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Treatment of the zwitterionic amine tricarbollides of general formula mdo-7,8,9-GBgH10 (1) (where L=

Me;HN (1c) and BuH:N (1d)) with [(7°-CsHs)Fe(CO}), in refluxing mesitylene resulted in the formation of a
mixture of the known compounds [25-CsHs)-9-X-closc2,1,7,9-Fe@BgH1g] (2) (where X= H,N (2a), Me;N

(20), and BUHN (2d)) and a series of new, isomeric ferratricarbollylamines2qsHs)-10-X-closo2,1,7,10-
FeGBgH1q] (3) (where X= H,N (3a), Me:N (3c), and BUHN (3d)) in moderate yields. Complexes of tyge
(where X=H,N (3a), MeHN (3b), MezN (3¢), and BUHN (3d)) were also obtained readily by heating complexes

of type 2 (where X= H,N (2a), MeHN (2b), Me;N (2¢), BUtHN (2d), and Bli(Me)N (2¢€)) at ca. 300°C for 10

min. All the complexes of typ@ contain reactive amine functions in meta positions with respect to the metal
center. The observed-9 10 rearrangement of the substituted cluster carbon is quite unexpected and is believed
to result from higher thermodynamic stability of the 10-substituted isomers. The structures of all compounds of
type 3 were established by high-field NMR spectroscopy and mass spectrometry, and 3dava$ determined

by an X-ray diffraction study.

Introduction have, however, found that the opposite is true and that com-
pounds of type surprisingly undergo rearrangement into 10-
substituted complexes under relatively mild conditions. We now
present an initial study of this rearrangement resulting in the
isolation of a series of new amino-substituted ferratricarbollides
-(7®-CsHs)-10-X-close-2,1,7,10-FegBgH; ] that contain reac-

ive amino substituents in the meta position with respect to the
metal center.

The synthesis of the zwitterionic 11-vertex ligand tricarba-
borane’ of general formula 7-Lnido-7,8,9-GBgH 1o (where L
= amines) 1), along with that of the parent tricarbollide anfon
[nido-7,8,9-GBgH11] ~, allowed for the synthesis of the first
types of metallatricarbollides. These have so far been represente
by the unsubstituted complex [Z%CsHs)-closo2,1,7,10-
FeGBgH14]® and the recently isolated series of amino derivatives
[2-(7°-CsHs)-9-X-closo2,1,7,9-Fe@BgH1g] (2) (where X =
amino substituent$Both types of these cage-isomeric com-
pounds are characterized by maximum space separation of the General Procedures All reactions were carried out with use of
cluster carbons over the cluster area. Nevertheless, in view ofstandard vacuum or inert-atmosphere techniques as described by
the distance of the amino substituent from the metal center, theShriverralthough some operations, such as preparative thin-layer
9-substituted (para) complexes of typavere supposed to be chromatography (TLC), were carried out in air. The starting compounds

. i . of typesl and2 were prepared according to the literattifé The Fluka
more stable than their 10-substituted (meta) counterparts. Wehexane, benzene, toluene, and dichloromethane were dried over CaH

and freshly distilled before use. Other chemicals were reagent or
analytical grade and were used as purchased. Preparative TLC was
carried out using silica gel G with a fluorescent indicator (Aldrich,
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(1) Sibr, B.; Holub, J.; Teixidor, F.; Vias, C.J. Chem. Soc., Chem.  followed by drying in air at 80°C. The purity of individual chro-
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ggg(ggglg (\c/)lrgerB Eﬁﬁg 3] Tplei?dzormlgrﬁmcugﬁ::nei?r?%ggn gel on aluminum foil; detection by diiodine vapor followed by 2%

Chemistry Siebert, W., Ed.; Royal Society: London, 1997; pp 333 aqueous AgN@spray). Melting points were measured in sealed cap-

340. 5 illaries under nitrogen and are uncorrected. Low-resolution mass spectra
(2) Holub, J.; Sibr, B.; Hnyk, D.; Fusek, J.; Gaiova |.; Teixidor, F.; were obtained using a Finnigan MAT MAGNUM ion trap quadrupole
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ionization). Proton {H) and boron ¥B) NMR spectroscopy was
performed at 7.05 and 11.75 T on Bruker ARX 300 and Varian XL-
500 instruments, respectively. TH@§—1'B] correlation spectroscopy
(COSYY and*H—{'B(selective)” NMR experiments were essentially
as described in other related papers from our laboratbi@semical
shifts are given in ppm to high frequency (low field)®f= 32.083 971
MHz (nominally RB-OEt in CDCL) for B (quoted to+0.5 ppm)
andZ = 100 MHz (SiMae) for H (quoted to4-0.05 ppm),E being
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(s), 2548 (s), 1728 (w), 1446 (w), 1388 (m), 1362 (m), 1218 (s), 1106

