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Tunable Ligand Effects on Ruthenium Catalyst Activity for

Selectively Preparing Imines or Amides by Dehydrogenative

Coupling Reactions of Alcohols and Amines

Takafumi Higuchi, Risa Tagawa, Atsuhiro limuro, Shoko Akiyama, Haruki Nagae, and Kazushi

Mashima*[e!

Abstract: Selective dehydrogenative synthesis of imines from a
variety of alcohols and amines was developed using the ruthenium
complex RuCly(dppea), (6a: dppea = 2-diphenylphosphino-
ethylamine) in the presence of catalytic amounts of Zn(OCOCF3), and
KOBu, while selective dehydrogenative formation of amides from the
same sources was achieved using another ruthenium complex,
RuCly((S)-dppmp): [6d: (S)-dppmp = (S)-2-((diphenyl-
phosphenyl)methyl)pyrrolidine], in the presence of catalytic amounts
of Zn(OCOCF3;), and KHMDS. Our previously reported ruthenium
complex, Ru(OCOCF;),(dppea). (8a), was the catalyst precursor for
the imine synthesis, while Ru(OCOCF;3),((S)-dppmp). (8d), which was
derived from the treatment of 6d with Zn(OCOCF;), and characterized
by single crystal X-ray analysis, was the pre-catalyst for the amide
formation. Control experiments revealed that zinc salt functioned as
a reagent for replacing chloride anions with trifluoroacetate anions.
Plausible mechanisms for both selective dehydrogenative coupling
reactions are proposed based on a time-course study, Hammett plot,
and deuterium-labeling experiments.

Introduction

Catalytic dehydrogenative oxidation of alcohols is a
straightforward protocol for the in situ generation of carbonyl
compounds,! whose coupling reactions with amines, alcohols,
and alkenes lead to the corresponding C—N,? C—O, 2431 and
C—CH bond formations.  Such dehydrogenative coupling
reactions of alcohols have attracted recent interest from synthetic
organic chemists due to their easy accessibility and the ability to
use cheap alcohols as starting compounds, as well as their
remarkable environmentally  benign and atom-economical
processes. More precisely, dehydrogenative coupling reactions
of alcohols with amines in general gives two products, i.e., imines
and amides. As shown in Scheme 1, the first step is the catalytic
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dehydrogenation of alcohol which affords the corresponding
carbonyl compound, i.e., ketone from secondary alcohol and
aldehyde from primary alcohol, and a sequential condensation
reaction with amines results in the formation of a hemiaminal
intermediate. Imine is formed by liberating water from the
hemiaminal intermediate (pathway A), while amide is produced by
eliminating molecular hydrogen from the same intermediate
(pathway B).

' OH “H,0
0O ] R—NH, 2
ROOH = | || AR
He [ R7H N ® O
H RN
H

Scheme 1. Reaction pathways of dehydrogenative coupling of alcohols and
amines.

Some homogeneous catalyst systems have been
developed for dehydrogenative coupling reactions of alcohols
with amines to predominantly yield the corresponding imines or
amides, depending on the choice of a suitable catalyst system of
ruthenium, 58 rhodium,”! osmium,® cobalt,”® or manganese.l'% It
is a challenging task to develop a catalytic system that can control
the selectivity between imine formation and amide by a rather
simple modification of the ligand and/or additives to any suitable
catalyst precursor. For example, Milstein et al. demonstrated that
such the selectivity was controlled by altering a side-arm
substituent of the ligand skeleton through modifying one of two
phosphorus atoms bound to the nitrogen atom; a PNP pincer-
ligated ruthenium complex | catalyzed the imine selective reaction
while a PNN pincer ruthenium complex Il showed amide
selectivity (Scheme 2).5281  Another unique example was
reported by Madsen et al., who used ruthenium catalyst Ill to
exclusively produce imine upon adding DABCO and to select for
amide by adding both PCy; and KO'Bu (Scheme 3).15¢.6]

With our continuing interest in controlling such selectivity,
we recently found that a suitable substituent on the skeleton of
the nitrogen atom of the P—N chelating ligand bound to the
ruthenium atom led to the selective production of imines or
amides. We thus applied new ruthenium catalyst systems to the
selective formation of imines and amides with a wide substrate
scope, and propose plausible mechanisms for the selective
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dehydrogenative coupling reaction based on controlled
experiments.
i
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Scheme 2. Selective dehydrogenative coupling reactions of alcohols and

amines by choosing ruthenium catalysts | and 11.52.60]
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Scheme 3. Selective dehydrogenative coupling reactions of alcohols and
amines by choosing additives.[5¢¢¢!

