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The structure, bonding, and reactivity of transition metal nitrosyls have been provoca- 
tive subjects for many years. There have been several reviews of metal nitrosyIs1P2, but 
no unified description of the bonding in metal nitrosyl complexes which adequately ac- 
counts for all their knawn structural, physical, and chemical properties has yet been pro- 

vkkd_ S~~~~~kf finely ~~ass~~~~ metal ~trusy~s as d~~~v~~ives sf e&her NO+ or MI- _ 

This dassifkatim was continued tiers2 and is stilI extant. However, researc 

demonstrated that transition met itrosyls are h&My covalent entities. Consequently, 

attempts to cofrejlate their structures, physical properties, and reactivity with the form3I 

te of the nitrosyl group have not been successful. Therefore, in writing this 

e 
plexes ~t~~~~~~ the rn~~ec~~~ Orbit correlatian me thud. 
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diverse chemist. ~~~3 su~~~ss~~~~y applied the c~rr~~a~~~~ method 
nalysis of the Structures of triatomic species af the non-transition ele- 

ments. More recently, Woodward and Hoffmann’ utilized this method to 
framework fur understanding concerted reactions of olef’ins. Bsth of these a 

Although. molecular orbital currelation diagrams have been constructed for several 

specific ciasSes of metal nitiosyl coiTqhX~S5'6, a general analysis of the structure, bond- 

ing, and reactivity of metal nitrosyls based upon this approach has not appeared previous- 
ly. The qu~~~~t~v~ mole~~~~ orbital d~a~~~ in this review are based upon previous rnok- 
c&r orbital studies 8y9P but take into account the ~~~~i~~~s irk ordering the energies of 
the molecular orbit& of the metal nitrosyl complexes. The molecular orbital correlation 
diagrams were ubtained by: ( 1) treating each M(NO), moiety as a covakntiy bound 
functionaI group which is perturbed by the coordination of additional ligands to the 
met&; (2) correlating all reason&k orderings af the molecular orbit&s of the complex in 
its various g~~rn~~~~s~ (3) ex~~ni~g the nature oF the highest ~~~~~~~d molecular orbital 
and as~ert~i~~~~ the s~r~~tur~ consequences fur the ~~~Q)_~ moiety. 

Our results show that the properties of nitrosyl complexes are primarily determined 

by the nature of the highest occupied molecular orbital. In this respect, these results are 
similar to those obtained for other systems ‘*“’ Our diagrams provide for the occurrence 

of metal n~tr~s~~ complexes lvith in~~~m~di~t~ eometries and deftne the Ci~CUrnS~~~C~S 
for their existence. The diag~~ s also delineate the pathways whereby metal ~itrosy~ 
compIexes with differing geometries may be interconverted. Finally, it is our hope that 

the concIusions regarding the relationships among structure, bonding, and reactivity of 
metal nitrosyl compltexes obtained from these diagrams wiI_I stimuIate detaile 
of the e~ec~r~~~~ ~ro~~rti~s oF metal nitrosyls, invest~~at~u~s of the 
~~trOS~1 r~a~t~~~s, and synthesis sf new classes of metal nitrosyl ~~~~~~~~~s. 

with a single nitrosyt group. For this reason, it has proved instructive to 
oup with triatomic molecules of the main group elements 

for which structural and eiectronic data are avaiIable. 

The geometries of triatomic: species were considered in detail by Walsh3, Although 
Walsh’s study was concerned wifh 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 shauld be gener 
Mingos and Ibers4 have pointed out that Wals.h”s concepts may be applicabl 

ing the M-N-O angles in met ant and Eisenber$ and Miqp6 

have uti~~~d these cancepts i etries of tetragonat metal RifrO- 
~~~ &roup can be XKrec de~rjbe~ as a 

triatomic species perturbed by attaetring ligands to the metal, Walsh’s procedure will be ap- 
plied to the MN0 group. We will first investigate the behavior of the 0-N-Om group 

Cm =+ I,O,- I) and then ascertain the effects of replacing one of the oxygen atoms of this 
group by a metal atom. 

En the series NO;, NO*, and N the O-N-O bond angks are I8 O, 1J4”, and 1 IS”, 

ed versions of Wishes di am which ~~~~u~ts for this 
NOf the 16 valence el ons in the Zs and 2p orbitis 

cular orbit& through I”g_ The orbital l”g is a non-bonding molecular orbital 

iced by decreasing the O-N--O a&e. Therefore, NO; remains linear. For 

tinear NO, and. NUT, ~~w~ver~ one and two ~~~c~~ns, r~spect~v~~y, must go into the 2fl= 
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molecular orbital. This ofbh2i is anti-boarding with respect to aN rhree iztOW- Figure 1 shows 

that bending t&e triatomic species greatly stabilizes the Q, component, a ~~n~b~Rdi~~ 
d on the cenu%f atom, Thus, the formaf ~d~~~~ of two ~~~ct~~~~ to the NO”z 

e NOT ion results in a decrease the O-N-O Good aiqle from f80” to 115” 

and the ~oeakzatian of a pair of electrons in an sp2-type orbital on the nitrogen atom. 
‘IThe replacement of one of the terminal oxygen atoms of ON0 by a metal possessing d 

orbitaIs results in several modifications of the molecular orbital scheme and its interpretation 
(Fig, 2). ff z is taken as the rn~~ecu~~ axis of the linear tr~atom~~ species ~~~~ then 4c1 is 

an ~t~-bond~~~ orbital ($2) ~~rr~s~~~d~~~ ta Sag of NO;; 2?r(d,,, dr,, m* ~~~~ ewe- 
of NO;; and S (dx+2) is non-bonding with respect to the NO group 
nterpart in NON. Therefore,’ the formal repfacement of an 0 atom of the 

NUZ group with ;t metal ato suits in a triatomic species which requires a total of 18 
electrons to fill all of the bo g and non-b~nd~g orbitals ~~0~~ S), 

three atoms of MNO and which has a large contribution from the nitrogen atom, This 3n 
orbital corresponds to the 2n, orbital of Fig, 1 and hence, population of 37r should 
give rise to a bent MN0 species if Walsh’s arguments apply. 

The possibly that 40 is lower in energy than 3n must &a be considered, The 45 

orbits is ~~~b~~~g with respect to M anrd 
on tf?e ~e~~~ metal atom (cf, NO;). If the 

~r~~~~ ctf $2 booted 
orbital lies lower than 3n, additional 

elections (over eighteen) will populate 45 and the triatornk species will d&tart to 



localize non-bonding electrons OR the terminai metal atom, SimpIe triatomic metaI 

r&rosy1 compounds are currently unknown. Therefore, the applicability of the triatomic 
model of mono&rosy1 complexes wiI1 be first exanlined for six-coordinate compounds. 

In a six-coordinate complex of the MN0 group the maximum symmetry is Cd”, and 
the molecular orbit& of the triatomic species (Fig. 2) are modified accordingly. The de- 
generacy of the two delta orbitals is lifted because 1 tz 1 (~,z_J) is ROW strongly anti- 

~u~~~~~ with respect to the four ~~uato~~~~ ~~~~~d§ of the co ex, while Ib_t(cl__,) is 

stilt con-bonding. The &, orb~~~~ (d,l) is still ~tibondi~g a ow of e~~~~y ~orn~arabl~ 

to Ib,(b,2_,2 )_ These modifications result in molecular orbital energies (Fig. 3) which 

are in agreement with those usually utilized for describing six-coordinate mononitrosyl 

complexes”. 

x-s-a $0 - 



Recently, Fenske and DeKock’ have present d the results of detailed molecular orbital 
calculations in symmetry for the series of -coordinate mononitrosyl corn 

eir results are in general averment with the conclusions reached earlier 
fray’ from their studies of the electronic spectra of C~C~~~~~~-, 

~~(C~~N~3-, and ~~C~~ NO’-. The essential difference between the results of 
Fe&e and D&ock”s calculations and the molecular orbitals in 3 is that only the 
energy levels of the triatomic species, MNO, in a field of Cdu sym try have been considered. 
The orbital 3~2~ is primarily localized on the N atom of the NO @and and is a-b 
with respect to tb MN0 group. The degenerate 2e orbital, consisting proxy 
metal LIxz, duz md the z* orbit& of 
and is antibonting between N and 0. The lb2 
lis non-bonding. Thus, an MN0 complex with the 
three bonding interactions between the metal a.nd the NO group. This situation corresponds 
to she usual “back-bonder” modef used in describing the bonding of NO+ or CO with 
t~~~s~t~~~ metals. The presence or absence of electrons in the lb2 orbital will be of minor 

consequence as far as the MNE) hoop is concerned, 
It is convenient to classify MN0 complexes by the number of d-type electrons present 

in the complex. Thus, an MN0 complex with the electron confi ration (3al I2 GW4 would 
be writen as PNO) 4, one with an electron configuration (3al (2ej4 ( lb,j2 would be 

0j6 and so forth. This method of des~~~t~~g the number of $-type el 
0 complexes corresponds to the f~~~~ number of d ~~~c~~ns on th 

e nrtrosyf l&and is formaIly considered to be N-- = Of. This slassifica tion s 
used throughout the remainder of this review. 

The structures of Cr(CN),N03-, Mn(CN),N03- and Fe(CN)SN02- have S&H been deter- 
mined by X-ray methods (Table 1) jOqi2. These complexes, {CrNO j5, ~M~N~3~~ and ~FeN~~~~ 

have lessen tiajlly linear MN0 ~u~s(~~5-1$~~) and short distances ( I-63 - t -7 f 1Q). 
vefal spectroscopic techniqu have proved valuable for inv ing the electronic struc- 

tures of these complexes. Several groups 9s13-20 have investi e EPR spectrum of 
Cr(CN),N03-. While there is not complete agreement on the interpretation of the EPR data 
for this complex, the ~portant exper~ent~ results can be summarized as follows: (I) the 

tensor and chra * 

tensor has near a mrnetry, the maximum deviation from axial symmetry ( 
comparable to the observed deviation from linearity of the CrNO group (4.47; (3) 
gL >g, and the nitrogen hyperflne tensor is highly anisotropic, Using their molecular 
orbital wave functions and spin--orbit coupling, 14lanoharan and Gray’ obtained satisfac- 
tory ~~eement between the o~s~~ed values for g w gl, and 1A -B I fcr) and those calcuE 
ated for the ‘Bz ground state expected from the ration, (2ej4 ( ib,)’ , for 
Cr(CN),NCP-. H[owever, since lb, is non-bonding with respect to the NO group, the ob- 
servation of large 14N hyperfine coupling represents a significant deviation from an 14N 

zexo expected from the one-electron molecular orbital configuration. 
su~ested that con~~rat~o~ ~terac~~~ baleen the electronic states 
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et al-l7 have suggested that spin-polarkation sf the electram in the 2e orbitafs by the I&* 

electron is the source of the lar 14N hyperfme csugling. However, the small 

deviation of the G-N-0 ane;le from 180~ could also account for the observed 14N I~>~pcrG.r~e 

i~~e~act~~~~ stice any ity of the CrNQ ~F~~~ xvi21 ~~~duc~ ~~n-2~~~ overlay be- 

tween the Ifi, orbitaf of the ~~~~~ and the x orbit& of ~~t~~g~~. This ~~~-~~~~j~ of 
the C&O gr0Llp will aIs cause the 14N hyperfine tensor to be quantized along an axis 

which is not coincident with &tier the 0-N axis, thcg tenscw, or the 53Cr hypertine tensor. 



ity in interpreting the 14N hyperfine coupling, the successful ex- 
53Cr and “C coupling constants, and the results of both sets 

unbid c consistent the ~si~e~t of a *.Bz could state 
the mofec cubits energy levels given in Fig. 3. 

Wide use has also been made of visibk-W spectroscopy for inves 
electronic states of the MN0 complexes, Manoharan and Gray9 invest ed the visible--W 
spectrum of Cr(CN)$++JO %- between 77 and 298% and assigned the observed transitions on 

rorr molecules orbital * The 

fdl their ~~~~-~~ ed to 
energies of the one-efectron transitions and also the rs mentioned above. AL 
though the agreement obtained by Manoharan and Gray between the absented electronic 

transition energi, s and the calculated one-electron ene s is possibly fm-tuitous, the fact 
that the model can accomodate sueh e~~e~ta~ facts is e~~o~r~~~g~ 

~~~~~~~t of the m~~e~u~~ orbi 

(@?I4 ( 1b,12L 

N02-- and ~~~C~~~~~~-, 
Is ~xp~r~ent~ly more difficult, since few direct probes have been u 

ating the ground states of fi~ese diamagnetic complexes. Manoharan and 
did study the low-lying excited electronic states of these two complexes in solution and in 
single crystals of Na2Fe(CN&NO 9 2H,O. From the known crystal structure of Na, I%N)s 

sitions and their ~o~~~a~o~s were 

TABLE 2 
Ekctronic and EPR spectra of some six-coordinate mononitrosyl complexes 

[Col~n)2Wf3CIl 
+ {coN0)8 

[Co(das)#K?)CI] + (CoNOj’ 

diamagnetic? 
d 

diamagnetic 
d 

13.7(&j; 15.4(1.5; 22.2(72); 
27,3(59); 37.3(1100); 43.5(3600) 

20.~(~~; 2~-4~25)~ 30.316shk 
37.~~~~~~~ 42.0~7~~); ~~.~~24,~~~) 

l&5(22); 24.7(66); 29.0(111); 
37.9(~000);42.6~4500x);45.5(500Q~ 

not reported 

9.0; 13,5;18.0;22.7;28.0 

tl Ref, 9, 
b Ref. 25. 
c Refs. 34-36. 
d Ref. 32. 



which have been observed and assigned for these pentacyanonitrosyl complexes are listed 
in Table 2. 

Fenske and DeKock8 have utilized their rno~e~ul~ orbital calculations to obtain the 
electron ~~~~~3t~ons of the ~~~~~S ~~~~ta~~ of the metal an Xigmd basis set- They have 
shown that there is a iinear ~~~a~ions~p between the square of the observed VNO and the 
electronic occupation of the rr* orbit4 of the nitrosy group. While such a correiation is 

not a direct test of the calculated ertergies of the one-electron molecuIar orbitals, such a 

relationship does indicate that the changes in the coefficients of the one-electron eigen- 

At this point it is ~p~~t~~~ to reemphasize that &e energies of the metal d orbitals 

and the n* orbitals of the NO ligand are similar. Consequsntly, the relative distribution 

of electrons 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 

~igands co~~d~~ated to the metal may rcsutt in dramatic differences in physical properties. 

