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ABSTRACT: We report the synthesis of germanium-containing polyphosphorus ligands in transition metal complexes through the
insertion of an Ar’'GeCl unit into a P—P bond of polyphosphorus ligands (Ar’ = 2,6-(2,6-iPr,C4H;),-C4H;). Germatetraphosphido
complexes [(L)Co(#*-P,GeAr’)] (1a: L = PHDI; 1b: L = Ar*BIAN; PHDI = bis(2,6-diisopropylphenyl)phenanthrene-9,10-diimine,
Ar*BIAN = 1,2-bis(arylimino)acenaphthene, aryl = 2,6-dibenzhydryl-4-isopropylphenyl) were obtained by treatment of the anionic
cyclo-P, complexes [K(18¢-6)][(L)Co(n*-P,)] with [Ar'GeCl], . Similar reactions of the cyclo-P; complexes [cat][(L)Co(CN) (1’
P;)] ([cat]* = [nBu,N]* or [K(18¢-6)]*) afforded [cat][(L)Co(7>-P;GeAr'Cl)(CN)] (2a: L = PHDI, [cat]* = [#Bu,N]*; 2b: L =
Ar*BIAN, [cat]* = [K(18c-6)]"). The reactivity of 2a was studied toward group 14 electrophiles, yielding neutral germatriphosphido
analogues [(PHDI)Co(#*-P;GeAr'Cl)(CNER;)] (3-ER;, ER; = CPh;, Si(iPr),). Furthermore, treatment of 2a with the group 13
Lewis acid GaCly gave [nBu,N][(PHDI)Co(57*-P;GeAr'Cl)(CNGaCl;)] (4-Ga) and [(PHDI)Co(*-P,Ge(PAr’))(CNGaCly)] (5-
Ga), which features a remarkable P;GeAr’ ligand. Compounds 1—5 were isolated as crystalline materials and characterized by single-
crystal X-ray diffraction and multinuclear NMR spectroscopy supported by DFT calculations.

H INTRODUCTION alization of [(MoCp),(u-PCy,)(u-CO),]” with RyECI (R =
The activation of white phosphorus, P,, by transition metals Ph, Me; E = Ge, Sr71,8 Pb) yielded the tetryldiphosphenyl
has attracted much research interest over the last decades.'™ bridged complexes B.”" Similarly, the stannyltriphosphirene
This led to many complexes containing polyphosphorus complex C was accessible by salt metathesis of [(1’-
ligands, and their properties were widely investigated. P,)Nb(ODipp);]~ (Dipp = 2,6-iPr,C4H;) with Ph;SnCL’

However, complexes that contain mixed group 14/1S ligands A similar approach enables the formation of silicon-
are rather rare. This is somehow unexpected, since RE (E = containing polyphosphorus complexes. For instance, the

group 14 element) is isolobal with P, and hence, one would chlorosilylene [L?SiCl] (L* = (tBuN),CPh) reacts with either
expect many complexes of that type. Only recently have [Cp"Co(iPy)]™ (Cp” = n°-CqH,tBuy) or [Cp*Fe(y°Ps)]

significant efforts been made to establish synthetic strategies Cp* = 15-C.Me.). Thi lts i lex D. which h
that lead to a limited number of representatives (Figure la). (Cp* = 1-CMey). This results in complex D, which has a

For example, the complexes A, containing the unique cyclo-P,E
ligands (E = Ge, Sn, Pb), were synthesized by the reaction of
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[P=Nb(L');]~ (L' = N(Np)Ar, Np = CH,tBu, Ar = 3,5 Revised:  July 21,2025
Me,C¢H;) with EX, (E = group 14 element, X = Cl, Acce.pted: July 22, 2025
SO,CF,).” Treatment of the same niobate with Me,ECI (E = Published: July 31, 2025

