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The Synthetic Versatility of Acyloxyborohydrides
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Abstract: Scheme 1. Reduction of simple indoles

Acyloxyborohydrides are unsurpassed in their versatility as R NaBH,CN R

reagents in organic synthesis. In addition to their superior \©j HOAG \©j ref. 6,7

ability in effecting reductive amination of aldehydes and N 15°C, 85-94% N

ketones, acyloxyborohydrides can reduce nitrogen heterocycles  R=H,F, Gl Me

(indoles, quinolines, isoquinolines), imines, enamines, oximes, oH oH

amides, nitriles, benzylic alcohols, aryl ketones, aldehydes (but g NaBH,CN R

not ketones), acetalsp-hydroxy ketones, and other substrates. | HOAG ref. 8

The ability to control chemoselectivity, regioselectivity, and N 15°C, 100% N

stereoselectivity by adjusting the carboxylic acid, borohydride R=H, Me

reagent, stoichiometry, and temperature has no parallel in the

repertoire of the organic chemist. gy NaBH,CN N ol 9
XN N HOAc, CH.Cl, X N

. 0°C
1. Introduction
From a quiet and inauspicious beginning 50 years ago, HNTO*BU HNTOFBU

acyloxyborohydrides as reducing agents in synthesis have o} o)
matured into a powerful and versatile set of organic readgents. R =6-Cl, 6-Br, 6-MeS, 6-EtS, 6-Cl-5-F, 5-F-6-1, 5-F-6-CF3, 5-F-6-MeS, 6-EtS-5-F

Following the preparation of an acyloxyborohydridg by
Wartik and Pearson from the reaction of NaBahd CQ

(eq 1)? Brown and Rao postulated the existence of acyloxy-

borohydrides from NaBldand carboxylic acid3.Indepen-
dently, Reetz isolated and characterized NgBBOCH; as
a water-sensitive, white solid (eq 2).

Me,0, 25 °C

Il
NaBH, + 3CO — . 1
4 2 sealed tube NaBH(OCH)s ()

o

THF I
NaBH; + CH,CO.H NaBHzOCCH,4 2

-30°C - 40 °C

alkylation, have been widely exploited and continue to be
simple, efficient transformations (Scheme 1).

This mild indole reduction was used to prepare indolines
1-5. Triethylsilane in trifluoroacetic acid, which is often
comparable to NaBsCN or NaBH, in RCOH, afforded1
in lower yield (48%)i° However, this is not always the case;
for example4 is obtained in higher yield using £8iH/CF-
CO,H than using NaBEICRCO;H (56%) or NaBH/HOAC
(0%) 12

2.2. Amine Alkylation (Reductive Amination of Alde-
hydes and Ketones)Our initial N-alkylation of amines with

Since the earlier reviews cover the chemistry of acyloxy- NaBH/RCO,H involved the generation of an aldehyde,

borohydrides up until 1996,the present article includes

RCHO (or an equivalent species), from the REGolvent

mainly work described over the past decade. The organizationas the source of the alkyl grodp* Although this method

follows that utilized earliet?

2. Chemistry of Acyloxyhborohydrides

2.1. Reduction of IndolesOur discoveries some 30 years
ago of the ability of NaBH-RCQO,H to effect the reduction
andN-alkylation of indoles to givéN-alkylindoline$ and of
NaBH;CN—HOAc to reduce indoles to indolinéssans
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Scheme 2. Amine alkylation using NaBH4/RCO,H
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alkyl groups (Scheme 2§18 a superior variation was NaBH
. . . V3
developed later by Abdel-Magid (vide infra). QQ CHaCH,COH @ ref. 18
42-82%

Abdel-Magid and co-workers made use of our previously
isolated NaBH(OAQ)® to effect reductive amination of alde-
hydes and ketones with amin®shus avoiding the use of
excess carboxylic acid as both the reaction solvent and theselection of other amines synthesized via reductive amination
source of aldehyde. Moreover, ketones can be reductivelyof aldehydes is summarized in Scheme 4, in which the
aminated using this method. This variation has seen enor-formed bond is indicated in bold. These examples illustrate

R NH,
R = OMe, OPr, CONH,, CONHBR, CN

R NPr,

mous utility in synthesis, and only a relatively few examples
can be illustrated in this review. The commercial availability
and its lack of toxicity compared with those of NaBEN
make NaBH(OAGg) the reagent of choice for reductive amin-
ation of aldehydes and ketones. Alternatively, NaBH(QACc)
can be generated in situ from NaBEnd acetic acid®
Sodium acetoxyborohydride efficiently unites primary and

secondary amines with aldehydes, and myriad examples are
known?® Some recent applications are shown in Scheme 3.

