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Bl IO 025 vty Hypervalent iodine compounds, in particular A3-iodanes, have become important reagents in or-

ganic synthesis for the electrophilic transfer of substituents to arenes and other nucleophiles. The
structure and reactivity of these compounds are usually described based on a 3-center-4-electron
bond model , involving the iodine central atom and its two frans substituents.

The goal of this computational study is to explore Fermi correlation in view of a more advanced
description of bonding in these compounds. For that matter, we apply the analysis of Domain Av-
eraged Fermi Holes (DAFH). The DAFH analysis revealsa relationship between the occurrence of
multicenter bonding and structural parameters which cannot easily be observed based on simple
MO theory. Whereas for A3-iodanes carrying electron-rich ligands pairing of electrons over three
centers is indeed observed, compounds with electron-withdrawing substituents fall into a different
category: the pairing of electrons is restricted to extend over two centers only, thus challenging
the multicenter bonding picture in this case. Accordingly, a drastic reduction of the DAFH 3-center
index is observed.

The establishment of the multicenter bond in A3-iodanes is driven by a pseudo Jahn-Teller (PJT)
effect, whose extent is tightly coupled to the reactivity of the corresponding compound. The
PJT stabilization scales with the degree of s-p hybridization of the central atom, which, in return,
depends on the electron-withdrawing power of the ligands in frans position. The response of the
multicenter bond to the iodine “ligand field” can be expressed quantitatively in terms of DAFH
bond indices. These show, for example, that the activation of the reacting hypervalent species by
means of protonation results in a weaker 3-center 4-electron bond, thus making the reagent more
reactive.

In this work we explain a number of experimentally known facts concerning the reactivity of these
compounds. We also show that the DAFH analysis offers a more complete understanding of
hypervalency in A3-iodanes, and that it is a tool to assist the search for novel reagents.

www.rsc.org/journalname

1 Introduction

ing proteins.? Another example are diaryliodanes, which easily

Hypervalent iodine compounds, in particular A3-iodanes, have isomerize and are used for selective functionalization of arenes

become important reagents in organic synthesis for the (1b). These and other reagents, including model compounds in

electrophilic transfer of substituents to a variety of nucle-
ophiles.! One example is the "Togni reagent" 3,3-Dimethyl-1-
(trifluoromethyl}-143,2-benziodoxol (DMTB) (1a) used for the
trifluoromethylation of a wide array of target compounds includ-
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their equilibrium and transition state (TS) geometry (Ic and d),
are the topic of the present work.

It is not until recently that these hypervalent compounds,
whose reactivity is reminiscent of organometallics, were the sub-
ject of elaborate mechanistic studies.3© The reactivity of these
reagents is governed by the electronic structure of the hyperva-
lent region with the iodine atom as central atom. The interaction
between the iodine atom and its trans substituents in a A>-iodane
is usually described in terms of a 3-center-4-electron (3c-4e) bond
model as presented by Hach, Rundle and Pimentel. 78 According
to this model, the three molecular orbitals (MOs) governing this
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c) d)

Fig. 1 a) 3,3-Dimethyl-1-(trifuoromethyl)-11.3,2-benziodoxol (DMTB), a reagent for the electrophilic transfer of the trifluoromethyl group by reductive
elimination. b) 4-Methoxyaryl-phenyl-A3-iodane (diaryliodane) are used for the functionalization of arenes by X. ¢) The model compound IH in its
T-shape equilibrium geometry and, d) the corresponding Y-shape isomerization TS. a-c) These iodanes contain a 3-center-4-electron bond, involving

the iodine atom and the two bonded atoms in trans configuration.

3cb™®

Fig. 2 a) The 3-center-4-electron bond model, and b) the 3-center canonical molecular orbitals (CMOs) of DMTB.

interaction exhibit bonding, non-bonding, and anti-bonding char-
acter in this order on the energy scale (see 2a). The two lower-
energy MOs are occupied by two electrons each, and the node at
the iodine center of the non-bonding MO is responsible for the
strongly polarized hypervalent bonds (2). The third substituent is
bound to the iodine through a classical 2-center bond. %10

This MO based model allowed to understand many structural
and electronic features of these compounds. In particular, we
were able to show why the T-shape A3-iodanes isomerize via a Y-
shape geometry, and why in chemical reactions retention of pla-
narity of the hypervalent region is beneficial in view of low reac-
tion barriers. If planar TS are not accessible, the reductive elim-
ination of the substituent (CF; or Xin 1, a and b) is challenged by
other reaction channels such as arene-coupling or radical mecha-
nisms (see Figure 3 in reference [3]).

The height of the isomerization barrier as well as the planarity
of the transition states are related to a pseudo Jahn-Teller (PJT)
effect: ® Distortion of a highly symmetric structure leads to sym-
metry induced orbital mixing between occupied and virtual or-
bitals resulting in the stabilization of the lower symmetry config-
uration. 112 As recently shown for the model compound IH,, the
in-plane distortion of the high symmetry Y-shape (D3;) geometry
towards a T-shape (C,,) structure (see I1c & d) leads to the stabi-
lization of the 3¢b™ orbital (2a) through interaction with a virtual
orbital of the same symmetry (a;).2 The out-of-plane distortion
of the Dg;, structure towards a pyramidal (Cs,) configuration, on
the other hand, comes with an energy penalty due to unfavorable
mixing of the non-bonding 3¢b™ orbital with an occupied lone
pair orbital of the iodine center (for more detail see Figures 9 & 10
in reference [3]).

