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ABSTRACT: Samarium(II) iodide—water and samarium (II)
iodide—water—amine complexes have been recognized as
valuable reagents for the selective generation of aminoketyl
radicals from amides and derivatives. The resulting aminoketyl
radicals can undergo reduction or reductive cyclization
pathways, providing a powerful method for (i) direct synthesis
of alcohols from amides by the challenging N—C bond scission
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and (ii) synthesis of nitrogen-containing heterocycles via polarity reversal of the amide bond. This report describes mechanistic
investigation into samarium(II) iodide—water and samarium(II) iodide—water—amine-mediated generation of benzylic
aminoketyl radicals from aromatic primary, secondary, and tertiary amides (benzamides). The mechanistic experiments suggest
that the rate and selectivity of the reduction is closely dependent on the water concentration and the type of amide undergoing
the reduction. The data also suggest that benzylic aminoketyl radicals generated in the reduction of benzamides are significantly
more dependent on the electronic effects of a-substitution than the corresponding aminoketyl radicals generated by single-
electron transfer to unactivated aliphatic amides; however, little variation in terms of steric influence of N-substituents is
observed. These observations will have implications for the design of reductive processes involving Sm(II)-mediated reduction of
amides and reductive umpolung cyclizations via aminoketyl radicals as a key step.

B INTRODUCTION

The reduction of amides is among the most important and
valuable processes in organic synthesis because of the versatility
of the resultant amine and alcohol reduction products in
industrial and academic settings." Typically, amide reduction
proceeds via C—O bond cleavage in the tetrahedral
intermediate, resulting in the amine reduction products, and
many rea§ents and conditions for this transformation have been
reported.”” In contrast, the analogous amide reduction to
alcohols by selective C—N bond scission remains severely
underdeveloped (Figure 1A)."°

Recently, samarium(II) iodide—water and samarium(Il)
iodide—water—amine complexes”’ have emerged as valuable
reagents for the selective generation of aminoketyl radicals from
amides and derivatives.” The resulting aminoketyl radicals can
undergo reduction’ or reductive cyclization pathways,"’
providing a powerful method for (i) direct synthesis of alcohols
from amides by the challenging N—C bond scission which is
often not easily available by other methods and (ii) synthesis of
nitrogen-containing heterocycles via polarity reversal of the
amide bond to enable nucleophilic reactivity of the typically
electrophilic amides (Figure 1B).""'> Coordination of the
azaphilic Lewis acid Sm'” to nitrogen'* at the carbinolamine
stage provides a driving force for the collapse of the
carbinolamine intermediate with high N—C bond scission
selectivity (Figure 1C). Note that Sm(III) might be able to act
as a specific Lewis acid, leading to changes in the reaction
selectivity.
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In 2014, the first general process for the reduction of all types
of aliphatic amides (primary, secondary, and tertiary) to
alcohols with high C—N bond cleavage selectivity using
Sml,—amine—water reagent was reported (Figure 2A)."> The
success of this reaction relies on the high reduction potential of
the Sml,—amine—water reagent (E,;, = —2.8 V vs SCE) that
permits direct electron transfer to unactivated aliphatic amides.
In the same year, mechanistic investigation of the reduction of
aliphatic amides to alcohols using Sml,—amine—water was
reported (Figure 2B).'® These reactions exploit the synergistic
effect of water and amines on increasing the reducing power of
Sm(1I)-based reagents17 as elegantly demonstrated in several
breakthrough studies by Hilmersson and co-workers;"®
however, the corollary of using highly powerful reductants
involves the low stability of the formed aminoketyl radical
intermediates. In contrast, the use of a milder (E,,, = —1.3 V vs
SCE) and much more selective'” Sml,—water systemzo’21 for
the reduction of amides has received comparatively less
attention. Limited studies on the reduction of primary aromatic
amides have been reported by Kamochi and Kudo (Figure
2C) ;2223 however, the role of water ligand20a and selectivity of
the amide reduction has not been investigated. Moreover, the
reduction side products have often been observed in the course
of umpolung reductive cyclization processes of amide
derivatives using Sml,—H,0O, such as cyclic imides introduced
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A. General reaction pathways in the reduction of amides
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Figure 1. Reaction pathways in the reduction of amides and derivatives
via (a) closed-shell and (b, c) open-shell mechanisms.

A. Reduction of aliphatic amides: Sml,/H,0/R;N [Ref. 15] (Szostak&Procter)
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B. Mechanism of the reduction of aliphatic amides: Sml,/H,0/R;N [Ref. 16]
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Figure 2. Previous studies (a—c) and this study (d) on the reduction
of amides to alcohols using Sm(II)-based reagents.

by our laboratory”* and barbituric acids as recently elegantly
demonstrated by Procter and co-workers in several cascade
processes.”

Our ongoing interest in umpolung cyclizations by aminoketyl
radicals using Sm(II)-based reagents24 and reactions of amides
proceeding by selective N—C bond scission*® prompted us to
undertake a thorough mechanistic investigation of the
reduction of aromatic amides to alcohols using SmI,—H,0
and Sml,—amine—H,0O reagents. While the use of Sml,—
amine—H, O reagents for the reduction of aliphatic amides has
been well studied,'”'® the possibility of an analogous electron
transfer to common amide substrates that favor reductive transfer
events by their electronic properties remains unexplored. This gap is
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particularly significant when considering (1) the fundamental
importance of the synthesis of alcohols from common, bench-
stable amide precursors'~ where selected recent examples of
Sml,-mediated reduction of carboxylic acid derivatives and
heterocycles demonstrate the utility of this reagent in complex
synthesis;”'® (2) the potential to engage the formed aminoketyl
radicals in reductive umpolun§ cyclization events to rapidly
build up molecular complexity, ~a process that, for example,
has been elegantly demonstrated by Procter and co-workers in
complex cyclization cascades of amide derivatives;”” and (3) the
potential to exploit these more easily reducible substrates in
other processes involving ketyl-type radicals, including photo-
redox catalysis.””* Note that the use of aliphatic carboxylic
acid derivatives is currently beyond the scope of photoredox
mechanisms.

Herein, we present a systematic mechanistic investigation
into Sml,—water and Sml,—water—amine-mediated generation
of benzylic aminoketyl radicals from aromatic primary,
secondary, and tertiary amides (benzamides). The mechanistic
experiments suggest that the rate and selectivity of the
reduction is closely dependent on the water concentration
and the type of amide undergoing the reduction. The data also
suggest that benzylic aminoketyl radicals generated in the
reduction of benzamides are significantly more dependent on
the electronic effects of a-substitution than the corresponding
aminoketyl radicals generated by single-electron transfer to
unactivated aliphatic amides; however, little variation in terms
of steric factors of N-substituents is observed. A significant
difference in the reduction selectivity between the SmI,—H,O
and SmI,—H,O—amine reagents in the reduction of secondary
and tertiary benzamides has been identified. Selectivity studies
demonstrate the relative reactivity order of carboxylic acid
derivations with Sm(II)-based reagents. Overall, these obser-
vations will have important implications for the design and
optimization of new reductive processes involving Sm(II)-
mediated reduction of amides to alcohols and reductive
umpolung cyclizations via aminoketyl radicals as a key step.

