Coardination Chemistry Reviews, 13 (1974) 339406
Elsevier Scientific Publishing Company, Amsterdam — Printed in The Netherlands

PRINCIPLES OF STRUCTURE, BONDING, AND REACTIVITY FOR
METAL NITROSYL COMPLEXES™

J.H. ENEMARK and R.D. FELTHAM

Departrment of Chemistry, University of Arizona, Tucsoh, Arizona 85721, USA

{Rrceived Ocrober 91h, 1973; Revised January 21st, 1974)

CONTENTS
B8 a2 o T £ T - 340
L Introduction....... ot s em s e e na e e e E e e Eaaaie s freren e ag
Ii. M OnOnITOSY L oMl ES . o vttt i ittty ittt aets b a it et et e 341
A, Triatomic MNO ... ....... fr e e e feraeraeean bt e n e aae ve.. 341
B, Six<coardination .. ..vereenenna. e R d et ieacaae et a e 344
C. Five-coordilation . - . caauaeraan Vet s caira e fkrmabenmar et iss
1. {MNO)}® a1 1 b, L XY
2. {MNO} COmPIEXES <\ oottt et e e e e 363
3. {MNOJ® COmPIExes. ... v oo ettt e e e, 366
D, Four-coordina.don...... M rearaaana e e e eem e maE A ae e e naaanan 367
E. Ouer coordination numbers . . . .o L.ttt et v esem e et n e Sere e 37D
F. Summary ....... Ceaeens Vesaeean et aber ey N e he e, 370
G. Other effects...... i a et et tare ettt A b etaeaaan a1
L Spin-orbit couplimE . . . e e e ey 371
B o1 T 172
Ii. Reactions of coordinated nitrosyl groups. .......o..... e reanemte e 378
I Polynimosyl complexes. . ..ottt ittt ettt e e e e 3IR2
Ao M(NOQ); complexes....... frm i eae e et e aem et s e e A 324
1. Four-coordination....... N b e e e e e e d e,y . [ 386
2, Five-CoOrdImation . v v vttt s ot ettty s e m e et e eaaan E$:1)
3. Skx-coordination ., .. ... ..., Wb e semar et e e e ee e 392
B. M(NQ)3 complexes....... e aaan et e arameaeraan v aaena, 197
C. M(NO)q complexes ... ...... Hiear e enann e e r e amraasneeann.a. 3195
D, Reactions of polynivosyl complexes......ovuivennan. Aeerenaaeaa Certaeerans 395
V.  Conchisions .. .ovournt it e it e ta e e aanens s e veera.s 397
A. Inorganle functional EIoUPS . . v v e s iruvnsncvracencoenn P feesaa e 397
B. Stereachemical control 0f valente . . o o ...t ittt it e e e a e 397
L. Metalnitrosyls. ... o et e e e e e e mmanciraesee i 197
2, Othergands . ... vvevnvnnrennna et e ek aaEeraaraarEar et e 397
3. Dinitrogen complexes......, ..... et e e msan e m i et at e 398
4, General utility . ., .o v v e encsrrnenane raeaana A, fhsvrsssnasnes 399

* Presented in part at the ACS—CIC Summer Symp. on Inorganic Clremistry, Coordinarion and Activatior
of Small Molecules, Buffalo, N.Y., June 19-2}, 1972,



340 J.H. ENEMARK, R.D. FELTHAM

V. APPendiK . vttt et e ceaeas faraneneae-- 399

A Calculation of clcctrustam. eneryr.-s for the (MNO} T groups. .. .vvvurvnrevenee... 329
R e T T 111 1TT+ T tereniaeaaaas 399
2, CqpuSYmMImMetY. . .ovnvnrann. et rarararnas . R ] |

B, Vibrationalmodes of M{MOIL g ....ovvviuniciararosinnnas teivennennennacass 402

Acknowledgements. o vvvierianamar-ens e nan it aattaitmsiatsanteanconsnas., 903

R CIBIOBS . 2 4 s s vaernnracanncrnnasasacnan i iitenrariaivanrerabvar e ana s 403

ABBREVIATIONS

acacen NN -cthylenebis{acetylacetoneiminato)-

benacen N,V -ethylenebis{benzoylacetoneiminato)-

bipy bipyridy?t
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Lh.s left-hand side
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r.h.s right-hand side

rms roat-mean-square
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tep CHaC{CH,;P{C7Hs):] 4

TF tetragonal pyramid

TPP tetraphenylporphine dianion

uv uliraviotet

[ INTRODUCTION

The structure, bonding, and reactivity of transition metal nitrosyls have been provoca.
tive subjects for many years, There have been several reviews of metal nit;‘osylsl'z, but
no unified description of the bonding in metal nitrosyl complexes which adequately ac-
counts for all their known structural, physical, and chemical properties has yet been pro-
vided. Sidewick! initially classified metal nitrosyls as derivatives of either NO' or NO™
This classification was continued by others? and js still extant. However, research has
demonstrated that transition metal nitrosyls are highly covalent entities. Consequently,
attempts to cotrelate their structures, physical properties, and reactivity with the formal
oxidation state of the nitrosyl group have not been successful. Therefore, in writing this
review, we have developed an alternative description of the bonding in metal nitrosyl com-
plexes utilizing the molecular orbital correlation method.
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The molecular orbital correlation method, devetoped by Hund!!® and Mulliken!® for
diatomic molecules, has proven extremely useful for unifying and understanding iarge
areas of seemingly diverse chemistry. Walsh? successfully applied the correlation method
in his pioneering analysis of the structures of triatomic species of the non-transition ele-
ments. More recently, Woodward and Hoffmann!29 utilized this method to provide a
framework Tor understanding concerted reactions of olefins. Both of these applications
showed that the nature of the highest occupied molecular orbital is of paramount im-
portance in understanding the chemistry of the respective systems.

Although molecular orbital correlation diagrams have been constructed for several
specific classes of metal nitrosyl complexess'ﬁ, a general analysis of the structure, bond-
ing, and reactivity of metal nitrosyls based upon this approach has not appeared previous-
ly. The qualijtative molecular orbital diagrams in this review are based upon previous mote-
cular orbital studies®? | but take into account the ambiguities in ordering the energies of
the molecular orbitals of the metal nitrosyi complexes. The molecular orbital correlation
diagrams were obtained by: (1) treating each M{NO)_ moiety as 2 covalently bound
functional group which. is perturbed by the coordination of additional ligands to the
metel; (2) correlating all reasonable orderings of the molecular orbitals of the complex in
its various geometries; {3) examining the nature of the highest occupied molecular orbital
and ascertaining the structural consequences for the M(NQ), moiety.

Qur results show Lhat the properties of nitrosyl complexes are primarily determined
by the nature of the hiphest occupied molecular orbital. In this respect, these results are
sirnilar to those obtained {or other systemsl“o. Our diagrams provide for the occurrence
of metal nitrosyl complexes with intetmediate geometdies and define the circumstances
for their existence, The diagrams also delineate the pathways whereby metal nitrosyl
complexes with differing geometries may be interconverted. Finally, it is our hope that
the conclusions regarding the relationships among structure, bonding, and reactivity of
metal nitrosyl complexes obtained from these diagrams will stimulate detailed studies
of the electronic properties of metal nitrosyis, investigations of the mechanisms af
nitcosyl reactions, and syntheses af new classes of metal nitrosyl complexes.

11. MONONITROSY L COMPLEXES

The triatomic species MNQ forms a large group of complexes whase properties and geo-
metries have been investigated extensively. The bonding is dominated by covalent interac-
tion of the metal with a singie nitrosy! group. For this reason, it has proved instructive to
compare the triatomic MNO group with triatomic molecules of the main group elements
for which structural and electronic data are available,

A. Triaiomic MNO

The geometries of triatomic species were considered in detail by \Valsh3. Although
Walsh's study was concerned with triatomic species which had only s and p orbitals in the
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valence shells of the atoms, he did suggest that the concepts shonld be generally applicable.
Mingos and Ibers? have pointed out that Walsh’s concepts may be applicable to understand-
ing the M—N—O angles in metal nitrosyl complexes, and Pierpont and Eisenberg® and Mmgos6
have utilized these concepts in attempis to interpret the geometries of tetragonal metal nitro-
syl complexes. In order to determine whether the MNO group can be correctly described as a
triatomic species perturbed by attaching ligands to the metal, Walsh’s procedure will be ap-
plied to the MNO group. We will first investigate the behavior of the O—N—O™ group
(m=+1,0, ~ 1) and then ascertain the effects of replacing one of the oxygen atoms of this
proup by a metal atom, '

In the series NOJ, NO,, and NO;, the O—N— 0 bond angles are 180°, 134°, and 115°,
respectively, Figure 1 shows a mochf ed version? of Walsh’s diagram whu:h accounts for this
behavior of the NO';‘ species. In linear NO2 the 16 valence electrons in the 25 and 2p orbitals
will fill the molecular orbitals through Irr_. The orbital l:rg is a non-bonding molecular orbital
which is destabilized by decreasing the O_N—0 angle. Therefore, NO"' remains linear. For
linear NO, and NQ7, however, one and two electrons, respectively, must go into the 2r,,
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Fig. 1, Walsh diagram {for XY2 molecules. The order of the orbitals at right and Teft is not uniquely
determined ftom theory. The 15 orbitals of X and Y arc omitted hut have been laken into account
in the numbering of the orbiuals. From G. Herzbere, Molecular Spectra and Molecular Structiire,
Yol. IN: Elecironic Spectra and Electronic Structure of Polyatomic Molecules. © 1966, Reprinted
by permission of Van Nostrand Reinhold Company.
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molecular orbital. This orbital is anti-bonding with respect to all three atoms. Figure 1 shows
that bending the triatomic species greatly stabilizes the 62, component, a non-bonding
orbital localized on the central atom, Thus, the formal addition of two electrons to the NO‘%
ion to form the NO, ion results in a decrease in the 0-~N~0 bond angle from 1807 to 115
and the locahzatmn of a pair of electrons in an sp -1ype orbital on the nitrogen atom.

The replacement of one of the terminal oxygen atoms of ONO by a metal possessing d
orbitals results in several maodifications of the molecular orbital scheme and its interpretation
(Fig. 2). If z is taken as the molecular axis of the linear triatomic Species MNO, then 4ais
an anti-bonding orbital (4,2) corresponding to 5o, of NO3; 2n(dy;, dy;, m" (NO)) corre-
sponds to In, of NOZ; and b (d 2 ?z) is non-bondmg with cespect to the NO group
and has no counterpa.rt in N02 ‘I'herefore the formal replacement of an O atom of the
NO2 group with a metal atom results in a triatomic species which requires a total of 18
electrons to fill all of the bonding and non-bonding orbitals (through §).

Any additional electrons must occupy 3w which is antibondiap with respect to all
three atoms of MNO and which has a large contribution from the nitrogen atom. This 3r
orbital comesponds to the 2m, orbitat of Fig. 1 and hence, population of 37 should
give rise to a bent MNO species if Walsh’s arguments apply.

The possibility that 40 is lower in energy than 37 must also be considered. The 4o
orbital is antibonding with respect to M and N, and is composed primarily of d,» located
on the terminal metal atom (cf. NO*) 1f the 40 orbital lies lower than 3m, add.monal
electrons (over eighteen) will populate 4¢ and the triatomic species will distort to

M—=F—-4Q
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Fig. 2. The molacular orbital diagram proposed for the linear triatomic species, MNO.
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localize non-bonding electrons on the terminal metal atom, Simple triatomic metal
nitrosyl compounds are currently unknown. Therefore, the applicability of the triatomic
model of mononitrosyl complexes will be first examined for six-coordinate compounds.

B. Six-coordination

In a six-coordinate complex of the MNO group the maximum symmetry is C,, , and
the molecular orbitals of the triatomic species (Fig. 2} are medified accordingly. The de-
generacy of the twa delta orbitals is lifted because 15 (dxz__y:) is now strongly anti-
bonding with respect to the four equatoriul ligands of the complex, while lbg(de,} is
still non-bonding. The 44, orbital {d,2) is still antibonding and now of energy comparable
1o lbl(d_t:_),:). These modifications resolt in molecular orbital energies {Fig. 3) which
are in agreement with those usually utilized for describing six-coordinate mononitrosyl

complexes?.
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Recently, Fenske and DeKock® have presented the results of detailed molecular orbital
calculations in C,, symmetry for the series of six-coordinate mononitrosyl complexes,
M({CN), NO™~ . Their results are in general agreement with the conclusions reached earlier
by Manocharan and Gmyg from their studies of the electronic spectra of CI(CN)SNOB“,
Mn(CN)sNO?'_, and Fe(CN), NO2~ . The essential difference between the resutts of
Fenske and DeKock’s calculations and the molecular orbitals in Fig. 3 is that only the
energy levels of the triatomic species, MNO, in a field of C4, symmetry have been considered.
The orbital 32, is primarily localized on the N atom of the NO ligand and is ¢-bonding
with respect to the MNO group. The degenerate 2e orbital, consisting primarily of the
metald, ,, d,, and the 7" orbitals of the NO ligand, is bonding with respect to M and N
and is antibonding between N and O. The 15, orbital is localized on the metal (d, ) and
is non-bonding, Thus, an MNO complex with the electron configuration (301)2 (22)* has
three bonding interactions between the metal and the NO group. This situation corresponds
to the nsual “back-bonding" model used in describing the bonding of NO* or CO with
transition metals. The presence or absence of electrons in the 15, orbital will be of minor
consequence as far a5 the MND group is concerned.

1t is convenient to ciassify MNO complexes by the number of d-type electrons preseat
in the complex. Thus, an MNO complex with the electron configuration (3a1 32 (20)4 would
be writ®en as {MNO} 4, one with an electron configuration (3:1'])2 (?,e)"‘ (lbz)2 would be
{MNO}lS and so forth, This method of designating the number of d-type electrons present
in MNDO complexes corresponds io the familiar number of 4 electrons on the metal when
the nitrosyl ligand is formally considered to be N=0". This classification scheme will be
used throughout the remainder of this review,

The structures of C(CN)NO3~, Mn(CN);NO3~ and Fe(CN)(NOZ~ have all been deter-
mined by X-ray methods (Table 1)10-12, These complexes, {CrNO 15, {MaNO}, and {FeNO}5,
all have essentially linear MNO groups (175—180°) and short M—N distances (1.63 —1.71 A).
Several spectroscapic techniques have proved valuable for investigating the electronic siruc-
tures of these complexes. Several groups®13—%0 have investigated she EPR spectrum of
Cr(CN),4 NO3—, While there is not complete agreement on the interpretation of the EPR data
for this complex, the important experimental results can be summarized as follows: (1) the
£ tensor and chromium hyperfine tensor have axial symmetry; (2) the nitrogen hyperfine
tensor has near axial symmetry, the maximum deviation from axial symmetry (97) being
comparable to the observed deviation from linearity of the CINO group (4.4°); (3)
g€, > g, and the nitrogen hyperfine tensor is highly anisotropic. Using their molecular
orbital wave functjons and spin—orbit coupling, Manoharan and Gray® obtained satisfac-
tory agreement between the observed values for g, g, and |4 —81(Cr) and those calcul-
ated for the 232 ground state expected from the electron configuration, (2e)* (lbz)l, for
Cr(CN);NO?~ "However, since 15, is non-bonding with respect to the NO group, the ob-
servation of large 14N hyperfine coupling represents a significant deviatjon from an 14N
hyperfine coupling of zero expected from the one-electron molecular orbital configuration.
Mancharan and Gray® supgested that configuration interaction between the electronic states
with 2B, symmetry could account for the observed **N hypetfine coupling, while Goodman



346 J.H, ENEMARK, R.D. FELTHAM

TABLE 3
Dala for representative six-voordinate mononitrosyl complexes
Complex vng (em™") N-is(eV) M-N(A) M-N-O  Elzsctron
(deg) configura-
ton®
[V(CN)5(NOY 3~ 15302 -~ 1.79 be L76 {vno}*
[CrHCN)s(NO)] 2~ 16604 400.7¢ t7unpd 176(1) {cino) S
[Mr(CN)s(NO) 3~ 17607 401.0%  Les()” 174(1) {MnNO} ¢
{Fe(CN)s(NO)] * ™~ 1939’ 403,37 163 % 178(1) {FeNO }*
(Fe(das),(NO)C1} 2™ 1883 4029/ ~ - (FeNO}®
[Fe(das)2(NOYCH]* 1620 ™ 400.0/ 177 148" {FeNoO}’
{Co(NH3)s(NDY] 2+ 16202 400.77 1.871(6)} P L19CL) {conO}®
fColen)2 (NOYCI} ™ 16117 - LBAD 124(1) {CoNO}®
ICo{en)z(NO)(OCI03))" 1663 7 - 186° 122 {coNo}®
[Caldas), (NOYNCSH ¥ 1587, 156197 aq005%% 1872 134(D) fcoNe} ®

cR™2"moUbag~a~mrg e qn b

See text.

8. Jagner and N.G. Vannerberg, Acra Chem, Scand., 22 (1968) 3330,

Average of an NO gronp and 2 CN group statistically disordered,

See ref, 14.

D, Hendrickson, J.M. Hollander and W.L_ Jolly, frorg. Chem., 8 (1969) 2642,
P, Gans, A, Sabatini and L., Sacroni, frorg. Chem., 5 (1966) 1877,

R.D, Feltham, unpublished results.

Sze ref. 11,

See ref, 40.

See ref, 21,

See refk, 12,

Sec ref, 87.

W. Silverthorn and R.D. Feltham, Inorg. Chem, 6 (1967) 1662,

Data for [Fe(das)a(NQ)Br} [C1O4], see ref, 26.

