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Abstract: High-grade periodate is relatively expensive, but is
required for many sensitive applications such as the synthesis
of active pharmaceutical ingredients. These high costs originate
from using lead dioxide anodes in contemporary electro-
chemical methods and from expensive starting materials. A
direct and cost-efficient electrochemical synthesis of periodate
from iodide, which is less costly and relies on a readily
available starting material, is reported. The oxidation is
conducted at boron-doped diamond anodes, which are dura-
ble, metal-free, and nontoxic. The avoidance of lead dioxide
ultimately lowers the cost of purification and quality assurance.
The electrolytic process was optimized by statistical methods
and was scaled up in an electrolysis flow cell that enhanced the
space—time yields by a cyclization protocol. An LC-PDA
analytical protocol was established enabling simple quantifi-
cation of iodide, iodate, and periodate simultaneously with
remarkable precision.

P eriodate has emerged as an important oxidizing agent in
organic synthesis.!! It is used in the Malaprade oxidation for
the cleavage of vicinal glycols, and as a primary oxidant in
OsO,- or RuOy-catalyzed transformations, such as in the
Lemieux—Johnson oxidation.”! More recently, it has been
used for difficult iodinations of alkenes and arenes,” for the
preparation of aryl boronic acids,” and for the cleavage of
allyl protecting groups.”’ It was also used in the synthesis of N-
protected o- and B-amino acids[® as well as for vinyl
sulfones.”! Therefore, periodate enables a rich chemistry in
the synthesis of active pharmaceutical ingredients (APIs)."!

Unfortunately, periodate is expensive and less readily
available, which impedes most technical applications.
Ph.Eur.-grade periodate is not available and BioUltra-grade
periodate costs approximately 274€ per mole. Periodate in
lower quality is indeed less costly and more available (109€
per mole, ACS), but might be contaminated with traces of
highly toxic metals that are strongly regulated for pharma-
ceuticals.”” The high costs can be attributed to the purification
protocols. Periodate is mostly generated electrochemically,
which is the method with the lowest cost and environmental
impact, and which is considered to be inherently safe.'” The
regeneration of hypervalent iodine reagents can be achieved
electrochemically and represents a hot topic.l'!! However,
lead dioxide is generally used as the anode, due to electro-
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catalytic effects and a high overpotential for the oxygen
evolution in aqueous media.'? It is known to disintegrate
slowly during electrolysis which causes contaminations.!* The
mass loss of the anodes is up to 2.5 g(Ah) ', and even the loss
of particles was reported."*"l The toxicity of lead is
inacceptable for regulated products, and its removal is
cumbersome and economically prohibitive. Thus, the utiliza-
tion of lead-related anodes for such purposes increases the
costs for purification, quality assurance, anode maintenance,
and idle time.'® Alternative anode materials, such as
platinum, nickel, manganese, titanium, graphite, oxides of
ruthenium, and iridium have been investigated, but showed
poorer performance and inferior durability in general."” "
Further drawbacks are the use of toxic additives and
expensive starting materials. In the most advanced synthetic
access, periodate is directly generated from iodide, which is
currently the source for commercial scale with the lowest
molar cost in high quality (Scheme 1a).”” However, the
undivided cell necessitated the use of highly toxic anti-
reducing agents.!! Further electrochemical syntheses of
periodate are known starting from iodine""! and
iodate.['"?2%] However, iodate is more than twice as expen-
sive as iodide, and iodine is difficult to handle on a technical
scale.