Si, Sn) instead formed the trimethylsilyl- and stannyl
phosphinidene complexes [Me;EP=Nb(L!),].° The function-
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a) Functionalized polyphosphido ligands
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b) this work: Synthesis of novel germatetra- and germatriphosphido ligands
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Figure 1. (a) Selected examples for functionalized polyphosphido
ligands accessible via derivatization with group 14 electrophiles. (b)
Synthesis of novel germatetra- and germatriphosphido ligands. L' =
N(Np)Ar, Np = CH,fBu, Ar = 3,5-Me,C4Hj; Cp = n*-CsHg; Dipp =
2,6-iPr,C¢H;; L* = (tBuN),CPh; R = Ph, Me; 18¢-6 = [18]-crown-6;
[cat]* = [nBuN]* for L = PHDI; [cat]® = [K(18c-6)]" for L =
Ar*BIAN; PHDI = bis(2,6-diisopropylphenyl)phenanthrene-9,10-
diimine; BIAN 1,2-bis(arylimino)acenaphthene; Ar* = 2,6-
dibenzhydryl-4-isopropylphenyl; Ar’ = 2,6-Dipp,CHs.

heteroatomic cyclo-P,SiL* ligand,'* and the silaphosphaferro-
cene derivative E,'" respectively. The germanium analogue
[L?GeCl] remains unreactive with [Cp*Fe(y-°P5)]."> Con-
versely, the reaction of [Cp*Fe(i°-Ps)] with a digermylene,
[L’Ge—GeL?] produces the 1,2-digermylene complex F,
derived from its 1,1-isomer.'” Additionally, the electrophilic
functionalization of [Cp*Fe(n°Ps)] with in situ generated
Ph,SiH" leads to compound G."* Furthermore, a reaction with
a gallasilylene yields compound H. There is also a report of
complex I, which features an aromatic cyclo-P,E (E = Sn, Pb)
middle deck."*

As highlighted, the functionalization of polyphosphorus
ligands with tetrylenes may result in complexes in which a
group 14 element is either incorporated into a cyclic ligand
framework (see Figure 1a, complexes A, D, E, and I) or acts as
a substituent on a P, ring (complexes B, C, F—H). While RSi
units preferentially insert into P—P bonds, the LGe units
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generally act as substituents, except in complexes A. This might
be due to the stabilizing effect of the ligand on the Si or Ge
starting material, in addition to the more pronounced s
character of the lone pair on Ge vs Si. We hypothesized that
using bulky aryl substituents might favor incorporating the RE
unit into the P, ligand core. First evidence supporting this was
provided by the reaction of [Ar'ECo(#*-P,C,tBu,)(5*-COD)]
(E = Sn, Pb) with P,, which produces I featuring a cyclo-P,E
center deck."* In addition, we previously showed that R,PCl
reacts with [K(18¢-6)][(L)Co(*-P,)] (J, L = PHDL; K, L =
Ar*BIAN; 18c-6 = 18-crown-6) and [cat][(PHDI)Co(CN)-
(7*-P;)] (L, L = PHD], [cat]* = [nBu,N]*; M, L = Ar*BIAN,
[cat]* = [K(18¢-6)]*) to form polyphosphorus ligands with
four to seven P atoms.'”'® We anticipated similar reactivity of
complexes J—M toward RGeCl. We now present the synthesis
and characterization of the first germatetraphosphido and
germatriphosphido complexes 1 and 2, synthesized by the
reaction of J—M with [Ar'GeCl], (Ar’ = 2,6-(2,6-iPr,C¢H,),-
Cg¢H;). Additionally, we conducted reactivity studies of the
PHDI complex 2a with group 14 electrophiles and group 13
Lewis acids. These studies led to the isolation of isonitrile
complexes 3-ER; (where ER; = CPh;, Si(iPr);) and GaCly
adducts 4-Ga and 5-Ga. The molecular structure of 5-Ga
features a remarkable P;Ge ligand formed through aryl
migration.

