PhICI; is activated by chloride ions
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ABSTRACT

A study on the potential activating role of pyridine in the electrophilic chlorination of anisole
by PhICIL, has led to the discovery that soluble sources of chloride ions activate PhICl, in the
reaction at catalytic loadings, greatly increasing the rate of chlorination. It is further shown
that presence of chloride increases the rate of decomposition of PhICI; into PhI and Cl,. The
specific mechanism by which chloride induces electrophilic chlorination and decomposition

of PhICI, remains an open question.
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PhICl; is a versatile I(III) oxidant, replacing inconvenient to handle Cl, gas in a variety of
applications.'” Being itself generated from PhI and Cl,, it is necessarily a weaker oxidant than
Cl; and is thus inert towards many substrates. Methods to activate PhICl, are known, one of
which is the addition of catalytic pyridine, for which intermediate 1 was proposed as the
activated species (Scheme 1) in the chlorination of diazo species, and has also been invoked
in leading textbooks.”> Denmark in a recent review proposed that the source of electrophilic
chlorine could be either structure 1 or [Pyr-CI][Cl] formed from decomposition of PhICI, by
pyridine.® We have recently shown these are not viable potential intermediates; the reaction
of PhICI, and pyridine yields a simple coordination complex with pyridine weakly bound to

the iodine in PhICI, (2).
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Scheme 1. Proposed (1) and experimentally determined (2) interaction of pyridine with

PhICL,.



The proposed intermediate (1) was not observed spectroscopically and was calculated to be
18 kJ/mol higher in energy than the weakly bound coordination complex. The properties of
PhICL, in terms of charge distribution, bond distances, and MO energy levels were not found
to be significantly perturbed by the coordination of pyridine.

While 1 can be excluded as the activated species, in the Murphy reports pyridine clearly acts
as a catalyst by some means in the chlorination of diazo compounds by PhICl,. Furthermore,
pyridine is a very common additive, either in excess or catalytically, in a variety of reactions
involving PhICL.*" In many examples pyridine is clearly acting as a proton accepting base or
the pyridine is proposed to be a catalyst, but in others there is no eliminated proton with
nothing specific proposed about the role of pyridine.

We decided to investigate if pyridine could catalytically activate PhICI, in the electrophilic
chlorination of an aryl ring, using anisole as a model aryl substrate. The addition of pyridine
for this class of reaction with PhICIl, has also been reported in the context of scale-up
chemistry for chlorination of an activated aniline, using an excess of pyridine, where it could

be acting as simply a base.”

The reaction between PhICl, and anisole in CDCl; at concentrations of 0.09 M was monitored
by '"H NMR spectroscopy with conversion to 4-chloroanisole and Phl determined by relative
integration of the anisole methyl peak at t = 60 minutes. For the reaction of only PhICI, and
anisole the conversion was measured to be 1% at 60 minutes and 23% after 20 hours.
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Scheme 2. Chlorination of anisole with PhICL.



Addition of 20 mol% pyridine resulted in an increase in the conversion at t = 60 minutes to
77%, which indicates that pyridine is indeed facilitating this reaction via some mechanism at
catalytic loading. However, the reaction itself generates HCI, which is observed in the 'H
NMR to protonate the pyridine. After the reaction has proceeded > 20%, all of the pyridine
should be present as pyridinium chloride. Thus, pyridine cannot be only facilitating this
reaction by acting as a nucleophile, as the pyridine itself is completely consumed before the
reaction is finished.

Since pyridinium chloride becomes the dominant pyridine containing species in the reaction,
we next tested its efficacy in activating PhICI; in the chlorination of anisole.

Addition of 20% pyridinium chloride to PhICl, and anisole resulted in a conversion of 92% at
t = 60 minutes, higher than what was seen with pyridine. This observation led to the
hypothesis that the activating agent is either pyridinium or chloride anions,; pyridinium could
be activating PhICI, via hydrogen bonding with the I-Cl of PhICI,, or chloride could be
activating PhICI, via a nucleophilic interaction.

To control for hydrogen bonding 20% NBu4Cl was added to the reaction of PhICl, and
anisole. This resulted in a conversion of 93% at t = 60 minutes. The reaction with 20%
pyridinium triflate, which should hydrogen bond to PhICI, equally as well as pyridinium
chloride, gave a conversion of only 12%. 20% NBu,OTf gave a conversion of 31%. Both of
these results are higher than the baseline reaction with no additive, while the result with
NBu,OTf indicates that triflate is also activating PhICI, but more weakly than chloride.

