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Biladienones from the Photooxidation of amesegemDisubstituted Phlorin: Crystal and
Molecular Structures of the 3N + O Coordinated Nickel(ll) and Copper(ll) Complexes

Christophe Jeandon, Beédicte Krattinger, Romain Ruppert, and Henry J. Callot*
Facultede Chimie, Universitdouis Pasteur, 1 rue Blaise Pascal, 67000 Strasbourg, France

Receied Naember 1, 2000

The photooxidation of amesegemdisubstituted phlorin gave two isomeric biladienones in an equilibrium involving
aZ—E double bond photoisomerism. The structures of these bile pigments were elucidated using NMR techniques
and show terminal benzoyl and pyrrolone moieties. Complexation with divalent cations (nickel(ll), copper (l1))
gave stable compounds whose crystal and molecular structure could be determined by X-ray diffraction. The
metal is coordinated with three pyrrole nitrogen atoms and one oxygen atom of a terminal benzoyl group. In the
crystal, the molecules are arranged in pairs through hydrogen bonds between the free terminal pyrrolones.

Introduction state, decomposed rapidly in solution when exposed to daylight
and air, the blue-green solution turning purple. From the
resulting mixture, two purple productd,and5, in a 3:1 ratio
could be isolated (Scheme 1). They showed similar spectral data
and identical molecular weight, suggesting the presence of the
same conjugated system with at most a diastereoisomeric
relationship or a double bond isomerism.

The UV—visible data 0f4 (Amax = 326, 352, and 538 nm)
and5 (Amax= 324, 358, and 526 nm) are close to those of purple
pigments such a8 (Amax = 368 and 565 nm), obtained on
photooxidation of porphyrin dianior$,suggesting a similar
oxidative cleavage of the macrocycle. The NMR data (Table
1) measured fod and 5 show four distinct pairs of pyrrolic
protons, all at high field4: 6.22-6.92;5: 5.96-7.47 ppm)
with respect to the pyrrole protons of porphyrins. In béind

Phlorins are nonaromatic isomers of chlorins and are produced
after reduction or addition of nucleophiles to the porphyrins
macrocycle: 10 The stability of most phlorins is limited. Only
in a few favorable cases, when stabilized by steric hindrance,
ring deformation, or complexation by high valent metals, can
these compounds be isolated in a pure statéThe general
decomposition process is a simple oxidation to the parent por-
phyrin, but the irreversible meso addition of a carbon nucleo-
phile, viz., an alkyl group, does not allow this reaction to pro-
ceed. We isolated such a phlori) (by addition of n-bu-
tyllithium to mesetetraphenylporphyrin, and although highly
unstable toward oxidation, it could be fully characterized. Here,
we report the reactivity ol under photooxidation conditions
and describe the major products of the reaction. The corre-
sponding metal complexes have been subjected to crystal-
lographic study and revealed original features such as-3Dl
coordination and hydrogen-bond pairing of molecules.

Results and Discussion

Photooxidation of Phlorin 1. 1 was obtaine¥lafter addition
of 3 equiv of n-butyllithium to H,TPP @), concurrently with
chlorin 3. 1, although of moderate stability in the crystalline
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Table 1. Selected Proton Resonances4adnd5 double bond isomer$ and5. Two N—H hydrogens are clearly
4 5 Ad (4-5) located on the terminal pyrrolone and benzoylpyrrole units. The
very low field shift and the absence of observable coupling with
H-2 6.19 5.94 +0.25 . . L .
H-3 6.93 747 054 pyrrolic protons, themselves showing a significant broadening,
H-7 6.33 6.18 10.15 suggest that the last-NH hydrogen is shared by pyrroles B
H-8 6.63 6.48 +0.15 and C.
H-12 6.65 6.75 —-0.10 Compound5 is a secondary product that may arise from a
:i? ggg g-gg 18% photoisomerization of the C(4)C(5) double bond. This was
H-18 6.79 6.76 +0.03 confirmed by the fact that solutions dfor 5 isomerize when
ring A NH 91 6.9 +29 illuminated with visible light to give the same equilibrated mix-
(coupled with  (coupled with ture containing a 3:8 vs 5 ratio. Control experiments in the
_ H-2+H-3) H-2+H-3) dark confirmed the stability of and5 in the absence of light.
ring D NH 9.9 o with 10.1 ed with —0.2 The oxidative cleavage of the porphyrinic ring is well-
(Coﬁﬂsi:;’_'tls) (Coﬁiiimtm) documentett20 and has often been studied as a model for the
fingsB+CNH  12.3 (v br) 12.9 (v br) 0.7 catabolism of chlorophyll$3~15 Simple porphyrin bases, like

