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 Experimental and Theoretical Evidence for Nitrogen—Fluorine
. Halogen Bonding in Silver-Initiated Radical Fluorinations

3 Alyssa M. Hua,™' Samantha L. Bidwell," Sarah I Baker,” Hrant P. Hratchian,**
+and Ryan D. Baxter®"

s *Department of Chemistry and Chemical Biology, University of California, 5200 N. Lake Road, Merced, California 95343, United
6 States

7 @ Supporting Information

8 ABSTRACT: We report experimental and computational r ﬂ o AgNo,

9 evidence for nitrogen—fluorine halogen bonding in Ag(I)- \@ ¥ [NNJ /©) /@J\
10 initiated radical C—H fluorinations. Simple pyridines form Fr

11 [N—F—N]" halogen bonds with Selectfluor to facilitate single-
12 electron reduction by catalytic Ag(I). Pyridine electronics

13 affect the extent of halogen bonding, leading to significant

14 differences in selectivity between mono- and difluorinated Qf*

15 products. Electronic structure calculations show that halogen

16 bonding to various pyridines alters the single-electron pyridine identity dictates product distribution

17 reduction potential of Selectfluor, which is consistent with
18 experimental electrochemical analysis. Multinuclear correlation NMR also provides spectroscopic evidence for pyridine halogen
19  bonding to Selectfluor under ambient conditions.

20  KEYWORDS: halogen-bonding, fluorination, H atom abstraction, HAT, radical

21 N oncovalent bonding interactions are broadly important to Scheme 1. Radical Fluorination via Halogen Bonding

22 the field of organic chemistry. Electrostatic interactions A) Heterobenzylic Radical Fluorination (Van Humbeck)

23 including van der Waals forces, 7—7 stacking, ion-x interactions, A‘ + el

24 and hydrogen bonding are all capable of modulating local H Sl E “7

25 electron density, resulting in altered physical or chemical HaC’KC, r—— Hac

26 properties.'~* Hydrogen bonding in particular has been critical ZN 3' 4?:)

27 to the development of organocatalysis, where enhanced mﬂn‘;’fﬁ;ﬁﬁ"m Mol

28 reactivity or asymmetric transformations may be promoted _ - o )

29 through hydrogen-bound intermediates.” Great advances have E).ehzyllc: Racical Fitror and Didot {This Work)

30 been made over several decades, with the design and A~ei Ad(l A‘

31 optimization of new catalysts being guided by experimental Ind x* [!g-..? v holly + P

32 and theoretical evaluation of hydrogen bonding networks.’ s CHCAIHZ0

33 Although a hydrogen bond acceptor may be any Lewis basic 5 J

34 atom, the very nature of hydrogen bonding limits the hydrogen i

35 bond donor to the hydrogen atom. In contrast, electrostatic A0,

36 interactions between a Lewis basic atom and a halogen may CHICNHZ0

37 provide intermediates of varying physical and chemical proper-

38 ties deper;ding on the size and electronegativity of the halogen in f (o nnoy

39 question.” Halogen bonding has gained attention as a potential t Ind D) /©/L

40 surrogate for hydrogen bonding, and several recent reports Ph Pt

41 demonstrate its utility in promoting organic transformations.® - up to 85% difluorination

42 Recently, halogen bonding between the fluorine of Selectfluor pyrid.‘ne e ot

43 and electron-rich pyridines has been implicated in generating

44 complexes that participate in single-electron transfer for efficiency of benzylic radical fluorination, and counterintuitive so
s1 45 heterobenzylic radical fluorinations (Scheme 1A).” Our trends in product distribution are observed (Scheme 1B). 51

46 concurrent work in this area has suggested that a variety of

47 electronically diverse pyridines interact with Selectfluor to affect Received: February 11, 2019

