In situ syntheses of trans-spanned octahedral ruthenium complexes.
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The formation of stable, undistorted octahedral transition metal complexes which contain a trans-spanning bidentate
ligand remains a synthetic challenge. The reported complexes are of the type trans-[Ru(Cl)(trpy){Ph,PC,H,CH,O-
(CO)Y(CO)OCH,C¢H PPh,} ][PF,] [where trpy = 2,2":6',2"-terpyridine and Y = (CH,); = C3SPAN, 6; (CH,), =
C4SPAN, 7; or isophthalate = ISPAN, 8] and represent the first examples of trans-spanned transition metal
complexes which display little bond angle distortion from octahedral geometry and also contain a bridging linkage
which is stable towards oxidation, reduction and hydrolysis. These complexes were characterized by elemental
analyses, cyclic voltammetry, conductivity and UV-VIS spectroscopy. COSY, HETCOR and variable temperature
(*H and *C) NMR spectra of the complexes are consistent with a flexible spanning linkage that does not demonstrate

restricted rotation about either the P-C,

ipso

or the Ru-P bonds while the X-ray crystal structure analysis of 7 showed

that the spanning linkage is positioned to one side of the meridional chloride.

The formation of stable, undistorted octahedral transition
metal complexes which contain a frans-spanning bidentate
ligand presents a synthetic challenge in several respects."* To
date, trans-spanning bidentate ligands have been prepared by
two distinct methods: the synthesis of a bidentate ligand
and its subsequent coordination to the transition metal center
(preformed ligand strategy), and the bonding of two mono-
dentate ligands to the metal center followed by the joining
of the ligands with a trans-spanning linkage (in situ ligand
strategy).

The preformed ligand strategy has been used effectively by
Shaw and coworkers as they prepared several series of large
ring complexes of the general formula trans-[M(Cl),{Bu,P-
(CH,),PBu,}] (M =Pd or Pt; n=5-10),*5 or trans-[{M(Cl),-
[Bu,P(CH,),PBu,]},] M =Pd or Pt, n=8, 9, 10 or 12; x=
1-3)%® where each complex contained a flexible diphosphine
ligand. Initially, Shaw and coworkers proposed that the pres-
ence of the bulky rert-butyl groups attached to the phosphorus
donor atoms resulted in repulsive interactions between the
substituents favoring a trans-geometry. Alcock'*"? and
McAuliffe '*'7 later prepared a number of trans-spanning Rh,
Ni, Pt and Pd complexes with bis(diphenylphosphino)ethers,
bis(diphenylphosphino)alkanes and bis(dimethylarsino)alkanes
suggesting that the length of the spanning ligand was a large
contributor to obtaining the trans-geometry. This argument
was in agreement with those of McAuliffe!” and others'® who
prepared ligands with both methyl, ethyl or phenyl substituents
on the pnictogen or chalcogen donor atoms. In addition to pre-
formed bidentate ligands with flexible chains, Venanzi and

coworkers 26 and others?’ demonstrated the use of bis(dialkyl

+ Supplementary data available: NMR spectra. Available from BLDSC
(No. SUP 57568, 19 pp.). See Instructions for Authors, 1999, Issue 1
(http://www.rsc.org/dalton).

or diaryl phosphinomethyl)benzophenanthrene ligands as rigid
trans-spanning “spacers.” These rigid ligands have been used
to span distorted trigonal, pseudo-tetrahedral, square planar,
square pyramidal and octahedral metal centers.

While the preformed ligand strategy has been successful, it is
not without limitations. First, the successful frans-positioning
of preformed spanning ligands with flexible backbones can be
crucially dependent on the choice of starting material. For
example, in the preparation of PtCl,[Ph,As(CH,),AsPh,] (n=
6-12, 16), the use of the starting material K,PtCl, leads to the
formation of the cis isomer, the use of K[PtCl,(H,C=CH,)] leads
to the formation of the frans isomer, and the use of Pt(C¢Hs-
CN),Cl, leads to the formation of a cis—trans mixture.!” This
marked dependency on the starting material makes the rational
and systematic design of trans-spanned complexes difficult.
Second, the use of preformed ligands can result in dimerization
when the preformed ligands can bridge between two metal
centers.'617#18:23:28 This behavior was observed for [Pt{Ph,As-
(CH,),AsPh,}Cl,] (n=6-12, 16) where both trans monomers
and cis dimers were formed,' as well as for [PtCl,{Ph,P(CH,),-
PPh,}] complexes where both cis and trans monomers and cis
and trans dimers were formed.'® A third limitation is that pre-
formed ligands with flexible backbones can form cyclo-
metallated complexes?®7 such as [IrH(CIl)(Bu,PCH,CH,CH-
CHRCH,PBu,)], where the C forms an iridium—carbon bond.?”
Such cyclometallation products are often observed with square
planar or trigonal bipyramidal geometries. A fourth limitation
is that the preformed rigid spanning ligands can cause strain
which produces transition metal complex geometries dis-
torted from octahedral geometry. The strain caused by the bis-
(diphenylphosphinomethyl)benzo[c]phenanthrene ligand (SL1)
is evident in complexes of the type [M(SL1)]X or [M(SL1)X]
where Venanzi reported that the P-M-P angle ranges from 132°
for Cu to 141° for Ag, to 176° for Au.”
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The second method for formation of complexes with a trans-
spanning bidentate ligand is the in situ ligand strategy. Using
this strategy, Takeuchi and coworkers synthesized trans-
spanning octahedral complexes of the form [Ru(Cl)(trpy)-
(SL2)]* [trpy =2,2":6',2"-terpyridine and SL2=Ph,PCH,-
CH,N(Me)(CH,),N(Me)CH,C¢H,PPh, or Ph,PC{H,CH,N-
(Me),(CH,),N(Me),CH,C,H,PPh,; n=5 or 6] by linking two
coordinated trans-positioned tertiary phosphine ligands with a
diamine.*® These complexes were the first reported cases of in
situ generated, trans-spanning ligands on an octahedral metal
center where the spanning ligand bridged over the cis coordin-
ated meridional chloride ligand. Like the preformed ligand
strategy, the in situ ligand strategy offered flexibility in terms of
both backbone length and composition. In addition, with the in
situ ligand strategy the major reaction product was the trans-
spanned complex and no cyclometallated complex was found.
Disadvantages in the in situ strategy resulted from the use of
the amine linkages. In the trans-spanned complex, the tertiary
amine linkages were readily oxidized and evidence for dealkyl-
ation of the quaternary amine linkages was observed. To over-
come these disadvantages, we developed a new ligand system
that retained the benefits of the in situ ligand strategy while
producing a ligand that is stable to oxidation and reduction.

In this work we report the formation of [Ru(Cl)(trpy)(L)]*
[where L =Ph,PC,H,CH,O(CO)Y(CO)OC¢H,PPh, and Y =
(CH,); = C3SPAN, 6; (CH,),=C4SPAN, 7; and isophthal-
ate = ISPAN, 8]. The use of the in situ strategy with an ester
linkage retains the span versatility in both length and structure,
while making the span stable against degradation by oxidation
and reduction. Additionally, decomposition due to hydrolysis
is not observed on exposure of the complexes to either mildly
acidic or basic solutions (pH =2 to 10). Finally, the new trans-
spanning complexes display good solubility in organic solvents,
which facilitated the collection of variable temperature NMR
spectra and the formation of single crystals suitable for X-ray
diffraction studies.

Experimental
Materials

RuCl;-nH,0 was obtained on loan or purchased from Johnson
Matthey/Alfa/Aesar. 2,2':6’,2"-Terpyridine was purchased
from G. F. Smith Chemical Company or was synthesized by
literature methods.* Triphenylphosphine was purchased from
Aldrich Chemical Company or Strem Chemical. Methylene
chloride (J. T. Baker) was dried over activated 5 A molecular
sieves and distilled under N,.** All other solvents and materials
were of reagent quality and were used as received. Reactions
were conducted under a nitrogen atmosphere unless otherwise
noted.

