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Twelve neutral stable complexes of ytterbium(ir) and er-
bium(i) coordinated by anionic hydridotris(pyrazol-1-yl)bor-
ate and meso-tetraphenylporphyrinate, and its derivatives
with different substituents in the para position of the phenyl
groups, were prepared and characterized. Crystal structure
analyses revealed that seven nitrogen atoms, four from the
porphyrinate dianion and three from the anionic tripodal li-
gand, are symmetrically coordinated to the lanthanide ions.

Photophysical investigations of the complexes showed an en-
hancement of near-infrared photoluminescence as compared
to aqua-coordinated monoporphyrinate lanthanide com-
plexes. The solvent effect and substituent effects on the
photoluminescent properties of the complexes were also in-
vestigated

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2004).

Introduction

Recently, near-infrared (NIR) photoluminescence of
three lanthanide ions, Nd*™, Er3™ and Yb?*, has attracted
considerable attention for their potential application in op-
tical amplification and fluoroimmunoassay.!! =8 Direct exci-
tation of lanthanide ions is difficult because of the forbid-
den nature of their electronic transitions.”) However, in-
direct excitation of an organic chromophore (antenna) that
interacts closely with lanthanide the ions can make the en-
ergy of the triplet state of the ligand transfer efficiently to
the excited state of the lanthanide ion and enable the ion to
emit light;!'% the design of molecular systems with binding
ability and photosensitizing properties for the construction
of efficient photoluminescent lanthanide complexes is the
key issue of this active area of research. Porphyrins are
good candidates for this purpose because they can form
stable complexes with lanthanide ions and have high
absorbance.l'! 7131

Several reports on NIR photoluminescent studies of por-
phyrinate lanthanide complexes have appeared in the litera-

[l Department of Chemistry, Hong Kong Baptist University
Waterloo Road, Kowloon Tong, Hong Kong, P. R. China
Fax: (internat.) + 852-3411-5862
E-mail: wkwong@hkbu.edu.hk

[*] Department of Physics, Hong Kong Baptist University
Waterloo Road, Kowloon Tong, Hong Kong, P. R. China

[l Department of Applied Chemistry, National Huagiao
University
Quanzhou 362011, P. R. China

= Supporting information for this article is available on the
WWW under http://www.eurjic.org or from the author.

Eur. J. Inorg. Chem. 2004, 837—845 DOI: 10.1002/ejic.200300511

ture during the past decades.[”-'°~ 1% The results with Yb3*
and Er3* complexes revealed that the porphyrin could in-
deed absorb the light and transfer the energy to lanthanide
ions. However, the limited structural variation of the com-
plexes tends to prohibit intensive investigation of the photo-
physical properties of lanthanide complexes, because most
of them were prepared by the direct interaction of lantha-
nide B-diketonates with free porphyrin bases in 1,3,5-
trichlorobenzene.l'' ~!7) The lanthanide ion was therefore
always coordinated by one porphyrinate dianion and one
B-diketonate anionic ligand, which was very difficult to re-
move. Recently, we established a new method for the prep-
aration of cationic lanthanide porphyrinate complexes of
the general formula [Ln(Por)(H,0)5]Cl (Ln = Yb3", Er’™*
and Y3"), in which one porphyrinate dianion and three
aqua molecules are coordinated to the lanthanide ion.!'8 2]
The three aqua ligands in [Ln(Por)(H,0);]Cl can be substi-
tuted easily by other ligands, for example the (cyclopen-
tadienyl)tris(diethylphosphito)cobaltate(1) anion, to form
stable complexes.['® This provides an opportunity for us to
modify the monoporphyrinate lanthanide complexes for
photoluminescent studies.

In this paper, we report the synthesis and characteriz-
ation of a series of new stable ytterbium(ir) and erbium(ir)
porphyrinate complexes coordinated by another anionic
tripodal ligand, namely hydridotris(pyrazol-1-yl)borate
(Scheme 1). The crystallographic analyses showed that
seven N atoms, four from the porphyrinate dianion and
three from the anionic tripodal ligand, are coordinated to
the metal ions. The photoluminescence of lanthanide com-
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Scheme 1

plexes was investigated in different solvents and the sub-
stituent effect on NIR luminescence will be discussed.

