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Abstract: Direct aminations of allylic alcohols, ben-
zylic alcohols, and benzhydrols with electron-with-
drawing (F, Br, I, NO2, or CN) substituents were ef-
ficiently catalyzed by aluminum triflate [Al ACHTUNGTRENNUNG(OTf)3]
to afford the corresponding biarylamines in high
yield, and the dibromo-substituted product was fur-
ther transformed into letrozole.
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Direct catalytic amination of underivatized alcohols
(1!2), which generates only water as a coproduct, is
a straightforward and desirable process for carbon-
heteroatom and carbon-carbon bond formations com-
pared with the common stepwise process through pre-
activation of a hydroxy group to a leaving group (1!
3!2), which generates more than stoichiometric
amounts of unwanted chemical waste (Scheme 1).

Such ideal direct reactions, however, are rarely ex-
plored because of the poor leaving ability of the hy-

droxy group. Various Lewis acids (Re,[1] Ru,[2] rare
earth metals,[3] Au,[4] In,[5] Bi,[6] Fe,[7] Ag,[8] Mo,[9]

Hg,[10] etc.[11]), I2,
[12] and Brønsted acids[13] were recent-

ly reported to efficiently catalyze the substitution re-
action.[14,15] Although nucleophiles of the reported
acid-catalyzed reaction were limited to rather stable
compounds, such as 4-nitroaniline, tosylamide, methyl
and benzyl carbamate, simple amides, alcohols, and
active methylenes, we recently succeeded in develop-
ing direct substitutions of allylic and benzylic alcohols
with acid-sensitive tert-butoxycarbonyl (Boc), thio-
phenesulfonyl,[16] tert-butylsulfonyl (Bus),[17] and 2-
(1,3-dioxan-2-yl)ethylsulfonyl (Dios)[18] protected
amine nucleophiles using only 1 mol% of Au ACHTUNGTRENNUNG(III)
salt.[19] These acid-catalyzed reactions, however, still
have much room for improvement with respect to the
substrate generality of the alcohols. Because the reac-
tion proceeds via a carbocation intermediate, the sub-
strate requires a substituent that stabilizes the carbo-
cation intermediate. A variety of allylic, propargylic,
and benzylic alcohols has been utilized as substrates,
and generally those with electron-donating substitu-
ents are reactive, those with electron-withdrawing
substituents have been rarely explored (Figure 1).
Weak electron-withdrawing groups: X=F (sp

[20] =
0.06) and Cl (sp = 0.22) were observed in several ally-
lic,[6b,8,12a] propargylic,[4d,e,f,9a,11b,c] and benzylic[5b,7b,c,11a]

types of substrates (4, 5, and 6, respectively), resulting
in good to high yields. By contrast, a more electron-
withdrawing Br (sp =0.23) substituent was examined
in rather reactive substrates.[1b,5b,7f,12a] Reactions of the
substrates with a more electron-withdrawing group
such as an I (sp =0.28), NO2 (sp =0.78), or CN (sp =
1.00) substituent have never succeeded.

Biarylamines are found in a number of biologically
active and pharmaceutical compounds,[21] such as the
non-steroidal aromatase inhibitor letrozole (8).[22]

Scheme 1. Direct catalytic amination of alcohol (1!2) and
common stepwise process through pre-activation of alcohol
(1!3!2).
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One of the most efficient synthetic methods for those
biaryl compounds would be a direct nucleophilic sub-
stitution of benzhydrol derivatives 7. As mentioned
above, however, benzhydrols with electron-withdraw-
ing group(s) are unreactive substrates. To date, only
reactions of monochloro (2 examples)[13b,c] and di-
fluoro (1 example)[13d] benzhydrols have been report-
ed, whereas reactions of those with more electron-
withdrawing Br, I, or NO2 substituents have not been
achieved. Here, we report that direct substitutions of
allylic and benzylic alcohols, including benzhydrols,
with various nitrogen nucleophiles are efficiently cata-
lyzed by AlACHTUNGTRENNUNG(OTf)3.

[23] Under the optimized conditions,
benzhydrols with an electron-withdrawing F, Br, I,
NO2, or CN substituent were successfully converted
to the corresponding biarylamine derivatives in high
yield, and the dibromo-substituted product was fur-
ther transformed into letrozole (8). Moreover, al-
though the catalytic activity of Al ACHTUNGTRENNUNG(OTf)3 is usually de-
scribed as similar to that of a super-acid,[23] direct sub-
stitutions with synthetically useful but acid-sensitive
Boc- and Bus-protected amine nucleophiles were effi-
ciently catalyzed by Al ACHTUNGTRENNUNG(OTf)3 without decomposition
of the acid-sensitive functionalities.

