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We demonstrate 1) detectable halogen bonding is not critical for
enabling light-driven radical generation from diaryliodonium salts
and 2) radicals generated by this route can be captured by
transition-metals for C—H arylation reactions. These results are the
first step toward developing new metal-catalyzed aryl radical
couplings without exogenous photocatalysts.

Hypervalent iodine molecules have a rich history in organic
synthesis as mild, non-toxic reagents, and oxidants.! Specifically,
cationic diaryl-containing I(Ill) (Aral) salts function as arylating
reagents.2 The attractiveness of these Ar,l salts result from their
robust preparatory methods,? exceptional bench stability, and
broad functional group (FG) tolerance. Aside from ground state
arylation reactions,> excited state photoredox reactions employing
Ar;l salts as aryl radical precursors have emerged as powerful tools
for selective arylation under mild conditions.®

Alternatively, reactions induced by light, but without a
photocatalyst (PC), are of particular interest for future
sustainability.” In general, PC-free photolysis of Ar,l salts historically
required UV light.8 More recently, visible light induced PC-free radical
generation reported by Chatani and coworkers demonstrated that N-
methylpyrrole solutions of Aryl salts furnish N-methyl-2-
phenylpyrrole products (Figure 1a).? Karchava et al.1% and Lakhdar et
al.11 separately showed that neutral PR3 Lewis bases (LBs) were more
effective activators of Ar,l salts than pyrrole and underwent P-
arylation by irradiation with purple or blue LEDs (b). In these
approaches, aryl radical generation and recombination occurs within
the solvent cage to yield arylation of the activator molecule.1?
Murarka et al. overcame this limitation by discovering a PC-free,
light-driven 3-component system to activate Arl salts (c).13 Critical
for photoactivity in most of these investigations is the formation of a
ground state electron-donor-acceptor (EDA) complex between the
activator(s) heteroatom and the Arl salt that is either highly colored
or features a detectable halogen bonding interaction.
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Figure 1. Known excited-state PC-free activations and reactions of Ar;l salts (a-c).
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Herein, we report single LB activator systems enabling PC-free
aryl radical generation using Ar,l salts as well as strong evidence
suggesting against the need for highly colored EDA adducts or those
bearing detectable halogen bonding interactions. This assertion is
supported by UV-Vis, variable temperature (VT) 1H NMR, kinetic rate
measurements, stoichiometric reactions, and computational studies.
Beyond simple radical generation, PC-free methods focus on
trapping aryl radicals with organic molecules like alkenes (e.g.,
Meerwein arylation)!* or heteroarenes,’3 but not with transition-
metals for site-selective arylation reactions. As such, we interfaced
our PC-free aryl radical generation strategy with a Pd-catalyzed C—H
activation process. Altogether, our results show that activators for
PC-free radical generation from Ar;l salts can be a broad array of
simple organic LBs and our approach is amenable to the creation of
new organometallic arylation reactions without expensive PCs.

Lewis bases as Ar,l activators. We first surveyed a range of Lewis
basic molecules to ascertain their proclivity for aryl radical
generation from diphenyliodonium salt 2a ([PhI][OTf]) under purple
LED irradiation. To quantify Ph* generation, we leveraged B,Pin;
(BPin = 4,4,5,5-tetramethyl-1,3-dioxaborolane), which is a known
aryl radical trap,?® to furnish Ph-BPin 3. N.B.: Higher concentrations
of B,Pin, do not impact observed rates of 3 (ESI Figure S22), so yield
differences observed between tested activators arise from their
radical generation ability. In the absence of any LB activator, 3 was
detected in 13 £ 2% yield after 4 hours. Beneficial additives providing
yields >25% are depicted in Figure 2. Of these, bulky DGy 4,13,14 gave
yields 260%. The results of this LB survey support the preliminary
conclusion that halogen bonding interactions may not be a critical
element enabling photoactivity in our system. For example, chelating
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1,10-phenanthroline (DGs) gave only 29% 3 whereas monodentate
benzo[h]quinoline (DGa) afforded 62%. Similarly, very bulky RuPhos
(DG1s) gave 44% 3 while PPh;s (SI, Figure S20) gave only 30%. Lastly,
reactions employing bulkier neocuproine (DGg) versus less hindered
DGs gave nearly identical yields. Altogether, in cases where halogen
bonding interactions should be stronger, lower yields were obtained
when compared to similar reactions using bulkier LB activators.

