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Abstract: Four-electron reduction of dinitrogen has been achieved in the reaction withl [{ p-Bu'-calix-
[4]-(0)4} 2Nby(u-M)2] (M = Li, 3; M = Na,4; M = K, 5), which contain a very reactive RtNb unit [Nb=

Nb = 2.659(1) A;4], in THF. The reaction leads to the dinuclear compleXgsBut-calix[4]-(O)} 2(Nb=
N—N=Nb)]>~ M*, (M = Li, 6; M = Na, 7; M = K, 8) [Nb=N = 1.747(12) A, N-N = 1.390(17) A;7],
containing the hydrazido [jj*~ anion. Two-electron reduction of the hydrazido tetraanio# irsing sodium
metal leads to the nitrido specidd, [{p-But-calix[4]-(O)a} 2Nba(u-N)2(1-NapNap], which in solution is in
equilibrium with the monomeric form8, [{ p-Bu'-calix[4]-(0)s} Nb=N—Na§)]. Two distinct pathways have
been identified as a function of the solvent used (THF or DME). In the case of DME, the key intermigtiate
has been intercepted as green crystals. The formatidr,df p-But-calix[4]-(0)s} 2Nba(ue-17%:7%-N2) (u-Na)s-
Na], results from the reduction of Nb(V) to Nb(IV), which temporarily stores the two electrons in atNNb
bond [N-N = 1.403(8) A, Nb-Nb, 2.635(1) A]. Complexi2 contains au-72%? side-on N group, bonded
between two niobiums and preorganized to be transformed into two nitrido anions. Heating in pyridine (90
°C) convertsl2 to 11, with simultaneous cleavage of the Nhlb and N—N bonds, the heating causing two-
electron transfer from the NbNDb to the N-N bond. The reaction of with Ny, carried out in toluene instead
of THF or DME, gives a nitrido complex{ p-But-calix[4]-(O)a} sNbs(u-N)2Nag(THF),], 15, which can be
formed equally well from the reaction dfa with 7a carried out in a 1:2 molar ratio in toluene. ComplEx
breaks up in CHGl or toluene, upon addition of TMEDA, into{ p-But-calix[4]-(O)4} 2Nba(1t-N)o{ u-Nap-
(TMEDA)2} Nag], 16, and [ p-Bu'-calix[4]-(O)a} 2Nba(u-N)][Na(TMEDA),], 17.

Introduction

Although transition metal complexes have long been used to
mediate dinitrogen activatiohsuccess has been limited almost
exclusively to dinitrogen fixation and to two- and four-electron
reductions of dinitrogen to diazenitiband hydrazido anions3
Six-electron reduction of dinitrogen to nitride or ammonia using
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well-defined transition metal complexes in a homogeneous phase
is a quite rare event in two respects. The first one is the stoichio-
metric result per se, and the second is the understanding of the
stepwise reaction pathway. A unique contribution to this area
of dinitrogen activation is Cummins’ workwhile a recent
communication deals with a vanadium-assistegNNtriple bond
cleavage. Our approach to this field of research, considering
some major facets of the problem is reported in detail here.
Preliminary results have been briefly communicdted.

(3) (@) O'Regan, M. B.; Liu, A. H.; Finch, W. C.; Schrock, R. R.; Davis,
W. M. J. Am. Chem. S0d.99Q 112 4331. (b) Basch, H.; Musaev, D. G.;
Morokuma, K.; Fryzuk, M. D.; Love, J. B.; Seidel, W. W.; Albinati, A.;
Koetzle, T. F.; Klooster, W. T.; Mason, S. A.; EckertJJAm. Chem. Soc.
1999 121, 523. (c) Schrock, R. R.; Wesolek, M.; Liu, A. H.; Wallace, K.
C.; Dewan, J. Clnorg. Chem1988§ 27, 2050. (d) Schrock, R. R.; Glassman,
T. E.; Vale, M. G.; Kol, M.J. Am. Chem. Socl993 115 1760. (e)
Rocklage, S. M.; Schrock, R. B. Am. Chem. S0d.982 104, 3077. (f)
Rocklage, S. M.; Turner, H. W.; Fellmann, J. D.; Schrock, R. R.
Organometallicsl982 1, 703. (g) Turner, H. W.; Fellmann, J. D.; Rocklage,
S. M,; Schrock, R. R.; Churchill, M. R.; Wasserman, HJJAm. Chem.
Soc.198Q 102 7809. (h) Churchill, M. R.; Li, Y.-J.; Theopold, K. H.;
Schrock, R. RInorg. Chem1984 23, 4472. (i) Schrock, R. R.; Kolodziej,
R. M.; Liu, A. H.; Davis, W. M.; Vale, M. G.J. Am. Chem. Sod.99Q
112 4338. (j) Fryzuk, M. D.; Haddad, T. S.; Mylvaganam, M.; McConville,
D. H.; Rettig, S. JJ. Am. Chem. S0d.993 115 2782.

(4) Laplaza, C. E.; Johnson, M. J. A,; Peters, J. C.; Odom, A. L.; Kim,
E.; Cummins, C. C.; George, G. N.; Pickering, 1.JJ.Am. Chem. Soc.
1996 118 8623 and references therein.

(5) Clentsmith, G. K. B.; Bates, V. M. E.; Hitchcock, P. B.; Cloke, F.
G. N.J. Am. Chem. So0d.999 121, 10444.

© 2000 American Chemical Society

Published on Web 04/04/2000



Dinitrogen Rearranging ger a Metal-Oxo Surface J. Am. Chem. Soc., Vol. 122, No. 15, 2853

Our attention was focused on (i) the stepwise supply of “Li NMR spectra were recorded on a DPX-400 Bruker instrument
electrons to dinitrogen up to the complete cleavage of the referenced to internal nitromethane (sealed capillary tfiz)d to
N=N triple bond, (ii) how dinitrogen binding two metal ions external LiCl, respectively, set at O ppm. Abbreviations: DME
rearranges its bonding mode, thus being ready to cleave todimethoxyethane; TD perdeuterated THF.
nitride, (iii) the use of oxygen donor atoms preorganized in a _ Synthesis of LNbCL (18.18 g, 67.30 mmol) was added to a toluene
configuration resembling that of a metadxo surface, and (iv) (500 mL) suspension gi-Bu-calix[4]areneCH,Cl>™ (49.39 g, 67.30

th | f the bifuncti litv of th t h d mmol), and the resulting red mixture was refluxed for 16 h. (N.B.:
e relevance of the bitunctionality of the systems we have use "Evolution of HCI occurred). The solvent was removed in vacuo, fresh

The bifunctional complexes contain an electron-rich metal, to|ene was added (500 mL), stirring was maintained for 20 min, and
intended to provide electrons to tht=T substrate,_and a Lewis acidihe solvent was then evaporated to dryness again. Conipleas
center. The role of the latter, which in our case is an alkali metal collected from toluene (500 mL) as a red powder (58.65 g, 98%). Anal.
cation, is not only to participate to the binding and/or polariza- Calcd for1:2.6GHg, CiosH124.4CI12NB,Og: C, 71.44; H, 7.04. Found:
tion of the substrate but also to affect the thermodynamics of C, 71.00; H, 7.08:H NMR (CD,Cl,, 298 K; ppm): 0 7.17 (s, 8H, Ar
the overall reaction, with a major contribution derived from the H) overlapping with 7.127.22 (m, 13H, toluene), 7.12 (s, 8H, Ar H),
solvation of this cation. As a matter of fact, we were able to 507 (d, 4H,J = 12.5 Hz, endo C), 4.62 (d, 4H,J = 13.6 Hz, endo
select the four- or the six-electron reduction pathway of CHZ)’C:3'512((;44H’J7_8L2'? 'I"Z' €x0 f'?’:fbs 3'3%(:; ?HLB.J 2_213'63';3"2_"
dinitrogen by the use of an appropriate solvent. The nature of &0 C): 2.34 (s, 7.8H, toluene), 1.33 (s, 18H, Bul.22 (s, 36H,
th | t all d the int fi fint diates in th Bu'), 1.17 (s, 18H, Bl. The product is almost insoluble in hydrocarbons
e solvent aflowe € interception of Intermediates in e g THF, slightly soluble in chlorinated solvents, and thermally stable.
transformation of the four-electron-reduced iNto nitride.

. . . . . Synthesis of 2.Sodium (1.422 g, 61.85 mmol) and naphthalene
At this point, the original contribution by the Shilov group (0.340 g, 2.65 mmol) were added to a red THF (500 mL) suspension

to the area of dinitrogen reduction using bifunctional systems of 1-2.6GHs (55.40 g, 31.02 mmol), and the reaction mixture was

should be mentioned. This approach, dating back 30 years, wasstirred at room temperature. After 3 days, the sodium was consumed,
based on the use of a heterogeneous mixture of a low-valenceand the resulting brown suspension was extracted with the mother
early transition metal hydroxide and magnesium hydroxide. Our liquors for 48 h, the volume was concentrated to 100 mL, and the solid

approach can be viewed as, among other things, the attempt tgvas filtered off and dried in vacuo, givirgjas a microcrystalline light

transfer the input from Shilov’s work into a homogeneous phase

at a molecular level to understand how the system works.

The present report describes our reduction of dinitrogen to |

nitride using as the active species an'Ntalix[4]arené dimer
containing a very reactive NbNb double bond. We were
successful not only in producing metalitrido species from a
well-defined dinitrogen complex following different pathways

brown powder (47.54 g, 87%). Anal. Calcd f@rdTHF, GoHizs
Nb,O,2: C, 70.81; H, 7.77. Found: C, 70.83; H, 8.1BL. NMR (CD,-
Cly, 298 K; ppm): 6 7.32 (s, 4H, Ar H), 7.22 (s, 4H, Ar H), 7.16 (s,
Ar H), 7.07 (s, 4H, Ar H), 4.52 (d, 4H] = 13.1 Hz, endo Cb),
4.40 (d, 4H,J = 12.0 Hz, endo Ch), 3.67 (m, 16H, THF), 3.57 (d,
4H,J = 13.1 Hz, exo Ch), 3.36 (d, 4HJ = 12.0 Hz, exo Ch), 1.81
(m, 16H, THF), 1.28 (s, 18H, By 1.24 (s, 36H, BY), 1.15 (s, 18H,
But). The product was not stable in GOl,, yielding 1 in ~1 h. H

but also in singling out key intermediates along these pathways.NMR (DMSO-ds, 298 K; ppm): 6 7.11 (s, 4H, Ar H), 7.02 (s, 4H, Ar

Experimental Section

All operations were carried out under an atmosphere of purified
nitrogen. All solvents were purified by standard methods and freshly
distilled prior to use. IR spectra were recorded on a Perkin-Elmer FT

1600 spectrophotometer. Magnetic susceptibilities were measured at

80—300 K on an MPMS5 SQUID susceptometer (Quantum Design)
operating at a magnetic field strength of 3 k&¢.NMR spectra were
recorded on 200-AC and DPX-400 Bruker instrume#is.NMR and
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H), 6.95 (s, 8H, Ar H), 4.42 (m, 6H, endo G}overlapping with 4.41
(d, 2H,J = 11.6 Hz, endo Ch), 3.60 (m, 16H, THF), 3.16 (m, 6H,
exo CH), 3.01 (d, 2H,J = 11.6 Hz, exo CH), 1.75 (m, 16H, THF),
1.16 (s, 18H, BY, 1.13 (s, 36H, BY, 1.12 (s, 18H, Bi). The product
is thermally stable and slightly soluble in THF, hydrocarbons, and
chlorinated solvents. Crystals were grown in a THF solution.
Synthesis of 3.The complex2-4THF (34.36 g, 19.48 mmol) was
added to a freshly prepared THF (250 mL) suspension of lithium (0.267
g, 38.47 mmol) and naphthalene (0.17 g, 1.30 mmol) under an argon
atmosphere. The reaction mixture was stirred for 6 days, after which
the resulting brown suspension was extracted with mother liquors, the
solvent was removed in vacunspentane (250 mL) was added to the
residue, and compleXwas collected as a brown solid (31.51 g, 79%).
Anal. Calcd for3, CioH1elioNb2O16: C, 69.75; H, 8.20. Found: C,
69.54; H, 8.17'H NMR (C4DsO, 298 K; ppm): 6 7.10 (s, 8H, Ar H),
6.96 (s, 8H, Ar H), 5.00 (d, 8H) = 12.0 Hz, endo Ck), 3.62 (m,
32H, THF), 3.14 (d, 8HJ = 12.0 Hz, exo Ch)), 1.77 (m, 32H, THF),
1.26 (s, 36H, BY), 1.10 (s, 36H, Bi). 'Li NMR (C4DgO, 155.51 MHz,
298 K; ppm):d —0.04 (s, Li).*H NMR (tolueneds, 298 K; ppm): 6
7.40 (s, 8H, Ar H), 7.04 (s, 8H, Ar H), 5.15 (d, 8dl= 11.7 Hz, endo
CHy), 3.45 (m, 32H, THF) overlapping with 3.45 (d, 8H, exo §H
1.50 (s, 36H, BY), 1.34 (m, 32H, THF), 0.85 (s, 36H, Bu’Li NMR
(tolueneds, 155.51 MHz, 298 K; ppm):6 0.94 (s, Li). Complex is
soluble in aromatic hydrocarbons and very soluble in THF. The
temperature dependence of the magnetic momeBtstfows a small
residual paramagnetism, due to a high temperature-independent para-
magnetisn¥ (TIP) of 4 x 1075 emu.

Synthesis of 4a and 4bSodium (0.616 g, 26.78 mmol) was added
to a THF (300 mL) suspension @f4THF (23.62 g, 13.39 mmol) under
an argon atmosphere. The reaction mixture was stirred for 2 days, the

(10) Reviews of>N NMR spectroscopy: (a) von Philipsborn, W.; N,
R. Angew. Chem.nt. Ed. Engl.1986 25, 383. (b) Donovan-Mtunzi, S.;
Richards, R. L.; Mason, J. Chem. So¢Dalton Trans.1984 1329.

(11) Arduini, A.; Casnati, A. IfMacrocycle Synthesi®arker, O., Ed.;
Oxford University Press: New York, 1996; Chapter 7.
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resulting turbid brown solution was filtered, and the solvent was exo CH), 1.15 (s, 72H, BY). Recrystallization of7a from diglyme/
removed in vacuon-Hexane (100 mL) was added to the residue, and benzene gavéc2CsHs as crystals suitable for the X-ray analysis.

