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Abstract

Parameter values (d,,N) of (1-950, 5-75) for Mo"'—-N
and (1-893, 5-1) for Mo'—N bonds have been
determined empirically for use in the general bond-
strength (s) bond-distance (d) relationship s = (d/d,)™"
on the basis of structural data taken from 30
independent all-nitrogen and mixed (N,O) molybdenum
coordination spheres in 21 different compounds.

Introduction

Molybdenum compounds have recently attracted con-
siderable attention because of the interest in the
chemistry of the earlier transition metals and their
biological (Stiefel, 1977) and industrial (Braithwaite,
1978) importance. Molybdenum appears as an essential
element in a number of enzyme processes, including
that of symbionic nitrogen fixation, and its compounds
are in wide use as catalysts.

It is well known that molybdenum tends to act as a
typical 7 acceptor and exhibits a characteristic affinity
towards oxygen, sulphur and the halogens, but less
towards nitrogen. In the high-valence states, a common
type of adduct therefore involves molybdenum in a
basically octahedral environment with typically two
terminal oxygens. As 7 donation from oxo ligands to
the metal occurs less readily at lower formal oxidation
states, only a few poorly characterized oxo species of
Mo!V:11 are known (Bart & Ragaini, 1979). Low-valent
molybdenum chemistry is thus not heavily dominated
by the oxo grouping. In considering the chemistry of
molybdenum with simple nitrogen ligands, account
should be taken of the fact that the cation exhibits a
wide range of oxidation states and stereogeometries.
Typically, in the tetravalent state the range of coor-
dination numbers (4-8) involving nonoxo ligands is
greater than for any other oxidation state.
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In the interpretation and use of structural results,
especially in case of irregular stereogeometries, advan-
tage should be taken of bond-strength (s) bond-length
(d) criteria. This avoids the use of individual radii and
obviates the need for assumptions regarding the nature
of the chemical binding. A knowledge of bond strengths
facilitates the interpretation of spectral data. It appears
that parameter sets for s—d relations are largely
confined to bonds to oxygen (Brown & Wu, 1976),
although a few others have been suggested (Brown,
1974; Hoggins & Steinfink, 1976; Zachariasen, 1978),
but none for nitrogen. Therefore, this note evaluates
Mo—N bond strengths on the basis of structural data
(Table 1) for molybdenum complexes with all-nitrogen
and mixed (N,O) ligand sets for which structural data
are available.

Results and discussion

Analytical bond-strength bond-length relations are
usually taken to conform to inverse power or
logarithmic functions (Donnay & Allmann, 1970;
Pyatenko, 1972; Brown & Shannon, 1973; Allmann,
1975; Brown & Wu, 1976). These expressions are
essentially equivalent over the range of interest, with
some deviations for bond strengths lower than about
0-2 v.u. Consequently, the procedure adopted here
consists of describing the non-linear relation as s =
(d/d,)™", where d, and N are fitted values such as to
ensure that the cation valence is obtained by sum-
mation of s over all the bonds to molybdenum. The
expression s = (d/1-882)7%° has recently been shown
to describe adequately Mo—O bonding for the range of
molybdenum valence states from 2+ to 6+ (Bart &
Ragaini, 1979).

According to Table 1, few all-nitrogen ligand sets
have appeared in molybdenum coordination com-
pounds. Structural data for [Mo,(Me,N)] and [Mo-
(Me,N),] indicate an effect of the molybdenum valence
state on the Mo—N bond length. Consequently, various

