Remote Regioselective Electrophilic Aromatic Substitutions
Using a Tetrafluoropyridyl (TFP) Phenol Protecting Group

William D. G. Brittain,** and Steven L. Cobb *!

aDepartment of Chemistry, Durham University, South Road, Durham, DH1 3LE, United Kingdom

Abstract: Herein, we report the development of remote regioselective electrophilic aromatic
substitution reactions enabled by the tetrafluoropyridyl (TFP) protecting group. The TFP group
significantly reduces the reactivity of the aromatic ring to which it is attached allowing for substitution
selectivity on non-TFP protected rings and in turn access to unsymmetric multi-aryl systems. Yields of
the unsymmetric multi-aryl systems ranged between 58-96%. In addition, we disclose that through
sequential reactions and protection/deprotection of the TFP group, substitution patterns which do

not conform to classical regioselectivity rules can be readily accessed.
Introduction

Despite the fact that there has been an increase in the number of reported “protecting group free”
syntheses of natural products,™! and other complex organic molecules the fact remains that in the
majority of cases the use of protecting groups is still required. While the primary role of a protecting
group in complex organic synthetic pathways is to mask the reactivity of a particular functional group
they are often utilised to also control chemical reactivity and / or reaction stereoselectivity. For
example, nitrogen containing protecting groups such as amidines and imines are used in C-H activation
reactions,'? and groups such as TBDPS have been employed to add steric bulky to modulate the
reactivity of adjacent function groups.®! In all of the aforementioned associated synthetic
transformations the protecting group effect is localised and the subsequent reductions, additions,
couplings occur near to or adjacent to the protecting group. Conversely reports of protecting groups
being able to direct distal from their position have not been widely disclosed.! In fact, in order to
carry out these types of transformations bespoke directing groups often need to be installed into

desired substrates and they subsequently remain within the products.l® Having the ability to use a



protecting group to influence remote regiocontrol would offer an alternative approach to direct late-

stage functionalisation methods that typically rely on selective activation of the site of the reaction.!®
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Scheme 1. a) Our previous work on the utilisation of TFP moieties as protecting groups for phenols. b)

This work, the selective electrophilic aromatic substitution of multi-aromatic systems.

As part of a program of work in our laboratory to develop new multi-functional protecting groups we
recently reported the use of the tetrafluoropyridyl (TFP) group for the protection of phenols (Scheme
1a).[ It was found that the TFP protecting group could be readily installed and cleaved from a range
of phenol containing compounds. The TFP group was also found to be stable to a wide range of
commonly employed reaction conditions. Unlike most of the alternatives the TFP group has somewhat
of a unique position as being a phenol protecting group which is highly electron deficient.!® Due to
this we envisaged that the TFP group could be used to modulate the reactivity profile of the phenolic
ring it is attached to. In doing so the TFP protected phenol would be less reactive in electrophilic
substitution reactions compared with either free phenols, alkyl ether protected phenols or even non-

phenolic rings. If this was indeed the case, the reactivity difference afforded by TFP protection would



provide a straightforward route to differentiate and regioselectively modify a specific ring in systems

where multiple aromatic rings are present (Scheme 1b).

Herein, we detail our investigations into how tetrafluoropyridyl aryl ethers (TFP-ethers) can enable
remote regioselectivity in electrophilic aromatic substitutions. The study demonstrates that TFP-
ethers can be utilised to allow for efficient access to unsymmetrical biphenols, bisphenols and biaryls.
The methodology reported overcomes the statistical product distribution which is a common

drawback of the typical approaches used to access such compounds (e.g. cross-coupling).!’

Results and Discussion

To begin the study, the electrophilic iodination of TFP-aryl-ether 1 was carried out under a range of
conditions.[*® Conversion of these reactions was studied using *H NMR spectroscopy (see ESI, 5-31)
and subsequently the best reactions were isolated to give solely the para-iodo regioisomer. To
compare, the iodination of anisole 2 was carried out under the same conditions. From this
comparative study it was observed that the TFP ether 1 was significantly less reactive than its methyl
ether counterpart 2 across all of the conditions employed. For example, in the presence of silver
sulfate and iodine (Table 1, Entries 1 and 5) the TFP ether 1 had only reached a conversion of 31%
after two hours, while anisole 2 had been completely consumed to give the iodinated product in the
same time period. In order to rationalise these observations computational electron density
distribution calculations were carried out (see ESI, S-197). This study showed that the positions which
would typically undergo electrophilic aromatic substitution (ortho/para) were less electron-rich in the
TFP phenol compared to the anisole, supporting the initial hypothesis and rationalising why a

difference in reaction rate was observed.