4a was collected as a green powder (20.48 g, 78%). Anal. Calcd for is soluble in aromatic hydrocarbons, slightly soluble in THF, and almost
43, Ci1H1sNaNb,O14: C, 68.84; H, 7.84. Found: C, 68.92; H, 7.65. insoluble in DME. 7b is extremely soluble in THF and soluble in
H NMR (C4DgO, 298 K; ppm): d 7.04 (s, 16H, Ar H), 4.82 (d, 8H, aromatic hydrocarbons. Solutions@dand7b are stable to temperature
J=12.00 Hz, endo C}J, 3.62 (m, 24H, THF), 3.13 (d, 8H,= 12.00 and solar light. Under no circumstance was loss pbNserved. In a

Hz, exo CH), 1.77 (m, 24H, THF), 1.19 (s, 72H, Bu'H NMR (C;Hs, gas-volumetric experimerta (1.557 g, 0.797 mmol), dissolved in THF
233 K; ppm): 6 7.54 (s, 8H, Ar H), 7.21 (s, 8H, Ar H), 5.19 (d, 8H, (125 mL), at 288 K and 1 atm absorbed 0.7 mmol ofilN30 h.
J=11.2 Hz, endo Ch), 3.45 (d, 8HJ = 11.2 Hz, exo CH), 3.30 (m, Synthesis of 7d.A THF solution of 18-crown-6-ether (0.025 M,

24H, THF), 1.62 (s, 36H, By 1.21 (s, 24H, THF), 1.00 (s, 36H, Bu 1.61 mmol) was added dropwise to a THF (150 mL) solutiory af
The product is very soluble in THF, soluble in toluene, and slightly (1.41 g, 0.71 mmol) with vigorous stirring. The light yellow crystalline
soluble in DME, E4O, and alkanes. Crystals suitable for X-ray analysis solid that precipitated was filtered off and dried in vacuo (1.40 g, 79%).
were obtained from a saturated DME/toluene solution under an argon Anal. Calcd for7d, CizgHa0dNoNaNb,Os: C, 65.06; H, 8.04; N, 1.12.
atmosphere4b-6C;Hg). Compoundda is thermally and photochemi- Found: C, 65.27; H, 8.37; N, 0.964 NMR (CsDsN, 298 K; ppm):
cally stable in THF solutions. 0 7.27 (s, 16H, Ar H), 5.41 (d, 8H] = 11.7 Hz, endo Ch), 3.63 (s,

Synthesis of 5Potassium (0.38 g, 9.72 mmol) was added to a THF 24H, THF), 3.38 (s, 48H, 18-crown-6-ether) overlapping with 3.40 (d,
(150 mL) suspension d4THF (8.48 g, 4.81 mmol) under an argon  8H, J = 11.7 Hz, exo CH), 1.60 (s, 24H, THF), 1.20 (s, 72H, Bu
atmosphere and the reaction mixture was stirred for 24 h. The resulting ~ Synthesis of 8aA THF (100 mL) solution o5 (3.17 g, 1.60 mmol)
dark purple suspension was filtered, the solvent was removed in vacuo,was saturated with )\l and the mixture was stirred for 3 days. The
n-pentane (90 mL) was added to the residue, Bmds collected as a solvent was evaporated;pentane (30 mL) was added to the residue,
green solid (6.46 g, 68%). Anal. Calcd f6r Cy12H152KoNb014: C, and8a along with some impurities was collected as a yellowish solid
67.72; H, 7.71. Found: C, 67.72; H, 7.42. (177 g, 51%) Anal. Calcd fdBa, Cio0H168K2N2NbOs6: C, 66.77; H,

Synthesis of 6aA THF (80 mL) solution of3 (2.55 g, 1.23 mmol), 7.84; N, 1.30. Found: C, 65.19; H, 7.83; N, 1.1B. NMR (CsDsN,
prepared under an argon atmosphere, was saturated witfihe 253 K; ppm): 0 7.43 (s, 4H, Ar H), 7.21 (s, 4H, Ar H), 7.13 (s, 4H,
reaction mixture was stirred for 10 days, after which the solvent was Ar H), 7.02 (s, 4H, Ar H), 5.11 (d, 4H] = 12.8 Hz, endo Ck), 4.39
removed in vacuo from the resulting reddish solutiospentane (30 (d, 4H,J = 13.2 Hz, endo Cbh), 3.64 (m, 32H, THF), 3.40 (m, 8H,
mL) was added, anflawas collected as a yellow solid (1.87 g, 73%). exo Ch), 1.60 (m, 32H, THF), 1.46 (s, 18H, Bul.24 (s, 18H, BY,
Anal. Calcd for6a, Cio0H16ali2N2Nb,O16: C, 68.82; H, 8.09; N, 1.34. 0.68 (s, 36H, BY).

Found: C, 68.41; H, 7.73; N, 1.094 NMR (C4Ds0O, 298 K; ppm): Synthesis of 8b.In a 1 L flask, potassium (0.306 g, 7.83 mmol)

0 7.00 (s, 16H, Ar H), 4.71 (d, 8H] = 11.6 Hz, endo Cbh), 3.62 (m, was added to a cooled-@0 °C) THF (200 mL) suspension @4THF

32H, THF), 3.09 (d, 8HJ = 11.6 Hz, exo CH), 1.77 (m, 32H, THF), (7.02 g, 3.98 mmol) under a nitrogen atmosphere. The reaction mixture
1.18 (s, 72H, BY. "Li NMR (C4DgO, 155.51 MHz, 298 K; ppm)d was stirred for 24 h at-40 °C and then was allowed to reach room

—2.14 (s, Li).*"H NMR (CsDsN, 298 K; ppm): 6 7.09 (s, 16H, Ar H), temperature owea 3 day period with vigorous stirring. The solvent

4.77 (d, 8H,J = 11.6 Hz, endo Ch), 3.64 (m, 32H, THF), 3.07 (d, was evaporated from the resulting reddish suspension, DME (150 mL)

8H, J = 11.6 Hz, exo CH), 1.60 (m, 32H, THF), 1.14 (s, 72H, Bu was added to the residue, aBldwas collected as a yellow solid (1.92

When a toluene solution &was treated with B no reaction occurred. g, 21%). Anal. Calcd foBb, Cio0H184K2N2Nb,O24: C, 62.59; H, 8.05;
Synthesis of 6b.LiCl (0.216 g, 5.10 mmol) was added to a THF N, 1.22. Found: C, 62.46; H, 7.88; N, 1.ZH NMR (CsDsN, 253 K;

(250 mL) solution of7a (5.02 g, 2.54 mmol), yielding a turbid yellow ~ ppm): 8 7.43 (s, 4H, Ar H), 7.21 (s, 4H, Ar H), 7.13 (s, 4H, Ar H),

solution. The reaction mixture was stirred for 20 min and then filtered 7.02 (s, 4H, Ar H), 5.11 (d, 4H] = 12.8 Hz, endo Ch), 4.39 (d, 4H,

to give a clear yellow solution. The solvent was removed in vacuo, J= 13.2 Hz, endo Cbh), 3.40 (m, 32H, DME) overlapping with 3.40

DME (60 mL) was added, argb was collected as a yellow solid (3.13 (M, 8H, exo CH), 3.18 (m, 48H, DME), 1.46 (s, 18H, Bu1.24 (s,

g, 55%). Anal. Calcd fob6b, Cio0H184li2NoNb,Oz4: C, 64.39; H, 8.29; 18H, BU), 0.68 (s, 36H, BW).

N, 1.25. Found: C, 64.00; H, 8.16; N, 1.251 NMR (CsDsN, 298 K; Synthesis of 9aBU'CN (0.344 g, 4.14 mmol) was added to a yellow
ppm): ¢ 7.09 (s, 16H, Ar H), 4.78 (d, 8H] = 11.6 Hz, endo Ch), THF (150 mL) suspension @%@ (4.10 g, 2.07 mmol), yielding an orange
3.47 (s, 32H, DME), 3.25 (s, 48H, DME), 3.08 (d, 8H= 11.6 Hz, solution. The reaction mixture was stirred for 10 h, whereupon a yellow
exo CH), 1.14 (s, 72H, B. precipitate appeared. Volatiles were removed in vacuo,rehexane

Synthesis of 7a-c. Sodium (0.919 g, 40.00 mmol) was added to a (50 mL) was added to the yellow residue, which was then collected
THF (300 mL) suspension @&4THF (35.28 g, 20.00 mmol) under an  and dried in vacuo, givin§aas a yellow powder (3.44 g, 77%). Anal.
argon atmosphere. The reaction mixture was stirred for 2 days, the Calcd for 9a, CioHi7NaNaNb,O14: C, 68.20; H, 7.98; N, 2.61.
resulting turbid brown solution was filtered, argon was replaced with Found: C, 68.26; H, 8.03; N, 2.61. IR (Nujola/cm™?): 2205.8 (m).
nitrogen, vigorous stirring was maintained for 2 days, and the solvent *H NMR (CsDe, 298 K; ppm): 6 7.19 (s, 16H, Ar H), 5.09 (d, 8H]
was removed in vacum-Hexane (200 mL) was added to the residue, = 12.0 Hz, endo Ch), 3.59 (m, 24H, THF), 3.41 (d, 8H, = 12 Hz,
and7awas collected as a yellow powder (30.44 g, 77%). Anal. Calcd exo CH), 1.34 (m, 24H, THF) overlapping with 1.31 (s, 72H, Bu
for 7a, C11HisANoNaNb,O,4: C, 67.86; H, 7.73; N, 1.41. Found: C, —0.10 (s, 18H, BICN). Raman{n-n, solid state): 1348 cri. Crystals
67.96; H, 7.73; N, 1.59'H NMR (CsDsN, 298 K; ppm): 6 7.14 (s, were grown in diglyme/toluene solutio®H).
16H, Ar H), 4.89 (d, 8H,J = 12.00 Hz, endo Cb), 3.64 (m, 24H, Reaction of 7a with PhCHO: Synthesis of 10.Benzaldehyde
THF), 3.12 (d, 8HJ = 12.00 Hz, exo Ch), 1.60 (m, 24H, THF), 1.14 (0.376 g, 3.54 mmol) was added to a yellow THF (100 mL) solution
(s, 72H, Bt). Raman ¢n-n, solid state): 1372 crt. The same product ~ of 7a (3.65 g, 1.84 mmol). The reaction mixture, which darkened
(73a) could be obtained by dissolvintain THF and stirring the resulting immediately, was stored at20 °C for 24 h, and whitdOwas collected
solution under a nitrogen atmospherg¢Np}'*N,]JNay*6THF was as a microcrystalline solid (3.43 g, 88%). Anal. Calcd 16y CgoHss-
prepared by dissolvinga (9.117 g, 4.66 mmol) in THF (125 mL) and  NaNbQ: C, 67.65; H, 7.95. Found: C, 67.30; H, 8.1A.NMR (CgDs,
stirring the resulting solution underaN, atmospherex98% isotropic 298 K; ppm): 4 7.10 (s, 8H, Ar H), 5.05 (dJ = 12.2 Hz, 4H, endo
purity; purchased from Cambridge Isotopes Laboratory). Workup was CHy), 3.66 (m, 16H, THF), 3.38 (d] = 12.2 Hz, 4H, exo Ch), 1.38
carried out under an unlabeled, ldtmosphere!>N NMR (CsHsN, (m, 16H, THF), 1.11 (s, 36H, Bu *H NMR (py-ds, 298 K; ppm): &
40.556 MHz, 298 K; ppm):6 —4.115. Ramaniisy-15, solid state): 7.27 (s, 8H, Ar H), 5.25 (dJ = 11.7 Hz, 4H, endo C}, 3.64 (m,
1328 cntl. Compound’b could be obtained as yellow crystals in good 16H, THF), 3.38 (dJ = 11.7 Hz, 4H, exo Ch), 1.59 (m, 16H, THF),
yield (67%) by washing the product twice with DME instead of 1.20 (s, 36H, Bl). The mother liquors were evaporated to dryness, the
n-hexane. Anal. Calcd fofb, Cyi18H174N2NaNb,O2,: C, 63.90; H, 8.04; yellowish residue was washed with diethyl ether (30 mL), and
N, 1.28. Found: C, 64.09; H, 8.05; N, 1.1 NMR (CsDsN, 298 K; PhCHNNCHPh was collected (0.25 g, 68%). NMR (CeD¢): 6 8.69
ppm): 6 7.14 (s, 16H, Ar H), 4.88 (d, 8H] = 12.0 Hz, endo Cbh), (s, 2H, CH), 7.77 (m, 4H, Ar H), 7.08 (m, 6H, Ar H).

3.48 (s, 28H, DME), 3.26 (s, 42H, DME), 3.13 (d, 8H= 12.0 Hz, Synthesis of 11a and 11BSodium (0.330 g, 14.35 mmol) was added
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to a THF (250 mL) amber-brown suspensionaf (14.46 g, 7.295
mmol), and the reaction mixture was stirred at room temperature for 5
days, yielding a black solution from which a white crystalline solid
precipitated. The solid was extracted with the mother liquor during a
period of 24 h, and the solution was concentrated to 50 mL. Cooling
at room temperature resulted in the precipitatioftbdas white crystals,
which were collected and dried in vacuo (8.96 g, 51%). Anal. Calcd
for 113 CizeH200N2NasiNb,O0: C, 66.38; H, 8.19; N, 1.14. Found: C,
65.92; H, 8.27; N, 1.13. The same product could be isolated by carrying
out all the operations under an argon atmosphere, ruling out the
hypothesis that atmospheric Mould be involved in the reactiofH
NMR (CsDsN, 298 K; ppm): 6 7.01 (s, 16H, Ar H), 5.29 (d, 8H] =

11.7 Hz, endo Cbh), 3.64 (m, 48H, THF), 3.13 (d, 8H} = 11.7 Hz,

exo CH), 1.60 (m, 48H, THF), 1.12 (s, 72H, BuH NMR (C,DgO,

298 K; ppm): 6 6.86 (s, 16H, Ar H), 4.92 (d) = 11.6 Hz, 8H, endo
CHy), 3.61 (m, 48H, THF), 2.95 (d] = 11.6 Hz, 8H, exo Ch), 1.76

(m, 48 H, THF), 1.14 (s, 72H, Bu [{Nb}2*N:Nay(THF),] was
prepared by reducing isotopically labeléd Workup was carried out
under an unlabeled Natmosphere!>N NMR (CsHsN, 40.46 MHz,

298 K; ppm): 6 269.38.15N NMR (C4HgO, 40.56 MHz, 193 K; ppm):

0 278.9. The apparents, symmetry remained unchanged at low
temperature<{80 °C, THF). Crystals suitable for X-ray analysis were
grown from a saturated DME/chlorobenzene solutibhb¥6CsHsCl).

