obtained with the dinuclear
complex [Rhy(p,-Cl),(tropPPh,),], we reacted the mononuclear
Rh(1) complex [RhCl(Ph,Ptrop),] with Na[OCP] in DME at room
temperature. The result is shown in Scheme 4. The dark brown
suspension was allowed to stir for 18 h and then filtered prior
to removing the volatiles. The obtained black powder was
washed with n-hexane and Et,O and subsequently analyzed by
3'p NMR spectroscopy ([De]benzene). The recorded spectrum
showed the formation of 4 as the major product, uncoordi-
nated tropPPh, (§ = —14.1 ppm; see the SI), and a minor
product that exhibits a broad doublet at § = 64.2 ppm (J =
173.2 Hz) and a broad singlet at 41.0 ppm (1:1 ratio).
Fortuitously, few black crystalline platelets of the latter could
be isolated upon layering a solution of the crude product in

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Molecular structure (ellipsoids are shown at 50% probability) of (a) 1* (hydrogen atoms and one 1,2-Cl,CgH4 molecule are omitted for
clarity). Selected bond distances [A] and angles [°]: Rh1-P1 2.4257(16), Rh1-P2 2.1715(14), P1-C1 1.859(5), P1-C1' 1.821(6), C1-0O1 1.233(6), C1-P1-
C1' 80.3(3), P1-C1-P1' 99.7(3), Rh1-P1-P1" 120.85(9), P1-C1-P1'-C1" -180.0(3). Symmetry operation: —x, -y, 2 — z. (b) [3]™ (left) and its
Rh,[P(C=0),1(PCO) core, shown along the Rh—Rh axis (right) (hydrogen atoms, the [Na(MeCN),]* counter ion and two MeCN molecules are
omitted for clarity). Selected bond distances [A] and angles [°]: Rh1-P1 2.5072(7), Rh2—P1 2.4479(7), Rh1-P2 2.3622(6), Rh2—P2 2.3781(6), Rh1-P4
2.2781(6), P1-C1 1.657(3), P2—C2 1.888(3), P2-C3 1.889(3), P3-C2 1.799(3), P3—-C3 1.798(3), Rh1-P2-Rh2 106.58(3), P2—Rh1-P1 74.71(2), P2-Rh2-
P1 75.55(3), Rh1-P1-Rh2 100.14(3). (c) 4 (hydrogen atoms and a disordered THF molecule are omitted for clarity). Selected bond distances [A] and
angles [°]: Rh1-Rh1i 2.7606(11), P1-P2 2.066(2), Rh1-P3 2.2938(10), Rh1-C1 1.927(4), C1-01 1.139(5), Rh1-P1 2.3803(11), Rh1-P2 2.4021(11), C5-
C6 1.398(6), Rh1-ctl 2.194(3), Rh1-P2-P1-Rhli 79.60(4). Symmetry operation: x, 3/2 — y, z. (d) 5 (hydrogen atoms, two benzyl and two phenyl rings
per Ph,Ptrop, and one Et,O molecule are omitted for clarity). Selected bond distances [A] and angles [°]: Rh1-Rh2 2.7673(3), Rh3—Rh4 2.7776(3),
C1-01 1.162(3), C2-02 1.156(3), P1-Rh1 2.4671(6), P1-Rh3 2.4442(6), P1-Rh4 2.4243(6), P2—Rh1 2.3938(6), P2—Rh2 2.4312(6), P2—Rh3 2.4494(6),
P3-Rh2 2.4547(6), P3—Rh3 2.3996(6), P3—-Rh4 2.4337(6), P4—-Rh1 2.4403(6), P4-Rh2 2.4036(6), PA—Rh4 2.4710(6), P1-P4 2.4759(9), P1-P2 2.5369
(9), P3—-P2 2.5529(9), P3-P4 2.5724(9), C6-C7 1.406(4), C33-C34 1.407(3), C60-C61 1.409(4), C87-C88 1.413(3), Rhl-ctl 2.1260(17), Rh2—ct2
2.1366(18), Rh3—ct3 2.1372(17), Rh4—ct4 2.1063(18).

