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In order to study electronic and steric effects on δ(103Rh), the observed trend of coordinating ligands in the first
coordination sphere of the metal: P , N , O. Calculated103Rh-NMR spectra of a series of [Rh(cod)L2] complexes (with

L = nitrogen, oxygen, or chloride) have been measured by 103Rh shifts agreed to within 8 % with experimental values.
The computational results indicate that the Rh–N bondgradient-enhanced HMQC (1H,103Rh) NMR spectroscopy.

Density functional computations of representative examples distance has a larger influence on the chemical shift than the
N–Rh–N angle.have been performed at the GIAO-B3LYP level of theory. The

obtained experimental values of 103Rh shifts fit the generally

metry at the metal are kept constant and a discussion ofIntroduction
the observed Rh shifts can be focused on ∆E and rd alone. [5]

Since the development of modern inverse 2D NMR tech- As earlier results indicated a dependence of the Rh shift
niques, a rapid growth of available NMR data concerning on the applied diene, [6] only cod complexes were used in
insensitive metal nuclei can be discerned.[1] For example, this investigation.
inverse 2D X{103Rh} NMR leads to a theoretical sensitivity We have previously studied the complexes
enhancement of 360 for X 5 31P and 5630 for X 5 1H, [Rh(cod)(P)2] [6c] and observed that variations in the first
respectively. Despite the larger amount of NMR data there coordination sphere of the Rh nucleus indeed influenced
is still a lack of understanding of the factors which deter- the 103Rh chemical shift according to the general order
mine the chemical shift of transition metal nuclei. From the given above. [2] However, changes in the second coordi-
published data it has, for instance, been concluded that nation sphere, for example bite angle variations, contra-
changes in the first coordination sphere of the Rh nucleus dicted expectations based on simple MO considerations and
result in deshielding of the metal center in the order: O > the Ramsey equation. This study is focussed on a series of
Cl ø N > Br > I > S ø Se > Te > P ø As ø Sb ø H ø [Rh(cod)(N)2] complexes in order to evaluate changes of the
C* ø C (C* 5 sp2-carbon). [2] 103Rh shift upon a systematic variation of the nitrogen li-

It is generally accepted that the chemical shift variation gands. These results will be discussed in the light of theo-
of a transition metal nucleus in its coordination compound retical calculations of δ(103Rh) for several of the prepared
is mainly determined by the paramagnetic shielding term complexes, which have recently become feasible. [7] [8] To-
given by the Ramsey equation[3] which was later developed gether, these efforts may result in a better insight in the
by Griffith and Orgel (Eq. 1)[4]. In this equation rd is the factors determining variations of the δ(103Rh).
expectation value of the d-orbital radius, ΣQN is the angular
imbalance of charge and ∆E is the average excitation energy
between the filled and empty d-orbitals. Results and Discussion

σp 5 const. (∆E)21 <rd
23> ΣQN (1) Synthesis

The complexes were prepared according to literature pro-Changes in ΣQN generally bear a large influence on σp.
cedures except for the new four-coordinateTherefore this study is focused on four-coordinate, square
[Rh(cod)(iPrDAB)]ClO4 (iPrDAB 5 iPrN5CH2CH5planar RhI complexes of the general type [Rh(cod)L2]. In
N2iPr), 7. Compound 7 was obtained as a dark-green solidthese complexes the d-electron configuration and the sym-
by adding a solution of the free ligand in acetone to a solu-
tion of in situ prepared [Rh(cod)(acetone)x]ClO4 in acetone[a] Institute of Molecular Chemistry, Universiteit van Amsterdam,

Nieuwe Achtergracht 166, 1018 WV Amsterdam, The Nether- (see Experimental Section). This complex is an air-stable
lands solid with a melting or decompostion point which lies aboveFax: (internat.) 131 (0)20/ 5256456

300°C. Complex 7 is readily soluble in chlorinated solventsE-mail: else4@anorg.chem.uva.nl
[b] Organisch-chemisches Institut, Universität Zürich, whereas it is only slightly soluble in EtOH and MeOH.

