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I. Introduction
The influence of a chiral center on a prochiral

reaction center within the same molecule is one of
the fundamental stereochemical issues addressed in
organic synthesis. Ever since D. J. Cram1 outlined
almost 50 years ago an edifice to explain the stereo-
selectivity in the addition of nucleophiles to R-chiral
carbonyl compounds, which became known as the
Cram rule,2 a fabric was created which proved to be
most fruitful in understanding, predicting, and con-
trolling diastereoselectivity induced by a remote

stereocenter. The aim of this review is the analysis
and comparison of the various models having evolved
on the basis of Cram’s rule and their application
toward diastereoselective synthesis.

Throughout this review, we employ the following
abbreviations: Ac ) acetyl, 9-BBN ) 9-borobicyclo-
[3.3.1]nonane, Bn ) benzyl, Boc ) tert-butoxycar-
bonyl, BOM ) benzyloxymethyl, Bz ) benzoyl,
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DIBAL-H ) diisobutylaluminum hydride, E ) elec-
trophile, EWG ) electron-withdrawing group, HMPT
) hexamethylphosphortriamide, L ) large-sized sub-
stituent, M ) medium-sized substituent, Met )
metal, MAT ) methylaluminum bis(2,4,6-tri-tert-
butylphenoxide), MEM ) 2-methoxyethoxymethyl,
MOM ) methoxymethyl, Nu ) nucleophile, PMB )
p-methoxybenzyl, S ) small-sized substituent, TBAF
) tetrabutylammonium fluoride, TBDPS ) tert-
butyldiphenylsilyl, TBS ) tert-butyldimethylsilyl,
TES ) triethylsilyl, Tf ) trifluoromethanesulfonyl,
TFA ) trifluoroacetic acid, THP ) tetrahydropyran,
TIPS ) triisopropylsilyl, TMEDA ) N,N,N′,N′-tetra-
methyl-1,2-ethylenediamine, TMS ) trimethylsilyl,
Ts ) p-toluenesulfonyl, Z ) benzyloxycarbonyl.

II. Models for 1,2-Induction
Since it can be expected that a chiral center being

in close proximity to a prochiral reaction center will
exhibit the strongest influence, there is an over-
whelming number of examples for 1,2-induction, and
consequently, models to explain such diastereoselec-
tivity have been most prominent in the literature.
The fundamental models such as the Cram and the
Felkin-Anh rule can be found today in almost every
organic textbook; nevertheless, the underlying con-
cepts still form the basis for further modifications,
and extensions are applied to current research prob-
lems.

A. Nucleophilic Attack to r-Chiral Carbonyl
Compounds

The addition of nucleophiles to R-chiral carbonyl
compounds 1 can lead to two diastereomeric products
2 and 3 (Scheme 1).

In 1952, the seminal publication by D. J. Cram and
F. A. Abd Elhafez1b appeared in which a model was
introducedssince then known as the Cram rules
which allowed the analysis of the stereochemical
outcome of such reactions. On the basis of the nature
of the substituents at the chiral center, two different
conformations of the substrate 1 were proposed
together with the favored trajectory of the attacking
nucleophile to explain the preferential formation of
2 or 3, respectively.

(1) Cram-chelate Rule:1b,3,4 If chelation between the
carbonyl group and one of the substituents5 of the
R-stereocenter facilitated by a metal cation can occur,
the substrate will be locked into the conformation 4
(Scheme 2). This will place the remaining two sub-
stituents, here S and M, on different sides of the
carbonyl group. A nucleophile will now preferentially

attack the carbonyl group from the side of the small
substituent S and not from the side of the medium
substituent M, leading to 5 (which corresponds to 3)
as the major product, which is generally called the
Cram-chelate product. The Cram-chelate rule has
been shown to be most reliable in its predictive power
for numerous examples (e.g., Scheme 9, Table 1,
entries 72-73, 80-93, 99-100, 106-111, 113-117,
119-123) in organic synthesis, and no amendments
have been necessary to correct the assumptions
described here.

(2) Cram Rule:1b If chelation cannot occur, 6 was
proposed to be the preferred reactive conformation
based on steric reasons (Scheme 3): the decisive

steric interaction to be avoided was thought to be
between the large substituent L and the carbonyl
group. Consequently, L is oriented anti to the car-
bonyl group, placing S and M on different sides of
the carbonyl group. A nucleophile will now prefer-
entially attack from the side of the small substituent
S, leading to 7 as the major product, the so-called
Cram or Felkin-Anh product.6

The Cram rule proved to be a reliable tool to
explain the preferred diastereoselection in carbonyl
addition reactions if no polar substituents were
present on the R-stereocenter. However, if the R-ste-
reocenter contained acceptor groups such as chlorine
or trimethylsiloxyl, they took on the role of L even
though sterically more demanding substituents could
be present. This behavior could not be explained
under the assumptions made for 6. Conforth7 there-
fore modified the Cram rule in that electron-with-
drawing substituents (EWG) assume the role of L in
order to minimize the dipole moment (Figure 1).
However, for various reasons 6, (or 8) did not seem
to be a good choice for representing the reactive
conformation for nucleophilic addition by a non-
chelation pathway: The steric bulk of the carbonyl
group was overestimated, resulting in an unfavorable
alignment of L and R in 6, especially in ketones (R
* H).

As the reaction center is rehybridizing from sp2 to
sp3 under the influence of the approaching nucleo-
phile, unfavorable interactions occur due to the

Scheme 1. 1,2-Induction in r-Chiral Carbonyl
Compounds

Scheme 2. Cram-Chelate Model

Scheme 3. Cram Model
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Table 1. Reactions between r-Chiral Aldehydes 1 and Nucleophiles (cf. Scheme 9)

entry L M S R Met-Nu 2:3 ref

1 Ph Me H H MeLi 80:20 14a,b
2 Ph Me H H MeLi/Yb(Otf)3 91:09 14c
3 Ph Me H H MeCeCl2 88:12 14d
4 Ph Me H H MeMgOTf 90:10 14e
5 Ph Me H H MeMgOTs 92:08 14e
6 Ph Me H H MeMgOSO2C6H2Me3 94:06 14e
7 Ph Me H H MeMgOAc 91:09 14e
8 Ph Me H H MeMgOCOtBu 94:06 14e
9 Ph Me H H MeTi(OPh)3 93:07 14f-h

10 Ph Me H H MeTiCl3 81:19 14h
11 Ph Me H H MeTi(OiPr)3 88:12 14i
12 Ph Me H H Me2TiCl2 81:19 14h
13 Ph Me H H Me2Zn, AlCl3 66:34 14i
14 Ph Me H H PhMg(OTs) 93:07 14e
15 Ph Me H H Ph2TiCl2 80:20 14i
16 Ph Me H H BuLi, 18-crown-6 91:09 14a
17 Ph Me H H BuLi, 15-crown-5 >97:03 14a
18 Ph Me H H Bu2CuLi 76:24 14j
19 Ph Me H H Ph(CN)(OTMS)CuLi 95:05 14k
20 Ph Me H H Bu[NBu4] 98:11 14l
21 Ph Me H H Bu2CuNBu4 34:66 14l
22 Ph Me H H Bu2CuLi/18-crown-6 19:81 14a
23 Ph Me H H MAT/BuMgBr 33:67 14f,g
24 Ph Me H H PhCCLi 84:16 14m
25 Ph Me H Me LiAlH4 74:26 8, 14n
26 Ph Et H H EtMgBr 75:25 14o
27 Ph Et H H MeMgI 70:30 14p
28 Ph Et H H MeTi(OiPr)3 87:13 14p
29 Ph iPr H H iPrLi 50:50 14r
30 Ph iPr H H iPrMgBr 66:34 14r
31 Ph Me H TMS MeLi 98:02 14b
32 Ph Me H TMS BuLi >99:01 14b
33 Ph Et H Me LiAlH4 75:25 1b
34 Ph iPr H iPr LiAlH4 91:09 14s
35 Ph Me H Me LisBu3BH >99:01 14n
36 Ph Me H Me LiNH3 24:76 14n
37 Ph Me H Me cHex2BH 26:74 14t
38 Ph Me H Me disiamylborane 20:80 14t
39 Ph CH2CO2Me H H allylBr/Zn 77:23 14u
40 Ph CH2CO2Me H H allylSiMe3/BF3 70:30 14u
41 Ph CH2CO2Me H H allylSiMe3/TiCl4 93:07 14u
42 Ph Me H H allylSiMe3/TiCl4 70:30 14v
43 Ph Me H H allylSiMe3/SnCl4 73:27 14v
44 Ph Me H H allylSnMe3/TiCl4 69:31 14v
45 Ph Me H H allylSnMe3/BF3 80:20 14v
46 Ph Me H H allylSnMe3/10 kbar 67:33 14v
47 Ph Me H H allyl-9-BBN 55:45 14v
48 Et Me H H MeMgBr 60:40 14w
49 Et Me H H MeTi(OiPr)3 68:32 14w
50 Bn Me H H BuMgI 50:50 14g
51 Bn Me H H BuLi 55:45 14a
52 iPr CH2CO2Me H H allylBr/Zn 68:32 14u
53 cHex Me H H BuMgBr 89:11 14g
54 cHex Me H H BuLi 78:22 14b
55 cHex Me H H MeMgI 82:18 14f,g
56 cHex Me H H MeLi 66:34 14b
57 cHex Me H Me LiAlH4 62:38 8
58 cHex Me H Et LiAlH4 67:33 8
59 cHex Me H iPr LiAlH4 80:20 8
60 cHex Me H tBu LiAlH4 62:38 8
61 CH2CO2Me Me H H allylBr/Zn 48:52 14u
62 Cl Me H Ph LiAlH4 75:25 14x
63 Cl Et H Bu NaBH4 80:20 14x
64 Cl Ph H Ph LiAlH4 50:50 14x
65 Cl Me H Ph HCtCMgBr 89:11 14y
66 Cl Ph H Ph HCtCMgBr 20:80 14y
67 Cl Me H H MeMgCl 88:12 14z
68 Cl Me H H BuTi(OiPr)3 80:20 14z
69 OTBS cHex H H allylSnBu3, BF3 95:05 15a
70 OTBS cHex H H allylSnMe3, LiClO4 45:55 15b
71 OTBS cHex H H allylBr/In 81:19 15c,d
72 OBn cHex H H allylSnMe3, LiClO4 04:96 15b
73 OBn cHex H H allylSnBu3, LiClO4 04:96 15b
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Table 1 (Continued)

entry L M S R Met-Nu 2:3 ref

74 OBn cHex H H allylBr/In 69:31 15c,d
75 OBzl CH2OBzl H H MeMgBr 55:45 15e
76 OBzl CH2OBzl H H MeLi/LiBr 55:45 15e
77 OBzl CH2OBzl H H Me2CuLi 53:47 15e
78 OBzl CH2OBzl H H MeTi(OiPr)3 93:07 15e
79 OCH2OMe cHex H H allylBr/In 37:63 15c,d
80 OCH2OMe Me H H allylSnMe3/TiCl4 0:100 14v
81 OCH2OMe Me H H allylSnMe3/10 kbar 61:39 14v
82 OCH2OMe Me H H allyl-9-BBN 48:52 14v
83 OCH2OBn Me H H MeMgBr 50:50 15f
84 OCH2OBn Me H H Me2CuLi 03:97 15f
85 OCH2OBn Me H H BuLi 37:63 15f
86 OCH2OBn Me H H Bu2CuLi 06:94 15f
87 OMEM C7H15 H Me BuMgBr <01:99 15g
88 OMOM C7H15 H Me BuMgBr <01:99 15g
89 OCH2SMe C7H15 H Me BuMgBr <01:99 15g
90 OCH2OBn C7H15 H Me BuMgBr <01:99 15g
91 OBn C7H15 H Me BuMgBr <01:99 15g
92 OTHP C7H15 H Me BuMgBr 25:75 15g
93 O-2-OMe-Ph Me H Ph Zn(BH4)2 <01:99 15h
94 OPh Me H Ph Zn(BH4)2 >99:01 15h
95 O-2-tBu-Ph Me H Ph Zn(BH4)2 >99:01 15h
96 O-2-OMe-Ph Me H Ph NaBH4 11:89 15h
97 OPh Me H Ph NaBH4 58:42 15h
98 O-2-tBu-Ph Me H Ph NaBH4 >99:01 15h
99 O-2-OMe-Ph Me H Ph LiAlH4 10:90 15h

