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Abstract

This paper presents a comprehensive survey on structural and spectroscopic properties of mono- and polynuclear rhenium nitrosyl complexes
with the exception of organometallic nitrosyl rhenium species.
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1. Introduction structural and spectroscopic properties of rhenium nitrosyls
is surely useful.

For many years, much attention has been focussed on the
synthesis and study of a variety of nitrosyl transition metal
complexes. These compounds have been the centre of inter2. The bonding of nitric oxide a metal centre
est to those scientists engaged in basic research and to those
trying to employ these complexes in catalysis, production of ~ The NO molecule can bind to a metal centre via the N
organonitrogen compounds and pollutant control (reduction or O atoms to give nitrosyl (M—NO) or isonitrosyl (M—ON)
of NO in exhaust fumes). The recent discovery of the key ligands, respectively. In practice, the bonding of NO in-
role of nitric oxide in human cardiovascular, nervous sys- volves attachment of the N atom to the metal centre, and
tems and in the immune response to pathogen invasion haghe M—N—-O angles may be essentially linear or bent, up to
resulted in further interest in nitrosyl transition metal com- ca.120. Some metastable complexes generated photochemi-
plexes. Therefore, the attention of scientists has focussed orcally in low-temperature solids havg-NO coordinated with
the synthetic aspects, structural and spectroscopic propertieshe N-O bond perpendicular to the metal-ligand axis. It is
of transition metal nitrosyl complexes as well as the reactivity also possible for NO to bridge two or more metal centres. In
of the coordinated NO group. Reactions of nitrosyl ligand are this case, the NO group is attached to more than one metal
interesting in their own right and in relation to environmen- centre either via the N atom or via both N and O atoms. In
tal, catalytic and biochemical background. In the last context, metal complexes, the NO ligand may exist in three different
one of the principal problems associated with the reactivity oxidation states NO(a nitrosonium cation), NOand NO
of coordinated NO concerns its reducibility. It has been re- (nitroxide anion)1-27].
cently suggested that the one-electron redox relatives of NO, In a molecular orbital approach, the bonding of NO to a
the nitrosonium cation (N, the nitroxide anion (NO) and metal is considered to be made up of two components. The
the conjugate acid of NQ, nitroxyl (HNO), is responsible  first involves donation of electron density fromvatype or-
for some aspects of the biological chemistry of nitric oxide. bital of NO onto the metal, and the second—back-donation
HNO has also been postulated as an intermediate in photofrom the metal d orbitals to the" orbitals of NO. Two com-
chemical and free-radical reactions, and its formation and ponents of the MNO bonding: (a)o-donation, (b) back-
decomposition may play a role in the mechanism for com- donation are presented schematicallcheme 1 [19]
bustion of nitrogen-containing fuels and oxidation of atmo- In the Enemark—Feltham formalism, nitrosyl containing
spheric nitrogen. The potential applications of nitrosyl com- species are described 4MNO}” (regardless of the co-
plexes for the assembly of devices with novel optical and ligands), where: stands for the number of electrons asso-
magnetic properties are also attractive. Many reviews con- ciated with the metal d and” (NO) orbitals (or equivalently
cerning nitrosyl complexes and nitrosyl-related topics have to the number of d electrons on the metal when the nitrosyl
appeared1-28]. ligand is formally considered as NQ[1-25]. The exten-

This article is intended to provide a comprehensive sur- sion of Walsh’s concepts to tHMNO}" moiety, discussed
vey on structural and spectroscopic properties of mono- andin great detail in pap€f5], can be used to predict the bond
polynuclear rhenium nitrosyl complexes, but it does not con- angles of the{MNO}" unit. Fig. 1 presents the molecular
tain a discussion of organometallic nitrosyl rhenium species. orbital description for thd MNO}" unit in Cooy Symmetry.
In the previous reviews, the synthesis methods and prop- The MNO triatomic unit with a d-block metal (M) re-
erties for the selected individual rhenium compounds have quires 18 electrons to fill all bonding and non-bonding or-
been simply referenced rather than being presented and disbitals. Additional electrons will occupy the antibonding 3
cussed in detail. Due to the favourable nuclear propertiesorbital. Therefore, if Walsh’s arguments are also applicable
of 18Re and'88Re nuclides in diagnostic nuclear medicine to the {MNO}" moiety, then partial occupation of ther3
and radioimmunotherapt29], a detailed discussion of the orbital should lead to bending of tHMNO}” group[22].

Scheme 1.
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Fig. 1. Molecular orbital diagram for thetMNO}" unit in Coey Symmetry

[22].
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3.1. Six-coordinate mononitrosyls

A typical arrangement of molecular orbitals in six-

coordinate {MNO}" complexes withn <6 is shown in

Fig. 2a. The M-N-O bond defines thgaxis, the metal

d,2_,2 andd? interact with ther ligand orbitals, the d and
dy;orbitals interact with thery, orbitals, whereas the.dis
relatively unperturbed in this arrangem¢Eps).

For {MNO}" complexes withn <6, the M—N-O moi-
ety will be essentially linear, the electronic configuration for

{MNO}8 is (e)*(b2)?. Octahedral complexes wiih< 6 are
described as bound to the nitrosyl cation (§@or{ MNO}’

complexes, the added electron will occupy an antibonding
type orbital (e) involving M, N and O. According to Walsh'’s
rules, the bending of the M—N-O moiety will occur. This
will lead to a change in symmetry and relative energies of
the metal d orbitals anaty,, orbitals. Fig. 2o shows the
arrangement of molecular orbitals in six-coordinate with a

bent M—N—O unit. The electronic configuration{dNO}’

and{MNO}8are. . .(a) (@) and. . .(a)?(a@")°, respectively,

—_a,(d) a(d,2,m*(NO))

— b1 (dxz—yz) a'(dX27y2

== 6(7*(NO),d,,0,y) = a(n*(NO),a,,)

— a(r*(NO),d,2)
— dx
— b2(dxy) — } d Y Tt*(NO)
= e/(d,d,,'(NO)) = [ ',
@ © GO

Fig. 2. The molecular orbital scheme in six-coordingdNO}" when
M-N-O is 180 (a) and 120 (b) [26].

which corresponds to the coordination of N@nd NO™,
respectively $cheme P [26]. There are dramatic changes
in the M—-N—O bond angles from 6 to 7 and 8 in the six-
coordinate complexes. The average bond angleMdiO
and {MNO}® have been calculated to be 1#30° and
125+ 10°, respectivelyj19].

The molecular orbital scheme shownFhig. 2 concerns
strong ligand field complexes. For the first-row transitions
metals, the energies ofd ,» and cf orbitals might lie close
to, or even lower than, theg, orbitals, and significant spin
multiplicity could result, the coupling between spins on the
metal and NO then being governed by spin-polarization. This
has been discussed in detail for iron nitrosyl complg26%

Table 1 contains structural data for six-coordinate
{ReNO}" complexes in order of increasingAs can be seen
from Table 1only {ReNO}" complexes wittn =4—6 have
been structurally characterised so far.

Some six-coordinate {ReNO}®, [Re(NO)(HNO)Ch
(PPR)2]  [30],  [Re(NO)(HNO)CI(I)(PPB)2]  [30],
[Re(HNO)CI(COX(PPHh)2] [31], [Re(HNO)CI(CO»
(PCys)2] [31] and [Re(HNO)(COJ(PP)2](0sSCHR) [32],
were isolated, but they were only characterised by IR or/and
H-15N NMR.

The unusual characteristics of HNO as a molecule and
ligand are yet not fully understood. Nitrosyl hydride (HNO) is
isoelectronic with dioxygen, so the coordination chemistry of
HNO ligand is described with special focus on its interaction
with hemes and heme model complexes. There are some data
suggesting that HNO is the primary product of the enzymatic
conversion of -arginine to cirtulline. Therefore, further study
of the synthesis and reactivity of metal-HNO complexes is of
high significance. To date, there are only four X-ray structural

i Vi
(e}
N TN 7 “NF
| I |
M M M
NO+ NO NO-
{M-NOJ® {M-NO} {M-NO}8

Scheme 2.
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Table 1

Structural data for six-coordinate mononitrosyl rhenium complexes

Complex Re-N i\) N-O (,Z\) Re—-N-0O () References

{ReNO}*
[Re(NO)ClL(MeCN)] 2.07 (5) 1.11(8) 166 (5) [70]
[Re(NO)CE(NPPh)(OPPh)] 1.734 (10) 1.183 (13) 174.1(9) [71]
[Re(NO)Br(Ph)(PPh)] 1.830 (12) 1.034 (13) 177.5 (10) [72]
[Re(NO)(CO)Ch(Ph){m™-o-(NH)(NHPh)GsHa}] 1.789 (17) 1.166 177.6 [48]

{ReNO}®
[Re(NO)Ch(OReQ)(PPh)(OPPh)] 1.736 (8) 1.18 (1) 175.8 (9) [41]
4[Re(NO)Ch(OPPhR)3](ReOy) 1.72(1) 1.19(1) 171.9 (12) [41]
[Re(NO)Ch(OReQ)(OPPh),] 1.76 (1) 1.16 (2) 175.3 (13) [41]
[Re(NO)CEk(PPh)2] 1.765 (9) 1.200 (11) 180 [34]
[Re(NO)CEk(AsPhs)2][ReCla(AsPh)2] 1.816 (10) 1.092 (2) 176.0 (9) [36]
[Re(NO)Br(PPh)2] 1.769 (12) 1.12(2) 180 [35]
[Re(NO)BrR(ASPhy),] 1.740 (11) 1.177 (13) 180 [36]
[Re(NO)CE(OPPh);] 1.72(3) 1.21(3) 172 (4) [42]
[Re(NO)Br(OPPHh),] (monoclinic) 1.757 (12) 1.261 (13) 172.6 (13) [35]
[Re(NO)Br(OPPh)2] (orthorhombic) 1.87(2) 0.94 (1) 175 (1) [43]
[Re(NO)Br(OAsPh),] 1.749 (5) 1.156 (6) 176.8 (5) [36]
[Re(NO)CE(OPPh)(PPh)] 1.747 (5) 1.165 (8) 176.0 (6) [38]
[Re(NO)CL(OPPh)(pyz)] 1.740 (4) 1.184 (4) 178.2 (3) [73]
[Re(NO)Br(MeCN)(PPh)] 1.763 (7) 1.146 (9) 177.4(7) [39]
[Re(NO)Br(pzH)(AsPh)] 1.755 (7) 1.149 (8) 178.5 (7) [40]
(Nety)[Re(NO)CL(py)] 1.749 (6) 1.171(9) 178.9 (7) [44]
(Nets)[Re(NO)Bi(EtOH)] 1.723 (15) 1.19(2) 169 (3) [45]
(Nety)[Re(NO)Bi(MeCN)] 1.771 (11) 0.99 (2) 178 (6) [45]
(AsPhy)[Re(NO)CL{OC(NH,)CHs}] 1.762 (9) 1.161 (13) 173.4 (9) [46]
K[Re(NO)(CNX(OH,)]-(Pheny-MeOH-3H,0 1.71 (1) 1.23(2) 172.2 (14) [47]
K2[Re(NO)(CN)]-(Phen)-4.5H,0 1.801 (6) 1.204 (9) 178.4 (8) 471
[Re(NO)CI(dppe)](NO3)» 1.730 (13) 1.24 (2) 174.7 (11) [68]
[ReBr3(NO)(dppe)b.s[ReBrs(dppe)b.a 1.69 (4) 1.31(8) 175 (3) [74]
[Re(NO)(CO}Cla{mt-0-(NH2)(NHPh)GsH4}] 1.831 (11) 1.175 174.4 [49]
[Re(NO)(OPPB)(pc)]ls-CH2Cl2 1.77 (1) 1.15 (1) 176 (1) [75]

{ReNO}®
[Re(NO)(CO)ChL 2] 1.829 (6) 1.157 (8) 180 [34]
L=PPh 1.89 (4) 1.16 (5) 167.2 [50]
L=P(O-Pr) 1.827 (4) 1.180 178.6 [51]
L=dppm 1.773 (6) 1.178(9) 177.0 (6) [51]
L=1/2 dmpc 1.888 (11) 1.138 (16) 179.1 [51]
L =1/2 4,4-Me,-bipy 1.853 (8) 1.158 178.7 [49]
[Re(NO)(CO)Bp(PPhs),]-NO 1.783 (9) 1.094 (2) 175.8 (9) [52]
[Re(NO)(CO)CI(I}P(O<Pr)s}2] 1.88 (2) 1.162 178.5 [50]
[Re(NO)(COX0,SO(GHsMe)} {P(O! Pr)s}2] 1.821 (8) 1.17 (1) 178.7 [50]
[Re(NO)(CO)CI(H)(PMa),] 1.921(8) 1.182 171 [53]
[Re(NO)(CO)H{P(OMe}},] 1.78 (1) 1.287 178 [53]
[Re(NO)(CO)H(PMes),]-indole 1.866 (9) 1.179 (14) 179.4 (9) [54]
[Re(NO)(CO)Hp-OCsH4NO2)(PMe3)2] 1.796 (11) 1.182 (16) 167.7 (10) [54]
[Re(NO)(CO)H(OOCCE)(PMe3)2] 1.813(7) 1.177 (10) 171 [55]
[Re(NO)(CO)(QSCR),(PE%)2] 1.801 (4) 1.186 178.7 [56]
[Re(NO)(CO)CI(MeCN)(PE)](03SCF) 1.944 1.144 177.9 [56]
[Re(NO)(CO)(MeCN){P(OMe}}2](O3SCRs)2 1.869 1.157 175.3 [56]
[Re(NO)(CO)F(PPY)3](BF4) 1.76 (2) 1.20 (3) 176 (2) [57]
[Re(NO)(CO)(NH)(tacn)]Br 1.818 (8) 1.185 (10) 177.7 (7) [58]
[Re(NO)CI(PhN=NCgH4){P(O+Pr)s}] 1.92 (3) 1.18 (4) 168.7 [50]
{N(PPh)2}[Re(NO)(COXCls] 1.923 1.199 174.8 [59]
[Re(NO)(COYH(PPh),] (SOsCFs) 1.829 (5) 1.185 (6) 178.1 (4) [31]
[Re(NO)(COYClx(THF)] 1860 (12) 1.147 (18) 178.6 [51]
[Re(NO)(CO}Br(N,O-pic)] 1.893 1.138 177.7 [60]
[Re(NO)Ch(MeCN)(PMe),] 1.814 1.218 1735 [65]
[Re(NO)(OPPB)(pc)] 1.76 (1) 1.18 (1) 179.6 (5) [75]
[ReChk(NO)(py)s] 1.843 (19) 1.107 (10) 160 (3) [66]

