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Novel synthetic route for (parent) phosphetanes,
phospholanes, phosphinanes and phosphepanes+

Stephan Reichl, Gabor Balazs and Manfred Scheer ©*

A novel synthetic route for (parent) phosphorus-containing cycloalkanes such as phosphetanes,
phospholanes, phosphinanes and phosphepanes is reported. By using [K(dme),lo[Cp*Fe(n?-Ps)l () in
combination with o,w-dibromoalkanes C,H,,Br, [n = 3-6], unique phosphetane, phospholane,
phosphinane and phosphepane precursor complexes [Cp*Fe{n*-Ps(CH,)}] [n = 3-6] (2-5) are
synthesised. They act as P-atom carriers and the corresponding phosphetane, phospholane,
phosphinane and phosphepanes (6—9) can be released by nucleophiles i.e., potassium benzyl (KBn) or
LiAlH4. The latter enables the selective synthesis of parent cyclic secondary phosphines (10) in an easy
and straightforward way, including the first parent phospholane (10b).

Introduction

Heterocyclic chemistry is one of the prime topics in organic and
inorganic chemistry, with billions of heterocyclic compounds
synthesised and some of them widely used, e.g. in the phar-
maceutical industry.” On the other hand, phosphines are widely
employed in (asymmetric) organocatalysis,>® which is still
amajor field, rewarded with two Nobel Prizes within the last two
decades.* To customise and tune (transition)metal complexes
used in catalysis, a variety of phosphines have been and are still
being synthesised.>”

While phosphorus heterocycles are of academic interest,
such as e.g. the Wittig Reaction,® bidentate® and caged® phos-
phines are on the rise as tuneable ligands in catalysis and
Wittig-type reactions, which are widely used in industry."® The
importance of specific phosphorus heterocycles in transition-
metal-assisted (asymmetric) catalysis is remarkable, as for
instance the usage of phospholanes in DuPhos or BPE, repre-
senting chiral ligands for asymmetric catalysis (Scheme 1).*

The synthesis of cyclic phosphines is anything but trivial.
Generally speaking, special reaction conditions such as liquid
ammonia as solvent,”” dilution conditions, slow fractional
distillation over long columns for work-up or tedious multi-step
syntheses are necessary.>'""* This is accompanied by a lack of
selectivity and low yields. In addition, sterically demanding
substituents such as tert-butyl groups in the carbon backbone
or phenyl groups attached to the phosphorus atom in the
starting materials are necessary to stabilise the phosphorus-
containing heterocycles by these approaches, which makes

Institute of Inorganic Chemistry, University Regensburg, UniversititsstrafSe 31, 93053
Regensburg, Germany. E-mail: manfred.scheer@chemie.uni-regensburg.de

T Electronic supplementary information (ESI) available. CCDC 2232605-2232614.
For ESI and crystallographic data in CIF or other electronic format see DOI:
https://doi.org/10.1039/d35c00580a

3834 | Chem. Sci,, 2023, 14, 3834-3838

access to the corresponding parent (P-H) compounds even
more difficult."*** Very recently, Cummins reported the
synthesis of the parent phosphirane (C,HsP), not coordinated to
W(CO)s,*® based on a multistep Nickel-catalysed transfer reac-
tion of tri-tert-butylphosphatetrahedrane.”” Other parent
phosphorus-containing heterocycles are usually accessible by
low yields, time-consuming synthesis or less selective
methods.*®*® Specifically, secondary cyclic phosphines are
prepared by hydrolysis of silylated species or protonation of
suitable precursors.'”?*** However, the latter usually also have
to be synthesised in a complex manner, using rather unselective
conventional routes with low overall yields.?>** Therefore, there
is an increasing need for a rational and direct synthesis of cyclic
phosphines, especially of the parent derivatives (Scheme 1).
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Scheme 1 Selected phosphorus heterocycles used in organo-
catalysis,*? pharmacy,?? industry,'® and the parent phospholane.
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Herein we report the synthesis of the precursor compounds
[Cp*Fe{n*-P5(CH,),.}] (Cp* =n>-CsMes; 2: n=3;3:n=4;4:n=
5; 5: n = 6) and the straightforward, selective and easy synthesis
of cyclic phosphines of different ring sizes - phosphetane (6),
phospholane (7), phosphinane (8) and phosphepane (9), via
nucleophilic phosphine abstraction by a pentaphosphaferro-
cene-mediated route.”® The reaction of the spiro compounds
2-5 with nucleophiles leads to the formation of unprecedented
heterocyclic parent phosphines 10a-d including the first parent
phospholane 10b.