The NaBH(OAc)-promoted reductive amination of al-

dehydes with amines has been extended to the solid-ghase,

is an undergraduate laboratory experin¥énhas been
used to introduce tritium into aminésand can be applied
to the industrial scal& The method is an important step

the chemoselectivity of the method.
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Scheme 3. Reductive amination of aldehydes using NaBH(OAg)
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Scheme 4. Products of reductive amination of aldehydes using NaBH(OAg)
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Two major applications of this aldehyde reductive ami- tryptophans, and related amino indotésnd amino acid
nation methodology involve the modification of tryptamines, substrate8! Other notable examples of NaBH(OAcin
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reductive amination reactions are the synthesis of aplysamineScheme 5. Products of reductive amination of ketones
analogue$? novel alkylated piperazingsand piperidine§* using NaBH(OAc);

and oxanorbornene-derived polyheterocyéfeBialdehyde Me‘N/\COQt-Bu \I/ NHAr

7 is converted to amin® with NaBH(OAc) and benzyl- N H

amine®® and lactold likewise affords lactam0under similar th
conditions®” Indole aldehydell undergoes reductive ami- N i ﬁ/\
nation with allylamine (and others) to give tetrahygro- CO,Me CH,OH Boc

carboline1258 ref. 59 (56%) ref. 60 (71%) ref.61 ref. 62 (88%)

CHO

NaBH(OAC), CONH, |
+ PhCHoNH, N—-CH,Ph ref. 56 N N HN
CICH,CH,CI H O/o
CHO
82-86% {j

o)
7 8 N
ref. 64 (87%)
o} o) ~
cl NaBH(OAc);  © |
| 0+ PhCH,NH, | N-CH,Ph  ref. 57 N
a” HOAc, CHCl; ¢l ref. 63 (75%)
9 76% 10
HN MeO.__OMe
CHO _~_-NH; N
N~ >"Me NaBH(OAC), F S
N n-Bu
S0,Ph HOAc, CH,Cl SOZPh = MeO,C NH
90% N Ph
" s oW T
In contrast to aldehydes, the reductive amination of N
ketones with NaBH(OAg) is rarer. Some of the known Me
examples are summarized in Scheme 5 (reaction bond in ref. 65 (80%) ref. 66 (96%) ref. 67 (68%)
bold). Ketone reductive amination was used to synthesize ) )
(—)-papuamine and f)-haliclonadiaminé® squalamine- Enql ethers can serve as ketqne alternatives in the
related 3-aminosteroid8and C-glycosides of nojirimycif?. reductive alkylation of aromatic amines as shown 18r
16.7* Trimethylsilyl enol ethers also function in this reaction
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1393—1396. 2-ethyl-1,2,3,4-tetrahydroisoquinolirg.”®

Vol. 10, No. 5, 2006 / Organic Process Research & Development e 1065



NaBH,CN

ES
L L
N~ ~n-C/Hys ” n-CsHys

HOAc, rt
81%
19 20
NH, NH,
O:N N NaBH5CN O2N SN
ref. 73
N/ HOAc, rt N
78% H
21 22
Br Br
e NaBHyCN
N N ref. 73
= HOAc, THF, rt “CH,CH,
NO, 54% NO,
23 24
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acid media in synthesis were described by Marshall and
Johnson and involved the reduction of steroidal dienamines
to unsaturated amines and the hydroboration of oléfifib.e

latter reaction was quickly adopted by othé&and Djerassi
described the reduction of the vinylogous urethan double
bond in the indole alkaloid vallesiachotamiffeThe inter-
vening 40 years have seen the extensive utility of NaBH
(NaBH;CN)/RCQH for the selective reduction of imines,
enamines, vinylogous amines and carbamates, and related
compounds, in each case involving acid-promoted formation

features the selective reductive methylation of the pyrazine ©f an iminium or immonium ion followed by borohydride

ring in 25 using NaBHCN/HCO,H.”* With NaBH;CN/

HOAC only reduction of the pyrazine ring is observed.
2.4. Reduction of Imines, Enamines, and Related

Compounds.The initial applications of NaBkin carboxylic
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reductiont

Some recent examples of the reduction of vinylogous
amides and carbamates are illustrated in Scheme 6. As can
be seen, this reaction provides a simple routg-4@mino
acids. Palmieri has exploited this approach extensively,
including the reduction of homochirAtenamino esters with
good diastereoselectivity and enantioselectiityhe com-
bination of NaBHCN/CRCO,H also accomplishes this
reduction’® andC-glycosyl enamino esters are reduced with
NaBH(OAC).8°

The method has been applied to the reduction of other
vinylogous carbamate,including the industrial scak&?
vinylogous ured® (e.g.,27 to 28) 8" and indole alkaloids
that possess this linkageThe combination NaBkCN/TFA
reducess-sulfonylenamines en route to indolizidine alka-
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Scheme 6. Reduction of vinylogous carbamates using been reporte®® This tactic is discussed further in section
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0°C afford amines. These methods are illustrated by the two

61% . .
examples shown belo%,°” which again reveal the remark-

able chemoselectivity of acyloxyborohydride reductions.

