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Abstract

The stepwise, Wilkinson’s catalyst-induced decarbonylation of [meso-tetraphenyl-2,3-diformylsecochlorinato]Ni(II) (4) to pro-
duce the monoformylated pigment [meso-tetraphenyl-2-formylsecochlorinato] (5) and [meso-tetraphenylchlorophinato]Ni(II) (6)
is described. Thus, we have shown how to degrade one pyrrolic unit of the starting material, [meso-tetraphenylporphyrinato]Ni(II)
(2) in three steps to an aldimine linkage. The conformational changes of the porphyrinic macrocycle during the course of this deg-
radation, as determined by comparison of the X-ray crystal structures of the compounds, are discussed. A comparative study delin-
eates the UV-Vis spectroscopical consequences. In addition, the chemical reactivity of [meso-tetraphenylchlorophinato]Ni(II) (6)
suggests the existence of an azepine-derived pyrrole-modified porphyrins (11, 12).

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Nature fine-tunes the electronic properties and reac-
tivity of porphyrinic co-factors by adjusting their degree
of non-planarity [1-3]. Inter alia, the deformation of a
porphyrinic chromophore from planarity causes a bath-
ochromic shift in their UV-Vis absorption spectra
although the exact cause for this shift is still a matter
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of discussion [4-6]. Investigations toward the fundamen-
tal understanding of non-planar porphyrins help to de-
sign long-wavelength absorbing photosensitizers and
provide means to the understanding of porphyrinic co-
factors in a range of enzymes and the light harvesting
apparatus [1,2,7-9]. Non-planar porphyrins have also
been utilized as chirality-memory molecules [10].
Synthetic non-planar porphyrins are traditionally gen-
erated by sterically crowding the porphyrin periphery
[2,9]. The formal replacement of a pyrrolic building block
in porphyrins by a larger, and possibly partially satu-
rated, non-pyrrolic heterocycle offers another possibility
to generate other non-planar porphyrinic chromophores.
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We and others, using different synthetic methodologies,
have provided examples of such macrocycles although
their conformation are not known in all cases [11-17].
We demonstrated the unique spectroscopic and electro-
chemical properties which distinguish pyrrole-modified
porphyrins from porphyrins and chlorins [14-19].

It is well known that the introduction of Ni(II) into a
porphyrin may cause some ruffling of the macrocycle,
particularly when the ruffling also relieves steric crowding
of peripheral substituents [7,20]. This observation finds
an explanation in the relatively small ionic size of square
planar Ni(IT) (0.79 A) [21] as compared to the size of the
porphyrin cavity. The best measure for the size miss-
match are the resulting relatively long Ni(II)-N bond dis-
tances in Ni(I) porphyrins. The long Ni(II)-N bonds in
1, in turn, result in the ion ‘pulling’ the central nitrogens
toward the center. The macrocycle responds to this force
with a ruffling distortion of the ring. Although the ruffling
distorts the conformation of the sp® ring atoms from
planarity, thereby reducing their m-overlap, the loss in
resonance energy and increase in strain energy is balanced
by a stronger Ni-N bond [22]. Irrespective of the extent of
the ruffling, however, this distortion mode does not alter
the near-perfect square planar coordination environment
around the metal center [2,7].

The Ni—N bond distances in the planar parent [por-
phyrinato]Ni(II) complex are 1.951 A [23] while those
in the slightly ruffled [meso-tetraphenylporphyri-
nato]Ni(II) (1) are 1.931 A (RMS =0.263 A) [24]. This
intrinsic ruffling of Ni(II) porphyrins is well understood
and appropriate basis sets for their computational
description were developed [25]. The average Ni(II)-N
bond distance found in bis[(meso-phenyldipyrri-
nato)]Ni(II) (2) is 1.879 A [26]. This complex can be
viewed as porphyrin 1 lacking two meso-carbons and
the rigidity these carbons impose onto the macrocycle.
Hence, there a fewer structural restriction for the metal
center to achieve ideal bond distances. Indeed, the bond
distances measured in 2 are representative for the aver-
age bond lengths found for square planar diamagnetic
Ni(I)Nyromatic bond distances (1.88 A) [7]. '
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The extent of the ruffling the central metal can induce
is dependent on the flexibility of the macrocycle and

