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The crystalline adducts FcP-BBr; (2) and FcP-BBr,Fc (3),
which are very rare examples of P-bonded complexes be-
tween phosphaferrocene and a main-group metal atom, were
obtained by the reaction of 3,4-dimethyl-1-phosphaferrocene
(FcP) with BBr3; and FcBBr, (Fc: ferrocenyl). According to X-
ray crystallography, the Fe-P bond length in 2 is 0.085 A
shorter than in the parent phosphaferrocene. All structural
changes resulting from P-B acid-base pairing follow the

same qualitative trend, but are significantly larger than those
occurring from the formation of transition metal complexes
of phosphaferrocene. In contrast to 2, NMR spectroscopy re-
veals 3 to be almost completely dissociated in CDCl; solution
at room temperature.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2003)

Introduction

Oligonuclear transition metal complexes are receiving
great attention because of their numerous applications both
in homogeneous catalysis!!! and in materials science.’! The
sandwich complex ferrocene has proven to be a particularly
important building block in this context. 1,2-Disubstituted
ferrocene derivatives give access to chelate ligands pos-
sessing planar chirality that have been employed success-
fully in asymmetric catalysis.?~> In the field of materials
science, Manners et al. took advantage of the ring-opening
polymerisation of strained ansa-ferrocenes for the genera-
tion of poly(ferrocenylene)s that exhibit interesting optical
and electronical properties.[® Phosphaferrocenes Al and
1,1’-diphosphaferrocenes B! (Figure 1), which became
available from the work of Mathey et al., were soon recog-
nized to form stable k-P complexes with various transition
metals.[”! Ganter et al. developed appropriately substituted
derivatives of A as a new class of chiral chelate ligands, %11l
while B was used as bridging unit in the formation of
heterotrimetallic aggregates.!!?!

Our group recently reported a convenient approach to
ferrocene-containing macromolecules that benefits from the
facile formation of Lewis acid—base adducts. For example,
the reaction of the diborylated ferrocene 1,1'-fc(BMe,),
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Figure 1. Phosphaferrocene A, 1,1’-diphosphaferrocene B (only the
parent molecules are shown as representatives of the whole class of
derivatives), a B—N-bonded charge-transfer coordination polymer
C, and the final target molecule D

[fc = (CsHy),Fe] with selected difunctional Lewis bases
(e.g., pyrazine) gives access to polymeric materials in high
yield and wunder very mild conditions (e.g., C,
Figure 1).['37151 We decided to investigate whether the or-
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ganic linker in C can be replaced by the redox-active or-
ganometallic template ligand B to generate target molecules
like D (Figure 1).

A particular challenge is offered by the fact that despite
the plethora of well-characterized complexes of phospha-
ferrocene and transition metals, no adducts of A and only
one adduct of B!'®l with main-group Lewis acids has been
isolated so far. In contrast to the related azaferrocene,
which is readily quaternized by methyl iodide,!'” diphos-
phaferrocene B was found to react only at elevated tempera-
ture, even in neat benzyl bromide. The reaction leads to the
decomposition of the phosphaferrocene moiety with liber-
ation of P,P-dibenzylphospholium bromide.l'8! Acety-
lations, formylations and carboxylations of phosphaferro-
cenes occur selectively at the a-carbon atoms of the coordi-
nated phospholyl ring.[®18:191 Moreover, treatment of A or
B with trifluoromethanesulfonic acid leads to protonation
on the iron atom, rather than on the phosphorus atom.?%
In summary, the P atom of phosphaferrocenes possesses an
energetically low-lying lone pair of electrons and conse-
quently acts as a rather poor ¢ donor. The LUMO, on the
other hand, has pronounced p. character on the phos-
phorus atom and is well suited to accept m-electron den-
sity.l>!!] The stability of phosphaferrocene-x-P—ML,, com-
plexes is, therefore, expected to grow with an increasing de-
gree of back bonding from electron-rich ML, fragments.
Thus, the fact that main-group elements are not able to have
d,.—p, interactions with A or B might explain why corre-
sponding k-P n'-adducts are virtually unknown up to now.
One report on the reaction of phosphaferrocene with
BF5-OEt, has been published that provides evidence for the
existence of a phosphorus-bonded adduct in solution (*'P
NMR spectroscopic control).?’l Moreover, the hypothetical
P—B complex A-BH; has been studied theoretically using
DFT methods.?!l Mathey et al. recently reported the reac-
tion of octa-n-propyldiphosphaferrocene with GaCls, which
leads to the formation of a tetrahedral gallium(1r) complex
featuring a chelating diphosphaferrocene ligand.['®) Here,
we describe the synthesis, isolation and structural charac-
terization of two P—B adducts of 3,4-dimethyl-1-phospha-
ferrocene (1, Scheme 1).

