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DFT calculations (B3LYP/LanL2DZ) of simplified models of [MogN(dppe}] and the two protonated derivatives
[MoF(NNH)(dppe}] and [MoF(NNH,)(dppe}] ™ (dppe= 1,2-bis(diphenylphosphino)ethane) provide quantitative
insight into the reduction and protonation of dinitrogen bound end-on terminally to transition metals. This
“asymmetric” reduction pathway is characterized by a stepwise increase of covalency and a concomitant charge
donation from the metal center during each protonation reaction. The major part of metal-to-ligand charge transfer
occurs after the first protonation leading to coordinated diazerigd( contrast, addition of the second proton

is accompanied by a minor change of covalency leading to aNgEicies which is neutral and hence corresponds
to coordinated isodiazene. UWis data of Mo and corresponding W complexes support the calculated energy
level schemes. Moreover, calculated vibrational frequencies and force constants show good agreement with
experimental values determined in Part | of this series (Lehnert, N.; Tuczékorg. Chem.1999 38, 1659~

1670). The implications of the electronic structure description obtained for the above model complexes with
respect to the reduction and protonation of dinitrogen in small-molecule systems and nitrogenase are discussed.

Introduction upon information from small-molecule model compleRes,
I . . . . structural considerations and molecular orbital calculattares,
The elucidation of the mechanism of biological nitrogen . L

the end-on terminabnd theedge-oncoordination of N to an

fixation and the l_real_|z_at|on of a corresponding catalyt|c cycle Fe-face of the FeMoCo. Importantly, these two bonding modes
based on synthetic dinitrogen systems represent major challenges

to bioinorganic and coordination chemistnalthough princi- also entaikwo different reduction pathwayboth of which can

pally different, these two goals have always been considered.be reproduced with synthetic compounds. It is therefore of

as related based on the assumption that the understanding O%ntere_st to analyze in detail and compare thes_e pa’Fhways both
. . of which represent probable scenarios for the biological process
the biological process on a molecular level would open a way

T L .2 using relevant small-molecule systems as models for the various
to synthetic nitrogen fixation at room temperature and ambient oo ; o
. ) . stages of M reduction in the enzyme. Alternatively, this will
pressure, oryice versa that from a catalytic systenm vitro o . . . .
. . ; -~ provide insight concerning the influence of the different bonding
something could be learnt regarding the detailed functioning . S .
. modes of dinitrogen on thactivation toward protonatiorand
of the enzyme. With respect to the latter approach, the S - . T .
. . RS thestabilization of protonated intermediatesich is also highly
requirement of “mild conditions” has been stressed repeatedly. AP ) )
. o . . relevant to synthetic Nfixation. In this respect, a further point
In particular, this implies that strongly negative reduction ) . o
. - of interest is the dependence of reactivity on the central metal
potentials should be avoided. . .
N . and the coligands. It has been stressed that a full understanding
Unfortunately, the structure determination of the iron/

. of all of these factors is still lacking to date.
e st e ey T endon erminaicoarnaion of N} bove an Feace
N is bound and reducetNevertheless. from the man gossibley of the FeMoCo follows as the most favourable configuration
27> o = yp from comparative calculations of Hoffmann etfalonsidering
coordination modes and sites of dinitrogen at the cofactor, two

- ; h e fact that N cannot replace one of the bridgingyroups.
binding geometries can be considered as most probable base his bonding mode has also been put forward by extended-

- Huckel calculations of PlassAs a consequence of the primary
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protonation at this atom leads via the “diazenidy((NNH), without difficulty.>® The reduction of gH, in D,O to cis-
“hydrazido(2-)" (NNH;) and “hydrazidium” (NNH™) inter- C,H.D,™ indicates that such a “symmetric” pathway is in fact
mediates to the splitting of the-\N bond, generation of Nk also possible for nitrogenase. Symmetrically boundié. with
and formation of the nitride complex which again can be both N atoms) is also contained in sontieear end-on

protonated to give one more molecule of Nggq 1)>7 No-bridgedcomplexes which can be protonated. As evidenced
. . ~ by large N—-N distances and correspondingly low dinitrogen
M —N, i; M — NNH i; M — NNH, i; stretching frequencies, the;Mgands are also highly activated
H H H3 in these compoundsin general, such a high degree of activation
M — NNH, garvry M —N 3—5; M — NH; (1) is induced by metals with d-electrons of high energy and strong

reducing capacities such as low-valent early transition metals

The relevance of this chemistry to nitrogenase has been(Ti and V group) and/or strongly reducing ligand systems. In
stressed many years ago by Lowe and Thorn&ldyshould contrast to the S|d_e-on systems, howe_ver, this class of com-
be noted that the actual protonation sequence involving the Mo Pounds is of no direct relevance to nitrogenase as FeMoCo
and W systems is more complicated than described by%q 1. ¢@nnot bind N in an end-on bridging way. Nevertheless,
Nevertheless, most of the intermediates involved in this schememembers of this class also follow a symmetric reduction
have been structurally characterized. In the preceding paper’pfathway since protonation and reductlop_flrst lead to coordinated
the vibrational properties of the first three species have beendiazene (HNNH) and, after further addition of two protons and
investigated in detail. Although the parent dinitrogen systems €lectrons, to hydrazine @NINHy).” The binucleatransy-1,2-
exhibit only slightly enlarged NN bond lengths and NN _dlazen_e _complex_es of Sel_lma_nn et@hich we have studl_ed
stretching frequencies of about 2000 dmand therefore contain I detail in a previous publicatidhserve as models for the first
only moderately activated i\the yields of ammonia in this ~ Stage of reduction along this pathway. Alternative symmetric
“asymmetric’ pathway are high. Without adding electrons, reduction schemes involve side-on coordinated diazene and
Mo(0)/W(0) are oxidized to Mo(VI)/W(VI) in the course of  hydrazine speciééand the splitting of the NN bond upon
these reactions. With small yields of NHhowever, the process ~ coordination of N.+9 _ _
also can be carried through electrochemically in a cyclic ¥ay. This study considers the first steps of the asymmetric path

Alternatively, dinitrogen is bound in aedlgeon coordination ~ Pased on Me-NNH (x = 0—2) systems. In the preceding paper
to an Fe-face of the FeMoCo. This initial bonding geometry N this issue, the vibrational properties of the MN, complex
has been advanced by Dafé&on the basis of DFT calcula-  [MO(N2)2(dppe}] (1a) and the analogous WNNH, (x = 0—2)
tions. Binuclearsideon (or edgeon) dinitrogen bridgedcom- systems [W(N)2(dppe}] (Ib), [WF(NNH)(dppe)] (lIb), and
pounds, which are primarily known from low-valent early [WF(NNHz)(dppe)]™ (llib ; dppe= 1,2-bis(diphenylphosphi-
transition metald® may be considered as relevant low-molecular No)eéthane) have been studied in detail. In our spectroscopic
weight models of this coordination mode of nitrogenase. They Studies we had decided to focus on the tungsten compounds
contain such highly activated dinitrogen that protonation to due to their higher photochemical stability in the Raman

hydrazine (presumably Via a diazene |ntermed|ate) occurs eXperimentS, Whereas the Ca|Cu|atI0nS presented hel’e are malnly
performed on molybdenum systems. Specifically, we determine
(10) (a) Chatt, J.; Heath, G. A.; Richards, R..L.Chem. Soc., Chem. the MO diagrams and charges of the model complexes [Mo-
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G. J.; Macdonald, C. J.; Mohd.-Ali, H.. Chem. Soc., Dalton Trans.  and NNR ligands with extended-Hikel theory* and estab-