Results and Discussion

We began by searching for ruthenium catalysts that assisted the
dehydrogenative coupling reaction of alcohols and amines, for
which we tested several ruthenium complexes that are catalysts
capable of reducing carbonyl compounds, the inverse of the
alcohol dehydrogenation reaction. Benzyl alcohol (1a) and n-
hexylamine (2a) were selected as model substrates under
catalytic conditions of ruthenium complexes (1.0 mol%) and
KOBu (20 mol%) in 1,4-dioxane at refluxing temperature for 18 h,
and the results are summarized in Table 1. Complex
RuCly(dppea), (6a: dppea = 2-diphenylphosphinoethylamine)
produced an imine 3aa as the major product (60%) along with a
homo-coupling product 4aa (12%) and an amide 5aa (4%) (entry
1). The use of a longer chained P—N ligand, dpppa (dpppa = 3-
diphenylphosphinopropylamine), decreased the yield of 3aa and
increased the yield of 5aa (entry 2). A ruthenium complex with a
bulky ligand, dfbpea (dbpea = 2-di(tert-butyl)phosphino-
ethylamine), in which two tert-butyl groups were bound to the
phosphorus atom, resulted in a decreased yield of 3aa (entry 3).
Bidentate phosphine ligand dppe gave only 7% 3aa (entry 5). The
combination of P—P and N—N ligands on the ruthenium centre
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did not work effectively (entry 6), indicating that the P—N ligand
played an important role. When a tridentate phosphine ligand,
triphos (triphos = 1,1,1-tris(diphenyl-phosphinomethyl)ethane),
was used, only 3aa was obtained with a low yield (entry 7).
Accordingly, 6a was chosen as the best catalyst for imine-
synthesis. On the other hand, the ruthenium complex 6d bearing
(S)-dppmp  [(S)-dppmp = (S)-2-((diphenylphosphenyl)methyl)-
pyrrolidine] surprisingly exhibited a different selectivity for
producing amide 5aa in 69% yield (entry 4). Thus, 6d was
selected as a catalyst for amide synthesis.

Table 1. Screening of catalysts for dehydrogenative coupling of 1a and 2a.

Ru eat. (1.0 mol%) o )OL
A~ +  HexNH KO'Bu (20 mol%) o MHex 4 + H
Pr™ oH N Ta-dioxane @omi) N Ph)kOBn Ph™ N o
1 2 reflux, 18 h
1.0 r:mol 10 n?mol paa 4aa Saa
Yield (%)e!
entry Ru cat. 3aa 4aa 5aa
1 RuClz(dppea): (6a) 60 12 4
2 RuClz(dpppa): (6b) 57 13 11
3 RuClz(d'bpea): (6¢) 45 6 10
4 RuCl2((S)-dppmp)2 (6d) 1 n.d. 69
5 RuClz(dppe): (6e) 7 n.d. n.d.
6 RuClz(dppp)(dpen) (6f) 8 1 21
7 [Ruz(triphos)2(u-Cl)s]Cl (6g) 17 n.d. n.d.

[a] The yields were determined by GC analysis using dodecane as an

internal standard.

t
HZN/\/PPhZ HzN/\/\Pth HZN/\/P BU2

H PPh,
dppea dpppa d'bpea (S)-dppmp
Ph
thp/\/Pth thP/\/\Pth HZN)\(NHZ -~
Ph PhaP PPh,
dppe dppp dpen triphos
Optimization of catalytic conditions using 6a for

dehydrogenative imine synthesis

Because 6a worked as a catalyst for dehydrogenative imine
formation, we tuned the catalytic conditions of the bases and
solvents. Among organic and inorganic bases such DBU, KO'Bu,
KHMDS, NaOMe, NaHCO3, and K,COs, we selected KOBu as
the best base (Table S1). Using 6a (1.0 mol%) and KOBu (20
mol%) under refluxing conditions for 18 h, we tested ethereal
solvents such as 1,4-dioxane, THF, and CPME; a protic solvent,
‘BuOH; non-polar solvents, such as toluene and hexane; and
DCE, and we found that 1,4-dioxane was the best solvent for
dehydrogenative imine synthesis (Table S2). We then examined
the additive effects of Lewis acids as it was anticipated that imine
formation would be accelerated by activating the expected
dehydrated intermediate of aldehyde with Lewis acids, and the
results are shown in the supporting information, Table S3.[''1 We
selected Zn(OCOCF3), as the best Lewis acid. Under these
catalytic conditions, we tuned the ratio of the substrates and
catalyst loadings. Finally, 50% excess alcohol 1a and 0.5 mol%
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of 6a were selected as the optimized conditions (Table 2, entry 1;
Table S4).

Time-course study for dehydrogenative synthesis of imine
3aa

Figure 1 shows the time-course product distribution among 3aa,
4aa, and 5aa. Although the amount of imine 3aa increased over
time, only trace amounts of ester 4aa and amide 5aa were present,
suggesting that 4aa and 5aa were not produced prior to 3aa.
Notably, benzaldehyde was not observed at all during the reaction
course, indicating that under the reaction conditions, in situ-
generated aldehyde was rapidly liberated from the catalytic centre
followed by the reaction with amine.

