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Open-shell phosphanyl complexes (OC)sW{(Me;Si),HCP(X)}
(X = F, H), obtained by one-electron oxidation of lithium
phosphanido complexes, were trapped by TEMPO to yield
novel thermally labile P-nitroxyl phosphane complexes. First

10 experimental evidence for an open-shell P-F phosphanoxyl
complex (OC)sW{(Me;Si),HCP(O)F}, formed upon thermo-
lysis of corresponding P-nitroxyl derivative, is reported;
reaction pathways are also theoretically investigated.

Redox non-innocent ligands represent an important tool in
1s modern transition metal chemistry to modify the reactivity of
transition metal complexes.' Therefore, the understanding of
fundamental principles of transition metal open-shell ligand inter-
actions and the resulting reactivity is important for the design of
new effective chemical processes and/or to understand the
20 mechanisms of complex radical reactions present in nature.’
Despite the fact that phosphanes are among the most common
and well investigated ligands in coordination chemistry, infor-
mation about open-shell phosphanyl ligands® is still very scarce.
In this case and a priori, spin density can be localized at
25 phosphorus (I)* (Scheme 1), the transition metal (I’ and III°) or
delocalized, which in total is critical for the reactivity.’
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Scheme 1. Formal electron distribution in phosphanyl complexes I-I11.

Recently, we have demonstrated that Li/Hal phosphinidenoid
30 ligands (Hal = F, CI) undergo one-electron oxidation with triaryl-
carbenium tetrafluoroborates to yield highly reactive P-functional
phosphanyl tungsten(0) complexes of type I (R' = CH(SiMe;),,
R* = CI, F or R' = Cp*, R* = Cl) together with triarylmethyl
radicals.>’ In the case of the P-Cl phosphanyl complexes®
35 heterocoupling in para position of the trityl unit occurred. In the
case of P-F derivative’ even coupling at the central carbon atom
of the triarylmethyl radical was possible, when tris(p-
methylphenyl)methyl tetrafluoroborate was employed as an
oxidant. When TEMPO has been used in the same vein, first *'P
40 NMR evidence for a transient P-F functional P-nitroxyl complex
(OC)sW {(Me;Si),HCP(F)TEMPO} was obtained,' but rapid de-
composition via an unknown mechanism occurred.
Therefore the quest emerged if trapping of such highly reactive
phosphanyl complexes with TEMPO'""'? could be achieved and,

45 hence, exploited to access novel non-innocent phosphane ligands.
When Li/F phosphinidenoid complex 1a,'® generated in situ by
lithiation of the corresponding fluorophosphane complex using
nBuLi, was reacted at —90 °C with a mixture of triphenylcar-
benium tetrafluoroborate (1.1 eq.) and TEMPO (5 eq.), the P-
so nitroxyl phosphane complex 3a was obtained quantitatively
below —20 °C, but decomposition occurred upon warming to
ambient temperature to give the lithium fluorophosphinite
complex 4'° within about 1 hour (Scheme 2).
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Scheme 2. Trapping of P-F phosphanyl complex 2a using TEMPO.
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In the *'P{'H} NMR spectrum 3a displayed a doublet with
satellites at 216.6 ppm (‘Jpw = 338.5 Hz, 'Ipp = 997.4 Hz).
Decreasing the amount of TEMPO in this reaction led to the
formation of varying amounts of the coupling product of 2a with
triphenylmethyl as described beforehand, thus pointing to the
importance of relatively high concentrations of TEMPO to favour
the formation of the trapping product 3a. Under the described
reaction conditions, but without triphenylcarbenium tetrafluoro-
borate, no reaction between la and an excess of TEMPO was
6s observed below 4 °C.

The structure of 3a was confirmed by single-crystal X-ray
diffraction analysis (Fig. 1). The P-O and O-N distances of
complex 3a are 1.6256(18) and 1.504(3) A, respectively, thus
lying within the normal range of such bond distances;'* the sum
of bond angles at phosphorus is 300.96 ° (ligand only).

