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(Abstract: Low-temperature generation of P-nitroxyl phos-
phane 2 (Ph,POTEMP), which was obtained by the reaction
of Ph,PH (1) with two equivalents of TEMPO, is presented.
Upon warming, phosphane 2 decomposed to give P-nitroxyl
phosphane P-oxide 3 (Ph,P(O)OTEMP) as one of the final
products. This facile synthetic protocol also enabled access
to P-sulfide and P-borane derivatives 7 and 13, respectively,

by using Ph,P(S)H (6) or Ph,P(BH;)H (11) and TEMPO. Phos-

-

\

phane sulfide 7 revealed a rearrangement to phosphane
oxide 8 (Ph,P(O)STEMP) in CDCl; at ambient temperature,
whereas in THF, thermal decomposition of sulfide 7 yielded
salt 10 ([TEMP-H,][Ph,P(S)O]). As well as EPR and detailed
NMR kinetic studies, indepth theoretical studies provided an
insight into the reaction pathways and spin-density distribu-
tions of the reactive intermediates.

/

Introduction

Stable nitroxides'™ (also called nitroxyls or aminoxyls), such as
TEMPO (2,2,6,6-tetramethylpiperidin-1-oxyl), have attracted in-
terest in the last decades in molecular as well as polymer syn-
thesis. In the latter, the interest has focused on the reversible
deactivation radical polymerization (better known as living free
radical polymerization).”*” Specifically, the nitroxide-mediated
polymerization (NMP)?*! is used widely, which takes advant-
age of the persistent radical effect.”) In the thermally stimulat-
ed and reversible C—O bond homolysis of an alkoxy-amine of
type | (E=C; Scheme 1), C-centered radicals are generated,
which enables various fundamental radical reactions that are
based on carbon and nitroxide radicals.
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Scheme 1. O-bound main-group element derivatives of TEMPO (1), related
phosphorus derivatives (Il) (R=organic substituent, Z=electron pair or ML,
for a transition-metal complex fragment), and different phosphorus-contain-
ing radicals (IlI-V).

Besides carbon, other p-block element incorporated into the
ER, unit form compounds with TEMPO I (Scheme 1), but only
very few examples of P-nitroxyl substituted phosphanes (“P-
TEMPO”) and P" derivatives Il (Z=electron pair) are known.
For example, one such intermediate was recently proposed to
be formed in the reaction of diphenylphosphane with TEMPO,
which was followed by homolytic O—N bond cleavage; after
aqueous workup, 2,2,6,6-tetramethylpiperidinium diphenyl-
phosphinate was obtained.” For other derivatives that have
the formula RR'NOPR”, it was also proposed that rearrange-
ment occurs in a similar manner, but no clear-cut evidence
was provided.® Only in the case of perfluorinated substituents,
such as CF; groups bound to phosphorus and nitrogen, does
a P-nitroxyl-substituted phosphane become isolable; isomeriza-
tion proceeds under harsh thermal conditions (100°C, 42 h) to
yield the aminophosphane P-oxide.®™ Very recently, the reac-
tions of a stable phosphinyl radical 1l (Z=electron pair) with
different nitroxides, including TEMPO, were reported,”” and
a P-TEMPO-substituted phosphane Il (Z=electron pair) was
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again proposed as the intermediate, which after homolytic O—
N bond cleavage, generated a phosphinoyl® (V) and an aminyl
radical. Some chemical evidence for the former was obtained
through a silyl migration to give an O-silyl phosphinate deriva-
tive.

Concerning transition-metal-ligated P-TEMPO derivatives, the
knowledge about complexes Il (Z=ML,) is scarce; that is,
a stable Au"™ and a thermally unstable W° complex have been
reported so far.'"” For the latter, some evidence was obtained
that, during synthesis and decomposition, radicals are involved
and O—N bond homolysis seemed to be preferred, which leads
to transient (and still unknown) phosphanoxyl complexes IV
(Scheme 1).

After reviewing this background of singular and very strayed
findings on the quest of O—N bond homolysis in such P" com-
pounds, it appeared interesting to develop an easily accessible
system Il that enables broad studies, of which the preliminary
results will be reported herein.

Results and Discussion

When diphenylphosphane (1) reacted with two equivalents of
TEMPO (Scheme 2), P-nitroxyl phosphane 2 was obtained as
the intermediate at low temperature. Upon warming, it started
to disappear from the reaction mixture, as evidenced by
3'P{'"H} NMR spectroscopy, and phosphane oxide 3 was formed

2 TEMPO,

Ph
Ph THF,
4 -80 °Ctor.t, p/ above -10 °C
P —_— SN T—=
N—0O Ph
H Ph - TEMPOH
1 2
o] Ph o] Ph
\\P/ \\P/ o Ph
— SN 20 N
N—O Ph N Ph P
7N\
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3 4 5

Scheme 2. Generation of phosphane 2 and its decomposition products 3-5.

as the major product (90% yield) together with the two minor
products 4" (6% yield) and diphenylphosphane oxide 5 (4%
yield by NMR integration). By using column chromatography,
phosphane oxide 3 was obtained as a colorless powder in
76% yield and showed a *'P{'H} resonance at 34.0 ppm (Jpc=
135.0 Hz); the data for phosphane oxide 3 are in agreement
which those reported.” The molecular constitution of phos-
phane oxide 3 was confirmed by single-crystal X-ray diffraction
(Figure 1). The P—O and O—N bond lengths are 1.6081(17) and
1.481(2) A, respectively, which are significantly shorter than
a similarly substituted gold phosphane complex (d(P—O)
1.6314(27) and d(O—N) 1.4900(49) A),”’ whereas the bond angle
sum at phosphorus is slightly increased (310.8° vs. 308.3°).

