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ABSTRACT: The role of halogen bonding (XB) in chemical catalysis has largely involved using XB donors as Lewis acid activators to modulate 
the reactivity of partner Lewis bases. We explore a more uncommon scenario, where a Lewis base modulates reactivity via a spectator halogen 
bond interaction. Our computational studies reveal that spectator halogen bonds may play an important role in modulating the rate of SN2 
reactions. Most notably, π acceptors such as PF3 significantly decrease the barrier to substitution by decreasing electron density in the very 
electron rich transition state. Such π-backbonding represents an example of a heretofor unexplored situation in halogen bonding: the combina-
tion of both σ-donation and π-backdonation in this “non-covalent” interaction. The broader implications of this observation are discussed.     

Introduction 

Applications of halogen bonding and other forms of secondary inter-
actions1 have increased dramatically in the last decade.2 The reversi-
ble, yet highly directional, halogen bond (XB) has been used suc-
cessfully in crystal engineering,3–5 supramolecular chemistry,6,7 se-
lective binding and sensing8–11, and medicinal chemistry.12 More re-
cently, they have been applied towards chemical catalysis.13–15 Many 
examples of XB activation for chemical processes have focused on 
developing highly electron-deficient XB donors[A] (the electron ac-
ceptor, i.e. the Lewis acid A-X, Figure 1) that modulate the reactivity 
of XB acceptors (the electron donor, i.e., the Lewis base D). In such 
cases, the catalyst acts as a classical Lewis acid catalyst. Examples of 
Lewis base catalysis where an A-X moiety acts as the target for acti-
vation are rare. To our knowledge, literature examples are limited to 
stoichiometric activation, such as those demonstrated in perfluoro-
alkylation reactions.13,16,17  

XBs have typically been described to involve a σ-type electrostatic 
interaction due to the presence of a zone of electron deficiency at the 
apex of a terminal halogen atom, termed the σ-hole. The region of 
positive electrostatic potential leads to an attractive force between 
the halogen and electron-rich molecules, i.e. good Lewis bases. 
However, the exact nature of such XB interactions has led to signifi-
cant debate in the literature. Valence electronic absorption and X-
ray absorption spectroscopy have been interpreted within the con-
text of molecular orbital (MO) representations of bonding and, 
within this framework, reveal strong covalent contributions in many 

Figure 1. Simplified view of different modes of activation in XB-assisted 
catalysis. On the left, we depict electrophilic modulation (the most 
common motif in the literature), where the acceptor (A-X) is the 
catalyst, which modulates  the reactivity of the donor (D). The opposite 
strategy involves using a catalytic donor (D) to modulate the reactivity 
of the acceptor (A-X).[A]  

halogen bonds.18–21 For this reason, we have argued that XBs are 
more analogous to coordination bonds than to the typically-used 
analogy to hydrogen bonds.22 It has been argued that covalency (or 
charge transfer) models relying on MO descriptions are indistin-
guishable from charge polarization phenomena, and thus focusing 
on such aspects of chemical bonding are counterproductive.23–27 
Practically, quantifying charge redistribution has been shown to be a 
powerful approach for the interpretation of chemical phenomena,28–

30 and that describing XB interactions using charge transfer/cova-
lency – especially within the context of chemical reactivity– is both 
appropriate and useful.31 One major benefit of the MO formalism is 



2 

 

the convenience and power of differentiating between different 
types of donor/acceptor interactions, i.e., separating σ/π/δ-type 
bonding contributions. Notably, π-type bonding in XB interactions 
was recently observed both computationally32,33, [B] and experimen-
tally.33 This discovery implies that XB interactions may be quite 
complex and could be tunable to achieve specific objectives. 

