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Abstract: Reaction of bis(peri-substituted) triphosphine iPrP(AcenapPiPr2)2 (Acenap = acenaphthene-
5,6-diyl) with iodine, followed by hydrolysis, afforded ionic species with [iPrP(AcenapP(O)iPr2)2]
dication, containing P-O-P-O-P motif, balanced by triiodide anions. The new species were fully
characterised, including single crystal X-ray diffraction. The formation of the unusual double-bridged
motif is likely a result of crowding in the peri-region.
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1. Introduction

The addition of halogens to phosphines produces halophosphonium halides of the
general formula [R3PX]+ X−, where X can be any of the Cl, Br, or I (Equation (1)). Halophos-
phoniums with trihalide anions of the general formula [R3PX]+[X3]− are also known
(X = Br, I); these are best prepared by the reaction of the phosphine with two equivalents of
dihalogen (Equation (2)) [1].

Although usually not isolated, halophosphoniums have some important synthetic
uses. For example, halophosphoniums are formed as transient intermediates in the Appel
reaction, which allows the transformation of alcohols to alkyl halides. The reagents include
a stoichiometric amount of triphenylphosphine and carbon tetrahalides (CCl4, CBr4, CI4)
as the halogen source (Equation (3)) [2].

Halophosphoniums are readily hydrolysed to phosphine oxides (Equation (4)) [3].
The reverse reaction, producing halophosphonium halides from phosphine oxide, is the
key step in the catalytic version of the Appel reaction. In this more sustainable adapta-
tion, chlorination and bromination of alcohols are performed with a catalytic amount of
phosphine oxide and oxalyl halides as the halogen sources (Equation (5)) [4].

PR3 + X2 → [PR3X]+X− X = Cl, Br, I (1)

PR3 + 2X2 → [PR3X]+[X3]
− X = Br, I (2)

ROH + PPh3 + CX4 → RCl + Ph3P = O + CHX3 (3)

[PR3X]+X− + H2O → R3P = O + 2HX (4)

ROH + (COCl)2
(
+ Br− source

) Ph3P=O (cat.)→ RX + CO + CO2 + HX X = Cl, Br (5)
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Further developments of this reactivity include using polystyrene-supported phos-
phine oxide, which is transformed into halophosphonium salt via reaction with oxalyl 
chloride or bromide. Transiently formed halophosphonium salts on polymer support are 
then used to effect Appel halogenations and other dehydrative coupling reactions (Equa-
tion (6)). Using polymer-supported phosphine oxide offers major improvements in terms 
of purification [5,6]. 

In another work, P-stereogenic phosphines and their borane adducts were synthe-
sised from phosphine oxides. This reductive pathway involves the transient formation of 
halophosphoniums [7]. In addition, an unusual synthetic pathway for phosphonium salts, 
proceeding through an electrophilic pathway, was shown to involve the transient for-
mation of halophosphonium halides [8]. Halophosphoniums were used to study the ki-
netics and mechanism of nucleophilic attack on tetrahedral centres, providing proof that 
such attack on phosphonium centre proceeds with inversion of configuration [9,10]. 

In this work, we show that major steric constraints in peri-substituted phosphine led 
to an unusual outcome of hydrolysis of its related iodoshosphonium iodide. 

2. Results and Discussion 
Tridentate phosphine 1 was reacted with excess iodine in non-dried tetrahydrofuran 

(THF). The reaction afforded a complex mixture as confirmed by 31P{1H} NMR. The vola-
tiles were removed in vacuo and replaced with acetonitrile. After cooling the acetonitrile 
solution, 2[I3]2 crystallised as black rod-shaped crystals and was isolated by filtration in 
31% yield. The tentative mechanism for this transformation involves the initial formation 
of halophosphonium species 1A, which is hydrolysed with the residual water in the reac-
tion solvent (THF) to afford 2[I3]2 (Scheme 1). Carrying out the reaction in dry solvent led 
to a significant drop in conversion to 2[I]2, confirming that the residual water is required 
for the hydrolysis step. 

 
Scheme 1. Synthesis of 2[I3]2 from tris(phosphine) 1. 

The 31P{1H} NMR spectrum of 2[I3]2 consists of a triplet at δP −40.1 ppm corresponding 
to the central phosphorus atom and a doublet at δP 87.3 ppm corresponding to the outer 
phosphorus atoms, with 2JPP coupling of 33.0 Hz observed for both signals. 