1988 2545. () Barclay, J. E.; Hills, A.; Hughes, D. L.; Leigh, G. J.; ; it ; ; ;
Macdonald, C. J.. Abu Bakar. M.. Mohd.-All 5. Chem. Soc.. Dalton lished the qualitative bonding schemes of these ligands with

Trans.199Q 2503. (m) Galindo, A.; Hills, A.; Hughes, D. L.: Richards, ~ transition metal centers. In order to obtain a quantitative
R. L.; Hughes, M.; Mason, J. Chem. Soc., Dalton Trans99Q 283. description of the above mentioned systems, we apply density

I(rf:())rGegfr?:ﬁquééa %3'4%93%;”&5&'\‘9-; I’isgal?{aﬁi CB-? él{té%tghl functional theory using the B3LYP functional and compare
Q. Subieta, JInorg. Chem.1993 32, 1706 (b} Jmenez-Tenorio,  SPectroscopic properties derived by this method with experi-
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Trans.1994 2431. (16) (a) Sellmann, D.; Buen, E.; Waeber, M.; Huttner, G.; Zsolnai, L.
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Table 1. Comparison of Experimental and Calculated Structures Applied on the Model Syksiertisa

bond length%

angle
complex datafrom M—P* M—N N—N M—X N—H N—N—H literature
[Mo(N2)2(PHs)a] (T2) X-rayd 2.45 2.014 1.118 30a
Opt 2.510 2.014 1.164 -
[MoF(NNH)(PHs)4] (Ta) X-ray not known —
Opt 2.54 1.826 1.276 2.07 1.038 114 -
[MOF(NNH,)(PHs)a] " (Il'la) X-ray 2.54 1.763 1.332 1.99 1.09 125 30b
Opt 2.594 1.786 1.331 1.99 1.01 120 -

aQOpt: optimized structure’.In A; all P—H bond lengths are set to 1

420 A for calculatiéibata are averaged when necessatysed for

calculation.® For calculation, the NH bond length was set to 1.05 A and the correspondirgNN-H angle to 118. f Used for calculation; the
N—H bond length and the NN—H angle in the original structure dfla are distorted and therefore idealized.

mental data. In particular, the calculated orbital energies are
used to interpret the UVvis CT spectra of the Mo and W
complexes. Fota—Il'la and the W-N;, complex (b), vibra-

tional frequencies and force constants have been calculated as

well. The obtained values show good agreement with experiment
and thus support our bonding descriptions.

Experimental and Computational Procedures

Sample Preparation and U\V~Vis Spectroscopy.The dinitrogen
complexes of molybdenum and tungsten with the dppe ligand as well
as the derived protonated species of tungsten were prepared following
literature procedure®Z.Purity was checked by elemental analysis.-JV
vis spectra were measured with a Bruins Omega-10 spectrometer.

DFT Calculations. Spin-restricted DFT calculations using Becke'’s
three parameter hybrid functional with the correlation functional of Lee,
Yang and Parr (B3LYP) were performed for the singlet ground state
of simplified modelsia—Ii'la of complexesia—llla. The LanL2DZ
basis set was used for all calculations, which applies Dunning/Huzinaga
full double zeta (D95 basis functions on first row and Los Alamos
effective core potentials plus DZ functions on all other atdfiBhis
basis set proved to be superior to 3-21G or 3-21G** in comparative
calculations for the systems under investigation. Convergence was
reached when the relative change in the density matrix between
subsequent iterations was less thar 107> for single points and X
1078 for optimizations. Charges were analyzed using the natural bond
orbital (NBO) formalisn?® All computational procedures were used
as they are implemented in the Gaussian94 E.1 packalyevefunc-
tions were plotted with the visualization program Moldé&mnd the

force constants in internal coordinates were extracted from the Gaussian

output using the program Redoffy.

The structures of the modelsa&I11a) used for calculation (cf. Table
1 and Figure 1) are derived from existing complexes but simplified by
setting all valence angles at the metal atoms toa#l taking the Me-
N—N moiety as linear. Furthermore, the coordinating phosphorus atoms
are saturated with hydrogen. The bond lengths and angles of the
hydrogen atoms in the resulting “new” RHgands are based on the
known data of the free molecule. The Pgroups are adjusted in a

(22) (a) Dilworth, J. R.; Richards, R. llnorg. Synth.198Q 20, 119. (b)
See refs 10d and e.

(23) Becke, A. D.J. Chem. Physl993 98, 5648.

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

(25) (a) Hay, P. J.; Wadt, W. RI. Chem. Phys1985 82, 270 and 299.
(b) Wadt, W. R.; Hay, P. 1. Chem. Physl985 82, 284.

(26) (a) Foster, J. P.; Weinhold, &.Am. Chem. Sod98Q 102, 7211. (b)
Rives, A. B.; Weinhold, FInt. J. Quantum Chem. Symp98Q 14,
201. (c) Reed, A. E.; Weinstock, R. B.; Weinhold,J-Chem. Phys.
1985 83, 735. (d) Reed, A. E.; Curtiss, L. A.; Weinhold, Ehem.
Rev. 1988 88, 899.

(27) Frisch, M. J.; Frisch, A.; Foresman, J. Baussian 94 User’s
ReferenceGaussian Inc.: Carnegie Office Park, Building 6, Pittsburgh,
PA 15106; 1994.

(28) Schaftenaar, @4olden version 3.2; CAOS/CAMM Center, University
of Nijmegen: The Netherlands.

(29) Allouche, A.; Pourcin, JSpectrochim. Actd993 49A 571.

(30) (a) Uchida, T.; Uchida, Y.; Hidai, M.; Kodama, Acta Crystallogr.

[Mo(N,),(PH,),]
(Model Ta)

X-Ray Structure
A(MoP) =2.45 A
A(MoN) =2.014 A
ANNN) = 1.118 A

[MoF(NNH)(PH,),]
(Model ﬁa)

./;3>®<(;3<‘ Optimized Structure
A ' -’J\ AMoP) = 2.54 A
» A(MoN) = 1.826 A

ANN) = 1.276 A

¢ [MOF(NNH,)(PH,),I

N @lb y (Model IiTa)
< | 3

W e e
SRR

)

X-Ray Structure
A(MoP) =254 A
A(MON) = 1.763 A
® ANN) = 1.332 A

Figure 1. Structures of the model systeris [la, andIila used for
calculation.

[

way that the highest possible molecular symmetry is reached. For the
model systeméa andll la, all other bond lengths are taken from X-ray
structures (cf. Table 1). The crystal structure of compolini not
known. Therefore, the coordinates Itd are based on a geometry
optimization (cf. Table 1). The structures of the model systéas

Illa are given in Figure 1. The NNH angle ¢fla is chosen in
accordance with X-ray crystallography and thatlaf is taken from a
geometry optimization. The d orbitals in all model systems are oriented
in a way that ¢ gives rise tar and gy to o interaction with ligand
(phosphorus) orbitals. As this is opposed to the usual bonding situation
in octahedral complexes, we exchanged the labels of these orbitals in
order to make the MO analysis easier to access.