Hypervalent bonding as found in A3-iodanes is observed in
molecules containing main group elements (groups 13-18) that
violate the Lewis octet rule by having more than eight electrons
in their valence shell. 1314 This phenomenon is due to the atomic
shell structure, that is, the relative disparity of the radial extent

2| Journal Name, [year], [vol.],1—11

of the valence s- and p-shells. 51 Later p-block elements exhibit
so-called “hybridization defects” and also incorporate as little s-
character in their bonding orbitals as possible. Thus, in these
elements pure p-bonding is generally favored and the resulting
hypervalent bonds are stabilized by multicenter bonding with a
shared p-orbital of the central atom. 1°

However, multicenter bonding in hypervalent compounds is
still the subject of an ongoing debate, and the different ap-
proaches often lead to contradictory views. 1%15-17 In the context
of this work, we should mention an earlier investigation of SF,
and PF; by Ponec et al., who, using an early implementation
of the methodology of Domain Averaged Fermi Holes (DAFH),
challenges the relevance of multicenter character in hyperva-
lent bonding in those systems.!®!® Dunning and co-workers
present similar arguments against multicenter bonding within
their approach for studying hypervalency in the framework of
General Valence Bond (GVB) theory.2° The “recoupled pair bond
dyad” corresponds to two very polar but equivalently localized
2-center bonds, which is in contrast to the delocalized 3c-4e
bond. Recently, Kaupp argued that the partially ionic resonance
structures in VB language are equivalent to multicenter bonding
in MO language, illustrating that the debate is not yet closed. 10

The systems presented in this study are an extended series of
iodanes, containing model systems such as [H; and IF;, as well as
diaryliodane systems, whose chemistry was previously explored
in detail.>**21-22 In these compounds, a 3c-4e bonding pattern,
as described by the canonical molecular orbitals, allowed to ex-
plain the most important structure-bonding relationships. How-
ever, for the prediction of compound-specific features of the re-
activity, the 3c-4e bond model is too general to serve as a good
descriptor. Hence, the goal of the present study is to explore the
DAFH analysis as a tool to gain more insight in the electronic
structure of A>-iodanes, and to reach a better understanding of
the reactivity of there compounds.

This journal is © The Royal Society of Chemistry [year]

Page 2 of 11



Page 3 of 11

2 Theoretical Framework of Domain Aver-
aged Fermi Holes

The electronic wave function, obtained as an (approximate)
eigenfunction of the Hamiltonian operator, contains all informa-
tion on the electronic structure of a molecule, including the cor-
related behaviour of electrons. As is well-known, by going from
classical to quantum mechanics and given a proper (approximate)
wave function, the joint probability of finding two electrons at
coordinates x; and x, differs from the product of the individ-
ual probabilities for each electron separately. It is in this de-
parture from classical behaviour that the chemical bond finds its
roots. The exchange-correlation hole matrix /™ (x;, X; x|, x5) is
a two-electron measure that reflects this non-classical behaviour,
defined here as:

(%1, %05 X0, %) = p(x1, X7)p (%2, %) —2p P (x1, 305 %), %) (1)

In equation (1), p(x;,x}) is the first order density matrix where
x; stands for the collection of both spatial and spin coordinates of
electron i (x; = r;0;) and p®(x, xy; x], x5) is the second order
density matrix. Note that /*(x;, X2; X}, x}) is an extension?? of
the more often encountered exchange-correlation hole to a matrix
formulation to allow obtaining properly defined eigenvalues and
eigenvectors. Also note that often slightly different expressions
may be found depending on the normalisation considered in the
definition of the second order density matrix p®) (x, xp; X}, X})
(here w with N the number of electrons) and depending
on the sign chosen in /" (xy, x2; X}, X5). (X1, X2; X, X5) clearly
integrates to N and captures the essence of chemical bonding
even already at the level of single determinant theory. No-
tably, an electron with given spin o; “digs a hole” around itself
where the probability of finding another electron with the same
spin is strongly reduced?*. Based on this observation, Ponec et
al. 2526 derived the so-called Domain Averaged Fermi Hole anal-
ysis where first one limits #*°(x;, x3; x|, x}) to the case where all
electronic coordinates have the same spin. This results in a spin-
less g¥(ry, rp; 1), 1h):

- / / > / /
g, mry,ry) = ) /dwl dw) 86,0, I (1101, 1202 1) 01, 1) 02)

01,02

This way, one can examine, given a specific spin and position of
one of the electrons (say r; = r), the exchange correlation hole
as a function of the position of the other electron with the same
spin (say ry = r5). g% (ry,rp; r}, r5) may be splitin an o and a
part depending on the spin involved but for simplicity and given
that all systems treated here are closed shells, we do not makes
this distinction. The second, key idea in DAFH is to condense the
functions derived from the holes g*(ry, ry; r}, r}) to some spatial
domain I' in the molecule. The resulting g§ (r»; r}) are obtained
through integration of ¢*(ry, ry;r},r}) over, say, electron 1 in
a specific domain I" in the molecule, often a single atom in the
molecule (AIM):