Results and Discussion

Synthesis and Characterization

The free porphyrin bases 5,10,15,20-tetraphenylpor-
phyrin  (H,TPP),  5,10,15,20-tetrakis(p-tolyl)porphyrin
(H,TTP), 5,10,15,20-tetrakis(p-methoxyphenyl)porphyrin
(H,TMPP), 5,10,15,20-tetrakis(p-chlorophenyl)porphyrin
(H,TCPP), 5,10,15,20-tetrakis(p-bromophenyl)porphyrin
(H,TBPP), and 5,10,15,20-tetrakis(p-fluorophenyl)porphy-
rin (H,TFPP), were prepared by direct condensation of the
respective benzaldehyde with pyrrole in propionic acid ac-
cording to the literature method?!! and purified by column
chromatography using silica gel. The yields are 7—10%.
Under a nitrogen atmosphere, refluxing of the free por-
phyrin base with a fivefold excess of Ln[N-
(SiMejs),]5*x[LiCI(THF);], generated in situ from the reac-
tion of anhydrous LnCl; with three equivalents of Li[N-
(SiMes),] in THEF, in bis(2-methoxyethyl)ether for
48 h,[1°~21 followed by stirring of the resulting mixture with
a slight excess of potassium hydridotris(pyrazol-1-yl)borate
(KTH) in air at room temperature, gave the purple com-
plexes [Ln(Por)(TH)] (Ln = Yb**, Por = TPP*", 1;
TMPP2~, 2; TTP>~, 3; TBPP>~, 4; TCPP>~, 5 and
TFPP?>~, 6; Ln = Er*", Por = TPP?>~, 7; TMPP>", §;
TTP?~, 9; TBPP>~, 10; TCPP?>", 11 and TFPP>", 12) in
high yields (Scheme 1). The complexes are quite stable in
air and very soluble in chloroform, dichloromethane and
N,N'-dimethylforamide. The electronic absorption spectra
of complexes 1—12 are characteristic of normal metallopor-
phyrins.?31 The Soret band is observed at about 422 nm,
while the Q bands are observed at 551 and 588 nm. After

838 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

complexation, the number of Q bands of the porphyrin ring
(four for free porphyrin base) is reduced to two. This is in
agreement with Gouterman’s four-orbital model,** which
predicts that, due to an increase in symmetry, the four Q
bands of the free porphyrin base will be reduced to two
upon the formation of a metalloporphyrin. In the absorp-
tion spectra of regular metalloporphyrins there are two Q
bands between 500 and 600 nm. The lower-energy band (a
band) is the electronic origin Q(0,0) of the lowest singlet
excited state S;. The second band (f band) is its vibrational
overtone and is labeled as Q(1,0). The relative intensities of
these bands can be a qualitative yardstick of just how stable
is the metal ion complexed to the four porphyrin nitrogen
atoms. Thus, when the intensity of a is greater than that of
B, the metal forms a stable complex with the porphyrin,
whereas when « is less than 3, the metal is easily displaced
by protons.[>’] The a/p relative intensity ratio for Yb** com-
plexes 1—6 ranges from 0.12—0.44 and for Er** complexes
7—12 from 0.18—0.34. The typical N—H vibration for free
porphyrin bases disappears from the IR spectra upon for-
mation of the complexes. Complexes 1—12 exhibit similar
fragmentation patterns in their mass spectra. Low-resolu-
tion (FAB-MS) and high-resolution mass spectra (ESI-
HSMS) of the complexes confirmed that they are 1:1 ad-
ducts of monoporphyrinate and the anionic tripodal ligand.
The electrospray ionization high-resolution mass spectra
(positive mode) of the complexes in methanol show a mass
peak corresponding to [M + H]*. For instance, the Er’™*
and Yb** complexes of [Ln(TPP)(T}H)] exhibit mass peaks
at m/z = 992.2815 and 1000.2788, respectively, which devi-
ate by less than 5 ppm from the theoretical values of
992.2755 and 1000.2840 for the elemental composition of
Cs3H39BErN;, and Cs3H39BNoYDb, respectively. The ob-
served isotopic distribution patterns of the [Ln(Por)(TH) +
H]™ peaks also match the expected theoretical signals.
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Crystals of 1-2CHCl;, 5-CHCI;*CH3;0H and 7-2CHCl,
suitable for X-ray diffraction studies were grown by slow
evaporation of the solvents from solutions of the respective
compounds in a chloroform/methanol (v/v, 1:1) solution.
Compounds 1, 5 and 7 are isomorphous and crystallized in
the monoclinic space group P2;/n for 1 and 7, and P2,/c
for 5. The selected bond lengths and bond angles of the
complexes are given in the Supporting Information (Table
S1). Perspective drawings of compounds 1 and 7 are shown
in Figure 1 and 2, respectively. The structural analyses re-
vealed that the lanthanide(in) ions are seven coordinate,
surrounded by seven nitrogen atoms, four from the porphy-
rin dianion and three from the anionic tripodal ligand. The
average bond length of Ln—N(porphyrin) is shorter than
that of Ln—N(tripodal ligand), with Ln—N(porphyrin) and
Ln—N(tripodal ligand) being 2.356 and 2.495 A for 1,2.357
and 2.508 A for 5, and 2.373 and 2.518 A for 7, respectively.