! Average Ni-N distance in square planar Ni(I[) complexes with
aromatic nitrogen donor atoms is 1.88 A. Cambridge Crystal Structure
Data Base, CSD Version 5.24, November 2002.

whether peripheral substituents also enforce a non-pla-
nar (ruffled) conformation. An empirical study of the
conformation of thirteen Ni(II) complexes of hydro-
porphyrinoids was undertaken [7]. The study demon-
strated, broadly speaking, that an increasing degree of
saturation of the macrocycle correlated with an increas-
ing degree of deformation from planarity. In other
words, the larger the conjugated m-system, the stiffer
the macrocycle, resulting in a more planar conformation
and larger Ni(I1)-N bond distances. The changes of the
Ni(II)-N bond distances were also shown to modulate
the electrophilicity of the central Ni(II) ion toward axial
ligation. This observation served as the basis for the
establishment of structure—function relationships of
coenzyme F430 (a Ni(Il) hydrocorphinato complex),
and by implication, of coenzyme B),. These implications
were later refined and advanced by sophisticated exper-
iments and calculations [8,27-29]. Interestingly, only
one family of Ni(II) chlorins are found in nature,
namely the tunichlorins [30]. However, the biological
function of the tunichlorins in their host organism (tuni-
cates, sea squirts) remains a mystery.

This rigidity of porphyrins is a consequence of their
structurally very stable symmetric framework structure
and extended m-system. What then are the conforma-
tional consequences of breaking the structural integrity
of Ni(II) porphyrins by, B,B’-bond cleavage rather than
mere B,f’-bond saturation? What are the practical limits
of a Ni(II)-induced ruffling in porphyrinic chromoph-
ores of compromised structural rigidity? Can the ideal
Ni-N bond distances for Ni(IT) be achieved by an extre-
mely ruffled porphyrinoid? This contribution will pro-
vide answers to these questions.

Following our preliminary communication [31], we
present here a full report on the investigation of the
step-wise degradation of [meso-tetraphenyl-2,3-vic-diol-
chlorinato]Ni(II) (3) via secochlorin 4, monoformylchlo-
rophin 5 to [meso-tetraphenylchlorophinato]Ni(I) (6)
(Scheme 1). A comparison of the X-ray crystallograph-
ically determined conformations of 4, 5, and 6 with
those of 1 and the [morpholinochlorinato]Ni(Il) (7)
[31] will allow conclusions on the conformational effects
of Ni(II) on porphyrinic macrocycles of significant lesser
structural integrity than porphyrins or chlorins. We also
compare the combined effects of substituents and con-
formation on the electronic spectra of these chromoph-
ores. Lastly, we report on some notable observations
regarding the chemical reactivity of 5 and 6.

2. Experimental
2.1. Methods and materials

All solvents and reagents used were reagent grade or
better and were used as received. The analytical TLC
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Scheme 1. Reaction conditions: (i) Pb'Y acetate, THF, 25 °C [14]; (ii)
(Ph3P);RhCI, PhCN, reflux; (iii) MeOH, CH,Cl,, [H"] [14]; (iv) DDQ,
A [40].

plates were Silicycle ultra pure silica gel 60 (aluminum
backed, 500 um); preparative TLC plates (2-5 mm silica
gel on glass) and the flash column silica gel (standard
grade, 60 A, 32-63 mm) used were provided by Sorbent
Technologies, Atlanta, GA. Centrifugally accelerated
chromatography using a Chromatotron™ (5 mm silica
gel, gypsum binder, no fluorescence indicator) was also
used for the separation of the products. 'H and '*C
NMR spectra were referenced to residual solvent peaks.
UV-Vis spectra were recorded on a Cary 50 spectropho-
tometer and IR spectra on a Perkin-Elmer Model 834
FT-IR. APCI+ mass spectra were recorded at the Uni-
versity of Connecticut (UConn) on a Micromass Quat-
tro II using the conditions indicated. High-resolution
FAB mass spectra were provided by the departmental
Mass Spectrometry Facility at the University of British
Columbia (UBC). Elemental analyses were provided
by Numega Resonance Labs, Inc., San Diego, CA and
the Departmental Elemental Analysis Laboratory at
UBC.