(m), 1034 (w), 1004 (s), 858 (m), 830 (s), 592 (W), 446 (s)y&nMS

(70 eV, EI),m/z (%): 327 (10) [M'], 326 (20) [M" — H]. Anal. Calcd

for CioHasFeBsN (325.7): C, 44.24; H, 7.74. Found: C, 44.60; H, 7.82.
Method B. Thermal Isomerization of Complexes of Type 2

Compounds of type (for X = H:N (2a), MeHN (2b), Me:N (20),

ButHN (2d), and Bi(Me)N (2€)) (reaction scale of 0.2 mmol) were

heated at ca. 300C (heating gun, outside temperature) for 10 min

defined as in ref 9. Solvent resonances were used as internal secondarynder nitrogen, and the mixture of compounds of typemd 3 thus

standards. Coupling constart§*'B—!H) are taken from resolution-
enhanced'B spectra with digital resolution a£8 Hz and are given in

obtained was separated by preparative TLC. Compo@ad8c, and
3d were isolated exactly as in the preceding experiment in yields of

hertz. IR spectra were obtained on a EU 9512 Pye-Unicam Fourier 15, 49, and 40%, respectively (based on compo@m@govered). The

transform spectrometer.

Preparation of the [2-(°-CsHs)-10-X-close2,1,7,10-FeGBgH 1]
(3) Complexes (Where X= H:N (3a), MeHN (3b), MeN (3c), and
ButHN(3d)). Method A. From 7-L-nido-7,8,9-CsBgH10 (1) Com-
pounds (Where L= Me;HN (1c) and BuH,N (1d)). Compounds of
type 1 (reaction scale of 1.5 mmol) were heated withs{CsHs)Fe-
(CO) ]2 (266 mg, 0.75 mmol) in 20 mL of mesitylene at reflux for 8

thermolysis of2c was accompanied also by the formatior3bf(R =
0.20 in toluene, yield 4%), and that @& resulted in the formation of
2b (R = 0.34 in toluene, yield 20%) an@b (yield 20%). The
thermolysis of2b gave exclusively8b (yield 28%). For3b. Mp < 25
°C (viscous liquid). NMR6(*B): —9.3 [B(6,11), 165],—12.7 [B(9),
161], —15.2 [B(3), 162],—18.2 [B(5,12), 171]—25.8 [B(4,8), 159]],
all 1'B—11B cross-peaks observed except for B(6;18)5,12). NMR,

h. The bulk of the solvent was evaporated at reduced pressure, and thed(*H): 4.61 [GHs], 3.72 [H(3)], 2.97 [H(6,11)], 2.68 [H(9)], 2.27
resulting mixtures were separated by preparative TLC to develop orange[MeHN], 2.15 [H(5,12)], 2.04 [H(1,7)], 1.65 [M&N], 1.25 [H(4,8)].

(compounds of type2) and light-orange (compounds of ty@®

IR (KBr): 3352 (w), 3084 (w), 2956 (m), 2920 (w), 2800 (w), 2588

bands. The corresponding complexes were isolated by extraction with (s), 1720 (w), 1660 (w), 1470 (m), 1448 (w), 1416 (w), 1234 (w), 1166

CH.CI, followed by evaporation and vacuum sublimation at ca. 200

°C (bath) as orange, air-stable compounds. By elution with toluene,

from 1c were isolated 103 mg (23%) @t (R = 0.56) and 9 mg (2%)

of 3c (Rr = 0.38), whereas fromid, 2d (Rr = 0.73) (134 mg, 31%)
and 3d (R = 0.60) (118 mg, 24%) were isolated, together with a
mixture of 2a and3a. This mixture was separated by a 3-fold elution
with 40% CHCI, in hexane to isolate 57 mg (14%) 2& (R = 0.30)
and 7 mg (2%) of3a (Rr = 0.25). All compounds of typ& were
identified by''B NMR spectroscopy as reported previouSkor 3a.

