
Kinetic Parameters for Borane Exchanges Inorganic Chemistry, Vol, 16, No. 4, I977 867 

(8) M. Postel, F. Casabianca, and J. G. Riess, Inorg. Chim. Acta, 17, L23 
(1976). 

(9) J. G. Riess, F. Casabianca, and A. A. Pinkerton, Inorg. Chim. Acta, 
17, L27 (1976). 

(10) R. R. Holmes and J. A. Forstner, Inorg. Chem., 1, 89 (1962). 

(11) G. Mavel, Annu. Rep. NMR Spectrosc., 5B 47 (1973). 
(12) V. Mark, C. H. Dungan, M. M. Crutchfield, and J. R. Van Wazer, Top. 

Phosphorus Chem., 5 (1967). 
(13) A. Wolff, A. Cambon, and J. G. Riess, Org. Mass Spectrom., 9, 594 

(1974). 

Contribution from the Department of Chemistry, 
Cornell University, Ithaca, New York 14853 

Thermodynamic and Kinetic Parameters for Borane Exchanges 
K-R. CHIEN and S. H. BAUER' 

Received August 13, 1976 AIC60603T 

Equilibrium compositions and bimolecular exchange rates were measured a t  two temperatures for the following reactions: 

These homogeneous reactions are of unit order in each of the reagents, with activation energies 13-15 kcal mol-'. We  
included in this summary six analogous reactions for which rate data have been published, to demonstrate the existence 
of a consistent pattern for the borane exchange steps. 

H3BCO + PF3 G H3BPF3 + CO; BzH6 + D3BPF3 F! H3BPF3 + H3B.BD3; H3BCO + D3BPF3 irt H3BPF3 + D3BCO. 

Introduction 

augmented decomposition',2 
To facilitate the development of a mechanism for the laser 

10.6 M r n  

CO, laser 
2H,BPF, ___f B,H, + 2PF, 

we found it necessary to review the available thermochemical 
and kinetic data for reactions wherein BH3 serves as a Lewis 
acid, interacting with very weak bases. The experimental 
procedures consisted of sample preparation and purification, 
measurement of the rate of exchange of the species BH3, BD3, 
PF3, and CO between adducts (or dimers), and the deter- 
mination of equilibrium compositions of their mixtures, uti- 
lizing the intensities of absorption of characteristic infrared 
bands. 

We are concerned with three types of reactions, designated: 
association dissociation, displacement, and exchange. For 
the radicals listed we considered all seven possible pairwise 
adducts [exclusive of (PFJ,, (CO),, and PF3.CO]. Since H/D 
were the only isotopic labels readily available we did not 
investigate reactions of the types 

H,BI3CO + "CO 3 H,B1'CO + 13C0 displacement (co 
10 B,H, + IIB,H, 3 21°B1'BH, exchange (7) 

However, since our objective was to establish general trends 
for this class of reactions rather than to obtain precise rate 
constants for any specific step, we postulated that H/D isotope 
effects introduce only small perturbations as long as the B-H 
and B-D bonds remain intacte3 Reactions p and y are es- 
sentially equivalent to (8) and (9) ,  respectively; the analogue 
of (a)  is (4). In several cases we measured both the forward 
and the reverse rate constants; in most cases rate data in one 
direction were recorded and the reverse rate was deduced from 
the equilibrium constant. 
Experimental Section 

The samples were prepared according to standard methods, and 
their purities were checked via their infrared spectra (Perkin-Elmer 
No. 521). For the kinetic studies the reactants were separately 
introduced into two identical cells (constructed from a single AI block) 
to the desired pressures, a t  the reaction temperature. One of the 
reagents was mixed with a substantial excess of Ar. The AI block 
was wrapped with heating wire, thermally lagged, and fitted with 

H,"BPF, + H , " B C O ~ H , " B P F ,  + H,"BCO exchange (0) 

Table I. Thermodynamic Functions h(T = 298 K) 

Compd AH;,  kcal/mol Ref So, eu/mol Ref 

BH, 23.87 a 44.88 b 
BZH, co -26.42 b 47.21 b 

H,BPF, -225.52 e 74.54 b 

9.80 b 55.71 b, c 

PF, -224.90 b 65.28 b, d 

H,BCO -26.53 f 59.69 b , g  
a Mean value: R. L. Kuczkowski and D. R. Lide, Jr., J. Chem. 