6a (0.50 mol%)
Zn(OC?CFg)Z (1.0 mol%) o) o
KO'Bu (20 mol%) "Hex P
A, + —_ = A XIN + + "Hex
Ph” ~OH HexNHz 1 ioxane (2.0 mL) Ph™ N Ph)J\OBn P~ N
reflux, xx h
1a 2a 3 4 5
1.5 mmol 1.0 mmol a3 aa °
100
80
;5 60
= imine 3aa
2
>~ 40 ester 4aa
<©amide 5aa
20
o L -
0 5 10 15 20
Time (h)

Figure 1. Time-course study of the dehydrogenative imine synthesis.

Substrate scope for dehydrogenative synthesis of imine
With the optimized conditions in hand, we evaluated the substrate
scope for imine synthesis, and the results are shown in Tables 2
and 3. Table 2 shows the reaction of n-hexylamine (2a) with
various alcohols. Excellent to good yields were obtained when
electron-rich (methoxy and methyl)-substituted benzyl alcohols
were used (entries 2—5). Bromo and chloro substituents at the
para position of the phenyl group were tolerated to give a
moderately high yield of the corresponding imine (entries 6 and
7). Electron-deficient benzyl alcohol (1h) gave a relatively lower
yield compared with electron-rich benzyl alcohol (entry 8). Alkyl
alcohols were applicable to this system affording excellent to good
yields (entries 9—11). The presence of the N-heteroaromatic
moiety of alcohol 11 did not retard the dehydrogenative coupling
reaction (entry 12).
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Table 2. Substrate scope of dehydrogenative imine synthesis (alcohols).

6a (0.5 mol%)
Zn(OCOCF3), (1.0 mol%)

y o
R0t "HexNH, KOBu (20 mol%) /§NTH6X
1,4-dioxane (2.0 mL)
1 2a reflux, 18 h 3
1.5 mmol 1.0 mmol
Entry Alcohol Imine 2{)}3‘[3]
"Hex
OH N 83
1 C 12 @A 3aa (g1
H
MeO MeO (73)
MeU. MeO Hex
° \©/\OH 2° @AN 3ca ?739)
Ume Unme
o Hex 70
4 @/\OH 1d ©/\N 3da o
"Hex
OH NN 86
° /EjA ] /©A 3ea  (gg)
"Hex
OH XN
6 1 N 3fa 73
B B (74)
n
cl c (81)
Fat OH F3C \NfHex
43
8 . 1h [; sha g
3 F3
"Hex
OH . N7 ) 76
o @M 1 Ej/\A Sia (42
"Hex
[ ]/ “OH i SV . 91
151
" k OA 312 (63)
"Hex
OH NN 72
b @ b @A 3@ (60)
"Hex
= OH A NN 73
¥y w 1l \N/ s o

[a] The yield was determined by '"H NMR analysis with N-methylbenzamide
as an internal standard. The isolated yield is given in parentheses. [b] N-
methylcyclohexanecarboxamide was used as an internal standard.

Reaction of benzyl amine (2b) with benzyl alcohol (1a)
under the optimized conditions using 6a as the catalyst gave the
corresponding imine 3ab in good yield (Table 3, entry 1).
Cyclohexylamine (2c) was converted into imine 3ac in moderate
yield, whereas a bulky alkyl amine, 1-aminoadamantane (2d),
drastically retarded imine formation (entries 2 and 3). Internal
amino alcohol 2e converted into the corresponding imine, which
was isomerized to indole (3e) (entry 4). In contrast to alkyl amines,
aniline (2f) and its derivatives (2g—2I) exhibited different
reactivity. In the reaction of aniline, an almost 1:1 ratio of the
corresponding imine 3af and amine 7af were obtained (entry 5).
The yields of N-(methoxyphenyl)-1-phenylmethan-imine 3ag—
3ai changed independently of the position of the methoxy group;
the para position gave mainly corresponding imine 3ag while the
meta methoxy moiety 2h was converted into imine 3ah and amine
7ah in almost the same yields, and amine 7ai was the major
product afforded using ortho methoxy aniline (2i) (entries 6—8).
Reaction with para methylaniline (2j) gave a mixture of imine and
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amine, while reaction with ortho methylaniline (2k) gave mainly
imine (entries 9 and 10). 4-Bromo aniline could be applied to this
system (entry 11), and the conformation of imine 3al was the E
form as confirmed by X-ray diffraction study (Figure S3,
Supporting Information).