100 OPh Me H Ph LiAlH4 28:72 15h
101 O-2-tBu-Ph Me H Ph LiAlH4 >99:01 15h
102 OTBDPS nPent H Me NaAlH2(OCH2OCH2CH2OMe)2 98:02 15i
103 OTBDPS Me H nPent NaAlH2(OCH2OCH2CH2OMe)2 61:39 15i
104 OMe Me H Ph Bu3SnH, Bu4NF 100:0 15j
105 OMe Me H Ph Bu2SnClH 10:90 15j
106 OMe Me H Ph Me2Mg <01:99 15k,l
107 OTMS Me H Ph Me2Mg 01:99 15k,l
108 OTES Me H Ph Me2Mg 04:96 15k,l
109 OTBS Me H Ph Me2Mg 12:88 15k,l
110 OTBDPS Me H Ph Me2Mg 37:63 15k,l
111 OTIPS Me H Ph Me2Mg 58:42 15k,l
112 OTBS Me H H 99:01 15m

113 OBn Me H Et MeMgCl <01:99 15n
114 OBn Me H Et MeLi 40:60 15n
115 OBn Me H Et MeLi/TiCl4 05:95 15n
116 OTBS Me H Et MeMgCl 40:60 15n
117 OTBS Me H Et MeLi/TiCl4 15:85 15n
118 OTBS Me H Et MeTi(OiPr)3 >99:01 15n
119 OTMS Me H Et MeTi(OiPr)3 22:78 15n
120 OTMS Me H Et MeLi/TiCl4 19:81 15n
121 OAc Ph H Ph 4-Me-PhMgBr 03:97 15o
122 NBn2 Me H H MeMgI 95:05 15p
123 NBn2 Me H H MeTiCl3 06:94 15p
124 NMe2 Me H Ph HSiMe2Ph/TBAF >99:1 15q
125 NMe2 Me H Ph HSiMe2Ph/TFA <1:99 15r
126 NHtBu Me H Ph NaBH4 21:79 15s
127 NHCO2Et Me H Ph NaBH4 20:80 15s
128 NHCO2Et Me H Ph LiAlH4 20:80 15s
129 NHCO2Et Me H Ph Li(sBu)3BH 50:50 15s
130 NHCO2Et Me H Ph Pd/C/H2 33:67 15s
131 NHBoc CH2Ph H H allylSiMe3/9 kbar 12:88 15t
132 NHBoc iBu H H 86:14 15u

133 NHBoc CH2Ph H H 62:38 15u

134 NHBoc Me H H 89:11 15u

135 SMe Et H Ph Li(sBu)3BH >99:01 15v
136 SMe Et H Ph Zn(BH4)2 06:94 15v
137 SMe nPentyl H cHex Li(sBu)3BH 81:19 15v
138 CO2Me Me H Ph Zn(BH4)2 01:99 15w
139 CO2Me Me H Ph MeLi 78:22 15x
140 CO2Et Me H Ph NaBH4 75:25 15y
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nearly eclipsed conformation 7, which is obtained via
this reaction pathway.

Consequently, several contributions by Felkin,8
Anh, and Eisenstein9 evolved into a new model,
which became subsequently known by the names of
its main developers as the Felkin-Anh rule (Scheme
4). The key idea was that the substituent L is placed

orthogonal to the carbonyl group, allowing the nu-
cleophile to attack anti to L, thus most effectively
avoiding steric repulsion. Moreover, the definition of
L was broadened in that electronic factors were
recognized to play a pivotal role in stabilizing the
transition state with the incoming nucleophile. Sub-
stituents exhibiting an electron-withdrawing effect
are regarded as L independent of their steric bulk.
In this way, the low-lying σ*C-L orbital is aligned
parallel with the π- and π*-orbital of the carbonyl
group, allowing delocalization of electron density by
hyperconjugation from the reaction center toward L
(Figure 2). Moreover, the reaction pathway is advan-
tageous compared to the one starting from the Cram
conformation since it leads directly to a staggered
conformation in the product.

With the prerequisite of L being orthogonal to the
carbonyl group, the two conformations 9 and 10
remain possible. 9, leading to the preferred Cram or
Felkin-Anh product 2, is apparently favored accord-
ing to this model. When calculations by Bürgi/
Dunitz10 and Anh/Eisenstein11,12 showed that the
attack of the nucleophile onto the carbonyl group does
not occur in a 90° but rather in a 103° angle with
respect to the carbonyl group, a conclusive argument
had been found pointing toward 9 as the decisive
reactive conformation. This way the nucleophile
attacks from the side of the small substituent S, i.e.,
it is experiencing the least steric repulsion by the
chiral center.

The analysis by Karabatsos13 emphasized the
importance that attack of the nucleophile should
occur via the least hindered pathway (Scheme 5).

Such an attack is realized in both conformations 11
(being almost identical to the Felkin-Anh conforma-
tion 9) and 12, with the latter being disfavored
because of eclipsing L with the carbonyl group rather
than M as seen in 11. Therefore, the Karabatsos
model also predicts 2 as the preferred product.

On the basis of the Felkin-Anh model, trends of
selectivities obtained in a large number of nucleo-

Table 1 (Continued)

entry L M S R Met-Nu 2:3 ref

141 CO2Et Me H Ph NaBH4 + CeCl3 39:61 15y
142 CO2Et Me H Ph NaBH4 + CaCl2 20:80 15y
143 CO2Et Me H Ph NaBH4 + ZnCl2 14:86 15y
144 CO2Et Me H Ph NaBH4 + MnCl2 10:90 15y
145 CO2Et Me H Ph Me3Al <01:99 15x
146 CO2tBu Me H Ph NaBH4 88:12 15y
147 CO2tBu Me H Ph NaBH4 + MnCl2 22:78 15y
148 CONMe2 Me H Ph MeMnCl <01:99 15x
149 CONMe2 Me H Ph Me3Al <01:99 15x
150 CONMe2 Me H Ph MeTiCl3 <01:99 15x
151 CONMe2 Me H Ph Et2AlCl <01:99 15x
152 OH Ph Me Ph MeMgI 34:66 14x
153 OH Ph H Me NaBH4 30:70 15z
154 OH Ph H Me Zn(BH4)2 13:87 15z
155 OH Me H nPent Zn(BH4)2 23:77 15z
156 OH Et H nBu Zn(BH4)2 11:89 15z
157 OH nPr H nPr Zn(BH4)2 <01:99 15z
158 OH nPent H Me Zn(BH4)2 15:85 15z
159 OH nPent H Me LiAlH4 30:70 15z
160 OH Ph H Ph Me4Ti <01:99 16a
161 OH Ph H Ph MeTi(OiPr)3 <01:99 16a
162 OH Me H H allylBr/In 12:88 16b,c
163 OH cHex H H allylBr/In 09:91 15c

Figure 1. Conforth model.

Scheme 4. Felkin-Anh Model

Figure 2. Orbital orientation in the transition state of the
Felkin-Anh model.

Scheme 5. Karabatsos Model
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philic additions to R-chiral aldehydes can be convinc-
ingly explained (Table 1).14-16 An increase in the
steric bulk of the nucleophile renders its addition
more selective toward the Felkin product, as depicted
in the reaction of 13 with various Grignard reagents
(Scheme 6), since the nucleophile is “more aware” of

the difference of S and M upon attacking the carbonyl
group.17 It is important to note that the phenyl group
must be regarded quite similar in its steric size to a
methyl group, as seen by comparison of the selectivi-
ties obtained with phenyl- and methylmagnesium
bromide. The fact that the phenyl group is regarded
in 13 as the substituent L and the methyl group as
M might be due to stereoelectronic reasons with
phenyl being a weak electron acceptor. However, the
balance of the factors seems to be quite delicate, and
examples in which methyl rather than phenyl takes
the role of L are also encountered.

From the previous analysis it becomes clear that
an important trick to increase the selectivity in the
addition of a given nucleophile is to use a sterically
more demanding metal as the counterion (Scheme
7).18

Sterically demanding substituents R in 18 cause
higher ratios in favor of the Felkin product 19, since
in order to avoid interactions between R and the
nucleophile its trajectory bends more toward the
chiral center, enhancing the influence of the latter
(Scheme 8).

Chlorine being a relatively weak electron acceptor
assumes the role of L; however, as the size of M
increases, the stereoelectronic effect of the acceptor
is counteracted by the steric effect, resulting in a loss
of selectivity (Scheme 9, Table 1, entries 62-68).
When the acceptor substituent becomes stronger, e.g.,
OTBS, even highly sterically demanding substituents
such as cyclohexyl are seemingly unable to override
the stereoelectronic control (Table 1, entries 69-71).
However, if chelation is not effectively precluded or
more than one possibility for chelation exists, dia-
stereomeric mixtures of 2 and 3 are usually obtained
(Table 1, entries 74, 79).

Some substrates can react either according to
Felkin-Anh or Cram-chelate control by appropriately
choosing the reagent (Scheme 9, Table 1, entries
122-123, 124-125, 135-136, or 146-147). More-
over, a simple switch in the steric bulk of a protecting
group can also be responsible for a turnover in
selectivity (Table 1, entries 107-111). In general,
heteroatoms such as oxygen, nitrogen, and sulfur are
amenable toward chelation. These atoms might be
attached directly to the stereocenter, giving rise to a
five-membered chelate (Scheme 9, Table 1, entries
72, 73, 106, 113-115, 119-120, 126, 131, 136, 137,
152-163) or be one atom further away (Table 1,
entries 138, 141-145, 147-151), resulting in a six-
membered chelate.