(b)

Figure 1. Perspective views of complex 1: (a) side view; (b) top view
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(b)

Figure 2. Perspective views of complex 7: (a) side view; (b) top view

The mean nitrogen plane (N;N,N;3;Ny) of the porphyrin
dianion is almost parallel to the mean nitrogen plane
(NgNgN;o) of the anionic tripodal ligand, forming a di-
hedral angle of 0.4°, 2.0° and 0.3° for 1, 5 and 7, respec-
tively. The distance of the metal ion to the N;N,N3;N, mean
plane is 1.172 A for 1, 1.167 A for 5 and 1.195 A for 7,
which is longer than that for [Ln(Por)(H,0);]CI?Y and
shorter than that for [Ln(Por)(Log)] [Log: = cyclopen-
tadienyltris(diethylphosphito)cobaltate(1)].['®] The distance
of the metal ion to the NgNgN;o mean plane is about 0.6
A longer than that to the N;N,N3;N, mean plane, so the
metal ion is much closer to the N;N,N;N, mean plane. The
substituents have little effect on the structural parameters
except that the electron-withdrawing group (Cl) on the phe-
nyl group gives a larger dihedral angle between the two
planes (Table 1). The relative conformation of the tripodal
ligand and the porphyrin dianion is slightly different be-
tween the Yb** and Er3" complexes. A top view of their
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structures reveals that, for the Yb** complexes, one of the
pyrazole planes of the tripodal ligand is just above one of
the phenyl groups of the porphyrin dianion, while the other
two pyrazole groups are above the pyrrole groups; for the
Er3" complex, all the three pyrazole groups are located
above the pyrrole groups.

Table 1. Distance from the metal ion to the N;N,N3N,; and
NeNgNjo planes

Compound 1 (A) ) (A) A (°)  Ref
1 1.172 1.780 0.4 this work
5 1.167 1.790 2.0 this work
[Yb(TMPP)(H,0);]Cl  1.08 20]
7 1.195 1.800 0.3 this work
[Ef(TMPP)(H,0);]Cl 1.1 201
[Ex(TPP)(Log,)] 1.201 1)

[al Distance to the N;N,N3;N, mean plane. ®! Distance to the
NgNgN;o mean plane. ) Dihedral angle formed between the
N;N,N;N4 mean plane and the NgNgNo mean plane.

Photoluminescence Studies

The photophysical properties of compounds 1—12 were
examined and the data are summarized in Table 2. The
room temperature solution electronic absorption, excitation
and emission spectra of compounds 1—12 in the UV/Vis
region are almost identical and are characteristic of intra-
ligand transitions of normal porphyrinate complexes.[!’]
Figure 3 shows the absorption, emission (excited at 414 nm)
and excitation (monitored at 648 nm) spectra of 1. The ab-
sorption bands at 421, 550 and 588 nm and emission peaks
at 648 nm (t = 12.9ns and @, = 0.11 X 1073) can be
assigned to the intra-ligand © — 7©* transitions of the por-
phyrinate ligand. The quantum efficiency of the metallopor-
phyrin is much lower than that of the corresponding free
porphyrin base. For example, the quantum yield of 1 is less
than 1% of the corresponding free porphyrin base H,TMPP

Table 2. Photophysical data of compounds 1—12[
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Figure 3. Room temperature absorption (———), emission (- )

(excited at 414 nm) and excitation (——) (monitored at 648 nm)
spectra of 1 in CHCl,

(De, = 2.84 X 1072). Other than the visible emission, com-
pounds 1—12 also exhibit typical emission corresponding
to the lanthanide(1n) ion in the near-infrared (NIR) region.
Figure 4 shows the NIR emission and the excitation spec-
trum of 1. The excitation bands of 1 in chloroform solution
at 298 K (monitored at 980 nm) are observed at 560 and
596 nm, which almost coincide with its visible absorption
bands at 550 and 588 nm. This clearly shows that the exci-
tation of the Yb** ion is due to the = — n* transitions of
the porphyrinate antenna and excitation of the porphyrin is
the photophysical pathway leading to the observable NIR
luminescence. This is in agreement with our previous pho-
toluminescent studies on related lanthanide porphyrinate
complexes,['®23 which show that the porphyrinate antenna
transfers its absorbed visible energy of the Q band to the
excited state of the metal ion, which then relaxes through
emission in the NIR region. The NIR luminescence lifetime
of 1—-6 is about 20 ps and is much longer than the lifetime
of the porphyrinate emission. Due to the limitation of our

