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Phosphadicarbaborane Analogues of Ferrocene: New Isomers of
[closo-(n°-CsHs)FePC,BgH ]

Bohumil Stibr,*2 Josef Holub,?! Mario Bakardjiev,®! Ivan Pavlik,"”! Oleg L. Tok,! and
Bernd Wrackmeyer!
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Thermal isomerisation of the ferraphosphadicarbaborane [1-
Cp-closo-1,2,4,5-FePC,BgH;,] (1a; Cp = n°-CsH5") at elev-
ated temperatures (180-350 °C) leads to the formation of
three new isomeric complexes. These were characterized by
multinuclear (*H, !'B, *'P, and '3C) NMR spectroscopy and
mass spectrometry as [1-Cp-closo-1,2,3,8-FePC,BgH ] (1b),
[1-Cp-closo-1,10,2,4-FePC,BgH;(] (1c), and closo-[1,2,4,10-
FePC,BgH;y] (1d). The formation of 1b is accompanied by an
unusual agglomeration of the P and C heteroatoms. Com-

plexes 1b and 1c have also been isolated as side products
from the direct reaction between nido-[7,8,9-PC,BgH 4] (2)
and [CpFe(CO),], in refluxing mesitylene, and 1a and 1b
from the pyrolysis of [7-Fp-(n'-nido-7,9,10-PC,BgH;0)] [3;
Fp = CpFe(CO),] at 350 °C. NMR intercomparisons of all five
[1-Cp-closo-FePC,BgH ] isomers thus far isolated have
been made.

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

Introduction

We have recently been interested in the synthesis and
chemistry of the eleven-vertex nido phoshadicarbaboranes
(phosphadicarbollides), which are analogues of tricarbol-
lides.'! In this field of boron cluster chemistry we have re-
ported the synthesis of the two isomeric neutral compounds
7,8,11-PC,BgH,; and 7,8,9-PC,BsH,.[>*! Deprotonation of
these compounds gave the corresponding anions [7,8,11-
PC,BsH, o]~ and [7,8,9-PC,BgH;] .[>31 These anions can
be regarded as Cp analogues as they are monoanionic and
contain an open pentagonal facel'l capable of donating five
electrons in an n>-type coordination to metal fragments.
This analogy was demonstrated just recently by the com-
plexation of nido-7,8,9-PC,BgH;; with [CpFe(CO),], re-
sulting ultimately in the synthesis of the first two represen-
tatives of the [1-Cp-closo-FePC,BgH (] series (compounds
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1a and 1e). These compounds are the first phosphadicarba-
borane analogues of ferrocene. It was demonstrated that
their formation proceeds via two isolable n'-bonded, P-sub-
stituted complexes of general formula [Fp-nido-(n'-
PC,BgH,()].[* By analogy with dicarbollide! and tricarbol-
lide complexes,® the complexes 1a and 1e were expected to
undergo cluster rearrangement by migration of the het-
eroatomic CH and P cage units at higher temperatures to
form further [1-Cp-closo-FePC,BgH o] isomers. We report
in this paper several variations of reactions from which we
have isolated another three isomers of this constitution. The
numbering system for the eleven-vertex nido and twelve-ver-
tex closo skeletons used in this work is shown in structures
I and II. These structures are presented in a simplified man-
ner; unmarked vertices in the schemes stand for cluster BH
units, while C and P denote CH and bare phosphorus verti-
ces, respectively. For convenience, the Fe atom in structures
of type 1 is numbered first, followed by P and C vertexes.
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Results and Discussion

