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The o-hole interaction of 1,3-bis(2,6-diisopropylphenyl)imidazolidine [SiPr] with

iodine-containing small molecules

by Bradley H. C. Greene

lodine-containing small molecules, such as R-CC-I and I-CC-I, can form halogen bonds,
interactions that arise from the electrostatic forces between a halogen and Lewis base.
This interaction arises from the presence of a o-hole, an area of relatively positive
electrostatic potential on the outer tip of the halogen. Halogens also have the ability to act
as both halogen bond donors and acceptors in polyhalide environments. Our interest in
N-heterocyclic carbene [NHC] chemistry led us to explore the reactivity of these strong
C-centered bases with several iodine-containing small molecules, in particular,
diiodoacetylene [ICCI] and 1- iodo-2-(trimethylsilyl)acetylene [ICC(TMS)]. We have
systematically studied the reactions between the NHC, 1,3- Bis(2,6-
diisopropylphenyl)imidazolidine [SiPr], and both the iodoalkynes and we have identified
and characterized a variety of interesting products. For instance, we isolated
SiPreICC(TMS) from the reaction with the TMS substituted acetylene. Perhaps the most
interesting species were isolated from the interaction of SiPr and ICCI in the presence of
excess iodide. [SiPr-1]IsICCIl[I-SiPr] and [SiPr-I]ls[2CCl2I[I-SiPr] are unprecedented
hybrid polyhalide species. Single crystal X-ray data have been collected for all of the
products isolated. The structural geometries have been used to investigate the halogen
bonding, and other intermolecular interactions, in these novel compounds.

April 15, 2014
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1.0 Introduction

1.1 Halogen Bonding

The role of halogen atoms in chemistry is complex and extensive. Their typical
chemical characteristics and reactivity are well-known. Maybe their most important
characteristic is their one electron deficiency, which keeps them from having a complete
octet of valance electrons. This results in their extreme reactivity, with an ability to form
salts and also to form covalent bonds.! Their stability as ions also allows them to
participate as Lewis bases in many reactions.? This is the typical view of the halogen
atom, acting as a Lewis basic or nucleophilic compound, to form a covalent bond with a

Lewis acid or an electrophile.

However, over the past 100 years, the interaction of halogens in donor-acceptor
type situations has shown that their role can be quite versatile. Halogens have been
proven to interact with nucleophilic species in numerous cases.®45 But why a typically
electronegative, electron rich, Lewis basic species like a halogen, was susceptible to

nucleophilic attack was still unclear.

Though such halogen interactions were first observed over a century ago, their
true nature has only been discovered within the last 20 years.® It turns out that these
interactions are very similar to hydrogen bonds, the most essential of the non-covalent
bonds.2 This similarity, along with even more useful characteristics, has resulted in a great
deal of research interest, with emphasis on the general behaviour and the novel

applications of these seemingly uncharacteristic interactions.3



1.1.1 History of Halogen Bonding

The first reported interaction of this type was found to occur between ammonia
and iodine in 1914,% forming an iodoammonium complex which was isolated by Guthrie
in 1983.7 In 1911, Dehn reported that organic bases, such as trimethylamine,
dipropylamine, and piperidine, formed complexes with carbon tetrabromide and
diiodoacetylene (ICCI) in ether solutions.® He termed them “molecular aggregates” and
claimed that their constant composition made them true molecular compounds. Benesi et
al. (1948) noted interactions occurring between benzene derivatives and iodine, and used
them as a potential explanation for changes in the absorption of iodine in solution.® The
authors claimed that as the electron-donating ability of the substituents on the benzene

ring increased, the interaction with iodine grew stronger.

During the 1950’s and 1960’s, Hassel et al. isolated and characterized numerous
compounds of donor atoms, such as oxygen, with Brz (Figure 1).1° According to Hassel
et al., the bromine atoms were acting as Lewis acids and accepting electron density from
the oxygen donor atoms. They also noted that the O—Br—Br bond angles were very
nearly linear in all cases. In 1968, Bent's review on the nature of donor-acceptor
interactions included a large number of compounds where halogen atoms acted as
acceptor species.!! Bent also suggested that these interactions were similar in strength
to hydrogen bonds. Then, in 1983, the term “halogen bond” (XB) was first used to describe
this type of interaction. Dumas et al. worked with compounds formed between carbon

tetrahalides and Lewis basic compounds such as THF and pyridine.1?
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Figure 1: Methanol, 1,4-dioxane, and acetone complexes with Br2 “molecular bridge”

structures.10

Investigation into the nature and application of the halogen interaction garnered a
large amount of attention in the 1990’s.12 It was found that halogen bond donor ability
followed the trend | > Br > Cl >> F, mirroring the halogen size and polarizability trends,
while opposing that of electronegativity.* # It was also clear that, for the most part, XB
donor ability was linked to the hybridization of the adjacent carbon atoms, and increased

in the order sp! > sp? > sp3,14.15 24

Finally, in early 1994 Politzer and Murray offered valuable insight into the
theoretical understanding of the XB when they calculated the anisotropic distribution of
electron density around covalently bonded halogen atoms.'® They were the first to coin
the term “o-hole”. In this model, electron density is drawn along the o-C-X bond, resulting
in an area of relatively positive electrostatic potential on the outer tip of the halogen atom.

It is this area which is susceptible to attack by a Lewis base.

In 2001, Petrangelo and Resnati published a comprehensive summary of all the
models, observations, and interactions reported to date.> This gave a unified model for
the electrophilic behaviour of halogen atoms and as a result interest in the subject grew

exponentially. Naturally, as interest has increased, studies into its potential applications



have increased as well (Figure 2). Today, reports of possible uses include self-assembly
in crystal engineering.1’:18 incorporation into magnetic and conducting materials,* optical
activity,’® organocatalysis,?® drug design and delivery,?! biological recognition,?> and

liquid crystals.?®
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1.1.2 Nature of Halogen Bonding

Halogen bonding can be described as an attractive interaction between an
electrophilic region on a halogen atom and a nucleophilic region of another atom. This
type of interaction is quite different from the usual covalent bond in that involves the
halogens.! In the XB interaction, the typically electron rich halogen atom is accepting
electron density from a Lewis basic atom. It is, in fact, quite similar to another type of non-

covalent bonding, hydrogen bonding (HB) (Figure 3).



5* o
Hydrogen Bond: D—[m ------- L L = Lewis Base
oL
D = Donor
5" &
Halogen Bond: D—@ ------- L X=Cl, Br, |
o

Figure 3: The similarity between halogen and hydrogen bonding.

As mentioned before, the strength of the bond is directly correlated to the size and
polarizability of the halogen atom. The electrophilic region of the halogen atom is found
to be on the outer tip of the atom, in line with the axis of the C-X bond. The remaining
valence electrons lie in an outside (surrounding) ring, resulting in a large degree of
directionality in the interaction.* Since the relatively positive electrostatic region lies on
the tip, with the negative potential surrounding it, the strongest bonds are formed at angles

near 180°.3 This is observed in HB as well.3

The exact nature of the halogen bond is still open for some debate. However, the
model proposed by Polizter in 1994 has undergone a fair amount of study and is the most
widely accepted explanation for the interaction.4® Typically, when a halogen forms a
bond with another molecule, for example, carbon, it is done through a covalent bond,
where electron density is shared through a o-bond of overlapping orbitals on the halogen
and carbon centres.! Now, in the case of a C-I bond, if another, more electronegative
substituent is also bonded to the same carbon centre, electron density will be drawn away
from the iodine atom through the o-C-I bond.3# This can be observed by viewing the

electrostatic potential diagrams of CFsX where X = F, Cl, Br or | (Figure 4).
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Figure 4: An electrostatic potential diagram of CFsX, X = F, CI, Br, I, showing the
increasingly positive electron density on the tip of the halogen atom as the

electronegativity of the unique halogen decreases.?

