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Abstract: A series of benzoxazolyl and benzothiazolyl plnse ligandsd4a-4g were synthesized
and characterized, which prepared from commercialpvailable 2-aminophenol /
2-aminobenzenethiol and 2-bromobenzaldehyde vializeyon and phosphination. The
representative ligandglc and 4e were determined by single-crystal X-ray diffraatioThe
corresponding iridium complexes could be generated situ when [Cp*IrCh], (Cp* =
pentamethylcyclopentadienyl) encountered liganti& Molecular structures of compleXsesandSe
were crystallographically characterized. The diaédingles of N(1)-C(1)-C(8)-C(9) showed an
increasing twist compared with the correspondiggrid. The iridium(lll) catalysts were screened,
[Cp*IrCl,]. / 4a proved to be the optimal catalyst, which exhibigdiicient catalytic activity toward
versatile alkylations including ketones, secondalgohols and amines with primary alcohols.
Additionally, the synthesis of quinolines from ke#s with 2-aminobenzyl alcohol by intermolecular

cyclization and indole from 2-(2-aminophenyl)ethiahg intramolecular cyclization were achieved



under the optimized conditions.

* Corresponding author. E-maxfhou@fudan.edu.cn (X.-F. Hou)

1. Introduction

Alkylation is a fundamental method to construct GECC-N bond, and has been applied in
organic synthesis for decades [1]. Transition-meshlyzed alkylation with alcohols by borrowing
hydrogen strategy, compared to traditional methaglgreen process with high atom efficiency,
which has attracted significant attention in reqezdrs [2].

Over the past decade, great progress has beersgethén thelkylation reactions with primary
alcohols. Thex- or p-alkylation of ketones or secondary alcohols catdyby transition metals, such
as Rh [3], Pd [4], Ir [5] Co [6], or Mn [7] has beeaid much attention. THe-alkylation of amines
using Ru [8], Pd [9], Ir [10], Co [11], Fe [12], M&3], or Ni [14] metals catalyst has also devebthpe
Among them, iridium cooperated with-heterocyclic carbene ligands [15],/\NAN-coordinating
ligands [16]and several bidentate ligands have studies. Takitogaccount their easy access and
diversity, bidentate ligands received more atterstid-or example, N, C-ligands [1 N, O ligands
[10s], N, N-ligands [10t] and P, N-ligands [5c, 1Q0e] were reported. With respect to the
established catalytic systems, ligands supporiedim complexes [18] catalyzed multi-alkylation
reactions are rarely reported and highly desirable.

Based on our previous works on the hydrogen tramséetions using [Cp*Ir(Ill)] complexes as
catalyst [19], we made an attempt to design asefi@ew catalysts applying in versatile alkylason

The catalyst consists of [Cp*Irgy and benzoxazolyl or benzothiazolyl phosphine ldganvith



hemilable coordinating sites [20]. The steric atetteonic properties of the catalysts can be easily
tailored by the variation of the backbone of ligaras well as the substitution of benzoxazolyl and
benzothiazolyl and phosphine group [21].

Herein, we describin situ generated iridium(lIl)- benzoxazolyl and benzotoilgl phosphine
complexes catalyzed-alkylation of ketoness-alkylation of secondary alcohols ahNdalkylation of

amines with primary alcohols as well as its appiarain the synthesis of quinolines and indole.

2. Resultsand discussion

2.1. Synthesis and characterization of benzoxazolyl and benzothiazolyl

phosphine ligands

2-(2-Bromophenyl)-benzoxazoles or benzothiazdesere prepared from 2-aminophenols /
2-aminobenzenethiols and 2-bromobenzaldehy@eaccording to our previous report [22]. Starting
from the brominated ligand precurs@sthe benzoxazolyl and benzothiazolyl phosphinands
4a-4g were afforded by lithiation withn-butyl lithium, then trapped with BRI (R = phenyl or
cyclohexyl) [21, 23] (Scheme 1). All ligandda¢4g) were characterized by, **C, and*'P NMR
spectroscopy. It is worth noting that the substitseon the phosphorus atom and the type of
benzoxazolyl and benzothiazolyl moiety had a sigaift effect on thé&'P NMR signal of4a-4g. The
phosphorus signals d@fa / 4c (6= -5.61 / -9.01 ppm) with phenyl group shifted tgHer field in

comparison with that ofb / 4d (6= -4.62/ -4.56 ppm) with cyclohexyl on the phosplsatom. For



4e-4g with the same phosphine moiety, i® NMR spectra ofle with electron-donating methydf
with electron-withdrawing fluoro group, ard) with large steric hindrancebutyl group, appeared
as singlets at5.62, -5.37 and -6.14 ppm, respectively. Theseatdd that different substituents on
the benzoxazolyl group had impact on the phosphsigrsals. Therefore, phenyl or cyclohexyl on
the phosphorus atom as well as electron-donatinthyheelectron-withdrawing fluoro or steric
hindrantt-butyl group on the benzoxazolyl moiety would prolyaaffect the steric and electronic
properties of benzoxazolyl and benzothiazolyl phasp ligands.

Crystals of compound4c and4e suitable for X-ray crystallography were obtainednfr slow
evaporation of corresponding solutionrishexane. The molecular structuresdafand4e (Fig. 1)
show that PRgroup is located in the N atom side of benzoxdzawiypenzothiazolyl group [24]. The
torsion angle of benzothiazolyl with phenyl #t (22.5° is slightly larger than the one of
benzoxazolyl with phenyl ide (9.8°). Although there are torsion angles between bemzulyl or
benzothiazolyl and phenyl ring, the distance behwsél) and P(1) are appropriate (2.88 Adir)
2.78 A in4e), supporting the possibility of chelating coordina of N and P with one metal centre.