Syntheses

As shown in path i) of Scheme 1, prolonged heating of
1a in mesitylene at reflux temperature produces the com-
plexes [1-Cp-closo-1,2,3,8-FePC,BgH o] (1b) and [1-Cp-
closo-1,10,2,4-FePC,BgH (] (1¢) in yields of 15 and 13%,
respectively. The conversion is, however, very slow and in-
complete, and compound la was recovered in 60% yield.
The formation of 1b from 1a is very unusual as it is associ-
ated with the migration of one of the cage carbon atoms
from the original m-position to the o-position with respect
to the P center. Moreover, the second carbon atom is moved
into the lower structural belt, to form a contiguous
P—C—C string with a P—C bond in the pentagonal belt
adjacent to the Fe center. The formation of 1c¢ from 1a is
associated with a migration of the P-vertex into an m-posi-
tion with respect to the Fe center and m-separation of the
C-vertices within the pentagon adjacent to the Fe atom to
achieve a maximum space separation of the P and C verti-
ces, a feature encountered in the isoelectronic [1-Cp-closo-
1,2,4,10-FeC5BgH ] tricarbollide series. A different type
of maximum separation of the C and P heteroatoms is en-
countered in the isomer [1-Cp-closo-1,2,4,10-FePC,BgH (]
(1d). As shown in path ii) of Scheme 1, this complex was
isolated in a yield of 23%, together with the isomer 1b (yield
52%), from thermal rearrangement of 1a at 350 °C. The
result of the 1a — 1d rearrangement is a movement of the
one of the C vertexes into an m-position with respect to
both C and P atoms in the lower belt near B(12). Moreover,
isomer 1d was additionally obtained in a yield of 51% by
the thermolysis of 1e*! at 350 °C (see path iii of Scheme 1),
the rearrangement being associated with a migration of one
carbon vertex into or within the pentagonal belt connected
to the B(12) atom.
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Scheme 1. i) mesitylene, reflux, 3 hours. ii), iii) 350 °C, 2 hours

Complexes 1b and 1¢ can also be obtained directly from
the phosphadicarbaborane 2 by treatment with
[CpFe(CO),), in refluxing mesitylene (two days). The main
products isolated from this reaction were, however, the pre-
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viously reported™ compounds 1a (yield 33%) and 3 (yield
28%); nevertheless, the reaction is accompanied by the for-
mation of the isomeric complexes 1b and 1c (yields 10 and
7%, respectively). Alternatively, complex 1b was also gener-
ated (yield 23%), together with compound 1a™ (yield 52%)),
by heating the nido compound 3™ at 350 °C in vacuo. It is
obvious that complexes 1b and 1c in these experiments have
been formed by rearrangement of la as in path i) of
Scheme 1. All the new isomeric complexes 1b—1d are or-
ange or dark orange compounds that are remarkably stable
in air.

Structural Studies

Even though we were able to grow crystals of almost all
new complexes of type 1, the structural determinations of
these species were unsuccessful owing to disorder problems
encountered during structure solution. Nevertheless, the
constitution of all new isomers 1b—1d could be easily de-
rived from multinuclear NMR ('H, ''B, 3'P, and '3C) and
two-dimensional [''B-'"B]-COSY NMR measurements!®!
combined with 'H{!'B(selective)} experiments,”! and the
interpretation of the data led to complete assignments of
all resonances to individual BH, CH, and P vertices. The
mass spectra of compounds 1b—1d exhibit the same molec-
ular cut-off at m/z = 275, as expected for the identical mo-
lecular formulation. Some absorption bands in the IR spec-
tra have been assigned to BH and CH vibrations.

The !B NMR spectra of all five isomers of general con-
stitution 1 thus far isolated are depicted graphically in Fig-
ure 1 as simplified stick diagrams indicating the ''B chemi-
cal shifts and relative intensities. The !'B resonances fall
within a relatively narrow span (ca. 20 ppm), which corre-
sponds well to that of the isostructural [1-Cp-closo-
FeC;BgH ;] compounds and their amino derivatives (also
ca. 20 ppm).l"71 The ''B resonances of the BH units adjac-
ent to the P vertex are generally either split into a doublet
or at least broadened owing to unresolved 3'P-''B scalar
coupling. As shown in Figure 2, the 3!P resonances are very
sensitive to structural changes among individual isomers of
general formula 1. The 3'P resonances of the isomers con-
taining the Fe—P bond (1a, 1b, 1d, and 1le) fall within a
range of ca. § = +20 to —45 ppm, while the 3'P(10) reson-
ance in 1c is shifted to low frequency (83'p = —166 ppm),
to a range typical of phosphorus in polyhedral boranes with
a closo structure.'”’ Therefore, the 3'P NMR signals at
higher frequencies in the range of 6 = +20 to —55 ppm are
a consequence of Fe—P bonding. As expected, the '"H and
3BC{'H} NMR chemical shifts associated with the Cp ring
are not significantly affected by structural changes in the
phosphadicarbaborane cage.

