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was stirred for 2 h and then diluted with ether, washed with water,
saturated sodium bicarbonate, and brine, dried (MgSO,), and
concentrated. The residue was chromatographed (5:1 hex-
anes/EtOAc) and gave 78 mg (94%) of 23: [a]®p = +19.2° (¢
1.0, CHCly); IR (CHCl,) 1722, 697 em™); 'H NMR (400 MHz) §
0.85 (m, 6 H, 2 X CHy), 1.18-1.32 (b m, 28 H), 1.53 (m, 2 H, CH,),
1.63 (m, 2 H, CH,), 2.48 (m, 1 H, CHO), 3.65 (m, 2 H, CHO and
OH), 3.92 (m, 1 H, CHO), 441 (AB, J,,,, = 12 Hz, 1 H, ArCH,0),
4.58 (AB, J,,, = 12 Hz, 1 H, ArCH,0), 5.15 (m, 2 H, ArCH,0CO),
7.3 (m, 10 H, Ar); mass spectrum m/e 553, 445, 427, 337, 319, 301.
ﬁnal. Calcd for CggHy04 C, 78.2; H, 10.21. Found: C, 78.01;

, 10.21,

(28,39 ,55)-2-Hexyl-3-hydroxy-5-(benzyloxy) hexadecanoic
Acid (24). To a solution of 475 mg (0.86 mmol) of 23 in 9 mL
of ethanol was added 2.6 mL of 1 N sodium hydroxide. The
reaction mixture was heated at 50 °C for 4 h, cooled, and then
concentrated. The residue was diluted with water, acidified with
1 N hydrochloride acid, and extracted with ethyl acetate. The
organic solution was washed with brine, dried (MgSO,), and
concentrated. The crude product was chromatographed (1:1
hexanes/EtOAc, 9:1 chloroform/methanol) and gave 392 mg
(99%) of 24: []%®p = +12.06° (c 0.92, CHCl,); IR (CHCly) 1747,
1572, 698 cm™!; 'H NMR (400 MHz) 4 0.87 (m, 6 H, 2 x CH,),
1.1-1.39 (b, 32 H, CHy’s), 1.5-1.7 (bd, 2 H), 2.3 (b s, 1 H, CHCO),
3.7(bs,1H,CHO), 3.9 (bs, 1 H, CHO), 4.5 (b d, 2 H, ArCH,),
7.28 (s, 5 H, Ar); mass spectrum m/e 462, 444, 307, 144,

(2'S,38,48)-3-Hexyl-4-[2"-(benzyloxy)tridecyl Joxetan-2-one
(25). To a solution of 363 mg (0.78 mmol) of 24 in 10 mL of dry
pyridine at 0 °C was added 0.19 mL (1.6 mmol) of benzenesulfonyl
chloride. After 17 h at 0 °C, the mixture was added to 20 mL
of cold brine. This was extracted with ether, dried (MgSO,), and
concentrated. The residue was chromatographed (10:1 hex-
anes/EtOAc) and gave 239 mg (69%) of 26: [a]®p = -3.44° (c
0.93, CHCly); IR (CHCI;) 1818, 698 cm™'; 'H NMR (400 MHz)
5 0.84 (m, 6 H), 1.2-1.5 (b, 27 H), 1.6 (m, 1 H), 1.65 (m, 2 H), 1.75
(m, 1 H), 1.92 (m, 1 H), 2.15 (m, 1 H), 3.25 (m, 1 H, CHCO), 3.52
(m, 1 H, CHO), 4.43 (m, 1 H, CHOCO), 4.44 (AB, J,,,, = 12 Hz,
1 H, ArCH,), 4.54 (AB, J,., = 12 Hz, 1 H, ArCH,), 7.32 (m, 5 H,
Ar); mass spectrum m/e 444, 416, 398, 338, 291. Anal. Calcd for
CyH,03 C, 78.33; H, 10.88. Found: C, 78.61; H, 10.80.

(2'8,35,489)-3-Hexyl-4-(2”-hydroxytridecyl)oxetan-2-one
(7). To a solution of 224 mg (0.505 mmol) of 25 in 7 mL of THF
was added 40 mg of 10% Pd/C. The mixture was stirred under
1 atm of hydrogen. After 3 h, the catalyst was removed by
filtration and the filtrate was concentrated. The residue was
crystallized from hexane and gave 170 mg (95%) of 7: mp 63-64
°C (hexanes); [a]®p = —16.3° (¢ 1.05, CHCl,); IR (CHCl,) 3545,
1812 em™Y; 'H NMR (400 MHz) 4 0.9 (m, 6 H, 2 X CHj), 1.2-1.38

(b, 26 H, CH,), 1.43 (m, 1 H), 1.5 (m, 1 H), 1.61 (d, 1 H), 1.7-1.91
(m, 3 H), 2.0 (m, 1 H), 3.32 (m, 1 H, CHCO), 3.8 (s, 1 H, CHO),
4.42 (m, 1 H, CHOCO); mass spectrum m/e 354, 336, 292, 270,
252, 199, 181. Anal. Caled for CooH,O05 C, 74.52; H, 11.94.
Found: C, 74.73; H, 12.11.

(18,2'S,3’S)-N-[(Phenylmethoxy)carbonyl}-L-leucine
1-[(3’-Hexyl-4’-0x0-2"-0xetanyl)methyl}dodecyl Ester (26). To
a solution of 590 mg (2.22 mmol) of (S)-N-{(benzyloxy)-
carbonyl]leucine in 6 mL of dichloromethane at 4 °C was added
228 mg (1.11 mmol) of 1,3-dicyclohexylcarbodiimide. After 15
min, the precipitate was removed by vacuum filtration. The
filtrate was concentrated, dissolved in 4.5 mL of dimethylform-
amide, and then added to a solution of 197 mg (0.55 mmol) of
7 and 8 mg of 4-(N,N-dimethylamino)pyridine in 2.5 mL of di-
methylformamide. After 35 min the reaction mixture was diluted
with 15 mL of cold water and extracted with ether. The organic
solution was washed with brine, dried (MgSO,), and concentrated.
The residue was chromatographed (6:1 hexanes/EtOAc) and
crystallized from pentane and gave 283 mg (85%) of 26: mp
47.5-48.5 °C, [a]®p = —23.86° (¢ 1.08, CHCl,); IR (CHCl) 3335,
1842, 1730, 1692, 697 cm™; TH NMR (400 MHz) 4 0.85 (t, 6 H),
0.95 (t, 6 H), 1.2 (b, 27 H), 1.6 (m, 3 H), 1.7 (m, 3 H), 1.96 (m,
1 H), 2.15 (m, 1 H), 3.2 (m, 1 H, CH), 4.25 (m, 1 H, CHO), 4.35
(m, 1 H, CHO), 5.0 (bs, 1 H, OH), 5.08 (d, 1 H, NH), 5.11 (bss,
2 H, ArCH,), 7.32 (s, 5 H); mass spectrum m/e 601, 557, 466, 449,
382, 337. Anal. Caled for C3sHgoNOg: C, 71.84; H, 9.88; N, 2.33.
Found: C, 71.92; H 9.97; N 2.36.

Tetrahydrolipstatin (4). To a solution of 230 mg (0.382
mmol) of 26 in 6 mL of THF was added 28 mg of 10% Pd/C. The
mixture was stirred under 1 atm of hydrogen. After 4 h, the
catalyst was removed by filtration and the filtrate was concen-
trated. The residue was treated with 0.36 mL (0.47 mmol) of
formic acetic anhydride. After 5 min, the mixture was diluted
with ether. The organic solution was washed with saturated
sodium bicarbonate and brine, dried (MgSO,), and concentrated.
The residue was crystallized from pentane to provide 137 mg
(72%) of 4: mp 42-43 °C (pentane); [a] % -34.58° (c 0.96, CHCl,);
IR (CHCl,) 3340, 1840, 1722, 1710, 1680, 1668 cm™; 'H NMR (400
MHz) 5 0.9 (m, 6 H), 1.0 (m, 6 H), 1.2-1.5 (b, 28 H), 1.52-1.9 (m,
5 H), 2.0 (m, 1 H), 2.15 (m, 1 H), 3.22 (m, 1 H), 4.3 (m, 1 H), 4.7
(m, 1 H), 5.12 (m, 1 H), 5.9 (d, 1 H), 8.22 (d, 1 H); mass spectrum
m/e 495, 480, 292, 57, 29. Anal, Caled for CoH;NOg: C, 70.26;
H, 10.78; N, 2.83. Found: C, 70.05; H, 10.81; N, 2.78.

Acknowledgment. We express our gratitude to the
members of the Physical Chemistry Department of
Hoffmann-La Roche, Inc., for determination of spectral
and analytical data.

Computer-Assisted Mechanistic Evaluation of Organic Reactions. 18.
Reductions with Hydrides

Genevieve D. Paderes, Pascal Metivier,! and William L. Jorgensen*

Department of Chemistry, Yale University, New Haven, Connecticut 06511
Received January 14, 1991 (Revised Manuscript Received April 17, 1991)

A reaction module for processing the reduction chemistry of metal hydrides and boranes has been developed
for the computer program caME0. The general algorithm analyzes and classifies reductive transformations in
terms of fundamental mechanistic steps. Central to this algorithm has been the development of general functional
group reactivity tables from which competitions between viable reducible sites are assessed. Existing routines
for calculating FMO energies, bond dissociation energies, ion stabilities, pK,'s, and Taft E, parameters have been
utilized for the determination of chemo- and regioselectivities. Examples of reaction sequences demonstrating
the current predictive capabilities of CAMEO are presented.

I. Introduction
CAMEO, an interactive computer program designed to
predict the outcome of organic reactions given the reac-

*Present address: Rhone-Poulenc Recherches, 69192 Saint-Fons,
France.

tants and conditions, is under continuous expansion.!
Recently, the scope of the program has been enhanced to

(1) For a review, see: Jorgensen, W. L.; Laird, E. R.; Gushurst, A. J.;
Fleischer, J. M.; Gothe, S. A.; Helson, H. E.; Paderes, G. D.; Sinclair, S.
Pure Appl. Chem, 1990, 62, 1921.
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encompass free-radical chain processes? and oxidation
reactions of transition-metal acetates, metal and nonmetal
oxides, peracids, and chromium(VI) oxidants.® Other
processes currently handled by CAMEO include base-cata-
lyzed and nucleophilic,* acid-catalyzed and electrophilic,?
pericylic,® and heterocycle-forming reactions.” The de-
velopment and inclusion of a module that treats the
chemistry of hydrides and complex hydrides is addressed
in this paper. Though important in their own right, such
reductions often provide necessary functional group in-
terconversions in larger synthetic schemes.

A common key feature of the reaction modules in CAMEO
is the application of mechanistic logic in evaluating reac-
tions. The hydride module is no exception since it is
principally based on a framework wherein reduction re-
actions are classified into mechanistic categories. Reaction
intermediates are tacitly formed, and crucial information
concerning their nature and reactivity is used during re-
action evaluation. Mechanistic analyses are not only
confined to multipathway transformations but also are
utilized throughout the various stages of implementation.

The incorporation of hydride chemistry in CAMEO en-
tailed a systematic organization of the available literature
data. Specifically, the important work of Brown and co-
workers® on relative reactivity has been expanded to in-
clude additional synthetically useful chemical conversions.
More importantly, some mechanistic patterns have been
identified and utilized in the algorithms for processing
reactions. This paper begins with a critical analysis of key
facets of hydride reduction with emphasis on considera-
tions relevant to reaction implementation in CAMEO. The
analysis focuses on the nuances in the reactivity of related
hydride reagents such as LiAlH,, LiAIH(OMe),, LiAlH-
(t-Bu0);, NaBH,, NaCNBH;, NaCNBH;, LiBH,, AlH,,
AlH(i-Bu),, B;H;, and Sia,BH. Currently accepted
mechanisms are presented, and the role of steric and
electronic effects on chemo- and regioselectivity is em-
phasized. The implementation of hydride chemistry in
CAMEOQ is then described. The paper concludes with a
presentation of sample reaction sequences predicted by the
program.

II. Key Aspects of the Reduction Chemistry of
Hydrides and Complex Hydrides

The evolution of hydride derivatives with varying re-
ducing powers and functional-group selectivities has led
to new routes and better control in organic syntheses. The
implementation of hydride chemistry in CAMEO requires
scrutiny of the reducing characteristics of these reagents.
Hence, the following analysis of comparative chemical
behavior is in order.

A. Reagent and Functional Group Philicity. The
classification of hydride reagents as nucleophilic or elec-
trophilic is extremely useful in determining probable sites

(2) Laird, E. R.; Jorgensen, W. L. J. Org. Chem. 1990, 55, 9.