R =(R)-a-methylbenzyl

/COzMe 6 Immonium ion31 is generated by the trifluoroacetic acid
ol NaBH,CN Lk CO:Me ot 750 decomposition of a Fischer chromium carbonyl carbene
AcO' Bn TFA, 0°C AcO' Bn : complex?ﬁ
AcO 84% AcO
trans:cis (11:1) Ph Ph

N NaBH(OCOCF3);
NH, NH, 0 N-Meg ———— - O N-Me ref. 96
K/ CF3CO,H, 0 °C

o) o
NaBH{OAc
BnO N\COEt NaBH(OAc)y BnO/\Q &cozEt ref. 80
BnG  ©OBn

> 31 57%
BnO OBn HOAc, t
75% (35% de) BnO. .OTBDPS
+ NaBH;CN BnO OTBDPS
e
loids 8 Likewise, enamides (Ninyl carbamates) are smoothly N”"Me HOAc, THF, 0°C 5 ref. 97
85 . . . . le) N™ 'Me
reduced29to 30% as are dienamides in a formal synthesis : 8% 5
of strychnine?® . -OMOM :
. OMOM
| d . . . . .
N N NaBH,CN Likewise, aminocarbinols and similar compounds that
e N HOAG, THF ref. 82b form iminium/immonium ions under acidic conditions are
o} 8;/ readily reduced to amines with acyloxyborohydrides or
27 28 cyanoborohydride (Scheme 8). Amig is an example of
y " reductive amination using TiCl(Oi-Rro form the iminium
Br ~oNogoer  NaBH Br N-co,et s ion.%® Again, with the last example we see that Nal,
BrO CF4004H,-10°C  gno e or an acyloxy derivative thereof, serves a similar role as
OCO,E >90% OCO,Et NaBH, in carboxylic acid media.
29 30 This reduction method was employed in syntheses of

fumiquinazoline fungal metabolites (e.@®3 to 34)'9? and

It is not surprising that imines are easily reduced with \;inplastine analogue€? and in the total synthesis of ect-
acyloxyborohydrides under the acidic conditions of this gj55cidin743%

reaction, and many examples are knowB8ome recent
examples are depicted in Scheme 7.

The reduction of imines with NaBH(OAg)or NaBH;-
CN) in acetic acid was used in syntheses of 1,4-dibenzo-

diazepines? tetrahydroisoquinoline¥, octahydroindole al- fef. 102

kaloids?? vinblastine derivative8 and swainsonine synthe-

tic approache& Several hydroxyl-directed reductions of

imines and derived iminium ions with NaBHhave also-
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Scheme 7. Reduction of imines using NaBH(OAc)
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Not surprisingly, enamines are smoothy reduced to amines
with NaBHy/HOACc as shown foB5—37 195197 This method
has been applied to dienaminés.
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The reduction of imines using acyloxyborohydrides has
been utilized in syntheses of macrocyclic spermine alka-
loids!'®® and (S)-coniingl®

2.5. Reduction of OximesDepending on the conditions,
oximes are reduced to hydroxylamines or reductively alky-
lated to tertiary amines with NaBE&N/HOAc or NaBH/
RCO,H, respectively:111For example, oxim&8is reduced

(111) Gribble, G. W.; Leiby, R. W.; Sheehan, M. Synthesisl977, 856—
859.
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In addition, several examples of oxime ether reduction
are known, as shown fat0 and 41113114

TMSO. NaBHSCN HO., Ph
/[\/ (Y ref. 113
™SO O HOAC rt oNH
80%
40 (83:17 cis:trans)
Bn,
NaBH, N-Q
Mph HOAG th ref. 114
89%
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2.6. Reduction of Amides. Considering the narrow

chemoselectivity presented in the previous sections, including

many amide functionalities, it is surprising that amides can
be reduced to amines with acyloxyborohydrides. In fact, this
reduction, which requires the more reactive NaBlAc, was
announced by Umino et al. in 1976,and many applications
were subsequently describkdlthough this amide reduction
does not always succeétt. However, it has been employed
in the industrial scale synthesis42, an intermediate in the
synthesis of a D1 antagonist.

(112) Sotomayor, N.; Dominguez, E.; Lete,EOrg. Chem1996,61, 4062—
4072.