Table 3. Substrate scope of dehydrogenative imine synthesis (amines).
6a (0.5 mol%)
Zn(OCOCF3); (1.0 mol%)

KO'Bu (20 mol%) R

N - R -

Ph”SOH * R7NH, 1,4-dioxane (2.0 mL) PRTSNTT Y PR
1a 2 reflux, 18 h

1.5 mmol 1.0 mmol 3 7

Entry  Amine Imine (Yof;g]
~
NH, Ph SN 88
1 @A 2b /\O 3ab (70)
NH;

2 O/ 2c 3ac 63

Ph SN (51)
NH,

3 @/ 2d @ 3ad o

Ph SN ©

OH A 96

4 @[V 2e 3e

o &)

Ph SN 43

5 Nz 2 3af  (23)

54

* 7af
N
PN

/©/UMG
NH, PR SN 80
5 /©/ 29 . 3ag  (65)
MeO

7ag 20

OMe
ot
Ph" N
N
Ph™N" : “OMe

47
. Mev R, . 3ah  (40)
7ah 53
9N
Ph/\u OMe
MeO
UMe PR N 28
NH, ) N 3ai (1)
8 2 w 7ai 64
(63)
Ph" N
H
ST
N, PR N . 54
9 2j + 3aj (45)
7aj 35

o S
Ph" N

H

80
NH, : 3ak  (65)
10 dj/ - 7ak 16
>IN
Ph" N
H
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/©/Hr
o~
N2 o 3al (2152)
" a
" B/©/ 2l Br 7al 74
S
PR N

[a] The yield was determined by 'H NMR analysis with N-methylbenzamide
as an internal standard. The isolated yield is given in parentheses. [b] 1.0
mol% of [Ru] and 2.0 mol% of [Zn] were used.

Optimization of catalytic conditions using complex 6d for
dehydrogenative amide synthesis

We searched for a suitable base and solvent for dehydrogenative
synthesis of amide upon using 6d (1.0 mol%). Among the organic
and inorganic bases examined, such as DBU, KO'Bu, KHMDS,
NaOMe, NaHCOs3, and K>CO3, we selected KHMDS as the best
(Table S5). After evaluating the mixture of 6d (1 mol%) and
KHMDS (20 mol%) for 18 h in appropriate solvents such as 1,4-
dioxane, THF, CPME, BuOH, toluene, hexane, and DCE, we
selected CPME as the best solvent for dehydrogenative amide
synthesis (Table S6). We then examined the additive effects of
Lewis acids (Table S7), and Zn(OCOCF3), was chosen as the
best additive. Under these catalytic conditions, we tuned the ratio
of substrates and catalyst loadings, and, finally, 50% excess n-
hexylamine 2a and 1.0 mol% of 6d were selected as the optimized
conditions (Table 4, entry 1; Table S8).

Time-course study for dehydrogenative synthesis of amide
5aa

The product distribution among 3aa, 4aa, and 5aa was examined,
and the time-course is shown in Figure 2. The yield of amide 5aa
was high in the early stage, while only trace amounts of imine 3aa
and ester 4aa were detected. Aldehyde was an expected
intermediate, but it was not detected throughout the reaction.

6d (1.0 mol%)
Zn(OCOCF3);, (2.0 mol%) o lo)
KHMDS (20 mol%) THex PG
N + Ny XN + + “Hex
Ph™ "OH HexNH, CPME (6.0 mL) PR N Ph N

reflux, xx h

1a 2a
3.0 mmol 4.5 mmol 3aa 4aa 5aa
100
< <
80 <
— 60
s » imine 3aa
= @
= ester 4aa
- 40 < amide Saa
20 ©
%4
0 —
0 0.5 1 1.5 2

Time (h)

Figure 2. Time-course study of the dehydrogenative amide synthesis.
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Substrate scope for dehydrogenative synthesis of amide
We explored the substrate scope of alcohols and amines for
amide synthesis (Tables 4 and 5). Electron-rich benzyl alcohol,
methoxy benzyl alcohol (1b—1d) and 4-methyl benzyl alcohol
(1e), formed corresponding amide 5ba—>5ea in high yield (entries
2—5). Benzamide bearing a halogen atom at the para position
on the benzene ring, bromo (5fa) and chloro (5ga) groups, was
obtained in 83% yield, respectively (entries 6 and 7). A 21% yield
of 5ha was obtained using alcohol 1h bearing a strong electron-
withdrawing group (entry 8). Primary alcohol (1i) was effectively
converted into amide 5ia compared with sterically hindered
alcohols (1j and 1k) (entries 9—11). 6-Quinolinemethanol (11)
was converted into the corresponding amide with a hydrogenated
quinoline skeleton (entry 12).02

Table 4. Substrate scope of dehydrogenative amide synthesis
(alcohals).
6d (1.0 mol%)