(3) Paderes, G. D.; Jorgensen, W. L. J. Org. Chem. 1989, 54, 2058,

(4) (a) Salatin, T. D.; Jorgensen, W. L. J. Org. Chem. 1980, 45, 2043.
(b) Salatin, T. D.; McLaughlin, D.; Jorgensen, W. L. Ibid. 1981, 46, 5284,
(c) Peishoff, C. E.; Jorgensen, W. L. Ibid. 1985, 50, 1056. (d) Peishoff,
C. E,; Jorgensen, W. L. Ibid. 19885, 50, 3714. (e) Gushurst, A. J.; Jor-
gensen, W, L. Ibid. 1986, 51, 3513. (f) Metivier, P.; Gushurst, A. J.;
Jorgensen, W. L. Ibid. 1987, 52, 3724. (g) Gushurst, A. J.; Jorgensen, W.
L. Ibid. 1988, 53, 3397.

(5) (a) McLaughlin, D. Ph.D. Thesis, Purdue University, 1983. (b)
58(;11'95, M. G.; Roos-Kozel, B. L.; Jorgensen, W. L. J. Org. Chem. 1985,

, 4490,

(6) (a) Burnier, J. S.; Jorgensen, W. L. J. Org. Chem. 1983, 48, 3923.
(b) Burnier, J. S.; Jorgensen, W. L. Ibid. 1984, 49, 3001,

(7) Bures, M. G.; Jorgensen, W. L. J. Org. Chem. 1988, 53, 2504.

(8) Brown, H. C.; Krishnamurthy, S. Tetrahedron 1979, 35, 567.
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of attack as well as the subsequent reduction chemistry.
Thus, nucleophilic reducing reagents such as lithium alu-
minum hydride, sodium borohydride, and their corre-
sponding derivatives are attracted to sites with the lowest
electron density, whereas electrophilic reducing reagents
such as alane, diborane, and their derivatives tend to seek
electron-rich sites. Conversely, potentially reactive sites
may be classified on the basis of their philicity toward a
given reagent. Thus, for the nucleophilic reagent NaBH,,
the ease of reduction of carbonyl compounds is directly
related to the electrophilicity of the carbonyl group and
follows the order acid chlorides > aldehydes > ketones >
enones. Due to the mild reducing power of NaBH,, it can
selectively reduce ketones in the presence of enones (e.g.,

eq 1).8 Electron delocalization in enones renders the
OH
NaBH,/MeOH.CH,Cl,
OBz 78°C. 14h " ®
[s) SPh

carbonyl group less susceptible to nucleophilic attack by
this reagent. In the same manner, slower reduction is
observed for aromatic than aliphatic acids with NaBH,.10
For the electrophilic reagents alane!! and diborane,2 the
above reactivity order is reversed, with acid chlorides being
less reactive than aldehydes and ketones.

Functional-group philicity may be enhanced or dimin-
ished by the electronic effects of substituents.’3-6 Thus,
chloral, which contains three a-chloro substituents, is re-
duced less readily than acetaldehyde by diborane.!?
Philicity for a specific reagent may also vary with pH.}7-1
For example, aldehydes and ketones are practically inert
toward the weakly reducing agent NaCNBHj; in basic or
neutral media. However, in acidic media, the electro-
philicity of the carbonyl group is increased considerably
by protonation, thus making aldehydes and ketones re-
active at room temperature.!’

B. Relative Reduction Potentials, LiAlH, is an ex-
ceptionally powerful reducing agent and reacts rapidly with
virtually all organic functionalities. NaBH,, on the other
hand, is a mild reagent and can be used for the selective
reduction of aldehydes, ketones, and acid chlorides. The
reducing strengths of these reagents may be altered by
hydride substitution or by change of cation. Thus, alk-
oxyaluminum hydrides such as LiAlH(¢-BuO); and
LiAlH(OMe); as well as NaCNBH; have markedly lower
reactivity and increased chemoselectivity than the corre-
sponding parent hydrides. The single active hydrogen for
LiAIH(OMe); and LiAlH(t-BuO); contributes to the di-
minished reactivity, while the lower reactivity of NaCN-

(9) Ward, D. E.; Rhee, C. R.; Zoghaib, W. M, Tetrahedron Lett. 1988,
29, 517. .

(10) Byung, T. C.; Yoon, N. M. Synthetic Commun. 1988, 15, 917.

(11) Hudlicky, M. In Reductions in Organic Chemistry; Halsted Press:
New York, 1984; p 13ff.

(12) Pelter, A. Chem. Ind. (London) 1976, 888.

(13) (a) Jensen, B. L.; Jewett-Bronson, J.; Hadley, S. B.; French, L. G.
Synthesis 1982, 732, (b) Chem. Abstr. 1964, 61, 8154,

(14) Bianco, A.; Passacantilli, P.; Righi, G. Synth. Commun. 1988, 18,
1765.

(15) Morris, D. G.; Shepherd, A. G. New J. Chem. 1988, 12, 277.

(16) Granasekaran, C.; Babu, K. M.; Rajasekaran, K. Ind. J. Chem.
1987, 26A, 154,

(17) (a) Hutchins, R. O.; Kandasamy, D. J. Org. Chem. 1975, 40, 2530.
(b) Hutchins, R. O.; Markowitz, M. J. Org. Chem. 1981, 46, 3571.

(18) Hutchins, R. O.; Rotstein, D.; Natale, N.; Fanelli, J. J. Org. Chem.
1976, 41, 3328.

(19) Wann, S. R.; Thorsen, P. T.; Kreevoy, M. M. J. Org. Chem. 1981,
46, 2579.
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BH; compared to NaBH, is due to the electron-with-
drawing effect of the cyano group. On the other hand,
LiBH, is a stronger reducing agent than NaBH,, presum-
ably because lithium ion is better solvated in the usual
ether solvents than sodium ion, thereby making the bo-
rohydride anion more nucleophilic.

Alane (AlH;) is an exceedingly powerful reagent with
a reactivity comparable to that of LiAlH,. Its diisobutyl
derivative (DIBAL or DIBAH) is less reactive due to the
combined steric and electronic effects of the isobutyl
groups. Similarly, disiamylborane (Sia,BH) is less reactive
and, therefore, more selective than diborane. It exhibits
a higher regioselectivity for the less hindered carbon atom
of alkenes as well as alkynes.!?

The availability of the parent hydrides and their de-
rivatives provides a wide spectrum of reducing potentials
applicable to a broad range of functional groups. By
proper choice of the reagent and conditions, selective re-
duction of polyfunctional compounds can be achieved.
The philicity of each reagent coupled with its reducing
strength define the functional group selectivity for the
reagent. To date, only a few attempts to rank the che-
moselectivities of the different hydride reagents have been
made. Particularly noteworthy is the formulation of a
chemoselectivity series comprised of 12 functional groups
by Walker? and Brown.3?' Extension of this series to
accommodate a wider variety of functional groups is pro-
vided in section IIL.C. The development of such reactivity
tables from literature data is necessary for reaction im-
plementation in CAMEO and constitutes a major part of the
present work. These tables should also be of use beyond
the context of the program.

C. Mechanisms of Reductions. The reduction of
organic compounds by nucleophilic and electrophilic hy-
drides has generally been considered to proceed via a polar
mechanism. However, evidence concerning the existence
of a single electron transfer (SET) mechanism has recently
emerged. Specifically, the formation of free-radical in-
termediates has been invoked in the lithium aluminum
hydride reductions of alkyl halides,?? secondary and ter-
tiary aryl alcohols,® and diaryl ketones.# In this section,
reductions involving polar intermediates are discussed first
followed by reactions that occur via a SET pathway.
Reactions with less common mechanisms are also included
for completeness.

1. Polar Mechanisms. As described next, hydride
reductions via polar processes can involve the following
steps: 1,2-addition, addition-elimination, 1,4-addition,
proton abstraction, intramolecular hydride addition, and
Sn2, Sy2’, and Syl reactions.

(a) 1,2-Addition to Multiple Bonds. This involves the
addition of a hydrogen to the less electronegative atom of
the multiple bond to form an anionic or neutral interme-
diate. Hydrolysis of the intermediate leads to the final
1,2-reduced product (e.g., eqs 2-4). Reductions of al-

(20) Walker, E. R. H. Chem. Soc. Rev. 1976, 5, 23.

(21) Brown, H. C. In Boranes in Organic Chemistry; Cornell Univer-
sity Press: Ithaca, New York, 1972; Chapters 12 and 13.

(22) (a) Newcomb, M.; Kaplan, J.; Curran, D. P. Tetrahedron Lett.
1988, 29, 3451. (b) Ashby, E. C.; Pham, T. N. Tetrahedron Lett. 1987,
28, 3197. (c) Hatem, J.; Meslem, J. M.; Waegell, B. Tetrahedron Lett.
1986, 27, 3723. (d) Ashby, E. C.; De Priest, R. N.; Pham, T. N. Tetra-
hedron Lett. 1983, 24, 2825,

(23) Ashby, E. C.; Goel, A. B. Tetrahedron Lett. 1981, 22, 1879.

(24) (a) Ashby, E. C.; Goel, A. B. J. Org. Chem. 1981, 46, 3934. (b)
;\;‘%y. E. C.; Goel, A. B.; De Priest, R. N. J. Am. Chem. Soc. 1980, 102,
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SRR'C—0 —2%, (RR'CHO),AI'Li* —=-
SRR'CHOH + AI(OH)3 + LiOH (2)

SRRC=NR” —2% (RR'CHNR");B ——
3RR’CHNHR” + B(OH), (3)
RC=N —%. RCH=NAIH; —>

RCH,N(AIH,),* —— RCH,NH, (4)

dehydes,?® ketones,® N-substituted imines,?” iminium
ions,?® nitriles,” and O-substituted oximes® fall under this
category. Representative examples are provided in eqs 5
and 6,26¢28

SO SO ,\,O ®
/\/j\ s7 90 °C/Et 0 /\)\
0 89:11
74%
Cl cl
N + NS
w NMe, ia_B_H;_W_’ @/\/\Nm’q 6
X X
X =H, p-F, p-CHs, p-OCH3, m-NO; 64-12%

For electrophilic hydrides such as alane and diborane,
addition is preceded by complexation with = bonds or
electron lone pairs.?3!  Addition to nonpolarized bonds
such as in alkenes,? alkynes,3? and azo compounds® has
also been observed with diborane and disiamylborane. The
orientation of addition of these reagents to alkenes and
alkynes depends on both steric and electronic factors. As
a general rule, boron tends to add to the less hindered
carbon atom of the double or triple bond or to the carbon
atom that is less able to stabilize a cationic charge. Thus,
in the reductions of 1 and 2 by diborane, boron adds almost
exclusively to the terminal carbon atom in 1 and predom-
inantly to the carbon atom adjacent to the silicon sub-
stituent in 2.3!

T \"%\

[
p 1% 2

(25) (a) Malek, J. Org. React. 1985, 1. (b) See ref 11.

(26) (a) Alcudia, F.; Llera, M. Sulfur Lett. 1988, 7, 143. (b) Samuels,
W. D.; Nelson, D. A,; Hallen, R. T. Tetrahedron Lett. 1986, 27, 3091. (c)
Fujisawa, T.; Kojima, E.; Itoh, T.; Sato, T. Tetrahedron Lett. 1985, 26,
6089. (d) Suzuki, K.; Ikegawa, A.; Mukaiyama, T. Chem. Lett. 1982, 899,
(e) Jensen, B, L.; Jewett-Bronson, J.; Hadley, S. B.; French, L. G. Syn-
thesis 1982, 732,

(27) (a) Alvarez-Ibarra, C.; Arjona, O.; Perez-Rubalcaba, R. P.; Qui-
roga, M. L.; Valdes, F. J. Chem. Res. 1984, 224. (b) Wrobel, J. E.; Ganem,
B. Tetrahedron Lett. 1981, 22, 3447. (c) Yale, H. L.; Spitzmiller, E. R.
J. Heterocycl. Chem. 1978, 15, 1373. (d) Kimpe, N. D.; Verhe, R.; Buyck,

D.; Schamp, N. Rec. J. R. Neth. Chem. Soc. 1977, 96, 242. (e) Haire,
M. J. J. Org. Chem. 1977, 42, 3446.

(28) (a) Gupton, J. T; Moebus, M. A. M,; Buck, T. Synth. Commun.
1986, 16, 1561. (b) Alberola A, Gonzelez,A M., Laguna,M A.; Pulido,
F.Jd. Synthesw 1982, 1067. (c) Hutchms,R D, Natale,N R. Syntheaw
1979, 281.