The crystallographic data and the structure refer@ndetails forlc and4e are summarized in Table

ZP\ R2

X
XH 2 () X (ii) C[ )
+ — P — N
R NH, Br R’ N
Br R
1 2 3

4
4a X=0, R'=H, R2=Ph

3a X=0, R'=H 4b X=0, R'=H, R%=Cy
3b X=S, R'=H 4c X=S, R'=H, R%=Ph
3¢ X=0, R'=CH, 4d X=S, R'=H, R%=Cy
3d X=0, R'=F 4e X=0, R'=CHj, R?=Ph
3e X=0, R'=t-Bu 4f X=0, R'=F, R%=Ph

49 X=0, R'=t-Bu, R%=Ph

Scheme 1. Synthetic pathway of the benzoxazolyl and benaattlyl phosphine ligands. (i)

3-Butyl-1-methyl-H-imidazolium iodide, KCOs, m-xylene, 120°C; (ii) n-BuLi, THF, -78°C; RPCI, -78°C to r.t.



() b & -
a / \ / \ L" L"}’%L 1 T \\
| o

Fig. 1. Molecular structures afc (a) andde (b). Ellipsoids at the 20% probability level. Hyden atoms and solvent
molecules have been omitted for clarity. Selecteaddengths (A) and angles (deg) for molecdémolecule4e]:
P(1)-C(9) 1.840(2) [1.847(3)], N(1)-C(1) 1.287(3)277(3)], C(8)-C(9) 1.403(3) [1.414(3)]; N(1)-C{C)8) 123.19(19)

[128.7(2)], C(8)-C(9)-P(1) 120.66(16) [121.49(18)1)-C(1)-C(8)-C(9) 22.53(32) [9.808(424)].
2.2. Synthesis and characterization of Ir(111) complexes

Benzoxazolyl and benzothiazolyl phosphine Ir(llgntplex 5 was prepared from [Cp*Irglk
with the corresponding ligandlin methanol at 58C [25]. Then through an anion-exchange process
with KPF;, the iridium comples were isolated in quantitative yields (Scheme 2).

The representative complex&s and 5e were characterized by NMR spectroscopy and X-ray
diffraction. In the'H NMR spectra, the singlets at 1.25 ppm3Sorand 1.33 ppm fobe was assigned

to CH3 of Cp* group, indicating the formation of Cp*Ir mplexes. Thé'P NMR spectra ofc and

5e, the signals at -3.4, -3.3 ppm and around -144 pene attributed téR, andPFg , in which the
signals of PR, shifted to lower field in comparison with the fréigands [10h]. X-ray crystal
structures (Fig. 2) revealed that and 5e are constituted by a cationic part ands P&hion. A

six-membered ring is observed between P, N atomigganhd and metal centre. The iridium(lll)



center is situated in a distorted octahedral enwrent with Cp* as a three-coordinated ligand,
which is the classic piano stool conformation [2tfia,19c]. Other three coordination sites occupy
by the N and P atoms of the ligand and a Cl atdme. [Engths of Ir-N and Ir-P bond and bond angle
N-Ir-P are in the range of the reported iridium @bexes [10c, 10h, 10y]. It is noteworthy that the
dihedral angles of N(1)-C(1)-C(8)-C(9) &t is 33.9° and 26.5 for 5e, both show an increasing
twist compared with the corresponding ligand, whigbuld benefit to match the coordination
geometry of Ir(lll) [21b]. The crystallographic anefinement data fdsc and5e are shown in Table

1.

/@[X (i) [Cp*IrClylp, MeOH /@:g_@
/ > 7 -
R' N : (i) KPFg R’ N Py

P\R2 C’)*’II'_F\)\R2
Yo Cl R2
4 5
4c X=S, R'=H, R%=Ph 5¢ X=S, R'=H, R?=Ph
4e X=0, R'=CHj,, R?=Ph 5e X=0, R'=CHj;, R?=Ph

Scheme 2. Synthesis of iridium complexés

(a) (b)
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Fig. 2. Molecular structures of complexes &)and (b)5e. Ellipsoids at the 20 % probability level. Hydragatoms and
noncoordinated RFanions omitted for clarity. Selected bond lenghsgnd angles (deg) for molecue [molecule5e]:
Ir(1)-N(1) 2.131(7) [2.131(7)], Ir(1)-P(1) 2.309(®).2932(11)], P(1)-C(9) 1.831(10)[ 1.841(4)], N(@{1) 1.318(11)

[1.306(6)], Ir(1)-CI(1) 2.396(2)[2.4042(11)], P(D15) 1.820(8)[1.830(4)], P(1)-C(21) 1.819(9)[1.880, S(1)-C(1)



1.731(9), O(1)-C(1) 1.359(5), C(1)-C(8) 1.482(123H4(6)], C(8)-C(9) 1.400(13)[1.412(6)]; N(1)-Ir¢PY1) 81.7(2)

[82.11(9)], P(1)-Ir(1)-CI(1) 89.00(9) [93.41(4)](&)-C(9)-P(1) 118.6(7) [115.0(3)], C(1)-N(1)-Ir(122.8(6)[123.6(3)],

N(1)-C(1)-C(8) 127.7(8)[130.1(4)], C(1)-C(8)-C(922.3(8)[123.3(4)] C(9)-P(1)-C(15) 106.2(4)[100.4(2)

C(15)-P(1)-C(21) 100.7(4)[103.2(2)]; N(1)-C(1)-C{8)9) 33.973(23) [26.529(816)].

Table 1. Crystal data and structure refinement parametersgfands4c, 4e and complexeSc, 5e.

