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Abstract

The vibrational structures of the dinitrogen complexes [Mgktepe}], M = Mo, W, and the NNH complex [MoCI(NNH,)(depe}]CI
derived from [Mo(N).(depe)] by protonation with HCI are investigated with the help of infrared and Raman spectroscopy=débis
(diethylphosphino)ethane). Vibrational data obtained from natural abundariél-ahd?H isotope substituted derivatives are evaluated with
the quantum-chemistry assisted normal coordinate analysis procedure, giving an experimentally calibrated force field for these systems. The re-
sults of this treatment are compared with those obtained on analogous dppe complexes (d@geis(diphenylphosphino)ethane). The N-N
frequencies and force constants of the dinitrogen complexes{y(@phos}], M = Mo and W, diphos= depe, dppe, indicate an activation
of N, in the order [W(N).(depe}]>[W(N,).(dppe}]~[Mo(N).(depe}]>[Mo(N,).(dppe}]. The spectra of [MoCI(NNH)(depe}]Cl show
significant differences with respect to those of [WF(NNdppe}]BF4 which are ascribed to a dimeric structure of the Mo—depe complex,
being bridged by two Clanions. The results obtained on the dinitrogen complexes are considered within a broader range of Mo—and W—NNH
systems with dppe and depe coligands, and the evolution of force constants upon successive protonatigrigatitaxe discussed.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

* Corresponding author. Tek:49-431-880-2406: The re_d_uctlo_n and protonation of dinitrogen at ambl-
fax: +49-431-880-1520. ent conditions is one of the great challenges of chemistry
E-mail address: ftuczek@ac.uni-kiel.de (F. Tuczek). [1]. In nature this process is mediated by the enzyme
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NH; [MCI(NNH2)(depe}]Cl, M = Mo (3gf'e°pg_and w eggpg
[8]. In this paper, the results of vibrational spectroscopy
H obtained on the Mo and W-Nand —-NNH depe complexes
~.A Liene Liepe @Nd 30, are presented. As before, vibrational
“Amino®  “Dinfroqen” | Diazenido(-)” data are evaluated with a quantum-chemistry assisted nor-
H* 9 | mal coordinate analysis (QCA-NCAYa], giving experi-
e e \H mentally calibrated force fields for all of the compounds
: A investigated. These results are compared with data obtained
h'};Hz uHiydrazido(2 " z both on the analogous dppe compleﬁé@dppe 1‘é‘épe and
ﬁ n'jl 3\é\gl)pe and on the corresponding hydrazidium compounds

4dM§pe and 4‘é‘épe Based on the N-N force constants and
frequencies of the various dinitrogen systefsthe rel-
ative degrees of PN activation by the bidentate phospine

ligands depe and dppe and the two metal centers Mo and

N,

Z-z—=

“Amido”

e I W, respectively, can be assessed. Consideration of the N—N

“imido” e M NH and metal-N force constants of the protonated derivatives
Nitrido 3 [MX(NNH )(diphosy] @D+ M =Mo, W; X=Cl, F;
Scheme 1. diphos= dppe, depex=1 (2), 2 3) and 3 @), on the

other hand, allows one to monitor the evolution of the

N-N triple bond to a single bond as well as the increase of
nitrogenase which binds and reduces the olecule at  metal-ligand covalency upon successive protonation. This
a unique Fe/Mo/S cluster, the iron-molybdenum cofactor provides valuable insight into details of the reduction and
(FeMoco)[2]. Although the crystal structure of nitrogenase protonation of N as well as the dependence of this process
was determined about 10 years ago and new information hasupon the choice of the metal and the ligand system.
been obtained recent]g], no detailed insight at the molecu-
lar level into the mechanism of Neduction by this enzyme
exists yet. Nevertheless, it is possible to bind and reduce
dinitrogen at simple mono- and bi-nuclear transition-metal
systems allowing to obtain mechanistic information on the

elemental steps involved in this process. If ‘moderately’  The natural abundance isotope dinitrogen complexes
activating systems containing Mo and W phosphine com- [Mo(N2)a(depey]  (24N-1Mo and  [W(Np)2(depe]
plexes are employeg4], all the intermediates along the dep

; ; . 14N-1W ) were prepared following literature procedures
following reduction pathway can be isolatgd (Scheme L fll] Fdoerp?)he syntFr)\esFi)s of the corregponding P ocies
This end-on terminal reduction mode of Nas been sug- : NSp

14pj_2Mo
gested to apply to nitrogenase as it is compatible with the [MoCI(NNH2)(depep]Cl (*"N-3jepd and [WCI(NNH)

2. Experimental and computational procedures

2.1. Sample preparation, isotopic substitution

dep

Thorneley/Lowe kinetic schemi]. In previous work, we  (depe}]Cl (14N_3\é\(/epe)' anhydrous HCI was condensed onto
studied the I, NoH, and NoH, complexes [W(N)2(dppe)] the dinitrogen complexe%“N-lL\,"e"pe and ¥N-1,_, respec-
(1‘5‘,’),)6; dppe= 1,2-bis(diphenylphosphino)ethane), [WF tively, at —196°C, 1%imilar to a procedlé](sre dPescribed by
(NNH)(dppe}] (2 and [WF(NNH)(dppe}]* (3W Galindo [12]. The *°N isotopomers [Mof°N2)2(depe)]
dppe With the hel%ppgf infrared and Raman spectroscopy (\°N-Ifgpd and [W(*Nz)z(depe)] (*N-1gg,) were syn-
coupled to DFT calculations and found that the stepwise thesised using®N,. The preparation of the protonatédN
protonation is accompanied by a successive reduction oflabeled, complex [MoCIPN°NH,)(depe)]Cl (15N—3('§"e°p
N-N bond order and a concomitant increase in metal-ligand yas carried out from thé5N substituted dinitrogen com-

