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Abstract

A series of novel B-hydroxy-B-bis(trifluoromethyl)-imines (2a—j) and di(B-hydroxy-p-bis(trifluoromethyl))-diimines (3a—f) were prepared
in moderate to good yields via a simple two-step approach: first, B-hydroxy-B-bis(trifluoromethyl)-ketones (1a—c) were obtained by a catalyst-
free aldol reaction between liquid hexafluoroacetone sesquihydrate and ketones (acetone, acetophenone, and pinacolone, respectively); then,
condensation of the latter fluorinated B-ketols 1a—c with primary amines or diamines was achieved in the presence of Lewis (montmorillonite,
InBr3, La(OTf)3) or Bronsted (PTSA) acid catalysts. The molecular structures of mono- and di-f-hydroxy-B-bis(trifluoromethyl)-(di)imines 2e,h
and 3a.f were determined and found to exhibit strong intramolecular =(R)N---H—O hydrogen bonding.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Fluorinated alkoxy-imino (FAI) ligands of the type
[RN=C(R")C—C(CF3),0]" were first prepared in the coordi-
nation sphere of metal ions, i.e., Cu®", Ni**, Co®", Ce’™,
Ce*" by the template condensation of primary (di)amines
with the fluorinated B-ketol MeC(=0)CH,C(CF;),OH (1a).!
A number of complexes based on such FAI ligands and various
metal centers (Pd,2 Ir,? Ga,4 Cus) have recently regained inter-
est due to their attractive application for metal organic chem-
ical vapor deposition (MOCVD)® in microelectronics.

Early attempts to prepare directly fluorinated alcohol-
imines [protonated equivalent of FAIs] involved the reactions
of lithiated imines with anhydrous hexafluoroacetone, but final
acidic workup led to the corresponding B-hydroxy-p-bis(tri-
fluoromethyl)-ketones or -aldehydes.”*® Similarly, it was found
that trifluoroacetaldehyde ethyl hemiacetal reacts with imines
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and enamines to give the corresponding B-hydroxy-p-trifluoro-
methyl-ketones in rather good yields after hydrolysis,” while
the reaction of anhydrous hexafluoroacetone with the enamine
derived from acetophenone and morpholine offered the
corresponding  B-hydroxy-B-bis(trifluoromethyl)-ketone in
31% yield after hydrolysis.'® An effective entry toward a vari-
ety of B-hydroxy-B-(trifluoromethyl)-imines was finally
reported by Roschenthaler and co-workers through the room
temperature reaction of ketimines or aldimines with activated
ketones, like trifluoroacetone, trifluoroacetophenone or
2-hydroxy-trifluoroacetophenone.'’ Recently, this methodol-
ogy was applied to anhydrous hexafluoroacetone, which led
to the efficient preparation of a variety of B-hydroxy-p-bis-
(trifluoromethyl)-imines. 12

Here we describe an alternative, effective, and practical
method for preparing known and novel B-hydroxy-[-bis(tri-
fluoromethyl)-imines (2) and di(B-hydroxy-B-bis(trifluoro-
methyl))-diimines (3) by the acid-catalyzed condensation of
various B-hydroxy-B-bis(trifluoromethyl)-ketones (1) with pri-
mary mono- and diamines, respectively. This approach in-
volves the preliminary synthesis of fluorinated B-ketols 1
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from the aldol reaction of ketones with hexafluoroacetone
sesquihydrate. The latter liquid reagent was chosen to avoid
the use of gaseous anhydrous hexafluoroacetone,'? which is
a suspected teratogenic reagent, difficult and dangerous to
handle. As described in details below, this alternative
‘reverse’ approach toward fluorinated (di)alcohol-(di)imines
relies on the use of effective acid catalysts, based on clays,
metal salts or Bronsted acids, to promote the condensation
reaction.

2. Results and discussion
2.1. Synthesis of fluorinated (-ketols la—c

The variously substituted -hydroxy-B-bis(trifluoromethyl)-
ketones la—c were obtained by the simple, direct aldol
reaction of hexafluoroacetone sesquihydrate with acetone,’
acetophenone, and pinacolone, respectively, at 150—160 °C
(Scheme 1). It is well known that aldol reactions usually pro-
ceed under basic or acidic conditions.'? However, in the pres-
ent case, the reaction does not require any catalyst due to the
strong activation of the carbonyl group of hexafluoroacetone,
which shifts the keto-enol equilibrium toward the enol form
and allows consuming the latter rapidly under the chosen con-
ditions. B-Ketol 1b was prepared earlier in 56% yield by the
reaction of the corresponding enol-trimethylsilyl ether with
anhydrous hexafluoroacetone in the presence of the Lewis
acid SnCl,."* Here, the fully atom efficient aldol reaction us-
ing safer (and cheaper) liquid hexafluoroacetone sesquihydrate
offered B-ketol 1b in a significantly better yield (82%). All the
obtained B-ketols are stable compounds under ambient condi-
tions and were recovered as colorless liquids (1a,c) or white
solid material (1b).

0 o FaC
150-160 °C 3 R!
M 15H,0 + PR e EC
FsC~ "CF3 z )J\ R" autoclave 8 m
Rq yield (%)

Me (1a) 79
Ph (1b) 82
tBu (1c) 59

Scheme 1.

2.2. Synthesis of B3-hydroxy-B-bis(trifluoromethyl)-imines

The main strategy to prepare imines involves the acid-cat-
alyzed condensation of primary amines onto carbonyl com-
pounds.15 Most common, efficient Lewis and Bronsted acids
used to perform such reaction include, e.g., ZnClz,16 TiCl4,17
A1203,18 montmorillonite clay,z’19 molecular sieves,20 and
p-toluenesulphonic acid (PTSA),?! or their combination.