Winterthurerstraße 192, CH-8057 Zürich, Switzerland The 1H- and 13C-NMR spectra of samples of 7 in CDCl3Fax: (internat.) 141 (0)16356836
E-mail: buehl@oci.unizh.ch or CD3OD at ambient temperature are consistent with a
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Table 1. Observed[a] and calculated[b] 103Rh NMR data for comple-time-average C2v-symmetric molecule. No dependence on
xes 1223the temperature has been observed by VT-NMR spec-

troscopy.
δ103Rh[c]

no. compound observed calculated

GE103Rh-NMR Spectroscopy 1 [Rh(cod)(1,2-en)]ClO4 751 725
2a [Rh(cod)(dmeda)]ClO4 (trans) 784 781
2b [Rh(cod)(dmeda)]ClO4 (cis) 822 801The use of gradient selection is nowadays used for most
3 [Rh(cod)(1,2-(NH2)C6H4)]ClO4 8012D 1H{13C} and 1H{15N} experiments. Here we present the 4 [Rh(cod)(1,8-(NH2)2- 804

use of gradient selection to reduce the measuring time of naphthalene)]ClO4
5 [Rh(cod)(1,3-pn)]ClO4 849 8001H{103Rh} experiment and to reduce the 1H signals not
6a [Rh(cod)(tmeda)]ClO4 978 942coupled to the rhodium more effectively. In the gradient- 6b [Rh(cod)(tmeda)][Rh(cod)Cl2] 949 and 1065[d]

enhanced HMQC sequence: 1H-103Rh D1 2 90°(1H) 2 1/ 7 [Rh(cod)(iPr-DAB)]ClO4 914 1088
8 [Rh(cod)(ABK)] 998[e]

2J 2 90°(103Rh) 2 t1/2 2 GP1 2 D16 2 180°(1H) 2 GP2
9 [Rh(cod)(BIAN-R)]ClO4 (R 5 1025[e]

2 D16 2 t1/2 2 90°(103Rh) 2 GP3 2 1/2J 2 ACQ, the C6H5)
10 [Rh(cod)(BIAN-R)]ClO4 (R 5 1057[e]equation GP1 (γH 1 γRh) 1 GP2 (2γH 1 γRh) 1 GP3

2,6-(iPr)2C6H3)(2γH) 5 0 must be fulfilled. For GP1:GP2:GP3 5 90 : 44 11 [Rh(cod)(BIAN-R)]ClO4 (R 5 1059[e]

: 50 this is true. We have tested these gradient values and 4-OMeC6H4)
12 [Rh(cod)(4,49-Me2-bipy)]ClO4 795compared the results with the normal HMQC pulse se-
13 [Rh(cod)(bipy)]ClO4 816 810quence. It was found that the number of scans per in- 14 [Rh(cod)(py)2]ClO4 1009 953

crement can be reduced from 8 or 16 to 1 or 2 without loss 15 [Rh(cod)(C5H4N-NH- 1035
C5H4N)]ClO4of information.

16 [Rh(cod)Cl]2 1093[e]

The 103Rh NMR spectra were measured by gradient-en- 17 [Rh(cod)Cl2]Et4N 1107[e] 1168
18 [Rh(cod)(acac)] 1287[e] 1298[f]hanced HMQC (1H,103Rh) as described above and in the
19 [Rh(cod)(1,2-(HO)2- 1301experimental section. The compound types studied have naphthalene)]ClO4

been summarized in the drawing below and can be divided 20 [Rh(cod)(Me2CO)x]ClO4 1350
21 [Rh(cod)(dppmO2)]ClO4 1362into nitrogen donor complexes (1215), chloride com-
22 [Rh(cod)(bipyO2)]ClO4 1362pounds (16, 17) and oxygen donor complexes (18223). 23 [Rh(cod)(dppeO2)]ClO4 1373