To probe the substrate scope for iodination, a comparative study between a range of substituted TFP-
phenols and methyl-protected phenols was undertaken. We selected methyl- substituted compounds
1b-d to study the regioselectivity of the reactions. These substrates were accessible to us as we had

previously reported their synthesis.” To investigate the differences in reactivity between the various



substrates, two sets of reaction conditions were chosen, one in which both OTFP and OMe compounds
reacted rapidly (NIS, TFA, rt, 1h) and one in which the OTFP was significantly less reactive than OMe
(AgS0s, I, MeOH, 50 °C, 2 h). As with the previous study, conversion of the reactions was measured
using 'H NMR spectroscopy and the best reactions were isolated to determine the product

regiochemistry (see ESI, S-42 — 5-85).

Table 1. lodination condition screening for anisoles and TFP aryl ethers

QO\ Conditions IOO\
R R

R=TFP1a
= Me 2a
Entry Conditions Conv Yield (%)°
(%)°
1 la  AgSOs (1.2 equiv.), I2 (1.2 equiv.), 31
MeOH, 50 °C, 2 h
2 la NIS (1.1 equiv.), TFA, 1t, 1 h 94 80
la  NIS (1.1 equiv.), TFA (0.3 equiv.), <1
MeCN, rt, 1 h
4 la  NIS (1.1. equiv), CF5SO;zH, 1t, 1 h 87 -
5 2a  AgSOs (1.2 equiv.), I2 (1.2 equiv.), >99 98
MeOH, 50 °C, 2 h
2a NIS (1.1 equiv.), TFA, 1t, 1 h >99 96
7 2a  NIS (1.1 equiv.), TFA (0.3 equiv.), 68
MeCN, rt, 1 h

8 2a  NIS (1.1. equiv), CF3SOzH, rt, 1 h®
a) conversion determined by inspection of *H NMR spectra b) yield
following purification by column chromatography c) a mixture of
regioisomeric products was observed, therefore, conversion was not
determined

Across the series, it was observed that under silver sulfate-mediated conditions all OMe derivatives
(2b-f) were significantly more reactive than their OTFP (1b-f) counterparts. For example, in the cases
of 4-methyl compounds 1d and 2d where complete quantitative conversion to the iodo compound
was seen for the OMe derivative (2d) no conversion was obtained for the OTFP compound (1d) (Table
2, Entries 3 and 8). It was observed from the isolated compounds that the regiochemical outcomes
were consistent between OTFP and OMe compounds, which was expected from the previously

calculated electron density distribution profiles (see ESI, $-197).



Table 2. Comparison of reactivity and regioselectivity between substituted OMe- and OTFP-containing

compounds
o ANSTFA M 1h /=
Y T ok > /%
R OR | R

B AgSO,, 15, 50°C |

R =TFP
= Me 2h
. . . Conv/
Entry Starting Material Major Product .
Yield (%)?
) QOTFP |—<: E)—OTFP A 81/68
Me Me B 7/-
1b 3b
, Q—OTFP |—<§ >—OTFP A 94174
Me Me B 15/-
1c 3c
|
Me—@—OTFP A 79/65
3 Me OTFP ;
B <1/-
1d
3d
OTFP
OTFP
. OO A >99/91
B 25/-°
le I
3e
|
OTFP
A 78/62
5
B 17/-
1f
3f
] QOMe IQOMe A >90/62
Me Me B >99/68
2b 4b
oM
. Q ° ! § > ome A >99/64
Me Me B >99/78
2c 4b
|
Me—©—ow|e C/< A >99/64
8 Me OMe
2d B >99/81
4c
OMe
OMe
CO
9
B >99/77
2e I
4e
I
OMe
OMe A >99/59
10
B >99/63
2f
4f

a) Conversion was determined by integration of 1H NMR spectra, yield
refers to isolated yield following column chromatography b)A mixture of
two regioisomeric products were observed in the crude *H NMR spectra
of the reaction mixture, the vast majority however was unreacted SM. c)
A complex mixture was observed in the crude *H NMR spectra of the
reaction mixture.




