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The reaction of the boron hydride B4H, with allene was studied at the CCSD(T)/6-311+G(d)//MP2/6-31G(d) level.
The mechanism is surprisingly complex with 44 transition states and several branching points located. The four
carboranes and one basket that have been observed experimentally are all connected by pathways that have very
similar free energies of activation. In addition, two new structures, a basket (2,4-(CH,CH,CH,)B,Hs, 5a) and a
“classical” structure (1,4-(Me,C)bisdiborane, 7), which might be obtained from the B;H;, + C3H, reaction under the
right conditions (hot/cold, quenched, etc.) have been identified. The first branch point in the reaction is the competition
between H, elimination from BsH1o (AG(298 K) = 32.2 kcal/mol) and the hydroboration of allene by BsHio (AG(298
K) = 31.3 kcal/mol). The next branch point in the hydroboration mechanism controls the formation of
2,4-(MeCHCH,)B,Hs (1) (AG(298 K) = 31.5 kcal/mol) and arachno-1,2/arachno-1,3-Me,-1-CB,4H; (8 and 8a) (AG(298
K) = 34.3 kcal/mol). Another branch point in the H,-elimination mechanism controls the formation of 1-Me-2,5-u-
CH,-1-CB4H7 (29) (AG(298 K) = 0.1 kcal/mol) and 2,5-u-CHMe-1-CB,H; (25/26) (AG(298 K) = 7.3 kcal/mol).
Formation of 2-Me-2,3-C,B,H7, a carborane observed in the reaction of methylacetylene with B4Hyo, is calculated
to be blocked by a high barrier for H, elimination. All free energies are relative to B4Hyo + allene. An interesting
reaction step discovered is the “reverse hydroboration step” in which a hydrogen atom is transferred from carbon
back to boron, which allows a CH hydrogen to shuttle between the terminal and central carbon of allene.

Introduction serveable products depending on the reaction conditions

It is well-known that alkynes, alkenes, and enynes react (Scheme 1). Under “hot/cold” conditions with allene, the

in the gas phase with boranes such gid:g often producing ba?ket con;)pound 2’4'(MheCHE}B;‘1H8 gl) is f(;rr?ed, als welfl
a surprising mixture of compountt§ in which carbon is as four carboranes. On the other hand, methylacetylene forms

incorporated into the clusters to form carboranes and/or atwo of the same carboraneg, as well as 2—Me—2ng_;E17
basketlike compount:*® Two hydrocarbon isomers, allene (39, a prodgct not detected n the qlleﬁeB4Hlo reaction.
and methylactylene, react withsBio to generate six ob- The reaction of boron hydrides with alkynes and alkenes
have complex reaction mechanisms with a number of
* To whom correspondence should be addressed. E-mail: mckee@ intermediates of similar energy. In contrast to hydrocarbons,
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Wiley: New York, 1998; pp 289305. (b) Berndt, A.; Hofmann, M.; of three-center two-electron bonds (3c-2e) while the latter

Siebert, W.; Wrackmeyer, B. Carboranes: From Small Organoboranes _ ;
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Scheme 1 B,H,, + H,C=C=CH,— C,;B,H,, 4
Reactants Conditions Observed Products Reference
Hot/Cold BsHio— BHg + H; (5)
—> 2,4-(MeCHCH,)BHg (1) 10
B.H B,Hg + H,C=C=CH, — C;B,H,, (6)
‘_"_ 10 70°C quﬂChed arachno-1,2-Me,-1-CB,Hg (8) 12
= arachno-1,3-Me,-1-CBHg (8a) .
allene R A study by Fox et al? demonstrated that the formation
[70°C quenched e 5-u-CH,1-CB,H, (29) 2 of C3B4H14 according to eq 4 and the formation ofBzH1,
loss of H, 2,5-u-CHMe-1-CB,Hg (25/26) according to egs 5 and 6 may be competitive with each other.
70°C quenched The latter carborane,:8,H1,, was first produced by Greatrex
—— 1-Me-2,5-u-CH,-1-CB,Hg (29) 5.6 4 :
B,H, loss of Hy 2.5-0-CHMe-1-CB,H, (25/26) et al* from th_e_ reaction betweenf;Blo and propyne under
v — | (in 6:1 ratio) hot/cold conditions. However, their proposed structure, based
methylacetylene | 25-50°C on NMR evidence, was subsequently shown by Fox ét al.
— 2-Me-2,3-C,B,H; (34) 4 :
loss of 2H, to be incorrect.

