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ABSTRACT: Herein, we describe a strategy for the iodane-
guided functionalization of sterically congested C-H bonds, which
is distinct from electronic, steric or proximity guided C-H function-
alization methods. Readily accessible aryl(Mes)iodonium salts
serve as the starting materials or intermediates in these reactions
and produce complex 1,2,3,4-substituted arenes via aryne interme-
diates. Thisapproach is especially powerful when coupled with the
innate C-H functionalization reactivity of simple arenes, to replace
two C-H bonds with two C-C or C-heteroatom bonds while over-
riding steric effects that typically inhibit such reactions. DFT stud-
ies reveal a contribution of inductive, resonance, and steric effects
on the regioselectivity of C-H cleavage and aryne generatation.

Densely functionalized arenes with a contiguous arrangement of
substituents are found in drugs, agrochemicals, and functional ma-
terials. Within this class, 1,2,3,4-substituted benzenoid rings are a
component of the active pharmaceutical ingredients Naloxone and
Cobimetinib, and the pesticide Tembotrione, among many others
(Scheme 1a). Contiguous ring substituents, even two, have a dra-
matic influence on both structure and reactivity due to steric strain’
and a so called “buttressing” effect.? However, despite both theo-
retical and applied interest in contiguously substituted arenes there
are few general methods to access more highly substituted mem-
bers of this family. Synthetic strategies to prepare functionalized
benzenoid rings are highly sensitive to steric effects and therefore
rendered ineffective to install contiguous substituents. For in-
stance, many well-established C-H functionalization reactions that
proceed by broadly distinct mechanisms functionalize the most ste-
rically accessible position (Scheme 1b).> Additionally, construc-
tion of the arene core from unsaturated precursors typically places
non-tethered substituents distal to other substituents (Scheme 1b).*
Collectively, these strategies produce contiguously substituted
arenes as the minor product, if at all. The development of reactions
that overcome inherent substrate steric effects and functionalize
hindered positions has not kept pace with these other aforemen-
tioned reactions. The consequence of this disparity is that contigu-
ously substituted patterns are difficult to access, and densely func-

tionalized building blocks are rare. Moreover, new synthetic meth-
ods that regioselectively functionalized sterically hindered posi-
tions have the potential to expand arene chemical space.

C-H functionalization remains an attractive strategy to function-
alization arenes cores due to its intrinsic efficiency. Kinetic depro-

Scheme 1. Approach to densely functionalized arenes.
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tonation/trapping of acidic arene C-H bonds is uniquely suited to
override inherent steric effects. However, equilibration between
kinetic and thermodynamic anions is substrate dependent and
therefore limits the generality of this approach. > Moreover, the
unintended departure of labile ortho-leaving groups leads to arynes
reducing the yield of the intended product. Yet, arynes are enticing
intermediates to access densely functionalized arenes if they can be
strategically used as an element of reaction design (Scheme 1c).
For example, can regioselective C-H deprotonation be coupled with
regioselective® addition of two new substituents across the transient
aryne to access 1,2,3,4-substituted arenes from readily available
arene starting materials?’ With this goal in mind, mono-functional
aryne precursors are paramount (Scheme 1c).8 A resurgence in this
approach has focused on (pseudo)halide leaving groups,’ but aryl
carboxylic acids'® and arylboronic acids'! have also been used as
substrates. Despite the attractive simplicity of mono-functional ar-
yne precursors, three key complications exist. (1) Side reactions
are well documented, including thia-Fries rearrangements of ortho-
metallated aryl triflates,'> competitive leaving group departure
from polyhalo arenes,’"!? and competitive nucleophilicity of the
base.f913.14 (2) In some reactions the regioselectivity of C-H
deprotonation remains low or occurs at the most sterically accessi-
ble proton, making these methods unsuitable for synthesis of
densely functionalized arenes.*®*9n11 (3) Many reactions require
strong, air-sensitive amide bases,”%€9" cryogenic temperatures,®
or weaker alkoxide bases at high temperatures (>120 °C),°%¢d thus
introducing practical limitations. Herein, we describe an approach
that draws on the strong inductive withdrawing effect and hypernu-
cleofugality of aryliodonium leaving groups (as estimated by om,
Scheme 1c)!* to address the aforementioned complications of
mono-functional aryne precursors. Our approach allows for room
temperature C-H deprotonation in a highly regioselective manner
with chemoselective ejection of the iodonium leaving group, lead-
ing to densely functionalized 1,2,3,4-substituted arenes after aryne
capture. Mechanistic investigation by DFT provides a nuanced un-
derstanding of the regiocontrol over C-H deprotonation.

