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N-N cleavage of the dialkylhydrazido complex [W(dppe)(NNCsHy)] (BW) upon treatment with acid, leading to the
nitrido/imido complex and piperidine, is investigated experimentally and theoretically. In acetonitrile and at room
temperature, BY reacts orders of magnitude more rapidly with HNEt;BPh, than its Mo analogue, [Mo(dppe),-
(NNCsHyo)] (BM0). A stopped-flow experiment performed for the reaction of BYW with HNEt;BPh, in propionitrile at
—70 °C indicates that protonation of B" is completed within the dead time of the stopped-flow apparatus, leading
to the primary protonated intermediate BWH*. Propionitrile coordination to this species proceeds with a rate constant
kovsry Of 1.5 + 0.4 571, generating intermediate RCN-BWH* (R = Et) that rapidly adds a further proton at N4 and
then mediates N-N bond splitting in a slower reaction (kssz) = 0.35 + 0.08 572, 6 equiv of acid). ks and Kops(z)
are found to be independent of the acid concentration. The experimentally observed reactivities of BM or BY with
acids in nitrile solvents are reproduced by DFT calculations. In particular, geometry optimization of models of
solvent-coordinated, Ng-protonated intermediates is found to lead spontaneously to separation into the nitrido/imido
complexes and piperidine/piperidinium, corresponding to activationless heterolytic N-N bond cleavage processes.
Moreover, DFT indicates a spontaneous cleavage of nonsolvated B" protonated at Ng. In the second part of this
article, a theoretical analysis of the N—N cleavage reaction in the Mo(lll) triamidoamine complex [HIPTN3N]Mo(N,)
is presented (HIPTN3N = hexaisopropylterphenyltriamidoamine). To this end, DFT calculations of the Mo"'N,
triamidoamine complex and its protonated and reduced derivatives are performed. Calculated structural and
spectroscopic parameters are compared to available experimental data. N-N cleavage most likely proceeds by
one-electron reduction of the Mo(V) hydrazidium intermediate [HIPTNsN]Mo(NNHs)*, which is predicted to have an
extremely elongated N-N bond. From an electronic-structure point of view, this reaction is analogous to that of
Mo/W hydrazidium complexes with diphos coligands. The general implications of these results with respect to
synthetic N, fixation are discussed.

I. Introduction transition-metal centers. In some dinitrogen complexesaNN
bond splitting is even possible under ambient conditions.
Thus, spontaneous \N cleavage has been detected for
dinitrogen coordinated in an end-on or side-on bridging
geometry to two transition-metal cent@rdlternatively,
N—N cleavage is facilitated if the bond order has been
- reduced through protonation and/or alkylatfgrlhis reac-
*To whom correspondence should be addressed. E-mail: ftuczek@ ,. . :
ac.uni-kiel.de (F.T.), vaneldik@chemie.uni-erlangen.de (R.v.E.). tion mOde also applies '.[0 the reduction pathway Qf. N
lChrist!an-AIbrechtS-UniyerSi§a<iel. . coordinated end-on terminally to mononuclear transition-
Friedrich-Alexander UniversiteErlangen-Nnberg. metal complexe8.Importantly, the latter pathway is con-

(1) Cotton, F. A.; Murillo, C. A.; Bochmann, M.; Wilkinson G\dvanced . . - )
Inorganic Chemistry6th ed.; John Wiley & Sons: New York, 1999.  sidered to apply to the reduction and protonation efiN

Because of the triple bond present i, NI—N cleavage
of this molecule is highly endothermic in the gas phase. The
corresponding bond dissociation enthalpy (225 kcal )bl
can be dramatically lowered if dinitrogen is coordinated to
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the enzyme nitrogenase, which catalyzes the biological Scheme 1. Mechanism of Reaction betwe@° and Acid (Henderson
process of nitrogen fixatiof. etal?)

If N2 is coordinated end-on terminally to Mo/W complexes . 0 acid - H 1+ RCN
with diphosphine coligands, NN cleavage requires two- Mo=N Nﬁ <= M°:N_Nﬁ =
electron reduction at the level of NNkhtermediates.For 1 K,
practical reasons, these reactions have been studied using Bve BVeH™
alkylated derivative$.Thus, two-electron reduction of the
Mo(1V) dialkylhydrazido(2-) complex [MoBr(NNGH1g)-

(dppe)]Br (compoundAM©) with BuLi or electrochemically O M+ acid H

has been found to generate under reductive elimination of RCN—Mo=N_ <= RCN—Mo=N_

the trans bromo ligand the five-coordinate, two-electron- N—H Kq
RCN-B M°H+%

12+

N—H

reduced intermediate [Mo(NN&.o)(dppe}] (compound
BMo), protonation of which with HBr in THF leads to
formation of HNGH, (piperidine) and the imido complex
[MoBr(NH)(dppe}]Br under cleavage of the NN bond. The
kinetics of this process has been studied in detail by
Henderson et al. using nitrile solvents RCN and the weak
acid HNEtBPh, (R = Me, Et, Ph)® Under these conditions,
the observed rate constant of the overall splitting reaction,
kobs IS greatly decreased, and the nitrido and imido com- RCN-Mo=N* RCN-Mo=NH>"

pounds [(RCN)Mo(N)(dppe)BPh, and [(RCN)Mo(NH)-

(dppe}](BPhy),, respectively, are obtained as final products + HN% + HN%

(Scheme 1).

On the basis of the kinetic data, the alkylhydrazidium rate constarks. The direct ks) and proton-assisteds| decay
species [Mo(NNHGH:0)(dppe}]* (BM°H*) has been pos-  channels of the primary intermedid@¥°H* both contribute
tulated as the primary product resulting from protonation of to a N—N cleavage rate constaki,s on the order of +60
BMo. In nitriles, addition of a solvent molecule RCN to s, much smaller than that found for the reaction of
BMeH+ then was hypothesized to generate the six-coordinatecompoundBM© with HBr in THF (kobs > 300 s'2).
intermediate [(RCN)Mo(NNHEH:0)(dppe)]t (RCN—BMeH™), In the accompanying artickcompoundsAM and BMo
which subsequently rearranges to a bent alkylhydrazidium and their tungsten counterpat¥’ andBY are characterized
structure (R= Me, Et, Ph). This species either directly decays by X-ray structure analysis, spectroscopy, and DFT calcula-
to the nitrido complex and piperidine with a rate constant  tions on the model complex [Mo(NNE10)(PHCoHiPH,)]
or adds another proton at,Nb generate a doubly protonated (B).2 On the basis of these results, the-N splitting of
species that subsequently undergoesNNsplitting with a ~ compoundB" is investigated spectroscopically and theoreti-
cally in the present study with the goal of elucidating the
(2) (a) Laplaza, C. E.; Johnson, A. R.; Cummins, C.JCAm. Chem. contributions of electronic structure to this process. Particular

Soc 1996 118 709 and references therein. (b) Clentsmith, G. K. B.; . . . .

