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Relevant structural features and corresponding energy penalties were determined that allow to easily estimate the
relative stabilities of 11-vertex nido-phospha- and aza-substituted boranes, borates, carbaboranes, and carbaborates.
For this purpose, density functional theory computations at the B3LYP/6-311+G(d,p)//B3LYP/6-31G(d)+ZPE level
were carried out to determine the relative energies of 95 phospha- and 46 aza(carba)boranes and -borates. Energy
penalties assigned to disfavoring structural features show additive behavior and excellent precision with respect to
the computed results, as in the case of 6- and 11-vertex nido-carboranes and -borates. An unsubstituted phosphorus
atom was found to possess energy penalties quite similar to those of the three-electron-donating H—C group. A
bare nitrogen atom has energy penalties much larger than those of a bare phosphorus atom. Four-electron-
donating RP and RN moieties, however, have even more adverse energy penalties. The disfavoring effects of
heteroatoms in a borane cluster are determined by the amount of electron localization, that is, primarily by the
number of skeletal electrons that formally originate from the heterogroup and secondarily by the electronegativity.
Heteroatom energy penalties are independent of the type of the other heteroatoms present in the same cluster.
Some novel phospha(carba)borane geometries with bare and exo-substituted phosphorus atoms in the same cluster
have favorable thermodynamic stabilities competitive with those of known isomers.

picture of chemical bonding. Heteroatotas® can be incor-
porated to modify the properties. The 11-vertex nido cluster,
g-which can be derived from the icosahedral 12-vedieso
polyborane cluster by the removal of one vertex, features a
large number of experimentally known examples for

1. Introduction

Boranes have always attracted attentibecause of their
unusual nonclassical structures, delocalized chemical bon
ing, multicenter bonds, physiochemical properties with
respect to being promising materials for the futtirand for
their use in boron neutron capture therdpy.They are
playing a key role in stimulating new concepts and a general
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phosphorus28and nitroge®*°substitution innido-boranes. It was found that the difference between the calculated and
For the sake of simplicity, a single term, hetero(carba)boranesestablished stability values seldom exceeds 6 kcalmbhe
and -borates, is used to refer to heteroboranes, heteroboratesight bond with adjacent matrix appro&étbased on bond
heterocarbaboranes and heterocarbaborates simultaneouslgnergies and electronegativities of adjacent atoms can also
where heteroatom may be a nitrogen or phosphorus atom.be used to predict the relative stabilities of various positional
closoHeteroboranes have been a vast subject of study.isomers in a given heteronuclear closo-icosahedral borane
Williams’ rule?231:32suggests that heteroatoms such as carboncluster.
or nitrogen usually occupy the least connected and nonad- However, the placement of both skeletal bridge hydrogens
jacent vertices in the thermodynamically most stable heter- and skeletal endo hydrogens makes the situation more
oborane isomers. Gimarc and Ott's topological charge complex in the case of nido-deltahedral fragméfitShe
stabilization rule suggests that a more electronegative het-presence of face hydrogen atoms results in a number of
eroatom should prefer sites of maximum electron derfdity. ~additional rules along with the two basic Williams’ ruAés32
This rule agrees well with the experimentally observed if the most stablenido-heteroborane is to be predicted.
positional isomer preferences of thi®socarborane® and However, in general, not all requirements for the ideal
azaborane¥. Jemmis and Schley®&rextended the planarig4  structure can be fulfilled for a given formula. Hence, weights
+ 2) Hickel rule to the aromaticity of three-dimensional are needed that indicate how severe the violation of a given
delocalized systems using the “six interstitial electron” rule is. We already presented such weights that form a set
concept. They pointed to the need of orbital overlap of quantitative rules called the structural increment system
compatibility. The radial extension of the orbitals of the ~ for nido-62# and nido-11-verteX carboranes. It was assumed
capping atom should optimally match the ring si¥Energy- that a hypothetical perfect structure exists and that (1)
architectural patterns among the-52-vertexclosocarbo- deviations from the ideal situation lead to reduced thermo-
ranes have been investigated by Williams and Batg&ch. dynamic stability of a cluster structure and (2) the amount
of destabilization is additivé® Hence, a quantitative value

(9) Little, J. L.; Kester, J. G.; Huffman, J. C.; Todd, L.ldorg. Chem. (structural increment or energy penalty) may be assigned to
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(14) ibr. B. 3. Organomet. Chenfo be published. References therein. allows for estimating 'the relative stabilities of isomeric
(15) Sibr, B.; Holub, J.; Bakardjiev, M.; PaWj I.; Tok, O. L.; Ceaiova, clusters. For 11-verterido-carboranes, we already showed

;:Zx\éllrackmeyer, B.; Herberhild, MChem—Eur. J. 2003 9, 2239~ that this is possible with astonishing accuréty.
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B. Eur. J. Inorg. Chem2003 8, 2524-2528. and -borate4® Those containing a bare phosphorus atom (P)
(17) Holub, J.; Jehek, T.; Hnyk, D.; Plzk, Z.; Cisdova |.; Bakardjiev, ; _ ;

M.. Stibr. B. Chem—Eur. J. 2001 7, 1546-1554. with an exo-hedral electron pair are rgferrgd to as bare
(18) Little, J. L. Inorg. Chem.1976 15, 114-118. phospha(carba)boranes and -borates in this paper. Exo-
(19) Shedlow, A. M.; Sneddon, L. Gnorg. Chem1998 37, 5269-5277. substituted phospha(carba)boranes and -borates indicate that
(20) (a) Miller, R. W.; Spencer, J. TOrganometallics1996 15, 4293~ . . .