1,2-en 5 1,2-ethylenediamine; dmeda 5 1,2-N,N9-dimethylethyle-
nediamine; 1,3-pn 5 1,3-propylenediamine; tmeda 5 N,N,N9,N9-
tetramethylethylenediamine; DAB 5 glyoxalbis(isopropylimine);
ABK 5 acetylacetonato-bis(2,6-dimethylphenyl)ketimine anion;
BIAN 5 bis(imino)acenaphthene; bipy 5 2,29-dipyridine; py 5 py-
ridine; acac 5 acetylacetonato anion; dppmO2 5 1,1-bis(diphenyl-
phosphane oxide)methane; dppeO2 5 1,2-bis(diphenylphosphane
oxide)ethane; bipyO2 5 N,N9-2,29-dipyridine dioxide. 2 [a] All com-
plexes in CD3OD at T 5 298 K unless otherwise stated. 2[b] GIAO-
B3LYP/II9 level (17, 18: basis II), see Computational Details in the
Experimental Section; no counterions have been included in the
calculations. 2 [c] Relative to Ξ 5 3.16 MHz; ± 1.0 ppm. 2 [d] T 5
230K. 2 [e] In CDCl3. 2 [f] See also ref.[8a]

Table 2. Observed 103Rh NMR data for phosphane rhodium com-
plexes 24230

In order to study steric and electronic effects on the 103Rh no. compound δ103Rh[c]

chemical shifts, density functional computations have been
24 [Rh(cod)(Ph2P(CH2)2PPh2)]ClO4 2505[a]performed at the GIAO-B3LYP level of theory. This level
25 [Rh(cod)(PPh3)2]BPh4 2145[b]

has been shown to afford transition-metal chemical-shift
26 [Rh(cod)(PEt3)2]BPh4 2132[b]

values in good agreement with experiment for a number of 27 [Rh(cod)(PnBu3)2]BPh4 294[b]

28 [Rh(cod)(PPh3)(py)]PF6 415[b]organometallic compounds. [7] In addition, it has been used
29 [Rh(cod)(PPh3)(p-Me-py)]PF6 419[b]

to study similar steric and electronic effects on δ(103Rh) in 30 [Rh(cod)(PPh3)(p-Me2N-py)]PF6 436[b]

related rhodium2phosphane and 2cyclopentadienyl com-
[a] Ref.[11] 2 [b] Ref.[6c]plexes. [8] Calculations have been performed for a number of

complexes of this study, comprising 1, 2, 5, 6, 7, 13, 14,
and 18. The experimental 103Rh chemical shifts have been is excluded (see below for a more detailed dicussion), the

mean absolute deviation is improved to 30 ppm.collected in Table 1, together with calculated values of rep-
resentative examples. The theoretical 103Rh chemical shifts The range of observed chemical shifts extends from δ 5

751 to 1035 for the complexes containing nitrogen ligandsagree well with the corresponding experimental data, with
a mean absolute deviation of 44 ppm (over a range of ca. and from δ 5 1287 to 1372 for those containing oxygen

ligands, with an intermediate value for the chloro com-540 ppm). When the single large deviation in the case of 7
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pounds 16 and 17. Variations in the first coordination
sphere of the Rh center follow the above mentioned series
given by Mann. As expected, oxygen ligands (18223) cause
the Rh center to be more deshielded when compared to
nitrogen ligands, while phosphorous ligands (Table 2,
24230) result in a strongly shielded Rh center. In case of
P-donors, the relative energies of occupied and vacant MOs
at the ligand and the metal fragments allow for a more ef-
fective overlap in terms of σ-donation and π-backdonation.
These interactions result in a larger ∆E splitting, which ac-

Figure 1. Optimized structures of 2a and 2bcounts for the strong low-frequency shift of the bis(phos-
phane) complexes.

