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ABSTRACT: We report a comprehensive and systematic experimental and
computational assessment of the P−P bond in prototypical molecules that
represent a rare series of known compounds. The data presented complement
the existing solid-state structural data and previous computational studies to
provide a thorough thermodynamic and electronic understanding of the P−P
bond. Comparison of homolytic and heterolytic bond dissociation for
tricoordinate-tricoordinate, tricoordinate-tetracoordinate, and tetracoordinate-
tetracoordinate P−P bonds in frameworks 1−6 provides fundamental insights
into covalent bonding. For all types of P−P bond discussed, homolytic
dissociation is favored over heterolytic dissociation, although the distinction is
small for 21+ and 61+. The presence of a single cationic charge in a molecule
substantially strengthens the P−P bond (relative to analogous neutral frameworks) such that it is comparable with the C−C
bond in alkanes. Nevertheless, P−P distances are remarkably independent of molecular charge or coordination number, and
trends in values of d(PC) and νsymm(PC) imply that a molecular cationic charge is distributed over the alkyl substituents. In the
gas phase, the diphosphonium dication 32+ has similar energy to two [PMe3]

+ radical cations, so that it is the lattice enthalpy of
3[OTf]2 in the solid-state that enables isolation, highlighting that values from gas-phase calculations are poor guides for synthetic
planning for ionic compounds. There are no relationships or correlations between bond lengths, strengths, and vibrational
frequencies.

■ INTRODUCTION

The strength of a covalent bond (E−E′) is an important
characteristic that determines the reactivity of a molecule and
provides insight into the electronic structure. Energies for
homolytic and heterolytic dissociation for a given bond can be
substantially different. For instance, the S−B bond in Me2SBH3

is observed to undergo facile heterolytic dissociation to give
Me2S and BH3 (Chart 1, Case I, E = B, E′ = S), while homolytic
dissociation into a dimethylsulfide radical cation and borane
radical anion is not observed because, in the gas phase, the
electron affinity of BH3 (0.038 ± 0.015 eV)1 is much less than
the ionization energy of Me2S (8.706 ± 0.010 eV).2

Consequently, the S−B bond is described as a “coordinate
bond” (or “dative bond”), sometimes illustrated using the arrow
notation, Me2S→ BH3. In contrast, heterolytic dissociation of a
bond that requires separation of oppositely charged fragments,
such as the C−C bond in ethane, is intuitively energetically
more costly than homolytic dissociation (Chart 1, Case II, E =
E′ = C). As a result, when referring to such examples, usage of
the term “bond strength” in compounds representing Case I
and Case II implicitly denotes the energy required for
heterolytic and homolytic dissociation, respectively.3−5 In
comparison, the thermodynamic difference between homolytic
or heterolytic dissociation is less obvious for bonds in charged
molecules (Cases III and IV).
The P−P bonded frameworks 1−6 (Chart 2) represent a

rare series of known compounds that offer the opportunity to
assess the energetic preferences for cases II, III, and IV by
sampling possible combinations of tricoordinate and tetracoor-
dinate phosphorus centers with varying charge and coordina-
tion number. The structure of tetramethyldiphosphine (1) is
well established in the solid state6 and the gas phase.7 The
pentamethylphosphinophosphonium cation (21+) as chloride8
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Chart 1. Homolytic and Heterolytic Dissociation Pathways
for an E−E′ Bond
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and triflate (OTf = OSO2CF3)
9 salts, the bis-triflate salt of the

hexamethyldiphosphonium cation (32+),9 tetramethyldiphos-
phine sulfide (4),10 tetramethyldiphosphine disulfide (5),11 and
the triflate salt of the pentamethylphosphoniumphosphine
sulfide cation (61+)12 have also been structurally characterized
in the solid state.
The experimental data for P−P bond dissociation energies in

frameworks 1−6 are intuitively inconsistent. For 1, a homolytic
dissociation energy of 440 kJ mol−1 was indirectly obtained
from the difference in the mass-spectral appearance potentials
of the [Me2P]

1+ and [Me2PPMe2]
1+ ions13 and is suspiciously

high given that calculated values lie in the 220−260 kJ mol−1

range.14 For cations of the form [R2P-PMe3]
1+ (21+ is a

prototypical case), a gas-phase computational study concluded
that heterolytic P−P bond dissociation to give [R2P]