4c 4e 5c 5e
Empirical formula GsH1gNPS GeH20NOP GsH3CIFIrNSP, CseH3sClFIrNOP,
Formula weight 395.43 393.40 903.27 901.24
Temperature, K 293(2) 293(2) K 173(2) K 173(2) K
Wavelength, A 0.71073 0.71073 0.71073 0.71073
Crystal system Monoclinic Monoclinic Orthorhombic olbclinic
Space group Rz P2/c Pca2 P2/c
a, A 9.039(6) 11.059(4) 29.481(3) 10.5699(9)
b, A 15.335(10) 9.699(4) 10.8787(10) 11.0799(10)
c, A 15.174(10) 19.399(7) 21.0174(18) 29.220(3)
o, deg 90 90 90 90
B, deg 106.823(9) 96.049(6) 90 98.1930(10)
v, deg 90 90 90 90
Volume, A3 2013(2) 2069.3(14) 6740.5(10) 3387.2(5)
Zz 4 4 8 4
Density (calculated), Mg/ﬁ1 1.305 1.263 1.780 1.767
Absorption coefficient, mit 0.250 0.150 4.259 4.180
F(000) 824 824 3552 1776

Crystal size, mr
Theta range for data collection, deg

Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°

Absorption correction

Max. and min. transmission

0.500 x 0.400 x 0.400
1.931 to 25.99
-11<=h<=11,
-18<=k<=17,
-15<=I<=18

9071

3936 [R(int) = 0.0348]

99.6 %
Semi-empirical from
equivalents

1.000 and 0.674

0.700 x 0.700 x 0.350
1.852 to 26.998
-13<=h<=14,
-11<=k<=12,
-24<=|<=11

9922

4IRAnt) = 0.1023]

99.7 %
Semi-empirical from
equivalents

1.0@00a069

0xXR0190 x 0.180
1.381 to 27.458
-38<=h<=35,
-8<=k<=14,
-27<=l<=27
41355
15286 [R(int) = 0.0588]
%9.9
Semi-empirical from
equivalents

0.208 and 0.134

0.360 x 0.150 x 0.120

1.408 to 27.482
-13<=h<=11,
-14<=k<=14,
-37<=I<=37

23994

7699 [RY) = 0.0393]

99.2 %
Semi-empirical from
equivalents

0.262 and 0.169




Refinement method

Full-matrix least-squareg-ull-matrix least-squares Full-matrix least-squares

Full-matrix least-squares

on P on P on P on P
Data / restraints / parameters 3936 /0/253 4463263 15286 /1 /857 7699 /12/439
Goodness-of-fit on ¥ 1.003 0.788 0.925 1.025
Final R indices [I>2sigma(l)] R1 =0.0444, R1 =0.0597, R1 =0.0373, R1 =0.0303,
wWR2 =0.1141 WR2 = 0.1286 WR2 = 0.0668 WR2 = 0.0765
R indices (all data) R1 =0.0632, R1 =0.1036, R1 =0.0570, R1 =0.0442,
WR2 =0.1238 WR2 = 0.1356 wR2 =0.0731 WR2 = 0.0839
Extinction coefficient n/a n/a 0.032(5) n/a

Largest diff. peak and hole, R 0.409 and -0.185 0.386 and -0.355 1.391 and 20.92 1.212 and -0.852

2.3. Screening iridium catalysts by a-alkylation of acetophenone with benzyl
alcohol

We initiated our work with the screen appropriatelium(lll) catalysts. a-Alkylation of
acetophenone with benzyl alcohol to obtained 1pBweiylpropan-1-one6q) was selected as a
model reaction to optimize the reaction conditifFeble 2).

Without ligand, taking [Cp*IrCl], alone as precatalyst [10r], only moderate yield whserved
(entry 1). When added ligary] the reaction afforded up to 99 % vyield (entrie8) 2indicating the
ligand could enhance the catalytic activity. Thenesning of ligandgla-4g was carried out. The
ligands @a and4c) with phenyl on the phosphorus atom (entries 2 4ndave better results than
those containing cyclohexyl substituent (entriear@®l 5). The ligands with benzoxazolyl group
(entries 2 and 3) also obtained higher yield thzat bf benzothiazolyl (entries 4 and 5). It was
worthy to note that electron-donating methyl on phenyl ring of benzoxazolyl (entry 6) was better
than the electron-withdrawing fluoro and the lasgeric hindrance tert-butyl-substituent (entries 7
and 8). Therefore, liganth and [Cp*IrCb], were chosen as the optimal catalyst.

Subsequently, we adopted iridium(lll) catalyst lmegdigand4a and [Cp*IrCh], to optimize



the reaction conditions. KOH (entries 2, and 9-4&) toluene (entries 2, and 13-16) were proved to
be the best base and solvent, repectively. Theripolaf solvent has no benefit for the reaction.
Control experiments showed that desired prodiactvas barely detected without base (entry 17),
further demonstrating the necessity of the basbdaaatalytic activity of precatalyst [Cp*Irg}/ 4a.
Increasing or reducing the amount of base had siiyp® effect on the yield dda compared with 10
mol% KOH (entries 18-19 vs. entry 2). When the logdof catalyst decreased to 0.5 mol%, the
yield of 6a reduced (entry 20). Same vyield could be achievednmwell-defined complexesc and

5e from [Cp*IrCl,], with 4c and4e as precatalyst (entry 21 and entry 22), indicativeg Ir complex
generatedn situ could be applied in the reaction of acetophenoitke kenzyl alcohol. Hence, the
optimum reaction conditions were as follows: cagtalgading with 1 mol% of [Cp*IrCl./ 4a (1/2),