© 1980 International Union of Crystallography



MOLYBDENUM—NITROGEN BOND-STRENGTH BOND-LENGTH RELATIONSHIPS

1352

SUOIIBIA9P pJepuej§ ‘suun aduadjea uf () .e,mlﬁmwm._\ouezs =

(5L61) A31IBDIW % JOIBWXOH ‘UORIAWI | ‘QIA0IEY (00) “(SLET) PISMOINYIS 79 JOPURMSIN “NIImUR,] ‘UOHOD (M) *(SLET) A93M % Jaury 'sH3U] ‘Uon0D (wm) *(9L61) OlIMNA
% UON0D ‘SUIIOD (J1) “(ZL61) uewoN % UONOD (1) (6961) SALE % xouN () *(9L61) SUMS 7 3AWS ‘WAYIAGY ‘ZUIA ‘UONOD ‘WIOYSIYD (1) (BLET) HAYIIRY % dUNXT ‘UONIOD ‘WIOUSIYD (¥Y) “(SL6T) SIPPID % deauy (53)
(9L61) HOMPPYS () *(8L61) dunxg 23 UONOD "WoYsID (33) (8L6T) AIPM % dunxg ‘U0NOD ‘WousIYD (PP) (8L6I) IPIUDS % Uosuyor (92) *(8L61) BHOD-Jedioy % laeudq ‘Jeudwel (¢9) “(9L61) UUNN 7 3snoysien (vv)
"(1L61) 014 % 2198q13 (2) “(LL6) 16QES % 18qES JIOPNY ‘YEIMOLD ‘BXSMOIEIGIZLL-EASMOZIf (4) “(SL6T) JIOPNY 79 1BQES “IBQES ‘YelmOtD) (X) *(9L61) 1808133 7 SIBY2.INY ‘UUNN *asnoyajen) (#) (OL6T) BYUDOSEIY 79 UBAWAOIY
() "($961) 19P[A %9 UONOD (1) *(yL6I) (UNSEND 2 NIOPIYUB 1UEIRED 1YBOD ‘B|IA [SAYD (1) “(1L61) BAO[OYOS % URAWAOIY (5) (6961) PAEOH % HOUO “HIBd (4) (G9LE1) PIOJUad % Jaydng (b) “(99L61) Piojuad 7 Joyding (4)
(ZL61) sstapy 7 ddnjyog *sonuadie)) 7 (0) *(9L61) SSIPA 7 PIOQaIQ “IolASYD (¥) 'puoq uaisSum-wnudpqAjOW Jeajonuosdlay (M) "Jouop [erxe jyeam ay) Suiptedaisiq (7) 'suol [elow ay) AQ paidnodo ase sanuad asoym sdsenbs
pasdios JO $J9UI0D 3y} I 9q 0} PaJPISUOd 9q ABW ISAYL "SANS SIS 1B PAIBUIPIOOD SI Hun Jedpnuiq LLOW YL () 'SUS XIS 3B PIIBUIPIOOD st uun oW YL (/) uodpayena] (1) -prwelddiq [euoii] (¥) ‘uoipayeIdQ (8) "pruelidiq
[euo8eiuad () ‘snun weussug ul (3) (111 p-€1 '086°1 AL N *926-1 *(A) 1S '€68-1 ((IA) SL'S ‘056°1 :[4-('P/P) = 5 Jo N pue 'p| s13s Jaroweaed Sulmo[[0f ) Yilm PAIRIND[ED (P) "I9S U} JO AN[EA P ISALOYS Y] 10j PIIBWINSD UM

0~°Wg uopenba ay) 03 JuipioddE PaTBMO[ED (g) -ANLISVEIP-A/N-[IWeIn ‘epn taulydiod(£03-d-ena) *dn tunkydiodjAusydenar-g'd'g'o jo uowuerp *dds :areunwnpauaiiyiow

-1y(opAyape[Aoifes)siq *uljes {Ajozesdd ‘zd touipriAd ‘Ad t|Adosdost ig-1 tAuayd ‘yd [AY1BW ‘PN t91e)e0eIIOfIIL ‘B tauIpLAdIAYIaW-g ‘dyw {AYId 17 191BI90EE.INIDUILIEIPIUIAYID ‘BIPD LSUILELIAUIAYIDIP ‘USIP SUONEIAIQQY (D)