The isoelectronic co~~~~exes ~e(~N)~~~~- and ~~~~C~)~N~3- provide a good example 

of such differences. Both compounds have linear MN0 groups. Hoxvever, YNC) values for 

the two complexes differ by 200 cm-‘, and the N- 1s binding energies of the nitrosyf 

group differ by _. 3 3 eV. These differences correlate well with the change in the metal d 

~~~~t~~ of the 2e orbital, Thus, the N-Is binding energy and VNO are related to the 

e~~~~~~~ ~~~~~g~ on the NO soup, but not ~ec~ssar~y to ~ts~~~~~~~~~~_ ~~~v~rs~~~~ the 

hl-N distance and the M-N-O angle describe the geometry of the complex, but in 

themselves do not provide sufficient information concerning the distribution of charge 

in the MN0 goup. Consequently, it is quite misleading to describe all linear complexes 

as derivatives of NO+ and all bent complexes as derivatives of NO-. It is e~~a~~y tenuous 
to deduce the geometry of the 1~N~ gro~~~n from VNO and the N-ls bindi 

A 
alone * . 

Further evidence regarding large changes in electron distribution between the metal 
and the NO group has recently been obtain d from the photoeIectron spectra of these 

compounds (Table 1). For example, both Fe(CN),NO”- d Cr(CN),N@ - possess 

essentially linear ~1N~ ~a~~~* but the N-Es binding ener of the nitrosy dour in the 

chromium simplex is lower than that of tie iron complex, This diffcr~n~e in binding 

ener,T is substantiated by the calculated occupancies of the f~* .orbitals of tie NO 
groups in these two complexes which were found to be 1.1 and 1 A e- for the Fe and 

Cr complexes, respectiveIy8. Moreover, Finn and Jolly” nd a y linear 

re~at~o~sh~~ between the N-Is photoelectron binding en @NO* for this 

i~ostr~ct~r~ series both the changes in bodice ~~e~~ o - XS ~~o~oeI~c trons from 

-f Possible exceptions to this statement are complexes fifchat have both high NO stretching frequencies 
and high N-Is binding energies. In these cases, the R orbitals of the (NO+) &and a_re relatively 
littk perturbed by the metal so that linear coordination is expected. From an examination of 
Tables 3. and 4, it appears that ~orn~~exe~ with @NO > 1850 cm-l and/or N-Is bedim energies 
greater than 402 eV always have a finear ~~~~ ~u~~~~. MEtst complexes, however, 
hibit frequencies and binding energies in these ranges, 



the nitrosyl group and the changes in uNO are consistent with the molecular orbital 
scheme af Fig. 3. 

l-I-u.Is far, only finear c~~~~~~~~ wi c~~~~ra~~~s have been 
discussed. However, as pointed out in the analysis of triato ic MNQ, ekx9xon c~~~~ra~ 
tions which place electrons into anti-bonding orbit& will cause distortion of tile _MNO 
group. In six-coordinate @0JO}6 complexes all of the banding and non-bonding orbitals 
are fitled, An (MN0J7 complex, therefore, must have one electron in an anti-bonding 
orbital. If the molecular orbital schema in Fig- 3 applies then the add~t~~~ sf an e~~~t~~~ 

to Fe~CN~~NU’- Bvould result in an ~FeN~3’ complex with one el in the 3e 
orbital. A brown complex having the stoicbiometry [N(C,H,), ] 3 [ >,NO] with 

vN0 = 1568 cm-l has been isolated22 , but its structure is unknown. EPR studies of the 
brown species generated by one-electron reduction of [Fe(CN)SNO] I&- in basic solutions 

have been ~~ter~reted23 as arising from the ~Fe(CN~~N~~ 3- ion with nonlinear coordi~~- 
tion of the NO group, the b~~~vn species can e ~~~v~rted to a bfue c~~~~~~ 
best formulated as ~Fe(CN)~N~ 2-. Subsequent studie by‘Harris24 have contimed that 
the charge on the blue species is indeed l_l 2. Irradiation of crystalline 

Naz[Fe(Cl’+Q5NOJ - 2H$ also produces both the brown and the blue specie$, both of 

which were demonstrated to have non-~~~ar MN0 groups by EPR. The bin-~nearity of 

the FeNO broad of the b n complex, ~~~N~~~~~ 3-, and its ~r~t~~ation s 
gest that the nitrosyl gra s the proba site of protonation. A the structure 

the six-coordinate Fe(0$ N03- * eon is unknown, the structure and properties of another 
six-coordinate complex of fhe (FeN0}7 group, FeBrNO(das)$, have been reported? 
The Fe-N-O angle is I48O in FeBrNO(das)i, but there is a large uncertainty in this angle 

due to djs~rder pro~~~rns. 

The e~~~tro~hern~st~ of Fe(C ,NCi’- has been Garnered to e ~~~~~0~~~~~~~~ be- 
havior of NO+ itselfzi. The NO+ group e bits three reduction waves. The first is a one- 
electron wave correspon to NO+ + G +NO_ The second wave results from the reduc- 

tion of N,Q, formed b erization of NO prior to the electrode reaction. Finally, a 
wave corresponding to tie tree-elec~u~ reductio of I’40 to ~~*~~ is observed at n-m-e 
negative ~~t~~t~~. The Fe(CNj5 NO’- 0) 6, first ~~derg~~ seduction to 
Fd,CN),NQ’- described in the previous Paragraph. This trianion then either undergoes 

protona tion and reductio v&z a second wave or reduction to the stable hydroxylamine 

complex, Fe(CN&(NH, in a three-electron wave at more negativ 
ele~~o~~~rni~~ behavior of NO+ and F CN),N02- is completely con- 

rn~~~~~~~r ~~b~ta~ s~~~~~ of Fig. 3. 
rivafive of ~C~N~~ 8 is testable to d~e~~ati~~~~, and ~~~~&~~e~~ly~ it 

structuafly or chemical characterized. However, there are several other 
six-coordinate derivatives of the {CoNO group whose structures are well. known, includ- 

ing CoNO(NH3)~ (ref. 28), CoClNO(e (ref. 30) and Co@CS) (NO) (das)~ (ref. 3 I)+ 

The b~~~~~ scheme used to describe the ~e~tacyano~it~~sy~ ~~~~~~x~~ includes only 
~nfo~at~un which depends upon the number of ~ig~ds a~t~~he~ to the metal and not 
upon their detailed chemical properties. Therefore, Fis 3 may aIso be applicable to these 



other six-coordinate derivatives of the { CoNO I8 up. All of these complexes have 
Co-N-O bond angles in the 120-135” range (T e 1) with rather long Co-N bonds. A 

linear CoNO arrangement in th e {CONO)~ complexes woufd, require two electrons to 
reside in the totally anti-bond 3e molecular orbital (Fig. 3). Conseq~ent~y~ the CoNO 
gr~u~ in these ~~m~~exes is s~~u~gly bent. The Co-N-0 b~~~ angks of f20--135” cm-re- 
spend 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 corn lexes as perturbed triatomic species to which Walsfi’s concepts3 are 
~p~~cab~e. 

~e~d~~g the XtxNO moiety e several effects: ( f) the 
fram qu to cs; (2) the reIati rgies of the metal d orb&&i d the NO n-orbitals 
(formerly 3e and 2) will be modified in such a way as to lower the total ener of the 
complex; (3) a pair of electrons’wiu be localized in a non-bonding orbital of ogen; 
and (4) the cobalt will have what amounts to a 8 electron confi 

S~ct~~~~p~~ studies of the box-coord~ate {Co made3’ 
he visible spectra of ~oX~N~~ (en);f and CuX(N to d-d 

transitions of a Ca(d6) ion in a field of tetragonal symmetry. In addition, charge transfer 
bands were observed which are eQnsistent with a ligand to metal transition (LMCT). 
Since the symmetry. is no longer cdV, and the character of the 3e and 2e moIecular orbitak 
has been radicalfy changed, the energy level d~~~arn in Eig 3 no monger applies t six- 
~~~rd~~ate bent ~Co~~~* complex. The info ation obtained from the visible LSptX- 

complexes has been utilized to construct the r.h.s, of the correlation dia- 
ig. 4. This diagram is similar in many respects to those proposed by 

Pierpont and Eisenberg’ and Mingos6 for correlating linear with bent nitrosyl complexes. 
nts concerning Fig. 4 are worth emphas~~g* First, the or of the 

d and ~~ft-~~d sides of the correlation am are 
based upon experimental observations, not solely on the sym etry of the m~i~cuf~ 
orbitals. Second, the ultimate geometry assumed by MN0 group is dependent not only 

an the tutu2 rzumber of electmu but equalIy importantly upon the natttre of the higitest 

occupied ~~~~~~~~~ orbital. 

The su~c~ss~~~ extension above of the bonding scheme for ~e~tacya~o~~t~~sy~ com- 
plexes to a verity of six-coordinate ~Co~~~* ~~~~~~r~sy~ complexes suggest that 
Figs. 3 and 4 should be generally useful for un Standing the structures and electronic 
properties of six-coordinate mononitrosyi complexes. For example, the (FeNa}’ complex 
FeXNO(das)$ would be expected to have spectroscopic and structural properties similar 
to those of ~e(CN)~(N~~*-. Table f shows that the infrared and ~hotoe~~~~~~ spectra of 

these complexes are indeed very similar and are consistent with a (Z&j4 (lb2j2 ~on~g~ra- 
tion and a iinear FeNO grouping. The forma1 addition of an electron to give the { FeN017 
complex, FeXNQ(di=)z, should place an electron in *he 3e orbital, The Fe-N-Q angle of 
148” observed” for X = Br demonstrates that the addition of even a single electron to the 
31t: orbital leads to some bending of the FeNO t-y- just as it does when one efectron is 
added to NO;. The rnag~~t~~ properties of Fe (das]; complexes have been investigates 
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Fig. 4. The correlation diagram relating one-electron molecular orbitak of Linear and bent six- 
coordinate MN0 camplexes, The ener 
from the spectra of [ F~(CNISNO] ‘- 

of the molecul.ax orbitals on the 1.h.s. were estimated 
[ CrfCN)S NO] ’ -. The energies on the r.h.s, were 

estimated from the spectra of ~C~C~~~~)(~n~3 f + znd [ ~~C~(~~~(d~s~~ f +a 

(ref, 33) The e~~~~e~e~ have one unpaired electron, a rhombic g tensor, and a temperature 
dependent magnetic susceptibility which is consistent with a spin-paired t& electron config- 
uration in a strong rhombic field 34. The large rhombic field is a nsequence of having only 

a G.n#e electron in the 3a orbital, Xn terms of the correlation di in Fig, 4, tic six- 

~~~rd~a~e ~F~~~~ ’ ~~~~~e~ fi e~~e~~ tffe r,h,s. and l_h.s, Tfxe visible s~~~~~rn of 

this ~o~~l~~ was also j~vesti~at there is considerable u~ce~t~~~y about 
the detailed assignments, the e m transitions between the rhornbically 

split rk and eg orbitals, a’, a”, and a” (bxz, d,,=, and L&~) and a’, u’ (Q+ 2 and +), respec- 
tively. Such transitions correspond to those of a spin-paired Fe” complex in a rhombically 
~storted field, 

The ~hotoel~ct~o~ spectra and fR spectra of f 

provide considerabk 

** and [ ~e~~~~~~~das~* ] + 

information about the FeN 
-1s binding energy and 
ancl a Iow value for vNo. 

(NO)(das),]+ 
(das),j2’ has a very 

has a low N--lx binding 
what would be expected frsm the cor- 

relation diagram in Fig. 4, which Icates that the ad~~i~~ of an electron to the 3e Ieuei 
would both reduce and bend the group. The ~r~~~~~~ of tws electrons in the 3e level 

tih sue to further reduce and bend the nitrosyl group, which leads in turn to very low vd- 
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ues of the N-Is binding enerw and the low frequency for pNO &served for the { CoNOP 

complex, [CoCI(NO)(das)z}+, 
~d~~o~~ ~~s~~~at~o~ for tr~~t~g si te rno~o~~osy~ complexes as perturbed 

~~~t~rn~c species is provided by dotted their infrared spectra. Map’ ) Quinby3’, 
and Tosi3’ demonstrated that six-coordinate monsnitrosyl complexes possess MN0 vibra- 
tional frequencies which can be closely approximated using a three-body model (Le, the 
interaction between the MN0 group and the other ligands is negliigibk). This approximation 
is reasonably successful even for confounds such as C~N~)~CU)~ in which m~c~~n~ 
cu~~~~g due to the similarity of fhe CoCO and CoNO ~req~~~6~~~, and chemical inte 

tion due to the simifarity of bonding between the cobalt and the carbony and nitrosy1 
groups might be expected to cause Iarge departures from this simple mode137,‘22. Several 
mono&rosy1 complexes whose force constants have been evaluated using the three-body 
modef and i5NO ~~~vat~v~s are cited in Table 3, Miki37 found that for ~~e~i~~ deriva- 
tives of tie NO group the tree-body model accounted far the observed ~5~t~~~~ shifts as 
wefI as a more camp cated e&t-body model. Tosi3’ found that substitution of “NO for 
14NCl in Na,FeNO(CN), - 2H$3 prrnduced shifts of five infrared frequencies: the three 
associated with the FeNO group and two associated with the axial &nd equatorid cyanide 

shifts of the (ma~nly~ cyanide frequencies e smaII (4 cm-’ and 

and rnore~v~~, Pa&am *40 found no shifts 0 ese two ~~~-~~anid~ 
*35N in the nitrosyl group. The success of the triatomic 

model for the force constants of the MN0 species is consistent with the present treatment 

of MN0 complexes as perturbed triatomic moieties. 

5.06 lO.l& 

4-14 ll_f4 

6.06 10.62 
5.47 14.81 

5.62 14.16 

5.71 13-72 

5.43 If.84 

4.57 ~~*~~ 

a The units for the force constants k, (M-N stretch} and k-, (N-O stretch) are mdyne/& and for k, 
GV-N-O bend) are mdyne/A. 



IIt is not necessarily true that the molecular orbital scheme C$ Fig. 3 applies to all six- 

coordinate complexes, or that the order of kvels remains the same as electrons are addded 
or removed from a given complex, ft might be expected that large perturbations would be 
broug~ about by ~~~~g~~g from a 3d to a 49 or Sd transition metal, ~ow~ver~ severai studies 

climate that this same rn~~ec~~~~ orbital scheme also applies to c~rnpl~x~s of the 4d me- 
tals_ For example, the electronic spectra of a series of six-coordinate [RuNOJ S-t complexes 
((MNOj6 cases) have recently been interpreted41 on the basis of energy levels similar to 
those of Fen&e and BeKock*. Although the spectral assignments have not been confirmed 
by the use of other techniques, they place the 2e, lb,, 3e, lbl and &, levels in the same 
~~xta~os~~io~ as in { IZeN I6 complexes discussed above. ajar difference is that the 
ekctronic transitions of the ruthenium complex occur at samewhat higher energies than 
those of the corresponding iron complex, as would be expected since ligands are usually 
bound more strongly to the ti metals than to the 3d metals. In addition: the [R~INO]~~ 
species have VNO in the 1900 cm-’ range 38, and rather high values for the N 
energies. St~~ct~~~ ~~v~sti~at~~~s 42 have she w n that the RuNO rn~~ety is I 

rather short Ru-4 bond distance. Again these data are c~rn~~te~y consist 

properties expected from the bonding model in 

The spectral data for the {FeNO)6 and {RuNO}~ complexes also suggest that the 3e 

level is not necessarily lower than the sigma antibonding orbit&& 4, and lb, (dz2 and 
d ,& ff either the Ib, or krt orbits is of fewer energy than the 3e orbitai and is 
~~~~ated in the complex, tfien the most Likely occurrence would be ligand ~~b~~at~o~ 
or loss_ One possible example of the population of lb, or 4a 
plex is encountered in the reaetion43 of Mn(CCI)F with NO +I 

in a metal nitrosyl com- 
ts yield the five-coordinate 

species, Mn(NO)(CO), (ref. 44) rather than a six-coordinate complex with a bent NO group. 

~~~~~1~~ ~~(N~)(C~)4 ~nd~r~oes both ~e~m~~45 and p~~~~~~~m~~a~46 su~stit~tio~ 

by an assocj~t~ve 

Mn(N0) (CO), +- L + Mn(NO) (CO)+ + CO (1) 

These observations are consistent with a six-coordinate intermediate in which 3e is 
e ~~te~ed~ate observed in the ~~oto~hern~~~l reaction may 
p~~u~~ted by e~~~t~o~ic ex~itat~o~ with eomme~s~rate 

nN0 group zrnd the production of an empty or partially empty orbital 
sociating ligand L can bind: 

Mn(N0) (CO)4 f hv + fMn( 

Pww KqJ * + L + [M~I(NO)(CO)~L] * + Mn(NO) (CO),L + CO 

in surnma~y, the properties of six-~oordina~~ ~ononitrosy~ complexes, whether linear or 
bent, can be ~~~d~rs~oud in terms of a ~o~d~~~ rn~de~ in w~~~~ tire z* orbit& of the NO 



up and the metal d orbitah zire of similar energy and are strongly mixed in forming the 

and 3e molecular orbitals af the complex. f;urtherrnore, in. many of the complexes the 
3e orbital is the anti-bonding bital of lowest energy. Populrition of this 3e level by eke- 
trons results h the rengthe f the M-N dihnce, and a deerease of the M-N-0 angle 
lowed KXP. 

turbed MN0 triat ic 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 MN0 complex. An 
~~0~6 species can be r~p~ese~t~d by the valence bond st~c~res (a), (b) and (c) 

(F&J_ 5) ~e~~~~ntat~u~ (a) can be loyally scribed as an NO+ ~j~an~ dona 
pair of electrons from an sp orbital to a met ith a d6 configuration. Vale 

structures (b) and (c) represent the resonance forms in which there are, respectively, one 

and two rr bonds between the metal and the nitrogen. Al1 three representations require a 

hnear MN0 moiety, and are consistent with, six-coord~nat~~~~ because each form leaves 

two d orbitafs ~~occ~~icd and c~n~~q~e~~~ available for fixation ofd2sp3 hybrid 

orbitals for bonding with the six ligands. For a six-coordinate ~~~O~* species, however, 

the situation is quite different. In order that two d orbitals be left available fur bond forma- 

tion via 62sp3 hybrid orbitals, one pair of electrons must reside on the nitrssyl grouti, giv- 

ing rise to a bent structure which can be represented by resonance forms (d) and (e). The 

bent structures (d) and i(e) can be for~ai~~ described as d6 complexes of NO- in w~ch the 

nitrogen is utilizing S$ hybrid orbital 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 vNQ, since both geometries can ve rise to formal N-O bond orders of one and 
two. 

ft has now been shown that both moiec~~ar orbital concepts and the valence bond form- 

ism can ~G~~~~t for linear an on-linear lkI--N-O ~~orn~~~~~s. Zn botfi a~~~~aches~ the 

number of lizards attached to metal is important in determining the structure of the 

MN0 moiety. Although the molecular orbital description will be utilized throughout the 

remainder of the discussion, the equivalent valence bond structures could also have been 

used to describe these MNO systems. 