Measurements

Elemental analyses were performed by Atlantic Microlabs,
Norcross, GA. UV-VIS spectra were recorded using a Bausch
and Lomb Spectronic 2000, a Milton Roy Spectronic 3000
Diode Array Spectrophotometer, or a Cary 1G UV-VIS Spec-
trophotometer. Conductivity measurements were performed in
acetonitrile using a YSI Model 31 conductivity bridge.

Electrochemical measurements were made versus a saturated
sodium chloride calomel reference electrode (SSCE) using
either an IBM EC/225 voltammetric analyzer, a PAR Model
173 Potentiostat/Galvanostat equipped with a PAR Model
175 Universal Programmer or a BAS CV-50W Voltammetric
Analyzer. A platinum disc working electrode was used along
with a platinum wire common electrode. Electrochemical meas-
urements used 0.1 M tetrabutylammonium tetrafluoroborate
(TBAB) as the electrolyte and were conducted with ferrocene
(E;,=+0.40 V vs. SSCE in CH;CN, E,, = +0.50 V vs. SSCE in
CH,Cl,) as the internal standard.
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All NMR spectra were obtained on a Varian XL-300 spec-
trometer in CD,Cl,. 'H spectra were obtained at 299.9 MHz
and referenced to tetramethylsilane. "*C spectra were obtained
at 75.4 MHz and referenced to CD,Cl, (J 53.8). Proton—proton
COSY and carbon-hydrogen HETCOR were run with stand-
ard Varian-supplied pulse sequences. The one-bond HETCOR
direct detection sequence utilized BIRD pulses*' to suppress
proton—proton couplings in the f; domain of the 2D maps.
Quaternary carbon resonances in trpy were assigned using the
Varian-supplied direct detection HETCOR sequence (no BIRD
pulse) optimizing defocussing/refocussing delays for the
appropriate "J-_y constants. Several sets of delays were used
near each desired J-value in order to avoid loss of the appropri-
ate correlation signals due to one-bond modulation of the long-
range response intensity.**

Crystallography

Data collection. Crystals were aligned on a Siemens-
upgraded Syntex P2,/R3 diffractometer equipped with a highly-
oriented graphite crystal monochromator. The determination
of the Laue symmetry, crystal class, unit-cell parameters and
the crystal orientation matrix were carried out by previously
described techniques.** Room-temperature data were collected
with Mo-Ka radiation (1=0.71073 A), using the 0-20 scan
technique for 7, and the w scan technique for 5§ where peak
overlap was a possible problem. Details of the data collection
are in Table 1. All reflections in each data set were corrected for
Lorentz and polarization effects and for absorption (semi-
empirical).

Solution and refinement of the structures. All crystallographic
calculations were carried out on a VAX3100 workstation with
the use of the Siemens SHELXTL PLUS* program set. The
analytical scattering factors for neutral atoms were corrected
for both the Af" and the iAf” components of anomalous dis-
persion. The structures were solved by a combination of direct
methods and Fourier-difference techniques. All non-hydrogen
atoms were refined anisotropically, and hydrogen atoms were
included in calculated positions with d(C—H) = 0.96 A.** Details
of each structure solution and its refinement may be found
in Table 1. A diagram of one structure was generated using
ORTEP II.4¢

CCDC reference number 186/1479.

Preparations

The complexes RuCly(trpy),* trans-[Ru(Cl)y(trpy){Ph,PCH,-
(CH,0CsHy0)-p}], 1, cis-[Ru(Cl),(trpy){Ph,PC(H,(CH,O-
CsHy0)-p}], 2, trans-[Ru(Cl)(trpy) {Ph,PC,H,(CH,0C,H,0)-
PhAPFd, 3% trans-[Ru(Cl)(trpy){Ph,PCsH(CH,OH)-p},]-
[PFy, 4,® and trans-[Ru(Cl)(trpy)(PPhy),]*, 5, were
synthesized following published procedures.

trans-[Ru(Cl)(trpy)(C3SPAN)I[PF], 6. A 0.174 g (0.158
mmol) sample of 4 was dissolved in 17 mL of CH,Cl, and the
solution was outgassed with N, for 5 min. Glutaryl dichloride
(0.027 mL, 0.21 mmol) was added and the reaction mixture was
heated to reflux for 24 h. After cooling, the volume of the solu-
tion was reduced to dryness on a rotary evaporator. The residue
was redissolved in CH,Cl, and purified by passing through an
alumina column using 100:1 (v/v) CH,Cl,-MeOH as the elu-
ent. The first tan-orange band was collected and the solution
was reduced to dryness with a rotary evaporator. The product
was redissolved in a minimal amount of CH,Cl, and precipi-
tated by dropwise addition to Et,0 (ca. 100 mL). The solid
was collected by vacuum filtration, washed with a minimum
amount of Et,0 and air dried. A 0.111 g (0.093 mmol,
59% yield) sample of yellow-brown product was obtained
(Cale. for CgH,CIFgN;O,P;Ru-2H,0: C, 56.57; H, 4.02.
Found: C, 56.58; H, 4.13%).



Table 1 Details of X-ray diffraction studies of trans-[Ru(Cl)(trpy)(PPh;),][BF,]-CH,Cl, 5 and trans-[Ru(Cl)(trpy)(C4SPAN)][PF]-0.25C;H;Me-

CH,C1, 7
5 7

Formula Cs,H,,CIN;P,BF,Ru-CH,Cl, CsHs, CIO,N;P;F¢Ru-0.25C,H;Me-0.5CH,Cl,
M 1066.1 1275
Crystal system Monoclinic Triclinic
Space group P2,/c Pl
alA 17.8306(38) 10.9656(18)
bIA 12.7954(26) 13.9782(22)
clA 21.7707(40) 19.8449(26)
al® 90.00 89.212(12)
pr 104.195(15) 85.938(12)
yl° 90.00 68.071(12)
UIA? 4815.4(1.7) 2814.4(7)
V4 4 2
DJ/Mgm™? 1.470 1.505
u(Mo-Ka)/mm™* 0.606 0.529
Independent reflections 6329 7391
Reflections > 6a(F') 3118 4070
Final R indices (all data): R, wR 0.063, 0.038 0.092, 0.076
Final R indices (60 data): R, wR 0.049, 0.035 0.044, 0.046

trans-[Ru(Cl)(trpy)(C4SPAN)I[PF], 7. A 0.101 g (0.0916
mmol) sample of 4 was dissolved in 7.2 mL of CH,Cl,. Adipoyl
dichloride (0.020 mL; 0.14 mmol) was added and the reaction
mixture was heated to reflux for 4 h. The reaction mixture was
reduced to dryness with a rotary evaporator. The residue was
passed through an alumina column using a 150:1 (v/v)
CH,Cl,-MeOH solution as the eluent. The first tan-orange
band was collected and reduced to dryness with a rotary evap-
orator. This residue was redissolved in a minimum amount of
CH,Cl, and precipitated by dropwise addition to toluene. The
yellow-brown product was collected by vacuum filtration,
washed with Et,0 and air dried; yield 0.067 g (0.055 mmol);
59% (Cale. for CsHs,ClIFgN;0,P;Ru-CsHsMe: C, 60.90; H,
4.56. Found: C, 60.57; H, 4.62%).

trans-[Ru(Cl)(trpy)ISPAN)][BF,], 8. A 0.100 g (0.0907
mmol) sample of 4 was dissolved in 7.0 mL of CH,CI,. Iso-
phthaloyl dichloride (0.022 g; 0.11 mmol) was added and the
reaction mixture was heated to reflux for 4 h and then reduced
to dryness with a rotary evaporator. The residue was passed
through an alumina column using a 100:1 (v/v) CH,Cl,—
MeOH solution as the eluent. The first red-brown band was
collected and reduced to dryness with a rotary evaporator,
redissolved in a minimum amount of CH,Cl,, and precipitated
by dropwise additon to Et,O. The red-brown product was col-
lected by vacuum filtration, washed with Et,O and air dried;
yield 0.051 g (0.039 mmol); 43% (Calc. for C4H,,CIF,N;O,P,-
BRu-0.5H,0: C, 59.16; H, 3.91. Found: C, 59.13; H, 4.05%).