00

uu
ww

LLd
88

v

3

P
22

9

A A aAaN

=

2

O RGN Gn -y B

QUIJY

IN*OMOW
¥ N'O'oOW
¥ N'OW
, i« ZvO~DS_
¥ N'O'OW
1 00N
LNOW
N
IN°OO
sN°OON
sN°OOW
"NOW
yN'OOW
"N‘OOW
SN0
*N'OON
#N'OON
#N'OOW
#N'OON
$N"OON
£ N"OOW
#N'OOW
#N'OOW
#N'OOW
sN*OOW
#N'OOW
*N"OOW
#N"OON
#N°OOW
#N° OO
sN°OOW
/N0
"N"OON
nun
reandnng

£10-0
L00°0
L00-0
6000

200

200
$00-0
$00-0
L00°0

8100
L00°0
$00-0
$00-0
200
$00-0
$00-0
§00-0
$00-0
600-0
6000
£00-0
L00°0
L00°0
200
200
z100
(41X}
200
$00-0
$00°0
8000
8000
L00-0
L000
9000
9000
200
200
$0-0
$0-0
800
$00-0
€00
9000
$00-0
$00-0
2100
#00°0

N‘b

pu
pu
pu
pu
ou
pu
pu
pu
pu

(¥) 80°€
(2) 00-¢€
pru
pu
(¥} 96°T
U
pru
@00y
(2) 00
(v) 98-¥
(¥) 68¥
(T £0°§
(9) 8¢S
) Lz-s
(91 T8°§
(61) €5
6) L6V
(6) 00-S
(€1)18v
9) 82§
W €S
9) v0°S
9) Lo°s
(S) 86°%
($)96¥
¥y 00-S
)96t
(S1)S6°v
(S1Y06°¥
(D) 08¢
@ vi-s
(01) $6°S
(£) $6°S
p) LL*S
) 16§
(€) v6°S
($)90-9
(01)25+9
(v) 6L°§S

BN

P

‘pu
pu

R R R ks ek

VOOMODWVON—FORARN—WV)

L0

g ILNRNI2NR2KTRT
N0 OO BON—~— VRSSO AN—~OCTEF OO
MOV NITILTLTITITONNNNNNTETATTIITNNMNN®N

ﬂm;gsggjon—\a\nmm\amh

°|e§h N

> 09 299999990
NN AN NN

7 -O'So.o_vgv;cgoooo
EZITAMmmahnm

VOOV OVOVOOVO NV NNINNNNNNNNNNnN

Aaers
2oudeA
oW
[ewo]

w{T) ¥61-C
(1) $90-7
(1) §90-T
(1) 060°T
€)Ly1-T
(€) Ly1-T
(1) 621
(1) 6z1-T
@) 6T1-C

() v1z
(1) evee
(vt
(£) 0£p-T
Moz
(Moive

(1) 18$-7
(1) 1852
(¥) 2887
@) 85T
(€) v$5-T
() ¥$5°T
(pu)zss-z

(1) 99¢-C
(1) 9952
(1) 09$-Z
(1) 09s°T
(1) 095T
(1) 095-C
(v) £55°T
vy €55

ON—OW

e (xp) 180-7>
LLTTHILIT 7607 '¥80°C
9LI-T'EPI-T £60-T ‘9L0T
€91-7(XT) 6¥1-T°STI-C -

SpT61°T°91°T £1-7°11°T
81-T€1-T £1-7°80°C
191-27'851°C 9017 *660°T
TLIT'BSIT 0z1-2°911T
857 821-2°6T1-T*111-7'860°C

(xZ) 6117

*L01-T (XT) $90-T ‘v£0-T -
(x£)<086°1) -
8LT T 186°1 ‘0¥6°1 ‘926"