IH NMR analysis of the crude solid showed that, along Witla, small
amounts of other diamagnetic products of very low symmetry were
formed. Clearilacould be obtained ie=40% yield via reduction with
sodium naphthalenide in THF (at30 °C the reaction was complete
within 30 min). 11ais slightly soluble in THF and DME and soluble

in py. Solutions ofllaare stable to the heat and solar light.

Synthesis of 11cA greenish pyridine (25 mL) solution df2 (0.62
g, 0.32 mmol), heated to 9T overnight, gave a reddish suspension.
Volatiles were removed in vacunspentane (30 mL) was added to the
residue, and. 1cwas collected as a whitish solid (0.35 g, 43%). Anal.
Calcd for 11¢ CiogHi24NeNaiNb,Og: C, 67.85; H, 6.54; N, 4.40.
Found: C, 66.50; H, 6.89; N, 4.14H4 NMR (CsDsN, 298 K; ppm):

0 7.01 (s, 16H, Ar H), 5.29 (d, 8H] = 11.7 Hz, endo Cbh), 3.13 (d,
8H, J = 11.7 Hz, exo CH), 1.12 (s, 72H, BY). The same reaction
carried out in THF led only to decomposition products.

Synthesis of 12a and 12bSodium (0.34 g, 14.79 mmol) was added
to a yellow DME (500 mL) suspension @b (16.61 g, 7.62 mmol),
and the reaction mixture was stirred at room temperature for 6 days,
yielding a black suspension from which a white crystalline solid
precipitatedH NMR (py-ds) analysis of the crude solid showed [Mb]
(N)2Nay and [CalixNb}(u-17%1?-N2)Na, as the only products detectable.
The solid and the solution were separated by filtratidir SDME being
collected as microcrystals (1.76 g, 10%). Anal. Calcd feidd;74N2-
NaNb,O,2: C, 62.58; H, 7.88; N, 1.26. Found: C, 62.84; H, 7.59; N,
1.01.'"H NMR (CsDsN, 298 K; ppm): 6 7.02 (s, 16H, Ar H), 5.30 (d,
8H,J=11.7 Hz, endo Ch), 3.48 (s, 28H, DME), 3.25 (s, 42H, DME),
3.13(d, 8HJ = 11.7 Hz, exo CH), 1.12 (s, 72H, BY). Volatiles were
removed from the solution, andpentane (150 mL) was added to the
greenish residue. From the resulting turbid yellow solution a green solid
precipitated after 20 min of stirring. The reaction mixture was stored
for 24 h at—24 °C, and12awas collected as a green solid (7.47 g,
50%). Anal. Calcd forl2a CioH14AN2NauNb,Os6: C, 63.86; H, 7.42;

N, 1.43. Found: C, 63.85; H, 7.61; N, 1.2H NMR (CsDsN, 298 K;
ppm): 6 7.46 (s, 2H, Ar H), 7.23 (m, 2H, Ar H), 7.15 (s, 2H, Ar H),
7.10 (m, 2H, Ar H), 7.04 (b s, 6H, Ar H), 6.96 (s, 2H, Ar H), 5.61 (d,
2H, J = 12.0 Hz, endo Ch), 5.42 (d, 2H,J = 12.0 Hz, endo Cb),
5.32 (d, 2H,J = 12.8 Hz, endo Cbh), 5.16 (d, 2H,J = 11.2 Hz, endo
CH,), 3.48 (s, 16H, DME) overlapping with 3.45 (2H, exo g§H3.25

(s, 24H, DME) overlapping with 3.253.09 (6H, exo CH), 1.48 (s,
9H, Bu), 1.38 (b s, 18H, BY, 1.37 (s, 9H, BY, 1.05 (s, 9H, BY),
1.04 (s, 9H, BY), 0.83 (b s, 18H, B **N NMR (CsHsN, 40.56 MHz,
298 K; ppm): 6 —30.6 Hz. Complexl2a when heated in a sealed
tube in GDsN to 90°C for 24 h, gave cleatilc Complex12ais not
thermally stable and is very soluble in aromatic hydrocarbons, py, THF,
and DME. Crystals suitable for X-ray analysis were grown in a DME/
n-hexane solution12b-5C4H1¢0;).

Synthesis of 13a and 13bRyridineN-oxide (0.034 g, 0.358 mmol)
was added to a brown THF (100 mL) solutioni#a (0.716 g, 0.366
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mmol), yielding a reddish solution. Volatiles were removed in vacuo,
and n-pentane (30 mL) was added. Compl&3a was collected as a
brick-red powder (0.180 g, 24%). Anal. Calcd f8a, CiodH145N3Nau-
NbO;s: C, 64.97; H, 7.25; N, 2.09. Found: C, 65.21; H, 7.15; N,
2.10.'H NMR (CsDsN, 298 K; ppm): 6 8.34 (m, 2H, Ar H), 7.44 (m,
2H, Ar H), 7.35 (m, 2H, Ar H), 7.08 (m, 4H, Ar H), 7.02 (m, 2H, Ar
H), 6.97 (m, 2H, Ar H), 6.92 (m, 2H, Ar H), 5.40 (d, 2H,= 12.0 Hz,
endo CH), 5.26 (d, 2H,J = 12.0 Hz, endo Ch), 5.05 (d, 2H,J =
12.0 Hz, endo Cb) overlapping with 5.03 (d, 2H] = 12.0 Hz, endo
CH,), 3.64 (m, 8H, THF), 3.48 (s, 8H, DME), 3.34 (d, 281= 12.0

Hz, exo CH), 3.25 (s, 12H, DME), 3.12 (d, 2H] = 12.0 Hz, exo
CHy), 2.99 (d, 2H,J = 12.0 Hz, exo Ch), 2.93 (d, 2H,J = 12.0 Hz,
exo CH), 1.60 (m, 8H, THF), 1.47 (s, 18H, Bu1.30 (s, 18H, B,
0.86 (s, 18H, BY, 0.83 (s, 18H, Bi). The amount of pyridine was
calculated from the elemental analysis. Crystals suitable for X-ray
analysis were grown in a DME solutiod3b-2DME).

Synthesis of 14a and 14bA sealed vial ofl2a under a nitrogen
atmosphere was heated to 140D over 12 h, yielding a red powder.
Anal. Calcd forl4a CiodH14NNasNb,Os6: C, 63.86; H, 7.42; N, 1.43.
Found: C, 63.45; H, 7.57; N, 1.784 NMR (CsDsN, 298 K; ppm):

0 7.34 (s, 2H, Ar H), 7.32 (s, 2H, Ar H), 7.09 (m, 2H, Ar H), 7.03 (m,
2H, Ar H), 6.95 (d, 2HJ = 2.4 Hz, Ar H), 6.88 (d, 2HJ = 2.4 Hz,
Ar H), 6.74 (s, 2H, Ar H) overlapping with 6.73 (s, 2H, Ar H), 5.38
(d, 2H,J = 12.0 Hz, endo CHh), 5.31 (d, 2HJ = 12.4 Hz, endo Cbh),
5.10 (d, 2H,J = 12.8 Hz, endo Ch), 4.92 (d, 2H,J = 10.8 Hz, endo
CH,), 3.48 (s, 16H, DME), 3.25 (s, 24H, DME), 3.23.07 (m, 6H,
exo CH), 2.77 (2H,J = 10.8 Hz, exo CHhj), 1.44 (s, 9H, Bi), 1.40 (s,
9H, Bu), 1.34 (s, 9H, BY), 0.92 (s, 9H, BY), 0.87 (s, 18H, BY), 0.81
(s, 18H, BU). The product is soluble in hydrocarbons and py, and
slightly soluble in THF. Pyridine solutions of4a are stable to
temperature, as judged from thid NMR analysis. Crystals suitable
for X-ray analysis were obtained at24 °C from a toluene/DME
solution (4b-2C4HsO).

Synthesis of 15a and 15b (Method A)Complex4a (6.04 g, 3.09
mmol) was suspended in toluene (120 mL), and the reaction mixture
was stirred under a nitrogen atmosphere for 3 days, yielding a turbid
brown suspension. The volume was concentrated to 50 mL, and a light
brown solid was collected (4.781 g, 73%). Anal. Calcd6&8C/Hs,
CiodH23N2NasNbsO14: C, 73.76; H, 7.45; N, 0.88. Found: C, 73.92;
H, 7.66; N, 0.95XH NMR (CsDsN, 298 K; ppm): 6 7.30 (s, 4H, Ar
H), 7.28-7.24 (m, 16H, toluene), 7.177.14 (m, 24H, toluene), 7.09
(s, 16H, Ar H), 7.01 (s, 4H, Ar H), 6.05 (d, 4H,= 12.8 Hz, endo
CH,), 5.15 (d, 8H,J = 11.6 Hz, endo Ch), 3.64 (m, 8H, THF), 3.56
(d, 4H,J = 12.8 Hz, exo CH)), 3.24 (d, 8H,J = 11.6 Hz, exo Ch),

2.21 (s, 24H, toluene), 1.60 (m, 8H, THF), 1.41 (s, 18HY)BLI13 (s,
72H, Bu), 0.78 (s, 18H, Bl). Labeled15awas prepared by dissolving
4a (7.03 g, 3.60 mmol) in toluene (225 mL) and stirring the resulting
solution under &°N, atmosphere (98% isotopic purity, purchased
from Cambridge Isotopes Laboratory). Workup was carried out under
an unlabeled Natmosphere!®™N NMR (CsDsN, 40.57 MHz, 298 K;
ppm): 6 198.17.1°N NMR (C4DsO, 40.566 MHz, 298 K; ppm):0
197.84.25%N NMR (CDCl;, 40.566 MHz, 298 K; ppm):d 213.70 (s),
198.17 (s). The product is thermally stable in deuterated pyridine and
CsDs, as judged by théH NMR experiments. It is soluble in THF,
CHCIl;, and TMEDA and slightly soluble in aromatic hydrocarbons.
From a room-temperature saturated Cgi@iylyme solution of the
isolated powder were grown orange crystals of the diamagtétic
9C4HsO suitable for X-ray analysis, while from a room-temperature
saturated toluene/TMEDA solution it was possible to isolate white
crystals of16 suitable for X-ray analysis. Thiéd NMR and**N NMR
spectra ofl6 are very similar to those oflb. In a gas-volumetric
experiment4a (1.770 g, 0.906 mmol), dissolved in toluene (125 mL),
at 288 K and 1 atm absorbed 0.6 mmol of iN 24 h.

Synthesis of 15a (Method B)Complex4a (3.247 g, 1.66 mmol)
was added to a reddish toluene (100 mL) suspensiofed6.706 g,
3.38 mmol) under an argon atmosphere. The resulting reddish suspen-
sion was stirred for 2 days under an argon atmosphere, yielding a brown
suspension. The volume of this suspension was reduced to 50 mL, and
a yellow solid was collected (7.58 g, 71%). Anal. Calcd6e-8C/Hs,
CioaH23eN2NagNbsO14: C, 73.76; H, 7.45; N, 0.88. Found: C, 74.02;
H, 7.59; N, 0.97XH NMR (CsDsN, 298 K; ppm): ¢ 7.30 (s, 4H, Ar
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H), 7.28-7.24 (m, 16H, toluene), 7.177.14 (m, 24H, toluene), 7.09

(s, 16H, Ar H), 7.01 (s, 4H, Ar H), 6.05 (d, 4H, = 12.8 Hz, endo
CHy), 5.15 (d, 8H,J = 11.6 Hz, endo Ch), 3.64 (m, 8H, THF), 3.56

(d, 4H,J = 12.8 Hz, exo CH)), 3.24 (d, 8H,J = 11.6 Hz, exo CH),

2.21 (s, 24H, toluene), 1.60 (m, 8H, THF), 1.41 (s, 18H)BL113 (s,
72H, BU), 0.78 (s, 18H, Bi). The isolated product has the same
solubility and same color when in a solution B6a8C;Hg; spectro-
scopic analysis (NMR, IR) gave the same results. No reaction occurred
upon mixing4a and7ain THF.

Synthesis of 17.The complext5a8C;Hs (2.96 g, 0.93 mmol) was
dissolved in CHQ (40 mL), yielding a reddish solution. TMEDA (5
mL) was added, and the resulting solution was allowed to stand at room
temperature for 24 h, after which it was concentrated to 25 mL. The
yellow powder that precipitated was collected (1.03 g, 51%). Anal.
Calcd forl7-:2.5CHCE, Cio2H138£Cl7.sNsNaNhOg: C, 60.25; H, 6.83;

N, 3.43. Found: C, 60.03; H, 7.03; N, 3.2H NMR (CsDsN, 298 K;
ppm): 6 8.53 (s, 2.5H, CHG), 7.23 (s, 16H, Ar H), 5.41 (d, 8Hl =
11.7 Hz, endo Ch), 3.36 (d, 8HJ = 11.7 Hz, exo CH), 2.38 (s, 8H,
TMEDA), 2.16 (s, 24H, TMEDA), 1.16 (s, 72H, Bu Attempts to
isolate other reaction products failed. When labdl@g0.028 g, 0.017
mmol) was added to asDsN solution of11a(0.010 g, 0.008 mmol),
I1H NMR analysis showed clean formation d6a while a singlet at
198.83 ppm was observed in tH&8N NMR spectrum. The same
experiment with the same result was performed usikgsO instead
of CsDsN. Isotopically labeledl7 was prepared from labeledis.
Workup was carried out under unlabelegl NN NMR (CsDsN, 40.57
MHz, 298 K; ppm): 6 167.72.15N NMR (CDCl;, 40.57 MHz, 298 K;
ppm): 6 160.93. Crystals suitable for X-ray analysis were grown in a
TMEDA/PhCI solution (7-5CsHsCl).