48 Ag(I)-mediated single-electron reduction. We have found that Revised: ~ March 8, 2019

49 the electronic characteristics of pyridine additives affect the Published: March 12, 2019
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From our previous report on radical fluorination, we
concluded that amino acids acted as ligands to lower the
oxidation potential of Ag(I) to produce Ag(II) under mild
conditions."’ Binding Ag(I) through an electron-rich nitrogen
atom was critical to promote oxidation, with N-protected amino
acids failing to produce any observed reactivity. We
subsequently established that pyridine was a suitable ligand for
Ag(1), enabling C—H fluorination from previously ineffective N-
protected amino acids. Because a wide variety of pyridines are
readily available, we became interested in exploring them as
additives for our fluorination protocol. Control reactions with 4-
methylbiphenyl (1) showed that Ag(1), Selectfluor, and pyridine
were required for fluorination, but amino acid additives were not
(Table 1, entry 4). Reaction in the presence of (2,2,6,6-

Table 1. Discovery of Pyridine-Mediated Fluorination®

H 20 mol % AgNO; F i

2.0 equiv Selectfluor Al/;\c;
: Ind -
Ph : "

2.0 equiv N-Boc-GLY
CH;CN:H,0 (1:1) i C-H abstraction

1 2.0 equiv pyridine, 35 °C 1a via radical cation

entry deviation from standard conditions Yield(%)

1 none 88

2 no AgNO;, 00

3 no pyridine oo
(4 no N-Boe-GLY 51)

5 no N-Boc-GLY, TEMPO added trace

6 N-fluoropyridinium i d of Selectfl 00

“NMR conversion versus 1,3,5-trimethoxybenzene. Standard con-
ditions: 4-methylbiphenyl (1) (0.2 mmol), N-(tert-butoxycarbonyl)-
glycine (N-Boc-GLY) (0.4 mmol), Selectfluor (0.4 mmol), AgNO;
(0.04 mmol), pyridine (0.2 mmol), 2 mL CH;CN:H,0 (1:1), 35 °C
for 24 h.

tetramethylpiperidin-1-yl)oxyl (TEMPO) produced radical-
trapped adducts and inhibited fluorination (entry 5)."' No
fluorinated products were observed using N-fluoropyridinium
tetrafluoroborate as a fluorine source (entry 6), suggesting that
fluorine transfer from Selectfluor to pyridine is not the source of
reactivity. On the basis of the mechanistic studies of Lectka, we
believed pyridine-mediated fluorination occurs via C—H
abstraction from the diazabicyclo radical cation 2 formed via
single-electron reduction of Selectfluor.'” This mechanism relies
on Ag(I) only as an initiator and does not require a carboxylate
to reform Ag(I) via oxidative decarboxylation. In this
mechanism, 2 is presumably regenerated via radical fluorination
with Selectfluor to continue the radical chain process.

On the basis of these results, we explored a series of 4-
substituted pyridines as additives for radical fluorination. Our
original hypothesis was that pyridines served to lower the
oxidation potential of Ag(1), facilitating electron transfer. Cyclic
voltammetry showed that electron-rich pyridines produced
Ag(I) species with the lowest oxidation potentials, suggesting
facile single-electron transfer to Selectfluor from the electron-
rich metal. From these results, we expected a catalyst derived
from Ag(I) and 4-methyoxypyridine to be optimum for
fluorination. However, we were surprised to find that electron-
rich pyridines were the least effective at promoting radical
fluorination of 4-methylbiphenyl (Scheme 2). Using two
equivalents of Selectfluor, a clear trend was observed whereby

20 mol % AgNO;
2.0 equiv Selectfluor

Scheme 2. Pyridine-Dependent Product Distribution”
CHICN:H,0 (1:1), 35°C

H F F
oy o
Ph 2.0 equiv pyridine additive Ph Ph
1 1a 1b
HyCO H E10,C. FiC_

61% 1a 55% 1a 18% 1a 12% 1a
0% 1b 18% 1b 62% 1b 85% 1b
efectron-rich ~ _ | pyridine additive »  electron-poor
poor conversion high conversion

“NMR conversion versus 1,3,5-trimethoxybenzene. Conditions: 4-
methylbiphenyl (1) (0.2 mmol), Selectfluor (0.4 mmol), AgNO,
(0.04 mmol), pyridine (0.2 mmol), 2 mL CH;CN:H,0 (1:1), 35 °C
for 24 h.

