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Abstract: Catalytic quantities of transition metal alkoxides such as Ti(OiPr)4 have been found to accelerate
dramatically the rate of catecholboranc and BH3 THF reductions of ketones. Expcriments suggest catalysis is
achieved by the formation of alkoxyborohydrides.

Catecholborane (CB) and BH3-THF have garnered attention recently with their use in Group 91 and
samarium catalyzed? olefin hydroboration and oxazaborolidine catalyzed? ketone reduction, respectively.
Given the Lewis acidic character present in some of these catalyst systems and TiCly accelerated BH3- THF
reductions,4 the examination of Lewis acids in conjunction with these reductants seemed appropriate. We
report observations on the accelerating effect of transition metal alkoxides on CB and BH3-THF reductions
of ketones. Interestingly, mechanistic studies suggest that it is the Lewis basic rather than acidic character of
these amphoteric materials that leads to accelerated reductions.

After surveying a number of transition metal-containing compounds,® Ti(OiPr)4, AY(OiPr)s, and
Z1(OiPr)4 were found to provide marked accelerations of CB and BH3-THF reductions of ketones. For
example, uncatalyzed CB reduction of acetophenone (0.25 M, CH,Cl,, 20 °C) requires ca. 24 h for complete
reduction; the addition of 10 mol% Ti(OiPr)4 reduces reaction time to 30 min (93% isolated yield).
Similarly, BH3-THF reduction of acetophenone (0.25 M, CH,CL, 0 °C) requires 30 min; the addition of 10
mol% Ti(OiPr)s ensures complete reduction in less than 1 min (95% isolated yield). Given the ready
availability of optically pure metal alkoxides and recent mechanistic observations regarding CB chemistry,

further studies seemed warranted.
reaction time
reductant uncatalyzed 0.1 Ti(Oi Pr),
M 1.0 reductant
® T CHzCl/20°C 24h 30 min
BHy THF 30 min <1 min

Combination of Ti(OiPr)y and CB 1:10 in the presence or absence of substrate immediately gives dark
red solutions when dilute, or red-black precipitates when concentrated, in several solvents.” Examination of
the supernatant by 13C NMR from a concentrated sample using 1:1 Ti(OiPr)4/CB in CDCl3 shows no
signals associated with catechol. Collection and hydrolysis of the corresponding precipitate gives catechol.
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UV-VIS spectra of dilute 1:1 Ti(OiPr)s/CB CH;Cl, solutions show absorptions at 242 (€ 7,500) and 380 nm
(broad; € 3,400).8 11B NMR spectroscopy was also applied, relying on authentic samples® and analogy to
Literature values1® to make assignments. The CH,Cl; solutions from 1:5 Ti(OiPr)y and CB showed unreact-
ed CB (d, J = 193 Hz, 29.0 ppm), HB(O{Pr)2 (d, J = 159 Hz, 27.4 ppm), and small amounts of what is
consistent with (CgH402)B(OiPr) (s, 23.1 ppm). A 1:1 ratio gives predominately B(OPr)3 (s, 17.7 ppm)
and small amounts of HB(QiPr);.

Apparently rapid metathesis takes place when Ti(OiPr)4 and CB are combined, leading to titanium
catecholate complexes, known to be deeply colored (red-brown-black) solids with similar UV-VIS
spectra, ! and several boron-containing species depending upon the stoichiometry (eq 1). The formation of
HB(OiPr);, a new potential reductant or catalyst, required evaluation. When acetone and BH;3-THF are
mixed in a 2:1 ratio, HB(OiPr). is cleanly generated, as shown by 11B NMR. By itself, however, it is only a
modestly better reducing agent than CB, requiring 4 h to reduce acetophenone (0.25 M, CH,Ch), and when
added in small amounts to CB and ketones mixtures led to no significant acceleration.

O, O
@ \BH + Ti(Oi Pr)e HB(OiPr)a + B(OiPrs + Q)TKOi Pr)e-azn (1)
0’ o n=12

Unlike CB reductions, the catalysis of BH3- THF reductions by Ti(OiPr)4 is dependent on the order of
addition. When a solution of ketone and Ti(OiPr)y is treated with BH3-THF, reduction requires less than 1
min at 0 °C. When a solution of Ti(OiPr) is treated first with BH3-THF and then ketone, the reduction rate
is the same as the uncatalyzed reaction. Once again, 1!B NMR9.10 showed migration of oxygenated
substituents from titanium to boron. The mixing of Ti(OiPr)4 and BH3-THF (1:10) leads to the immediate
formation of HB(QiPr);. A 1:1 ratio leads to HB(QiPr)2, B(OiPr)3, and absorptions that are consistent with
alkoxyborohydrides (m, -14.6; m, -22.2; m, -29.8).12