1+ .I* 

iI1 - 

1+ 
*. + .* ++z 

J _) *pJ=Q* 4 I PEti-0: 
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Fig. 5, (a), (b) and (c) are the possible resonance structures for a sk-coordinate (MNO)” complex; 
(d) and fe) are the possibk resonance structures for a six-coordinate (hlN0)8 complex. 



The above discussion has demonstrated that mononitrosyl complexes can be usefuily 

discussed as t~~~torn~~ species which are Perished by the c~o~d~at~on of uther ~gands 

e factors which are ~~0~~~~ in determhin the rn~iecu~~ and electronic 

structures of the resultant complexes are : ( 1) the number of additional Iigands and (2) 

the site symmetry of the metal, A description of the structure and bonding of five-coor- 

dinate metal mononitrosyls is complicated cause site symmetries ranging from Cho to C1 

are available to the metal. However, the bo ing in ~ive-~o~~~~~i~ mono~~~osy~s can be 

~vest~g~t~d by exam~~~g the perturbations which arise by placing the ~~~ group in 

fields of the appropriate symmetry. 

The correlation diagram relating the mokcuhu orbitals of linear MN0 (C_,,) to the 

molecular orbit&s of MN0 in a field of four other ligands in Chu symmetry is shown in 

Fig. 6, The rn~~ecu~ar orbital diagram for the tetragonaf pyramidal (TP) complex outlined 

in Fig. 6 is, of course, almost identical to that of the s~-co~rd~~atc c~rnp~~x~s ~rcv~~~s~y 

discussed (Fig, 3). The only important difference is the lowering of 4e,(z*) in the five- 

coordinate conpfex. 

The molecular orbital diagram for trigonal bipyramidal (TBP) complexes are derived 
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from linear MNO in the correlation diagrams in Fig. 7. The molecules with CJo symmetry 
correspond to TBP complexes with the nitrosyl oup in the axial position, while those 

with C& symmetry correspond to the TBP corn xes with the nitrosyl group in the 
equatorial position, It is ~port~~t to note that the axis of quant~ation (z) of the TBP 
compIexes with C& symrn~t~ ~~rr~spo~ds to one of the t~vo-f~~d axes of the D,, point 
graup, and not to the axis of ~~~t~at~on in D, (ref- 47). The rn~~ecu~~ orbital dia- 

arm appropriate to TBP complexes in various symmetries will be individually discussed 
below. 

Examination oF their structures (Table 4) reveals that both TE” and TBP geometries are 
known. However, to date, all five-coordinate { MNO)* species with strongly bent NO coordi- 

nation have TP geometry and all iinear {MNO)* species have TBB geometry. 1Cn Section I1.B 
the point was made that the M-N-O angle is a direct consequence of the number of elec- 
trons in the 3e ~~b~ta~ of a te e energies of the 4~~ and 3e 
orbitaIs are suf~c~~ntly close epends upon the nature and 
geometry of the other ligands around the metal.. Figures 8(b) arrd 8(c) show two possible 



Fig. 8. A cotfelation diagram rekting the molecular orbit& of five-coordinate MN0 complexes 
in fields of Czr C4V and CS symmetry. The (M.NO}8 complex on the r.h.s. is bent because 3~’ is 
higher in energy than at Ieast one of the components of 3e. 

es fur a ~~~~~~~~~~~a~~ co~~~e~ ~~~~ Cav ~y~~~~~ and Shiw the C~~~l~t~~~ 

diagrams relating these two schemes to each other and to the observed 
et&s. When the 3e orbitals are lower in energy than the 4~1 (Fig. 8(c)), t 

complex would have two electrons in the 3e orbitals which would lead to bending of the 

MN0 group as discussed in Section ILB, Fi 8(d) shows the resultant ordering of the 
orbitafs in a Tf complex with a stron~y b 

1 orbital (z2) is of lower en than the 3e crrbitaf (Fig. 8(b)), the electron 

f the five-coordinate (MN0 omplex would be (Ze)’ (lb,)’ (4a#. In 
this CdU geometry, the 4, orbital is strongIy anti-bonding. Distortion of the molecule ta- 
ward TBP geome~ wifI make 4tz, less ~~i-~o~d~~~. This distortion will also make the yz 

irh respect to the other two ligands in t&e ~~uat~ri~ plane 
d~loc~~at~~n of electron density from the B orbitais of 

oup. Both of these factors favur the distor- 
complex from CdU to c2 as outlined in Fig. 8(b)+8(a), while retainin 

grams for the b~~d~~g of th 0 group in TP Gompfex 
posed previously 5*6p47z48_ however, these $i s ~dic~t~ that the M 
spontaneously bend whenever two electrons occupy the “la1 orbital, purportedly on the 
basis of Walsh’s ideas for triatomic molecules. We pointed out in our discussion of six- 
coordinate compkxes that Walsh related deviations from linearity to occupation of an 

cln was ~o~~~ed on the central atom and was strongly ~~~-bo~di~g wi 
s. Clearly &z, is not an orbit of this type. Some bending of tire 
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grotip can Occur when the 4a, orbital is singly occupied (see Section II.C.2) or when the 

4, and 3e orbitals are degenerate (see Section 1I.G). 

Figure 8 implies that the energy differences among five-coordinate nitrosyk are suffi- 
cientfy subtle so that ftig the eomet~ of a Eve-coor~~ate complex dete -nes the elec- 

tron con~g~r~t~ons (and hence the M-N-O ugly). By the same token, * 
figuration impfies a specific geometry for the eomplcx. Several example 

in Table 4, me complexes Co(das)* 1) and Ru(diphos),(NO 

ation geometry with the group in the equatorial plane. Space-filling 

the steric attract the bulky chelating ligates are much less 

the than in a T with L-M-N bond angles of - 1 OO”, s 

erefore, these are complexes of C2 with the coordination geometry con- 

strained to be TBP, and the molecular orbitals through 2&*) will be filled (Fig. 8(a)). 

s constrained to TBP geometry inciude ~)WW,I+$,1$ (ref- 4) 
6H,)3] 3 (r&s. 48,49). In these species of the 

three bulky p~usp~~~ ~o~~~ are rn~~~ed in group in the 

axial position (($3. The appropriate molecular ) and in ref. 48. 

TABLE 4 (references continued) 

AGUE 8 e~~pl~e3* 
TBP = agog bj~~~~j~, Tp = ~e~ag~~I Portia, ax = axhI, eq = eq~~~~~ 
See ref. 45. 
See ref. 44. 
J.H. Enema& and 3.A. Ibers, Pnor& Gem, 7 (I 968) 2339. 
.‘.vemge of one NO group and two CO groups disordered in the equatorial plane- 
See ref. 54, 
See ref‘, 55, 

See ref. 62. 
See ref. 21. 
See Fig. 9. 
Cl-M -CI 
P--M--P 
See rzf, 57. 
See ref. 56, 

M Angoletta, Gnzr. Chim IfaL, 93 (1963) 1591, 
See ref. 59. 
See ref, 32, 
See ref. 3 I 
See ref. 49. 
See ref. 48, 
See ref. 4. 

See ref. 5 1. 
hl. Tanzaki, I. &suda and K. Shimra, Buli. Chem. &c. Jup., 42 (1969) 2858. 
F. Calderazzs, C_ Floriani, R. Iienzi and F.L’Epplatenier, J. Chem S’BC. A, (I 969) IX??. 

bh See ref. 50. 
CIC See ref. 63, 



Prom this diagram it is clear that an (MNO) * complex will have the electron canfigura- 

tion (2~)~ (3~)~ and consequently have a line r MN0 group as is observed. Finally, strut- 
lures have been determined for three compounds in which the ligand constrains the MN0 

sup to TP geo~~t~~ ~~‘-ethylenebis(acetylacetoneiminato)nitrosylcobalt50, N,N’- 
enylporphinstonitrosyf- 

cob&l, In these compounds the Co-N-U angles are 122O, 123O, and I36O, respectively. 
Removal of some of these severe steric restraints allows the structure adopted by the 

M-NO group to be determined by other and perhaps even more: subtle factors, Three 
vomiting structures must be considered for stericatly uncons~a~~ed ~~(NU~L~ complexes: 
(. 1) TEF witi a linear nitrosyf oup in the axial position (C& (2) TBP with a linear nifro- 

syl group in the equatorial po ion (C.&; (3j TP with a bent ~j~usyl group in the axial 

position (CS or Cl>. The molecular orbitals appropriate to these complexes are summarized 
in Figs. 7 and 8. 

In a TBP complex with an asrid nitrosyf group, the 4e orbitals interact only with the k 

and 2e orbit& ~vh~c~ have no co~tr~b~ti~~ from the cr arbutus of any of the legends (Fig. 
~(~)~_ In the equatorial posi~o~ of a TBP, the 3b, and 3b, ~~bit~~s interact with the ib, , 

XI, and U2, 2b, orbitals. The 2b, orbital is comprised of the dYz orbital of the metal and 
of the o orbitalts of the Iigands in the equatorial plane. Thus, the o-bonds between the equa- 
torial ligands and the metal can be strengthened by the presence of good n-accepting Iigands 
in the equators plane. This s~~~r~stic effect Ieads to the recent postulate that d8 TBP CORR- 

plexes adopt s~~~c~r~s which place the best ~-~ccep~~g ~~~~~s in the ~q~~t~r~~ pfane”. 
Recent detailed infrared studiesS8 support the commonly accepted idea 53 that NO is the 

best n-accepting ligand. Conse entiy only two structures are expected for stericaUy un- 
constrained M(NO)L, complexes: TBP geometry with a linear nitrosy group in an equa- 
torial posited and TP geometry with a strongly bent nitrosyf group in the axial position. 

ch of these st~~~~r~~ is ad ed by a particular complex depends upan the relative 
energies of the &I and 3e orb as shown in Figs. 8fb) and 8(c). 

In a TBP complex with an torial nitrosyl group, the 4s,(z2) orbital (Fig. 7(c)) 
interacts with both the 0 and R arbitals of the equatoriai ligands, and hence the presence * 
of several z-accepting ligands favors TBP geome~y with a iinear nitrosyl group in the 
equatoriaf pk~e ;1. brewed fur ~~~~~~~C~~~ Clef_ 44)_ §~~~~~~~~~n of two of the 

carbony~ hgands o n~U)~~~)~ by t~phe~y~phosphine results in a rrans arrangement 
of the bulky phosp es and retention of TBP eometry54. This structure leaves the best 
Ir-accepting ligands in the equatorial plane and the MnNO group remains linear. 

The energy of the k,(z’) orbital relative ta 3b,(Fig. 7(c)) can also be increased by 
craning from a metal of the fust transition series (36) to a m tal of the third t~~~si~~o~ 
series CSd), This change is nut suf~cien~ to increase the enerw of 4n, above that of 3b f 

if at least two n-accepting ligands are attached to the x-net4 as evidenced by the osmium 

complex, Os(NO) [P(CsHs)& This osmium complex has TBP geometry with 
pans phosphine hi and a linear CM0 g~up~~. On the other hand, if one of the two 
~~rn~i~ng carbonyl groups is retraced by hafi ydride or methyl substit~e~ts, then the 
energy of’lal is raised ~~f~ci~~t~y so rhat TP metry with. trans p~o~p~r‘~s and a strong- 



ly bent nitrosyl group in the axial position results (Fig. B(d)). The structures of several such 

complexes including lrI(NO)(CO)IP(C6H5)~]~ (ref. 57), IrClCNO)(CO)[P(C6Ef~~~~~ 
fief_ 561, and ~rI~~~)~~~~~ [p(CgH5)3] 2 (ref. 58) have been detennined- 

of the ~~bu~y~ li&md complex by 

tid transition series, because the Pz orbital is already higher in energy than the 3e 
orbital of the mononitrosyl complexes. Thus, Ir(NQ)Cl, [P(CsI%&] 2 has TP geometry and 
a ~t~~~g~y bent IrNO array? For metals of the first transition series, however, especially 

~~t~r~~t~~~ behavior is observed for these ~)~~~P~~)~ ~urn~l~x~s- 
The series of complexes Co(NO)C12(P first prepared by Booth and Chatt6*, ex- 

hibit two infrared stretching frequencies in NO region separated by 60-100 cm-I_ 

Nom recently these complexes lrave been extensively studied by Collman et al. c~, who 
demonstrated that the rel~t~e ~~t~~si~ies of the NO fr are dependent upon the 
nature of the p~~~~e_ In addit~~~~ for a given ~~osp ~~~t~v~ ~t~nslt~~s of the 
two bands are temperature dependent. This behavior suggests the 
formers for these complexes, and it was proposed” 

presence of tie two con- 
that these complexes exist as “hybrid- 

ization isomers”‘, Le. a TBP molecuIe with a linear MN0 group md a TP molecule with a 
st~~~~y bent MNQ grou e secure of cz <orrn of ~~~~~Cl~ ~~C~~)(~~H~)~~ 2 
Iras been ~~t~rrn~~~d by aystd x-ray ~~~~~~~t~~~6~. The jurors describe the mole- 

trigonal b~pyramidal geometry with a Iinear nitrosyl group. Figure 9 shows 
ecule normal to the equatorial plane of the proposed trigonal bipyramid. 

The five atoms (Co, N, 0, CI( 1) and Cl(2)) ntially coplanar, but the N-Co-Cl 
s are grossly ~ss~~~ (117’ and 134’), and the Co-N-Q angle of 164.5(6)” is 

~~ff~~~~~ from I 80°, CEearly tI%e molecule posseses an. kregular coor- 
~~~tio~ geome and has an ~te~edlate Co-N-U angle. Fro the available data it 

Fig. 9. The inner mar tiun spllere of Cu~2~~~~~P~C 
the CoCI2WO) plane. (Reproduced fram ref. 62.) 
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is not p~~sibk to unambiguausly determine which of the two nitrosyi stretch_ing frequcn- 

ties is characteristic of this distorted molecule, Nothing is known about the structure of 

the other isomer of this complex, although it has been proposed62 that the other form 
wiU have ~ss~~~~y the sam moIecu~~ s~u&~re as the iridium complex, Ir(NO)Cl, 

~~~~~~~~~ 2 (ref* WL 
The properties of the C~~~~C~~~P~~)~ campkxes s that these molecules are 

near the crossing point of the 41, and 3e molecular orbi igs. 8(b) and 8(c)). The 

impIications of such a crossing for these levels are consi in more detail in Fig- 10. 
The max~um symmetry which the ~~N~)~l~(PR~)2 lexes can have in either 
TI3P or TP ~~~rd~at~o~ g~orn~~ is C&_ In C& symmet~ cz splits into b, and b,, and 
ai is ~~c~~~~~d. Figure 1~~~~ shows a Co~~~C~~~~~)~ mufecule with true G2, symmetry 

and gives the orbital compositions of the aIf 6, and b, mokcular orbitak 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) pfane lower 
the symmetry of the molecule from Czv to CS, and result in aI +a*, bl~a’ (or a”), and 
b2+tz”(or a”). Since orbitals of the same symm~t~ can mix but not cross, it is clear that 
bending of the nitrosyl group away from linearity in $e case of accidental de 

will couple and strongly mix the two 4’ orbit&. The strong mixing\of the a’ orbitak in- 
duced by the bending vibrations of the molecule means that the Born-Oppenheimer ap- 

+ 

t 
Y J 

(3) (bf 

Fig. IO. Proposed molecular orbital scheme for the CoQ(NO) (PR~)-J complexes. (a) shows the 
composition of the molecular orbitals when the nitrosy group bends in the CoCI2 plane, (c) show 
the composition of the orbit& when the nitrosyl goup bends in the Cop2 plane, and (b) depicts 
the situation for Cz, symmetry (see Fig. 7(c)) where ail three orbit& are ~carly degenerate. 