Table 1. Influence of reaction conditions.?

Me\
cl |\/OTs j\ NaOt-Bu (1.5 equiv.) @) Nw
Me:©/ Mes Me\N\JN_Me TBME, rt,, 25 min C'%N‘Me
1a DMI (3 equiv.) Me 2a
Entry Deviation from standard conditions % yield 2a®
1 none 69 (95)°
2 iodide as leaving group n.d.4
3 iodide as leaving group, dioxane as solvent n.d.?
4 iodide as leaving group, dioxane as solvent, 80 °C n.d.?
5 iodide as leaving group, dioxane as solvent, 135 °C n.d.4
6 iodide as leaving group, dioxane as solvent, 135 °C, 24 h 21°¢
7 toluene as reaction solvent 66
MeCN as reaction solvent 45
9 1 equiv. of DMI 46
10 50 °C reaction temperature 65
1 15 min reaction time 69
12 5 min reaction time 55

aConditions: 1a (0.1 mmol, 1 equiv.), DMI (0.3 mmol, 3 equiv.),
NaOt-Bu (0.15 mmol, 1.5 equiv.), TBME (0.5 mL), r.t., 25 min.
bDetermined by 'H NMR spectroscopy with 1,3,5-trimethoxyben-
zene as internal standard. °95% consumption of 1a based on inte-
gration of iodomesitylene by-product. 9n.d. = not detected. ¢Aver-
age of two runs (16 and 25% yield) using conditions from ref. 10e

As an entry point to this strategy, we selected compound 1a as
aryne precursor'® and dimethyl imidazolidone (DMI) as aryno-
phile, which leads to medicinally relevant aryl diazepinone 2a via
c-bond insertion of an aryne into a urea C-N bond. Although aryl
diazepinones are desirable targets for medicinal chemistry, only
two examples that contain a 1,2,3,4-substituted benzenoid core
have been described in the literature.!” Under our previously re-
ported conditions!® to generate arynes, with aryl(Mes)iodonium
salts and LIHMDS in toluene, we obtained a modest yield of ~ 20%.
An extensive survey of bases, solvents, temperature, and reagent
stoichiometry provided conditions that vastly improved the yield of
2a. Employing 1.5 equiv. of NaOt-Bu as base in TBME as solvent,
we achieved room temperature regioselective C-H deprotonation
and trapping of the aryne with 3 equiv. of DMI (Table 1, entry 1;
69% yield). We also assayed the consumption of 1la at 95% based
on the observation of the mesityl iodide by-product (Table 1, en-
tryl). The monovalent iodide leaving group did not lead to any
observable quantity of 2a (Table 1, entry 2), and other solvents
(1,4-dioxane) and higher temperatures (80 and 135 °C) did not pro-
duce 2a (Table 1, entry 3-5). When the iodide leaving group was
employed in 1,4-dioxane at 135 °C for 24 hours we did observe
variable but low quantities of 2a (Table 1, entry 6). The contrast in
conditions required for iodide vs iodonium leaving groups is strik-
ing: 135 °C for 24 hours (21% yield) vs room temperature for 25
minutes (69% yield), and is consistent with the dramatically greater
inductive effect of iodonium relative to other (pseudo)halides

Chart 1. Scope of aryl(Mes)iodonium tosylate salts.?
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aConditions: 1 (0.5 mmol, 1 equiv.), DMI (1.5 mmol, 1-3 equiv.),
NaOt-Bu (0.75 mmol, 1.5-3 equiv.), MTBE (2.5 mL), r.t., 15-40
min; see Sl for variations.