Phys., 4 6 ,  357 (1967), and references quoted therein. "JANAF 
Thermochemical Tables", Natl. Stand. Re$ Data Ser., Natl. Bur. 
Stand., No. 37 (1971). S .  Sundaram, Z.  Phys. Chem. (Frankfurt 
am Main), 36, 376 (1963). 
Phys., 36,  2991 (1962). e Equilibrium for decomposition of 
H,BPF,: A. B. Burg and Y. C. Fu, J. A m .  Chem. Soc., 88,  1147 
(1966). f Equilibrium for displacement reaction PF, + H,BCO, 
this investigation. g S .  Sundaram and F. F. Cleveland, J.  Chem. 
Phys., 32, 166 (1960). 
Chemistry", Academic Press, New York, N.Y., E. L. Muetterties, 
Ed., Chapter 4. 

E. L. Pace and P. V. Petrella, J. Chem. 

See also, T. P. Fehlner, "Boron Hydride 

several chrome-alumel thermocouples. With the reactants in separate 
cells at the desired temperature selected portions of their absorption 
spectra were quicMy recorded. Then (t  = 0) the metal valve connecting 
the two cells was rapidly opened. The Ar overpressured reactant jetted 
into the lower pressure cell, the components mixed, and the reaction 
was initiated. The extent of conversion was followed by recording 
the time dependent intensity of transmitted radiation a t  a present 
wavelength. The applicability of Beer's law was checked for the 
pressures and spectral resolution used in these experiments. The rate 
constants were calculated either on the basis of a second-order re- 
versible mechanism or via a pseudo-first-order equation, depending 
on the combination of pressures used. 

A collection of "best" standard molar enthalpies of formation and 
entropies a t  298 K for the gases (at 1 atm) is presented in Table I; 
their sources are indicated. We emphasize that these constitute a 
mutually consistent set of values. 

Association Dissociation Reactions 
None of the following unimolecular dissociation rates were 

measured directly; indeed, these would be very difficult ex- 
periments to perform, since the cross sections for the bimo- 
lecular steps are within lo-, of gas kinetic. However, mutually 
consistent mechanisms for the decomposition of H3BC0 and 
H3BPF34 and the various flow experiments of FehlnerS lead 
to reasonable values for kdisg. (s-') when equated to K,(c)k,s,, 
= (RT)-'Kq(P)kassw; units R in cm3 atm mol-' deg-' 
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One may visualize a transition state for these displacement 
reactions as a transient single -H- bonded structure' 

k 
B,H, &2BH, 

kf 
atm ~ ( p )  = e17.136e-19094/T 

k , ,  = 2.0 x lo'* mol-' cm3 s-' ' 
k , f =  3.4 X lo-', s-' at 298 K 

H,BPF, 2 BH, + PF, 
K (P), e17.901e-12325/Tatm 
k,, = 1.3 X 10" mol-' cm3 S-' 

k , f =  3.5 X s-' at  298 K 
H,BCO 2 BH, t CO 

K,(P) = e 1 6 . 3 0 6 e - 1 2 0 4 3 f l  atm 
k,,= 2.0 x 10" mol-' cm3 s-' 
k 3 f =  2.8 X s-' at 298 K 

In proposing the above dissociation rate constants we make 
the usual assumption that for a unimolecular reaction, at the 
high-pressure limit, the activation energy (identified with the 
bond dissociation energy) is [AH' - (RT)An] .  
Displacement Reactions 