Results and discussion

Fig. 1 shows the general scheme for the synthesis of the trans-
spanning ruthenium complex, trans-[Ru(Cl)(trpy)(C3SPAN)]",
6. The synthesis is initiated by combining RuCl;(trpy) with one
protected phosphine ligand and a reducing agent to form the
trans-[Ru(Cl),(trpy){Ph,PC,H,(CH,0C;H,O)-p}], 1. Irradi-
ation of the reaction mixture with light*’ converts 1 to cis-
[Ru(Cl),(trpy){Ph,PC;H,(CH,0C;H,0)-p}], 2. The combin-
ation of excess phosphine with 2 produces trans-[Ru(Cl)(trpy)-
{Ph,PC,H,(CH,0C;H,0)-p},][PF¢], 3. Prior to the trans-
spanning reaction, the phosphine groups are deprotected in
an acid catalyzed step resulting in the formation of trans-
[Ru(Cl)(trpy){Ph,PCsH,(CH,OH)-p},][PF(], 4. trans-Spanning
is achieved by reacting 4 with an organic dioxychloride to give
6, 7 or 8 in a double esterification reaction. The product is
purified by column chromatography to isolate the monomeric
species with yields of 40-60%. The use of a large volume of

solvent during the spanning procedure prevents dimerization
and/or oligimerization and increases the yields of the spanned
complexes to values similar to those of the model reactions (i.e.
the formation of dibenzyl adipate and dibenzyl glutarate).*®
Through the use of three different spans, (CH,);—, -(CH,),—
and —isophthalate—, we demonstrate that the frans-spanning
linkage can be modified in terms of chain length and structure.

Electronic spectroscopy and cyclic voltammetric data

The UV-VIS spectroscopic and cyclic voltammetry data for the
complexes are summarized in Table 2. Transitions at ca. 700,
550 and 400 nm in the trans-[Ru(Cl),(trpy)(PR,)] complexes are
assigned to Ru(dn)—>n*(trpy) metal-to-ligand charge transfer
bands (MLCT) as observed for other trans-ruthenium
complexes.*”*-2 The transitions observed at 380, 330, 320, 286
and 275 nm are assigned to m—n* ligand (trpy, triphenyl-
phosphine)-localized transitions.*”**** These trans-(dichloro)-
ruthenium complexes display one reversible couple assigned to
the ruthenium(111/11) potential at approximately 0.50 V vs. SSCE
in CH,Cl,.

The cis-[Ru(Cl),(trpy)(PR;)] complexes are characterized by
two MLCT transitions at ca. 530 and 490 nm. These wave-
lengths have shifted to shorter wavelengths relative to the trans-
[Ru(Cl),(trpy)(PR;)] complexes, however the absorbances
maintain similar molar absorptivity values. The four ligand
localized m—=* transitions occur at ca. 360, 320, 285 and 275
nm. These cis-(dichloro)ruthenium complexes display one
reversible couple assigned to the ruthenium(m/i) potential at
approximately 0.60 V vs. SSCE in CH,Cl,. The shifts to shorter
wavelengths which accompany the increases in E,, values are
observed for other polypyridyl ruthenium complexes,*7-49-52:55.56
Both 1 and 2 have E;, values which are 50 mV higher than the
corresponding PPh; complexes. This increase in £, is consist-
ent with the electron withdrawing nature of the protected group
on the phosphine.

The addition of a second phosphine ligand to 2 and the con-
sequent change from a neutral to a positively charged molecule
result in a shift of the absorption maxima to higher energies.
These absorbances are again assigned to MLCT bands from Ru
(dn)—ligand (n*) transitions. The absorption maxima of the
complexes at 330, 310, 270, 230, and 210 nm are assigned to
ligand localized m—n* transitions. Interestingly, the reversible
ruthenium(1/r) redox couples for complexes 3-8 demonstrate a
small range in E,,, values from +0.88 to +0.93 V vs. SSCE in
CH;CN and a linear relationship between the peak current (i, )
and the square root of the scan rate (v'%). This linear relation-
ship indicates that the electron transfer is diffusion controlled
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Table 2 UV-VIS spectroscopic and cyclic voltammetry data for selected ruthenium complexes

Complex“ Ei/V vs. SSCE Jmax/nm (10 73¢/cm™ ' M 1)

trans-[Ru(Cl),(trpy)(PPhy)] +0.46° 705 (sh), 549(4.66), 403(4.71), 375 (sh), 331(17.9), 320 (sh), 286 (sh), 275(16.5)
trans-[Ru(Cl)(trpy)(Ph,PR)], 17 +0.51 701 (sh), 552(4.84), 403(4.86), 381 (sh), 331(20.5), 320 (sh), 286 (sh), 275(21.0)
cis-[Ru(Cl),(trpy)(PPh,)] +0.58° 531(4.79), 488 (sh). 363 (sh), 319(20.8), 286 (sh), 275(16.3)
cis-[Ru(Cl)y(trpy)(Ph,PR)], 2° +0.63 533(5.35), 488 (sh), 362 (sh), 319(22.9), 285 (sh), 276(17.9)
trans-[Ru(Cl)(trpy)(PhyPR),][PF ], 3¢ +0.88 474(3.83), 431 (sh), 334 (sh). 310(29.8), 270(78.6), 236(62.0), 209(96.6)
trans-[Ru(Cl)(trpy)(Ph,PR),][PF], 454 +0.88 473(3.35), 431 (sh), 332 (sh), 311(22.2), 270(45.8), 231 (sh), 208(98.6)
trans-[Ru(Cl)(trpy)(PPhy),][PF], 5¢ +0.90 473(3.62), 431 (sh), 330 (sh), 312(23.2). 268(43.2)
trans-[Ru(Cl)(trpy)(C3SPAN)|[PE], 6¢ +0.92 473(3.50), 432 (sh), 334 (sh), 311(21.7), 271(38.5), 232(52.1)
trans-[Ru(Cl)(trpy)(C4SPAN)][PE ], 7¢ +0.91 473(3.84), 432 (sh), 334 (sh), 311(21.4), 271(39.9), 231(51.0)
trans-[Ru(Cl)(trpy)(ISPAN)][PF,], 8¢ +0.93 471(4.10), 432 (sh), 333 (sh), 311(25.0), 271(42.0), 233(75.6)

“ Measured in methylene chloride unless otherwise stated. * R = CqH,(CH,0CsHy0)-p. € Measured in acetonitrile. “ R’ = CqH,(CH,OH)-p. ¢ From

ref. 47.
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Fig. 1 The reaction scheme for the preparation of trans-[Ru(Cl)(trpy)(C3SPAN)]", 6.

and is not influenced by the steric bulk of the spanning linkage
(for complexes 6-8). Finally, peak current ratios [cathodic peak
current (i,.)/anodic peak current (i,,)], determined using
the Nicholson Method,*” ranged from 0.90-1.0:1 for all of the
complexes used in this study. These data imply that electron
transfer at the ruthenium metal center is reversible and that the
ester linkages found in complexes 6-8 are stable to oxidation
and reduction under standard electrochemical conditions.
Thus, the ester linkage overcomes the disadvantages observed
with the Takeuchi SL2 ligand (see above).