The crystals of 2[I3]2 obtained from acetonitrile were subjected to single-crystal X-ray 
diffraction, which confirmed the connectivity, as shown in Scheme 1, as well as the pres-
ence of triiodide counterions. However, the overall quality of the 2[I3]2 structure was ra-
ther low. Layering dark solutions of 2[I3]2 in CH2Cl2 with diethyl ether yielded colourless 
crystals of the diiodide salt 2[I]2, which were of better X-ray quality. For this reason, we 
limit the structural discussion to data obtained from 2[I]2 here. 
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Further developments of this reactivity include using polystyrene-supported phos-
phine oxide, which is transformed into halophosphonium salt via reaction with oxalyl
chloride or bromide. Transiently formed halophosphonium salts on polymer support
are then used to effect Appel thalogenations and other dehydrative coupling reactions
(Equation (6)). Using polymer-supported phosphine oxide offers major improvements in
terms of purification [5,6].

In another work, P-stereogenic phosphines and their borane adducts were synthe-
sised from phosphine oxides. This reductive pathway involves the transient formation
of halophosphoniums [7]. In addition, an unusual synthetic pathway for phosphonium
salts, proceeding through an electrophilic pathway, was shown to involve the transient
formation of halophosphonium halides [8]. Halophosphoniums were used to study the
kinetics and mechanism of nucleophilic attack on tetrahedral centres, providing proof that
such attack on phosphonium centre proceeds with inversion of configuration [9,10].

In this work, we show that major steric constraints in peri-substituted phosphine led
to an unusual outcome of hydrolysis of its related iodoshosphonium iodide.

2. Results and Discussion

Tridentate phosphine 1 was reacted with excess iodine in non-dried tetrahydrofuran
(THF). The reaction afforded a complex mixture as confirmed by 31P{1H} NMR. The volatiles
were removed in vacuo and replaced with acetonitrile. After cooling the acetonitrile
solution, 2[I3]2 crystallised as black rod-shaped crystals and was isolated by filtration in
31% yield. The tentative mechanism for this transformation involves the initial formation of
halophosphonium species 1A, which is hydrolysed with the residual water in the reaction
solvent (THF) to afford 2[I3]2 (Scheme 1). Carrying out the reaction in dry solvent led to a
significant drop in conversion to 2[I]2, confirming that the residual water is required for the
hydrolysis step.
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Scheme 1. Synthesis of 2[I3]2 from tris(phosphine) 1.

The 31P{1H} NMR spectrum of 2[I3]2 consists of a triplet at δP −40.1 ppm correspond-
ing to the central phosphorus atom and a doublet at δP 87.3 ppm corresponding to the
outer phosphorus atoms, with 2JPP coupling of 33.0 Hz observed for both signals.

The crystals of 2[I3]2 obtained from acetonitrile were subjected to single-crystal X-ray
diffraction, which confirmed the connectivity, as shown in Scheme 1, as well as the presence
of triiodide counterions. However, the overall quality of the 2[I3]2 structure was rather low.
Layering dark solutions of 2[I3]2 in CH2Cl2 with diethyl ether yielded colourless crystals
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of the diiodide salt 2[I]2, which were of better X-ray quality. For this reason, we limit the
structural discussion to data obtained from 2[I]2 here.

The crystal structure of 2[I]2 (Figure 1) revealed the geometry of the two outer phos-
phorus atoms (P2 and P3) to be close to tetrahedral, with the bond angles around the
phosphorus atoms ranging from 105.07(19) to 114.0(2)◦. The central phosphorus atom is
also distorted from its ideal trigonal bipyramidal geometry; the axial angle (O1-P1-O2) is
178.60(15)◦, and the equatorial C-P-C angles range from 113.0(3) to 130.7(2)◦.
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bond lengths can be interpreted as a partial double bond character of P2-O1 and P3-O2 
bonds, complemented with strong dative interactions of O1 and O2 lone pairs to the cen-
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Figure 1. Molecular structure of 2[I]2 in the crystal. Anions (2I−) and solvent molecules (2 CH3CN)
were omitted, and the iPr groups are shown in the wireframe for clarity. Selected bond lengths
(Å), angles, and torsion angles (◦): P1-O1 1.797(3), P1-O2 1.818(3), P2-O1 1.554(3), P3-O2 1.543(3),
O1-P1-O2 178.60(16), C1-P1-C22 130.7(2), P1-C1···C9-P2 22.2, P1-C22···C30-P3 21.5.

It is interesting to note a large difference in the P-O bond lengths in 2[I]2. Bonds to
the outer phosphorus atoms are considerably shorter (P2-O1 1.554(3) Å, P3-O2 1.543(3)
Å) than those around the central phosphorus atom (P1-O1 1.797(3) Å, P1-O2 1.818(3) Å).
For comparison, the P=O bond length in Ph3PO is 1.479(2) Å [11], and axial P-O bonds in
related phosphoranes range from 1.646(4) to 1.784(1) Å [12–14]. The difference in the P-O
bond lengths can be interpreted as a partial double bond character of P2-O1 and P3-O2
bonds, complemented with strong dative interactions of O1 and O2 lone pairs to the central
phosphorus dication (σ4P=O→σ5P2+) (structure 2′ in Figure 2). While this description
appears to account for differing P-O bond lengths more readily than the all-single bonded
σ4P+–O–σ5P phosphonium-phosphorane structure (structure 2” in Figure 2), both of these
are likely contributors to the overall bonding situation.