As the route of formation of phosphane oxide 3 (and the
other products) was not obvious, we monitored the reaction
by *'P{"H} NMR spectroscopy at low temperature (Figure 2) to
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Figure 1. Molecular structure of phosphane oxide 3 (50% probability level;
hydrogen atoms are omitted for clarity). Selected bond lengths in A and
angles in °: O1—P 1.4700(18), 02—P 1.6081(17), N-02 1.481(2), C6—P
1.8091(16), C6#—P 1.8092(16), C1—N 1.4934(18), C1#—N 1.4935(18), O1-P-02
119.43(10), C6-P-O1 112.52(7), C6#-P-O1 112.52(7), N-O2-P 117.45(13), O2-P-
C6 103.11(7), O2-P-C6# 103.11(7), C16-P-C10 104.61(11).

detect intermediates. Therefore, a [Dg]THF solution of diphenyl-
phosphane (1) and two equivalents of TEMPO was monitored
initially at —80°C, and subsequently, the temperature was in-
creased in steps of 10°C. In the course of the measurement, 'H
as well as *'P{"H} NMR spectra were recorded at each step. At
—80°C, two very broad signals were observed at higher field
compared with substrate 1 and at lower field with respect to
intermediate 2. At most temperatures, the signals appeared as
sharp lines except for the measurement at —50°C, at which
broadened signals together with sharp signals were detected
again. The results clearly show the initial formation of P-
TEMPO-substituted phosphane 2, which starts to decompose
above —10°C to give final products 3-5. We could not isolate
intermediate 2, but unambiguous NMR characterization was
achieved at —20°C; the *'P{'"H} NMR resonance at 110.8 ppm
revealed satellites to the ipso-carbon of the phenyl group
(1JRC:23.2 Hz; see the Supporting Information).

Furthermore, we carried out NMR kinetic studies together
with theoretical calculations on the reaction mechanism. Reac-
tions with one, two, and four equivalents of TEMPO were
monitored by *'P{'"H} NMR at 15 °C in real time (Table 1). Analy-
sis of the reaction speed by differential method (Figure 3)

Table 1. Ratio (by *'P{'"H} NMR integration) of reaction products and start-
ing material for the reaction of phosphane 1 with TEMPO in [Dg]THF at
15°C at the end of the reaction; ¢,(1)=0.3 molL™".

Equiv of TEMPO 1 2 3 4 5
1 32% 1% 43% 5% 20%
2 2% 2% 84% 10% 2%
4 - - 4% 6% -

yielded the rate constants, which are shown in Table 2 and
Scheme 3 (for the rate laws, see the Supporting Information).
The hydrogen abstraction of diphenylphosphane (1) by TEMPO
follows a second order rate law, whereas homolytic O—N bond
cleavage of intermediate 2 is a first order reaction. The first
step in the reaction is most likely the rate-determining step.
The kinetic data suggest that product 4 is formed after ho-
molytic bond cleavage, as long as the radicals are in the sol-
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Figure 2. *'P{'"H} NMR spectra of the reaction of diphenylphosphane 1 with TEMPO in [Dg]THF (low-temperature monitoring).

030
Table 2. Obtained rate constants for the reaction of phosphane 1 with
025 TEMPO in [DgITHF at 15°C; ¢,(1)=0.3 molL™".
g e —#—
s Wu’cuo'ﬂu’ o K ) ) ) )
ey Equiv of k, 2 3 4 s
0.20 /.é. Ai TEMPO [Lmol's™"] [Lmol™'s™"] [Lmol's™'] [Lmol's™"] [Lmol's™
«
= ~.-. e2 1 0.0075 0.10 0.0022 0.04 0.00020
g 0.15 {._.' e3 2 0.0075 0.06 0.0020 0.09 0.00025
: g " 4 0.0070 0.04 0.0022 0.04 0.00020
0.10 g’ﬁ‘;g . .
s ‘S oS Equiv of kg k; kg ko
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Figure 3. Time dependency of the concentration of compounds involved in
the reaction of phosphane 1 with two equivalents of TEMPO at 15°C (dots
and lines represent the experimental data and the simulated values, respec-
tively).

vent cage. Probably owing to the steric repulsion of the aminyl
radical, this pathway (the reaction with radical B) is not pre-
ferred, despite the thermodynamic stability of product 4. As
expected, at higher concentrations of TEMPO, the reaction of
phosphinoyl radical B to give product 3 is faster than its reac-
tion to form the byproduct 5, which is not dependent on the
TEMPO concentration. If only one equivalent of TEMPO is pres-
ent in the reaction solution, one third of the phosphane sub-
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strate is left over at the end of the reaction, whereas more
phosphane oxide 5 is present.