As the size and polarizability increases, and the electronegativity of the halogen
atom decreases, the amount of electron density that can be drawn away increases.?®
Therefore, the size of the relatively positive region on the atom increases. It is this
relatively positive region that is susceptible to nucleophilic attack and it is where the
halogen bond interaction occurs.318 It is also important to note that there is no “o-hole” in
CF4, which strengthens this rationale.* The diagram also shows that there is a region of
negative potential surrounding the relatively positive region. This is attributed to the
remaining valence electrons in the z-orbitals of the halogen. This ring, or “equatorial belt”,
of negative potential creates directionality in the bond which has proven to be important

in many applications.®
1.2 N-Heterocyclic Carbenes as Lewis Bases

Over the past few decades, carbenes have garnered a large amount of attention
due to their applications in organometallic synthesis and catalysis.?® The carbene can
exist in two forms, the singlet and triplet states, with the former being more stable.?527 In

the more stable singlet state, the carbene center bears a lone pair of electrons in a sp?-



hybrized orbital while the p-orbital remains vacant. In the triplet state, two electrons of the
same spin occupy different orbitals, either two p-orbitals or one p-orbital and one sp?-
hybridized orbital (Figure 5).

Singlet Triplet Triplet

Empty p-orbital Degenerate p-orbitals p-orbital

: . (.
¥ &% x

5 . .
sp°-hybridized orbital sp*-hybridized orbital

Figure 5: Orbital diagrams of singlet and triplet carbenes.

The N-heterocyclic carbenes have the carbenic carbon center positioned in an N-
heterocyclic moiety.?2 These compounds have been known since the early 1960s, when
Wanzlick investigated their reactivity through in situ studies.?® However, it was not until
1991, that Arduengo first isolated a stable N-heterocyclic carbene.® Since then, research

into their structures, properties and reactivity has significantly increased.3!

The electronic nature of the NHC has garnered some debate.?® At first, it was
unclear as to whether or not electron density was being donated through z-orbitals from
the lone pair of electrons in the nitrogen p-orbital to the empty p-orbital of the carbene
center, forming an ylide type compound. Arduengo and Dixon initially determined, by
mapping the electron distribution above the NHC plane and studying the length of the C-
N bonds, that there was little contribution from the ylide form.3233 Later, however,

Heinemann found that the stability indeed increased with delocalization of the z-electron



density between the nitrogen atoms and the carbene center. This stabilization is
increased further when the backbone of the NHC is unsaturated.®* When using a
saturated NHC, electron density will be delocalized only through the carbenic center and

the adjacent nitrogen atoms (Figure 6).

Saturated NHC

R NMN~Rr = rN s

! o \ ’{"‘G-r;“'-‘ Unsaturated NHC

Figure 6: The difference in electron donation between z-orbitals in saturated and

unsaturated NHC’s.

In saturated NHCs, such as 1,3-bis(2,6-diisopropylphenyl)imidazolidine (SiPr), -
electron denisty is contained between the two nitrogen atoms and the carbenic carbon.
Lone pair electrons in the p-orbital of the nitrogen atoms can be donated to the empty p-
orbital of the carbon atom. This increases the HOMO-LUMO energy gap at the carbon
atom and, hence, the triplet character of the carbene. This, in turn, decreases the stability

of the carbene, which then increases its reactivity.
1.3 lodoalkynes

The action of iodoalkynes with Lewis bases was first reported by Dehn, in 1911.8
He studied their behaviour as Lewis acids when reacted with organic bases such as
trimethylamine and dipropylamine. This reactivity was later studied further by Laurence

et al. These authors used spectroscopic evidence to support the action of iodoalkynes as



Lewis acids. This was done using infrared spectroscopy and strongly suggested the
formation of iodoalkyne-Lewis base complexes in solution.?® In the 1960s,
diiodoacetylene was also used to investigate the role of halogens in donor-acceptor

interactions.10:36.37

Since that time, the role of iodoalkynes in halogen bonding has undergone a
significant amount of scrutiny and these compounds have proven to be effective XB
donors.38:39.40 Typically, the strength of halogen bond donors are rationalized by having
electron-withdrawing substiuents bonded to the same carbon atom as the halogen.'* As
the inductive electron-withdrawing ability of the group bonded to carbon increases, the
ability of the halogen atom to participate in halogen bonding increases.** However, as
mentioned before, it has also been reported that the ability of the XB donor changes as
the hybridization of the adjacent carbon atom changes, in the order of sp! > sp? > sp3.814
This is important, as the iodoalkynes studied in this work offer no inductively coupled
electron-withdrawing substituents. Hence, the presence of a o-hole must be attributed to
the hybridization of the carbon atom and also to the size and polarizabilty of the iodine

atom.

The carbon-carbon triple bond of the acetylene functional group is comprised of a
o-bond and two z-bonds. Both carbon atoms form two sp*-hybridized orbitals and contain
two filled p-orbitals which are perpendicular to both the hybridized orbitals and each other.
As the s character of the sp*-hybridized orbitals increases, electrons tend to reside closer
to the nucleus of the atom in question, due to the fact that the s-orbital is closer to the

nucleus than the p-orbital.
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A single iodine atom contains seven valence electrons, one shy of a full valence
shell.! When hybridized, it forms four sp3-orbitals, three of which each contain two
electrons, while the fourth, the one potentially involved in bonding, contains one. The
electons in these mainly p-character sp3-orbitals are loosely held, contributing to their

large degree of polarizability.

. l
11 J>C=C—r
sp3 P

Figure 7: Polarization of the C-l s-bond due to the size and shape of the sp and sp?®

orbitals involved in the bond forming orbital overlap.

When bond formation occurs between carbon and iodine, overlap of the carbon
sp! orbital and the iodine sp? orbital ensues (Figure 7). Valence electrons on the iodine
also reside in the much larger 5sp3-orbitals compared to the 2sp!-orbtials of carbon. Since
the electron denisty is held close to the nucleus of the carbon atom, and the orbital of the
iodine atom are so much larger, more electron denisty is donated from the polarizable
5sp? orbital of the iodine atom in order to increase the strength of the bond. This creates

a polar bond, and the polar bond is responsible for the o-hole on the iodine.*°
1.4 lodine-lodine Interactions

As is the case with XB, halogen-halogen interactions or bonding (C—X ¢« X—C)
can also be used as a design tool in supramolecular networks.*? It was reported in 1963
that C—X1 « Xo—C contacts are found in two types of geometries.*® Desiraju and

Parthasarathy grouped the contacts with regards to the angles (8) the interactions form,
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with 81 = C1—Xi1* X2 and 82 = X1 « Xo—C2. They labelled them type I, where 61 = 82 and
type Il or bent, where 81 = 180° and 62 = 90° (Figure 8). Originally these types were more
of a taxonomy, but a more recent publication by Desiraju studied the chemical basis
behind the observed geometries. It was determined that there was a distinct difference in
the geometries and chemical properties of compounds containing type | and type I
interactions. Type | contacts arose from the close packing of molecules and occurred with
all halogen atoms. It is not a halogen bond. Type Il is a halogen bond, one that arises
from an electrophilic-nucleophilic interaction. As the polarizability of the halogen

increases, Cl < Br < |, the likelihood of a type Il contact being formed increases as well.

Type | Type Il
0,
N 1 \
el XZ_CZ 92
C,
91 = 92
0, ~ 180°
82 2 900

Figure 8: Type | and Il X « X contacts

1.5 Objectives

In the 1990’s, while Arduengo was completing the initial work on NHCs, he isolated
several complexes formed between the NHCs and iodine containing compounds.444°
There have also been a few theoretical investigations into the action of NHC’s in halogen
bonding,*® but very little experimental evidence has been provided. Figure 9 sums up

most of what has been reported, experimentally, in the literature up to this point. The



12

characteristics NHCs possess, with regards to stability and reactivity, especially saturated
NHCs, suggest that they could potentially play an important role as XB acceptors in many
applications. Small iodine-containing molecules, and their interactions with a carbene,
offer a favourable degree of simplicity that will allow a more fundamental investigation of

the interaction, compared to more complex, organic systems.

h / \ 7 NS
R’ N\ N N N\ . o
P R g Sy B R
R Noxo ) \
R }u M/ R F F
A B
R = CH,CH, R = 1-adamantyl M = 1,3,5-mesityl R = 1-adamantyl
R’ = CH; R =H X =1, PhsB
X=1I X=l5

Figure 9: NHC « I(R) complexes isolated by Arduengo et al.444>

It was decided to look at the role of the saturated NHC, SiPr, as a halogen bond
acceptor in its interactions with both 1-iodo-2-(trimethylsilyl)acetylene and
diiodoacetylene. There has been very little reported on the interaction of saturated NHCs
with halogens in general. So, the interaction of SiPr with the above compounds in the

presence of iodine will also be investigated.
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2.0 Results and Discussion

The first goal of the project was to successfully synthesize a 1:1 adduct of SiPr
and an iodoalkyne. Since members of the Clyburne group had previously worked with 1-
iodo-2-(trimethylsilyl)acetylene (ICC(TMS)), this was chosen as the iodoalkyne to begin
from. ICC(TMS) has only the alkyne substituent to act as an electron-withdrawing group.
The lack of significant electron-withdrawing groups, such as fluorine, allows the nature of
the o-hole to be characterized based solely on the interaction between carbon and iodine.
Since this compound is modest in cost and readily available, it was simply purchased

from Sigma-Aldrich.