The research for innovative electrode materials in the last
decades has resulted in boron-doped diamond (BDD) anodes,
which exhibit strongly improved properties.”! BDD is
sustainable since it can be made from methane and it has
a similar overpotential for oxygen evolution at PbO, but
a superior durability.””) The favorable overpotential of BDD
anodes was confirmed by Janssen and co-workers for the
oxidation of iodate to periodate and indeed a similar current
efficiency was achieved (Scheme 1b).2%*1 For solubility
reasons, however, mostly lithium iodate was studied and
yields, analytical data, and scale have not been reported.
Lithium salts are extremely expensive and therefore imprac-
tical. Another study on BDD electrodes was published for the

(a) Kim and Nam, 1974:

Pb/PbO, anode, j = 150 mA/cm?
undivided cell

Kl (1 M) KIO,
HZO, K20r207 (0.5¢/L), 60 °C
84% CE, 98% conv.
(b) Janssen et al., 2001:
BDD anode, j = 30-130 mA/cm?
divided cell (Nafion 117)
LilO3 (2 M) LilO4
aqueous LIOH (0.2 M), rt
(c) This work:
BDD anode, j = 100 mA/cm?
divided cell (Nafion membrane)
Nal (0.4 M) Na3H;10g

aqueous NaOH (4 M), rt
up to 98% yield, 84% CE

Scheme 1. Electrochemical synthesis of periodate. (BDD =boron-
doped diamond; CE = current efficiency; conv. = conversion).
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oxidation of chloride to perchlorate—a process related to the
iodide oxidation (Scheme 1c). However, only a low current
efficiency of 65 % was obtained as a result of the high current
density of j =760 mA cm 2.8 This approach is not applicable,
since a low pH was used, in which the electrochemical
oxidation is less favored based on the oxidation potentials.
Furthermore, iodine will precipitate, which lowers the yield
and current efficiency due to evaporation and deposition on
the anode.”*”!

For this reason, we developed a clean and cost-efficient
periodate synthesis at BDD. Common alkali iodides were
used as the commercial source and alkaline conditions were
chosen to favor a high current efficiency and the solubility of
iodine. The use of toxic anti-reducing agents was avoided by
using a Nafion membrane. Ultimately, the process was scaled-
up into a flow electrolysis.

Prior to addressing the synthesis, a method for the
quantification of iodate and periodate was developed due to
inaccurate iodometry protocols available. In the literature,
iodate and periodate were analyzed by iodometry or com-
parative methods with arsenic compounds. Unfortunately, the
exact protocols were not reported.'®?*?1 We tested the
standard protocol for iodometry and Belcher’s approach for
the sequential determination of iodate and periodate, but
only found low accuracy and precision in both methods."! For
this reason, we established a protocol for liquid chromatog-
raphy photodiode array (LC-PDA), since the UV/Vis activity
of periodate is known in literature.®!! Periodate, iodate, and
iodide were isocratically separable in less than 2 min on
a stationary reversed-phase column. The anions were
detected photometrically and the concentrations of iodate
and periodate were quantified by external calibration with
high accuracy and precision (Figure 1).

We initiated our research with cyclic voltammetry, which
suggested a hydroxyl radical based mechanism, which is well
known for BDD anodes.’” The first electrolysis was carried
out in a divided batch-type cell made of Teflon equipped with
a Nafion membrane, a stainless-steel cathode (EN1.4401;
AISI/ASTM), and a commercial BDD anode. Caus-
tic soda (C = 1m) was used as both strong electrolyte
and base. Nal was added to the anodic compartment.
The electrolysis was conducted at a low current
density of j=3.3 mAcm ™ and an applied charge of
O =9F. After electrolysis, the solution in the anodic
compartment was observed to have a yellowish color
and a white precipitate had formed, which was
assumed to correspond to the iodate and/or period-
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Figure 1. Calibration plot for the liquid chromatography photodiode
array (LC-PDA) analysis.