DME with n-hexane and an XRD study allowed to determine
also the structure of this minor product (vide infra) as a Rh,P,
cluster 5 shown in Scheme 4. Formally, 5 is the product of a
dimerization reaction of 4 under loss of two equivalents of CO,
2 [4] - [5] + 2 CO. And although we failed to realize this
process experimentally, DFT calculations show that it would be
thermodynamically favored by AG = —16 kcal mol™".

This journal is © The Royal Society of Chemistry 2025

Structure determinations of compounds 1*-5

Single crystals of 1* (orange), 2 (orange), 3 (red), 4 (orange),
and 5 (dark brown) were grown and subjected to XRD analyses,
which allowed to determine the structures of these com-
pounds. The structural details of the PCO unit in 2 (P-C
1.532 A, C-0 1.175 A, P-C-0 176.9°) is in line with previous
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Scheme 4 Reaction of Na[OCP] with Rh(tropPPh;),Cl to afford the
major product 4 and minor 5.

reports on related M-PCO complexes'** and not discussed in
detail here (for a structure plot see S3 in the SI). The molecular
structure of 1* (Fig. 1a) shows a central planar P,(C=0), het-
erocycle, which is located on a crystallographic inversion
center [P1-C1-P1'-C1’ dihedral = —180.0(3)°]. The averaged P-
C bond lengths within the P,C, cycle (1.840 A) and the C=0
distances (1.233 A) indicate P-C single and C—=0 double bond
character.’® As expected the C1-P1-C1' angle (80.3°) is signifi-
cantly smaller than the P1-C1-P1’ angle (99.7°) (overall the
bond metrics are comparable to related main group-'*'*1%32
and transition metal-substituted® 1,3-diphosphacyclobutane-
1,2-diones). The [Rh(Ptrop;)] fragments deviate significantly
out-of-plane from the planar P,(C=O0), ring (Rh-P1-P1’'
120.85°) such that one fragment is located above and the other
below the central ring. The sum of bond angles at P1, P1’
amount to 306.48° indicating a free electron pair at each P
center. Consequently, the bond lengths between the Rh(i)
center and the three-valent phosphorus center of the formally
dianionic [P,(=0),]>” ring are significantly longer (Rh-P1
2.426 A) than the Rh-P2 bonds (2.172 A), in which the penta-
valent P2 center of the Ptrop; ligand is involved.

The mono-anionic part of the solid state structure of Na[3],
and a plot of its unique Rh,[P,(C=0),](PCO) core, are depicted
in Fig. 1b (the [Na(MeCN)4]" counter cation has a contact to O3
[Nal---O3 2.289(2) A but is not shown for clarity)]. The anion
[3]” contains both a bridging p,-xP{P,(C=0),]>~ heterocycle
and a bridging p,-xP-P—C=0 unit, which complete the dis-
torted trigonal bipyramidal coordination spheres of each Rh(i)
center. Under the assumption that both bridging ligands act
as 4 electron donors, the Rh(i) centers achieve a valence elec-
tron count of 18. To our knowledge, for both coordination
modes there is no precedence. The averaged Rh1/2-P1 bond
lengths (2.477 A) to the PCO ligand and the averaged Rh1/2-P2
bond lengths (2.372 A) to the P,(C=0), heterocycle are again
longer than the Rh1-P4 (2.278 A) and Rh2-P5 (2.281 A) bonds
to the PhPtrop, ligand. Within the central Rh,P, cycle, the
bond angles at the bridging P centers [Rh1-P1-Rh2 100.14(3)%;
Rh1-P2-Rh2 106.58(3)°] are much larger than at the Rh(i)
centers [P1-Rh1-P2: 74.71(2)°; P1-Rh2-P2: 75.55(3)°]. In the
1,3-diphosphacyclobutane-2,4-dione moiety, the averaged P3-
C2/C3 distances (1.79 A) are much shorter than the ones invol-
ving the bridging P2 center (P2-C2/C3 = 1.89 A) indicating sig-
nificant n-electron delocalization over the C2-P3-C3 fragment.
The p,-kP-P—C=O0 unit has a P1-C1 bond length of 1.657(3) A,