It has also been noted that the selectivities ob-
tained are dependent on the solvent used in the
reaction (Table 2). In some cases correlations with
solvent polarity (ET30 value) have been successful
(entries 1-5), suggesting that dipole considerations
of 1 in its reactive conformation cannot be ne-
glected.19

Of great synthetic potential is the so-called Garner
aldehyde 21 which has been widely used in nucelo-
philic addition reactions (Scheme 10, Table 3).20,21

Scheme 6. Dependence of Selectivity on the Size
of the Nucleophile

Scheme 7. Increasing the Size of the Nucleophile
by Larger Countercations

Scheme 8. Dependence of Selectivity on the Steric
Bulk of R

Scheme 9. Reactions between r-Chiral Aldehydes
and Nucleophiles
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Good Felkin control leading to 22 is observed under
conditions in which chelation is precluded; however,
if chelation between the carbonyl and the â-alkoxy
group is preferred by highly oxophilic metals, again
the Felkin adduct 22 is preferentially formed via 24
(Scheme 11). Nevertheless, chelation with the N-Boc
group via the nitrogen or the carbonyl of the tert-
butyl ester group can also occur, leading via 25, 26,
or 27 to the anti-Felkin adduct 23. An X-ray structure
analysis of 23 (Table 3, entry 10) shows a hydrogen
bond from the hydroxyl to the carbonyl group of
N-Boc, suggesting that 25 or 27 is particularly
important. The preferred atoms to be chelated seem
to be dependent on the metal and/or on the nucleo-
phile, as well as on conformational constraints due
to the choice of the groups R in 21.

Similarly, selectivities obtained with the glycer-
aldehyde 28 can be explained (Scheme 12, Table 4).22

However, as the only mild preference in the forma-
tion of 29 indicates, competitive chelation between
the R-oxygen group, leading to 30, and the â-oxygen
group, leading to 29, must occur for many nucleo-
philes (Scheme 13).

The relatively low tendency of an R-oxygen sub-
stituent being incorporated in a cyclic structure to
participate in chelation also becomes apparent in
reactions of the acrolein dimer 33 with nucleophiles
(Scheme 14, Table 5).23 Only metals forming out
exceptionally facile chelates such as titanium or zinc
gave rise mainly to the anti-Felkin product 35, while
even with alkyllithium reagents the Felkin product
34 was still preferred.

Conformational effects allowing or precluding che-
lation with oxygen or sulfur of a thioketal also must
play a pivotal role in nucleophilic additions to 36
(Scheme 15, Table 6).24 Small differences in the side

chain or in the nucleophile can have a dramatic effect
on the selectivity in this system. It is especially
striking to note the opposite selectivities when chang-
ing the nucleophile from phenyllithium to phenyl-
magnesium bromide (entries 5-6, 11-12). It has
been argued that Grignard compounds act as hard
acids and are thereforesin contrast to lithiumsnot
able to coordinate with the soft sulfur atom. However,
invoking a six-membered lithium chelate between the
thioketal oxygen and the side chain oxygen atom as
in 40 might be another rationalization for the ob-
served stereochemical results (Scheme 16).

An ideal setup of a substrate for obtaining high
diastereoselectivity was found with the N-tosyl-1,3-
oxazine 41 (Table 7).25 While the N-tosyl group acts
as L both for steric and electronic reasons, the ring
oxygen assumes M but is likewise able to be chelated.
Consequently, excellent selectivity for 42 is obtained

Table 2. Solvent Effects on Reactions between
r-Chiral Aldehydes 1 and different Nucleophiles

entry L M R nucleophile solvent 2:3 ref

1 Ph Me Me PhMgBr DME 73:27 19a
2 Ph Me Me PhMgBr THF 61:39 19a
3 Ph Me Me PhMgBr dioxane 51:49 19a
4 Ph Me Me PhMgBr Et2O 36:64 19a
5 Ph Me Me PhMgBr Et3N 26:74 19a
6 CH2CO2Me Me H nBu2CuLi THF 38:62 19b
7 CH2CO2Me Me H nBu2CuLi Et2O 05:95 19b
8 OBn Me H PhCCZnBr THF 19:81 19c
9 OBn Me H PhCCZnBr Et2O 05:95 19c

10 OMEM C7H15 Me BuLi CH2Cl2 25:75 15 g
11 OMEM C7H15 Me BuLi THF 59:41 15 g
12 OMEM C7H15 Me BuMgBr pentane 10:90 15 g
13 OMEM C7H15 Me BuMgBr Et2O 10:90 15 g
14 OMEM C7H15 Me BuMgBr THF <01:99 15 g
15 OMEM C7H15 Me BuMgBr CH2Cl2 07:93 15 g

Scheme 10. Addition of Nucleophiles to the
Garner Aldehyde 21

Scheme 11. Transition States for Reactions with
the Garner Aldehyde 21
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with chelating reducing agents; however, nonchelat-
ing hydrides, while still favoring 42, exerted only
modest stereocontrol.

Instead to carbonyl compounds,26 the Felkin-Anh
model has also been successfully applied to thio-
ketones27 or imines.28,29 It is interesting to note that
imines 44 (X ) NiPr) consistently gave better results

compared to the corresponding aldehydes in favor of
the Felkin product 46 (Scheme 18, Table 8).

The addition of nucleophiles to 3-substituted cy-
clohexanones has also been analyzed by Felkin and
Anh. The underlying concepts in these cases are,
however, the distinction between axial attack due to
torsional strain and equatorial attack due to the
lower steric hindrance of the nucleophile on its
incoming trajectory. Since there is no issue of con-
formational flexibility as found in acyclic R-chiral or
â-chiral substrates, such cases should not be consid-
ered in the context of Cram’s rule.30

Table 3. Addition of Nucleophiles to the
Garner-Aldehyde 21

Scheme 12. Addition of Nucleophiles to
2,3-Isopropylideneglyceraldehyde 28

Table 4. Addition of Nucleophiles to
2,3-Isopropylideneglyceraldehyde 28
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B. Nucleophilic Attack to Cyclopropyl-Substituted
Carbonyl CompoundssConflicting Models

Due to stereoelectronic reasons, cyclopropyl-sub-
stituted carbonyl compounds are most stable in
bisected conformations. On the basis of this prefer-
ence, a model was postulated for the nucleophilic
attack to R-chiral cyclopropyl carbaldehydes and
ketones:31a of the two possible bisected conforma-
tions, the s-cis conformation 49 is disfavored in
cyclopropyl carbaldehydes because of steric interac-
tions with the cyclopropyl moiety (Scheme 19). The
attack of the nucleophile is therefore thought to occur
in the preferred s-trans conformation 51 of the
cyclopropyl compound from the sterically less shielded
side, predicting 53 as the major diastereomer. How-
ever, in this case, the trajectory of the nucleophile is
interfering with the cyclopropane ring (substituent
M) corresponding to an anti-Felkin-Anh attack. In
accordance with the Felkin-Anh rule, one would
therefore postulate a transition state resulting from
the conformation 50 as most favorable, giving rise
to 48 as the major diastereomer.31b

Indeed, cyclopropyl carbaldehydes 54 are known
to yield, with high selectivity, both the Felkin adduct
55 or the anti-Felkin adduct 56 depending on the

Scheme 13. Reactive Conformation for Reactions
with 28

Scheme 14. Addition of Nucleophiles to the
Acroleindimer 33

Table 5. Addition of Nucleophiles to Acroleindimer 33

entry M-Nu 34:35 ref

1 Et2TiCl2 24:76 23a
2 EtCu(1)Li 50:50 23a
3 EtCu(1)MgBr 12:88 23a
4 Et2Zn 15:85 23b
5 EtLi 72:28 23a,b
6 EtLi/TMEDA 80:20 23c,b

Scheme 15. Addition of Nucleophiles to
Substituted Benzoxathiin 36

Table 6. Addition of Nucleophiles to Substituted
Benzoxathiin 3624

entry R nucleophile 37:38

1 Me PhMgBr 22:78
2 Me PhLi 50:50
3 CH2OTIPS PhMgBr 0:100
4 CH2OMe PhMgBr 84:16
5 CH2SMe PhMgBr 13:87
6 CH2SMe PhLi 77:23
7 CHMeOMe (S) PhMgBr 21:79
8 CHMeOMe (R) PhMgBr 100:0
9 CHMeOTIPS (S) PhMgBr 0:100

10 CHMeOTIPS (R) PhMgBr 0:100
11 CHEtSMe (S) PhMgBr 0:100
12 CHEtSMe (S) PhLi 91:09
13 CHEtSMe (R) PhMgBr 0:100
14 CHEtSMe (R) PhLi 47:53

Scheme 16. Transition State for Reactions of 36
and Nucleophiles

Table 7. Addition of Nucleophiles to
N-Tosyl-2-benzoyl-1,3-oxazines (41)25

entry reagent 42:43

1 NaBH4 85:15
2 LiAlH4 99:01
3 L-Selectride 99:01
4 L-Selectride/12-crown-4 70:30
5 DIBAL-H 80:20
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substrate and the nucleophile (Scheme 20, Table
9).31,32 However, the high preference for the formation
of 56 (entries 1-2) might also be explained by
chelation with the carbamide group in the â-position.
In cases in which chelation can be conclusively ruled
out, high selectivity toward the Felkin diastereomer
55 was observed.

In cyclopropyl ketones, the substituent R becomes
sterically more demanding than the carbonyl group,
consequently the s-cis conformation 58 is preferred
(Scheme 21). Therefore, the analysis based on pref-
erential attack of the s-cis conformation31a 58 or of
the Felkin-Anh conformation33 59 leads to the same
prediction that the favored diastereomer should be
57.