The MO schemes of the free ligands,NNNH~, NNH,, and, for
comparisoniransHNNH have been calculated as well. The structures
of N, and HNNH™" are those of the free molecules, whereas optimized
structures are used for NNHand NNH.

Results and Analysis

A. DFT Calculations. Frontier Orbitals of the Free
Ligands. The highest occupied and lowest unoccupied orbitals

1975 B31, 1197. (b) Hidai, M.; Kodama, T.; Sato, M.; Harakawa,
M.; Uchida, Y.Inorg. Chem.1976 15, 2694.

(31) Carlotti, M.; Johns, J. W. C.; Trombetti, £an. J. Phys1974 52,
340.
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HNNH

NNH,

0.1307 a.u.

occupied

-0.4208 a.u.

-0.0770 a.u.

-0.1202 a.u.

-0.0561 a.u. -0.0689 a.u.

-0.4029 a.u.

-0.3818 a.u.

Figure 2. Contours of the molecular orbitals of the free ligands and their correlation.

of N2, NNH~ (diazenide), NNH (isodiazene), anttansHNNH

has two equivalent coordination sites and therefore strongly

(diazene) are shown in Figure 2. Free dinitrogen has a set ofprefers a bridging or side-on geoméfrwhereas isodiazene

two degenerater* orbitals which are the lowest unoccupied
orbitals (LUMOSs) of the molecule. The splitting betweeand

forms a linearr bond. Hence, diazene is an intermediate of the
symmetric and isodiazene of the asymmetric reduction pathway.

m* is very large because of the short bond distance and the The bonding interactions between the NNE = 0-2)

strong overlap of the involved p functions. The HOMO of N
is p,, @ lone pair formed by the nearly nonbonding combination
of two sp hybrids.

ligands and metals are mostly mediated by their respective
HOMOs and LUMOSs; all other orbitals have much weaker
bonding capabilities. In the following, the molybdentii,,

The bonding of a proton removes the degeneracy of the two —NNH, and —NNH, complexes are considered in detail. The

7 bonds of N and leads upon further addition of two electrons
to the nonexisting NNH (diazenide) species. Due to the

structures of the corresponding model systdmslia, and
Il'la are given in Tables 2a, 3a, and 4a, and orbital decomposi-

negative charge, the whole MO scheme is shifted to higher tions are given in Tables 2b, 3b, and 4b, respectively. The

energy. In the followingg, (vertical) labels the orbitals which
are perpendicular to the NNH plane and correspond to “real”
bonds whereasy, (horizontal) orbitals lie within the NNH plane
and derive from the p functions of the nitrogen atoms which
are directed to hydrogen atoms. The LUMO of diazenitdg,

is very similar to ther* orbitals of N, whereas the in-plane
interaction is distinctly weakened by the bonding of a hydrogen
atom. Correspondingly, the HOM@}, has a much larger p
coefficient on the coordinating than on the terminal nitrogen
atom giving this orbital the propertie§ a p donor which is
weakly coupled to the terminal NH group. At the Nbtage,
the residual coupling breaks apart leading to a covalenHN
bond (orbitalmy; cf. Figure 2) ad a p donor orbital at the
coordinating nitrogen labeled;. In contrast, the LUMOz;,

corresponding MO schemes are combined in Figure 3; relevant

orbital plots are shown in Figures #aj, 5 (ITa), and 6 (i'1a).
Dinitrogen Complex of Mo. The bis(dinitrogen) complex

la has a linear NN—Mo—N—N unit that is strongly conju-

gated. Importantly, both HOMO and LUMO of the correspond-

ing model fa belong to thisz system (cf. Figure 3). The

occupied }; orbitals d,_7,[370and ¢, ) [350comprising the

HOMO derive from thebondingcombinations of g and g,

with the N, z7* orbitals (cf. Figure 4). The 25% Ncontribution

to these orbitals indicates relatively strong backbonding (cf.

Table 2b). The thirdﬁgl orbital, dy, is nonbonding with respect

to dinitrogen and phosphorus but shows some hydrogen

admixture. The LUMOs offa, w(nb)390and 7;(nb)38L)

derive from the in-phase combinations of the dinitrogen

again remains nearly unchanged. For comparison, the orbitalsorbitals. Apart from a little admixture of molybdenum p
of diazene are shown in Figure 2 as well. Whereas isodiazenefunctions, they are MeN nonbondingand effectively cor-

acts & a p donor withz, the corresponding orbital dfans-
diazene mediates @ donor interactiort! In addition, diazene

respond to thex* orbitals of free N. The antibonding
combinations of ¢ and d, with #*, o _d [47(] and
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(a) Coordinates of the Asymmetric Unit of [MogN(PHa),] (Ta)?
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NNH Complex of Mo. In the singly protonated speciéa,
one dinitrogen ligand is replaced by fluoride leading to a
F—Mo—N—N(H) moiety. Whereas the NN distance increases

no. atom positionx y, 2° (cf. Table 1), the Me-N bond is shortened with respect to the
1 Mo 0.000 0.000 0.000 parent compleXa. Because of the enlargement of the-N
é H% 8'888 8'888 g%g distance, the out-of-plan€; orbital of NNH is at lower energy
4 P 0.000 > 450 0.000 than the corresponding* orbital of dinitrogen. As a conse-
5 H1 —1.270 3.080 0.000 guence, the backbonding interaction with the mejabdbital
6 H11 0.640 3.080 1.100 is strengthened which is also reflected by the decomposition of
7 H21 0.640 3.080  —1.100 the bonding combination d;[350(33% N, and 47% Mo
(b) Charge Contributions of [Mo®x(PHs)4] (Ta)° vs 27% N and 65% Mo in %_ni of the N, complex; cf. Table
energy charge decompositin 3b and Fi_ggre 5). This orbital is the HOMO of _the comEIex.
orbital  label (Hartree) % NE % NZ %Mo %P %H Strqng mixing also occurs betweergzghnd the in-planet;,
orbital of NNH which is lower in energy thanz
dz ?[5[5?3',]5 8'%%3 2% f 3? 52 43 due to the interaction with hydrogen. The bonding combination
big[_rl,zg 0.0737 3 2 13 42 40 (nﬁ,dyz) has 54% NNH and 28% Mo character and therefore a
de—y @80  0.0491 0 0 29 68 3 preponderance afi;. This represents an “inverted” bonding
i d, D470 0.0480 37 27 1210 15 situation with respect to the parent, Nomplex which is
m, dy, D460 0.0438 26 18 3 24 29 accounted for by ther;_d , labeling. Correspondingly, the
EHQ g‘iﬁ% 8:8%‘1% ; 18 3f 433 ég antibonding orbital g_ﬁnﬁ whiqh_ is_the LUMO of model
7 (nb) bx390 —0.0114 29 39 3 20 3 _comple>d|a has a major ¢ participation (cf. F_lgure 3). Both _
7 (nb) ba[380 —0.0122 28 38 8 20 6 in-plane and out-of-plane backbonding orbitals also contain
O, 7t 370 —0.1544 3 24 65 0 9 antibonding contributions of fluorine p functions.
. a/360 —01561 0 0o 67 3 30 The occupation ofr, d ,is equivalent with the formation of
oy T bs350 —0.1591 2 23 60 2 13 a rather covalent in-plane MeN x bond which is also reflected
PHs b[340 —0.2813 0 3 9 79 9 by the d, population being lowered to a value of 0.95. As
PHs b3 (330 —0.2813 0 2 9 79 9 indicated by the g occupation of 1.37, the out-of-plane
de-y  by320 —0.3195 0 0 26 65 9 interaction is comparatively weaker, but nevertheless strength-
gzz(nb) %JLB[:;LED :82?;2 3§ 5?3 1i 62 13 ened with respect to the Ncomplex (vide supra). Including
’ bl:QgD —0.3984 0 0 0 40 60 the electron density donated to the metal centerfyyand
p._dz a280 —0.3987 20 72 2 0 3 received from the metal viaj, the NNH ligand is predicted to
bsg270 —0.4060 16 15 0 29 40 acquire a total charge 0£0.39. From a comparison of the
E@ggg :8-18;2 2% 12 f fg 43g calculated and experimentally determineé N force constants
bz:mzu —0.4236 13 10 0 31 46 of this species (9.48 vs 8.27 mdyn/A), however, the negative
7y (nb) 210 —0.4300 50 36 1 7 6 charge imposed on NNH must be higher (see below).
mx(nb)  b[200 —0.4303 53 38 1 4 3 NNH; Complex of Mo. For comparison with free isodiazene,
7y,  bs180 —0.4424 50 31 3 10 7 the MO scheme ofi la given in Figure 3 has been shifted to
gf(?]xg)) EZG%Z;B :g'égig gi gg g 1% 1& higher energy to compensate for the offset due to the positive
o*_dy a;fﬁa] —05724 69 24 7 1 0 charge of the complex. Addition of Hto complexila leading