Systems which display nucleophilic modulation of the reactivity of a 
moiety A-X via halogen bonding (Figure 1) are quite rare, which in-
itially perplexed us until we observed that XB formation should in-
hibit A-X bond cleavage via stabilization of the reactants (vide infra). 
Dampening of the reactivity of the A-X moiety allows for the possi-
bility of using the A-X to modulate other aspects of A. We employ 
density functional theory (DFT) calculations to explore one such 
case: the symmetric nucleophilic self-exchange of geminal diiodo-
methanes (I- + R2CI2 ⇌ R2CI2 + I-). We find that XB interactions in-
variably deactivates that iodo group towards substitution, thus po-
tentially allowing for an indirect catalytic influence of XB on another 
group.  

We chose to explore symmetric self-exchange SN2 reactions to sim-
plify the overall process (Scheme 1). Geminal diiodomethanes allow 
for one spectator iodine to be involved in XB throughout the reac-
tion and one reactive iodine. Using a range of substituents with dif-
fering electronic properties (R1/R2 = H, CH3, CN, @Cy[C]) helps us 
establish general trends in behaviour across a wide range of potential 
substrates.  

These studies have uncovered the importance of π-backbonding as 
a mechanism for catalyzing substitution by decreasing Pauli repul-
sion in the transition state. We observe that prototypical σ-donor 
Lewis bases such as amines both directly and indirectly inhibit SN2 
reactivity, yet a σ-donor + π-acceptor such as PF3 can significantly 
lower the activation barrier for substitution. The mechanism of acti-

vation relies on a substantial decrease in Pauli repulsion in the tran-
sition state.34,35 Charge decomposition analysis confirms the critical 
role of XB π-backbonding in lowering the activation barrier and en-
hancing reaction rates. 

Results and Discussion 

Symmetric self-exchange SN2 reactions often have a double well re-
action profile, which includes both the formation of the encounter 
complex and substitution itself (Scheme 1). Energies for species in 
the ground state (GS), encounter complex (EC), and at the transi-
tion state (TS) were calculated. As expected, the enthalpy of stabili-
zation due to halogen bonding (Δ𝐻𝐻XBo ) is typically negative due to a 
favourable donor-acceptor interaction, whereas Δ𝐺𝐺XBo  is positive 
due to entropy.6 We focus our attention on enthalpic contributions 
in this analysis due to our interest in the role of electronic contribu-
tions to the observed processes. With regards to the activation barri-
ers, we find that Gibbs free energy results (ΔΔ𝐺𝐺‡ ) yield similar 
trends to ΔΔ𝐻𝐻‡ as shown in Figure S1.  

  We define the reaction barrier from separated reactants to the tran-
sition state (see Figure 1).36 This simplifies our analysis and allows 
us to avoid some of the specific complexities related to the encounter 
complex itself.37 The effect of halogen bonding in the ground state is 
particular easy to quantify and thus provides a convenient reference 
point. The effect of spectator XB interactions on the reaction barrier 
are defined as the difference between the enthalpy of activation in 
the presence of XB (Δ𝐻𝐻XB

‡ ) and the enthalpy of activation without 
XB (Δ𝐻𝐻ref

‡ ) such that ΔΔ𝐻𝐻‡ =  Δ𝐻𝐻XB
‡ −  Δ𝐻𝐻ref

‡ . ΔΔ𝐻𝐻‡ may also be 
expressed as the difference between the XB stabilization of the GS 
( Δ𝐻𝐻XBo [GS] ) and that of the TS ( Δ𝐻𝐻XBo [TS] ), i.e., ΔΔ𝐻𝐻‡ =
 Δ𝐻𝐻XBo [TS]  −  Δ𝐻𝐻XBo [GS] , which allows us to consider three re-
gimes depending on the value of ΔΔ𝐻𝐻‡: 

 

 

