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ABSTRACT: New carbon—nitrogen bonds were formed on EA’ Ph\C/A'
addition of isocyanide and ketone reagents to the oxonitride N N [

. . . \ N
species [{Ti(17>-CsMes)(#-0)}3(u5-N)] (1). Reaction of 1 m, s AG [Ti]-_',‘/ ST ocema | 0
with XyINC (Xyl = 2,6-Me,C¢H) in a 1:3 molar ratio at room ’0‘/'[/“] L —_— /[T'%y.’['n]
temperature leads to compound [{Ti(17*-CsMes)(u-O)};(u- NEC=C:N\ 9 ~o0 o LN

Ar Ar [Til = Ti(7%-C5Mes)

XyINCCNXyl)(NCNXyl)] (2), after the addition of the
nitrido group to one coordinated isocyanide and the carbon—
carbon coupling of the other two isocyanide molecules have taken place. Thermolysis of 2 gives [{Ti(17’-CsMes)(u-
0)};(XyINCNXyl)(CN)] (3) where the heterocumulene [XyINCCNXyl] moiety and the carbodiimido [NCNXyl] fragment in
2 have undergone net transformations. Similarly, tert-butyl isocyanide (fBuNC) reacts with the starting material 1 under mild
conditions to give the paramagnetic derivative [{Ti;(17°-CsMes);(u-O);(NCNtBu)},(u-CN),] (4). However, compound 1
provides the oxo ketimide derivatives [{Ti;(17°-CsMes);(u-O),}(NCRPh)] [R = Ph (5), p-Me(C¢H,) (6), 0-Me(CH,) (7)]
upon reaction with benzophenone, p-methylbenzophenone, and o-methylbenzophenone, respectively. In these reactions, the
carbon—oxygen double bond is completely ruptured, leading to the formation of a carbon—nitrogen and two metal—oxygen
bonds. The molecular structures of complexes 2—4, 6, and 7 were determined by single-crystal X-ray diffraction analyses. Density
functional theory calculations were performed on the incorporation of isocyanides and ketones to the model complex [{Ti(7*-
CH;)(4-0)};5(15-N)] (1H). The mechanism involves the coordination of the substrates to one of the titanium metal centers,
followed by an isomerization to place those substrates cis with respect to the apical nitrogen of 1H, where carbon—nitrogen bond
formation occurs with a low-energy barrier. In the case of aryl isocyanides, the resulting complex incorporates additional
isocyanide molecules leading to a carbon—carbon coupling. With ketones, the high oxophilicity of titanium promotes the unusual
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total cleavage of the carbon—oxygen double bond.

B INTRODUCTION

Carbon—carbon and carbon—hydrogen bond formation pro-
cesses, involving organometallic complexes, have been known
for decades. Elements such Pd or Rh are responsible for
industrially important catalytic procedures such hydrogenation,
hydroformylation, and others. In the last years, carbon—
heteratom (C—X, X = N, O, S, Si, and B) bond formation
studies have focused most of the emerging catalytic method-
ologies. For example, nowadays the synthesis of amines, basic
components for both chemical industry and organic chemistry,
is one of the most active research fields."”

The nitrido functionality has been very often utilized to
promote the carbon—nitrogen bond formation due to the dual
nature of this functionality as nucleophile or electrophile,
depending on the metal, its oxidation state, and the ancillary
ligands.” Transition metal complexes containing metal—nitro-
gen multiple bonds have been therefore subject of intensive
research for the last two decades. Terminal nitrido function-
alities usually implicate group 6—8 metals,** ®* while the y,-
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nitrido moiety bridging to two or more metal centers is typical

in polynuclear structures of early transition elements.*”
In this field, our group has reported the synthesis of the ;-

nitride complex [{Ti(i*-CsMes)(u-O)}5(u3-N)] (1) through
ammonia activation promoted by the titanium p;-alkylidyne
complexes [{Ti(7>-CsMes) (u-0)}3(u5-CR)] [R = H, Me],
highlighting a marked cooperative effect between the three
titanium atoms.’ In this paper we demonstrate, experimentally
and theoretically, that the nitride species [{Ti(1*-CsMes)(u-
0)}3(#3-N)] (1) can promote carbon—nitrogen bond for-
mation processes by addition of isocyanide and ketone
reagents, resulting in the latter case, in complete cleavage of

the carbon—oxygen double bond.
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B EXPERIMENTAL SECTION

General Procedures. All work was performed under anaerobic
and anhydrous conditions by using Schlenk-line and glovebox
techniques. Solvents were carefully dried from the appropriate drying
agents and distilled prior to use. XyINC (Xyl = 2,6-Me,CsH;) was
purchased from Fluka and dried in vacuum before use. tBuNC was
purchased from Aldrich and used as received. Benzophenones were
purchased from Aldrich and used sublimed. [{Ti(;’-CsMes)(u-
0)}3(u3-N)] (1) was synthesized according to the published
procedures.’ Elemental analysis (C, H, N) were performed with a
Leco CHNS-932. NMR spectra were recorded on Varian NMR
System spectrometers: Unity-300 or Mercury-VX. Trace amounts of
protonated solvents or carbon of the solvent were used as references,
and chemical shifts are reported relative to tetramethylsilane. Infrared
spectra were acquired for samples in KBr pellets on a Fourier
transform infrared PerkinElmer SPECTRUM 2000 spectrophotom-
eter. Mass spectrometry analyses (Electron Impact, EI) were
conducted at 70 eV on a Thermo Scientific ITQ 900 spectrometer.

Preparation of [{Ti(;>-CsMes)(1-0)};(1-XyINCCNXyl)(NCNXyl)]
(2). A solution of 0.20 g (0.33 mmol) of complex 1, 0.13 g (0.99
mmol) of 2,6-dimethylphenylisocyanide, and 30 mL of hexane was
prepared in a 100 mL Schlenk vessel. The solution was left stirring at
room temperature, turning the color from green to black, and forming
a black precipitate after 2 d. The solid of 2 was isolated by filtration
and then dried (0.11 g, 33%). IR (KBr, cm™): U = 2908 (m), 2855
(m), 2185 (m), 2113 (s), 1913 (s), 1590 (m), 1508 (m), 1453 (m),
1375 (m), 1261 (m), 1221 (m), 1139 (m), 1067 (w), 1026 (m), 799
(m), 748 (s), 701 (s), 624 (m), 610 (m), 561 (m), 546 (m), S11 (w),
493 (m), 422 (m), 381 (w); "H NMR (C¢D¢, 300 MHz, 298 K): 6 =
1.98 (very broad, 42H, 2C;Me; + (2,6-Me,C¢H;)NC=CN(2,6-
Me,C¢H,)), 2.18 (s, 1SH, CsMes), 2.64 (s, 6H, (2,6-Me,CsH;)NCN),
6.72—6.96 (br, 6H, (2,6-Me,CH,)NCCN(2,6-Me,C¢H,)), 7.07—7.10
(3H, (2,6-Me,C¢H;)NCN); '"H NMR (C,Dg, 300 MHz, 233 K): § =
1.80 (s, 1SH, CsMes), 1.92 (s, 6H, XyINC=CN(2,6-Me,C¢H,)), 2.02
(s, 18H, CsMes + (2,6-MeMeCgH;)NC=CNXyl), 2.20 (s, 1SH,
CsMes), 225 (s, 3H, (2,6-MeMeCsH;)NC=CNXyl), 2.64 (s, 6H,
(2,6-Me,C¢H;)NCN), 6.72—6.96 (br., 6H, (2,6-Me,C4H; ) NCCN(2,6-
Me,C¢H;)), 7.07—7.10 (3H, (2,6-Me,CsH;)NCN); BC{'H} NMR
(C¢Dgy 7S MHz, 298 K): § = 11.6, 12.2 (CsMes), 19.3 ((2,6-
Me,CH;)NCCN(2,6-Me,CHs)), 199 (2,6-Me,CoH;)NCN, 124.3,
124.6 (CMey), 121.5-132.0 ((2,6-Me,C4H;)NCN + (2,6-Me,CH,)-
NCCN(2,6-Me,C¢H,)), 141.1 ((2,6-Me,C¢H;)NCN), not detected
((2,6-Me,C¢H;)NCCN(2,6-Me,CgH,)); EI mass spectrum: m/z (%)
611 (4) [M-(XyINC)-(XyINCCNXyl)]*, 477 (22) [M-(XyINC)-
(XyINCCNXyl)-(C;Mes) 1%, 341 (14) [M-(XyINC)-(XyINCCNXyl)-
2(CsMes)]*; Anal. Caled (%) for Cs,H,,N,0,Ti; (1004.81): C, 68.13;
H, 7.22; N 5.58; found: C, 67.99; H, 7.16; N 6.185.