a2The missing coordinates are generated by the use of symmetry

operations like inversion and reflectioda( has Dan, symmetry).
b Coordinates of the atoms in AOnly selected orbitals are list€dt e ] X g
several symmetry-equivalent atoms exist, the charge decompositionOrbital in energy thus increasing the contributionzgfto the

gives the sum of all contribution8N1 is the coordinating and N2 the

terminal nitrogen atom.

to the doubly protonated speciéls causes a further shortening
of the Mo—N bond which is accompanied by an enlargement
of the N—N distance. This causes a further decrease oftthe

bonding combination g 7 to 50%. The remaining 50% are
made up by metal (30%), F (11%), and £¢bntributions. In
spite of the antibonding fluorine p admixture, this orbital is still

myd 460 (cf. Figure 4), are located at distinctly higher at lower energy than,gwhich is nonbonding (Figure 3). The
energy than the LUMOs reflecting again the strong degree of NPA analysis now gives a value of 1.11 fo, thdicative of a

backbonding between dinitrogen and molybdenum. In contrast, maximum degree of covalency for the out-of-plandond at

the o interaction between molybdenung énd the p HOMO
of dinitrogen is weak. This is indicated by the charge decom- interaction in the NNH complex.
position of the corresponding orbita),_pl228(cf. Figure 4)
containing only 2% metal contribution (cf. Table 2b). Although of a p lone pair which is responsible for the p donor capability

the o* orbital of N, is at much lower energy, its overlap with

Mo is somewhat larger (decompositionaf_d2151 7% Mo,
92% Np).

this stage. In fact, this interaction is comparable to the in-plane
As mentioned above, the} orbital now has the properties
of NNH, (cf. Figure 2). The bonding combinatioqﬁ,dyz is

split into b330and BEB1O(not shown) by interaction with
phosphine (cf. Table 4b). As reflected by the small molybde-

This bonding description is supported by the NPA (Natural num-d participationsz;, is now clearly lower in energy than
Population Analysis) charges (Table 5) and d orbital populations dy. In fact, this inverted bonding situation is now even more
(Table 6). The relatively strong backbonding interactions are pronounced than illa (see above) which is also indicated by
reflected by ¢ and g, populations of 1.5 as compared to the the d, population being lowered to 0.73. The corresponding
population of 1.8 of ¢, which is nonbonding. Including the  antibonding combination yg_nf][%D which is metal domi-
contributions ofr backbonding and donation to the Mo center,  nated, is the LUMO of moddl la (cf. Figures 3 and 6).
the N, ligand acquires a total charge 610.13. Via its p donor capacity, NNKloses charge to the metal
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Table 3
(a) Coordinates of the Asymmetric Unit of [MoF(NNH)(BH] (ITa )2
no. atom positiony, y, 2)° no. atom positiony, y, 2)°
1 Mo 0.000 0.000 0.000 8 H11 0.640 3.170 1.100
2 F 0.000 0.000 —2.070 9 H21 0.640 3.170 —1.100
3 N1 0.000 0.000 1.826 10 P 0.000 —2.540 0.000
4 N2 0.000 0.000 3.102 11 H2 1.270 —3.170 0.000
5 H1(N) 0.673 0.673 3.545 12 H31 —0.640 —3.170 —1.100
6 P 0.000 2.540 0.000 13 H41 —0.640 -3.170 1.100
7 H1 —1.270 3.170 0.000
(b) Charge Contributions of [MoF(NNH)(P] (ITa)c
energy charge decompositién
orbital label (Hartree) % Nt % N2 % H % Mo % F % P % P % H % H
dz2 ab1d 0.1051 17 2 0 34 3 14 14 8 9
PH; ai4sd 0.0506 3 0 0 55 0 12 11 9 9
PH; al440 0.0458 0 2 0 26 0 14 21 13 22
a2 da'ia10o 0.0212 1 1 0 33 0 28 34 2 2
5Oy, d'raon 0.0200 19 11 0 23 1 20 9 10 8
amad 0.0173 0 0 0 4 1 20 19 27 26
0y, amed —0.0078 25 9 11 36 3 3 3 6 4
Ot a'[350 —0.1476 3 30 0 47 9 2 2 3 3
Oy ams4ad —0.1683 0 0 0 74 0 1 1 12 11
7 _dy, am3]  —0.1794 16 31 7 28 8 4 4 1 1
F(p) + 7y d'320 —0.2676 3 5 0 6 42 20 21 2 2
F(p) + 7 amid —0.2705 2 8 0 7 44 17 18 2 2
F(p) amod —0.2925 8 2 1 9 79 0 0 0 1
F(p,) arad —0.2998 0 0 0 10 41 20 21 3 3
F(p) d'rsn —0.2999 0 0 0 10 44 17 21 3 4
a2 a're7n —0.3205 0 0 0 25 0 36 30 5 4
Ty, ared —0.3467 44 36 0 7 4 1 2 2 2
7y_Cy, a's50 —0.3527 53 29 0 8 0 2 2 3 3
dz ar4ad —0.3565 0 0 0 18 0 37 33 5 5
po_dz2 asd —0.4597 46 26 9 12 2 1 0 1 0

aThe missing coordinates are generated by reflectitanlfasCs symmetry).? Coordinates of the atoms in AOnly selected orbitals are listed.
d1f several symmetry-equivalent atoms exist, the charge decomposition gives the sum of all contriBitibis.the coordinating and N2 the
terminal nitrogen atom.

