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A new method for the radical alkylation of quinonggeported. Lewis basic nitrogen additi
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chargetransfer complex. This process yields intermediatepable of promoting oxidati
decarboxylatin of alkyl carboxylic acids without an added metitiator. Using this strateg
we have demonstrated progress towards a metaldr¢€ quinone alkylation reaction tt
proceeds at room temperature under mild conditions.
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1. Introduction

In the past decade, significant progress has bestenm the
development of synthetic methods that combine mptidic
radicals with unsaturated-electrophiles. Renewed interest in
established chemically-initiated methods, such les Minisci
reaction, have led to improvements in scope, efficy, and
operational  simplicity (Scheme 1A). One significant
advancement in this area has been the use of lsoaoids and
esters as radical precursors, enabling the geoeraif aryl
radicals from widely available materials. The ‘BooeMinisci’
reaction was shown to be effective for nucleophiligaion of
both electron-deficient heterocycles and severdl duinones,
although alkylation from alkylboronic acids was gelly less
effective (Scheme 1B).Our own recent work in this area has
focused on identifying alternative oxidants to podenoxidative
decarboxylation or deborylation for heterocycle amginone
functionalization> We found that SelectfluorE{ = -0.04 V)
served as a suitable replacement for the traditpnased
inorganic persulfate oxidants %, E° = 2.01 V), although
diminished reactivity generally accompanied thederilreaction
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conditions’ In spite of these improvements, little progress ha Because the Ag(l)/Ag(ll) couple is implicated in ical

been made in reducing or eliminating the requiregnuénmetal
initiators while maintaining mild reaction condit®n In the
interest of modernizing all aspects of Minisci-tygactions, we
sought to develop a metal-free variant that usliaemild oxidant
under ambient conditions. Progress towards this feal been
achieved by promoting single-electron reductionSefectfluor
using Hunig's base, presumably via a charge-transfenplex
(Scheme 1C).

Scheme 1Historical development of Minisci-type reactions.

2. Results and Discussion

Our interest in metal-free Minisci-type processeslied from
mechanistic findings that bridged several distindjects in our
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research group. Through our work on radical fluation we had
shown that Selectfluor was capable of promoting Ag(IAg(Il)
oxidation €°
glycine, served as electron-donating ligands for IAy(This
effect could be reproduced with various pyridinesicitaltered
the oxidation potential of Ag(l) to an even greatxtent
(Scheme 2).
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Scheme 2. Ligand-dependent oxidation potentials for Ag(l)
Electrochemical experimental conditions: AgN@®.4 mmol) in 5
mL CHiCN, tetrabutylammonium tetrafluoroborate supporting
electrolyte (0.1 M), additive, where applicable,4(@nmol). Left:
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decarboxylation and deborylation, we used the eleh&mical
information above to guide our development of a istin
reaction that uses Selectfluor as a mild oxidame believed the
presence of a heterocyclic substrate would be sefficto
promote Ag(l) oxidation, as even electron-deficibateroarenes
yielded Ag(l) species with lower oxidation potentiaisan
AgNO; alone yide infra). During the development of that
previous work, we were surprised to discover that apuen
alkylation and arylation was also possible with Slieor in the
absence of any suitable heterocyclic ligands for 1Ag(
Reasonable yields were observed for quinone alkylatising
Selectfluor as an oxidant, although subsequent \itank our
group showed that Minisci conditions using perselfekxidants
were generally superior for alkylations from carbaxyacids,
except for select cases where undesired bis-alkylatvas
observed (Scheme %).

Scheme 3.Comparison of (NE),S,0g and Selectfluor as oxidants.
Select examples fromSynthesis, 2018;50:2915-2923. General
reaction conditions: quinone (0.2 mmol), carboxglaid (0.4 mmol),
oxidant (0.4 mmol), AgN@(0.04 mmol) in 2 ml of DCE/bD (1:1)
at room temperature for up to 24 hours. Isolatedldgi of
chromatographically pure materials are shown. Mett#0 oxidant

is (NH,),S,0s. Method ‘B’ oxidant is Selectfluor.