covalency[7]. plexSN-1410 . The reactions and sample preparations were
~ More recently, these studies were complemented by theperformed under a nitrogen or argon atmosphere using
investigation of Mo and W hydrazidium complexes gchlenk-techniques. Sample manipulations for vibrational
[MF(NNH3)(depe)](BF4)2, M = Mo (4{(2,) and W @/ and optical spectroscopy were carried out in a glovebox.
depe= 1,2-bis(diethylphosphino)ethane8]. Analogous A solvents were dried under argon.

NNH3 compounds with dppe coligands do not exist since

protonation of the correspondingI@recursors gives NN} 2.2. IR spectroscopy
complexeq9]. The hydrazidium complexeﬂeopeand4\é‘£3

e
are prepar'\(/la(()j from thevdv\lcomplexes [M(N)Z(ere)i Middle-infrared (MIR) spectra were obtained on KBr
M = Mo (1je,d and W (Lgepd, by protonation with HBE pellets using a Mattson Genesis Type | Spectrometer.
[10]. We found that treatment olg”eoe and 1‘é‘é o With Far-infrared (FIR) spectra were obtained on Rbl pellets us-

HCI, on the other hand, leads to the Nhldompounds ing a Bruker IFS 66s FTIR spectrometer. Both instruments
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are equipped with a Cryogenic (CTI) helium cryostat. The 2.5. Normal coordinate analysis

spectra were recorded at 10 K and the resolution was set to
2 cm L Normal coordinate calculations were performed using
the QCPE computer program 576 by M.R. Peterson and
D.F. Mcintosh. It involves solution of the secular equation

GFL = \L by the diagonalization procedure of Miyazawa

Raman spectra were obtained on a Bruker IFS 66/CS[17]. The calculations are based on a general valence force
NIR FT-Raman spectrometer at 270 K. The setup involves field, and the force constants are refined using the nonlinear
a 350 mW NdYAG-Laser with an excitation wavelength oOptimization routine of the simplex algorithm according
of 1064 nm. The samples were pressed into the groove ofto Nelder and Mead18]. Normal coordinate analysis is

a holder which can be sealed with a glass plate to ensurebased on the QCA-NCA procedure which involves genera-

inert gas conditions tion of an initial force field by DFT treatment df and 3,

respectively (vide suprdyal. In order to remove artificial

interactions between the Bhhoieties of these models and

the rest of the molecule, the BHigands were simplified
Input parameters and results of the calculations are givento P atoms, leading to modeld and 3, respectively. In

in Ref. [7b]. Spin-restricted DFT calculations were car- addition, the F-ligand o8 was exchanged with CI i,

ried out for the model systems [Mogh(PHz)4] (1) and enlarging the metal-ligand bond distance to 2.4 A. The cor-

[MoF(NNH,)(PHs)a] * (3) of 1§12, 1‘é‘épeand3d'v'§ o« fespec-  responding f-matrices £an be divided into two parts: the

tively, using Becke's three parameter hybrid functional with force constants of the NN—-M—NN and F—M—N—pHnit,

the correlation functional of Lee, Yang and Parr (B3LYP) respectively, (core) and the force constants of the; MiRit

[13] The LANL2DZ basis set was used. It applies Dun- (frame). The force constants of the frame and non-diagonal

ning/Huzinaga full double zeta (D9%)4] basis functions  elements between the core and the frame were adapted from

on first row and Los Alamos effective core potentials plus the DFT calculation and fixed. Very small matrix elements

DZ functions on all other atomf5]. The f matrix in in- were neglected. The force constants of the core were fit-

ternal coordinates was extracted from the Gaussian outputied to match the experimental frequencies, taking the DFT

using the program Redorj6]. values as initial guess.

2.3. Raman spectroscopy

2.4. DFT calculations

[Mo(N,),(dppe).] i

1\-!0 N
Lippe I !
X-Ray Structure” ':jpm.{_;;:

[Mo(N,),(PH,).]
I

Optimized Structure

A(MoP) = 2.45 A l l '\ A(MoP) =251 A
A(MoN) =2.014 A ¥ A(MoN) =2.014 A
ANN)=1.118 A i ANN)=1.164 A
[MoF(NNH, )(dppe).](BF.,) [MoF(NNH.)(PH,).]'
X-Ray Structure” ~* 3
A(MoP) =2.54 A ]' Optimized Structure
AQMoN) = 1.763 A \! P \/ iiii"}?) - 1»798 f&
= o) 0. ='T .
F o B I\ AN - 1331 &
/ \ A(MoF)=1.99 A
O
i [WCI(NNH,)(PMe,),]CL ’ [MoF(NNH,)(PH,).I"*
e o
X-Ray Structure” | 4
A(WP)=2.519A c\ I /o Optimized Sructure
A(WN) =1.785 A \?'-..f ,.—- AMoP) =2.64 A
A(NN) = 1,396 AA /1,/ | L A(MoN) =1.79 A
A(WC) = 2.463 Al =1.444
S 1 I 5?1:14121)?) =1.934A

