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Abstract: A series of Ir' complexes [Ir(L)(PPEP*)] [L = CI- (3), CO
(4), tBUNC (5), PMes (6), PPhs (7)1, coordinated with a PNP-pin-
cer-type phosphaalkene ligand bearing a dearomatized pyrid-
ine ring (PPEP¥), have been prepared and their catalytic proper-
ties for the dehydration/condensation of amines with alcohols
has been examined. The catalytic reactions successfully proceed
under base-free conditions to give N-alkylated amines and their
\dehydrogenation derivatives (imines). The product selectivity is

dependent on L coordinated with Ir(PPEP*). Complexes 4 and
5 that contain m-accepting ligands (CO, tBuNC) form N-alkylated
amines as the major products in a closed system using a nitro-
gen-gas-filled Schlenk tube. In contrast, complex 7 that contain
PPh; as L produces imines as the major products under a nitro-
gen-gas flow. The reason for the selectivity change depending
on L is discussed based on stoichiometric reactions using model
compounds of presumed catalytic intermediates. /

Introduction

Since Shvo et al. discovered a cyclopentadienone-ligated ruth-
enium complex that causes the catalytic reduction of ketones
by means of metal-ligand cooperation,!'! various catalytic sys-
tems using cooperative ligands have been developed.?~* Now-
adays, the targeted design of cooperative ligands is recognized
as a viable way of finding novel organic transformations as well
as highly active catalysts. Pyridine-based pincer ligands have
provided particularly great advancements in this area.** For
instance, Milstein et al. developed a series of pyridine-based
PNN- and PNP-pincer complexes of Ru'.®! The PNN complex
causes catalytic coupling of alcohols with amines to form am-
ides with liberation of H,,°¥ whereas the PNP complex cata-
lyzes the conversion of alcohols and amines into imines along
with byproducts H,0 and H,.>9!

The reaction chemistry of pyridine-based pincer ligands is
often discussed with a particular focus on their noninnocent
behavior involving the aromatization-dearomatization of the
pyridine core, whereby the dearomatized pincer ligands serve
as a strong base. However, since metal-ligand cooperation is
aided by the Lewis acidity of metals, the electronic conditions
of metal centers must be of particular importance as well. Thus,
we introduced a phosphaalkene unit, as an extremely strong m
acceptor towards transition metals,® into a PNP-pincer scaf-
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fold.”? As a result, we generated complex 3 bearing a dearoma-
tized PNP-pincer-type phosphaalkene ligand (PPEP*, Scheme 1),
which causes heterolytic cleavage of the N-H bond of ammonia
instantly at room temperature. The highly reactive nature of
PPEP* complexes towards metal-ligand cooperation was also
confirmed for the C-H bond activation of acetonitrile.'®!
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Scheme 1. Synthesis of PNP-pincer-type phosphaalkene complexes of Ir'.

In this study, as part of our efforts to expand the use of
phosphaalkene ligands, we examined the catalytic performance
of dearomatized PNP-pincer-type phosphaalkene complexes 3-
7 in the N-alkylation of amines with alcohols. This catalysis has
been studied as an environmentally benign process of synthe-
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sizing amines, which produces water as the sole byproduct.”
Although both heterogeneous and homogeneous catalysts pro-
mote the reaction, to date Ru" and Ir'"" complexes constitute a
vast majority of homogeneous catalysts.>'% This is probably
because the reaction needs a significantly Lewis acidic metal
center for the activation of alcohols. Recently, catalytically active
Ir' complexes have been developed,''''? and Kempe et al. dem-
onstrated synthetic routes to heteroaromatic compounds.['"]
However, these catalysts need a strong base to develop cata-
lytic activity. In contrast, PPEP* complexes were found to suc-
cessfully catalyze the reaction under base-free conditions.

Results and Discussion

Synthesis of PNP-Pincer-Type Phosphaalkene Complexes

Scheme 1 illustrates the synthetic routes to 3-7. As we reported
before,[’?] complex 2 as a precursor of PPEP* complex 3 is pre-
pared from BPEP complex 1'% by C-H addition/cyclization of
the 2-phosphaethenyl group with a 2,4,6-tri-tert-butylphenyl
substituent (Mes*P=CH). Treatment of 2 with tBuOK in an ethe-
real solution causes deprotonation at the benzylic position to
afford K[IrCI(PPEP*)] bearing a dearomatized PPEP* ligand,
which can be isolated as the crown ether adduct [K(18-crown-
8)][IrCI(PPEP*)] (3) in high yield. Complexes 4-7 that have an
additional ligand L were readily formed from isolated 3 by li-
gand substitution; however, their isolation was troublesome
owing to difficulties in removing the [K(18-crown-8)]-
Cl generated in the system. Therefore, the synthesis of 4-7 on
a preparative scale was performed with K[IrCI(PPEP*)] in situ
generated from 2. In this case, the synthesis was accomplished
without isolation of 2, and one-pot synthesis of 4-7 from 1 was
achieved.