B RESULTS AND DISCUSSION

To synthesize mixed group 14/1S5 ligands, we treated
compounds J and K with [Ar'GeCl], in toluene at room
temperature (see Scheme 1). After workup, we obtained dark

Scheme 1. Synthesis of [(L)Co(#*-P,GeAr’)] (1a,b)*

I\, +0.65 [ArGe(u-Cl)]; el
[LCO]§\| - KClI LCeIS :;}Ge_Ar'
- 18¢-6
[K(18c-6)]" toluene

J, [LCo] = (PHDI)Co
K, [LCo] = (Ar"BIAN)Co

1a, [LCo] = (PHDI)Co
1b, [LCo] = (Ar*BIAN)Co

“Yields and conditions: for L = PHDI: 30 min, isolated yield: 36%; for
L = Ar*BIAN: 1d, isolated yield: 35%.

blue crystals of [(L)Co(5*-P,GeAr’)] (1a, L = PHDI; 1b, L =
Ar*BIAN; Scheme 1), which were isolated in 36% and 35%
yield for 1a and 1b, respectively. Single-crystal X-ray diffraction
(SCXRD) analyses (see Figure 2a for la and Figure SSS for
1b) indicate that the P,GeAr’ ligand adopts an envelope
conformation, resulting from the insertion of an Ar'Ge unit
into a P—P bond of J and K. Moreover, the Ge atom is
connected to one distant P atom. The P,GeAr’ ligand is
coordinated through the four P atoms.

The cyclo-P,GeAr’ ligand in 1a,b is reminiscent of the sila-
and gallatetraphosphacyclopentadienyl ligand in [Cp*Fe(r*
P,SiL*] (E, L? = (fBuN),CPh, Figure la) and [K(THF),]-
[(MSBIAN)Co{n*-P,Ga(®"Pnacnac)}] (M*BIAN = 1,2-bis-
(2,4,6-dimethylphenylimino)acenaphthene, ®*Pnacnac = CH-
[C(Me)N(2,6-iPr,C4H;)1,), respectively.'”'” In the slightly
puckered P, unit of 1a, the terminal P—P bond lengths (P1—
P2: 2.145(2) A, P3—P4: 2.1223(19) A) are shorter than the
internal P2—P3 single bond (2.2764(15) A). The large
separation between the terminal atoms P1 and P4 of
3.349(3) A indicates minimal interaction (compared to the
sum of covalent radii: rpp 2.22 A). The distances of P1—Gel

https://doi.org/10.1021/acs.organomet.5c00214
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Figure 2. (a) Solid-state molecular structure of la. Hydrogen atoms
and solvate molecules are omitted for clarity. Thermal ellipsoids are
drawn at the S0% probability level. Selected bond lengths [A] and
angles [°]: C1—C2 1.427(2), C1-N1 1.352(2), C2—N2 1.3542(19),
Col—=N1 1.9171(13), Col—N2 1.8849(13), Col—P1 2.335(3),
Col—P2 2.3685(18), Col—P3 2.2677(17), Col—P4 2.3645(19),
P1-P2 2.145(2), P2—P3 2.2764(15), P3—P4 2.1223(19), P1—Gel
2.332(3), P2—Gel 2.590(4), P3---Gel 2.729(3), P4—Gel 2.280(3),
P1-P2—P3 105.12(14), P2—P3—P4 103.47(12). (b) Selected
Intrinsic Bonding Orbitals in 1a showing the 3c2e bond (left) and
two Ge—P sigma bonds (middle and right) at the r*SCAN-3c level of
theory.

and P4—Gel (2.332(3) and 2.280(3) A, respectively) align
with the calculated value for a P—Ge single bond (Zrgep 2.32
A) while the P2—Gel distance of 2.590(4) A is slightly
elongated.'®"” Compound 1b displays very similar metric
parameters (see Supporting Information). To support the
bonding scenario within the P,Ge ligand, we optimized the
structure of la utilizing the composite r*'SCAN-3¢ method.
The bond lengths and angles of the optimized structure closely
match the experimental data. An intrinsic bond orbital (IBO)
analysis (see Figure 2b and Supporting Information for details)
revealed a 3-center-2-electron bond among the internal
phosphorus atoms P2 and P3 and the Ge atom. In contrast,
the other P—Ge bonds are identified as single bonds (Figure
2b). The Mayer Bond Order (MBO) corroborates these
results, showing values of 0.40 and 0.24 for Ge1—P2 and Gel—
P3, alongside 0.75 and 0.79 for Gel—Pl and Gel—P4,
respectively. The C—C and C—N bond lengths of the PHDI
backbone suggest that it is present in its radical anionic form.*’

