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Figure 5.3.11.  An ORTEP drawing of the crystallographically determined structure of 5-

(CH3 CCH2O)-B10H13.  Selected bond distances (Å) and angles (o): B5-O1,

1.3828(17); O1-C1, 1.4336(15); B5-B6, 1.793(2); B5-B10, 2.044(2); B8-B7, 1.954(2);

B6-B7, 1.792(2); B5-B1, 1.7605(19); B1-B10, 1.747(2); B6-B2, 1.726(2); B4-B9,

1.720(2); B7-B3, 1.782(2); C1-O1-B5, 117.61(10); B6-B5-B10, 114.93(10); O1-B5-B2,

131.45(11); O1-B5-B1, 126.77(10); B5-B10-B9, 116.61(10); B5-B1-B10, 71.28(8); B7-

B3-B8, 67.91(9); B5-B6-B7, 105.31(10); B8-B9-B10, 105.45(11).
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Figure 5.3.12. An ORTEP drawing of the crystallographically determined structure of

6,6'-(C6H10O2)-(B10H13)2.  Selected bond distances (Å) and angles (o): B6-O1,

1.3549(19); O11-C1, 1.4506(17); B6-B5, 1.804(2); B5-B10, 1.980(2); B5-B1, 1.749(2);

B1-B10, 1.748(2); B5-B2, 1.799(2); B6-B2, 1.733(2); B9-B4, 1.717(3); C1-O11-B6,

122.22(12); O11-B6-B5, 123.37(13); B6-B5-B10, 118.00(12); B5-B6-B7, 104.11(11);

B8-B9-B10, 104.73(12).
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Backbonding from -donating substituents on decaborane cages has been

proposed in halogenated and amino-substituted compounds.1,2,27   Backbonding from O to

B in the boranyl ether compounds is evidenced in these compounds by short B-O bonds,

and an sp2 hybridized oxygen. Table 5.3.3 gives the lengths of the B-O bonds and the

measured B-O-C angles in all the structurally characterized compounds as well as the B-

O length in B(OCH3)3,28 where -backbonding is strong, and the average of the B-O

bonds of a few B(OCH3)4  tetrahedral anions,29 where -backbonding is impossible.  The

B-O bond lengths in both the 5- and 6-decabroanylethers range from ~1.33 Å to ~1.37 Å,

similar to bonds in B(OMe)3, and significantly shorter than the average B-O length for

tetrahedral borates (~1.46 Å).  The B-O-C bond angles in each of the crystallographically

characterized ethers were all near 120o indicating sp2 hybridization of the cage-bound

oxygen, as would be necessary for true -backbonding.  The B-O-C angle in

trimethylborate is similar, at 119.7o, while the same angle in tetramethylborate is only

116o.

Also listed in Table 5.3.3 are the B-O bond lengths and B-O-C angles in alkoxy-

substituted examples of closo-dodecaborate, monocarboncarborane, and p-carborane.  In

the alkoxy-bearing polyhedral cages, back-donation from O to B should be less prevalent

in electron-rich systems.  This predicted trend is confirmed in comparisons of the B-O

length in (C2H5O)-B12H11
2- (1.442(5) Å), 2-(ClC4H8O)-1-CB11H11  (1.409(3) Å) and 2-

(C2H5O)-1,12-C2B10H11 (1.3884(16) Å). With the exception of 5-(CH3 CCH2O)-

B10H13, which has a similar B-O bond length as the alkoxy p-carborane, the decaboranyl

B-O bonds are shorter than any of these.  The B-O-C angle in (C2H5O)-B12H11
2- is
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115.9(3)o, in 2-(ClC4H8O)-1-CB11H11  is 118.4(2)o, and is 119.76(10)o in 2-(C2H5O)-

1,12-C2B10H11, again suggesting a decrease in backbonding with increase in electron

density.  With the exception of 5-(CH3 CCH2O)-B10H13, the B-O-C angles in the

decaboranylethers are larger (~120o or greater) than any of these.
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Table 5.3.3.  Comparisons of the crystallographically determined B-O bonds lengths to

trigonal and tetrahedral B-O bonds.

B-O Length (Å) C-O-B Angle (o)

B(OCH3)3
28 1.359(6) 119.7

[B(OCH3)4 ]29 1.46 (avg) 116 (avg)

6-(ClC2H4O-C2H4O)-B10H13 1.3548(13) 120.74(8)

6-((CH3)3CO)-B10H13 1.3354(13) 129.39(8)

6,6’-(C6H10O2)-(B10H13)2 1.3549(19) 122.22(12)

5-(ClC2H4O-C2H4O)-B10H13 1.3604(19) 122.93(11)

5-((CH3O)-B10H13 (5OMe) 1.370(3) 120.82(15)

5-(CH3 CCH2O)-B10H13 1.3828(17) 117.61(10)

[(C2H5O)-B12H11
2-]30 1.442(5) 115.9(3)

[2-ClC4H8O-1-CB11H11 ]31 1.409(3) 118.4(2)

2-(C2H5O)-1,12-C2B10H11
4 1.3884(16) 119.76(10)
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5.3.4 Computational Exploration of the Reaction Mechanism.

As described earlier, the substitution reactions in Eqs. 5 and 6 proceeded with

surprising regioselectivites.  Nevertheless, it was possible to identify reasonable pathways

for the transformations of 6X to 5OMe and 5X to 6OMe using DFT/IRC calculations.

As can be seen in Figure 5.3.13 for the reaction of 6Cl with methanol, nucleophilic

attack of the alcohol-oxygen at B5 pushes its terminal-hydrogen upward to form the TS1

transition state.  In TS1, the oxygen is still 2.23 Å from B5 and the B-Cl bond has only

slightly lengthened from 1.78 Å to 1.82 Å.  As the oxygen moves closer to B5, three

hydrogens (the B5 terminal-hydrogen and 2 bridging-hydrogens) move to endo-positions

on B5, B6 and B7 to form INT1.  In INT1, the B-O bond decrease to 1.61 Å is

accompanied by a corresponding increase in the B5-B6 distance from 1.81 Å to 2.40 Å,

but at this point there is no additional lengthening of the B-Cl bond.  As the oxygen

moves closer (1.49 Å) to B6 to form TS2, the chlorine begins to detach (B6-O, 2.42 Å)

from the cage and a five-membered B-Cl-H-O-B ring structure (Figure 5.3.14) forms that

allows the Cl to initially bond with the methanolic hydrogen (1.74 Å).  In the final step,

the hydrogen is transferred from the oxygen to the chlorine (H-Cl,1.32 Å) with the

elongated H-O bond length (1.82 Å) typical of those found for hydrogen-bonded ethers.32

As a result of the chlorine leaving the cage, the endo-B6-H moves to the vacated terminal

B6-position and the endo-hydrogens on B5 and B7 move into bridging-positions.  The

hydrogen-bonded HCl/decaboranyl-ether adduct is not stable under the experimental

reaction conditions, since the HCl is immediately neutralized by NaHCO3 to liberate the

final decaboranyl ether.
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Figure 5.3.13.  DFT calculated mechanism from 6Cl to 5OMe.  Calculations performed

at the B3LYP/6-311G(d) level of theory at 298 K.  Electronic energies are given in

kcal/mol.