octaalkyl- or tetraarylporphyrins are rather stable and require
themselves appearing as broad singlets at 9.2 and 9.9 ppman activating procedure to be efficiently photooxidized: com-

respectively, ford and 6.9 and 10.1 ppm fd. Additionally, plexation with cations of electropositive metals (Mg, Zn) or
very broad signals were detected at 12.3 and 12.9 ppmd for treatment with bases to form the reactive dianion. The initial
and>5, respectively. ring opening is often followed by solvent addition. Examples

All signals corresponding to pyrrol@-phenyl, butyl, and of this sequence have been described in the tetraarylporphyrin
N—H protons could be assigned and correlated by homonuclearseriest1?1719 and open chromophores such Gave been
decoupling and nuclear Overhauser enhancement spectroscopycharacterized by NMR. In the casebfthe base itself is highly
It was noticed that the chemical shifts of all but three protons reactive, as one would expect from a reduced macrocycle, but
were in the same range:0.25 ppm) for both compounds (see the products are similar. The difficulties generated by the
Table 1). Two protons, one-€H and one N-H, both located reversible addition of solvent in structures such @3 are
on pyrrolone A, show opposite effects, suggesting a permutation
of their respective positions and thus a double bond isomerism (13) Fuhrhop, J.-H.; Mauzerall, B2hotochem. Photobioll971, 13, 453.
between this unit and the next meso carbon. This was further (4 gg%%?aen G.; Thewalt, I.; Fuhrhop, J-HAm. Chem. S0d976
confirmed by the fact that the pyrrolone—¥ proton in 5 (15) Fljhrhop, J.-H.; Wasser, P. K. W.; Subramanian, J.; Schrader, U.
showed a nuclear Overhauser effect correlation with the ortho Annalen1974 1450.
protons of the adjacent phenyl group. These data are in contrasf1®) (&) Smith, K. M.; Unsworth, J. FTetrahedron1975 31, 367. (b)
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avoided in the phlorin case. Produdtsind5 are stable in the
dark as solids and in solution, while illumination induces the
photoisomerization but no side reactions.

The photoequilibrium involvingd and 5 recalls a similar
reaction of phytochrome: the terminal pyrrolone of this mor-
phogenetic pigment, also derived from the oxidation of a
porphyrinic precursor, shows the saeE isomerism under
illumination2°

Recently, a stable ring oxidation of a tetra-N-substituted iso-
phlorin was also obtained and could be characterized by X-ray
diffraction (XRD) 2! For comparison with the structures of the
various pigments obtained in the oxidation of porphyrins or
isophlorin, we wished to obtain a X-ray structure determination 4
of 4 and5 but failed to obtain suitable crystals of the bases and
thus turned to the corresponding metal complexes.

Metal Complexes of Biladienones 4 and .5 Complex
formation occurred rapidly with divalent cations such as zinc,
copper, or nickel to give deep blue solutions. The zinc complex
of 4 (Amax = 644 nm) could be observed in the presence of a
large excess of zinc acetate but could not be isolated. Its long
wavelength absorption is in agreement with that of a zinc
complex of6 (R = H; Amax = 624 nm)*°

The nickel complexes of and5, respectively? and9 (Amax
= 358 and 594 nm for; 357 and 592 nm fo8), are stable and
could be fully characterized by NMR and XRD. The copper-
(I1) complex8 was also characterized by its XRD structure and
showed similar features.

