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Spectral, Structural, and Electrochemical Properties of Ruthenium Porphyrin
Diaryl and Aryl(alkoxycarbonyl) Carbene Complexes: Influence of Carbene
Substituents, Porphyrin Substituents, and frans-Axial Ligands

Yan Li,"”! Jie-Sheng Huang,*'*! Guo-Bao Xu,"" Nianyong Zhu,™ Zhong-Yuan Zhou,™
Chi-Ming Che,*""! and Kwok-Yin Wong™!

Abstract: A wide variety of ruthenium
porphyrin carbene complexes, includ-
ing [Ru(tpfpp)(CR'R?*)] (CR'R?

C(p-CsH,Cl), 1b, C(p-CH,Me), 1c,
C(p-CH,OMe), 1d, C(CO,Me), le,

C(p-CsH,NO,)CO,Me 1f, C(p-
C¢H,OMe)CO,Me 1g, C(CH=
CHPh)CO,CH,(CH=CH),CH; 1h),

[Ru(por)(CPh,)] (por=tdcpp 2a, 4-Br-
tpp 2b, 4-Cl-tpp 2¢, 4-F-tpp 2d, tpp 2e,
ttp 2f, 4-MeO-tpp 2g, tmp 2h, 3,4,5-
MeO-tpp 2i), [Ru(por){C(Ph)CO,Et}]
(por=tdcpp 2j, tmp 2k),
[Ru(tpfpp)(CPh,)(L)] (L = MeOH 3a,
EtSH 3b, Et,S 3¢, MeIm 3d, OPPh,
3e, py 3f), and [Ru(tpfpp){C(Ph)-
CO,R}(MeOH)] (R = CH,CH=CH,
4a, Me 4b, Et 4¢), were prepared from
the reactions of [Ru(por)(CO)] with
diazo compounds N,CR'R? in dichloro-

treatment with reagents L. A similar
reaction of [Os(tpfpp)(CO)] with
N,CPh, in dichloromethane followed
by treatment with Melm gave
[Os(tpfpp)(CPh,)(MeIm)] (3d-Os). All
these complexes were characterized by
'"H NMR, "“C NMR, and UV/Vis spec-
troscopy, mass spectrometry, and ele-
mental analyses. X-ray crystal structure
determinations of 1d, 2a,i, 3a,b,d,e,
4a—¢, and 3d-Os revealed Ru=C dis-
tances of 1.806(3)-1.876(3) A and an
Os=C distance of 1.902(3) A. The
structure of 1d in the solid state fea-
tures a unique “bridging” carbene
ligand, which results in the formation
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of a one-dimensional coordination poly-
mer. Cyclic voltammograms of la-c,g,
2a-d,g-k, 3b—d, 4a,b, and 3d-Os show
a reversible oxidation couple with Ei,
values in the range of 0.06-0.65V (vs
Cp,Fe*™™) that is attributable to a
metal-centered oxidation. The influ-
ence of carbene substituents, porphyrin
substituents, and trans-ligands on the
Ru=C bond was examined through
comparison of the chemical shifts of
the pyrrolic protons in the porphyrin
macrocycles ("H NMR) and the M=C
carbon atoms (“C NMR), the poten-
tials of the metal-centered oxidation
couples, and the Ru=C distances
among the various ruthenium porphy-
rin carbene complexes. A direct com-
parison among iron, ruthenium, and
osmium porphyrin carbene complexes
is made.

methane and, for 3 and 4, by further
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Introduction

Transition metal carbene complexes have played a leading
role in the chemistry of metal-carbon multiple bonds.!'! This
important class of metal complexes exhibits diverse reactivi-
ty, such as cyclopropanation of alkenes,'®%%¢/l coupling reac-
tions with alkynes or amines/imines,'“# Diels-Alder reac-
tions,'8! Wittig reactions,'® alkene metathesis,"*¢¥ and in-
sertions.'*¢! Qur interest in metal carbene complexes lies in
their reactivity in carbenoid transfer reactions, and recent
investigations focused on alkene cyclopropanation with
iron,” ruthenium,”’ or osmium®™ porphyrin catalysts. We
and the groups of Woo,”’ Simonneaux,® Berkessel,”! and
Gross® have found a series of iron, ruthenium, and osmium
porphyrins that are active catalysts for cyclopropanation of
alkenes with diazo compounds. Of particular note is the
asymmetric cyclopropanation of styrenes with ethyl diazo-
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acetate catalyzed by a chiral ruthenium porphyrin,®**”! which
features up to 98% ee, 36:1 trans:cis diastereoselectivity,
and 11000 turnovers.™

We proposed that the active intermediates in the rutheni-
um-porphyrin-catalyzed asymmetric cyclopropanation reac-
tions are six-coordinate ruthenium porphyrin carbene spe-
cies with a strongly trans-labilizing ligand.” However, such
active intermediates have neither been isolated nor are they
readily detected by spectroscopic means. On the other hand,
a handful of five- and six-coordinate ruthenium porphyrin
monocarbene complexes have been isolated in pure
form,?**! some of which are remarkably stable and have
been structurally characterized.®>!*!" It is therefore of inter-
est to find out 1) how the ruthenium-carbene bond is affect-
ed by the carbene group and the porphyrin macrocycle, and
2) the extent to which a trans ligand can affect the ruth-
enium—carbene bond.

The present work addresses these issues in considerable
detail through extensive spectral, structural, and electro-
chemical studies on ruthenium porphyrin carbene com-
plexes. Because of the close relationship of ruthenium with
iron and osmium, this work also facilitates direct compari-
son of the porphyrin carbene complexes of the three
metals.'>3 The electrochemical experiments described here
are, to the best of our knowledge, the first such studies on
ruthenium porphyrin carbene complexes and on nonhetero-
atom-stabilized carbene (except vinylcarbene) complexes of
metalloporphyrins.™¥ Remarkably, manipulation of the sub-
stituents on the carbene groups has allowed us to observe a
unique carbene bridge in a metalloporphyrin carbene com-
plex in the solid state.

Results

Syntheses: Ruthenium porphyrin carbene complexes 1a-h,
2a-k, 3af, and 4a—c (see Table 1) and osmium porphyrin
carbene complex [Os(tpfpp)(CPh,)(Melm)] (3d-Os) were
prepared.”) Of these carbene complexes, only 1a has been
reported elsewhere.'

The five-coordinate complexes [Ru(tpfpp)(CR'R?)] (1b-
h), [Ru(por)(CPh,)] (2a-i), and [Ru(por){C(Ph)CO,Et}]
(2j.k) were obtained by treating [Ru(por)(CO)] with the re-

Table 1. Ruthenium complexes discussed in this paper.

spective diazo compounds N,CR'R? in dichloromethane at
room temperature under argon (Scheme 1). Slow addition
of N,CR!R? by syringe was needed to minimize catalytic de-
composition of the diazo compounds by the ruthenium por-
phyrin. The reactions proceeded markedly more slowly for
sterically encumbered porphyrins (tdcpp and tmp) than for
sterically unencumbered ones (e.g., tpfpp and ttp), as moni-
tored by TLC and UV/Vis spectroscopy. In the case of steri-
cally unencumbered porphyrins, the reactions with tpfpp
complexes proceeded much more rapidly, except when the
carbene ligand contains a strongly electron-withdrawing
group such as NO, (as in 1f). The desired carbene com-
plexes were isolated in 45-76 % yield for por = tdcpp and
tmp, and in 78-92% yield for the others. This finding sug-
gests that electron-deficient and sterically unencumbered
porphyrin auxiliaries are beneficial to the isolation of ruthe-
nium porphyrin carbene complexes.

Recrystallization of [Ru(tpfpp)(CPh,)] (1a) from di-
chloromethane/hexane in the presence of methanol, ethane-
thiol, diethyl sulfide, 1-methylimidazole, triphenylphosphane
oxide, or pyridine gave the six-coordinate complexes
[Ru(tpfpp)(CPh,)(L)] (3a—f) in 82-96% yields (Scheme 1).
The six-coordinate complexes [Ru(tpfpp){C(Ph)CO,R}-
(MeOH)] (4a—c) were isolated in 90-95% yields from the
reaction of [Ru(tpfpp)(CO)] with N,C(Ph)CO,R in di-
chloromethane followed by recrystallization from dichloro-
methane/hexane containing methanol (Scheme 1).

However, treatment of [Ru(tpfpp)(CR'R?)] with isocya-
nides did not allow isolation of the corresponding six-coordi-
nate ruthenium porphyrin carbene complexes. For example,
addition of tert-butyl isocyanide to a solution of 1a in di-
chloromethane readily afforded [Ru(tpfpp)(C=NtBu),] (5),
which was isolated in 85% yield. This contrasts with the in-
ertness of the non-porphyrin ruthenium diphenylcarbene
complex [Ru(tmtaa)(CPh,)]"”! towards attack by tert-butyl
isocyanide.

The osmium complex [Os(tpfpp)(CPh,)(MeIm)] (3d-Os)
was prepared in 70% yield by reaction of [Os(tpfpp)(CO)]
with N,CPh, under similar conditions to those for its ruthe-
nium analogue.

Spectroscopy: Complexes 1-5 and 3d-Os were characterized
by 'H NMR, “C NMR, and UV/Vis spectroscopy, along

1 2 3 4
a  [Ru(tpfpp)(CPh,)] [Ru(tdepp)(CPh,)] [Ru(tpfpp)(CPh,)(MeOH)]  [Ru(tptpp){C(Ph)CO,CH,CH=
CH,}(MeOH)]
b [Ru(tpfpp){C(p-CsH,Cl),}] [Ru(4-Br-tpp)(CPh,)] [Ru(tpfpp)(CPhy)(EtSH)]  [Ru(tpfpp){C(Ph)CO,Me}(MeOH)]
¢ [Ru(tpfpp){C(p-CsH,Me),}] [Ru(4-Cl-tpp)(CPhy)] [Ru(tpfpp)(CPh)(Et,S)]  [Ru(tpfpp){C(Ph)CO,Et}(MeOH)]
d [Ru(tptpp){C(p-CsH,OMe),}] [Ru(4-F-tpp)(CPh,)] [Ru(tpfpp)(CPh,)(Melm)]
e [Ru(tpfpp){C(CO,Me),}] [Ru(tpp)(CPh,)] [Ru(tpfpp)(CPh,)(OPPhy)]
f  [Ru(tpfpp){C(p-CsH,NO,)CO,Mel] [Ru(ttp)(CPh,)] [Ru(tpfpp)(CPh,)(py)]
g [Ru(tpfpp){C(p-CsH,0Me)CO,Mel] [Ru(4-MeO-tpp)(CPh,)]
h [Ru(tpfpp){C(CH=CHPh)CO,CH,(CH= [Ru(tmp)(CPh,)]
CH),CH,}]
i [Ru(3,4,5-MeO-
tpp)(CPh,)]
i [Ru(tdepp){C(Ph)CO,EL]]
k [Ru(tmp){C(Ph)CO,Et}]
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Scheme 1. Synthesis of 1a-h, 2a-k, 3a—f, and 4a-c. For clarity, only one of the four meso-aryl groups in each porphyrin ligand is shown.

with mass spectrometry and elemental analyses. For some of
the complexes bearing the tpfpp macrocycle, “F NMR
measurements were performed. A detailed compilation of
the spectral data is given in the Experimental Section.

The key spectral features of 1-4 and 3d-Os include:
1) sharp '"H NMR signals at normal fields with H; (the pyr-
rolic protons of the porphyrin ligands) chemical shifts of 6=
8.13-8.57 (Ru) and 7.44 (Os), 2) significantly upfield shifted
'H NMR signals of the axial carbene groups relative to the
corresponding diazo compounds [e.g., the CPh, signals in
2a-g appear at d=6.4 (para), 6.1 (meta), and 3.0 (ortho)],
3) low-field signals with 0 =280.49-346.69 (Ru) and 289.27
(Os) in ®C NMR spectra attributable to the Ru=CR'R? or
Os=CR'R? carbene carbon atoms, 4)two Soret bands at
about 390 and 425 nm in the UV/Vis spectra for diarylcar-
bene complexes of ruthenium, and a single Soret band at
388-401 (Ru) and 408 nm (Os) for the other carbene com-

3488
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plexes of ruthenium and osmium, with the § bands appear-
ing at 525-538 (Ru) and 519 nm (Os). These are comparable
to the key spectral features of related ruthenium®®*!" and
osmium™! porphyrin carbene complexes previously reported
in the literature.