1.92 (2) 1.104 (10) 174 (9)
[ReCL(NO)(SbPh)s] 1.832 (19) 1.13(4) 178 (2) [67]
1.753 (17) 1.32 (4) 175 (2)
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Table 1 Continued)

Complex Re—Né) N-O (A) Re—-N-O () References
[Re(NO)Br(py)s]o.sdReBrs(py)slo.42 1.68 (5) 1.38 (10) 172 (5) [43]
[Re(NO)H(PP)3] 1/2CHe [61]
Molecule | 177 (2) 1.25 (3) 175 (2)

Molecule Il 1.73(2) 1.24 (3) 177 (2)
[Re(NO)Bh(12-H2) (P Pr3)s] 1.768 (4) 1.166 (5) 176.4 (4) [62]
(AsPhy)2[Re(NO)(CNY(H20)]-5H20 1.732 (7) 1.181 (8) 178.4 (7) [64]
(AsPhy)2[Re(NO)(CNR{SC(NH)2}] 1.736 (11) 1.146 (13) 177.7 (11) [63]
[Re(NO)F(dppe)](BF4) 1.874 (10) 1.11(2) 175.6 (14) [69]
[Re(NO)CI(dppes)|(BF4) 1.803 (16) 1.178 (21) 163 [51]
[Re(NO)(COXCl(bipy)][Re(NO)(CO}Cl3] [51]
Cation 1.770 (9) 1.163 (13) 178.8

Anion 1.850 (11) 1.154 (14) 176.5

reports of metal-HNO complexes; three of these reveal N-

binding of the HNO ligand to the metal (Os, Ir and Ru),
and one reveals a side-ep3-binding of the HNO ligand in
molybdenum complei27,28,33]

As predicted from the molecular orbital treatment
(Figs. 1 and ?, the Re—N-O fragment in the six-coordinate
rhenium nitrosyls withh =46 is lineaf34—75}

The rhenium atom, nitrosyl group and one of the halo-
gen ligands in the [Re(NOR(PPH)2] (X=ClI, Br) [34,35],
[Re(NO)Br3(AsPhg)2] [36] and [Re(NO)(CO)GI(PPH)2]
[34] complexes are sited on a crystallographic two-fold
axis of theC2/ space group. A thermal ellipsoid plot of
[Re(NO)Br(PPH),] is shown inFig. 3.

The number of known [Re(NOX(PPR)2] and
[Re(NO)X3(AsPhs)2] complexes is relatively small, but
considering structural data for other transition metal nitrosyl
[37], it seems that th€2/c space group with four formula
units per unit cell is the preferred one for neutral pseu-

causes theis-location of the nitrosyl group with respect
to m-acid ligands (AsPhior PPh), which is supported by
the electronic influence of the multiply bonded ligand. It
forces the metal non-bonding d electrons to lie in the plane
perpendicular to the MNO bond axis. Theis-location of

the nitrosyl group with respect to Aspbr PPl molecules

is observed in thezer-[Re(NO)XsL1L?] complexes (X =Cl

or Br; L1=PPhk or AsPhk; L2=0OPPh, MeCN or pzH)
[38—40]

A trans-arrangement of OPRBmolecules has been con-
firmed only for the [Re(NO)G(OPPhR)>(OReQ)] com-
plex [41]. All other [Re(NO)XL>] complexes (X=CI or
Br; L =OPPh or OAsPh) possess ais geometry of OPPhH
or OAsPhl moleculeq35,36,42,43] which results in a sig-
nificant angular deformation around the rhenium centre and
larger deviation of the Re—N-O unit from linearity in com-
parison with thener, trans-[Re(NO)XzL2] complexes.

The [Re(NO)XL]~ anions of the (NEf[Re(NO)

dooctahedral bis(triphenylphosphine) or bis(triphenylarsine) Cla(py)] [44], (NEu)[Re(NO)Br(EtOH)] [45], (NEt)

complexes with four ligands of low steric bulk in the
equatorial plane. Theans-arrangement of the two steric de-

[Re(NO)Br(MeCN)] [45], (AsPh)[Re(NO)CL{OC(NH,)
CHjs}] [46] and K[Re(NO)(CN)(H20)] [47] complexes dis-

manding phosphine or arsine molecules in these complexeslay distorted octahedral coordination geometries with the

C(10)

c@)

Fig. 3. Molecular structure of [Re(NO)B{PPh),] [35].
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C(431)

C(311)
Fig. 4. Perspective drawings of the two independent [Re(N@H)3] moleculeg61].

four X ligands lying on an equatorial plane, and the ni- dpmm}] [51], [Re(NO)(CO)CI(H)(PMe)2] [53], [Re(NO)
trosyl group and ligand L in the axial positions. The rhe- (CO)(O3SCR)2(PEg)2] [56] and [Re(NO)(CO)(MeCN)
nium atom of these compounds is significantly displaced out {P(OMe}}2](O3SCFRs) [56].
of the plane defined by the X ligands towards the nitrosyl ~ The phosphine molecules of [Re(NO)PPhR)3] in axial
group. The ReNO bond distance in [Re(NO)(CMH20)]~ positions are markedly bent towards the hydrido-atoms. The
is shorter with respect to that in [Re(NO)(G§ . II- P—-Re—P angles are equal to 143.4@0d 143.0(3) in the
back-bonding from Re> NO is more pronounced in the two crystallographically independent [Re(NQXRPH)3]
[Re(NO)(CN)(H20)]~ complex, inwhich the nitrosylgroup  molecules. Such substantial bending of the triphenylphos-
is in atrans-position to the HO molecule being &-bonding phine molecules results mainly from low steric hindrance
ligand. of the hydrido ligands. Nevertheless, the electronic factors
Carbonyl-nitrosyl species are sparse amg¢RgNO}° also favour the bending of the-acceptor axial ligands
complexes, whereas they dominate{ReNO}® chemistry towards the purelys-donating hydride ligands and away
[48-60] The rhenium atom becomes more electron rich from the nitrosyl group, a strong-acceptor. Atrans re-
and is generally more available than the idn to elec- lationship between the nitrosyl ligand, the most proficient
tron exchange withr-ligands. Most of the structurally char-  w-acceptor ligand in this complex, and the stranglonor
acterised six-coordinatéReNO® carbonyl-nitrosyls pos-  hydride ligand contributes to the thermodynamic stability
sess the [Re(NO)(CO)(RR] unit with cis arranged nitrosyl of the compound61]. The perspective drawings of the two
and carbonyl groups angans arranged phosphine ligands independent [Re(NO)¥PPh)3] molecules are depicted in
[50-56] Transition metal complexes containing the nitrosyl Fig. 4
group intrans-position to the carbonyl ligand are instable
[48]. Both NO and CO are considered asacceptor lig-
ands; however, there are significant differences in the nature
of the electron distributions in the Re—-N-O and Re-C-O
links. The rhenium-nitrogen bond is strong and theQN
bond is relatively weak, whereas the -R& bond is rel-
atively weak, and the ‘@0 bond is strong. NO is more
electronegative than CO; thus, it is a better electron accep-
tor but weakers-donor. Consequently, the NO group bet- 0(2)@
ter stabilizesm-donating ligands in therans-position. The
analysis of the Re—C/Re—N and-®/C-O bond lengths
and the temperature factors of the nitrogen and carbon ¢
atoms sometimes allows one to distinguish carbonyl and 0O(1)
nitrosyl ligands. However, in many carbonyl-nitrosyl com-
plexes, the NO and CO groups are positionally disordered.
As a result of this, the Re-N/Re-C and N-O/C-O dis-
tances and the temperature factors of the N and C atoms
are similar. Non-resolvable disorder in the CO and NO

positions was found in [Re(NO)(CO)&H,4-Mez-bipy)], Fig. 5. The molecular structure of the [Re(NO)(COJPMes),]-indole
[Re(NO)(COXCly(THF)], cis, trans-[Re(NO)(CO)Ch(n?!- adduct54].
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Fig. 6. Coordination geometries for the HH ligand in [Re(NQ)YBP-H2)(PPr),] [62].

Similar deviations from ideal octahedral geometry are ob- The indole molecule is coplanar with the plane of the
served in the other rhenium hydrido-nitrosyls: the P—Re—P [Re(NO)(CO)] fragmenf54].
angles are 163.5(1)and 160.0(2) for [Re(NO)(CO)CI(H) Several dihydrogen rhenium nitrosyls have been obtained,
(PMez)2] and [Re(NO)(CO)H{P(OMe}}2], respectively and X-ray diffraction studies have been carried out for one
[53]. In trans, trans-[Re(NO)(CO}(H)(PPh)2](SOsCFRs) of them—[Re(NO)Bs(n2-H2)(P'Pr3)2]. Unfortunately, the
both the triphenylphosphine and carbonyl ligands are signif- hydrogen atoms of thg2-H, moiety could not be found in
icantly bent towards the hydride site (P—-Re—P =161.46(4) the difference Fourier maps. Their most probable positions in
C-Re-C=163.8(2) [31]. the molecule have been traced by an extensive search based

The interaction of the rhenium hydrido-nitrosyls on DFT calculations. Itis known that there are three different
[Re(NO)(CO)HB(PRs)2] (R=Me, Et,iPr) with a series of  possibilities for the binding of the HH unitto the metal centre:
proton donors has been studied. The hydrogen bonded comside-on in-plane (1), side-on perpendicular (Il) and end-on
plex of [Re(NO)(CO)H(PMes)2] with indole has been  (lll). The different coordination geometries for the HH ligand
characterised by single-crystal X-ray diffractifgd]. The in [Re(NO)BB(m2-H,)(P'PR),] are depicted irFig. 6.
molecular structure of the [Re(NO)(CO)#PMes),]-indole The bonding of dihydrogento a metalin a side-on way con-
adduct is shown iffrig. 5. sists of two components. The first one involeedonation of

The Re—-H bonds of the adduct are non-equivalent: electron density from theyy orbital to the metal g orbital,
Re-H(1) = 1.63(3f and Re—H(2) = 2.36(3). The Re—H(2) and the second—back-donation from thendetal orbitals to
bond is positioned in front of an elongated NH fragment of theoy;,. For the end-on coordination mode, only the to
indole, and the H(2) -H(2n)-N(2a) is equal to 1.79(5°§. the d, interaction is possible; thus, the side-on modes are in

Fig. 7. Perspective drawing of the [Re(NO)(GNBC(NH)2}]?~ ion with the disorder in the rhenium atdj6d].
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favour over the end-on coordination. DFT calculations car-
ried out for structures of types | and Il of [Re(NOMBn2-
H,)(P'Pr3),] reveal that the structure of type | is more stable,
and the energy differences between the two geometric ar-
rangement (I and 11) is equal to 59 kJ/n{6PR].

The numbering scheme of the [Re(NO)(GN)
{SC(NH)2}]>~ ion as well as the disorder observed
for the central atom is shown ifig. 7.

The cis orientation of the thiourea with respect to the
nitrosyl group in the (AsPH2[Re(NO)(CN){SC(NH)2}]

[63] complex is surprising and somewhat unexpected. It is
in contrast to (AsPl2[Re(NO)(CN)(H20)] and all other
crystallographically characterised transition metal mono-
substituted cyano-complexd64]. The rhenium atom of
[Re(NO)(CNY(H20)]?~ anion is surrounded by four cyano
groups in the equatorial plane, and the nitrosyl and aqua lig-
ands in axial positions.

Both anion and cation of the [Re(NO)(C£D)I(bipy)]
[Re(NO)(COXCl3] complex possess an octahedrally coordi-
nated Re centre. In the cation, the nitrosyl group is-mns-
position to the chloride ligand, and the 2{fipyridine moiety
is locatedrans to the carbonyl groups. In the anion, the chlo-
ride ligands ar¢acially coordinated to the Re atom, and the
nitrosyl group iscis arranged to the CO ligands1].

The [Re(NO)CH(MeCN)(PMey),] complexis an example
of a transition metal complex with' = 11, being the largest ~ Fig. 8. A projection onto thea, ¢ plane of the unit cell of
7 value for this class of compounds observed up to now. [Re(NO)Cb(MeCN)(PMe)2] [65].