In earlier studies problems were reported for For the nitrogen2rhodium complexes of this study, simi-
lar trends in the δ(103Rh) can be observed when looking at[Rh(cod)X(N)] (X 5 halogen, N 5 nitrogen ligand)[6a] in-

volving exchange processes. However, for all complexes one class of comparable nitrogen ligands. For example,
within the class of bidentate amine-ligands a high-fre-mentioned in Table 1, except for [Rh(cod)(tmeda)]-

[Rh(cod)Cl2], 6b, the 103Rh spectra recorded at 298 K were quency shift is observed upon increasing the Brønsted ba-
sicity of the ligand (cf. 1, 2, and 6). This trend is in contrastclearly resolved. For 6b no signal is observed at 298 K,

whereas upon cooling to 230 K two signals were observed with expectations based on simple MO considerations com-
bined with the above mentioned Ramsey equation. A moreat δ 5 949.0 and 1065.3. These observations can be ex-

plained by assuming the presence of two species, i.e. cat- basic ligand is expected to result in an increased ∆E which,
according to the Ramsey equation, should result in a moreionic [Rh(cod)(tmeda)]1 and anionic [Rh(cod)Cl2]2. Both

the cationic and anionic species were also separately pre- shielded nucleus and hence a low-frequency chemical shift.
The observation that simple MO considerations do not fitpared as their perchlorate, 6a, and tetraethylammonium, 17,

salt, respectively. Comparing the 103Rh chemical shifts of the Ramsey equation were also found for phosphane-rho-
dium complexes. [6c]6a and 17 with both observed signals of 6b indicates that

the signals at δ 5 949.0 and 1065.3 indeed correspond to In the series of the pyridine complexes (12215), a strong
chelate effect is observed. Replacing both pyridine ligandsthe [Rh(cod)(tmeda)]1 and [Rh(cod)Cl2]2 species, respec-

tively. The temperature dependence of the δ(103Rh) of 0.42 in 14 for the bidentate bipy ligand, resulting in a five-mem-
bered metallacycle (13), causes a significant low-frequencyppm K21 and 0.52 ppm K21 for [Rh(cod)(tmeda)]1 and

[Rh(cod)Cl2]2, respectively, is consistent with values ob- shift of 197 ppm. Variations in this ring-size affect δ(103Rh)
significantly, as is evident from the high-frequency shiftserved for related complexes.[6a,9] Although different obser-

vations have indicated the presence of two species in solu- upon increasing the ring-size by one (cf. 13 and 15). This
same trend is also observed for the amine (cf. 1 and 5) andtion for 6b, [10] this is the first real evidence for the presence

of this cation-anion pair in solution. diimine complexes (cf. [Rh(cod)(iPrDAB)], 7, [Rh(cod)-
(ABK)], 8, and [Rh(cod)(BIAN-R)], 9211). The BIAN li-For the complex [Rh(cod)(dmeda)]ClO4, 2, two resolved

signals in a 5:1 ratio are observed in the 103Rh spectra gand systems are known to have a relatively large bite-angle
due to the rigidity of the ligand back-bone, analogous topointing to the presence of two rhodium species, 2a and 2b.

This conclusion is corroborated by the observation of two the rigidity of the 1,2-diaminobenzene ligand. Hence, the
corresponding complex 3 shows a high frequency shift asnot completely resolved sets of signals for the dmeda pro-

tons in the 1H-NMR spectrum. Most probably these two compared to 1. A similar observation has been made for
some series of phosphane rhodium complexes, e.g.signals arise from the presence of two stereoisomers with

the methyl groups in trans (2a) or in cis positions (2b) (Fig- [Rh(nbd)(Ph2P(CH2)nPPh2)]1, [11] where the experimental
shift ranged from δ 5 2390 for n 5 2 to δ 5 2210 for n 5ure 1). This conclusion is corroborated by results from den-

sity functional computations (vide infra), which would pre- 4. Hence, the chelate-ring size appears to be one of the most
important factors determining the δ(103Rh) value. This sizedict a 10:1 molar ratio for 2a and 2b, respectively, based on

the relative energies (2a lower than 2b by 5.4 kJ/mol at the effect is believed to be mediated by changes in the bite angle
at the metal. Therefore, studies were performed on theB3LYP/II9 level). In addition, the calculated chemical shifts

for 2a and 2b are in good agreement with both observed model compound [Rh(cod)(NH3)2]1 by explicitly calculat-
ing its δ(103Rh) value as a function of the bite angle.values (see Table 1).