Several methods for quinone functionalization available;
including palladium-catalyzed couplirgslkylation/oxidation of
hydroquinones and phengland direct radical functionalizations
from allylic alcoholé, organotellurium reagerfs and

= 1.71 V) when unprotected amino acids, such asliaryliodonium salts* To further complement these established

quinone functionalization methods, we sought to owprthe
efficacy of our Selectfluor-mediated protocol whiteintaining
mild reaction conditions. Because we observed erdthnc
reactivity using pyridine additives in the conteaf Ag(l)-
initiated radical fluorination, we wondered whethersiailar

" strategy would improve the moderate yields obsefeeduinone
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alkylation. We began by exploring a small serieglettronically
diverse pyridines for the reaction of 1,4-benzoquom with
isobutyric acid, catalytic AgNg and 2.0 equivalents of
Selectfluor as the oxidant. As shown in Scheme 4ir@xpected
trend in reaction efficiency was observed. Althougyclic
voltammetry suggests that electron-rich pyridinesmf Ag(l)
species that are most easily oxidized, electrorm-pgadines are
the most effective additives for enhancing reacwomversion.
There is a clear limit to this effect that can bisually
demonstrated by cyclic voltammetry. Very electraop
pyridines, such as pentafluoropyridine or tetrafbid-
pyridinecarbonitrile, are not Lewis basic enoughstdficiently
bind Ag(l), producing a Ag(l)/Ag(ll) waveform that isearly
identical to AgQNQ alone.

Scheme 4Pyridine additives in quinone alkylation. Generction
conditions: quinone (0.2 mmol), carboxylic acid 40mmol),
Selectfluor (0.4 mmol), pyridine additive (0.2 miohgNO; (0.04

mmol), in 2 ml of DCE/HO (1:1) at room temperature for up to 24

hours. Yields determined by 1H NMR using 1,3,5-
trimethoxybenzene as a standard. Electrochemicglerewental
conditions: AgN@ (0.4 mmol) in 5 mL CHCN,
tetrabutylammonium tetrafluoroborate supportingcietdyte (0.1
M), additive, where applicable, (0.4 mmol). Top t.&£gNO; alone
(black curve), AgN@ with pyridine added (maroon curve), AghlO
with 4-methoxypyridine added (red curve). Top RighgNO; alone
(black curve), AgNQ@ with 4-trifluoromethylpyridine added (red
curve). Bottom Left: AgN@ alone (black curve), AgNOwith
pentafluoropyridine added (red curve). Bottom RigkgNO; alone
(black curve), AgNQ@ with 4-cyanoperfluoropyridine added (red
curve).E° values are determined as the minimum voltage miodu
100pA of current in the oxidizing direction (left-togfnt).

With pyridines having a clear effect on the effiwg of 1,4-
benzoquinone alkylation, we sought to optimize suive
conditions to maximize the additive effect and tiert improve
reaction conversion. Scheme 5 shows that the addsffect was
not universal across solvents examined (yield withdd
cyanopyridine is shown in parenthesis). We wereigagd to
find that alkylation was not effective in polar sehis that were
miscible with water, although these conditions werigable for
radical fluorination (entries 2-3, 10, 12). Hetenogeus solvent
conditions gave the highest conversion, althougtiear trend

20 mol % AgNO 3
ﬁj 2 equiv. Selectfluor
Solvent/ H ,0 (1:1, 0.1M)
rt, up to 24hrs
1 equiv. 1

2 equiv.

entry deviation from standard conditions yield of 1
1 dichloroethane 66% (54%)
2 acetone 17% (25%)
3 acetonitrile 3% (3%)
4 benzene 52% (41%)
5 perfluorobenzene 14% (43%)
6 trifluorotoluene 12% (43%)
7 1,2-dichlorobenzene 22% (57%)
8 n-hexane 4% (40%)
9 perfluorohexane 4% (37%)

isopropanol
hexafluoroisopropanol
ethanol
trifluoroethanol
1,4-dioxane

regarding solvent properties was not obvious.