Figure 1. Nickel complex7: (a) viewed perpendicularly to the
coordination plane, (b) molecule pair viewed along the-Nii axis
(benzoyl and phenyl groups omitted), and (c) edge-on view of the same
pair (H omitted).

7 M=Ni(I)
8 M=Cu(ll)

Figure 2. Copper complex8: (a) molecular pair viewed along the
9 Cu---Cu axis (benzoyl and phenyl groups omitted) and (b) edge-on
view of the same pair (H omitted).
In addition to the expected pyrrolic and phenyl protons, the
NMR spectra of7 and9 showed one broad singlet typical for reflect the higher rigidity of the metal-bound tripyrrolic
NH groups. This feature suggested the coordination of the nickel framework.
atom to three N atoms and one O atom, instead of the more Crystal and Molecular Structures of Metal Complexes

classical four N atom arrangement. 7—9. The crystal structures (Figures-3; Table 2) of 7—9
The NH proton and one pyrrolic proton coupled to this NH confirmed a 3N+ O coordination, the pyrrolone being almost
show a major chemical shift modification on going frahto 9 perpendicular to the metal coordination plane7iand 8 and

(A0 = —1.8 and+1.84 ppm, respectively). It strongly sug- making a 48 angle in9. The structures also confirmed the
gested that the pyrrolone remained uncomplexed and that thedouble bond isomerism betwedrand5 but in addition showed
pyrrolone NH and CH protons adjacent to the-C exocy- that in the solid, the noncoordinated pyrrolone ring and the butyl
clic double bond exchanged their relative positions. The
enhancement of the shifts observediand9 vs 4 and5 might (21) Setsune, J.-i.; Kashihara, K.; Wada, ®hem. Lett2001, 72.
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Figure 3. Nickel complex9: (a) molecule pair viewed perpendicularly
to the coordination plane and (b) edge-on view of the same pair (H
omitted).

Table 2. Selected Bond Lengths and Angles f6r9

7 8 9
Bond Lengths (&)
MEnDash-O 1.916(3) 2.047(3) 1.900(6)
MEnDashEnDashNg 1.909(3) 1.927(3) 1.886(6)
M—Nc 1.876(3) 1.944(3) 1.865(7)
MEnDash-Np 1.831(3) 1.888(3) 1.822(6)
benzoyl G=0 1.296(5) 1.275(5) 1.283(9)
pyrrolone C=0O 1.234(5) 1.225(5) 1.240(9)
C(4)—-C(5) 1.361(6) 1.362(6) 1.35(1)
C(5)—-C(6) 1.466(6) 1.480(5) 1.47(1)
Angles (Deg)

Ng—M—Nc¢ 94.6(1) 94.9(1) 94.4(3)
Nc—M—Np 89.7(2) 89.9(1) 90.1(3)
Np—M-0 83.6(1) 80.9(1) 83.2(3)
O—M—Ng 92.3(1) 96.4(1) 92.6(3)

group are on opposite sides of the coordination plangand

8, both derived from4, but are on the same side ® Finally,

the pyrrolone rings of two molecules are hydrogen bonded to
form enantiomeric pairs of—9.

The coordination of the metal is realized by three-Nlbonds
and one M-0 bond, this last bond being longer than the-M
bonds, while among the MN bonds, the one with pyrrole D
is significantly shorter in all cases. The angles around the metal
are in the 8+96° range, the smallest corresponding to the five-
membered ring. The coordinated tripyrrolic unit and the benzoyl
group are slightly displaced from the coordination plan€ in
and 8. They are in a saddlelike arrangement for the nickel
complex7, and are like tweezers (in edge-on view) for the
copper complex8. The three remaining phenyl groups and the
butyl chain are located in near-perpendicular planes with regard
to the metal coordination plane.