While changes in the electron donating or electron withdraw-
ing nature of ligand substituents can result in variation of elec-
tronic properties at the metal center previous observations have
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also shown that the redox potential of a metal complex can
change with steric ligand effects.®®**° An advantage of the in situ
ligand synthesis procedure is the ability to compare the span
precursors to the spanned complexes. This comparison has
enabled us to separate the electronic contributions from the
steric contributions of the spanning linkage. This is most
notable in light of studies involving the Venanzi preformed lig-
and SL1 complexes (see above),®?® where isolating the elec-
tronic effects of the spanning ligand from the steric effects
caused by the strained geometries proved difficult.*** The con-
sistency of the spectroscopic and electrochemical data for the
protected (3), deprotected (4), unsubstituted (5) and spanned
(6-8) complexes indicates that changes in the periphery of the



Table 3 Selected interatomic distances (A) and angles (°) for trans-
[Ru(Cl)(trpy)(PPhy),][BF,]-CH,CL, 5

(A) Ruthenium-ligand distances

Ru(1)-P(1) 2.398(2) Ru(1)-N(1) 2.098(6)
Ru(1)-P(2) 2.415(2) Ru(1)-N(2) 1.964(7)
Ru(1)-CI(1) 2.457(2) Ru(1)-N(3) 2.072(6)
(B) Phosphorus—carbon distances

P(1)-C(11) 1.841(8) P(2)-C(41) 1.831(7)
P(1)-C(21) 1.831(8) P(2)-C(51) 1.813(9)
P(1)-C(31) 1.847(8) P(2)-C(61) 1.824(9)
(C) Distances within terpyridyl systems

N(1)-C(71) 1.363(12) N(@3)-C(91) 1.350(10)
C(71)-C(72) 1.376(13) C(91)-C(92) 1.377(12)
C(72)-C(73) 1.351(18) C(92)-C(93) 1.397(15)
C(73)-C(74) 1.380(16) C(93)-C(94) 1.356(14)
C(74)-C(75) 1.377(13) C(94)-C(95) 1.383(13)
C(75)-N(1) 1.380(12) C(95)-N(3) 1.357(11)
C(75)-C(81) 1.473(13) C(85)-C(95) 1.476(12)
N(2)-C(81) 1.351(12) C(83)-C(84) 1.390(16)
C(81)-C(82) 1.386(14) C(84)-C(85) 1.376(12)
C(82)-C(83) 1.365(16) C(85)-N(2) 1.357(11)
(D) Angles around the ruthenium atom

P(1)-Ru(1)-P(2) 178.1(1) P(1)-Ru(1)-CI(1) 87.5(1)
P(2)-Ru(1)-Cl(1) 90.7(1) P(1)-Ru(1)-N(1) 90.8(2)
P(2)-Ru(1)-N(1) 90.4(2) CI(1)-Ru(1)-N(1) 106.2(2)
P(1)-Ru(1)-N(2) 90.3(2) P(2)-Ru(1)-N(2) 91.4(2)
CI(1)-Ru(1)-N(2) 174.9(2) N(1)-Ru(1)-N(2) 78.5(3)
P(1)-Ru(1)-N(3) 90.1(2) P(2)-Ru(1)-N(3) 89.4(2)
CI(1)-Ru(1)-N(3) 95.9(2) N(1)-Ru(1)-N(3) 157.9(3)
N(2)-Ru(1)-N(3) 79.5(3)

(E) Angles around phosphorus atoms

Ru(1)-P(1)-C(11) 114.0(2) C(11)-P(1)-C(21) 101.0(4)
Ru(1)-P(1)-C(21) 121.1(3) C(11)-P(1)-C(31) 108.4(4)
Ru(1)-P(1)-C(31) 111.8(2) C(21)-P(1)-C(31) 98.9(4)
Ru(1)-P(2)-C(41) 118.2(2) C(41)-P(2)-C(51) 105.9(4)
Ru(1)-P(2)-C(51) 108.9(2) C(41)-P(2)-C(61) 99.0(4)
Ru(1)-P(2)-C(61) 119.6(3) C(51)-P(2)-C(61) 103.6(4)
(F) Angles at C,,, in PPh; ligands

C(16)-C(11)-C(12) 117.4(8) C(46)-C(41)-C(42)  118.5(7)
C(26)-C(21)-C(22) 117.8(7) C(56)-C(51)-C(52)  118.3(8)
C(36)-C(31)-C(32) 117.2(8) C(66)-C(61)-C(62)  117.7(8)

ligand structure leave the electronic environment about the
metal center relatively unchanged and implies that the geometry
about the metal center is relatively undistorted from an ideal
octahedral arrangement (this was later proven by X-ray crystal-
lography, see below).

Conductivity analysis

Conductivity measurements were performed on 6 and 7 using
the method of Feltham and Hayter.*! The charge and nuclearity
of the complexes were determined by measuring the equivalent
conductivity (A4,) over a range of concentrations (expressed
in terms of equivalent concentration, ¢). The data are obtained
as A,, the conductance at infinite dilution and B, the slope of
the plot of (A, — A,) versus the square root of ¢. The use
of equivalent concentrations in this technique eliminates the
uncertainty in concentrations of complexes with unknown
nuclearity and it allows for the differentiation of complexes
having the same empirical formula but different molecular
weight. The B values were 297 and 373 for 6 and 7 respectively,
and are consistent with the values proposed by Davies for
monomeric complexes with a 1:1 electrolyte in acetonitrile,%
and by Leising for monomeric trans-diphosphine ruthenium(ir)
complexes and for ruthenium(u) complexes containing the
Takeuchi SL2 spanning linkages.**>

Fig.2 ORTEP diagram of the trans-[Ru(Cl)(trpy)(PPh;),] " cation, 5.

Crystal structure analysis

Crystals of 5 were grown using the double vial diffusion tech-
nique in a CH,Cl,~toluene solution and crystallize with CH,Cl,
molecules in the lattice. Crystallographic-grade crystals of 7
were grown, after purification by column chromatography, from
a solution of 12 mg complex—0.5 ml chloroform at approxi-
mately 18 °C. Selected bond distances and bond angles for 5
and 7 are listed in Tables 3 and 4 respectively. Crystals of 7
contain a disordered array of CqHsMe and CH,Cl, molecules
of crystallization about the inversion center at 1/2 1/2 0. Fig. 2
and 3 give perspective views and numbering schemes for 5 and 7
respectively.

The crystal structures of 5 and 7 are compared to determine
whether distortions are brought about by the presence of the
trans-spanning linkage. The crystal structures of 5 and 7 consist
of arrays of ordered ruthenium cations and anions (BF,” for 5
and PF; for 7) in a 1:1 stoichiometry along with solvent of
crystallization. Results of the structural analyses indicate that 5
adopts a C,, geometry, while 7 adopts a C; geometry due to the
position of the spanning ligand. One of the most significant
aspects of the crystal structure of 7 is that the complex is
monomeric, confirming the conductivity studies.

Both complexes show small distortions from an ideal
octahedral geometry. First, the N(trpy terminal pyridine)-Ru—
N(trpy terminal pyridine) bond angle for 5is 157.9(3)° and for 7
is 157.7(2)°. These deviations are attributed to the geometrical
constraints of the trpy backbone.®® These angles differ greatly
from those of the free trpy ligand at 128°% however, they are
within the range [156.9(5)-158.3(3)°] observed for other ruthe-
nium(i) complexes.*>%%% The Ru-N(central trpy) bond
length is 1.964(7) and 1.955(5) A for 5and 7 respectively; both
structures show some dissymmetry in the Ru—N(trpy terminal
pyridines) bond distances.