The unusual high number of independent molecules in the

asymmetric unit results from the dense network of hydrogen @nd N-O bond lengths. A similar trend is observed for the
bonds. Both the two chlorides and the oxygen atoms of the ni- [R&(NO)CI(dppej](NOs). [68], [Re(NO)F(dppejl(BFa4)
trosyl ligands serve as acceptor sites, whereas methyl group$69] and [Re(NO)Cl(dppee)(BF4) [51] complexes with the

of either the phosphines or nitriles act as hydrogen donors.two chelating ligands in the equatorial positions. These com-
A projection onto ther, ¢ plane of the unit cell of this com-  Plexes have crystallographically imposéeg symmetry, so
pound is shown iffFig. 8 The [Re(NO)C}(MeCN)(PMey),] that the axial ligands are disordered in the two positions with
molecules exhibit a distorted octahedral coordination. The €qual occupancy factors.

two Clligands are coordinatedadis configuration, and are lo-

catedtrans to w-accepting moieties. The phosphorus donors 3.2. Five-coordinate mononitrosyls

are intrans-position, and they are slightly bent towards the

Cl ligands, which enhancesback-donation from the metal Five-coordinate complexes can adopt either tetragonal
centre to the acceptor groufis]. pyramidal (TP) or trigonal bipyramidal (TBP) structures. The

The N-O bond lengths in the six-coordinate rhenium ni- nitrosyl group in TBP complexes may occupy either the api-
trosyls are generally in the range 1.10-142@s expected  cal or equatorial positioifable 2contains structural data for
for NO* ligand [19]. In some cases, a significant length- five-coordinate rhenium mononitrosyls.
ening or shortening of the ND distance is observed. Gen- The geometries of the [Re(NO)H(BHPPr),] and
erally, this results from steric ligand interactions, disorder [Re(NO)H(BH,)(PPh)2] compounds may be viewed in two
problems or thermal motion of atoms. The disorders of ways depending on the number of coordination sites oc-
the nitrosyl ligands affect also the accuracy of the Re—N cupied by the B~ ligand. If the bridging BH™ is con-
bond lengths and Re—N-O angles. A lengthening of the sidered to occupy a single site in the coordination sphere,
Re—-N distances in the [Re(NO)(COX#,4-Mex-bipy)], the structures of these complexes can be described as
[Re(NO)(COXCIx(THF)], [Re(NO)(CO)C(dppm}p] [51] distorted trigonal bipyramids. Alternatively, if we assume
and [Re(NO)(CO)H(PMes),]-indole [54] complexes is a  that bridging borohydride occupies two coordination posi-
consequence of non-resolvable disorder in the NO and COtions, the structures might be referred as a very distorted
groups. The structures afer-[ReCh(NO)(py)s] [66] and octahedron. Unfortunately, the positional disorder of the
mer-[ReCh(NO)(SbPh)3] [67] have been modelled with  borohydride and nitrosyl ligands does not allow further dis-
the trans Cl and NO ligands disordered over two sites, and cussion of geometrical data, although the actual coordination
consequently a large discrepancy is observed in the Re—Narrangement around the rhenium is clearly established. The
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Table 2
Structural data for five-coordinate mononitrosyl rhenium complexes
Complex Re-N ,é) N-O (A) Re—N-O () References
[Re(NO)(SGH3'Pr-2,6)] 1.781 (16) 1.167 (24) 173.6 (14) [76]
[Re(NOYH(BH:)(P'Pr3),] 1.748 (6) 1.17 (1) 169.4 [62]

1.58 (2) 1.27 (2)
[Re(NO)H(BH:)(PPHs)2] 1.75 (2) 1.18 (2) 170.9 [62]

1.86 (2) 1.10 (3)

C19

Fig. 9. The molecular structure of [Re(NO)H(BHP'PI3)2] [62].

phosphine molecules of the [Re(NO)H(BKP'Pr3),] and symmetry. Thedy orbital is non-bonding with respect to
[Re(NO)H(BHs)(PPhs),] complexes are placed in axial po- M and N. Thus, an{M(NO),}® and {M(NO),}® species
sitions. The NO group, the hydride ligand and the bridging should adopt a bent structure. THgI(NO),}1° complexes
borohydride form the equatorial plaf@2]. The molecular  in Coy symmetry will have the electron configuration:
structure of [Re(NO)H(BH)(P'Prs),] is shown inFig. 9.

The geometry around the rhenium atom in the
[Re(NO)(SGH3'Pr-2,6)4] compound is best described
as a trigonal bipyramid. The nitrosyl group of the
[Re(NO)(SGH3Pr-2,6)] complex occupies the apical po-
sition, two of the equatorial aromatic ligands are directed
towards éndo) the NO and one awayxo). The axial aro-
matic group is oriented so as to occupy the space left be-
tween the equatorial aromatic ligand$]. The structure of
[Re(NO)(SGH3'Pr-2,6)] is depicted inFig. 10

3.3. Dinitrosyl mononuclear complexes

In dinitrosyl complexes, the NO ligands may be arranged
trans O cis, although the majority of dinitrosyl species adopt a
cis geometryFig. 11presentsthe correlation diagram relating
the molecular orbitals for a linear M(N@group withD.op
symmetry (a) to those fats, symmetry (b)5].

Complexes containing thg M(NO),}* moiety could
have either linearrans or bentcis structures, although
the trans form minimizes the repulsion of the two NO
groups. Additional electrons will occugg orbital in Daon Fig. 10. Perspective drawing of [Re(NO)(§€x'Pr>-2,6)4] [76].
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Fig. 11. A correlation diagram relating the molecular orbitals for a linear MENSBYuUp withD,., symmetry (a) to those fat, symmetry (b)5].

(1a)?(1a)?(1hp)2(2a1)%(1b1)2. The 1h orbital is entirely ordination geometry of a distorted tetrahedron, and therefore
localized on the NO groups. Population of this orbital is ex- cannot be compared with [Re(N&JIPCys)2]*. The molecu-
pected to cause the N-M—N angle to increase and could alsdar structure of [Re(NGYPCys),] " is shown inFig. 12

lead to changes in the M—N—O angles. Two conformations, ~ The phosphorus atoms are bent away from the NO groups;
attracto andrepulso, have been confirmed fdiM(NO),}10 the P-Re—P bond angle is equal to 159.93(8he NO lig-
complexes. Thertracto conformation, with the N—-Re—N an- ~ ands show aisoid bend of about 15 and the N-Re—-N angle
gle less than ca. 130and the two O atoms bent towards is 115.9(4) [80]. ,

each other, is characteristic for the first-row transition metal The  [Re(NO}(PPr)2(H)] complex and the
dinitrosyls with goodr-accepting ligands. The second- and [Re(NOR(PCys)2(CO)]" cation display distorted TBP
third-row transition metal dinitrosyls with poer-acceptors ~ geometries with the phosphine molecules in the apical
usually haverepuiso conformations, with N-Re—N angles positions. The HPrzmolecules of [Re(NQXP Prs)2(H)]
larger than ca. 130[5,19]. are markedly bent towards the hydrido-ligand; the P—-Re—-P

Table 3presents structural data for dinitrosyl mononuclear angle is 153.89(6) The bending of the phosphine molecules
rhenium complexe§75,77-80] The nitrosyl groups of the ~ towards the hydride site polarizes the rheniug arbital
[Re(NO)(pc)]~ compound areans arranged, which results ~ in the direction of them-accepting nitrosyl groups. It
from the presence of the tetradendate ligand in the equatorialProvides better d—mf5 overlap and enhances the amount
plane[75]. of back-donation to NO.

In all the other structurally characterised mononu- A strong polarization of @ in the direction of the
clear dinitrosyl rhenium complexes, the NO ligands m-accepting nitrosyl groups is not favourable in the
adopt acis arrangement. The [Re(N@Jl2(SbPh),] [77], [Re(NO)(PCys)2(CO)J" cation. In this case, the carbonyl
[Re(NOYBr4]~ [78] and [Re(NO)Cl3(MeCN)] [79] com- ligand competes with the NO groups for back-donation. The
plexes display distorted octahedral coordination geometries.P-Re—P angle of [Re(N@)PCys)2(CO)]" is considerable

The [Re(NOX(PCys)»]* cation can be described as a dis- larger—169.62(5)[80] (Scheme B
torted Gy, butterfly unit, which is obtained on removingone ~ The benzaldehyde ligand of [Re(NfJPCys)2(CeHs
equatorial ligand from an ideal trigonal bipyramidal arrange- CHO)](BArF4) is coordinated in a asymmetrical fashion, as
ment. Structures of a variety of [M(N@PRs)2]"* com- can be seen ifig. 13
poundsf=0or1;M=Fe, Ru,Os, Co, Rhorlr) are described The coordination of the benzaldehyde ligand to the
in the literature. However, all these complexes exhibit the co- [Re(NOL(PRs)2] fragment leads to bending of one of the
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Table 3

Structural data for dinitrosyl mononuclear rhenium complexes

Complex Re-N ,é) N-O (A) Re—N-O () N-Re—-N References

[Re(NOX(PCys)2](BArF4) 1.735 (10) 1.225 (12) 166.9 (9) 11%4) [80]
1.766 (8) 1.180 (11) 165.7 (9)

[Re(NOR(P'Pr3)2(H)] 1.804 (7) 1.193 (9) 173.1(8) 1243) [80]
1.780 (7) 1.227 (9) 175.4 (7)

[Re(NOR(PCys)2(CO)](BAIF,) 1.790 (7) 1.191 (9) 174.0 (6) 13(3) [80]
1.825 (5) 1.176 (1) 176.3 (6)

[Re(NO)(PCys)2(CsHsCHO)](BArF 4) 1.758 (4) 1.199 (5) 150.9 (3) 1GR2) [80]
1.811 (4) 1.204 (5) 175.9 (4)

[Re(NOXCI2(SbPh)] 1.909 (8) 0.941 (10) 178.3(9) 9H19) [77]

Molecule | 2.064 (96) 1.080 (97) 176.0 (14) .007)

Molecule II 2.003 (22) 1.043 (26) 178.1 (12)
1.921 (14) 1.030 (17) 178.5 (17)

(PPh)[Re(NO)Br4]-2CCly 1.844 (18) 1.143 (26) 176.1 (18) @19) [78]
1.798 (21) 1.005 (28) 177.1(21)

[Re(NO)Cl3(MeCN) 1.76 (6) 1.23(9) 173.7 a [79]
1.59 (6) 1.36 (9) 161.9

{N(PPh)2}[Re(NO)(pc)] 2.120 0.917 174.4 180 [75]

nitrosyl groups. The geometry of [Re(N£PCys)2(CeHs

(i) the metal or (iii) the ancillary ligands such as CO or halide.

CHO)J' is better described by a distorted tetragonal pyramid Structural data for rhenium nitrosyl/Lewis adducts are listed

than a trigonal bipyrami¢B0].

3.4. Lewis acid adducts

Transition metal nitrosyls can react with Lewis acids to
form adducts via (i) the oxygen atom of the nitrosyl group,

Fig. 12. The molecular structure of [Re(NSOPCys)2]* [80].

in Table 4 [62,81]

The ligand geometry around the rhenium in
[Re(NO)(NOBR)(H)(PPrs)2] [62], [Re(NO)(NOSIE%)
(H)(P'Pr3)](BAr4) and [Re(NOJNOH;NCsHg(CHa)a }(H)
(PCys)2](BArF,) [81] is best described as a distorted trig-
onal bipyramid. The NO group, the hydride ligand and
the NOL fragment are located in the trigonal plane of
the molecule. The phosphine ligands occupy the apical
positions and they are strongly bent towards the position
of the hydride ion. The coordination of the SiEand
BF3 moieties to the nitrosyl ligand results in a significant
lengthening of the respectiveD bond, but only a slight
shortening of the corresponding Re—N distance is observed.
The lengthening of the NO bond is interpreted in terms
of increased electronic donation from the metal centre
to the NO unit initiated by the attachment of the Lewis
acid. The nitrosyl ligand remains essentially linear after
attachment of Sikgtor BFs, the Re—N-O angle is close to
170°. The N-O-Si/N-O-B linkage is sharply bent with
a N-O-Si/N-O-B angle close to 120ndicating an sp
hybridization at the oxygen atom. The molecular struc-
ture of [Re(NO)(NOSIEf)(H)(P'Pr3),]* cation is shown
in Fig. 14

In the solid-state of [Re(NGNOH;NCsHg(CHz)4}(H)
(PCys)-](BArF,4) complex, the ammonium cation is situ-
ated in the bridging position between the nitrosyls groups
of the two crystallographically different molecules. As can
be seen fronfrig. 15 both hydrogen atoms of the ammonium
cation are involved in hydrogen bonding with the nitrosyl lig-
ands (NO- -HN distances of 1.908 and 1.987respectively)
[81].
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Fig. 13. The molecular structure of [Re(NIPCys)2(CsHsCHO)J* [80].

Table 4
Structural data for five-coordinate mononitrosyl rhenium complexes
Complex Re-N ,{\) N-O (A) Re—-N-O () References
[Re(NO)(NOBR)(H)(P'Pr3)2] 1.775 (5) 1.212(7) 168.7 (5) [62]

1.749 (5% 1.304 (7% 170.0 (4%
[Re(NO)(NOSIE%)(H)(P'Pr3)2](BArF4) 1.790 (4) 1.194 (5) 167.7 (4) [81]

1.765 (4%} 1.321 (5% 174.0 (4%
[Re(NOYNOH,NCsHg(CHz)4} (H)(PCys)2](BArF4) 1.782 (4) 1.213(5) 174.1 (4) [81]

1.781 (3} 1.237 (4% 175.7 (3}

@ These values correspond to (NOL) group.
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Fig. 14. Molecular structure of [Re(NO)(NOSHHH)(P'Prs)2]* [81].