Accordingly, we have investigated the synthesis of B-hy-
droxy-B-bis(trifluoromethyl)-imines (2a—j) and di(B-hydroxy-
B-bis(trifluoromethyl))-diimines (3a—f) via the acid-catalyzed
condensation of B-ketols 1a—c with different primary amines
and diamines, respectively (Schemes 2 and 3). Mono

B-hydroxy-fB-bis(trifluoromethyl) imines (2a—j) were pre-
pared by reacting 1.0 equiv of amine with B-ketols, while
2.0 equiv of the latter B-ketols were reacted with diamines
to prepare the fluorinated diols-diimines (3a—f).
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R [cat] 3 R’
FsC ¢ RNH, —— = FCY Y
OH O -H,0 OH N
1a-c 2a.
R! R? product R’ R2 product
Me CH,Ph 2a Me CgFs 2h
Ph  CH,Ph 2b Me ph/\r\O\ 2i
Me cyclo-CgHqyy 26
Ph cyclo-CgHqyy  2d Ph Ph/\l\O\ 2
Me Ph 2e
Ph  Ph 2f Me Bu -
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In both cases, the optimal reaction conditions were found to
depend strongly on the amine nucleophilicity and the bulki-
ness of the B-ketols’ R' group as well. With the aim to maxi-
mize yields of the desired products, a variety of acid catalysts
and reaction conditions were evaluated. Condensation reac-
tions catalyzed by the strong Lewis acid La(OTf)322 were car-
ried out by adding molecular sieves to trap water eventually
produced in the reaction course, and thus helping to shift the
reaction equilibrium. Similarly, some condensations were in-
vestigated in the presence of the simple, readily available
PTSA by carrying out the reactions with Dean—Stark azeo-
tropic removal.'” Alternatively, we also investigated the use
of InBr;, a powerful Lewis acid catalyst,23 which enables

Me  ~(CHp)s 3d

Ph -(CH,)5- -

Scheme 3.
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Table 1
Condensation of (di)amines with B-ketols in the presence of acid catalysts®
Entry Product Catalyst Reaction Time Conv.° Yield®
(mol %) conditions®  (h) (%) (%)
1 2a InBr; (2.0) Solvent-free ~ 72° 100 71
2 2b PTSA (3.0) Toluene 72 76 56
3 2b Montmorillonite* CHCI; 48 97 75
4 2b InBr; (2.0) Solvent-free 13 90 76
5 2¢ InBr; (2.0) Solvent-free 100 90 72
5 2d Montmorillonite® CHCl; 100 76 50
6 2e PTSA (3.0) Toluene 12 70 48
7 2e InBr3 (2.0) Solvent-free 24 68 46
8 2f La(OTf); (1.8) Benzene 144 75 70
9 2g PTSA (3.0) Toluene 15 45 10
10 2g La(OTf); (2.0) Benzene 72 25 7
11 2h PTSA (3.0) Toluene 12 60 46
12 2h La(OTf); (2.0) Benzene 12 14 5
13 2i InBr; (2.0) Solvent-free 70 80 61
14 2j La(OTf); (1.0) Benzene 72 80 74
15 4k La(OTf); (2.0) Benzene 72 nd 62
16 3a Montmorillonite® CHCl; 72 90 69
17 3b Montmorillonite* CHCl; 72 90 68
18 3c Montmorillonite* CHCl; 72 90 70
19 3d Montmorillonite® CHCl; 72 90 52
20 3e La(OTf); (2.0) Benzene 72 80 79
21 3f PTSA (3.0) Toluene 100 55 39

% See Section 4 for details.

b Solvent-free reactions were carried out at 70 °C, and in the other cases
under reflux.

© Conversion of B-ketol as determined by '°F NMR of reaction mixtures.

4 Isolated yield of pure product.

¢ Reaction time was not optimized.

performing solvent-free reactions (that is, in the B-ketol/(di)-
amine mixture) without specific water trapping. No water
trapping was also applied to reactions catalyzed by Montmo-
rillonite K10,? to evaluate a potentially very simple system.
Representative results are reported in Table 1.

Expectedly, condensation reactions proceed much more
easily with aliphatic amines, which are stronger nucleophiles,
than with aromatic ones. Thus, many fluorinated alcohol-
imines (2b,d, 3a—d) derived from aliphatic amines, including
benzylamine, cyclohexylamine, 1-benzylpiperidin-4-amine,
2-morpholinoethanamine, ethylenediamine, and 1,2-cyclohexyl-
diamine, were prepared in valuable yields (50—76%) using
simply montmorillonite as the catalyst. In those cases, com-
parative experiments showed that good results (61—76% iso-
lated yields; 2a—c,i) can also be achieved using 2.0 mol %
of InBr; under solvent-free conditions. On the other hand,
the use of PTSA leads to more modest yields (ca. 50%)
(entries 2 and 6).

F3C NH
Ph A~ T2
F3CW + N
OH O OJ
1b

[La(OTf),]

[- PhCOMe]

In the case of aromatic amines such as aniline and the bulky
2,6-diisopropylaniline, we observed that montmorillonite is
largely ineffective. The condensation reactions involving
such poor nucleophiles were more efficiently performed in
the presence of PTSA, affording fluorinated alcohol-imines
2e,g,h and 3f in 10—48% isolated yields. InBr; did not show
improved performances as compared to PTSA for the synthe-
sis of 2e (entries 6 and 7). The strong Lewis acid La(OTf);
proved to be quite performant in some cases, e.g., in the prep-
aration of 2f and 3e (70 and 79% yields, entries 8 and 20) but
was surprisingly found to be completely ineffective in other
cases, e.g., for the synthesis of 2g,h (entries 10 and 12). The
reasons for these striking differences are still unclear.

On the other hand, we did not succeed to achieve conden-
sation of tert-butylamine with the simple B-ketol 1a neither re-
actions of different primary aliphatic amines with B-ketol 1¢
as well (Scheme 2). Attempts to carry out these reactions un-
der a variety of reaction conditions with the different catalyst
systems mentioned above resulted systematically in the recov-
ery of the initial reagents. Obviously, these reactions are ham-
pered by the steric hindrance of the bulky zert-butyl substituent
present either in the amine or B-ketol. Similar difficulties were
also encountered for the condensation of 1,3-diaminopropane
and 1,2-diaminobenzene onto the phenyl-substituted B-ketol
1b (Scheme 3).

More surprisingly, the reaction of 2-morpholinoethanamine
and B-ketol 1b did not offer the expected condensation product
(2k), but rather the fluorinated hemiaminal 4k (Scheme 4),%*
which was isolated in 62% yield after sublimation (see Section
4). Apparently, this product results from the condensation of
2-morpholinoethanamine onto hexafluoroacetone. This obser-
vation suggests that [-ketol 1b is not stable under these
conditions (i.e., in the presence of 2-morpholinoethanamine,
possibly in combination with La(OTf);) and decomposes via
a retro-aldol reaction. The molecular structure of 4k (Fig. 1)
features quite strong intramolecular hydrogen bonding® be-
tween the morpholine nitrogen atom N(1) and HO(1) group
(O—H---N distance=1.722(3) A).