279

Figure 5.3.14.  Bond distances and angles in the 5-membered ring portion of INT1, TS2

and the hydrogen-bonded product.
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An analogous pathway was found for the reaction of methanol with 5Cl (Figure

5.3.15).  Nucleophilic attack of the alcohol at B6 occurs through TS3 to form INT2.  The

INT2 structure is similar to INT1, with a 1.61 Å B6-O distance and three endo-

hydrogens.  As the oxygen moves closer to B6 (1.49 Å), the TS4 transition state is

formed, which, like TS2, has a cyclic five-membered configuration with an elongated

B6-Cl (2.55 Å) distance (Figure 5.3.16) that facilities the initial H-Cl bonding interaction

(H-Cl, 1.73 Å).  In the final step, the hydrogen transfer from the oxygen (H-O, 1.87 Å) to

the chlorine (H-Cl, 1.31 Å) is complete to again produce the hydrogen-bonded

decaboranyl ether.  The chlorine is no longer attached to the cage and the endo-B5-H has

moved to the vacated terminal B5-position with the endo-hydrogens on B5 and B7

moving back into bridging-positions.  Again, under the experimental reaction conditions

the hydrogen-bonded HCl is neutralized by NaHCO3 to liberate 6OMe.
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Figure 5.3.15.  DFT calculated mechanism from 5Cl to 6OMe.  Calculations performed

at the B3LYP/6-311G(d) level of theory at 298 K.  Electronic energies are given in

kcal/mol.
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Figure 5.3.16. Bond distances and angles in the 5-membered ring portion of INT2, TS4

and the hydrogen-bonded product.
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For computational ease 5Cl and 6Cl were used as model compounds; however,

within the halogenated series reactions involving the chlorinated compounds reacted

more slowly than did their brominated and iodinated relatives.  When 6Cl reacted with

methanol at room temperature the reaction was found to be only ~25% complete after 2

days.  The same reaction with 6Br was complete after ~12 h.  When 6I was employed,

the starting material was consumed in ~12 h, but the relative rapidity of the isomerization

of 6I to 5I2 resulted in a mixture of final isomers, so a direct rate comparison could not be

made.  When 6F was reacted with methanol no reaction was seen after 48 h at room

temperature.  A comparison of the DFT calculated activation energies (from starting

materials to TS2, for each halogen) for the series is shown in Fig. 5.3.17.  The trend in

observed reaction rates is in agreement with the calculated activation energies, which

show a relatively low activation energy for the reaction with 6I and 6Br, followed by a

greater activation energy for 6Cl and finally a much higher activation energy for 6F.
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Figure 5.3.17.  Comparison of the calculated activation energies for the reaction of

methanol with 6X (X = F, Cl, Br, I).  Calculations of electronic energies were performed

at the B3LYP/6-311G(d) level for 6F and 6Cl.  For 6Br and 6I B3LYP/6-311G(d) was

used for all B, C, O and H atoms, and the SDD psuedopotential was used for the

halogens.
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5.3.5 Substitution Reactions on Deuterated 6Br.

Reactions of alcohols with bridge-deuterated bromodecaboranes were carried out

in order to test the computationally proposed mechanism.  The complete deuteration of

the bridging-hydrogens of B10H14 was previously achieved through stirring in a biphasic

mixture of D2O and dioxane.33  While bridging-hydrogens were observed to undergo

quick deuterium exchange, the terminal B-H bonds exchanged at a much slower rate.

When 6Br was stirred in a biphasic solution of CDCl3 and D2O, the disappearance of the

upfield 1H{11B} NMR resonances indicated the exchange of the four bridging-hydrogens

for deuterium, while 11B NMR  indicated no exchange at terminal B-H sites. Figs. 5.3.18

and 5.3.19 show the 1H{11B} NMR spectra of 6Br and 5Br before and after deuteration.

Interestingly, while the parent compound B10H14 was not found to undergo H/D exchange

when stirred in mixtures of D2O and non-ethereal solvents,11 6Br quickly underwent

bridge-deuteration with D2O in CDCl3.  This is likely an indication of the enhanced

acidity of the halogenated cages relative to B10H14.

According to the mechanisms shown in Figs. 5.3.13 and 5.3.15, reaction of the

bridge-deuterated, halodecaboranes with methanol should result in one of the bridging-

deuterons (specifically, the bridge-deuteron shown in bold) relocating to the position

formerly occupied by the halogen (Eq. 10 and 11).
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Figure 5.3.18. 1H{11B} NMR spectra of: (a) 6Br and (b) -D4-6Br

Figure 5.3.19. 1H{11B} NMR spectra of: (a) 5Br and (b) -D4-5Br
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Since coupling between boron and deuterium is small (e.g. for BH4 : JB-D = ~12

Hz, JB-H = ~80 Hz)34 and not readily observed, evidence for terminal deuteration can be

found in the absence of clear B-H coupling normally seen in the 11B NMR spectra of each

decaboranylether.  The 11B NMR spectrum of 5OMe, a product of the reaction of 6Br

with methanol, is shown in Fig. 5.3.20a.  All of the cage-boron resonances, excepting the

expected B5 singlet, appear as doublets as a result of the coupling to their terminal

hydrogens.  The 11B NMR of the product of the reaction (Eq. 10, X = Br) of -D4-6Br

with methanol (Fig. 5.3.20c) showed that the B6-resonance (-3.68 ppm) had changed

from a doublet to a broadened singlet indicating deuterium incorporation at the B6

terminal-position, in accordance with the proposed mechanism.  When -D4-6Br was

reacted with CD3OD (Eq. 12), the 11B NMR spectrum of the product showed a much

sharpened singlet for 6B (Fig. 5.3.20d).  Reaction of un-deuterated 6Br with CD3OD

gave a boranylether (Eq. 13) for which the 11B NMR spectrum lacked the apparent-

singlet indicative of a terminal B-D bond (Fig. 5.3.20b), indicating that deuterium

incorporated into the terminal B6 position must come from the cage, and not from

methanol.
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Figure 5.3.20. 11B NMR spectrum of the products of the following reactions: (a) 6Br +

CH3OH, (b) 6Br + CD3OD, (c) -D4-6Br + CH3OH, (d) -D4-6Br + CD3OD.  The *

denotes the 6B resonance.
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The broadness of the singlet in Fig. 5.3.20c and the doublet in Fig. 5.3.20b,

relative to the singlet in Fig. 5.3.20d and the doublet in Fig. 5.3.20a, indicates

incorporation of a small amount of hydrogen in the B6 vertex of -D3-6-D-5-CD3O-

B10H9, and deuterium in the B6 vertex of 5-CD3O-B10H13.  When -D4-6Br was treated

with standard methanol, H/D exchange between the deuterated bridging positions of the

cage and the hydroxyl-hydrogen led to small amounts of hydrogen incorporation at B6 of

the products.  Likewise, when 6Br was treated with CD3OD, a small amount of

deuterium was exchanged into the bridging positions of the cage and was incorporated at

B6, resulting in a broadened doublet in the 11B NMR.  Since fast H/D exchange only

occurs in the bridging positions, observed broadening in cases where exchange might

occur supports the mechanism presented in Fig. 5.3.13.

