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Summary: The ferrocenylboranes FcBH;-NMe,Et and
Fc,BH have been synthesized and characterized by X-ray
crystallography, which revealed Fc,BH to be monomeric
in the solid state. Both compounds undergo hydrobora-
tion reactions upon addition of alkynes.

Boryl- and borate-substituted metallocenes are of
great current interest. Applications ranging from ho-
mogeneous catalysis to anion sensing and organome-
tallic polymer chemistry have been the topic of two
recent reviews.! At present, most syntheses of borylated
metallocenes simply rely on nucleophilic substitution
reactions at the boryl group(s). To get access to ever
more sophisticated derivatives, novel reactive building
blocks are thus required. Since the hydroboration of
alkenes and alkynes offers a convenient route to orga-
noboron compounds,? the parent metallocenylboranes
McBH, (Mc = metallocenyl substituent) appear to be
attractive starting materials for further reactions. As
an example, Chujo et al. pioneered the hydroboration
polymerization of diynes?® for the preparation of z-con-
jugated macromolecules containing boron in their main
chain. The compounds obtained are related to all-carbon
systems, from which electrons have been removed by
oxidation. Many of these materials possess large third-
order nonlinear susceptibilities and show photo- as well
as electroluminescent behavior.® It is therefore interest-
ing to investigate how the physical properties will
change when the polymers’ backbones are (partially)
reduced. One of our future aims is to create photo-
chemically dopable macromolecules by using metallo-
cenylboranes as the hydroborating reagents. Irradiation
of the resulting polymers with laser light can be
expected to induce dz—ps* transitions and thus inject
mobile charge carriers into the polymer chain. Moreover,
due to the low steric bulk of the BH, substituent, it
should be possible to obtain adducts with those Lewis
bases that do not form stable acid—base pairs in the case
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of McBR; derivatives bearing substituents R larger than
H. Novel and interesting reaction pathways may also
open up when McBH; interacts with other boranes
(including other McBH; molecules) via BHB two-
electron—three-center bonds.

The purpose of this paper is to present the first two
examples of metallocenylborane species McBH, and
Mc,BH, where Mc equals a ferrocenyl (Fc) substituent.
The synthesis of FcBH,, which is isolated as its amine
adduct, starts from the well-known derivative FcB(OEt)-
Br (1)* (Scheme 1). 1 and 1 equiv of Li[AlIH4] in ether/
pentane give lithium ferrocenylborohydride (2) in ex-
cellent yield.> Subsequent addition of excess NMe;Et
results in the precipitation of ethoxyalane—dimethyl-
ethylamine complexes, while 2 remains in solution.
After filtration, the filtrate is treated with excess
MesSiCl, whereupon FcBH,*NMeyEt (3) is formed.®
Addition of Me3SiCl to 2 in the absence of amine does
not lead to the expected dimeric [FcBH;], but generates
diferrocenylborane (4) and B,Hg (Scheme 1).7 Jutzi et
al. reported 1,1'-Fe(CsHsGaMe,), to undergo a similar
reaction, yielding the digalla[1.1]ferrocenophane [{Fe-
(C5H4)2}2{G&M€}2] and GaMe;.®

(4) Renk, T.; Ruf, W.; Siebert, W. J. Organomet. Chem. 1976, 120,
1-25.