We measured the equilibrium constant [here K(P) = K'"] 
for the reaction 
H,BCO + PF, 2 H,BPF, t CO (4) 

at 25 and 51 OC. The observed enthalpy and entropy in- 
crements permitted us to establish the heat of formation of 
the borane carbonyl (Table I): K2(298 K) = 0.57 f 0.13; 
K2(324 K) = 0.44 f 0.20. One may visualize this displacement 
as a Walden type process, for which 

k4f(298 K) = 4.96 X lo3 mol-' cm3 s-' 
k44324 K) = 4.12 X lo4 mol-' cm3 s-l 
k4,(298 K) = 9.53 X lo3 mol-' cm3 s-' 

Expressed in Arrhenius form: k4f= lOI3 exp[-6306 f 300/7'l 
mol-' cm3 s-' and kdr x l O I 3  exp[-6613 f 300/T] mol-' cm3 
s-'. Our attempts to induce the following exchange failed: 

Av of 8 runs 
Av of 3 runs 
Av of 3 runs 

H,BPF, + HCN #+ H,B.NCH + PF, 

No noticeable reaction occurred at room temperatures with 
a 10/1 ratio of HCN to H3BPF3. 

The rate constants for the displacement from their adducts 
of the weak bases PF3 and CO by BH3 may be derived from 
the kinetic data on the decomposition of the a d d u ~ t s . ~  For 
the general mechanism: 

AB ?--A t B (fast) 

A t AB -+ A ,  t B 

k-ff 

kff 
(rate limiting) 

kp (6 1 
d[AB] 2kffkp[ABI2 - __ .  ___-_ 

dt k-(Y[ B] + kp[  AB] 

Soon after an initial first-order period, the decomposition rate 
decreases; i.e. when k-,[B] >> kp[AB], 
- - , 2 d l  d[AB] k k AB 

Thus, given the equilibrium constant for the dissociation step 
and the measured rate constant, one can deduce the dis- 
placement rate constant. For 
H,B + H,BCO 2 B,H, + CO ( 5 )  

d t  k-0 [BI 

K ,  = e-~.~3~e+70~~/T 
k,f = 7.2 x 10" exp(-1420/n mol-' cm3 s-' 
k,, = 1.65 X 10" exp(-8471/n mol-' cm3 SKI 

H,B + H,BPF, t B,H, -+ PF, (6) 
K - e+0.76S + 6 7 6 9 / T  

6 -  e 
k,f = 2.84 X exp(-2421/T) mol'' cm3 s-l 
k,, = 1.32 X 10" exp(-9190/n mol-' cm' s-' 

0 0 o H o  H 
\ 

0'0 0 0 0  O H O  
FH -- 

:I \ \ \ /--\ / 

:%/ / \ l \ l \  
-+ I I B-0-t B-H-B----o+ B B + 

There are no data available on the rate of the borane exchange: 
H,B + B,D6 2 H,B*BD, + BD, 

In this respect we differ with the interpretation given by 
Maybury and Koskis for their experimental results (see next 
section). 
Radical Exchange Reactions 

D3BPF, t B,H, t H,BPF, t D,B.BH, [K, ~ 2 ]  (7) 

demonstrated that the rate is first order in each of the 
reactants. Two sets of constants were determined (calculated 
for a reversible bimolecular mechanism): 

k7f(299 O K )  = 2.34 X I O 3  
k7f(313 O K ) =  9.52 X lo3 

Expressed in Arrhenius form: k7f = loi3 exp[-6570 f 330/Tl 
mol-' cm3 s-'; k7r = 5 X loi2 exp[-6570 f 3 3 0 / q  mol-1 cm3 
s-I. The magnitude of k7 and its temperature coefficient 
indicate that this reaction occurs as a direct bimolecular 
exchange of radicals. If two steps were involved, analogous 
to (a), Le., 

D,BPF, j D,B + PF, 

D,B + B,H6 + D,B.BH, + BH, 
BH, + D,BPF, -j D,B,BH, 

6 

D,B + D,BPF, --f B,D, t PF, 
6 

the observed activation energy would have been -35 kcal 
mol-' for the production of D3B.BH3 and substantial levels of 
B2D6 would have been present in the product gas. Also, the 
overall exchange rate would have been as slow or slower than 
the decomposition of the adduct, contrary to observation. For 
the transition state of the bimolecular exchange we propose 
a six-atom ring: 