When -D4-5Br was reacted with C2D5OD in CDCl3 (Eq. 14) at 70 oC, the 11B

NMR spectrum of the -D3-5-D-6-C2D5O-B10H9 product showed a broadened resonance

at ~ -15.5 ppm (B5,7) indicating the incorporation of deuterium into one of these vertices

(Fig. 5.3.21b).  The reactions of 5Br with CD3OD, and -D4-5Br with CH3OH were

carried out, but the increased rate of deuterium exchange between bridging H/D and

alcohol H/D at the elevated temperatures necessary for the reaction resulted in products

with a mix of H/D incorporation at B6.  However, the observation of the inclusion of

deuterium at B5 of the -D4-5Br/CD3OD reaction supports the mechanism shown in Fig.

5.3.15.
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Figure 5.3.21. 11B NMR spectrum of the products of the following reactions: (a) 5Br +

C2H5OH, (b) -D4-5Br + C2D5OD.  The * denotes the B5,7 coincident resonance.
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5.4 Conclusions

A new method for the syntheses of a number of decaboranylether compounds has

been described.  A range of 1o, 2o and 3o alcohols were successfully incorporated into the

polyhedral cage, bearing polymerizable goups (alkenes, alkynes), nucleophiles (thiols),

and electrophiles (alkyl halides, succinimide).  The breadth of functional group inclusion

shown in this chapter is only a small sampling of those that might be used, and may serve

towards the incorporation of these neutral polyboranes into other chemistries.

The substitution mechanism displays a new type of reactivity in decaborane, in

that, much like the SN2’ reaction, the substitution occurs through the movements of

equivalents of electrons across the molecule.  In the organic reaction (Eq. 3) these

electrons are contained in -system.  In boron hydride systems, the lower

electronegativity of boron means that electrons are bound to hydrogen, so movement of

hydrogen around the open face of the cage represents an equivalent transformation.
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Chapter 6

Regeneration of Spent Ammonia Borane Hydrogen Fuels

Abstract

Spent fuel materials resulting from ammonia borane H2-release were successfully

digested in a number of strong acid systems to produce, according to 11B NMR analysis,

materials containing tetrahedral boron atoms devoid of remaining hydrogen.  The

digestate from the reaction of spent fuel with trifluoroacetic acid was found to react with

dimethylethylamine alane to form dimethylethylamine borane; however, the

dimethylethylamine could not be displaced by ammonia to produce ammonia borane

(AB).  Digestion of spent fuels resulting from only ~1 equivalent of AB H2-release with

superacidic AlBr3/HBr/CS2 solutions yielded BBr3 which could be distilled out of the

reaction mixtures; however, the digestion of more highly dehydrogenated spent fuels with

~2 equivalents of H2-release could not be attained.  Boron-halide reduction studies

demonstrated that complexes readily formed upon reaction of BBr3 with dialkylsulfides

and that these R2S-BBr3 adducts could be quantitatively reduced to R2S-BH3 with either

tin hydrides or silanes.  The dialkylsulfides were then easily displaced from R2S-BH3 by

ammonia to yield ammonia borane.

6.1 Introduction.

The thermal decomposition of ammonia borane (AB) leads to the production of

linked forms of BNHx compounds and free H2.  Whereas transition metal catalyzed

dehydrocoupling reactions may yield specific, defined architectures,1 solid state pyrolysis

of AB leads to a number of products, as shown in Figure 6.1.1.
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Figure 6.1.1. Possible end-products of the dehydrogenation of ammonia borane.
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The exact polymeric form of the spent fuel, polyaminoborane (PAB), is not well

defined, and depends on the degree of dehydrogenation achieved at the pyrolysis

temperature.  Thermochemical analysis showed that hydrogen was released from heated

AB in 2 steps, with the first equivalent lost just under 100 oC, and a second equivalent

completely lost around 200 oC.2  Solid state 11B NMR data indicated that at 88 oC, the

temperature regime wherein only 1 equivalent of H2 was released, the nonvolatile

products of decomposition were linear and/or cyclic oligomers (Eq. 1).3
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Pyrolysis at higher temperatures resulted in further release of H2 and a shift in the

structure of the products from polymers containing largely sp3-hybridized boron to those

with sp2-hybridized boron.  Solid state 11B NMR of these products indicated the

formation of polyborazylene, a linked network of borazine (B3N3H3) monomers (Eq 2.).4

Pyrolysis of AB, or dehydrogenated products, under very high temperatures (~ 1000 oC)

results in the formation of ceramic hexagonal boron nitride.5
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The decomposition of solid AB to an (NH2BH2)x polymer (PAB) was exothermic

by ~5 kcal/mol at, and below, 90 oC.6  High-level calculations indicate that nearly all

possible dehydrogenation reactions of AB are exothermic.  For example, the H for the

reaction linking 2 molecules of AB as shown in the first step of Eq. 1 was calculated to

be -20.5 kcal/mol at 0 oC, while the reaction of 3 molecules of AB to the cyclic trimer,

cyclotriborazane (CTB), was calculated to be -55.9 kcal/mol at 0 oC.7

This exothermic nature of the dehydrogenation of AB poses challenges for any

scheme to rehydrogenate spent fuel.  Any potential process involving AB seeks to utilize

as much of the bound hydrogen on the molecule as possible, but dehydrogenation

reactions resulting in high degrees of chain-linking and unsaturation are

thermodynamically down-hill, and yield comparatively low-energy products.6

Regeneration of these products becomes increasingly challenging as the material is

increasingly dehydrogenated.

Any viable regeneration process must be applicable to all spent-fuel materials

and, in addition, avoid the formation of difficult to reduce intermediates.  This chapter

discusses an approach to AB regeneration from spent fuels involving: (1) the digestion of

the spent AB fuels by strong acids to form BX3 species; (2) base coordination of BX3 and
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subsequent reduction of the base-BX3 adduct to base-BH3; and finally (3) displacement of

the base from the base-BH3 adduct by ammonia to produce AB.

6.2 Experimental

Materials. Ammonia borane (AB) was purchased from Aviabor and milled to a fine

powder in a commercial coffee grinder. Trifluoroacetic acid (TFA) was purchased from

Fisher and used as received. Aluminum bromide, HBr (anhydrous), BBr3 (neat),

triethylsilane (TES), and tributyltin hydride (TTH) were purchased from Aldrich and

used as received. Ammonia (anhydrous) was purchased from Air Gas and used as

received. Triethylamine, CS2, and CH2Cl2 were purchased from Fisher and dried as

described elsewhere.8

Computational Methods.  Density Functional Theory (DFT) calculations were

performed using the Gaussian 03 package.9 Structures were optimized with the B3LYP

method utilizing the 6-311G* basis set for all B, H, and S atoms, and the SDD

psuedopotential for all Br atoms.

Physical Methods. 11B NMR at 128.3 MHz and 1H NMR at 400.1 MHz spectra were

obtained on a Bruker DMX-400 spectrometer equipped with appropriate decoupling

accessories.  All 11B chemical shifts are referenced to BF3·OEt2 (0.0 ppm), with a

negative sign indicating an upfield shift.  All proton chemical shifts were measured

relative to internal residual protons from the lock solvents (99.9% CDCl3) and then

referenced to (CH3)4Si (0.0 ppm).

