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ABSTRACT

Two bis(benzoxaphosphole)s, 2,20-diphenyl-7,70-bibenzo[d][1,3]benzoxaphosphole (1) and 1,10-
bis(2-benzo[d][1,3]oxaphosphole)ferrocene (2) have been prepared and fully characterized, includ-
ing structural characterization by single crystal X-ray diffraction methods. Compound 1 has flexibil-
ity about the connecting CC bond as evaluated by DFT calculations. The structure of 2 adopts a
configuration in the solid state whereby the two BOP units are held in close proximity, presumably
due to p-stacking interactions. Under UV irradiation compound 1 is blue fluorescent with a quan-
tum yield of 18% in THF. Compound 2, however, displays no significant emission, which is attrib-
uted to ferrocene’s excited state quenching ability.
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Introduction

The development of new p-conjugated organic materials that
are electronically active and tunable is a steadily progressing
field of study.[1–6] Many p-conjugated molecules share a simi-
lar core geometry whereby maximal coplanarity and overlaps
of pp-pp bonds is achieved. Adequate orbital overlap and
p-conjugation length allows for the delocalization of electrons

and enhancement of desirable electronic properties such as
conductivity and photoluminescence.[7,8] Addition of heteroa-
toms having lone-pairs of electrons and/or accessible r� orbi-
tals interacting with p-conjugation pathways has been used as
one mechanism to tune HOMO-LUMO bandgaps, allowing
access to new optoelectronic behavior.[5,9] The exchange of
C¼C bonds for pp-pp P¼C bonds along the p-conjugation
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paths of molecules result in a notable lowering of the LUMO
energies and corresponding red-shifted absorptions.[7,10,11]

Integration of pp-pp P¼C bonds within five- and six-
membered heterocycle rings, can, in select cases, afford pho-
toluminescent molecules which have garnered attention as
“photo-copies.”[7,12–17] Our group provided a detailed study
of the first examples of these molecules featuring 2-Ar-1,3-
benzoxaphospholes (Figure 1, BOP/PC-1) in 2010.[14] 2-
Aryl-BOPs display blue fluorescence with quantum yields
(QY) ranging from 12% to 60%.[12,14]

Several other classes of phosphorous substituted hetero-
cycles that display noteworthy fluorescent properties have
been developed (Figure 1). The Noonan group was able to
prepare benzothiaphospholes[13] (PC-2) and benzobisthia-
phospholes[18] (PC-3) with QY varying from 1.5% to 5.5%
and 0.3% to 5.4% for PC-2 and PC-3, respectively. Air toler-
ant 9-phosphaanthracenes (PC-4) developed by Ito and
Mikami displayed QY of 0.1%–13%.[15] A series of fluores-
cent 2-pyridyltriazaphospholes developed by Mueller, Hissler
and Nyul�aszi[16] (PC-5) achieved QY’s of 11%–12%. More
recently Nagahora and coworkers developed p-

phenylenephosphinines (PC-6) with fluoresence QY in solu-
tion and PMMA films ranging from 1.0% to 54%.[17]

Our group has also developed luminescent compounds
having two or more BOPs linked by conjugated units
(BBOP and bisBOP, Figure 1).[19] This work demonstrated
that the color of emission depended on the nature of the
intervening p-conjugated linker. This work has inspired us
to examine the impact of imposing additional geometric
constraints between two BOP motifs, independently of
p-conjugation. In this work we have thus explored the syn-
thesis and characterization of two rotationally flexible
bisBOPs using the readily available precursors 2,20-biphenol
and 1,10-ferrocenedicarboxylic acid.