E.P. Bertin, S. Mizushima, T.J. Lanc and J.V. Quagliano, J. Amer. Chern Soc, 81 (195%) 3827,
See ref, 29,

See ref, 32,

Sce ref, 30,

J.H. Enemark and R.D. Feltham, Abstr. Amer, Crysrallogr. Asz, 2 (1974) 107.
The two frequencies presurnably result from s and frans isomess (see ref, 32).
Darta oy srons- [Co{das), (NO)CT)CL,

See ref. 31.

et al.17 have suggested that spin-polarization ol the electrons in the 2e orbitals by the ib,y
electron is the source of the large anisotropic 13N hyperfine coupling. However, the small
deviation of the Cr—N—O angle fram 180° could also account for the observed N hyperfine
interaction, since any non-linearity of the CrNO proup will introduce non-zero overlap be-
tween the 14, orbital of the chromium and the 7 orbitals of nitrogen. This non-linearity of
the CrNO group will alse cause the 14N hyperfine tensor to be quantized along an axis
which is not coincident with either the Cr—N axis, the g tensor, or the S3¢r hyperfine tensor,
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Although there is ambiguity in imerprel:ing the YN hyperfine coupling, the successful ex-
planation of the g values, the 33¢rand V¢ coupling constants, and the results of both sets
of molecular orbital calculations are all consistent with the assignment of a 282 ground state
for CI(CN)3 NO3~ with the ordering of the molecular orbital energy 1evels given in Fig. 3.
Wide nse has also been made of visible—UV spectroscopy for 1nve5tlgatmg the excited
electranic states of the MNO complexes. Manoharan and Gray? investigated the visible-UV
spectrum of Cr(CN)gNO3~ between 77 and 298K and assigned the observed transitions on
the basis of the one-clectron molecular orbital diagram given in Fig. 3. The molecular osbital
wave functions obtained from their SCCC-MOQ calcuiations were utilized to calculate the
energies of the one-electron transitions and also the EPR parameters mentioned above. Al-
though: the agreement obtained by Manoharan and Gray between the observed electronic
transition enesgi. s and the calculated one-electron energies is possibly fortuitous, the fact
that the model can accomodate such a wide variety of experimental facts is encoura?
Assessnent of the molecular orbital scheme for Fe(CN)s NO2- and Mn(CN)sN
((2:3)4 (15 )2), is experimentally more difficult, since few direct probes have been utﬂued
in mveshgahng the ground states of these diamagnetic complexes. Manoharan and Gray®
did study the low-lying excited electronic states of these two complexes in solution and in
single crystals of Na,Fe(CN),NO + 2H,0. From the known erystal structure of Na;Fe(CN);
NO - 2H20, the observed electronic transitions and their polarizations were interpreted
using the same ordering of molecular orbitals outlined in Fig. 3. The electronic transitions

TABLE 2
Electronic and EPR, spectra of some six~coordinate mononitrosyl complexes
Complex Electron Magnetic Absorption maxima
configuration properties aXK), (e, (M~  em™1y)
[CH{CN)s (NOY) {cNo) * g“ =1.992%7 13.7(8); 15.4(1.5; 22.2(72);
=2.0311 27.3(59); 37.3(1100); 43.5(3600)
{Fe(CN)s(NON*™ {FeNO} S dum.agrletm 20.8(8); 25.4(25); 30.3(sh);
37.8(900}); 42.0(700); 50.0{24,000)
[Mn(CN)s(NC)] >~ {mMnNO}© diamagnetic ? 18.5(22); 24.7(66); 29.0(111);
37.9(1000); 42.6(4500x):45.5(5000)
[Fe(CN) s(NO)| 3~ {Feno}? £, = 1.999; not seported
g = 1. 970
g’: =1.956 7
{Fatdas) (NOYCT) ™+ {FeNoO} 7 = 1.8BM¢ 10.6(170); 13.5(sh); 17.3(190);
24.0(sh)
[{Coten); (NOYCI) ™ {coNO}® diamagnetic ¢ 9.0; 13.5; 18.0; 22.7; 28.0
{Coldasya(NoYCL) * {CoNO}® diamagnetic ¥ 8-9(:h); 12.5; 19,2
a Ref. 9.
b Ref, 25,
e Refs. 34-36.
d Ref, 32,
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which have been observed and assigned for these pentacyanonitrosyl complexes are listed
in Table 2.

Fenske and DeKock® have utilized their molecular orbital calculations to obtain the
electron populations of the various orbitals of the metal and ligand basis set. They have
shown that there is a tinear relationship between the square of the observed vy and the
electronic occupation of the " orbital of the nitrosyl grotp. While such 2 correlation is
not a direct test of the calculated energies ol the one-electron molecular orbitals, such a
relationship does indicate that the changes in the coefficients of the one-electron eigen-
vectors are rather well accounted for by their calculations.

At this point it is important 10 reemphasize that the energies of the metal d orbilals
and the " orbitals of the NO ligand are similar. Consequently, the relative distribution
of elecurons between metal and NO in the 2e molecular orbital can vary markedly among
isoelectronic complexes, and relatively minor changes in the metal atom and/or the other
ligands coordinated to the metal may result in dramatic dlfferences in physical properties.
The isoelectronic complexes Fe(CN)gN NO?- and \In(CN)S NO3- provide a sood example
of such differences. Both compeounds have linear MNQ groups. However, YNO values for
the two complexes differ by 200 cm™!, and the N—1s binding energies of the nitrosyl
group differ by 2.3 eV, These differences correlate well with the change in the metal d
character of the 2e orbital. Thus, the N—1s binding energy and vyg are related to the
effective charge on the NG group, but not necessarily to its geometry, Conversely, the
M—N distance and the M~N-D angle describe the geometry of the complex, but in
themselves do not provide sufficient information concerning the distribution of chatge
in the MNO group. Consequently, it is quite misleading to describe all linear complexes
as derivatives of NO™ and all bent complexes as derivatives of NO™. It is equaily tenuous
to deduce the geometry of the MNO grouping from ¢y and the N—Is binding energy
alone¥.

Further evidence regarding large changes in electron distribution between the metal
and the NO group has recently been obtained lrom the phetoelectron spectra of these
compounds (Table 1). For example, both Fe(CN), NO?~ and Cr(CN)5N03' pOssess
essentially linear MNO groups, but the N—1s binding energy of the nitrosyl group in the
chromium complex is iower than that of the iron complex. This difference in binding
energy is substantioted by the calculated occupancies of the m* orbitals of the NO
groups in these two complexes which were found to be 1.1 and 1.6 &~ for the Fe and
Cr complexes, respeclivelya. Moreover, Finn and .lcdly21 have found a roughly linear
relationship between the N-15 photoclectron binding energy and vyg. Thus, for this
isostructural series both the changes in binding energy of the N—1s photoelectrons from

T Possible exceptions to this statement are compleXes lhat Have both high NO stretching frequencies
and high N—-15 bindlng energies, In these cases, the n" orbitais of the (NO) tigand are relatively
little perturbed by the metal so that linear coordiration is expected, From an examination of
Tabies 1 and 4, it appears that complexes with vy > 1850 em ! andfor N—Ls binding cnergies
greater than 402 eV always have a linear MNO grouping. Most complexes, however, do nat ¢x.
hibit frequencies and hinding enargies in these ranges.
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the nitrosyl group and the changes in v, 4 are consistent with the molecular orbital
scheme of Fig. 3.

Thus far, only linear complexes with {MNO]S or {h-‘lr*l('.‘l_}G configurations have been
discussed. However, as pointed out in the analysis of triatomic MNO, electron configura.
tions which place electrons into anti-bonding orbitals will cause distortion of the MNO
group. In six-coordinate {MNO}6 complexes all of the bonding and nan-bonding orbitals
are filled. An {MN0}7 complex, therefore, must have one electron in an anti-bonding
orbital. If the molecular orbital scheme in Fig. 3 applies then the addition of an electron
to Fe(CN), NO?~ would result in an {FENO}'J complex with one electron in the 3e
orbital. A brown complex having the stoichiometry {N(C,H,),], [Fe(CN),NO] with
Yyp = 1568 em~) has been isolatedn, but its structure is unknown. EPR studies of the
brown species generated by one-electron reduction of {Fe(CN);NO}2- in basic solutions
have been interpreted?3 as arising from the [Fe(CN}sNO]3~ ion with nonlinear coordina-
tion of the NO group. In solution, the brown species can be converted to a blue complex
best formulated as [Fe(CN);NOH) ?~. Subsequent studies by Harris2* have confirmed that
the charge on the blue species is indeed — 2. Irradiation of erystalline
Na,[Fe(CN)sNOJ - 2H,0 also produces both the brown and the blue species25, both of
which were demonstrated to have non-linear MNO groups by EPR. The non-linearity of
the FeNO group of the brown complex, [Fe(CN)sNO]3~, and its ease of protonation sug-
gest that the nitrosyl group is the probable site of protonation. Although the structure of
the six-coordinate Fe(CN), NO3~ ion i5s unknown, the structure and properties of another
six-coordinate complex of the {FeNO}’ group, FeBiNO(das)};, have been reported?é.
The Fe—N—0O angle is 148° in FeBrNO(das);, but there is a Jarge uncertainty in this angle
due to disorder problems.

The electrochemistry of Fe{CN)SN02' has been compared to the electrochemical be-
havior of NO¥ itself27, The NO* group exhibits three reduction waves. The first is a one-
electron wave corresponding to NO" + ¢ =NO. The second wave results from the reduc-
tion of N, O,, formed by dimerization of NO prior to the electrode reaction. Finally, a
wave corresponding to the three-electson reduction of NO to NH,OH is observed at more
negative potential. The Fe(CN), NO?~ anion ( {FeNO} &) first undergoes reduction to
Fe{CN’)SN03_ described in the previous paragraph. This trianion then either undergoes
protenation and reduction viz a second wave or reduction to the stable hydroxylamine
complex, Fe(CN)s(NHZOHP', in a three-electron wave at more negative potential. The
similarity of the electrochemical behavior of NO* and Fc:(CN)5 NO2Z- is completely con.
sistent with the molecular orbital scheme of Fig, 3.

The cyano derivative of {CoNO} 8 is unstable to dimerization”8, and consequently, it
has not yet been structually or chemically characterized. However, there are several other
six-coordinate derivatives of the {COND}a group whose structures are well known, includ-
ing l',‘i:nl\IO(Nl-l:‘)g'r (ref, 29), CoCINO(en); (ref. 30) and Co(NCS) (NO) (das); (rel. 31).
The bonding scheme used to describe the pentacyanonitrosyl complexes includes only
information which depends upon the number of ligands attached to the metal and not
upon their detailed chemical properties. Therefore, Fig. 3 may also be applicable to these

28
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other six-coordinate derivatives of the { CoNO }8 group. All of these complexes have
Co-N-0 bond angles in the 120—135° range (Table 1) with rather long Co—-N bonds. A
linear CoNO arrangement in these { CoND}® complexes would, require two electrons to
reside in the totally anti-bonding 3e molecular orbital (Fig. 3). Consequently, the CoNO
group in these complexes is strongly bent. The Co—N—O bond angles of 120--1 35° corre-
spond to the localization of a pair of electrons on the N atom and further substantiate
the molecular orbital scheme of Fig. 3. These facts are also consistent with treating these
mononitrosyl complexes as perturbed triatomic species to which Walsh's concepts® are
applicable.

Bending the MNO moiety will have several effects: (1) the symmetry will be reduced
from C4u to C‘; (2) the zelative energies of the metal d orbitais and the NO m-orbitals
(formerly 3e and 2¢) will be modified in such a way as to lower the total energy of the
complex;(3) a palr of elecirons will be localized in 2 non-bonding orbital of nitrogen;
and (4) the cabalt will have what amounts to a d$ electron conf(iguration,

Spectroscopic studies of the six-coordinate {CoNO} 8 complexes have been made>2
The visible spectra of CoX(NO) (en); and CoX(NO) (das); have been assigned to d—d
transitions of a Co{d®) ion in a field of tetragonal symmetry. In addition, charge transfer
bands were observed which are consisteat with a ligand to meta} transition (LMCT).

Since the symmetry.is no longer Cy , and the character of the 3e and 2e molecular erbitals
has been radically changed, the energy level diagram in Fig. 3 no longer applies to the six-
coordinate bent {Ci::NO}8 complex. The information obtained from the visible—UV spec-
tra of the cobalt complexes has been utilized to construct the r.h.s. of the correlation dia-
gram shown in Fig. 4. This diagram is similar in many respects to those proposed by
Pierpont and Eisenbergs and MingosE’ for correlating linear with bent nitrosyl complexes.
However, two points concerning Fig. 4 are worth emphasizing. First, the order of the
energy levels on both the right-hand and left-hand sides of the correlation diagram are
based upon experimental observations, not solely on the symmetry of the molecular
orbitals. Second, the uitimate geometry assumed by MNO group is dependent not anly
on the total number of electrons but equally importantly upon the nature of the highest
occupied molecular orbital,

The successful extension above of the bonding scheme for pentacyanonitrosy! com-
plexes to a variety of six-coordinate {CciNO}8 mononitrosyl complexes supgest that
Figs. 3 and 4 should be generally useful for understanding the structures and electronic
properties of six-coordinate mononitrosyl complexes. For example, the {FeN0}6 complex
FeXNO(das)%"’ wotuld be expected to have spectroscopic and structural properties similar
to those of Fc(CN)S(NO)z_. Table ! shows that the infrared and photoelectron spectra of
these complexes are indeed very similar and are consistent with a 2ey? (HJ:!)2 configura-
tion and a linear FeNO grouping. The formal addition of an electron to give the { FeNO}?
complex, FeXNO(das)3, should place an eleciron in the 3¢ orbital. The Fe—-N—O angle of
148° observed 26 for X = Br demonstrates that the addition of even a single electron 1o the
3e orbital lcads to some bending of the FeNO moiety, just as it does when one electron is
added to NO;. The magnetic properties of FeXNO(das); complexes have been investigated
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Fig. 4. The correlation diagram relating one-election molecular orbitals of linear and bent six-
coordinate MNO complexes, The energies of the molecular orbitals on the Lh.s. were estimated
from the spectra of [Fe{CN)sNO} 2~ and [Cr{C_I:ljs NO1? ™. The energies on the t.h.s. were
estimated from the spectza of [CoCI{NO)Xen)y]  and [FeCHNOdas)z] .

(ref. 33). The complexes have one unpaired electron, a thombic g tensor, and a temperature
dependent magnetic susceptibility which is consistent with a spin-paired 151, electron config-
uration in a strong rhombic field3*. The large rhombic field is a consequence of having only

a single electron in the 3e orbital. In terms of the correlation diagram in Fig. 4, the six-
coordinate {FeNOQ)}? complex lies between the r.h.s and i.h.s. The visible spectrum of

this complex was also investigated>>-38  and although there is considerable uncertainty about
the detailed assignments, the excited states arise from transitions between the rhombically
split £,, and e, orbitals, d.a", andd" (d_,. d,,. and d, ) and a, a (dxz_yz and d3), respec-
tively. Such transitions correspond to those of a spin-paired Fell complex in a rhombically
distorted fieid,

The photoelectron spectra and IR spectra of [FeCl(NO)(das)2]2+ and [FeCi{NO)(das), ] *
pravide considerable information about the FeNQ group. [FeCI(NO)(das)2]2+ has a very
high N— 1s binding energy and high Yo While [FeCl(NO)(das)2]+ has a low N—1s binding
energy anc a fow value for vy,. These properties are what would be expected from the cor-
relation diagram in Fip. 4, which indicates that the addition of an electron to the 3e level
would both reduce and bend the NO group. The presence of two electrons in the 3¢ leve)
will serve to further reduce and bend the nitrosyl group, which leads in turn to very low val-
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ues of the N—Is binding energy and the low frequency for v, abserved for the { CoNO)}8
complex, (CoCINQ)(das), }*.

Additional justifization {or treating six-coordinate mononitrosyl complexes as perturbed
triatomic 5pec:es is provided by detailed studies of their infrared spectra. Miki*7 Qumby
and Tosi>® demonstrated that six-coordinate mononitrosyl complexes possess MNO v1bra~
tional frequencies which can be closely approxirnated using a three-body model (i.e. the
interaction bertween the MNO group and the other ligands is negligible). This approximation
is reasonably successful even for compounds such as Co{NO](C0)3 in which mechanical
coupling due to the similarity of the CoCO and CoNO irequencies, and chemical interac-
tion due to the similarity of bonding between the cobalt and the carbonyl and nitrosyl
groups might be expected to cause larpe departures from this simple mode? 122, Several
mononitrosyl complexes whaose force constants have been evaluated using the three-body
model and }SNO derivatives are listed in Table 3. Miki>? found that for ruthenium deriva-
tives of the NO group the three-body model accounted for the observed isotopic shifts as
well as a more complicated eight-body model. Tosi>® found that substitution of NO for
IaNQ in Na,FeNO(CN); - 2H,0 produced shiits of five infrared frequencies: the three
associated with the FeNO group and two associated with the axial 2nd equatorial ¢yanide
groups However, the shifts of the {mainly) cyanide frequencies were small (4 cm -1 and
2cm” respecnvely) and moreover, Paliani*® found no shifts of these two iron-cyanide
frequencies upon substitution of-1’N in the nitrosyl group, The success of the triatomic
model for the force constants of the MNO species is consistent with the present treatment
of MNO complexes as perturbed triatomic moieties. '

TABLE 3

Force constants for six-coordinate MhNEJ-O complexes in £y, symsmetry

(M(NO)L517? Electron i ko ke, Ref.
configuration

CrNO(CN); ~ fCINO)® 5.06 10.18 1.14 b

CeNOMNH,) 3 {cNO )P 114 11.14 0.88 &

MnNO(CN)2 ™~ {MaNO}® 6.06 10.62 1.319 c

FeNO(CNY; ~ {reNO}® 5.47 14.81 1.21 d

RuNOCIE ™ {RuND}® 5.62 14.16 0.995 b

RuNDBrZ ™ {ruNO}* 5.7¢ 13.72 0.945 b

RuNOCl(das)3" {RuNO}* 545 13.84 0.99 e

CoNO(NH )3+ {CoNO}a 4,57 10.00 0.950 b

@ The units for the force constants k, {M—N stretch) and k> (N-O stretch) are mdyne/A, and for kg
(M~—-N—-0 bend) are mdyne/A.

b Secref. 37,

¢ E. Miki, 5, Kubo, K, Mizumachj, T. Eshimori and H, Okumae, 8wl Chent Soc. Jap, 44 (19713 1024,

d Seeref. 39,

¢ Secref. 38.
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It is not necessarily true that the molecular orbital scheme of Fig, 3 applies to all six-
coordinate complexes, or that the order of levels remains the same as electrons are addded
or removed from a given complex. 1t might be expected that large perturbations would be
brougt about by changing from a 34 to a 4d or 34 transition metal. However, several studies
indicate that this same molecular orbital scheme also applies to complexes of the 4d me-
tals, For example, the aelectronic spectra of a series of six-coordinate {RuNO} 3 complexes
({MNO}® cases) have recently been interpreted®! on the basis of energy levels similar to
those of Fenske and PeKock®. Although the spectral assignments have not been confirmed
by the use of other techniques. they place the 2e, 1b,, 32, 1b, and 4g levels in the same
juxtaposition as in { FeNOQ } complexes discussed above. The major difference is that the
electronic transitions of the ruthenium complex occur at somewhat higher energies than
those of the corresponding iron complex. as would be expected since ligands are usuatly
bound more strongly to the 4d metals than to the 3d metals. In addition, the [RuNO]3*
species have vy in the 1900 em 1 range33. and rather high values for the N, _binding
energies, Structural i:westigatic:ms42 have shown that the RuNO moiety is linear with a
rather short Ru—N bond distance. Again these data are completely consistent with those
properties expected from the bonding model in Fig. 3.

