NMR Study on Ru(ll) Complexes

Bull. Korean Chem. Soc. 1998, Val. 19, No. 11 1207

NMR Study on Ru(ll) Complexes Containing 2,2':6',2"-terpyridine

Won K. Seok*, Sung W. Moon, and Mee Y. Kim

Deparment of Chemistry, Dongguk University, 26 Pil-Dong, Chung-Ku, Seoul 100-715, Korea
Received July 2, 1998

The diamagnetic six-coordinate ruthenium polypyridyl complexes have been prepared and assigned. 'H NMR
spectral studies were used to unravel the ligand field strength and the basicity on the chemical shift to the
particular proton of ligand L in [{tpyL)Ru"(X)]*** (L=bpy, bgi, dmbpy, phen; X=Cl, CN, N,, NCCD,, NO,,

SCN) complexes.

Introduction

As a series of synthetic chemistry of polypyridyl com-
plexes containing Ru and Os has evolved, the use of nuclear
magnetic resonance spectrometers as a structural probe for
the complexes has emerged.! Although X-ray crystallo-
graphy has been successfully utilized for the determi-
nation of solid phase molecular and electronic structures, the
questions of stereochemistry, fluxional behaviour, or substi-
tution dynamics were best addressed through the application
of multi-nuclear NMR instrument.? The NMR data have also
proved valuable in understanding mechanistic pathways for
the reaction containing Ru(IV) mono-oxo complexes.?

We now present the results of 'H NMR spectral studies
on polypyridyl Ru(Il) complexes. Our results allow an
assignment of each proton peak of precursor complexes and
demonstrate that NMR techniques can provide a valuable
insight for unravelling the underlying ligand field strength in
the structural chemistry of six-coordinate ruthenium com-
plexes containing higher oligopyridine.

Resulis and Discussion

[Ru(tpyXL)CI]"  (tpy=2,2":2",6'-terpyridine, L=2,2"-bipyi-
dine(bpy), 2,2'-biquinoline(bqi), 4,4'-dimethyl-2,2"-bipyridine
(dmbpy), and 1,10-phenanthroline{phen)) were prepared by
reaction of the free ligand L with Ru(tpy)Cl; (eq. 1) using
alternate procedures for obtaining similiar complexes.’ Each
ruthenium complex containing various ligands other than Cl
was prepared by metathesis reaction with NaCN, NaN;,
NaNQ,, or NaSCN (eq. 2). The mono-aquo complex was
obtained by the reaction of [Ru(tpy)(L)Cl]* with AgClO, in
aqueous solution followed by precipitation with a saturated
NH,PF; solution. Each [Ru-NCCH,]* complex was prepared
by dissolving corresponding ruthenium mono-aquo complex
in acetonitrile.

EtOH/H,0/NH,PF,
reflux
[Ru(tpyXL)CINPFs); (1)
X=NaCN,NaN,;, NaNO,, NaSCN
EtOH/H,0, reflux
Ru(py)HX)]" (D)

The 'H NMR spectrum of each ruthenium complex

Ru(tpy)Cly + L=bpy, bqu, dmbpy, phen

[Ru(tpy)(L)CI]"

prepared in CD,CN solution showed 13 or 14 resonances,
seven or eight from the bpy or phen moiety and six from
the tpy ligand in the region 6.5-10.5 ppm. The 'H chemical
shift data and proton assignments for the complexes are
summarized in Table 1. From previous studies of the 'H
NMR spectra of similiar complexes, each resonance can be
assigned with the aid of a decoupling experiment and a
COSY spectrum.'?