(113) Zimmer, R.; Arnold, T.; Homann, K.; Reissig, H.-8ynthesi4994 1050
1056.
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S0c.1998,120, 2753—2763.
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2.7. Reduction of Nitriles. Umino also discovered that
the more reactive NaBDCOR reagents can reduce nitriles
to amines!® and this variation has found synthetic utility.
Although no recent examples are available, an attempt to
reduce the cyano group in 4-cyano-2-iodofluorobenzene
resulted in deiodinatioft®

2.8. Reduction of Alcohols to Hydrocarbons.One of
the early discoveries of the synthetic power of NaREF-
CO:H was the reduction of benzylic alcohols to hydrocarbons
via the initial formation of relatively stable carbocatiorg®
Given its inherent limitations, this particular reaction has
proven to be very useful in synthesis (Scheme 9).

Some additional diarylmethane products that are obtained
from the corresponding alcohols are shown below (site of

reduction in bold).
H
o0 .
o ~OO—CF O
M
ref. 126 (84%)

ref. 125
H

ref. 128 (85-95%)
Ry =H, OMe; R, = H, Me

ref. 127 (83%)

PhHPh

AN

l

o~

N
ref. 129 (93%)

ref. 129 (57%)

This reduction method succeeds with other doubly ben-
zylic alcohols, such as calix[4]arenes in which four diphe-
nylmethanol units are reduced to the corresponding diphe-
nylmethaned2® and glycosylated diarylmethandfs.

Although we found early on that benzyl alcohol itself is
not reduced to toluene with NaBKCF;CO,H, some “active”

(118) Umino, N;
2876.
(119) Vaidyanathan, G.; Affleck, D. J.; Zalutsky, M. R. Med. Chem1994,

37, 3655—3662.
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(121) MacQueen, D. B.; Eyler, J. R.; Schanze, KIJSAm. Chem. S0d.992,
114, 1897-1898.
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333, 145—153.

lwakuma, T.; Itoh, NTetrahedron Lett1976 17, 2875-
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Scheme 9. Reduction of benzylic alcohols using NaBHCF3;CO,H
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monobenzylic alcohols can be hydrogenated under theseof a diaryl ketone reduction to a diarylmethané&to 44.1%8
conditions to the corresponding hydrocarbons, as illustrated Other examples involve glycosylated analogues of benzophe-

here.
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Two other examples of the reduction of monobenzylic
alcohols are seen in syntheses of bacteriopetroporphsiins
and vindoline derivative¥®

2.9. Reduction of KetonesGiven the facile reduction
of diarylmethanols to diarylmethanes (vide supra), it is not
surprising that diaryl ketones (benzophenones) are similarly
converted to diarylmethanes with NagBFRCOH.* Thus,

benzophenone is converted to diphenylmethane in 92%

purified yield under these conditioh¥. A recent example
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noned® and a series of naphthyl phenyl ketond5 o 46) 128
Occasionally the method fails due to product instability in
trifluoroacetic acid and the formation of byprodu&t&Thus,
reduction of 2-(4bromobenzoyl)-1,4-dimethoxybenzene gives
the expected diarylmethanes in only modest yields (31—
63%), accompanied by dimeric byprodutisHowever, this

is the rare exception. For example, the combination of
NaBH,/CFCO,H reduces the three carbonyl groups to
methylene groups in a tricalix[5]arene in 95% yiéfdThis
level of efficiency is generally the rule.

OMe O OMe
NaBH,
A0 o
N & CFCOH N B
SO,Ph CH;Cly SO,Ph
43 44
NaBH,

R, CFsCOM, CH:Cl

19-95%

Ry =H, OMe; R2 = Me, G, CN, OMe

ref. 128
1 R2
4

Aryl ketones that can form relatively stable carbocations
like their monobenzylic alcohol counterparts (vide suptra)
can be reduced to the corresponding methylene compounds.
For example, azulene aldehyd&s @nd49) are converted
to 48 and 50, respectively** Both carbonyl groups irb1
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Med. Chem. Lett2006,16, 1696—1701.

(139) Waterlot, C.; Hasiak, B.; Couturier, D.; Rigo, Betrahedron2001,57,
4889—4901.

(140) Wang, J.; Gutsche, C. D. Org. Chem2002,67, 4423—4429.

