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For early members of thieyperclosdboron hydride family, BH, (n = 3—5), the lowest energy isomer contains
one or more three-membered aromatic BBB rings. Not unlddo cage structures become more stable. When

hydrogens are replaced by amino groups, the classical nonplanar ring structure is more stable than the nonclassical

cage, B(NHy), (n = 4—6). A disagreement of over 20 kcal/mol is found between MP2/6-31G(2d,p)//MP2/6-
31G(d) and B3LYP/6-31G(d)//B3LYP/6-31G(d) for the relative energy of ring and cage structure&Ni 5.
Calculations on BNHy),4 including additional electron correlation indicate B3LYP/6-31G(d) is more reliable
than MP2/6-31G(2d,p) for relative energies. The lowest energ)B,)s classical structure is B3y Symmetry
chair, while aD34 cage is predicted to be 15.0 kcal/mol higher in energy.

Introduction C4B:>He with fluorine alters the pentagonal pyramidal cage

structure of the paret(C4B,Hg) to a planar structure for the
The number of cage-bonding electron pairs has proven be ayq i ativé (C4BZIF=)2H4). (CaBHe) P

very effective indicator of cage geometry in boranes and
carborane$ Stable cage structures are predicted for the diahions
BnHn?~ and the neutral carborarfes;B,-,H, because the+1
cage electrons are just enough to fill all of the bonding orbitals.
In the counting procedure, exocy.clic substituents are assume ydrogens are replaced with amino groups, the observed
to bond each boron or carbon with a two-center two-electron structure is a classical bicyclic compoutdi Likewise,

(20.'28) bond. However, some substituents, such as h"’.‘logenssubstituting one and two halogens for hydrogen (i.e. B-monohalo
amines, and to a lesser extent alkyl groups, exert a con5|derableand B-dihalo derivatives) in 1,5/83Hs, 1,6-GBaHs, and 2.4-
electronic effect on the cage. 1928305, 1,0-L2b4Ms, ,

] ) C.BsHy is not enough to favor the classical planar structure over

If the cage has halogen or amine substituents, the geometryine nonclassical cage struct@@wo recent studiéé1on closo
may be more open than that predicted by cage-counting j 5.(CH)(BR)s structures found that the bonding pattern in the
rules?~14 For example, replacing two hydrogens on boron in- tjgonal bipyramidal cage changed from nonclassical to classical
when R was varied from H to Nj Other classical structures
which are known to be stabilized by amino groups are
di-coordinate boron cations ([B(NJR] 7)€ and polyboranes of
formula B,(NR2)n+2, Which have a chainlike structut@.

Boron hydrides of formula B, have n cage-bonding electron
pairs and are callechyperclos@® 22 While parent boron
hydrides of this formula are quite rare, there are known examples
of metalloborane’d—26 and cages where halides have replaced
hydrogens. These polyhedral boron halié¢es® B X, (X = F,

The number ofr donating groups substituted on boron also
affects the nature of the cage. For example, when one BH
hydrogen is replaced with an amino group inBgHs, the

onclassical cage structure is retained. However, when both BH
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Cl, Br, 1), form a well-known class of compounds where cages
from four to twelve vertexes have been characterized. All
structures are consistent witbloso cages and the halide
substitutent is thought to stabilize the cagesbgonation.

In 1963, Urry et af synthesized ENMe,), from the reaction
of dimethylamine with BCl,. While too little material was
obtained to allow extensive characterization, the authors sug-
gested on the basis of IR spectroscopy that the molecule was
likely to have a four-membered ring structure rather than a
tetrahedral cage structure. In 1980;tN@and Pommerenirig
reported the X-ray structure of¢BNMey)s. Rather than an
octahedral geometry, the aminoborane had a ring geometry with
C, symmetry in the solid state and a higher symmetry in solution
(probablyDsg). CNDO/INDO calculations on §NH.)s were
reported by Neckel et & who found the planar structure to
be more stable than the chair and octahedral structures. Figure 1. Molecular plots of BHn—1~ anions. Negative numbers are

; NICS values (ppm) at the GIAO/HF/6-3115(d,p) level. Relative
(Nll\E/Ito )re (rr(?CEngy, 4Ba6u)d|f(=;'(r)r$]t {a:'ée&(;r(t;grt]hgfségtgglslsv\?i];r;,]B energies (kcal/mol) at the B3LYP/6-31G{eJPC level are provided
2)n - ] ] 2

. . . . just following the symmetry designation.
potassium in boiling cyclohexane. Two isomers G{¥EL)s

were isolated, a classical cyclic polyborane and a nonclassicalyger to estimafé relative energies at the [QCISD(T)/6-31G(2d,p)]
octahedral cag®. The authors found that the classical isomer |evel. Zero-point corrections were made using scaled HF/6-31G(d)
rearranged to the nonclassical isomer at room temperature infrequencies (0.9 factor). For molecular systems larger thgNI)s,
hydrocarbon solution, while the opposite rearrangement was QCISD(T)/6-31G(d) calculations were not possible and zero-point
observed to occur in the crystal (cagecyclic) when heated corrections were applied to MP2/6-31G(2d,p) relative energies. Density
to 137°C. It would appear that the classical and nonclassical functional optimizations were made using B3LYP/6-31G(d) and relative
isomers must have similar gas-phase energies with secondar)?nergies were corrected using unscaled B3LYP/6-31G(d) vibrational

effects such as solvation, lattice energy, and entropy playing Teduencies.

