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3-Ethynyl-chlorin was prepared from methyl pyropheophorbide-d using Bestmann-Ohira reagent. The
mono-substituted acetylene was subjected to copper-free, Pd-mediated coupling to form chlorin deriva-
tives possessing a series of substituted ethynyl groups at the C3-position. Its 1,3-dipolar cycloadditions
with azido compounds were also demonstrated.

� 2008 Elsevier Ltd. All rights reserved.
Scheme 1. Reagents and conditions: (a) NaIO4, OsO4, THF, aq AcOH; (b) 10% Pd–C,
H2, acetone; (c) (MeO)2P(O)C(COMe)N2, Cs2CO3, THF–MeOH, rt, 2 h, 37%.
Naturally occurring (bacterio)chlorophylls [=(B)Chls] have sev-
eral kinds of C3-substituents on their tetrapyrrole macrocycles. It
is well known that these substituents characterize their structural
and spectroscopic properties. For example, Chl-a has the C3-vinyl
group attached directly to its chlorin p-system, while Chl-d has a
formyl group at the same position which causes a red shift of the
Qy peak maxima from 662 to 688 nm in ether.1 To investigate sys-
tematically the C3-substituent effects on the (bacterio)chlorin
rings, we have developed synthetic routes for transformation of
natural moieties to a variety of C3-functional groups.2 For the basic
study of optical properties, Wittig and Knoevenagel reactions to
the C3-formyl group were applied to introduce a series of vinyliden
units: 3-CHO?3-CH@CXY.3 In the course of developing chloro-
phylls with functionalities: a C3-hydroxymethyl group was found
to be better than the natural 1-hydroxyethyl unit to form well-
ordered self-aggregates,4,5 3-trifluoroacetyl-chlorin acted as a vi-
sual chemosensor for alcohol/amine detection,6 and C3-carboxylic
acid derivatives have successfully been applied to dye-sensitized
solar cells.7

Although the oxidation of C3-vinyl to formyl group (2?4)4 and
the reduction (hydrogenation) to ethyl group (2?1)8 were
reported, the oxidized (dehydrogenated) state 3 possessing the
C3-ethynyl group has not yet been prepared (see Scheme 1). Since
many porphyrin derivatives with ethynyl groups have been syn-
thesized to construct artificial models of natural photosynthetic
antennae,9 a chlorophyll-derived ethynyl-chlorin appears to be a
ll rights reserved.
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more direct and suitable component for developing such supramo-
lecular structures.10,11 The reactivity of the terminal acetylene is
expected to allow versatile reactions such as Sonogashira-coupling
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Figure 1. Electronic absorption spectra of 3-ethyl-chlorin 1 (solid thin line), 3-
vinyl-chlorin 2 (dotted line), and 3-ethynyl-chlorin 3 (solid thick line) in CH2Cl2. All
spectra were normalized at their Soret peaks.

Scheme 2. Reagents and conditions: (a) Pd2(dba)3, P(o-tol)3, Et3N, toluene, 60 �C,
12 h; (b) (i) Zn(OAc)2�2H2O, MeOH–CH2Cl2; (ii) RN3, sodium ascorbate, CuSO4�5H2O,
acetone–H2O, 80 �C, 12 h; (iii) aqueous 6 N HCl, CH2Cl2.
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with aromatic halides, Glaser-coupling with other ethynylated
compounds, and 1,3-dipolar cycloaddition with azido compounds.
In this Letter, we report the synthesis and optical properties of 3-
ethynyl-chlorin 3 together with some of its chemical
modifications.

Methyl pyropheophorbide-a (2),4 methyl pyropheophorbide-d
(4),4 and methyl mesopyropheophorbide-a (1)8 were prepared as
previously reported. To introduce an ethynyl group at the C3-posi-
tion, direct transformation of the C3-formyl of 4 to the ethynyl
group was examined because recent papers reported the conver-
sion of aromatic aldehydes to the corresponding ethynyl deriva-
tives under mild conditions.12 Treatment of 4 with commercially
available Bestmann-Ohira reagent [(MeO)2P(O)C(COMe)N2] in the
presence of Cs2CO3 in THF and MeOH was shown to give 3-ethyn-
yl-chlorin 3 in 37% yield.13 Figure 1 compares the absorption spec-
tra of three kinds of chlorins 1–3 possessing ethyl, vinyl, and
ethynyl groups at the C3-position. The Soret, Qx, and Qy bands were
red-shifted in this order, which were consistent with an increase in
the bond order of the substituents (see Table 1). It should be noted
that 3-ethynyl-chlorin 3 has a relatively intense Qy peak [Int(Qy)/
Int(Soret) = 0.61]. Fluorescence emission peaks excited at the Soret
maxima were also shifted to a longer wavelength in the order of
1 < 2 < 3. The Stokes shift of 3 (40 cm�1) was comparable to that
of 1 (50 cm�1), and was much smaller than that of 2 (110 cm�1).
Fluorescence quantum yield of 3 (0.26) in an aerated CH2Cl2 solu-
tion was slightly larger than those of 1 (0.20) and 2 (0.21).