Scheme 1. Thermodynamic scheme for the symmetric self-exchange SN2 reaction in the absence (top) and presence (bottom) of XB 
donor-acceptor interactions. Energies calculated include both enthalpies (E = H) and free energies (E = G).  A series of different 
substitution patterns (R1, R2) were chosen to take account of other possible electronic contributions (Note 2 for details). Four 
different donors were used in this study: NH3, CO, PF3, and PH3. 
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(A) ΔΔ𝐻𝐻‡ > 0, i.e. |Δ𝐻𝐻XBo [TS]| > |Δ𝐻𝐻XBo [GS]|  
(B) ΔΔ𝐻𝐻‡ ≈ 0, i.e.  |Δ𝐻𝐻XBo [TS]| ≈ |Δ𝐻𝐻XBo [GS]| 

(C) ΔΔ𝐻𝐻‡ > 0, i.e.  |Δ𝐻𝐻XBo [TS]| < |Δ𝐻𝐻XBo [GS]| 

 

Importantly, the XB interaction to a particular C-I bond deactivates 
that halogen for substitution.  Although the C-I bond is weakened 
through halogen bonding, the important effect is stabilization of the 
ground state and loss of the XB interaction in the transition state 
across a wide range of donors (See Section 5 of the SI). However, if 
substitution of the other iodine occurs, the effect of halogen bonding  
differs markedly depending on the nature of the donor.   

Figure 2 illustrates the influence of secondary XB interactions on 
ΔΔ𝐻𝐻‡  as plots of Δ𝐻𝐻XB

‡  vs. Δ𝐻𝐻ref
‡ . The dashed line corresponds to 

the situation where  Δ𝐻𝐻XB
‡ = Δ𝐻𝐻ref

‡ ; data above that line represent 
ΔΔ𝐻𝐻‡ > 0 and those below the line ΔΔ𝐻𝐻‡ < 0. With carbon mon-
oxide as the donor, we observe essentially no effect whatsoever on 
the predicted barrier for substitution; the entire series of geminal di-
iodomethanes fall along the reference line such that ΔΔ𝐻𝐻‡ ≈ 0. For 
a stronger donor, such as NH3, the data fall in the regime where 
ΔΔ𝐻𝐻‡ > 0, and thus the XB interaction has a deleterious influence 
on the kinetics of substitution.[D] These data are similar to what is 
observed for primary halogen bonds: reaction rates are substantively 
decreased due to reactant stabilization. By contrast, PF3 has the op-
posite effect (ΔΔ𝐻𝐻‡ < 0) and is predicted to accelerate substitution. 
The effect is quite pronounced with an average stabilization of ~10 
kJ/mol), and is also observed using ΔΔ𝐺𝐺‡ (see Figure S1). PF3 has 
very little effect via a primary XB interaction. The dramatically dif-
ferent behaviour of NH3 and PF3 donors in their influence on the 
substitution reaction required further scrutiny.  

Below, we evaluate differences in both the ground state and transi-
tion state halogen bonding in each of these cases to identify the 
origin of this effect.  

XB in the ground state. We employed the natural bond orbital 
(NBO) formalism to evaluate contributions to the XB interactions. 
Correlation plots between ground state thermodynamic data and σ -
type halogen bonding contributions (via 2nd order perturbation anal-
ysis of the 𝐷𝐷lone pair → 𝜎𝜎C−I[XB]

∗  interaction[E]; 𝐸𝐸(2)[𝜎𝜎∗]) are shown 
in Figure S2 (top). For both CO and NH3, a good correlation is ob-
tained between the strength of σ donation and the overall stabiliza-
tion obtained via halogen bonding (Δ𝐻𝐻XBo [GS]). For PF3 we find 
that while the electron donor forms an adduct with the diiodome-
thane, the XB interaction is very weak. The calculated P-I bond dis-
tances are very close to the sum of their Van der Waals radii, thus PF3  
is acting as a very poor donor in the ground state.6  

XB in the transition state. Correlation plots for the transition states 
(Figure S2, bottom) differ from the ground state behaviour. In all 
cases, Δ𝐻𝐻XBo [TS] < 0. Correlations are observed with 𝐸𝐸(2)[𝜎𝜎∗] for 
CO and NH3, yet PF3 shows no correlation with 𝐸𝐸(2)[𝜎𝜎∗]  even 
though thermodynamic stabilization from halogen bonding is now 
significant (~10 kJ/mol). The XB interaction for PF3 is thus domi-
nated by some other factor and cannot be fully explained via 𝜎𝜎 -type 
bonding.  

