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Synthesis, Characterization, and Reactivity Studies of
Electrophilic Ruthenium(II) Complexes: Study of H, Activation

and Labilization
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Department of Inorganic & Physical Chemistry, Indian Institute of Science, Bangalore
560012, India
Graphical Abstract
Synthesis of some new highly electrophilic ruthenium complexes bearing 1,2-
bis(dipentafluorophenyl phosphino)ethane ligand and their reactivity studies towards

activation and labilization of molecular hydrogen are reported.

HIT i
\\‘\\\\\\\ H O T f “\s\\\\\\ B H2 2+
[Ru] [Ru] ——— [Ru]
A Highly labile dihydrogen
H,0
) [Ru] = ”'lllu
HZ § H30 ((.‘(,F_;)z P/ \P(OMC)3
P(C¢Fs), v
OH, |2+
Heterolyticactivation of H-H bond & 2




Jouma| Name Dalton Transactions Dynamic Article Links @age 2 of 14

Cite this: DOI: 10.1039/cOxx00000x

Www.rsc.org/xxxxxx A R T I C L

Synthesis, Characterization and Reactivity Studies of Electrophilic
Ruthenium(ll) Complexes: Study of H, Activation and Labilization
K. S. Naidu, Yogesh P. PatilMunirathinam Nethaji and Balaji R. Jagirdar*

Received (in XXX, XXX) Xth XXXXXXXXX 20XX, Accegd Xth XXXXXXXXX 20XX
s DOI: 10.1039/(000000x

Abstract: Reaction of Z2*-bipyridine (bpy) with dinuclear complexd&®uCl(dfppe)(1-Cl)sRu(dmseS)]
(dfppe = 1,2bis(dipentafluorophenyl phosphino)ethanesRg),PCH,CH,P(CGsFs),; dmso = dimethyl
sulfoxide) @) or [RuCl(dfppe)@-Cl)sRuCl(dfppe)] (2) affords the mononuclear specidsans
[RuCly(bpy)(dfppe)](3). Using this precursor comple8)( a series of new cationic Ru(ll) electrophilic

10 complexeqRuClI(L)(bpy)(dfppe)][Z] (L = P(OMe) (5), PMg (6), CH,CN (7), CO(8), H,O (9); Z = OTf
(5, 6, 7, 8), BAr", (9) have been synthesized via abstraction of chloride by AgOTf &AN& in the
presence of L. Complexésand 6 were converted into the corresponding isomeric hydride derivatives
[RuH(PMe&)(bpy)(dfppe)][OTf] (10a, 10b) and [RuH(P(OMe})(bpy)(dfppe)][OTf] (11a 11b)
respectively, when treated with NaBHProtonation of the cationic monohydride complétg with

15 HOTf at low temperature resulted in, ldvolution accompanied by the formation of either solvent or
triflate bound six coordinated species [Ru(S)(P(QMa)y)(dfppe)][OTf}, [(S = solvent (n =2), triflate
(n = 1)] @3a/13; these species have not been isolated and could not be established with certainty. They
(13413b) were not isolated, instead, the -sbordinated isomeric aqua complexesis-
[Ru(bpy)(dfppe)(OH)(P(OMe))][OTf], (14a14b) were isolated.Reaction of the aqua complexes

20 (14a14b) with 1 atm of H at room temperature in acetedgsolvent resulted in a heterolytic cleavage of
the B H bond. Reslis of the studies on Hability and heterolytic activation usinfpese complexes are
discussed. The complexes 3, 5 11a and 14a have been structurally characterized.

Introduction complexation with a metal center could drain out electron density

o from the metal centéf:®® The resulting metal complexes with
Activation and the subsequent cleavage of the strortd bbnd . . 1619 o
. . o _ this ligand would be highly electrophilt€!® In addition to
»sin molecular hydrogen are of immense significance in

havin Fs),PCH,CH,P(GsFs), ligand, the metal center could
chemistry2 and biolog§* and are of great utility in industrial * 9 (GFe)oPCHCHP(GFe), lig

be rendered superelectrophilic by employing phosphite ligands
applications. Enzymes such as hydrogenases, nitrogenases an P P y ploying prosp g

tic mimi believed to bri bout th tvati fWgﬂch ae very goodgacceptors.
enymatic mimics are befieved 1o bring about the activation o Herein, we report the synthesis and structural characterization

%f a series of new, electrophilic cationic Ru(ll) complexes

s bearing a chelating phosphine ligand  -hi2

(dipentafluorophenylphosphino)ethane gFg),P CH,CH,P (CiFs).

(dfppe). An attempt to prepare a highly acidic dihydrogen

complex of the type  cis[Ru(bpy)(dfppe)dhi

H,)(P(OMe})][OTfl, (bpy =  2,2bipyridyl;, OTf =

eo trifluoromethane sulfonate)yia protonation of the precursor
hydride complexcis-[Ru(H)(bpy)(dfppe)(P(OMe)][OTf] using
HOTf surprisingly resulted in fHevolution and formation of
either solvent or OTf bound six coordinated species which were
not isolated and could not be established with certaReaction

es Of an aqua complegis-[Ru(bpy)(dfppe)(OH)(P(OMe})][[OTf] »

with H, however, resulted in the heterolytic activation of thédH

a0 sequential protomlectron transfer steps. The relative stability
and the acidit of the H ligand bound to a metal center coul
vary widely depending upon the metal and the ancillary ligand
environment. Generally, highly electron deficient metal centers
bring about the heterolytic activation of.Bf In addition to H,

s the heterolysis of HX (X = Si, B, C) bonds could also be
achieved by employing highly electrophilic superelectrophilic
metal complexe&?™ We previously reportethe synthesis of an
air-stable superelectrophilic, fiveoordinated species
[Ru(P(OHY)(dppe)]** (dppe = (GHs)2P CH,CH;P(CeHs)2) which

40 has the propensity to activate theXH(X = H, Si, B, C) bonds in
small molecules in a heterolytic fashitht? In continuation of

these studies, we intend to hllibystems that are even more bond and the concomitant protonation ofCHto give the
electrophilic than our previous systems and capable of exmbitin%orresponding hydride complex cis-

greater reactivity towards heterolytic activation of strong sigma +
Ru(H)(bpy)(df P(OMg)][OT d HO". Th Its of
4s bonds in small molecules. By having fluorine substituents on th u(H)(bpy)(dfppe)(POMRIOTH and Hy € results ©

h tudi adso d ibed in thi t.
phosphorus ligands, e.g., ¢&)-,PCHCH,P(GFs), which upon 7o these studies aeso described in thispor
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Experimental Section To a solution of compound (0.250 g, 0.187 mmol) in Ci&l,
(10 mL) was added 2;Bipyridine (0.029 g, 0.187 mmol). The
resulting solution was stirred at room temperature for 1 day and
All the reactions were carried out under an atmosphere of dry anthen its volume was reduced to 1 mL and stored at room
oxygenfree N, or Ar at room temperature using standard Schlerktemperature for another day. Orange red crystals of compdund
techniques unless otherwise specifitd. The *H, *'P, and'*F  that were formed were filtered from the sautand dried under
NMR spectral data were obtained using an Avance Bruker 40@acuum. Yield, 0.030 g (30%). NMR spectral data of compound
MHz instrument. All thé’P NMR spectra were protefecoupled 3 have been summarized in Tableand2.
unless otherwise stated and have been measured relative to 8%86much better yield was obtained by reacting compo2idl g,
HsPOy in CD,Cl. °F NMR spectra were reated with respect to s 0.527 mma) with 2 equiv of 2,2bipyridine (bpy) 0.164 g, 1.054
10 CFCl in CD,Cl,. High pressure NMR tubes fitted with Swage mmol) in CH,Cl, (30 mL) at room temperature for 1 h. Reduction
lock fittings were procured from Wilmad Glass and reactionsof the solution volume to 3 mL and addition of excesgOEt
under high pressures of,Hvere carried out on a hwebuilt caused the precipitation of a deep red solid of the product. It was
manifold made of Swadmk parts. Mass spectral analyseere&v  washed repeatedly with £ and dried in vacuo. Crystallization
carried out using a Micromass -TDF instrument at the 7 from CH,CL/Et,O at room temperature gave the product in a
15 Department of Organic Chemistry, 1.1.Sc. Elemental analysis wagjield of 70% (0.400 g). Anal Calc. for
carried out ora Thermo Scientific Flash 2000 Organic Elemental CsgH,,ClF,0N,P,RUf3CHC): C, 32.43; H, 1.05; N, 1.94, Found:
Analyzer. Solvents were dried and degassed by refluxing overC, 32.73; H, 1.08; N, 2.01%.
standarddrying agents under an inert atmosphere and wer .
freshly distilled prior to use. 1;Bis(dipentafluorophenyl ePreparatlon of trans-{RuCl (phen)(dfppe)], 4
20 phosphino)ethane  (dfpp#), cis[RuCL(DMSO)],2 and 7 Compound4 was prepared in an analogous manner to that of
[RuCl(PPh)3]?* were prepared using literature procedures. compound3 starting from compoun@ (0.100 g, 0.052 mmol)