3.5. Bridging nitrosyl rhenium complexes

The nitrosyl ligand can bridge two, three or even four

2289

Although dinuclear complexes with the NO ligand bridging
two centres via the N atom seem to be the simplest, they have
not been obtained for rhenium. The only structurally charac-
terised bridging nitrosyl rhenium compounds are{RH (.-
m?-NO)(NO)s(P'Pr3)4](BArF4) [80] and (NE%)[{Res(u-
H)3(CO)1o}2(a-n>-NO)] [82]. The molecular structure of
the [Re(H)(n-n?-NO)(NOR(PPr)4]* cation is shown in
Fig. 16

The [Re(H)(n-n?-NO)(NO)(PPrs)4](BArs) com-
pound can be considered as an adduct of [Re¢kfRr3),]
(BArF,) and [Re(NO}(P'Pr3)2(H)]. The oxygen atom of
one of the nitrosyl groups of [Re(NQPPr)2(H)] is
apparently a Lewis base strong enough to interact with a
Lewis acid—[Re(NO)(P'Pr3)2]*.

A view of the [{Re3(-H)3(CO)o} 2(na-n>-NO)]~ anion
is depicted irFig. 17. It consists of two centrosymmetrically
related triangular cluster units [Rg-H)3(CO)], joined by
a nitrosyl ligand disordered about an inversion centre. The
Re-N-0O, Re—N-Re and Re—O-Re angles are close tq 120
which indicate an sphybridization of the N and O atoms.
The nitrosyl group lies fairly well in the plane of four atoms
[82]. Structural data for bridging nitrosyl rhenium complexes
are presented imable 5

3.6. Dinuclear and polynuclear rhenium compounds
with terminal NO ligands

Structural data for dinuclear and trinuclear rhenium

metal atoms. It can bind to metal centres of polynuclear complexes with terminal nitrosyl ligands are listed in
species only through the N atom, or both N and O atoms. Table 5 [51,56,83—-87]The two bridging dmpm ligands of

Fig. 15. Hydrogen bonding in the solid sate of [Re(NRDH;NCsHg(CHz)4 }(H)(PCys)2](BArF,) [81].
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Fig. 16. Molecular structure of the [RgH)(n-12-NO)(NO)(P'Pr3)4]* cation[80].

[Re2(NO)Cls(n-dmpm)] are bound in such a way that a
rarely encountereds, trans disposition of phosphorus atoms
at the two metal centres is obsenj8a] (Fig. 18.

The short Re—Re bond distance [2.379@) in
[Rex(NO)Cls(p-dmpm}] indicates the presence of a triple
bond between the rhenium atoms. The weakening of the
Re=Re bond of [Rg(NO)Cls(i-dmpm}] in comparison
with other triply bonded dirhenium halide complexes re-
sults from Re— w5 back-bonding. The Re—Re bond dis-
tances of [Re(u-H)(-Br)[P(O)PI3]Bra(NO)(i-dppmp]*

Fig. 17. Molecular structure of théRes(pu-H)3(CO)o}2(na-n?-NO)]~ an-
ion [82]. Fig. 18. Molecular structure of [RENO)Cls(n-dmpm} [83].
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Table 5
Structural properties of dinuclear rhenium nitrosyls and heteronuclear clusters with terminal nitrosyl groups bound to Re atoms
Complex Re—N/O/i\) N-O (A) Re—N-0 () References
Bridging nitrosyl rhenium complexes
[Rez(H)(n-1?-NO)(NO)s(P'Prs) ] (BArF4) 1.78 (1) 1.20 (1) 158 (1) (80]
1.80(2) 1.17 (2) 172 (1)
(NEts)[{Re3(1-H)3(CO)0}2(ma-n?-NO)] 2.133 (av) 1.34 (av) 114.4 (av) (82]
Dinuclear rhenium complexes with one or two terminal nitrosyl ligands
[Rex(NO)Cls(n-dmpmy] 1.68 (3) 1.28 (3) 174 (1) [83]
[Rex(p-H)(-Br)[P(O)Ph]Bra(NO)(j-dppm)](ReCs) 1.76 (1) 1.18(1) 178 (1) (84]
(PPh)[Rex(SCsH4Me-4);(NO),] 1.721 (18) 1.191 (25) 176.5 (17) [76]
1.638 (27) 1.305 (32) 173.6
[Re(NO)(CO)Cl{1-Cl)(COE)b 1.760 (13) 1.168 (18) 170.3 (12) [51]
[Re(NO)(CO)(bipy) PO(OMe) }2]2(03SCRs)2 1.762 (5) 1.190 (7) 177.2 (5) [56]
[{Re(NO)(CO)(tacnz(n-CH2OCH)]l 2 1.77 (3) 1.26 (4) 176.3 [87]
1.70 (3) 1.24 (4) 173.9
[{Re(NO)(CO)Cl}2(p-SCMey)s] 1.785 (13) 1.187 (18) 177.0 (14) [85]
1.840 (18) 1.182 ((23) 177.1 (14)
[{Re(NO)(CO}}2(.-SCMes)2(p-S)] 1.861 (28) 1.21(5) av 169.7 (33) [85]
1.793 (51) 172.0 (33)
[Rex(NO),(COR(SCMes)(p.-SCMes)2(pn-OH)] 1.744 (14) 1.175 (20) 177.1 (15) [85]
1.808 (21) 1.131 (29) 174.4 (17)
[Re2(NO)2(CO)(SCMe&)2(v-SCMes)2(-OH)[{Na(THF)(ELO)} 1.742 (14) 1.181 (19) 176.6 (13) [85]
1.802 (14) 1.168 (20) 176.9 (13)
Trinuclear rhenium clusters with the nitrosyl group at each Re atom
[Re3(NO)3(COX(-SCMes)3(jna-S) (na-Cl] 1.704 (27) 1.18 (4) av 177.8 (25) [85]
1.813 (35) 175.7 (33)
1.815 (29) 174.3 (30)
[Re3(NO)3(CO)3(n-SCMe3)3(u3-SCMes) (3-0)] 1.759 (16) 1.204 (22) 176.1 (16) [85]
Trinuclear antiferomagnetic clusters with;®e, core and nitrosyl ligand bound to Re
[Cp2Cra(na-Sk(n-SCMes),Re(NO)I] 1.901 (21) 1.011 (34) 157.5 (26) [88]
[Cp2Cra(e3-Sk(-SCMe;)2Re(NO)(CO)] 1.807 (28) 1.165 (41) 176.7 (13) [89]
cis-[CpoCra(pua-S)(1-SCMe3),ReCh(NO)(COY] 1.77 (3) 1.25 (4) 177.6 (31) [90]
trans-[CpaCra(3-S)(u-SCMe3)2ReCh(NO)(CO)] 1.780 (2) 1.16 (2) 174.2 (10) [90]
Trinuclear antiferomagnetic clusters with CeRmre and nitrosyl ligands bound to Re atoms
[CpCr(u-SCMe&)Re(NO)(CO)fuz-Sh(n-SCMe)Re(NO)(CO)] 1.767 (8) 1.199 (11) 175.3 [88]
1.839 (9) 1.162 (13) 173.6
[CpCr(u-SCMe;)Re(NO)(CO)(13-Sh(pa-SCMe;) (n-SCMez)Re(CO}] 1.775 (10) 1.195 (16) 176 [88]
[CpCr(u3-S)(-OSCMeg)2Re (u-Cl)(n-SCMe3) (NO)2(CO),] 1.785(12) 1.19(2) 178.9 [90]
1.823 (14) 1.19 (2) 175.9

Tetranuclear antiferromagnetic clusters withRe core and nitrosyl ligands bound to Re atoms
[CpCr(ws-S)(-SCMes),Re(NO)(CO)} 1.789 (5) 1.176 (7) 178.6 (5) [90]

[84] and [Re(SCsHaMe-4),(NO)z]~ [76] are considerably  ular structure of the [Re(NO)(CO)(bip{fpO(OMe}},]2%*
longer than for [RgNO)Cls(un-dmpm}] (2.6273(8) and cation.
2.783(1), respectively), but still indicative of some degree  The terminal nitrosyl groups of the trinuclear
of Re—Re multiple bonding. [Re3(NO)3(CO)(-SCMe3)3(3-SCMe;)(p3-0O)] complex
The [Re(NO)(CO)CI-Cl)(COE)L [51] complex and occupy the rrans-positions to the oxo ligand, whereas
the [Re(NO)(CO)(bipy)PO(OMe}},],%* cation [56] are the carbonyl groups arerans arranged with respect to
built from two identical mononuclear fragments related by the w3-SCMe bridge [85]. The molecular structure of
a centre of inversion. The O and P atoms of the two the [Re&(NO)3(COk(u-SCMe&)s(nz-SCMe)(n3-0)] is
bridging {(MeO»LP(O)} fragment and two Re atoms of depicted inFig. 2Q
[Re(NO)(CO)(bipy) PO(OMe} },],%* cation form a planar The cubane-type cluster [Re{-O)(CO)(NO)]4 was iso-
heteronuclear six membered rifilg. 19presents the molec-  lated in the reaction of the [Re§fCO)L(NO)]~ complex
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Fig. 19. Molecular structure of the [Re(NO)(CO)(bipPO(OMe} }2]2%* cation[56].

with water, and characterised by IR and mass spec-1 presents the structural formulae of selected heteronuclear
troscopy. The basic structure is a4&g-unit (Scheme % clusters.
[86].

Table 5contains also structural data for a variety of antifer-
romagnetic heteronuclear clusters containing a nitrosyl group
bound to a Re atorf88-90] Although these compounds are
organometallic species, they have been includetabiie 5
The rhenium atoms of the clusters are not bound to Carbo”manganese or technetium.

atom of organic ligands. Most of these clusters have been oy iy ctures were determined for some six-coordinate
synthesised by fission of the binuclear rhenium complex ap- {TcNO}® and {TcNO}® complexes. The first group in-

plying organometallic chromium complexes as ligartisart cludes (AsPB)[Tc(NO)Cly(acac)] [91] and (NBW4)
[Tc(NO)Cly(MeOH)] [92] (similar to (NE)[Re(NO)Bry
(EtOH)]). The second class comprises the following
compounds: [Tc(NO)B(CNBU)3] [93], [Tc(NO)Ch
(HN=NCgH4N)(PPHR)] [94], [Tc(NO)CI(diarsy]* [95]
(similar to [Re(NO)X(L-L)I"), [Tc(NO)(Phem)(NH3)]%*

[96], [Tc(NO)Ch(pyPPh-P,N)(py-PPh-P)] [97] and
[Tc(NO)Clx(py)s] [98] (analogous to [Re(NO)&lpy)s]).
[T-acceptor donors, such as phosphines, arsines and/or

3.7. Short comparison with manganese and technetium

The number of structurally characterised nitrosyl coordi-
nation compounds is considerable larger for rhenium than

[Re* = Re(CO), (NO)]
Fig. 20. Molecular structure of the [B@NO)3(CO)R(w-SCMes)a(wa-
SCMes)(p3-0)] [85]. Scheme 4.
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pyridine-like ligands, usually complete the coordination inates [Mn(NO)(ONO)(pc)], [Mn(NO)(NCO)(pc)],
sphere of{TcNO}® complexes. Only one five-coordinate [Mn(NO)(OPPh)(pc)] and [Mn(NO(pc)]~ [75] are
technetium nitrosyl complex has been structurally structurally characterised six-coordinate nitrosyl complexes
characterised—[Tc(NO)CI(2,3,5,6-M8CsH)3] [99]. of manganese. A similar series of nitrosylrhenium phthal-
The geometry about the technetium atom is trigonal ocyaninates were obtained, and the X-ray structure of
bipyramidal with the chloride and linear NO group in the [Re(NO)(CN)]?>~ was determined.

axial positions. For rhenium, a series of [Re(NO)(gR) Four-coordinate  structurally  characterised man-
was obtained, and X-ray structure was determined for ganese nitrosyl species, [Mn(N§JPPh)] [110] and
[Re(NO)(SGH3'Pr2-2,6)]. [Mn(NO)2(CO)]~ [111], possess tetrahedral geometry with

For manganese, some mono- and dinitrosyl five- essentially linear NO groups. They are formally ditrosyls
coordinate complexes were structurally characterised.and do not have analogues among rhenium and technetium
The [Mn(NO)(CO)] [100], [Mn(NO)(COx(PPR)] nitrosyl complexes.

[101], [MNn(NO)(COR(PHPh)2] [102] and [Mn(NO)
(COX(PPR),] [103] compounds have TPB geometry with  3.8. Structural trans-effects of nitrosyl ligand
the linear NO group in the equatorial plane. Although

[Re(NO)(CO})] is unknown, the [Re(NO)(CQJPPH)2] The ‘structural trans-effect’ (STE) is defined as the effect
derivative was isolated, but it was not structurally charac- of a ligand on a bond distance toramns ligand. ‘Kinetic
terised. trans-effect’ (KTE) refers to the effect on the lability of a

In the (2,8,16,22-tetra-azatricyclo(21.5.9%)octa- trans ligand[112].
cosa-1,9,11,13,15,23,25,27-octane)(nitrosyl)manganese(lll) A thorough analysis of the bond lengths in octahedral
[104], the nearly linear NO group lies in the trigonal plane, transition metal nitrosyls allowed one to get information
rather than occupying the axial position of a square pyramid on the ‘structural trans-effects’ of the nitrosyl ligand. The
as occurs in the porphyrin analogue—[Mn(NO)(TTP)] linearly bonded nitrosyl ligand is a poas-donor, and
[105]. a very strongm-acceptor. The STEs of NOdepend on

In the five-coordinate dinitrosyls — [Mn(N@)PPh the bonding properties of the ligand being affected (in
(OMe)}3]™ [106], [Mn(NO)2(Cl){PPh(OMe)}2] [107] trans-position to the nitrosyl).Fig. 21 presents the sim-
and [Mn(NO}(H)(PMes),] [108] — the coordination about  plified orbital representations of the bonding in linear
the Mn atom is trigonal bipyramidal with the nearly linear metal nitrosyl complexes with different types ofans
nitrosyl groups in the equatorial plane. Some similar ligand.
rhenium five-coordinate rhenium dinitrosyls are presented  The NO' ligand shows moderate STE with respectito
in Section3.3 The pentacyano anion, [Mn(NO)(C&§~ acceptor ligands, negligible STE, to a purekgonating lig-
[109], porphyrin complex, [Mn(NO)(4-MePip)(TPP)] and, and inverse STE (i.e., theins bonds are shortened)
[105], and series of nitrosylmanganese phthalocyan- when occupiesrans-position tomw-donors[112].
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trans bond
unaffected

— trans bond
®® = @ lengthened

trans bond
shortened

= o— donation

= 11— donation

Fig. 21. Simplified orbital representations of the bonding in linear metal nitrosyl complexes with different typessdfgand: (a)o-donor ligand; (b)
o-donor-r-acceptor ligand; (cy-donor-ar-donor ligand112].

