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Abstract

Classically, tetraorgano diphosphanes have been synthesized through Wurtz-type
reductive coupling of halophosphanes R,PX or more recently, through the
dehydrocoupling of phosphines R,PH. Catalytic variants of the dehydrocoupling
reaction have been reported but are limited to R,PH compounds. Using PEt; as a
catalyst, we now show that TipPBr, (Tip = 2,4,6-iPr;CgH>) is selectively coupled to give
the dibromodiphosphane (TipPBr), (1), a compound not accessible using classic Mg
reduction. Surprisingly, when using DipPBr;, (Dip = 2,6-iPr;CgH3) in the PEts-catalysed
reductive coupling the diphosphene (PDip), (2) with a P=P double was formed
selectively. In benzene solutions (PDip), has a half life-time of ca. 28 days and can be
utilized with NHCs to access NHC-phosphinidene adducts. Control experiments show
that [BrPEts]Bris a potential oxidation product in the catalytic cycle, which can be then

debrominated by using Zn dust as sacrificial reductant.

1 Introduction

The formation of element-element bonds in main group chemistry is still dominated

by classic stoichiometric salt metathesis and reductive coupling reactions. Only in
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recent years, catalytic protocols for the dehydrocoupling of main group (p-block)
substrates to species with homonuclear (E-E) or heteronuclear (E-E') bonds have
emerged.” Catalysis with earth-abundant metals, in particular Zr, Fe and Ni,* has been
shown to be a viable alternative to using rather expensive systems based on Rh,>” Ir”
19 and Ru." Using main-group species to facilitate the homo- or heterocoupling of p-

block elements has also been in the focus of current research.

Among potential coupling products, diphosphanes have received attention as both
synthetic targets as well as undesired by-products, for example in the synthesis of
tertiary phosphines.’>” Diphosphanes have also been shown to readily react with
alkenes and alkynes to give diphos-type ligands.”® Classically, tetraorgano-
diphosphanes have been synthesized through Wurtz-type reductive coupling of R,PCl
using various metals (Li, Na, K, Mg and Hg) (Scheme 1, 1).%®2" Alternatively,
chlorophosphanes react with simple phosphines HPR, to give R,P-PR, under HCl

elimination (Scheme 1, 11),% which can be enhanced by the addition of tertiary amines.?

Established routes towards Tetraorgano-Diphosphanes:

) Wurtz-type
(1) (MeyN),PCl + 2 Na m" (Me;N),P-P(NMe3); o ductive coupling
(n Ph,PCI + HPPh, T Ph,P-PPh, Dehydrochlorination
cat. or
H,-acceptor
(1 2 PhyPH T2 8008PT _ ph,p-pPh, Dehydrocoupling
Routes towards Dihalodiphosphanes:
Cl Cl SiMe;  SiMeg
(IV) 2RPCl, + Cp,Ti(btmsa) ———  P-P R= N-N
- btmsa R \R K siM
- Cp,TiCl V€3
Ph
Br,  Br Php-P
(V) PhPBr, + Mg ——— P-P <~ PhPBr, +0.2 1 PPh
_MgBr / \ PhP<p’
2 PW  Ph P
Ph
Classic Synthesis of Diphosphenes:
Bu
M) sy PCl, +Mg ———= 05 Mes*P=PMes"
- MgCl,
Bu

Scheme 1. Synthetic pathways (I-1ll) towards R2P-PR>, R(X)P-P(X)R (IV, V) and diphosphenes (VI).
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Anotherviable pathway is the salt metathesis between R,PCl and RyPLi, which can be
improved by BH;-stabilization of the lithium phosphide.”™ 2* The dehydrocoupling of
HPR, (Scheme 1, 111),>>%” chlorosilane elimination from R,PSiMesand R,PCl or P-N/P-P

bond metathesis reactions are other synthetic pathways described in the literature.”®