B RESULTS AND DISCUSSION

Sml,—H,0: Effect of Water Stoichiometry. To gain
preliminary insight into the role of water as an activating ligand
for Sm(II) in the reduction of aromatic amides,”***** a series
of studies were conducted (Tables 1—3). 4-Methoxybenzamide
(1), N-butyl-4-methoxybenzamide (3), and N,N-diethyl-4-
methoxybenzamide (4) were selected as model substrates in
the reduction of primary, secondary, and tertiary aromatic
amides. No reaction was observed in the absence of water for
all three amides for prolonged reaction times (18 h, Tables
1-3, entry 1)."” Next, we carefully monitored the reduction of
1, 3, and 4 with increasing concentration of water and
quenching the reactions with air after 5 min reaction time
(Tables 1—3, entries 2—7). Remarkably, upon addition of water
(50—1600 equiv, 8.3—267 with respect to Sml,) excellent
conversions were observed in the reduction of primary amide 1
irrespective of the amount of water used (>85%, Table 1,
entries 2—7). The reduction of secondary amide 3 and tertiary
amide 4 showed a nonlinear dependence on water concen-
tration (Tables 2 and 3, entries 2—7, and Figure 3).”** At low
concentrations of water, the rate was found to increase linearly
with slope for both 3 and 4 (50—200 equiv), reaching a
maximum at 100—200 equiv (3) and 200 equiv (4). Next, at
higher concentrations of water (400—1600 equiv), the rate
decreased dramatically, which may be indicative of substrate
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Table 1. Reduction of Primary Aromatic Amides to Alcohols
Using SmI,—H,O: Effect of Water Stoichiometry

(0] H H
/@)J\N,H Smly-H,0 /©)<OH
I
MeO 1 H THF, 1t MeO 2

Sml, H,O conv’ selectivityb H,0/
entry  (equiv) (equiv) time*” (%) (%) Sml,

1 6 0 18 h <2 0
2 6 NV S min 8§ >98:2 8.3
3 6 100 S min >98 >98:2 16.7
4 6 200 S min >98 >98:2 333
S 6 400 S min >98 >98:2 66.7
6 6 800 S min >98 >98:2 133.3
7 6 1600 S min >98 >98:2 266.7

“Quenched with air after the indicated time. “Determined by 'H
NMR and/or GC—MS of crude reaction mixtures and comparison
with authentic samples. “Selectivity refers to alcohol/amine ratio.
Conversion = (100 — SM).

Table 2. Reduction of Secondary Aromatic Amides to
Alcohols Using SmI,—H,O: Effect of Water Stoichiometry

o H H
/©)k,ﬂ,n-3u Smiy-H,0 /©)<OH
MeO 3 H THF, 1t MeO 2

Sml, H,0 conv’ selectivity”  H,0/
entry  (equiv) (equiv) time” (%) (%) Sml,

1 6 0 18 h <2 0
2 6 S0 S min 21 >98:2 8.3
3 6 100 S min 37 95:5 16.7
4 6 200 S min 35 88:12 333
S 6 400 S min 23 87:13 66.7
6 6 800 S min 16 84:16 133.3
7 6 1600 S min 15 82:18 266.7

“Quenched with air after the indicated time. “Determined by 'H
NMR and/or GC—MS of crude reaction mixtures and comparison
with authentic samples. “Selectivity refers to alcohol/amine ratio.
Conversion = (100 — SM).

Table 3. Reduction of Tertiary Aromatic Amides to Alcohols
Using SmI,—H,O: Effect of Water Stoichiometry

0 H H
/©)LN,Et Smly-H,0 /@)40,_'
|
MeO 4 Bt THF, it MeO 2

Sml, H,0 conv’  selectivity”  H,0/
entry  (equiv) (equiv) time* (%) (%) Sml,

1 6 0 18 h <2 0
2 6 50 S min 15 87:13 8.3
3 6 100 S min 57 73:27 16.7
4 6 200 S min 71 71:29 333
S 6 400 S min 62 67:33 66.7
6 6 800 S min 38 72:28 133.3
7 6 1600 S min 19 75:25 266.7

“Quenched with air after the indicated time. “Determined by 'H
NMR and/or GC—MS of crude reaction mixtures and comparison
with authentic samples. “Selectivity refers to alcohol/amine ratio.
Conversion = (100 — SM).

dissociation from the inner coordination sphere of Sm(II).>* 1t
should be noted that contaminants in water or traces of oxygen
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Figure 3. Plot of reduction of aromatic amides 1, 3, and 4 using Sml,/
H,O as a function of concentration of water.

can lead to lower conversions. The addition of water resulted in
a remarkable rate enhancement for all three amides examined
reaching full (1, > 95%) and appreciable conversion (3, 35—
37%; 4, 71%) after only S min reaction time.

A plot of N—C/C—O cleavage selectivity vs water
stoichiometry for amides 1, 3, and 4 is shown in Figure 4. In
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Figure 4. Plot of selectivity (alcohol/amine) in the reduction of
aromatic amides 1, 3, and 4 using SmI,/H,O as a function of
concentration of water.

the reduction of primary amide 1, full N—C cleavage selectivity
for was observed (1, > 95:5) irrespective of ligand
stoichiometry (Figure 4). Interestingly, the reactions of
secondary amide 3 and tertiary amide 4 showed strong
dependence on the reduction selectivity vs concentration of
water (Figure 4); however, in all examples, high N—C scission
selectivity was observed (3, >80:20; 4, >65:35). These results
indicate that (1) water acts as a key additive to facilitate
reduction of primary, secondary, and tertiary benzamides using
Sml, (vide infra); (2) the rate of the reduction of primary
benzamides is much faster than that of secondary and tertiary
benzamides; and (3) chemoselective reduction of model
primary, secondary, and tertiary amides by N—C scission is
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Table 4. Effect of Other Ligands on the Reduction of Tertiary Aromatic Amides to Alcohols Using Sml,

o H H
/©)LN,Et Sml,-ligand OH
MeO 4 Bt THF, 1t MeO 2
entry ligand Sml, (equiv) ligand (equiv) time® conv” (%) yield” (%) selectivity”
1 MeOH 6 4/1 v/v 3h <2 <2
2 t-BuOH 6 36 3h <2 <2
3 (HOCH,), 6 36 3h 12 <5 37:63
4 MeOH/Et;N 6 72/72 3h >98 60 62:38
S H,0/Et;N 6 72/72 S min >98 81 85:15°

“Quenched with air after the indicated time.

“Determined by "H NMR analysis of crude reaction mixtures and comparison with authentic samples.

Conversion = (100 — SM). Yield refers to the yield of alcohol. Selectivity refers to alcohol/amine ratio. “Other minor decomposition products were
also detected. v/v = by volume. Note that control reactions using more easily reducible primary aromatic amide 1 with MeOH (4/1 v/vol) and ¢
BuOH (36 equiv) as ligands resulted in 19% and 16% conversion to the alcohol product, respectively.