16722 | Dalton Trans., 2025, 54,16718-16726
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which is significantly longer than the related one in 2 (1.522(4)
A; compare also P-C in [Na(DME),],[1,-kO-OCP], = 1.589(3)
A)**” or other mononuclear kP-PCO complexes (<1.64 A).***°
This observation is in line with the assumption that the p,- xP-
bridging [P—=C=0]" can act as 4 electron donor ligand (visual-
ized by the resonance form (P>~ « C=0")).

The solid state structure of [Rhy(CO),(Ph,Ptrop),(n>-P,)] 4 is
shown in Fig. 1c. As indicated by the spectroscopic data, the
CO units are not bound as PCO anymore, but have migrated to
the Rh(1) centers as terminal carbonyl ligands binding in cis-
positions with respect to the diphosphorus moiety. The P1-P2
bond is 2.066(2) A long, a value that is similar to that observed
in the related complex [Rh,(CO),(p-dppm),(jt,n°-P,)] (2.081(7)
A; dppm=CH,(PPh,),),** and close to the predicted length of
a P=P double bond (Y7o, [P=P] = 2.04 A).*'° The P1-P2 axis is
the mirror plane of the complex (in accord with the equiva-
lence of the Ph,Ptrop ligands in the NMR spectra) and almost
perpendicular to the Rh1-Rh1’ axis [Rh1-P2-P1-Rh1’ torsion
angle = 79.60(4)°]. The short Rh1-Rh1’ distance of 2.7606(11) A
indicates a bonding interaction between both metal centers
and in combination with the Rh-P distances (2.39 A; average)
allow to describe 4 best as a Rh,P, tetrahedron.

Finally, the XRD analysis of single crystals of 5 allowed the
identification of a new Rh,P, metal phosphido cluster. This is
encapsulated by four bidentate Ph,Ptrop ligands and by two
bridging carbonyl groups (Fig. 1d). The Rh1-Rh2 and Rh3-
Rh4 bonds are 2.772 A (average) long and again correspond to
single bonds. The Rh-P distances vary over a range from 2.394
to 2.471 A and on the average (2.43 A) are somewhat longer
than in 4. Most remarkable in the structure of 5 are the P1-P2
[2.5369(9)], P2-P3 [2.5529(9)], P3-P4 [2.5724(9) A], and P4-P1
[2.4759(9) A] distances, which are similar and unusually long
(average: 2.53 A). This value is significantly longer than sum of
covalent radii (X ren[P-P] = 2.22 A)*'° but much smaller than
the sum of van der Waals radii (37.aw[P, P] = 3.80 A)** and in
the same range as that reported for related [(n°-Cp),;Co,Py]
(avg. P-P = 2.57 A).** The Rh-Rh, Rh-P and P-P distances fall
with the range determined for the phosphorus poor and rich
binary phases RhP, and RhP;.>® Another interesting structural
feature of 5 is that the distances between the Rh center and
the coordinated olefinic units of the Ph,Ptrop ligand are com-
paratively short (given by the average distances of the Rh
centers to the centroids of the C=Cyp, units: Rh-ct = 2.13 A).
In contrast, the C—=Cgy,p distances relatively long (average
1.41 A) when compared to 4 (Rh-Ct 2.194; C—Ctrop = 1.39 A;
¢f. uncoordinated Ph,Ptrop: 1.33 A). These data reflect a high
electron density within the Rh,P, cluster leading on one side
to long Rh-P and P-P bonds but on the other to significant
electron donation from filled metal orbitals into the n* orbitals
of the C=Cyp, units.