Synthesis of 15b from 17The complext7-4CHCL (0.411 g, 0.176
mmol) was dissolved in toluene (50 mL), and tHera (0.178 g, 0.088
mmol) was added. The resulting yellow solution was stirred for 12 h, g
andH NMR (CsHsN) of the crude sample showelb as the only
product detectable in solution. The solvent was concentrated to 10 mL, &
the reaction mixture was stored -aR4 °C for 24 h, andl5 was then
collected as a yellow solid (0.250 dH NMR (CsDsN, 298 K; ppm):

0 7.30 (s, 4H, Ar H), 7.287.24 (m, 16H, toluene), 7.%77.14 (m,
toluene), 7.09 (s, 16H, Ar H), 7.01 (s, 4H, Ar H), 6.05 (d, 4H+=
12.8 Hz, endo Ch), 5.15 (d, 8H,J = 11.6 Hz, endo Ch), 3.56 (d,
4H,J = 12.8 Hz, exo Ch), 3.24 (d, 8HJ = 11.6 Hz, exo CH)), 2.36
(s, TMEDA), 2.21 (s, toluene), 2.15 (s, TMEDA), 1.41 (s, 18H})Bu
1.13 (s, 72H, BY, 0.78 (s, 18H, Bi).

X-ray Crystallography of Complexes 4b, 7c, 11b, 12b, 13b, 15b
and 17.Single crystals suitable for X-ray diffraction were grown from
common organic solvents (Table 1). Data i, 7c, and 11b were
collected on a Rigaku AFC6S diffractometer using Ca kadiation,
those forl2band17 were acquired with a Kuma KM4CCD instrument,
and those forl3b and 15b were collected on a MAR345 image plate
diffractometer using Mo k& radiation. Solutions and refinements were
carried out using the programs SHELX7&nd SHELXL93' Details
of the X-ray data collections and structure solutions and refinements
are availablé®

and17

, 13b, 15
12b
CrogH154N2NayNb2O1g*

Results

(a) Four-Electron Reduction of Dinitrogen. The pathway
leading to reduced niobium species bonded topfgait-calix-
[4]arene tetraanion is displayed in Scheme 1. The synthesis of
the starting material was achieved by a direct reaction between
NbCls and the calix[4]areng@-But-calix[4]-(OH), in toluene,
leading to a quantitative yield af. The proposed dinuclear
structure is based on a preliminary X-ray analy&ighich is
not included in the present account, and is supported bitthe

menta

(13) Sheldrick, G. MSHELX76 Program for crystal structure deter-
mination University of Cambridge: Cambridge, England, 1976.

(14) Sheldrick, G. M.SHELXL93 Program for crystal structure
refinement University of Gdtingen: Gidtingen, Germany, 1993.

(15) See paragraph at end of paper regarding Supporting Information.

(16) Zanotti-Gerosa, A.; Solari, E.; Giannini, L.; Floriani, C.; Re, N.;
Chiesi-Villa, A.; Rizzoli, C.Chem. Commuri997, 183. Also: unpublished
results.

Table 1

| Details for the X-ray Diffraction Studiedlpf7c, 11b, 12b

Crystal Data and Exper

17
CggH104NNb20g C12H3NaNy

15b
C149H10N3NagNbsO15 5

13b
Cro4H144N2NayNb2O;1 7+

11b
C1o4H144N2NayNb2O16*

7c
C1o0H11N2Nb2Og *

4b
GeH124NaNb,012 *
6C;Hg
19.838(3)
16.009(3)
21.159(3)

90

complex
empirical formula

17.089(2)
39.590(3)
18.047(3)

5CsHsClI

41.535(8)
27.956(6)
36.219(7)

9C4HsO
90

12.823(5)
19.384(5)
24.766(6)

102.55(2)
94.22(3)

101.31(3)

2C4H1002

15.935(2)
20.285(2)
22.558(2)
70.88(2)
85.31(2)
79.33(2)

5C4H1002

6CsH<CI
17.086(3)

17.767(3)
12.709(2)
101.49(2)

2CoH2eNaGs

12.950(2)
12.950(2)
40.164(5)

104.79(3)

90

104.63(1)
66.10(1)

90
90
90

110.14(2)

90

40662(15) 12180(3)

5849(3)

6768.6(15)

3392.3(10)

6735.6(17)

2

6308.9(19)

2

2307.8
C2/m(No. 12)

4

3269.8
C2/c (No. 15)
0.710 69
1.068
2.019
0.979-1.000

8
22

2
2496.8
P1(No. 2)
22
0.710 69
1.225
2.38
0.67+1.000
0.097

2631.4

1

P4/nnc(No. 126)
1.54178

1.106

19.29

22425
22

2254.7
20.12

°C
VA
Pcale 9 cn3

u, cmt

space group

A

t

0.978-1.000
0.094
0.218

0.096
0.277

0.138

0.685-1.000
0.055

0.243

0.739-1.000

0.063
0.186

0.438-1.000

0.075
0.230

0.5171.000

0.056 [0.05:
0.167[0.16
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a Calculated on the observed reflectio”R$/alues in brackets refer to the “inverted” structut@otal number of the independent reflections havirg 20(1) for 4b, 7c, 11b, 12b, 13b, and15b andl >

3o(1) for 17. ¢ Number of independent reflectiorfsNumber of reflections used in the refinement having 0 for 4b, 7c, and11b, | > o(l) for 15b, | > 2¢(l) for 12b and13b, and| > 3o(l) for 17.
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Scheme 1 Chart 1. Labeling Scheme Adopted for the Calixarene
Macrocycle.
f Y cio
[ Cl o Q°
OS> OS> C38—C37-C39
SN0 NS0 Na oy \o

c o 09 _Na _ o
C17
m " m 187 ~\"c16
, . 1 (© 1

Li K C19 C15_
e c21” c20 G4
Ar / I \
m <|343 cza-cz\z o3 c12—c\11 ‘C34
/ /
ca4—Ca1-C24(D)C27-04  02—C13 C10-C33-C36
o Q0 | \ @ / \ / |

o /0 o o 0 o
~ng S iV Cap C25-C26 o1 C8-C9 (&35
iy lNib e L,,Na\ Hb /NaL" LK le /KL“ \ | /
05 50 AN 0 g C2B TN
(A1
[(Nb},Lio THFJTHF,, 3 [{ND},Na,; THF JTHF,, 4a [{Nb);K,THFg), 5 C|4

[(NbJoNa,DME), 4b C31—C29-C30
{Nb} stands for the Nb-calixarene moiety, {p-Bu'<calix(4]-(O),}Nb |

C32

NMR spectrum, which indicateS; symmetry for the calix[4]-
arene fragment and exhibits two pairs of doublets for the
bridging methylene. The elliptical deformation of the usual cone
conformation of the calix fragment is the consequence of binding
to a hexacoordinated met&l.

The reduction ofl was carried out in a stepwise manner.
The first step, performed by reactidgwith Na metal in the
presence of a catalytic amount of naphthalene, led to the
diamagnetic Nb(IV}Nb(IV) dimer containing an NbNb
single bond [2.759(1) A}’ The reduction o was carried out
under an argon atmosphere. Reduction with Li, Na, and K
performed as detailed in the Experimental Section, gave ver
similar compounds, shown &s-5 in Scheme 1 (for the sake
of clarity, in all schemes, where appropriate, the number of a
compound is given with a letter identifying the solvation of the
alkali metal cation). All of these compounds are diamagnetic.
The'H NMR spectra were recorded for oryand4, complex
5 being insufficiently stable. The spectra®f both TDF and
tolueneds show an apparerd,, symmetry with a single pair
of doublets for the bridging methylenes and two singlets for
the Bu substituents. The same apparent symmetry is found in
the TH NMR spectrum of4a in tolueneds recorded at low
temperature £40 °C), while the'H NMR spectrum of4a in
THF displays a 4-fold symmetry, with a single pair of doublets
for the methylenes and a singlet for the fourt Bubstituents.
On the basis of the structure 4b (see below), we assume that,
in compound$8—5, the alkali metal cations bridge the two calix-
[4]arene ligands. The labeling scheme adopted for the calix-
arene-Nb moiety for all complexes is given in Chart 1. Selected
bond distances and angles are listed in Table 2 for complexes
4b, 7¢, 11b, and12b and in Table 3 for complexek3b, 15b,
and17. In Table 4 is given a comparison of relevant confor-
mational parameters within the [Nb(calix[4]arene)] units. Com-
plex 4b displays a dimeric structure (Figure 1) containing an
Nb=Nb double bond [2.659(1) A} (structural parameters in
Table 2 are related to the A unit of the dimer). The-Ntib
vector forms an angle of 0.9(2]1.3(2)°] with the normal to
the Q, plane. The coordination environment of thesIkb unit
can be described as a distorted tetragonal prism, the niobium
atoms lying roughly at the center of the two oppositefares
which form a dihedral angle of 0.8(2)with the metal being
displaced 0.372(1) A from the nean plane (Table 4). Nb

Nb(1)—O(3) bond distances (Table 2). The two sodium cations
are located across two calix units, and they complete their
tetrahedral coordination with a DME molecule.

The nature of the alkali metal cation along with its solvation,
derived from either the reaction or crystallization solvent, affects
both the stability of the dimeric structure and its reactivity with
substrates (see below) and in particular with(Scheme 2). In
the case of the lithium derivativ& a very slow reaction with
N,, leading to6a,!® was observed in THF, while no reaction
was observed in toluene. The formation of the same compound,
’ though with a different solvation sphere around the lithium, was
Y achieved by replacing sodium with lithium in the reaction of
7awith LiCl (see Scheme 2). Complé&awas obtained equally
well by exposing a THF solution efato an N atmosphere or
by reducing2 under argon in THF followed by exposure ta.N
The reactions in THF gave the solvated fora which was
converted to7b during recrystallization from DME. Other
solvated forms, namelycand7d, were obtained in the presence
of diglyme and 18-crown-6 ether, respectively (see the Experi-
mental Section). The NbK couple, comple)s, behaved very
similarly to what was observed in the case of the-Wa
derivative4 and under Mled to the formation o8aand8b in
THF and DME, respectively. Due to some instability5fthe
reaction with N was preferentially carried out by reducig
with K under a nitrogen atmosphere. The dinitrogen complexes
6—8 are diamagnetic, thtH NMR spectra agree with &4,
symmetry for the calix[4]arene fragment, and we assume that
all of them contain the dianion presentin as shown in Figure

The dimeric anion has a crystallographically imposed
symmetry, the 4-fold axis running through the niobium atoms
and the nitrogen atoms. Coordination around the one indepen-
dent niobium atom is square pyramidal involving the four
oxygen atoms at the base and a nitrogen atom at the apex. The
metal is displaced 0.445(1) A from the planas re toward

the N(1) atom (Table 4). The NtN axis is strictly perpendicular

to the Q core from symmetry requirements. As expected for
five-coordinated metallacalix[4]arenes, the calix moiety assumes
a regular cone conformation. The NbI [1.747(12) AP° and
N—N [1.390(17) AP distances and the linearity of the Nb
N—N—Nb skeleton support the four-electron reduction of N

O(1) and Nb-O(4) are much longer than the Nb{dp(1) and (19) A few niobium-dinitrogen compounds have been reported. See ref
3e and the following references: (a) Dilworth, J. R.; Henderson, R. A;;
(17) C. Floriani et al., unpublished results. Hills, A.; Hughes, D. L.; Macdonald, C.; Stephens, A. N.; Walton, D. R.

(18) Cotton, F. A.; Walton, R. AMultiple Bonds Between Metal Atoms M. J. Chem. So¢Dalton Trans.199Q 1077. (b) Berno, P.; Gambarotta, S.
2nd ed.; Oxford University Press: New York, 1993. Organometallics1995 14, 2159.
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Table 2. Selected Bond Distances (A) and Angles (deg)4br 7c, 11b, and12b
Complex4b
Nb(1)A—Nb(1)B 2.659(1) Nb(1)0O(2) 2.097(6) Nb(1)}O(4) 2.085(9)
Nb(1)—-0O(1) 1.903(8) Nb(1)O(3) 1.947(9)
Complex7c®
Nb(1)—-0(1) 1.994(8) Nb(1)}N(1) 1.747(12) N(L)}N(1)" 1.390(17)
Nb(1)—N(1)—N(1)" 180.0¢)
Complex11k?
Nb(1)-0(1) 2.113(6) Nb(1)0O(2) 2.074(6) Nb(1)0O(3) 2.119(5)
Nb(1)—0O(4) 2.083(6) Nb(1}N(1) 1.910(6) Nb(1)}N(1)y 1.909(7)
Na(1)-N(1) 2.438(1)
N(1)—Nb(1)—N(1)y 85.7(3) Nb(1)-N(1)—Nb(1) 94.3(3)
Complex12k¢
A B A B
Nb(1)A—Nb(1)B 2.635(1) Nb(1)}0O(4) 2.175(4) 2.081(4)
Nb(1)A—0(1)B 2.097(5) Nb(1)- N(1) 2.107(9) 2.078(6)
Nb(1)-0O(1) 2.136(6) 2.078(7) Nb(H)N(2) 2.133(9) 2.079(6)
Nb(1)-0(2) 2.180(4) 2.099(5) N(H)N(2) 1.403(8)
Nb(1)-0(3) 2.053(5) 2.142(6) N()Nb(1)—-N(2) 38.6(3) 39.4(3)
aDouble prime= x, 0.5—y, 0.5 — z ° Single prime= —x, —y, —z °A and B refer to the two halves of the dimer.
Table 3. Selected Bond Distances (A) and Angles (deg)i8b, 15b, and17
Complex13k?
A B A B
Nb(1)—0(1) 2.085(3) 2.071(3) Nb(1)AO(7) 1.961(3) 1.909(4)
Nb(1)—0(2) 2.151(4) 2.162(3) Nb(H)N(1) 2.056(5) 2.054(4)
Nb(1)—0O(3) 1.956(4) 2.021(4) Nb(E)N(2) 2.053(5) 2.067(4)
Nb(1)—0O(4) 2.117(4) 2.140(4) N(HN(2) 1.424(5)
N(1)—Nb(1)-N(2) 40.6(2) 40.4(2) N(1)A-O(7)—Nb(1)B 38.6(3) 39.4(3)
Complex15kP
A B C
Nb(1)—0O(1) 1.942(8) 2.027(11) 2.019(7)
Nb(1)-0(2) 2.025(9) 1.983(7) 2.037(9)
Nb(1)—0O(3) 1.984(8) 1.950(6) 1.932(6)
Nb(1)-0(4) 1.911(12) 1.951(8) 1.952(8)
Nb(1)—N(1) 2.008(10) 1.782(10)
Nb(1)—N(2) 1.980(10) 1.770(12)
N(1)—Nb(1)-N(2) 89.3(4) Nb(1)A-N(1)—Nb(1)C 168.7(6)
Nb(1)A—N(2)—Nb(1)B 159.3(6)
Complex17®
Nb(1)-0O(1) 1.924(4) Nb(1)0O(2) 1.948(3) Nb(1)O(3) 1.946(4)
Nb(1)—0O(4) 1.952(4) Nb(1}N(1) 1.854(2)
Nb(1)—-N(1)—Nb(1)y 145.2(1)

