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Treatment of a solution of excess PCl; and PS (PS = “proton sponge” = 1,8-dimethylamino naphthalene) with
arachno-4-CBgHy4 (1) in CH,Cl,, followed by hydrolysis of the reaction mixture, resulted in the isolation of the
eleven-vertex diphosphacarbaborane nido-7,8,9-P,CBgHyo (2) (yield 34%) as the main product. Other products
isolated from this reaction were the phosphacarboranes nido-7,8,9,10-PsCB;Hg (3) (yield 5%) and closo-2,1-PCBgHg
(4) (yield 15%). Compound 2 can be deprotonated by PS in CH,Cl, or NaH in diethyl ether to give the [nido-
7,8,9-P,CBgHg]~ (27) anion, which gives back the original compound, 2, upon re-protonation. Thermal rearrangement
of anion 2= (Na* salt) at 350 °C for 2 h produced the isomeric [nido-7,8,10-P,CBgHo]~ (5~) anion, which was
isolated as a PPh,* salt (yield 86%). Multinuclear (*H, 1B, %P, and **C), two-dimensional [**B-'B] COSY, H-
{1'B(selective)}, H{ **P(selective)}, and gradient-enhanced ([*H-3C] HSQC) magnetic resonance measurements
led to complete assignments of all resonances which are in excellent agreement with the structures proposed.
Coupling constants, J('P,*C), 2J('P,C,*H), and J(3'P,*'P), were calculated using the DFT method B3LYP/6-
311+G(d,p). The molecular geometries of all compounds were optimized ab initio at a correlated level of theory
(RMP2(fc)) using the 6-31G* basis set, and their correctness was assessed by comparison of the experimental B
and 3C chemical shifts with those calculated by the GIAO-SCF/II//RMP2(fc)/6-31G* method. The computations
also include the structures and chemical shieldings of the still unknown isomers [nido-7,10,8-P,CBgHg]~ (67) and
[nido-7,9,8-P,CBgHg]~ (77).

Introduction [PCBoH1;]~ with the isolobal CH vertex leads to the
fphosphadicarbaborane series,B{E1;, for which the syn-

There is current interest in the synthesis and chemistry o ; _
. thesis of compounds 7,8,11-F&gH; and [7,8,11-PeBgH1q ~,
the eleven-vertex nido phosphacarboranes because of thei P nand| B

high stability and interesting chemical behavior, specifically
metal complexatioA.Todd et al. pioneered this area by the
characterization of the phosphamonocarbaborane anion [7,8
PCBH;q .2 Formal replacement of one BHgroup in

Elong with the preparation of the isomeric species 7,8,9-
PCBgH;11 and [7,8,9-P@BgH;q -, have been reportet.
Sneddon and co-workers have also prepared neutral com-
pounds 7-R-7,8,9-P8BgH1o (R = Me and Ph) substituted

on the cluster phosphorus atom. Further isolobal -€HP
considerations in the eleven-vertex nido series lead to the

*To whom correspondence should be addressed. E-mail: stibr@iic.cas.cz.

* Intstitute of Inorganic Chemistry. neutral BC;BsHy and RCB;Hg compounds. These are
(*)Labore;torium fu IAr10(rg)anisdcge Chemie-I | . represented by the three 7,8,9,11-, 7,9,8,10-, and 7,8,9,10-
1) See, for example: (a) Todd, L. J.; Paul, I. C.; Little, J. L.; Welcker, ; ; At _
P. S Peterson, C. K. Am. Chem. S0d.968 90, 4489, (b) §br, B.. P,C,B-Hy isomer§ and substltqted Qerlvatlves of 7,8,9,10
Holub, J.; Bakardjiev, M.; Pally I.; Tok, O. L.; Csdiovj |, PsCB7Hs.” The eleven-vertex nido diphopsphamonocarbab-
Wrackmeyer, B.; Herberhold, MChem—Eur. J.2003 2239. (c) $ibr, -
B.; Holub, J.; Bakardjiev, M.; Pali |.; Tok, O. L.; Wrackmeyer, B. (3) Holub, J.; Ormsby, D. L.; Kennedy, J. D.; Greatrex, Rib& B. Inorg.
Eur. J. Inorg. Chem2003 2524. Chem. Commur200Q 3, 178.
(2) (a) Todd, L. J.; Paul, I. C.; Little, J. L.; Welcker, P. S.; Peterson, C.  (4) Sibr, B.; Holub, J.; Bakardjiev, M.; Hnyk, D.; Tok, O. L.; Milius,
R. J. Am. Chem. Sod 968 90, 4489. (b) Todd, L. J.; Little, J. L.; W.; Wrackmeyer, BEur. J. Inorg. Chem2002 2320.
Silverstein, H. T.Inorg. Chem 1969 8, 1698. (5) Shedlow, M.; Sneddon, L. Gnorg. Chem 1998 37, 5269.
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Scheme 1. Phosphacarboranes fromnachne4-CBgH14 (1)2
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a(i) PCls, PS, 12 h, room temperature; (ii) PS in MeCN or NaH ia@troom temperature; (iii) k8Os, CHxCl,, 0 °C; and (iv) Na salt, 2 h, 35C°C.