Diol chlorinato Ni(Il) complex 3 was prepared by
0sO4-mediated dihydroxylation of meso-tetraphenyl-
porphyrin, followed by metal insertion [14,32]. Dif-
ormylsecochlorinato Ni(II) complex 4 was prepared by
Pb'V-induced diol cleavage of 3, as described previously
[14].

2.2. X-ray crystal structure determination of 5

The crystal structure analysis was performed at the
X-Ray Crystallography Laboratories at UBC. Dark
purple platelet crystals of Cy3HpsN4ONi, formula
weight 675.40, crystallized by vapor phase diffusion of
pet ether 30-60 into a solution of 5 in CHCl;, having
approximate dimensions of 0.25x 0.15 x 0.08 mm were
mounted on a glass fiber. Data were collected on a
Rigaku/ADSC CCD area detector with graphite mono-
chromated Mo Ka radiation (A = 0.71069 A) at —100
1 °C, using 0.50° oscillations with 51.0 s exposures. A
sweep of data were done using ¢ oscillations from 0.0°
to 190° at y = —90°, and a second sweep was performed
using o oscillations between —18.0° and 23.0°. Crystal-
to-detector distance was 39.75 mm, the detector swing
angle was —5.58°. Cell constants based on 9807 reflec-
tions with 20 = 4.4-55.8° corresponded to a primitive
triclinic cell with dimensions: «a = 11.6237(4) A,
b=11.7772(4) A, ¢=13241209) A, «=104.451(2)°,
B =98.010(2)°, y=90.489(2)°, V' =1736.4(1) A3 for
Z =2. The calculated density is 1.29 g/cm®. Based on a
statistical analysis of the intensity distribution, and the
successful solution and refinement of the structure, the
space group was determined to be P1 (#2). Data were
collected and processed using the d TREK program
[33]. A total of 15295 reflections were recorded, of which
6792 were unique (Rj,; = 0.034), equivalent reflections
were merged. The linear absorption coefficient ¢ was
5.98 cm~', and data were corrected for Lorentz and
polarization effects. Neutral atom scattering factors
were taken from Cromer and Waber [34]. Anomalous
dispersion effects were included in Fcalc with the values
for Af' and Af” taken from Creagh and McAuley [35].
The values for the mass attenuation effects were those
of Creagh and Hubbell [36]. All calculations were per-
formed using the teXsan crystallographic package [37].
The structure was solved by direct methods and ex-
panded using Fourier techniques. All non-hydrogen
atoms were refined anisotropically. Hydrogen atoms
were included but not refined. There is evidence for sol-
vent included in the lattice, however, the degree of disor-
der made it impossible to properly identify or model this
solvent. As a result, the program PLATON was used to
correct the original data for the electron density from
the disordered solvent [38]. The final cycle of full-matrix
least-squares refinements was based on 6792 observed
reflections with /> 0.000 (/) and 442 variables parame-
ters and converged with unweighted and weighted
agreement factors of R; =0.044 and wR,=0.108,
respectively. Goodness-of-fit indicator S = 1.05. Maxi-
mum/minimum residual electron density in final differ-
ence Fourier map = 0.54 and —0.30 e /A®. Fig. 1 shows
an ORTEP representation of the structure and the num-
bering scheme used. Table 1 lists selected bond distance,
bond angles and dihedral angles found in 5.
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Fig. 1. ORTEP representation of 5.