~oC~2~~~~~P~~~~ complexes these three orbitals are occupied by a sir&e pair of clectrsna 
In the 



proximation is not valid for the Co(NO)C12(PR3), complexes. The consequences of strong 

vibronic coupling is considered in more detail in Sktion 1I.E. 

Figure 10(a) shows bending of the nitrosyl I&and in the plane of the chlorine atoms 
Cyz plane). ~~~~~rn~~~~~ rn~v~~~~~s of the c~~~~~~ atoms in plane wiff lead to the 
distorted geometry observed one for-m of C~~~~~~~ [f(C “$51212 (ref. 621. 
Figure 10(c) illustrates bendi f the nitrosy l&and in the plane of the phosphorus 
atoms (xz plane.) This bendi the nitrosy gmq~ can also be accompanied by 
changes in the Cl-Co-Cl angle, but it is unlikely that the P-C=s P angle will change sub- 
stant~~~y because of the balky nature of the p~~usph~ne hgands, igures to(a) and lo(c) 
sanest that the two nitrosy str~t~h~~g f~eq~e~~~es observed for ~~~~~C~~ [P(CtJ$ 

(C6H5),] 2 can also be attributed to the two distinct conformers of a non-linear nitrosyl 
group rither than to TBP and TP complexes. The conformers with the nitrosyl 
bent in the Cl-Go-Cl plane and in the P-Co-P plane need not have, and indeed would 
not be expected to have, idential Co-N-O ankles. However, if the two conformers are of 
simirar ~~er~~ then changes of solvents tern~e~~t~~e, cr@al lattice, or pressure would after 
the relative a~~~da~~es of the two forms. 

The molecule Co(N0) [S,cN(CH,),] 2 is an example of a complex that contains good 

Q-donors and poor n-acceptors and which is free to adopt either TP or TBP geometry. The 
complex exhibits TP geometry aid a strongly bent CoNO group (135 “) (ref. ti3) as shown 
in Fig. I l(a). 

Several five-coordinate (FeNS) 7 complexes of chelating sulfur ligands have been pre- 
pared and three have been st~ct~ra~y ~h~a~~er~ed~4-69, Common to ah three struc- 
tures is TP gemmed and a poorly defiled FeNO oup. For example, the X-ray data 
from Fe(NO)[S&NfC,H,),] 2 have been interpreted on the basis of an Fe-N--O angle 

on of the 0 atom64 _ Two different investigators6’ 966 
at room temperature and inter- 

-0 an@! of - 160° two-fold disorder of the 

t~c~ur~ was reirivest 

ture was assigned an 
with very anisotrapic vibration af the 0 atom and a maximum rm.s. amplitude of 0.55 A 
At - 80” the Fe-N-0 angle is 1.70.4(6)“, but the thermal motion is still very snisotropic 

with a maximum r.m,s. amplitude of 0.43 A, The Fe-N vector makes angles of so and 

the four S atoms at 20° and - EBB*, ~es~~~t~ve~~. A view of the 

e plane af the four § ~~~rn~ is aeon in Fig. I1 (b)- It is clear that 

the non-linearity of the FeNO up results in the 0 atom being over one of the chelate 
but preferentially direct ard one of the S atoms (Sl) and leads to overall Cl 

symmetry for the molecule, T gle between the molecular x-axis and the projection 

-0) vector onto the xy plane is - ZOO. The ~os~~o~ of the 0 ato 
f the complex is very simti to that of the 0 atom in the isom 



r=ig. I t(b). Projection of the structure of WNO)~S~CN(CH~)Z 12 at -=8Y normal to the plane of the 
four S atoms, The &ermaI ellipsoids are drawn to en&se 30% of the ~~obab~ty distribution. 
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iamagnerie complex, C~NO)~S2CN(CH3)] 2 (Fig. 1 l(a)63_ However, the Co-N-O 
@e is only 135O, the Co-N vector is perpendicular to the plane of the four sulfur atoms, 

and the direction of maximum thermal motion is different. Nevertheless it is important 

to note the &se similarity of the two structures before d~s~uss~n~ the EPR results for 

~~(N~~~S~CN(C~~~*] 2 d~ut~~ in C~N~~~ S~CN~C~~~~] 2. 

The EPk sp~~~~rn of Fe(NO) ~S~C~(C~~ I2 ] 2 has been st died in solid Fe(-NO)- 

]S.+W& ] 2 (ref. 7% in styrofoam (ref. 71) and in singI crystals of the diamagnetic 
host, Co(NO)[SZCN(CH&,] 2. (ref. 72). Fe(NO)&CN(C H ) J has been extensively 

2 =+_, 
studied in solution and in &I EPA glasses. In the diamagnetic host - Fe(NO)[SZCN(CH3)2] 3 

- exhibits a three-line spectrum due to the ~yP~r~~e scatting y the nitrogen of the nitrosy 
broad witfrg, = 2.02s,g, = 2.04&,gY = 2.039, and A, = 14_9,A, = 12-6, AE. = 12.2 gauss. 

Theg and AN tensors have the same principal directions, but they are not collinear. The 

le between them is 5”_ The Anr tensor is composed of an isotropic component of 13.2. 

auss (obtained from CHCla solution) and an anisotropic tensor which can be decomposed 

into two corn nents each ha~n~ ~ylindri~a~ symmetry. One of the ~~sotr~~~~ cornp~ne~ts 

out the z-axis and ac~~~~t~ for about ~~~ of the an~$~tr~~~~ A, 
tensor. ?Tre sect otropic component is aially symmetric about the x-axis and accounts 
for the remaining 25% of the anisotropic A, tensor. This result requires unequal contribu- 

tions of the pX and p,, orbitals of the N atom of the nitrosyl greup to the electronic wave 

function. fn addition, the g-values are larger than the free-electron value of 2.0023. The dif- 

~~rg~~es in th~~v~~u~s from the fr~~-e~e~tr~~ Y s MI be ~~~~~sg~y pr~p~rt~o~~ to the 
energy sepa~t~o~ between the 5al (2”) orbital a the filled Zb, (XZ) and 3b~ @z) orbit& 

Therefore, it has been deduced73 f-rom the g-values that 2br is closer in energy to 5a, than 

is 2b2, as shown in the one-electron molecular- orbital scheme of Fig. 12. 

The EPR results obtained for Fe(NO) [S,CN(C, H5)2] A glass by Goodman et .LT3 
are also consistent with the results described above and w rno~e~u~~ orbital scheme 

ig. 12. One ~o~~~us~on w~~~~ could be drawn from all 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 cannot be normal to the plane of 
the four S atoms, Thus, the unpaired electron resides in the Sal molecular orbital (Fig. 12) 

which is ~~~~~~~~y perturbed by spin-orbit coupling with the filEed 2b f and 2b, orbit&. 
For Fe, h (- 400 cm- 1 ) (ref. 74) is ~orn~arab~~ to FeNO bending fre~~~~~ies akd may 
Iead to the small bending of the FeNO group between the x and y axes of the molecuk as 

shown in Fig. 1 L(b). Moreover, the g-values czar be affected by excitation of the low-energy 
bending modes of the FeNO group, as evidenced by the temperature dependence of theg- 

v&es in solution 73 _ 

x of maleonitriredithiolate, F ~s~C~(~~~~j~-~ has 
termined, Like the dithiocar e complexes described 

above, this anion exhibits TP coordination geometry and a poorly defined FeNQ group- 
The initial structure determinationtj8 of this compfex gave an Fe-N-O angle of 168(6)* 

and showed large thermal motions for the 0 atom of the nitrosyl group. The structure has 
ntly been r~dete~i~ed~‘~ and it has been own that at feast two modems for the 
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FeNO group are equally compatible with the X-ray data, The Fe-N-O in these 
models range from I52o to 168”_ A view of the complex normal to the of the 
four S atoms is cowl in Fig. f I(c). The E spectrum of this cornpo~~~d in solution ex- 

hibits n~~o~~~ hyperfine splitting and g-values cons~~t~~t with the electron ~o~~gura~u~ 
(5~~)’ and a 2A1 ground stateT5. Single-crystal EPR data far this compIex have not as 
yet been reported so that its electronic properties cannot be discussed in further detail. 

AU of the five-coordinate (FeNO}7 complexes discussed above can have only a single 
. electron in either the 5a, or 3b, and S-J 0~~~~~s (Fig, 12). n each case, the EPR results indi- 

cate that the orbital ~~~~~i~d is pr~mar~y 5a, (zz). There no known examples of ~v~-c~~r- 
dinate { &INO}’ complexes with a (3b,, 3b2)1 electron c ration. However, this 
electron configuration does presumably occur in the s&-coordinate species, [Fe(NO)(das)2;)C]’ 
(refs. 33,341 and Fe(CN)SN@- (refs. 24,2S) (see Section I1.B). 

There is only one exampIed of an (MNO}6 complex which is pen&coordinate, Fe(NO)- 
[S,C,(CN),] ;_ From Fig. 12 the highest fIlled orbital should be a2(x2 - y’). Unless the 
energy of the 3bl and 3bZ orbitals can be markedly lowered, or the energy of the a2(x2-~‘) 
orbits can be @e&y increased, the 3bl (or 3b,) ur~~t~s will not be populated, and the 
FeNCl gruup wirf remain linear. ~e~~f~~e, it Is reasonable that a linear &NO copping is 
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found@ for the above mentioned complex, even though its coordination geometry Is TP. 
There appear to be no structually characterized examples of pentacoordinate mononitrosyl 

six electrons, although the pammagnetic complex, 
as been ~r~~~ed’5 and its EPR return reported, The g- 

values were found to be ~~s~~~~ic a there was IIO ~b~~ab~~ ni~o~e~ hyperfme 

splitting. This is consisteni with the molecular orbital diagram in Fig. 12 which places 
the unpaired electron in the =2(x2 - y2) orbital, givin und state. Sike 

the n2 orbital is orthogonal to the z*; orbit& of the NO group no 
would be expected in the abs~~~e of ~u~~~~~~on intera 

ation, 

~el~~ively few s~~~tures of four-~~ord~at~ mo~~~itrosy~ complexes have been deter- 
Table 5 shows that aU of the k wn st~~~t~~~s ale i 0) IQ CQmpfexes- 
e Eve-coordinate {~~}8 co ends which were just discussed, two limiting 

coordin$tion geometries and M-N-O angles should also be available to (MNO) lo eom- 
plexes: ( 1) tetrahedral complexes with linear MN0 groups (CS~), and (2) square planar 

TABLE 5 
Four-coordinate pseudotetrahedral mononitrosyl complexes ’ 

Complex “NO (cm --‘I N-1s (em M--NC&I M-N-O (deg) 

f 78,5(6) 

178.~~~~ 

177.9(d) 

I77.4(7) 

180(O) 

I74flj 

1~~~~~ 

153(l) 

-a 
6 
c 
d 

; 

g 
h 
i 

i 
k 

(MN0 >1° complexes, 
W. Hicber and J. Ekxmann, Ozem Be_, 96 (1963) 16431 
V.G, Albano, P.L_ BeEton and 6, Ciani+J, ~~~~~Q~~~Q~ ~~le~~~ 38 (19721 fSS. a 
Tfie NO and CO goups are disordered in this structure. 
hi. Angaletta, Cuzz. C?zim~ II&.. 93 (1963) 1591. 
V.G. Albano, P.L. Bellon and hi_ Sansoni, J. Chem SQC. A, (197 1) 2420. 
See ref. 2 1. 
C-P. Brock and J-A_ lbcas, fnorg Chem, 11 (1972) 2812. 
IX Berglund and D.W. hfeek, Inurge Chem, I 1 (1972) 1493, 
See rcf, 76. 
See ref. 77. 



w Cb) 

Fig. 13. The correlation diagram relstir,;; 
{ MNO$tO 

the mokcular orbit& of pseudotetrahedral four-coordinate 

complex of Csv symrrwtry to those of a planar { MNO} IQ colmplex with C, symmetry and 
a non-linear MN0 group. 

cemplexes 524th s~~~~~~~ bent MNO groups (C,)- Figure 13 gives the ~or~~~a~~o~ diagram 

for these two classes of four-coordinate mono&rosy1 complexes quantized along the 
M-N bond. 

All of the @INO)‘” compounds whose structures have been determined have pseudo- 
ometry with relatively short M--N distances (Table 5). Of p~ticular interest 

~om~l~~~s~ ~~(~~)(~~~~P~~~~~~~ f 2 and Ni(N~)(tep)~ (where tep is 
~H3C~~H~P(C~H~)*~ & The tep complex has CJU symmetry imposed on the nickel by 
the tep ligand, and has a linear NiNO group, with a short N&--N distance”. The symmetry 

of the closely related molecule, Ni(NO)(N.&P(C,H,),] 2, can be no higher than Cs- The 
structure T7 of this azide derivative (Fig. 14) exhibits an ordered well-resolved nitrosyl 
Iigand with an N&N-O of 153O, an NJ--N distance s 

f&p))’ (ref. 76), and ove 1 symm~t~. ‘Ihe N-Ni-N a 

angle of 129O 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-O bond angle 
resuIts from the low-symmetry of the corn x which lifts the degeneracy of the Ni-N 
~-~teractio~ and removes the tree-fold 
bution about the meters. The effect whi 

etry of the overaIl electron density distrk 
owering ttre sy~met~ from C& to Cs has on 

arbitals of the (NiNO) I0 group can clearly be seen in Figs. 13(a) and 13(b), 
Since the (NiNO) I0 group is linear in C 3U symmetry, the & orbital must Iie below the 

4e orbital giving the electron configuration (2a)4 (3~?)~ 12 (4~~) . 

Lowering the ~rne~ from C& to CS results in e + a’ i- a” and nE + GE’, In a pseudo- 



Fig. 14, Perpective view of the imxr coordination sphere of Ni(N3f (NO) ~P~C6Hs~3~~~ The ellipsoids 
~2 drawn to enclosc 30% of the p~~~a~ili~~ distributian. (Reproduced frcm ref. 77.) 



geometry upon the MN0 group remains a challenge to the synthetic chemistry. 
Finally, Fig. 13(b) suggests that a disma netic CMNO)” complex such as RuW)Cl- 

[P&H&J 3 (ref. 78) should be square planar with a linear MN0 group. 

The compound Mo(NQ)[S2CN(C4Hg)2] 3 has been shown to be seven-coordinate. The 
structure is described as a pentagonal bipyramid with the nitrosyl group in one of the 

apie& positions. The MO-N-O angle for this (MoNO).~ complex is 173 0 (ref. 79), con- 
sistent witi the fact that a ~e~tag~n~ b~pyr~~d~ {MN~}~ c~rnp~ex with an apicaf NO 
group would have no anti-bonding orbit& occupied. Cotton and ~o-~o~k~~s*‘~*’ have 

investigated the crystal structureg and the temperature dependent proton magnetic reso- 

nance spectra of (C,H,),Mo(NO) and (Cj145)2(CE13)M~NQ). The structure of (C,H5)3- 
Mo(N0) shows one ~zu?~u~~~~~ cyclopes~ iadicnyi group and two equivalent pdyhuptc, 

it?Ilyl~~~~~. In (Cs ~~~~~~~~~~~~ there are ;tlso two ~~~~va~ent ~~~~~~~~Q 
ienyl rings, In both co-eds there are three kinds of MO--G distances for 

the equivaknt poZylslapfo rings. The M-N-Q angles are 179.2(2)” (ref. 80) and I78(2) a 

(ref. 81). 