2 A and B refer to the two units of the dimérA—C refer to the three units of the trimerA prime denotes the transformationxfl — vy, z.

and the presence of an BN pseudo triple bond. The resonance
Raman spectrum ofa in the solid state shows an-N
stretching frequency at 1372 ci in agreement with a

acid in complexes7a—d, even though the only available
coordination site is inside the calix cavity. BIC, which has a
suitable shape for entering the calix caifysonvertedrainto

significant elongation of the dinitrogen bond and a decrease of 93 (see Scheme 3). The significant increase in theNC

the N—N bond order from 3 in B! to a value between 1 and
2422The15N—15N stretching frequency is, as expected, shifted
down to 1328 cm!.#22 The Nb-O bond distances [1.994(8)
A] are relatively long because of the limited oxygen-to-metal
a bonding, which is hindered by the presence of thesNb
triple bond. Niobium(V) is expected to be a rather strong Lewis

(20) (a) Green, M. L. H.; James, J. T.; Saunders: J. F.; Soutdr, J.
Chem. Sog¢.Dalton Trans.1997, 1281. (b) Nugent, W. A.; Mayer, J. M.
Metal-Ligand Multiple BondsWiley: New York, 1988; Chapter 5, p 179.
(c) Cotton, F. A.; Duraj, S. A.; Roth, W. J. Am. Chem. Sod 984 106,
4749. (d) Tan, L. S.; Goeden, G. V.; Haymore, B.lhorg. Chem.1983
22, 1744. (e) Lockwood, M. A.; Fanwick, P. E.; Eisenstein, O.; Rothwell,
I. P.J. Am. Chem. Sod.996 118 2762.

(21) Rasetti, FProc. Natl. Acad. Sci. U.S.A.929 15, 234.

(22) Cohen, J. D.; Mylvaganam, M.; Fryzuk, M. D.; Loehr, T. M.
Am. Chem. Sod 994 116, 9529.

stretching frequency up to 2206 cireflects the high acidity

of the metal center. The binding to the metal of a strorizase
affects the structural parameters and, as a consequence, the
chemical properties (see below) of thesKRIN—N=Nb moiety.
Although the X-ray structure dfb is not of high quality?* some
structural parameters are particularly significant, namely the
elongation of the NN bond distance from 1.747(12) A irc

to 1.810(8) A in9 and the shortening of the-\N bond from
1.390(17) A in7c to 1.303(11) A in9. These structural
parameters are similar to those 6Nb(SCNEb)s} 2(u-N2)].1%2

(23) For example: (a) Castellano, B.; Solari, E.; Floriani, C.; Scopelliti,
R. Inorg. Chem.1999 38, 3406. (b) Giannini, L.; Solari, E.; Floriani, C.;
Re, N.; Chiesi-Villa, A.; Rizzoli, Clnorg. Chem.1999 38, 1439.
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Table 4. Comparison of Relevant Conformational Parameters within the Calixarend,f@c, 11b, 12b, 13b, 15b, and17 g
4b 12b 13b 15b 8
mol A mol B 7c 11b mol A mol B mol A mol B mol A mol B mol C 17 g
(a) Distances (A) of Atoms from the,Mean Plane g
o(1) —0.110(8) —0.128(8) 0¢) 0.085(5) —0.009(12) —0.023(7) —0.026(4) ?’;
0(2) 0.101(8) 0.139(8) () —0.101(6) 0.004(8) 0.022(7) 0.026(4) &
0O(3) —0.119(9) —0.141(8) 0¢) 0.083(5) —0.004(8) —0.023(7) —0.026(4)
0o(4) 0.129(9) 0.128(8) () —0.085(5) 0.005(9) 0.024(7) 0.026(4) 3
Nb 0.372(1) 0.403(1) 0.445(1) 0.329(2) 0.426(2) 0.413(2) 0.500(1)8
(b) Dihedral Angles (deg) between Planar Moigties =
EAA 129.5(3) 130.1(3) 123.%) 167.1(2) 163.7(2) 121.7(2) 167.2(2) 162.3(2) 159.8(4) 121.2(3) 124.5(3) 132.3(1) 2
EAB 111.6(3) 117.2(3) 123.9) 114.5(2) 113.0(2) 116.8(2) 112.0(2) 117.0(2) 119.2(4) 119.7(4) 102.8(3) 117.0(1)
EAC 138.5(3) 135.3(3) 123.99 170.1(2) 158.2(2) 116.9(2) 146.9(1) 158.0(1) 162.4(4) 130.3(4) 128.9(4) 129.2(1) &
EAD 114.6(3) 111.0(3) 123.90  110.4(2) 112.1(2) 121.5(2) 117.4(2) 110.4(2) 119.6(3) 120.4(3) 125.4(4) 120.5(1) T
ANC 92.0(4) 94.5(4) 112.3(3) 157.3(2) 140.9(3) 121.4(3) 134.2(2) 140.2(2) 142.2(4) 108.5(4) 106.6(4) 98.5(
BAD 133.9(4) 131.8(3) 112.3(3) 135.1(3) 134.8(2) 121.6(3) 130.6(2) 132.6(2) 121.2(5) 119.9(4) 121.8(5) 122.5(9
(c) Contact Distances (A) between Para Carbon Atoms of Opposite Aromatic 'Rings (5,3
C(4y--C(17) 9.2557(18) 9.265(18)  8.413(20) 10.753(16) 10.523(15) 8.165(18) 10.296(13) 10.501(14) 10.45(4) 8.53(2) 8.67(2) 9.0%8(8)
C(10y--C(24) 7.303(15) 7.431(15)  8.413(20) 7.229(13) 7.263(11) 7.989(12) 7.470(8) 7.361(8) 7.86(2) 8.018(20) 7.97(2) 7.768(9)

2 E (reference plane) refers to the least-squares mean plane defined by the C(7), C(14), C(21), and C(28) bridging methylenic-eBrhoasiefined in Chart 2. For complex7c, C(10), C(17), and
C(24) should be read C(4)C(4)', and C(4)*, respectively. The prime, double prime, and star, respectively, denote the following transformationsy, 8,%, 0.5—x, 05—y, zy, 0.5— %, z
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Figure 2. SCHAKAL view of the anion in complexc. The prime,

double primes, and triple primes denote the transformationy,x5-
Z X, 0.5y, 0.5z and 0.5x, 0.5y, z respectively. Disorder involving
the guest benzene molecule has been omitted for clarity.

Scheme 3
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9o {Nb} stands for the Nb-calixarene moiety,
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Cc
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N

Bu!
({Nb}oN(BU'NC),INay(THF)g, 9a
({Nb),No(BU'NC),]Na,(Digly)s, 9b

(b) Two-Electron Reduction of a Metallahydrazone:
Formation of Nitrides. Two-electron reduction o¥a using
sodium metal led to the cleavage of the residuatNNbond
and to the formation of the big{nitrido) specieslla The
reaction was carried out in THF, and white crystald bdwere
obtained from a black solution (Scheme 4). Also, the reaction
was performed under both Ar and Btmospheres with the same
results.’H NMR analysis of the black solution showed the
presence of lower symmetry diamagnetic compouh@$eing

the major product under other solvent conditions (see below).

The X-ray structure ofl1b, obtained upon recrystallization
of 11a from DME, is displayed in Figure 3 and shows the
complete cleavage of the-NN bonds and the formation of a

Caselli et al.

CS51 -Cs0

Figure 3. SCHAKAL view of complex11b. A prime denotes the
transformation—x, -y, —z

Scheme 4
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{Nb} stands for the Nb-calixarene moiety, {p-Bu'-calix(4]-(O)}Nb

{{Nb}} stands for the Nb-calixarene moiety, {p-Bu'-calix(4]-(0);)Nb

nitrido specie$:290:26A few molecular Nb-nitrido species have
thus far been identified, though they were prepared by using
completely different synthetic routésThe dimer has a crys-
tallographically impose; symmetry, the inversion center lying

at the center of the Nbl, inner core, which is planar for reasons
of symmetry. The Nb-Nb and N--N separations are 2.800(1)
and 2.597(8) A, respectively. Coordination around each inde-

(26) (a) The Chemistry of Transition Metal Carbides and Nitrides
Oyama, T., Ed.; Blackie: Glasgow, U.K., 1996. (b) Brese, N. R.; O’'Keefe,
M. Struct. and Bondind 992 79, 307. (c) Peters, J. C.; Johnson, A. R;
Odom, A. L.; Wanandi, P. W.; Davis, W. M.; Cummins, C.XAm. Chem.
Soc.1996 118 10175. (d) Laplaza, C. E.; Johnson, A. R.; Cummins, C. C.
J. Am. Chem. Sod996 118 709. (e) Laplaza, C. E.; Odom, A. L.; Davis,
W. M.; Cummins, C. C.; Protasiewicz, J. D. Am. Chem. S0d.995 117,
4999.
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pendent niobium atom is octahedral, with the O(1), O(3), N(2),
and N(1) atoms defining the best equatorial plane and the O(2)
and O(4) atoms filling the axial sites. The metal is displaced
0.011(1) A from the equatorial plane toward the O(4) atom.
The six-coordination of the metal removes the planarity of the

O, core. As a consequence, the calixarene ligand assumes a

flattened-cone conformation with the opposing A and C rings

pushed outward and the opposing B and D rings pushed inward

relative to the cavity of the macrocycle, as indicated by the
dihedral angles they form with the “reference” plane listed in
Table 4. The sodium cation Na(1) binds to N(1), O(2), and O(4)
Its coordination is distorted trigonal bipyramidal, completed by
two oxygen atoms from a DME molecule. The sodium cation
Na(2) is accommodated inside the cavity of calixarene, interact-
ing with the opposite O(1) and O(3) oxygen atoms. Coordination
is completed by two oxygen atoms from a DME molecule in a
nearly planar arrangement from which the cation is displaced
by 0.055(4) A. The Nb-N distances [Nb-Ng, = 1.910(8) A]
support the bonding sequence shown in Scheme 4'HINMR
spectrum of complef1a with a single pair of doublets for the
bridging methylenes and a singlet for the 'Biubstituents,
suggests a 4-fold symmetry, which is in disagreement with the
pseudo-2-fold symmetry of the solid-state structure. Tie
NMR spectrum oflla showed a singlet for the resonance of
the nitrido species at 269.4 ppm (193 Ry8regardless of the
solvent used (THF, py).

When the reduction ofa using Na metal was carried out in
DME instead of THF, the reaction led only to a small amount
of 11b, while the majority of the reduced species remained in
solution (see the Experimental Section). The addition of pentane
to the residue obtained after evaporation of the DME led to the
formation of green crystals ot2a in a significant amount
(~50%) (Scheme 4). The genesisldfacan be understood by
assuming that the two-electron reduction did not affect thé\N
bond but rather caused the reduction of Nb(V) to Nb(IV) with
consequent NbNb bond formation (Scheme 4). This metal
metal formation caused an overall distortion of the dimeric unit,
thus forcing the dinitrogen to rearrange its bonding arrangement
from a terminaly’:»* mode to a bridging:-%»? mode. While
most dinuclear dinitrogen complexes contain a bridging end-
on N, the side-on bonding mode is no longer so r&&22.29

A simplified view of the dianion present in complé2b, a
slightly different solvated form ofl2a is given in Figure 4.
The N—N axis is perpendicular to the NfiNb bond, the dihedral
angle between the NN and Nb-Nb vectors being 89.2(3)
The N, fragment resides inside a cluster of metal ions, being
w-n%n? bonded to the two niobium iong! bonded to Na(2)
and Na(4), and? bonded to Na(3) (omitted shown in Figure 4
for the sake of clarity, but drawn in Scheme 4). The sodium
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Figure 4. Simplified SCHAKAL view of complexi2b. Na(3) bonded
to N(2), the sodium cation inside the cavity, DME molecules, and
disorder have been omitted for clarity.

Nb—N bond distances, the values observed in unit A (mean
values 2.14(24) and 2.120(13) A, respectively) are longer than
those in unit B (mean values 2.097(13) and 2.078(5) A,
respectively), as a consequence of the higher coordination
number of the metal and the difference in the calix[4]arene
conformations. The NaN distances involving the terminally
bonded Na(2) and Na(4) cations (mean value 2.33(4) A) are a
little, but significantly, shorter than the distances related to the
bridging Na(3) [mean value 2.47(13) A].

Complex12ais not thermally very stable, and it undergoes
the transformation intd1 at a temperature that depends on the
solvent used, the best being pyridine. When compl2awas
heated in pyridine at 98C, 11cwas formed as a unique product
(Scheme 4). The thermal rearrangemeniil®a to 11c occurs
with cleavage of the NbNb and the N-N bonds, as a result
of the two-electron transfer from the metahetal to the N-N
bond. The reduced form2a can, however, undergo a two-
electron oxidation using the pair of electrons stored in the

cations complete their coordination spheres using oxygen atomsmetal-metal bond, without affecting theNbonding mode and

from both calix units and the DME molecules. The structural
parameters in Table 4 confirm the presence of-Nib [2.635-
(1) A]*8 and N—N [1.403(8) A] single bond3d.The two Nb-
calix units, which are different in shape and geometry, will be
hereafter referred to as units A and B. For both the-i@band

(27) (a) Horner, M.; Frank, K. B.; Sthde, J.Z. Naturforsch1986 41B,
423. (b) Dehnicke, K.; Sttde, J.Angew. Chemlnt. Ed. Engl.1981, 20,
413.

(28) (a) Zanetti, N. C.; Schrock, R. R.; Davis, W. M.; Wanninger, K.;
Seidel, S. W.; O'Donoghue, M. Bl. Am. Chem. S0d.997 119 11037.
(b) Laplaza, C. E.; Cummins, C. Gciencel995 268 861.

