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The reactivity of Cp*Ga (Cp* = CsMes) towards phosphanylidenephosphoranes of the type A" TerP(PMes)
(A Ter = PPTer 2,6-(2,6-iPr,CgHs)>CgHs), PTer 2,6-(2,4,6-iPrsCgH.)>,CeHs was investigated. While no
thermal reaction was observed (in line with DFT results), irradiation at 405 nm at low temperatures
resulted in the formation of phosphagallenes PPTerP = GaCp* (la) and "PTerP = GaCp* (1b)
accompanied by release of PMes. When warming the reaction mixture to ambient temperatures without

2022 irradiation, the clean re-formation of ~"TerP(PMes) and Cp*Ga in a second-order reaction was observed.
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Accepted 7th February 2023 Upon removal of PMes, 1a and 1b were isolated and fully characterized. Both derivatives were found to
be labile and decomposed to the phosphafluorenes 2a and 2b, indicating generation of the transient

DOI: 10.1039/d25c06292¢ phosphinidene ATerP along with Cp*Ga. First reactivity studies show that CO, and H,O cleanly reacted
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Introduction

Heavier main group element-element multiple bond systems
are no longer lab curiosities and tremendous effort has been
devoted to establish new bonding patterns and to utilize the
transition-metal like reactivity of these systems in terms of
small molecule activation and functionalization."™* Our group
is interested in E™-E"™ multiple bond systems,’ which are the
iso-valent electronic heavier analogs of C-C multiple bond
systems and have been proposed as intermediates in Metal-
Organic Chemical Vapour Deposition (MOCVD) processes,
which are based on utilizing molecular single-source E"*-E"
precursors.’*' The synthesis of E"*-E'® multiple bonds is
challenging due to adjacent Lewis acidic E** and Lewis basic E'®
atoms, resulting in a tendency to oligomerize.">"” Just recently,
our group isolated phospha- and arsaalumenes “'PTerPn =
AlCp* and "PTerP = AlCp* (°"PTer = 2,6-(2,6-iPr,CeH;),~CoHa;
TiPTer = 2,4,6-(2,46-iPr;CH;),-CoHy; Cp* = CsMes; Pn = P (C),
As; Fig. 1)'®' by combining the pnictinidene transfer reagents
A'TerPn(PMe;)?° (Ar = Dip, Tip) with (Cp*Al), at 80 °C.2%?* The
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with 1a, affording P'PTerPCO (3) and PPTerPH, (4), respectively.

heavier analogs of phosphaalumenes, phosphagallenes, have
also been realized synthetically just recently, utilizing phos-
phanyl- or gallaphosphaketenes in the reaction with (°'PNac-
nac)Ga (°'PNacnac = HC[C(Me)NDip],) facilitating CO cleavage
and formation of [(S)P]-P=Ga(""PNacnac) (A; [(S)P] = (H,-
CNDip),P; n = 1, 2)** or (°"PNacnac)Ga=P-Ga(Cl)(®PNacnac) (B,
Fig. 1),** respectively. Reactivity studies revealed that B reacted
directly at the Ga=P-bond and for example the reversible
insertion of two CO, molecules, [2 + 2] cycloadditions with
isocyanates and carbodiimides,* and 1,2-oxidative additions of
E-H bonds were reported.”® Interestingly, the phosphanyl-
phosphagallene A showed mainly dipolar frustrated Lewis-pair
(FLP) type 1,3-reactivity towards E-H bonds,” and with CO,
the formation of a five-membered ring species with a P,GaCO
core was described.”® We reasoned that the combination of
Cp*Ga,?®*° with "TerP(PMe;) (Ar = Dip, Tip) would afford the

Phosphagallenes (2020)
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Fig. 1 Known phosphagallenes®*?* and -alumenes'® and the target of
this study.
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phosphagallenes "TerP = GaCp* by analogy with our strategy to
access phospha- and arsaalumenes. Here we show that this
transformation can be achieved photochemically and that in
the presence of PMe; the reaction is fully reversible, indicating
a facile and unusual ligand exchange at a phosphinidene center
(Scheme 1).