(29) (a) Beaumont, D.; Waigh, R. D.; Sunbhanich, M.; Nott, M. W. J.
Med. Chem. 1983, 26, 507. (b) Brown, H. C.; Heim, P. J. Org. Chem. 1978,
38, 912. (c) Yoon, N. M.; Brown, H. C. J. Am. Chem. Soc. 1968, 2927,

(30) (a) Narasaka, K.; Yamazaki, S.; Ukaji, Y. Chem. Lett. 1984, 2065.
(b) Bernhart, C.; Wermuth, C. G. Tetrahedron Lett. 1974, 29, 2493.

(31) Mlkhaxlov, B.M,; Bubnov, Y. N. In Organoboron Compounds in
Organic Synthesis; 1984 Chapter 2.

(32) Zweifel, G.; Clark G. M.; Polston, N. L. J. Am. Chem. Soc. 1971,
93, 3395.

(33) Brown, H. C.; Heim, P.; Yoon, N. M. J. Am. Chem. Soc. 1970, 92,
1637.
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Scheme I

RCHyOB< ~22p R.CH,.OH
o BH3 ’
R’u‘ow - R-CHy-OR’
R-CH=O'R' {
R CH OR’

It is interesting to mention that diborane exhibits a
higher regiospecificity with alkynes than with alkenes due
to more pronounced steric interactions upon double-bond
formation, especially in the third stage of hydroboration.
An example illustrating regiospecificity for the less hin-
dered carbon atom of a triple bond is given in eq 7.3 Note
that Sia,BH exhibits a higher regiospecificity than B,H,,

(0]
_ 1)B-H/THF, 0°C
< > - 2)HyO, / OH'

B-H =BjHg: 74%% (70% total yield)
B-H =Sia;BH: 91%% (> 85% total yield)
%ketone isomer

(b) Addition-Elimination. Cleavage of bonds to a
carbonyl carbon may follow hydride addition during re-
ductions of acid chlorides,3* esters,!4%%3 lactones,?%3 an-
hydrides, lactams,® and acyclic amides.!®*4! Thus, acid
chlorides and esters are reduced by LiAlH,, NaBH,, LiB-
H,, AlH;, and DIBAL to their corresponding alcohols3
(e.g., eq 8).3% Reduction of the former may be quenched
at the aldehyde stage below 0 °C (e.g., eq 9).3 Both B,H,
and Sia,BH react very slowly with acid chlorides and es-
ters; hence, they are not the reagents of choice for reducing

these functional groups.
CH,0H
CH,0H 759

COEL  AlHy/THE 1h

<: >——< —
€O,k BC

0..q o H

NaBH, / DMF

700 %
cl 0°C cl 93%

©®)

Lactones undergo reductive cleavage of the C~O bond
to form glycols (e.g., eq 10).% With diborane, two modes
of cleavage are observed for both esters and lactones. The
proposed mechanistic pathways are depicted in Scheme

(34) Babler, J. H.; Invergo, B. J. Tetrahedron Lett. 1981, 22, 11.

(35) (a) Choi, Y. M.; Emblidge, R. W. J. Org. Chem. 1989, 54, 1198,
(b) Orellana, G.; Perez-Ossorio, R.; Quiroga, M. L.; Sanchez-Asiain, M.
P.J. Chem. Soc., Perkin Trans. 2 1987, 679. (c) Jorgensen, E.; Sydnes,
L. K. J. Org. Chem. 19886, 51, 1926, (d) Kreft, A, Tetrahedron Lett. 1977,
1969. (e) Valverde, S.; Herradon, B.; Martin-Lomas, M. Tetrahedron
Lett. 1988, 26, 3731.

(36) (a) Maione, A. M.; Quaglia, M. G. Chem. Ind. 1977, 230. (b) Dias,
J. R,; Pettit, G. R. J. Org. Chem. 1971, 36, 3485, (c) Ireland, R.; Anderson,
R.; Badoud, R. J. Am. Chem. Soc. 1983, 105, 1988.

(37) (a) Soucy, C.; Favreau, D.; Kayser, M. M. J. Org. Chem. 1987, 52,
129. (b) Kayser, M. M.; Salvador, J.; Morand, P.; Krishnamurthy, H. G.
Can. J. Chem. 1982, 60, 1199. (c) Kayser, M. M.; Morand, P. Can. J.
f:e{?’h 18978, 56, 1524. (d) Kayser, M. M,; Morand, P. J. Org. Chem. 1979,

(38) (a) Mandal, S. B.; Giri, V. S.; Sabeena, M. S.; Pakrashi, S. C. J.
Org. Chem. 1988, 53, 4236. (b) Mandal, S. B.; Giri, V. S.; Pakrashi, S. C.
Synthesis 1987, 1128. (c) Cox, B.; Robinson, B. J. Heterocycl. Chem.
1988, 25, 271, (d) Jackson, M. B.; Mander, L. N.; Spotswood, T. M. Aust.
J. Chem. 1988, 36, 779.

(39) (a) Meyers, A. L; Comins, D. L. Tetrahedron Lett. 1978, 52, 5179.
(b) Landis, M. E.; Mitchell, J. C. J. Heterocycl. Chem. 1979, 16, 1637. (c)
Nahm, S.; Weinreb, S. M, Tetrahedron Lett. 1981, 22, 3815.

(40) (a) Falorni, M.; Lardicci, L.; Giacomelli, G. Gazz. Chim. Ital. 1988,
118, 573. (b) See ref 29b. (c) See ref 29¢.

(41) Schweizer, E. E.; Lee, K. J. J. Org. Chem. 1984, 49, 4848.
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1. In this scheme, path i gives rise to alcohols, while path
i leads to ether formation. The latter seems to be the
preferred pathway for esters and lactones with bulky alkyl
groups attached to the singly bonded oxygen atom, as in
eq 11.36® Presumably, oxonium ion formation is favored
by steric crowding and electron-donating alkyl groups.

LiAlH4 / EyO
02 0% reflux, 6 h
(10)
HO™ HO": 95%
0 B,Hg / THF
>VLL°
(11)

70 - 90%

Anhydrides may undergo deoxygenation at either car-
bonyl carbon to give a mixture of isomeric lactones. The
reaction presumably involves the formation of an oxonium
ion intermediate that can undergo further reduction with
the hydride. Regioselectivity can be affected by both
electronic®™® and steric®™ 4 factors. Chelation with alkali
metal ion can also influence regioselectivity, as in eq 12.37

50 o}
b —od - oy«
MO O MeO MO ©

LiAlH4 /-78 °C, 2h 3070 (100%)
NaBH, /-10°C, 2h 71:23  (100%)

Reduction of amides occurs via several reaction path-
ways involving the following bond cleavages in the O-alu-
minate or O-boronate complex: (i) C-N cleavage?43? to
form an aldehyde and an amine with the former being
further reduced to an alcohol (e.g., eq 13);3% (ii) C-O
cleavage®®*® to form an iminium ion which is further re-
duced to an amine (e.g., eq 14);% and (iii) C-C cleavage*!
to give an alkane and a formamide (e.g., eq 15).4 C-N

2 LiAlH, / THF, 0°C 2
— o N
INISNT NSNS Ph”  OH (13)
04\ Ph 98%
NaBHy /1-BuOH-McOH
%9 yreT ©\/E) (14)
96%
Ph Ph
Ph 71__{,0 Ph~/"CHO
N N.g LiAlH4 / THF N__N.p
e > N? 15
N 5% \ as
Me Me Me Me
R = aryl or alkyl



4722 J. Org. Chem., Vol. 56, No. 15, 1991

cleavage is gener sifavored by low reaction temperatures,
as shown in egs 16%° and 17.42 C-O cleavage is more facile
with electrophilic hydrides than with nucleophilic hydrides.
For example, reduction of amides to amines occurs rapidly
and quantitatively with alane?® and diborane®® at 25 °C.
In contrast, C-O cleavage with NaBH, or LiAIH, requires
elevated temperatures, as shown in eq 14. The contrasting
behavior of electrophilic and nucleophilic hydrides is ap-
propriately illustrated in the reduction of azetidin-2-ones
by AlH,, B,Hg, and LiAlH, (eq 18).3 Finally, C-C

o)
LiAH4/-78°C
> /OMe 4
—_—p
Ph/\/U\N\ or DIBAL /0°C
Me
o
OMe
"\ ”
Ph/\/u\}{ + HN\M (16)
e
70% (LAH)
76% (DIBAL)
S
B,Hg / THF, -10°C
J:’:X 2y Ho HN'\)< amn
C02Me 2% %Cone
Al /B0 F3" Ry (18a)
———
15 min R3 R2 65-81%
_N
Ry Ry Ry’
R3 Ry __ [BaMle/THE g ﬁ__'rkz . R3 Rz (18b)
N 1- 2h
Ry” 0 R,
60-70% 0-35%
Ry gy
LiAlH4 / THF
Al RSﬁ_tRZ sole product (18¢)
Rl,NH oH

cleavage is exceedingly rare and is observed only when a
very stable carbanion intermediate can be generated in the
elimination step.

(c) 1,4-Addition to Conjugated Systems. Carbon-
carbon double bonds are normally not prone to reduction
by LiAlH, and NaBH,. However, their reduction may be
facilitated by conjugation with polarized, multiply bonded
functionalities such as nitro,*® cyano,“45 sulfone,* and
carbonyl groups.’ For a,8-unsaturated carbonyl systems,
two modes of hydride attack are possible: 1,2-addition to
the carbonyl group and 1,4-addition to the olefinic bond.
The latter is regarded as a frontier orbital controlled
process that leads to saturated ketones via keto—enol
tautomerization. The chemoselectivity of the hydride
attack has been suggested to depend on the electronic
features of the reducible sites defined in terms of the
coefficients of the lowest vacant molecular orbitals.#® In
general, 1,2-addition is more common than 1,4-addition.
By making the carbon-carbon double bond more electron
deficient, the propensity for 1,4-addition is increased. To

114 (42) Sammes, P. G.; Smith, S. J. Chem. Soc., Chem. Commun. 1982,

19 8(33)8886hattacharjya,A ; Mukhopadhyay, R.; Pakrashi, S. C. Synthesis
(44) Rhodes, R. A.; Boykin, D. W, Synth. Commun. 1988, 18, 681.
(45) (a) Kulp, 8. 8,; Szarko, R. J. Org. Chem. 1988, 53, 5573. (b) Kulp,

S. S.; Caldwell, C. B. J Org. Chem. 1980, 45, 171.

158 (46) Ogura,K Ohtsuki, K.; ’I‘akahashl.K lida, H. Chem. Lett. 1986,

(47) (a) Klunder, A. J. H.; Crul, A. A, M,; Houwen-Claasen, A. A. M,;
Kooy, M. G.; Zwanenburg, G. Tetrahedron Lett. 1987, 28, 3147. (b)
Nishio, T; Omote, Y. J. Chem. Soc., Perkin Trans. 1 198!, 934. (c)
Gammill, R. B.; Bell, L. T.; Nash, S. ‘A d. Org. Chem. 1984, 49, 3039.

(48) (a) Malek d. Org. React 1985 Chapter 1. (b) Elsenstem, 0.,
Lefour, J. M.; Mmot,C Anh, N. T; Soussan. G. C.R. Acad. Sci. Ser.
1972, 274, 1310
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illustrate, ketone 3 affords alcohol 4 via 1,4-addition fol-
lowed by keto—enol tautomerization,*”® whereas the rela-
tively electron-rich ketone 5 undergoes 1,2-addition ex-
clusively upon treatment with LiAlH,.4’* Evidently, the
phenyl group attached to the olefinic bond in 3 increases
its electron deficiency, thereby increasing the likelihood
of a 1,4-hydride attack.

0 SEt o SEt

’U\/k LiAlH, / Ety0 LiAlH,
L, e I, e
PH Ph n 2 Ph

OH SEt
Ph Ph (19)
4
o] SMe HO SMe
LiAH, / THF
\/tk'?ksm — \/H%sm 95% (20)
5 6

In addition to electronic factors in the substrates, the
nature of the hydride reagent also plays a significant role
in determining the course of reduction of conjugated
carbonyl compounds. For example, the percentages of
1,4-addition of LiAIH(OMe);, LiAlH,, and LiAlH(¢- BuO)
to 2-cyclohexen-1-one are 5, 22, and 95%, respectively.*
As a rule, hard metal hydndes such as LiAlH, add pref-
erentially to the 2-position, while softer metal hydrides
such as LiAIH(¢t-BuQ), add preferentially to the 4-posi-
tion.*® Examples of 1,4-hydride additions involving other
conjugated systems are provided in eqs 2143 and 22.4¢

’©/\\,NO2 NaBH / dioxane-EtOH @/\,NOZ @
—_—
MeO 0°C 15T Meo 84%

SCH
SCH, P
NaBH, / EIOH
Sy . CH3CH,CHy—CH
CH3CHyCH TLen KhalyAdly] \ (22)
$0,Tol $0,Tol

(quantitative yield)

While 1,4-addition may constitute a major reaction
pathway for nucleophilic hydrides, 1,2-addition predom-
inates for electrophilic hydrides. Thus, a,8-unsaturated
amides,”C nitriles,? aldehydes,’!* and ketonesS!® are re-
duced to their corresponding a,8-unsaturated amines and
alcohols by AIH;. An example highlighting the contrasting
behavior of nucleophilic and electrophilic hydrides is
shown in eq 23.4.2%

NaBH,4 / MeOH-pyr CN
Tirramngil M (232)
' 88%
6N
P P "V
AlH3 / THF Ph /Q/CHZNHZ (23b)
0,
25°C,0.5h 18.2%

(d) Proton Abstraction. An important key step in the
hydride reduction of some functionalized organic com-
pounds is the abstraction of a proton by hydride ion. This
step often gives rise to a neutral or an anionic complex with
concomitant evolution of hydrogen. A typical example is
the formation of a N-aluminate complex from an unsub-
stituted imine, as shown in eq 24.