Thermolysis of Complex 2. Twenty mg (0.02 mmol) of 2 was
dissolved in 0.6 mL of toluene-dg in an NMR tube with Young valve.
The solution was heated at 150 °C for 4 d. The solution initially wine-
red turns dark orange, from which [{Ti(7’-CsMes)(u-O)};(u-
XyINCNXyl)(CN)] (3) is isolated as a brownish-yellow crystalline
solid. IR (KBr, cm™): U = 2910 (m), 2113 (m), 1602 (m, C=N),
1572 (m, C=N), 1493 (w), 1468 (m), 1440 (m), 1374 (m), 1283
(m), 1166 (m), 1068 (w), 1026 (m), 775 (vs), 760 (vs), 688 (vs), 533
(m), 466 (w), 421 (m), 373 (w); 'H NMR (C4D¢, 300 MHz, 298 K):
5 = 1.88 (s, 6H, 2,6-Me,C4H3), 1.90 (s, 6H, 2,6-Me,C¢H,), 2.00 (s,
30H, C;Me;), 2.07 (s, 15SH, CsMes), 6.60—7.10 (6H, 2,6-Me,C(H,);
BC{™H} NMR (C(Dy, 75 MHz, 298 K): § = 11.7, 12.5 (CMes), 20.4,
21.5 (2,6-Me,C¢H;), 123.5, 123.8 (CiMeg), 121.6—143.3 ((2,6-
Me,C¢H;)NCN(2,6-Me,C¢Hy)), 154.8 (XyINCNXyl), 176.3 (CN);
Anal. Caled (%) for C,HgN;O;Tiy (873.62): C, 65.98; H, 7.27; N
4.81; found: C, 66.58; H, 7.08; N 4.31.

Preparation of [{Ti;(;°-CsMes);(u-0)3(NCNtBu)},(u-CN),] (4).
Although the synthesis of this complex was performed in toluene
several times, and it led us to obtain suitable single crystals for the
diffraction study, here we report the synthesis in hexane that leads to
better yields. In a S0 mL Schlenk containing 0.20 g (0.33 mmol) of 1
and 0.08 g (0.66 mmol) of tBuNC, 25 mL of hexane was added. This
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reaction mixture was allowed to stir at room temperature overnight
affording a dark precipitate. The solution was filtered, and the solid
was dried to give 0.13 g (56%) of 4. IR (KBr, cm™): U = 2965 (m),
2915 (m), 2909 (s), 2359 (m), 2208 (w), 2139 (m), 2085 (vs), 1651
(m), 1554 (w), 1493 (m), 1435 (m), 1374 (m), 1231 (m), 1072 (w),
1025 (m), 780 (vs), 698 (s), 618 (m), 470 (m), 416 (m); Anal. Calcd
(%) for CryH,0sNO,Tis (1440.86): C, 60.01; H, 7.55; N 5.83; found:
C, 59.61; H, 8.06; N 5.63. The effective magnetic moment of 4 was
determined to be 2.58 up (based on a unit formula of
C,,H,4sN¢O¢Tis) by the Evans NMR method on a C;DiN solution
at 293 K (using a 300 MHz instrument with a field strength of 7.05 T).

Preparation of [{Tis(5°-CsMes);(u-0),}(NCPh,)] (5). [{Ti(#’-
CsMe;) (u-0)}5(u5-N)] (1; 0.30 g, 0.49 mmol) and Ph,CO (0.09 g,
0.49 mmol) were placed in a 100 mL ampule with Young valve and
dissolved in 30 mL of toluene. The solution was heated at 90 °C for 3
d. The dark suspension was then filtered, and the solution was dried
under vacuum. Complex § was obtained as an oily solid that, after it
was treated at high vacuum for hours, gave 0.31 g of a brown solid
(Yield: 80%). IR (KBr, cm™): 7 = 2910 (m), 2854 (m), 1630 (m,
N=C), 1572 (w), 1491 (m), 1442 (m), 1375 (m), 1314 (w), 1258
(m), 1174 (w), 1070 (w), 1026 (m), 905 (w), 884 (w), 790 (s), 706
(s), 626 (s), 460 (m); 'H NMR (C,Dy, 300 MHz, 298 K): 6 = 1.9 (s,
15H, CsMes), 2.07 (s, 30H, C;Me), 6.8—8.0 (10H, Ph,CN); 'H NMR
(CDCl,;, 300 MHz, 298 K): § = 1.85 (s, 15H, CsMe;), 1.99 (s, 30H,
CMey), 7.12—7.84 (10H, Ph,CN); BC{*H} NMR (C(D¢, 75 MHz,
298 K): § = 11.5, 11.9 (CsMes), 121.2, 122.2 (CMe;), 126.9—139.6
(Ph),CN, 170.4 (Ph,CN); ¥C{*H} NMR (CDCl,, 75 MHz, 298 K):
§ =113, 11.6 (CsMes), 121.2, 122.1 (CMe;), 127.6—139.0 (Ph,CN),
170.2 (Ph,CN); EI mass spectrum: m/z (%) 613 (14) [M—NCPh,]%;
Anal. Caled (%) for C43HgsNO,Tiy (793.50): C, 65.09; H, 6.99; N
1.77; found: C, 64.93; H, 6.89; N 1.98.

Preparation of [{Ti5(5>-CsMes);(u-0),}(NC(4-MeC4H,)Ph)] (6).
A solution containing 0.30 g (0.49 mmol) of [{Ti(i*-CsMes)(u-
0)}3(¢3-N)] (1), 0.10 g (0.51 mmol) of 4-methylbenzophenone, and
30 mL of toluene was prepared in a 100 mL ampule with Young valve.
The solution was left stirring and heated at 90 °C for S d. After
filtration, the solvent was removed under vacuum, and the dark residue
was extracted with 20 mL of hexane. The solution was concentrated to
half volume and cooled at —20 °C, obtaining dark red crystals of
complex 6 (0.21 g, 54%). IR (KBr, cm™): U = 2908 (s), 2854 (m),
1657 (m), 1639 (s, N=C), 1604 (m), 1576 (w), 1491 (w), 1445 (m),
1374 (m), 1276 (m), 1263 (m), 1177 (m), 1027 (m), 784 (s), 744 (s),
711 (s), 643 (s), 608 (m), 580 (m), 393 (m); 'H NMR (CDy, 300
MHz, 298 K): § = 2.01 (s, 15H, CsMes), 2.09 (s, 30H, CsMe;), 2.12 (s,
3H, 4-MeCGH,), 7.00~7.75 (9H, (4-MeC4H,)PhCN); BC{'H} NMR
(C¢Dgy 75 MHz, 298 K): & 11.6, 11.9 (CiMes), 21.3 (4-
MeC¢H,)PhCN, 1212, 122.1 (CMes), 127.4—139.9 (4-MeCiH,)
PhCN, 170.4 (4-MeC¢H,)PhCN; EI mass spectrum: m/z (%) 613 (2)
[M-NC(MeC4H,)Ph]*; Anal. Calcd (%) for C,,Hs;NO,Ti; (807.53):
C, 65.44; H, 7.11; N 1.73; found: C, 65.61; H, 6.88; N 1.67.