The structure of 2[I]2 shows the outer phosphorus atoms to be displaced much further
out of the plane of their respective acenaphthene rings (P2 0.682 Å, P3 0.651 Å) than the
inner phosphorus atom (0.211 Å and 0.214 Å). The angle between the two acenaphthene
planes is 83◦. The splay angles (+12.5(4) and +13.2(4)◦) and peri-distances (P1· · ·P2 3.11 Å,
P1· · ·P3 3.14 Å) are very similar for the two peri-regions (Note: Splay angle is a sum of the
bay region angles −360◦).

While thionating or selenating 1 results in a major increase in the P· · ·P peri-distances [15],
the formation of P-O-P bridging motifs in 2[I]2 leads to slightly reduced P···P peri-distances,
even compared with those in the phosphine 1 (P1· · ·P2 3.11 Å, P1· · ·P3 3.14 Å in 2[I]2, c.f.
3.15, and 3.17 Å in 1). At the same time, the P2· · ·P3 distance in 2[I]2 (5.90 Å) is lengthened
considerably (c.f. 4.42 Å in 1) [15].

2[I]2 was further characterised by Raman, IR, and MS (ES) spectroscopy.
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3. Conclusions

The reaction leading to the dication 2 is an interesting example of an unexpected reac-
tion outcome due to steric crowding. While in non-crowded molecular systems, hydrolysis
of halophosphoniums R3PX+ X− leads invariably to phosphine oxides R3P=O [3], in the
case of sterically crowded 1, the middle phosphorus atom becomes oxidised; however, it
does not transform to a phosphoryl group. Instead, it adopts the ionic structure shown in
Figure 2, which can be interpreted either as dative interactions with the formally doubly
cationic charge on the central atom 2′ or as a combination of phosphorane and double phos-
phonium centre 2”. This unusual outcome is likely due to steric reasons, as the formation
of the dicationic species 2 alleviates the steric pressure in the crowded peri-regions.

4. Materials and Methods

Experiments were carried out in standard Schlenk glassware under an oxygen-free
nitrogen atmosphere. Tris(phoshine) 1 was synthesised using a literature procedure [15],
and 85% H3PO4 was used as an external standard for 31P NMR; 1H NMR shifts are relative
to Me4Si, and the residual solvent peak was used for calibration (CHCl3 δH 7.26).

I2 (0.50 g, 0.196 mmol) was added to 1 (0.20 g, 0.326 mmol) in degassed but undried
THF (10 mL) at 0 ◦C and allowed to warm to room temperature, leading to a dark orange
suspension. The solvent was removed in vacuo to give a black oil, which was dissolved in
MeCN (5 mL). 2[I3]2 was isolated from the resulting dark orange solutions at 2 ◦C as large
black rod-shaped crystals (0.144 g, 31.4%) (see Supplementary Materials).

E. A. (%) calculated for C39H51I6O2P3: C 33.31, H 3.66; found: C 33.37, H 3.58.
1H NMR (300.1 MHz, CDCl3): δ 0.35–0.93 (br m, 15 H, iPr CH3), 1.33–1.89 (br m, 15 H,

iPr CH3), 2.73–2.95 (br m, 1H, central iPr CH), 3.53–3.91 (br m, 8H, CH2 + outer iPr CH),
7.65 (d, 1H, 3JHH = 6.8 Hz, aryl CH), 7.95 (dd, 1H, 3JHP = 13.4, 3JHH = 7.3 Hz, aryl CH),
8.35–8.44 (br m, 1H, aryl CH), 9.22 (dd, 1H, 3JHP = 18.7, 3JHH = 6.7 Hz, aryl CH).

31P{1H} NMR (121.5 MHz, CDCl3): δ−40.1 (t, inner P), 87.3 (d, outer P), 2JPP = 33.0 Hz.
Raman (glass capillary, cm−1): 2912 (vs, υC-H), 1601 (m), 1567 (m), 1433 (s), 1319 (m),

572 (m), 176 (s).
IR (KBr disc, cm−1): 2964 (m, υC-H), 1595 (s), 1453 (m), 1048 (υP-O), 855 (m), 826 (m),

630 (m), 581 (m).
MS (ES+) (m/z): 301 [Acenap(PiPr2)PH], 322, 643 [Anion − H], 661 [Anion + OH],

683 [Anion + ONa].
M. p. 120–123 ◦C.

Supplementary Materials: The following are available online, Figure S1: 1H and 31P{1H} NMR, IR
and Raman spectra of 2[I3]2.
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