Table 1 shows the 'H NMR spectroscopic data and the
assignments for [(tpyXbpy)Ru(X)]"** and [(tpyXphen)Ru(X)]***.
Because of similiar chemical environments in two complexes,
it is not surprising to find out that the chemical shifts
corresponding to the pratons of rings D and E of the tpy
fragment do not move greatly. Major differences are expect-
ed in the chemical shifts to the protons of the bpy and phen
ligand. Each & positioned-proton (Hgg) of ring B of the bpy
ligand in [(tpy)(bpy)Ru(X)]*** and that to 9 positioned-
proton (Hyg) of ring B of the phen ligand in [{tpy)(phen)Ru
(X)I'** complex show a sole downfield chemical shift as a
daublet of doublet. The proton Hgs of the bpy ligand and
the proton He of the phen ligand lie in the outer ring
currents of tpy ligand from the molecular models and X-ray
structral data.'*” The resonance is shifted downfield accordingly.

Once again the doublet of doublet peak of Hy, and Hgg in
each [(tpy)bpy)Ru(X)]*** and [(tpy)(bpy)Ru(X)]*** complex
shifted remarkably on changing ligand X in the Ru-X
environment. Each Hg, and Heg peak also provided a
valuable diagnostic tool for detecting changes in X at the Ru-
X coordination site. Previous studies on the 'H NMR
spectra for {(bpy)(py)Ru(X)]"** (X=Cl, Br, NO, NO,, OH,
etc.) complexes showed that the chemical shift of one of 6
or 6 protons of the bipyridine appeared as an isolated
doublet of doublet in the downficld in part of the spectrum,
because it was out of ring current of the each bpy or py
ligand.”

However, all the other protons of rings A and B of the
bpy ligand and rings D and E of the tpy ligand were
observed in the relatively upfield region from the chemical
shift of the particular proton and little shifted on changing
ligand X in the [{tpy)(bpy)Ru(X)]"** systems. Same results
were obtained for those to all the other protons of rings A,
B and C of the phen ligand and rings D and E of the tpy
ligand in [(tpy)(phen)Ru(X)]"* ones.® This upfield shift is a
result of the location of those protons in the bpy or phen or
tpy inner ring currents for [(tpy)(bpy)Ru(X)]*** and [(tpy)
(phen)Ru(X)]*** complexes. The chemical shifts to all the
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Table 1. 'H chemical shifts of [(tpy)(bpy)Ru(X)]*** and [(tpy)(Phen)Ru(X)]"** complexes in CD,CN
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WonERUI™ 54 4a  sA 6a 3B 4B SB 6B 3D 4D SD 6D 3IE 4
al 832 766 69 731 860 825 792 1020 838 786 730 764 848 810
N, 831 763 69 728 860 829 795 968 840 792 731 769 853 8.2
SCN 830 770 699 725 859 830 800 %68 840 792 732 768 851 820
NCCD, 832 770 711 720 862 831 798 960 842 782 735 768 856 806
NO, 834 778 705 726 856 824 794 985 834 790 732 772 846 815
CN 836 779 709 726 958 824 794 1009 836 78 730 771 848 814
[('p")(bpf))f“(x” 24 3  4A 7B 8B 9B 5C 3D 4D  SD 6D 3E  4E
a 752 713 783 882 832 1043 840 824 811 729 768 854 813
N, 749 706 788 883 833 997 842 824 810 731 764 856 812
SCN 752 705 78 884 831 1020 840 825 813 739 766 858 818
NCCD; 755 722 797 B 835 996 844 832 815 742 765 862 818
NO, 760 716 790 882 834 1026 838 825 814 740 771 852 811
CN 756 715 788 879 831 1037 838 826 814 744 765 852 880

other protons of ring A and B of the bpy ligand and rings D
and E of the tpy ligand in the type of [(1py)(bpy)Ru(X)]***
compiexes showed slight shift by changing ligand X, same
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Figure 1. The ligand field strength vs the chemical shift to the

particular proton of each ligand bpy and phen in [(tpy)(bpy)Ru

(01 and [(tpy)(phem)Ru(X)]*** (X=Cl, CN, N, NCCD,, NO,,

SCN) complexes in CD,CN; ®=[(tpyXbpy)Ru(X)]'*, w =[(tpy}

(phen)Ru(X)]**".
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as those to all the other protons of rings A, B and C of the
phen ligand and rings D and E of the tpy ligand in [{tpy)
(phen)Ru(X)]** ones.