We also followed the reaction of diphenylphosphane (1) and
TEMPO in toluene by recording cw X-band EPR spectra at
room temperature. With concentrated solutions of TEMPO
(0.6 molL™") and substrate 1 (0.3 molL™"), we initially observed
an unstructured broad line; the broadening was ascribed to in-
termolecular exchange interactions between TEMPO molecules
at this high concentration. Over time, the EPR signal decayed
and a narrowing of the linewidth was observed, which resulted
in the appearance of the typical hyperfine structure of TEMPO
owing to the coupling with the nitrogen nucleus (Figure 4);
after the mixture was left overnight at room temperature,
99.9% of the TEMPO was consumed. Overall, the EPR results

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 3. The DFT-computed free-energy paths (in kcalmol™'; values with *
indicate barrier heights) for the reaction between diphenylphosphane 1 and
TEMPO at 298 K with associated reaction rate constants. Reactions that lead
to minor products are indicated by dashed arrows.
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Figure 4. Room-temperature EPR spectra at 2, 5, 9, and 60 min after mixing
toluene solutions of phosphane 1 and TEMPO.

clearly demonstrate that the concentration of TEMPO decays
as the reaction proceeds. Unfortunately, no other radical inter-
mediates were observed; this may be due to the intense
TEMPO signal. The strong exchange broadening in turn pre-
vents a meaningful analysis of the kinetics. Decreasing the
TEMPO concentration, thus enabling a clearly resolved TEMPO
spectrum, slows the reaction to such an extent that no signal
decay is observed. This indicates that the TEMPO concentration
plays an important role in the rate law of the reaction.
Theoretical studies of the reaction mechanism were per-
formed in the gas phase by using the RHF framework (UHF
framework used only for open-shell radicals) at the TPSS-D3/
def2-TZVP level of theory ™' which is sufficiently accurate
(typically within 2 kcalmol™) for various reactions that involve
only neutral species in weakly polar solvents, such as THF. As
the P—H bond in phosphane 1 is about 12 kcalmol™" weaker
than the C—H bonds in a THF molecule, selective H-abstraction
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from 1 (rather than from solvent) by radical intermediates was
expected, which is also consistent with the above experimental
observations. As shown in Scheme 3, the initial H-abstraction
by O--H—P attack between the TEMPO radical and diphenyl-
phosphane 1 is endergonic by 12.5 kcalmol™ and proceeds
over a moderate free-energy barrier of 19.3 kcalmol™' to give
the reactive diphenylphosphanyl radical A, which can be easily
quenched by excess TEMPO in an exergonic step (—26.1 kcal
mol™") to form the P-nitroxyl phosphane intermediate 2. On
the other hand, direct O atom transfer from TEMPO by O--P
attack is exergonic by —28.7 kcalmol™, but it has a higher
free-energy barrier of 22.2 kcalmol™' to form diphenylphos-
phane oxide 5, which is thus kinetically less competitive, as
confirmed by the 40-fold smaller experimental rate constant k;
(see the Supporting Information). The estimated rate constants
at 15°C of 0.03 and 0.0002 Lmol™'s™" for k, and k;, respective-
ly, were determined by using traditional transition-state theory
and are reasonably consistent with the experimental ones. Our
DFT calculations show that the initial H-abstraction from phos-
phane 1 by TEMPO is the rate-limiting step. Other reaction
steps have much lower energy barriers or are even barrierless
and could be limited by other facts, such as solvent cage and
diffusion rates in solution. The intermediate 2 is thermally un-
stable with respect to the O—N bond cleavage, which is ender-
gonic by only 3.9 kcalmol™' and leads to the formation of di-
phenylphosphinoyl radical B and reactive radical TEMP (2,2,6,6-
tetramethylpiperidinyl). The radical B shows delocalized spin
density that is mainly on the P (0.51e) and the O (0.27 ¢)
atoms (Figure 8). This intermediate can be easily quenched by
other radical species present, such as TEMPO and TEMP
(minor), to form the experimentally observed major and minor
product 3 and 4, respectively. On the other hand, H-abstraction
of phosphane 1 by radical B (and minor TEMPOH) can easily
lead to diphenylphosphane oxide 5 as the other experimental-
ly observed minor product. The radical TEMP cannot be
trapped by TEMPO through radical recombination, but it does
abstract hydrogen from substrate 1 (and minor TEMPOH)
easily, which leads to the observed TEMPH and the regenerat-
ed intermediate A for further reaction cycle.

Even though three equivalents of TEMPO would be formally
required in the steps with k;, k,, and k, for the formation of
the major product 3, one equivalent of TEMPO is saved by the
reactive radical intermediate TEMP from the step with k; by
either TEMPO recycling from the TEMPOH intermediate or
direct regeneration of the radical intermediate A to skip the in-
itial H-abstraction step by TEMPO. Obviously, in addition to the
initiating H-abstraction by TEMPO, H-abstraction from phos-
phane 1 by intermediate TEMP over the 7.9 kcalmol™' lower
free-energy barrier can be important to maintain the radical re-
action cycle from the key intermediate A at low TEMPO con-
centration. Owing to the complicated competing reactions, the
outcome of the reaction of 1 and TEMPO is strongly depen-
dent on the reaction conditions, such as temperature and reac-
tant ratio. At room temperature and high TEMPO ratio, the re-
action is dominated by the trapping of radical B by TEMPO,
which leads to the main reaction channel: 1+2TEMPO —
34+ TEMPH.
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Although phosphane oxide 3 was obtained as the major
product when only one equivalent of TEMPO was used, the
trapping of radical B by TEMPO became less efficient, and radi-
cal recombination with TEMP and H-abstraction from phos-
phane 1 became possible from intermediate B, which leads to
side channels that require a smaller TEMPO ratio, such as:
214+2TEMPO — 4454TEMPH.