Analyses of the electronic structure of 4 and 5 by DFT
calculations

Calculations used for the elucidation of the electronic struc-
tures of 4 (Rh,P, cluster core) and 5 (Rh,P, cluster core) were
carried out with the ORCA program package®” and details are

This journal is © The Royal Society of Chemistry 2025
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given in the SI. The calculated bond lengths correspond well
with the experimentally determined ones (Tables S1 and S2 in
the SI). The Mayer-bond order (MBOs) for the P=P bond (1.39)
in the tetrahedral cluster 4 shows significant multiple bond
character, while the Rh-P bonds (0.68, 0.70) correspond to
single bonds. A significant bonding interaction between the
rhodium centers is indicated by MBOgp,_gp, = 0.38 (see Table S1
for a listing of the MBOs of 4). Intrinsic bond orbitals (IBOs)
have been successfully used to analyze the electronic structure

140 195 194

Fig. 2 Orbitals (occupied by two electrons) within the Rh,P, unit
accounting for bonding interactions between the cluster atoms (surface
isovalue = 0.04, the orbital number is given for each orbital). Color
code: C: grey, orange: P, petrol: Rh, red: oxygen.

522 525
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of cluster compounds,*® and for 4 six fully occupied orbitals
which account for bonding within the Rh,P, unit are obtained
(Fig. 2).

Orbital number 102 represents the o-bond between the P-P
atoms, while orbital no. 202 corresponds mainly to a w-bond
between these atoms. This orbital also shows contributions from
each rhodium center of 8%, thus accounting for Rh-P-P-Rh
multicenter bonding. Orbitals no. 100 and 140 represent the
backdonation from a filled d-orbital at Rh into an empty p
orbital at one P center (composition: 68% Rh, 22% P). Finally,
orbitals no. 194 and 195 describe the same Rh — P backdona-
tion but this time towards the other P atom (main contributions:
57% Rh, 18% P). Additionally, both of these orbitals show some
direct Rh-Rh bonding interactions. In summary, this analysis
with IBOs allows to describe 4 as a cluster composed from a
dicationic [P=PJ]** fragment coordinated to two Rh™" centers,
which strongly donate electron density into this unit.

A related analysis of the electronic structure of 5 with its
Rh,P, core of 5 shows that according to the MBOs (0.46, 0.50),
all P atoms within the P, subunit have substantial bonding
interactions but a simple polyphosphide [P,]*~ chain can be
excluded (MBOs close to 1 would be expected). Likewise, the
MBOs for the Rh-Rh and Rh-P interactions lie within a range
of 0.43 to 0.68, which in summary indicate the presence of
highly delocalized multi-center bonds between all atoms of the
eight-membered cluster (see Tables S2-S4 for a listing of the
MBOs).

The number of doubly occupied bonding orbitals within
the Rh,P, unit was again determined by examining the intrin-
sic bond orbitals (IBO). In total, eight orbitals and thus 16

526

529

Fig. 3 Orbitals (occupied by two electrons) within the Rh4P,4 unit accounting for bonding interactions between the cluster atoms (surface isovalue
= 0.04, the orbital number is given for each orbital). Color code: C: grey, orange: P, petrol: Rh, red: oxygen.
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Table 1 Summary of bond critical point properties in 4 and 5. In 4, the
average data for the P—Rh bonds was taken, in 5 the average of the data
for each kind of bond was taken. p: electron density, Vp: Laplacian of the
electron density, G: kinetic energy density, V: potential energy density,
H: energy density, all values in a.u.