Concurrent with this analysis, various cyclopro-
pyl ketones 63 have been reduced with hydride
reagents to yield the Felkin product 64 predomi-
nately (Scheme 22, Table 10).31a,33 By switching the

reducing reagent, an impressive change of selectivity
was accomplished in one case (entries 7 and 8). This
was explained by precoordination of DIBAL-H to the
carbonyl group, thus disfavoring 58 or 59 for steric
reasons.31a

A similar picture is obtained when analyzing
nucleophilic additions to R-chiral epoxyaldehydes and
ketones (Scheme 23, Table 11).34 Again, there seems
to be quite a delicate balance between chelation

Scheme 17. Addition of Nucleophiles to
N-Tosyl-2-benzoyl-1,3-oxazines (41)

Scheme 18. Addition of Nucleophiles to r-Chiral
Imines in Comparison with r-Chiral Aldehydes

Table 8. Addition of Nucleophiles to r-Chiral Imines
in Comparison with r-Chiral Aldehydes28,29

entry X Met 46:47

1 O 9-BBN 55:45
2 NiPr 9-BBN 100:0
3 O SnBu3/TiCl4 69:31
4 NiPr SnBu3/TiCl4 92:08
5 O MgCl 60:40
6 NiPr MgCl 70:30

Scheme 19. Transition States of the Nucleophilic
Attack to Cyclopropyl-Substituted Carbaldehydes

Scheme 20. Addition of Nucleophiles to
Cyclopropyl Carbaldehydes

X X
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control by invoking the oxygen of the epoxide and
Felkin control. Alkoxy groups in the â-position being
placed cis to the carbonyl group seem to be able to
effectively compete with the ring oxygen for chelation,
thus explaining the preference for the Felkin product
67 (entries 6-8). Further examples have been re-
ported.35

C. Combination of the Felkin−Anh Rule and the
Zimmerman−Traxler Model

Many addition reactions to carbonyl compounds
proceed via cyclic six-membered transition states.
The course of such reactions can be understood by
the Zimmerman-Traxler model,36 which requires the
arrangement of the reaction partners in a chairlike
transition state, placing the large substituents equa-
torially if possible. This model is usually strictly
followed in ene,37 allylation,38 and aldol reactions.39

1. Aldol Reactions

The reaction of R-chiral aldehydes 69 with enolates
calls for the combination of the Zimmerman-Traxler
model and the Felkin-Anh rule, which was thor-
oughly analyzed by Roush40a and Gennari.40b

In agreement with the Zimmerman-Traxler model,
the reaction of aldehydes with Z(O)-enolates affords
predominantly syn-aldol adducts while E(O)-enolates
give rise to anti-aldol adducts. The Z(O)-enolate 70
should therefore give rise to the syn,syn diastereomer

Table 9. Addition of Nucleophiles to
Cyclopropylcarbaldehydes 54

Scheme 21. Transition States of the Nucleophilic
Attack to Cyclopropyl Substituted Ketones

Scheme 22. Addition of Nucleophiles to
Substituted Cyclopropyl Ketones

Table 10. Addition of Nucleophiles to Substituted
Cyclopropylketones 63

entry RE RZ nucleophile 64:65 ref

1 TMS H LiAlH4 71:29 33a,b
2 nBu H LiAlH4 50:50 33a,b
3 SnBu3

nBu LiAlH4 94:06 33a,b
4 TMS SnBu3 LiAlH4 95:05 33a,b
5 SnBu3 SnBu3 LiAlH4 94:06 33a,b
6 Ph CONEt2 NaBH4 80:20 31a
7 Ph CONEt2 Li(sBu)3BH 98:02 31a
8 Ph CONEt2 DIBAL-H 02:98 31a

Scheme 23. Addition of Nucleophiles to
Epoxyketone 66

Table 11. Addition of Nucleophiles to Epoxyketone 66

entry RE1 RE2 RZ R nucleophile 67:68 ref

1 H nAm H H EtMgBr 50:50 34a
2 TMS nAm H H EtMgBr 96:04 34a
3 H TMS H nBu MeMgI 20:80 34b
4 H TMS H nBu MeMgI/HMPA <01:99 34b
5 H TMS H Me nBuMgBr/

HMPA
17:83 34b

6 H H CH2OBn H MeLi 80:20 34c
7 H H CH2OBn H MeMgCl 75:25 34c
8 H H CH2OTBS H MeLi 73:27 34c
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71 by abiding both the Felkin-Anh rule and the
Zimmerman-Traxler model (Scheme 24). However,
the Felkin-type transition states leading to 71 suffer
from severe 1,3-syn-pentane (cf. 73) or gauche (cf. 74)
interactions. In contrast, the anti-Felkin transition
state 75 minimizes both 1,3-syn-pentane and gauche
interactions, leading to 72 as the preferred diaste-
reomer.

In contrast, E(O)-enolates 76 should preferentially
give rise to the Felkin adduct 77 (Scheme 25). The
transition state 80 leading to the anti-Felkin adduct
78 suffers from a gauche interaction between R and
L compared to the Felkin transition state 79, in
which only a gauche interaction between R and M is
evident.

Experimental evidence and theoretical calculations
seem to support these models, although in many
cases the selectivities obtained in favor of one dia-
stereomer are not particularly high (Scheme 26,
Table 1240a and Scheme 2741). Moreover, the assign-
ment of L and M is not straightforward: Substituents
such as phenyl or vinyl groups must apparently be
regarded as smaller than a methyl group (Table 12,
entries 1-3). Due to their flat, sterically undemand-
ing π-surface, these substituents seem to experience
very little of the decisive gauche interaction between
M (π-substituent) and R (Me) in 75.42,43

If there is sufficient steric differentiation between
L and M, high selectivities can nevertheless be
accomplished. In the synthesis of a subunit of Song-
istatin 1, the key step consists of a boron-mediated
anti-aldol coupling reaction between 87 and 89,
which has led to the Felkin product 88 with perfect
stereocontrol (Scheme 28).44

The situation changes if enolate 90 bearing no
substituent at the â-carbon reacts with R-chiral
aldehydes. Since syn-pentane and gauche interac-
tions being encountered in 73 and 74 are now
negligible, preference for the Felkin diastereomer 91
is found in a very similar way, as observed in the
reaction of 1 with simple nucleophiles (Scheme 29
and Table 13).45 In particular, the stereoelectronic
control exerted by electron acceptors outweighs the
influence of sterically demanding substituents (Table
13, entries 1-5). The increase in selectivity with the
steric bulk of M can be understood as disfavoring the
anti-Felkin attack (cf. 75). Again, the phenyl group
being a weak acceptor assumes the role of L; how-
ever, a conflict arises with sterically demanding

Scheme 24. Models for Aldol Reactions between
r-Chiral Aldehydes and Z(O)-Enolates

Scheme 25. Models for Aldol Reactions between
r-Chiral Aldehydes and E(O)-Enolates

Scheme 26. Aldol Reactions of Z(O)-Enolates and
r-Chiral Aldehydes
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groups such as i-Pr or t-Bu, resulting in a loss of
selectivity (Table 13, entries 6-9).46-48

2. Allylboration Reactions

The same analysis as for the aldol reactions can
be applied for the addition of crotylboranates to
R-chiral aldehydes, since the allyl transfer also
proceeds via six-membered chairlike transition states.
Z-boronates 93 should therefore yield as the major
diastereomer the anti-Felkin adduct 95, while with
E-boronates 96 one would expect the Felkin adduct
97 to be preferred (Scheme 30). While this analysis
seems to hold in most cases using 96 as the starting
boronate (Table 14, entries 1-4), there seems to be
no clear picture for the corresponding Z-boronate 93
(entries 5-8).40a,49

Scheme 30. Aldol Reactions of Crotylboronates
and r-Chiral Aldehydes

Scheme 27. Aldol Reaction of the E(O)-Enolate 84
and r-Chiral Aldehyde

Scheme 28. Key step in the Synthesis of 88

Scheme 29. Aldol Reactions with â-Unsubstituted
Enolates

Table 12. Aldol Reactions of Z(O)-Enolates 81 and
r-Chiral Aldehydes40a

Table 13. Aldol Reactions with â-Unsubstituted
Enolate 9045

entry L M 91:92

1 OMe Me 58:42
2 OMe Et 76:24
3 OMe iPr 92:08
4 OMe tBu 93:07
5 OMe Ph 83:17
6 Ph Me 78:22
7 Ph Et 86:14
8 Ph iPr 70:30
9 Ph tBu 37:63
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D. Double Stereodifferentiation

If R-chiral carbonyl compounds are reacted with
chiral nucleophiles, the issue of double sterecontrol50

arises. The analysis of such cases becomes therefore
more complicated since it is very often not un-
ambiguously possible to attribute the induced ste-
reoselection to the R-chiral carbonyl substrate or to
the nucleophile, respectively. Many situations are
encountered in which the nucleophile is rendered
chiral by an auxiliary or a catalyst, which efficiently
overrides the influence of the R-stereocenter in the
substrate. A typical example (Scheme 31) is the
allylation of the aldehyde 28 with the achiral allyl-
borane 101 to yield 99 with moderate Felkin control
as expected.51a Using the chiral allylborane 102, the
selectivity is dramatically increased in favor of 99
(matched case), while with the enantiomeric 103, the
anti-Felkin product 100 is mainly formed (mis-
matched case) (Scheme 31). Ideally, an auxiliary-
based reagent would completely control the outcome
of a reaction independent of the chirality of the
substrate. The most successful auxiliaries, such as
the oxazolidinones developed by Evans, give indeed
generally excellent selectivities also for the mis-
matched cases.

Mulzer52 demonstrated the combination of Felkin
and Cram-chelate control with an ingenious set of
experiments. The R-stereocenter in the R,R′-chiral
ketone 104 having an appropriate protected
oxygen group exhibits Felkin control, while the R′-
center is amenable toward chelation (Scheme 32,
Table 15). As shown in 107, these two control
elements are reinforcing; consequently, 104 gives rise
predominately to 105 with especially high selectivity
if PG is chosen in a way that chelation with the
R-center is efficiently precluded (Table 15, entries
6-9).

In contrast, with diastereomer 108, a conflict arises
between the preferred conformation of the R-stereo-
center for Felkin control and of the R′-stereocenter
for Cram-chelate control, the two control elements
are nonreinforcing (Scheme 33, Table 16). Neverthe-
less, high selectivities in favor of 109 have been
achieved, indicating that Cram-chelate control through
the R′-center has been the decisive factor.

There are also a number of examples for the
reaction of R-chiral nucleophiles with R-chiral alde-
hydes. In general, the stereochemical control of the

carbonyl compound seems to be the decisive factor,
consequently the reaction of 113 and 114 lead
predominantly to the Felkin product 115 (Scheme
34).53

The preference of a substrate to yield preferentially
the Felkin-Anh or the Cram-chelate adduct can be
used as a selection criteria in kinetic and dynamic
kinetic resolutions.54 Thus, racemic R-alkoxyalde-
hydes and R-aminoaldehydes can be resolved with
high diastereoselectivity to alkenes when reacted

Table 14. Aldol Reaction of Crotylboronates 93 and 96
and r-Chiral Aldehydes 69

entry L M
E/Z-

Boranat
94:95

or 97:98 ref

1 Et Me E 83:17 40a
2 tBu Me E >97:03 49
3 OBn Me E 47:53 49
4 CHMeOTBS Me E 95:05 49
5 Et Me Z 30:70 40a
6 tBu Me Z 60:40 49
7 OBn Me Z 88:12 49
8 CHMeOTBS Me Z 09:91 49

Scheme 31. Double Stereodifferentiation in the
Allylation of Aldehyde 28

Scheme 32. Grignard Additions to r- and r′-Chiral
Ketones (reinforcing)
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with chiral phosphonates using nonchelating con-
ditions. In particular, starting from racemic 116,
either the Felkin diastereomer 118 or the anti-Felkin

diastereomer 119 can be obtained selectively only by
switching from nonchelating to chelating con-
ditions using the same chiral auxiliary (Scheme 35,
Table 17).54a The observed selectivity can be ex-
plained by control of the stereocenter adjacent to the
ester group by the chiral auxiliary, which is re-
layed via the geometric control to the â-stereo-
center. Finally, the aldehyde enantiomer of 116
will react preferentially that will allow the forma-
tion of the Felkin or the anti-Felkin diastereomer
depending on the reaction conditions applied (Scheme
36).