The spectral data for the {FeNO}® and {RuNQ}® complexes also suggest that the 32
level is not necessarily lower than the sigma antibonding orbitals, 41, and 1b, (d,» and
d_r,_y:,). If either the 13, or 4a, orbital is of lower energy than the 3e orbital and is
populated in the complex, then the most likely occurrence would be ligand labilization
or Joss. One possible example of the population of 15, or 44, in a metal nitrosyl com-
plex is encountered in the reaction®> of Mn(CO); with NO™ to yield the five-coordinate
species, Mn(NO)(CO), (ref. 44) rather than a six-coordinate complex with a bent NO group.
Simitarly, Mn(NO)(CO), undergoes both thermal*’ and photochemical*® substitution
by an associative mechanism

Mn(NO)(CO), + L -+ Mn(NO)(CO),L + CO )

These observations are consistent with a six-coordinate intermediate in which 3e is
of higher energy than lbl. The intermediate observed in the photochemical reaction may
have had the 3e level partially populated by electronic excitation with commensurate
bending of the MnNQ group and the production of an empty or partially empty orbital
with which the associating ligand L can bind:

Mn{NQ)(CO), + iw — [Mn(NO)(CO),1*
foliowed by
[Mn(NO)(CO),}1* + L ~ [Mn(NO)(CO),L]* - Mn(NO)(CO),;L +CO

In summay, the properties of six-coordinate mononitrosyl complexes, whether linear or
bent, can be anderstood in terms of a bonding modet in which the 7* orbitals of the NO
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group and the metal d orbitals arc of similar energy and are strongly mixed in forming the
2e and 3e molecular orbitals of the complex. Furthermore, in many of the complexes the
3¢ orbital is the anti-bonding orbital of lowest energy. Population of this 3e level by elec-
trons results in the lengthening of the M~N distance, and a decrease of the M—N—0O angle
toward 120°.

This simple molecular orbital discussion has treated six-coordinate mononitrosyl com-
plexes as perturbed MNO triatomic species whose geometry can be understood by the
proper application of Walsh’s concepts for simple triatomic species. Identical results are
also obtained by applying valence bond concepts to a perturbed MNO complex. An
{MNO}6 spacies can be represented by the valence bond structures (3), (b) and (¢}

(Fig. 5). Representation (a) can be formally described as an NO¥ ligand donating a lone
pair of electrons from an sp orhital to a metal with a a5 configuration, Valence bond
structures (b) and (c) represent the resonance forms in which there are, respectively, one
and two 7 bonds between the metal and the nitrogen. All three representations require a
linear MNO moiety, and are consistent with six-coordination, because each form leaves
two  orbitals unoccupied and consequently availabie for formation ofd23p3 hybrid
orbitals for bonding with the six ligands. For a six-coordinate {MN'C)}{'l species, however,
the situation is quite different. in order that two d orbitals be left available for bond forma-
tion via dzsp3 hybrid orbitals, one pair of electrons must reside on the nitrosyl group, giv-
ing rise to a bent struciure which can be represented by resonance forms (d) and (e). The
bent structures {(d) and (e) can be formally described as ¢ complexes of NO— in which the
nitrogen is utilizing sp2 hybrid orbitals for bond formation with the metal. It should also be
apparent from these valence bond forms (a)—(e) that it is very tenuous to infer M—-N-~-O
angles from Vg, since both geometries can give rise to formal N~O bond orders of one and
two.

It has now been shown that both molecular orbital concepts and the valence bond form-
alizm can account for linear and non-linear M—N--O geometries. in both approaches, the
number of ligands attached to the metal is important in dctermining the structure of the
MNO moiety. Although the molecular orbital description will be utilized throughout the
remainder of the discussion, the equivalent valence bond structures couid also have been
used to describe these MNO systems.

1+ 1r 1+
T +* + - - - - et
1;1‘:.‘“0: i JHaNag — :REN-R:

(a (&) (e}

- 1~ 1-
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Fig. $. (a), (b} and (c)} are the possible resonance structures for a siv-coordinate {MNO}‘ complex;
(d) and (e) are the possible resonance structures far a six-coordinate {MNO}B complex,
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C. Five-coordination

The above discussion has demonstrated that mononitrosyl complexes can be usefully
discusced as triatomie species which are perturbed by the coordination of other ligands
to the metal. The factors which are important in determining the molecular and electronic
structures of the resultant complexes are: (1) the number of additional ligands and (2)
the site symmetry of the metal. A description of the structure and bonding of five-coor-
dinate metal monouitrosyls is complicated because site symmetries ranging from €, to €|
are available to the metal. However, the bonding in five-coordinate mononitrosyls can be
investigated by examining the perturbations which arise by ptacing the MNO group in
fields of the appropriate symmaetry.

The correlation diagram relating the molecular orbitals of linear MNO (C, )} to the
molecular orbitals of MNO in a field of four other ligands in C, , symmetry is shown in
Fig, 6. The molecular orbital diagram for the tetragonal pyramidal (TP) complex outlined
in Fig. 6 is, of course, almost identical to that of the six-coordinate complexes previouslty
discussed (Fig. 3). The only important difference js the lowering of Ml(zz) in the five-
coordinate complex.

The molecular orbital diagram for trigenal bipyramidal (TBP) complexes are derived
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Fig. 6. The effects of a perturbing field with Cy,, symmetry on the molecular orbiials of a linear
MNO sper:ie;
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from linear MNQ in the correlation diagrams in Fig. 7. The molecules with C; symmetry
correspond to TBP complexcs with the nitrosy! proup in the axial position, while those
with C,  symmetry correspond to the TBP complexes with the nitrosyl group in the

equatorial position. It is important to note that the axis of quantization (z) of the TBP
complexes with C, symmetry corsesponds to one of the two-fold axes of the Dy, point
group, and not to the axis of quantization in Dy, (ref. 47). The molecular orbital dia-
grams appropriate to TBP complexes in various symmetries will be individually discussed
below.

Il {MJ‘WD}a complexes

Examination of their structures (Table 4) reveals that both TP and TBP geometries are
known. However, to date, all five-coosdinate { MNO}Y species with strongly bent NO coordi-
nation have TP geometry and all linear {MNO}8 species have TBP geometry. [n Section iL.B
the point was made that the M—N~O angle is a direct consequience of the number of elec-
trons in the 3e orbital of a tetragonal complex, and that when the energies of the 4a; and 3e
orbitals are sufficiently close (Fig. 4) then the orbital occupied depends upon the nature and
geometry of the other ligands around the metal. Figures 8(b) and 8(c) show two possible
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Fig. 8. A cortelation diagram relating the molecular orbitals of five-cootdimate MNO complexes
in fields of Cz, €4 and C‘ symmetry. The [M.NO}a complex on the r.h.s. is bent because 3a’ is
higher in cnergy than at least one of the components of Je.

orhital schemes for a five-coordinate complex having €, symmetry and show the carmrelation
diagrams relating these two schemes to each other and to the observed TBP and TP geom-
etries. When the 3e orbitals are lower in energy than the 4a; (Fig. 8(c)), then an {MNO}3
complex would have two electrons in the 3e orbitals which would lead to bending of the
MNO group as discussed in Section [1.B. Figure 8(d) shows the resuttant ordering of the
orbitals in a TP complex w:th a strongly bent MNO group.

When the 4a, orbital (2 2) is of lower energy than the 3e orbital (F:g 8(b)), the electron
canfiguration of the five-coordinate {MNQ}® complex would be (2¢)* (Ib2)2 (4a, P 1n
this ', geometry, the 4, orbital is strongly anti-bonding. Distortion of the molecule to-
ward TBP geometry will make 4a, less anti-bonding. This distortion will also make the yz
component of 3e anti-bonding with respect to the other two ligands in the equatorial plane
of the TBP, thareby facilitating delocalization of electron density from the o orbitals of
these ligands into the 7~ orbitals of the NO group. Both of these factors favor the distor-
tion of an {MNO}B complex from £, to C, asoudined in Fig. 8(b)—>8(a), while retaining
2 linear MNO group.

Correlation diagrams for the bending of the NG group in TP complexes have been pro-
posed previously56.4748  However, these diagrams indicate that the MNO group will
spontaneously bend whenever two electrons occupy the 4a, orbital, purportedly on the
basis of Waish's ideas for triatomic molecules. We pointed out in our discussion of six-
coordinate complexes that Walsh related deviations from linearity to occupation of an
orbna] which was localized on the cenural atom and was strongly anti-bonding with respect
’ to all three atoms, Clearly 4¢, is not an orbital of this type, Some bending of the MNO
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group can occur when the 4a, orbital is singly occupied (see Section IL.C.2) or when the
4a, and 3e orbitals are degenerate (see Section ILG).

Figure 8 implies that the energy differences among five-coordinate nitrosyls are suffi-
ciently subtle so that fixing the geometry of a five-coordinate complex determines the elec-

tron configurations {and hence the M—N-Q angle). By the same token, z given electron con-
figuration implies a specific geometry for the complex, Several examples of this are listed

in Table 4. The complexes Co(das)2N02+ {ref. 31) and Ru(diphos)z(NO)+ (refs, 47, 49)
have TBP coordination geometry with the NO group in the equatorial plane. Space-filling
models show that the steric interactions between the bulky chelating ligands are much less
in the observed structures than ir a TP complex with L—-M-N bonid angles of ~ 100°.
Thetefore, these are complexes of C symmetry with the coordination geometry con-
strained to be TBP, and the molecula: orbitals through 2a(z2) will be filled (Flg. 8(a)).
Other complexes constrained to TBP geometry include I{NO)YH[P(C, H; 3] 5 (ref. 4)
and Ru(NOJH{N(CH,),] ; (refs. 48, 49). In these species the steric requirements of the
three bulky phosphine groups are minimized in TBP geometry with the NO group in the
axial position {C5). The appropriate molecular diagram is shown in Fig. 7(a) and in ref. 48.

TARLE 4 (references continued}

{MNO} ® complexes.

TBP = trigonal bipyramid, TP = tetragonal pyramid, ax = axial, eq = equatorial,
See ref, 45, )

See ref, 44,

LH. Enemark and V. A. Ibers, frorg. Chem,, 7 (1968) 2339,

Average of one NO group and two CO groups disardered in the equatorial plane.
See ref. 54.

See ref. 55.

See ref, 62,

See ref. 21.

See Fig. 9.

C1-M-ClI

P-M-P

Seeref, 57.

See ref, 56.

CA Raed and W.R. Roper, Chem. Commun., (1969) 155.

See ref, 58,

M, Anpoletta, Gazz. Chim Itgl, 93 (1963) 1591,

See ref, 59,

Sece ref. 32,

See ref. 31

See ref. 49.

See ref. 48,
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From this diagram it is clear that an {MNO}B complex will have the clectron configura-
tion (2¢)* (3¢)* and consequently have a linear MNO group as is observed. Finally, struc-
tures have been determined for three compounds in which the ligand constrains the MNO
group to TP geometry: NN -ethylencbis(acetylacetoneiminata)nitrosylcobalt>®, NN
el.hylencbis(benzoyiacetoneiminato)nitrosylcobaltsu, and tetraphenyiporphinatonitrosyl-
cobalt®} In these compounds the Co—N—0 angles are 122°, 123°, and 136°, respectively.

Removal of some of these severe sieric restraints allows the structure adopted by the
MNO group to be determined by other and perhaps even more subtie factors. Three
limiting structures must be considerad for sterically unconstrained M(NO}L, complexes:
(1) TBP with a linear nitrosyl group in the axial position (C5 ); (2) TBP with a linear nitro-
syl group in the equatorial position (C,,); (3) TP with a bent nitrosyl group in the axial
position (C, or ). The molecular orbitals appropriate to these complexes are summarized
in Figs. 7 and 8.

In a TBP compiex with an axial nitrosyl group, the 4e orbitals interact only with the le
and 2e orbitals which have no contribution from the o orbitals of any of the lipands (Fig.
7(a)). In the equatorial position of a TBP, the 35, and 3b, orbitals interact with the 15,,
2b, and 1b,, 2b, orbitals. The 25, orbital is comprised of the dyz orbital of the metal and
of the o orbitals of the ligands in the equatorial plane. Thus, the o-bonds between the equa-
toriat lipands and the metal can be strengthened by the presence of good m-accepting ligands
in the equatorial plane. This synergistic effect leads to the recent postulate that d% TBP com-
plexes adopt structures which place the best m-accepting ligands in the equatorial plane’?,
Recent detailed infrared studies>S support the commonly accepted idead3 that NO is the
best n-accepling ligand, Consequently only two structures are expected for sterically un-
constrained M(NO)L, complexes: TBP geometry with a linear nitrosyl group in an equa-
torial position and TP geometry with a strongly bent nitrosyl group in the axial position.
Which of these structures is adopted by a particular complex depends upon the relative
energies of the 42, and 3e orbitals as shown in Figs. 8(b) and 8(c).

In 3 TBP cnmpiex with an equatorial nitrosyl group, the Ml(zz) orbital (Fig. 7(c))
interacts with both the o and  orbitals of the equatorial ligands, and hence the presence
of saveral m-accepting ligands favors TRP geometry with a linear nitrosyl group in the
equatorial plane z2s is observed for Mn{NO](C0)4 (tef. 44). Substirution of two of the
carbonyt ligands of Mn{NG)(CO), by tnphenylphOSphme results in a frans arrangement
of the bulky phosphines and retention of TRBP geometry 4 This structure leaves the best
m-accepting lipands in the equatorial plane and the MnNO group remains linear.

The energy of the 401(!.2) orbital relative to 35, (Fig. 7(c)) can also be increased by
changing from a metal of the first transition series (34) to a metal of the third transition
series (54). This change is not sufficient to increase the energy of 4«11 above that of 351
if at least two m-accepting ligands are attached to the metal as evidenced by the osmium
complex, Os(NO)(CO), {P(C, 5)3] 5- This osmmm complex has TBP peometry with
frans phosphine ligands and a linear GsNO group . On the other hand, if one of the twa
remaining carbony! groups is replaced by halide, hydride or methyl substituents, then the
encrgy of 4a, is raised sufficiently so that TP geometry with frans phosphines and a strong-
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ly bent nitrosyl group in the axial position results (Fig. 8(d)). The structures of several such
complexes including ITENOYCO)[P(C¢Hs)3)5 (ref. 57), ICINOYCO)[P(CgH 5)313
(ref. 56}, and IrI(NG) (CH3) [P(C6H5)3] 2 (ref. 58) have been determined.

Replacement of the remaining carbonyl ligand of an M(NO)(CO)X(PR3)2 complex by
halide will further increase the energy of the orbilal which is primarily d,, of the metal
(22 in Cz’ 4a, in Coor 32" in C:). This replacement is of no consequence for metals of the
thied transition series, because the d, orbital is already higher in energy than the 3e
orbital of the mononitrosyl complexes. Thus, l:(NO)C!2 [P(CGHS)S] , has TP geometry and
a strongly bent ITNO arraysg. For metals of the first transition series, however, especially
interesting behavior is observed for these M(NO)Xz(PR_,') , complexes.

The series of complexes Co(NO)C1,(PR;),, first prepared by Booth and Chatt%?, ex-
hibit two infrared stretching frequencies in the NO region separated by 60—i00 cm™!,
Morc recently these complexes have been extensively studied by Collman et al. 61 who
demonstrated that the relative intensities of the NO frequancies are dependent upon the
nature of the phosphine. In addition, for a given phosphine the relative intensities of the
two bands are temperature dependent. This behavior suggests the presence of the two con-
formers for these complexes, and it was pmp(:u:r.eds1 that these complexes exist as “hybrid-
ization isomers”, i.e. a TBP molecule with a linzar MNO group and a TP melecule with a
strongly beat MNO group. The structure of enz form of Co{NO)CL, [F(CH;)(CH,), ],
has been determined by single-crystal X-ray diffraction®2. The authors describe the mole-
cule as possessing trigonal bipyramidal geometry with a linear nitrosyl group. Figure 9 shows
a view of the molecule normal to the equatorial plane of the proposed trigonal bipyramid.
The five atoms (Co, N, O, CI(1} and C)(2)) are essentially coplanar, but the N--Co--C}
angles are grossly dissimilar (117° and 134°), and the Co—N—Q angle of 164.5(6)° is
very significantly different from 180°, Clearly the molecule posseses an irreguiar coor-
dination geometry and has an intermediate Co-N—Q angle. From the available data it

Fig. 9. The inner cootdination sphete of CaLs (NO)P(CH3) (CsHs)a | 2 viewed perpendicular to
the CoCiy (NO) plane. {Réproduced from vel, §2.)
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is not possible to unambiguously determine which of the two nitrosyl stretching frequen-
cies is characteristic of this distorted molecule. Nothing is known about the structure of
the other isomer of this complex, although it has been pmpmsed‘52 that the other form
wil] have essentially the same molecular structure as the iridium complex, Irf(NQ)Cl -
[P(CgH,);] , Gref. 59).