11414 9L6°1 ‘6¥6°1°ST6°1
81-¢ pI-TE1-T 1176072 *€0°T
6LTT S91-T“9¥1-T *8LO-T '626°1 6681

_ON‘N of.N.mE.N.hwo.N,wmm._.omm._
vE6°1 °8T6°1 (XT) LT6°1 -
TE6 1 ‘PT6 T “1T6°1 °L161 -
19L-1 v61-T*9v6°1 LS8"1 ‘6981

LyL-l S61-T°156°1°198°1 ‘0581
(XZ) L60°T ‘€60°T ‘060°T 9€6°1 °LOL"1

S¥6-1 0¥6°1 'v¥9-1
¥96°1 ‘€96°1 ‘9¥9-1
16°1°06°1°99°1
10°7°26°1 291

WTTeP1-T6E1T
09Z-T ‘p¥1-TS€1-C
| ¥ Ax 44 KT A g4
8T-T°S1-T°60°C

91€-2°0v2T L60°T 6Y6°1 *916°1 ‘789-1
$T€7'85TC 080T ‘p¥6°1 ‘vT6°1 ‘8L9"1
v2-2*12°T 122X 6°1 “1L°1
180°7“590°C 0£T-T S11-T 881 '999-1
v60-T ‘€L0°C L61-T TII-T 168 1 °LLY 1
pe1-7 72T 9€€-T 1561 ‘0€6°1 9L9-1
BET-T'611-T LIE-T SP6°1 82671 °LLY 1
§S1-2°0€1°T 9€€-T 19671 ‘PE6°1 ‘PLY-1
8E1-7°611°C LLT-T TS6°1 ‘TE6-T ‘€69°1
{(x7) 9€1-T) SEE-T196°1 “1€6°T ‘SLY"T
{Ux7) 9€1-T) LLT-T'PS6°1 ‘CE6°1 069°1
1€T'%2°C 01-T(XT) v6°189-1
€€-7°LTT 01-T(X2) v6°1 ‘89-1
we SE-TL6L €61 “€8°1 “LL"1
(284 YE-T P61 16°1°08-1°6L 1
ee-T (X 0zET 6€L-1 (xT) SEL"1
E1€-TSE1-T PLOT 6€6°1 ‘PIL T 10L T
(x7)zee (x7) 861 (X7 1L°1
66£°C C1TT OLI-T 6bL 1 ‘6EL 1 ‘TEL"1
88T SHT-TOLT-T (XD LEL-T SEL 1
LEET Ov1-Z‘PT0°T ‘1661 ‘689°1 ‘089-1
0St'T  SE0-T'Ev6-1°8E6°1 8161 °506°1 “859-1
(x¥) 960°C (xp) 856°1
N—OW O—O°N

() soouelsIp puog

NOHD ‘1" 02D NI MON|
OTHD [M(dyw)io|

[P HUdN)DUd oW |

[0 HD) | aH (zd) |"ON)

SO [M*00 HYH g¥(zd) g o]
N*H*OZ ' ["(*0D4D) oW}
HOOD'HD O'H " [*(SON)ON|* 3
IP(N"a) O |
[{NH*W)*(O1S 2N 0N |
[HHO)(*OD HO)(BIPa) ol %
O'HY*91 [*(HO) O (e1p3)" o |
["(N*aW)OI |

(ON)(04d- )OI}

|FO*(dd) o]

O'H !I*O (SON)ON ' (HAd)
{2OYSDON)OW["(HAd)
["OMd*O*H)*(*N*H®' D) o]
OHE " ["O (aupnsiy-1) o |
[F0°(SON)'CODH) oW " (HAd)
{*O"(SON)' (O D) O " (HAd)
O*HT'["0"(SON)FODH) ON| (HAd)
*0"(SON)(F0D2W)* oW | (HAd)
1'0"(SON)(C 0D W) O (HAd)
[Cd* 0" N H™ D) oW}
[FO{N*CHO'HOONOWIH
[fO(uatp)on]