2.3. Deformylation of [2,4-diformyl-1,5,10,15-tetra-
phenylchlorophinato Jnickel(1I) (4)

A solution of brown [2,4-diformyl-1,5,10,15-tetra-
phenylchlorophinatonickel(Il) (4) (375 mg, 0.5 mmol)
in anhydrous benzonitrile (60 mL) was treated with
(Ph3P);RhCI (Wilkinson’s catalyst, 900 mg, 2 mmol).
Note: The reaction proceeded cleanly only with very
dry benzonitrile (distilled over CaH, and stored over
activated 4 A molecular sieves). The reaction mixture
was heated to reflux until all the starting material was
consumed (up to 90 min reaction time). TLC control:
R; (4) = 0.60 (silica—toluene). In some runs it was neces-
sary to add more of the catalyst to drive the reaction to
completion. The solution was evaporated to dryness in
vacuo and the green residue was purified by preparative
thin layer chromatography (silica-toluene/hexane 3:1),
allowing the isolation of the monodecarbonylated prod-
uct 5 in 12% (40 mg) and chlorophin 6 in 59% (190 mg)
yield. Workup of the reaction mixture before all the
starting material is consumed, results in the recovery
of 4, and the isolation of a larger ratio of 5 to 6.

2.4. [2-formyl-1,5,10,15-
tetraphenylchlorophinato Jnickel(1I) (5)

R;=0.77 (silica—toluene); m.p.>200 °C (d); 'H
NMR (400 MHz, CDCl5) 6 7.42 (dd, J=7.5, 1.0 Hz,
2H), 7.55-7.65 (m, 16H), 7.78 (d, J = 4.8 Hz, 1H), 7.95
(d, J=7.1 Hz, 2H), 8.05, (d, J = 4.8 Hz, 1H), 8.07 (d,
J=48 Hz, 1H), 8.15 (d, J=4.7 Hz, 1H), 8.22 (d,
J=4.9 Hz, 1H), 8.28 (d, J = 5.0 Hz, 1H), 9.80 (s, 1H),

Table 1
Selected bond distances (A) and bond angles (°), and dihedral angles
(°) found in 5

Bond distances (A)

Nil-N1 1.8960(17)
Nil-N2 1.9034(17)
Nil-N3 1.8964(17)
Nil-N4 1.8930(16)
01-Cl 1.212(3)
N1-C2 1.398(3)
N1-C19 1.344(2)
N2-C4 1.360(3)
N2-C7 1.379(3)
N3-C9 1.383(3)
N3-C12 1.375(3)
N4-Cl14 1.384(3)
N4-C17 1.372(2)
Cl-C2 1.480(3)
C2-C3 1.382(3)
C3-C4 1.410(3)
C4-C5 1.428(3)
C5-Co6 1.361(3)
C6-C7 1.435(3)
C7-C8 1.397(3)
C8-C9 1.405(3)
C9-C10 1.424(3)
C10-C11 1.361(3)
Cl1-CI12 1.432(3)
C12-C13 1.406(3)
Cl13-Cl4 1.385(3)
Cl14-Cl15 1.440(3)
C15-Cl16 1.356(3)
Cl16-Cl17 1.443(3)
C17-C18 1.395(3)
C18-C19 1.387(3)
Bond angles (°)

NI1-Nil-N2 89.68(7)
NI1-Nil-N3 176.35(8)
NI1-Nil-N4 90.02(7)
N2-Nil-N3 90.54(7)
N2-Nil-N4 175.07(7)
N3-Nil-N4 90.07(7)
C2-N1-C19 113.28(16)
N1-C2-C1 117.78(17)
O1-Cl1-Hl1 116.57
Torsion angles (°)

C19-N1-C2-C1 43.93)
CI19-N1-C2-C3 —143.2(2)
C2-N1-C19-C18 —157.5(2)
01-C1-C2-N1 —15.9(3)
01-C1-C2-C3 170.9(2)
C4-C3-C20-C21 130.7(2)
C2-C3-C20-C25 130.4(2)

C7-C8-C26-C27 55.2(3)

C9-C8-C26-C27 ~118.6(2)
Cl12-C13-C32-C33 ~56.4(3)
Cl14-C13-C32-C37 ~63.003)
C17-C18-C38-C43 126.0(2)
C19-C18-C38-C43 —44.3(3)

