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Abstract: There is a perpetual need for efficient and
mild methods to integrate deuterium atoms into carbon
frameworks through late-stage modifications. We have
developed a simple and highly effective synthetic route
for hydrogen isotope exchange (HIE) in aromatic
compounds under ambient conditions. This method
utilizes catalytic amounts of hexafluorophosphate (PF6

� )
in deuterated 1,1,1,3,3,3-hexafluoroisopropanol (HFIP-
d1) and D2O. Phenols, anilines, anisoles, and heterocyclic
compounds were converted with high yields and ex-
cellent deuterium incorporations, which allows for the
synthesis of a wide range of deuterated aromatic
compounds. Spectroscopic and theoretical studies show
that an interactive H-bonding network triggered by
HFIP-d1 activates the typically inert P� F bond in PF6

�

for D2O addition. The thus in situ formed DPO2F2 then
triggers HIE, offering a new way to deuterated building
blocks, drugs, and natural-product derivatives with high
deuterium incorporation via the activation of strong
bonds.

Introduction

The pursuit of methods enabling facial integration of
deuterium atoms into carbon skeletons via late-stage mod-
ifications has lately witnessed a dramatic increase in
attention.[1] This pursuit extends across physical organic
chemistry, target-oriented synthesis, medicinal chemistry,
and chemical biology.[1b,2] Deuterium isotope labeling is a
valuable tool for investigating the mechanisms of organic
reactions in chemical and biological contexts or as internal
standards in bioanalytic investigations using mass
spectrometry.[3] In pharmaceutical development, substantial
research efforts have been directed toward comprehending
active pharmaceutical ingredients (APIs) in vivo pharmaco-
kinetic and pharmacodynamic properties.[2a–c,4] Harnessing
the kinetic isotope effect (KIE),[5] deuterium incorporation
improves the drugs’ absorption, distribution, metabolism,
excretion, and toxicity (ADMET) profile in multiple ways.
For example, it increases its lipophilicity, thereby enhancing
its membrane penetration. It can also inhibit oxidative
degradation, a pivotal pathway in drug metabolism.[6] Drug-
target interactions can be strengthened in deuterated APIs
compared to their H-analogs, leading to enhanced activities.
Although deuterium incorporation in drug scaffolds was first
published in the early 1960s,[7] it took until 2017 for the first
deuterated drug, Deutetrabenazine (Austedo®), to be ap-
proved by the FDA for treating Huntington’s-disease-
related disorders.[8] This example opened the way for
deuterium-containing medicines (Figure 1a), showcased by
further deuterated drugs already introduced or on their way
to the market.[9]

Considering these developments, there is an increasing
potential and interest in obtaining deuterated products and
building blocks efficiently, inexpensively, and simply suit-
able for large-scale manufacturing. Typically, deuterium-
labeled compounds are synthesized using multi-step proc-
esses, often involving pre-functionalized starting materials,
such as halogen- and pseudohalogen-containing compounds
or phosphonium salts.[10] However, these conventional
methods often involve time-consuming and expensive
procedures, leading to poor atom economy. A promising
alternative involves direct hydrogen isotope exchange (HIE)
through late-stage functionalization of the target molecule
(Figure 1b).[1b,2d,4,11] HIE in aromatic compounds is partic-
ularly challenging as it necessitates the activation of strong
Csp2� H bonds, usually accomplished using strong Brønsted/
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Lewis acids[12] and bases (Figure 1b).[13] The process of
labeling arenes using acid-mediated H/D exchange has a
long history. However, it only permits the selective intro-
duction of deuterium into simple substrates. Most existing
protocols employ high temperatures and excess strong acids
like concentrated H2SO4 or HCl. This results in low func-
tional group tolerance and safety concerns, mainly when
used on a larger scale.[14] Transition metal catalysts, such as
Ir, Pd, or Rh, in combination with D2, offer an alternative
pathway.[14a,15] Substrates suitable for this strategy must
exhibit a specific substitution pattern or explicitly introduce
directing groups. This, together with harsh reaction con-
ditions to facilitate deuteration, hampers the broad applic-
ability of this process. Despite its recent progress, imple-
menting HIE as a standard tool in synthetic laboratories
remains an active but challenging research area. HIE’s
current obstacles must be overcome first, and operationally
simple methods with a broader functional group tolerance,
higher and more selective deuterium incorporation under
milder conditions, and readily available and cheap labeling
reagents and catalysts/mediators must be established. First
attempts in this direction have recently been reported
employing photocatalytic[10a,c,16] and electrochemical[10e,17]

methods. These approaches have the advantage of utilizing
readily available starting materials, their affordability, and

the high atom economy aligning with the principles of green
chemistry.