>C=NH —Li’—i >C=NAIH; —=»

H,0
>CHN(AIH,),;> —— >CHNH, (24)

(49) Durand, J.; Anh, N. T.; Huet, J. Tetrahedron Lett. 1974, 2397.

(50) Bottin, J.; Eisenstein, O.; Minot, C.; Anh, N, T. Tetrahedron Lett.
1972, 3015.

(51) (a) Jorgenson, M. J. Tetrahedron Lett. 1962, 559. (b) Brown, H.

; Hess, H. M. J. Org. Chem. 1969, 34, 2206.
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Scheme II
OH
R,
\N.7 HO “of e CH= CH— R
i
O,AL R
CH
L LiAlH, R, J'( RN
R - Hy R_/ u
RII..C
[ gy —
R -

Proton abstraction from other active hydrogen com-
pounds such as alcohols, carboxylic acids, and oximes is
also prevalent. Thus, the preliminary step in the reduction
of carboxylic acids by NaBH, and B,H is given in eq 25.19

)
NaBH,
jj\ EI )l\of;H; N (252)
R OH B,Hg 0
-H, " r /U\om-iz (25b)

Reductions of ketoximes to amines and hydroxylamines
by alane®* and borane,® respectively, are also initiated by
a proton abstraction step from the N-hydroxy function.
Additionally, the reduction of an aldoxime by LiAlH,
proceeds via an initial abstraction followed by effectively
a dehydration step (eq 26).52 Further reduction of the
resulting nitrile to an aldehyde occurs in the absence of
acidic a-hydrogen atoms.® Examples of reduction of
aldoximes by LiAlH, are provided in eqs 27 and 28.52

LiAIH,

RCH=NOH ——* RCH—NOAIHs‘Lﬁ -
L m‘
RC=N —— RCH=NAIH;” —= RCH=0 (26)
LiAlH,/HMPA
n'CmHmCH=NOH 50 °C, 16h n'CmeCEN (27)
s OH LiAlHy/HMPA CHO
©/\N 50°C, 18 h @ (28)

(e) Intramolecular Hydride Addition to Multiple
Bonds. Reductions of some organic compounds follow an
intra- rather than an intermolecular mechanism. The
reductions of allylic, allenic, and propargylic alcohols are
typical examples. The initial step involves the formation
of an organometallic complex that may undergo intramo-
lecular hydride transfer to either terminal atom of the
olefinic or acetylenic bond. Propargylic alcohols, for ex-
ample, may be reduced by LiAlH, to yield allenes or ole-
fins. Allenes arise by an intramolecular hydride transfer
to the sp carbon that is farther from the hydroxy func-
tionality; olefins result from an intramolecular hydride
transfer to the nearer sp carbon (see Scheme IT).* In both
cases, a vinyl carbanion is formed that undergoes either
a metal oxide elimination to form an allene (path ii) or a
hydrolysis process to form an allylic alcohol (path i). The
regioselectivity of hydride attack is largely determined by
the relative stability of the incipient carbanions. In eq 29,
both hydride transfers are feasible, while in eq 30,% hydride
delivery to the proximal sp carbon is highly preferred,
presumably because of the stabilizing effect of the silicon
atom on the incipient adjacent negative charge.

(52) Balachander, N.; Wang, 8.-S.; Sukenik, C. N. Tetrahedron Lett.
19886, 27, 4849,

(53) Wang, S. S.; Sukenik, C. N. J. Org. Chem, 1985, 50, 5448.

(54) Blunt, J. W.; Hartshorn, M. P.; Soong, L. T.; Munro, M. H. G.;
Vannoort, R. W.; Vaughan, T. Aust. J. Chem. 19883, 36, 1387.

(56) Mancini, M. L.; Honek, J. F. Tetrahedron Lett. 1983, 24, 4295,
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Fh LiAtHg /B0 PP H Ph _

Ph——=——Me > >-_—_:< + ph>| CH=CH-Me (29)
OH Ph Me OH

LiAlH,/Et,0

———

0 °C-refl
TMSCH—CH(OH)HCH; (30)
Z:E = 70:30

Allylic alcohols may also be reduced via a hydride attack
at either terminus of the double bond. Hydride transfer
to the proximal sp? carbon is exemplified by eq 31.%8

TMSC=CC(OH)HCH,

O ScH c;;l/ St
s
3 LiAlH,/THF SCH3 | Hy0
SCHy ————» =,
H+
7
OH SCHy
SCH;  (31)

9

Reduction, in this case, proceeds by a 1,2-addition process
to form an intermediate alcoholate followed by an intra-
molecular hydroalumination step to give complex 8. Hy-
drolysis of 8 then yields the saturated alcohol 9 as the final
reduced product. Note that allylic alcohols may be trapped
at low temperatures, as in eq 32.57 Hydride transfer to

0 SMe . HO SMe

LiAlH, / THF
P —_— P (32)
/U\/j\SMe < 0% /\/k SMe 919,
R

R
R = CHyCH=C(CH3),

the remote sp? carbon in allylic alcohols is exemplified by
eq 33.5 In this reaction, expulsion of the fluoride ion
presumably occurs via a subsequent Elcb elimination.

OH
| LiAH,/Et0
(CHyCH,),CCF =CF, —— (CH,CHQ)ZCCF—CHF (33)
85%

Finally, a- and g-allenic alcohols are reduced by LiAlH,
via an intramolecular hydride attack at the central carbon
atom of the allene. The former give rise to 1,3-dienes or
alkenols (eq 34),%° while the latter form complexes like 11,
which can be protonated at two sites to give 3-alken-1-ols
12 or 4-alken-1-ols 13 (eq 35).%°

~— CH-C H=< (34)
OH

>—=cu
LiAlH, )(Y Hy0
-_— ’ Al-0 —
= -Hy -

10 11
OH OH
PO UG (35)
12 13

The above mechanisms are not unique to reductions
with LiAlH,. Reduction of propargyl alcohol 14 with alane
gives allene 15 via an intramolecular hydride transfer (eq
36).8°  Similarly, borane reduction of a,8-unsaturated

OH LiAlH,
e N
>= C=CH -Hy

(56) Gammill, R. B.; Gold, P. M,; Mizsak, S. A. J. Am. Chem. Soc.
1980, 102, 3095.

(57) Gammiill, R. B.; Bell, L. T.; Nash, S. A. J. Org. Chem. 1984, 49,
3039.

(58) Sauvetre, R.; Masure, D.; Chuit, C.; Normant, J. F. Synthesis
1978, 128.

(59) Baudorsy, R.; Gore, J. Tetrahedron 1975, 31, 383.
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OH HaC
AlH3 / THF 3%, H
L P 3 %
w————=— CgH|3 - ——<
HyC ‘HI 20°C H CsHiz  ma
14 15
+  CoHs —=——CgH3 5% (36)

epoxide 16 probably occurs via an intramolecular conjugate
hydride transfer, as shown in eq 37.! Hydride transfer
to sites other than carbon—carbon multiple bonds is il-
lustrated in the reduction of a nitronate by diborane (e.g.,
eq 38).62

0 Vi
BH, o
- —_— —_
16

H=B
'H

/o-

— o, *, _/_wm 01

o

o
+/ ByHg 1
—— — Ph—CH;-N—OBH;

/
Ph — CH=N CHCN
N

(H - BH2

o
-HOBH BH
—3% pm-cH=N" 35 ph—CH=N—OBH,

B Ph—CHy-NH=OH (38)
H,0

(f) Sx2 Displacement. Sy2 displacement by hydride
ion typically occurs in alkyl substrates that contain suitable
leaving groups. The leaving group may be a part of the
substrate, as seen in the ring-opening substitution given
in eq 39.% Factors that influence the likelihood of Sy2
processes include the nature of the leaving group, the
structural features of the substrate, and the nature and
strength of the nucleophilic hydride reagent. The re-
activity of alkyl halides, as differentiated by NaBH,, is in
the order R-1> R-Br > R-Cl > R-F.% This order clearly
reflects the relative leaving ability of the halogens in accord
with the Sy2 mechanism. The preferential reduction of
the less substituted carbon atom in unsymmetrical ep-
oxides by LiAlH, and NaBH, is also consistent with an Sy2
pathway.®® Both reagents exhibit high regioselectivities,

as shown in eq 40.%%¢

Ph ,
LiATH, / (MeOCHy) /\X
_4__22> Ph o’N\ (39)

~

reflux, 7h
Ph NaBH,/E©OH  Ph Ph
7 —— N— o+ N— (40
o OH OH
87:17

With electrophilic hydrides, reduction of epoxides yields
a substantial amount of products derived from hydride
attack at the more hindered carbon (e.g., compare eq 41a
with eq 41b).%8 The accepted mechanistic rationale for
this observation is that complex formation between the
reagent and the epoxide leads to significant weakening of
the C-0 bond prior to Sy2 attack. Thus, the increased

(60) Claisson, A.; Olsson, L. 1. J. Am. Chem. Soc. 1979, 101, 7302.

(61) Zaidlewicz, M.; Uzarewicz, A.; Sarnowski, R. Synthesis 1979, 62.

(62) Fever, H.; Bartlett, R. S.; Vincent, B. F,, Jr.; Anderson, R. S. J.
Org. Chem. 1965, 30, 2880.

(63) nguon.A Slndona. G.; Uccella, N. Tetrahedron 1983, 39, 683.

(64) Rolla, F. J. Org. Chem. 1981 46, 3909.

(65) (a) Ookawa, A.; Kitade, M.; Som K. Heterocycles 1988 27, 213.
(b) Ookawa, A.; Hu'atsuka,H Soal,K Bull. Chem. Soc. Jpn. 1987 60,
1813. (c) Jones, T. K.; Peet, J. H. J. Chem. Ind. (London) 1971, 995.

(86) Murphy, D. K.; Alumbough, R. L.; Rickborn, B. J. Am. Chem.
Soc. 1969, 91, 2649,
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AlH; OH
> (41a)
CE o nan 22.6%

LiAlHy
—

(41b)
99.4%
susceptibility of the hindered carbon to hydride attack is
due to its greater ability to stabilize the developing positive
charge in the complex.

The effect of steric hindrance to bimolecular approach
can be demonstrated by the resistance of epoxide rings
toward reduction with the bulky reagent LiAIH(t-Bu0O),*
and by the inertness of hindered epoxides to reduction with
LiAlH,.%

(g) Sn2’ Displacement. Allylic® and propargylic®
systems containing potential leaving groups at the a-
position may undergo Sy2’ displacement with hydrides at
the vy-position to give isomerized olefins and allenes, re-
spectively. Competition between Sy2’ and Sy2 processes
may exist. The preferred orientation of attack by the
hydride depends on the nature of the leaving group and
the structure of the substrate. Sy2 is generally favored by
good leaving groups and primary carbon centers, while Sy2’/
is favored by poorer leaving groups and hindered carbon
centers. In eqs 42% and 43,5%® a change of leaving group
leads to a reversal of regioselectivity. In eq 44,9 the effect
of alkyl branching on the mode of hydride attack is man-
ifested in the product ratios of the isomerized olefins.