The structures and physical properties of mononitrosy1 complexes are best understood 

by considering the (MNO}” group as an “inorganic functional group” which is perturbed 

by the fieId imposed by the other ligands attached to the metal. Unlike organic functional 

groups the ( ~~NO~~~ group has several possible ground states, each possessing its own 

~~~ara~teristi~ structure and ~~ys~ca~ properties. In nearly aff ~ornp~~x~s, huw~v~r~ the 

GUANO}” group adopts one of two limiting ground states (lincar or strongly bent), dictate 

by four factors: ( 1) the coordination number; (2) the coordination geometry; (3) the 

number of electrons (n); and (4) the nature of the occupied one-electron molecular 
orbitals. 

The dep~~~e~ce of e upon each of tttese factors has been ~~~~s~~d 
in the previous section mmarized- The (MNO} n group is linear unless 

the r-type orbita whi ng with respect to M, N, and 0 is occupied (3n in 

Fig. 2; 3e in Figs_ 3,4,6(b), S(b), 8(c); de in Figs. 7(a), 13(a)). Therefore, al1 six-coor- 
dinate (MNO) n groups are linear when IZ G 4, and bent when II > 7. Similarly, all five- 

coordinate ~~~0~~’ groups are linear when II G 6_ The f NOj8 ~0~~ VviIl be Jinear 

in a Eve-e~~rdi~ate complex with TBP ge retry and bent in a complex with TP geometry. 

There are no known examples of five-coo nate domplexes with n > 8, but they are 

predicted to be bent in either TBP or TP geometry. Complexes with n a’7 are discussed 

in more detail in Section II,G, Four-coordinate complexes with #I = IO are linear in 

ometry and are predicted to be bent in squ e planar geomet~. 
Those few complexes whose hound state properties are not ~de~ua~~~y de~r~bed as 



either linear or strongIy bent are discussed in more detail in Section 1I.G. The chemical 

implications rind chemical proper?ies of the ( MNO)” functional group are discussed in 

Section 1f.H. 

Jahn-Teller effects have been previously invoked 82 to expIain all deviations of MN0 

roups from linearity, It is clear m the above discussion that the structures and spectro- 

scopic p~ope~~~s of most ~~~ ups can e&y be expelled by simpfe o~~~~~~ctron 

~~~~e~u~~ orbital dia~~s w~~o~t resort to other ~~tera~t~~~s* TWO add~~o~~ factors 

which can be important in MN0 complexes are spin -orbit coupling and vibrsnk coupling 

(Jahn-Teller effects). These two factors and their possible effects on individual complexes 

are discussed separately below. 

it ~~~~~~~rg 
The -coordmak compkxes of {FeNO) ’ (Section ILC.23 appear to be examples 

of complexes in which spin-orbit coupling may cause minor distortion of the FeNO 

moiety from Iinearity. The structura164-67 and magnetic70-73 studies of Fe(NO)(dtc), 

complexes show that the complexes have TP geometry with a Sa, electron configuration 

[Fig. 121. The Qtc ~igand~ restrict the s~mmet~ about e ~F~~~~~ group to 

tower) and lift the degeneracy of the filed dXz, dYz or ahi to give Zb&xz) ain 
Spin-orbit cougbng mixes the 2b, and 2b, orbitals unequally with Sal as evidenced by 

the values of s;, and gv (refs. 72, 73). ConsequentIy, the spin-orbital derived from 4~~ has 

a greater contribution from dXp than from dJ,z I This larger contribution of 2b, to the 5~~ 

sag-orbital ~~~~d lead to displacement of the nitr tom hong the x axis. The 

structural data for ~e~N~~ C”&f 2 at - 80” do sho at the Fe-N bond is not 

perpendicular to the plane of the four S atom and that the N atom is displa 
x direction of the molecule (Fig. 1 l(b)). The eNO group is also bent more 

e non-linear arrangement the 26, orbital, which is comprised of both d_vz and 

more strongly with the 5a, orbital than does 2b,. 

~~~~r~~~~~ of tie FeNO group were found or& for ~~~*~~~~~~~~~ 2 
then they could be reasonably attributed to solid state effects. However, a sihlar distortion 

is observed6’ in the crystalIographically unrelated (FeNO}‘complex, Fe(NO) [S2C1(CN),] i- 

(Fig. f l(c)). Although the bite angIe of the S atoms in Fe(NO)[S2C2(CN)2J~- does not im- 

pose C&, ~~~~ry on the FeNO group, the d~~io~at~ chefate rings have si~~~c~~y ~ff~r~~t 

~~~~era~~ion~ with e E& and dYz orb~~a~s. ~n~or~n~te~y, the ~~nc~~~ ~~~e~~~ons and 

t in this complex have not yet been deteennirred. However, the average values 

N are very similar to those of the dtc corn s and indicative of a Sa, 
electron configuration (Fig. 12), A careful exaination of the d A tensors of 

P”eW) P&,(GN),I ;- would be an important test of the pos effects of spin-orbit 

Coaxing OR the st~c~res of (M complexes. bodes test of the ~pu~~~c~ of sph- 



complexes would be to prepare the analogous Ru or OS compounds 
in which the spin-orbit coupling constant (A) will be much larger. 

tit this review we have ern~~~s~~~ that strongly bent ~~~r~~y~ ~~u~~ octxr 
e n-type molecular orbital which as anti-bonding with respect TV M, N, and 

0 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 struc- 
ture of the compfex, using the extensively studied five-coordinate (MN0j8 series as an 

ci3XZ3lZ@t% 

The max~wm possible syrnrn~~~ for a ~v~~coord~~ate ~~~~)~~ complex is CgV- 
eference to Figs. 8(b) and 8(c) shows that for an {MNO) * complex the hi&est oc- 

cupied r orbital is either Aa, or 3e, and that the electron configuration for 
these c can therefore range from (40,)’ to (3e)*. The 32 orbital is two-fold 
degenerate and will be h~~-f~l~d in a (3cj2 electron con~g~r~tio~. moreover, somewhere 
baleen Fig_ 8(b) and Fig. 8(c) the 4a, and 3e ~rbit~s cross and thereby bet 
cidentahy degenerate. At this crossing point there are three degenerate mokc 
bitals to be occupied by a sin pair of electrons. 

Degeneracy (acciden taI or posed) is a common occurrence in the application of 
mu~ecul~ orbitaf theory to chemical bonding. ~o~vever~ special consideration is required 
for systems paving ~~t~~~y Rifled degenerate ~~~e~~~~ orbit&. In order to properIy dis- 
cuss such systems it is neces~a~ to : ( 1) obtain the manifold of electronic states which 
resuIt from the occupation of the degenerate orbitais; (2) examine the possible mixing 

of the states by configuration interaction; (3) evaluate the effects of spin-orbit;ll coupling; 
and (4) consider mixing of the states by vibronic coupling (fahn-TeIler and Rennner- 
TeUer effects), 

e problem of obtaining and ordering the e~~e~onic states of an ~~~~~ 
at or near the crossing point of the 4a, and 3e molecular orbit& is analogous to the 
problem of obtaining and ordering the electronic states of a free ion in a medium crystal 

fklds3, Consequently, the behavior of the electronic states of the (MNO}s group in a field 
sfC4, symmet~ can qua~itat~veIy be anal the state corre~at~Qn diagram 

between the limiting situatiu~s~ 4a, << 3e e relative energies of all of 
the possible electronic states which can arise frsm (4crl, electron con 

cdU symmetry have been calculated assuming that 40, and 3e arc pure d 
details of the calculation appetar in the Appendix.) In Fig. 15 are plotted the relative 
energies of these states (in units of B, the ~t~reI~c~o~ic repulsion ~~~eter~ versus the 
~~e~~ difference (in units of B) between e 4a, and 3e orbit& (~~~ - ESe)* A~thou~ 
Fig. 15 cannot be~quantibtively correct because 4a, and 3e are not pure d orbitak, it 

does show the important qualitive features of the behavior of the electronic states of an 

{MNO} 8 species upon crossing the 4~~ and 3e urbitals in C& symmetry. 
It is apparent from Fig. I5 that the ground state is IA 1( 2 whenever the 4a, orbital 

is much lower in energy than the 3e orbital. If 1 is much er in energy that 3e then 
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Fig. 15. The electrostatic energies sf the states arising from (4al, 3ej2 configurations as if function of 
f&e energy sepration between 4al ;ind 3e orbit& in a field of C4, symmetry_ 

the electronic sund state is predicted to be ‘.A 2(3e)2 for aft lir;tetzr {i%i?lVO)8 group. How- 

ever, since Walsh’s rules for triatomic species3 apply to mononitrosyl complexes a bent 
nifM0 goup witfi a singlet ground state would be expected to be more stable than the 

&X%r 3A,@# state. hdeed, all of the ( O}* species YGtkich have been isolated and 
ch~acte~ed to date are di~agn~~ic. Therefore, the ~ubse~u~~i discussion wi 
only the manifold of singlet states arising from the (4ur, 3~)~ electron configu 

Five singlet states arise from the (kl, 3~)~ electron configurations. One of these, 
‘A I (3~?)~, can never be the ground state in C4u symmetry. The remaining four electronic 
states, ‘A 1(k1)25 lB1(3e) *, ‘B2(3e)2, and ~~~~~)~ (3e)’ are nearly ~~~~~~~~t~ when 
the 42, and 3e orbitafs are de~~~~rate. Factors which may affect the degeneracy of these 
states are considered next. 

Configuration interaction occurs only between the two “A t 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 tern ature ~ndepende~ t par~ag~e~ism (TIP) into 

e singlet states f-A/A, urhfzre t-triptet se~ara~~~~), but this factor is even 

eSs important than configurati Wbronic coupling among he ehxtronic 
states can be tiportant, however. Renncr 84 fias considered vibronic coupling in linear 

molecuIes in detail, and has shown that a linear molecule with a degenerate ground state 
spontaneously distorts to n -Iinear geometry if the degeneracy of the ground state is 
~~f~~~e~~~y split by me of 
the R~~~er-T~~er effect er to ~vest~gate the a~~l~ea~~ity of the 



er effect to the MN0 group of mononitrosyi complexes it is necessary to: 
rmal modes of vibration for aur example, an, M(NO)L4 species with Cd” 

symmetry; tabulate the coupling of the electronic states by the vibrational modes; ascer- 
tain whether the a~prop~~~te modes are of sufficiently low energy to be effective in 
~~f~~ng the degeneracy of the boded ~~ectr~~~~ states. 

The seven atom5 of a Eve-coordinate ~(~~)L~ ~orn~~~x possessing CdU symmet~ give 
rise to I5 rmmaI modes of vibration, namely 4A 1, Zf?, , lB,, and 4E modes (Fig. A.1 of 
the Appendix). Focusing our attention on the applicability &f the Renner-Teller effect 
to the MN0 group, however, eliminates the A I, B, , and B, vibrations from consideratian 
b~~~~~~ the ains linear during these v~brat~ns. The most ~~ortan~ of 
the four E modes is the ~(~~N-0) mode, which is priorly tile degenerate bending 
motion G(M-N-O). The effects of this vibration upon the singlet states sf the M(NO)L4 
complex in C4” symmetry (Fig. IS) will now be considered. 

We will first re-examine the case in which the 4a, orbital is much lower in energy than 
the 3e orbital, and the ground electronic state is “A 1(&,)‘_ The ~(M-~-~) mode can 
couple s awn-degenerate state to the ~~~~~~~~~~~~ state, but the couplin 

effective unkss the separation between these states is small. (- kT). Therefur 
concluded that the MN0 group will remain linear whenever the 4al orbi:al is much lower 
in energy than the 3e orbital and that the *A 1c4al)’ ground electronic state is described 

ntiai surface shown in Fig. It;(a), 
Next we consider the G se where the 3e orbital is muc 

re 15 shows that in this situati t states which need 
J~2~(3e)~ and *B,(3e)2. These two states are accidentally degenerate in Cdu 

symmetry and are interconverted by the I’i2 rotation of the molecule about its four-fold 

axis. Since e molecule retains full CdV symmetry during such a rotation the two states 

(al It.31 tct 
Fig. 16. Potential functions for the vibronic interaction of the ~~d~~ vibration of a triatomic mole- 
cule with the electronic states, 3he abscissa is the bending coordinate. (a) non-degenerate state; (b) 
degenerate state with intermediate vibronic interaction; (c) degenerate state with large vibronic inter- 
action. From G, Herzberg, Molecular Spectra undMoiec&r Stmcture, Vol. III: Eitximnic Spectra 
and Electronic Stmctwe ~~~~~~~~~~~c ~oZ~~Ze~ 0 1966, reprinted by per~~i~~ of Van Nostrand 
demoed ~~~~~~y- 



must remain degenerate at times. Therefore, it is convenient to refer the ‘B,(3e)” and 

1B2(3e)2 states back to th A state in C,symmetry from which they arise. It has already 
been demonstrated that a IA state can be st~on~y split by rge vibronic interaction wi 

the degenerate bending mode uf a tr~atorn~~ specie~~~-~~. us, for an ~~~~~L~ camp 

the degeneracy of tb.e ~~~~3~)2 and ~~~~3~)~ electronic st can be lifted by bending 

MN0 group to give a potential surface sirnil~ to that showrt in Fig. 16(c). 

Finally, we examine the case where the 40~ and 3e orbitals are accidentally degenerate. 

Figure 15 shows that near the crossing point of the 4u, a 3e orbitals four singlet elec- 

tronic states, ‘A lf4izl) ‘~~~~~~~3e~~, ‘B1(3e)‘, and $3e)* become degenerate, 

The effect of the EfM- -0) vibration ~~~ three of th states has already been e~~~~red. 
Only iE(4a1)1(3e]1 remains to be examined, but it has already been shown 84 -” that 

the degeneracy of such a state can be Iifted by vibronic coupling with the degenerate 

bending vibration of the triatomic species. Since the IE(~Q~)~ f3e)l state arises from an 

electron ~o~~~ratio~ ~nte~ed~at~ between (Sa,)’ and (I&z)* it is not unreasonable to XS- 

e bending of the k.WO group ~tr~du~ed by vibronic ~o~F~i~~ of this state 

with the E(M-N-O) vibration will be less than that for the ‘B, (3e)2 and i 342 

degenerate pair. The appropriate potential surface for the ‘E(kl)’ (3e)’ st is shown 

in Fig. 16(b). 
To complete this discussion of the E(M--N-O) vibrational mode it is important to 

XI effect acne the degenera 

states. We have dteady pointed out that N-O) ~~up~e~ “A 1(4fz )” wi 
(3e)l. This mode also couples 1E(4u,)’ ith ‘S(3e)’ and with ‘B2(3e 
tion does not, however, couple the two B states with one another or with the ‘A $4Q2 
state. 