Compound Absorption: Ay, /nm Excitation: Emission: A,/nm

[log(e/dm? mol~! cm~1)] hexe/NM (T, Doy X 103)I01le]
1 421 (5.55), 550 (4.15), 588 (3.22) 414 648 (12.9 ns, 0.11), 980 (20 ps)
2 424 (5.46), 552 (4.15), 592 (3.79) 418 647 (12.7 ns, 22.8), 980 (20 ps)
3 423 (5.58), 552 (4.23), 590 (3.87) 418 650 (13.2 ns, 0.22), 980 (20 ps)
4 423 (5.59), 551 (4.25), 588 (3.46) 417 650 (12.6 ns, 0.04), 980 (20 ps)
5 422 (5.62), 551 (4.27), 589 (3.48) 417 649 (12.4 ns, 0.31), 980 (20 ps)
6 421 (5.60), 550 (4.23), 587 (3.33) 415 650 (12.8 ns, 0.57), 980 (20 ps)
7 423 (5.72), 552 (4.31), 590 (3.57) 414 648 (9.1 ns, 0.16), 15401
8 427 (5.52), 555 (4.14), 593 (3.67) 419 655 (9.1 ns, 0.03), 1540
9 424 (5.71), 553 (4.32), 592 (3.74) 418 651 (10.7 ns, 0.20), 1540
10 423 (5.63), 552 (4.18), 590 (3.48) 417 650 (10.5 ns, 0.26), 1540
11 424 (5.69), 552 (4.28), 590 (3.53) 416 650 (11.8 ns, 0.06), 1540
12 423 (5.63), 552 (4.22), 589 (3.49) 414 648 (11.7 ns, 0.17), 1540

[al Photophysical measurements were made in CHCl; solution at room temperature. ! Quantum yields were determined relative to
[Ru(bipy)s]Cl, in air-equilibrated water (® = 0.028). [l Due to the limitation of the instrument, we were unable to determine the quantum
yields of the NIR luminescence of compounds 1—12. [9 Due to the limitation of the instrument, we were unable to measure the lifetime

of the NIR luminescence of compounds 7—12.

840 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Room temperature absorption (———), NIR emission
(RIS ) (excited at 420 nm) and excitation (——) (monitored at 980
nm) spectra of 1 in CHCl;

equipment, we were unable to measure the excitation
(monitored at 1540 nm) spectrum and the NIR lumi-
nescence lifetime of 7—12.

The NIR emission spectra of the porphyrinate complexes
are depicted in Figure 5. For the Yb3* complexes, a strong
emission due to the 2Fs;, — 2F5, transition is observed at
997 nm. This transition is split into six bands, one of these
is sharp (980 nm) and the other five are weak (934, 953,
1002, 1020 and 1038 nm).For the Er’* counterparts, two
major peaks centered at 1018 and 1570 nm are observed.
These can be attributed to the *I;, — *I;5, and *1y3, —
“#I,5» transitions respectively. The first peak (1018 nm) splits
into two others at 984 and 1020 nm, and the second peak
(1570 nm) splits into five others at 1502, 1540, 1570, 1608
and 1634 nm.>*#1 The intensity of the emission of the com-
plexes is enhanced relative to the aqua-coordinated mono-
porphyrinate complexes [Ln(Por)(H,O);]Cl, as shown in
Figure 6. Previously, we have investigated the photolumi-
nescent properties of Yb3" porphyrinate coordinated by
Loge.! Well-split NIR emission peaks are also observed
due to the strong bonding of the ligand to the Yb** ion.
The present work further demonstrates that, upon coordi-
nation, the anionic tripodal ligand removes the degeneracy
of the energy levels of the lanthanide ions by lowering the
symmetry of these ions.

Figure 7 shows a simple, widely accepted photophysical
model for the description of the sensitization process.[*8] In
this process, the porphyrin absorbs the light and is excited
to its singlet state (S;). The energy is then transferred to its
triplet state (T,), which is, in part, being transferred to the
excited state of the lanthanide ion (Ln**)* to produce the
final luminescence. The overall NIR luminescence quantum
yield (®) of the metal ion is the product of triplet yield
(®gc), energy-transfer yield (Pgt) and the intrinsic lumi-
nescence quantum yield of the lanthanide ion (®y,). The
structural and electronic variation of the porphyrin can dis-
turb the excited energy level of the complexes and thus
change the emission properties.*>?’1 Therefore, we meas-

Eur. J. Inorg. Chem. 2004, 837—845 www.eurjic.org
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Figure 5. Luminescence of different (a) Yb** and (b) Er’" com-
plexes in chloroform at room temperature
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Figure 6. Luminescence of complex 1 and [Yb(TPP)(H,0)5]Cl in
chloroform at room temperature

ured the NIR photoluminescence intensity of the complexes
with different substituents in the para position of the phenyl
groups of the porphyrin and found that both electron-do-
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Figure 7. Schematic energy diagram of [Ln(Por)(T,™")] complexes;
the arrows indicate the excitation mechanism of lanthanide ions by
the porphyrin sensitizer (So — S, transition followed by intersystem
crossing and energy transfer)

nating groups and halogen atoms are unfavorable for the
NIR emission of Yb** complexes. For example, the unsub-
stituted complex 1 gave the strongest emission, with an
intensity about six times higher than that of complex 2 and
twice that of 6. The reason for this is that electron donating
groups (-OCHj;, -CH3, etc.) allow the electrons on the phe-
nyl groups to show greater m-conjugation with the porphy-
rin ring in the S; state, which results in an increase of the
fluorescence quantum yield of the ligand and a decrease of
the quantum yield of intersystem crossing ®gc. Further-
more, the halogens can decrease the rate of intersystem
crossing and thus make the ®;gc quite low.[2%23:2%1 The
lower ®gc leads to a weaker metal ion emission. As the
emission of Er3* complexes is much lower than that of
Yb3* complexes, the substituent effect was not apparent
here.