10 mol% of KOH, and toluene (5 mL) at 110 °C fort24

Table 2. Optimization study o#i-alkylation of acetophenone with benzyl alcohol

o

O
Cp*IrCl,], / ligand
©)k . ©/\OH [Cp*IrCl,], / ligan m
base, 110°C, 24 h O O

6a

Entry Ligand Base Solvent Yield (%) ®

1°¢ - KOH toluene 55

2 4a KOH toluene 99 (95
3 4b KOH toluene 97

4 4c KOH toluene 89

5 4d KOH toluene 72

6 de KOH toluene 75

7 Af KOH toluene 66

8 4g KOH toluene 34

9 4a KO'Bu toluene 96
10 4a K,CO; toluene 65
11 4a KsPOy toluene 50
12 4a KHCO, toluene 47
13 da KOH 1,4-dioxane 75
14 4a KOH THF 87
15 4a KOH DMF <2

16 4a KOH CHsCN <2




17°¢ 4a - toluene <2

18° 4a KOH toluene 61
199 4a KOH toluene 22
20" 4a KOH toluene 87
21" - KOH toluene 90
22! - KOH toluene 76

# Reaction conditions: acetophenone (1.0 mmol), ylealzohol (1.1 mmol), [Ir] loading (1
mol %), [Cp*IrCl], / ligand = 1/2, base (10 mol %), solvent (5 mL)QIC, 24 h

® Yield determined by NMR analysis with 1,3,5-tritnexybenzene as the internal standard
¢ [Cp*IrCl,], as catalyst without ligand

4|solated yield

¢ Without base

"KOH (100 mol %)

9 KOH (5 mol %)

"[Ir] loading (0.5 mol %)

' 5¢ as catalyst

I 5e as catalyst

2.4. a-Alkylation of ketones with primary alcohols

Under the optimized conditions, a wide range ofstudtes were screened (Table 3). The
reactions of ketones with benzyl alcohol proceededbothly 6a-6l). 4-Methylacetophenone
provided good yield (82 %). Acetophenones with galbatoms such as fluoro, chloro and bromo on
the phenyl ring afforded good to excellent yiel@s-§e). 4-Acetylbenzonitrile with cyano of strong

electron-withdrawing group reacted smoothly witmbg alcohol to afford6f in 87 % yield.



Heterocyclic ketones substituted with furyl andethil moieties could be alkylated in good yields
(69, 6h). Interestingly, acetylferrocene also forged 8hen 89 %. Other aromatic acetyl system, such
as 2-acetylnaphthalene, 1-tetralone, and 4-acetynyl, were also examinedj{6l). These

reactions showed good tolerance for benzyl alcolote amino 6m), trifluoromethyl 6n) or

methyl Go) groups. Reactions with 2-naphthalenemethanolatimophenemethanol gave 93 % and
75 % yields to produce alkylated produpsand6q. More importantly, the aliphatic substrates such
as l-pentanol and 1-hexanol also proceeded wel witreasing the amount of alcohols and

elongated time, led t&r and6sin 65 % and 69 % yields, respectively.

Table 3. a-Alkylation of ketones with alcohofs’

[Cp*IrCl,], / 4a =172
22 RIK/\RZ
KOH (10 mol %), 110 °C, 24 h

0
R,k + RYOH

:o

zo

6a, 95% 6b, 82 % 6c, 84 %
(o)
i !
6d, 97 % 6e, 91 % 6f, 87 %°
0 0 O
\ o) \ S éb?
69, 89 % 6h, 96 % 6i, 89 %
(o] (0]
(o)
oA 0 Weaes
6j, 87 % 6k, 87 % 6l, 72 %

:o

NH,

:o

6m, 95 % 6n, 73 %° 60, 89 %
(6] (6] 0
S.
0 v SR
6p, 93 % 64, 75 % 6r, 65 %"

%




6s, 69 %

% Reaction conditions: ketones (1.0 mmol), alcol@ld mmol), [Ir] loading (1 mol %),
[Cp*IrCly], / 4a= 1/2, KOH (10 mol %), toluene (5 mL), 12G, 24 h

®|solated yield

€36 h

¢ Alcohol (2 mol), 36 h

2.5. f-Alkylation of secondary alcohols with primary alcohols

S-Alkylation of secondary alcohols with primary atmds, due to dehydrogenation of secondary
alcohols to carbonyl compounds, was more challendghan a-alkylation of ketones [26]. We
attempted the reactions under the optimized caowdti (Table 4). Delightedly,
3-phenylpropiophenonesd) was obtained to yield 90 % from phenylethanol &edzyl alcohol.
Phenylethanol bearing methyl group or chlorinateblsituent, were also subjected to this reaction
(6b, 6d). Benzyl alcohols containing amino, trifluoromettaidd methyl were compatible with this
transformation §m, 6n and 60). Furthermore, 2-naphthalenemethanol reacted drhyoatith
phenylethanol to provide the desired prodggtin 82 % yield. Satisfyingly, aliphatic alcoholscéu
as 1-pentanol and 1-hexanol also furnished toré@stion in moderate yieldsr(, 6s).

Table 4. g-Alkylation of secondary alcohols with primary ahmis®°

OH [Cp*IrCl,], / 4a =1/2
A + RrRToH RIMRZ
R KOH (10 mol %), 110 °C, 24 h

6d, 92 %




6n, 81 %° 60, 84 %
6m, 80 %
2 ©)OK/\/\/ @)OWW
6p, 82 % 6r, 53 %° 6s, 45 %°

# Reaction conditions: secondary alcohols (1.0 mpminary alcohols (1.1 mmol), [Ir]
loading (1 mol %), [Cp*IrC{], / 4a= 1/2, KOH (10 mol %), toluene (5 mL), 12G, 24 h
®|solated yield

¢ Alcohols (2 mol), 36 h

2.6. N-Alkylation of amines with primary alcohols

Encouraged by the above results, we checked thiecapitity to N-alkylation of amines with
alcohols (Table 5). Initially, aniline was chosenréact with benzyl alcohol, 89 % isolated yield of
7a was obtained. Either anilines with electron-damgtimethoxyl or electron-withdrawing
substituents such as fluoro and chloro, could gheedesired compounds in good yieldb-{e).