Synthesis of Polyaminoborane at 85 oC (PAB1). In a typical experiment AB (200 mg,

6.49 mmol) was loaded into a round bottom flask equipped with a sidearm and Teflon
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stopcock.  The flask was evacuated on a high vacuum and sealed, at which point it was

heated at 85 oC under static vacuum for 14 h.  The flask was evacuated and left under

dynamic vacuum on a high vacuum for 12 h, yielding a white solid (198 mg)

corresponding to the loss of 11 mg of H2 (5.50 mmol, 0.85 eq).

Synthesis of Polyaminoborane at 120 oC (PAB2).  After an identical setup to the 85 oC

experiment the flask is heated at 120 oC under static vacuum for 12 h, evacuated, and

held under dynamic vacuum on a high vacuum for 12 h.  In a typical experiment 200 mg

AB (6.49 mmol) was found yield 180 mg PAB2, corresponding to a loss of 20 mg H2

(9.74 mmol, 1.5 eq).

Digestion of Spent Fuel with Trifluoroacetic Acid (TFA). (a) PAB1 (150 mg) was

loaded into a 100 mL round bottom flask equipped with a sidearm and stir bar.  The flask

was connected to a high vacuum where TFA (~6 mL) was vacuum transferred.  The

mixture was heated at 60 oC for 12 h, during which time the solid PAB1 dissolved giving

a monophasic, pale yellow solution.  The TFA was removed in vacuo, yielding 803 mg of

a yellow solid.  (b) In an identical setup, PAB2 (100 mg) was stirred in ~6 mL of TFA at

60 oC for 12 h.  All of the PAB2 dissolved giving products with identical 11B NMR

spectra as those found in (a).  The TFA was removed in vacuo yielding 538 mg of a

yellow solid. 11B NMR (128.3 MHz, TFA):  -0.40 (s), -1.60 (s).

Digestion of Spent Fuel with Other Oxyacids

PAB1 and PAB2 were digested in a number of other oxygen-containing acids of

varying strength.  The conditions and results of these experiments are summarized in

Table 7.3.1.
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Digestion Reactions with Anhydrous HCl. (a) In separate experiments, PAB1 (50 mg),

PAB2 (50 mg) and h-BN (50 mg) were stirred in liquid anhydrous HCl (~7 mL) in a

closed Fischer and Porter thick-walled pressure vessel at -78 oC for 4 h.  The HCl was

removed in vacuo and the product was pumped to dryness through a trap held at -90 oC.

In each case, no boron containing species could be observed by 11B NMR in the material

in the cold trap and gravimetric analysis of the solids remaining in the flasks indicated no

reaction had occurred. (b) Polyborazylene (97 mg) was stirred in liquid anhydrous HCl

(~10 mL) in a closed pressure vessel at -78 oC for 4 h.  The HCl was removed in vacuo

yielding 231 mg of a white material that was insoluble in common solvents.  The

observed gravimetric uptake of the solid corresponded to an approximate formula

(B3N3H9Cl3)x which would be consistent with the addition of one HCl molecule to 91%

of all the unsaturated B-N units in polyborazylene.  The material slowly lost HCl when

held at room temperature.

Digestion Reactions with Superacidic HCl in Ionic Liquids. An acidic AlCl3/BmimCl

solution was prepared by the addition of AlCl3 (473 mg, 3.5 mmol, 55 mol%) to BmimCl

(500 mg, 2.9 mmol) as described elsewhere.10 In two separate experiments, PAB1 (50

mg) samples were added to AlCl3/BmimCl solutions in reaction vessels equipped with a

gas inlet and outlet.  The reactions were heated at (a) 65 oC and (b) 90 oC, respectively

while anhydrous HCl was flowed through the reaction vessels with the exit gases being

passed through -78 oC traps before being vented to the atmosphere through bubblers.

After 2 h, the solutions were monophasic and all PAB1 had dissolved.  No boron-species

were found in the cold traps.  The 11B NMR analyses of the AlCl3/BmimCl solutions

diluted with CH2Cl2 showed new peaks at: (a)  -31.2 (s), 0.2 (s), 0.0 (s). (b)  1.3 (s), 0.2
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(s), -0.8 (s), -1.3 (s).  Attempts to separate the products from the AlCl3/BmimCl solutions

by distillation and/or extraction were unsuccessful.

Digestion Reactions with Superacidic AlBr3/HBr/CS2
11

. (a) PAB1 (50 mg) and AlBr3

(2.5 g, 9.36 mmol) were dissolved in ~12 mL of dry CS2 in a 100 mL Schlenk flask

equipped with a gas inlet.  The mixture was stirred while the flask was filled with

gaseous HBr.  Stirring was continued for 4 h, with fresh HBr being added to the system

every 20 min.  The white solid SF1 gradually dissolved, yielding a dense, bubbling

yellow oil.  The 11B NMR spectra of the clear CS2 layer revealed the presence of BBr3.

The mixture was fractionated on a high-vacuum line through consecutive -95 oC and -198

oC traps.  Dry triethylamine (TEA) (~5 mL) was vacuum transferred to the -95 oC trap

and the mixture allowed to warm to room temperature.  The BBr3-TEA adduct12 was

concentrated in vacuo, yielding 228 mg (0.65 mmol, a 40% yield based on a NH2BH2

formula for PAB1) and was identified by its characteristic 11B NMR spectrum (128.3

MHz, CDCl3):  -6.1 (s).  The yellow oil that had separated from the CS2 layer was

analyzed by 11B NMR (128.3 MHz, neat):  -9.4 (s).  (b) PAB2 (50 mg) and AlBr3 (2.5 g,

9.36 mmol) were dissolved in ~12 mL of dry CS2 and similarly treated with HBr.  No

formation of BBr3 could be observed in the CS2 solution by 11B NMR.

Digestion Reactions with Superacidic AlCl3/HCl/CS2.  (a) PAB1 (50 mg) was added to

a solution of AlCl3 (200 mg, 1.50 mmol) in CS2 (~8 mL). Anhydrous HCl was bubbled

into the reaction mixture for 3 h at room temperature with the exit gases passing through

a -78 oC trap before being vented to the atmosphere through a bubbler.  No dissolution of

PAB1 was observed and analysis of the CS2 layer by 11B NMR showed no formation of

soluble boron containing species.  No boron containing products were found in the cold
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trap.  (b) Using an identical setup, PAB1 and AlCl3 were treated with HCl in toluene

instead of CS2.  Again, no dissolution of PAB1 was observed, and no new boron

containing species were found by 11B NMR.  (c) Liquid anhydrous HCl (~7 mL) was

condensed into a Fischer and Porter thick-walled pressure vessel containing PAB1 (50

mg) and AlCl3 (100 mg, 0.75 mmol).  The mixture was stirred at -78 oC for 4 h.  The

volatiles were removed in vacuo, and 11B NMR analysis of these volatiles showed no

boron-containing species.  Likewise, no soluble boron containing species were found in

the remaining solids by 11B NMR.

