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Abstract: A series of nickel complexesl{3)b of 1,2,4-triazole derived amido-
functionalized N-heterocyclic carbene ligands were synthesized sindcturally
characterized. In particular, the [1-(RMNdfuran-2-ylmethyl)acetamido-1,2,4-
triazol-5-ylidenejNi [R = Et (1b), i-Pr 2b) and Bn 8b)] complexes were obtained by
the direct reaction of the corresponding triazoligiroride salts 1-3)a by the
treatment with NiG6H,0 in presence of $CO; as a base. The density functional
theory studies performed on these complexes revigaly polar character of the
NHC-Ni o-bonding interaction with corresponding moleculabi@l having a
maximum contribution (59-69 %) from the NHC ligafrdgments while that of a
minimum contribution (4 %) from the central nicl@iom. The 1-3)b complexes
were found to be moderately active for the catalgtirylation reactions of bromoaryl
derivatives bybis(pinacolato)diboromeagent (Bpiny) in the presence of @80; as a

base at 70 °C.



I ntroduction

Recent increase in interest in nickel catalysis leasto the discovery of many
interesting catalytic transformations and has thrawen exciting possibilities for this
metal [1]. In comparison to its immediate congemalladium, [2] that has seen
phenomenal success in catalysis in recent timekehhas surprisingly maintained a
low profile all throughout. As a matter of facickel, as a metal, is quite attractive
for catalysis mainly for its high nucleophilicithat arise out of its small size as% 1
row transition metal, and for its several accessiitidation states,[3] that make it
flexible towards various catalytic cycles [4]. addition to these favorable catalytic

attributes, nickel is inexpensive and thus, as aleyhs ideally suited for catalysis.

One of our interests [5] lies on exploring the baia potential of nickel, and towards

this goal, we intended to use the now popildreterocyclic carbene ligands that are
widely recognized for their success in homogenaatalysis [6]. In this context, we

have recently observed the superiority of the Hidkbeterocyclic carbene complexes
over their palladium analogs in the hydroaminatieactions of the activated olefins
[7]. We have also designed nickBkheterocyclic carbene complexes for the
bifunctional catalysis of the Michael addition réan under base-free conditions by
employing suitably tailored chelating amido-funaiized N-heterocyclic carbene

ligands of the imidazole scaffold [8,9]. Meanwh#g®me of us were also interested in
the reactivity of half-sandwiciN-heterocyclic carbene (NHC) nickel complexes in
efficient and chemoselective catalytic hydrosilgat of aldehydes, ketones and

imines under mild conditions [10].



Extending even further, we sought to explore thigyof the nickel complexes of the
related amido-functionalizedN-heterocyclic carbene ligands of the 1,2,4-triazole
scaffold in various other catalytic transformatidiiee in the catalytic borylation
reactions of bromoaryl derivatives bis(pinacolato)diboron. The borylation reaction
[11] is important for providing convenient accessthe high value intermediates of
the day-to-day organic synthesis, mainly for theui+Miyaura Cross-Coupling
reaction. In this context it is noteworthy thae thickel catalysts, despite being
among the pioneering ones for the C—-C cross cogipéaction, as observed from the
early report of the Corriu-Kumada coupling with @rard reagents [12], they
remained less popular till date than their palladicounterparts in various C-C cross
coupling reactions including the Suzuki-Miyaura atgen [ 13]. From this
perspective, quite importantly, the recent repartsthe nickel catalysis for the
borylation reactions of the organohalide derivatiygoviding convenient access to
the borylated synthons [14], would ignite interest the metal. In addition to the
nickel, our other interest in the 1,2,4-triazolesdxdN-heterocyclic carbene ligands
arises from the fact that these ligands are legpeed as compared to their imidazole

analogues [15,16].

Hence, in this contribution, we report a seriesickel complexes namely [1-(R)-4-
N-(furan-2-ylmethyl)acetamido-1,2,4-triazol-5-ylidggNi [R = Et (1b), i-Pr 2b) and

Bn (3b)] of the 1,2,4-triazole derived-heterocyclic carbene ligands that show low to
moderate activity in the catalytic borylation reant of bromoaryl derivatives by

bis(pinacolato)diboron.



Results and Discussions

A series of amido-functionalizeld-heterocyclic carbene precursors namely, 1-(R)-4-
N-(furan-2-ylmethyl)acetamido-1,2,4-triazolium chtte [R = Et (a), i-Pr 2a), Bn
(3a)] were synthesized from the respective 1-(R)-1tlakoles by the direct reaction
of 2-chloroN-(furan-2-ylmethyl)acetamide in 52-66 % vyield (Sctee 1). The
formation of the 1,2,4-triazolium chloride salts-B)a was very much evident from
the appearances of the characteristiCINl) resonances at a highly downfield region
at 10.8-10.2 ppm in th#H NMR spectrum and at 146.1-145.8 ppm in tf@{*H}
NMR spectrum and were further confirmed by High ¢teson Mass Spectrometry
(HRMS) studies that showed the [NHC+Hpeaks atmvz 235.1206 {a), nvz
249.1356 2a) andm/z 297.1350 8a) against the corresponding calculated values of

m/z 235.1195 1a), m/z 249.1352 Za) andn/z 297.1352 8a).

The nickel complexeslt3)b were then synthesized from the respective trianoli
chloride salts 1-3)a by the treatment with Ni@l6H,O in CHCN in presence of
K>CQO; (4.4 equiv.) as a base (Scheme 1 and Figure l¢. diamagnetic nature of the
(1-3)b complexes indicated a square planar geometry atmigt@l center in these
complexes. ThéH NMR spectrum showed the absence of theHNGind amido-¥
resonances, consistent with the formation of aeralcenter on the triazolium ring
along with the chelation of the anionic amido-fuoctlized side arm to the metal
center in these complexes. Quite interestinglg, tiko methylene moieties of the
(1-2)b complexes were diastereotopic in nature and ebduilfour sets of resonances
for the1b and the2b complexes while displaying %y coupling constant of 15 Hz.

In contrast, all of the three methylene groups lo¢ 8b complex were also



diastereotopic in nature displaying six sets obnesices while exhibiting &Ju
coupling constant of 15 Hz in th#d NMR spectrum. Lastly, the characteristic
Ni—Cearbene resonance appeared at 171.6-171.0 ppm regiot’Gf'H} NMR

spectrum of thel-3)b complexes.

The single crystals ofl{3)b were duly obtained from an acetonitrile solution the
X-ray single crystal diffraction analysis. The muléar structure of thel€3)b
complexes determined by the X-ray diffraction sésdshowed the metal center in a
square-planar geometry (Figure 2-4 and Table 1)he Tickel in the 1-3)b
complexes is linked to two chelatédtheterocyclic carbene ligands, which were
arranged in ais-disposition to each other and were bound to th&heenter through
the carbene-C and an amido-N atoms. The Nir& bond distances in th&b
[1.860(3) A and 1.859(3) ARb [1.853(2) A and 1.853(2) A] argb [1.871(4) A and
1.871(4) A] complexes compare well with the averd@éi—Ccanen) distance [1.864
A] observed for the related structurally charactedinickel(ll) complexes of chelated
amido-functionalized N-heterocyclic carbene ligands that are present he t
Cambridge Structural Database [17]. Similarly, MieNamiqo bond distances idb
[1.9230(2) A and 1.9220(2) AZb [1.9260(18) A and 1.9211(18) A] aBt [1.927(3)

A and 1.931(3) A] are also comparable to the avem@@i—Namd) [1.932 A]
observed for the related structurally characterizethplexes in the Cambridge

Structural Database [17].

Further, insights into the electronic structures tibése {-3)b complexes were
obtained with the aid of the density functionalahe(DFT) study. Specifically, the

geometry optimized structures were computed for (he3)b complexes at the
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B3LYP/LANL2DZ, 6-31G(d) level of theory by using éhatomic coordinates
obtained from the X-ray diffraction studies (Suppw Information Figure S34-S36
and Table S7-S9). The computed structures areowd gagreement with the
experimental ones (Supporting Information Table -81P). Subsequently, the
single-point calculations along with the post-wdarection analysis using the natural
bond order (NBO) method were performed on the géignuptimized structures at
the same level of theory for a detailed understandif the electronic properties of

these complexes.

Corroborating the view of a strong electron-donativom the anionic amido-
functionalizedN-heterocyclic carbene (NHC) ligands to the metateein the {-3)b
complexes, the natural and the Mulliken charge yaesl indeed showed significant
increase in the electron density at the nickelereintthe {—-3)b complexes relative to
that of the free N ion (Supporting Information Table S1-S3). Along #ame line,
a scrutiny of the electronic configuration of thetal center in thelt3)b complexes
further revealed that the electron donation from ¢Arbene lone pair occurred onto

the 3d and4s orbitals of the nickel center (Supporting InforroatTable S4).