important roles. When comparing relative energies of isomers with classical structures
(rings) and nonclassical structures (cages), electron correlation is very
important3® While the [QCISD(T)/6-31G(2d,p)] level is expected to
give reliable relative energies, the QCISD(T) method could not be
applied to the larger systems. Therefore, the [QCISD(T)/6-31G(2d,p)]
method was used to benchmark relative energies for ring versus cage

frequencies were calculated at the HF/6-31G(d) and B3LYP/6-31G(d) ngfic‘:zinlthelm\:wzj“ fyste_m at LhehMPZtls -?&l_G(Zd,p) amlj_ IZ:FLY_IF_’}/]
levels to determine the nature of the stationary points and to make t b'I'( ) fet\;fs ONHe ermine which me t(') Its dmgresrecz)lak eV Ie
zero-point corrections. Single-point calculations were made on MP2/ stability of the B(NH,)s cage was overestimated by 8.0 kcal/mo

6-31G(d tri t QCISD(T)/6-31G(d) and MP2/6-31G(2d.p) i (relative to the ring) at the MP2/6-31G(2d,p) level, and underestimated
(d) geometries at QCISD(T) (@an @dp)in 75 0 kealimol at the B3LYP/6-31G(d) level (relative to [QCISD(T)/

- - - - 6-31G(2d,p)]). Thus, the B3LYP/6-31G(d) method is more reliable for
(24) Siebert, W. (Ed.Advances in Boron ChemistryRoyal Society of predicting relative energies between rings and cages. This point becomes
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BsHy (Cy) 7.3 € BsHy (Cp 7.0 Y BsH, (C) 0.0°

Computational Methods

All geometries were fully optimized in the given symmetry at the
HF/6-31G(d), MP2/6-31G(d) and B3LYP/6-31G(d) levé¥/ibrational

1998. methods differ by over 20 kcal/mol.
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27) Morrison, J. A Chem. Re. 1991, 91, 35. . . .
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329. properties related to aromatici#yWave functions have been analyzed
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determined, the data were sufficient to show that an octahedral cage- given in Tables 3 and 4. Cartesian coordinates at the B3LYP/6-31G-

like geometry was present. (d) level of all species are provided as Supporting Information.
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B5d (Cy) 10.1

B5c (Cy4y) 8.6

Bé6c (Cy) 12.0

Figure 2. Molecular plots of BH, boron hydrides. Selected distances (A) are given at the B3LYP/6-31G(d) level. Negative numbers are NICS
values (ppm) at the GIAO/HF/6-3%1G(d,p) level. Relative energies (kcal/mol) at the B3LYP/6-31&&PC level are provided just following the
symmetry designation.

Results and Discussion lack enough cage electrons to fill all of tesocage-bonding
The nature of the substituent (® H, NHy) in BaRy (0 = orbitals. For larger members of this series, the capping principle
3-6) has such a profound effect on the structure and bonding @PPlies, which suggests that the most stable geometry for a

of the boron hydride, that it is advantageous to divide the hypercloscspecies is one based omlasocage smaller by one
discussion into two sections. vertex with the extra vertex adopting a capping positidiar

Neutral B,H, Species i = 3—6) and B,H,-1~ Anions smaller members of this series, the capping principle may not
(n = 3-5). ByH, species, members of theyperclosoclass, be as effective in predicting the lowest energy structure since
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a=1.683
b=1.761

> - 1.420 g © B;B; 1.860
BN5d (Cpy) 12.6 DFT  X-ray B,B, 1.860
BB 1713 1719 BN6d (D3q) 15.0 B;B; 1.698 T BNée (D;) 16.6
BN 1412 1398 BN 1431 :

BBB 1123 110.8
BBN 123.6 124.0

BN6b (Dgp) 15.2 BN6¢ (Cay) 36.1

Figure 3. Molecular plots of B(NH,), aminoboranes. Selected distances (A) are given at the B3LYP/6-31G(d) level. Experifuistanhces (A)
and angles (degrees) fogBIMe;)s are compared tBN6a. An alternative view 0BN6f (C;) shows the similarity t®8N6d (Dsq). Relative energies
(kcal/mol) at the B3LYP/6-31G(e)ZPC level are provided just following the symmetry designation.

the even smallecloso cage dictated by the capping principle 6-31+G(d) level. The lowest energy structure was a three-
may not yield a stabilizing effect. Instead, there is an alternative membered ring with two terminal BH bonds and one bridging
stabilizing effect that may lead to low-energy structures. In an

extensive study of BH, species, Korkin et &t calculated a (41) Korkin, A. A.: Schleyer, P. v. R.; McKee, M. lnorg. Chem:1995
number of BH3 species at the QCISD(T)/6-311(d,p)//IMP2/ 34, 961.
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Table 1. Absolute Energies (hartrees) and Zero-Point Energies (kca#mol)