Preparation of [{Ti;(5°-CsMes);(u-0),}(NC(2-MeC4H,)Ph)] (7).
Following the same method used to prepare 6, 0.30 g (0.49 mmol) of
[{Ti(17>-CsMes) (u-0)}5(u3-N)] (1) and 0.10 g (0.51 mmol) of 2-
methylbenzophenone in 30 mL of toluene led us to obtain 0.11 g
(28%) of complex 7 as deep red crystals. IR (KBr, cm™"): T = 2909 (s),
2855 (s), 1639 (s, N=C), 1489 (w), 1444 (m), 1372 (m), 1287 (w),
1253 (m), 1024 (m), 906 (w), 751 (s), 714 (s), 628 (m), 545 (w), 506
(w), 455 (m), 395 (s); '"H NMR (C¢Dg, 300 MHz, 298 K): § = 2.00
(s, 1SH, CsMes), 2.0S (s, 30H, C;Mes), 2.25 (s, 3H, 2-MeCgH,), 7.00—
7.75 (9H, (2-MeC4H,)PhCN); BC{'H} NMR (C¢D¢, 75 MHz, 298
K): § = 11.5, 11.9 (CsMe;g), 20.7 (2-MeC¢H,)PhCN, 121.3, 122.2
(CMey), 125.4—141.6 (2-MeC4H,)PhCN, 171.7 (2-MeCg¢H,)PhCN;
EI mass spectrum: m/z (%) 613 (5) [M—NC(MeCgH,)Ph]*; Anal.
Caled (%) for C,,Hy,NO,Ti; (807.53): C, 65.44; H, 7.11; N 1.73;
found: C, 65.87; H, 7.21; N 1.70.

Crystal Structure Determination of Complexes 2, 3, 4, 6, and
7. Crystals were grown by slow evaporation at room temperature of
saturated hexane (2, 6, 7) or toluene (3, 4) solutions. Then crystals
were removed from the Schlenks and covered with a layer of a viscous
perfluoropolyether (FomblinY). A suitable crystal was selected with
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Table 1. Experimental Data for the X-ray Diffraction Studies on 2, 3, 4, 6, and 7

2 3
formula Cs,H,,N,O;Ti; C4sHg N30, Ty
7Hg
M 1004.89 965.84
T [K] 200(2) 200(2)
2 [A] 0.71073 0.71073
crystal system monoclinic triclinic
space group P2,/c PT
a [A); a [deg] 15.324(2) 12.198(2); 94.04(2)
b [A]; B [deg] 14.140(7); 9020(2)  12.518(3); 94.28(2)
¢ [A]; 7 [deg] 25.099(9) 17.154(3); 104.02(1)
vV [A%] 5439(4) 2523.6(9)
Z 4 2
Peded g cm™] 1227 1271
u [mm™!] 0.475 0.512
F(000) 2128 1024
crystal size [mm?] 0.32 X 0.13 X 0.06 0.36 X 0.30 X 0.25
0 range [deg] 3.02—25.01 3.05—27.50
index ranges —18 to 18, —15 to 15,
—16 to 16, —16 to 16,
—29 to 29 —22 to 22
reflections collected 70 143 96288

unique data

reflections [I > 26(I)]

9515 (R, = 0.178)
6051

11 593 (R, = 0.099)
8137

goodness-of-fit on F* 1.178 1.093

final R indices” [I > 26(I)] R1 = 0.081 R1 = 0.047
wR2 = 0.188 wR2 = 0.108

R indices” (all data) R1 = 0.142 R1 = 0.085
wR2 = 0.232 wR2 = 0.130

largest diff peak/hole [e-A™%] 0.71/-0.789 0.631/-0.525

4 6 7
C7,H,0sNOgTig: CyHs;NO,Tiy CyHy;NO, Tiy
2C.Hy
1625.3 807.61 807.61
200(2) 200(2) 200(2)
0.71073 0.71073 0.710 73
monoclinic monoclinic monoclinic
P2,/c P2,/c P2,/n
15.883(5) 12.857(2) 12.806(1)
16.313(6); 115.98(1) 21714(3); 121.82(2)  21.745(3); 103.12(1)
18.762(2) 17.775(4) 15.429(1)
4370(2) 4216(1) 4184.1(8)

2 4 4

1.235 1.272 1.282

0.574 0.595 0.6

1724 1704 1704

0.30 X 0.24 X 0.15 0.37 X 0.35 X 0.35 0.43 X 0.27 X 0.21
3.08—27.63 2.99-27.57 3.12-27.51

~20 to 18, —16 to 16, —16 to 15,

-21 to 21, —28 to 28, —28 to 28,

0 to 24 —23 to 23 0 to 20

92774 77 938 88 320

10 089 (R, = 0.227)
3924

9549 (R, = 0.114)
6608

9496 (Ryy = 0.105)
4702

0.887 1.223 1.038

R1 = 0.072 R1 = 0.087 R1 =0.071
wR2 = 0.138 wR2 = 0.188 wR2 = 0.150
R1 =0.175 R1 = 0.132 R1 =0.171
wR2 = 0.181 wR2 = 0.212 wR2 = 0.188
0.580/—0.584 1.034/—0.684 0.455/-0.553

“R1 = YIIF) — IEN/[YIF], and wR2 = {[ Xw(F,> — E2)2]/[ Xw(E,2)* 2

the aid of a microscope, attached to a glass fiber, and immediately
placed in the low-temperature nitrogen stream of the diffractometer.
The intensity data sets were collected at 200 K on a Bruker-Nonius
KappaCCD diffractometer equipped with an Oxford Cryostream 700
unit. Crystallographic data for all complexes are presented in Table 1.
The structures were solved, by use of the WINGX package,” by direct
methods (SHELXS-97 for complexes 2, 4, 6, and 7; SHELXS-2013 for
3)® and refined by least-squares against F> (SHELXL-97 for complexes
2, 6, and 7; SHELXL-2014 for 3 and 4).%

All crystals diffracted weakly, and only data collections up to 6 =
25.01° could be performed for crystals of 2. Complex 3 crystallized
with one disordered molecule of toluene, while molecules of 4 were
solvated with two molecules of toluene. All the hydrogen atoms were
positioned geometrically and refined by using a riding model. All non-
hydrogen atoms were anisotropically refined.

By using the corresponding Shelx’s PART commands® and FVAR
variables, two positions for the disordered molecule of toluene in 3
were refined with 36.8% and 63.2% occupancy, respectively.