Triethylamine (TEA) BX3 Complexation and B-X Reduction by Tributyltin Hydride

(TBTH). (a) The addition of TEA (1.3 mL, 9.6 mmol) to a stirred 1 M solution of BCl3

in heptane (8 mL, 8 mmol) at 0 oC resulted in the immediately formation of a white

precipitate. Volatiles were removed in vacuo, and 11B NMR analysis of a CH2Cl2 solution

of the white solid indicated the formation of the TEA-BCl3 adduct. 11B NMR analysis

indicated that the reaction of the solids in a stirred CH2Cl2 (~15 mL) solution with TBTH

(7.74 mL, 28.8 mmol) at 60 oC for 3 days resulted in only partial reduction.  Addition of

TBTH (10 mL, 37.1 mmol) with further reaction for 12 h at 60 oC brought the reaction to

~95% TEA-BH3. Attempts to separate the adduct from the tributyltin chloride and

residual TBTH were unsuccessful.  For TEA-BCl3: 11B NMR:  7.7; TEA-BH3: -13.6 (q,

J = 87 Hz).  (b) TEA (0.43 mL, 3.0 mmol) was added to a solution of BBr3 (640 mg, 2.64

mmol) in CH2Cl2 (~10 mL) and stirred for 5 min at room temperature at which point 11B

NMR analysis showed the quantitative formation of TEA-BBr3
12.  For TEA-BBr3: 11B

NMR:  -6.2.  This mixture was then treated with additional TBTH (6.34 mL, 23.8
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mmol) for 1 h at room temperature, but 11B NMR analysis showed no reaction.  The

reaction was then heated at 45 oC for 2 h, leading to quantitative conversion to TEA-BH3.

The TEA-BH3 adduct was independently synthesized by the addition of TEA to

an equimolar amount of BH3-THF. The solvent was removed in vacuo, at which point

anhydrous liquid ammonia (~8 mL) was condensed onto the adduct and the mixture

stirred for 2 h at -78 oC.  The ammonia was removed in vacuo, but analysis by 11B NMR

showed no displacement of TEA by NH3.

N,N-Diethylaniline (DEA) BBr3 Complexation, B-Br Reduction with Triethylsilane

(TES) and NH3 Displacement to Produce Ammonia Borane. A sample of BBr3 (1.21

g, 4.7 mmol) was reacted with DEA (0.84 mL, 4.7 mmol) in CH2Cl2 (~10 mL) at 0 oC.

Analysis by 11B NMR showed a new peak at -25.2 ppm, indicative of adduct formation.

TES (6.0 mL, 37.5 mmol) was then added and the mixture stirred at room temperature for

5 min.  Analysis by 11B NMR showed quantitative conversion to DEA-BH3.13 Ammonia

was then bubbled though the reaction mixture for 40 min, causing the precipitation of a

large amount of white solid.  The reaction flask was closed and the mixture stirred for 2

additional hours under an ammonia atmosphere.  The precipitate was filtered and washed

3 times with hexanes, and then extracted with ether until further ether washes showed no

traces of products in the 11B NMR.  The combined ether washes were concentrated in

vacuo to yield AB (121 mg, 3.9 mmol, 84%).  Examination of the reaction solution by 1H

NMR also revealed the formation of small amounts of para-bromodiethylaniline as a

result of bromination of DEA.
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General Complexation of BBr3 with Dialkylsulfides and Reduction of Adducts. The

reactions of BBr3 in CH2Cl2 with equimolar amounts of a number of dialkylsulfides,

including dimethyl, diethyl, dibutyl, dihexyl, diisopropyl and diisobutyl-sulfides and

tetrahydrothiophene, resulted in the clean formation of their corresponding sulfide-BBr3

adducts.  The adducts all showed a single 11B NMR resonance near -12 ppm.  Each

adduct could then be reduced with just over 3 molar equivalents of TES yielding BH3-

adducts with a single 11B NMR resonance near -21 ppm.  Complete reductions of the (n-

alkyl)2S-BBr3 adducts with TES at 55 oC took 12-15 h, while the TES reductions of the

R2S-BBr3 (R = isopropyl, isobutyl) adducts took 4 h at 55 oC to complete.  As presented

in the following two sections, the dialkylsulfide properties were selected to give the

appropriate vapor pressure for efficient vacuum fractionation.

Synthesis of AB from BBr3-Adducts with Triethylsilane (TES). BBr3 (4.43 g, 17.7

mmol) and CH2Cl2 (~ 8 mL) were vacuum transferred into a 100 mL round-bottom flask

equipped with a sidearm, stopcock and stirbar.  This mixture was put under dry N2 on a

Schlenk-line and held at 0 oC while dihexyl sulfide (21.3 mmol, 5.06 mL) was added.

The mixture was brought to room temperature and triethylsilane (68.3 mmol, 10.9 mL)

was added under flowing N2.  The vessel was sealed and heated with stirring at 55 oC for

4 h at which point 11B NMR analysis showed complete reduction of the BBr3 to form the

Hex2S-BH3 adduct.  The mixture was fractionated on a high-vacuum line through

consecutive -25 oC, -78 oC and -196 oC traps.  The Hex2S-BH3 adduct was retained in the

reaction flask (4.65 g, 17.7 mmol, ~100%), while triethylsilyl bromide (10.7 g, 5.2 mmol,

98%) was trapped at -25 oC and excess TES (1.6 g, 14.1 mmol, 96%) at -78 oC.  The

reaction flask was put back under N2 and held at -78 oC while anhydrous NH3 (8-10 mL)
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was condensed in.  The mixture was stirred at -78 oC for 10 min, then the excess NH3 was

removed in vacuo.  The resulting slurry was taken up in hexanes (~10 mL), filtered,

washed 2 times with hexanes and dried in vacuo to yield AB (0.5 g, 16.9 mmol, 96%).

Synthesis of AB from BBr3-Adducts with Tributyltin Hydride (TBTH).  BBr3 (1.41g,

5.6 mmol) was vacuum transferred into a two-neck, round-bottom flask equipped with a

septum, vacuum adapter and stirbar.  The flask was held at -78 oC while diethyl sulfide

(0.91 mL, 8.4 mmol) was added.  The mixture was warmed to 0 oC, then TBTH (4.75

mL, 17.6 mmol) was added and the reaction stirred for 10 min.  The mixture was

fractionated on a high-vacuum line through consecutive -78 oC and -198 oC traps. All tin

products (6.4 g, 16.8 mmol tributyltin bromide + 0.8 mmol TBTH) remained in the

reaction vessel while the Et2S-BH3 adduct (0.6 g) was collected at -78 oC. The adduct

was vacuum transferred back into a round-bottom flask, and anhydrous NH3 was

condensed into the flask at -78 oC.  The reaction was stirred for 10 min, then all excess

NH3 and diethyl sulfide were removed in vacuo, leaving behind AB (0.17 g, 5.6 mmol,

~100%).

6.3 Results and Discussion

At the outset of this project a possible general scheme, summarized in Figure

6.3.1, for the regeneration of ammonia borane from spent BNHx fuels was proposed.  The

two key steps in the process were: 1) initial digestion of the AB spent-fuel with strong

acids to form BX3, followed by 2) a reduction-process to be carried out in one reaction

vessel, involving coordination of the BX3 to a base, reduction of the coordinated B-X

bonds, and finally exchange of the base by ammonia to regenerate NH3BH3.
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BNHx  +  4 HX             BX3  + NH4X

BX3 +  Base BaseBX3

BaseBX3 +  3 HMR3 BaseBH3 + 3 XMR3

M = Sn,Si

BaseBH3 +  NH3 H3NBH3 + Base

First Step: Acid Digestion of Spent Fuels

Second Step: One-Pot Conversion of BX3 to AB

Coordination of BX3

BX Reduction

Base Displacement by NH3 to Yield AB

Figure 6.3.1  Overview of the proposed approach to AB regeneration.