For example, complex 1 was converted to 2 by heating in
toluene. The solvent was replaced with THF, and complex 2 was
treated with tBuOK (1 equiv.) in the presence of tBUNC (1 equiv.)
at room temperature. The reaction was completed instantly, as
confirmed by 3'P{'"H} NMR spectroscopy. The desired complex
5 was isolated as dark green crystals in 76 % yield, after removal
of KCI by precipitation and filtration using Et,0. Complexes 4,
6, and 7 were similarly prepared in 95, 89, and 64 % yields,
respectively. The resulting complexes were characterized by
NMR spectroscopy and elemental analysis. Although complex 7
did not give a satisfactory elemental analysis, its formation
could be confirmed by X-ray diffraction analysis.

Figures 1 and 2 show crystal structures of 5 (L = tBuNC) and
7 (L = PPhs), respectively. The single crystal of 5 contains two
crystallographically independent molecules in the unit cell, and
one of them is depicted for simplicity. The P-Ir-P bond is signifi-
cantly bent (ca. 160°) and both complexes adopt a square-pla-
nar configuration around iridium.!"3! Complex 6 (L = PMe;) was
identified by X-ray analysis as well, but its structural parameters
are not available owing to the disordered arrangement of the
PPEP* ligand.
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Figure 1. Molecular structure of [Ir(tBuNC)(PPEP¥)] (5) with 50 % probability
ellipsoids showing one of the crystallographically independent molecules
(5A). Hydrogen atoms and disordered carbon atoms (tBu) are omitted for
clarity. Selected bond lengths [A] and angles [°]: [5A] Ir1-P1 2.282(3), Ir1-P2
2.238(3), Ir1-N1 2.093(8), Ir1-C8 1.898(11), P1-C1 1.749(11), P2-C2 1.649(12),
C1-C3 1.393(16), C2-C7 1.448(14), C8-N2 1.175(14); P1-Ir1-P2 162.37(10),
N1-1r1-C8 176.8(4); [5B] Ir2-P3 2.282(3), Ir2-P4 2.231(3), Ir2-N3 2.100(8), Ir2—
C56 1.913(12), P3-C49 1.746(12), P4-C50 1.678(10), C49-C51 1.393(18), C50-
C55 1.441(14), C56-N4 1.148(14); P3-Ir2-P4 162.39(10), N3-1r2-C56 177.5(4).

Figure 2. Molecular structure of [Ir(PPh3)(PPEP*)] (7) with 50 % probability
ellipsoids. Hydrogen atoms are omitted for clarity. Selected bond lengths [A]
and angles [°]: Ir-P1 2.2994(18), Ir-P2 2.2621(18), Ir-P3 2.2519(16), Ir-N
2.120(5), P1-C1 1.754(7), P2-C2 1.678(7), C1-C3 1.392(10), C2-C7 1.413(10);
P1-Ir-P2 160.34(7), N-Ir1-P3 173.57(14).

Table 1 summarizes the X-ray structural parameters and
3TP{"H} NMR spectroscopic data for PPEP* complexes 3-7. The
data of 3 and 4 are taken from our previous report,’?! and the
atomic numbering scheme follows that given in Figures 1 and
2. The lengths of the P1-C1 bonds, which are incorporated in
the phospholanylmethylidene units, are within the range of
1.744-1.764 A. These values are between those expected for a
P-C single and double bond, which indicates a large contribu-
tion of a phosphorus ylide structure,' responsible for the
strong basicity of dearomatized PNP-pincer ligands.”! In con-
trast, the P2-C2 bond lengths for phosphaethenyl units in neu-
tral complexes 4-7 are in a typical range of P=C double bonds
(1.66-1.68 A). An exception is found for anionic complex 3, in
which the P2-C2 bond is elongated, whereas the C2-C7 bond
is shortened. The m* orbital of PPEP* bears an antibonding and
bonding interaction between the P2-C2 and C2-C7 linkage, re-
spectively. Therefore, strong m back donation from the anionic
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Table 1. Selected X-ray bond lengths [A] and angles [*] and 3'P{'"H} NMR spectroscopy data for [Ir(L)(PPEP*)] (3-7).