gs(ryrh) = /g“(rl,rz;r’l,r'z)wQ(rl)5(r1 —r})dridr; (3

This journal is © The Royal Society of Chemistry [year]
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In Eq. (3) the integration is assumed to be expressible in terms of
a 3D-domain in position space using a domain weight function wq
although equivalent expressions can be derived in Hilbert space to
yield a Mulliken?” type DAFH. 2526 Moreover, also in 3D position
space defined AIM, different results may be found?3 depending
on whether one uses e.g., QTAIM28-30 or Hirshfeld-131-34. The
latter differences are, however, fairly limited and in the remainder
we use QTAIM throughout. Eq. (3) becomes particularly simple
at the single Slater determinant level of theory, as in Hartree-
Fock theory, thanks to the Léwdin relationship between density
matrices of increasing order. 3>3¢ The same equations result from
a Kohn-Sham Density Functional Theory approach although one
should take in to account that there the Slater determinant can
not be considered to stand on the same footing as in Hartree-Fock
theory. Nevertheless, experience3” has shown that very useful
insight may be obtained from Kohn-Sham based delocalization
indices which are based on DAFH. At the single determinant level,
the following expression is found:

occ,0 oce,B

gs(rimy) = ¥ ai(r)Seoi(r)+ L ailr)sPoi () @)
1] iy

Here ¢ are the spatial parts of the spin orbitals and the integration
was performed over a domain Q that may be a single atom or a
union of atoms. We also split the sum in two parts for spin o
and spin  and sum only over the occupied orbitals with that
spin. SS’G is an element of the so-called Domain Overlap Matrix
(better known as Atomic Overlap Matrix if the domain contains
only a single atom):

55 = [0/ (riwa (r1)oy(r)dr, (®)

where AOM for spin « and 3 can be distinguished depending on
whether the {¢} are the spatial parts of o or 8 spin orbitals. The
matrix g& (r; ry) can then be expressed in diagonal form using a
unitary transformation:

occ

g8 (r2irh) =2) ¢i(r2) G o} (1)) (6)

Costales et al. emphasized the analogy to the natural orbital
deromposition of a density matrix by naming the new basis of
single-particle functions ¢ “domain natural orbitals (DNOs)”38
and the corresponding eigenvalues as “occupation numbers”. As
a matter of fact, the choice of atomic basins as domains re-
sults in chemically intuitive DNOs like “core orbitals” (Gfi2 =2),
“lone pairs” (Gfi2 ~ 2) and “broken valences” (or “bond orbitals”,
G} < 2) with the corresponding occupation numbers (e.g. 3).
Note, however, that again like in density matrices, one can in-
dependently diagonalize the a and § spin matrices of Eq. (2).
Given that in the present work we only consider closed shell sin-
glet molecules , both matrices are equal and we consider both
together.

For the DAFH analysis as applied in this work, the hypervalent
bonding region is divided into domains Q, covering the central io-
dine atom and the (ipso-) atoms directly bound to it (Q; and Qy
in 3). Based on the form and occupation numbers of the DNOs,

Journal Name, [year], [vol.], 1-11 |3
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c)

Fig. 3 lllustration of selected domain natural orbitals (DNOs) showing atomic domains Q of the model compound |H5: a) a d-orbital of the iodine
domain Q, b) a 2-center bonding (2¢b) orbital of the iodine domain Qp, which reaches into the neighboring hydrogen domain, and c) the
corresponding 2cb DNO of the hydrogen domain Q. Whereas the occupation number of the d-orbital is close to 2.0, thus belonging to the iodine
core, the 2cb orbitals show “broken valences”, i.e. an occupation number typically near 1.0.

core and lone pair orbitals can easily be identified. For the broken
valences, visualization gives an indication what bond they partic-
ipate in (2cb in 3b & c). The sum of the respective occupation
numbers will result in a value close to 2.0 for a 2-center bond. In
order for a 3-center bond to be established, the broken valences
of the central atom domain have to reach into both domains of
the trans-coordinated ligands to couple with their broken valence
counterparts (see e.g. Figure of abstract). Therefore, to determine
whether a multicenter bond is present it is sufficient to focus on
the iodine domain.

DNO’s are moreover not necessarily directed following the
bonds a Lewis picture would suggest. In order to obtain such
DNO’s, an isopycnic transformation3%40 is performed. This will
orient the DNOs to achieve the best possible electron pairing, that,
in many cases, corresponds to the Lewis picture. The transforma-
tion procedure is based on maximizing the localization sum

L:;(G%)Z;IS?AZZ; (G%k)lew (7)

The localization index L consists of the summation over all
DNOs of the sum of squared diagonal domain overlap matrix ele-
ments over all atoms A. The key behind this transformation is that
the matrix g&(r; ry) remains unchanged and retains the same
type of expression. As the eigenvalues G?k are obviously non-
degenerate in most cases, such a transformation is non-unitary
and therefore the same expression involving only diagonal el-
ements is only possible when abandoning the orthogonality of
the localized DNO’s. The localization index L; = ¥4 |S‘,§‘k|2 is a
Thus, the
maximization of the localization sum L defines DNO transfor-
mations @; = Y; X}, ¢, that increase the overlap in bonding re-
gions, and decrease it everywhere else, within the boundaries of
paired electrons. Only valence DNOs are (significantly) affected
by the transformation, as the core and some lone pair DNOs are
already (nearly) fully occupied. If the canonical bond DNOs? al-

measure of deviation from atom-centered orbitals.

fIn the present context, the term canonical refers to the standard (orthonormal)

4| Journal Name, [year], [vol.],1—11

ready show a strong orientation for inter-domain electron cou-
pling, their localized counterparts differ marginally. Hence, the
analysis of the evolution of DNOs by isopycnic transformation al-
lows to draw conclusions about the nature of multicenter bond-
ing.