For complexes [Ru(tpfpp)(CPh,)(L)] with L = MeOH
(3a, 4a—c) or EtSH (3b), the 'H NMR spectra do not show
signals assignable to the ligands L. Probably, these com-
plexes partially release their trans ligands in solution, and
rapid exchange occurs between coordinated and free L on
the NMR timescale, similar to the rationalization for the ab-
sence of signals for coordinated MeIm in the '"H NMR spec-
trum of [Fe(tpfpp)(CPh,)(MeIm)] (3d-Fe).”) Complex 3e
with L = OPPh; has a '"H NMR spectrum with OPPh; sig-
nals similar to those of free OPPh;, that is, the trans OPPh;
ligand dissociates from 3e in solution.

www.chemeurj.org Chem. Eur. J. 2004, 10, 3486 —3502
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Notably, the L signals in the 'H NMR spectra of
[Ru(tpfpp)(CPh,)(L)] with L = Et,S (3¢), Melm (3d), and
py (3f), and 3d-Os, are substantially upfield from those of
the free ligands (see, for example, the spectra of 3c¢d in
Figure 1). This indicates that the RuL moieties of 3¢,df and
the Os-MeIm moiety of 3d-Os remain intact in solution.
The large upfield shifts of the signals on coordination of L
to [Ru(tpfpp)(CPh,)] should result mainly from the porphy-
rin ring-current effect.
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Figure 1. '"H NMR spectra of 3¢,d in CDCl,.

Bis(tert-butyl isocyanide)ruthenium porphyrin 5 gave Hj
and rBu proton signals at 0=8.36 and —0.46, respectively;
its IR spectrum shows v(C=N) bands at 2133 and 2007 cm ™.
These features, along with the UV/Vis spectrum of 5 (Soret:
415 nm, B: 512 nm), are comparable to those observed for
[Ru(tpp)(C=NBu),]." Additionally, a low-field signal at
0=182.14 in the ®C NMR spectrum of 5 can be assigned to
the coordinated carbon atoms of the axial C=NrBu ligands.

X-ray crystal structures: We determined the structures of
1a-0.5Et,0, 1d-CH,Cl,, 2a-CH,Cl,, 2i-CH,Cl,, 3a-MeOH,
3b,d,e, 4a-MeOH, 4b, 4c-MeOH, and 3d-Os. The structure

Chem. Eur. J. 2004, 10, 3486 —3502 www.chemeurj.org

of 1a-0.5Et,0 was reported elsewhere.!"” Tables 2—4 list the
crystal data and structure refinements for the other com-
plexes; the ORTEP plots and side views of the porphyrin
cores of these complexes (excluding 1d-CH,Cl,) are depict-
ed in Figures 2, 3, and 4.

i g
@%@@@%@@ 0.039 (0.251)

C20

Figure 2. ORTEP plots of 2a-CH,Cl, and 2i-CH,Cl, with atom-number-
ing schemes (thermal ellipsoid probability: 30 % ). Hydrogen atoms and
solvent molecules are not shown. The side views of the porphyrin rings
and their mean deviations [A] are also depicted. The displacements [A]
of Ru out of the mean porphyrin planes toward the carbene groups are
given in parentheses.

The five-coordinate complexes 2a,i adopt a slightly dis-
torted square-pyramidal coordination geometry, whereas the
six-coordinate complexes 3a,b,d,e, 4a—c, and 3d-Os assume
a distorted octahedral geometry. The porphyrin rings in
both types of ruthenium/osmium porphyrin carbene com-
plexes, except 2a, are basically planar, with mean deviations
from the least-squares planes within the range of 0.031-
0.085 A (see Figures 2-4). Complex 2a, which bears the ster-
ically encumbered tdcpp macrocycle, has a considerably
bent porphyrin ring (see Figure 2), whose mean deviation
from the least-squares plane is 0.129 A. The ruthenium/
osmium atoms lie 0.251-0.346 A (five-coordinate com-
plexes) and 0.134-0.193 A (six-coordinate complexes) out of

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim — 3489
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Table 2. Crystal data and structure refinements for complexes 1d and 2a,i.

1.902(3) A in 3d-Os is similar

1d-CH,Cl, 2a-CH,Cl, 2i-CH,ClL, to that in [Os(ttp)(CPh,)(py)]
R\ [4b

empirical formula CsHyFooN,O,Ru-CH,Cl,  Cy;HayyCLN,RU-CH,Cl,  CooHyoN,O,Ru-CH,Cl, (1.903(7) A).F*l All the metallo-
formula weight 1384.80 1240.45 1325.22 porphyrin carbene complexes in
crystal system monoclinic triclinic monoclinic Table 5 have carbene angles
space group P2,/n Pl 2 R.C-R?) i th £
alA] 14.611(2) 11.2455(18) 35.067(7) (R-C-RY) 'in the range o
b[A] 14.604(2) 12.5185(19) 13.894(3) 108.0(3)-116.7(2)°, ~and  for
c[A] 24.801(4) 20.123(3) 16.019(3) [M(por)(CR'R*)(L)]  (except
al?] 90.00 85.140(4) 90 3b) the M—L distances lie in
AL 97:329(4) 81.869(4) 11383(3) the range 2.166(4)-2.369(2) A.
v [ 90.00 76.725(4) 90 The orientati £ th o
VA7 5248.9(15) 2725.4(7) 7139(2) ¢ orientations ot the carbene
7z 4 2 4 groups with respect to the por-
F(000) 2744 1244 2732 phyrin rings in these iron,
Peea [Mgm ] 1 1752 L512 1.233 ruthenium, and osmium por-
#(Moy,) [mm™'] 0.524 0.821 0.353 .
index ranges —19<h<18 —11<h<14 —42<h<42 p.hYI:II.I carbene complexes vary

_18<k<18 _10<k<16 _16<k<16 significantly, as reflected in the

—32<1<27 —26<1<26 ~19<1<19 average values a of the torsion
reflns collected 35381 18645 19294 angles formed by the R'—C and
independent reflns 12034 12358 11801 R>~C bonds and the nearest
parameters 787 658 766 - . L.
final R indices (I>20(l)) ~ R1=0.054, wR2=0.11  R1=0.076, wR2=0.15 R1=0.067, wR2=0.20 M-N bonds, which lie in a rather
GoF 0.88 1.09 1.04 wide range of about 2.4-38.9°.

largest diff. peak/hole [e A~*]  0.928/—0.944 1.184/-0.716

the mean porphyrin planes toward the carbene groups, as in-
dicated in Figures 2—4.

Table 5 lists the key bond lengths and angles in 1d, 2a,i,
3a,b,d,e, 4a—, and 3d-Os, along with the corresponding
bond lengths and angles in previously reported ruthen-
ium porphyrin carbene complexes and in related iron
and osmium analogues. The Ru=C distances in the new
arbene complexes range from 1.806(3) to 1.876(3) A,
comparable to those in the previously reported ana-
logues (1.829(9)-1.877(8) A). The Os=C distance of

1.484/-1.042 Complex 3b is a rare exam-
ple of a thiol adduct of a metal-

loporphyrin. Collman et al. pre-

viously isolated and structurally characterized

[Fe(tpp)(SPh)(PhSH)], which bears a benzenethiol group at
an axial site.'”! The Ru—S distance of 2.75(1) A in 3b is sub-
stantially longer than those of 2.361(1)-2.377(2) A in the
thioether adducts [Ru(oep)(R'SR?),] (R'SR* = Ph,S,
MeSC,H,,)? and [Ru(oep)(MeSC,H,,),|BF,*™ and is
longer than the Fe—S(PhSH) distance (2.43(2) A) in
[Fe(tpp)(SPh)(PhSH)].”! Evidently, the ruthenium—ethane-
thiol interaction in 3b is considerably weaker than the
ruthenium-thioether interaction in the thioether adducts.

Table 3. Crystal data and structure refinements for complexes 3a,b,d,e and 3d-Os.

3a-MecOH 3b 3d 3e 3d-Os
empirical formula CssHy,FoN,ORu-CH;OH CsoH,,FN,SRu CgHoFoNgRu C;sH;,F,)N,OPRu Cy1Ho,F5N¢Os
formula weight 1299.88 1301.95 1321.93 1517.09 1411.06
crystal system monoclinic monoclinic monoclinic monoclinic monoclinic
space group P2, P2,/c P2,/c P2,/n P2,/c
a[A] 13.312(2) 13.104(3) 13.194(2) 17.298(4) 13.205(3)
b[A] 25.383(4) 25.263(5) 25.282(4) 14.579(3) 25.391(6)
c[A] 15.877(2) 16.397(3) 16.600(3) 25.303(5) 16.664(4)
al’] 90 90 90.00 90.00 90
A0 105.482(3) 105.18(3) 105.912(3) 102.52(3) 105.773(5)
v [°] 90 90 90.00 90.00 90
V[AY 5170.3(12) 5239(0) 5324.9(15) 6229(2) 5377(2)
z 4 4 4 4 4
F(000) 2576 2584 2624 3028 2752
Peatea [Mgm ] 1.670 1.651 1.649 1.618 1.743
u(Mog,) [mm™] 0.426 0.456 0.413 0.390 2.489
index ranges —17<h<17 —15<h<15 —15<h<17 —20<h<20 —17<h<16
-32<k<18 -30<k<29 —29<k<32 —-17<k<17 —32<k<30
—-18<1<20 -19<1<19 -21<I<12 -30<1<30 —-13<1<21
reflns collected 35099 23517 35867 43465 35490
independent reflns 16704 8719 12196 11339 12281
parameters 1551 764 794 919 794
final R indices R1 0.039 0.053 0.045 0.036 0.056
(I>20(1)) wR2 0.077 0.14 0.10 0.099 0.13
GoF 1.01 0.96 1.07 0.99 0.96
largest diff. peak/hole [e A= 0.588/—0.667 1.132/-0.718 0.886/—0.549 0.538/—0.776 1.263/-1.193

3490
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Table 4. Crystal data and structure refinements for complexes 4a—c.

4b

4c¢-MeOH

4a-MeOH
empirical formula Cs¢Hy,F,N,O3Ru-CH;OH
formula weight 1311.89
crystal system monoclinic
space group Pc
a[A] 12.9953(18)
b[A] 13.7625(19)
c[A] 14.866(2)
al°] 90.00
Al 104.516(3)
v [°] 90.00
V[AY 2573.9(6)
V4 2
F(000) 1304
Peatea [Mgm ] 1.693
u(Moy,) [mm™] 0.431
index ranges —-16<h<15
—-17<k<17
-15<1<19
reflns collected 16254
independent reflns 8238
parameters 762

final R indices (I>20(1)) R1=0.059, wR2=0.13

GoF 0.75
largest diff. peak/ 0.901/-0.505
hole [e A%

Cs4H oF5N,O3Ru
1252.80
monoclinic
P2,/c
16.3484(16)
23.914(3)
15.8439(16)
90
116.146(4)
90
5560.4(10)

4

2476

1.497

0.394
—11<h<21
—31<k<30
—20<1<22
37591
12732

732
R1=0.087,
wR2=0.16
1.16
1.037/-0.925

CssHp,FyN,O3;Ru-CH;0H

1299.88
monoclinic
Pc
12.8518(13)
13.5190(13)
15.136(2)
90.00
103.422(2)
90.00
2558.0(4)

2

1292

1.688

0.433
—16<h<15
—16<k<17
—-15<I<19
16936

8318

767

R1=0.040, wR2=0.10

0.89
0.976/—0.244

Table 5. Selected bond lengths [A] and angles [°] in ruthenium porphyrin carbene complexes and in related

iron and osmium analogues.