Results and discussion

Syntheses

The synthesis of most BOP-type molecules requires suitable
ortho-hydroxy phenyl phosphines. 2,20-Diphenyl-7,70-biben-
zo[d][1,3]benzoxaphosphole 1 was prepared starting from
commercially available 2,20-biphenol in three steps, as shown
in Scheme 1. First, reaction of commercially available 2,20-
biphenol with two equivalents of diethyl chlorophosphate
with a slight excess of triethyl amine afford the tetraethyl
diphosphate (1a) in 50% yield.[20] Compound 1a was then
subjected to an anionic phospha-Fries rearrangement cleanly
yielding the tetraethyl bis(phosphonate) (1b) in 94% yield.
Reduction of 1b in anhydrous diethyl ether with lithium
aluminum hydride gives the 3,30-diphosphino-2,20-biphenol
(1c) in 86% yield as an air-stable white solid. The 31P NMR
of 1c is shifted downfield compared to 2-phosphinophenol
(d ¼ 145.2 ppm vs. d ¼ 154.1 ppm). As expected for a pri-
mary phosphine, the resonance is a triplet with a coupling
constant of J¼ 206.5Hz (e.g., 2-phosphinophe-
nol, J¼ 205.3Hz).

Refluxing 1c in toluene with two equivalents of benzoyl
chloride under anaerobic conditions affords 1 (Scheme 1B)

Scheme 1. (A) Preparation of diphosphine 1c. (B) Synthesis of 1 via dehydrocyclization of 1c with benzoyl chloride.

Figure 1. Selected examples of low-coordinate phosphorus containing hetero-
cycles as “photo-copies.”
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after workup as an analytically pure pale-yellow microcrys-
talline solid in 90% yield. Compound 1’s solution properties
are consistent with previously reported 2-Ar-BOPs. In solu-
tion, 1 displays bright blue fluorescence when irradiated at
365 nm. UV-vis measurements of 1 in THF show a max
absorbance at kmax ¼ 336 nm, and molar absorptivity of
33,160 L�mol�1�cm�1. The 31Pf1Hg shift in CDCl3 appears
at dþ 86 ppm, in line with other 2-Ar-BOPs (e.g., 2-(4-
MePh)BOP, dþ 83 ppm).[14]

Anchoring two BOPs to each ring of ferrocene should
allow the BOP rings to remain parallel with respect to each
other regardless of being conformationally trans- or eclipsed.
Unlike synthesis of 1, however, synthesis of a ferrocene
linked bisBOP compound proved more complicated than
expected. BOPs are typically prepared in one of two ways:
1.) condensation of 2-phosphinophenol with an imidoyl
chloride,[14] or 2.) dehydrocyclization with an aryl acyl
chloride.[21] In our hands, the reaction of 1,10-ferrocene
dicarbonyl chloride and 2-phosphinophenol yielded a mix-
ture of unidentified products. The preparation of 2 gave an
opportunity to develop a synthetic route new to the prepar-
ation of benzoxaphospholes. Specifically, the Steglich esterifi-
cation, or carbodiimide coupling, was found to give
conditions that productively and cleanly react with 2-
phosphinophenol.

In a model reaction of 2-phosphinophenol and p-toluic
acid, N,N0-diisopropylcarbodiimide (DIC) is a competent
coupling agent in the preparation of the desired ester (S1)

shown in Scheme 2A. Purification via flash chromatography
(silica gel 60, DCM) in ambient conditions affords S1 as an
oxygen and water stable primary phosphine. No phosphi-
noacetate coupling product was observed during this reac-
tion. This suggests phosphorus has a comparatively low
nucleophilicity compared to alcohols and primary amines
under these conditions.

Coupling of 2-phosphinophenol with 1,10-ferrocenedicar-
boxylic acid (2a) was met with additional challenges, as 2a is
relatively insoluble in DCM. Addition of 25% DMF in DCM
aids in solubilizing 2a. We found that this modification pre-
pares the 2-phosphinophenylacetate (2b) (Scheme 2B) in sat-
isfactory yield and purity. No reaction is observed upon
heating the phenylacetate in toluene suggesting that dehydro-
cyclization in benzoxaphosphole syntheses are acid catalyzed.
Addition of a catalytic amount of p-TsOH affords the bisBOP
2 as a brick red solid in a modest, unoptimized yield of 11%
after flash chromatography. The 31Pf1Hg NMR signal in
CDCl3 for this compound appears at dþ 79.77 ppm, which is
comparable to 31P NMR shifts for 2-tert-butyl and 2-adaman-
tyl functionalized benzoxaphospholes.[14] The symmetry of
the 1H NMR spectrum is consistent with the molecule freely
rotating in solution on the NMR timescale.

