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Abstract

A series of iridium and rhodium complexes [M(CODIRN'P)ICI {M = Ir (1), Rh @)},
[IMHCIP"PNTP)] {M = Ir (3), Rh @)} and [IrHs(""PN"P)] (6) supported by pincer ligand H-
N(CH.CH.PPh), {""PN"P} have been synthesized and characterized. Allptexes were
isolated in good yields. The iridium trihydride cplex [IrHs(""PN'P)] (6) was found to be an
active catalyst for the hydrogenation of £@ 1 M aqueous KOH solution. It also acts as a
catalyst for the base-free hydrogenation of carb@md imine substrates in MeOH. Under
similar hydrogenation conditions, 2-cyclohexen-Eonndergoes solvent assisted tandem
Michael addition-reduction mediated by bifunctiohalvis-acid-catalyst [Ir{""PN"P)] in ROH

(R = Me, Et) at room temperature. The compleke8, 4,and6 were characterized by X-ray
crystallography. Extensive hydrogen bonding intéoas N-H---H-Ir (2.15 A), N-H---Cl

(2.370 A) were noted in the crystal structureshese complexes.
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1. Introduction

Significant research attention has been focusedetelop methodologies which could bring
down CQ levels in the atmosphere such that the hazardsviest with global warming process
could be curbed. [IQurrently, the majority of value-added chemicals produced using CO as
a C1 synthon which in turn is obtained by steanormaing of non-renewable, limited oil or
natural gas resources. So in the last two decdli®s,has emerged as a front runner for an
alternative, sustainable C1 feed-stock comparddssil fuel sources. Parallelly, it must be noted
that the effective utilization of CQnto value-added chemicals would critically depemdthe
production of H from non-fossil fuel based energy sources liketeddysis of water, solar water
splitting etc.

catalyst
H, + CO, » HCOOH, CH3;OH 1)

Among the different ways to utilize GOapproaches based on conversion of, @G
value added chemicals such as HCOOHz@H etc. using transition metal catalysts are
being actively pursued (eq 12,3] In this context, transition metal complexes possgss
multidentate pincer scaffold for the activation dndctionalization of C@ has become
increasingly prominent owing to their thermal sligi chelation rigidity and modulation
of their electronic and steric properties. [4] Thubstituents on the pincer motif could
readily be altered due to ease in synthesis anddatlytic activities could be evaluated.
Thus, these ligands find applications in many areasgh as hydrogenation,

dehydrogenation, €C coupling reactions, CQactivation and condensation reactions, etc.



The most commonly employed pincer ligands relevarthe present work are shown in

chart 1.
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Chart 1. The most commonly employed pincer ligands relevarthe present work are
shown.

Among these, complexes with type (A) ligand H-NCH,PR,), where R = isopropyl
(‘Pr) substituent on phosphorous have been usetidadtivation of C@ Hazari and co-
workers reported conversion of €@nto HCOOK using [IrtH(HN(CH,CH,PPL),)]
{HN(CH,CH,PPr), = PPN'P} complex as catalyst at 185 °C and 55 bar ofltota
pressure (bWl + CQ,) in the presence of 1 M aqueous KOH. [5] In additto CQ
activation, the transition metal complexes BPN'P ligand were used for the
hydrogenation of carbonyl and imine substrates.e@et al. reported a series of metal
hydride complexes such as trans-[R@O)("'PN"P)], mer-[Irts(>-PN'N))] {PNHN —

‘BuPGHsNHC,HNEL} and [IrHs("PN'P)] to be excellent catalysts for the
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hydrogenation of aldehydes, ketones, imines anfunsaturated ketones, etc. [6]
Hydrogenation of polar bonds such as those in ecaib@,C=0) and imine (KC=N-R)
moieties in organic substrates is an important treacfor the production of fine
chemicals and building block reagents such as alsohnd amines respectively in
pharmaceutical, fragrance and agricultural indusfi#] Direct hydrogenation in the
presence of catalyst avoids the use of handlingtoichiometric, hazardous and air-
sensitive reducing agents like NaBHEnd LiAlH; and the subsequent waste generated
after the workup. [8,9]

Presence of different substituents SBN'P (R ='Pr, 'Bu, Ph) ligand could alter the
electronic and steric profile at the metal cent@oru complexation. For example,
Heinekey et al. studied the effect of substituemPOCOP (R =<Pr,'Bu) pincer skeleton
with iridium complexes and have shown a dramatiectfon solubility, steric hindrance
of substituents and reactivity upon changing thiesstuents on the pincer phosphorus.
[10] Though very few early reports were documented adrdgenation of cyclohexene
using four coordinate Ir and Rh complexes [MCI({)EHN(CH ,CH,PPh), (""PN"P),

M = Ir, Rh} in mid 1980s, metal complexes @PN"P ligand remain largely unexplored
and their synthetic routes and characterizationt well established. Indeed, the
[MH,CIC"PNT'P)] {M = Ir, Rh} complexes have been proposed asrinediates in the
hydrogenation of cyclohexene using [MCI(L)] compexunder blatmosphere based on
IR spectroscopy. [11] Recently, during the prepanabdf this manuscript, Casado et al.
reported the synthesis of an extremely air semsifiour coordinate iridium amido
complex [Ir(COE)(N(CHCH,PPh),)] and demonstrated its utility in hydroaminatioh o

activated alkenes with N¥) and G-H activation of alkynes. [12]
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In the present work, we have explored the untappethplexation potential of
HN(CH,CH,PPh), ligand with [M(COD)CI}L {M = Ir, Rh} precursor and investigated
the potential of the resulting complexes in caialyBuring the course of study, a series
of iridium and rhodium complexes, [M(COBYYN'P)ICI {M = Ir (1), Rh @)},
[MHCIPPN'P)] {M = Ir (3), Rh @)} and [IrHy(""PN"P)] (6) supported by"PN'P
pincer ligand has been synthesized and well cheniaet. Complexes, 3, 4, and6 were
characterized by X-ray crystallography. The iriditrimydride complex [IrH(""PN'P)]

(6) was found to be an active catalyst for the hydragion of CQ, carbonyl, 2-

cyclohexen-1-one, and imines substrates. The sesilltbe discussed in this paper.

2. Experimental Section

All reactions were carried out undep NAr atmosphere using standard Schlenk techniques
nitrogen filled glove box unless otherwise statfi8] All glasswares were dried at 403 K
overnight before use. 1,4-dioxaneshexane, and THF were dried over Na-benzophenone.
MeOH was dried over Mg/l [14] The solvents were degassed for 10-15 min lpe$ore use.
CsDs, 1,4-dioxaneds, THF-dg, CD,Cl, and CDC} were purchased either from Sigma Aldrich or
Cambridge Isotope Laboratories and used as recaiM& spectra were recorded using Avance
Bruker NMR spectrometer. The spectrometer frequesnicirH, 3'P{*H} and **C{*H} nuclei are
400, 162, and 100 MHz, respectively. THé and **C NMR spectral chemical shifts were
referenced to the residual proton signal of thetefated solvents®’P NMR spectra were
referenced relative to 85%;PIO, aqueous solution (external reference). FTIR spesftpowder
samples were recorded using a Bruker ALPHA-P spewiter. Mass spectra were recorded
using Micromass Q-TOF (HRMS) spectrometer in thedgment of Organic Chemistry, Indian
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Institute of Science (lISc), Bangalore. Elementalgses were carried out on ThermoFinnigan
Flash EA 1112 CHNS analyzer, in the Department igfa@ic Chemistry, 11Sc, Bangalore. GC-
MS data were collected using Agilent model equippétt GC 7890 A and MS 5975¢ model in

the division of biological sciences, Indian Inst#wf Science, Bangalore.

1,5-Cyclooctadiene (COD), cyclooctene (COE), NaBPKO'Bu and LiN(SiMe), were
purchased from Sigma Aldrich and used as receivElde compounds [IrCI(COD)]
[IrCI(COE),],, [RhCI(COD)b, NaBAn" (BArs = B[3,5-(CR):CeHsls), HN(CH.CH.PPh),
(P"PN'P) and Me-N(CHCH,PPh), (""PN®P) were prepared according to literature procedures
[15,16,17,18] The imine compounds, N-benzylidendiren and N-benzylidene benzylamine
used for the hydrogenation reactions were synthdsising the Dean-Stark method. [19] High
pressure experiments were carried out either uBarg 4590 series micro-reactor equipped with
4843 series temperature controller or a home-t@wagelok dual mode high pressure / high
vacuum setup. The high purity grade gases (> 99.98) such as | CH;, and CQ were
purchased from Bhuruka Gases Ltd, Bangalore, Irliaprecautions were strictly adhered to

while carrying out high pressure experiments.

