ChemComm

Accepted Manuscript

This is an Accepted Manuscript, which has been through the RSC Publishing peer
review process and has been accepted for publication.

Accepted Manuscripts are published online shortly after acceptance, which is prior
to technical editing, formatting and proof reading. This free service from RSC
Publishing allows authors to make their results available to the community, in
citable form, before publication of the edited article. This Accepted Manuscript will
be replaced by the edited and formatted Advance Article as soon as this is available.

ChemComm

Downloaded by University of Virginiaon 04 J
Published on 03 July 2012 on http://pubs.rsc.org | dg

To cite this manuscript please use its permanent Digital Object Identifier (DOI®),
which is identical for all formats of publication.

More information about Accepted Manuscripts can be found in the
Information for Authors.

Please note that technical editing may introduce minor changes to the text and/or
‘ MMM | graphics contained in the manuscript submitted by the author(s) which may alter
content, and that the standard Terms & Conditions and the ethical guidelines
that apply to the journal are still applicable. In no event shall the RSC be held
responsible for any errors or omissions in these Accepted Manuscript manuscripts or

RSCPublis|

any consequences arising from the use of any information contained in them.

RSCPublishing www.rsc.org/chemcomm

Registered Charity Number 207890


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/
http://dx.doi.org/10.1039/c2cc33277a
http://pubs.rsc.org/en/journals/journal/CC

Page 1 of 4

Downloaded by University of Virginiaon 04 July 2012
Published on 03 July 2012 on http://pubs.rsc.org | doi:10.1039/C2CC33277A

ChemComm

RSC Author Templates - ChemDraw (CHM) - Graphical Abstracts

All text and images must be placed within the frame.

A novel d-m electron system: Q/b//y/\
1,2-bis(ferrocenyl)diphosphene

71x62mm (300 x 300 DPI)

View Online


http://dx.doi.org/10.1039/c2cc33277a

Downloaded by University of Virginiaon 04 July 2012
Published on 03 July 2012 on http://pubs.rsc.org | doi:10.1039/C2CC33277A

a

w
=3

4

4

o«

o

&

0

&

CnemicCal Lommunication

Cite this: DOI: 10.1039/c0xx00000x

WWW.rscC.org /XXXXXX

SChemComm

COMMUNICATI®MNinc

Synthesis of a Stable 1,2-Bis(ferrocenyl)diphosphene

Takahiro Sasamori,** Michiyasu Sakagami,” Masatoshi Niwa,” Heisuke Sakai,b Yukio Furukawa,b and

Norihiro Tokitoh**

Received (in XXX, XXX) Xth XXXXXXXXX 20XX, Accepted Xth XXXXXXXXX 20XX

DOI: 10.1039/b000000x

The synthesis and characterization of a stable 1,2-
bis(ferrocenyl)diphosphene, wherein a P=P s-bond connects
two ferrocenyl units will be reported. This represents an
unprecedented example for a d-w electron system containing
a heavier pnictogen m-spacer group. Stabilization of the
highly reactive P=P m-bond was achieved by steric protection
using two bulky ferrocenyl moieties.

The sustained interest in d-w electron systems of bimetallic
complexes with m-bond spacers, i.e., M-—(m-conjugated
spacer)-M (M = transition metal), is due to their unusual
electronic, optical, and magnetic properties." Moreover, they
can serve as models for compounds with mixed-valence states
and for molecular wires, since the high energy level of the
occupied orbitals and the small HOMO-LUMO gap facilitates
electron delocalization over the d and = orbitals. In such d-x
electron systems, ferrocene is frequently used as the d-
electron moiety because (i) ferrocene exhibits a stable redox
behavior, (ii) the Cp ligands of ferrocene effectively correlate
the d-orbitals (Fe) with the external n-electron system and (iii)
organic n-electron systems can be easily attached onto the Cp
rings by a variety of established synthetic tools such as
metallations or cross-coupling reactions.” Some d-m electron
systems with two ferrocenyl groups bridged by a m-bond
moiety, e.g., Ph(Fc)C=C(Fc)Ph® or Fc-N=N-F¢' (Fc =
ferrocenyl) have been reported and they show the unique
properties of multi-step redox systems. A still prevailing
limitation for the m-electron systems in these compounds is
the restriction to the 2™ row of the p-block elements, even
though the chemistry of m-electron systems containing heavier
main group elements such as disilenes (R,Si=SiR;) and
diphosphenes (RP=PR) has recently been the subject of
substantial progress. Although they are known to be highly
reactive, the isolation of compounds containing m-bonds of
heavier main group elements is possible at ambient
temperature, when the m-bond is sufficiently stabilized by
sterically  demanding substituents.”  Still, systematic
investigations into the synthesis and properties of d-m electron
systems containing heavier main group element m-spacers
remain scarce to date. Recent reports on phosphorus-based m-
electron systems proposed an immense potential for these
compounds, not only with respect to applications in functional
materials but also from a fundamental perspective.® Combined
with the recent developments in the field of extended m-