Bates, V. M. Hitchcock, P. B.: Cloke, F. G. N. Am. Chem. Soc.  attention is thereby directed toward correlating the results

1996 118 709. (c) Caselli, A.; Solari, E.; Scopelliti, R.; Floriani, C.;  of the theoretical treatment to the available kinetic and

589’).’\(]&:) FEEZZ?J'IL f\:,l gh'}fi'zg/l'(""’(‘:/?ﬂ“] Q?Wd(ﬁgzgﬁ.og?g%tﬁiﬁ g, SPectroscopic data and understanding the influence of the

0.; Rettig, S. JJ. Am. Chem. So@002 124, 8389. (e) Fryzuk, M. solvent and the acid on the mechanism of this reaction. To

B e S5 e it b . oo amen &/, tis end, the NN cleavage process @ is monitored at

J. Am. Chem. SoR003 125, 3234. various temperatures in different solvents (THF, acetonitrile,
(3) (a) Pickett, C. J.; Leigh, G. J. Chem. Soc., Daltoh981, 1033. (b) propionitrile, benzonitrile), employing HNEBPh, and HLut-

Hussain, W.; Leigh, G. J.; Pickett, C.1.Chem. Soc., Chem. Commun  gpp, a5 acids (Lut= 2,6-lutidine). Importantly, the reaction

RCN-B MoH,”*

1982 747. | i L

(4) (a) Fryzuk, M. D.; Love, J. B.; Rettig, S. J.; Young, V. Gcience of BW with HNEt;BPh, in acetonitrile at room temperature
1997, 275 1445. (b) Pool, J. A.; Lobkovski, E.; Chirik, P. Nature ; ; ;
2004 427 527. (c) Smith. J. M.- Lachicotte. R. J.; Holland. P.L. is foh;md to be much faster t_han the correspondmg re_act|_0n
Am. Chem. So®003 125 15752. (d) Le Grand, N.; Muir, K. W.; of BM°. A stopped-flow experiment and corresponding kinetic
Pillon, F. Y.; Pickett, C. J.; Schollhammer, P.; TalarminChem. analysis are therefore performed for the protonatiof

Eur. J 2002 8, 3115 and references therein. (e) Ishino, H.; Tokunaga, . - S .
Sh.: Seino, H.; Ishii, Y.; Hidai, Minorg. Chem1999 38, 2489. () With HNEt:BPh, in propionitrile at —70 °C. The two-

Schrock, R. R.; Glassman, T. E.; Vale, M. G.; Kol, M.Am. Chem.  electron-reduced compoundd® and BW contain three

Soc 1993 115 1760 and references therein. : : : ;
© o Maogﬁy%_ R FaU M D ahem Be” 2004 104 385. (b) potentially Lewis-basic centers, i.e..\Nj, and the metal.

Fryzuk, M. D.; Johnson, S. ACoord. Chem. Re 200Q 200202, DFT calculations are employed to obtain information on the
379. (c) Hidai, M.Coord. Chem. Re 1999 185-186 99. (d) Hidai,  protonation processes at these different sites and to under-
M.; Mizobe, Y. Chem. Re. 1995 95, 1115. o . .

(6) Thorneley, R. N. F.. Lowe, D. J. INlolybdenum EnzymgSpiro, T. stand the reactivities of the corresponding protonated inter-
G., Ed.; Wiley-Interscience: New York, 1985. mediates.

(7) Chatt, J.; Pearman, A. J.; Richards, RILChem. Soc., Dalton Trans.
1977, 1852.

(8) Henderson, R. A.; Leigh, G. J.; Pickett, C.JJ.Chem. Soc., Dalton (9) Horn, K. H.; Baes, N.; Lehnert, N.; Mersmann, K.;"Meer, C.; Peters,
Trans.1989 425. G.; Tuczek, F2005 44, 3016-3030.
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Chart 1. [HIPTN3N]MoN> Complex Scheme 2. Possible Mechanisms of NN Cleavage at a
i [HIPTN3N]Mo Center

[N,N]Mo(II)N,

e

l 2H'/e

[N,N]Mo(VNNH,"

Whereas the protolytic NN cleavage process of the
alkylated compound®8™° and BW provides considerable
insight into the mechanistic features of this elementary
reaction, the analogous step in the conversion pfoNNH;
at Mo/W complexes with diphosphine ligands is complicated
by cross reactions between NBdpecies and their two-
electron-reduced derivatives according to the simplified

reaction [N,N]Mo(V)NNH,

II

-

Mo" (NNH,)*" + Mo (NNH,) —
Mo°(N,) + Mo" (NH)** + NH, (1)

(where Mo= Mo(diphos}).1° These problems have been
overcome by using a Mo(lll) complex with the novel
triamidoamine ligand [HIPTBN]3~ (hexaisopropylterphe-
nyltriamidoamine), which provides a sterically shielded site [N:N]Mo(IV)NNH,’ [N,;N]Mo(V)NNH,"
for the conversion of Bito ammonia (Chart 13t Insight into ‘
details of this process was obtained from the characterization

of a number of intermediates. Specifically, protonation of -
the dinitrogen complex [HIPTAN]Mo(N>) (1) was found v S=0 AY
to lead to the NNH and NNHcomplexes [HIPTNN]Mo-
(NNH) (1-H) and [HIPTN;N]Mo(NNH.)* (2), which could l ¢
be isolated and characteriz8d? N—N cleavage of2 was "
hypothesized to proceed via the further reduced and proto- [N,N]Mo(VI)N
nated intermediates [HIPEBN]Mo(NNH,) (3) and [HIPTNN]-
Mo(NNHz)* (5), generating NKl and the nitrido complex
[HIPTNsN]MoN (6), which could be isolated and character-
ized as well. By protonation and reduction@fthe Mo(1V) A4 |
ammine complex [HIPTAN]Mo(NHz)* is formed, which,

upon one—electron_reduction, i.s able to rebind Mder DFT calculations on models and Il of the N, complex
releasg of N clqsmg the reactive cycle. Importantly, the [HIPTN3N]Mo(Ny) (1) and its protonated/reduced derivative
catalytic conversion of Nto NH; has been demonstrated [HIPTNN]Mo(NNH,)* (2) are presented here; Scheme 2

d o . ; : 0
fl?r:.th's systemt, achlleV|r_1f.g S|xtt!,|rnovers W'trt‘ a erl?hOf &5 //{)N shows the corresponding calculated structures. For investiga-
IS represents a signiticant improvement over the MOAW g, of the subsequent NN splitting, modelll is first

diphosphine systems for which a conversion gfthl NH; reduced by one electron, generating modkel of neutral

in three cycles could be achieved, however, with a total yield NNHS, species [HIPTMN]Mo(NNH,) (3). Then, one proton
of only 0.75 NH? per metal comple_%.’ _ is added tolll , generating modeNV of the postulated
As two paradigms are thus available for the cyclic con- .y a-iim intermediate [HIPTINJMo(NNH2)* (5), which
v;rsmn o.f N to NHS’.'t IS ?f ilgmflcant Interest t]? companle cleaves the NN bond upon further one-electron reduction
the reactive properties of these two systems from an e ec'(Scheme 2). Alternatively, addition of one electronltois

tronic structure point of view, particularly with respect to considered, generating modsl of the negatively charged

@,
=
- 1

+NH,

=

the question of how NN cleavage is mediated. To this end,

(10) Pickett, C. J. Talarmin, Nature (London)1985 317, 652. hydrazido(2-) intermediate [HIPTNNJMo(NNH2)™ (4),
(11) (a) Yandulov, D. V.; Schrock, R. R.. Am. Chem. So2002 124, which cleaves the NN bond upon further protonation. These
6252. (b)vandulov, D. V.; Schrock, R. Fcience2003 301, 76. (c) reactions are compared to the analogous protolytieNN

Yandulov, D. V.; Schrock, R. R.; Rheingold, A. L.; Ceccarelli, C.; L. . o N
Davis, W. M.Inorg. Chem2003 42, 796. (d) Ritleng, V.; Yandulov, splitting reactions of compound&™° andB"Y (vide supra).

2- Vc xVeaf% Vébg\i;lgghaoék’6§55; Hock, A. S.; Davis W. W1. Moreover, the electronic structures of the various Mo
m. m. . . . . .
em. 50 (19). triamidoamine N, NNH,, and NNH speciesl—V are
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determined. MetatN and N-N distances as well as
metal-N and N—N stretching frequencies are calculated, and
theoretical predictions are compared to the available experi-
mental data. The effects of the coligands and the d-electron
configurations on the activation of the,lind NNH; ligands

are evaluated on the basis of electronic charges on the N
and NNH; ligands. The theoretical results are correlated to
the observed reactivities, and the implications on the transi-
tion-metal-mediated conversion ot kb NH; are discussed.