SiPr, however, is quite expensive to purchase and is only available in small
guantities, so it was decided that it would be synthesized in house. This group has used
a variety NHCs over the past few years. The total synthesis is a 3-step procedure,
beginning with the synthesis of N,N-bis(2,6-diisopropylphenyl)formamidine. This

procedure is outlined in Scheme 1.

iPr Cat. iPr iPr
HC/OEt glacial y
2 + ~OEt acetic acid P + 3 EtOH
NH, L N N
EtO H
iPr iPr iPr

Scheme 1: Synthesis of N,N-bis(2,6-diisopropylphenyl)formamidine.*’

Once the formamidine product has been isolated, step 2 in the SiPr synthesis is
the preparation of N,N-bis(diisopropylphenyl)imidazolium chloride ([SiPr-H]ClI), through a
ring-closing procedure using dichloroethane and diisopropylethylamine. This is outlined

in Scheme 2. This reaction is run for 46 hours. One important step in this synthesis is the
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separation of the desired product from the by-product, N,N-diisopropylethylamine. This is
achieved with 3 x 100 mL triturations of the crude product with boiling toluene and
significant stirring during the trituration. There is some loss of product but purification at

this step is essential.

iPr /Q iPr/Q
iPr Dichloroethane IPr

\ Diisopropylethylamine N
CH —_—
]

4 120°C

N
iPr 46 hours Cl ipr
iPr iPr

Scheme 2: Synthesis of [SiPr-H]CI.4®

The final step in the reaction sequence involves formation of the carbene. This is
done via treatment of the chloride salt with sodium hydride and potassium tert-butoxide.
Care must be taken when adding the sodium hydride as it is quite reactive. The reaction
is done in THF and more THF, rather than less, should be used as the product is extracted
into the THF solution. The product is also triturated with cold, dry hexanes to purify the
final product. Formation and purification of the product should be confirmed by *H NMR

analysis before proceeding further. The procedure is outlined in Scheme 3.

.".77’ ':' B /\
f \! ).
iPr ”\ _ iPr— \
— N==
iPr NaH / l\iPr
—N -ButoK* N
“cH —_— [ c
Y THF ( dry) Y
\ Cl  ipr 22 hrs \ iPr
= ~{ iPr. -‘"".‘
|Pr-,._11‘ / \\?\ iPr— -.\ \\\
o s

Scheme 3: Synthesis of SiPr.*°
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After successful synthesis of the carbene, preparation of the single adduct of SiPr
onto the iodoalkyne was attempted. This was done on a micro-scale, due to the amount
of time and effort needed to synthesize the starting materials. Equal molar equivalents
of SiPr and ICCTMS were added to a small amount of benzene and allowed to react for
30 minutes. After the 30 minutes, the solvent was removed in vacuo and an off-white
coloured powder was isolated. Infrared analysis showed that there had been a decrease
in the frequency of the acetylene peak (Figure 10). This suggested that the desired
product had been formed, as the interaction of iodine with SiPr should decrease the

energy and frequency of the stretching peak and, hence, its wavenumber.
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Figure 10: A comparison of the infrared spectra of SiPreICC(TMS), in red, and

ICC(TMS), in blue, overlaid. Both were recorded as KBr pellets.

In a solution phase ¥C NMR spectrum, a peak at 225 ppm is observed and is
assigned to the carbenic carbon. This peak is shifted from the reported peak of 244 ppm?®°,

In a solid state *3C NMR this carbenic carbon peak is not observed. We also observe a
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slight shift in the I-C acetylene carbon peak from the reported value of 104 ppm® to our

observed value at 98 ppm.

Obtaining crystals of the compound proved to be difficult. Originally attempts were
made to crystallize the product via slow evaporation of the benzene solvent at room
temperature. Through many attempts were made, no crystals were formed and it
appeared that the compound was undergoing further reaction while still in solution.
Though benzene contains no electron-withdrawing functional groups, its aromatic bond
density is well-known to act as a nucleophile, especially with halogens.® This may offer
some rationale for the further reaction of the SiPrelCCTMS compound on standing in

solution.

The halogen bond formed between the NHC carbenic carbon and the iodine, is
expected to be a longer bond with less covalent character than a typical C-l ¢-bond. It
suggests that it is more of an interaction that occurs between the two reactants, rather
than a bond-forming reaction. Mild conditions were chosen, including the use of a non-
polar solvent, to deter any sort of solvent-reactant interaction, which could subsequently
lead to further, unwanted reaction. Hexane was selected, and the reaction was carried
out for only 30 minutes, with minimal stirring. The reaction flask was then immediately
transferred to a freezer. After 2-3 hours, clear, colourless, rectangular, X-ray quality
crystals formed in the flask containing the SiPrelCC(TMS) product. Crystallographic data

was collected for these crystals and the structure is shown in Figure 11.
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Figure 11: The crystal structure of SiPrsICC(TMS). Thermal ellipsoids are drawn at the

50 % probability level. This, and all other, structural diagrams were prepared using the

program Mercury as supplied by the Cambridge Crystallographic Data Centre.*°

Table 1: Selected bond lengths and angles for SiPreICC(TMS).

Bond Length (A)

Bond Angle (°)

C1-11 2.727(3) C1-11-C28 177.27(12)
11-C28 2.083(4) 11-C28-C29 178.2(3)
C28-C29 1.206(5) N1-C1-N2 106.6(2)

Note: Atom numbering as depicted in Figure 11.

Selected bond lengths and angles for SiPreICC(TMS) are given in Table 1 above.

The bond lengths for C1-11, 11-C28, and C28-C29 suggest that a halogen bond has been

formed between the Lewis basic carbenic carbon atom with the o-hole on the iodine atom.

The longer length of the C1-I1 bond compared to that of 11-C28, suggests that the latter

is stronger, with more covalent character. The former seems to be more characteristic of

a weaker electronic interaction, with electron density being donated from the carbene to
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the sigma-hole of iodine. The bond angles are also supportive of a sigma-hole type
interaction being present in the structure. Ideally, as is the case in hydrogen bonding,'*

angles of or near 180° offer the strongest interactions.*

Weak hydrogen bonding contacts (C-H...l) in the same compound also offer
support as to the existence of a o-hole. As mentioned in the introduction, the sigma-hole
is produced from electron density being drawn through the o-bond axis towards the
carbon atom. This still leaves valance electrons in the remaining sp3-hybridized orbitals,
which form an equatorial belt of negative electrostatic potential around the iodine atom.
Therefore, it makes sense that this belt of negative potential could act as an acceptor for

hydrogen bonds, and this is what is observed (Figure 12).
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Figure 12: Weak C-H...I type contacts to iodine in the SiPreICC(TMS) crystal structure.
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Table 2: C-H...I contacts in SiPrelCC(TMS), with |1 acting as the acceptor in every case.

H...l Distance (A) C-H...I Angle (°)
C15 - H15B 3.46 C15-H15B...1 142.1
C15 - H15C 3.21 C15-H15...11 167.2
C23 - H23A 3.20 C23-H23A...1 153.8
C27 - H27C 3.46 C27-H27C...I1 159.1
C20 - H20 3.24 C20-H20...11 157.9

Note: Atom numbering as depicted in Figure 12. Esds are not reported as the hydrogen

atoms were placed in geometric positions and not refined.

Since we could now successfully synthesize SiPreICC(TMS), an attempt was made
to prepare the bis-adduct of SiPr to diiodoacetylene (ICCI). A means other than the
reaction of two equivalents of SiPr with one equivalent of ICCI was chosen. It was hoped
that the reaction of SiPreICC(TMS) with [SiPr-I]I might displace (TMS)I leaving the bis-
adduct. NHC - |2 type interactions have been documented previously.*® In our reaction,
SiPr was first stirred with iodine for 10 mins in benzene. In a second flask, SiPr was stirred
with ICC(TMS) for 10 minutes in benzene. Subsequently, the two solutions were

combined and left to react for 30 minutes.

