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1. Procedure

A. Silver tetrafluoroborate on SiO,. A 500-mL, one-necked round-
bottomed flask is equipped with a Teflon-coated magnetic stir bar (3.9 cm x
1 cm, rectangular). Deionized water (50 mL) is poured into the flask and
tetrafluoroboric acid (6.3 mL, 50 mmol, 1.0 equiv) is added by syringe
(Note 1). The solution is stirred, open to air, at room temperature (23 °C) for
2 min and silver carbonate (6.89 g, 25.0 mmol, 0.50 equiv) is added in
several portions with a spatula over 2 min (Note 2). Carbon dioxide gas
evolves. The resulting mixture is stirred rapidly (380 rpm) until all solids are
dissolved to give a grey solution (20 min). Silica gel (10.0 g) is poured into
the solution and the mixture is stirred for 5 min (Note 3). The stir bar is
removed using a magnetic wand, rinsed with deionized water (1 mL) with a
glass pipette, and the flask is transferred to a rotary evaporator into a water
bath pre-heated to 55 °C. The water in the reaction flask is evaporated (55
°C, 80 mmHg, cooling is effected by circulating chilled water through the
condenser) over 35 min to give the AgBF, on SiO, as an off-white/grey solid
on the walls of the flask. A spatula is used to scrape all solids to the bottom
of the flask, which is then returned to the rotary evaporator and dried with
rapid spinning (55 °C, 80 mmHg). After 15 min of drying in this manner, a
spatula is used to scrape all solids to the bottom of the flask. A free flowing
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powder is obtained. The flask is allowed to stand and cool at room
temperature for 5 min before the mixture is used directly in the next step.

B. Bis(pyridine)iodonium(l) tetrafluoroborate (IPy,BF4, 1). A Teflon-
coated magnetic stir bar (3.9 cm x 1 cm, rectangular) is added to the 500-mL
l-necked flask that contains the AgBF, on SiO, from above.
Dichloromethane (300 mL) is poured into the flask and the mixture is stirred
at room temperature, open to the atmosphere (Note 4). Pyridine (8.1 mL,
100 mmol, 2.0 equiv) is poured into the reaction flask from a 10.0 mL
measuring cylinder, and the mixture is stirred at room temperature (Note 5).
One minute after the addition of pyridine, iodine flakes (12.69 g, 50.0 mmol,
1.0 equiv) are poured into the reaction flask from a weighing paper (Note 6).
A yellow precipitate (Agl) is formed immediately upon addition of the
iodine. A glass stopper is used to loosely cap the reaction flask and the
mixture is stirred vigorously (380 rpm) for 1 h (Note 7). The solution
gradually turns red as the iodine is dissolved. After 1 h of stirring, the solids
are removed by filtration through a sintered glass funnel (Note 8) under
suction (15 mmHg), and the dark red filtrate is collected directly in a 1-L, 1-
necked round-bottomed flask using a 24/40 glass filtration adapter. The
reaction flask is rinsed with dichloromethane (100 mL) to ensure complete
transfer, and the SiO,/Agl filter cake is then washed with additional
dichloromethane (100 mL). The solvent is removed by rotary evaporation
(35 °C, 80 mmHg) to give a reddish-yellow solid. This solid is then
dissolved in dichloromethane (100 mL) and a Teflon-coated stir bar (5 cm x
1 cm, rectangular) is added. The solution is stirred in an ice bath for 5 min
and then diethyl ether (200 mL) is poured into the stirred solution to
precipitate the product (Note 9). The mixture is stirred at 0 °C for 10 min to
ensure that all [Py,BF, is precipitated. The product is isolated by filtration
under suction (15 mmHg) (Note 10). The stirrer is removed by a magnetic
wand, held over the filter funnel and washed with diethyl ether (4 mL) using
a glass pipette. The flask is rinsed with diethyl ether (50 mL) to complete the
transfer. The off-white powder is dried on the filter with suction for 5 min,
transferred to a weighing paper (6” x 6”) and dried under vacuum in a
desiccator for 4 h (1.2 mmHg) to obtain 1 (13.67 g, 73%) (Notes 11, 12, 13
and 14). This material 1s used for NMR, IR and Mp analysis. IPy,BF, can
also be recrystallized from dichloromethane. Accordingly, the powdered 1
(13.64 g) is added to a 100-mL, 1-necked round-bottomed flask with a
Teflon-coated stir bar (1.5 cm x 1 cm, rectangular). A water bath is
preheated to 50 °C and dichloromethane (25 mL) is added to the solid. The
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suspension is stirred (870 rpm) and lowered into the water bath. Once the
dichloromethane is boiling (ca. 1 min), additional dichloromethane is added
by glass pipette, with stirring, until all solids are dissolved (48 mL of
additional dichloromethane, ca. 73 mL of total solvent). Once a clear
solution is obtained, the stirring is stopped and the flask removed from the
water bath. Crystals are observed within 3 min. After 30 min, the flask is
cooled to 0 °C (ice bath) to facilitate the crystallization. After 2 h on ice, the
crystals are isolated by filtration with suction (15 mmHg) (Note 15),
collecting the filtrate directly in a 250-mL round-bottomed flask. The
suction is removed, the stir bar is held over the filter funnel with a magnetic
wand and washed with diethyl ether (2 mL), and the crystals are triturated
with diethyl ether (30 mL) on the filter. The crystals are then dried on the
filter for 5 min with suction, transferred to a jar and dried under vacuum in a
desiccator for 2 h (1.2 mmHg). The first crop of crystals yields 8.34 g (Notes
16 and 17). All remaining material in the crystallization flask and filter is
collected by rinsing with dichloromethane (50 mL). The combined filtrates
and mother liquor are concentrated by rotary evaporation (35 °C, 80 mm
Hg) to give a reddish yellow solid. The recrystallization is repeated twice
more to recover the remaining material, using dichloromethane (24 mL) in a
50-mL round-bottomed flask in the second recrystallization (2.46 g of
crystals isolated) and dichloromethane (23 mL) in a 25-mL round-bottomed
flask in the third and final recrystallization (0.79 g of crystals isolated). The
total recovery of 1 from recrystallization 1s 11.59 g (85% from powdered
[Py,BF, and 62% overall).