It has been proposed that the metal shift parallels the As apparent from the results displayed in Figure 2a, there
is in fact a dependence on the bite angle of the computedvariation of the bulk and basicity of the ligand. In a system-

atic study of Rh2phosphane complexes, [6c] it was shown δ(103Rh) values with a minimum near ca. 90°. Variations in
the bite-angle around this 90° angle result in a more deshi-that an increase in basicity of the phosphane ligands results

in a more shielded Rh nucleus and hence a δ(103Rh) shift elded metal center and hence high-frequency shifts. Similar
observations were made for rhodium(phosphane) com-towards higher frequencies. In addition, a larger cone-angle

of the phosphane ligand also results in a shift towards plexes, i.e. a strong deviation from the ideal geometry of
square-planar d8-complexes leads to a high-frequencyhigher frequencies.
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ligands (vide supra), a more basic ligand in this series in-
duces a stronger deshielding of the 103Rh nucleus. However,
in the same series, the optimized Rh2N bond lengths in-
crease significantly, whereas the bite angle remains essen-
tially constant (see Table 3). [12] According to the above-
mentioned results for model compound [Rh(cod)(NH3)2]1,
it is the bond-length elongation that could be responsible
for the observed deshielding.

Table 3. Selected geometrical parameters of Rh(cod) complexes
containing ethylenediamine derivatives and the computed d(103Rh)
chemical shifts

no. ligand Rh-N N-Rh-N δ(with δ(without
[Å] [°] Me)[a] Me)[b]

1 (1,2)-en 2.167 80.6 725 725
2a dmeda (trans) 2.194 81.1 781 821
2b dmeda (cis) 2.188/ 81.5 801 834

2.194
6 tmeda 2.239 82.2 942 974

[a] δ(103Rh) computed for the fully optimized structure. [b] δ(103Rh)
computed for optimized structures of the respective complexes,
with Me groups substituted by H atoms.

In order to assess also the effects of the added Me groups,
model calculations have been performed for the parent 1
employing the geometrical parameters optimized for the de-
rivatves 2 and 6 (i.e. by simply replacing the Me groups
with H atoms). The chemical shifts computed accordingly
(last column in Table 3) are thus solely the result of the
structural distortions induced by the Me groups which re-

Figure 2. Calculated rhodium chemical shift of [Rh(cod)(NH3)2]1 flect their “pure geometrical effects”. Apparently, these dis-as a function of N2Rh2N angle and Rh2N distance
tortions cause a strong deshielding, which is partly reduced
by the “pure electronic effects” of the Me groups. The latter
amounts to only ca. 30 ppm, as assessed by the differenceshift. [6c] [11] However, for the model complex

[Rh(cod)(NH3)2]1 there seems to be only a minor variation between the entries of the last two columns in Table 3[13],
compared to the overall effect of up to 227 ppm observedin δ(103Rh) of ca. 40 ppm in the bite-angle range between

75 and 100 typically covered in bidentate chelates. A similar in going from 1 to 6. The main origin of this deshielding is
therefore a geometrical, rather than an electronic effect. Aresult has recently been obtained in the case of rhodium(di-

phosphane) complexes. [8b] comparable shielding effect (21 ppm) is observed upon sub-
stituting bipy for 4,49-Me2bipy, cf. the δ(103Rh) of 13 andAccording to the latter study, the 103Rh chemical shifts

were found to be particularly sensitive to changes in the 12, respectively.
For more quantitative estimates of these geometrical ef-Rh2P bond lengths, with a computed bond-length shift de-