Complex M=C R!-C-R? M-LE al Ref.
[Ru(tpfpp){C(p-CsH,OMe),}] (1d) 1.854(4) 111.5(4) 28.5
[Ru(tdcpp)(CPh,)] (2a) 1.859(5) 110.6(4) 49
[Ru(3,4,5-MeO-tpp)(CPh,)] (2i) 1.866(7) 114.7(6) 2.4
[Ru(tpfpp)(CPh,)(MeOH)] (3a) 1.853(3)  112.93)  2.369(2)¢  11.9¢
[Ru(tpfpp)(CPh,)(EtSH)] (3b) 1.858(5) 114.2(4) 2.75(1) 8.8
[Ru(tpfpp)(CPh,)(MeIm)] (3d) 1.876(3) 113.1(2) 2.272(4) 10.8
[Ru(tpfpp)(CPh,)(OPPh;)] (3¢) 1.853(3) 110.6(2) 2.291(3) 187
[Ru(tpfpp){C(Ph)CO,CH,CH=CH,}(McOH)] (4a)  1.806(3) 108.0(3) 2.166(4) 15.1
[Ru(tpfpp){C(Ph)CO,Me}(MeOH)] (4b) 1.850(3) 110.6(2) 2.293(5) 6.3
[Ru(tpfpp){C(Ph)CO,Et}(MeOH)] (4¢) 1.868(3) 111.6(3) 2.293(3) 189
[Os(tpfpp)(CPh,)(MeIm)] (3d-Os) 1.902(3) 112.8(3) 2.271(4) 9.8
[Fe(tpfpp)(CPh,)] (1a-Fe) 1.767(3) 111.5(3) 14.1 el
[Fe(tpfpp)(CPhy)(MeIm)] (3d-Fe) 1.827(5) 111.0(4) 2.168(4) 19.2 el
[Ru(tpfpp)(CPh,)] (1a) 1.842(4) 113.4(3) 20.6 el
[Ru(ttp){C(m-C¢H,CF5),}] 1.841 (6) 116.1(2) 243 [1te]
[Ru(por*)(CPh,)] 1.860(6) 112.1(5) 38.9 (3]
[Ru(por*){C(Ph)CO,CH,CH=CH,}]"¥! 1.847(3) 114.3(2) 29.1 (3]
[Ru(tpp){C(CO,EL),}(MeOH)] 1.829(9) 112.2(7) 2.293(6) 214 ol
[Ru(ttp)(CPh,)(MeOH)] 1.845(3) 112.2(3) 2.362(3) 26.8 (11a]
[Ru(ttp){C(COPh),}(py)] 1.877(8) 116.7(2) 2.330(7) 17.4 el
[Ru(ttp){C(m-CsH,CF5),} (py)] 1.868(3) 112.8(2) 2.313(2) 32.8 el
[Os(tpfpp)(CPh,)(MeOH)] (3a-Os) 1.870(2) 112.3(2) 2.347(2) 113 al
[

a] M—O for L=MeOH and OPPh;; M—S for L=EtSH; M—N for L=Melm and py. [b] Average value of the
R!-C-M-N and R*-C-M-N' torsion angles. [c] Average value of the two independent molecules in the unit cell.

[d] (por*)*~ =5,10,15,20-tetrakis[(1S,4R,5R,85)-1,2,3,4,5,6,7,8-octahydro-1,4:5,8-dimethanoanthracen-9-yl |por-

phyrinato dianion.
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The structures of 3a-MeOH,
4a-MeOH, and 4c¢-MeOH fea-
ture hydrogen bonds between
the oxygen atoms of the coordi-
nated and uncoordinated meth-
anol molecules, with O--O dis-
tances of about 2.67-2.89
(3a-MeOH), 2.78 (4a-MeOH),
and 279 A (4c-MeOH). The
hydrogen bonding in 3a-MeOH
leads to the formation of a
“methanol tetramer” lying be-
tween two [Ru(tpfpp)(CPh,)]
moieties, as depicted in
Figure 5. In this regard, the
structure of 3a-MeOH in the
solid state can be described as a
(MeOH),-bridged metallopor-
phyrin dimer. Complex 4b fea-
tures hydrogen bonds between
the oxygen atoms of the coordi-
nated methanol and the carbon-
yl group of the carbene ligand
in an adjacent molecule (O--O
ca. 2.78 A), which result in the
formation of a one-dimensional
polymer linked by hydrogen
bonds (Figure 5).

In the solid state, complex 1d
is a one-dimensional coordina-
tion polymer,?!! as can be seen
in the packing diagram shown
in Figure 6. Here the bis(p-me-
thoxyphenyl)carbene groups
function as a unique type of
bridge: each of them links two
ruthenium atoms through the
carbene carbon atom and one
of the two methoxy oxygen
atoms. Such a bridging carbene
group has not been seen in any
previously reported structurally
characterized metalloporphyrin
carbene complexes.! The Ru—
O distance in 1d of 2.498(3) A
is considerably longer than
those in the ruthenium porphy-
rin carbene complexes with
MeOH or OPPh; trans ligands
(see Table5). The C-Ru-O
moiety is basically linear and
has an angle of 175.0(2)°.

One-dimensional  coordina-
tion polymers of metallopor-
phyrins linked by carbene
groups are unprecedented, al-
though many metalloporphyrin
coordination polymers linked
by other ligands (e.g., imidazo-
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Figure 3. ORTEP plots of 3a-MeOH (molecule a), 3b,d,e, and 3d-Os with atom-numbering schemes (thermal ellipsoid probability: 30 % ). Hydrogen
atoms and solvent molecules, if any, are not shown. The side views of the porphyrin rings and their mean deviations [A] are also depicted. The displace-
ments [A] of Ru or Os out of the mean porphyrin planes toward the carbene groups are given in parentheses.

late, pyrazine, and 4,4-bipyridine) have been reported.*”
Moreover, previous examples of structurally characterized
one-dimensional metalloporphyrin coordination polymers
span the metal ions of Mn 2>l Fell Cy 2 and Zn.?*1
Complex 1d is a rare example of structurally characterized
one-dimensional metalloporphyrin coordination polymer of
a second-row transition metal.

3492 ——
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Electrochemistry: Cyclic voltammetry was used to examine
the redox behavior of complexes 1a—c,f, g, 2a-d,g-k, 3b-d,
4a,b, 1a-Fe, 3d-Fe, 3d-Os, 5, and [Ru(tpfpp)(CO)] in di-
chloromethane. The observed redox potentials (vs Cp,Fe*")
for these complexes are listed in Table 6. Figure 7 shows the
cyclic voltammograms of 2b,g, 3d, and 3d-Os. To our
knowledge, this is the first systematic electrochemical stud-
ies on ruthenium/osmium porphyrin carbene complexes.

www.chemeurj.org Chem. Eur. J. 2004, 10, 3486 —3502
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O =D 0043 (0759

C20

Figure 4. ORTEP plots of 4a-MeOH, 4b, and 4c:-MeOH with atom-num-
bering schemes (thermal ellipsoid probability: 30%). Hydrogen atoms
and solvent molecules, if any, are not shown. The side views of the por-
phyrin rings and their mean deviations [A] are also depicted. The displa-
cements [A] of Ru out of the mean porphyrin planes toward the carbene
groups are given in parenthesis.

Electrochemical studies on the other types of ruthenium/
osmium porphyrins, such as carbonyl- and bis(pyridine)ru-
thenium/osmium porphyrins, have been reported previously.>!

Of the metalloporphyrins listed in Table 6, the complexes
bearing tpfpp and tdcpp macrocycles, except 3d-Os, general-
ly show one reversible oxidation couple with E:, = 0.13-
0.84 V. For 3d-Os and the complexes bearing other porphy-
rin macrocycles (except 2g), two reversible oxidation couples

Chem. Eur. J. 2004, 10, 3486 —3502 www.chemeurj.org
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4b

Figure 5. Hydrogen bonds in the structures of 3a-MeOH and 4b (the hy-
drogen atoms are not shown).

a)

Mwﬁ}g&{};ﬁ{ﬁ 0,082 (0.203)

Figure 6. a) ORTEP plot of the [Ru(tpfpp){C(p-CsH,OMe),}] moiety of
1d-CH,Cl, with atom-numbering scheme (thermal ellipsoid probability
level: 30%). Hydrogen atoms and the solvent molecule are not shown.
The side view of the porphyrin ring, together with its mean deviation [A],
is also depicted. The displacement [A] of Ru out of the mean porphyrin
plane toward the carbene group is given in parenthesis. b) Packing dia-
gram of 1d-CH,CI, with omission of hydrogen atoms and cell axes.
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Figure 7. Cyclic voltammograms of 2b,g, 3d, and 3d-Os in dichlorome-
thane [V vs 0.1m Ag/AgNOj; in CH,CN] at a scan rate of 100 mVs™.

with Ev, of 0.06-0.32 and 0.81-1.07 V were observed. Com-
plex 2g shows three reversible oxidation couples with E\, =
0.20, 0.80, and 1.03 V. A reversible reduction couple with
Ey, in the range of —1.25 to —1.73 V appears in almost all
the cyclic voltammograms of the tpfpp complexes. The re-
duction waves of the carbene complexes bearing the other
porphyrin macrocycles were probably obscured by the re-
duction of the solvent and in some cases were partially ob-
servable.

To help identify the oxidation couples of ruthenium por-
phyrin carbene complexes, we examined the spectroelectro-
chemistry of 2d,h,j,k in dichloromethane with electrode po-
tentials of 0.74, 0.62, 0.77, and 0.65 V, respectively. The re-
sulting time-resolved UV/Vis spectra of 2h,k are shown in
Figure 8. Upon electrolysis at the above potentials, the two
Soret bands of the diphenylcarbene complexes 2dh at
about 395 and 430 nm collapsed into a single band, and the
single Soret bands of the phenyl(ethoxycarbonyl)carbene
complexes 2j,k at about 398 nm underwent an appreciable
red shift. The final spectra for both the diphenylcarbene and
phenyl(ethoxycarbonyl)carbene complexes show a Soret

3494
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Table 6. Half-wave potentials [V vs Cp,Fe*"] of iron, ruthenium, and
osmium porphyrin carbene complexes (scan rate: 100 mVs™).

Complex Eosr Eo  Egr
[Ru(tpfpp)(CO)] 0.84 —1.61
[Fe(tpfpp)(CPh,)] (1a-Fe) 0.35 -1.52
[Ru(tpfpp)(CPh,)] (1a) 0.46 —1.53
[Ru(tptpp){C(p-CH,CL),}] (1b) 0.57 -1.50
[Ru(tptpp){C(p-CsH,Me),}] (1¢) 0.44 -1.55
[Ru(tptpp){C(p-C:H,NO,)CO,Me}] (11) 0.77 -1.25
[Ru(tptpp){C(p-CsH,OMe)CO,Me}] (1g) 0.50 —1.51
[Ru(tdcpp)(CPh,)] (2a) 0.32 —1.88l4
[Ru(4-Br-tpp)(CPh,)] (2b) 030 096 —1.891
[Ru(4-Cl-tpp)(CPh,)] (2¢) 032 096 —1.88"
[Ru(4-F-tpp)(CPh,)] (2d) 026 0.94
[Ru(4-MeO-tpp)(CPh,)] (2g)™ 020 0.80
[Ru(tmp)(CPh,)] (2h) 0.19 098
[Ru(3,4,5-MeO-tpp)(CPh,)] (2i) 025 081
[Ru(tdepp){C(Ph)CO,EL}] (2§) 0.42 -1.73
[Ru(tmp){C(Ph)CO,Et}] (2k) 0.32 092
[Ru(tpfpp)(CPh,)(EtSH)] (3b) 0.52 -1.53
[Ru(tptpp)(CPh,)(Et,S)] (3¢) 0.52 —1.53
[Fe(tpfpp)(CPh,)(Melm)] (3d-Fe) 0.13 —1.67
[Ru(tpfpp)(CPh,)(MeIm)] (3d) 0.33 —1.63
[Os(tpfpp)(CPh,)(Melm)] (3d-Os) 0.06 1.07 -1.71
[Ru(tpfpp){C(Ph)CO,CH,CH=CH,}(MeOH)] (4a) 0.63 —1.46
[Ru(tpfpp){C(Ph)CO,Me}(MeOH)] (4b) 0.65 —1.47
[Ru(tpfpp)(C=NiBu),] (5) 0.42 —1.90t!