centrations of hydroxide C(NaOH) and iodide C(Nal) in the
range from 1m to 3m and from 0.11M to 0.55 M, respectively.”
The current density j was screened from 20 mAcm™ to
100 mAcm™ and the applied charge Q from 9F to 12F
(Table 1). After electrolysis, the anodic reaction mixtures
often showed a pale yellow color, and a white precipitate had
formed. The formation of iodine was observed as a brown-
violet solid precipitating upon acidification with NaHSO, due
to comproportionation. That was the case when the total yield
was low (entry 2). Best results were obtained for molarities of
C(NaOH) =3wm and C(Nal)=0.33m, roughly a ratio of 10:1.
Such experiments reproducibly produced periodate in around
90% yield (entries 3-6). Higher concentrations of Nal in
relation to NaOH resulted in <29 % yield (entry 7) and worst
results were obtained for low hydroxide concentrations below
3™ with an modest periodate yield of 10% (entries 8 and 9).
The statistical interpretation confirmed a significant main
effect for C(NaOH) on the yield, while C(Nal), j, and Q had
only a low level of significance. The interaction chart
indicated two-factor interactions between C(NaOH) and
C(Nal), and between j and Q. Additionally, the current

Table 1: DoE optimization of the batch electrolysis (selected results, for more details
see Tables S5-S8 in the Supporting Information).

BDD (3 cm?) || stainless steel
Q=9-12F, j=3.3-100 mA/cm?
divided batch-type cell (Nafion)

NalOj + NagH,lOg
NaOH (1-3 M in H,0, 2 x 6 mL), rt

ate as a sodium hydroxide adduct (para-periodate,

Na;H,IO), respectively.”” The reaction mixture was
acidified with aqueous NaHSO, to dissolve solids
and convert para- into meta- and ortho-periodate.
The diluted solution was then analyzed by LC-PDA
and to our delight, we found the quantitative
conversion of the iodide to iodate and periodate,
which we considered to be a good starting point for
further investigation (Table 1, entry 1).
Optimizations were done by a statistical

Entry j[mAcm™? QI[F] C(NaOH)[m] C(Nal)[wm] LC-PDA yields [%]

105 10, =
1 33 9 1 0.11 84 13 97
2 60 10.5 2 0.22 37 25 62
3 100 9 3 0.33 6 87 93
4 100 9 3 0.33 8 90 98
5 100 9 3 0.33 10 89 99
6 100 9 3 0.33 1 87 98
7 100 9 3 0.55 66 29 95
8 100 9 2 0.55 79 10 89
9 100 9 1 0.33 75 10 85

approach also known as Design of Experiments
(DoE)."4 34 The screenings investigated the con-
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BDD =boron-doped diamond, Q =applied charge, j=current density, LC-PDA=
liquid chromatography photodiode array.
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density was further screened until j=300 mAcm 2 which
corresponds to shorter electrolysis times. However, higher
current densities led to a significant evaporation of iodine due
to heat generation, while having no significant positive main
effect. The optimized electrolysis conditions were tested with
graphite, glassy carbon, nickel, platinum, lead, and lead
dioxide anodes, but only a periodate yield of maximum 58 %
was reached for the lead dioxide. All electrodes beside nickel
and platinum corroded severely, confirming that BDD anodes
are clearly superior. We did not observe any surface abrasion
on BDD during the entire study. The process was also feasible
for other iodide sources, that is, Lil, KI, CsI, Rbl, Cul, and
Znl,, although lower yields were obtained.

Next, a flow process was developed for scale-up. Based on
optimization results under batch conditions, the flow elec-
trolysis was tested and optimized using a 12-cm* flow cell
made of Teflon in cycling mode.”* BDD was used as the
anode and stainless steel as the cathode. The cell was divided
by Nafion and both electrolytes (V=25 mL) were pumped in
two independent cycles.