Zn(OCOCF3), (2.0 mol%) o
KHMDS (20 mol%
R” SOH + "HexNH, ( ) U e
CPME (2.0 mL) R™ N
reflux, 18 h H
1 2a
1.0 mmol 1.5 mmol 5
. Yield
Entry  Alcohol amide (%)
[o}
OH "Hex
1 @A 1a @ﬁ 5aa 86
o
OH Hex
2 1b y 5ba 90
MeO' MeO
Meo OH MeO. i "Hex
3 \©A 1c ﬁu’ 5ca 87
OMe OMe O
4 @ﬂw 1d @AN”” 5da_ 83
o
OH Hex
5 1e N Sea 90
o
OH Hex
6 1f N 5fa 83
& Br
o
OH _Hex
7 19 b 5ga 83
Cl o
FiC 2
OH FsC e
8 \QA 1h Q)LH 5ha 21
CF3 o5,
o
OH ) "Hex .
9 1i N 5ia 58
o
OH "Hex
10 Oﬂ 1j O)kg 5ja 23
[o}
oSO« @Au’"”e‘ Ska 8
o
A OH e
12 I 11 H 5la 27

[a] Isolated yield.
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N-benzyl benzamide (5ab) was obtained in high yield (Table
5, entry 1). Cyclohexyl-amine (2c) retarded the reaction and 1-
amino adamantane (2d) showed no reaction (entries 2 and 3).
Lower reactivity was observed when aniline (2f) was used (entry
4) and other aniline derivatives also exhibited low reactivity.
Methyl-protected amino ethanol (2m) could be applied for this
system (entry 5). Tertiary amides 5an and 5ao were obtained
using morpholine (2n) and 3,5-dimethylpiperidine (20) as amine
sources (entries 6 and 7). The five-membered ring amine 2p was
converted into the corresponding tertiary amide 5ap in a higher
yield than a six-membered ring amine (entries 7 vs. 8). An
unsymmetrical secondary amine, such as benzyl methyl amine
(2q) was less reactive than primary amine (entry 9). 2-
Aminophenyl-ethanol (2e) was converted into indole (3e), while
we expected that 2-aminophenyl-ethanol (2e) would form
indoline-2-one in this system (entry 10).

Table 5. Substrate scope of dehydrogenative amide synthesis
(amines).

6d (1.0 mol%)
Zn(OCOCF3), (2.0 mol%) o
PN + R-NH KHMDS (20 mol%) Rr
Ph™ & 27 CPME 20 mL) Ph” N
1a 2 reflux, 18 h H
1.0 mmol 1.5 mmol 5
. . Yield
Entry Amine amide (%)
[e]
1 ©ﬂm 2b Mﬁ/\@ 5ab 86
NH, o Q
2 O/ 2c Ph)ku Sac 58
NH, Q Not
3 @ 2d @ 5ad
P“*H obtained
NH, o /@
4 ©/ a A saf 13
o
5 BSOS am L~ sam 81
H
[e]
6 S an e 5an 66
o @
X
NH
7 \Q 20 ’Q/ 5a0 68
Bl
8 ©3NH 2p N@ 5ap 76
_ o
9 @” 2q ph)kTAph 5aq 24
OH
10 @ 2e ) e 76
NH

[a] Isolated yield.

Synthesis and characterization of Ru(OCOCF3)2(dppea)2 (8a)
and Ru(OCOCF;)2((S)-dppmp)2 (8d)

Because Zn(OCOCFs3;), acts as a superior additive to RuCly(L)2
[6a: L = dppea; 6d: L = (S)-dppmp], we conducted the reaction of
Zn(OCOCF3), with 6d, though we previously reported
Ru(OCOCF3)(dppea), (8a) as a product of Zn(OCOCF3;), with
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6a.'l Ru(OCOCF3),((S)-dppmp)2 (8d) was obtained by treating
6d with Zn(OCOCF3;); in the presence of KHMDS (eq. 1). The
structural features of complex 8d were determined by "°F{'H} and
3TP{"H} NMR analysis along with an X-ray diffraction study. The
OF{'H} NMR spectrum of 8d displayed one singlet signal
assignable to trifluoroacetate ligand at -74.7 ppm, which is similar
to the signal of complex 8a. The signal of phosphorus atom at
52.5 ppm was observed on *'P{'H} NMR analysis in contrast to
complex 8a at 62.0 ppm, indicating that the conformations of the
ligands differed. Figure 3 shows the crystal structure of 8d
together with that of 8a (Figure 4) as a comparison. Both
trifluoroacetate ligands on 8d coordinated in a n' fashion to the
ruthenium atom, the same as 8a. The trifluoroacetate ligands in
8d occupy the trans position, in sharp contrast to the cis
configuration of the two trifluoroacetate ligands in 8a. Hence,
each phosphorous atom of two P—N chelating ligands were
located next to each other, and each phosphorus atom was
placed at a frans position to each nitrogen atom, in contrast to the
case of 8a in which each phosphorus atom was trans to the
oxygen atom of trifluoroacetate.

Zn(OCOCF3);, (2.0 equiv.)
KHMDS (2.0 equiv.)