[a] Ey. [b] Eoz=1.03 V.
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Figure 8. Spectroelectrochemistry of 2h (top) and 2k (bottom) in di-
chloromethane. Electrode potentials: 0.62 (2h) and 0.65 V (2Kk) vs Cp,Fe*".
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band at about 410 nm, that is, the electronic spectra of the
oxidized ruthenium porphyrin carbene species are less
strongly affected by the carbene substituents. During the
electrolysis of 2d,h,j,k, no prominent bands appeared at
600-800 nm in the time-resolved UV/Vis spectra. This re-
veals that the corresponding oxidation processes are metal-
centered, and the porphyrin rings remain unoxidized.”

Discussion

Ruthenium porphyrin carbene complexes have been known
for about 20 years since the pioneering work by Collman
et al.” The porphyrin macrocycles so far employed for pre-
paring this family of ruthenium porphyrins include tpp,!"”
ttp,P* 1 tmp P and por*,*! with the carbene ligands CHR
(R = Et, SiMe;, CO,Et),>
C(Ph)CO,CH,CH=CH,,*® and

3d-Os, and the previously reported iron analogue 3d-Fe!
would allow a comparison among the porphyrin carbene
complexes of the iron subgroup.

Variation of Hy and M=C chemical shifts: It is well docu-
mented that the Hy chemical shift in the '"H NMR spectrum
of a diamagnetic metalloporphyrin increases with increasing
oxidation state of the metal ion.” Comparison of such
chemical shifts among the above metalloporphyrin carbene
complexes should reveal the difference in electron density
of the metal ions in these complexes and provide useful in-
formation on the electronic properties of the M=C bonds.
Furthermore, the electronic properties of M=C bonds
should also be correlated with the *C chemical shifts of the
M=C carbon atoms. Table 7 lists the Hy and M=C chemical
shifts of ruthenium porphyrin carbene complexes, together

Table 7. Comparison of Hy and M=C chemical shifts (6/ppm) among ruthenium porphyrin carbene complexes

_ [3b, 11a]
CR, (R[nb ]* Ph, ! [{ﬁ"} and related iron and osmium analogues.
,C
C6H4C1-Tg’ C.OPh’ Complex M por CR'R? L Hy M=C
CO,Et'y, In the literature n R o P Y ——
. a u  tpfpp > : :
there. ha§ been nol systematic | Ru  tpfpp Cp-CH,Cl), 337 30065
examination of the influence of 1. Ru  tpfpp C(p-CH,Me), 829  333.00
carbene substituents, porphyrin 1d Ru tpfpp C(p-CsH,OMe), 827 324.76
substituents, and frans ligands i; ﬁu tPEPP gg%zh}/ll?lzo JCoM Zgz ;ggiz
I u tpipp -CeyNO, LMe - g
on the ruthenium-carbene ;. Ru  tpipp C(p-CoH,OMe)CO,Me 844 29885
bond. 1h Ru  tpfpp C(CH=CHPh)CO,CH,(CH=CH),CH, 845 28871
The ruthenium carbene com- 4a Ru  tpfpp C(Ph)CO,CH,CH=CH, MeOH 853 30434
plexes prepared here contain a  4b Ru  tpfpp C(Ph)CO,Me MeOH 846  304.13
wider variety of porphyrin mac-  4¢ Ru  tpfpp C(Ph)CO,Et MeOH 846  305.52
1 . f 4 2a Ru tdepp CPh, 8.17 327.86
rocycles, ranging trom tpp, 4- 5 Ru  4-Brtpp CPh, 833 319.70
Br-tpp, 4-Cl-tpp, 4-F-tpp, ttp, 4- 2 Ru  4-Cl-tpp CPh, 833 31950
MeO-tpp, 3,4,5-MeO-tpp to 2d Ru 4-F-tpp CPh, 8.32 318.70
electron-deficient tpfpp, and to ;; ﬁu tpp 811:;12 Z-gg ;2‘5‘8
. u ttp > . R
sterically encumbered tdcpp 2g Ru  4-MeO-tpp CPh, 837 31940
and tmp. The carbene groups in  ,p Ru  tmp CPh, 813 31808
these new ruthenium porphyrin  2i Ru  345MeO-tpp  CPh, 845 31630
carbene complexes span C(p- 2i Ru  tdepp C(Ph)CO,Et 827 29850
CHX), (X = Cl, H, Me, 2k Ru  tmp C(Ph)CO,Et 823 287.50
S > 3a Ru  tpfpp CPh, MeOH 824  329.00
OMe),  C(COMe),,  Clp- 3, Ru  tpfpp CPh, EtSH 829 33085
CH,X)COMe (X = NO,, H, 3¢ Ru  tpipp CPh, EL,S 826 33834
OMe), C(Ph)CO,R (R = Et, 3d Ru  tpfpp CPh, MeIm 813 33213
CH,CH=CH,), and C(CH= 3e Ru tpfpp CPh, OPPh; 8.30 330.15
- 3f Ru tpfpp CPh, py 8.18 346.69
CHPh)CO,CH,(CH=CH),CH;. 1a-Fel* Fe tpfpp CPh, 8.31 358.98
Complexes 1a-h and 4a—¢ 3qpld R tppp CPh, Melm 823  385.44
have the same [Ru(tpfpp)] and 3a-Os™ Os  tpfpp CPh, MeOH 773  273.60
[Ru(tpfpp)(MeOH)] moiety, re- 3d-Os Os tpfpp CPh, Melm 7.44 289.27

spectively, but contain different
carbene groups, and can be em-
ployed for examination of the
influence of carbene substituents by direct comparison.
Direct comparisons are also possible among 1a, 2a-i or be-
tween 2j,k; these complexes have the same Ru=CPh, or
Ru=C(Ph)CO,Et moiety in common but bear different por-
phyrin macrocycles and are suitable for inspecting the
influence of porphyrin substituents. Concerning the influ-
ence of trans ligands, we make direct comparisons be-
tween  [Ru(tpfpp)(CPh,)] (1a) and its  adducts
[Ru(tpfpp)(CPh,)(L)] (3) and among 3a—-f Complexes 3d,

Chem. Eur. J. 2004, 10, 3486 —3502 www.chemeurj.org

[a] From ref. [2]. [b] From ref. [4a].
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with some comparisons among carbene complexes of iron,
ruthenium, and osmium porphyrins.

As shown in Table 7, complexes [Ru(tpfpp)(CR'R?)] (1a-
h) give gradually decreasing Hj chemical shifts along the
CR'R? series of C(CO,Me),>C(p-CqH,NO,)CO,Me >
C(CH=CHPh)CO,CH,(CH=CH),CH;, C(p-CsH,OMe)-
CO,Me > C(p-CsH,Cl), > CPh, > C(p-C¢H,Me),, C(p-
C¢H,OMe),. This is consistent with the increase in electron-
donating capability, or decrease in electron-withdrawing ca-
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pability, of the carbene group along the above sequence.
Indeed, a more strongly electron-donating carbene group
would increase the electron density of the ruthenium ion
and thus correspond to a smaller H chemical shift.

However, in most cases the M=C chemical shifts of the
[Ru(tpfpp)(CR'R?)] complexes increase with increasing
electron-donating capability of the carbene group, apparent-
ly opposite to the trend due to the inductive effect. We at-
tribute this phenomenon to competition between the induc-
tive effect and the effect of the aryl ring current in the car-
bene groups. For example, although the phenyl groups in
CPh, are more strongly electron-donating than the ester
groups in C(CO,Me),, the phenyl ring-current effect in the
former deshields the carbene carbon atom to a much greater
extent than the shielding from the stronger electron donors.

The similar Hz and M=C chemical shifts of the complexes
[Ru(tpfpp){C(Ph)CO,R}(MeOH)] (4a-¢; R = CH,CH=
CH,, Me, Et) reflect the fact that these carbene groups
affect the electron density of the ruthenium ion to a compa-
rable extent.

For [Ru(por)(CPh,)] (1a, 2a-i) and [Ru(por){C(Ph)-
CO,Et}] (2j,k), the Ru=C chemical shifts gradually decrease
along the porphyrin sequence of tpfpp > tdcpp > 4-Br-tpp, 4-
Cl-tpp, 4-MeO-tpp >4-F-tpp >tmp >tpp>ttp, 3,4,5-MeO-
tpp. This trend is in accord with the electron-withdrawing or
-donating capability of the porphyrin macrocycles, except
for the somewhat abnormal positions of 4-MeO-tpp and
tmp. The dependence of the Hy chemical shifts of [Ru-
(por)(CPh,)] on the porphyrin ligand is less regular; in some
cases, such as tpfpp—tdcpp, tpp—tmp, and tdcpp —tmp, the
Hj chemical shift does decrease as the porphyrin ligand be-
comes more strongly electron-donating. Note that the differ-
ences in both Hg and M=C chemical shifts among 4-Br-tpp,
4-Cl-tpp, 4-MeO-tpp, 4-F-tpp, tpp, and ttp are small, and
this indicates that the para substituents on the meso-phenyl
groups of tpp only slightly alter the electron density of the
ruthenium ion.

Complexes [Ru(tpfpp)(CPh,)(L)] (3, L = EtSH, EtS,
MeOH, py, Melm) generally exhibit smaller Hy chemical
shifts than [Ru(tpfpp)(CPh,)] (1a), consistent with an in-
crease in electron density of the ruthenium ion through elec-
tron donation from the trans ligands. The Hy chemical shifts
of 3 follow the order of EtSH, Et,S, MeOH > py >Melm,
which suggests that Melm has the largest trans influence
among these ligands. However, the Ru=C chemical shifts of
3 are all larger than that of 1a, contrary to the higher elec-
tron density of the metal ions in the former. We believe that
this arises from a competition between the inductive effect
and the effect of the porphyrin ring current, whereby the
latter is dominant. As shown below, coordination of the
ligand L to 1a would lengthen the Ru=C bond, so that the
C atom is less strongly affected by the porphyrin ring cur-
rent and thus the Ru=C chemical shift increases.

In the cases of 1a-Fe/la, 3a/3a-Os, and 3d-Fe/3d/3d-Os,
the M=C chemical shifts invariably follow the trend Fe>
Ru> Os. A parallel trend is also evident for their Hg chemi-
cal shifts, except for 1a-Fe/la, whose Hy chemical shifts are
the same within the experimental error. Such trends differ
from the Pauling electronegativity trend of Fe<Ru = Os
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but can be rationalized by competition among the inductive
effect, M—por backbonding, and porphyrin ring-current
effect. The M —por backbonding, which follows the trend of
Fe < Ru < Os for the iron subgroup,? increases the electron
density of the porphyrin ring and would decrease the Hg
chemical shift. If the effect of M—por backbonding out-
weighs the inductive effect, the expected Hy chemical shift
trend should agree with the observed one. On the other
hand, a higher electron density in the porphyrin macrocycle
would make the C atom of the M=C double bond subject to
a larger porphyrin ring current, which would result in a de-
crease in M=C chemical shift. The foregoing observed M=C
chemical shift trend could indicate that the porphyrin ring-
current effect dominates over the inductive effect.

Variation of redox potentials: The redox behavior of metal-
loporphyrin carbene complexes is an important factor to be
considered in inspecting the properties of M=C bonds. From
Table 6 it is evident that the first oxidation couples of 1-4
(except 1f) appear at E:., =0.19-0.65V. This E, range
covers the Ei, value of 0.42 'V for the first oxidation couple
of the bis-isocyanide complex 5§ but is significantly less
anodic than that of [Ru(tpfpp)(CO)] (E:,=0.84 V). Since
the first oxidation of 5 and [Ru(tpfpp)(CO)] can most rea-
sonably be assigned to metal- and ligand-centered oxidation,
respectively, on the basis of electrochemical studies on other
bis(isocyanide)ruthenium®*! and carbonylruthenium por-
phyrins,”! we attribute the first oxidation of 1-4 (except 1f)
to a metal-centered process. This is supported by the spec-
troelectrochemical studies on 2d,h,j,k described above. The
oxidation couple of 1f, the second oxidation couples of 2b-
d,g-i,k, and the third oxidation couple of 2g have Ei,
values comparable to, or more anodic than, that of the first
oxidation of [Ru(tpfpp)(CO)]. Such couples can be ascribed
to oxidation of the porphyrin ligands. The reduction shown
in Table 6 could be due to porphyrin-centered processes.