We have also investigated the NIR photoluminescence of
complex 7 in different solvents (Figure 8). The results
showed that the NIR emission intensity of 7 is strongest in
non-polar solvents such as benzene, gradually decreases as
the polarity of the solvent increases and is completely
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Figure 8. Luminescence of complex 7 in different solvents at
room temperature
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quenched in methanol. According to the theory of non-
radiative transitions in lanthanide complexes, the non-radi-
ative relaxation between various J states may occur by inter-
action of the electronic levels of the lanthanide ion with
suitable vibrational modes of the environment.*® The pres-
ence of OH groups in methanol enhances the non-radiative
deactivation of the lanthanide ion by vibronic coupling with
the vibrational states of the O—H oscillators and thus
quenches the emission.3!!

Concluding Remarks

In this paper, we have reported the synthesis of a series of
lanthanide porphyrinate complexes of the general formula
[Ln(Por)(TE)] by the interaction of cationic porphyrinate
complexes [Ln(Por)(H,0);]Cl, generated in situ, with anhy-
drous KTH and demonstrated that these complexes are
good precursors for the preparation of other lanthanide
porphyrinate complexes. We have also shown that porphy-
rinate ligands can behave as antennae by absorbing visible
light and thus sensitize the NIR emission of lanthanide
ions. Electron-donating groups and halogen atoms on the
phenyl groups of the porphyrin ring are unfavorable for the
emission of lanthanide ions.

Experimental Section

General: All reactions were carried out under an atmosphere
of dry nitrogen. Solvents were dried by standard procedures, dis-
tilled and deaerated prior to use. All chemicals used were obtained
from Aldrich Chemical Company. 5,10,15,20-Tetraphenylpor-
phyrin (H,TPP), 5,10,15,20-tetrakis(p-tolyl)porphyrin (H,TTP),
5,10,15,20-tetrakis(p-methoxyphenyl)porphyrin (H,TMPP),
5,10,15,20-tetrakis(p-chlorophenyl)porphyrin (H,TCPP),
5,10,15,20-tetrakis(p-bromophenyl)porphyrin (H,TBPP),
5,10,15,20-tetrakis(p-fluorophenyl)porphyrin (H,TFPP) were pre-
pared according to the literature methods by condensation of pyr-
role and the corresponding aldehyde,*? and characterized by TLC,
'H NMR spectroscopy and FAB mass spectrometry. The IR spec-
tra (KBr pellets) were recorded on a Nicolet Nagba-IR 550 spec-
trometer. NMR spectra were recorded on a Varian INOVA 400
spectrometer. Low-resolution mass spectra were obtained on a Fin-
nigan MAT SSQ-710 in FAB (positive) mode. Electrospray ioniz-
ation high-resolution mass spectra (ESI-HRMS) were recorded on
a QSTAR mass spectrometer. Electronic absorption spectra in the
UV/Vis region were recorded on a Hewlett—Packard 8453 UV/Vis-
ible Spectrophotometer, steady-state visible fluorescence and PL
excitation spectra on a Photon Technology International (PTI) Al-
phascan spectro-fluorimeter and visible decay spectra on a pico-N,
laser system (PTI Time Master) with L. = 337 nm. NIR emission
was detected by a liquid-nitrogen-cooled InSb IR detector (EG &
G) with a preamplifier and recorded by a lock-in amplifier system
as the third harmonic; the 355 nm line of an Nd:YAG laser (Quan-
tel Brilliant B) was used as excitation light and also to pump the
OPO (Opotek MagicPrism VIR) to provide a continuously tunable
laser source from 410—670 nm with a pulse-width of 4 ns. NIR
decay spectra were detected by an Oriel 77343 photomultiplier and
monitored by a HP54522A 500 MHz oscilloscope. Quantum yields
were computed according to the literature method?! using [Ru(bi-
py)sICL, as the reference standard (® = 0.028 in air-equilibrated
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water).[33 To avoid any second-order light reaching the detector,
710 and 830 nm cutoff filters were used where applicable. The com-
plexes in different solution were analyzed in quartz cells at a con-
centration of 2 X 107> m. The power on the cell was 1 W and all
spectra were corrected for the detector response.

Preparations of Precursor Complexes: Stock solutions of the precur-
sor complexes, Ln[N(SiMes),]5*x[LiCI(THF);] (Ln = Yb3* and
Er3"), were prepared in a similar manner. A detailed description is
given for the Yb** complex.