(5) Synthesis of 2: a solution of LiAlH,4 (0.15 g, 3.95 mmol) in Et,O
(20 mL) was added dropwise at 0 °C to a slurry of 1 (1.12 g, 3.49 mmol)
in pentane. The resulting clear solution was stirred at 0 °C for 1 h.
The solvent was removed and the solid residue dissolved in 15 mL of
Et,0. After addition of NMe;Et (2.19 g, 30.0 mmol) in Et,O (10 mL),
a colorless precipitate formed. The suspension was filtered and the
precipitate extracted with ether (2 x 10 mL). The ether phases were
combined and evaporated to dryness to give 2:4NMe;Et as a yellow
microcrystalline solid. Yield: 1.45 g (83%). *H NMR (250.1 MHz, dg-
THF, 303 K): 0 0.87 (q, *Jgn = 77.1 Hz, 3H, BH3), 1.15 (tr, 3Jyy = 7.4
Hz, 12H, CH,CH3), 2.36 (s, 24H, NCH3), 2.73 (q, Jnn = 7.4 Hz, 8H,
CH,CHg), 3.93, 4.01 (2 x virtual tr, 2 x 2H, 3Jyy = *Jpyn = 1.6 Hz,
CsHy), 3.93 (s, 5H, CsHs). 13C{'H} NMR (62.9 MHz, dg-THF, 303 K):
0 8.8 (CH,CHg), 48.0 (NCHg), 56.8 (CH,CHj3), 68.4 (CsHs), 69.5, 76.8
(CsHy), n.o. (CB). 1B NMR (80.3 MHz, dg-THF, 303 K): 6 —30.7 (q,
Jgn = 77.1 Hz). Anal. Calcd for CysHssBFeLiN,4 (498.35): C, 62.66;
H, 11.33; N, 11.24. Found: C, 62.69; H, 11.47; N, 11.61.

(6) Synthesis of 3: Me3SiCl (1.00 g, 9.20 mmol) was condensed on
the suspension of 2:4NMe,Et (0.25 g, 0.49 mmol) in Et,O (20 mL) under
reduced pressure at liquid nitrogen temperature. The reaction mixture
was warmed to room temperature, stirred for 2 h, and filtered and
the filtrate evaporated to dryness in vacuo. Single crystals of 3 were
obtained from pentane. Yield: 0.12 g (90%). 'H NMR (250.1 MHz, C¢Ds,
303 K): 6 0.54 (tr, 33y = 7.3 Hz, 3H, CH,CHs), 1.79 (s, 6H, NCHy),
2.24 (q, 3Jun = 7.3 Hz, 2H, CH,CH3), 2.67 (very broad, 2H, BH,), 4.26
(virtual tr, 2H, 3Jyy = “Jun = 1.8 Hz, CsHy), 4.33 (mult, 7H, CsH4/
CsHs). 13C{1H} NMR (100.6 MHz, CgDs, 303 K): 0 8.2 (CH,CH3), 47.1
(NCHg), 55.7 (CHchg), 68.6 (C5H5), 69.6, 76.6 (C5H4), n.o. (CB) 11
NMR (128.4 MHz, C¢Dg, 303 K): & —3.4 (tr, 1Jgy = 92.3 Hz). Anal.
Calcd for C14H2,BFeN (270.99): C, 62.05; H, 8.18; N, 5.17. Found: C,
62.28; H, 8.38; N, 5.44.

10.1021/0m034353t CCC: $27.50 © 2004 American Chemical Society
Publication on Web 01/27/2004



Downloaded by NAT LIB UKRAINE on July 3, 2009
Published on January 27, 2004 on http://pubs.acs.org | doi: 10.1021/0m034353t

Communications

Scheme 1. Synthesis of 2—42
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aLegend: (i) Li[AIH,] in Et,O/CsHyp; (ii) excess MesSiCl/
NMezEt in Et,0; (iii) excess MesSiCl in Et;0.

The B NMR spectrum of 2 shows a quartet at —30.7
ppm (*Jgn = 77.1 Hz)5 characteristic for a tetracoordi-
nated boron atom?® bearing three hydrogen substituents.
In the 'H NMR spectrum of 2, a well-resolved quadru-
plet is visible at 6 0.87 (*Jgn = 77.1 Hz),® which has to
be assigned to three magnetically equivalent hydrogen
atoms coupling with an B nucleus. In comparison to
2, the B NMR resonance of 3 is observed at signifi-
cantly lower field strength (6 —3.4, triplet, 1Jgy = 92.3
Hz).6 Both the chemical shift value and the multiplicity
of the signal indicate the presence of a BH,—amine
adduct group in the molecule.® The BH, protons of 3
appear at 6 2.67. The 11B NMR spectrum of 47 shows a
signal at 54.7 ppm, testifying to the presence of three-
coordinate boron nuclei.® The BH hydrogen atom gives
rise to a broad hump at 6(*H) 6.23 with an integral value
corresponding to one proton. In the infrared spectrum,
4 shows a strong absorption at 2302 cm~! (shoulder at
2400 cm~1), which lies in a region typical of terminal
B—H stretching modes.10