Results and discussion

When reacting [K(dme),],[Cp*Fe(n’-P5)] (I** (dme = dime-
thoxyethane) with two equivalents of 1,3-dibromopropane, the
*'p{"H} NMR spectrum of the reaction solution exhibits sets of
signals corresponding to two different AMM'XX' spin systems in
a ratio of 2:1 (products 1 and 2). Chromatographic workup
under inert conditions leads to the isolation of two complexes,
[Cp*Fe{n"-P5(C3HeBr)}] (1) and [Cp*Fe{n’-P5(C:Hq)}] (2)
(Scheme 2), but lowers the yield. Complex 1 represents the ex-
pected reaction product and the molecular structure in the solid
state exhibits an n*-P; moiety, bearing two 4-bromo-n-propyl
substituents (Fig. 1 and S42+). In contrast, the XRD analysis of 2
reveals the formation of a spiro-cyclic ligand with a phosphe-
tane-like moiety (Fig. 1). Its formation can be explained by the
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Scheme 2 Reactivity of | towards: (a) 1,3-dibromopropane; (b) 1,4-
dibromobutane; (c) 1,5-dibromopentane; (d) 1,6-dibromohexane.
Yields are given in parentheses.

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

Fig. 1 Molecular structure of 2-5 in the solid state; hydrogen atoms
are omitted for clarity; thermal ellipsoids are drawn at 50% probability;
Cp ligands are drawn in the wire frame model.

initial formation of the ionic compound [Cp*Fe{n-
P5(C3H¢Br)}] ™, followed by an intramolecular salt metathesis
reaction. This side reaction competes with the formation of 1.
However, the formation of 1 cannot be supressed by usinga1:1
stochiometric ratio between I and 1,3-dibromopropane. By
using a 1: 2 ratio, the yields of both products 1 and 2 are similar
(¢f ESI).T

Notably, the use of 1,2-dibromoethane does lead to a redox
process in which [Cp*Fe(n®-Ps)] (I'), KCl and ethene are formed.

When I is reacted with 1,4-dibromobutane without using
dilution conditions, [Cp*Fe{n*-P5(C4Hy)}] (3) can be isolated in
71% yield (Scheme 2). This shows that there is an intrinsic
driving force for the formation of homocyclic products over
disubstituted bromo-functionalised alkyl derivatives. The solid-
state structure was proven by XRD (Fig. S441) and reveals
a spirocyclic phospholane-type ligand.

When reacting I with one equivalent of 1,5-dibromopentane
(Scheme 2), the *'P{"H} NMR spectrum of the reaction solution
exhibits two different (AMM'XX’) spin systems in a ratio of 10 : 1,
in which the major compound can be attributed to complex 4
(Fig. S521). After chromatographic workup, solely complex
[Cp*Fe{n*-P5(CsH;0)}] (4) can be isolated in 61% yield. Unfor-
tunately, the minor product cannot be isolated and decomposes
during the chromatographic workup.