The number of rhenium nitrosyls witho-donor
ligands in the coordination sphere is sparse. The
[Re(NO)(CO)(NH)(tacn)]Br,  complex (tach=1,4,7-
triazacyclonanane) seems to be the best example. The X-ray
crystallographic investigation confirms negligible STE of 02
the nitrosyl group on the theo ReaNne bond length. The 101
Re—Nymine distance (2.149(6)) in trans-position to the
nitrosyl is almost the same as the RemiMe bondsrans to
the NHz molecule (2.154(6&), and shorter in comparison
with the third Re—Nmine bond (2.169(6) trans to the
carbonyl ligand58]. 180

For the (AsPh)2[Re(NO)(CNy{SC(NH)2}], the Of N1 254.0 Br1
rhenium-cyano bond lengthians to the nitrosyl is signifi- 14 184 .
cantly longer (2.229(117)) than the average rhenium-cyano
distancecis to the nitrosyl group (2.121(12) [63]. A 0541 - @
similar trend is observed for (NB{Re(NO)CkL(py)] [44]. 249.1
The Re-Ny bond (2.218(6)’\) is considerable longer in Br3
comparison with the value obtained from the sum of the
relevant covalent radii (2.08) or average value of the Br2 2513
Re—N,y distances (2.18) in mer-[ReXs(py)s] (X=Cl, Br)
[112].

An inverse structural trans-effect of the linearly
bonded nitrosyl ligand has been observed for structures: ea Br4
(PPhy)[Re(NOYBr4] [78] and (AsPh)[Re(NOXCl4][79].
The perspective drawing of the [Re(NfBy4] ~ with bond Fig. 22. Perspective drawing of the [Re(NB),] ~ with bond lengths (ppm)
lengths is depicted iRig. 22 [78].

N2
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For the mer, trans-[Re(NO)X3(PPhy)2] (X=CI, Br) from M to NO leads to the population af{, orbitals and
[34,35] [Re(NO)Bgr(AsPh),] [36] compounds a significant  lowering ofvyo. The position ofunp is influenced by many
lengthening of the Re—Cl and Re—Br distances is observed.other factors, such as electronic configuration of the metal
This probably results from the fact that the halogen atoms centre, electronic effects of other ligands, the overall charge
in the cis positions to the NO group take part in weak in- of the complex and the structure of the complex. Although
tramolecular hydrogen bonds. The formation of the hydro- IR spectroscopy is the most widely used technique for the
gen bond causes local deficiency of electron density on thecharacterisation of metal nitrosyls, it cannot be used to un-
halogen ions and consequently these ligands are closer to theambiguously assign the mode of linkage of NO group to a
rhenium atom in the experimental structures. metal centre. There is no reliable correlation between a posi-

The strong STE of NOand NO™ inthe octahedralmonon-  tion of vyyo and M—N—O geometril—25]. The IR stretching
itrosyls can be explained on the basis molecular orbital frequencies for nitrosyl rhenium complexes are summarized
scheme presented fRig. 2 The highest occupied molec- in Tables 6-9
ular orbital in the six-coordinat¢§MNO}’ and {MNO}2 In general, only oneyno is observed in the IR spec-
complexes is constituted of they, orbital and @ metal tra of the mononitrosyl rhenium complexes. The splitting
orbital. This orbital combination must be antibonding with in the vyo bands in the IR spectra of the [Re(NO)(CO)
respect to the binding of the ligand iruns-position to the Cl(bipy)(PRs)](O3SCFs) complexes (R=0OMe, Et) is con-
NO. A partial population of the ﬁjorbital by an unpaired  nected with the presence of two isomers in an approximate
electron (or electrons) derived from the RNOr NO~ lig- 2:1 ratio[56]. Unfortunately, all attempts to separate the iso-
and leads to weakening of the metal-ligand bonds to the mers by chromatography were unsuccessful. In other cases,
nitrosyl. This can be demonstrated by the structural stud- the splitting of thevno bands results from the solid-state ef-
ies of the porphyrin [M(NO)(4-MePip)(TPP)] complexes. fect or the choice of solvent medium for recording the IR
For {MnNO}® complex, the Mn-NO angle is nearly lin- spectrum of the compl€}86,57,62,115,116]
ear (176) and the Mn-Nj, bond length is relatively short Thevno vibrations of the rhenium nitrosyl complexes ap-
(2.20A). For {FeNO}’complex, the Fe-NO angle equals pear at lower wavenumbers than that of free NO. This in-
to 142 and the bond to 4-methylpiperidine nitrogen is dicates a contribution of electronic back-donation from the
significantly weakened (2.46). In the {CoNO}® species, metal centre to ther{, orbitals. A significant shift to lower
the Co—NO angle is 128and a stable complex with 4- wavenumbers is typical for theReNO}® compounds with
methylpiperidine could not be isolated. The structural trans- strongo/w-donors in the coordination sphere.
effect is apparently the mechanism by which NO acts as The highest NO stretching frequency is observed
a messenger and turns on the enzyme guanylate cyclasefor the [Re(NO)(CO)(MeCNYPEt))2](O3SCFs) complex.

NO as a signalling agent coordinates to a five histidine- In comparison with [Re(NO)(CO)(MeCHjP(OMe}},]
ligated heme; the consequent NO trans-effect leads to a(O3SCR) and [Re(NO)(CO)(bipy)P(OMex}2](O3SCHR),
breaking of thetrans iron-histidine bond. The structural a decrease iar-back-bonding to the nitrosyl group can be
trans-effect of N® leads to a greater than 0.20length- noted[56].

ening of the bondrans to NO. The structural data for On changing the halogen from chlorine to bromine, the
complexes with a nitroxyl ligand show that NChas a par-  vno frequency of (NE§[Re(NO)Xs] compounds increases,
ticularly strong STE, greater than NO, CN~ and Me although an opposite behaviour could be expected on the basis
[26,113,114] of the trend in electron affinitjd 17—119] The substitution of

the haliderrans to NO in the (NEt)[Re(NO)Xs] complexes
by a neutrakr-acceptor ligand L causes an increase of the

4. Spectroscopic properties of nitrosyl rhenium vno frequency. The ligand L successfully competes with the
complexes electron transfer from the metal to the NO group. The vari-

ations invyo, however, are not a measure of theacceptor
4.1. IR spectroscopy properties of the ligands [117,120]

Table 10 presents NO stretching frequencies for
The MNO group is expected to exhibityo, vmun and [M(NO)(CN)5]"~ (M=Mn, Re, Fe, Ru, Osp=2, 3). The
dmno in the IR spectra of metal nitrosyl complexes, but only vno of [Re(NO)(CN]*~ (n=2 or 3) is considerably lower
vno has been identified in most cases. The stretching fre-in comparison with [M(NO)(CN§]2~ (M =Fe, Ru, Os) and
quency for uncoordinated NO is 1870tk and on binding the manganese [Mn(NO)(CHY~ (=2 or 3) analogues.
to a metabyo may increase or decrease. It is a consequenceThe vyo of [Re(NO)(CN)Y]?~ is even lower than the NO
of the synergetic electronic interaction betweedonation stretching frequency observed for tH&n(NO)}® com-
of electron density from NO to metal d orbitals and back- plex. This indicates a large contribution of electronic back-
donation of electron density from M to NO. A net donation donation from the Re atom to thef, orbitals. The de-
of electron density from NO group to a metal centre results crease ofvno for [Re(NO)(CN)(OH,)]1~ in comparison
in a stronger NO bond, and a higheno can be expected.  with [Re(NO)(CN)]2~ is consistent with the fact that-
Conversely, an increased back-donation of electron densityback-bonding from Re to NO is more pronounced in the
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Table 6

NO stretching frequencies for six-coordinate mononitrosyl rhenium complexes

Complex v(NO) (cn 1) References
{ReNO}*
[Re(NO)CL(MeCN)] 1912; 1810 [70]
[Re(NO)CB(NPPH)(OPPh)] 1737 [71]
(AsPhy)[Re(NO)CE]-H,0 1740/1750 [115]
(PPh)[Re(NO)CE]-H,0 1730 [115]
(AsPhy)[Re(NO)BKs]-H20 1740 [115]
(PPh)[Re(NO)BIs]-H20 1740 [115]
[Re(NO)Cly(phen)]H,0 1770/1740 [115]
[Re(NO)Bri(phen)}H,0 1762/1733 [115]
{ReNO}®
(NEty)2[Re(NO)CE] 1718, 174 [1172118]
K2[Re(NO)CE] 1730 [118]
Cs[Re(NO)CE] 1710 [118]
(NEty)2[Re(NO)B] 1738, 1718 [1172119]
(bipyH)2[Re(NO)ls] 1700 [129]
Cs[Re(NO)ls] 1700 [129]
Rbp[Re(NO)k] 1720 [129]
(NMeg)2[Re(NO)(SCNy] 1765 [131]
K2[Re(NO)(SCN3] 1755 [131]
K[Re(NO)(CNY(OH,)]-(Pheny-MeOH-3H,0 1700 [47]
K2[Re(NO)(CNY]-(Pheny-4.5H,0 1660 [47]
(NEt)[Re(NO)Ch(L)]
L=MeCN 1765 [117]
L=py 1753 [117]
L=3-Cl-py 1735 [117]
L =2-pic 1755 [117]
L=24-lut 1750 [120]
(NEty)[Re(NO)Bu(L)]
L=MeCN 1770 [117]
L=py 1762, 1759 [1172,120]
L=3-Br-py 174@, 1739 [1172,120°]
L =3-pic 1758 [117]
L =4-pic 1755 [120]
L=3,5-lut 1755 [120]
L =CgHsNH> 1741 [120]
L =4-Me-CgHsNH; 1743 [117]
(AsPhy)[Re(NO)CL{OC(NH,)CHz}] 1735 [46]
[Re(NO)(CO)(NH;)(tacn)]Br 1740 [58]
[Re(NO)(OH)(phen)]H,0 1680 [115]
[Re(NO)(OH)(bipy)]-H20 1680 [115]
[Re(NO)Xs(bipy)]
X=Cl 1740 [124]
X=Br 1730-1740 [120]
X=1 1755 [129]
[Re(NO)Xg(phen)]
X=Cl 1760 [124]
X=Br 1730-1740 [120]
X=1 1700 [129]
[Re(NO)CI(dppe)](NOs)2 1700 [68]
[Re(NO)CI(dppe)](BF4)2 1680 [68]
[ReBr3(NO)(dppe)b.s[ReBra(dppe)b.a 1742 [74]
[Re(NO)CLX(PPtg)]
X=Cl 17348, 176 [342,119]
X=0Me 1727 [57]
X =OEt 1728 [57]
[Re(NO)Ch(OReQ)(PPh)(OPPR)] 1745 [41]
[Re(NO)Ch(OPPh)3](ReQy) 1760 [41]
[Re(NO)BrL 2]
L=PPh 1776, 1750 [352,119]
L=AsPhs 1773 [36]
[Re(NO)CB(AsPhy)2][ReCls(AsPhy)s] 1738 [36]
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Table 6 Continued)
Complex v(NO) (cn 1) References
[Re(NO)X3(OPPh),]
X=Cl 1734 [42]
X =Br (monoclinic) 1738 [35]
X =Br (orthorhombic) 1754 [43]
[Re(NO)X3(OAsPH)2]
X=Cl 1721 [36]
X=Br 1733 [36]
[Re(NO)CE(OPPhR)(PPH)] 1745 [38]
[Re(NO)CE(OPPR)(pyz)] 1762 [73]
[Re(NO)Br(MeCN)(PPh)] 1749 [39]
[Re(NO)Br(pzH)(AsPh)] 1754 [40]
{ReNQ}®
(AsPhy)2[Re(NO)(CN)(H20)]-5H,0 1677 [64]
[Re(NO)Ch(MeCN)(PMe),] 1678 [65]
[Re(NO)CL(CNR),(PPh)] 1726 [57]
[Re(NO)ChL3]
L=P(OMe); (CH,Cl,) 1755 [53]
L=PPh 1693/1658 [57]
L=SbPh 1683 [67]
L=py 1650 [66]
[Re(NO)BRL3]
L=py 1665 [120]
L=SbPh 1681 [67]
L =4-picol 1660 [120]
[Re(NO)(I)L2]PtCls
L=phen 1665 [129]
L =bipy 1675 [129]
[Re(NO)BrLy]Br
L=phen 1660 [120]
L = bipy 1660 [120]
[Re(NO)Cl(dppe&)](BF4) 1714 [51]
[Re(NO)Cl(dppe)](BF4) 1690 [68]
[Re(NO)(OEt)(GH7NC)2(PPH)2](PFs) 1693 [116]
[Re(NO)(OEt)(GH7NC)2(PPH)2](ClO4) 1702 [116]
[Re(NO)(OMe)(GH7NC)(PPH)2](PFs) 1694 [116]
[Re(NO)(OMe)(GH7NC)2(PPh)2](ClO4) 1701 [116]
[Re(NO)(CO)ChL 2]
L =P(OMe) (CHxClIy) 1755 [53]
L=P(O“Pr)s (hexane) 1750 [53]
L =PMe; (CH,CIy) 1733 [53]
L =PEt (CH,Cly) 1728
L =PEg (hexane) 1716 [53]
L=P(-Pr) (hexane) 1716 [53]
L=PCys (CHoCly) 1717 [53]
L=PPh 1722, 1738, 1730 [342,57°,13(7]
L=dppm 1734 [51]
L=1/2 bipy 1725 [51]
L=1/2 (4,4-Me-bipy) 1718 [51]
L=1/2 dmpc
Enacjomer | 1747 [51]
Enacjomer Il 1711 [51]
1755 [53]
[Re(NO)(CO)Bp(PPh)] 1740 [130]
[Re(NO)(CO)Bp(PP),]-NO 1743/1726 [52]
[Re(NO)(CO)CI(IYP(O4Pr)s}2] 1757 [50]
[Re(NO)(COY0,SO(GsHaMe)}{P(OPr)s} ] 1775 [50]
[Re(NO)(CO)CI(H)Ly]
L=P(OMe}); (hexane) 1701 [53]
L={P@-PrO}}2 (hexane) 1693 [53]
L=PMe; (CH,Cl,) 1668 [53]
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Table 6 Continued)

