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The spectroscopic properties and electronic structure of the hydrazidium complexes [MF(NNHz)(depe),](BF4)2, M
= Mo and W, are investigated (depe = 1,2-bis(diethylphosphino)ethane). Vibrational spectroscopic data for both
compounds are evaluated with a quantum-chemistry-assisted normal coordinate analysis, giving an N-N force
constant of 6.03 mdyn/A and metal-N force constants of 8.01 (Mo—N) and 7.31 mdyn/A (W-N), respectively. On
the basis of these results and DFT calculations on a [MoF(NNH3)(PHs)sJ** model system, the N-N bond order in
these systems is 1 (single o bond) and metal-N bonding corresponds to a triple bond. The metal centers are
assigned a +V oxidation state (d? configuration) and the NNH; ligand is assigned a —1 formal charge which by o-
and sr-donation to the metal is reduced to +0.48. The two metal-d electrons are located in the nonbonding (n) dy,
orbital. This bonding description is supported by the results of optical absorption spectroscopy showing the n —
(metal-ligand)sz* transition at 536 nm (not observed in the tungsten compound) and the (metal-ligand)z — (metal—
ligand)sz* transition at 251 nm for the MONNH; and at 237 nm for the WNNH3; complex. The activation enthalpy for
splitting of the N—N bond in these systems to generate NH,4* is estimated to be larger than 40 kcal/mol. Hydrazidium
complexes with diphosphine coligands are therefore inert with respect to N—-N cleavage and thus represent the
ultimate stage of N, reduction at six-coordinate d® metal centers in the absence of external reductants.

Introduction with thiolate/thioether coligandsThe symmetric pathway

In preceding publications dealing with the reduction and @lS0 comprises systems in the extreme activation limit which
protonation of dinitrogen at transition-metal centers, we have SPontanteously cleave the Rolecule coordinated in an end-
used spectroscopy and DFT calculations to obtain insight On (-1,2) or side-on #-%5?) bridging manner into two
into elemental reaction steps involved in this chemistry. ~ nitrido species. The asymmetric pathway is based on
particular, we have made a distinction between “symmetric” dinitrogen coordinated end-on terminally to transition metals
and “asymmetric” pathways. The symmetric pathway starts and after six protonation steps leads to ammonia. If “mod-
from N, coordinated irnu-1,2 (linear bridging)#? (side-on erately” activating complexes containing Mo and W phos-
coordinated), op-1?%n5? (side-on/edge-on bridging) fashion phine systems are employed, all the intermediates along the
and primarily leads to coordinated diazene and hydrazine. reduction pathway can be isolated (see Schenfe 1).
In the framework of this reaction mode, we have spectro-
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Reduction Pathway of End-On Coordinated Dinitrogen

Scheme 1. Reduction Pathway of End-On Terminally Coordinated systenﬁ As our earlier investigations on Mo/AAN2H
Dinitrogen complexes were based on systems containing bidentate
MZNEN H vznzn H M.:..N:N:H phosphine coligands (i.e., dppel,2-bis(diphenylphosphi-

no)ethane), we decided to focus on compidx which is
generated by protonation of the dinitrogen complex [\W{N
-NH; | N, H* (depe)] (1V) with HBF,. Similar NNH; complexes with dppe
do not exist since protonation of the corresponding N
precursors stops at the NNKtage. We also prepared the

I H* 3 H molybdenum analogue of1, [MoF(NNHs)(depe)](BF.).
= T MEN #NHy  <—— MENTN-H (1), by protonation of [Mo(N)2(depe)] (1) with HBF,. The
H characterization of the Mo and W hydrazidium complexes

) ) Il and VI by vibrational and optical spectroscopy is the

This reaction sequence has been suggested to apply t%ubject of this paper. The analogous NNEomplexes
n_itrogenase as it is_compatible with the_ Thorneley/Lowe [MoCI(NNH.)(depe)]Cl (Il ) and [WCI(NNH)(depe)]Cl (V)
kinetic schemé.Previously, we have studied the,NN>H, were prepared by protonation bandIV with HCI and for
and NH, complexes [l\/I+(I\51)2(dppe}], [MF(NNH)(dppe}], comparison studied by optical spectroscopy as well.
an_d [MF(NNHZ)(Qppe)] M = _MO’ W, dppez. 1,2-bis- All spectroscopic results are interpreted by DFT calcula-
(diphenylphosphino)ethane) with the help of infrared and 45 oroviding information relevant to the electronic
Raman spectroscopy coupled to DFT calculations and foundstructure and reactivity of Mo and W hydrazidium com-
that this reaction pathway is characterized by a stepwise flow pounds. In particular, the vibrational data are evaluated by

of charge from the metal to the oMH, ligand and a a quantum-chemistry-assisted normal coordinate analysis

; . b _ (
con_com|tant Increase _Of metdigand covalency®® The (QCA-NCA), which we have developed earlier to account
major part of metal-to-ligand charge transfer occurs after thefor the vibational properties of Mo/MN5, —N,H, and

first .protonation step leading to.coordinated diazgmde( —N,H,» compounds? Application of this method to the
Addition of the second proton is only accompanied by @ N, complexes allows one to monitor the evolution of

minor change of covalency, generating an almost neutral ¢, .o constants after the NNistage. Using time-dependent
_NNde SPecies Wh'%h |shbetter Idhezcrlbgd ;S ccl)ordmated DFT, the electronic-structure calculations further allow one
Isodlazene compare tothe usuai ny razidg@rmulation. to calculate electronic transitions which are compared to the
These electronic structure descriptions are supported by theoptical absorption data of the NNKtomplexesll VI and

results of vibrational spectroscopy. The-N and metaAI—N the corresponding NNfHcomplexedl /V, respectively. The
force constants evolve from 16.4 and 2.65 mdyn/A in the . hications of the resulting bonding description are dis-

N2 complex to 7.20 and 6.31 mdyn/A in the NNH o cc0q yith respect to the reactivity of NABystems and
compound, respectively, indicating that the decrease#N  yhair rgle in the end-on terminal reduction pathway of N
bond order from 3 (Blcomplex) to 2 (NNH complex) goes

along W|th a more than doubled me{-&" bond Strength. As Experienta| and Computationa| Procedures
the NNH; ligand is almost neutral, the metal carries a formal . . o
charge of+2 in the corresponding complex, i.e., has donated Sample Preparathn_ and Isotopic Substitution.The natural
two electrons to the Nligand. These electrons are used to 'SCtope abundance dinitrogen complexes [Mftdepe)] (1a) and
convert ther ands* orbitals within the NNH plane into a [W(N2)(depe)] (IVa) were prepared by following literature
(filled) NH bonding orbital on M (terminal N) and a doubly procedure$.For the synthesis of the corresponding NN\dtpecies
. ; - ue [MoCI(NNH,)(depe)]CI (lla) and [WCI(NNH,)(depe)]Cl (Va),

occupied p donor orbital (lone pair) ortXcoordinating N).  4npydrous HCI was condensed onto the dinitrogen complizxes
In contrast, the Mout-of plane (vertical) orbitalsy (filled) andIVa at—196°C similar to a procedure described by Galirfdo.
andsr*, (empty) still exist at this stager*, being involved [MoF(NNHz)(depe)](BF,), (Illa) and [WF(NNH;)(depe)](BFs).
in back-bonding interaction between the metal and til¢;N  (Vla) were obtained by protonation ¢ andIVa, respectively,
ligand. with HBF,.” Identity of Il andVI was checked by fluorine analysis.