25000

——B"in THF
+ 1 equivalent acid

20000 '}

b
15000 o i

¢/M'em’

10000 :

5000

Il. Experimental and Computational Procedures

Sample Preparation. [W(NNCsH10)(dppe}] (compoundBY) A/nm
was prepared as described in the accompanying aftithe *5N- Figure 1. UV/vis spectrum oBW and of protonation products in THF.
labeled compound was synthesized from the corresponding isotope-
labeled dinitrogen complex [V#N)(dppe)]. All sample prepa-
rations were performed under a nitrogen or argon atmosphere usingof model complexes [BNJMoY'NNH,* (I1') and [NsN]JMo'VNNH,~
Schlenk techniques. All solvents were dried under argon. 2,6- (IV). In the case of model complexesgNMo"' N, (1), [NsN]MoV-
Lutidine was purchased from Lancaster. LutidiiBPh, was NNH; (1), [NsN]JMo'VNNH,~ (IV), and [NsN]JMoVNNHz" (V),
synthesized from a metathesis reaction between lutiHi@eand corresponding spin-unrestricted DFT calculations were performed
NaBPh according to the method described in ref 12. for the doublet K, 11l , V) and triplet (V) states.
NMR Spectroscopy. >N NMR spectra were recorded on a .
Bruker Avance 400 Pulse Fourier transform spectrometer operating!!l- Results and Analysis
at a'H frequency of 400.13 MHz using a 5-mm inverse triple- A. Protolytic N —N Cleavage of the W(dppe) Dialkyl-
resonance prob(le head. The reference as a substitutive standard Wﬁ/drazido Complex BY. 1. Protonation of BY with
neat CHNO,, 6(**N) = 0 ppm. o HLutBPh 4 in THF. The UV/vis absorption spectrum 8f"
Stopped-Flow MeasurementsLow-temperature kinetic data -, e j presented in Figure 1. Above 300 nm, it exhibits
were obtained by recording time-resolved UV/vis spectra using a
modified Bio-Logic stopped-flow modulgSFM-20 instrument four bands at 720, _520' 412_’ and 350 nm that are denoted
a—d. Upon protonation oBW in THF at room temperature

combined with cryo-stopped-flow accessory (Huber CC90 cryostat) < | . o
and equipped wit a J & M TIDAS high-speed diode array ~ With 1 equiv of 2,6-lutidineHBPh, (HLUtBPhy), bands &d

spectrometer with combined deuterium and tungsten lamp~200 disappear within about 15 min, leaving a final spectrum (f)
1015 nm bandwidth). Isolast O-rings were used for all sealing with an absorption feature at 320 ffiQuantitative forma-
purposes. Concentration-dependent measurements were performetion of piperidine in this reaction was demonstrated by GC.
by mixing different concentrations of [HNgt with at least 6times ~ The 320-nm band in spectrum f is therefore associated with
lower concentrations of complex ([complex] 0.053 mM) in a the nitrido complex [W(dppejN)]*.
1:1 volume ratio and also by using the same acid solution 5 protonation of BY with HNEt sBPh, in Propionitrile.
(HNEts]"] = 3.2 mM) and applying the option of a variable 14 g,y the protolytic N-N cleavage 08" in coordinating
mixing volume ratio. During the measurements, nitrogen was olvents, various nitriles were employed. ReactioBWfwith
flashed through the system. Data were analyzed using the integrate . . o
Bio-Kine software version 4.23 and also the Specfit/32 program. NE&BPh, '_n acetonitrile vyas so fast that its kinetics _COUId
not be monitored, even with the stopped-flow technique at

DFT Calculations. Spin-restricted DFT calculations were per- R S i .
formed for the model complex [Mo(NN10)(PH,CoHaPHy)o] (B) —35°C. This indicates that the reaction B with HNEts-

and its solvent-coordinated and/or protonated derivatives using BPhs in this solvent is much faster than the corresponding
Becke'’s three-parameter hybrid functional with the correlation reaction ofBMe, for which a stopped-flow study at room
functional of Lee, Yang, and Parr (B3LYMThe LANL2DZ basis temperature has been perfornfetherefore, the reaction of
set was used for the calculations. It applies the Dunning/HuzinagaBW was investigated in propionitrile at70 °C. UV/vis

full double{ (D95)“ basis functions on the first row atoms and  absorption spectra &Y before and after protonation (Figure

the Los Alamos effective core potentials plus DZ functions on all S1) are very similar to the corresponding spectra in THF
other atoms® All computational procedures are used as they are

implemented in the Gaussian 98 packag®vave functions are
plotted with the visualization program GaussView. Judging from
the fact that the geometric and spectroscopic properti&cdire
well reproduced byB, we refrained from carrying out parallel
calculations a a W model system. Spin-restricted DFT calculations
(B3LYP/LANL2DZ) were performed for the singlet ground state

(12) Malinak, S. M.; Simeonov, A. M.; Mosier, P. E.; McKenna, C. E;
Coucouvanis, DJ. Am. Chem. S0d 997, 119 1662.

(13) Becke, A. D.J. Chem. Phys1993 98, 5648.

(14) Dunning, T. H., Jr.; Hay, P. J. IModern Theoretical Chemistry
Schaefer, H. F., lll, Ed.; Plenun: New York, 1976.

(15) (a) Hay, P. J.; Wadt, W. R. Chem. Phys1985 82, 270 and 299.
(b) Wadt, W. R.; Hay, P. JJ. Chem. Phys1985 82, 284.
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(16) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.;
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels,
A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone,
V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C;
Clifford, S.; Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.;
Morokuma, K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.;
Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Baboul, A. G.; Stefanov,
B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, I.; Gomperts,
R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C.
Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.;
Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.; Gonzalez, C.;
Head-Gordon, M.; Replogle, E. S.; Pople, J.Gaussian 98revision
A.7; Gaussian, Inc.: Pittsburgh, PA, 1998.

(17) Reaction conditions: 15 mL of solvenB'f] = 1.5 mmol/L, 1 equiv
of acid, room temperature, oxygen- and moisture-free conditions.
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1 Figure 3. UV — vis spectrum oBYW and of time-dependent protonation
0.6 products in benzonitrile.

0.5 a variable mixing volume ratio was applied for concentrations
1 of HNE&BPh up to 6 mM, and no changes in tkgsxyand
04+ Kobs(z) Values could be observed. The independendeaf,
T from the Hf concentration reflects the fact that protonation
034 of BW to the primary intermediatBVH* is much faster than
1 a solvent attack and already complete upon addition of 6 equiv
of acid during the mixing time. A propionitrile solution of
b BY was titrated with HNEBPh,, and it was observed that
just a small excess of acid is required for complete proto-
78 e nation. The saturation of the initial protonation equilibrium
400 500 600 700 800 at acid concentrations slightly in excess of the complex
A nm concentration has also been establishedBMt.2 The fact
Figure 2. (a) Time evolution of the UV/vis spectra recorded at time thatkqps2)is also independent of the'Htoncentration differs

intervals of 0.22 s. Experimental conditionBY{] = 0.053 mM, [HNE%- i Mo i
BPhj] = 0.32 mM in propionitrile at-70 °C. Inset: Absorbance/time plot from the protonation of8™ for which the overall rate

