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CH,Cl, (30 mL) solution of § (1 mmol). After the mixture was stirred
for 15 min, addition of NaBPh, (1 mmol) in ethanol (30 mL), followed
by slow concentration, gave red orange or yellow crystals, respectively,
in ca. 85% yield. Full physical-chemical characterization of both com-
plexes will be published elsewhere.!* We anticipate here that 8 has an
octahedral geometry, the rhodium atom being coordinated by the three
phosphorus atoms of triphos, the two carbon atoms of the olefin, and one
of the two ester carbonyl double bonds. In contrast, 7 is five-coordinated
by the three phosphorus atoms of triphos and the alkyne molecule, which
acts as a 4e donor.
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A series of pentaamminerhodium(III) complexes, Rh(NH,)sZ™, has been prepared, with 80% enrichment in 1N (Z = H,0, OH",
CI, Br, I, NH,, -ONO", -NO,~, -NCS-, -SCN-, -NCO", CN"). The 'H-decoupled "N NMR spectra show two doublets (from
coupling to '*Rh) with approximate intensity ratio 4:1. 6y and 'J(Rh-N) are sensitive to Z, especially for the unique ammine
trans to Z. Good correlations exist between 8y in this series and dy in the corresponding cobalt(III) complexes Co(NH;)sZ™
and platinum(II) complexes Pt(NH;),Z™*. J(Rh-N) trans to Z also correlates well with J(Pt-N) trans to Z in the platinum

series.

Introduction

15N NMR has been used extensively to study reactions in
solution of ammineplatinum complexes.!”” To help place the
interpretation of N NMR parameters on a firm empirical basis,
we have carried out a systematic study of the effect of Z on these
parameters in the series of triammineplatinum(II) complexes
Pt(NH;);Z™* (1) and meridional triammineplatinum(IV) com-
plexes Pt(NH;);Z(OH),”* (2).% With these series the influence

NH, M+ TH m+
HJN\ —~—7
Dy €
HN, T z HsNr/p]'\NCHB
N.H3 OH
1 2

of Z on the ammine ligands trans and cis to Z could be studied
simultaneously. The usefulness of >N NMR in ammineplatinum
systems arises from the following properties: (i) Each distinct
ammine ligand gives a separate sharp signal. (ii) oy and the
coupling constant between N and the metal nucleus both depend
in a predictable way on the ligands cis and trans to ammine
(especially trans). (iii) The spectrum is not complicated by
coupling between nonequivalent *N nuclei from ammine ligands
cis to each other.

Despite the successful application of N NMR spectroscopy
with !*N-enriched ammine ligands to the chemistry of ammine
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Table I. SN NMR Data for Pentaamminerhodium(III) Complexes
Rh(NH;)sZ™ (3)

NHj; trans to Z (N,)

NH, cis to Z (N,)

Z o, J(Rh-N)), Hz o, J(Rh-N,), Hz
H,0 -71.33 17.3 -57.81 139
OH- -68.54 139 ~57.46 14.2
cr -66.14 154 -57.93 134
Br -60.53 149 -59.84 13.4
r -50.02 13.4 -63.17 13.4
NH, -59.83 14.2 -59.83 14.2
-ONO™ -73.24 15.1 -56.31 14.2
-NO, -60.41 12.2 -52.91 14.4
-NCS- -66.45 16.1 -59.26 13.7
-SCN- -52.42 13.7 -58.08 13.7
-NCO~ -67.28 15.1 ~58.86 13.2
CN- ~42.32 103 -62.66 13.2

complexes of platinum, we are not aware of any attempts to apply
this technique to the study of ammine complexes of other metals.
To assess its potential in the investigation of the chemistry of
ammine complexes of rhodium(III), we have now prepared a series
of pentaamminerhodium(III) complexes, Rh(NH;)sZ™ (3), in
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3
which there is 80% enrichment of the ammine ligands with N
(I ="'/,), and obtained their ’N NMR spectra. The only nat-
urally occurring isotope of rhodium is 1®Rh (I = !/,). We are
aware of only one report on the N chemical shift of Rh(NH;)¢**?
Nitrogen shifts are now available for a number of penta-
amminecobalt(I1I) complexes,!? and it is of interest to compare
trends for the rhodium complexes with those in that series.
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Experimental Section

Starting Materials. Ammonium sulfate, 80% enriched in N was
purchased from Novachem (Melbourne). To convert it to ammonium
chloride, the stoichiometric quantity of barium chloride in aqueous so-
lution was added. The precipitated BaSO, was filtered off, and the
filtrate, with washings, was evaporated to dryness on a steam bath.
“RhCl;3H,0” was purchased from Johnson-Matthey Ltd. |

Preparation of Pentaamminerhodium(III) Complexes. Mot of the
preparations were based on procedures given in the literature. These were
sometimes modified to minimize the amount of ammonia (or ammonium
salt) used or to improve product quality or yield where possible. In most
cases, preparative procedures were optimized by using complexes con-
taining nitrogen with natural isotopic composition and then used to
prepare ‘N-enriched materials. All solid compounds$ isolated were
characterized by microanalysis and IR and visible-UV spectroscopy.
Where details of the preparations differ from those previously published,
we have given details in the supplementary material, along with Table
IT, which gives microanalytical data for these complexes.