but, on the other hand, receives electron density from the metalmasked by the strong absorption at 310 nm. As in the case of
by strong back-donation viar. These two contributions the analogous Mo compound, the spectrum of theNY depe
effectively cancel leaving the ligand with a slightly negative complex exhibits some weak bands (cf. ref 33) at 498, 455,
charge £0.03 from NPA, see below and Table 5). In contrast, ~390, and ~360 nm which are assigned to ligand field
the “hydrazido(2-)” formulation assigns the whole charge of transitions (Figure 8, detailed analysis see below). Unfortunately,
d, 7 and n;_dy to the NNH ligand giving a too ionic these features are masked by the broad 380 nm band in case of
description of the Me-N bond. Therefore, NNkiis coordinated ~ the dppe complexes. In the protonated species [WF(NNH)-

as covalently bound isodiazene. (dppe}] (lib) and [WF(NNH,)(dppe}](BF.) (llib ), the broad

By means of p, isodiazene is a strongerdonor than N or absorption band related to the dppe ligands is shifted to 325
NNH. This is evident from the strong energetic depression of "M and no other feature can be detected down to 250 nm. Based
ps_d2160which is due to interaction with the metadi2 orbital. on the MO schemes of modela—Illa (Figure 3) and in

This compensates for the loss of hydrogen bonding character@greement with George et &.the strong absorption band at
as compared to the analogous orbitalllaf which is also ~ @bout 300 nm of the dinitrogen complexes is assigned to the
found at deep binding energy, however primarily due to arHN symmetry-allowed metal to ligand charge transfer transitions

bonding interaction. d , 7, — my(nb) and ¢, s, — 7 (nb) which are of comparable
B. Comparison to Spectroscopy. Optical Absorption: ~ €nergy. The nonbonding orbitalsy(nb) and 7 (nb) are a

Charge-Transfer Transitions. The UV—vis spectra of the  special feature of the linearNN—M—N—N moiety appearing
dinitrogen complexes [W(Nz(dppe}] (Ib, Figure 7) and [Mo- ~ at distinctly lower energy than the antibonding metal-
(N2)2(dppe)] (la, spectrum not shown) are quite similar and combinations. Therefore, the corresponding orbital energy
exhibit a strong absorption at 298 and 307 nm, respectively, differences are smaller~31 800 cm* = 315 nm for the

and a broader, but less intense, band at 380 nm. In contrast, théionbonding versus-44 500 cn* = 225 nm for the antibonding
spectrum of [W(N).(depe)] (Figure 8) only contains the  combinations) and in fact show good agreement with the
corresponding strong absorption at 310 nm but no feature measured band position. Furthermore, the large intensity of this
comparable with the 380 nm band of the dppe systems which absorption supports the given assignment to a symmetry-allowed
therefore must be assigned to a transition directly involving the
dppe ligands but not the MN, moiety. George et al. attribute (32 I(:ar? ?e%rge'lg§2-3335bg' > C; 'ZkeG' SE- D. A rorg. gfggﬂomet,-w .
this feature to an electronic transition from metal d to phosphine Ge%r%%,(?rrﬁA_; Iske, S'_(D)_ A?st; rA,m. 'cr{émlfssgdgéq 102 fg]gl’_ a
d orbitals. In the depe system, this band is blue-shiftedd (33) Caruana, A.; Kisch, HAngew. Chem1979 91, 335.
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Table 4
(a) Coordinates of the Asymmetric Unit of [MoF(NNHPHs)4] * (IT'1a)2

related to the difference in,detween the axial and equatorial
ligands and otherwise practically independent of the choice of
parameters.

no. atom  posiiony, 2" no. atom positionx y, 2" Both absorption bands resulting frofi, at 20 080 {E)
1 Mo  0.000 0.000 0.000 6 H2(N)-0.630 —0.630 3.720 and 21 980 cm* (*Azg) exhibit the same vibrational structure
g E‘l 8:883 8:888_1‘3323 78PH1 _1(_);;%0 3%57%0 0%%%0 of about 410 cm! when measured in a KBr disc at 10 K (cf.
4 N2 0.000 0.000 3.095 9 H11l 0.640 3.170 1.100 Figure 8) The involved vibration has to be tOta”y SymmetriC
5 H1(N) 0.630 0.630 3.720 10 H21 0.640 3.1701.100 and, due to its frequency, of metdigand stretching type. From
—_— - our vibrational studies this mode has to be assigned to the
(b) Charge Contributions of [MOF(NNEPH).] ™ (I I_a_)c symmetric W-N stretch (419/414 cmi, cf. Part | of this series).
charge decompositién Nevertheless, this is difficult to reconcile with the above
_ energy % % % % % % % assignments as in a strong-field schefey — Eq(*T1g)
orbital label (Hartree) N1* N2> H Mo F P H corresponds to,dd,, — dz2 and Ay — Ay(IT1g) to dy —
dz af00 —00548 30 4 1 27 3 18 14  dp » Both orbitals involved in the latter transition, however,
" gggg :g:ggg g 18 g gg cl] gg 123 are nonbonding with respect to,haking a displacement in
2 4 b,370 —01561 36 12 0 33 4 7 9 thg W-—N vibration dlffICU|'F to understand. Alternatively, both
dyV*H* b360 —01848 20 2 13 53 5 2 4  Visible!Tigbands are attributed to components'Aig — 'Eq
“h split by the rhombic distortion of the complex due to the
dy g‘lgig :8-222? 13 3% % 83‘(") 101 % 15__’2 bidentate phosphine ligands and/or a JaRaller effect. In that
dfj—”v b1|33|:| 03977 26 1 3 7 19 39 a4  case however, the question arises whgrg — ‘Az is located;
]l?(]ﬁgyin b2[32|] _0'4233 o 11 0 9 11 & 7 possibly, this transition is shifted to much higher energy (i.e.
2 d ! bimm 04519 28 2 5 19 3 34 7  intothe region of théTygtransitions) due to the largedonating
Flp) @00 —04682 9 3 o o 77 1 1  effect of the equatorial phosphine groups. At present, this
F(po) by290 -0.4683 0 1 0 11 76 7 4 question cannot be decided convincingly without more detailed,
F(p) b280 —0.4705 6 1 1 16 69 3 4 preferentially low-temperature single-crystal measurements.
gxzfvz ZQggg :g-ggéi 8 8 g gg 2 gg 1? Vibrational Spectroscopy. Calculated and observed-NN
nzvz_dxz bi[%D 05245 35 3 0 5 0 9 14 and M—N stretching and MN—N bending frequencies are
Po_dz a6l —06437 51 24 3 19 4 0 0 listed in Table 8. In case of the Moand W-N, systems,
7t (nb) 157 —-0.6559 10 66 22 1 0 0O O excellent agreement with experiment is achieved, especially for

v(NN) (average deviation from experiment: 11 ¢ In
contrast, the calculated frequencies obtained by applying VX
on comparable model systems are about 500ctmo low 36
For both protonated species, the deviations are larger but the
obtained values are still close to experiment.

The same trends are evident from the corresponding force

charge transfer transition. In case of the protonated species, noconstants given in Table 9. In case of the-W, and the NNH

such nonbonding orbitals exist and accordingly, no correspond-SyStem’ the calculated values are in very good agreement with
ing spectral features can be detected down to 250 nm (cf. Figurethe QCA-NCA results (see Part | of this series) providing

7). This is in agreement with the calculated energy differences further evidence that for these compounds a good theoretical

: . . o - description has been achieved with the chosen method. In
between the bonding and antibonding combinationsoivith contrast, the results for the NNH system are of somewhat lower

7, (the in-plane orbitals in general have even larger splittings) qyajity as the calculated-NN force constant is distinctly larger
predicting these absorptions to appear distinctly below 300 nm. than experimentally determined. Therefore, theNNbond order

aThe missing coordinates are generated by reflectibia hasC,
symmetry).? Coordinates of the atoms in AOnly selected orbitals
are listeddIf several symmetry-equivalent atoms exist, the charge
decomposition gives the sum of all contributiofdl1 is the coordinat-
ing and N2 the terminal nitrogen atom.