However, molecules of complex 4 presented disorder in the C43,
C44, and C45 carbon atoms of the tert-butyl group, and two positions
were refined for each atom with 53% and 48% occupancy, respectively.
Additionally, it was not possible to assign unambiguously the
scattering factors for the atoms bridging Ti(1) and Ti(2)a; thus, the
cyanide bridging atoms (CN atoms in Figure 7) were refined with the
aid of the EXYZ and EADP Shelx’s commands to obtain occupancies
of 59% and 41%, respectively. Additional crystallographic information
is available in the Supporting Information.

Computational Details. All calculations were performed with the
Gaussian09 series of programs’ within the framework of the density
functional theory (DFT)" using the B3LYP functional.'' A quasi-
relativistic effective core potential operator was used to represent the
10 innermost electrons of the Ti atom.'” The basis set for Ti atoms
was that associated with the pseudopotential,'” with a standard double-
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£ LANL2DZ contraction.” The 6-31G(d) basis set was used for C, N,
and O atoms," and the 6-31G-basis set was used for the hydrogens."®
Such a computational level has been successfully employed in the
study of the reactivity of these® and other' titanium molecular oxides,
including quantitative agreement with Arrhenius activation energies.'**
For example, we recently compared the potential free energy surfaces
for the thioether oxidation by di- and tetratitanium-substituted
molecular oxides derived from kinetics data and DFT calculations
finding differences of 2—10 kJ-mol™" for relative energies and of ~12
kJ-mol™" for energy barriers.'*! Geometry optimizations were
performed without any symmetry restrictions, and all stationary
points were optimized with analytical first derivatives. Transition states
were characterized by single imaginary frequency, whose normal mode
corresponded to the expected motion. The only exception is the
transition state TSy, for aryl isocyanide, for which we found a residual
imaginary frequency corresponding to one cyclopentadienyl rotation.
The solvent effect of hexane was evaluated with the self-consistent
reaction field approach, by means of the integral equation formalism
polarizable continuum model (IEFPCM),"® where optimized
structures in gas phase were employed. The Gibbs free-energy in
solution was employed for discussion, where the translational entropy
was evaluated with the method developed by Whitesides et al,'®
following the procedure adapted by Sakaki et al.'” In this approach we
used a hexane concentration of 0.6605 g/ cm® '® and molecular volume
for hexane solvent of 11.33 X 1072 cm® per molecule.” The employed
equations are described in detail in the Supporting Information.

B RESULTS AND DISCUSSION

The addition of 3 equiv of XyINC (Xyl = 2,6-Me,C¢Hj;) to the
oxonitride species [{(17’-CsMes)Ti(u-0O)};(u3-N)] (1) in
hexane at room temperature generates a dark red solution
from which compound [{Ti(n*-CsMeg)(u-0)};(u-
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XyINCCNXyl)(NCNXyl)] (2) is isolated as a black micro-
crystalline solid in moderate yield (Scheme 1). When followed

Scheme 1. Reaction of 1 with XyINC

X1
N
1l
C
1\
N ITJ
/ﬂ'i]i. [ow-1Tl— 3ANC Jml.., [T|]
Il o=m %y
O Xyi=26-MexCeHs \ © L
1 - 7S¢,
Ar/ N,
[Ti] = Ti(7°>-CsMes) 2 Xyl

by 'H NMR spectroscopy in benzene-dg, the reaction between
1 and XylICN, in 1:1 or 1:2 ratio, gave the same compound 2.
The unambiguous identity of 2 as the product of the
incorporation of three molecules of arylisocyanide could only
be established by performing a single-crystal X-ray diffraction
study.

In this sense, the 'H NMR spectrum of 2 in C¢Dy or C,Dy,
for the crystals studied by X-ray diffraction, was intriguing as it
seemed to suggest the product decomposition or the existence
of an intractable mixture of products (Figure 1, upper). For
instance, the "H NMR spectrum showed as a more remarkable
feature a very broad signal at 6 1.98, which integral
corresponded to 42 protons. Additionally, two resonances at
5 2.18 and 2.64 assigned to a 7°-CsMe; ligand and two methyl
groups, respectively, were observed. Then we decided to
register the '"H NMR spectrum in C,Dg at 233 K (Figure 1,

'HNMR C,D, 298K

BN JL_JW“L

'HNMR C,D, 233K

toluene

N
I 'j |
- JL.._,J‘W“ UL

B B
7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 ppm
Figure 1. 'H NMR of complex 2 recorded in C,Dj.
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lower); it presented well-defined resonances coherent with the
structural situation determined by X-ray diffraction. The three
signals at 6 1.80, 2.02, and 2.18 indicated the nonequivalence of
the three pentamethylcyclpentadienyl ligands of complex 2.
The rest of the resonances (see Experimental Section) we were
able to assign to the heterocumulene u-[XyINCCNXyl] and
carbodiimido [NCNXyl] fragments.

According with these data, the broad signal found at 1.98
ppm in the '"H NMR spectrum at room temperature might
indicate a dynamic behavior (Scheme 2) of the heterocumulene
[XyINCCNXyl] fragment on the titanium metal centers of the
molecular oxide [Ti;0,].

Scheme 2
Xyl Xyl Xyl
| \ I (‘:N m
[T] [T l] — FF 1. )
- {1 T
O/‘[Tl] // T O/ [TI]\O/ AN O{A[Q]\O [/I]
_N_
/C ‘ _C= ok Xyl N—Cx¢
/C X | N Xyl” S=No
Xyl” Y xyl” Y X

[Ti] = Ti(55-CsMes)

e PC{'H} NMR spectrum in C4Dg registered only four
signals corresponding to the pentamethylcyclopentadienyl
ligands, two at low field for the ipso carbon atoms at § 124.3
and 124.6 (broad signal) and the other two at high field at &
11.6 and 12.2 (broad signal) for the methyl groups in
agreement with the rapid interchange of the heterocumulene
fragment. Also noteworthy is the chemical shift of the sg
hybridized carbon of the carbodiimido moiety (5 141.1).*%*'
Additionally, the IR spectrum shows bands at 2185, 2113, 1590,
and 1508 cm™, characteristic of this ligand.’®*"

The solid-state structure of [{Ti(5*-CsMes)(u-O)};(u-
XyINCCNXyl)(NCNXyl)] (2) and selected distances and
angles are shown in Figure 2. The X-ray structure of this
compound may be described as a surface, comprising the three
titanium atoms and the three oxygen atoms, with a
heterocumulene [XyINCCNXyl] moiety above the [Ti;O;]
ring, bridging two titanium atoms, and a carbodiimido fragment
[XyINCN] on the other titanium atom below, as already
outlined for bonding systems I and III in Scheme 2.

Compounds of the type [(L)M-NCNR] (R = alkyl, ary], ...)
are well-known.*®*"** The Ti(3)=N(1) distance (2.004(6) A)
is within the known values for titanium—carbodiimide
complexes as [Ti(1’-CiHs),(N=C=NPh),] (2.002(4) and
1.985(5) A)*'* or [Ti(N,N®)(NCNR')(NPh,)] (1.973(6) A:
R = Py, R’ = tBy; 1.970(3) A: R = Me, R’ = Xyl).”'® The
distances for C(71)—N(1) (1.183(8) A) and C(71)-N(7)
(1.251(9) A) and the angle N(1)—C(71)-N(7) (171.0(7)° are
within the known ranges.”

The other point of interest in 2 is the heterocumulene
fragment [XyINCCNXyl]. To the best of our knowledge, there
is a unique structure in the bibliography with a similar
isocyanide coupling reported by Teuben et al. for the complex

[{Ti(7°-CsMes)Cl, },{-N,C,(2,6-Me,(C4H,)),}], but the
structural dlSp081t10n of the heterocumulene ligand is clearly
different.”’