(141) (a) Song, J.; Hansen, H.Helv. Chim. Actal999 82, 309-314. (b) Song,
J.; Hansen, H.-JHelv. Chim. Actal999,82, 1690—1706. (c) Singh, G.;
Linden, A.; Abou-Hadeed, K.; Hansen, H.Helv. Chim. Acta2002,85,
27-59.



are reduced to biindolg2 '*?2 and the monoactivated ketone of disaccharide48149(55 — 56)14° Interestingly, aminab7
in methyl pyropheophorbide-a is reduced to methylene in is cleaved to58, maintaining the acetal udft? but in the
75% yield!*3 As expected, unactivated acetophenones suchazulene work cited earligt some of the dimethylthioacetal
as 53 fail to give the methylene product (reaction details azulene is reduced with NaBKCFsCO,H .14 Oxazolidines

not provided)#4

oHc Me Me Me
NaBH,
C +Bu CO tBu ref. 141a
CF3CO,H, CH,Cl,
N 75% N\
Ph Ph
47 48
Me Me
OHC NaBH, Me
CO tBU  GF,COM, CH,Cly CO EBu ref. 1415
90%
SMe SMe
49 50
e}

NaBH;0COCF,

ref. 142

( I ][ N

N THF, reflux N

H |l H |
60%

51 52

O ! O
Bl
N r

H
53 (ref. 144)

o}

A different kind of carbonyl to methylene transformation

is seen in the reduction of 5-haloacyl Meldrum’s acids

(54) 5 which was initially accomplished with NaB&N/
HOACc.1%6 A related application of Meldrum’s acids leads to
an excellent synthesis of-substituted acrylate esters®

0.0 0.0
NaBH
¢l K il ¢ \’< ref. 145
R 0 HOAg, rt R o
6 0 56-64%
54
R =H, Me, Et

2.10. Reductive Cleavage of Acetals, Ketals, Ethers,
and Related Compounds.The strong trifluoroacetic acid
in the presence of NaBHcan reductively cleave several

susceptible functional groups, presumably via oxonium ion
species, and several examples have been known for some

time! The early discovery that NaB&N/CRCO;H reduc-
tively cleaves acetal®’ has been employed in the synthesis

(142) Gribble, G. W.; Pelcman, B. Org. Chem1992,57, 3636—3642.

(143) Mettath, S.; Shibata, M.; Alderfer, J. L.; Senge, M. O.; Smith, K. M;
Rein, R.; Dougherty, T. J.; Pandey, R. K.Org. Chem1998,63, 1646—
1656.

(144) Bodwell, G. J.; Li, J.; Miller, D. OTetrahedrorn1 999,55, 12939—12956.

(145) (a) Téth, G.; Tamas, T.; Borbély, Synth. Commur2002, 32, 3659—
3665. (b) See also: Hin, B.; Majer, P.; TsukamotoJTOrg. Chem2002
67, 7365—7368.

(146) Nutaitis, C. F.; Schultz, R. A.; Obaza, J.; Smith, F3XOrg. Chem198Q
45, 4606—4608.

(147) Johansson, R.; Samuelsson]JBChem. Soc., Perkin Trans1984 2371~
2374.

are easily cleavedb@ — 60),%* and this tactic was featured

in the first enantiospecific synthesis of salinosporamidé&?A.
The synthesis of swainosonine alkaloids features a similar
reductive cleavage of tetrahydro-1,3-oxaziffes.

Ho__oMe NaBHON O 4OMe
Ok 3 Bno/\q ref. 149
Ph™ 07 "0Ac CFsCOM THE  Ho™ " “0Ac
OAc 73% OAc
55 56
fNH NaBH(OAC) 0
N/kﬁmo NaBH(OAC)s HzN/\/\N/\SJ”‘O ref. 150
N / HOAG, THF X
" 'o)( no' ©
57 58
Qo NcoMe _NaBH(OAc); (NjVCOZNIe ref. 151

HOACc, 1t

Ph\\.k/ o S OH
93%

59 60 (d.e. = 90%)

The benzylic amine moiety iois-tetrahydro-3-carboline
61is cleaved td62 with NaBH/CFCO,H, but the reaction
fails with the trans isomé3 Lactol 63, which is presumably
in equilibrium with the keto carbinol amine, undergoes
ketone and immonium ion reduction to gig45* The acetal
functionality remains unaffected, and only acetic acid is
required.

~COMe  NaBH,CN COyMe
w ref. 153
N Nign  CF4COH, CHoCly Bn
:\(S rt ]
25%
[ )
61 62
N,Bn ,Bn
o NaBH,CN O
HO ref. 154
HOAg, rt HO —
8,0 o 8
63 64

2.11. Hydroxy-Directed Reduction of KetonesAlong
with reductive amination, the acyloxyborohydride reduction
of B-hydroxy ketones has proven extraordinarily useful in

(148) Wang, Y.; Babirad, S. A.; Kishi, YJ. Org. Chem1992,57, 468—481.

(149) Roén, A. Padron, J. |.; Vazquez, J.JI.Org. Chem2003, 68, 4615—
4630.

(150) Berges, D. A.; Ridges, M. D.; Dalley, N. B. Org. Chem1998 63, 391—
392.