Complex v(NO) (cn 1) References
L =PEg (hexane) 1669 [53]
L =P(-Pr); (hexane) 1671 [53]
[Re(NO)(CO)(H)X(PPB)2]
X=0CHs 1669 [116]
X =F (trans to NO) 1698 [116]
X =F (trans to CO) 1662 [116]
X=Cl 1715/1710/1704 [116]
X=Br 1717/1709/1702 [116]
X=N3 1704, 1700 [116]
X=NCO 1702 [116]
X=1 1719 [116]
X=SCN 1726 [116]
[Re(NO)(CO)H(OOCCE)L ]
L=PMe3 1723 [55]
L=P(-Pr)s 1724 [55]
L=P(-PrO) 1730 [55]
[Re(NO)(CO)(OOCCE),L ]
L=PMe; 1763 [55]
L=P(-Pr) 1755 [55]
L=P(-PrO) 1785 [55]
[Re(NO)(CO)F(X)(PPh)2]
X=F 1711 [57]
X=0Me 1694 [57]
X=D 1675 [57]
[Re(NO)(CO)HL 2]
L =P(OMe} (hexane) 1681 [53]
L =P(-PrO) (hexane) 1671 [53]
L =PMes (hexane) 1655 [53]
L =PEg (hexane) 1652 [53]
L =P(-Pr); (hexane) 1650 [53]
L =PCy; (hexane) 1623 [53]
[Re(NO)(CO)F(PPK)3](BF4) 1742 [57]
[Re(NO)(CO)Hp-OCsH4NO2)(PMe3),] 1665 [54]
[Re(NO)(CO)CI(MeCN){P(OMe}}](03SCF;) (in MeCN) 1778 [56]
[Re(NO)(CO)CI(MeCN)(PEg)](O3SCFg) (in MeCN) 1760 [56]
[Re(NO)(CO)Cl(bipy) P(OMe)}1(O3SCHRs) 1748/1781 [56]
Re(NO)(CO)Cl(bipy)(PE#)](O3SCFs) 1737/1760 [56]
[Re(NO)(CO)CI(QSCR;){P(OMe}},] 1770 [56]
[Re(NO)(CO)CI(QSCRs)(PE&)2] 1744 [56]
[Re(NO)(CO)(QSCHR)2{P(OMe}}2] 1802 [56]
[Re(NO)(CO)(QSCR)2(PER):] 1767 [56]
[Re(NO)(CO)(MeCN){P(OMe}}2](O3SCRs)2 1826 [56]
[Re(NO)(CO)(MeCN)(PEg)2](03SCRs)2 1793 [56]
Re(NO)(CO)(bipy] P(OMe)}}2](O3SCRs)2 1764 [56]
[Re(NO)(CO)(tacn)](BF)2 1800 [125]
[Re(NO)(CO)(NH)(tacn)|Br 1720 [58]
[Re(NO)(CO)(CRSOs)(tacn)|(CRSOs) 1760 [58]
[Re(NO)(CO)Cl(tacn)][(1S-@H14BrO4S] 1700 [87]
[Re(NO)(CO)(MeCN)(tacn)] (BF)2 1740 [58]
[Re(NO)(CO)(NMe)(tacn)] (BR;)2 1740 [58]
[Re(NO)(CO)(NCO)(tacn)](BF) 1700 [58]
[Re(NO)(CO)(HCOj)(tacn)] (BR) 1680 [58]
[Re(NO)(COXNH(CO)(OCH)}tacn)] | 1680 [58]
[Re(NO)(COXNH(CO)(OGHs)}(tacn)] | 1680 [58]
[Re(NO)(NCO)(tacn)] 1620 [58]
[Re(NO)(COXClz(L)]
L=THF 1779 [51]
L=py 1761 [126]
L =4-pic 1763 [126]
L=3,4-lut 1765 [126]
L=C4HgS 1772 [126]
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Table 6 Continued)

Complex v(NO) (cnr 1) References
L=CsHsNO 1761 [126]
L=OPPh 1761 [126]
L=PBu 1770 [126]
[Re(NO)(CO}l2(py)] 1763 [126]
[Re(NO)(CO»Br,(py)] 1769 [126]
[Re(NO)(CO}CI(PPh),]Cl3 1810 [126]
[Re(NO)(CO)Br(PPh),]Brs 1805 [30]
(NEty)[Re(NO)(COXCl3] 1770 [59]
(NMe4)[Re(NO)(CO}(NO3)3] 1794 [59]
[Re(NO)(CO}CI(bipy)](BFa) 1818 [51]
[Re(NO)(COYH(PPh)2] (SO3CFs) 1766 [31]

[Re(NO)H(X)(PPh)s]

X=H 1640 [132]
X=F 1655 [116]
X=Cl 1664/1656/1651 [116]
X=Br 1665/1656/1651 [116]
X=0CH; 1634 [116]
X=N3 1660 [116]
X=NCO 1661, 1657 [116]
[Re(NO)H(X)(C/H7NC)(PPh).]
X=F 1656 [116]
X=Cl 1668 [116]
X=Br 1667 [116]
X=I 1676 [116]
X=0CH; 1646 [116]
X=N3 1675 [116]
X=NCO 1679 [116]
X=SCN 1686 [116]
[Re(NO)H(BH,)L2]
L=PPr3 1660 [62]
L=PCy 1660 [62]
L=PPh 1687/1666 [62]
[Re(NO)H(MeOH)(PPh)3](ClO4)] 1700 [116]
[Re(NO)BR(m2-Hy)(P'Prs)2] 1722 [62]
[Re(NO)Br(n?-H2)(PCys)2] 1706 [62]

[Re(NO)(COXCl(bipy)][Re(NO)(CO}Cl3]

Cation 1807 [51]

Anion 1766

[Re(NO)(NOBR)(H)(P'Pr3)7] 1637 (N-O) [62]
1363 (N-OBR)

[Re(NO)(NOBR)(H)(PC)2] 1646 (N-O) [62]
1377 (N-OBR)

[Re(NO)(HNO)Ch(PPh)] 1720 (N-0), 1370 (HNO) [30]

[Re(NO)(HNO)CI(I)(PPhB)2] 1745 (NO) [30]
1380 (HNO)

[Re(HNO)CI(CO)}(PPh)2] 1376 [31]

[Re(HNO)CI(COY(PCys)2] 1335 [31]

[Re(HNO)(CO}(PPh)2]OTf 1391 [32]

Most of the spectra are measured in KBr disks, otherwise the solvent is given in round brackets. The superscript letters (a—c) indicate the fareriee.of re

monoanion where the nitrosyl ligand igns to the aqua ands but also from the different arrangement of the ligands
group[47,121-123] around the rhenium atom in these complexes. The lower-
The stretching frequency of the nitrosyl group in the ing of thevno for [ReXa(NO)L3z] complexes in relation to
[ReX3(NO)Ly] complexes (X=CI, Br; L=phosphines, ar- [ReX3(NO)Ly] corresponds to the lower oxidation state of
sines and their oxides) is affected by both X and L lig- the rhenium ion in [ReX(NO)L3], resulting in an increased
ands. Theno frequency of [ReG(NO)L2] (PPh or AsPh) back-donation of electron density from the filled rhenium
compounds is lower than for the bromo-species. The higherd orbitals into ther" antibonding orbital of the NO group
vno frequencies are found for complexes containing phos- [34—-36,42,43,57,66,120,124]
phine and arsine ligands than their oxides, but this re- The effect of spectator phosphine (HHRgands is seen
sults not only from the different character of these lig- by comparison ofyo values observed in the [Re(NO)(CO)
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Table 7

NO stretching frequencies for five-coordinate mononitrosyl rhenium
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complexes
Complex v(NO) (cnr 1) References
{ReNO}*
[Re(NO)X4] 1758 [76]
X =SCsH3'Pr2-2,6 1760 [76]
X=SCeH2'Prs-2,4,6 1757 (1763cm) [76]
X =SCsHoMes-2,4,6 1755 (1768cm)  [76]
[Re(NO)X3(OMe)]
X=SCsH,Mes 1747 [76]
X=SCsH,'Pr3 1745 [76]
[Re(NO)(SGH3'Pr,-2,6)3(OEL)] 1746 [76]
Re(NO)(SGH2'Pr3-2,4,65Cl| 1780 [76]
{ReNO}®
(PPhy)[Re(NO)(OH)]-H.0 1685 [115]
(AsPhy)[Re(NO)(OH)Y]-H20 1685 [115]
{ReNQO}®
[Re(NO)(CO}L>]
L=P(-PrO) (CHxCly) 1612 [53]
L=PMes (E,0) 1604 [53]
L =PEf (hexane) 1609 [53]
L=PCys 1582 [31]
L=PPh 1620 [30]

Cl2(PRs)2], [Re(NO)(CO)CI(H)(PR)2], [Re(NO)(CO)(OO-
CCR)2(PRs)2] and [Re(NO)(CO)H(PRs)2] series. The
stronger is the sigma donor strength of Rhe lower
the vno frequency is observed. The position ofio in
[Re(NO)(CO)ChL ] species is considerable higher than in
[Re(NO)(CO)CI(H)Lp] and [Re(NO)(CO)HL]. Thisis due
to a strongo-donor character of hydride ligands. A similar
trend is also observed on changing chloride or bromide lig-
ands by fluoride onf84,51,53,57,125,127]

Formation of the NO-L linkage (L = acidic substrate) dra-
matically affects theo vibrations in the IR spectrum. The

increase in electron density donation from the metal to the
NO unit. Consequently, the nitrogen—oxygen bond becomes
weaker, as reflected by the lower IR wavenunber81]

Nitroxyl (NO~) complexes, as predicted by the
Enemark—Feltham rules, have lawo stretching frequen-
cies indicative of occupation of the*no antibonding or-
bitals. Compounds of [Re(X)(Cl)(NO)(HNO)(PB}] com-
position (X =Cl, I) have both NO and HNO; their IR spectra
showvyo stretches for the HNO and NO at 1370, 1720¢m
(X=ClI) and 1380, 1745cmt (X=1) [30]. The IR spectra
of [Re(HNO)CI(COX(PPh).], [Re(HNO)CI(CO}(PCys)2]

[31] and [Re(HNO)(CO¥(PPh)2](O3SCRs) [32] reveal
strong bands assigned tg,o (HNO) in a similar range.
The marked drop invno from that of free HNO at
1563 cnt?t indicatesw-acceptor character of the HNO lig-
and. The effect of spectator ligands is seen by comparison
of [Re(HNO)CI(CO}»(PRs)2] where R equals phenyl (Ph) or
cyclohexyl (Cy). The stronger sigma donor, BCresulted
in a 40 cnt! lowering of thevno energy compared to that
of the [Re(HNO)CI(CO)(PPh),] complex. A significantly
smaller lowering observed for theo (only ca. 7 cnm?) indi-
cates thatr-back-bonding in the [Re(HNO)CI(CQPRs)2]
complexes is dominated by HN[@1,32].

For metal dinitrosyls withrans-arranged NO group, only
onevno is expected in the IR spectra. The symmetric vibra-
tion of the linear ON—M—NO unit does not alter the dipole
moment, and is IR inactive. In the infrared spectra of metal
dinitrosyls withcis geometry of the NO ligands, both the sym-
metric and antisymmetric stretching vibrations are IR active.
The symmetric vibration occurs at higher energy than the
antisymmetric stretching vibration.