0% (12%)
15% (23%)
0% (4%)
15% (2%)
10% (8%)

Scheme 5.Solvent screen for quinone alkylation. Generattiea
conditions: quinone (0.2 mmol), carboxylic acid 40mmol),
Selectfluor (0.4 mmol), 4-cyanopyridine (0.2 mmaigNO; (0.04
mmol), in 2 ml of organic solvent4® (1:1) at room temperature for

3
up to 24 hours. Yields determined Byl NMR using 1,3,5-
trimethoxybenzene as a standard. Yields in parerghare for
reactions run without 4-cyanopyridine as an adeitiv

With optimized conditions in hand, we explored a&bscope
of carboxylic acids that would alkylate 1,4-benzoguie using
one equivalent of 4-cyanopyridine as an additive.all cases
examined, significant improvement was observed coethao
running the reaction without 4-cyanopyridine. We wpleased
to note that the efficiency of these reactions iiilar to
alkylation via standard Minisci conditions, suggestwe had
improved the reactivity of the Selectfluor-mediategidation
while maintaining mild reaction conditions. Thesesules are
especially intriguing considering that 4-cyanopyraitself is a
suitable electrophile for the isopropyl radicalb@it typically as
the protonated pyridiniu demonstrating that 1,4-
benzoquinone is far more electrophilic under theegireaction
conditions.

The use of 4-cyanopyridine was advantageous forrakve
alkylations of 1,4-benzoquinone, but becomes probte when
moving to less reactive quinone substrates. As dstatmove,
electron-poor pyridines are good substrates foicahalkylation
via Minisic-type reactions, resulting in an unirded
competition between pyridine and quinone alkylatiorhis
unwanted side-reaction was observed when examining 4-
cyanopyridine as an additive for the alkylation af4-
naphthoquinone using isobutyric acid (Scheme 7gniicant
conversion to alkylated pyridingé was observed, eliminating the
additive effect for the desired quinone alkylatittnvas clear we
needed to explore Lewis basic additives that weraldapof
enhancing the reactivity of the Ag(l)/Selectfluostgm without
participating as an electrophilic radical quenciesmall screen

Q o CN 20 mol % AgNO 4 Q
2 equiv. Selectfluor
h
I =-H + HO)LR +
N R
o o

2 equiv. 1 equiv.

-

Solvent / H ;0 (1:1, 0.1M)
rt, up to 24hrs

1 2 3
66% (54%) 68% (47%) 23% (21%)

o F o
4 5
65% (45%) 51% (48%)
of such additives is shown in Scheme 8.

Scheme 6.Scope of radicals highlighting additive effect. n@eal
reaction conditions: quinone (0.2 mmol), carboxglaed (0.4 mmol),
Selectfluor (0.4 mmol), 4-cyanopyridine (0.2 mmaigNO; (0.04
mmol), in 2 ml of DCE/HO (1:1) at room temperature for up to 24
hours. Isolated yields of chromatographically pumaterial are
shown. Yields in parenthesis are for reactions wmithout 4-
cyanopyridine as an additive.

Scheme 7. Additive effect with 1,4-naphthoquinone. General
reaction conditions: 1,4-napthoquinone (0.2 mmeodxboxylic acid
(0.4 mmol), Selectfluor (0.4 mmol), 4-cyanopyridif@2 mmol),
AgNO; (0.04 mmol), in 2 ml of DCE/D (1:1) at room temperature
for up to 24 hours. Yields determined B NMR using 1,3,5-

trimethoxybenzene as a standard.
o CN
NS
N
6 7
40%

20 mol % AgNO3
2 equw Selectfluor

DCE / H,0 (1:1, 0.1M)
rt, up to 24hrs

1 equiv. 4-cyanopyridine

2 equiv.

40%



Many of the Lewis basic additives screened had eitte
effect or were deleterious to reaction conversimmmzared to the

¢ J\( addmve

2 equiv.