. and phenanthrolinepben) (0.022 g, 0.104 mmol). Yield, 0.04 g
Preparation of [RuCl(dfppe)(mCl)sRu(dmsoS)], 1 (70%). NMR spectral data of compouddhave been listed in
To a solution ofcis[RuClL(DMSO),] (0.250 g, 0.516 mmol) in  Tables 1 and 2. Anal. Calc. for
CH,Cl, (10 mL) was added dfppe (0.194 g, 0.516 mmol). The CsgH,,ClF,oN,P,RUf0.5CHOHfHO: C, 40.40; H, 1.41; N, 2.45,

25 reaction mixture was stirred at room temperature for 12 h. TheFound C, 40.26; H, 1.34; N, 2.52%.
resulting orange yellow suspension was filtered throu@elde .
pad on a filter frit and the solvent from the filtrate was removed Preparation of [RUCI(P(OMe)s)(bpy)(dfppe)liOTT, 5
in vacuo. The product of [RuCl(dfppéyel);Ru(dmseS)] 1 was To a CHCI, solution (15 mL) of complex3 (0.500 g, 0.460
crystallized from CHCI,/Et,O at room temperature. Yield, 0.165 mmol) was added AgOTf (0.115 g, 0.460 mmol) with stirring and
g (47%). 'H NMR (CDCk, 298 K): € 2.44 (br m, 2H, ssthen it was left at room temperature for 10 min during which
(CgFs),PCH,CH,P (GsFs),), 3.54 (br m, 2H, time, the color turnedrange yellow fronred. The, P(OMe)
(CoFs),PCH,CH,P(GsFs),)), 3.44 (brs, 6H, (GH3),S=0), 3.47 (br (558l 0.460 mmol) was added to this mixture and stirred for %2
s, 12H, (#3),S=0).3P{*H} NMR (CDCl;, 298 K): € 65.3 (s, h. The reaction mixture was filtered and the filtrate was
2P, dfppe. *F{*H} NMR (CDCl;, 298 K):€ ,125.7 (br s, 4F,  concentrated to ca. 1 mL. Addition of,Et (10 mL) caused the
35 ortho-F ArF), ,125.9 (br s, 4F,ortho-F ArF), ,146.6 (m, 2F, < precipitation of a lemoiyellow solid of5. The supernatant was
para-F ArF),,148.2 (br s, 2F para-F ArF),,158 .6 (m, 4F meta decanted andhe product was washed with,Et and dried in
F ArF), ,159.6 (m, 4F, metaF ArF). Anal. Calc. for  vacuo. Yield, 0.460 g (73%). NMR spectral data of compex
C3H2:ClaF200sPoRWLS;f (CH),SOFH,O: C, 28.50; H, 2.11; S, have been summarized in Tablésand 2. Anal. Calc. for
8.95 Found: C, 28.78; H, 2.23; S, 9.12%. C40H21CIF,3N,0PsRUSF0.5CHCILf0.5HO: C, 35.36; H, 1.69; N,

. . . 0
Preparation of [RuCl(dfppe)(mCl)RuCl(dfppe)], 2 95 2.04, S, 2.33 Found: C, 34.99; H35; N, 2.13, S, 2.32%.

A mixture of [RuCKPPh)J (0.953 g, 1 mmol) and dfppe (0.758 | cParation of [RuCI(PMes)(bpy)(dippe)][OTf], 6

g, 1 mmol) waglissolved in 30 mL of acetone and was stirred at Complex6 was prepared in a similar manner to thabstarting
room temperature for 1 h. The brick red colored solution turnedrom complex3 (0.300 g, 0.276 mmol), AgOTf (0.069 g, 0.276
red during this time. The solution was then filtered through ammol), and PMg(0.27 8im 0.270 mmol). Yield, 0.300 g (8%).

4 filter frit and the solvent was removed in vacuo. The residue wasNMR spectral data of compléikhave been listed in Tablésand
washed severalimes with rhexanes and dried to afford the 2. Anal. Calc. for GoH,;CIF,3N,03PsRUS GH14H,0: C, 40.03;
product of [RuCl(dfppefirel);RuCl(dfppe)], 2 which was H, 2.70; N, 2.03; S, 2.32 Found: C, 40.21; H, 2.62; N, 2.19; S,
crystallized from acetonefmexanes at room temperature. Yield, 2.21%.

1
0.445 g (45%)'H NMR (CDCl, 208 KY € 271 (brs, 4H  pyonoation of [RUCHCHLCN)(bpy)(dfppe)][OTH, 7

General Procedures

&

3

S

4

S

50 (C6F5)2PO-|2CH2P(C6F5)2), 325 (br S, 4H,
(CFs),PCH,CH,P(GFs),). *'P{*H} NMR (CDCl;, 298 K} € 10s Complex 7 was prepared in an analogous manner to that of
64.47 (s 4P, dfppe. Anal. Calc. for complex 5 starting from complex3 (0.200 g, 0.184 mmol),
Cs2HgClsF4g03PsR U f (CH),C(OH)CH,COCH;fHO: C, 34.32; H,  AgOTf (0.046 g, 0.184 mmol), and GEN (9.6 ol 0.184
1.09 Found: C, 34.78; H, 1.23%. mmol). Yield of complex?, 0.150 g (75%). NMR spectral data of

compound?7 have been summarized Tables1l and 2. Anal.

ss Preparation of trans-[RuCl (bpy)(dfppe)]. 3 110 Calc. for GeHy<CIF,iNsOsP,RUS: C, 37.74; H, 1.22: N, 3.39: S,

2 | Journal Name, [year], [vol] , 00« 00 This journal is € The Royal Society of Chemistry [year]
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2.58 Found: C, 37.52; H, 1.43; N, 3.42, S, 2.60%. ss A flame-dried 5 mm Schlenk NMR tube was charged witta

. (0.020 g, 0.015 mmol) and dissolved in LI (0.6 mL). It was
Preparation of [RUCK(CO)(bpy)(dfppe)[OTH], 8 then cooled to 77 K and then ca. BB (1 equiv) of HOTf was
Complex3 (0.055 g, 0.05 mmol) was dissolved in £H (6 mL) added under Nflow. After the addion, the NMR tube was
and thenAgOTf (0.013 g, 0.05 mmol) was added and stirred for flame sealed. It was then inserted into the NMR probe precooled
about 10 min at room temperature. During this time, the colgro 193 K and the spectral data was acquired at this temperature.
turned from orange red to orange yellow. To this solution, CONo evidence of the dihydrogen complEXwas apparent, instead
gas was bubbled at a steady rate for 10 min. The solution wage noted a signal for free,th the'H NMR spectrum (4.6 ppm)
then filtered andthe filtrate was concentrated to ca. 1 mL. together with solvent or OTf bound siwordinate species
Addition of EbO (10 mL) resulted in the precipitation of complex [Ru(S)(P(OMe))(bpy)(dfppe)][OTf}, [(S = solvent (n =2), triflate
8 in a yield of 31% (0.020 g). NMR spectral data of compo8indes (n = 1)],133 13b. These species were not isolated.
have been summarized in Tablésand 2. Anal. Calc. for In a separate experiment aimed at obtaining the dihydroge
CagH1CIFsN,O,P,RUS: C, 3714; H, 1.07; N, 2.28; S, 2.61 complex [RubAH,)(P(OMe))(bpy)(dfppe)][OTfL, 12 we
Found: C, 37.24; H, 1.27; N, 2.43, S, 2.51%. carried out the reaction of compldda (0.020 g, 0.015 mmol)
Preparation of [RUCI(OH ,)(bpy)(dfppe)][BAr "], 9 and HOTf (206!11 10 equiv) in CDCI, (0.6 mL) ina 5 mm NMR

70 tube capped with a septum. The NMR tube was saturated with H

Compoundd was prepared in a similar manner to that of complex prior to additim of HOTf and also cooled to 193 K. It was then
8. Instead of AgOTf, NaBAp (BAr, = tetrakis[(3,5  inserted into an NMR probe precooled and maintained at 193 K.
trifluoromethylphenyl]borat (0.040 g, 0.046 mmol) and instead |n this case as well, no evidence of a dihydrogen confifexas
of CO gas, water (ca. 2 pL, 0.09 mmol) were used. Yield, 0.061 gpparent; NMR spectral signals due to freeardthe isomeric
(69%). NMR spectral data of compouithave been summarized  six-coordinate speies 13a 13b were noted The NMR spectral
in Tablesl and2. Anal. Calc. for GgH,sBCIF4N,OP,RufHO: C, data for compound3a, 13bare summarized ifiablesl and2.