(Scheme 1e). Other relevant aspects of the reaction conditions are
presented in Table 1: toluene provides similar yield of product,
though acetonitrile resulted in lower yield of 2a (Table 1, entry 7
and 8). Decreasing the equivalents of urea, resulted in lower yield
of 2a (Table 1, entry 9), and increasing the reaction temperature
had a negligible impact on the yield of 2a (Table 1, entry 10).1°
Finally, we found that similar yield of 2a was observed after 15
minutes of reaction time and a moderate yield of 55% was observed
after only 5 minutes of reaction time (Table 1, entry 11 and 12).

Chart 1 contains examples of selected aryl(Mes)iodonium salts
that are compatible under our standard conditions. The isolated
yields range from 43-75%, and high regioselectivity was observed
for both C-H deprotonation and addition of the C and N atoms of
urea across aryne intermediate.?’ Relevant to the regioselectivity
of C-H deprotonation, several groups are compatible meta- to the
iodonium leaving group (Cl: 2a-¢, F: 2f-i, Br: 2j,k, OMe: 2I, NOz2:
2m, and CF3: 2n,0; Chart 1). Fluoride and fluorinated groups (CFs3,
2n, 20; OCFsg, 2i) are prevalent in medicinal chemistry and these
products represent new building blocks incorporating fluorine. Ad-
ditionally, the inclusion of chloride (2a-e) and bromide (2j,k) al-
lows for further elaboration of these densely functionalized build-
ing blocks by transition metal catalysis. Finally, the X-ray structure
of 20 illustrates the extreme steric congestion present in these prod-
ucts. Closer inspection reveals an out of plane dihedral angle for
the benzenoid ring carbons of 6.06 °, which is consistent with di-
hedral angles observed in highly congested hexasubstituted ben-
zenoid rings.?!

As highlighted above, the incorporation of chloride and bromide
groups in the aryl diazepinone products provides an opportunity for
further functionalization of the benzenoid core. The bromide leav-
ing group in 2j is substituted for an aryl group, an amine, or an
alkenyl group via Suzuki, Buchwald-Hartwig, and Heck coupling
reactions respectively.?? Each coupling product is obtained in high
yield (3a-c, Scheme 2), and the X-ray structure of 3c shows the E-
configuration of the alkene product.

Scheme 2. Derivatization of aryl diazepinone 2b.2

0 N‘\ Pd-catalysis
Br. N,
Me
Me 2

Suzuki coupling  Buchwald-Hartwig Heck coupling
(95% yield) coupling (78% yield)  (89% yield)

aSee S| for detailed conditions.

We have also demonstrated that other arynophiles participate in
this general strategy to access a range of 1,2,3,4-substituted ben-
zenoid cores (Chart 2). Cycloaddition with 2-(trimethylsiloxy)fu-
ran or N-tert-butylphenylnitrone yielded annulated products 4a and
4b, respectively. Reaction with pyridine N-oxide led to the hetero-
biaryl linkage in 4c with 1,2,3,4-substitution on the benzenoid ring.
Regioselective insertion of the aryne intermediate into N-Cl and N-
Si o-bonds yielded 4d-f. Although in some cases moderate yields
were obtained, few other methods of arene C-H functionalization
are able to access the 1,2,3,4-substitution pattern with the effi-
ciency obtained by this approach.