Fig. 1. Structurally characterized examples of Mo and W dinitrogen and hydrazijla@mplexes and model systems (a) T. Uchida, Y. Uchida, M.
Hidai, T. Kodama, Acta Crystallogr., B31 (1975) 1197. (b) M. Hidai, T. Kodama, M. Sato, M. Harakawa, Y. Uchida, Inorg. Chem., 15 (1976) 2694. (c)
A. Galindo, A. Hills, D. L. Hughes, R. L.Richards, J. Chem. Soc. Dalton Trans. (1990), 283.
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Table 1
Mo/W-Nz, -NNH, —NNH, and —NNH; complexes and corresponding models: bond lengths from X-ray and DFT geometry optimization
Model/compound M-P M-N N-N M-X N-H Reference

[Mo(N2)2(PHs)a] 1 Opt 2.510 2.014 1.164 - - [7b]
[Mo(N2)2(dppe)] 12|Ap°pe X-ray 2.45 2.014 1.118 - - a
[MOF(NNH)(PHg)4] 2 Opt 2.54 1.826 1.276 2.07 1.083 [7b]
[MOF(NNH2)(PHg)4] * 3 Opt 2.594 1.786 1.331 1.99 1.01 [7b]
[MoF(NNHy)(dppe}] * 3V 0pe X-ray 2.54 1.763 1.332 1.99 1.09 c
[WCI(NNH2)(dppe}] * bpe X-ray ~2.5 1.73 1.37 2.4% - e
[WF(NNH2)(depe)] epe X-ray ~2.5 1.771 1.355 2.027 10
[MOF(NNH3)(PHs)4]2* 4 Opt 2.64 1.79 1.44 1.93 1.04 8
[WCI(NNH3)(PMe3)4] 2+ e, X-ray 2.519 1.785 1.396 2.463 - 12

aT. Uchida, Y. Uchida, M. Hidai, T. Kodama, Acta Crystallogr., B31 (1975) 1197.

b

Mo-F.

¢ M. Hidai, T. Kodama, M. Sato, M. Harakawa, Y. Uchida, Inorg. Chem., 15 (1976) 2694.

dw-—Cl.

€ G.A. Heath, R. Mason, K.M. Thomas, J. Am. Chem. Soc., 96 (1974) 259.

FW-F.
3. Structural parameters and models Fig. 1 shows structurally characterized examples of Mo

o _ o and W dinitrogen and hydrazido-£) complexes as well

Vibrational analysis of the dinitrogen complexio, as model systemd and 3 derived from these structures.

1‘5“’3 . and the NNH complex 3de . is based on the A structurally characterized hydrazidium compkalong

QCA-NCA procedure which we have developed earlier with the corresponding modd is given for comparison.

in order to account for the vibrational properties of the X-ray structures of diazenide{ complexes2 do not exist;
analogous dppe systens"9g,oq 1d pe and S‘év o [7a]. structural information on these systems is therefore obtained
It requires the previous DFT treatment of correspondmg from geometry optimization of a corresponding mo@el
modelsl and3, respectively, including geometry optimiza-  [7b]. Experimentally determined bond lengths are compared
tion [7a]. Analogous calculations have been performed for with values derived from DFT geometry opt|m|zat|ons of
the diazenidof) systemszdppe [7b] and the hydrazidium  modelsi—4 in Table 1 For QCA-NCA treatment ottdepe

complexesiyie  and 4y, ., [8] respectively. Lepe aNd 3}, modelsiand3 are modified to modeld’

and 3, respectively, which are shown iBcheme 2along
with internal coordinate definitions and coordinate systems.

zZA @F Ly
N P4 BY (53 4. Vibrational spectroscopy and QCA-NCA
& %24
PR s %) ..
N 1 4.1. Dinitrogen complexes 1} and 1y, ,

/P/ 3 N5 g Ib: x X S

e ny o s Vibrational spectra of the [M(B)2(depe}] complexes
Y & & Mo and 1W __ are given inFigs. 2-5 Interpretation of

irg depe depe
) these spectra is based on the model system Y]

(1) of Dy, symmetry Gcheme P The eight normal modes
of the central N-N-M—N-N unit o’ are the symmetric

r,% 7 A 5 and antisymmetric stretching modes of the M—N and N-N
N/
><5.H10

zA H9 1110 by

. bonds,vs/adMN) and vs/ag(NN), respectively, and the four
@\z/ O\ m L linear bendssasMNN), two in each orthogonal direction
1MoL, T i X T andy. The four symmetric modes are Raman, the antisym-
f\@@ % metric ones IR active. Experimentally observed vibrations
are collected along with isotope shifts and assignments in

Table 2for the Mo systems“N- 1depe, 15N- 13"e°pe and in

Scheme 2. Table 3for the W system$*N-1j¢ . and*>N-14l,
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Fig. 2. IR spectra of [Mo(M2(depe}] (**N-14i9.) and [Mo(°N2)2(depe}] (*°N-1¢s).

ep!

o 414
&
- 406
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Fig. 3. Raman spectra of [Mo@x(depe)] (**N-130) and [Mo(*N2)x(depe)] (**N-1}i0 ).
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[W(N,),(depe),]

transmission
1

transmission

[W("N,)(depe),]

| 1840

T v T T T T T T T T T T T T A\ T T T T T T T T T T T T T T T T T T T T T
3500 3000 2500 2000 1500 1000 500 550 500 450 400 350 300

wavenumbers (crmi') wavenumbers (cmi')

Fig. 4. IR spectra of [W(h)2(depe)] (**N-1%Y

depd and [WESN2)(deped] (*N-LEL).