P Vp G Vv H

4 (Rh,P,)

P-P 0.126 —0.134 0.0428 —0.119 —-0.0763
Rh-Rh 0.0483 0.0709 0.0311 —0.0445 —-0.0134
P-Rh 0.080 0.0721 0.0467 —0.0753 —0.0286
5 (Rh,P,)

P-P 0.0538 0.0414 0.0202 —0.0300 —0.0098
Rh-Rh 0.0487 0.1100 0.0368 —0.0461 —0.0093
P-Rh 0.0766 0.0758 0.0446 —0.0702 —0.0256

electrons were found which account for bonding within the
Rh,P, unit which are shown in Fig. 3.

For both, 4 and 5, the electronic structure was further studied
using a QTAIM analysis as implemented in the program
MultiWFN.?° In the case of the tetrahedral cluster 4, six bond
critical points within the Rh,P, unit were located, accounting for
P-P, Rh-Rh and P-Rh bonding. Commonly analysed properties
at those bond critical points are summarized in Table 1.
According to established criteria (high electron density, negative
Laplacian, magnitude of potential energy density significantly
higher than kinetic energy density), the P-P interaction in 4 can
be described as covalent bonding, whereas the properties at
bond critical points of the Rh-P bonds indicate dative bonding
(low electron density, positive Laplacian, magnitude of potential
energy density similar to kinetic energy density). Thus, the
QTAIM analysis supports the description of 4 as construct
between a [P=P]** unit and two [Rh™*(CO)(Ph,Ptrop)] fragments
as derived from the IBO analysis. In case of the eight vertices
Rh,P, cluster, 18 bond critical points were found: 4 accounting
for P-P bonding, 12 accounting for Rh-P bonding and 2
accounting for Rh-Rh bonding. The descriptors given in Table 1
indicate that all bonding interactions are relatively weak and
dative in nature, substantiating the description of the Rh,P, core
as a cluster with a highly delocalized electronic structure.

Conclusions

In this paper we show that molecular transition metal phos-
phido (TMP) clusters can be obtained using sodium phos-
phaethynolate, Na[OCP], as “P™” transfer reagent. This
approach may be especially interesting for the synthesis of
clusters with late transition metal centers and metal to phos-
phorus ratios which are not easily accessible with protocols
borrowed from solid state syntheses. The metal precursor
complex is decisive for a successful TMP synthesis: (i) Results
to date imply that precursor complexes, which are too strongly
oxidizing must be avoided. Otherwise [OCP]™ serves as reduc-
tant'® and not as nucleophile. (ii) The experiments with elec-
tronically saturated metal complexes - such as those with the
fragments [Rh(Ptrop;)] or [Rh(PhPtrop,)] containing a tetra-

16724 | Dalton Trans., 2025, 54,16718-16726
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dentate or tridentate ligand - suggest that these may lead to
stable M(PCO) complexes but a migration of the CO unit
requires an open coordination site at the metal. Bonding ana-
lyses of the small cluster 4 containing a tetrahedral Rh,P, core
and the unprecedented eight-vertices Rh,P, cluster 5 show
that the breadth of possible electronic structures observed for
binary rhodium phosphor phases is reflected by molecular
Rh,P,, clusters. The cluster [Rh,(CO),(Ph,Ptrop),(n>P,)] 4
obeys the electron counting rules for electron precise clusters
and hence 4 is an analogue of tetrahedran, C,H, [that is b =
1(18m — 8n) — VEC with m = number of transition metal
centers, n = number of main group element centers, VEC =
valence electron count, » = number of bonds with the m + n
cluster necessary to achieve an 18 valence electron count at
each transition or 8 valence electron count at each main group
element center. For 4 this results in: VEC = (2 x 9 Rh) + (2 x 2
CO) + (2 x 4 Ph,Ptrop) + (2 x 5 P) = 40; 18m + 8n = 52; b =
%(52—40) = 6]. On the other hand, cluster 5 with its Rh,P, core
held together by a total of eight bonding orbitals can be classi-
fied as a hypercloso cluster related to the archetype BgClg.*°
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