orbital on boron. Several mechanistic steps have beenMethods

identified, the most notable of which is the diamend Since the MP2/6-31G(d) method has provided accurate geom-
square-diamond (DSD) ste**where two fused diamonds  etries for boranes and carboradésall geometries were fully

go through a square transition state to form products with optimized at the MP2/6-31G(d) level. Vibrational frequencies were
an interchange of bonds. Another well-known step is the calculated at that level to make zero-point energy and thermal
hydroboration (HB) step in which an empty orbital on boron corrections and single-point calculations were made at the CCSD(T)/
forms asz complex with a G-C double or triple bond 6-311-G(d) level to give more reliable energies. All electronic
followed by migration of the BH hydrogen to one carbon Structure calculatiqns have u_s_ed the Gaussian_ 03 pro@ram.
and the boron to the other carbon. It is known that acetylene Imaglr_1ary frequencies for transition states were anlmfa\ted by using
adds to boron hydrides to form carboranes in which theoc ~ 9r@Phical program MolDefl to ensure that the motion of the
triple bond can be ultimately broken. How this is achieved transition vector was appropriate for converting reactants to
. . . products. In addition, intrinsic reaction coordinate (IRC) calculations
IS nqt complete_ly u_nderstood, bUt_ theoretical calculations a"®have been performed on most transition states to verify which
making a contributiod® ! In a series of two papef8;’one minima are connected to the transition state. In the discussion below,
of the authors computed the reaction of acetylene with,B all free energies denoted byG at 298 K are relative to o

with the assumption that the first step of the reaction was plus allene while free energies of activation denotedAy* at

the decomposition of B;0 to BH3;, BsH7, and BHs (eqs 298 K are relative to an individual reaction step.

1-3). In a subsequent papéthe addition of ethylene to _ _

BsHio was studied where a path to the basket 2,4- Results and Discussions

(CHCH;)B4Hg was identified. In the reaction of BH1o with allene, some of the observed
products do not involve the initial loss of;HNe considered
two initial hydroboration steps (Figures 1 and 2), one from
. B4H1 (2—TS2/3—3), and another involving an activated
HC=CH + BgHy — CoBgHg, CBJH7 CBHs () 1 of ByHa o (2—TS2/2a~2a—TS2a/33). The activated
form of B4H0 has a five-coordinate boron cent@a) and
HC=CH + B,H; — C;B,Hio C:BHa CBHg  (3) has been implicated in the initial hydroboration step gfiB

HC=CH + BH, — H,C=CHBH, 1)

The rate-determining step in the reaction oHg with (26) Neth, H. Homonuclear Boron Cluster. Molecular Clusters of the

many unsaturated hydrocarbons involves the elimination of Main Group ElementsDriess, M., Nidh, H., Eds.; Wiley-VCH:
Weiheim, 2004; pp 3494.

i i i 2826
H: to give BiHs as the reactive species (eq°5): (27) Bihl, M. Schleyer, P. v. RJ. Am. Chem. S0d992 114, 477.
(28) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
(14) Lipscomb, W. N.Sciencel966 153 373. M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin,
(15) Mingos, D. M. P.; Johnston, R. [Polyhedron1988 7, 2437. K. N.; Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone,
(16) McKee, M. L.J. Am. Chem. S0d.995 117, 8001. V.; Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G.
(17) McKee, M. L.J. Am. Chem. S0d.996 118 421. A.; Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.;
(18) Bthl, M.; McKee, M. L. Inorg. Chem.1998 37, 4953. Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai,
(19) McKee, M. L.Inorg. Chem.200Q 39, 4206. H.; Klene, M.; Li, X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B;
(20) Brown, C. A.; McKee, M. LJ. Mol. Model.2006 12, 653. Bakken, V.; Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R.
(21) McKee, M. L. Mechanisic Patterns in Carborane Reactions as Revealed E.; Yazyev, O.; Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J.
by ab Initio Calculations. IThe Borane, Carborane and Carbocation W.; Ayala, P. Y.; Morokuma, K.; Voth, G. A.; Salvador, P
Continuum Casanova, J., Ed.; Wiley: New York, 1998; pp 259 Dannenberg, J. J.; Zakrzewski, V. G.; Dappirch, S.; Daniels, A. D.;
288. Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A. D.; Raghavachari,
(22) Greatrex, R.; Greenwood, N. N.; Potter, C.DChem. Soc. Dalton K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G; Clifford, S.;
Trans.1984 2435. Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.;
(23) Greatrex, R.; Greenwood, N. N.; Potter, C.JDChem. Soc. Dalton Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A;;
Trans.1986 81. Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.;
(24) Greenwood, N. N.; Greatrex, Rure Appl. Chem1987 59, 857. Johnson, B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, J. A.
(25) Greenwood, N. NElectron Deficient Boron and Carbon Clusters Gaussian 03revision D.01; Gaussian, Inc.: Wallingford, CT, 2004.
Olah, G. A., Wade, K., Williams, R. E., Eds.; Wiley: New York, (29) Schaftenaar, G.; Noordik, J. B.. Comput.-Aided Mol. Desigh00Q
1991; pp 165-181. 14, 123.