20 mol % AgNO 3
2 equlv Selectfluor
DCE/ HZO (1:1, 0.1M)
rt, up to 24hrs
1 equiv.
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Y'Y
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standard reaction with no additive. From our scrdeéanig’s
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Figure 1. Cyclic voltammetry of Hinig's base. Electrochemical
experimental conditions: AgNQwhere applicable, (0.4 mmol) in 5

¢;_ : A)N\J\

metal free
2 equiv. Selectfluor

DCE / H,0 (1:1, 0.1M)

rt, up to 24hrs
o

2 equiv. 1.0 equiv. 1
entry deviation from standard conditions yield of 1
1 none 18%
2 n-hexane 11%
(3 dichloroethane, 5.0 equiv Hinig's base 38%)
4 acetone, no water 13%
5 acetonitrile, no water 5%
mL CHiCN, tetrabutylammonium tetrafluoroborate supporting

electrolyte (0.1 M),Hunig’s base where applicable, (0.4 mmol).
Left: AgNO; alone (black curve), AgNQwith Hiinig's base added
(red curve). Right: AgN@alone (black curve}inig's base alone
(red curve).E° values are determined as the minimum voltage

base K,N-diisopropylethylamine) was the only additive with producing 10QuA of current in the oxidizing direction (left-togft).

activity surpassing that of 4-cyanopyridine. This swan

especially promising lead due to its low cost atatus as a
common reagent in many organic laboratories. Initihd

Hunig's base is not expected to electrophilicallygussster
radicals intended for quinone alkylation, theortic enhancing
reaction efficiency for substrates less electraphihan 1,4-
benzoquinone. At this point we became interestedxpioging

the scope of carboxylic acids and quinones that avefficiently

react in the presence of Hunig's base but were teaubly an
oddity observed when monitoring the time course stamdard
experiment. Our typical experimental procedure fanetic

analysis involved removing an aliquot of the reattimedium
prior to adding the Ag(l) initiator to get an acdaranalytical
measurement of initial concentrations. This ‘tineze? data point
consistently displayed a notable amount of prodinctthe

reaction mixture prior to the addition of any metatiator. To

us, this suggested that a radical process is tmitigia electron-
transfer between two organic species present witld@reaction
medium.

Scheme 8.Amine additive screen. General reaction conditions

quinone (0.2 mmol), carboxylic acid (0.4 mmol), &#fluor (0.4
mmol), nitrogen-additive (0.2 mmol), AgN@0.04 mmol), in 2 ml
of DCE/H,0 (1:1) at room temperature for up to 24 hours.dge

determined by!H NMR using 1,3,5-trimethoxybenzene as a

standard.

We have recently
interactions between pyridines and Selectfluor vigM—F—NT

halogen bonding motif In addition, a report by Van Humbeck

proposed a single-electron transfer event betweectreh-rich
pyridines and Selectfluor via a charge-transfezrimediaté’ An
analogous electron-transfer between Hinig's base&atettfluor
seemed reasonable based on
trialkylamines as reductive quenchers in photogaisldue to
their favorable redox potentials compared to RupyE1/2""

= 0.77 V vs SCE}® Electrochemical analysis confirmed that

Hunig's base possessed an onset oxidation potéatiar than

0.004 7 Hiinig's Base with AQNO 5 0-004 7 Hinig's Base Alone

T0.003 { E°=0.50,1.87V Z0.003 { E°=087V
£0.002 £0.002

g g

So00 So00

0 ey T 0 A
0.50 1.10 1.70 230 2.90 0.50 1.00 1.50 2.00 2.50 3.00
E (volts vs. Pt) E (volts vs. Pt)

that of AgNQ (Figure 1).

reported spectroscopic evidence fo

Based on theseaesults we sought to optimize metal-free
alkylations of quinones using Hunig’'s base as alsietgctron
reductant for Selectfluor. As shown in Scheme 9, |didethane
is the optimum co-solvent when using Hunig's bas#oalgh
only moderate yields can be achieved with just anévalent of
the additive (entry 1). Increasing the equivaleitsliinig’s base
led to higher conversion, suggesting that the paltanay be
amenable to further optimizations. New stir bars disposable
glassware were used to minimize the possibility a€ér metal
contaminants initiating the radical reaction. Noigbsproduct is
observed in the absence of Hiinig's base, and tratal mnalysis
of this reagent suggests the reaction is occumitigout metal-
initiators (seeSupporting Information for details). Although this
work is in its early stages, these preliminary resssihow promise
for developing a general strategy for Minisci-tygactions that
do not rely on metal initiators. A brief screen afirgpnes and
carboxylic acids showed that modest conversion ¢oatkylated
quinone could be achieved for a variety of struesu(Scheme
10).