41.88; H, 1.45; N1.44; Found: C, 41.63; H, 1.64; N, 1.33%. .
. . ’ Preparation of  [Ru(H,O)(P(OMe)s)(bpy)(dfppe)][OTf] »
Preparation of [RuH(PMe;)(bpy)(dfppe)][OTf], 10a, 10b (isomers H4a, 14b)

Sodium borohydride (0.002 g, 0.053 mmol) was added to &aro a sample 0£1a(0.200 g, 0.149 mmol) in Ci€l, (5 mL) was
solution of [RuCI(PMg)(bpy)(dfppe)][OTf] 6) (0.070 g, 0.053 s added 1 equiv (18h) of HOTT. To this solution, exce$$,0 (0.1
mmol) in EtOH (5 mL) and the reaction mixe was stirred at mL) was added and the mixture was stirred for 15 min. When the
room temperature for 20 min during which time, the color turnedvolume of the solution was concentrated to a few millilitres, a
from yellow to orange Solvent was removed in vacuo and the light yellow solid separated out. The solid productissfmers
resulting residue was extracted with £, and dried under 14a 14bwas filteled and washed with . It was then collected
vacuum. Yield, 0.050 g (73%). In this reaction, weegothe ss and dried in vacuo. Yield, 0.158 g (71%). (isorhda (85%) and
formation of two isomerslQaand10b), one of them10acould isomer14b (15%) as found from NMR spectroscopy). The NMR
be deciphered using NMR spectroscopy. NMR spectral data o§pectral data for thisomersl4a 14bare summarized ifiablesl
isomerl0ahave been summarized in TabRand4. Anal. Calc. and 2. Anal. Calc. fo C4;H23CIF26N,0;0PsRUSf0.5CHCILf HO:

for CyoH2oF2aN,0:Ps:RUS GHsOHf 3HO: C, 37.60; H, 2.55; N, C, 32.49; H, 1.84; N, 1.83; S, 4.18, found: C, 32.93; H, 1.61; N,
2.09;S, 2.39 Found: C, 37.34; H, 2.42; N, 2.19, S, 2.34%. 90 1.63; S, 4.34%.

Preparation of [RuH(P(OMe),)(bpy)(dfppe)][OTf], 11a, 11b Reaction of [Ru(H,0)(P(OMe)s)(bpy)(dfppe)][OTf] , (isomers

. . . _ 14a, 14b) with H,
The two isomerslla and 11b were obtained using a similar

procedure to that of 10 starting from  The isomeric mixture of4aand14bwas dissolved in acetotty
[RuUCI(P(OMe))(bpy)(dfppe)][OTf] ) (0.560 g, 0409 mmol) (0.6 mL) in a 5 mmMN\MR tube fitted with a Teflon valve. Next,
and NaBH (0.016 g, 0.409 mmol). Yield, 0.350 g (64%) (isomess H, (1 atm) was introduced into the tube using a Swagelok setup
11a 95% and isomerllb, 5% as found from NMR for 3 min. The'H and®P{*H} NMR spectra of the sample were
spectroscopy). The spectral data have been givéabies3 and recorded at frequent time intervals at 298 K which gave evidence
4. Anal. Calc. for GgH,.F23N,0PsRUSfCHOHf2HO: C, 36.27;  for the formation of compoundlla

2,32(.)/23; N, 2.06, S, 2.36 Found: C, 36.23; H, 2.33; N, 1.92, SPreparation of [RU(CHCN)(P(OMe)y)(bpy)(dfppe)][OTf] »,
- 0. 100 15

Isomerization of complex 11ato 11c To a sample 0£1a(0.050 g, 0.037 mmol) in Ci&l, (5 mL) was

A 5 mm NMR tube charged withla (0.020 g, 0.015 mmol) in added 1 equiv (8l of HOTf. To this solution, CECN (0.5 mL)
acetoneds (0.6 mL) was allowed to shake at room temperature onWas added and the mixture was stirred for 15 min. When the
a rdary shaker for a week. During this time, compléka  Volume of the solution was concentrated to a few millilitres, a
underwent isomerization tollc The NMR spectral s creamyyellow solid separated out. The solid productiéfwas
characteristics of isomerlc have been summarized in Tabks filtered and washed witkt,O. It was then collected and dried in

and4. Satisfactory elemental analysis for compodddwas not ~ vacuo. Yield, 0.046 g (83%). The NMR spectral data for
obtained. compoundl5 have been summarized in Tableand?2.

Attempt to prepare [Ru(h?H,)(P(OMe)s)(bpy)(dfppe)][OTf] », X-ray Crystallographic Study
12

This journal is € The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00«00 | 3
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Details of Xray crystal structure data collection, solution, and comparable
refinement ér 3, 5, 11aand14ahave been collected ifiable5. e The structureof complex10a has disordered water and triflate
Data for the ther compounds, 2, 4, 6, 9, 10aandllchave been ion. Thus the water and triflateeke modeled withthe sharing of
depositedn the ESI. Singlerystal Xray diffraction data fothe site ocupancies and propdistanceconstraints.
scomplexesl, 2, 3, 4, 5, 6, 9, 10a, 113 11c and 14a were In 114 thedisordered triflate groupras modeledin addition, the
collectedon a Bruker SMART APEX CCD diffractometesing disordered water molecule®7A, O7B and O8A, O8B were
graphitemonochromatized Mo (K,) radiation (0.71079. The s modded in such a wayso asto maintain the same isotropic
structures were solved by direct methods using the SHELR temperature factors by adjustitite Site Occupancy Factors and
The WinGX® packagewas used for refineméeand production of  the refinemenis completed
10 data tables an@RTER3?’ for structure visualization and making The structureof 11g due topoor quality of crystal diffraction,
the molecularrepresentationsEmpirical absorption corrections completeness of the structure and diffraction measured fraction
were applied with SADABS® The hydrogen atomsf the main 7 theta are lowHence, thenydride near the ruthenium centvas
molecule were geometrically fixed and allowed to ride while not locatedIn addition, compound.1c contairs diffuse electron
those ofsolvents wherevauossible they were geometrically fixed density associated with disordered solvents likely to bgGGH
15 and in few cases they were neither fixed nor locdtedeneral MeOH and water in the voids which could not be modeled
in few of the structureshé fluorine atoms exhibihigh thermal appropriatelytherefore SQUEEZE was appliéd.
vibrations 75 In 14a due topoor diffraction of the crystaldata qualitywas not
In few of the structures though the hgden atoms ofthe good resulting in high R10(1132 and wR 0.333Q values.The
solvents and the water molecules were neither located nofriflate ion containing S(2) wasnodeledas perthe previous
20 geometrically fixed they were accountetbr in the molecular  model used in comple& but was not useful. The short contacts
formula of the CIF file. Campoundsl, 2, 4,5, 6, 11c and 14a of halogens viz F....F and F...Clalthough weak have been
contain diffuse electron density associated with disorderecbbserved in several instances eadi@Such contacts are caused
solvents in the voids which could not be modeled approprjatelyby close packingand do not form stabilizing interactionshe
therefore SQUEEZEoption was applied® The details of the solvent oxygen molecules with short contacts were found to be
25 refinements for individuadtructuresare as follows. disordered and weresqueezed out with the help dflaton
The structure ol contains disordered solvent dimethyl sulfoxide Squeezé®
alongwith a water mlecule The DMSOmoleculewas modeled
with onecarbon adm sharing the Site Occupancy@b andthe g Results and Discussion
water molecule was removed with Platon SQUEEZE.
30 accountedfor 10 electron courd per unit cell i.e. 0.5 HO per
asymmetric unitThe formula unit and the molecular formula in Treatment ofcis-[RuCl,(dmso)] with 1 or 2 equiv of 1,2