Of patrticular interest are the Nigfpene bOnding interaction in thel{3)b complexes.
The NBO analysis showed that the Nigfene bonds in the X-3)b complexes
comprised of an interaction betweensg hybridized Gapee Orbital with a dsp?
hybridized Ni orbital, and this is in agreementhwilthe square-planar geometry of the
central metal atom (Supporting Information Tablg.SBdditional understanding of
the Ni—Capene interaction were obtained by the Charge DecomiposiAnalysis

(CDA) that estimated the NHC ligand to the nicketonation, as denoted loly and
8



the nickel to the NHC ligand-back-donation, as denoted byoccurring in these
(1-3)b complexes. As expected of the anionic amido-fametizedN-heterocyclic
carbene ligands in thel{3)b complexes to be strongly-donating, very highd/b
ratio of 10.95 {b), 11.30 gb), and 11.25 3b) were observed in these complexes
(Supporting Information Table S6). It is worth imgt that the forwar@-donation )
and the backward:- donation k) values of the -3)b complexes represent the
interactions between the metal center and the twinl@a functionalized NHC-ligand
fragments, and which individually is composed ob tiwteractions namely, acfene—

Ni interaction and a Niqo—Ni interaction.

The molecular orbital (MO) correlation diagrams &exonstructed for thel{3)b
complexes from the interaction of the individualgdment molecular orbitals (FMOs)
of the free NHC ligand fragments with that of theef NF* ion. The molecular orbital
(MO) representing the NHC-Ne¢-interactions in the 1-3)b complexesi.e. the
HOMO-36 (b), HOMO-43 @b) and the HOMO-42 3p) is formed from the
interaction between the carbene lone pairs ofwlteNHC ligand fragments with the
4s atomic orbital of the Ni ion (Figure 5 and Supporting Information Figure’ $®d
S38). The NHC-Nic-bonding molecular orbital in thel{3)b complexes are
primarily ligand based exhibiting significant cabtrtion [69 % (b), 69 % @b) and
59 % @b)] from the two NHC ligand fragments and marginahtibution [4 % (b),

4 % @b) and 4 % 8b)] from the central nickel atom and this point todsa a
substantial ionic character of the NHC-Ntinteraction. Additionally, these
NHC-Ni o-bonding molecular orbitals namely, the HOMO-36)( HOMO-43 @b)
and the HOMO-423b) were all found to be deeply buried thereby sutiggighly

stable nature of these Ni—-NHG-interactions and further indicating that these
9



Ni-NHC o-bonds in the -3)b complexes are less susceptible to the attacks by

incoming nucleophiles and electrophiles.

The recent interest on nickel as catalysts in ladigyh of halogeno derivatives leading
to the corresponding borylated compounds usefi8unuki-Miyaura cross-coupling

reactions prompted us to examirle-3)b as potential catalysts for the coupling of
bis(pinacolato)diboron with aryl bromides. In peutar, in the presence of the 3
equiv. of CsCQO;, the nickel complexesl{3)b catalyzed the reaction between the
bis(pinacolato)diboromeagent (Bpin,) (1.5 equiv.) with the 1 equiv. of arylbromide
substrates exhibiting moderate conversions (61-par¥d yielding the corresponding
borylated compounds in 13 % , 10 % and 8 %, regmdgtalong with the

dehalogenated arenes (Table 2, entries 1-3). &t rba noticed that except the
formation of the borylated derivatives, and the eawcted starting reagents, only
dehalogenated arenes were obtained as side prodinetSormation of the reduced
arene derivatives can be explained by the oxidatddition of the haloarene leading

to an Ni(Ar)(X) intermediate which was then hyded.

Subsequently, the most active catalyldt, was used in the borylation reactions of
various other arylbromide substrates. (Table 2riE&n#d—9) Theortho- and thameta-
tolyloromide displayed 88 % and 91 % conversionspeetively along with low
amount of borylated tolyl derivatives of 12 % artl% respectively (Table 2, Entries
4 and 5). However, with thg-anisylbromide andp-tert-butylphenylbromide
substrates, the better yields (20 % and 18%, réspgg were observed at 73 % and
71 % conversions (Table 2, Entries 6 and 7). Ngtathe electron-donating

substituted aryl bromide substrates seem to be mactive than the phenylbromide
10



substrate (83% conv., 10% yield, entry 8). For 2heaphtyloromide substrate, the
formation of the 20% of the corresponding borylateedne was observed (Table 2,

entry 9).

Conclusion

In summary, a series of nickel complexds3)b of the chelating anionic amido-
functionalized N-heterocyclic carbene ligands hbgen synthesized and structurally
characterized. The density functional theory ssidperformed on thel{3)b
complexes point toward highly stable NHC-Ni inteéracs that are predominanty
bonding in nature. Thel{3)b complexes were found to be moderately active fer th
catalytic borylation reactions of bromoaryl derivas by thebis(pinacolato)diboron
reagent (Bpiny) in the presence of g80; as a stoichiometric base at 70 °C, mainly

due to a competitive dehalogenation reaction.
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Experimental Section

General Procedures. All manipulations were carried out using a comhbmatof a
glovebox and standard Schlenk techniques. MNBE,O was purchased from SD-fine
Chemicals (India) and used without any further fozation. 1-(ethyl)-1,2,4-triazole
[18], 1-(-propyl)-1,2,4-triazole [19], 1-(benzyl)-1,2,4-tz@le [20] and 2-chloro-N-
(furan-2-yImethyl)acetamide[21] were synthesizedoading to modified literature
procedures. *H and **C{*H} NMR spectra were recorded on a Bruker 400 MHz
NMR spectrometer’H NMR peaks are labeled as singlet (s), doubletttiet (t),
quartet (q), quartet of doublets (qd), doublet ofildets (dd) septet (sept) and broad
(br). Infrared spectra were recorded on a PerkimeE Spectrum One FT-IR
spectrometer. Mass spectrometry measurements degre on a Micromass Q-Tof
spectrometer and Bruker maxis impact spectromdigmental Analysis was carried
out on Thermo Finnigan FLASH EA 1112 SERIES (CHE®mental Analyzer. X-
ray diffraction data for compoundtb, 2b and 3b were collected on an Oxford
Diffraction XCALIBUR-S diffractometer and Rigaku Hg24+ diffractometer.
Crystal data collection and refinement parameteessammarized in Table 1. The
structures were solved using direct method anddarardifference map techniques,
and refined by full-matrix least-squares procedue§?. CCDC-855783 (follb),
CCDC-844351 (for2b) and CCDC-1003751 (foBb) contain the supplementary
crystallographic data for this paper. These datalze obtained free of charge from
the Cambridge Crystallographic Data center via

www.ccdc.cam.ac.uk/data_request/cif.
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Synthesis of 1-(ethyl)-4-N-(furan-2-ylmethyl)acetamido-1,2,4-triazolium chloride
(1a)

A mixture of ethyl triazole (1.25 g, 12.9 mmol) an2-chloro-N-(furan-2-
ylmethyl)acetamide (2.21 g, 12.8 mmol) was refluxedoluene ¢a. 40 mL) for 16
hours during which a black viscous precipitate Wwaamed. After decanting off the
solvent, the precipitate was washed with hot petnol etherda. 3 x 10 mL) and then
dissolved in minimum amount of dichloromethama. (4 mL). The product was
precipitated out by addition of diethyl ethea.(15 mL). The product was isolated by
decantation and was vacuum dried to give the pto®} as a hygroscopic black
solid (2.29 g, 66 %)*H NMR (CDCk, 400 MHz, 25 °C)5 10.8 (s, 1H, N-C(3)-N),
9.40 (br, 1H, NHCO), 9.39 (s, 1H, N-C(8)-N), 7.28 (br, 1H, ¢H30), 6.26 (br, 1H,
CsH:0), 6.23 (br, 1H, ¢H30), 5.54 (s, 2H, ), 4.45 (q, 2H Jnn = 7 Hz, G.CHj),
4.37 (d, 2H,°3uy = 5 Hz, G,NH), 1.57 (t, 3H,°Juy = 7 Hz, CHCHJ). “C{'H}
NMR (DMSO-ds, 100 MHz, 25 °C)s 164.5 C=0), 151.4 C4H30), 145.8 (NE(5)-
N), 143.2 (NE(3)-N), 142.7 C4H30), 110.9 C4H30), 107.9 C:H30), 49.0 CH,),
47.5 CH,CHs), 36.1 CH,), 13.9 (CHCHs). IR data (KBr pellet) cit 1686 (s)
(Vezo). HRMS (ES):m/z 235.1206 [NHC+H], calcd. 235.1195. Anal. Calcd. for
C11H15N4O-CleH,0: C, 45.76; H, 5.93; N, 19.40. Found: C, 46.586H.3; N, 19.42

%.

Synthesis of [1-(ethyl)-4-N-(furan-2-ylmethyl)acetamido-1,2,4-triazol-5-
ylidene],Ni (1b)

A mixture of 1-ethyl-4-N-(furan-2-ylmethyl)acetanmd ,2,4-triazolium chloridelg)
(0.640 g, 2.37 mmol), $COs (1.64 g, 11.8 mmol) and NigbH,O (0.280 g, 1.18

mmol) was refluxed in acetonitrileg. 40 mL) for 24 hours. The reaction mixture
13



was filtered and filtrate was reduced in vaccuntawmO mL. The filtrate was kept at
room temperature for overnight, during which yellowystals were formed. Finally,
the crystals were separated by filtration and vatuaied to give the produclly) as
a yellow crystalline solid (0.135 g, 22 %) NMR (CDCk, 400 MHz, 25 °C)5 8.02
(s, 2H, N-C(3H-N), 7.31 (dd, 2H33uy = 2 Hz,%Jun = 1 Hz, GH30), 6.34 (dd, 2H,
Jun = 3 Hz,%Jun = 3 Hz, GH30), 6.12 (d, 2H Jun = 3 Hz, GH30), 5.13 (d, 2H,
Jun = 15 Hz, G1y), 4.84 (d, 2H.Jun = 15 Hz, G1,), 4.50 (d, 2H,Jun = 15 Hz,
CHy), 3.61 (d, 2H 3w = 15 Hz, G1y), 3.54 (qd, 2H Iy =7 Hz, H.CHj), 3.16 (qd,
2H, 334y = 7 Hz, H.CHs), 1.23 (t, 6H,%J4y =7 Hz, CHCHs). “C{*H} NMR
(CDCls, 100 MHz, 25 °C)® 171.0 (Ni-NCN), 168.3 C=0), 156.6 C.Hz0), 142.4
(N-C(3)-N), 141.1 C4H30), 110.9 C,H30), 106.3 C4H30), 54.3 CH,), 46.9
(CH.CHs), 41.8 CH,), 15.1 (CHCHs). IR data (KBr pellet) cit 1590 (S) ¥c-o).
HRMS (ES): m/z 525.1506 [M+H], calcd. 525.1503. Anal. Calcd. for
CooH26NiNgO40H,0: C, 48.64; H, 5.20; N, 20.63. Found: C, 48.425H5; N, 20.30

%.

