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Abstract

Hindered ethers represent an underexplored area of chemical space due to the difficulty and
inoperability associated with conventional reactions, despite the high-value of such structural
motifs in a variety of societal applications~2. For example, such motifs are highly coveted in
medicinal chemistry, as extensive substitution about the ether bond prevents unwanted metabolic
processes that can lead to rapid /7 vivo degradation. Demonstrated herein is an exceptionally
simple solution to this problem that leverages the power of electrochemical oxidation to liberate

“Correspondence and requests for materials should be addressed to P.S.B. (pbaran@scripps.edu).

Author contributions J.X., M.S. and P.S.B. conceived of the project. J.X., M.S., Y.K,, H.L., D.G.B. and P.S.B. designed the
experiments and analyzed the data. J.X. and M.S. developed the electrochemical decarboxylative methods and performed their
applications. H.L. and Y.K. carried out the mechanistic study. J.X., M.S., S.H.R., M.C., PM., G.B., M.R.C., A.D.,, M.D.B.,, G.M.G,,
J.E.S., J.S. and S.Y. conducted experiments to demonstrate substrate scope. P.S.B. wrote the manuscript. J.X., M.S., Y.K,, SH.R,,
P.M., H.L. and D.G.B. assisted in writing and editing the manuscript.

TThese authors contributed equally to this work.

Supplementary information is available in the online version of the paper.
Competing interests The authors declare no competing interests.
Readers are welcome to comment on the online version of the paper.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Xiang et al. Page 2

high-energy carbocations from simple carboxylic acids. The controlled formation of these reactive
intermediates takes place with low electrochemical potentials under non-acidic conditions to
capture an alcohol donor thereby producing a range (>80) of ethers that would be extremely
difficult to otherwise access. Simple nucleophiles can also intercept such cations, leading to
hindered alcohols and even alkyl fluorides. This method has been field tested to solve the synthetic
bottlenecks encountered on twelve real-world chemical scaffolds with documented societal
impact, resulting in a dramatic reduction in step-count and labor required, accompanied with
higher yields. Finally, the use of molecular probes coupled to kinetic studies support the proposed
mechanism and role of additives in the conditions employed.

Students of organic chemistry are taught the Williamson ether synthesis®— as a classic way
to make primary alkyl ethers via Sy2 substitution (Fig. 1A), but in contexts involving
secondary or tertiary alkyl halides the reaction often derails, leading to elimination
byproducts or no reaction at all. Hindered ether 1, a key intermediate for the synthesis of an
aurora kinase modulator, exemplifies this commonly-faced challenge. Despite the
documented utility of hindered ethers=2, very little progress has been registered to bridge
this gap in reactivity. The alternative workhorse method, the Mitsunobu reaction, also fails in
such settings due to steric demands of the Sn2 process and pKj; requirements of the
nucleophile®. To the best of our knowledge, the most often-employed method for the
synthesis of hindered dialky! ether bonds still uses carbocation chemistry accessed from
olefins (hydroalkoxylation) under strongly acidic conditions®. While this transformation has
been known for nearly a century, its use is drastically limited in scope due to a lack of
chemoselectivity and sluggish reactivity’. Indeed, in preparing hindered ether 1, a multi-step
route via 4-hydroxyproline 2 (R = CO,Me) was employed, requiring over 6 days of reaction
time (<4% overall yield), wherein the key C-O bond-forming reaction—the treatment of
methylenecyclobutane with BF3z*Et,0 in the presence of the requisite secondary alcohol—
provides the ether in only 11% yield8.

Distinct from sterically-sensitive Sy2 and strongly acidic carbocation pathways, a third class
of ether synthesis has been known for many years, but has remained largely underexplored.
This third reaction paradigm (Figure 1A, yellow inset) stems from the oldest synthetic
organic electrochemical reaction, the Kolbe dimerization, discovered in 1847°. In the so-
called interrupted Kolbe variant, known as the Hofer-Moest reaction?, electrolytic oxidation
of a carboxylic acid under mildly alkaline conditions generates a carbocation that can be
captured by incipient nucleophiles!®-18, A distinct advantage of this reactivity paradigm is
the non-acidic generation of high energy carbocations directly from ubiquitous carboxylic
acids.