The prepared B-hydroxy-p-bis(trifluoromethyl)-imines
(2a—j) and di(B-hydroxy-B-bis(trifluoromethyl))-diimines
(3a—f) are all stable compounds at room temperature in air
and are readily soluble in a variety of organic solvents (ace-
tone, diethyl ether, hexane, and toluene). They were fully char-
acterized in solution by multinuclear lH, 13C, and '°F NMR,
as well as by HRMS and elemental analysis (see Section 4).
In addition, the solid state structures of 2e,h and 3a.f were
determined by single-crystal X-ray diffraction analysis. The

Fscwph

-H,0

Scheme 4.
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Figure 1. ORTEP view of hemiaminal 4k depicted with 30% thermal ellip-
soids; hydrogen atoms bound to C atoms omitted for clarity. Selected bond
lengths (/o\) and angles (°): O(1)—C(3) 1.372(2), O(1)—H(1) 0.90(2), N(2)—
C(3) 1.441(2), N(2)—C(2) 1.465(2), N(2)—H(2) 0.86(2), N(1)—C(1)
1.475(2), C(1)—C(2) 1.518(2), N(1)—H(1) 1.722(3), N(2)—H(1) 2.346,
C(3)—0O(1)—H(1) 109.70(1), C(3)—N(2)—C(2) 119.29(1), C(3)—N(2)—H(2)
112.11(2), C(2)—N(2)—H(2) 112.60(1).

molecular structures of these compounds are depicted in Fig-
ures 2 (2e,h) and 3 (3a,f). Table 2 summarizes the most impor-
tant bond distances and angles in these molecules. Compounds
2e¢.h and 3a.f all feature short intramolecular hydrogen bond-
ing25 between the imino nitrogen atom N(1) and the HO(1)
group with O—H---N distances of 1.825 (2e), 2.139 (2h),
1.834 (3a), and 2.039 (3f) A. The angles in the six-membered
ring systems N(1)—C(1)—C(2)—C3)—O(1)—H(1) in 2eh
and 3a.f are in the range 99.86—153.05°. This indicates that
these ring systems are much more distorted than that observed
in related 4-isopropylimino-3,3,5-trimethyl-1,1,1-trifluoro-2-

Fr -~

Figure 2. ORTEP view of fluorinated alcohol-imines 2e (left) and 2h (right),
depicted with 30% thermal ellipsoids; hydrogen atoms bound to C atoms omit-
ted for clarity.

Figure 3. ORTEP views of fluorinated diols-diimines 3a (top) and 3f (bottom),
depicted with 30% thermal ellipsoids; hydrogen atoms bound to C atoms omit-
ted for clarity.

trifluoromethylhexan-2-ol where the corresponding angles
range between 110.9(3) and 114.7(3)8°."2

3. Conclusions

We have shown that B-hydroxy-B-bis(trifluoromethyl)-ke-
tones, readily prepared by the aldol reaction of ketones with
relatively cheap and safe hexafluoroacetone sesquihydrate,
are convenient precursors toward fluorinated B-alcohol-
imines. Condensation of [-hydroxy-p-bis(trifluoromethyl)-
ketones with primary aliphatic and aromatic amines and
diamines requires the use of appropriate acid catalysts, to be se-
lected upon the specific case. The reaction appears, however,
hampered by the presence of very bulky substituent either in
the B-ketol or in the amine.

The prepared B-hydroxy-B-bis(trifluoromethyl)-imines

(2a—j) and di(B-hydroxy-B-bis(trifluoromethyl))-diimines
Table 2

Selected bond lengths/contacts (A) and angles (°) for 2e, 2h, 3a, and 3f
Compound 2e 2h 3a 3f
N(D)—C(1) 1.277(2) 1.278(3) 1.272(2) 1.277(2)
C(1)—C4) 1.498(2) 1.490(3) 1.497(2) 1.501(2)
C()—C(2) 1.521(2) 1.526(3) 1.518(2) 1.513(2)
C(2)—C(3) 1.541(2) 1.544(3) 1.545(2) 1.542(2)
C(3)—0(1) 1.402(1) 1.395(3) 1.397(2) 1.399(2)
N(1)---H(1) 1.825 2.139 1.834 2.039
N()—C(1)—C(4) 127.03(1)  127.64(2)  125.69(1)  126.65(1)
C(4)—C(1)—C(2) 114.11(1) 117.34(2) 115.33(1) 114.61(1)
H(1)—N(1)—C(1) 99.86 99.02 101.77 104.37
N(1)—C(1)—C(2) 118.75(1) 115.04(2) 118.96(1) 118.63(1)
C(1)—C(2)—C(3) 11532(1)  114.032)  116.13(1)  116.25(1)
C(2)—C(3)—0(1) 105.86(1) 114.00(2) 114.21(1) 114.18(1)
C(3)—0(1)—H(1) 105.71(2) 109.69(2) 106.10(2) 109.49(1)
O(1)—H(1)—N(1) 153.05 120.48 149.78 127.36
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(3a—f) are fluorous alkoxy analogs of imino-phenols® and
Salen derivatives,”” which are ubiquitous ligands largely
used in coordination chemistry. Applications of these new fluo-
rous pro-ligands in the coordination chemistry of oxophilic
transition- and main group-metals,*® and related homogenously
catalyzed processes will be reported in due course.

4. Experimental section
4.1. General

Hexafluoroacetone sesquihydrate (99%) was purchased
from ABCR and used as received. All ketones and (di)amines
were commercially available and used as received. Montmoril-
lonite K10 (KSF, Acros), La(OTf); (99.999%, Aldrich), and
InBr; (99.999%, Strem Chemicals) were used as received.

NMR spectra were recorded at 298 K on Bruker Avance
DPX-200, AM-300 or AM-500 spectrometers. 'H and '°C
chemical shifts are reported in parts per million relative to
SiMe, and were determined by reference to the residual sol-
vent resonances. '°F chemical shifts were determined by exter-
nal reference to an aqueous solution of NaBF,. All coupling
constants are given in Hertz. Elemental analyses were per-
formed at the Microanalytical Laboratory at the Institute of
Chemistry of Rennes. HRMS spectra were obtained on
a high resolution MS/MS spectrometer Micromass ZABSpec-
TOF (EI and ESI methods).