 

Figure 2. Δ𝐻𝐻XB
‡  vs. Δ𝐻𝐻ref

‡  with PF3 (orange), CO (red), and NH3 
(blue) as the electron donor. The purple dashed line serves as a 

reference for Δ𝐻𝐻XB
‡ =  Δ𝐻𝐻ref

‡ . Data above the line implies Δ𝐻𝐻XB
‡ >

 Δ𝐻𝐻ref
‡  such that ΔΔ𝐻𝐻‡ > 0, and data below the line implies Δ𝐻𝐻XB

‡ <

 Δ𝐻𝐻ref
‡  such that ΔΔ𝐻𝐻‡ < 0, with the vertical distance from each data 

point to the purple dashed line representing the absolute value of ΔΔ𝐻𝐻‡. 
The sets of substituents are in the form (R1, R2). Half-filled squares for 
CO indicate the presence of additional (small) imaginary frequencies in 
the TS, and for NH3 a small imaginary frequency in the ground state (see 
Tables S6 and S9).  (H, CH3) and (@Cy) not plotted for NH3 as no XB 

is present in the TS for those cases. See Figure S1 for Δ𝐺𝐺‡. 

The influence of these different XB interactions extends to the ge-
ometries of the calculated TS structures. Whereas only minor 
changes are observed for CO as a donor, the effects are both pro-
nounced and divergent when comparing NH3 and PF3. The amine 
donor leads to an overall expansion of the TS, i.e., the bond distances 
between the electrophilic carbon and the terminal iodides are more 
elongated in the presence of the spectator halogen bond (Figure 
S2b). Conversely, the presence of the phosphine leads to contrac-
tion of the TS, i.e., these same bonds are shorter when the donor is 
PF3 (see Figure S2a). This effect correlates with calculated changes 
in charge distribution within the TS structure. As expected, the 
amine donor increases electron density at the acceptor via 
𝐷𝐷→ 𝜎𝜎C−I[XB]

∗  donation, leading to increased Pauli repulsion in the 
acceptor. However, the opposite effect is seen with PF3 which causes 
charge depletion in the acceptor, which decreases Pauli repulsion.   

Natural population analysis (NPA)38 in the presence/absence of XB 
interactions (see SI Section 1) allows us to evaluate charge redistri-
bution in the transition state as a result of halogen bonding. These 
effects are summarized in Scheme 2. For NH3, halogen bonding re-
sults is in significant transfer of charge from the donor to the terminal 
iodines. For CO, there is a balanced effect where we find very little 
net change in NPA charges. In the case of PF3, we observe a decrease 
in electron density at the two terminal iodides, with a concomitant 
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increase in the perpendicular “C-I···PF3” fragment. In all cases, the 
effect of other substituents is minor. These results are generally con-
sistent with the known behaviour of PF3 in transition metal chemis-
try, where it is known as an effective π-acceptor ligand.39  

Scheme 2. Schematic representation of charge flow in each of 
the transition state structures. 

 
The canonical molecular orbitals in the XB-assisted transition state 
support the interpretation that π-backbonding plays an important 
role in stabilizing the transition state. It has previously been noted  
that three-centre four-electron interaction that defines the SN2 tran-
sition state are of appropriate symmetry to be affected via π-type in-
teractions.40 Inherently, the second iodo substituent is expected to 
destabilize the transition state via Pauli repulsion from its filled 5p 
valence orbitals. However, binding to the π-acidic phosphine in the 
appropriate orientation provides a pathway to funnel excess electron 
density away from the I-C-I core, decrease repulsion, and stabilize 
the transition state via a π-type pathway. 