Addition of one more proton to the NNHcomplex The™N isotopomers [MdN,) (depe)] (Ib) and [W(N) (depe)]
generates the hydrazidium species which is the last inter-(IVb) were synthesized usingN,. The preparation of the proto-

mediate before cleavage of the-Nl bond (cf. Scheme 1).  Nated,N-labeled complexes [MoCRNNH,)(depe)]Cl (lIb),
It is known that these intermediates form upon protonation [WCI(*N™™NH,)(depej|Cl (Vb), [MOoF(*N**NHs)(depe)](BF).
of tungsten N complexes containing strongly electron- (lIb) , and [WFEN"*NHg)(depe)l(BF); (Vib) was carried out

donati hosphine ligand lovi ‘ idsinal from the 15N-substituted dinitrogen complexey and Vb,
onating phosp ',ne Igandas, emp oying strong acids |nla argerespectively. The reactions and sample preparations were performed

excess. Well-defined hydrazidium compounds described in ynqer a nitrogen or argon atmosphere using Schienk techniques.

the literature are [WF(NNEJ(depe)](BF4)2 (VI), which has

been characterized by NMR, elemental analysis and con- (7) garclay: Hills; Hughes: Leigh: Macdonald: Bakar; Ali.Chem. Sag

ductometry, and [WCI(NNH)(PMey)4|Cl, (V11 ), which has @ ??Itganﬁlnsi}_ﬁgoﬁ50r?. Richardd. Chem. Soc.. Dalion T
. . PR a) Galindo; Hills; Hughes; Richards. Chem. Soc., Dalton Trans.
provided the first structural characterization of an NJNH 1990 283. (b) Galindo, A.; Hills, A.; Hughes, D. L.; Richards, R. L.
J.Chem. Soc., Chem Commuir@87, 1815.
(6) Thorneley, R. N. F.; Lowe, D. J. INMolybdenum EnzymgSpiro, T. (9) Hussain, W.; Leigh, G. J.; Mohd Ali, H.; Pickett, C. J.; Rankin, D. A.
G., Ed.; John Wiley: New York, 1985. J. Chem. Soc., Dalton Tran984 1703.
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The sample manipulations for vibrational and optical spectroscopy geometry optimization. Structufié is only used for TDDFT and
were carried out in a glovebox. All solvents were dried under argon. not optimized.
IR Spectroscopy.Middle-infrared(MIR) spectra were obtained
on KBr pellets using a Mattson Genesis Type | spectrometer. Far- .
infrared (FIR) spectra were obtained on Rbl pellets using a Bruker R€sults and Analysis
IFS 66s FTIR spectrometer. Both instruments are equipped with a
cryogenic (CTI) helium cryostat. The spectra were recorded at 10 1. Synthesis When a solution of [W().(depe)] (IV) in
K, and the resolution was set to 2 tin benzene is reacted with 10 equiv of HBEthereal solution),
UV/Vis Spectroscopy Optical absorption spectra were obtained a red-pink precipitate is formed which has been analyzed
on neat compounds pressed between sapphire windows or fromgnd characterized by NMR as [WF(NN}depe)](BF,)2
KBr pellets. The spectra were recorded at 10 K using a Varian (V1).” The same reaction carried out with [Mofdepe)]
Cary 5 UV—vis—NIR spectrometer equipped with a CTI cryocooler. () gives a pink precipitate which according to fluorine

Normal Coordinate Analysis. Normal coordinate calculations . . . .
were performed using the QCPE computer program 576 by PetersonanaIySIs and vibrational spectroscopy (see below) is the Mo

15]
and McIntosh. It involves solution of the secular equation GFL analo.gug of v, [MOF(N.NH3)(depe)](BF4)2 (). =N
AL by the diagonalization procedure of Miyaza#arhe calcula- substitution of the natural isotope abundance compolllads

tions are based on a general valence force field, and the force@ndIVa giving Compo_und:tllb andIVl_), respe(_:tively, was
constants are refined using the nonlinear optimization routine of performed on the basis of the respectithé-substituted Me-

the simplex algorithm according to Nelder and Méadormal and W—bis(dinitrogen) complexela andlVa. Reaction of

coordinate analysis is based on the QCA-NCA procedure which these complexes with HCI analogous to the procedure

involves generation of an initial force field by DFT methaés. described by Galindo for the preparation of the hydrazidium
For the hydrazidium complexes [MF(NNH{depe)](BF4). (M complex [WCI(NNH)(PMe;)4Cl, (VII)8 was found to

= Mo (Il ) and W ¢1)), model [MoF(NNH)(PHy)]*" (Il) was  generate the NNpcomplexes [MoCI(NNH)(depe)]Cl (11)

employed for DFT calculations, giving theoretical frequencies and (color: pi .
. = . _ . pink) and [WCI(NNH)(depe)]CI (IV) (color: orange-
the matrix of force constants($ee below). To remove interactions pink), respectively.

between the PHgroups and the rest of the molecule, thesPH ) ] .

ligands were simplified to P atoms, leading to model [MoF(N)NH 2. Vibrational Structure. Spectral Analysis. Raman
P,J2* (Il ") which was used for NCA. The correspondifimatrix spectra oflll andVI were found to be almost featureless.
f' can be divided into two parts: force constants of theM— Vibrational analysis is therefore exclusively based on the
N—NHj3 unit (core); force constants of the MBnit (frame). The infrared spectra ofll and VI. This corresponds to the
force constants of the frame and nondiagonal elements betweensjtuation encountered for [WF(NNMdppe)](BF4) and [WF-

the core and the frame were taken from the DFT calculation and (NNH)(dppe}].*2 Overview IR spectra ofila andVla are
fixed. Very small matrix elements were neglected. The force ghown in Figure 1; sections of the spectra showing isotopic

fCanSt::fesongearfg\r/el \/rv:;eeéltytee(jl t?a?:tctrr‘]et%eﬁexz(r”e"s‘e:;al shifts are given in Figure 2. Frequencies and assignments
quenci » fespectively, taking valu are collected in Tables 1 fdH and 2 forVI.

an initial guess. . .