Scheme 9Metal-free radical addition to 1,4-benzoquinonenéral
reaction conditions: quinone (0.2 mmol), carboxglaéd (0.4 mmol),
Selectfluor (0.4 mmol), Hinig's base (0.2 — 1.0 mmm 2 ml of
organic solvent/bD (1:1) at room temperature for up to 24 hours.
Yields determined byH NMR using 1,3,5-trimethoxybenzene as a
standard.

Scheme 10. Metal-free radical addition to 1,4-benzoquinone.
General reaction conditions: quinone (0.2 mmolyboaylic acid
(0.4 mmol), Selectfluor (0.4 mmol), Hiinig's based(Inmol), in 2
ml of DCE/H,O (1:1) at room temperature for up to 24 hours.
Isolated yields of chromatographically pure matexie shown.

the precedence of using
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3. Conclusions

5

H,O, 0.04 mmol) was added in one portion.The reactioa wa
capped with a screw cap and stirred at room temperébu 24

In summary, we have described progress towards thgo,rs. Upon completion, the reaction was transfeteed test

development of metal-free radical additions to quies under

tube containing saturated sodium bicarbonate (2.mUjhe

mild conditions. We have demonstrated that Lewisicbhas aqueous phase was extracted with ethyl acetate (3nk)3and

additives affect the Ag(I)/Ag(ll) redox couple thatdommon to
many reactions relying on radical decarboxylatiallowing for
mild oxidants to promote this transformation. Ttgbuhe course
of this work we have identified Hinig's base as artinopm
additive to facilitate Ag(l)/Ag(ll) mediated decarhdation with
Selectfluor due to its low cost, commonplace presencmost
laboratories, and resistance to unwanted side ogectiln
addition, we found that an unexpected single-electransfer
event between Hinig's base and Selectfluor promate&kative
decarboxylation without a metal initiator. Future Wwowill
involve further optimization of the metal-free pyobl, including
examination of the scope of radical precursors gaodtone
substrates that will participate in the reaction.

4. Experimental section

the combined organic layers were dried over MgSikered and
carefully concentrateh vacuo.

2-isopropylcyclohexa-2,5-diene-1,4-dione (1):The general
procedure was followed using 1,4-benzoquinone (22 g,
mmol) and isobutyric acid (37 pL, 0.4 mmol, 2 equi¥he
reaction affordedl (19.8 mg, 66% yield) as a yellow oil. The
data for1 matches those previously reporfetHd NMR (400
MHz, CDCk) 6.75 (d,J = 10.1 Hz, 1H), 6.69 (dd] = 10.1, 2.3
Hz, 1H), 6.53 (s, 1H), 3.03 (di,= 13.7, 6.8 Hz, 1H), 1.13 (d,=
6.9 Hz, 6H).

[1,1'-bi(cyclohexane)]-3,6-diene-2,5-dione (2):The general
procedure was followed using 1,4-benzoquinone (22 g,
mmol) and cyclohexanoic acid (51 mg, 0.4 mmol, Bi¥q The
reaction afforded (25.8 mg, 68% yield) as a pale yellow oil.

Reagents and solvents were purchased at the higheBbe data fo2 matches those previously reporfett NMR (400

commercial quality and used without purificatioNMR Yields
were calculated by selecting proton peaks from prtsdthat
were previously isolated. 1,3,5-trimethoxybenzene used as
the NMR standard. The vyields describe the resula afingle
experiment. Reactions were monitored by NMR spectractwh

were recorded on a Varian-INOVA 400 MHz or 500 MHz

spectrometer and calibrated using residual undategtrsolvent
as an internal reference (CRGI'H NMR 7.26 ppm,”*C NMR
77.16 ppm). The following abbreviations were usedxplain
multiplicities (s — singlet, d — doublet, t — t&p) g — quartet, m —
multiplet).
Technologies 5975 Series MSD GCMS wiight-butylbenzene as
the standard.