Table S. Effect of Reaction Conditions on the Reduction of Tertiary Aromatic Amides to Alcohols Using SmI,—H,0—R;N“

(0] H H
/©)LN,Et Sml,-H,0-R3N /©)<OH
MeO 4 Et THF, rt MeO 2
entry R;N Sml, (equiv) H,O (equiv) R;N (equiv) conv” (%) yieldb (%) selectivityb
1 Et;N 6 200 71 Ny 71:29
2 Et;N 6 200 72 >98 75 89:11
3 Et;N 6 72 72 >98 81 90:10
4 Et;N 6 36 36 >98 91 9S8:5
S Et;N 6 144 144 >98 82 91:9
6 Et;N 3 72 72 67 59 93:7
7 Et;N 12 72 72 >98 78 89:11
8 Et;N 6 36 18 >98 70 81:19
9 Et;N 6 36 72 >98 87 92:8
10 Et;N 6 72 36 >98 79 87:13
11 Et;N 6 18 36 >98 80 87:13
12 Et;N 6 18 18 >98 74 83:17
13 NMM 6 72 72 >98 80 85:15
14 n-BusN 6 72 72 >98 80 85:15
15 pyrrolidine 6 72 72 >98 68 87:13
16 n-BuNH, 6 72 72 >98 74 82:18
17 TMEDA 6 72 36 >98 81 89:12

“Quenched with air after § min reaction time. “Determined by "H NMR analysis of crude reaction mixtures and comparison with authentic samples.
Conversion = (100 — SM). Yield refers to the yield of alcohol. Selectivity refers to alcohol/amine ratio. For studies on the effect of amines on the
selectivity of SmI,—H,O—R;N reagents, see ref 18. NMM = N-methylmorpholine. TMEDA = N,N,N,N-tetramethylethylenediamine.

feasible. The effect of water concentration on the reduction of
esters using Sml,—H,O has been studied.”* While in some
cases similar dependence was observed, it should be noted that
the maximum reduction rate is different for various functional
groups under synthetically relevant reaction conditions.
Sml,—ROH: Effect of Other Ligands. To gain additional
insight into the electron transfer steps, we evaluated the
reduction of tertiary amide 4 using various Sm(II)-ROH
systems (Table 4).”°”*** Interestingly, the use of alcohols that
form complexes with Sml, such as MeOH (entry 1) and
ethylene glycol (entry 3)** as well as noncoordinating alcohols
such as +-BuOH (entry 2)*? resulted in no (entries 1-2) or
negligible (entry 3) reduction of 4. Moreover, control reactions
conducted with the more easily reducible primary amide 1
using MeOH and +BuOH (not shown) resulted in 19% and
16% conversion to the alcohol, respectively. By contrast, the use
of tricomponent-amine-based Sm(II) systems'® resulted in high
conversion of 4 to the alcohol (entries 4—5). Overall, these
results demonstrate that water acts as a unique proton donor in
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activating Sm(II) for the reduction of aromatic amides;
however, the addition of amines can significantly increase the
reduction rate, in agreement with previous studies."®'*'>'¢
Sml,—H,0—R;N: Effect of Reaction Conditions. Since
our studies on the effect of water stoichiometry indicated that
(1) the reduction of secondary and tertiary aromatic amides is
slower than that of primary amides and (2) N—C scission
selectivity in the reduction of secondary and tertiary amides is
lower than in the case of primary amides, we next investigated
in detail the effect of reaction conditions on the reduction of
amides to alcohols withthe SmI,—H,O—R3;N system using
tertiary amide 4 as our model substrate. The results are
presented in Table S. It is well-established that tricomponent
Sm(II)—H,0—R;N reagents lead to significant rate enhance-
ment in reductions due to base-assisted deprotonation of water,
which facilitates the electron-transfer step.'®'”''® This effect
is evident from comparing the reduction of 4 using SmI,—H,0
(6—200 equiv, S min, 71% conversion) (entry 1) with the
reduction under identical conditions with the addition of amine

DOI: 10.1021/acs.joc.7b00372
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Table 6. Effect of Amide N-Substituents on the Reduction of Aromatic Amides to Alcohols Using SmI,—H,O and

Sml,—H,0—Et;N

)OJ\ Conditions A: Smly-H,0 H H
Ar 'T'/R Conditions B: Sml;-H,0-EtN 5 ~Xq,,
R THF, rt )

entry amide NR’R”’ yield (%) selectivity  conditions?
1 1 NH; 98 >98:2 A
2 1 NH, 93 >98:2 B
3 5 NHMe 63 >98:2 A
4 5 NHMe 81 95:5 B
5 3 NH#-Bu 48 85:15 A
6 3 NH#n-Bu 89 93:7 B
7 6 NH#-Bu 17 52:48 A
8 6 NH#-Bu 84 90:10 B
9 7 NHPh 49 51:49 A
10 7 NHPh 80 82:18 B
11 8 NHallyl 33 >98:2 A
12 8 NHallyl 74 >98:2 B
13 9 NMe, 82 92:8 A
14 9 NMe, 86 93:7 B
15 4 NEt, 79 79:21 A
16 4 NEt, 81 90:10 B
17 10 fD 51 83:17 A
18 10 89 94:6 B
19 11 f,\o 44 68:32 A
20 11 83 91:9 B
21 12 \fN/\ 39 49:51 A

0}
2 12 NN 55 73:27 B

0}
23 13 N(i-Pr), <5 - A
24 13 N(i-Pr), 57 63:37 B

“Conditions A: Sml, (6 equiv), THF, H,0 (200 equiv), 30 min, 23 °C. bConditions B: Sml, (6 equiv), Et;N (72 equiv), H,O (72 equiv), S min, 23
°C. Ar = 4-MeO-C¢H,. Quenched with air after the indicated time. Yields determined by "H NMR analysis of crude reaction mixtures and
comparison with authentic samples. Yields refer to the yield of alcohol. Selectivity refers to alcohol/amine ratio. Note that incomplete conversions
were observed with SmI,—H,O reagent under these conditions. For a discussion of SmI,—H,O decay, see ref 23a.

(SmL,—H,0—Et;N, 6—200—72 equiv, S min, > 98% con-
version) (entry 2). Interestingly, the addition of amine also
leads to higher N—C bond scission selectivity in the reduction
(71:29 vs 89:11) (entry 1 vs entry 2). Careful evaluation of the
reagent stoichiometry (entries 3—12) revealed that optimum
results in terms of conversion, product purity, and N—C
scission selectivity are obtained using 1:12:12 or 1:6:6 Sml,/
H,O/amine ratio (entries 3 and 4). Note that a stoichiometric
amount of Sml, is required for the reduction (entry 6) and that
the reaction selectivity does not significantly change at the
lower conversion (entry 6). Additionally, 1:6:12 reagent
stoichiometry gives good selectivity (entry 9). The effect of
other amine ligands on the reduction selectivity was also
investigated (Table S, entries 13—17). Importantly, high
reduction selectivity of 4 to the alcohol is observed with
tertiary (entries 13—14), secondary (entry 15), primary (entry
16), and bidentate (entry 17) amine ligands.lgd Note that more
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reducing Sml,/amine/H,O reagents lead to lower selectivity
due to decomposition (entries 15 and 16). Overall, these results
demonstrate the beneficial effect of SmI,—H,O—amine system
on the reduction of tertiary benzamides to alcohols.