Based on this apparent advantage, we surveyed the literature, and were startled to observe an
extremely limited application of the Hofer-Moest reaction in synthetic contexts (Figure 1B).
Indeed, rather than using this reaction, much more complex catalytic systems that take
advantage of photolytic conditions have been developed to make alkyl-aryl ethers!®. There
are likely two reasons for the limited exploration of electrolytic decarboxylative ether
synthesis: First, the barrier to entry for electrosynthesis has traditionally been high for a
practicing synthetic organic chemist20. Second, all Hofer-Moest systems known to date
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required solvent-quantities of the alcoholic nucleophile, which is untenable for complex
ethereal substrates. The alcoholic solvent, in addition to functioning as a reagent, permits
current to pass and also acts as an electron-sink to balance the electrochemical process
(liberating H» gas).

Herein, we report how the generation of carbocations from unactivated, aliphatic carboxylic
acids, and their subsequent capture with heteroatom nucleophiles can be leveraged to
provide a wide array of hindered C—X bonds. The reaction exhibits remarkable scope (>100
examples) across a range of valuable substrate classes (including previously inaccessible
fluorinated ethers), is easily scalable in an undivided cell using inexpensive graphite
electrodes, and has been studied in detail mechanistically.

The development of a practical electrochemical decarboxylative etherification was
predicated on the valuable examples that preceded this work. Specifically, we set out to
invent a set of Hofer-Moest conditions that were amenable to the needs of an organic
chemist working on elaborate substrates (using a practical commercial setup with simple
electrodes, mild conditions to tolerate sensitive functionality, and non-solvent quantities of
alcohol donor). To achieve these goals, the extensive body of electrochemical
literature19-18. 20 around this reaction gave us key clues for initial reaction development.
Specifically, it was known that carbon-based electrodes favored the desired carbocation
generation, while platinum electrodes favored unproductive radical (Kolbe-type)
dimerization?L. It was also known that inert, non-oxidizable anions (e.g., ClO47) enhance
cation-like reactivity in the Hofer-Moest reaction?2. Third, literature precedent showed that
mildly alkaline conditions would be beneficial for the desired carbocation formation22:23,
Finally, simple undivided cells are generally used in this process, suggesting that cathodic
reduction would not significantly interfere with the reaction.

It became immediately apparent that limiting the amount of alcohol posed a number of
significant challenges: decompaosition of carbocation due to the low nucleophilicity of
alcohols, competitive trapping of carbocation by water, consumption of alcohols by anodic
oxidation and necessity of external electron-acceptor to balance electrons. Figure 1C
summarizes the results of ca. 1000 experiments (see Supplementary Information for an
extensive sampling) to solve all of these problems. Not surprisingly, initial exploratory
experiments using the proposed conversion of 3 and 4 to 5 as an example, based on the
literature precedent available (vide supra)t122, led to only trace amounts of product (entry
1). The conversion of the carboxylate was improved by choosing K,CO3 or 2,4,6-collidine
as a non-oxidizable base (entries 2,3), though 6 and 7 were identified as major byproducts
due to the presence of radical intermediate?2 and elimination pathways, respectively. These
problems were effectively suppressed by changing solvents to CH,Cl, (entry 4), resulting in
the large increase of the desired ether product. In CH,Cl,, hydration of the carbocation
(leading to 8) persisted (entry 4), which was suppressed with the addition of 3A molecular
sieves (entry 5). It was also found that CH,Cl, was apparently reduced at the cathode (see
Figure S2 of Supplementary Information), acting as an electron-sink. Past approaches using
water or simple alcohols as solvent did not need to address this issue, as the solvent can
serve as the reagent and an electron sink (v7a proton reduction). Accordingly, adding a better
sacrificial oxidant (AgPFg) significantly improved the yield of 5, leading to our optimized
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conditions (entry 6). Addition of AgPFg also completely suppressed the formation of 6 and
7, though this effect varies by substrate and, in some cases (vide infra), silver additives are
not necessary at all. Negative controls confirmed the necessity of a slight stoichiometric
excess of the alcoholic partner (entry 7). In the absence of base, no desired product was
observed, with the major products being the ketone 9 and the ester 10 (entry 8).