2884 Inorganic Chemistry, Vol. 46, No. 7, 2007



Carboranes and Baskets from Reaction ofB, with Allene

TS2/10

TS3d/1
(HB) 3d

TS3c/3d

3 TS3/3a

TS3b/3c

Figure 1. Stationary points along the reaction pathway for formation of basket compbuliiP2/6-31G(d) optimized. “HB” indicates a hydrobortion

transition state.

C H+TS2/10 P
+ 1.54
TR0 TS23 TS2a3 (31.581)

(33.33) 31.33 29.38 (HB)

(22.83)

(2041)

TS2/2a
26.49
(27.51)

CyHy+ 2 T

(Also see Figure 4)

| (Also see Figure 10)

TS3a/3b TS3b/3¢
731 5.06
(1.65) (-3.64)

TS3d/5
0.73
(-12.37)
(HB)

TS3d/1
3.20
(-9.60)
(HB)

TS3c/3d
-1.17
(-13.15)

TS4/4a

4a

-23.62
(-34.73)

Sa

-43.45
(-57.40)

Figure 2. Schematic reaction profile for reaction oftgs with allene at the CCSD(T)/6-3#1G(d)//MP2/6-31G(d) level. Relative free energies (enthalpies
in parentheses) are given in kcal/mol at 298 K relative to aller®sHio.

Inorganic Chemistry, Vol. 46, No. 7, 2007 2885



Table 1. Relative Energies, Enthalpies, and Free Energies (kcal/mol) of
Various Species