9.85 (s, 1H); IR (film on KBr) 1657 (s, ve—o) cm ™ ';
UV-Vis (CHCl) Amax (l0ge): 448 (4.66), 630 (sh), 678
(3.90) nm; LR MS (EI") mle (%) 674 (M*, 100), 646
(M*-CO, 85), 597 (M*-C¢Hs, 55), 568 (M*-C¢Hq—
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CO, 72), 492 (M"-2 C¢Hs—CO, 35); HR MS (EI*) mle
calculated for C,3H,sN,®NiO: 674.16168, found:
674.16024; LR MS (APCI+, 100% CH3;CN) mle 674
(M™). Elemental Anal. Calc. for C43HosN4NiO (from
CH,Cly/hexane): C, 76.47; H, 4.18; N, 8.30. Found: C,
75.32; H, 4.15; N, 8.20%.

2.5. [1,5,10,15-tetraphenylchlorophinato Jnickel(1I) (6)

R;=0.86 (silica-toluene); m.p. > 310 °C (sublima-
tion); '"H NMR (400 MHz, CDCls) & 7.49 (tt, J=7.2,
1.1 Hz, 1H), 7.55-7.65 (m, 5H), 7.78 (d, J =7.7 Hz,
2H), 7.86 (dd, J=17.6, 1.8 Hz, 2H), 8.15 (s, 1H), 8.20
(d, /=4.8 Hz, 1H), 8.38 (d, J=5.0 Hz, 1H), 9.80 (s,
1H); '*C NMR (75 MHz, CDCly) 6 112.4, 123.8,
126.0, 127.0, 127.4, 128.2, 128.9, 129.2, 130.5, 131.8,
132.3, 133.2, 134.0, 134.7, 138.2, 138.9, 139.8, 140.3,
141.2, 141.6, 145.6; UV-Vis (CH,Cly) /. (loge): 422
(4.33), 576 (3.28), 612 (3.58) nm; IR (film on KBr):
3400 (s, CHa, stretch), 1570 (w, C=C), 1050 (m)
cm ™'y LR MS (EI) mle (%) 646 (M*, 100), 568 (M*—
C¢He, 18); HR MS (EI") mle calculated for
C4oHogN, NI 646.16675, found: 646.16675; LR MS
(APCI+, 100% CH3;CN) m/e 646 (M™); Elemental Anal.
Calc. for C42H28N4Ni ' Hzo (from CHzclz/Wet MeOH)
C, 75.81; H, 4.54; N, 8.42. Found: C, 75.89; H, 4.55; N,
8.30%.

3. Results and discussion

3.1. Stepwise degradation of [meso-tetraphenyl-2,3-
diformyl-secochlorinato [Ni(1l) (4) to [meso-
tetraphenyl chlorophinato [Ni(II) (6)

[meso-Tetraphenylsecochlorinato]Ni(I) bisaldehyde
4, accessible by Pb"-induced cleavage of B,p’-diol
chlorin 3 [14], is, like many other aromatic aldehydes,
susceptible to a step-wise decarbonylation reaction cat-
alyzed by Wilkinson’s catalyst, (Ph;P);RhCl (Scheme
1) [39]. Thus, a solution of yellow-brown 4 in benzo-
nitrile, when reacted with a stoichiometric excess of
(Ph3P);RhCI under reflux, produced successively the
monodecarbonylated brown-green product 5 and the
bis-decarbonylated green [meso-tetraphenylchlorophi-
nato]Ni(II) (6). Upon consumption of the starting
material, chromatographic separation of the reaction
mixture allowed the isolation of crystalline 5 (12%)
and 6 in up to 60% yield. Incomplete conversion of
4 produced a larger fraction of 5, making up to 40%
of the reaction mixture, and some of the starting mate-
rial could be recovered. The reaction is very clean and
only traces of other pigments are generated (vide
infra).