1+ and
PMe3 was preferred by ca. 130 kJ mol−1 when R is a π-donating
substituent (R = Me2N), and homolytic dissociation to give
Me2P and [PMe3]

1+ was preferred by ca. 30 kJ mol−1 when R is
a σ-donating substituent (R = Me).15 An atoms-in-molecules
(AIM) investigation concluded that the P−P bond energies
calculated from electron densities at bond critical points
increased in the order: 1(183 kJ mol−1) < 21+ (188 kJ mol−1) <
32+ (190 kJ mol−1).16

We now provide a comprehensive experimental and
computational assessment of the P−P bond that complements
the reported solid-state structural data and previous computa-
tional studies. A systematic computational analysis of homolytic
versus heterolytic P−P bond dissociation in frameworks 1−6 is
supported by vibrational analysis with unambiguous assignment
of the P−E (E = P, C) frequencies using isotopic enrichment
techniques. The variations in solid-state structural parameters,
computed dissociation energies, and stretching frequencies as a
function of the overall charge on the compound and the
coordination number of each phosphorus center provides
important insights and a more definitive understanding of the
P−P bond. It is possible that the findings described for P−P
bonds will be applicable to other homoatomic bonds.

■ RESULTS AND DISCUSSION
Calculated P−P Bond Energies. The Gibbs energies and

enthalpies of various P−P bond dissociation processes were

calculated at the MP2/cc-pVTZ level at 298 K for frameworks
1−6 in the gas phase (Scheme 1).17 The trends in bond
enthalpy are closely reflected in the Gibbs energies. The
heterolytic dissociation enthalpy of 1 into [PMe2]

+ and
[PMe2]

− is 735 kJ mol−1 more than homolytic dissociation
into two PMe2 radicals, and a similar distinction is expected for
ethane. In contrast, for 21+, heterolytic dissociation is only 15 kJ

Chart 2. Prototypical Tricoordinate and Tetracoordinate P−
P Bonded Frameworks

Scheme 1. Reaction Gibbs Energies (kJ mol−1, above arrow)
and Enthalpies (kJ mol−1, below arrow) for the P−P Bond
Dissociation in Frameworks 1−6a

aAll species were modelled in the gas phase at 298 K at the MP2/cc-
pVTZ level.
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mol−1 greater than homolytic dissociation. Moreover, the
homolytic dissociation of 21+ is substantially greater than
homolytic dissociation of all other frameworks considered
except the phosphoniumphosphine sulfide cation, 61+. The
homolytic and heterolytic P−P dissociations of 5 have
enthalpies that are similar to those of 1, and the former
pathway is preferred in both compounds. For 1, these
observations are consistent with its reactivity toward unsatu-
rated systems, for example 1,3-butadiene, which results in the
formation of the homolytic P−P cleavage product 1,4-
bis(dimethylphosphino)-but-2-ene.18 Heterolytic dissociation
of the P−P bond appears to be prohibitively endothermic in
all cases except 21+, 32+, and 61+ in which P−P dissociation can
occur without separation of oppositely charged ions. The
relatively small heterolytic dissociation energy for 21+ and 61+

predicts that these cations may undergo displacement of the
PMe3 group by a stronger donor such as an N-heterocyclic
carbene (NHC) to give the corresponding [NHC-P(S)Me2]

1+

cations, a derivative of which has been prepared via a different
synthetic route.19

Introduction of Me+ to 1 to give 21+ effects an increase in the
homolytic P−P bond enthalpy of 97 kJ mol−1, and the value for
21+ (353 kJ mol−1) is of the order of the corresponding C−C
bond dissociation enthalpy in simple alkanes such as ethane
(377 ± 1 kJ mol−1).20 This result illustrates the energetic
consequences of the isolobality between alkanes and
phosphonium cations, a feature that has enabled the isolation
of a diverse family of cationic catena-phosphorus compounds
representing phosphorus analogues of hydrocarbon frame-
works.21,22 In this context, it is interesting to note (Figure 1)

that the energy of the dominant P−P σ-bonding MO shows the
trend: 1 (−11.0 eV) > 21+ (−16.4 eV) > 32+ (−21.1 eV).
Implication of a substantially stronger P−P bond in 21+ is
consistent with the relative homolytic bond enthalpies of 1 and
21+, but the relatively low energy of the primary P−P σ-bonding
MO in 32+ is inconsistent with calculated metastability of this
cation in the gas phase with respect to dissociation into two
[PMe3]