As shown in Figure 1, the ''B NMR spectra of the C,-
symmetric isomers 1al*l and 1c¢ consist of 1:2:1:2:2 patterns
of doublets, which is consistent with a plane of symmetry
intersecting the Fe(1), B(or P)(10), and B(12) vertices. The
spectra of 1a* and 1c are very similar to those of their
tricarbollide  congeners [1-Cp-closo-1,2,4,5-FeC3BgH ]
(42)'"1 and [1-Cp-closo-1,2,4,10-FeC3BgH ;] (4b),["1 except
that the spectra of the ferraphosphadicarbollides are shifted
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Figure 1. Simplified stick diagrams showing intercomparison of the
"B NMR chemical shifts and relative intensities for all known fer-
raphosphadicarbollide [1-Cp-closo-FePC,BgH (] (1) isomers with
those for selected isostructural ferratricarbollides [1-Cp-closo-
FeC;BsH ] E4); data for 1a and 1e from ref* and data for 4a and
4b from refs.[-!1]
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Figure 2. Stick representation of the’'P NMR chemical shifts for
all known ferraphosphadicarbollide ll-Cp-closo-FePCZBgHw] 1)
isomers; data for 1a and le from ref.[*]

downfield (AS = ca. 5 ppm). In agreement with the exist-
ence of the symmetry plane, the '"H and 3C{'H} NMR
spectra of 1¢ show two singlet resonances of integral inten-
sities 5:2, assigned to Cp and two equivalent CH(2,4) units,
respectively. As expected for the asymmetric derivatives 1b,
1d, and 1e,/ their '"B NMR spectra are characterized by
eight different resonances some of which overlap. The 'H

2526 © 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

and 3C{'"H} NMR spectra of these asymmetrical isomers
contain three resonances of relative areas 5:1:1 attributed
to Cp and two different cage CH units. In the case of 1b,
which is a single isomer containing a P—C bond, one of the
CH resonances shows distinct 2/pyy and 'Jp doublet split-
tings.

Conclusions

We have demonstrated that another three structurally di-
verse isomers of general closo ferraphosphadicarbollide
structure 1 can be isolated from various high-temperature
reactions involving — directly or indirectly — the previously
reported isomer 1a.! There is no doubt that the separation
of carbon atoms is not the only driving force responsible for
the observed rearrangements, as the isomer 1b, containing a
contiguous P-C-C string, is formed as the main kinetic
product. This fact is in sharp contrast to the rearrange-
ments of the structurally related ferratricarbollide com-
plexes[®” and to those of the [CpCoC,ByH;;] cobaltadicar-
bollides as well.[ The isomerisations leading to 1b—1d can
be explained by the triangular-face rotation mechanism,!'?
although the participation of other mechanisms (diamond-
square-diamond,!'3! pyramidal rotation,!'* and Lipscomb’s
hybrid!"?)), cannot be excluded. It should also be noted that
all the complexes isolated contain at least one heteroatom
on the coordinating face and, in comparison with com-
plexes of the [CpCoC,ByH ] series,’) no [CpFePC,BsH (]
isomer containing P or C heteroatoms in position 12 (para
with respect to the Fe center) has been formed. These will
probably be formed at temperatures higher than 400—500
°C; application of such severe conditions led to complete
decomposition. The isomeric complexes of structure 1 are
expected to undergo various substitution reactions either
on the cluster atoms or the Cp ring, which might generate
interesting substitution derivatives. Also, application of bo-
ron or carbon degradation reactions is expected to lead to
other structurally interesting smaller-cage ferraphoshacar-
borane systems. These and related reactions aimed at estab-
lishing reactivity systemization within a series of phospha-
carborane analogues of ferrocene are in progress.

Experimental Section

General Procedures: All reactions were carried out with use of
standard vacuum or inert-atmosphere techniques as described by
Shriver,['! although some operations, such as column LC, were car-
ried out in air. The starting compounds 1a, 1e, 2, and 3 were pre-
pared according to the literature.>* Dichloromethane, hexane, and
mesitylene (Fluka) were dried over CaH, and freshly distilled be-
fore use. Other chemicals were reagent or analytical grade and were
used as purchased. Column chromatography was carried out using
silica gel (Aldrich, 130—270 mesh) as the stationary phase. The
purity of individual chromatographic fractions was checked by ana-
lytical TLC on Silufol (silica gel on aluminum foil; detection by
iodine vapor, followed by 2% aqueous AgNO; spray). Melting
points were measured in sealed capillaries under argon and are un-
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corrected. Multinuclear ("H, ''B, 3'P, and '3C) NMR and IR spec-
troscopy, and mass spectrometry have been performed essentially
with the instrumentation described in other related papers from
our laboratories.[*!7]