Sayin and McKee

Table 2. Relative Enthalpies and Free Energies (kcal/mol) of Various
Species

relativeAH(298 Ky relative AG(298 Ky

relativeAH(298 Ky relativeAG(298 Ky

CCSD(T)/bl/ CCSD(T)/bl/ CCSD(T)/b// CCSD(T)/b//
MP2/a MP2/a MP2/a MP2/a MP2/a MP2/a
allene+ BsH10(2) 0.00 0.00 0.00 allene+ B4Hs (10) 16.64 15.44 6.45
allene+ TS2/2a 31.37 27.51 26.49 TS10/11 26.24 24.61 25.91
allene+ 2a 12.83 10.50 9.09 11 —5.69 1.34 4.42
TS2/10 40.46 33.33 32.21 TS11/12 23.54 31.72 35.09
BsHs(10) + CsHatH,  16.64 15.44 6.45 12 -43.81 —-34.99 —-31.20
TS2/3 24.90 22.83 31.33 TS12/13 —-26.01 ~19.24 —-14.87
TS2a/3 21.74 20.41 29.38 13 —39.54 —33.53 —-29.31
3 20.95 20.12 28.88 TS13/14 —-13.84 ~11.62 —7.41
TS3/3a 21.71 21.81 31.54 14 —-14.19 -11.33 —751
3a —27.21  —28.10 —-19.16 TS14/15 -0.88 2.79 7.24
TS3a/3e -11.80  —11.39 -0.76 15 -9.11 -5.21 -1.33
3e -37.19  —35.33 —24.72 TS15/16 -0.14 3.11 7.27
TS3e/1 -16.82 —-9.02 3.72 16 —-10.52 —6.85 —3.06
TS3a/3b 0.73 ~1.65 7.31 TS16/17 —9.59 —~7.08 -3.12
3b -28.91  —30.05 —21.58 17 —26.47 -21.95 ~18.50
TS3b/3c -1.83 -3.64 5.96 TS17/18 -4.87 —0.61 2.81
3c —27.94  —28.13 —-18.02 18 —23.99 -18.38 -15.43
TS3c/3d -13.81  —13.15 -1.17 TS18/19 —22.08 -17.95 —14.72
3d —-20.84  —19.88 -8.16 19 —-28.84 —25.50 —22.59
TS3d/1 —12.41 —9.60 3.20 TS19/20 —21.19 -17.36 —~14.39
1 -60.19  —56.74 —-43.81 20 —31.99 —25.50 —22.25
TS3d/4 -13.73  —13.07 —-1.07 TS20/21 -15.08 —-8.47 —4.78
4 —27.87  —28.06 -17.91 21 —31.79 —25.87 —22.50
TS4/4a -3.76 —5.28 5.18 TS21/22 —29.50 —23.04 -19.05
4a —36.75  —34.73 —23.62 22 —42.81 -35.31 —-31.15
TS3d/5 -13.68  —12.37 -0.73 TS22/23 —23.40 -16.69 -12.31
5 -26.83  —26.00 —-17.30 23 —26.07 —21.60 ~17.43
TS5/5a —-2336  —23.71 —12.41 TS23/24 —5.99 —2.72 1.22
5a —61.26  —57.40 —43.45 24 -11.39 -3.01 —0.89
TS3/6 25.18 24.76 34.34 TS24/25 —2.42 6.61 10.63
6 -28.88  —28.58 —~19.00 25 —61.39 -53.41 —49.06
TS6/12 -10.28  —-11.22 -0.84 TS25/26 -13.15 —5.40 —2.82
12 -40.38  —37.60 —-26.75 26 —60.69 —52.58 —48.33
TS6/6a -8.63 —9.46 1.94 TS13/27 -3.20 —3.99 0.06
6a -17.93  —17.80 —-6.22 27 —34.74 —32.14 —28.69
TS6a/7 -12.37  -11.10 0.78 TS27/28 —27.57 —23.79 —20.80
7 -52.23  —51.97 —39.42 28 —42.79 —39.99 —-37.96
TS7/7a -19.61  —20.47 —-8.51 TS28/29 —25.16 —21.80 -18.82
7a —32.58  —29.61 -17.58 29 —63.64 —55.30 —-51.27
TS7a/8 —1.44 1.25 14.04 TS13/30 16.63 18.39 21.47
1,2-Mer1-CBHg (8) —72.05  —65.50 —54.04 30 -1.97 421 -1.07
TS8/8a —65.58  —59.97 —48.38 TS30/31 13.39 16.08 10.41
1,2-Me-1-CBiHg (88) —73.77  —67.48 —55.97 31 7.40 9.95 3.62
_ _ ‘ _ TS31/32 8.59 10.90 5.05
aBasis set “a” is 6-31G(d); basis set “b” is 6-3tG(d). 32 6.50 11.95 5.66
TS32/33 5.83 11.39 6.06
with ethylené® and in the butterfly to bisboranyl rearrange- %“%33/34 *gg-gg *53-22 *gi-g;
ment in BiH10.3° The two transition state3,S2/3andTS2a/ 34 _64.22 5249 _56.82

3, resemble each other very strongly with the latter slightly
lower in free energy (31.3 vs 29.4 kcal/mol). Both steps
converge at structurgwhich has a small free energy barrier
(AG* = 2.7 kcal/mol) to form3a, a propene-substituted
version of2a. Structure3aleads to the basket structuten
either two steps 3a—3e—1) or four steps Ja—3b—
3c—3d—1). The highest intervening barrier in the two-step
path isTS3e/1(AG = 3.7 kcal/mol), while it isTS3a/3b
(AG = 7.3 kcal/mol) in the four-step path. We note ti3at
is a derivative of the bis(diboranyl) structure ofHB .33
The initial hydroboration steps (Figures 1 an®2+TS2/
2a—2a—TS2a/3—-3—TS3/3a—3a) compete with the K
elimination stepZ—TS2/10—10+H,); the former has a free
energy of 31.5 kcal/molTS3/3g and the latter 32.2 kcal/

aBasis set “a” is 6-31G(d); basis set “b” is 6-3tG(d).

mol (TS2/10. The BHg specieslOwith three BHB bridges
adds to a double bond of allene to fori, followed by a
hydroboration step (Figures 3 and®$11/12. The activa-
tion free energy for this step is hignG* = 30.7 kcal/mol).