+ radical cations (ΔGrxn = −44 kJ mol−1, ΔHrxn = +23 kJ

mol−1). We infer that in the gas phase, frameworks involving
one or two tetracoordinate centers adopt a relatively strong P−
P bond, except in the case of 32+ (vide inf ra), where the
stabilizing influence of introducing cationic charge is con-
strained by Coulombic destabilization due to charge concen-
tration. Therefore, successful isolation of polycations such as
32+ depends upon the choice of anions and solid-state
thermodynamics.23 Enhancement by approximately 70 kJ
mol−1 of the P−P homolytic bond enthalpy due to the
presence of a single cationic charge is also evidenced by
comparison of the P−P dissociation enthalpies of 21+ (353 kJ
mol−1) and 4 (276 kJ mol−1) as well as comparison of 61+ (350
kJ mol−1) and 5 (282 kJ mol−1).
Despite the facility of homolytic P−P dissociation in 32+, a

stable bis-triflate salt of 32+ has been obtained via three distinct
reactions (Scheme 2): (i) methylation of 2[OTf],9 (ii)
nucleophilic displacement of 4-dimethylaminopyridine
(DMAP) by PMe3 from [Me3P(DMAP)][OTf]2,

24 and (iii)
reductive elimination from [Sb(PMe3)3][OTf]3

25 or from
[Ph3Sb(PMe3)2][OTf]2.

26 We attribute the formation of
3[OTf]2 in these reactions to the lattice enthalpy expected
for an MX2 salt and have determined Born−Haber−Fajans
cycles for the thermodynamically favored stepwise methylation
of 1 to give 2[OTf] and 3[OTf]2 (Scheme 3).
The lattice enthalpies of the salts of 2[OTf] and 3[OTf]2 in

Scheme 3 were estimated using the volume-based thermody-
namics (VBT) approach (see Supporting Information for
details).27 The volume of 3[OTf]2 was obtained from its crystal
structure.16 Since the solid-state structure of 2[OTf] is not
known, the volume of 2 was obtained from 2[Cl] and added to
an average volume for the triflate anion observed in several
M[OTf] salts (M = Li, Na, K, NH4).

28 The enthalpies of
vaporization for MeOTf and 1 were derived from Trouton’s
rule using experimentally known boiling points. The most
reliable gas-phase enthalpy of dissociation for MeOTf into
[Me]1+ and [OTf]1− has been reported using calculations at the
MP2/aug-cc-pVnZ (n = D, T, Q) level, extrapolated to the
complete basis-set (CBS) limit.28 The P−C bond dissociation
enthalpies were calculated at the MP2/cc-pVTZ level.
The P−C bond resulting from the methylation of 2[OTf] is

much weaker (177 kJ mol−1) than that resulting from the first
methylation (621 kJ mol−1) and the large difference between
the two values evidence the greater Lewis basicity of neutral 1
compared to cationic 21+. Nevertheless, the relatively large
lattice enthalpy of 3[OTf]2 (1432 kJ mol−1) is sufficient to
make methylation of 2[OTf] thermodynamically favored. A
similar analysis is carried out in Scheme 4 for nucleophilic
displacement of DMAP by PMe3 from [Me3P(DMAP)]-
[OTf]2.

24 The sublimation enthalpy of DMAP was obtained
as a sum of its reported enthalpy of fusion29 and calculated
(Trouton’s rule using experimental boiling point)30 enthalpy of
vaporization. Thermochemical analyses of the two reductive
elimination pathways (Scheme 2, (iii)) are precluded by the
unknown sublimation enthalpies for the solids.
Scheme 5 shows thermochemical cycles for the decom-

position of 3[OTf]2 in the solid state to give free PMe3 and
[PMe3][OTf]2 (heterolytic P−P dissociation) or to give 2
equivalents of [PMe3][OTf] (homolytic P−P dissociation). To
estimate the lattice enthalpy of [PMe3][OTf]2, the volume of
the [PMe3]

2+ was approximated as 50% of the volume of the
[Me3PPMe3]

2+ ion and represents a conservative estimate
rather than an accurate value. Nevertheless, due to the large
endothermic term arising from heterolytic dissociation of 32+ in