showing the evolution of absorbance at 400 nm. (b) Spectra of (a) starting, cOnstant for N-N cleavage Ko»9 was found to depend on
(b) intermediate, and (c) product species calculated from the rapid-scanthe acid concentratioh.
measurements in Figure 2a. Calculated spectra for the decay process of comp@yhd
(Figure 1), indicating that protonation Bf in propionitrile are given in Figure 2b. It is clearly seen that the spectrum
also leads to the nitrido complex and piperidine. of the solvent-coordinated, protonated intermediatg (
Time-dependent spectra of the protonatiorB¥f (0.053 observed after the first phase of the dedays(y) has a higher
mM) with HNE:BPh, (0.32 mM) at—70°C in propionitrile absorbance in the UV region than both the nonsolvated,
are shown in Figure 2a. The decay of the absorbance at 40(protonated species observed at= 0" (i.e., after the dead
nm exhibits a biphasic character for whikkysy = 1.5+ time of the apparatus) and the final produd).(The
0.4 s andkgpszy = 0.35 4 0.08 s. It should be noted, intermediate in spectrum b is a W(Il) complex that is bent
however, that the first spectrum recorded immediately after at N,. Its electronic structure (orbital occupancy) is different
mixing (see Figure 2b, spectrum a) in comparison to the from that of compoundB (see below); in particular, the
spectrum ofBY (0.053 mM) and HNEBPh, (0.32 mM) HOMO has changed from a metal-type orbital to a metal-
before mixing (cf. Figure S1, solid line) exhibits about 50% type dr orbital. Hence, its absorption spectrum is different
lower absorbance in the spectral range of-3680 nm. This from that of compound and its protonated derivative. The
clearly shows that a fast reaction, which is ascribed to the final product €) (see Figure 2b and spectrum f in Figure 1)
rapid protonation oB", has already occurred within the dead is a W(IV) nitrido or imido complex, with a low absorption
time of the stopped-flow instrument. In agreement with at 400 nm.
Scheme 1, the faster process,{1) is attributed to solvent 3. Protonation of BY with HNEt ;BPh, in Benzonitrile.
attack on the protonated intermedi®¥H" and the slower In benzonitrile, the protolytic NN cleavage ofBY with
process Konsz) to the N-N cleavage reaction of the HNEt:BPh is dramatically slowed, rendering it possible to
corresponding solvent-coordinated intermediate EtCN follow this process at room temperature. UV/vis spectro-
BWH*. For a 10-fold higher acid concentration, the corre- scopic monitoring of the reaction course, however, reveals
sponding values dfyns(yandkopszyare almost identical, i.e.,  characteristic differences from the results described above
1.6+ 0.4 and 0.36+ 0.09 s, respectively. The option of  (Figure 3). The spectrum of unprotona®¥f in benzonitrile

absorbance

0.2

0.1
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Scheme 3. Formation of a Dialkylisodiazene Intermediate

P P
NI =

is almost identical to that in propionitrile (Figure S1) or THF
(Figure 1). Upon protonation with 1 equiv of acid, an intense

band appears at 900 nm that is not observable in propionitrile

to the final spectrum. These observations obviously reflect
changes in the electronic structure of the solvent-coordinated
intermediate(s) that are caused by the replacement of

propionitrile by benzonitrile. Because benzonitrile is more
mr-accepting than acetonitrile and propionitrile, we attribute

the intermediate with the unusual 900-nm band to a benzo-

nitrile-coordinated, bent W(0) dialkylisodiazene complex
(Scheme 3). In this intermediate, which is stabilized by two
m-back-bonding interactions to the benzonitrile ligand, the

protonated hydrazidium ligand has transferred two electrons
to the metal center, possibly under loss of its proton; at the

same time, the NN interaction is enhanced to a double
bond. This explains why NN cleavage is dramatically
slowed. A charge-transfer (CT) transition could occur in this
intermediate from the metal center to th® orbital of the

bent isodiazene ligand, in analogy to the low-energy CT band

observed in Fe-diazene complexés.

The spectrum of the second intermediate already is very

similar to that of the final product, except for the more

pronounced absorption band around 500 nm. The intensity
of this band has decreased in the spectrum of the final product

(after 1 h). Interestingly, this band is not present in the
spectrum of the benzonitrile nitrido complex [W(N)(PhCN)-
(dppe}] ™ prepared independently (cf. Figure S2). Only after

several hours does this band disappear and the spectrum off

the reaction mixture approach that of [W(N)(PhCN)(dpje)
We therefore attribute the 500-nm band to a benzonitrile-
coordinated, bent dialkylhydazidium intermediate with a very
long N—N bond where complete NN cleavage appears to
be hindered by the electron-withdrawing effect of the
coordinated benzonitrile ligand.

To confirm that N-N splitting of BV takes place in
benzonitrile,®N NMR spectroscopy was employed. The
spectrum ofBY in benzonitrile exhibits a doublet at18
ppm that is assigned togNsplit by coupling with N (Figure
S3). The signal of iis not observed, presumably because
of broadening effects. Upon addition of HLutBfthe signal
at —18 ppm disappears, and two signals-&841.17 and

Mersmann et al.

—352.8 ppm are detected. These are assigned to piperidine
and piperidinium, respectively (Figure S#)lt thus can be
concluded that NN splitting takes place in benzonitrile as
well, but at a strongly decreased rate as compared to
acetonitrile and propionitrile.

4. Theoretical Treatment. To obtain further insight into
the mechanism of the protolytic NN bond cleavage of
compoundBY, DFT was employed. As described in the
accompanying articlé geometry optimization of a slightly
simplified modelB was found to closely match the experi-
mentally observed geometry d&8W. The HOMO of B
containing two additional electrons compared to its precursor
A corresponds to a linear combination of the metabidbital
with a ligand orbital having NN o* character, inducing a
weakening of the NN bond. Protonation oBY was then
simulated by attaching a proton to thes Mtom of the
dialkylhydrazido(2-) ligand ofB in a geometry derived from

Yhat of piperidine (HN@H10). This generates structuBH™,

which is a model for the alkylhydrazidium speciB¥H*

(cf. Scheme 1). Importantly, global geometry optimization
of this structure leads to separation into piperidine and the
nitrido complex, corresponding to an exothermiei(l kcal/
mol) and spontaneous-NN cleavage process &% after
protonation at [y (Scheme 4). Figure 4a displays a relaxed
potential energy surface (rPES) for the-N splitting process

of BH*, demonstrating that this reaction occurs without a
barrier. The HOMO oBH™* containing a N-N antibonding
interaction (cf. the accompanying artit)ehereby evolves

to the lone pair of piperidine. The five-coordinate nitrido
complex will coordinate a solvent molecule after completion
of the N—N cleavage process. The-NN bond-splitting
reaction ofBH* thus can be considered as an orbital- and
symmetry-allowed, heterolytic cleavage process that is
associated with an oxidation of the metal center frothto
+IV. Note that this process occurs without significant
bending ofBH* at N,.

So far, the solvent has not been included in the calculation.
However, as shown experimentally, solvent attack on the
protonated derivatives of the bialkylated compleB&8 and
BY plays an important role in the-NN splitting reaction, at
least in nitrile solvents. To obtain further information on this
action mode, bonding of acetonitrile (R Me) to the
protonated intermediat8"WH" was simulated by DFT,
leading to the model MeCNBH™. Attachment of the MeCN
ligand to the linear moleculdH™* initially leads to an
increase of energy+16 kcal/mol; Scheme 4). Then, this
structure bends at J\l causing a change of one of the in-
plane p-donor orbitals of the NNRyroup ¢z;) to a lone
pair at N, and a conversion of the HOMO &H* from a
d,- to a d-type metal orbital. Importantly, this HOMO
contains an antibonding contribution of the lone pair at N
and a p orbital at Nthat is directed along the NN axis
and is antibonding with respect to the lone pair at(Rhart
2). Further geometry optimization of structure Me€RH*
leads to separation into the nitrido complex and piperidine,

(18) Lehnert, N.; Wiesler, B.; Tuczek, F.; Hennige, A.; SellmannJD.
Am. Chem. Sod 997 119, 8869-8878.
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3882.



Reduction of End-On Terminally Coordinated Dinitrogen

Scheme 4. Protonation Pathways and Product Energies in RelatiddHo (kcal/mol; *partial optimization; N-N distance fixed at 1.5 A)
~__+
BH
H* ,‘| I+ +
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no N-N cleavage

indicating that the nitrile-coordinated intermediates REN
BWH* spontaneously cleave the-MW bond just as their

N-N cleavage

N~

1S N\S .

MeCN—MoEN—HNﬁ

E=-60

pathway was hypothesized to involve a second protonation
at N,, leading to the doubly protonated species REN

nonsolvated counterpart does (Scheme 4). In analogy to theBM°H,?" (R = Me, Et), which undergo NN splitting with

N—N cleavage process of this intermediate, the HOMO of
structure MeCN-BH* is thereby converted to the N lone
pair of piperidine. Again, the NN antibonding interaction

in the HOMO of the doubly reduced, protonated intermediate
is essential for this spontaneous, heterolytieWMcleavage
process.