The patent literature is replete with examples of hindered ethers of use in a variety of
pharmaceutical and materials applications. While carbocation-based routes from olefins
predominate in literature, electrochemical access to such compounds has notable advantages
on the time, step count and overall yield to access such valuable entities. lllustrated in Table
1 is an abbreviated depiction of six such applications as well as the 80+ ethers prepared (see
Supplementary Information for full listing of substrates as well as comparison to prior
routes). Primary carboxylic acids and certain secondary systems are not compatible with
electrochemical etherification, because the resultant carbocations are not sufficiently stable.
However, this limitation is inconsequential from a synthetic perspective, as those ethers can
be easily prepared through standard Sy2-type approaches3-. Acids bearing a variety of
functional groups are tolerated such as Boc-protected amine (17), aryl and alky! halides (25,
27, 30), olefins (26), esters (29, 39), enones (39), ethers (35, 36, 62), and even oxidation-
prone boronic esters (28). Similarly, the scope of alcohol coupling partners is vast and
includes acid-labile and oxidation-prone chiral secondary benzylic alcohols (17), deuterated
systems (49), azetidinyl (50), protected sugars (53), olefin-containing (48, 51, 59), acetals
and esters (44), halides (15), nitriles (45), nitro groups (see Supplementary Information), and
even Lewis-basic heterocycles (42, 43, 45). The ability to tolerate chiral, ionizable secondary
alcohols is worth emphasizing, as acidic methods for ether synthesis would lead to
elimination or racemization (17 is formed in 95% ¢e). Electrogenerated cations bearing
fluorine atoms can also be intercepted, opening up a range of new organofluorine-containing
ether systems that were either difficult to access or unknown (see Supplementary
Information for full listing of fluorinated ethers). Finally, the synthesis of polyethyleneglycol
(PEG) ethers, historically laborious, can be modularly produced through this process (no
PEG ethers analogous to 66—69 are known). To ensure the robustness of the process, ten
randomly selected examples in Table 1 were run in triplicate and exhibited no more than 5%
yield variance between runs.

As mentioned at the outset, the use of simple alcohols such as methanol and water itself is
already known in electrochemical decarboxylative processes (Figure 1B)10-18, However, the
scope of such processes is quite limited. The conditions developed above were therefore
adapted for these related reactions (see Supplementary Information). In order to render this
reaction general, the choice of electrolyte ("BusNPFg) and base (2,4,6-collidine) was crucial
while silver additives were found to be unnecessary. As with hindered ether synthesis, the
most convincing case for the use of this reaction stems from its ability to dramatically
truncate synthetic pathways. Six such examples are illustrated in Table 2 (see Supplementary
Information).

The addition of water to generate various tertiary and secondary alcohols is a broadly
applicable process with selected examples depicted in Table 2 (for additional examples, see
Supplementary Information). Again, the chemoselectivity is on par with that observed
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above; aryl bromides (84), boronic esters (85), electron rich aromatics (87), lactams (88),
ethers (79), and esters (81) are tolerated. In preliminary studies, the potential of adding other
nucleophiles to the putative electrogenerated carbocations was also studied. Carboxylates
not capable of decarboxylation under these conditions could act as nucleophiles, to provide
hindered esters (89 and 90)24. Useful organofluorine building blocks could also be accessed
(91-94) in a process that might be of use in radiolabeling studies, since the fluorine source
utilized (inexpensive KF) is preferred in such situations2°. Finally, using benzonitrile as a
nucleophile led to the expected Ritter-type product (95), albeit in lower yield2. The robust
and practical nature of this process was also demonstrated with the gram-scale preparation
of 5 and 81 through etherification and hydroxylation processes. In the case of large-scale
etherification, the silver salt additive could be left out with a minimal effect on yield (72 vs
78% yield).

Extensive mechanistic studies were also undertaken to understand the role of additives and
the nature of the reactive intermediate. In summary, the mechanism is likely to be the rate-
limiting oxidation of a carboxylate on the anode to generate a carbocation, followed by
nucleophilic attack by an alcohol to afford the ether product (See Supplementary
Information for full details).

It is anticipated that the mild electrogeneration of carbocations reported herein will find use
in numerous settings where standard Sy2 and carbocation-based approaches for forming
hindered functionalized carbogenic frameworks fail.

METHODS

Here we describe a typical procedure for the decarboxylative etherification, and further
experimental details are provided in Supplementary Information.

General procedure for decarboxylative etherification.

With no precautions to exclude air or moisture, the ElectraSyn vial (5 mL) with a stir bar
was charged with carboxylic acid (0.2 mmol, 1.0 equiv.), alcohol (0.6 mmol, 3.0 equiv.),
2,4,6-collidine (0.6 mmol, 3.0 equiv.), "BusNPFg (0.3 mmol, 1.5 equiv.), 3 A molecular
sieves (150 mg), AgPFg (0.3 mmol, 1.5 equiv.), and CH,Cl, (3.0 mL). The ElectraSyn vial
cap equipped with anode (graphite) and cathode (graphite) were inserted into the mixture.
After pre-stirring for 15 minutes, the reaction mixture was electrolyzed at a constant current
of 10 mA for 3 hours. The ElectraSyn vial cap was removed, and electrodes were rinsed
with Et,0 (2 mL), which was combined with the crude mixture. Then, the crude mixture
was further diluted with Et,O (30 mL). The resulting mixture was washed with 2N HCI (20
mL) and NaHCO3 (aq) (20 mL), dried over NapSOy4, and concentrated /7 vacuo. The crude
material was purified by preparative thin-layer chromatography (PTLC) to furnish the
desired product. Full experimental details and characterization of new compounds can be
found in the Supplementary Information.