The HR mass spectra (EI) of the pigments (5: m/e
calculated for C4HgN4NiO: 674.16168, found:

674.16024; 6: mle calculated for CyH,gNyNi:
646.16675, found: 646.16675) as well as elemental anal-
ysis data corroborate the proposed compositions.
Whereas the IR spectra of 4 and 5 indicate the presence
of a carbonyl group (strong vc—p bands at 1684 and
1657 cm ™', respectively), no such band is observable
for 6. A comparison of the 'H NMR spectra of 4, 5,
and 6 show the stepwise loss of the signals attributed
to the carbonyl group (4: 6 9.50 ppm; 5: 6 9.85 ppm)
and its concomitant replacement by a singlet at § 9.80
ppm with an integration corresponding to 1H and 2H
for 5 and 6, respectively. We assign this signal to
the a-proton which appears as the result of the decar-
bonylation. The diatropic shift for the a-protons is com-
parable to those measured for meso-protons of other
porphyrins such as 5,15-diphenylporphyrin [41]. The
loss of the twofold symmetry of 4 when loosing one car-
bonyl group and the reestablishment of the twofold
symmetry upon loss of the second carbonyl group is also
clearly observed in the B-region (6 8.0-8.5 ppm) of the
spectra. The twofold symmetric secochlorin 4 (two dou-
blets and one singlet in a 1:1:1 ratio) turns into mono-
carbonyl 5 with no rotational symmetry (displaying six
doublets in a 1:1:1:1:1:1 ratio). Loss of the second carbo-
nyl group generates the twofold symmetric chlorophin 6
(again, displaying two doublets and one singlet in a 1:1:1
ratio). Overall, the step-wise degradation of the ultimate
starting material TPPNi (1) in three steps (dihydroxyla-
tion, diol cleavage, decarbonylation) is straight forward,
simple and high yielding.

The synthesis of the tetraphenylchlorophin (6) [11]
as well as the parent chlorophin (i.e. the non-meso-
phenyl substituted macrocycle) [42] have been unsuc-
cessfully attempted before. Two other related pigments
were reported by Flitsch and co-workers [43]. These
are the bacteriochlorin and isobacteriochlorin analogs
of parent chlorophin 6. In contrast to our facile prep-
aration of 6, however, their total syntheses were extre-
mely difficult and very low yielding (<0.1% over
several steps), and no structural characterization was
accomplished.

Unlike the developed chemistry of the secoporphyra-
zines [44], examples of porphyrin-derived secochlorins
are rare [13,45,46]. However, the B,p'-bond of the parent
porphyrin or chlorin that was cleaved was in all
these cases alkylated, methoxy- or amine-substituted.
Bond cleavage thus generated ketone-, ester- or amide-
functionalized secochlorins or secoporphyrazines,
respectively, which did not lend themselves to the degra-
dation pathways demonstrated here.

3.2. Conformational analysis of the products
Single-crystal X-ray diffraction studies on secochlorin

bisaldehyde 4, monoaldehyde 5, and chlorophin 6 were
performed [31], and the structure of 5 is reported for
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the first time here. * The results of this structural deter-
mination unequivocally prove the assigned structures
(Fig. 1, Scheme 1). Thus, one pyrrolic unit of the parent
porphyrin was step-wise degraded to an aldimine link-
age, without any other change in the connectivity of
the macrocycle.

The plane of the metallosecochlorins, while retaining
a square planar coordination sphere around the central
metal, are severely twisted along an N-Ni—N axis result-
ing in a ruffled conformation of the porphyrin core, with
a decreasing degree of ruffling with the removal of the
formyl groups (RMS of the C;sN4Ni mean plane:
0.465Ain4,0.391 Ain 5, and 0.368 A in 6, respectively)
[47,48]. Parallel to the decreasing ruffling, the mean Ni-
N bond distances are lengthened, from 1.892 A meas-
ured in 4 to 1.910 A in 6. The longest individual bond
length in each compound is, analogous to precedents
in the solid state structures of [chlorinato]Ni(II) com-
plexes, found between the metal and the nitrogen of
the imine unit (Table 1) [49]. The short bond length ob-
served in 4 is near the ideal Ni-N bond length observed
in dipyrrinato complex 2 [26] or the average Ni-N dis-
tance of sterically unencumbered Ni(II) complexes with
imine type ligands (approximately 1.85 A) [50]. They are
shorter than observed for even extremely distorted [por-
phyrinato]Ni(II)  complexes [9], [hydroporphyri-
nato]Ni(II) complexes [7], and are comparable to those
observed in the Ni(IT) complexes of hydrocorrins, macr-
ocycles lacking one meso-ring carbon as compared to
our systems [51]. Since the median Ni—N distances have
been used, among other measurements, to quantify the
distortion of porphyrins [20], the chromophores of 4
(and 7) qualify as the most distorted porphyrinic struc-
tures to date.