Complex X-ray structural parameters 31P{"H} NMR datal®

L P1-C1 C1-C3 P2-C2 2-C7 Ir-P1 Ir-P2 I-N P1-1r-P2 S(P1) 8(P2)  2JP1,P2)
3(Ch) 1.744(9) 1.391(13) 1.701(12) 1.389(17) 2.260(2) 2.206(2) 2.056(5) 164.38(9) 2346 189 463

4 (CO) 1.764(7) 1.389(9) 1.674(7) 1.432(9) 2.299(2) 2.2387(19) 2.067(5) 162.42(7) 2299 19.0 332

5 (tBuNC) 1.748(12)®! 1.393(17)®! 1.664(11)®! 1.445(14)®  2282(3)@ 2307(3)1! 2.096(8)®! 162.4(1)1) 238.2 189 360

6 (PMes) - - - - - - - - 2339 18.2 357

7 (PPhs) 1.754(7) 1.392(10) 1.678(7) 1.413(10) 2.2994(18) 2.2621(18) 2.120(5) 160.34(7) 2394 204 353

iridium center to the m* orbital results in these bond varia-
tions.7a!

Two 3'P{"H} NMR spectroscopy signals of the PPEP* ligand
appear in typical regions of phosphaalkenes and phosphines,
respectively, and the chemical shifts are relatively insensitive to
L [6 = (235%5) and (19 + 1) ppm]. In contrast, the 2J(P1,P2)
coupling for 3 (463 Hz) is clearly larger than that for the others
[(346 + 14) Hz]. Although the exact reason for this is unclear,
the clearly short Ir-P1 (1.1-1.7 %) and Ir-P2 (1.5-4.4 %) bonds
and the wide P1-Ir-P2 angle (1.2-2.5 %) of 3 may be responsi-
ble for the large coupling constant.

Catalytic Properties of PNP-Pincer-Type Phosphaalkene
Complexes

Complexes 1-7 (1 mol-%) were examined as catalysts for the
N-alkylation of PACH,NH, (1 mmol) with PhCH,OH (1 mmol) in
toluene (0.3 mL) at 135 °C (oil-bath temperature). The results
are listed in Table 2. The monoalkylated amine PhCH,NHCH,Ph
(8a) and its imine derivative PhCH,N=CHPh (9a) were formed.
The reaction was conducted in a closed system using a nitro-
gen-gas-filled 10 mL Schlenk tube sealed with a Teflon” screw-
cock to facilitate the amine formation involving the hydrogen-
ation of imine (see below).

Table 2. N-Alkylation of benzylamine with benzyl alcohol catalyzed by phos-
phaalkene complexes of Ir'.a!

Ir(L)(ligand)] (1-7
PhCHNH, I )((1'9;&_2}0 ; ) PhCH,NHCH,Ph (8a)

+ +

PhCH,OH  toluene, 135°C, 24 h PhCH,N=CHPh (9a)
closed system

Entry Complex Conversion Yield [%]

(ligand, L) [9](b<! 8a %a
1 1 (BPEP, Cl) 18 4 13
2 2 (PPEP, Cl) 21 6 15
3 3 (PPEP*, CI") 99 60 36
4ld] 4 (PPEP*, CO) 100 92 8
5 5 (PPEP*, tBuNC) 100 92 8
6 6 (PPEP*, PMes) 85 45 39
7 7 (PPEP*, PPh3) 74 13 60

[a] Reactions were carried out using PhCH,NH, (1 mmol), PhCH,OH (1 mmol),
and an Ir' complex (1 mol-%) in toluene (0.3 mL) at 135 °C (oil-bath tempera-
ture) for 24 h, unless otherwise noted. [b] Conversion of PhCH,NH,. [c] Con-
firmed by "H NMR spectroscopy using mesitylene as an internal standard. [d]
Reaction was run for 48 h.

Complex 1 bearing a bis(phosphaethenyl) ligand (BPEP)
serves as a good catalyst in the presence of CsOH,['? but was
poorly reactive in the absence of the base (entry 1). The cata-
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lytic activity of PPEP complex 2 was also poor, giving 8a and 9a
in low yields (entry 2). In contrast, the dearomatized complexes
[Ir(L)(PPEP*)] (3-7) successfully catalyzed the reaction under
base-free conditions (entries 3-7), and the product selectivity
varied significantly with L. Carbonyl complex 4 exhibited a high
selectivity for the formation of N-alkylated amine by giving a
92 % vyield of 8a in 48 h (entry 4). The catalytic activity was
enhanced by isocyanide complex 5, which afforded the same
yield of 8a in a short time (24 h, entry 5).

Complexes 3, 6, and 7, bearing ClI-, PMes, and PPh; ligands
as L, respectively, formed a notable amount of imine product
9a together with 8a, and PPh; complex 7 in particular pro-
duced 9a as the major product. As we describe below, the prod-
uct selectivity for 9a reached 93 % in an open reaction system
under a nitrogen-gas flow.

Scheme 2 illustrates a plausible catalytic cycle for the forma-
tion of 8a and 9a from PhCH,NH, (BnNH,) and PhCH,OH
(BnOH). The reaction starts from the dehydrogenation of BnOH
by [Ir(L)(PPEP*)] (A) to form [Ir(H)(PPEP)] (B) and PhCHO (step
a). This step is likely to proceed by means of the metal-ligand
cooperative activation of BnOH, followed by {3-hydrogen elimi-
nation from [Ir(OBn)(PPEP)L.I" Then, PhCHO undergoes de-
hydration/condensation with BnNH, to form imine 9a (step b).
Insertion of 9a into the Ir-H bond in B forms amido complex C
(step c). Finally, N-alkylated product 8a is eliminated from C,
along with A (step d).