4300. (b) Miller, R. W.; Spencer, J. Polyhedron1996 15, 3151 the P vertex carries an exo substituent and are denoted with

3155. a superscript as infPExperimentally known 11-vertex nieo

(21) Beer, D. C.; Todd, L. 1. Organomet. Chenml973 50, 93—99.

(22) Beer D. C. Todd, L. 1J. Organomet. Chen973 55, 363369 nitrogen-containing clusters also include, for exampido-

(23) Yamamoto, T.; Todd, L. II. Organomet. Chemi974 67, 75-80. 7,9,10-(NH)GBgH1o and nido-7,9,10-[NGBgH10] ;20 the
(24) Zakbarkin, L. 1 Zhigareva, G. GEh. Obshch. Khimi982 52, 2802- former has an exo substituent at the nitrogen atom, whereas
(25) Zakharkin, L. I.; L'vov, A. 1.Zh. Obshch. Khim1971, 41, 1880. the latter incorporates a bare nitrogen atom.
(26) I?gg, L. J.; Little, J. L.; Silverstein, H. Tnorg. Chem1969 8, 1698~ We extend here our pre\/ious study of 11-vertado-
(27) Todd, L. J.; Paul, 1. C.; Little, J. L.; Welker, P. S.; Peterson, C. R. T. carboranes and -boratégo 11-vertexnido-phospha- and
J. Am. Chem. S0d.968 90, 4489-4490. aza(carba)boranes and -borates to investigate the applicability
(28) nggrh"ﬁ' B. N.; Infante, A. JJ. Organomet. Cheni975 84, 291- of the increment approach further, to see if the presence of
(29) Miiler, J.; Paetzold, P.; Boese, Reteroat. Chem199Q 1, 461— more than one type of heteroatom can be covered as well,
465. . . . and to see how the energy penalties for different heteroatoms
(30) Plegk, J.; Sibr, B.; Hnyk, D.; Jelnek, T.; HEmanek, S.; Kennedy,
J.D.; Hofmann, M.; Schleyer. P. V. Riorg. Chem1998 37, 3902 compare to each other. Phospha(carba)boranes and -borates
3909. were selected for our recent study because of the large
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Steinberg, H., Eds.; Pergamon Press: Oxford, England, 1970; Vol. 2,

number of experimentally known examples and the inherent
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Table 1. Structural Features and Corresponding Energy Perfdities
(kcal mol) for 11-vertexnido-Hetero(carba)boranes and -borates

general structural heteroatom
features Het=P° Het=PRd Het=N°¢ Het=N~d
Heteroatom Structural Features
Hetsi(1) 26.9 58.0 43.0 64.7
Hetsi(2) 26.9 39.7 43.0 46.3
HetHet 10.7 36.9 48.0 63.6
HetC 15.1 24.3 28.4 37.2
Hydrogen Structural Features
HH 19.5 26.3
Figure 1. Numbering scheme for the 11-vertex nido cluster. Het(H) 22 9.6 5.4 7.3
HeR 13.3 0.1
interest to experimental chemists. Furthermore, phosphorus Carbon Structural Features
and carbon atoms are diagonally related to each other, and 85(';9 ig'g ?gg
the electronegativity of phosphorus is very close to that of C(H) 2.2 3.6
carbon. The cor_15|derably more ele_ctronegatlve nitrogen ... RB3LYP/6-313G(d py-RB3LYP/6-31G(d)-ZPE-computed rela-
heteroatom was included for comparison. tive stability order of the isomeric clusters was used to select the important

The numbering scheme for the 11-vertex nido cluster is disfavoring structural features, each of which was assigned an initial suitable

empirical energy penalty. A further refinement was done by a statistical
shown in Flgure 1. The aplcal posmon is numbered as 1. fitting procedure to get more accurate energy penaltidhe energy

The vertexes in the ring directly connected to the apex penalties were simultaneously derived for clusters with bare and exo-
(middle belt) are given numbers-B, and the vertexes of substituted heteroatoms (e.g., P anB) Put separately for different

. heteroatoms (e.g., N and P)Three-electron-donating heteroatorfi&our-
the open face are numbered from 7 to 11, where 7 is electron-donating heteroaton®Only one structure with two adjacent

connected to both 2 and 3. There are six cage vertices withphosphorus atoms was successfully geometry-optimized without rearrange-
connections to five other cluster atoms,= 5, and five ment.f This value is based on the relative energy of 7,8-(Mdjly vs 7,9-

. . . _ (NH)2BgHg. We note, however, that the former cluster optimized to a
perlpheral vertices W'ﬂkp =4, where c and p denote cage distorted structure. A rough energy penalty derived by fixing-82 and

and peripheral vertices, respectively. N8—B2 distances to 1.775 A, was even higher (76.5 kcal®)oP The
CC energy penalties as derived from phospha(carba)boranes and -borates
2. Computational Details (18.3 kcal mot?) and aza(carba)boranes and -borates (15.3 kcatnol

are quite similar td&EinJCC] = 16.0 kcal mot* derived for carboranes (ref
Geometries were optimized at the B3LYP/6-31G(d) level using 39).

the Gaussian 98 prograthAll structures presented in this paper
are local minima at the B3LYP/6-31G(d) level. Single-point have equivalent carborane/carborate structural features. One
energies were computed at the B3LYP/6-31T(d,p) level. Zero- structural feature, HBtis a novel one. Energy penalties for
point vibrational energy corrections from B3LYP/6-31G(d) fre- the corresponding structural features are listed in Table 1.
quency calculations were included to derive the relative energies 3.1.1. Structural Features due to the Positions of
for all of the isomers. By comparing different isomeric structures, Heateroatoms. Three structural features, Hgil), Het(2),
important structural features were identified. These features were and HetHet are used to describe the positions of heteroatoms
given suitable initial energy penalties, which were derived from in hetero(carba)boranes and -borates.