Results and discussion
Synthesis and kinetic studies

Our investigations started with combining Cp*Ga and
DipTerP(PMe3) in toluene-dg, giving no discernible reaction at
room temperature or when heated to 100 °C over a period of
72 h according to 'H and *'P NMR spectroscopy. Theoretical
studies at the B3LYP-D3/def2-TZVP level of theory (cf p. S34,
ESIT) revealed an endergonic Cp*Ga for PMe; substitution
(ARG s = +36.2 k] mol™) to give "'PTerP = GaCp* (1a). Irra-
diation of the NMR sample with an LED at 396 nm, which
matches the longest wave-length absorption of “PTerP(PMe;)
(Amaxexp = 381 NM, Apaxcalca = 410 Nm), gave a color change
from yellow to green within minutes (Scheme 1). Excitation of
Cp*Ga can be excluded as it shows an absorption only in the UV-
region (Amax,exp = 246 NM, Amax caleca = 241 nm ¢f. Table S31). In
the absence of light, the green color faded and only
DiPTerP(PMe;) and Cp*Ga were detected by NMR spectroscopy,
indicating the formation of the desired phosphagallene 1a in
reversible fashion. Recently, the reversible phosphinidene
transfer in a stannaphosphene has been reported.** We next
irradiated a toluene-dy solution containing “PTerP(PMe;) and
Cp*Gaina1:1 ratio inside the NMR spectrometer using a laser
diode (A = 405 nm, 140 mW).

The formation of 1a was traced by "H and *'P NMR spec-
troscopy at room temperature, showing two new resonances in
the *'P NMR spectrum at —62.9 ppm (PMe;) and —104.8 ppm
for 1a, which corresponds well with the theoretically predicted
value for 1a (6(*'P)caica = —105.2 ppm). After irradiation for 2 h
a dynamic steady state between 1a, PMe; and “PTerP(PMe;),
Cp*Ga was reached. When switching off the laser the
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Scheme 1 Reversible formation of PPTerPGaCp* (1a). Images of the
reaction solution before (bottom left) and after irradiation (bottom
right) along with the UV absorption spectra of PPTerP(PMez) and 1a (in
n-hexane, bottom middle).
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concentration of 1a and PMe; decreased, and the starting
materials were re-formed. Irradiation at —20 °C gave 1a nearly
quantitatively, effectively suppressing the thermal back reac-
tion. The thermal reverse reaction was then studied at 10, 15, 20
and 25 °C using the same sample repeatedly, indicating a fully
reversible system. Using the concentrations derived from the
relative integrals of 1a, PMe;, Cp*Ga and ""PTerP(PMe,) in the
'H NMR data, the reaction kinetics of the thermal reverse
reaction were investigated. The reaction follows 2nd order
kinetics. However, the concentration profiles could be
described reasonably well using two different models, one
including an associative (nucleophilic attack of PMe; at 1a in
a Sy2-type reaction), the other a dissociative mechanism (with
the dissociation reaction 1a = “PTerP + Cp*Ga as its first step
and reaction with PMe; in a subsequent step; ¢f. p. S301).Thus,
the experimental data alone do not allow a definitive statement
regarding the mechanism of the reaction. Yet, since the disso-
ciative mechanism would include free phosphinidenes, albeit
in very low concentrations, it is certainly less likely. Nonethe-
less, both models gave similar activation barriers (AG* =
90 kJ mol™', Table S61) when analyzing the temperature
dependence of the rate constants using transition state theory
(TST).

To investigate the possible mechanism of the thermal
reverse reaction further, we performed a series of semi-
empirical GFN2-xTB computations®* as well as DFT calcula-
tions at the B3LYP-D3/def2-TZVP level of theory (¢f. p. S467).32
We could in fact identify both an associative as well as a disso-
ciative reaction pathway. The associative Sy2-type mechanism
involves an activation barrier of AG* = 80.1 k] mol™*
(AGEXPtL =87+ 12 kJ mol™, TS2, Scheme 2), in good agree-
ment with the experimental data. A second potential associative
pathway, involving a weak donor-acceptor complex between
PMe; and 1a was also identified, however this path is associated
with a significantly higher barrier (AG* = 121.4 kJ mol*, TS1,
Scheme 2) and is therefore not in line with the experimental
values. The free dissociation energy of 1a into PMe; and singlet
DiPTerP, on the other hand, was estimated at +107.2 kJ mol™*
(note a rather high uncertainty for this value due to the singlet
biradical character of "PTerP, which is not well represented
within DFT), which puts this first reaction step of the disso-
ciative pathway in a reasonable energetic range. Assuming a low
activation barrier for this dissociative pathway, it lies in