As can be seen in Figure 2, the interaction of the
heterocumulene fragment with the Ti;O; moiety leads to the
formation of a five-membered ring, where the distance N(6)—
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C77 C74

C76 C75

Figure 2. Ortep drawing of the molecular structure of complex 2.
Thermal ellipsoids at 50% of probability. Pentamethylcyclopentadienyl
groups and hydrogen atoms were omitted for clarity. Averaged
selected lengths (A) and angles (deg): Ti—O 1.84(3), C(51)—N(5S)
1.236(7), C(51)—C(61) 1.324(8), C(52)—N(5) 1.427(8), C(61)—
N(6) 1.447(7), C(61)-Ti(1) 2.188(6), C(61)-Ti(2) 2.671(6),
C(62)—N(6) 1.415(7), C(71)—-N(1) 1.183(8), C(71)—N(7)
1.251(9), C(72)-N(7) 1.400(9), N(1)-Ti(3) 2.004(6), N(6)—
Ti(2) 1.930(4), C(51)—C(61)—N(6) 124.9(5), N(5)—C(51)—
C(61) 166.8(6), C(51)—N(5)—C(52) 133.7(5), C(61)—N(6)—
Ti(2) 103.6(3), N(6)—C(61)-Ti(1) 118.1(4), C(71)—N(7)—C(72)
136.6(7), N(1)—C(71)—-N(7) 171.0(7), C(71)-N(1)-Ti(3)
159.9(5).

C(61) bond length of 1.447(7) A is longer than a C—N bond
(sp™N, 1.36 A) and close to that reported for methylamine
(sp>N, 1.47 A).>* Additionally, the N(6)—Ti(2) of 1.930(4) A,
similar to that found for the mononuclear [Ti(7’-CsMes)-
(NMe,),] (av. 1.917(8) A),* suggests the existence of pz —
dr interaction (see DFT study below).

However, the Ti(1)—C(61) [2.188(6) A], C(61)—C(51)
[1.324(8) A], C(51)-N(5) [1.236(7) A], and N(5)—C(52)
[1.427(8) A] bond lengths in complex 2 are analogous to the
structural parameters of the Ti—C=C==NXyl unit published
by Beckhaus and co-workers in the complex [Ti(s’-
C.Me;),C(=NXyl)C(=NXyl)CH,C=C=NXyl].>* Addi-
tionally, the angle N(5)—C(51)—C(61) of 166.8(6)° leads to
propose the existence of two double bonds around C(S1),
without electronic delocalization along the C(61)—N(6) bond.
Finally, the molecular core [Tiy(7>-CsMe;);0;] reveals an
average distance Ti—O of 1.84(3) A and the rest of parameters
in the range found for these kind of structures.”’

Thermolysis of a red-dark solution of 2 in C,Dg for 4 d at
150 °C via 'H NMR spectroscopy revealed complete
consumption of the starting complex and formation of a
brownish-yellow crystal fraction at the bottom of the NMR
tube. The structure of this new compound [{Ti(n>-CsMes)(u-
0)};(P* XyINCNXyl)(CN)] (3) was elucidated by single-
crystal X-ray diffraction.

As can be seen in Figure 3, the molecular structure of
complex 3 shows a carbodiimido fragment [XyNCNXy],
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Figure 3. Simplified ORTEP drawing of the molecular structure of
complex 3. Thermal ellipsoids at 50% of probability. Averaged selected
lengths (A) and angles (deg): Ti—O 1.85(4), C(52)—N(51) 1.446(3),
C(61)—-N(61) 1.310(3), C(61)—N(51) 1.309(3), C(61)—Ti(3)
2.174(2), C(61)-Ti(2) 2.191(2), C(62)—N(61) 1.438(3), N(71)—
C(71) 1.125(3), N(51)-Ti(3) 2.062(2), N(61)-Ti(2) 2.048(2),
C(71)-Ti(1) 2.176(3), N(71)—C(71)-Ti(1) 178.6(2), N(61)—
C(61)-N(51) 143.4(2), C(52)-N(51)-Ti(3) 154.8(2), C(61)—
N(51)—C(52) 128.4(2), C(61)-N(61)—C(62) 125.8(2), C(62)—
N(61)-Ti(2) 155.4(2).

bridging two of the three metal centers, and a cyanido moiety
on the third titanium atom in a syn—anti disposition with
respect to the organometallic oxide fragment [Tis(n*-
CsMe;);05]. The formation of the cyanide fragment in
compound 3 constitutes, to our knowledge, the first example
of dearylation of an isocyanido ligand. Thus, while cyanation of
metal centers via dearylation of nitrile substrates are known,””
analogous processes with isocyanides CNR have not been
reported.

The Ti(1)—C(71) bond length of 2.176(3) A in the cyanido
moiety is similar to those found in other cyanide complexes of
titanium (IV). Also, the C(71)—N(71) bond length of 1.125(3)
A compares well to a CN triple bond, and the Ti(1)—C(71)—
N(71) is almost linear [178.6(2)°].*

Moreover, the connectivity between the [ XyNCNXy] moiety
and the organometallic oxide resembles the only four examples
reported in the literature for the coordination of carbodiimidos
to W,(OR).*" Thus, the C—N bond lengths [1.309(3) and
1.310(3) AJ, together with the N(61)—C(61)—N(S1) angle of
143.4(2)°, are in line with an electronic delocalization along the
NCN unit, similarly to the mentioned tungsten complexes.

The aromatic rings linked to N(51) and N(61) present
dihedral angles of 72.1(1)° and 84.7(1)° with respect to the
plane formed by the atoms N(51), Ti(3), C(61), Ti(2), and
N(61). These data are consistent with the absence of =«
contribution from the two aromatic rings joined to the nitrogen
atoms. The Ti(2)—N(61) and Ti(3)—N(51) bond lengths are
in good agreement with standard Ti—N covalent bond lengths
(Xrcov = 2.07 A)*" with absence of multiple bonding,

Also, Ti(2)—C(61) and Ti(3)—C(61) bond distances of
2.191(2) and 2.174(2) A, respectively, are similar to that found
for Ti(1)—C(61) in complex 2. Thus, all the bond distances
together with the sum of the angles (). = 360.5°) around

DOI: 10.1021/acs.inorgchem.5b00943
Inorg. Chem. 2015, 54, 9401—-9412


http://dx.doi.org/10.1021/acs.inorgchem.5b00943

Inorganic Chemistry

C(61) leads to a planar-tetracoordinate carbon atom geo-
metrical environment already known in the literature.*”

The NMR spectra of 3, according with a C, symmetry in
solution, show the expected resonances for the pentamethylcy-
clopentadienyl ligands, and the carbodiimido and cyanido
fragments (see Experimental Section). In the IR spectrum two
bands appear at 1602 (m) and 1572 (m) cm™', corresponding
to the carbodiimido C=N stretching vibrations. Additionally, a
band at 2113(m) cm™" can be assigned to the terminal cyanido
group.””