Synthesis  of  1-(i-propyl)-4-N-(furan-2-ylmethyl)acetamido-1,2,4-triazolium
chloride (2a)

A mixture of i-propyl triazole (1.96 g, 17.7 mmol) and 2-chlore{dran-2-
ylmethyl)acetamide (3.06 g, 17.6 mmol) was refluxedoluene ¢a. 30 mL) for 14
hours during which a black viscous precipitate Wwaamed. After decanting off the
solvent, the precipitate was washed with hot petnol ether (3 x 10 mL) and then
dissolved in minimum amount of dichloromethame. (3 mL). The product was
precipitated out by addition of diethyl ethea.(15 mL). The product was isolated by

decantation and was vacuum dried to give the proffa) as a hygroscopic black
14



solid (2.65 g, 53 %)'H NMR (DMSO-ds, 400 MHz, 25 °C)5 10.2 (s, 1H, N-C(3)-
N), 9.14 (s, 1H, N-C(3-N), 9.09 (br, 1H, MCO), 7.58 (br, 1H, ¢Hs0), 6.40 (dd,
1H, 3Jun = 3 Hz,334n = 3 Hz, GH10), 6.31 (d, 1H3J4y = 3 Hz, GH50), 5.11 (s, 2H,
CHy), 4.86 (sept, 1H3Jyy = 7 Hz, GH(CHa)), 4.34 (d, 2H 34y = 5 Hz, GHoNH),
1.50 (d, 6H2J4n = 7 Hz, CH(®3),). “*C{*H} NMR (DMSO-ds, 100 MHz, 25 °C)5
164.4 C=0), 151.4 C4H:0), 145.8 (NE(5)-N), 142.7 (NE(3)-N), 142.4 C,H30),
110.8 C4H30), 107.9 C4Hs0), 55.5 CH(CHs),), 49.0 CHy), 36.1 CH.), 21.4
(CH(CHs),). IR data (KBr pellet) ciit 1689 (S) Ye=o). HRMS (ES):m/z 249.1356
[NHC+H]", calcd. 249.1352. Anal. Calcd. foriEl17N40,Cle0.5H,0: C, 49.07; H,

6.18; N, 19.07. Found: C, 48.63; H, 6.74; N, 187

Synthesis  of  [1-(i-propyl)-4-N-(furan-2-ylmethyl)acetamido-1,2,4-triazol-5-
ylideng],Ni (2b)

A mixture of 1-{-propyl)-4-N-(furan-2-ylmethyl)acetamido-1,2,4-z@ium chloride
(2a) (2.33 g, 8.20 mmol), ¥CO; (5.65 g, 40.9 mmol) and NigbH,O (0.974 g, 4.09
mmol) was refluxed in acetonitrileg. 70 mL) for 24 hours. The reaction mixture
was filtered and filtrate was reduced in vacuumaup5 mL. The filtrate was kept at
room temperature for overnight, during which brogvgstals were formed. Finally
the crystals were separated by filtration and vactuduied to give the producklf) as

a yellow crystalline solid (0.684 g, 30 %) NMR (CDCk, 400 MHz, 25 °C)5 8.07
(s, 2H, N-C(3H-N), 7.29 (br, 2H, GH30), 6.31 (dd, 2H3J4y = 3 Hz,%J4n = 3 Hz,
C4H30), 6.13 (d, 2HJn = 3 Hz, GH30), 5.24 (d, 2H?Jun = 15 Hz, G1,), 4.83 (d,
2H, 2Jyn = 15 Hz, Gy), 4.57 (d, 2H Juy = 15 Hz, ®y), 3.59 (d, 2H Jnn = 15 Hz,
CHy), 3.54 (sept, 2H:Jun = 7 Hz, G4(CHy)), 1.24 (d, 6H Iy = 7 Hz, CH(QGHa)2),

1.14 (d, 6H,3Jun = 7 Hz, CH(®s),). *c{*H} NMR (CDCls, 100 MHz, 25 °C)3
15



171.2 (Ni-NCN), 168.5 C=0), 156.2 C;H:0), 142.3 (NE(3)-N), 141.1 C4H:0),
110.7 €4H30), 106.7 C4H30), 54.3 CH(CHs),), 54.2 CH.), 41.8 CH,), 24.3
(CH(CHs),), 20.3 (CHCHs3),). IR data (KBr pellet) cit 1596 (S) ¥c=o). HRMS
(ES): n/z 553.1817 [M+H], calcd. 553.1816. Anal. Calcd. for£3NiNgO4: C,

52.10; H, 5.47; N, 20.25. Found: C, 51.44; H, 610420.28 %.

Synthesis of 1-(benzyl)-4-N-(furan-2-ylmethyl)acetamido-1,2,4-triazolium
chloride (3a)

A mixture of benzyl triazole (2.05 g, 12.9 mmol) dar?-chloro-N-(furan-2-
ylmethyl)acetamide (2.21 g, 12.8 mmol) was refluxedoluene ¢a. 40 mL) for 32
hours during which a black precipitate was formédter decanting off the solvent,
the precipitate was washed with hot petroleum efoar 3 x 10 mL) and then
dissolved in minimum amount of dichloromethama. (4 mL). The product was
precipitated out by addition of diethyl ether (215 mL). The product was finally
isolated by decantation and was vacuum dried te thie product3a) as a black solid
(2.20 g, 52 %).*H NMR (DMSO-ds, 400 MHz, 25 °C)5 10.3 (s, 1H, N-C(3)-N),
9.20 (br, 1H, N-C(3-N), 9.16 (s, 1H, MCO), 7.60 (br, 1H, gHs0), 7.43 (br, 5H,
CeHs), 6.41 (dd, 1H Jun = 3 Hz,%Jun = 3 Hz, GH30), 6.32 (d, 1H Iy = 3 Hz,
C4H30), 5.70 (s, 2H, €)), 5.17 (s, 2H, E), 4.34 (d, 2H. Jun = 6 Hz, GH.NH).
3C{*H} NMR (DMSO-ds, 100 MHz, 25 °C)3 164.3 C=0), 151.3 C4H30), 146.1
(N-C(5)-N), 143.8 CeHs), 142.4 (NE(3)-N), 142.4 C4H30), 133.4 CsHs), 128.9
(CeHs) 128.8 CgHs), 110.5 C4H30), 107.5 C4H0), 54.7 CH,), 49.1 CH,), 35.9
(CH,). IR data (KBr pellet) cift 1669 (S) Ye=o). HRMS (ES):mz 297.1350
[NHC+H]", calcd. 297.1352. Anal. Calcd. forg817/N40,Cle0.5H,0: C, 56.22; H,

5.31; N, 16.39. Found: C, 55.93; H, 5.83; N, 1837
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Synthesis of [1-(benzyl)-4-N-(fur an-2-ylmethyl)acetamido-1,2,4-triazol-5-
ylidene]2Ni (3b)

A mixture of 1-benzyl-4-N-(furan-2-ylmethyl)acetamoi1,2,4-triazolium chloride
(3a) (1.20g, 3.60 mmol), ¥CO; (2.48 g, 18.0 mmol) and NigbH,O (0.428 g, 1.80
mmol) was refluxed in acetonitrileg. 50 mL) for 24 hours. The reaction mixture
was filtered and the filtrate reduced in vacuuma@0 mL. The filtrate was kept at
0°C for 3 hours, during which yellow crystals wéoemed. Finally the crystals were
quickly separated by filtration and vacuum driedjitee the product3p) as a yellow
solid (0.163 g, 14 %)H NMR (CDCk, 400 MHz, 25 °C)5 8.12 (s, 2H, N-C(3)-
N), 7.31 (m, 6H, GHs), 7.19 (br, 2H, ¢H30), 6.91 (d, 4H%34y = 7 Hz, GHs), 6.29
(br, 2H, GH30), 6.05 (d, 2H 3 = 2 Hz, GH30), 4.97 (d, 2H?Jnn = 15 Hz, G1y),
4.79 (d, 2H?Jun = 15 Hz, G1y), 4.50 (d, 2H2Jun = 15 Hz, G), 4.42 (d, 2HJuy =
15 Hz, G4y), 4.39 (d, 2H,Ju = 15 Hz, Gp), 3.62 (d, 2H,Jun = 15 Hz, Giy).
3c{*H} NMR (CDCls, 100 MHz, 25 °C)3 171.6 (Ni-NCN), 168.4 C=0), 156.0
(C4H30), 142.7 (NE(3)-N), 141.2 CiHs0), 133.6 CeHs), 129.3 CeHs), 129.0
(CeHs), 127.6 CeHs), 110.7 C4H30), 106.3 C4H30), 55.4 CH,), 54.0 CHy), 42.3
(CH,). IR data (KBr pellet) cift 1595 (S) Ye=o). HRMS (ES):m/z 649.1813
[M+H] ", calcd. 649.1816. Anal. Calcd. forE3NiNgOseH,0: C, 57.59; H, 4.83;

N, 16.79. Found: C, 57.71; H, 5.05; N, 16.74 %.