A pentagonal pyramid1@) is formed next with adjacent
carbons in the base, much like the framework of the well-
known 2,3-GB;Hg isomer? This intermediate will serve as
the starting point (Figures 5 and 6) for formation of 2-Me-
2,3-GB4H; (34), a product observédin the reaction of
methylacetylene with B0, but not in the reaction of allene
with B4H10.12

(30) Ramakrishna, V.; Duke, J. Baorg. Chem.2004 43, 8176.
(31) McKee, M. L.Inorg. Chem.1986 25, 3545.
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TS11/12
(HB)

TS14/15
(RHB)

TS17/18 ¢
(HB)

TS23/24 24 TS24/25 25

TS28/29 29

TS14/27 27 TS27/28

Figure 3. Stationary points along for the formation afachnoearbapentaboran@%/26 and 29), MP2/6-31G(d) optimized.
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TS11/12
TS10/11 ||
2591 3309
el (1.72)
(24.61) HB
TS24/25
TS14/15 ISie 10.63
7.24 G.11) (6.61)
(2.79) :
RHB
yeans TS23/24
4.42 ) (—.0.61) 1.22
BiHy 10 (173, Py 272)
1 (-3.99) HB
C3Hy " TS16/17 TS20/21 55
TS13/14 312 478 0 TS25/26
-7.41 2 (-7.08) (-8.47) 1822/23 0.8 2.82
criey [ LB e T$19/20 1231 [ (39D} (5.40)
TS12/13 S (32D %8s) TS18/19 -14.39 (-16.69)| 24
-14.87 i 15 (1472 (-17.36)
-7.51 . 16 TS21/22
19.24) (1133 (-17.95) 119,05
4 \ TS27/28 TS28/29 (-23.04)
12080 -18.82 -15.43 -17.43
1(-23.79) (-21.80) (-18.38) (-21.60)
H A -18.50 18 23
VL (:21.95)
VoL 17 22,50
VoL 22,59 2550 Te0
2869 (-25.50) (-22.25) 7 3115
-33.53 (-32.14) ) ' 19 20 (-35.31)
-31.20  (-29.31) 27 ¥ . 22
(-34.99) 13 -37.96 |
12 (-39.99) I
\ 28 y
Also see Figure 6 5127 DSD

DSD 4906 (%555,
(-53.41) 26
(-55.30) 25
29
Figure 4. Schematic reaction profile for formation 86/26and29 at the CCSD(T)/6-311G(d)/MP2/6-31G(d) level. Relative free energies (enthalpies
in parentheses) are given in kcal/mol at 298 K relative to allersHio. All intermediates and transition states contain ankblecule.

13 TS13/30

TS33/34
34 33
Figure 5. Stationary points along for the formation of 2-Me-2,38GH7 (34), MP2/6-31G(d) optimized.
The reaction ofl3—[TS13/14—143~TS14/15~15 (Fig-

chronous conversion of a BHBBH and a BH-BHB
ure 4; AG* = 40.8 kcal/mol) is an example of a reverse involving two hydrogen atoms. In the next stdg—TS16/
hydroboration (RHB) step where a CH hydrogen is trans- 17—17, substantial rearrangement occurs with almost no
ferred to boron. The reactioh5—TS15/16—16 is a syn-
2888 Inorganic Chemistry, Vol. 46, No. 7, 2007

activation. Another hydroboration (HB) step occurs in
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21.47
(18.39)
TS13/30 10.41
(16.08)
TS30/31 505 s
(10.90) (11.39)
TS31/32 TS32/33

5.66
3.62
_ 13.87 655 (11.95
“21)
13
1%
(:29.31) (-27.48)
TS33/34
33
33.87
(-29.48)
34
-56.82
(-52.49)

Figure 6. Schematic reaction profile for formation 88 at the CCSD(T)/
6-311+-G(d)/MP2/6-31G(d) level. Relative free energies (enthalpies in
parentheses) are given in kcal/mol at 298 K relative to alteri@Hso. All
intermediates and transition states contains twardlecules except3
and TS13/30which have one kimolecule.