The pyrrolone is attached to the tripyrrolic unit by an unsym-
metrical meso bridge with the short double bond corresponding
to the one that isomerizes in the bases. The proximity of the

Jeandon et al.

pyrrolone NH (in7) or H-3 (in 9) and the tripyrrolic unit is
confirmed: in7, the H of the NH group is close to the ring D
nitrogen atom (2.44 A) and Ni (2.86 A); the same holds for the
pyrrolone H-3 (respectively, 2.62 and 2.71 A to the same atoms).

Molecules of7—9 form dimers bound by hydrogen bonds
between N and O atoms of two pyrrolones{®' = 2.91, 2.90,
and 2.96 A for7—9, respectively). The average distance between
the tetrapyrrolic units is close@t8 A in 7 and 8 (Ni--*Ni' =
8.00 A; Cu--Cu = 7.59 A); the shortest atorratom distance
(Ni--*N = 7.56 A; Cu-*N = 7.75 A) was measured between
the metal of one molecule and the N atom of ring B of the
other molecule. The metaligand bonds are eclipsed and rotated
by half a turn. The pair of molecules 8fshows a very different
arrangement, the tetrapyrrolic units being shifted by ca. 10 A
(Ni---Ni = 12.84 A). However, the distance separating the
tetrapyrrolic units is similar (minimal distance 8.81 A, measured
between the benzoyl groups).

A literature survey showed that fully unsaturated bile pig-
ments coordinate metal ions using the four N atoms, either as
helicoidal monomeric units or as binuclear extended helfx&s?®
Coordination to additional metal atoms may involve a pyrrolone
oxygen atorff or the & systen?® Bases often show distorted
structures, the steric hindrance between terminal rings being
avoided by the rotation of one pyrrolic uif:3! Meso addition
of solvent clearly favors this rotation. The terminal and rotated
unit is often a pyrrolone, when resulting from the oxidation of
a meso bridge, and it couples with that of a second bile pigment
molecule via hydrogen bond&3!

The 3N+ O coordination around the metal -9 may be
favored by two facts: (i) the presence of a carbonyl group
(benzoyl in our case) able to participate with the neighboring
pyrrole in a chelate effect and the coplanar phenyl group having
a stabilizing effect and (ii) the low nucleophilicity of the fourth
pyrrolic ligand, the pyrrolone. The insertion of asarbon in
the bile pigment framework might also be of importance by
allowing the free rotation of the benzoyl-bearing pyrrole. This
is illustrated in one literature examplea simple helix (4N
coordination) opens to a binuclear complex (3ND coordina-
tion of the first metal ion) after addition of a nucleophile to a
meso position. In this last example, the resulting geometry and
distances around the 3N O coordinated copper atom are very
similar to those found ir8. Similar 3N + O coordination is
known in a few additional cases: a tripyrréh@nd a keto-
biladiene?” both possessing a carbonyl group available for
coordination. Finally, these results suggest that earlier structural
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hypothese¥ regarding the metal coordination in porphyrin Table 3. Crystal Data and Data Collection Parameters7e®

oxidation products should be questioned.

Experimental Section

General UV-—visible spectra: Hewlett-Packard 8453 (&H).
NMR (CDCls, unless otherwise stated): Bruker AC 300, AM 400, and
ARX 500. Elemental analyses were performed at the Service de
Microanalyse, UniversiteLouis Pasteur, Strasbourg. HRMS were
measured by LSMBO, Universiteouis Pasteur (FAB). X-ray structures
were determined by the Service de Cristallographie, Univeksites
Pasteur, Strasbourg. Chromatographic separations were obtained usin
Merck 9385 silica gel or Merck 1076 alumina.