4.1 General electrochemical conditions

AgNO; (0.4 mmol) in 5 mL CKCN, tetrabutylammonium
hexafluorophosphate supporting electrolyte (0.1 ¢ycine (0.4
mmol) or pyridine (0.4 mmol) where appropriate. AgN\&one
is given as the black curve in Scheme 2 for refege@’® = 1.71
V) E° values are determined as the minimum voltage miadu
100 uA of current in the oxidizing direction.

4.2 General procedure for the functionalization of 1,4-
benzoquinone with Selectfluor as the oxidant with pyridine
additives shown in Scheme 4

To a vial containing a stir bar was added 1,4-benirmme (22
mg, 0.2 mmol), isobutyric acid (37 pL, 0.4 mmol,equiv),
pyridine additive (0.2 mmol), and Selectfluor (18, 0.4 mmol,
2 equiv). Dichloroethane (1 mL) and,® (0.9 mL) were then
added and stirred for approximately 1 minute at ntoo
temperature. A solution of AgN0.1 mL of a 0.4M solution in
H,O, 0.04 mmol) was added in one portion. The reactas
capped with a screw cap and stirred at room temperébn 24
hours. Yields determined by*H NMR using 1,3,5-
trimethoxybenzene as a standard. (see Supportiogriation for
spectra).

4.3 General procedure for the functionalization of quinones with
selectfluor as the oxidant with 4-cyanopyridine

To a vial containing a stir bar was added quinon2 (dmol, 1
equiv), carboxylic acid (0.4 mmol, 2 equiv), 4-cganridine (21
mg, 0.2 mmol, 1 equiv) and Selectfluor (142 mg, Gwhol, 2
equiv). Dichloroethane (1 mL) and,® (0.9 mL) were then
added and stirred for approximately 1 minute at ntoo
temperature. A solution of AgN0.1 mL of a 0.4M solution in

GCMS data was obtained using an Agilent

MHz, CDCE): 6.74 (d,J = 10.1 Hz, 1H), 6.69 (ddl = 10.1, 2.4
Hz, 1H), 6.50 (ddJ = 2.4, 1.1 Hz, 1H), 2.74 — 2.62 (m, 1H), 1.88
—1.69 (M, 5H), 1.47 — 1.31 (m, 2H), 1.27 — 1.09Fht).

2-(tetrahydro-2H-pyran-4-yl)cyclohexa-2,5-diene-1,4lione
(3): The general procedure was followed using 1,4-berinoge
(22 mg, 0.2 mmol) and tetrahydropyran4-yl-carbaxycid (52
mg, 0.4 mmol, 2 equiv). The reaction afford@¢8.8 mg, 23%
yield) as a yellow solid (m.p. 95 — 98 °C). The data3 matches
those previously reportéd'H NMR (400 MHz, CDCJ): 6.77
(d,J=10.1 Hz, 1H), 6.73 (dd} = 10.1, 2.3 Hz, 1H), 6.52 (dd,
= 2.3, 1.2 Hz, 1H), 4.05 (dd,= 11.6, 4.4 Hz, 2H), 3.53 (td,=
11.8, 2.1 Hz, 2H), 3.01-2.90 (m, 1H), 1.72-1.64 (m,,2HH6
(ddd,J=25.1, 12.5, 4.4 Hz, 2H).