IR spectra 0114N_1'c\|/|eo eandlSN-lg"‘.f are given inFig. 2 ing to a correlation splitting or a lifting of the twofold de-
The IR active stretching vibration,NN) is assigned to the ~ generacy of this vibration (see below). The metal-N stretch-
prominent peak at 1932 cr which upon®SN substitution  ing vibration vadMoN) is found at 426 cm?, shifting to
shifts to 1864 cm?. The second isotope sensitive peak is 421 cnt in the 1N compound. Vibrational modes of the
assigned to the linear bensig(MoNN) at 549 cnt®. In the depe ligand are located at 470 (band 1), 409 (band Il) and
spectrum of théSN substituted compound this feature ap- 385 cnT! (band Ill); peaks at comparable positions also ap-
pears split into two bands at 539 and 532 dnrorrespond- ~ Pear in Raman spectra (see beldd§]. There is apprecia-

1968

—434

44

469
415

[W(N,),(depe),]
500 450 400
z W
(7]
5
= S 424
W(°N,)(d 3 g
[W(°N,),(depe),] 3

T T T T T T T T T T
3000 2500 2000 1500 1000 500
rel. wavenumbers (cmi')

Fig. 5. Raman spectra of [Wg)b(depe)] (14N-1\é\'lspe) and [W({5N,),(depe)] (15N-1§ép€).
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Table 2
Observed and calculated frequencies of [Mgidepe)] (lgﬁg’pg in cm~t

Experimental QCA-NCA B3LYP

N2 15N2 N2 15N2
vs(NN) 1999 1933 2000 1932 1992
vas(NN) 1932 1864 1931 1865 1953
8s(MoNN)* n.o. n.o. 465 450 411
8s(MoNN)Y 410
Sas(MONN)* n.o. 539 551 534 567
Sas(MONN)Y 549 532 560
| 470(IR), 466(R) 469(IR), 466(R)
vas(MON) 426 421 426 411 437
vs(MoN) 414 408 414 406 452

409(IR), 406(R)
385(IR), 385(R)

406(IR), 401(R)
385(IR), 381(R)

ble mixing betweensdMoN) and the depe vibration Il, as
evident from the isotope shift of the latter band from 409 to
406 cmr L,

The Raman spectra éf‘N-l'(\,"eOpe and 1°N-1!
Fig. 3 shows strong resonance enhancement of the vibra-
tions of the NN-Mo—NN unit. The symmetric stretching
modevs(NN) is found at 1999 and shifts to 1933 cfupon

o given in

15N substitution. Thers(MoN) mode shifts from 414 to 408 _ : .
cm~! where strong mixing with band 11 occurs. This is ev- 1ongs to the intense peak at 1968 thwhich shifts to 1903

ident fram a 3 to 5 cm! isotope shift of the latter feature
(Table 2. The 381 cmi! peak in thel®N spectrum corre-
sponds to band Il which by admixture o§(MoN) gains
intensity and is shifted from its original position at385
cm~L. In agreement with previous experienda,19] and
the literaturg]20], linear bendsds*:¥) are weak or not ob-

served in the Raman spectra.

Fig. 4gives the IR spectra dfN-

1W

15N\ 1W
depeand N-Ijene BY

wW
1depe

15N compound, respectively, are assigned to the linear bends
Sa{WNN) in x andy direction. In contrast, the analogous
dppe compound shows no splitting for this vibratipta].

The band at 403 cnt, shifting to 393 cm! upon °N
substitution is identified as the antisymmetric W—N stretch,
vag{WN).

In the Raman spectrum &fN- (Fig. 5), vs(NN) be-
cm~1. The Raman-forbidden modggNN) is not observed.
The symmetric W-N stretching vibration must be associ-
ated with the features at 441 and 434. As the spectrum of
the corresponding’N substituted complex exhibits only one
peak at 424 cm!, we conclude that the 441 crh peak in
the 14N spectrum is only enhanced by mixing wit(WN)

which is identified with the peak at 434 crh The peak at

415 cnm! peak which has shifted to 412 crhis assigned

analogy to the Mo spectrum, the features at 471, 412 andto band Il. As usual, the linear bending vibrations are of low
387 cnt! are identified as bands I, Il and Il of the depe intensity in the Raman experiment and are not observed in

ligand. The N—N stretching vibrationyNN) (IR active) at

1907 cnr! shifts on1°N substitution to 1840 cmt. Two - Soor
other isotope sensitive peaks are found in the spectra: Theldepe 2N 1yepe iS performed by the QCA-NCA procedure,
two peaks at 557 and 551 which shift to 540 and 533 in the based on model'. Details of this QCA-NCA treatment, in-

the spectrum (vide supra).
Normal coordinate analysis of the vibrational data of

Table 3
Observed and calculated frequencies of [WNdepe}] (14e,9 in cm1
Experimental QCA-NCA B3LYP?
N2 15N2 N2 15N2
vs(NN) 1968 1903 1969 1902 1992
vas(NN) 1907 1840 1906 1841 1953
8s(WNN)* n.o. n.o. 462 446 411
3s(WNN)¥ 410
Sas(WNN)* 557 540 554 536 567
Sas(WNN)Y 551 533 560
| 471(IR), 469(R) 471(IR), 468(R)
vs(WN) 434 424 435 424 452
Il 412(IR), 415(R) 411(IR), 412(R)
vas(WN) 403 393 405 391 437

387(IR)

387(IR)

a Calculated for the Mo modéi.