Since a smaller Ei, value usually corresponds to a higher
electron density, comparison of the first-oxidation E:, values
among la-c,g; 4a,b; 1a, 2a-d,g-i; 2j,k; and 3b-d reveals
that the electron density of the ruthenium ion increases with
increasing electron-donating capability of the carbene, por-
phyrin, and trans ligands, similar to the above trends for the
Hjg and/or M=C chemical shifts.

Table 6 also reveals that the oxidation of 1a occurs at a
more anodic Ei, value than that of 1a-Fe. The E:, value for
the first oxidation couple becomes less anodic along the se-
quence 3d—3d-Fe—3d-Os. This trend of Ei, values of
Ru>Fe>Os is similar to that obtained by comparing the
first oxidation potential among bis-pyridine metalloporphy-
rins [M(oep)(py),] with M = Fe, Ru, and Os (—0.15, —0.02,
and —0.37 V, respectively).”*"

Variation of M=C distances: The M=C distance is an impor-
tant structural feature of a metal-carbene bond, since it can
be correlated with the stability/reactivity of metal-carbene
complexes. We previously reported a reactive bis(car-
bene)osmium porphyrin having long Os=C distances of
2.035(2) and 2.027(3) A and stable monocarbene complex
3a-Os with a shorter Os=C distance of 1.870(2) A.1* The
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significant lengthening of the Fe=C bond in 1a-Fe upon
binding Melm dramatically enhances its reactivity toward
hydrocarbons.”

A comparison of the Ru=C bonds among 1a and 2a,i and
between 1la and 1d reveals a shorter Ru=C bond for the
complex containing a more strongly electron-withdrawing
(or less strongly electron-donating) carbene or porphyrin
ligand, and thus provides additional examples of the trends
derived from comparison of the structures between [Ru-
(por*){C(Ph)R}] (R =Ph, CO,CH,CH=CH,)*®! and between
[Ru(por)(CPh,)] (por=por*,*® tpfppl®l; see Table 5). The
shortening of the Ru=C bond by more strongly electron-
withdrawing porphyrin ligands apparently arises from a de-
crease in the electron density of the ruthenium ion, which
increases electron donation from the carbene ligand. How-
ever, a more strongly electron-withdrawing carbene group
would be less nucleophilic. The shorter Ru=C bonds in the
complexes with more strongly electron-withdrawing carbene
ligands should have another origin. In fact, the Ru=C bond
has two components, Ru«~C ¢ bonding and Ru—C m back-
bonding, if the carbene groups are considered as neutral
“Fischer carbenes”. A more strongly electron-withdrawing
carbene group would shorten the Ru=C bond by offering
stronger Ru—C m backbonding. The overall influence of the
electron-withdrawing character of the porphyrin and car-
bene ligands on the Ru=C distance depends on which of the
two bonding components dominates.

Despite previous structure determinations on both five-
and six-coordinate ruthenium porphyrin carbene complex-
es,P10.11a.110] examination of the trans ligand influence on
the Ru=CR'R? bond through structural studies on the five-
and six-coordinate complexes containing the same [Ru-
(por)(CR'R?)] moiety remained unrealized until recently."']
By introducing a strongly electron withdrawing CF; group
on the diphenylcarbene ligand, Miyamoto et al. obtained
complexes [Ru(ttp){C(m-CsH,CF;),}(py) ]! and
[Ru(ttp){C(m-CH,CF;),}],/"'¥! both of which were structural-
ly characterized. The Ru=C distance (1.841(6) A) in the
five-coordinate complex [Ru(ttp){C(m-CcH,CF,),}]] is
0.027 A shorter than that in its pyridine adduct
[Ru(ttp){C(m-CeH,CF:),}(py)] (1.868(3) A).""!

The present work offers an alternative route to five- and
six-coordinate ruthenium porphyrin carbene complexes
bearing the same [Ru(por)(CR'R?)] moiety. Comparison of
the Ru=C distances in 3a,b,d,e with that in 1a provides a

275%

direct measure of the influence of different trans ligands on
the Ru=C distance.

The influence of trans MeOH, OPPh;, or EtSH ligand on
the Ru=C distance is small: coordination of these ligands to
1a lengthens its Ru=C distance by 0.016 A or less. A larger
trans influence was observed for MeIlm, whose binding to 1a
increases the Ru=C distance by 0.034 A (Table 5). However,
the trans influence of Melm in the ruthenium porphyrin car-
bene complex is smaller than in its iron counterpart, as man-
ifested by the 0.06 A longer Fe=C distance in 3d-Fe than in
la-Fe”

The structure determinations on 3d and 3d-Os, together
with that on 3d-Fe, allows a direct comparison to be made
among the structures of iron, ruthenium, and osmium por-
phyrin carbene complexes. Figure 9 shows the side and top

Figure 9. Side- and top-view ball-and-stick representations for the struc-
tures of 3d-Fe,”! 3d, and 3d-Os. For clarity, the hydrogen atoms and the
meso-CFs groups are omitted. The deviations [10~> A] of the porphyrin
ring atoms from their least-squares planes are indicated.

views of the structures of the three complexes; their key
geometric parameters are compared in Table 8. The M—N,,
distances average 1.966(3) (Fe), 2.045(2) (Ru), and
2.048(3) A (Os), slightly shorter than the corresponding
average distances of 2.003(2) (Fe), 2.059(7) (Ru), and
2.052(6) A (Os) in the carbonyl complexes [M(tpp)(CO)-
(MeIm)] reported by Oldfield et al.’”! The C_penc-M-Nyerm

Table 8. Comparison of key bond lengths [A] and angles [°] in 3d-Fe,” 3d, and 3d-Os (see Figure 9 for the atom labeling scheme).

3d-Fe 3d 3d-Os 3d-Fe 3d 3d-Os

M-N1 1.961(3) 2.053(2) 2.027(3) M-N2 1.967(3) 2.034(2) 2.061(2)
M-N3 1.964(3) 2.050(2) 2.044(2) M-N4 1.973(3) 2.043(2) 2.060(2)
C45-M-N5 176.6(2) 172.1(1) 172.7(2) C45-M-N1 92.8(2) 91.1(1) 93.7(1)
C45-M-N2 91.5(2) 93.7(1) 96.2(1) C45-M-N3 94.8(2) 96.1(1) 92.0(1)
C45-M-N4 92.4(2) 92.1(1) 92.5(1) N5-M-N1 83.8(1) 81.2(1) 85.3(1)
N5-M-N2 88.4(2) 84.6(1) 91.1(1) N5-M-N3 88.7(1) 91.6(1) 89.1(1)
N5-M-N4 87.7(2) 89.7(1) 80.2(1) N1-M-N2 89.9(2) 89.41(9) 90.3(1)
N1-M-N3 172.4(2) 172.8(1) 174.3(1) N1-M-N4 89.8(1) 90.17(9) 89.7(1)
N2-M-N3 89.6(2) 90.25(9) 89.3(1) N2-M-N4 176.1(2) 174.26(9) 171.2(1)
N3-M-N4 90.2(2) 89.46(9) 89.9(1)
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moiety is basically linear in 3d-Fe (176.6(2)°), but shows a
larger distortion from linearity in 3d (172.1(1)°) and 3d-Os
(172.7(2)°), unlike the rather similar Ceo-M-Nyep, angles in
[M(tpp)(CO)(MeIm)] (176.7(4)-178.3(3)°; M = Fe, Ru,
Os). The observed M=C distances listed in Table5
(1.827(5), 1.876(3), 1.902(3) A for 3d-Fe, 3d, and 3d-Os, re-
spectively) follow an order of Fe <Ru< Os, similar to the
order of M—CO distances in the carbonyl complexes
[M(tpp)(CO)(Melm)] (1.793(3), 1.83(1), 1.846(9) A for M =
Fe, Ru, Os, respectively).?”!

As depicted in Figure 9, complex 3d-Fe exhibits a sub-
stantially larger porphyrin ring distortion than its ruthenium
and osmium counterparts 3d and 3d-Os, like the case of
[M(tpp)(CO)(MeIm)] with M = Fe, Ru, Os.””! The carbene
planes form appreciably smaller dihedral angles with the
closest M—N(por) bonds in the ruthenium and osmium com-
plexes than in the iron counterpart (see Figure9 and
Table 5). The M—N(Melm) distances in 3d-Fe (2.168(4) A),
3d (2.272(4) A), and 3d-Os (2.271(4) A) (see Table 5) are
slightly longer than the respective distances in
[M(tpp)(CO)(MeIm)] (M = Fe 2.071(2), Ru 2.185(8), Os
2.175(7) A).?") The M-MeIm moieties in 3d and 3d-Os are
considerably bent, with the imidazole plane and the M-
N(Melm) bond forming a dihedral angle of about 158°.
Such a significant bending of the M—Melm moieties was not
observed in [M(tpp)(CO)(Melm)], whose corresponding di-
hedral angles for M = Fe, Ru, Os are about 175°.”7

Conclusion

The present work provides extensive experimental evidence
for the influence of carbene substituents, porphyrin substitu-
ents, and trans ligands on the electronic properties of Ru=C
bonds and on the Ru=C distances in ruthenium porphyrin
complexes with diaryl and aryl(alkoxycarbonyl) carbene
moieties. Electron-withdrawing substituents generally de-
crease, whereas electron-donating substituents increase, the
electron density of the ruthenium ion, and result in shorter
and longer Ru=C distances, respectively, regardless of
whether these substituents are on the carbene groups or on
the porphyrin macrocycles. Weakly coordinating molecules
such as methanol exert a small trans influence; the trans in-
fluence of stronger donors such as Melm is considerably
larger, but substantially smaller than that found in the iron
counterparts. This provides useful insight into structure-re-
activity relationship of ruthenium porphyrin carbene com-
plexes. A direct comparison among iron, ruthenium, and
osmium porphyrin carbene complexes reveals a trend in M=
C distances of Fe <Ru< Os, and a dramatically smaller por-
phyrin-ring distortion for ruthenium and osmium. The
unique carbene bridge in the solid-state structure of
[Ru(tpfpp){C(p-CsH,OMe),}] is an unprecedented coordina-
tion mode of the carbene group in a metalloporphyrin car-
bene complex.
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Experimental Section

General: All reactions were performed under an argon atmosphere. Pyri-
dine, 1-methylimidazole, triphenylphosphane oxide, diethyl sulfide, ftert-
butyl isocyanide, and ethanethiol were purchased from Aldrich. The sol-
vents (AR grade) were dried according to standard procedures. Diazo
compounds N,CAr, (Ar = Ph, p-C;H,OMe, p-CiH,Me, p-C,H,CI),*
N,C(Ar)CO,R (R = Me, Ar = Ph, p-C;H,OMe, p-C;H,NO,; R=Et,
Ar = Ph; R = CH,CH=CH,, Ar = Ph),®) (2E4E)-24-hexadienyl (E)-
2-diazo-4-phenyl-3-butenoate,*” dimethyl diazomalonate,*!! and com-
plexes [Ru(por)(CO)],* [Os(tpfpp)(CO)], I [Fe(tpfpp)(CPh,)] (1a-Fe),
and [Fe(tpfpp)(CPhy)(MeIm)] (3d-Fe)?! were prepared by literature
methods. UV/Vis spectra (in CH,Cl,) were recorded on a HP 8453 Diode
Array spectrophotometer, and IR spectra (KBr pellet) on a Bio-Rad
FTS165 spectrometer. FAB mass spectra were measured on a Finnigan
MAT 95 mass spectrometer; the m/z value given below for each parent
ion or fragment corresponds to the most intense line in the cluster peak
(in all cases the observed isotope distribution matches well the theoreti-
cally simulated one). 'H, *C, and "’F NMR spectra (all in CDCl;) were
obtained on a Bruker DPX-300 FT-NMR spectrometer; the chemical
shifts are relative to tetramethylsilane (‘H and "*C) or CF;COOH (“F,
0=-76.5). Cyclic voltammograms were measured on a Bioanalytical Sys-
tems (BAS) model 100 B/W electrochemical instrument by employing a
conventional two-compartment electrochemical cell (working electrode:
glassy carbon, reference electrode: Ag/AgNO; (0.1m in CH;CN), internal
reference: FeCp,). Elemental analyses were performed by the Institute of
Chemistry, the Chinese Academy of Sciences.