4' 4'-difluoro-[1,1'-bi(cyclohexane)]-3,6-diene-2,&dione  (4):
The general procedure was followed using 1,4-benrogei (22
mg, 0.2 mmol) and 4,4-difluorocyclohexanecarboxyitid (66
mg, 0.4 mmol, 2 equiv). The reaction afforded29.4 mg, 65%
yield) as a yellow solid. The data fémrmatches those previously
reported® '"H NMR (400 MHz, CDCJ): 6.78 (d,J = 10.1 Hz,
1H), 6.73 (ddJ = 10.1, 2.4 Hz, 1H), 6.55 (dd,= 2.2, 1.0 Hz,
1H), 2.79 (t,J = 12.5 Hz, 1H), 2.20 (ddd), = 14.9, 5.6, 2.9 Hz,
2H), 1.97 — 1.76 (m, 4H), 1.63 — 1.48 (m, 2H).

2-cyclobutylcyclohexa-2,5-diene-1,4-dione (5):The general
procedure was followed using 1,4-benzoquinone (22 g,
mmol) and cyclobutane carboxylic acid (39 pL, O.4noh 2
equiv). The reaction affordeésl(16.5 mg, 51% vyield) as a yellow
oil. The data foi5 matches those previously reporfetH NMR
(400 MHz, CDCJ): 6.70 (s, 2H), 6.54 (s, 1H), 3.51 Jt= 8.3 Hz,
1H), 2.33 — 2.23 (m, 2H), 2.12 — 1.93 (m, 3H), 1.8ddd =
16.4, 7.4, 4.4 Hz, 1H).

44 General procedure for the functionalization of 1,4-
naphthoquinone with Selectfluor as the oxidant with 4-
cyanopyridine shown in Scheme 7

To a vial containing a stir bar was added 1,4-napfuinone (32
mg, 0.2 mmol), isobutyric acid (37 pL, 0.4 mmoleQuiv), 4-
cyanopyridine (21 mg, 0.2 mmol, 1 equiv), and S#lecr (142
mg, 0.4 mmol, 2 equiv). Dichloroethane (1 mL) angDHO0.9
mL) were then added and stirred for approximatelyitute at
room temperature. A solution of AgN@0.1 mL of a 0.4 M
solution in HO, 0.04 mmol) was added in one portion. The
reaction was capped with a screw cap and stirred a@inro
temperature for 24 hours. Yields determined'#yNMR using



1,3,5-trimethoxybenzene as a standard
Information for spectra).

2-isopropylnaphthalene-1,4-dione (6): Previously reported
methods were used to synthesize compoBiidThe data for6
matches those previously reporf8d'H NMR (400 MHz,
CDCly): 8.14 — 8.09 (m, 1H), 8.08 — 8.03 (th= 6.9, 2.7 Hz,
1H), 7.76 — 7.68 (m, 2H), 6.77 (s, 1H), 3.31 — 3.20 k), 1.20
(d,J=6.9 Hz, 6H).

2-isopropylisonicotinotrile (7): Previously reported methods
were used to synthesize compouhd The data for7 matches
those previously reportéd’H NMR (500 MHz, CDCJ) & 8.71
(d,J = 4.9 Hz, 1H), 7.40 (s, 1H), 7.33 @ = 4.5 Hz, 1H), 3.12
(dt,J=13.8, 6.9 Hz, 1H), 1.32 (d,= 6.9 Hz, 6H).

4.5 General procedure for the functionalization of quinones with
selectfluor as the oxidant metal-free

To a vial containing a stir bar was added quinon2 (dmol, 1
equiv), carboxylic acid (0.4 mmol, 2 equiv), higidase (174
pL, 1.0 mmol, 5 equiv) and Selectfluor (142 mg, @vhol, 2
equiv) followed by 1 mL of KD and 1 mL of 1,2-dichloroethane.
The reaction was capped with a screw cap and stitredoan
temperature for 24 hours. Upon completion, the reactvas
transferred to a test tube containing saturatedsobicarbonate
(2 mL). The agueous phase was extracted with etieghte (3 x
3 mL) and the combined organic layers were dried MgSQO,,
filtered and carefully concentratéuvacuo.

2-isopropylcyclohexa-2,5-diene-1,4-dione (1):The general
procedure was followed using 1,4-benzoquinone (22 8,
mmol) and isobutyric acid (37 pL, 0.4 mmol, 2 equi¥he
reaction afforded (11.5 mg, 38% yield) as a yellow oil.