The positions of thesno bands for the rhenium dini-
trosyls are gathered imable 9 Crystallographically, a
trans-arrangement of nitrosyl groups has been confirmed
only in the [Re(NO)(pc)]~ cation[75], but it is also pre-

attachment of an acidic substrate to the NO group leads to andicted for the [Re(NOXdppe}](BF4) complex[69]. The

Table 8

NO stretching frequencies for dinuclear and heteronuclear rhenium complexes

Complex v(NO) (cm1) References
[Re(NO)(COXClz]2 1803 [126]
1807

[Re(NO)(CO}Brz]2 (chloroform) 1798 [126]
[Re(NO)(COdl5]2 (chloroform) 1785 [126]
[Re(NO)(CO)Cl{.-Cl)(COE)L 1776 [51]
Re(NO)(CO)(bipy]PO(OMe) },]2(03SCRs)2 1764 [56]
[Re2(NO)Cls(p-dmpmy] (nujol) 1750 [83]
[Rez(p-H)(u-Br)[P(O)Ph]Br2(NO)(u-dppmp](ReOy) 1736 [84]
[{Re(NO)(CO)(tacro(p-CHOCHy)]I 2 1680 [87]
(PPhy)[Rex(SPhy(NO),] 1738,1718 [76]
(PPhy)[Rex(SCsHaMe-4),(NO)s] 1720, 1690 [76]
[Cp2Cra(pa-Sk(1-SCMes)2Re(NO)(CO)] 1683 [89]
cis-[Cp2Cra(ua-S) (L-SCMes),ReCh(NO)(COY](cis) 1748 [90]
trans-[CpaCra(us-S)(w-SCMe;)2ReCh(NO)(CO)](trans) 1745 [90]
[CpCr(3-S)(-OSCMes)2Re; (u-Cl) (n-SCMes) (NO)2(CO) ] 1709 [78]
[CpCr(u-OSCMe;)Re(NO)(CO)frz-Sk(p-SCMe3)Re(NO)(CO3] 1741, 1707 [88]
[CpCr(.-OSCMe)Re(NO)(CO)fra-Sh(ps-SCMes) (n-SCMez)Re(COX] 1716 [88]
[Cp2Cra(p3-Sk(n-SCMes)2Re(NO)I] 1687 [88]
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Table 9
Stretching NO frequencies for mononuclear dinitrosyl rhenium complexes
Complex p(NO) (cm 1) References
{Re(NO}
(AsPhy)[Re(NOLCl4] 1870, 1775 [79]
(NBus)[Re(NOXCl4] 1870, 1775 [115]
(PPh)[Re(NO)Cl4]-1.5H,0 1865, 1700 [115]
(AsPhy)[Re(NOYXCl4]-H20 1870, 1762 [115]
(PPh)[Re(NO)Br4]-2CCly 1870, 1755 [78]
(NBus)[Re(NOYBr4] 1865, 1780 [115]
(PPh)[Re(NO®Br4]-H20 1860, 1750 [115]
(AsPhy)[Re(NOLBr4]-H,0 1860, 1740 [115]
[Re(NOLCl3(MeCN)] 1903, 1820 [79]
[Re(NORBr2(PPh)2]Br3 1890, 1800 [30]
{Re(NOY}’
[Re(NORX2(PPH)]
X=cCl 1720 [127]
X=Br 1730 [127]
X=1 1725 [127]
X=NO3 1740 [127]
[Re(NOLClo(SbPh),] 1723, 1655 [77]
{Re(NOY}®
[Re(NOR(PCys)-](BArF4) (Nujol) 1711, 1649 [80]
[Re(NOYR(P'Pr3)2](BArF4) (Nujol) 1712, 1654 [81]
[Re(NOR(PCys)2(CO)(BAIF4) (CD,Cly) 1717, 1675 [80]
[Re(NOY(P'Pr3)2(CO)](BArF 4) (nujol) 1726, 1682 [81]
[Re(NOR(PCys)-(MeCN)](BAIF4) (nujol) 1663, 1625 [81]
[Re(NOR (P Prs)2(MeCN)](BArF4) (nujol) 1675, 1634 [81]
[Re(NOR(PCys)o(THF)](BArF4) (nujol) 1664, 1585 [81]
[Re(NOYR(P Pr3)2(THF)](BArFy4) (nujol) 1678, 1630 [81]
[Re(NOR(PCy5)2(CsHsCHO)(BAIF4) (CD2Cly) 1704, 1668 [80]
Re(NOY(P'Pr3)2(CeHsCHO)](BAIF4) (nujol) 1674, 1618 [81]
[Re(NO)(H)L2]
L=PPr 1604 [62]
L=PCys 1602 [62]
L=PPh 1622 [62]
[Re(NORX(PPhy)2]
x=cl 1650 [119]
X=Br 1650 [119]
X=I 1650 [119]
[Re(NO)(dppe}](BF4) 1650 [69]
{N(PPh)2}[Re(NO)(pc)] 1586 [75]
presence of a single strongo band in the IR spectrum of Rhenium complexes with bridging NO group are very

[Re(NO)(dppe}](BF4) seems to confirm aans geometry rare and IR data are available only for PR)(w-n?2-

of the NO groups. All the other rhenium dinitrosyls show NO)(NO)s(P'Pr3)4](BArF,). As can be expected, the stretch-

two prominentvyo Vibrations situated with a splitting of  ing frequencies of the bridging nitrosyl are split and shifted

50-165 cr! typical for cis-dinitrosyl complexes. to lower wavenumbers: 1659, 1645, 1627 and 1609%for
[Rez(H)(1-n?-NO)(NO)(P'Pr3)4](BAr 4) [80].

Table 10 ; ;
10 S rces o AN o -t e, DEEISS it emperure I8 Spesuoscony s
=) actions of nitrosyl complexes with proton donors (XH).
Complex - »(NO) (ent™) References These studies were carried out for the rhenigm hydrido-
{L"&(Sg))((gm))jlz, 18 Llé]?] nitrosyls of [Re(NO)(CO)H(PRs)2] (R =Me, Et, Pr) and
[Mn(NO)(CN)s]3- 1730 [122] [Re(NO)(CO)CI(H)(PMe),] formulas. As these complexes
[Re(NO)(CN)]3~ 1650 [121] possess several sites able to form hydrogen bonds (oxygen
[Fe(NO)(CN)]*~ 1945 [123] atoms of carbonyl and nitrosyl groups, hydride and chlo-
[Ru(NO)(CN)]*~ 1926 [123] ride ligands and central atom), it is very important to estab-
[Os(NO)(CN)]?~ 1897 [123]

lish the hydrogen-bonding site. It can be done by detailed
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variable temperature IR spectroscopy studies in the ranges ofzed on the NO, and they are considered as charge-transfer

VXH, VNO, VCO, VReH @andvrect The investigation is based on
the following observations: (i) the intensities ofy bands

d— 7 transitions.
The electronic spectra of the [Re(NO)(GN)~ and

of the free X—H bond decrease and intense low-frequency [Re(NO)(H,O)(CN)]~ anions were discussed on ba-
vxHbands of hydrogen bonded complexes appear, (ii) hydro-sis of the simplified molecular scheme presented in

gen bond formation with the ligand L (CO, NO, H, CI) leads
to a low-frequency shift of the corresponding stretching
band and (iii) the appearance af band at higher energy

Fig. 2 [47] The electronic spectral bands, 424(130) nm
for [Re(NO)(CN)]>~ and 409(145)nm (4360) for
[Re(NO)(HO)(CN)]~, were assigned as;b> e transi-

indicates that this ligand does not act as a proton acceptortions, which are essentially M- w5 transitions. For the

[54,55,128]

4.2. UV-vis spectroscopy

manganese analogue ([Re(NO)(GNY), the electronic
absorption assigned to the b> e transition is shifted to
lower energy (538 nm[140]. This can be explained by the
stronger overlap of the d orbitals when going from Mn to Re.

Nowadays, two theoretical methods, namely density func- Similar trend can be noticed for [M(NO)(CHf~ cyanon-

tional theory (DFT) and the semi-empirical INDO method,

itrosyls (M=Fe, Ru, Os); the energies of the electronic

are commonly used to analyze the electronic structures andabsorptions, attributed to M- w5 transitions, increase in
spectra of transition metal complexes. However, studies of the order Fe < Ru < O86].

electronic structure and electronic spectroscopy of transition

DFT and time-dependent DFT (TDDFT) calcula-

metal nitrosyl complexes are dominated by investigations of tions were carried out for the following rhenium nitro-

the nitroprusside ion [Fe(CNINO)]2~ [133-135]and ruthe-
nium nitrosyl§136—-138] There are only a few studies, which

syls: [ReBg(NO)(PPh)2], [ReBrs(NO)(OPPR),] [141],
[ReBr3(NO)(AsPh)(pzH)] [40], [ReCk(NO)(OPPh)(pyz)]

include the detailed interpretation of the electronic spectra of and [ReC}(NO)(OPPR)(PPR)] [73]. As the investigated

rhenium nitrosyl complexes.

complexes are of large size, most of their molecular orbitals

Papef139]presents the detailed assignments of electronic have a complicated character. The percent participations of

bands of the [Re(NO)E]2~ anion on the basis of the sim-
plified molecular orbital diagram presentedrig. 23

the ligand atomic orbitals in the several highest occupied and
lowest unoccupied molecular orbitals are discussed in detail

The experimental band at 307 nm (5960) was attributed to in the paper§40,73,141] The electronic configuration of the

the transition (&,1) — (¢*¢™), whereas the band at 210 nm
(5130) was assigned to the*fel) — (e3by1e) transition.

metal centre in all the investigated complexes is as follows:
(dx2)?(dyz)?(dyy)*. The d, rhenium orbital makes principal

Both the transitions are to a level, which is essentially local- contributions into the HOMO wittx-spin and LUMO with

Tho

Fig. 23. Molecular orbital diagram for [Re(NO}}#—.
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B-spin. The occupied,dand d, rhenium orbitals participate
in the back-donation from the central ion to the NO ligand.
However, the ¢/d,, andmy orbitals are distributed among

2303

dreds of ppm) that is expected for the bent in comparison
with the linear nitrosyl ligand. Due to low NMR sensitivi-
ties of thel*N and1°N nuclei, however, this technique has

several occupied MOs to give considerable contribution into not been widely used in metal nitrosyl chemistry. The highly

several HOMO and LUMO orbitals. For all the complexes,
the bondingrre_noOrbitals are localized mainly on the rhe-
nium d orbitals, whereas theh, o orbitals have prevalent
NO character. The TDDFT calculations for [RgKIO)L>]
and [ReX(NO)(LY)(L?)] complexes reveal that the elec-
tronic transitions from the rhenium d orbitals ontd or-
bitals of the nitrosyl group have small oscillator strengths

abundant nucleu¥N is quadrupolar I(= 1), so lines given

by molecules of the size of metal complexes may be very
broad, especially for bent nitrosy®N has a nuclear spin

of 1/2, but low natural abundance and very long relaxation
times. However, the use of Fourier transforms methods, su-
perconducting magnets, wide-bore spectrometers and clever
pulse sequences have greatly improved the accessibility of

and they do not contribute significantly to the overall shape 1°N work. Some metalloporphyrins (synthetic or natural),
of the spectrum. They are hidden under the more intense tran-cobalt and ruthenium nitrosyl complexes have been exam-

sitions of LMCT character. Such small values of the oscilla-
tor strengths seem to be typical of thesdmy transitions;

they have been supported by calculations for other metal ni-

trosyls[138,139] The d— w{ transitions make contribu-
tion into the following absorption bands: 456 and 420 nm
for[ReBr3(NO)(PPh)2], 321 nm for [ReBg(NO)(OPPhR)2],
476 and 390 nm for [ReB(NO)(AsPh)(pzH)], 459, 408 and
359 nm for [ReCG4(NO)(OPPh)(pyz)] and 421 and 356 nm
for [ReCk(NO)(OPPh)(PPh)].

The six-coordinate Re(l) complexes are diamagnetic. All
of the bonding and non-bonding orbitals are filled*£.
In comparison with Re(ll) nitrosyls, the metal becomes
more electron rich and interacts more effectively with
the myy level, weakening the NO bond. The elec-
tronic spectra of [Re(NO)Xpy)s] were discussed briefly
in papers[43,66] The charge-transfer (e my) transi-

ined by®>N NMR spectroscopy19,26,142,143]

Typical ranges of N chemical shifts displayed by metal
nitrosyl complexes are shown 8cheme 5 [19]

As can be seen from scheme, the N chemical shifts vary
over wide range and N chemical shifts of bent or bridging
nitrosyls are more deshielded than those of the linear M—N-O
systems andis-M(NO), species. For linear mononitrosyl
complexes, théy tends to increase across the transition metal
series, and also down a particular group.

Much more information (about fluxionality between lin-
ear and bent M—N-O arrangements, fluxional behaviour in
solution, motions of a bent nitrosyl ligand) can be obtained
from shielding tensor analysj$9,26,142,143]

The 'H NMR spectra of the nitrosyl hydride (HNO)
complexes show a downfield resonance in the range of
13-23ppm assigned to the proton of the HNO ligand,

tions were assigned to the experimental bands at 533 andor [Re(HNO)CI(CO»(PPH)2] [31], [Re(HNO)CI(CO»

405 nm for [Re(NO)Bs(py)s] [43], and 372 and 327 nm
for [Re(NO)Ch(py)s] [66]- On passing from bromine to

(PCys)2][31] and [Re(HNO)(CO3(PP)2](OsSCHRs) [32]
at 20.66, 21.35 and 21.66 ppm, respectively. The proton

chlorine derivatives, the higher electronic frequency of the resonances of the rhenium nitrosyl hydride complexes are

dr — m{p transition is in agreement with the greater elec-
tron affinity of chlorine. Paper$34,52] include a short
discussion of the UV-vis spectra for carbonyl-nitrosyl
[Re(NO)(CO)X%(PPh)2] complexes. The e> wf 5 transi-

similar to those reported for the HNO ligand in other
coordination complexes (for [Os(HNO}{CO)(PPh),],

[Ir(HNO)H(Cl)2(PPh),] at 21.2 and 22.75ppm, respec-
tively), but are further downfield shifted relative to HNO

tions were assigned to the absorption bands at 680 and 275 nmmesonances observed in heme model compounds (for

for the chloride compleX34], and 635 and 270 nm for the
bromide analogugs2].