Comparisons between complexes containing two triphenyl-
phosphine ligands and other frans-spanning ligands have been
made in the literature. For example, the crystal structures of
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Table4 Interatomic distances (A) and angles (°) for trans-[Ru(Cl)(trpy)(C4SPAN)][PF]-0.25C¢HMe-0.5CH,CI, 7

(A) Ruthenium-ligand distances

Ru(1)-P(1) 2.397(2) Ru(1)-N(71) 2.073(5)
Ru(1)-P(2) 2.397(2) Ru(1)-N(81) 1.955(5)
Ru(1)-Cl(1) 2.481(2) Ru(1)-N(91) 2.126(6)
(B) Phosphorus—carbon distances

P(1)-C(11) 1.836(8) P(2)-C(41) 1.852(6)
P(1)-C(21) 1.831(7) P(2)-C(51) 1.839(6)
P(1)-C(31) 1.825(6) P(2)-C(61) 1.817(9)
(C) Distances within PPh,(C¢H,) moieties

C(11)-C(12) 1.380(11) C(11)-C(16) 1.395(9)
C(12)-C(13) 1.385(12) C(13)-C(14) 1.375(9)
C(14)-C(15) 1.371(12) C(15)-C(16) 1.384(14)
C(21)-C(22) 1.392(8) C(21)-C(26) 1.387(10)
C(22)-C(23) 1.379(12) C(23)-C(24) 1.356(12)
C(24)-C(25) 1.381(11) C(25)-C(26) 1.388(13)
C(31)-C(32) 1.379(9) C(31)-C(36) 1.392(11)
C(32)-C(33) 1.386(10) C(33)-C(34) 1.361(13)
C(34)-C(35) 1.390(11) C(35)-C(36) 1.376(10)
C(41)-C(42) 1.371(9) C(41)-C(46) 1.397(12)
C(42)-C(43) 1.387(10) C(43)-C(44) 1.375(12)
C(44)-C(45) 1.373(10) C(45)-C(46) 1.384(9)
C(51)-C(52) 1.364(9) C(51)-C(56) 1.373(10)
C(52)-C(53) 1.364(10) C(53)-C(54) 1.362(13)
C(54)-C(55) 1.368(11) C(55)-C(56) 1.385(10)
C(61)-C(62) 1.387(9) C(61)-C(66) 1.420(11)
C(62)-C(63) 1.398(13) C(63)-C(64) 1.372(14)
C(64)-C(65) 1.371(12) C(65)-C(66) 1.379(16)
(D) Distances within the frans-spanning bridge

C(1)-0(2) 1.451(9) C(1)-C(14) 1.507(12)
0(2)-C(3) 1.324(10) C(3)-C(4) 1.512(10)
C(4)-C(5) 1.524(12) C(5)-C(6) 1.481(14)
C(6)-C(7) 1.511(12) C(7)-C(8) 1.512(14)
C(8)-0(9) 1.325(10) 0(9)-C(10) 1.436(11)
C(10)-C(44) 1.501(10)

(E) Distances within carbonyl groups

C(3)-0(3) 1.204(9) C(8)-0(8) 1.188(9)
(F) Angles around the ruthenium atom

P(1)-Ru(1)-P(2) 175.0(1) P(1)-Ru(1)-CI(1) 87.1(1)
P(2)-Ru(1)-Cl(1) 87.9(1) P(1)-Ru(1)-N(71) 88.5(2)
P(2)-Ru(1)-N(71) 91.2(2) CI(1)-Ru(1)-N(71) 95.5(2)
P(1)-Ru(1)-N(81) 93.6(2) P(2)-Ru(1)-N(81) 91.3(2)
CI(1)-Ru(1)-N(81) 174.7(2) N(71)-Ru(1)-N(81) 79.3(2)
P(1)-Ru(1)-N(91) 92.7(2) P(2)-Ru(1)-N(91) 89.5(2)
CI(1)-Ru(1)-N(91) 106.8(2) N(71)-Ru(1)-N(©91)  157.7(2)
N(81)-Ru(1)-N(91) 78.4(2)

(G) Angles around phosphorus atoms

Ru(1)-P(1)-C(11) 114.4(2) C(11)-P(1)-C(21) 108.0(3)
Ru(1)-P(1)-C(21) 110.6(3) C(11)-P(1)-C(31) 101.4(3)
Ru(1)-P(1)-C(31) 119.7(2) C(21)-P(1)-C(31) 101.5(3)
Ru(1)-P(2)-C(41) 112.9(2) C(41)-P(2)-C(51) 99.7(3)
Ru(1)-P(2)-C(51) 120.7(2) C(41)-P(2)-C(61) 107.9(3)
Ru(1)-P(2)-C(61) 111.5(2) C(51)-P(2)-C(61) 102.7(3)
(H) Angles at C,,,, in PPh, ligands

C(16)-C(11)-C(12) 116.6(7) C(46)-C(41)-C(42) 118.7(6)
C(26)-C(21)-C(22) 117.9(7) C(56)-C(51)-C(52) 118.2(6)
C(36)-C(31)-C(32) 117.5(6) C(66)-C(61)-C(62) 117.8(8)
(I) Angles within trans-spanning bridge

0O(2)-C(1)-C(14) 110.7(8) 0(9)-C(10)-C(44) 106.6(6)
C(1)-0(2)-C(3) 116.8(6) C(7)-C(8)-0(9) 111.6(7)
0(2)-C(3)-C(4) 110.0(6) C(8)-0(9)-C(10) 117.0(6)
C(3)-C4)-C(5) 115.6(6) C(4)-C(5)-C(6) 115.3(8)
C(5)-C(6)-C(7) 114.3(8) C(6)-C(7)-C(8) 116.5(8)
(J) Angles about carbonyl groups

0(2)-C(3)-0(3) 125.8(7) 0(3)-C(3)-C(4) 124.2(8)
C(7)-C(8)-0O(8) 125.3(8) 0O(8)-C(8)-C(9) 123.1(8)

Au(SL1)CI1?*¢7 and Au(PPh,),C1% have significantly different
P-Au-P bond angles [140.7(1)° and 132.1(1)° respectively]; as
do CuCI(SL1)®” and CuBr(PPh;),* [at 131.9° and 126.0(1)°,
respectively]. These data imply that the rigid spacer ligand, SL1,
may be better at enforcing linear trans-geometries than two
monodentate PPh; ligands. However, the latter differences must
be interpreted with caution, especially in light of the significant
changes in P-Ag-P bond angle that occur with change in
anion 2

The P-Ru-P angles in both 5 and 7 deviate slightly from
linearity (180°). Complex 5 has a P-Ru-P bond angle of
178.1(1)° while 7 has a P-Ru-P bond angle of 175.0(1).
Although the P-Ru-P bond angle in 7 is smaller than in 5, and
could indicate strain on the octahedral geometry due to
the spanning ligand, an investigation of trans-diphosphine-
(terpyridyl)ruthenium(i) complexes which contain PMe;,*
PEt,;,*! PPr;% or PPh,;% ligands shows that P-Ru-P bond
angles normally range between 175.1(1) and 178.2(2)°. Thus,
the P-Ru-P bond angle observed in 7 is probably not caused by
the spanning linkage. The P-Ru-P bond axis for both 5 and 7
appears to bend in the direction of the chloride ligand, imply-
ing that this region has less steric crowding than the region
around the trpy ligand.

The diagrams of 5 and 7 show that the phosphine ligands
align in a similar fashion over and under the trpy ligand. That
is, for both structures one phenyl ring of the phosphine is
parallel to the central pyridine ring of trpy; a second phenyl
ring is orthogonal to the plane of the trpy ligand; and a third
phenyl group of the phosphine is tilted from the terminal pyr-
idine of the trpy ligand. The Ru-P bond distances in both com-
plexes fall within the expected range found for other phosphine
ruthenium complexes, which is 2.26-2.41 A .3%-526+% Sych bond
lengths are also similar to those observed with other metals and
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spanning linkages, for example [Ir(Cl)(CO)(SL1)]* has an Ir-P
bond length of 2.310(4) A and [Ir(Cl);(CO)SL1)]® has an
average Ir—P bond length of 2.411 A.

The Cl-Ru-N(central pyridine) bond angles are also less
than the ideal 180° for both complexes: 174.9(2)° for 5 and
174.7(2)° for 7. The phenyl groups of the phosphines that are
oriented orthogonal to the trpy plane appear to push the chlor-
ide ligand in the opposite direction and expand the Cl-Ru—
N(trpy terminal pyridine) bond angle to 106.2(2)° in 5 and
106.8(2)° for 7. These angles are 10.3° and 11.3° greater than the
second CI-Ru—N(trpy terminal pyridine), i.e. where the phenyl
group of the phosphine is approximately parallel to the ter-
minal pyridine ring. This variation in bond angle is significant
in light of other ligand (nitro or aqua)-Ru-N(trpy terminal
pyridine) angles which vary between 99.6 and 102.5°,5%:51:65.66
The Ru—N(trpy terminal pyridine) bonds are different by 0.026
Ain5and by 0.053 A for 7. Also, the Ru—Cl bond distance in 7
is 0.024 A longer than the Ru-Cl bond distance in 5.

