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dron. If a further choice is needed, the following should be 
applied in sequence: 

a. The reference axis should have a terminal plane with the 
fewest number of polyhedral vertices. 

b. The reference axis should lie in the reference plane (see 
principle 3, below). 

2. Select the preferred terminal plane of symmetrically 
equivalent vertices, which defines the preferred end of the 
reference axis. The preferred terminal plane (a) contains the 
fewer number of polyhedral vertices, and if these are the same, 
(b) contains the vertices with the fewer total number of skeletal 
connectivities, i.e., the fewer number of polyhedral edges as- 
sociated with the vertex. 

If a further choice is needed, the preferred terminal plane 
is nearer to the parallel plane of symmetrically equivalent 
vertices preferred by applying criteria 2(a) and 2(b), above, 
successively to pairs of parallel planes proceeding inward from 
each terminal plane. 

3. Select the reference plane, Le., a symmetry plane or, if 
none, an arbitrarily defined plane containing the reference axis 
and at least one vertex not on the reference axis in a terminal 
plane or adjacent parallel plane. If there is more than one such 
plane containing the reference axis, or if selection of a reference 
axis was not effected by principle 1, above, the reference plane 
is chosen by applying the following criteria, sequentially, until 
a decision is made: 

a. (i) If the polyhedron has at least one symmetry plane, 
the reference plane passes through the fewest number of 
polyhedral vertices. (ii) If the polyhedron does not have a 
symmetry plane, the reference plane has the fewest number 
of perpendicular planes defined by sets of polyhedral vertices 
that are either symmetrically equivalent or connectively 
equivalent, i.e., that have the same number of polyhedral edges 
associated with the vertex. 

b. The reference plane passes through a polyhedral vertex 
that is nearer to the preferred terminal plane (see principle 
2, above); i.e., polyhedral vertices in the reference plane have 
lower locant numbers when assigned according to principles 

Notes 

4-6, below. 
c. The reference plane passes through a polyhedral vertex 

with the fewest number of associated polyhedral edges; Le., 
polyhedral vertices with the lowest skeletal connectivity in the 
reference plane have the lower locant numbers when assigned 
according to principles 4-6, below. 

4. Orient the polyhedron, in order to provide a consistent 
reference point for numbering, by looking down the reference 
axis from the preferred end (see principle 2, above) and ro- 
tating the polyhedron until the reference plane (see principle 
3, above) is vertical. If a choice is needed, the preferred 
orientation has a polyhedral vertex of the preferred terminal 
plane, or in a parallel plane nearest to it, at  the top of the 
orientation in the reference plane. 

5 .  Determine the direction for numbering, if the reference 
plane of the polyhedron is not a symmetry plane, by noting 
the direction from the reference plane of the directional vertex, 
i.e., the vertex in the directional plane nearest to the top of 
the projection of the reference plane. The directional plane 
is the terminal plane at the end of the reference axis opposite 
to the preferred terminal plane, or if this terminal plane 
contains only one vertex, the directional plane is a parallel 
plane of polyhedral vertices adjacent to it. 

6. Number the vertices of the polyhedron consecutively, 
clockwise or anticlockwise, starting with vertices in the pre- 
ferred terminal plane and proceeding successively to succeeding 
planes of vertices working down the reference axis from the 
preferred end. The vertices in each plane are numbered in 
the same direction as the preceding and/or following planes, 
beginning in each plane with a vertex at the top of the pre- 
ferred orientation (see principle 4, above), in the reference 
plane, or with the first vertex encountered, in the direction 
chosen, or required, for numbering, from the top of the pre- 
ferred orientation. For chiral polyhedra in which the reference 
plane is arbitrarily defined, a vertex at the top of the preferred 
orientation need not be exactly in the reference plane but 
should be very close. 
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In this report we present NMR spectra of the hydrated 
tris(bipyridy1)iridium complex whose synthesis and UV-visible 
spectra were reported in 1977 and whose structure has been 

The most likely candidates for the structure are 
represented in Figure 1: (A) one which features a monodentate 
bipyridine and a water bound directly to the metal; (B) a 
“covalent hydrate” in which water is added across a carbon- 
nitrogen double bond. In view of the detailed structural in- 
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Figure 1. Possible solution structures of [Ir(bpy)2H20(bpy)]C13: (A) 
monodentate bipyridine with H20 bound to the metal; (B) Covalent 
hydrate. 