17—TS17/18-18 with AG* = 21.3 kcal/mol to produce an
intermediatel8 with an external BH group. In the reaction
sequencel8—TS18/19-19—TS19/26—20, a DSD step
takes place in the 8, unit. In the20—TS20/21-21 step,

a B—C bond is created, while in tH&El—TS21/22—-22 step,
the external BHgroup is incorporated into the cluster. From
22 to 24, another DSD step takes place in a QBit to
form an unstable intermediag.3* The critical C-C bond
breaking proces24—TS24/25~25 is compensated by the
formation of a C-B bond to formendoe2,54-CHMe-1-
CB4Hs (25). There is ambiguity on the orientation of the
methyl group in 2,54-CHMe-1-CBHs.%2612In ref 6, the
methyl group is indicated sendo(25), while in refs 3a and
12, the product is indicated asxo (26). The present
calculations would suggest that the observed produ2bis
rather thar26 because there is a very high free energy barrier
of AG* = 46.2 kcal/mol between the two isomers.

The reaction path to form 1-Me-2;/5-CH,-1-CByH7 (29)
starts atl4 by breaking a €C bond to form27 (Figures 3
and 4). Fron27to 28, a terminal BH group is created which
is incorporated into the cluster wh@8is formed. Structure

Figure 8. Stationay points for formation of allyl-substituted tetraborane
4a

29 is one of the dominant species formed in the reaction
between allene and4Bl1o.

Starting at structuré3 (Figures 5 and 6) a reaction path
was followed for the formation of 2-Me-2,3,8,H7 (34). It
would appear that loss of Hrom 13 would lead t034, and
indeed it does. However, the tlimination step was
computed to have a much higher free energy of activation
(13—TS13/30—30 AG* = 55.0 kcal/mol) than other steps.
From the intermediat80, four steps with small free energy
barriers 80—31—32—33—34) lead to the global minimum.
Thus, 34 is not formed in the reaction due to the higher
barrier for H loss ((3—TS13/36—30). In the reaction
between acetylene andii#s, a GB4H1, product is formed
which has a relatively low barrier for loss ot:itb give 2,3-
C.,B4Hs (a demethylated version &4) directly. This same
reaction pathway would be available for methylacetylene and

(33) The brackets are used in the reaction sequence to indicate that theVould lead to 2-Me-2,3-6B,H; (34), but would not be

transition statel S13/14is lower in energy than the intermedidlé,
which suggests that the actual reactioi®&-TS14/15~15.

(34) A second pathway fror@2—25 was located (not shown) with a BH
group pivot which had a free energy lower by 0.6 kcal/mol.

available to allene due to the absence of-aCtriple bond.
An example of intramolecular hydroboration is given by
3d—TS3d/5—5 (Figures 1 and 7) in which the transition
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1,3-Me,-1-CB,Hy (82) TS8/8a

Figure 9. Stationary points along for the formation afachnel,3- 8a) andarachne1-2-Me>-1-CB4Hsg (8), MP2/6-31G(d) optimized.

state is stabilized by the interaction of the transferring
hydrogen with an empty orbital on theB;-like unit.® The
product5, a derivative of BH; with a BH,—CH,—CH,—
CH, group, can add the tethered BHb the BH:-like
fragment to formba, a 2,4-(CHCH,CH,)B4Hs basket, with
a free energy of-43.4 kcal/mol. The reaction step¢TS5/
5a—b5a) is very similar to a related step in the reaction of
B4H10 + C;H4 where the BH end of a tethered BHCH,—
CH, group adds to the $i+-like unit to form a 2,4-
(CH.CH,)B4Hg basketi® Both reaction steps are directly
analogous to the intermolecular reactiogHg + BH3; —
B4H1o where a terminal hydrogen of the Bigroup forms a
bridging interaction while at the same time the empty p
orbital of the BH interacts with a terminal hydrogen in
BsH,.16