'H and*'P NMR spectral data for complex&s’ have been summarized in Table*®C NMR

spectral data for all the compounds have been depada the S.M.
2.1 Synthesis of [Ir(COD)["PN"P)]CI (1)

[IrCI(COD)]. (0.200 g, 0.298 mmol) and HN-(GEH,PPh), (0.263 g, 0.596 mmol) were stirred
together in THF (50 mL) for 12 h at 298 K. Then swution was concentrated to about 5 mL,

addition ofn—hexane gave a colorless precipitate which was vaa&hther withn—hexane (3«



10 mL). The compound was dried in vacuo. Comglexas isolated as a colorless solid. Yield:

86 % (0.400 g).
Characterization details of [I(CODYPN'P)ICI (1):
IR (v(NH)): 3370 cr’. HRMS: m/z = 742.2288 [M](calcd m/z for GeHa1lrNP, = 742.2343).

Elemental analysis for 4HssNO,P,Clir: Calcd: C, 57.47; H, 6.03; N, 1.52; Found:87,37; H,

5.30; N, 1.64. Two molecules of THF were found WMRIspectroscopy.

2.2. Synthesis of [Rh(CODJ{"PN"P)]CI (2): The synthetic procedure of [Rh(COBRN"P]CI

(2) is similar to that of compleg except that [RhCI(COD)](0.114 g, 0.231 mmol) and HN-
(CH,CH,PPR), (0.200 g, 0.462 mmol) were used as starting n&serihe reaction was stirred
for 2 h at 273 K under Ar atm. Compl&xwas isolated as a highly air-sensitive yellow doli

upon washing witm-hexane. Yield: 91 % (0.290 g)
Characterization details of [Rh(COBYPN'P)ICI (2):
IR (V(NH)): 3370 cm™. HRMS: m/z = 652.1759 [M](calcd m/z for GsH4NP;Rh = 652.1769).

Elemental analysis for H41NP,CIRh: Calcd: C, 62.84; H, 6.01; N, 2.04; Found:58,87; H,
5.77; N, 1.99. The discrepancy could be attributedxidation of phosphine while weighing the

sample in air for analysis (calcd fogdH4,NP.CIRh- Q: Calc: C, 60.05; H, 5.74; N, 1.95).
2.3 Synthesis of [IrCI(P"PN™P)] (3)

[Ir(COD)(""PN™P)]CI (0.486 g, 0.715 mmol) was dissolved in 1,dxdine (30 mL) in a Parr
reaction vessel (30 mL). The reaction setup waggauwith H before pressurizing the reactor

with 10 bar of H. Subsequently, the reaction was stirred at 700f@® h. Then the solution was
7



filtered over Celite, concentrated to about 5 nddiion of n-hexane gave a colorless precipitate
which was washed further with manehexane (3 10 mL) and then dried in vacuo. Compl&x

was isolated as a colorless solid. Yield: 70 %36.8).
Characterization details of [I8€I(""PNP)] (3):

IR (v(NH)): 3386 cm'. HRMS: m/z = 636.1465 [MCI]* (calcd m/z for GgHzNPIr =

636.1561).

Elemental analysis for gH3:NP,Clir: Calcd: C, 50.11; H, 4.66; N, 2.09; Found: %0.05; H,

4.749; N, 2.12.

2.4 Synthesis of [RhHCI(""PN"P)] (4): The synthetic procedure of [REEIC"PN'P)] 4 is
similar to that of comple8 except that [Rh(CODJ{PN'P)]CI (0.200 g, 0.290 mmol) was used
as the starting material. Compldxwas isolated as a pale brown colored solid. Yiéd:%

(0.100 g).
Characterization details of [Rh8I(""PN'P)] 4):

IR (va): 3410 cnit. HRMS: m/z = 544.0830 [MCl+H,)]* (calcd m/z for GgHaeNP:RN =

544.0830).

Elemental analysis for gH3i:NP,CIRh: Calcd: C, 57.80; H, 5.37; N, 2.41; Found:5Z,53; H,

5.24; N, 2.29.



2.5 In-situ characterization of [IrH »(""PNP)] complex (5) {PNP =N-(CH2CH-PPh,),}

Inside a glove box, [IrkCI(""PN"P)] complex (0.019 g, 0.028 mmol) and 8D / LiN(SiMes),
(0.014 g, 0.120 mmol / 0.008 g, 0.048 mmol) wergpsaded in €Ds (0.6 ML) in a vial. The
reaction mixture was shaken for few minutes. Thiertess solution turned dark yellow. The
clear solution was transferred to a NMR tube andcsp were acquired. Complex was

characterized only in solution due to its instapitiuring isolation.

Characterization details of [I"PNP)] 6): *H (CsDs, 293 K):—20.10 (t,J(H,Pss) = 9 Hz, 1H,

Ir-H), 2.69 (m, 4H, NEl,), 2.88 (m, 2H, PH.), 3.49 (m, 2H, PH.), 7.01-8.09 (m, 20H, Ph).
31p (GsDs, 293 K): 53.89 (s).
2.6 Synthesis of [IrH(""PN™P)] (6)

[IrHCI(""PN"P)] complex (0.418 g, 0.623 mmol) and 18D (0.278 g, 1.69 mmol) were taken
together in a Parr hydrogenation reaction vesden] THF (10 mL) was added undes &tm.
The reaction flask was purged with, lBefore pressurizing the vessel to 10 bar. Thea, th
reaction contents were heated to 50 °C for 12 le. fBlaction mixture was cooled to 298 K and
filtered through Celite to remove KCI. Solvent wasnoved under vacuum. The yellow solid
was washed witm-hexane (3 x 10 mL) and dried under vacuum. Com§pl@as isolated as a

pale yellow solid. Yield: 81 % (322 mg).

From the NMR spectra, it was evident that the néa) and fac §b) isomers were formed in

50:50 ratio respectively.

Characterization details of [I"PN'P)] (6):



IR (v, cmi®): 3370 (NH), 2090 (Ir-H). HRMS: 632.1193 {(MH+2H,)

Elemental analysis: for gH3NP,Ir- KCI: Calcd: C, 47.28; H, 4.53; N, 1.97; Found:46.88; H,

4.78; N, 1.86.
2.7 Synthesis of [Irk(n*-0O-C(O)H)(P"PN"P)] (7)

[IrH 3(""PN"P)] complex (0.020 g, 0.031 mmol) was stirred ur@€s (1 atm) for 12 h at room
temperature in THF (5 mL). The yellow colored smintpaled down. The volume of the solvent
was reduced by purging G@hrough the solution before acquiring the NMR $pedAttempts to

isolate complex’ were not successful because of its instabilithesolid state.
2.8 Catalytic hydrogenation of CQ

A general procedure for the catalytic hydrogenatmi CO, is described here. Catalyst
[IrH s(""PN"P)] (0.006 g, 9.42imol) was weighed inside the glove box and traneteto a 25
mL Parr reactor vessel. Then, a small amount of THRL) and an aqueous solution of base
were added (2-4 mL, 2-4 mmol). Finally, the reaetas pressurized with G@7 bar) followed

by H, (7 bar) to a total pressure of 14 bar (1:1). Téection parameters such as temperature (T
(°C)) and time (t (h)) were set as summarized ibld8 (S.M). Upon reaction completion,®

and THF were removed under vacuum. Thes® Was added to the reaction mixture and it was

analyzed usingH and™C NMR spectroscopy.
2.9 General procedure for hydrogenation of carbonyand imine substrates

[IrtH 3(""PN™P)] (0.005 g, 7.85imol) was transferred to a 25 mL Parr reaction Jeisside a

glove box. Then, substrate (7.85 mmol) and 10 mMeOH were added. The reaction contents
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Table 1.H and*'P NMR spectral data for complexes