114

F. Tuczek et al./Coordination Chemistry Reviews 245 (2003) 107-120

[MoCIQNNH, Xdepe),IC1

=1
S
a
g
8
5
3 5
[MoCI(NND ,depe), ICI 8 2
— 77—
3500 3000 2500 2000 1500 1000 500
(a) wavenumbers (cni')
[MoCI(NNH,)(depe), IC!
g ~
N — o
\‘\‘ - L (:'_
Fao8
! Voad { MoCI(*N"NH, )(depe),ICI
Lo e 2 ;
Vo3
g
2" A
vy '\J;
g
T T T T T T T T T
550 500 450 400 350 300
(b)

Fig. 6. MIR spectra of [MoCI(NNH)(depe}]CI (**N-3{g,), [MOCI(**N'*NH;)(depe}]Cl (*°N
spectra of [MoCI(NNH)(depe}]Cl (14N-3'(‘j"ep
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Table 4

Force constants for [M(Y2(depe}], M = Mo (18,0 and W @it ), and [W(N:)2(dppe)]

Force constant Type [Mo(®2(depe)] [W(N2)2(depe}] [Mo(N2)2(dppe}] 2 [W(N2)2(dppe}]
Y M-N 2.37 2.54 2.04 2.66
A N-N 16.59 16.1 17.22 16.43
Nt M-N: s/as 0.62 0.16 0.62 0.28
NN¢ N-N: s/as 0.35 0.39 0.35 0.28
Ng M—-N/N-N 1.25 1.25 1.25 0.96
Nst M-N/N-N: s/as —0.06 —0.05 —0.06 -0.13
Q M—-N-N 0.68 0.70 0.68 0.70
E M-N-N: s/as 0.07 —0.09 0.07 0.10

1‘(4"’)5)9; units are mdyn A for stretching and mdyn Afor bending interactions; the designations refeSeheme 3
f(NN), f(MoN) and f(MoNN) adjusted from the force field of [Mo@p(depe}] to match the experimental frequencies of [MejNdppe}] given
in Table 7

V(MN)  vi(NN) 8’ (MNN) 3J/(MNN) vi(MN)  Va(NN)  8:'(MNN) 8. (MNN)

Ay Ay Bae Bsg By Biy Bou Bsu
Y+N; Ng+Nit 0 0 0 0 0 0
NNt ZANN; 0 0 0 0 0 0
0 0 Q-¢e 0 0 0 0 0
0 0 0 Q-e 0 0 0 0
0 0 0 0 Y-N; N-Nit 0 0
0 0 0 0 N-Ngt Z-NN; 0 0
0 0 0 0 0 0 Q+e 0

0 0 0 0 0 0 0 Qte

Scheme 3.

cluding the symbolic f matrix and the definition of the sym-
metry coordinates, have been described previoi7sl} The
symbolic F matrix ofl’ is shown inScheme 3Frequencies
calculated by DFT (B3LYP) on model and frequen-
cies obtained with QCA-NCA on moddl are collected
in Table 2for 1M° and in Table 3for 1\é‘épe Agreement
between DFT frequencies and experimental values is sat-
isfactory. The predicted N—-N frequencies are within 2% of Mo i
the observed values whereas the maximum deviation for theStronger than ii™qppe As a consequence, W is a stronger
M-N frequencies is about 10%. The relatively poor repro- e_lcuvatlng metal than Mo and depe is a stronger activating
duction of the experimental M-N frequencies is due to the ll9and than dppe. The metal-N force constantgfff.and
simplification of the diphosphine ligands to Pgroups. In- 1M gppe are lower than in the two tungsten systems which
terestingly, the energetic sequencevgMN) and vagMN) is due to less diffusd functions in Mo as compared to W.

is different for the two systems: f deope(as forl‘é‘épe), Vas

is at higher frequency than, whereas foﬂ‘é‘épethe opposite
is true. Table 4presents the force constants of the central

N—N-M-N-N unit of modell’ resulting from QCA-NCA.

f(MN) and f(MNN) force constants of [Mo(M2(dppe)]
were estimated by adjusting their values to fit the mea-
sured*N-frequencies of this system (there are’id data

available)[7a]. The N-N force constants d.t‘,"eopeand 1‘5‘épe

are about equal, larger than fmﬁ‘épe and smaller than for

1M 4ppe This indicates a comparable activation of this lig-
and in the first two systems which is weaker tham‘jgbeand

4.2. Mo-NzH; complex 3l

The infrared spectra of the isotopomeric ‘hydrazide)2

' 4nj.qMo  15p1_oMo 21y_2Mo ; ;
Based on the force field of [Mo@®.(depe}], the f(NN), complexes' N-3gepe ~ N-3gepe @Nd “H-3j¢ are given in
Table 5
Observed and calculated frequencies of [MoCI(Ni\depe}]Cl (3g”e°pg in cm™t
Experimental QCA-NCA B3LYP
NNH 15NN, NND, NNH; I5NI5N, NND>
vag(NH)@ 3168 3154 2391 3169 3159 2344 3707
vs(NH)® 3076 3065 2254 3075 3069 2255 3557
vas(NH)@ n.o. n.o. 2320 3136 3127 2320
vs(NH)®@ n.o. n.o. 2169 2952 2945 2169
v(NN) 1398 1355 1374 1398 1353 1375 1451
vs(MoN) 544/539 541/533 545/539 569 556 549 627
vas(MON) 607 599 593
5(MoNN)©°°P 515 500 482 513 500 485 560