NMR spectroscopy

'H and “C NMR spectroscopies were used to confirm the
structures of the low spin, d°, ruthenium(i) complexes and to
investigate the effects of the frans-spanning linkages. The chem-
ical shifts and coupling constants for all of the compounds are
given in Table 5 ("H NMR) and Table 6 (**C NMR).

Analysis of the free trpy spectra. In 1971, Carlson et al.
assigned the '"H NMR spectrum of free trpy by drawing an
analogy between trpy and 2,2’-bipyridine (bpy).”® Assignments
for bpy had previously been made by Castellano er al.”* Our
analysis of the '"H NMR spectrum of the free trpy ligand differs
from that reported by Carlson et al.”® in our assignment of the



Table 5 'H NMR spectroscopy for ruthenium complexes

Complex“

& (ppm) (integration, multiplicity,” coupling/Hz, assignment )

trpy

trans-[Ru(Cl)(trpy)(PPh;),][PF], 5

trans-[Ru(Cl)(trpy)(C3SPAN)][PF], 6

trans-[Ru(Cl)(trpy)(C4SPAN)][PF], 7

trans-[Ru(Cl)(trpy)(ISPAN)][PF], 8

7.35(Q2H, ddd, J,, = 4.8, Jo. = 7.5, Jya = 1.2, ), 7.88 (2 H, ddd, J .o = 8.0, J,y = 7.5, J.. = 1.8, ¢), 7.96 (1 H,
t, Jue = 8.0, 1), 8.47 2 H, d, J, = 8.0, 2), 8.63 (2 H, dt, J,. = 8.0, d), 8.69 (2 H, ddd, J,, = 4.8, Jy = 1.2,
Ju=10, a)

7.08 (12H, em, k), 7.114 2 H, —*, Jy, = 5.4, Jyo = 7.4, Jyu©, b), 7.144 (12 H, cm, j), 7.24 (6 H, em, 1), 7.47
(B H, s, Jp gand h), 7.69 2 H, td, Jo, = 1.3, Jop = 74, Joy = 8.2, ¢), 7.75 (2 H, dd, J4 = 8.2, Jy = 1.6,
Jubd), 9.01 QH, d, Jyy =54, J,.= 1.3, Jo", @)

2.09(2H,p,1),2.71 (4 H, t,5),4.90 (4 H,s, ), 6.17 (4 H, bs, n), 6.77 (4 H, bd, J,, = 7.7, 0), 7.10 (2 H, bt,
Joa = 5.8, Joe = 7.6, Joa® b), 7.22 (8 H, em, k), 7.297 (2 H.*, J, = 8.0, ), 7.30 (4 H, cm, /), 7.49 (1 H, t,
T =8.0,1),7.58 QH, d, Jg, Ja s Jae = 8.1,d), 7.67 (10 H, td, Joy = 1.2, J o, = 7.6, J 4 = 8.1, c and ), 8.99
(QH,bs, Jpy=5.8, Joo= 1.2, J.s%, a)

1.81 (4 H, cm, £), 2.56 (4 H, cm, 5), 4.88 (4 H, s, ), 6.24 (4 H, cm, 1), 6.80 (4 H, bd, 0), 7.11 (2 H, ddd,
Joa= 5.6, Joc= 1.3, Joa = 1.7, ), 721 (8 H, cm, k), 7.30 (4 H, cm, 1), 7.35 2 H, d, J,, = 7.3, g), 7.44 (1 H,
em, Jyg =73, 1), 7.60 (2 H, d, Jp%, Jap = 1.7, Joo = 8.2, d), 7.60 (8 H, cm, j), 7.67 2 H, td, J,, = 1.3,
Jo=7.3,Jq=82,¢),9.00 2 H, bd, J,, = 5.6, J,. = 1.3, J,4", @)

4.99 (4 H, s, q), 5.83 (4 H, p, n), 6.66 (4 H, bd, 0), 7.10 2 H, ddd, Jy, = 5.3, Jpe = 6.7, Joa = 2.2, b), 7.22% (8
H, cm, k), 7.239 (4 H, em, 1), 7.49 2 H, dd, Jy, = 1.7, Jgy = 2.2, Joe = 8.5, d), 7.44 (3 H, bs, g and ), 7.54
@ H, em, Ju=1.2, Jy=6.7, Ju=8.5, ¢), .66 (1 H, t, J,,=7.9, u), 7.92 (8 H, cm, j), 8.37 (2 H, dd,
Ju=19,Jy=1.6,1),8.50 (1 H, bt, J, = 1.6,v),9.20 2 H, bd, J, = 5.3, Joe = 1.2, Jou = 1.7, ).

“NMR spectra were measured in CD,Cl, and referenced against CDHCI,. ® Abbreviations: s = singlet, d = doublet, t = triplet, p = pentuplet,
bs = broad singlet, bd = broad doublet, bt = broad triplet, dd = doublet of doublets, dt = doublet of triplets, td = triplet of doublets, ddd = doublet
of doublet of doublets, cm = complex multiplet. ¢ Letters used in assignments correlate to trpy Fig. 4; 5 Fig. 5; 6 Fig. 6; 7 Fig. 7; 8 Fig. 8. ¢ Shift

determined from corrected HETCOR data. ¢ Could not determine due to overlap or broad linewidth. / Shift determined by COSY.

C35

Fig. 3 Molecular geometry of the trans-[Ru(Cl)(C4SPAN)(trpy)]*
cation, 7. Hydrogen atoms are omitted for clarity.

chemical shifts for the Hy and H, protons (see Fig. 4). The
terminal pyridine rings in trpy are magnetically equivalent and
have the first order sub-spectrum of a 2-substituted pyridine
while the middle ring has the first order sub-spectrum of a 2,6-
disubstituted pyridine. Free trpy demonstrates a trans,trans-
configuration both in solution® and in the solid state® due to
the repulsion of the non-bonding electrons on the nitrogen
atoms. This has consequences for the proton chemical shifts.
Protons H,, H,, H, and H,, in free trpy have shifts similar to
the equivalent positions in pyridine. However, H; and H, are
shifted over 1 ppm downfield from their position in pyridine
due to their interaction with the non-bonding electron pairs on
the adjacent pyridine rings. The two-dimensional COSY spec-
trum (see SUP 57568, Fig. 9) of free trpy is consistent with
our current assignments. Notably, J,, is about half the size of
Jq for both free trpy and for trpy contained in complexes 5-8.
When this information is used in conjunction with the carbon
shifts determined by HETCOR spectroscopy, confirmation
of the proton assignments in the ruthenium complexes is
possible.

The proton decoupled *C NMR resonances for free trpy are
assigned (Fig. 4) based on one-bond HETCOR experiments
(SUP 57568, Fig. 10) except in the case of C, and C; which are

assigned based on N-bond HETCOR experiments. The *C
NMR resonances for free trpy are within 0.3 to 2.5 ppm of the
literature values for the resonances of free pyridine (C,,uo to n
0 149.8, Cprora 10 x 0 123.6 and C,py 4o n 6 135.7)7 except for
C, and C; which are shifted by 6.7 and 5.9 ppm downfield,
respectively, due to substituent effects.

Analysis of triphenylphosphine spectra. The '"H NMR spec-
tum of free triphenylphosphine (PPh;) shows one broad
singlet in the aromatic region, § 7.28 in CDCI;.”® The *C
NMR spectrum of free PPh; shows seven peaks at 6 137.27,
137.12, 133.79, 133.53, 128.60, 128.44 and 128.35 in
CDCl,."