Additional mechanistic insight was obtained by substituting KOrBu for Ti(O¢éPr)y in BH3-THF and CB
reductions.13 For both, ketone reduction rates were comparable to those with Ti(OiPr)4 catalysis and inde-
pendent of addition order, pointing to the Lewis basic properties of the other metal alkoxides as the source
of catalysis. Presumably, KOsBu and BH3 - THF combine to give K[zBuOBH3], which then disproportion-
ates to related alkoxyborohydrides and eventually borohydride, as others have observed (eq 2).14 Events are
probably similar for CB (eq 3), while the overall slower reactions may be due to its lower Lewis acidity
(Ti(OiPr)4 alkoxyborohydrides disfavored at equilibrium). Given the direct observation of alkoxyboro-
hydrides when BH3-THF and Ti(OiPr)4 are combined 1:1, it is probable that the other metal alkoxides
examined bchave similarly.

BHs + KOtBu ——» [tBuOBHiK ——— [(BuO)4nBHnIK €]

o\ O\ H
O: BH + KOBy === Cl:o,e K* @)
o Ot Bu

A question that arises is why the order of addition is important for Ti(OiPr)4 catalysis of BH3-THF
reductions. One explanation is that there are two competing processes {(eq 4). In the presence of ketone and
BH3-THF, the alkoxyborohydride and ketone react preferentially to give reduction. In the absence of
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ketone, the alkoxyborohydrides must undergo further modifications by BH3-THF to such an extent that the
titanium can no longer act as a gegenion to an alkoxyborohydride or donate an alkoxide to allow additional
alkoxyborohydride generation.!5 That the order of addition is unimportant for Ti(OiPr)4 catalysis of CB
reductions probably reflects the reduced Lewis acidity of CB relative to BH3-THF and the lower

concentration of alkoxyborohydrides.

THOIPN4 + BHy ———= [(I PrO)TIN(/ PrO)BHs] @

BH, destruction

Concurrent with the mechanistic studies, three optically pure alkoxides were examined as prospective
catalysts. Two are titanates of tartaric acid derivatives developed by Seebach, so called TADDOL titan-
ates, 6 and the other a titanate derived from menthol:!” (TADDOL)Ti(QiPr)2 (1), (TADDOL),Ti (2), and
Ti(O-menthyl)4 (3). Perhaps not unexpectedly given the mechanistic pathways described, CB and BH;-THF
reductions of acetophenone with these catalysts gave low enantioselectivities. The best (24% eel8) was
observed, however, with the combination 5 mol% 2 and BH3-THF in CH,Ch (eq 5).

Ph_ _Ph
Me O
X (o] T == 2 Mo 5mol% Me (5)
Me” om0 TBHaTHF
Ph” “Ph CH,Cl, 24% e
2

The very recent report by Evans and coworkers2b that certain transition metal complexes will
accelerate CB hydroboration of alkenes suggested examining this reaction also.19 By 11B NMR,%10 the
combination of CB, cycloheptene, and Ti(QiPr)4 in a 2:1:0.1 ratio (THF solution) at first revealed unreacted
CB, HB(OiPr);, (C¢H402)B(0iPr), and over the course of hours (CsH402)B(OC7H;3) (s, 23.4) and
(C7H130)nB(OiPr)3.4 (s, 17.5 ppm). Substitution of Cp2ZrCl; for Ti(OiPr)4 led to the observation of only
unreacted CB and B(OC7H;3)3 (s, 17.5 ppm). In addition, authentic (CsH402)B(C7H)3) upon treatiment with
stoichiometric Ti(OiPr)y gave no new boron-containing species. No evidence of any intermediate(s)
possessing a B-C bond was obtained, for example (C¢H402)B(C7Hj3) (s, 36.1 ppm). We arc at a loss to
explain the absence of B-C bonded intermediates as great pains were taken to exclude Og, which could
oxidize B-C bonded intermediates and prevent their observation.

In conclusion, the acceleration of CB and BH3-THF reductions by several metal alkoxides has been

observed. Our evidence suggests that these accelerations are due to reactions involving the metal alkoxides
and reducing agents to produce alkoxyborohydrides or borohydride itself. The large number of species
observed and inferred in these reactions of CB and BH3-THF should serve as a warning to those involved in
their chemistry.
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