As an extension of our previous studies on Au-cata-
lyzed direct substitutions of allylic and benzylic alco-
hols with acid-sensitive nitrogen nucleophiles,[19] we
focused our attention on the development of a more
powerful catalyst system to expand the substrate gen-
erality of alcohols while still maintaining high func-
tional group tolerance. Thus, using 1,3-diphenylprop-
2-en-1-ol (4a) and tert-butyl carbamate (9a) as repre-
sentative substrates, we re-screened various metal
salts and complexes, and Al ACHTUNGTRENNUNG(OTf)3 was found to be
a highly efficient catalyst. The desired product 10aa
was obtained in 99% yield without decomposition of
the Boc group under microwave heating conditions
(Eq. 1).[24] Commercially available Al ACHTUNGTRENNUNG(OTf)3 has sev-
eral advantages, such as its high Lewis acidic, water
resistance, and reusable properties, but it has not
been well studied compared with other Lewis acid
catalysts.[23] High catalyst activity and mildness of the

reaction conditions shown in Eq. (1) encouraged us to
examine Al ACHTUNGTRENNUNG(OTf)3 as a catalyst for direct substitutions
of various other alcohols.[25]

Solvent effects on the substitution reaction were
first examined using less reactive 1-phenylethanol
(6a) and Cbz-amide 9b [Eq. (2)].[24] Although none or

only trace amounts of product 11ab were obtained in
either non-polar or polar solvents (toluene, EtOAc,
THF, DMF, DMSO, etc.), 22% and 35% yields of
11ab were achieved in CH2Cl2 and CH3CN, respec-
tively, and CH3NO2 was the best solvent (98%). Con-
ventional heating was much less effective than micro-
wave heating conditions, indicating the beneficial ef-
fects of microwave irradiation.[24]

We then explored the substrate generality of the
AlACHTUNGTRENNUNG(OTf)3-catalyzed direct substitution using various
allylic alcohols 4 and nitrogen nucleophiles (Table 1).
Because allylic alcohols 4 are generally more reactive
than benzylic alcohols 6, most of the reactions in
CH3NO2 were completed at room temperature in the
presence of only 1 mol% of Al ACHTUNGTRENNUNG(OTf)3. Under the opti-
mized conditions, the reaction of 4a with 9a, as shown
in Eq. (1), smoothly proceeded at a lower tempera-
ture (room temperature) to give product 10aa in 98%
yield (entry 1). Other carbamates 9b–d were also
good nucleophiles (entries 2–4). Although amides 9e–
h were less reactive nucleophiles than carbamates, in-
creasing the reaction temperature to 50 8C (MW), ex-
tending the reaction time, and including an additive
(KPF6) effectively accelerated the reactions and the
corresponding amides 10ae–ah were obtained in high
yield (entries 5–8). It is noteworthy that the 2-picoli-
namide group, which is a highly efficient directing
group for the Pd-catalyzed C�H bond activation reac-
tion,[26] can be directly introduced at the benzylic posi-
tion (Entry 7). Reactions with sulfonamide 9i and
electron-deficient 4-nitroaniline (9j) were efficiently
catalyzed by Al ACHTUNGTRENNUNG(OTf)3 (entries 9 and 10). Alkyl-sub-
stituted allylic alcohols 4b and 4c were converted to

Figure 1. Structures of representative substrates 4–7 for
acid-catalyzed direct nucleophilic substitution and letrozole
(8).
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the same a-methyl cinnamylamine (10bb), suggesting
an SN1-type reaction pathway via the same allyl
cation intermediate (entries 11 and 12).

We further examined the scope and limitations
using benzylic-type alcohols 6a–d (Table 2). Other
than benzyl carbamate (9b), as shown in Eq. (2),
methyl carbamate (9c) and sulfonamides 9i and 9k
also participated in the reaction of 1-phenylethanol
(6a) to successfully give the corresponding coupling
products 10ac (entry 1, 96%), 10ai (entry 2, 92%),
and 10ak (entry 3, 94%). Introduction of an electron-
donating methoxy group increased the reactivity, and
thus the reactions of 6b proceeded at room tempera-
ture (entries 4–6). The reactivity of electron-with-
drawing Cl-substituted alcohol 6c was similar to that
of non-substituted alcohol 6a (Entry 7). The substrate
incorporating the electron-rich thiophene 6d was also
reactive (entry 8).