Having obtained the PY oxide species 3, which is also acces-
sible by reacting phosphane oxide 5 with two equivalents of
TEMPO, we next targeted the PY sulfide derivative. Reaction of
diphenylphosphane sulfide 6"¥ with two equivalents of
TEMPO under otherwise identical conditions led to P" sulfide 7
in an almost quantitative reaction (95 % yield, Scheme 4); prod-

S Ph
S\\ /Ph 2 TEMPO, N\ S
THF P
AN N—0" en
H Ph . TEMPOH
6 7

Scheme 4. Synthesis of phosphane sulfide 7.

uct 7 was purified by column chromatography (85% yield).
The *'P{"H} NMR resonance of sulfide 7 appears at lower field
(88.1 ppm, 'Jpc=108.7 Hz) than phosphane oxide 3. Single-
crystal X-ray diffraction confirmed the molecular constitution
of sulfide 7 (Figure 5); the P—O bond (1.6230(14) &) and the
O—N bond (1.493(2) A) were elongated compared with phos-
phane oxide 3.

=

Figure 5. Molecular structure of phosphane sulfide 7 (50% probability level;
hydrogen atoms are omitted for clarity). Selected bond lengths in A and
angles in °: S—P 1.9308(7), P—O 1.6230(14), O—N 1.493(2), P—C6 1.8095(16),
N—C1 1.4920(18), O-P-S 118.78(6), N-O-P 117.12(11), O-P-C6 103.33(6), C6-P-S
112.55(5), C6#1-P-C6 104.90(10).

Compound 7 revealed an interesting follow-up chemistry:
a slow reaction (7 days) in dry CDCl; led to a major product
that displayed a resonance in the *'P{"H} NMR spectrum at
38.4 ppm ("Jpc=98.1 Hz). This was identified as the phosphane
oxide 8 (Scheme 5), which was formed together with small
amounts (/220%) of a byproduct 9%*?" (two doublets at 29.4
and 80.3 ppm, ZJp,=39.7 Hz), which could not be isolated.
Compound 8 was obtained in its pure form by column chro-
matography. Single-crystal X-ray analysis confirmed the struc-
ture of phosphane oxide 8 and revealed P-S and S—N bond
lengths of 2.1072(4) and 1.7243(10) A, respectively (Figure 6).
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Scheme 5. Rearrangement of phosphane sulfide 7 to phosphane oxide 8.

Figure 6. Molecular structure of phosphane oxide 8 (50% probability level;
hydrogen atoms are omitted for clarity). Selected bond lengths in A and
angles in °: P—0 1.4831(9), P-S 2.1072(4), S—N 1.7243(10), P—C10 1.8099(12),
P—C16 1.8118(12), N—C1 1.5131(15), N—C5 1.5102(15), O-P-S 117.42(4), N-S-P
104.16(4), O-P-C10 112.73(6), O-P-C16 110.56(6), C10-P-S 97.94(4), C16-P-S
109.43(4), C10-P-C16 107.83(5).

Compound 7 showed a different behavior in THF. Heating
a solution to 60°C resulted in the formation of salt 10, which
was obtained as the major product (Scheme 6); a byproduct
1129 (15% yield) was also observed in the *'P{"H} NMR spec-
trum (79.3 ppm), but could not be isolated.

s Ph s Ph
N/ . N/
/P\ THF, 60 °C . ) /P

N—O Ph NH, O Ph

7 10

Scheme 6. Decomposition of phosphane sulfide 7 to salt 10.

Compound 10 was purified by column chromatography to
yield a colorless powder (23% yield). The *'P{'"H} NMR reso-
nance of salt 10 appeared at 52.1 ppm (‘Jpc=103.3 Hz), which
is highfield-shifted compared with sulfide 7. Single-crystal X-
ray diffraction studies confirmed the structure of salt 10
(Figure 7); separate ion pairs were shown with the oxygen
atom of the anionic part pointing towards the nitrogen atom
of the cationic part. The O--N distance is 2.7681(8) A, which in-
dicates that no covalent interaction is present between these
atoms. The P—S bond length of 1.9935(9) A indicates some
double-bond character, whereas the P—O bond length of
1.5097(11) A suggests more single-bond character.

Similar to the reaction of compound 1 with TEMPO, the de-
tailed mechanism for the reaction between diphenylphos-
phane sulfide 6 and TEMPO was studied by DFT methods
(Scheme 7). The initial H-abstraction through O--H—P attack by
TEMPO radical is endergonic by 12.7 kcalmol™" over an even
lower free-energy barrier of 14.0 kcalmol™ to give the reactive

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 7. Molecular structure of salt 10 (50% probability level; hydrogen
atoms are omitted for clarity). Selected bond lengths in A and angles in °:
P—0O 1.5097(11), P—S 1.9935(9), P—C1 1.8267(16), P—C7 1.8286(16), N—C13
1.5292(19), N—C17 1.5293(18), O-P-S 117.83(5), O-P-C1 107.68(7), O-P-C7

109.67(7), C1-P-S 108.27(5), C7-P-S 108.69(5), C1-P-C7 103.78(7).

TEMPO s Ph
s Ph 127 S Ph TEMPO \\ /
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Scheme 7. The DFT-computed free-energy paths (in kcal mol~'; values with *
indicate barrier heights) at 298 K for the formation of compounds 7-11.

radical C, which can be easily quenched by excess TEMPO in
a —33.8 kcalmol™' exergonic step to form the P-nitroxyl phos-
phane sulfide 7. In contrast to intermediate 2, compound 7 is
thermally much more stable with respect to the O—N bond
cleavage and is thus separable even at room temperature.
Under normal conditions at 298 K, the O—N bond cleavage of
sulfide 7 to form the radical D is endergonic by 18.9 kcalmol™,
which is accelerated by heating, owing to favorable entropy ef-
fects (increasing entropies by bond dissociation), and by cou-
pling with more exergonic radical quenching of reactive spe-
cies D, which could be maintained only at very low concentra-
tion in solution. The key radical intermediate D shows some-
what delocalized spin densities that are mainly on the S
(0.75 e) and the O (0.26 e) atoms (Figure 8). As before, this radi-
cal can be easily quenched by the eliminated TEMP radical
through S—N bond formation in a highly exergonic step that
leads to the experimentally observed isomerization product 8.
For the 7—8 rearrangement, direct shift of the bulky TEMP
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Figure 8. DFT-computed Mulliken spin densities on heavy atoms within
some radical species.

