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ABSTRACT: The ambi-valent character of the P−I bond in
iodophosphonium complexes ensures that it can be electrophilic at
either P or I. Herein, we use an ensemble of computational tools
and methodologies to probe the nature of this ambi-valent bond.
Geometric and atomic electron population analyses yielded strong
trends between the electron donating ability of the phosphine and
the strength and polarity of the P−I bond. Quasi-atomic orbital
analysis demonstrated the near homo-polarity of the P−I bond,
and energy decomposition analysis calculations demonstrated the
ability to tune the polarization of the bond with only mild changes
in secondary structural features. Finally, the ambi-valent nature of
the P−I bond was demonstrated to follow hard−soft considerations in reactions with nucleophiles, with harder nucleophiles
preferentially forming products of addition to P and softer nucleophiles to I.

■ INTRODUCTION
Phosphines (P(III)) are ubiquitous as ligands for catalysts1−3

and as catalysts themselves.4−6 In an example of the latter,
Stephan has demonstrated the utility of phosphonium cations,
P(V), in the catalytic initiation of the hydrosilylation of
ketones.7−9 Exciting examples out of the Radosevich group
demonstrate that a P(III)/P(V) redox cycle can be harnessed
to accelerate novel reactions.10−15 Both the Lewis basic
properties of P(III) and the Lewis acidic properties of P(V)
are demonstrably key components of frustrated Lewis pair
chemistry.16−21 Their broad utility make phosphine catalysis a
rich area of research.
Inversion of bond electro- or nucleophilicity, most often

through a series of chemical transformations, is a key
characteristic of umpolung reactions.22−27 It stands to reason
that learning to subtly control and tune the degree and
direction of bond polarization would be enabling for the
development of related synthetic methods. Controlling these
structure/activity features would benefit from an analysis of
compounds with a bond that can be polarized in two directions
depending on secondary structural features. The resulting
fundamental understanding of this bonding at the electronic
level will underpin future developments.
Iodophosphonium iodide compounds (R3PI2) have been

studied in several reactions, including the iodination of
alcohols.28,29 Several studies have sought to understand the
nature of the I−I bond found in the most common “spoke”
isomer of these compounds.30,31 These studies revealed an I−I
bond that ranged from covalent (R3P−I−I) to ion paired
[R3P−I+][I−], depending on the particular species or the
conditions in which it was synthesized.32,33 While the I−I bond

in iodophosphonium iodide compounds has been well
characterized, what is less well studied is the P−I bond. This
P−I bond is ideal for studying bond polarization as the
electronegativity of P (2.19) and the electronegativity of I
(2.66) are relatively close to one another, both are polarizable,
and both can be additionally oxidized (Scheme 1).
The known reaction chemistry of the P−I bond in

iodophosphonium compounds reveals an ambi-valent (ambi-
valent in this work is defined as having multiple valence state
interpretations), which makes it a capable source of iodenium
(1-coordinate I+) or phosphonium. This is broadly similar to
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Scheme 1. Synthesis, Structure, and Reactivity of
Iodophosphonium Compounds
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the umpolung concept; however, the P−I bond expresses both
characters simultaneously. Understanding this character
advances our goal of fundamentally understanding the
reactivity of reagents with ambi-valent properties. In this
work, we computationally probe the P−I bonds of
iodophosphonium compounds to achieve this.

■ RESULTS AND DISCUSSION
Computational studies of cationic iodophosphonium com-
plexes were performed to assess their electronic structure and
to better define the oxidation state and charges of the P- and I-
atoms. These calculations were performed in the NWChem
software package34 using the m06-2x DFT functional35,36 and
the def2-TZVP basis set on all atoms and the associated
e"ective core potential on iodine.37 Geometry optimizations
were confirmed to be in local minima by confirmation that the
Hessian calculations had negative frequencies no more than
−100 cm−1. Repeated calculations were attempted to eliminate
or minimize these negative frequencies to no success; however,
calculations run utilizing the B3LYP functional,38 and
subsequent analytical Hessians showed no negative frequen-
cies. Therefore, these negative frequencies may be the result of
residuals from non-analytical Hessian calculations rather than
deviation from a local minimum. All basis sets in this study
were used as defined in the basis set exchange.39
The geometry of the calculated iodophosphonium com-