Effect of Amide N-Substitution. We next performed
experiments to gain insight into the role of amide N-
substitution on the reduction efficiency and N—-C/C-O
cleavage selectivity using SmI,—H,O (conditions A: 6—200
equiv, 30 min) and Sml,—H,0—Et;N (conditions B: 6—72—72
equiv, S min) reagents (Table 6). N-Amide substitution is well-
known to impact the amide reduction selectivity by impeding
ligand coordination and changing the collapse pathway at the
carbinolamine intermediate stage.”” Notably, we determined
that while both SmI,—H,0 and SmI,—H,O—Et;N reagents can
be used for the reduction of primary benzamide 1 with similar
efficiency and selectivity (entries 1 and 2), the use of Sml,—
H,0—Et;N provided generally better results than SmI,—H,0

DOI: 10.1021/acs.joc.7b00372
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in the reduction of secondary (entries 3—12) and tertiary
(entries 13—24) amides. Moreover, a significant substituent
effect on the reduction selectivity has been observed.
Specifically, the reduction of unhindered secondary amides
such as NHMe (entries 3 and 4) proceeds with good efficiency
with both reagent systems; however, a drop of N—C cleavage
selectivity using SmI,—H,O with increasing steric demand of
the substituent should be noted (entries 3—8). This effect is
also accompanied by much lower conversions with increasing
N-steric demand of the substituents. By contrast, the use of
SmI,—H,0—Et;N permits high levels of N—C cleavage
selectivity and high reaction rates irrespective of steric demand
of the N-substituent (entries 3—8). Moreover, electronically
biased substituents which are often problematic in the
reduction of amides to alcohols,’®*" such as N-allyl and N-
phenyl, do not interfere with the reduction selectivity using
SmI,—H,0—Et;N (entries 9—12). Interestingly, in the
reduction of simple tertiary amides, such as N,N-dimethyl
and N,N-diethyl (entries 13—16), both systems perform with
good efliciency and selectivity; however, the SmI,—H,O—Et;N
reagent outperforms SmI,—H,O in the reduction of cyclic
(entries 17—22) and sterically hindered (entries 23—24)
amides.

Overall, these studies establish the ease of reduction of
aromatic amides to alcohols using Sml,—H,O and Sml,—
H,O0—Et;N reagents. Given the well established reversibility of
the first electron-transfer events in reductions of carbonyl
derivatives with Sm(II),>** these results strongly suggest that
amide N-substitution can be employed to tune the stability of
aminoketyl radicals from the reduction of aromatic secondary
and tertiary amides using SmI,—H,O. Importantly, in several
examples (entries 9, 13), a promising selectivity for the
synthetically useful switch of the reaction pathway for the C—O
scission has been observed, providing an entry point for future
studies.

Divergent Reduction of Weinreb Amides. Weinreb
amides are excellent substrates for the reduction (Scheme 1).*°

Scheme 1. Divergent Reactivity of Aromatic Weinreb
Amides Using SmI,—H,0 and SmIL,—Et;N—H,O: (a)
Deoxygenation; (b) Reduction to Alcohol

3 o) o)
/©)LN,Me Sml,-H,0 N-Me
| _— I
MeO OMe T"%’:,b lrt ] MeO H
14 (see Table 6) 5, 80% yield
b)
0 H H
Smly-EtsN-H,0
/©)LN,M9 2~ El3 2 OH
MeO OMe THF, 1t MeO
14 (see Table 6) 2, 82% yield

Interestingly, the presence of oxygen atom is not required for
Sm(II) coordination. In contrast, divergent selective deoxyge-
nation using SmI,—H,O (3—100 equiv) to give the secondary
benzamide (Scheme 1A) and selective reduction to the alcohol
using SmI,—H,0—Et;N (8—72—72) (Scheme 1B) is observed.
The latter reaction proceeds via stepwise deoxygenation/
secondary amide reduction.'” Thus, aromatic Weinreb amides
follow the same reduction pathway as aliphatic amides using
Sml, reagents.15 Note that selective N—O cleavage with Sml,
has been exploited in complex synthesis."”

Sml,—H,0: Hammett Studies. We next sought to gain
insight into the electronic stabilization of the aminoketyl radical
intermediate in the reduction of primary, secondary and tertiary
aromatic amides using SmI,—H,O (Figures 5-7). Hammett

Q H H
/@)LNHZ Sml,-H,0 - /©)<OH
R 1 THF, rt R 2

(R=MeO, H,F,Cl,CF3) p=+3.90 (vs. )
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y = 3.899x - 0.215, R? = 0.971 GF,

2.0+

0.5

log(k,/k,,)

0.0+

-0.5

-1.5 v T y T v T T T T T
-0.4 -0.2 0.0 0.2 0.4 0.6

c

Figure S. Plot of log k vs ¢ for the reduction of benzamides with
SmI,—H,0. [Amide] = 0.025 M. [SmL] = 0.050 M. [H,0] = 1.25 M.
T =23 °C.
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Figure 6. Plot of log k vs ¢ for the reduction of N-butylbenzamides
with SmL—H,0. [Amide] = 0.025 M. [SmL] = 0.050 M. [H,0] =
125 M. T =23 °C.
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Figure 7. Plot of log k vs o for the reduction of N,N-

diethylbenzamides with SmI,—H,0. [Amide] = 0.025 M. [Sml,]
0.050 M. [H,0] = 1.25 M. T = 23 °C.

(R =MeO, H, F, CF3) p = +1.56 (vs. o)
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Figure 8. Plot of log k vs o for the reduction of benzamides with

SmI,—Et;N—H,O. [Amide] = 0.025 M. [SmL] = 0.050 M. [Et;N] =
0.60 M. [H,0] = 0.60 M. T = 23 °C.

. L3032 -
correlations studies were conducted for various para-

substituted benzamides (Figure 5), N-butylbenzamides (Figure
6), and N,N-diethylbenzamides (Figure 7) as representative
primary, secondary, and tertiary amides. Relative reaction rates
were obtained by intermolecular competition experiments using
concentrations of starting materials. Intercept was considered in
the analysis of the Hammett equation. Hammett correlation
studies showed large positive p values of +3.90 (R* = 0.97),
+4.37 (R* = 0.95), and +3.70 (R* = 0.97) for the reduction of
primary, secondary, and tertiary amides, respectively, which can
be compared with p values of +0.52, +0.13, and +0.60 for the
reduction of analogous (ie, NH, NH-n-Bu, NEt,) para-
substituted 2-phenylacetamides using SmI,—H,0O—Et;N. Note
that the reduction of aliphatic amides using SmI,—H,O is not
feasible (vide infra). The very large positive p values suggest
that (1) an anionic intermediate is formed in the transition
state of the reduction of all three types of amides and (2) the
formed radical anion intermediate is stabilized to a much larger
extent than the related intermediate formed in the Sm(II)-
mediated reduction of aliphatic amides.'® This may have
significant implications for the design of reductive cyclization
processes of aromatic amides via stable benzylic aminoketyl
radical intermediates.'>*

Sml,—H,0—Et;N: Hammett Studies. The extent of
electronic stabilization of the aminoketyl radical in the
reduction of representative primary, secondary, and tertiary
aromatic amides using the SmI,—H,O—Et;N reagent was also
evaluated (Figures 8—10).°"* Hammett correlation studies
for para-substituted benzamides (Figure 8), N-butylbenzamides
(Figure 9), and N,N-diethylbenzamides (Figure 10) using
SmI,—H,0—Et;N showed large positive p values of +1.56 (R*
= 0.97), +3.49 (R* = 0.97), and +2.97 (R* = 0.97) for the
reduction of primary, secondary, and tertiary amides,
respectively. Note that in the reduction of primary amides
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Figure 9. Plot of log k vs o for the reduction of N-butylbenzamides
with SmL,—Et;N—H,0. [Amide] = 0.025 M. [Sml,] = 0.050 M.
[Et,;N] = 0.60 M. [H,0] = 0.60 M. T = 23 °C.

with SmI,—H,O—Et;N the 4-Cl substrate undergoes dearoma-
tization. These results demonstrate (1) greater electronic
stabilization of the aminoketyl radical intermediate in the
reduction of aromatic vs aliphatic amides’® (p values of +0.52,
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Figure 10. Plot of log k vs ¢ for the reduction of N,N-
diethylbenzamides with SmI,—Et;N—H,O. [Amide] = 0.025 M.
[Sml,] = 0.050 M. [Et:N] = 0.60 M. [H,0] = 0.60 M. T = 23 °C.