The bis-adduct was not formed. However, the [SiPr-1]l product was isolated and
successfully characterized using IR, NMR and crystallographic analysis (Figure 13).
[SiPr-1]l was compared to the other NHC « 12 compounds that had been reported and the
bond lengths and angles, IR, and NMR data are in good agreement.* It is interesting to

note the differences in the C1-11 and I1-12 bond lengths (Table 3). The C1-11 bond length
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is much shorter than that of 11-12, suggesting the former is more of a covalent bond while
the latter is a donor-acceptor interaction. This is contrary to the results reported in Bent's
review of donor-acceptor interactions. In this, he reports that complexes are formed in
which the 1—I bond is more covalent while the Lewis base-I bond is more of a donor-
acceptor interaction. Therefore, it is likely that saturated NHC’s differ in their roles as
halogen bond acceptors. It appears that the NHC forms a stronger, more covalent bond
with |11, creating a sigma-hole. Then you have 12 behaving as the halogen bond acceptor

instead of the NHC.
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Figure 13: The crystal structure of [SiPr-I]I at 125 K.

Also note that the bond angle C1-11-12 is very nearly linear. This, along with the
bond lengths, supports the claim of a halogen interaction occurring between the NHC-I

XB donor and the iodide ion XB acceptor.
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Table 3: Selected bond lengths and angles of [SiPr-I]I.

Bond Length (A) Bond Angle (°)
Cil-11 2.124(4) C1-11-12 175.85(10)
11-12 3.2438(9) N1-C1-N2 112.5(3)

Note: Atom numbering as depicted in Figure 13.

As mentioned earlier, the XB shows many similarities to the HB. Therefore, the
crystal structures of [SiPr-I]I and [SiPr-H]I (Figure 14) were compared. As you can see
from Table 4, the H1-I11 bond length is shorter than that of the 11-12 bond length, which is
expected. However, both compounds appear to interact in the same fashion. With SiPr
forming a covalent bond with either | or H and then behaving as either a hydrogen or

halogen bond donor.

Figure 14: The crystal structure of [SiPr-H]l at 125K.
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Table 4: Selected bond lengths and angles of [SiPr-H]I.

Bond Length (A) Bond Angle (°)
C1-H1 0.96(3) C1-H1-11 180.000(1)
H1-11 2.75(3) N1-C1-N2 113.3(2)

Note: Atom numbering as depicted in Figure 14.

As mentioned earlier, obtaining crystals of SiPreICC(TMS) took some time and
proved to be quite problematic. It was found that if the solvent was removed in vacuo, the
solid product immediately decomposed. It was also determined that if left in solution for
slow evaporation at room temperature, the complex would undergo further reaction to
produce a variety of new products. Some of these products could be isolated and were

characterized using X-ray crystallography and, when possible, NMR analysis.

One complex was isolated which contained a SiPr—I—SiPr cation along with 2
ICCI molecules, an iodide ion and a benzene solvent molecule (Figure 15). This complex
was formed when a 1:1 ratio of SiPr was added to ICC(TMS). The reaction was carried
out at room temperature for 30 minutes in either benzene or THF. The solutions were
then left to evaporate and crystals were collected. From both reactions, crystals with
similar structures were isolated, differing only in the solvent incorporated into the crystal.
A bis-adduct of 1,3-bis(1,3,5-trimethylphenyl)imidazolidene (iMes) to a single iodide atom
was reported by Arduengo et al. in the early 1990’s. The two C-I bond lengths in the
compound he reported were 2.286(4)A and 2.363(4)A, while the C-I-C bond angle was
177.5(2)°*% The C1-11 bond length and the C1-11-C2 bond angle in our structure are
almost in exact agreement with those reported by Arduengo (Table 5). There was a

difference, however, in the N-C-N bond angles. Those reported in Arduengo’s compound
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were 105.3(4)° and 106.2(4)°, while the N-C-N angle for both carbene units in our
structure was 108.7(5)°. This is expected as Arduengo used an unsaturated carbene,
resulting in more electron density being contained within the ring and tightening that bond.
The complex that is formed between the two ICCI molecules and the iodide has also been
reported with a tetraphenylphosphium cation instead of the SiPr-I-SiPr cation.5! This
complex has also been isolated and it was found that the anionic moiety is quite similar

in both of our compounds.
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Figure 15: The crystal structure of [SiPr-1-SiPr]ls[ICCl]2*CeHe at 125 K.

Table 5: Selected bond lengths and angles of [SiPr-I-SiPr]l¢[ICCl]2¢CesHe.

Bond Length (A) Bond Angles (°)
11-C1 2.337(6) C1-11-C1 177.5(3)
12-13 3.4865(9) C28-13-12 175.9(3)
12-14 3.4900(11) C29-14-12 178.2(3)
C28-I13 1.966 13-12-13@ 136.6°¢
C29-14 2.048 [4-12-14'° 135.2¢
- ~ N1-C1-N2 108.7(5)
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Note: Atom numbering as depicted in Figure 15. (a) I3 and 13’ are symmetry equivalent
atoms. (b) 14 and 14’ are symmetry equivalent atoms. (c) Esds are missing because the

refinement has not been finalized.

The bond lengths shown are almost an exact match to those found in the related
tetraphenylphosphonium salt.>! In this structure, it is important to note the bond angles
between 12, 13, and 14 and the roles of those atoms as halogen bond donors and/or
acceptors. The 13-12-13’ and 14-12-14’ angles, at 136.6° and 135.2°, respectively, are quite
small for o-hole type interactions. In contrast, the bond angles C28-13-12 and C29-14-I2
are nearly linear and much more characteristic of a halogen bond interaction. This
suggests that electron density from the lone pair of electrons in the sp3-hybridized orbitals
of the iodide anion is being donated to the neighbouring o-hole of the iodine in the ICCI

molecules. 12 acts as a XB acceptor, while 13 and 14 act as XB donors.

SiPr and ICC(TMS) were also reacted under somewhat different conditions by a
previous member of the Clyburne group. In one case, the reactants were added to toluene
and refluxed for 1 hour. The resulting dark black slurry was washed with pentane and
filtered through alumina. The solution was left to evaporate at room temperature and
crystals formed. A SiPr-ICCISiPr complex was isolated and characterized by X-ray
diffraction and NMR (Figure 16). This procedure was repeated numerous times to try and
recover the bis-adduct but to no avail. It was decided that it might be better to isolate the

same product from the reaction between two equivalents of SiPr and 1 equivalent of ICCI.
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Figure 16: The crystal structure of SiPreICCI+SiPr at 125 K.

ICCI had to be synthesized as it was not available commercially. A previously
reported synthesis of this compound involves the use of acetylene gas, which has
numerous safety concerns.>? Conveniently, another synthesis had been reported by
Perkins et al. (Scheme 3)°3. This one involved the use of N-iodosuccinimide (NIS) and
trimethylsilylacetylene (HCC(TMS)). This was the procedure followed. NIS, HCC(TMS)
and silver nitrate were added to dimethylformamide (DMF) and reacted at room
temperature for one hour. The resulting solution was then treated with deionized water
and washed with diethyl ether. The diethyl ether layer was separated and dried with
magnesium sulfate. ICCl emits a very strong odor and all work must be done in a fume
hood once it has been removed from the glovebox. Since ICCI has been reported to
decompose violently at temperatures between 80-130°C or due to shock, it was kept in
solution and only handled as a solid with great care. Due to its reactivity in the solid state,
an exact concentration was never obtained. An approximate concentration was

calculated, assuming that 90% conversion had occurred. There also appeared to be an
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issue in this synthesis with the presence of excess iodine or iodide. This problem became
apparent when SiPr was reacted with the ICCI solution.

| CH, AgNO,
DMF

N |
0] o + HC=C—Si—CH; e |—C=C—I
| 2 hrs
CH;

Scheme 3: The synthesis of ICCI.53

The reaction to produce the bis adduct of SiPr with ICCI was carried out in a
number of different solvents. Originally the reaction was completed in diethyl ether, simply
because the ICCI was stored in that solvent. SiPr was added to the ether and stirred, then
the ICCl solution was added dropwise. A precipitate formed immediately upon the addition
of the ICCI solution. The reaction was left to proceed for 30 minutes, at which time the
precipitate was filtered off using gravity filtration. The precipitate was then treated with
acetonitrile, which dissolved the majority of the solid. The undissolved solid was removed
using gravity filtration and dissolved in dichloromethane. The three solutions were left to

slowly evaporate.