To get a more convenient access to such phosphane
complexes, we further explored the phosphanyl complex
generation/trapping sequence by the use of oxoammonium
tetrafluoroborate [TEMPO]BF,,'*'® thus combining the one-
electron oxidation with in situ reaction of TEMPO formed.

Complexes 1a,b completely reacted with [TEMPO]BF, at
temperatures even below —50 °C to give selectively the cor-
responding P-nitroxyl phosphane complexes 3a,b (Scheme 3).
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Fig. 1 Molecular structure of complex 3a (50% probability level;
hydrogen atoms except H1 are omitted for clarity). Selected bond lengths
[A] and angles [°]: WP 2.5034(7), P-O 1.6256(18), O-N 1.504(3), P-F
1.5989(15), P-C(1) 1.814(2), N-O-P 117.52(13), O-P-W 123.79(7), F-
P-W 108.65(6), C(1)-P-W 119.15(9).
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Scheme 3. Reactions of complexes 1a,b with [TEMPO]BF,.

In contrast to 3a, complex 3b appeared to be stable at ambient
temperature in reaction solution for days (for the X-ray structure,
see Supporting Information).

To provide mechanistic insight into the formation of P-nitroxyl
phosphane complexes 3a,b, state-of-the-art dispersion-corrected
DFT calculations were performed.'” It was found (Scheme 4) that
one-electron oxidation of P-F phosphinidenoid complex 1a by
TEMPO" to form radicals 2a and TEMPO is exergonic by 20
kcal/mol. This is followed by an even more exergonic radical
recombination step (trapping) to form complex 3a (Scheme 4);
both processes being not very much solvent dependent.
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Scheme 4. DFT-computed free energy changes (in kcal/mol) for one-
electron oxidation of phosphinidenoid complex 1a in THF and in toluene
(in parentheses for comparison).

While P(I1T)-nitroxyl phosphanes derivatives are a known class of
compounds,'® TEMPO-derived P-nitroxyl phosphane complexes
deserve special interest as decomposition through O-N bond
homolysis may lead to unknown phosphanoxyl, i.e. phosphorus
analogues of nitroxyl radicals, impossible to access from ana-
logous P(IIl) derivatives due to the preferred formation of P-
centered phosphanoyl radicals."” Preliminary theoretical studies'®
had provided first insights into the bonding of 3a, showing the
preference of homolytic O-N over P—O bond cleavage (by ca. 27
kcal/mol), thus prompting us to investigate the thermal stability
of this compound experimentally.

Heating of complex 3a in toluene (0.1 M) to about 50 °C (1-
1.5 h) led to the color change from colorless to dark-brown and to
selective formation of complex 6 as the single phosphorus-
containing product (according to *'P NMR spectroscopy)
(Scheme 5). In case of more diluted solutions formation of an
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additional product was observed. This product, assigned as 5,2
formed as a single reaction product (in 0.02 M solutions of 3a), is
unstable and yields selectively complex 6 (*'P NMR monitoring).

(OC)sW. R
(©OCW_ R Toluene, 7
X / 45°C, 1.5h H N\
N — lo °9 F
N—"0 X N—H
3a - 5
R = CH(SiMej),)
)W /CH(SiMea)z
— N
Me,SiO F

6

45 Scheme 5. Thermal decomposition of P-nitroxyl complex 3a in toluene.

Complex 6 was isolated as a pure compound and characterized.
The *'P NMR spectrum displayed a doublet with satellites at
191.3 ppm (Jpw = 342.1 Hz, 'Jpr = 989.3 Hz). Three different
trimethylsilyl groups of 6 were distinguished in the 'H and "*C
NMR spectra as the signals at 6y = 0.15 (d, 4JH,P =1.6 Hz), 0.21,
0.28 ppm, and 8- = 1.4, 1.9 (d, 3JC‘P =2.6 Hz), 2.3 ppm (pseudo-t,
3JCP = 2.5 Hz). To verify the nature of this product, pure lithium
phosphinite complex 4'° was reacted with Me;SiCl, thus lending
further support to the proposed structure for 6.