[fOo(wes)on|

[FOYON’H* D)o |

O'H8 ' [°O(e1P2) 0 |"eN

O'H [‘O(em)on| 3

O°H ' [*O{ePM)ON|"HN
[F0)0{dO* W) HAd)oW]

[‘Co)dnon)
»punodwo)

sa42yds U01IDUIPL002 U2B0.41U— PuD UdSAX0—WNuUaPqAjow uj sy)3ua) puoq puv syI3uadis puog 1 dqelL



J. C. J. BART AND V. RAGAINI

(d,,N) parameter sets are to be derived to describe
Mo—N bonding. The following structural data may be
used as a reference [compound, Mo oxidation state,
bond length (A), bond strength (v.u.)]: [Mo(Me,N),],
(IV), 1.926 (6), 1-0; [Mo,(Me,N),], (III), 1.980 (7),
1-0; [Mo(NCS)¢]>*~ anion, (III), 2-085 (18), 0.50;
[Mo,{PhC(NPh),},], (II), 2146 (9), 0-50. Similar data
are not available for the higher-valency states and
additional reference points can therefore be evaluated
only indirectly, namely by subtraction of the oxygen
contributions from the total molybdenum valence sum
in complexes with (N,O) ligand sets. This generates the
following data: [Mo(dien)O,], (VI), 2-324 (5), 0-38;
[Mo(ttp)(O,),), (VI), 2:096 (4), 0-71; [Mo,(tpp),0,l,
(V), 2:094 (3), 0-59; (pyH);[Mo,(MeCO,)(NCS),0,],
(V), 2-136(6), 0-55; [Mo,{Et,(pz),B},(CH;-
CO0,),l.CS,, (II), 2-162 (5), 0-50. Obviously, the latter
data set suffers from some undesired interdependency
of the Mo—N bond strengths on the values which
describe Mo—O bonding. Initially obtained (d,N)
parameter sets were then adjusted by minimizing the
discrepancies of the calculated bond-strength sums and
formal valence states using all available structural data
(Table 1). Parameter (d,,N) values of (1-950, 5-75)
and (1-893, 5-1) for Mo"'-N and Mo'—N bonds,
respectively, result in calculated cation bond-valence
sums in close agreement with the formal oxidation
states. It is apparent that the present available data still
allow for a considerable uncertainty in the parameter
values as (1.970, 6-2) and (1-946, 6-7) for MoY'—N
and MoY—N bonds, respectively, are also fairly
adequate. Similar expressions for less frequently occur-
ring valence states could not be derived, although the
quoted reference values allow (1-980, 13-4) to be
established for Mo!"'—N bonds. However, it is felt that
this set requires further support.