formation obtained from NMR spectra of transition-metal 
complexes of 2,2’-bipyridine (bpy) and 1,lO-phenanthroline 
 hen),^-* we consider the structural implications of ‘H and 
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Figure 2. (A) Carbon-13 NMR of [Ir(bpy)2H20(bpy)]C13 in 
Me2SO-d6. This and all proton and carbon-13 NMR spectra were 
taken on a Varian CFT-20, which operates at 80 MHz in the proton 
mode and 20 MHz in the carbon mode. Spectra are Fourier 
transforms based on the number of accumulations which is specified 
for each spectrum. Chemical shifts are given in ppm downfield of 
Me& This spectrum was made from 78 036 accumulations. (B) 
Carbon-13 NMR of [Ir(bpy)2H20(bpy)]CI, in 0.1 N DCI (63 624 
accumulations) signals were referenced to MelSi in the capillary. 

Table I. Chemical Shifts (ppm) of Carbons of Several 
Bipyridyl Complexef 

2 6 4 5  3 solvent ref 

pyr 150.0 150.0 136.2 124.0 124.0 CDCl, 12 
bpy 156.4 149.4 137.2 124.0 121.4 CDC1, 12 
IrB 156.9 151.2 144.1 130.7 127.4 H,O/D,O 6 
Ir(aq) 157.4 151.4 143.3 130.6 127.3 DCl/D,O 
Ir(aq) 156.2 150.4 141.7 129.9 126.3 Me,SO-d, 

pyr = pyridine; bpy = bipyridine; IrB = [Ir(bpy),](NO,),; 
lr(aq) = [Ir(bpy), Hz O(bpy)]Cl, (the title complex). For Ir(aq), 
chemical shifts of the five broad lines are given; see text. Carbons 
are numbered at column tops according to standard bipyridine 
numbering scheme. 

13C NMR spectra of [Ir(bpy)2H20(bpy)]C13. The 13C NMR 
spectrum in either Me2SO-d6 or DCl/D20 shows resonances 
of aromatic carbons only, consistent with an inner sphere 
association of a water molecule with the complex. The proton 
NMR in Me2SO-d6 differs greatly from that in acidified D20; 
each spectrum is obtained from a sample recrystallized from 
the other solvent. The solvent dependence of the proton NMR 
suggests solvent dependence of the structure itself. 

The 13C NMR of the title complex (completely proton 
decoupled) consists of about 25 peaks in the region of 120-160 
ppm downfield of Me4Si (Figure 2). In this complex spectrum 
five broad resonances, each of which includes about four peaks, 
occur at  chemical shifts nearly identical with those of [Ir- 
( b ~ y ) ~ ]  (NO3): (see Table I). When these broad resonances 
are substracted from the spectrum, 10 sharp lines remain. No 
resonance is evident in the spectrum obtained in either solvent 
in the region upfield of 120 ppm. 13C resonances for covalently 
hydrated quinazolines, pteridines, and related molecules have 
been recently reported.*" The covalently hydrated carbon 
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Figure 3. (A) Proton NMR of [Ir(bpy)2H20(bpy)]C13 in MGO-d,. 
This spectrum was made from 717 accumulations. (B) Proton NMR 
of [Ir(bpy)2H20(bpy)C13 in 0.1 N DC1. This spectrum was made 
from 1241 accumulations. Approximately 5% MezSO was added as 
a reference signal. 

of quinazoline (1,3-diazanaphthalene) resonates at  72.4 ppm 
downfield of Me4Si,9*'o and that of pteridine resonates at 73.9 
ppm downfield of Me4Si.10J' 

Proton NMR spectra of [Ir(bpy)2H20(bpy)]C13 in 
Me2SO-d6 and DCl/D20 are shown in Figure 3. The 
Me2SO-d6 spectrum we obtain agrees well with published 
data+3 including the presence of multiplets at 6.7 and 7.2 ppm 
downfield of Me,Si, each of which integrates for 1 proton in 
24. These high-field resonances which were cited as evidence 
for the covalent hydrate structure' are absent in acidified D 2 0  
(Figure 3B) in which solvent hydration would be most p rob  
able. Solutions which have small amounts of DC1/D20 added 
to Me2SO-d6 have proton NMR spectra intermediate between 
those measured in neat solvents. 