Ammonium phosphinite complex 5 was observed in the *'P NMR
spectra of reaction mixtures as a doublet at 157.9 ppm (dgy, 1JP’W
= 309.8 Hz, 'Jpy = 952.9 Hz), which is very similar to the
reported >'P NMR data of the analogous lithium phosphinite
complex 4'° (dsy, 8p = 154.0, 'Tpw = 307.7 Hz, 'Tpr = 956.2 Hz,
CDCls). While it was not possible to isolate labile 5 in pure form,
sufficient for a full NMR characterization, we managed to obtain
a few crystals of 5 suitable for an X-ray analysis.”’ Compared to
the P-nitroxyl complex precursor 3a, the O-N distance in 5 is
significantly larger (2.6196(2) vs. 1.504(3) A). This comes with a
significantly shortened P—-O bond (1.489(7) vs. 1.6256(18) A in
3a), while the P-F bond is elongated (1.657(6) vs. 1.5989(15) A);
the latter is similar to the bonding situation found for lithium
phosphinite complex 4'° (P-O 1.501(9), P-F 1.621(7) A). The
H2-01 distance in 5 (1.69(13) A) suggests the presence of
hydrogen bonding involving the nitrogen and the oxygen atoms.

According to DFT calculations, homolytic N-O bond cleavage
(endergonic by 8.3 kcal/mol) in P-nitroxyl phosphane complex
3a is significantly preferred compared over the alternative hetero-
lytic cleavage of the N-O bond (endergonic by 19.0 kcal/mol)
and the homolytic P-O bond cleavage (endergonic by 35.9
kcal/mol), thus suggesting the formation of an hitherto unknown
phosphanoxyl complex 7% and 2,2.6,6-tetramethylpiperidinyl
(TEMP) in the first reaction step. The following hydrogen
abstraction” and exergonic proton transfer from phosphinous
acid complex 7" to the amine nitrogen eventually leads to meta-
stable ammonium phosphinite 5, which may dissociate back to
amine and 7" upon warming up (Scheme 6). Final product,
complex 6, could be formed via two pathways. In high con-
centrated solutions of complex 3a, complex 6 is formed by
exergonic silyl transfer from 3a to phosphanoxyl radical 7 (-26.4
kcal/mol). Alternatively, 6 can be formed via exergonic silylium
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transfer (—28.9 keal/mol) from 7" to phosphinite complex 5.
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Scheme 6. The DFT computed free energy changes (in kcal/mol) for the
s thermal decomposition of P-nitroxyl phosphane complex 3a in THF and
in toluene (in parentheses for comparison).

Computed oxidizing abilities (defined as free energy difference
with the corresponding electron-attached species, in kcal/mol) in
THF for different species are decreasing in the following order: 7
10 (120.0) > TEMPO" (115.5) > CPh;" (103.6) > 2a (95.6) > TEMP
(61.9) > TEMPO (53.1) > [3a]._ (51.5). From these data we
conclude that phosphanoxyl complex 7 can also act as a strong
one-electron oxidizing agent. Oxoammonium tetrafluoroborate
[TEMPO]BF, is a stronger oxidant compared to the corres-
1s ponding tritylium salt, and TEMPO is not able to act as one-
electron oxidant towards lithium phosphanido complexes.?'
Instead, in the latter case of 1a direct formation of corresponding
P-nitroxyl phosphane radical anion [3a]'_ over a low free energy
barrier of 9.2 kcal/mol is possible, followed by N-O cleavage
20 leading to an exergonic formation (by —51 kcal/mol) of anion 7~
that may combine with lithium cation to form final complex 4.