In previous works by Ponec and co-workers on hypervalent
compounds 1819 extensive use was also made of so-called mul-
ticenter indices. Considering only two atoms, the bond index is
related to exchange-correlation holes like g& (r2;r}) in a straight-
forward way. Starting from Eq. (4), a second integration is per-
formed in the following way:

koo = 2/gf§(r2;r’2)wQ« (r2) 8 (1 —15) drrpdr) (8)

The factor two originates from the fact that we consider both per-
mutations of Q and €’ over r; and r,. Note also that here, in the
case of a closed shell system we imply that we consider both spins
together. The resulting index is known variably as the delocaliza-
tion index*!, shared electron density index (SEDI) 42 electron
sharing index*® among others, and essentially reflects the degree
of bonding between atoms. Especially at the Hartree-Fock (and
DFT) level of theory, the values obtained agree remarkably well
with classical bond orders. The entire theory of DAFH may be
repeated at higher orders, e.g. involving the third order density
matrix** and in the same fashion as above, bond indices may be
computed that span 3, 4, or more domains. These so-called mul-
ticenter indices have proven useful to identify important electron
delocalization over several atoms like in aromatic systems“>
hypervalent compounds 519, In the present work, a three-center
index is computed involving the iodine atoms and the two atoms
bonded in a trans arrangement. The relevant QTAIM based index
is given by:

and

_ [ecc bt s oce,f P
ko =3 91 Zk (shshsi) + Zk (shstse)|  ©
[ L,

DNOs obtained by diagonalization of domain averaged Fermi hole Eq. (4).

This journal is © The Royal Society of Chemistry [year]
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The operator Y; P generates all six possible permutations / with-
out repetition of the three atoms involved in the three-centre
bonding. I; is then the first atoms in the permutation 7 and anal-
ogously for the other two atoms such that the permutations over
three atoms A,B and C are ABC,ACB,BAC,BCA,CAB,CBA. All per-
mutations need to be considered as any bond index should be
independent of the atom labelling or sequence. Note that here
separate contributions are considered for @ and B spin to prop-
erly generalise the method to unrestricted treatments. Often, and
especially in closed shell systems, evaluation of the multicenter
indices may be done more efficiently by considering symmetries.
According to Ponec et al.#®, negative values of the 3-center bond
index indicate the presence of 3c-4e bonding. Based on an an-
alytical model, the 3-center bond index for an ideal 3c-4e bond
should equal -0.1875.4® However, in that same paper, it is found
that for FHF~ the value depends strongly on the quality of the ba-
sis set used. Moreover, a Mulliken type index was used and not all
permutations are considered. In order to link the present results
to those of Ponec et al. Mulliken values were also computed for
the reference systems considered by these authors. The relevant
indices are:

kaoar =Y, P
1 pel neh
vel vel,
ccl o€l

Here the Greek indices refer to atom centred basis functions on
the atoms in the permutation / and P?, PP and § are the charge
and bond order matrix for the @ and B spin electrons and the
overlap matrix in terms of the atom centred basis functions.

We decided to use Kohn-Sham DFT with the B3LYP functional
to include a treatment of electron correlation which at least al-
lows to make consitent qualitative conclusions. Correlated wave-
function methods, as used by a number of authors in a similar
context, 23:47:48 were not an option because of the size of the sys-
tems studied in this work. Also, truncated CI methods depend
on the single particle basis and the optimization of the basis is
non-trivial #° or require non-trivial choices of active spaces or may
even depend on the use of either relaxed or unrelaxed density ma-
trices*® such that high accuracy of the result is not automatically
guaranteed. One electron approximations could be used*’ but
again introduce approximations that may result equally strong as
those of using Kohn-Sham orbitals.

3 Computational Details

All ab initio computations presented in this work are based
on ground state geometries optimized for closed shell sin-
glet states by means of Kohn-Sham density functional the-
ory (KS-DFT), using the quantum chemical package Gaussian
09 (GO9 Rev D.01).°° The B3LYP exchange-correlation func-
tional >1=>% was employed along with the Cartesian aug-cc-pVTZ-
PP>> basis set for the model systems and the Togni reagents,
and cc-pVTZ-PP>> for the diaryliodane series. In order to avoid
problems with basis set insufficiencies, which Ponec et al. found

This journal is © The Royal Society of Chemistry [year]
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responsible for the artificial overestimation of multicenter bond-
ing, '° we incorporate sufficiently flexible basis sets. Scalar rel-
ativistic and scalar spin-orbit effects were considered for the io-
dine atom by the use of a semi-local effective core potential, the
Stuttgart-Koeln-MCDHE-RSC-28-ECP. 5¢ All energies are given as
approximate Gibbs free energies (unless otherwise noted) ob-
tained from vibrational analysis at a temperature of 298.15 K
and standard conditions. To confirm the nature of the station-
ary points, the Hessian was computed for all minima and TS ge-
ometries. QTAIM partitioning of the electron density into atomic
basins was performed with the AIMALL (Version 14.04.17) pro-
gram suite.”” The QTAIM integrations in the presence of pseu-
dopotentials were made possible by proper addition of core den-
sities in the set of natural orbitals leading to the total density. In
order to validate the precision of the atomic overlap matrices, we
checked that the sum of all matrices leads to the unit matrix with
a maximum deviation over all elements of 6.57-10~* and a root
mean square deviation of 3.24- 10~*. The program for a posteriori
analysis by the DAFH methodology was developed in house, and
is available upon request.