To investigate the incorporation of the isocyanides to the
molecular titanium oxonitride and the formation new carbon—
nitrogen bonds, we performed DFT calculations on the
isocyanides RNC (R = Ph and Me) and the model molecular
oxonitride [Ti(7°-CsHs)(u-O)};(u5-N)] (1H). We could find
different types of minima corresponding to the incorporation of
one (A and B), two (C and D), and three isocyanides to 1H.
Figure 4 and Scheme 3 show the Gibbs free-energy variation
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Figure 4. Gibbs free-energy profile for the incorporation of
isocyanides to [Ti(1’-CsHg)(u-0)}5(u5-N)] (1H) and carbon—
nitrogen bond formation. Calculated Gibbs free energies for PhANC
(and in parentheses for MeNC) in kJ-mol™".

along the process, and Figures S and 6 display the structures of
selected species for the PhNC substrate, whereas the analogous
species for MeNC are provided in the Supporting Information.
Since calculated Gibbs free energies overestimate the transla-
tional entropy loss in the associative processes, we corrected
them applying Whitesides’ correction'® as in the previous works
of Sakaki et al.'” (see Computational Details). The
incorporation of the first isocyanide molecule leads to the
formation of the carbon—nitrogen bond with a low-energy
requirement as illustrated in Figure 4. Initially, the isocyanide
can coordinate to one of the three titanium atoms through the
carbon lone pair forming adduct A. As reported for the
ammonia attack on the complex [Ti(5>-CsHs)(u-O)};(ps-
CH)], in A, the isocyanide probably approaches the basal
region of the complex 1H, which is less hindered than the
apical one. The latter isocyanide approach would yield complex
A’ (see Figure 4). Actually, the formation of complex A is
thermodynamically favored over that of complex A’ by 35 and
34 kJ-mol™ for R = Ph, Ap, and Me, Ay, respectively.”
Nevertheless, the carbon—nitrogen formation should occur
from complex A’, in which the isocyanido ligand is located cis
with respect to the nitrido group. Complex A’ can be formed
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Scheme 3. Mechanism for the Incorporation of the Second
and the Third Isocyanide Molecules to the Model Complex
1H”

R=Ph R _ R..
(R=Me) ﬁl || '
C
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Figure 5. Computed molecular structures (A) of the transition state
for the carbon—nitrogen bond formation (TS,gpy) and the resulting
intermediate (Bpy,).

from A via an intramolecular rearrangement of the isocyanido
and the cyclopentadienyl (Cp) ligands that are not involved in
the Ti;O;N skeleton. Such a process has already been reported
for the mentioned ammonolysis of [Ti(7°-CsH;)(u-O)};(u5-
CH)],° and for the acetylene addltlon to [{(HCC)Zn}(us-
N)(u3-NH)2{T1(;1 -CHy) }5(u3-N)],™ the electronic energy
barriers being moderate, 75 and 62 kJ-mol~’, respectively. Here,
the computed Gibbs energy barriers are also moderate, 62 and
49 kJ-mol™’, for ligand rotation in Ap, and Ay, respectively.
Therefore, it is reasonable to assume that the isocyanide and
1H form first complex A, which then rearranges to complex A’
(see Figure 4). Nevertheless, we cannot fully discard a
mechanism in which the isocyanide coordinates directly to a
Ti center cis with respect to the nitrido group.

In complex A’, the apical nitrido can attack the coordinated
isocyanido carbon atom to form the new carbon—nitrogen
bond, overcoming a very low energy barrier, 17 and 15 kJ-mol ™
for PhNC and MeNC, respectively. The corresponding
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Figure 6. Computed molecular structures (A) of two intermediate
species incorporating two PhNC molecules, Cpy, and Dpy,.

transition state for the PhANC substrate, TS,p py, is displayed in
Figure S. In the transition state TS, g py, the distance between
the isocyanide carbon and the nitride nitrogen shortens from
244 A in A’ to 1.98 A, and simultaneously, the isocyanide
fragment starts bending (from C—N—Ph = 162° in A'p, to
145° in TSy ppn)-

For the titanium oxonitride complex, the active role of the
apical nitrogen atom in chemical reactivity was computationally
anticipated from the analysis of the frontier molecular
orbitals,>* as done in other transition metal oxonitrides.>® In
addition, the interaction of the isocyanido with the titanium
center in A’ elongates the Ti—N_;, bond length and raises the
energy of the occupied nitrogen p-type orbitals. This suggests
an increase of nucleophilicity of the nitrido group that reacts
easily with the s*-antibonding molecular orbital of the
isocyanidlo C=N bond polarized toward the carbon atom
leading to complex B (Figure 4). Besides the nitrogen—carbon
bond formation, the other significant transformation in B is the
bending of the isocyanido fragment accompanied by C—N
bond lengthening (C—N—Ph = 176° in Ap, and 125° in Bpy;
C—N = 1.17 A in Apy, and 1.28 A in Bp,). The overall process
from 1H to B is exergonic by 7 and 6 kJ-mol™" for the PANC
and MeNC substrates, respectively, complex B being lower in
energy than A. The reader can notice that the differences
between the species containing PhNC and MeNC are
qualitatively irrelevant. Therefore, hereinafter we will focus
the discussion on the results obtained for the PhNC substrate,
commenting in specific cases on the differences with MeNC.

In the next step, intermediate B can incorporate a second
isocyanide molecule via coordination to another titanium
center through the carbon lone pair to give complex C (Scheme
3). Although the coordination is exothermic by 35 kJ-mol™’, the
bimolecular process (B + CNPh — C) becomes slightly
endergonic, +12 kJ-mol™’, once we computed the entropy loss.
Nevertheless, the ligand rearrangement from C to D is clearly
exergonic, yielding species D, which is 60 kJ-mol™' below
reactants and provides the thermodynamic driving force for the
reaction. As expected, the isocyanido coordination elongates
0.40 A the titanium—nitrogen bond in that metal center. From
C, the reaction proceeds through a sequence of intramolecular
isocyanido rearrangements, ending in the more stable titanium
complex D as detailed in the Supporting Information (see
Scheme S1) for MeNC. In brief, we could characterize different
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steps between C and D, where the computed relative electronic
energies of the intermediates with respect to Cy, range from
+26 to —24 kJ-mol™’, and the largest energy barrier is 56 kJ-
mol™. Overall, the transformation from C to D is
thermodynamically favorable and occurs smoothly.

Complex D (Figure 6) shows a terminal Ti-carbodiimido
fragment (Ti—N = 1.92 A, N—C = 121 A, C-N =124 A, and
C—N-Ph = 131°), similar to that of compound 2, and an
isocyanido ligand bridging two titanium centers (Ti—N = 2.06
A, N-C = 126 A, and C-Ti 2.03 A). The bridging
isocyanido ligand is bent at the nitrogen atom with a C—N—
Cpy, angle of 131° that carries a lone pair to bind to the titanium
center. Moreover, the isocyanido structural disposition in D is
similar to others reported for early transition metal
complexes.’® The lowest unoccupied molecular orbital orbital
in Dpy, corresponds formally to the bridging carbon—nitrogen
m-antibonding orbital with some contribution of the empty
titanium d orbitals (see Figure S2 in Supporting Information).
The 7% _y is polarized toward the carbon atom, explaining the
approach of the third isocyanide molecule to the carbon of the
bridging isocyanido and the carbon—carbon coupling between
both moieties. The resulting complex, 2Hpy, is remarkably
stable, the computed Gibbs free energy being —108 kJ-mol™
with respect to 1H. For MeNC the corresponding Gibbs free
energy is less stabilizing (—87 kJ-mol™"), which could be related
to the fact that a structure such as 2 was not observed for the
alkyl isocyanide.