S(MONN)P 430 440 430 415 457
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v(MoCl)  v(MoN)  v(NN) v{(NH)  8(NNH) T Vis(NH)  8,,(NNH) 5"(MoNN) y 8'(MoNN)

Y, N, NsF 0 0 0 0 0 0 0 0
N Y2 Ns V2 HESWN V2 BBy 0 0 0 0 0 0

NF N, z PHw 2 HP 0 0 0 0 0 0
0 VIHSN V2HS  HetHt  HeptHsat 0 0 0 0 0 0
0 V2H%y  V2HPw  HsetHsat  HytHat 0 0 0 0 0 0
0 0 0 0 0 T 0 0 0 0 0
0 0 0 0 0 0 H-Hit Hgp-Hgpt 0 0 0
0 0 0 0 0 0 Hgp-Hggt Hp-Hgt 0 0 0
0 0 0 0 0 0 0 0 Q2 0 0
0 0 0 0 0 0 0 0 0 G G
0 0 0 0 0 0 0 0 0 G Q

Scheme 4.

Fig. 6a and b;Table 5collects characteristic frequencies gen atoms of the NNkigroup are H-bonded to Clanions,
along with their isotope shifts and assignments. Inter- two of these chloride ions forming a bridge between two
pretation of these spectra is based on the model systemcomplex molecule§l2].

[MoCI(NNH2)P4]* (3) of Cp, symmetry Gcheme 2 The Based on the hypothetical, chloride bridged structure of
central CI-Mo—N—-NH unit of 3' has 11 normal modes: 3(';/'§pe shown inFig. 7, the N-H and N-D stretching fea-

the stretching vibrationsis(MoCl), v(MoN), v(NN) and tures in Fig. 6a can be rationalized. The two vibrations
vs(NH)/vagNH), respectively, two N-N-H bending vibra-  14(NH) andvagNH) of the isolated NNH unit double to two
tions s/as(NNH), two linear bendg’®/ °®®(MNN) (‘in plane’ pairsvsP/vae andvs®@/vag?, corresponding to symmet-
(ip) and ‘out of plane’ (oop) refer to the NNtHplane), one  ric and antisymmetric combinations of(NH) andvagNH)
out-of-planey bend at N and one torsionr around the in the dimer. In3Y.__, the vs(NH)/vagNH) splitting is found

. . . . dppe
!\/I—N—NHg axis. All of these V|brat|0n§ are Raman active 4 pe 77 cmrl, increasing in the correspondirfg! spec-
in Cy, and, with exception of the torsion, IR allowed. As

R ra, GV trum to 111 cm! [7a]. A comparable splitting is present in
aman spectra

depe Were found to be almost feature- 14N-3Mo if the features at 3168 and 3076 thare con-
less, spectral analysis is based exclusively on IR data. This P

situation is analogous to that encountered be isrlldgvrved ?ﬁeosrée fggtllr,lr?afssé ?\?ﬂv;2r?;§15’ei‘t?§¥g§(_lévf‘s
The region of the N-H stretching vibrations in the spec- dppe P depe
trum of 1N-3{/0_ shows many bands of comparable inten- giving rise to the bands at 2391 and 2254 ¢mConse-
sity (Fig. 6a). In the spectrum of the deuterated compound quently, the two remaining bands in the N-D stretching re-
2H-3}0 . N-D vibrations are associated with two bands at 9ion of 2H-3}0,. at 2320 and 2169 cnt must correspond
2391 and 2320 cmi, a weaker band at 2254 cthand a 10 the other s/as pairs®/vas®. The *H counterpart of
more intense feature at 2169 'Ciln In the case OB\éV o this second set of N—H vibrations in the 3000 Tﬁ“r’re-
the appearance of two bands in the N—H stretching regiondion is masked by intense vibrations of the depe ligand.
was found to be compatible with the presence of two pro- The second isotope-sensitive feature in the MIR spectral re-
tons, giving rise tars(NH) andvadNH). Weaker, broadened ~ gion is a band at 1398 cm which upon'>N substitution
features at lower energy were assigned to additional modesshifts to 1355 cm* and upon deuteration to 1374 ciand
due to H-bridges between the complex cation and the anions

[7a]. Based on the appearance of more than two N-D bands

of comparable intensity in the spectrumZ’tla*l-S{\,"e"pe hydro- Table 6

. . . Mo
gen bonding between the NNHinit and the Ct anions of '(:dogggﬂcé’gsmnts for [MoCI(NNE)(depe}]Cl (3gepd and [WF(NNF)
3('§Ae°pemust be much stronger than between the NNjrbup ‘

_ . W s Force Type [MoCI(NNH) [WF(NNH2)
and the B~ counteranions odepe, Moreover, it is highly constant (depe)|Cl (dppe]BFa
probable that the two chloride counterions3jfy . bridge v, VN 552 6.31
two coordination units via hydrogen bonds. This would be z N-N 7.16 7.19
analogous to [WCI(NNK)(PMez)4]Cl» in which all hydro- Hs® N-H (1) 5.37 6.01

Hs®? N-H (2) 5.10 -
Hgt® N-H: s/as (1) —0.07 —0.05
cl Hst@ N-H: s/as (2) —-0.23 -
N; M-CI/M-N 0.59 0.47
B SR A L VA Ns M—N/N-N 0.28 0.64
Cl—Mo—N-N__ N=N—Mo—Cl Nsf M-CI/N-N 0.32 0.32
“u o Q M—-N-N 0.38 0.39
Et,P PEt, . Et,P PEt, Q M—=N—=N 0.67 0.70
cl
S%pe; units are mdyn Al for stretching and mdyn & for bending