With respect to the retardation of the-M splitting
reaction ofBY in benzonitrile (cf. section 11I.A.3), it also
appeared of interest to treat the benzonitrile-coordinatgd, N
protonated intermediate PhGNBWH* by DFT. Geometry
optimization of the corresponding model Me€EBH*
initially leads to bending aboth N, of the NNR, groupand
the nitrogen atom of the nitrile ligand, indicating some charge
transfer to the benzonitrile ligand. Further DFT geometry
optimization leads to NN cleavage, suggesting that spon-
tanous N-N splitting occurs in benzonitrile as well. This is
in agreement with théN NMR spectroscopic evidence for
N—N cleavage ofB% in this solvent (vide supra) and the
similar findings of Henderson et al. f@"°.2 The observed
decrease of the NN splitting rate ofB" in benzonitrile as
compared to the rates in acetonitrile and propionitrile must

a rate constarks (Scheme 1). Geometry optimization of the
corresponding doubly protonated, acetonitrile-coordinated
structure MeCN-BH,2*, however, was found to leave the
N—N bond intact. To obtain more information on the
energetics of N-N cleavage, a relaxed potential energy scan
(rPES) along the NN coordinate was performed (Figure
4b). Interestingly, the rPES shows an exothermic splitting
process of the NN bond (approximately-45 kcal/mol) with

a very small activation barrier{1 kcal/mol). Upon elonga-
tion of the N—N bond, the N proton first flips into a position
between N and N;. Then proton transfer from Nto Ng
occurs?® This theoretical result supports the presence of an
alternative, acid-assisted\N cleavage pathway for the
intermediates RCNBMH" (M = Mo, W), associated with
the rate constark in Scheme 1. Experimentally, the second
protonation (at ) is characterized by an equilibrium
constantKs, making the overall rate of this decay path
effectively dependent on the produeKs. The fact that no
dependence of the-N\N cleavage rate on the acid concentra-
tion is observed for the protolytic NN cleavage oBY in
propionitrile can then be explained in two ways: Kj is

be a consequence of the delocalization of electron densityalready saturated by a small excess of acid (exactly as for

into thesr* orbitals of the benzonitrile ligand, which is also
evident from the unusual features detected by UVl/vis
spectroscopic monitoring of the protonation reaction (Figure

the protonation equilibrium at }), and the observed NN
cleavage process is dominated by Kagathway; (ii)Ks is
so small that theéks route is unimportant in comparison to

3). Back-bonding into the benzonitrile ligand acts to decreasethe ks, pathway. On the basis of the observation that the
the basicity on Iy, possibly causing a partial deprotonation N—N cleavage reaction oB%W is much faster than of
of PhnCN-BH™ (cf. Scheme 3), and introduces a barrier for thatBM°, we assume that alternative i is correct. This would
N—N cleavage (which is not evident in the calculation based be in agreement with the general rule that tungsten com-
on the simplified model); both factors effectively slow the plexes are easier to protonate than their molybdenum
N—N cleavage process. counterpartd!

Reduced basicity of the benzonitrile-coordinated species

(20) Of course, the resulting nitrido complex will be protonated in the

PhCN-BM°H* (however, at N) has also been invoked by
Henderson et dto explain that, for this solvent, no acid-
assisted N-N cleavage ofBM°H* could be detected. This

presence of an excess of acid.
(21) Henderson, R. A.; Leigh, G. J.; Pickett, @dv. Inorg. Chem.
Radiochem1983 27, 197-292.
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With respect to further mechanistic scenarios for theNN
splitting of BY, initial protonation at the metal has to be
considered. As shown in the accompanying artictee
HOMO of this molecule exhibits a large lobe toward the

Mersmann et al.

Table 1. Energies of Protonated Intermediates

energy relative energy
intermediate (a.u.) (kcal/mol)
BH*2 —561.878083 0
HB+b —561.920119 —26
BHqtP —561.890336 -8
MeCN—Mo=N" + CsH1;NP —561.9743466 —60
Mo=N" + CsHiNP —561.943661 —41

aN—N distance fixed at 1.50 A, partially optimize®Fully optimized.

attack by H as well. For this reason, bonding of a proton
to B was simulated by DFT, leading to theetatprotonated
species B*. After geometry optimization, the energy of this
structure was found to be 26 kcal/mol lower than that of the
Ng-protonated specieBH* (Table 1), and the NN bond
was left intact. In this case, howeverN cleavage (even
after further protonation at }jlis prevented by formation of

a hydrido group trans to the NNRgand that consumes the
electrons in the HOMO oB" necessary for NN cleavage.
Metal protonation thus would correspond to a thermo-
dynamically favorable, but nonproductive step in the overall
reaction scheme, lowering the observedMisplitting rate.

It must be taken into account, on the other hand, that
protonation ofBY proceeds by proton transfer from undis-
sociated acid or protonated solvérimposing some steric
requirements on this process. A space-filling representation
of the structure oBY shows that the metal is highly shielded
by the phenyl groups of the dppe ligands (Figure 5).
Moreover, upon protonation atgNsolvent attack oB%W is
rapid in coordinating solvents (vide supra). Both effects
would act to kinetically disfavor protonation at the metal
center.

Judging from the finding that Nis more negative than
Nz in BY,22 initial protonation ofBY should be possible at
N, as well. DFT geometry optimization of the corresponding
intermediateBH,* leads to bending of the NNRyroup at
N, leaving the N-N bond intact (relative energy —8 kcal/
mol). As evidenced by a DFT PES, elongation of the W
bond ty 3 A from the optimized value is endothermic by 70
kcal/mol (Figure S5); protonation at/Nherefore does not
lead to N-N splitting under ambient conditions. This
corresponds to the fact that heterolytic cleavage after
protonation at I would lead to a negatively charged
(piperidide) fragment and the imido complex, which ener-
getically is highly unfavorable. To mediateNN cleavage,
the proton therefore has to shift from,Xb N, which can
be effected by a combination of deprotonation/reprotonation
steps (Scheme 4).

To conclude, protonation atgNs found by DFT to induce
an exothermic and activationlessN cleavage process, in
both the unsolvated and the solvent-coordinated primary
intermediateBWYH* and RCN-BWH™". From the literature
data and our own experimental results, solvent attack on the
primary intermediatWH™ is faster than N-N splitting of
the solvated intermediate RGNBWH™. The same probably
holds for the N-N cleavage process of the unsolvated
intermediateBWH™; i.e., this direct decay channel also

open side of the complex, making this a potential site for (22) cf. Table 11 of the accompanying artiéle.
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Table 2. Comparison of Calculated StructuresVI with Experimental Results

bond lengths (A) angles (deg)
complex data source N—N Mo—N Mo—Nap®d MoNayv® MoNN NavMoN

[N3sNJMo" N, S= 1/, I X-ray 1.06 1.96 1.98 2.19 179.2 179.8

opt 1.17 1.97 1.99 2.25 178.5 178.5
[N3N]MoV'NNHz* 1l opt 1.32 1.78 1.96 2.31 177.0 177.6
[N3N]MoVNNH; 1 opt 1.35 1.86 1.99 2.34 142.0 176.6
[NaNJMo'VNNH,~ S=0 IV opt 1.42 1.82 2.03 2.49 141.0 159.8
[NsN]JMoVNNHz* \% opt 1.57 1.85 1.96 2.35 128.9 179.2
[NsN]Mo'VN VI X-ray — 1.65 2.00 2.40 — 179.1

opt - 1.70 1.98 2.56 - 175.2

a[N3N] = (HNCH,CH,)3N3~. P opt = optimized structure, X-ray data taken from ref 11@ata are averaged for simplificatiohNap is the nitrogen
atom of the Amides® Nawm is the nitrogen atom of the amine.

/g,-,, Table 3. Comparison of Calculated and Observed Frequencies of
,, y Complexesl, 2, and6 with Modelsl, II, V, andVI
e experimenta® B3LYP2
complex mode 14N S\ N BN
—t\i [NaNJMo"'N, S= 1, | v(N—=N) 1990 1924 1911 1844
== ~ [N3N]JMoV'NNH,* I v»(N—H)as 3379 3370 3691 3679
v(N—H)s 3274 3270 3542 3538
v(N—N) - — 1487 1443
[N3N]JMoVNNHz* VvV  »(N—N) - - 467 455
v(Mo—N) - - 712 700

[NsNJMoVN VI »(Mo—N) 1013 986 1090 1059

aln cmL. b Data taken from ref 11c.