309

6.3.1 Digestion of Spent Fuels with Acids. The first step envisioned in the regeneration

process was the digestion of the polymeric spent fuel with acids, breaking B-N bonds via

protonolysis (Eq. 3).

Ideally the protonolysis would effect only B-N bonds within the backbone, conserving

remaining hydrogen on the PAB polymer; however, the hydridic nature of the B-H

hydrogens resulted in the total dehydrogenation of boron yielding trigonal and/or

tetrahedral species free of boron-bound hydrogen (BA3, BA4 , NH3BA3, etc.).  The

oxophilic nature of boron, and the intrinsic strength of boron-halogen bonds, aided in the

thermodynamics of digestion with oxyacids and hydrogen halides.

A number of acids/acidic systems with a range of strengths were tested (Table

6.3.1).  Also listed are the 11B NMR resonances found in the reaction mixture for each.

All resonances were singlets in the 1H-coupled 11B NMR spectrum and, save the

downfield resonances in the superacidic ionic liquid and the HBr/AlBr3 systems, fell

within the normal range for tetrahedral boron.
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Table 6.3.1. List of acids and conditions employed in the digestion of PAB1 and PAB2,

and the 11B NMR resonances found in the digested mixture.

Acid Spent Fuel Digested Conditions
11B NMR

resonances
Superacidic Ionic

Liquid PAB1 and PAB2 65 oC, 2 h 31.2, 0.2, 0.0

Superacidic Ionic
Liquid PAB1 and PAB2 90 oC, 2h 1.3, 0.2, -0.8, -1.3

TFA PAB1 and PAB2 Neat, 55 oC, 4-5 h  -0.4, -1.6
Triflic Acid PAB1 and PAB2 Neat, 0 oC, mins -3.88

Glacial Acetic Acid PAB1 4:1 pyridine: acetic
acid, 4 days 2.81, -0.06, -0.57

Glacial Acetic Acid PAB1 neat, 60 oC, not fully
solubilized -0.06, -0.59

Formic Acid PAB1 THF, excess formic
acid 1.5

Chlorosulfonic PAB2 Neat, 1h, 50 oC -3.1, -4.6
HBr/AlBr3 PAB1 CS2, ~1 atm HBr 38, -9.5
HBr/AlBr3 PAB2 CS2, ~1 atm HBr No digestion
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6.3.1.1 Digestion with Oxyacids.

The reaction of both PAB1 and PAB2 in neat TFA at 55-60 oC led to the complete

dissolution of the white polymer giving a monophasic solution that displayed a set of new

11B NMR resonances (-0.4, -1.6) indicating tetrahedrally coordinated boron (Figure

6.3.2).

The supernatant TFA was removed in vacuo, leaving a bubbly yellow oil that

eventually solidified into a yellow solid.  The product had gained mass, going from 150

mg initially, to 803 mg.  Assuming the initial formulation as roughly (BH2NH2)x, PAB

took up just over 1 equivalent of TFA per B-N unit, though this assumes all retention of

nitrogen in the sample, which is not necessarily the case.  This lower than theoretical

weight uptake precludes the formation of a simple boron-triester or triester-adduct. The

products could not be identified further.

Both PAB1 and PAB2 were completely digested in neat triflic acid, giving an 11B

NMR spectrum with one sharp singlet at -3.9 ppm.  The formation of a single product

was attractive, but unlike TFA, triflic acid isn’t volatile, and could not be removed in

vacuo.  Reactions of PAB1 and PAB2 in which stoichiometric amounts of triflic acid (1

equiv., 2 equiv., 3 equiv., and 4 equiv.) in hexanes gave products with peaks near 0.0 and

a large broad peak near 20 ppm, diagnosed as trigonal B-OTf3.  As the amount of triflic

acid added was increased, the resonances near 20 ppm decreased in intensity, and the

singlets near 0.0 dominated indicating the conversion from trigonal to tetrahedrally

coordinated boron.
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Figure 6.3.2 11B NMR analysis of the digestion of spent-fuel PAB1 with trifluoroacetic
acid
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When heated in neat glacial acetic acid the dissolution of the polymer was

minimal, giving dilute 11B NMR spectra with similar peaks to those seen in the digestion

with TFA.  However, when PAB1 was treated with a 4:1 mixture of pyridine:acetic acid,

the polymer dissolved, giving a spectrum with 4 peaks ranging from 2.8 ppm to -0.6 ppm.

Digestion in this mixture, which cannot be considered strongly acidic, points to the

strength of the B-O bond as a driving force in polymer digestion, rather than simple

protonolysis.

In hopes of yielding boron formate species which might be decomposed to B-H

bonds and carbon dioxide, PAB1 was reacted with formic acid in THF.  The product was

a monophasic solution with one singlet in the 11B NMR spectra at 1.5 ppm.  The mixture

was then heated to reflux, but analysis by 11B NMR showed no signs of THF-BH3.  The

volatiles were removed in vacuo, leaving a clear oil.  This oil was then heated at 100 oC

under vacuum, with volatiles collected at -198 oC.  No boron was found in the cold trap,

and the resulting viscous oil was no longer soluble in a range of normal organic solvents.

After this experiment was carried out, calculations by collaborators showed that the

degradation of B-(OCOH)3 to BH3 and CO2 was energetically uphill, and as such efforts

along these lines were halted.

Polymers PAB1 and PAB2 were both digested by neat chlorosulfonic acid

(ClSO3H), in hopes of promoting the reaction seen in Eq. 6.
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When dissolved in neat CSA the polymers gave 11B NMR spectra with singlets slightly

upfield of the other digestates (-3.1 ppm, -4.7 ppm), but isolation in vacuo followed by

heating both in the presence and absence complexing agents, produced no decomposition

to any identifiable boron-halide species.

6.3.1.2. Digestion with Haloacids.

As summarized in Figure 6.3.2, neither the spent-fuels (PAB1 and PAB2), nor

commercial h-BN could be digested with anhydrous HCl.  Polyborazylene did react with

anhydrous HCl, but was not converted to molecular species.  The observed HCl-uptake

(mass balance) in the polyborazylene reaction instead suggested the production of a

chlorinated cyclotriborazane polymer, such as shown in Figure 6.3.2, resulting from

HCl-addition to the polyborazylene B=N units.

6.3.1.2.1 Digestion in Superacidic Ionic Liquid.

Ionic liquids constitute a set of organic salts with low melting points.  One

common class of ionic liquids are the 1-butyl-3-methylimadazolium halides (Bmim.X),

that have melting points ranging from Bmim.Cl (~70 oC), to Bmim.Br (~60 oC), and

Bmim.I which melts just below room temperature.  It is known that the combination of

aluminum halides and Bmim.X forms room temperature melts via Eq. 4, which, when

combined with hydrogen halide (HX), become superacidic as a result of the equilibrium

in Eq. 5.10
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Figure 6.3.2. Summary of the results of the reactions of anhydrous HCl with spent-fuels,

polyborazylene and boron nitride.
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When either PAB1 or PAB2 were stirred in a mixture of AlCl3 and Bmim.Cl

under flowing HCl the white solid polymer dissolved with a good deal of bubbling.  After

a few minutes the bubbling stopped and the solution was monophasic.

