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Metal Alkoxide Catalysis of Catecholborane and Borane Reductions. 
Mecbanistk Studies. 

Catccholborane (CB) and BH3-THF have garr~& attention rcccntly with their use in Group 9l aad 

samarium catalyzed2 01&n hydmbomdon and oxazaborolidine catalyzed3 ketone nduction, respectively. 

Given the Lewis acidic chamcter present in some of these catalyst systems and TX& aaxlemted BH3.THF 

reductions,’ the examination of Lewis acids in conjunction with thcsc rcductants scemcd appropriate. We 

report observations on the accelerating effect of mm&ion metal dkoxida on CB and BH3~THFtedwtions 

ofkctoncs. Intuwtingly, mechanistic studies auggcst that it is the Lewis &I& rather than acidic character of 

these amphotclic mateMs that leads to ac4xlcxated xeductions. 

After surveying a number of transition metal-containing compounds? Ti(O1R)4, Al(OIR)s, and 

zl(O1’)4 were found to provide marked accelerations of CB and BHpTHF reductions of ketones. For 

example, uncatalyzcd CB nxlu+m of acctophcnonc (0.25 M, CHzC12, 20 “C) requixs ca. 24 h ti complctc 

reduction; the addition of 10 mol% Ti(OfEQ reduces reaction time to 30 min (93% isolated yield). 

Similarly, BH3.THF reduction of acctophenone (0.25 M, C!H2C&, 0 “C) xtquiws 30 miq the addition of 10 

mol% Ti(OGV)4 ensures complete reduction in leas than 1 min (95% isolated yield). Given the ready 

availability of optically pure metal alkow and recent mechanistic observations regarding CB ~hemistry.~ 

fultherstudiesseemcdwarranted. 

reactiontime 

fechlotar# lJncatalyzed 0.1 ?i(OlPrk 

Me 
l.Qreducw# 

CH2Ck/2OS 24 h 

&-THF 3Omin 

CombinationofTi(OfR~andCB 1:1Ointhepresenceop.8bscI1ccofsu~immadiaalygivesdark 

red solutions when dilute, or red-black precipitates when conculm in scvual solvents.7 Examination of 

the supcmatant by t3C NMR from a concentrated sample using 1:l Ti(OlR).&!B in CDCl3 shows no 

signals associated with catechol. Collection and hydrolysis of the wmsponding @pitate gives catechol. 
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UV-VIS spectra of dilute 1: 1 Ti(OiR)&!E8 C&C& solutions show absorptions at 242 (e 7500) and 380 nm 

(broad; e 3,400).* llB NMR specs was also applied, relying on authentic samples9 and analog to 

l&rature valuesto to make assignmnts. The CH2Cl2 solutions fmm 1:s Ti(OlPrb and CB showe4l unleact- 

d CB (d, J = 193 Hz. 29.0 pp). HB(OPr)2 (d, J = 159 Hz. 27.4 ppm). and small munts of what is 

consistent with (Cd-L&)B(OiPr) (s, 23.1 ppm). A 1:l mtio gives pnzdominately B(OPr)3 (8.17.7 ppm) 

andsmall amounts of HB(Oipr)z. 

Apparently rapid metathesis takes place when Ti(OiP& and CB are combined, leading to titanium 

catecholate complexes, known to be deeply colored (red-brown-black) solids with similar UV-VIS 

specna, l l and several boron-cuntaining species depem%ng upon the stoichi~ (eq 1). The formation of 

HB(OZrjz, a new potential n?ductant or catalyst, required evaluation. When acetone and BH3.THF am 

mixed in a 2: 1 ratio, I-IB(OIR)z is cleanly genera&d, as shown by 1 lB NIKIL By itself, however, it is only a 

modestly better reducing agent than CB, requiring 4 h to redua acetophenone (0.25 M. CHzC&), and when 

added in small amounts to CB and ketones mixtures led to no significant acccleratiot~. 