Fig. 7. Dimeric unit of [MoCI(NNH)(depe}]Cl. interactions; the designations refer $cheme 4
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Table 7
Characteristic frequencies of Mo/W2N-NNH, —NNH; and —NNH; complexes in cm?
Compound v(NN) v(MN) v(MNN) Reference
[W(N2)2(dppe)] 1‘(%pe 2007 (s) 419/414 (s) 555 (as) [7a]
1948 (as) 435 (as)
[Mo(N2)2(dppe}] 1('§"F§)pe 2033 (s) 393/404 (s) 550 (as) [7a]
1980 (as) 429(as)
[W(N2)2(depe}] 1‘é"epe 1968 (s) 434 (s) 557, 551 (as) this work
1907 (as) 403 (as)
[Mo(N2)2(depe}] 1'(‘1"80pe 1999 (s) 414 (s) 549 (as) this work
1932 (as) 426 (as)
[WF(NNH)(dppe)}] 2ibpe 1457 530 514 [7a]
[WF(NNH2)(dppe}](BFa4) 3‘(%,)9 1387 581 510/439 [7a]
[MoCI(NNH)(depe}]Cl 3d""e°pe 1398 607/544/539 515/440 this work
[WF(NNH3)(depe)](BF4)2 Ate 1341° 570 436 [8]
[MoF(NNHz)(depe)](BF4)2 4 e 1386°/1347° 593P/591°¢ 445P/434¢ [8]

aB3LYP prediction; not observed.
b QCA-NCA prediction; not observed.
¢ Observed for*>N labeled complex.

therefore is assigned to the N-N stretch. Interestingly, this
band exhibits about the sar&\-frequency as in the anal-
ogous compoun@™ gppe (1387 cntl), but a much larger
intensity.

In agreement with the dimeric structure Gg'e"e the
metal-N stretching vibrationv(MoN) and possibly the
Mo—NN bending vibrations’®(MNN) and §°°°(MNN) are

the spectrum of°N-3M0yeeis associated witi®®P(MNN).

In the latter spectrum it is superimposed with another band
at 500 cnt! which does not appear to shift. In the spectrum
of 2H-3M 6 the §°°P vibration shifts to 482 cmt. Based

on the calculation and comparison Wﬂﬁ\épe the in-plane

MoNN bending vibrations® should be around 430 cr,
exhibiting al®N shift of —10 cnm 1. The 15N-spectrum ex-

split into several components. Based on the DFT frequency hipits a shoulder at 430 cnd which could be associated

calculation and experience froﬁ;ﬁ‘épe both v(MoN) and
8°°P(MoNN) of 3M°4epeshould be located above 471 thy

the position of the depe band I, witlfMN) being at higher
energy thans°°?(MNN) (Table 5. Bands at 544 and 539
cm 1 in the spectrum 0F4N—3M°pewhich shift to 541 and
533 cnT! in the spectrum OEENG('\,"eOe respectively, are
assigned to vibrations of(MN) character Fig. &b). Re-
markably, these vibrations do not shift in the spectrum of
2H-3)° . An additional isotope-sensitive band is found at
607 cmt 1 (1*N), shifting to 599 and 593 cnt in the spec-

tra of the®N- and2H-substituted compound, respectively
(Fig. 6a). Based on the dimeric structure&’gﬁ’pe we assign
this vibration to the antisymmetric combination of W—N
stretches whereas the bands at 544 and 539'cane as-
signed to the symmetric combination of the W—N stretches.
The lack of2H isotope shift of the latter features is at-
tributed to the fact that the symmetric combination of W—N

with this vibration.

DFT frequency calculations OBMOdepe are based on
model 3 (Fig. 1) and have been performed as described in
Ref. [7b]. Modification of 3 gives model3 (Scheme ?
which is used for QCA-NCA. The symbolic F matrix for
model systen®’ is shown inScheme 4Calculated (B3LYP)
frequencies and frequencies obtained with the QCA-NCA
procedure are collected ifable 5along with the measured
data. Agreement between the frequencies calculated by
DFT and the experimentally determined values is less good
than for3Y . This is due to the dimeric structure 8§
which is not taken into account in the DFT calculation. In
the QCA-NCA procedure, these discrepancies are partly
removed, giving overall good agreement with the measured
data. Isotope shifts are reproduced quite well, with excep-
tion of the 2391 cm* N-D band which is calculated at 2344
cm~L. The Mo—N force constant is determined to reproduce

stretches entails little motion of the H(D) atoms involved in {4 averages of the observed Mo—N stretching frequencies
the hydrogen bonds to the bridging chloride ions, basically j, the dimer.Table 6collects the force constants of the cen-
corresponding to a vibration of the two N-N units towards {41 cl-M-N=N unit of modeB’ resulting from QCA-NCA.
each other. In contrast, there is significant motion of the 1ne values are generally similar to those found

H(D) atoms involved in the antisymmetric combination of .« exception of the metal—N force constans Which Pc?’r
W-N stretches, being in agreement with the considerable gMo s |ower (5.52 mdyn A1) than found for3? _(6.31

2H isotope shift of this vibration. depe dppe
1 P
Spectral comparison between tH& and thelSN spec- mdyn A-1). Due to the presence of bridging Clons, the