The heterocyclic amines like 2-aminopyridine an@n2inopyrimidine exhibited extremely high
reactivity, affording products7{, 7g), in 99 % and 98 % yields. Benzamide was also |al&y,
giving 7h as the only product (82 % yielg)-Toluenesulfonamide was proved to be suitable aotre
with benzyl alcohol, a moderate yield obtain@d.(Then we investigated the reactions of aniline
with substituted benzyl alcohols. 2-Thiophenemethand 2-naphthalenemethanol were appropriate

substrates for the reaction, smoothly delivering tiroducts7j-7k in 84-85 % yields. While



electron-withdrawing substituent fluoro on the bdnalcohol worked very well to provided the
desired secondary amine produtt More importantly, aliphatic alcohols such as htpeol and
1-hexanol could still work as good coupling fragitseym-7n), indicating the broad substrate
compatibility of theN-alkylation reactions.

For the mechanism of-, # andN-alkylation reactions with alcohols, based on presireports
[16, 17c, 17d, 18], it proceeded via the hydrogerrdwing strategy. Initially, iridium(Ill) complex
could be generatenh situ when [Cp*IrCL], encountered liganda. Hydrogen autotransfer from
primary alcohol to iridium would lead to the fornwat of aldehyde and the iridium-hydride
intermediate. Subsequent base-mediated condensattidime producing aldehydes with ketones,
alcohols, or amines to form - unsaturated carbonyl compounds or imines, whiohldvundergo a
hydrogenation reaction in the presence of metalitlgdo give thex-, f andN -alkylated products
and the catalyst Ir complex regenerated.

Table 5. N-Alkylation of amines with alcohol&”

[Cp*IrCl,], / 4a =172 L H g
R'—NH, + R2>0H R'-N—
KOH (10 mol %), 110 °C, 24 h

gﬁ@ . QH

7a, 89 % 7b, 83 % 7c, 80 %

F Qﬁ@ 1 1

7d, 81 %° 7e, 87 % 7f, 99 %
o)
N EQ Q % —NHQ
| S NH Sb
_N /[j
79, 98 % 7h, 82 % 7i, 56 %

S CF

Y




7j, 85 % 7k, 84 % 71, 71 %°

©/NH\/\/\ ©/NH\/\/\/

7m, 64 % 7n, 72 %°

 Reaction conditions: amines (1.0 mmol), alcohadld (mmol), [Ir] loading (1 mol %),
[Cp*IrCly), / 4a= 1/2, KOH (10 mol %), toluene (5 mL), 12G, 24 h

®|solated yield

€36 h

¢ Alcohol (3 mmol), 36 h
2.7. Synthesis of quinolines and indole

Quinolines exhibited a wide variety of biologicahda pharmacological activities [27] and
applied in various polymers and nano materials.[Z8F synthesis via hydrogen-borrowing concept
is highly efficient and has less byproducts [6,,128).

With the optimal conditions, we were pleased tolyfie catalytic system into the synthesis of
guinolines from aromatic acetophenones and 2-areimmo) alcohol (Table 6). Substrates witiVe,

p-F, andp-OMe were amenable to this transformation, afforthexddesired quinoline®a-8c in good
yields. Furthermore, heterocyclic ketones sucthi@aphene acetone and 1-tetralone were extended to
deliver 8d (82 %) and8e (80 %). 3-Phenylpropiophenone was also compaitite the current
system, leading to the formation&ffin 89 % yield.

Table 6. Formation of quinolines from ketones with 2-amianby! alcohof

2
N o [CpIClyl,/ da=122 xR
R! P
2 NH, KOH (10mol %), 110°C, 24 h N~ R!
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8a, 81 % 8b, 79 % 8c, 86 %

> ®
e

N N
W,

\ 7/
)
§9

8d, 82 % 8e, 80 % O
8f, 89 %

? Reaction conditions: ketones (1.0 mmol), 2-amimayé alcohol (1.1 mmol), [Ir]
loading (1 mol %), [Cp*IrC{], / 4a= 1/2, KOH (10 mol %), toluene (5 mL), 12G, 24 h
®|solated yield
Indole skeleton widely presents in natural producgsv organic materials, fine chemical
products [30]. Our protocol also allowed for 2-{@iaophenyl)ethanol by intramolecular cyclization
leading to indole in 90% yield under the same coowls. The results further demonstrated the wide
applicability of the catalytic system of iridiumHbenzoxazolyl phosphine ligand. (Scheme 3)

Ej\/VOH [Cp*IrCl,], / 4a=1/2 @(\>
NH KOH (10 mol %), 110 °C, 24 h N

2

Scheme 3. Alternative synthesis route for indole.

3. Conclusions

In summary, we have successfully prepared and ctegized a series of new benzoxazolyl and
benzothiazolyl phosphine ligands. The moleculaucstires of representative ligandls 4e showed
that the PR group was located in the N atom side of benzoxé&awl benzothiazolyl group. The
corresponding iridium complexes could be generateditu with [Cp*IrCl;], and ligands. The

representative complexég, 5e were characterized by single-crystal X-ray stubllye molecular



structures showed the typical piano-stool arrangemehe ligand was bound to the iridium(lIl)
center via P, N atoms to form a six-membered riitnge dihedral angles of N(1)-C(1)-C(8)-C(9)5a
and 5e, showed an increasing twist compared with the esponding ligand. Subsequently,
[Cp*IrCl,], and4a were demonstrated as highly efficient catalyststi@r alkylations of ketones,
secondary alcohols and amines with primary alcoAdigs catalytic protocol is advantageous for not
only the effectiveness for versatile alkylationatans from broad range of ketones, alcohols and
amines, but also atom-economic syntheses of que®land indole. This catalytic system is of great
interest for iridium(lll) catalysts in synthetic emistry regarding the formation of C-C and C-N
bonds. Further studies towards more applicationth@firidium(lll) catalytic system are under way

in our laboratory.