Photooxidation of Phlorin 1. A solution of1 (282 mg) in CHCI,
(1500 mL) was stirred at daylight or illuminated with a tungsten lamp
under an atmosphere of air for 15 h. The blue-green solution slowly
turned light purple. After consumption of the starting material, the

solvent was evaporated, and the residue was chromatographed on silicabs coeffu, mm1

gel (400 mL) and eluted with a solvent gradient (CH to CH,Cl,—
AcOEt, 9:1) to give two purple fractions in a 3:1 ratio. Both bades
(102 mg; 35%) and (9 mg; 3%) were obtained as amorphous solids
from hexane at 0C, the losses being due to the high solubility.

Base 4 UV—Vis Amax NM (€): 326 (33 300), 352 (33 000), 538

(22 600). NMR: 6 12.3 (br s, 1H, NH), 9.9 and 9.1 (2 br s, 1H,
NH), 7.79 (m, 2H, benzoyl-Ple-H), 7.55-7.25 (m, 18H,mesePh),
6.93 (dd, 1HJ = 5.8 and 1.2 Hz, pyrrole H), 6.79 (dd, 1Bi= 4 and
2.4 Hz, pyrrole H), 6.65 (d, 1H] = 4.4 Hz, pyrrole H), 6.63 (d, 1H,
J = 4.4 Hz, pyrrole H), 6.36 (dd, 1H] = 4 and 2.8 Hz, pyrrole H),
6.33 (d,J = 4.4 Hz, pyrrole H), 6.30 (d) = 4.4 Hz, pyrrole H), 6.19
(dd, 5.8 and 1.5 Hz, pyrrole H), 2.55 (t, 2H, butyl @H1.25 (m, 4H,
butyl 2 CH,), 0.80 (t, 3H, butyl CH). HRMS (W2): calcd, 704.315;
found, 704.315.

Base 5 UV—vis Amax, NM (€): 324 (33 000), 358 (25 700), 526
(28 300). NMR: ¢ 12.9 (v br, 1H, NH), 10.1 and 6.9 (2 br s/#11H,
NH), 7.68 (m, 2H, benzoyl-Pb-H), 7.7—7.2 (m, 18HmesePh), 7.47
(dd, 1H,J = 5.6 et 1.6 Hz, pyrrole H), 6.76 (dd, 1d,= 4.0 and 2.8
Hz, pyrrole H), 6.75 (d, 1H) = 4.4 Hz, pyrrole H), 6.48 (d, 1H] =
4.1; pyrrole H), 6.34 (d, 1H]) = 4.4, pyrrole H), 6.18 (d, 1H} = 4.1,
pyrrole H), 6.05 (dd, 1HJ = 4.0 and 2.8 Hz, pyrrole H), 5.94 (dd,
1H,J = 5.6 and 1.9 Hz, pyrrole H), 2.50 (br s, 2H, butyl g§H1.25
(m, 4H, butyl 2CH), 0.83 (t, 3H, butyl CH). HRMS (1/2): calcd,
704.315; found, 704.315.

Nickel Complexes of Bases 4 and.Base4 (10 mg) and nickel
acetylacetonate (10 mg) were refluxed in benzemethanol, 10:1 (2.2
mL), for 5 min. The solution was evaporated, and the residue was
chromatographed on alumina (20 mL in &Hb). Complex7 was eluted
with the same solvent and crystallized from hexane & {10 mg).
Crystals suitable for XRD were obtained by slow diffusion of hexane
into a concentrated Ci&l, solution of 7. Starting from basé, the
same method afforded the nickel compkx