Results and Discussion

Synthesis and Spectroscopic Characterization

The phosphaferrocene derivative 1 (Scheme 1) was
chosen for our investigation because it is accessible in high
yield by an established procedure.”>?! When 1 is treated
with the strong Lewis acid BBr; in CDClj; (stoichiometric
ratio: 1:1), no obvious reaction takes place since the re-
sulting clear mixture still possesses the orange colour of the
initial phosphaferrocene solution. NMR spectroscopy at
ambient temperature, however, reveals significant shifts of
some characteristic resonances. The phosphorus nucleus in
2 [6C3'P) = —13.2ppm, hy;, = 30.1 Hz] is deshielded by
69.3 ppm compared to that of the free ligand 1 [8(3'P) =
—82.5 ppm, &= 6.5 Hz]. A strong downfield shift of the
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Scheme 1. Synthesis of the P—B-bonded phosphaferrocene adducts
2 and 3; (i) ambient temperature, CsHg

3P NMR signal is also generally observed upon com-
plexation of phosphaferrocenes with transition metal
ions.’l No signal is detectable in the ''"B NMR spectrum,
which is most likely due to severe line broadening resulting
from a dynamic adduct equilibrium. In the '"H NMR spec-
trum of 2, and with respect to parent 3,4-dimethyl-1-phos-
phaferrocene [1: 8('H) = 3.74 (3Jp = 36.3 Hz, phospholyl
a-CH), 4.15 (CsHs) ppm], the resonances of the phospholyl
a-protons [2: 8('H) = 4.18 (*Jpy = 29.1 Hz) ppm] and the
cyclopentadienyl ring [2: §('"H) = 4.55 ppm] are shifted to
lower field by 0.44 ppm and 0.40 ppm, respectively. More-
over, the 2Jpy coupling constant decreases by 7.2 Hz. Both
the 3'P and "B NMR spectra were recorded also at —50 °C
(CDCls). Under these conditions, the 3'P NMR resonance
appears at 6 = —12.9 ppm as a well-resolved quadruplet
with intensity ratios of 1:1:1:1 and a coupling constant of
IJpp = 138.5 Hz (1Jpp values have been reported within a
range of 10—180 Hz[?3). The "B NMR signal possesses a
chemical shift value of § = —209ppm (d, Jpp =
138.5 Hz). Consequently, at —50 °C the solution contains
mainly the adduct 2, rather than free 1 and BBrs;.

The "B and 'H NMR spectra of an equimolar mixture
of 1 with FcBBr, in CDCl; at ambient temperature show
only negligible differences to the NMR spectra of the indi-
vidual components. In the '*C NMR spectrum of 1/FcBBr,,
the doublet of the phospholyl a-carbon atoms is broad,
while the other signals remain unchanged. The chemical
shift of the 3'P NMR resonance is the same in 1/FcBBr, as
in the case of 1, but the width at half height increases from
hiyp, = 6.5Hz (1) to hy, = 165.6 Hz (1/FcBBr,). Thus,
NMR spectroscopy reveals the Lewis acid—base pair 1/
FcBBr, to be almost completely dissociated at room tem-
perature in CDCl; solution. Slow evaporation of an equi-
molar mixture of 1 and FcBBr, in benzene, however,
yielded X-ray-quality crystals of the desired P—B-bonded
dinuclear species 3.