It is quite interesting to examine the influence of ligand X
in such Ru-X complexes from the 'H NMR spectral data.
Figure 1 presents the variation of ligand field strength'® with
the chemical shift of each Hgp and Hgp in the [(tpy)(bpy)Ru
(X)])*** and [(tpy)(phen)Ru(X)]*** complexes.

With the exception of the Hgpy and Hgp signal for each
[(tpyXbpy)Ru(CH]* and [(tpy}phen)Ru(CI)]* complex, the
chemical shift to the particular proton uniformly increases as
the ligand field strength increases upon substitution of the
other ligand X for the chloride ligand in complexes. It is not
surprising that the chemical shift of the proton Hgp and Hgg
for each [(tpy)(bpy)Ru(Cl)]* and [(tpy)(phen)Ru(Cl)]"
complex moves farthest downfield, because the particular
proton of the bpy or phen moiety has a short intramolecular
contact with the adjacent electronegative Cl atom as was
discavered in the type of [(tpyXbpz)Ru(CH)(PF,) (bpz=2,2'-
bipyrazine) complex.” The particular proton of the bpy or
phen ligand in each [(tpy)(bpy)Ru(NCCD.)J* and [(tpy)
(phen)RU(NCCD,)** complex was deviated from the linear
relationship, because of the presence of long and bulky
acetonitrile moiety, The large downfield shift is due to less
effective shielding by electron density dxy orbital (taking the
z axis to lie along the Ru-X (X=CN, SCN).

To find out the effect of potyridyl ligand on the chemical
shift to the proton such as Hyy and Hgp, other derivatives of
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Figure 2, pK, vs the chemical shift to the particular proton of
each ligand L in [(tpy)(L}YRu(X)])" (L=bpy, dmbpy, bgi, phen; X=
Cl, N;) complexes in CD,CN; @ =[(tpy)(L)Ru(C))", m=[{tpyXL)
Ru(Ny)]".

ruthenium complexes, [Ru(tpy)(L)X](PF,) (I=bqi and dmbpy;
X=Cl and N,), were prepared (eq. 2). The relationship
between pKb and the chemical shift to the particular proton
in the ligand L which moves farthest downfield as a doublet
of doublet for [(tpyXL)Ru(X)]' (L=bpy, bqi, dmbpy, phen;
X=Cl, N3) complexes was plotted in Figure 2.

With the increasing basicity”! of the ligand L in each
ruthenium complex, the chemical shift increases. The plot
indicates that the relationship partially reflects an electronic
effect of the polypyridyl ligand on the electron density of
the particular proton. It is instructive to note that the
chemical shift to the particular proton of the dmbpy ligand
containing dimethyl substituent in the complex shows an
upfield shift. This upfield shift comes partly from a result of
the steric effect, which must compete with the electronic
effect of adjacent ligand X.

As a conclusion, these results clearly demonstrate that the
ligand field strength and the basicity of the polypyridyl
ligand adjacent to the central metal ion generally affect on
the electronic environment of the partricutar proton in the
ligand for the diamagnetic six-coordinate ruthenium
complexes, [(tpy {L)Ru(X)]*** (L=bpy, bqi, dmbpy, phen; X=
Cl, CN, N,, NCCD;, NO,, SCN).

Experimental Details

RuCl,, 2,2-bipyridine(bpy), 2,2"6',2"-terpyridine(tpy), 1,10-
phenanthroline(phen), 2,2 biquinoline{bgi), activated alumina,
and NH,PF were purchased from Aldrich Chemical Co. and
used without further purification. The ligand 4,4'-dimethyl-
bipyridine(dmbpy) was purchased from Reilly Tar Chemical
Co. and recrystallized from hot acetone prior to use. Aceto-
nitrile-d; (99.6% D, Aldrich Chemical Co.) were used as
received.