(151) Calvet, S.; David, O.; Vanucci-Bacqué, C.; Fargeau-Bellassoued, M.-C.
Tetrahedron2003,59, 6333—6339.

(152) Reddy, L. R.; Saravanan, P.; Corey, EJ.JAm. Chem. So2004,126,
6230—6231.

(153) Cox, E. D.; Hamaker, L. K.; Li, J.; Yu, P.; Czerwinski, K. M.; Deng, L.;
Bennett, D. W.; Cook, J. M.; Watson, W. H.; Krawiec, M.0Org. Chem.
1997,62, 44-61.

(154) Gallos, J. K.; Demeroudi, S. C.; Stathopoulou, C. C.; Dellios, C. C.
Tetrahedron Lett2001,42, 7497—7499.
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Scheme 10. B-Hydroxy directed ketone reduction using acid}# kendomycint®* spirastrellolide A% dolabelide D¢

BH(OAC)s and pericosine B™—in what certainly is an incomplete list.
OH O BHOA o OAc OH OH Selected examples are shown in Scheme 11.
z C 1
R1/\)LR2 s R1Zl 0/ ope —= R, /\)\R2 Sev_eral groups have reporte_d tl@dwyd.roxyl—dlrected
HOAG reduction of various ketonucleosid&8:1°6Simple systems

also undergo this stereoselective reduction (6%).1°” and
organic synthesis.Although discovered independently by the method has been applied to the synthesis of polypropi-
ust®s and Saksen#? Evans parlayed this method into a onateg-%
powerful weapon, “anti-aldol reduction”, in stereoselective

synthesis (Scheme 18 R e NH2

Examples of this reduction far too numerous to show have |
been described in the past 10 years; therefore, our coverage Ho g 7 R, NaBH(OA), of. 188b
is mostly limited to the past few years. The enormous power MeCN, 0 °C ’
of the method is revealed in the list of natural product 84-85%
syntheses (or approaches thereto) that have empjoysd Ry = H, NH,
droxy-directed reduction of ketones using NaBH(OA©r Ry = Cl, CO;Me
MesNBH(OAC); (in no special order): cyclophellitdf®
sanglifehrin Al aurisides A and B aglycol? calyculin OOC OOO

. . . . . . HO HO

A,***nodulisporic acid A°? milbemycin1® rutamycin B64 o Me.NBH(OAC) o of. 196
parasitic wasp lactoné&; rhizoxins1%¢ omuralide and lac- HOAc, THF, rt
tacystinté” pyripyropene A8 thiazinotrienomycin E%° d 86% O
scytophycin C° hemibrevetoxin B/ FR-900482 ana-
loguest’? phorboxazole A72 bryostatinss’4 phorbol7® poly- Q NaBH(OAG), HOZ_>
cavernoside A7® serofendic acid¥)’ spongistatin 178 HO\,\“b..,Ph MeCN, 0 °C HO .. o "Ph ref. 197

oleandolidée,’® callipeltoside A0 rottnestol and raspailols

R . .. 94%
A and B8 mycosaminé® macrolactins and macrolactinic 65

Although a chairlike transition state (Scheme 10) does
not operate in the acylborohydride reductionosfiydroxy
ketones, these substrates nevertheless can be reduced via
intramolecular hydride delivery leading to syntheses of
allopumiliotoxin A'*°the bruceantin quassinoié®,and the
rocaglamide®?! (Scheme 12).
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Scheme 11. p-Hydroxy-directed reduction of ketones using BH(OACc)

OH O OTBS| OQAC  \e,NBH(OAC) OH OH OTBS| OAc
o H / - A - P ref. 186
YA mPr HoAc, MeCN, THF 3 n-pr

91%

(>10:1 dn)
0._SPh
| Me,NBH(OAG); ot 1665
I\~ HOAc, MeCN, THF | -
MeO O OH OTBDPS 74% MeO OH OH OTBDPS

NaBH(OAc);

ref. 175
THF
92%
CO,Me
cl Me,NBH(OAc);
ref. 187
- MeCN, HOAc R
HO" ™S 0o HO™ ™" ~OH
OH 64% OH
Scheme 12. o-Hydroxy-directed ketone reduction there are cases where tlfiehydroxy-directed ketone re-
n-Bu n-Bu duction fails in seemingly plausible cas&&put these are
rare!
Me,NBH(OAC);
ref. 199
HOAc, acstone, rt .
¢, acetone " “OH MeNBH(OAG); o /O o
73% OH
(ds >25:1) S acetone, HOAc o OH O
OH " il O
Ottg OH 5%
Oy~ HOW_~ 66 67 68 69
“COpMe “'CO,Me
J\ NaBH(OAc), 0 )\ ref. 200 Related to hydroxy-directed ketone reduction is an
o Sopr EtOAC,0°C Nt 0 SOEt example of apparent carboxy-directed ketone reduciion,
A 88% : — 712% The methyl ester o70 fails to react with NaBH-
(OAC)s.
1 1
T wo P T ho OH o
Me,NBH(OAC)s HO,
“HORG, MeoN o201 D T o
2 ¢, Me 2 e — ref. 205
R AW R A N"TCOM hone, cH,C, N~ COoH
12-79% Cbz Cob
95% z
(2 steps)
70 7