CPME, 100 °C, 12 h

RuCl,((S)-dppmp),

Ru(OCOCF;),((S)-dppmp)z (1)

8d
69%
yield

6d

Figure 3. ORTEP drawing of Ru(OCOCF3)2((S)-dppmp)2 (8d). All hydrogen
atoms are omitted for clarity.

Table 6. Selected bond distances (A) and angles (deg.) of

complex 8d.

Ru—P1 2.280(3) Ru—N2 2.184(1)
Ru—P2 2.249(3) P1—Ru—P2 103.7(4)
Ru—O1 2.112(9) N1—Ru—N2 90.0(4)
Ru—O02 2.109(9) 01—Ru—02 178.3(3)
Ru—N1 2.225(1)
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A T N U
o , g}
%E\/\ d ~/7-J/f/ 02 II ‘-]/‘

Figure 4. ORTEP drawing of Ru(OCOCF3)z(dppea): (8a).I"!
atoms are omitted for clarity.

All hydrogen

Mechanistic studies of catalytic dehydrogenative coupling
reactions of benzyl alcohol (1a) and n-hexylamine (2a),
producing the corresponding imine 3aa by 8a and amide 5aa
by 8d.

First, we checked the catalytic activities of the isolated ruthenium
complexes 8a and 8d. Notably, the complex 8a became a
catalyst for the dehydrogenative reaction of benzyl alcohol (1a)
and n-hexylamine (2a) in the presence or absence of
Zn(OCOCF3), to yield imine 3aa in almost the same yields (89%
and 87% yields, respectively) (eq. 2), indicating that the
trifluoroacetate ligand played an important role in this reaction and
Zn(OCOCF3;), acted as a reagent for replacing chloride anions by
trifluoroacetate anions. Similarly, 8d afforded amide 5aa in the
same high yield with or without Zn(OCOCF3); (eq. 3).

8a (0.5 mol%)
Zn(OCOCF3), (xx mol%)
KOBu (20 mol%)

n
“SOH + "HexNH e (o
yn” OH 2 4 4-dioxane (2.0 mL) @
reflux, 18 h 3aa
1a 2a xx =0 89%
1.5 mmol 1.0 mmol 1.0 87%
8d (1.0 mol%)
Zn(OCOCF3), (xx mol%) j\
n
e+ "HexNH, —KHMDS (20 mol%) "Hex
Ph™  "OH oM T eemE 2omy P70 N )
reflux, 18 h
1a 2a Saa
1.0 mmol 1.5 mmol xx =0 92%
20 92%

With catalyst 8a for the dehydrogenative imine synthesis,
we measured the relative reaction rates of n-hexyl amine (2a) with
p-substituted benzyl alcohols 1 with electronic variation (Figure 5).
A Hammett plot of the initial rates in a short reaction time (3 h)
provided the p value (—0.28) for logkie (kiel = kx/kn) versus o,
indicating that electron-withdrawing substituents retarded the
dehydrogenative imine synthesis, and the rate-determining
transition state can be assumed to be stabilized by electron-
donating substituents (vide infra: transition state A in Figure 6).0'4
Moreover, a deuterium-labeling study was conducted using
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benzyl alcohol-a,a-d, (1a-d-), giving the kinetic isotope effect (KIE
=1.45). In addition, molecular hydrogen was detected by 'H NMR
analysis by the dehydrogenative imine synthesis from benzyl
alcohol (1a) and n-hexylamine (2a) in a sealed NMR tube. Based
on the Hammett plot and the deuterium-labeling experiment, C—
H (C—D) bond cleavage was assumed to be the turnover-over
limiting step. Because basic additive was indispensable for this
imine synthesis (Table S1), the base was assumed to induce
deprotonation of one of two protons at the NH, moiety of the
ligand on 8a to generate the ruthenium-amido complex 8a’, which
works as a catalytically active species to oxidize alcohol to
aldehyde via transition state A (Figure 6, outer-sphere Noyori-
type transition state).l"®

0.3

0.25 p-OMe
0.2
— 015
& p-Me
~
Z 01
& y =-0.2819x + 0.0108
0.05 R? =0.9966
0 p-Cl
p-H p-Br
-0.05
0.1
1 0.8 0.6 0.4 0.2 0 0.2 0.4

Figure 5. Hammett Plot for the dehydrogenative imine synthesis.

PPh B PPh ik
ﬁ 2 ph, ﬁ 2 Ph,
HoN,,, ‘ P HoNo, | P
Ru j /RU.\ j
X/ \N X N
H / \H
H \
s \ H
F4COCO", H—/‘c:o’
X= RCH,0, or BuO- B R i
S = Substrate or Solvent
8a’ A

Figure 6. Proposed structure of complex 8a’ and A.

