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Abstract: A novel approach towards the activation of dif-
ferent arenes and purines including caffeine and theophyl-
line is presented. The simple, safe and scalable electro-
chemical synthesis of 1,1,1,3,3,3-hexafluoroisopropanol
(HFIP) aryl ethers was conducted using an easy electrolysis
setup with boron-doped diamond (BDD) electrodes. Good
yields up to 59% were achieved. Triethylamine was used
as a base as it forms a highly conductive media with HFIP,
making additional supporting electrolytes superfluous.
The synthesis was optimized using Design of Experiment
(DoE) techniques giving a detailed insight to the signifi-
cance of the reaction parameters. The mechanism was in-
vestigated by cyclic voltammetry (CV). Subsequent transi-
tion metal-catalyzed as well as metal-free functionalization
led to interesting motifs in excellent yields up to 94 %.

Cross-coupling reactions represent a very important synthetic
tool used for the formation of aryl-carbon or aryl-heteroatom
bonds. Substantial efforts have been taken to develop simple
and sustainable reactions of this kind, using methods like elec-
trochemistry!"™® or photoredox catalysis.”’ However, transition
metal catalysis remains dominant in the field of cross-coupling
reactions,'” despite that often it requires synthesis of precur-
sors to introduce for example, halides or pseudohalides. Fur-
thermore, the costs rise for Rh, Pd or Pt constantly and strong-
ly, which further increases the desire to avoid transition metals
in organic synthesis." The high selectivity and efficiency of
the cross-coupling reaction itself might be diminished by the
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lack of selectivity and the use of partly hazardous reagents
such as bromine, chlorinating agents, trifluoromethanesulfonic
anhydride or tosyl chloride during the pre-functionalization.'”
Besides the risks associated with handling such compounds,
they generate stoichiometric amounts of reagent waste. In the
case of direct oxidative cross-coupling reactions, pre-function-
alization is not necessary but stoichiometric amounts of an oxi-
dizer must be used, again resulting in stoichiometric amounts
of reagent waste."¥ Electro-organic synthesis, on the other
hand, fulfils many of the green chemistry postulates and uses
only electrons as an inherently clean reactant, hence minimiz-
ing reagent waste to a certain degree."®*' Furthermore, it
offers safe-to-conduct protocols and simple cell setups. Com-
bining the benefits of both worlds we designed an electro-
chemical protocol for the pre-functionalization of different aro-
matic compounds for a subsequent metal-free or Ni- or Pd-cat-
alyzed cross-coupling reaction. The electroorganic reactions
conducted in simple beaker type cells left many parameters to
optimize. Using a simple but not very efficient one-variable-at-
a-time approach (OVAT) does not always lead to satisfying re-
sults. Design of Experiment techniques provide high quality in-
formation from a comparably low number of experi-
ments.">'%") |n order to make this efficient, an appropriate
screening tool is required, providing good quality results with
sufficient accuracy."® In our previous work, benzylic C—H func-
tionalization using HFIP as both solvent and reagent was re-
ported."*?? In addition, our group has a long-standing interest
in using HFIP based electrolytes in electro-organic synthesis,
since unique reactivity can be attributed to solvent effects and
stabilization of intermediates.”* In the work described here,
the scope of the reaction has been successfully expanded to
further aromatic compounds using a DoE approach, demon-
strating the broad applicability of this method.

The functionalization of xanthine derivatives like caffeine or
theophylline is of great interest for the development of phar-
maceuticals.”?” The examples shown in Scheme 1 are approved
drugs used for the treatment of type Il diabetes (Linagliptin)®
and Parkinson'’s disease (Istradefylline)®®*” or to prevent post-
operative vomiting and symptoms of motion sickness (Dimen-
hydrinate).?*?” Lei etal. recently demonstrated the electro-
chemical oxidative functionalization of caffeine.*”

We present the activation of position 8 of the purine scaffold
in caffeine and theophylline, as well as derivatization of naph-
thalene and aromatic acetamides by installation of the
1,1,1,3,3,3-hexafluoroisopropoxide moiety (HFIP). Furthermore,
the resulting HFIP ethers were amenable to subsequent deriva-
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Scheme 1. Xanthine derived pharmaceuticals functionalized in position 8 of
the purine scaffold.?*-")

tization by metal-catalyzed as well as metal-free nucleophilic
substitution reactions. The first electrochemical step is easy to
conduct, free from metals, does not require inert conditions
and the substrates used are readily available, making this
method cost-efficient, simple and quick (Scheme 2). The
screening was conducted in undivided cells made of PTFE
equipped with two BDD electrodes. This allows for the parallel
operation of 8 independent electrolysis cells. The limited
number of electrolysis cells is rewarded by highly accurate
electrosynthetic data.'®