4. Experimental section

All alkylation reactions were carried out under nstard Schlenk techniques. Reaction
temperatures were the temperature of the bath wsutnog the vessel. Chemical reagents were
obtained from commercial sources and used withoahér purification.*H and**C NMR spectra
were recorded by Bruker Avance Il 400 MHz NMR Speeter. Spectra were collected at 295 K
in CDCk or DMSO-¢. HRMS(ESI) analyses were proceeded by the EPSRCONA#onal Mass
Spectrometry Facility (NMSF), Swansea. GC-MS analyss reported at a HP 5973 GCD system
using a HP5MS column (30 m x 0.25 mm). Fourier ¢farm infrared (FT-IR) spectra were

performed on a Nicolet AVATAR-360 IR using KBr disin the range of 4000-400 &m



4.1. Preparation of ligands 4a-4g

Benzoxazolyl and benzothiazolyl phosphine ligaddslg were synthesized following by two
steps:

Step 1, the brominated producBa{3e) were prepared according to our published proaedur
[22]. The characterization data was listed in Sufppg Information.

Step 2 [21]3a-3e (5 mmol) was dissolved in dry THF (30 mL) undex Nfter the solution was
cooled to -78 °Cn-butyl lithium (n-BuLi) 2.3 mL (5.5 mmol, 2.4 M, 1.1 equ.) was addkrdpwisely
via syringe during 15 min. The reaction mixture wasrreti at -78 °C for 0.5 h. Then
diphenylphosphine / dicyclohexylphosphine chlor{8& mmol) was added. The reaction mixture
was allowed to warm to room temperature and stioreznight. Added water and ethyl acetate to the
mixture. The organic phase was extracted and corated. Then dried over anhydrous,S@y.
Finally, it was purified by silica gel column chramgraphy to obtain the corresponding products
(4a-49).
2-(2-(Diphenyl phosphanyl) phenyl )benzo[ d] oxazole (4a)

58% Isolated yield (light yellow solidfH NMR (400 MHz, CDCJ) 5 8.31- 8.20 (m, 1H, Ph),
7.74-7.67 (m, 1H, Ph), 7.50 (m, 1H, Ph), 7.47 37®, 15H, Ph), 7.08 (m, 1H, Ph) ppHiC NMR
(101 MHz, CDCY¥) 6 162.49, 150.37, 141.73, 139.22 Jd; 26.9 Hz), 137.42, 134.48, 134.11 J&;
20.6 Hz), 131.20, 131.00, 130.64, 130.1dd; 3.3 Hz), 128.68, 128.44, 125.00, 124.25, 120.33,
110.43 ppm:*'P NMR (162 MHz, CDG) § -5.61 (s) ppm. HRMS(ESI) calcd for,4El;gNOP
(380.1204) (M+H), found: 380.1199.

2-(2-(Dicyclohexyl phosphanyl ) phenyl )benzo[ d] oxazol e (4b)



62% Isolated yield (light yellow solidfH NMR (400 MHz, CDC}) § 7.95 (d,J = 6.8 Hz, 1H,
Ph), 7.83 (m, 1H, Ph), 7.69 (@z= 7.3 Hz, 1H, Ph), 7.60 (m, 1H, Ph), 7.51 (m, BH), 7.37 (m, 2H,
Ph), 1.96 (dJ = 37.8 Hz, 4H, CyH), 1.72 (m, 8H, Cy), 1.38 - 1.10 (m, 10H, Ci#) ppm.=C
NMR (101 MHz, CDCY) 6 164.06, 150.87, 141.89, 137.71 Jd&; 28.6 Hz), 135.06 (dl = 27.6 Hz),
133.08 (dJ = 2.2 Hz), 130.84 (dl = 5.7 Hz), 129.72, 128.37, 124.91, 124.23, 120130,68, 34.49
(d, J = 14.4 Hz), 29.84, 29.86(d,= 27.8 Hz), 27.32 (d] = 2.0 Hz), 27.22, 26.39 ppritP NMR
(162 MHz, CDC}) 6 -4.62 (s) ppm. HRMS (ESI) calcd fop4El3:NOP (392.2143) (M+H), found:
392.2138.
2-(2-(Diphenyl phosphanyl) phenyl )benzo[ d] thiazol e (4c)

60 % Isolated yield (yellowish solid solidf NMR (400 MHz, CDC}) § 7.94 - 7.89 (m, 2H),
7.84 (m, 1H), 7.48 (m, 1H), 7.42 (m, 1H), 7.39297(m, 12H), 7.12 (m, 1H) ppm°C NMR (101
MHz, CDCk) 6 166.61, 153.21, 134.87, 134.07, 133.87, 130.56 €d3.8 Hz), 129.80, 128.70,
128.49, 128.43, 128.36, 128.01, 127.88, 125.95,142323.43, 121.31 pprﬁl,P NMR (162 MHz,
CDCl) § -9.01 (s) ppm. HRMS(ESI) calcd fopdE:oNPS (396.0965) (M+H), found: 396.0964.
2-(2-(Dicyclohexyl phosphanyl)phenyl )benzo[ d] thiazol e (4d)