Since the four-coordinate amido complexes [Ir(NHR)(PPEP)]
(R = H, Ph, Bu), corresponding to C, have been found to be
stable towards amine elimination,”? step d very probably in-
vokes prior coordination of L to give a five-coordinate interme-
diate [Ir(NBn,)(L)(PPEP)], in which the amido ligand is placed at
the apical position close to the benzylic hydrogen, and thereby
8a is eliminated by means of the reverse process of metal-
ligand cooperative activation of amines (Scheme 3). Indeed,
treatment of [Ir(NHPh)(PPEP)] (10) with CO (1 atm) in [Dg]tolu-
ene at room temperature led to instant formation of PhNH, as
confirmed by NMR spectroscopy (Scheme 4). We also confirmed
that the same complex is fairly stable in the presence of PPh;
(1 equiv.) at room temperature, but eliminates PhNH, at 60 °C.

Accordingly, we may consider that the selectivity change de-
pending on L is relevant to the ease of amine elimination from
intermediate C. m-Accepting ligands greatly facilitate this proc-
ess, which leads to 8a in high selectivity. In contrast, C is reluc-
tant to eliminate 8a in the presence of phosphine ligands. In
this case, because intermediate C as a 16-electron species
should be in equilibrium with 9a and B, H, elimination from B
makes 9a the final product.l'”}
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Scheme 4. Elimination of PhNH, from [Ir(NHPh)(PPEP)] (10) in the presence
of CO or PPhs.

Substrate Scope for N-Alkylation of Amines

With highly efficient catalyst 5 in hand, a variety of amines were
alkylated with alcohols. The results are listed in Table 3. Al-
though the reactivities of para-substituted benzylamines (en-
tries 2 and 3) were somewhat lower than that of non-substi-
tuted amines (entry 1), the reactions were completed by using
a slight excess amount of PhCH,OH (1.5 equiv.) (entries 4 and
5). In particular, p-CICgH4CH,NH, was alkylated in 95 % vyield
(entry 5).
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Table 3. N-Alkylation of amines with alcohols catalyzed by 5.12!

[Ir(tBuNC)(PPEP*)] (5)

RNH, (1 mol-%) RNHCHRR" (8)
+ +
R'R"CHOH toluene, 135 °C, 24 h RN=CRR" (9)
closed system
Entry  Amine Alcohol Conv. Yield [%]!

[%][b,c] 8 9
1 PhCH,NH, PhCH,OH 100 92 8
2 p-MeCoH4CH,NH, PhCH,OH 84 53 21
3 p-CICH,CH,NH, PhCH,OH 94 72 21
4 p-MeCH4CH,NH, PhCH,OH 100 65 33
5idl p-CICH,CH,NH, PhCH,OH 100 95 4
6 PhCH,CH,NH, PhCH,OH 100 95 4
7! CH5(CH,),NH, PhCH,OH 100 90 9
gldl cyclo-CoHy:NH, PhCH,OH 100 68 32
gldl PhCH(NH,)CH; PhCH,OH 100 51 49
10€  PhNH, PhCH,OH 93 75 18
11 PhCH,NH, CH5(CH,),0H 93 86 5
12 PhCH,NH, cyclo-CgH,0H 50 29 21
13 PhCH,NH, PhCH(OH)CH 34 0 29

[a] Reactions were carried out using amine (1 mmol), alcohol (1 mmol), and
catalyst 5 (1 mol-%) in toluene (0.3 mL) at 135 °C (oil-bath temperature) for
24 h, unless otherwise noted. [b] Conversion of amine. [c] Confirmed by 'H
NMR spectroscopy using mesitylene as an internal standard. [d] An excess
amount of PhCH,OH (1.5 mmol) was employed. [e] Reaction was run in neat
conditions using an excess amount of PhCH,OH (3 mmol).

2-Phenylethylamine and octylamine were converted to N-
benzylated amines in 95 and 90 % yields, respectively (entries
6 and 7). In contrast, reactions of bulky cyclohexylamine and 1-
phenylethylamine formed notable amounts of imines (entries 8
and 9), probably due to steric retardation of imine insertion in
step c in Scheme 2. Although PhNH, as an aromatic amine was
less reactive than aliphatic amines, the desired product
(PhNHCH,Ph) was obtained in 75 % yield under neat conditions
(entry 10). Among other alcohols tested for the N-alkylation of
PhCH,NH,, n-octanol afforded the desired product in 86 %
yield (entry 11), whereas bulky alcohols such as cyclo-
hexanol and 1-phenylethyl alcohol were less reactive and se-
lective (entries 12 and 13).