+ 0.13 and +0.60) using the same SmI,—H,O—Et;N system
(note that both sets of experiments were conducted under the
same experimental conditions) as a result of radical generation
at the benzylic position; (2) comparable, albeit slightly lower,
stabilization of the radical from secondary and tertiary amides
using SmI,—H,0—Et;N than SmL,—H,O (p values of +4.37
and +3.70); and (3) much lower stabilization of the radical
intermediate from primary amides using Sml,—H,O—Et;N
than SmL,—H,O (p value of +3.90). Table 7 summarizes the
electronic and steric effect (see section below) observed in the
reduction of aromatic amides using SmI,—H,O and Sml,—
H,0—Et;N reagents. While Hammett correlations for an aryl
directly connected to the reactive center should show more
conjugation than for aliphatic amides, this study gives insight
into the extent of the conjugation and the effect of the reagent
system (SmL,—H,0 and SmI,—H,O—Et;N). In addition, note
that Hammett correlations using Sml,—H,O for the reduction
of aliphatic amides are not possible due to low reactivity of the

reagent system. The lower stabilization of the aminoketyl
radical from primary amides under the Sml,—H,O—Et;N
conditions suggests that an additional charge is present in the
transition state of the reaction (e.g, N—H deprotonation may
be taking place prior to the rate-determining step of the
reaction).

Sml,—H,0: Taft Studies. To gain further insight into the
steric stabilization the aminoketyl radical intermediate in the
reduction of aromatic amides, Taft correlation studies using
SmI,—H,O were carried out (Figure 11).*® Taft correlation was

H H
C(O)NR4R; Smly-H,0 C XOH
C 15 THF, rt 2
(A: Ry = H; R, = t-Bu, i-Pr, Me, H) Eg=+0.73 (A)
(B: Ry = Me, Et, i-Pr; R, = Me, Et, i-Pr) Eg=+2.78 (B)
e Taft Plot
y = 0.732x - 0.329, R = 0.930 (A)
y = 2.782x - 0.148, R? = 0.995 (B) H®
0.5
~ 0.0 (Me),
& "
:x
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Figure 11. Plot of log k vs Eg for the reduction of N-mono and N,N-
disubstituted benzamides with SmI,—H,0. [Amide] = 0.025 M.
[SmL,] = 0.050 M. [H,0] = 125 M. T = 23 °C.

obtained by plotting log(k,p,) vs E in a series of N-mono- and
N,N-disubstituted benzamides and showed positive slopes of
+0.73 (R* = 0.93) and +2.78 (R* = 0.99) for the reduction of
secondary and tertiary amides, respectively. These values can be
compared with a positive slope of +0.92 and +3.25 determined
for the reduction of N-mono- and N,N-disubstituted 3-

Table 7. Summary of Hammett and Taft Studies in the Reduction of Aromatic Amides to Alcohols Using SmI,—H,0O and SmlI,—

Et;N—H,0“"
entry amide (NR'R”) SmL—H,0 (Hammett p)

1 NH, (1° amide) 3.90

2 NH#n-Bu (2° amide) 4.37

3 NEt, (3° amide) 3.70

entry amide (NR'R”) SmL,—H,0 (Taft Eg)
1 (2° amides) 0.73
2 (3° amides) 2.78

SmL—Et;N—H,0 (Hammett p) SmL,—Et;N—H,O (Hammett p)“

1.56 0.52

3.49 0.13

297 0.59
SmL—Et;N—H,O (Taft E) SmL,—Et;N—H,O (Taft E5)“

0.52 0.92

3.16 325

“For comparison, data for the reduction of aliphatic amides using SmI,—Et;N—H,O are shown. bConditions: [amide] = 0.025 M. [SmI,] = 0.050 M.
[Et;N] = 0.60 M. [H,0] = 0.60 M. T = 23 °C. “Data from the reduction of 2-phenylacetamides with SmI,—Et;N—H,O. [Amide] = 0.025 M. [Sml, ]
= 0.050 M. [Et;N] = 0.60 M. [H,0] = 0.60 M. T = 23 °C. See ref 16 for additional details. “Data from the reduction of 3-phenylpropanamides
SmI,—Et;N—H,0. [Amide] = 0.025 M. [Sml,] = 0.050 M. [Et;N] = 0.60 M. [H,0] = 0.60 M. T = 23 °C. See ref 16. for additional details.
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phenylpropanamides using SmI,—H,O—Et;N as determined
previously. Thus, these findings indicate that (1) steric factors
play a significant role in the reduction of aromatic amides using
SmL,—H,0; (2) the slower reaction rate with increasing steric
hindrance results from inhibition of the coordination of Sm(II)
to the amide carbonyl group; and (3) the steric effect in the
reduction of aromatic amides using SmI,—H,O is similar to that
in the reduction of aliphatic amides using SmL,—H,0—EtN,'°
which is in sharp contrast to the electronic effects observed in
these reactions.

Sml,—H,0—Et;N: Taft Studies. To compare the effect of
steric stabilization of aminoketyl radical intermediate,®® Taft
correlation studies were conducted in the reduction of aromatic
amides using the SmI,—H,O—Et;N reagent (Figure 12). The

H H
C(ONR4R; Smly-H,0-EtzN ©)<OH
C 15 THF, rt 2
(A: Ry =H; Ry =t-Bu, i-Pr, Me, H) Es=+0.52 (A)
(B: Ry = Me, Et, i-Pr; R, = Me, Et, i-Pr) Eg=+3.16 (B)
Taft Plot
0.8 4
06l ¥=0523x-0.115 R =0.964 (A) .
os] ¥=3.156x-0.245, R?=0.951 (B) H
1
1.5

Figure 12. Plot of log k vs Eg for the reduction of N-mono and N,N-
disubstituted benzamides with SmI,—Et;N—H,O. [Amide] = 0.025 M.
[SmL] = 0.050 M. [Et;N] = 0.60 M. [H,0] = 0.60 M. T = 23 °C.