DFT Calculations. Spin-restricted DFT calculations were per- Spectral comparison betweédtia and lllb (Figure 2)
formed for the NNH- ligand and the NNK and NNH model shows three bands dflb which are absent iflla. The
systems [MoF(NNE)(PHs)4]* (1) and [MoF(NNH;)(PHs)4]2~ (IT1), shoulder at 1347 cmt is assigned to the NN stretchv-
respectively, using Becke’s three parameter hybrid functional with (NN), which is of low intensity as in the [WF(NN#{dppe)T
the correlation functional of Lee, Yang, and Parr (B3LYPThe complex!2The Mo—N stretch is assigned to the shoulder at
LANL2DZ basis set was used for the calculations. It applies 591 cnt?, in accordance with the W complex showing the
Dunning/Huzinaga full doublé-(D95)*% basis functions on the first | atal-N stretch at 570 ot (see below). Another feature
row and Los Alamos effective core potentials plus DZ functions of low intensity appearing at 434 crin the far-IR spectrum

on all other atom$?* Charges are analyzed using the natural bond . . h . .
. . . : of lllb is assigned to the doubly degenerate bending vibration
bital (NBO) f I tural lat lysis, NPA). ; o
orbital ( ) formalism (natural population analysis ) of the linear Me-N—N unit (“linear bend”,6(MoNN)). In

Transition energies are determined using time dependent DFT ) . . .
the region of N-H stretching vibrations bands are found at

(TDDFT) calculations. All computational procedures are used as ) - . e
they are implemented in the Gaussian98 pack&éave functions 3315, 3265, and 3171 crh which upon isotopic substitution

are plotted with the visualization program Mold€nThe f matrix
in internal coordinates is extracted from the Gaussian output using (16) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
the program Redont. The structure ofi’| used for TDDFT and M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.;
. . . . . . Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels,
the calculation of vibrational frequencies is obtained from a A D.: Kudin. K. N.: Strain. M. C.: Farkas. O.: Tomasi. J.- Barone
V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.;

(10) Miyazawa, T. JChem. Phys1958 29, 246.

(11) Nelder, J. A.; Mead, RComput. J.1965 7, 308.

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

(13) Dunning, T. H., Jr.; Hay, P. J. IModern Theoretical Chemistry
Schaefer, H. F., Ill, Ed.; Plenum: New York, 1976.

(14) (a) Hay, P. J.; Wadt, W. Rl. Chem. Phys1985 82, 270, 299. (b)
Wadt, W. R.; Hay, P. JJ. Chem. Physl985 82, 284.

(15) (a) Foster, J. P.; Weinhold, . Am. Chem. S0d98Q 102 7211. (b)
Rives, A. B.; Weinhold FInt. J. Quantum Chem. Symp98Q 14,
201. (c) Reed, A. E.; Weinstock, R. B.; Weinhold,Jr.Chem. Phys.
1985 83, 735. (d) Reed, A. E.; Curtiss, L. A.; Weinhold, Ehem.
Rev. 1988 88, 899.
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Figure 1. IR spectra of [MoF(NNH)(depe)](BF4), (llla) and [WF(NNH)(depe)](BF4). (Vla). Observed peaks (in crt) and calculated positions,
respectively, are indicated.

V(NH) V(MN) SOVMNN) the 1N experiment to 3334, 3271, and 3173 dinrespec-
i tively. The W—N stretch is found at 570 cm and upon

15N substitution shifts by about13 cni*to 557 cnmt. The

W b feature at 436 crt which in the!®N experiment shifts into

a broader band at 415 crhis assigned to the linear bend
O(WNN). Generally, the metalN and N—N vibrations are
more pronounced in the WNNH; spectrum whereas the

434

§ Va N—H stretches are much sharper in the-MdNH; complex;
g both systems therefore provide complementary information.
é VIb DFT Frequency Calculation. Besides isotopic substitu-

tion and comparison with NNpsystems, spectral analysis
of the Mo and W hydrazidium compounds is assisted by a
DFT frequency calculation on mod#ll (see below). This
calculation also provides an initial guess for thmatrix
which is then used for the normal coordinate analyses (NCA)
of compoundsll andVI (QCA-NCA; see below). The three
v(NH) stretching vibrations are calculated by DFT at
Figure 2. Detail plots showing isotope-sensitive bands in the IR spectra somewhat higher frequencies than observed in the experiment
of llla.b andViab. but qualitatively reproduce the energy splittings and the
isotope shifts of these modes (cf. Tables 1 and 2). On the

shift to 3305, 3258, and 3167 cW respectively. The  basis of the calculation, the highest-energy vibration is
appearance of three NH vibrations in the IR spectrum  assigned to the totally symmetric stretching mode of the
unambiguously proves the formation of a hydrazidium terminal—NHsz; moiety (vs) whereas the two other bands,(
complex; corresponding NNtsystems only show two sharp v are the components of the corresponding antisymmetric
bands in this spectral regidh. N—H vibration (E symmetry irCs,), split by theCs symmetry

In the IR spectra of the tungsten systems [WFNNH of the complex. Specifically, the band at medium energy
(depe)](BF4)7] (Vla,b), no peak belonging to(NN) can be corresponds to the antisymmetric NH stretch that is sym-
identified (Figure 2). The three NH stretching vibrations ~ metric with respect to the molecular plang)(whereas the
are now located at 3345, 3275, and 3178 €and shift in lowest-energy band corresponds to the NH vibration that is

436

T T T T T L T T
3300 3000 2700 1400 1200 640 560 450 375
wavenumbers (cm")
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Table 1. Comparison of the Observed and Calculated Frequencies of [M

Horn et al.
oFgNdBpe)](BF4)2 and [MoF{5NNH3)(depe)](BF4)2 in cm™t

exptl QCA-NCA
NNH3 15N15NH; obsd shift NNH 15N15NH; calcd shift B3LYP forli'l
vs(NH) 3315 3305 -10 3316 3304 —-12 3464
vs(NH) 3265 3258 -7 3264 3257 -7 3392
vadNH) 3171 3167 —4 3170 3168 -2 3312
v(NN) n.o 1347 1386 1341 —45 1266
»(MoN) n.o 591 593 587 -6 510
v(MoF) n.o n.o 630 621 -9 617
0(MoNN) n.o. 434 445 434 379
362

Table 2. Comparison of the Observed and Calculated Frequencies of [WF{N&#be)|(BF4), and [WFENINH3)(depe)](BF4), in cm™t

exptl QCA-NCA
NNH3 I5N15NH3 obsd shift NNH 15N15NH3 calcd shift B3LYP forli'|
vs(NH) 3345 3334 -11 3344 3331 -13 3464
vs(NH) 3275 3271 —4 3278 3271 -7 3392
vadNH) 3178 3173 -5 3176 3174 -2 3312
(NN) n.o. n.o. 1341 1305 —36 1266
(WN) 570 557 -13 569 557 —-12 510
v(WF) n.o. n.o. 590 588 -2 617
O(WNN) 436 n.o. 436 424 -12 379
362
Ay Chart 1. Symbolicf-Matrix of the F—M—N—NH3 Core of the Models
" andVI'" in Cs Symmetry
Ts ry Iy g9 rsio Tsii PBrgo PBoeio Bren Olosio Oogin Ouiosnn 1b* 1b” T
P4 Zr
o %2 l?s %Zs v
Hil ! 2 o X
> o oa
Oy X gib W n X [
f‘sb klb U‘b
fzsb kzb k}h Uzb
P3 e gl:: i Cw mlz mlz mzbb V,: .
| o O
Sl Szlb
T