Dehydrogenative Coupling of Amines with Alcohols

Next, we examined the dehydrogenative coupling of amines
with alcohols to give imines (Table 4). Complex 7 was employed
as the catalyst based on the results in Table 2. The catalytic
reactions were conducted under reflux in a nitrogen-gas flow
to remove H, from the system. Under these conditions,
PhCH,NH, and PhCH,OH were converted to PhCH,N=CHPh in
93 % yield, along with byproducts PhCH,NHCH,Ph (entry 1).
Similarly, three kinds of aliphatic amines (RNH,) were coupled
with PhCH,OH to afford the corresponding imines (RN=CHPh)
in 70-93 % vyields (entries 2-4). In contrast, the reaction of
PhNH, with PhCH,OH was less selective. Moreover, attempts at
dehydrogenative coupling of PhCH,NH, with alcohols other
than PhCH,OH were unsuccessful (entries 6-8). It is reasonable
that m-conjugated structures of imines (RN=CHPh) derived from
PhCH,OH provide the thermodynamic stability of the products,
which facilitates the dehydrogenative coupling.

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 4. Dehydrogenative coupling of amines and alcohols catalyzed by 7.1

Ir(PPh3)(PPEP*)] (7
RNH, fir (13)r(nol-%) N RNHCHR'R" (8)
+ - - +
R'R"CHOH toluene, reflux RN=CR'R" (9)
N, flow
Entry  Amine Alcohol Conv. Yield [%]"

[%]tb! 8 9
1 PhCH,NH, PhCH,OH 99 6 93
2 PhCH,CH,NH, PhCH,OH 91 7 83
3 CH3(CH,);NH, PhCH,OH 77 7 70
4 cyclo-CgHy1NH, PhCH,OH 99 6 93
5 PhNH, PhCH,OH 93 25 65
6 PhCH,NH, CH3(CH,),OH 97 23 10
7 PhCH,NH, cyclo-C¢H;,OH 88 67 4
8 PhCH,NH, PhCH(OH)CH; 8gld 10 36

[a] Reactions were carried out using amine (1 mmol), alcohol (1.5 mmol), and
catalyst 7 (1 mol-%) in toluene (0.3 mL) at reflux. Reaction time: 24 h (entries
1, 2, 4); 120 h (entries 3, 5-8). [b] Conversion of amine. [c] Confirmed by 'H
NMR spectroscopy using mesitylene as an internal standard. [d] Some addi-
tional products including PhCOPh were formed.

Conclusion

We have reported the catalytic application of Ir' complexes
bearing a dearomatized PNP-pincer-type phosphaalkene ligand
(PPEP*) to the N-alkylation of amines with alcohols. Complexes
of formula [Ir(L)(PPEP*)] [L = CI~ (3), CO (4), tBuNC (5), PMe; (6),
PPh; (7)] could be prepared in one pot from [IrCI(BPEP)] (1)
coordinated with bis(phosphaethenyl)pyridine (BPEP). Although
catalytic N-alkylation often needs the addition of a strong base
to the system,’ complexes 3-7 successfully catalyzed the reac-
tion under base-free conditions to afford N-alkylated amines
and imines in high yields. The product selectivity could be con-
trolled by the choice of auxiliary ligands (L) as well as the reac-
tion conditions. Complexes 4 and 5 bearing m-accepting ligands
(CO, tBuNC) formed N-alkylated amines as the major products,
and the selectivity for the formation of PhCH,NHCH,Ph (8a)
from PhCH,CH, and PhCH,OH reached 92 % in a closed reac-
tion system. In contrast, complex 7 bearing PPh; as L produced
imines as the major products, and the product yield of
PhCH,N=CHPh (9a) reached 93 % under a nitrogen-gas flow.
We also demonstrated that the remarkable change in product
selectivity depending on L may be rationalized by taking the
reactivity difference of presumed intermediate C towards amine
elimination (step d in Scheme 2) into consideration; namely,
this step was dramatically accelerated by CO (Scheme 4).

Experimental Section

General Considerations: All manipulations were carried under a
nitrogen atmosphere using standard Schlenk techniques and a
glove box. Nitrogen gas was dried by passing it through a P,Os
column (Merck, SICAPENT). Toluene (Kanto, dehydrated), hexane,
and Et,0 (Wako, dehydrated) were used as received. THF was dried
with sodium/benzophenone, distilled, and stored over activated
MS4A molecular sieves. [IrCI(BPEP)] (1),['2 [IrCI(PPEP)] (2),'”? [K(18-
crown-6)][IrCI(PPEP*)] (3a),'”! [Ir(CO)(PPEP*)] (4),”! and [Ir(NHPh)-
(PPEP)] (10)"”! were prepared as previously reported. Other chemi-
cals were purchased from commercial sources and used without
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purification. NMR spectra were recorded on a Bruker
AVANCHE 400 spectrometer ("H NMR, 400.13 MHz '3C NMR,
100.62 MHz; 3P NMR, 161.98 MHz). Chemical shifts are reported in
6 referenced to 'H (residual) and '3C signals of deuterated solvents
as internal standards or to the 3'P signal of 85 % H;PO, as an exter-
nal standard. Elemental analysis was performed by ICR Analytical
Laboratory, Kyoto University.