Solid state molecular structures

Crystals of 1 and 2 suitable for X-ray diffraction were grown
from a saturated DCM solution cooled to �35 �C (1) or

Figure 2. Structural (left) and packing (right) representations of 1. Hydrogen atoms omitted for clarity for diagram on left. Selected bond distances (Å) and angles
(deg): P1–C7, 1.715(3); P1–C8, 1.790 (2); O1–C7, 1.378(3); C8–P1–C7, 88.4(1).

Scheme 2. (A) Model synthesis of 2-(4-MePh)BOP via Steglich esterification and dehydrocyclization. (B) Synthesis of 2 via Steglich esterification followed by dehy-
drocyclization with pTsOH.
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slow cooling of a saturated toluene solution (2). The results
of each study are portrayed in Figures 2 and 3, respectively.

The P¼C bond length of 1.715 (3) Å, and C8–P1–C7
bond angle of 88.4(1)�, in 1 are in good agreement with the
average bond lengths found in 2-aryl-BOPs.[14] For example,
the corresponding values for 2-(4-chlorophenyl)-BOP are
1.712(2) Å and 88.15(9)� respectively.22

While 2-aryl-BOPs are generally planar molecules, the
two BOPs in 1 are mutually not coplanar. The best plane of
non-hydrogen atoms of each BOP is tilted by 47.8� from
one another. The non-planarity of the two BOP units is rea-
sonably attributed to steric clashes between the two hydro-
gen atoms nearest the oxygen atoms that would occur in the
stretched out/flattened configuration. To explore this explan-
ation in more detail, a series of DFT calculations (B3LYP/6-
31G�) were performed where the dihedral angle about the
linking C12–C120 bond was systematically varied from 0 to

180�. Two minima were located, one near 46� and the other
around 128� (Figure 4). The former is consistent with the
observed structure. The latter is most likely in facile equilib-
rium with the other conformation, as energy barrier is esti-
mated to be small (ca. 1.5 kcal/mol). Qualitatively, the
former conformer might be predicted to be better able to
stack in the solid state as “cupped playing cards.” The pack-
ing diagram (Figure 2) shows this is indeed the preferred
form with columns of both enantiomers of 1 aligning along
the b-axis of the unit cell. The calculations also reveal that
as the dihedral angle approaches 180�, the steric clashes
between the 2-phenyl groups becomes severe and induces
significant distortions in the BOP cores.

The solid-state structure of compound 2 is notably differ-
ent from that displayed by 1, in that the BOP entities are
located just above and below each other (Figure 3). Centroid
to centroid distances for the 5- and 6-membered rings of
the BOP groups are 3.58 and 3.81Å. Compared to centroid-
to-centroid distance of the ferrocene linker (3.33Å) there is
some degree of p-p repulsion between the BOP substituents.
Interestingly, several other examples of ferrocene-linked het-
erocycles display this stacking arrangement, including a
related example having two 2-phenyl-1,3-naphthoxazole
units (centroid to centroid distance of 3.44Å between oxa-
zole rings).[23–26] In this example, however, the nitrogen
atoms are pointed toward opposite directions (anti). To help
explain this interesting orientation, an assessment of poten-
tial noncovalent interactions between the BOP groups in 2

was made via a DFT calculation (B3LYP/6-31G�) and gener-
ation of a non-covalent interaction (NCI) plot shown in
Figure 5.[27–29] The results do indeed suggest favorable
attractions between the two BOP groups, as indicated by the
green surfaces.