We have ~uw~ that the ~~ornet~ of e MN0 group of eve-coordinate ~~N~}8 com- 

plexes is adequately explained by s~~~~t~ng of the d~ge~era~~ of the singlet ~~e~troni~ states 
of the linear {MN0j8 moiety by the E(M-N-O) vibration (Renner-Teller effect)- Now 
we can proceed to examine any additional effects which can arise from the coupling of 
other vibrational modes of ?&e M(NO)L4 complex with the degenerate singlet states of 
the complex ~~~n*Teller effect). Only the feminine B and E modes (Fig. A. 1) need be 

~~~s~dered because the A 1 modes preserve Chv ~mmetry and can couple only A 1 elec- 
tronic states. 

The BI(r2J mode (Fig. A. 1) is particularly attractive for vibronic coupling because 

during this mode the L - - - L distances are afways greater than or equal to the equilibrium 

L - - - L distastes in CdU symmetry whereas the other B and E modes involve either 
s~~t~~~~~ of the N-L bonds or involve L - - _ L ~ista~~~s wtich are less than the equi- 

tibrium distances in CdU symmetry. Moreover, the normal comdinates of the 
mode xe those which take a TP complex with CdU symmetry into a TBP complex with 
Czo symmetry and a linearly coordinated nitrasyl group in the equatorial pasition. The 
mode also lifts the degeneracy of the ‘&(&,)‘(3p)1 state and of the ‘Bl~3~)’ and 
~~~~3~)* states, and can couple the ‘A l(&l I2 and L~~(~~~2 states- 



We have now demonstrated two low-ener bending vibrations for our present model, 
five-coordinate M(NO)L, complexes of Cd,, metry containing the (MNO} a group, 
which can lift the degeneracy of the singlet electronic state arise fro (krl W2 

ion with ~~~-~-~~ 

mode is a TP csmpfex with a strongly bent nitrosyl group and C’ symmetry, whereas 
the limiting geometry for vibronic interaction with the BI(Tti) mode is a TBP complex with 
8 linear nitrosy group ad Czo symmetry. Figure 17 shows the correlation diagram relating 
the singlet states for the two limiting geometries, On the left-hand side are the states for 
the Czu moIe~u1~ and on the ri bt-b~~d side are the states for the C’S molecul 
linear MN0 group. The center of the lows the ordering of the singlet states in true 
C4” symmetry near the crossing poin I and 3e orbitals where there can be as much 

acy of the singlet states. 
ram (Fig. 15) supports our previous analysis of the structures of five-coor- 

Iexes, which was based solely on the relative energies of the k1 and 
(Sectors ILC, 1). The far Lhs, of Fig. 15 gives the relative energies of 

m (4~~~ 3~)~ when the energy of &, 4 Se, and corresponds to the 
molecular orbital diagram in Fig. $(a). The far r.h.s. has the energy of 3e < 4al corresponds 
to the molecular orbital diagram in Fig. 8(d). The center of Fig. 15 represents the point at 

which the &, luld 3e or~~t~s be te- The fact that four singlet states become 
regenerate when &.zI and 3~3 are c~c~mstances in 

which five-coordinate (MNU) * complexes may have intermediate coordinati 
and/or intermediate M-N-O bond angles. The properties of the other Iigands and of the 
metal atom will determine which of these states of the singlet manifold is actually the ground 
state, and will also de~e~~ne ~vhe~her any of irrglet states are degenerate in 
Cd, symmet~_ ~on~eq~entl~, the choice amo ion geome~~ with a linear 

geometry with 3. strongly bent MN0 group, or intermediate 

coordination geometry \\ith an intermediate M-N-O angle can be controlled by the sym- 
of specific nds and by the particular metal atom bound to the NO group, 
n between ecular and electronic structure of mononitr~ 
pursued in siderable detail, We will now explme time ( 

plexes which may have 4zl an8 3e nearfy de roerate with respect to the sta 
diagram of Fig. 17. When four identical Iigands are attached to a bent (MNO]’ group, the 
overall symmetry of the complex is CS_ If the symmetry of the ML4 group is CdU, then all 
four orientations of the bent MN0 group will be of equal energy and have identical 
&f--N-O angles. The energy barrier for the ~~t~rc~~vers~o~ from one of these four rotamerk 

forms to the other is the energy ~p~atjo~ befiveen the ‘A ‘@‘j2 and fk”(n”)’ (0”)’ states 

on the r.h.s. of Fig. 17. For ML4 moieties of symmetry lower than Cd”, the energies of the 
four orientations of the bent nitrssyl group may differ, and the M-N-O angles in the four 
srientations need not be identical. 

The maximum symmetry for the substituted complexes ~~~)L*X~ and ~¶~O)~~ 
(where L” is a bid~~t~te ligand) is Czv_ If round sta~e(s~ of these C,, ~orn~I~x~s (wits 
linear ANY groups) is still accidetltaily degenerate, then the molecule wilt distort along 



E14a,-3r) 

another ~br~t~o~~ coordinate and thereby lower the sy etry to c-2 or c+ ~~~~a~l~~ ally 

degeneracy ~~rnai~i~g in C2 or C, symmetry witi snaky moved by ~~~~~~~~~g the 

mofecufe to (7, symmetry. In C, sy~~~~~, df the electronic states and normal modes of 

vibration are of A symmetry and the 
The C~NQ)C12(PR3)2 complexes f 

round state will be non-degenerate* 
*-&’ were discussed in Section U.C. 1, The structur 

of one form of Co~O)Cl~[PfCH3)(C6HS)J 2 is shown in Fig. 9. The hi& 
metry of the c~~~~~at~~~ spkere of this complex is CzV. We ~~~p~s~ thi 
the ground state of this rn~~~cu~e would be accidentify degenerate and 
ha; been lifted by lowering the symmetry- to C”. The observed structure 
a distortion along a composite normal coordinate comprised of the approprhte components 
of theE --Cl) vibrations shown in Fig. A,1, Distortion along the other corn- 
punents rations is also possible, and would resuft in a complex with t!he 

n~~~~~ gsaup bent in the MP2 pkme (FQ, onic st;ates axe of similar 

energy then the existence of two different z(PR$2 complexes can 

rstood. The two vibronic states correspond ts bending the nitrosyl group in 
and in the MP, plane, and would be thermally accessible by rotation of 

side of the c~rr~~at~on 
the rzn& class of five-c 

{Fig, IT), TO OUT ~n~w~~d~e, series of cornp~~xe~ is 
e mono&rosy1 complexes wh properties require recuurse 
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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 ~~~e~~ to invoke vibronic ~~upl~g between singlet sbtes which are accidents 
ally degenerate to ex~~~~ the j~t~~~~~~e ~~~~~e of the four-coordinate ~MN~~ I0 eom- 

plex, Ni(N~~~~) [P(C6HS)3 ] 2. However, the nature and composition of the ele~tro~~~ states 
are very similar to those for five-coordinate {MNO]* complexes (see Appendix). Thus, Figs, 
15 and’ 17 are generally applicable to understanding the structure and bondin 
trosyl complexes. 

In suede, this analysis of the electronic states and the ~i~~u~ic cuu~~i~~~ of the 
signet states of five-~o~rdi~at~ {MN~~* co plexes accounts for the st~~t~~es and 

physical properties of all of the mononitrosyl complexes in this category, including com- 
plexes with intermediate geometry. This analysis provides a more detailed quantum mech- 
anical basis for discussing these complexes thzu=r does the one-electron molecular orbital 
model developed in this revr and s~u~t~~e~us~y d~~~~~t~~t~s the general vafidi ty of 
the ~on~I~si~~s drawn from o~e-eIe~~~~ modeI_ 

The equ~ibrium geometries of metal nitrosyl complexes habit M-N-O angles ran~g 
from I2 Q to 180°, and ~o~seq~e~tI~ the simplest reactive whc 

oup can undergo is the tran limiting ~~~~~e~ to an~~er. It has al- 
ady been shown above that 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 comblex with a linear MN0 group 

and a TP complex with a st~~~~y bent MN~ group. There is no d~~~i~ive e~~~pIe of 
such a reaction occurring, ~1~~~~ it was ori i~aIIy proposed 6t that the ~~Cl,(N~~(~R~ I2 
complexes hrtve two NO stretching frequenci in solution and in the solid stat; because both 
the TBP and TP species are present in dynamic equilibrium. HaweVrer, the structure deter- 
mination for one of the forms of COC~,(NO)[PCH,(C,H,)~] 2 shows a distorted coordina- 
Xion ~eorne~~~~ and we have suggested that the ~ornp~u~d exists as two ~~~fo~~rs dif- 
fering pr~a~iI~ in the r~tati~~aI orientation sf the ~~~-~~~~~~ CoNO group ~~~~t~~~s KC. 1 

and II.G.2). 
To our knowledge there is only one well-documented example of the conversion of a 

coordinated nitrasyl group from one limiting geometry to the other by a simple change in 
stereochemistry, Reaction II occurs readily upon mixing the reagents at roe t~rn~era~r~ 

(ref, 32). 

[Co(NO) (das)-.J 2+ + x-- -+ [Co(NO)X(das), ] + 

Table 6 summaries the marked differences in the physical 
and Fig. 18 ~QWS the ~oordi~~tio~ env~~~e~t of each, f 

properties of 
t is cleat that 

the 
the 

two complexes, 
c~~~g~ in stereo- 
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represented by orbital sc@eme 8(d)_ The crossing of the 3e d 4a, levels in Fig. 8 upon 
going from five-coordinate T B geometry to six-coordination results in th 
pair of electrons from a predominantly metal orbital @&i to an orbital with a large amount 
of NO character (3~7). Therefore, the overall reaction which is initiated by an increase in 

c~ord~at~o~ ~~rnb~r from five to six can be form~y de~~bed as a t ctr~n red~ct~~~ 

of the coordinated NO+ group with the concomitant ox~d~t~~n of the from Co(I) to 

Co(III) (ref. 3 1). 
Reaction III (ref. 87) represents another probable example of the conversion of a COCW- 

dinaied nitrosyl group from ORE valence form to another 

This reaction involves oxidation of the ( FeNQ) 7 triatomic to the (FeNO 1’ tria tomic 
but no change in coordinative ometry or c~~rd~~at~on nu er. Table 7 summ~~es 

e ~ert~~~~t physical data for the two complexes. It is ~~~rt~nt to note that is oxida- 

tion reaction results in an ilrcrease in the fo positive charge on the nitrosyl group and 

a decrease in the formal positive charge on e atom. Figure 4 presents the correlation 

diagram for this reaction which can be described as a two-electron uxidariart of a coordinated 
r&n&d NO* group with ncomitant nx.bcti~n of the metal from 

e tra~sf~~atIo~ is initiat by an overdf. ~n~-e~e~t~u~ ~~~dat~o~ of 

the complex. Unfortunately, definitive structure determinations are not available for these 

two compounds. However, a preJiminary report ” of the structure of the reduced complex 

e-N-0 angle of 148”, an I& oxidized form of the complex almost cer- 
ar F&JO array (Section I 

t has not yet been possi reverse of reaction 11 3 the ~~~-~~~~t~~~ 
reduction of the ~Fe~~~6 species to the (FeNQj7 cornp~~~* owever, th.is reduction is 
well-knowP-24 for the fornnalfy isoelectronic nitroprusside anion (reaction IV). 



In addition ta the transformations of coordinated nitrosyl groups from am valence 

form to another there are severs other ch~rn~~~ reactions of the ~~~rd~n~t~d n~tr~sy~ 
group, For exampfe, the nitroprusside ion reacts with hydroxide ion to form the penra- 
~y~~~~r~ ~~rn~~~x via reactian V (ref, 2f) 

H,O+ + Cr(CN),(NO)3- -+ r(CN),(H,0)(NCQ2- + CN- (V111) 



The black complex C~NH3),(&JO)“* (ref. 29) d imerizes upon standing to @ve a red com- 

plex containing a bridging hyponitrite anion (NzO$-) (ref. 95). 

The excha reactions of the nitrosyi group of mononitrqsyi complexes have been 

little studied. e 15N0 exchange of ~~N~)(~~)3 in the e;as ~hastl wcurs by an associa- 

tive process and is much slower than CO exchange in the same compound_ Nitrasyl ex- 

change does not occur for (C NiNO after 30 days at 45” (ref_ 96)- 
Scission of an M-N bond occur in the reactions of Ru(bipy),(NO)el’+ (ref. 97) 

d RuCI(NO)(das)F(ref. 98) with azide ion, Isotopic labelingg8 with 15NQ suggests 

that these reactions proceed by mechanism XI and involve the unstable cyclic N,O inter- 

mediate which readily d~corn~~s~s to give N, and N,O 

Irradiation of (Its-C, H5)Mo(G0)2(NO) with ultraviolet light in the presence of 

(C6H5)3P results in the formation of (II~-CSH,)MO~CO)(C~)~ [P(CeH&] and 

(C,H,),PO. It has been proposed ” that this reaction involves abstraction of an 0 atom 

from the coor~~ated NO group by ~C~H~)~P ta venerate an ~r~a~ornet~i~ ~itre~e which 

then captures carbon monoxide to give the coordinated NCO l&and. 

The chemical behavior of mononitrosyl complexes outlined above shows 

bond is very robust for both linear and non-linear .MNO groups, Indeed, a re 

reviewzk shows that substitution reactions of the other ligands attached to the metal 

are *fie most ~~mrnon reactions fur metal ~t~~sy~ compIexes* The pertness of the MN8 

oup to cleavage of the M-N or -0 bonds provides addition ~hemic~ j~~~~~at~on 
for our treatment of mononitrosyl complexes as (MNO)n species perturbed by the coor- 

dination of other Iigands to the metal. 

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 MN0 triatomic ecies perturbed by the 
~~rdin~tion gands to the me&I, It would be logical to extend f to 

~o~yni~o~~ by co~~~der~n~ them as ~~~t~~b~d ~~N~)~ specie fat tars, 

however, complicate such arr. analysis of polynitrosy1 complexes. Consider for example, 
the penta-atomic species M(NO), : (1) there are many ways of making the O-N-M-N-U 

oup non-linear, whereas M-N-O has only one variable bond angle; (2) there are no 

r~di&t~~ the ~~orn~tr~~s of ~~ta-at~rn~c rn~~~~~~e~ of the Ron- tr~siti~~ 
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from hnearity can be understood BS perturbations of an M(NQ), species with equilibrium 
N-M-N andes, 

The simplest poiynitrosyl is the hypothetical penta-atomic species M(NO),. The highest 
symmetry possible for this species is DbJh ) d the one-ejectron molecular orbital Gag-ram 
for the hnear O-N-M-N-U penia-atomic is shown in Fig. 19, which considers the inter- 

the metal d orbit&s and the ~(~~) and 2r*(NO) orbit& of the nitrosyl 
Iigands, The bisector of the -N angle has been deemed as z in order to s~p~ify sub- 

sequent discussions. Upon comparison with Fig. 2 it can be seen that the presence of two 
nitrosyl Zigands results in a ligand localized molecular orbital, 27~~~(7r~(NO)), which has a 
node at the metal atom. In this approximation the energy of the 2rrU orbital would be 
similar to that of the free nitrosyl figands, and hence similar to the energy of the metal ol 
urbitak as weEf. 

The simple yenta-aturn~~, ~~~~~, has no other gands whmz effects n 

sidered, and thus possible changes in the N-M-N a le and M-N-O angl 
vestigated for various electron configurations, Any change in the N-M-N angle leads to 
a molecule of Czo symmetry and the correhtion diagram relating D, and Czu is shown in 

Figure 2 1 shows di e f~gand orb~~a~s referred to in 

portent difference b and in Czu symmetry ( 

is that there e three molecular orbitafs which are bonding with respect to M and N in 

z 

X rt 
Y 



Czv, whereas only two bon 
out loo that in Czv there is 

interactions ax possible in D=,. It has also been pointed 
tational symmetry along the M-N bonds, and that there- 

fore the MN0 angles may somewhat from linearity in this symmetry. Inspec- 
tion of the d ktcafized orbitaIs (Fig. 2 1) which are inv d in the three bundle 

~tera~~~o~ ohs that the ~~~~~~~ and th are bonding with respect 

to the two N atoms and with respect to the two 0 atoms. Thus, the In, and the Ib2 
can be 5.trther stabilized in Cz, symmetry by small changes in the 

M-N-O angles (in the xz plane) so as to move the 0 atoms closer together. Such 
changes will destatbifize the $012 and 16, ur~~~~~s_ 

he ~~~cat~o~s of the ~R~~e~~c~o~ mu~ecu~~ orbital scheme af Fig. 20 can non be 
examined. Clearly an ~M(~~)~ I4 species would have two bonding interactions between 
the M and N atoms in either li;ear (D,& or bent (Cz,) geometry, but linear geometry 
(Dmh) minimizes repulsions between the two NO groups. Additional electrons will 

orbital in D+ symmetry_ The $ orbital is non-bonding with respect to 

~er~f~re~ the ad~t~o~~ ekctrons lead to no new onding ~~~e~~c~~~s in 
this geared. fn a bent species with GzU sy~~t~, howew~r, there are three orbit& 
which are bonding with respect to M and N : la1 , la?, an 2. Thus, an {M(NO),)6 
species shou opt a bent structure with CzU symmetry ere may also be slight 
deviations o MN0 groups from linearity because of ature of the llpl and ib2 
arbutus_ 

The ~~le~ul~ orbital sc~~rne of Fig. 20 also predicts CzV symmetry for an ~~~N~~~}’ 

species. However, an {M(NO),)” entity could exhibit DWh symmetry if tie 2nU orbital 
were much higher in energy than ag. In the latter case decreasing the N-M-N angle from 

180° would not result in sufficient interaction between the 2rrU and SE orbitaIs to corn- * 

r the eon-bonded lsions of the two titrosyl soups. 
we consider the ( O& ) I0 ~e~ta-atom~c species. In C& Sydney 



species will have the electron canfiguration ( la2)2 (la,)” ( Ib2)’ (2~,)~( lb, )2- At an 

r\l-M-N angle of 90” the lb1 orbital is entirely localized on the NO groups and is non- 

b~~d~~~ with respect to M and N. It is a~t~-bo~d~~~ wi respect to the two N atoms ad 
a~~~-~~~~~~~ Wit11 respect to ihe two 0 atoms (Fig I 2 I)* Thus, ~op~l~t~~n of thss orbitaf 

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 0 atoms farther apart. 

bjr coordination number as was done for monanitrosyl compiexes. 
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Although no structures of four-coordinate (M(N0)2) a complexes have been reported, 
Fig. 22 as well as the preceding discussion of the M(N0)2 enta-atomic species predict 
that c~~-~~~~~ pfa~~ ~~~~~~ (C& with nearly heax MN0 groups will be more stable. 