Figure 1. Calculated (MP2/cc-pVTZ) energies and isosurfaces
(isovalue = 0.05) for the principal P−P σ-bonding orbital in 1, 21+,
and 32+. Hydrogen atoms are not shown for clarity.
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the gas phase, the error in this volume can be as large as 50%
while still yielding a 200 kJ mol−1 barrier to the overall
decomposition. The volume of the [PMe3]

1+ radical cation was
calculated as 40% of the known volume of PMe3 based on the
experimental observation that there is a 24−44% contraction of
volume going from an PR3 to [PR3]

1+ radical cation in the two
cases where such crystallographic data exist.31,32 Thus, the 40%
volume contraction estimated here provides an upper limit for
the lattice enthalpy of [PMe3][OTf]. The results indicate that
3[OTf]2 is thermodynamically stable in the solid state with
respect to P−P dissociation, despite the ease of P−P
dissociation of gaseous 32+.
The similarity of the enthalpy for homolytic (+447 kJ mol−1)

and heterolytic (+490 kJ mol−1) P−P bond dissociation (Δ =
43 kJ mol−1) in the solid state suggests that solutions of
3[OTf]2 may exhibit reactivity consistent with both dissociation
modes depending upon the reaction conditions. Although these
experiments have not been reported, a reactivity study33 of the
closely related salt, hexapropyldiphosphonium diperchlorate,

[P2Pr6][ClO4]2, showed reaction with dipropyldisulfide (PrS-
SPr) to yield [Pr3P-SPr][ClO4], implicating homolytic P−P
and S−S dissociation. In addition, solutions of [P2Pr6][ClO4]2
react with fluoride in [Et4N][F] to yield Pr3PF2 and free Pr3P,
indicative of heterolytic P−P bond dissociation.

Vibrational Spectroscopy. Figure 2 shows the room-
temperature infrared spectra of 1 (neat liquid), 2[OTf] (Nujol
mull) and 3[OTf]2 (Nujol mull), together with the low-
temperature (−75 °C) Raman spectra of powdered 1, 2[OTf],
and 3[OTf]2. A complete list of frequencies is given in the
Supporting Information. While the P−P stretching mode (ca.
450 cm−1) is infrared-silent in 1 and 3[OTf]2 and weak in
2[OTf], it is Raman active and intense in all cases. At room
temperature, 1 exists as an equilibrium mixture of trans (C2h)
and gauche (C2) conformers in a 60:40 ratio.34 Upon cooling to
−75 °C, only the trans isomer is observed in the Raman
spectrum of solid 1. The presence of an inversion center in 32+

is responsible for mutual exclusion of peaks between the
infrared and Raman modes for the dication. In Figure 2, 14

Scheme 2. Three Experimental Routes to 3[OTf]2: (i) Methylation, (ii) Nucleophilic Displacement, and (iii) Reductive
Elimination

Scheme 3. Born−Haber−Fajans Cycles for the Formation of 2[OTf] (left) and 3[OTf]2 (right) via Stepwise Methylation of 1a

aAll enthalpy values are in kJ mol−1.

Scheme 4. Born−Haber−Fajans Cycle for the Formation of 3[OTf]2 from Nucleophilic Displacement of DMAP from
[Me3P(DMAP)][OTf]2

a

aAll enthalpy values are in kJ mol−1.

Scheme 5. Born−Haber−Fajans Cycles for the Heterolytic (left) and Homolytic (right) Dissociation of 3[OTf]2 in the Solid
Statea

aAll values are in kJ mol−1.
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triflate anion frequencies (marked by an asterisk) were assigned
by comparison with a previous vibrational study35 of this anion.
The assignments were corroborated by comparing (Figure 3)
the low-temperature Raman spectrum of the chloride salt 2[Cl]
with that of 2[OTf].
The C-13 enriched (99 atom %) isotopomer of 1 (enr1) was

made via reduction of the enriched disulfide, P2Me4S2 (
enr5),

which was in turn prepared from 13CH3Br and SPCl3 using
procedures established for the natural abundance analogue.36