This article presents the application of a unique anion-
water-F-alcohol assembly for the general and efficient
deuteration of arenes and heteroarenes (Figure 1c). By
utilizing D2O with a catalytic amount of simple hexafluor-
ophosphate salts under ambient conditions, producing >50
deuterated building blocks, drug, and natural-product deriv-
atives with consistently high deuterium incorporation is
feasible. The unique deuterium-bonding network and the
thus triggered reaction mechanism were studied at the
molecular level employing spectroscopic and theoretical
methods, shedding new light on the underlying principles of
solvent-solute interactions and how this can be harnessed
for the activation of the strong P� F bond in hexafluorophos-
phate facilitating reactions in microstructured solutions.

Results and Discussion

Encouraged by the latest results in the electrochemical HIE
reaction of pyridine derivatives,[17c,e] we initially aimed to
further extend the electrochemical toolbox to benzene
derivatives. We started our investigations using 2-methyl
phenol (1a) as the model substrate, nBu4NPF6 as the
electrolyte, and D2O (10 equiv.) as a deuterium donor. As
the solvent, we employed hexafluoropropan-2-ol-d1
(HFIP-d1) because F-alcohols proved to be an advantageous
medium in electrochemical transformations of aryls, as
demonstrated for biaryl couplings.[18] After electrolyzing the
reaction mixture at 3.0 mA constant current in an undivided
cell for 4 hours at room temperature (Table 1, entry 1), we
observed H/D exchange at the ortho- and para-positions,
giving the deuterated phenol d-1a with a 60% deuterium
incorporation and 31% yield. Before further optimizing our
electrochemical conditions, we conducted control experi-
ments, omitting each component of the reaction mixture in
turn (Table 1 entries 2 and 3 and Supporting Information).
No deuteration was visible when running the reaction
without electricity for 4 hours (Table 1, entry 2). But to our
surprise, by further extending the reaction time to 24 hours
(Table 1, entry 3), we obtained the deuterated cresol (d-1a)
even with an increased D% (83%) and 97% yield. This
unexpected outcome, which significantly improved deute-
rium incorporation and yield, sparked our interest in further
elaborating on this transformation and understanding the
factors causing this phenomenon to establish an efficient
and cost-effective method for selective hydrogen isotope
exchange.

We systematically screened reaction conditions (Table 1,
entries 4–15 and Supporting Information). The best combi-
nation included catalytic amounts of nBu4PF6 (30 mol%),
6 eq. D2O in HFIP-d1 yielded the deuterated phenol d-1a
with 97% and 93% deuterium incorporation (Table 1,
entry 4). Fluorinated solvents played a decisive role in this
HIE reaction. The corresponding non-fluorinated solvents
(entry 5, Supporting Information) did not deliver d-1a.
HFIP-d1 outperformed other fluorinated solvents, such as
trifluoroethanol-d1 (TFE-d1, entry 6) or perfluoro-t-butanol-

Figure 1. Background and current methods for aromatic deuterations
using HIE.
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d1 (see Supporting Information, Table S2), hinting at a
decisive impact of the deuterium bonding network induced
by HFIP-d1.

[19] Applying a defined ratio of HFIP and water
was crucial for a successful transformation (see Supporting
Information). Omitting one of the components led to no
conversion (Table 1, entries 7 and 8). D-incorporation
reached its maximum (93%) when 6 eq. D2O was employed
in a 0.2 M HFIP-d1 solution. Increasing and decreasing the
D2O concentration resulted in a lower deuteration grade of
1a (cf. Supporting Information, Table S5).