Optical Absorption: Ligand Field Transitions. The ob-
served ligand field bands of [W{@)(depe)] (Figure 8) can be
related to electronic transitions within &ldw-spin system with
octahedral environment. For an analysis of the ligand field
spectrum, we applied angular overlap model (AOM) calcula-
tions** to a [W(N)(P)] model system oD, symmetry with
six formal ligands (two of “N” type and four of “P” type). The

is overestimated and the NNH ligand more negatively charged,
i.e. closer to diazenide{) than calculated.

Discussion

The calculations presented in this paper allow an analysis of
the electronic-structural contributions to the first two protona-
tions of metal-bound Nalong the asymmetric pathway. This

real dinitrogen complex has a lower symmetry because of the is of relevance with respect to an understanding of biological
bidentate depe ligands and distortions from ideal geometry. nitrogen fixation as well as the realization of a corresponding
Thus, the absorption bands at 20 080 ém= 498 nm and synthetic process at room temperature and ambient pressure.
21980 cm! = 455 nm can be assigned to transitions from the As outlined in the Introduction, there are two probable bonding
A4 ground state to the two termgg and!A,g of 1Tg split in modes of N to the FeMoCo of nitrogenase which correspond
Da4n. Accordingly, the bands at25 500 cnT! = 390 nm and to fundamentally different reduction modes. The end-on terminal
~27 600 cnTt = 360 nm belong to théB,; and'Eq components  coordination to an Feface of the FeMoCo entails a reduction

of 1T,g. In terms of the AOM parameters listed in Table 7, the along the asymmetric pathway involving bour8iNH, —NNH_,

energetic sequence of the different split terms is predominantly and —NNH3 species before splitting of the AN bond and
generation of NH In contrast, reduction of Nbeing edge-on
coordinated to this face most probably proceeds via sym-

(34) (a) Schmidtke, H. HQuantenchemie/CH Verlag: Weinheim, 1987
and references herein. (b) Adamsky, H. Ph.D. thesis, Universita
Dusseldorf, Germany, 1995. (c) Adamsky, H.; Computer program (35) Griffith, J. S. The Theory of TransitioMetal lons Cambridge
AOMX, version dated from 01.02.1995; Institutr fTheoretische University Press: London, 1971.

Chemie, UniversitaDusseldorf: Germany, 1995. (36) Deeth, R. J.; Field, C. Nl. Chem. Soc., Dalton Tran$994 1943.
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Figure 3. MO correlation diagram between free dinitrogen (left column), free isodiazene (right column), and redkls andIila. MO
designations correspond to those of Tables 2b, 3b, and 4b, respectively, and Figure 2.

metrically bound HNNH (diazene) and,NNH, (hydrazine)

the other hand, charge is lost to the metal centepvdanation

intermediates, i.e. along a symmetric pathway. Although the from N,. Our DFT calculations on the Mo and W centers show
geometric and electronic structure of the FeMoCo is much more thatsr backbonding from th% orbitals is more important than
complex than that of simple mono- or bimetallic systems, it ¢ donation leading to a net transfer of negative charge to the
will be shown that salient features of both reduction modes can ligand. This was also concluded from EHNOand SCF

in fact be derived from these small-molecule systems. In the calculations’” The different computational methods, however,
following, the implications of the obtained bonding descriptions strongly affect the actual values of the calculated charges on
with respect to the asymmetric reduction pathway will be the coordinating (N1) and terminal (N2) nitrogen atoms; in
discussed first. Then the reduction and protonation of sym- addition, the charge distribution depends on the applied analysis.

metrically bound N are considered briefly and both reduction
modes are qualitatively compared to each other.

Bonding Descriptions of Mo/W—Nitrogenic Systems: Asym-
metric Pathway. The first essential requirement for nitrogen
fixation which applies to either pathway is a sufficiaativation
of the parent M complex toward protonation. This term refers
to the transfer of negative charge to the boundijand viax
back-donation from the metal d into the liganti orbitals. On

Using DFT with the Natural Population Analysis (NPA) we
obtained small and approximately identical negative charges on
both nitrogen atoms, i.e-0.07 on N1 and-0.06 on N2. For
comparison, we also performed a Mulliken population analysis
of the Mo—N; system giving a more negatively charged and

(37) Murrell, J. N.; Al-Derzi, A.; Leigh, G. J.; Guest, M. B. Chem. Soc.,
Dalton Trans.198Q 1425.
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0.0438 a.u. -0.0122 au.

-0.1476 a.u. HOMO

Figure 4. Contour plots of important molecular orbitals iaf.

-0.4597 a.u.
Table 5. NPA Charges of Mo Complexes
atom
complex M NB N2 Hb P P X
[Mo(N2)2(PHa)4] (Ta) —1.01 —0.07 —0.06 — +0.31 —  —
[MOE(NNH)(PHs);] —0.24 —0.17 —0.56 +0.34 +0.27 +0.28 —0.64 d
(lla) ,
[MOF(NNH2)(PHy)J]* +0.04 —0.21 —0.68 +0.43 +0.24 —  —0.55 a<ls> Po_0;2
(Ia) _
] o ) ) Figure 5. Contour plots of important molecular orbitals b&. For
aNL1is the coordinating and N2 the terminal nitrogen at&@harge all in-plane orbitals, the same molecular orientation applies. The out-
for each H atom. of-plane orbitals are shown from different perspectives.
Table 6. NPA d Orbital Populations of Mo Complexes
-0.1561 a.u. -0.1848 a.u. LUMO
tog € "
complex d: dy, dy dey d2
[Mo(N2)2(PHs)4] (Ta) 151 151 176 1.05 0.82

[MOF(NNH)(PH)] (lTa) 1.37 0.95 a 095 a
[MOF(NNH,)(PHs)4]* (lila) 1.11 0.73 1.90 1.03 0.82

2*dy” and “d2” are mixed from two different spheric harmonics b.<37> & JT
and therefore it is not possible to give orbital populations (both orbitals <3 m, d b,<36> dyz_ h
contain 2.61 electrons in total).