Mp 89—91°C. NMR, 6(31B) (160.4 MHz, CDC}, 293K) [assignment,
Jgn in Hz]: —8.3 [B(6,11), 161],—10.6 [B(9), 162],—16.1 [B(3),
~150], —17.2 [B(5,12),~168], —25.5 [B(4,8), 155] (all signals are
doublets), all theoreticat'B—''B cross-peaks observed except for
B(6,11)-B(5,12). NMR,5(*H) (500 MHz, CDC}, 293K) (assignments
for individual cluster{BH} protons by*H{*'B(selective) measure-
ments): 4.68 [GHs], 3.70 [H(3)], 3.01 [H(6,11)], 2.74 [H(9)], 2.22
[H(5,12)], 2.16 [H(1,7)], 1.79H:N, d, 14— = 202 Hz], 1.31 [H(4,8)].

IR (KBr): 3380 (w), 3320 (w), 2956 (w), 2920 (w), 2862 (w), 2568
(s), 1726 (w), 1606 (w), 1416 (w), 1106 (m), 1034 (w), 994 (m), 972
(m), 920 (w), 830 (s), 728 (m), 640 (m), 436 (s) TMMS (70 eV,
El), m/z (%): 271 (55) [M], 270 (100) [M" — H]. Anal. Calcd for
CgHi7FeBN (269.6): C, 35.63; H, 6.36. Found: C, 35.21; H, 6.40.
For3c. Mp < 70°C. NMR, 6(*'B): —9.8 [B(6,11), 164],-14.3 [B(3,9),
~162],—18.8 [B(5,12), 217]-25.8 [B(4,8), 159], alt'B—11B cross-
peaks observed except for B(6,£B(5,12). NMR,0(*H): 4.67 [GHs],
3.86 [H(3)], 3.11 [H(6,11)], 2.71 [H(9)], 2.38MeN], 2.23 [H(5,12)],
2.02 [H(1,7)], 1.29 [H(4,8)]. IR (KBr): 3426 (m), 2984 (w), 2948 (w),
2868 (w), 2832 (w), 2788 (w), 2592 (sh), 2568 (s), 2548 (s), 2524 (s),
1468 (m), 1450 (m), 1410 (m), 1274 (m), 1220 (w), 1100 (m), 1048
(m), 1000 (s), 976 (sh), 840 (s), 734 (w), 450 (m), 432 (m)y trmMS

(70 eV, El),m/z (%): 299 (50) [M], 298 (100) [M" — H]. Anal.
Calcd for GoHa1FeBsN (297.7): C, 40.35; H, 7.11. Found: C, 40.52;
H, 7.28. For3d. Mp 81°C. NMR, 6(*'B): —8.0 [B(6,11), 132],-11.4
[B(9), 156], —15.0 [B(3), 162],—17.3 [B(5,12), 171]-25.8 [B(4,8),
159], all **B—11B cross-peaks observed except for B(6;18)5,12).
NMR, 8(*H) 4.67 [GHs], 3.78 [H(3)], 3.15 [H(6,11)], 2.90 [H(9)], 2.28
[H(5,12)], 2.08 [H(1,7)], 1.30 [H(4,8)], 1.1BUHN). IR (KBr): 3348
(w), 2992 (w), 2956 (m), 2920 (w), 2860 (w), 2620 (s), 2584 (s), 2568

(6) Kennedy, J. D. IrMultinuclear Magnetc Resonancklason, J., Ed;
Plenum Press: New York, 1987; p 221. (b) Hutton, W. C.; Venable,
T. L.; Grimes, R. NJ. Am. Chem. S0d 984 106, 29. (c) Schraml,
J.; BellamaJ. M. Two-Dimensional NMR Spectroscopyiley: New
York, 1982 and references therein.

(7) Fontaine, X. L. R.; Kennedy, J. D. Chem. Soc., Dalton Tran987,
1573.

(8) Plegk, J.; Sibr, B.; Fontaine, X. L. R.; Kennedy, J. D.; Fietnek;
S.; Jelnek, T.Collect. Czech. Chem. Commui®91, 56, 1618-1635.

(9) McFarlane, WProc. R. Soc. London, Ser. 968 306, 185.

(w), 1110 (m), 1040 (m), 1004 (m), 986 (m), 962 (w), 912 (w), 860
(m), 828 (s), 732 (m), 700 (w), 432 (m) cfa MS (70 eV, El),m/z
(%): 285 (55) [M], 284 (90) [M" — H]. Anal. Calcd for GHioFeBsN
(283.6): C, 38.11; H, 6.75. Found: C, 37.85; H, 6.47.