Computational M ethods
Density functional theory (DFT) calculations werrformed on thenetal complexes
(1-3)b using GAUSSIAN 09 [22] suite of quantum chemicebgrams. The Becke

three parameter exchange functional in conjunctuith Lee-Yang-Parr correlation
17



functional (B3LYP) has been employed in the stu2ly][ The polarized basis set 6-
31G(d) [24] was used to describe oxygen, carbdmgen and hydrogen atoms. The
StuttgartDresden effective core potential (ECP) along withlemce basis sets
(LANL2DZ) was used for the nickel [25]. Naturalrmb orbital (NBO) analysis [26]
was performed using NBO 3.1 program implementeithénGAUSSIAN 09 package.
Frequency calculations were performed for all thgmoized structures to characterize
the stationary points as minima.
The metal-liganddonor—acceptor interaction were inspected by using the Charge
Decomposition Analysis (CDA) [27] which is a vallaktool for analyzing the
interactions between molecular fragments on a dfaéise basis with an emphasis on
the electron donation [28]. The orbital interactimetweerdonor NHC andacceptor
fragment Nf* ion in (1-3)b can be divided into three parts;
(1) o-donation from twomono—anionic NHC ligand fragments to a
nickel(ll) ion {2[NHC]™ - Ni**} and designated by,
(i) n- back donation from a nickel(ll) in to twoono—anionic NHC ligand
fragments {2[NHC] — Ni*'} and designated by} and
(i) A repulsive interactionr] between the occupied FMOs of these two

fragments.

The CDA calculations were performed using &@Mix [29,30] program with the
B3LYP/ LANL2DZ, 6-31G(d) wave function. Molecularbital (MO) compositions
and the overlap populations were calculated usieghOMix program. Analysis of

the MO compositions in terms of occupied and unpmifragment orbitals (OFOs

18



and UFOs, respectively), construction of orbitaleraction diagrams, the charge

decomposition analysis (CDA) were performed usiredOMix-CDA [31].

Catalysis studies

General procedure: In a Schlenk tube, under argon atmosphere, wasdnted the
arylbromide (0.25 mmol, 1 equiv.), £¥0; (261 mg, 0.80 mmol, 3 equiv.),
bis(pinacolato)diboron (102 mg, 0.40 mmol, 1.5 gquithe nickel complexb (7
mg, 1.3 mmol, 5 mol%) and 1 mL of dry THF. Theats@ mixture was then stirred
at 70 °C for 20 h. The THF was carefully evapatateThe conversion of the
arylbromide and the yield of the borylated areneenteterminated biH-NMR using

1,3,5-trimethoxybenzene (22 mg, 0.13 mmol, 0.5we}as an internal standard.

Acknowledgements

We thank Indo-French Centre for the Promotion ov#tted Research — IFCPAR
(Project No: 4605-1), New Delhi, for the financglpport of this research. PG is
grateful to the Sophisticated Analytical Instruméracility at [IT Bombay for the
characterization data amd the National Single Crystal X-ray Diffractiondtiaty, 11T
Bombay, and the Single Crystal X-ray Diffraction cHi#y at the Chemistry
Department, [IT Bombay, for the crystallographicadaThe computational facilities
at the Computer Center, IIT Bombay, and at the GéteynDepartment, |IT Bombay,
are gratefully acknowledged. AK thanks CSIR, NewlH) for research fellowship.
CD and JBS thank the French "Ministére de I'Enseigent Supérieur et de la
Recherche" and the CNRS for financial support. R8nks IFCPAR for a PhD

grant.

19



Electronic supplementary information (ESI) available: The characterization data
of the (1-3)b complexes (Supporting Information Figure S1-S3Bg B3LYP

coordinates of the optimized geometries tbr3)b, NBO tables and CDA table along
with orbital interaction diagrams &b and 3b. This material is available free of

chargevia the internet at http:Www.XXXXXXXXX

20



N

=N
i/L N>
N \N

O 0
\O O/

R = Et (1b), i-Pr (2b), Bn (3b)

N—p R R
QL
e

N

Figure 1.

21



Figure 2. ORTEP view oflb with thermal ellipsoids are shown at the 50 %
probability level. Selected bond lengths (A) amlas (°): Ni(2)-C(1) 1.860(3),
Ni(2)-C(34) 1.859(3), Ni(2-N(4) 1.9230(2), Ni(2){8) 1.9220(2),
C(1)-Ni(2)-N(4) 87.54(10), C(12)-Ni(2)-N(8) 85.8%)1 C(1)-Ni(2)-C(12)

94.64(11), N(4)-Ni(2)-N(8) 92.43(9).
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Figure 3. ORTEP view of2b with thermal ellipsoids are shown at the 50 %
probability level. Selected bond lengths (A) anwylas (°): Ni(1)-C(1) 1.853(2),
Ni(1)-C(13)  1.853(2), Ni(1)-N(4) 1.9260(18), Ni(I}8) 1.9211(18),
C(1)-Ni(1)-N(4) 86.67(8), C(13)-Ni(1)-N(8) 86.21(3(1)-Ni(1)-C(13) 92.83(8),

N(4)-Ni(1)-N(8) 94.61(7).
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Ni(1)-C(17) 1.871(4), Ni(1)-N(4) 1.927(3), Ni(1)-5) 1.931(3), C(1)-Ni(1)-N(4)
86.25(14), C(17)-Ni(1)-N(5)  88.09(14), C(1)-Ni(1)@@)  94.40(15),

N(4)-Ni(1)-N(5) 91.57(13).
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Table 1. X-ray crystallographic data fdb, 2b and3b.

Compound 1b 2b 3b
Lattice Monaoclinic Orthorhombic Monoclinic
Formula GsHs3Cl3N1eNi2Og s CogH3oNgNiIO4 Cs2H30NgNiO4

Formula weight 1177.80 553.27 649.35

Space group P21/n P21212; P2i/c

alA 18.8306(3) 10.5000(2) 18.590(5)
b/A 9.25340(10) 13.9266(4) 9.104(2)
c/A 30.7706(4) 17.9794(4) 18.316(5)
al® 90 90 90
p/° 94.472(2) 90 109.49(4)
y/° 90 90 90
VIA3 5345.36(12) 2629.11(11) 2922.2(13)
z 4 4 4
Temperature (K) 293(2) 293(2) 100(2)
Radiation §,A) 0.71073 0.71073 0.71073
p (calcd.), g crit 1.464 1.398 1.476
0 max, deg. 25.00 25.00 25.00
No. of data 9372 4620 7789
No. of parameters 677 338 406
Ry [I>2sigma(l)] 0.0419 0.0277 0.0816
WR; [I>2sigma(l)] 0.1149 0.0689 0.204
GOF 1.038 1.034 1.109
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Table 2. Selected results for catalytic borylation reawsioof arylbromide by

bis(pinacolato)dibororcatalyzed by1-3)b.

o [Ni] (5 mol%) 9’/§;%_
> I AN B\O
Cs,CO; (3equiv.) R— _

THF, 70 °C, 17 h

1 equiv. 1.5 equiv.
Entry [Ni] (5 mol%) Ar-Br Conversion (%)  Yield (%)
1 1b a0 13
2 2b Br 75 10
3 3b 61 8
4 1b 88 12
Br
5 1b 91 14
Br

Br 70 21

©
=
o

(&) Ar-Br (50 mg, 0.25 mmol, 1 equiv.), £%; (261 mg, 0.80 mmol, 3 equiv.),
bis(pinacolato)diboron (102 mg, 0.40 mmol, 1.5 gquiTHF (1 mL), Ni complex (7
mg, 1.3 mmol, 5 mol%), 70 °C for 20 h. (b) Conversiof the arylbromide
determinated byH-NMR using 1,3,5-trimethoxybenzene (22 mg, 0.1ah 0.5

equiv.) as an internal standard. (c) NMR vyield deteed withl,3,5-

trimethoxybenzene as an internal standard.
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A series of nickel complexes of 1,2,4-triazole derived amido-functionalized N-heterocyclic carbene
ligands were prepared, characterized and explored for their activity in the borylation reaction of

arylbromides.
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Figure 1. The nickel complexes of 1,2,4-triazole derived amido-functionalized N-

heterocyclic carbene Ligands.