7. UV—Vis Amax, NM (): 358 (34 200), 594 (30 300). NMR4) 8.8
(br s, 1H, NH), 7.64 (d, 2H, benzogtH), 7.1-7.55 (m, 18H, phenyl
H), 7.00 (d, 2H,J = 4.4 Hz, 2 pyrrole H), 6. 64 (d, 1H] = 4.2 Hz,
pyrrole H), 6.58 (d, 1HJ) = 4.4 Hz, pyrrole H), 6.50 (d, 1H] = 4.2
Hz, pyrrole H), 6.17 (dd, 1H) = 5.6 and 1.8 Hz, pyrrole H), 6.03 (br
s, 1H, pyrrole H coupled with H at 6.58), 5.85 (br s, 1H, pyrrole H
coupled with H at 7.00), 2.4 (br s, 2H, butyl GH1.3 (m, 4H, butyl
2CH,), 0.88 (t, 3H, butyl CH). Anal. Calcd for GgH3gN4O2Ni: C,
75.70; H, 5.03; N, 7.36. Found: C, 75.59; H, 5.04; N, 7.24.

9. UV—Vis Amax NM (): 357 (38800), 592 (30600). NMR
(C:DCly, 348 K): due to the low resolution of most signals at 298 K,

7 8 9
empirical formula G9H40C|2N4Ni02 C43H38CUN402 C43H33N4Ni02
mol wt 846.51 766.40 761.57
cryst syst triclinic triclinic monoclinic
space group P1 P1 Cl2/kcl
a A 12.384(1) 11.7163(8) 41.726(3)
b, A 13.484(1) 12.5811(6) 9.1582(3)
c, 14.285(1) 14.4254(8) 20.275(1)
a, deg 66.612(8) 86.335(5)

, deg 71.521(8) 66.244(5) 101.546(5)
g, deg 79.266(8) 79.738(5)
v, A3 2071.5(2) 1915.0(2) 7591(1)
2 2 8
cryst dimns, mi 0.2 x 0.2 0.2x0.14 0.16x 0.14
x 0.2 x 0.02 x 0.10
p(calcd) g/cm® 1.36 1.33 1.33
0.643 0.616 0.557
temp, K 173 173 294
radiation ¢, A) Mo Ka Mo Ko Mo Ko
(0.71073) (0.71073) (0.71073)
6 limits (deg) 2.5/27.55 2.5/27.45 2.5/27.54
no. of data 22739 13057 15403
collected
no. withl > 3o(l) 6751 4212 2748
R 0.070 0.050 0.065
Rw 0.081 0.066 0.086

the data reported here were obtained &I, at 348 K. 9.16 (dd,
1H,J = 5.6 and 1.6 Hz, pyrrole H), 7.66 (d, 2H, benzayH), 7.2—
7.55 (m, 18H, phenyl H), 7.04 (d, 1H,= 4.5 Hz, pyrrole H), 6.95 (br
s, 1H, NH), 6.69 (d, 1HJ = 4.5 Hz, pyrrole H), 6.66 (d, 1H] = 4.2
Hz, pyrrole H), 6.30 (d, 1H,) = 4.2 Hz, pyrrole H), 6.2 (br s, 2H,
pyrrole H), 6.0 (br s, 1H, pyrrole H), 2.46, 1.40, 1.28 (3mx3H,
butyl CH,), 0.96 (t, 3H, butyl CH).

Copper Complex 8 Base4 in boiling CHCIl, was treated with
excess copper acetate in warm MeOH. The solution immediately turned
blue-violet and was washed with water and dried @;). Copper
complex8 formed quantitatively (TLC) and was characterized by its
X-ray structure. Suitable crystals were obtained by slow diffusion of
hexane into a concentrated @&, solution.

Photoisomerization of Bases 4 and .5Base4 or 5 (1 mg) in
CH.CI, was left on a bench (sunlight or W bulb) for 48 h to give a
clean 3:1 mixture oft and>5, as analyzed by U¥visible spectroscopy
after separation on silica gel TLC or after NMR measurement on the
isomeric mixture. Solutions of or 5 are stable when kept in the dark
(see Table 3).

Crystal data have been deposited at the CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK, under the deposition numbers CCDC 141313
(7), 141314 8), and 1511969).
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