Substituting either HFIP-d1 or D2O with their hydrogen
derivatives led to a considerable reduction or non-deuterium
incorporation (22 D% and 0 D%, respectively; Table 1,
entries 9 and 10). These results are attributed to the rapid
exchange of deuterium and hydrogen atoms between HFIP
and water and, thus, an overall depletion of the deuterium
content in the reaction mixture. Furthermore, the trans-
formation was restricted to hexafluorophosphate salts
regardless of their accompanying cation (Table 1, entries 11–
13, Supporting Information, Table S4). Surprisingly, more
reactive and nucleophilic anions, such as chloride and
tetrafluoroborate, did not trigger the transformation (Ta-
ble 1, entries 14 and 15, Supporting Information). The
reaction only succeeded when D2O was used as a deuterium
donor with catalytic PF6 salts in HFIP.

After determining the optimal reaction conditions, we
investigated the scope of this HIE reaction. Encouragingly,
a wide variety of phenols 1 and anisoles 2 with different
electronic and steric substitution patterns, like, e.g., alkyl,
aldehyde, nitrile, and ester functionalities or halogen atoms,
could be converted (Scheme 1). The resulting deuterated
products d-1a–d-1q and d-2a–d-2 i overall showed excellent
yields (80–99%) and high levels of deuterium incorporation
ortho and para to the hydroxy functionality (up to 96 D%).
While 30 mol% PF6 salt was necessary to obtain the isotopi-
cally labeled compounds d-1, the catalyst loading could be
reduced to 10 mol% when anisoles 2 served as substrates. It

Table 1: Initial Screening of Electrochemical HIE[a,b]

entryChanges made to
standard conditions

Yield d-1a
[%][c]

4/6 [D
%][d]

1[a] C(+) jC(� ), 3.0 mA, nBu4NPF6 (10 equiv.), D2O
(10 equiv.) undivided cell, 4 h

31 60/60

2[b] nBu4NPF6 (10 equiv.), D2O (10 equiv.)
undivided cell, 4 h

– 0/0

3[b] nBu4NPF6 (10 equiv.), D2O (10 equiv.)
undivided cell, 24 h

97 83/83

4[b] none 97 93/93
5[b] iPrOD instead of HFIP-d1 n.d. 0/0
6[b] TFE-d1 instead of HFIP-d1 98 21/21
7[b] No D2O n.d. 0/0
8[b] No HFIP-d1 n.d. 0/0
9[b] H2O instead of D2O n.d. <5%
10[b] HFIP instead of HFIP-d1 n.d. 22/22
11[b] Me4NPF6 instead of nBu4NPF6 97 88/88
12[b] Ph3CPF6 instead of nBu4NPF6 94 90/90
13[b] AgPF6 instead of nBu4NPF6 84 88/88
14[b] nBu4NCl instead of nBu4NPF6 n.d. 0/0
15[b] nBu4NBF4 instead of nBu4NPF6 n.d. 0/0

[a] Electrochemical reactions were performed with 1a (0.2 mmol),
nBu4NPF6 (0.2 mmol), D2O (2.0 mmol), and HFIP-d1 (1.0 mL) with
two graphite electrodes, constant current electrolysis (I=3.0 mA) in
an IKA glassware for 4 h. [b] Reactions were performed with 1a
(0.1 mmol), salt (0.03 mmol), D2O (0.6 mmol) in 0.5 mL of solvent in
for 48 h. [c] yields were determined by 1H NMR spectroscopy of the
crude reaction mixture using 1,3,5-trimethoxybenzene as internal
standard. [d] Deuterium incorporation was determined by 1H NMR
spectroscopy.

Scheme 1. Substrate scope for the nBu4NPF6 catalyzed HIE reaction of
a) phenol 1 and b) anisole 2 derivatives. All reactions were performed
with 1 or 2 (0.2 mmol), nBu4NPF6 (10–30 mol%), and D2O (1.2 mmol)
in 1.0 mL of HFIP-d1 for 48 h. 0.06 mmol and 0.02 mmol nBu4NPF6

were used for substrates 1 and substrates 2, respectively. Deuterium
incorporation was determined by 1H NMR spectroscopy. All yields refer
to isolated material.
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is noteworthy that the mild reaction conditions also allowed
the efficient conversion of chemically sensitive and structur-
ally complex molecules, such as naphthol derivatives d-1m–
d-1o, 2-methoxynaphthalene (d-2h), and the naproxen ester
d-2 i as well as the natural products estradiol (d-1p) and
chrysin (d-1q). In the latter case, only the more electron-
rich phenol moiety showed deuterium incorporation, leaving
the non-substituted phenyl ring untouched.