electron-poor pyridines were the most efficient additives, 92
favoring difluorination as the major product. Experiments 93
using a S-fold excess of Selectfluor show that difluorination is 94
possible from all pyridines examined. In situ ReactIR suggested 95
that pyridines interact directly with the [N—F]* bond of 9
Selectfluor, leading us to consider the possibility of halogen 97
bonding as the source of our unexpected reactivity.' 98

Spectroscopic and theoretical work by Erdélyi established 99
pyridines as halogen bond acceptors, and his studies showed that 100
the extent of halogen bonding is affected by pyridine 101
electronics.'® In that work, diagnostic chemical shifts of pyridine 102
SN NMR signals were used to infer halogen bonding with N- 103
fluoropyridinium, but only minor changes in [N="F]* chemical 104
shift were observed under various conditions.'* Our own in situ 105
NMR studies under synthetic conditions yielded similar results, 106
with negligible shifts observed for the Selectfluor [N—""F]* 107
signal in the presence of pyridine additives (Table 2). However, 108 ©2
we did observe significant changes in pyridine '*N chemical 109
shifts, as measured by "H/"*N HMBC. In all cases examined, 110
pyridine N signals shifted to more negative values in the 111
presence of Selectfluor, consistent with the generation of a 112

Table 2. Chemical Shifts of Pyridines with Selectfluor”

R 4~ i . H
| :N * [,"éj ¢ = R—CN--F—N@N—/ (4]
F 3

& =150.02 ppm
R 5y H (C-2) 5N H (C-2) b
CF3 -67.31 7.95 -68.21 7.93 50.01
CO,Et -66.76 7.86 -70.54 7.86 50.03
H -80.79 7.69 9264 7.66 50.01
OCH;3 -102.59 7.51 -153.76% 7.49 50.00
<\ /N.—F -122.39 7.46 = = 49.34

#IH and N chemical shifts referenced to nitromethane in a sealed
capillary tube. 'F chemical shifts referenced to hexafluorobenzene in
a sealed capillary tube. Conditions: pyridine (0.1 mmol,) Selectfluor
(0.1 mmol), in 700 uL of CD;CN:H,0 (1:1) at 25 °C. “Averaged
value of overlapping signals. Commercial N-fluoropyridinium
tetrafluoroborate (0.1 mmol), in 700 uL of CD,CN:H,O (1:1) at
25 °C is provided as a reference.

DOI: 10.1021/acscatal.9b00623
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113 “pyridinium-like” intermediate. Data for commercial N-
114 fluoropyridinium is shown in Table 2 for comparison.

115 Inthe case of 4-methoxypridine, a shift of greater than 50 ppm
116 is observed along the '“N axis in the presence of Selectfluor,
117 yielding a broad series of signals that coincides with line
118 broadening of the C—2 'H NMR signal (Figure 1). In situ

= i
H4CO. i
: s = ‘N el
3 |\t I/ |-180
o i 'E
i e -160 g
i -140 <
M, =
|l HJCO\@ -120 a
B — 2N -100
only
7.6 7.1
1H (ppm)

Figure 1. 'H/""N coupled HMBC of 4-methoxypyridine alone
(maroon, blue) and with Selectfluor (yellow, teal, orange). Conditions:
4-methoxypyridine (0.1 mmol,) Selectfluor (0.1 mmol), in 700 uL
CD;CN/D,0 (1:1) at 25 °C.

119 ReactIR shows that 4-methoxypyridine consumes Selectfluor
120 under synthetic conditions without Ag(I) present, presumably
121 either via nucleophilic displacement of fluorine or single-
122 electron transfer as proposed by Van Humbeck.” Similar effects
123 are observed for pyridine, albeit with a smaller >N chemical shift
124 and reduced rate of Selectfluor consumption. Interestingly,
125 electron-poor pyridines do not consume Selectfluor in the
126 absence of Ag(I), but exhibit clear interactions as evidenced by
127 "N NMR and IR spectroscopy.'' To further investigate the
128 effects of halogen bonding on the efficiency of our radical
129 fluorinations, we pursued computational evaluation of [N—F—
130 N]* halogen bound intermediates involving pyridines and
131 Selectfluor.