BH + Ti(Oi Pr)a 4 HB(OiPr)i + B(OiPr)a + Oi Pr)cat (1) 

n=1,2 

Unlike CB reductions, the catalysis of BHs.THF reductions by Ti(OiR)s is dependent on the order of 

addition. Wben a solution of ketone and Ti(Oiprb is tteated wlth BH3*TIW, mduction requbcs less than 1 

mlnatO”C. WhenasolutionofTi(OiR)4istreatedfirstwithBH3.~aodthenkctone,~eraductionrate 

is the same as the uncatalyxed reaction. Once again, l*B NMRQ.IO showed migration of oxygenated 

substituents Fran titanium to boron. The mixing of Ti(OiR)4 and BH3.THF (1:lO) leads to the m 

formation of HB(OiRh. A 1:1 ratio leads to HB(OiR)2, B(OPrI3, and absorptions that are consistent with 

alkoxyborohydSdes (I& -14.6; m, -22.2; m, -29.8). 12 

Additional mechanistic insight was obtained by substituting KOtBu for Ti(oiP& in BH3 .THF and CB 

reductions13 For both, ketone reduction rates wcrc mmparable to those with Ti(OiR)4 catalysis and inde- 

pendent of addition o&r, pointing to the Lewis basic pmperties of the otk metal alkoxides as the source 

of catalysis. Resumably, KOtBu and BHs.THF combine to give WtBuOBH& which then disproportion- 

ates to related alkoxybomhydrides and eventually borohydride, as others have obsuved (eq 2).14 Events am 

probably similar for CB (eq 3), while the overall slower reaetions may be due to its lower Lewis acidity 

(Ti(oiR)4 a&oxyborohydrides disfavored at equilibrium). Given the direct observation of alkoxybo~ 

hydrides when BH3.THF and Ti(OiPr)4 are combined 1~1, it is probable that the other metal alkoxides 

examined behave simihuly. 

BH3+ KOtBu - [tBuOBHJ]K - 10 Buoh-ftBHnlK (2) 

+ KOtBu V 

A question that arises is why the order of addition is importmt for Ti(oiR)4 catalysis of BHrTHF 

mh8ctions. One explanation is that there are two competing processes (eq 4). In the presence of ketone and 

BH3eTHF. 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 BHyTHF to such au extent that the 

titanium can no longer act as 8 gegenion to an alkoxybomhydride a donate 811 alkoxide to allow additional 

alkoxybomhydride generatmt~.~~ That the order of addition is unimpormnt for Ti(OiR)4 catalysis of CB 

reductions probably reflects the reduced Lewis acidity of CB relative to BH3.THE and the lower 

concentration ofalkoxyboxohydrides 

Concurrent with the mechanistic studies, three opticalIy pure alkoxides wem examined as prospective 

catalysts. Two are titanates of tattarlc acid derivatives developed by Seebach. so called TADDOL titan- 

ates,t” and the other a titanate derived from menthol:” (TADDOL)-K(OlPr)2 (0, (TADDOLhTi (2). and 

Ti(Omenthyl)4 (3). Perhaps not unexpectedly given the mchanistic pathways described, CB and BH3-THE 

reductions of acetophenone with these catalysts gave low enantioselectivities. The best (24% eel*) was 

med, however, with the combination 5 mol% 2 and BHs.THF in CH$& (eq 5). 

5mol%2 
Me - 

BHrTHF 
CH2a2 

(5) 

24% ee 

The very recent report by Evans and coworkers zb that certain transition metal complexes will 

accelerate CB hydroboration of alkenes suggested examining this reaction also.19 By 1tB NMR,g*lo the 

combination of CB, cycloheptme, and Ti(OiR)4 in a 2:l:O.l ratio (.THF solution) at first revealed unrcacted 

CB, HB(OiRh, (CsH402)B(OfPr), and over the course of hours (C&L.&)E(~7Hr3) (s. 23.4) and 

(C7Ht30)nB(OiR)s~ (s, 17.5 ppm). Substitution of Cp$?Xl~ for Ti(OiR)4 led to the observation of only 

umwzted CB and B(OC7H13)3 (s, 17.5 ppm). In addition, authentic (C$-L&)B(GHt3) upon treatment with 

stoichiometric Ti(OiRb gave no new boron-containing species. No evidence of any intermediate(s) 

possessing a B-C bond was obtained, for example (C!&_&)B(C7Ht3) (s. 36.1 ppm). We are at a loss to 

explain the absence of B-C bonded intermediates as great pains were taken to exclude 02. which could 

oxidixe B-C bonded inmrmediates 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 mezaI 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.TI-W should serve as a warning to those involved in 

their chemistry. 
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Evans and coworkers have noted the same behavior with this combination. private fusion. 

Mix& Ti(Gipr).t and eatechol 1:l in CH2Cl2 gave essentially the same W-VI!$ spwrum. 

Authentic samples of C!%, BI+THF, H%(oiPr~ jCXI&&)%(C7Hts). and (C&I.t~)B(GC7Ht3) were 
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Enantioseleetivities detetmined by optical rotatien. 

Uncatalyxed allcene hydtnboration by CB requires days at elevated temperature, but with the addition 

Ti(OfPrh the rea&on takes overnight at 20 Oc. 