Isolated complex 8d was used for the dehydrogenative
synthesis of amides. The dehydrogenative coupling reaction
tended to proceed without any hydrogen acceptors, 626467l which
are often essential reagents; molecular hydrogen was observed,
however, in the amide synthesis of benzyl alcohol (1a) and n-
hexylamine (2a) in a sealed NMR tube. The relative rates were
measured for the reactions of n-hexyl amine (2a) with p-
substituted benzyl alcohols 1 with electronic variation. Figure 7
shows a Hammett plot of the initial rates in a short reaction time
(2 h) at 80 °C, which clearly indicating a non-linear free energy
relationship. Thus, it is assumed that the rate-determining
transition state does not involve alcohol substrates.!'¥ Moreover,
an inverse secondary kinetic isotope effect (KIE = 0.83) was
observed in a deuterium labeling study for benzyl alcohol-a,a-d>
(1a-d-2), consistent with the fact that C—H (C—D) bonds showed
rehybridization of the sp2-carbonyl carbon of aldehyde to sp®-
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hemiaminal carbon in the turnover limiting step!'® Thus, we
expected that the turnover-limiting step was a nucleophilic attack
of an amine to an aldehyde bound to the ruthenium center, in
which we proposed aldehyde-ruthenium complex B as an
intermediate (Figure 8) because a dissociated aldehyde was
immediately reacted with the amine to give the corresponding
imine as mentioned in Figure 1. The reactivity to give amide is
probably due to the pyrrolidine moiety on the (S)-dppmp ligand
which is bulkier than the NH, moiety on the dppea ligand.[>'7]

p-OMe p-Me
-0.2

p-Br
-0.3

log(kx/ky)

-0.4

0.5 p-cl

-0.6

o"

Figure 7. Hammett Plot for the dehydrogenative amide synthesis.

I
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Ph, Ph, Ph, Ph,
P, WP T Pu,,, WP T
"Ru’. “Ru’
Lo n D | BTl w0
VY VY
R R
4 F3COCO", H,N—R'
RCH,0", or ‘BuO"
B Plausible transition state of turnover limitting step

Figure 8. Proposed structure of complex B and transition state of turnover
limiting step.

Conclusions

In  conclusion, we report a ligand-controlled selective
dehydrogenative coupling reaction of alcohols and amines to give
the corresponding imines or amides catalyzed by ruthenium
complexes bearing P—N ligand with zinc salts. A wide variety of
alcohols and amines were used in the present systems to obtain
the corresponding imines and amides. A new ruthenium complex
8d was successfully synthesized and fully characterized. Isolated
complexes 8a and 8d exhibited catalytic activity for
dehydrogenative imine or amide synthesis, respectively.
Moreover, we propose these reaction mechanisms based on our
experiments, including a time-course study, Hammett plot, and
measurements of the kinetic isotope effect. The bulkiness of
pyrrolidine moiety of the (S)-dppmp plays an important role in the
hemi-labile ligation for the selective dehydrogenative amide
synthesis, while imine was selectively obtained using dppea as a
ligand that does not dissociate from the ruthenium centre.
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Experimental Section
General Information

All manipulations involving air- and moisture-sensitive compounds were
carried out under an argon atmosphere by using standard vacuum line and
Schlenk tube techniques. All liquid alcohols and amines were distilled
under an argon atmosphere from the calcium hydride. Alternatively,
toluene, THF, Et20 and hexane were dried and deoxygenated by using
Grubbs column (Glass Counter Solvent Dispending System, Nikko
Hansen & Co, Ltd.). 1,4-Dioxane was distilled over sodium benzophenone
ketyl under an argon atmosphere. Amide substrates were synthesized by
standard condensation reaction of acyl chlorides and amines. All other
reagents were purchased at the highest commercial quality and used
without further purification. Flash column chromatography was performed
using silica gel 60 (0.040-0.063 mm, 230-400 mesh ASTM).

Physical Measurements

"H NMR (400 MHz), "*C{'H} NMR (100 MHz), "°F{'H} NMR (376 MHz) and
3'P{'H} NMR (160 MHz) spectra were measured on Bruker Avance I11-400
spectrometers in 5 mm NMR tubes. All 'TH NMR chemical shifts were
reported in ppm relative to the residual solvent protons in chloroform-d; at
& 7.26, benzene-ds at d 7.16, dichloromethane-d2 at  5.32, and DMSO-ds
at 8 2.50. All "*C{'H} NMR chemical shifts were reported in ppm relative
to carbon resonance of the solvent itself in chloroform-di at & 77.16,
benzene-ds at d 128.06, dichloromethane-d2 at d 53.84, and DMSO- ds at
5 39.52. All "F{'"H} NMR chemical shifts were reported in ppm relative to
an external reference of a,a,a-trifluorotoluene at & -63.9. 3'P{'"H} NMR
chemical shifts were recorded in ppm relative to 85% H3sPO4 as an external
standard at & 0.00. GC analyses were recorded on a Shimadzu GC-2014
gas chromatograph with J&W Scientific DB-5 column. High-resolution
mass spectrometry (HRMS) was performed on a JEOL JMS-700 (El, FAB
plus) and a Brucker Daltonics MicroTOF (ESI plus). IR spectra were
recorded on a JASCO FT/IR-230 spectrometer. X-ray crystallographic
studies were performed on Rigaku XtaLAB P200 system with graphite-
monochromated Mo Ka radiation (A = 0.71075). All melting point were
recorded on BUCHI melting point M-565. Elemental analyses were
recorded by using Perkin-Elmer 2400 at the Faculty of Engineering
Science, Osaka University.