4.3. NMR spectroscopy

[Ru(HNO)(ttp)(1-Melm)] at 13.64 ppm). This upfield shift
for the last examples is consistent with the contribu-
tion of the porphyrin ring current to the HNO resonance
[33].

For 15N isotopically labelled complexes this peak

Nitrogen NMR spectroscopy appears to be particularly splits into doublets and values dfJ/yy| are close to
suitable for distinguishing between bent and linear M-N-O 70Hz (for [Re(H°NO)CI(COX(PPh),], 66.2 Hz[31], and

conformations because of the large downfield shift (by hun-

bridging (u—NO)

(e}
bentM—r:J.‘P

[Re(HNO)(COX(PPh),]Otf, 72.5Hz[32]), as expected

1 NO+

linear
M- NO

cis
M (CO),

1200 1000 800 600

400 200 0 -200

3 (ppm)

Scheme 5.
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for a proton attached to an %pybidized nitrogen coordi-  Yieldsthe monohydrido trifluoroacetato compounds [Re(NO)
nated to a transition metal. If the HNO ligand were coordi- (CO)(H)(OOCR)L2] and bis(trifluoroacetato) complexes
nated to metal through oxygen, the nitrogen atom would pos- [Re(NO)(CO)(OOCE).L 2] [55].
sess an uncomplexed lone pair and the magnitud&/qf;| Reaction of [Re(NO)G(OMe)(PPh),] with a range of
would be reduced te-45 Hz. thiophenols under basic conditions gives one of two classes
of products depending on the steric requirements of the thi-
ols. Thiophenols with methyl and isopropyl substituents in
5. Some remarks on the reactivity of rhenium their 2-position yield mononuclear rhenium(lll) complexes
nitrosyl complexes of the composition [Re(NO)(SR), whereas sterically less
demanding ligands without substituents in 2-position give
The [Re(NO)X%]%~ complexes easily undergo replace- dimeric [Re(NO)>(SR);]~ compounds. The [Re(NO)(SR)
ment of their halide ligands (inrans-position to the and [Re(NO)>(SR);]~ complexes were studied by cyclic
NO group) by many types of neutral ligands to give voltammetry. The mononuclear compounds are reduced in a
[Re(NO)X4(L)] ~ species. Refluxing [Re(NOR¥~ with reversible one-electron process at potentials betwd®n4
pyridine or picolines in boiling diglyme leads to the isola- and—0.83V versus saturated calomel electrode, at scan rates

tion of the tri-substituted non-ionic [Re(NO)K3] deriva- from 0.01to 1.0 VsL. The reversible nature of the processes
tives [120]. Tri-substituted neutral compounds were also suggests that the [Re(NO)(SfR) anions form without any
isolated in the reactions of [Re(NO3¥~ with triphenyl- substantial structural change. The (RfRex(NO)2(SPhy]

stibine in ethanol, whereas the reactions with £Rhd and (PPR)[Rex(NO)(SCGsH4aMe-4);] complexes are re-
AsPhy lead to [ReX(NO)(PPh)2], [ReBr3(NO)(AsPh):] duced irreversibly at more negative potential¢.25 and
and [ReC}(NO)(AsPh)2][ReCls(AsPhs)2], respectively —1.44V, respectively76].
[35,67] The smaller steric demand of SkPin com- Treatment of [Re(NO)G(OMe)(PPh)2] with NaBH4
parison with PPfi and AsPh explains the formation and PPB in ethanol provides [Re(NOY{PPh)3]. The
of [ReX2(NO)(SbPR)3]. The increase of M—E and E-C  hydride nitrosyl reacts with HCI in ethanol to form
(E=P, As or Sb) bond lengths in the order P>As>Sb air-sensitive [Re(NO)G(PPHK)3], which in turn reacts
leads to the decrease of the ERtone angleq467]. The with  CO or CNR to give [Re(NO)(CO)G(PPhy)]
[Re(NO)Br]>~ complex was used to prepare a series of and [Re(NO)CH(CNR)(PPh)], respectively. Reaction of
mononitrosyl hydride and dihydrogen rhenium complexes: [Re(NO)H(PPH)3] with HBF4 or HPFRs in the presence of
[Re(NO)(H)(BHs)(PRs)-] and [Re(NO)Bp(n2-H2)(PRs)2] CO leads to [Re(NO)(CO)F(PBJa]*, which easily reacts
(R='Pr or Cy). The coordinated B4bf [Re(NO)(H)(BHs) with coordinating anions to give [Re(NO)(CO)XF(P#4]
(PRs)2] can be replaced by thegbr the NO ligand leading  (X=H, OCHs, F). The [Re(NO)H(MeOH)(PR)s]CIO4
to [Re(NO)(H)(PRy)2] or [Re(NOR(H)(PRs)2] [62]. complex, formed in the reaction of [Re(NOYHPPh)3]
The reaction of [Re(NO)(CO)gL,] (L=PEtz or with alcoholic HCIQ,, reacts with coordinating anions
P(OMe)) with excess of Ag@SCFs in boiling acetoni- with loss of methanol to give [Re(NO)X(H)(PBNR]
trile leads to an isomeric mixture of [Re(NO)(CO)CI (X=OCHs, F, CI, Br, I, N3, NCO, SCN). These com-
(MeCN)L][O3SCFR;] (approximately 2:1 ratio), whereas plexes can easily undergo replacements of one of the phos-
the same reaction performed in toluene with one or phine ligands by neutral ligands (CO or RCN) to give
two equivalents of AgE@SCR; gives the mono- or dis- [Re(NO)H(X)(L)(PPR),]. Treatment of [Re(NO)H(MeOH)
ubstituted complexes [Re(NO)(CO)CKOCR)L,] and (PPR)3]CIO4 with p-tolylisocyanide provides [Re(NO)
[Re(NO)(CO)(@QSCRs)2L2]. The replacement of the tri-  (OMe)(CNR)(PPHh)3]CIO4. In this case, the substitution is
flate ligands in the latter compounds proceeds very slowly accompanied by dihydrogen eliminatifsv,116]
and with retention of the molecular geometry to give Reaction of [Re(NO)(CQLCI(-Cl)]2 with cyclooctene
the ionic [Re(NO)(CO)(MeCN)L](O3SCFRs), products. (COE) gives [Re(NO)(CO)(COE)GI-Cl)]2, whereas treat-
The [Re(NO)(CO)CI(MeCN)L](O3SCR) complexes re- ment with THF produces racemic [Re(NO)(GQJ>(THF)].
act with bipy to yield [Re(NO)(CO)Cl(bipy)L](@5CFs) Reaction of the last one with racennians-1,2-bis(dimethyl-
derivatives, whereas [Re(NO)(COXSCR;)2{P(OMe}}>] phosphino)ethane (dmpc) proceeds with loss of the THF
in the presence of bipy undergo in boiling toluene an molecule and one CO group, affording diastereomeric
Arbuzov-like phosphite dealkylation, producing a dinuclear mixture of [Re(NO)(CO)Ci(dmpc)]. The reaction of
[Re(NO)(CO)(bipy] P(O)(OMe}}12(03SCHs), [56]. [Re(NO)(CO)(COE)CI-Cl)]2 with 1,2-bis(diphenylphos-
The hydrido-nitrosyls [Re(NO)(CO)HPRs)2] and [Re phino)methane gives cis, trans-[Re(NO)(CO)Ch(n?-
(NO)(CO)CI(H)(PR)] react with a series of proton donors dppm)], while the treatmentwith 1,2-bis(diphenylphosphino)
(XH). The formation of [Re(NO)(CO)kLPMe3)2] indole ethane and NaBfvyields [Re(NO)Cl(dppee)(BF4). Re-
was observed in the reaction of [Re(NO)(CQfPMes)2] fluxing of [Re(NO)(CO)(COE)Ci-Cl)]2 with 2,2
with indole in the solid-state[54]. Protonation of bipyridine or 4,4-dimethyl-2,2 bipyridine in CHCl,
[Re(NO)(CO)H(PRs),] complexes (L = FPrs, P(OPr)i and leads to the isolation of [Re(NO)(CO)}L)]. The
PMe3) with stoichiometric or excess amounts of {LAOOH [Re(NO)(COXCI(u-Cl)]2 dimer can be converted to
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[Re(NO)(CO)ChLy] (L=P(OMe), P(OEty, P(OPr), o te 3

PMe;, PEg, PCy) by heating with L in acetonitrile. [Re(NO)(CNY] _:— [Re(NO(CNY]

In the case of the reaction with P(OMe)the trisub- (—-0.39V)

stituted compound mer-[Re(NO)Ch{P(OMe}}3] was  te 5 @
also obtained. The Cl ligands of [Re(NO)(CO)CH] [Re(NO)(CNK(H20)]" = [Re(NO(CN)(H20)]

can be replaced with Me groups by reacting them with ( +3,$1V)

MeLi in Et;O. Treatment of [Re(NO)(CO)elL;] with
Li[BHEt3] leads to substitution of one ClI by an H +e

ligand with formation of [Re(NO)CO)(H)CH]. The  [Re(NO)(CN)*- i [Re(NO(CN)J*~

hydride-transfer  agent = Na[AHOCH,CH>,OCHs)>] (~0.76 V)
transforms [Re(NO)(CO)GL,] into the cis-hydride e )
[Re(NO)(CO)HL] systems. Reductive carbonylation of [Re(NO)(CN)(H20)]>~ = [Re(NO(CN)(H20)*
[Re(NO)(CO)ChL 7] in the presence of Na/Hg and CO gives (—E%V)
five-coordinate [Re(NO)(CQ) 2] complexeqd51,53] '

Reaction of anhydrous HCI with [Re(NO)(C&pPRs)-] Due to the coordinate unsaturation, [Re(NPRs)]

(R=Ph, Cy) results in a formal protonation of the nitro- (BarF,) (R='Pr, Cy) react easily in solution with
syl ligand and addition of chloride to the central atom, two electron donors to yield the addition derivatives
giving the nitroxyl complexcis, trans-[ReCI(NHO)(CO» [Re(NOR(PRs)2](BArF4) (L=MeCN, CO, GHsCHO,
(PRa)2]. In contrast, addition of HOSELR3 to a so-  THF). Except for THF, all these ligands appear to be
lution of [Re(NO)(CO)(PPly)2] results in protonation  strongly bound to the metal. Addition of an excess of HSIEt
at the metal and formation ofrans, rrans-[ReH(NO) o a solution of [Re(NOYPRs)2](BArF4) results in formation
(COX(PPh)2](03SCR)] [31,32] of [Re(NO)(NOSIE%)(H)((PRs)2](BArF4). The reactivity
The Re(NO)(CO)(tacn)](BF:) complex reacts with  of [Re(NO)(PRs)2](BArF4) towards dihydrogen was also
a number of nucleophiles such asyHy;, H,NNHMe, examined, but the [Re(N@IPRs)2](BArF4) complex was
HaNNMez, HoNOH or Ns™ to give [Re(NO)(CO)(NCO)  not isolated. In the presence of tetramethylpiperidine as a
(tacn)](BR). A mechanism of these reactions involves pase, the reaction of [Re(NEIPRs)2](BArF4) with Ha pro-

a nucleophilic attack at the coordinated carbonyl to give duces [Re(NOJNOH,NCsHg(CHs)a}(H)(PRs)2](BArF4)
carbazoyl intermediates. [Re(NO)(CO)(NCO)(tacn)|4BF [80,81]

undergoes a series of reactions at the coordinated isocyanate
ligand, e.g., concentrated HBr forms [Re(NO)(CO)@®H
(tacn)]Br, whereas reaction with formic acid or trifluo-
romethene sulfonic acid gives complexes of the type [Re(NO)
(CO)(HCO)(tacn)]” and [Re(NO)(CO)(@SCHRs)(tacn).
In the presence of iodide anions, [Re(NO)(CO)
(NCO)(tacn)](BR) undergoes addition reactions in
MeOH or EtOH to form complexes containing coordi-
nated methyl- or ethylcarbamato ligands—[Re(NO)(CO)
{NHCO(OR}}(tacn)]l. The [Re(NO)(CO)(NK)(tacn)]Br.
complex can be oxidized electrochemically or chemically
with Br to give [Re(NO)(CO)(NH)(tacn)]Br; [58].

The [Re(NO)(CN)(OH,)]?~ anion substitutes the aqua
ligand upon reactions with nucleophiles such as SONg~
and thioure463]. B o new class of radiopharmaceuticals.

The [Re(NO)(CN)(OH)]™ and [Re(NO)(CN5]“~ com- Although only {ReNO}" complexes with n=4-6

plexes show three sequential metal centred reversible and, ;e peen structurally characterised, some six-coordinate
quasi reversible cyclic responses in the scan range +0.3 tO{ReNO}s species were obtained. As the chemistry of ni-
—0.9V versus SCF. The interplay of all redox levels is shown troxyl ligand is not fully understood, further study of these

in Egs.(1)—(3) [47} species seems to be of high significance.

6. Conclusions

Rhenium forms a relatively wide range of nitrosyl mono-

, di- and polynuclear complexes, and their structural and
spectroscopic properties have been discussed in this paper.
However, only a few studies concern the electronic structure
and electronic spectroscopy of rhenium nitrosyls.

The Re(l) dicarbonyl-nitrosyl complexes, such as
[Re(NO)(COX»X3]~, show a tendency for coordination at
carboxylic and amine groups of biomolecules. In a similar
fashion conjugation of'f8Re(CO»(NO)]?* to proteins or
antibodies is feasible. This provides a path to a potentially

[Re(NO)(CNEJ>~ = [Re(NO(CN)Y]~
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