Clear, rectangular, X-ray quality crystals were obtained from the acetonitrile
solution. X-ray data was collected and a [SiPr-1]I«ICClI-I[I-SiPr] complex was characterized

(Figure 17).
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Figure 17: The crystal structure of [SiPr-I1]I«ICCI-I[I-SiPr] at 125K.
Table 6: Selected bond lengths and angles in [SiPr-1]IsICCI-I[I-SiPr]
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Bond Length (A) Bond Angle (°)
C1-11 2.110(4) C1-11-12 176.16(10)
11-12 3.193(1) 11-12-13 94.07(2)
12-13 3.520(1) 12-13-C15 168.02(14)
13-C15 2.023(5) 13-C15-C15 177.6(6)
C15-C15 1.202(9) N1-C1-N2 112.7(5)

Note: Atom numbering as depicted in Figure 17.

The complex consists of two [SiPr-I]l components, coordinating to a single ICCI

molecule. When comparing the structure of the [SiPr-1]I portion of this compound with that

of the solo [SiPr-I]l compound there are some notable differences. The C1-I1 bonds in

both are similar at 2.110(4) A and 2.124(4) A, respectively. However, the 11-12 bonds are

quite different. For the complex mentioned above, this bond is 0.47 A longer than the

same bond in the solo compound, suggesting that I1 is, again, acting as a XB donor. The

change in length of 11-12 bond from the [SiPr-1]I compound can be rationalized by inferring
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that there is also electron donation by 12 into the sigma-hole of 13, which decreases the
strength of the 11-12 bond and, therefore, increases its length. The 12-13 contact is longer
than all of the other bonds in the complex. However, it is comparable in length to the I...1
interaction in the previously discussed compound. This supports the idea that this is a
form of halogen bonding, with I3 acting as the XB donor. The bond angles of both C1-I1-

12 and 12-13-C15 are nearly linear, which helps support the previous claim.

Comparison of the infrared spectra of [SiPr-I]I<ICClI-I[I-SiPr] and [SiPr-I]I also offers
support as to the existence of the bis-adduct to ICCI (Figure 18). The presence of a peak
at 671 cm™ is indicative of a terminal =C-I stretch in the former. This peak is not observed
in the spectrum of [SiPr-I]I; this is further evidence supporting the formation of the bis

adduct.
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Figure 18: Infrared spectra of [SiPr-1]I, in blue, and [SiPr-1]IsICCIeI[I-SiPr], in red,
overlaid. Spectra were recorded as KBr pellets.

This molecule also offers the possibility of some interesting applications. Since the

complex SiPreICCI+SiPr (Figure 16) was isolated previously by another member of the
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Clyburne group, we know for certain that it exists. Therefore, there is potential for the

[SiPr-1]1s1CCI-I[I-SiPr] compound to act as a oxidizing agent through the loss of iodine.

The above compound was isolated quite regularly from the reaction of SiPr with
the ICCI solution. It is possible that there was an excess of iodide in the solution. This
iodide would quickly react with SiPr forming the [SiPr-I]I salt, which could then coordinate
to the ICCI forming the bis-adduct. Thus, a sequence of small additions of SiPr was made
to the ICCI solution in an attempt to quench the excess iodide. It was assumed that the
[SiPr-1]1sICCIeI[I-SiPr] compound would form, and precipitate out of solution upon
formation. The remaining solution would be decanted off and again reacted with more
SiPr. This step would be repeated until nothing precipitated upon the addition. The
resulting solution would be left to crystallize, with the hope that the SiPreICCI-SiPr
compound would be formed. The solid that did precipitate out was dissolved in acetonitrile
and allowed to crystallize through slow evaporation. X-ray quality crystals were obtained

and an unexpected compound was isolated (Figure 19).
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Figure 19: The crystal structure of [SiPr-1]ls12CCl2I[SiPr-I] at 125K highlighting the iodine-

iodine interactions.
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Table 7: Selected bond lengths and angles of [SiPr-I]Is[2CCl2eI[SiPr-I]

Bond Length (&) Bond Angle (°)
C11 2.094(5) C1-11-12 178.98(13)
112 3.3960(5) 11-12-13 72.52(1)
12-13 3.4146(3) 12-13-C15 175.23(11)
13-C15 2.109(4) 13-C15-C15 123.8(4)
14-C15 2.106(4) 14-C15-C15 122.6(4)
C15-C15 1.327(8) N1-C1-N2 113.0(4)

Note: Atom numbering as depicted in Figure 19.

Similar to the [SiPr-1]I1-ICCI-I[I-SiPr] compound, it appears that 12 is again acting as
a XB acceptor from both 11 and 13. The 11-12 and 12-13 bond lengths are significantly longer
than those of C1-11 and 13-C15, suggesting the latter are bonds of more covalent
character, while the former interactions are electrostatic in nature. The bond angles are
also supportive of the idea that a XB has been formed between [1-12 and 12-13, with both
C1-11-12 and 12-13-C15 being near linearity. The 11-12-I13 bond angle is also in agreement
with what has previously been explained about type Il halogen-halogen contacts. 14 in
this compound is also involved in a z-type interaction with the electron density in one of
the phenyl rings on the carbene compound (Figure 20). It is likely that this interaction
strengthens [SiPr-1]l+12CCl2¢I[SiPr-I] in the solid state, since the XB between 12 and 13 is

weaker than that of [SiPr-I]I«ICCIeI[l-SiPr].
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Figure 20: The crystal structure of [SiPr-1]I«l2CCl2¢I[SiPr-I1] at 125K showing selected

intermolecular contacts.

Interesting results arise when we compare the common bonds and angles in this
compound to both [SiPr-1]IsICCII[I-SiPr] and [SiPr-I]I (Table 8). (For this comparison
[SiPr-1]le12CCl2el[SiPr-1], [SiPr-1I<ICCI-I[I-SiPr], and [SiPr-1]l have been denoted by 1, 2,
and 3, respectively. The C1-I1 bond lengths increase in the order of 1 < 2 < 3 and the
distances decrease in the same order for the 11-13 bonds. The 12-I13 bond length, which
does not apply to 3, is shorter in 1 than in 2. The exact reason for these observations has
not yet been fully determined but a rationale will be offered. 13 in 1 is covalently linked to
C15 by overlap of the iodine sp3-orbital and the carbon sp2-orbital. Since the hybrid orbital
on this carbon has more p-character than C15 in 2, less electron donation from 13 is
needed to form the bond. This results in a smaller o-hole on I3 in 1. It would seem that
this would result in a longer 12-13 bond for 1 than 2 since the o-hole is smaller in 1.
However, we see a shorter 12-13 bond length in 1 than 2. A reasonable basis to explain

the trend is the “trans-effect” proposed by Knop et al®® which describes a connection
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between adjacent bond lengths of atoms of the same element. In 1 the 13-C15 is longer
than the I3-C15 in 2. Then you have a shorter bond for 12-13 in 1 than 2. Then you have
a longer bond for 11-12 in 1 than 2 and, finally, a shorter C1-11 bond length in 1 than 2.
The fact that 12 in 1 forms contacts with three iodine atoms while 12 in 2 only forms two
contacts, may also play a role. The 11-12 bond in 3 falls in the middle of 1 and 2, so a
rationale involving the influence of the sigma hole on |11 does not make sense. The
influence of the size of the o-hole could still have some role in the observed trend,
however, more investigation is needed. One observation that does support the change in
the o-hole from 1, which would be smaller, and 2, is the angle of the 12-I13-C15 bond.
Since the o-hole on I3 in 1 is smaller than that on 2, the bond angle needs to be more
linear in 1. In 2 the o-hole on 13 is larger, therefore the 12-13-C15 bond angle can vary
from linearity and still form the XB bond and this what is observed. The decrease in the
11-12-13 angle from 2 to 1 is possibly due to electronic effects on the adjacent iodine, 14,

in 1, which is not present in 2.