group between the O and S atoms is also possible, but it is ki-
netically less favourable over a higher free-energy barrier of
26.7 kcalmol™ (see the Supporting Information). On the other
hand, the O--P attacks by radical D at the P-center of com-
pounds 7 and 8 are also highly exergonic through the forma-
tion of strong P—O bonds and simultaneous elimination of
TEMPS and TEMPO radicals, which are responsible for the for-
mation of the products 9 and 11; these species might account
for the experimentally detected minor products.

In contrast to the (TEMP),O molecule, which is thermally un-
stable, the radical recombination between TEMPS and TEMP is
exergonic by —14.3 kcalmol™', according to our DFT calcula-
tions, and leads to the formation of the stable (TEMP),S"*? spe-
cies. When compound 7 is heated in THF, the initially formed
reactive TEMP and D radicals can even abstract H atoms from
THF in neutral or slightly exergonic steps; exergonic intermo-
lecular proton transfer to give the TEMP—H species leads to
the formation of the experimentally observed ionic product
10, in accordance with the same thermal decomposition mech-
anism that has recently been established by us for a closely re-
lated P-nitroxyl phosphane complex.*”!

To examine the effects of heavier chalcogen atoms that are
directly bound to phosphorus, we examined a set of related
phosphorus compounds with particular focus on the spin-den-
sity distribution (Figure 8). For the simplest diphenylphosphan-
yl radical A, the spin density is mainly localized on the P center
(0.81 e). Binding BH; to the P center through the electron lone
pair of radical A slightly reduces the spin density by only
0.11 e. Binding one O or S atom to the P center of radical A to
form partial double bonds leads to delocalized spin densities
over the P and O or P and S atoms. The spin density on the P
center can be completely removed by a further O or S atom,
which leads to partly localized spin densities on the termini (O
and S atoms). The replacement of an O by an S atom may lead
to more localized spin on the S ligand, as also seen for TEMPO.

To get further insight into the bonding and stability of differ-
ent P-TEMPO moieties, we decided to involve the lone pair on
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the phosphorus into a dative bond with borane (BH,). First at-
tempts to use the phosphane borane complex 122 and
TEMPO only showed low conversion (~25%). It turned out
that initial deprotonation of complex 12 at low temperatures
and subsequent reaction with TEMPO (2 equiv) was required,
which then led to the P-TEMPO-substituted phosphane borane
complex 13 (Scheme 8) in a better selectivity (~55% yield).
Again, the molecular structure of complex 13 was confirmed
by single-crystal X-ray diffraction (Figure 9); here, the P—O and

1. n-BuLi
2.2 TEMPO, H-B Ph
H3B\ /Ph toluene, 8 X /
P, -80°Ctor.t. P
H ph - LITEMPO N—O Ph
12 13

Figure 9. Molecular structure of phosphane borane complex 13 (50% proba-
bility level; hydrogen atoms are omitted for clarity). Selected bond lengths
in A and angles in °: P—0 1.6236(9), P—B 1.9017(16), O—N 1.4892(13), P—C1
1.8136(13), P—C7 1.8108(13), N—C13 1.4962(16), N—C17 1.5013(16), O—P-B
121.79(6), N-O-P 116.63(7), O-P-C1 102.25(5), O-P-C7 100.93(5), C1-P-B
111.92(7), C7-P-B 113.06(7), C1-P-C7 105.03(6).

O—N bond lengths are 1.6236(9) and 1.4892(13) A, respectively,
which are getting close to the values that have been reported
previously for the gold complex."® Our DFT calculations sug-
gest the same mechanism for the formation of complex 13 as
for the complexes 2 and 7, i.e., initial H-abstraction by TEMPO
followed by radical trapping by another TEMPO. Interestingly,
the O—N bond dissociation free energies (in kcalmol™) in-
crease in the order: 2 (3.9) <7 (18.9) <13 (20.2), which clearly
indicates the stabilizing role of electron-withdrawing ligands
that are attached to the adjacent P center.

Conclusion

Strong NMR spectroscopic evidence for the intermediate for-
mation of the P-nitroxyl phosphane 2, which was obtained
from the reaction of diphenylphosphane 1 with two equiva-
lents of TEMPO, was presented; the radical reaction was fur-
ther monitored by EPR spectroscopy. On the basis of detailed
theoretical and NMR kinetic studies, a reaction pathway that
leads to the final products was proposed. The same facile syn-
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thetic approach was used to access the P-sulfide and P-borane
derivatives 7 and 13, respectively, and theoretical studies pro-
vided insights into the influence of oxidation on the O—N
bond dissociation free energies as well as the spin density dis-
tribution within the resulting P-containing radical species. Pre-
liminary results on the reactivity of P-sulfide 7 were obtained:
in CDCl;, rearrangement to the P-oxide 8 occurred at ambient
temperature, whereas in THF, thermal decomposition yielded
salt 10; the latter formally resulted from a two-fold radical H
atom abstraction after O—N bond cleavage, followed by exer-
gonic intermolecular proton transfer. Overall, this study sheds
first light on the emerging chemistry of P-nitroxyl derivatives.