There may be some b~~d~~~ of the MN0 ~~~~~ in the plane of the complex so as to move 
the two 0 atoms closer to mofier. It is also interesting to note that Fi 
demonstrate the inherent tronic barrier to unirnoIecular cis-nuns isom 

diamagnetic square pIanar 
Figure 22 can also be used to analyze ~uctur~ and bo~~~~ of {~(~~~* j I0 com- 

plexes, ft is clear that the stab~~ty of the est fifled m~~ecu~~ orbital is 

geometries intermediate from the three limiting diagrams shown. Moreover, by examining 
the nature of the rri, (NO) l&and orbital (Fig. 2 1) and the blu orbital (nz in D_, , Fig. 1 $I), 

the changes in the N-M-N angle and in the M-N-O angles which would stabilize the 

in each syrnme~~ can be predicted, In c&-square planar geomet~ 
est ~~~e~ orbital is the expand orbital g& (NO), chock is a 

with respect to the two N atoms and anti-folding with respect to the two 0 atoms. Thus, 
population of this orbital should increase the N-M-N angle and change the M-N-O 
angles so as to move the 0 atoms farther from one another, Expansion of the N-M-N 

angle is difficult in c&square planar geometry because of the proximity of the other two 
figands in the plane. 

In Dah symmetry (Fig. Z(b)) the b ~~(~~~~)) orbiter ttill be the highest occupied 

molecular orbital. This orbital has no metal d character and is bonding with respect to 
the two N atoms and bonding with respect to the two 0 atoms. This orbital will be stab& 

ized by decreasing the N-M-N angle and by changing the M--N-O angles so as to move 
tile 0 atoms cfoser to one another, Any changes in the N-M-N angle lowers the s~mmet~ 

to Czo and results in blu-%zl + 

Decreasing the N-M-N angle to 90” alsng with a concomitant decrease of the 
L-M-L leads to the tirniting pseudo-tetrahedral.geometry of Fig.. 22(c). It is im- 

portant that in pseudo-tetrahedral geometry an M(NO),L, molecule has two 

mofecuiar orbitak retry which can ~utenti~ly be of very similar energy 
(lb, and 3br). Fo -N = 90° these two orb~t~s are ~r~ogo~a~ to one avowers How- 
ever, any cringe in -M-N angle will ix these two levels as is evident from Fig. 22(c). 
In tetrahedral geometry ah five metal d orbitals c’an interact tvith both the o and it orbit& 
of the ligands, Therefore, the composition of the lb, orbital in the ground state geometry 
of the molecule will depend upon the o-donating and g-accepting character of the other 

~~g~ds co~rd~~a~ed to the metal as weti as upon the nature of tt-ie met 
to the possible ground state ~~~rnetr~~s is prQv~ded by Fig. 

siders only the two b, orbit& in question, In Fig. - 33(b), the v* {NO) orbital is consider 
bL* 

to be much lower in enerw than dxz. From the diagram af the rbr (NO) orbital in Fig, I? 1 
it is clear that population of this orbital wilI favor the structure changes shown by Fig. 
23(b) + Z?(a). On the 0 hand, if the metal dxt orbita is much lower in rgy than 

~~~~~~~ thH3 nearly tet dral g~orne~ will be expected with perhaps SO 



bending of tie M-N-O ~uups so as to rlmve the two 0 atoms doses together because af 
the re~~~t~ve ~ontr~b~t~~~~ of ~~~(~~~ and 7r~$W) to the la, anb lb, molecule 

orbitah Structure 23(a) will be favored by metals of the third transition series (54 and 
figands which are poor x-acceptars; structure 23(d) will be favored by metals of the first 
~~a~s~~u~ seties (Wj and li pod ~-~c~~~tor~_ 

Tabfe 8 s~~ar~~s the 
whose structures have been determined. ltncluded in Ws table are two iron complexes 
containing metal-metal bonds, but for which at least one (M(NO)Z}‘* valence structure 

CBR be written. All the ~~rn~o~~ds in Table 8 can be analyzed by uttiing Figs, 22(c) and 
23, Clf particular interest are the three complexes: 

~~2~~~~~~~3~ 3 (ref. 1023 and ~r~~~2~~~6 
44-N angle fr&~ 124’ to 154’ a_nd the increase 

in going from the to the Ir campound am consistent with a gradual in- 

crease in the cant (NO) (Fig. 21) to the lb, mufeeuiar orbital. The 
N-M-N and O- o indicate that the Ru (ref. 102) 

plexes are best d g scheme in Fig, 23a, AJ1 
of Takh 8 for which stzfficient ~f~rrnat~~~ is available are best described by the bendin 

scheme of Fig_ 23d, in w~ch the f b, rn~~~~u~~ orbital is primarily compsed of d,, of 
_the metA 
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TABLE 8 
Four-coordinate dinitmsyl complexes 

Complex PvpJQ (cm 
-1 

) M--N (A) N-M-N U-M-0 M-N-O L-M-I.“, 

I@.) (dq) (de (de?) 

~Fe(~~)~I~ 2 I838, 1771= l&7(4) =, b 116(2) 9zq3) 161(3) 6 f ~7.~(6~ 

[WN0)2SGA12 1?73,1748 ’ 1.6711) ” d 117.4(Z) 106.6(Z) 16X4) b 106.0(I) 

l+(NO)2(f&B) 1746, 1702 e I&j(l) b*f 125.4(4) 123 177( 1) b 86.8(l) 

I=e(N0)&0)2 1810,1766 g 1.77(2)h - - 180i - 

F&N% [I’(C~H& 12 1714,1674j 1*6~~(7) k 123.8(4) - 178.2(7) if X.9(I) 

~~~N~92 (RC5W3 I z 1655, 1605 ’ I*762(6)~ 139.2(3> t42.7(2) 177.7(6) 103~85(6) 
170*6(5) 

[Co(NO)#] 2 1859,179O m 1*73(3) R 110(Z) 99 166(S) 88(l) 

[Co(~O),lJ, 1846, 1792 = 1.6 l(4) = 118(2) 110(l) 171(4) 96.2(l) 

fW~WzlN~2~1, 1878,1783 0 1.67 0 112 102 I66 - 

C~~~~~~~(~~2~~~2~2 1850, 1796 p ~*~~~~~ p 11311) - 164(l) 45 86-7 

~1~~~~9~ [PfC~Ei,)3] 2)+ 1760, 1715 4 1.77(l) q 154(l) 167.5165) 164(I) 116.3(Z) 

L.F, Dali, E.R. deGiland R,D Feltham,J. Amlslr. Chem Sm., 91 (1969) 1653. 
Average of chemically equivalent groups. 
A. JaIm,Z* Anotg, AI@%& ~~~e~., 301 (1959) 301. 

J.T, s, 3.H. R~~~r~~~~ and E.G. Cox, Ac& C~~~~*~ 11 (1958) 599. 
J-P_ Crow, W-R_ Cullen. F.G. Herring, J-R. Sarrts and R-L_ Tapping, fi~cre_ C%em. IO (1971) 1616. 
W. Harrison and J. Trotter, J, Chem Sue. A., ( 1971) 1542. 
See Table 3 of ref. 2e. 
Electron diffraction study, LO. Brockway and J,S. Anderson, Tkzns Faraday Sm., 33 (1937) 1233, 
Axsumed, 
D-E. MorriZ and F. BasoIo, J, Amer. C%em Sm., 90 (1968) 2531, 

See ref. 101. 
See ref, 102. 
See Table 6 af ref. 2e. 
S. Jagger am3 N.G. Vannerberg,Ac~a C7w.m Smnd., 21 (1967) 1183. 
C.E. Stmuss and B.I. Swanson, Chenz Comm.m., (1971) 55. 

R Bau, I.H. Saberwhal and A.B. Burg,J. Amer: CRem Sot, 93 (1971) 4926. 
See ref. 103. 

The properties of the two five-coordinate dinitrosyl cornpfexes that have been strut- 

turd.& characterized are summarized in TabIe 9_ 3~1th are ( ~~~)~ I8 ~~~~~~x~s of ek- 
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TABLE 9 
Five-coordhatt dinitrosyl complexes 

“NO (cm- ’ ) N-1s (ev) M-N (A) (hi -N--O) 

eb.l 

RuCiCNOl2 [Wk~s~3 1; 1845, 1687 a 402.6,400.2 ’ 1.74(2) Q 178(2) 
1.85(2) 13812) 

OsKWW0)~ IP(CtjHs 13 12 1860 = 1.71(4) d - 180 
1.98(S) 128(Z) 

a 
b 

c 
d 

See ref. 104. 
See ref. 21, 
M. Angaletta and G. Caglio, Razz. Chk. Irul., 93 (1963) 188. 
K.R. Grundy, CA. Reed and W.R. Roper, Chem Cbmmun, (1970) 1501. 

ments of the ird tran~jtj~~ series (Sd-j, a d in both the two ~j~osy~ groups are dr~a~c- 

ally inequivalent as evidenced by the data in Table 9 and Fig. 24, a perspective view of 

{ fWNO),Cl [a(C, H&] $ (ref. 104). 
The highest symmetry possible for an M(NO),L,X complex is CzVl thus it should be 

possible to adapt the bondin s in Fig. 22 to these Eve-coordinate complexes. 
F~~~~~ 25 shows the 2L2X strut tures b~v~~~ C5 symm~~~. It has already 

been pointed aut (Section IILA) that zn Gus I8 complex favors cis etry for 
the two nitrasyl groups. Tihis requirement is satisfied by a TBP molecule the two 

the equatorial plane (Fig. X(b)), a coordination geometry which places the 

bulky ph~s~~ne figands the max~um distance apart. K the z axis of the molecule is again 



ib3 

Fig. 25, The possible structures for an ~l~O)~LzX complex posses 

defied as the! bisector of the N-M-N a en the bondi complex can be 
a~~yz~d by us~g Fig, 22(c) with only sfi 
fines the xz plane and they axis is the pseudo-three-fold axis of the TB- 

that the 2a, arbital will be strongly sigma anti-bonding, and therefore only the molecular 
orbitals la,, lay, lb,, 16 f, and 2b, need be considered. There are only eight electrons 
to be placed in these five orbits, and the nature and ~teract~on of the two 
orbiter are af array ~p~rt~c~ for u~d~rst~d~g the ~ve-~oQ~d~~ate (M 
plexes, as was e case for the four~coord~~t~ ~MtNO)~~ ‘* complexes. 

Figure 26 considers the two b 1 molecular orbit& in more detail and examines the con- 
sequences of the two limiting descriptions of the lb1 molecular orbital. When the 
N-M-N an&e is 90” the dXz and IT& (NO) orbitals will be orthogonal to one another. 
Figure 2~b~ considers the case where the zl, (NO) is of lower ener~ than dxr_ In this 

(b) (e3 Cd3 

Fig- 26- Correlation diagram shawbg the proposed behavior of the lb 1 and 2b 1 molecular orb$tds in 
fWe-coordiiitt: {M(N0)2) 8 complexes with a (1b1j2 eIectron confi ation. 
lower in energy than c& and lea& to structure (a). Scheme i(c) has dxz 

Scheme II%) has n&I (NO) 
lower in energy than ZQ 1 040) 



situatkm the la2, la, and lb, arbitals are also filled and consequently in czU symmetry 
the X- Iigand points directly at one of the lobes of the filled la, (~‘,?r,lI, (NO), z’-y2) 
orbital. However, the b, (xz) orbital is empty and a m&ion of the X- l&and in the xz 

plane to form a TP complex wifl direct X-‘ at the empty d_*= orbital and stattilize the corn- 

ptex (Fig. 36(b) -+ 26(a))_ Such a motion of the X- figand lowers the symm~t~ of the 

complex to CS and therby removes the equivalence of the two nitrosyi groups, As a con- 

sequence the a’(n*(NO)) orbjtal is primarily localized on one of the two nitrolsyl groups 
to give one st~~~~y bent and one nearly linear nitrosyl group_ 

Figure 26(c) consider e case where b;c_ is much lczwer energy than th 

Here there se tzo vacant tal d orbit& in;he .xz plane- Ex~~~~~o~ of N 

1 XI” (Fig. 26(c) - 36(d)) gives a TBP molecule of CzU symmetry and all 

dxz and IT; (NO) orbitals. In structure 26(d) there can be sli 

angles so a: to move the 0 atoms closer to one another beta 

t changes in the M-N-O 

of the contribution of 

XI (NO) and g& (NO) &and orb~~a~s (Fig. 2X) to the la1 and Ib2 mofecufar orbit& 
ig. 22(c)). Presently there are no wel~-c~l2~~~t~r~~~d ~~~~~e~ of eve-coordinate ~M(N~~~~g 

complexes having structure 26(d)_ This structure would be favored by the presence of 
good x-accepting Iigands and by first-row (3d) transition metals. 

~e~at~ve~y few s~x-~oord~nat~ (~~~~ co~~~~xes are ~~~wn~ and all are (MC 

species. Table 10 presents the data for the three complexes that have been structurally 

characterized. For the purposes sf this discussion the pentakz~tu cyclopentadiene ring 

is considered to occupy three coordination sites of the metal. he CyciopentadienyI 
rings impose ck geometry upan the two nitrosy] ligands in the two Cr compou 

(refs. 105, KS), 6rS n~trosy~ oups are also ~bse~ed~~7 in ~~N~~~~l~ [pCC 

TABLE 10 
Six-coordinate dinitiosyl complexes 

@NO (cm-l 1 M-N (A) M-N-O fdeg) 

C/r5 -Cs H~)CrlN0)2Cl 1818,1711= 1,72(t) b 17 rlr) 
1.70(l) 166(l) 

(h5 -C, H5)CrWCV2 (NCO) 1824, 172Z4 1.7 16W ” ’ 171.0(2) 

a T.S. Piper and G. Wilkinson, .I. Illorg. NucZ. Chttt, 2 (1956) 38. 
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Fig. 27. The inner coordinstian sphere of MoCl~@JO)~ [P(C6H5)3 ] 2, showing the 621 symmetry of tke 
molecule; Mo-N 1 = 1.826(7) A, MO-N2 = 1.98(l) A, MO-N, -01 = 18C1(0)~, MO-N2-C12 = 167(l)? 
The moiccule is d&ordered in tfne solid with a ~~y~t~u~3p~ca~~y imposed two-fold axis passing through 
431, Mo, 342, and 01 a ~R~p~~~~c~d from rcf- lU7b.I 

The bonding in these compounds can be investigated by reference to Fig. 22(a). However, 
because a six-coordinate complex has two ligands along the y-axis, the aI1 orbital will be 
strongly ~t~~bun~ng. Thus, in Cn symm~~~ s~~oor~~~t~ EMU j6 should have 

cr”s geometry of the ~~tro~y~ ~~~~~ and the efectron eonfi 
The n~tr~sy~ groups should be nearly linear with perhaps e bendirig in the x2 plane so as 
to decrease the distance between the two S atoms. In CS symmetry ff2 -+ Q”, al + Q’, and 

b2 + Q’, but the discussion is unchanged. e two Cr complexes105*106 h Table 10 have 

effective CS symmetry, and the geometry iety is consistent with the 
~e~&ri~~Q~. The ~~~~t~~e G.&Xl 

tically ~~~s~d-disorder one of 

ands. Even so it is apparen oint group of the Mo(NO), 

moiety is only C, (Fig. 27). The earlier refinement of this molecule in an acentric space 
group also led to an Mo(NO), moiety of C, symmetry lo? One possible rlttionalization 

for the Iow beets of MO complex is that the u~~~~d l~~(~~~(N~)) orbital is suf- 

ficiently close in energy to the fried lb,, lal, and In, m~~e~~~a~ o~b~t~s SO that one 01 

one or mc~e of the excited singIet states ’ 
li to the ‘A 1 state expected for a ( la2j2 (la,) 

‘B,, and IA, are relativelly clsse in energy 
(ib,)’ electron configuration. This could 

lead to a vibronically distorted moIecuIe af C, symmetry, We have already discussed vibronic 
~st~r~on to C, elegy in section 11.6.2. 
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D 
3h 

Fig.. 28. Proposed alecuIar orbitaf ~c~erne~ for the hfI 013 gmup in D* Cb) and c&j <a, 6) S~~~~* 
A four-coordinate ( ~~~~~~~ ** campkx with tie: l~tl orbita! comprked primarily of rr*CNCll is pre- 
dieted to have structure (c). A four-coordinate {M@h3~) lo complex with the la 1 orbital comprised 
primarily of dz2 is predicted to have structure (a). 

for the entire series with the ~c~~~u~ of Mi? 
is something unusual about Mn(N0)3C0, bu 

might be. 