oranes, FCBgHi0, and tricarbaphosphaboranes, ;B&;o, compound2, upon re-protonation (path iii). Aniog~ was
have remained unknown. We report here the synthesis offinally characterized as PPhand PSH salts (yields 93 and
the first representatives of the diphopsphamonocarbaboran®2%, respectively). Thermal rearrangement of"Mado-
family, compounds 7,8,9-EBgH1,, [7,8,9-BCBgHg] ~, and 7,8,9-BCBgHg]~ (Na"2"), effected by heating at 35 for
[7,8,10-BCBgHg] ~, together with the yet unknown parent 2 h (path iv), followed by precipitation with PER@I in water,

7,8,9,10-BCB;Hg species. resulted in the isolation of the isomeric species PRtido-
] ) 7,8,10-BCBgHo]~ (PPh'57) in a yield of 86%. The net result
Results and Discussion of the isomerization is the migration of the C9 vertex into

Syntheses.As shown in Scheme 1, a GEl, solution the C10 position. The reaction is very clean and no
containing an excess of PChnd PS was treated with a P-migration mode, which would lead taiflo-7,10,8-B-
solution ofarachne4-CBgH4 (1) at ambient temperature for  CBsHe] ™ (67), was observed. The proposed mechanism for
12 h (path i). After hydrolysis and chromatographic separa- the2~ — 5~ rearrangement process is outlined in Scheme 2
tion of the products, the neutral compouBdvas isolated ~ and is essentially based on the one reported earlier by
as a predominant product (yield 34%) along with the Sneddon et al. for a similar rearrangement in the C-
triphosphacarbaundecaboraneo-7,8,9,10-ECB/Hs (3) (yield substituted eleven-vertex nido tricarbaborane séi8sheme
5%) and, the previously report&gyhosphacarborar@oso 2 shows that a B10 migration (path i) 21, followed by C
2,1-PCBHs (4) (vield 15%). As inferred from Scheme 1, (Pathii), and B8 (path iii) migrations in the open face, finally
the main reaction mode, characterized by the formation of l€ads to stabl€cs symmetry with all three heteroatoms in
compound?, is consistent with the insertion of two adjacent the open face as i This type of isomerization is entirely
phosphorus vertexes into the area identified by the C4, B5,analogous to the [7,8,988gH1]~ — [7,8,10-GBgH11]~
B6, B7, B8, and B9 vertexes in the open hexagonal face of rearrangement earlier reported by one of our grofips.
carboranel. Compound3, then, seems to be generated by =~ Geometry Optimization. Although we have been able
removing the B6 vertex fromarachno compoundl and to grow good crystals of all of the compoun@s2-, 3, and
inserting three P atoms along the open face of the remaining5-, the corresponding X-ray diffraction experiments suffered,

CB7 fragment. typically, from the extensive disorder of the P vertexes. The
Neutralnido-7,8,9-BCBgH;0 compound2 can be depro-
tonated either by PS or NaH to give theido-7,8,9-B- (8) Holub, J.; Bakardjiev, M.; §br, B.; Hnyk, D.; Tok, O. L.; Wrack-

meyer, B.Inorg.Chem 2002 41, 2817.

CBgHg] ™ anion2™ (path ii), which gives back the original (9) Wille, A. E.; Sneddon, L. GCollect. Czech. Chem. Commuir997,

62, 1214.

(6) Holub, J.; Jéhek, T.; Hnyk, D.; Plzk, Z.; Cisaova |.; Bakardjiev, (10) (a) Sibr, B.; Holub, J.; Csaova |.; Teixidor, F.; Vifas, C.Inorg.
M.; Stibr, B. Chem—Eur. J. 2001, 7, 1546. Chim. Acta 1996 245 129. (b) Holub, J.; 8br, B.; Hnyk, D.; Fusek,

(7) Jelnek, T.; Hnyk, D.; Holub, J.; fbr, B. Inorg. Chem.2001, 40, J.; Cedova |.; Teixidor, F.; Vires, C.; Plzk, Z.; Schleyer, P. v. R.
4512. J. Am. Chem. S0d 997 119, 7750.
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Scheme 2. Proposed Mechanism for the Rearrangemennafd Table 1. Selected Geometrical Parameters at the RM2(fc)/6-31G*
7,8,9-BCBgHg] — (2—) into [nido-7,8,10-BCBgHg] — (5—) via the LeveR
Migration of the B and C vertexas
@ bond cleavage 2 2 3 5 6 I
----- new bond formation bond lengths (A)

1.772 1.753 1.782 1.767 1.767 1.779
1.755 1.769 1.760 1.757 1.767 1.753
1.748 1.771 1.756 1.767 1.767 1.753
1.784 1.762 1.767 1.785 1.784 1.779
1.803 1.796 1.788 1.785 1.775 1.796
1.838 1.817 1.818 1.835 1.818 1.816
1.767 1.778 1.741 1.753 1.773 1.768
1.831 1.824 1.839 1.835 1.776 1.786
1.772 1.765 1.823 1.753 1.751 1.816
1.744 1.758 1.768 1.765 1.824 1.768
2.040 2.012 2.033 2.035 2.051 2.048
1 1.823 1.831 1.839 1.838 1.808 1.820
2.102 2.073 2.095 2.093 2.048 2.056
2.086 2.091 2.069 2.093 1.726 1.724
2.035 2.031 2.067 2.035 1.699 1.724
1.737 1.722 2.094 1.838 1.775 2.056
1.703 1.678 2.032 1.775 1.833 2.048
1.787 1.800 1.724 1.697 2.044 1.820
1.790 1.800 1.699 1.697 2.050 1.768
1.766 1.777 1.779 1.775 1.804 1.768
2.210 2.229 2.246 2.252 1.891 1.885
1.878 1.879 2.219 1.953 1.621 1.885