Because of the high utility of biarylamine deriva-
tives, we examined the scope of the reaction using
various benzhydrols 7 (Table 3). First, using non-sub-
stituted benzhydrol 7a, a variety of nitrogen nucleo-
philes, such as carbamate (entry 1), amide (entries 2–
4), and sulfonamide (entries 5–8), were examined. In
all cases, the reactions completed within 1 h at 50 to
70 8C, affording the corresponding products in high

yield. Importantly, no decomposition was observed,
even when using a nucleophile with a reactive a-halo-
carbonyl group 9l (entry 3). An acid-sensitive Bus
group was also compatible with the conditions of the
AlACHTUNGTRENNUNG(OTf)3 catalysis (entry 8). Triazole (9o) was a less
reactive nucleophile, but the desired coupling product
12ao was obtained almost quantitatively after heating
for 2 h at 80 8C (entry 9). As expected, bis(4-methoxy-
phenyl)methanol (7b) was a highly reactive substrate
(entry 10). We then focused on using benzhydrols
with an electron-withdrawing group 7c–g (entries 11–
15), which have never been applied for a direct substi-
tution reaction, except for one example of 7c in which
a supramolecular host-guest complex was used.[13d] At
an elevated temperature (90 8C), the reaction of bis(4-
fluorophenyl)methanol (7c) proceeded smoothly to
give amide 12ce in 92% yield (entry 11). More chal-
lenging substrates, bis(4-bromophenyl)methanol (7d)
and bis(4-iodophenyl)methanol (7e), were also suc-
cessfully converted to the desired coupling products
12do and 12eo in 98% and 96% yield, respectively
(entries 12 and 13), allowing for further transforma-
tion using aryl bromide and aryl iodide units (vide
infra). Although the introduction of strong electron-
withdrawing nitro and cyano groups would generally
prohibit the formation of a carbocation intermediate,

Table 1. Direct catalytic substitution of allylic alcohol 4 with various nitrogen nucleophiles 9.[a]

Entry Alcohol (4) Nucleophile (9) t [min] Yield [%][b]

1 4a H2N-Boc (9a) 20 98
2 4a H2N-Cbz (9b) 10 92
3 4a H2N-CO2Me (9c) 10 94

4 4a (9d) 10 98

5[c] 4a H2N-Ac (9e) 10 94
6 4a H2N-Bz (9f) 120 96
7[c,d] 4a H2N-CO-2-Py (9g) 120 92

8[c] 4a (9h) 30 95

9 4a H2N-Ts (9i) 10 94
10 4a H2N-C6H4-4-NO2 (9j) 5 92
11 4b H2N-Cbz (9b) 60 83
12 4c H2N-Cbz (9b) 60 88[e]

[a] Reaction conditions: 4 (1.0 mmol), 9 (1.5 mmol, 1.5 equiv.), Al ACHTUNGTRENNUNG(OTf)3 (0.01 mmol, 1 mol%), CH3NO2 (2 mL), room tem-
perature.

[b] Isolated yield.
[c] Reaction was heated at 50 8C under microwave irradiation.
[d] KPF6 (1 mol%) was added as an additive.
[e] Cbz-protected a-methyl cinnamylamine (10bb) was obtained instead of g-methyl cinnamylamine (10cb).
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Table 2. Direct catalytic substitution of benzylic-type alcohols 6 with various nitrogen nucleophiles 9.[a]

Entry Alcohol (6) Nucleophile (9) T [8C] t [min] Yield [%][b]

1 6a H2N-CO2Me (9c) 50[c] 10 96
2 6a H2N-Ts (9i) 50[c] 10 92
3 6a H2N-SO2-2-thiophenyl (9k) 50[c] 30 94
4 6b H2N-Boc (9a) r.t. 180 90
5 6b H2N-Cbz (9b) r.t. 60 97
6 6b H2N-Bz (9f) r.t. 180 86
7 6c H2N-CO2Me (9c) 50[c] 10 86
8 6d H2N-CO2Me (9c) r.t. 10 93

[a[ Reaction conditions: 6 (1.0 mmol), 9 (1.5 mmol, 1.5 equiv.), Al ACHTUNGTRENNUNG(OTf)3 (0.05 mmol, 5 mol%), CH3NO2 (2 mL).
[b] Isolated yield.
[c] Reaction was heated under microwave irradiation.