Figure 3. Structure of the model systems [MF(NMR]%T, Il ' (M =
Mo) andVI' (M = W), used for QCA-NCA giving internal coordinated
designations and the coordinate system.

antisymmetric with respect to this plane.d. The NN—
stretch is calculated to be at 1266 ¢inconsiderably lower
than observed in the Mo system (1347drm lllb ; i.e., at
about 1390 cm! in llla). The metal-N stretch which is
found at 591 cm! for lllb and at 570/557 cnt for Via/b

is calculated to be at 510 crh Due to theCs symmetry of
the model compleXl ', a splitting of the doubly degenerate
bending mode into two bands at 379 and 362 t(#N) is
predicted whereas only one signal at 434 and 436'dm
identified forlllb andVla, respectively. The discrepancies

O(NNH); 3 H—N—H bendsdé(HNH); 1 doubly degenerate
linear bend®¥(MNN); 1 torsiont around the N-N bond
which is at very low frequency. Chart 1 shows the symbolic
f-matrix of the —Mo—N—NH3; core. Experimentally de-
termined frequencies are compared to the values determined
by QCA-NCA and DFT calculations (B3LYP) in Tables 1
and 2. Force constants resulting from the QCA-NCA
procedure are presented in Table 3; their designations
correspond to Chart 1.

Application of the QCA-NCA procedure to the-M—
N—N unit of the hydrazidium complexell and VI is
complicated by the fact that no metdt stretching frequen-

between calculated and observed frequencies are ascribegies are observed. The force constant of the metal fluorine

to solid-state effects distorting the gas-phase equilibrium
structure, i.e., packing effects and/or hydrogen bridges
between the Nklgroup of the hydrazidium ligand and the
anions. The metalF stretch cannot be identified in the
spectra ofll andVI but is calculated by DFT to be at 617
cmt

Normal Coordinate Analysis. The QCA-NCA procedure

is performed as described in the Experimental Section. The

structure of the simplified modéll ' [MF(NNH3)(P,)] (M

= Mo, W) with the internal coordinates used for normal
coordinate analysis is given in Figure 3. The corresponding
F—M—N—NH3; core has 15 normal modes: 6 stretches
(MF), »(MN), ¥(NN), 2 v(NH), va{NH); 3 N—N—H bends

1080 Inorganic Chemistry, Vol. 42, No. 4, 2003

stretch Z;°) is therefore substituted by the B3LYP value (3.62
mdyn/A; cf. Table 3) and fixed® The structure of the
adjacentf-matrix is shown in Chart 2 (cf. Chart 1).

In the case of the Mo compourd , bothv(NN) and v-
(MN) are observable, allowing one to determine diagonal
as well as the off-diagonal force constants. This way, the
N—N force constani® is determined to 6.03 mdyn/A, the

(19) The reliability of the DFT prediction of MeF frequencies was
checked by calculating the Md- force constant of Maog Using the
identical model chemistry as applied tdl and VI (B3LYP,
LANL2DZ), a Mo—F force constant of this molecule was calculated
to 4.69 mdyn/A, in very good agreement with the experimental value
(GVFF force constant 4.79 mdyn/A; see: Labonville, P.; Ferraro, J.
R.; Basile, L. JCoord. Chem. Re 1972 7, 257).
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Table 3. Force Constants for [MF(NNgl(depe}l(BF4)2 (M = Mo, W;

Units mdyn/A for Stretching and mdyn A for Bending Interactions)

forceconst M=Mo M=W forceconst M=Mo M=W
VAN 3.62 3.62 by® 0.42 0.42
Z° 8.01 7.31 dis 0.18 0.18
Ys 6.03 6.08 d® 0.18 0.18
Xi® 5.83 5.89 fy0 0.22 0.22
X5 5.92 5.97 f,50 0.22 0.22
UsP 0.62 0.62 grsP -0.23 -0.23
U, 0.62 0.62 g2 -0.23 -0.23
VqP 0.59 0.59 j1sP 0.06 0.06
V0 0.58 0.58 j2%P 0.1 0.1
S 0.63 0.65 js%P 0.12 0.12
SlP 0.63 0.65 ko -0.14 -0.14
T 0.002 0.002 m° -0.1¢ -0.1¢
a3 0.78 0.78 mpP -0.18 -0.1%8
by 0.076 0.076 mg° -0.1¢ -0.1¢
hs 0.0 —-0.04 my° -0.1¢¢ -0.1¢¢
kqP -0.14 —0.14 mgP -0.18 -0.18
pP -0.12 -0.12 piP 0.1 0.1

aTaken from DFT and fixed® Taken from the Mo calculation and fixed.

Chart 2
M-F M-N [N-N
M-F |Z*
M-N |2’ zZ’
N-N b* b’ Y*

Mo—N force constanZ® is determined to 8.01 mdyn/A, and
values fora® of 0.42 mdyn/A and forb,® of 0.78 mdyn/A
are obtained. The off-diagonal matrix elembiftdescribing

the coupling between MF and N-N is small; therefore,
the DFT value (0.076 mdyn/A) is used and fixed. In the case
of the F—W—N-—N unit of compound/I, only the metat-N

stretch is observable. Therefore, the above matrix elements

of the Mo compoundll are adapted, only adjustirg}® to

fit the experimentally observed YN frequencies (see
below). This givesZ,® = 7.31 mdyn/A, somewnhat lower than
the value foill . For the Mo-NN and W-NN linear bends,
force constants of 0.63 and 0.65 mdyn A, respectively, are
obtained. NH-stretching force constants are fittedK{d=
5.83 mdyn/A andX;s = 5.92 mdyn/A forlll andX;s=5.89
mdyn/A andX;® = 5.97 mdyn/A forVI, respectively.