pounds showed the P−I bond length to increase on moving
from more electron-poor to more electron-rich phosphine
analogues. As the P-substituents become more electron-
releasing, the C−P−C angles around phosphorus also shift
(slightly) toward an increasingly planar geometry at P.
Although these results are subtle, 0.045 Å and 1.4°,
respectively (Table 1), the correlation between Hammett

constants and ΔP−I and ΔC−P−C are strong (R2 > 0.9). The
shift in bond angle is consistent with increasing P(V) character
on the phosphorus as the electron density increases, that is, of
an increasingly oxidized P (P(III) → P(V)) (Scheme 2).
Another computational tool brought to bear on the problem

was Stone multipolar analysis, which provides a quantitative
charge and multipole analysis similar to the qualitative insights
of Mulliken population analysis.40−42 Although not explicitly
discussed, Stone analysis agrees well with both the Mulliken

and Löwdin analyses for the calculations reported herein. The
Stone and quasi-atomic orbital (QUAO)43−45 analyses were
performed using the GAMESS software package46 at the
Hartree−Fock level of theory with the infinite-order two-
component relativistic method.47 The Sapporo family of all-
electron basis sets were used for all atoms in these calculations;
Sapporo-DKH3-TZP-2012 was used for iodine, and Sapporo-
TZP-2012 was used for all other atoms.48 Unsurprisingly, these
calculations revealed that the charge on I across the series of
PR3 tends to more positive for more electron-deficient
phosphines. Combining this with shorter P−I bond lengths
in the same series implied that more electron-deficient
phosphines draw electron density from iodine to strengthen/
shorten the P−I bond. In contrast, Stone analyses of the charge
on P revealed no trend across the Hammett series, implying
that increasing charge transfer from I to P e"ectively bu"ers
the inherent charge on P. Since Stone analysis can also be used
to compare the electron population at a defined point in space,
it was used to determine the electron population at the center
of mass of the P−I vector. Consistent with a strengthening of
the P−I bond, its electron population increased for more
electron-poor phosphines. Even though I is the more
electronegative element, we rationalize that its higher polar-
izability facilitates electron flow from I to P (i.e., I → P+) when
P is more electron-deficient. Stone analysis therefore supports
the P(V) + I− formulation of the oxidation states as being a
contributor to the electron structure in addition to the P(III) +
I+ formulation.
To additionally help define the nature and occupancy of the

P−I bond in this series, QUAO analysis was employed. This
qualitative method projects localized bonding MOs onto
QUAOs and permits one to define both the occupancy of the
QUAOs produced and a bond order. The Gordon group
previously used this method to help characterize bonding and
distinguish between a more polarized electron structure and a
less polarized electronic structure. In the case of the
iodophosphonium P−I bonds, the method revealed a near
equal split in the electron occupation between I and P atoms
with a consistently slightly higher occupation on I. As revealed
in the Hammett plot (Figure 1), the electron occupation at P
remains largely unchanged at the expense of I as one shifts to
more electron-poor PR3 substituents. This trend, along with
the bond order being greater than 0.95 in all cases, describes a
nearly homopolar P−I covalent bond. Three further
observations emerge from analysis of the QUAOs; the first is
the trend in the relative strength of the P−I bond, which can
be estimated by the kinetic energy term produced in this
methodology (Table S1). These revealed a stronger P−I bond
for electron-deficient P centers, consistent with observations of
the electron occupation of these bonds from Stone analysis.
Second, the summation of electron occupation on the P−I
bond is consistently slightly greater than 2, suggesting that