A AL
= OO
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5 —-10 1631 1656 1876 1.626 1.965  1.945
a(i) B10 migration; (ii) C migration; and (iii) B8 migration. 10-11 1.737 1.834 1.622 1.626 1.980 1.751
7-11 1.959 2042 1958 1.953 1.945  1.945
geometry of compoundt was reported sufficiently in a ~ meanB-H 1197 1190 1190 1197 1197 1197
imi icatiofwhile those of Compounda C—H 1.091 1.089 1.091 1.090 1.090  1.090
preliminary communicatiof,while p ' B10—Hy 1333
2-, 3, and5 were optimized at the RMP2(fc)/6-31G* level, B11-H, 1.297
as the final level of optimization. These geometries were bond angles (deg)
used for GIAG-SCF/IlI//RMP2(fc)/6-31G* calculations of ~ 7—8-9 981 1031 1011 974 1159 1144

. . . 8-9-10 1171 1157 101.3 1148 1138 98.2
11 1
the *B and 3C NMR chemical shifts. Comparisons of 9-10-11 1119 1110 1191 1157 96.4 111.4

calculated shifts with experimental values reveal satisfactory 10-11-7 1114 1119 117.3 1148 1119  111.4
agreement (maximum difference fdr (*'B) range was 4  11-7-8 992 958 996 974 975 98.2
ppm). Thed (**C) calculations performed slightly worse but dihedral angles (deg)

these usually show strong dependence on the theory and basi oo s e o he TBS T2

set used! Nevetheless, the calculations provide a good

ground for believing that the RMP2(fc)/6-31G* internal ~°For bond numbering, see Figure 1.

coordinates can be deemed as good representations of thephosphorus vertexes is a principal source of the distortion
molecular geometries for all of the compounds under study from a regular “icosahedral-like” shape, the carbon contribut-
in their solutions. The calculated geometries are depicted ining to such a deformation to a lesser extent.

Figure 1, and Table 1 shows the computed geometrical The “bridging” B10-B11 separation ir2 is ca. 0.01 A
parameters. Apparently, the presence of the two or threelonger than the corresponding length #1. The most

Figure 1. The structures of the eleven-vertex nido compounds 7,82BgM10 (2), [7,8,9-BRCBgHg] ~ (27), 7,8,9,10-BCB7Hs (3), [7,8,10-BCBgHg] ~ (57),
[7,10,8-RCBgHg] ~ (67), and [7,9,8-BCBgHg]~ (7°) optimized at the RMP2(fc)/6-31G* leve® = P,® = C, O = B, andO = H.
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Table 2. Calculated versus Experimentl(*!B) and o (**C) NMR

downfield shift

: by increasing n )
Shifts \ 0 6 "3 |2,4 3 )
vertex numbey n=3 | N | | 2
compd 1 2 3 4 5 6 8 9 10 11 6,10, 542 . ,
2 —26.0 16.5-109 -75 182-127 49.7-9.6 —15.7 n=1 I 9
exp —26.0 12.4-12.7 -9.8 16.8-12.7 58.7—9.0 —15.8 1011 25 34
2 372 —92-160 —96 —-7.0 38 413-11 -80 ei | I |
exp —35.1 —11.1 —16.4 —11.1 -7.6 0.3 483 1.8 n=0 8
3 —30.4 3.6 7.3 =58 4.5 9.3 52.6 2.6 e
exp—286 33 55 -54 44 86 53.6 24 qounfieid snit e teld shit
5 —-36.2 —14.3 —-2.1 —-143 1.7 -1.7 —59 414 -59 by increasing n & .~ for all anionic
exp —35.1 ~14.6 —59 —14.6 —2.7 —2.7 ~4.9 483 —4.9 : 0.1 " species
6~  —37.5-144 —42 -87 —64 —17 33.6-8.2 ~12.3 I |2 "“l 1"
7 —37.1 —14.3 —10.7 —10.7 —14.3 4.0 27.3 -8.1 -8.1 n=2 2
aFor numbering, see Figure 1. 5 (2 410 8 4 1
LI 1T R .
Table 3. Wiberg Bond Indices within the Open Pentagonal Face 2,5 34 1011
\ 6 1
bond n=0 | I I 8
7-8 8-9 9-10 10-11 7-11 : : : : : : .
2 0.8626 0.7898 0.7483 0.4577 0.7333 10 o -0 20 30 40 -50
3 0.7902 0.8605 0.7885 0.7883 0.8851 &(''B)/ppm
g: 8;;52 gggég 8;2;71 8;;31 8233‘71 Figure 2. Simplified stick diagrams comparing tHéB NMR chemical
7 0'7502 0'7502 0'8912 0.7583 0'8912 shifts and relative intensities for a series of isoelectronic eleven-vertex nido
o 0.8455 0.7876 0.7778 0.7900 0.8555 compounds with general formulas of 7,8,928-nBsH12-n (bottom traces)

and [7,8,9-RC3-nBgH11-n] ~ (upper traces) (data for compounds witk=

aFor bond numbering, see Figure 1. 0 and 1 from refs 13 and 3, respectively).

with the DFT and increment approacié&’These, however,
show that7~ should be the least stable isomer, which is

Table 4. Energy Data for Positional Isomers afiflo-PGBgHg] ~

ZPE RMP2/6-31GP relative energiess ) ; - - :
isomer  symmetry (kcal moll)  (Hartree) (kcal mold) slightly in contradiction with our calculations. Nevertheless,
5-(7,8,10) Cs 87.34795(0) —923.2699196 0.000 the energetic separation betweznand7- is predicted to
6 (7,108) C 87.37350(0) —923.2665955 2.109 be very small (see Table 4) by either of the methods
77 (7,9.8) Cs 87.00876(0) —923.2421746 17.108 ; ; - o
2 (789) o 86.91989(0) —923 2405609 18.042 mentioned. We might thus conclude ttzatand 7~ exhibit

about the same stability and are considerably less stable than
aZero-point energies were calculated at the RHF/6-31G* level. The 5 and6-
number of imaginary frequencies (NIMAG) is given in parenthe%@stal )
energies at the RMP2/6-31G* levélRelative energies with ZPEs correc-
tions scaled by 0.89.