OoTf BPin
Lewis base I® + B,Pin, M,
Additive Ph” ~Ph 40 W 390 nm LEDs
45°C, 4 h, air
2a — 3
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Figure 2. Select Lewis base additives demonstrate different abilities to furnish borylation
products from 2a. GC yields are calibrated vs. mesitylene as internal standard.

Impact of activator electronic properties. DGy.15 in Figure 2
consist of two components: a Lewis basic heteroatom and a proximal
aryl ring. To determine which component plays a greater role in
governing an activator’s ability to generate radicals, we monitored
the initial rate of aryl radical generation via borylation reactions in
the presence of a range of electronically diverse 2-arylpyridines (1a-
j, 4b) as activators (Figure 3). The background rate of 3 formation in
the absence of any activator was 9.89 x 10> M min-L.
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Figure 3. Relative rates and yields of aryl radical borylation using 2-arylpyridines. All k¢
are reported as relative to the rate of borylation with no additive.

The impact of the activator C2-aryl ring on the rate of 3 formation
revealed several clear trends. First, pyridine itself has no impact on
the rate of radical generation.? Second, mesomeric FGs (1d-f) led to
higher borylation rates than inductive FGs (1a-c). Third, extended
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conjugation (4b, DG,) led to notably faster formation of 3 than other
surveyed pyridine derivatives (kr = 49 and 97, respectively). Fourth,
the most basic (i.e., coordinating) derivative (1h) gave slower
reaction rates than less basic 1i-j, which contrasts the expected trend
for processes hinging upon halogen bonding interactions. From these
data, a clear correlation between the energetics of the activator’s m-
system and aryl radical generation rate was observed rather than on
the coordination ability of the activator.

Mechanistic insights. We began by gathering support that aryl
radicals are formed under our conditions in two ways. First,
borylation reactions in the presence of 2,2,6,6-tetramethyl-
piperidine-N-oxide (TEMPO) show severely diminished yields relative
to reactions without TEMPO (16% versus 60% yield, respectively).
We also tested our radical generation strategy using 1,1-
diphenylethylene as the radical trap (ESI, S32-35), which led to 30%
1,1,2-triphenylethylene (TPE) yield by GC. Like borylation reactions,
alkene arylation in the presence of TEMPO was diminished (18% TPE
yield), further supporting a radical mechanism.

In past works,10-1116 halogen bonding interactions between the
LB activator and the Ar;l iodine atom was presented as a critical
factor enabling photolytic radical release. In contrast, other groups
noted the in-situ formation of strongly colored EDA adducts,®13
which enabled photoactivity. In this work, the combination of highly
enabling DG4 and 2a does not lead to colored solutions nor do new
absorption bands appear by UV-Vis (ESI, Figure $59-61,64). Since VT
NMR was used by others to observe halogen bonding interactions
between PR3 activators and 2a,11® we surveyed a 0.05 M solution of
DG, and 2a at 50 °C to determine whether resonance shifts could
be observed using our best activator (Figure 4). However, we did not
observe any shifts in the C2—, C4—, nor C10-H resonances of DG,.

3 92 91 90 89 88 87 86 85 84 83 82 81 80 79 78 77 76 715 714

Chemical Shitt (ppm)
AH

2,
[ J

o oo
HH

Figure 4. VT 'H NMR spectra of a stoichiometric DG, and 2a mixtures at +50 °C showing
no shift in the C2-H (circle), C4-H (triangle), or C10-H (square) resonances of DG,.

Based on these preliminary mechanistic insights, we conclude
that neither detectable halogen bonding interactions nor strongly
colored EDA adducts are critical for PC-free, light-driven radical
generation from Ar;l salts.