The promising results achieved for the HIE of phenols 1
and anisoles 2 motivated us to investigate the feasibility of
applying the same method to other aromatic compounds.
The established platform proved likewise effective for
various substituted anilines 3 (Scheme 2), producing the
corresponding products d-3a–d-3 l with up to 94 D%. H–D
exchange was restricted to the aryl portion. Other C� H
bonds were not affected by isotope exchange. For example,
alkene moieties (!d-3h), as well as allyl (!d-3h) and
benzyl (!d-3 i) positions, which are prone to HIE exchange
using standard conditions, did not react.

Furthermore, we transferred our newly established H/D-
exchange platform to heterocyclic compounds, given their
importance and thus widespread presence in drugs
(Scheme 3). Switching the alkyl portion of the ammonium
salt from nBu to Me was necessary to achieve a good
turnover of substrates 4. Testing various indoles exhibiting
different substituents at the nitrogen and the aryl ring
provided the corresponding products d-4a–d-4h mostly
solely deuterated at C-3 when 10 mol% of Me4NPF6 was
employed. Only for the 2-Me indoles, d-4g, and d-4h
deuterium implementation at the benzylic position was
observed, while all other substrates bearing benzylic posi-
tions did not show such behavior. When the 3-position is
blocked (!d-4 i and d-4j), the HIE happened at C-2 with

71 D% and 91 D%, respectively. Other electron-rich heter-
ocyclic compounds, like, e.g., furans d-4k and d-4 l, thio-
phenes d-4m–d-4p, and indazoles d-4q were likewise
suitable as substrates and showed deuterium incorporations
of up to 96 D%. A plethora of functional groups were
tolerated, showcased i.a., by structurally complex, natural-
product derived compounds, such as the tocopherol d-4r
(99 D%), the pipecolic acid d-4s (96 D%), and the
dihydrocholesterol derivative d-4t (86 D%). In all cases, no
erosion of the enantiomeric purity was detectable.

Puzzled by the observed reactivity, we started to
elucidate the underlying principles of the HIE reaction and
conducted a series of experiments to investigate its mecha-
nism. First, we determined the time course of the D
incorporation in 1a by NMR spectroscopy (Figure 2b).
There, we observed an onset time for the HIE of 9 hours,
followed by a rapid turnover of our substrate 1a within the
next 13 hours. This outcome was in line with our observation
that no deuterated product d-1a was formed in 4 hours of
reaction time (cf. Table 1). Detailed NMR studies on the
decisive mixture of HFIP, H2O, and nBu4NPF6 revealed the
formation of a new species at the same time D incorporation

Scheme 2. Substrate scope for the nBu4NPF6 catalyzed HIE reaction of
anilines 3. All reactions were performed with 3 (0.2 mmol), nBu4NPF6

(0.06 mmol), and D2O (1.2 mmol) in 1.0 mL of HFIP-d1 for 48 h.
Deuterium incorporation was determined by 1H NMR spectroscopy. All
yields refer to isolated materials.

Scheme 3. Substrate scope for the nBu4NPF6 catalyzed HIE reaction of
heterocycles 4. All reactions were performed with 4 (0.2 mmol),
Me4NPF6 (0.02 mmol), and D2O (1.2 mmol) in 1.0 mL of HFIP-d1 for
40 h. Deuterium incorporation was determined by 1H NMR spectro-
scopy. All yields refer to isolated materials.
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started (9 hours), which occurred as a triplet at � 16.69 ppm
in the 31P NMR spectrum (Figure 2a, for the 19F NMR
spectra, see Supporting Information, Figure S8). This signal
increased over time at the expense of the PF6