Our rate data on 

mol-' cm3 s-' 

mol-' cm3 s-' 
Av 5 runs 
Av 3 runs 

- 2  

2 
aH", = 24.5 kcal mol-' 

( E )  
Eest = 10 kcal mol-' 

PF, E, = 4.8 kcal mol-' 

E, = 4.8 kcal mol-' 

B \ n  f B ,  '0 O 

We did not investigate the analogous exchange D,BCO + 
B2H6 - H3BC0 + D3B.BH3. However, similar to (7) we 
measured the rates of radical exchange in 
D,BPF, + H,BCO 2 D,BCO + H,BPF, (8) 

Here also, the rate is first order with respect to each species, 
and there is no significant accumulation of BzH6, which one 
would anticipate were the two-step process occurring (indicated 

kSf(295 O K )  = ksr = 1.34 X lo3 
Av 4 runs 

Expressed in Arrhenius form, kgf = l O I 3  exp[-6744 f l O O / T ] ,  
mol-' cm3 SKI. 

[ K ,  = 1 ] 

by (e)). 

mol-' cm3 s-' 



Selenaboranes and Telluraboranes 

Finally, we reanalyzed Maybury and Koski's8 data on 

B,H, + B,D, 2 2H,B*BD, [ K ,  241 (9) 

They reported an activation energy of 21.8 f 3 kcal mol-I and 
a total order of 3/2.  These two results are incompatible. If 
their proposed mechanism applied (dissociation + three-center 
displacement) the activation energy would have been (18 + 
10) kcal mol-l. Furthermore, their observed exchange rate 
would have been slower, being limited by the low steady state 
concentration of borane. We propose that (within their ex- 
perimental error) their data can be fitted to an overall order 
of two, with 

kgf = 10" exp[ -7675  f llO/T] 
kPr = 1014 e x p  [-7675 f 110/T] 

Here one may postulate an eight-atom ring for the transition 
state," 

mol-' cm3 s-' 
mol-' cm3 s-' 

As mentioned previously,' there is experimental evidence for 
the existence of single -H- bridges between two boron atoms. 
Also, one can account for the facile production of B4H10 from 
BzH6 via this transition state, which merely has to lose H2 in 
a transannular elimination. 

It is interesting to note that unlike these fast reactions, the 
rate of the homogeneous exchange between B2H6 and D2 is 
in doubt;g that for (H3BC0 + D2) is also unknown. In 
contrast, Curtis and Porterlo reported a fast bimolecular rate 
for 

(10) HBF, + D, 2 DBF, + HD [ K , , =  4.22 f 0.11 
k lof  exp[-8900/T] mol-' cm3 s" 
k , ,  =5 x ioi4 exp[ - 9 1 0 0 / ~ ]  rno1-l L r n l  s-' 

Here a pentacoordinated boron atom characterizes the 
transition state. 
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In aqueous ammonia Na2Se4 and Na2Te4 react with decaborane(l4) to give BloHIISe- and BloH1lTe-, respectively. These 
anions form BloHI2Se and BloH12Te upon acidification. The electron rich compound BgH9Se2 is formed as a by-product 
in the reaction of polyselenide ion with decaborane. Treatment of BloH12Se or BloH12Te with aqueous KOH and CoCl2 
or FeClz forms Co(BloHloE)?- and Fe(BloHloE)?- (E = Se or Te), respectively. Triethylamine, cyclopentadiene monomer, 
CoCl2, and Bl&Se or Bl&II2Te in tetrahydrofuran solution form (CsHs)Co(B&&) and (CsHs)Co(Bl&IloTe), respectively. 

The first synthesis of polyhedral thiaboranes was reported 
nearly a decade ago.' To date this chemistry has not been 

extended to polyhedral insertion of other elements of group 
6. This is probably due to the known malodorous and poi- 