Figure 3. Structural diagram of 2. Hydrogen atoms omitted for clarity. Selected
bond distances (Å) and angles (deg): P1–C6, 1.700(6); P2–C18, 1.706(6); P1–C12,
1.808(6); P2–C24, 1.791(6); O1–C6, 1.364(6); O2–C18, 1.371(6); C6–P1–C12,
88.0(3); C18–P2–C24, 87.7(3). P1–C6–C5–C1, 12.59(9); P2–C18–C17–C13, 5.5(9).

Figure 4. Plot of C12–C120 torsions from 0 to 180� , optimized at B3LYP/6-31G�.
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These observations are also consistent reports of 1,10-bis-
substituted ferrocenes which displaying an eclipsed conform-
ation in the solid state, implying some benefit of intramo-
lecular p-p stacking combined with crystal packing
forces.[30–38] In addition to the trans and eclipsed conforma-
tions, unsymmetric heterocycle rings may also adopt syn-
and anti-conformations (in the case of BOPs, with respect to
the P-atom).

The P1–C6 and P2–C18 bond lengths (1.700 and 1.706Å,
respectively) in 2 are on the short end of the average Aryl-
BOP P¼C bond (1.703–1.728Å). Again, these metrics bet-
ter resemble the 2-alkyl substituted BOPs.

UV-visible and fluorescence

The colors of BOPs in the solid-state range anywhere from
colorless to bright yellow. Compound 1, which can be con-
sidered an electronically isolated pair of 2-Ar-BOPs, shares
most optical properties common to many 2-Ar-BOPs. In the
solid state, pale-yellow solid 1 displays no significant solid-
state emission when irradiated with a handheld UV lamp. In
solution, UV irradiation induces a vibrant blue emission.
Absorbance and emission spectra of 1 in THF were collected
over a range of concentrations. There is a single absorbance
at 335 nm. The emission spectrum displays a single peak at
415 nm (THF, excitation at 366 nm). A plot of the kmax ver-
sus concentration gives a linear trace with an R2 of 0.998
and the molar extinction coefficient was given to be
33,200M�1�cm�1, following Beer’s law. The QY was meas-
ured to be 18% in THF, relative to quinine bisulfate and
9,10-diphenylanthracene. The Stokes shift of the emission is
79 nm, which is on the lower end of values observed for 2-
Ar-BOP’s (79–89 nm) (Figure 6).

Compound 2, however, presents substantially different
photophysical properties than 1 and most 2-Ar-BOPs. It is
brick red in the solid state and in solution and displays no
visible emission under 254 nm or 365 nm UV light in either
state. The lack of emission from 2 is likely due to well-
known emission quenching of fluorophores substituted with
ferrocene.[34] In THF, the max absorbance peak appears at
326 nm with a shoulder near 357 nm. Additionally, there is a
smaller absorbance at 490 nm. A plot of the kmax versus con-
centration gives a linear trace with an R2 of 0.999 and the
molar extinction coefficient was given to be
24,500M�1�cm�1, following Beer’s law.

Conclusions

We have prepared and structurally characterized two non-
planar bisBOPs. These examples act as proof of concept in
generation of three-dimensional building block based on
C¼P bearing heterocycles. Further investigation into the
application of these molecules as ligands, monomeric build-
ing blocks, and sensors is currently being explored.
Analogues of compound 1 are primed for further studies of
axially constrained bis(BOP) for CPL applications.[39,40]

These compounds would be synthetically accessible because
enantiomerically pure 2,20-binaphthol is commercially avail-
able. While 2 lacks significant photoluminescence, further
functionalization or metal ion binding might enhance
this property.[41]