(29) (a) Fryzuk, M. D.; Johnson, S. A.; Rettig, SJJAm. Chem. Soc.
1998 120, 11024. (b) Evans, W. J.; Ulibarri, T. A,; Ziller, J. W. Am.
Chem. Soc1988 110 6877. (c) Cohen, J. D.; Fryzuk, M. D.; Loehr, T.
M.; Mylvaganam, M.; Rettig, S. Jnorg. Chem1998 37, 112. (d) Roussel,
P.; Scott, PJ. Am. Chem. S0d.998 120, 1070. (e) Jeffery, J.; Lappert,
M. F.; Riley, P. I.J. Organomet. Chenl979 181, 25.

its reduction degree. The reaction b2a with O, or, better,
with pyO led to the insertion of an oxygen atom between the
two Nb ions, with dinitrogen remaining-r%,?2 bonded across
the two niobium ions (see complex&8aand13bin Scheme

4). The structure ofL3b, displayed in Figure 5, shows the
arrangement of both the oxo and the INidging ligands. The
N—N bond is perpendicular to the NbNb vector [dihedral
angle 89.5(2). The Na(2) and Na(3) ions interact with N(1)
and N(2), respectively, at distances close to thosimmean
value 2.360(9) A]. Coordination around each sodium cation is
completed by DME oxygens. The bonding picture (Scheme 4)
proposed fol3bis supported by the values for the-Nl single
bond [1.424(5) AP the Nb--Nb separation [2.876(9) A], the
Nb—O(oxo) bond distances [1.961(3) and 1.909(4) A], the Nb-
(1))A—O(7)—-Nb(1)B angle [96.0(L), and the Nb-N single-
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Figure 5. Simplified SCHAKAL view of complexi3b. Sodium cations
inside the cavity, DME molecules, and disorder have been omitted for
clarity.

bond distances, averaging to 2.058(7) A. The coordination
around niobium is similar to that observed in unit A of complex

12b. The two remaining Na cations reside in the calix[4]arene
cavity.

Complex 13 undergoes no thermal rearrangement because

the two electrons stored in the Nblb bond in12 are no longer
available. The availability of the two electrons stored in the-Nb
Nb bond in12 for the reductive cleavage of covalent bonds
other than the NN bond has been illustrated by heating
complex 12a in the solid state. The compound formed is
displayed in Scheme 4 as complbfa The thermal rearrange-

ment can be described as the result of the a two-electron transfer

from the Nb-Nb bond to a GO bond of one of the phenoxo
groups® This process causes the cleavage of theOChond,
the generation of a-oxo species, and the formation of an-NB
bond with one of the phenyl groups of the calix moiety. The
proposed structure is supported by an X-ray anaR}s&en
though carried out on medium-quality crystalsldf obtained
from crystallization ofLl4ain THF. This determination provided
us with useful information regarding the atom connectivity and
the main structural parameters [NN = 2.047(12) A; Nb-
O(ox0)y = 1.990(8) A; N-N = 1.35(2) A; Nb(1)}-C = 2.454-
(18) Al.

(c) Direct Formation of Nitrides from Dinitrogen in a
Nonstepwise Manner.The reaction of4a with dinitrogen is
strongly dependent on the nature of the solvent. In polar
solvents, namely ethers (THF, DME), the reaction led to the
formation of the dinitrogen complexes. When the same
reaction was carried out in toluene, a nitrido complex, labeled

(30) Baumann, R.; Stumpf, R.; Davis, W. M.; Liang, L.-C.; Schrock, R.
R.J. Am. Chem. S0d.999 121, 7822 and references therein.

(31) Crystal data fOﬂ.4b’2THFZ C]_leHlezNzNa4szole'2C4Hgo, M=
2262.5, triclinic, space groupl, a = 15.959(2) Ab = 16.712(2) Ac =
24.815(3) Ao = 89.42(1), B = 84.70(1}, y = 71.88(1), V = 6262(14)
A3, Z =2, Deaica= 1.200 g/cr, F(000)= 2412,A(Mo Ka)) = 0.710 69 A,
u(Mo Ka) = 2.46 cn?, crystal dimensions 0.1% 0.20 x 0.25 mm. For
9044 unique observed reflectioris®{ 20(1)] collected at 130 K on a Kuma
KM4CCD diffractometer (5> 20 > 59%°), R1= 0.153 (WR2= 0.301).
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Figure 6. Simplified SCHAKAL view of complex15b. The solvent
molecules bonded to the Na cations and disorder have been omitted
for clarity.
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{Nb} stands for the Nb-calixarene moiety, {p-Bu'-calix(4]-(O),}Nb

asl1b5ain Scheme 5, was obtained. The gas-volumetric absorp-
tion of Ny, as well as its hydrolysis, confirmed the 3:2 Nb:N
molar ratio. Complexl5awas obtained equally well from the
reaction of4aand7ain a 1:2 molar ratio carried out in toluene,
while no reaction occurred upon mixing the two components
in THF. The'H NMR spectrum ofl53 in either THF or py,
shows the presence of calix[4]arene moieties with 2- and 4-fold
symmetries in a 1:2 ratio, while a singlet at 198.2 ppm is found
in the 15N NMR spectrum. ThéH NMR spectrum ofl5ain
CDCl; is quite complex, while thé’N NMR spectrum indicates
the presence of two singlets at 213.7 and 176.8 ppm. Complex
15a when recrystallized from THF in the presence of small
amounts of TMEDA, gave the solvated forb®bb, shown in
Figure 6.

The structure ofl5b consists of trimeric complex molecules
and THF and TMEDA solvent molecules in a stoichiometric
trimer:THF: TMEDA molar ratio of 1:12.5:0.5. The Na(1) and
Na(2) cations interact with oxygen atoms of three and two
calixarene ligands, respectively. A third Na cation is accom-
modated by the cavity of the calixarene A unit. Coordination
around niobium in unit A is octahedral, the best equatorial plane
being defined by the N(1), N(2), O(1)A, and O(3)A atoms (the
deviations from the planarity range fror0.020(11) to+0.020-
(11) A). The metal is displaced 0.084(2) A from the equatorial
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mean plane toward O(4)A. The coordination polyhedron around
the metal in both unit B and unit C is square pyramidal. The
Nb—N vectors in units B and C form dihedral angles of 3.4(4)
and 3.2(4), respectively, with the normals to the mean planes
through the @ systems. The Nb(1)AN distances [2.008(10)
and 1.980(10) A] are in the range expected for a single bond,
and the Nb(1)B-N(2) [1.770(12) A] and Nb(1)EN(1) dis-
tances [1.782(10) A] are in agreement with the presence of triple
bonds. The nearly planar NEIN—Nb skeletons [Nb(1)AN(1)—
Nb(1)C = 168.7(6) A and Nb(1)AN(2)—Nb(1)B = 159.3(6)

A] support the sp hybridization of the bridging nitrides. The
Na---N contacts are not very significant, the shortest one being
Na(1)}+-N(1) = 2.810(14) A and the other one being greater
than 3.0 A. Calixarene unit A shows an elliptical conformation
close to that observed in complexEsb, 12b, and13b (Table

4). In such a conformation, the Na(3) cation is allowed to enter
the cavity, binding to the O(1) and O(3) atoms. In agreement
with to the presence of a five-coordinated metal, the macrocycles
in units B and C display nearly regular cone conformations
(Table 4).

The trinuclear nitrido complet5a depending on the nature
of the solvent, i.e. CHGland/or the addition of a co-ligand for
the alkali metal cation, breaks up into smaller nitrido complexes.
Addition of TMEDA to solutions ofl5aled to the formation
of 16 (in toluene) andl7 (in CHCl3). Complex16 maintains
the overall structure of compleib, the only difference being
the solvation of sodium cations by TMEDA. Its spectroscopic Figure 7. Simplified SCHAKAL view of the anion in compled7.
properties ¥H NMR, >N NMR) are very similar (see Experi-  Disorder affecting théert-butyl groups of the C and D rings has been
mental Section) to those dfLb, as is its X-ray analysis, which ~ omitted for clarity. A prime denotes the transformatiorl —y, z
is given in the Supporting Information.

The IH NMR spectrum of17 indicates a 4-fold symmetry
calix[4]arene, while the!>N NMR spectrum of the labeled
sample displays a singlet at 167.7 ppm ¢by-and at 160.9
ppm (CDC§). Complex17, crystallized from chlorobenzene,
gave crystals suitable for an X-ray analysis. The structure of
the anion is displayed in Figure 7. The dimer possesses a
crystallographically impose€,, symmetry, the mirror plane
running through the nitrogen atom. The NN(1) bond distance
[1.854(2) A] is between those observedZimand11g, reflecting
to a partial double-bond character, while the -N¥b—Nb
skeleton is bent [Nb(E)N(1)—Nb(1) = 145.2(1)]. The Q, core
shows very small tetrahedral distortion (Table 4), so that
coordination around niobium should be better described as
square pyramidal, with the oxygen atoms from calixarene
defining the base and the N(1) atom at the apex. The metal is
displaced 0.500(1) A from the mean plane, the NbN(1)
vector forming a dihedral angle of 0.6¢2yith the normal to
the plane. The NbBO bond distances (mean value 1.943(5) A)
are just significantly different from each other and fall in the
usual range of values. The macrocycle assumes an elliptical
conformation, with the A and C rings being slightly pushed
outward and the B and D rings slightly pushed inward relative
to the cavity (Table 7).

Recombination ofilaand17in toluene occurred to re-form
15D, as confirmed by itdH and1°N NMR spectra in solution
and by its isolation in the solid state.

arene in toluene, care being taken to remove HCI completely
(see the Experimental Section). Reduction Jofshould be
performed in a stepwise manner. The first step is particularly
crucial, since it allows one to remove all the"Gnions, which
can have a negative effect on the subsequent reactions. Although
the first step is usually run under nitrogen, the following
reduction should be carried out strictly under an argon atmo-
sphere. Reduction o with different alkali metals and a
controlled stoichiometry led to the N#Nb species,3—5.18
According to its'TH NMR spectrum, comple8 exhibits apparent
D, symmetry in both toluene and THF, whiflechanges from
2-fold symmetry in toluene at low temperature40 °C) to
4-fold symmetry in THF. The 4-fold symmetry in thel NMR
spectrum of4 in THF appears when the alkali metal cations
are removed from the calix[4]arene oxygens by the coordinating
solvent.

The electronic structure of the dianion present in complexes
3—5 was analyzed using extended ¢tkel calculations? For
this purpose, the calix[4]arene ligands were slightly simplified
by replacing the Bugroups and the methylene bridges by
hydrogens and symmetrizing toG, local symmetry, while
the geometrical constraints on the §et of donor atoms were
maintained according to the structural parameterdtmfThe
same simplifications were used in the cases of the other extended
Huckel calculations. The electronic structure of the anion in
3—5 was derived from the interactions between the frontier
orbitals of two [Nb-calix[4]-(O)]~ metal fragments and will
be referred to from now on a& The frontier orbitals of the
[Nb-calix[4]-(O)4]~ fragment are shown on the left in Figure 8

The generation of reduced forms of Nb-calix[4]arene (see @nd consist of four low-lying empty metal-based orbitals. The
Scheme 1) required overcoming a number of synthetic difficul- thé-y? orbital, which points more toward the oxygen ligands, is
ties. The first one was the synthesis of the starting material, Pushed high in energy while the remaining four d orbitals are
Among all the methods applied so far to the synthesis of found within 1 eV. The LUMO is a 1&dz) orbital with the

metallacalix[4]arene¥the most appropriate in the present case (32) (a) Hoffmann, R.; Lipscomb, W. N.. Chem. Phys1962, 36, 2179.
is the direct reaction of Nbglwith the protic form of calix[4]- (b) Hoffmann, R.J. Chem. Phys1963 39, 1397.

Discussion
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1 (dy) and 1b(dy,) orbitals 0.2 and 0.8 eV above, respectively
(see Figure 8). Because of the in-planénteractions with the
oxygen atoms, the ) orbital still lies 0.3 eV higher in
energy. For such an Nbfragment with a @ electron count,
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Figure 9. Orbital interaction diagram for with Dsg Symmetry.

led to a terminal CO, ethylene, and-ketone derivatives. In
contrast to those of [WOR)g], the reactions o8—5 occurred
with two distinctive characteristics, namely complete cleavage
of the M=M bond and four-electron reduction of the substrates

these orbitals are occupied by two electrons, as shown in FigureN,, R,CO, and RCHG? The nature of the alkali metal cation,

8. The interaction between the two [Nb-calix[4]-¢D) frag-

which determines the strength of the interaction with the calix-

ments is illustrated by the molecular orbital diagram on the right [4]arene oxygens, is a determining factor for the reactivity of

in Figure 8 and shows an NBNb o272 configuration, indicating,

3—6 and its dependence on the solvent used. As a matter of

therefore, metatmetal double-bond character that is consistent fact, we found that the potassium derivativeeacts faster than

with the observed metalmetal distance of 2.659(1) R.It is
worth noting the effect on the electronic structure of the
distortion fromCy, to C,, local symmetry around the metal

the sodium derivativéd and that the latter reacts faster than the
lithium compound3. The significant difference in reactivity
among the three NBNb compounds, even in coordinating

shown by the crystallographic data. Indeed, we observe sig- solvents, can be ascribed to the different degrees of association

nificantly different Nb-O bond distances in the two orthogonal
O(1)-Nb—0O(3) and O(2)-Nb—0O(4) planes, those involving
0O(1) and O(3) being almost 0.2 A shorter than those involving

of the alkali metal cations with the anion in complex@s5.
The same reactivity is reasonably expected for completely ion-
separated ion-pair forms, but this is not the case. In this context,

the Na-bridged O(2) and O(4) (see Figure 1 and Table 2). This we should mention two other experimental observations: the

distortion reduces the symmetry of the dimebtg and causes

a significant splitting of the twar orbitals, leading to a singlet
ground state instead of the triplet state expected fog,aimer.
Although, at first sight attributable to the presence of the two
bridging alkali metal cations, this distortion is probably elec-
tronic in nature and due to a dynamic Jaftreller effect as
suggested by théH NMR studies of4. Indeed, thetH NMR
spectrum oft in THF shows a 4-fold symmetry, indicating that

negligible reactivity of3 toward dinitrogen in a toluene solution
and the very different pathway involved in the reactiordaf
with dinitrogen in toluene (see below).