/.&‘U. Fenske m9 has predicted that there 
not suggested m&at the unusual feature 

The highest possible symmetry fur an M(N0)3 moiety is d the one-electron 

mo~ec~~~ orbital scheme fur such a modes is shown in Fig. nterest 
are the molecuhr orbitais a;(z’), =~(~*(~~~), and ~~(~*(~ a;(z2) 
is non-bonding or weakly anti-banding, and ai and 0; are orbit& which are localized 

entirely on the nitrosyl ligands because there are no d orbitals of a; or a; symmetry. These 
three orbit& would be of similar energy and are shown as essentially degenerate in Fig. 

28(b)_ ~o~~d~at~~~ of a fourth tigand along the z atis of the ~~~ec~~e leads to zs com- 
etry and results ina: *aIS al *ai, anda; -+a2_ The twony orbit&z 
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XerrZd =*mo> 

Fig. 29. Proposed molecular orbital scheme for Cr(N014. 

can stron~y mix as shown in Fig, 28(b) -+ 28(c d in Fig. 28(b) + ~~(a~. 

depicts t.b situation when the Ia1 molecular o 1 is primarily 7riI {N 
bonding with respect to the three N atoms and bonding with respect to three 0 atoms 

and can be stabilized by structure 28(c), However, if the la, orbital is p 
(Fig. 28(a)) then a pseudutetr~~dr~ molecule with essentially finear MN0 
otrld result, We product &at the unusual ~~~t~r~ of ~~~~0~~~~ is a ~r~~~d 

structure with distinctly non-linear MNO oups as shown in Fig. 28(c). 

The only known complex In this category is the ~M(N~)~ )I’ species ~~N~)~= W~~~~ 

has only r~c~~t~~ been ~~e~ared Ita On the basis of its ~~fr~~~ and R _ 

molecule has been assigned Ed symmet.ry. Figure 29 sfiows the one-electron molecular 
am for the Cr(NO), molecule. In Td symmetry the metal d srbitals trans- 

d t2% and the n*(NO) orbit& the four nitrosyl groups transform as e, tl 

and t2. Ten electrons wifi fil the orbitals ough It, and no deviations from true Td 

symmetry are ~~pected if the ~~~atio~ between lt; and ri is @eater an the spin 

pairing energy. 
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Ru(NO)~CI [p(C, H&} f (ref. 104) raises the question as to whether the twc groups readily 
interconvert. Collman etaLdi carried out reaction XII and shmved that the product 

+ -+ Ru(“NO)(NO)CI~P(C~H~)~]; (JW 

exhibits four NO stretching frequencies as would be expected if “NO can occur in either 

coordination positicn of the TP species. Mechanism XIII has been proposedlWb ta ex- 

plain these results. 

(XIII) 

1Et has not been federally recognized_ ho~vever~ that the ‘5N0 exper~e~t does root prove 

that rapid inte~~~~v~~sion of axial d equatorial NO groups occurs in the TP compfex. 
The data are equally compatible with XIV, a mechanism involving a symmetric TBP transi- 

tion state that collapses to either of the two TP csmpIexes which themselves have a large 
barrier to interconversion 

Recently it has been shown1211 that for {II+(NQ)~ [P(CsH,),],) * coupling of the two 
NB ligands to give nitrous oxide can be induced by reaction with donor ligands (reaction 

w 
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IV. CONCWSfONS 

A recent m&w of the structural chemistry crf transition metal complexes2j concludes 
that “the existing literature remains a challenge tu the chemist to develop a sound and all- 
encompassing theory of chemical bonding to account for the diverse structural properties 
of Eve-coord~~~e ~~si~iu~ ante complexes and ~rans~~io~ metal nitrosyl cu~~~exes.” 
In this rE;yicw, we have shC?wr8 e str~c~~r~~ boast and r~~ct~vi~ of ~~~oni~ro~~ 

complexes are adequately accounted for by a simpk bonding made1 which treats the 
(NNO}” 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. 5), which accounts for the 
clerical anti ~hys~~~ proper ties of rnono~trQ~~I c~rn~~~x~~. n ~dd~~~n, ~~~~a~jv~ one- 
election molecular orbital diagrams for ~o~yn~~~~syI complexes have shown that the tin- 
usual chemical and physical properties of these complexes are clarified by treating them 

HS derivatives of the appropriate inorganic functional group, i.e. { M(N0)2} ", [M(NO),}R 
or { M(NO),lt “, Thus, we conclude that the functional group approach is a generally valid 
one fur u~d~rst~~di~~ the corn~l~x behavior of me&I nitrosyl c~rnpo~~ds- 

The physical and chemical properties of the ~~(~~)~~ n functions groups are dictated 
by (I) n, the total ~~rn~~r of ~~e~~~~s associated wan the metal d and n*(NO) ~r~~t~~~; 

(2) the coordination number of the metal; (3) e coordination symmetry about the 
metal; (4) the nature of the occupied one-electron molecular orbitals. For a given class of 
complexes additional perturbations can be introduced by changing the metal and/or the 
donor atoms of the Iigands. We hcve chosen to c~~~eGt~ve~y call! these dete~~g factors 

alem&’ 3f because the formal oxid~~~o~ states tams, 
x moiety, and the ~~~rnjc~ reactivity of the M( 

are dictated by the overaH stereochemistry of the complex ion, 
It is important to emphasize that stereochemical control of valence (Xv) determines 

&@ structure and chemical reactivity of the coar&nated NO tigand(s). A graphic example 
ontrol ~~c~~~c~~ ~~~~t~~~y is provided by the complexes ~o(~~)(das~~ and . 

fief, 9 I), The nitrosy group of the ~ix-coord~~~t~ complex does nut 
bases, but is readily protmated to give an HNO complex. On the other 
1 group of the five-coordinate compfex does not react with protons, but 

is readily attacked by good nud ophiles. Thus, 8 mctaI nitrosyl complex can, in effect, 
~~~~~o~ as its own ‘~~rote~ti~g roup” in certain ~h~~~a~ reacti~n~- 



Extensive consideration of the general applicability of the concept of stereochemical 
control of valence to other inor oups is not appropriate to this review 
of structure, b~~d~g~ and react nitrosyl complexes, owever, the procedures 

ed for nnetal nitrous c~~~~~xe5 u3d be capable of e~te~~o~ to a varie 
ands ~~~~d~g~ CO, N,, O,, ol s, acetylenes, nitriles, and ~~ocy~ide 

many of these ligands there is less structural, spectroscopic, and theoretical information 
available &an for metal nitrosyl eamplexes. 

One obvious extension of the concept of ~tereocbem~c~ ~~~~~1 of valence is to the 

reduction of coordinated diqitrogen3’ because the N, molecule is isoelectronic with 
the NO+ ion. A number of transition metal dinitrogen compounds fiave been prepared 
in recent years 1 12,‘but relatively few reactions of coordinated dinitrogen have been de- 

mo~~trated. Of ~~tic~~~ interest is reaction XVI, recently retorted by Chatt et al. 1 r I, 
inated N, group_ is reduced to a imide species with co~c~~it~t oxi- 

dation of the metal to which the Xigand is coordinated. 

W”W2)2 (dw~s3-)~ + I-E + Wrr(N2H2) (dmpcs), X + N L2 2 (XW 

The metal must be the reducer agent in this reaction because no ~ydro~~~ is evoked and 
tal itself is oxidized. Another ~port~~t feature of this tion is that the yields 
reduced products depend upon the nature of X-. Altho no mechanistic 

s have as yet been carried out this dependency upon X- su sts that the anion 
‘pates in the crucial reductive step which transfers a pair of ctrons from the ligand 

eminiscc~t of reaction 11 in which a coordinated NO* grorrp is re- 

ed NO- @oup upon increase in coordin~t~~~ nu ber by attack of 

teresting to note that reaction XVI involves reduction of eoordinated 
n complex. It was pointed out in Section III that in a complex in which 
ntical z-systems are coordinated to the metal there can be Iigand- 

interact with the metal d-orbit&. For bj§-~i~~trog~~ 
orbit& shoufd be lower in energy than the n-type 

orbit& which are totally anti-ban g with respect to all atoms of the M(N2)7 moiety. 

The availability of ligand-Iocalized orbitais in a bis-dinitrogen complex and the acces- 

sibility of coordination number seven for low-valent tungsten mtly both be important 
falters in the facile rcductiun of coordjnated N, according to reacti 

~~rod~o ct al. x t 3 have recen 04” isolated the knit Roger complex, 
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. 

lnerease of coordination number and bjs-d~nitrogen complexes may also be an im- 

~~rta~t feature in the biol~~c~~ reduction of d~~i~o~en by the rn~ta~~oe~yrn~ ~~~o~e~a~~ 



METAL NlTRQSYL COMPLEXES 393 

It has been proposed t14T123that an important step in this reduction is an increase in the 
coordination number af an e~ym~-dinitro~en complex by attack by a second molecule 
of dinitrogen. 

4! General tttiiity ” 
The structural principles set forth for metal nitrosyl complexes ought also to apply to 

tile equilibrium geometries of metal complexes of other ligands with n systems whenever 

the energies (in the complex) of the metal d orbitafs and of the b* orbitah of the @and 
are similar. By the same token, ~~~~e~c~~e~~~ff~ ~~~r~~~ of valftrrce s~~~~~d tre a ~~~e~~~iy 
useful pathway for convert&g the mechnnicul and cfvmhxzl ermgy uf a s~~~~~i am&b 
electronic change of a transitim metal catalyst into a chemical change of a cam-dhated 
~~~e~~~e provided that the metal d orbitais and the appropriate orbitals of the coordinated 
molecules have similar energies in the activated complex. Stereo&en&A control of vdence 
may not fead to a sin&s unique mechanism for a particuhtr ~~et~-ca~~y~ed reaction; how- 
ever, it can eliminate some mechanisms from consideration and does provide a ~srnatf set 
of operating principles which form a unified framework for planning and executing ad- 
ditional synthetic, kinetic, spectroscopic, structural, and theoretical studies. 

Nearly all metal nitrosyl complexes are low-spin and ~o~~que~t~y are exampIes of 

“strong field complexes”. The ~~~e~~~~ structures and electron ~on~~rat~o~s of most 

of the metal nitrosyls discussed in this review are adequately described by one-eIectron 
molecular-orbital schemes in which the energy separation between the orbit&s is greater 
than spin-pairing energies. ltn those few cases in which partially filled degenerate molecular 
orbitals have been encountered, the strong field d wave functions have been used to elicit 
~fo~atio~ re~~d~~~ the energies and nature of the electronic: states arising from ah the 
possible electron conjurations. 

In CnU symmet~ (n 2 3), the dS2 orbital transforms as al and dXz, d 
The presence of a singEe electron in these orbitals gives rise to ‘d 1 and 

2 
2 

tr~sfo~ as e. 
E electronic 

states. When these states become degenerate, they can be analyzed as if they comprised a 
?TI state. if there are two electrons in the al and e orbit&, then the situation is some- 
what more camp&&d and is treated in detail below. cases in which three, four, five, or 
six electrons are present in these orbitah have not been encountered and are not considered. 

Figure 13 shows that in fo~r-~o~~d~~a~e ~o~o~~tr~~~ campiexes with Csu ~~rnrn~~~* 
the 4nI and 4e orbita& of an ~~~~~1~ complex may be nearly degenerate. These one- 
electron molecular orb&& are not pure metal d orbitals, but the d functions can be used 



to calculate the ordering of the electronic states arising from the (kl, 4~)~ electron con- 
figurations, Colvalency decreases the electron-electron repulsion ‘H, and therefore, these 
calcuiations give the maximum separations between the electroRic states of tie (46z1, 4f?)2 

ch arise from e frkrI * 4ep can 

‘A,;@+’ (44 1 : “E, 3E;and(4e)2: IA,, b’, and 3A2. The field wave func- 
tions and electrostatic energies for these states have been obtained by using tie tables 
and methods outlined by Griffith’ 16, and are set out below, Since there are two ‘A, 

states and two “E states, the effects of conjuration interaction (C.I.) have also been 
cukited, There is no 4X_ between the twu f states_ The effect of e-1.. on the two IA l 

Z?), but prevents them from becoming degenerate. 
fictions are listed below. In the ket [ 3E, b, , I), 3E represents the state 

in C& syrnmetrly; b, refers to the orbital component of the 3E state in CzV symmetry; 
and the number refers to the value of MS. In C& symmetry, tlz2 (e0 in Griffith’s1 I6 
nu~tio~~ t~~sf~ s as ef t & ~~~~~ as b t T md $,= ~~~~~ as b,+ 

(e)2 electron configuration 

(a, I2 electron configuration 

llA1, 0) =-L * [nl(I)aJN MWO) -P(~~aa(2H 
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Thus, the only fferences between the efectranic states arising from (a, e)* con~~rati~~s 

in C 
2 

u and CdU symmetry are the singlet sta of the W2 configuration. Xn C symmetry 
(4e) gives rise to ‘A 1 and ‘El states whe 4 

u 

‘B2. However, in this approximation usin 
(3# in Cdu gives rise to “A 1, B, and 
e d wave functions the ‘Bl and ‘B2 states 

are acc~de~~~~y ~eg~~~~at~* ~~n~~uen~y, the have fun~~o~s and state ~~~r~es obliged 

above for a f~~r-~oord~~t~ ~~~~~~ cumplex in CSu symmetry &e identical with those 

obtained for a five-coordinate (MN0)8 complex in C4” symmetry. The results of the CaU 

cakulations are plotted in Fig. 15 and discussed in Section IJ.G.2. 

B. Y~~~~~~~~ ~~~g~ of ~~~~~~~ 

The symmetry and approximate displacement of the atams for the vibratioris of an 

M(NO)L4 complex are shown in Fig. A.l. The fifteen normal modes are identified by 

their kreducible representations in Cdu symmetry and by their origins in Oh symmetry 
(Iisted in the ~~en~eses~ ‘IT. 

A,fM#) 

Fig. A-1. The normal vibrations af five-coordinate TP complexes of linear MN0 groups. The indicated 
displacements are only qualitative, and the E vibratians of the MN0 oup wjJl be mjx~~ wj& the 
other vibra tiuns of E ~yrn~e~y. 
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NOTE ADDED IN PROOF 

Several recent papers have provided additional experimental evidence regarding MN0 
groups. The M-N-O zu~gles~2~ for six-coordinate _tMN0j6 and (MN0)7 corn~~~~s with 

TPP are dcsct-tbed by Figs. 3 and 4. The EPR spectra tZ5 of both tie five- and six-coordinate 
TPP derivatives of {FeN0)7 correspond to the molecular orbital schemes of F 
The M,fiissbauer spectrum of the dtc derivatives of{FeNO)f group, FeNU[S&X?J~C,H,),J 2, 
is consistent with an electron con~guration in which the unpaired spin is located in the 
5a,(z2) orbital (Fig. 12). Finally, further studies of the infrared spectra by Miki et al. 

show that botft iinear and bent MNO groups can be treated as triatomic speciest~~. 

We are indebted to Frofcssar J-A. Ibers and Dr. B.A. Frenz for a preprint of ref. 2j 
prior to publication, and we thank Professors KG. Caulton, R. Eisenberg, and 3.A. lbers 
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