R'! = H, OMe, F, CI, Me
R2 = MeO, H, F, CI, Me, OBn

Ar = Ph, 4.MoPh. 4-MeOPh, 4-CIPh It has been reported that-amino- ando-hydroxyac-

etophenones and the correspondirgubstituted benzophe-
nones undergo intramolecular hydride reduct$nThus,
whereaso-hydroxyacetophenone is reduced completely to
the corresponding alcohol by NaBHOAc within 10 min

at room temperature, acetophenone itself is reduced only to
the extent of 23% under the same conditions, and
hydroxyacetophenone is reduced only to the extent of 12%.
Similar results obtain foo-amino- ando-dimethylaminoac-

Whereas bicyclic hydroxy ketor@ is reduced smoothly
to 67 via intramolecular hydride delivery, isomeric hydroxy
ketone68 fails to be reduced at af? This lack of reactivity
is ascribed to an overly long distance between the carbonyl
group and the hydride to be transferred. Ket@®also
undergoeg-hydroxy-directed ketone reduction with NaBH-
(OAc); to afford the expected diol in 88% yiete However,

(204) Wittman, M. D.; Kadow, J. F.; Vyas, D. M.etrahedron Lett2000,41,

(201) Diedrichs, N.; Ragot, J. P.; Thede, Eur. J. Org. Chem2005, 1731— 4729—4731.

1735. (205) Liu, Y.-T.; Wong, J. K.; Tao, M.; Osterman, R.; Sannigrahi, M,
(202) Almqvist, F.; Ekman, N.; Frejd, T. Org. Chem1996,61, 3794—3798. Girijavallabhan, V. M.; Saksena, Jetrahedron Lett2004,45, 6097—
(203) Gomez, A. M.; Lépez, J. C.; Fraser-Reid, B.Org. Chem.1995, 60, 6100.

3859—3870. (206) Nieminen, T. E. A.; Hase, T. Aletrahedron Lett1987,28, 4725—4728.
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etophenone, but not fop-bromo- oro-methoxyacetophe-

nones. Likewise, whereas benzophenone is completely

reduced to diphenylmethanol in 60 h (NaBHOACc),
o-hydroxybenzophenone is reduced completelyotby-
droxydiphenylmethanol in just 5 m#® Similarly, o-

aminobenzophenone requires only 1 h for complete reduction

to the corresponding alcohol, amdmethoxybenzophenone

is fully reduced after 30 h. These studies involve the more

reactive NaBH(OAc),, presumably formed from NaBH
HOACc (1:2).

2.12. Miscellaneous Applications of Acyloxyborohy-
drides. The Hutchins reductive cleavage of tosylhydra-
zoned" has been used to prepare pyrré&?°® A Hutchins
reduction of longer-chain ester derivatives/@fleads to 1+
21% of the corresponding 2,5-dihydropyrroles along with
the expected pyrroles (68—73%%.

NHT.
Nl, S
COMe  NaBH4CN CO,Me
B _NaBHCN W ref, 208
N HOAg, 40 °C N
1 |
SO,Ph 75% SO,Ph
72 73

Turnbull, who described the reduction of aroyl azides with
NaBH,/CRCO;H, ?°has discovered the related conversion
of aryl isocyanates to the correspondimgN-bis(2,2,2-
trifluoroethyl)anilines,74 — 7521 Reduction of74, R =
NO,, leads to76 (78%), and reduction of4, R = H, affords
the “DDT-type” compound?7 (73%), both reaction types
of which have precedents from our earlier wétk.

R

74
R =Cl, Br, Me, OMe

NHCOCF, CFs3
O.N

76

CH,CF5

N,

H,CF.
/©/ CHCFs et 211
R

75

NaBH,

CF4COLH, t
71-82%

77

Although not a benzylic amine, catharanthii8)behaves
like tetrahydrog-carboline61in undergoing facile cleavage
with NaBHy/CFRCQO,H to afford 18-carbomethoxycleavamine
(79)_213

The reduction of carboxylic acids to alcohols using
NaBH, has never attracted much inter&stowever, a recent
method involving NaBH with catalytic 3,4,5-trifluoro-
phenylboronic acid (ArB(OH) seems to be efficient and

(207) Hutchins, R. O.; Natale, N. R. Org. Chem1978,43, 2299—2301.
(208) Zelikin, A.; Shastri, V. R.; Langer, Rl. Org. Chem.1999, 64, 3379—

3380.