Preparation of [Ru(por)(CR'R?]: A solution of an excess of diazo com-
pound N,CR'R? in dichloromethane (10 mL) was slowly added to a solu-
tion of [Ru(por)(CO)] in dichloromethane (5mL) by syringe pump over
8h at room temperature. The resulting solution was stirred for 2h
(unless otherwise specified), and then evaporated under reduced pres-
sure. The residue was subjected to chromatography on a silica gel column
with dichloromethane/hexane as eluent to give the desired product.

Bis(p-chlorophenyl)carbene[5,10,15,20-tetrakis(pentafluorophenyl)por-
phyrinatoJruthenium, [Ru(tpfpp){C(p-C,H,Cl);}] (1b): Reaction condi-
tions: [Ru(tpfpp)(CO)]: 49.6 mg (0.045 mmol), N,C(p-CsH,Cl),: 52.6 mg
(0.20 mmol), eluent: dichloromethane/hexane 1:1. Yield: 88 %; '"H NMR:
0=837 (s, 8H), 6.11 (d, /=84 Hz, 4H), 3.02 (d, J=83 Hz, 4H); C
NMR: 6=322.65 (Ru=C); UV/Vis: 1., (loge)=386 (4.92), 424 (4.84),
527 (4.10), 552nm (4.08); elemental analysis (%) caled for
Cs;H,4CLF,)N,Ru-CH,, (1394.88): C 54.25, H 2.17, N 4.02; found: C
54.21, H 1.78, N 4.15; FAB-MS: m/z: 1309 [M+H]*.
Bis(p-tolyl)carbene[5,10,15,20-tetrakis(pentafluorophenyl)porphyrinato]-
ruthenium, [Ru(tpfpp){C(p-C;H;Me),}] (1c): Reaction conditions:
[Ru(tptpp)(CO)]: 49.6 mg (0.045 mmol), N,C(p-C¢H,Me),: 44.4mg
(0.20 mmol), eluent: dichloromethane/hexane 1:1. Yield: 91 %; 'H NMR:
0=829 (s, 8H), 5.92 (d, J=7.7 Hz, 4H), 3.07 (d, J=7.8 Hz, 4H), 1.76 (s,
6H); C NMR: 0=333.00 (Ru=C); “F NMR: 6=—136.41 (d), —137.11
(d), —152.59 (t), —162.04 (m); UV/Vis: 1,., (loge)=385 (4.85), 426
(4.84), 525 (4.10), 550 nm (4.08); elemental analysis (%) caled for
CsoHyFoN,Ru (1267.87): C 55.89, H 1.75, N 4.42; found: C 56.15, H 1.71,
N 4.36; FAB-MS: m/z: 1268 [M]*.
Bis(p-methoxyphenyl)carbene[5,10,15,20-tetrakis(pentafluorophenyl)por-
phyrinato Jruthenium, [Ru(tpfpp){C(p-C;H,OMe),}] (1d): Reaction con-
ditions: [Ru(tpfpp)(CO)]: 49.6 mg (0.045 mmol), N,C(p-C,H,OMe),:
50.8 mg (0.20 mmol), eluent: dichloromethane/hexane 2:1. Yield: 90 %;
'"H NMR: 6=8.27 (s, 8H), 6.68 (d, J=8.7 Hz, 4H), 3.41 (s, 6H), 3.15 (d,
J=8.7Hz, 4H); C NMR: 0=324.76 (Ru=C); “F NMR: 0=-136.04
(d), —136.45 (d), —151.80 (t), —161.20 (m); UV/Vis: 1., (loge)=386
(4.84), 424 (4.75), 526 (4.11), 547 nm (4.09); elemental analysis (%) calcd
for CsoH,,F,)N,O,Ru-CH,Cl, (1384.80): C 52.04, H 1.75, N 4.04; found: C
51.97, H 1.69, N 3.95; FAB-MS: m/z: 1300 [M]*.

Bis(methoxycarbonyl)carbene|5,10,15,20-tetrakis(pentafluorophenyl)por-
phyrinatoJruthenium, [Ru(tpfpp){C(CO,Me),}] (1e): Reaction condi-
tions: [Ru(tptpp)(CO)]: 49.6 mg (0.045 mmol), N,C(CO,Me),: 15.8 mg
(0.10 mmol), further stirring time: 24 h, eluent: dichloromethane/hexane
2:1. Yield: 85%; 'H NMR: 6 =8.57 (s, 8H), 2.20 (s, 6H); °C NMR: 6=
280.49 (Ru=C); "FNMR: 0 =-135.18 (dd), —136.91 (dd), —151.35 (t),
—160.76 (m), —161.36 (m); UV/Vis: A, (loge)=396 (4.98), 429 (sh,
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4.48), 535 (3.97), 565nm (3.82); elemental analysis (%) caled for
CyoH ,FoN,O4Ru (1203.70): C 48.89, H 1.17, N 4.65; found: C 49.24, H
1.43, N 4.49; FAB-MS: m/z: 1204 [M]*.
p-Nitrophenyl(methoxycarbonyl)carbene[5,10,15,20-tetrakis(pentafluoro-
phenyl)porphyrinato Jruthenium, [Ru(tpfpp){C(p-C;H,NO,)CO,Me}]
(1f): Reaction conditions: [Ru(tpfpp)(CO)]: 49.6 mg (0.045 mmol),
N,C(p-CH,NO,)CO,Me: 11.9 mg (0.054 mmol), further stirring time:
24 h, eluent: dichloromethane/hexane 2:1. Yield: 90%; '"H NMR: 6 =8.51
(s, 8H), 6.95 (d, J=8.6 Hz, 2H), 3.26 (d, /=8.6 Hz, 2H), 2.24 (s, 3H);
BC NMR: §=299.44 (Ru=C); UV/Vis: L. (loge)=395 (5.06), 426 (sh,
4.62), 533 (4.05), 562nm (sh, 3.93); elemental analysis (%) calcd for
Cs;H 5sF5NsO,Ru-0.5 CH,, (1309.84): C 51.35, H 1.69, N 5.35; found: C
51.74, H 1.57, N 4.80; FAB-MS: m/z: 1267 [M]*.

p-Methoxyphenyl(methoxycarbonyl)carbene|S5,10,15,20-tetrakis(penta-
fluorophenyl)porphyrinato]ruthenium, [Ru(tpfpp){C(p-CcH,OMe)-
CO,Me}] (1g): Reaction conditions: [Ru(tpfpp)(CO)]: 49.6 mg
(0.045 mmol), N,C(p-CqH,OMe)CO,Me: 11.1 mg (0.054 mmol), eluent:
dichloromethane/hexane 1:1. Yield: 92 %; '"H NMR: 6 =8.44 (s, 8H), 5.66
(d, /=89 Hz, 2H), 3.39 (d, /=8.8 Hz, 2H), 3.38 (s, 3H), 2.30 (s, 3H);
BC NMR: 6=298.85 (Ru=C); UV/Vis: A, (loge)=390 (5.00), 415 (sh,
4.78), 529 (4.19), 550 nm (sh, 4.15); elemental analysis (%) calcd for
CsH 3F5N,O;Ru-0.5 CH,Cl, (1294.25): C 50.58, H 1.48, N 4.33; found: C
50.21, H 1.64, N 4.35; FAB-MS: m/z: 1252 [M]*.
(E)-2-Styryl[(2E,4E)-2,4-hexadienoxycarbonyl]carbene[5,10,15,20-tetra-
kis(pentafluorophenyl)porphyrinato Jruthenium, [Ru(tpfpp){C(CH=
CHPh)CO,CH,(CH=CH),CH;}] (1h): Reaction conditions: [Ru(tpfpp)-
(CO)]:  100.0mg (0.091 mmol), N,C{(E)-CH=CHPh}CO,-(2E4E)-
CH,(CH=CH),CHj;: 53.6mg (0.20 mmol), further stirring time: 24 h,
eluent: dichloromethane/hexane 1:1. Yield: 81%; 'H NMR: 0=38.45 (s,
8H), 7.27 (t, J=7.4 Hz, 1H), 6.86 (t, /=7.8 Hz, 2H), 6.44 (d, J=7.8 Hz,
2H), 5.74-5.44 (m, 3H), 4.94 (d, /=16.0 Hz, 1H), 4.78-4.68 (m, 1H),
3.16 (d, /=7.0Hz, 2H), 1.84 (d, /=159 Hz, 1H), 1.62 (d, /J=6.8 Hz,
3H); *C NMR: 6=288.71 (Ru=C); “F NMR: 6 =-136.22 (d), —137.67
(s), —152.64 (1), —161.93 (t), —162.35 (s); UV/Vis: 1., (loge)=401
(5.10), 463 (4.17), 530 nm (4.15); elemental analysis (%) calcd for
CeoH,,F2N,O,Ru (1313.90): C 54.85, H 1.84, N 4.26; found: C 55.30, H
2.12, N 4.29; FAB-MS: m/z: 1315 [M+H]*.
Diphenylcarbene]5,10,15,20-tetrakis(2,6-dichlorophenyl)porphyrinato]ru-
thenium, [Ru(tdepp)(CPhy)] (2a): Reaction conditions: [Ru(tdcpp)-
(CO)J: 102.0 mg (0.10 mmol), N,CPh,: 194 mg (1.0 mmol), further stirring
time: 7 d, eluent: dichloromethane/hexane 1:2. Yield: 62%; '"H NMR:
0=28.17 (s, 8H), 7.75-7.72 (m, 4H), 7.64-7.58 (m, 8H), 6.25 (t, /=7.3 Hz,
2H), 6.06 (t, J=7.7Hz, 4H), 3.67 (d, J=7.7Hz, 4H); °C NMR: 6=
327.86 (Ru=C); UV/Vis: 4., (loge)=390 (4.96), 430 (4.94), 533 (4.15),
560 nm (4.10); elemental analysis (%) calcd for Cs;H;,ClgN,Ru (1155.57):
C 59.24, H 2.62, N 4.85; found: C 59.24, H 2.69, N 4.64; FAB-MS: ml/z:
1156 [M]*.
Diphenylcarbene[5,10,15,20-tetrakis(4-bromophenyl)porphyrinato Jruthe-
nium, [Ru(4-Br-tpp)(CPh,)] (2b): Reaction conditions: [Ru(4-Br-
tpp)(CO)]: 105.8 mg (0.1 mmol), N,CPh,: 58.2 mg (0.30 mmol), further
stirring time: 24 h, eluent: dichloromethane/hexane 1:2. Yield: 85%; 'H
NMR: 6=8.33 (s, 8H), 7.91 (d, /=8.0 Hz, 4H), 7.85-7.80 (m, 8H), 7.73
(d, J=82Hz, 4H), 6.45 (t, J=7.4 Hz, 2H), 6.13 (t, J=7.7 Hz, 4H), 2.99
(d, J=7.1 Hz, 4H); *C NMR: 0=319.70 (Ru=C); UV/Vis: 4, (loge)=
396 (5.01), 427 (4.91), 531 nm (4.28); elemental analysis (%) calcd for
Cs;H;,BryN,Ru (1195.59): C 57.26, H 2.87, N 4.69; found: C 5745, H
2.89, N 4.55; FAB-MS: m/z: 1196 [M]*.
Diphenylcarbene[5,10,15,20-tetrakis(4-chlorophenyl)porphyrinatoJruthe-
nium, [Ru(4-Cl-tpp)(CPh,)] (2¢): Reaction conditions: [Ru(4-Cl-
tpp)(CO)]: 88.0mg (0.1 mmol), N,CPh,: 58.2 mg (0.30 mmol), further
stirring time: 24 h, eluent: dichloromethane/hexane 1:2. Yield: 86 %; 'H
NMR: 6=8.33 (s, 8H), 7.97 (d, /J=6.6 Hz, 4H), 7.79 (d, /J=6.6 Hz, 4H),
7.70-7.65 (m, 8H), 6.45 (t, J=7.4 Hz, 2H), 6.14 (t, J=7.7 Hz, 4H), 3.00
(d, J=7.3 Hz, 4H); *C NMR: 0=319.50 (Ru=C); UV/Vis: 4., (loge)=
396 (5.00), 424 (4.91), 531 nm (4.25); elemental analysis (%) calcd for
Cs;H;,CLN,Ru (1017.79): C 67.26, H 3.37, N 5.50; found: C 67.55, H
3.63, N 5.39; FAB-MS: m/z: 1018 [M]*.
Diphenylcarbene[5,10,15,20-tetrakis(4-fluorophenyl) porphyrinatoJruthe-
nium, [Ru(4-F-tpp)(CPh,)] (2d): Reaction conditions: [Ru(4-F-
tpp)(CO)]: 81.4 mg (0.1 mmol), N,CPh,: 58.2 mg (0.30 mmol), further
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stirring time: 24 h, eluent: dichloromethane/hexane 1:2. Yield: 78 %; 'H
NMR: 6=8.32 (s, 8H), 8.02-7.98 (m, 4H), 7.86-7.80 (m, 4H), 7.43-7.35
(m, 8H), 6.46 (t, J=7.4Hz, 2H), 6.15 (t, J=7.8 Hz, 4H), 3.04 (d, J=
7.9 Hz, 4H); C NMR: 6=318.70 (Ru=C); UV/Vis: A, (loge)=395
(5.01), 425 (4.92), 531 nm (4.26); elemental analysis (%) calcd for
Cs;H3,F,N,Ru (951.97): C 71.92, H 3.60, N 5.89; found: C 72.03, H 3.73,
N 5.58; FAB-MS: m/z: 952 [M]*.
Diphenylcarbene(5,10,15,20-tetraphenylporphyrinato)ruthenium,
[Ru(tpp)(CPhy)] (2e): Reaction conditions: [Ru(tpp)(CO)]: 74.2 mg
(0.1 mmol), N,CPh,: 582 mg (0.30 mmol), further stirring time: 24 h,
eluent: dichloromethane/hexane 1:1. Yield: 89%; 'H NMR: 6 =8.34 (s,
8H), 8.05 (d, /J=6.7Hz, 4H), 7.89 (d, J=5.4 Hz, 4H), 7.70-7.65 (m,
12H), 6.46 (t, J=7.4 Hz, 2H), 6.17 (t, J=7.7 Hz, 4H), 3.04 (d, J=7.4 Hz,
4H); C NMR: 6 =317.50 (Ru=C); UV/Vis: A, (loge) =394 (5.07), 425
(4.96), 530 nm (4.26); elemental analysis (%) calcd for Cs;Hi;N,Ru
(880.01): C 77.80, H 4.35, N 6.37; found: C 77.77, H 4.11, N 6.12; FAB-
MS: m/z: 880 [M]*.
Diphenylcarbene[5,10,15,20-tetrakis(4-tolyl) porphyrinato Jruthenium,
[Ru(ttp)(CPhy)] (2f): Reaction conditions: [Ru(ttp)(CO)]: 79.8 mg
(0.1 mmol), N,CPh,: 582 mg (0.30 mmol), further stirring time: 24 h,
eluent: dichloromethane/hexane 1:1. Yield: 86%; '"H NMR: §=8.36 (s,
8H), 7.94 (d, J=7.6 Hz, 4H), 7.78 (d, J="7.6 Hz, 4H), 7.53-7.48 (m, 8H),
6.44 (t, J=7.4 Hz, 2H), 6.14 (t, J=7.7 Hz, 4H), 3.02 (d, J=7.4 Hz, 4H),
2.66 (s, 12H); *C NMR: 6=316.40 (Ru=C); UV/Vis: 1., (loge)=396
(5.08), 424 (4.94), 532nm (4.20); elemental analysis (%) calcd for
CeHy N Ru (936.11): C 78.27, H 4.95, N 5.99; found: C 78.47, H 4.99, N
5.63; FAB-MS: m/z: 936 [M]*.
Diphenylcarbene[5,10,15,20-tetrakis(4-methoxyphenyl)porphyrinato Jru-
thenium, [Ru(4-MeO-tpp)(CPh,)] (2g): Reaction conditions: [Ru(4-
MeO-tpp)(CO)]: 86.2 mg (0.1 mmol), N,CPh,: 58.2 mg (0.30 mmol), fur-
ther stirring time: 24 h, eluent: dichloromethane/hexane 2:1. Yield: 87 %;
'"H NMR: 0=837 (s, 8H), 7.97 (d, /=82 Hz, 4H), 7.80 (d, /J=8.2 Hz,
4H), 7.22 (m, 8H), 6.44 (t, J=7.4 Hz, 2H), 6.15 (t, J=7.7 Hz, 4H), 4.07
(s, 12H), 3.01 (d, J=7.3 Hz, 4H); *C NMR: 6 =319.40 (Ru=C); UV/Vis:
Amax (loge) =403 (5.08), 425 (4.93), 534 nm (4.27); elemental analysis (%)
caled for CyHyN,O.Ru (1000.11): C 73.26, H 4.64, N 5.60; found: C
73.61, H 4.73, N 5.37; FAB-MS: m/z: 1000 [M]*.