Computational investigation. Next, we turned to computational
chemistry to further investigate the importance of adduct formation
and presence of halogen bonding in our system. Six LB derivatives
from Figure 3 were selected as representative examples of activator
prowess. For each, the free energy of association to the Phal

This journal is © The Royal Society of Chemistry 20xx
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fragment was computed from optimized geometries (see SI for
computational details) and plotted versus the experimentally
determined k. values for each (Figure 5). Pyridine as additive
resulted in no impact and most positive AG. Incorporation of an aryl
group at C2 increased the radical generation rate, which correlates
nearly linearly to the favorability of LB/Ph,l formation up to 1j at AG
= -1.24 kcal/mol. Experimentally, 1j constitutional isomer, 2-phenyl-
3-methylpyridine, binds [Ph-I-Mes][BF4] with K., = 154 at 80 °C,°¢
which validates the negative free energy of association we calculated
using 1j. In contrast, 4b and DG, do not adhere to this trend. For
these LBs, energy of adduct formation increases up to 3.08 kcal/mol
for DG4 while simultaneously exhibiting enhanced activation ability.
From these calculations, the favorability of LB activator and
iodonium salt association is not indicative of radical generation rate.

|® LB: | AGkcalimol Krer | C4-N-1 (°)
AG LB: @ Py 3.12 1.0 173.2
— J—Ph b | 213 37 | 1555
+ . Ph 1d 1.04 6.5 155.0
LB: R T Y 16 | 1553
4b 1.72 49 171.0
DG, | 3.8 97 123.5
100 -
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90 1 //N /
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60 - /7/* 2\ o (Nr \
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Figure 5. Plot of experimental k. versus calculated AG values for various pyridine-based
activators. Left insert: Orientation of DG, relative to 2a supports experimental results
that lack of a halogen bonding interaction does not obviate activation ability. Right insert:
Discrete halogen bonding interaction does not guarantee light-driven radical generation.

To assess the potential of halogen bonding to act as an indicator
of experimental activity, we examined the orientation of the nitrogen
lone pair relative to the I-Ph bond since halogen bonds
characteristically have ~180° bond angles (ESI, Figure S$107).17
Nitrogen lone pair deviation from linearity relative to the I-Ph bond
vector was measured using the C4-N-I angle. The lone pair of Py
yielded a 173.2° angle (right inset), suggesting strong halogen
bonding interactions. In contrast, the angles for 1b, 1d, and 1j were
all ~155¢9, suggesting minor distortion in halogen bonding ability, but
not so much as to obviate a possible interaction. Interestingly, 4b
yielded a C4-N-1 angle of 1719, like pyridine, but demonstrated
notably increased activator ability, which supports our conclusion
that halogen bonding is not the governing element for reactivity.
Most conclusively, the optimized structure of the DGa/Ph,l adduct
exhibits a C4-N-I angle of 123.5° (left inset) which is fully disengaged
from interactions with the I-atom and likely only consists of m-1t
effects. The computed UV-vis spectrum of this adduct shows a
shoulder potentially corresponding to an irradiation band (ESI, Figure
$109);11a however, the tail of this absorption is slightly outside the
range of the LEDs used in this study.

Radical capture by a Pd. While our ability to perform aryl radical
borylation will set the stage for the development of other PC-free

This journal is © The Royal Society of Chemistry 20xx
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arylation processes of organic molecules, we were determined to
interface our radical generation approach with Pd-catalyzed C—H
arylation. Sanford et al. leveraged aryl radicals derived from Ar;l salts
and an Ir-based fluorophore to perform Pd-catalyzed C—H arylation
at room temperature® without using explosive!® diazonium salts.1?
We set out to demonstrate that our protocol would enable
analogous arylations of C(sp?)—H bonds without a PC. Importantly,
control reactions without Pd or light failed to provide detectable
concentrations of arylated products. The full set of optimization and
control experiments can be found in the supplementary information.