electron systems containing phosphorus, this prompted us to
so investigate the chemistry of the corresponding phosphorus-
containing d-m electron systems.” The simplest conceivable
model compound for 1,2-bis(ferrocenyl)diphosphenes is Fc—
P=P-Fc, the phosphorus analogue of Fc-N=N-Fc,'"™* The
limited steric demand of the ferrocenyl groups should
ss however offer only insufficient protection for the reactive P=P
bond.® As a solution of this synthetic challenge,” we would
like to report the synthesis of a custom-tailored ferrocenyl
unit with an increased ability for steric protection, and its
subsequent implementation in the synthesis of 1,2-
o bis(ferrocenyl)diphosphene 1 as a stable crystalline compound.
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Scheme 1 Synthesis of bulky ferrocenylphosphines 7 and 8.

As a suitable ferrocenyl precursor, we identified 2,5-Dmp,-
1-iodoferrocene (6, Fc*I, Dmp = 3,5-dimethylphenyl) bearing

s two Dmp groups in 2 and S-positions of iodoferrocene
(Scheme 1).'° Sulfoxide 2 was obtained from a Negishi-cross-
coupling reaction of ferrocenylphenylsulfoxide'' with Dmpl.'?
Reduction of 2 with Nal and (CF;CO),0 afforded sulfide 3,1
which was oxidized with mCPBA to give sulfoxide 4, a
70 structural isomer of 2. The inversion of the sulfoxide at this
point is the key step for the introduction of another Dmp
group to give sulfoxide 5, which was achived by a second
Negishi-cross-coupling reaction between 4 and Dmpl.
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Treatment of sulfoxide 5 with n-BuLi and I, resulted in the
formation of 6,'2® which was subjected to sequential treatment
with n-BuLi and PCl; to form Fc*PCl, (7), which in turn was
reduced with LiAlH, to give primary phosphine Fc*PH, (8)."*
s The targeted 1,2-bis(ferrocenyl)diphosphene 1 was obtained
as a stable, purple, crystalline solid in 40% yield from the
reaction of 7 with Fc*PHLi (9), prepared from the
deprotonation of 8 with »n-BuLi, followed by
dehydrochlorination using DBU (Scheme 2).

F
1) n-BuLi (1.0 eq.) DBU < Dmp
2) Fc*PCl, (7, 1.0 eq.) (1. .
ropn DFEPCL 100 (1000 100" Cop oy
8 THF, =78 °C, 10 min. THIf Dmp
-78°C Fe
2h
1 (40%)

Scheme 2 Synthesis of 1,2-bis(ferrocenyl)diphosphene 1.

Molecule A Molecule B

Fig. 1 Molecular structure of diphosphene 1 with thermal displacement
ellipsoids at 50% probability. Two crystallographically independent
15 molecules (A and B) are contained per unit cell. All hydrogen atoms as
well as one molecule of hexane have been omitted for clarity.

The X-ray diffraction (XRD) analysis of single crystals of 1
revealed two crystallographically independent molecules with
similar structural parameters per unit cell (Fig. 1).!'* Both

20 P=P moieties exhibit E-configuration with C-P=P—-C angles of
ca. 180°. The P=P bond lengths of 2.0312(8) and 2.0379(8) A
are shorter than typical P-P single bonds (ca. 2.2 A)'® and
similar to those of previously reported diphosphenes.™” The
dihedral angles between the P-P—C(Cp) and the Cp planes are
ca. 42-45°. Stable metallocenyldiphosphenes such as
TbtP=PMc (Mc = ferrocenyl or ruthenocenyl, Tbt = 2,4,6-
[CH(SiMes),]5-C¢H,) show in contrast to that an almost
coplanar alignment of the Cp-P=P moieties.”>*™¢  The
relatively moderate dihedral angles of ca. 45° (i.e. not
perpendicular) in 1 do not impose significant restrictions on
the m-conjugative interaction. The solid state Raman spectrum
of 1 shows one strong Raman shift at 621 cm™! for the vpp
vibration. This vibrational frequency is consistent with those
for previously reported diphosphenes (ca. 610-650 cm™')!” and
supported by theoretical calculations (647 cm™').'® Combined
XRD analysis and Raman spectroscopy therefore suggests a
degree of P=P double bond character for 1 in the solid state

o
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that is comparable to that in previously reported diphosphenes.