The properties of the Co(!\U«'Z)JClz(PRs)2 complexes sugpest that these molecules are
near the crossing point of the 4a i and 3¢ molecular orbitals (Figs. 8(b) and 8(c))}. The
implications of such a crossing for these levels are considered in more detail in Fig. 10,

The maximum symmetry which the Co(NO)CL,(FR,), complexes can have in either

TRBP or TP coordination geometry is C,,- In €y symmetry e splits into b, and b,, and

a, is unchanged. Figure 10(b) shows a Co(NO)Cl+(PR3); molecule with true C,, symmetry
and gives the orbital compositions of the a,. bl and b2 molecular orbitals. The three mole-
cular orbitals have been made degenerate since the behavior of the system at the crosssing
point is of interest. Bending vibrations of the nitrosyl group in the xz (or yz) plane lower
the symmetry of the molecule from €, to C,, and result ina, ~a', b, 2" (or "), and
bz—ﬁa"(or a'). Since orbitals of the same symmetry can mix but not cross, it is clear that
bending of the nitrosyl group away from linearity in the case of accidental degeneracy

will couple and strongly mix the two a’ orbitals, The strong mixing.of the &' orbitals in-
duced by the bending vibrations of the molecule means that the Born—Oppenheimer ap-

.
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Fig. 10. Propased molecular orbital scheme for the CoCla {NO) (PR 1)y complexes. {a) :how; the
composition of the molécular orbitals when the nitrosyl group bends in the CoCla plane, (c) shaws
the compaosition of the orbitals when the nitrosyl group bends in the CoPy plane, and (b) depicts
the situation for €y, symmerry {see Fig. 7{c)) where afl three orbitals are nearly degenerate. In the
CoCl; (NOXPR3)s complexes these three orbitals are occupied by a single pair of eiectrong
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proximation is not valid for the Co(ND)ClZ(PR3)2 complexes. The consequences of strong
vibronic coupling is considered in more detail in Section 11.G.

Figure 10{a) shows bending of the nitrosy! ligand in the plane of the chlorine atoms
(yz plane). Concomitant movements of the chlorine atoms in this plane will lead to the
distorted geomnetry observed for one form of Co(NO)CL, [P(CH;)(CgH,), ) 5 (ref. 62).
Figure 10{c) illustrates bending of the nitrosyl ligand in the plane of the phosphorus
atoms {xz plane.) This bending of the nitrosy) group can also be accompanied by
changes in the C1-Co—Cl angle, but it is unlikely that the P—Co—P angle will change sub-
stantially because of the bulky nature of the phosphine ligands. Figures 10{a) and 10(c)
suggest that the 1wo nitrosyl stretching frequencies observed for Co(NO)CI» [P(CH 3)-
(CgH,), 14 can also be attributed to the two distinct conformers of a non-linear nitrosyl
aroup rather than to TBP and TP complexes. The conformers with the nitrosyl group
bent in the Cl—-Co—Cl plane and in the P—-Co—P plane need not have, and indeed would
not be expected to have, idential Co-N—Q angles. However, if the two conformers are of
similar energy, then changes of solvent, temperature, crystal lattice, or pressure would alter
the relative abundances of the two forms.

The molecule Co(NO)[SzCN(CH3)2] 5 is an example of a complex that contains good
o-donors and poor a-acceptors and which is free to adopt either TP or TBP geometry. The
complex exhibits TP geometry and a strongly bent CoNO group (135 ®) (ref. 63) as shown
in Fig. 1 1(a}).

2. {MNO)}? complexes

Several five-coordinate {FeNO}’ complexes of chelating suifur ligands have been pre-
pared and three have been structurally characterized®® ~ %%, Common to all three struc-
tures is TP geometry and a peorly defined FeNO group. For example, the X-ray data
from Fe(NO)[S,CN(C,H,),] , have been interpreted on the basis of an Fe—N-0O angle
of 174(4)° with large thermal motion of the O atom®*. Two different in'.’t‘f‘.»‘tigiltt'ol's"r's’66
have examined the structure of Fc(NO)[52CN(CH3)2] 5 At TOUm temperature and inter-
preted the data on the basis of an Fe—N—Q angle of ~ 160° and two-fold disorder of the
bent nitrosyl group, Subsequently, the structure was reinvestigated at — 80° and the data
at20° reinterpretedf'?. At 20° the structure was assigned an Fe—~N—0O angle of 173(2)°
with very anisotropic vibration of the O atom and a maximum r.m.s. amplitude of 0.55 A.
Al —80° the Fe—~N—Q angle is 170.4(6)°, but the thermat motion is still very anisotropic
with a maximum r.m,s, amplitude of 0,43 A. The Fe—N vector makes angles of 5° and
10° with the plane of the four 5 atoms at 20° and — 80°, respectively. A view of the
molecule normal to the plane of the four S atoms is shown in Fig. 11(b). It is clear that
the non-linearity of the FeNQ group results in the O atom being over one of the chelate
rings but preferentially directed toward one of the S atoms (S,) and leads to overall C
symmetry for the molecule. The angle between the molecular x-axis and the projection
of the Fe—N (or Fe—Q) vector onto the xy plane is ~ 20°. The position of the O atom
relative to the rest of the complex is very similar to that of the O atom in the isomorphous
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Fiz. 11(a). Projection of the structure of Ca{NO){S; CN(CH3); | 2 normal to the plane of the four §
atomy Both of the half-oxygen atoms of the disordered NO group are shawn. The thermal ellipsoids
are drawn 1o enclose 30% of the probability distribution. (Reproduced from ref. 63.)

Fig. 11(b), Projection of the structure of Fe(NO){S;CN(CH2);) ; at ~80° normal to the plane of the
four S atoms. The therma! ellipssids are drawn to enclose 30% of the probability distribution.

Fig. 11{c). Projection of the structure of the {Fe(NO}mnt). | 2= inion normal to the plane of the
four S atoms. The thermal ellipsoids are drawn to enclose 30% of the probability distribution.
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diamagnetic complex, Co(NO){S,CN(CH,)] , (Fig. 11¢a)*®. However, the Co—N-0
angle is only 135°, the Co—N vector is perpendicular to the plane of the four sulfur atoms,
and the direction of maximum thermal motijon is different. Nevertheless it is impartant

to note the close similarity of the two structures befare discussing the EPR resuits for
Fe(NO){S,CN(CH, ),], diluted in Co(NO)[ S,CN(CH, ), ] ,.

The EPR spectrum of Fe(NO)([S,CN(CH, )3] , has been studied in solid Fe(NO)-
[8,CN(CH,), 1, (ref. 70), in styrofoam (ref. '71) and in single crystals of the diamagnetic
hast, Co(NO){S,CN(CH,), 1 5 (ref. 72). Fe(NO)[S,CN(C,H;),] %has been extensively
studied in solution and in an EPA glass”. In the diamagnetic host 2 Fe(NO)[SzCN(CH3)2] .,
exhibits a three-line spectrum due to the hyperfine splitting by the nitrogen of the nitrosyi -
group with g, = 2.028,g, = 2.048,3)‘ =73.,039, and A, = 49,4, =126, A}. = 12.2 gauss.
The g and Ay, tensors have the same principal directions, but they are not collinear. The
angle between them is 5°. The A, tensor is composed of an isotropic component of 13.2°
gauss (obtained from CHCl, solution) and an anisotropic tensor which can be decomposed
into two components each having c¢ylindrical symmetry. One of the anisotrapic components
is axially symmetric about the z-axis and accounts for about 75% of the anisotropic 4
tensor. The second anisoiropic component is axially symmetric about the X-2xis and accounts
for the remaining 25% of the anisotropic Ay tensor. This result requires unequal contribu-
tions of the p, and p,, orbitals of the N atom af the nitrosyl group to the electronic wave
function. In addition, the g.values are larger than the free-electron value of 2.0023. The dif-
ferences in the g-values from the free-electron values will be inversely proportional to the
energy separation between the 54 €z ?) orbital and the filled 2b; (xz) and 2b, (¥2) orbitals.
Therefore, it has been deduced’? trom the g-values that 2B, is claser in energy to 5z, than
is 2b., as shown in the one-electron molecular orbital scheme of Fig. 12.

The EPR results obtained for Fe(NO){S,CN(C, H,), 1, in EPA glass by Goodman et al.”®
are also cansistent with the resulits described above and with the molecular orbital scheme
of Fig. 12. One conclusion which couid be drawn from ali the EPR results is that only a single
FeNO species is present on the EPR time scale and that its average FeNO geometry is non-
linear. Alternatively, if the FeNO group is linear, then it cannor be normal to the plane of
the four S atoms. Thus, the unpaired electron resides in the S‘::l molecular orbital (Fig. 12}
which is urtequally perturbed by spin—orbit coupling with the filled 25, and 24, orbitals.
For Fe, A (~ 400 cm™ 1y (ref. 74) is comparable to FeNO bending {requencies and may
Jead to the small bending of the FeNO group between the x and y axes of the molecule, as
shown in Fig. 11(b). Moreoves, the g-values can be affected by excitation of the low-energy
bending modes of the FeNO group, as evidenced by the temperature dependence of the g-

values in solu tionn.

The anionic {FeNO}-‘r camplex of maleonitriledithiolate, Fe(NO) {Sgcz(CN')?_}‘%“, has
been prepared and its structure determined. Like the dithiocarbamate complexes described
above, this anion exhibits TP coordination geometry and a poorly defined FeNO group.
The initial structure determination®® of this complex gave an Fe-~-N—O angle of 168(6)°
and showed large thermal motions for the O atom of the nitrosyl group. The structure has
recently been cheterrninedsg, and it has been shown that at least two models for the
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Fig. 12. The molecular orbital diagram for the TP dithiocarbamate derivatives of FeNO?*.

FeNO group are equally compatible with the X-ray data. The Fe—N—-O angles in these
models range from 152° to 168°. A view of the complex normal to the plane of the
four S atoms is shown in Fig. ! 1(c). The EPR spectrum of this compound in solution ex-
hibits nitrogen hyperf{ine splitting and g-values consistent with the electron configuration
(Sal)} and a 2A1 ground state 72, Single-crystal EPR data for this complex have not as
yet been seported so that its electronic properties cannot be discussed tn further detail.

All of the five-coordinate {FeNO}7 complexes discussed above can have only a single
. electron in either the Sa; or 3b and 3b, orbitals (Fig. 12). In each case, the EPR results indi-
cate that the orbital occupied is primarily Sal (z?). There are no known examples of five-coor-
dinate [MNO]‘7 complexes with a (35, , 3b ) electron configuration. However, this
electron configuration does presumably occur in the six-coordinate species, [Fe(NO)(das),X}*
(refs. 33, 34) and Fe(CN);NO3~ (refs, 24, 25) (see Section IL.B).

3. {MNGO}® complexes

There is only one ex ample69 of an {MNO}6 complex which is pe"l tacoordinate, Fe(NO)-
{5,C,(CN),]5. From Fig. 12 the highest filled orbital should be a2(x — y2). Unless the
energy of the 35, and 3b, orbitals can be markedly lowered, or the encrgy of the az(x —y )
orbital can be greatly 1ncreas-ed the 3b, (or 3b,) orbitals will not be populated, and the
FeNO group will remain linear, Therefore. it is reasonahle that a linear FeNO grouping is
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found®? for the above mentioned complex, even though its coordination geometry is TP.
Thece appear to be no structually characterized exampies of pentacoordinate inonnnitrosyl
complexes with fewer than six electrons, although the paramagnetic complex,
Fe(NO){S,C,(CH,), 15, has been prepared”® and its EPR spectrum reported. The g-
values were found to be anisotropic and thers was no observable nitrogen hyperfine
splitting. This is consisteni with the molecular orbital diagram in Fig. 12 which places

the unpaired electron int the az(x2 — y?) orbital, giving rise to a 2A2 ground state. Since
the a,, orbital is orthogonal to the 7" orbitals of the NO group no nitrogen hyperfine
splitting would be expected in the absence of configuration interaction or spin polariz-
ation.

D, Four-coordination

Relatively few structures of four-coordinate mononitrosyl complexes have been deter-
mined. Table 5 shows that all of the known structures are {MNO}!0 complexes. By analogy
with the five-coordinate {MI“«IO}8 compounds which were just discussed, two limiting
coordination geometries and M—N—0 angles should also be available to {MNO} !? com-
plexes: (1) tetrahedral complexes with linear MNO groups (C3 ), and (2) square planar

TABLE 5
Four-coordinate pseudote rahedral mononitrosyl complcxes"
Complex vNo (em™) N—1s (V) M~N(A) M-N-0 (deg)
Co(NOMCO); [P(CsHg)3) 1756 ¥ - 1.7a(1) 54 178.5(6)
1.76(1) 178.3(8)
L.7201) 177.9(6)
Co(NO)CO) [P{CsHs)a) 2 17145 - 1.72(1) &9 177.4(T)
1(NO)[P(CsHs ] 3 1615 € - 161/ 180(0)
I1(NO)(CO)[P(CgHs)3 14 1645 ¢ 399.6 ¢ 179 174(1)
Ni(NOY(tep) 17607 - 1637 180(0)
Ni(NOMN 3} [P(CsHs)ala 1710% 399.6 8 t.69(1) ¥ 153€1)

{MNO }10 complexcs.

W. Hieber and J. EUermann, Chent Ber., 96 {1963) 1643,

V.G. Albano, P.L. Bellon and G. Ciani, J. Qrggnomeral, Chiem., 38 (1572) 155.
The NO and CO groups are disordered in this structure.

M, Angoletta, Gazz. Chim, Jtal, 93 (1963) 1591,

V.G. Albano, P.L, Bellon and M, Sansoni, /. Chem. Soc. A, (1971} 2420.
See rel. 21.

C.P. Brack and LA, lbers, fnorg. Chem., 11 (1972) 2812.

D. Berglund and D.W, Meek, frnorg. Chert, 11 {(1972) 1493,

See ref, 76,

Seetef. 77.
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Fip, 13, The correlation diagram reilatir.; the molecular orbitals of pseudotetrahedral four-coordinate
{MNG}'® complex of C3;, symmetry to those of a planar { MNO}'® complex with C, symmetry and
a non-linear MNO group,

complexes with strongly bent MNO groups (C;). Figure 13 gives the correlation diagram
for these two classes of four-coordinate mononitrosyl complexes quantized along the
M—N bond.

All of the {MNO}U compounds whose structures have been determined have pseudo-
tetrahedral geometry with relatively short M—N distances (Table 5). Of particular interest
are the {NiNO}'? complexes, Ni(NO)(N;)[P(C¢H,),] , and Ni(NO)(tep)” (wherc tep is
CH,C[CH,P(C H,),] 7). The tep complex has €, symmetry imposed on the nickel by
t.he tep l-gand and has a linear NiNO group, with a short Ni—N distance 76 The symmetry
of the closely related molecule, Ni(NO)(N, )} [A(CgH¢), 1 5, can be no higher than C,. The
structure ’7 of this azide derivative (Fig. 14) exhibits an ordered well-resolved mt.rosyl
ligand with an Ni—N~Q angle of 153°, an Ni—N distance somewhat longer than Ni{NO).
(tep)” (ref, 76), and overall C, symmetry. The N—Ni—N angle of 121° and the P—Ni—P
angle of 129° also show that the coordination sphere in this complex is severely flattened
from that of a regular tetrahedron. It has been proposed that the Ni-N—0 bond angle
results from the low-symmetry of the complex which lifts the degeneracy of the Ni—N
n-interaction and removes the three-fold symmetry of the overall electren density distri-
bution about the metal?’. The effect which lowering the symmetry from C,, to €, hason
the molecular orbitals of the {NiNO} 10 oroup can clearly be seen in Figs. I3(a) n.nd 13(b).
Since the {NiNO} 10 oroup is linear in C,, symmeuy, the 4a, orbital must lie below the
4e orbital giving the electron cnnf'gurauon 2e)* (3e)* (4a )11

Lowering the symmetry from C,  to C_resulising a + a” and a, -+a'. In a pseudo-
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Fig. 14. Perpecrive view of the inner coordination sphere of Ni(N3) {(NO)(P(CgHg)a)2. The ellipscids
are drawn 1o enctose 30% of the probability distribution. (Reproduced trom rel. 77.)

tetrahedral complex the 4e orbital interacts with both the o and 7 orbitals of the ligands.
Thus, the order and magnitude of the splitting of the 4e orbital in £ symmerry in
Ni(NO)X{P(CgHc)5], will be related to the relative o-donating abilities of the azide ‘on
and triphenyiphosphine. If the splitting of the 4e orbitals is similar to the separation of
the 4« and 4¢ orbitals in C3 symmetry then in C, symmetry (Fig. 13(b)) the 4« and 42"
orbitals will be accidentally degenerate. This degeneracy can be lifted by distortions lead-
ing to overall €, symmetry for the complex. Thus, the intermediate coordination geo-
metry, the intermediate M—~N-O angle. the orientation of the Ny ligand, the significantly
different Ni—P distances (Fig. 14}, and the overall C; symmaetry of Ni(NO)(N,) [P(C6 Hs)sl?.
may arise from vibronic coupling of the 4a’ and 4a” levels, with the final structure deter-
mined by the relative contributions of the appropriate atomic orbitals to the 4’ molecular
orbital. The inequality of Ni—P distances has also been rationalized on the basis of non-
bonded intramolecular interactions’’.

The exact interpretation of the structure of Ni(NO)(Ns)[P(CGHs)B] 5 is not completely
unambijpuous, however. Careful inspaction of the thermal motion of the atoms shows that
the r.m.s. amplitudes of vibration of the oxygen atom of the nitrosyl ligand are 0.4 A,
These amplitudes are comparable to those often observed in metal nitrosyl and metal
carbonyl complexes, but describe an anpular range of 135-170°, This angular range nearly
encompasses both the linear and strongly bent MNO geometries, and therefore it is conceiv-
able that the observed structure results from two species with distinctly different Ni—-N-O
angles which are in thermal equilibrium at room temperature. The infrared spectrum shows
only a single band in the nitrosyl region, but it would still be desirable to investigate the
structure of this compound at low temperature. In any event, the observed intermediate
geometry for this four-coordinate mononitrosyl complex indicates that pseudo-tetrahedrat
mononitrosyl complexes with a linear MNO group and square planar complexes with a bent
MNO group are of similar energy. No discrete square planar complexes with a strongly
bent MNO group are presently knowan, and the desipn of a complex which imposes this
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geometry upon the MNO group remains a challenge to the synthetic chemistry.
Finally, Fig. 13(b) suggests that a diamagnetic {MNO}8 complex such as Ru(NO)CI-
[PCgH )L 1, (ref. 78) should be square planar with a linear MNG group.

E. Other coordination numbers

The compound Mo(NO)[S,CN(C, Hg)zl 4 has been shown to be seven-coordinate. The
structure is described as a pentagonal bipyramid with the nitrosyl group in one of the
apical positions. The Mo—N~O angle for this {MoNO}* complex is 173° (ref. 79), con-
sistent with the fact that a pentagonal bipyramidal {MNO }4 complex with an apical NO
group would have no anti-bonding orbitals occupied. Cotton and co-workers 80.8% phave
investigated the crystal structures and the temperature dependent proton magnetic reso-
nance spectra of (C H, )SMO(NO) and (C;H, ),(CH, JMo{NO). The structure of (CSHS)B”
Mo(NO) shows one monohapto cyclopeniadieny] group and two equivalent polyhapio
cyclopentadienyl groups. In (C4H,),{CH;)Mo(NO} there are also two equivalent polyhapto
cyclopentadieny! rings. In both compounds there are three kinds of Mo—C distances for
the equivalent polyhapto rings. The M—N—O angles are 179.2(2)" (ref. 80) and 178(2)°
(ref. 81).