PG /IHF/a /IMP2/a //B3LYP/a
HF/a ZPE(NIF) MP2/a QCl/a MP2/b B3LYP/a ZPE(NIF)
BHs D —26.39001 17.38(0)  —26.46424  —26.48466  —26.49108  —26.61299  16.68(0)
B.H. D  —51.61801 25.68(1)  —51.75691  —51.79309  —51.79596  —52.02135  24.57(1)
BsHs C,  —76.84409 33.61(2)  —77.04852  —77.10047  —77.10000 —77.42826  32.09(2)
BH,=NH C,  —81.48910 31.94(0) —81.73122  —81.76243  —81.78482  —82.03932  30.14(0)
BH,—NH; Ce  —81.44219 30.00(1)  —81.67817  —81.70893  —81.73340  —81.98757  28.16(1)
BsHs B3 C. —75.64668 23.24(0)  —75.89939  —75.94264  —75.93481  —76.23358  22.32(0)
BsH~ C,  —75.06718 17.22(0)  —75.33065  —75.37206  —75.36317  —75.65697  16.40(0)
B.H, B4da C,  —100.94408  32.88(0) —101.27844 —101.33033 —101.32462 —101.72605  31.24(0)
B4b C,  —100.93111  32.93(0) —101.26768 —101.31880 —101.31515 —101.71486  31.39(0)
B4c Ts  —100.92570  32.58(0) —101.27149 —101.32568 —101.31804 —101.71296  31.44(0)
B4d D,  —100.88955  30.03(0) —101.17423 —101.23662 —101.22007 —101.63782  27.47(0)
Bde C; b 31.46(0  —101.18222 —101.24094 —101.23064 —101.63201  30.60(0)
BuHs~ C,  —100.38361  25.60(00) —100.72127 —100.77131 —100.76478 —101.16206  24.50(0)
BsHs Bsa C,  —126.19532  41.99(0) -—126.61741 —126.68135 —126.67512 —127.17460  40.07(0)
B5b C,  —126.19005  41.18(00) —126.61078 —126.67458 —126.66856 —127.16808  39.16(0)
B5c Cs  —126.16790  40.25(0) ~—126.60972 —126.67307 —126.66781 —127.15904  38.90(0)
B5d C,  —126.17542  39.75(1) —126.59559 —126.65917 —126.65537 —127.15496  37.88(1)
BsHa4~ C. b 33.69(0y —126.07511 —126.13584 —126.13064 —126.62479  33.07(0)
BsH4~ C,  —12563720  33.32(0) —126.05586 —126.12016 —126.11205 —126.61076  31.58(1)
BsH4~ C b 33.12(0y  —126.06386 —126.12422 —126.11899 —126.61178  31.91(0)
BeHs B6a C,  —151.44795  49.98(0) —151.99986 —152.06514 —152.06841 —152.64588  47.73(0)
B6b Cx  —151.43708  50.74(0) —151.96974 —152.04097 —152.03884 —152.63169  48.24(0)
B6c C,  —151.43574  50.23(0) —151.95783 —152.03416 —152.02750 —152.62687  47.86(0)

aBasis set “a” is 6-31G(d), and basis set “b” is 6-31G (2ot a minimum at HF/6-31G(dY. Vibrational frequencies calculated at MP2/6-

31G(d) level.

BHpH bond which can be rationalized by the existence of a
three-center two-electron (3c-2e) bond. This Zr-electron
aromatic stabilizing effect has been recognized as important by
Berndt and Schleyer in a number of carboranes with,B,C
framework#? Thus, if one removes two electrons frorgHB?",

it is conceptually more favorable to remove a 2cs28B bond
(simultaneously converting a 2c-2e BB bond into a 3c-2e BBB
bond and a 2c-2e BH bond into a BH bond), rather than
remove the twar electrons.

The monoanions BH,-1~ (n = 3—5) were calculated to give
insight into the neutral boron hydrides. The three-membered
BBB ring in B3gH,™ is quite aromatic as shown by the negative
NICS value of—45.0 ppm. Using the g1, structuré® as a
building block, larger anions can be built up by adding a

(42) (a) Berndt, A.; Steiner, D.; Schweikart, D.; Balzereit, C.; Menzel, M.;
Winkler, H.-J.; Mehle, S.; Unverzagt, M.; Happel, T.; Schleyer, P. v.
R.; Subramanian, G.; Hofmann, M. Advances in Boron Chemistry
Siebert, W., Ed.; Royal Society of Chemistry: Cambridge, U.K., 1997
pp 61-72. (b) Unverzagt, M.; Subramanian, G.; Hofmann, M.;
Schleyer, P. v. R.; Berger, S.; Harms, K.; Massa, W.; Berndt, A.
Angew. Chem., Int. Ed. Endl997, 36, 1469. (C) Steiner, D.; Winkler,
H.-J.; Balzereit, C.; Happel, T.; Hofmann, M.; Subramanian, G.;
Schleyer, P. v. R.; Massa, W.; Berndt, Angew. Chem., Int. Ed. Engl.
1996 35, 1990. (d) Menzel, M.; Winkler, H. J.; Ablelom, T.; Steiner,
D.; Fau, S.; Frenking, G.; Massa, W.; Berndt,Angew. Chem., Int.
Ed. Engl.1995 34, 1340. (e) Menzel, M.; Steiner, D.; Winkler, H.-
J.; Schweikart, D.; Mehle, S.; Fau, S.; Frenking, G.; Massa, W.; Berndt,
A. Angew. Chem., Int. Ed. Engll995 34, 327. (f) Steiner. D.;
Balzereit, C.; Winkler, H.-J.; Stamatis, N.; Hofmann, M.; Schleyer,
P. v. R.; Massa, W.; Berndt, Angew. Chem., Int. Ed. Endl994
33, 2303. (g) Berndt, AAngew. Chem., Int. Ed. Endl993 32, 985.

(h) Willerhausen, P.; Schmidt-Lukasch, G.; Kybart, C.; Allwohn, J.;

/
/O\ +BH /O\B +BH /O\ /
‘ BiHy N BsHa

bridging BH groug* (Scheme 1). The resulting BBB rings
(Figure 1) all have negative NICS values indicating varying
degrees of aromaticity. It is interesting to note thgHB in
C, symmetry is a transition state toG symmetry structure
0.3 kcal/mol lower in energy. Despite the small energy change,
the NICS values in the two equivalent rings change significantly
(—14.8— —12.3(-28.8 ppm, Figure 1) indicating that a small
structural change can induce large changes in ring currents.
However, the lowest-energysB,~ anion is not theC; structure,
but a Cs structure with a BH group (Figure 1) which is
computed to be 7.0 kcal/mol more stable. The lowest energy
structure of BHs is a protonated form of this anion (see below).
A number of calculations have been reported fgB* the
next member of théypercloscseries. Most studies considered
only a planar (or folded) and tetrahedral geometries. However,
in a recent study, Mach et #.found that a structure ofs
symmetry was lower in energy than both the foldBdd, D2g)
and tetrahedralB4c, Ty) isomers (Figure 2). Th€ structure

Massa, W.; McKee, M. L.; Schleyer, P. v. R.; Berndt, Angew.
Chem., Int. Ed. Engl1992 31, 1384. (i) Grizmacher, HAngew.
Chem., Int. Ed. Engl1992 31, 1329. (j) Hdner, A.; Ziegler, B.;
Hunold, R.; Willershausen, P.; Massa, W.; BerndtyAdgew. Chem.,
Int. Ed. Engl.199], 30, 594. (k) Hunold, R.; Pilz, M.; Allwohn, J.;
Stadler, M.; Massa, W.; Schleyer, P. v. R.; BerndtAgew. Chem.,
Int. Ed. Engl.1989 28, 781. (I) Krogh-Jespersen, K.; Cremer, D.;
Dill, J. D.; Pople, J. A.; Schleyer, P. v. R. Am. Chem. S0d.98],
103 2589.