NMR Studies. As shown by simplified stick diagrams in
Figure 2, the!'B NMR spectra of the asymmetrical com-
pounds2 and2~ consist of eight different doublet resonances
remarkable features of the computed molecular structuresyith some incidental overlaps. It is also obvious thatse
of these systems consist of considerable deformations of thenMR signals of the anionic compourd are shifted to lower
open-face pentagons. These distortions from the idealfrequencies in comparison to those of the neutral compound
pentagonal angle of 10&re best documented by the open- 2. Figure 2 also shows graphical comparisons of &
face P-P-B, P-P-C, P-C-B, and P-P—P angles in  NMR shifts for2 and for the isostructural nido compounds
Table 1. Moreover, these pentagons are not planar, as7 8 9-GBgHi, (8)1%%4 and 7,8,9-P@BsHi1; (9)* (bottom
exemplified by some dihedral angles in Table 1, although diagrams) together with similar relationships for the corre-
such a nonplanarity is less marked in the neutral speties sponding anionic species [7,8,38H11]~ (87),1014[7,8,9-
and in anion5-, in which the pentagonal belt in is almost  pC,BgH,¢~ (97),4 and2~ (upper diagrams). These graphics
planar. Internal coordinates associated with the open pen-demonstrate that the(11B) data for a series of isostructural
tagonal belts resemble those determined for the fgOsB7Hy compounds of general formulations 7,8,958 \BsH1z-n
isomers and their Cl-derivativeat the same level of theory (bottom traces) and [7,8,9€; BsH11 ]~ (upper traces)
and approximate almost single-bond character, which is alsoare very similar and that a formal replacement of one CH
in agreement with their Wiberg bond indices (see Table 3). ynit with the isolobal P-vertex causes a systematic high-
Note that neither the Me nor Cl substitutions at B43ih frequency shift by an increment &fd = ~5 ppm. The!'B
affect the shape of the open pentagonal belBiat all. NMR spectrum of the triphosphacarboraheontains seven
Although just two positional isomers ohido-P,CBgHs] ™ different doublet resonances, while the spectrum of anion
have been prepared thus far, we have also investigated thes- C, symmetry, consists of 2:2:1:2:1 patterns of doublets.
remaining two structural alternative§ (and7~) computa-  Figure 3 (bottom traces) shows straightforward NMR

tionally (see Tables 24). The calculations show that, of  similarities betwee®~ and its isostructural counterpart [7,8,-
the four open-face isomersiflo-P,CBgHo] ~, 5~ appears to
be the most stable (see Table 4), which might be a (11) Bthl, M. Schieyer, P.v. RJ. Am. Chem. S0d992 114, 477.

consequence of essentially planar shape of the open pen{*? gf’;’f‘ﬁ{gﬁdh’g‘é’&f‘ﬁgrf?gglx’ R.; Schleyer, P.v. R.; Williams,

tagonal face (see Table 1). This observation is in accordancg13) Farooq, K. A.; Hofmann, Minorg. Chem2005 44, 3746.
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3 the Fourier transformation. The tilt of the cross-péals
6 1'%, 4 1 these 2D NMR experiments reveal that the signs of the
| 1]} | | 3 coupling constantsJ(3'P }*C) and2J(3'P'H), are opposite.
3,5112.6 1 There are promising aspects of calculating cogpling constants
11]'4 | by .DI_:T methods if th.e.molecular geometrles .have been
1" optimized using a sufficiently large basis $etyhich has
also been demonstrated for boron compoufidsle have
56 1911 2.4 now applied such calculations at the B3LYP/6-313(d,p)
| hg | 1| level of theory to compound®, 3, and2™, for all of which
! P 5 the 2DH—3C experiments have been carried out success-
s 1ot |24 ] fully. Table 5 shows that the agreement between calculated
||| | | and experimental data is reasonable, and it appears that the
correct signs of the coupling constants may be predicted.
- ' - - - . . 1 The negative sign ofJ(3'P°C) is expected to result from
20 10 o 10 20 30 40 -50 the effects of the lone electron pair on the phosphorus &tom.
5(''B)/ppm This also applies to the positive sign 83(3'P,CIH),
Figure 3. Simplified stick diagrams comparing tH&8 NMR chemical considering the assumed syn orientation of the phosphorus

shifts and relative intensities for eleven-vertex nido compounds [7,8,10- |one pair and the €H bond vector. This discussion also
CsBgH11]~ (107) (data from ref 10) and [7,8,10.€BgHq]~ (57) (bottom includes th itud d si f th li tant
traces) together with those for 7,8,9,16BgH;; (11) (data from ref 15) Includes the magnitude and sign o € coupling constants

and 7,8,9,10-§CB;Hsg (3) (upper traces). JEPP). The negative sign ofJEPSP) is in full
agreement with the influence of the lone pairs of electrons