Preparation of [RuCl(dfp pe)(mCl)sRu(dmso-S)], 1

the INS file were modified accordinglyThe hydrogen atoms bis(dipentafluorophenyl phosphino)ethane,
bound to the carbon of the DMSO were neither located nor fixed CgFs),PCH,CH,P(GFs), (dfppe) in CHCI, afforded the
from the difference Fourier map. 9 dinuclear ruthenium complex with three chloride bridging ligands

3s Compound?2 confains two water molecules antdio diacetone  between the tworuthenium centers and an unsymmetrical
alcoholmolecules in the unit cell which adésordered and could arrangement of the chelating phosphine and dmso ligands, as
not be modelled successfully. Therefdteir contributions were  orange microcrystals (eq 1). The methyl groups of the
removed usinghe SQUEEZE proceduré. coordinated DMSO molecules appear as two sets of singléts at
The structure of4 containsa methanol moleculethe oxygen s 3.47 ppm and 3.44 ppm in tHe NMR spetrum. The®'P{H}

40 atom of which is sitting in the inversion centeand is highly NMR spectrum is comprised of a singleté&b5.3 ppm for the
disordered as welisthe water molecules. Few residuatalons  chelating phosphine ligand. Complex was structurally
of the order of 11.7e/& appear near the methanol which could characterized and the details including the ORTEP diagram have
not be modelled satisfactorilyTherefore, SQUEEZE procedure been deposited in the ESI.
was applied® _

s The structure of comple% containscombinations oflisordered t® Preparation of [RuCl(dfppe)(mCl)sRuCl(dfppe)], 2

solvents, Ii.kely to be MeOH, water andhexane. Thee could Reaction of RUG(PPh); with 1 equiv of dfppe resulted in the
not be a§3|gg1ed unambiguoustyrerefore, SQUEEZE procedure ¢, mation of the mixed valence, trichloidged Ru(ll, I1l)
was applied. . o , complex as an astable reebrown solid (eq 2). The compound
The complex 6 having combinations ofdisorderedsolvents, a5 orified and crystallized from an acetoreéanes solution.

= likely to be propanol, Dbutanol and watecould not be assigned, . \ve noted that this reaction to afford compandergoes only in
unambiguously Therefore, SQUEEZE procedure was appfied. acetone solvent. When the reaction was performed iRCGH

The triflate ionwas disordered andlasmodeledappropriately THF, or toluene, we did not obtain comp@xThe®P{*H} NMR
In complex 9, CF; of the anioric moiety exhibits high thermal ' ’

vibration and the fluorine atoms (F38, F4Hundto this group
ss were found to be thermally disordered. Moreovke disordered

water moleculs were modekd and the i& Occupantes were

refined so hat the combined occupancy is unity. The refined

isotropic thermal factors for the shared water molecule aré”reparation of trans-[RuCl;(bpy)(dfppe)], 3

spectrum showed a singlet &b5.3 ppm for both the chelating
phosphine ligands evidencing that the two phosphorus atoms are

10 equivalent. Comple® was also structurally characterized and the
details have been deposited in the ESI.

4 | Journal Name, [year], [vol] , 00 00 This journal is € The Royal Society of Chemistry [year]
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Table 1 'H NMR Spectral Data (€) of [RuCI(L)(b py)(dfppe)]™™ "™ * Complexed

L(compd no) € (CH2CHy) €(L) € (bpy)®
ci3) 3.17 (br d, 4H) 7.31 (t, 2H), 7.89 (t, 2H), 8.13 (d, 2H), 9.10 (br d, 2H)
Cl(4)® 3.24 (br d, 4H) 7.69 (M, 2H), 7.95 (s, 2H3.41 (d, 2H), 9.45 (bs, 2H)
2.67 (m, 2H) 7.26 (t, 1H), 7.50 (t, 1H), 8.05 (t, 1H), 8.25 (d, 1H), 8.27 (t, 1H), 8.59 (d, 1H),
P(OMe}() 4.04(m, 2H) 3.26(d, 9H) 8.69 (d, 1H), 8.91 (bs, 1H)
2.01 (m, 2H) 7.39 (t, 1H),7.44 (t, 1H), 8.17 (t, 1H), 8.28 (t, 1H), 8.43 & 1H), 8.63 (bs, 1H)
PMe(6) 4.07 (m, 2H) 0.51(d, 9H) 8.79 (d, 1H), 8.83 (d, 1H)
CH:CN(7) j‘ié Em i:i 2.13(s, 3H) 7.30 (t, 1H), 7.44 (t, 1H), 7.79 (m, 2H), 8.21 (m, 2H), 8.42 (d, 1H) 9.78, (H)
co@) 3.3 (m, 2H) 7.26 (t, 1H), 7.62 (t, 1H), 7.84 (m, 2H), 7.95 (t, 1H), 8.32 (d, 1H) 8.46,(LH)
4.22 (m, 2H) 9.74 (br s, 1H)
H,00) 2.53 (m, 2H) 6.84(t, 1H), 7.80 (t, 1H), 7.85 (m, 1H), 7.88 (t, 1H), 8.09 (d, 1H) 8.24 (br s, 2H)
z 4.15 (m, 2H) 9.75 (br s, 1H)
. 2.64 (m, 2H) 7.37 (t, 1H), 7.72 (t, 1H), 7.92 (t, 1H), 8.0% & 1H), 8.14 (d, 1H), 8.31 (d, 1H), 8
P(OMe)(133) 4.20 (m, 2H) 3.73(d.9H) (4 1M), 10.16 (bs, 1H)
P(OMe)(13b)" 2.82 (m, 2H) 3.39 (d, 9H) 7.76(t, 2H), 8.49 (t, 2H), 8.58/(2H), 8.75 (bs, 2H)
3.61 (m, 2H) : : PN AT BAS AL AT B o '
. 3.05 (m, 2H) 5.75 (s, 2H) 7.60(t, 1H), 8.13 (t, 1H), 8.26 (d, 1H), 8.47 (d, 1H), 8.70 (d, 1H), 88 (&2H)
H:0 /P(OMe)(14a) 458 (m, 2H) 3.95 (d, 9H) 10.08 (s, 1H)
. 2.99 (m, 2H) 5.79 (s, 2H) 7.65(t, 1H), 7.75 (t, 1H), 8.19 (t, 1H), 8.43 (t, 1H), 8.59 (d, 1H), 8.8%(12H)
H:0 /P(OMe)(14b) 458 (m, 2H) 394 (d, 9H) 10.28 (s, 1H)
NCCH/P(OMe(15)° 3.10 (m, 2H) 2.47 (s, 3H) 7.55 (t, 1H), 8.15 (t, 1H), 8.28 (t, 1H), 8.52 (d, 1H), 8.64s(l1H),8.76 (d, 1H), 8.8

4.28 (m, 2H) 3.97 (d, 9H) (d, 1H), 10.01 (bs,1H)

5 2In CDCk solution, ®in CD,Cl, solution,(13arecorded at233 K), ®in acetoneds solution,® trans[RuCh(phen)(dfppe), for3, 4 (n = 0);5,6,7, 8 (n' =
+1, counter anion= [OTf]) (n" = +1, countemnion=BAr';) and13a 13b, 143 14b, 15 (n" = +2, counter anion = [OT{Tall coupling constants for bpy
(2, 2-bipyridine) and phen (1,3phenanthroline) proton resonance were abeRit.