When the reaction was run at 60 oC 11B NMR analysis of the ionic liquid layer

diluted with a small amount of CH2Cl2 gave the spectrum shown in Figure 6.3.3.  The

two upfield singlets, just downfield of 0.0, are likely (H2NBCl2)3 and NH3BCl3 as these

11B NMR resonances have been reported as 3.714 and 3.2815 respectively.  The downfield

resonance near ~30 falls in the range for trigonal boron, and is similar to the reported

shifts for B-trichloroborazine (30.3).16

When the digestion was performed at 90 oC , the downfield resonance

disappeared, indicating the degradation of B-trichloroborazine.  The four singlets present

were centered around 0.0 ppm, but their identity could not be ascertained.  In neither

experiment were any boron-containing species separable from the ionic liquid.
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Figure 6.3.3. 11B NMR spectrum of the products of the digestion of PAB at 60 oC in

superacidic ionic liquid (Bmim.Cl/AlCl3/HCl)
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6.3.1.2.2. Digestion in Mixtures of AlBr3/HBr.

In similar fashion to the superacidity of the Bmim.X/AlX3/HX ionic liquid

system, superacidity has also been reported when HBr was used in the presence of AlBr3

in conventional solvents.14 When 50 mg of PAB1 was added to a solution of 2.5 g AlBr3

in CS2 under ~1 atm of HBr the white polymeric solid bubbled slowly, eventually

forming a yellow, immiscible oil at the bottom of the reaction vessel.  Analysis of the

supernatant CS2 layer by 11B NMR (Figure 6.3.4) showed the presence of BBr3, which

was removed in vacuo and complexed to triethylamine for quantification.  A total of 228

mg of the BBr3-TEA adduct was isolated, which accounts for ~40% of the boron in the

sample of PAB1.

The remainder of the boron was contained in the viscous yellow oil.  Analysis of

the neat oil, insoluble in ethereal or chlorinated solvents, by11B NMR showed one singlet

at -9.4 ppm.  This peak was assigned, although not entirely definiteively, as

hexabromocyclotriborazane, (H2N-BBr2)3.  This assignment fits the 11B NMR trend

found in brominated and chlorinated boron species, where brominated compounds show

resonances somewhat upfield of their chlorinated analogues (Table 6.3.2).  Even in the

case of a mixed brominated and chlorinated species, Et2N-BClBr, the 11B resonance is

between Et2N-BCl2 and Et2N-BBr2.  A resonance of -9.5 ppm for (H2N-BBr2)3 is

reasonable as its chlorinated counterpart shows a resonance downfield of this, at 3.7 ppm.
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Figure 6.3.4. 11B NMR of the reactants and products of the digestion of PAB1 in the

HBr/AlBr3 acidic system.
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Table 6.3.2. 11B NMR chemical shift comparison between some relevant chlorinated and

brominated species. Values were taken from Noth and Wrackmeyer.17

Compound  (ppm) Compound  (ppm)
BCl3 41.9 - 48.0 BBr3 38.5 - 44.0

(HN-BCl)3 30.3 - 30.6 (HN-BBr)3 28.6
Et3N-BCl3 10.0 Et3N-BBr3 -5.1
Me3N-BCl3 9.4 - 10.2 Me3N-BBr3 -3.1
Et2N-BCl2 30.3 - 30.8 Et2N-BBr2 25.6 - 26.7

Et2N-BClBr 29.4

(BCl2-NH2)3 3.7
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This hexabrominated species has been reported only once, as the product of the

treatment of borazine with Br2.18  The product, identified by characteristic IR stretches, is

reported as a orange-yellow solid.  This obviously differs from the yellow oil found in the

degradation of PAB1, but this crude material likely contains a large amount of AlBr3.

Attempts to reduce the B-Br bonds to B-H bonds with tin hydrides or alanes, as will be

described for other products of digestion later, were unsuccessful, most likely due to the

presence of this AlBr3.

When PAB2 was subjected to the same system no obvious decomposition was

observed, and only very slight traces of BBr3 were found in the CS2 layer.  It was clear

that while this superacidic system was somewhat successful in digesting the less

dehydrogenated, higher energy polymer, it was not successful with the more highly

crosslinked, highly dehydrogenated material.

6.3.2 Recuction B-X and B-O Bonds.

Once the polymer is digested into monomeric units in the acidic system, the next

step is to re-convert B-X bonds to B-H bonds (Eq. 7).

Collaborators have employed transition metal hydrides to this end with some

success and have constructed a scale of hydride donor abilities to predict which hydride

donors will energetically be able to displace which boron-bound species.19  Highly

energetic alkali metal hydrides are known to swap H  for X  as well.20  Main group
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hydride metathesis is another route for re-hydrogenating digested polymer. Collaborators

at Los Alamos have used tin-hydrides to displace boron-bound phenylthiols.21 The use of

tin,22 aluminum23 and silicon24 hydrides for the metathesis of boron-halide bonds is

likewise well known.  We utilized these metathesis reactions in the treatment of spent

fuels digested by TFA or in the HBr/AlBr3 system.

6.3.2.1 Reduction of TFA-digestate with Alane. The room-temperature reaction of the

TFA-digestate of PAB1 or PAB2 with an excess of a dimethylethylamine-alane adduct in

toluene led to the reduction of all B-O bonds, yielding a product showing a quadruplet at

-9.6 ppm in the 11B NMR spectrum (Figure 6.3.5). Aside from the multiplicity of the

peak indicating the presence of 3 boron-bound hydrogens, the assignment is further

confirmed by the similarity in shift to other trialkylamino-boranes (eg. NMe3-BH3,  = ~

-9; NEt3-BH3,  = ~ -13).17
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Figure 6.3.5. 11B NMR spectra of the reactants and products of the reduction of TFA-

digestate with dimethylethylamine-alane.
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The amine-borane adduct is volatile, with a similar vapor pressure to the toluene

solvent.  This made isolation in vacuo difficult, as the temperatures used to trap the

borane also trapped toluene.  Ammonia borane is largely insoluble in toluene, so

anhydrous ammonia was bubble through the system, but no displacement of the more-

basic dimethylethylamine was found.

The TFA-digestate was not reduced when treated with either silicon or tin

hydrides.  This is likely due to the thermodynamic strength of the B-O bond.  While the

alane reduction took place under mild conditions with the TFA-digestate, the same

treatment was unsuccessful in treatment of polymer digested in glacial acetic, or formic

acids.  The strength of the B-O bond is likely lower in the TFA-borate ester than in the

non-fluorinated esters, as trifluoroacetate is significantly less basic than either acetate or

formate.

6.3.2.2 Reduction of BBr3 to AB. The release of boron as BBr3 in the AlBr3/HBr system

exposed the need to find a pathway from BBr3 to AB; however, complete reduction of

BBr3 would result in the formation and release of the dangerous, pyrophoric gas diborane

(B2H6).  Complexation of Lewis-acidic BBr3 followed by reduction by hydrides would

yield L-BH3 species, circumventing the formation of diborane and enhancing the

practical applicability of the process.