10-GsBgHa1]~ (107).1%n this case, thé'B NMR signals of  on the phosphorus atoms, and agrees with the experimental

5" are again shifted to high frequencies by the increment of findings for some other phosphapolyborafek.should be

A6 = ~10 ppm; this is the result of the isolobal replacement noted that the calculated contribution of the paramagnetic

of two CH vertexes with P units. spin—orbital term tolJ(3'P 31P) is fairly large and negative
Figure 3 (upper traces) also shows & NMR relation-  [e.g.,—82.9 Hz in2 or —71.4 Hz (8,9) and-54.0 Hz (7,8)

ship between the triphosphacarbora@rend the isoelectronic  in 3]. This contribution is also noteworthy fdd(31P 13C)

tetracarbaboraneido-7,8,9,10-GB7H11 (11)."* The diagram  (e.g.,—13.5 Hz in2 or —12.0 Hz in3). However, the Fermi

shows that isolobal replacement of three CH vertexes with contact term is still the dominating coupling mechanism.

P in 11 causes a high-frequency shift of the whole spectrum

of 3 by an increment oAd = ~15 ppm. Conclusions

The characteristic feature of thd NMR spectra of We have demonstrated that, under the reaction conditions
czompoundSZ, 27, and3 is the presence of one CH doublet g5 5ved, phosphorus insertion into the now readily avail-
(A(P,H) couplmg_because of the cage CH unl'g adjacent t0 gpje carborane 4-GBl14 (1)2 leads mainly to the neutral
the P-vertex), while the spectrum 5f shows asmglet_CH compound 7,8,94BsHy (2) and that the reaction is
resonance. The spectrum of the neutral compd@wmhtains  3ccompanied by the formation of smaller amounts of 7,8,9, -
a typical broad, high-fieldtH(10,11) resonance at2.36 10-R,.CB/Hs (3) and 2,1-BCBgHyo (4). Deprotonation of
ppm. The*P NMR spectra of compoundsand2™ exhibit  generates a bare pentagonal face belonging to the [7;8,9-P
two signals split into asymmetric doublets becaus8@,P),  CBgH]~ (2-) anion, which can be thermally rearranged into
while the spectrum d8 consists of two asymmetric doublets  jts symmetrical [7,8,10-fBgHg]~ (57) isomer. This chem-
(assigned to P7 and P9) and one asymmetric triplet from
the P8 resonance. In accordance with @esymmetry, the (17) Bax, A.; Freeman, Rl. Magn. Resonl981, 45, 177.
3P NMR spectrum ofs5~ contains only one singlet. The (18 ﬁ)asggggc_"g;%’\,\d';Ag_”‘éﬂgﬁgéfﬁ; (J:_r.eg]rgrrh‘ &h%rﬂysp_héfgfg
severely broadened®C NMR signals of some of the 2003 107, 7043. (c) Barone, V.; Peralta, J. E.; Contreras, R. H.:

phosphacarborane compounds discussed above could be Snyder, J. PJ. Phys. ChemA 2002 106 5607. (d) Krivdin, L. B;
Sauer, S. P. A,; Peralta, J. E.; Contreras, RMdgn. Reson. Chem

. ) )

measured_ by grad|ent'er_]h3-n0éw‘{f %C] HSQC experi- 2002 40, 187. (e) Peralta, J. E.; Scuseria, G. E.; Cheeseman, J. R.;

ments$® (Figure 4) even with surprisingly small amounts of Frisch, M. J.Chem. Phys. Let2003 375 452. (g) Helgaker, T.;
Jaszinski, M.; Ruud, K.; Gorska, Alheor. Chem. Acctl998 99,

the sample. 178

Because théH (cage CH) NMR signals are also broad- (19) (a) Onak, T.; Jaballas, J.; Barfield, M. Am. Chem. Sod999 121,
ened, their magnetization is rapidly lost in the course of the iggo- (b) Wrackmeyer, B.; Berndt, Magn. Reson. Cherg004 42,
pulse sequence when the incremented delays become longefgo) Gil, v. M. S.; von Philipsborn, WMagn. Reson. Chenl989 27,

It is therefore advisable to use a greater number of transients(21) ‘\1/09- Willen, C. Phys. Chem. Chem. PRy200Q 2, 2137
. . . an en, C. yS. em. em. )&) , .
and take the first 16 or 32 of typically 256 experiments for (22) Keller, W.; Haubold, W.: Wrackmeyer, Blagn. Reson. Chert999

37, 545. .
(14) Fibr, B.; Holub, J.; Teixidor, F.; Vias, C.J. Chem. Soc. Chem. (23) (a) Jemek, T.; Sibr, B.; Holub, J.; Bakardjiev, M.; Hnyk, D.; Ormshby,
Commun.1995 795. D. L.; Killner, C. A.; Thornton-Pett, M.; Schanz, H.-J.; Wrackmeyer,
(15) Sibr, B.; Jelnek, T.; Drd&ova E.; Hegmaek, S.; Plésk, J. B.; Kennedy, J. DChem. Commur2001, 1756. (b) Brellochs, B.;
Polyhedron1988 7, 669. Batkovsky, J.; Sibr, B.; Jelnek, T.; Holub, J.; Bakardjiev, M.; Hnyk,
(16) Kontaxis, G.; Stonehouse, J.; Laue, E. D.; Keelef, Magn. Reson., D.; Hofmann, M.; Csaiova |.; Wrackmeyer, BEur. J. Inorg. Chem
Ser. A1994 111, 70. 2004 3605.
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Diphosphacarbollide Analogues of thes8ls~ Anion