� signal
(� 144.4 ppm). The same signal was found in the NMR
spectra of the reaction mixture after 9 hours (see Supporting
Information), suggesting an essential role in the deuteration
reaction. The new compound was identified as difluorophos-
phate PO2F2

� , usually formed together with HF/DF upon
hydrolysis of POF3 (see Supporting Information, Figure S4).
The formation of DPO2F2 was further corroborated by a
decrease in pH over time (see Supporting Information,
chapter 7 for details). In contrast, hexafluorophosphate is
known as a non-nucleophilic, chemically inert anion, result-
ing in its widespread application as an ‘innocent’ anion, i.e.,
in inorganic complexes[20] or as an electrolyte in electro-
chemical reactions.[21] Usually, hydrolysis of the strong P� F
bond in PF6

� occurs only under harsh conditions, such as
high temperature or high pressure.[22] Even in strongly
alkaline (pH>12) and acidic (pH<1) solutions, PF6

�

remains chemically stable.[22a,23] Hydrolysis of PF6
� has

primarily been reported in batteries,[21] in polypropylene
carbonate/dimethyl carbonate mixtures, and during the
reaction of [Pd(η3-2-Me-C3H4)](μ-Cl)]2 with AgPF6.

[23]

Therefore, the formation of HPO2F2 under these mild
reaction conditions and occurring only in HFIP-water
mixtures was surprising and warranted further investigation.

To elucidate the role of the different F-containing
hydrolysis products DPO2F2 and DF on the HIE, we directly

replaced nBu4NPF6 with HF and HPO2F2, respectively
(Table 2 and Supporting Information). When 1.0 or
5.0 equivalent of 3HF ·Et3N were used, no deuterated
product d-1a was obtained (Table 2, entries 1 and 2),
indicating that HF/DF is not the driving force of the
reaction. Adding the lithium and ammonium PO2F2 salts did
not convert 1a (Table 2, entries 3 and 4, Supporting
Information). However, switching from the salts to the
corresponding acid HPO2F2 resulted in significant deuterium
incorporation of 60% and 82% if 30 mol% acid was used
(Table 2, entry 5). The H/D exchange was further enhanced
by increasing the amount of HPO2F2 (Table 2, entry 6).
These findings strongly support the pivotal role of DPO2F2

in driving the hydrogen isotope exchange reaction. Interest-
ingly, when MeOD was used as a solvent, no deuterated
product d-1a was produced (Table 2, entry 7). This observa-
tion underscores the essential role of HFIP not only for the
activation of PF6

� towards hydrolysis, producing HPO2F2,

but also for facilitating the electrophilic aromatic substitu-
tion (SEAr), leading to the deuterium incorporation in aryl
moieties.

In the next step, we looked closer at the PF6
� , water, and

HFIP mixture, elucidating the activation of the chemically
stable hexafluorophosphate to its hydrolysis. Revealing the
interplay of PF6

� and HFIP is a crucial step toward under-
standing the role of HFIP in the nucleophilic addition of
water to PF6

� . 1H NMR spectra obtained from the titration
of nBu4NPF6 with HFIP showed a significant downfield shift
and signal broadening of the hydroxy-proton signal of the
fluoro alcohol from 3.17 ppm to 4.06 ppm (Figure 3). At the
same time, the NCH2 groups of the nBu moieties were only
slightly affected by the addition of HFIP. This strongly
indicates a non-covalent interaction between the F-alcohol
and the anion.

Complementary experimental information on the nature
of the hydrogen bonds formed by solvating PF6

� with HFIP
in the presence of H2O was obtained by ion vibrational
spectroscopy on microsolvated PF6

� complexes isolated in
the gas phase. This technique allows probing the hydrogen
bond strength in ion-solvent complexes by measuring the

Figure 2. NMR investigations on the HIE reaction of 1a.