Table 8: Comparison of selected bond lengths and angles of [SiPr-I]l«l2CCl2°I[SiPr-I] (1),
[SiPr-1]I<ICCI-I[I-SiPr] (2), and [SiPr-1]I (3).

Bond Length (A) Bond Angle (°)
1 2 3 1 2 3
C1i1 2.094(5) | 2.110(4) | 2.124(4) | Cii112 | 178.98(13) | 176.16(10) | 175.85(10)
12 3.3960(5) | 3.193(1) | 3.2438(9) | I11-12-13 7252(1) | 94.07(2)
12-13 3.4146(3) | 3.520(1) 2-13-C15 | 175.23(11) | 168.02(14)
13-C15 2.109(4) 2.023(5) I13-C15-C15 123.8(4) 177.6(6)
C15-C15 | 1.327(8) | 1.202(9) NI-C1-N2 | 113.0(4) | 112.7(5) | 112.5(3)

Note: Atom numbering for 1, 2, and 3 are as depicted in Figures 19, 17, and 13,
respectively.
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Lastly, little was found in the literature on the interactions of saturated NHCs and
iodine. Preparation of such a polyiodide complex could provide valuable information on
the behaviour of polyhalides and their potential applications. Therefore, attempts were
made to prepare a polyiodide/SiPr complex and these were somewhat successful. A
[SiPr]z « [1]16 complex was isolated and found to contain I-, I2, and I3~ moieties using X-ray

crystallography (Figure 21).

Figure 21: The crystal structure of the SiPr polyiodide complex at 125K.

Again, as can be seen from the contacts shown in the diagram, iodine exhibits the
ability to act as both a halogen bond donor and acceptor. The SiPr-I cation acts as a
halogen bond donor, which is the case in other of the compounds discussed above. It
appears that the negatively charged iodine species act as the halogen bond acceptors.
lodine acts as a halogen bond donor, which is in agreement with work published by

Hassel and Bent.10. 11

There is a common trend observed in the behaviour of the carbenic N1-C1-N2
bond angle (Table 9). Interpretation of this trend could offer valuable insight into the nature

of the halogen bond formed between an NHC and iodine. Bond angles for this particular
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segment of the carbene increase in the order SiPreICC(TMS) < [SiPr-I-SiPr]l « [ICCI]2 <
[SiPr-I]I = [SiPr-I]IsICCII[I-SiPr] = [SiPr-1]ll2CCl2*I[SiPr-I] < [SiPr-1]2[l]z6. This can be
rationalized by looking at the electronic environment of the central carbon atom. In the
compounds with the largest bond angles, a [SiPr-I] cation is formed with a shorter C-I
bond length. This suggests that a covalent bond is formed, with the carbon centre bonding
to the iodine through an sp?-hydridized orbital (Figure 22). In the SiPr-1-SiPr cation, the
C-I bond length is longer, suggesting that less electron density is donated from the SiPr
to form the C-I bond. Therefore, more of the electron density is localized closer to the
carbon nucleus. This electron density repels the C-N bonds, resulting in a smaller bond
angle. This effect is even more prominent in the SiPrelCC(TMS) compound. Since a
weaker interaction and a longer C-I bond length is observed, it suggests more electron
density is centered on the carbenic carbon, repelling the C-N bonds and resulting in an

even smaller N-C-N bond angle.

Table 9: Comparison of the carbene N-C-N bond angles in all of the isolated compounds.

Compound N-C-N Bond Angle (°)
SiPrsICC(TMS) 106.6(2)
[SiPr-I-SiPr]I*[ICCI]2 108.7(5)
[SiPr-1]I 112.5(3)
[SiPr-I]IsICCI*I[I-SiPr] 112.7(5)
[SiPr-1]I*[2CCla*I[SiPr-1] 113.0(4)
[SiPr-H]I 113.3(2)
[SiPr-1]2+[l1e 113.9(7)

Note: Atom numbering as described previously.



35

R,N
RZN\h \,.\
Qo) w(F w < B
RN . -

2

Figure 22: lllustration of the relaxation of the N-C-N bond angle with increased covalent
character of the C-I bond.
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3.0 Conclusion

SiPr and ICC(TMS) were successfully combined in a 1:1 ratio, and the resulting
product has been shown to exhibit a XB interaction. The compound was completely
characterized using a combination of liquid and solid state NMR spectroscopy, IR
spectroscopy, MP, EA, and X-ray crystallography. Attempts to isolate the bis-adduct of
SiPr to ICCI were unsuccessful. Novel compounds, [SiPr-1]l and [SiPr-I]I<ICCleI[I-SiPr],
were isolated and characterized using NMR spectroscopy, IR spectroscopy, MP, and X-
ray crystallography. The novel compounds, [SiPr-1]Is[2CClzI[SiPr-I], [SiPr-I-SiPr]I<[ICCl]2,
and [SiPr-1]2*[I]16, were also isolated and characterized using X-ray crystallography. The
saturated NHC, SiPr, was shown to behave as both a XB acceptor and also to bond to
iodide, creating a [SiPr-I] halogen bond donor. Comparison of the structural results
supported the idea that iodine can act as both a XB donor and acceptor. In one case,
[SiPr-1]Is12CCl2°I[SiPr-1], the phenyl ring of SiPr was shown to interact electrostatically

through a z-type interaction with iodine.
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4.0 Future Work

It is likely that SiPrelCCTMS is an intermediate in many of the mechanisms that
produced the isolated compounds. However, the actual pathways are still largely
unknown. Now that SiPreICC(TMS) can be prepared with relative ease, its reactions with
SiPr, I2, and I~ should offer valuable information into how the isolated compounds are
actually being formed. Complete characterization is also needed for the compounds for

which only X-ray crystallography has been obtained so far.

It would be interesting to see how changing the nature of C-I bond being inserted
into the [SiPr-1]I structure, i.e. using an sp3-hybridized or an aromatic carbon in the C-I
bond, would affect the structures being formed. Now that we can readily make [SiPr-H]I,
interacting it with small iodine-containing molecules would also be of interest. If new
structures were characterized, it would also likely give us more insight into the nature of

the compounds formed with [SiPr-I]I.

Work should be done to investigate the abilities of [SiPr-I]I«ICCl-I[I-SiPr] and [SiPr-
[]l12CCl2ell[I-SiPr] to act as oxidizing agents. Some tests have been run on each
compound, but these have been very preliminary. It would also be beneficial to see if the
number of iodide ions inserted between [SiPr-1] and ICCI could be increased. If more than
one iodide ion could be inserted, the likelihood of the compound behaving as an oxidizing

agent may increase.
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5.0 Experimental

5.1 General Procedures

All preparations were carried out under an inert nitrogen atmosphere in an mBraun
glovebox, unless otherwise stated. Nitrogen (>99.998%) was provided by Praxair Inc.
Anhydrous benzene (99.8%), anhydrous N,N-dimethylformamide (99.8%), N-
iodosuccinimide (95%), anhydrous acetonitrile (99.8%), ethyltrimethylsilane (98%), dry
sodium hydride (95%), reagent grade potassium tert-butoxide (95%), 1-iodo-2-
(trimethylsilyl)acetylene (97%), HPLC grade 1,2-dichloroethane, reagent plus grade N,N-
diisopropylethylamine (299%), anhydrous 1 ppm butylated hydroxytoluene (BHT) in
diethyl ether (299.7%), anhydrous BHT, ACS reagent grade diethyl ether (299.0%), 2,6-
diisopropylaniline (97%), anhydrous triethylorthoformate (98%), and glacial acetic acid
were purchased from Sigma-Aldrich. Reagent grade tetrahydrofuran (THF),
dichloromethane (DCM), hexanes and toluene were purchased from Caledon Laboratory
Chemicals. The solvents were purified using an mBraun solvent still and stored over 4 A
molecular sieves prior to use. Benzene-ds (d: 99.5%) and acetonitrile-ds (d: 99.8%) were
purchased from Cambridge Isotope Laboratories and were opened and stored under a

nitrogen environment.
5.2 Analytical Techniques

Infrared spectra were collected as KBr pellets with a Bruker Vertex 70 Infrared

Spectrometer and the data was processed using the OPUS 6.0 software suite.

The 'H NMR spectra were collected using a Bruker Ultrashield 300 MHz NMR

spectrometer with a 7.05 Tesla magnet. 3C NMR was carried out at 75 MHz, with the
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same instrument. Samples were prepared by dissolving a small amount of sample into
the minimum about of deuterated solvent, under an inert atmosphere. *H NMR spectra
were referenced to the residual solvent peaks downfield of trimethylsilane. The data was

processed using Bruker TOPSPIN 1.3.