Complex H slp
Ir—H / Rh-H J (Hz) CH, L N-H Ph PPN J(Rh-
P P)
[r(""PNPP)(CoD)ICl @) @ 2.30- 1.44 (8H) 8.21 (br 7.10-7.58 15.00
3.46 (m, and 3.94 s, 1H) (m, 20H)
8H) (brs, 4 H)
[Rh(F'PNTP)(COD)]CI @) 2.48- 1.47 (8H) 8.74 (br 7.20-7.79 36.67 120
3.25 (m, and 4.31 s, 1H) (m, 20H) (d)
8H) (brs, 4H)
[IrtH.CICPN'P)] (3) -23.98 (td, 1H), (H,P) = 16, 2.52- 419 (t, 7.36-7.90 26.31
-19.04 (td, 1H)  (HH) = 7.5 3.51 (m, 1H), (m, 20H)
Hz 8H) J(H,H)
=10Hz
[RhH,CIC'PNP)] (4) -18.74 (m, 1H), (Rh,P)=128, 230 - - 430 (t, 7.32-7.87 49.89 120
(HH) = 9 8H) J(H,H)
Hz =10Hz
[IrH (""PNP)] ) -20.10 (t, 2H) HP) = 9 2.69- 7.01-8.09 53.89
Hz 3.49 (m, (m, 20H)
8H)
mer-[IrH;(""PNP)] (6a) -19.30 (m, 1H), (H,P) = 2.12- 6.31 (t, 6.75-8.33 32.18
-10.87 (id, 1H), 185, (HH) 2.63 (m, 1H) (m, 20H)
-10.65 (td, 1H) =5Hz 8H)
fac-[IrHs(""PN'P)] (6b) -19.47 (m, 1H), HPmd = 172 - - 5.26 (m, 6.75-8.33 27.89
-10.35 (dd, 2H) 126, (HRy 3.45 (m, 1H) (m, 20H)  (s)
= 21, (HH) 8H)
=5 Hz
[IrH ,(7*-O-C(O)H)C'PN'P)]  —27.10 (m, 1H), (H,P) = 228 — 9.09(1) 8.81 (br 7.32-7.95 31.63
Uk 17.97 (m, 1H) 135, (HH) 354 (m, s,1H)  (m, 20H)
=7Hz 8H)

3| = COD,” L = HCOO: For complexed and3, NMR spectra were recorded in CRCFor

complexe® and7, NMR spectra were acquired in THi- For complexd, NMR spectrum was

acquired in 1,4-dioxands. For complexe$, and6, NMR spectra were collected irs[Qs.
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were purged with b{g) for few minutes. The reaction mixture was stirrat 50 °C for 6-9 h

(Table 4). Upon reaction completion, it was allowedcool to 298 K and the solvent was
removed under vacuum. The crude contents were ghdbsgugh silica column to remove the
catalyst and eluted with EtOAc / pet ether. The@anwvas analyzed by NMR spectroscopy and

GC-MS (S.M.).

2.10 X-ray crystal structure determination of compexes [Ir(COD)F"PN"P)ICI (1),

[IrH 2CI(P"PNIP)] (3), [RhH.CI(P"PNP)] (4) and [IrH 3(""PN"P)] (6)

Colorless crystals of [I(CODJPN"'P)ICI (1) complex was obtained by slow diffusion of
hexane into a concentrated §Hp solution at 280 K. Colorless crystals of [KE(TPN'P)] (3),
[RhH.CI(P"PNIP)] (4) and yellow crystals of [Irs{""PN"P)] (6) complex were obtained from
their THF solutions upon standing at 298 K. A sengtystal suitable for diffraction study was
chosen after careful examination under a microsc®pe crystal was coated with paraton oil
and mounted. Data was collected at 100 / 160 K.urtikecell parameters and intensity data were
collected using a Bruker SMART APEX CCD diffractaimeequipped with a fine focus MozK
X-ray source. The SMART software was used for @agguisition and the SAINT program was
used for data reduction. [20] The empirical absorptorrections were made using SADABS
program. [21] The structure was solved using SHEir¥gram. [22] All non-hydrogen atoms
were located by difference Fourier map and refieidotropically. The kH and N-H hydrogen
atoms were located in the difference Fourier mag ra@fined isotropically. Other relevant data

for structure refinement are summarized in the.S.M
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3. Results and Discussion
3.1 Synthesis and characterization of [IrH(""PN"P)] complex (6)

The [IrHs(""PN'P)] complex €) was synthesized as shown in Scheme 1. Treatmént o
[MCI(COD)], {M = Ir, Rh} precursor complex with pincer ligatdN-(CH,CH,PPh), {""PN"'P}

in THF gave [M(COD){"PN"'P)]CI {M = Ir (1), Rh @)} complexes in excellent yields, 86 and
91 %, respectively. The allylic and the vinylic foos of Ir-COD fragment appear at 1.43 (br s)
and 3.92 (br s) ppm respectively, in thé¢ NMR spectrum. Further, cooling the solution of
complex1 below 243 K, resulted in two different of setsrsity for the allylic and vinylic the
protons of COD moiety, respectively (S.M.). TheHNhydrogen signal was noted downfield at
8.18 (br s) ppm suggesting that there could beilplessl-H- - - Cl interaction. In the IR spectrum,
a broad band at 3370 €nfurther supports hydrogen bonding interactiorhis tomplex. Similar
spectral features were noted for the Rh analoghe "PNP ligand appeared at 15.00 (s) and
36.71 (d) ppm, respectively for complexegnd?2 in the *'P NMR spectra. Th&J(Rh,P) was
found to be 120 Hz. The [Rh(COﬁ?PNHP)]CI (@) complex was found to be extremely air
sensitive whereas, the iridium analogle air stable. The NH in [M(COD)(""PN"P)]CI
complexes readily get deprotonated byNEto form neutral complexes [M(CODBJPNP)] {M =

Ir (1a), Rh Qa); P'ENP ='N(CH.CH,PPh),} respectively along with the formation of J&HCI.
Previously, Don Tilley et al. reported the syntkesi [Ir(COD)(PNP)]CI complex via reaction of
[Ir(COD)CI], with PNP ligand having a rigid spacer (PNP = HRRh-4-Me-GH3),) in
toluene. [23] During the preparation of this mamiptc Casado et al. reported the synthesis and

structural characterization of [I(COBYPN'P)]CI (1) complex. [12]
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Reaction of [M(COD){"PN'P)]CI {M = Ir (1), Rh = @)} complex with H (10 bar) at 70 °C in
THF / 1,4-dioxane solvent resulted in the oxidataddition of B to form the cis-dihydride
[MH.CIC"PN'P)] {M = Ir (3), Rh @)] complex. During the course of the reaction, CG&s
hydrogenated into cyclooctane. Comple8eand4 were isolated in moderate yields, 70 and 60
% respectively. The #H hydrogen signals were noted-&3.98 (td) and-19.04 (td) ppm with
cis J(H,P) = 16 Hz in théH NMR spectrum of3. The mutual coupling constant between the

hydrides was found to be 7.5 Hz. Whereas, in tise c& [RhHCI(P"PN'P)] complex4, the

Scheme 1Synthetic route for the preparation of [XFH'PN™P)] complex €).

Pth TCI
- K
o &Pth " 4 \

th
M =1r, Rh (P"PNHP)

M =1Ir (1), Rh (2)
1,4-dioxane | Ha (10 bar)
\
Cl
N\ _H
{ N H H-H H
N PPh2
th\ / N\ /PPh2 KO'Bu \M
Ir + / \ € /
— Sy THF ‘
P th h2
2 H H - KCI, 'BUOH H
(6b) (62) M =Ir (3), Rh(4)
fac isomer mer isomer

hydride signals appeared-t8.74 (m) and-14.86 (m) ppm with)(H,Pgs) of 16 Hz andJ(H,H)
of 9 Hz in the'H NMR spectrum. Upori'P decoupling, thé(Rh,H) was found to be 28 Hz
(S.M.). The origin of the difference in hydride ahmieal shifts between +#H and RkH could be
traced to the electronic structure of 5d vs 4d megémter. [24] The NH hydrogen signal
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appeared at 4.19 (t) and 4.30 () ppm for complekesd 4, respectively. In thé’P NMR
spectrum, the”™PN'P ligand appeared at 26.31 (s) and 49.89 (d) pmspectively, for
complexes3 and4. TheJ(Rh, P) coupling constant was found to be 120 Hzémplex4. In the

IR spectrum, a broad band was noted at 3386-3418 fom these complexes indicating
hydrogen bonding interactions betweenHN- - Cl (S.M). The rhodium complexes are highly air
sensitive whereas, the iridium analogues are ablst ComplexX3 could also be synthesizdxy

the reaction of [IrCI(COE), with the” NP ligand under k(10 bar).