Hal LAHYTHE  Hau, H
7 — Cstiz - - *
CeHis
Y = N*Ep,Me 0°c 93%
Y = 0SO)Me 20°C .
CoHg —=—CgHy3 42)
85%
Ph L1A1H4/Ex20
0,
\_\_Y 20°C =\ A (43)
Y= Br 100 : 0 (100% total yield)
Y = BusP*Br 7:93 (90% total yicld)
Tol R LiAlH,/E»O Tol Tol
\y\K SARa B0 \y\’<k + YR @)
Br H H H H H
R=H 100:0  (88%)
R=Me 72:28 (78%)

(h) Sy1 Displacement. Reductions of certain com-
pounds by NaBH, and NaCNBH; in acidic media follow
a Sy1 mechanism. Under acidic conditions, the leaving
groups are usually protonated hydroxy, alkoxy, or peroxy
functionalities. For example, some aryl alcohols are re-
duced by NaBH; to their corresponding arylalkanes. The
reaction is limited to alcohols that can form sufficiently
stable carbocations, as in eq 45.” ‘Thus, 1-methyleyclo-

NaBH‘/T
Ph;COH Phy,CH (45)

hexanol and benzy! alcohol undergo little or no reduction
with NaBH, in TFA. Reduction of diaryl ketones to di-
arylmethanes has been suggested to proceed via a 1,2-re-

(67) Fukuyama, T.; Vranesic, B.; Negri, D. P.; Kishi, Y. Tetrahedron
Lett. 1978, 2741.

(68) Gurudutt, K. N.; Ravidranath, B. Synthesis 1983, 888.

(69) (a) Hirabe, T.; Tagakl,M Muraok a, K.; Nopma,M Kusabaya-
shi, 8. J. Org. Chem. 1985 50, 1797. (b) leabe.’l‘ Nonma, M.; Kusa-
bayashi, 8. J. Org. Chem. 1984 49, 4084.

(70) Castelhano, A. L.; Krantz,A J. Am. Chem. Soc. 1987, 109, 3491.

(71) Gribble, G. W,; Leese, R. M. Synthesis 1977, 172.

(72) Gribble, G. W.; Kelly, W. J.; Emery, S. E. Syntheazs 1978, 763.
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duction to give a diaryl alcohol followed by a Syl pathway.

The Syl processes may occasionally be assisted by
electron resonance from adjacent functionalities. Exam-
ples include the reductions of bicyclic ozonide 177 and
ketal 18.7% The leaving groups in these cases are the
protonated peroxy and alkoxy groups, respectively. Both
transformations have been suggested to involve the for-
mation of intermediate carboxonium ions.”"™

Ph Ph

o
oY% NaBH, / TFA O oou NiBHg/TFA
—_— —_—
< r > rh
Me 'H Me H
17 Ph
0
(46)
o Ph
Me H
OCHj3
OCH3  NaCNBHj3/HCI-MeOH OCH3
[ —— 47
18 88%

2. Single-Electron Transfer. Evidence for the ex-
istence of free-radical intermediates in the hydride re-
duction of alkyl halides has been presented by Ashby and
co-workers.2?3  Specifically, the formation of cyclized
hydrocarbons has been attributed to intramolecular cy-
clization of radical intermediates. A reassessment of
Ashby’s work based on kinetic studies by Newcomb and
co-workers led to the conclusion that alkyl iodides are
reduced by LiAlH, primarily through a polar Sy2 pathway
in competition with a minor free-radical chain pathway.?
However, the latter predominates as the steric bulk near
the reacting iodides is increased (e.g., eq 48).22 Hydride

¢\/><\[ LiAlH, / THF g + W@S)
89%

5.5%

reductions of aryl, vinyl, bridgehead, and tertiary halides
proceed predominantly by a single electron transfer
mechanism. For example, a cyclopropyl radical interme-
diate inverts to give a racemic mixture.?* The SET
pathway has also been demonstrated in the reductions of
aryl alcohols with LiAlH, 2 Homolytic cleavage of the C-O
bond in the O-aluminate complex occurs to give a radical
intermediate that is quenched either by the solvent or by
the hydride reagent.

3. Mechanistically Undefined Reductive Trans-
formations. A number of hydride reductions involving
hetero-hetero bond cleavages are mechanistically obscure.
Although mechanisms have been proposed for some of
these reactions, no experiments have been conducted to
validate these suggestions. A typical example is the re-
duction of disilanes by B,H;. The reaction has been
suggested to proceed by electrophilic attack of the reagent
on a Si-Si ¢-bond via a two-electron, three-center tran-
sition state, as shown in eq 49. However, reduction of
disilanes is also feasible with nucleophilic hydrides.”® The
lability of halide and oxygen functionalities attached to
silicon””"® and phosphorus centers has also been dem-

o 5(73) Fujisaka, T.; Nojima, M.; Kusabayashi, S. J. Org. Chem. 1985, 50,

(74) Horne, D. A,; Jordan, A. Tetrahedron Lett. 1978, 1357.

(75) Olah, G.; Field, L. D.; Lammertsma, K.; Pacquin, D.; Suerm-
merman, K. Nouv. J. Chem. 19883, 7, 279.

(76) D’Errico, J. J.; Sharp, K. G. Inorg. Chem. 1989, 28, 2886.
56 (;3) Hosomi, A.; Mikami, M.; Sakurai, H. Bull. Chem. Soc. Jpn. 1983,

, 2784,

(78) Corriu, R. J. P,; Fernandez, J. M.; Guerin, C. Tetrahedron Lett.
1978, 36, 3391.
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BH,  MeSi SiMes

Me3Si—— SiMeq T e —_—
'BH3
. H
Me3Si T §iMey MesSi, |
Ny o oo BomSiMe3 g
B H Ny
H T H
MesSiH +  [Me3SiBH,] (49)
ll’h rh
' LiAlHy / EtyO X
Np=— Sjur Y —_— O-Np— Si= H
o-Np = reflux i | 0
e Me
Y=F: 95% inversion
Y=0Me: 95% retention
’t-Bu t-Bu
N
L LiA1H4 / E(zo N\
Fra — J-H 1)
N\ . 0-25°C,72h N
\
t-Bu t-Bu 58%

onstrated (e.g., eqs 50 and 51).

Other examples involving hetero~hetero bond cleavages
are reduction of azo compounds to amines by diborane,
reduction of nitro compounds to amines by LiAlH,.% de-
oxygenation of sulfoxides to sulfides to diborane,®® and
reduction of N-substituted imines®8! and ketoximes5253
to their corresponding amines by LiAlH,.

III. General Implementation

A. Program Flow. The executive subroutine, HYDRIDE,
directs the processing of reductions by hydrides and com-
plex hydrides in caMEO. The input and output of chemical
structures and reagents are performed interactively at a
graphics terminal, as illustrated elsewhere.! The program
is highly modularized to permit more efficient analyses,
as in the present case for related reducing agents. The
hydride reagents that have been implemented so far have
been classified into four types on the basis of their reducing
potentials and philicities: type I, LiAlH,, LIAIH(OMe),,
LiAlH(t-BuQ)g; type I, LiBH,, NaBH,, NaCNBHj; type
III, DIBAL; type IV, B,H,, Sia,BH.

The overall program flow is controlled by the type of
reagent input by the user. Each type has a corresponding
subroutine whose main functions are (1) to analyze and
process the reductions elicited by the covered reagents and
(2) to encode the structural information necessary for
product formation. The stored information is decoded
later by the subroutine MPROD, where the actual structural
manipulations are performed.

The general procedure for evaluating hydride reductions
involves (1) identification of potentially reducible sites, (2)
perceiving the relative reactivity of the sites, (3) elimination
of less reactive or unreactive sites on the basis of input
reaction conditions, (4) mechanistic evaluation of com-
peting pathways, if applicable, and (5) storage of required
manipulations for product formation. The treatment of
these steps is expanded on in the following text.

B. Perception of Reactive Sites. Prior to perception,
the input conditions are examined to ensure the validity
of the user’s entries. If the specified conditions are un-
acceptable, a message is issued to the user, and processing
of the reaction is discontinued.

Some potentially reducible sites are identified on the
basis of reagent philicity (section IL.A). Thus, for nu-

(80) Puszynski, A.; Rykowski, Z. Polish J. Chem. 1984, 58, 871.
(81) Hirao, A.; Hattori, I.; Yamaguchi, K.; Nakahama, S. Synthesis
1982, 461.
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cleophilic hydrides, the following electrophilic sites are
sought:

(1) unsaturated carbon electrophiles ((a) carbonyl carbon
atoms of aldehydes, ketones, ketenes, acid halides, car-
boxylic acids, amides, esters, anhydrides, imides, thiol
esters, urea derivatives, carbonates, and thiocarbonates,
(b) thiocarbonyl carbon atoms of thioaldehydes, thio-
ketones, thioamides, thioesters, xanthates, and thioketenes,
(c) carbon atoms of imines, iminium ions, oximes, and
nitriles, and (d) unsaturated carbon atoms in conjugated
alkenes and alkynes that are sufficiently electron deficient,
as determined by their calculated LUMO energies);®

(2) saturated carbon electrophiles (e.g., carbon atoms of
oxiranes or carbon atoms with potential leaving groups);

(3) non-carbon electrophiles {e.g., phosphorus atoms of
phosphorus(I1I) halides, silicon atoms of silyl halides, and
nitrogen atoms of azides).

The following potentially reactive sites are also identified
in view of the mechanistic analyses covered above:

(1) Allylic, allenic, and propargylic alcohols are consid-
ered by virtue of their ability to form an organometallic
complex that can undergo an intramolecular hydride re-
duction (section I1.C.1.e).

(2) Allylic, allenic, and propargylic systems with ap-
propriate leaving groups at the a-positions are identified
as potential sites for SN2’ reductions with AlH, and LiAlH,
(section II.C.1.g).

(3) Aryl alcohols capable of forming sufficiently stable
carbon free radicals are perceived as potential sites for
LiAlH, reduction (section II.C.2). The stability of free
radicals is gauged by employing calculated bond dissoci-
ation energies (BDEs).2 A cutoff value for the radical
stability of acceptable sites has been established in the
subroutine for LiAlH, and its alkoxy derivatives.

(4) Vinyl, aryl, cyclopropyl, tertiary, and bridgehead
halides are considered for reduction with nucleophilic
hydrides via a SET pathway (section I1.C.2).

(5) Aryl alcohols, ozonides, and acetals are identified as
possible sites for reduction with NaBH, under acidic
conditions (section IL.C.1.h). These sites form stable
carbenium ions via Sy1 pathways. A function “lONSTB”,
which is part of the module for acid-catalyzed and elec-
trophilic reactions in CAMEO, is invoked on each site. This
function returns a number corresponding to the stability
of the input cationic site.> A cutoff value for cation sta-
bility has been established in the subroutine for NaBH,.
Shown below is a sample list of calculated carbenium ion
stabilities. Note that only the corresponding alcohols of
the first two entries are permitted to react with NaBH,.

IONSTB
PhyC* 256
Ph,CH* 214
PhCH,* 166
Et,C* 180

(6) m-Donor sites capable of complex formation with
AlH, and B,H, through coordination with =-bonds (e.g.,
olefinic and acetylenic bonds) or with electron lone pairs
on heteroatoms (e.g., epoxy and carbonyl oxygen atoms)
are perceived as potentially reactive.

(7) Certain sites with specific attachments require special
treatment and have to be perceived separately. An ex-
ample is the carbonyl group in acylpyrrole 19. Reduction
of this group to a methylene unit by NaBH, under neutral
conditions proceeds via a carbinol intermediate (eq 52).%

(82) Paderes, G. D.; Jorgensen, W. L. To be published.
(83) Greenhouse, R.; Ramirez, C.; Muchowski, J. M. J. Org. Chem.
1988, 50, 2961.

Paderes et al.

The ring nitrogen participates in the reduction through
an azafulvene intermediate 21.8 Note that the presence
of a proton or an easily expelled sulfone group is necessary
for the reduction of pyrrolylcarbinol 20.

NaBHy /i-PrOH -HOX
@\(stﬂsl ——"7:% /N\ CisHyy ——»

X 0 X OH
19 X = H, S0Ar 20
- NaBH, 1\
&,C Hy 4 (j\/clsﬂsx
N 1573 N (52)

21 H 2

Finally, other sites are perceived on the basis of existing
literature precedents. These sites include the hetero—
hetero bonds in disilanes, peroxides, disulfides, oxysulfides,
and nitro compounds.

C. Ranking of Reactive Sites. Once all possible re-
ducible sites have been identified, the issue of selectivity
is addressed. As previously mentioned in section ILB, very
few investigations to establish the chemoselectivities of
hydride reagents have been carried out. For the program
to be reliable, it must be able to generate the correct
functional group transformation as well as predict accu-
rately the reactivity order of competitive sites. In this
regard, reactivity tables for the selected reagents were
developed. The resultant rankings for the parent hydrides
are presented in Tables I-IV. The corresponding tables
for the hydride derivatives are not shown since they are
patterned after those of the parents with slight modifica-
tions to reactivity level assignments. In each table, the
reactive site, reactivity level, reaction conditions, and re-
duced product are given. Reactivity decreases with in-
creasing level number, and sites belonging to a lower level
can be selectively reduced in the presence of sites belonging
to higher levels.