T
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Scheme 2 Computed reaction pathway for the thermal reverse
reaction of 1a with PMes (B3LYP-D3/def2-TZVP, ¢® = 1 mol L.
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a similar energy window as the Sy2-type substitution with PMej,
and thus could be a (minor) contributing factor to the thermal
reverse reaction. Note that singlet “PTerP would only be formed
in situ, as it is predicted to possess a triplet ground state (AEg_r
= 45.5 k] mol ). Singlet phosphinidenes have previously been
shown to be electrophilic and irreversible ligand exchange
reactions were described.*%”

Characterization

Next, we sought to isolate 1a rather than generating it in situ.

A flask containing a 1:1 mixture of PPTerP(PMe;) and
Cp*Ga in toluene was connected to a receiving flask via a U-
shaped glass tube and the headspace was evacuated (Scheme
3, top). After irradiating the mixture for 4 h (A.gp = 396 nm)
a color change to deep green was observed and the receiving
flask was then cooled to ca. —70 °C to slowly evaporate PMe;
and toluene into the receiving flask, while the product crystal-
lized in the reaction flask. After washing with n-heptane at —78 °©
C, 1a was isolated as a dark turquoise solid in good yield (77%).
X-ray quality crystals of 1a were grown from a saturated n-
hexane solution at —30 °C.

The 'H NMR data of 1a are similar to those of »PTerPAICp*
(C) with three characteristic signals for the Dip-groups in the
alkyl region and a singlet resonance for the Cp*-substituent,
indicating n°-coordination, or at least a fast sigmatropic rear-
rangement in solution. The *'P NMR signal of 1a (6(*'P)(CeDs) =
—104.8 ppm; 6(*'P)(C,Dg) = —105.5 ppm) is significantly
deshielded compared to C (¢f. 6(*'P) = —203.9 ppm). The Ga-P
stretching vibration in 1a at 448 cm™ " (caled 439 em™ ') is red-
shifted compared to the Al-P stretch in C at 558 cm ™' in the
IR spectrum, while the lowest energy absorption in the UV-vis
(Amaxexp = 620 NM, Apaxcaleda = 635 nm) is similar to that in
DIPTerASAICP* (Amax = 590 nm).*

1a crystallizes in the monoclinic space group P2,/c and is
isomorphous with C with a P-Ga distance of 2.2104(5) A (¢f. C
2.2113(6); S reo(P=Ga) = 2.19 A)*® and a C1-P1-Gal angle of
105.02(5)°(Fig. 2, left), minimally narrower than in C, resulting
in a close contact between Gal and one of the flanking Dip-
groups of the “PTer-moiety (d(Gal-C19) = 2.8869(15) A)."”

Ar %= 396 nm PN
° -30°C, 10 mbar R /
Ar P—PMe; + Cp*Ga toluene —> ! —
© - PMeg i Ar
Ga——P
.Cp/
R =H, Ar=Dip (1a), 7%
A=396nm, rt R = iPr, Ar = Tip (1b), 49%
toluene, r.t.
-Cp*Ga 13
- (Cp*Ga0), - (Cp*Ga0),
O ﬂ {3
IPI' / Dip iPr Dip
R = H, Ar = Dip (2 0=c= HP
R=/Pr, Ar= Tlp( ) 3 4
Scheme 3 Isolation of 1la and 1b, its thermal decomposition and

reactivity of 1la towards CO, and H,O.
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The Ga-Cgp+ distances range from 2.1526(18) to 2.5202(17),
with two short and three rather long contacts, indicating that in
the solid state the Cp* substituent is not perfectly 7°-
coordinated.