the relative energies of isomers differing with respect to one Ah 5K rather th ioheral 4k .
structural feature only. The final values were, however, refined eteroatom at a rather than a periphera position

through a statistical fitting procedure to reproduce the computed 1S denoted as Het** It occurs as B, Ps, Nsi, N5, and
relative energies of all isomers considered as accurately as possibleCsk for different heteroatoms. Positions-8 of the 11-vertex
nido cluster are slightly preferred over position 1 for carbon
3. Results and Discussion atom placement in 11-vertexdo-carboranes and carborates;
however, this preference is small and a “fine-tuning”
increment may be applied where needed to disfavor the
i isomer®® In other words, structural features (), for a
carbon atom at position 1, and2), for a carbon atom at
Hoosmon 2-6, can be handled together ag @ carboranes
and carborate®¥.The same is true for formally three-electron-
(41) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, donating bare phosphorus and nitrogen atoms (Table 1). In
M. A;; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.; the case of exo-substituted heteroatom& @hd NF),
ifrgt_Tﬁﬂr&}an'KE.';,\l'i“gjt‘gi*nf'ﬁ:g?g‘;ﬂfgg’%.wf&i ?E;Eléja?rglr?tles,’ however, a satisfactory reproduction of computed relative
V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; energies by an increment system can only be achieved if
Clifford, S.; Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q) the 5k feature is split into Hg{(1) and He#(2) because they
Morokuma, K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.; . . : .
Foresman, J. B.: Cioslowski, J.: Ortiz, J. V.- Stefanov, B. B.: Liu, G.. have considerably different energy penalties at different 5k
Liashenko, A.; Piskorz, P.; Komaromi, I.; Gomperts, R.; Martin, R.  positions. At the apex (position 1, see Figure 1), an exo-
B i aaam. M Gt T G pmayaidiare.  substituted phosphorus atom disfavors a structure by

Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon, M.; Replogle,
E. S.; Pople, J. A.Gaussian 98 revision A.6; Gaussian, Inc.: (42) Hety—sx in ref 39 is abbreviated here as keand is identical to the
Pittsburgh, PA, 1998. former for the 11-vertex nido cluster.

3.1. Structural Features for Hetero(carba)boranes and
-borates. Nine structural features and the corresponding
energy penalties were already reported for carboranes an
carborate$? Now, we report six structural features for
phospha- and aza(carba)boranes and -borates, five of whic
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Einc[PRsk(1)] = 58.0 kcal mot?, whereas in the middle belt mol™t. Increments for N(H) and C(H) in bare aza(carba)-
(at positions 2-6), it has a considerably smaller energy boranes and -borates were, however, derived separately with
penalty of Ein[PRs«(2)] = 39.7 kcal mot!. For exo- Einc/N(H)] = 5.4 kcal mol! andEJC(H)] = 3.6 kcal mot™.

substituted nitrogen structural featureSs{) and N5, (2) Het(H) features for exo-substituted phosphorus and nitrogen
energy penalties are 64.7 and 46.3 kcal Thalk positions 1 atoms, that is, for ®H) and N¥(H), have larger energy
and 2-6, respectively. penalties (9.6 and 7.3 kcal md| respectively) than those

For hetero(carba)boranes and -borates, heteroatoms nexfor bare heteroatoms.
to each other represent an unfavorable structural feature that The HeR structural feature allows a comparison of isomers
we describe as HetHetwhere Het= P, P}, N, or N} and with bare and exo-substituted heteroatoms. An exo-substi-
Het may be either equal to Het (i.e., PP?RB, NN, and tuted phosphorus atom Prather than a bare phosphorus
NRNR) or equal to C (i.e., PC,¥&, NC, and NC) or Het= atom (P) in an 11-vertex nido-polyhedral borane cluster has
Het = C (i.e., CC). an energy penalty of 13.3 kcal mél Unlike P}, an exo-
The energy penalties for the HetHstructural features  substituted nitrogen atom,NEin[NR] = 0.1 kcal mot?),
are as follows: For two adjacent bare phosphorus atoms (PP)js generally more favorable than a bare nitrogen atom
the energy penalty is 10.7 kcal méJ considerably smaller  adjacent to an open-face bridged hydrogen, NEN(H)]
than 36.9 kcal mol* for PRPR (two adjacent exo-substituted = 5.4 kcal mot?).
phosphorus atoms). The energy penalty for NN (two adjacent This paper presents five general features for each bare or
bare nitrogen atoms) is 48.0 kcal mbIDiazaundecaborane exo-substituted heteroatom, that is, for B, R, and N, in
structure with two adjacent exo-substituted nitrogen atoms addition to one Hétto compare bare and exo-substituted
(structural feature RNR) did not optimize successfully but  isomers.
converged to rearranged structures from which an energy 3.2. Carbon Structural Features are Largely Indepen-
penalty of 63.6 kcal mol would be derived. However, a  dent of Cluster Size and the Types of Other Heteroatoms
rough estimate for the MNR feature obtained by fixing the  Present.Energy penalties for carbon structural features such
B(2)—N(7) and B(2)-N(8) distances in azaboranes was even as CC (where two carbon atoms are adjacent to each other)
higher (76.5 kcal mot). It can be concluded that the®NR and CH-B (where an endo hydrogen is entrapped between
feature is incompatible with the niebl-vertex cluster  a carbon and boron atom) are similar for 6- and 11-vertex
because of a too large destabilization. nido-carboranes and carborates despite the different cluster
The energy penalties for HetHMethen Het = C, that is, sizes®® The CC structural feature also has a very similar
PC for a bare phosphorus aton®@for an exo-substituted  disfavoring effect on 6-vertemido-carboranes and carborates
phosphorus atom, NC for a bare nitrogen atom, aff€ N (15 kcal mot?),38 11-vertexnido-carboranes and carborates
for an exo-substituted nitrogen atom adjacent to a carbon (16.0 kcal mot?),3° phosphacarbaboranes and -borates (18.3
atom, are 15.1, 24.3, 28.4, and 37.2 kcal malespectively. kcal molY), and azacarbaboranes and -borates (15.3 kcal
It is worth pointing out that both bare and exo-substituted mol™). The energy penalty for the 5k carbon atonggdn
phosphorus and nitrogen atoms have HetC energy penalties 1-vertexnido-carbaboranes and -borates (28.0 kcal )&l
roughly equal to/,(HetHet+ CC). is also very similar to that of phosphacarbaboranes and
Very similar energy penalties are derived for two adjacent -borates (26.9 kcal mot) (Table 1).
carbon atoms (CC) in carboranes and carborates (16.0 kcal 3.3. Dependence of Energy Penalties on the Extent of
mol~1),% phosphacarbaboranes and -carbaborates (18.3 kcaElectron Localization. Energy penalties for Hg{1) and
mol), and azacarbaboranes and -borates (15.3 kcaljnol  Hets(2) are considerably smaller for HetC, P, or N than
3.1.2. Structural Features due to the Positions of  for Het= PR and N? (see Table 1). A comparison of HetHet
Hydrogen Atoms. HH, Het(H), and Het are the three  when Het = Het or C also reveals much smaller energy
structural features in 11-vertexdo-hetero(carba)boranes and penalties for Het= C, P, and N than for Het PR and N,