[1-Cp-1,2,3,8-FePC,BgH;o] (1b) and [1-Cp-1,10,2,4-FePC,BgH;]
(1¢): a) A solution of compound 1a (100 mg, 0.36 mmol) in mesityl-
ene (20 mL) was heated under reflux for three days. Most of the
mesitylene was removed by evaporation and the mixture was then
worked up by repeated chromatography on a silica gel column (40
X 1.5 cm) using hexane as a mobile phase to collect three main
fractions of Ry (hexane) 0.60, 0.50, and 0.43, from which complexes
1c (13 mg, 13%), 1b (15 mg, 15%), and the starting compound 1a
(60 mg, 60%) were isolated, respectively, by evaporation of the sol-
vent and identified by ''"B NMR spectroscopy.

1c: Ry (hexane) 0.60. M.p. 80 °C. '"H{''B } NMR (CDCl5): § =
4.81 (s, 5H, Cp), 3.14 (d, 2Jp = 24 Hz, 2 H, Hs ), 2.82 (d, 2Jpp =
23 Hz, 1 H, Hy,), 2.50 (s, 2 H, H,4), 1.72 (s, 2 H, H;), 1.70 (d,
2Jpu = 23 Hz, 2 H, Hyj;) ppm. ''B NMR (CDCl3): § = —2.0 (d,
"eu = 166 Hz, 1 B, B3), —6.4 (d, 'Jgu = 160, 'Jgp = 35Hz, 2
B, Bsg), —7.5 (d, 'Jpy =~ 160Hz, 1 B, Byy), =154 (d, Upy =
165Hz, 2 B, Boyy), —21.1 (d, 'Jg = 161 Hz, 2 B, B;5) ppm.
3IP{'H } NMR (CDCl;): & = —166.2 (s, 1 P, P;y) ppm. IR (KBr):
v = 2924 (CH), 2580 (BH) cm~'. MS (70 eV, EI), m/z (%) = 275 (5)
[M]*, 273 (85) [M — 2H]*. C;H;5BgFeP (272.54): calcd. C 30.85, H
5.55; found C 30.98, H 5.70.

1b: R; (hexane) 0.50. M.p. 180 °C. 'H{!'B} NMR (CDCl5): § =
4.99 (s, 5H, Cp), 4.21 (s, | H, Hy o, 9), 3.46 (s, 1 H, Hg), 3.41 (s, 1
H, Hyg), 2.29 (s, 1 H, Hy or o), 2.23 (d, 2Jpy = 26 Hz, 1 H, Hy),
1.76 (s, 1 H, Hy»), 1.52 (s, 1 H, Hs), 1.44 (d, 2Jpyy = 26 Hz, 1 H,
Hy)), 1.94 (d, 2Jpy = 18 Hz, 1 H, H;), 1.35 (d, 2Jpyy = 15Hz, 1
H, Hy) ppm. "B NMR (CDCl3): § = —0.9 (d, gy = 150 Hz, 1
B, Byg), —9.9 (d, Jp = 160 Hz, 2 B, B,,), —12.0 (d, 'Jpy = 162,
'Jgp =36 Hz, 1 B, B,), —13.7(d, gy = 162 Hz, 1 B, By,), —19.7
(d, Jgu = 162Hz, 1 B, Bs), —20.0 (d, 'Jgy = 160 Hz, 1 B,
Byy), —21.6 (d, 'Jg = 160 Hz, 1 B, Bg) ppm. 3C{'H,''B} NMR
(CDCly): & = 80.4 (s, 5 C, Cp), 58.6 (s, 1 C, Cyg), 45.8 (s, Wcp =
74 Hz, 1 C, C3) ppm. 3'P{'H } NMR (CDCl3): § = 17.7 (s, 1 P,
P,) ppm. IR (KBr): ¥ = 2925 (CH), 2548 (BH) cm™~!. MS (70 eV,
ED), m/z (%) = 275 (5) [M]", 273 (85) [M — 2H]*. C;H,sBgFeP
(272.54): caled. C 30.85, H 5.55; found C 31.20, H 5.73.

b) A solution of compound 2 (500 mg, 3.25 mmol) in mesitylene
(20 mL) was treated with [CpFe(CO),], (1500 mg, 4.23 mmol) and
the mixture was heated under reflux for 24 h. Most of the mesityl-
ene was removed by evaporation and the mixture was then worked
up by repeated chromatography on a silica gel column (40 X
2.5cm) using hexane as a mobile phase to isolate (ordered by
decreasing Ry values) compounds 1c¢ (58 mg, 7%), 1b (82 mg, 10%),
1a (294 mg, 33%), and 3 (318 mg, 28%), which were identified by
"B NMR spectroscopy.