Starting from TPTerP(PMe;), "PTerPGaCp* (1b, 49%), was
synthesized in similar fashion and X-ray quality crystals of 1b
were grown from a saturated n-heptane solution at —30 °C,
revealing similar structural parameters compared to 1a (Fig. 2,
middle), with a short Ga1-P1 atomic distance of 2.2176(5) A and
a similar short Gal---Cry, contact (d(Ga1-C7) = 2.8555(16) A)
and a C1-P1-Gal angle of 104.44(6)°. This shows that the ter-
phenyl moiety has minimal influence on the structure of 1. 1b
showed a singlet signal in the *'P NMR spectrum at —109.8 ppm
in CeDg (caled —107.9 ppm) and in the "H NMR spectrum two
characteristic resonances in a 2:1 ratio were detected for the
methine protons of the "PTer-substituent, along with three
doublet signals for the iPr-groups and one singlet for the Cp*
substituent at Ga.

Surprisingly, even isolated 1a and 1b are thermally labile in
solution. Particularly for 1b decomposition was already
observed after 10 min in C¢Ds solution, with new signals at 1.91
and at 0.9 ppm in the 'H NMR spectrum indicating the
formation of Cp*Ga and a phosphafluorene (2b, Scheme 3),
previously observed when "PTerP(PMe,) was irradiated at 2 =
365 nm.*® Albeit slower, 1a showed a similar behavior in solu-
tion, decomposing to give Cp*Ga and the related phospha-
fluorene 2a. The thermal decomposition in C;Dg solution was
then studied by "H NMR spectroscopy over time, which revealed
a 1st order decay of 1a and 1b with half lives of 47.8 and 7.8 h,
respectively. This compares well with the theoretically deter-
mined free dissociation energy of 1a into “PTerP and Cp*Ga
(AGaiss catea = 107.2 k] mol ™ AGeXpﬂ ~104+5 kJ mol™; ¢f
Section in the ESI) and corroborates the formation of 2a as
decomposition product of PPTerP. Moreover, the faster
decomposition of 1b can be understood in terms of electro-
philic attack of the phosphinidene on one of the flanking aryl
groups, which should be faster for the more electron-rich Tip-
substituent present in 1b.

Electronic structure

The electronic structure of 1a was probed using NBO,***!
AIM,*»* and ELF analyses.” The P-Ga bonding is best
described as a polarized double bond (Scheme 4): The ¢ bond,
which is formed by the 3p,(P) and 4s(Ga) orbitals, is evenly
distributed between both atoms. The = bond, on the other
hand, is strongly polarized towards the P atom [~87% 3p.(P),
~13% 4p,(Ga); resonances type IT and III], which agrees with the
NBO data for known variants A and B.**** The polarization of
the P-Ga double bond is also reflected in the natural charges of
P (—0.28¢) and Ga (+1.11e) as well as in the Wiberg bond index
of 1.31. In structure II-a, there are two formal lone valences at
the Ga atom (4p, and 4p, orbitals), which are stabilized by
donor-acceptor interactions with the s-type LP at the P atom
(resonance I) as well as the Cp* ligand (resonances of type b),
respectively (see also Scheme S27). Note that resonance I, to
which we attribute only a small weight, should be understood in

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 Molecular structures of 1a (left), 1b (middle) and 3 (right). ORTEPs drawn at 50% probability. Selected bond lengths (A) and angles (°) of 1a:
P1-Gal 2.2104(5), Gal-C19 2.8869(15); C1-P1-Gal 105.02(5); 1b: P1-Gal 2.2176(5), Gal-C7 2.8555(16); C1-P1-Gal 104.44(6); 3: P1-C31
1.6833(12), C311-01 1.1559(14); C1-P1-C311 105.17(5), P1-C31-01 162.45(10).

GaEPG) Dip Ga=P Dip P:
I-b 11-b 11-b

Fig. 3 ELF of 1a in the Ga—P-C plane (left) and perpendicular to that
plane (right).

terms of a non-classical multiple bond, i.e. the LP(P) — 4p,(Ga)
interaction is not a  bond (in-depth description of the elec-
tronic structure, p. S40fft). Inspection of the Electron Locali-
zation Function (ELF, Fig. 3) supported the results from NBO
analysis, with a LP on the P atom and strongly polarized -
electron density towards the P atom perpendicular to the Ga-P-
Crer plane, in line with resonance between Lewis structures II
and III (Scheme 3).