Stepwise methylation of enr1 with 13CH3−OTf (i.e., C-13
enrichment of the CH3 group only in CH3OTf) yielded cations
enr21+ and enr32+ with triflate counterions at natural abundance.
The low-temperature Raman spectra of these isotopomers were
obtained under identical conditions as their natural abundance
analogues, permitting an unambiguous assignment of modes
involving the carbon atoms. Selected data is compared in Table
2.
Spectral assignments were confirmed by comparison of

experimental Raman frequencies, intensities, and isotopic shifts
with values calculated for frameworks 1, 21+, and 32+ in the gas

phase. As a benchmarking exercise, the suitability of HF, MP2,
and a variety hybrid DFT functionals was tested (Table 1)

using experimental values of the P−P stretching frequencies in
1, 21+, and 32+, which fortuitously appears as the only peak in
the P−P stretching region (400−500 cm−1 for single P−P
bonds) of the spectra obtained for compounds 1, 2[OTf],
2[Cl], and 3[OTf]2. The triflate counterions were omitted in
calculations. While calculations carried out at the MP2 level
provided the closest match with experimental values of ν(PP),

Figure 2. Raman (bottom, −75 °C, Pyrex tube, 1064 nm excitation) and infrared (top, 25 °C, CsI plates) spectra of 1, 2[OTf], and 3[OTf]2. The
infrared spectrum of 1 was obtained on a neat liquid sample, while the infrared spectra of 2[OTf] and 3[OTf]2 were obtained for samples prepared
as Nujol mulls. The Raman spectra were obtained for solid samples. Symbols denote anion modes (*), the P−P stretching mode (o), Nujol modes
(+), and an instrumental artifact (x).

Figure 3. Raman spectra of 2[Cl] (top) and 2[OTf] (bottom) recorded in a Pyrex tube at −75 C using 1064 nm excitation. Symbols denote anion
modes (*) as inferred by their absence from the spectrum of 2[Cl] and an instrumental artifact (x).

Table 1. Experimental Raman and Calculated P−P
Stretching Frequencies (cm−1) for 1, 21+, and 32+a

compound expt. HF MP2 B3LYP PBE1PBE B3PW91

1 455 488 477 436 459 449
21+ 446 452 450 412 435 422
32+ 456 457 442 412 428 420

aExperimental values for cations are for their triflate salts. The aug-cc-
pVTZ basis set was used for all calculations.
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calculation of Raman intensities at this level with the aug-cc-
pVTZ basis set was prohibitively memory intensive. HF level
calculations were accurate at low frequencies but deviated
significantly from experimental values at higher frequencies.
Therefore, the PBE1PBE functional was chosen for calculating
intensities, isotopic shifts, and visualizing atomic displacements.
As a representative example, Figure 4 shows spectra obtained

for 3[OTf]2 and
enr3[OTf]2. The ν(PP) frequencies (o) show

essentially minimal difference (max Δ = 3 cm−1) between the
isotopomers, consistent with this vibrational mode being
decoupled from any of the P−C stretching modes. By
comparison, the ν(EC) (E = P, H) modes show isotopic shifts
of 11−16 cm−1.
Neutral frameworks 4 and 5 contain one and two

tetracoordinate phosphorus centers, respectively, and the cation
in [P2Me5S][OTf] (6[OTf]) contains two tetracoordinate

centers (Tables 3−5). The vibrational spectrum of 5 (Table 4)
has been reported previously and assigned with the aid of

isotopic enrichment.37 Here we report the room-temperature,
natural abundance infrared spectrum of 4 as a neat solid, with

Table 2. Selected Experimental Raman Frequencies and Intensities (in parentheses) for the Natural Abundance and C-13
Enriched Isotopomers of 1, 2[OTf], and 3[OTf]2

a

expt. calcd approximate mode assignments

1 enr1 Δ 1 enr1 Δ
P−P 455(57) 456(78) 1 459(10) 459(10) 0 ν(P1P2)
P−C 666(53) 651(51) 15 677(29) 661(27) 16 ν(P1C11+P1C12+P2C21+P2C22)

697(26) 683(26) 14 712(18) 699(17) 13 ν(P1C11+P2C22) − ν(P1C12+P2C21)

2[OTf] enr2[OTf] Δ 21+ enr21+ Δ
P−P 446(32) 444(55) 2 435(13) 432(14) 3 ν(P1P2)
P−C 668(12) 651(22) 17 672(3) 656(2) 16 ν(P1C11+P1C12) − ν(P2C21+P2C22+P2C23)