General Procedures for the Catalytic Dehydrogenative Coupling
Reaction

Dehydrogenative synthesis of imine: A mixture of RuClz(dppea)2 (6a)
(dppea = 2-diphenylphosphinoethane; 3.2 mg, 5.0 X 10° mmol),
Zn(OCOCF3)2 (2.9 mg, 1.0 X 102 mmol), KOBu (22.4 mg, 0.20 mmol),
alcohol (1.5 mmol), and amine (1.0 mmol) in 1,4-dioxane (2.0 mL) was
refluxed for 18 h. After cooling to room temperature, the resulting mixture
was purified by silica gel column chromatography (Hexane:NEts = 20:1).

Dehydrogenative synthesis of amide: A mixture of RuClz((S)-dppmp)2 (6d)
[(S)-dppmp = (S)-2-((diphenylphosphanyl)methyl)-pyrrolidine; 7.1 mg, 1.0
X 102 mmol], Zn(OCOCF3)2 (5.8 mg, 2.0 X 102 mmol), KHMDS (39.9 mg,
0.200 mmol), alcohol (1.0 mmol), and amine (1.5 mmol) in CPME (2.0 mL)
was refluxed for 18 h. After cooling to room temperature, the resulting
mixture was purified by silica gel column chromatography (Hexane:AcOEt
=8:1).

Synthetic Procedure of Complexes

Complexes 6a,'° 6b,%° 6d,%! 6e,% 6f% 6g,* and 8a'® were synthesized
according to literature procedures.

Synthesis of Ru(OCOCF3)2((S)-dppmp)2 (8d)
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CPME (3.0 mL) was added to a mixture of RuClz((S)-dppmp)2 (6d) (71.1
mg, 0.100 mmol), Zn(OCOCF3s)2 (58.3 mg, 0.200 mmol), and KHMDS
(39.9 mg, 0.200 mmol) at room temperature. The orange reaction mixture
was stirred at 100 °C for 13 h. All volatiles were removed in vacuo to give
brown solid. The solid was extracted by Et2O (5 mL X 3) and filtered
through the pad of Celite. The filtrate was concentrated to obtain yellow
solid (60 mg, 0.069 mmol, 69% yield). Mp 218 °C (dec.); 'H NMR (400
MHz, benzene-de, 30 °C), d 1.33-1.57 (m, 4H, methylene), 1.61-1.82 (m,
4H, methylene), 2.35-2.53 (m, 2H, methylene), 2.61-2.79 (m, 4H,
methylene), 2.79-2.95 (m, 2H, methylene), 3.90 (br s, 2H, methyne), 6.80-
7.08 (m, 16H, Ar), 7.31 (br s, 4H, Ar), 8.40 (br s, 2H, NH); "3C{'"H} NMR
(100 MHz, benzene-ds, 30 °C) 6 27.7, 31.47 (d, Jep = 7.7 Hz), 31.54 (d, Jc-
p=7.7 Hz), 37.4 (d, Jc-p = 14 Hz), 37.6 (d, Jo-pr = 14 Hz), 48,5, 59.8 (d, Jc-
p =2.4 Hz), 59.8 (d, Jcp = 2.4 Hz), 114.3 (q, Jcr = 292 Hz), 129.4, 130.1,
132.5 (d, Jo-p = 4.4 Hz), 132.6 (d, Joc-r = 4.4 Hz), 133.5 (d, Jcr = 4.9 Hz),
133.6 (d, Jer = 4.9 Hz), 166.7 (q, Jo-r = 36 Hz), two aryl signals were
overlapped with signal of deuterium solvent; "*F{'"H} NMR (376 MHz,
benzene-ds, 30 °C) & -74.7; 3'P{'"H} NMR (162 MHz, benzene-ds, 30 °C) &
52.5; IR (KBr, vicm™") 3443, 3179, 3059, 2963, 1686, 1670, 1486, 1435,
1415, 1261, 1198, 1137, 1099, 1026, 839, 803, 788, 741, 727, 696, 527,
513; MS (FAB) m/z 866 (M'); HRMS (FAB) m/z calcd. for
C3sHa0FeN204P2Ru  866.1411 found 866.1404; Anal. Calcd for
CasHaoFeN204P2RuU: C, 52.72; H, 4.66; N, 3.24. Found: C, 52.56; H, 4.95;
N, 2.89.
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