Conclusions

It was demonstrated that transient phosphanyl complexes can be

efficiently trapped by TEMPO. Furthermore, a new and facile
25 access to P-nitroxyl complexes 3a,b is described using an oxo-

ammonium tetrafluoroborate derivative as oxidative SET reagent

for phosphanido complexes. Apparently, P-TEMPO substituted

phosphanes can act as suitable precursors for novel phosphanoxyl

complexes and related species; their chemistry is now under
30 active investigation.

Notes and references

¢ Institut fiir Anorganische Chemie der Rheinischen Friedrich-Wilhelms-
Universitit Bonn, Gerhard-Domagk-Str.1, 53121 Bonn, Germany. Fax:
+49 22873 9616, Tel: +49 22873 5345, E-mail: r.streubel@uni-bonn.de
35 ¥ Mulliken Center for Theoretical Chemistry, Institut fiir Physikalische
und Theoretische Chemie, Rheinische Friedrich-Wilhelms-Universitdt
Bonn, Beringstr. 4, 53115 Bonn, Germany. Fax: +49-(0)228-739064,
Tel: +49-(0)228-732351; E-mail: grimme@thch.uni-bonn.de
1 Electronic ~ Supplementary Information (ESI) available;
40 DOI: 10.1039/6000000x/
1 Financial support of the SFB 813 “Chemistry at spin centers” is
gratefully acknowledged; G.S. thanks Prof. A. C. Filippou for support.
Dr. V. Nesterov and Dr. Z.-W. Qu contributed equally to this paper. This
paper is dedicated to Prof. W.-W. du Mont (70" birthday).
4s 1 a) Special issue on “Cooperative & Redox Non-Innocent Ligands in
Direkting Organometallic reactivity”: Eur. J. Inorg. Chem., 2012, 3,
340. b) Forum Issue on Redox Non-Innocent Ligands: /norg. Chem.,

s€e

50 2

60 7

90

95

105

20

110

21

22
115

23

2011, 50(20), 9737; c¢) V. Lyaskovskyy, B. de Bruin, ACS Catal.,
2012, 2, 270.

a) W. Buckel, Angew. Chem. Int. Ed., 2010, 49, 6894; b) W. Kaim,
B. Schwederski, Coord. Chem. Rev., 2010, 254, 1580.

For a theoretical study, see: E. B. Garner III, A. J. Arduengo III, R.
Streubel, D. Dixon, Dalton Trans. 2014, 43, 2069.

B. Ndiaye, S. Bhat, A. Jouaiti, T. Berclaz, G. Bernardinelli, M.
Geoffroy, J. Phys. Chem. A., 2006, 110, 9736.

A. H. Cowley, R. A. Kemp, J. C. Wilburn, J. Am. Chem. Soc., 1982,
104, 332.

J.-P. Bezombers, P. B. Hitchcock, M. F. Lappert, J. E. Nycz, Dalton
Trans., 2004, 499.

a) T. Berclaz, B. Ndiaye, S. Bhat, A. Jouati, M. Geoffroy, Chem.
Phys. Lett., 2007, 440, 224; b) H. Sidorenkova, T. Berclaz, B.
Ndiaye, S. Bhat, A. Jouati, M. Geoffroy, J. Phys. Chem. Sol., 2009,
70, 713.

A. Ozbolat-Schén, M. Bode, G. Schnakenburg, A. Anoop, M. Van
Gastel, F. Neese, R. Streubel, Angew. Chem. Int. Ed., 2010, 49, 6894.
V. Nesterov, A. Ozbolat-Schén, G. Schnakenburg, L. Shi, A.
Cangoniil, M. Van Gastel, F. Neese, R. Streubel, Chem. Asian J.,
2012, 7, 1708.

For the first approach, see: V. Nesterov, S. Schwieger, G. Schnaken-
burg, S. Grimme, R. Streubel, Organometallics, 2012, 31, 3457.