Figure 4. (A) Contour plot of the 100.6 MHz gradient-enhancéld £13C] HSQC experiment fo in CD,Cl, (8 mg in 0.5 mL, total measuring time 2 h),
showing the cross-peak for tR&C(9) NMR signal. The coupling constaki(3P 13C) is clearly resolved, whereas the information2d(P 13C) is not well
resolved because of the broadening by partially rela@®€d-11B spin—spin coupling. The doublet splitting shows a negative tilt which indicates that the
signs ofLlJ(3P 13C) and2J(3'P H) are opposite. (B) Contour plot of the 125.8 MHz gradient-enhani¢d 3C] HSQC experiment for the anidir dissolved

as the PjP* salt in CD:Cl, (0.8 mg in 0.5 mL, recorded using a cryo probe with a total measuring time of 4 h). The doublet splittings(f#m3C) and
2J(3'P'H) show a negative tilt, which indicates that the signs of these coupling constants are opposite.

Table 5. Some Experimental and Calculated Coupling Constants (in 270 mesh) as the stationary phase. The purity of individual
Hz) and**C and*P Chemical Shifts (in ppm) for the Eleven-Vertex chromatographic fractions was checked by analytical TLC on Silufol
n;dggCorggo#ncjs 27;8'92938"'10 (2). 7.8,9,10-BCB/Hz (3), and (silica gel on aluminum foil, detection by diiodine vapor, followed
[7.8,9-RCBeHs|” (27) by 2% aqueous AgN©spray). Melting points were measured in

2 3 z sealed capillaries under argon and are uncorrected. Mass spectrom-
LI 13C)exp 87.0 92.6 55.0 etry and NMR spectroscopy were performed as described earlier
UEPCheatca —104.0 —96.9 —82.8 by our groups' Because of the broadening of th&(carborane)
;j(zigvgi:)exp ggg gg-g gg-g NMR signal caused by the partially relaxed scali#3C 1'B) and
1\]531,3’31"3)8)“'“ 267.0 261.0. 2099 206.0 1J(13C 31P) spin-spin couplings, thé*C(cage) NMR signals could
1J(31p:31p)cz:’cd 2788 —955.1,-226.6 9553 not be observed by direct measurements. The best results were
0 (3Cexp 58.7 62.2 48.3 obtained using the gradient-enhanceti-f13C] HSQC pulse
g ng))ccamP 66.1 70.9 o 55.7 sequencé® Measurements were carried out on Bruker Avance 400
Plaicf 11.8,44.8  35.6,20.8,50'5 —42.5,—58.7- ;
5 (P 355 156 —76 267 248 955 —76.5 (compoundQ and3) and Avance 500 (with a cryo probe, far)
instruments.
@ For P8,9 and P78, respectiveld (“*Cleaica = 0 (*C)(MesSi) — o Preparation of nido-7,8,9-BCBgH1o (2) and nido-7,8,9,10-

(13C), for o (*3C)(MesSi) = 184.0.¢ The choice of a correct reference for : ;
o (31P) values is a problem: the trend of calculateq®'P) values is in PsCB7Hs (3). A solution of compound. (500 mg, 4.44 mmol) in

good agreement with the experimenta!P) data. Calculated (3'P) data Cquz (25 ml__)_was added dropwise over a period2oh to a
are converted té31P data by (3'P)aca= o (31P) (PHs) — o (3'P) —266.1, solution containing PGI(1.923 g, 14 mmol) and PS (3.22 g, 15
with o (3'P) (PH) = +563.2,0 (3P) (PHy) = —266.1, and) (*'P) (HsPOy, mmol) in CH,Cl, (25 mL) while the mixture was stirred and cooled

ag, 85%)= 02" “For P7, P8, and P9, respectivefifor P7 and P8, {5 0 °C. The mixture was then stirred for 24 h at ambient
respectively. temperature, cooled again t6G, and decomposed carefully with

. . . water (50 mL) under intensive stirring. The @El, layer was
istry of 2 is entirely analogous to that of the neutral goparated: the solvent was evaporated, and the residual materials
tricarbollide 7,8,9-GBgH1, (8),'*** which also reflects the  \ere separated via chromatography in hexane on a silica gel column
isolobal relationship between the bare P vertex and the cagg30o x 2.5 cm) to collect pure fractions & (hexane)= 0.73, 0.60,

CH group. It should be also pointed out that all eleven-vertex and 0.40. The fractions were evaporated and the solid residues
nido compounds isolated in this study exhibit extreme air sublimated in vacuo to obtain compoun8i§42 mg, 5%),4 (92
stability and are thus useful for further syntheses in the areamg, 15%, for characterization see referéjicand2 (257 mg, 34%),

of phosphacarborane chemistry. Moreover, anionic com- respectively.

pounds2- and5™ are straightforward analogues of the Cp Compound 2.Rs (hexane): 0.40. mp: 19TC. B NMR (160.3
anion as they are monoanionic, contain a bare pentagonaMHz, CDCk, 295 K): 6 16.8 (d,*J(B,H) = 165 Hz, 1 B, B5),
face, and would then be capable of donating five electrons 12.4 (d,*J(B,H) = 166 Hz, 1 B, B2),~9.0 (d, J(B,H) = ~140

for the 7°type complexation of suitable metal centers. Hz J(BuH) = 38 Hz, 1 B, B10),-9.8 (d,"J(B,H) = ~130 Hz,
Relevant extensions of this type of metalladiphosphacarbo-1 B, B4), —12.7 (d,"J(B,H) = ~160 Hz, 2 B, B3,6),-15.8 (d,