¢) Compound 3 (0.063 g, 0.19 mmol) was heated at 350 °C in an
evacuated ampoule for 2 h. The melt was then cooled to ambient
temperature and extracted with CH,Cl, (2 X 10 mL). The extract
was filtered, the solvents evaporated to dryness and the solid resi-
due was separated by chromatography on silica gel in hexane. Two
orange fractions of Ry = 0.50 and 0.43 were collected from which
compounds 1b (12 mg, 23%) and 1a* (27 mg, 52%) were isolated,
respectively, after evaporation of the solvents and drying in vacuo
at ambient temperature and identified by ''B NMR spectroscopy.

[1-Cp-1,2,4,10-FePC,BgH;y] 1d: a) Compound 1a (100 mg,
0.36 mmol) was heated at 350 °C in an evacuated ampoule for 2 h.
The melt was then cooled to ambient temperature and extracted
with CH,Cl, (2 X 10 mL). The extract was filtered, the solvents
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evaporated to dryness and the solid residue was separated by chro-
matography on silica gel in hexane. Two orange fractions of Ry =
0.60 and 0.50 were collected, from which compounds 1d (12 mg,
23%) and 1b (27 mg, 52%) were isolated, respectively, on evapor-
ation of the solvents and drying in vacuo at ambient temperature.
1d: R; (hexane) 0.60. M.p. 80 °C.'"H{''B} NMR (CDCl,): & = 4.84
(s, 5H, Cp), 3.53 (s,  H, Hs o g), 3.27 (s, 1 H, Hs o g), 2.99 (s, 1
H, Hy or 10), 2.81 (d, 2Jpy = 23 Hz, 1 H, Hy)), 2.73 (s, 1 H, Ho),
2.36 (s, 1 H, Hy o 10), 1.91 (d, 2Jpy = 18 Hz, 1 H, H3), 1.85 (s, 1
H, Hyy), 1.84 (d, 2Jpyy = 16 Hz, 1 H, Hy), 1.58 (d, 2Jpyy = 22 Hz,
1 H, H,) ppm. "B NMR (CDCl3): § = —6.4 (d, Vg = 160 Hz,
2 B, Bsg), —7.3 (d, 'Jgu = 160 Hz, 1 B, By;), —8.6 (d, 1 B, By),
—12.1(d, Wpy = 169 Hz, 1 B, By), —15.7 (d, Vpy = 166, \Jpp =
31Hz, 1 B, Bs), —18.2 (d, gy = 161 Hz, 1 B, By,), —21.1 (d,
1Jgy = 158 Hz, 1 B, B;) ppm. *C{'H } NMR (CDCl;): 3 = 79.8
(s, 5C, Cp), 49.5 (s, 1 C, Cyp), 46.5 (s, 1 C, Cy). 3'P{'"H } NMR
(CDCl3): & = —41.3 (s, 1 P, P,) ppm. IR (KBr): v = 2924 (CH),
2580 (BH) cm™!. MS (70 eV, EI), m/z (%) = 275 (5) [M]*, 273
(100) [M — 2H]*. C;H,sBgFeP (272.54): calcd. C 30.85, H 5.55;
found C 31.25, H 5.69.

b) Compound 1e (20 mg, 0.07 mmol) was heated at 350 °C in an
evacuated ampoule for 2 h. The melt was then cooled to ambient
temperature and extracted with CH,Cl, (2 X 5mL). The extract
was filtered, the solvents evaporated to dryness and the solid resi-
due was separated by chromatography on silica gel in hexane to
isolate the main orange band of Ry = 0.60, from which compound
1d (10.2 mg, 51%) was isolated after evaporation of the solvents
and drying in vacuo at ambient temperature; it was identified by
NMR spectroscopy.
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