54 % Isolated yield (yellow solid solid) NMR (400 MHz, CDC}) & 7.96 - 7.88 (m, 1H, Ph),
7.72-7.56 (m, 2H, Ph), 7.55 - 7.42 (m, 4H, Ph)p7d,J = 8.0 Hz, 1H, Ph), 1.96 (m, 4H, Gy},
1.71 (m, 8H, CyH), 1.23 (m, 10H, Cyd) ppm;**C NMR (101 MHz, CDG)) § 164.06, 150.87,
141.89, 137.86, 137.57, 135.20, 134.92, 133.08 {2.2 Hz), 130.84 (d] = 5.7 Hz), 129.72,
128.37,124.91, 124.23, 120.37, 110.68, 34.49 {d14.4 Hz), 29.86 (d] = 27.9 Hz), 29.72, 27.32
(d,J = 2.0 Hz), 27.22, 26.39 ppP NMR (162 MHz, CDGJ) & -4.56 (s) ppm. HRMS (ESI) calcd

for CosHaiNPS (408.1924) (M+H), found: 408.1928.



2-(2-(Diphenyl phosphanyl)phenyl)-5 methyl benzo[ d] oxazol e (4€)

58 % Isolated yield (lightly yellow solidfH NMR (400 MHz, CDCY) § 8.26 (m, 1H, Ph), 7.49
(m, 2H, Ph), 7.39 (m, 5H, Ph), 7.33 (m, 7H, Ph)37%7.04 (m, 2H, Ph), 2.45 (s, 3H, PR} ppm;
¥C NMR (101 MHz, CD{J) 6 162.55, 148.65, 141.94, 139.08 Jd; 26.9 Hz), 137.56 (dl = 10.6
Hz), 134.46, 134.19, 133.99, 131.31J¢; 21.1 Hz), 130.49, 130.06 @ 2.9 Hz), 128.53(d] =
21.5 Hz), 128.40(d] = 6.9 Hz), 126.11, 120.21, 109.75, 21.42 ppiA;:NMR (162 MHz, CDGJ) &
-5.62 (s) ppm. HRMS (ESI) calcd forgl,iNOP (394.1361) (M+H), found: 394.1350.
2-(2-(Diphenyl phosphanyl)phenyl)-5 fluorobenzo[ d] oxazol e (4f)

61 % Isolated yield (lightly white solidyH NMR (400 MHz, CDCJ) § 8.22 (m, 1H, Ph), 7.49
(m, 1H, Ph), 7.45 - 7.28 (m, 13H, Ph), 7.09 - §®7 2H, Ph) ppm**C NMR (101 MHz, CDG)) §
161.11, 139.55, 137.22 (d~ 10.1 Hz), 134.51, 134.18, 133.98, 130.90, 13(d19= 3.2 Hz),
128.75, 128.47, 128.46(d~ 7.3 Hz), 112.80, 112.53, 110.72, 110.62, 106108,48 ppm,lgF
NMR (376 MHz, CDC}) & -117.42 (td,) = 8.8, 4.3 Hz) ppn:P NMR (162 MHz, CDG)) § -5.47 (s)
ppm. HRMS (ESI) calcd for £H1sFNOP (398.1110) (M+H), found: 398.1092.
5-(tert-Butyl)-2-(2-(diphenyl phosphanyl ) phenyl )benzo[ d] oxazol e (49)

75 % Isolated vield (light green solidj4 NMR (400 MHz, CDGJ) & 8.24 (m, 1H, Ph), 7.71 (s,
1H, Ph), 7.49 (t) = 7.5 Hz, 1H, Ph), 7.41 - 7.29 (m, 14H, Ph), 16 1H, Ph), 1.37 (s, 9H,
Ph-C(QHz)s) ppm.3C NMR (101 MHz, CDGJ) 5 162.56, 148.41, 147.70, 141.67, 139.06, 138.80,
137.57 (dJ = 10.5 Hz), 134.55, 134.07 (@= 20.5 Hz), 131.55, 131.34, 130.74, 130.47, 130d03
J=3.0 Hz), 128.48(d] = 23.3.0 Hz), 128.43, 122.75, 116.86, 109.50, 3438.73 ppm°>P NMR
(162 MHz, CDC}) 6 -6.14 (s) ppm. HRMS (ESI) calcd fopdEl,7NOP (436.1830) (M+H), found:

436.1812.



4.2 Preparation of Ir(111) complexes 5¢ and 5e

According to previous report [254c or 4e (0.1 mmol) with [Cp*IrC}], (40 mg, 0.05 mmol)
were added to a 25 mL Schlenk flask. Added intol2ofranhydrous methanol. The reaction mixture
was warmed to 55 °C for 14 h. Then potassium hesedphosphate (KRJF(55 mg, 0.3 mmol) was
added. By centrifugal separation, the correspongimgduct was obtained.

5c¢, light yellow solid (76.7mg, 85 %). 4H33CIFsIrNP,S (903.1031): FT-IR (KBr) 3061 (w),
3000 (w), 2923 (w), 1509 (w), 1457(m), 1436 (w)114m), 1227 (w), 1090(w), 1028(w), 991(w),
842 (s), 756 (w), 713 (m), 556 (m), 535 (m), 508 m. *H NMR (400 MHz, DMSO) 8.39 (m,
1H, Ph), 8.30 (m, 1H, Ph), 8.25 (m, 1H, Ph), 8.8505 (m, 1H, Ph), 8.03 (m, 1H, Ph), 7.90 (m, 3H,
Ph), 7.80 - 7.66 (m, 4H, Ph), 7.67 - 7.57 (m, 1k, .34 - 7.22 (m, 2H, Ph), 7.09 (m, 1H, Ph), 7.00
(m, 2H, Ph), 1.25 (s, 16H, Cp*z) ppm;°*C NMR (101 MHz, CDGJ) § 174.64, 174.58, 155.49,
140.30, 140.18, 139.86 (d,= 7.3 Hz), 138.30, 138.22, 138.13, 137.97, 137137,.76, 136.39,
135.83, 135.73, 134.77 (d,= 11.6 Hz), 133.65, 133.48, 133.09 {§d+ 11.3 Hz), 132.71, 129.59,
128.98, 128.66, 128.41, 99.88, 13.09 pptR;NMR (162 MHz, DMSO} -3.43-144.18 (hept) =
711.4 Hz) ppm°F NMR (376 MHz, DMSO) -70.12 (d,J = 711.4 Hz). HRMS (ESI) calcd for
CssH34CIF6IrNP,S (904.1109§M+H), found: 904.1112.