NMR studies have been successful in characterizing the
dynamic processes of PPh; ligands in many transition metal
complexes.” " Coordinated PPh;, is capable of rotating about
the three P-C,,,, bonds as well as as the metal-P bond. For
steric reasons, the three phenyl groups generally adopt a chiral
propeller-like conformation with either a clockwise or anti-
clockwise screw configuration.” Interconversion of the two
enantiomeric configurations or full rotation about any P-C,,,
bond requires cooperative motion within PPh,.”® In a conform-
ational study of free triphenylphosphine, Brock and Ibers’
estimated both of these barriers to rotation to be less than
2 kcal mol™!. For [Fe(n®-CsHy)(CO)(PPh,)(COMe)], Davies
determined that the P-Fe rotational activation energy barrier
(AG*) was 10.3 kcal mol™* and that the phenyl ring rotation
about the P-C,,,, was rapid on the NMR time scale down to
—90°C.”7 In order to determine if the steric effects of the
trans-spanning linkage resulted in restricted rotation of the
phosphine ligand we employed (see below) variable temperature
NMR studies on ruthenium complexes which contain phos-
phine ligands.

Analysis of the ruthenium complex spectra. The literature con-
tains little information on the NMR behavior of frans-spanning
complexes due at times to the difficulties associated with the
separation of isomers (cis and trans, monomers and dimers)
and also the insolubility of many of the complexes in common
NMR solvents.?! In contrast, the frans-spanning complexes 6-8
are monomeric, trans-isomers and are soluble in a variety of
common NMR solvents. The 'H and “*C spectra of 6, 7 and 8
are shown in Fig. 6-8 [HETCOR and COSY data are given in
SUP 57568, Fig. 15, 16 (complex 6), 19, 20 (7), and 23, 24 (8);
variable temperature data are also given in SUP 57568, Figs.
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Table 6 *C NMR spectroscopy for ruthenium complexes

Complex“

& (ppm)® (coupling/Hz, assignment )

trpy 121.10¢ (b), 121.20¢ (g), 121.24¢ (d), 137.1¢ (c), 138.2¢ (h), 149.5¢ (a), 155.7% (f), 156.57 ()

trans-[Ru(Cl)(trpy)(PPhy),][PF], 5

122.66 (g), 122.83 (d), 126.84 (b), 128.57 (|pcx + Jocil = 9.1, k), 130.10 (|*Joey + o] = 1.6, 1),

130.13 (|Vpes + ol =39.2, 0), 132,52 (5, h), 133.23 (|%pey + oyl = 103, ), 136.87 (¢), 155.79 (a),

157.66 (f), 158.18 (¢)
trans-[Ru(Cl)(trpy)(C3SPAN)][PF], 6

20.72 (¢), 33.07 (s), 66.40 (q), 122.74 (g), 122.76 (d), 127.17 (b), 128.75 (|*Tpcx + Jpcsel = 9.6, k), 129.74

(1Yecm + Jpicml = 36.9, m), 129.85 (13pco + *Jpcol = 7.7, 0), 130.64 (|*Jpc; + *Jpia| = 1.9, 1), 130.96 (2
C, [Mpcn + YUpcal =8.6, 15 |'pei + pcr| = 41.0, ), 132.45 (h), 134.15 (|2JPC]~ + 4JPer| =10.8, j), 136.75
(c), 137.21 (|4JPCp + 6JP,Cp| =1.9, p), 155.45 (a), 157.37 (f), 157.97 (e), 172.91 (r)

trans-[Ru(Cl)(trpy)(C4SPAN)][PF], 7

24.67 (1), 34.17 (s), 66.00 (q), 122.55 (d), 122.64 (g), 127.08 (b), 128.67 (|*Jpcy + el = 9.8, k), 128.73

(I*Meco + *Dprcol =72, 0), 128.94 (|YJpcm + Jpicml = 36.4, m), 130.51 (|*pey + il = 0.0, 1), 130.82
("ot + Tl = 414, 1), 13113 (|Fpe, + Ypeal = 10.3, 1), 13232 (h), 13407 (|*Tpes + Tyl = 110,
), 136.73 (c), 137.94 (|4JPCp + 6JP,CP| =0.0, p), 155.54 (a), 157.43 (f), 157.87 (e), 173.26 (r)

trans-[Ru(Cl)(trpy)(ISPAN)][PF], 8

68.38 (q), 122.91 (d), 123.31 (g), 126.96 (b), 127.28 (v), 128.80 (|*Jocx + ol = 9.7, k), 129.40

(1 pcm + Vpcml = 36.0, m), 130.08 (1), 130.78 (|*Voc + Tpcal = 0.0, 1), 130.84 (|'ps + *Jprs| = 40.9, i),
130.89 (1*Jpca + “Jpcal =8.7, 1), 130.90 (5), 131.03 (|*Jpco + *Jpcol =74, 0), 132.40 (h), 134.24
(1Mpey + Yyl = 110, /), 135.59 (1), 135.70 (|“Jpcy + oyl = 0.0, p), 136.82 (¢), 155.78 (a), 156.82 (),

158.22 (e), 165.65 (r)

“NMR spectra were measured in CD,Cl, and referenced against CDHCI,. ® Letters used in assignments correlate to trpy Fig. 4; 5 Fig. 5; 6 Fig. 6;
7 Fig. 7; 8 Fig. 8. ¢ Determined by one-bond HETCOR. ¢ Determined by N-bond HETCOR.
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Fig. 4 'H and *C NMR spectra (300 MHz) of 2,2 :6',6"-terpyridine
(trpy) in methylene chloride-d,.

17, 18 (complex 6), and 21, 22 (complex 7)]. Room temperature
spectra will be the subject of discussion below unless otherwise
noted.

L Analysis of coordinated trpy spectra. The coordination of
the trpy ligand to a ruthenium(i) cation can result in a down-
field shift of the bonded trpy proton resonances relative to free
trpy;>*™ however, while H, moves downfield 0.30-0.51 ppm in
5-8 as expected, the chemical shifts of the other trpy protons
in 5-8 move 0.19-1.18 ppm upfield relative to the free trpy
ligand. A possible reason for the downfield shift of H, is given
below. The *C NMR chemical shifts of bonded trpy in 5 (Fig.
5) vary little when compared with the free trpy resonances with
the following exceptions: C, is 6.3 ppm and C, is 5.7 ppm
downfield of the free trpy positions, while the chemical shift of
C, in 5is 5.7 ppm upfield of that in free trpy. Similar changes in
chemical shifts are observed for 6-8.

II. Analysis of the coordinated phosphine ligand spectrum for
5. The proton chemical shifts of the triphenylphosphine lig-
ands of 5 are assigned as complex multiplets: meta (Hy, 6 7.08),
ortho (H;, 6 7.14) and para (H,, 6 7.24). When compared to
the free triphenylphosphine ligand, the chemical shifts of 5 are
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Fig. 5 'H and *C NMR spectra (300 MHz) of trans-[Ru(Cl)(trpy)-
(PPh;),]*, 5 in methylene chloride-d,.

0.04-0.21 ppm upfield of their expected position. Thus, there
seems to be a mutual anisotropic deshielding between the
phenyl rings and the trpy ligand. These results can be explained
for 5 if the possible motions of the triphenylphosphine groups
are considered.

As only three proton resonances are observed for the PPh,
moieties of 5, free rotation about all three P-C,,,, bonds as well
as the Ru—P bond is indicated. The ORTEP diagram of 5 (Fig.
2) shows that (a) each phenyl group of triphenylphosphine has
a different orientation depending on its position relative to the
trpy ligand and (b) both PPh; ligands are similarly arranged.
Two phenyl rings are located over and under the central
pyridine ring of trpy in an essentially parallel arrangement. The
other two pairs of phenyl rings are positioned on each side of
the trpy ligand and are nearly perpendicular to the plane of the
terminal trpy pyridines. Thus, from the crystal structure it may
be postulated that as each triphenylphosphine rotates along the
Ru-P bond each phenyl ring will adjust its orientation along
the P-C,,, axis. That is, as each phenyl ring moves around the
Ru-P bond, it may travel a monotonic or slightly oscillatory
path over the trpy ring, but, as it clears the plane above (or
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Fig. 6 'H and C NMR spectra (300 MHz) of trans-[Ru(Cl)(trpy)(C3SPAN)]*, 6 in methylene chloride-d,.
below) the trpy ligand, it may rotate about the P-C,,,, bond to phosphine ligand, the two ortho positions are equivalent to each

become perpendicular to the trpy ring thereby time averaging
the ortho and meta proton resonances and resulting in only
three unique proton resonances.