The 3'P{'H} NMR spectrum of the isolated crystals of 1a
recorded in toluene-dg shows a sharp singlet (Av,,, = 15 Hz)
at § = 62.7 ppm (6 = 75.7 ppm, Av,, = 380 Hz for 1b), rather
than the expected four resonances based on the solid-state
structure of 1a,b. This indicates a dynamic process that renders
all phosphorus atoms equivalent on the NMR time scale.
Variable temperature (VT) *P{'H} NMR spectroscopy
(Figure S32) revealed significant signal broadening (Av,,, =
272 Hz) at —80 °C but no decoalescence, indicating that the
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dynamic process is fast at that temperature. In contrast, in the
3P{"H} NMR spectrum of 1b at —80 °C, four distinct, albeit
broad resonances can be detected, in agreement with the solid-
state structure (Figure S33). A similar dynamic behavior was
reported for the stannylated cyclo-P; complex [(5>-Ph;SnP;)-
Nb(ODipp);].”

Next, the reactivity of the cyclo-P; complexes K and L
toward [Ar'GeCl], (0.5 equiv) was investigated. After workup,
dark purple crystals of 2a,b were obtained in yields of 49%
(2a) and 65% (2b), respectively (Scheme 2). SCXRD analyses

Scheme 2. Synthesis of [cat][(L)Co(#*-P;GeAr'Cl)(CN)]
(za:b)a

o Mcat] [cat]
> + 0.5 [Ar'Ge(u-Cl)], » Ar'
[LCo]/—K' R [LCo]/<\ 6é
\C toluene \ \
N G cl
W
N N

L, [LCo] = (PHDI)Co
M, [LCo] = (Ar"BIAN)Co

2a, [LCo] = (PHDI)Co
2b, [LCo] = (APBIAN)Co

“Conditions for L = PHDI: [cat]* = [#Bu,N]*; 40 °C, 1 d, isolated
yield: 49%; for L = Ar*BIAN: [cat]* = [K(18¢-6)]"; r.t., 4 d, isolated
yield: 65%.

revealed the formation of [cat][(L)Co(5*-P;GeAr’'Cl)(CN)]
(2a, L = PHDI, [cat]" [nBu,NJ*, Figure 3; 2b, L =
Ar*BIAN, [cat]* = [K(18c6)]*, Figure S56), generated via the
insertion of a Ar’GeCl moiety into one P—P bond of the cyclo-
P; ring.

Complex 2a crystallizes as separated ion pairs (Figure 3a),
whereas in 2b, the [K(18¢c-6)]" cation is coordinated to the N
atom of the cyanide ligand (Figure S56). The anions show a
puckered cyclo-P;GeAr'Cl ligand that coordinates 7° to the
cobalt atom. The P—P bond lengths (2a: P1-P2 2.1678(15),
P1-P3 2.1817(14) A; 2b: P1-P2 2.1787(6), P1-P3
2.1882(6) A) are situated between a P—P single bond (Zrpp
222 A) and a P=P double bond (Zrpp 2.04 A), suggesting
delocalized multiple bond character. In contrast, the P—Ge
bond lengths (2a: P2—Gel 2.2968(11), P3—Gel 2.2924(10)
A; 2b: P2—Gel 2.2996(5), P3—Gel 2.3114(5) A) are
consistent with the calculated value for a P—Ge sin%le bond
derived from the sum of covalent radii (Zrg.p 2.32 A)."®"? The
long P2—P3 distances of 3.093(1) A (2a) and 3.098(6) A (2b)
indicate no interaction between these atoms. The coordination
sphere of cobalt is completed by either the formally radical
anionic PHDI (2a) or Ar*BIAN (2b) ligands, along with a
CN~ ligand.”® The IR spectra show strong absorption bands at
Yon = 2088 cm™! (2a) and 2076 cm™! (2b), attributed to the
CN~ ligand.