Table 1. Correlations between Bond Parameters and Charge
Based on Phosphine Substituenta

para-substituent
on aryl groups

C−P−C bond
angle (deg)

P−I bond
length (Å)

Stone I
charge

Stone P−I
bond charge

CN 110.2 2.384 0.380 −2.468
CF3 110.4 2.385 0.361 −2.416
CHO 110.3 2.386 0.345 −2.408
Cl 110.5 2.393 0.321 −2.372
F 110.7 2.394 0.311 −2.391
H 110.7 2.392 0.310 N/A
Me 110.8 2.397 0.278 −2.372
OMe 111.2 2.408 0.245 −2.273
OH 111.0 2.405 0.259 −2.327
NH2 111.5 2.422 0.181 −2.225
NMe2 111.6 2.429 0.154 −2.169

aGeometry optimizations performed at the m06-2x/def2-tzvp level of
theory. Stone charge calculations performed at the HF/Sapporo-
TZP/IOTC level of theory.

Scheme 2. Structural Changes with PR3 Electronic
Withdrawing/Donating Ability
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electron density is being “borrowed” from other orbitals, in this
case the lone pair orbitals on I. Finally, the trend that for Ps
with strong electron-donating substituents there is more
occupation of I and less on P (i.e., R3P2+/I−) suggests a
more stabilized P(V) formulation.
The homopolar nature of the P−I bond in these species is

further supported by their incongruence with the related
species, trimethylsilylphosphonium, N-iodosuccinimide, and
triphenylphosphine oxide. These compounds were chosen to
represent a unique four-coordinate phosphonium species,
bonding in a well-established iodenium reagent, and bonding
in a well-established P(V) species, respectively. In the case of
trimethylsilylphosphonium, the P−Si bond order (0.88) is
smaller than that of any of the iodophosphonium complexes
(P−I > 0.95). Even more telling for a non-homopolar bond are
QUAO-derived occupation values, which placed the occupa-
tion on silicon at only 0.70, significantly less than the 1.10
observed at I for calculated P−I examples. For N-
iodosuccinimide, the bond order (0.92) was similar to that
of the iodophosphonium complexes, but the occupation value
on I (0.69) revealed a bond polarization similar to the
trimethylsilylphosphonium case. Finally, triphenylphosphine
oxide provided occupation values, P (0.64) and O (1.38),
unsurprisingly denoting a polarized σ component of the bond.
The comparison of the iodophosphonium species and the
comparison set reinforces the uniqueness of the near
homogeneous polarization of the P−I bond (Figure 2). The
lower occupation number on P in the P−I bond suggests a
more positively polarized bond at P than would be expected
for a P(III) derivative as evidenced by comparison to the
trimethylsilylphosphonium case. On the other hand, the
comparison to triphenylphosphine oxide suggests that the
bond is also less polarized than a P(V) analogue. The resulting

intermediate P electron population from the P−I bond thus
leads to a homogeneous P−I bond polarization in the
iodophosphonium compounds.
It was also desirable to obtain a semi-quantitative assessment

of iodenium versus phosphonium character. This was achieved
by the development of a method originally stimulated by the
work of Djukic et al. in determining the silylicity of metal-silyl
complexes.49 In the current approach, energy decomposition
analysis (EDA)50 calculations were performed twice on the
same molecule, heterolytically splitting the electrons of the P−
I bond in both potential electronic fragments, that is, [P2+ +
I−] and [P + I+]. The former represents a P(V) phosphonium
situation, and the latter represents a P(III) iodenium.
Comparing these EDA energies gave a semi-quantitative
measure of the favorability of splitting the electrons one way
versus the other. That is, if the P and I+ analogue’s interaction
energy is smaller than the P2+ and I− analogue, then the former
is the more stable bond polarization and vice versa. As a proof
of concept, this method was applied to an ionic example where
the splitting of the electrons is well defined. In this case, LiI
was calculated as both the Li+ and I− and Li− and I+ fragments.
This gave an interaction energy of −134.78 kcal/mol for the
Li+/I− fragments and −341.76 kcal/mol for the mismatched
Li−/I+ electronic arrangement. It holds then that applying eq 1
to these calculations leads to a value greater than 0, thereby
indicating that the lower energy heterolytic splitting of
electrons on Li and I fragments is as Li+ and I−