-borates due to the positions of hydrogen atoms. We conclude that energy penalties, which are a measure for
The HH feature for two adjacent hydrogen bridges on the cluster destabilization, increase with the extent of electron
open face, has an energy penalty of 25.9 kcal vhiar 11- localization in a given cluster. Twenty six skeletal electrons

vertexnido-carboranes and carborafésyhereas it is 19.5  are required by Wade’sr2+ 4 electron count for an 11-
kcal mol* and 26.3 kcal motf for bare phospha- and aza- vertex nido cluster, whera = 11. In 11-vertex baraido-
(carba)boranes and -borates, respectively (Table 1). phospha- or aza(carba)boranes and -borates (Table 1),
The structural feature of a heteroatom adjacent to a formally thred® out of 26 skeletal electrons stem from each
hydrogen bridge, Het(H), was reported as C(H) in 11-vertex heteroatom. Exo-substituted phosphorus or nitrogen atoms,
nido-carboranes and carborattand occurs as P(H) XH), however, contribute 4 out of 26 electrons each. Therefore,
N(H), NR(H), and C(H) in bare phosphaboranes and -borates, the energy penalties offNand P are much larger than those
exo-substituted phosphaboranes and -borates, bare azaboraneétheir respective bare (N and P) isomers (Figure 2). Among
and -borates, exo-substituted azaboranes and -borates, antthe four-electron-donating heterogroupsf® Kas energy
carbon-containing heteroboranes and -borates, respectivelypenalties larger thanRP The higher electronegativity of
For bare phosphacarbaboranes and -borates, the C(H) anditrogen leads to stronger electron localization and, hence,
P(H) features have very similar effects and, consequently, results in higher energy penalties foRdN1), N3s(2), and
were finally derived together, givingi,[P/C(H)] = 2.2 kcal NRC. Energy penalties follow the electronegativity trends
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ap
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HPR
ENR

Hets, Hets
(1}. {2}" HetHet HetC Het(H)

Figure 2. Comparison of energy penalties for 11-vertedo-hetero(carba)boranes and -borates. Energy penalties for four-electron-donating heteroatoms
(PR and NR) are larger than those for three-electron donors (P, C, N). Energy penalties for structural featsu@s, Higtk(2), and HetHét(Het = Het or

C) increase with an increase in electronegativity in both three- and four-electron-donating heteroatoms. Energy penalties for carbon asbheastuuesu

are taken from ref 39.

also; in three-electron-donating heteroatoms, for example, between the empirical relative energids,{®) and DFT-
P (= 2.19), C { = 2.55), and N = 3.04Y3have energy ~ computed relative energieEd).

penalties of 10.7, 16.0, and 40.0 kcal midbr HetHet (Table 3.4.1. Phosphaboranes and -borateBhosphaboranes and
1; Figure 2). In summary, electron localization destabilizes _gates incorporate bare phosphorus (P) as well as exo-
clusters where the number of skeletal electrons formally ¢nstituted phosphorus P heteroatoms, each behaving
contributed by a heteroatom is the primary factor and its jyqenendently as a separate heterogroup. Structural features
electronegatlw_ty 1S secondqry. - . and corresponding energy penalties arising as a result of both
3.4. Compapsons of Relative Stabilities from Empirical heterogroups in fourty-four 11-vertaido-phosphaboranes
Energy Penalties Enc") gnd from DFT-Computed Values and -borates are listed in Table 2. This approach can be
(Ecac) for 11-Vertex nido-Phospha- and Aza(carba)- g e applied to many other possible phosphaboranes and

boranes and -borates.Structural increments have been -borates. The thermodynamically most stable isomer in each
established separately for 95 phospha- and 46 aza(carba)- ' Y y