132 Computational efforts first involved determining the speci-
133 ation and chemical properties of Ag(I)/pyridine complexes.
134 Calculations using the B3PW91/6-311G(d) model chemistry
135 including implicit solvation by acetonitrile were carried out
136 using a local development version of Gaussian.'”'® The
137 calculated Ag(I) oxidation potentials showed that bis-pyridine
138 Ag(I) species are the most likely reductants to initiate radical
139 fluorination.'" Calculated E° values for a series of bis-pyridine
140 Ag(I) adducts were consistent with experimental values
141 measured directly via cyclic voltammetry, confirming that
142 electron-rich pyridines lead to easily oxidized Ag(I) initiators.
143 With experimental and theoretical results in agreement
144 regarding Ag(I) oxidation, we turned to modeling halogen-
145 bound pyridine/Selectfluor complexes. Preliminary results
146 suggested density functional theory (DFT) model chemistries,
147 including those with empirical dispersion corrections are unable
148 to treat the physics of the [N—F—N]* halogen bond. Noting two
149 extensive benchmark reports by Martin and by Wong,'
150 indicating only a limited set of approximate functionals are
151 capable of predicting halogen bonding strengths, we suspect our
152 observations are due to the exceptionally electron-deficient
153 character of the [N—F—N]* motif. Therefore, we turned to

—
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—

~

=

i
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correlated wave function methods. Geometries of candidate
halogen-bound species were optimized with the MP2/6-
311+G(d) level of theory and single-point energies were
evaluated with the CCSD(T)/6-311+G(d) model chemistry
including implicit solvation. These calculations identified
pyridine/Selectfluor complexes featuring the anticipated [N—
F—N]* bonding motif (Table 3, eq 1). The halogen-bound

Table 3. Trends for Selectfluor-Pyridine Halogen Bond

R [4’."‘“(3 7 et
—_— Fe -/
\@ + F':‘J —_— R—QN : N’\,N (1)

Agll) Ag(l)

3 M R\G + [4147“\ ¢ + F (2)
2N N 2
R group AH1 (kcal/mol) AH2 (kcal/mol)
OCH; 0.34 —-31.42
H 0.74 —31.82
CO,Et 3.63 —33.66
CF, 2.57 —34.71

species are slightly higher in energy (<1—4 kcal/mol) than the
unbound species, though subsequent reduction to form
diazabicyclo radical cation 2 is quite favorable (Table 3, eq 2,
vide infra).

Computational results suggested that electron-rich pyridines
were more effective halogen bond acceptors than electron-
deficient pyridines, which agreed with chemical shift data
provide in Table 2."® As shown in Table 3, the energetics of [N—
F—N]* bond reduction via single-electron transfer exhibit a clear
trend depending on the electronic characteristics of the pyridine.
Interestingly, all structures exhibit similar bond lengths for both
N—F bonds (~1.84 A) in the complex and a linear N—F—N
bond angle. We were pleased to note that the reduction of the
[N—F-N]* halogen-bound complex is most energetically
favorable with an electron-poor pyridine. These data correlate
directly to the experimental reactivity trends observed in
Scheme 2, whereby electron-poor pyridines are the most
efficient at promoting radical fluorination. Studies exploring
alternative bonding interactions, including halogen bonding to
the chlorine of Selectfluor, showed the only suitable geometry is
as shown in structure 3. In addition, because synthetic
experimental conditions include water as a cosolvent, the
possibility of a mixed hydrogen/halogen bonding network was
also explored computationally.'" The inclusion of discrete water
molecules into complex 3 did not converge into meaningful
structures, suggesting the effects reported in Table 2 are the
result of direct interaction between the pyridine nitrogen and
Selectfluor [N—F]".

Exploring the extent to which post-SCF correlation affects the
electron density to give rise to the [N—F—N]* weak interaction,
we evaluated the difference between MP2 and reference
Hartree—Fock electron densities. Scheme 1B shows such a
depiction for 3. Electron correlation yields symmetric
redistribution of electron density in the two N—F bonding
regions, which is consistent with our analysis that post-SCF
treatment is required to properly account for the [N—F—N]*
weak interactions.