The full power of this strategy may be realized by coupling the
innate regioselectivity of electron-rich arenes with the iodane
guided regioselectivity for dual C-H functionalization of readily
available hydrocarbon feedstocks (Scheme 3a). We demonstrate

Chart 2. Representative arynophiles.
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aConditions: 1a (0.5 mmol, 1 equiv.), arynophile (1.1-3 equiv.),
NaOt-Bu (1.5-5 equiv.), MTBE (2.5 mL), r.t., 15-60 min.; see Sl
for variation. Plsolated as a mixture of regioisomers (11:1), see SI.
Used 1b as starting material. YIsolated as a mixture of regioiso-
mers (22:1), see Sl. ®Used 1h as starting material.

this by sequential coupling reactions of 2-fluoroanisole (Scheme
3b). Diaryliodonium 1h is readily obtained in 74% yield by con-
densation of 2-fluoroanisole with [hydroxyl(tosyloxy)]iodomesity-
lene in acetonitrile at 50 °C. The reaction occurs within three hours
and the product is isolated by trituration. Treatment of 1h with
NaOt-Bu extrudes an aryne intermediate that undergoes annulation
with several arynophiles to produce a range of nitrogen heterocy-
cles (Scheme 3b). The total sequence to convert 2-fluoroanisole
into 2h, 5a, or 5b by replacing two ortho aromatic C-H bonds with
C-C, C-N, and C-O bonds requires ~ 4 hours and one chromato-
graphic purification of the final heterocycle. Moreover, this ap-
proach to take a 1,2-substituted arene to a 1,2,3,4-substituted arene
is virtually unparalleled in efficiency.

Scheme 3. Dual C-H functionalization reactions.?
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MeCN (1 mL), 50 °C, 3 hours. 2k, 5a, 5b: 1k (0.5 mmol, 1 equiv.),
arynophile (1.1-3 equiv.), NaOt-Bu (1.5-5 equiv.), MTBE (2.5
mL), r.t., 15-60 min.; see Sl for variation.

We have previously shown that the selectivity of C-H deproto-
nation ortho to iodonium leaving groups occurs in a contra-steric
fashion, although the exact contribution of electronic and steric ef-
fects to regioselectivity was unclear.'3® Here, we use DFT to pro-
vide further insight into the structural effects of the iodonium moi-
ety and the transition states that dictate the observed selectivity. All
major and minor aryne formation transition structures involving
aryl(Mes)iodonium salts (1a-0) have been computed using the
MO06-2X density functional with the PCM solvation model for tol-
uene. The LANL2DZDP basis set and effective core potential was
used for iodine and 6-31G* was used for all other elements.?>2*

Aryne formation occurs via a concerted process in which cleav-
age of the C-H bond (2- or 6-position) and elimination of the iodo-
2,4,6-trimethylbenzene and sodium tosylate of the aryl(Mes)io-
donium salt (1a-0)?* by NaOtBu are concurrent (Figure 1). Alt-
hough not selectivity determining, a cation-r interaction between
the mesityl group and the sodium cation (of NaOtBu) brings the
base and C-H bond in close proximity in both transition structures.
Deprotonation at the more sterically hindered 2-position to form
Major-Aryne-1a is favored over formation of the Minor-Aryne-
la by 4.08 kcal/mol, which corresponds to a product ratio of > 900:
1 at room temperature and is consistent with the experimentally ob-
served exclusive regioselectivity. In fact, this trend is observed for
all aryl(Mes)iodonium salts (1a-0) in this study with the deproto-
nation at the 2-position consistently favored by ~ 1-7 kcal/mol.

H H 2
.
cl 2 NaOtBu CJ 2 |\/o ®  NaOfBu Cl X
l - NaOTs Mes - NaOTs j@\
Me 6 -HOtBu Me 6°H -HotBu  Me oK
Minor - I-Mes 1a - -Mes Major

\ 2| 2 “ Po1
zs: 2932@1
214 2 14

116|4e(,\/ \/,§|36(‘|3

(09\/\k’5 “B\/*B‘ <
|
Minor-TS-1a Major-TS-1a
AGt=4.1 AG*=0.0

Figure 1. Computed transition structures for formation of Major
and Minor-Aryne-la. Major-TS-1a (right) is the deprotonation
at the 2-position for form Major-TS-1a is favored over deprotona-
tion at the 6-position, Minor-TS-1a (left), to form Minor-Aryne-
1a. Distances are in Angstréms and energies in kcal/mol.