Agreement between the experimental frequencies and the(dppe)](BH 20

results of QCA-NCA is good (Tables 1 and 2). The NN
stretch is calculated at 1341 cinfor the *SN-substituted
Mo—NNH; compound which is close to the frequency of
1347 cnm! observed fotllb ; the predicted isotope shift for
this vibration is 45 cm®. v(MoN) is calculated at 593 cm
and predicted to shift to 587 crhupon isotopic substitution
(measured forlllb : 587 cn) while for the Mo-F
stretching vibration a frequency of 630 chwith an isotope
shift of —9 cn1 ! results. The/(WN) mode which is observed
at 570 ¥la) and 557 cm* (VIb) is very well reproduced at
569 and 557 cmt, respectively; forv(WF) frequencies of
590 (“N) and 588 cm® (**N) are predicted. The metal
NN bending modes ofil are calculated by QCA-NCA at
445 cnrt with a*SN shift of —11 cn1?, which is compatible
to the®™N spectrum ofll where ona)(MoNN) vibration is
found at 434 cm!. The 6(WNN) vibration of Vlia is

\

A

/

[MoF(NNH,)(PH,),]"
(Model TI)

X-Ray Structure

A(MoP)=2.54 A
A(MoN) =1.76 A
ANN) =133 A

A(MoF) =1.99 A

]z+

[MoF(NNH,)(PH,),
(Model 1T )

Optimized Structure

A(MoP) =2.64 A
A(MoN)=1.79 A
ANNN) = 1.44 A

AMoF) =193 A

Figure 4. Structures of the model complexésand Il used for DFT
calculations.

calculated by QCA-NCA at 436 cm, the experimental
value, giving the following!*N shift: —12 cnt?®. Finally,

the NH streching frequencies bf andVI and their isotopic
shifts show excellent agreement with the observed values.

2. Electronic Structure.

Input Geometries and Structure Optimizations. The
structure of the NNRHimodel system [MoF(NNE)(PHs)4] "

(11) is derived from the crystal structure of [MoF(NNH

and not optimized. The complete electronic
structure ofll has been presented befdbdyere, modell

is only used for time-dependent DFT (TDDFT) calculations
to assign the transition energies observed in optical absorp-
tion spectra of compoundd and V (see the following
section). By addition of a third hydrogen atom at aN
distance known from the NNHcomplex and performance

of a full geometry optimization, model systdit is obtained
(see below).

Frontier Orbitals of the Free Ligand. Bonding of three
protons to N and four-electron transfer generate NNH
species (hydrazidium). Loss of coupling between the p
orbitals of the coordinating and the terminal nitrogen ef N
which is already observed in the NNH and Nhspecie®

(20) Hidai, M.; Kodama, T.; Sato, M.; Harakawa, M.; Uchida, IMorg.
Chem.1976 15, 2694.
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Figure 5. Frontier orbitals of the free ligands,Nand NNH;~. Orbital
energies are indicated.

Table 4. Comparison of Experimental and Calculated Structures for
Model 1Tl

M—P M—-N N—-N M-X N-H

[MOF(NNH3)(PHg)2  opt 264 179 144 193 1.04
[WCI(NNH3)(PMe3)4Cl, X-ray 2.519 1.785 1.396 2.483

aMo—F.>W—-CI.”

Figure 6. MO diagram and contour plots of important molecular orbitals

. . . . . of II'l along with prominent optical transitions.
is further proceeding; i.e., the verticat,§ and horizontal

(m,) 7 orbitals of N are now transformed into two NH  Table 5. Charge Contributions of [MoF(NNgI(PHs)4]?* (Il1)
bonding orbitals on K whereas the two degenerate orbital composns (%)
orbitals of dinitrogen have evolved into two orbitalsgnd orbital  label energy(eV) Mo P F NI N2 ™ HP
py mostly having lone pair character at the coordinating

y ; e . dz_po+ 4] —-39348 33 6 1 20 35 4 1
nitrogen N (Figure 5). N-N bonding is mediated by the 4z p,. a@00 -7.2056 17 11 3 28 17 17 3
orbital p,; the N=N triple bond of N is therefore reduced = te-y di39d -80165 35 62 0 0 0 0 2
to a singles bond. ?ﬁz_Hp;,* #@80 —8.4764 25 11 1 4 42 14 2
Electronic Structure of the Mo—NNH3; Complex (I11). Chee_Px a'@70 -98179 55 1 6 24 1 9 3
The structure of the NNEHmodel system [MoF(NNk)- gyz_py d[%%‘? —lg-f;égg 2553 é g 23 (1) g 13
S I o " a’ -13.
(PHs)4)2" (I1'1) is given in Figure 4. _The optlmlzed structure ¥, 4343 -150806 7 51 14 20 0 1 6
parameters as well as a comparison with the data from ap,d, am@33 -150860 7 51 14 20 0 1 6
single-crystal analysis of [WCI(NN§(PMes)4]Cl-2 are given m_iz a"gig —ig-;jgg ig ig ig 32 g g g
. . . py_d,, a —16.
in Table 4. Addition of t_hree Hto complexl Ieadlng to the P do, &30% -17.1804 48 43 0 0O 0 0 9
triply protonated speciedll causes a shortening of the F(p) 4298 -17.4969 12 10 61 3 0 0O 13
Mo—N bond and an enlargement of the NN bond; i.e., the Egpg ggﬂgﬁ —ggé(l)i 15 13 272 93 g g 15
_ . . . 7 p * =17,
Mo—N distance is reduced from 2.014 A in modedf the PHy 4268 -179568 0 46 1 0 O O 53
dinitrogen comple¥® to 1.79 A in the NNH complexIil, PIF.¢¢ da@58 -18.0520 29 38 16 4 1 0 11
whereas the NN distance is elongated from 1.164 to 1.44 P02 all73 -226426 18 0 4 49 4 1 O
A a2 Qccupied orbitals.

The MO diagram ofll1 along with contour plots of
important orbitals is shown in Figure 6; orbital compositions 48% de-2 and 43% phosphine contribution. The LUMO is
are given in Table 5. The HOMO df| is the nonbonding  part of a 2-fold degenerate set of the antibonding combina-
orbital dy which, in comparison to the NNHcomplex, is tions d,_p« and d,_p,, also simply denoted astl,,, which
shifted to lower energies. Below the HOMO are the bonding predominantly have metal character (55%). To higher energy
combinations of ¢ and d, with the NNH; p-donor orbitals the antibonding combinations ofavith p, are found. They
px and p, corresponding to two MN x bonds. These MO’s  split into three orbitals with variable metal and—IM
are denoted asypd; and p_d,, (or simply p and g) and contributions.
have 45%N,, 16% P, and 18% Mo contribution. Metal On the basis of this MO scheme, the NNkfjand has a
ligand o bonding is mediated bypdz Bonding in the single N=N ¢ bond and is coordinated to the metal center
equatorial ligand sphere is dominated by orbital 2_jdwith by a metal-N triple bond. The metal has & @lectronic
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[MoF(NNH, )(depe),|(BF ), [WF(NNH,)(depe),|(BF,),
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Figure 7. Solid-state optical absorption spectrallbf (top left), VI (top right),ll (bottom left), andv (bottom right): (A) KBr pellet at room temperature;
(B) neat complex pressed between sapphire windows at 10 K; (C) concentrated KBr pellet all 1@nKV neat complexes.