Using 2-arylpyridines as both activator of 2a and substrate for Pd,
we sought to correlate pyridine structure to overall arylation
capability. We used GC-FID to determine approximate total arylation
for a range of pyridine derivatives under the conditions depicted in
Figure 6. When total arylation percentage was plotted versus the
Hammett o value for each FG, a clear correlation was revealed.
Electron-richness at the presumed site of C—H arylation led to high
arylation percentages. In contrast, decreasing FG donor ability (i.e.,
as Hammett parameter increases) results in little to no arylation. In
general, FGs with o values greater than 0.1 gave minimal quantities
of arylated products. Interestingly, substrate 1e furnished 8% total
Pd-catalyzed arylation despite demonstrating high rates of arene
borylation in Figure 3. This example suggests observed limitations lie
with the Pd-catalyzed process rather than aryl radical generation.

Pd(OTFA), (10 mol%)

Ls+Lag
[Phol][OTf]
45°C, 18 hrs
2a MeCN (0.2 M), air
(1.5eq.) 18 W 405 nm LED (GC total arylation)

Ls= BocHn > S0Na Laa = pcHn > SPN

100 -

90 -
4-Bu
80 ° °

70 ®4-oMe 3-Me o ®3.ph
60
50 - °
40
30 A
20

04'N HAc

4-Me

Total arylation by GC

b
0 4-Cl

10 1 b
3.0Me” © 3ol 3AC  4CFs

03 -02 -01 0 0.1 0.2 0.3 04 05 0.6
Hammett o value relative to site of C-H activation

Figure 6. Visualization of approximate total arylation observed by GC-FID correlates to

pyridine substrate electronic properties. *Presumed site of arylation shown only for

Hammett value trend determination. Internal standard was mesitylene. 2Multiple mono-
arylation regioisomers observed. bPerformed on a 0.1 mmol scale.

During our experiments, only acetamide as the FG on 2-
phenylpyridine gave a second mono-arylation regioisomer, which we
attributed to arylation via the directing capability of the amide
function. Since acetanilides are capable of furnishing borylation
products by our light-driven approach (see DGs.¢) and they have been
previously used in C—H arylation reactions catalyzed by Pd,1°¢20 we
also showed that our light-driven strategy was applicable to Pd-
catalyzed acetanilide arylation. After devising a new set of standard
conditions, we found analogous trends for acetanilide directed C—H

J. Name., 2013, 00, 1-3 | 3
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arylation as compared to pyridine substrates in Figure 6. A full
accounting of these outcomes and a proposed mechanism is
presented in the ESI (Figure S90 and S106, respectively).

Conclusions. In contrast to literature precedent, these results
strongly suggest that PC-free aryl radical generation promoted by
combinations of simple LBs with diaryliodonium salts do not hinge
upon the formation of discrete halogen bonding interactions. This
conclusion was drawn from ocular spectroscopy of colorless reaction
mixtures, VT NMR studies, UV-Vis spectroscopic experiments, kinetic
rate measurements, and computational binding studies. After
demonstrating that a wide variety of LBs enable PC-free aryl radical
generation, we interfaced our radical generation strategy with Pd-
catalyzed C-H arylation to obtain biaryl products. Ongoing
investigations in our laboratory are focused on elucidating the
mechanism by which radical generation occurs in this study and
inventing strategies to further enhance radical generation efficiency.

Acknowledgements. This work was supported by start-up funds
provided by UCSD and was supported in part by W. M. Keck
Foundation through computing resources at the W. M. Keck
Laboratory for Integrated Biology. We thank Dr. Anthony Mrse for his
assistance with collection of NMR data. Dr. Rodolphe Jazzar, Dr.
Delphine Pichon-Barré, and Mr. Patrick Yorkgitis are thanked for
helpful discussions. All reviewers of this manuscript are
acknowledged for enhancing the quality of this work. This material is
based upon work supported by the NSF GRFP under Grant No. (DGE-
2038238). Any opinions, findings, and conclusions or
recommendations expressed in this material do not necessarily
reflect the views of the NSF.

Conflicts of Interest

There are no conflicts of interests to declare.