X-ray Crystal Structure Determination

The phosphaferrocene—borane adducts 2 and 3 crys-
tallize from benzene in the space groups Pna2,
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(orthorhombic) and P2,/¢c (monoclinic), respectively
(Table 1). A comparison of the molecular geometries of 1,
2 (Figure 2) and 3 (Figure 3) reveals remarkable structural
changes as a result of P—B bond formation (Table 2). The
Fe(1)—P(1) bond length in the BBr; adduct 2 possesses a
value of 2.199(2) A, which is 0.085 A shorter than the
iron—phosphorus bond in the parent 3,4-dimethyl-1-phos-
phaferrocene (1) [2.284(1) A].24 FcBBr, is known to be a
weaker Lewis acid than BBr; because the ferrocenyl sub-
stituent acts as an electron donor towards the formally
empty p orbital of the boron atom.[>] Consequently, the
length of the Fe(1)—P(1) bond in 3 [2.216(1) A] is inter-
mediate between the values determined for 1 and 2. These
findings are consistent with the general trend observed for
transition metal complexes of phosphaferrocenes. A search
of the Cambridge Structural Database (CSD, Version 5.24,
November 2002)P% reveals the average Fe—P bond length
in monophosphaferrocene derivatives to be 2.285(13) A (10
structures). This value is reduced to 2.238(16) A in the cor-
responding phosphorus-bonded transition metal complexes
(22 structures). Interestingly, the effect of Fe—P bond con-
traction is larger in the borane adducts 2 and 3 than in the
corresponding transition metal complexes. P—B acid—base
pairing also has a pronounced influence on the
C(2)—P(1)—C(5) angle, which is stretched from 88.9(2)° in
1to 94.7(4)° in 2, and to 92.7(2)° in 3. Again, these findings
are in good qualitative agreement with the structural fea-
tures obtained for phosphaferrocene—transition metal ag-
gregates [C—P—C angle in free phosphaferrocene (mean
value of 10 derivatives): 89(1)°; C—P—C angle in
phosphaferrocene—transition metal complexes (mean value
of 22 structures): 92(1)°]. Thus, in all phosphaferrocene de-

Table 1. Selected crystallographic data for 2 and 3

Compound 2 3

Formula C11H13BBI'3F6P C21H22BBI'2F€2P
M 482.57 587.69
Crystal system orthorhombic monoclinic
Space group Pna2, P2,/c
a[A] 14.1040(10) 10.561(3)
b [A] 15.5060(10) 22.221(5)
c[A] 6.9450(9) 8.8365(17)
BI°] 90 97.366(14)
V [A3] 1518.8(2) 2056.5(8)
VA 4 4

D, [g cm ™3] 2.110 1.898

T [K] 173(2) 144(2)
w(Mo-K,) [mm™!] 8.965 5.378
20max. [°] 56.56 65.42
Measured reflections 25504 36221
Unique reflections (R;,() 3772 (0.083) 7009 (0.072)
Observed reflections 3174 4777

[ > 26(1)]