Intermediate3d can form4 via the transition stat€S3d/4
where two C-B bonds are broken while a terminal BH bond
becomes bridging (Figures 1 and 8). Intermedidfea
propenyl-substituted version &g, can form4a, a propenyl-
substituted tetraborane and a different conformatioBepf
over a moderate free energy barri&GF = 23.1 kcal/mol).
The reverse reaction stepg—TS4/4a—4) is analogous to
the 2—TS2/2a—2a reaction where a five-coordinate-boron
B4Hio intermedate is formed. In both reactions, a relatively
stable species4@ and 2) is converted into a much more
reactive intermediatel(and2a) with free energy barriers of
AG* = 28.8 and 26.5 kcal/mol, respectively. The five-
coordinate boron is also observed in the structureaaind
6.
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TS6/6a

1,2-Me,-1-CB Hg (8)

Sayin and McKee

TS7a/8 7a

The potential energy surface (Figure 2) shows that there
is a competition in formation of basket compouridand
5a. Even thougHhl and5a have similar free energies-43.8
and —43.4 kcal/mol, respectivelyha was not observed in
the Onak study® This is consistent with the highest transition
state free energy in the procegs—>3e—1 (TS3e/], 3.7 kcal/
mol) which is 3.6 kcal/mol lower than the highest transition
state free energy in the proce8a—3b—3c—3d—5—5a
(TS3a/3h 7.3 kcal/mol).

Monocarbapentaborane isomessachnel,3- 8a) and
arachnel,2-Me-1-CBsHg (8) are synthesized from the
guenched reaction of Bl;o with allene in the study by Fox
et al!? The route from the high-energy intermediase
proceeds td with an activation free energy afG* = 5.5
kcal/mol (TS3/6 Figures 9 and 10). From intermedicie
there are two pathways, one leadstachnoisomers8 and
8a starting with transition stat€S6/6a(AG" = 20.9 kcal/
mol higher thar6) and the other forms a propene-substituted
borane9 via transition statéf'S6/9 (AG* = 18.2 kcal/mol
higher than6).

Breaking a B-B bond and forming two €B bonds in
TS6/6aleads tobathat is 6.2 kcal/mol lower in free energy
than BHio + allene. The reactiorba—TS6a/7—7 is a
hydroboration step with a modest barrierxG* = 7.0 kcal/
mol to form 7. The intermediate 2,4-CM+bisdiborane T)
hasC,, symmetry and is 39.4 kcal/mol lower in free energy
than BH;o + allene. While structur&g has not yet been
reported, it lies in a rather deep free energy well with free
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Figure 10. Schematic reaction profile for formation afachne1,3- 8a) andarachnel-2-Me-1-CByHs (8) at the CCSD(T)/6-31:+G(d)//MP2/6-31G(d)
level. Relative free energies (enthalpies in parentheses) are given in kcal/mol at 298 K relative to allengipjus B

energy barriers oAG* = 40.2 (7—6a) and 53.5 kcal/mol
(7—8).

The transition stat& S7/7awas located for the transfor-
mation of 7 into 7a where a BH bridge bond is converted
into BH terminal bond. The next step is the migration of a
methyl group from carbon to borom&—TS7a/8—8) with
a free energy barrier oAG* 31.6 kcal/mol to form
arachnael,2-Me-1-CB4Hs (8). Fox et al. assumed that there
was a rapid equilibrium betweehand 8a with isomer8a
lower in energy tha®. Our potential energy surface showed
that 8 can easily convert t8a through free energy barrier
of AG* = 5.7 kcal/mol AH* = 5.5 kcal/mol). Fox et al?
calculated a similar activation barrier f&—TS8/8a—8a
(AH* = 7.5 kcal/mol) with a reaction enthalpy ef1.7 kcal/
mol which can be compared to our value/®flx, = —2.0
kcal/mol.

Conclusion

The complicated mechanism of carborane formation from
boron hydrides plus allene B0 + C3H,) have been studied

computationally. A new basketlike compoubd is found
which is only slightly less stable than the observed basket
1. The potential energy surface shows that there is competi-
tion for the production of and5aand also for the production

of arachnel,3- 8a) andarachnel,2-Me-1-CBsHs (8). The
production ofarachnecarbapentaborane2i/26and29) is

less favorable due to a higher free energy of activation barrier
for loss of H from BsH1o relative to allene addition.
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