Similarly, I reacts with one equivalent of 1,6-dibromohexane
(Scheme 2), leading to [Cp*Fe{n*-P5(CeH1,)}] (5), which was
isolated in 30% yield. The *'P{'"H} NMR spectrum of the reac-
tion solution shows the formation of two other [Cp*Fe(n*-P,)]-
containing species with spin systems of higher order
(Fig. S537) in an overall ratio of 1:1 to complex 5. Mass spec-
trometric analysis of the reaction solution in combination with
the *'P{'"H} NMR data (Fig. S531) of the reaction mixture
strongly suggests the additional formation of [{Cp*Fe(n*-
P5)}2(CeHis),] in which the two {Cp*Fe(n*-P;)} moieties are
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bridged by two n-hexyl units. Unfortunately, the second
compound decomposes during chromatographic workup and
could not be isolated and further characterised.

Compounds 2-5 were characterised comprehensively by
XRD, mass spectrometry, NMR spectroscopy and elemental
analysis. They represent complexes of a rare class of phosphe-
tane-, phospholane-, phosphinane- and phosphepane-like spi-
rocyclic ligands containing complexes which can be easily
synthesised.

Knowing that a doubly substituted phosphorus atom can be
removed from the P5 unit of the Cp*Fe fragment,> this strategy
was also applied for compounds 2-5. It paved the way for a novel
synthetic route for substituted phosphetane, phospholane,
phosphepane and phosphinane derivatives, starting from white
phosphorus, where the side product [K][Cp*Fe(n*-P,4)] can be
recycled in a “semi-catalytic-cyclic-process”.?> When reacting
compound 2-5 with one equivalent of potassium benzyl (KBn)
at —80 °C in THF, the corresponding phosphetane BnP(CH,)3
(6), phospholane BnP(CH,), (7), phosphinane BnP(CH,)s (8)
and phosphepane BnP(CH,)s (9) (Scheme 3) can be isolated as
colourless viscous liquids after extraction with n-pentane and
slow removal of the solvent under reduced pressure in yields of
60-80% (Scheme 3). In addition, [K][Cp*Fe(n*-P4)] is formed.
The identity of the phosphines was proven by NMR spectros-
copy and, after oxidation with sulphur by the corresponding
phosphine sulphides (¢f compounds 6-9'), also by single
crystal X-ray diffraction analysis (Fig. 2 and S47-S50%). Via this
procedure, compounds 6-9 can be easily and selectively syn-
thesised without the need of bulky substituents on the phos-
phorus atom or special starting materials, and at that in much
better overall yields.

Furthermore, we were interested in whether it is possible to
use nucleophiles other than KBn to cleave off the phosphine. It
has to be noted that MeLi and PhLi do not lead to the formation
of the corresponding phosphines. However, using KPh shows
the formation of phenylphospholane® in the reaction of 3 with
KPh.

An interesting class of substances are secondary phosphines,
representing functionalisable compounds which can be con-
verted to many different products e.g. phosphides or act as
ligands themselves. As stated before, in order to synthesise
cyclic secondary phosphines, harsh or cumbersome reactions
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note that the yields given in parentheses are not optimised).
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Fig. 2 Molecular structure of 8 (left) and 11 (right) in the solid state;
hydrogen atoms of 8 are omitted for clarity; thermal ellipsoids are
drawn at 50% probability.

conditions are needed. And even then, such reactions are not
very selective, limited in their scope, and long-lasting workup by
fractional distillation is necessary. Therefore, LiAlH, was used
as a hydride source to cleave off the P(CH,),, unit from 2-5. The
reaction of 4 and 5 with LiAlH, leads to the formation of the
desired parent-phosphinine (HP(CsHj,)) in 71% and -phos-
phepane (HP(C¢H;,)) in 73% yield, respectively, according to
NMR spectroscopy (Scheme 3, Fig. $56 and S571). The *'P/*'P
{'"H} NMR data are in agreement with those products reported
in the literature.*®** To our surprise, (parent-)phospholane
(HP(C4Hg)) has not been reported so far. To validate the versa-
tility of this synthetic procedure, we reacted 3 with LiAlH, in
THF-dg (Scheme 4), leading to the parent phospholane
(HP(C4Hg)) (10b), which can be distilled off from the reaction
mixture (1 x 107> mbar, 60 °C, 30 minutes) and isolated as
a THF-dg solution in 68% yield.