29

The lack of transition metal catalysed dehydrocoupling reactions of R,PH giving
diphosphanes can be most likely attributed to catalyst deactivation by unproductive
phosphine coordination. However, Zr-* Fe-' and Rh-based®* metal complexes have
been successfully used in the catalytic dehydrocoupling of phosphines to make P-P
bonds." 3 Just recently, tBuOK was shown to efficiently catalyse the dehydrocoupling
of phosphines using imines or azobenzene as a hydrogen acceptor.3* In comparison to
tetraorgano-diphosphanes, diorgano-dihalo-diphosphanes of the type R(X)P-P(X)Rare
rare (X =Cl, Br, 1). The stoichiometric reduction of ((MesSi),N»(SiMe3))PCl, with
CpaTi(btmsa) (btmsa = C(SiMes);) in a 2:1 ratio, yielded the corresponding
dichlorodiphosphane R(CI)P-P(CI)R (R = N(SiMe3)N(SiMe3), Scheme 1, 1V).* Ph(Br)P-
P(Br)Ph was obtained by reduction of PhPBr, with Mg metal in 80% yield and was
shown to reversibly disproportionate in solution giving (PPh)s and PhPBr, (Scheme 1,
V).3¢ Another class of P-P bonded species are the diphosphenes, comprising a P=P
double bond and the first variant, Mes*P=PMes* (Mes* = 2,4,6-tBusCgHs), was
synthesized through the reductive coupling of Mes*PCl, with Mg metal (Scheme 1,
VI).® Since its initial discovery in the early 1980’s diphosphenes have emerged as a
well-studied class of compounds and alternative synthetic pathways,*” including the
dimerization of phospha-Wittig reagents upon loss of PMes have been established.*
Even though a large variety of diphosphenes is known, sterically demanding and
therefore kinetically stabilizing groups attached to phosphorus are needed to stabilize
the reactive P=P double bond, as formation of larger oligomers, namely cyclo-

oligophosphanes is observed otherwise.*>*!

Our group has shown that aryldihalophosphanes of the type ArPX, (Ar=246-
MesCeHs, Mes; 2,6-iPr,CsHs, Dip; 2,4,6-iPrsCeHy, Tip; X = Cl, Br) are selectively coupled
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using a mixture of PMes and Zn to give the corresponding triphosphiranes (PAr)s;. PMes
was identified as the active reductant.*’ By using PMesCl;** and Zn as the sacrificial
reductant in the reaction with TipPCl, we demonstrated that (PTip)s is the major
product formed. Thisisin linewith the seminal work of Sisler on the reductive coupling
of chlorophosphines with trialkylphosphines.** Moreover, we noticed the formation
of the diphosphene TipP=PTip when TipPBr; was reacted with 1.3 equiv of PEt3.* This
raised the question whether catalytic amounts of PR3 (R = Me, Et) will facilitate the

reductive coupling of ArPX,.

2 Results and Discussion

In this study we focused on two ArPBr, (Ar = Dip, Tip) derivatives. As a first entry we
revisited the reduction of TipPBr, with PEt;. PEt; was chosen, as we expected a higher

solubility of the oxidation product [PBr,]Br,*

compared to the insoluble by-product
when TipPCl, was reduced with PMes* At first THF was selected as solvent in
conjunction with 20 mol% PEt; as the catalyst and 3 equiv zinc dust and the reaction
mixture was analysed by 3'P NMR spectroscopy after stirring 1 h at =78 °C. This
revealed the formation of diphosphane (TipPBr), (1) in 36 % as a diastereomeric
mixture, namely the meso- and rac-compounds, with 64 % of unconverted TipPBr;
(Table 1, entry 1). Better conversion into (TipPBr), (77 %) was noted when the mixture
was stirred at room temperature for 1 h under otherwise same conditions (Table 1,
entry 2). However, continued stirring at ambient temperature for 16 h afforded a
mixture of (PTip)s and (PTip)4 and also minimal amounts of the diphosphene (PTip),
were detected (Table 1, entry 3). Lowering the amount of PEt; to 10 mol% in THF after
1 h at room temperature a conversion of TipPBr; (54 %) into 1 of 46 % was detected.
Increasing the reaction timeto 3 h the conversion into 1 increased to 69 %. Using these
conditions 1 (Table 1, entry 5) was isolated as yellow crystalline solid after evaporation

of the volatiles and extraction of the crude mixture with toluene. Concentration to
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incipient crystallization and storage at -78 °C for 48 h gave 1 as a yellow crystalline
solid in moderate, yet reproducible yields of ca. 30%. Further decreasing the catalyst
loading to 5 mol%, full conversion could not be achieved even after 16h (Table 1,
entries 6 and 7). It needs to be noted that the formation of (PTip); and (PTip)4 was not
detected when using 10 or 5 mol% of PEts, respectively. Thisclearly shows the potential
of PEt; to act as a catalyst for the reductive coupling of halophosphines, giving the

diphosphane (TipPBr), (1) rather selectively.