Table 3. Direct catalytic substitution of benzhydrols 7 with various nitrogen nucleophiles 9.[a]

Entry Alcohol (7) Nucleophile (9) T [8C] t [min] Yield [%]b)

1 7a H2N-Cbz (9b) 50 10 99
2 7a H2N-Ac (9e) 70 60 96
3 7a H2N-COCH2Cl (9l) 70 60 95
4 7a H2N-Bz (9f) 50 30 99
5 7a H2N-Ts (9i) 50 10 99
6 7a H2N-SO2-2-thiophenyl (9k) 50 30 95
7 7a H2N-Ns (9m) 50 10 90
8 7a H2N-SO2-t-Bu (9n) 50 30 87

9 7a (9o) 80 120 99

10 7b H2N-Boc (9a) r.t. 10 97
11 7c H2N-Ac (9e) 90 60 92
12 7d (9o) 90 360 98
13 7e (9o) 90 360 96
14 7f H2N-Ts (9i) 90 60 91
15 7g H2N-Ts (9i) 90 120 77

[a] Reaction conditions: 7 (1.0 mmol), 9 (1.5 mmol, 1.5 equiv.), AlACHTUNGTRENNUNG(OTf)3 (0.05 mmol, 5 mol%), CH3NO2 (2 mL) under micro-
wave irradiation except entry 10.

[b] Isolated yield.
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AlACHTUNGTRENNUNG(OTf)3 efficiently catalyzed the direct substitution
of 7f and 7g with 9i (entries 14 and 15). To the best of
our knowledge, this is the first example of catalytic
direct substitution of benzhydrols with an electron-
withdrawing Br, I, NO2, or CN substituent.

To compare Al ACHTUNGTRENNUNG(OTf)3 with other efficient catalysts,
we performed the direct amination of bis(4-bromo-
phenyl)methanol (7d) under exactly the same reac-
tion conditions as shown in entry 12 of Table 3 except
using Sc ACHTUNGTRENNUNG(OTf)3,

[3] YbACHTUNGTRENNUNG(OTf)3,
[3] FeCl3,

[7] or
NaAuCl4·2 H2O

[19] as the catalyst instead of Al ACHTUNGTRENNUNG(OTf)3.
Among them, only Yb ACHTUNGTRENNUNG(OTf)3 gave the product 12do
in 26% yield, and the reactions using the other cata-
lysts resulted in only recovery of 7d,[24] clearly show-
ing the superiority of Al ACHTUNGTRENNUNG(OTf)3 for the reaction of un-
reactive substrates such as 7d.

Based on the great success of the direct substitution
of functionalized benzhydrols, we performed an effi-
cient synthesis of the non-steroidal aromatase inhibi-
tor letrozole (8) through the Al ACHTUNGTRENNUNG(OTf)3-catalyzed
direct substitution reaction. Although direct substitu-
tion of bis(4-cyanophenyl)methanol with triazole (9o)
did not proceed,[24] the coupling product having the
aryl bromide unit 12do was a good precursor of 8. Pd-
catalyzed cyanation of 12do smoothly proceeded in
the presence of a small amount of water (1 mol%)[27]

and letrozole (8) was obtained in 86% yield [Eq. (3).]

Finally, experiments using adamantanol (13) [Eq.
(4)] and optically active (S)-6a (>97% ee) [Eq. (5)]
also supported the SN1-type reaction pathway.

Moreover, the present Al catalysis was also effec-
tive for direct substitution with carbon, oxygen, and
hydride nucleophiles.[24]

In summary, we have developed AlACHTUNGTRENNUNG(OTf)3-catalyzed
direct substitutions of allylic, propargylic, and benzyl-
ic alcohols with various nitrogen nucleophiles, includ-
ing acid-sensitive Boc- and Bus-protected amines.
This new catalysis was applied to the first general
direct substitution of benzhydrols with an electron-
withdrawing F, Br, I, NO2, or CN substituent, afford-
ing the corresponding biarylamine derivatives in high
yield. One of the coupling products, 1-[bis(4-bromo-
phenyl)methyl]-1H-1,2,4-triazole, was successfully
converted to the non-steroidal aromatase inhibitor le-
trozole (8) in high yield.

Experimental Section

Typical Procedure

To a 10-mL vessel were added 1-phenylethanol (6a)
(122.2 mg, 1.0 mmol), benzyl carbamate (9b) (226.7 mg,
1.5 mmol, 1.5 equiv.), AlACHTUNGTRENNUNG(OTf)3 (23.7 mg, 0.05 mmol,
5 mol%) and MeNO2 (2.0 mL). The reaction vessel was
sealed with a rubber cap and then the mixture was subjected
to microwave irradiation for 10 min at 50 8C. After 10 min
of irradiation, the crude mixture was purified by silica gel
column chromatography (hexane:EtOAc=10:1) to give the
product 11ab ; yield: 98%.
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