Structure Analysis of 3d. (Ci2H2sBsFeN), M, = 325.66, 0.45 mm
x 0.35 mmx 0.15 mm, monoclinic, space grolj2./n, a = 13.149-
(4) A, b=6.501(4) A,c = 19.421(5) A8 = 93.37(3}, V = 1657.3-
(12) A3, Z = 4, peaica= 1.305 g cm?3, data collected at 193(2) K on a
Rigaku AFC7S device with Mo ¥ radiation ¢ = 0.710 69 A), scan
methodw/26, 2763 independent reflections with 3.X060 < 24.99
collected, of which 2371 hatl > 20¢(l). Lorentzian polarization and
absorption corrections were performed§lo Ka) = 0.897 mnt?,
empirical y scan, T = 0.6883— 0.8772]. The structure was solved
and refined with the SHELX97 program packd§Ehe Cp ring is
disordered, adopting two orientations [site occupation parameters 0.519-
(2) and 0.481(2)]. Non-hydrogen atoms were refined with anisotropic
displacement parameters. Hydrogen atoms were included in the
calculations at fixed distances from their host atoms and treated as riding
atoms using the SHELX97 default parameters. The structure was refined
against~?to R1= 0.0471, wR2= 0.1181, 202 parameteiS= 1.040.
The min and max residual electron densities wefe448 and 0.529 e
A3 respectively. Crystallographic data for the structure reported in
this paper have been deposited with the Cambridge Crystallographic
Data Centre as Supplementary Publication CCDC 113550. Copies of
the data can be obtained free of charge on application to CCDC, 12
Union Road, Cambridge CB2 1EZ, U.K. (fax}44)1223-336-033;
e-mail, deposit@ccdc.cam.ac.uk).

Results and Discussion

Treatment of the zwitterionic amine tricarbollides of general
formula 7-Lnido-7,8,9-GBgH10 (1) (where L= Me;HN (1¢)
and BUH,N (1d)) with [(7°-CsHs)Fe(CO}], in refluxing mesi-
tylene fa 8 h (path i in Scheme 1) resulted in the formation of
a mixture of the previously reporttdompounds [24{>-CsHs)-
9-X-closoe2,1,7,9-Fe@BgHi] (2) (where X=H,N (2a), Me;N
(20), and BUHN (2d)) and a series of new, isomeric ferratri-
carbollides [2-5-CsHs)-10-X-close2,1,7,10-Fe@BgH1q (3)
(where X= H)N (3a), Me:N (3c), and BUHN (3d)). Com-
pounds of type8 were isolated in moderate yields as air-stable,
orange complexes. The side formation of compou2asnd
3a, usingld as the starting compound, can be clearly explained
by isobutene elimination under experimental conditions em-
ployed? These experiments showed that the formation of the

(10) Sheldrick, G. MSHELX97 Program for Crystal Structure Refinement
University of Gdtingen: Gitingen, Germany 1997.
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Scheme 1
O BH
@ CH
® C
X = H,N, MeHN, Me,N,
BuHN, and Bu(Me)HN
L
@ y [20cc
@ 110 min

1

Figure 1. Molecular structure ofdd with selected bond distances
(A): mean Fe-C(Cp ring) 2.068(7), FeC(1) 2.0429(17), FeC(7)
2.037(2), Fe-B(3) 2.034(2), Fe-B(6) 2.031(2), Fe-B(11) 2.0252(19),
C(10)—N 1.4411(19). Other €B and B—B distances fall within usual
limits. The Cp ring is disordered, adopting two orientations. Hydrogen
X = H;N, MeHN, Me,N, and positions are omitted for clarity.
Bu'HN
3 X Mean planes of the two partially occupied Cp groups and the
C,B3 pentagon are essentially parallel, as shown by the mutual
isomeric compounds of typ@ (see path i in Scheme 1) was dihedral angles of ca.°2The B(9)-Fe vector approximately
achieved by raising slightly (ca. 2C) the reaction temperature  intersects the centers of the Cp groups, as suggested by the
in comparison with those of previous experiments in xylene. B(9)—Fe-Cp(ring centroid) angles of 177.0 and 176.5he
This observation prompted us to synthesize complexes of typemolecule thus adopts an approxim@tesymmetry structure with
3 (where X= HN (3a), MeHN (3b), Me:N (3¢c), and BUHN a pseudo-mirror-plane bisecting the atoms N, Fe(2), B(3), B(9),
(3d)) more efficiently, which was achieved by heating com- C(10), C(18), and C(21). The F& (C;Bs pentagon) and FeB