Even though, the crystalline material of 1 seemed to be uniform, testing different
crystals revealed that both R,S-1 (meso) and §,5-1 (rac) crystallize next to each other.
Dissolving the isolated crystals of 1in C¢Dg indicates thata 4.7:1 ratio between the two
forms is still present in solution, as indicated by two signals at 65.4 and 64.4 ppmin 3'P

NMR spectrum, respectively (Figure S25).

Table 1. Screening different amounts of PEts in the catalytic coupling of TipPBrz in THF after different

reaction times using Zn dust as a sacrificial reductant.

x mol% PEt Ar
/Br 3 equiv. Zn3 Br, Br Ar B Ar\P—P'Ar
A—F =  P-R + P=P o+ N, o+ L
Br yh THF Ar Ar Ar A’ CAr AF CAr
A B c D E

Entry | PEts [mol%] | T[°C] | t[h] | A® B? c D? E*
1 20 -78 1 64 36 0 0 0
2 20 r.t 1 23 77 0 0 0
3 20 r.t 16 0 0 36 41 23
4 10 r.t 1 54 46 0 0 0
5 10 r.t 3 31 69 0 0 0
6 5 r.t 1 100 0 0 0 0
7 5 r.t. 16 42 58 0 0 0

2 Conversion determined by *'P NMR spectroscopy, normalized to A, duplicate runs.
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In the 'TH NMR the expected 2:1 ratio between the o- and p-iPr groups was found.
However, one of the two forms shows rather featureless, broad signals, thereby
precludingaclean assignment in both, the 'H and *C NMR spectrum. The purity of the

bulk material was established by CHN analysis.

R,S-1 and §5,5-1 crystallize in the triclinic space group P-1 with one inversion symmetric
molecule in the case of R,S-1 and two moleculesin the unitcell in §,S-1, respectively
(Figure 1). In R,S-1 the bromine atoms are arranged in trans fashion across the P-P
bond [2.2402(8) A] (X re(P-P) =222 A% ¢f (R(C)P)2 R = NySiMes); d(P-P)
2.255(1) A),*> with the phosphorus atoms being in a trigonal pyramidal coordination
environment [ X (<P) 303.4 °] (Figure 1, left). In 5,S-1 the bromine atoms are arranged

in cis fashion on the same side of the P-P bond [2.2382(6) A] with a dihedral

Br—P-P-Br angle of 55.2(2) (Figure 1, right).

Figure 1. Molecular structures of 1. Hydrogen atoms have been omitted for clarity. Thermal ellipsoids
are drawn at the 50% probability level. Selected bond lengths (A) and angles (°) R,S-1: P1-P1' 2.2402(8),
P1-C1 1.8337(15), P1-Br1 2.2592(4); C1-P1-Br1 105.94(5), C1-P1-P1" 102.10(5), P1'=P1-Br1 95.36(2).
$,5-1P1-P22.2382(6), P1-Br12.2512(4),P2—-Br22.2478(5); C1A-P1-Br1 104.2(4),P2-P1-Br1 103.243(19),
C1A-P1-P292.1(4).

Next, DipPBr, was employed as a substrate and to our surprise the diphosphane
(DipPBr), was not formed using 10 mol% of PEt; as a catalyst at room temperature.
Instead, the major species detected in the 3P NMR spectrum after stirring for 3 h

showed a significantly deshielded signal at 513.0 ppm (Scheme 2, top). This hinted at
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the formation of the diphosphene (PDip); (cf. (PTip). §(3'P{'H}) = 517.4 ppm),** which
was confirmed by SC-XRD experiments on crystals grown from a saturated n-hexane
solution at -30 °C. Using the same conditions that allowed the isolation of 1 (10mol%
PEts, 3 equivZn dust, THF, 3 h), 2 was isolated in reproducible yields of ca. 30% in the
form of yellow crystals. It needs to be noted that the direct reduction of DipPBr;, with
one equivalent magnesium turnings gave the triphosphirane (PDip); as the major
product (Figure S22). Using half an equivalent of Mg full conversion was not achieved
after 3 h with (DipPBr), being formed in ca. 20% vyield in rather unselective fashion
(Figure S23). The formation of 2 is remarkable, as usually aryl groups with a greater
steric profile are needed to stabilize diphosphenes, vide infra. Alternatively,
thermodynamic stabilization of diphosphenes can be achieved by using amino
functions on phosphorus, however, dimerization to the corresponding cyclo-

tetraphosphanes has been described for [(Me3Si),NP],.*°

Pr . 10mol% PEt iPr
/ r 3 equiv Zn .
P — > P P=P iPr

AN
:<< Br THF, 3h, rt.
Pr Pr 2 (34%)

iPr
Ar Ar Ar
Pr P=P Pr | b’
- s\ + |
Pr CgDg, 71d, 1t Ar/P—P\Ar AN\
3 4
A
hv (396 nm) |r
2/3 P
T
Ar” 3 SAr
2 IMe,
2 Ar—P,
Y
N
—N 7?\\
Reactivity of diphosphene 2 5