As there is no evidence of an sp3 carbon in the I3C spectrum 
and as the high-field multiplets which could possibly arise from 
nonaromatic protons are absent in aqueous acid solution, we 
conclude that the water is not covalently bound to a bipyridine. 
All the data are consistent with the monodentate bipyridine 
structure we first proposed.' In this structure, all carbons 
retain their aromaticity. Furthermore, the four pyridine rings 
of the two bidentate bipyridines are nearly equivalent, ac- 
counting for the five broad 13C resonances. The 10 carbon 
atoms of the monodentate bipyridine are responsible for the 
10 sharp lines. 

A solvent-dependent structure of the complex (twisting 
about the bridging carbon-carbon bond or fluctional behavior 
of the unique bipyridine similar to that reported for cis- 
[PtC1(PEt3)2(phen)]+7 and for the [Pt(phen)2(CN)]'8) could 
account for the extraordinary solvent dependence of the proton 
NMR. We are presently investigating the validity of these 
ideas. 
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Since the controversy as to the site of Mn-C bond breaking 
in ligand-dissociation reactions of Mn(CO)=,Br (whether axial 
or eq~ator ia l~) , -~  and the discovery that five-coordinate in- 
termediates derived through such a process may be fluxional 
on the time scale of the ligand-substitution process,'O there has 
been a great interest in the elucidation of that site in substi- 
tuted octahedral metal carbonyl systems and the determination 
of the extent of that fluxionality, if any. The systems Mn- 
(CO)5Br,11,12 ~is-Mn(Co),(PPh~)(Br),'~ Re(CO)=,Br,13 cis- 
Re(CO)4(PPh3)(Br),13 (bpy)Cr(C0)4,14J5 (phen)Cr(CO), 
(phen = o-phenanthroline),'b16 and (diphos)Cr(C0)417 [diphos 
= 1,2-bis(diphenylphosphino)ethane] have all been investigated 
in this context. Recently, also, it has been proposed that under 
kinetic control, product stereochemistry must reflect the site 
of initial M-CO bond breaking, regardless of possible flux- 
ionality of the intermediate thus produced, in systems in which 
the incoming nucleophile creates little steric congestion during 
the substitution process.'* 

To ascertain whether the observed patterns of reactivity- 
stereospecific or highly stereoselective axial loss of CO and 
fluxional intermediates-hold for M = Mo and W as well as 
for Cr in the group 6B systems, the site of bond breaking and 
the extent of intermediate fluxionality have been determined 
for (phen)M(CO), (M = Mo, W). Those results are the 
subject of this report. 
Experimental Section 

The method chosen for determination of the site of bond 
breakingstereospecific introduction of a "CO label (90 mol %) and 
determination of its fate during the ligand-substitution process-is 
similar to that previously employed in the (phen)Cr(C0)4 and 
(bpy)Cr(CO), studies.l5 The substrates (phen)Mo(CO), and 
@hen)W(CO)4 and thefb~-(CH~CN)(phen)M(CO)~ complexes which 
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Table I. Site of Bond Breaking and Degree of Scrambling in 
@hen)M(CO), Complexes (M = Mo, W) 

fraction present 

exptl 

isotopic @hen)Mo(CO), (phen)W(CO), 
species t h e o r p  T, = 0 "C T,= 22 "C 

0.155 

0.281 0.297 

a For 100% scrambling and exclusive axial loss of CO. See ref 
16. 

are employed in the sterospecific enrichment were prepared through 
standard  procedure^.^^*^^ Scheme I sets forth the experimental 
conditions and the transformations employed in these studies. 

The qualitative determination of the amount and position of the 
label in structures c and e (Scheme I) was made through use of a 
Perkin-Elmer Model 621 grating spectrophotometer and a JEOL 
FT-100 Fourier transform N M R  spectrometer as described previ- 
0us1y.'~ Results (experimentally determined percentages in the three 
predominant reaction products, nonlabled, and singly labeled either 
axial or equatorial), together with calculated results based on exclusive 
axial loss and subsequent statistically random label distribution, are 
presented in Table I. 
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In contrast to (phen)Cr(CO)4,21 which undergoes ligand 
exchange exclusively via a unimolecular, ligand-dissociation 
path, both (phen)Mo(CO), and (phen)W(CO), react by way 
of a two-term rate law (eq 1) indicative of two competitive 

-d[(phen)M(CO),] /dt = 
k l  [(phen)M(CO),l + k2[(Phen)M(CO),] [LI (1) 

reaction paths.u There is very strong evidence that these two 
paths, dissociation (D) and a dissociative interchange (I&, are 
very closely related;23.24 that both reaction paths afford the 
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