4 Results & Discussion

4.1 The Togni Reagents and the Effect of Brgnsted-
Activation

+
FsC—I-----OH

Fig. 4 Activated form of DMTB, protonated at the oxygen atom. The
unsymmetrical weakening of the 3-center bond is indicated by the
dashed line.

DMTB (1b)} is considered the “workhorse” among the reagents
developed by Togni et al., and is used for the transfer of a trifluo-
romethyl group to a vast array of nucleophiles. 2 DMTB is a stable
aryliodane available off-the-shelf. To access the reactive form of
DMTB, an activation process involving Brgnsted acids or transi-
tion metals is usually performed.>5-°? This activation process has
substantial impact on the nature of the 3-center-4-electron (3c-
4e) bond, which is oriented along the O—I—C axis (shaded grey
in 1a). Already at the structural level, the protonation manifests
itself by elongation of the O—I bond, suggesting a weakening of
multicenter bonding (4).4 The change in partial QTAIM charges
along the 3-center axis further indicates a substantial modifica-
tion in the electronic structure (see 1). Even though the proto-
nation occurs at the oxygen atom, surprisingly, its partial charge

I (o] C

DMTB 096 -1.12 162
pMtB-H" | 074 112  1.89

Table 1 QTAIM charges of the iodine center and the ligand ipso-atoms
of DMTB before and after protonation.

Journal Name, [year], [vol.], 1-11 |5
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canonical localized
o s P2 2cb 3cb  3cb™® s P2 2cb 3cb  3cb™®
DMTB 1.94 1.87 1.12 0.80 0.14 1.94 1.87 1.10 0.79 0.16
DMTB-HI™ 1.96 1.89 1.21 0.97 0.08 1.96 1.89 1.17 1.00 0.08

Table 2 Occupation numbers Gfl? of the valence DNQOs belonging to the iodine domain Q; of DMTB before and after protonation, with and without
isopycnic localization. QObviously, the effect of the Bransted-activation is larger than the change introduced by the localization procedure. The lowest
population is actually observed in the 3ch™ orbital in accordance with the 3c-4e bond model.

s (1.94)

3cb (0.79)

Pz (1.87)

Fig. 5 Localized domain natural orbitals (DNOs) associated with the iodine domain Q; of unprotonated DMTB: a) broken valence orbitals: 3-center
bonding (3cb), 3-center non-bonding (3cb™) and 2-center bonding (2¢b) orbital, b) s- and p,-lone pair orbitals. The occupation numbers of the DNOs

are given in parentheses.

is not affected. This is in contrast to the considerable change in
polarization of the I-CF, bond. By comparing the magnitude of
charges in 1 it is evident that the increase of charge in the car-
bon atom of CF, is compensated by the decrease of charge in the
central atom. Obviously, the displacement of the oxygen atom
from the 3-center axis influences the opposite bond, which is in-
direct evidence for delocalized bonding character as proposed in
the 3c-4e bond model.

The reactivity of the Togni reagents depends on the character-
istics of the hypervalent iodine center, which largely accounts for
the unusual chemistry observed. To follow up the introductory
arguments about the activation of these reagents, the multicenter
character is investigated by focusing on the domain of the cen-
tral atom. The results of the DAFH analysis of the Togni reagent
are listed in 2, containing the occupation numbers of the valence
DNOs of the iodine domain ;. Besides three broken valence or-
bitals, denoted as 3-center bonding (3cb), 3-center non-bonding
(3¢cb™) and 2-center bonding (2cb) DNOs, there are also two lone
pairs corresponding to the orbitals that resemble very much io-
dine s- and p;-orbitals (see 2 & 5).

The form of the canonical DNOs of the unprotonated com-
pound resembles the CMOs already presented in 2b, and, thus,
reproduces the 3c-4e bond model. However, visual inspection
of the DNOs after isopycnic transformation shows considerably
localized bond DNOs (5). While the 3cb™ orbital is polarized
strongly towards the oxygen atom after the localization proce-
dure, the 3cb DNO still reaches into both ligand domains. The

6| Journal Name, [year], [vol.],1—11

moderate delocalization along with the visible polarization of the
3-center bond orbitals into opposite directions, indicates cleavage
of the I-0O bond already in the stage of the unactivated reagent.
Protonation even amplifies this spatial separation of the 3-center
DNOs: 2 shows a rigorous decrease of the 3¢b™ occupation num-
ber, which illustrates the reduced involvement of iodine into the
I-0 bond. Therefore, the oxygen atom is effectively not partici-
pating in the multicenter bond anymore.

In the end, the DAFH analysis anticipates the response to ac-
tivation of DMTB and leads to an unambiguous picture of inde-
pendent bond DNOs in the case of DMTB-H!". Breaking the I-O
bond allows entrance and coordination of another substituent,
which is crucial for the functionalization reactions performed
with Togni reagents.