Scheme 2. Synthesis of diphosphene (PDip). (2) (top) and its reactivity (bottom).
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2 crystallizesin the triclinic space group P-1 with one inversion symmetric molecule in
the unit cell (Figure 2). The Dip-substituents are arranged in trans fashion with the P-P
bond [2.0293(7) A] in the expected range for diphosphenes [cf (*™CpP);
2.0282(10) A].>" The C-P-P angles [99.59(4) °] are narrower compared to (Mes*P); [cf
102.8(1) °]in agreementwith the lesser steric demand of the Dip-substituent compared
to Mes*. To determine the kinetic stability of 2, a solution in C¢De was kept at room
temperature under the exclusion of light and was monitored over a period of 71 d
(Figures S32-33, Table S4). The half-lifetime of 2 is ca. 28 d, which is considerably more
stable than [(MesSi),C(H)P], with a half-life time of ca. 7 d at room temperature,® or
the ruby red liquid [(Me3Si),NP],which in isolated form dimerizes to the corresponding
cyclo-tetraphosphane within hours.® The thermal decomposition products have been
shown to be the triphosphirane (PDip); (3) and the dimerization product (PDip)4 (4) in
a 3:1 ratio. Irradiation of 2 with an LED (A = 396 nm) resulted in the immediate and
clean formation of 3, which was corroborated by UV-Vis studies (Scheme 2, Figures
S35-37). The yellow colour of 2 stems from a HOMO-1 and HOMO-3 to LUMO (1t-1t*)
transition according to TD-DFT calculations on the PBEQ-D3/def2-TZVP level of theory
(Table S7, Figure S48).

Figure 2. Molecular structure of 2. Hydrogen atoms have been omitted for clarity. Thermal ellipsoids are
drawn at the 50% probability level. Selected bond lengths (A) and angles (°): P1-P1' 2.0293(7), P1-C1
1.8471(10); C1-P1-P1' 99.59(4), C2-C1-P1-P1" 91.75(8).
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The cyclic voltammogram of 2 in THF (0.1 M [nBusN][PFs]) showed a reversible
reduction eventat —2.10 V (vs. Cp,Fe/Cp,Fe™; Figure S31), which is higher than that of
(Mes*P), (-2.36 V),>® and ([sB]P), (-2.24 V) [sB] = (H.CNDip),B)** suggesting a lower
LUMO level in 2 compared to these species. With compound 2 accessible we became
interested in its reactivity towards N-heterocyclic carbenes (NHCs). Jana and co-
workers have recently shown reversible NHC binding to (M*TerP), (M*Ter = 2,6-(2,4,6-
Me3CeH2)-CeH3),>> whereas Matsuo et al. showed cleavage of the P=P bond in (RIND-
P) (RIND = 1,1,3,3,5,5,7,7-octa-R-substituted s-hydrindacen-4-yl) to give NHC
phosphinidene adducts.®® Combination of 2 with two molar equiv of IMey
(IMe4 = (MeCNMe),C:) resulted in the formation of DipP=IMe4 (5), which was isolated
in pure form in 50 % yield after recrystallization from saturated n-hexane solutions at
-30 °C. 5 shows a characteristic >'P{"H} NMR signal at —-86.3 ppm (cf. EINDP=IMe,
8('P) = -63.9 ppm) and one set of signals for the iPr-groups for the Dip group in the
expected 1:6 ratio and two signals for Me-groups of IMe4 in a 1:1 ratio, indicating C
symmetry in solution. 5 crystallizes in the monoclinic spacegroup P2:/n with four
molecules in the unit cell. The P-Cyuc distance [1.7730(13) A] agrees with the

formulation as aninversely polarized phosphaalkene (cf.EIND-PIMe4 1.767(3) A, Figure

3)'56—57

>

r/;L\
5

~ N1

Figure 3. Molecular structure of 5. Hydrogen atoms have been omitted for clarity. Thermal ellipsoids are
drawn at the 50% probability level. Selected bond lengths (A) and angles (°): P1-C1 1.8490(12), P1-C13
1.7730(13); C1-P1-C13 103.60(5), C13-P1-C1-C6 66.95(11).
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Attempts to prepare metal complexes of 2 proved unsuccessful, however, we noted
the dimerization of 2 to give cyclo-tetraphosphane 4 as the main product in the
presence of one molar equivalent of PdCl, . This allowed to isolate some colourless
crystals of 4 and its molecular structure was determined by means of X-Ray

crystallography (Figure S44).