4.2. Synthesis

4.2.1. 5,5,5-Trifluoro-4-hydroxy-4-(trifluoromethyl)-
pentan-2-one (1a)

The synthesis of 1a was achieved by a slight modification
of the literature procedure.” A 50 mL stainless steel autoclave
was charged with hexafluoroacetone sesquihydrate (12.5 g,
64.7 mmol) and acetone (45 mL, 775 mmol). The autoclave
was sealed and heated at 140 °C in an oil bath for 85—
100 h. The autoclave was cooled down to room temperature,
vented, and diethyl ether (20 mL) and anhydrous MgSO,
were added to the reaction mixture. The solution was filtered
and concentrated under vacuum. The oily residue was purified
by vacuum distillation (2 mmHg, 32 °C), giving 1a as a color-
less liquid (11.42 g, 79%). '"H NMR (200 MHz, CDCl5):
6 2.34 (s, 3H, CHs), 2.96 (s, 2H, CH,), 6.81 (s, 1H, OH). '°F
NMR (188 MHz, CDCl5): 6 —78.7 (s, 6F). HRMS (70 eV, EI):
miz caled for CsH;0,F¢ [M—'CH5]™: 209.00372; found:
209.0036 (0 ppm).

4.2.2. 44 4-Trifluoro-3-hydroxy-1-phenyl-3-
(trifluoromethyl)butan-1-one (1b)

This compound was prepared by following the same proce-
dure as that described above for 1a, starting from hexafluoro-
acetone sesquihydrate (13.5 g, 70.0 mmol) and acetophenone
(7.8 mL, 66.7 mmol), reacting at 160 °C for 120 h. Compound
1b was obtained as an off-white crystalline solid (15.5 g,
82%). '"H NMR (200 MHz, CDCl3): & 3.49 (s, 2H, CH,),
7.18 (s, 1H, OH), 7.58 (t, *J=17.5, 2H, m-H), 7.74 (t, >J=1.5,

1H, p-H), 7.99 (d, *J=7.5, 1H, o-H). 'F NMR (188 MHz,
CDCl;): 6 —78.4 (s, 6F). Anal. Calcd for C,oHgFs0,: C, 44.13;
H, 2.22. Found: C, 45.01; H, 2.48. HRMS (70 eV, ED): m/z
caled for C,;HgO.Fs [M™]: 286.04285; found: 286.0430
(0 ppm).

4.2.3. 6,6,6-Trifluoro-5-hydroxy-2,2-dimethyl-5-
trifluoromethylhexan-3-one (Ic)

This compound was prepared by following the same proce-
dure as that described above for 1a, starting from hexafluoro-
acetone sesquihydrate (4.30 mL, 37.6 mmol) and pinacolone
(4.70 mL, 37.5 mmol), reacting at 160 °C for 100 h. Com-
pound 1c was obtained as a colorless liquid (5.89 g, 59%). 'H
NMR (200 MHz, CDCls): 6 1.22 (s, 9H, ‘Bu), 3.01 (s, 2H,
CH,), 7.28 (s, 1H, OH). '"F NMR (188 MHz, CDCl5): 6
—78.59 (s, 6F). HRMS (70 eV, El): m/z calcd for CsH30,F¢
[M—"Bu]™": 209.00372; found: 209.0036 (0 ppm).

4.2 4. 4-Benzylimino-1,1,1-trifluoro-2-
trifluoromethylpentan-2-ol (2a)

A Schlenk flask was charged with 1a (0.50 g, 2.23 mmol)
and benzylamine (255 pL, 2.33 mmol) under argon atmo-
sphere. InBr; (1.57 mg, 2.0 mol %) was added and the flask
was heated at 70 °C for 3 days under magnetic stirring. After
filtration on Celite, the crude product was distilled in a Kugel-
rohr apparatus to give 2a as colorless oil (0.50 g, 71%). 'H
NMR (200 MHz, CDCl3): 6 2.12 (s, 3H, CHj3), 2.81 (s, 2H,
CH,—C=), 4.57 (s, 2H, CH,—Ph), 7.32 (m, 5H, arom.). '°C
NMR (75 MHz, CDCl;): ¢ 20.7 (s, 1C, CH3), 33.6 (s, 1C,
CH,—C=N), 54.4 (s, 1C, CH,—Ph), 76.6 (hept, 2/cr=29.4,
1C, C(CFs),), 123.2 (q, 'Jcr=288.8, 2C, CF3), 127.3 (s, 1C,
CH,ur), 127.5 (s, 2C, CHypno), 128.7 (s, 2C, CH,per), 138.1
(s, 1C, Cjy), 170.5 (s, 1C, C=N). F NMR (188 MHz,
CDCls): 6 —78.72 (s, 6F). HRMS (70 eV, El): m/z calcd for
C3H;3NOFg [M*]: 313.09013; found: 313.0893 (2 ppm).

4.2.5. 4-Benzylimino-1,1,1-trifluoro-4-phenyl-2-
trifluoromethylbutan-2-ol (2b)

This compound was prepared by following the same pro-
cedure as that described above for 2a, starting from 1b
(0.50 g, 1.75 mmol) and benzylamine (200 pL, 1.83 mmol),
reacting at 70°C for 13h in the presence of InBr;
(1.23 mg, 2.0 mol %). Compound 2b was obtained as color-
less crystals (0.50 g, 76%). Mp=42—43°C. 'H NMR
(200 MHz, CDCl3): 6 3.12 (s, 2H, CH,—C=), 4.58 (s, 2H,
CH,—Ph), 7.29 (m, 7H, arom.), 7.51 (m, 3H, arom.), 10.20
(s, 1H, OH). '"F NMR (188 MHz, CDCl;): 6 —78.44 (s,
6F). >*C NMR (75 MHz, CDCl3): 6 33.7 (s, 1C, CH,—
C=N), 56.3 (s, 1C, CH,—Ph), 76.9 (hept, *J-r=29.4, 1C,
C(CF3),), 123.2 (q, 'Jcp=288.7, 2C, 2CF;), 125.9 (s, 2C,
m-CH), 127.3 (s, 1C, p-CH), 127.5 (s, 2C, 0-CH), 128.7 (s,
2C, m-CH), 129.2 (s, 2C, 0-CH) 130.1 (s, 1C, p-CH), 135.8
(s, 1C, Cys0), 138.1 (s, 1C, Cpy), 171.2 (s, 1C, C=N).
HRMS (70eV, EI): m/z caled for C;gH;sNOF,; [M™:
375.10578; found: 375.1056 (0 ppm).
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4.2.6. 1,1,1-Trifluoro-4-[cyclohexylimino]-
2-(trifluoromethyl)pentan-2-ol (2c)