4.2 Model Systems & Pseudo Jahn-Teller Effect
For a more general understanding of 3-center bonding in A3-
iodanes in the framework of the DAFH analysis, it useful to ex-
amine model systems such as IH, and IF;. Even though elec-
tronically these two model compounds represent two extremes,
the CMOs show no fundamental difference in their bonding pat-
terns.” Nevertheless, the role of multicenter bonding appears to
be quite different based on the DAFH analysis.

In order for a 3-center bond to be established, the broken va-

+) i.e. we observe an electronic structure as shown in 2a) for both compounds

This journal is © The Royal Society of Chemistry [year]
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[}
& S3cp Srctr 2¢b 3cb  3cb? Qe Qax

1.05 1.06 0.24 1.27 1.02 canon.
1.04 1.06 0.25 1.27 1.02 local.

IH3 +0.80 -0.35 -0.10

0.53 0.49 0.09 1.67 1.57 canon.
0.49 0.31 0.31 1.67 1.57 local.

IF, +1.90 -0.66 -0.58

Table 3 QTAIM charges § and DAFH occupation numbers G5 of the iodine domain Qp and the ligand domains Qax/¢4. of the model systems, before
and after localization (denoted as canonical and localized, respectively). Note that there is only one entry for the occupation numbers of the symmetry
equivalent equatorial domains Q°¢-.

0 o @
P 28

Fig. 6 Bond DNOs of the iodine domain Q belonging to the T-shape configuration of the model systems IH5 (a) and IF5 (b), before and after
localization. The two orbitals in the grey frame of (b) take strong 2cb character.

o o ° $¢ o
2 2 5 5
P

a)

@i = > ) Xikwr 5 = k )

TP | o0 Do,

Fig. 7 Bond DNOs of the iodine domain Q; belonging to the Y-shape of IH; (a) and IF5 (b) before and after localization. The three orbitals in the gray
frame of (b) take strong 2cb character.
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lences of the iodine domain Q; have to reach into both domains
of the trans-coordinated ligands (see e.g. Figure of abstract). This
is the case for both model compounds before the localization pro-
cedure (left part of 6a & b). In comparison to IH,, the iodine
valence DNOs of IF; show remarkably low occupation numbers
because of its very polar I-F bonds. As a matter of fact, for IF,
the localization procedure appears to give a fundamentally dif-
ferent picture of the bonding pattern (3). On the other hand, a
weak response of the 3-center orbitals upon isopycnic transforma-
tion implies that the multicenter nature of the DNOs is intrinsic.
Obviously, IH, represents a perfect model for the 3c-4e bond, as
its orbitals are barely modified (see 3 and 6).

For IF; we observe that the isopycnic transformation leads to
two equivalent and perfectly localized 2-center bonding orbitals
oriented along the 3-center axis. The two bonds are very po-
lar and the corresponding occupation numbers G§? indicate to-
tal absence of coupling (0.31 + 1.67 = 1.98 electrons per broken
valence pair). At the same time, the broken valences of IH,
only add up to close to four electrons, when considering all of
the 3-center DNOs (1.06 +1.27 = 2.33 and 0.25 +1.27 = 1.52 for
the 3cb and 3cb™ pair, respectively). Thus, by separately sum-
ming up the occupation numbers of the 3cb and 3cb™ contri-
butions, we can relate the DAFH analysis directly to the 3c-4e
picture. In addition, computation of the 3-center index reveals
that for THy (kq,qe qes = —0.089) a negative value is found, in-
dicating the presence of a 3c-4e bond. Given the index of IF,
(kq,qea ee = —0.045) this indicator confirms that the 3c-4e bond
is weaker.

The index for IH; is much smaller than the ideal value postu-
lated by Ponec et al.*®. The reference values in the latter work
should be treated with care, however. First, the ideal value by
Ponec et al.*® is based on a Mulliken formulation and, second,
their work does not consider all permutations (even though for
three centers this merely scales the values). Hence, our values
can differ significantly. The basis set dependence of the Mulliken
approach, leads to a 3-center index for FHF~ being already ten-
fold smaller when computed using a larger basis set compared
to a minimal basis set%®. This basis set dependence is confirmed
in our own calculations using Eq. (10), so considering all per-
mutations does not alleviate this problem. QTAIM analysis is far
less basis set dependent and we therefor computed QTAIM based
3-center indices (see Eq. (10)) for both the allyl cation and an-
ion, used by Ponec et al.*® as references for respectively a 3c-2e
bond and 3c-4e bond. Our B3LYP/aug-cc-pVTZ calculations con-
firm that the 3-center index indeed results positive for a 3c-2e
bond and negative for a 3c-4e bond. Especially noteworthy is
the value for the allyl anion, reference for a 3c-4e bond, where
a QTAIM value of -0.112 is found. Compared to this value, TH,
would indeed exhibit a fairly strong 3c-4e bond. We therefor use
the indices of IH; and IF, as reference for respectively a strongly
and a weakly expressed 3c-4e bond in the case of hypervalent
A3-iodanes.