The analogous Ir complex [I88I(F"PN'P)] {"PN'P = HN-(CHCH,PPr,),} was synthesized
by reacting [I(COBXCI], with HN(CH,CH,PPr,), in 'PrOH at 80 °C. [6] lluc and co-workers
reported the formation of [ICI(PNP)] {PNP = N-di(2-diisopropylphosphine-4-melpiyenyl-
O-tolylamine)} complex via reaction of [Ir(COD)Glwith PNP ligand under Hatm. The PNP
ligand has a rigid backbone based on arene moigtytlee nitrogen is substituted by tolyl (tolyl
= GCgH4sCH3) moiety. [25] Similarly, Goldman et al. reportedhet synthesis of
[("B*furPOP)RhHCI] {®“furPOP = 2,5-bis((di-tert-butylphosphino)methyldn} complex
through reaction of [Rh(NBD)GI](NBD = norbornadiene) witff"furPOP ligand in toluene

under 1 atm of Klat 110 °C. [26]

Reaction of [IrHCI(""PN'P)] (3) complex with excess KBu / LiN(SiMes), in CsDg / THF-dg
resulted in the formation of a highly unstable 1€cton amido dihydride complex
[IrH2(""PNP)] (PNP ="N(CH,CH,PPh),) (5) via elimination of KCI andBuOH / LiCl and
HN(SiMes), respectively. A single hydride signal was noted¢2Q.10 (t) with aJ(H,P.s) of 10
Hz in the'H NMR spectrum. Thé'P NMR spectrum is comprised of a signal at 53.9®gsn

which is significantly upfield shifted compared ttee starting materiaB. Based on the NMR
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spectral characteristics, the geometry of compleould be described as a trigonal bipyramid.
The intermediate [Irl{PNP)] 6) is too unstable to be explored for further reawi On the
other hand, a related complex [H(HPNP)] ("PNP ="N-(CH,CH,PPrL),) where the phosphine
ligand bears isopropyl substituents has been emlauggesting the role of steric and electronic

factors imparted by isopropyl substituents in diaibg 16-electron species. [6]

The iridium amido dihydride complex [Iﬂ(fhPNP)] 6) reacts rapidly with K (6-10 bar) to
afford the iridium trihydride complex [Irs”"PN™P)] (6) wherein H is added across the-M
bond via 1,2-addition. [2/ryzuk and his co-workers found that Bidds across the-IN bond

in [IrtH2(PNP)] {PNP ="N(SiMe,CH,PPh),} system to formH-N-Ir—H motif in an iridium
amine trihydride complex [Irs{PN'P)] {PNP = HN(SiMeCH,PPh),}. Later, 1,2-addition
reaction was observed in case of a few other sysbarsed on Re and Ru pincer complexes. [28]
It is now recognized as an important mode of boctd/ation in catalysis. [29] In contrast, the
reaction of [IrH(x>-PNN)] {PNN = 'Bu,PGHsNC,H4NEt;} complex in which the pincer arms
are unsymmetrical with Hdid not result in the formation of the anticipatetiydride complex,
[IrtH 3(<>-PNHN)]. Instead, the presumed transient trihydrigeckly dimerizes into a bridging
hydride complex [IrH(x*-PNHN)L(x-H). suggesting subtle electronic factors in stabitjizihe
trinydride systems. [30] During the course of irtigestion of chiral N-alkyl pincer ligands for
hydrogenation reactions, Bianchini et al. isolaefdcial trihydride complex [Irf(PN?P)] (PNP

= CHCH,CH(Me)-N(CH.CH,PPh),, R = -CH(Me)CHCH3;) via reaction of

[Ir(COD)(H)(PNP)] with H at room temperature. [31]

The iridium trihydride [IrH(""PN'P)] (6) complex exists as two isomers: meridional (med a

facial (fac), in the latter, the mutual trans agament of the strong trans influencing hydride
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ligands is avoided. From tHel NMR spectrum, these two isomers were found tinkee 50:50
ratio. Eight sets of distinct ‘C#signals in the range of 1.72-3.45 ppm were obesetin the'H
NMR spectrum for both mer and fac isomers, respelsti The'H NMR spectrum of the mer
isomer 6a shows two distinct hydride signals with identi¢aplet of doublet (td) pattern at
-10.87 and-10.65 ppm (td) for th&rans arrangement #H moiety. The two trans hydrides were
not equivalent. The coupling constantsJ{i,P;;s) of 18.5 Hz andl(H,H) of 5 Hz were found.
For the fac-isomergp), the hydride signals appear as a doublet of aayidttern (dd) centered
at—10.35 ppm withJ(H,Pyand of 120 Hz and)(H,P.s) of 17 Hz. The signal of the hydride trans
to N appeared as a multiplet-e19.39 and-19.52 ppm for mer and fac isomers, respectively.
The N-H signal was noted at 5.26 (s) and 6.31 (t) respaygtfor the fac and mer isomers
(S.M.) in the'H NMR spectrum. ThE"PN"P ligand appeared at 31.89 (s) and 27.43 (s) ppm fo
fac andmer isomers of [IrH(""PN'P)] (6), respectively in th&'P NMR spectrum. A broad band

at 3370 crit in the IR spectrum suggests the presence of hgdrbgnding in comples.
3.2 X-ray crystal structures

ORTEP views of crystal structures of complex@snd 6 are shown in Fig 1. The crystal
structures of [Ir(CODJ(PN'P)]CI (1) and [RhHCI""PN'P)] @) complexes and the ball and
stick packing of all the structures have been diégpdsn the S.M. In all of the structures, we
were able to locate the hydrogen atoms bound thuimi and nitrogen from the difference
Fourier maps and refined freely. The important blemgjths and bond angles of these complexes
have been summarized in Table 2. Complewas crystallized in CyCl, / n-hexane solvent
system. Casado et al. recently reported the stalcttharacterization of compleg via

crystallization in acetone / diethyl ether. [12]thre crystal lattice two CiLl, molecules were
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found which facilitates extensive hydrogen bondinegwork in the solid state. The structural
parameters of complek compare fairly well with reported structure excepdrginal difference

in the torsion angles of the Ir-COD fragment (C8€2-C3 and C4-C5-C6-C7). [12]

Fig 1. ORTEP views of [IrHCI(CPN'P] (3) and [Irts(""PNP] (6) complexes shown at 50%

ellipsoid probability level. All hydrogen atoms veeomitted for clarity except-+H and N-H.

MH,CI(P"PN'P)] {M = Ir (3), Rh @)} complexes crystallize in triclinic (P-1) and mmriinic
(P2/c) crystal systems, respectively. These compleadhgpt a slightly distorted octahedral
structure. The bond angles P(1)-M(1)-P(2) and M{{})-H(1) are in the range of 165.26-
166.97° and 175.40-178.67°, respectively. The biga@arranges to meridional geometry as
compared to facial arrangement in the starting dexgs 1 and 2. One hydrogen atom was
located trans to chloride and the other was locétaxs to the nitrogen atom. Additionally,
extensive intra- (2.840 A) and inter-molecular (&3) hydrogen bonding interactions between

N-H---Cl were found. The metrical parameters of cemplrH,CI(""PN"P)] is comparable to
18



the [IrH,CI(P"PN"P)] analogué. The bond distances and bond angles in [RHEPNP)] ()
are comparable to those of B@XanPOP)RhKCI] (‘BuXanPOP = 4 ,5-bis(di-

tertbutylphosphino)-9,9-dimethyl-9H-xanthene) coexpl[26]

[IrH 3(""PN™P] (6) complex crystallizes in monoclinic crystal systemP2/c space group. The
structure shows deviations from an ideal octahegeaimetry. The P(1)-Ir(1)-P(2) and N(1)-
Ir(1)-H(2) bond angles are 166.28 (4)° and 1785 Irespectively. The"PN'P pincer ligand is
arranged in a meridional geometry and the otheetpositions are taken up by hydrogen atoms.
Two hydrogen atoms were located mutudhigns to one another and the other hydrogen was
locatedtrans to the nitrogen donor. In the crystal packing wéatka- (2.691 A) and inter-
molecular (2.158 A) NH---H-Ir dihydrogen bonding interactions were evidenthyirogen
bond is an intriguing type of hydrogen bond whereHAM = transition metal / main group
element) acts an acceptor andtX(N, O) acts as a donor to constitutetV - - H-X interaction.
[32] The strength of this interaction was estimatede in the range 3-7 kcal / mol. Dihydrogen
bonding has been recognized to play an importalet iro homogeneous catalysis where bi-

functional / metal-ligand cooperative mechanisimi®lved. [33]

It must be noted that the crystal structure of ¢aalytically active relevant iridium trihnydride
complexes [IrH(PN'P)] and {PN'P = HN-(CHCH,PPr), and HN(SiMeCH,PPh),} has not
been previously reported. [34] However, crystalcure of iridium trinydride [IrH(PNP)] (PNP

= lutidine based pincer scaffold) complex suppotbgdpyridine derived pincer ligands have
been reported. [35] Compared to compir-N (2.110(7) A) bond distance is shorter and the
Ir-P (2.252(2) A) bond distance is longer in B(PNP)] (PNP = lutidine based pincer scaffold).