This compound was prepared by following the same proce-
dure as that described above for 2a, starting from 1a (0.50 g,
2.23 mmol) and cyclohexylamine (270 pL, 2.36 mmol), react-
ing at 70 °C for 4.5 days in the presence of InBr3 (1.57 mg,
2.0 mol %). Compound 2c¢ was obtained as a colorless oil
(0.49 g, 72%). "H NMR (200 MHz, CDCl5): 6 2.00 (s, 3H,
CHj,), 2.68 (s, 2H, CH»), 6.79 (d, *J=7.3, 2H, o-H), 7.23 (t,
3J=7.3, 1H, p-H), 7.39 (t, >J=7.3, 3H, m-H), 9.04 (s, 1H,
OH). ""F NMR (188 MHz, CDCl5): 6 —78.3 (s, 6F). HRMS
(70 eV, EI): m/z caled for Ci,H;7NOFg [M*]: 305.12143;
found: 305.1203 (3 ppm).

4.2.7. 4-[Cyclohexylimino]-1,1,1-trifluoro-4-phenyl-2-
(trifluoromethyl)butan-2-ol (2d)

A Schlenk flask was charged with 1b (0.50 g, 1.75 mmol),
cyclohexylamine (210 puL, 1.84 mmol), montmorillonite
(0.80 g), and chloroform (10 mL) under argon atmosphere.
The mixture was heated at 70 °C for 4.5 days. After Kugelrohr
distillation of the crude product, 2d was obtained as an oil,
which further crystallized to colorless crystals (0.32 g, 50%).
Mp=58—59 °C. '"H NMR (200 MHz, CDCl;): 6 1.23 and
1.60 (m, 10H, CH, cyclohexyl), 2.99 (s, 2H, CH,), 3.34 (m,
2H, o-H), 7.18 (m, 2H, m-H), 7.48 (m, 3H, o-H and p-H),
10.67 (br s, 1H, OH). '’F NMR (188 MHz, CDCls): 6 —8.37
(s, 6F). '*C NMR (75 MHz, CDCl;): 6 23.8 (s, 2C, CH,
3- and 5-cyclohexyl), 25.4 (s, 1C, CH, 4-cyclohexyl), 33.3
(s, 2C, CH; 2- and 6-cyclohexyl), 33.4 (s, 1C, CH,), 59.7 (s,
1C, CH cyclohexyl), 77.05 (hept, %/cr=28.8, 1C, C(CF5),),
123.3 (q, 'Jcr=189.2, 2C, CF;), 125.7 (s, 2C, m-CH), 129.0
(s, 2C, 0-CH), 129.5 (s, 1C, p-CH), 136.4 (s, 1C, ipso-C),
167.9 (s, 1C, C=N). HRMS (70eV, EI): m/z calcd for
C7HoNOF [M*]: 367.13708; found: 367.1386 (4 ppm).

4.2.8. 1,1,1-Trifluoro-4-[phenylimino]-
2-(trifluoromethyl)pentan-2-ol (2e)

In a 50 mL flask, a mixture of 1a (2.10 g, 9.4 mmol) and
aniline (1.00 mL, 11.0 mmol) in toluene (40 mL), in the pres-
ence of a catalytic amount of PTSA (48.4 mg, 3.0 mol %), was
refluxed for 12 h using a Dean—Stark apparatus. The reaction
mixture was evaporated in vacuum and the residue was dis-
tilled in a Kugelrohr apparatus to give 2e as a colorless oil,
which rapidly crystallizes at room temperature (1.35g,
48%). Mp=40—41°C. '"H NMR (200 MHz, CDCl5): 6 2.00
(s, 3H, CH3), 2.94 (s, 2H, CH,), 6.79 (d, *J=7.3, 2H, o-H),
7.23 (t, *J=17.3, 1H, p-H), 7.39 (t, >J=7.3, 3H, m-H), 9.04
(s, 1H, OH). '"H NMR (200 MHz, C¢Dy): 6 1.10 (s, 3H,
CH,), 2.32 (s, 2H, CH,), 6.42 (d, *J=7.3, 2H, o-H), 6.87 (t,
3J=7.3, 1H, p-H), 7.01 (t, *J=7.4, 3H, m-H), 9.13 (br s, 1H,
OH). 'F NMR (188 MHz, CDCls): 6 —78.3 (s, 6F). °F
NMR (188 MHz, C¢Dg): 6 —77.9 (s, 6F). >C NMR (50 MHz,
CDCl3): 6 22.3 (s, 1C, CHy), 33.6 (s, 1C, CH,), 76.3 (hept,
2Jor=29.5, 1C, C(CF3),), 120.0 (s, 2C, o0-CH), 123.1 (q,
Jop=287.5, 2C, CFs), 125.1 (s, 1C, p-CH), 129.2 (s, 2C,
m-CH), 147.1 (s, 1C, Cy,,), 171.2 (s, 1C, C=N). HRMS

(70 eV, EI): m/z caled for C,H;;NOFg [M™]: 299.07448;
found: 299.0735 (3 ppm).