Yb[N(SiMe;),]3-x[LiCI(THF);] Solution (Solution A): nBuLi
(31.0mL, 1.6 M in hexane, 49.6 mmol) was added slowly over a
period of 30 min to a solution of (MesSi),NH (10.8 mL, 8.26 g,
51.2 mmol) in THF (20 mL) cooled in an ice bath. The reaction
mixture was stirred, warmed up slowly to room temperature and
stirred for another 12 h until a clear pale yellow solution was ob-
tained. Then, the resultant solution was transferred slowly to a sus-
pension of YbCl; (4.45 g, 15.9 mmol) in THF (20 mL). The reac-
tion mixture was stirred for 24 h at room temperature until all of
the YbCl; had been consumed. The resulting solution was centri-
fuged, filtered and the filtrate was made up to 100 mL with
THF to give an approximately 0.16 ™M solution of
Yb[N(SiMe;),]5-x[LiCI(THF);] (solution A).

Er[N(SiMe;),]5*x[LiCI(THF);] Solution (Solution B): The pro-
cedure for the preparation of solution B was the same as for solu-
tion A. nBuLi (15.5 mL, 1.6 M in hexane, 24.8 mmol), (Me;Si),NH
(5.4mL, 4.13 g, 25.6 mmol) and ErCl; (2.18 g, 8.0 mmol) were
used. The resulting solution was then made up to 50 mL with
THF to give an approximately 0.16 M solution of
Er[N(SiMe;),]3*x[LiCI(THF);] (solution B).

Preparations of Compounds 1—12: Compounds 1—12 were pre-
pared by the same procedure. A typical procedure is given for 1.

[Yb(TPP)(Tp")] (1): Solution A (5.0 mL) was added to a solution
of H,TPP (0.10 g, 0.16 mmol) in bis(2-methoxyethyl)ether (6 mL)
under a nitrogen atmosphere. The resulting solution was refluxed
and the progress of the reaction was monitored by UV/Vis absorp-
tion spectroscopy until most of the free base had coordinated to
the metal ion. Then, anhydrous KTH (0.10 g, 0.40 mmol) was ad-
ded and the resulting mixture was stirred in air for another 12 h.
After the reaction was complete, the solvent was removed in vacuo
and the residue redissolved in chloroform, filtered and chromato-
graphed on silica gel using chloroform to elute the unchanged free
porphyrin base first, and then chloroform/methanol (v/v, 10:1) to
elute the product. The solvent was removed on a rotary evaporator.
The product was dissolved in chloroform (5 mL) and the solution
was filtered. Diffusion of methanol into the chloroform solution
gave purple crystals of the desired complex. Yield: 0.14 g (87%).
M.p. > 300 °C. IR (KBr): ¥ = 3420 m, 2965 m, 2453 w, 1159 m,
1439 m, 1331 s, 1263 s, 1201 m, 1048 s, 988 vs, 798 vs, 751 s, 700 s
cm~!. MS (+FAB): m/z = 999 [M + H]*, 786 [Yb(TPP)]* for
174Yb. ESI-HRMS (+ve mode, in CH;0H): m/z = 1000.2788 {[M
+ H]", C53H39BN;(Yb requires 1000.2840}.

[Yb(TMPP)(TpH)] (2): Solution A (5.0mL), H,TMPP (0.11 g,
0.16 mmol) and KTH (0.10 g, 0.40 mmol) were used. Yield: 0.18 g
(89%). M.p. > 300 °C. IR (KBr): ¥ = 3441 m, 2924 m, 2831 w,
1605 s, 1512 s, 1466 m, 1290 s, 1243 vs, 1171 vs, 1036 m, 1000 w,
798 m, 742 w, 607w cm~!. MS (+FAB): m/z = 1121 [M + H]*,
906 [Yb(TMPP)]* for '7#Yb. ESI-HRMS (+ve mode, in CH;OH):
mlz = 1120.3259 {M + H]", Cs7H47BN;(0,Yb requires
1120.3263}.
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[YB(TTP)(TpH)] (3): Solution A (5.0mL), H,TTP (0.10g,
0.16 mmol) and KT} (0.10 g, 0.40 mmol) were used. Yield: 0.13 g
(80%). M.p. > 300 °C. IR (KBr): ¥ = 3449 s, 2918 w, 2459 w, 1641
m, 1512 m, 1409 m, 1331 s, 1294 m, 1124 vs, 1059 s, 991 vs, 801 s,
762 s, 731 s cm~'. MS (+FAB): m/z = 1056 [M + H]", 842
[Yb(TTP)]* for 174Yb. ESI-HRMS (+ve mode, in CH;OH): m/z =
1055.3377 {IM + H]*, Cs;H4sBN(Yb requires 1055.3388}.

[Yb(TBPP)(Tp")] (4): Solution A (5.0mL), H,TBPP (0.13 g,
0.14 mmol) and KT} (0.10 g, 0.40 mmol) were used. Yield: 0.16 g
(90%). M.p. > 300 °C. IR (KBr): V = 3415 s, 2919 m, 2448 w, 1641
m, 1479 m, 1393 m, 1331 s, 1196 s, 1070 m, 1049 s, 990 vs, 799 vs,
725 m, 462 m cm~'. MS (FAB, +ve): m/z = 1312 [M + H]*, 1098
[Yb(TBPP)]" for 7Br and '74Yb. ESI-HRMS (+ve mode, in
CH;0H): m/z = 13119138 {{M + H]*, Cs;H35sBN;(Br,;Yb re-
quires 1311.9261}.