. Summary

The structures and physical properties of mononitrosyl complexes are best understood
by considering the {MNQ}" group as an “inorganic functional group” which is perturbed
by the fiald imposed by the other ligands attached to the metal. Unlike organic functional
groups the {MNG}" group has several possible ground states, each possessing its own
characteristic structure and physical properties. In nearly ali complexes, however, the
{MNO}"" group adopts one of two limiting ground states (linear or strongly bent), dictated
by four factors: {1) the coordination number; (2) the coordination geometry; (3} the
number of electrons (#2); and (4) the nature of the occupied one-electron molecular
orbitals.

The dependence of the M—N—O angle upon each of these factors has been discussed
in the previous sections and is readily summarized. The {MNG} " group is linear unless
the n-type orbital which is anti-bonding with respect to M, N, and O is occupied (3x in
Fig. 2; 3e in Figs. 3, 4, 6(b), 8(b}, 8(c); 4e in Figs. 7(a), 13(a)). Therefore, all six-coor-
dinate {MNO}” groups are linear when 1 & 6, and bent when n = 7. Similarly, all five-
coordinate {MNO}” groups are linear when # < 6. The {MNO }¢ group will be linear
in a five-coordinate complex with TBP geometry and bent in a complex with TP geometry.
There are no known examples of five-coordinate domplexes with # >> 8, but they are
predicted to be bent in either TBP or TP geometry. Complexes with n =7 are discussed
in more detail in Section [1.G. Four-coordinaie complexes with »# = 10 are linear in
tetrahedral geometry and are predicted to be bent in square planar geometry.

Those few complexes whose ground state properties are not adequately described as
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either linear or strongly bent are discussed in more detail in Section IL.G. The chemical
implications and chemical properties of the { MNO} " functional group are discussed in
Section I1.H.

. Other effects

Jahn—Teller effects have been previously invoked8? 10 explain afl deviations of MNO
groups from linearity. It is clear from the above discussion that the structures and spectro-
scopic properties of most MNO groups can easily be explained by simple one-electron
moiecular orbital diagrams without resort to other interactions. Two additional factors
which can be important in MNO complexes are spin—orbit coupling and vibronic coupling
(Jahn—Teller effects). These two factors and their possible effects on individual complexes
are discussed separately below.

1. Spin-orbit coupling

The five-coordinate complexes of {FeNO} 7 (Section 11.C.2) appear 1o be examples
of complexes in which spin—orbit coupling may cause minor distortion of the FeNO
moiety from linearity. The structural® —%7 and magnetic 7073 studies of Fe(NOJ(dtc),
complexes show that the complexes have TP geometry with a Sal electron configuration
{Fig. 12). The dtc ligands restrict the symmetry about the {F&:NO}'7 group to C,, (or
lower) and lift the degeneracy of the filled 4, ,, dyz orbiials to give 2bl(xz) and-2b2(yz).
Spin—orbit coupling mixes the 2b; and 2b, orbitals unequally with 5;;11 as evidenced by
the valuesof g, and g (refs, 72, 73). Consequently, the spin-orbital derived from 4, has
a greater contribution fromd_ than from d, . This larger contribution of 2b, to the Sa;
spin-orbital should lead to a small displacement of the nitrogen atom along the x axis. The
structural data for Fe(NQO}{S,CN(CH,), 1, at — 80° do show that the Fe—N bond is not
perpendicular to the plane of the four S atoms and that the N atom is displaced along the
x direction of the molecule (Fig. 11(b)). The FeNO group is also bent more along x than along
¥ because in the non-linear arrangement the 25, orbital, which is comprised of bath d,, and
rr;(NO), mixes more strongly with the 54, orbital than does 24,.

If these small distortions of the FeNO group were found only for Fe(NQ){S,CN(CH,),1,
then they could be reasonably attributed to solid state effects. However, a similar distortion
is observed 9 in the crystallographicaily unrelated {FeNO) 7c0mpiex, Fe(NO) [SZCZ(CN)ZI %‘
(Fig. 11(c)). Although the bite angle of the S atoms in Fe(NO){S,C,(CN),] %’ does not im-
pose C, symmetsy on the FeNO group, the djthiolate chelate rings have significantly different
minteractions with thed, and 4 vz orbitals. Unfortunately, the principal directions and val-
ues of the g tensor in this complex have not yet been determined. However, the average values
(ref, 75) of g and AN are very similar to those of the dic complexes and indicative of a 5a,
electron configuration (Fig. 12). A careful examination of the g and A4 tensors of
Fe(NO)[S,C4(CN),]15~ would be an important test of the possible effects of spin—orbit
coupling on the structures of {MNO}’ complexes. Another (est of the importance of spin—



372 LH. ENEMARK, R.D. FELTHAM

orbit coupling in {MNO }7 compiexes would be to prepare the analogous Ru or Os compounds
in which the spin—orbit coupling constant (A) will be much larger.

2. Vibronic coupling

Throughout this review we have emphasized that strongly bent nitrosyl groups occur
whenever the w-type molecular orbital which as anti-bonding with respect to M, N, and
Q is occupied. We will now examine in more detail the quantum mechanical basis for
this correlation between the electronic structure of the complex and the molecular strue-
ture of the complex, using the extensively studied five-coordinate {MNO}2 series as an
example.

The maximum possible symmetry for a five-coordinate \A(NO)L complex is Cclu
Reference to Figs. 8(b) and &(c) shows that for an {MNO} 8 complex the highest oc-
cupied molecular orbital is either Aa, or 3e, and that the electron configuration for
these complexes can therefore range from (4a, )2 to(3¢)2. The 32 orbital is two-fold
degenerate and will be hali-filled in a (3.«3)Z eleclron configuration, Moreover, somewhere
between Fig. 8(d) and Fig. 8(c) the 44, and 3e orbitals cross and thereby become ac-
cidentally degenerate. At this crossing point there are three degenerate molecular or-
bitals to be occupied by a single pair of electrons.

Degeneracy (accidental or imposed) is a common occurrence in the application of
molecular orbital theory to chemical bonding. However, special consideration is required
for systerns having partially filled degenerate molecular orbitals. kn order to properly dis-
cuss such systems it is necessary to: (1) obtain the manifold of electronic states which
result from the occupation of the degenerate orbitals; (2) examine the possible mixing
of the states by configuration interaction; (3) evaluate the effects of spin—orbital coupling:
and (4) consider mixing of the states by vibronic coupling (Jahn—Teller and Rennner—
Teller effects).

The problem of obtaining and ordering the electronic states of an {MNO}a complex
at ot near the crossing point of the 4, and 3e molecular orbitals is analogous to the
problem of obtaining and ordering the electronic states of a free fon in 2 medium crystal
field83. Consequently, the behavior of the electronic states of the {MNO18 group in a field
of Cy,, symmetry can qualitatively be analyzed by drawing the stale correlation diagram
between the limiting sitvations, 4a4; < 3e and 3e < 4a,. The relative energies of all of
the possible electronic states which can arice from (4a1, 3e) electron configurations in
C,, symmetry have been calculated assuming that 42, and 3¢ are pure 4 orbi tals. (The
details of the calculation appear in the Appendix.) In Fig, 15 are plotted the relative
energies of these states (in units of 8, the interelectronic repuision parameter) versus the
energy difference (in units of B) between the 42, and 3¢ orbitals (E4, — £3,.)- Although
Fig. 15 cannot be quantitatively correct because 4a; and 3¢ are not pure d orbitals, it
does show the important qualitive features of the behavior of the electronic states of an
{MNO}8 species upon crossing the 4z, and 3e orbitals in C, | symmetry.

It is apparent from Fig, 15 that the ground state is 14 1 (49, )2 whenever the 4a, orbital
is much lower in energy than the 3e orbital. If 4z, is mucb hagher in energy that Be then
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Fig. 15. The electrostatic energies of the states arising from (4o, 3e)? configurations as a function of
the energy teparation between 44, and 32 orbitals in a field of Oy symmetry.

the electronic ground state is predicted to be 34 2( 3.=.!)2 Sfor a linear {MN O}B group. How-
ever, since Walsh’s rules for triatomic Species?‘ apply to mononitrosyl complexes a bent
MMO group with a singlet ground state would be expected to be more stable than the
linear 4 2(3e:)2 state. Indeed, all of the {MNO }® species which have been isolated and
characterized to date are diamagnetic. Therefore, the subsequent discussion will consider
only the manifold of singlet states arising from the (4clI , 3¢)? electron configurations.

Five singlet states arise from the (4a, 3¢)? electron configurations. One of these,
1A1(3e)2, can never be the ground state in €, symmetry. The remaining four electronic
states, IA!("al)z, ll..f.'i’l(il.e)l, 132(33)1, and 1lJ.‘.'(‘fla'.'l)1 (38)!L are nearly degenerate when
the da; and 3e orbitals are degenerate. Factors which may affect the degeneracy of these
states are considered next.

Configuration interaction occurs only between the two 14, states and would not necessar-
ily remove the degeneracy of all of the states of the singlet manifold. Spin~orbit coupling
would introduce a varying amount of temperature independent paramagnetism (TIP) into
the singlet states (~A/A, where A is the sinplet—triplet separation), but this factor is even
less important than configuration interaction. Vibronic coupling among the electronic
states can be important, however. Renncr ¥ has considered vibronic coupling in linear
molectles in detail, and has shown that a linear molecule with a degenerate ground state
spontanecusly distorts to non-linear geometry if the degeneracy of the ground state is
sufficiently split by one of the vibrational maodes o7 the molecule, Several discussions of
the Renner—Teller effect are available %986 In order to investigate the applicability of the
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Renner—Teller effect to the MNO group of mononitrosyl complexes it is necessary to:
obtain the normal modes of vibration for our example, an M(NO)L4 species with €,
symmetry; tabulate the coupling of the electronic states by the vibrational modes; ascer-
tain whether the approptiate modes are of sufficiently low energy to be effective in
lifting the degeneracy of the ground electronic states,

The seven atoms of a five-coordinate M(NO)L, complex possessing C,  symmetry give
rise to 15 normal modes of vibration, namely 44 ,, 2B, 18,, and 3£ modes (Fig. A.1 of
the Appendix). Focusing aur attention on the applicability of the Renner—Teller effect
to the MNO group, however, climinates the A,, B, , and B, vibrations from consideration
because the MNO group remains linear dusing these vibrations. The most important of
the four £ modes is the £(M—N—0)} mode, which is primarily the degenerate bending
motion 5(M—N—0). The effects of this vibration upon the singlet states of the M(NO)L,,
complex in C, symmetry (Fig- i5) will now be considered.

We will first re-examine the case in which the 4a orb:t_a] is much lower in energy than
the 3e orbital, and the ground electronic state is 14 (4a )" The E(M—N—0) mode can
couple this non-depenerate staie to the 15(40 ) (38)1 state but the coupling will not be
effective uniess the separation beiween (hese states is small (~— &7'). Therefore, it can be
concluded that the MNO graup will remain linear whenever the da; orbi:al is much lower
in energy than the 3e orbital and that the 14, (42)* ground electronic state is described
by the potential surface shown in Fig. 16(a).

Next we consider the case where the 3e orbital is much lower in energy than the 401
orbital. Figure 15 shows that in this situation the only singlet states which need 1o be con-
sidered are l;EIl (3¢)? and l492(31'3)2. These two states are accidentally degenerate in C,,
symmetry and are interconverted by the 4, rotation of the molecule about its four-fold
axis. Since the molecule retains full &, symmetry during such a rotation the two states
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Fig. 16. Potential functions for the vibronic interaction of the bending vibraton of a triatomic toole-
cule with the electrosic states. The abscissa is the bending coordinate. {a) non-degenerate state; (b)
degenerate state with intermediate vibrenie interaction; (c) degenerate state with large vibronic inte-
action, From G. Herzberg, Molecular Spectra and Molecular Strucrure, Vol {H: Electronic Spectra
and Electronic Srructure of Polyatomic Molecules. © 1966, reprinted by permlssion of Van Nostrand
Reinhold Company.
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must remain degenerate at all imes. Therefore, it is convenient to refer the lBl(Se)z and
182(3e)2 states back to the ! A state in C_ symmetry from which they arise. 1t has already
been demonstrated that a * A state can be strongly split by a large vibronic interaction with
the degenerate bending mode of a triatomic speciess“'a's. Thus, for an M(NO)L, complex
the degeneracy of the i15'1(343)2 and 182(3e)2 electronic states can be lifted by bending the
MNO group to give a potential surface similar to that shown in Fig. 16{c).

Finally, we examine the case where the 4a; and 3e orbitals are accidentally degenerate.
Figure 15 shows that near the crossing point of the 4a, and 3e orbitals fcur singlet elec-
tronic states, 1A,(4a1)2, lE(daI)l(:!e}l, 151(39)2, and l5‘2(3e)2 become degenerate.
The cffect of the £(M—~N—0O) vibration upon three of these states has aiready been explored.
Only lE(tl.:zl)l(Be)I remains to be examined, but it has already been shown® 86 that
the degeneracy of such a state can be lifted by vibronic coupling with the degenerate
bending vibration of the triatomic species. Since the l£‘(4.<zl)t (3¢)! state arises from an
electron configuration intermediate between (4{11)2 and (3&3)2 it js not unreasonable to as-
sume that the bending of the MNO group introduced by vibronic coupling of this state
with the E{M—N—0Q) vibration will be less than that for the 181(39)2 and lB.‘,(3e)2
degenerate pair. The appropriate potential surface for the {E(4a1)] (3¢)} state is shown
in Fig. 16(b)-

To complete this discussion of the £(M-—-N-0) vibrational mode it is important to
examine any other couplings that this mode can effect among the degenerate singiet
states. We have already pointed out that E(M--N—0O) couples 14 ,(4a }? with ’5(431)1
(3e)L. This mode also couples 1E(4al)l (3¢)} with 1B(3e)? and with Bz(3e)2. The vibra-
tion does not, however, couple the two B states with one another or with the L4 1(4"1)2
state,

We have shown that the geometry of the MNO group of five-coordinate {MNO}8 com-
plexes is adequately explained by splitting of the degeneracy of the singlet efectronic states
of the linear {MNO}8 moiety by the E(M-N-Q) vibration {Renner—Teller effect). Now
we can proceed to examine any additional effects which can arise from the coupling of
ather vibrational modes of the M(NO)L4 complex with the depenerate singlet states of
the complex (Jahn-Teller effect). Only the remaining & and E modes (Fig. A.1) need be
considered because the 4; modes preserve C,  symmetry and can couple only 4, elec-
tronic states.

The B, (7,,) mode (Fig. A.1) is particularly attractive for vibronic coupling because
during this mode the L - - - L distances are always greater than or equal to the equilibrium
L --.L distances in C, symmetry, wheteas the other 8 and £ modes involve either
stretching of the M—L bonds or involve L - - - L distances which are less than the equi-
Iibrjum distances in C, symmetry. Moreover, the normal coordinates of the B,(7, )
mode are those which take a TP complex with C, | symmetry inio a TBP complex with
C,, symmetry and a linearly coordinated nitrosyl group in the equatorial position. The
mode also lifts the degeneyucy of the lJE‘(‘ml)i(Be)I state and of the 131(33)2 and
132(35)2 states, and can couple the 14 l(-4:‘:1)2 and 181(39)2 states,
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We have now demonstrated two low-energy bending vibrations for our present medet,
five-coordinate M(NO)L, complexes of C,  symmetry conlaining the {MNO} 8 oroup,
which can lift the degeneracy of the s:ngjet electronic states which arise from a (44, 3e)?
electron configuration. The limiting geometry for vibronic interaction with the E(M—-N—-O)
mode is a TP complex with a strongly bent nitrosyl group and C_ symmetry, whereas
the limiting geometry for vibronic interaction with the 8,(T,, ) mode is a TBP complex with
a linear nitrosyl group and C,, symmetry. Figure J7 shows the correlation diagram relating
the singlet states {or the two limiting geometries. On the lefi-hand side are the states for
the C5, molecule and on the right-hand side are the states for the C; molecule with a noa-
linear MNO group. The center of the diagram shows the ordering of the singlet states in true
C,, Symmetry neat the crossing point of the 42 and 3¢ orbitals where there can be a5 much
as a five-fold degeneracy of the singlet states.

The state diagram (Fig. 15) supports our previous analysis of the structures of five-coor-
dinate {MNO}8 complexes, which was based solely on the relative energies of the 4a, and
3¢ molecular orbitals (Section 11.C.1). The far Lh.s. of Fig. I 5 gives the relative energies of
the states derived from {4a,, :"'e)2 when the energy of 42, <€ 3¢, and corresponds to the
molecular orbital diagram in Fig. 8(a). The far r.h.s. has the energy of 3e <€ 42, corresponds
to the molecuiar orbital diagram in Fig. 8(d}. The center of Fig. 15 represents the point at
which the 4a, and 3¢ orbitals become depenerate. The fact that four singlet states become
degenerate when 4a, and 3e are degenerate suggests that these are the circumslances in
which five-coordinate {'MNO}3 complexes may have intermediate coordination geometries
and/or intermediate M—N-—Q bond angles. The properties of the olher ligands and of the
metal atom will determine which of these states of the singlet manifold is actually the ground
state, and will also determine whether any of the manifold of singlet states are degenerate in
Cy4, symmetry. Consequently, the choice among TBP coordination geometry with a linear
MNO group, TP coordination geometry with a strongly bent MNO group, or intermediate
coordination geometry with an intermediate M--N--O angle can be controlled by the sym-

metry and design of specific ligands and by the particular metal atom bound to the NO group.
The correlation between molecular and electronic struciure of mononitrosyl complexes

has already been pursued in considerable detail. We will now explore those {MNO} 8 com-
plexes which may have 4a, and 3e nearly degenerate with respect to the state correlation
diagram of Fig. 17. When fuur identical ligands are attached to a bent {MNO}B group, the
overall symmetry of the complex is C_. If the symmetry of the ML, group is C, , then all
four orientations of the bent MNO group will be of equat energy and have identical
M—N—O angles. The energy barrier for the interconversion from one of these four rotameric
forms to the other is the energy separation between the 14°'(a")? and '4"(2")*(a")! states
on the r.h.s. of Fig. 17. For ML, moieties of symmetry lower than C, , the energics of the
four orientations of the bent nitrosyl group may differ, and the M—N—0O angles in the four
orientations need not be identical.