Control experiments were carried out to better understand this trialkylphosphine-
catalysed coupling of dibromophosphanes. Using the corresponding
dichlorophosphanes DipPCl, and TipPCl, under optimized conditions, the formation of
the dichlorodiphosphanes (ArPCl),was observed after 3 h in THF, however, conversions
lack behind those observed for the dibromophosphanes. We then tested whether
[BrPEt;]Br can be used to generate PEts in the presence of Zn in THF. When employing
10mol% [BrPEts]Br with DipPBr,, the starting material was mostly consumed after 3 h
and a nearly equimolar mixture of diphosphane (DipPBr), and (PDip); was obtained
(Figure S7). Similarly, half of TipPBr; is converted into 1 using [BrPEt;]Br as the catalyst.
This clearly underlines that [BrPEt;]Br is a potential oxidation product, however, the
formation of [Et3PPEt;]Br, cannot be excluded, as diphosphonium salts were shown to
be formed upon reduction of Sb(OTf); with PR3 (R = Me, Et).*® Using PMe3 (10 mol%, 2
equiv Zn) as a catalyst DipPBr, was coupled to give (DipPBr),and (PDip)sina 2:1 ratio
and DipPBr, was fully consumed after 3 h, however, attempts to isolate (DipPBr), have
proven unsuccessful to date. In contrast, with TipPBr, and 10mol% of PMe; a 1:1
mixture of TipPBr, and 1 was detected. To identify Zn as the sacrificial reductant both
TipPBr, and DipPBr, were stirred over an excess of Zn dust in the absence of PEt; and
no conversion was observed (Scheme 3, reaction i) after 3 h at room temperature.
When only using 10 mol% of PEt; withoutadding Zn dust in the coupling of TipPBr;
and DipPBr; only 10% of the starting material was converted into 1 (Scheme 3, reaction
ii). In light of these observations we propose a catalytic cycle in which in a first step
ArPBr; is coupled to give 1 (Ar = Tip) with concomitant formation of [BrPEt;]Br, which
is then reduced by zinc to regenerate PEt; (Scheme 3, top). The formation of 2 is

surprising and in this case the intermediate formation of DipP=PEt;, which then reacts
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with a second equivalentof DipPBr,underP=P bond formation to give 2 and [BrPEt3]Br,
which can then enter the catalytic cycle again, seems plausible. In this regard it worth
noting that PMes and PnBus have both been shown to catalyse the chlorine atom

transfer between ArPPMes and Ar'PCl; to give ArPCl; and ArPPMes.>

Postulated Catalytic cycle
RPBr,
PEt,
ZnBr, (RPBr),
Ar = Di
Zn P
(RP),
[BrPEt;]Br

Control experiments:

(i) TipPBr, + exc.Zn —— no reaction

0
10 mol% [BrPEt3]Br‘ (TipPBr),

THE. 3h. rt (10% conversion)
1

(ii) TipPBr,

Scheme 3. Proposed catalytic cycle and control experiments to determine the role of

Zn and PEts.

3 Conclusion

Even though limited in scope, we have shown that simple PEts catalyses the coupling
of dibromophosphanes, to give a rare example of an aryl-substituted
dibromodiphosphanein 1 or the diphosphene 2. Control experiments have shown that
[BrPEts]Br is one of the oxidations products and zinc powder acts as a sacrificial
reductant to regenerate PEt;. Diphosphene 2 has a half-life time of ca. 28 d
decomposing cleanly to give (PDip)n, (n = 3,4). When irradiated at 396 nm 2 cleanly
converts into (PDip)s. The addition of NHC IMe, to 2 afforded the corresponding NHC
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phosphinidene adduct 5. Furthermore 2 dimerizes in the presence of PdCl;, to give the
corresponding cyclo-tetraphosphane (DipP)4(4). In future studieswe will look to further
extend the scope of this catalytic protocol to make this aninvaluable tool for E-E bond

formation reactions beyond the formation P-P bonded species.
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