Taft correlation study obtained by plotting log(k,y) vs Eg in the
same series of N-mono- and N,N-disubstituted benzamides
showed positive slopes of +0.52 (R* = 0.96) and +3.16 (R* =
0.95) for the reduction of secondary and tertiary amides,
respectively. These results suggest that (1) the reduction of
tertiary benzamides using Sml,—H,O—Et;N is subject to
similar steric effects as the reduction of aliphatic amides using
the same reagent system (slope of +3.25) and (2) the reduction
of secondary benzamides using SmI,—H,O—Et;N is less
sensitive to the steric effect of N-substituents than the reduction
of aliphatic secondary amides using SmI,—H,O—Et;N (slope of
+0.92) and secondary benzamides using Sml,—H,O (slope of
+0.73). Overall, these findings suggest that Sm coordination to
the amide bond using SmI,—H,O—Et;N is similar to using
Sml,—H,0."*"*

Table 7 summarizes steric effects observed in the reduction
of aromatic amides using SmI,—H,O and SmI,—H,O0—Et;N.
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Kinetic Isotope Effect Studies. Kinetic isotope effect
studies in the reduction of aromatic amides using SmI,—H,0
(Scheme 2A) and SmL,—H,0—Et;N (Scheme 2B) were
conducted by intermolecular competition.”* Studies on KIE
in Sm(II)-mediated reactions have been published.zé‘d’238

Scheme 2. Kinetic Isotope Effect Studies in the Reduction of
Aromatic Amides to Alcohols: (a) SmI,—H,O; (b) SmI,—
Et;N—H,0

a)
o} H/D, H/D
/©)‘\N,R' Smiy-H,0/D,0 oH
| B —— e
R
MeO TﬁF’b lrt . MeO
1:R'=H;R"= (see Table 6) 1: kylkp = 1.37
3:R'=n-Bu;R"=H 3: klkp = 1.29
4:R'=Et R"=Et 4: kylkp = 1.17
b)
Smly-Et;N-H,0/D,0 B P
" mlo—| t |
N,R 2—El3 2 2 OH
R THF, rt
MeO (see Table 6) MeO
1R =H;R"=H 1 kyfkp = 1.22
3:R'=n-Bu;R"=H 3: kylkp = 1.25
4 R =EtR"=Et 4: kylkp = 1.17

Selectivity Studies. Amides are the least reactive carboxylic
acid derivatives due to N, — 7%cq conjugation.?'5 As a
consequence, direct reduction of amides in the presence of
other carboxylic acid functional groups remains a significant
challenge.' ™

Selectivity studies in the reduction of aromatic amides using
SmI,—H,O (Scheme 3A) and SmI,—H,0—Et;N (Scheme 3B)
demonstrate that selective reduction of primary amides in the
presence of an aromatic ester group may be possible; in
contrast, selective aromatic ester reduction in the presence of
secondary and tertiary aromatic amides is observed. Previous
studies established that esters are reduced at a similar rate as
carboxylic acids using Sm(II)-based reagents.lé'gd The high

Scheme 3. Selectivity Studies in the Reduction of Aromatic
Amides to Alcohols vs Reduction of Esters: (a) Sml,—H,0;
(b) Sml,—Et;N—H,0
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selectivity for the reduction of primary amides is synthetically
significant because efficient reduction of these substrates to
alcohols using metal hydrides® or catalytic hydrogenation® is
currently unknown. Thus, the reduction of aromatic amides
follows the same trends of reactivity as the reduction of
aliphatic carboxylic acid derivatives using Sm(II) reagent
systems.lé

Full selectivity for the reduction of aromatic amides in the
presence of aliphatic amides using SmI,—H,O is observed
(Scheme 4A)."”*%* Full selectivity (>50:1) in the reduction of

Scheme 4. Selectivity Studies in the Reduction of Amides to
Alcohols: Aromatic vs Aliphatic Amides

a)
o H H
Smly-H,0
NH, _ — % *° _ OH
THF, rt
18 Smly—H,0: 6-18 or 6-800 equiv. 19, <5% conv.
b)[15]
o H H
Smly-EtzN-H,0
©/\)J\NH2 Smi-ELN-HO on
THF, rt

18 Smly—Et3N-H,0: 8-72-72 equiv = 19, 82% yield

secondary and tertiary aromatic amides in the presence of the
corresponding aliphatic amides using SmI,—H,OEt;N is
observed, while primary amides give modest selectivity (4:1)
(not shown).'® Moreover, other aliphatic carboxylic acid
derivatives are not reduced by the SmI,—H,O reagent,
providing synthetically valuable selectivity.'”*** Although
aliphatic amides are reduced to alcohols using SmI,—H,0—
Et;N (Scheme 4B),'® reduction of aromatic amides in the
presence of aliphatic amides using SmI,—H,O—Et;N is readily
accomplished.™®

Relative Reactivity Order. On the basis of our work, the
relative reactivity order of aromatic carboxylic acid derivatives
to alcohols using Sm(II)-based reagents can be summarized as
shown in Figure 13. Noteworthy features include (1) facile

Reactivity order of reduction of main functional groups with Smi,-reagents

0] (e} (e} O O
NH, OR OH ITI’R ITI’R
R" H

1° amides esters acids 3° amides 2° amides

ease of reduction

Figure 13. Relative reactivity order in reduction of main functional
groups using Sml,-based reagents.

reduction of primary benzamides, most likely driven by Sm
coordination to the amidic nitrogen,” and (2) the ability to
tune the relative rate of reduction by N-substitution in
secondary and tertiary benzamides.

Bl CONCLUSIONS

In conclusion, this paper describes extensive insights into the
mechanism of the SmI,—H,0 and SmI,—H,O—amine-
mediated reduction of aromatic benzamides (primary, secon-
dary and tertiary) to alcohols via selective N—C bond amide
cleavage. The mechanistic experiments showed that the rate
and selectivity of the reduction depends on the water
concentration and the type of amide undergoing the reduction.
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As discussed above, primary benzamides undergo rapid
reduction with SmI,—H,O and SmI,—H,O—amine systems
with excellent N—C/C—O scission selectivity. Steric effects of
N-substituents contribute to the reactivity of secondary and
tertiary benzamides. In general, Sml,—H,O—amine gives higher
reduction selectivity than Sml,—H,O; however, the reactivity of
simple unhindered secondary and tertiary amides is similar
using both Sm(II) reagent systems.

The study also provides extensive insights into the stability of
benzylic aminoketyl radicals generated in the reduction of
aromatic amides. Our data demonstrate that these radicals are
significantly more stable than the corresponding aminoketyl
radicals generated by single-electron transfer to unactivated
aliphatic amides. However, little difference in terms of steric
effect of the substituents on the stability of aminoketyl radicals
from aromatic and aliphatic amides has been found. The
present reaction allowed us to compare the electronic and steric
effects involving aminoketyl radicals between SmI,—H,0 and
SmI,—H,O—amine reagents for the first time. Selectivity
studies were used to determine the relative reactivity order of
carboxylic acid derivatives with Sm(II)-based reagents. These
similarities and differences between the reagent systems will
have important implications for the design and optimization of
new reductive processes involving the SmI,—H,O and Sml,—
H,0—amine-mediated reduction of amides to alcohols and
reductive umpolung cyclizations via aminoketyl radicals as a key
step. Studies aimed at this direction are underway in our
laboratories, and these results will be reported shortly.