Reaction of complexl or 2 with 2,2-bipyridine at room  dfppe taking up the four coordinati@ites in the equatorial plane,
temperature  resulted in the formation oftrans whereas the two chloride ligandeetrans-disposed to each other
10 [RuCly(bpy)(dfppe)],3 (eq 3) In case ofeaction ofl with 2,2- and occupy the axial sites.h@ bite angle PRulsP2 is
bipyridine we obtained cis[RuCl,(dmso)] as a side producin 3 84.91°(2) and that of NRule N2 is 76.33°(8)The Ru2CI1 and
addition, reaction o2 with 2,2-bipyridine resulted as complex *Cl2, RukN1 andeN2, and RuiP1 and- P2 bond distances are
in good yield. Generally, dichloride metal complexes are very in the typical range found for certain anaog ruthenium
good precursors for preparing five coordinate complékésThe  derivativestrans[RuCL(P-P)(N-N)]*>3* (P-P = dppf, dppls N-N

15 3P{*H} NMR spectrum of complex3 gave a singlet at 68.9 = en, py (pyridine), dimen N,N'-dimethyl(ethylenediaming)
ppm which is consistent with a structure in which the twa reported in the lgrature. The CKRul*CI2 bond angle is
chloride ligands are mutualtyans-disposedin addition, the'H 175.28°(2) which evidences that the chloride ligands are bent

NMR spectrum evidenced the presence of two equivalent ortho slightly away from their axial positions towards thpy ligand
hydrogen atoms on the bipyridyl ligand at T 9.10 ppm whichdue to steric encuménce of the fluorophenyl moieties of the

20 lendsfurther support for thérans geometry of the two chloride ligand dfppe. Xray crystal gucture of the phenanthroline
ligands The structure of complex3 was unambiguously s derivative has also been established and the details have been
established by ay crystallographic study. The ORTEP view of deposited in the ESI.
the complex is shown in Figqre 1.and the pertinent bond Iength?’reparation and Characterization of
and angles havbeen summarized in Tal@ie [RuCI(L)(bpy)(dfppe)]iz] (L = P(OMe); (5), PMe; (6),

25 The structure awsists of a ruthenium(ll) centén a distorted CHLCN (7), CO (8), HO (9); Z = OTf (5, 6, 7, 8), Br, (9)
octahedral geometry with the two chelating ligands, bpy amdComplexes

This journal is € The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00«00 | 5
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Table 2. ¥*P{'H} and **F NMR Spectral Data (€) of [RuCI(L)(b py)(dfppe)]”"™ /""" * Complexeé

€(P) €(F)
Compd no L dfppe J(P,Rand, Hz  J(P,Rys), Hz dfppe oTf
122.05 (br s, 8F0-F),,147.63 (m, 4F, pF),
3 68.89 (s, 2P) 158.76 (M, 8F, mF)
; 122.31 (br s, 8F, eF),,147.64 (m, 4F, p-F),
4 68.37 (s, 2P) ,158.89 (m, 8F, mF)
. 125.45 (br m, 8F, oF),,145.92 (four t, 4F, p
5 110.32 (dd, 1P) E‘(fdgié;" $1PL 25 5a506 46 =Y 78.49 (s, 3F)
' 158.22 (br m, 8F, rF)
44.44(br s, 1P), 30. 127.87 (br m, 8F,0-F), 145.06 (four t, 4F, p
6 305 (d 1P) (i1 34616 30 e A rm be ) 78.37(s, 3F)
124.87 t0 ,130.76 (four d, 8F, eF), .1 43.77 to
7 ig')”(s' 1P), 53.17 147.77 (three t, 4F, {F), 156.94 to 159.14
(four d, 8F, mF)
o 49.02(s, 1P), 20.09
1pP)
1124.86 t0 ,134.25 (m, 8F, 6F), ,143.17 to
9 ?g.)SZ(s, 1P), 54.67 148.13 (three t, 4F, ¢F), ,157.85 to ,160.40
(four d, 8Fm-F)
138 118.71 (t, 1P) <15§.)63(d, 1P), 51.19 ( 6060
131 11942 (4, 1P)  50.92 (d, 2P) 54.80
144 120.84 (t, 1P) ig,')m (d, 15 60.11 (c 60.52
Lats &Ilza.)zs(d, 1P), 62.66 ( 6187
125.54 to 135.43 (four d, 8F, eF),,147.55 to
15 120.18 (t, 1P) 313')53 (d. 1P), 53%(d, 59.81 147.94 (m, 4F, pF),159.05 to ,161.82 (m 78.90 (s, 6F)

2 In CDCk solution, ®in CD,Cl, solution,(13arecorded a233 K), °in acetoneds solution,® trans[RuCh(phen)(dfppe) for 3,4 (n = 0);5, 6,7, 8 (n' = +1,

8F, mF)

counter anion FOTf]); 9 (n" = +1, counter anion BAr')) and13a, 13b, 143, 14b, 15 (n" = +2, counter anion = [OTf])

Table 3.™H NMR Spectral Data (€) of [RuCI(L)(b py)(dfppe)][OTf] Complexes®

L(compd no) €(RUH)  J(H,Peand. Hz JH,Pe),Hz  €(CH»CHy) ) € (bipy)®
3.07 (m, 2B, 3.4¢
7.26 ¢ 2H), 7.48 (t, 2H
PMe; (10a) , 15.80 (g, 1H) 24.22 (1T|) 1H), 428 (v 0.66 (d, 9H) 6,16 (@21, 8.64 (4, 210
7.13 (t 1H), 7.86 (t, 1F
. 8.08 (d, 1H), 8.22 (bs
P(OMe}(119 ,6.32 (dtt,1H) 145 28 (25552(;;" H). 41 555 (4, 9H) 1H), 8.30 (t, 1H), 8.64 (
’ 1H), 8.74 (d, 1H), 9.88 ¢
s, 1H)
6.85 (t, 1H),7.21 (t, 1H
253 (m, 2H), 4. 7.58 (t, 1H), 7.86 (t, 1F
P(OMe)(11b) ,6.26 (dt, 1H) 145 28 i 2H) 3.53 (d,9H) 808 (. 1H), 829 (d. 1t
8.40 (d, 1H), 9.64 (bs, 1H
7.47 (t 1H), 7.67 (t, 1F
P(OMe)(11¢° , 15.22 (g, 1H) 24.55 2.43 (m, 2H), 38 3 53 (4, oH) 8.23 (W s, 2H), 835 (c

(m, 2H) 1H), 8.71 (d, 2H)8.97 (v

s, 1H)

#In CDCk solution, ¢in acetoneds solution,all coupling constants forgy (2, 2*bipyridine) proton resonance were abotg Bz

monocationic
prepared

The new ruthenium
[RuCI(L)(bpy)(dfppe)l[Z] were

=
o

ligands with L (L = P(OMe) PMe, CH;CN, CO) in presence of
AgOTf (eq 4). In the case of L =,8, complex3 was treated

crystallization from CHCl,/n-hexanes solutionsThe 3'P{'H}
NMR spectrum of [RuCI(P(OMe})(bpy)(dfppe)][OTf], 5 is

from trans

complexes comprised of a doublet of dowats att 24.1 ppm for the dfppe
phosphorus nucleus due to trans phosppmesphite andis
[RuCly(dfppe)(bpy)] via the substitution of one of the chlorideo phosphinephosphite couplings of 550 Hz and 46 Hz,
respectively. Another doublet of doublets for the phosphite
phosphorus nucleus was obtained d108.4 ppm with the same
with NaBAr,. All the reactions afforded the products in fairly magnitudes ofrans and cis-coupling constants. Another broad
good yields. Tk products are all yellow colored solids except for multiplet att 47.7 ppm was also noted for the dfppe phosphorus
15 complex 8, which is offwhite. They were all purified by 2s nucleus that isisdisposed to both phosphite phosphorus and the
other dfppe phosphorus atoms. Structurecomplex 5 was
estdlishedby X-ray crystallographic study. The ORTEP view of

6 | Journal Name, [year], [vol] , 00« 00
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Table 5.Crystallographic Data for Complex8s5, 11aand14a

3 5 1lla 14a
Formula CsgHi15Cl1aF20N2P.RU C41H26CIF23N20g 50PsRUS Ca1H30F23N200PsRUS CegaHseClaFs2 N4O2sPsRUS,
Formula weght 1444.49 1383.14 1357.71 3086.43
Crystal system Triclinic Triclinic Monoclinic Monoclinic
Space group P-1 P-1 P21/n P21/c
a(d) 11.9861(9) 16.1027(5) 13.5067(19) 12.4013(9)
b (A) 14.4311(11) 18.6460(5) 15.1532(19) 40.588(3)
c(A) 16.8372(12) 21.542(6) 24.670(3) 21.9501(15)
. (D 71.256(4) 113.439(3) 90 90
ey 70.570(4) 93.612(2) 104.488(7) 100.534(3)
%o (1) 67.871(4) 112.231(3) 90 90
V (A3 2479.3(3) 5317.1(3) 4888.6(11) 10862.2(13)
z 2 4 4 4
Deadg/cm®) 1.935 1.728 1.845 1.887
T (K) 100 2) 110(2) 100 (2) 293(2)
Sd) 0.71073 0.71073 0.71073 0.71073
p(mm?) 1.085 0.607 0.606 0.655
R* 0.0598 0.0394 0.0534 0.1132
R 0.1626 0.0988 0.1526 0.3330

3R = ¢(| Fo| 8{Fcl)k| Fol, Ry=[¢ W(IFo| 8-Fc[)% WF,[1? (based on reflections with> 2@p).