Regiocontrol appears to stem from differential electronic stabili-
zation of the partial negative charge formed on the aromatic ring
during the deprotonation process. The developing anion is better
stabilized at the 2-position rather than at the 6-position. This is
primarily due to the through-bond inductive electron withdrawing
effects of the iodonium moiety and the 3-position moiety rather
than resonance effects which is consistent with selectivity for the
proximal C-H bond rather than the distal one. Two additional ob-
servations support this point: (1) we performed an NBO analysis of
the transition structures to quantify the magnitude of orbital inter-
action between the C-H bond and the substituent in the 3-position
(C-Clin Figure 1). This analysis uniformly showed that the orbital
component is not significant. (2) In addition, we have performed
a linear free-energy relationship analysis to correlate computed se-
lectivities from major and minor transition structures for substrates

la-o with common LFER parameters. We included Hammett con-
stant for meta and para, o*, field inductive effect (F), resonance
effect (R), A-values, and ligand repulsive energy (Er). We have
computed every single possible linear regression model containing
these terms and their permutations of up to six-term models. The
best three-term model in shown in Figure 2.2¢ The field inductive
effect and the resonance effect?” from the 3-position substituent (F3
and Rs), and the * of the 4-position substituent (c*4) all contribute
to the stabilization of the partial negative charge formed during
deprotonation (Eq. 1). Larger field inductive effects and smaller
resonance effects correlate with greater stability for deprotonation
at the 2-position relative to the 6-position with the contribution
from inductive effects being approximately nine times more signif-
icant than those from resonance effects. This is consistent with the
moiety at the 3-position being able to stabilize deprotonation at the
2-position by inductive electron withdrawing effects while being
able to stabilize deprotonation at the 2- and 6-positions though res-
onance effects. The significant field inductive effect associated
with the iodonium moiety's is also required to deprotonate the or-
tho position of the aryl group in substrates 1a-o and aligns with
entries 2-6 in Table 1. There is also a small stabilizing effect corre-
lated with larger steric bulk?® (as approximated using A-values) at
the 4-position.

Y =5.35351 - 17.66168(F3) + 2.04654(Rs) - 3.20116(c*s) Eq. 1

Preference for Aryne 1x-minor (kcal/mol) from Eq. 1
-8 7 6 5 -4 3 2 -1 0

Adjusted R2 = 0.83
MultipleR2=0.88 | ¢
p-value = 0.00021

IS
DFT Predicted Preference for
Aryne 1x-major (kcal/mol)

Figure 2. Linear Free Energy Relationship between the DFT-
predicted preference for the formation of Major and Minor-1x-
Aryne products as given by Eq. 1.

In conclusion, we have described a strategy to functionalize ste-
rically hindered aryl C-H bonds from aryl(Mes)iodonium salts and
aryne intermediates. This strategy leads to synthetically challeng-
ing and important densely functionalized 1,2,3,4-substituted ben-
zenoid building blocks. Functional group compatibility of aryl bro-
mides allows for downstream derivatization using conventional
palladium-catalysis. Arynophiles that undergo annulation or o-
bond insertion with the intermediate aryne introduce new C-C, C-
O, C-N, C-Cl, and C-Si bonds. Additionally, dual C-H functional-
ization elaborates simple arenes via the intermediacy of both
aryl(Mes)iodonium salts and aryne intermediates in a regiocon-
trolled fashion. Finally, insight obtained from DFT calculations
highlights a novel cation-r interaction that initiates C-H deproto-
nation and regioselectivity that includes contributions from field
inductive effects, resonance effects, and steric effects. We are con-
tinuing to elaborate upon this platform to access other challenging
substitution patterns.
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