The maximum symmetry for the substituted complexes M(NO)L,X 5 and M(NO)L)
(where L' is a bidentate lipand) is C,,,. If the ground state(s) of these C,, complexes (with
linear MNO groups) is still accidentally degenerate, then the molecule will distort along
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Fig. 17. The correlation diagram {1 the singlet states of (d4a;, 3»:}1 configurations ln the fields of
Czyp Cay and O symmetries.

another vibrational coordinate and thereby lower the symmetry to C; or C_. Simifarly, any
degeneracy remaining in € or €, symmetry will finally be removed by distorting the
molecule to C; symmetry. In C, symmetry, all the electronic states and normal modes of
vibration are of A symmetry and the %round state will be non-degenerate.

The Co(NO)CI,(PR,), complexes 0-62 were discussed in Section ILC.1. The structure
of one form of Co(NO)C1,[P(CH;)XCgHc)5] 5 is shown in Fig. 9. The highest possible sym-.
metry of the coordination sphere of this complex is C,,- We propose that in C,, symmetry,
the ground state of this molecule would be accidentally degenerate and that this depeneracy
has been lifted by lowering the symmetry to C,. The observed structure is consistent with
a distortion along a composite normal coordinate comprised of the appropriate components
of the E(T.‘,g) and E(M—N-0) vibrations shown in Fig. A.1. Distortion along the other com-
ponents of these two F vibrations is also possible, and would result in a complex with the
ninosyl group bent in the MP., plane (Fig. 10(c)). If these two vibronic states are of similar
energy then the existence of two different forms of the Co(NO)C1,(PR4), complexes can
easily be understood. The two vibronic states correspond to bending the nitrosyl groug in
the MCl, plane and in the MP5 plane, and would be thermally accessible by rotation of
the NO group. These facts place the Co(NO)C1,(PR;), molecules only slightly to the C,
side of the correlation diagram (Fig. 17). To our knowledge, this series of complexes is
the only class of five-coordinate mononitrosyl complexes whose properties require recourse
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to vibronic coupling between degenerate or nearly degenerate states in order to be ade-
quately explained. The properties of all other five-coordinate nitrosyls are adequately ac-
counted for by the one-electron molecular orbital diagrams of Fig. 8.

It is also necessary to invoke vibronic coupling berween singlet states which are accident.
ally degenerate to explain the intermediate structure of the four-coordinate {MNO} 10 com-
plex, Ni(NOXN;) [P(C Hy), 1 ,. However, the nature and composition of the electronic states
are very similar to those for five-coordinate {M.NO}B complexes (see Appendix). Thus, Figs.
15 and 17 are generally applicable to understanding the structure and bonding of mononi-
trosyl complexes.

In summary, this analysis of the electronic states and the vibronic couplings of the
singlet states of five-coordinate {MNO}® complexes accounts for the structures and
physical properties of all of the mononiirosyl complexes in this categoty, including com-
plexes with intermediate geometry. This analysis provides a more detailed quantum mech-
anical basis for discussing these complexes than does the one-electron molecutar orbital
model developed in this review, and simuitaneously demonstrates the general validity of
the conclusions drawn from the one.electron model.

H. Reactions of coordinared nirrosyl groups

The equilibrium geometries of metal nitrosyl complexes exhibit M—N—O angles ranging
from 120° to 180°, and consequently the simplest reaction which a coordinated nitrosyl
group can undergo is the transformation from one limiting geometry to another. It has al-
ready been shown above that the M—N—O angle in five-coordinate {MNO}® mononitrosyl
complexes is determined by the coordination geometry, and Fig. 17 demonstrates the in-
herent electronic barrier to the interconversion of a TBP complex with a linear MNO group
and a TP complex with a strongly bent MNO group. There is no definitive example of
such a reaction occurring, although it was originally proposed®! that the CoCl,(NO)(PR,),
complexes have two NO stretching ltequencies in solution and in the solid state because both
the TBP and TP species are present in dynamic equilibrium, Hewever, the structure deter-
mination for one of the forms of CoCl,(NO}) [PCHs(CﬁH5 )2] 2 shows a distorted coordina-
tion g‘eomctry&, and we have suggasted that the compound exists as two conformers dif-
fering primarily in the rotational orientation of the non-linear CoNO group (Sections I1.C.1
and I1.G.2).

To our knowledge there is only one well-documented example of the conversion of a
coordinated nitrosy! group from one limiting geometry to the other by a simple change in
stereochemnistry. Reaction 11 occurs readily upon mixing the reagents at room temperarure
{rel. 32).

[Co(NO) (das), ] * + X~ = [Co(NO)X(das),]* (1)

Table 6 summarizes the marked differences in the physical properties of the two complexes,
and Fig. |18 shows the coordination environment of each. It is clear that the change in stereo-
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TABLE 6 - .

Physical ptopertics of [Co(NO){das);]* and [Co(NO)(das), X]
vno (€m™') N—ls(eV) Co—-NO (A) Co-N—O (deg)

[Co(NO){(das)y ] [C104]2 18527 402.3% 1.68(D° 179(2}

[Co(NO)das)2(NCS)INCS 158709 _ 1.87(2) & € 134(2)
1561

[Co{NO){das) C1] C1 156229 s00.5% - -
1548

a Seeref, 32,

b Seeref. 21

c Seeref. 31.

d The tvo frequencies presumahly result from cit and frans isomess {see ref. 32).
e Trans ilomer.

chemistry from five. to six- coordination has resulied in a change in the geometry of the
[CoNO] 2* maiety, an {MNO}® system, from linear to strangly bent. This reaction is readily
interpreted upon examination of Fig. 8. [Co(NO)(das), ]12* is a TBP cation and should have
d,» as the highest occupied orbital (Fig. 8(a)). Increas:ng the coprdination number from

five to six changes d,; from a non-bonding or weakly anti-bonding orbital into a sizma anti-
bonding orbital (4a ) of higher energy than 3e (Fig. B(c)). As a result the 3e orbital now
contains a pair ofelectrons and the {CoND} triatomic exhibits a strongly bent peometry

(a) (b)

Fig. 18. (a) Perspective view of the inner coardination sphere of [Co(‘NO) (das);]3T; . (1) perspective
view of the inner coordination sphere of [Co(NO)(da_-.)z(NCS)] . {Reproduced from ref. 31.)
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represented by orbital scheme 8(d). The crossing of the 3e and da, levels in Fig. 8§ upon
going from five-coordinate TBP geometry to six-coordination results in the transfer of a
pair of electrons from a predominantly metal orbital (d,,) to an orbital with a large amount
of NO character (3e). Therefore, the overall reaction which is initiated by an increase in
coordination number from five to six can be formally described as a two-electron reduction
of the coordinated NO¥ group with the concomitant oxidation of the metal from Co{l) to
Co(l1I} (ref. 31).

Reaction 111 (ref. 87) represents another probable example of the convession of a coor-
dinated nitrosyl group from one valence form to another

[Fe(NO)X(das),]* — [Fe(NOYX(das);]2* + e~ (D

This reaction involves oxidation of the { FeNO}7 triatomic to the {FeN0}6 triatomic
but no change in coordination geometry or coordination number. Table 7 summarizes
some pertinent physical data for the two complexes. it is important to note that this oxida-
tion reaction resulis in an increase in the formal positive charge on the nitrosyl group and
a decrease in the formal positive charge on the Fe atom. Figure 4 presents the correlation
diagram for this reaction which can be described as a nwo-efectron oxidation of a coordinated
NO™ ligand to a coordinated NO* group with concomitant reduction of the metal from
Fe(111) to Fe(11). The transformation is initiated by an overall one-electron oxidation of
the complex. Unfortunately, definitive structure determinations are not available for these
twe compounds. However, a preliminary report26 of the structure of the reduced complex
fhas shown an Fe—N—Q angle of 148°, and the oxidized form of the complex almost cer-
tainly has a linear FeNQ array (Section 11.F).

It has not yet been possible to carry out the revesse of reaction IlI, the one-electron
reduction of the {FeN0}6 species to the {FeN0}7 complex. However, this reduction is

well.known 22=24 for the formally iscelectronic nitroprusside anion (reaction IV).
pe(NO)(CN)E"" +1e”  — Fe(NO)(CN):~ av)
TABLE 7 N .
Properties of [Fe(NO)(das)2CH " and [Fe(NOMdus)2 €11 2

YNO em™ Y N-1s(eV) Fe—Zp% (aV)
[Fe{NO)(das),Cl) |C104) 16207 400.0% 711.5°
[Fe(NO)(das); CI] [C1Oa), 1865 2 402.0% 209.5 €

a Scerell 87,

b Seerct. 21.

& R.D, Feltham, unpublished results.

4 W, Silverthorn and R.D. Feltham, frnorg. Chem., 6 {1967} 1662,
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in addition to the transformations of coordinated nitrosyl groups from one valence
form to another there are several other chemical reactions of the coordinated nitrosyl
group. For example, the nitroprusside ion reacts with hydroxide ion to form the penta-
cyanonitro complex via reaction V (ref. 2f}

Fe(CN)s(NO)2~ + 20H™ —+ Fe(CN){(NO,)*~ + H,0 "

Reaction V also occurs®” with Fe(NO})((c:Ia&‘.)%+ and RuCI(I‘«IO](’r_las)g+ (ref. 88). Other
nucleophiles including $H™ and ketones react with the coordinated nitrosyl group of
Fe(CN)S(NO)z" (ref. 2f), and hydrazines react with RuClNO(das):.',_' according to eqns. VI
and VII {ref. 88).

RuCNO)das)3* + 3N,H, - RuN;Cl(das); + 2N;H,Cl + H,0 (VD

RuCKNO)(das)2* + 3H,N-NHR - RuCKHNONNHR)(dds), + 2NH,NHR*
(VID

Reactions V- Vil demonstrate the electrophilic character 2f of a linearly coordinated
nitrosyl group with a high NO stretching frequency (vyg > 185G cm —1) and a high

N-—1Is binding energy (Ey _ , 2 402 eV), i.e. a coordinated NO™ group. Linearly coor-
dinated nitrosyl groups with low NO stretching frequencies and low N—1s binding energies
do not exhibit electrophilic character. In fact, Mn(CN)S(NO)g' (vno = 1725 em~ Y and
Cr(CN)s(NO)4‘ (¥no = 1515 cm™1) are completely stable in alkaline solution?k. The latter
compound readily decomposes in acidic solution by a series of complex hydrolysis and
reduction reactions to ultimately yield Cr2+. CN—, NH3 , and HZO. Hydrolysis of
Cr(CN)5(N0)3“ (vno = 1645 cm— 1) also occurs in acidic solution; VI is the initial
hydrolysis reaction89

H,0" + Ci(CN){(NO)*>~ — Cr(CN),(H,0)(NO)*>~ + CN~ (VII1)

The electrochemical reactions of several mononitrosyl cemplexes have been reviewed
(ref_ 2h) and the results penerally support the conclusion 90 that the MNO group functions
as an electrochemieal unit.

Thete are several reactions which appear to be characteristic of a coordinated NO™
eroup. The Fe(CN)S(NO)3"' ion feacts with pr0l0n323 to give a complex formulated as
Fe(CN)S(NOH)I*. Protonation reactions are also observed for Co(NO)X(das); {ref. 91),
and O(NOYCO)[P(C¢H,)41,Cl (ref. 92). Reactions with molecular oxygen to give a
coordinated nitro group have been investigated 7> (reaction 1X).

mans- Co(NO)(en),X2* + 0, — Co(NO,) (en), X" (1)
A coordinated nitro group also results from the reaction with excess NO (ref, 94), as shown
neqn. X

trans- [Co(NO)(en),Cl] Cl + 2NO —+ cis-[CoNO,(en), Cl] C1 + N,O X}
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The black complex Co(NHa)S(NO)?'* (rel. 29) dimerizes upon standing to give a red com-
plex containing a bridging hyponitrite anion (Nzog“) (ref. 95).

The exchange reactions of the nitrosyl group of mononitrasyl complexes have been
littie studied. The 15NO exchange of Cn(NO)(C0)3 in the gas phase occurs by an associa-
tive process and is much slower than CO exchange in the same compound. Nitrosyl ex-
change does not occur for (C Hy)NINO after 30 days at 45° (ref. 96).

Scission of an M—N bond does occur in the reactions of Ru(bipy)z(NO}Cl2+ (ref. 97)
and RuCI(NO)(das)]" (ref. 98) with azide fon. Isatopic Jabeling®8 with 1NO suggests
that these reactions proceed by mechanism XI and involve the unstable cyclic N, Q inter-
mediate which readily decomposes to give N, and N,O

[Ru— ISNOP* +N; —~ Ru-UN" MN (XD
4y 14,
N——N

14N]5N +(14N-)z ¥ 14NISN0 +(14N)20

Irradiation of (}15 -Cs HSJMO(CO)E(NO) with ultraviolet light in the presence of
(CgHy)4P results in the formation of (#°-CsH)Mo(NCO)(CO), [P(C¢Hs);] and
(C4Hg),PO. Tt has been proposed®? that this reaction involves abstraction of an O atom
from the coordinated NO group by (C.H,),P to generate an organometallic nitrene which
then captures carbon monoxide to give the coordinated NCO ligand.

The chemical behavior of mononitrosyl complexes outlined abave shows that the M—N
bond is very robust for both linear and non-linear MNO groups, Indeed, a recent extensive
review2k shows that substitution reactions of the other ligands attached to the metal
are the most common reactjons for metal nitrosyl complexes. The ineriness of the MNO
group to cleavage of the M—N or N~O bonds provides additional chemical justification
for our treatment of mononitrosy! complexes as {MNO}” species perturbed by the coor-
dination of other ligands to the metal.

{11, POLYNITROSYL COMPLEXES

The previous sections of this review have been concerned exclusively with mononitro-
syl complexes, and it was shown that the structures, bonding and reactivity of that class
of compounds can be understood as simple MNO triatomic species perturbed by the
coordination of other lipands to the metal. It wouid be logical to extend this model to
polynitrosyl complexes by considering them as perturbed M(NO),, species. Several factors,
however, complicate such an analysis of polynitrosyl complexes. Consider for example,
the penta-atomic species M(NO), : (1) there are many ways of making the O—~N—-M—N-0O
group non-linear, whereas M—N—QO has only one variable bond angle; (2) there are no
simple bases for predicting the geornetries of penta-atomic molecules of the non-transition
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elements, whereas Walsh treated triatomic molecules in detail many years 3503; (3) the
metal atom js necessarily the central atom of M(NO)E, wheraas the metal atom is the
terminal atom of MNO; (4) there are few structural data and almost no spectroscopic
or chemical data on polynitrosy! complexes, whereas considerable data are available for
mononitrosyl complexes. -

In spite of these complications, a surprising amount of insight into the stnictore,
bonding, and reactivity of polynitrosyl complexes can be obtained from the model
developed for mononitrosyl complexes with the aid of one new assumption. For poly-
nitrosy! complexes it is assumed that changes in the N—M—N angles are more important
than changes in the M—N~—O angles and that the observed deviations of the MNQ groups
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Fig. 19, Proposed molecular orbital scheme for the linear M{NG), gronp. In this figure and in a)l sub-
sequent fimures  is defined as the bisector of the N—M—N angle, The metal d arbitals were obtained
from the conventional d orbitals by the tansformationx — 2z, p =¥, z = x.
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from linearity can be understood as perturbations of an M(NO)_ species with equilibrium
N—M—N angles.

A M{NO} 2 complexes

The simplest polynitrosyl is the hypothetical penta-atomic species M(NO),. The highest
symmetry possible for this species is D, , and the ope-electron molecular orbital diagram
for the finear O—N—M-N-Q penta-atomic is shown in Fig. 19, which considers the inter-
actions among the metal 4 orbitals and the 7(NO) and 7" (NO) orbitals of the nitrosy)
lipands. The bisector of the N-M~N angle has been defined as z in order to simplify sub-
sequent discussions. Upon comparison with Fig. 2 it can be seen that the presence of two
nitrosyl ligands results fn a Bgand localized molecuiar orbital, 2n (7 (NO)), which has a
node at the metal atom. In this approximation the energy of the 2m orbital would be
similar to that of the free nitrosy! ligands, and hence similar to the energy of the metal d

orbitals as well.
The simple penta-atomic, M(NO),, has no other ligands whose effects need to be con-

sidered, and thus possible changes in the N-M—N angle and M—N—0O angles can be in-
vestigated For various electron configurations. Any change in the N—M—N angle Jeads o

a molecule of C,, symmetry and the correlation diagram relating D_, and C,, is shown in
Fig. 20. Figure 21 shows diagrammatically the ligand orbitals referred to in C,  symmetry.
One important difference between M(NO), in D_, and in C; symmetry (N-M-N= 90°%)
is that there are three molecular orbitals which are bonding with respect to M and N in
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Fig. 20. Correlation diagram relating the motecular orbitals for a linear M{NO}, group with D“h synr
metry {a) to those for Ca,, symmetry (b). The metal d orbitals are those of Fig. 19.
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Fig. 21. The ligand localized molecular orbitals in €2, symmetry derived from the x*{NO) orbitals af
two NO ligands.

C.,,., whereas only two bonding interactions are possible in D_, . It has also been pointed
out 9% that in C,, there is no rotational symmetry along the M—N bonds, and that there-
fore the MNO angles may deviate somewhat from linearity in this symmetry. Inspec-

tion of the ligand iocalized orbitals (Fig. 21) which are involved in the three bonding
interactions shows that the rr;l(NO) and the :1-;2 (NQ) orbitals are bonding with respect
to the two N atoms and with respect to the two O atoms. Thus, the 1a, and the 15,
orbitals (Fig. 20(b)) can be further stabilized in C,, symmetry by small changes in the
M—N-—0 angles (in the xz plane) so as to move the O atoms closer together. Such
changes will destabilize the la, and 14, orbitals.

The Implications of the one-electron molecular orbital scheme of Fig. 20 can now be
examined. Clearly an {M(NO), ]4 species would have two bonding interactions between
the M and N atoms in either linear (th) or bent (€, ) geometry, but linear geometry
(D_,,) minimizes repulsions between the two NO groups. Additional electrons will
accupy the 8_ orbital in D, symmetry. The & orbital is non-bonding with respect to
Mand N, anf therefere, the additional electrons lead to no new bonding interactions in
this geometry. In a bent species with €,  symmetry, however, there are three orbitals
which are bonding with respect to M and N: la,, la,, and 15,. Thus, an {M(NO), }s
species should adopt a bent structure with €, symmetry. There may also be slight
deviations of the MNO groups from linearity because of the nature of the 1z, and 14,
orbitals.