Table 4. NPA Charges of Model Complexés-VI

atom

complexX Mo Na NB  H° NppP”¢ Nawd
[NsN]Mo"' N, S= 1/, I 1.10 —0.18 —0.05 — —0.90 —0.56
[N3NJMoV'NNH,* Il 1.26 —0.17 —0.57 0.43 —-0.82 —0.58
[N3N]MoVNNH; Il 1.19 —0.37 —0.65 0.38 —0.91 —0.58
[NsN]JMo'VNNH,~ S=0 IV 0.87 —0.49 —0.71 0.33 —0.94 —0.57
[NsN]JMoVNNHz* V 131 —0.49 —0.67 0.45-0.86 —0.58
[NaNJMo'VN VI 123 —042 - —  —0.89 —0.60

a[N3N] = (HNCH,CH,)3N3~. b Charge for each H atomi.Nap is the
nitrogen atom of the amide$Nay is the nitrogen atom of the amine.

MoY(NNHy) (I11'), [NaN]Mo"(NNH,)~ (IV), and [NiN]-
MoV(NNHz)™ (V) ([N3N] = triamidoamine; the terphenyl
Figure 5. Structure ofBW: view of the shielded metal side. substitutents of HIPTMN have been replaced by hydrogen
qatoms in these calculations). A comparison between calcu-
ated bond distances/angles and experimentally determined
structural data is given in Table 2. Calculated frequencies
are compared with available spectroscopic data in Table 3.
NPA charges for the calculated structures are given in Table
4; energies and decompositions for important orbitals, of
[ll , andV are collected in Tables-57.
2. N, Complex (). As a starting point for the investigation
of the N-N cleavage process in the Mo triamidoamine
system, the electronic structure of the dinitrogen complex
[N3NJMo™(N,) (1) is determined. A DFT study onhas been
presented befor& The d-orbital energy level scheme bf
is typical for a trigonal-bipyramidal complex (Figure 6 and

Remarks. DFT calculations and geometry optimizations Table 5). The g2 and d, orbitals are shifted to high energy

have been performed for the complexesNiiMo'" (N,) (1) by strongo—_ and n_—aptibondipg interactions of the amide
and [NNJMoVI(NNH.)* (I1), which are models for the p-donor orbitals within the trigonal plane. At lower energy

respective M and NNH intermediates of the [HIPTAN]- are found the degeneratg,@nd d, orbitals, which are
Mo fragment (Chart 1). Moreover, DFT calculations have (23) Cui, Q.: Musaev, D. G.: Svensson, M. Sieber, S.: Morokumal, K.
been performed on the hypothetical intermediatesN]N Am. Chem. Socl995 117, 12366.

appears to be slower than solvent attack on the protonate
intermediateBWH™". Direct N—N cleavage ofBWH" thus
appears to be intercepted by solvent attack in coordinating
solvents. N-N cleavage of the doubly protonated intermedi-
ate (at N. andNp), finally, is theoretically predicted to occur
in an almost activationless fashion as well. In contrast to
BMo, the protonation preequilibrium of this decay channel
appears to be saturated Y in the presence of an excess
of acid. Under such conditions, the observedMcleavage
process oBY is therefore dominated by the decay of the
doubly protonated intermediate.

B. Protonation, Reduction, and N-N Cleavage of
Dinitrogen in [Mo """ (N)(triamidoamine)]. 1. Introductory

Inorganic Chemistry, Vol. 44, No. 9, 2005 3039
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Figure 6. MO diagram and contour plots of important molecular orbital$.of
Table 5. Charge Contribution of Model Complex activation of this ligand predicted by the calculation is too
energy a spin charge decomposition large. Correspondingly, the AN stretching frequency is
orbital label (hartree) N NS Mo  Nao  Nam calculated at 1911 cm, lower than experimentally observed
1
7 dyde 56 —0.00191 19 19 29 12 1 (1990 cn1?).
7% -dzldy, 55 —-0.01069 27 26 21 8 1 3. Mo(VI) NNH ; Complex (I1). Bonding of two protons
Che-% 54 o672 19 6l 9 0 to the dinitrogen complekalong with one-electron reduction
dypm* 53 —018548 1 15 65 10 0 s -
Nap 52 —0.19524 0 0 2 78 1 gives the NNH complex [NsN]JMo(NNH2)* (Il). The
Nap 51 —-023272 0 0 22 56 1 HOMO of this species is a nonbonding linear combination
N %0 ~023%89 0 O 17 62 0 of amide lone pairs (Figure S6). As described earlier, the
Nam-po-d2 49  —0.28873 4 2 7 2 55 : p g : - AS . ,
Po—0z2 40 —0.38605 19 53 6 6 1 planar NNH ligand has an in-plangj, orbital that mostly
w 39 -040297 50 34 3 1 0 corresponds to a p-donor orbital at,Nvhereas the out-of
7 38  —040916 15 15 2 2 7 ) N N 4
s 37  —041176 33 26 3 10 3 plane orbital 7, has N-N z* characte’* Below the

HOMO are the bonding combinations of Mg, @nd d/dxy
nonbonding with respect to the amide orbitals but back- with the NNH, z; and s}, orbitals, respectively, which are
bonding with respect to the dinitrogen orbitals. Population primarily of ligand character (Table S1); LUMO and LUMO
of these orbitals with the three electrons of Mo(lll) gives + 1 are formed by the corresponding methgand anti-
rise to a?E ground state. NBO charge analysis indicates a bonding combinations. The electrons associated with metal
charge of-0.18 at N, and—0.05 at N, comparable to those  ligand z-bonding can therefore be assigned to the ligand,
of Mo/W dinitrogen complexes with diphosphine coligaitls.  corresponding to a Mo(VI)/hydrazidotd formulation.

At 1.17 A, the calculated NN bond length is larger than  However, NBO charge analysis indicates that the total charge
experimentally determined (1.06 A), indicating that the on the NNH ligand is slightly positive. This indicates a
strong donation of the-2 ligand charge back to the Mo(VI)
(24) Lehnert, N.; Tuczek, Anorg. Chem.1999 38, 1671. metal center, effectively leading to a neutral bound isodiazene
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Figure 7. MO diagram and contour plots of important molecular orbitalsliof

species. This also agrees with the-N bond length of 1.32 ~ Table 6. Charge Contribution of Model Comple

A and the N-N stretching frequency of 1487 crh which energy o spin charge decomposition
both are indicative of a NN double bond?®2* Complexll orbital label (hartree) M. NS Mo H Nap Nam
therefore corresponds to a Mo(VI) hydrazide{2species dy? 63 009590 9 3 27 3 5 13
that is subject to large ligane> metal charge donation gxzjgy gé 8-8;3391 ;‘ ; gg 11 11;3 g
. T [/ Oy T* .
because of the highly positive charge on the metal center. do 59 003026 0 0 79 O 6 0
4. Mo(V) NNH; Complex (lll). Transfer of one electron ¢, 58 002681 0 1 79 0 6 0
to Il gives the putative neutr@= %, Mo(V) species [NN]- Chy-7,, 56 —0.00448 19 8 40 0 11 1
Mo(NNH,) (Il ). DFT geometry optimization of this struc- %7, :Z _8-1(13232 12 32 jg g Z é
ture reveals bending of the NNHyroup at N, in the NH; ﬁv;iy;) 53 -018145 0 o0 1 0 77 1
plane, causing conversion thg p-donor orbital to a lone Nap(p) 52 —0.21997 4 0 13 1 61 1
pair at N, (for simplicity, we retain ther}, formulation for N:\Dép) gé —8-342161338 31 é g} % 5S 1%
. . . . . I, —Oxz —VU.
thls_ orbltgl). The S_Ol\/_IO ofll is a metal ¢, o_rbltal with 3n NiMidsza 49 -—026819 12 1 9 2 2 48
antibonding contribution from the lone pair at, o7, Nap_7_dz 46 —032755 6 10 12 O 39 3
Figure 7 and Table 6). The corresponding antibonding 7-d 4313 —8-%222 ig 42 Z 2 ﬁ 1‘11
H H : * F H Po W
comblnfitlon with s, Oy, is unocc_upled. Bgcaus_e of D2 36 042684 40 20 13 2 6 5
population of the SOMO that is metaligand antibonding a—H, 29 -051441 6 65 1 26 O 0

but N—N nonbonding, the metalN bond oflll is elongated
by 0.08 A with respect to that i, whereas the NN bond doubly reduced NNK complex [NsNJMo'Y(NNH,)~ (1V),
length is increased by only 0.03 A. which, upon protonation, cleaves the-N bond. The two