The adduct FcBH>-NMe;Et (3) crystallizes from pen-
tane in the triclinic space group P1 (Figure 1).1' The
B—N bond of 3 is rotated into a position almost
perpendicular to the borylated cyclopentadienyl ring

(7) Synthesis of 4: a solution of LiAIH, (0.19 g, 5.01 mmol) in Et,O
(20 mL) was added dropwise at 0 °C to a slurry of 1 (1.50 g, 4.68 mmol)
in pentane. The resulting clear solution was warmed to room temper-
ature and stirred for 1 h. Neat Me3SiCl (1.72 g, 15.83 mmol) was added
to the solution via syringe. Stirring was stopped and the clear solution
kept at room temperature for 1 h, whereupon X-ray-quality crystals
of 4 formed. Yield: 1.38 g (77%). *H NMR (250.1 MHz, C¢Dg, 303 K):
0 4.03 (s, 10H, CsHs), 4.48 (mult, 8H, CsHa), 6.23 (very broad, 1H, BH).
B3C{IH} NMR (62.9 MHz, CgDg, 303 K): 0 68.8 (CsHs), 75.0, 77.8 (CsHy),
n.o. (CB). 1'B NMR (128.4 MHz, C¢Ds, 303 K): 0 54.7 (n.r.). IR: v (cm™)
2302 (shoulder at 2400), BH. Anal. Calcd for CyoH19BFe; (381.86): C,
62.91; H, 5.02. Found: C, 62.51; H, 4.83.

(8) Althoff, A; Jutzi, P.; Neumann, B.; Stammler, A.; Stammler, H.-
G. Organometallics 2003, 22, 2766—2774.

(9) Noth, H.; Wrackmeyer, B. Nuclear Magnetic Resonance Spec-
troscopy of Boron Compounds. In NMR Basic Principles and Progress;
Diehl, P., Fluck, E., Kosfeld, R., Eds.; Springer: Berlin, Heidelberg,
New York, 1978.

(10) Negishi, E.; Katz, J.-J.; Brown, H. C. 3. Am. Chem. Soc. 1972,
94, 4025—4027. Note that monomeric HBTrip, (Trip = 2,4,6-i-PrsC¢H>)
shows a corresponding B—H stretch at v 2460 cm~1: Pelter, A.; Smith,
K.; Buss, D.; Norbury, A. Tetrahedron Lett. 1991, 32, 6239—6242.

(11) Crystal data of 3: Cy4H2,BFeN, M, = 270.99, triclinic, P1, a =
5.9524(18) A, b =9.868(3) A, c = 11.948(3) A, a. = 92.48(2)°, 3 = 94.08-
(2)°, y = 100.60(3)°, V = 686.9(3) A3, Z = 2, T = 100 K, u(Mo Ka) =
1.075 mm~1, 4733 reflections measured, 2425 unique (Rin: = 0.1140),
which were used in all calculations. The final Ry (F?) value was 0.1415
(all data), and the minimum/maximum residual electron density was
—0.73/0.61 e A-3. The H atom positions were taken from a difference
Fourier synthesis and refined using a riding model. The CCDC
reference number is 224814.
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Figure 1. Crystal structure of compound 3. Thermal
ellipsoids are shown at the 50% probability level. Selected
bond lengths (A), bond angles (deg), and torsion angles
(deg): B(1)—C(11) =1.621(9), B(1)—N(1) = 1.655(7); C(11)—
B(1)—N(1) = 111.1(4); N(1)—B(1)—C(11)—C(12) = 94.0(6),
N(1)—B(1)—C(11)—C(15) = —92.0(6), C(11)—B(1)—N(1)—
C(3) = 178.5(5), B(1)—N(1)—C(3)—C(4) = —176.3(5).