2. Notes

1. The submitters utilized deionized water from an Elix 10 water
purification system equipped with a Progard 1 pretreatment pack
(Millipore). The checkers used deionized water from a Barnstead
purification system. Tetrafluoroboric acid (8.0 M, 49.5-50.5% w/w) was
purchased from Fluka and used as received. The checkers bought fluoroboric
acid (50 wt% solution in water) from Acros Organics and used it as
received.

2. Silver carbonate (99%) was purchased from Alfa Aesar and used
as received. The checkers bought silver carbonate (99.5%) from Alfa Aesar
and used it as received.
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3. The submitters purchased SiO, (10% <40 um and 10% >63 um,
Laboratory Reagent Grade for Flash Chromatography) from VWR and used
it as received. Checkers purchased SiO, (40-63 wm (230-400 mesh)
Siliaflash® P60) from Silicycle and used it as received.

4. Dichloromethane (HPLC grade) was purchased from Fisher
Scientific and used as received.

5. Submitters used pyridine (glass distilled grade) purchased from
Rathburn Chemicals Ltd. as received. Checkers used pyridine (GR grade)
purchased from EMD Chemicals as received.

6. lodine beads (laboratory reagent grade) were purchased from
Fisher Scientific and used as received. The checkers bought iodine (flakes,
certified ACS) from Fisher Scientific.

7. The formation of the product, IPy,BF,, i1s difficult to monitor by
conventional methods such as TLC. Qualitatively, the formation of Agl
(yellow solid) and the dissolution of the iodine beads are indicators of
reaction progression. Typically, 1 h of stirring is sufficient for a preparation
on the scale described, and prolonged reaction time did not improve the final
yield.

8. The submitters used a Biichner filter funnel (porosity 3 glass frit)
with a 250 mL capacity for the filtration. The checkers used a Biichner filter
funnel (coarse, porosity 40-60 glass frit) with a 150 mL capacity for the
filtration.