If this model is correct, the chemical shifts of the PPh; lig-
ands are expected to be upfield relative to the free PPh;, since
the PPh; ligands of 5 spend more time in the shielding areas
over the trpy compared to the two pockets between the chlorine
and each of the terminal pyridines of trpy. Likewise the trpy
protons of 5 (except for H,) should experience shielding by the
phenyl rings of the PPh; ligands and should also be found
upfield when compared to the free trpy ligand. As these general
upfield shifts are indeed observed in both the PPh; and trpy
ligands, anisotropic deshielding may be the cause. Notably, the
H, protons are expected to be unique since the phenyl rings of
the PPh; may freely rotate once they clear the plane of the trpy
ligand. The 0.3 ppm downfield shift for H, of 5 may be due to
anisotropic deshielding from the phenyls in the pockets.

The triphenylphosphine ligands in the *C NMR spectrum of
5 show a set of four triplets, although that from the para
position, C,, looks like a singlet at low resolution. The signals
are triplets due to virtual coupling to the second phosphorus.
Since the two-bond P-Ru—P’ coupling is much larger than the
P—C couplings, the high order pattern is a triplet rather than a
doublet-of-doublets or a pentuplet. One can then measure only
the algebraic sum of the two P-C couplings across the outer
line of the triplet. For 5 the values are ipso (|"Jo_c; + *Jp_ci| =
39.2 Hz), ortho (|*Jpc; + *Jo.ql=10.3 Hz), meta (|*Jp.c +
SJp_cil =9.1 Hz) and para (|*Jo_c; + ®Jp_ci| = 1.6 Hz). The peak
assignments for 5 have been corroborated through HETCOR
and COSY experiments.

II1. Analysis of the coordinated phosphine ligand spectra for
6-8. Proton shifts for the phenyl groups of PPh; show some
changes on going from 5 to the span complexes, 6-8. First,
complexes 6-8 show a sub-spectrum for a para-disubstituted
phenyl ring in the aromatic region as part of the spanning link-
age and 8 shows an additional 1,3-disubstituted phenyl pattern
for the isophthalate linkage. For any given phenyl ring on the

other as are the two meta positions. These results indicate that
the phenyl rings are undergoing rapid rotation about the P-C,,,
bond at room temperature. Second, meta and para protons
maintain similar chemical shift values for 5-8 but there are sig-
nificant differences between the complexes in the positions of
the ortho protons of the phenyl rings, H;. The H; chemical shifts
of 6 and 7 are approx. 0.5 ppm downfield relative to 5; while the
chemical shift of H; in 8 is 0.78 ppm downfield relative to 5.
These downfield shifts will be discussed below in terms of
motional averaging in the span complexes. Finally, the 0.3 ppm
downfield shift for H, of 6-8 may also be attributed to the
anisotropic deshielding from the phenyls in the pockets. There
is little difference in the *C shifts between the spanned com-
plexes, 6-8, and that containing the triphenylphosphine ligand,
5.

1V, Analysis of the variable temperature spectra for 5.
Restricted rotation about the P-C,,, bonds or Ru-P bond
should be observed if the phosphine ligands are sterically con-
fined; variable temperature studies were conducted to detect
such restricted rotations. If the rotation about each P-C,,,
becomes slow on cooling, it is expected that the ortho and meta
peaks of the triphenylphosphine moiety will split into two dis-
tinct resonances while the ipso (**C only) and para resonances
should remain singular. If rotation about the Ru-P bond
becomes slow on the NMR time scale, the peaks observed from
the ipso, ortho, meta and para carbons should split into three,
one for each of the rotating phenyl groups. Variable temper-
ature 'H and C NMR spectra for 5 (see SUP 57568, Fig. 13
and 14) show no line broadenings until —90 °C where H;, C; and
C; show significant broadening and C, shows slight broadening.
Since the ipso carbon, C; and the para carbon, C;, should not
show broadening for slowed rotation about the P-C,,,, bond, it
is possible but not conclusive that rotation about the P-Ru
bond is becoming slow at low temperatures. Interestingly,
[Fe(n*-CsHs)(CO)(PPh;)(COMe)] shows a similar pattern of
low temperature behavior in the *C spectrum.”” For the iron
complex, the ipso, ortho and para carbons show broadening at
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Fig. 7 'H and *C NMR spectra (300 MHz) of trans-[Ru(Cl)(trpy)(C4SPAN)]*, 7 in methylene chloride-d,.
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—60 °C with complete freezing out of the spectrum at —90 °C.
The meta carbons are only starting to broaden at —90 °C and
there is no sign of broadening for the acetyl methyl group or the
cyclopentadienyl ring. For [Fe(n’-CsHs)(CO)(PPh;)(COMe)],
Davies determined an experimental AG = 10 kcal mol ! for the
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Fe-P rotation at 62.90 MHz. As 5 requires a lower temperature
for the start of broadening, even at a higher frequency (75
MHz), the Ru-P rotation in 5 is faster.

V. Analysis of the variable temperature spectra for 6-8. The
variable temperature NMR spectra of 6 and 7 are qualitatively



similar to that of 5 except that even though there is no sign of
broadening for the trpy resonances of 5 at —90 °C, the H,, H;
and H, resonances of 6 and 7 are already broad at room tem-
perature. Maximum line broadenings for H,, H;, H, and H, are
found between 5 °C and —40 °C. Below —40 °C these reson-
ances sharpen though they do not split into separate resonances
as described above for slowed rotations about the Ru-P or
P-C,,,, bonds. At —60 °C, these resonances are sharp indicating

that ghe motions about the Ru-P and P-C,,,, bonds are still fast
on the NMR time scale. At —90°C, H,, H; and H, start to
broaden but again, there is no indication of which motion
is slowing. The methylene proton signals for the span also
broaden but it is not possible to tell if this is an independent
conformational process in the spanning linkage or if this is
related to rotation about the P-Ru bond.

Complex 7 follows the same behavior as 6 but maximum
coalescence starts about 40 °C lower. Complex 7 is expected to
be more accommodating than 6 for rotation about either the
trpy or chloride moieties. The difference in the coalescence
temperatures may be related to subtle changes in span rotation
about the P-Ru bond.

Finally, two types of motion appear to be available in the
spanned complexes. The first involves a complete 360° rotation
of the span about the P-Ru-P axis, where the span passes over
both the chloride and the meridional trpy ligand. The second
involves a restricted “fan-like” motion of the spanning linkage
limited by the two terminal pyridines of the trpy ligands, where
the span passes over only the chloride ligand and not the trpy
ligand. Both mechanisms would time average the trpy reson-
ances. At this time, it is not possible to distinguish which of
these motional mechanisms is operating.

Conclusions

The in situ strategy for the preparation of trans-spanning
ligands with ester linkages resulted in spanning linkages which
are stable to oxidation and reduction, hydrolysis and cyclo-
metallation while maintaining the benefits of span variability
and the formation of ruthenium complexes which display bond
angles close to ideal octahedral geometry. The NMR spectral
analyses yielded several observations: (1) the original assign-
ment of the "H NMR spectrum of trpy by Carlson is inconsis-
tent with our COSY and HETCOR analyses, (2) the NMR
spectra of 6-8 are consistent with a flexible spanning linkage
that does not demonstrate restricted rotation about either the
P-C,,, or the Ru-P bonds even at low temperatures, and (3)
maximal coalescence increased with temperature with shorter
alkyl chain lengths in the trans-spanning linkage. Finally, the
X-ray crystal structure analysis of 7 showed that the spanning
linkage is positioned in one of the two pockets defined by the
chloride ligand and the terminal pyridine groups of trpy.
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