The optimization investigated the hydroxide and the
iodide concentrations, the current density, the applied charge,
and the flow rate. During electrolysis, the anodic solution had
a pale yellow color that vanished at around 4.5 F, while
a white solid precipitated and formed a suspension while
stirring (Figure 2b,c). Hereby, the terminal voltage increased
from ~55V to ~6.5V. With low molarities of NaOH, I,
precipitated as brown-violet solid (Figure 2a). After electrol-
ysis, the flow system was rinsed with aqueous NaHSO, and
water, and the resulting solution was analyzed by LC-PDA. In
accordance with the batch optimization, best yields were
obtained for molar base-to-iodide ratios >10:1 (Table 2,
entries 1-4), whereby the highest periodate yield of 94 % was
obtained for the concentration ratio of 4:0.4 m/M (entry 5).
Variations, again, led to diminished yields of 19% (entry 6)
and higher applied charges were not able to drive the reaction
to completion. In the statistical interpretation, large positive
main effects and two-factor interactions were observed for
the concentrations of NaOH and Nal, and the flow rate, while
the current density and the applied charge had only small
main effects. Beside the concentration ratio, optimal con-
ditions in flow were found at a current density of j=
100 mAcm™, an applied charge of Q=9F, and a fast flow
rate of fr=7.5Lh"L

The optimal Nal/NaOH ratio of 1:10 can be rationalized
by the reactions in the individual half-cells (Scheme 2). In
theory, 8 equivalents (eq.) of NaOH are consumed in the
anodic compartment as part of the oxidation. In the cathodic
compartment, 8 eq. of NaOH are generated as part of the

R g
: > )

(a) C(NaOH) = 1 M (b) Q<4F

Figure 2. Reaction mixtures from flow electrolysis. a) Low hydroxide
concentration caused iodine precipitation; b,c) mixtures with sufficient
hydroxide concentration (C(NaOH) =3 m) in chronological order.
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Table 2: DoE optimization of the flow electrolysis (selected results; for
more details see Tables S10-S14 in the Supporting Information).

BDD (12 cm?) || stainless steel
Q=9-12F, j=90-110 mA/cm?
divided flow-electrolysis cell (Nafion),

Nal fr=3-7.5L/h
(0.1-0.3 M) - NalO3 + NagH,I0¢
NaOH (1-3 M in H,0, 2 x 25 mL), rt
Entry C(NaOH) [m] C(Nal) [M] LC-PDA yields [%)]
10;~ 10, 2

1 3 0.1 10 90 100
2 5 0.3 8 91 99
3 5 0.3 7 91 98
4 5 0.3 7 93 100
5 4 0.4 6 94 100
6 1 0.3 69 19 88

BDD =boron-doped diamond, Q =applied charge, j= current density,
fr=flow rate, LC-PDA=liquid chromatography photodiode array.

Anode: I"+8 OH" — > |04, +4H,0+8¢
Cathode: 8H,0+8¢e ——— > 4 H,+80H

¥ '+4H,0 —————— 104 +4H,

pH10: 1047 +20H ——> H,l06*

Scheme 2. Half-cell reactions at the anode and cathode, and the
double salt formation of meta-periodate (10,7) to para-periodate
(H,106>"). Negative charges are balanced out by Na" and are omitted
for clarity.

reduction. Another 2 eq. of NaOH are consumed to form the
double salt. For the maximum yield at 0.4:4 m/M Nal/NaOH,
kinetic effects are hypothesized.

The flow electrolysis was scaled up with respect to the
anode surface, the current density, and the amount of
substance. A commercial electrolysis cell made of stainless
steel was employed first, having an anode surface of 37 cm?.
The standard conditions and higher current densities were
tested in the range of 100-1892 mA cm 2, but periodate was
producted in only 24-65 % yield (3.7-70 A, Table 3, entries 1-
3). We observed slight corrosion of the stainless steel casing at
sites exposed to the anolyte and hypothesized an metal-
induced decay of periodate to O,.F”! Another explanation
could be the larger gap in the anodic compartment leading to
higher cell resistance and energy loss due to increased heat
generation. Significantly higher and more reproducible yields
were obtained with the 48-cm® cell made of Teflon.P"
Periodate was produced in up to 83 % yield in the screening
of the current density (entries4 and 5), which improved
slightly to 86% when the volume was increased 10-fold
(entries 6-8). The determined yield corresponded to a mass of
101 g para-periodate.