(209) Freitas, J. M.; Abrantes, L. M.; Darbre, Aelv. Chim. Acta2005, 88,
2470—2478.

(210) Krein, D. M.; Sullivan, P. J.; Turnbull, KTetrahedron Lett1996, 37,
7213—-7216.

(211) Turnbull, K.; Krein, D. M.Synthesisl999, 391—-392.

(212) (a) Gribble, G. W.; Nutaitis, C. F.; Leese, R. Meterocyclesl984,22,
379—386. (b) Nutaitis, C. F.; Gribble, G. Vynthesisl985, 756—758.

(213) Hardouin, C.; Doris, E.; Rousseau, B.; MioskowskiJ Grg. Chem2002
67, 6571—6574.
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N NaBH, N
| Y | 7 ref.213
N CF4CO,H, THF, 1t N
H
COMe 83% CO,Me
78 79
(3:1 epimers})
versatile as summarized hefé.
NaBH,
RCO,H RCH,OH
ArB(OH),, THF, rt
80-90%
R = n-Octyl, Bi(CHy)s, Bn, N3(CHy),
= | CO,H NaBH, = | CH,OH
R— RL
X ArB(OH),, THF, rt X

78-99%
R =H, 4-Cl, 4-CN, 4-OH, 4-NO,, 3,4,5-(MeO);, 2,4-(MeO),

An interesting variation of the Perkin reaction features
the union of aliphatic carboxylic acids (instead of carboxylic
acid anhydrides), aromatic aldehydes, and NaBHafford
cinnamic acids (803*°

_~_CHO NaBH, _~_CH=C(RACO,H
R’{j/ + R2CH,CO,H R1©/
X NMP, 185 °C x
59-86% 80

R = H, 3-Cl, 4-Cl, 3-NO,, 4-NO,, 4-MeO
R2=H, Me

A fascinating transformation is the NaBH(OAg)ro-
moted conversion dfl-fluoropyridinium triflates, isonitriles,
and a nitrile solvent to imidazo[1&}pyridines (817 The
NaBH(OACc) is proposed both to act as a base to remove
the acidic C-2 proton from thbl-fluoropyridinium triflate,
to initiate a three-component process, and ultimately to
reduce putative intermedia&? giving 81 directly. [Note:
the paper incorrectly show8l as not being a resonance
structure of the final product.]

R Ry
1
NEN NaBH(OAc), N
[ + R.CN + RgNC l
— 7109,
Ny (solvent) A4-73% NN
F OTf }=(
RN g,
Ry = H, 2-Me, 4-Me, 4-i-Pr, 2-Ph, 3-C[, 3-Me, 2-MeQO
R, = Me, Et 81
Rs = Pr, +Bu, Ph, CH,CO,Et, Bn, cyclohexyl, Ar
Ry Ry R
Ny NaBH(OAc); N N
» D — 1
TN N N" N NN
R N)\/< _H R HN):<
3 R, RsHN R, 3 R,
82 81

3. New Acyloxyhorohydrides
Two important advances in acyloxyborohydride reagents
are the preparation, characterization, and reactions of tritiated

(214) Tale, R. H.; Patil, K. M.; Dapurkar, S. Hetrahedron Lett2003, 44,
3427—-3428.

(215) Chiriac, C. I.; Tanasa, F.; Onciu, Nletrahedron Lett2003,44, 3579—
3580.

(216) Kiselyov, A. S.Tetrahedron Lett2005,46, 4487—4490.



triacetoxyborohydridé’ and the synthesis of a polymer- X X H
supported acetoxyborohydrid@32” The former reagent @H\/O @H Ph A~ NG Ph
allows for the introduction of tritium into compounds of N N O,o T
interest to radiochemists. An example is the preparation of 90% 5 J 39%

anilinogeranyl pyrophosphate (8%). 91%
o) e SNl ¢ b
K/N /Q
MeO,C~ "N
= MeO,C” N » H/\O
63%
NH 59% 93%
+H NaB®*H(OAc)s .
= x""0Ac 4. Concluding Remarks
o HOAg, CICH,CH,CI
rt

The commercial availability and remarkable stability of
H sodium and tetramethylammonium triacetoxyborohydrides,
@NMOAC the ease of in situ generation of other acyloxyborohydrides,
®H and the special reduction properties of sodium borohydride

and sodium cyanoborohydride in trifluoroacetic acid combine

to make these reagents extraordinarily useful and widely

Reductive aminations of ketones and aldehydes u&ig applicable in organic synthesis

proceed very well as summarized for the products shown
here?7
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