Data availability.

The data that support the findings of this study are available within the paper and its
Supplementary Information. Metrical parameters for the structures of (2/)-77 and
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1R)-138 are available free of charge from the Cambridge Crystallographic Data Centre

(https://lwww.ccdc.cam.ac.uk/) under reference numbers 1918528 and 1903823, respectively.

Supplement

ary Material

Refer to Web version on PubMed Central for supplementary material.
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A Pathways to hindered dialkyl ethers are limited B Previous decarboxylative etherifications
A Photochemistry (Hu, 2018)
E(’ X =LG or OH R{ . /@ [gﬂ]c:;i L7 |
R R R O SRR R 9 9 R | A . ™
: S\2; problematic on hindered 3° systems | R¥ TCO,A* HO \FG hv R® 70 \FG
Me Y i [Alkyl NHPI esters] [Phenols] [Alkyl aryl ethers]
Y BF3-cat. additon ~ HO, S ) -
\CNCbz t19% yield) _— Phenolic ethers only; scalability challenges
1: kinase > Hydroalkoxylation; <4% overall yield (>6 days) - Electrochemistry (Kolbe, Hofer, Moest, Lam, Corey, others
modulator ~—oH 2 R
intermediate Me cOH <§\®/ R .0
Ef/COzH . Rh/ * 4+ Alkyl-oH T Alkyl
This work R3 Anodic oxidation R3
Direct decarboxylative etherification Typical acid scope: Alcohol scope (solvent):
@ x Gy MeOH
CO,H ©
RL__COMH <§\ / RE@R | ROH RO R
h/ r—— Y — > FIX \KR5 COz
R R Anodic R2 [Alkyl R® R? X=N, O, S OH
oxidation alcohol] L
[Alkyl acid] [Carbocation] [Hindered ethers] Alkyl—COLH (Me, "Pr, etc.)
FLbluiions s hegeive uDitieuliad access Solvent-quantities of simple alcohols; acid scope
* Inexpensive « Non-acidic generation  + Medicinally important imitati 3 '
p idic g y impo SimligHons underexplored; often high voltage and Pt electrodes

C Reaction optimization: A rational electromechanistic approach
b byproducts (from 3)
Me  Me Me Me Me Me Me Ph Me Me
o + . electrolyte (0.1 M) Phﬁa/me Phxo\‘“kph i i H \( X
3 2 HO™ 4 PN additive, solvent, r.t. Me 5 Me Me Ph™ "OH
+C/-C, 10 mA, 3 h 6 7 .8
(([)32" ?cho]l) [g)".sa\rggfgl)] [carbocation] [hindered ether] [fromredicall [elimination] [¥iadydration]
Fix: Changing solvents and Ag additive Fix: mol. sieves
Entry Conditions? %Yield:5 6 7 8 9 10
1 Et3N, "BuyNCIO,4, DMF or acetone <t - - <1 <1 - byproducts (from 4)
2 K,COg, "BusNCIO,, DMF <1 15 <1 40 <1 - Me Me O _
3 2,4,6-collidine, "BuyNPFg, DMF 6 3 28 14 <1 - él\ /k Ph via Me
4 2,4,6-collidine, "BuyNPFg, DCM 40 4 - 14 6 - o Ph Ph 0 => @<
5 2,4,6-collidine, "Bu,;NPFg, 3A MS, DCM 43 5 2 <1 3 - 9 10 Ve Me Ph
6° AgPFg, 2,4,6-collidine, "Buy;NPFg, 3AMS, DCM 79 (77)¢- - - 7 - [anodic oxidation] [ionization]
7 asinentry 6, 1 eq. alcohol 34 <1 <1 <1 6 <« Fix: acid limiting Observed without base
8 AgPFs, "BusNPF¢, 3A MS, DCM - <1 <1 - 22 54 e

Figure 1.
(A) The synthesis of hindered ethers is a long-standing challenge in organic synthesis; (B)