Given these results we hypothesize that PhICI; is activated by chloride ions. In the reaction
with 20% pyridine the activation is induced by the formation of HCI from inactivated PhICl.,
for which a small conversion to 4-chloroanisole occurs. The HCI is then converted into free
chloride by protonation of the pyridine to give pyridinium chloride, whereby the free chloride

then acts as a catalyst accelerating the reaction. To test this hypothesis 20 mol% by HCI of



2M HCI in ether was added to PhICI, and anisole, which gave a t = 60 minutes conversion of
1%, indicating that the chloride engaged with the proton in HCI is not an effective activating
agent. This is also consistent with the sluggish reaction in the absence of a catalyst, as if HCI
was effectively activating the PhICI, the HCI made as the reaction slowly proceeds should
then act as a catalyst, accelerating the reaction and giving high conversion.
4-dimethylaminopyridine (4-DMAP) was also reported to catalytically activate PhICl,, but
we have previously shown that 4-DMAP immediately reacts with PhICI, to give 3-chloro-4-
dimethylaminopyridine and protonated 4-DMAP as a chloride salt in an electrophilic
aromatic substitution.” ' This means that in such a reaction all the 4-DMAP is consumed
rather than acting as a catalyst. Investigating this aspect, addition of 20% 4-DMAP to PhICI,
and anisole gives a conversion of 80% to chlorinated anisole, showing catalytic activation,
and excellent conversion considering that 10% of the PhICl, is immediately consumed by
reaction with 4-DMAP. Addition of 20% protonated 4-DMAP as a chloride salt gives 99%
conversion. Addition of independently synthesized 3-chloro-4-dimethylaminopyridine,
produced in the reaction with 4-DMAP and PhICl,, and a weaker base and nucleophile than
4-DMAP gives 81% conversion of anisole. Addition of the hydrochloride salt of 3-chloro-4-
dimethylaminopyridine gives 98% conversion to 4-chloroanisole after t = 60 minutes.

Taken together this data supports that generation of free chloride in the reactions of PhICI,
with anisole has a strong activating effect at catalytic loadings. A 20% loading of NBu4Cl
gives > 90% conversion within 5 minutes. Reduction of NBu,4Cl loading to a mole fraction of
5% gives a conversion of 68% after 5 minutes and 86% conversion after 20 minutes showing
that it is effective at relatively low loadings.

Finally, we tested LiCl and NaCl as simple chloride sources. LiCl has minimal solubility in
CDCI; but has excellent solubility in THF. However, we found that the chlorination reactions

did not occur at all in THF, even with NBu,Cl. Stirring a suspension of 20 mol% LiCl or



NaCl by weight in a CDCI; solution of PhICI, and anisole was found to give a conversion of
1% after 60 minutes, no improvement over no catalyst addition, indicating that soluble

chloride is required.

Catalyst Loading (mol %) Conversion (%)
None 0 1
Pyridine 20 77
Pyridine.HCI 20 92
Pyridine. HOTf 20 12
Pyridine. HOTf 50 21
NBu,Cl 20 93
HCLEt,O 20 1
NBu,OTf 20 31
4-DMAP 20 80
4-DMAP.HCI 20 99
4-DMAP.HOTf 20 8
3-Cl-4-DMAP 20 81
3-Cl-4-DMAP.HCI 20 98
NBU4C1 5 86
NaCl 20 1
LiCl 20 1
LiCl 50 1

Table 1. Conversion of a 0.09M CDCl; solution of anisole to 4-chloroanisole after 60 minutes

by equimolar PhICI, with the specified additive.

We next explored the decomposition of PhICl,. A 0.09 M solution of PhICI, in CDCl; (in the
absence of any other species), was constantly stirred and left open to the atmosphere to allow
CL, to escape, which led to PhICl, decomposing into PhI and Cl, with a conversion of 69%
after 20 hours. In a shorter time-frame, the percentage decomposition at the specified time
points is given in Table 2. To determine if chloride and the other considered species could be
inducing decomposition of PhICI, the specified amount of additive was mixed with PhICI,
and conversion into PhI monitored by '"H NMR spectroscopy. The results are collated in
Table 2, which shows that addition of catalytic amount of chloride in the form of NBu4Cl

induces a much more rapid decomposition of PhICl,. Pyridinium hydrochloride also induces



an increased rate of decomposition, as does free pyridine although to a lesser extent that
NBu,Cl. 20 mol% HCI in ether did not result in an increased rate of decomposition, nor did a
suspension of LiCl give a significant increase. Addition of NBusOTf and pyridinium triflate

also results in an increased rate of decomposition over no additive but to a lesser extent than

NBu,ClL.
Cl
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Decomposition (%)
Time N.o. 20% Pyi(i)((i?ne- Pyi(i)(;?ne- 20% 20% 20% 29%
additive | Pyridine HCl HOTS NBu,Cl | HCI | NBu,OTf | LiCl
10 min 9 20 29 10 33 5 14 15
30 min 10 28 30 25 38 9 17 19
1 hr 13 33 33 30 42 14 25 25
2 hr 22 40 36 35 49 20 29 32
3 hr 27 48 40 40 56 23 30 37
4 hr 32 52 45 42 60 25 40 42
20 hrs 69 76 72 82 95 47 88 74

Table 2. Decomposition of a 0.09 M solution of PhICIl, to Phl at the specified times as

determined by '"H NMR spectroscopy.