The P(1)-Ir-P(2) bond angle of 167.43 (8)° in [{(ANP)] (PNP = lutidine based pincer scaffold)
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is comparable to that in compléx In the [IrHs(PNP)] (PNP = lutidine based pincer scaffold)
complex, the pincer motif was found to adopt plaaaangement whereas in compléxthe

pincer moiety is non-planar. This is attributedie ‘CH,’ spacer in th€ PN'P ligand.

Table 2. Important bond length (A) and bond ang)eparameters for [IrbCI(PhPNHP)] @) and

[IrH3("PN'P)] 6)
3 6

M-N(1) 2.15 (5) 2.201 (3
M-P(1) 2.248 (17) 2.245 (10
M-P(2) 2.274 (17) 2.245 (10
M- /CI(1) / H 2.478 (14) 1.61 (12
M-H(1) 1.60 (4) 1.54 (4
M-H(2) 1.90 (3) 1.51 (4
N(1)-M-P(1) 84.60 (13) 84.36 (9
P(1-M-P(2) 167.25 (6) 166.29 (4
N(1)-M- H(1) 165.17 (10 178.31 (15
H(2)-Ir-Cl/H(1) 173.31 (1C 175.64 (2

3.3 Reaction of [IrHs(""PN"P)] (6) with CO,

Reaction of the iridium trihydride complex [Is€i"PN"P)] (6) with CO, (1 atm) under ambient
conditions lead to the formation of the formateiwive [IrH(3*-OC(O)H)"PNP)] (7) via
insertion of CQ into the IFH bond (eq 2). ThéH NMR spectrum of compleX is comprised of

two hydride signals at17.97 (td) and-27.07 (m) ppm with)(H,P.s) of 13.5 Hz. The coupling
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between the inequivalent hydrides was found td(btH) = 7 Hz. The signal for the formate
moietyHCOO was found at 9.08 (t) ppm witl{H,H) = 10 Hz. The NH signal was seen in the
downfield region as a broad singlet at 8.08 ppne *f NMR spectrum shows a signal at 31.63
ppm for the”PN'P ligand. The carbonyl carbon of the formate grappears at 172.16 ppm in
the *3C NMR spectrum. These spectral characteristicssarglar to those of other reported
complexes. For example, reaction of trans-[E(BIED)(iPrPNHP)] with CQO, led to its facile
insertion into the ReH bond to form trans-[ReHEEH)(NO)(P'PN'P)]. [36] Similarly,
Bernskoetter et al. reported the formation of amfmte complex [FeH¢-OC(O)H)(CN-
R)(PPN'P)] {R’ = 2,6-dimethoxyphenyl, 4-methoxyphenyl} vi@action of an unstable trans-
[FeHy(CN-R")(P'PN'P)] complex with C@ (1 atm). The Fe-formate complex decomposed
slowly at room temperature in few hours. In additito Fe-formate complex, few other
unassigned products were noted in this reaction] ABempts to isolate compleX were not

successful because of its instability in the setate.

(/\N,H | T
Ph.P /PPh2 CO2 (1 atm) PPh2
’ >||r (P/ {\ - @
P | H Ph. CeDg Ph
Ph, ! 2 2
(6b) (6a) ™

3.4 Catalytic hydrogenation of CQ

Catalytic hydrogenation of CQvas carried out at a total pressure of 14 barcdrdl CQ (1:1)
in the presence of 1 M base (aqg). The performaricthe catalyst [IrH(""PN'P)] (6) was

evaluated under different conditions and the dedasammarized in Table 3. In all cases small

21



amount of THF was added to dissolve the catalysthé absence of the catalyst, formation of
HCOOK was found to be negligible. An optimum casalipading of 0.2—-0.4 mol % was used.
The turn over number (TON) was calculated using sMM€ED,),-CONa (sodium-3-
trimethylsilylpropionate) as an internal standayd'd NMR spectroscopy (S.M.A maximum
TON of 144 was obtained at room temperature usi@gias an aqueous base. The highest TOF
of 47 K was reached at 80 °C. Using KOH (aq) or NaOH &soi base lead to the formation of
KHCO3; and NaHCQ@ along with HCOOK / HCOONa, respectively under theaction
conditions. This was confirmed by analysis of taaction mixture usindC NMR spectroscopy
(S.M.). Comparable TONSs of 65 and 50 were achievieeh LiOH-BO and NaOH were used as
bases, respectively at 65 °C. Using B "PN™P)] complex3 as catalyst, a TON of 7 was
achieved at room temperature in a duration of 2&dwever at 100 °C, a TON of 144 was

reached in 14 h.

The relatively low TON, though under mild condit®oof complex6 could be attributed to the
instability of the catalyst in aqueous KOH solutidiso, the relatively high electrophilicity of
the metal complex compared to other reported caxegleue to the presence of phenyl group on
the phosphorus would also contribute to the low TQNzaki et al. reported the formation of
HCOOK in 1 M KOH (aq) solution from Hand CQ promoted by [IrH(PNP)] (PNP = lutidine
based pincer scaffold) catalyst with the highestNT@nd TOF of 350000 and 150000} h
respectively. The catalyst operates at 200 °C5&nilar of total pressure of 1:% End CQ. [35]
Hazari and co-workers investigated the role of sdaoy sphere interactions betweerHN
fragment of pincer ligand and the oxygen atom afmimte moiety in M-O-GD)H which

facilitates the insertion of GQinto Ir-H bond in [IrH(""PN"P)] complex. The bifunctional
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behavior of the catalyst due to-N---G-C(O)H-M interaction makes it a very active catalyst.

This catalyst also operates at 185 °C and 55 bentalf pressure. [5]

Table 3. Optimization of reaction conditions foe ttatalytic hydrogenation of GO

cat (0.2 mol %)
H,+CO, — 3 HCOOK (3)

T°C,th

SINo T(°C) t (h) Ag. Base  TON

(IM)
1 25 19 KOH 144
2 25 30 LiOH 66
3 45 36 LiOH 96
4 50 15 KOH 122
5 65 24 NaOH 65
6 65 24 LiOH 50
7 65 31 KOH 72
8 80 42 KOH 101
ke 100 14 KOH 144
10 100 15 KOH 141

In all the cases, 1 mL of THF was added to solpbithe catalysf [IrH,CI(""PN'P)] complex
was used as a catalyst. TON = No of moles of profitumed / moles of catalyst. The calculated

TON is the average of two runs.

The proposed mechanism for the hydrogenation ofi@6Q M base (aq) is outlined in Scheme 2.

Attack of the nucleophilitrans Ir-H bond onto CQin the first step leads to formation of the
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Scheme 2. Proposed catalytic cycle for the formatibHCOOK using [IrH(""PN™P)] complex

(6) in 1 M KOH aqueous solution.