Diphenylcarbene(5,10,15,20-tetramesitylporphyrinato) ruthenium,
[Ru(tmp)(CPh,)] (2h): Reaction conditions: [Ru(tmp)(CO)]: 91.0 mg
(0.1 mmol), N,CPh,: 76.8 mg (0.40 mmol), further stirring time: 10d,
eluent: dichloromethane/hexane 2:1. Yield: 45%; 'H NMR: §=8.13 (s,
8H), 7.22 (s,4H), 7.10 (s, 4H), 6.26 (t, J=7.4 Hz, 2H), 6.03 (t, J=7.8 Hz,
4H), 3.54 (d, J=72Hz, 4H), 2.55 (s, 12H), 1.97 (s, 12H), 1.26 (s, 12H);
BC NMR: §=318.08 (Ru=C); UV/Vis: A, (loge)=395 (5.09), 430
(4.92), 534 (4.03), 562 nm (sh, 3.89); elemental analysis (%) calcd for
CeoHgNyRu (1048.33): C 79.05, H 5.96, N 5.34; found: C 79.40, H 6.32, N
5.41; FAB-MS: m/z: 1049 [M+H]*.
Diphenylcarbene[5,10,15,20-tetrakis(3,4,5-trimethoxyphenyl)porphyrina-
toJruthenium, [Ru(3,4,5-MeO-tpp)(CPh;)] (2i): Reaction conditions:
[Ru(3,4,5-MeO-tpp)(CO)]: 110.3mg (0.1 mmol), N,CPh,: 582 mg
(0.30 mmol), further stirring time: 2 d, eluent: diethyl ether/hexane 1:5.
Yield: 86%; 'H NMR: 6 =8.45 (s, 8H), 7.32 (s, 4H), 7.13 (s, 4H), 6.43 (¢,
J=7.4Hz, 2H), 6.17 (t, J=7.7 Hz, 4H), 4.15 (s, 12H), 4.04 (s, 12H), 3.93
(s, 12H), 3.06 (d, J=7.1 Hz, 4H); *C NMR: 6=316.30 (Ru=C); UV/Vis:
Amax (loge) =398 (5.06), 424 (4.97), 532 nm (4.24); elemental analysis (% )
caled for CeHgN,OpRu (1240.32): C 66.82, H 5.04, N 4.52; found: C
67.01, H 5.10, N 4.43; FAB-MS: m/z: 1241 [M+H]".
Phenyl(ethoxycarbonyl)carbene[5,10,15,20-tetrakis(2,6-dichlorophenyl)-
porphyrinato]ruthenium, [Ru(tdepp){C(Ph)CO,Et}] (2j): Reaction con-
ditions: [Ru(tdepp)(CO)]: 102.0 mg (0.1 mmol), N,C(Ph)CO,Et: 76.0 mg
(0.40 mmol), further stirring time: 2 d, eluent: dichloromethane/hexane
1:1. Yield: 76 %; 'H NMR: 6 =8.27 (s, 8H), 7.88-7.75 (m, 4H), 7.65-7.58
(m, 8H), 6.53 (t, J=7.4Hz, 1H), 6.12 (t, J=7.8 Hz, 2H), 3.82 (d, /=
7.8 Hz, 2H), 2.79 (q, J=7.2 Hz, 2H), 0.30 (t, J=7.2 Hz, 3H); C NMR:
0=298.50 (Ru=C); UV/Vis: 4., (loge)=397 (5.03), 427 (sh, 4.72), 538
(4.08), 571nm (sh, 3.92); elemental analysis (%) caled for
Cs,H;,CIsN,O,Ru-0.5 CH,Cl, (1194.00): C 54.82, H 2.62, N 4.69; found: C
54.50, H 2.69, N 4.33; FAB-MS: m/z: 1152 [M]*.
Phenyl(ethoxycarbonyl)carbene(5,10,15,20-tetramesitylporphyrinato)ru-
thenium, [Ru(tmp){C(Ph)CO,Et}] (2k): Reaction conditions: [Ru(tmp)-
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(CO)J: 91.0 mg (0.1 mmol), N,C(Ph)CO,Et: 76.0 mg (0.40 mmol), further
stirring time: 3 d, eluent: dichloromethane/hexane 1:1. Yield: 70%; 'H
NMR: 6=8.23 (s, 8H), 7.24 (s, 4H), 7.12 (s, 4H), 6.54 (t, J=7.4 Hz, 1H),
6.07 (t, J=7.8 Hz, 2H), 3.74 (d, J=7.3 Hz, 2H), 2.74 (q, /J=7.1 Hz, 2H),
2.56 (s, 12H), 2.12(s, 12H), 1.56 (s, 12H), 0.26 (t, J=7.1Hz, 3H);
BCNMR: 6=287.50 (Ru=C); UV/Vis: A, (loge)=399 (5.12), 434 (sh,
4.64), 538 (4.03), 576 nm (sh, 3.78); elemental analysis (%) calcd for
CeHgN4O,Ru (1044.29): C 75.91, H 5.98, N 5.37; found: C 75.88, H 6.12,
N 5.19; FAB-MS: m/z: 1045 [M+H]"*.