5. Mo(IV) NNH ;, Complex (IV) and Its Protolytic N —N electrons of the Mo(lV) configuration give rise ®= 0
Cleavage. Addition of one electron tdll generates the andS = 1 states, the former being found at lower energy

Inorganic Chemistry, Vol. 44, No. 9, 2005 3041
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Figure 8. MO diagram and contour plots of important molecular orbital&/of

(9.39 kcal mott). Geometry optimization of th& = 0 preformed in the HOMO ofV . The triplet state ofV has
complex leads to a doubly bent NNHgand (Scheme 2).  not been included in this treatment because it is higher in
The HOMO oflV is an antibonding combination of a metal energy than the singlet state (vide supra) and requires an
dy, orbital with the lone pair at N derived from ;. intersystem crossing along the-W cleavage path to give
Moreover, this orbital contains a contribution of g Norbital the diamagnetic products.
along the N-N bond that is antibonding to the lone pair at 6. Mo(V) NNH3; Complex (V) and Its Reductive N-N
N. (Figure S7). At lower energy is found the bonding CleavageAs an alternative to the protolyticNN cleavage
combination of the out-of-planer) with the metal ¢, process described above, one proton can be addédd to
orbital, which is of primarily ligand character (Table S2). leading to the NNH complex [NNN]JMoV(NNHz)™ (V;
This bonding description would correspond to a Mo(lV) Scheme 2). Exactly as fdil , structurev has a NNH ligand
hydrazido(2-) formulation forIV. This is supported by a  bent at N.. The single d electron is contained in the SOMO
N—N bond length of 1.42 A, indicative of NN single bond B50of V, which, as in the case dfl , is an antibonding
character. NBO charge analysis gives a negative charge oftombination of a metal orbital with the lone pair at, N
—0.6 for the NNH group, corresponding to back-donation derived from z;, (Figure 8, Table 7). Importantly, this
of —1.4 charge units from this ligand to the Mo(IV) metal orbital also contaisia p orbital at M directed along the NN
center. bond, effectively leading to a NN antibonding interaction

If a proton is added to mod&V at N;, spontaneous NN with the lone pair at jl This is relevant to the NN splitting
cleavage takes place upon geometry optimization and theprocess considered below. The other p-donor orbitalat N
separate components ammonia and nitrido complex areof the NNH; group that is derived from the out-of-plane
obtained. Judging from the above bonding description, this orbital 7z, is involved in az-bonding fashion with ¢ in
corresponds to a heterolytic-NN cleavage process proceed- MO 500
ing by two-electron transfer from the HOMO of the proto- As indicated by the calculated bond distances, both the
nated derivative ofV to the lone pair of NH which is N—N and the metatN bonds are greatly elongated in this
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Table 7. Charge Contribution of Model Complex stopped-flow apparatus, leading to the primary protonated
energy a spin charge decomposition intermediatd_BWH+. Propionitrile coordination to this species
orbital label (hartree) N NS__Mo H Nao Nam proceeds with a rate constakpsqy of 1.5 = 0.4 st
i i i W+ =

o _dpldg 60 —009762 33 17 32 3 5 3 generating the |ntgrmed|ate RCHB H. _(R = Et) that
h/Ohe—y? 59 —0.12755 5 14 47 9 17 0 subsequently mediatesNN bond splitting in a slower
Gy gg —8-%232 13 i ‘ég g ig 8 reaction kobsiz= 0.35+ 0.08 s'%, 6 equiv of acid). A much
gyz/d;f”v 55 —030706 18 14 43 1 12 4 slower reaction was observed upon treatmenBYfwith
Nro(D) 54 -033664 3 1 4 1 75 1 HLutBPh, in benzonitrile at room temperature, proceeding
Nap(p)-cy 53 —037326 18 0 12 1 51 2 via intermediates that could not be observed in acetonitrile,
Nao(p)de—z 52 —037691 8 0 13 1 51 6 ionitri
Nam—0y; 51 -039143 14 2 24 1 7 33 propionitrile, and_Tl_—|F._
7y 50 -041104 38 1 35 2 11 0 Geqmetry optimization _of a mpdel of the solvent-
7 dgldy 49 —042665 37 2 20 2 4 16 coordinated, l-protonated intermediate RCNBYH* was
pu—gzz gg —8-52833 3% gi 15 zi (7) 8 found to spontaneously lead to separation into the nitrido
a—Ha —0. . .- . . .
a—Hy 58 —072307 2 73 0 24 0 0 complex and piperidine, corresponding to an activationless

heterolytic cleavage of the NN bond. The much slower

intermediate (1.85 and 1.57 A, respectively), corresponding N—N cleavage reaction oBY in benzonitrile along this
to population of the metalN and N—N antibonding SOMO. pathway was attributed to the delocalization of electronic
This is also reflected by the extremely low—W and charge into the aromatic ring of the coordinated solvent
metakN stretching frequencies predicted by the calculation molecule. Importantly, DFT also indicates the possibility of
(467 and 712 cmt, respectively; Table 3). The extreme activationless N-N cleavage ofinsobatedintermediateB",
weakening of the NN bond inV is further evidenced by initiated by protonation at N In coordinating solvents such
the fact that the* orbital [6000of V is at 0.20 au above the as nitriles, this process appears to be intercepted by solvent
SOMO, significantly lowered in energy with respect to that attack, in agreement with the literature. Nevertheless, this
in complexIl whereo* was found at 0.26 a.u. above the direct reaction path might be relevant to the protolyticNl
SOMO. cleavage process in non- or weakly coordinating solvents.

Single-electron transfer t¥' leads to double occupancy For the N-N cleavage reaction of the molybdenum
of its HOMO. Upon geometry optimization of the corre- dialkylhydrazido comple8™° in acetonitrile, a second, acid-
sponding structure, the NN bond is cleaved, and the assisted pathway had been obsef/&His is based on further
separate components NEnd nitrido complex are obtained. protonation of RCN-BM°H* at N, with an equilibrium
It can therefore be concluded that both pathways are in constanKs, generating the doubly protonated species RCN
principle effective in the conversion ofNo NH; on Mo BMeH2+ that subsequently decays to the imido complex and
triamidoamine systems, i.e., protolytic cleavage of the piperidine with a rate constakt. The overall rate of this
hydrazido(2-) complexIV and reductive cleavage of the process depends on the prodieKs and thus becomes
hydrazidium compleX . Importantly, both pathways involve  dependent on the acid concentration. For the protonation of
an intermediate Mo(IV) hydrazidium species that spontane- the tungsten compleXBY in propionitrile at —70 °C,
ously cleaves the NN bond. however, no dependence of the reaction rate on the acid
concentration could be observed. On the basis of the easier
protonability of tungsten as compared to molybdenum NNH