>++ + +E E 0Int
Li I

Int
Li I (1)

Applying this same methodology to the P−I bond in the
iodophosphoniums provides the means to independently
assess which heterolytic splitting of the P−I electrons is
most favorable and by extension whether the compound has
more iodenium or phosphonium character. Triphenylphos-
phonium iodide, for example, favored the Ph3P/I+ interaction
with the di"erence between the interactions ( , eq 2) being
69.5 kcal/mol. In more electron-deficient iodophosphonium
species, increased, suggesting a stronger preference for the
R3P/I+ interaction, that is, more iodenium character. More
electron-rich iodophosphonium species decreased , and for
the most electron-rich species, dropped below 0, implying an
inversion in favorability, now toward the R3P2+/I− formulation.
This inversion with only subtle changes in PR3 is a
consequence of the near homopolar nature of the P−I bond.
This tunability is notable not only in the fact that it exists, but

Figure 1. QUAO occupation, the electron occupation on either P or I QUAO calculated for the P−I bond, as a function of Hammett constant.
QUAO calculations performed at the HF/Sapporo-TZP/IOTC level of theory.

Figure 2. Electron occupation of QUAOs across the N−I bond in N-
iodosuccinimide, the P−I bond in iodo(triphenyl)phosphonium, the
Si−P bond in trimethylsilyl(triphenyl)phosphonium, and the P−O in
triphenylphosphine oxide. QUAO calculations performed at the HF/
Sapporo-TZP/IOTC level of theory.
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also in that it was strong enough to invert the P−I polarization.
This is not to say that iodenium could not be abstracted from
any of the calculated species; rather, simply captures the bias
of the ambi-valent P−I bond (Figure 3)

=
>
<

+ + ++E E

0 (more iodenium character)

0 (more phosphonium character)

Int
P I

Int
P2 I

(2)

The lowest unoccupied molecular orbital (LUMO) of these
compounds is important to our discussion of the bonding
between P and I. The LUMO was isolated as part of the
valence virtual orbital localization method developed in the
GAMESS software package.51 Unsurprisingly, this revealed the
LUMO to be σ* P−I, which has increased character on I with
electron-deficient phosphines and increased character on P for
more electron-rich phosphines. However, in all cases, σ* P−I
has considerable antibonding character at both P and I. As
shown in Figure 4, the spatial orientation provides a kinetic
pathway for adding a nucleophile to either I or P, thus

providing the means to experimentally express the ambi-valent
character of the P−I bond (Figure 4).
Finally, the relative thermodynamic stability of these species

was examined by calculating the equilibrium constants for the
substitution reaction between an iodophosphonium species
and a di"erent phosphine. Whereas previous calculations were
performed on the cationic species in the gas phase, the
following calculations were performed on species with a BF4−

counterion in addition to optimizing using the solvation model
based on density (SMD) using the parameters for dichloro-
methane.53 All other computational details are the same for
geometry optimizations of the cationic species. The Gibbs free
energies were computed and used to calculate equilibrium
constants for various phosphine substitutions (Table 2).

Unsurprisingly, iodophosphoniums with electron-rich phos-
phines were thermodynamically preferred to electron-poor
phosphines, a reasonable consequence of stabilizing a cationic
species (e.g., Scheme 3). More interesting, however, were the
large steric e"ects which hindered the P−I bond and
undermined a purely electronic thermodynamic stability
trend. For example, (o-iPrPh)3P was less favorable than even
the extremely electron-deficient tris(pentafluorophenyl)-

Figure 3. Hammett plot of (defined in eq 2) depicting a preference for the EDA splitting electrons into either R3P/I+ or R3P2+/I− fragments.
Calculations were performed at the MP2/def2-tzvp level of theory.