Preparation of Complexes 5-7: Complex 1 (102 mg, 0.12 mmol)
was dissolved in toluene (8 mL) and heated at 70 °C overnight. The
dark brown solution was concentrated to dryness to form a dark
brown solid of 2, which was dissolved in THF (8 mL) at room tem-
perature. A solution of tBuNC in THF (0.6 m, 0.2 mL) and a solution
of tBuOK (13 mg, 0.12 mmol) in THF (2 mL) were added in sequence.
The solution color changed to greenish black. The solution was
stirred for 10 min, and volatile substances were evaporated under
vacuum. The crude product was dissolved in Et,O and filtered
through a Celite pad to remove the precipitate of KCl. The filtrate
was concentrated, layered with hexane, and allowed to stand at
-35 °C overnight to give dark green crystals of 5, which were col-
lected by filtration, washed with hexane three times, and then dried
under vacuum (81 mg, 0.088 mmol, 76 %). Complexes 6 and 7 were
similarly synthesized in 89 and 64 % yields using PMes (1 equiv.,
1.0 m toluene solution) and PPh; instead of tBUNC, respectively.

[Ir(tBuNC)(PPEP*)] (5): "H NMR (C¢Dg, 25 °C): § = 7.67-7.58 (m, 4
H, PyCH=P + Ar), 7.29 (s, 1 H, Ar), 6.46 (dd, Jyy = 8.7 Hz, Jpy =
6.2 Hz, 1 H, Py), 6.02 (m, 1 H, Py), 548 (dd, Jy = 6.8 Hz, Jpy; =
6.8 Hz, 1 H, Py), 4.16 (vt, Jypp = 4.7 Hz, 1 H, Py=CHP), 2.72 (br. d,
Joy = 144 Hz, 1 H, PCH,), 2.08 (s, 9 H, CH3), 1.99 (s, 9 H, CHs), 1.93
(dd, Jyp = 144 Hz, Joy, = 7.3 Hz, 1 H, PCH,), 1.87 (5, 9 H, CHs), 1.44
(s, 3 H, CHs), 1.37 (s, 3 H, CHs), 1.28 (s, 9 H, CH3), 1.27 (s, 9 H, CHa),
0.76 (5, 9 H, CHs) ppm. "3C{"H} NMR (C¢Dg, 25 °C): 6 = 173.5 (d, Jpc =
19 Hz), 162.6 (s), 160.2 (dd, Jpc = 17 and 3 Hz), 159.9 (d, Jpc = 56 Hz,
PyCH=P), 157.7 (s), 157.0 (s), 154.8 (d, Jpc = 9 Hz), 153.1 (d, Jpc =
2 Hz), 1525 (s), 149.0 (t, Jpc = 8 Hz, CN), 133.0 (dd, Jpc = 7 and
4 Hz), 131.8 (dd, Jpc = 45 and 4 Hz), 131.0 (d, Jpc = 12 Hz), 123.6
(d, Jpc = 8 Hz), 122.7 (d, Jpc = 7 Hz), 122.5 (d, Jpc = 7 Hz), 118.8 (d,
Jpc = 9 Hz), 118.2 (dd, Jpc = 20 and 15 Hz), 104.9 (d, Jpc = 38 Hz),
79.8 (d, Jpc = 61 Hz, Py=CHP), 55.3 (s), 43.9 (s), 42.9 (d, Jpc = 41 Hz),
39.6 (s), 39.4 (s), 38.6 (s), 35.6 (s), 35.4 (s), 35.3 (s), 34.8 (s), 34.1 (s),
33.5 (s), 323 (d, Jpc = 8 Hz), 31.8 (s), 31.7 (s), 31.1 (s) ppm. 3'P{"H}
NMR (CgDs, 25 °C): 6 = 238.2 (d, Jpp = 360 Hz), 18.9 (d, Jpp = 360 Hz)
ppm. IR (ATR): ¥ = 2063 cm™" (vne). CagH71IrNSP5 (930.27): caled. C
61.97, H 7.69, N 3.01; found C 61.92, H 7.77, N 2.89.