NMR Spectra. All 'SN NMR spectra were H-decoupled, They were
run at 10.09 MHz on a JEOL FX-100 FT spectrometer with an external
"Li lock. For compounds that were sufficiently soluble, spectra were run
on solutions containing approximately 0.1 g of the compound in 2 mL
of water (H;0). For more sparingly soluble compounds, the solution was
saturated. Spectra were run by using 10-us pulses (22° tilt of magne-
tization vector) 3 s apart, with spectrum width 2000 Hz and 8K data
points, in the double-precision mode. The number of scans ranged from
500 for more soluble compounds to 17000 (overnight run) for sparingly
soluble compounds. Shifts are positive to lower shielding and are ref-
erenced relative to the YNH,* signal from 5 M "NH,*NO; in 2 M
HNO, in a coaxial capillary.

Results

15N NMR data for pentaammine complexes are presented in
Table I.

The SN NMR spectrum of Rh(NH;)¢** (67% enriched in *N)
showed a sharp doublet, due to coupling with 1%Rh. Except for
Rh(NH,)s(NO,)?* with *N-enriched nitrite (see below) each of
the pentaammine complexes Rh(NH,)sZ"* (3) showed two
doublets, with intensity ratio 4:1, corresponding to ammine ligands
cis (N) and trans (N,) to Z, respectively. There is no resolvable
coupling between nonequivalent SN nuclei that are mutually cis
(as previously observed for platinum complexes!?#) or between
5N nuclei and N nuclei cis or trans. [Rh(NH,;)s(ONO,)](NO,),
in water gave the same SN spectrum as [Rh(NH,)s(H,0)]-
(Cl0,);. The 15N spectrum of Rh(NH;)s(}*NO,)** also showed
two doublets. The N spectrum of Rh(NH;)s(1’NO,)** showed,
as expected, additional complexity in the ammine region. The
ammine ligands cis to nitrite gave a doublet, but the ammine ligand
trans to nitrite gave a doublet of doublets owing to coupling to
the nitrite "N nucleus as well as to 1*Rh (J(!*N-Rh-!’N) = 7.3
Hz). When 0.1 g of chrome alum was added to the solution (to
provide faster relaxation of the nitrite nucleus), a doublet of
doublets due to coordinated nitrite was observed at +435.4 ppm.
Since this eliminates nuclear Overhauser enhancement, all peaks
appeared as absorptions. One doublet coupling, 7.3 Hz, corre-
sponded to coupling with the trans ammine, and the other, 18.3
Hz, to coupling with !®Rh. For the O-bound nitrito isomer
complex Rh(NH,)s(~O*NO)* no coupling with nitrite >N was
observed in the spectrum of the ammine >N nuclei. This linkage
isomer does not persist for long periods in solution, and the ’N
signal due to coordinated nitrite was not observed.

Discussion

From Table I, it is evident that both dy and J(Rh-N) for
ammine trans to Z (N,) in Rh(NH;)sZ"™ (3) are more sensitive
to Z than for the ammine ligands cis to Z (N,). Comparison of
the data with typical trans influence series'! shows that there is
a general trend for J(Rh-N,) to decrease and for the nitrogen
nucleus to become less shielded as the trans influence of Z in-
creases. However, the correlation between the two parameters
is only moderate (correlation coefficient R = —0.83).

As mentioned above, Bramley et al. have published recently
a compilation of nitrogen chemical shifts for pentaammine-
cobalt(IIT) complexes, largely derived from !“N spectra.'® As
illustrated in Figure 1, there is a good linear correlation between
the shifts for the cobalt and rhodium complexes, including ammine
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Figure 1. Plot against dy in the series Rh(NH,)sZ™: §y in the series
Co(NH;)sZ™, for (@) ammine trans to Z (N,) and (Q) ammine cis to
Z (N,) (line shown is line of best fit, §5(Co) = 1.635[6n(Rh)] + 43.5
(R = 0.924)); by in the series Pt(NH,),Z™*, for (A) ammine trans to
Z (N, and (A) ammine cis to Z (N_) (line shown is line of best fit,
dn(Pt) = 1.454[6n(Rh)] + 20.8 (R = 0.958)).
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ligands both trans and cis to Z. This figure also shows that there
is a good correlation between the shifts for the rhodium complexes
and those for the platinum(II) complexes Pt(NH,;),Z™*. We have
noted the inverse linear correlation (similar to that observed for
hydride shifts) between &y trans to Z and 6ép, in the platinum
complexes.® Bramley et al.!® have described the similar correlation
between dy and d¢, in the pentaamminecobalt(II1) series, which
they, in turn, correlated with the ratio A/B, where A is the ligand
field d orbital splitting and B is a Racah parameter (a measure
of interelectron repulsion, whose magnitude decreases as covalency
increases in the metal-ligand bonds). This proposal is in accord
with our discussion of the origins of variations in !**Pt shifts®
(necessarily more qualitative in the absence of accepted values
of A and B for platinum(II) complexes). The remarkable cor-
relation between the nitrogen shifts in the three series of complexes
(two octahedral and one square planar, with metals in three
different rows of the periodic table) therefore represents indirectly
a correlation between the metal shifts in the three series. '“*Rh
shifts are not available, but it can be confidently predicted that
they would correlate with the ¥Co and '%°Pt shifts in their re-
spective series and with the !N shifts in the pentaamminerhodium
series.