Table 6. NPA Charges of [MoF(NNE)(PHs)]2" right), only three absorption bands at 446, 310, and 237 nm
Mo N NG Hy  Hn F Py PH; PHy are found. Time-dependent DFT (TDDFT) has been em-
ployed to assign these features; Table 7 collects the observed
band positions as well as the lowest 10 transitions obtained
configuration with two electrons being in the nonbonding from TDDFT on modell'l. Band assignments are based on
dyy orbital and therefore is assigned a formdV oxidation the agreement between theoretical and measured transition
number. As evident from the NPA (natural population energies. The ligand-field transitions originating from the
analysis) charges (Table 6), the electronic charge on theHOMO are dy— dy, p/dy; p, (HOMO — LUMO (n — 7*)
NNHj; ligand is reduced from (formally)-1 to +0.48; i.e., transitions) as well asyg— d¢-2 and dy — dz TDDFT
this ligand donates about 1.5 charge units to the metal(lV) predicts vanishing or very small intensities for all of these
center. From Table 6, this charge is mostly withdrawn from features. For compoundl , the HOMO-LUMO transition
the coordinating “imido” ()2~ atom whereas the terminal s observed at 536 nm (18 657 cHand calculated at 17 830

0.19 -0.36 -0.60 0.48 048 —-0.44 044 044 0.44

—NPHj3 group carries a charge of abotil.. The+4 formal cmL; for compounaV! this transition is not observed. The
charge of the Mo center is further reduced by donation from transition to ¢_,? is observed at 446 nm (23 256 c#for
F~ (0.56) and the phosphine ligands %40.44), leading to ||| and 430 nm (22 422 cr) for VI; the calculation predicts
an effective charge 0t-0.19 (Table 6). this transition at somewhat higher energy (23 9769y
3. Electronic Spectroscopy. — d2 is calculated at 29 267 crh and found at 310 nm
NNH3; Complexes of Mo and W.Figure 7, top left, shows (28 409 cnm®; 11l ) and 352 nm (32 358 cm; VI), respec-
solid-state absorption spectra of the MdNH3; complexlll . tively. This absorption band is more intense than the lower-

Four bands at 536, 430, 352, and 251 nm can be identified.energy LF transitions which, however, is not reflected in its
In the spectrum of the tungsten analogtie(Figure 7, top calculated intensity. An excitation energy of 38 456 ¢iis
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Table 7. Calculated and Experimental Transition Energies for [MF(Njttiepe)](BF.).

exptl (cnT?)
calcd (cnt?) M = Mo M=W state assgnt oscillator strength
17 823 18 657 ‘a Oyy—dyz py 0.0001
17 835 a Oy Oz_Px 0.0001
23976 23 256 22 422 "a Oy Ohe—y? 0.0
29267 28 409 32258 "a Oyy— dz2 0.0
34183 a py— dy/px— Ox; 0.0
35177 a py— dyApx— Cly; 0.0
35349 4 py— thdpx— dy; 0.0
Oyy—dz2
38 456 39841 42 194 "a Py — Oxdpx— 0y 0.0109
41639 aa’ Py — Oy/ Py — OxdPx— Oy/px— Oz 0.0
41829 aa’ py— Oy py— ddpx— dydpx— il Oy — d2 0.0002

aCalculated for the modei’l.

Table 8. Calculated and Experimental Transition Energies for Discussion
[MCI(NNH )(depe)]Cl

cag _emE) sl tog 1o spectoscopic and elecliontiructural haracerza.
(cm?l) M=Mo M=W state assght strength : p P T

19719 18868 20450 b Gy jidy o, 0.0002 tion of Mo and W_ hydra2|d|_um (NNET) comple_xes. Such_
23603 a  de—dJdy—dey 0.0 systems play a critical role in the end-on terminal reduction

pathway of N to NH; as they represent the highest level of

24 688 3 Qo dddy—dey 0.0 N, protonation in this reacti de and the last intermediat
27015 25126 24510 b dg—.*, 0.001 2 protonation in this reaction mode and the last intermediate
33331 B de—dey 0.002 before the splitting of the NN bond.

33629 31250 31447 ja a*n—dydde—.*Jdy—d2z 0.0119 - .

36451 33784 34965 1a wn—ddde—.t/dg—dz 00102 In the dinitrogen chemistry of Mo and W, octahedral
37933 h de,—d2 0.0082 hydrazidium complexes only form under special conditions.
41890 b 0.0171 ; ;

42 107 S 0.0006 So far, they have exclusively been isolated as tungsten

systems with mono- and bidentate phosphine coligands
carrying terminal alkyl groups, being generated from the
corresponding bis(dinitrogen) complexes of W(0) by proto-
nation with HBR or HCI.”# These acids introduce a fluoro
]and a chloro ligand in a trans position to the NNgtoup,
respectively. In contrast, protonation of Mo and W bis-
) _ (dinitrogen) complexes having bidentate phosphine ligands
NNHZ_ Complexes of Mo and W.For comparison, optical i aromatic groups (dppe) was found to only lead to NNH
absorption spectra of the NNttomplexesll (Mo) andV complexes! Protonation of bis(dinitrogen) systems with

(W) rlave been recorded (Figure 7, bottom). In these fyStemS‘monodentate mixed aryl/alkyl phosphine ligands, finally,
thez* orbitals split into one orbital in the NNEplane 1) generates Nklunder decomposition of the metgdhosphine
and one perpendicular to itrf,) and the metal has four ¢, p1ex22 On the basis of our interest in a well-defined

electrons in ¢ and d,.'> The Mo spectrum (left) exhibits oq,ction pathway of Nmediated by Mo/W complexes with
two weak absorption bands at 530 and 398 and two strong

t?a”ds 320 and 29_6 nm; the W spectrum (right) is qua”ta' (21) (a) Jimenez-Tenorio, M.; Puerta, M. C.; Valerga, P.; Hughes, D. L.
tively similar. Assignments using the results of TDDFT Chem. Soc., Dalton Trand994 2431. (b) George, T. A.; Kaul, B.

a Calculated for the moddl . P See text.

calculated for the p— dy,and g — dy, (m — 7*) transitions;

in the spectra the corresponding absorptions are found at 25
nm (39841 cm?t) for compoundlll and 237 nm (42194
cm™) for VI, respectively.

; 1l ; B.; Chen, Q.; Zubieta, Jnorg. Chem1993 32, 1706. (c) George, T.
calculations on moddll are presented in Table 8. Thg,d A Ma, L Shailh, S N.: Tisdale. R, C: Zubieta, lhorg, Chem.