Table 2: Screening of different PF6
� hydrolysis products as additives in

the HIE reaction of cresol (1a)[a]

entry additive solvent 4/6 [D%]d

1 HF NEt3 (1 eq.) HFIP-d1 0/0
2 HF NEt3 (5 eq.) HFIP-d1 0/0
3 LiPO2F2 (5 eq.) HFIP-d1 0/0
4 nBu4NPO2F2 (5 eq.) HFIP-d1 0/0
5 HPO2F2 (30 mol%) HFIP-d1 60/82
6 HPO2F2 (5 eq.) HFIP-d1 85/85
7 HPO2F2 (5 eq.) MeOD 0/0

[a] 2-Methylphenol (1a, 0.10 mmol, 10.8 mg), additive, D2O
(0.60 mmol, 12.0 mg, 6 eq.) in 0.50 mL HFIP-d1 was stirred at rt for
48 h. [b] Deuterium incorporation was determined by 1H NMR spec-
troscopy.
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redshift DnOH induced in the corresponding OH stretching
frequency. In the following, we use the PF6

� anion interact-
ing with two solvent molecules as a simple model system to
qualitatively assess the relative strength of the solute-solvent
vs. the solvent-solvent interactions and how the onset of
hydrogen-bond network formation affects these interactions.

The vibrational spectra of PF6
� (H2O)2, PF6

� (HFIP)2, and
PF6

� (H2O)(HFIP) in the OH stretching region, measured by
way of infrared photodissociation (IRPD) spectroscopy of
the corresponding D2-tagged species (see Supporting In-
formation for experimental details), are shown in Figure 4
(see Table S13 for band positions, redshifts, and assign-
ments). No bands are observed above 3700 cm� 1

, indicating
that no free OH oscillators are present in these systems. For
the pure solvent anion complexes, PF6

� (H2O)2 and PF6
� -

(HFIP)2, we observe OH stretching bands (labeled a1–3 and
b1–2 in Figure 4) exclusively in the spectral range above
3490 cm� 1. The associated redshifts, ranging from 44 cm� 1 to
166 cm� 1 (see Table S13), are moderate, indicating the
presence of exclusively weaker hydrogen bonds, as is
expected for the microsolvation of a weakly coordinating
anion like PF6

� .[24] For the mixed solvent complex PF6
� -

(H2O)(HFIP), in contrast, the substantially more redshifted
OH stretching band (labeled c3 in Figure 4c) at 3166 cm� 1,
corresponding to a redshift of 438 cm� 1, suggest that
unexpected synergistic effects are at play when both solvent
molecules are present.

To identify the origin of this characteristically redshifted
OH stretching band, we performed density functional theory
(DFT) calculations (see Section 12 of the Supporting
Information for computational details and an overview of
the computational results). These provided us with mini-
mum-energy structures of the lowest-energy isomers and the
corresponding simulated IR spectra, which are both also
shown in Figure 4. The agreement between the (experimen-
tal) IRPD and DFT IR spectra is satisfactory, supporting
our structure assignment (see Figure S12 for the predicted
IR spectra of other isomers). The stability of the identified

structures (see Figure 4) can be rationalized by considering
the hydrogen bond donor (D) and acceptor (A) interactions
of the solvent molecules. For example, H2O can bind to PF6

�

in a double donor (DD) fashion, while HFIP exhibits only a
single significant HB donor, which binds stronger to PF6

�

than either of the two OH groups in H2O. This is a
consequence of HFIP’s higher gas-phase acidity.
PF6

� (HFIP)2 (see Figure 4b) exhibits a structure in which
each HFIP molecule exclusively donates a hydrogen bond to
the anion, forming two ionic hydrogen bonds. In contrast,
PF6

� (H2O)2 consists of one ADD- and one DD-H2O
molecule that forms an intermolecular hydrogen bond in
addition to three ionic hydrogen bonds. Irrespective of these
structural differences, the observed redshifts are smaller
than 170 cm� 1, indicating that hydrogen bonding in both
systems is weak.