To the best of our knowledge, the insertion of a low-
coordinate germanijum center into a P—P bond has only been
noted in the reaction of a diarylgermylene or an electron-rich
germylene toward white phosphorus.””** The closest related
complex to 2a,b is [Cp”Co(n>-P;SiL?] (D, Cp” = CH,tBus,,
L*> = (tBuN),CPh, Figure la), while similar complexes
featuring cyclo-P;Ge ligands appear to be unreported.'’
Germanium-containing (poly)phosphorus ligands have been
documented in the complexes A, B, and F (Figure 1a).>”"*

The 3'P{'H} NMR spectrum of isolated 2a in C¢Dg at room
temperature features an A,M spin system at 0 = 179.4 ppm
(P4) and 6 = 1.9 ppm (Py,) (Figure 3b; cf. compound 2b: § =
160.6 (P,), —30.6 ppm (Py); Figure S15). In addition, low-
intensity signals of an A,M spin system can be detected, which

https://doi.org/10.1021/acs.organomet.5c00214
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Figure 3. (a) Solid-state molecular structure of 2a. Hydrogen atoms
and solvate molecules are omitted for clarity. Thermal ellipsoids are
drawn at the 50% probability level. Selected bond lengths [A] and
angles [°]: C1-C2 1.432(6), C1-NI1 1.348(5), C2—N2 1.342(5),
Col—C3 1.916(4), Col—NI1 1.922(3), Col—N2 1.949(3), Col—P1
22601(12), Col—P2 2.3495(12), Col—P3 2.3280(11), C3—N3
1.158(5), P1—P2 2.1678(15), P1—P3 2.1817(14), P2—P3 3.093(1),
P2—Gel 2.2968(11), P3—Gel 2.2924(10), Gel—CI1 2.2398(10)%*,
P2—P1—P3 90.65(5), Gel—-P2—P1 79.32(4), Ge1-P3—P1 79.71(4),
P3—Gel—P2 84.75(4); *bond length results from the disordered part

with the highest occupancy; [LCo] = (PHDI)Co. (b) Section of the
3P{'"H} NMR spectrum of compound 2a with nuclei assigned to an

0.0 ppm

'S
V

simulation

A,M spin system; experimental (upward); simulation (downward):

5(P,) = 179.4 ppm, 5(Py) = 1.89 ppm; Ju = —304.0 Hz.

are tentatively attributed to the iodo derivative of 2a,b, based
on the calculated *'P NMR chemical shifts (see Tables S15—
17). The iodine atom likely originates from trace impurities in
the starting material [Ar’'GeCl],, which was synthesized from
Ar'T (see Figure S10 and the crystallographic chapter in the
SI). Nevertheless, C, H, N combustion analyses agree well with
the compositions of 2a,b.

We also examined the reactivity of L and M with [Ar’'Sn(u-
Cl)],. Based on *'P{'H} NMR spectroscopic studies, the
Ar'SnCl unit fails to insert into the P—P bond, as no signals
indicative of an A,M spin system corresponding to the tin
derivative of 2a,b were detected (for additional details, see the
Supporting Information). [Ar'Pb(u-Br)], shows no reaction
with L or M.

Intending to synthesize neutral isocyanido analogues, we
treated 2a with one equivalent of group 14 triflates RZEOTS
(R4E = Ph;C, iPr,Si, Me,Si; Scheme 3). The reactions proceed
selectively at room temperature as shown by *'P{'H} NMR
spectroscopy. SCXRD analysis on two of the reaction products,
3-CPh; and 3-Si(iPr)s;, revealed the formation of [(PHDI)-
Co(n*-P;GeAr'Cl)(CNER;)] (3-ER;, Figures S58 and S59),
i.e., the bonding of the nitrogen atom of the CN ligand in 2a to
the electrophile.