(43) For areport of the optimized geometry B~ at the HF/6-3%++G-
(d,p) level, see: Krempp, M.; Damrauer, R.; DePuy, C. H.; Keheyan,
Y. J. Am. Chem. S0d.994 116, 3629.

(44) From an analysis of the low-energyHB, structures, a series can be
constructed where a BH group is formally added to a BB bond to
form the next member of the series. This “adding bridging BH”
principle suggests that the added BH unit has minimal impact on the
“core” structure. The added BH unit (with two electrons available for
bonding) interacts with the BB 2c-2ebond to form a BBB ring that
is internally bonded by one 2c-2e bond and one 3c-2e bond.

(45) (a) McKee, M. L.; Lipscomb, W. Nlnorg. Chem.1981, 20, 4148.

(b) Swanton, D. J.; Ahlrichs, Rtheor. Chim. Actd 989 75, 163. (c)
Buhl, M.; Gauss, J.; Hofmann, M.; Schleyer, P. v.RAm. Chem.
Soc.1993 115, 12385.

(46) Mach, P.; Hubad.; Mavridis, A. Chem. Phys. Letl994 226, 469.
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Table 2. Absolute Energies (hartrees) and Zero-Point Energies (kca#mol)
PG /HF/a /IMP2/a //B3LYP/a
HF/a ZPE(NIF) MP2/a QCl/a MP2/b B3LYP/a ZPE(NIF)
B3N3Hs BN3a Cs —240.88705 61.96(0) —241.60645 —241.68258 —241.72282 —242.43248 57.61(0)
BN3b Dan —240.88666 61.89(2) —241.59730 —241.67496 —241.71398 —242.42490 57.58(2)
borazine Dan —241.15101 62.01(0) —241.85540 —241.92485 —241.96353 —242.67016 58.62(0)
B4N4Hg BN4a Dad —321.25298 84.43(0) —322.20518 —322.30604 —322.36240 —323.30050 78.56(0)
BN4b Dan —321.24899 84.20(1) —322.19506 —322.29746 —322.35256 —323.29198 78.04(1)
BN4c S —321.20147 79.75(1) —322.20550 —322.29382 —322.36448 —323.28627 75.26(0)
BN4d Cs —321.20385 79.89(0) —322.20510 —322.29319 —322.36404 —323.28591 74.89(1)
BN4e Dad —321.19300 79.07(3) —322.19687 —322.28526 —322.35559 —323.27576 74.51(3)
BN4f Daq —321.18967 76.90(8) —322.19136 —322.27885 —322.35008 —323.27146 72.33(8)
BsNsH1o BNsa C; —401.61043 106.17(0) —402.79956 —402.99650 —404.16534 98.99(0)
BN5b Dsn —401.60513 105.88(2) —402.78967 —402.98724  —404.15651 98.35(2)
BN5c Co —401.53355 101.89(0) —402.79179 —402.99159 —404.13962 95.52(0)
BsNsH12 BN6a Daq —481.96202 127.93(0) —483.39157 —483.62707 —485.02733 119.43(0)
BN6b Den —481.94000 127.36(3) —483.36399 —483.60073 —485.00131 118.34(3)
BN6C Ca —481.84450 122.80(3) —483.34567 —483.58491 —484.96374 115.66(1)
BN6d Dsq —481.86433 120.84(2) —483.38874 —483.62918 —484.99469 113.90(2)
BN6e D, —481.86563 123.25(0) —483.39045 —483.63095 —484.99454 115.39(1)
BN6f C —484.99500 114.82(0)
BN6g Co —481.87439 125.40(0) —483.38277 —483.62285 —484.99207 116.62(0)
aBasis set “a” is 6-31G(d), and basis set “b” is 6-31G(2d,p).
Table 3. Relative Energies (kcal/mol)) for Various Speéies
PG /HF/a IIMP2/a /IB3LYP/a
HF/a MP2/a QCl/a MP2/b [QCl/b] +ZPC B3LYP/a +ZPC
BsH; B3 Cs 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
BsH,~ Cy, 363.6 356.9 358.0 358.7 359.8 354.4 361.8 355.9
B4H.4 Bda Cs 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
B4b Cs 8.0 6.8 7.2 5.9 6.3 6.3 7.0 7.2
B4c T 115 4.4 2.9 4.1 2.6 2.3 8.2 8.4
B4d Dy 34.2 65.4 58.8 65.6 59.0 56.4 55.4 51.6
B4e Cy c 60.4 56.1 59.0 54.7 549 59.0 58.4
BsH3~ Cy, 351.7 349.6 350.8 351.3 352.5 345.9 353.9 347.2
BsHs B5a Cs 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
B5b C 3.3 4.2 4.2 4.1 4.1 3.4 4.1 3.2
B5c Cyy 17.2 4.8 5.2 4.6 5.0 3.4 9.8 8.6
B5d C, 125 13.7 13.9 12.4 12.6 10.6 12.3 10.1
BsH4™ Cs c 340.3 342.3 341.7 343.7 337.8 345.0 338.0
BsHa~ C, 350.2 352.4 352.1 353.3 353.0 345.2 353.8 345.3
BsH4™ C c 347.4 349.6 349.0 351.2 344.8 353.2 345.0
BsHs B6a Cy, 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
B6b Con 6.8 18.9 15.2 18.6 14.9 15.6 8.9 9.4
B6c C, 7.7 26.4 194 25.7 18.7 18.9 11.9 12.0

aBasis set “a” is 6-31G(d), and basis set “b” is 6-31G(2dHcaled (0.9 factor) zero-point correction at HF/6-31G(d) level applied to [QCISD(T)/
6-31G(2d,p)] relative energiesNot a minimum at HF/6-31G(d)! Zero-point correction taken from MP2/6-31G(d) vibrational frequencies (0.95

scaling factor).