Detailed examination of the results shows an average
deviation of the calculated cation valence sums from
the ideal valence values in Table 1 of about 3-0%,
although there are individual deviations of up to about
10% in some structures. These discrepancies are partly
due to uncertainties in the bond-length values, as
indicated in the table by errors given for the bond-
strength sums. Although many interatomic distances
are quoted with standard errors of 0-005 A or less, it is
well known that they are subject to systematic errors
larger than this, as, for example, when the effect of
thermal motion has not been corrected for. The true
standard errors are therefore much larger than the
values quoted. This obviously would improve the agree-
ment between the bond-strength sums and the valences.
It has been proposed (Brown & Shannon, 1973) that
second-nearest neighbours might account for some of
the additional deviations. Inductive effects are also
important for compounds with weak bonding, whereas
it is in doubt whether the usual analytical expressions
are valid for the very weak contributions.
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The results allow some interesting conclusions to be
made concerning Mo—N binding. Complexes with
molybdenum in the 6+ oxidation state that lack
terminal O atoms are the nitrido complexes, where N3~
is isoelectronic with O?~. The MoY'—N bond length of
1-66 (4) A in AsPh,[MoCI,N] (Knopp, Lorcher &
Strahle, 1977) and the MoY!-N—MoVY! distances of
1-64-1-67 (1) A and 2-14-2.20 (1) A in [MoCI,N]
(Strihle, 1970), and of 1-659—1-661 (5) A and 2-150—
2-167 (5) A in [MoCI,N(POCI,)], (Strihle, Weiher &
Dehnicke, 1978) have been described in terms of triple
and single bonds. The present analysis suggests here
bond strengths of about 2.5 and 0-5 v.u. Using force
constants derived from vibrational spectra, Goubeau
(1966) ascribes a Bindungsgrad of 2-2 to the multiple
bond in [MoCl;N]. For the short terminal mono-
substituted alkyl imido moiety with a MoY—N bond
length of 1-733 (4) A in [Mo,(#*-CHJ),{(CH,),CN},-
(u-S),] (Dahl, Frisch & Gust, 1974), a bond strength of
about 1-6 v.u. is suggested. Other examples of Mo—N
multiple bonds are found in [Mo(i-PrO),(NO)],
(Chisholm, Cotton, Extine & Kelly, 1978) and
amongst the mixed (N,S) ligand sets, namely in
[Mo(EtPhN,){(CH,);NCS,};]BPh, (March, Mason &
Thomas, 1975), in [Mo(Et,NCS,);N], [Mo(Me,-
NCS,);NS] and [{Mo(Et,NCS,);N},. Mo(Et,-
NCS,);](PFy), (Bishop, Chatt, Dilworth, Hursthouse
& Motevalli, 1976), in [Mo(n-Bu,NCS,),(NO)] (Bren-
nan & Bernal, 1973) and in [Mo(NC(H,pCH,)-
(PhCONNCH ,-pCH,)(Me,PhP)Cl,] (Hursthouse &
Quick, 1978), with Mo—N bond distances of 1-62—
1.74 A. For the complex [Mo,(L-histidine),-
0,S,]. 14H,0, thought to possess formal Mo—N single
bonds of 2.237-2.272 (9) A (Spivack & Dori, 1975),
the present analysis suggests bond strengths of less
than 0-5 v.u.

In oxo species, bridges of the type Mo(x-O)Mo and
Mo(u-0),Mo are quite common. Mo—O bond dis-
tances in linear MoY—O—MoV bridges are 1-859 A
(Bart & Ragaini, 1979). The corresponding linear 4-N
bridge has not been described, but unsymmetrical linear
MoNMo moieties are found in the aforementioned
nitridc complexes and in the mixed-valent complex
[{Mo(Et,NCS,);N},.Mo(Et,NCS,);/(PF), (Bishop et
al., 1976), with average Mo—N distances of 1-639 and
2-143 A in the last case. The mean MoY—O bond
length in the MoO,Mo binuclear units of Table 1 is
1.938 A, corresponding to 0-84 v.u.; the corre-
sponding average Mo'—Mo" distance is 2-563 A. An
asymmetrical diazenido bridge MoY—MoV distance of
2-662 A and an average Mo"—N bond length of 1-938
A have been found in [Mo,(PhCON,),(Et,NCS,),0]
(Bishop, Chatt, Dilworth, Kaufman, Kim & Zubieta,
1977). Although this bridge is not strictly comparable
to the aforementioned di-u-oxo bridges due to differ-
ences in the ligancy of the bridging atom, the calculated
Mo—N bond strength is similar (0-89 v.u.). Finally,
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while an Mo(u-O);Mo bridge has been reported in
[Mo,(pq),0,].CH,Cl, (pq = 9,10-phenanthrenequin-
one) (Pierpont & Buchanan, 1975) with an MoY'—Mo"!
distance of 3-160 (2) A, corresponding binuclear nitrido
complexes are unknown.

All calculations were performed on the Oxford
University ICL 1906A computer.

One of the authors (JCJB) is gratefully indebted to
Montedison SpA, Milano, for leave of absence, and to
the Ramsay Memorial Trust, London, for financial
assistance.
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