Intending to remove the chloride attached to Ge, we treated
2a with the stronger Lewis acids ECl; (E = Ga, Al).”>~*° The

1724

Scheme 3. Synthesis of Compounds 3-ER;“

O Dipp -
~ Arl
N p
e >C0/<\ 6é + RyEOTY
Q N \C Cl R3E = Ph3C, _[nBU4N]OTf
Dipp \\ iPr3Si, Me3Si | toluene
[nBusN]* rt.
2a Pipp . A
'N\Co//’ el
s oo O —~p—
O NT \
Diop & ©
pp W
\
3ER, CRe

“Conditions: 16 h for R;E = CPh;, 23 h for RyE = iPr;Si; isolated
yields 3-CPhy: 44%, 3-Si(iPr);: 65%.

reaction of 2a with one equivalent of GaCl; led to the
formation of the Lewis acid adduct [#Bu,N][(PHDI)Co(7*-
P;GeAr'Cl)(CNGaCl;)] (4-Ga, Scheme 4).

Scheme 4. Synthesis of [#nBu,N][(PHDI)Co(#*-
P,GeAr'Cl)(CNGaCl;)] (4-Ga)“

O Dipp -
N p Ar' +1.0 GaCl,
P )Co/<\ 68
O N \C \ toluene
L Cl rt.
D \
. ,'\T‘: ' 35h
e ]2a O Pipp N a
N ~ /Ar
PR TAS
N7\ \
LG Cl
Dipp W
nBuy,NI* '\
[nBuN] GaCl,
4-Ga

“Isolated yield 64%.

The *P{'"H} NMR spectrum of isolated 4-Ga in C¢Dy
closely resembles that of 3-ER;, exhibiting an A,M spin system
with resonances at § = 173.1 ppm (P,) and § = 304 ppm
(Pp). The *'P NMR chemical shifts calculated by DFT at the
r*SCAN-3c level of theory (177 and 66 ppm) agree well with
the experimental ones, supporting the structural proposal
(Table S15). A second A,M spin system [ = 168.6 ppm (P,),
5 = 18.6 ppm (Py,)] with low intensity (15%) in the *'P{'H}
NMR spectrum of 4-Ga suggests the presence of a second
species in solution (Figure S26), which could be attributed to a
configurational isomer or the iodo derivative of 4-Ga. All
attempts to grow X-ray quality single crystals of 4-Ga resulted
only in weakly diffracting dark blue crystals, which prevented
the collection of a reasonably good data set. Nonetheless,
multinuclear NMR spectroscopy and C, H, N combustion
analysis on the isolated compound support the molecular
composition of compound 4-Ga.

When 2a reacts with two equivalents of ECly (where E = Ga
or Al) at 40 °C in toluene, a new compound is formed
selectively over 8 days, resulting in an AMX spin system
observed in the *'P{'H} NMR spectrum (Scheme 5). Dark
blue crystals of 5-Ga were isolated from toluene/n-hexane in
21% isolated yield. Unfortunately, 5-Al has eluded all efforts of
isolation as a pure compound; however, in one case, a single
crystal could be picked. SCXRD experiments confirmed the
formation of [(PHDI)Co(5*-P,Ge(PAr’))(CNECL)] (5-E,
Figure 4 for E = Ga and Figure S60 for E = Al).
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Scheme 5. Synthesis of [(PHDI)Co(#*-
P,Ge(PAr’))(CNGaCl,)] (5-Ga)“®
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Figure 4. (a) Solid-state molecular structure of 5-Ga. Hydrogen
atoms and solvate molecules are omitted for clarity. Thermal
ellipsoids are drawn at the 50% probability level. The P;GeAr’
fragment showed site disorder. Bond lengths [A] and angles [°] of the
major part: C1—C2 1.461(2), C1-N1 1.328(2), C2—N2 1.329(2),
Col—C3 1.8621(18), Col—N1 1.9546(14), Col—N2 1.9450(15),
Col—P1 2.2589(12), Col—P2 2.3501(17), Col—Gel 2.4413(4),
C3—N3 1.165(2), N3—Gal 1.9303(16), P1—-P2 2.1473(16), P1-P3
2.1316(12), P2—P3 2.2732(17), P2—Gel 2.5070(14), P3—Gel
2.3969(5), P2—P1—P3 64.18(5), P1-P3—P2 58.25(5), P1-P2—P3
57.58(5), Gel—P2—P3 59.95(4), Gel—P3—P2 64.87(4), P3—Gel—
P2 55.18(4), P1—Col—Gel 93.52(3), Col—Gel—P3 78.646(15),
Gel—P3—P1 98.16(3), P3—P1—Col 88.54(4). (b) Section of the
3P{'"H} NMR spectrum of 5-Ga with nuclei assigned to an AMX spin
system; experimental (upward); simulation (downward): §(P,) =
160.5 ppm, 8(Py) = —1.6 ppm, 8(Px) = —214.5 ppm;'Juy = —334.5
Hz, Yux = —94.0 Hz, YJ,x = —255.7 Hz; [LCo] = (PHDI)Co.