[Ir(PMe;)(PPEP¥)] (6): "H NMR (C¢Dg, 25 °C): 6 = 8.23 (dd, Jpyy =
16.2 Hz, Jpyy = 4.2 Hz, 1 H, PyCH=P), 7.68 (s, 1 H, Ar), 7.63 (s, 2 H,
Ar), 7.29 (s, 1 H, Ar), 6.61 (dd, Jyy = 6.8 Hz, Jopy = 6.8 Hz, 1 H, Py),
6.14 (m, 1 H, Py), 5.82 (dd, Jyn = 6.6 Hz, Jo,; = 6.6 Hz, 1 H, Py), 4.16
(Vt, Japp = 4.6 Hz, T H, Py=CHP), 2.57 (br. d, Jpyy = 14.1 Hz, 1 H, PCH,),
2.02 (s, 9 H, CHs), 1.92 (s, 9 H, CH3), 1.78 (s, 10 H, PCH, + CH3), 1.43
(s, 3 H, CH3), 1.34 (s, 3 H, CH5), 1.29 (s, 9 H, CH3), 1.27 (s, 9 H, CH3),
1.06 (d, Jppy = 8.4 Hz, 9 H, PMe3) ppm. 3C{'H} NMR (C4¢Dg, 25 °C):
6 =173.1(d, Joc = 19 Hz), 162.8 (t, Jpc = 4 Hz), 159.6 (dd, Jpc = 15
and 4 Hz), 157.8 (dd, Joc = 57 and 3 Hz, PyCH=P), 156.1 (s), 156.0
(s), 154.2 (d, Jpc = 9 Hz), 153.1 (d, Jpc = 2 Hz), 152.6 (d, Jpc = 2 H2),
133.8 (dd, Jpc = 42 and 4 Hz), 133.3 (dd, Jpc = 7 and 4 Hz), 131.8
(d, Jpc = 15 Hz), 124.3 (d, Jpc = 8 Hz), 124.2 (d, Jpc = 7 Hz), 1235
(d, Joc =7 Hz), 119.2 (d, Jpc = 9 H2), 116.7 (dd, Jpc = 20 and 15 Hz),
103.4 (d, Jpc = 37 Hz), 78.7 (dd, Jpc = 62 and 3 Hz, Py=CHP), 44.2
(t, Joc = 3 Hz), 42.0 (d, Jpc = 39 Hz), 40.2 (s), 39.7 (s), 38.6 (s), 35.6
(s), 35.5 (s), 35.4 (s), 34.7 (s), 34.5 (s), 344 (d, Jopc = 1 Hz), 326 (d,
Jpc =9 Hz),31.9 (s), 31.7 (s), 20.6 (d, Jpc = 35 Hz, PMe3) ppm. 3'P{'H}
NMR (CeDe, 25 °C): 6 = 233.9 (dd, Jpp = 357 and 18 Hz), 18.2 (dd,
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Jep = 357 and 19 Hz), -40.0 (dd, Jpp = 19 and 18 Hz) ppm.
CagH71IrNP5 (923.21): calcd. C 59.85, H 7.75, N 1.52; found C 59.67,
H 7.80, N 1.46.

[Ir(PPh3)(PPEP*)] (7): "H NMR (CsDg, 25 °C): 6 = 8.16 (Vt, Jopp =
4.6 Hz, 1 H, PyCH=P), 7.63 (m, 1 H, Ar), 7.58 (s, 1 H, Ar), 7.5 (br,, 6
H, PPhs), 741 (s, 1 H, Ar), 6.82 (s, 1 H + 3 H, Ar + PPhs), 6.61-6.66
(br, m, 6 H + 1 H, PPh3 + Py), 6.16 (m, 1 H, Py), 5.76 (dd, Jyy =
6.4 Hz, Jpy; = 6.4 Hz, 1 H, Py), 4.34 (vt, J,5, = 4.8 Hz, 1 H, Py=CHP),
2.18 (s, 9 H, CH3), 1.58 (s, 9 H, CH5), 1.55 (s, 9 H, CH5), 1.35 (s, 9 H,
CHs), 1.30 (s, 9 H, CHs), 1.22 (s, 3 H, CH3), 0.64 (s, 3 H, CHs) ppm.
13C{"H} NMR (CgDs, 25 °C): 6 = 172.9 (d, Jpc = 17 Hz), 161.7 (d, Jpc =
4 Hz), 159.1-159.5 (m), 155.5 (d, Jpc = 25 Hz), 153.1 (d, Jpc = 9 H2),
152.1 (d, Joc = 7 Hz), 136.7 (br), 135.0 (br), 133.0-133.1 (m), 129.6
(d, Jpc = 13 Hz), 129.1 (s), 127.4 (d, Jpc = 9 Hz), 125.1 (d, Joc = 9 H2),
124.2 (d, Jpc = 7 Hz), 123.9 (d, Joc = 7 Hz), 119.0 (d, Jpc = 9 H2),
1174 (t, Joc = 16 Hz), 103.2 (d, Jpc = 37 Hz), 79.1 (d, Jpc = 61 Hz,
Py=CH-P), 44.0 (t, Joc = 3 Hz), 40.4 (d, Jpc = 41 Hz), 40.1 (s), 39.6 (s),
38.9 (s), 35.5 (s), 35.2 (s), 35.1 (s), 35.0 (s), 34.8 (s), 34.5 (s), 31.9 (s),
31.6 (s), 30.9 (d, Jcyy = 9 Hz) ppm. 3'P{"H} NMR (C¢Dg, 25 °C): § =
239.4 (dd, Jpp = 353 and 19 Hz), 20.4 (t, Jop = 19 Hz), 16.5 (dd, Jpp =
353 and 21 Hz) ppm. HRMS (ESI): m/z calcd. for CgH,;NPsIr [M +
HI* 1110.4976; found 1110.4974.