Parameters refined 157 246

R1 [I > 20(1)] 0.051 0.051

wR2 [I > 20(1)] 0.121 0.080
GOOF on F? 1.031 1.074
Largest diff. peak/hole 0.74/—0.83 1.13/-0.65
A
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rivatives investigated so far (including 2 and 3), a long
Fe—P bond appears to be associated with a small C—P—C
angle. It has to be noted that the degree of phospholyl ring
puckering is largely unaffected by P—B bond formation. In
the case of 1, the P atom is located at a position 0.048(1) A
above the C(2)C(3)C(4)C(5) plane, while in 2 this displace-
ment is only slightly reduced to a value of 0.043(1) A. Thus,
the phosphorus atom is not just pulled toward the iron cen-
tre upon coordination of BBr;, which would result in a flat-
tening of the phospholyl ligand, but rather it moves toward
the C(3)—C(4) bond along a line almost parallel to the
C()CB)CH)C(S) plane {1: d[P(1)-MP] = 2.589 A; 2
d[P(1)=*MP] = 2.504 A; MP: midpoint of the C(3)—C(4)
bond}. As a result, the P—Fe bond, as well as the P—C
bonds, become shorter [cf. 1: P(1)—C(2) = P(1)-C(5) =
1.774(3) A; 2: P(1)~C(2) = P(1)—C(5) = 1.745(8) A], the
C—P—C angle increases, and the adjacent P—C—C angles
decrease [cf. 1. P(1)—-C(2)—-C3) = 113.9(2)°,
P(1)-C(5)—-C4) = 114.02)°; 2: P(1)-C(2)—-C3) =
109.0(5)°, P(1)—C(5)—C(4) = 110.0(5)°]. The differences
observed between the geometrical parameters of 1 and 3
are rather similar to those described above for 1 and 2 and,
thus, do not merit further discussion. The P(1)—B(1) bond
in 2 [1.972(9) A]is 0.051 A shorter than in 3 [2.023(4) Al].
The bond angles around the boron atoms cover a range
between P(1)—B(1)—Br(3) = 104.9(4)° and
Br(1)-B(1)—Br(3) = 112.2(4)° in the case of 2, and
P(1)-B(1)—Br(1) = 102.9(2)° and C(21)-B(1)—Br(l) =
114.2(2)° in the case of 3. The relevant Br—B—Br angles of
110.9(4)°, 111.9(4)°, and 112.2(4)° in 2 are slightly larger
than the value expected for an sp-hybridized boron atom
with ideal tetrahedral geometry (109.5°). In 3, the boron
centre is somewhat less pyramidalized, which, together with
the longer P(1)—B(1) bond, again indicates a weaker
acid —base interaction as is the case in 2. This interpretation
is in agreement with the conclusions drawn from our NMR
spectroscopic studies (see above). The BBr; adduct 2 fea-
tures a torsion angle C(2)—P(1)—B(1)—Br(2) of 85.4(5)°. A
similar conformation is observed in 3 for the BBr,P frag-
ment with respect to the ferrocenyl substituent
[C(22)—C(21)—B(1)—-P(1) = —87.9(3)°], whereas, com-

Figure 2. Molecular structure and numbering scheme of compound
2; thermal ellipsoids shown at the 50% probability level
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pared to compound 2, the phosphaferrocene moiety is
rotated by almost 180° about the P(1)—B(1) bond
[C(2)—P(1)—B(1)—C(21) = —90.8(3)°]. This conformation
results in a short intramolecular C—H-n interaction
between the C(11)—H(11) bond and the cyclopentadienyl
ring C(21)C(22)C(23)C(24)C(25) [H(11)=Cg = 2.68 A,

C(11)—H(11)--Cg = 152°; Cg: centroid of the cyclopen-
tadienyl ligand]. Both the ferrocene and phosphaferrocene
groups have approximately eclipsed conformations. In 3, the
angle between the planes of the five-membered rings is 1.7°
for the ferrocenyl group and 4.2° for the phosphaferrocene
moiety.

Figure 3. Molecular structure and numbering scheme of compound
3; thermal ellipsoids shown at the 50% probability level

Table 2. Selected bond lengths [A], angles [°] and torsion angles [°]
of 1,242 and 3; Note: The atom labels of compound 1 have been
adapted to the numbering scheme of 2 and 3

Compound 1 2 3
(T=74K) (T=173K) (T = 144 K)
Fe(1)—P(1) 2.284(1) 2.199(2) 2.216(1)
Fe(1)—C(2) 2.072(2) 2.075(7) 2.076(3)
Fe(1)—C(3) 2.057(2) 2.070(7) 2.066(3)
Fe(1)—C(4) 2.054(2) 2.073(7) 2.062(3)
Fe(1)—C(5) 2.060(2) 2.095(7) 2.075(3)
P(1)-C(2) 1.774(3) 1.745(8) 1.744(3)
P(1)-C(5) 1.774(3) 1.745(8) 1.741(3)
C(2)—C(3) 1.424(4) 1.441(11) 1.420(4)
C(3)—C4) 1.436(3) 1.438(10) 1.427(4)
C4)—C(5) 1.422(4) 1.431(10) 1.419(4)
P(1)—B(1) - 1.972(9) 2.023(4)
C(2)—P(1)—C(5) 88.9(2) 94.7(4) 92.7(2)
P(1)-C(2)—C(3) 113.9(2) 109.0(5) 110.9(2)
P(1)—C(5)—C4) 114.0(2) 110.0(5) 111.1(2)
C(2)—C(3)—-C4) 111.6(2) 113.7(6) 112.7(3)
C(5)—-C4)—-C(3) 111.6(2) 112.6(6) 112.7(3)
C2)—-P(1)-B(1)-Br(2) - 85.4(5) -
C2)—-P()-B()—C(21) - - —90.8(3)