The much smaller magnitude of the Rh~N coupling constants
compared with that of the Pt—N coupling constants previously
reported? is due in part to the small magnitude of the magnetogyric
ratio for !*Rh, but the magnitude of the reduced coupling con-
stant!! for Rh(NH;)¢* (3.71 X 102 N A2 m™) is still significantly
less than the reduced Pt-N coupling constant in Pt(NH,),** (1.10
X 102N A2m™). There is a good correlation between J(Pt-N,)
in the platinum series and J(Rh—N,) in the rhodium series (R =
0.965) (Figure 2). The smaller variations in J(Rh—N,) do not
correlate as well with J(Pt-N,) in corresponding platinum com-
plexes (R = 0.835).

We have interpreted our coupling constant data for the plat-
inum(II) series in terms of the Pt—N, coupling constant being
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Figure 2, Plot of J(Pt-N,) in the series Pt(NH,);Z™* (1) against J-
(Rh-N,) in the series Rh(NH;)sZ™ (3). The line shown is the line of
best fit, J(Pt-N,) = 25.07[J(Rh-N,)] ~ 59.7.

sensitive primarily to the effect of Z on the platinum 6s contri-
bution to the Pt-N, bond.? an approach that has previously
successfully rationalized the variations in one-bond coupling
constants between 1Pt and 'H, *'P, and !3C.!215 Basch et al.!¢
have since studied the bonding in the hypothetical molecule cis-
Pt(NH,),(CH,OH)(OCH,;) (a model for the ascorbic acid C,0O-
chelate complex). They concluded that the platinum 5d,2.,2 orbital
made the largest contribution to the Pt—N bonds and that this
contribution was dramatically reduced in the Pt-N bond trans
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to carbon. Our qualitative discussion of NMR parameters is in
accord with their findings. If the metal s orbital makes only a
relatively small contribution to the metal-nitrogen bonds, and
coupling constants are sensitive primarily to this contribution, care
must be taken to avoid facile attempts to use these coupling
constants alone as a measure of bond strength.

From the correlations noted above, it is clear that NMR pa-
rameters for N, in the rhodium complexes are affected by Z in
a way similar to those for N, in the platinum complexes, and
conditions i—iii given as desirable in the Introduction do apply.
The usual method for characterizing rhodium(IIT) compounds
in solution is by visible-UV spectroscopy, and this method must
continue to be useful. However, the broadness of the peaks can
make it difficult to be certain about the presence of minor com-
ponents in a solution, especially if the different ligands present
occupy similar positions in the spectrochemical series. The *'N
NMR lines are very sharp, and there is little probability that two
different species would have identical chemical shifts and Rh—N
coupling constants for all of the ammine ligands present. Even
relatively minor components of a mixture may be detected and
characterized.
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It is shown how the tetragonal carbon structure, quite energetically unfavorable for an electron count appropriate for carbon, may
be stabilized by removal of electrons by a suitable metal. This observation is understandable by using a result from the method
of moments. CrB, that contains a boron net of this type appears optimal not only from the viewpoint of the stability of this
non-metal framework but also from that of the metal coordination. For MnB,, Mn-B and Mn-Mn antibonding orbitals are
occupied, the non-metal electron density is larger than for chromium, and the structure distorts as a result of coupling between
the desires of metal coordination and that of the nonmetal array. For M = Fe, Co, and Ni the tetragonal carbon lattice is so
destabilized as a result of the higher electron count that it may well be unstable. CrB, phases with these metals are not known.

I. Imtroduction

There are several metal borides and related species that may
be visualized in geometric terms as arising via the insertion of a
metal atom into a network of non-metal atoms. Perhaps the best

¥ Present address: Laboratoire de Chimie Théorique, Université de Paris
Sud, 91405 Orsay, France.

known example is the structure of CaBg, where Longuet-Higgins
and Roberts showed! many years ago that the two electrons
donated by the calcium atom satisfy exactly the bonding re-
quirements of the vertex-linked boron octahedra. The structures
of CaSi, and Caln, have a similar attraction for electron counting.?

(1) Longuet-Higgins, H. C.; Roberts, M. de V Proc. R. Soc. London 1954,
A224, 336.
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