General Procedure for Catalytic N-Alkylation of Amines with Al-
cohols: A typical procedure (entry 5 in Table 2) was as follows.
Benzyl alcohol (103 pL, 1.0 mmol), benzylamine (109 pL, 1.0 mmol),
and toluene (0.3 mL) were added to a 10 mL Schlenk tube contain-
ing 5 (9.3 mg, 0.010 mmol). The solution was degassed by freeze—
pump-thaw cycles, filled with dry nitrogen gas, and stirred for 24 h
in an oil bath controlled at 135 °C. The solution was diluted with
CDCl; (0.5 mL) at room temperature, and mesitylene (139 pL,
1.0 mmol) was added as an internal standard. "H NMR spectroscopy
analysis of the resulting solution revealed the formation of N,N-
dibenzylamine (0.92 mmol, 92 %) and N-benzylidenebenzylamine
(0.08 mmol, 8 %). The catalytic reactions given in Tables 2 and 3
were conducted similarly.

General Procedure for Dehydrogenative Coupling of Amines
with Alcohols: A typical procedure (entry 1 in Table 4) was as fol-
lows. Complex 7 (11 mg, 0.010 mmol), benzyl alcohol (103 pL,
1.5 mmol), benzylamine (109 pL, 1.0 mmol), and toluene (0.3 mL)
were added to a 10 mL Schlenk tube equipped with a cold finger.
The solution was degassed by freeze-pump-thaw cycles, and
stirred at reflux for 24 h in a nitrogen gas flow. The solution was
diluted with CDCl; (0.5 mL) at room temperature, and mesitylene
(139 pL, 1.0 mmol) was added as an internal standard. '"H NMR
spectroscopy analysis of the resulting solution revealed the forma-
tion of N,N-dibenzylamine (0.06 mmol, 6 %) and N-benzylidene
benzylamine (0.93 mmol, 93 %). The catalytic reactions given in
Table 4 were conducted similarly.

Reaction of [Ir(NHPh)(PPEP)] (10) with CO: Complex 10 (3.2 mg,
3.4 pmol) was dissolved in [Dgltoluene (0.5 mL), and charged with
CO (1 atm). The color of the solution changed immediately from
green to dark violet. The "H and 3'P{"H} NMR spectra showed quan-
titative conversion of 10 to 4, along with the formation of PhNH.,.

Reaction of [Ir(NHPh)(PPEP)] (10) with PPh3: Complex 10 (3.2 mg,
3.4 pmol) and PPhs (1.0 mg, 3.8 pmol) were dissolved in [Dg]toluene
(0.5 mL), and examined by 'H and 3'P{"H} NMR spectroscopy. No
notable change was observed at room temperature for 5 h, whereas
heating the solution at 60 °C for 9 h lead to the formation of 7 in
23 % yield, along with the formation of PhNH,.

X-ray Crystal Structure Determination of 5-7: Single crystals suit-
able for X-ray diffraction analysis were grown from solutions in Et,0.
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The intensity data were collected at 103 K on a Rigaku Saturn70
CCD diffractometer with the VariMax Optic, using Mo-K, radiation
(A = 0.71070 A). The intensity data were corrected for Lorentz and
polarization effects and for absorption [numerical (5, 7), multi-scan
(6)1"8]. The structures were solved by direct methods (SHELXS-
97)1"! and refined by least-squares calculations on F? for all reflec-
tions (SHELXL-97)'"%! using Yadokari-XG 2009 (Software for Crystal
Structure Analyses).??! Non-hydrogen atoms, except for disordered
groups in 5 (tBu), were refined anisotropically. Hydrogen atoms
were placed at calculated positions, and included in the final cycles
of least-squares calculations without refinement of their parame-
ters. The crystallographic data and the summary of solution and
refinement are listed in Table S1 in the Supporting Information.
CCDC-1416896 (for 5), -1416897 (for 6), and -1416898 (for 7) contain
the supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
Supporting Information (see footnote on the first page of this
article): Crystallographic details for 5-7 and a crude structure of
disordered 6.
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