To further explore the effects of pyridine/Selectfluor
interactions in the context of radical initiation, we examined
the electrochemical reduction of Selectfluor under synthetic

DOI: 10.1021/acscatal.9b00623
ACS Catal. XXXX, XXX, XXX—XXX
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201 conditions. As shown in Scheme 3, Selectfluor produces an
202 irreversible single-electron reduction at approximately —1.18 V.

Scheme 3. Electrochemical Reduction of Selectfluor”

INZTCl Selectfluor \ N S
{,ﬁj oniy R_QN"F_N\/BN_/

3

3.00 100 goo1 { -3.00
H = H
el -0.003 1 =
= c
4 [
g 3
E°=-1.09 V, -0.94 V
=-118V 4
Bl R = COLEt, OCH:
E (volts vs. Pt} -0.007 J

E (volts vs. Pt) -0.007 -

“Conditions: Selectfluor (0.5 mmol) in $ mL of CH;CN:H,O (1:1),
tetrabutylammonium tetrafluoroborate supporting electrolyte (0.1
M), pyridine (where applicable) (0.5 mmol). Left: Selectfluor alone
(black curve). Right: Selectfluor with ethyl isonicotinate (black
curve), and 4-methoxypyridine (red curve). Arrows indicate the
direction of applied potential. E° values are determined as the
minimum voltage producing —100 pA of current in the reducing
direction.

203 This value was clearly perturbed by the presence of pyridine
204 additives to yield species that reduce at lower potentials than
205 Selectfluor alone, consistent with the energies calculated for
206 AH2 in Table 3 above.

207 On the basis of our combined experimental and computa-
208 tional results, we propose the following mechanism for radical
209 C—H fluorination with Selectfluor via Ag(I) /pyridine initiators
210 (Scheme 4). Analytical electrochemistry and computations

Scheme 4. Proposed Mechanism

R
=

Ag(l)ipyrl; + 3 ﬁ Ag(ll)[pyrl. + | |
o

1 2 1a

N © . A’-“‘*m
A4 o 45
e Ph £

4

211 demonstrate that Ag(I)/pyridine complexes are better reduc-
212 tants than Ag(I) alone, suggesting a pre-equilibrium to bis-
213 pyridine Ag(I) complexes. Single-electron transfer to a halogen-
214 bound pyridine/Selectfluor complex 3 would produce Ag(Il)-
215 [pyr],, pyridine, fluoride anion, and diazabicyclo radical cation
216 2. C—H abstraction of 1 produces nucleophilic radical 4 that
217 quenches with an additional equivalent of Selectfluor to
218 regenerate 2, propagating the radical reaction. At this stage of
219 investigation, it is unclear whether halogen-bonding is required
220 for Selectfluor reduction, or if all Ag(I)[pyr], initiators
221 investigated are sufficiently reducing to produce 2. One
222 contributing factor to the marked difference in efficiency
223 shown in Scheme 2 is unproductive consumption of Selectfluor

from electron-rich pyridines. However, it cannot be the only 224
factor affecting reaction efficiency, as the trend correlating 225
pyridine electronics to efficiency holds for pyridines that do not 226
affect the concentration of Selectfluor in an unproductive 227
manner. 228

In conclusion, we have demonstrated experimental and 229
theoretical evidence supporting the presence of halogen 230
bonding in pyridine-mediated radical fluorinations. Two- 231
dimensional NMR shows clear "*N shifts of pyridine additives 232
when exposed to Selectfluor under synthetic conditions. 233
Counterintuitive trends in reaction efficiency are rationalized 234
via computational modeling of [N—F—N]" intermediates and in 235
situ reaction monitoring, leading to a clearer picture of electron 236
transfer between Ag(I)[pyr], initiators and Selectfluor in the 237
presence of pyridine. Analytical electrochemistry shows that 238
pyridine additives affect the single-electron reduction of 239
Selectfluor, consistently producing species that are more easily 240
reduced. A comprehensive mechanistic picture of radical 241
fluorination likely involves equilibration of pyridine with both 242
Ag(I) and Selectfluor, leading to a complicated kinetic scenario 243
that we are currently studying via in situ reaction monitoring and 244

computational modeling. 245
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