After it had been confirmed that a range of TFP-protected phenols could undergo iodination, a
competition experiment utilising a compound containing two phenol rings, one protected with a TFP
group and one with a methylated phenolic oxygen, was undertaken. The orthogonally protected
biphenol 5a was synthesized in one step (see ESI, S-17). 5a was then exposed to iodination conditions
(TFA, NIS, rt, 1h), which were shown to readily iodinate both OMe and OTFP substrates. From the H
NMR spectrum obtained it was clear that mono-substitution had occurred and that one regioisomer
(>95%) was formed (Table 3, Entry 1). This compound was purified and its regiochemistry confirmed
by 2D NMR (see ESI, S-113 — 5-116). As hypothesised the substitution only occurred on one of the
aromatic rings and ortho to the methoxy group (Table 3, Entry 1). This demonstrated that even under
conditions in which both OTFP and OMe aryl rings could undergo electrophilic aromatic substitution,
the reaction occurred selectively only on the OMe-substituted ring. When the OTFP group was moved
to the meta position relative to the central C-C biaryl bond (5b) iodination still occurred selectively
only on the OMe-substituted ring (6b) (Table 3, Entry 2). In a competition experiment between an
OTFP-protected phenol ring and a free phenolic ring it was found that only substitution occurred on
the free phenolic ring. Substitution occurred ortho to the oxygen in the case of compound 5c¢ and para
to the oxygen in compound 5d (Table 3, Entries 3 and 4). We also wished to study iodination of bis-
phenols, where the two phenolic rings are not directly attached to each other. This is an important
class of compounds, especially in the polymer arena (such as bis-phenol A (BPA)).'Y A series of
bisphenol TFP derivatives were synthesised (5e-g) and subsequently iodinated to give the mono-
iodinated products. As previously seen for the biphenol systems regioselective substitution adjacent
to the phenolic oxygen was observed to give 6e-g. The structures of 6e-g were confirmed by 2D NMR
correlations (Table 3, Entries 5-7) (see ESI, 5-138 — S-156). It is worth noting that when unprotected
BPA was exposed to the same iodination reaction conditions (NIS, TFA, rt) an inseparable mixture of
mono- and di-iodinated products in addition to unfunctionalised BPA was generated (see ESI, 5-195 —
5-196). We were also able to selectively modify a TFP-protected BINOL (5h) to regioselectively

generate 6h (Table 3, Entry 8). Finally, we wished to test the reactivity difference between a TFP-



phenolic ring and an unmodified phenyl ring. Substrate 5i was synthesised in one step from 4-
phenylphenol as previously reported.””’ lodination of 5i resulted in the regioselective formation of
compound 6i in 87% vyield (Table 3, Entry 9). 6i would not be expected regio-isomer if the iodination
reaction was carried out in the absence of the TFP protecting group. Here the reactivity of the system

would be the inverse, and iodation would be expected to occur on the more activated phenolic ring.

Table 3. Scope of selective iodination reaction
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_ —\OR 1h,rt — —\OR

R =H/Me R =H/Me

Yield
(%)°

R A
6a

Entry Starting Material Major Product?

5c 6e
OTFP OTFP |
Sy ;
HO HO
5d 6d
|
5 TFPO! OH TFPDOH 80
5e 6e

O
WAT LT

8 SO
5h 6h
TFPO TFPO O Q |
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5i 6i

a) Regiochemistry of product determined by 2D NMR analysis. b) isolated
yield following flash column chromatography.




Having established the ability of the TFP group to clearly control the regioselectivity of electrophilic
substitution reactions we wished to test if the methodology could be utilised to add further
electrophiles regioselectively to the aromatic ring of our choice. To test this idea, a second iodination
reaction under the previously employed conditions was carried out on compound 6f. The second
iodine was added selectively onto the same ring as the first, ortho to the free phenolic oxygen, giving
di-iodo compound 8 in 57% yield (Scheme 2). The regiochemistry of 8 was confirmed by obtaining a
crystal structure® and further evidenced by 2D NMR spectra (see ESI, S-176 — S-181). This result
showed that even a ring which had already been substituted with a deactivating iodine group was still
more reactive than the TFP-protected phenol ring. This is the first example, to the best of our
knowledge of the synthesis of an unsymmetrical bisphenol system in which two electrophiles have
been added selectively to only one aromatic ring. By removal of the TFP group from compound 5f and
then subsequent iodination,”’ we could selectively install a single iodine on to each of the aromatic
rings giving 10 in 73% yield (Scheme 2). The synthesis of 8 and 10 clearly demonstrated that the TFP
protecting group allows for the precise regiocontrol of electrophilic aromatic substitution reactions

even those occurring remotely.
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Scheme 2. Further synthetic modifications.



The synthesised aryl species, 5f and 6f were further modified (Scheme 2). By exposing the mono-iodo-
TFP-bisphenol A derivative 6f to Suzuki-Miyaura cross-coupling conditions, the tri-aryl compound 11,
with one free phenolic oxygen and two orthogonally protected phenolic oxygens, was produced in
74% vyield (Scheme 2). The TFP group could be easily removed from compound 5f using a modified
version of our previously reported conditions!”! to give mono-iodo-bisphenol A 9 in 81% yield (Scheme
2). Other electrophiles could also be employed, for example, bromination of compound 5f occurred
smoothly to give a single regioisomeric product 7 in 74% yield (Scheme 2), consistent with the

regioselecitivity observed for iodination.

Conclusion

In conclusion, we have demonstrated that through installation of a tetrafluoropyridyl (TFP) moiety on
a phenolic ring, the aromatic system’s propensity to engage in electrophilic aromatic substitution can
be significantly reduced. The methodology reported allows for precise and remote regiocontrol of
substitution reactions without the requirement for a bespoke directing group. We have demonstrated
that the TFP group can perform dual functions, acting as both a protecting and a directing group. Given
this, through sequential reactions and protection/deprotection of the TFP group, substitution patterns
within aromatic systems which do not conform to classical regioselectivity rules can be readily

accessed.
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