After electrolysis, the para-periodate was isolated by
simple filtration and was obtained in 90 % yield with a purity
of 97% periodate by LC-PDA. It was converted to meta-
periodate in an acidic recrystallization according to literature
procedures.”*"! The solution was acidified to pH 1-2 with
concentrated nitric acid and was concentrated at elevated
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Table 3: Scale up (selected results; for more details see Tables S15-S17
in the Supporting Information).

BDD (37 cm?, 48 cm?) || stainless steel
Q=10F, j=100-1892 mA/cm?
divided flow-electrolysis cell (Nafion),

fr=75Lh"
Nal (0.4 M) NalOj + NazH,lOg
NaOH (4 M in H,0, 100-1000 mL), rt
Entry afecm’] V[ml] j[mAcm? LC-PDA yields [%]
10,7 1o, =

1 37 100 100 47 24 71
2 37 100 541 24 73 97
3 37 100 1892 31 63 94
4 48 100 100 6 80 86
5 48 100 500 21 80 101
6 48 250 500 5 73 78
7 48 500 500 3 63 66
8 48 1000 500 4 86 90

BDD =boron-doped diamond, Q =applied charge, j= current density,
fr=flow rate, LC-PDA=liquid chromatography photodiode array,
a=anode surface area.

temperatures until crystallization started. The mixture was
allowed to cool to room temperature and the formed crystals
were filtered off. The meta-periodate was obtained in 71 %
yield, however, containing traces of sulfate (Figure S16 in the
Supporting Information). The identity of the prepared
periodate was confirmed by IR analysis. Commercial meta-
periodate was converted with 2 eq. of NaOH to yield para-
periodate and was isolated as above. Both meta- and para-
periodate were analyzed by IR spectroscopy, and the spectra
were compared to those of the corresponding commercial
materials (Figure S16 in the Supporting Information) and
were in good accordance with the Bio-Rad database.”
Furthermore, the electrochemically synthesized meta-period-
ate was tested in the sulfide and the Malaprade oxidation
(Scheme 3). These reactions were compared to those with
commercial meta-periodate.*!! In both oxidations, full con-
version was achieved with both the synthesized and the
commercial meta-periodate, confirming the high quality of
the periodate generated by this electrochemical method.

o

/©/S\/COZH

commercial: 86%
electrochemical: 97%

o)
OH O NalO; (2.00 eq.)
H
H,O/Acetone (1:1) @
(T e

(2 equiv.)
commercial: 47%
electrochemical: 81%

NalO, (1.00 eq.)

/©/S\/COZH

H,0/MeOH (1:1)
0°C,4h

Scheme 3. Synthetic confirmation of the electrochemically synthesized
meta-periodate. Yields were determined by '"H NMR spectroscopy
versus caffeine as an internal standard. All reactions showed full
conversion of the starting material.
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In summary, the direct electrochemical synthesis of
periodate from common iodides has been established at
a BDD anode. The conventional use of nondurable metal-
based electrodes, in particular lead dioxide, was hereby
avoided, which prevents contamination and enables the use
of periodate in sensitive applications. In contrast to previous
reports, the total number of synthetic steps was reduced by
starting from iodide, thereby facilitating a simple, robust and
cost-efficient synthesis. The conditions have been optimized
by statistical experiments where the optimal stoichiometry of
hydroxide to iodide was determined to be 10:1. The current
density had only a small effect on the yield, allowing the
application of low current densities below 500 mAcm 2.
Under these conditions, the heat generation is moderate,
which contributes to an energy-efficient process and a yield of
94%. The synthesis was scaled-up to produce 100 g para-
periodate in a flow-electrolysis cell and the space-time yield
was enhanced in a cyclization protocol. This electrochemical
approach will promote the use of periodate in several fields
where toxic heavy metals are considered to be critical.
Furthermore, a novel analysis method was developed based
on high-performance liquid chromatography, which enables
the time- and material-efficient determination of periodate
along with iodate and iodine. This method will accelerate
future research in the field of hypervalent iodic species.
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