: L ! ; 1)(B,H) = 154 Hz, 1 B, B11)~26.0 (d,%J(B,H) = 158 Hz, 1 B,
rane chemistry are being in progress in our laboratories. B1). All of the expected B-1B]-COSY cross-peaks were

observed, except for B5B10. *H{*'B }NMR (500 MHz, CDC},
295 K): ¢ 3.57 (s, 1 H, H5), 3.50 (RJ(P,H) = 25 Hz, 1 H, H2),
Material and Methods. All reactions were carried out with use ~ 2.95 (d,2J(P,H) = 27 Hz, 1 H, H9), 2.70 (d2)(P,H) = 18 Hz, 1
of standard vacuum or inert-atmosphere techniques as describedd, H4), 2.56 (s, 1 H, H10), 2.43 (s, 1 H, H1), 2.20 {d(P,H) =
by Shriver24 although some operations, such as column LC, were 7 Hz, 1 H, H2), 2.15 (s, 1 H, H5);-2.36 (s, 1 HxH10,11).13C
carried out in air. The starting carboradewas prepared according NMR (100.6 MHz, CDCl,, 295 K): ¢ 58.7 (d,*J(P,C)= 87 Hz,
to the literaturé? The Fluka dichloromethane and hexane were dried 1 C, C9) (determined by gradient-enhancééi{'3C] HSQC
over CaH and freshly distilled before use. Other chemicals were measurements}*P{H} NMR (202.3 MHz, CDC}, 295 K): 6 15.6
reagent or analytical grade and were used as purchased. Columrfasym.d*J(P,P)= 267 Hz, 1 P, P8);-25.5 (d,"J(P,P)= 267 Hz,
chromatography was carried out using silica gel (Aldrich,430 1 P, P7) (assigned b\H{3'P(selective)) measurements). MS (70

Experimental Section
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eV, El): m/z172(15) [M]*, 169(100) [M— 3H]". Anal. Calcd for
CHi0BgP, (170.52): C, 7.04; H, 5.91. Found: C, 7.24; H, 6.12.

Compound 3.Rs (hexane): 0.73. mp: 18Z. 1B NMR (160.3
MHz, CDCk, 295 K): ¢ 8.6 (d,%J(B,H) = 158 Hz, 1 B, B6), 5.5
(d, 1J(B,H) = ~150 Hz, 1 B, B11), 4.4 (dXJ(B,H) = ~180 Hz, 1
B, B3), 3.3 (d,)J(B,H) = ~170 Hz, 1 B, B5), 2.4 (dWJ(B,H) =
~150 Hz, 1 B, B2),~5.4 (d,%J(B,H) = 162 Hz, 1 B, B4),—28.6
(d, 1J(B,H) = 154 Hz, 1 B, B1). All of the expected'B-'B]-
COSY cross-peaks were observéti{'B }NMR (500 MHz,
CDCls, 295 K): 6 3.20 (s, 1 H, H6), 3.50 (2J(P,H) = 25 Hz, 1
H, H3), 3.18 (d,2J(P,H) = 15 Hz, 1 H, H5), 3.13 (s, 1 H, H11),
2.89 (d,2)(P,H) = 25 Hz, 1 H, H2), 2.81 (d2J(P,H) = 30 Hz, 1
H, H10), 2.77 (s, 1 H, H1)13C NMR (100.6 MHz, CBCl,, 295
K): 6 62.2 (d,%J(P,C)= 92.6 Hz, Hz, 1 C, C9) (determined by
gradient-enhancedHl—13C] HSQC measurementSyP{'H} NMR
(202.3 MHz, CDC}, 295 K): 6 24.8 (asym.dLJ(P,P)= 261 Hz,
1P, P9)~7.6 (asym.dXJ(P,P)= 209 Hz, 1 P, P7);-26.7 (asym.t,
1J(P,P)= 208/265 Hz, 1 P, P8) (assigned By{31P(selective)
measurements). MS (70 eV, Eljr/z 190(16) [M]", 187(100) [M
— 3 H]*. Anal. Calcd for CHB,P; (188.67): C, 6.37; H, 4.27.
Found: C, 6.51; H 4.48.

Preparation of the [nido-7,8,9-RCBgHg]~ Anion (27).

Bakardjiev et al.

for 2 h. The residual solid was dissolved in water (20 mL), and the
solution was precipitated with solid P{&1 (400 mg, 1.1 mmol).
The white solid was isolated by filtration, dried in vacuo for 6 h,
and crystallized by diffusion of hexane vapors into a,CH
solution to isolate 438 mg, (86%) of PPB~. R (CH,Cl,): 0.11.
mp: 290°C. B NMR (160.3 MHz, CICN, 295 K): 6 —2.7 (d,
1)(B,H) = 150 Hz, 2 B, B5,6)—4.9 (d,2)(B,H) = 134 Hz, 2 B,
B9,11), —5.9 (br. s,%J(B,H) = ~180 Hz, 1 B, B3),—14.6 (d,
1)(B,H) = 147 Hz, 2 B, B2,4)—35.1 (d,J(B,H) = 150 Hz, 1 B,
B1). All of the expected ! B—11B] COSY cross-peaks were
observed!H{B }NMR (500 MHz, CB;CN, 295 K): ¢ 2.56 (t,
2J(P,H)= 15 Hz, 1 H, H3), 2.28 (s, 2 H, H5,6), 2.15 (s, 1 H, H10),
1.97 (d,2)(P,H) = ~20 Hz, 2 H, H9,11), 1.74 (br.s, 2 H, H2,4),
1.36 (s, 1 H, H1)13C{*H} NMR (100.6 MHz, CRCN, 295 K): 6
53.6 (br.s, 1 C, C10)3"P{*H} NMR (202.3 MHz, CRCN, 295
K): 6 —112.2 (s, 2 P, P7,8). Anal. calcd foedEl,gBgP; (508.95):

C, 58.99; H, 5.74. Found: C, 56.94; H 5.61.