_ i Mo 1
trum of 3M°depefurther suggests that the band at 515¢m N—H stretching force constanistef 3depe(5'37 mdyn A™)

in the spectrum oF*N-3"°gepewhich shifts to 500 cm? in is also lower than that found f@&, (6.01 mdyn A).
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Table 8
Force constants of Mo/W—-N-NNH, -NNH, and -NNH, complexes (units are mdyn7 for stretching and mdyn Afor bending modes)
Compound f(NN) f(MN) f(MNN) Reference
[W(N2)2(dppe}] Lihpe 16.43 2.66 0.70 [7a]
[W(N2)2(depe}] 1ggpe 16.1 2.54 0.70 this work
[Mo(N2)2(depe)] 13"90’)6 16.59 2.37 0.68 this work
[Mo(N2)2(dppe)] 1g”p°pe 17.22 2.04 0.68 this work
[WF(NNH)(dppe}] 2‘5{),)6 8.27 4.50 0.53 [7a]
[WF(NNH2)(dppe}](BFa4) 3‘5"’)')6 7.20 6.31 0.39/0.69 [7a]
[MoCI(NNH)(depe}]Cl 3g"e°pe 7.16 5.52 0.38/0.67 this work
[WF(NNH3z)(depe}](BFa4)2 4‘é‘épe 6.03 7.31 0.65 [8]
[MoF(NNH;3)(depe}](BF4)2 4g"e°pe 6.03 8.01 0.63 [8]
aSeeTable 4
5. Discussion than in the case of [Mo(N2(dppe}]. Therefore, tungsten

is a stronger activating metal than molybdenum and depe is

In the preceding sections the vibrational structures of Mo g stronger activating coligand than dpjd] At the stage
and W-N> and —-NbH2 complexes with depe coligands have of the N, complex, the weaker activation by dppe can be
been derived. This subject is of interest with respect to the compensated by a stronger activating metal, explaining the
generation of NH from dinitrogen, mediated by Mo and  comparable N activation found in [Mo(N)2(depe}] and
W phosphine systems. The protonation of complex-bound [W(N,),(dppe}]. As can be inferred from the metal-N
N2 requires an ‘activation’ of this ligand which corresponds  force constantsTable §, W in general exhibits a stronger
to the transfer of electronic charge from the metal into the metal-Ny bond than Mo, corresponding to a larger back-
w* orbitals of dinitrogen. As this acts to increase the N-N ponding interaction and therefore a stronger activation of
bondlength and lower the N-N stretching frequency, the re- N,. This is due to more diffusd functions for W than for
duction ofv(NN) from its free-molecule value (2330 crh) Mo. The stronger activation of Nby depe as compared to
has been taken as a measure of activads. dppe, on the other hand, is caused by a strorgdonor

We have extended this methodology into several direc- and/or weakemr-acceptor capability of the former as com-
tions. First of all, we have carried out detailed vibrational- pared to the latter ligand. This is obviously the primary
spectroscopic studies on Mo- and W;-Nomplexes,  factor responsible for the formation of hydrazidium com-
allowing to also determine the frequencies of metal-ligand plexes, accounting for the fact that both [Mo{d(depe}]
vibrations. These vibrational-spectroscopic studies were and [W(N)-(depe)] can be protonated with HBFto hy-
complemented by DFT calculations, providing theoretical drazidium complexes whereas this is not possible with their
estimates of vibrational frequencies and force constants asmo and W dppe analogd.0].
well as electronic-structure information on the investigated  protonation of the depe complexes [Me{b(depe}]
compounds. Based on this information, QCA-NCAs were and [W(Np)2(depe}] with HCI, on the other hand, leads
performed on these systems, giving metal-N and N—N force
constants Table § [7,19,22] Using this approach, we also
studied the protonated derivatives of dinitrogen complexes,
i.e. M—=NNH, M-NNH, and M-NNH; compounds with
M = Mo and W[7,8,22] While our previous investigations
were mainly carried out on Mo and W dppe systems, the
present paper gives complementary information for Mo and
W depe complexes.

Consideration of the N-N and metal-N force constants
of the Nb complexes and their protonated intermediates
provides insight into the ligand activating properties of
the various metal—(diphos)combinations and allows to
monitor the state of the MH, ligand upon successive
protonation Table 8 Fig. 8). Trends obtained from the
f(NN) values of the N complexes are in line with those de-
rived from the N-N frequencies; i.e. [W)\(dppe}] and
[Mo(N2)2(depe)] provide the same activation ofsNwvhich
is weaker than in case of [W@)b(depe}] and stronger Fig. 8. Evolution of M=N and N-N force constants.
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to NNH2 compoundg8]. For the [MoCI(NNH)(depe}]Cl cleavage of the N-N bond and the post-NN cleavage phase
complex generated this way, the N-N force constant (7.16 of N2 reduction and protonation are underwag].

mdyn A-1) is similar to the value of [WF(NNb)(dppe)]

(BFz) (7.19 mdyn A1). However, the metal-N force

constant of [MoCI(NNH)(depe}]Cl (5.52 mdyn A1) is Acknowledgements

lower than found for the W—NN§ dppe complex (6.31
mdyn A1, cf. Table §. We ascribe this discrepancy to a
dimeric structure of the Mo—depe complex (in contrast to
the W—dppe complex which is monomeric), leading to a
splitting of the Mo—-N stretches into a symmetric and an
antisymmetric combination. The metal-N force constant
of 5.52 mdyn A1 reproduces theverage frequency of
these split vibrations and therefore is not strictly compara-
ble to the W—N force constant of the monomeric complex
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