199Q 29, 4789. (d) Galindo, A.; Hills, A.; Hughes, D. L.; Richards,
R. L.; Hughes, M.; Mason, J. Chem. Soc., Dalton Tran99Q 283.
(e) Barclay, J. E.; Hills, A.; Hughes; D. L.; Leigh, G. J.; Macdonald,
C. J.; Abu Bakar, M.; Mohd-Ali, HJ. Chem. Soc., Dalton Trans.
199Q 2503 (f) Abu Bakar, M.; Hughes, D. L.; Hussain, W.; Leigh,
G. J.; Macdonald, C. J.; Mohd-Ali, HI. Chem. Soc., Dalton Trans.
1988 2545. (g) George, T. A,; Tisdale; R. €@.Am. Chem. So¢985
107, 5157. (h) Chatt, J.; Fakley, M. E.; Hitchcock, P. B.; Richards, R.
L.; Luong-Thi, N. T.J. Chem. Soc., Dalton Tran4982 345. (i)
Takahasi, T.; Mizobe, Y.; Sato, M.; Uchida, Y.; Hidai, M. Am.
Chem. Soc198Q 102 7461. (j) Chatt, J.; Pearman, A. J.; Richards,
R. L. J. Chem. Soc., Dalton Tran1978 1766. (k) Chatt, J.; Pearman,
A. J.; Richards, R. LJ. Chem. Soc., Dalton Tran§977 2139 (I)
Chatt, J.; Pearman, A. J.; Richards, RJLChem. Soc., Dalton Trans.
1977, 1852. (m) Chatt, J.; Pearman, A. J.; Richards, RJ.L.Chem.
Soc., Dalton Transl976 1520. (n) Heath, G. A.; Mason, R.; Thomas,
K. M. J. Am. Chem. S0d.974 96, 260. (0) Chatt, J.; Heath, G. A.;
Richards, R. LJ. Chem. Soc., Dalton Tran974 2074. (p) Chatt,
J.; Heath, G. A.; Richards, R. . Chem. Soc., Chem. Comma72
1010.

(22) Chatt, J.; Pearman, A. J.; Richards, RJLAm. Chem. Sod 977,
99, 2.

— dy, transition is observed in the spectra at 530 nm (18 868

cmy; 1) and 489 nm (20450 cm; V), respectively
(calculated transition energy: 19 719 th whereas thex
— 7*, transition is found at 398 nm (25 126 ch) in the
spectrum ofl and at 408 nm (24 510 crf) in the spectrum

of V, respectively (calculated transition energy: 27 027

cm™1). At 320/296 nm (31 250/33 784 ct) in the spectrum
of Il and at 318/286 nm (31447/34965 chin the spectrum
of V, the higher-intensityr — =* transitionsz*, — d,, and

dy, — z*, are observed. These transitions are calculated at

33629 and 36 451 cm, respectively. The first transition is
in-plane with respect to the NNHinit, and the second one

out-of-plane. Importantly, both transitions are at lower energy

than observed for the hydrazidium compounidsand VI,
in agreement with the lower metaligand covalency in the
NNH, as compared to the NNHbystem.
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a robust equatorial Lcoordination, we investigated the mdyn/A observed for the NNH and 6.31 mdyn/A observed
known W—NNH; system [WF(NNH)(depe)](BF4). (VI) for the NNH, complex, respectively. The evolution ofNN
using vibrational spectroscopy (IR/Raman) and DFT calcula- force constants upon successive protonation indicates a
tions. In addition, we succeeded preparing the analogousstepwise decrease in-\N bond strength initiating bond
complex [MoF(NNH)(depe)](BFJ), (111 ) the spectroscopic  cleavage whereas the evolution of methll force constants
properties of which are compared to its tungsten counterpart.reflects an increase of metdigand covalency, indicative
This continues our line of research which has started with of a successive strengthening of the metdlbond. This

an investigation of the electronic structure and the spectro- provides an energetic driving force for the reduction of the

scopic properties of Mo/WN,, NoH, and NH, complexes. N—N triple bond and acts to prevent loss of partly reduced
Upon triple protonation of the Natom of coordinated N NNH, substratex = 1—3.
the doubly degenerate sets of dinitrogemndz* orbitals The bonding scheme established for the Mo and W

evolve into doubly degenerate sets of NH bonding orbitals hydrazidium complexes is further supported by optical
on N and lone pairs on ¥ respectively (Figure 5).  absorption spectroscopy on complexsandVI coupled
Population of these orbitals requires four additional electrons to time-dependent DFT (TDDFT) calculations on a ™o
which are transferred from the W(0) or Mo(®) ekntral atom NNH; model system. The (metaligandyr — z* optical

of the parent Mcomplex to the NNHunit, leaving the metal  transition is calculated by TDDFT to 38 456 thwhich

in a1V oxidation state (8configuration). The NNHlligand shows good agreement with absorption bands at 251 nm
thus formally acquires one negative charge (NN and (39841 cm?, Il ) and 237 nm (42 194 cm, VI), respec-
the N—N triple bond of N is reduced to a single bond tively. The two d electrons of the metal are located in the
between N and N. Converselyg interaction between the  nonbonding (n) g orbital; the n— z* optical transition is
hydrazidium ligand and the metalarbital along withz calculated by TDDFT at 17 830 crhwhich compares well
interaction between the lone pairs of ldnd the metal @ with an absorption band at 536 nm (18 657 émlll ).

dy; orbitals form a triple bond between NNldnd the metal-  Higher-energy ligand-field (LF) bands in the optical absorp-
(IV) center. By ligand— metalo andz donation, about 1.5  tion spectra ofll andVI are assigned tog— dy2 (446
negative charge units are transferred from the ligand backnm= 23 256 cm for Ill ) and d, — d2 (352 nm= 32 358

to the metal center. Metaligand bonding in NNH com- cm! for 1ll'), respectively. This energetic sequence of LF
plexes is thus analogous to nitrido, imido, or oxo com- transitions is in agreement with that found for analogous Mo-
pounds?® (IV) oxo compounds with phosphine coligartds.