. . . -0.3467 a.u.
more polarized N unit with —0.06 on N1 and-0.11 on N2

which is in qualitative agreement with charges derived from
the DVXo. method36 In contrast, the EHMO calculations yield
charges oft0.05 (N1) and-0.67 (N2), and a Mulliken analysis
based on the mentioned SCF calculation even predicts an
inverselypolarized N unit with —0.11 on N1 and-0.03 on
N2. We found that a charge distribution with a strongly negative b,<34> z
N2 atom is the result of very strongbackbonding whereas an
inversely polarized Mis obtained if this interaction is weak as,
e.g., in Fe(Il)-N; systems? It is therefore likely that ther
interaction is overestimated by the EHMO and underestimated
by the SCF method. This also follows from the fact that the
orbital schemes resulting from EHMO exhibit much too small
HOMO—-LUMO gaps whereas the results from the SCF “
calculations for a model analogous ta give too large an /L
energetic separation between the bonding and nonbonding a,<16> Pg_dzz
combinations ofz*. In contrast, our energy level schemes .
correlate well with the observed optical absorption spectra of Figure 6. Contour plots of important molecular orbitals iba. For
the Mo— and W—bis(dinitrogen) systems. In addition, the very all in-plane (_)rbltals, the same mole_cular orientation applies. The out-
. . f-plane orbitals are shown from different perspectives.
good agreement between calculated and observed vibrational’
frequencies and force constants (cf. Part | of this series) makes
us confident that our bonding description is reliable. The conversion of dinitrogen into diazene is a highly
endothermic process (isodiazene and diazenide do not exist in
(38) Tuczek, F.; Wiesler, B. E.; Lehnert, N. Unpublished results. free form). The second important role of the transition metal

-0.6437 a.u.
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Table 7. Comparison of the Calculated and Observed Ligand Field
Energies of [W(N)(depe)] (in cm™2)

2,0

method 1y 1A 1By =
experimental 20080 21980 25500 27600
AOMP 20150 22110 24700 26600

aMeasured inn-hexane at room temperatufeApplying the fol-
lowing parameters: for the formal ligand “P"+(8) = 8000/e(P) =
600; for “N”, e,(N) = 6900/e(N) = 500; and B= 400/C= 1600 =
[W(N,), (dppe),] (A) 21005 (all parameters in cri).

[WF(NNH)(dppe),] (B)
[WF(NNH,)(dppe),](BF,) (C)

1,5

the NbHy (x = 0—2) moitey following each protonation. As a
consequence, the %N bond is strengthened while-N\N bond
strength is decreased. From a mechanistic point of view, the
weakening of the NN bond initiates N cleavage from the very
first protonation step whereas the gradual increase-eN\bond
strength acts to prevent loss of the partly reduced intermediates
during the nitrogen fixation process. In addition, these reactions
are accompanied by flow of electron densityrom the metal

d into the initially empty N s* orbitals compensating more or
less for the charge withdrawal due to the addition of protons.

The calculations performed in this paper show how these
requirements are met in the case of MoAW, systems. After
protonation of one of the Nigands of the parent bis(dinitrogen)
complex and loss of the second,Xhe interaction of the metal
and ligand in-plane orbitals leads to the formation of one strong
and covalentr bond. Out-of-plane back-donation is enhanced

-1 as well, but to a smaller degree. On the basis of NPA analysis
) ) wavenumbers (cm") the resulting NNH species has a charge-@f4; the calculated
Figure 7. UV—vis spectra of the tungsten complexiés Ilb, and  N—N force constant is 9.48. From the experimentally deter-
b~ (as indicated) in THF at room temperature. mined force constant (8.27), however, the negative charge on
24000 22000 20000 18000 16000 this species must be higher, i.e. more towarfu_corr_esponding
T to the usual “diazenide{)” formulation of this ligand (see
below). Importantly, the terminal nitrogen atom is predicted to
J1,25 carry a strongly negative charge and thus can be further
protonated without difficulty.

The MO scheme of the corresponding Mo-NNebmplex
indicates that the interaction of.dvith 7 is further increased
such that a strong bond perpendicular to the NNHblane is
10,75 formed. In contrast, the in-plane metdigand interaction is

reduced since thej, orbital now having the properties of a p
e oo donor is shifted below the metal d functions (inverted bonding
24000 22000 20000 18000 16000 scheme). Nevertheless, the net effect of both changes is still a

wavenumbers (cm”) . . . . . .

slight increase in metalligand bond strength which is also
reflected by an increase of the metal-N and a concomitant
decrease of the NN force constant. With a measured force
constant of 7.2 in the coordinated NMHroup, the N-N
interaction is reduced to a double bond at this stage, i.erone
bond of dinitrogen has been completely removed and two
electrons have been transferred to thenibitey (cf. Table 9).
The NNH, ligand therefore should be correctly designated as
coordinated “isodiazene” and not as “hydrazidef2having a
single bond. In agreement with this description, the NMN¢gand
carries virtually no net charge.

As apparent from these bonding descriptions, the transfer of
electron density leading to the NNHtage is distinctly smaller
than during the first protonation step. Whereas the transforma-
wavenumbers (cm‘1) tion of N, to NNH entails a major increase of covalency and is

accompanied by a transfer of more than 1.4 electrons, the second
Figure 8. UV—vis spectrum of [W();(depe})] in n-hexane atroom  protonation more or less corresponds to a normal-alsabe
temperature. The insert shows the ligand field transitions measured in o 5 otion with a minor shift of electron density:{0.6) from
a KBr disc at 10 K exhibiting a vibrational fine structure as indicated. the metal to the ligand. Although the whole Nilthit is almost
center is therefore tetabilize these species, i.e. provide a neutral, its terminal nitrogen atom carries a negative partial
thermodynamic driving force for their generatidmagicity). This charge. If the donor capacity of the metal site is sufficient (as
is effected by an increase obvalencybetween the metal and  in the case of the Mo/W-depe systems), a third protonation
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Table 8. Observed and Calculated Frequencies (imYnof Mo/W Complexes

(NN) »(MN) S(MNN)
complex exp B3LYP? DVXa¢ exp? B3LYP? exp? B3LYP?
2007 (s 1992 (s 1567 (s 410/414 (s 452 (s 411/410 (s
[W(N2)(dppe)] (1b) 1948 Ea)s) 1953 ((a)s) BT e (as) © (as()) 555 (as) 567/560 (§s§
2033 (s 2015 (s 1441 (s 393/404 (s 413 (s 385/384 (s
[Mo(N2)(dppe)] (1) 1980 Ea)s) 1976 ((a)s) e © 20 (as)( L (as) 570/557 (aé))
[MF(NNH)(dppe)] (11 )¢ 1457 1563 - (~530?) 614 514 (ip) 533 (ip)
[MF(NNH,)(dppe)]* (Il )¢ 1387 1451 - 581 627 451%8 Ei‘;‘)’p) 5’569 ((if)?p)

2 See Part | of this series; abbreviations: s and as are the corresponding symmetric and antisymmetric combinations; ip and oop are in-plane and
out-of-plane bends relative to the-NN—NH (Il ) and N-NH_ (Il ) plane, respectivel\’. This work; calculated for model systeres-Il la. ¢ Calculated
by Deeth et al. in ref 36 Calculated for the model system of Mo; measured for the analogous W compound.