A literature survey of more than 500 reactions was made,
and information pertaining to reactivity was collated. Such
information includes rate data from reported reaction
times and conditions, reductions of polyfunctional mole-
cules, and product yields for competitive reductions and
mechanistic considerations. From the condensed infor-
mation extracted from the literature, competitions between
sites were analyzed and the relative reactivity of these sites
was deduced iteratively until a “fit” for all experimental
data was obtained. Various methods were employed in
constructing the functional group reactivity tables. One
method orders reactivity based on rate data. For example,
reduction of caproic acid with diborane at 0 °C is 100%
complete in 15 min, while reductions of the corresponding
primary amide and acid chloride are only about 50%
complete after 48 h at 0 °C.*® Reduction of epoxides with
diborane proceeds extremely slowly, requiring 2-3 days for
completion at 25 °C (e.g., the required reaction times for
1,2-cyclohexene oxide and 1,2-butene oxide are 48 and 72
h, respectively).?® The above rate data suggest the fol-
lowing relative reactivity: acid > primary amide, acid
chloride > epoxide. Note that in Table IV the corre-
sponding reactivity levels for these sites are 2, 4, and 5,
respectively.

Another method of ranking functional groups involves
the use of available data on selective transformations. For
example, an ester group can be selectively reduced by
DIBAL in the presence of an acetylenic bond (e.g., eq 53).%
An acetylenic bond, in turn, can be reduced without af-

(84) Johnson, W. S.; Elliot, J. D.; Hanson, G. J. J. Am. Chem. Soc.
1984, 106, 1138.
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SlElS SIEK3

W _DIBAL W (53)

[E— —
Hy3C¢ —_— (CH;)?CI DIBAL
0°C

HisCe 7= S (54)

(CHp)s €1
82%

fecting a halide group (e.g., eq 54).% Therefore, the fol-
lowing reactivity order is in effect: ester > alkyne > alkyl
halide. The initial reactivity level assigned to a functional
group may be adjusted depending on the nature of the
substituents attached to it. For example, a conjugated
double bond may be assigned to different levels based on
the electronic effects of its substituents. Since the electron
deficiency of conjugated double bonds is reflected in their
LUMO energies and since CAMEO is presently able to make
accurate predictions on the FMO energies of r-systems,%2
this facility is utilized as a means for estimating the
electronic effects of the double-bond substituents. De-
picted in Table V are examples of calculated LUMO en-
ergies for some representative olefinic sites. The assigned
levels as well as the reaction conditions are also given.

Employing selective transformations as a criterion for
determining reactivity is extremely useful, especially in
cases where the reactive sites involved are reducible under
similar conditions. For example, although lactone,® ester,¥
and amide® groups are all readily reduced by DIBAL at
temperatures below 0 °C, the greater reactivity of the
lactone group over the latter two is established though
selective reductions (eq 55).# Thus, for DIBAL, lactone

DIBAL/THF, -100°C VX_]/ 55
WYOout o ————— W Oour ©)
o NH-g o NH.g

Ph
80% Ph

groups are assigned to reactivity level 1, whereas amide
and ester groups are assigned to reactivity level 2. Note
that no differentiation in the reactivity of lactone is ob-
served for AlH; (see Table III). In general, sites are
strongly differentiated with milder reagents, while a lev-
eling of reactivity is observed for stronger reagents.
Competitive reductions can occur intermolecularly; hence,
product yields are important in determining relative re-
activity (e.g., eq 56).8% Oftentimes, data on direct com-

\7 /U\ NaBHy [ -PrOH
N NCOH i

reflux, 1 h
2 24
Ph Ph
Yt N v (56)
HO
S—— OH
92% 100%

petitions for specific sites are absent. In this case, the
reactivity relationships between these sites are established
by combining the two methods already mentioned. To

(86) Gensler, W. J.; Bruno, J. J. J. Org. Chem. 1963, 28, 1

(86) (a) Corey, E. J Ohuchida, S: H l R.J. Am. Chem. Soc 1984,
106, 3876. (b) Bnldwm, LB, Barden,T C.J. Org. Chem. 1981, 46, 2442.

(87) (a) Ireland, R. E.; Anderson,R C.; Badoud, R;; Fltzs:mmons,B
d.; McGarvey, G. J Thaisrivon, s, S.; Wllcox,C S. J. Am. Chem. Soc.
1983 1085, 1988 (b) Banfi, L.; olombo L.; Gannari, C.; Scolastico, C.
J. Chem. Soc Chem. Commun. 1983, 1112,

(88) (a) Nagao, Y.; Kawabata, K.; Seno, K.; Fujita, E. J. Chem. Soc.,
Perkin Trans. 1 1980, 2470. (b) Izawa, T.; Mukaiyama, T. Chemistry
Lett. 1977, 1443.

(89) Hauser, F. M.; Rhee, R. P. J. Org. Chem. 1981, 46, 227.
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Table 1. Reactivity Table for NaBH, Reductions

reactivity level reactive site®  reactn condns product(s)
o 0
1 RJ\C, “0°C/ DMF RJ\H
0
A -78'C/ DMF R Non
R” H
OH
2 0
)L -78°C / ag. dioxane
RNR or ROK R
imide -40°C / EXOH-DMF hydroxy lactam
or abs E‘OH or MeOH
anhydride 0:25°C/ i-PrOH lactone
0-0 0
0-25'C/ TFA
>(0)< )\oJ\ 2 /LK
/ /
=N" 0.25°C/MeOH or i-PrOH N
\ \
NO3 NO,
> — < 0-25°C / THF-MeOH >—<
3 Ar4C-OH 0'C/ TFA ArsC-H
AryCH-OH 20'C/ TFA AryCHy

OH OH
0.25'C H)j)\ + H)\')\

0-25°C /| MeOH - CHyCly

DMF
0-25°C / dioxane - EIOH

Abs, EIOH \WEG
_— ¢ -
——WFG 0-25°C/ Abs. EIOH WFG

=N 25°C / EOH:dioxane ¢

N=N*zN
R 25°C/ THE R-NHy
[+ OH OH
>£ §< 25°C/ B1OH > <
N
o Hy0 or
4 )L 25°C/i.PrOH RCHy0H + R'OH
R OR" or Aq. dioxane
Tactone 25°C / EOH glycol
R-X¢ 25°C / EOH RH
R-COH 67°C /| THF R-CHOH
R
\ h R-NH
N==N*=N" reflux /THF - McOH 2
5 lactam reflux /t-BuOH - McOH cyclic amine
thiolactam reflux /t-BuQH - McOH cyclic amine
o]
R Jl\N/ 70°C/ DMSO) - MeSOzH R-CHOH + HN
2
J]\ 75°C ) i.PrOH Ar-CHy-H(R)
A H(R)
6 R-Cl 80°C RH
>.=< 80°C >.=(
X H
Anc 78°C / BWOH AryC
Ar Ar

¢R, R’ = alkyl or aryl unless specified otherwise. *C==C bond
may be reduced selectively in pyridine solution. ¢Conjugated FG's
such as CO;H, CO;R, CONRR’, SO.R, NO,, CN. ¢HOAc workup.
¢R = ArS8O,, RCO, aromatic ring. /HCl workup. ¢X = I, Br,
OSO,R hR = alkyl group. ‘Ar = pyrrole. Note: the nitrogen
atom in pyrrole participates in the reduction.

illustrate, a keto group is reduced selectively by NaBH,
in the presence of an ester group.®* In a separate study,
an oxirane ring is reduced preferentially over an ester
group by NaBH,.%# Since no examples of direct compe-

(90) Templeton, J. F.; Sashi Kumar, V. P.; Gupta, R. K,; Friesen, A.
M. Steroids 1986, 48, 339.
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Table II. Reactivity Table for LiAlH, Reductions

Paderes et al.

reactivity level reactive site® reactn condns product(s) reactivity level reactive site® reactn condns product(s)
o o [}
°
1 R)j\q -78°C/THF )j\ J\ 2°C/Eg0 R on
R™ TH R” oK
0
)k .78°C | THF R on (R'aNyP-X & 0-25°C / En0 (RaN)pP-H
R H R3Si-SiRy 25°C 2 RySicH
0 OH o . i
)k 28°C | THF /j\ R3Si-X 25°C RySi-H
RT R RT R RLG 25°C/ THF RH
o » Q / X
+ HN h o NN
P -18°C/ THF \ NN 25°C/ THF ~Z
R T R H
i
. i ! R 2°C/ER0 N R
R %‘— LG “70° - 40°C / THF —— ¢ LG
R OH R Rowny  OH
NO, NO, —|—: 35°C/E10 =+ ~\_}_
— -70° ~« 40°C/ THF H
cyclic urea 25°C/ B0 eyclic 1,3 - diamine
anhydride .50° - 0°C / THF lactone eyclic carbonate 25°C/Ety0 - CHyCly 1,2 diol
it , >=( 35°C/By0 =~
J\ow 0°C/En0 R Non + ROH F u
N OH OH
/ / Z 25°C/ THF /\%
— Ni 0% >— N\
: 35 °C/ B0
—— 1 -t _
2 >= N\ 0°C/ERO >’ N< OR
NwR NR NHR
/ o, OR
X y 0°C/ B0 >Q . X _‘__/ >_/<— = >< 35°C/E10 w
=N, ° NH; ROH
> ‘or oC/THE > i ArsC - OH THE A -H
Af,CH - OH THF ArCH-H
=N 0-25°C /B30 NHy + HSiRy
\SiR3 RySi - X* 35 °C /B0 RySi-H
o OH d R3Si-OR 35°C/En0 R3Si-H
R)H/)\ 0-25°C /E130 or THF R/H/)\ Ar-NOy 37°C/E10 Ar-NaN.ar!
lactone 35 °C/Ep0 glycol
¢ f !
>;( 0-25°C/ Et50 >=( + >—( o
\WEG WEG (red.) WFG (red) /
Q N 81 °C/CgHg /—N\
— = R
= WFG 0-25°C / Exg0 =-WRO o) + 8 WG (rad) |
a /
JL P 0°C / THF RCH20H + HN imide 67 °C/THF cyclic amine
RTON \ .
| . sevelic hod ‘ R-LG 35 °C /B0 R-H
Jectam 25°C/ THF yelic hydroxy amine
0 RR'C=N.OH 35-67 °C/ Eyy0 or THF RR’CHNH, + RNHCH R
0 )L 50 °C/ HMPA RR'C=0
P N 25°C/ THF ArCH +HZ N7 N——OH
T ! / 50°C/ HMPA 0
r—7 R—N V4
o OH OH
>Q< 0-35°C /En0 >—f—— ~—'f< o
———
—_ ° R NHy +
R N 35°C/Et0 2+ /

R, R’ = alkyl or aryl unless specified otherwise. *R = olefinic, alkyl, aryl. *Poor leaving group (e.g., *NR;). ¢ Exceptions are cinnamyl

systems in which conjugate reductions are observed. ©Conjugated withdrawing

ps (e.g., ester, amide, acetate, nitrile and sulfonate; the

ou,
latter two are not reduced). WFG(red) = reduced form of WFG. fR’ = CH,, %rx =1, Br. ‘LG = I, Br, C], 0SO;R. /LG = *SR,, *NR,,

*PRy, PO(OR),. *X = F, Cl. 'Hindered nitro groups are not reduced.

tition between ketones and epoxides are provided in the
literature, complementary rate data may be used to assign
the reactivity level. From the results of kinetic experi-
ments conducted by Brown and Khrishnamurthy,? ketones
are much more reactive than epoxides toward NaBH,.
Thus, the following reactivity order may be deduced:
ketone > epoxide > ester. The corresponding reactivity
levels for these sites (Table I) are 2, 3, and 4, respectively.
Occasionally, data on both competitive reductions and rate
studies are lacking. In this case, reactivity is gauged on
the basis of other factors such as the nature of the reagent,
reaction conditions, and functional group philicities (sec-
tion ILA). Thus, if the hydride is an exceedingly powerful
reductant (e.g., LiAlH,), then sites that are reduced at
femi)eratures below 0 °C may be assigned to reactivity
evel 1.

A third method for assessing reactivity relies on the
analysis of reaction mechanism. For example, reductions
of alkyl halides proceed via a Sy2 mechanism. Thus,

saturated carbon electrophiles possessing potential leaving
groups are ranked according to the nature of the attached
functionalities. In this case, the pK,'s of the protonated
leaving groups are utilized to help evaluate the competition
between carbon sites. CAMEO is presently equipped with
an efficient algorithm for calculating the pK,’s of organic
compounds in both aqueous and aprotic media.4¢ Table
VI depicts the use of pK,’s in determining the chemose-
lectivity in the reduction of propargylic systems by LiAlH,
(see section ILA.1.g).