The salient feature of 5-E is the unusual P,Ge(PAr’) ligand
coordinating to the cobalt atom in an 7*-mode through the
atoms P1, P2 and Gel (Figure 4). Thus, upon removal of the
chloride, the P;Ge core rearranges, accompanied by the
migration of the terphenyl substituent from Ge to P. According
to the bond lengths, the PHDI ligand is present in its neutral
form.”*™** An isocyanido ligand completes the coordination
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sphere of cobalt. For the latter, a strong absorption band at Vcy
= 2061 cm™, attributed to the CN stretch, is detected in the
IR spectrum of isolated 5-Ga.

In 5-Ga, the CoP;Ge core represents a slightly distorted
square pyramid, with P1, Col, Gel and P3 forming the square
base and P2 representing the pyramid’s apex (distance to the
square center 1.655(1) A). The Col—Gel—P3 angle
(78.646(15)°) within the square base is more acute compared
to the other angles, due to the longer Ge—Co and Ge—P bond
lengths (P3—Gel 2.3969(S) A, Col—Gel 2.4413(4) A vs.
P1-P3 2.1316(12) A, Col—P1 2.2589(12) A). The P1-P2
(2.1473(16) A) and P1—P3 (2.1316(12) A) bond lengths lie
between the values calculated for P—P single (Zrpp 2.22 A) and
P=P double (Zrpp 2.04 A) bonds, while the P2—P3 distance is
slightly greater (2.2732(17) A). The P—Ge distances (av.
2.4520 A) are longer than a P—Ge single bond (Zrgp 2.32 A)
but are comparable to those reported for the cyclo-GeP, ligand
(av. 24465 A) in A (Figure la, vide supra).”'® DFT
calculations for 5-Ga at the r*SCAN-3c level of theory support
the description of the Co—P, P—P and P—Ge bonds as single
bonds (see Supporting Information).

The compounds [{("*Pnacnac)Ga(Cl)P}(P;GeAr™¢)]
(ArM° = 2,6-Mes,CgH3),” [(4,7**-cyclo-GeP,){Nb[N(Np)-
Ar];},] (A, see Figure 1 above), and [{Nb(ODipp;)1*-P3},(u-
Sn)] are related to 5-Ga, featuring mixed germanium- and tin-
containing polyphosphido ligands.”*” To the best of our
knowledge, no other examples of germanium incorporation in
polyphosphorus ligands are reported.