Table 6. Selected Bond Distances (A) and Angles (%) for Complexes 3, manifestation of the relief in the steric strain and (b) although
5, 113 and 14a 30 phosphite phosphorus israns to phosphine bearing &

substituent, the R (phosphite phosphorus) bond length is not

5

3 5 1la 14a shortened as one would have expected, whichnmmifestation
Ru(L)X1 2.4009(6) 2.4282(7) 1.61(6) 2.191() of electronic influence qf the mqnocationic nature of the
Ru(1)}x2 2.4085(6) 2.3073(7)  2.2549(0) 2.28(3) complex.There are large differences in tRea(1)P(1) (2.4213(7)
Ru(L)yN(1) 2.128(2) 2.108(3 2.157(3) 2.176(8 s A) and Ru(1yP(2) (2.3304(7) A)distances ofs. The notable
Eﬂg;gg; g%ggf()?) gg;igz()?) g;ggg&)) g;ggg lengthening of the former bond arises from differitrgns
Ru(1}P(2) 2:2810(6) 2:3304(7) 2:3853(9) 2:350(3 |Qfluences of the phosphite (P3) when compared to bpy(Nig.
N(1)-Ru(1}N(2) 76.33(8) 77.91(9) 75.8412) 76.2(3 bite angles of dfppe and bpyre 81.51(2)°, 77.91(9)°,
P(2yRu(1}P(1) 84.91(2) 81.51(2) 85.66(3) 8592(9 respectively and those JRUCI(H,0)(bipy)(dfppe)]BArF,] (9)
N(1)-Ru(l}P(1) 174.98(5)  91.43(6) 95.879) 87.9(9 ware P(2)Ru(1}P(1) 8539(4°, N(2-Ru(1yN(1) 7857(15)°
X2-Ru(1}P(2)  89.04(2) 100.92(2)  93.94(3) 87.94(9 elv i : ¢ g with 5 the reducti
X2-Ru(1}P(1)  94.58(2) 168.75(3) 88.76(3) 93.16(10) respectively in comparison of compoung wi e reduction

X1-Ru(1}P(1)  89.21(2) 83.97(2) 85.78(3) 178.29(18) in the bite angle of dfppe and bpy inis due to the better »

#X1, X2 represents the atoms of thenodentate ligand coordinated to accepting nature of the P(OMéjgand. In a similar manner,

Ru, X1 = CI18, 5), H1(11a), O1(14d); X2 = CI2@), P(OMe)(5, 113, complex 6, 7 and 8 were prepared and characterized; the
144). 4s structural data of these rieatives have been deposited in the
ESI.

the cation of comple) is shown in Figure 2. Selected bond
10 distances and angles have been summarized in Tabkhe
structure consists of distodeoctahedral coordination geometry
around the metal centerWe noted two molecules
crystallographically in the asymmetric unifThe chelating
phosphine phosphorus atoms, phosphite phosphorus atom, al
1s0ne of the nitrogen atoms of the bipyridyl ligand fothe
equatorial plane while the second nitrogen atom of the bipyridyl
moiety and the chloride that are mutualigns to one another
occupy the axial sites around thethenium. The RuwIP3
(phosphite phosphorus) bond lenigt2.3073(7) AThis distance
20 is comparable to that of R&® (phosphite phosphorus) (2.337(2)
A) bond intrans[RuH(P(OMe))(dppe}][BF 4*° but longer with
respect to thosim trans[RuH(PF(OMe)(dppe}][BF 4] (2.264(2) Preparation and Characterization of
Ay trans[RuH(PFR;)(dppe}][BF 4] (2.206(2) Af® o [RuH(PMe3)(bpy)(dfppe)][OTT], 10a, 10b
[Ru(P(OH)(OMe))(dppe)l[OTAl,  (22016(9)  AJ"  and  peaciion of [RuCIPMg(bpy)(dfope)][OT with NaBH in
s [Ru(P(OH))(dppe)[OTf] » (2.2011(9) A):" Two aspects of the g5y gave yellow colored isomeric mixture of cationic
strgcturg of gompleﬁ are im.portant in this gontext: (a) phosphite monohydride [RulPMey)(bpy)(dfppe)][OTf] complexes 10a
moiety lies in the equatorial plane andtians to one of the 143 (aq 5). In an attempt to obtain a single isomer we carried out
phosphorus atoms of the chelatimosphorus which is a  yhe reaction of6 with KHBSBus (K-selectride)in THF which

In order to prepare the five coordinate [RuCl(bpy)(dfppe)][BAr
complex from3 we used nomoordinating anion salt NaBAr
instead of AgOTf for the abstraction of chloridgecause of the
so high instability of thefive coordinate species, upon chloride
straction, it immediately reacts with trace amount of water
present in the NaBAFT or solvent and affords compl@x TheH
NMR spectrum o in CDCl; shows a singlet at 3.52 for the
coordinated water, while two singlet resonances in the
ss IP{*H}NMR spectrum which indicates that the two ends of the
dfppe ligand are in different environments. In addition, the
structure of comple® was established by-Kay crystallographic
study and the details have been deposited in the ESI.

This journal is € The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00«00 | 7
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resultedn anincomplete reaction evamderreflux conditions. phosphines are trans to each other and another broad singtket at
25 37.1 ppm for the other dfppe P atofihe Xray crystal structure

of complex10a has been detained and the details have been
deposited in the ESI.

30 Preparation and Characterization of
[RUH(P(OMe);)(bpy)(dfppe)][OTf], 11a, 11b

FigureQRTER wif the comml®xCh df e he ; ; ;
. '50% probability level (rﬂ/drzc;cg 533&0%?83,@&@&63:&'?“ of [RUCI(P(OMe)(bpy)(dippe)J[OT(] with NaBH in
clarity) gave yellow colored diastereomeric mixture of cationic
monolydride [RuH(P(OMe))(bpy)(dfppe)][OTf] complexes
However in the case ofeaction ofcompound6 with NaBH, in 35 (11a 11b) (eq 6). Like the isomer$0a and 10b, these hydride
EtOH, wenoted rapidreactionthat was complete within 5 min  complexes are also stable in solution as well as in the solid state
cortinuation ofthe reaction at298 K led to isomerization.The in air. Isomerlla contains mutually ciphosphine/phosphite
10 two hydride isomerd0aand10bare stable in solution as well as with the hydrie transto one of the phosphorus atoms of dfppe,
in the solid state in air. They contain mutuahgnsphosphines as deduced by its solution NMR spectrum. Th¢ NMR
with the hydride trans to the nitrogen of bpy ligand as deducedpectrum ofL1aconsists of a pair of triplets of a triplet centered
from their solution'H and>'P{"H} NMR spectra. ThéH NMR at 8¢ 6.26 ppm for the hydride ligand due to coupling with the
spectral signals of these isomers exhibit nearly similar chemicatrans phosphorus of dfpe and the cis phosphorus of
s shifts and the coupling constants are also quite similar. Thelfppe/phosphite. Thel(H,P,and is on the order of 145 Hz
isomer 10a displays a quartet a@c 15.80 ppm for the hydride (coupling with dfppe P) whereas ti¢H,P.), on the order of 27
ligand due to coupling with the threeis-phosphorus atoms s Hz (coupling with cis dfppe/phosphite). In addition, we also
(dfppe and PMg. TheJ(H,P.y) is on the order of 24 HOnN the observedJ(H,F) coupling of 10 Hz. On thether hand, the
other hand, extracting useful NM&pectralinformationfor 100 3P{*H} NMR spectrum consists of a doublet of doubletdai
20 wasrenderedlifficult due to similar chemical shifts and coupling 145.0 ppm for the phosphite P atom witl(B,P.;) of 65 Hz due
constans. The*’P{*H} NMR spectum consis$ of two doublet of  to coupling with the cis phosphine phosphorus, a broad doublet at
doublets J(P,Rang = 348 Hz) atddi5.1 and, 7.4 ppm for the s 8d65.0 ppm for one of the dfppe P nucleus which is due to
dfppe and PMgphosphorus nuclei, whickuggests thaboth the coupling with phosphine/phosphite, and another broad singlet at

8 | Journal Name, [year], [vol] , 00« 00 This journal is € The Royal Society of Chemistry [year]
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25.0 ppm for the other dfppe P atom. The isomeric hydrideray crystallography (structural data have been deposited in the
complexes ofllaand11b exhibit very similar NMR spectral ESI). The'H NMR spectrum of compleklcshows a quartet &

35
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D N - - X m' e
g L,

Figur®@RTEP view of the )RpE)I(PfE@pERtion at the
5 50% probability level. Solvent, disomderarand all hydrogen ato
omitted for clarity. There are two independent molecules in the —|
=
I

asymmetric unit; only one molecule is sho
=
o, ‘ o [l
1 P R — N

| ‘ T

~ - . L
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- ] *15.22 ppm for the hydride ligand, indicating that icis to all
ﬁ the phosphorus ligands and trans to nitrogen of bpy. On the other
x\’ hand, thé'P{*H} NMR spectrum consists of a doublet of doublet
N 40 at6d.37.1 ppm fothe phosphite P with ¥P,R,.9 of 65 Hz due

| to coupling with theransphosphine phosphorus, a broad doublet

at 0B2.7 ppm for one of the dfppe P which is due to coupling
with phosphine/phosphite, and another broad single€ida?.7

characteristics (both chemical shifts and coupling constants)Ppm for the othergpe P atom.