The chloride adduct to PhICI, has previously been reported in the context of crystallographic
studies where the reaction of [PPh,J[Cl] with PhICl, gives the salt [PPh,][PhICl;].** The
additional chloride completes a square planar geometry about the iodine with a much longer
I-Cl interaction than is found along the CI-I-Cl bond axis in the parent compound. No
solution phase studies were reported. We were previously able to determine the binding

constant between pyridine and PhICL, by '"H NMR chemical shift differences in PhICI, using




the BindFit routine.” Addition of 1 equivalent of NBu4Cl to PhICl; in CDCl; results in a
distinct upfield chemical shift for the protons in the phenyl group of PhICl,, which becomes
more pronounced at increased loading. Using loadings of 1, 2, 3, 4, 5 and 10 equivalents of
NBu,4Cl allowed for determination of the binding constant to be 0.62 M™. Triflate in the form
of NBu,OTf, which was found to be less activating towards PhICI, than chloride, was found
to have a much smaller binding constant of 6.6 x 10° M™ as expected for a weaker

nucleophile.

Theoretical studies were carried out to investigate how chloride might activate and induce
decomposition of PhICl,. The B3LYP-D3(BJ)/def2-TZVPPD (SMD, chloroform) optimized
geometry of the chloride adduct of PhICl,, [PhICI;], is a four-coordinate complex, which
may be described as a weakly bound complex of Cl" and PhICI, analogous to the PhICI,-
pyridine complex 2. The geometry of PhICI, is only minimally distorted by addition of
chloride in [PhICI;], which is consistent with experimental structural studies. Comparing
[PhICIs] to PhICI,, the calculated I-C bond distance increases slightly from 2.109 to 2.141 A
and the I-Cl bond distances also increase slightly from 2.533 to (2.546 and 2.557) A. The I-Cl
bond trans to the phenyl ring arising from the additional chloride is longer than the other two
at 2.978 A owing to the strong trans effect of the phenyl group. This is in agreement with the
experimentally determined bond distance of 3.02 A.*!

Similar to the pyridine adduct of PhICI,, the calculated natural bond orbital (NBO) charge
distribution in the PhICl, fragment is minimally perturbed by addition of the chloride. In a
CHCI; solvent forcefield, the partial NBO charge on the iodine and chlorines in PhICI, are
+1.027 and —0.506, respectively. In [PhICl;] a minimal change to +1.048 and (-0.515 and -
0.525) is calculated. Plots of the electrostatic potential (Figure 1) illustrate the similarity of

charge in the PhICI, moiety.



Figure 1. Plots of the electrostatic potential of PhICI, (left) and [PhICI;]" (right) and the
LUMOs and absolute energy levels in eV of PhICI, (left) and [PhICI;] (right) at B3BLYP-

D3(BJ)/def2-TZVPPD (SMD, chloroform).

Frontier molecular orbitals (Figure 1) indicate that the LUMO is centered on the CI-I-Cl axis
for both PhICIl, and [PhICI;], which is destabilized in [PhICI;]" by 0.83 eV. However, the
increase in energy for the LUMO should make the electrophilic chlorine less reactive rather
than more reactive, the opposite of what is observed experimentally. As extensive search of
the potential energy surface around the Wheland intermediate in the chlorination of anisole
from PhICI, revealed no transition state or other insight into what the mechanism might be.

It is clear from the decomposition studies that chloride alone induces the decomposition of

PhICL, (into PhI and Cl,) at catalytic amounts in the absence of the anisole substrate.



The potential energy surface of the system was examined to investigate if chloride might
reduce the transition state barrier for this reaction. The calculated free energy of addition of
ClI to PhICI, giving [PhICI;]” was found to be close to zero, with values ranging from -3.4 to
+6.3 kJ/mol depending on the method and basis set. At the highest level of theory utilized
(DLPNO-CCSD(T)/ma-def2-QZVPP level of theory with a CHCI; solvent forcefield), AG
was calculated to be +6.3 kJ/mol (+3.6 with dichloromethane solvation), in line with the
experimentally determined binding constant of 0.62 M.

Unfortunately, again despite clear experimental evidence that chloride accelerates the
decomposition of PhICI, into PhI and Cl,, no transition state from [PhICI;]" or adding chloride
along the CI-I-Cl bond axis was located that gave a barrier consistent with the observed rate
of the room temperature decomposition.

We have demonstrated that chloride ions act as an effective catalyst for the electrophilic
chlorination of anisole using PhICl,, and that catalytic chloride hastens the decomposition of
PhICl,. The mechanism for the reaction is yet unknown. Lupton® and later Nagib* reported
that PhI(OACc)(Cl) is an activated chlorination reagent, and can be generated from PhICl, and
acetic acid, or PhI(OAc), and nucleophilic chloride sources, but in our case nucleophilic
chloride with PhICI, would be substituting like for like. We are currently investigating this as

well as the scope of PhICI, reactivity that can be accelerated with catalytic chloride.
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