Experimental Section

All manipulations involving air- and moisture-sensitive compounds
were carried out under an atmosphere of purified argon by using
standard Schlenk-line techniques or a glove-box. Solvents were
dried with appropriate drying agents and degassed before use.
The H, C{'H}, and *'P{'"H} NMR (6 in ppm) spectroscopic data
were, if not specially noted, recorded (CDCl;, 25°C) on a Bruker
DMX 300 spectrometer. Mass spectra were recorded on a MAT 95
XL Thermo Finnigan spectrometer (selected data given), and ESI
mass spectra were recorded with a micrOTOF-Q of Bruker Daltonik.
Infrared spectra were recorded on a Thermo Nicolet 380 FT-IR
spectrometer or Bruker ALPHA (selected data given). Elemental
analyses were determined with a gas chromatograph Vario EL from
Elementa. Melting-point measurements were performed with an
apparatus from Bichi according to Dr. Tottoli.

Diphenylphosphane 1 was purchased from abcr and used as re-
ceived. Diphenylphosphane sulfide 6" and diphenylphosphane
borane complex 12%* were prepared in accordance with known lit-
erature methods. More information on NMR measurements as well
as X-ray measurements and structure solution can be found in the
Supporting Information.

The EPR spectra were recorded on a Bruker EMX-micro EPR spec-
trometer equipped with EMX standard resonator (4119HS) both
from Bruker. The EPR measurements started immediately after
mixing toluene solutions of 1 (0.3 molL™") and TEMPO (0.6 molL™")
in an quartz EPR tube with an inner and outer diameter of 3 and
4 mm, respectively. EPR spectra were collected with a microwave
power of 17.8 uW, a modulation frequency of 100 Hz, a modulation
amplitude of 0.7 G, a microwave frequency of 9.835 GHz, and 1429
points in the field interval 345.2-355.2 mT.

The quantum chemical DFT calculations have been performed with
the TURBOMOLE suite of programs®*?! at the TPSS-D3/def2-TZVP
level of theory, which combines the TPSS density functional™ with
the BJ-damped DFT-D3 dispersion correction™™ and the def2-
TZVP basis set."'® The density-fitting RI-) approach®?” was used
to accelerate the geometry optimization and harmonic frequency
calculations. All structures were fully optimized, followed by fre-
quency analysis to identify the nature of located stationary points
and to provide thermal and free-energy corrections according to
the ideal gas-rigid rotor-harmonic oscillator model. The structures
were characterized as true minima (with no imaginary frequency)
or transition states (with only one imaginary frequency). In our dis-
cussion, the Gibbs free energies (in kcalmol™) at 298.15 K related
to ideal gas under 1 atm (i.e., 0.04 molL™") are used unless speci-
fied otherwise. For open-shell radical species, the spin densities
were computed according to the Mulliken population analysis by
using unrestricted (spin-polarized) Scheme.
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The samples for kinetic NMR studies were prepared by using
Schlenk technique. A solution of diphenylphosphane 1 (0.5 mL,
0.3 molL™") in THF was cooled to —80°C and then transferred by
a double needle to a TEMPO solution (0.5mL, 0.3 molL™" for
1 equiv; 0.6 molL™" for 2equiv; 1.2 molL™" for 4 equiv) in the
same solvent at the same temperature. The reaction mixture was
then transferred to a cooled (—100°C) NMR tube and immediately
taken to the spectrometer for the measurement at 15°C. The dy-
namics center software (Vers. 2.3.1) by Bruker BioSpin NMR was
used to analyze the obtained data.

Low-temperature NMR characterization of phosphane 2

An NMR tube with a solution of TEMPO (93.8 mg, 0.3 mmol) in
[DgITHF (0.5 mL) was cooled to —80°C (ethanol/liquid N, bath),
and diphenylphosphane 1 (56 mg, 0.3 mmol) was added. 'H NMR
(300.13 MHz, [Dg]THF, —20°C, TMS): 6=0.9 (s, 6H, CH;), 1.2 (s, 6H,
CH,), 1.3-1.7 (br m, 6H, CH,-C(CH,), and CH,-CH,-CH,), 7.2-7.4 (m,
6H, Hp), 7.5-7.7ppm (m, 4H, Hp); "“C{'H}INMR (75.48 MHz,
[DgITHF, —20°C, TMS): 0=17.7 (s, CH,-CH,-CH,), 20.1 (s, CH,), 33.4
(s, CH,), 40.8 (s, CH,-C(CH,),), 60.6 (d, *Jpc=2.3 Hz, N-C(CH,),), 128.9
(d, “Jpc=17.6 Hz, p-Cpp), 129.4 (d, *Jpc=36.4 Hz, m-C;), 130.8 (d,
2Joc=243Hz, 0-Cy), 1449ppm (d, "Jpc=21.6Hz, ipso-Cy);
SP{'H} NMR (121.51 MHz, [Dg]THF, —20°C, H;PO,): 6=110.8 ppm
(Ssav Jpc=23.2 Hz).