D. Selection of Sites. A hierarchical procedure for
site selection is effected by imposition of the user-specified
reaction conditions. The choices of conditions that are
available to the user are reaction temperature (<0, <50,
<100, <200, <300, >300 °C), reagent stoichiometry (1
equiv, first selectivity, excess), and type of media (acidic,
neutral, basic). The default stoichiometry is first selec-
tivity, which means that an appropriate number of
equivalents of reagent will be used to reduce all sites of
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Table III. Reactivity Table for AlH, Reductions

J. Org. Chem., Vol. 56, No. 15, 1991 4729

Table IV. Reactivity Table for B;H; Reductions

reactivity level reactive site® reactn conds product(s) reactivity level  reactive site®  reactn condns products
0
0 OH OH
J Py 1 R)J\H <0°C/THF e
RT R 70°C/EnO RT R
o o] OH
)j\ s R)J\R‘ <0 °C/THF R)\R'
R Su 20°C /B0 R ok
° " o » imide -30°C/THF laciam
Ol
R)H/)\ 0°€ / THF R)\fk * R)J\rk laciam -10°C/THF hydroxy amine
[o]
g _ OH R)J\ou <0°C/ THF &7 on
H 0°C/THF RN
H BH, BH R
")L(’R' 0°C/THF R NoH . Ron H B, BH H
= 0°C/ THF )—K - )—-——K
JOL
P [o}
- R N
RT N o
| orerTHE RANRR' 25 °C / THF R/\NRR‘
Tactone 0°C/THF diol
lactone 25°C /THF diol or ether
lactam 0.25°C/ THF cyclic amine
o
° A
R—=2=N 25 ¢/ THF R/\NHZ 3 R)J\NHR, 25 °C/ THF R7SNER
i i X
25°C/THF
. E .
RJJ\CI 25°C /Ety0 R’U\H R™ TOR R OH + ROH
Q OH
M N/OH 25°C/ THE > e
R OH 25°C/EQO x o
o MtP
o H OH

0 -25°C/ THF or E150

: FG 0-25°C/E,0 : FGired)
d H
R ;-l- Lo 0-25°C/ THF >==<
R
H
R~+— OH 0-25°C/THF >=<
R
3
Y\K 20 °C/THE YY
Y
R - SO.R’ 25°C/THF R-H

z
7/
z
yi
Ed

RR'C=N . OH 65 °C/THF RR'CH-NH,; + R-NH-R
R-X - R-H
Het - Het Het-H + H .Het

*R, R’ = alkyl, aryl. ®Minor product. ‘FG = CO,R, CONRR/,
CO,H, CN. LG = 1, Br, Cl. *Y = R,P*, PO(OR),.

similar reactivity. The default acidity is reagent dependent
(e.g., basic for LiAlH,, neutral for B,H,), while the default
temperature range is <50 °C since most hydride reductions
are conducted at room temperature. Selection of a dif-
ferent set of conditions overrides the default options.

The first condition to be imposed in the weeding out of
sites is the temperature range. With reference to the re-
activity tables, sites that are reduced at temperatures
above the user-specified temperature range are removed
from consideration. For example, elevated temperatures
(80 °C)?! are required for the reduction of alkyl azides by
NaBH,. By selecting the <0 or <50 °C ranges, these sites
are eliminated.

The next condition to be imposed is the stoichiometry.
With the 1 equiv and first selectivity options, only the sites

(91) (a) Rolla, F. J. Org. Chem. 1982, 47, 4327. (b) Soai, K.; Yokoyama,
S.; Ookawa, A. Synthesis 1987, 49.

. OH
= 25°C/ THE >_ N
> -
/ reflux / THF 7
>= N >— NH
>
AN
>— NH, + FG-OH

Ar-N=N. Ar AT.NH; + Ar'.NHy
RR’ 5=0 - R-§-R'
Ar-N=O 25°C Ar . NHy
[+}
4
R)j\xd R Non
a ©,
25 °C/THF A~
R)LNHZ R NHy

25 °C/THF, 2days  mixture ®

OH

= o
>—N 125°C >—NH2
R-CsCN 65 °C/THF R-CHy - NHp

No_oZ 115 °C/ THF AW 7
= S s+ HS-

sR, R’ = alkyl or aryl unless specified otherwise. *M* = alkali
metal ion (e.g., Li*, Na*).*FG = alkyl, aryl, or acyl. X = halogen.
*See Scheme IV.

Table V. Substituent Effects on the Relative Reactivity of
Alkene toward NaBH, Reduction

predicted  reactivity
E(LUMO), level in
olefin eV CAMEO  expl reactn condns  ref
H,C=CPhNO, -2.5 2 0°C/THF-MeOH 45a
H,C=CHCOMe 0.4 3 25 °C/THF-MeOH 4b6a
PhCH=CHCN -0.4 3 25 °C/abs EtOH 45¢

belonging to the highest reactivity level are permitted to
react. With the excess reagent option, all sites belonging
to levels that fall within and below the selected tempera-
ture block are considered. For clarity, “first selectivity”
differs from “1 equiv” in the mode of product formation.
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Table VI. Effect of the Leaving Group Ability on the
Reduction of Propargylic Systems with LiAlH,

LG

H LiAHg/THE  H,, H —
==—CeHi3 3> P—— CoHs —=C¢H13
1

HyC H3C Cet

predicted reactivity .
pK, level in % yield
leaving group  (DMSO) CAMEO 1 2 ref
0SO;Me 5 2 85 60
Br 1 2 75 60
N*Et,Me 15 3 96 60

With the former, similarly reactive sites are reduced si-
multaneously; with the latter, sites of similar reactivity are
reduced one at a time leading to mixtures.

Finally, further pruning of sites is effected by imposing
the acidity conditions. For example, aldehydes and ke-
tones are reduced by NaCNBH,!" under acidic conditions
(section IL.A). By selecting neutral or basic conditions, the
above carbonyl sites are deleted. Once all the reaction
conditions have been examined, the final selected sites are
subjected to further characterization and mechanistic
analysis.

E. Mechanistic Analysis and Generation of Prod-
ucts. Before generating the products, some preparatory
steps such as determination of the mode of product display
and assignment of yield estimates are carried out. In
connection with the former, reactive sites that yield com-
plex mixtures are identified. If such sites are present, they
are reduced one at a time regardless of the stoichiometry
specified by the user, and an appropriate message is pro-
vided. Thus, the display of products showing all possible
combinations of reductive transformations is circumvented.
With regard to designating yield estimates to the ensuing
products, the following are considered: (1) homoselectivity,
i.e., competitions between sites of the same functionality,
(2) regioselectivity, i.e., the preferred orientation of hydride
attack at a given functionality, and (e) pathway selectivity,
i.e., competitions among the different mechanistic path-
ways that may be operative for a given site. Note that
homoselectivity has been partly dealt with along with
chemoselectivity during the ranking of sites (section IILC).

To facilitate the evaluation of the aforementioned se-
lectivities, it is necessary to characterize the sites in terms
of steric and electronic requirements. Recently, a quan-
titative procedure for evaluating steric effects using the
Taft approach® has been implemented in cAME0.?2 The
application of this procedure in the determination of
homo-, regio-, and pathway selectivities is discussed in the
following text.

1. Homoselectivity. Homoselectivity can be found in
the reductions of acids and esters by nucleophilic hydrides.
In these cases, selectivity results from an interplay of steric
and electronic effects, with the latter often predominating.
The following order of reactivity based on the hybridiza-
tion of the a-carbon atom has been implemented in CAMEO:
aliphatic > aromatic > unsaturated acids and esters.’® The
presence of a heteroatom at the a-position disfavors hy-
dride attack at the adjacent carbonyl atom.!® In the ab-
sence of a-hetero substituents, reduction of the carbonyl
group attached to a tertiary carbon center is highly pre-
ferred.’’d Examples illustrating the application of re-
activity order and E, estimates in determining the homo-
selectivity in the reduction of acids and esters are shown
in entries 1~3 of Table VII.

(92) Unger, S. H.; Hansch, C. Prog. Phys. Org. Chem. 1976, 12, 91.
i }593) Fleischer, J. M.; Gushurst, A. J.; Jorgensen, W. L. T'o be pub-
ished.
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Table VII. Regioselectivity in the Reduction of Organic
Compounds by Hydride Reagents

ratio of
hydride estimated
attack, yield in
entry no.  substrate reagent a:b® CAMEO?  ref
HO,__OHO_.O
@ minor
. NaBH, 7:84 b major 10
a b
a ClLCHyCOH a minor
2 b nCgHy3-CORH NaBH, 30: 60 b major 10
/L ao , 0 .
s OWb \l/ a minor
LiAlHy b sole product & major 3

a0
4 @:’(\g NaBHg4 a sole product amajor 94
b
o
0 W0
a major
5 Y )
a Yo NaBH, 95% : wace (76) b minor a7
[}
(‘; a major
6 b LiAlHy 19:1(70) b minor 94,95
[+

bVa
7 NaBH, 87:13(9M 652

a major
LiAlHg 98:2 . 2%
b minor

AlHy n:2 2%

ByHg 0:100(98) b major 900

; a
8 ByHg 0:100 b major 3

sTotal yield in parentheses. °Alcohols for entries 1-3, 6; lac-
tones for entries 4 and 5; boron adduct for entry 7.

2. Regioselectivity. High regioselectivity is often ex-
hibited in the reduction of unsymmetrically substituted
cyclic anhydrides with nucleophilic metal hydrides. Sev-
eral factors, which include the electronic effect on the
LUMO coefficient of the carbonyl carbon, the steric con-
gestion and topological accessibility of the site, and occa-
sionally, the chelating ability of the substrate, have been
invoked in rationalizing the observed selectivities. Despite
these complexities, reasonable regiochemical predictions
can be made on the basis of the following rules:

(a) Unsaturated a-carbon atoms strongly disfavor hy-
dride attack at the adjacent carbonyl carbon (e.g., entry
4, Table VII). If both a-carbon atoms are aromatic, a check
is made to see if chelation is possible. The carbonyl carbon
that participates in chelation with a lithium ion is deemed
less reactive (e.g., eq 12).

(b) a-Carbon atoms bearing electron-withdrawing sub-
stituents disfavor hydride attack at the adjacent carbonyl
carbon (e.g., entry 5, Table VII). However, unsaturated
a-carbon atoms exert a stronger effect; this is manifested
in much lower estimated LUMO energies of carbonyl
groups adjacent to unsaturated carbon centers.

(c) In the absence of the electronic features of rules 1
and 2, reduction of unsymmetrical, nonbridged, cyclic
anhydrides preferentially occurs at the more hindered
carbonyl carbon®7c#-9% (e g entry 6, Table VII). This
preference diminishes as the ring size increases due to the
increasing conformational flexibility of the anhydride ring.
The observed regioselectivity is attributed to the combined,

(94) Bailey, D. M.; Johnson, R. E. J. Org. Chem. 1970, 35, 3575.
(95) Morand, P.; Kayser, M. J. Chem. Soc., Chem. Commun. 1976,

314.
(96) Bloomfield, J. J.; Lee, S. L. J. Org. Chem. 1967, 32, 3919.
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reinforcing effects of steric and electronic factors (see
section ILA.1.b).

(d) For cyclic anhydrides with both a-carbon atoms
adjacent to bridgehead atoms in small bridged systems,
the regioselectivity is reversed; i.e., hydride attack occurs
at the less hindered carbonyl carbon.3™ Hydride attack
occurs at the more accessible convex side of the molecule,
i.e., the exo side in the endo-bridged compounds or the
endo side in the exo-bridged compounds.

(e) Anhydrides with both a-carbon atoms in a three- or
four-membered ring fusion exhibit little or no regioselec-
tivity.37

In the algorithm for evaluating the regioselectivity in
epoxide reductions, the following considerations are im-
plemented.

(a) Reduction of epoxides with nucleophilic metal hy-
drides (e.g., LiAlH, and NaBH,) is essentially an Sy2
process; hence, attack at the less substituted carbon center
is highly preferred?®85a97 (g g entry 7, Table VII).

(b) With electrophilic metal hydrides (e.g., AIH, and
DIBAL), the less hindered carbon sites are preferentially
reduced.?® However, reduction is less regioselective due
to the competitive hydride transfer to the carbon atom that
better t's)tabilizes the developing cationic charge (section
I1.C.1.1).

(c) With boranes (e.g., B,Hg and Sia,BH), regioselectivity
in epoxide reductions is dictated by the relative stability
of the incipient carbenium ions.?%?™ Exceptions are a,-
B-unsaturated epoxides. With these systems, reduction
always occurs at the double bond via an intramolecular
pathway with concomitant bond rearrangements (see
section II.C.1.e).