Routine UV-visible spectra were recorded on a Hewlett-
Packard 8452A Diode Armay spectrophotometer using HP
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89532A general scanning software. FT-IR spectra were
obtained on a Bomen MB 100 FT-IR spectrophotometer as
either on nujol mulls or in solutions using NaCl plates. 'H
NMR data were obtained in a Varian Model Gemini-200 FT-
NMR spectrometer using CD,CN as solvent. The chemical
shift parameters were presented in parts per million ()
downfield from internal reference tetramethylsilane (TMS).
Elemental analyses were performed by analytical laboratory
at Basic Science Institute of Korea.

Starting Materials. [Ru(tpy)CL], [(tpyXbpy)Ru(CHJ(PF),
and [(tpy)(phen)Ru(Cl)](PF,) were prepared by previously
described procedures.® Each [(tpy)(bpy)Ru"-NCCH;]* and
[(tpy)(phen)Ru"-NCCH,]* were easily obtained by dissolv-
ing corresponding aqua complex in acetonitrile. They were
confirmed by the change in max using UV-visible spectra
and were also characterized by FT-IR spectroscopy, NMR
spectrometer, and elemental anatyses.’

Preparation of [(tpy){bpy)Ru{N;)I(PFs). In a typical
experiment, [(tpy)(bpy}Ru(CDH](Cl) (20 mg, 0.035 mmol) and
NaN; (5 mg, 0.077 mmol) dissolved in 5 mL of ethanol and
5 mL of distilied water were heated at reflux under a stream
of N, for 2h. After this period, the red pot contents were
filtered hot and reduced to ca. half the original volume by
rotary evaporation. To the filtrate was added an excess of
saturated NH,PF; solution which resulted in the formation of
red precipitate. The product was washed with distilled water
and dried under reduced pressure to give [(tpy)bpy)Ru(N;}]
(PF). Yield: 319 mg (66%). Anal. Caled for C,sH,F;NgPRu-
H,0: C, 43.17; H, 3.04; N, 16.11. Found: C, 43.88; H, 2.91;
N, 16.32.

[(tpy)(bpy)RU(NO,)(PF,). The same procedure was
utilized as was the preparation of ((tpy)(bpy)Ru(N.)|(PF,)
except using NaNOQ, instead of NaN;. Anal. Caled for
CosHsFeNO,PRu-H,O: C, 42.92; H, 3.03; N, 12.01. Found:
C, 42.78; H, 2.96; N, 11.84.

[(tpy }bpy)RU(CN)](PF;). The same procedure was utilized
as was for the preparation of [(tpy)(bpy)Ru(N;)](PF:) except
using NaCN instead of NaN,. Anal. Calcd for C,H,oFcNg-
PRu-H;0O: C, 45.96; H, 3.12; N, 12.37. Found: C, 45.74; H,
3.07; N, 12.62.

[(tpy)(bpy)RU(SCN)]J(PF;). The same procedure was
utilized as was for the preparation of ((tpy)(bpy)Ru(N:)|(PF,)
except using NaSCN instead of NaN;. Anal. Caled for
CysHoFsNSPRU-H,0: C, 43.89; H, 2.97; N, 11.81. Found:
C, 44.02; H, 3.03; N, 11.65.

[(tpy Xphen)Ru(N:)}(PF,). The same procedure was utilized
as was for the preparation of [(ipy)(bpy)Ru(N,)](PF,) except
using [(tpy)}phen)Ru(Cl}](PF¢) for starting material. Anal.
Calcd for C,:HF,N;PRu-H,0: C, 45.07; H, 2.94; N, 15.57.
Found: C, 45.86; H, 3.10; N; 16.01.