Figure 4. LUMO of Ph3P−I+ rendered in MacMolPlt52 with a
contour value of 0.08, with preferential binding of hard/soft
nucleophiles annotated. LUMO calculation was performed at the
HF/Sapporo-TZP/IOTC level of theory.

Table 2. Calculated Equilibrium Constants for Substitution
of Triphenylphosphine for Triarylphosphine on
Iodophosphonium Tetrafluoroboratea

PAr3(Ar = C6H4X) Keq

4-CN 2.63 × 10−7

4-CHO 1.35 × 10−6

4-Cl 1.35 × 10−2

4-CF3 2.94 × 10−7

4-F 1.07
4-Me 5.46 × 101

4-OCH3 1.31 × 105

4-OH 2.96 × 103

4-NH2 2.40 × 106

4-NMe2 2.42 × 107

2-Me 2.18 × 106

2-iPr 6.33 × 1012
aEquilibrium constants calculated at the m06-2x/def2-tzvp/SMD-
(DCM) level of theory.
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phosphine. Unfortunately, e"orts to benchmark these calcu-
lations experimentally were hampered by the formation of
mixtures of P−I−P+, P′−I−P+, and P′−I−P′+ complexes.
The electronically flexible nature of the P−I bond led to

questions about the thermodynamics of competing reactions at
P versus I, especially with the LUMO σ* P−I having character
similarly split between I and P facilitating reactivity at either
position (Figure 4). We hypothesized that the bifurcative
reactivity of P versus I would be influenced by hard−soft
considerations, with P preferentially reacting with harder Lewis
bases while I would prefer softer Lewis bases. This is born out
experimentally on reaction of iodophosphonium with
nucleophiles. Soft Lewis bases such as I− preferentially bind
at iodenium (to generate R3P−I−I),30 whereas in the
iodination of alcohols, the reaction proceeds through a step
where the alcohol adds to P.28 Calculations were employed to
get a quantitative assessment of the thermodynamics of this
phenomenon. Halides (F−, Cl−, Br−, and I−) were used as
nucleophiles to span the range from hard (F−) to soft (I−) and
calculated as bonding in a linear manner to either I or P in the
iodophosphonium complexes. While P binding may be
expected to be slightly disfavored due to the greater steric
hindrance around P relative to I, it was nevertheless found that

binding to P was thermodynamically preferred for all
nucleophiles but iodide. Comparison of the relative energies
of the isomers revealed the hypothesized trend (Scheme 4).

When fluoride was bound to iodine (I) versus phosphine (P),
a 33.3 kcal/mol preference for P−F bond formation was
observed. For iodine, a 1.6 kcal/mol preference for I over P
was observed. The inversion in thermodynamic I versus P
preference with the hard/soft nature of the halide reinforces
the ambi-valent nature of the iodophosphonium species.
Anecdotally, these iodophosphonium species are particularly
susceptible to reaction with water and alcohols. However, the
iodine also reacts readily as an iodenium source with softer
nucleophiles such as iodide as evidenced in the spoke structure
of the iodophosphonium iodide compounds.

■ CONCLUSIONS
Iodophosphonium compounds have been found to have an
ambi-valent P−I bond. Classic methods of qualitative analysis
struggled to adequately define the nature of this bond and
predict its observed reactivity. Multiple computational method-
ologies were employed to reveal a P−I bond that was nearly
homopolar in nature. This bond was found to most typically
transfer electron density from I to P in variable quantities
depending on the P-substituents. Ultimately, the insights
provided by the ensemble of methods discussed herein led to
the hypothesis, subsequently confirmed by calculation, that the
thermodynamics of bond forming around iodophosphonium
compounds would be subject to hard−soft considerations, with
harder nucleophiles reacting at P and softer at I. This provides
insight into the degree to which the polarity of the bond can be
tuned using modest secondary structural changes.
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