This bonding scheme is supported by the results of For comparison, optical absorption spectra of the Mo- and
vibrational spectroscopy. The-M\N force constant ofil and W(NNH,)(depe) complexesll andV, respectively, have
IV is determined to 6.03 mdyn/A, and the methl force been recorded and interpreted by TDDFT as well. Both LF
constants are determined to 8.01 (W) and 7.31 mdyn/A andszr — sr* transition regions of these spectra are markedly
(W—N), respectively. While the metaN force constants  different from those of analogous NNHystems. The LF
are similar to those of analogous Mo(lV) nitrido or imido region of the NNH complexes exhibits bands at 398 and
complexes f(Mo—N) = 8.09 and 7.68 mdyn/A, respec- 530 nm (Il ; 408 and 498 nm V), which are assigned to
tively),2* the N—N force constant is higher than found for the transitions g — x*, and dy — d,,, respectively. These
the N-N single bond in hydrazine. However, with com- features are masked in the analogous dppe complexes by a
parison of the N-N bond length of hydrazine (1.46 &) metal — phosphine CT ban#. With respect to the corre-
with the relatively short NN bond length of the NNH sponding NNH systems, ther — s* transitions are shifted
complex (from the crystal structure of [WCI(NNHPMes),]- to lower energy and split into two bands at 320/296 nm
Cl,, d(N—N)=1.396 A¥ and application of Badger’s ruf&, (31250/33 784 cmt) in Il and 318/286 (31 447/34 965
the N—N force constant of hydrazine (4.3 mdynfA$hould cmY) in V. This reflects the lower degree of metdigand
be increased in the WNNH; compound to 5.6 mdyn/A,  covalency as compared to the NA$ystem and the splitting
reasonably close to the value of 6.03 mdyn/A determined of the ligand:z* orbitals into one orbital within £*,) and
for [l andVI. Importantly, this N-N force constant shows  one orbital perpendicular to the NHblane (*,), respec-
a further decrease with respect to the values of 8.27 and 7.2Qively.
mdyn/A found for the NNH- and the NNH complex, As indicated at the beginning, formation of hydrazidium
respectively: Conversely, the metalN force constants in  complexes requires strongly electron-donating equatorial
the hydrazidium complexes (8.01 and 7.31 mdyn/A, respec- phosphine ligands with terminal alkyl groups, employing
tively) show a further increase from the value of 4.50 strong acids in a large excess. Whereas up to now only
W-—NNH; complexes have been isolated and characterized,
(23) |(j)Bc.?;vg:;nbﬁér?{ig;%gllesr'(g\)/j f%hya&'}'gén%{f?f”é ﬂcg. e*f/'ifz‘y* we found that an analogous molybdenum complex exhibits
Inorg. Chem.1998 37, 5992-6001. a comparable stability in the solid state. Generally, crystal-

(24) Mersmann, K. Diplomarbeit Universitiiel, 2002 (unpublished). ~ —jization of these species is favored by strong H-bonds
(25) Sutton, L. E.Tables of Interatomic Distances and Configuration in

Molecules and lonsChemical Society Special Publication No. 11;  Stabilizing the NNH ligand. Thermal stability ofll and

26 ﬁhemirt]:sl Shoclijet)é: Lfndqn,vm\t/?u&Ch Phy<1961, 35 (2), 458 VI in solution, on the other hand, is limited due to the

erscnbacn, D. R.; Laurie, V. . em. Y. , . H H H H H

(27) Catalano, E.; Sanborn, R. H.; Frazer, J.JMChem. Physl963 38, phOSphme "Qa”ds becoming labile at this stage of N
2265. reduction. This corresponds to a marked tendency of the
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Mo—NNH; model complexi(| to lose PH groups in the Transfer of electron density from,do dz2 by orbital overlap,
course of the geometry optimization. Loss of phosphine however, is forbidden due to the orthogonality of these
ligands probably is also the origin for the formation'6f orbitals. On the other hand, double electron transfer from
NH3, which we identified by*>N NMR in solutions ofVIb, dy, to dz is possible by configuration interaction (Cl) and in
paralleling the much faster NHgeneration based on the fact could provide a pathway for-NN cleavage. Neverthe-
protonation of Me- and W—N, complexes with monoden-  less, the corresponding excited configuration is very high in
tate mixed alkyl/aryl coligands which proceeds under energy and the interaction with the ground state is weak.
exchange of phosphine ligantfidMaximum thermodynamic ~ Therefore the free activation enthalpy of 31 kcal/mol
stability of the Mo/W complexes at the NNHstage of involved in the N-N cleaving step A represents a lower
protonation therefore requires the presence of bidentatelimit.
phosphine coligands. Provided the equatorial phosphine ligands remain coor-
To obtain further insight into the stability off and VI dinated, six-coordinate Mo and W hydrazidium complexes
with respect to the splitting of the-NN bond, the heterolytic ~ thus should be inert to NN splitting, in agreement with
N—N cleavage of [MoF(NNH)(PHs)4]2" (1) leading to experimental evidence. These systems therefore mark the

ammonia and the Mo(VI) nitrido complex [MoF(N)(R}>" ultimate stage of MNreduction and protonation af dnetal
was investigated with the help of DFF: centers in the absence of external reductants. To cleave the
» N—N bond and generate NHelectron transfer from an
2 2 i i
[MoF(NNH,)(PH,) ] *7 [MoF(N)(PH,),] T4 NH3—B» external source is required. However, as the LUMO of the

NNH; complex is contained in the doubly degenerate set of
dy; and 4, meta-N z-antibonding orbitals (cf. Figure 6),

Usi h hodol lied bef B3LYP reduction of the six-coordinate NNHcomplexes will
sing the same methodology as applied before ( ' eventually lead to splitting of the metaN bond and loss of

LANL2DZ), reaction step A was found to be endothermic the NNH; ligand. In practice, two-electron reduction is

(A!;.A - +§'.l k(;]allnl:lol,AG " - |+3l keall mgl): n stron%\ly. performed at the NNkistage, primarily leading to elimina-
acidic media the Nl molecule generated in step A IS oy of the trans ligand X; subsequent protonation of the
converted to NI (reaction step B). An estimate of the free resulting five-coordinate, two-electron-reduced Niiecies
reaction enthalpy of this step is obtained from the protonation then leads to NN clea{/age and generation of the imido

; . i +
O; 215H3 'r? water: on (;he ba5|sdofdtrf1eKQ valug of N'}‘: oy i complex3® The investigation of this process is the subject
(9.25), the corresponding standard free reaction enthalpy is¢ o forthcoming papet:

AG° = —13 kcal/mol. The standard free enthalpy° of _
the total reaction 1 including protonation of NHhen Acknowledgment. F.T. thanks the State of Schleswig-
amounts taAG® = AG°s + AG°s ~ 31—13 kcal/mol= 18 Holstein for funding of this research and the Fonds der
kcal/mol, and the dissociation of the-N bond represents ~ Chemischen Industrie (FCI) for financial support.
an activation barrier of this reaction which can be estimated Supporting Information Available: Tables of coordinates and
to AG* = 31 kcal/mol, the free reaction enthalpy of step A. matrix values and text discussing correlation energy. This material

The actual activation energy of reaction 1, however, will is available free of charge via the Internet at http://pubs.acs.org.
be much higher than this value, for the following reason: 1C020458X
electronically, N-N cleavage is induced by transfer of
electron density from the metalyrbital into the p* orbital gg; (Cf)- aUpportin%vlnfErmfﬁiog- 1. Pickett. . 1. Chem. Soc. Ch

. . . a ussain, ., Leign, . J., Pickett, C. 4. em. S0cC, em.

of the NNH; “gand' mediated by the metalzdorbital. Commun.1982 747. (b) Pickett, C. J.; Leigh, G. J. Chem. Soc.,
Chem. Commuril981 1033.

(28) The temperature in these calculations was set to 298. 18K .was (31) Bares, N.; Horn, K. H.; Lehnert, N.; Mersmann, K.; Tuczek, F.
calculated aq\H® — TAS. Manuscript in preparation.

[MOF(N)(PHy),]*" + NH," (1)
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