Conclusion

In contrast to the rich chemistry that has been developed
for complexes between phosphaferrocene and transition
metals, examples of P-bonded adducts between phosphafer-
rocene and main-group Lewis acids remained unknown un-

2052 © 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

til recently.l'® We have shown that adducts FcP—BBr; (2)
and FcP—BBr,Fc (3) are readily obtained from the reaction
of 3,4-dimethyl-1-phosphaferrocene (FcP) with BBr; and
FcBBr,, respectively (Fc: ferrocenyl). NMR spectroscopy
using CDCl; solutions reveals a considerable amount of ad-
duct 2 to be present in the equilibrium at ambient tempera-
ture while 3 is largely dissociated even at —50 °C (cf. theory
predicts a small P—B bond-dissociation energy in A-BHj3 of
D, = 17.4 kcal'mol'!; B3LYP/6—31G* level).?!! In the solid
state, however, 1 binds not only to BBr;, but also to
FcBBr,. All structural changes resulting from P—B
acid—base pairing follow the same qualitative trend as
those that occur in the formation of complexes of phospha-
ferrocene with transition metals. The experimental results
obtained for 1 and 2 are also in good agreement with the
theoretical calculations on A and A-BHj;. For example, the
Fe—P bond is contracted by 0.085 A upon going from 1 to
2 and by 0.050 A upon going from A to A-BHj3. Moreover,
the P(1)—B(1) bond length in 2 possesses a value of
1.972(9) A, which is in good agreement with the theoreti-
cally predicted bond length of 1.987 A in A-BH;.2!

The dinuclear ferrocenyl aggregate 3 contains all the key
structural motifs underlying the target compound D (Fig-
ure 1). Work is currently in progress to synthesise corre-
sponding coordination polymers from 1,1’-diphosphaferro-
cene derivatives and 1,1’-diborylferrocenes.

Experimental Section

General Remarks: All reactions and manipulations of air-sensitive
compounds were carried out in dry, oxygen-free argon using stand-
ard Schlenk glassware. Solvents were freshly distilled under argon
from Na/benzophenone (C¢Hg) or passed through a 4-A molecular
sieve column (CDCl;) prior to use. NMR: Bruker AMX 250, AMX
400, DPX 250; abbreviations: s = singlet, d = doublet, vtr = vir-
tual triplet, ¢ = quadruplet, n.r. = multiplet expected in the NMR
spectrum, but not resolved; n.o. = signal not observed. 'B [*!P]
NMR spectra are reported relative to external BF5-Et,O [H3POy,,
85% in water]. 3,4-Dimethylphosphaferrocene (1)7-2?! and di-
bromoborylferrocenel?”! were synthesized according to literature
procedures.