The 'H and 3'P NMR spectra suggested a Cp, symmetric
structure of 1 in C¢Dg solution at room temperature.10 One
singlet signal was observed for the methyl protons of the Dmp
groups, indicative of facile rotation around the C(Cp)-
C(Dmp) bonds. The *'P NMR spectra of 1 (C¢Ds) showed one
resonance for the P nuclei at 482 ppm. This is consistent with
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s chemical shifts previously reported for stable diaryl- and

ferrocenyl-diphosphenes,””!” corroborating the preservation

of the P=P double bond in 1 in solution. The UV/vis spectra
of 1 in THF or hexane showed three characteristic absorption

iew Online

bands at Ay, = 351 (¢ 9,000), 448 (1,400), 556 (3,000) nm
(THF) or Apax = 349 (6,100), 446 (990), 546 (2,000) nm
(hexane). Previous reports on stable diaryldiphosphenes, e.g.,
Mes*P=PMes* (Mes* = 2,4,6-tri-t-butylphenyl)*® assigned the
two absorptions at shorter wavelengths with Ay, = ca. 350
and ca. 450 nm to symmetry-allowed m-n* and symmetry-
forbidden n-m* transitions of the P=P chromophore. The
absorption of 1 at longer wavelengths (ca. 550 nm) should
accordingly be attributed to d-m* electron transitions from
filled d-orbitals at the Fe center to the n* orbital of the P=P -
spacer. This is supported by the solvochromacy of this
electron transition (Aly,x = 10 nm) as well as by the accurate
reproducibility of the A, values from theoretical calculations,
which suggest HOMO(Fe,d)-LUMO(P=P,n*) and HOMO-
3(Fe,d)-LUMO(P=P,n*) electron transitions at 553 and 542
nm, respectively.?!

The cyclic voltammograms of 1 (Fig.2) showed one
reversible redox couple in the reduction region at £, = -2.03
V (all potentials referenced vs. FcH/FcH'), which is
significantly lower than that of FcN=NFc (-2.32 V)."® The
lower reduction potential should be a direct consequence of
the lower LUMO level of the P=P n—bond relative to that of
the corresponding N=N nt-bond.?* The reduction potential of 1
is also considerably lower than that of the previously reported
diaryldiphosphenes, e.g., Mes*P=PMes* (ca. —2.4 V)%
which can probably be attributed to the effective m-

s conjugation in 1. The oxidation region showed three oxidation

waves at E,, = +0.69, +1.03, and +1.75 V. Upon reversing the
sweep at E<1 V, the first wave was found to be reversibe (£,
= +0.41 V), showing a first oxidation potential at £, = +0.55
V. The two subsequent oxidation steps at E,, = +1.03 and
+1.75 V were found to be irreversible, suggesting facile
decomposition of the transient dicationic and/or tricationic
species. By comparison with  previously reported
ferrocenyldiphosphenes sucha as Tbt—P=P—Fc,” the first two
oxidation potentials of 1 (E,, = +0.69, +1.03 V) should be
assigned to the oxidation processes of the ferrocenyl moieties,
whereas the third (£,, = +1.75 V) should be assigned to that of
the P=P moiety. We would like to point out that the oxidation
processes of both ferrocenyl moieties were observed in two
separate steps with AE = 0.34 V, which is considerably larger
than the separation in Ph(Fc¢)C=C(Fc)Ph*® (AE = 0.18 V) or
Tip(Fc)Si=Si(Fc)Tip”* (AE = 0.19 V). The increased
separation suggests an increase in electronic communication
through the P=P m-electron moiety and thus leads to the
conclusion that the P=P double bond is highly effective -
electron spacer for bimetallic d-m electron systems.

In summary, we have shown here the synthesis of the first
stable 1,2-bis(ferrocenyl)diphosphene by taking advantage of
a bulky ferrocenyl group. The assessment of its structural
parameters and physical properties allowed the conclusion
that the P=P m-bond is stable both in the solid state and
solution and can act as an efficient wt-electron spacer to couple
the d-electrons of two ferrocenyl groups.
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Fig. 2 Cyclic voltammograms of 1 (2.0 mM, 0.1 M n-BuyNBF,): (a)
Oxidation region, —78 °C, in CH,Cl, (b) Reduction region, r. t., in THF.
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