[Yb(TCPP)(TpH)] (5): Solution A (5.0mL), H,TCPP (0.10 g,
0.14 mmol) and KTH (0.10 g, 0.40 mmol) were used. Yield: 0.12 g
(81%). M.p. > 300 °C. IR (KBr): ¥ = 3420 m, 2918 w, 2459 m,
1641 m, 1479 s, 1387 m, 1331 s, 1212 m, 1090 s, 1048 s, 990 vs, 801
s, 760 m, 725 m, 496 m cm™~!. MS (+FAB): m/z = 1136 [M + H]",
922 [Yb(TCPP)]* for 3°Cl and '7#Yb. ESI-HRMS (+ve mode, in
CH;0H): m/z = 1138.1247 {{M + H]*, Cs3H;35BN(Cl,Yb re-
quires 1138.1267}.

[Yb(TFPP)(Tp")] (6): Solution A (5.0mL), H,TFPP (0.11g,
0.17 mmol) and KTH (0.10 g, 0.40 mmol) were used. Yield: 0.13 g
(78%). M.p. > 300 °C. IR (KBr): v = 3426 m, 2924 m, 2458 w,
1600 m, 1517 vs, 1520 vs, 1485 m, 1408 m, 1329 m, 1226 s, 1157
vs, 1048 s, 991 s, 804 vs, 726 m, 591 m, 534 m cm~!. MS (FAB,
+ve): m/z = 1072 [M + H]", 858 [Yb(TFPP)]* for '7*Yb. ESI-
HRMS (+ve mode, in CH;0H): m/z = 1072.2526 {[M + H]",
Cs53H35sBNoF5sYDb requires 1072.2464}.

[Ex(TPP)(Tp")] (7): Solution B (5.0mL), H,TPP (0.10g,
0.16 mmol) and KTH (0.10 g, 0.40 mmol) were used. Yield: 0.14 g
(88%). M.p. > 300 °C. IR (KBr): ¥ = 3449 s, 3143 m, 2464 m,
1605 m, 1409 s, 1297 s, 1129 s, 1050 s, 980 vs, 802 s, 753 s, 727 vs,
702 s cm~!. MS (+FAB): m/z = 993 [M + H]*, 779 [Er(TPP)]*
for '7Er. ESI-HRMS (+ve mode, in CH;OH): m/z = 992.2815
{IM + H]", C53sH39BN(Er requires 992.2755}.

[Ef(TMPP)(Tp™)] (8): Solution B (5.0mL), H,TMPP (0.12 ¢,
0.17 mmol) and KT} (0.10 g, 0.40 mmol) were used. Yield: 0.14 g
(80%). M.p. > 300 °C. IR (KBr): v = 3452 m, 2966 m, 2831 w,
2459 w, 1606 m, 1521 s, 1509 s, 1296 s, 1250 vs, 1176 vs, 1050 m,
988 s, 804 s, 730 s, 597 m cm~!. MS (+FAB): m/z = 1113 [M +
H]", 899 [Er(TMPP)]" for '®/Er. ESI-HRMS (+ve mode, in
CH;0H): m/z = 1112.3141 {(M + H]*, Cs;H4BN,(O4Er re-
quires 1112.3177}.

[Ex(TTP)(Tp™)] (9): Solution B (5.0mL), H,TTP (0.12¢,
0.18 mmol) and KT} (0.10 g, 0.40 mmol) were used. Yield: 0.16 g
(86%). M.p. > 300 °C. IR (KBr): Vv = 3441 m, 2929 w, 2459 w,
1528 s, 1409 m, 1331 s, 1296 m, 1128 vs, 1049 s, 990 vs, 800 s, 728
scm~ . MS (+FAB): m/z = 1046 [M + H]*, 833 [Ex(TTP)]* for
167Er, ESI-HRMS (+ve mode, in CH;0H): m/z = 1048.3425 {{M
+ H]*, Cs;Hy7BN oEr requires 1048.3381}.