B EXPERIMENTAL SECTION

General Methods. All products and staring materials used in this
study are commercially available or have been previously reported.'>'®
The products were identified using 'H NMR, GC, and GC—MS
analysis and comparison with authentic samples. The reaction progress
was quantified by '"H NMR and/or GC—MS analysis using internal
standards after workup unless stated otherwise. Characterization data
for all alcohol products have been previously reported. All experiments
were performed using standard Schlenk techniques under argon
atmosphere. All solvents were purchased at the highest commercial
grade and used as received or after purification by passing through
activated alumina columns or distillation from sodium/benzophenone
under nitrogen. All solvents were deoxygenated by freeze—pump—
thawing or sparging with argon prior to use. Samarium(1I) iodide was
prepared as described previously.”** Samarium metal was purchased as
—40 mesh and stored at room temperature in a closed container on a
bench prior to use. 1,2-Diiodoethane was stored at 4 °C and used after
purification as described previously. All other chemicals were
purchased at the highest commercial grade and used as received.
Reaction glassware was oven-dried at 140 °C for at least 24 h or flame-
dried prior to use, allowed to cool under vacuum and purged with
argon (three cycles). Other general methods have been published.***

Procedure A. Effect of Water Concentration. An oven-dried
vial containing a stir bar was placed under a positive pressure of argon
and subjected to three evacuation/backfilling cycles under high
vacuum. A previously published procedure was followed.*** Samarium-
(1) iodide (THF solution, 0.10 M, 6 equiv) was added followed by
H,0 (50—1600 equiv) with vigorous stirring, which resulted in the
formation of a characteristic burgundy-red color of the SmI,(H,0),
complex (n > § with respect to Sml,). A solution of substrate (stock
solution in THF, 0.20 M, 0.10 mmol) was added, and the reaction
mixture was vigorously stirred under argon for S min. The excess of
Sm(II) was oxidized by bubbling air through the reaction mixture until
decolorization to white had occurred. The reaction mixture was diluted
with CH,Cl, (30 mL) and NaOH (1 N, 30 mL). The aqueous layer
was extracted with CH,Cl, (3 X 30 mL), and the organic layers were
combined, dried over Na,SO,, filtered, and concentrated. The sample
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was analyzed by '"H NMR (CDCl;, 500 MHz) and GC—MS to obtain
conversion and yield using internal standard (CH;NO, or 1,3,5-
trimethoxybenzene) and comparison with authentic samples.

Procedure B. Effect of Other Ligands. An oven-dried vial
containing a stir bar was placed under a positive pressure of argon and
subjected to three evacuation/backfilling cycles under high vacuum.
Samarium(II) iodide (THF solution, 0.10 M) was added followed by
amine (if applicable) and alcohol with vigorous stirring, which resulted
in the color change characteristic to a given Sm(II) complex.”® A
solution of substrate (stock solution in THF) was added, and the
reaction mixture was vigorously stirred under argon for a given time.
The excess of Sm(II) was oxidized by bubbling air through the
reaction mixture until decolorization to white or yellow had occurred.
Workup and analysis were performed as described for procedure A.

Procedure C. Effect of N-Substituents. An oven-dried vial
containing a stir bar was placed under a positive pressure of argon, and
subjected to three evacuation/backfilling cycles under high vacuum.
Samarium(II) iodide (THF solution, 0.60 mmol, 6.0 equiv, 0.10 M)
was added followed by H,O with vigorous stirring, which resulted in
the formation of a characteristic burgundy-red color of the
Sml,(H,0), complex (n > S with respect to Sml,). A solution of
substrate (0.10 mmol, 1.0 equiv, stock solution in THF) was added
and the reaction mixture was stirred at room temperature for 30 min.
The excess of Sm(II) was oxidized by bubbling air through the
reaction mixture. Workup and analysis was performed as described for
procedure A. For runs using SmI,—Et;N—H,0 complex, samarium(II)
iodide (THF solution, 0.60 mmol, 6.0 equiv, 0.10 M) was added
followed by Et;N and H,O with vigorous stirring, which resulted in the
formation of a characteristic dark brown color of the SmI,—Et;N—
H,O complex. A solution of substrate (0.10 mmol, 1.0 equiv, stock
solution in THF) was added, and the reaction mixture was stirred at
room temperature for 5 min. The excess of Sm(II) was oxidized by
bubbling air through the reaction mixture. Workup and analysis were
performed as described for procedure A.

Procedure D. Relative Reactivity Studies. An oven-dried vial
containing a stir bar was placed under a positive pressure of argon and
subjected to three evacuation/backfilling cycles under high vacuum.
Samarium(Il) iodide (THF solution, 0.20 mmol, 2.0 equiv, 0.10 M)
was added followed by H,O (50 equiv) with vigorous stirring, which
resulted in the formation of a characteristic burgundy-red color of the
SmL,(H,0), complex (n > S with respect to Sml,). A preformed
solution of two substrates (each 0.10 mmol, 1.0 equiv, stock solution
in THF) was added, and the reaction mixture was stirred until
decolorization to white had occurred. Workup and analysis was
performed as described for procedure A. For runs using SmI,—Et;N—
H,O complex, samarium(II) iodide (THF solution, 0.20 mmol, 2.0
equiv, 0.10 M) was added followed by Et;N (24 equiv) and H,0 (24
equiv) with vigorous stirring, which resulted in the formation of a
characteristic dark brown color of the SmI,—Et;N—H,O complex. A
preformed solution of two substrates (each 0.10 mmol, 1.0 equiv, stock
solution in THF) was added and the reaction mixture was stirred until
decolorization to white had occurred. Workup and analysis was
performed as described for procedure A.

Procedure E. Determination of Kinetic Isotope Effect. An
oven-dried vial containing a stir bar was placed under a positive
pressure of argon and subjected to three evacuation/backfilling cycles
under high vacuum. Samarium(II) iodide (THF solution, 0.60 mmol,
6.0 equiv, 0.10 M) was added followed by an equimolar mixture of
D,0 and H,0 with vigorous stirring, which resulted in the formation
of a characteristic burgundy-red color of the SmI,(H,0), complex (n
> S with respect to Sml,). A solution of substrate (0.10 mmol, 1.0
equiv, stock solution in THF) was added, and the reaction mixture was
stirred at room temperature for 30 min. The excess of Sm(II) was
oxidized by bubbling air through the reaction mixture. Workup and
analysis were performed as described for procedure A. For runs using
SmL,—Et;N—H,O complex, samarium(II) iodide (THF solution, 0.60
mmol, 6.0 equiv, 0.10 M) was added followed by Et;N and an
equimolar mixture of D,O and H,0 with vigorous stirring, which
resulted in the formation of a characteristic dark brown color of the
SmL—Et;N—H,O complex. A solution of substrate (0.10 mmol, 1.0
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equiv, stock solution in THF) was added and the reaction mixture was
stirred at room temperature for S min. The excess of Sm(II) was
oxidized by bubbling air through the reaction mixture. Workup and
analysis were performed as described for procedure A.

Characterization Data. Characterization data for amide and
alcohol products have been previously reported.'”'® 'H and *C NMR
data for the amide and alcohol products used in the current study are
presented below for characterization purposes. All amines were
assigned by comparison with literature data: phenylmethanamine,*® N-
benzylbutan-1-amine,” N-benzyl-N-ethylethanamine,”” N-methyl-1-
phenylmethanamine,*® N-benzyl-2-methylpropan-2-amine,*” N-benzy-
laniline,* N-benzylprop-Z-en-I-amine,41 N,N-dimethyl-1-phenylme-
thanamine,™ 1-benzylpyrrolidine,” 1-benzylpiperidine,” 4-benzylmor-
pholine,”* and N-benzyl-N-isopropylpropan-2-amine.* All other
alcohols were assigned by comparison with literature data: phenyl-
methanol,* (4-(trifluoromethyl)phenyl)methanol,** (4-fluorophenyl)-
methanol,** (4-chlorophenyl)methanol.*®

4-Methoxybenzamide (Table 1): "H NMR (300 MHz, CDCl;) §
3.88 (s, 3H), 5.93 (br,2 H), 6.96 (d, ] = 8.7 Hz,2 H), 7.81 (d, ] = 8.7
Hz, 2 H); *C NMR (75 MHz, CDCl;) § 55.5, 113.8, 125.4, 129.3,
162.7, 168.9.