The delocalization can be observed in certain filled molecular orbit-
als that allow for electron redistribution via π-type interactions. 
Three of these result in direct electron redistribution from the termi-
nal iodo substituents to PF3 (I, II, IV in Figure 3). A second pathway 
is available perpendicular to the CI3 plane (III in Figure 3). Each of 
these orbitals is stabilized due to the presence of the XB interactions 
far more greatly than other orbitals, which are more indirectly influ-
enced  by the addition of PF3 (Figures S17 – S23). These influences 
are the largest contributions to a global shift in the frontier total den-
sity of states of the TS depending on the donor (TDOS, Figure 3b 
and S25): the amine donor destabilizes the frontier orbitals through 
charge donation into an already electron rich system, whereas the 
phosphine donor lowers the TDOS envelope through the π-type 
pathways described previously. 

Charge decomposition analysis (CDA)41,42 of the contributing path-
ways provides additional support for the charge flow model outlined 
in Scheme 2. The contributions from all π-type orbitals identified 
previously can be broken down as the sum of π-donor (PF3→TS, 
Σ𝜌𝜌π

𝐷𝐷, +ve values) and π-acceptor (PF3←TS, Σ𝜌𝜌π
𝐴𝐴, -ve values) contri-

butions. The data confirm that the influence of PF3 in the transition 

state is strongly affected by π-backbonding, with the greatest contri-
butions being made via direct overlap between the in-plane π-type 
acceptor orbital of the phosphine with filled non-bonding orbitals on 
the terminal iodo groups mediated by spectator iodo group (Table 
S19). We also observe a good correlation between the calculated π-
backbonding and transition state stabilization across the series (Fig-
ure 3c).  Overall, CDA confirms that the phosphine participates both 
via σ-donation and π-backdonation in a manner similar to that which 
is observed in transition metal complexes28 and suggests that one 
may use knowledge from ligand properties in TM chemistry as a 
guide for defining the influence of these species in halogen-bonded 
systems. A more complete analysis of both NPA and CDA results are 
provided in Sections 1 – 4 of the SI. 

Table 1. CDA results quantifying charge donation from PF3 to 
the diiodomethane substrate in the transition state via σ and π 
pathways (Σ𝝆𝝆𝛔𝛔

𝑫𝑫 & Σ𝝆𝝆𝛑𝛑
𝑫𝑫) as well as for π -backdonation (Σ𝝆𝝆𝛑𝛑

𝑨𝑨). 
Values are listed in me- =10-3e- and rounded to the nearest 
0.1me-. Expanded versions can be found in Section 4.5 of the SI.  

(R1, R2) Σ𝜌𝜌σ𝐷𝐷  Σ𝜌𝜌π𝐷𝐷  Σ𝜌𝜌π𝐴𝐴 

CN, CN + 27.0 + 0.1 − 10.4 

H, H + 13.4 < + 0.1 − 9.4 

H, CN + 18.3 < + 0.1 − 9.4 

CN, CH3 + 11.9 < + 0.1 −9.5 

H, CH3 + 18.3 < + 0.1 − 8.6 

CH3, CH3 + 19.3 < + 0.1 − 7.0 

@Cy + 18.3 < + 0.1 − 6.2 

To further probe the importance of π-backbonding in the XB inter-
action with phosphines, we evaluated the effect of using PH3, with 
very poor π-acceptor characteristics compared to PF3.39 In all cases 
but one, XB interactions in the TS could not be identified.[F] 