rivative of more than 10,000 ppm Å21. The analogous study fects, the bond-length shift derivative calculated for model
compound [Rh(cod)(NH3)2]1, 3600 ppm·Å21, was appliedfor model compound [Rh(cod)(NH3)2]1 now also revealed

a large sensitivity of the computed δ(103Rh) value to the to 1, 2, and 6. In going from 1 to 2 and from 1 to 6, the
optimized bond-length elongations are 0.026 and 0.072 Å,Rh2N bond distance (see Figure 2b), albeit with a some-

what smaller slope of 3600 ppm·Å21. These results indicate respectively. This corresponds to deshieldings of 94 and 259
ppm, respectively, which are in excellent accord with thethat, although the bite-angle influences the δ(103Rh), mainly

variations in the Rh2N bond distance dominate the calculated “pure geometrical effects” of 103 and 249 ppm,
respectively.δ(103Rh). Apparently, in rhodium2phosphane and 2nitro-

gen complexes, variations in the chelate ring-size affect both For an interpretation of the steric and electronic influ-
ences, the above-mentioned influences have been discussedthe bite-angle and the Rh2ligand bond distance, where the

latter has the larger influence on the variations in the ob- in terms of the parameters ∆E and rd in the Ramsey equa-
tion. In general, it is possible to relate large differences inserved δ(103Rh) shift.

Using these results, we tried to separate the steric and the first coordination sphere to the Ramsey equation by
using a simplified MO theory, i.e. hard donor atoms resultelectronic effects in the series of substituted ethylenediam-

ine complexes 1, 2, and 6, the observed 103Rh chemical in more deshielded metal centers and hence in high-fre-
quency shifts as compared to soft donor atoms (cf. rhodiumshifts of which cover a range of 227 ppm. Contrary to ex-

pectations based on the relative Brønsted basicity of the complexes containg either oxygen (av. δ 5 1300) or phos-
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phorus (av. δ 5 2100) ligating atoms, respectively). How- The same holds for complex 7 with the iPr-DAB ligand

where an additional deshielding is apparent in the coordi-ever, trends in δ(103Rh) induced by second sphere variations
of the applied ligands can not be related to such simplified nation plane (corresponding to the y axis in Figure 3), con-

sistent with paramagnetic contributions due to the couplingmodel theories (vide supra). [6c] A more thorough investi-
gation into the orbital symmetry and energies of the Rh of the LUMO [44b, π*(DAB) with some dxz(Rh) charac-

ter] [15] and the HOMO [48a, dz2(Rh)]. This is even morecomplexes seems necessary. Therefore the calculated
(B3LYP) molecular orbitals of complexes 1, 2, 6, 13, 14, pronounced in the parent model compound, [Rh(cod)(H-

DAB)]1 (H-DAB 5 HN5CH2CH5NH), resulting in aand model complex [Rh(cod)(NH3)2]1 were analyzed in de-
tail, in order to see if simple relations between appropiate huge predicted deshielding for the metal (δiso 5 1505).

There is thus a huge shielding effect on δ(103Rh) upon∆E values and chemical shifts could be found.
changing the substituents at the DAB nitrogen atom from
H to iPr (∆δcalc. 5 2417 ppm). Part of this effect is due to
geometrical differences, but here it is the “pure electronic
effect“ of the iPr groups which is dominating, ∆δ 5 2262
ppm (assessed similarly as described above for the 1,2-en
derivatives). In the DAB complexes, the 103Rh chemical
shift is quite sensitive to subtle changes in the electronic
structure, which may be one of the reasons for the unusually
large deviation (more than 170 ppm) between the theoreti-
cal and experimental δ(103Rh) data for 7 (see Table 1).

Conclusion

It has been found that the experimental values of the
103Rh-NMR shifts of [Rh(cod)(N)2]1 complexes fit the ex-
pected trend according to the position within the spectro-
chemical series for substituents in the first coodination
sphere of rhodium. Except for a diazabutadiene complex
which turned out to be a problem case for theory, density-
functional calculations have resulted in excellent numerical
reproduction of the experimental shifts within 30 ppm,
where the gross variation of shifts amounts to 540 ppm.