Experimental

General synthetic methods

All oxygen and water sensitive materials were handled using
standard Schlenk techniques under nitrogen or argon atmos-
phere or in a nitrogen filled MBraun glove box, unless
otherwise specified. Toluene, methylene chloride, tetrahydro-
furan and diethyl ether were supplied by an MBraun Solvent
Purification System. Additional solvents were anhydrous
ACS grade and used as received. Unless otherwise specified,
all reagents and starting materials were used as received.
Elemental Analysis was performed by Robertson Microlit
Laboratories (Ledgewood, NJ). Preparation of 2-phosphino-
phenol was conducted using a modified literature proced-
ure.[42] 1,10-ferrocenedicarboxylic acid (2a) was prepared as
previously reported.[43]

NMR spectroscopy

NMR spectra were collected using a Bruker AVANCE III
500 or Varian Inova 400 spectrometer. Chemical shifts are
internally referenced to residual solvent signals (1H and
13Cf1Hg) or externally to 85% H3PO4 (31Pf1Hg). 13C and
31P NMR spectra were 1H-decoupled unless other-
wise stated.

Figure 5. NCI plot of 2. The green regions show weak attractive forces between
the eclipsed BOP planes, red regions show repulsive interactions.

Figure 6. UV-vis absorbance and emission spectra of 1.
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Optical spectroscopy

Absorbance spectra were collected using a Cary 5000 spec-
trophotometer and are corrected for solvent background.
Emission spectra were collected using a Cary Eclipse fluores-
cence spectrophotometer. All spectra were recorded at room
temperature in 1.0 cm path length, screw top quartz cuvettes.
All solutions were prepared under inert atmosphere with
anhydrous degassed solvent, unless otherwise noted.

Synthetic procedures

[1,10-biphenyl]-2,20-diyl tetraethyl bis(phosphate) (1a)

A dry 100mL Schlenk under argon was charged with 2,20-
biphenol (6.02 g, 32.3mmol), and then evacuated and back-
filled (3x) with argon 2,20-biphenol was dissolved in anhyd-
rous THF (40mL), and then triethylamine (9.50mL,
68.1mmol) was added. To the colorless solution was added
diethyl chlorophosphate (9.35mL, 64.7mmol), and the solu-
tion stirred at 50 �C for 24 hours. The mixture was cooled to
ambient temperature, diluted with 50mL of diethyl ether,
and filtered. The filtrate was concentrated to an orange oil
by rotary evaporation. The oil was dissolved in diethyl ether
(60mL) and washed with 1M NaOH and brine followed by
drying over sodium sulfate and magnesium sulfate. Removal
of the diethyl ether by rotary evaporation and high vacuum
led to a pale-yellow oil. Mass: 7.432 g (50%) 1H NMR
(500MHz, CDCl3) d 7.41 (d, J¼ 8.7Hz, 2H), 7.30–7.32 (m,
4H), 7.18 (t, J¼ 7.3Hz, 2H), 3.87 (h, J¼ 7.4Hz, 8H), 1.14 (t,
J¼ 7.1Hz, 12H). 31Pf1Hg NMR (203MHz, CDCl3) d ¼ 8.9.

Tetraethyl (2,20-dihydroxy-[1,10-biphenyl]-3,30-

diyl)bis(phosphonate) (1b)

A dry 200mL Schlenk flask under argon was charged with
N,N0-diisopropylamine (5.20mL, 36.8mmol) and THF
(80mL) and cooled to �78 �C. n-BuLi (15.0mL, 2.48M in
hexanes, 37.2mmol) was added dropwise via syringe and the
solution was stirred for 2 hours yielding a yellow solution.
To this mixture was added 1a (7.43 g, 16.2mmol) as a solu-
tion in THF (10mL) dropwise via addition funnel. The mix-
ture was stirred at �78 �C for 1 hour and for an additional
4 hours at 0 �C. The resulting beige slurry was quenched
with 2M HCl and stirred overnight. The mixture was trans-
ferred to a separatory funnel and the aqueous was extracted
with diethyl ether (4� 50mL). The organic layers were com-
bined, dried over sodium sulfate and magnesium sulfate
before concentrating to a pale-yellow oil by rotary evapor-
ation and high vacuum. Mass: 7.008 g (94%) 1H NMR
(400MHz, CDCl3) d 10.46 (s, 2H), 7.54 (ddd, J¼ 7.5, 1.8,
0.9Hz, 2H), 7.41 (ddd, J¼ 14.3, 7.7, 1.8Hz, 2H), 7.00 (td,
J¼ 7.6, 3.5Hz, 2H), 4.28–4.00 (m, 8H), 1.34 (td, J¼ 7.0,
0.7Hz, 12H). 31Pf1Hg NMR (162MHz, CDCl3) d 23.7.