Historical context and prior strategies for decarboxylative etherification; and (C)
Development and optimization of hindered ether synthesis depicted through
electromechanistic analysis. <Compound 3 (0.2 mmol), 3.0 eq. alcohol 4 was used (except
where designated). /GC yield. All entries performed in triplicate. “Conditions: acid 3 (0.2
mmol), alcohol 4 (0.6 mmol), AgPFg (0.3 mmol), 2,4,6-collidine (0.6 mmol), "BusNPFg
(0.1 M), 3A MS (150 mg), CH,Cl, (3 mL), I =10 mA, 3 h. 9isolated yield. DMF, N, -
dimethylformamide; DCM, dichloromethane; 3A MS, 3A molecular sieves.

Nature. Author manuscript; available in PMC 2020 March 09.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Xiang et al. Page 9

Table 1.
Applications, and partial scope of hindered ether synthesis via electrochemical

decarboxylation (see Supplementary Information for full scope).
aAgSbFg (0.3 mmol) instead of AgPFg. DBU (0.6 mmol) instead of 2,4,6-collidine. °KSbFg (0.3 mmol)
instead of AgPFg. Alcohol as limiting reagent, conditions: alcohol (0.15 mmol), carboxylic acid (0.45 mmol),
AgClO,4 (0.6 mmol), 2,4,6-collidine (0.675 mmol), "BusNCIO, (0.2 M), 3A MS (100 mg), CH,Cl, (2 mL), | =
10 mA, 3 h. éAgCIlO, (0.6 mmol) instead of AgPFg, "BusNCIO,4 (0.1 M) instead of "BusNPFg. 4.0 or 6.0 eq.
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alcohol. 91.5 mL CH,Cl,, 1 = 7.5 mA, 4 h. "™BuyNCIO,4 (0.1 M) instead of "BusNPFg, no AgPFg. ‘Reaction
performed in triplicate; yield is average of three runs.

o 24,6-collidine (3.0 eq.)
at - "BugNPFg (0.1 M)
5 oh * <
R s o= A AgPFg (1.5 eq.)
3A MS, CH,Cl; (3 mL), r.t.
(0.2mmol, 1.0eq.) (3.0eq.) LOLC. 30 1. 3 h

Applleutlons (see Sl for literature routes)
CO;Me co,m

* Chemoselective

* Mild condition

* Practical

* Suslainable

alpd e‘-*.e.rs * Scalable

PEG ethers * inexpensive caroon electrodes
Functional group lolerance * late-stage modification

d \QNCB; E>( \l/\“”c‘“ /Y d NHchzmQ /\/\/J\ D( w @Xo/‘vﬂ'

12
[Current noune] 2steps  [Current Roum] 1step [Current Route] 1 step
(512 yield in total, 15 h) (32% yield, 3 h) (40% yield, 3 h)

15
[Current Rmm] 1step  [Current Route] 1 step
(42% yield, 3 h) (81% yield, 3 h)

[Current Rnum] 1 step
(21% yield, 3 h)

[Previous Route] 3 steps [Previous Route] 5 steps [Previous Route] 7 steps [Previous Route] 6 steps  [Previous Route] 4 steps [Previous Route] 2 steps

(= 4% yield in total, > 6 d) (31% yield in total, 2.5 d) (37% yield in total, > 3 d)
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16: 65% 17; 459608 n=2, 1"8: 54%%4540%55¢
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A ="Pr, m. 52%” HE 5 Mo, 23: 583/E2oasone 251 24%043%0%0
- E a !
R=Bn, 21:41%% o PhCH,CH,, 24: a5%no128%08 NBos

WOO n QX ,E) oo

+ 439003198 "‘° "“ Me a=n_(c|-|1 X =F, 27: 46%°
2NN TN A% R R = Mo, % = BPin, 28: 54%0

Secondary acids

29: 41%' 30‘?8?4% §:= 11
31: EB%'
°\(© Lb’ :r
\~ \]/v
=
< a2 aoweiagser 33: 57%¢
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ool o

35: 58% 36: 55%'
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Me Me
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Primary alcohols (see Sl for 12 more examples)

O Na
o XK e 4150w

M .N'*240IF
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uc Me
40: 48%° o me 42: 68%7 o
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XN K 5
Ph O | = o Ph
=
Me Ma 44: 52%* Mn
OMs Mo 45 42%7

(24% yleld in total, 2d)  (47% yleld in total, > 2 d) {< 2% yleld in total, > 5 d)
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Tertiary alcohols (see Sl for 1 more example)
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Fluorinated Ethers (m Sl for 9 more examples)
FiC OMe Me