These observations can be connected to the PJT effect, which
is the driving force determining the geometrical arrangement of
the ligands.® The starting point of the Jahn-Teller distortion is
the D3, high symmetry configuration with the ligand atoms ar-

ranged in trigonal fashion around the iodine center resulting in
a Y-shape structure. By distortion towards a T-shape C,, configu-
ration, a symmetry induced orbital mixing is observed stabilizing
the lower symmetry geometry (see Figure 9 in reference [3]). The
total stabilization amounts to 33.80 kcal/mol in total energy for
IH;, much larger than the 11.17 kcal/mol computed for IF;. In
fact, particularly the 3cb™ orbital profits from increasing cova-
lence, which manifests itself in the reduction of s-character upon
descending towards the T-shape configuration. For IF;, the more
pronounced hybridization defect of iodine leads to less PJT stabi-
lization. At the same time, the isopycnic transformation results in
three equivalent and very polar 2-center orbitals, while in IH, the
bond DNOs are largely conserved (see 7).

In the end, IF; exhibits only a small change in the QTAIM
charges of the fluorine atoms upon distortion, as electron-
withdrawing ligands enforce localization of the iodine valence
orbitals towards their own domain for both configurations. Actu-
ally, already the low population of 0.09 electrons of the canonical
3cb™ DNO of IF, refers to less pronounced multicenter bonding
(3), and the “decoupling” of the 3-center bonds is in stark contrast
to the CMO picture.

4.3 Diaryliodane Series

In general, only A3-iodanes with at least one aromatic group
have sufficient stability to be experimentally isolated.! Hence,
the most commonly used compounds are diaryliodanes derived
from iodonium salts. 22 In this section, we investigate a represen-
tative series of 4-methoxyaryl-phenyl-iodanes (1b), some of them
already studied under a different focus in previous work. 32! The
4-methoxyaryl ligand is often used as directing group, govern-
ing the selectivity of the reductive elimination reaction.®® Here,
the goal is to establish a relationship between 3-center bonding
and the structural parameters. Therefore, the series of the iodane
compounds is such that it covers a broad spectrum of substituents
X (1b). The most important results of the DAFH analysis, as well
as the barriers of the reductive elimination and the isomerization

reactions (AG;,; and AGj, ), are listed in 4.

Concerning general trends, we start by visual inspection of
the iodine bond DNOs. For illustration, the 3cb and 3cb™ or-
bitals of two representative compounds are depicted in 8. The
response to a localization procedure of these molecules is quite
different. The shape of the bond orbitals of triphenyl iodane
(8a) keeps significant delocalized 3c-4e bond character, while in
bromo-4-methoxyaryl-phenyl-iodane the DNOs localize into sep-
arate 2-center bonds. To relate these observations to the 3c-4e
picture, we need to separately sum up the occupation numbers
Gl? of the 3cb and 3cb™ contributions (see 4). If such a “broken
valence pair” population deviates considerably from Yo G =2,
the two electron pairs are considered as coupled. This is ob-
served for almost all compounds presented. Only with strongly
electron-withdrawing substituents the two pairs are nearly decou-
pled. Still, given the negative values of ko,ox0c, all diaryliodanes
express 3c-4e bonding (last column in 4).

Closer inspection of the isomerization barriers confirms that the
most stable compounds of the series are iodanes coordinated by
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[oN Qx Qc, Qc,

X AGL,,  AGL, & 2¢cb 3cb  3cb® 8k 3cb*? & 3cb & 2¢cb | TGE, % Gglc po  Keagac,
Ph 21.16  21.35 | 0.74 1.08 099 021 | -027 136 | -026 1.34 | -026 0.97 2.33 1.57 -0.071
Ph? 21.03 21.09 | 0.74 1.08 099 021 | -026 135 | -026 1.35 | -0.26 0.97 2.34 1.56 -0.071
Me 19.39 19.96 | 0.71 107 1.02 022 | -024 122 | 026 1.36 | -0.26 1.05 2.38 1.44 -0.074
N, 1096 1526 | 081 110 094 014 | -037 127 | 029 118 | -0.28 088 2.12 1.41 -0.051

NH, 1401 1858 | 080 110 092 0.19 | -1.11 149 | 027 132 | -0.28 0.90 2.24 1.68 -0.096
OH 1563 19.10 | 089 108 086 016 | -1.17 1.65 | -0.30 129 | -0.25 0.92 2.15 1.81 -0.072
F 1690 2062 | 094 108 085 012 | -076 176 | -0.30 123 | -0.29 0.89 2.08 1.89 -0.051
PMe, 11.12 1147 | 057 107 114 022 076  1.07 | -0.25 1.33 | -0.25 0.99 2.47 1.29 -0.074
SPh 10.06 1649 | 070 109 100 0.18 | -035 1.44 | -027 120 | 027 0.92 2.21 1.61 -0.086

cl 1088 1945 | 078 111 095 0.14 | -067 1.69 | -0.29 1.17 | -0.28 087 2.13 1.83 -0.079
Br 9.52 1885 | 071 113 099 014 | -064 1.67 | 028 1.15 | -0.28 0.86 2.14 1.81 -0.088

asame as Ph but without methoxy group on the phenyl ring (= triphenyl-iodane)

Table 4 Series of 4-methoxyaryl-phenyl-iodanes: given are the reaction barriers of the isomerization AG{, |~ and the reductive elimination AG;_; ; the
AIM charges 6 and DAFH occupation numbers Gf} of the different domains after localization. The domains are labeled as follows: iodine Qg
substituent Qx, 3-center carbon ipso-atom Qc,, 2-center carbon ipso-atom Qc, (see atom labels in 1. In addition, we summed up the associated

broken valence pairs Yo G

Fig. 8 Evolution of 3cb and 3cb™ DNOs of the iodine domain for triphenyl-iodane (a) and bromo-4-methoxyaryl-phenyl-iodane (b) upon the

localization procedure.