683(42) 666(64) 17 681(31) 664(29) 17 ν(P1C11+P1C12+P2C21+P2C22+P2C23)
713(15) 699(27) 14 725(8) 710(7) 15 ν(P1C11) − ν(P1C12)
769(13) n.o. − 766(6) 752(5) 14 ν(P2C22) − ν(P2C21+P2C23)
773(12) n.o. − 773(5) 758(4) 15 ν(P2C21) − ν(P2C22)

3[OTf]2
enr3[OTf]2 Δ 32+ enr32+ Δ

P−P 456(24) 452(34) 4 428(17) 425(18) 3 ν(P1P2)
P−C 692(20) 675(14) 17 672(36) 656(32) 16 ν(P1C11+P1C12+P1C23+P2C21+P2C22+P2C23)

784(17) 770(24) 14 766(9) 752(8) 14 ν(P1C11+P1C13+P2C21+P2C23) − ν(P1C12+P2C22)
aCalculated Raman frequencies and intensities for the isotopomers of 1, 21+, and 32+. Italics denote modes plotted in Figure 5. Expected modes that
were not observed due to low intensity are denoted with the n.o. (not observed) label.

Figure 4. Raman spectra (425−825 cm−1) of enr3[OTf]2 (top) and
3[OTf]2 (bottom) recorded in a Pyrex tube at −75 C using 1064 nm
excitation. Symbols denote anion modes (*), the P−P stretching mode
(o), the C−P stretching modes (+), and an instrumental artifact (x).

Table 3. Selected Experimental and Calculated Infrared
Frequencies for Natural Abundance P2Me4S (4)a

aCalculated intensities (km mol−1) are given in parentheses. Italics
denote modes plotted in Figure 5.

Table 4. Selected Experimental (ref 37) and Calculated
Raman (R) or Infrared (IR) Frequencies for Natural
Abundance P2Me4S2 (5)

a

aExperimental intensities were not reported. Italics denote modes
plotted in Figure 5.

Table 5. Selected Experimental (ref 12) and Calculated
Raman Frequencies for Natural Abundance P2Me5S (61+)a

aNormalized intensities are given in parentheses. Italics denote modes
plotted in Figure 5.
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select assignments derived from DFT calculations on a gas-
phase model (Table 4).
Variations in the d(PE) and ν(PE) for E = P or C in

frameworks 1−6 are illustrated in Figure 5, where the error bars
denote the ±3 standard deviations for bond distances. The
solid-state structure of compound 5 has been redetermined at
173.15 K and refined to a R1 value of 2.1%, since the reported
structure (at 295 K, R1 = 8.9%) was found to have
unacceptably large estimated standard deviations for using its
metric parameters.11 Two unique molecules are found in the
unit cell, with statistically different P−P and P−C bond lengths.
For clarity, the distance plotted in Figure 5 for this compound
is an average from two independent molecules. Small and
unsystematic variance (ca. 0.03 Å) in d(PP) is evident with
changes in coordination number or charge at the phosphorus
centers. Moreover there is no systematic correlation between
d(PP) and the calculated homolytic or heterolytic bond
dissociation energies. By comparison, while variation in
d(PC) values is small, P−C bonds involving tetracoordinate
centers are systematically, approximately 0.03 Å shorter than
those involving tricoordinate phosphine centers, which are
essentially equivalent to those in 1 (1.838 Å).6 The P−C bonds
at both tetracoordinate centers in 6[OTf] are essentially
identical to each other and are predictably shorter than the P−
C bonds at the tricoordinate centers in 1, 2[OTf], and 4.
Values of d(PS) in 4 (1.970 Å)10 and 5 (1.959 Å, average) are
longer by ca. 0.05 Å than in 6[OTf] (1.921 Å).12

Experimental values of ν(PP) exhibit the trend: 4 < 5 < 61+ <
21+ < 32+ ≈ 1, but the differences are small (range = 33 cm−1).
Derivatives with a sulfur-substituted four-coordinate phospho-
rus center show ν(PP) frequencies that are slightly lower in
energy than those in the corresponding cationic methylated
analogues. Predictably, the ν(PP) wavenumber for 61+, which
contains both sulfur and methyl substitution at a tetracoordi-
nate phosphorus center, lies in between those for 32+ and 5.
Derivatives that contain both three and four coordinate
phosphorus centers show lower ν(PP) frequencies than
frameworks that contain only four coordinate centers. The
effect is more pronounced in the sulfides (30 cm−1 variation)
than the methylated cations (16 cm−1 variation). The results
indicate that values of ν(PP) are more sensitive toward
variation in the electronic and structural features of a PP-
bonded compound than values of d(PP). Nevertheless there is