The structure identified for the mixed-solvent complex
(Figure 4c) is different and unexpected. PF6

� (H2O)(HFIP)
contains an ADD-H2O, i.e., the water molecule binds to
PF6

� in a double donor fashion, but HFIP now predom-
inantly interacts with the H2O molecule and not with the

Figure 3. Overlay of the 1H NMR spectra of nBu4NPF6, nBu4NPF6, and
HFIP (1 :10), and HFIP in CDCl3 at 25 °C

Figure 4. DFTminimum-energy structures of the lowest energy isomer
(left) and vibrational spectra in the O� H stretching region (right) for
PF6

� (H2O)2 (a), PF6
� (HFIP)2 (b), and PF6

� (H2O)(HFIP) (c). Each
solvent molecule is labeled according to the number of interactions
between hydrogen-bond donor (D) and acceptor (A). Only OH···F
hydrogen bonds (D) are considered. For each system, the IRPD
spectrum (top) is compared to the simulated IR spectrum (bottom).
All observed features are assigned to stretching modes of O� H
moieties (see Table S13 in the Supporting Information for band
position, harmonic frequencies, and assignments) involved in either
ionic (H2O/anion: dark blue, HFIP/anion: dark red) or intermolecular
(H2O/H2O: blue, HFIP/water: red) hydrogen bonds. See Supporting
Information (Section 12) for details of the methods used.
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anion. The driving force is the formation of a strong
intermolecular (vs. ionic) hydrogen bond, evidenced by the
marked redshift of band c3 (see Figure 4c). This hydrogen
bond is the strongest and, hence, the shortest in all three
systems studied here (see Figure S10). It is predicted to be
20% shorter than the intermolecular hydrogen bond in
PF6

� (H2O)2 and even 5% shorter than the ionic hydrogen
bonds in PF6

� (HFIP)2. Moreover, stronger intermolecular
hydrogen bonding also leads to a more substantial activation
of the ADD-H2O, compared to PF6

� (H2O)2, evidenced by
the more redshifted pair of bands b1 and b2 vs. a1 and a2 in
Figure 4. This shift translates into 5% shorter ionic hydro-
gen bonds when HFIP replaces the DD-H2O. In other
words, substituting a water molecule with an HFIP molecule
strengthens the directly involved intermolecular hydrogen
bond and affects the more remote anion-water interaction.

The effects observed in the present gas phase experi-
ments (performed at cryogenic temperatures) are small, and
the insights obtained are not directly transferable to solution
phase experiments at room temperature. However, they do
suggest that whenever HFIP and water are present at the
same time, either in the gas or the solution phase, HFIP’s
more pronounced hydrogen-bond donation ability may lead
to a preference for activating a water molecule in PF6

� ’s first
solvation shell over directly interacting with the anion itself.
This effect, not present in the respective clean solvents, may
contribute to enabling the above-described hydrolysis reac-
tion in a way that is not unlike the previously reported
increase in catalytic activity due to the microstructuring of
reaction mixtures.[19c–f]

Ultimately, the hydrolysis of PF6
� observed only in F-

alcohols is likely the result of a kinetic effect. We thus
investigated the influence of HFIP on the thermodynamics
and the reaction barrier for the hydrolysis of PF6

� at the
ωB97x-D3BJ/def2-TZVP level.[25] Beyond the microsolva-
tion approach outlined below, we considered the electro-
static influence of the solvent in the solution chemistry
approach via a conductor-like polarizable continuum model
(CPCM).[26] Our focus was the influence of the number of
HFIP molecules on the Gibbs energy (ΔG) and the reaction
barrier (ΔG‡) for eq. (1).

(1)

First, we analyzed the influence of HFIP on ΔG. While
the hydrolysis reaction without HFIP is endergonic (ΔGn=

0=37 kJmol� 1), and the addition of one HFIP molecule only
gives a marginal gain (ΔGn=1=24 kJmol� 1), the consider-
ation of three HFIP molecules leads to an exergonic reaction
(ΔGn=3= � 14 kJmol� 1). This is the first indication of the
strong influence on the hydrolysis reaction.

More relevant for the observed reactivity is the influence
on the barrier for the hydrolysis reaction, where we assume
the first reaction step is rate-determining. The barriers for
this reaction step (PF6

� +H2O+n HFIP!PF2OH� +HF+

n HFIP) are thus shown in Figure 5 for different numbers
(n=0, 1, 3, 4) of HFIP molecules considered in the
calculations. All structures of reactants, transition state, and

product are shown in the Supporting Information (Fig-
ure S12).