H
o=
/\N,H H H,’ o)
H . N N
me\| LI ‘N\‘ __~PPh CO;, (1atm) (N\"/PPrb
[ >
P/"\H P/'\H P/ \H
e | B 28
2 H H H
(6b) (6a) ™
KOH(aq)
HCOOK, H,0
N
N I|.~\-\\\H
—Ir
| > w
PPh,

(5

formate complex [Ir7-OC(O)H)C"PN'P)] (7). [38] The formate complex [l
OC(O)H)F"PN'P)] (7) further gets stabilized by the secondary spheteractions between the
oxygen atom of formate group HIO-Ir and N-H> Evidence for this was obtained frothl
NMR spectroscopy of a signal for the-N moiety ¢ 8.8 ppm).In the second step, reaction of
the formate 7) complex with KOH results in the elimination of OK with concomitant
formation of a highly reactive amido dihydride cdmp [IrH,(""PNP)] 6) (PNP =
"N(CH,CH,PPh),) and HO. Subsequently, Hadds across the N bond in the amido
dihydride [IrHx(PNP)] complex %) to regenerate the catalyst [I;(FE—T‘PNHP)] (6), thus completing
the catalytic cycle. The mechanism is supportedNMR spectral study of the catalytic cycle
(S.M.). The plausible mechanism proposed heredsety related to the ones reported in the

literature. [39]

24



3.5 Catalytic hydrogenation of carbonyl and imine sbstrates

In addition to catalytic hydrogenation of GQIrHz(""PN"P)] (6) complex acts as a catalyst for
hydrogenation of polar organic substrates contgimiarbonyl and imine functionalities (Table
4). Reaction conditions were optimized using ade¢oppne as a model substrate (S.M.). A
catalyst loading of 0.1 mol % was used. Acetophenand its derivatives were hydrogenated
completely at 50 °C with $4g) (10 bar) in 5-9 h. In case pfnitroacetophenone only 10 %
conversion to the corresponding alcohol product wesed under similar conditions.
Benzaldehyde and 2-butanone, were quantitativedyaed to benzyl alcohol and 2-butanol,
respectively in 6 h at 50 °C. Benzophenone andltete were reduced to the corresponding
alcohol products, respectively in 75 % conversion6ih at 50 °C. However, with increased
reaction time (9 h, 60 °C), complete conversion a@seved. Moderate conversions were noted
for the hydrogenation of N-benzylidene aniline &enzylidene benzylamine (49 %) at much
slower rates compared to carbonyl compounds uridglas conditions. Styrene, 3-pentanone
and methyl benzoate did not undergo hydrogenatnoieiuthe reaction conditions (20 bar, 50 °C,
6 h) or even harsh conditions. The lack of hydregen of 3-pentanone compared to 2-butanone

is attributed to its symmetrical nature and stemmrance associated with it.

To date, there have been very few reports for fliedgenation of carbonyl and imine substrates
using iridium metal complexes as catalysts. [40$3fee hydrogenation reactions usingd

catalyzed by iridium hydride metal complexes areremore scarce.
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Table 4. Hydrogenation of carbonyl and imine swiss using either [IrfPN"'P] (6) or

[IrtH,CI""PN™P)] (3) / KO'Bu as a catalyst.

X cat 0.1 mol % XH
- 5 )\ R,R'=H, aryl or alkyl 4
R R' H,(9) R R' cat = [IrH3(PNHP)] )

X=0,N-R MeOH
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S| No

substrate Product % conversion

t (h)

1a

80

10
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CH OH > 99
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Reaction conditions. (a) Y = NG, only 10 % conversion was noted at (20 bar), 50 °C, 6 h in
MeOH. (b) S:C ratio is 400:1 (c) The substrate atalyst ratio was 1000:1 for all substrates
except imines (400:1). The products were isolatedugh silica gel column chromatography

(EtOAcC / pet ether). All the reactions were repddtece.

Compared to transfer hydrogenation, direct hydragen using H(g) is considered to be a
green route for industrial scale applications. [Eb} example, Abdur-Rashid et al. reported
direct hydrogenation ({H= 10 bar) of carbonyl substrates in MeOH at roempgerature using
[IrH 3(P"PN™P)] complex. [42] The catalytic activity of [I#"PN"'P)] (6) is comparable to that
of [IrH3(P"PN™P)] complex under the given conditions. The substits on phosphorus of the
RPNI'P pincer ligand (R 2Prvs Ph) have no influence on the reduction of cayband imine
compounds. Additionally, compleg& also hydrogenates imines N-benzylidene aniline Hnd
benzylidene benzylamine (entries 7 and 8, Table Gaver et al. reported catalytic
hydrogenation of imines using diorthometalateduma phosphite complex [IrH(COD)P(Q8.-
2,4'Bu,)2(OCsH2-2,4'Buy)] at 30 bar H(g) at 40 °C in MeOH with a substrate to precatalys
ratio of 100:1. [43] Herrera and co-workers repoitedrogenation of imines at 200 psi pressure
of Hy(g) at 60 °C for 18 h with a S:C of 100:1 using (MOD)(PPhR),]PFs {M = Ir, Rh}. [44]
Our attempts to employ [RQBI(PhPNHP)] (@) complex as a catalyst for the hydrogenation of
CO,, carbonyl and imine substrates were not succesBfig could be attributed to the lack of

formation of an active catalyst, [RBEPNP)] complex under the reaction conditions.

To elucidate the mechanism of the catalytic reactioydrogenation of acetophenone was
investigated using NMR spectroscopy. Dissolutiofirsfs(""PN"P)] (6) in MeOD-d, resulted in
H-D exchange between MeO-D andHt. Free HD signal was noted at 4.60 ppm wiiH,D)
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Scheme 3. Mechanism for the base-free hydrogenatioarbonyl and imine substrates.

= 43 Hz in the'H NMR spectrum (S.M.). The reaction of [W"PN'P)] (6) with excess
PhCOCH was studied in toluends (S.M.). Addition of PhCOCEIto complex6 resulted in the
formation of a new set of hydride signals-46.38 and-18.54 ppm withJ(H,Pss) = 16 Hz and
J(H,H) = 5 Hz Hz, respectively in th#d NMR spectrum. Additionally, the H signal was
noted at 5.10 ppm. A signal at 30.70 ppm was nitéde *'P NMR spectrum. Simultaneously,
PhCOCH was converted into PhACH(OH)GHs noted by the appearance of signals in‘lthe
and**C NMR spectra. This clearly suggests an inner sphechanism where-H attacks Ph-
CO-CH; molecule to form Ir-O-C(H)Rspecies. Introducing #4) (5 bar) into the sample
regenerated the active hydrogenation catabysthough there was no evidence for the existence
of [IrH,(""PNP)] 6) during the catalytic cycle, the formation 6f PhGH(OH)CHs, and the
disappearance of MH signal suggest its presence in the catalyticecythis is in contrast to the

tentative mechanism proposed for the analogouss(TfAN"'P] complex where a bi-functional
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outer sphere mechanism was suggested. [6] Kirattrat reported inner sphere type mechanism
for the base assisted hydrogenation of ketonesyzathby [Fe(PNPPr)(H)(CO)Br] {PNP:Pr =
2,6-diaminopyrine based ligand} complex; supporttfos was found in the form of an attack of
Fe-H onto the carbonyl moiety in the catalytic cyclé5] The widely accepted bifunctional
mechanism could be much more prevalent in ruthemiomplexes containingHRu-N-H motif

compared to iridium analogues. [46]
3.6 Catalytic hydrogenation ofa,B-unsaturated ketones

Surprisingly, hydrogenation of 2-cyclohexen-1-ohec@m temperature resulted in a mixture of
cyclohexanol (18 %) and 3-methoxycyclohexanol (8RifMeOH (S.M.). The identity of the
products was established by and *C NMR spectroscopy and GC-MS analysis. 3-
Methoxycyclohexanol exists as both cis- and trasstereomers. Similarly, hydrogenation of 2-
cyclohexen-1-one in ethanol resulted in the fororatdf 3-ethoxycyclohexanol (85 %) along
with the formation of cyclohexanol (15 %). Howevier case of hydrogenation of 2-cyclohexen-
1-one in isopropanol resulted a mixture of 2-cyebadn-1-ol (17 %) and cyclohexanol (44 %).
On the other hand, hydrogenation of 2-cyclohexemé-in THF gave exclusively cyclohexanol.
All reactions were carried out for 24-36 h at rommperature. The detailed reaction conditions
optimization is given in S.M. These results arshiarp contrast to the chemoselective reduction
of the carbonyl group im, B-unsaturated compounds catalyzed by JEH™PN'P)] / KOBuU

and [OsH(CO)(*-PyCHNHC,H,NHPBuU,)] complexes. [47]