The *'P NMR spectra (THF-dg) of 10b show a doublet of
triplets at 6 = —70.8 ppm (Yp_;; = 187 Hz, */p; = 21 Hz)
(Fig. S25 and S26%). To determine its molecular structure,
compound 10b was reacted with [Pt(PhCN),Cl,], leading to
complex 11 (Scheme 4). The molecular structure of 11 in the
solid state (Fig. 2) reveals the expected formation of the parent
phospholane 10b, coordinating to a [PtCl,] unit in a k'-fashion,
forming the square planar cis-complex [({C4Hg}PH),PtCl,] (11)
(Fig. 2).

The *'P{'"H} NMR spectrum (CD,Cl,) of 11 shows a singlet at
6 = —15.4 ppm with "°Pt satellites (‘Jp_pe = 3384 Hz). The
corresponding *'P NMR spectrum (CD,Cl,) of 11 shows
a doublet (at 6 = —15.4 ppm) with a “Jp_y coupling constant of
377 Hz. The NMR data are in agreement with those of similar
secondary phosphines coordinating to platinum* and prove, in
combination with the corresponding FD-MS data of 11, unar-
guably the identity of the formerly unknown parent-
phospholane HP(C,Hj,) (10b). It has to be noted that the reac-
tion of 2 with LiAlH, leads presumably to the formation of the
desired (parent)phosphetane (HP(C3Hg)). According to *'P NMR
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Scheme 4 Reactivity of 3 towards LiAlH4.
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spectroscopy, this cyclic phosphine (10a) is formed (6 =
—29.1 ppm (Yp_yy = 164 Hz, *Jp_y = 18 Hz)) (Fig. S5471) in 42%
yield alongside with unidentified volatile side products, which
can unfortunately not be separated from 10a. *'P NMR spectra
of the distillate suggest the additional formation of a di-
phosphine, bearing one P-H bond, alongside of 10a (Fig. S587).

Conclusions

In summary, the reaction of the dianionic polyphosphorus
complex I with 1,3-dibromopropane yields complex 1, bearing
two terminal bromine groups, as well as a spirocyclic ligand
complex 2 containing a phosphetane-like moiety. When
increasing the chain length of the di-bromoalkanes, the
formation of the analogous two-fold substituted complex 1 is
not observed. Instead, the intramolecular salt metathesis reac-
tion is favoured and the corresponding free phospholane- and
phosphinane-type spirocyclic ligands are obtained in high to
moderate yields. When reacting I with 1,6-dibromohexane,
a rare seven-membered phosphepane-like ligand complex 5 was
isolated. Given the different alkyl chain lengths, the trend is
towards yielding the functionalisation and ring formation for
1,3-dibromopropane, towards cyclisation exclusively when
using 1,4-dibromobutane and towards ring formation and
presumably linkage of two Cp*FePs moieties with longer alkyl
chains. Moreover, complexes 2-5 represent very versatile
precursors for the synthesis of the corresponding free phos-
phines by a nucleophilic phosphine abstraction reaction. The
presented synthetic route offers great variability towards
different reagents and can easily be extended, without the usage
of large steric substituents. This procedure can be easily
extended to other organo-substituted ring compounds. That
way, the substituted phosphetane, phospholane, phosphinane
and phosphepane (6-9) ring compounds could be synthesised
in good yields, which are otherwise not accessible. In addition
to this, we demonstrated that it is also possible to synthesise
parent secondary phosphines derivatives 10a-d via this route,
as represented by the parent-phosphetane HP(C;H,) (10a) as
well as the parent-phospholane HP(C,Hg) (10b), which have
been synthesised for the very first time. This synthetic strategy
paves the way for having access to secondary phosphines, as
a whole class of substances, in a straightforward way.
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