The reaction of the R-chiral aldehyde 13 and the
chiral carbanion 122 has been shown to proceed with
high diastereoselectivity.55 In a mutual kinetic reso-
lution, high Felkin control was achieved along with
high syn-selectivity if an appropriate metal as coun-
tercation is chosen (Scheme 37, Table 18).

Table 15. Grignard Additions to r- and r′-Chiral
Ketones (reinforcing)52

entry PG RMgX 105:106

1 Bn ipropenylMgBr >98:02
2 Bn EtMgBr 91:09
3 Bn vinylMgCl 96:04
4 Bn allylMgBr 67:33
5 TBS ipropenylMgBr 95:05
6 Bzl ipropenylMgBr >98:02
7 Piv ipropenylMgBr >98:02
8 2,6-Cl2-Bn ipropenylMgBr >98:02
9 TBDPS ipropenylMgBr >98:02

10 Me ipropenylMgBr 65:44

Scheme 33. Grignard Additions to r- and r′-Chiral
Ketones (nonreinforcing)

Table 16. Grignard Additions to r- and r′-Chiral
Ketones (nonreinforcing)52

entry PG RMgX 109:110

1 2,6-Cl2-Bn ipropenylMgBr >90:10
2 2,6-Cl2-Bn vinylMgCl 75:25
3 Bzl ipropenylMgBr >98:02
4 Bzl EtMgBr 95:05
5 Bzl vinylMgCl 90:10

Scheme 34. Reaction between r-Chiral Aldehyde
and r-Chiral Nucleophile

Scheme 35. Felkin-Anh Model in Kinetic
Resolution

Table 17. Felkin-Anh Model in Kinetic Resolution of
11654a

entry R base, solvent 118:119

1 o-Tol KHMDS/18-crown-6,THF 93:07
2 CF3CH2 KHMDS, DCM 03:97

Scheme 36. Application of the Felkin-Anh Model
in Kinetic Resolution of 116
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III. Addition to r-Chiral C−C Double Bonds
The great success of the Felkin-Anh rule to

provide an understanding for addition reactions to
R-chiral C-O double bonds called for the extension
of this concept to C-C double bonds. However, the
analysis of addition reactions to R-chiral alkenes is
more complicated: depending on the electronic na-
ture of the alkene, both electrophiles or nucleophiles
can be added. This has implications on the kind of
stereoelectronic effects that might be executed from
substituents of the chiral R-center as well as on the
trajectory of the incoming reagent. To further com-
plicate the situation, some nucleophiles having coun-
tercations such as zinc can behave like electrophilic
reagents due to the initial interaction of the alkene
double bond with the metal acting as a Lewis acid.
Consequently, the definition of the substituents L,
M, and S at the chiral center is dependent on the type
of reaction under the premises that L should always
be orthogonal to the double bond. Last but not least,
the E/Z-geometry of the alkene can play a significant
role for the selectivity. Especially in Z-alkenes the
terminal substituent of the double bond can interact
with the R-stereocenter, bringing in the issue of 1,3-
allylic strain56 as another important control element
for the reactive conformation. With all additional
factors to be taken into account, it becomes question-
able if and to what extent the Felkin-Anh model can
be applied to such reactions. Nevertheless, we will

examine additions to carbon-carbon double bonds
within the boundaries of the Felkin-Anh rule in
comparison with the concept of 1,3-allylic strain,
which also often plays a pivotal role in such reactions.

A. Electrophilic Additions
A model for the addition of electrophiles to R-chiral

C-C double bonds was developed by Houk.57 The
basis again is found in the Felkin-Anh rule; how-
ever, there are two important differences: since
electrophiles attack a double bond at the center, its
trajectory is 90° or smaller, contrary to the addition
of nucleophiles. Consequently, on this trajectory the
electrophile feels the least steric influence of the
R-center if the small substituent S orients onto the
side of the double bond as shown in 129 (Scheme 38).

As an additional benefit, the 1,3-allylic strain be-
tween RZ and S is minimized; therefore, the anti-
Felkin58 adduct 128 should be the preferred one.
Furthermore, the stereoelectronic influence of elec-
tron acceptors being orthogonal to the double bond
would destabilize the transition state as electron
density would be delocalized toward this group.
Therefore, acceptors are not regarded as L, while
electron donors when placed orthogonal make the
double bond more electron rich and therefore assume
the role of L.59

In agreement with this model, the hydroboration
of 131 gives rise via 129 to the anti-Felkin product
133 (Scheme 39, Table 19).60 However, the same

conclusion is reached via the transition state 130
which calls for eclipsing the small substituent with
RZ to minimize 1,3-allylic strain and electrophilic
attack from the less sterically hindered side.

Scheme 37. Addition of Chiral Carbanions to
r-Chiral Aldehydes

Table 18. Addition of Chiral Carbanions to r-Chiral
Aldehydes55

entry R Met
123:124:
125:126

Felkin:
anti-Felkin

syn:
anti

1 Me PbBu3, TiCl4 95:0:5:0 95:05 100:0
2 Me SnBu3, TiCl4 90:0:10:0 90:10 100:0
3 MOM Li 49:43:4:4 92:08 53:47

Scheme 38. Houk Model for Electrophilic
Additions to Alkenes

Scheme 39. Hydroboration of r-Chiral Alkenes 131
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Likewise, R-chiral enolates 134 are trapped by
various electrophiles yielding the anti-Felkin prod-
ucts 136 predominantly (Scheme 40, Table 20).61

B. Nucleophilic Additions

1. SN2′ Reactions
The addition of nucleophiles to R-chiral allyl chlo-

rides via a SN2′ mechanism also follows, in principle,
the Felkin-Anh rule as discussed for the addition of
nucleophiles to R-chiral carbonyl compounds; how-
ever, some important differences again apply. Ac-
cordingly, the Felkin conformation 140 leading to the
adduct 138 should be favored; however, in the case
of (Z)-configurated alkenes 137, the anti-Felkin
conformation 141 increases in importance in order
to minimize 1,3-allylic strain (Scheme 41). Therefore,
excellent Felkin diastereoselectivity is found for the
addition of cuprates to (E)-137 (Table 21, entries
1-8)62 while with (Z)-137 the stereoselectivity is
somewhat diminished (entries 9-10). Surprisingly,
alkoxy substituents do not seem to exert the stereo-
electronic effect seen earlier by the addition to
carbonyl compounds. High Felkin selectivity is gen-

erally displayed by such substrates; however, the
alkoxy substituent plays the role of M rather than
of L (entries 11-19). An explanation for this “inside
alkoxy effect”, being discussed for the first time by
Houk for 1,3-dipolar cycloadditions of nitriloxides to
alkenes (vide infra),59 might be found in the fact that
the addition of zinc(II) chloride acting as a Lewis acid
was required in the cuprate additions. The Lewis acid
might withdraw electron density by coordination of
the alkene, therefore making it disadvantageous for
an R-alkoxy group to align orthogonal to the double
bond. Again, selectivities with (Z)-alkenes (entries
18-19) are lower, probably due to competing 1,3-allyl
strain favoring the anti-Felkin diastereomer 139.

A particularly impressive case combining the nu-
cleophilic addition to an R-chiral aldehyde and the
electrophilic addition to an R-chiral alkene was
reported by Mulzer with the chromium-mediated
reactions of 142 and the allyl bromides 143 and 145
(Scheme 42).15m The exclusive formation of 144 is
rationalized with both an attack to the aldehyde 142
and to the alkene 143 according to the Felkin-Anh
model and has consequently been labeled as the
matched case. The reaction of 142 with 145 also
proceeded with excellent stereochemistry, resulting
in the diastereomer 146 in which attack of the alkene

Table 19. Hydroboration of r-Chiral Alkenes 13160

Scheme 40. Addition of Electophiles to r-Chiral
Enolates

Table 20. Addition of Electophilies to r-Chiral
Enolates 134

entry R1 R2 M L
electro-
phile

135:
136 ref

1 OMe Me Bn NHZ EtI 16:84 61a
2 OMe Me Bn NHZ allylBr 0:100 61a
3 OEt H Me NHCOPh MeI 20:80 61b
4 OEt H Me NHCOPh EtI 07:93 61b
5 OEt H Me NHCOPh PhCHO 25:75 61b
6 OMe H Me NHCOPh MeI 20:80 61b
7 OMe H Me NHCOPh EtI 06:94 61b
8 OMe Et Me NHCOPh PhCH2Br <01:99 61b
9 OMe H Me PhCH2OCONH MeI 12:88 61b

10 OMe H Me PhCH2OCONH PhCH2Br <09:91 61b
11 OMe H Me PhCH2OCONH PhCHOH 33:67 61b
12 Me H Me Ph MeI 40:60 61c
13 Me H Me iPr MeI 25:75 61c
14 Me Me Me Ph TFA 15:85 61c
15 Me Me Me iPr TFA 20:80 61c

Scheme 41. 1,2-Induction in SN2′ Reactions

Table 21. 1,2-Induction in SN2′-Reactions

entry L M nucleophile
E/Z-

olefin 138:139

1 Ph Me Bu2CuLi E 96:04
2 Ph Me Bu2CuLi‚ZnCl2 E 95:05
3 Ph Me Me2CuLi‚ZnCl2 E 95:05
4 Ph Me Bu2Ti(OiPr)3Li/CuIcat E 95:05
5 Ph Me BuCu‚BF3 E 96:04
6 Ph Me Me2CuLi/ZnCl2 E 95:05
7 cHex Me Bu2CuLi‚ZnCl2 E 100:0
8 cHex Me Me2CuLi‚ZnCl2 E 100:0
9 Ph Me Bu2CuLi‚ZnCl2 Z 78:22

10 Ph Me Me2CuLi‚ZnCl2 Z 88:12
11 Me OMOM Bu2CuLi‚ZnCl2 E 65:35
12 iPr OTIPS Bu2CuLi‚ZnCl2 E 100:0
13 iPr OBn Bu2CuLi‚ZnCl2 E 100:0
14 iPr OMOM Bu2CuLi‚ZnCl2 E 100:0
15 cHex OMOM Bu2CuLi‚ZnCl2 E 100:0
16 nPent OMOM Bu2CuLi‚ZnCl2 E 75:25
17 tBu OMOM Bu2CuLi‚ZnCl2 E 100:0
18 iPr OBn Bu2CuLi‚ZnCl2 Z 90:10
19 tBu OMOM Bu2CuLi‚ZnCl2 Z 40:60
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according to the Felkin-Anh model has completely
overridden the preference of the aldehyde to also
yield the Felkin-Anh product.