P. W. Siu, S. C. Serin, I. Krummenacher, T. W. Hey, D. P. Gates,
Angew. Chem. Int. Ed., 2013, 52, 6967.

For the use of TEMPO as a trapping reagent for phosphanoyl
radicals, see: a) H. J. Hageman, T. Overeeem, Makromol. Chem.,
Rapid Commun, 1987, 8, 311; b) U. Kolczak, G. Rist, K. Dietliker, J.
Wirz, J. Am. Chem. Soc., 1996, 118, 6477.

a) A. Ozbolat, G. von Frantzius, W. Hoffbauer, R. Streubel, Dalton
Trans. 2008, 2674; b) R. Streubel, A. A. Ozbolat-Schén, G. von
Frantzius, H. Lee, G. Schnakenburg, D. Gudat, /norg. Chem., 2013,
52,3313.

. F. H. Allen, O. Kennard, D. G. Watson, L. Brammer, A. G. Orpen, R.

Taylor, R. J. Chem. Soc., Perkin Trans. 2, 1987, 12, S1.

a) N. Merbouh, J. M. Bobbitt, C. Briickner, Org. Prep. Proced. Int.,
2004, 36, 1; b) L. Tebben, A. Studer, Angew. Chem. Int. Ed., 2011,
50, 5034.

Reaction of sodium enolates with [TEMPO]BF, is known to produce
corresponding alkoxyamines, see: M. Schdmann, H. J. Schifer,
Synlett, 2004, 9, 1601.

TPSS-D3/def2-TZVP + COSMO (THF) optimized geometries and
thermal corrections, the final free energies are computed at the TPSS-
D3/def2-QZVP + COSMO-RS (THF or toluene) level of theory using
larger def2-QZVP basis set and more reliable COSMO-RS solvation
model. See: a) J. M. Tao, J. P. Perdew, V. N. Staroverov, G. E.
Scuseria Phys. Rev. Lett. 2003, 91, 146401; b) S. Grimme, S. Ehrlich,
H. Krieg, D. 132 J. Chem. Phys. 2010, 132, 154104; c) S. Grimme,
L. Goerigk, J. Comput. Chem. 2011, 32, 1456; d) A. Klamt; G.
Schiitirmann, J. Chem. Soc. Perkin Trans. 1993, 2, 799; e) F.
Weigend, R. Ahlrichs, Phys. Chem. Chem. Phys. 2005, 7, 3297, ) F.
Eckert, A. Klamt, COSMOtherm, Version C2.1, Release 01.11;
COSMOlogic GmbH & Co. KG, Leverkusen, Germany, 2010.

a) H. G. Ang, K. F. Ho, J. Fluorine Chem., 1976, 8, 497; b) H. G.
Ang, F. K. Lee, J. Fluorine Chem., 1985, 27, 451; ¢) H. G. Ang, F.
K. Lee, J. Fluorine Chem., 1990, 47, 111.

D. Leca, L. Fensterbank, E. Lac6te, M. Malacria, Chem. Soc. Rev.,
2005, 34, 858.

Formation of a similar ammonium salt of a P-oxide (instead of a
transition metal complex) was reported for the reaction of TEMPO
with diphenylphosphane Ph,PH; the formation of TEMPO-PPh, was
assumed. Reaction with water gave the final product. For this, see: R.
J. Baker, E. Hashem, Helv. Chim. Acta, 2010, 93, 1081.

CCDC 937956 (3a), CCDC 1016739 (3b), and CCDC 1016740 (5)
contain the supplementary crystallographic information for this
paper.

The Mulliken spin density populations for 7 are 0.105 for P, 0.287 for
0O, and 0.411 for W; for the detailed information, see ref. 10.
H-Abstraction free energies (kcal/mol) in THF from some related
species are computed as follows: TEMP" (89.1) > THF (88.0) > 7"
(86.5) > toluene (85.5) > 2a" (80.3) > TEMPO" (63.1).

This journal is © The Royal Society of Chemistry [year]

Journal Name, [year], [vol], oo—oo0 | 3