3,30-Bis(phosphino)-[1,10-biphenyl]-2,20-diol (1c)

A dry 250mL 2-neck round bottom flask and reflux conden-
ser under argon was charged with LiAlH4 (3.46 g,

91.2mmol), cooled to 0 �C. Diethyl ether (100mL) was
added, followed by dropwise addition of a solution of 1b

(7.0 g, 15.3mmol) in THF (10mL), taking care to excessive
reaction. The flask was then heated at reflux for 6 hours.
The mixture was cooled to 0 �C and remaining LiAlH4 was
quenched by slow addition of argon-purged water (100mL).
The mixture was acidified using concentrated HCl and
stirred. The contents were transferred to a separatory funnel
under argon and the organic portion reserved. The aqueous
was extracted with additional diethyl ether (2� 50mL) and
the organic layers were combined. Pyridine (1.2mL) was
added and stirred for 15minutes. The mixture was washed
with 2M HCl (50mL, argon-purged) and then dried over
sodium sulfate and magnesium sulfate, filtered, and concen-
trated under reduced pressure. The resulting colorless oil
crystallized upon standing overnight. Colorless solid: 3.20 g
(87%) 1H NMR (500MHz, CDCl3) d 7.53 (t, J¼ 7.6Hz, 2H),
7.23 (d, J¼ 7.5Hz, 2H), 6.99 (t, J¼ 7.6Hz, 2H), 5.68 (s, 2H),
3.88 (d, J¼ 206.3Hz, 4H). 31Pf1Hg NMR (203MHz, CDCl3)
d ¼ 145.2. 31P NMR (203MHz, CDCl3) d ¼ 145.2 (t, JPH
¼ 206.5Hz).

2,20-Diphenyl-7,70-bibenzo[d][1,3]

benzoxaphosphole (1)

A dry 100mL Schlenk flask was charged with benzoyl chlor-
ide (1.55mL, 13.3mmol) and toluene (50mL) under argon.
To this mixture was added a solution of 1c (1.68 g,
6.6mmol) in toluene (10mL). The reaction was stirred for
1 hour before heating at 70 �C under argon overnight. A
ring of yellow crystalline solid and water condensation
inside the flask was visible. The flask was fitted with a
Dean-Stark apparatus and purged with argon for 5minutes.
The water was azeotropically distilled to 1=2 volume using a
Dean-Stark apparatus with heating in a 170 �C oil bath. The
solution was cooled, during which a pale-yellow crystalline
solid precipitated. A sample was taken to collect 1H and
31Pf1Hg NMR, which showed nearly quantitative conver-
sion. The solid was dried overnight under high vacuum
before storing in a glove box. Pale yellow solid: 2.80 g (90%)
after trituration with anhydrous DCM. NMR (500MHz,
CDCl3) d 8.09 (dd, J¼ 7.1, 2.8Hz, 2H), 7.84–7.74 (m, 6H),
7.48 (td, J¼ 7.5, 2.1Hz, 2H), 7.25 (d, J¼ 3.6Hz, 6H).
31Pf1Hg NMR (203MHz, CDCl3) d 86.0. 13C NMR
(126MHz, CDCl3) d 197.1 (d, JPC ¼ 55.3Hz), 157.3 (d, JPC
¼ 4.3Hz), 137.8, 137.5, 134.5 (d, JPC ¼ 12.9Hz), 129.9 (d,
JPC ¼ 4.6Hz), 129.2 (d, JPC ¼ 20.3Hz), 128.9, 128.9, 128.9,
124.9 (d, JPC ¼ 14.1Hz), 123.6 (d, JPC ¼ 10.0Hz), 123.5.
Anal. Calcd for C26H16O2P2: C, 73.94; H, 3.82. Found: C,
74.20; H, 3.59. UV (THF): kmax, nm (e, M�1 cm�1) 336
(33,200). Fluorescence (THF): kex, 366 nm, kem, 415 nm.
Quantum Yield (THF): U 0.18