Synthesis of phosphane oxide 3

A solution of TEMPO (1.88 g, 12.0 mmol, 2 equiv) in THF (5 mL) was
added to a stirring solution of diphenylphosphane 1 (1.12g,
6.0 mmol) in THF (10 mL). After 18 h, volatiles were removed under
reduced pressure (3x102mbar). The residue was purified by
column chromatography at —5°C (SiO,, h=5 cm, g=4.5 cm; Et,0/
CH,Cl, 1:1). Evaporation of the solvent of the first fraction gave 3
as a colorless solid. Single crystals that were suitable for X-ray
study were obtained from a saturated Et,0 solution (1.65 g,
4.5 mmol, 76%). M.p. 131°C; 'HNMR (300.13 MHz, CDCl;, 25°C,
TMS): 6=1.1 (br s, 12H, CH;), 1.4 (br s, 1H, CH,-CH,-CH,), 1.5 (br s,
5H, CH,C(CH,), and CH,-CH,-CH,), 7.3-7.5 (m, 6H, Hg,), 7.8-
7.9 ppm (m, 4H, Hy.); C{"H} NMR (75.48 MHz, CDCl,, 25°C, TMS):
0=17.0 (s, CH,-CH,-CH,), 20.6 (br s, CH,), 33.7 (br s, CH;), 40.2 (s,
CH,-C(CH,),), 61.6 (d, *Jpc = 2.6 Hz, NC(CHs),), 1283 (d, *Jpc =129 Hz,
m-Cpp), 131.6 (s, *Jpc=2.8 Hz, p-Cpp), 131.7 (d, Jpc =94 Hz, 0-Cpp),
134.0 ppm (d, "Jpc=135.0 Hz, ipso-Cpy); *'P{'"H}NMR (121.51 MHz,
CDCl;, 25°C, HsPO,): 6=34.0 ppm (S, Joc=135.0H2); IR (neat):
#=1229cm™" (s, P=0); MS (El, 70 eV): m/z (%): 357 M1t (2); ele-
mental analysis calcd (%) for C,,H,gNO,P (357.43 gmol™): C 70.57,
H 7.90, N 3.92; found: C 70.31, H 7.90, N 3.91.

Synthesis of phosphane sulfide 7

Diphenylphosphane sulfide 6 (1.2 g, 5.56 mmol) was dissolved in
THF (7 mL), and a solution of TEMPO (1.74 g, 11.12 mmol) in THF
(3 mL) was added. After 17 h, all volatiles were removed under re-
duced pressure (3x102mbar). The residue was purified by
column chromatography at —20°C (SiO,, h=5 cm, g=4.5 cm, pe-
troleum ether/Et,0, stepwise gradient, 1:0-0:1). Evaporation of the
first fraction gave sulfide 7 as a colorless solid that was recrystal-
lized from Et,O at —50°C. Single crystals that were suitable for X-
ray study were obtained from saturated Et,0 solution (1.763 g,
4.73 mmol, 85%). M.p. 127°C; 'H NMR (300.13 MHz, CDCl;, 25°C,
TMS): 6=1.2 (5, 12H, CH,), 1.2-1.7 (br m, 6H, CH,-C(CH,), and CH,-
CHyCH,), 6.9-7.1 (m, 6H, Hp), 8.1-83ppm (m, 4H, Hp);
BC{H} NMR (75.48 MHz, CDCl,, 25°C, TMS): 6=17.2 (s, CH,-CH,-
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CH,), 21.1 (br s, CH,), 33.7 (br s, CH,), 40.4 (s, CH,-C(CH,),), 61.4 (d,
3Joc=3.0 Hz, N-C(CH,),), 1284 (d, *Jpc=12.7 Hz, m-Cp), 131.1 (d,
“pc=2.9Hz, p-Cp), 131.5 (d, *Jpc=10.0 Hz, 0-Cpy), 138.0 ppm (d,
Upc=108.7 Hz, ipso-Cp); *'P{'H}NMR (121.51 MHz, CDCl;, 25°C,
H;PO,): 6=88.1 ppm (Sss 'Joc=108.7 Hz); MS (El, 70 eV): m/z (%):
373 [MI™" (16); elemental analysis calcd (%) for C,,H,gNOPS
(373.49 gmol™"): C 67.53, H 7.56, N 3.75, S 8.59; found: C 67.27, H
7.40, N 3.84, S 8.82.

Isolation of phosphane oxide 8

Phosphane sulfide 7 (1g, 2.68 mmol) was dissolved in CDCl,
(3 mL), and the solution was stirred at room temperature for
7 days. All volatiles were removed under reduced pressure (3x
1072 mbar). The residue was purified by column chromatography
at —10°C (AL,O;, h=2 cm, =4.5 cm, petroleum ether/Et,0, step-
wise gradient, 1:0-0:1). Evaporation of the first fraction gave prod-
uct 8 as a colorless solid, which was recrystallized from Et,O and
THF at —50°C. Single crystals suitable for X-ray study were ob-
tained from a saturated Et,O solution (185 mg, 0.49 mmol, 18%).
M.p. 130°C; "H NMR (300.13 MHz, CDCl;, 25°C, TMS): d=1.1 (s,
12H, CH;), 1.5 (s, 6H, CH,-C(CH;), and CH,-CH,-CH,), 7.4-7.5 (m,
6H, Hpy), 7.8-8.0 ppm (m, 4H, Hep); C{H} NMR (75.48 MHz, CDCl,,
25°C, TMS): =17.4 (s, CH,-CH,-CH,), 24.7 (br s, CH,), 344 (br s,
CH,), 40.7 (s, CH,-C(CH5),), 59.8 (d, *Jpc =0.9 Hz, N-C(CH;),), 128.4 (d,
3Joc =124 Hz, m-Cpy), 132.0 (d, “Jpc=3.3 Hz, p-Cp), 132.0 (d, Ypc=
9.4 Hz, 0-Cpy), 133.3 ppm (d, "Jpc=98.1 Hz, ipso-Cp); *'P{"H} NMR
(121.51 MHz, CDCl;, 25°C, H;P0,): 0 =38.4 ppm (Ssy, Jpc=98.1 H2);
MS (El, 70 eV): m/z (%): 373 [M]** (15); elemental analysis calcd (%)
for C,H,sNOPS (373.49 gmol™"): 67.53, H 7.56, N 3.75, S 8.59;
found: C 67.27, H 7.56, N 3.69, S 8.16.