Preparation of [Ru(tpfpp)(CPh,)(L)]: These complexes were prepared
by recrystallization of [Ru(tpfpp)(CPh,)] from dichloromethane/hexane
containing an excess of L (L = MeOH, EtSH, Et,S, Melm, py, OPPh,).
Diphenylcarbene[5,10,15,20-tetrakis(pentafluorophenyl)porphyrinato]-
methanolruthenium, [Ru(tpfpp)(CPh,)(MeOH)] (3a): Yield: 94 %; 'H
NMR: 6=8.24 (s, 8H), 6.32 (t, J=7.5Hz, 2H), 6.06 (t, J=7.7 Hz, 4H),
3.08 (d, J=7.8 Hz, 4H); *C NMR: 6=329.00 (Ru=C); “F NMR: 6=
—135.47 (d), —136.44 (d), —151.67 (t), —161.16 (m); UV/Vis: 4, (loge)
= 385 (4.84), 425 (4.83), 525 (4.06), 550 nm (4.04); elemental analysis
(%) caled for CssHpF,)N,ORu-0.5CH,, (1314.95): C 55.72, H 2.22, N
4.26; found: C 55.70, H 2.12, N 4.23; FAB-MS: m/z: 1240 [M—MeOH]*.
Diphenylcarbene][5,10,15,20-tetrakis(pentafluorophenyl)porphyrinato]-
ethanethiolruthenium, [Ru(tpfpp)(CPh,)(EtSH)] (3b): Yield: 96%; 'H
NMR: 6=8.29 (s, 8H), 6.38 (t, J=7.4 Hz, 2H), 6.13 (t, J=7.7 Hz, 4H),
3.13 (d, J=7.6Hz, 4H); C NMR: 6=330.85 (Ru=C); UV/Vis: Ay
(loge) =385 (4.90), 425 (4.90), 525 (4.12), 550 nm (4.10); elemental analy-
sis (%) caled for CsoH, F,)N,SRu (1301.95): C 54.43, H 1.86, N 4.30;
found: C 54.81, H 1.74, N 4.22; FAB-MS: m/z: 1301 [M—H]".
Diphenylcarbene]5,10,15,20-tetrakis(pentafluorophenyl)porphyrinato]-
diethylsulfideruthenium, [Ru(tpfpp)(CPh,)(Et,S)] (3¢): Yield: 88%; 'H
NMR: 6=8.26 (s, 8H), 6.34 (t, J=7.4 Hz, 2H), 6.11 (t, J=7.7 Hz, 4H),
3.11 (d, J=8.1Hz, 4H), —0.59 (t, J=7.4Hz, 6H), —0.88 (q, /J=7.2 Hz,
4H); *C NMR: 6=338.34 (Ru=C); "F NMR: § =—135.79 (d), —137.42
(d), —152.71 (t), —161.93 (m), —162.25 (m); UV/Vis: 1., (loge)=385
(4.89), 424 (4.89), 526 (4.12), 549 nm (4.10); elemental analysis (%) calcd
for CqH,sF,N,SRu (1330.00): C 55.09, H 2.12, N 4.21; found: C 54.89, H
2.10, N 4.08; FAB-MS: m/z: 1240 [M—Et,S]*.
Diphenylcarbene[5,10,15,20-tetrakis(pentafluorophenyl)porphyrinato](1-
methylimidazole)ruthenium, [Ru(tpfpp)(CPh,)(Melm)] (3d): Yield:
94%; '"H NMR: 0=8.13 (s, 8H), 6.33 (t, J=7.4Hz, 4H), 6.13 (t, J=
7.7 Hz, 4H), 4.95 (br, 1H), 3.21 (d, J=7.4 Hz, 4H), 2.3 (br, 4H), 2.03 (br,
1H); ®C NMR: 6=332.13 (Ru=C); UV/Vis: A, (loge)=398 (4.94), 428
(4.88), 528 (4.20), 551 nm (sh, 4.05); elemental analysis (%) calcd for
CeiHauFoNeRu (1321.92): C 55.42, H 1.83, N 6.36; found: C 55.31, H 1.69,
N 6.39; FAB-MS: m/z: 1240 [M—Melm]*.
Diphenylcarbene[5,10,15,20-tetrakis(pentafluorophenyl)porphyrinato]-
(triphenylphosphane oxide)ruthenium, [Ru(tpfpp)(CPh,)(OPPh;)] (3e):
Yield: 82%; "H NMR: 6=8.30 (s, 8H), 7.53-7.28 (m, 15H), 6.38 (t, /=
7.4 Hz, 2H), 6.13 (t, J=7.7 Hz, 4H), 3.14 (d, J=7.7 Hz, 4H); °C NMR:
0=330.15 (Ru=C); “F NMR: 0 =-136.05 (d), —137.05 (d), —152.40 (t),
—161.88 (m); UV/Vis: A, (loge)=385 (4.92), 425 (4.92), 526 (4.13),
549 nm (4.12); elemental analysis (%) calcd for C;sH;3F,)N,OPRu
(1518.10): C 59.34, H 2.19, N 3.69; found: C 59.04, H 2.04, N 3.75; FAB-
MS: m/z: 1519 [M+H]*.
Diphenylcarbene][5,10,15,20-tetrakis(pentafluorophenyl)porphyrinato]-
pyridineruthenium, [Ru(tpfpp)(CPh,)(py)] (3f): Yield: 91%; 'H NMR:
0=8.18 (s, 8H), 6.35 (t, J=7.4 Hz, 2H), 6.32 (t, J=7.7 Hz, 1H), 6.14 (t,
J=17.6 Hz, 4H), 5.52 (t, J=6.5 Hz, 2H), 3.17 (d, J=7.2 Hz, 4H), 2.62 (br,
2H); C NMR: 6=346.69 (Ru=C); ""F NMR: § = —135.85 (d), —137.95
(d), —153.01 (t), —162.04 (m), —162.56 (m); UV/Vis: A, (loge)=390
(4.87), 425 (4.86), 527 (4.01), 550 nm (sh, 3.92); elemental analysis (%)
caled for Cg,H,F,NsRu (1318.92): C 56.46, H 1.76, N 5.31; found: C
56.55, H 1.81, N 5.13; FAB-MS: m/z: 1240 [M—py]*.

Preparation of [Ru(tpfpp){C(Ph)CO,R}(MeOH)]: These complexes were
prepared in the same manner as for [Ru(por)(CR'R?)] except that the
products were recrystallized from dichloromethane/hexane containing
methanol.

Phenyl(alloxycarbonyl)carbene[5,10,15,20-tetrakis (pentafluorophenyl)-

porphyrinato]Jmethanolruthenium, [Ru(tpfpp){C(Ph)CO,CH,CH=
CH,}(MeOH)] (4a): Reaction conditions: [Ru(tpfpp)(CO)]: 49.6 mg
(0.045 mmol), N,C(Ph)CO,CH,CH=CH,: 9.9 mg (0.049 mmol), eluent:

3500
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dichloromethane/hexane 1:2. Yield: 94%; '"H NMR: 6 =8.53 (s, 8H), 6.58
(t, J=7.5Hz, 1H), 6.16 (t, J=7.8 Hz, 2H), 4.96-4.83 (m, 1H), 4.62 (d,
J=10.3 Hz, 1H), 4.37 (d, J=17.1 Hz, 1H), 3.25 (d, J=7.2 Hz, 2H), 3.10
(d, J=5.9 Hz, 2H); *C NMR: 6 =304.34 (Ru=C); UV/Vis: A, (loge)=
389 (4.99), 422 (sh, 4.77), 530 (4.12), 555 nm (sh, 4.05); elemental analysis
(%) caled for CsH,,F,)N,OsRu-MeOH-H,0O (1329.89): C 51.48, H 2.12,
N 421; found: C 5122, H 172, N 4.34; FAB-MS: m/z: 1248
[M—MeOH]*.
Phenyl(methoxycarbonyl)carbene|5,10,15,20-tetrakis(pentafluorophenyl)-
porphyrinato]methanolruthenium, [Ru(tpfpp){C(Ph)CO,Me}(MeOH)]
(4b): Reaction conditions: [Ru(tpfpp)(CO)]: 49.6 mg (0.045 mmol),
N,C(Ph)CO,Me: 9.5 mg (0.054 mmol), eluent: dichloromethane/hexane
1:2. Yield: 90%; '"H NMR: 0 =8.46 (s, 8H), 6.54 (t, J=7.4 Hz, 1H), 6.13
(t, J=7.7Hz, 2H), 3.25 (d, J=7.4 Hz, 2H), 2.26 (s, 3H); "C NMR: §=
304.13 (Ru=C); UV/Vis: A, (loge)=390 (4.97), 420 (sh, 4.78), 530
(4.10), 553nm (sh, 4.04); elemental analysis (%) caled for
CsHyoF2oN,O3Ru-0.5 C¢Hy, (1296.89): C 52.79, H 2.10, N 4.32; found: C
53.00, H 1.90, N 4.38; FAB-MS: m/z: 1222 [M—MeOH]*.

Phenyl(ethoxycarbonyl)carbene[5,10,15,20-tetrakis (pentafluorophenyl)-
porphyrinato Jmethanolruthenium, [Ru(tpfpp){C(Ph)CO,Et}(MeOH)]
(4¢): Reaction conditions: [Ru(tpfpp)(CO)]: 49.6 mg (0.045 mmol),
N,C(Ph)CO,Et: 10.3 mg (0.054 mmol), eluent: dichloromethane/hexane
1:2. Yield: 95%; '"H NMR: 0=8.46 (s, 8H), 6.56 (t, J=7.4 Hz, 1H), 6.14
(t, J=7.8Hz, 2H), 3.27 (d, J=7.3 Hz, 2H), 2.66 (q, J=7.1 Hz, 2H), 0.28
(t, J=7.1Hz, 3H); BC NMR: 0=305.52 (Ru=C); UV/Vis: ., (loge)=
388 (4.99), 419 (sh, 4.88), 529 (4.35), 556 nm (sh, 4.32); elemental analysis
(%) caled for CssHyFN,O3Ru (1267.83): C 52.10, H 1.75, N 4.42; found:
C51.71, H 1.83, N 4.18; FAB-MS: m/z: 1236 [M—MeOH]*.

Reaction of [Ru(tpfpp)(CPh,)] (1a) with rert-butyl isocyanide: A drop of
tert-butyl isocyanide was added to a solution of 1a (24.8 mg, 0.02 mmol)
in dichloromethane (5 mL). The solution was immediately evaporated to
dryness. The residue was purified by chromatography on a silica gel
column with dichloromethane/hexane 1:2 as eluent.
[5,10,15,20-Tetrakis(pentafluorophenyl)porphyrinato Jbis(zert-butylisocya-
nide)ruthenium, [Ru(tpfpp)(C=NtBu),] (5): Yield: 85%; 'H NMR: 6=
8.36 (s, 8H), —0.46 (s, 18H); *C NMR: 6=182.14 (C=N); UV/Vis: Ay
(loge) =395 (4.80), 415 (5.59), 512nm (4.16); IR: $=2133, 2007 cm™
(C=N); elemental analysis (%) caled for CsHysF,)NgRu (1239.86): C
52.31, H 2.11, N 6.78; found: C 52.33, H 2.04, N 7.16; FAB-MS: m/z:
1241 [M+H]*.

Preparation of [Os(tpfpp)(CPh,)(Melm)]: This complex was prepared in
the same manner as [Ru(tpfpp)(CPh,)]!'* except that [Os(tpfpp)(CO)]
was used instead of [Ru(tpfpp)(CO)] and the product was recrystallized
from dichloromethane/hexane containing 1-methylimidazole. Reaction
conditions: [Os(tpfpp)(CO)]: 97.6 mg (0.082 mmol), N,CPh,: 15.9 mg
(0.082 mmol), eluent: dichloromethane/hexane 2:1.

Diphenylcarbene[5,10,15,20-tetrakis(pentafluorophenyl)porphyrinato](1-
methylimidazole)osmium, [Os(tpfpp)(CPh,)(MeIm)] (3d-Os): Yield:
70%; 'H NMR: 6=7.44 (s, 8H), 6.44 (t, J=74Hz, 2H), 6.17 (t, J=
7.6 Hz, 4H), 5.20 (s, 1H), 4.14 (d, J=7.3 Hz, 4H), 2.78 (s, 1H), 2.51 (s,
1H), 2.47 (s, 3H); C NMR: §=289.27 (Os=C); UV/Vis: A, (loge)=
385 (4.65, sh), 408 (4.86), 519 (4.13), 546 nm (4.12); elemental analysis
(%) caled for CqH,,F,NOs (1412.13): C 51.92, H 1.71, N 5.96; found: C
51.53, H 1.50, N 6.15; FAB-MS: m/z: 1412 [M]*.

X-ray crystal structure determinations of 1d, 2a,i, 3a,b,d,e, 4a—, and
3d-Os: Diffraction-quality crystals were obtained by slow evaporation of
solutions in dichloromethane/hexane (1d, 2a,i), dichloromethane/metha-
nol (3a, 4a—c), dichloromethane/ethanethiol (3b), and dichloromethane/
hexane containing 1-methylimidazole (3d, 3d-Os) or triphenylphosphane
oxide (3e) at room temperature. The data were collected on a MAR dif-
fractometer with a 300 mm image plate detector or on a Bruker CCD
SMART system using graphite-monochromatized Moy, radiation (1=
0.71073 A). The structures were refined by full-matrix least-squares pro-
cedures on F? by employing the SHELXL programs. There are two inde-
pendent molecules (a and b) in the unit cell of 3a-MeOH, which are
linked together by hydrogen bonds (see Figure 5). The carbon atom in
one of the 12 methoxyl groups of the 3,4,5-MeO-tpp macrocycle in the
structure of 2i (C55), and the carbon atoms in the ethanethiol axial
ligand in the structure of 3b (C58 and C59) are disordered.
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CCDC-224978 (1d-CH,Cl,), 224979 (2a-CH,Cl,), -224980 (2i-CH,CL,),
-224981 (3a-MeOH), -224982 (3b), -224983 (3d), -224985 (3e), -224986
(4a-MeOH), -224987 (4b), -224988 (4c-MeOH) and -224984 (3d-Os)
contain the supplementary crystallographic data for this paper. These
data can be obtained free of charge via www.ccdc.cam.ac.uk/conts/retrie-
ving.html (or from the Cambridge Crystallographic Data Centre, 12
Union Road, Cambridge CB21EZ, UK; fax: (+44)1223-336-033; or de-
posit@ccdc.cam.uk).
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