2. Conjugated 1,4-Additions (Michael Additions)

In a very similar way to the SN2′ reactions, the
addition of nucleophiles to γ-chiral-R,â-unsaturated
carbonyl compounds can be analyzed (Scheme 43).
Again, (E)-alkenes (E)-147 preferentially give rise to
diastereomer 148 following the Felkin paradigm,

while with (Z)-alkenes (Z)-147 1,3-allylic strain is the
dominating control element leading to the anti-Felkin
diastereomer 149.63,64

However, it is interesting to note that the nature
of the nucleophile can also determine the stereo-
chemical course of the reaction in the case of (Z)-
alkenes as substrates. Low-order cuprates displayed
Felkin selectivity for both (E) and (Z)-147 (Table 22,
entries 2, 5), while high-order cuprates predomi-
nantly yield the Felkin adduct 148 starting from (E)-
147 (entries 1 and 3) but favor the anti-Felkin adduct
149 starting from (Z)-147 (entries 4 and 6). It has
been argued that such reagents initially transfer an
electron to the Michael acceptor, rendering the stag-
gered conformation 153 decisive for the stereochem-
ical outcome of the reaction (Scheme 44).

Disubstituted olefins show the same tendency
discussed for (Z)-alkenes (Scheme 45, Table 23).63

Lithium amides generally display moderate to high
Felkin selectivity in the 1,4-addition to γ-alkoxy-
substituted acrylates, assigning the alkoxy group the

Scheme 42. Addition of Chiral Nucleophiles to
r-Chiral Carbonyl Compounds

Scheme 43. Addition of Nucleophiles to 147

Table 22. Addition of Nucleophiles to 14763

entry nucleophile E/Z-olefin 148:149

1 Bu2CuLi‚BF3 E 70:30
2 BuCu‚BF3 E 88:12
3 Me3CuLi2‚BF3 E 87:13
4 Bu2CuLi‚BF3 Z 30:70
5 BuCu‚BF3 Z 74:26
6 Me3CuLi2‚BF3 Z 21:79

Scheme 44. Models for the Addition of Cuprates to
γ-Chiral-r,â-unsaturated Acrylates
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role of L based on the stereoelectronic argument
discussed earlier (Scheme 46, Table 26, entries
1-6).65 In the analogous addition of cuprates, how-
ever, alkoxy groups again must be viewed as M
because of the electrophilic nature of the nucleophile

(Scheme 46, Table 24, entries 7-18). The decisive
control element for (Z)-alkenes 160 (Scheme 47, Table
25) and disubstituted alkenes 163 (Scheme 48, Table
26) seems to be again the minimization of 1,3-allylic
strain, as the general turnover of selectivity in
comparison to 157 suggests. However, a comparison
of entries 1 and 2 in Tables 25 and 26 clearly shows
the limits in trying to rationalize the stereochemical
outcome in cuprate additions as described here.

The high Felkin selectivity obtained in the cyclo-
propanation66 of 166 by the ylide 167 serves as
another example for the ambiguity of a nucleophilic
reagent being capable of electrophilic activation of a
double bond, thus dictating for stereoelectronic rea-
sons an alkoxy group to be positioned inside rather
perpendicular to the incoming reagent (Scheme 49).

Scheme 45. Addtion of Cuprates to 154

Table 23. Addition of Cuprates to 15463

entry R-M 155:156

1 Bu2CuLi 32:68
2 BuCu‚BF3 74:26
3 Me3CuLi2‚BF3 39:61
4 Bu2CuLi 08:92
5 MeMgBr 60:40
6 Me4AlLi 62:38
7 allylSnBu3 96:04
8 MeCu‚BF3 79:21

Scheme 46. Addition of Nucleophiles to 157

Scheme 47. Addition of Nucleophiles to 160
Nu Nu

Scheme 48. Addition of Nucleophiles to 163

Table 24. Addition of Nucleophiles to 157

entry L M R nucleophile 158:159 ref

1 OTBS Me tBu LiNBnTMS 54:46 65a
2 OTBDPS Me tBu LiNBnTMS 89:11 65a
3 OTIPS Me tBu LiNBnTMS 90:10 65a
4 OTIPS Me tBu LiNBn2 30:70 65a
5 OCPh3 Me tBu LiNBnTMS 100:0 65a
6 OMe Me tBu LiNBn2 63:37 65a
7 Me OBn Et (methallyl)2CuLi 42:58 65b
8 Me OBn Et (methallyl)Cu 40:60 65b
9 Me OBn Et (vinyl)2CuLi 72:28 65b

10 Me OBn Et (vinyl)2CuLi‚BF3 94:06 65b
11 Me OBn Et (vinyl)2Cu(CN)Li2 72:28 65b
12 Me OBn Et (vinyl)2Cu(CN)Li2‚

BF3

95:05 65b

13 Me OBn Et MeCu‚BF3 69:31 65b
14 Me OBn Et MeCu(CN)Li‚BF3 95:05 65b
15 Me OBn Et BuCu‚BF3 92:08 65b
16 Me OTBS Et MeCu‚BF3 68:32 65b
17 Me OTBS Et Me2CuLi‚BF3 73:27 65b
18 Me OTBS Et Me2Cu(CN)Li2‚BF3 92:08 65b

Table 25. Addition of Nucleophiles to 16065b

entry L M nucleophile 161:162

1 Me OBn (2-methallyl)2CuLi 20:80
2 Me OBn (vinyl)2CuLi >99:01
3 Me OBn (vinyl)2CuLi‚BF3 52:48
4 Me OBn (vinyl)2Cu(CN)Li2 96:04
5 Me OBn (vinyl)2Cu(CN)Li2‚BF3 21:79
6 Me OBn MeCu‚BF3 22:78
7 Me OBn MeCu(CN)Li‚BF3 26:74
8 Me OBn BuCu‚BF3 22:78
9 Me OTBS MeCu‚BF3 14:86

10 Me OTBS Me2CuLi‚BF3 13:87
11 Me OTBS Me2Cu(CN)Li2‚BF3 18:82

Table 26. Addition of Nucleophiles to 16365b

entry M nucleophile 164:165

1 OBn (2-methallyl)2CuLi 10:90
2 OBn (vinyl)2CuLi 38:62
3 OBn (vinyl)2CuLiiBF3 39:61
4 OBn (vinyl)2Cu(CN)Li2 29:71
5 OBn (vinyl)2Cu(CN)Li2‚BF3 31:69
6 OBn MeCu‚BF3 06:94
7 OBn MeCu 11:89
8 OBn BuCu‚BF3 05:95
9 OTBS MeCu‚BF3 16:84

10 OTBS MeCu(CN)Li 08:92
11 OTBS MeCu(CN)Li‚BF3 09:91
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C. Pericyclic Reactions
1. [4+2]-Cycloadditions

The Felkin-Anh rule does not seem to be ap-
plicable in general for Diels-Alder reactions of dienes
to R-chiral dienophiles. Electrostatic interactions
such as dipole-dipole interactions play an important
role in the transition-state geometries. Nevertheless,
the Felkin-Anh rule can be taken as a good starting
point for the analysis of such reactions. In the Lewis
acid-catalyzed hetero-Diels-Alder reaction of R-ami-
no aldehydes 169 with the diene 170, selectivity can
be controlled by the protecting group on nitrogen.
Increasing the steric size of L prevents chelation, and
the Felkin diastereomer 171 becomes preferred via
173 against 172, which is formed via 174 (Schemes
50 and 51, Table 27).67-69

The [4+2]-cycloaddition between the (E)- and (Z)-
acrylates 175 and 1,3-butadiene (176)70 illustrates
nicely the possible models which can be applied to
explain product distributions (Scheme 52). In both
cases the main diastereomers formed are the anti-
Felkin cycloadducts 178 and 180, respectively. Since

the selectivity for 178, resulting from (Z)-175, is
considerably higher than that of 180, resulting from
(E)-175, it is obvious that 1,3-allylic strain is again
a decisive control element. The transition state 181
should therefore be preferred by reason of minimizing
1,3-allylic strain but also by reason of placing the
acceptor anti to the incoming diene (nucleophile;
Scheme 53). The direction of the incoming diene can
also be explained by the Kahn-Here proposal71

which states that the selectivity should be mainly
influenced by electrostatic interactions. Therefore,
cycloadditions involving electron-rich dienes and
electron-poor dienophiles should occur preferentially
onto the diene face which is more nucleophilic, i.e.,
having an electron donor on this face, and onto the
dienophile face which is more electrophilic, i.e.,
having an electron donor anti to this face. In this
proposal alkoxy groups are viewed as donors rather
than as acceptors in contrast to the definition used
for the Felkin-Anh model. Keeping this discrepancy
in mind, the predictions of the Kahn-Here proposal
and the Felkin-Anh model are the same for the
example described here.

Scheme 49. Cyclopropanation of 166

Scheme 50. Hetero-Diels-Alder Reactions with
r-Chiral Aldehydes

Scheme 51. Models for the Hetero-Diels-Alder
Reactions with r-Chiral Aldehydes

Table 27. Hetero-Diels-Alder Reactions with r-Chiral
Aldehydes67

entry L 171:172

1 NHBoc 25:75
2 NHZ 33:67
3 NHTs 50:50
4 NBn2 90:10
5 NBnTs 91:09
6 NBnBoc 93:07

Scheme 52. Diels-Alder Reaction of 175 with
1,3-Butadiene

Scheme 53. Model for the Diels-Alder Reaction
with (Z)-175
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With (E)-175 no selectivity is observed, which can
be explained by the lack of conformational control due
to the absence of 1,3-allylic strain and by the sym-
metrical trajectory of the incoming diene, resulting
in no differentiation between the Felkin and anti-
Felkin conformations.

2. [3+2]-Cycloadditions

The cycloaddition of nitriloxides 182 to R-chiral
alkenes 18359,72 must be considered as an electro-
philic attack onto the dipolarophile; consequently,
acceptor substituents are not placed orthogonal but
rather parallel to the double bond. Moreover, since
the attack of 182 occurs in an angle of >90°, alkoxy
groups prefer the inside position (M) with regard to
the double bond (Scheme 55). This so-called inside
alkoxy effect has been analyzed thoroughly by Houk59

experimentally and theoretically in the context of
extending the Felkin-Anh model toward carbon-
carbon double bonds. Accordingly, 184 is the pre-
ferred product (Scheme 54, Table 28, entries 2-10);
however, if the possibility of hydrogen bonding with
the oxygen atom in 182 exists (M ) OH, entry 1),
the outside position also becomes populated, resulting
in a loss of selectivity.

The palladium-catalyzed [3+2]-cycloaddition of 188
to the acrylate 187 was investigated by Trost.73 This
example clearly demonstrates the limits of the analy-
sis of such reactions with the Felkin-Anh paradigm.
Stereoelectronic arguments would suggest 191 to be
preferred, similar to the cases discussed for electro-
philic additions to double bonds by the Houk model
(inside alkoxy effect), which would lead to the Felkin
product 189. However, it has been argued that both
steric effects due to the cyclic structure of the
R-stereocenter and minimization of the dipole mo-
ment would favor 192, leading to the anti-Felkin
product 190, as is indeed observed with moderate
selectivity.