Figure 2. Crystal structure of compound 4. Thermal
ellipsoids are shown at the 50% probability level. Selected
bond lengths (A), bond angles (deg), torsion angles (deg),
and angles between planes (deg): B(1)—C(11) = 1.530(6),
B(1)—C(21) = 1.545(6), B(1)—H = 1.12(4); C(11)-B(1)—
C(21) = 126.5(3), COG(1)—C(11)—B(1) = 165.6, COG(2)—
C(21)—B(1) = 167.4; C(15)—C(11)—B(1)—C(21) = —8.9(6),
C(25)—C(21)—B(1)—C(11) = —4.7(6); C(11)C(12)C(13)C-
(14)C(15)//C(11)B(1)C(21) = 14.4, C(21)C(22)C(13A)C(24)C-
(25)//C(11)B(1)C(21) = 13.6, C(11)C(12)C(13)C(14)C(15)/
C(21)C(22)C(13A)C(24)C(25) = 4.8. COG(1) (COG(2)) is the
center of gravity of the plane C(11)C(12)C(13)C(14)C(15)
(C(21)C(22)C(13A)C(24)C(25)).

(N(1)—B(1)—C(11)—C(12) = 94.0(6)°), with the bulky
ethyl group pointing away from the ferrocenyl substitu-
ent (C(11)—B(1)—N(1)—C(3) = 178.5(5)°). Single crystals
of diferrocenylborane (4; monoclinic, P2;/c) were ob-
tained from the reaction mixture (Et,O/pentane) at
room temperature (Figure 2).12 Most interestingly, the
molecule is monomeric in the solid state, featuring a
planar three-coordinate boron atom and a trans config-

(12) Crystal data of 4: CyoH19BFe,, M, = 381.86, monoclinic, P2,/c,
a = 7.5664(9) A, b = 10.3258(12) A, ¢ = 10.4377(15) A, p = 105.299-
(5)°, V = 786.59(17) A3, Z = 2, T = 149 K, u(Mo Ko) = 1.838 mm™1,
13 317 reflections measured, 2534 unique (Rint = 0.0348), which were
used in all calculations. The final R,,(F?) value was 0.0807 (all data),
and the minimum/maximum residual electron density was—0.50/0.55
e A3 The CsH4—B(H)—CsH,4 fragment was disordered about a crystal-
lographic inversion center. Both disordered groups coincide at the
positions of atoms C(13) and C(13A) (—x, —y, —z), with an occupancy
factor of 0.5. The position of the H atom at B(1) was taken from a
difference Fourier synthesis and refined isotropically. The CCDC
reference number is 224815.
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uration of its ferrocenyl substituents with respect to the
C(11)B(1)C(21) plane. There is only one other example
of a structurally characterized monomeric organylbo-
rane, HBTrip, (Trip = 2,4,6-i-Pr3CgHy), known in the
literature.’® The B—C bond lengths of this compound
(average value 1.567(6) A) are significantly longer than
those of 4 (average value 1.538(6) A), whereas the
C—B—C angles of both molecules are rather similar
(HBTrip2, 128.0(4)°; 4, C(11)—B(1)—C(21) = 126.5(3)°).
In the case of HBTrip,, dimerization is clearly prevented
by the extremely bulky Trip substituents. Considering
the fact that tetraferrocenylethene exists, which shows
a central C=C bond length of only 1.381 A4 while the
boron atoms of dimeric [HBMes;], (Mes = 2,4,6-
MesCgH,) are as far as 1.851(3) A apart from each
other,3 steric congestion of the boron atom in 4 is
probably not the sole reason for the monomeric nature
of this compound. Torsion angles C(15)—C(11)—B(1)—
C(21) and C(25)—C(21)—B(1)—C(11) of —8.9(6) and —4.7-
(6)°, respectively, indicate that the ferrocenyl substit-
uents can act as strong sz-donors toward the boron
bridge. This conclusion is also supported by the fact that
the 1B NMR resonance of 4 (6 54.7) is shifted by 18.8
ppm to higher field compared to the boron resonance of
HBTrip, (6 73.5),% which reflects a significant ac-
cumulation of z-charge density at boron in 4.° Moreover,
the boron atom is bent out of the planes of the CsHy
rings toward the iron atoms with dip angles a of 14.4
and 12.6°, thereby suggesting'® some charge transfer
from filled d-type orbitals of iron into the vacant p
orbital at boron (oo = 180° — a*, a* = COG—C(ipso)—B;
COG =center of gravity of the CsH,4 ring). In addition
to steric shielding, electronic factors are thus likely to
play an important role in the stabilization of monomeric
4.