10 Recrystallization of the isomeric mixtur@ iCH,Cl,/n-hexanes 4 Protonation Reaction of [RuH(P(OMe)s)(bpy)(dfppe)][OTf]
resulted in the separation of the major isoméga The structure 1la

of complex 11a was established unambiguously by-ra§ In an attempt to prepare the dihydrogen comp|Bx(h?
crystallography. H,)(P(OMe),)(bpy)(dfppe)][OTfl, 12  starting  from
The ORTEP view of the monocationidais shown in Figure 3 [RuH(P(OMe))(bpy)(dfppe)][OTf] species and also to get an

15 and the important bond lengths and asdhave been summarized,; jnsight into the eletrophilicity of the metal center in such a
in Table 6. In addition to a discrete OTf counterion, two complex, we carried out protonation of compliba In the first
molecules of KO were also found. The RuB3 (phosphite) bond  experiment, we carried out the protonation of comgléausing
distance 0f2.2549(0) A in complex1lais shorter than that in HOTf at 77 K. The NMR tube containing a mixture of the
trans{RuH(P(OMe})(dppe)][BF] (2.337(2) A)* This is @  gtarting hydride completlaand HOTf in COCl, at 77 K was

20 manifestation of the presence of nitrogen of the bpy ligeaws ., inserted into the NMR probe precooled to and maintained at 193
to P(OMe) in complex1laas opposed to a hydride trans k. \we detected signal corresponding to free,ldt € 4.6 ppm in
[RuH(P(OMe})(dppe}|[BF.]. A hydride is a strongefrans  the 4 NMR spectrumand complex13awhich is either solvent
directing ligand compared to bpyThe RO bond distances of or triflate coordinated  six coordinated species
the phosphite moiety fall in the range 1.5771829(8) A. The [Ru(S)(P(OMe))(bpy)(dfppe)][OTf}, [(S = solvent (n =2), triflate

2 dfppe and bpy bite angles #fRul-P2 and NiRul*N2 are (3 = 1)] exhibiting a geometry shown in eq Bpon raising the
85.66(3)°and 75.8(12)°, respectively. tempeature of the sample from 243 K to 298 K, the geometry of
Isomerization of [RuH(P(OMe)3)(bpy)(dfppe)][OTf], 11a 13achanges to another isomer3f) (eq 8). These species were

) ) ) not isolated but observed in solutidhthe metal center is highly

We found that the compledla slowly isomeizes to 11c in

] ’ ) _electrophilic, the propensity of the boung hkgand to undergo
solution (acetone or GiEl); the isomerization that takes place iS, pegrolysis increases tremendously; in this scenario, excess
a conformatlonal_ rearrangement of ligands around the metabrotonating agent is required to protonate the starting hydride

center as shown in (eq 7). The structure of complowasnot  compjex to be able to observe and also to stabilize the

only deduced from its solution NMR spectral stumiyt alsoX- o rrespondingshH, moiety bound to the met&We carried out

7 N\_ ¢ \
/

\
7 \_ 7 \
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an experiment in which we used excess HOTf in an effort toworkers reprted [Ir(H)(H,)(triphos)][BPh] complex that

observe théfH, moiety. Under these conditions as well, we dig contains dihydrogen ligand which is quite labile. They

not observe an Higand characterized the complex with the boung ligand using high
pressure NMR spectroscopy technique. In a similar manner, we

5 FigureBRTEP view of the)[(RpHXRIf@AME))Eation a
the 50% probability level. Solvedtoglesoatem,s

(except tig) Rue omitted for clarity . )
Figur@©RTEP vievWRau{®h)eP (OMepy) (dfdp)] (

/_] 20 dication at the 50% probability level. Solvent, dis~.¢
CKCE’ atoms are omitted for clarity. There are two indebyen
\'M|/ the asymmetric unit; only one molecule is =ho
/w_| /l\
73
N \l/’ L

/I/l\

=
k/|

7 N\

X

|%|
|

4

Scheme 1

10 bound to the metal, instead we noted fregedolution. This
indicates the extremeability of H, that is formed in situ.
Protonation of completlausing excess HOTf under 1 atm of
H,(g) also did not afford the dihydrogen complex even at 193 K FiguréH5NMR (ae@tot00 MHz) spectral stack plot for
only free H andcomplex13awere formed. s reaction ofORB(:Mepy)(dfppell4@®i with H

15 The relative strength and stability of dihydrogeamplexes
depends on botbsdonation andgback donation components. In
case of cationic dihydrogen complexégback bonding takes

attempted the protonation of compléda using HOTf under 5

bar of H, pressure at room temperature. The sample was then

analyzed by NMR spectrospy in the temperature range of 298
prominence in stabilizing the i bond interaction with the K toy183 Iz Even :?] thesgycircumstancpes no evidgnce of H

. . . ) 2

met?l centtterlwggrsfz\élsdgnatllontfrom th(tehﬁbondlng l\;lods tot.an. s0 bound to the metal center was noted. We obtained opnlpdd

% gr_?]pdy meta rll a on;]lna _es tlr? N tc?se c; '_Ca 'r?_n'ﬁl product. Interestingly, uponHoss,the species that results3a

tycrogen Scomp exes wherein the mewal center 1S MgWq, 14 pe ejther solvent or fldte bound six coordinate complex

electrophlllc. In our case, thg elec_tron withdrawing ngture of the [RU(S)(P(OMeY)(bpy)(dfppe)][OTH, [(S = solvent (n =2), triflate
dfppel IlgaRr:d atFﬁ?s Ftooisﬂmo'ity |ndfthe e)g)fctefz d|h3(/jdrt(:]gen (n = 1)]. Upon raising the temperature of the sample from 243 K
complex [Ru( 2)(P(OMe),)(bpy)(dippe)][OTT, an € 5sfto 298 K, the geometry df3a changes to another isomer3p)

25 dicationic nature of the metal center, results in a reduction o A .
back donation f th tal toH h inst ssdonati (eq 8). These compounds wen®t isolated but observed in
ack donation from the metal fe:Hh such instancessdonation lution. The geometries @Baand13bwere established by VT

0
component should take prominence resulting in a stable anéH and 31P{1H} NMR spectroscopy (spectral data have been
observable dihydrogegomplex. Surprisingly in our case, the deposited in the ESI). From 193 K to 243 K, compliSa

\?sztlg:ttggt:éhiﬁd;ﬁgoeu? gi;neﬁliz(::tswere not observed, but Ereee(!_|displays three inequivalent phosphorus atoms wignads atod
30 .