Highlights

* Ni complexes of the 1,2,4-triazole based NHC ligands were synthesized.
» The Ni-NHC interaction was probed by DFT studies
» The Ni-NHC complexes exhibited moderate activity in borylation of aryl bromides.
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Figure S2. *C{*H} NMR spectrum of 1a in DMSO-d.
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Figure S4. High Resolution Mass Spectrometry (HRMS) data of 1a.
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Figure S5. Elemental analysis data of 1a.
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Figure S9. High Resolution Mass Spectrometry (HRMS) data of 1b.
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Figure S10. Elemental analysis data of 1b.
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Figure S11. *H NMR spectrum of 2a in DMSO-dg.
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Figure S13. *C{*H} NMR spectrum of 2a in DMSO-ds.
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Figure S14. Infrared spectrum of 2a in KBr.
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Single Mass Analysis (displaying only valid results)
Tolerance = 5.0 PPM / DBE: min = -1.5, max = 50.0
Isotope cluster parameters: Separation = 1.0 Abundance = 1.0%

Monoisotopic Mass, Odd and Even Electron lons
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Figure S15. High Resolution Mass Spectrometry (HRMS) data of 2a.
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Elemental Analyser method: 0
Sampler method:
Sample ID 01-07-2014-035-PG-AK-9-124 (# 35) NH
Analysis type: UnkNown '
Chromatogram filename: 01-07-2014-035-PG-AK-9-124 dat ')
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Protein factor: 625
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— 10.76 Nitrogen
r 4
11.88 |/3 23 Hydrogen
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22 T T 1 T T T T T >
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Sample name :01-07-2014-035-PG-AK-9-124 (# 35)
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Figure S16. Elemental analysis data of 2a.
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Figure S17. *H NMR spectrum of 2b in CDCls.
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Figure S19. Infrared spectrum of 2b in KBr.
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Bruker Compass DataAnalysis 4.1 printed:  4/12/2014 6:29:16 PM “by: PGCSIN Page 10of 1

Figure S20. High Resolution Mass Spectrometry (HRMS) data of 2b.
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sator 1D
mpany name:
dethod filename:

Method name:
Analysed:
Printed:
Elemental Analyser method:
Sampler method:

Sample ID 17-10-2011042-PG-AK-3-229-IN (# 42)
Analysis type: UnkNown
Chromatogram filename: 17-10-2011042-PG-AK-3-229-IN.dat
Calibration method: K Factors
Sample weight: 2.948
Protein factor: 6.25
7844 | 113 Carbon
61.47
44.54
{(mVYolt)
27.62+ ,0.82 Nitrogen
10.68 3.33 Hydrogen
_6‘24 L 1 - — — ...- -..-” S EE—
0.0 2.0 4.0 (min) 6.0

Peak Number

(#) (min)
1 0.817
2 1.123
3 3.333

pradnya
ThermoFinnigan
Ciichns-o analyser\methods\1 7-10-201 1-chns-mth.mth
Nitrogen/Carbon/Hydrogen/Sulphur
10/17/2011 19:28

10-18-2011 14:53

Retention Time

SAIF-IIT BOMBAY

Area
(.1*uV*sec)
1295944
6938061
2162926

10396930

Element %

Figure S21. Elemental analysis data of 2b.
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PG-AK-7-188-2-1H

NAME PG-AK-7-188-2-1H
EXPNO 1
PROCNO 1
Date_ 20130719

Time 18.48
INSTRUM spect
PROBHD 5 mm PABBO BB-
PULPROG 2930

TD 49340
SOLVENT DMSO

NS 17

DS 0

SWH 8223.685 Hz
FIDRES 0.166674 Hz
AQ 2.9999220 sec
RG 80.6

DW 60.800 usec
DE 6.50 usec
TE 2931.0 K

D1 1.00000000 sec
TDO 1
s==ssss=s CHANNEL f]l =s=ss===
NUC1 1H

Pl 13.50 usec
PL1 -1.00 dB
PL1W 10.56200695 W
SFO1 400.1324710 MHz
SI 32768

SF 400.1300026 MHz
WDW EM

SSB 0

LB 0.40 Hz
GB 0

PC 1.00

|

Z\UJ

/v
N~
Q¢

Y

1.00

9 8
Figure S22.

7 6 5 4 3
:_“:; ﬁln 3 |2 5 \'—’.
|OREERE R E

'H NMR spectrum of 3a in DMSO-d.
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Figure S23. Expanded ‘H NMR spectrum of 3a in DMSO-d.
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NAME PG-AK-2-109-13C PG-AK-2-109-13C
EXPNO 23
PROCNO 2§ 3 323 R Bno'» DOONTOD®®W
Date,, 20101221, 3 5§99 988 es fscssasana
Time 15.32 « - ree - - vannnnnnn
INSTRUM spect l I \(/ ‘ ‘ | ’ \ /
PROBHD 5 mm PABBO BB-
PULPROG zgpg30
D 65536
SOLVENT DMSO
NS 238
DS q
SWH 27777.777 Hz
FIDRES 0.423855 Hz
AQ 1.1796980 sec
RG 456
DW 18.000 usec
DE 6.50 usec
TE 297.5 K /Bn
D1 1.00000000 sec N
—
géé 0.0300000? sec N‘Q o
2/ ¢l

N
PL1 -2.00 dB O
PL1W 56.53121948 W
SFO1 100.6238364 MHz NH
CPDPRG2 waltzlé
NUC2 1H O
PCPD2 80.00 usec /
PL2 -1.00 dB V7,
PL12 14.50 dB
PL13 14.50 dB
PL2W 10.56200695 W
PL12W 0.29767781 W (3a)
PL13W 0.29767781 W
SFO2 400.1316005 MHz
SI 32768
SF 100.6128124 MHz
WDW EM
SSB 0
LB 1.00 Hz
GB 0
PC 1.40

L. .
T T T T T T T T T T T T T T T T T T T T

200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10

Figure S24. *C{*H} NMR spectrum of 3a in DMSO-ds.
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Figure S25. Infrared spectrum of 3a in KBr.
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Elemental Composition Report Page 1

Single Mass Analysis
Tolerance = 10.0 PPM / DBE: min = -1.5, max = 50.0
Isotope cluster parameters: Separation = 1.0 Abundance = 1.0%

Monoisotopic Mass, Odd and Even Electron lons
66 formula(e) evaluated with 1 results within limits (all results (up to 1000) for each mass)

Micremass :Q-Tef Micro (YA-105) Department Of Chemistry LLLT. (B) 24-Sep-201014:23:20
C18H17N4O2CI lenisation Mode
PG-AK-1-171 12 (0.224) AM (Cen 4, 80.00, Ht,5000.0,556.28,1.00); Sm (Mn, 2x4.00); Sb (5,40.00 }; Cm (12:43) TOF MS ES+
297.1350 3.03e3
100+
| |
| |
Y|
|
| 298.1371
| 185.1081 344.1380 382.2031 55 2 L
5 1 225.1404 [ [ 7 533.27917°7 2818 594 2?:,_.654_2073 7301058 g5y 3554 9093495 .
; - - - r e e Ty —- o /
100 200 300 400 500 600 700 800 900
-1.5
8o.0 10.0 50.0
}Bn
Calc. Mass mDa FPM CBE Score Formula _N
297.1350 297.1352 -0.1 -C.4 10.5 1 Ola H17 M4 02 \\J Cl
N

o]
Z/Zk/
I

S
(]

N\

(3a)

Figure S26. High Resolution Mass Spectrometry (HRMS) data of 3a.
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SAIF-IIT BOMBAY Bn

Figure S27. Elemental analysis data of 3a.
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Operator ID: _ IT-B NN
Company name: ThermoFinnigan ®>
Method filename: C:\2013-2014-MTH\01-07-2014-CHNS.mth \\
Method name: Nitrogen/Carbon/Hydrogen/Sulphur N
Analysed: 07/01/2014 20:12
Printed: 07-02-2014 14:29
Elemental Analyser method: o)
Sampler method:
Sample ID 01-07-2014-037-PG-AK-9-232 (# 37) NH
Analysis type: UnkNown :
Chromatogram filename: 01-07-2014-037-PG-AK-9-232. dat
Calibration method: K Factors O
Sample weight: 1.96 i
Protein factor: 625 4
(3a)
it | 1.08 Carbon C:\2013-2014-MTH\01-07-2014-037-PG-AK-9-232.dat
53.08-
39.28
(mVolt)
2547
,/0. Nitrogen
11.67 J ,3.16 Hydrogen
=213 . T T T T T T >
0.0 20 (min) 6.0 8.0 10.0
Sample name :01-07-2014-037-PG-AK-9-232 (# 37)
Peak Number Retention Time Area Element % Componen
(#) (min) (.1*uV*sec)
1 0.767 578694 15.372 Nitrogen
2 1.083 4721988 55.934 Carbon
3 3.158 1296756 5.830 Hydrogen
6597438 77.136



PG-AK-4-32-1

NAME PG-BAK-4-32-1 ;
EXPNO 24
PROCNO 1
Date 20110917
Time 17.57
INSTRUM spect
PROBHD 5 mm PABBO BB- Bn_
PULPRCG 2930 N—p NN
TD 22386 Q ( B
SOLVENT cDel13 /‘\ /\\/
NS 49
DS 0 N , N
SWH 5597.015 Hz Ni
FIDRES 0.250023 Hz / \
RQ 1.9998660 sec
RG 101 N N
DW 89.333 usec
DE 6.50 usec O O
TE 293.6 K
D1 1.00000000 sec — —
TDO 1
i 0 O
======== CHANNEL fl =mmmmmm=
NUC1 1H
Pl 13,50 usec
PL1 -1.00 dB
PL1W 10.56200695 W (3[))
SFO1 400.1324008 MHz
sI 32768
SF 400.1300053 MHz
WDW EM /
SSB 0
LB 0.30 Hz
GB 0
BC 1.00 -
( / /
N Il s f
] [] J J ) ~
T AL I A | B T T T T T
10 9 7 6 5 4 3 2 0 ppm
o miolle olle el e - - o