Scheme 2
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(B4a), which is 8.8 kcal/mol lower in energy than tetrahedral
B4H, at the CISD/cc-pVTZ level, has a bridging hydrogen and
a 3c-2exr bond. In fact, it can be viewed as the lowest-energy
B3H3 structure B3) with a bridging BH group (Scheme 2) or
as a protonated form of Bl3~. An alternative structureB4b)

is possible if the bridging hydrogen is moved to a different
location. At the standard leveB4ais 7.2 kcal/mol lower than
B4b and 8.4 kcal/mol belovB4c.

Another bonding motif for BH, species can be envisioned
by the association of the Bf cation and the B-1H,—2~ anion
(Scheme 3). Fon = 4, aC; minimum was found B4€) 58.4
kcal/mol higher tharB4a.

For BsHs, three minima were locatedba—c). The lowest
energy minimum B5a) can be viewed as the association of
BH," and the BH3~ anion (Scheme 3). All three BBB rings
are aromatic as indicated by their NICS value26.8,—29.6,
and—29.4 ppm). The next lowest-energy isomBbk), 3.2 kcal/
mol aboveB5a, can be viewed as a BH bridgd##ta isomer
(Scheme 2). According to NICS values, the BBB ring formed
by the added BH is much less aromatie7(.6 ppm) than the
other two BBB rings 22.3 and—41.7 ppm). IsomeB5c, the
nonclassical square pyramid, is 8.6 kcal/mol abB%e. Further
exploration of the BHs potential energy surface led Bbd, a
degenerate transition state for the interconversidsbiifisomers
with a 6.9 kcal/mol activation barrier.
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PG /IHF/a /IMP2/a //B3LYP/a
HF/a MP2/a QCl/a MP2/b [QCllb]  +zZPC B3LYP/a +ZPC
BaN:zHg BN3a Cs 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
BN3b Dan 0.2 5.7 48 55 46 45 48 48
borazine Dan -165.6  -156.3  —152.0 —151.0 —146.8  —146.8 ~149.1 ~148.1
B4NsHs BNda  Dug 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
BN4b Dan 2.5 6.4 5.4 6.2 5.2 5.0 5.3 4.8
BN4c S 32.3 -0.2 7.7 -13 6.6 2.4 8.9 5.6
BN4d Cs 30.8 0.1 8.1 -1.0 7.0 2.9 9.2 5.5
BNde Dy 37.6 5.2 13.0 43 12.1 7.3 15.5 115
BN4f Dag 39.7 8.7 17.1 7.7 16.1 9.3 18.2 12.0
BsNsH1o BN5a C 0.0 0.0 0.0 0.0 0.0 0.0
BN5b Dsn 33 6.2 5.8 55 55 4.9
BN5c Ca 48.2 4.9 3.1 -0.7 16.1 12.6
BeNeH12 BN6a  Dag 0.0 0.0 0.0 0.0 0.0 0.0
BN6b Den 13.8 17.3 16.5 16.0 16.3 15.2
BN6C Ca 73.7 28.8 26.4 21.8 39.9 36.1
BN6d Dag 61.3 1.8 -13 -7.7 20.5 15.0
BN6e D, 60.5 0.7 2.4 -6.6 20.6 16.6
BN6f C, 20.3 15.7
BN6g Ca 55.0 55 2.6 0.3 22.1 19.3

aBasis set “a” is 6-31G(d), and basis set “b” is 6-31G(2dHcaled (0.9 factor) zero-point correction at HF/6-31G(d) level applied to [QCISD(T)/
6-31G(2d,p)] relative energies fors@IH2); and B(NH.)4 species and to MP2/6-31G(2d,p) relative energies #§NB5)s and Bs(NH.)s species.
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The lowest energy isomer of¢Hs is B6a, a BH-capped
trigonal bipyramid. This is the first member of thgpercloso

nitrogen to donate electron density into empty orbitals on
boron#” classical structures with tri-coordinate boron atoms are
stabilized relative to nonclassical structures. In fact, if the boron
atoms form a ring, the species would be inorganic analogues
of radialenes.

The first member of the seriesg@BIH,); (BN3a), adopts a
Cs symmetry conformation, 4.8 kcal/mol lower in energy than
the symmetricaDg;, structure BN3b). The three amino groups
remain planar (within 0.9; one is attached to a boron which
becomes pyramidalk (= 338.8, wherer is the sum of bond
angles around nitrogen) while the other two twist out of the
BBB plane. In contrast to the NBO analysis (HF/6-31G*//MP2/
6-31G(d)) of theDs, structure BN3b) where three 2c-2e BB
bonds were found, the NBO analysis of tBestructure BN3a)
revealed only two 2c-2e BB bonds with one very delocalized
bond. As a result, th€s structure has two short BB bonds (1.620
A) and one long BB bond (1.773 A). However, the average
BB distance is smaller in th€s structure (1.671 A) compared
to the Da, structure (1.695 A) indicating stronger bonds. For
comparison, thexo2c-2e BB bonds to boron hydrides are in
the range 1.661.74 A48