Kishi has thoroughly analyzed the osmium-cata-
lyzed dihydroxylation to R-alkoxy-substituted alkenes

(Scheme 58).74 Analogously to the arguments put
forward in the Diels-Alder reaction of 175 (Scheme
52), (Z)-alkenes such as 193 consistently gave better
selectivities compared to (E)-alkenes. Nevertheless,
some (E)-alkenes such as 196 also displayed surpris-
ingly high anti-Felkin selectivity, although 1,3-allylic
strain should not be a decisive factor any longer in
such cases.

Scheme 54. 1,3-Dipolar cycloaddition of
Nitriloxides and r-Chiral Alkenes

Scheme 55. Inside Alkoxy Effect in the
Cycloaddition Reactions of Nitriloxides to r-Chiral
Alkenes 183

Table 28. 1,3-Dipole-Cycloaddition of Nitriloxides and
r-Chiral Alkenes 183

entry Ar L M 184:185

1 Ph Me OH 40:60
2 Ph Me OCH2Ph 64:36
3 Ph Me OTHP 63:37
4 Ph Me OTMS 71:29
5 Ph Me OTBS 72:28
6 p-NO2Ph Me OSiMe2Ph 65:35
7 p-NO2Ph Ph OTMS 69:31
8 p-NO2Ph Et OSiMe2Ph 80:20
9 p-NO2Ph iPr OSiMe2Ph 91:09

10 p-NO2Ph tBu OTMS >95:05

Scheme 56. Palladium-Catalyzed
[3+2]-Cycloaddition Reaction of 187

Scheme 57. Models for the [3+2]-Cycloaddition
Reaction with 187
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3. [2+2]-Cycloadditions

Lewis acid-catalyzed [2+2]-cycloadditions of ketene
imines and R-alkoxy aldehydes also do not seem to
follow a clear trend. Depending on the Lewis acid
there can be a competition between chelated and
nonchelated pathways (Schemes 59 and 60), which
only in some cases resulted in high selectivities
(Table 30).75

Remarkableselectivites,however,havebeenachieved
in Paterno-Büchi reactions. 1,3-Allylic strain again
seems to be the governing principle to explain the
outcome of these reactions (Scheme 61).76

D. Sigmatropic Rearrangements

1. Claisen Rearrangement

Sigmatropic rearrangements occur via cyclic tran-
sition states; therefore, the Claisen rearrangement
of 20877 in accordance with a Zimmerman-Traxler
transition state can be analyzed in an analogous way
as discussed earlier for aldol reactions. Anti-Felkin
transition states 213 leading to 210 were proposed

Table 29. Models for the [3+2]-Cycloaddition Reaction
with 187

entry X R1 R2 189:190

1 C Me Me 25:75
2 C BOM H 28:72
3 C H BOM 28:72
4 Si tBu tBu 12:88

Scheme 58. 1,3-Allylic Strain Model (Kishi’s
model) in Dihydroxylations of Alkenes

Scheme 59. [2+2]-Cycloadditions of Keteneimines
199 and r-Chiral Aldehydes

Scheme 60. Models for the [2+2]-Cycloaddition of
69 and 199

Table 30. [2+2]-Cycloaddtions of Keteneimines 199
and r-Chiral Aldehydes75

entry L M R1 cat.a 200:201

1 OTBS Me Me Yt(fod)3 60:40
2 OCPh3 Me Me Yt(fod)3 66:34
3 OCPh3 Me Me Eu(fod)3 65:35
4 OCPh3 Me Et Yt(fod)3 70:30
5 OCPh3 Me Et Yt(hfc)3 56:44
6 OCPh3 Me Et Eu(fod)3 55:45
7 OCPh3 Me Et Eu(tfc)3 57:43
8 OCPh3 Me Et Cr(acac)3 57:43
9 OTBS Me Et Yt(fod)3 52:48

10 OTBS Ph Et Yt(fod)3 36:64
11 OTBS Ph tBu Yt(fod)3 17:83
12 OMe MEM MEM Yt(fod)3 58:42
13 OMe MEM MEM Yt(hfc)3 44:56
14 OMEM Me tBu Yt(fod)3 0:100
15 OCPh3 Me tBu MgBr2 41:59
16 OCPh3 Me Me ZnCl2 78:22
17 OCPh3 Me Me BF3 83:17
18 OCPh3 Me Et ZnCl2 90:10
19 OCPh3 Me Et BF3 89:11
a fod: tris(6,6,7,7,8,8-heptafluoro-2,2-dimethyl-3,5-octane-

dionato). tfc: tris-[-3-[trifluoromethylhydroxymethylene]-(+)-
camphorato]. hfc: tris-[-3-(heptafluoropropyl)hydroxymethyl-
ene]-(+)-camphorato].

Scheme 61. Diastereoselective Paterno-Bu1 chi
reactions
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in order to minimize syn-pentane interactions most
effectively and taking into account that the trajec-
tory of the incoming nucleophile is smaller 90°
(Schemes 62 and 63). The same prediction would be
made if the inside alkoxy model is applied, thus
considering the rearrangement as being electrophilic
and 212 being the important conformation for the
course of the reaction. Likewise, the preferred forma-
tion of 216 from 214 (Scheme 64, Table 31) and of
220 from 217 (Scheme 65, Table 32) can be under-
stood.78

2. [2,3]-Wittig Rearrangements

[2,3]-Wittig rearrangements display high anti-
Felkin selectivity already for the E-configurated
olefin 221, in which 1,3-allylic strain cannot be a
controlling factor (Scheme 66). However, applying the
Felkin-Anh model taking into account that the
attack of the carbanion occurs in an angle
<90° explains conclusively the observed results
(Scheme 67). Even better selectivity is found for the

rearrangement of 224, in which in addition the
minimization of 1,3-allylic strain works in concert
with the control factors discussed above.79

Scheme 62. 1,2-Induction in the Claisen
Rearrangement (1)

Scheme 63. Transition State of the Claisen
Rearrangement of 208

Scheme 64. 1,2-Induction in the Claisen
Rearrangement (2)

78

Table 31. 1,2-Induction in the Claisen rearrangement
(2) of 214

entry Z/E R 215:216

1 E H 57:43
2 E OMe 22:78
3 E OMOM 27:73
4 E OBn 25:75
5 Z H 58:42
6 Z OMe 12:88
7 Z OMOM 27:73
8 Z OBn 20:80

Scheme 65. 1,2-Induction in the Claisen
rearrangement (3)

Table 32. 1,2-Induction in the Claisen rearrangement
(3)

entry M 219:220

1 Me <03:97
2 iPr <05:95
3 EtOTBS <05:95

Around and beyond Cram’s Rule Chemical Reviews, 1999, Vol. 99, No. 5 1213



E. Radical Reactions
The Felkin-Anh model can also be applied to

radical reactions; however, the type of substrate will
determine if 1,3-allylic strain is the more important
control element.16a,80,81 If X in 228 is a carbonyl,
phenyl, nitro, or dialkylamino substituent, a radical
is considered to be sp2-hybridized and allylic strain
between X and the R-stereocenter becomes an issue
(Scheme 68). In contrast, with X being OR, SR or
NHR, ESR studies suggest that the radical center
has considerable tetrahedral character as depicted
in 229, making the Felkin-Anh model applicable for
such cases.

Thus, Giese demonstrated in the reduction of 230
that high selectivites for the Felkin product 231 can
be obtained by using sterically demanding trapping
reagents which deliver a hydrogen atom to the
initially formed radical 233. Stereoelectronic factors
seem to be an important factor in the control of the
conformation of 233. The phenyl substituent as-
sumes, as already discussed for the hydride reactions,
the role of the substituent L even in the case of bulky
substituents such as tert-butyl (Schemes 69 and 70,
Table 33).82 Likewise, alkoxy groups are able to
stabilize the transition states in such radical reac-
tions in the same way as that discussed for ionic
reactions (Scheme 71, Table 34).83

Interestingly, the radical addition of 2-iodopropane
to 237 (Table 35, entry 2) also yielded the Felkin

product 238 with excellent selectivity, although one
would have expected that the reaction leads to the
anti-Felkin product by minimizing 1,3-allylic strain
via 240 (Scheme 72, Table 35). It has been argued
that in such a conformation attack from both sides
is hindered on steric reasons, causing the Felkin

Scheme 66. 1,2-Induction in the [2,3]-Wittig
Rearrangement

Scheme 67. Transition State of the [2,3]-Wittig
Rearrangement

Scheme 68. 1,2-Induction in Radical Reactions

Scheme 69. Addition of Radicals to r-Chiral
Aldehydes

Scheme 70. Model for 1,2-Induction in Radical
Reactions

Table 33. Addition of Radicals to r-Chiral Aldehydes
230

entry L M reagent 231:232

1 Ph Me TMS3SiH; H25C12SH 74:26
2 Ph iPr TMS3SiH; H25C12SH 93:07
3 Ph tBu TMS3SiH; H25C12SH 84:16
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conformation 241 to be determining the course of the
reaction because of the sterically least hindered
trajectory of the nucleophile.84

IV. 1,3-Induction

Moving the chiral center to the â-position of the
reaction center naturally should diminish its influ-
ence unless communication through a tether becomes
possible. Therefore, in most studies of 1,3-induction
the chiral center was chosen in a way that one

substituent would offer the possibility of chelation
with the reaction center by an appropriate reagent.85

Only recently some principles have been demon-
strated for 1,3-inductions in nonchelated processes.86

A. Chelation-Controlled 1,3-Induction

There are two complimentary modes possible for
chelate-controlled reactions occurring with 1,3-induc-
tion.87 Either the reaction center and the chiral center
are tethered together and the nucleophile is delivered
externally of the chelate or the nucleophile becomes
part of the chelate itself (internal delivery of the
nucleophile). Both modes can be effectively demon-
strated for the addition of nucleophiles to â-hydroxy-
carbonyl compounds 242 and 248 (Schemes 73 and
74). The analogous analysis to the Cram-chelate
model for 1,2-inductions (cf. Chapter I.A.) according
to Reetz leads to the chelate 245 in which attack of
the nucleophile occurs from the sterically less hin-
dered side, i.e., anti to the substituent R1, predicting
243 as the major product.88 The prerequisites to form
such chelates are again that the metal center must
have at least two free coordination sites89 and the
protecting group P must permit effective bidentate
complexation of the Lewis acid.90

Scheme 71. Addition of Radicals to 234

Table 34. Addition of Radicals to 234

entry R XH 235:236

1 Me TMS3SiH 100:0
2 H TMS3SiH 85:15
3 Me nBu3SnH 70:30

Table 35. Additions of Radicals to 237

entry RI 238:239

1 tBu >99:01
2 iPr 80:20
3 Et 50:50
4 Me 39:61

Scheme 72. Additions of Radicals to 237

Scheme 73. Chelation-Controlled 1,3-Induction
(Reetz model)

Scheme 74. Chelation Controlled 1,3-Induction by
External and Internal Delivery of Hydride (Evans
model)

Lig

Lig

Lig

Lig
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The same conclusion is obtained by considering a
chairlike transition state 246, placing R1 and R2 as
the large substituents into equatorial positions
(Scheme 74). Nucleophilic attack occurs axial with a
minimal reorganization of the chelate structure to
give 247 as the preferred product.