4.2.9. 1,1,1-Trifluoro-4-phenyl-4-[phenylimino]-
2-(trifluoromethyl)butan-2-ol (2f)

A Schlenk flask was charged with 1b (4.41 g, 15.4 mmol)
and benzene (15 mL). Under argon atmosphere, 5 A molecular
sieves (11.0 g), La(OTf); (80 mg, 0.14 mmol, 1.0 mol %), and
aniline (1.70 mL, 18.64 mmol) were added. The mixture was
refluxed for 6 days. The molecular sieves were removed and
washed with methylene chloride (15 mL), and the solvents
were concentrated under reduced pressure. After trap-to-trap
distillation, several drops of pentane were added to the distil-
late, which crystallized at cold temperature to give 2f as a pale
yellow solid (3.89 g, 70%). Mp=77—78°C. 'H NMR
(200 MHz, CDCl3): 6 3.31 (s, 2H, CH,), 6.73—7.19 (m,
10H, arom.), 9.35 (s, 1H, OH). '"H NMR (200 MHz, C¢Ds):
0 2.95 (s, 2H, CH,), 6.46—6.79 (m, 10H, arom.), 9.44 (s, 1H,
OH). 'F NMR (188 MHz, CDCl;): 6 —77.99 (s, 6F). '*C
NMR (75 MHz, CDCly): 6 33.9 (s, 1C, CH,), 121.4 (s, 2C,
0-CH), 125.1 (s, 1C, p-CH), 127.7 (s, 1C, m-CH), 128.7 (s, 2C,
m-CH), 128.9 (s, 2C, 0-CH), 130.2 (s, 1C, p-CH), 135.8 (s, 1C,
Cipso)» 146.8 (s, 1C, Cyp), 169.9 (s, 1C, C=N). Resonances
for CF; groups were not observed due to a too short relaxation
period or a non-adapted pulse angle. HRMS (70 eV, EI): m/z
caled for C;7H,;3NOF, [MT]: 361.09013; found: 361.0908

(1 ppm).

4.2.10. 4-[(2,6-Diisopropylphenyl)imino]-1,1,1-trifluoro-2-
(trifluoromethyl)pentan-2-ol (2g)

This compound was prepared by following the same proce-
dure as that described above for 2e, starting from 1a (4.50 g,
20.1 mmol) and 2,6-diisopropylaniline (3.8 mL, 20.1 mmol)
in toluene (40 mL), in the presence of PTSA (0.10 g,
3.0 mol %), reacting for 15 h. Compound 2g was obtained as
a pale yellow oil (0.74 g, 10%). "H NMR (200 MHz, CDCl5):
o 1.15 (d, 6H, i-Pr), 1.19 (d, 6H, i-Pr), 1.86 (s, 3H, CHj3), 2.69
(m, 2H, i-Pr), 2.97 (s, 2H, CH,), 7.18 (m, 3H, arom.), 9.68 (s,
1H, OH). "°F NMR (188 MHz, CDCl3): 6 —79.1 (s, 6F). Anal.
Calcd for CgH,3FsNO: C, 56.39; H, 6.05. Found: C, 56.43; H,
5.84.

4.2.11. 1,1,1-Trifluoro-4-[(pentafluorophenyl)imino]-
2-(trifluoromethyl)pentan-2-ol (2h)

This compound was prepared by following the same proce-
dure as that described above for 2e, starting from 1a (0.81 g,
3.61 mmol) and pentafluoroaniline (0.66 g, 3.60 mmol) in tol-
uene (40 mL), in the presence of PTSA (18.6 mg, 3.0 mol %),
reacting for 12 h. Compound 2h was obtained as colorless
crystals (0.65 g, 46%). Mp=63—64 °C. '"H NMR (200 MHz,
CDCl3): 0 2.13 (s, 3H, CH3), 3.09 (s, 2H, CH,), 7.60 (s, 1H,
OH). '°F NMR (188 MHz, CDCl;): 6 —162.0 (m, 2F, m-F),
—160.0 (t, >J=22.0, 1F, p-F), —151.0 (d, >J=22.0, 2F, o-F),
—78.4 (s, 6F, CF53). Anal. Calcd for C;,H¢F;NO: C, 37.04; H,
1.55. Found: C, 37.41; H, 2.04.
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4.2.12. 4-(1-Benzylpiperidin-4-ylimino)-1,1,1-trifluoro-2-
(trifluoromethyl)pentan-2-ol (2i)

This compound was prepared by following the same proce-
dure as that described above for 2a, starting from 1a (4.35 g,
19.4mmol) and 4-amino-1-benzylpiperidine (3.14 mL,
16.2 mmol), reacting at 70 °C for 70 h in the presence of
InBr; (13.6 mg, 2.0 mol %). Recrystallization of the crude
product from pentane gave 2i as a pale yellow solid (3.92 g,
61%). Mp=126—128°C. 'H NMR (200 MHz, CDCI):
0 1.64 (m, 4H, 2CH, piperidine), 1.92 (s, 3H, CH3), 2.12 (m,
2H, CH, piperidine), 2.61 (s, 2H, CH,), 2.73 (m, 2H, CH,
piperidine), 3.40 (m, 1H, CH of piperidine), 3.46 (s, 2H,
CH,—Ph), 7.25 (m, 5H, arom.). '’F NMR (188 MHz, CDCl5):
6 —78.57 (s, 6F). >*C NMR (75 MHz, CDCl5): ¢ 20.47 (s, C,
CH3), 32.42 (s, C, CH,—Ph), 51.77 (s, C, CHy), 31.35, 33.76,
56.59, 63.57 (s, 5C piperidine), 126.39 (s, 1C, p-CH),
127.43 (s, 1C, m-CH), 128.62 (s, 2C, m-CH), 129.50 (s, 2C,
0-CH), 138.81 (s, 1C, p-CH), 167.82 (s, C, C=N). Reso-
nances for CF; groups were not observed due to a too short re-
laxation period or a non-adapted pulse angle. Anal. Calcd for
C9H,5F¢N,O: C, 55.47; H, 6.12. Found: C, 55.83; H, 6.58.

4.2.13. 4-(1-Benzylpiperidin-4-ylimino)-4-phenyl-1,1,1 -
trifluoro-2-(trifluoromethyl)butan-2-ol (2j)

This compound was prepared by following the same proce-
dure as that described above for 2f, starting from 1b (2.40 g,
8.4 mmol) and 1,3-phenylenedimethanamine (0.42 mL,
3.2 mmol) in benzene (15 mL), in the presence of La(OTf);
(90 mg, 0.15 mmol, 1.8 mol %), reacting for 3 days in a Soxh-
let apparatus charged with 5 A molecular sieves (10.0 2).
Compound 2j was obtained as a pale yellow oil (2.24 g,
74%). '"H NMR (200 MHz, CDCls): 6 1.83 (m, 6H, 3CH, of
piperidine), 2.80 (m, 2H, CH, of piperidine), 3.02 (s, 2H,
CH,), 3.40 (m, 1H, CH of piperidine), 3.51 (s, 2H, CH,—Ph),
7.33 (m, 10H, arom.), 10.36 (s, 1H, OH). '’F NMR (188 MHz,
CDCly): 6 —78.24 (s, 6F). '*C NMR (75 MHz, CDCl,):
0 32.96 (s, C, CH,—Ph), 5149 (s, C, CH,), 30.14, 33.19,
52.55, 58.09, 63.54 (s, 5C of piperidine), 125.97, 127.11,
127.42, 128.63, 129.51, 129.56, 129.71, 130.08, 136.69,
138.80 (14C of Ph groups), 169.14 (s, C, C=N). Resonances
for CF3 groups were not observed due to a too short relaxation
period or a non-adapted pulse angle. Anal. Calcd for
C,4H27FeN,O: C, 60.88; H, 5.75. Found: C, 70.10; H, 5.42.