Isolation of ionic phosphane 10

Phosphane sulfide 7 (1.93 g, 5.16 mmol) was dissolved in THF
(10 mL), and the solution was heated under stirring at 60°C for
4 days. All volatiles were removed under reduced pressure (3x
1072 mbar). The residue was purified by column chromatography
(Si0,, h=2cm, @=4.5 cm, petroleum ether/Et,0O, stepwise gradi-
ent, 1:0-0:1). Evaporation of the first fraction gave product 10 as
a colorless solid, which was recrystallized from THF and n-pentane
at —30°C. Single crystals that were suitable for X-ray study were
obtained from saturated Et,0 solution (445 mg, 1.19 mmol, 23 %).
M.p. 178°C; "H NMR (300.13 MHz, CDCl;, 25°C, TMS): =14 (s,
12H, CH,), 1.4-1.6 (br m, 6H, CH,-C(CH5), and CH,-CH,-CH,), 7.2-7.3
(m, 6H, Hp), 7.8-7.9 (m, 4H, Hp), 89ppm (br s, 2H, NH,);
BC{"H} NMR (75.48 MHz, CDCl;, 25°C, TMS): =16.5 (s, CH,-CH,-
CH,), 27.8 (s, CH;), 35.1 (s, CH,-C(CH5),), 56.5 (s, N-C(CH),), 127.5 (d,
3Joc=12.2 Hz, m-Cy), 1293 (d, “Jpc=2.8 Hz, p-Cpy), 130.8 (d, Ypc=
10.4 Hz, 0-Cpp), 143.3 ppm (d, Jpc=103.3 Hz, ipso-Cpy,); *'P{'H} NMR
(12151 MHz, CDCly, 25°C, H;PO,): 0=52.1ppm (Sexy 'Jpc=
103.3 Hz); MS (ESI positive): m/z (%): 142 [TMP—H,]*; MS (ESI nega-
tive): m/z (%): 217 [Ph,P(S)]”; elemental analysis calcd (%) for
C,,H30NOPS (375.51 gmol™): C 61.17, H 8.05, N 3.73, S 8.54; found:
C 6691, H 7.64, N 3.74, S 8.69.

Synthesis of phosphane borane complex 13

A solution of nBuLi (1.6 M, 3.5 mL, 5.5 mmol; n-hexane) was added
slowly to a stirring solution of diphenylphosphane borane complex
12 (1g, 5mmol) in toluene (20 mL) at —90°C. After warming to
—40°C in 1 hour, a solution of TEMPO (1.57 g, 10 mmol) in toluene
(5 mL) was added. After 16 h, all volatiles were removed under re-
duced pressure (3x10 2mbar). The residue was purified by
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column chromatography at —10°C (SiO,, h=5 cm, g=4.5 cm, pe-
troleum ether/Et,0, 20:1-10:1). Evaporation of the first fraction
gave product 13 as a colorless solid, which was recrystallized from
toluene at —60°C. Single crystals that were suitable for X-ray study
were obtained from a saturated Et,O solution (740 mg, 2.9 mmol,
58%). M.p. 128°C; "H{""B} NMR (300.13 MHz, CDCl,, 25°C, TMS): 6 =
1.0 (s, 6H, CH,), 1.2 (s, 6H, CHy), 1.3 (s, 3H, BH,), 1.3 (s, TH, CH,-
CH,-CH,), 1.4-1.5 (m, 2H, CH,-C(CHs),), 1.6-1.7 (m, 3H, CH,-C(CH,),
and CH,-CH,-CH,), 7.3-7.4 (m, 6H, Hp,), 7.8-8.0 ppm (m, 4H, Hpyp);
"B{"H} NMR (96.30 MHz, CDCl;, 25°C, BF;-OEt,): 6 =—39.6 ppm (d,
Jpg=63.6 H2); "BNMR (96.30 MHz, CDCl;, 25°C, BF;OFEt,): =
—396ppm (qd, Jgy=955Hz, ps=63.6Hz); "*C{'H}NMR
(75.48 MHz, CDCl;, 25°C, TMS): 6=16.9 (s, CH,-CH,-CH,), 20.6 (s,
CH,), 33.4 (s, CH,), 40.3 (s, CH,-C(CH,),), 61.7 (d, *Jpc=2.7 Hz, N-
C(CH,),), 1285 (d, *Jpc=10.1 Hz, m-Cp), 131.1 (d, *Jpc=10.1 Hz, o-
Cen), 131.1 (d, “Jpc =24 Hz, p-Cpp), 134.9 ppm (d, 'Jpc=63.1 Hz, ipso-
Cr); *'P{'H} NMR (121.51 MHz, CDCl,, 25°C, H,P0,): 6=108.9 (br d,
Ups=76.7 Hz); IR (neat): #=2437 (w), 2404 (w), 2348 cm™' (w); MS
(El, 70 eV): m/z (%): 354 [M—H]"" (2); elemental analysis calcd (%)
for C,,H5,BNOP (355.27 gmol™"): C 71.00, H 8.08, N 3.94; found: C
71.18, H 8.23, N 3.83.
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