[1,1'-bi(cyclohexane)]-3,6-diene-2,5-dione (2):The general
procedure was followed using 1,4-benzoquinone (22 g,
mmol) and cyclohexanoic acid (51 mg, 0.4 mmol, Bieq The
reaction afforde@ (13.5 mg, 36% yield) as a pale yellow oil.

2-(tetrahydro-2H-pyran-4-yl)cyclohexa-2,5-diene-1,4lione
(3): The general procedure was followed using 1,4-berinoge
(22 mg, 0.2 mmol) and tetrahydropyran4-yl-carbaxycid (52
mg, 0.4 mmol, 2 equiv). The reaction afford@q9.1 mg, 24%
yield) as a yellow solid (m.p. 95 — 98 °C).

4' 4'-difluoro-[1,1'-bi(cyclohexane)]-3,6-diene-2,&dione  (4):

The general procedure was followed using 1,4-benrogei (22
mg, 0.2 mmol) and 4,4-difluorocyclohexanecarboxygiid (66
mg, 0.4 mmol, 2 equiv). The reaction afford&€¢9.0 mg, 20%
yield) as a yellow solid.

2-cyclobutylcyclohexa-2,5-diene-1,4-dione (5):The general
procedure was followed using 1,4-benzoquinone (22 g,
mmol) and cyclobutane carboxylic acid (39 pL, O.4noh 2
equiv). The reaction affordeésl(11.4 mg, 35% vyield) as a yellow
oil. The data fob matches those previously reported.

2-chloro-3-isopropylcyclohexa-2,5-diene-1,4-dione8{C3), 2-
chloro-5-isopropylcyclohexa-2,5-diene-1,4-dione  (85), 2-
chloro-6-isopropylcyclohexa-2,5-diene-1,4-dione (86): The
general procedure was followed using
benzoquinone (29 mg, 0.2 mmol) and isobutyric é8iduL, 0.4
mmol, 2 equiv). The reaction afford84C3 (4.0 mg, 11% yield)
as a yellow 0il8-C5 (4.1 mg, 11% yield) as a yellow solid (m.p.
48 — 51 °C) , an®-C6 (3.8 mg, 10% yield) as a yellow oil. The
regioisomeric ratio of C3:C5:C6 was determined td 4el1.0:1.1
by crude'H NMR. Data for 8-C3: 'H NMR (400 MHz, CDCJ):
6.84 (d,J = 10.0 Hz, 1H), 6.74 (d] = 10.0 Hz, 1H), 3.53 — 3.37
(m, 1H), 1.31 (dJ = 7.1 Hz, 6H)*C NMR (100 MHz, CDG):

2-Chloro-1,4-

6

(see Supgorti 185.0, 179.7, 149.8, 140.3, 137.6, 135.2, 30.07.1BIRMS

(ESI-TOF): calcd for GH4CIO, [M+H]® 185.0364 found
185.0349 Data for 8-C5: '"H NMR (500 MHz, CDCJ): 6.97 (s,
1H), 6.66 (d,J = 1.2 Hz, 1H), 3.08 — 2.98 (m, 1H), 1.14 (&
6.9 Hz, 6H)."*C NMR (125 MHz, CDG): 185.1, 180.3, 155.9,
143.7, 134.2, 130.2, 27.1, 21.5. HRMS (ESI-TOF):.cdafor
CoHoCIO, [M+H]+ 185.0364 found 185.034Data for 8-C6:
'H NMR (500 MHz, CDCJ): 6.95 (d,J = 2.5 Hz, 1H), 6.56 (dd]
=2.4,1.2 Hz, 1H), 3.15 - 3.06 (m, 1H), 1.16J& 6.9 Hz, 7H).
*C NMR (125 MHz, CDG): 185.7, 179.6, 155.3, 144.6, 133.3,
130.8, 27.8, 21.6. HRMS (ESI-TOF): calcd forgHgCIO,
[M+H]+ 185.0364 found 185.0347.
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