The global minimum on the $Bl3Hg potential energy surface
is borazine!? the inorganic analogue of benzene, which has an
experimental heat of formati®hof —121.9 kcal/mol at 298 K.
The B3(NH,)3 isomer BN3a) is predicted to be 148.1 kcal/mol
less stable than borazine and, when combined with a 1.6 kcal/

series whose lowest energy structure is given by the capping | contribution from heat capacity, leads to a predicted heat

principle! Thus, it appears that the underlyingHg?~ dianion
cage has sufficient intrinsic stability to provide the basic
scaffolding for the added BH cap. Only 9.4 kcal/mol higher in
energy tharB6ais B6b, a Cy, structure which can be derived
from B5b by addition of a bridging BH grouf plus the
conversion of a terminal BH to a bridging BH (Scheme 3). In
B6b, the two outer BBB rings are more aromatic than the two
inner rings (41.7 and—17.9 ppm, respectively). A third isomer
B6c, 12.0 kcal/mol higher thaB6a, is conceptually derived
from the BH™ cation and the BH,~ anion (Scheme 2). Of the
four BBB rings, rings 1 and 326.8 and—20.0 ppm) are more
aromatic than rings 2 and 4-6.1 and—9.6 kcal/mol).
Bn(NHy), Series 6 = 3—6). The substitution of an amino
group for hydrogen in BH, changes the nature of bonding

among the boron atoms. Due to the ability of the lone pair on

of formation at 298 K of 27.8 kcal/mol. It is interesting to

(47) Budzelaar, P. H. M.; Kos, A. J.; Clark, T.; Schleyer, P. v. R.
Organometallicsl985 4, 429.

(48) (a) Brain, P. T.; Rankin, D. W. H.; Robertson, H. E.; Alberts, I. L.;
Downs, A. J.; Greene, T. M.; Hofmann, M.; Schleyer, P. vJRChem.
Soc., Dalton Trans1995 2193. (b) Brain, P. T.; Rankin, D. W. H;
Robertson, H. E.; Alberts, I. L.; Hofmann, M.; Schleyer, P. viferg.
Chem.1994 33, 2565. (c) Saulys, D. A.; Morrison, J. Anorg. Chem.
199Q 29, 4174.

(49) (a) Matsunaga, N.; Cundari, T. R.; Schmidt, M. W.; Gordon, M. S.
Theor. Chim. Actdl992 83, 57. (b) Jemmis, E. D.; Kiran, Bnorg.
Chem.1998 37, 2110. (c) Xie, Y.; Schreiner, P. R.; Schaefer, H. F.;
Li, X.-W.; Robinson, G. H.Organometallics1998 17, 114 and
references therein.

(50) Chase, M. W., Jr.; Davies, C. A.; Downey, J. R., Jr.; Frurip, D. J.;
McDonald, R. A.; Szverud, A. NJ. Phys. Chem. Ref. Dafi®85 14

(Suppl. 1).
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Figure 4. Reaction energies (kcal/mol) for the formation of benzene
from [3]radialene in eq 1 (experimental) and the formation of borazine
from BN3ain eq 2 (calculated, B3LYP/6-31G(¢#¢ZPC).

compare (Figure 4) the formation of benzene from tris-
(methylidene)cyclopropane ([3]radialebe)eq 1) with the
formation of borazine fronBN3a (eq 2). The experimental
enthalpy of reactio®:°1in eq 1 is—74.8 kcal/mol which can
be compared to a calculated reaction energy in eq21sf8.1
kcal/mol. The large difference (73.3 kcal/mol) can be attributed
to the much weaker BN bonds inBN3a compared to the €

C bonds in [3]radialene.

The folded B(NH,)4 species BN4a, Dyg) is 4.8 kcal/mol
lower in energy than the planar speci@&N@b, Dg,). Again,
the average BB distance BN4a (1.719 A) is shorter than the
BB distances iBN4b (1.751 A). Four stationary pointBN4c—
f) were located with amino groups attached to a tetrahedyal B
core. TwoDyq structures were considered with the amino group
bisecting BN4f) and in BN4e) the molecular planes. The
energies (with respect tBN4a) were similar (11.5 and 12.0
kcal/mol, respectively); both had multiple imaginary frequencies.
The minimum BN4c) had S, symmetry and was 5.6 kcal/mol
aboveBN4a. A transition state for amino group rotation was
located BN4d, Cs) which (with zero-point correction) is
predicted to be slightly lower in energy than tBeminimum
(BN4c). The Dyg — S (BN4e — BN4c) symmetry lowering
allows the four amino groups to become pyramida+(351.5)
which occurs due to the much smaller conjugation with boron.
The BN distances increase 0.026 A in going fr@N4a to
BN4c (1.402— 1.428 A). In the amino rotation transition state
(BN4d), the BN bond to the rotating amino group increases to
1.448 A.

In Bs(NHy)s the planar specie®{N5b) distorts to &C, species
(BN5@), 4.9 kcal/mol lower in energy. The average BB distance
in BN5ais shorter than in the planar structuB&l5b (1.726 A
compared to 1.744 A). A square pyramidal minimuBNGc,

Cy,) was located which was 12.6 kcal/mol higher in energy than
BN5a The BN distance to the apical amino group is short (1.410
A) because symmetry forces the amino group into maximum

McKee

(CH)2(BNRy)4.52 However, the energy d@dN6c is significantly
aboveBN6a (36.1 kcal/mol).

An X-ray structure has been determif&fr the chair isomer
of Bg(NMey)s. If averaged tdsy symmetry, the bond lengths
and bond angles are in good agreement with chg{NB>)s
(BN64) optimized at the B3LYP/6-31G(d) level (Figure 3). The
largest deviation (0.014 A) is an overestimation of the BN bond
length which is no doubt due to the replacement of methyl by
hydrogen in the calculation.