Elemental analyses (EA) were performed on a Perkin EImer CHN Analyzer 2400
Series Il. Prior to data acquisition, standard calibration was conducted with acetanilide
supplied by Perkin Elmer. All EA data acquisition was carried out by Patricia Granados of

the Centre for Environmental Analysis and Remediation at Saint Mary's University.

The melting points were measured using a Mel-Temp melting point apparatus (with
a heating rate of ca. 5°C min™) and are uncorrected. The samples were placed in a

capillary tube, under an inert atmosphere, and then sealed.

5.3 X-ray Crystallography

The crystal chosen for each determination was attached to the tip of a 400 um
MicroLoop with paratone-N oil. Measurements were made on a Bruker APEXII CCD
equipped diffractometer (30 mA, 50 kV) using monochromated Mo Ka radiation (A =
0.71073 A) at 125 K.5* The initial orientation and unit cell were indexed using a least-
squares analysis of a random set of reflections collected from three series of 0.5° w-
scans, 15 seconds per frame and 12 frames per series, that were well distributed in
reciprocal space. For data collection, four o-scan frame series were collected with 0.5°
wide scans, 30 second frames and 366 frames per series at varying ¢ angles (¢ = 0°, 90°,
180°, 270°). The only exception was made in the data collection for [SiPr-1-SiPr]l - 2ICCI

- CeHes where each frame was collected for 40 seconds. The crystal to detector distance
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was set to 6 cm and a complete sphere of data was collected. Cell refinement and data
reduction were performed with the Bruker SAINT®® software, which corrects for beam
inhomogeneity, possible crystal decay, Lorentz and polarisation effects. A multi-scan
absorption correction was applied (SADABS®®). The structures were solved using
SHELXT-2014%" and were refined using a full-matrix least-squares method on F? with
SHELXL-2014.5" All refinements were unremarkable. The non-hydrogen atoms were
refined anisotropically. Hydrogen atoms bonded to carbon were included at geometrically
idealized positions and were not refined. The isotropic thermal parameters of the
hydrogen atoms were fixed at 1.2Ueq Of the parent carbon atom or 1.5Ueq for methyl
hydrogens.

5.4 Synthetic methods

5.4.1 Preparation of N,N-Bis(2,6-diisopropylphenyl)formamidine*’

iPr Cat. iPr iPr
OEt i
He? glac!al . H i
2 + f ~0Et acetic acid P 3 EtOH
NH, _— N N
EtO H
iPr iPr iPr

Note: this reaction was completed on the benchtop, not under an inert atmosphere.

2,6-Diisopropylaniline (35.89 g, 202 mmol, 2 equiv.), triethylorthoformate (15 g, 101
mmol, 1 equiv.) and glacial acetic acid (1.215 g, 20.2 mmol, 0.2 equiv.) were added to a
500 mL round-bottomed flask and the flask was fitted with a distillation apparatus. The
reaction flask was then heated to 160°C for 20 hours. Ethanol was collected as it distilled.
After 20 hours, the amount of diethyl ether necessary to dissolve the product was added
to the reaction flask. This was then transferred to a 1000 mL separatory funnel and diethyl

ether was added to a total volume of 800 mL. A saturated solution of sodium bicarbonate
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(100 mL) was added to the funnel. The ether layer was separated and treated with sodium
sulfate. The solution was then added to a 1000 mL round bottomed flask and the solvent
was removed under vacuum using a rotary evaporator. White solid was obtained and

washed with cold hexane to produce the white fluffy product.

5.4.2 Preparation of [SiPr-H]CI*®

N\
/.
iPr— | iPr
/ . .
/ L Dichloroethane iPr

HN . Diisopropylethylamine \
CH —_— CH
4 120°C @

/\L\H—(ipr 46 hours cl ipr
iPr— iPr
~

—

N,N-(2,6-Diisopropylphenyl)formamidine (14.493 g, 39.8 mmol, 1 equiv.) and

-

dichloroethane (39.33 g, 397.5 mmol, 10 equiv.) were added to a 500 mL Schlenk bomb
and stirred. To the stirred solution diisopropylethylamine (5.65 g, 43.7 mmol, 1.1 equiv.)
was subsequently added. The Schlenk bomb was sealed under static vacuum and then
heated to 120°C using a silicon oil bath. The reaction was left to proceed for 46hrs. The
reaction flask was removed from the heat and allowed to cool to room temperature, during
which time dark pink crystals formed. Excess dichloroethane was removed under
vacuum. The product was washed with 3 x 75 mL of boiling toluene and filtered through
a glass frit. A pale pink product was obtained. (yield 9.196 g, 54.3%) *H NMR (300 MHz,
CDCls, d ppm) 1.26 - 1.29 (d, 2-CHs, 12 H), 1.40 — 1.43 (d, 6-CHgs, 12 H), 3.04 (m, 2,6-
CH, 4 H), 4.88 (s, NCHz, 4H), 7.28 - 7.31 (m, 3,5-ArH 4 H), 7.49 - 7.52 (m, 4-ArH, 2 H),

8.39 (s, NCHN, 1H).
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5.4.3 Preparation of SiPr#°

iPr iPr/Q\
iPr NaH iPr

N - N
N t-ButOK* \
8/ o THF ( dry) v
Cl iPr 22 hrS iPr
iPr@ iPr@

[SiPr-H] « CI (7.71 g, 18.1 mmol, 1 equiv.) was added to a ca. 175 mL of THF in a 250 mL
Schlenk flask and stirred. NOTE: Sodium hydride is very reactive and its reaction with
[SiPr-H]Cl is quite exothermic, care should be taken when adding the reagent to the
reaction flask. Sodium hydride (1.74 g, 72.4 mmol, 4 equiv.) and potassium tert-butoxide
(0.203, 1.81 mmol, 0.1 equiv.) were added to the reaction flask and left for 22 hrs. The
solution was then filtered through Celite and the THF was removed in vacuo. The
remaining solid was triturated with dry hexanes and dried in vacuo. (yield ca. 2g) *H NMR
(300 MHz, CsDs, 8 ppm) 1.28 - 1.30 (d, 2-CHs, 12 H), 1.32 — 1.34 (d, 6-CHs, 12 H), 3.28
(m, 2,6-CH, 4 H), 3.37 (s, NCH2, 4H), 7.17 - 7.19 (m, 3,5-ArH 4 H), 7.24 - 7.29 (m, 4-ArH,

2 H).

5.4.4 Preparation of ICCI3

*CAUTION** Diiodoactylene has been reported to decompose violently at
temperatures between 80°C and 130°C or due to shock. Therefore, extreme care

should be taken when dealing with it in the solid state and for safety reasons it

should be stored in solution as a precaution.
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| CH;, AgNO,
N | DMF

(o) (0] + HC=C—Si—CH; . |—C=C—I
| 2 hrs
CHj3

The following synthesis was carried out under an inert atmosphere, in a glovebox. N-
iodosuccinimide (2.52g, 11.22 mmol, 2.2 equiv.) was weighed out and added to a 50 mL
round-bottomed flask along with silver nitrate (0.085g, 0.50 mmol, 0.098 equiv.).
HCC(TMS) (0.50g, 5.1 mmol, 1 equiv.) was weighed out and added to 15 mL of DMF in
a 20 mL scintillation vial. This solution was then added to the round-bottomed flask and
stirred for 1 hr. The resulting solution was then treated with 20-30 mL of deionized water
and extracted with 3 x 10 mL aliquots of diethyl ether. It was dried with magnesium sulfate.

The solution was gravity filtered and the product was left in diethyl ether solution.