The molecular orbital scheme of Fig, 20 also predicts C,  symmetry for an [M(N0)2]8
species However, an {M(NO), } 8 entity could exhibit D_, symmetry if the 27, orbital
were much higher in energy than 5_. In the latter case decreasing the N—M—N angle from
180° would not result in sufficient interaction between the 27, and :Sg orbitals to com-"
pensate for the non-bonded repulsions of the two nitrosyl groups.

Finally we consider the {M(NO), }!9 penta-atomic species. ln C,, symmetry this
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species will have the electron configuration (la, )2 (l:ra‘l)2 (lbz)2 (kl)z(]bl)z. At an
N—M-N angle of 90° the 15, orbjtal is entirely localized an the NO groups and is non-
bonding with respect to M and N. 1t is anti-bonding with respect to the two N atoms and
anti-bonding with respect to the two O atoms (Fig. 21). Thus, population of this orbital
would be expected to cause the N—M—N angle to increase and could also lead to changes
in the M—N-—O angles so as to move the O atoms farther apart.

This completes aur examination of the expected behavior for the hypothetical
{M(NO);,} # camplexes for various values of #, and we can now turn our attention to known
complexes containing the M(NO), molecular fragment. These compiexes will be classiied
by coordination number as was done for mononitrosy! complexes.

1. Four-coordination

The coordination of two additional ligands to the penta-atomic M(NO); moijety can
give rise to trans-square planar (D). cis-square planar (C, ), and pseudo-tetrahedral
(Czu) geometries (Fig. 22),
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Fig. 22. Comrelation diagram relating the molecular orbital scheme for efs-square planar (a), frans.
square planar {b), and pseudo-tetrahedral {¢) four-coordinate dumxosyl complexes. An N~M~-N
angle of 90” has been used to construct {c) so that the lb,(rrb {(NO)Y) and 2, {xz, c(NO)) orbitals
will be arthogonal to ane another. The 4 arbitals are defined in Fig. 19,



METAL NITROSYL COMPLEXES 387

Although no structures of four-coordinate {M(NO)Z} 8 complexes have been reported,
Fig. 22 as well as the preceding discussion of the M(NO), penta-atomic species predict
that ¢is-sguare planar geometry (CZu) with nearly linear MNO groups will be more stable.
There may be some bending of the MNO groups in the plane of the complex so as to move
the two O atoms closer {o one another. 1t is also interesting to note that Figs. 22(a) and (b)
demonstrate the inherent electronic barrier to unimolecular efs—rrans isomerization of
diaimagnetic square planar 48 complexes.

Figure 22 can also be used 1o analyze the structure and bonding of {M(NO),}!? com-
plexes. It is clear that the stability of the highest filled molecular orbital is greatest at
geomeiries intermediate from the three limiting diagrams shown. Moreover, by examining
the nature of the 1'Tb (NO) ligand orbital (Fig. 21) and the b,,, orbital (17 inD_,, Fig. 19),
the changes in the N—M-N angle and in the M—N-0O nngles W]‘L‘lch would stabilize the
highest filled orbita} in each symmetry can be predicted. ln crs-square planar geometry
{Fig. 22(a)) the highest filled orbital is the ligand orbital ﬂ'b (NO) which is anti-bonding
with respect to the two N atoms and anti-bonding with respect to the two O atoms. Thus,
population of this orbital should increase the N—M—N angle and change the M—N—-O
angles so as 16 move the O atoms farther from one another. Expansion of the N—M—N
angle is difficult in cis-square planar geometry because of the proximity of the other two
ligands in the plane.

In D4, symmetry (Fig. 22(b)) the b} , (7, (NO)) orbitai will be the highest occupicd
molecular orbital. This erbital has na metal & character and ic bonding with respect to
the two N atoms and bonding with respect to the two O atoms. This orbital will be stabil-
ized by decreasing the N~M—N angle and by changing the M—N—O angles so as to move
the O atoms claser ta one another. Any change in the N—M~N angle Jowers the symmetry
to C, andresultsin &, —wm,.

Decreasing the N—-M—N angle to 90° along with a concomitant decrease of the
L~-M~L angles leads to the limiting pseudo-tetrahedral-geometry of Fig. 22(c). It is im-
portant to note that in pseudo-tetrahedral geomestry an M(NO), L, molecule has two
molecular orbitals of b, symmctry which can potentially be of very similar energy
(16, and 2b,). For N-—M-N 90° these two orbitals are orthogonat to one another, How-
cver any change in the N~M—N angle will mix these two levels as is evident from Fig. 22(c).
In tetrahedral geometry all five metal d orbitals can interact with both the o and 7 orbitals
of the ligands. Therefore, the composition of the 1b, orbital in the ground state geometry
of the molecule will depend upon the g-donating and m-accepting character of the other
ligands coordinated to the metal as well as upon the nature of the metal atom.

Insight into the possible ground state geometries is provided by Fig. 23, which con-
siders only the two b, orbitals in question. In Fig, 23(b), the w*h(NO) orbital is considered
to be much lower in energy than d,,. From the diagram of the T, (NO) orbital in Fig. 21
it is clear that population of this orbual will favor the structural changes shown by Fig.
23(b) =+ 23(a). On the other hand, if the meta! d,, orbital is much lower in eneigy than
i, (NO) then nearly tetrahedral geometry will be expected with perhaps some slight
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Fig. 23, Correlation diagram showing the proposed behavior of the 1bs and 14 molecular orbinals
in f0u:-coardm.a!c {M(Nolz} 19 comptexes with a (LB;)? electron configuration. Scheme (b} means
tha1 rrb (NO) is lower in encrgy than d,,2 and leads to structure (a). Scheme {c) means that dyz is
lawer tﬂ.am TH, (NO} and leads to {d). The compléte bonding scheme and the choice of coordimate
systam arc shnwn in Fig. 22.

hending of the M—N—O groups so as to move l.he two O atoms closer together becanse of
the respective contributijons ofn (NO) and rrb {NO) to the la, and 1b, molecular
orbitals. Structure 23(a) will be t‘avored by metals of the third transmon series (54) and
lipands which are poor n-acceptors; structure 23(d) will be favored by metals of the first
transition series (34) and ligands which are good f-acceptors,

Table 8 summarizes the properties of several four-coordinate {M(NO), } 18 complexes
whose structures have been determined. Included in this 1able are two iron complexes
containing metal—metal bonds, but for which at least one [M(NO)2 1O valence structure
cap be written, All the compounds in Table 8 can be analyzed by utilizing Figs. 22(c) and
23, Of particular interest are the three complexes: Fe(NQO) [P(C6H )3] (ref. 101),
RuNO),[P(CcH)14 (ref. 102) and Ir(NO)z [P(CsH3)113 (ref 103). The increase in
the N-M~N angle from 124° to 154° and the increase in the O—M—0 angle to 167.5°
in going from the Fe compound to the Ir compound are consistent with a gradual in-
crease in the contribution of “b {NO) (Fig. 21) to the 15, molecular orbital. The
N—M-N and O—-M-0 angles also indicate that the Ru (ref. 102) and Ir (ref. 103) com-
plexes are best described by the bonding scheme in Fig. 23a. All of the other compounds
of Table 8 for which sufficient information is available are best described by the bonding
scheme of Fig. 23d, in which the 15, molecular orbital is primarily composed of & . of
the metal.

It is important to note that the 15, molecular orbital will be non-bonding only when
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TABLE 8
Four-coordinate dinitrosyl complexes

Complex o (em '} M-N{A} N-M-N O-M-0 M-N-O L-M-L

(deg)  (deg)  {(deg (deg)

|Fe(NG);1] 3 1818,17717 16 % P Ls@ 933 16103 ° 107.4¢6)
(Fe(NO);5CzHs |2 1773.1748 ¢ L6 ¥ 9 117.4(2) 106.6(2) 167(H P  106.001)
Fe(NO)y{fgl05) 1746, 1702¢ 16537 125.4(4) 123 171 % s6.801)
Fe(NO);(CO, 1810, 17665 Lanmt - - 180’ ~

Fe(NO), (P(CsHs)ala  1714,16747 L6501 %  123.804) ITBAT  111.90)
Ru(NO); [P(CeHg)a]a 1655, 16087 17626  139.2(3) 142.72) 177.7(6)  103.85(6)

170.6(5)
[CofNO), ]2 1859,1790™ L7333 " 110(2) 99 Le6(3) B88(1)
[Co(NO)lex 1846, 1792°¢ 1.61(43¢ 11802y XY 171(4) 96.2(1)
[CotNO)z(NOR)], 1878, 17832  1.67° 112 102 166 -
CagfNO},(NO4)aN2O, iB50G, 1796 P 1.65¢1} P t13(1) - 164¢1) 84.5 B86.7
{It(NO)2 [P(CsHs)3la}" 1760,17157 1771)?  154(1) 167.5(5) 164{1) 116.3(2)
a L.F. Dahl E R, deGil and R.D Feltham, J. Amer. Chermt Soc., 9] (1969) 1653.
b Average of chemically equivalent groups.
¢ A.lahn, Z, Anorg. Allgems Chem,, 301 (19551 301.
d 1T. Thomas, I.H. Robertson and E.G. Cox, Acta Cryst.. 11 {1958} 599,
e LP. Crow, W.R, Cullen, F.G. Henring, J.R. Sams and R.L. Tapping, frorg. Chem., 10 (1971} 1616,
£ W. Harrison and 1, Trotter, L. Chem Soc. A., (1971) 1542,
& See Table 3 of ref. 2e,
4 Electron diffraction study, L.O, Brockway and LS. Anderson, Trons Faraday Soc., 33 (1937) 1233,
i Assumed.
7 D.E, Morisand F. Basolo, L Amer. Cliem. Soc., 90 (1968) 2531,
k  Seeref, 101,
I Secref, 102,
m See Table 6 of ref, 2e.
n 5. Jagner and N.G. Vannerberg, Acta Chem. Scand., 21 {1967) 1183,
o CE. Suounse and B.1. Swanson, Chen. Commun,, {1971} 55.
p R Bau, LH, Saberwhal and A.B, Burg, J. Amer. Chen. Soc,. 93(1571) 4926.
g Seeref. 103,

the N~M—N angle is 90°. At other N—M—N angles the &, , and m, (NO) orbitals will
not be orthogonal and hence can be strongly mixed. The exact geometry adopted by
the {M(N('))2 }10 group in the complex depends upon the relative contributions of 4,
and m, (NO) to the 1b, molecular orbital, as we have pointed out above.

2. Five~coordination
The properties of the two five-coordinate dinjtrosy! complexes that have been struc-
turally characterized are summarized in Table 9. Both are {M(N0)2}3 complexes of ele-
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TABLE 9
Five—coordinate dinitrosyl complexes
vnp em™ ) N—15 (eV) AN (A) (M-N_O)
tdeg)
RuCHNO), [P(CsHs)s )T 1845, 16877 402.6,4002°% L@ 178(2)
1.85(2) 138(2)
Os(OH)(NO}); [P(CsHs )3 2 1860°¢ L@ ~ 180
1.98(5) 128(2)
Sec yef, 104,
See ref, 21.

M. Angoletta and G. Caglio, Gazz, Chim. Iral., 53 (1963) 188,
K.R. Grundy, C.A. Reed and W.R. Roper, Chem. Comtmun., (1970) 1501,

a0 oo

ments of the third transition series {5d}, and in both the two nitrosyl groups are dramatic-
ally inequivalent as evidenced by the data in Table 9 and Fig. 24, a perspective view of
{Ru(NO),CI{F(C H,);]1,} ¥ (ref. 104).

The highest symmetry possible for an M(NO), L, X complex is C,,, thus it should be
possible to adapt the bonding schemes in Fig. 22 to these five-coordinate complexes.
Figure 25 shows the possibie M(NO},L,X structures having C, symmeiry. [t has already
been pointed out (Section Itl.A) that an {M(NO)z}B complex favors cis geometry for
the two nitrosyl groups. This requirement is satisfied by a TBP molecule with the two
NO groups in the equatorial plane (Fig. 25(b)), a coordination geametry which places the
bulky phosphine ligands the maximum distance apart. If the z axis of the molecule is again

Fig. 24, A perspeciive drawing of the inner coordination geometry of {RUCKNO)z(P(CgHg)a)a}*-
{Reproducad from ref. 104.)
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Fig. 25. The possible struetures for an M(NO)aLa X complex possesing Cy,, symmetry.

defined as the bisector of the N—M—N angle then the bonding in the complex can be
analyzed by using Fig. 22(c) with only slight modifications. The M(NO),X fragment de-
fines the xz plane and the y axis is the pseudo-three-fold axis of the TBP. This means

that the 24, orbital will be strongly sigma anti-bonding, and therefore only the molecular
orbitals 1a,, la;, 15,, 15,, and 25, need be considered. There are only eight electrons

to be placed in these five orbitals, and the nature and interaction of the two b, molecular
oroitals are of primary importance for understanding the five-coordinate {M(NO)zl 8 com-
plexes, as was the case for the four-caordinate {M(NO)}, } 10 omplexes.

Figure 26 considers the two b, molecular orbitals in more detail and examines the con-
sequences of the two limiting descri‘ptions of the 1b, molecular orbital. When the
N—M-N angle is 90° thed,, and Ty (NO) Prbitals will be orthogonal to one another.
Figure 26(b) considers the case where the LI (NO) i5 of lower energy thand_,. In this
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Fig. 26. Correlation diagram showing the proposed behavior of the 15y and 2b, molecular orbitals in
five~coordinate {M(NO);}B complexes with a (154)? election configuration. Scheme (b) has "31 (NO)
lowey in epergy than . and leads to structure (a). Scheme () has d,.; lower in energy than g, (NO)
and leads to {d).
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situation the laz,, la, and lb arbitals are also filled and consequemly ln C , Symmetry
the X~ ligand pom:s directly at one of the lobes of the filled lag (x2 1r (NO) z’—yz)
orbital, However, the b (xz) orbital is empty and a8 motion of the X~ ligand in the xz
plane to forma TP complex will direct X~ at the empty d_, orbital and stabilize the com~
plex (Fig. 26(b) = 26(a)). Such a motion of the X™ ligand lowers the symmetry of the
complex to £ :md therby removes the equivalence of the two nitrosyl groups. As a con.
sequence the a o (NO)) orbital is primarily localized on one of the two nitrosyl groups
to give one strongly bent and one nearly linear nitrosyl group.

Figure 26(c) considers the case where d__ is much lower energy than the rrb (NO) orhital.
Here there are no vacant metal & orbitals in thc xz plane. Expansion of N-M—N toward
t20° (Fig. 26(c) =~ 26(d)) gives a TBP molecule of C,,, symmetry and allows mixing of the
d_, and rrb (NQ) orbitals. }n structure 26(d) there can be slight changes in the M—N—-O
angics s as to move the O otoms claser to one another because of the contribution of
the !(NO) and rr (NO) tipand orbitals (Fig. 21) 1o the la, and ib, molecuiar orbitals
{Fig. 22{c}). Prcsantly there are no well-characterized examples of ﬁ\'e coordinate {M(N0)2}8
complexes having structure 26(d). This structure would be favored by the presence of
pood m-accepting ligands and by first-row (3d) transition metals.

J. Six-coordination

Relatively few six-coordinate M(NO), complexes are known, and all are {M(Nﬂ}z} 6
species. Table 10 presents the data for the three complexes that have been structurally
characterized. For the purposes of this discussion the pentahapto cyclopentadiene ring
is considerad to oc¢cupy three coordination sites of the metal, The cyclopentadienyl
rings impose cis geometry upon the two nitrosyl ligands in the two Cr compounds
(refs. 105, 106). Cis nitrosyl groups are also observed 97 in Mo(NO), Cl, [(CHc)q] .

TABLE 10
Six-coordinate dinilrosyl complexes
o (em™!) M--N (A) M—N—0 (deg)
(h® ~C5H5)CrNO), C) 1818, 17117 172032 173(1)
1.70(1) 166(1)
(1 -C5H;)Cr(ND)2(NCO) 1824, 17229 1.716(3) &9 171.0(2)
Mo(NO), Cly [P(CsHs}a]2 1790, 1670 ¢ 1.826(n ' 180(0)
1.98¢1) 167(1)

T.S. Piper and G. Wilkinson, J. Juorg. Nucl. Chem., 2 (1956) 38.
See ref, 105.

See ref. 106.

€, symmeuy imposed by space group.

F A, Cotton and B.F,G. Jotmson, norg. Chem.. 3 (1964} 1609,
See ref. 107b and Fip. 27.

e Lo R
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Fig. 27, The inner coordination sphere of MoCly (NO); [P(CgHs)al 2, showing the &y symmetry of the
malecule; Mo—N; = 1.826(7) A, Mo~N3 = 1,98(1) A, Mo—-N; —0; = 1806{0)°, Mo~N3~0, = 167(1}°.
The motlecule is disordered in the solid with a crystallographically imposed two-fold axis passing through
Cly, Mo, M, and O, {Reproduced from ref. 107b.)

The bonding in these compounds can be investipated by reference to Fig. 22(a). Howsever,
because a six-coordinate complex has two ligands along the y-axis, the 22, arbital will be
strongly anti-bonding. Thus, in C, symmetry six-coordinate {M(NO)»}6 should have

cis geometry of the nitrosyl groups and the electron configuration (laz).z(lal)z) (Ibz)z.
The nitrosyt groups shouid be nearly linear with perhaps some bending in the xz plane sc as
to decrease the distance between the two O atoms. In C; symmetry ¢y 2", a; > 2’, and
b, ', but the discussion is unchanged. The two Cr complexes105.106 i Taple 10 have
effective C, symmetry, and the geometry of each Cr(NO), mofety is consistent with the
abave bonding deseription. The structure of MO(N0)2CIZ [P(Cﬁﬁs}al 2 is complicated

by crystallographically imposed disorder between one of the nitrosyl ligands and one of

the chioride ligands. Even so it is apparent that the effective point group of the Mo(NO),
moiety is only C', (Fig, 27). The earlier refinement of this melecule in an acentric space
group also led to an Mo(NO), moiety of C; symmetry 972, One possible rationalization
for the low symmetry of the Mo complex is that the unfilled Ibl("b,(No)) orbital is suf-
ficiently close in energy to the filled 1b,, la,, and 12, molecular orbitals so that one or
one or more of the excited singlet states 18, 18,, and 14, are relatively close in energy

to the IA1 state expected for a (lr..'z)2 (1“2)2 (162)2 electron configuration. This could
lead to a vibronically distorted molecuie of C‘1 symmeltry. We have already discussed vibronic
distortion to C, symmetry in Section I1.G.2.