Figure $S28. *H NMR spectrum of 3b in CDCls.
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Figure S29. Expanded *H NMR spectrum of 3b in CDCls.
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PG-AK-4-32-1-13C

NAME PG-AK-4-32-1-13C
Exelio o g3 8 N8 2883 =3 wo® - w
PROCNO ] © Nr Soan S © n o D] N
Date 20110917 ~ © 0 << O NN~ - o NSO oS o
Time 19.01 - - - - geg. i NN~ w -
INSTRUM spect
PROBHD S5 mm PABBO BB-
PULPROG 2gpg30
™ 65536
SOLVENT cpcl3
NS 353
DS 4
SHH 24038.461 Hz
FIDRES 0.366798 Hz B B
AQ 1.3631988 sec
RG 2050 N—n" n n< N
DW 20.800 usec N gy
DE 6.50 usec C\ '
TE 294.2 K W /
D1 1.00000000 sec
D11 0.03000000 sec N N
TDO 1 Ni
|
m==mmm== CHANNEL f1 ====ss==
NUC1 13c
Pl 8.75 usec
pL1 -2.00 dB N N
PLIW 56.53121948 W
SFO1 100.6228298 MHz (] O
= == CHANNEL f2 ========
CPDPRG2 waltzlé p—— —
NUC2 1H
PCPD2 80.00 usec
PL2 -1.00 dB o O O =
PL12 14.50 dB
PL13 - 14.50 dB
PL2W 10.56200695 W
PL12W 0.29767781 W
PL13W 0.23767781 W
SFO2 400.1316005 MHz
sI 32768 (3b)
SF 100.6127546 MHz
WDW EM
SSB 0
LB 1.00 Hz
GB 0
PC 1.40
T T T i 8 T T T T T T T T T T T T T T T T
200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 ppm

Figure $30. *C{*H} NMR spectrum of 3b in CDCls.
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Figure S31. Infrared spectrum of 3b in KBr.

32

450.0



Indian Institute of Technology (B)

Analysis Info Acquisition Date  4/12/2014 6:36:20 PM
Analysis Name  D:\Data\APR-14\PG-AK-4-32-1.d

Method Tune_pos_Standard_NAI-1000.m Operator PG CSIN

Sample Name PG-AK-4-32-1 Instrument maXis impact 282001.00081
Comment C32H30N8O4Ni

Acquisition Parameter

Source Type ESI lon Polarity Positive Set Nebulizer 0.3 Bar

Focus Active Set Capillary 3700 V Set Dry Heater 180 °C

Scan Begin 50 m/z Set End Plate.Offset  -500 V Set Dry Gas 4.0 Umin

Scan End 1000 m/z Set Collision Cell RF  800.0 Vpp Set Divert Valve Source

Intens.
(%]

PCTAKE?E?&E +MS, 0.0-0.3min #1-16, 100%=235214)

801

60 297.1345
40
201
6 155.1289 ’ 8652810 ||
100 200 300 400 500 600 700 800 900 miz
‘"lE[f;/le o T 649.1813 +MS, 0.0-0.3min #1-16, 100%=235214)
6
60
40
651.1780
| 650.1839
20
652.1795
5 6531771 6541790  655.1760
647 648 649 650 651 652 653 654 655 miz
Meas.m/z # lon Formula m/z err[ppm] mSigma #Sigma Score rdb e Conf N-Rule
6491813 1 C32H31NBNIO4 649.1816 -05 407 1 10000 215 even ok
n
N B BN
e o)
N N
/NI\
N N
e} 0]
— =
(3b)
Bruker Compass DataAnalysis 4.1 printed: 4/12/2014 6:40:05 PM by: PGCSIN Page 1 of 1

Figure S32. High Resolution Mass Spectrometry (HRMS) data of 3b.

33



sator ID:
.mpany name:
Aethod filename:
Method name:
Amnalysed:
Printed:

Elemental Analyscr method:

Sampler method:
Sample 1D

Analysis type:
Chromatogram filename:
Calibration method:

SAIF-IIT BOMBAY

pradnya
ThermoFinnigan

C:chns-o analyserimethodsyi 7-10-201 1-chn s-mth.mth

Nitrogen/Carbon/Hydrogen/Sulphur
10/17/2011 19:18
10-18-2011 14:53

17-10-2011041-PG-AK-4-32-IN (# 41)
UnkMNown

17-10-201 1041-PG-AK-4-32-IN.dat

K Factors

Figure S33. Elemental analysis data of 3b.
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Ni
Sample weight: 2.284 / \
Protein factor: 6.25 N N
) 0]
69.92 .4  1.13 Carbon — —
5477 | =0 o_
39.62
(mValt) | | (3b)
24474 |1
0.82 Nitrogen
932 { | 3.08 Hydrogen
5.84 — E— S— F— m—
0.0 2.0 4.0 {min} 6.0 2.0 10.0
Peak Number Retention Time Area Element % Component
(#) {min} (. 1*uV*sec)
1 0.817 893685 16.737 Nitrogen
z 1.133 6031977 57.712 Carbon
.3 3.083 1419720 5.055 Hydrogen
345382 757504



Figure S34. Computed structure of 1b. Selected bond lengths (A), bond angles (°);
Ni—C1 1.907, Ni—C2 1.908, Ni—-N4 1.941, Ni—-N8 1.941, C1-N1 1.346, C1-N2
1.364, C2-N5 1.346, C2-N6 1.364, C1-Ni—C2 97.1, N4-Ni—N8 92.3, CI-Ni—N8§

175.8, C2—Ni—N4 175.6.
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Figure S35. Computed structure of 2b. Selected bond lengths (A), bond angles (°);
Ni—C1 1.908, Ni—C2 1.909, Ni-N4 1.942, Ni—N8 1.942, C1-N1 1.346, CI-N2
1.364, C2—N5 1.347, C2—N6 1.364, C1-Ni—C2 96.3, N4—Ni—N8 92.2, CI-Ni—N8

177.9, C2—Ni—N4 177.9.
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Figure S36. Computed structure of 3b. Selected bond lengths (A), bond angles (°);
Ni—C1 1.910, Ni—C2 1.911, Ni—N4 1.943, Ni—-N8 1.941, C1-N1 1.347, CI-N2
1.363, C2—N5 1.348, C2-N6 1.363, CI-Ni—C2 96.6, N4-Ni—N8 92.5, C1-Ni—N8

174.2, C2-Ni—N4 175.7.
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Figure S37. Simplified orbital interaction diagram showing the major contributions of the NHC—Ni bond in 2b.
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Figure S38. Simplified orbital interaction diagram showing the major contributions of the NHC—Ni bond in 3b.
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Table S1. Natural and Mulliken charge data for 1b, its NHC ligand fragment and Ni.

specie/compound

Natural charge

Mulliken charge

carbene -CON’ Ni Ccarbene -CON’ Ni
Ni 2* 2.000 2.000
Et Et
N o/
NJ" .'kN
gﬁNC 6N~\% 0.224  -0.639 0.228 -0.397
o O 0224 -0.639 0.229 -0.396
NS O O =
Et Et
N—n” ~y—N
N N2
O O
G 15
i
N\ 0259 -0.646 0342 -0.495
0.340 0.133
o O 0259 -0.646 0.342 -0.495
N 0 O =
1b
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Table S2. Natural and Mulliken charge data for 2b, its NHC ligand fragment and Ni.

Natural charge

Mulliken charge

Compound ) ) ) )
Ccarbene -CON NI Ccarbene -CON NI
Ni **
2.000 2.000
<’23N/I -Pr /Pr\ Q>
/
O L
gf"‘ ON 0.224 -0.629 0.228  -0.393
O S 0.224 -0.630 0.228  -0.394
NS O O =
<N\N/I -Pri-Pr Q>>
d\ /LN
v \Nj% 0.261 -0.648 0.334  -0.494
0.335 0.123
-0.648 0.334  -0.495

0 0O 0.261
X O O _
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Table S3. Natural and Mulliken charge data for 3b, its NHC ligand fragment and Ni.

Natural charge

Mulliken charge

Compound ) ) ) )
Ccarbene -CON Ni Ccarbene -CON NI
Ni 2
2.000 2.000
Bn Bn
N—n~ ~n—N
N N
O O
<, L
&NQ ON«% 0.225 -0.638 0.228 -0.400
) O 0.226 -0.640 0.223 -0.402
O O
Bn Bn
N\ - AN /N
=N N
AR *)
N N
Ni
v W 0.257  -0.646 0332  -0.496
0.148
@) @] 0.257 -0.645 0.341 -0.496
O O _
3b
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Table S5. Hybrid Orbitals of (1-3)b.

hybrid orbitals of Cearbene Ni

specie/compound
Cearbene—Ni bond s(%) p(%) s(%) p®%) d(%)

O O)
NJ\Ni/Li% [C(sp™*)Ni(sp?®d®%)] 4211 57.89 24.48 5123 24.29

S [Cp™¥)Ni(sp™°d®*)] 4211 57.89 24.46 5123 24.30
O

[C(sp™**)Ni(sp*°d®)] 41.81 58.18 24.38 51.17 24.44

@]
33 [C(sp™**)Ni(sp*°d* )] 41.81 58.18 24.38 51.15 24.47
=

N—p 2 NN
@
g/’N/ \N T% [C(sp™*")Ni(sp™d*®?)] 42.17 57.82 26.69 50.64 22.67

0] 0]
_ [C(sp™**)Ni(sp>*?d®®)] 42.02 57.98 2653 50.87 22.60

pu—

P N

3b
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Table S6. Charge decomposition analysis (CDA) of (1-3)b results showing the [NHC]—[Ni] fragment o-donation (d), the [NHC]<«[Ni]

fragment n-back donation (b), d/b ratio and the [NHC]—[Ni] repulsive polarization (r) for the complexes.
Complex 2[NHC] —[Ni] (d) 2[NHC] “[Ni] (b) d/b ratio Rep“'s"’e(ﬁ;"a“za“on
N\N N/N
N / \N 0.657 0.060 10.95 0.026
(o} o}
Lo o
'%)N/I Pr IPF\ <§
<NJ\ /kN
N N 0.644 0.057 11.30 0.049
o O
NS O _—
<’5N N/N
NJ\ /Hu
0.059 11.25 0.025

/ T%
N N 0.644
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Table S7. B3LYP/6-31G*, LANL2DZ level optimized coordinates of 1b.