It should be emphasized, in the present chemistry, that
solvation of the alkali metal cation and the ion-pair nature of
the reduced forms can indirectly have relevant effects on the
kinetics and the energetics of the reaction. The reaction of
dinitrogen led, in the case &5, essentially to the same bis-

the alkali metal cations are removed from the calix[4]arene (metallahydrazone) derivative§—8. Complexes3—5 are

oxygens by the coordinating solvent without inducing any
paramagnetism.

As far as the M=M reactivity is concerned, the reactivity of
3—5 has very few analoguég,the closest one being that of
[W,(OR)g] containing a d—d? W=W unit.3* The major differ-
ence from the latter, besides the difference in the metsdtal

diamagnetic both in the solid state and in solution, as confirmed
by NMR and EPR analyses. This diamagnetism rules out their
dissociation into the monomeric aiobium reactive species.
Therefore, the reaction 0o8—5 would not occur by the
conventional mechanism, implying the intermediacy of a
mononuclear end-on dinitrogen complex. We are much more

bond energy, lies in the presence, in the case of tungsten, ofin favor of the N=N bond undergoing a sort of metathesis

strong bridging alkoxo groups. In the case of J@R)g],342
reactions with GH4, CO, and PECO occurred preferentially at
a single metal center rather than at the=M double bond and

(33) Casey, C. P.; Carino, R. S.; Hayashi, R. K.; Schadetsky, K. D.
Am. Chem. Sod996 118 1617.

(34) (a) Chisholm, M. H.; Folting, K.; Lynn, M. A_; Streib, W. E.; Tiedke,
D. B. Angew. Chem.nt. Ed. Engl.1997, 36, 52 and references therein.
(b) Anderson, L. B.; Cotton, F. A.; DeMarco, D.; Fang, A.; lisley, W. H.;
Kolthammer, B. W. S.; Walton, R. Al. Am. Chem. S0d.981, 103 5078.
(c) Cotton, F. A.; Falvello, L. R.; Fredrich, M. F.; DeMarco, D.; Walton,
R. A. J. Am. Chem. S0d.983 105, 3088.

reaction with the Ni&=Nb bond, up to the formation of the
hydrazido form, the reaction being reminiscentdafreacting
with azobenzene, leading to the terminal phenylimido deriva-
tive.s

The electronic structure of the dianion 88, hereafter
referred to as7, was analyzed in terms of the interactions
between the frontier orbitals of the two [Nb-calix[4]-({D)
metal fragments and the centraj Nnit. The frontier orbitals
of the [Nb-calix[4]-(O)}]~ fragment are shown on the left in
Figure 9 and differ from those in Figure 8 because the metal
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fragment hasC,, symmetry and the two .d orbitals are Scheme 6

degenerate and constitute the Lg¢l) set. On the extreme right
in Figure 9 are shown, the frontier orbitals of,N.e., the Nas

occupiedog andsr, and the emptyzg orbitals. The interaction

between the two [Nb-calix[4]-(Q)~ fragments and the central o) Q\ /30 N
dinitrogen unit is illustrated by the molecular orbital diagram PAcN \ Py mb

in the central column of Figure 9, which shows two main SaNa--N_ /N"NaSn 2 og/ \o\o
bonding interactions, i.e., that between the(da) and oy \//Nb\/

orbitals and that between the doubly degenerate, 1@l and 09" L9 m.
mg orbitals. The le(d,dy,) orbitals of the [Nb-calix[4]-(O)] ~ 18
metal fragments are considerably higher, in energy and thus

they match quite well with the nitrogewt* orbitals giving rise 11a

to the low-energy 3gorbitals, whose full occupation by four

electrons leads to a significant degree of back-donation to the Parameters and the reaction % with PhCHO, leading to the
N, 7z* orbitals (2.18 electrons). The consequent lengthening of corresponding azine, PhGHN—N=CHPh, and the oxoniobi-
the N-N bond is shown by the decrease of the overlap Um(V) complex103¢t

population from 1.18 in free N(with the same N-N bond The complete cleavage of the-N¥N bond to nitride requires
length as that of) to 0.74. The four-electron reduction obN two additional electrons under the condition that we keep the
depicted by the N&EN—N=Nb bonding picture, is consistent Nb=N triple bond, as confirmed by the absence of any reactivity
with the N—N [1.390(17) AP35 and short Nb-N [1.747(12) of 9 with sodium metal. The two additional electrons can be
A] bond length<® In conclusion, the very efficient electron — supplied by using either an alkali metal or the starting complex
transfer to the B molecule causing the formation of a rather 4aitself. In the latter case, the formation of nitrides proceeds
acidic Nb(V) explains the formation of the #N triple bond, directly from the reaction cfawith N; (see below). The solvent
the linearity of the Ns-N—N=Nb skeleton, and the rather long S @ crucial determining factor in all such reactions. The
N—N bond ready to be cleaved. It is interesting to compare the reduction of7awith sodium metal in THF (Scheme 3) gave as
[Nb-calix[4]-(O)s]~ fragment in7 with other metal fragments ~ the main product a colorless crystalline solitila which,
involved in analogous dinuclear end-on dinitrogen complexes. however, was isolated from a deep green solution. The latter
The [Nb-calix[4]-(O)]~ fragment has the samer2s frontier contains some byproducts which can be very informative
orbital patterf®37that characterizes the tris(amido)- aftds- regarding the (or one of the) cleavage pathway(s) of theNN
amido(amine}) metal fragments involved in some recenﬂy bond. As a matter of faCt, when the reaction was carried out in
characterized dinitrogen complexes of group 6 metals with end- Other solvents (see below), it was possible to identify the green
on “hydrazido(4-)" M »(u-N,) characte?a<4In particular, the component of the solution as a major product of the reaction.
[Nb-calix[4]-(O)s]~ fragment and the [Mo(N(R)Ag) tris(amido) Complex11 has been labeled, b, or ¢ (Scheme 3) depending

fragments have similar energies for thand the twar frontier on the solvation of the Sodiu-m COUr:ltercationS. The Complete
orbitals and differ from the{tris-amido(aming) metal frag- ~ cleavage of the NN bonds is confirmed by the structural
ments, showing a much higher energy for thedi) orbital, parameters ofl1b, which has a very long N- - -N separation,
which is destabilized by an axiatdonor ligand®’ while the bent bridging nitrido species has an-Nt bond
Moving from complexe$S—5 to complexe—8, the alkali  distance those of a single and a double bond (TabtéZ)The

metal cation is released from the calix[4]arene oxygens. Once discrepancy between the 2-fold symmetryldfa as revealed
again, we should draw attention to the fact that solvation of the bY the solid-state structure and its 4-fold symmetry found in
alkali metal cations contributes to the driving force of such Solution by*H NMR spectroscopy in pyridine can be explained
reactions. Compounds in Scheme 2 appear with different Py a@ssuming that the equilibrium sketched in Scheme 6 is
solvations for the alkali metal countercations, depending on the cOmpletely shifted to the right. The oligomerization of metal
reaction and crystallization solvents. The high acidity of Nb- Nitrides®® and metal arylamidé$into dimers and trimers is a
(V) complexes6—8 is shown by the formation of the BUC known phenomenon, though its reversibility seems far less
adduct9, having a G-N stretching vibration moving up to 2206 ~ ¢ommon. The insolubility in nonpolar solvents and the good
from 2136 cn’. The complexation of BNC to the metal solubility in pyridine only limit the choice of NMR solvents.
strongly affected the structural parameters of the end-on bondedAdditional support for the dissolution dflain the form of the

N,, with a remarkable increase in the NN bond distance =~ Monomeric specied8 is the chemical shift of*N in the
[1.810(8) A], a decrease in the-NN bond distance [1.303(11)  isotopically enriched sample &t269.4 ppm (reference GH

A], and a slight deviation from linearity for the NEN—N— NO), which is in agreement with the presence of ar=#b

Nb skeleton [Ne-N—N = 174.8(9Y].1% These variations in  triple bond (see below}?® It should also be mentioned that
the structural parameters were reflected in the absence-6f N the*H NMR spectrum ofl 1ain solution is surprisingly similar
bond cleavage whe® was reacted with sodium metal (see [0 that of10, which is isoelectronic and isostructural witls.
below). This effect is probably due to the energy rise of the d  The transformation of to 11 occurs not only with cleavage of
metal orbital upon complexation of BUC, which destabilizes ~ the residual N-N bond but also with a remarkable change in
the metat-nitrogen o interaction. The same effect due to a the orientation of the N-N vs the Nb-Nb axis, moving from
o-bonding axial ligand is experienced by h the dinittogen ~ @n end-on to a side-on arrangement, so that the two N atoms
complexes of group 6 metals bonded to fiés-amido(aming) undergo a quasi-rotation of 8@pon going from7 to 11. To
ligands?¢ The four-electron-reduced form of dinitrogen in (38) () Chisholm, M. H.; Folting, K.; Lynn, M. L.; Tiedtke, D. B.;

complexes6—8 has been supported by both the structural Lemoigno, F.; Eisenstein, @hem—Eur. J.1999 5, 2318. (b) Pollagi, T.
A.; Manna, J.; Geib, S. J.; Hopkins, M. Inorg. Chim. Actal996 243
(35) A compilation of N-N bond lengths in dinitrogen complexes is  177. (c) Bernaszak-Holl, M. M.; Kersting, M.; Pendley, B. D.; Wolczanski,
reported in ref 3. P. T.Inorg. Chem.199Q 29, 1518.
(36) Schrock, R. RPure Appl. Chem1997, 69, 2197. (39) Solan, G. A.; Cozzi, P. G.; Floriani, C.; Chiesi-Villa, A.; Rizzoli,
(37) Schrock, R. RAcc. Chem. Red.997 30, 9. C. Organometallics1994 13, 2572.
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understand the possible pathways frahto 11, we had to
determine what happens when two electrons are addé&d to

Figure 9 shows that the two extra electrons first occupy the
5e, and/or 8¢ orbitals, of antibonding character, thereby
destabilizing the system. Two different limiting pathways (a
and b in Scheme 7) can be hypothesized for the evolution of
[7]%~ species. In the first pathway (a), the linearsKi—N=
Nb unit bends to give a trans structure, where each nitrogen
has an sphybridization and one lone pair (A in Chart 2). This
zigzag structure then undergoes arNl cleavage, leading to
the monomeric imido specids3, which dimerizes in the solid
state toll. This is what we experimentally observed when
performing the reduction of7fa in THF. This process is
reminiscent of the thermal cleavage of the-N bond in the
[{Mo(N(R)Ar)z} 2(u-171:3%-Ny)] tris(amido) complek with the
same d configuration of the metal and the same end-on linear
geometry as inq]?". It should be emphasized, however, that
the d—d® Mo—dinitrogen complex is stable at low temperature
and, unlike F]~, can be isolated and structurally (EXAFS)
characterized at-35 °C, giving rise to N-N bond cleavage
only upon mild heating.

Pathway b depicted in Scheme 7 gives the alternative
sequence leading tél. Such a sequence has quite strong
experimental support in the isolation @2 (Scheme 4). The
key factor in the successful interception of intermedigtevas
the choice of the reaction solvent. When the reductionwith
sodium was carried out in DME, a negligible amount/bfas
white crystals was detected, along with the formation of deep
green crystals o012 as the major product of the reaction. The
role of 12 as one of the possible intermediates in the formation
of the nitrido complex has been confirmed by its thermal
decomposition tollc upon heating in pyridine at 90C
overnight (Scheme 4). The cis arrangement of the-Nb-N—

Nb unit is probably encouraged by the formation of an-Nb
Nb bond (seeB in Chart 2), which stabilizes the biradical
system. Concurrently, the metahetal bond forces a change
in the bonding of dinitrogen from the end-on mode to a

Caselli et al.

u-ntnt mode, with the N-N axis still parallel to the NbNb
axis. The further rearrangement of K a up-n%n? bonding
mode, found in comple%2, has been shown to result in a better
interaction with the metal centet3The side-on bonding mode

of dinitrogen across two metal ions is no longer &€he two
pathways leading to the NN bond cleavage are not very
different. In both cases, in the preliminary step, the two electrons
supplied to7 give a pair of free-radical-type metalsi{dd?).

In the transoid arrangement, because of the reciprocal disposition
of the metals preventing any metahetal bond and owing to
the tendency of the metal to form oneand twoxr bonds, the
biradical species evolves directly to the formation of the terminal
imido derivativel8.

In the case of pathway b (Scheme 7), the metaétal (d—
dh) bond temporarily stores the two electrons supplied by
sodium. Then a facile thermally induced intramolecular electron
transfer occurs from the metainetal bond to the NN bond
with its consequent cleavage. It should be emphasized that the
rearrangement of Nfrom the end-on (compleXb) to the side-
on bonding mode (compledb) occurs without any significant
change in the NN bond distance (1.39 vs 1.40 A), and thus in
the degree of potential reduction 0£.Nt is remarkable that
the selection of pathways a and b in Scheme 7 can be made by
using different solvents, THF vs DME, in the reduction7at
with sodium. This fact emphasizes the special role played by
solvents in this “bifunctional” chemistry. In addition, the slight
difference between the two solvents suggests that the two
pathways are probably not so different in energy. Pathway b,
leading to a cis bending of the /M, skeleton and to the
formation of a metatmetal bond, was not observed for the
analogous #Mo(lll) tris(amido) complex probably because
of the high steric hindrance of the N(BAr amido ligands,
which prevent close approach of the molybdenum atoms.