[(tpy)(phen)Ru(NO,)](PF,). The same procedure was
utilized as was for the preparation of [(tpy)(phen)Ru(N,)]
(PF;) except using NaNQ, in place of NaN,. Anal. Calcd for
CyHsFN,O,PRu-1.5H,0: C, 44.27; H, 3.02; N, 11.47,
Found: C, 43.79; H, 2.95; N; 11.74.

[(tpy)(phen)Ru(CN)](PF,). The same procedure was
utilized as was for the preparation of [(tpy)(phen)Ru(N,)]
(PFs) except using NaCN ip place of NaN;. Anal. Calcd for
CisHisFsNPRU-H,O: C, 47.20; H, 3.11; N, 11.65. Found: C,
46.61; H, 2.99; N; 11.90.

[(tpy)(phen)RW(SCN)](PF;). The same procedure was
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utilized as was for the preparation of [{tpy)(phen)Ru(N,)]
(PFs) except using NaSCN in place of NaN,. Anal. Calcd
for CyeHisFoN;PRu-H,O: C, 45.72; H, 2.88; N, 11.42. Found:
C, 45.51; H, 2.76; N; 11.18.

Preparation of [(tpy){bgi)Ru(CD)](PF;) complexes.

To 20 mL of ethanol and 5 mL of distilled water was
added 50 mg of Ru(tpy)Cl, (0.11 mmol) followed by 30 mg
of 2,2-biquinoline (0.12 mmol) and 25 mg of LiCl (0.59
mmol). 0.5 mL of Et;N was then added and the reaction
mixture was heated at reflux under a stream of N, for 2h.
The pot contents were reduced to ca. one-third the original
volume by rotary evaporation and stored in refrigerator
overnight. To the cold solution was added an excess of
saturated NH,PF; solution which resulted in the formation of
brownish red precipitate. The crude PF;~ salt was dissolved
in a minimum CH,CN followed by elution on a 1X20 cm
column of alumina; eluent was 1:1 teluene-acetonitrile. The
second band was evaporated to dryness to give a crystalline
product. Yield: 70 mg (80%). Anal. Calcd for C;HpFeNs-
CIPRu-H,0: C, 46.08; H, 3.19; N, 8.88. Found: C, 45.89; H,
3.09; N; 8.77.

[(tpyXdmbpy)Ru(CD](PF;). This complex was prepared
identically as the preparation of [(tpy)(bq)Ru(C)](PFs)
except using dmbpy as the ligand source. Anal. Calcd for
C27H23F6N5C]PRU‘H20: C, 4523, H., 3.51, N, 9.77. Found:
C, 44.97; H, 3.45; N; 9.69.

Preparation of [(tpy)(bqi)Ru(N;)]{PFs) complexes.

In a typical experiment, [(tpy)(bqi)Ru{(CD](PF;,) (35 mg,
0.045 mmol} and NaN, (30 mg, 0.46 mmol) were dissolved
in 15 mL of ethanol and 15 mL of distilled water and
heated at reflux for 2h. After this period, the pot contents
were filtered hot and reduced to ca. half the original volume
by rotary evaporation. To the filtrate was added an excess of
saturated NH,PF, solution, which resulted in the formation
of red precipitate. The product was washed with distilled
water followed by ether and then dried under reduced
pressure to give [(tpy)(bgi)Ru(N:)])(PF;,). Yield: 29 mg (83%).
Anal. Caled for C,H,FeNgPRu-1.5H,0: C, 49.26; H, 3.26;
N, 13.93. Found: C, 48.97; H, 3.21; N; 13.72

{(tpy)(dmbpy)Ru(N,)](PF). This complex was prepared
identically as for the preparation of [(tpy)(bqi)Ru(N;))(PF;)
except using [(tpy)(dmbpy)Ru(CD](PF,) as starting material.
Anal. Calced for C,;H;FNgPRu-1.5H,0: C, 44.27; H, 3.58;
N, 15.30. Found: C, 43.79; H, 3.25; N; 15.54.
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