1,10-Bis(2-phosphinophenoxycarbonyl)ferrocene (2b)

A dry 50mL Schlenk flask was charged with 1,10-ferrocene
dicarboxylic acid (0.547 g, 1.99mmol), 2-phosphinophenol
(0.530 g, 4.20mmol) and DMAP (0.247 g, 2.02mmol) before
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dissolving in 20mL of a DCM/DMF solvent mixture (3:1).
The flask was sealed with a septum and filled with before
adding N-N0-diisopropylcarbodiimide (0.650mL, 4.15mmol)
in one portion. This orange solution was left to stir at RT
overnight. The solution was concentrated under high vac-
uum, and the damp orange solid was dissolved in 50mL of
degassed DCM. This solution was washed sequentially with
25mL of saturated sodium bicarbonate, 1M NaOH, and
2M HCl, before drying over anhydrous sodium sulfate. The
resulting diphosphine was filtered through a pad of silica
gel, eluting with DCM. The first red eluent was collected
and concentrated to yield an orange solid which was used in
next step without further purification. 1H NMR (500MHz,
DMSO) d 7.62 (t, J¼ 7.0Hz, 2H), 7.39 (t, J¼ 7.8Hz, 2H),
7.28 (d, J¼ 8.2Hz, 2H), 7.23 (t, J¼ 7.4Hz, 2H), 5.12 (s, 4H),
4.84 (s, 4H), 3.87 (d, J ¼ 208.1 Hz, 4H). 31P NMR
(203MHz, DMSO) d ¼ 138.7 (t, JPH ¼ 207.9Hz).

1,10-Bis(2-benzo[d][1,3]oxaphosphole)ferrocene (2)

Freshly prepared diphosphine 2b (as described above) was
transferred to a dry 50mL Schlenk flask under argon and
dissolved in toluene (25mL). To this was added p-TsOH
(10mol%) before sealing with a septum under a static argon
supply. The mixture was heated in a 120 �C oil bath over-
night, during which a color change from orange to brick-red
was observed. The reaction mixture was cooled and concen-
trated before filtering through a plug of silica gel (ca. 100 �
100) eluting with DCM. The first red color band was isolated,
giving 2 as a brick red solid. Mass 0.100 g (11%, based on
2a). 1H NMR (400MHz, CDCl3) d 7.58 (d, J¼ 7.61Hz, 2H),
7.21–7.10 (m, 4H), 7.02 (d, J¼ 7.53Hz, 2H), 4.79 (t,
J¼ 1.9Hz, 4H), 4.45 (t, J¼ 1.8Hz, 4H). 31Pf1Hg NMR
(203MHz, CDCl3) d 79.8. 13C NMR (126MHz, CDCl3) d

193.0 (d, JPC ¼ 53.0Hz), 159.5, 136.7–136.0 (m), 128.6 (dt,
JPC ¼ 18.8, 8.8Hz), 126.2, 122.5 (t, JPC ¼ 4.9Hz), 112.7,
82.5–81.9 (m), 71.7, 68.1 (t, JPC ¼ 4.0Hz). Anal. Calcd for
C24H16FeO2P2: C, 63.47; H, 3.55. Found: C, 63.52; H, 3.26.
UV (THF): kmax, nm (e, M�1 cm�1) 326 (24,500).
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