Hydroboration of tert-butylacetylene using 3 (stoichio-
metric ratio 2:1, CD,Cl,, 50 °C, sealed NMR tube) is
complete after a few hours and selectively stops at the

(13) Bartlett, R. A.; Dias, H. V. R.; Olmstead, M. M.; Power, P. P;
Weese, K. J. Organometallics 1990, 9, 146—150.

(14) Bildstein, B.; Denifl, P.; Wurst, K.; André, M.; Baumgarten, M.;
Friedrich, J.; Ellmerer-Muller, E. Organometallics 1995, 14, 4334—
4342.

(15) Appel, A.; Jékle, F.; Priermeier, T.; Schmid, R.; Wagner, M.
Organometallics 1996, 15, 1188—1194. For an X-ray crystal structure
analysis of the related triferrocenylborane, see: Wrackmeyer, B.;
Déorfler, U.; Milius, W.; Herberhold, M. Z. Naturforsch. 1995, 50b, 201—
204.
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olefin stage.1® Two doublets for the olefinic protons are
observed (0 6.25, 6.59) with a coupling constant 3Jyy of
17.9 Hz, which points toward a vicinal rather than to a
geminal position of the two H atoms.1” The 13C DEPT-
135 NMR spectrum of the product shows one resonance
for an olefinic CH group (6 162.1). The signal of the
second CH group (6 127.6) is extremely broadened,
which has to be attributed to the quadrupolar relaxation
of the adjacent boron nucleus. No resonances assignable
to olefinic CH, groups could be detected. It has to be
concluded, therefore, that borylation has occurred at the
terminal position of tert-butylacetylene. Hydroboration
of tert-butylacetylene with 4 (stoichiometric ratio 1:1,
CesDs, room temperature, 30 min) gives a similar result
and leads to the corresponding 1,2-disubstituted olefin
in quantitative yield.1®

Work is in progress to synthesize organic—inorganic
hybrid materials by using the ferrocenylborane adduct
FcBH,>-NMe,Et in the hydroboration polymerization of
aromatic diynes. Moreover, the B—C coupling reaction
underlying the formation of 4 may provide facile access
to oligomers [—(H4Cs)Fe(CsH4)B(H)—],, starting from
[1,1'-Fe(CsH4BH3)2]Li> and 2 equiv of MesSiCl.
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(16) Hydroboration product of tert-butylacetylene with 3: *H NMR
(400.1 MHz, CD.Cl,, 303 K) ¢ 1.12 (s, 18H, CH3), 4.02 (s, 5H, CsHs)
4.45, 4.62 (2 x virtual tr, 2 x 2H, 3JHH = AJHH = 1.8 Hz, C5H4), 6.25
(d, 2H, 3Jyy = 17.9 Hz, B—CH), 6.59 (d, 2H, 3Juy = 17.9 Hz, tBu—
CH); 3C{'H} NMR (62.9 MHz, CD,Cl,, 303 K) 6 29.5 (CHj3), 35.4
(CCH3), 69.5 (CsHs), 74.7, 76.0 (CsHa), 127.6 (B—CH), 162.1 (tBu—CH);
11B NMR (128.4 MHz, CD,Cl,, 303 K) ¢ 54.2.

(17) Gunther, H. NMR-Spektroskopie; Thieme: Stuttgart, New York,
1983.

(18) Hydroboration product of tert-butylacetylene with 4: 'H NMR
(250.1 MHz, CsDs, 303 K) 6 1.11 (s, 9H, CHs), 4.00 (s, 10H, CsHs) 4.47,
4.65 (2 x virtual tr, 2 x 4H, 33y = 4Jpun = 1.7 Hz, CsHy), 6.52 (d, 1H,
3Jun = 18.1 Hz, B—CH), 6.84 (d, 1H, 3Jun = 18.1 Hz, tBu—CH); 13C-
{H} NMR (62.9 MHz, CgDs, 303 K) ¢ 29.6 (CH3), 35.1 (CCHg), 69.4
(CsHs), 73.9, 76.7 (CsH,), 128.8 (B—CH), 159.7 (tBu—CH); 1B NMR
(128.4 MHz, CgDs, 303 K) 6 56.9.