N-Butyl-4-methoxybenzamide (Table 2): '"H NMR (300 MHz,
CDCL,) 6 0.86 (t, ] = 7.5 Hz, 3 H), 1.24—1.37 (m, 2 H), 1.46—1.57
(m, 2 H),3.34 (q, ] = 6.0 Hz,2 H), 3.76 (s, 3H), 6.81 (d, ] = 8.7 Hz, 2
H), 6.94 (t, ] = 4.5 Hz, 1 H), 7.74 (t, ] = 9.0 Hz, 2 H); *C NMR (75
MHz, CDCL,) § 13.8, 202, 31.8, 39.8, 55.3, 113.5, 127.1, 128.8, 161.9,
167.3.

N,N-Diethyl-4-methoxybenzamide (Table 3): 'H NMR (300
MHz, CDCl,) 6 1.09—1.26 (m, 6 H), 3.13—3.62 (m, 4 H), 3.82 (s, 3
H), 6.90 (d, ] = 8.4 Hz, 2 H), 7.35 (d, ] = 8.7 Hz, 2 H); 3C NMR (75
MHz, CDCI3) 6 13.6, 39.6, 43.0, 55.3, 113.7, 128.2, 129.5, 160.3,
171.2.

(4-Methoxyphenyl)methanol (Table 1): 'H NMR (300 MHz,
CDCly) 6 1.57 (br, 1 H), 3.74 (s, 3 H), 4.54 (s,2 H), 6.82 (d, ] = 8.7
Hz, 2 H), 7.22 (d, ] = 8.7 Hz, 2 H); *C NMR (75 MHz, CDCL,) §
55.3, 65.1, 114.0, 128.7, 1332, 159.3.

4-Methoxy-N-methylbenzamide (Table 6, entry 3): '"H NMR
(500 MHz, CDCL,) 6 3.02 (d, ] = 4.5 Hz, 3 H), 3.87 (s, 3 H), 6.10 (br,
1 H), 694 (d,] = 8.5 Hz, 2 H), 7.75 (d, J = 8.5 Hz, 2 H); 3C NMR
(125 MHz, CDCl,) & 26.8, 55.4, 113.7, 127.0, 128.6, 162.1, 167.7.

N-tert-Butyl-4-methoxybenzamide (Table 6, entry 7): 'H
NMR (500 MHz, CDCl;) & 1.48 (s, 9 H), 3.85 (s, 3 H), 5.89 (br, 1
H), 691 (d, ] = 9.0 Hz, 2 H), 7.70 (d, ] = 8.5 Hz, 2 H); *C NMR
(125 MHz, CDCly) 6 289, SL.S, 554, 113.6, 128.3, 1284, 161.9,
166.4.

4-Methoxy-N-phenylbenzamide (Table 6, entry 9): '"H NMR
(500 MHz, CDCl,) 6 3.90 (s, 3 H), 7.00 (d, ] = 8.5 Hz, 2 H), 7.16 (t, ]
=7.5Hz, 1 H), 7.39 (t, ] = 7.5 Hz, 2 H), 7.65 (d, ] = 7.5 Hz, 2 H),
7.76 (br, 1 H), 7.87 (d, ] = 8.5 Hz, 2 H); 3C NMR (125 MHz,
CDCI3) 6 55.5, 114.0, 120.1, 124.4, 127.2, 128.9, 129.1, 138.1, 162.5,
165.2.

N-Allyl-4-methoxybenzamide (Table 6, entry 11): 'H NMR
(500 MHz, CDCl,) 6 3.86 (s, 3 H), 4.09 (t, ] = 5.5 Hz, 2 H), 5.17—
521 (m, 2 H), 5.91-5.99 (m, 1 H), 6.24 (br, 1 H), 6.93 (d, ] = 8.5 Hz,
2 H),7.77 (4, ] = 8.5 Hz, 2 H); *C NMR (125 MHz, CDCl,) 6 42.4,
554, 113.7, 116.5, 126.7, 128.7, 134.4, 162.2, 166.8.

4-Methoxy-N,N-dimethylbenzamide (Table 6, entry 13): 'H
NMR (500 MHz, CDCl;) § 3.04 (s, 6 H), 3.82 (s, 3 H), 6.89 (d, J =
8.5 Hz, 2 H), 7.39 (d, ] = 8.5 Hz, 2 H); '3C NMR (125 MHz, CDCl;)
6 35.5, 39.8, 55.3, 113.5, 128.4, 129.1, 160.6, 171.5

(4-Methoxyphenyl)(pyrrolidin-1-yl)methanone (Table 6,
entry 17): '"H NMR (500 MHz, CDCl;) § 1.84—1.89 (m, 2 H),
1.92—1.97 (m, 2 H), 3.48 (t, ] = 5.5 Hz, 2 H), 3.63 (t, ] = 6.5 Hz, 2 H),
3.83 (s, 3 H), 6.89 (d, ] = 7.5 Hz, 2 H), 7.51 (d, ] = 7.5 Hz, 2 H); *C
NMR (125 MHz, CDCL,) & 24.5, 26.5, 46.3, 49.8, 55.3, 1134, 129.2,
129.5, 160.8, 169.4.

(4-Methoxyphenyl)(piperidin-1-yl)methanone (Table 6,
entry 19): 'H NMR (500 MHz, CDCL,) & 1.48—1.72 (m, 6 H),
3.31-3.76 (m, 4 H), 3.83 (s, 3 H), 6.91 (d, ] = 8.0 Hz, 2 H), 7.37 (d, ]
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= 8.5 Hz, 2 H); '*C NMR (125 MHz, CDCl;) § 24.7, 26.1, 43.4, 48.9,
55.3, 113.6, 128.6, 128.9, 160.5, 170.3.

(4-Methoxyphenyl)(morpholino)methanone (Table 6, entry
21): 'H NMR (500 MHz, CDCl,) & 3.51-3.78 (m, 8 H), 3.84 (s, 3
H), 6.92 (d, ] = 8.5 Hz, 2 H), 7.39 (d, ] = 8.5 Hz, 2 H);'*C NMR (125
MHz, CDCl;) § 43.1, 48.0. 55.4, 66.9, 113.8, 1274, 129.2, 160.9,
170.4.

N,N-Diisopropyl-4-methoxybenzamide (Table 6, entry 23):
'H NMR (500 MHz, CDCl,) § 1.04—1.67 (m, 12 H), 3.46—3.92 (m, 2
H), 3.83 (s, 3H), 6.90 (d, J = 7.5 Hz, 2 H), 7.29 (d, ] = 7.5 Hz, 2
H);"3C NMR (125 MHz, CDCl;) § 20.8, 47.1, 49.1, 55.3, 113.7, 127.5,
131.4, 159.9, 171.0.

N,4-Dimethoxy-N-methylbenzamide (Scheme 1): 'H NMR
(500 MHz, CDCl,) 6 3.37 (s, 3 H), 3.57 (s, 3 H), 3.86 (s, 3 H), 691
(d,J =85 Hz 2 H), 7.74 (d, ] = 8.5 Hz, 2 H); 3C NMR (125 MHz,
CDCly) § 339, 55.3, 60.9, 113.2, 126.0, 130.5, 161.5, 169.4.
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