The electrochemical installation of alcohols to arenes in-
volves a major challenge, due to the electron-releasing proper-
ties of the ether moiety. Cyclic voltammetry studies have re-
vealed the mechanism to be of the ECEC type (see Supporting
Information) and the products were found to have a lower
redox potential than the starting materials. Therefore, over-oxi-
dation is a significant problem, hence careful optimization of
the reaction conditions is needed. The caffeyl HFIP ether syn-
thesis was first optimized in initial screening reactions using an
OVAT approach. The isolated yield of 2 was 33% by these con-
ditions. With the aim of increasing the yield and to obtain de-
tailed information about the importance of the parameters in-
vestigated, we turned to a DoE approach and started with a
2°"-plan with a center point added."™'” The yields during the
optimization were determined by gNMR using 1,3,5-trimethox-
ybenzene as an internal standard. The factors examined and
their settings are shown in Table 1.

It was observed that the current density, the stirring rate
and the concentration of caffeine were significant for the yield
in this area of the experimental space. With the best settings
being the low current density, high stirring rate and high con-
centration. The yield at the center point did not indicate any
curvature, so we did not expect to be close to the maximum
yet. With the obtained data a second plan was designed with

y

o BDD electrodes o
SN N 40 °C, NEtz, HFIP SN N
Py | )=H Py | =0
07 >N~ "N constant current 0“>N" N >—CF3
[ 1 I 5 FsC

Scheme 2. Constant current electrolysis of caffeine. The oxidative peak po-
tentials are 1.80 V for 1 and 1.60 V for 2 vs. Ag/AgCl, respectively (see Sup-
porting Information).
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Table 1. Factors used in the initial 2°"'-plan.”!

Factor — 0 +
(lower level) (center point) (upper level)

Vigirer/ DM 200 300 400

Ceatteine] =2 0.15 0.20 0.25

ey ) ™ 0.10 0.15 0.20

Q/F 2.00 2.25 2.50

./ MA

j 30 45 60

[a] Ve is the stirring rate, Cigreine anNd Cye, are the concentrations of caf-
feine and NEt;, Qis the amount of applied charge and j is the current den-
sity.

these three significant factors and, considering that the reac-
tion is electrochemically driven, the amount of charge was
taken into consideration. A 2*'-plan was conducted and ana-
lyzed. This time the center point did not match the linear
model and hence indicated curvature in the yield in this area
of the experimental space. Star points were added to convert
this plan into a central composite design (CCD)."' From the
results it could be seen that a maximum was reached regard-
ing the amount of charge Q and the current density j. The opti-
mal conditions in this area were found using the Response Op-
timizer in Minitab.

The result shown in Figure 1 indicates that an increase in
stirring rate and a decrease in concentration would improve
the yield even further. Due to the high stirring rates we experi-
enced a lot of failures, so we used the conditions from this
step (conditions b) for all further reactions. This is discussed in
more detail in the supporting information. To verify the model,
we isolated 2 using these conditions and obtained exactly
42% yield.

Comparing conditions a) and b), significant improvements
introduced by the optimization via DoE are apparent. The time
needed for the electrolysis dropped to about one third and at
the same time, the isolated yield increased by 9%. The signifi-
cant influence of the stirring rate on the reaction suggests that
convection was crucial. Therefore, the setup was changed to
investigate temperature, electrode distance and stirring rate
more effectively. With these parameters, a 2*-plan and a subse-
quent 2%-plan excluding electrode distance (see Supporting In-
formation) was explored. This way we were able to isolate 2 in

stirrer speed concentration amount of charge  current density

[rpm] [mol/L] [F] [mA/cm?]
high setting 700 0.40 3.25 35.0
current setting 700 0.20 2.61 22:1
low setting 300 0.20 2.25 15.0