three aryl ligands. Focusing on the asymmetric diaryliodanes (e.g.
X = N3, NH,, OH, F), a steady increase of AG}, ,, is observed (see
4), however, at a lower level of stabilization. This trend goes
along with the electron-withdrawing properties of these ligands.
In fact, by breaking the symmetry of the 3-center bond, anti-
bonding character interferes with the 3cb™ orbital, which is in
turn stabilized by the polarization of the hypervalent bonds (9).
The symmetry breaking is also reflected in the contributions of
the s and p basis functions in the relevant orbitals (see 5): only in
the case of phenyl diaryliodane a total separation of s and p, con-
tribution occurs, avoiding the mixing of 3cb™ and 3cb orbitals.

To complete our discussion, we come back to the subject of
activation of the Togni reagent DTMB. In this case, the occupa-
tion numbers of the 3cb and 3cb™ orbitals are overall smaller
than in the diaryliodane series, and the 3-center index amounts
to koy000. = —0.055 only, an indication of less stable hypervalent
bonding. Besides the reported change of polarization, the pro-
tonation results in a complete decoupling of the 3-center broken

This journal is © The Royal Society of Chemistry [year]

valence pairs and, at the same time, the value of the 3-center
index (kq,0,0. = —0.017) falls bellow the 3c-4e reference set by
IF;. In the end, the activated DMTB-H!" is ready for the cap-
ture of a nucleophile, performing the reductive elimination of the
trifluoromethyl group in a subsequent step. 2

5 Conclusions

The present work shows that A3-iodanes do express pronounced
3-center-4-electron bonds, whose strength strongly responds to
the kind of ligands bound to the iodine central atom. The sen-
sitivity on the “ligand field” makes these multicenter bonds tun-
able, which was shown to have direct impact on the reactivity of
the compound. The most dramatic example in this regard is the
effect of the activation of the Togni reagent by means of proto-
nation: the absolute value of the DAFH 3-center index is reduced
from 0.055, indicating the presence of a moderately strong multi-
center bond, to 0.017, i.e. only marginal electron coupling across
the three atomic centers. The analysis of Domain Averaged Fermi

Journal Name, [year], [vol.], 1-11 |9
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X Ph NH, OH F PMe,  SPh cl Br

AG 21.16 1401 1563 16.90 1430 10.92 10.88 9.52
pyin3cb® | 003 032 033 032 007 021 023 020
s in 3¢cb 001 022 021 024 006 020 026 027
EN 255  3.04 344 390 219 258 316 296

Table 5 Contributions of the p, and s basis functions to the 3ch™ and 3cb iodine DNOs. In addition, the isomerization reaction barrier AGS

and the

1som.

Pauling electronegativity (EN)8' of the ipso-ligand atoms X are shown for comparison.

, A ocd3— > b)

cA—CDO0

) co—Poo

x ca(O o= S e @ et c@>D>O——o=

Fig. 9 Impact of breaking the symmetrical ligand sphere in the 3ch™ (top) and 3cb (bottom) DNOs of A>-iodanes illustrated by varying the
coordination in the 3-center axis: a) two equivalent ligands b) breaking the trans symmeitry, but still having ligands of similar electronegativity ¢) two

significantly different ligands.

Holes confirms the general 3c-4e multicenter bonding picture of
the CMO model, but offers a more detailed picture: electron-rich
iodanes exhibit distinct multicenter bonding, whereas electron-
withdrawing ligands induce decoupling and localization into elec-
tron pairs. These coupling and decoupling patterns allow to re-
late the multicenter bonding picture with the reactivity of the A3-
iodanes. The 3-center index offers a quantitative measure to as-
sess the strength of the multicenter bond. Using the allyl anion as
a reference (-0.112) for a strongly expressed multicenter bond,
IH, (-0.089) and IF; (-0.045) mark the range in which covers
most of the A3-iodanes studied in this work.

The most stable and therefore least reactive hypervalent iodine
compounds show high isomerization barriers, which, in earlier
work, was directly related to the pseudo Jahn-Teller (PJT) ef-
fect. We now also show that the distortion to a low symmetry
T-shape configuration is accompanied by a significant change in
hybridization at the central iodine atom, giving rise to multicenter
bonding. The resulting stabilization is most effective in symmetri-
cally trans-coordinated and electron-rich A3-iodanes, i.e. in those
compounds in which the DAFH analysis reveals high population
of the 3-center bonding orbital along with a significant 3-center
bond index.

On the other hand, it appears that breaking the trans-
coordination symmetry increases the reactivity of the A3-iodanes
and opens the range of application for effective functionaliza-
tion reactions. The impact of inequivalent ligands on multicen-
ter bonding in diaryliodanes shows that the interference of anti-
bonding character with the 3-center bond orbitals will result in
unfavorable multicenter bonding. In this situation, the polariza-
tion of the hypervalent bonds by electron-withdrawing ligands
has a stabilizing influence, and the 3-center bond orbitals are re-
duced to 2-center bonds.

In conclusion, the application of the DAFH method lead to a
better understanding of the structure and bonding in A3-iodanes,
and will assist the search for novel reagents opening the door for
new chemistries.

10| Journal Name, [year], [vol.], 1—11
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