Ground state electronic energy =-1762.1629142 Hartree/Particle.

Ni

TOITIOIOOIOIOIOOIITIOOIIOIIIOIIOIOONZZZZZZZZ0000

6.615628000
5.610616000
9.468045000
8.581309000
4.212487000
6.446842000
5.787852000
5.170397000
6.738727000
5.842891000
6.314119000
7.658860000
7.024254000
6.103945000
5.019848000
4.345282000
7.474901000
7.012417000
7.746161000
8.693629000
8.403783000
9.420199000
9.173703000
4.615809000
3.930342000
4.066990000
5.738661000
7.918927000
7.972749000
7.824926000
9.206048000
10.269038000
10.340247000
11.246835000
12.220348000
10.707805000
11.059652000
6.632149000
7.422759000
8.077870000
4.538709000
4577794000
4.426316000
3.397994000
3.541575000

8.324206000
4.889824000
6.888036000
7.276072000
7.484412000
10.039648000
10.033404000
8.344542000
6.611913000
11.069519000
11.989456000
10.247028000
7.529600000
9.016931000
8.981672000
8.652686000
11.058785000
12.032319000
11.002471000
10.847355000
10.866780000
11.648226000
9.888199000
7.054802000
7.212477000
6.621673000
6.066377000
5.765688000
5.377515000
4.900043000
6.479071000
6.788211000
6.578095000
7.426961000
7.796684000
7.460389000
7.816063000
9.986602000
11.450915000
11.894517000
11.317591000
12.312075000
10.575627000
11.224180000
11.945689000

3.135501000
5.114982000
5.381643000
-0.290246000
0.225537000
5.643320000
6.851905000
5.570067000
4.041305000
2.070132000
1.160757000
1.339675000
1.412721000
4.837542000
6.772098000
7.548973000
5.425471000
5.615924000
4.370756000
6.322131000
7.376624000
6.147256000
6.104547000
5.147858000
4.309109000
5.984495000
4.750664000
3.844712000
2.821309000
4.511609000
4.099405000
3.297048000
2.237928000
4.131672000
3.839677000
5.381615000
6.338424000
2.198781000
0.732643000
-0.002772000
2.687216000
3.142598000
3.478577000
1.675244000
0.865882000
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Table S8. B3LYP/6-31G*, LANL2DZ level optimized coordinates of 2b.

Ground state electronic energy =-1840.7924673 Hartree/Particle.
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2.447701000
3.341690000
8.695546000
9.361674000
9.269785000
8.069985000
6.272214000
6.515823000
6.572265000
4.792083000
3.821002000
3.988915000
2.566009000
1.579625000
2.864297000
2.269412000

7.191189000
9.778939000
7.591890000
8.722956000
9.751144000
4.843618000
6.601885000
4.562559000
8.525208000
5.188960000
5.699992000
4.529519000
8.356768000
6.087532000
5.658365000
5.808442000
3.881011000
4.229817000
3.957017000
4.971858000
3.277113000
3.660601000
2.470572000
2.121117000
1.783905000
2.436387000
8.025239000
8.240893000

11.445292000
10.218592000
9.257829000
9.150110000
9.611861000
7.892469000
6.361655000
5.463866000
6.161935000
6.539259000
5.890757000
5.096266000
6.468883000
6.195865000
7.427284000
8.109070000

6.791227000
6.752433000
3.170954000
5.192387000
9.242077000
6.914459000
7.928565000
7.371995000
6.274214000
8.378965000
6.466886000
8.288471000
6.319543000
7.221083000
7.983714000
8.476601000
6.004031000
5.934938000
4.619505000
4.214169000
3.930625000
4.676724000
6.595111000
6.710644000
5.925114000
7.573841000
8.270401000
8.654284000

2.173083000
1.247435000
1.029789000
1.891690000
0.173197000
0.654136000
0.946586000
1.526507000
-0.089381000
1.033098000
1.743768000
2.458918000
1.354736000
1.704323000
0.434770000
-0.154300000

0.133428000
3.335727000
1.629734000
-3.337491000
-1.571140000
2.045013000
2.676696000
3.312788000
1.446882000
-1.493813000
-2.269050000
-2.699048000
-1.346255000
1.630515000
3.667555000
4.616970000
1.392032000
0.358728000
2.046614000
1.990519000
1.533431000
3.098977000
1.424505000
2.454063000
0.897096000
0.935684000
2.752485000
3.749623000
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Table S9. B3LYP/6-31G*, LANL2DZ level optimized coordinates of 3b.

Ground state electronic energy =-2145.6187651 Hartree/Particle.

coxoz

8.250665000
8.876309000
9.219404000
10.263894000
9.189149000
8.612061000
8.834244000
9.569762000
7.904716000
7.799926000
7.179732000
6.390546000
5.928822000
4.866546000
4.532061000
5.180812000
5.603752000
3.750729000
3.297064000
3.764623000
3.122771000
6.094221000
7.112196000
6.128402000
5.714174000
6.488325000
6.266877000
6.214531000
7.997366000
9.750132000
10.390196000
10.062167000
9.932431000
10.231051000
10.407620000
10.241840000
10.450691000
9.947014000
9.860388000

-0.217899000
-2.184900000
-3.050806000
-1.822302000
-4.189654000

9.041359000
6.995774000
4.979835000
5.104097000
4.668662000
3.909535000
3.490318000
3.907952000
2.428537000
1.852604000
2.276244000
1.603758000
7.291465000
7.110004000
6.686893000
9.670583000
9.440020000
10.189352000
10.387162000
11.122222000
9.469142000
10.666168000
10.273647000
11.609047000
10.872896000
5.250290000
4.860837000
4.504804000
5.595049000
6.797186000
6.013036000
7.000509000
8.032012000
8.243772000
7.467196000
9.663999000
10.196569000
10.218446000
11.234133000

0.576260000
2.082601000
2.463308000
1.661775000
1.562038000

2.008868000
2.524382000
1.332338000
1.636727000
0.286522000
2.182978000
3.462579000
4.134810000
3.719571000
4.629040000
2.577880000
2.276935000
-1.207079000
-3.144674000
-4.080609000
-0.777599000
0.203376000
-0.616973000
-1.591967000
-0.044156000
-0.083068000
-1.501992000
-1.586016000
-0.945165000
-2.507725000
-2.485720000
-3.479414000
-1.732412000
-2.419114000
-1.375174000
-1.792857000
-0.349071000
-2.200205000
-3.514890000
-4.245101000
-3.715480000
-4.633387000
-2.508048000
-2.152397000

12.884264000
15.974939000
15.450058000
9.367438000
12.866267000
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1.940354000
2.117903000
3.492842000
2.600529000
0.490937000
-1.920366000
-2.258878000
-1.654299000
-0.667106000
1.536834000
3.751180000
4.743274000
1.465657000
1.644684000
0.395615000
1.951370000
2.303854000
2.261217000
2.715994000
2.987786000
2.790920000
3.120140000
2.447354000
2.512567000
2.024338000
1.754109000
-2.170349000
-3.021652000
-0.859912000
-0.347245000
-0.060229000
-0.883175000
-0.248237000
0.449021000
-1.050691000
1.575123000
2.457308000
2.027385000
3.445527000
-0.998642000
-2.613698000
-3.568282000
0.577069000
1.044209000
1.217400000
0.366781000
0.424154000
0.601983000
0.248152000
0.301447000

4.030750000
-1.150443000
-1.139701000

0.604381000

2.263223000

1.378145000
-1.383112000
-3.118562000
-2.163631000
-0.101161000
-0.050474000

0.297162000
-2.217412000
-3.166693000
-2.000128000
-2.303925000
-3.545135000
-4.434947000
-3.651375000
-4.622369000
-2.510752000
-2.588383000
-1.265930000
-0.372255000
-1.160920000
-0.189608000

1.270010000

0.930145000

1.018974000

0.458742000

1.620851000

2.268015000

3.067504000

3.800602000

3.648075000
2.855164000
1.934033000

1.834004000

2.388245000
-1.086175000
-2.604699000
-3.077153000
-2.409105000
-3.299629000
-1.550058000
-2.593583000
-1.493824000
-0.497023000
-1.667461000
-0.807106000