This systematic study clearly demonstrates that very different behav-
iour can be obtained depending on the electronic nature of the do-
nor used to modulate the substitution reaction. The typically domi-
nant σ-donor properties of a modulator will increase the barrier to 
substitution by destabilizing the transition state via increased Pauli 
repulsion. However, good π-acceptor character can overcome this 
issue and lower the barrier by stabilizing the transition state. Alt-
hough σ-donor contributions may be stronger overall, π-acceptor 
character is more efficient in the situation described herein, as it pro-
vides a pathway for direct charge redistribution from the very elec-
tron rich terminal iodides.   Importantly, the inherent ability of halo-
gen bonds to support both σ- and π-type interactions opens the door   
towards more complex interactions that can be exploited in catalysis.
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Figure 3. a) MO diagram (using (R1, R2) = (H, H) as a representative example) illustrating the decrease in energies of the π-type MOs on the 
diiodomethane upon complexation with PF3. The four π-type MOs involved in π-backbonding are shown beside their respective energy levels (the 
second one from the bottom is orthogonal to the other three).  See Figures S17 – S23 for the entire set of substituents and a comparison with NH3 as 
the donor. b) Gaussian-broadened TDOS around the highest occupied MO (HOMO) for the (R1, R2) = (H, H) with no XB (dashed line), PF3 as the 
electron donor (orange line), and NH3 as the electron donor (blue line). See Figure S25 for all substituents. c) A plot of Δ𝐻𝐻XBo [TS] vs. ∆𝜌𝜌π𝐴𝐴 illustrates 
that π-backdonation contributes to the overall XB stabilization in the TS. 

  

Conclusions 

This systematic study of a prototypical SN2 reaction illustrates the 
potential role of specific orbital interactions in influencing reactivity 
via halogen bonds. The combined effect of σ-donation and π-back-
donation by PF3 has a pronounced effect on the predicted rates of 
substitution through stabilization of the transition state. The π-back-
bonding is observed to be more efficient in influencing the stability 
of the transition state via decreased Pauli repulsion. These observa-
tions suggest that explicit consideration of both σ- and π-contribu-
tions may be more generally required when evaluating the influence 
of halogen bonding. This strengthens our contention that halogen 
bonds should be considered in a manner akin to transition metal co-
ordination bonds,22,33 with electronic interactions of different sym-
metry playing different roles depending on the inherent electronic 
nature of the donor/acceptor pair. We demonstrate one example 
where this behaviour can be used to modulate reactivity and suggest 
that rational design of halogen bonding catalysts – with appropriate 
inclusion of π contributions – should be explored. 

Computational Methods 

Geometry optimization and thermochemistry: All calculations were 
performed using the Gaussian 09 software (G09)43 with molecules 
built in WebMO.44 The M06-2X functional45 was used for all calcu-
lations owing to its excellent performance on describing thermo-
chemical kinetics and intermolecular interactions,45,46 and the aug-
cc-pVDZ-PP basis set (parameters obtained from the ESML basis 
set exchange47,48) was used for iodine and jun-cc-pVDZ49 for all 
other elements. All calculations were performed in the gas phase, at 
298.15 K, and 1 atm using an ultrafine integration grid (99 radial 
shells, 590 angular points).  
Ground state structures were optimized to a minimum from a start-
ing distance of ~3 Å between the donor and acceptor atoms and an 
initial XB angle of ~180 degrees, then followed by frequency calcu-
lations for the thermochemical data (calculated from the electronic 
energies (Section 4 of SI) according to ref. 50) and to verify the ab-
sence of imaginary frequencies. 

Transition state calculations were first performed without XB, with 
an initial search for the transition state via a relaxed potential energy 
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surface scan along the reaction coordinate (distance between the in-
coming iodide and the electrophilic carbon), then optimized with 
the Berny algorithm.51–55 The QST2 algorithm56 was used when the 
Berny algorithm fails to produce an accurate transition state struc-
ture. Frequency calculations are then carried out for the thermo-
chemical data and to verify the presence of exactly one imaginary fre-
quency with the vibrational mode corresponding to substitution of 
LG by Nu along the reaction coordinate. Transition state structures 
with XB were optimized from an initial configuration consisting of 
the optimized TS of the geminal iodide and the electron donor 
placed at a distance of ~ 3 Å between the donor and acceptor atoms 
and an initial XB angle of ~180 degrees, followed by the same proce-
dure for optimizing the TS without XB.  