The possible evolution of7]2~ was analyzed using extended
Huckel calculations, varying the two NtN—N anglesf in both
trans and cis depositions. Figure 10 plots the change in the total
energy of the complex when the andlds decreased and all
other geometrical parameters are fixed at their values in
this figure, the potential curve for cis bending is initially very
similar to that for trans bending, both bent geometries showing
only a slight energy increase from the linear structute<(
18C°). However, while the potential curve for trans bending
shows a sharp increase félower than 156, the curve for cis
bending shows a maximum and then a minimum at ca’,140
corresponding to the formation of a metahetal bond, followed
by a sudden increase. This shows that the two proposed
pathways are isoenergetic in the initial stages and suggests that
the two bent geometries represent essentially transition structures
on the pathway toward direct-NN cleavage (trans bending;
see below) or metalmetal bond formation (cis bending). In
particular, the minimum found in the potential curve around
14 corresponds to the hypothesized dinitrogen complex with
the N, moiety parallel to the metalmetal axis (se® in Chart
2). Pathway a (Scheme 7) passing through a zigzag structure is
analyzed here. Since a qualitative correlation diagram for this
process has already been published for the analogbivkod
(1) tris(amido) complext we considered only the total energy
profile. For this purpose, we performed extendedckal
calculations orv, [7]~, and [7]2~ with increasingly lengthened
N—N distances, from 1.39 to 2.3 A. At each point along this
reaction pathway, we relaxed the NN distance and NbN—N
angled (seeB in Chart 2), obtaining the total energy profiles

(40) Goldberg, K. I.; Hoffman, D. M.; Hoffmann, .Rnorg. Chem1982
21, 3863.
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Figure 11. Total energy profiles for the NN cleavage in7, [7]~,
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displayed in Figure 11. The cleavage is endothermicrfout
slightly exothermic for 7]~ and strongly exothermic fof7]?~,
the small energy barriers being 5 and 10 kcal mhotespec-
tively. In the proximity of the transition state of |2~ (at R(N—

N) > 1.8 A), we found a zigzag structure for the NN—N—
Nb unit with Nb—N—N angles of ~14C°. This structure
corresponds to an NsN—N=Nb bonding scheme where each
nitrogen has an $ybridization and one lone pair, which allows
it to overcome the symmetry-forbidden nature of N bond
cleavage along a linear trajectdtyAlthough the extended

J. Am. Chem. Soc., Vol. 122, No. 15, 2BB5H7
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Figure 12. Molecular orbital interaction diagram fdr2.

The evolution along pathway b in Scheme 7 was then
analyzed. The extended kel calculations were performed,
first, on a simplified model 012 (seeC in Chart 2). To maintain
aC,, symmetry, we symmetrized the two Nb(calixarene) units,
thus disregarding the presence of a bridging oxygen and using
the geometry of the undistorted niobium calixarene fragment.
The electronic structure o2 is analyzed in terms of the
interactions between the frontier orbitals of the dinuclear [Nb-
calix[4]-(0)4]2* unit and the N moiety. The frontier orbitals
of the dinuclear unit are built up as reported #(Figure 8)
and are displayed on the left in Figure 12. Two [Nb-calix[4]-
(0)4]% fragments are brought close togetheDig, symmetry,
and the resulting orbitals are essentially the in- and out-of-phase
combinations of the orbitals of [Nb-calix[4]-(Q%~, as outlined
above. In the next step, the niobium calixarene groups are bent
backward, maintaining a loc&l; symmetry (se® in Chart 2),
and the angle is optimized, thus reducing the symmetry from
Dyn to Cy,. Calculations performed on this model 2 with
geometrical parameters taken from its X-ray structure (Figure
4) and with optimization of the bending andleshow that the
energy is only slightly affected by the cis bending. We therefore
consider the most symmetridgn dinuclear fragment, which
simplifies the discussion and is also consistent with the X-ray
structure of12, in which the localC, axis of the undistorted
niobium calixarene (see moietyin Figure 4) is parallel to the
Nb—Nb axis. The interaction diagram, presented in Figure 12,
shows two main stabilizing interactions between the metal
fragment orbitals ofr,y andd*y, character and the twpandx
components of the antibonding*® orbitals of N,, E and F,
respectively, in Chart 3. These interactions lead to a significant
degree of back-donation, as reflected in the high occupancy of
the Np z* orbitals, 1.06 and 1.16 for the @and b components,
respectively. The effect of such back-donation and of the
simultaneous forward donation from the ¥ orbitals to the
metals is to weaken the-\N bond, as shown by the decrease
in the overlap population from 1.18 in free;No 0.75, in

Huckel approach is not suitable for bond energy calculations, agreement with the observed extremeMNlbond length [1.403-
these energy profiles clearly indicate that reductive cleavage of (8) A]. It is worth noting that the [Nb-calix[4]-(Q)2~ fragment
the N—N bond is a thermodynamically favorable process with is isolobal with the [(CO)Co] fragment, which gives rise to

a small energy barrier.

several stableu-np%n?-acetylene complexés and has been
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predicted to form stable-1%7?-N, complexes on the basis of
an extended Fekel study?©

The relationship betweef2 and 11 was analyzed by the
procedure we have used thus far. For this purpddewas
simplified, though using its structural parameters, t®#
geometry. The valence orbital levels b1 are shown on the
right in Figure 13. The six highest doubly occupied molecular
orbitals represent essentially the interactions of &pd 2p
orbitals of the bridging nitrogen atoms with the appropriate metal
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Figure 13. Molecular orbital correlation diagram for the conversion
of 12to 11.

symmetry-forbidden process and is expected to show a sizable
energy barrier despite the much higher stability of the bond-
cleaved productl. This result is consistent with the relative
thermal stability ofl2, which converts td 1 only when heated
above 9C°C. The crossing of the 14and 10b orbitals can be

orbital in-phase or out-of-phase combinations in the metallacycle formally seen as a two-electron shift from the filled NKb o

planexy 6by,,, 5big 8a, and 7B, (see Chart 3) and the analogous
ot interactions of the 2pnitrogen orbitals with the appropriate
metal orbital combinations 3pand 5h, (see Chart 3). These
interactions give rise to the four niobiurmitrogenc bonds and
the two delocalizedr bonds of the metallacycle moiety,
respectively, resulting in a species of relatively high stability.
Indeed,11 has been found to be almost 100 kcal nidbwer

in energy thanl2. Even with account taken of the extended
Hickel deficiency in estimating bond energies, this result
indicates that the cyclic nitrido species is very stable and
constitutes the “thermodynamic sink” of]¢".

orbital (14a) to the empty N-N ¢* orbital (10ky), giving an
intuitive interpretation of the intramolecular metal to nitrogen
electron transfer and the simultaneousNbond cleavage. The
two electrons of the high-energy 144dOMO are, in principle,
available not only for the intramolecular electron transfer to
dinitrogen but also for an intermolecular redox process in which
12 undergoes a two-electron oxidation, which may cause an
Nb—Nb bond cleavage, leaving the dinitrogen unit unchanged.
Such a possibility has been investigated in the reactidr?of
with pyO or & (see Scheme 4), leading 13, where an oxo
group is inserted between the two metal ions at the expense of

At this stage, it should be emphasized that, according to the the two electrons originally stored in the Nblb bond. The
detailed discussion outlined above, the two pathways a and bN—N bond is maintained with a-5%5? bonding mode in

in Scheme 7 result in different nitrido speciel§ and 11,
respectively, as primary products, which, however, are in
equilibrium according to Scheme 6. The complete picture of
11 and 12 allows one to follow the conversion d2 into 11.
This process formally involves the cleavage of-N¥b and
N—N o bonds and the formation of two NN 7z bonds,
delocalized over the entire MW, metallacycle. A molecular
orbital correlation diagram (built i€,, symmetry, although on
the right we report the complet®,, symmetry labels for the
valence orbitals o11) has been calculated for this process and
is illustrated in Figure 13. First of all, we note that the high-
lying empty orbital of the side-on dinitrogen complex (20b
describing the NNv* orbital) correlates, via an avoided crossing,
with the HOMO of the cyclic nitride (6k) and at the same
time the HOMO of the side-on complex (14adescribing
essentially the metalmetal bond) correlates with an empty
orbital of 11 (9a;). Therefore, the NN bond cleavage is a

(41) Hoffman, D. M.; Hoffmann, R.; Fiesel, C. R. Am. Chem. Soc.
1982 104, 3858 and references therein.

complex 13, though significant changes in the structural
parameters of the Nbl, core occur. The lengthening of the
N—N bond from 1.403(8) to 1.424(5) A parallels the shortening
of the Nb—N bonds from 2.120(9) (average) to 2.054(5) A. The
increase in the oxidation state of the metal strengthens the
interaction of the metal with nitrogen and weakens theNN
bond. A reaction further emphasizing how the two electrons
stored in the Nb-Nb bond are available for transformations
other than the cleavage of the-Ml bond is the formation of

14 upon heatingl2 in the solid state. In this case, the two
electrons stored in the NtNb bond were made available for
cleaving a G-O bond of the calix[4]arene. The reaction led to
the insertion of an oxo group between the two Nb ions and the
formation of a direct Nb-C bond between the metal and the
calix[4]arene moiety. This type of deoxygenation of one of the
phenoxo group was reported to have very little effect on the
bonding mode of the dinitrogen unit. This result is particularly
interesting, since it offers the possibility of using the two
electrons stored in the NkNb bond in12 for reductive binding
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of other substrates while maintaining dinitrogen in its reduced N_ N o\ NN
state. There is a further implication from the thermally induced \Nb/ Nb/

transformation ofl2a into 14a The difference between the
thermal rearrangements d2ain solution (py) and in the solid

state, leading td.1c and 144 respectively, emphasizes once ) ] ]
more the role of the solvent in this chemistry. of 4a with N but also favors the reaction da with 7a (step

f b in Scheme 8). The latter reaction was not observed in THF.
It is plausible to assume that the oxidative addition of the

N—N bond in the anionic compleXa (step b in Scheme 8) is

much more likely to occur at the neutral tight ion pair (toluene)

rather than at the anionic form (THF) 4& The weaks bonding

of the two cis nitrides to Nb(1)A id5b, in addition to the steric

congestion around Nb(1)A, explains the intrinsic labilityldf

and its dissociation intd6 and 17 assisted by an appropriate

solvent and favored by the presence of ligands on the alkali

metal cations. We can use the same arguments for supporting

Calix[4]arene tetraanion around Nb omitted

At this stage of our investigation, we pursued the idea o
performing the six-electron reduction of dinitrogen using
exclusively the active specie4a, without the help of any
additional reducing agent, such as alkali metals. We found that
the absorption of dinitrogen b4a in toluene, instead of polar
coordinating solvents (THF, DME), yielded the trinuclear nitrido
complex15a whose structure was clarified by an X-ray analysis
(Figure 6) of the solvated formi5b. In the preceding and in
the Experimental Section, we reported hdwa splits into
complexesl6 and17. This mechanism has been fully character- . o :
ized, including confirmation by X-ray analysis. The major focus € Series of equilibria sketched in Scheme 8. -
at this stage is the genesis 18, and then those df6 and17. F_urther_e>_<per|men_tal support for the relat|onsh_|p between t_he
The assumption is that the preliminary stage in the reaction of Various nitrido species in Schemes 5 and 8 is the reaction
4awith N, leads to the formation o, regardless of the reaction ~ Petweenllaand17in toluene, re-formindlsh. It should not
solvent. We believe that this reaction is followed in toluene by P€ Surprising that, depending on the solvent and other ligands
the further reduction of the metallahydrazohéy the excess ~ Usable for the alkali metal cations, metaiitrido aggregates
of the reducing agen#ta (Scheme 8). This hypothesis is different from those in Scheme 8 could be isolated from the
supported by the reaction betwegémand7ain toluene, leading ~ S&Me€ precursats. _ _ _
to 153 and requires that the solvent employed in the reaction There was a long dgbate In .the early IIterature regarding the
betweenda and N discriminate between the rates of steps a Metal-assisted reduction of dinitrogen producing, upon hydroly-
and b in Scheme 8. The former reaction should be much fasterSis of the reaction mixture, hydrazine and ammonia in different
than the second one in THF or DME, while the reverse should "atios depending on the reaction conditiof$. The major
be true in a noncoordinating solvent such as toluene. Therefore,duéstion was whether ammonia arose from hydrazine dispro-
by choosing the appropriate solvent, we can accomplish eitherPortionation or from an independent route. The results outlined
the four-electron (THF or DME) or the six-electron (toluene) 2aPove regarding the effect of a solvent on the rates of steps a
reduction of dinitrogen using the RENb functionality. and bin Schgme 8 provide an alte_rnatlve significant explanation.
Under conditions where step a is by far the faster step, the
system would produce upon hydrolysis hydrazine exclusively.
In the case where step b is the faster step, only ammonia will
be detected. For comparable rates of steps a and b, a mixture
of No,H4 and NH is expected to form in a ratio depending on
the reaction conditions.

What is the reason for this discrimination by the reaction
solvent? The reaction ¢fa in toluene occurs, very probably,
on a species which is either different frotain THF or DME
or present to a much less extent. The difference ifth’MR
spectra of4ain the two solvents is also remarkable, since we
move from aC,, type of symmetry for the calix[4]arene moiety
in toluene at low temperatures tdCa, symmetry in THF. The

T . ; : L Conclusion
conclusion is that the active species reacting with ibl
preferentially the alkali metal ion-free dianionic speciép-[ This paper reports a number of novelties in the metal
But-calix[4]-(O)4} 2(Nb=Nb)]2~. This hypothesis is additionally ~ dinitrogen chemistry scenario. For the first time, it has been
confirmed by the much slower rate for the reaction3ofith shown that the active species in the reduction efisNa very
N2 in THF and by the absence of any reactivity3ofvith N2 in reactive M=M functionality and that an ancillary ligand

toluene. Therefore, toluene not only slows down the reaction containing exclusively oxygen donor atoms can be successfully
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employed. The presence of alkali metal ions in the active No. C98.008), and the Fondation Herbette (Univérsie
bifunctional species magnifies the role of the solvent in dinitro- Lausanne) for financial support.

gen reduction assisted by transition metal complexes. In

particular, the solvent allows one to select either the four- (THF  Supporting Information Available: ORTEP drawings, text

or DME) or the six-electron (toluene) reduction of dinitrogen describing the X-ray data collections and structure solutions and
to hydrazine or ammonia, respectively. In the former case, a refinements, and tables giving crystal data and structure refine-
fine-tuning of the solvent (DME vs THF) drives the ultimate ment details, atomic coordinates, isotropic and anisotropic
two-electron reduction of Nto nitride through two different displacement parameters, and bond lengths and angld®,for
pathways, with the interception of key intermediates. Particularly 7c, 11b, 12b, 13b, 15b, and17, ORTEP drawings fo8b, 14b,
relevant in this context is the rearrangement of the end-on to and 16, tables giving crystal data and structure refinement
the u-n%n? bonding mode of dinitrogen over a metalxo details, atomic coordinates, isotropic and anisotropic displace-
surface modeled by the Nb-calix[4]arene fragment. A compre- ment parameters, and bond lengths and anglesgand tables
hensive summary of the different stepwise pathways leading to giving bond lengths and angles f8b and 14b (PDF). This

the reduction of dinitrogen to nitrides is given in Scheme 9. material is available free of charge via the Internet at

http://pubs.acs.org.
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