Figure 5 shows that the reaction‘s Gibbs energy for the
first hydrolysis step is hardly changed by the number of
HFIP molecules (ΔG=24–28 kJmol� 1). The barrier, how-
ever, shows a powerful influence. While we have a huge
barrier of ΔG‡=205 kJmol� 1 for the reaction without HFIP
(red curve, Figure 5), this is lowered by 44 kJmol� 1 by the
addition of one HFIP molecule (orange curve, Figure 5) and
by a further 41 kJmol� 1 if we consider three HFIP molecules
(green curve, Figure 5). The HFIP trimer has previously
been found to be an essential structural motif in liquid
HFIP.[27] After carefully analyzing the transition state
structure for this molecule (see Supporting Information,
Figure S12), it became clear that stabilizing the fluoride
anion at the transition state via hydrogen bonding is crucial.
We could also identify an empty coordination site for the
structure with three HFIP molecules. Consequently, adding
a fourth HFIP molecule to this coordination site leads to a
tetrahedrally coordinated F� anion at the transition state
(for the HFIP trimer), additionally strengthening one hydro-
gen bond via an additional HFIP molecule in the second
solvation shell. This results in a barrier approximately half
as large as the implicit solvated case with ΔE‡ =115 kJmol� 1

(blue curve, Figure 5). Due to convergence issues, only the
electronic energy barrier is obtained for this system. This is
an upper bound to the barrier since ΔG‡ is consistently
lower by 1–12 kJmol� 1 for n=0–3 (table S12). This is well in
the energy range, which can be overcome experimentally at
room temperature. Thus, it explains the unusual observation
of PF6

� hydrolysis at room temperature in an HFIP solution.

Conclusion

A versatile, user-friendly, robust, and mild approach has
been developed for the HIE reaction of electron-rich
compounds. Phenols, anilines, anisoles, and heterocyclic

Figure 5. Schematic representation of the energy profiles for the first
reaction step of the hydrolysis of PF6

� (PF6 H2O+n HFIP!PF2OH�

+HF+n HFIP) with a different number (n=0 (red), 1 (orange), 3
(green), 4 (blue)) of considered HFIP molecules. Energies for TS (ΔG‡)
and product (ΔG) are given in kJ mol� 1 relative to the energies of the
respective reactants. The TS structure for n=3 is shown. Thereby, the
barrier for n=4 is estimated (indicated by an asterisk) as discussed in
more detail in the Supporting Information.
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compounds exhibiting a plethora of functional groups are
compatible reaction partners in this protocol, allowing
access to a broad range of synthetically and biologically
valuable deuterated (hetero)aromatic compounds in high
yields and excellent deuteration incorporation levels. In-
depth mechanistic investigations revealed an unusually high
reactivity of hexafluorophosphate toward the nucleophilic
attack of water, producing in situ DPO2F2 that acts as the
actual deuteration reagent. As this transformation can only
occur within the distinct fluorinated alcohols with HFIP
performing best, extended studies on the influence of the H-
bonding network stemming from water-HFIP mixtures and
their effect on the reactivity have been undertaken. There-
by, IRPD spectroscopy showed a significant strengthening
of the water-PF6

� interaction in the presence of HFIP.
Similar interactions were previously documented for causing
enhanced catalytic activity, e.g., terpene cyclizations or
epoxide openings. Here, the observed effect, which is absent
in the pure solvents, could facilitate the hydrolysis of PF6

� .
Computational studies, however, identified that stabilizing
the fluoride anion in the transition state of the hydrolysis
step via hydrogen bonding is essential for the observed
reactivity. The kinetic barrier of the attack of the first water
molecule to the electrophilic phosphor atom is substantially
reduced by HFIP. Interestingly, cooperative hydrogen bonds
of up to four HFIP molecules in the first and second
solvation shells around the fluoride anion within the
complex H/D-bonding network are needed to activate the
strong P� F bond and thus trigger the reaction at room
temperature. Activating strong bonds in general, particularly
under ambient conditions, is yet an unmatched challenge for
organic chemists. Therefore, the insights into the fundamen-
tal principles of H-bonding networks in microstructured,
fluorinated environments, as shown in this study, will not
only contribute to further enhancements in deuterium
incorporation processes but also pave the way for a general
application of such F-alcohol assemblies in the activation of
strong bond processes.

Supporting Information
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Supporting Information.[28–41]
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