5.4.5 Synthesis of SiPr « ICCTMS

iPr iPr
iPr iPr

N\ /CHa Benzene N\ . 5 /CH3
[ /C + |—CEC—SI\_CH3 R.T. [ /c ______ IfCEC—Sl—CH3
N CH; 0.5 hours N \CH:,

The reaction was carried out under an inert atmosphere, in a glovebox. SiPr (130 mg,
0.33 mmol, 1 equiv.) was weighed out in a 20 mL scintillation vial and dissolved in 6 mL
of hexane. This solution was then added to a 50 mL Schlenk flask equipped with a stir
bar. ICC(TMS) (74 mg, 0.33 mmol, 1 equiv) was weighed out in a 20 mL scintillation vial
and 6 mL of hexane was added to it. This solution was added in a dropwise fashion to

the stirring solution in the 50 mL Schlenk flask. Once the ICC(TMS) addition was
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complete, the flask was capped and the reaction mixture was allowed to stir for 30
minutes. The reaction flask was kept sealed and placed in a freezer where clear,
colourless, rectangular crystals formed after 2-3 hrs. (yield ca. 150 mg) mp. 128-130°C
(dec). *H NMR (300 MHz, CsDs, & ppm) 1.20 (d, 2-CHs, 12 H), 1.38 (d, 6-CHs, 12 H), 3.10
(m, 2,6-CH, 4 H), 3.77 (s, NCHz, 4H), 7.09 - 7.14 (m, 3,5-ArH 4 H), 7.19 - 7.26 (m, 4-ArH,
2 H). 133C NMR (75 MHz, CeDs, & ppm) 23.92 (s, CH(CHs)2), 24.67 (s, CH(CHs)2), 28.57
(s, CH(CHa)2), 21.06 (s, ICCSi), 52.97 (s, NCHz), 98.03 (s, ICCSi), 123.89 (s, meta-C),
128.62 (s, ortho-C), 137.02 (s, ipso-C), 146.64 (s, para-C), 225.14 (s, NCN). IR (KBr, cm"
1) 2964 (s), 2868 (M), 2071 (W), 1675 (W), 1589 (vw), 1460 (s), 1422 (m), 1325 (w), 1263
(m), 1242 (m), 1180 (w), 1104 (w), 1057 (w), 936 (vw), 839 (s), 804 (m), 757 (s), 710 (m),

614 (vw).

5.4.6 Synthesis of [SiPr—I] 1 *ICCl ¢ | ¢ [I-SiPr]

iPr—" - [ iPr—" ,,_,.5,-;"‘ L TiPr
/ iPr I excess / iPr iPr
N Benzene N N
. R.T [ L 5 3" & 5 /
c: + I—c=c—1 RT. o € —A—"-erd—C=C—l----h—I—C
N 0.5 hours \"Nl -‘N ~
iPr iPr iPr
Pr— 7 3 Pr— 7 _iPr

The reaction was carried out under an inert atmosphere, in a glovebox. Due to the
unstable nature of ICCI, its yield was never obtained. Thus, the equivalency of the
amounts of SiPr and ICCI added in this reaction are unclear. SiPr (0.10 g, 0.26 mmol)
was added to a 6 mL of benzene in a 50 mL Schlenk flask at room temperature and
stirred. 8.0 mL of the ICCI / benzene solution was added to the flask and left to react for

30 minutes. The precipitate that was formed was collected by gravity filtration. This solid
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was then dissolved in a minimum amount of acetonitrile. Crystals formed after slow
evaporation of the solvent. (yield ca. 100 mg) mp. 240-244°C (dec). 'H NMR (300 MHz,
CDsCN, & ppm) 1.36 (d, 2-CHs, 24 H), 1.38 (d, 6-CHs, 24 H), 2.99 (m, 2,6-CH, 8 H), 4.36
(s, NCHz, 8H), 7.43 - 7.49 (m, 3,5-ArH, 8 H), 7.58 - 7.65 (m, 4-ArH, 4 H). 13C NMR (75
MHz, CeDs, & ppm) 23.37 (s, CH(CHs3)2), 24.20 (s, CH(CHs3)2), 28.94 (s, CH(CHs3)2), 53.86
(s, NCH2), 125.40 (s, meta-C), 131.45 (s, ortho-C), 132.65 (s, ipso-C), 146.57 (s, para-
C), no NCN resonance detected. IR (KBr, cm) 2964 (vs), 2927 (m), 2868 (m), 1703 (vw),
1627 (vw), 1589 (w), 1536 (vs), 1460 (m), 1270 (s), 1103 (w), 1049 (m), 1016 (m), 917

(w), 805 (s), 757 (w), 671 (vw), 449 (vw).

5.4.7 Synthesis of [SiPr—I]I

iPr
iPr

+ |,

iPr
iPr
N

Benzene

N [y
R.T. [ C—1----- 1
0.5 hours N/

iPr
iPr

N
g
/
N
iPr
iPr

The reaction was carried out under an inert atmosphere, in a glovebox. SiPr (0.10g, 0.256
mmol, 1 equiv.) was weighed out and added to a 50 mL Schlenk flask, then dissolved in
4 mL of benzene and stirred. |2 (0.065 g, 0.256 mmol, 1 equiv.) was weighed out and
dissolved in 4 mL of benzene. The iodine/benzene solution was added dropwise to the
stirring SiPr/benzene solution. The reaction was left to proceed for 15 minutes and then
the solvent was removed in vacuo. This crude solid was dissolved in acetonitrile and
clear, colourless, rectangular crystals were obtained from the resulting solution by slow

evaporation. (yield ca. 100 mg) mp. 276-278°C (dec). *H NMR (300 MHz, CDsCN, & ppm)
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1.34 (d, 2-CHs, 12 H), 1.36 (d, 6-CHs, 12 H), 2.96 (m, 2,6-CH, 4 H), 4.36 (s, NCHz, 4H),
7.41 - 7.47 (m, 3,5-ArH, 4 H), 7.55 - 7.63 (m, 4-ArH, 2 H). 33C NMR (75 MHz, CsDs, &
ppm) 23.39 (s, CH(CHa)2), 24.18 (s, CH(CHa)2), 28.94 (s, CH(CHz3)2), 53.80 (s, NCH>),
125.38 (s, meta-C), 131.40 (s, ortho-C), 132.68 (s, ipso-C), 146.57 (s, para-C). no NCN
resonance detected. IR (KBr, cm™) 2966 (s), 2925 (m), 2867 (m), 1589 (w), 1536 (vs),

1463 (m), 1283 (s), 1180 (vw), 1103 (vw), 1056 (w), 1017 (w), 808 (m), 759 (w).

5.4.8 Synthesis of [SiPr-I-SiPr] ¢ | « (ICCI):

—
//

iPr—" s
'l iPr— | \ —iPr
/ —

/ iPr ) I ( \
_N CH, Benzene N iPr iPr N { I—C:C—I/‘2 |
c: + |—C==C—Si—CH, R.T. % | c -
TSN CH, 0.5 hours SN N—
\ iPr \ iPr iPr

iPr—__ rr—_/ 7\ _iPr
\ \ \\ / )

The reaction was carried out under an inert atmosphere in a glovebox. SiPr (150 mg, 0.38
mmol, 1 equiv.) was weighed out in a 20 mL scintillation vial and dissolved in 6 mL of
either benzene. This solution was then added to a 50 mL Schlenk flask equipped with a
stir bar. ICC(TMS) (86 mg, 0.38 mmol, 1 equiv) was weighed out in a 20 mL scintillation
vial and 6 mL of either benzene was added to it. This solution was added in a dropwise
fashion to the stirring solution in the 50mL Schlenk flask. The reaction was left to proceed
for 30 minutes at room temperature. Crystals formed after slow evaporation from the

same benzene solution.

5.4.9 Synthesis of [SiPr-1]2 * [I]16

The isolation of this compound came from an attempt to isolate the [SiPr-1]ls compound.

About 50 mg of the crystals of [SiPr-I]l were added to a 20 mL scintillation vial, dissolved
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in acetonitrile, and stirred. In a separate scintillation vial an excess of iodine was dissolved
in acetonitrile; this was added dropwise to the stirring solution. The reaction was allowed
to procced for 30 minutes. The remaining solution was then left for slow evaporation,

where crystals gradually appeared.

5.4.10 Synthesis of [SiPr-1] ¢ 1 ¢ 12CClz * | « [SiPr-I]

It is likely that the ICCI solution we synthesized contained excess iodide. Therefore
attempts were made to quench the solution of the iodide with small additions of SiPr. SiPr
was added in small amount (ca. 10 mg) to the ICCl/diethyl ether solution. A precipitate
formed immediately and the remaining solution was decanted. The same procedure was
continued until no precipitate formed upon addition of SiPr. The precipitates were
dissolved in acetonitrile where clear, pale yellow, thin rod-like crystals formed from slow

evaporation.
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