B. M{NO}3 complexes

There are no structural data available for M(NO); complexes. Detailed molecular orhital
calculations have recently been carried out for a series of {M(NO)‘t }10 molecules by Fenske
and Rabitz 102, assuming pssudo-tetrahedral peometries and linear MNO arrays. A com-
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Fig. 28. Proposed molecular orbital schemes for the M{NO}3 group in Dy (b} and Cx), {7, ¢) symmetry.
A four-coordinate { M(NO)3}1% complex with the 12, obital comprised primarily of ¥ (NO) is pre-
dicted to have structure {c). A four-coordinate {M(NO)3}'° complex with the 12, orbital comprisad
primarity of dzz is predicted to have structure {a}.

parison of (¥yg)? with the electron population of the N—O bond gave a linear relationship
for the entire series with the exception of Mn{NO},CO. Fenske'®® has predicted that there
is something unusual about Mn(NO)SCO, but has not suggested what the unusval feature
might be.

The highest possible symynetry for an M(NQ); moiety is D,,, and the one-electron
molecular orbital scheme for such a moiety is shown in Fig. 28(b). Of particular interest
are the molecular orbitals a'l(zz), a'z(ﬂ‘(NO)), and a;(fr'(NO)). In this geometry a'l (zz)
is non-bonding or weakly anti-bonding, and a'2 and a; are orbitals which are localized
entirely on the nitrosyl ligands becanse there are no d orbitals of a}y or @y symmetry. These
three orbitals would be of similar energy and are shown as essentially degenerate in Fig.
28(b). Coordination of a fourth ligand along the z akis of the molecule leads to a com-
piex of C3, symmetry and results ina;, - a,. @} ~+a,, and a; -+ a,. The two a, orbitals



METAL NITROSYL COMPLEXES 395

cequa),

Te

FMolecylar Orbicals e {WD)

3
£

Fig. 29, Proposed molecular orbital scheme for Ct{NQO)4.

can strongly mix as shown in Fig. 28(b) = 28(c) and in Fig. 28(b) — 28(a). Figure 28(c)
depicts the situation when the 14, molecular orbital is primarily 11':' {NO). This orbital is
bonding with respect to the three N atoms and bonding with respect to the three O atoms
and can be stabilized by structure 28(c). However, if the 1a; orbiwal is primarily d > of
the metal (Fig. 28(a)) then a pseudotetrahedral molscule with essentiaily linear MNO
groups shouid result. We predict that the unusual feature of Mn{NO),CQ is a tripod
structure with distinctly non-linear MNO groups as shown in Fig. 28{c).

C. M{NO), complexes

The only known complex in this category iz the {M(NO)4}10 species Cr{NO),, which
has only recently been prepared 110, On the basis of its infrared and Raman spectra the
molecule has been assigned T, symmetry. Figure 29 shows the one-electron molecular
orbital diagram for the Cr(l‘j(l)4 molecule. In T, symmetry the metal d orbitals trans-
form as e and £,,, and the 7 (NO) orbitals of the four nitrosyl groups transform ase, £,
and ¢,. Ten electrons will fill the orbitals through 17, and no deviations from true T,
symmetry are expected if the separation between 1f, and r, is greater than the spin
pammng encrgy.

D, Reactions of polynitrasyl complexes

The reactions and transformations of coordinated nitrosyl ligands in polynitrosyl com-
piexes have been liitle studied, The striking inequivalence of the two nitrosyl groups in
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Ru(NQ), CI[P(CcH,), ] 5 (ref. 104) raises the question as to whether the two proups readily
interconvert. Collman et al.%? carried out reaction X1 and showed that the product

Ru(*SNO)CI[F(C H,), ], + NO™ = Ru(P NOXNO)CI[H(CH )41 (Xt

exhibits four NO stretching frequencies as would be expected if 15NO can occur in either
coordination positicn of the TP species, Mechanism XIII has been proposed 1045 (4 ex-
plain these results.

N/o 1s~-/o
C l P G Cl\\ I P
>nu< _ P7L—F' — /nu< (x"[)
P B0 B N P NO
/N
o o}

It has not been generally recognized. however, that the 1SNO experiment does not prove
that rapid interconversion of axial and equatorial NO groups occurs in the TP complex.
The data are equally compatible with XIV, a mechanism involving a symmetric TBP transi-
tion state that collapses to either af the two TP complexes which themselves have a large
barrier to interconversion

ruBnojciPRy), + MOV o ] P

. . xav)
15N/° M,,ca
(:J\F!U/P / CI\J‘“/F
F'/ \BD F/ \1§m

Recently it has been shown 12t that for {Ir(NO), [N(CgH;),1,) * coupling of the two
NO ligands to give nitrous oxide can be induced by reaction with donor ligands (reaction

XV)

{IX(NO), [(C4H,),3]1,}PF + 4 €O —+ {I(CO); [F(C H,)4 ], } PF + €O, + N,0
(XV)
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1V, CONCLUSIONS
A, fnorganic functional groups

A recent review of the structural chemnistry of transition metal complexes2 concludes
that “the existing literature rémains a challenge to the chemist to develop a sound and all-
encompassing theory of chemical bonding to account for the diverse structural properties
of five-coordinate transition metal complexes and transition metal nitrosyl complexes,”
In this review, we have shown that the structure, bonding and reactivity of mononitrosy}
complexes are adequately accounted for by a simple bonding model which treats the
{MNO}”" moiety as an “inorganic functional group” perturbed by the field of the other
ligands coordinated to the metal. Simple electrostatic energy calculations (see Appendix)
support this model and have led to an energy level diagram (Fig. 1 5}, which accounts for the
chemical and physical properties of mononitrosyl complexes. In addition, qualitative one-
electron molecular orbital diagrams for polynitrosyl compiexes have shown that the up-
usual chernical and physical properties of these compiexes are clarified by treating them
as derivatives of the appropriate inorganic functional group, i.e. {M(NO},} ", [M(NO)s]"
or {M(NO),}". Thus, we conclude that the functional group approach is a generally valid
one for understanding the complex behavior of metal nitrosyl campounds,

B. Stereochemical rontrol of valence

1. Metal nirasyls

The physical and chemical properties of the {M(NO),.}" functional groups are dictated
by (1) n, the total number of electrons associated with the metal d and n.(NO) orbitals;
{2) the coordination number of the metal; (3) the coordination symmetry about the
metal; (4) the nature of the occupied ane-electron molecular orbitals. For a given class of
complexes additiona! perturbations can be introduced by changing the meta! and/or the
donor atoms of the ligands, We hzove chosen to collectively call these determining factors
“stereochemical control of valence®” 3! because the formal oxidation states of the atoms,
the geometry of the M(NQ), moiety, and the chemical reactivity of the M(NQO),, group
are dictated by the overall stereochemistty of the complex ion.

It is important to emphasize that stereochemical control of valence (SCV) determines
both structure and chemical reactivity of the coordinated NO ligand(s). A graphic example
of control of chemical reactivity is provided by the complexes Co(NO)(das)3™ and :
Co(NO)(das), X* (zef. 91). The nitrosyl group of the six-coordinate complex does not
react with strong bases, but is readily protonated to give an HNO complex. On the other
hand, the nitrosy! group of the five-coordinate complex does not react with protons, but
is readily attacked by good nucleophiles. Thus, a metal nitrosyl complex can, in effect,
function as its own “protecting group™ in certain chemical reactions.



398 LH. ENEMARK. R.D. FELTHAM

2. Other ligands

Extensive consideration of the general applicability of the concept of stereochemical
control of valence to other inorganic functional groups is not appropriate to this review
of structure, bonding, and reactivity of metat nitrosyl complexes, However, the procedures
employed for metal nitrosyl complexes should be capable of extension to a variety of
other ligands including: CO, Nz, 02, olefins, acetylenes, nitriles, and isocyanides. For
many of these ligands there is less stmctural, spectroscopic, and theoretical information
available ihan for metal nitrosyl complexes.

3. Dinitrogen complexes

One obvious extension of the concept of stereochemical control of valence is to the
reduction of coordinated din,itmgen ! because the N, molecule is isuelectronic with
the NO" ion. A number of transition metal dlmtmgen compounds have been prepared
in recent years! 12, but relatively few reactions of coordinated dinitrogen have been de-
monstrated. Of particular interest is reaction XVI, recently reported by Chatt et al. It
in which a coordinated N, group is reduced to a diimide species with congomitant oxi-
dation of the metal to which the ligand is coordinated.

WO(N,), (dmpe), + HX -+ WI(N,H,) (dmpe), X, + N, (XVD)

22
The metal must be the reducing agent in this reaction because no hydrogen is evolved and
the metal itself is oxidized, Another important feature of this reaction is Lhat the yields

of the reduced products depend upon the nature of X™. Although no mechanistic

studies have as yet been carried out this dependency upon X~ supgests that the anion
participates in the crucial reductive step which transfers a pair of electrons from the ligand
to the metal, and Is reriniscent of reaction It in which a coordinated NO™ group is re-
duced to a coordinated NO™ group upon increase in coordination number by attack of

an X ion, 1t is also interesting to note that reaction XVI involves reduction of coordinated
N, in a bis-dinitrogen complex. It was pointed out in Section III that in a complex in which
two ligands with identical w-systems are coordinated to the metal there can be ligand-
localized 7~ orbitals which de not interact with the metal d-orbitals. For bis-dinitrogen
complexes such lipand localized n orbitals should be lower in energy than the n-type
orbitals which are totally anti- bondmg with respect to all atoms of the M{N -}, moiety.

The availability of ligand-localized m  orbitals in a bis-dinitrogen complex and the acces-
sibility of coordination number seven for low-valent thngsten may both be imporiant
factors in the facile reduction of coordinated N, according to reaction XVI.

Borodko ct al.'!3 have recently isolated the dumrogen complex, [(CHs),TilNs,
which undergoes reaction with acid to form a coordinated diimide species. The nature of
the products is dependent upon the basicity of the solvent, again suggesting the participa-
tion of a base during the crucial reduction step.

Increase of coordination number and bis-dinitrogen compiexes may also be an im-
portant feature in the biological reduction of dinitrogen by the metailoenzyme nitrogenase.
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it has been proposed 114123 that an important step in this reduction is an increase in the
coordination number of an enzyme-dinitrogen complex by attack by a second molecule
of dinjtrogen,

4. General utility 31

The structural principles set forth for metal nitrosyl complexes ought also to apply to
the equilibrium geometries of metal complexes of other lipands with 7 systems whenever
the energies (in the complex} of the metal 4 orbitals and of the @ orbitals of the ligand
ate similar. By the same token, stereachemical control of valence should be a generally
useful pathway for converting the mechanical and chemical energy af a structural andfaor
electronic change af a transition metal caralyst inro a chemical change of a coordinated
molecule pravided that the metal 4 orbitals and the appropriate orbitals of the coordinated
molecules have similar energies in the activated complex. Stereochemical control of valence
may noi lead to a single unique mechanism for a particular metal-catalyzed reaction; how-
ever, it can eliminate some mechanisms from consideration and does provide a small set
of operating principles which form a unified framework for planning and executing ad-
ditional synthetic, kinetic, spectroscopic, structural, and theoretical studies.

V. APPENDIX
A. Calcuiation of electrostatic energies for the MNQ groups

Nearly all metal nitrosyl complexes are low-spin and consequently are examples of
“strong field complexes™. The molecular structures and electron configurations of most
of the metal nitrosyls discussed in this review are adequately described by one-electron
molecular-arbital schemes in which the energy separation between the orbitals is greater
than spin-pairing energies. In those few cases in which partially filled degenerate molecular
orbitals have been encountered, the strong field 4 wave functions have been used to elicit
information tegarding the energies and nature of the electronic states arising from all the
possibie electron configurations.

In C,, symmetry (n 3 3), the d ; orbital transforms as ay and d,,.d,, transform as e.
The presence of a single electron in these orbitals gives rise to 2A1 and “F electronic
states, When these states become degenerate, they can be analyzed as if they comprised 2
2T, state. If thete are two electrons in the a; and e orbitals, then the situation is some-
what more complicated and is treated in detail below. Cases in which three, four, five, or
six electrons are present in these orbitals have not been encountered and are not considered.

1. C'._‘]u symmetry

Figure 13 shows that in four-coordinate mononitrosyl complexes with C,  symmetry,
the 4z, and 4e orbitals of an {MNO} 10 complex may be nearly degenerate. These one-
electron molecular orbitals are not pure metal & orbitals, but the d functions can be used
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to calculate the ordering of the electronic states arising from the (4a;, 4¢)? electron con-
figurations, Covalency decreases the electron—electron repulsion”s, and therefore, these
calcuiations give the maximum separations between the electronic states of the (da, , 4e)?
electron configurations,

The six electronic states which arise from the (4a I 4e)2 configurations are (4a1)2:
lAi;(d"’l)l (4e)l: IE, 3F; and (4e)?: lAI. 1g, and 3A2' The stronz field wave func-
tions and elecirostatic energies for these states have been obtained by using the tables
and methods outlined by Griffith 116 .nd are set out below. Since there are two 14 1
states and two 1 E states, the effects of configuration interaction (C.1.) have also been
calculated. There is no C.). between the two LE states. The effect of C.I. on the two 14,
states is small (~ 58), but prevents them from becoming degenerate.

The wave functions are listed below. In the ket I3E, bl . 1), g represents the state
inCy, sy'mmeu'y';bl refers to the orbital component of the 3E state in C,, symmetry;
and the number refers to the value of M, In C,  symmetry,d,, (efl in Griffitk’s116
notation) transforms asa,, d,, (tym) 2s b,,and dyz (tz’;') asbh,.

(e)2 electron configuration

Py, D= 5, (D5y(2) = b (1), (D De2)

12d 4, 03 =% [, (1)55(2) — b,(1)5, ()] [ DH2) + H(1)e(2)]

13’712",—1>=\—,}-E [, (1955(2) — b, ()b, (DIAV) A2)
1B, a5, 09= § [5,(1)5(2) + by(1)b, ()} [ DA(2) = f(1)a(2)]
I'E,a),00= 1 [5,(1)b(2) ~ by (),()} [«(DAH2) —B(1) ()]
1'4,,00 =1 [5,(1)b,(2) + by(1)b,(2)] fa(1A(2) — A(1)x(2)]

(al)2 electron configuration

114, 0> = [a (D, ()] (MDA ~B(a(D)]

(mrl)t(e)l electron configuration
RE b,,00 =4[a,(2)5,(2) +b,(1)2, (2} [«(1)A2) — B(1)e(2)]
1E 82,00 =4(a,(1)5,(2) +b,(Da, (D] [ 1)A2) — A D]
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PE by, 1 =71_5 [a,(1)5,(2) — b, (Da, (D] a(1)a(2)
BE 5,00 =4§[a(1Db,(2) — b, (Da (D] [ 1)B2) + H1)e(2)]

PE, by, = D= = lay(Dby(2) = 5, (D (I HDAR)

PE, by, 1) -—»é fa,(1)b5(2) — b,(Da (Do ef2)
PE by 0 =1fa,(1)5,(2) — by(Da, (1 (1) + H(1e(2)]

PE, by, — 1>=;,_13 [a,(1)b,5(2) — b(2a, (B DA(2)

The calculated electrostatic energies are

(€)? electron configuration

4, :4~-5B=5B"

lg AtB+2C=~9B

14 :A+108+5C~308+58""~358
(a,)? electron configuration

T4, :A+aB+3C=168-58"" =~ 118
(al]l (&)! electron configuration

e :A+38+2C~11B

3 :A+B=~R
2. &, symmetry

In five-coordinate {MN0}8 complexes with C, | symmetry, the 42, and 3e molecular

orbitals may be degenerate (Figs. 8(b), 8(¢)). The electronic states arising from the (da,, 3¢)?
configurations are (4{.’1)2 : IAl ;(401)’ 3e)! : 1E, 2E; and (3e)? :1.41, 18, !By, and 34,

* Subrracting 4 and ietting C = 48,
& 1. energy.
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Thus, the only differences between the electronic states arising from (a, e)? configurations
in C, and C, symmetry are the singlet states of the €)? conﬁguratlon In C,, symmetry
(46)E givas nse to IA and lE states whereas (32)? in C,, gives rise to Al' qB and

lii2 However, in th:s approxu’nauon using pure d wave t'uncuons the lﬂ‘i and B states
are accidentally degenerate, Consequently, the wave functions and state energies obtamed
above for a four-coordinate {MNO} cornplex in C;, symmetry are identical with those
obtained for a five-coordinate {MNO} complex in C, A symmetry. The results of the Cy
calculations are ploited in Fig. 15 and discussed in Section H.G.2.

B Vibrational modes of M{NO)L. 4

The symmetry and approximate displacement of the atoms for the vibratioris of an
M(NO)L, complex are shown in Fig. A.1. The fifteen normal modes are identified by
their irreducible representations in C, / symmetry and by their origins in 0, symmetry
(listed in the parentheses) 117
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Fig. A.i. The narmal vibraiions of five-coordinate TP complexes of linear MNO groups. The indicated
displacements are only qualitative, and the £ vibratons of the MNO group will be tmixced with the
other vibrations of £ symmetry.



METAL NITROSYL COMPLEXES 403

NOTE ADDED IN PROOF

Several recent papers have provided additional experimental evidence regarding MNO
groups. The M—N—-0 angles! 24 for six-coordinate {MNO}® and {MNO}7 complexes with
TPP are described by Figs. 3 and 4. The EPR spectral2S of both the five- and six-coordinate
TPP derivatives of {FeNO}7 correspond to the melecular orbital schemes of Figs. 4 and 8.
The M&sshater spectruin of the dtc derivatives of {FeNO}? group, FeNO [S4CNIC,H )] A,
Is consistent with an efectron configuration in which the unpaired spin is located in the
Sal(z'?-) orbital (Fig. 12). Finally, further studies of the infrared spectra by Miki et al.
show that both linear and bent MNO groups can be treated as triatomic speciesus.
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