5e, light yellow solid (80.2 mg, 89 %). &H3sCIFsIrNOP, (901.1416): FT-IR (KBr) 3058 (w),
2994 (w), 2925 (w), 1530 (w), 1481(m), 1446 (w)344m), 1280 (w), 1191(w), 1108(w), 1031 (w),
842 (s), 756 (w), 704 (m), 557 (m), 528 (m), 518 (mi’. *H NMR (400 MHz, DMSO) 8.48 (d,J

= 3.3 Hz, 1H, Ph), 8.19 - 8.02 (m, 2H, Ph), 8.0837m, 1H, Ph), 7.87 (d,= 7.9 Hz, 3H, Ph), 7.75



(s, 3H, Ph), 7.65 (s, 1H, Ph), 7.43 J& 8.0 Hz, 1H, Ph), 7.25 - 6.87 (m, 5H, Ph), 2.47)(= 14.1
Hz, 3H, Ph-G3), 1.33 (s, 15H, Cp*-&3) ppm;**C NMR (101 MHz, DMSO)5 161.04, 160.97,
148.94, 137.95, 136.77, 135.49 (U= 12.7 Hz), 134.37, 133.63, 133.26 (d= 9.1 Hz), 133.10,
132.69, 131.62, 131.02, 130.09 Jcs 11.6 Hz), 129.79, 129.55, 129.26, 129.05, 12846 = 10.4
Hz), 128.05, 127.95, 124.41, 123.84, 119.75, 11208&6, 21.73, 8.49 ppriP NMR (162 MHz,
DMSO) 8 -3.34 (s, 1P, ligande), -144.19 (hept) = 711.6 Hz, 1PPFs) ppm.**F NMR (376 MHz,
DMSO) -70.14 (dJ = 711.4 Hz, Fe) ppm. HRMS (ESI) calcd for 4H3cCIFIrNOP, (902.1494)

(M+H), found: 902.1488.

4.3 General procedure for alkylation reactions

[Cp*IrCl3)2 (1 mol %, 0.01mmol, 8.0 mgda (2 mol %, 0.02 mmol, 7.6 mg), KOH (10 mol %,
0.1 mmol, 5.6 mg), and toluene (5 mL) were addeal 25 mL Schlenk tube with stirring undes &t
room temperature. Then ketones/ secondary alcofwwigies (1 mmol), primary alcohols (1.1 mmol,)
were added by syringe. The reaction mixture waseldet® 110 °C under reflux in an oil bath for 24
h. It was cooled to ambient temperature. Then & w@ncentrateth vacuo, and purified by flash
column chromatography with petroleum ether/ etrogtate to afford the corresponding alkylated

product.

4.4 General procedure for preparation of quinolines and indole

In a 25 mL Schlenk tube, ketones (1 mmol) and Zaabenzyl alcohol (1.1 mmol) (for



quinolines), or 2-(2-aminophenyl)ethanol (1 mmd0r (indole), [Cp*IrCk], (1 mol %, 0.01mmol,
7.96 mg),4a (2 mol %, 0.02 mmol, 7.60 mg), KOH (10 mol %, @ninol, 5.6 mg), and toluene (5
mL) were placed under NThe reaction mixture was heated under refluxZérh. The reaction
mixture was cooled to ambient temperature, conatedin vacuo, and purified by flash column
chromatography with petroleum ether/ ethyl acetateafford the corresponding quinolines and

indole.

4.5 X-ray crystallography

Suitable single crystals for X-ray diffraction aysik were obtained from slow evaporation of
corresponding solutiorc,4e in n-hexane andc, 5e in MeOH. Intensity data for the compounds
were collected on Bruke Smart APEX (at 293 K) amdker APEX DUO diffract meters (at 173 K).
Both are equipped with 2.4 kW sealed tube X-rayr@®uMo-Ko radiation,A = 0.71073 A)
operating at 50 kV and 30 mA. A hemisphere of isiigndata was collected at room temperature
with a scan width of 0.60° im. Empirical absorption corrections were based oSBS program
[31]. The structures were solved by direct methadsl refined by full-matrix least squares
refinement using the SHELXTL-97 program [32]. Thaspions of all hon-hydrogen atoms were
refined with anisotropic displacement factors. Tigdrogen atoms were generated theoretically onto
the specific atoms and refined. Crystal structune @finement data can be found in Table 1. CCDC
1821599 4c), 1821600 4e), 1821601%c), and 1821602 5¢) contain the supplementary of
crystallographic data for this paper. These databmaobtained free of charge from The Cambridge

Crystallographic Data Centre via www.ccdc.cam.adata_request/cif.
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Highlights

. A series of new benzoxazolyl and benzothlidzphosphine ligands were

prepared.

. Iridium(lIl) complexes could be generataditu when [Cp*IrCb], encountered

ligands.
*  Versatile alkylation reactions were effidigrcatalyzed by [Cp*IrCl]./ligand.

. Quinolines and indole were synthesizedgifive same catalyst.