boranes and -borates. The study reviews thirty 11-vertex “>€: from _[Pa’Hlo]g to PuB7Hy, is included (Table 2).
nido-phospha(carba)boranes and -borates and five 11-vertex 3-4.1.1 nido-[PBioH10:0]®™~ (n = 0, 1, 2, 3). The
nido-aza(carba)boranes and -borates, their alkyl/metal deriva-@bsence of hydrogen atoms in [BB1*" allows one
tives or metal Comp|exes having been reported in the pastStrUCtural feature, & to reproduce the relative Stability of
40 years. The syntheses of many structures have beerdll three possible isomers, that is, pido-7-[PBioH10]®"
reported in the past five years. Corresponding statistically (AA), nido-2-[PByoH1g]*~ (AB), and nido-1-[PByoH1q]*~
fitted energy penalties for five general structural features (AC). nido-7-[PByoH1q)®” (AA), the most stable isomer, has
along with Het can reproduce the relative stabilities of all the phosphorus atom at the open face, whefgasand AC
phospha- and aza(carba)boranes and -borates included in thikave it at vertex numbers 2 and 1, respectively (structural
paper and even more. feature By). AC is slightly higher in energy thaAB, as a
Various known and candidate structures are ordered with phosphorus atom at the apical position in the former is
the lowest energy isomer at the top in Tablesb2 Different slightly more disfavoring compared to middle-belt positions
energy penalties in a particular structure are summed up to(see Table 2 for details).
give Y Eine. The termEi,® represents the relative energies
of a given isomer with respect to the most stable one, as
deduced from increments. The teAE is the difference

The presence of one extra hydrogen in [B]?>~ can
generate one additional structural feature for bare phosphorus
atoms, P(H), and three structural features for exo-substituted

(43) Pauling, L.The Nature of the Chemical Bon@ornell University phOSphOI’US atoms', t.hat_ is, fO?’FPRW(l)’ and_ Fa5k(2)' Bare
Press: Ithaca, New York, 1960. phosphorus containingido-7-[PByoH11]?~ with x-H-9,10
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Table 2. Structural Increments Accurately Reproduce the Relative Stabilities of Various 11-Ved@Rhosphaboranes and -borates

HH Psc PP P(H) PR Pg(l) PRg(2) PR(H) PPR PRPR

compound u-H 195 269 107 22 133 580 397 96 183 369 YEn En® Eaac AE
AA2  7-PBygHi%" 00 00 00 00
AB  2-PBigHi*" 1 269 269 27.8 —0.9
AC  1-PBigHic* 1 26.9 269 315 —4.6
BAb  7-PBjoH112~ 9,10 00 00 00 00
BB  7-PBjoH112~ 8,9 1 22 22 43 -21
BC®  7-(PH)BioH1¢?~ 1 13.3 133 18.1 —4.8
BD  2-PBioHu>" 8,9 1 269 269 261 08
BE  1-(PH)BioH1?~ 1 1 71.3 713 680 33
CAY  7-PBjoH12t~ 8,9:10,11 2 44 00 00 00
CBe  7-(PH)BoH11~ 9,10 1 133 89 109 -2.0
CC  7-(PH)BioHu™ 8,9 1 1 229 185 17.7 08
CD  2-PBjgHist~ 7,8:9,10 1 1 291 247 223 24
CE  1-PBjoHist™ 7,8:9,10 1 26.9 225 23.1-0.6
CF  2-(PH)BiH1:*™ 8,9 1 1 53.0 48.6 54.0-54
CG  2-(PH)BiHu™ 7,11 1 1 2 722 678 676 02
CH 1-(PH)BigH1i~ 7,8 1 1 71.3 66.9 70.3-3.4
DAf  7-(PH)BioH12 8,9:10,11 1 2 325 00 00 00
DBY 2-PBigHi3 7,11:8,9:9,10 1 1 2 50.8 183 132 5.1
DCP 1-PBigHi3 7,8:8,9:10,11 1 1 464 139 134 05
DDY  7-PBjHi3 8,9:9,10:10,11 2 2 434 109 13.9-3.0
DE  2-(PH)BioH12 8,9:9,10 1 1 1 725 405 382 23
DF  1-(PH)BioH12 7,8:9,10 1 1 71.3 388 42.0-32
EA  7,9-PBgH¢*™ 00 00 00 00
EB  7,8-PBgHe?" 1 10.7 107 12.0 —-1.3
FAP  7,9-PBgH1o~ 10,11 2 44 00 00 0.0
FBh  7,8-PBgHiot™ 9,10 1 1 129 85 63 22
FC  7,9-P(PH)BHo~ 1 133 89 89 00
FD  1,7-PBoHio~ 8,9 1 1 29.1 247 27.0-23
FE  7,8-P(PH)BHol~ 1 1 31.6 272 272 00
GA  7,9-(PHYBoH, 2 266 00 00 00
GB  7,8-PBgHi1 9,10:10,11 1 1 2 346 80 72 08
GC  2,9-PBgHi1 7,8:10,11 1 4 357 91 165-7.4
GD  2,9-(PH)BgHy 2 1 66.3 39.7 345 52
GE  7,8-(PH}BoHy 2 1 635 369 369 00
GF  1,7-(PH}BgHy 2 1 84.6 580 548 3.2
HA  7,8,10-BBgHg!~ 1 107 00 00 00
HB  7,8,9- RBgHg!™ 2 21.4 107 109 —0.2
IA 7,8,10-B(PH)BgHs 1 1 240 00 00 00
1B 7,8,9-RBgHo 10,11 2 2 258 18 55-37
IC  7,10,8-B(PH)BgHs 1 1 316 76 7.9 —-03
ID  1,7,8-RBgHg 9,10 1 1 1 376 136 20.8-7.2
IE  2,8,9-RBgHg 10,11 1 1 2 398 158 21.5-57
JA  7,8,9,10-@B/H-; 3 323 00 00 00
JB  1,7,8,10-@B/H; 1 1 376 53 104 -5.1

aThe cyclopentadienyl cobalt complex AR is experimentally known (ref 18¥. Still experimentally unknown but more stable than known counterparts
and, hence, strong candidates for synthes&ee ref 18 for 7-RBC, where R= Me, Et, Pr, Phdref 9. ¢ 7-R-substitutedCB, nido-7-[RPBoH11] ~, where
R = CHs, CHs, n-C3H7, and GHs (ref 18) are experimentally knowh7-R-substitutedA, nido-7-RPBgH12, where R= CHs, C;Hs, n-C3Hy, CsHs (ref
18), CHs, and Ph (ref 19) are reporte@inido-7-RC(H)=PB;oH13 (corresponds to a carbene adductDdd), where R= adamantyl (ref 20a) and tBu (ref
28a,b) are reported.ref 45.1 The 7,9-diphenyl derivative aBA, 7,9-Ph-nido-7,9-P.BgHo, is experimentally known (ref 11).