9. The submitters used diethyl ether (glass distilled grade) purchased
from Rathburn Chemicals Ltd. as received. The checkers used diethyl ether
(GR grade) purchased from EMD Chemicals as received.

10. The submitters used a Biichner filter funnel (porosity 3 glass frit)
with a 250 mL capacity layered with filter paper (QL 100 from Fisher
Scientific) for the isolation of [Py,BF,. The checkers used a Biichner filter
funnel (porosity 10-15 glass frit) with a 150 mL capacity for the isolation of
[Py,BF,. The checkers did not use a filter paper.

11. The preparation was run in triplicate on the described scale by the
submitters with yields of 13.0 to 13.6 g (70-73%) after precipitation with
diethyl ether.

12. As observed by the submitters, the powdered IPy,BF, is
sufficiently pure for most synthetic applications and can be stored for
months if protected from light and kept at —20 °C.

13. Working at 50% scale, the checkers obtained 5.65 g (61%).
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14. Spectroscopic data obtained for 1 prior to recrystallization: Mp:
151-173 °C (Lit*: 149-151 °C); IR (ATR) 1600, 1453, 1062, 786, 659 cm™;
'H NMR (300 MHz, CD5CN) §: 7.64 (dd, J = 7.8, 6.6 Hz, 4 H), 8.26 (tt, J =
7.8, 1.5 Hz, 2 H), 8.79 (dd, J = 6.3, 1.2 Hz, 4 H); °C NMR (75 MHz,
CD;CN) §: 127.9, 142.3, 149.7; F NMR (282 MHz, CD;CN) §: —151.65,
—151.60.

15. The submitters used a Biichner filter funnel (porosity 3 glass frit)
with a 250 mL capacity, layered with a filter paper (QL 100 from Fisher
scientific) for the isolation of IPy,BF,. The checkers used a Biichner filter
funnel (porosity 4-5.5 glass frit) with a 60 mL capacity. Checkers did not use
a filter paper.

16. Analytical data obtained for recrystallized 1: Mp: 151-179 °C
(Lit’: 149-151 °C); ""F NMR (282 MHz, CD;CN) &: —151.81, —151.76;
Anal. calcd. for C;oH;(BF4IN,: C, 32.29; H, 2.71; N, 7.53; found: C, 32.26;
H, 2.52; N, 7.56; '"H NMR data matched data listed in Note 14.

17. Submitters prepared single crystals (from the first crop of crystals)
suitable for X-ray analysis to unambiguously confirm the identity of the
product. Accordingly, 500 mg of the first crop of crystals was dissolved in
3.0 mL of boiling dichloromethane in a straight-sided glass tube (2.0 x 5.0
cm) and left to cool, open to air. After 30 min, the vial was capped, covered
in foil, and left to stand overnight at room temperature (23 °C). Colorless
plate-like crystals were i1solated from the mother liquor and coated in inert
perfluoro-polyether oil, and mounted on a hair and frozen in place at 150 K
using an Oxford Cryosystems Cryostream N2 open flow cooling device.’
Diffraction data were collected using a Nonius Kappa-CCD diffractometer
and results compared with those reported by Alvarez-Rua et al.” Three
crystals were tested in all by the collection of a 10° w-scan which indexed in
each case to give the same monoclinic cell (by transformation, similar to that
reported previously’; see supplementary information, for details). A
complete dataset to a maximum resolution of 0.77 A was recorded for the
third crystal. On completion, the crystal was warmed to 250 K at 120 K/h,
where the cell was redetermined and found to be a smaller, related C-
centered monoclinic cell. A second dataset was recorded for comparison
before the crystal was returned to 150 K (at 120 K/h) where the cell was
found to have returned to that seen previously at that temperature,
demonstrating the occurrence of a reversible structural phase transition. Cell
parameters and intensity data for both data sets were processed using the
DENZO-SMN package’ and the structures solved by direct methods using
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SIR92.% Both structures were refined by full-matrix least squares on F* using
the CRYSTALS suite (Figure 1).” Where possible, non-hydrogen atoms
were refined with anisotropic displacement parameters and the hydrogen
atoms were initially refined with soft restraints, then constrained using a
riding model. In the case of the 250 K data, the BF, counter-ion was found
to be disordered and a full description of the way this was modeled and a
brief comparison of the structures is given in the supplementary information,
together with the structural data in CIF format. These data have also been
deposited with the Cambridge Crystallographic Data Centre as
supplementary publications no. CCDC 772585 and CCDC 772586,
respectively, and copies can be obtained, free of charge from The Cambridge
Crystallographic Data Centre via www. ccdc.cam.ac.uk/data_request/cif.
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Figure 1. The molecular structure of bis(pyridine)iodonium(I)
tetrafluoroborate, from the crystal structure at 150 K. Only
one molecule is shown for clarity and the atomic displacement
parameters are drawn at 50% probability.