. S . . 118.7, 62.7, and 51.3 ppm, respectively in #R{*H} NMR
H!ghly acidic d|hydro%|9en complexes with pk 0 arg Very Ia.b”e spectrum.The '"H NMR spectrum is comprised of 8 signals for
with respect to Hloss:™ There have been reports aghly labile

the b iety for th aa try.
dihydrogen complexes in the literatdfé? Bianchini and his co © bpy molety for the proposagageometry

10 | Journal Name, [year], [vol] , 00« 00 This journal is € The Royal Society of Chemistry [year]
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When the temperature of the sample was raised, all the signafield shifted with respect to free acetonitrile (t 2.1 ppm) which is
broadened whiclis due to a dynamic exchange of isome8a e generally tle case of the cationic acetonitrile complexes.
and13b. At 243 K, complexL3b shows two inequivaleritP{*H} .
NMR spectral signals, doublet &b0.8 ppm and triplet at 119.7 ?fgc\s:,?t?] H(;f [RuHO)(P(OMe))(bpy)(dippe)liOTT] > (14a,

s ppm for the dfppe and P(OMgyhich arecis to each other with
about JP,P) = 56 Hzand also bipyridineshows 4 signals Reaction — of  the  diastereomeric ~ mixture  of
corresponding to eiglrotons which supports its proposd®if)  [Ru(H0)(P(OMe})(bpy)(dfppe)][OTfL (14a 14b) complexes
geometry. es With H, at 1 atm in acetond, at room tenperature resulted in the
We carried out a preparatory scale experiment in an attempt tBeterolytic cleavage of H The two isomeric hydride complexes

wisolate and characterize the proposeBa/13b species. [RUH(P(OMe})(bpy)(dfppe)][OTf] (1a 11b) together with
Protonation of complexlla with HOTf at room temperature HsO' were obtained. Figure 5 shows a parttdlNMR spectral
under Ar atmosphere resulted in, Evolution. Workup of the ~ Stack plot of the formation of the hydride compkes a function
reaction mixture gave a residue that was insoluble ipQG+Hnd 7 of time. We believe that the formation of the hydride complexes
THF but soluble in only acetone and methanol. It was found to bé-1aand11band HO" proceeds through the intermediacy of the

15 highly moisture sensitive. Dissolati in acetonels; followed by ~ dihydrogen complexi2. Attempts to observe the dihydrogen
NMR spectral characterization of the product evidenced it to becOmplex12 via reaction ofl4aand 14b with H, at 1 atmusing
an isomeric mixture of aqua complexes VT NMR spectroscopy (183 293 K) were not successful.
[Ru(H,0)(P(OMe))(bpy)(dfppe)][OTfh (143 14b) (Scheme 1). 7 Instead, isomer&4aand14b having coordinategvater molecule
H NMR spectrum features two sharp singlets at t 5.76 and 5.8t one of the phosphorus atoms of dfppe were only obtained. By

20 ppm which areattribugibleto the coordinated water tfiemajor ~ Virtue of thetrans effect of dfppe on the bound water molecule,
(148 and the minor (14b) isomers. Aga complexes having the water molecule becomes labile. Similar trans influence of
combinationof soft P donors and hard nitrogen ligands, e.g.Phosphines on coordinated water molecules was noted by
[RU(OH,)(PEL),(terpy)]?* (terpy = 2,26',2"-terpyridinef* and  Mezzetti and cevorkers? > Due to lability of the bound water
[Ru(OH,)(dppe)(TpiPr)] (TpiPr = hydridotris(3;5 ligand, H can easilyreplace it and form the corresponding

» diisopropylpyrazolyl)boratdf have been reported. The IR dihydrogen complex[Ru(8hH,)(P(OMe})(bpy)(dfppe)[OT
spectrum of {43, 14b) (KBr) shows a broad band around 3520 12 This species is quite shdited and the bound Hligand
cm! attributable to the stretching mode of coordinated w@Rer ~ Undergoes heterolytic cleavage which is triggered by the presen
spectrum has been deposited he ESI) In case of complexes & of an acceptor of the protayuivalent, here 0. In the absence
[RUH(CO)(PPR)s(H,0)][BF,]-H,0%* and of any proton acceptor, waoted only H evolution. Upon

30 [Mo(CO)3(PCy)»(H,0)]-2H,0,*" bound water ligand gives a heterolysis, the isomeric hydrid®mplexeslla and 11b were
band at 3600 and 33@HB60 cni, respectively. In addition, obtained. We were unable to observgOHin solution which is
complexl4ahas been structurally characterized. due to rapid H/D exchangeith residual free water present in the
Crystals of complexi4a were obtained via slow evaporatione Solution.Apparently, H undergoes HJ exchange with acetone
from its saturated methanol solution. The ORTEP view of theds to give HD and D which results in the formation of the

s dication of complexl4ais shown in Figure 4 and the important deuteride complex [RuD(P(OMgfbpy)(dfppe)][OTf] (1ad
bond lengths and angles have been summarized in Tablee  and1lb-d). We noted a signal for the hydride ligand of complex
asymmetric unit contains two distee complex dications, 11ain acetoneds solution atdd-6.23 ppm in the'H NMR
[Ru(H,0)(P(OMe))(bpy)(dfppe)f? and a total of four [OTf] ¢ Spectrum, the intensity of which remained unalteredr cue
counteranions. The structure consists of a distorted octahedrgxtended period of time abom temperature. This suggesdtsitt

40 coordination around the metal with water molecule and one of thdhe hydride ligand does natndergo H/D exchange with the
phosphorus atoms of dfpgeans to each otherThe RuN and deuterated solvent. However, the reaction ofisomeric aqua
RuP distances are comparable to those in comp@xesiila  complexes with b the'H NMR spectrum ofllaand1lbover a
The Ru2O1 bonddistance is 2.191J7A, which is slightly longer 00 period of ca. 3 h showed the disappearance of the hydride signal
than that ir@ (2.187(3) A) and comparable to that reported in the Whereas, all the othéH and *'P NMR spectral signals of the

ss literature such agans[RUCL(PE),(CO)(H,0)] (2.189(2)A),*® complex remained unchanged. This is indicative ofetation of
and [Ru(bpc)(bpy)OH]* (bpc = Z,Zbipyridine6-carboxylate) only the hydride ligand otlaand11lb. We also noted that the
(2.112(2)R).° The difference in bond lengths of MR1LE.290(3) amount of isomefl1lb formed is quite less whereaklais the
&) and RuP2@.350(2)A) is due to the different trans influencecs major one. We propose that thg@ formed in solution slowly
of 01(H,0) and N2(bpy ligands. reacts with complexeslaandllb and forms the correspoing

so The dihydrogerligand in complexi2 is extremely labile and can dihydrogen complex which rather has a fleeting existence. The
be easily replaced by ligands such as;CM and HO. When bound H ligand gets substituted by HD in a facile manner. The
complex1lawas protonated in CJ€l, in presence of water or HD isotopomer of complexi2 undergoes deprotonation in
CH,CN under N atmosphere, complexedd, 14b and 15 were 1w presence of kO to form the ReD complex. The presence of the
obtained, respectively presably through the intermediacy of deuteride was confirmed by’H NMR spectroscopy, which

ss the dihydrogen complex2 (Scheme 1). Complek5 shows three ~ Showed a signal d@d 6.11 ppm (spectrum has been deposited in
inequivalent®P NMR spectral signals at T 120.1, 51.5, 53.3, the ESI). After one week, the Riisomer slowly isomerizes to
respectivelyfor the P(OMe) and dfppe ligands. In thét NMR ~ 11cd which was confirmed by NMR spectroscopy (see ESI).

spectrum, the coordinated acetonitrile appears at T 2.47 ppnizgotopic H/D exchange in metbl, complexes is a most
commonly observed process in preseatdeuterated solvents.
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For example, Morris and his a@orkers observed reaction ofss 10
acetoneds with [RuCI(H,)(dppe}]” to give the HD isotopomer in
20 min®? 11

Conclusions

A series of new cationic Ru(ll) complexes of the typ& 12

[RuCI(L)(bpy)(dfppe)][Z] (L =P(OMe); (5), PMe; (6), CH,CN

(7), CO @), H,0 (9); Z = OTf 6, 6, 7, 8), BAr, (9) have been
synthesized starting frontrans[RuCl,(bpy)(dfppe)] (3) via
abstraction of one of the chloride ligands usiAgOTf or
NaBAr,” in the presence of L. By virtue ohe presence of s
electron withdrawing dfppe ligand and the cationic nature of the
complex, these derivatives are quite electrophilimtdhation

reaction of the hydride complex 16.
[RuH(P(OMe))(bpy)(dfppe)][OTf] with HOTf at low
temperature gave free ,H and formation of 7017.

[Ru(S)(P(OMe))(bpy)(dfppe)][OTf [(S = solvent (n =2), triflate

(n = 1)],13a/bwhich could be either solvent or triflate bound six 1g,

coordinated species; these species were not isolated and their
formulation and geometry areot known with cerainty.

Surprisingly, in this reaction we obtainaddihydrogen complex
(unobserved) in which the ;Higand was found to be highly
labile. The aqua complex cis
[Ru(bpy)(dfppe)(OH)(P(OMe))][OTf] , on the other handeacts
readily with H under ambient coniiions and brings about
heterolytic cleavagef the H H bond in H molecule.
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