In the preceding sections, the mechanism ef\Ncleavage complexes X = 0, 1, 2f! it was concluded that the
in Mo and W hydrazidium complexes with diphos and equilibrium associated witKs is saturated in the presence
triamidoamine ligands (diphes dppe, depe) was evaluated. of an excess of acid. Theoretical simulation of the-Nl
The N—N splitting process in the Mo/WNNH, and—NNH3; cleavage process of the doubly protonated intermediate
systems with diphos coligands was investigated on the basisrevealed an exothermic process46 kcal/mol) with a very
of the dialkylated, doubly reduced, five-coordinate complex small activation barrier{1 kcal/mol). Judging from the large
[W(dppeX(NNCsH10)] (compoundBY) a full characterization ~ value ofKs for BW, this must be the dominant pathway for
of which is presented in the accompanying artfoles known the N—N cleavage reaction of this molecule in the presence
for the analogous molybdenum complex (compo@iy), of an excess of acid.
protonation ofB"Y in various solvents leads to cleavage of  In competition with the direct NN cleavage process
the N—N bond under generation of the nitrido complex and triggered by protonation at /N unsolvatedB" can also be

IV. Discussion

piperidine, providing a prototypical example for the-N protonated at the metal. As the electron pair in the HOMO
splitting step in the transition-metal-mediated conversion of of BY is consumed for hydride formation,-N\N splitting
N, to NHs. does not occur in this case, even after further protonation at

In acetonitrile and at room temperature, compo@y Ng. Metal protonation therefore would correspond to a
reacts much more rapidly with acids than its molybdenum nonproductive step in the overall reaction scheme. Judging
counterpart. A stopped-flow experiment for the reaction of from the rapid solvent attack on the-drotonated intermedi-

BY with HNEt%:BPh, was therefore performed in propionitrile  ate and from steric considerations, however, this process does
at—70°C. As reported in the Results and Analysis section, not appear to be important. Initial protonation®¥ at N,
protonation ofBYW is complete within the dead time of the finally, was found to lead to an intermediate that requires
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70 kcal/mol to cleave the NN bond. Nevertheless, NN eters were compared to available experimental data. More-
cleavage can be induced in this intermediate by transfer of over, the postulated one-electron-reduced derivativé ,of
the proton from N to Ng, probably via a deprotonatien intermediatelll , was treated by DFT. For the cleavage of
reprotonation sequence of reactions or by an additionalthe N—N bond, two scenarios were considered: (i) one-
protonation at I (cf. Scheme 4). electron reduction of the Me-NNH, complexlll leading

As a result of the theoretical treatment, protonatioB§f to a Md¥—NNH, complex, followed by protonation, and
thus does not allow NN cleavage (single protonation at (i) protonation of the M8—NNH, complexl!ll to a Mad’—
N.), inhibits further protolytic N-N cleavage (protonation = NNH3 species, followed by one-electron reduction. In both
at the metal), or induces\N cleavage as an allowed process cases, geometry optimization of the intermediate Mo(IV)
(protonation at Iy, along with or without protonation atd)l hydrazidium species leads to the separated nitrido complex
This qualitatively agrees with the results of the experimental and ammonia; i.e., both reaction modes mediate a spontane-
data available forBW and supports the kinetic scheme ous N-N cleavage process. Judging from the lower-lying
originally established by Henderson efdbr BM° (Scheme LUMO for V as compared tdll , pathway ii appears more
1). So far, the calculations do not indicate the presence of favorable than pathway i; i.e., protonation of the NNiioup
significant activation barriers in the allowed-¥W cleavage of lll to a hydrazidium species before electron transfer to
pathways ofBW and BM°. Although activation parameters induce N-N cleavage helps to make the necessary reduction
have not been experimentally determined for this reaction, potential less negative. On the other hand, the terminag NH
the fact that the N'N cleavage rate dB" becomes slow at  group oflll is still slightly positive (-0.11), in contrast to
low temperature appears to indicate the presence of a barriethat of its one-electron-reduced countergaft(—0.05, cf.
in this process. Possibly, our theoretical picture of initial Table 3). ThereforelV is easier to protonate thdhl . The
proton transfer to compouriglis too simple, and the primary  actual pathway will thus depend on the applied reduction
interaction of the acid with compouriélis more in the form potential and the g, value of the acid effective in the
of an H-bonded acidbase complex® In this complex, the  protonation.
actual proton transfer might occur only after elongation of ~ What are the implications of the geometric and electronic
the N—N bond, i.e., concomitant with the \N cleavage structures on the reactivities of the Mo/W diphos and the
process, introducing a barrier along the-N coordinate. Mo triamidoamine systems? Most notably, the diphos

Solvent coordination to the primary protonated intermedi- Systems bind dinitrogen at the zerovalent stagec(hfig-
ateBH™ appears to be associated with a barrier as well. The uration), whereas Nbinding of the triamidoamine ligands
fact that nitrile does not coordinate to the starting complex occurs at the Mo(lll) level. Judging from N distances,
has already been noted by Henderson étTdle reason for N—N stretching frequencies, and calculated charges, the
this finding is the lone pair at the metal pointing into the activation of N is comparable in both systems. Importantly,
vacant site. CompounB thus is not Lewis acidic but rather  the three negatively charged equatorial amido groups in the
Lewis basicand will not easily accept a solvent. Coordination trigonal triamidoamine system are both strangnd strong
of nitriles to the monoprotonated form is slow because this 7 donors, pushing the,dd,-2 orbitals to high energy by
intermediate does not bend af, Mfter initial protonation olm-antibonding interactions such that they become un-
and thus still has a lone pair at the metal. This only changesoccupied. Thus, only the amide nonbonding and d,
upon bending oBHT at N,, thus giving a Lewis acidic  orbitals are populated and interact with the dinitrogen
character to this species and allowing coordination of solvent. orbitals. In contrast, the neutral, equatorial phosphine groups
Moreover, bending is associated with an orbital redistribution, of the Mo/W diphos systems aredonors andr acceptors,
shifting two electrons from add to a dz-type metal orbital.  generating (along with the axial ligands) a set of two d
Solvent coordination t@H™, therefore, is associated with  orbitals and a set of threg drbitals. At the zerovalent level
an activation barrier; the calculation gived6 kcal/mol. In of the metal center, the.dorbitals are occupied by six
particular, it becomes slower at low temperatures than electrons. However, whereas the two electrons in the
observed in the room-temperature experiment of Hendersonnonbonding ¢, orbital are not involved in the reduction of
et al® where it was complete within the dead time of the N2 to NH; on Mo(0) or W(0) complexes at any stage, all
stopped-flow apparatus. Alternatively, initial protonation at three metal d electrons are needed for this process in
N, or initial double protonation at Nand N; should lead to the Mo triamidoamine system. The latter system therefore
an intermediate that is bent at,Mind thus readily would is more economical in the use of reduction equivalents.
accept a solvent molecule. Judging from the slow solvent A second important difference between the two systems
coordination observed foBW at low temperature, these relates to fact that the ligand in the trans position to the N

scenarios appear less probable. coordination site is fixed in the triamidoamine complex. In
In the second part of this article, a theoretical analysis of contrast, this ligand is exchangeable in Mo/W diphos
the reduction and protonation of,Nn the Mo(lll) tri- complexes and lost upon two-electron reduction at the NNH

amidoamine system up to the point of-INl cleavage and  and NNR stage, forming five-coordinate species. However,
generation of the first molecule of NHb presented. To this ~ a solvent molecule or the conjugate base of the employed
end, DFT calculations of the MtN, complex and its acid can coordinate to the empty coordination site just after

d'pmtonated’ one-electron-reduced NNterivativell \_Nere (25) Golubev, N. S.; Shenderovich, I. G.; Smirnov, S. N.; Denisov, G. S;
performed. Calculated structural and spectroscopic param-  Limbach, H.-H.Chem—Eur. J. 1999 5, 492.
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drazidium group which is bent at:Nforming a lone pair at — opionitrile (with and without acid) and in benzonitrile (with acid);
this position. The HOMO of this intermediate is an in-plane yyis absorption spectrum of [W(N)(NCPh)(dpgiBPh, in
metal g, orbital with an antibonding contribution of the lone benzonitrile; 15N NMR spectra of Compounﬁw in benzonitrile,
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to the lone pair at Nl Upon N-N cleavage, this HOMO  via the Internet at http://pubs.acs.org.

evolves to the lone pair of ammonia, and the two-electron-

oxidized metal nitrido species is left behind. IC0486740
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