Safety and Waste Disposal Information

All hazardous materials should be handled and disposed of in
accordance with “Prudent Practices in the Laboratory”; National Academy
Press; Washington, DC, 1995.

3. Discussion

Bis(pyridine)iodonium(I) tetrafluoroborate (IPy,BF,, 1) — also referred
to as Barluenga’s Reagent, in recognition of its discoverer — is a mild
iodonium source and oxidant. IPy,BF, is a relatively stable solid and is
soluble in both organic and aqueous systems. The utility of 1 in organic
synthesis has been widely demonstrated and a selection of transformations
promoted by IPy,BF, is shown in Scheme 1. Alkenes, alkynes, and arenes
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are iodinated by 1 under mild conditions (Scheme 1A-D).>'*"" This method
is mild enough that selective iodination of tyrosine in peptides'> and
proteins'® has been realized. Barluenga’s reagent can oxidize secondary
alcohols to ketones under thermal conditions (Scheme 1E). Under photolytic
conditions, cycloalkanols are oxidatively cleaved to the corresponding w-
iodocarbonyls when treated with 1, and 1,2-diols are converted to the
respective dicarbonyls (Scheme 1F-G).'*" C-H functionalization'® and
heterocycle synthesis'"'®"” is also enabled by 1 (Scheme 1H-K).
Additionally, IPy,BF, is useful in carbohydrate synthesis (Scheme 1L-M).
Thio- and n-pentenyl glycosides can be activated for glycosylation or
converted to the corresponding glycosyl fluoride with 1.***' Finally, it is
noteworthy that many of the reactions in Scheme 1 involve carbon-carbon
bond formations (A, B, H, J, K).

Scheme 1: Barluenga's Reagent (IPy,BF,) in Organic Synthesis
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Given the synthetic versatility of IPy,BF,, it is useful to have ready
access to multi-gram quantities of this reagent. Even though Barluenga’s
reagent 1s available from several commercial suppliers, the cost may
preclude its use in large-scale synthetic endeavors.”” Moreover, the
preparation of 1 described in the literature uses extremely toxic Hg(Il) salts
that necessitate a risky and tedious workup.”” The preparation above is
adapted procedurally from Barluenga’s initial reports, but replaces Hg(Il)
with Ag(I).”* The resulting procedure is a much safer and convenient
synthesis, with yields comparable to that reported by Barluenga. The
protocol reported herein can conveniently supply more than 10 g of [Py,BF,
in less than a day. With a safe, scalable synthesis of [Py,BF, in hand, we
anticipate increased deployment of Barluenga’s reagent in synthetic
endeavors.
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Appendix
Chemical Abstracts Nomenclature; (Registry Number)

Tetrafluoroboric acid: Borate(1-), tetrafluoro-, hydrogen (1:1); (16872-11-0)

Silver carbonate: Carbonic acid, silver(1+) salt (1:2); (534-16-7)

Pyridine: (110-86-1)

Iodine: (7553-56-2)

Bis(pyridine)iodonium(I) tetrafluoroborate: lodine(1+), bis(pyridine)-,
tetrafluoroborate(1-) (1:1); (15656-28-7)
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