S

60: 46%°" 61: 23%° 62: 88%4 dr = 1:1
CFH
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Table 2.
Applications and partial scope of trapping electrogenerated carbocations with other

nucleophiles along with scalability demonstration (see Supplementary Information for full
scope).
24,0 (0.1 mL) as nucleophile. “Carboxylic acid or phenylacetonitrile as nucleophile (0.6 mmol, 3 eq.),
conditions: AgClO,4 (0.6 mmol, 3 eq.), 2,4,6-collidine (0.6 mmol, 3 eq.), "BusNCIO,4 (0.1 M), 3A MS (150
mg), CH,Cl, (3 mL). °KF (0.72 mmol, 3.6 eq.) as nucleophile, conditions: 18-Crown-6 (0.72 mmol, 3.6 eq),
AgClO, (0.6 mmol, 3 eq.), 2,4,6-collidine (0.6 mmol, 3 eq.), "BusNPFg (0.1 M), 3A MS (150 mg), CH,Cl, (3
mL).

[o] 2,4,6-collidine (1.5 eq.) E « 6 Applications » Mild Condition
R "BuyNPFg (0.1 M) R'__Nu i *>30 Examples * Practical
OH + Nu - Hz\"r i+ Common Tertiary Acids + Scalable
R? 5 acetone (3 mL), r.t. R? !« Drug and Natural Products » Inexpensive Electrodes
(0.2 rﬁmcl, 1.0 eq.) +C/-C (10 mA), 3 h i+ Functional Group Tolerance + Late-Stage Modification
Applications (see Sl for literature routes e S e e e e
PP ( ) ; CO,Me CO,Me !
: Commercially "
i available ! F
: HO,C 70 HO,C 71 :
E CO,H [ icozl'n!e L)@wuz L}g\,coaue
MO HO 7 MeO 74 HO 75 HO .78

[Current Route] 2 steps  [Current Route] 1step [Current Route] 2 steps  [Current Route] 2 steps  [Current Route] 3 steps  [Current Route] 1 step
(56% yield, 9 h) (66% vyield, 3 h) (31% yield, 24 h) (22% yield, 27 h) (17% yield, 21 h) (61% yield, dr = 1.1:1, 3 h)

[Previous Route] 7 steps [Previous Route] 9 steps [Previous Route] 7 steps [Previous Route] 14 steps [Previous Route] 7 steps [Previous Route] 5 steps

(21% yield in total, > 4 d) (15% yield in total,> 5d) (12% yield in total, 3d) (5% yield in total, >9d) (8% yield in total, 62 h) (yield not reported)

Tertiary and secondary acids (see Sl for 10 more examples)
OH

Me OH
18 Me Me Me
Me Me OH M:ﬂe 2
R\/\)LOH Me
- MeO,C o <
R=Ph, 78:52%2  oo'c , 81:61%yield B Boc, 82:32% A= Br, 84: 67%° 86:53%%from Me OH E
R=PhO, 79: 66%3 o 871% R =Ts 83:69% R = Bpin, 85: 55%7 (15)-(-)-camphanic acid_87: 32%? (dr = 3:1) 88: 40%
80 labeled)? from dehydroabietic acid from indoprofen
Esterification Fluorination Amidation
Me Me F
@X k/\co - @X J\Q /©’)‘ @ & @‘ \(\©
cl Boc
89: 31%° 90: 36%" 91: 35%° 92: 58%°  93: 18%° 94: 62%° 14%®
Scale up i
M M :
Me_ Me - Mej el i COH 4\@/‘ OH
HO Ph” O : H,0
|='h)<co:,H+ = : <
3 (+)-4 i MeOEC o MeOQC

1.97 g (12 mmol) 4.40 g (36 mmol) (£)-5,2.089(72%) : 1.53g(7.2mmol) 0.6mL 81, 0.86 g (65%)

Conditions for each reaction: 3 (2.4 mmol), (+)-4 (7.2 mmol), 2,4,6-collidine (3.6 : Conditions for each reaction: 71 (1.2 mmol), H,O (0.1 mL), 2,4,6-collidine (1.8
mmol), "BugNCIO, (0.1 M), 3AMS (450 mg), CH5Cls (9 mL) +C/-C (10 mA), r.t.,, 15 h : mmol), "BusNPFg (0.02 M), acetone (9 mL), +C/-C (10 mA), r.t., 12 h
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