[Ex(TBPP)(Tp')] (10): Solution B (5.0 mL), H,TBPP (0.11 g,
0.12 mmol) and KTH (0.10 g, 0.40 mmol) were used. Yield: 0.14 g
(91%). M.p. > 300 °C. IR (KBr): v = 3449 s, 2919 m, 2454 w, 1636
m, 1479 m, 1388 m, 1295 vs, 1131 s, 1071 m, 1049 s, 989 vs, 804
m, 727 m, 462 m cm~ . MS (+FAB): m/z = 1305 [M + H]*, 1091
[Ex(TBPP)]* for Br and !'$’Er. ESI-HRMS (+ve mode, in
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Table 3. Crystallographic data for compounds 1, 5 and 7

Compound 1-2CHCl,

Empirical formula Cs5sH4BCIgN(Yb

Molecular weight 1237.52
Crystal size [mm] 0.40 X 0.20 x 0.18
Crystal system Monoclinic
Space group P2,/n

a[A] 18.5807(14)
b [A] 14.7805(11)
¢ [A] 19.4796(15)
B 98.8320(10)
VA3 5286.3(7)

Z 4

Dcalcd. [g Cm73] 1.555

TK] 293
w(Mo-K,) [mm™!] 2.121
F(000) 2468

0 range [°] 1.65—27.50
Reflections collected 30049
Independent reflections 11829

Ry 0.0290
GOF on F? 0.949

R1, wR2 [I > 2c(D)]¥]
R1, wR2 (all data)

0.0343, 0.0866
0.0524, 0.0922

5-CHCly*CH,0H 7-2CHCl,
C55H39BC17N100Yb C55H40BC16ErN10
1287.96 1231.74
0.80 X 0.60 X 0.50 0.50 X 0.30 X 0.20
Monoclinic Monoclinic
P2,/c P2,/n
14.0166(11) 18.5620(10)
27.385(2) 14.8096(8)
15.4285(12) 19.4955(11)
114.0270(10) 98.8120(10)
5408.9(7) 5296.0(5)

4 4

1.575 1.545

293 293

2.125 1.936

2544 2460
1.76—27.51 1.73—-27.51
30928 30301
12119 11818
0.0233 0.0216
1.064 1.064

0.0419, 0.1188
0.0542, 0.1281

0.0316, 0.0832
0.0428, 0.0877

O RL = X|\F| — [FVEIF) wR2 = [Ew(F?| — [F2)2w|F2P1

CH;OH): m/z = 1229.9271 {[M — HBr]*, Cs3H34BN,(BrsEr re-
quires 1311.9261}.

[Er(TCPP)(Tp™)] (11): Solution B (5.0 mL), H,TCPP (0.12 g,
0.17 mmol) and KT} (0.10 g, 0.40 mmol) were used. Yield: 0.16 g
(89%). M.p. > 300 °C. IR (KBr): ¥ = 3448 m, 2459 m, 2360 w,
1647 m, 1478 s, 1409 m, 1300 s, 1090 s, 1050 s, 1003 s, 800 s, 760
m, 727 m, 496 m cm~!. MS (+FAB): m/z = 1129 [M + H]*, 915
[Er(TCPP)]* for 3°Cl and !¢7Er. ESI-HRMS (+ve mode, in
CH;OH): m/z = 1128.1289 {(M + H]"*, Cs3;H3sBN(Cl4Er re-
quires 1128.1196}.

[Ex(TFPP)(Tp")] (12): Solution B (5.0 mL), H,TFPP (0.11 g,
0.17 mmol) and KTH (0.10 g, 0.40 mmol) were used. Yield: 0.17 g
(89%). M.p. > 300 °C. IR (KBr): ¥ = 3431 m, 2960 m, 2453 w,
1605 m, 1508 vs, 1409 m, 1295 s, 1221 s, 1158 vs, 1052 s, 988 s, 800
vs, 726 m, 591 m cm~!. MS (+FAB): m/z = 1065 [M + H]", 851
[Ex(TFPP)]* for '7Er. ESI-HRMS (+ve mode, in CH;OH): m/z =
1064.2468 {[M + H]*, Cs3H3sBN,F4Er requires 1064.2378}.

X-ray Crystallography. Pertinent crystallographic data and other
experimental details are summarized in Table 3. Crystals suitable
for X-ray diffraction studies were grown by slow evaporation of
solutions of the respective compounds in chloroform/methanol. No
decay in intensity was encountered during the data collection.
Intensity data for 1, 5 and 7 were collected at 293 K on a Bruker
Axs SMART 1000 CCD area-detector diffractometer using graph-
ite-monochromated Mo-K,, radiation (A = 0.71073 A). The col-
lected frames were processed with the software SAINT,34 and an
absorption correction was applied (SADABS)* to the collected
reflections. The space groups of each crystal were determined from
the systematic absences and Laue symmetry checks and confirmed
by successful refinement of the structures. The structures of all
compounds were solved by direct methods (SHELXTL)® and re-
fined against F? by full-matrix least-squares analyses. All non-hy-
drogen atoms were refined anisotropically. Hydrogen atoms were
generated in their idealized positions and allowed to ride on their
respective parent carbon atoms.
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CCDC-213538 (1), -213539 (5) and -213540 (7) contain the sup-
plementary crystallographic data for this paper. These data can be
obtained free of charge at www.ccdc.cam.ac.uk/conts/retriev-
ing.html or from the Cambridge Crystallographic Data Centre, 12
Union Road, Cambridge CB2 1EW, UK [Fax: (internat.) + 44-
1223/336-033; E-mail: deposit@ccdc.cam.ac.uk].
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