> e I =1 / e
N 7 \\ \
NMR yield \\ \
max. \\
42% 4 \ \
/

Figure 1. Minitabs Response Optimizer was used to maximize the yield from
the model obtained through a CCD plan. The predicted yield was 42 %. The
labelling was rearranged for better readability.
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o wiald
45% yield in a 10 mmol Scale'_The larger cell SetuP for these Table 2. Comparison between the results of the optimization processes.
plans demonstrated the scalability of the electrolysis and con-
sidering a few parameters during the scale-up, the yield could Conditions a) Conditions b)
even be improved further. Besides using a different batch OVAT optimized Do optimized
setup, we tried to bypass the problem of over-oxidation using il o 7.2 221
a flow setup but the yields obtained could not meet those of Q/F 2 261
th b t h | t | 31] Vstirrer/rpm 300 700
e batch electrolyses. P mLol 0.5 02
The scope was extended conducting reactions on a 1.00 to Cner, ) 0.1 0.2
1.25 mmol scale and both conditions a) and b) (see Table 2) electrolysis time 5h 10 min 1h 45 min
product 0.41 mmol 0.42 mmol
isolated yield 33% 42%
BDD electrodes
40 °C, NEts, HFIP
conditions a) or b) Ar'OYCF3
Ar? CFs were investigated. Improved results with yields up to 59%
condifions ) T é'F; """""""""" could be achieved (Scheme 3).
As shown in previous work, the HFIP moiety can be used as
)t a leaving group.”®?" We wanted to show that this strategy can
)\ />_o>—CF3 also be applied to arenes and therefore various functionaliza-
4 tion reactions were conducted (Scheme 4). Cyanides could be
31% 32% 18% 4F) CF3 installed by transition metal-catalysis using nickel or palladium
“condiionsb) T in 38 and 60% yield, respectively. Metal-free cyanation was not
o e . . . . .
Yo ¢ )C\Fs P, possible in this case. Also, higher yields were achieved in ami-
)t 1\\‘;’-“.}%&"‘, 07 "CFy H nation reactions with morpholine (11), when Pd was used (94
4'\ )_O%ca -9 0o - vs. 75%). Allylic amine (13) and benzylic amine (12) provided
““"‘(‘ I .. vields up to 76%. The direct metal-free reaction with thiophe-
- 6 7 3 . . . .
42% - 59% 31% WC/F nol (14) and propane-1-thiol (16) with 2 gave high yields up to
CF;  CFs g 81%. Application of the respective oxygen derivatives such as
o . . .
F.C7 0 07 CF, P\ phenol and propan-1-ol yielded the desired ethers in up to
O‘ o o 15% yield. When submitting 8 to Kumada-type couplings only
small amounts of desired product could be detected. Other
Fd ch 0 transition-metal-catalyzed did not deliver the desired product.
CF3 CFs 31% In conclusion, we expanded the scope of the electroorganic
260/8(7 5 synthesis of aryl HFIP ethers from our previous work to hetero-
’ cycles. Key for these conversions is the amine-HFIP electro-
Scheme 3. Scope of the reaction and yields of the isolated products. The lyte."*?" In addition, the value of these intermediates was
conditions working better are displayed. demonstrated in the activation within subsequent reactions. A
o J FC [Ni/Pd)/NuH
N N, )—CF; orbase/NuH
Py | =0 4'\ />—Nu
07 N" N
2
Ni- or Pd-catalyzed ‘ o Transition metal free
/
Ji - JI _ A \NJK/EN;
N ) N 7S | )=0Q
41\ § OJ\N N O)\N N
‘ 1
[Ni]: 38%[31 Metal free 75%[01 81%° 14%I°]
[Pd]: 60%®! [Pd]: 94%
i i / /
| N>_ \NjﬁN% N | N>_ \N i >_
>=NH =NH S o}
Py L) oy T AT A
| ! T b7
12 13 ‘
Pd]: 76%¢ (Pdl: 36%¢ 79%!0 15%(

Scheme 4. Scope of the reaction of the caffeyl HFIP ether and yields of the isolated products. [a] NiCl,(PPhs), (10 mol %), PPh; (20 mol %), KCN (4 equiv.), Zn

(1 equiv.) in DMF 115°C, 4 h; [b] Pd(OAc), (5 mol %), XantPhos (10 mol %), KCN (1.5 equiv), DMF, 85°C, 14 h; [c] Pd(OAc), (5 mol %), XantPhos (10 mol %), amine
(2.0-3.0 equiv), DMA, 100°C, 3-14 h; [d] amine (3.0 equiv), DMA, 100°C, 14 h; [e] Cs,CO; (3.0 equiv), phenol/thiophenol (2.0 equiv.), DMF, RT [f] NaOH

(15 equiv.) in propan-1-ol/water 1/3, 60°C, 2 h; [g] K2CO3 (3.0 equiv.), propan-1-thiol (2.0 equiv.), in DMF, 65°C, 2 h;.
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sustainable alternative to common pre-functionalization using
hazardous compounds was presented. A DoE approach led to
efficient optimization with mild reaction conditions, and short-
er electrolysis times across a range of substrates. The subse-
quent reactions of the caffeyl HFIP ether gave access to various
functionalized caffeine derivatives.

Experimental Section

Detailed information on general procedures, electrolytic conver-
sions and product characterization can be found in the Supporting
Information.
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