The ideal Lewis-base for this purpose is ammonia, as subsequent reduction would

yield the target AB, however ammonia is not known to form adducts with BBr3, and

repeated attempts to synthesize NH3-BBr3 under a number of conditions only yielded

intractable solids.  Other bases employed for the sequestration of BBr3 must form a

sufficiently weak L-B bond so as to be displaced by ammonia downstream. This
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precludes the use of alkylamines, as they are more basic than ammonia, and impossible to

displace.  Two possible candidates were N,N-diethylaniline and dialkylsulfides.  Each of

these are Lewis-basic enough to complex both BBr3 and BH3, but form a bond

sufficiently weak so as to be displaced by ammonia post-reduction.

The first attempts were made with N,N-diethylaniline (Figure 6.3.6), and while

complexation, reduction with silane and displacement yielded AB, the overall reaction

was hindered by unwanted Friedel-Crafts electrophilic aromatic substitution of bromine

from BBr3 on the aniline.  Since recovery of starting materials is an important aspect of

the overall regeneration process, attention was shifted toward reduction to sulfide-bound

BBr3.

It was found that BBr3 formed stable complexes with every dialkylsulfide tested

(eg. dimethyl, diethyl, dibutyl, dihexyl, diisopropyl, dicyclohexyl, diisobutyl,

tetrahydrothiophene).  These complexes were all soluble in a range of organic solvents,

and all showed singlets in their respective 11B NMR spectra around -12 ppm.
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Figure 6.3.6. 11B NMR analysis of the diethylaniline-based synthesis of ammonia

borane from BBr3 via coordination/reduction/displacement reactions.



327

The RS2-BBr3 adducts, when treated with 3.85 equivalents of triethylsilane (TES)

at 55 oC in CH2Cl2 in a closed system for 12-15 h, gave a new boron species with a

quartet around -23 ppm in its 11B NMR spectrum.  By comparison to similar

compounds17 this peak was assigned as R2S-BH3.  The kinetics of the silane reduction

differed depending on the steric bulk present near sulfur.  In cases where R = n-alkyl

(dimethyl, dibutyl, etc.), more than 12 h at 55 oC were needed for complete reduction.

When diisopropyl sulfide was used as the Lewis base, the reaction was notably more

vigorous (bubbling upon addition of the silane), and finished around 3-4 h.  These kinetic

differences point to a mechanism wherein the sulfide dissociates from the boron prior to

B-X reduction, shown in Eq. 8.
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The bulk of the diispropylsulfide lengthens, and weakens, the B-S bond.  Ground

state DFT calculations of (i-Pr)2S-BBr3 show that the B-S bond is 2.106 Å long, notably

longer than that calculated for Et2S-BBr3 (2.076 Å).  The weakness of the B-S bond in (i-

Pr)2S-BH3 was experimentally observed, as the compound was found to separate into its

constitutive borane and sulfide under high-vacuum.

Tributyltin hydride (TBTH) was more reactive than TES in the reduction of the

B-Br bonds, as this reduction was carried out at 0 oC, and was complete in minutes.  As
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opposed to the silane, where ~3.85 equivalents were needed for efficient reduction,

reduction with TBTH went to completion with almost exactly 3 equivalents, and could be

run neat, simplifying the separation of products down the line.  In the absence of solvent,

reduction with TES was very slow.

6.3.2.3 Separation of Products from the Reduction of BBr3.  Once the tin or silane

reduction was completed the products were separated via fractionation on a high-vacuum.

Dialkylsufide-BH3 adducts have a range of volatilities, depending on the size of the alkyl

chain employed.  Adducts of large sulfides, such as dihexylsulfide, have negligible vapor

pressure, where as smaller sulfides are volatile under high vacuum.

The setup for the separation of the products of the reaction of (C6H13)2S-BBr3

with 3.85 equivalents of TES is depicted in Figure 6.3.7.   The dihexylsulfide-BH3

adduct is not volatile, and remained in the reaction flask.  The majority of the initial TES

reacted to give triethylsilyl bromide, which is volatile at room temperature, but is stopped

by a trap held at -25 oC.  The remainder of the unreacted TES is sufficiently volatile to

bypass the -25 oC trap, and is stopped at -78 oC.

As shown in Figure 6.3.7, the separation was very efficient, as greater than 90%

of each of the products was isolated.  From an engineering point of view, this is an

important feature of the process.  In the hydrogen economy, by-products such as

silylbromide or excess TES need to be separated and sent to regeneration or back into the

front end of the process.  Physical separation eliminates waste streams that a chemical

separation process (chromatography, etc.) would produce.
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Figure 6.3.7.  Reaction and product separation in the silane reduction of (C6H13)2-BBr3
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Neither TBTH nor tributyltinbromide have any significant vapor pressure at room

temperature.  In order to separate the sulfido-borane product from the tin by-products a

Lewis-base was chosen to facilitate its removal by vacuum.  The (C2H5)2S-BH3 adduct

was sufficiently volatile and the products were separated as shown in Figure 6.3.8.

Again, full separation of the product borane from the tin by-products was

achieved.  While the tin hydride/bromide mixture could not be separated in vacuo, the

efficiency of the reaction allowed for the use of just 3 equivalents of tin hydride, limiting

the amount of residual hydride in the byproduct mixture.

6.3.2.4 Displacement of Sulfide with Ammonia.  For both (C2H5)2S-BH3 and (C6H13)2-

BH3, stirring in liquid ammonia at -78 oC gave quantitative displacement of the sulfide

and yielded AB (Eq. 9).

After the (C2H5)2-BH3 adduct was stirred in ammonia for 10 min the volatiles

were vacuum-evaporated leaving pure AB.  Unfortunately, dihexylsulfide is not volatile

at room temperature, but the insolubility of AB in non-polar solvents such as hexanes

allowed for the precipitation and filtration of AB.  In both cases the yield of AB from

initial BBr3 was quantitative.
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Figure 6.3.8. Reaction and separation method for the tin hydride reduction of (C2H5)2S-

BBr3
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6.4 Conclusions

The work presented here can be grouped into two areas, digestion and

regeneration.  The PAB polymer can be digested by a number of acids or varying

strengths into monomeric units.  The identity and composition of these units are ill-

defined, but in most cases they bear sharp singlets around 0.0 ppm in the 11B NMR

indicative of tetracoordinate species.

The use of the HBr/AlBr3 system in CS2 allowed for the collection of some

digested boron as BBr3, but most of the original boron was contained in a thick, insoluble

oil (designated as (BBr2NH2)3).  Digestion of the polymer into BBr3 was attractive as

there are a number of ways to reduce boron halide bonds.  Complexing BBr3 to dialkyl

sulfides allowed for the reduction of the B-Br bonds without the formation of diborane by

both silicon and tin hydrides.  Sulfides were easily displaced by ammonia, and the

production of AB from BBr3 is quantitative.  The acidic system, however, failed to digest

more highly dehydrogenated spent fuels (PAB2).

The use of the strong reducing agent alane successfully reduced all B-O linkages

in PAB/TFA digestate to B-H bonds.  This reaction, though an important proof of

concept, is less important in practical use.  Aluminum-oxygen bonds, like boron-oxygen

bonds, are strong and would need to be regenerated back to Al-H bonds if the process

was to be cycled.  Currently there is no energy efficient way to do this chemistry, and this

problem would need solving before reduction with alanes can be seen as practical.
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