Notes and references

1. a) R. Budhwan, S. Yadav and S. Murarka, Org. Biomol. Chem.,
2019, 17, 6326; b) T. Wirth, Angew. Chem. Int. Ed., 2005, 44,
3656.

2. E. A. Merritt and B. Olofsson, Angew. Chem. Int. Ed., 2009, 48,
9052.

3. a)E. Linde, S. Mondal and B. Olofsson, Adv. Synth. Catal., 2023,
365, 2751; b) N. Soldatova, P. Postnikov, O. Kukurina, V. V.
Zhdankin, A. Yoshimura, T. Wirth and M. S. Yusubov, Beilstein J.
Org. Chem., 2018, 14, 849.

4. A.E.Tutton, Nature, 1894, 49, 467.

5. a) R. Kumar, C. Ravi, D. Rawat and S. Adimurthy, Eur. J. Org.
Chem., 2018, 2018, 1665; b) D. Kalyani, N. R. Deprez, L. V. Desai
and M. S. Sanford, J. Am. Chem. Soc., 2005, 127, 7330; c) N. R.
Deprez and M. S. Sanford, J. Am. Chem. Soc., 2009, 131, 11234,
d) Y. Satkar, K. Wrobel, D. E. Trujillo-Gonzalez, R. Ortiz-Alvarado,
J. O. C. Jiménez-Halla and C. R. Solorio-Alvarado, Front. Chem.,
2020, 8; e) A. M. Prendergast, R. Shanahan, A. Hickey, F.
Harrington, D. Schonbauer, P. A. Byrne, M. Schniirch and G. P.
McGlacken, J. Chem. Educ., 2020, 97, 200; f) S. K. Parida, S.
Jaiswal, P. Singh and S. Murarka, Org. Lett., 2021, 23, 6401; g) M.
Reitti, P. Villo and B. Olofsson, Angew. Chem. Int. Ed., 2016, 55,
8928; h) D. I. Bugaenko, A. A. Volkov and A. V. Karchava, J. Org.
Chem., 2023, 88, 9968; i) D. |. Bugaenko, A. A. Volkov, V. V.
Andreychev and A. V. Karchava, Org. Lett., 2023, 25, 272; j) N.
Margraf and G. Manolikakes, J. Org. Chem., 2015, 80, 2582; k) N.

4 | J. Name., 2012, 00, 1-3

9.

10.

11.

12.
13.

14.

15.
16.

17.

18.

19.

20.

Umierski and G. Manolikakes, Org. Lett., 2013, 15, 4972; ) N.
Umierski and G. Manolikakes, Org. Lett., 2013, 15, 188; m) S. K.
Parida, S. Joshi and S. Murarka, Org. Biomol. Chem., 2023, 21,
5784.

a) Y.-X. Liu, D. Xue, J.-D. Wang, C.-J. Zhao, Q.-Z. Zou, C. Wang and
J. Xiao, Synlett, 2013, 24, 507; b) N.-W. Liu, S. Liang and G.
Manolikakes, Adv. Synth. Catal., 2017, 359, 1308; c) D. Sun, K. Yin
and R. Zhang, Chem. Commun., 2018, 54, 1335; d) P. Meher, R. K.
Samanta, S. Manna and S. Murarka, Chem. Commun., 2023, 59,
6092; e) S. Senapati, S. K. Parida, S. S. Karandikar and S. Murarka,
Org. Lett., 2023, 25, 7900; f) R. K. Samanta, P. Meher and S.
Murarka, J. Org. Chem., 2022, 87, 10947; g) S. R. Neufeldt and M.
S. Sanford, Adv. Synth. Catal., 2012, 354, 3517.

a) L. Guillemard, F. Colobert and J. Wencel-Delord, Adv. Synth.
Catal., 2018, 360, 4184; b) R. Bhanja, S. K. Bera and P. Mal, Chem.
Asian J., 2023, 18, €202300691; c) R. Bhanja, S. K. Bera and P.
Mal, Adv. Synth. Catal., 2024, 366, 168.

a)J. V. Crivello and J. H. W. Lam, Macromolecules, 1977, 10, 1307;
b) J. L. Dektar and N. P. Hacker, J. Org. Chem., 1990, 55, 639; c)
N. P. Hacker, D. V. Leff and J. L. Dektar, J. Org. Chem., 1991, 56,
2280; d) R. J. DeVoe, M. R. V. Sahyun, E. Schmidt, N. Serpone and
D. K. Sharma, Can. J. Chem., 1988, 66, 319.