(BA, Figure 3) is the only possible [RBH11]?>~ isomer that The [PBgH;i5~ and PBgH;3 isomers require one new
can prevent the presence of any structural feature (Table 2).structural feature, ®H), where an exo-substituted phospho-
Structural feature P(H) emerges when a hydrogen atom isrys atom is adjacent to a hydrogen bridge. The most stable
bridged between positions 8 and 98B. Computed as well  [pB,H,,]~ structure, 7-[PBH12]~ with u-H-8,9:9,10 CA,

as increment results indica®B to be slightly higher in  Figyre 3)? has a bare phosphorus atom at the open face with
energy tharBA. The extra hydrogen atom bound to P as an oth hydrogen bridges adjacent to the phosphorus vertex,
exo-ligand BC) generates the. new structural feafufevath producing the structural feature P(H) twice. The most stable
Enc[PR] = 13.3 kcal mot?, which make<BC less favorable PBygHs isomer, nido-7-(PH)BuoH1o (DA, Figure 3), has an

thanBA and BB. Just like in carboranes and carborates, .
. exo-substituted phosphorus atom rather than the bare phos-
the closer the extra hydrogen atom is to the open-face

heteroatom in phospha(carba)boranes and -borates, the Iargé?horuS atqm. The order deaic and Ep'™ '.S reversed in the

the energy penalty. Bare as well as exo-substituted phos-c25€s 0fnido-2-[PBiH:2]~ (CD) and nido-1-[PBioH:z]
phorus atoms at cage vertices generate numerous newCE). see Table 2, but the discrepancy can be removed
isomers with structural features P(H)sPPRs(1), and ~ because the apical position for the bare phosphorus atom in
PR5(2). Two such examples, bangdo-2-[PB;gH11]2 (BD) CE is generally slightly less favorable (energy penalty is
and exo-substitutedido-1-[(PH)BH10]?>~ (BE), are listed slightly larger) than a phosphorus atom at position 2. In the
in Table 2. case of isomerBB, DC, andDD, the relative stability order
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Figure 3. Most stable phospha(carba)borane and -borate isomers. White, black, and blue balls represent boron, carbon, and phosphorus atoms, respectively.
Experimentally known structures are labeled with gray boxes; white boxes represent unknown isomers. Lined boxes represent structures tpetitizee com
thermodynamic stabilities compared to their known counterparts.

by our increment system does not strictly match that from hydrogen atom to any of the two bare phosphorus atoms in
the computed relative energies, A is small in all three [P2BgH1g]~ (rather than to the open face) results in
cases. [P(PH)BH1q] ~ structures with one bare phosphorus atom (P)
The extra proton imido-7-[RPBygH11] ~, where R= CH, and one exo-substituted phosphorus atoff) {the same
C:Hs, n-CsH7, and GHs, 8 was reported to be either bridging  cluster. Such a situation is hitherto unknown in phospha-
the 9/10 cage positions or rapidly tautomerizing in soluton.  (carba)borane chemistry. The relative energies of two such
DFT-computed as well as increment results point to the isomers, 7,9-[P(PH)#g]~ (FC) and 7,8-[P(PH)BHg] ~ (FE),
former. Comparing measuréé8 NMR chemical shifts for ~ are 8.9 and 27.2 kcal md}, respectively, as compared to
7-[PByoHi17 ™ to values computed at the B3LYP/6-3#G-  that of bare 7,9-[BsH1~ (FA). The energy difference of
(d,p) level proves that the hydrogen atom is bridged between7 8-[P(PH)BHg]~ and 7,9-[P(PH)BHg]~ gives an estimate
boron atoms 9 and 10 rather than tautomerizing on the openof the energy penalty for Bf 18.3 kcal mot?. This value
face in solutiort? for PR is somewhat smaller than what results from
3.4.1.2. Oligophosphaboranes and -boratehe pres- v, [PP]+ E;JPRPR]), that is, 23.8 kcal mol. PP, along
ence of more than one phosphorus atom can generate thregjith pp, R,, PR, PRg(1), and Bs(2), can be used to derive

new structural features (PP, RPand PPR) in oligo- the relative energies of all possible (bafreexo)-oligophos-
phoshaboranes and -borates. phaboranes and -borates.

nido-7,8-[P.BgH1g]~ (FB)*® is the only experimentally
known representative of a single 11-vertex nido cluster with
two bare phosphorus atoms. The binding of one extra

Neutral BBgH;; has two additional hydrogen atoms
compared to [BgoHg]?~. The sum of the energy penalties
for different structural features shows that the thermodynamic