The formation of 3-methoxy / 3-ethoxy cyclohexamnwider the reaction conditions suggests
tandem Michael addition-hydrogenation type reactimngeneral, Michael addition reactions

could be catalyzed by Lewis acid catalysts suclCafOTf),, B(CsFs)s, AICI; etc. [48] We
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propose that the presence of phenyl groups on piboge could make the metal complex
relatively acidic which results in the increaseddayg of N—H of the pincer ligand. Casado and
co-workers utilized the acidity of ™ in ""PN"P ligand in [Ir(COD){"PN"P)]CI complex to
protonate ‘OMe’ group in [lg-OMe)(COD)}. [12] We propose that compléxcould behave as
a Lewis acidic bifunctional catalyst which facitéa nucleophilic attack of MeOH at position 3
in 2-cyclohexen-1-one (Fig 2). In the subsequeerp,shydrogenation of Michael addition
product 3-methoxycyclohexenone could lead to 3-metbyclohexanol. Lewis acid catalyzed
Micheal-addition ofa, B-unsaturated substrates were documented earli@f. Nibrris et al.
studied tandem Michael addition-hydrogenation ay2lohexen-1-one in benzene usingns-
[RuH@-BH.)((S-Ppro}] {(9-Ppro = ©-2-(diphenylphosphinomethyl)pyrrolidine} as a
catalyst and dimethylmalonate as a Michael donawéVer, low yields were noted when the

reaction was carried out EtOH '&rOH. [50]

Fig 2. Proposed structure of Lewis acidic naturé¢hef bifunctional catalyst [[Ir[;(PhPNHP]] (6)

for the tandem Michael addition-hydrogenation rieect
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4. Conclusions

A family of Ir and Rh complexes [M(CODJPN'P)ICI {M = Ir (1), Rh @), "PN'P =

HN(CH,CH,PPh),}, [MH .CIC"PN'P)] {M = Ir (3), Rh @)} and [IrHs""PN'P)] (6) were

synthesized. All complexes were isolated in goaddg and characterized by various analytical
techniques. The [Irl{""PN'P)] (6) complex was found to be an active catalyst foe th
hydrogenation of C@to HCOOK in 1M base (aq). Compléxwas also found to be an active
catalyst for the base-free hydrogenation of polearl{fonyl, 2-cylohexen-1-one, imines)
substrates. Additionally, Lewis-acid-catalyzed t@amd Michael addition-hydrogenation was

achieved for 2-cyclohexen-1-one in ROH solvent (Re; Et) using comples.
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contacting The Cambridge Crystallographic Data @eri2 Union Road, Cambridge CB2 1EZ,

UK; fax: + 44 1223 336033.
Author Information
Corresponding Author

*E-mail for B.R.J.: jagirdar@iisc.ac.in

Author Contributions

32



The manuscript was written through contributionsilbfuthors

Author Declaration

The authors declare no competing financial interest

Conflicts of interest

The authors declare no conflicts of interest.

Acknowledgements

We gratefully acknowledge financial support from pagment of Science & Technology
(Science & Engineering Research Board, SERB), dfalnA Ramaraj acknowledges DST for a

fellowship.

References

[1] (&) K. A. Grice, Coord. Chem. Rev. 336 (2018-95. (b) M. Behrens, Angew.
Chem. Int. Ed. 55 (2016) 14906-14908. (c) S. Bop®nCoord. Chem. Rev. 308 (2016)

117-130. (d) M. Feller, E. Ben-Ari, Y. Diskin-Pogn®. Milstein, J. Coord. Chem. 2018,

https://doi.org/10.1080/00958972.2018.1475662. L(eVaska, J. Mol. Cat. 47 (1988)
381-388. (f) X. Yin, J. R. Moss, Coord. Chem. R&81 (1999) 27-59. (g) N. A. Tappe,
R. M. Reich, V. D’Elia, F. E. Kuhn, Dalton Tran2018, DOI: 10.1039/c8dt02346h. (h)
Carbon Dioxide as Chemical Feedstock, ed. M. Anatdey-VCH, Weinheim, 2010. (i)
M. Cokoja, C. Bruchkmeier, B. Rieger, W. A. Herrma®i. E. Kuhn, Angew. Chem. Int.
Ed. 50 (2011) 8510-8537. (j) F. Fernandez-Alvaidz,lglesias, L. A. Oro, V. Polo,

ChemCatChem, 5 (2013) 3481-3494. (k) J. KlankermayeWesslbaum, K. Beydoun,

33



34

W. Leitner, Angew. Chem. Int. Ed. 55 (2016) 729%. R. Stichauer, A. Helmers, J.
Bermer, M. Rohdenburg, A. Wark, E. Lork, M. Vogtrganometallics, 36 (2017) 839-
848. (m) W. H. Bernskoetter, N. Hazari, Eur. J.rgqndChem. 22-23 (2013) 4032-4041.
(n) S. Ramakrishnan, K. Waldie, I. Warnke, A. G. Crisci, V. S. Batista, R. M.
Waymouth, C. E. D. Chidsey, Inorg. Chem. 55 (2016)3-1632. (0) A. Z. Spentzos, C.
L. Barnes, W. H. Bernskoetter, Inorg. Chem. 55 @08225-8233. (p) C. Gunanathan,
D. Milstein, Acc. Chem. Res. 44 (2011) 588-602.Ng)Vogt, M. Gargir, M. A. Iron, Y.
Diskin-Posner, Y. Ben-David, D. Milstein, Chem, Edr 18 (2012) 9194-9197. (r) J. F.
Hull, Y. Himeda, W. H. Wang, B. Hashiguchi, R. Rexa, D. J. Szalda, J. T. Muckerman,
E. Fujita, Nat. Chem. 4 (2012) 383-388. (s) K. S#ud, A. Tsurusaki, M. Iguchi, H.
Kawanami, Y. Himeda, G. Laurenczy, Chem. Eur. J(2Z2A6) 15605-15608.

[2] N. Hazari, J. E. Heimann, Inorg. Chem. 56 (2013655-13678.

[3] G. A. Olah, A. Goeppert, G. K. Surya PrakasiQdy. Chem. 74 (2009) 487-498.

[4] (a) M. Asay, D. Morales-Morales, Top. Organon@hem. 54 (2016) 239. (b) G. Van
Koten, R. A. Gossage, The Previleged Pincer-Mdtafétm: Coordinated Chemistry &
Applications, Springer, Berlin, 2016, 54 (c) C Guoathan, D. Milstein, Science, 341
(2013) 1229712. (d) M. Asay, D. Morales-Morales,|ltba Trans., 44 (2015) 17432-
17447. (e) S. Murugesan, K. Kirchner, Dalton Tradk (2016) 416-439. (f) H. A.
Younus, W. Su, N. Ahmad, S. Chen, F. Verpoort. A8ynth. Catal. 357 (2015) 283-
330. (g) S. Werkmeister, J. Neumann, K. Junge, &lleB Chem. Eur. J. 21 (2015) 1-26.
(h) D. Morales-Morales, C. M. Jensen, The ChemistryPincer Compounds, 1st Ed,
Elsevier, Amsterdam, 2007. (i) M. Albrecht, G. vidoten, Angew. Chem. Int. Ed. 40

(2001) 3750-3781. (j) M. E. van der Boom, D. MilateChem. Rev. 103 (2003) 1759-



35

1792. (k) J. T. Singleton, Tetrahedron, 59 (206837:1857. (I) D. Benito-Garagorri, K.
Kirchner, Acc. Chem. Res. 41 (2008) 201-213. (m)S8hneider, J. Meiners, B.
Askevold, Eur. J. Inorg. Chem. 3 (2012) 412-429) Bt A. Espinosa-Jalapa, S.
Hernandez-Ortega, X. —F. Le Goff, D. Morales-Mosalé. —P. Djukic, R. Le Lagadec,
Organometallics, 32 (2013) 2661-2673.

[5] T. J. Schmeier, G. E. Dobereiner, R. H. Crahtid. Hazari, J. Am. Chem. Soc. 133
(2011) 9274-9277.

[6] Z. E. Clarke, P. T. Maragh, T. P. Dasgupta,®.Gusev, A. J. Lough, K. Abdur-
Rashid, Organometallics, 25 (2006) 4113-4117.

[7] S. E. Clapham, A. Hadzovic, R. H. Morris, Coofdhem. Rev. 248 (2004) 2201-
2237.