Table 9. Experimental (QCA-NCA) and Calculated Force Constants of Mo/W Complexes

fan@ fun? funn?
complex QCA-NCA B3LYP* QCA-NCA® B3LYP* QCA-NCA® B3LYP*
[W(N2)(dppe)] (Ib) 16.43 16.28 2.66 2.93 0.70 ~0.50
[Mo(N2)2(PHs)] (12) - 16.72 - 2.41 - ~0.45
[MF(NNH)(dppe}] (Il )° 8.27 9.48 (4.5) 5.29 0.53 (ip) 0.54 (ip)
[MF(NNH)(dppe)]* (Il )e 7.20 7.81 6.31 6.20 % Ei‘;c)’p) oo ((i?,?p)

aUnits are mdyn/A for stretching and mdykfor bending force constant8.See Part | of this series; abbreviations: ip and oop are in-plane and
out-of-plane bends relative to the-NN—NH (I ) and N-NH (Il ) plane, respectivelyf. This work; calculated for model systerres—Il la. ¢ Compare
with fyy = 7.73 for coordinatedrans-diazenée’’ ¢ Calculated for the model system of Mo; the experimental value was obtained for the analogous
W compound.

occurs yielding the NNkl species whickin addition to the
doublex bond—is alsoo bound to the meta Simultaneously, to weaken the activation of coordinated Bind also decrease
the remaining (vertical) NN sz bond of the NNH intermediate the charge transfer to the partly reduced species. In nitrogenase,
is removed. Thus, the NN bond has been transformed into a the bonding of Mto the multimetallic FeMo cofactor supposedly
single bond whereas a triple bond is present between the metaprovides a much more efficient charge transfer to this ligand
and the coordinating nitrogen atom. This is exactly inverse to than attainable by monometallic centers. This enables nitrogen

right-hand side of Mo and W (i.e. with a highgy) would act

the situation in the parent dinitrogen complex.

To conclude, the reduction and protonation ofélong the
asymmetric pathway by Mo/W systems is characterized by the
following three factors:

(1) The parent dinitrogen complexes feature a moderately
activated N group with a charge of approximatety0.1 on the
f-nitrogen.

(2) By each protonation step, covalency between the metal
and the NNH unit is increased with the major change occurring
after the first protonation. As a consequence, the resulting
intermediate is stabilized, the relatively weak-™ bond of

the dinitrogen systems is strengthened and the loss of charge®

due to addition of the proton is at least compensated. Negative
charges on the intermediates belevt are avoided.

(3) The N—N bond order is reduced by each step initiating
N—N cleavage, and the terminal nitrogen atom of the intermedi-
ates NNH and NNkl is always negatively charged to enable
further protonation.

On the basis of the second factor, the Mo and W systems
successfully mediate these reactiatthiough the actiation of
the parent dinitrogen ligand is only moderatécom a more
general viewpoint, the role of covalency becomes less importan
if more charge is put on this ligand in the parent complex, i.e.
if the degree of activation is increased. This can be achieved
through coordination of jto metals of lower effective nuclear
chargeZe than Mo and W lying on the left-hand side of the

t

transition-metal series. As a consequence, however, this also
requires the use of stronger reductants to generate the dinitrogen

complex which conflicts with the initially stated goal of “mild
conditions”. On the other hand, coordination to metals on the

fixation at much less negative reduction potentials than in the
synthetic systems considered here.

Comparison to Symmetric Reduction Pathway Although
not relevant to nitrogenase, transition-metal complexes with end-
on bridging N have repeatedly been considered in connection
with synthetic nitrogen fixatio®3°Nevertheless, it appears that
a significantly higher degree of activation is necessary for their
reduction and protonation than for the end-on terminally
coordinated systems investigated here. For example, binuclear
dinitrogen-bridged tungsten systems only give moderate amounts
of hydrazine and no ammorifawhile their mononuclear
ounterparts produce high amounts of Nske above). In order
to understand these differences in reactivity, a linear binuclear
M1—N—N—M2 unit (M1, M2 = Mo/W) with moderately
activated dinitrogen is considered (Scheme 1a). If one proton
is added to the bridging N a M1-N(H)—N—M2 structure
results which is bent at, e.g., M1 (Scheme 1b). This breaks the
in-plane = bond between M1 and N Since z;, can only
interact with an empty dorbital of M1 in ac donor manner,
one electron has to be transfered from thefunctions of M1
to z;, equivalent with a one-electron oxidation of this metal
and a concomitant reduction of the ligand. The addition of a
second proton leads to the symmetric diazene species M1
N(H)—N(H)—M2 and rotates M2 out of the linear "N—N

(39) (a) Collman, J. P.; Hutchison, J. E.; Lopez, M. A.; Guilard, R.; Reed,

R. A. J. Am. Chem. Socl199] 113 2794. (b) Collman, J. P.;

Hutchison, J. E.; Lopez, M. A.; Guilard, R. Am. Chem. S0d.992

114, 8066. (c) Collman, J. P.; Hutchison, J. E.; Ennis, M. S.; Lopez,

M. A.; Guilard, R.J. Am. Chem. S0d.992 114, 8074.

(40) Anderson, S. N.; Richards, R. L.; Hughes, DJLChem. Soc., Dalton
Trans.1986 245.
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Scheme 1 an end-on terminal configuration, i.e. one metidlbond of the
bridging M—N(H2)—N(H,)—M structure must be broken which
again is endothermic (cf. ref 41). In addition, there is some
probability that hydrazine is lost at this stage.

On the basis of these mechanistic drawbacks, the symmetric
reduction pathway involving-1,2 Ny, N2Hz, and NH4 species
appears less favorable for the reduction and protonation of
coordinated dinitrogen in small-molecule systems. Whereas the
asymmetric pathway allows a gradual flow of electron density
from the metal to the protonated ligand with a smooth
conversion fromsr backbonding to ar double bond, the
corresponding protonation steps of the symmetric pathway are
accompanied by much larger changes of geometry and redis-
tributions of electron density which raise the activation barriers
to these reactions. Furthermore, while in case of the asymmetric
pathway every protonation leads to a strengthening of thé\M
bond fixing the partly reduced intermediate tighter to the metal,
the metat-N bond strength iseducedagain after the diazene
stage in the symmetric pathway, leading to weakly bound
hydrazine. All of these differences can be traced back to the
fact that in the asymmetric reduction pathway the bonding and
the protonation site of the coordinated dinitrogen are separated
whereas these two functions are performed at the same site in

b)

Mo+ Mo+ —»: Charge Donation the symmetric pathway. In summary, therefore, the asymmetric
1 2 . Q-interaction pathway appears as the more effective reduction mode of
dinitrogen.

structure as well thus breaking thebond between M2 and N
(Scheme 1c). In order to bind this species i donor manner

to both metal centers, the transfer of a second electrorj,to
this time from M2, is necessary. Thus, at the stage of diazene
two w bonds have been broken and twobonds have been
formed; both metal centers have been one-electron oxidized,
the ligand has been two-electron reduced and two geometrical
rearrangements have occurred. Moreover, the double protonatio
of u-1,2 diazene leading to hydrazine again requires two one-
electron oxidations of both metal centers and disrupts the
remaining out-of-plane metaN x bonds!’ This way, two 1C9809409

M—N o donor andr acceptor bonds are replaced by two weaker

o single bonds which is thermodynamically unfavoralfle.  (41) pemadis, K. D.; Malinak, S. M.; Coucouvanis, IBorg. Chem1996
Further protonation of pH, requires another rearrangement to 35, 4038.

Acknowledgment. F.T. gratefully acknowledges the support
of these investigations by the Deutsche Forschungsgemeinschaft
(Grant Tu58/5-1) and Fonds der Chemischen Industrie (FCI)
and thanks Dr. R. L. Richards, Nitrogen Fixation Laboratory,
John Innes Center, Norwich (U.K.) for a sample of [WIN
(depe)]. Preparative work of N. B@s is gratefully acknowl-
edged. N.L. thanks FCI for a KeKuResearch Fellowship. We
Thank the Emil und Paul Mier Gedahtnisstiftung, Universita
Mainz, for financial aid.