Generalizing the XB stabilization energies in the GS and TS to being 
any thermodynamic quantity 𝐸𝐸  (for this study 𝐸𝐸 = 𝐻𝐻  or 𝐸𝐸 = 𝐺𝐺), 
the XB stabilization (Δ𝐸𝐸XB) is calculated as follows: 

Δ𝐸𝐸XB = 𝐸𝐸complex − (𝐸𝐸diiodomethane + 𝐸𝐸electron donor) 
where 𝐸𝐸diiodomethane and 𝐸𝐸electron donor refer to the corresponding 
isolated species. Because of the nature of the square scheme involved 
in this study (Scheme 1), it follows from conservation of energy that  

ΔΔ𝐸𝐸‡ =  Δ𝐸𝐸XB
‡ −  Δ𝐸𝐸ref

‡ =  Δ𝐸𝐸XB[TS] −  Δ𝐸𝐸XB[GS] 

(𝐸𝐸electron donor cancels out in the derivation). 

 

Single point calculations, MO analysis, TDOS, CDA, and 
NBO/NPA: Single point calculations were performed using G09 
with both M06-2X/jun-cc-pVDZ (aug-cc-pVDZ-PP for iodine) and 
M06-2X/def2-TZVP. The results of MO analysis from the def2-
TZVP and jun/aug-cc-pVDZ basis sets were qualitatively similar for 
the entire series of diiodomethanes, so the former was used for NBO 
calculations and density of states. For MO plotting (diagrams/fig-
ures) and CDA, M06-2X/def2-TZVP was used.  

NBO and NPA calculations were carried out with the NBO package 
built into G09. MO energy diagrams, CDA, and Gaussian-broad-
ened density of states (calculated via the Hirshfield method) were 
obtained using Multiwfn.57 MO cube files (~512 000 grid points) 
were generated using Multiwfn, rendered using the Visual Molecular 
Dynamics software, 58 and traced with POV-Ray 3.6.59  

ASSOCIATED CONTENT  
Supporting Information is available free of charge at 
http://pubs.acs.org/[doi info].  

AUTHOR INFORMATION 

Corresponding Author 
pierre.kennepohl@ucalgary.ca 

Present Addresses 
† Department of Chemistry, University of Toronto, 80 St. George 
Street, Toronto, Ontario, Canada 

Author Contributions 
The manuscript was written through contributions of all authors. / All 
authors have given approval to the final version of the manuscript. / 

‡These authors contributed equally. (match statement to author 
names with a symbol) 

Funding Sources 
Any funds used to support the research of the manuscript should be 

placed here (per journal style). 

 
 

Notes 
A. There is some potential for confusion due to the formal definition of 
halogen bonds where the XB donor is formally the Lewis acid (electron 
acceptor), and the XB acceptor is the Lewis acid (electron donor). We prefer 
to align our nomenclature with that used in transition metal chemistry where 
donor/acceptor character refers to electron density. 

B. There are also reports of σ-type XB interactions between a π electron 
cloud with electron-deficient halogens called “halogen-π interactions” but 
these are very different from π-type contributions a halogen bonds. 

C. We adopt the shorthand (R1, R2) in the text to describe the substituents 
on each diiodomethane. R1 and R2 involve all combinations of H, CH3, and 
CN, and @Cy refers to a cyclohexane ring, taking up the positions of R1 
and R2, with the electrophilic carbon as part of the ring. 

D. For NH3 with the sets of substituents (H, CH3) and (@Cy), we were un-
able to obtain a TS structure with XB. 

E. I[XB] refers to the iodine directly involved in XB. 

F. For all substituents in the series except (@Cy), where Δ𝐻𝐻XBo [TS] ≈ -4 
kJ/mol, there was either no XB or convergence could not be achieved.  
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