[8] R. H. Morris, Chem. Soc. Rev. 38 (2009) 228322

[9] R. Noyori, S. Hashiguchi, Acc. Chem. Res., 3997) 97-102.

[10] J. M. Goldberg, G. W. Wong, K. E. Brastow, Waminsky, K. I. Goldberg, D. M.
Heinekey, Organometallics, 34 (2015) 753-762.

[11] (@) M. M. Taqui Khan, B. Taqui Khan, S. Begui,Mol. Cat. 34 (1986) 9-18. (b)
M. M. Taqui Khan, B. Taqui Khan, Safia, K. Nazeatun] J. Mol. Cat. 26 (1984) 207-
217.

[12] P. Hermosilla, P. Lopez, P. Garcia-OrdunaJFLahoz, V. Polo, M. A. Casado,
Organometallics, 37 (2018) 2618-2629.

[13] D. F. Shriver, M. A. Drezdon, The Manipulatiof Air Sensitive Compounds, 2nd

ed.; Wiley: New York, 1986.



36

[14] W. L. F. Armarego, C. L. L. Chai, Purificatioof Laboratory Chemicals, 5th ed.,
Elsevier: London, 2003.

[15] J. L. Herde, J. C. Lambert, C. V. Senoff, lqoBynth. 15 (1974) 18-20.

16. G. Giordano, R. H. Crabtree, Inorg. Synth. 1970) 218-220.

[17] (&) N. A. Yakelis, R. G. Bergman, Organomaetsll 24 (2005) 3579-3581. (b) A. A.
Donopoulos, A. R. Wills, P. G. Edwards, Polyhedr®1(1990) 2413-2418.

[18] M. Porchia, F. Tisato, F. Refosco, C. Bolzati, Cavazza-Ceccato, G. Bandol, A.
Dolmella, Inorg. Chem. 44 (2005) 4766-4766.

[19] J. Clayden, N. Greeves, S. Warren, Organicn@$iey, 2" edition, 2014.

[20] SMART and SAINT, version 6.22a; Bruker AXS: Maon, WI, 1999.

[21] (a) G. M. Sheldrick, SADABS, version 2; Multsn Absorption Correction

program; University of Gottingen: Gotingen, Germa@901. (b) R. H. Blessing, Acta
Crystallogr., Sect. A 51 (1995) 33.

[22] G. M. Sheldrick, SHELXL-97 Program for the sobn of Crystal Structures;

University of Gottingen: Gotingen, Germany, 1997.

[23] E. Calimano, D. T. Tilley, Dalton Trans., 320(0) 9250-9263.

[24] P. Hrobarik, V. Hrobarikova, F. Meier, M. Rsgy, S. Komorovsky, M. Kaupp, J.
Phys. Chem. A 115 (2011) 5654-5659.

[25] S. P. Vilanova, V. lluc, Organometallics, ZD(6) 2110-2123.

[26] M. C. Haibach, D. Y. Wang, T. J. Emge, K. Kmdespersen, A. S. Goldman,
Chem. Sci. 4 (2013) 3683-3692.

[27] M. D. Fryzuk, P. Macnell, Organometallics,083) 682-684.

[28] T. C. Wambach, M. D. Fryzuk, Inorg. Chem. 2015) 5888-5896.



37

[29] H. Grutzmacher, Angew. Chem. Int. Ed. 47 (200814-1818.

[30] A. Choualab, A. J. Lough, D. G. Gusev, Orgaetatiics, 26 (2007) 5224-5229.

[31] (a) C. Bianchini, L. Glendenning, M. Perzzin{®. Purches, F. Zanobini, E. Farnetti,
M. Graziani, G. Nardin, Organometallics, 16 (199/403-4414. (b) C. Bianchini, L.
Glendenning, M. Perzzinini, G. Purches, F. ZangliniFarnetti, M. Graziani, G. Nardin,
Organometallics, 16 (1997) 4403-4414.

[32] R. H. Crabtree, P. E. M. Siegbahn, O. Eisenst&. L. Rheingold, T. F. Koetzle,
Acc. Chem. Res. 29 (1996) 348-354.

[33] N. V. Belkova, L. M. Epstein, O. A. Filippok. Shubina, Chem. Rev. 116 (2016)
8545-8587.

[34] M. D. Fryzuk, P. A. MacNeil, S. J. Rettig, Am. Chem. Soc. 109 (1987) 2803-
2812.

[35] R. Tanaka, M. Yamashita, K. Nozaki, J. Am. @h&oc. 131 (2009) 14168.

[36] A. Choualeb, A. J. Lough, D. G. Gusev, Orgasetatiics, 26 (2007) 3509-3515.

[37] N. F. Smith, W. H. Bernskoetter, N. Hazari, @. Mercade, Organometallics, 36
(2017) 3995-4004.

[38] J. Li, K. Yoshizawa, Bull. Chem. Soc. Jpn.(@8911) 1039-1048.

[39] (@) R. Tanaka, M. Yamashita, L. W. Chung, K.omgkuma, K. Nozaki,
Organometallics, 30 (2011) 6742-6750. (b) X. YaGS Catal., 1 (2011) 849-854.

[40] G. P. Anderson, Topics in Organometallic Che&nyi Iridium catalysis, 2010, Berlin
[41] J. G. De Vries, C. J. Elsevier, Handbook ofnttmeneous Hydrogenation, Eds.,

Wiley VCH, Weinheim, Germany, 2006, Vols 1-3.



38

[42] X. Chen, W. Jia, R. Guo, T. W. Graham, M. AullBns, K. Abdur-Rashid, Dalton
Trans., 2009, 1407-1409.

[43] R. B. Bedford, S. Costillion, P. A. Chalonet,. Claver, E. Fernandez, P. B.
Hitchcock, A. Ruiz, Organometallics, 15 (1996) 3<8HD7.

[44] V. Herrera, B. Munoz, M. V. Landaeta, J. M@latal. A: Chem., 174 (2001) 141-
149.

[45] N. Gorgas, B. Stoger, L. F. Veiros, E. Piteeg G. Allmaier, K. Kirchner,
Organometallics, 33 (2014) 6905-6914.

[46] (a) D. Gelman, S. Musa, ACS Catal., 2 (2012%&2466. (b) O. Eisenstein, R. H.
Crabtree, New J. Chem. 37 (2013) 21-27. (c¢) R. trrid, Dalton Trans., 47 (2018)
10809-10826. (C) T. Ohkuma, H. Doucet, T. Phamyiikkami, T. Korenaga, M. Tevada,
R. Noyori, J. Am. Chem. Soc. 120 (1998) 1086-1{fY K. Abdur-Rashid, A. J. Lough,
R. H. Morris, Organometallics, 19 (2000) 2655-265é) B. L. Conley, M. K.
Pennington-Boggio, E. Boz, T. J. Williams, ChenevR110 (2010) 2294-2312.

[47] D. Spasyuk, C. Vicent, D. G. Gusev, J. Am. @h&oc. 137 (2015) 3743-3746.

[48] (a) A. Mekonnen, R. Carlson, Eur. J. Org. Ché&n(2006) 2005-2013. (b) K.
Ishihara, N. Hanaki, M. Funahashi, M. Miyata, H.nvamoto, Bull. Chem. Soc. Jpn., 68
(1995) 1721-1730.

[49] S. K. Leitch, A. McCluskey, Synlett, 5 (200899-701.

[50] (&) R. Guo, R. H. Morris, D. Song, J. Am. Che®oc. 127 (2005) 516-517. (b) R.

Guo, X. Chen, C. Elpet, D. Song, R. H. Morris, Qrgtt. 7 (2005) 1757-1759.



Highlights
v A family of iridium and rhodium complexes [M(COBYPN"P)ICI {M = Ir (1), Rh @)},
[MHCIC"PNTP)] {M = Ir (3), Rh @)} and [IrHz(""PN"'P)] (6) supported by pincer ligand

H-N(CH,CH,PPh), {""PN"P} has been synthesized and characterized.

v In the crystal structures of these complexes, sktenhydrogen bonding interactions

N-H---H-Ir (2.15 A), N-H---Cl (2.370 A) were noted.

v The iridium trihydride complex [Ire{""PN™P)] (6) was found to be an active catalyst for

the hydrogenation of COn 1 M aqueous KOH solution.

v A green, base free hydrogenation of carbonyl andansubstrates in MeOH was also

achieved using [Irs(""PN"P)] (6) as a catalyst.