no systematic correlation between values of ν(PP) and either
the calculated homolytic or heterolytic dissociation energies, or
values of d(PP).
Consistent with comparisons between the d(PP) and d(PC)

values, the range of ν(PC) values is significantly greater than
the range of ν(PP) values, as illustrated in Figure 5. For 4, there
is no vibrational mode that involves a symmetric and in-phase
stretching of all PC bonds, and two frequencies, corresponding
to discrete symmetric P−C stretches at P1 and at P2, are
plotted. Similarly, for 6, only the symmetric stretching mode
involving the PMe3 fragment is plotted since the mode
involving the PMe2S fragment shows strong coupling between
the P−S and P−C stretches. Specific assigned P−C modes
observed for compounds 1, 2[OTf], and 3[OTf]2 exhibit
higher frequencies for frameworks with greater charge,
correlated with shorter P−C bonds at the tetracoordinate
centers relative to tricoordinate centers. The results evidence an
inductive electron donation from the methyl groups to the
tetracoordinate phosphorus centers, therefore the Coulombic
destabilization intuitively expected for adjacent charges in 32+ is
attenuated. Furthermore, all ν(PC) in 2[OTf] or 3[OTf]2
occur at a higher wavenumber than the νsymm(PC) in crystalline
and gaseous PMe3 (654 and 645 cm−1, respectively).38

■ CONCLUSIONS

The established structural data and computational modeling of
the P−P bond for a prototypical series of experimentally
accessible tricoordinate-tricoordinate, tricoordinate-tetracoordi-
nate, and tetracoordinate-tetracoordinate phosphorus−phos-
phorus bonding centers have been systematically analyzed and
extended to provide a comprehensive data package. The
assessment provides fundamental insights into the dissociation
pathways for P−P bonds represented by Cases II−IV (Scheme
1) that may be broadly applicable to other homoatomic bonds.
The calculated P−P bond strengths for frameworks 1−6

show that, independent of molecular charge or coordination
number of the phosphorus centers, homolytic bond dissocia-
tion is thermochemically favored over heterolytic bond
dissociation. For 21+ and 61+, where heterolytic dissociation
does not entail separation of opposite charges, the preference
for homolytic dissociation is small. Semiempirical thermochem-
ical cycles show that although, in the gas phase, the
diphosphonium dication 32+ is comparable in energy to two

Figure 5. Left: Comparison of d(PP) and d(PC) in frameworks 1−6. Error bars denote ±3 estimated standard deviations from the mean. Right:
Comparison of ν(PP) and νsymm(PC) in frameworks 1−6.
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[PMe3]
+ radical cations, it is the lattice enthalpy of 3[OTf]2 in

the solid state that enables isolation from a variety of reactions.
The dramatic difference between the calculated stabilities of 32+

and 3[OTf]2 is an arresting reminder that for cationic species,
gas-phase stability calculations are poor guides for synthetic
methods. The calculated P−P bond dissociation energies for
frameworks 1 and 21+ show that the cationic charge strengthens
the P−P bond such that it is comparable with the C−C bond in
alkanes.
Infrared and low-temperature Raman spectra have been

obtained for frameworks 1−6, and the key stretching modes
definitively assigned using isotopic enrichment and quantum
chemical calculations. The P−P bond distances observed in
these prototypical frameworks are independent of molecular
charge or coordination number of the phosphorus centers,
while the ν(PP) for bonds that involve a tetracoordinate
phosphorus center are significantly lower than those involving
only tricoordinate centers or only tetracoordinate centers. By
comparison, the PC bond distances are distinctly shorter at
quaternized phosphorus centers and correlate with higher
νsymm(PC) frequencies. Trends in values of d(PC) and
νsymm(PC) imply that a molecular cationic charge is distributed
over the alkyl substituent. Importantly, there are no intuitive
correlations between the experimentally observed bond
distances or stretching frequencies and the calculated homolytic
or heterolytic dissociation energies for these prototypical
frameworks in the gas phase. We conclude that for the P−P
bond, simple relationships or correlations between bond
lengths, strengths, and force constants (e.g., Badger’s rule,
Gordy’s rule)39−42 are potentially misleading.
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