In general, the computed geometry of 2Hpy, is in good
agreement with the experimental one, 2 (see Table SI in
Supporting Information for details). As suggested from the
geometric parameters (see above), the analysis of the frontier
molecular orbitals of 2H shows that the highest occupied
molecular orbital (HOMO) and HOMO-1 orbitals contains a
p,—d, bonding interaction between the vacant d orbitals at the
Ti centers and the occupied p-type orbitals at the two
coordinated N centers (Figure 7). Thus, in both the

Figure 7. Representation of the p,—d,-type orbitals HOMO and
HOMO-1 for the structure 2Hyp,,

carbodiimido and the heterocumulene [ArNCCNAr] fragments
the nitrogen is acting as a four-electron donor ligand, as
previously reported for the coordination of an amido group to
the same titanium molecular oxide.® Thus, the negative charge
supported by the nitrido group has been transferred to the
ArNCN and ArNCCNAr ligands along the process, whereas
the Ti atoms remain fully oxidized.
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To further probe the scope of the C—N bonds formation
with isocyanides, reaction of 1 with tBuNC was performed in
1:1, 1:2 ratios or excess in toluene or hexane at room
temperature (see Scheme 4). Compound 4 was isolated as a

Scheme 4. Reaction of 1 with tBuNC

Me;CN
C
X
A o Til0my [Ti]
[Ti]\i/o\\ ...... [Ti] 2 Me;CNC ] ['i'.]_o
- unidentified \\\O ,,,,, [Ti]/|‘,l
1 by-products [/Tij_o_[Ti];
[Ti] = Ti(7-CsMes) N 4
NCMe;

dark-green microcrystalline solid in 56% yield after 1 d. Once
the crystals precipitated from toluene or hexane, they were no
longer soluble in aliphatic solvents and scarcely soluble in
aromatic solvents such as pyridine.

The NMR spectra of 4 revealed a paramagnetic product that
room—tem})erature magnetization measurement by the method
of Evans’ gave fl.¢ = 2.58 g, consistent with their formulation
as a complex with two unpaired electrons. Additionally,
isobutene [4.719 (hept, 2H), 1.581 (t, 6H)] was identified
when the reaction was monitored by '"H NMR spectroscopy.
The IR spectrum of 4 reveals bands at 2208, 2139, 2085, 1651,
and 1554 cm™, which could be assigned to the cyanide® and
terminal carbodiimide’®”" groups.

The molecular structure of compound 4 was determined by
an X-ray diffraction study performed on a single dark-green
crystal obtained from the mixture reaction in toluene at room
temperature (see Figure 8). This species shows a similar
geometry to that found for the derivatives [{Ti;(17°-CsMes);(u-
0),}(NCM(CO),)], [M = Cr, Mo, W] published by our
group.” As can be seen in Figure 8, the two [Ti;05] rings in
complex 4 are linked by linearly bridging cyanide groups, in a
similar way to that regorted for [Ti(1>-CsHy),(CN)],*® or
[Ti(n>-C3Hs),(CN)];"The pentamethylcyclopentadienyl
groups attached to Ti(1) and Ti(2) complete the typical
three-legged piano-stool geometry for these metal centers,
while Ti(3) fills its coordination sphere also with a tert-
butylcarbodiimide moiety.

The rupture of two of the three Ti—N bonds in complex 1
leads to [Ti;O;] rings with a lower tension than that observed
for the starting compound,® where the apical nitrogen bridges
the three titanium atoms. Ti-Ti distances are now ~0.5 A
longer, and [Ti;O,] rings present a boat conformation in which
the angles Ti—O—Ti are ~35° wider, being the averaged value
of 135(1)° similar to those presented by other trinuclear
titanium structures in which there are no other bridges between
the metal atoms different from the oxygen ligands.”® Also, the
structural disposition between the plane formed by Ti(1),
Ti(2), and Ti(3) and by Ti(1), Ti(2), Ti(1)a, and Ti(2)a
(69.8°) is very similar to that found for the above-mentioned
titanium dimeric (Cr: 70.0(1)°, Mo: 70.1(1)°, and W:
70.5(1)°),>* probably due to the high steric impediment of
the pentamethylcyclopentadienyl ligands.
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Figure 8. Ortep drawing of the molecular structure of complex 4.
Thermal ellipsoids at 50% of probability. Pentamethylcyclopentadienyl
groups and hydrogen atoms were omitted for clarity. Symmetry
operation (a): —x, —y + 1, —z. Averaged selected lengths (A) and
angles (deg): CN(1)-CN(3) 1.172(6), CN(1)-Ti(2) 2.149(8),
CN(3)a—Ti(1) 2.139(7), N(1)-Ti(3) 1.983(6), C(41)-N(1)
1.139(8), C(41)-N(2) 1.306(9), C(42)-N(2) 1.455(8), Ti—O
1.802(3), CN(3)-CN(1)-Ti(2) 170.6(4), N(1)—C(41)—N(2)
171.0(7), C(41)-N(1)-Ti(3) 156.2(5), C(41)-N(2)—C(42)
125.8(6), CN(1)—CN(3)—Ti(1) 173.0(4), Ti—O-Ti 135(1), O—
Ti—O 103(2).

The titanium—carbodiimido bond of 1.983(6) A and the
distances of C(41)—N(1) [1.139(8) A] and C(41)-N(2)
[1.306(9) A] compare well with those values found for
compound 2. The N(1)—C(41)—N(2) angle of 171.0(7)° is
almost linear, while the C(41)-N(2)—C(42) angle of
125.8(6)° is in agreement with an sp* hybridization for N(2).

Finally, it is important to note that the atoms of the bridging
CN groups are disordered over two sites with occupancies of
0.59:0.41, as also occurred in the titanium CN-bridged
complexes mentioned above.***” All Ti—CN-—Ti angles are
close to linear (Ti(1)-N/C—C/N 173.0(4)°, N/C—C/N—
Ti(2) 170.6(4)°), and C—N bond lengths (1.172(6) A) are
similar to those described in the literature for a triple bond [C—
N 1.14 A]**

The existence of these bridging cyanide groups in 4 could be
originated by the rupture, in mild conditions, of the nitrogen—
carbon single bond of the second molecule of tert-butyl
isocyanide. This cleavage performed by transition metals is
well-known in the literature." Thus, processes performed
under mild conditions are the treatment of [V(i°-CsMe),-
(CO)] with tert-butyl isocianyde, reported by Floriani et al.,*'
the reaction of [Sm(17’-CsMe;),(thf),] (thf = tetrahydrofuran)
with fBuNC to form the trimetallic complex [Sm(77>-CsMe),-
(CNtBu)(u-CN)]; published by Evans et al,"" and the
reaction of trans-[Mo(N,),(Meg[16]aneS,)] with tBuNC to
afford trans-[Mo(CN),(Meg[16]aneS,)].*"

We wondered whether other unsaturated reagents could also
promote the formation of carbon—nitrogen bonds on the
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titanium oxonitride 1. Thus, we performed the reactions
between 1 and p- or o-methylbenzophenone.

In the first place, we scouted the treatment of the oxonitride
derivative [{Ti(n>-CsMes)(u-O)};(13-N)] (1) with benzophe-
none. The process was monitored by '"H NMR spectroscopy,
and although the formation of § occurred smoothly at room
temperature, we raised the temperature to ~90 °C with the aim
to shorten the reaction time. In this sense, preparative scale
reactions were performed by heating at ~90 °C in toluene for
several days, providing the complexes 5—7 as dark-red
crystalline solids in reasonable yields, soluble in common
solvents, with tendency to form oils in hexane or toluene.