L = Me,HN and BuH,N

plexes of type2 (where X = H,N (2a), MeHN (2b), Me:N distances fall within usual limits, as do other intraclusterBC
(20), BUHN (2d), and Bi{Me)N (2€)) at ca. 300°C for 10 min and B-B separations. These data point to a 12-vertex 26-cage-
(path i in Scheme 1). The resulting complexes of t@peere electron closo geometry with a maximum separation of the

isolated by TLC separation from the unreacted part of the cluster{CH} vertexes. The iron center caps the C{B)3)—
starting complex of structur@. The pyrolysis of2e was C(7)-B(11)-B(6) pentagonal face of a [2-(BUH)-2,8,10-
associated with a complete loss of isobutene under the formationCsBeHac] ~ tricarbollide ligand, contributing one electron to the
of 2b and3b. It should also be noted that compounds of type Cluster bonding schenié.
3 have generally have lower melting points than their counter-  The observed NMR data for all the amino derivatives of type
parts of structure. 3, together with the results of mass spectrometry, are in excellent
All the complexes of typ@ contain amine functions in meta  agreement with the observed crystallographic structurédof
positions with respect to the metal center. Inspection of path i All the cluster'’B andH resonances were interrelated B{B—
in Scheme 1 may suggest that the formation of complexes of 1'B] COSY® and *H—{!'B(selective)” experiments, which
type 2 by dsd-type movement of the substituted cluster carbon permitted complete assignments and thence comparisons with
into the bottom of the cluster during the complexation should the unsubstituted [246-CsHs)-close2,1,7,10-Fe€BgH11].2
proceed via structur8. Nevertheless, the formation of com- As seen in Figure 2, the most significant feature of complexes
plexes of this constitution has never been detected under milderof type 3 are the 2:1:1:2:2 patterns 8B resonances, in contrast
reaction conditions (up to 148C)# As present experiments  to the isomeric compounds of tyf® which exhibit different,
suggest, at higher temperatures the opposite is true and the2:1:2:1:2, patternéThe comparison also reveals straightforward
substituted cage C-vertex starts moving into the area of higher similarity of the corresponding!B and!H resonances for all
crowding, however, with retention of the original maximum complexes of type8. The figure (left-hand part) shows that
separation of the cage carbons. This unexpected- 90 positions adjacent to the substituted carbon are generally
rearrangement can be then reasonably explained by the highedeshielded, while thosg-positioned{BH(4,8)} are slightly
thermodynamic stability of the 10-substituted isomers under the shielded. The middle diagram in Figure 2 demonstrates a good
experimental conditions employed. linear relationship betweeB and'H resonances for all cluster
The structure of the 10-BidN-substituted complegd was positions except for the antipodal{BH(3)} vertex (para-
determined by an X-ray diffraction study (see Figure 1). The positioned to the substituted cage carbon). The right-hand part
figure clearly shows that in contrast to complexes of t2de of Figure 2 details remarkable shielding of this antipodal vertex
the substituted carbon is now meta-positioned with respect to by individual amino substituents, showing also a reasonable
the iron center, as is in the parent compoundj2qsHs)-closo linear correlation betweeHdB andH shieldings of the antipodal
2,1,7,10-FegBgH14] reported previously.In the solid state the

Cp ligand (Cp= 7°>CsHs") adopts two equally populated  (11) wade, K.Adv. Inorg. Chem. Radiochen976 18, 1-66.
orientations, indicating a low rotation barrier of the Cp group. (12) Hemanek, S.Chem. Re. 1992 92, 325 and references therein.
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Figure 2. Left-hand diagram is a stick representation and comparison of'BMdMR chemical shifts and relative intensities for the amino-

Aca(V'B)
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substituted metallatricarbollides of general formulatiomj2CsHs)-10-X-close2,1,7,10-FegBgH] (3) (for X = H see ref 3). The middle diagram
is a plot of 6(*H) vs 6(*'B) for complexes of type8. Data points for individua{ BH} cluster units for complexes of tyg&fall within the areas
marked by ellipsoids. The right-hand diagram is a plotAgi(*H) vs Apa(*'B) for the antipodal (A) BH(3) site (wherApa = o — dx and

subscripts H and X relate to hydrogen and individual substituents X).
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