Three stationary point8(N6d—f) were considered for amino
groups substituted on an octahedral core. The energy range for
the octahedral species with respecBd6a was 15.0 to 19.3
kcal/mol. AD; structure BN6€) was computed to be a minimum
at HF/6-31G(d) but a transition state at B3LYP/6-31G(d).
Following the imaginary mode gaveG minimumm @BN6f),

0.3 kcal/mol lower in energy at B3LYP/6-31G(d). Interestingly,
the lowest energy octahedral structure (after zero-point correc-
tion), is the symmetricaDsq structure BN6d) which has two
imaginary frequencies but is only 0.2 kcal/mol less stable than
BNG6f (Cy). The amino groups are relatively planar= 357.2),

but show little conjugation with boron atoms BN6d as
evidenced by long BN bonds (1.433 A). A minimum resembling
a distorted octahedroBN6g, Cz,) was computed to be 19.3
kcal/mol less stable thaBNG6a.

While all energies reported above are at the B3LYP/6-31G-
(d)//B3LYP/6-31G(d}-ZPC level (“standard level”), it should
be noted that energies at the MP2/6-31G(2d,p)//MP2/6-31G-
(d)+ZPC/6-31G(d) level give a different relative ordering.
Specifically, the octahedral speciddN6d,e) are stabilized by
over 20 kcal/mol relative to the chaiBN64). In contrast to
DFT results, at the MP2 level, the lowest-energy octahedral
species BN6d) is 7.7 kcal/mollower in energy than the chair
(BN64a). As discussed above, additional electron correlation at
QCISD(T), would probably reduce the difference between ab
initio and DFT. However, it is likely that the DFT difference
betweenBN6a and BN6d (15.0 kcal/mol) is an upper limit,
and the real difference might be-80 kcal/mol lower. A smaller
difference would be more consistent with experimental re¥ults
which indicate that the two forms interconvert.

Steric effects may also affect the chagage energy separa-
tion since the experimental system refers &{NEt)s while
the calculations considersBNH2)s. The ethyl groups would be
more crowded in the chair forrBN6a) relative to the cage
form (BN6d) which would destabilize the chair form and reduce
the chair-cage energy difference.

Thermodynamic Comparisons

Cage stabilization energies can be calculated from isodesmic
reactions involving BH, BoH4, and BHs. It is important to
choose reference geometries in which hyperconjugation is

conjugation, while the basal amino groups are longer (1.439 precluded, even though the molecules themselves may not

and 1.420 A) and pyramidat (= 352.2 and 358.9).

Planar B(NH2)s (BN6b) is predicted to be 15.2 kcal/mol
higher in energy than thBsy chair minimum BN6a). While
the BN distances are the sameBiN6a and BN6b, the BB
distance is considerable shorterBiN6a than in planaBN6b

(1.713 and 1.740 A, respectively). In contrast to the present

work, an earlier theoretical stuzhat the INDO level predicted

correspond to minima. For that reason, planafB(D2) and

BsHs (Cy,) were used as reference compounds even though
nonplanar structures are more stable. The reaction energy of eq
3 is close to zero0.5 kcal/mol, Table 5), as expected, since

B3Hs(C,,) + BH;— 2B,H,(Dy) 3

that the planar geometry was lower in energy than the chair. In N0 cage stabilization is present. Equation 4 was used to evaluate

addition toBN6a and BN6b, a classical bicyclic isomer was
also consideredBN6cC), since this is the structure adopted by

B,H; + BH; — 2B,H, + 1/n(B H,) (4)

(51) Bally, T.; Baumgetel, H.; Bichler, U.; Haselbach, E.; Lohr, W.; Maier,
J. P,; Vogt, JHelv. Chim. Actal978 61, 741.

(52) (a) Kraner, A.; Pritzkow, H.; Siebert, WAngew. Chem., Int. Ed. Engl.
199Q 29, 292. (b) McKee, M. LJ. Am. Chem. Sod.992 114, 879.
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Table 5. Reaction Energies (kcal/mol) from Isomdesmic Reactions (Eef) 3

/IHF/a /IMP2/a /IB3LYP/a
HF/a MP2/a QCl/a MP2/b [QCI/b] +ZPC B3LYP/a +ZPC
eq3 —1.2 -0.7 —0.6 05 0.4 -0.1 -0.9 -0.5
eq4 fi=3) 6.6 5.1 4.3 4.7 -3.9 4.1 2.7 26
eq 4 fi=4) -6.2 ~17.6 -15.8 -17.0 ~15.2 ~14.9 ~15.4 ~15.2
eq 4 f1="5) -8.1 ~20.0 -18.1 -19.4 -175 -17.1 -17.6 -17.1
eq 4 6=6) -9.6 ~26.2 231 -255 —22.4 —221 —21.4 —-21.0
eq5 (1= 3) 19.7 15.2 15.9 15.3 16.0 14.0 15.0 12.8
eq5 fi=4) 8.7 5.2 6.1 5.0 5.9 43 6.0 43
eq5 f1=5) 3.1 0.2 -0.4 -1.9 1.0 05
eq 56 =6) 0.1 -35 -37 5.1 -2.0 3.4
BHNH(Cs — Ca,) —29.4 -33.3 -335 -32.3 325 -30.8 -325 -30.5
eq 6a (= 4) 242 -275 —27.0 272 ~26.7 -25.8 -25.8 —245
eq 6b (1= 4) -105 -12.3 111 -12.2 -11.0 117 -11.8 -12.3
eq 6¢ (= 5) -13.1 ~14.1 -14.1 -14.4 -135 -13.7
eq 6d (1= 6) -10.8 -11.0 ~-11.2 -12.0 -10.6 -11.1

2 Basis set “a” is 6-31G(d), and basis set “b” is 6-31G(2d®caled (0.9 factor) zero-point correction at HF/6-31G(d) level applied to [QCISD(T)/
6-31G(2d,p)] relative energies fors@H2); and B(NH,)4 species and to MP2/6-31G(2d,p) relative energies #NB,)s and B(NH.)s species.