Inspection of the Laplacian of the electron density VZp
corroborates charge accumulation near the P atom in the =
bonding system, in agreement with the NBO and ELF results.
The ellipticity ¢ at the bond critical point (BCP) of 0.31 indicates
double bond character (¢f. ~0.3 for ethylene, ~0.2 for benzene;
Table S157).

© 2023 The Author(s). Published by the Royal Society of Chemistry

Reactivity studies

Next, we tested the reactivity of 1a towards CO,. Phospha-
gellenes were previously shown to react with CO, to give five-
membered ring species* or to reversibly insert two CO, mole-
cules into the Ga-P bond.>* When a green toluene-dg solution of
1a was exposed to an atmosphere of CO, a color change to
orange was observed after 20 min at room temperature.

A resonance in the *'P{'H} NMR spectrum at —201.3 ppm,
along with a doublet in the "*C NMR spectrum at 199.9 ppm
(Ypc = 102.4) indicated the formation of the arylphosphaketene
DiPTerPCO (3), which was verified by SC-XRD experiments on
crystals grown from n-hexane at —30 °C. Additionally, a broad
feature between 1.65-2.01 ppm in the "H NMR spectrum with
an integral value of ca. 15 indicated the formation of various
Cp*-containing species. The PCO unit in 3 is in-plane with the
central aryl ring of the "PTer-substituent, and deviates from
linearity (% (P1-C31-CO) = 162.45(10)°) with short P1-C31
(1.6833(12) A) and C31-O1 (1.1559(14) A) distances (Fig. 2,
right). Surprisingly, 3 represents the first structurally charac-
terized arylphosphaketene. Phosphaketene, tBu-PCO, was first
isolated by Appel and Paulen in 1983 through treatment of
tBuP(SiMe;), with phosgene at —70 °C, with a characteristic *'P
NMR shift of —180 ppm. In the same year Mes*PCO (Mes* =
2,4,6-tBuzCgH,) was isolated as stable orange crystalline solid,*
and has been utilized as phosphinidene transfer reagent.***
Recently, the chemistry of phosphaketenes has seen a resur-
gance based on Na(dioxane),PCO as an easily accessible form of
the phosphaethynolate anion [PCO] ,* allowing to access
heteroatom-substituted E-PCO systems through salt metathesis
reactions.”*>*35374951 The deoxygenation of CO, to access 3 is
reminiscent of the bora-phospha-Wittig reaction, in which
phosphaborenes are utilized to make phosphaalkenes.** Due to
the presence of Cp*-containing impurities it was not possible to
isolate 3 in pure form, however, it can be generated in situ in
clean fashion, which will allow further reactivity studies in the
future.

With H,O 1a reacted to give ®'PTerPH, (4) quantitatively,*
clearly underlining the potential of 1a to act as an deoxygen-
ation reagent, while also clearly deviating from the reactivity of
DiPTerP(PMe;) towards H,0, which afforded the primary phos-
phine oxide P'PTerP(O)H, instead.**

Chem. Sci., 2023, 14, 3018-3023 | 3021
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Conclusion

Phosphagallenes have previously been obtained by reacting
phosphaketenes with the Ga(i) source "PNacnacGa as thermally
stable entities. Here we show that PTerPGaCp* (1a) is only
formed upon irradiation of P'PTerP(PMe;) in the presence of
Cp*Ga. Under thermal conditions 1a reacted with PMe; back to
the starting materials in a 2nd-order reaction, indicating a facile
and reversible PMe; for Cp*Ga exchange at a phosphinidene.
When removing PMe; while irradiating the reaction mixture, 1a
and 1b were isolated. However, in solution the isolated phos-
phagallenes dissociate into the phosphinidene *"TerP and
Cp*Ga. “"TerP is highly reactive and formed the phospha-
fluorenes 2a and 2b. The bonding in 1a was investigated by
combined theoretical means (NBO, ELF, AIM), clearly showing
a strongly polarized (towards P) P-Ga bond with significant
double bond character. Considering the longer half-life of 1a, its
reactivity towards CO, and H,O was probed, giving phospha-
ketene 3 and phosphine 4, respectively. Further reactivity
studies to harness the reversible formation of 1a and its lability
with respect to phosphinidene release are currently underway.

Data availability

Crystallographic data for 1a, 1b and 3 has been deposited at the
CCDC under 2216822-2216824. The datasets supporting this
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