(44) The experimental data shows a 2:4:2:1:1 distribution of doublets with Stability is larger for exo-substituted phosphorus atoms than
chemical shifts of-11.6,-21.5,-22.5,~28.3, and—37.2 ppm for for bare phosphorus atoms (S@i‘\, nido-7,9-(PH>BgH9,
the ethylated derivative. Theoretical results for iBe symmetric Figure 3; Table 2)
structure are-11.6 (B4, 6),—23.0 (B8, 11),—24.3 (B9, 10),—26.2 g ’ :
(B2, 3),—26.0 (B5), and-41.4 (B1) ppm. Assuming that the hydrogen The Eincrel andE;,c values of various [EBSHS]_y PsBgHo,
bridge tautomerizes on the open face from positions 8/9 to positions . . .
10/11, the averaged theoretical chemical shifts-ai®.9 (B9, 10), and BB7H7 isomers are listed in Table 2. The most stable
15.6(88,11)18.1 (B2, B3)~23.4 (B4, 6)-2.8 (B5) and 310 PyBeHs isomer, (baret- €x0)-7,8,10-HPH)BsH (IA), has
m. .
(45) f_ittlé,p\]p. L.; Whitesell, M. A.; Chapman, R. W.; Kester, J. G.; Huffman, a (eXO'SUbSUtUtEd phosphorus atom) at vertex number

J. C.; Todd, L. JInorg. Chem.1993 32, 3369-3372. 10 and two bare phosphorus atoms at positions 7 and 8.
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3.4.2. Phosphacarbaboranes and -boratef?hospha- to a 5k position in the most stable EB3H,o isomer, 1,7,9,-
carbaboranes and -borates include one more heteroatom, that0-PGB7H,o (TA, Figure 3), because the open-face config-
is, a carbon in addition to P orfPA detailed study of  uration 7,8,9,10-P§B-H1, (TB) exhibits two PC features and
phosphacarbaboranes and -borates from [Pz~ to one CC feature. BotlfA andTD have one heteroatom at
PGB7H 1o is included in the next section, and their structural the apical 5k position, buED has the more electronegative
features and energy penalties are listed in Appendix 1 carbon atom at the apical position 1s(Cand is slightly

(Supporting Information). more disfavored thamA with a phosphorus atom at the same
3.4.2.1. nido-[PCBgH10+n]®™~ (n = 0, 1, 2). Three position (Ry).

structural features (PP, PC, and RJGire required to give 3.4.3. 11-Vertexnido-Aza(carba)boranes and -borates.

the relative stability of any possible bare [P&ERBg]?~ isomer. The relative stabilities produced from the increment system

[PCBsH13]~ and PCRBH:. can realize both bare and exo- (Einc™®) and the computed relative stabiliti€s:4) for various

substituted structures. The relative stabilities of varioids- 11-vertexnido-aza(carba)boranes and -borates are listed in

[PCBoH1g+n] @™ Appendices 3 and 4 (Supporting Informationido-7-(NH)-

(n=0, 1, 2) isomers are listed in Appendix 1 (Supporting BidHi0 (VC),*” nido-7-[NB1gH12] ~ (WC),?® andnido-7-(NH)-
Information).nido-7,9-(PH)CBH:1 (MA, Figure 3% is the BioH12 (XA)? represent the experimentally knowrndo-
only experimentally known phosphaborane that has a hy- [NBioH10:n]© ™™~ (n =0, 1, 2, 3) structures.

drogen atom rather than an alkyl group as an exo-substituent. Adjacent bare nitrogen atoms imdo-7,8-[N,BgHg]?~ do

3.4.2.2.nido[P,CBgHg]~ and nido-P,CBgH10. MP2/6- not cause major geometry distortions, and the relative energy
31G(d)+ZPE(RHF/6-31G(d)) computations indicate that the Of 7,8-[NeBsHe]*~ (YB) versus that of 7,9-[pBeHg]*" (YA,
relative energy increases along 7,8,18A( Figure 3) < Figure 4) (40.7 kcal mot) is considerably less than 63.6

7,10,8- (\B) < 7,9,8- (\D) < 7,8,9-[RCBgHs]~ (NC).22We kcal mol (the energy difference of 7,8-(NkBgHo and 7,9-
computed these isomers at various levels and conclude that(NH)2BsHs, which bear exo-substituted nitrogen atoms).
using these methods, the relative energy order comes out tdNone of thenido-(NH)zBsHs isomers is known experimen-
be NA < NB < NC < ND. The latter results are also tally. The geometry optimized for 7,8-(NkBoHy with
reproduced by the increment system (Appendix 2, Supportingadjacent exo-substituted nitrogen atoms was distorted and
Information). was 63.6 kcal mot* higher in energy than 7,9-(NkBoH,.
3.4.2.3. nido{PC,BgH1g]~ and nido-PC,BgH1.. The The energy.penalties obtained by fixing NEB(2) anq
7,8,10 positions in the most stable [fBgHg~ isomer,PA N(8)—B(2) distances at 1.775 A resulted in an even higher
(Figure 3), generate structural feature PC, which is less @N€rgy penalty of 76.5 kcal mol _
disfavoring than CC. Three more [B&H,o| ~ isomers that nido-7,9,10-[NGBgH1g] - (ADA, Figure 4j° and nido-
have open-face heteroatof#%9,10-[PGBsH:J~ (PB), 7,8,9-  7+9:10-(NH)GBsH10 (AEA, Figure 4§42 represent the
[PCBgH1~ (PF),°and 7,8,11-[PgBsH1~ (PG)}*care less WO experimentally known 11—vert§m|doclusters with
favorable options because they possess CCH0®C, and nitrogen anq .carbon atoms present in the same cluster. The
2-CC features, respectively. Any of the heteroatoms at a 5k relative stability of various 11—verte.xdoaza(carb'a)boranes
position causes thermodynamic instability as compared to @nd -borates are listed in Appendix 4 (Supporting Informa-
7,8,10-[PGBgH1q]~ (PA, Figure 3). The relative energies tiOn)- _
estimated from structural increment&.{®) of 2,8,10- 3.5. Energy Penalties for' Hetero(carba)boranes' and
[PC,BgH1~ (PC), 8,2,10-[PGBgH1¢~ (PD), and 1,7,9- -bprates Derived by Comparing Two Isomers that plffer
[PC,BgH1g~ (PE) have the same value. Howev&C and with Respect to One_FeatureOnce the general val_|d|ty of
PD can be distinguished from each other because the energyN€rdy penalties for important structural features is proven,
penalty of Gy in PD should be slightly higher than that of ~ the energy penalties can be e_stlmat(_ad as the energy _dlffer-
Ps in PC because of the larger electronegativity of carbon €nces of two structures that differ with respect to a single