Computational Details. For the geometry optimizations (RHF/
6-31G*, then RMP2(fc)/6-31G* as the final level of optimization)
and frequency calculations (RHF/6-31G*, also the zero-point
energies (ZPE)), we employed the standard ab initio mehods
incorporated in the Gaussian 03 suite of progréfribhey were

(PPhy 27). A suspension of NaH (50 mg, 2.0 mmol) in,Et (20 performed on a FujitsuSiemens PC with this software. This program
mL) was treated with a solution of compouB¢171 mg, 1 mmol) package also enabled us to compute both the Wiberg bond indices
under stirring at room temperaturerf@ h (hydrogen evolution). (WBI)?" and the chemical shifts, the latter being calculated at a
The mixture was filtered; the filtrate was evaporated, and the residue SCF level using the GIAO (gauge-invariant atomic orbital) method
was dried in vacuo. The residual solid was dissolved in water (20 and employing a Il Huzinaga basis $&twell-proven for the
mL), and the solution precipitated with 0.1 M aqueous RRK10 calculations of shielding tensot$Coupling constants were cal-
mL). The white solid was isolated by filtration, dried in vacuo for culated using the PC version of the Gaussian 03 program package.
6 h, and crystallized by diffusion of hexane vapors into &Ckl
solution to isolate 473 mg (93%) of PP2~. Ry (CH,Cl,): 0.10.
mp: 270°C. 1B NMR (160.3 MHz, CRCN, 295 K): 6 1.8 (br. s,
1)(B,B) = ~35 Hz, 1 B, B10), 0.3 (dWJ(B,H) = 131 Hz, 1 B,
B6), —6.1 (br. s, complexJ(B,B) and*J(B,P) splitting, 1 B, B11),
—7.6 (d,%(B,H) = 150 Hz, 1 B, B5),-11.1 (d,%J(B,H) = ~155
Hz, 2 B, B2,4),—16.4 (d,%J(B,H) = 165 Hz, 1 B, B3),—35.1 (d,
1J(B,H) = 158 Hz, 1 B, B1). All of the expected!B-'B]-COSY
cross-peaks were observed, except for-B30. H{1B }NMR
(500 MHz, CDCN, 295 K): 6 2.57 (s, 1 H, H10), 2.52 (d)(P,H)
=15Hz, 1 H, H2 or H4), 2.13 (J(P,H)= 14 Hz, 1 H, H3), 2.06
(s, 1 H, H5), 1.63 (d2)J(P,H) = 17 Hz, 1 H, H2 or H4), 1.56 (d,
2J(P,H)= 32 Hz, 1 H, H11), 1.47 (s, 1 H, H1), 1.29 @(P,H)=

30 Hz, 1 H, H9).13C NMR (125.8 MHz, CRCl,, 295 K): ¢ 48.3

(d, J(P,C)= 55 Hz, 1 C, C9) (determined byH—13C] HSQC
measurements$P{*H} NMR (202.3 MHz, CRCN, 295 K):
—76.5 (asym.d}J(P,P)= 206 Hz, 1 P, P8)~25.5 (d,%J(P,P)=
206 Hz, 1 P, P7) (assigned BK{3'P(selective) measurements).
Anal. Calcd (%) for GsHooBgPs; (508.95): C, 58.99; H, 5.74.
Found: C, 57.12; H, 5.89.

(PSH™27). PS (193 mg, 0.9 mmol) was added to a solution of
2 (129 mg, 0.85 mmol) in ChCl, (10 mL) while it was stirred
and cooled to OC. A layer of hexane (20 mL) was then carefully
added onto the surface of the solution, and the mixture was left to
crystallize for 48 h. The colorless crystals were then isolated by
filtration, washed with hexane, and vacuum-dried at room temper-
ature to give PSH2~ (290 mg, 92%). The crystallization of an
analytical sample was achieved by diffusion of pentane vapors into
a CHCI, solution. The''B NMR spectrum of was nearly identical
to that of PPR™2".

Preparation of PPh,;*[nido-7,8,10-BCBgHo]~ (PPhst57). A
suspension of NaH (50 mg, 2.0 mmol) in,8t(20 mL) was treated
with a solution of compoun@ (171 mg, 1.0 mmol) under stirring € r : ) ) )
at room temperature f@ h (hydrogen evolution). The mixture was ~ (28) :lzzma_ga, SApproximate Atomic Wz Functions University of
. . . L erta: Edmonton, Canada, 1971.
filtered; the filtrate was evaporated, and the residue was dried in (29) Kutzelnigg, S. W.; Schindler, M.; Fleischer, NMR, Basic Principles
vacuo. The residual solid was then heated under argon at@G50 and ProgressSpringer: Berlin, New York, 1990; Vol. 23.
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