13.147252000
13.830172000
13.759141000
12.737719000
13.537248000
12.409318000
12.783760000
11.559953000
11.616757000
13.216363000
13.090721000
12.842166000
14.593396000
14.077921000
14.545395000
16.027015000
16.564720000
15.940492000
17.895040000
18.299892000
18.694351000
19.726941000
18.159110000
18.774238000
16.834219000
16.429140000
17.158440000
17.732392000
17.425873000
18.192766000
16.495953000
15.605128000
14.516407000
14.941073000
14.043417000
13.012936000
12.135543000
11.133671000
12.058419000
12.356482000
12.278610000
12.458324000
10.871045000
11.304153000
11.070039000
9.383440000
8.519359000
8.915339000
7.145737000
6.484283000
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0.012325000
-0.121023000
-0.048140000
-0.230779000

0.130522000

0.079793000
-1.083770000
-1.415130000
-0.065613000

0.668993000
-0.185204000

0.435684000
-1.267161000
-1.950482000
-1.466073000
-3.001882000
-3.106464000
-3.093446000
-2.729825000
-4.117117000

-2.941071000
-3.076160000
-4.041837000
-5.035539000
-3.868328000
-4.724707000
1.772766000
1.168497000
2.660021000
2.954415000
3.133237000
3.864411000
2.499234000
2.614405000
3.439391000
2.891014000
0.961062000
-0.439028000
-0.371365000
-0.814297000

6.624497000
5.554543000
7.481851000
7.082134000
8.854475000
9.521398000
8.226447000
7.395775000
8.402958000
7.665734000
9.753740000
10.254558000
10.299193000
11.621896000
12.153845000
11.478791000
12.879596000
13.533284000
14.563579000
13.539432000
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Table S10. Comparison between selected bond distances [A] and selected bond angles [°] in X-ray structure and computed structure for
complex 1b.

Parameter Experimental Calculated Parameter Experimental Calculated

Ni(2)-C(12) 1.859(3) 1.908 N(3) —C(5) 1.463(4) 1.466
Ni(2)—-C(1) 1.860(3) 1.908 N(4) —C(6) 1.325(3) 1.342
Ni(2)—-N(8) 1.9211(18) 1.941 N(5)—C(13) 1.334(4) 1.346
Ni(2) —-N(4) 1.922(2) 1.941 N(5) —N(6) 1.460(4) 1.377
N(1) -C(1) 1.332(4) 1.346 N(5) —C(14) 1.469(3) 1.464
N(1) —N(2) 1.376(3) 1.378 N(6) —C(13) 1.295(5) 1.305
N(1) -C(3) 1.459(4) 1.464 N(7) —C(16) 1.466(4) 1.466
N(2) —C(2) 1.299(4) 1.305 N(7) —C(12) 1.360(3) 1.364
N(3) —C(2) 1.359(3) 1.369 N(7) —C(13) 1.363(4) 1.369
N(3) —C(1) 1.366(3) 1.364 N(8) —C(17) 1.322(4) 1.342
C(12)-Ni(2)-C(1) 94.64(11) 97.12 N(D-C(1)-N(2) 103.1(2) 103.14
C(12)—Ni(2)-N(8) 85.82(10) 85.36 N(1)-C(1)-Ni(2) 137.5(2) 137.86
C(1)-Ni(2)-N(8) 174.229(11) 85.47 N(3)—C(1)-Ni(2) 119.32(19) 118.93
C(12)-Ni(2)-N(4) 175.26(11) 175.59 C(6)~N(4)—Ni(2) 124.72(18) 123.92
C(1)-Ni(2)-N(4) 87.54(10) 85.47 C(12)-N(5)-N(6) 113.2(3) 113.58
N(8)—Ni(2)-N(4) 92.43(9) 92.28 C(12)-N(5)-C(14) 128.8(3) 128.20
C(1)-N(1)-N(2) 113.6(2) 113.58 N(6)-N(5)-C(14) 118.0(3) 118.04
C(1)-N(1)—C(3) 128.8(2) 128.21 C(12)-N(7)-C(13) 108.9(3) 108.51
C(1)-N(3)—C(2) 108.6(2) 108.51 C(17)-N(8)—Ni(2) 124.9(2) 123.72
C(1)-N@3)—C(5) 123.2(2) 122.55 C(18)-N(8)—Ni(2) 118.79(18) 120.05
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Table S11. Comparison between selected bond distances [A] and selected bond angles [°] in X-ray structure and computed structure for

complex 2b.
Parameter Experimental Calculated Parameter Experimental Calculated
Ni(1)-C(13) 1.853(2) 1.908 N(3)-C(2) 1.291(3) 1.304
Ni(1)—-C(1) 1.853(2) 1.909 N(4)—C(7) 1.327(3) 1.343
Ni(1)-N(8) 1.9211(18) 1.942 N(5)—C(13) 1.333(3) 1.346
Ni(1)-N(4) 1.9260(18) 1.942 N(5)-N(7) 1.382(3) 1.377
N(1)-C(1) 1.335(3) 1.346 N(5)—C(15) 1.469(3) 1.477
N(1)—N(3) 1.387(3) 1.377 N(6)-C(13) 1.350(3) 1.364
N(1)-C(3) 1.470(3) 1.477 N(6)—C(14) 1.366(3) 1.369
N(2)-C(1) 1.354(3) 1.364 N(6)—C(18) 1.457(3) 1.466
N(2)-C(2) 1.359(3) 1.370 N(7)—C(14) 1.291(3) 1.369
N(2)—C(6) 1.452(3) 1.466 N(8)-C(19) 1.318(3) 1.344
C(13)-Ni(1)—C(1) 92.83(8) 96.28 N(1)-C(1)-N(2) 104.06(17) 103.32
C(13)—-Ni(1)-N(8) 86.21(9) 85.79 N(1)-C(1)-Ni(1) 135.16(17) 136.47
C(1)-Ni(1)-N(8) 175.96(9) 177.90 N(2)—C(1)-Ni(l) 120.69(15) 119.97
C(13)-Ni(1)-N(4) 175.28(10) 177.93 C(7)-N(4)—Ni(1) 122.34(16) 125.37
C(1)-Ni(1)-N(4) 86.67(8) 85.80 C(13)-N(5)-N(7) 112.52(19) 113.35
N(8)—Ni(1)-N(4) 94.61(7) 92.20 C(13)-N(5)-C(15) 128.13(19) 127.32
C(1)-N(1)-N(3) 112.45(18) 113.36 N(7)-N(5)—C(15) 118.99(19) 118.61
C(1)-N(1)—C(3) 126.99(18) 127.32 C(13)-N(6)—C(14) 108.6(2) 108.43
C(1)-N(2)-C(2) 108.24((18) 108.43 C(19)-N(8)-Ni(1) 124.22(15) 125.38
C(1)-N(2)—C(6) 121.55(18) 121.78 C(20)-N(8)—Ni(1) 121.63(15) 120.33

52



Table S12. Comparison between selected bond distances [A] and selected bond angles [°] in X-ray structure and computed structure for
complex 3b.

Parameter Experimental Calculated Parameter Experimental Calculated
Ni(1)-C(17) 1.871(4) 1.911 N(3)-C(1) 1.358(5) 1.363
Ni(1)-C(2) 1.871(4) 1.910 N(4)-C(15) 1.342(5) 1.344
Ni(1)-N(4) 1.927(3) 1.942 N(8)-C(17) 1.343(3) 1.348
Ni(1)—N(5) 1.931(3) 1.937 N(8)-N(7) 1.380(4) 1.376
N(1)-C(1) 1.343(5) 1.348 N(8)-C(19) 1.463(5) 1.467
N(1)-N(2) 1.370(4) 1.377 N(6)—C(18) 1.368(5) 1.370
N(1)-C(3) 1.469(5) 1.465 N(6)-C(17) 1.364(4) 1.363
N(2)-C(2) 1.314(5) 1.304 N(7)-C(18) 1.308(3) 1.304
N(3)-C(2) 1.377(5) 1.370 N(6)-C(32) 1.469(5) 1.466
N(3)-C(16) 1.462(5) 1.467 N(5)—C(30) 1.469(5) 1.472
C(17)—-Ni(1)—C(1) 94.40(15) 96.11 N(1)-C(1)-N(3) 103.6(3) 103.07
C(17)-Ni(1)-N(5) 88.09(14) 86.20 N(1)—C(1)-Ni(1) 137.8(3) 138.08
C(1)-Ni(1)-N(5) 175.22(15) 175.30 N(3)-C(1)-Ni(1) 118.6(3) 118.85
C(17)-Ni(1)-N(4) 175.66(15) 176.04 C(15)-N(4)-Ni(1) 124.2(3) 124.73
C(1)-Ni(1)-N(4) 86.25(14) 85.62 C(17)-N(8)-N(7) 113.5(3) 113.65
N(5)-Ni(1)-N(4) 91.57(13) 92.34 C(17)-N(8)—C(19) 128.8(3) 128.02
C(1)-N(1)-N(2) 113.9(3) 113.65 N(7)-N(8)—C(19) 116.9(3) 118.11
C(1)-N(1)-C(3) 128.7(3) 108.53 C(17)-N(6)—C(32) 124.0(3) 122.80
C(1)-N(3)-C(2) 108.3(3) 122.45 C(31)-N(5)—Ni(1) 125.1(2) 125.13
C(1)-N(3)—C(16) 122.7(3) 122.45 C(30)-N(5)-Ni(1) 120.3(2) 120.30
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