as compared to that of phosphorus. 5k spliffrapplies to structural feature. For instance, the energy penalty for CC
PD and PE because position 1PE) is slightly more arising from a statistical refinement based on 20 carborane

disfavoring as compared to positions-& (PD). structure® is 16.0 kcal mot?, whereas the relative energy
of 7,8-[C:BgH11]?>~ versus 7,9-[GBgH17]?>~ (both isomers
differ only by the presence or absence of CC) is 16.3 kcal
mol~1. The N’C energy penalty (35.6 kcal md) obtained

by comparing 7,8-[(NH)CBH;] ~ with 7,9-[(NH)CBgH10]

is very close to the 37.2 kcal mdl obtained from five

Six situations of the three heteroatoms (C, P, aRddn
the open face ohidoPGBgH;; are listed in Appendix 1
(Supporting Information).

3.4.2.4.nido-P,C4—xB7H11«x (X = 1, 2, 3).Variousnido-
P,C4—xB7H11—« StructuresRA to TD) are listed in Appendix
1 (Supporting Information). Structural feature PP is 1€SS (47) Hansen, H. P.; Englert, U.; Paetzold 2 Anorg. Allg. Chem1995
disfavoring than PC and CC; thereforezOB;Hg and 621, 719-724. o
P,C2B7Hs can accommodate all heteroatoms at the open facegjgg Elr(;{stls(é\i';vsﬁ%rf; i'ﬁyiigése_kb_s;'ggﬁ%vg],dé_gm é?affff oo
in the thermodynamically most stable isomeR&\(andSA, Obshch. Khim1975 45, 1393-1394.

i . = (50) Plegk, J.; Hémanek, S.; Huffman, J.; Ragatz, P.; Schaeffer,JR.
each with tPP+ 2-PC; Figure 3). One heteroatom moves Chem. Soc.. Chem. Commuasrs 53 635-b36.
- (51) lonov, S. P.; Kuznetsov, N. Russ. J. Coord. Cher@00Q 26, 325~
(46) Holub, J.; Ormsby, D. L.; Kennedy, J. D.; Greatrex, Ribi$SB. Inorg. 330.
Chem. Commurk00Q 3, 178-181. (52) Bicerano, J.; Lipscomb, W. Nnorg. Chem.198Q 19, 1825-1827.
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Figure 4. Most stable aza(carba)borane and -borate isomers. White, black, and green balls represent boron, carbon, and nitrogen atoms, Xéspectively.
ADA, and AEA represent experimentally known cluster structures. For the relative energies of isomers, consult Appendices 3 and 4 in the Supporting
Information.

100 vertexnido-phospha(carba)boranes and -borates and 46 (and
4 even more) 11-verterido-aza(carba)boranes and -borates
can be predicted quite accurately with energy penalties for

a few structural features. Energy penalties follow the same
relative trends in carboranes and carborates, phospha(carba)-
60 1 ry i boranes and -borates, and aza(carba)boranes and -borates.
A heteroatom adjacent to a hydrogen bridge has the least
40 Ry & disfavoring effect. Energy penalties depend primarily on the
apihe number of electrons donated by a heterogroup and second-
arily on the electronegativity (Figure 2). Carbon energy
penalties are quite independent of the cluster size and the
i "‘ Evye [kcal mol] type of the other heteroatom present in the same cluster
0 %% : (Table 1). Such increments can also be established for other

0 20 40 60 80 100 11-vertexnido-hetero(carba)boranes and -borates.

80

Einc™ [kcal mol™]

20 | * L

* Phospha(car)boranes & Aza(car)boranes Acknowledgment. Financial support by Deutsche

Figure 5. Structural increments=,®) accurately reproduce the relative Forschungsgemeinschaft is gratefully acknowledged

energies of 11-vertexido-phospha- and aza(carba)boranes and -borates

computed by DFT methods{a).
§ / . _KaI_C) . ., . Supporting Information Available: The DFT-computed rela-
structures. Other “statistically established” energy penalties e stapilities as well as those from the increment system for 11-

and corresponding “estimated” energy penalties for carbo- yertex nido-phosphacarbaboranes and -borates (Appendix 1), 11-
ranes and carborates and bare and exo-substituted phosphgertexnido-azaboranes and -borates (Appendix 3), and 11-vertex
and aza(carba)boranes and -borates are listed in Appendix ido-azacarbaboranes and -borates (Appendix 4); relative energies
(Supporting Information). Values derived from just two of [P,CBgHg]~ isomers computed at different levels of theory
structures are rough estimations that give relative energies(Appendix 2); energy penalties derived from statistical fitting and
with larger errors but are obtained much faster and are from a comparison of two appropriate structures (Appendix 5); and
accurate enough for the interpretation of general trends.  alist with Cartesian coordinates and absolute energies from B3LYP/
3.6. ConclusionsRelative energies estimated by applying 6-311G(d,p)//B3LYP/6-31G(d) computations of all phospha- and
the increment system presented in this work are plotted aza(cgrba)bore}nes and .-borates included in thi.s paper (Appendix
against DFT-computed values for 11-vertex bare and exo- 6). This material is available free of charge via the Internet at
substitutechido-phospha- and aza(carba)boranes and -borate"ttP-/Pubs.acs.org.
in Figure 5. Relative energies of 95 (and even more) 11- 1C0483803
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