4.2.14. 1,1,1-Trifluoro-4-[(2-{[4 4 4-trifluoro-3-hydroxy-1-
methyl-3-(trifluoromethyl)butylidene]amino}ethyl)imino|-
2-(trifluoromethyl)pentan-2-ol (3a)

This compound was prepared by following the same proce-
dure as that described above for 2d, starting from 1a (2.75 g,
12.3 mmol) and 1,2-ethylenediamine (0.36 g, 6.1 mmol), in
the presence of montmorillonite (0.80 g), reacting for 72 h in
chloroform (10 mL). Compound 3a was obtained as an orange
solid (3.88 g, 69%) by recrystallization of the crude product
from methanol. "H NMR (500 MHz, CDCls): 6 2.04 (s, 6H,
Me), 2.73 (s, 4H, CH,), 3.66 (s, 4H, CH,N), 9.88 (s, 2H, OH).
*C NMR (75 MHz, CDCl;): 6 20.63 (CH,), 33.41 (Me), 50.42
(CH,—N), 121.1 (C—OH), 125.5 (C—F), 171.42 (C=N). "°F

NMR (182 MHz, CDCls): 6 —78.9 (s, 12F). Anal. Calcd for
C1,H,6F12N,05: C, 35.60; H, 3.41. Found: C, 36.44; H, 3.89.

4.2.15. Racemic trans-4,4'-(cyclohexane-1,2-diylbis(azan-1-
yl-1-ylidene))bis(1,1,1-trifluoro-2-(trifluoromethyl)pentan-
2-0l) (rac-3b)

Compound rac-3b was prepared as described for 2d starting
from 1lc¢ (2.50 g, 11.1 mmol), trans-1,2-diaminocyclohexane
(0.63 g, 5.5 mmol), and montmorillonite (0.80 g) to give rac-
3b as a white solid (3.97 g, 68%). Mp=108.4 °C. '"H NMR
(500 MHz, CDCl3): 6 1.38—1.84 (m, 8H, cyclohexyl), 2.01 (s,
6H, Me), 2.65 (m, 2H, CH—N of cyclohexyl), 10.19 (s, 2H,
OH). '*C NMR (75 MHz, CDCls): 6 170.0 (2C, CN), 21.10
(2C, CH,—C—CFyj), 24.20 (2C, CHjy), 32.02 (2C, CH, cyclo-
hexyl), 39.10 (2C, CH,—CN cyclohexyl), 64.30 (2C, CH—N

cyclohexyl), 1220 (2C, CO), 1260 (g, 2C). 'F NMR
(182 MHz, CDCly): 6 —78.72 (q, J=10.35, 6F), —79.20 (q,
J=10.34, 6F). HRMS (70eV, EI): m/z caled for
C] 8H22F|2N202: 5261490, found: 526.1521 (6 ppm)

[M—CF5]" (C;7H2,N,0,Fy) calcd: 457.1538; found: 457.1568.

4.2.16. 44'-((IR2R)-Cyclohexane-1,2-diylbis(azan-1-yl-1-
ylidene))bis(1,1,1-trifluoro-2-(trifluoromethyl)pentan-2-ol)
((R,R)-3¢c)

Compound (R,R)-3¢ was prepared in a similar manner as
that described above for rac-3b, starting from la (4.24 g,
19.0 mmol), (1R,2R)-diaminocyclohexane (0.63 g, 5.5 mmol),
and montmorillonite (1.20 g), to give (R,R)-3¢ (6.97 g, 70%)
as a white solid. [a]y —32 (¢ 0.01, CH,Cl,). 'H NMR
(200 MHz, CDCl3): 6 1.42—1.85 (m, 8H, cyclohexyl), 2.02
(s, 6H, 2Me), 2.66 (s, 4H, cyclohexyl), 3.57 (m, 2H, CH—
N), 10.19 (s, 2H, OH). '*C NMR (75 MHz, CDCl;): 6 170.0
(2C, CN), 21.1 (2C, CH,—C—CF3), 24.2 (2C, CHy), 32.0
(2C, CH; cyclohexyl), 39.1 (2C, CH,—CN cyclohexyl), 64.3
(2C, CH—N cyclohexyl), 122.0 (2C, CO), 126.0 (q, 2C). R
NMR (182 MHz, CDCly): ¢ —78.74 (q, J=10.35, 6F),
—79.22 (q, J=10.35, 6F).

4.2.17. 1,1,1-Trifluoro-4-[(2-{[4 4 4-trifluoro-3-hydroxy-1-
methyl-3-(trifluoromethyl)butylidene Jamino}propyl)imino] -
2-(trifluoromethyl)pentan-2-ol (3d)

This compound was prepared by following the same proce-
dure as that described above for 2d, starting from 1a (1.77 g,
7.9 mmol), 1,3-propanediamine (335 pL, 4.0 mmol), and
montmorillonite (0.50 g), reacting in chloroform (5 mL) for
3 days at 70 °C. Compound 3d was obtained as a colorless
oil that crystallizes (1.00 g, 52%). Mp=30°C. 'H NMR
(200 MHz, CDCl5): 6 2.01 (s, 6H, CHs), 2.01 (qt, *J;=6.6,
2H, CH,—CH,—CHy), 2.73 (s, 4H, CH,—C=N), 3.42 (t, *J ;=
6.6, 4H, CH,—N), 10.0 (br s, 2H, OH). '*C NMR (75 MHz,
CDCly): 6 20.1 (s, 2C, CHjy), 30.2 (s, 1C, CH,—CH,—CH,),
33.0 (s, 2C, CH,—C=N), 47.4 (s, 2C, CH,—N), 76.6 (hept,
2]CF:29.3, C(CF3)2), 1232 (q, IJCF:288.7, 4C, CFg), 1708
(s, 2C, C=N). 'F NMR (188 MHz, CDCl;): 6 —78.9 (s,
12F) HRMS (70 eV, EI) m/z caled for C15H18N202F12
[M*]: 486.11767; found: 486.1202 (5 ppm).
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4.2.18. 4,4'-(Phenylenedimethane-1,3-diylbis(azan-1-
vlidene))bis(1,1,1-trifluoro-2-(trifluoromethyl)-
pentan-2-ol) (3e)