. . .
cage stabilization per boron atom for the most stable isomer of 20l€ 6. Calculated”8 Chemical Shifts (ppm) and NICS Values
(ppm) for B(NHy), Species at

each neutral boron hydride,B, (n = 3—6) (Table 5). For BHs, GIAO/HF/6-311G(d,p)//B3LYP/6-31G(d)
the cage stabilization slightly exceeds the strain in the BBB
ring giving a net stabilization of 2.6 kcal/mol per boron. From
BsHs to B4H,, there is a large increase of stabilization per boron  Bi(NH2)n 0(B) NICS By(NHp).  4(*B) NICS
(2.6— 15.2 kcal/mol), while from BH,4 to BgHg there is a small BN3b (D3 119.6 103.1

gradual increase in stabilization. BN3a(C) 83.3(48) 25.1

, . b BN4a (D2q) 75.3 19.7 BN4c(S) 254  —6.0
Equation 5 is used to calculate cage stabilization per boron BN5a (Cy) 50,7 13.6  BN5d (Ca) 20 O 33

BN6a(Ds) 70.1(64Y 7.1 BN6d(Ds) 77.2(40% 10.8

aChemical shift averaged over all boron atorhReported experi-
mental values for diethylamine derivative ((BEt,),) are given in
parentheses (ref 34).

ring (classical) form cage (nonclassical) form

BH,=NH,(C,,) + ByHy(D2) — 2BH; + 1n(B,(NHy),) (5)

in the aminoboranes 8\H,), (n = 3—6) (Table 5). A positive
value for By(NHz)s (12.8 kcal/mol) indicates that cage stabiliza-  g,ctyres in electron deficient cag@sExperimental 18
thn does not compen;ate for ring strain and rgduged conjugation:hemical shifts have been reported fo(IBEL,); as well as for
with the gxocychc amino groups. 'Cage stabilization per boron 4 ring and cage form of NEt,)s.34 Calculated!B chemical
steadily increases as the cage size increases ffrermd (4.3 shifts (relative to BHs which is assigned a value of 16.6 pp#)
kcal/mol) ton = 6 (=3.4 kcal/mol). are reported for the lowest energy ring and cage form in Table
Equation 6 was used to evaluate the degree of conjugationg. The agreement between theoBNBa, 6(11B) = 70.1 ppm)
and experiment (§NEt)s, 6(1'B) = 64 ppm) is acceptable
1/n(B H,) + BH,—NH,(C) — 1/n(B(NH,),) + BH; (6) given that the substitutent on nitrogen is different. However,
the agreement between the calculated and experimétgal
of the amino group with boron (per amino group). Full chemical shifts of the ring form of NEt,)s and the cage fqrm
conjugation of amino with boron is given by the energy change Of Bs(NEto)s is poor (Table 6). The calculatei(*'B) value in
between the Bb+NH; rotation transition statedg symmetry) ~ Ba(NHz)s was found to be very sensitive to geometry. In the
and the BH=NH, minimum (C,, symmetry) which is—30.5 symmetricDs, geometry BN3b), thed(*B) increased 36.3 ppm
kcal/mol (Table 5). The comparison is made foiHg and By to 119.6 ppm (Table 6). The NICS values (Table 6) were
(NHy), in the same geometry. ThuB4d andBN4aare used in ~ Positive in all rings and cages excdgil4cwhich suggests that
eq 6a (Table 5), where both are in the folded ring geometry to @romatic stabilization is not important in the fully amino-
evaluate the degree of NHonjugation in the classical ring  Substituted BR, derivatives.
structure. The conjugation in eq 6aZ4.5 kcal/mol) is nearly .
as large as found in BfH, (—30.5 kcal/mol). When the NH Conclusions
group is attached to a nonclassical cage, the degree of conjuga- The structure of early members of thgpercloscseries BR,
tion is much less. ComparinB4c and BN4c (eq 6b), where  gre radically different when R H and R= NH,. In the former

both have tetrahedral cores,.the co.njugatipn is.enl)’l.B kcal/ case (R= H), no back-donation of electron density into the
mol (Table 5). When comparing amino conjugation in the square phoron hydride cluster is possible, and the lowest energy structure
pyramids B5c and BN5d, eq 6¢) and octahedronBga and contains one or morez2aromatic BBB rings. There are two

BN6d, eq 6d), the stabilization is only-13.7 kcal/mol and  structural types of B, species, those with a Bryroup and
—11.1 kcal/mol, respectively. Thus, the greater the cage those without. The next member in each series can be formed
stabilization, the smaller the amino conjugation. by adding a bridging BH group to the member beforgHgis

the first boron hydride in théyperclososeries for which the
Magnetic Comparisons

. . 53) (a) Onak, T.; Diaz, M.; Barfield, MJ. Am. Chem. Sod.995 117,
Comparisons of calculated and measufgland*C chemi- % &4)03. (b) Diaz, M.: Jaballas, J.; Arias, J.; Lee, H.; Onakg.TAm.

cal shifts have proved to be a valuable tool in establishing Chem. Soc1996 118, 4405.
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structure of the lowest energy isomer is predicted by the capping Acknowledgment. Computer time was provided by the
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to boron. In this case, classical rings (isoelectronic to radialenes)g gnt.

are predicted to be the most stable structure. However, the
nonclassical cages for the serieg®H,), (n = 3—6) are close

in energy to the ring structures. The cage is 5.6 kcal/mol higher
in B4(NH>)4, 12.6 kcal/mol higher in ENH,)s, and 15.0 kcal/
mol higher in B(NH>)s. Density functional theory (B3LYP) is
superior to low levels of electron correlation (MP2) for
predicting the relative energies between classical and nonclas-

sical isomers. 1C981034Z

Supporting Information Available: Cartesian coordinates for
relevant structures optimized at the B3LYP/6-31G(d) level are given
in Table S1 (16 pages). See any current masthead page for ordering
and Internet access instructions.