In the algorithm for determining the homo-, chemo-, and
regioselectivity in the hydroboration of alkenes and alk-
ynes, competition between carbon—carbon multiple bonds,
i.e., homo- or chemoselectivity, is evaluated by assessing
both the HOMO energies of the reacting bonds and their
overall steric requirements. The latter is accorded a higher
priority such that highly hindered bonds are not reduced
even though they may be electronically favored (e.g., eq
57).3' Regioselectivity, on the other hand, is dictated more

E, (1)=-367 s HOMO = -8.4¢V

- i 1) ByH,
E, (2)=-345 : 2—)H2—06->
E; (3)=-3.88 ) HyOp

E, 4)=0 N& [
A HOMO=9.1cV

e i
\‘LOH i

by the stability of the incipient carbenium ions than by
steric accessibility. Separate ranges for ionic stability and
steric hindrance have been established to determine the
acceptable carbon sites to which boron must be added.
Since alkynes tend to exhibit a much higher preference for
less hindered carbon atoms, different cutoffs for steric
requirements are utilized for alkenes and alkynes. In cases
where the carbon atoms comprising the bond in question
do not differ much in ionic stability and steric accessibility,
then both orientations of addition are permitted. A typical
regiochemical prediction from CAMEO for the hydroboration
of olefins is provided in entry 8, Table VII.

3. Multipathway Evaluation. For reactive sites that
involve multipathway transformations, mechanistic
analyses are performed to determine the most viable
pathways. Determination of the preferred routes can be

(97) (a) Marshall, P. A.; Prager, R. H. Aust. J. Chem. 1977, 30, 141.
(b) Ibid. 1977, 30, 1561.

J. Org. Chem., Vol. 56, No. 15, 1991 4731

Scheme 111
0

A,
RZ SH —— RCHyOH
+

Ne Ky BN
o oM < e

/u\/ MH

RT SN — R NT

N\ (M= AlorB)

RCH-N*< -MHp  RoHyNe

o}

A

+

M-H

nN 2Ry pocnyne

.
R 2y RH
Scheme IV
H
H-8H OBH,
— o T

H—B%H H

H-BEH
R BoHg R i G H
A L Vo —

OBH,

H
'
H-B-H
iii \
L R o8+ —_—

H OBH,

complicated and may depend on (a) the structural features
of the substrates and intermediates, (b) the specified re-
action conditions, and (c) the nature of the input reagent.
Analysis of pathways requires the implicit presence of the
intermediate complex as well as the explicit generation of
ionic intermediates. The presence of certain structural and
electronic features in both substrate and intermediate may
trigger the selection of a reaction pathway.

The above considerations can be demonstrated for the
reduction of amides. The algorithm for assessing the
pathway competition in this reaction is based on Scheme
1114 Pathiis selected if the specified temperature range
is <0 °C (see eqs 13, 16, and 17). The reduced product
that is displayed to the user depends on the input stoi-
chiometry. For 1-equiv conditions, the aldehyde product
is output, while for first selectivity and excess conditions,
the alcohol is shown. In the 0-50 °C range, path ii becomes
competitive, and its selection depends on the nature of the
input reagent. For electrophilic hydrides, path ii much
more facile than path i, presumably because of the greater
ease of expulsion of the boronate or aluminate groups in
the complex (see eq 18). In such cases, only the product
emanating from path ii is formed. For nucleophilic hy-
drides, products generated via path i and path ii are shown.
In the 50~100 °C range, path ii becomes predominant (e.g.,
eq 58).3%® Products from path iii are formed only when
the required stability of the carbanion intermediate is

satisfied.
z°c ﬂﬁ\}y“ + Ph-CH,-OH (58a)
i _ < P
ﬁ){l Ph LiAlHy4
Ph

0

“(‘;’ 81°C ﬁr{,/\l’h
P (58b)
)

Another example that demonstrates pathway competi-
tion is the reduction of epoxides by diborane. In Scheme
IV, three mechanistic pathways may compete, namely in-
tramolecular hydride addition to double bonds (path i),
proton abstraction (path ii), and intramolecular substitu-
tion (path iii). Product prediction is simplified by prior
evaluation of regioselectivity, i.e., the preferred C-O bond
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cleavage (see section IIL.LE.2). A hierarchical search for the
presence of an addition site and an abstractable proton
a to the carbon atom of the pertinent C—O bond is then
carried out. If these sites are present, the corresponding
reaction path is selected (e.g., eq 59);%! if absent, path iii
is selected as the major reaction pathway. It should be
noted that the allylic alcohols formed from paths i and ii
may be subject to further reduction (e.g., eq 60).97

(o]

<l 1) BoHg / THF, -10 °C /=,
-
— 2) Hy0, / NaOH OH quantitative (59
yield

Literature:  95% (trans)
5% (cis)
CAMEO: Major product

..,0 1) ByHg CH3 CHj HO CHy
B,y O\ o 26y N8 B TS (60)

2) HyO, / OH Ph

Ph Ph OH
Literature : 3% 70%
CAMEO Minor Major

Another interesting example that demonstrates pathway
selectivity is shown in eq 61.7° In this reaction, two
mechanistic processes in succession are in operation,
proton abstraction to form an organometallic complex and
intramolecular hydride addition to a triple bond. The
regioselectivity for the latter is dictated by the presence
of viable leaving groups at the propargylic position remote
from the hydroxy group. The preferential expulsion of the
chloride anion over the fluoride anion is determined by the
relative leaving ability of the halogens,

pKa'—' 3’1 . F
N — o AH3/0 C‘ R — Re _ _
=, Tin ~Y T T, S=—=—"a
HO Cl +
PKy= -1 _4 OH
R =THPO-(CHy)3- Literature : 0% 61)
CAMEO : Major Minor

Finally, single-pathway transformations are processed
according to their mechanistic categories; i.e., sites with
identical reaction mechanisms are evaluated concurrently.
This modular processing is highly advantageous since re-
actions with obscure mechanisms can be treated separately.
Although the majority of hydride reductions can be
mechanistically rationalized, the existence of undefined
reductive transformations cannot be ignored. Thus, an
approach that is currently appropriate and amenable to
modification and expansion is imperative at this point.

IV. Sample Synthetic Sequences

It has been demonstrated that the CAMEO program can
make reliable predictions for a variety of hydride reduc-
tions (Table VII). Analysis of complex reactions is made
possible by employing mechanistic reasoning during dif-
ferent stages of implementation, from perception of po-
tentially reducible sites to multipathway evaluation. The
success of the program relies on outright recognition of the
fundamental mechanistic steps involved and on systematic
classification of reactions taking into consideration the
nature of the reagents. The following representative
schemes further illustrate the current predictive capabil-
ities of the program. Each structure in the schemes cor-
responds to a structure in the reaction tree, as given by
the CAMEO program. All input and output structures are
stored in this synthetic tree and may be retrieved by the
user for further processing.

In Scheme V% two possible sites of reduction by
NaBH, are recognized for substrate 25: the halogen-
bearing carbon electrophile and the carbonyl carbon atom.
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Scheme V
o OH
Br>/u\ NaBH, Br>/K -OH 0
—_— A‘l
Ph Ph
2 e 2% 2
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Ph Ph Ph Ph N
27 28 29 30
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Literature : 53% 23%
B.H OB< H OB« B<
30 216 .
B< H
Ph P
31 2
major minor
lH202 /HO" lHZOZ /HO"
OH H OH OH
)_</0H )_</H
Ph Ph
33 34
CAMEO: major major
Literature : 4%

By referring to the reactivity levels in Table I, the former
site is considered less reactive under the default stoichio-
metric conditions. Processing of the latter site using the
redox module then gives the corresponding alcohol 26.
Submission of 26 to the nucleophilic module gives epoxide
27 as the major product. Reduction of 27 with diborane
yields three products, two of which result from an intra-
molecular hydride transfer to the epoxy carbon atoms.
The designated yields reflect the regioselectivity of hydride
attack, i.e., the relative stability of the incipient carbenium
ions (section IIL.E.2). The third product, 30, results from
an intramolecular proton abstraction process and is shown
with a minor product designation. Resubmission of 30 to
the redox module using the same reagent yields two hy-
droborated products resulting from stereospecific cis ad-
dition of borane to the olefinic bond. Note that cAMEO
presently assumes a 1:1 stoichiometry between the reagent
and the substrate such that the second and the third stages
of hydroboration are not shown. The ratio of the hydro-
borated products reflects the preferential addition of the
boron atom to the terminal olefinic carbon in 30. Both
steric and electronic considerations are utilized in deter-
mining the final regiochemistry of the reduction (section
III.LE.2). Separate submission of 31 and 32 to the redox
module using hydrogen peroxide under basic conditions
gives the corresponding reported diols. The present
scheme demonstrates the ability of CAMEO to simulate the
stepwise conversion of an a-bromo ketone to alcohols and
diols via the well-known hydroboration-oxidation proce-
dure. Note that the output yield estimates reflect the
relative proportion of the products for a given process.
Thus, an initial minor product may give rise to a major
product upon resubmission.

Scheme VI illustrates the first reported example of
carbonyl/a-carbon cleavage in amides with LiAlH,4
Under 1-equiv conditions, the cyclic amide 35 is reduced
to formamide 36 and oxoamine 37 via an addition-elimi-
nation process involving C-C and C-N bond cleavages,
respectively. The product ratio reflects the relative sta-
bility of the anionic intermediates, as determined by the
predicted pK, values of the corresponding protonated
species. In cAMEO, C-C cleavage is performed only if the
protonated carbanion has a pK, of 31 or less. If the dif-
ference in the pK,’s of the protonated carbon and nitrogen
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anions is greater than 8, then C-N cleavage is favored;
otherwise, C-C cleavage becomes the predominant path-
way. Thus, when R is changed from an aryl to an alkyl
group, C-C cleavage becomes more favored, and compound
36 is displayed with a major product designation. Re-
submission of 36 under 1-equiv conditions yields the im-
inium ion intermediate 38 and the secondary amine 39 in
minor and major amounts, respectively. It must be recalled
that with nucleophilic hydrides, iminium ion formation is
normally not favored unless an elevated reaction tem-
perature is specified (see section III.E.3). Resubmission

of 38 under 1-equiv conditions gives the tertiary amine 40.
The reported products in the literature for the reduction
of 36 include the cyclic amine 41 in addition to amines 39
and 40. The redox module does not output the former
product since it arises from a nonreductive process.
However, this product may be obtained upon submission
of intermediate 38 to the nucleophilic module with hydride
anion as the input reagent. Finally, resubmission of 37 to
the redox module gives the amino alcohol 42. Note that
with first selectivity conditions, reduction of 35 leads di-
rectly to 36 and 42, and reduction of 36 leads directly to
39 and 40.

V. Conclusion

The reductive chemistry of a representative variety of
synthetically useful hydride reagents has been imple-
mented in the CAMEO program. This required a systematic
analysis of numerous reactions in terms of basic mecha-
nistic steps. The recognition of these steps, which are
shared by both nucleophilic and electrophilic hydrides, is
crucial to the development of efficient algorithms for
evaluating reductions. Mechanistic analyses are applied
to determine (a) the reactivity of a given site, (b) the
chemoselectivity of the hydride reagent, (c) the regio-
chemistry of hydride attack on specific sites, and (d) the
preferred routes in multipathway transformations. Ex-
isting algorithms in CAMEO for calculating parameters such
as frontier molecular orbital energies, bond dissociation
energies, ion stabilities, pK,’s, and Taft E, parameters are
utilized during reaction evaluation. Additionally, reactivity
tables with general utility were developed for the covered
reagents to address competitions among potentially re-
active sites. Finally, a modular approach in the imple-
mentation of hydride reductions has been undertaken to
accommodate transformations with currently unknown
mechanisms.
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The indole bisnitrone 1 (E;/;red = -0.125 V vs NHE in DMF) reacts with a series of Grignard reagents (RMgX)
including primary, secondary, and tertiary alkyls and benzyl and phenyl derivatives, which show different Eqy,
by single electron transfer to form C-centered radicals corresponding to the Grignard used. The radicals produced
in the reaction were trapped by the (arylimino)indolinone nitroxide 5 to form the alkylated hydroxylamines 6.
When the reaction is carried out with a “cyclizing Grignard” such as 5-hexenylmagnesium bromide, the uncyclized
(5-hexen-1-yl) 6g and cyclized (methylcyclopentyl) 6h alkylated hydroxylamines are both isolated. In all cases,
the Marcus theory treatment predicts high electron-transfer rate constants.

The reactions of Grignard reagents with organic sub-
strates have been widely studied from the synthetic point

0022-3263/91,/1966-4733$02.50/0

of view,! and it can be safely asserted that their role in
this respect has not yet been exhausted. During the last
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