This compound was prepared by following the same
procedure as that described above for 2f, starting from 1b
(1.87 g, 6.55 mmol), 1,3-phenylenedimethanamine (0.42 mL,
3.17 mmol), and La(OTf); (90 mg, 0.15 mmol, 2.0 mol %), re-
acting in benzene (15 mL) for 3 days in a Soxhlet apparatus
charged with 5 A molecular sieves (10.0 g). Compound 3e
was obtained as a pale yellow solid (1.69 g, 79%) by recrystal-
lization of the crude product from hexane. Mp=106—107 °C.
"H NMR (200 MHz, CDCls): 6 3.14 (s, 4H, CH,), 4.58 (s, 4H,
CH,—Ph), 7.3 (m, 14H, arom.), 10.21 (s, 1H, OH). '°F NMR
(188 MHz, CDCl3): 6 —78.44 (s, 6F). '*C NMR (75 MHz,
CDCl3): 0 34.09 (s, 2C, CH,—Ph), 56.46 (s, 2C, CH,),
122.48, 126.28, 129.62, 130.48, 136.13, 139.07 (14C of Ph
groups), 171.85 (s, 2C, C=N). Resonances for CF; groups
were not observed because of a too short relaxation period
or a non-adapted pulse angle. HRMS (70 eV, ES): m/z calcd
for C30H25F|2N202 [MJr.]I 6731724, found: 673.1711
(2 ppm). Anal. Calcd for C3oH,5F1,N>O,: C, 54.86; H, 4.03.
Found: C, 55.12; H, 4.48.

4.2.19. 44'-(2,2'-(Ethane-1,2-diyl)bis(2,1-phenylene))-
bis(azan-1-yl-1-ylidene)bis(1,1,1-trifluoro-
2-(trifluoromethyl)pentan-2-ol) (3f)

This compound was prepared by following the same proce-
dure as that described above for 2e, starting from 1a (3.00 g,
13.39 mmol) and 2-[2-(2-aminophenyl)ethyl]phenylamine
(0.95 g, 4.48 mmol) in toluene (40 mL), in the presence of
PTSA (23.1 mg, 3.0 mol %), reacting for 100 h in a Dean—
Stark apparatus. Compound 3f was obtained as colorless crys-
tals (1.10 g, 39%) by recrystallization of the crude product
from a 1:2 CH,Cl,/toluene mixture. '"H NMR (200 MHz,
CD,Cly): 6 1.95 (s, 6H, CH3), 2.70 (s, 4H, CH,), 2.97 (s,
4H, CH,), 6.62 (m, 2H, arom.), 7.19 (m, 6H, arom.), 9.35 (s,
2H, OH). 'F NMR (188 MHz, CD,CL,): 6 —78.9 (s, 12F).
Anal. Calcd for C,6H,4F1,N,0,: C, 50.01; H, 3.87. Found:
C, 51.00; H, 4.28.

4.2.20. 1,1,1,3,3,3-Hexafluoro-2-(2-morpholinoethyl-
amino)propan-2-ol (4k)

This compound was prepared by following the same proce-
dure as that described above for 2f, starting from 1b (2.00 g,
7.0 mmol) and 2-morpholinoethanamine (0.97 mL, 7.4 mmol)
in benzene (15 mL), in the presence of La(OTf); (74 mg,
0.15 mmol, 1.8 mol %), reacting for 3 days in a Soxhlet appa-
ratus. Sublimation of the crude product at 65 °C (0.1 mmHg)
for 12h gave 4k as colorless crystals (2.07 g, 62%). 'H
NMR (200 MHz, CDCl3): 6 2.43 (m, 3H, CH, and NH),
2.69 (m, 4H, 2CH, of morpholine), 3.15 (m, 2H, CH,), 3.81
(m, 4H, 2CH, of morpholine), 11.07 (s, 1H, OH). "F NMR
(188 MHz, CDCl3): 6 —81.10 (s, 6F). '*C NMR (75 MHz,
CDCls): 6 39.28 and 53.88 (2C, 2CH,), 59.03, 61.63, 66.41
and 67.08 (4C of morpholine). Resonances for CF; groups
were not observed due to a too short relaxation period or

a non-adapted pulse angle. Anal. Calcd for CoH 4F¢N,O,: C,
36.49; H, 4.76. Found: C, 36.80; H, 4.98.

4.3. Crystal structure determination of 2e,h, 3a f, and 4k

Suitable crystals for X-ray diffraction analysis of 2¢,h, 3a.f,
and 4k were obtained by recrystallization of purified products
(see Section 4). Diffraction data were collected at 100 K using
a Bruker APEX CCD diffractometer with graphite-mono-
chromatized Mo Ko radiation (1=0.71073 A). A combination
of w and ¢ scans was carried out to obtain at least a unique
data set. The crystal structures were solved by means of the
Patterson method and remaining atoms were located from dif-
ference Fourier synthesis followed by full matrix least-squares
refinement based on F? (programs SHELXS-97 and SHELXL-
97).2° Many hydrogen atoms could be found from the Fourier
difference analysis. Carbon- and oxygen-bound hydrogen
atoms were placed at calculated positions and forced to ride
on the attached atom. The hydrogen atom contributions were
calculated but not refined. All non-hydrogen atoms were re-
fined with anisotropic displacement parameters. The locations
of the largest peaks in the final difference Fourier map calcu-
lation as well as the magnitude of the residual electron densi-
ties were of no chemical significance. Crystallographic data
(excluding structure factors) for the structures in this paper
have been deposited with the Cambridge Crystallographic
Data Centre as supplementary publication nos. 661370—
661374 for 2e,h, 3a,f, and 4k. Copies of the data can be ob-
tained, free of charge, on application to CCDC, 12 Union
Road, Cambridge CB2 1EZ, UK, (fax: +44-(0)1223-336033
or e-mail: deposit@ccdc.cam.ac.uk).
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