M. Tobisu, T. Furukawa and N. Chatani, Chem. Lett., 2013, 42,
1203.

a) D. I. Bugaenko and A. V. Karchava, Adv. Synth. Catal., 2022,
364, 2248; b) D. I. Bugaenko, A. A. Volkov, M. V. Livantsov, M. A.
Yurovskaya and A. V. Karchava, Chem. Eur. J., 2019, 25, 12502.
a) W. Lecroq, P. Bazille, F. Morlet-Savary, M. Breugst, J. Lalevée,
A.-C. Gaumont and S. Lakhdar, Org. Lett., 2018, 20, 4164; b) H.
Besrour, M. Hedouin, L. Truong, S. Lakhdar and H. Oulyadi, Org.
Chem. Front., 2023, 10, 4073.

J. Franck and E. Rabinowitsch, Trans. Faraday Soc., 1934, 30, 120.
P. Meher, S. P. Panda, S. K. Mahapatra, K. R. Thombare, L. Roy
and S. Murarka, Org. Lett., 2023, 25, 8290.

H. Meerwein, E. Blchner and K. van Emster, Journal fiir
Praktische Chemie, 1939, 152, 237.

F. W. Friese and A. Studer, Chem. Sci., 2019, 10, 8503.

D. I. Bugaenko and A. V. Karchava, Adv. Synth. Catal., 2023, 365,
1893.

G. Cavallo, P. Metrangolo, R. Milani, T. Pilati, A. Priimagi, G.
Resnati and G. Terraneo, Chem. Rev., 2016, 116, 2478.

a) J. Mateos, T. Schulte, D. Behera, M. Leutzsch, A. Altun, T. Sato,
F. Waldbach, A. Schnegg, F. Neese and T. Ritter, Science, 2024,
384, 446; b) J. D. Firth and I. J. S. Fairlamb, Org. Lett., 2020, 22,
7057.

a) L. Mei, J. M. Veleta and T. L. Gianetti, J. Am. Chem. Soc., 2020,
142, 12056; b) S. S. Babu, M. Shahid and P. Gopinath, Chem.
Commun., 2020, 56, 5985; c) J. Jiang, W.-M. Zhang, J.-J. Dai, J. Xu
and H.-J. Xu, J. Org. Chem., 2017, 82, 3622; d) L. Liang, M.-S. Xie,
H.-X. Wang, H.-Y. Niu, G.-R. Qu and H.-M. Guo, J. Org. Chem.,
2017, 82, 5966; €) R. Khan, S. Boonseng, P. D. Kemmitt, R. Felix,
S. J. Coles, G. J. Tizzard, G. Williams, O. Simmonds, J.-L. Harvey, J.
Atack, H. Cox and J. Spencer, Adv. Synth. Catal., 2017, 359, 3261;
f) M. K. Sahoo, S. P. Midya, V. G. Landge and E. Balaraman, Green
Chem., 2017, 19, 2111; g) V. Gauchot, D. R. Sutherland and A. L.
Lee, Chem. Sci., 2017, 8, 2885; h) D. Kalyani, K. B. McMurtrey, S.
R. Neufeldt and M. S. Sanford, J. Am. Chem. Soc., 2011, 133,
18566.

a) M. K. Sahoo, J. Rana, M. Subaramanian and E. Balaraman,
ChemistrySelect, 2017, 2, 7565; b) S. Yang, B. Li, X. Wan and Z.
Shi, J. Am. Chem. Soc., 2007, 129, 6066.

This journal is © The Royal Society of Chemistry 20xx

Page 4 of 4