According to model calculations, it is the Rh2N distance
that has a decisive influence upon the Rh chemical shift,Figure 3. Highest occupied and lowest unoccupied molecular orbi-
rather than the N2Rh2N angle hitherto believed to be oftals of [Rh(cod)(NH3)2]1 fragments
prime importance for chelating ligands. These findings areThe four highest occupied MOs of model complex
consistent with recent results obtained for Rh2bis(phos-[Rh(cod)(NH3)2]1 are of predominant d(Rh) character, as
phane) complexes. Effects of substituents in the second co-expected, with some minor additional ligand contributions.
ordination sphere (e.g. alkyl vs. H substituents at the coord-At least one of the lowest unoccupied MOs also has large
inating nitrogen atoms) can be partitioned computationallyd(Rh) character [usually the LUMO, except when p-ligands
into geometrical and electronic contributions, the relativeare present such as in 13 and 14; in these cases the LUMO
importance of which is depending on the ligand. Furtheris usually of π*(ligand) character]. Magnetically induced
interpretation of the origin of these secondary substituentcoupling between suitable occupied and virtual MOs can
effects on the metal shielding, e.g. in terms of the Ramseyaccount for paramagnetic contributions in a pictorial fa-
equation, is difficult because it is hard to identify single,shion. For example, in model compound [Rh(cod)(NH3)2]1
dominant parameters.the large deshielding perpendicular to the coordination

plane (z direction in Figure 3) is consistent with the coup-
ling of the LUMO (after action of the magnetic operator Experimental Section
M̂z on it, viz. the resulting orbital M̂z|30b>) with an occu-

NMR Techniques: Routine 1H-NMR spectra to check purity werepied MO of suitable symmetry (orbital 31a, see Figure
recorded on a Bruker AMX 300 spectrometer (300.13 MHz). All3). [14] Unfortunately, it was not possible for the set of com-
103Rh NMR measurements were carried out on a 300-MHz Brukerpounds under scrutiny, to simply relate the energy differ-
DRX Advance spectrometer under temperature control at 298 K

ences between the corresponding orbitals with the trends in using a 5-mm triple-resonance inverse probehead (1H, 31P{BB})
δ(103Rh). Apparently, the particular magnetic shieldings are with a z gradient coil (90o 1H 5 7.2 ms, 90o 103Rh 5 19.5 ms)
determined by several such interactions and it is difficult to using the following sequence: 1H-103Rh GS2HMQC:[16218] D1 2
identify a single factor, such as one particular ∆E value, as 90°(1H) 2 1/2J 2 90°(103Rh) 2 t1/2 2 GP1 2 D16 2 180°(1H) 2

GP2 2 D16 2 t1/2 2 90°(103Rh) 2 GP3 2 1/2J 2 ACQ; acqui-the main source for the observed trends.

Eur. J. Inorg. Chem. 1999, 27233 31



J. G. Donkervoort, M. Bühl, J. M. Ernsting, C. J. ElsevierFULL PAPER
sition parameters: D1 5 1 s, 1/J2 5 0.220.5 s, D16 5 50 ms, GP 5 4 ppm between basis II and basis II9. Chemical shifts δ(103Rh) are

reported relative to σ(standard) 5 2878 ppm, as previously evalu-1 ms, 1 to 4 scans were acquired per t1 increment, block size 2048
3 128 points for the first experiment and 2048 3 256 points for the ated from σ(calc) vs. δ(expt) linear regressions. [7b] All calculations

were performed with the Gaussian 94 program.[36]final experiment, gradient amplitudes GP1:GP2:GP3 5 90:44:50
G·cm21. Acquisition time 10230 minutes for the final experiment.

The spectral width was 3000 Hz for 1H. In the first measurement,
the spectral width for 103Rh was 9000 ppm which was covered by Acknowledgments
128 t1 increments, 16 dummy scans were used. To exclude folding
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