Syntheses

2: A solution of BBr3 (14 mg, 0.056 mmol) in CDCl; (0.25 mL) was
added in an NMR tube to a frozen solution of 1 (13 mg,
0.056 mmol) in CDCl; (0.25mL). The reaction mixture was
warmed to ambient temperature within 30 min and investigated by
NMR spectroscopy. When the same quantities of BBr; and 1 were
mixed together in toluene at —78 °C, 2 was obtained as a microcry-
stalline solid. Yield: 21 mg (78%). X-ray-quality crystals of 2 were
grown from a highly dilute benzene solution by slow evaporation
of the solvent. '"H NMR (250.1 MHz, CDCls, 303 K): § = 2.23 (s,
6 H, CHj;), 4.18 (d, 2Jpy; = 29.1 Hz, 2 H, 0-CH), 4.55 (s, 5 H,
CsHs) ppm. *C NMR (62.9 MHz, CDCl3, 303 K): § = 15.9 (CH3),
75.2 (CsHs), n.o. (C-a), n.o. (CCH3) ppm. "B NMR (80.3 MHz,
CDCl3, 303 K): n.o. (BBr3). ''B NMR (80.3 MHz, CDCls, 223 K):
8 =—-20.9(d, 'Jpp = 138.5 Hz, BBr;) ppm. *'P NMR (101.3 MHz,
CDCls, 303K): 6 = —13.2 (n.r., iy, = 30.1 Hz, phospholyl-P)
ppm. 3P NMR (101.3 MHz, CDCl3, 223 K): § = —12.9(q, 'Jpp =
138.5 Hz, phospholyl-P) ppm.
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3: 1 (13 mg, 0.056 mmol) and FcBBr, (20 mg, 0.056 mmol) were
dissolved in CDCl; (0.50 mL) at ambient temperature and the re-
sulting mixture was sealed in an NMR tube. X-ray-quality crystals
of 3 were grown from a benzene solution by slow evaporation of
the solvent. Yield: 31 mg (94%). '"H NMR (250.1 MHz, CDCl;,
303 K): & = 2.18 (s, 6 H, CH3), 3.78 (d, 2Jpyy = 35.5Hz, 2 H, o-
CH), 4.19,4.23 (2 X 5,2 X 5 H, 2 X CsHs), 4.52, 491 (2 X vtr, 2
X 2 H, 3Jyu = *Juu = 1.8Hz, CsH;) ppm. 3C NMR
(100.6 MHz, CDCl;, 303 K): 6 = 16.4 (CH3), 71.5 (2 X CsHs),
78.1 (br. d, WJpe = 57.3 Hz, C-a), n.o. (CCH3), 77.1, 78.2 (CsHy)
ppm. ''B NMR (80.3 MHz, CDCls, 303 K): § = 46.1 (s, hyp =
119.0 Hz, BBr,) ppm. "B NMR (80.3 MHz, CDCl;, 223 K): § =
45.1 (s, hy;» = 466.2 Hz, BBr,) ppm. 3'P NMR (101.3 MHz, CDCl,,
303K): 8 = —81.9 (s, hy» = 165.6 Hz, phospholyl-P) ppm. 3'P
NMR (101.3 MHz, CDCl;, 223 K): 6 = —80.4 (s, iy, = 252.8 Hz,
phospholyl-P) ppm.

X-ray Crystallographic Studies

2: A single crystal (red needle; 0.06 X 0.07 X 0.31 mm) was ana-
lysed with a STOE IPDS II two-circle diffractometer with graphite-
monochromated Mo-K,, radiation. An empirical absorption correc-
tion was performed using the MULABS option[®® in PLATON;??*]
the minimum and maximum transmissions were 0.1676 and 0.6153,
respectively. The structure was determined by direct methods using
the program SHELXSP? and refined against /> with full-matrix
least-squares techniques using the program SHELXL-97.31 The
data/parameter ratio was 24.0. All non-hydrogen atoms were re-
fined with anisotropic displacement parameters. Hydrogen atoms
were located by difference Fourier synthesis and refined using a
riding model.

3: A single crystal (orange block; 0.19 X 0.24 X 0.45 mm) was
analysed with a SIEMENS SMART CCD diffractometer; repeat-
edly measured reflections remained stable. An empirical absorption
correction using the program SADABS[*? gave a correction factor
between 0.674 and 1.000. Equivalent reflections were averaged
(Rint = 0.072). The structure was determined by direct methods
using the program SHELXS.?% Hydrogen atoms were geometri-
cally positioned and treated as riding atoms. All non-hydrogen
atoms were refined with anisotropic thermal parameters. The struc-
ture was refined on F? values using the program SHELXL-97.031]

CCDC-203030 and -203031 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge at www.ccde.cam.ac.uk/conts/retrieving.html [or from the
Cambridge Crystallographic Data Centre, 12 Union Road, Cam-
bridge CB2 1EZ, UK; Fax: (internat.) + 44-1223/336-033; E-mail:
deposit@ccdc.cam.ac.uk].
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