The *'P{'H} NMR spectrum of 5-Ga recorded in CD,Cl, at
room temperature displays three resonances exhibiting an
AMX spin system at 5(P,) = 160.5 ppm, 5(Py) = —1.6 ppm
and §(Pyx) = —214.5 ppm. The DFT-calculated chemical shifts
corroborate this assignment (see Table S16). The *'P{'H}
NMR spectrum was successfully simulated using an iterative
fitting procedure (Figures 4 and S31). The resulting data
revealed one small 'Jpypyx (—94.0 Hz) and two large 'Jpp
(—334.5, —255.7 Hz) couplings (Figure 4). The resonances
assigned to P, and Py are slightly broadened, likely due to
interactions with the quadrupolar **Co nucleus.

To gain further insight into the formation of 5-E, we
monitored the reaction progress by heteronuclear NMR
spectroscopy (see Figures S and S38 for the reaction of 2a
with GaCly; Figure S39 for the reaction with AICl;, SI).
Scheme 6 illustrates the proposed reaction mechanism derived
from these findings. The reaction of 2a with ECl; in CD,Cl, at
room temperature initially forms 4-E through cyanide
coordination with the Lewis acid (Scheme 6a). This is
supported by the successful isolation of 4-Ga (as mentioned
above) and the characteristic A,M spin system (5(P,) =
172.0 ppm, 5(Py,) = 28.9 ppm) observed in the *'P{'H} NMR
spectrum for the AlCl; derivative 4-Al (Figure S39). Addition
of another equivalent of Lewis acid converts 4-E into a new
compound exhibiting an A)X spin system [E = Ga: § = 335.1
(P4), 6 = —158.5 ppm (Py), Figure Sb; E = Al: § = 334.4 (P,),
5 = —161.9 ppm (Py), Figure S39] in the *'P{'H} NMR
spectrum. After stirring at room temperature for 4 days,
additional signals corresponding to an AMX spin system
appear, characteristic of $-E, indicating the rearrangement of
the P3;Ge core and the migration of the Ar’ substituent from
germanium to phosphorus (Figures Sc and S39). This
transformation accelerates at a slightly higher temperature
(33 °C; Figure 5d). In all attempts to crystallize Int-E, only
single crystals of 5-Ga were obtained, likely due to the
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Figure 5. ¥P{'"H} NMR spectra (162.04 MHz, 300 K, CD,Cl,) of the reaction between [nBu,N][(PHDI)Co(CN)(#*-P;GeAr'Cl)] (2a) and (a)
one equivalent GaCly; (b) two equivalents GaCl; after 3 h at r.t.; (c) two equivalents GaCly after 4 days at r.t. and (d) two equivalents GaCl, after 2

days at 33 °C. # = 4-Ga; O = Int-Ga, [0 = 5-Ga.

Scheme 6. Proposed Mechanism of Formation of
Compounds 5-E
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significant difference in solubility between Int-E and 5-E. The
formation of 4-Ga was not observed when 2a was treated with
two equivalents of GaCls. Instead, the *'P{"H} NMR spectrum
displayed characteristic signals for Int-Ga and $-Ga.

B CONCLUSION

This study presents the synthesis and characterization of
polyphosphido complexes featuring mixed germanium-—
phosphorus ligands. The neutral complexes la,b and the
anionic complexes 2a,b are formed by insertion of an Ar’'GeCl
unit into a P—P bond within the cyclo-P, and cyclo-P,
complexes J, K, L, and M, respectively. Salt metathesis of 2a
with group 14 triflates R;EOTS (R4E = Ph,C, iPr;Si) produces
the neutral isocyanido complexes 3-ER;. Furthermore, the
reaction of 2a with strong Lewis acids GaCl; and AICl; leads to
chloride abstraction and a rearrangement of the P;Ge ligand,
yielding complexes S-E (E = Al, Ga) that have an unusual
CoP,Ge(PAr’) core. NMR spectroscopic studies validate the
formation mechanism for 5-E through two intermediates: the
isolable anionic Lewis acid adduct 4-Ga and the subsequent
intermediate Int-E, which is generated from the elimination of
[nBu,N][ECL,]. This research underscores the potential of
polyphosphido complexes for selective functionalization using
group 14 halides and provides valuable insights into reactivity
patterns and mechanisms through the successful generation of
rare, mixed group 14/15 ligands.
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