To explore synthetic routes based on the reactive ethynyl group,
several kinds of coupling reactions were investigated. Copper-free
Sonogashira coupling14 of 3 using Pd-catalyst with excess iodoben-
zene or phenylacetylene gave the expected products in moderate
yields (5: 70%, 6: 67%, see Scheme 2).15 Without additional reac-
tants, homo-coupling of the terminal acetylene of 3 occurred under
the same reaction conditions to form dimeric chlorin 7.15 Replace-
Table 1
Visible absorption maxima (kabs/nm), ratio of absorption peak intensities (Int), fluorescence
derivatives in CH2Cl2

Compound kabs

Soret Qx

(0,1) (0,0) (0

1 (R3 = CH2CH3) 410 504 534 6
2 (R3 = CH@CH2) 414 508 539 6
3 (R3 = C�CH) 415 511 541 6
5 (R3 = C�C–Ph) 419 513 542 6
6 (R3 = C�C–C�C–Ph) 423 517 546 6
7 (R3 = C�C–C�C-30) 419 519 551 6
8 (R3 = C2HN3–CH2Ph) 413 509 539 6
9 (R3 = C2HN3-Ph) 413 508 539 6

a Fluorescence data were recorded by excitation at the Soret peak.
ment of the terminal hydrogen to phenyl group (3?5) and
p-extension of the phenylethynyl to phenylbutadiyl unit (5?6)
caused slightly red shifts of their electronic absorption maxima.
As shown in Figure 2, the Qy peak maximum of chlorin dimer 7
appeared at a longer-wavelength region (696 nm) with a high inten-
sity [Int(Qy)/Int(Soret) = 0.95] compared to those of 6 (686 nm and
0.64), suggesting that two chlorin macrocycles interacted in a mol-
ecule through the linear butadiyne spacer along the Qy axis.

In light of recent trends of click chemistry,16 Huisgen reactions
of 3 with azido compounds were also examined. Since copper ion
was requisite for the cycloaddition, free-base chlorin 3 was found
to be concomitantly copper-metallated and the desired cycloaddi-
tion was also advanced. Thus, chlorin 3 was initially zinc-metal-
lated,17 and was subjected to the reaction with benzylazide or
emission maximum (kem/nm),a and fluorescence quantum yield (Uflu)a of chlorophyll

Int(Qy)/Int(Soret) kem Uflu

Qy

,1) (0,0)

00 656 0.40 658 0.20
10 667 0.43 672 0.21
16 675 0.61 677 0.26
20 679 0.56 681 0.26
26 686 0.64 688 0.27
28 696 0.95 700 0.34
10 668 0.51 671 0.26
11 669 0.52 672 0.27



Figure 2. Electronic absorption spectra of 3-(phenyl)ethynyl-chlorin 5 (solid thin
line), 3-(phenyl)butadiyl-chlorin 6 (dotted line), and chlorin dimer 7 (solid thick
line) in CH2Cl2. All spectra were normalized at their Soret peaks.

S. Sasaki et al. / Tetrahedron Letters 49 (2008) 4113–4115 4115
phenylazide to form a triazole ring followed by acidic demetalla-
tion. Two kinds of reaction conditions, CuSO4�5H2O and sodium
ascorbate in aqueous acetone18 or Cu(PPh3)3Br in diisopropylethyl-
amine and THF,19 gave similar results to afford chlorins 8 and 9 in
56 and 40%, respectively.15 Less hindered regioisomers as drawn in
Figure 2 were the sole products, the stereochemistry of which was
confirmed by their NOESY spectra. As summarized in Table 1, opti-
cal properties of 8 and 9 were similar to that of 3-vinyl-chlorin 2,
and the benzyl and phenyl substituents on the triazole ring showed
no electronic effects on chlorin macrocycles.

In summary, we have shown a facile synthetic route of trans-
forming the C3-formyl to ethynyl group on a chlorin ring. Coupling
reactions as well as 1,3-dipolar cycloaddition were demonstrated,
which would lead to the construction of chlorin oligomers in arti-
ficial photosynthetic systems. Introduction of an ethynyl group to
the other positions on a chlorin macrocycle and the synthesis of
a chlorin unit possessing multi-acetylene moieties are in progress.
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