The 'H NMR spectra highlighted two resonances in 2:1 ratio
corresponding to the pentamethylcyclopentadienyl ligands,
indicative of a C; symmetry in solution for these compounds.
Therefore, the proposal of a simple insertion process of the
ketone molecule into one of the three Ti-y;-N bonds had to be
discarded (Scheme S, left). Finally, the X-ray structures of 6

Scheme S. Reaction of 1 with OCPhR (R = Ph, p-Me(C(H,),
0-Me(C¢H,))

R Ph, R
F’h\C / \C/
N0 N N
. OCPhR N e
/[T']'_'!"o"‘"';r'] i / “_._7[1-,] OCPhR /[Ti%) .
O/[ I]\o O/[Ti]\o O‘[Ti]\o/
1
[Tl = Ti(-CsMes) R = Ph (5), 4-MeCgHj (6), 2-MeCgHj (7)

and 7 (see Figure 9) evidenced the formation of one ketimido
fragment [-N=CPhR] attached to one titanium atom, while

Figure 9. Ortep drawing of the molecular structure of complex 7.
Thermal ellipsoids at 50% of probability. Hydrogen atoms were
omitted for clarity. Averaged selected lengths (A) and angles (deg):
C(1)—-N(1) 1.271(6), N(1)-Ti(2) 1.855(4), Ti—O 1.85(2), Ti(1)-
Ti(3) 2.673(1), Ti(2)--Ti 3.245(1), C(1)-N(1)-Ti(2) 165.5(4),
Ti(1)—0(12)-Ti(2) 124.0(2), Ti(3)—0(23)-Ti(2) 123.6(2),
Ti(3)—O-Ti(1) 92.3(1), O(12)-Ti(1)—0O(1) 102.9(2), O(12)-
Ti(1)—0(13) 100.7(2), O(1)—Ti(1)—0(13) 84.5(2), N(1)-Ti(2)—
0(23) 106.5(2), N(1)-Ti(2)—0(12) 104.3(2), O(23)-Ti(2)—
0(12) 103.5(2), 0O(23)-Ti(3)—0(1) 101.3(2), O(23)-Ti(3)-
0(13) 102.3(2), O(1)-Ti(3)—0(13) 85.5(2).
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the other two metal centers are bridged by an additional oxygen
atom, as shown in Scheme §, right.

The *C NMR spectra show the resonances for the ketimido
group carbons (>C=N-) at § = 170.2 (§), 170.4 (6), and 171.7
(7), in the same range as that reported for the trinuclear species
[{Ti(*-CsMes) (4-O) }5(u-CHR) (N=CPh,)] (R = H, Me)."
The IR spectra of 5—7 reveal v(N=C) IR frequencies around
1630—1639 cm™!, which are consistent with &kN-ketimido
moieties.**

Suitable crystals of 6 and 7 were grown from hexane
solutions by slow cooling at ca. —20 °C. Figure 9 shows the
molecular structure of complex 7 and averaged selected
distances and angles as example (data for 6 can be found in
Supporting Information). The geometry of the three metal
centers can be considered as a three-legged piano stool, with
the pentamethylcyclopentadienyl groups located out of the
[Ti;O;] ring. However, the titanium atoms together with
O(12) and O(23) form a plane, with O(13) at 1.24(1) A below
the plane, while O(1) is located at [1.26(1) A] above it. It is
noteworthy that the existence of an additional oxo bridge
between two titanium atoms decreases the distance between
metal centers [2.673(1) A] with respect to the third titanium
supporting the ketimido group [3.245(1) A].

Similarly, the presence of a double oxo bridge in the structure
determines the value of the Ti—O—Ti and O—Ti—O angles
directly involved in the four-membered ring, with values ~30°
and ~15°, respectively, lower than the rest of those found in
the molecule. However, these values are similar to those
published for complexes that contain the [Ti,(#-O),] moiety as
{Ti(*-CsH,(SiMe;)3-1,2,4)Cl},(u-0),] [TiTi 2.71(1) A,
Ti—O-Ti 95.8(1)°, O=Ti—0O 84.2(1)°]*" or [{Tiy(5*-
CsMe;);(u-0)4},(u-0)] [Ti--Ti 2.6963(7) A, Ti—O-Ti
92.4(2)°, O-Ti—0 84.5(2)°].®

The carbon C(1) atom in the ketimido ligand [(o-
MePh)PhCN] shows a planar triangular environment [ Y a =
359.9° (7)]. However, in this fragment the distances carbon—
nitrogen [1.271(6) A] and titanium—nitrogen [1.855(4) A]
and the Ti—-N—C angles [165.5(4)°] have similar values to
those found in the literature for other ketimido titanium(IV)
derivatives, """

We also performed additional DFT calculations to analyze
the formation of carbon—nitrogen bonds using the ketone
substrates. In these reagents, it is also remarkable to see the
total cleavage of the very strong carbon—oxygen double bond.
The rupture of C=0 bonds by transition metal complexes has
attracted great attention due to its extensive effect on organic
chemistry."” Figure 10 summarizes the results for the reaction
with the simplified substrate H,CO on the model molecular
oxide [Ti(7*-CsH;)(u-O)}5(15-N)] (1H). As in the case of the
isocyanides, in the first place, the ketone interacts with a
titanium center trans or cis to the yj-nitrido group forming
either complex E or E’. The trans E isomer is 51 kJ-mol™" lower
in energy than E’. Intermediate E’ is a very shallow minimum,
from which the insertion of the ketone into one of the three Ti-
#3-N bonds has very low free-energy barrier (13 kJ-mol™"), the
corresponding transition state (TSgy) lying 66 kJ-mol™" above
reactant 1H. Thus, the overall barrier to form the new N—C
bond is mostly governed by the energy cost required to achieve
the coordination of the substrate cis to the nitride group.
Unfortunately in this case, we could not locate the ligand
rearrangement transition state. However, it is reasonable to
assume that this process would not be too energetically
demanding, just some kilojoules per mole above E/, if we use as
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Figure 10. Gibbs free-energy profile for the reaction of H,C=0 with

[Ti(*-CsHs) (1-0)}5(15-N)] (1H). Calculated Gibbs free energies in
kJ-mol™".

reference the energy barriers calculated for isocyanide, and
previously, for amonia® and acetylene.”" In the resulting
intermediate F, the new carbon—nitrogen bond formation is
accompanied by partial breaking of C=0 bond (C—O = 1.41
Ain Fvs 122 A in E and E'). Structure F is quite stable (—87
kJ-mol™"), but the final ketimido species, with an additional
bridging oxygen, is even more stable (—118 kJ-mol™"), the high
oxophilicity of titanium being the thermodynamic driving force
to yield the final product 6H.

B CONCLUSIONS

We have shown that the titanium oxonitride complex [Ti(#°-
CMe;)(u-0)}5(p3-N)] (1) readily reacts with isocyanides and
ketones to form new carbon—nitrogen bonds. As we had
computationally anticipated from the analysis of the frontier
molecular orbitals, the apical nitrogen atom plays an active role
in the chemical reactivity of the titanium oxonitride species.
Further computational studies support a mechanism involving
the nucleophilic addition of the nitrido group to both
isocyanide and ketone molecules. For isocyanide, the titanium
complex prefers to incorporate until three isocyanide
molecules. Furthermore, thermolysis of the resulted compound
constitutes the first example of dearylation of an isocyanido
ligand. In the case of the ketones, the high oxophilicity of
titanium, combined with the nucleophilicity of the p;-nitrido
fragment, promotes the unusual and total cleavage of the
carbon—oxygen double bond, yielding a titanium—ketimide
complex, with formation of a very strong p-oxo titanium bond.
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