Alternatively, the transition state 249 is encoun-
tered in which the nucleophile might be delivered
internally, requiring the axial position of the carbonyl
group to lead to 250. These two models have been
proposed by Evans87,91,92 for hydride reduction of
â-hydroxyketones (Schemes 75, 76) along with the
successful development of reagents which would
effectively differentiate between the two possible
reaction modes.

An interesting application demonstrating the com-
plimentary strategies was reported by Brückner93

with the stereoselective synthesis of the butyrolac-
tones 260 and 261 starting from the common precur-
sor 257.

Very recently, Hanessian94 could demonstrate that
the electrophilic addition to enolates derived from
γ-amino esters proceeds highly stereoselectively to
the anti-configurated products 264. The chairlike
transition state 266 involving a seven-membered
chelate was proposed to explain the results obtained
(Scheme 78).

B. Nonchelation-Controlled 1,3-Induction

1. Cram−Reetz Model

Early studies by Cram95a,b and Reetz95c demon-
strated that 1,3-stereocontrol can also be possible if
only acyclic transition states are involved. The reac-
tion of 267 with allyltrimethylsilane resulted with
good selectivity in the anti-1,3-diol 268, which was
explained by the analysis of polar effects in the
transition state (Scheme 79). Thus, 270 should be the

decisive conformation in which the â-stereocenter
being the large substituent is placed anti to the
carbonyl group. The benzyloxy group adopts the
conformation in which the dipole moment is mini-
mized most effectively, and attack of the nucleophile
occurs anti to the bulkier of the remaining two
substituents on the â-stereocenter, which bisect the
carbonyl group.

2. Evans Model

Only recently, Evans presented a different model
for nonchelate 1,3-inductions based on some carefully

Scheme 75. 1,3-Reduction of 251

Scheme 76. Chelation-Controlled 1,3-Induction for
the Reduction to cis-1,3-diols

Scheme 77. Key Steps in the Synthesis of
1,3-Polyols

Scheme 78. Electrophilic 1,3-Induction
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orchestrated experimental evidence and by taking the
successful concepts of the Felkin-Anh model into
account.96 Also in this model the presence of a polar
substituent is important as one control element in
the reaction. In the proposed transition state 271
(Figure 3), the â-stereogenic center being the large
substituent is oriented anti to the incoming nucleo-
phile in analogy to the Felkin-Anh model. This way
a staggered relationship between the forming bond
and the R-substituents is also achieved. The polar
substituent L is placed anti to the carbonyl group in
order to minimize dipole-dipole interactions. Last
but not least, the substituent M is placed anti to the
aldehyde group, allowing minimization of steric ef-
fects of the â-stereocenter and the carbonyl group by
aligning the smallest substituent H with the carbonyl
oxygen. Consequently, the 1,3-anti-diol would be
predicted again as the major product, which is indeed
obtained in many cases with high selectivity (Scheme
80, Table 41).96-98

If the substrate contains an R- and a â-stereocenter,
the Felkin-Anh rule for 1,2-induction and the Evans
model for 1,3-induction must be analyzed in concert.
If these two stereocenters have an anti relationship
as in 278 (Scheme 82), both models predict the
diastereomer 279 rather than 280 as the preferred
one. The two stereocenters are called to be reinforcing
in difference to the terminus matched, which should

be reserved for stereocenters interacting intermo-
lecularly with each other. Indeed, high selectivities
were achieved in such cases for a variety of aldol
reactions (Table 43). In the syn-substrate 275 (Scheme
81, Table 42), the Felkin-Anh and the Evans model

Figure 3. 1,3-Stereocontrol with Acyclic Transition States
(Evans model).

Scheme 79. 1,3-Stereocontrol with Acyclic
Transition States (Cram and Reetz Model)

Scheme 80. 1,3-Induction in â-Chiral Carbonyl
Compounds

Table 36. Chelation-Controlled 1,3-Induction (Reetz
model)

entry reagent R1 R2 243:244

1 MeTiCl3 Me Me 90:10
2 TiCl4/AllylTMS Me allyl 95:05
3 TiCl4/ZnnBu2 Me nBu 90:10
4 MeTiCl3

nBu Me 91:09
5 TiCl4/AllylTMS nBu allyl 95:05
6 TiCl4/CH2C(Me)CH2TMS Me CH2C(Me)CH2 95:05
7 TiCl4/CH2C(Me)CH2TMS nBu CH2C(Me)CH2 95:05

Table 37. 1,3-Reduciton of 251

entry reagent 252:253

1 NaBH4/HOAc 80:20
2 Me4NBH4/HOAc 92:08
3 Me4NHB(OAc)3/HOAc 92:08
4 NaHB(OAc)3/HOAc 84:14
5 NaHB(OAc)3/THF 77:23
6 Me4NHB(OAc)3/THF 69:31
7 NaHB(OAc)3/THF,HOAccat 82:18
8 Me4NHB(OAc)3/THF,HOAccat 79:21
9 Me4NHB(OAc)3/CH3CN/HOAc 92:08

10 Me4NHB(OAc)3/acetone/HOAc 92:08

Table 38. trans-1,3-Diols by Reduction with
Me4NHB(OAc)3

a

a Rd(CH2)3Ph).91a
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lead to different predictions since the two stereo-
centers are not reinforcing. Interestingly, it seems
that the stereocenter exerting the decisive control in
the reaction is dependent on the size of the nucleo-
phile. If it is large, high Felkin control is observed,
indicating the interaction of the R-stereocenter with
the incoming nucleophile is the determining factor.
However, as the steric demand of the enolsilane
decreases, the â-center becomes the dominant control

element despite its larger distance to the reaction
center.99,100

The principles discovered here could be taken one
step further by reaction of â-substituted enolates with

Table 39. Chelation-Controlled 1,3-Induction for
Reduction to cis-1,3-Diol 255

entry R R′ 255:256

1 nBu nBu 99:01
2 Ph Ph 99:01
3 Ph CH2CO2Et 98:02
4 iPr CH2CO2Et 98:02

Table 40. Electrophilic 1,3-Induction

entry P R electrophile 264:265

1 TFA Bn allylBr >95:05
2 TFA Bn BnBr >95:05
3 TFA Bn MeI >95:05
4 TFA Bn cinnamylBr >95:05
5 TFA iPr allylBr >95:05
6 TFA Me allylBr >95:05
7 TFA iBu allylBr >95:05
8 Boc Me allylBr >95:05
9 Boc Me cinnamylBr >95:05

10 Boc iPr allylBr >95:05
11 Boc iPr cinnamylBr >95:05

Table 41. 1,3-Induction in â-Chiral Carbonyl
Compounds 272

Scheme 81. 1,3- and 1,2-Induction in â-Chiral
Carbonyl Compounds (1)

Scheme 82. 1,3- and 1,2-Induction in â-Chiral
Carbonyl Compounds (2)

Table 42. 1,3- and 1,2-Induction in â-Chiral Carbonyl
Compounds 275
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R,â-chiral aldehydes (Schemes 83 and 84), thus
creating another stereocenter in the products.101

Since the Lewis acids used for generating the eno-
lates have another open coordination site, these
reactions should proceed via a Zimmermann-Traxler
transition state. As discussed for the aldol reactions
in chapter II.C.1, the geometry of the enolate explains
the observed preference for the Felkin or the anti-
Felkin product in addition to the bias of the â-stereo-
center toward the 1,3-anti product.

The reaction of â-chiral ketones 298 with hy-
dride reagents under nonchelation control leads

predominantly to 1,3-syn-products 299, indicating
that the attack of the nucleophile occurs from the
same carbonyl face as that observed for aldehydes
272 (Scheme 85). However, the transition state 303
being analogous to 271 is disfavored due to steric
interactions between R and L of the â-stereocenter.
Likewise, 306 suffers from such steric hindrance
between R and M, while in 304 an unfavorable dipole
moment is encountered.102 Therefore, 301 seems to
be the best possibility to explain the stereoselectivity
observed (Scheme 86).

C. 1,4-Induction

There have been few examples for 1,4-inductions
which are only successful when effective organization
of the substrate by chelation can take place. There-
fore, application of models of the Felkin-Anh type
have no meaning at the present time.16a,103

V. Conclusion

Together with the concept of 1,3-allylic strain, the
initially proposed models by Cram, Felkin, and Anh
are still the most powerful tools for explaining and

Table 43. 1,3- and 1,2-Induction in â-Chiral Carbonyl
Compounds 278

Table 44. 1,3-Induction of â-Chiral Ketones

entry L M R nucleophile 299:300 ref

1 OPMB iPr iPr Li(sBu)3BH 81:19 102d
2 OPMB iPr iPr Li(tBuO)3AlH 77:23 102d
3 OPMB iPr iPr DIBAL-H 78:22 102d
4 OPMB iPr iPr 9-BBN 58:42 102d
5 OTBS iPr iPr Li(sBu)3BH 94:06 102d
6 OTBS iPr iPr Li(tBuO)3AlH 87:13 102d
7 OTBS iPr iPr DIBAL-H 73:27 102d
8 OTBS iPr iPr 9-BBN 50:50 102d
9 cHex Me TMS BuLi/THF 25:75 102a

10 cHex Me TMS allylTMS/CH2Cl2 67:33 102a
11 cHex Me TMS allylSnMe3/CH2Cl2 67:33 102a
12 cHex Me TMS methallylTMS/CH2Cl2 83:17 102a
13 cHex Me TMS methallylSnMe3/CH2Cl2 83:17 102a
14 tBu Me TMS BuLi/THF 58:42 102a
15 tBu Me TMS allylTMS/CH2Cl2 92:08 102a
16 tBu Me TMS allylSnMe3/CH2Cl2 86:14 102a
17 tBu Me TMS methallylTMS/CH2Cl2 93:07 102a
18 tBu Me TMS methallylSnMe3/CH2Cl2 90:10 102a

Scheme 83. Addition of Enolates to r- and â-Chiral
Carbonyl Compounds
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predicting the asymmetric induction of a chiral center
to adjacent prochiral centers. In particular, the 1,2-
inductions in nucleophilic additions to carbonyl groups
provide a consistent picture for a great variety of
reaction types. Despite several shortcomings, exten-
sion of the underlying concepts of the original models
to electrophilic and radical additions as well as to
alkenes has proved to be most useful. There are many
more examples which can be considered in the realm
of this topic but were beyond the scope of this review.
Moreover, the recently proposed models for 1,3-
inductions via acyclic transition states giving new
impulses for stereoselective synthesis show that the
Felkin-Anh rule still forms a formidable basis for
future developments.

This work was supported by the Fonds der Chem-
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meinschaft (RE 948-1/4). A.M. is grateful to the
Studienstiftung des Deutschen Volkes for a fellow-
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Scheme 84. Addition of Enolates to r- and â-Chiral Carbonyl Compounds

Scheme 85. 1,3-Induction of â-Chiral Ketones Scheme 86. Transition State for 1,3-Induction of
â-Chiral Ketones
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