Observation of the extremely ruffled conformation
and the concomitant short Ni-N bond distances high-
light the compromised rigidity of porphyrinic systems
with a broken B,B’-bond. The pronounced influence of
the formyl substituents on the degree of the ruffling is,
perhaps, surprising. Evidently, they assist in the ruffling
distortion although they cannot be considered to steri-
cally encumbering the porphyrin periphery. The confor-
mation of 4 allows the formyl moieties to be arranged
parallel to each other, allowing for n-n-stacking interac-
tions (average distance of the C=0 bonds: 2.85 A) and
for maximum conjugation with the porphyrinc m-sys-
tem. However, these interactions should not be forceful
enough to distort the pigment into the observed ex-
tremes, unless the chromophore is extraordinarily flexi-
ble. Monoformyl complex 5 shows an intermediate
conformation between that of 4 and 6.

2 The results of the structural analyses of 4 (GUBWAB), and 6
(GUBWEF), reported in our communication [33], have been deposited
at the Cambridge Crystallographic Data Center under the codes
indicated.

Moreover, while the C;gN4Ni core of 4 and 6 are
pseudo-twofold symmetric, the core of 5 is distinctly
non-symmetric. The half opposite the one carrying
the formyl group shows a larger degree of ruffling,
and is super-imposable over the structure of the bisal-
dehyde 4, while the other half carrying the formyl
group is super-imposable over the structure of the
chlorophin 6.

The ruffled distortion allows the meso-phenyl groups
to adopt a slightly more co-planar conformation with
respect to the porphyrinic chromophore. While the dihe-
dral angle along the phenyl o-C bonds, the ipso-C, the
meso-C to nearest a-carbon in regular porphyrins are
in the range of 80°, i.e. the phenyl groups are idealized
orthogonal to the plane of the porphyrin, they are be-
tween 45° and 55° in the secochlorins 4 and 5 and the
chlorophin 6. ° The near-orthogonal arrangement of
the meso-phenyl groups in porphyrins finds its origin
in the steric interaction between the o-phenyl hydrogens
and the flanking B-hydrogens. Especially in chlorophin
6, this steric interaction is removed on the side of the
phenyl groups next to the imine linkage. Further, the
ruffling relieves some of the remaining o-phenyl to B-hy-
drogen interactions.

We have previously shown that secochlorin 4 reacts
under acidic conditions with simple alcohols to form
[morpholinochlorinato]Ni(IT) (7) (Scheme 1) [14]. The
ruffled conformation of 7 is near-identical to that of 6
(RMS of the C;gN4Ni mean plane: 0.468 A; Fig. 2). La-
ter work has shown that the free base of 7 is only min-
imally ruffled (RMS of the C;gN4 mean plane: 0.012 A),
indicating that the conformation of 7 is exclusively due
to the templating ion and not, as initially assumed, also
due to the morpholine ring fused into the macrocycle
[19]. In fact, the conformation of the C;gN4Ni core in
7 is already preformed in 4, and they are nearly perfectly
superimposable.

3.3. Comparative study of the UV-Vis spectra of
chromophores 3-8

A comparison of the UV-Vis spectra of the chro-
mophores 3-8 is shown in Fig. 3. The spectrum of
the [diolchlorinato]Ni(II) complex 3 is included as a
benchmark [chlorinato]Ni(I) spectrum against which
the conformational and electronic effects in the other
chromophores can be evaluated. Its conformation is
not known. However, projected from the conforma-
tions of 1, 8 and other Ni(Il) chlorins [8,52,53], 3
can reasonably assumed to be only moderately
ruffled.

3 The traditional measurement of the dihedral angle between the
mean plane of the porphyrin chromophore and the phenyl group is less
meaningful in these highly distorted systems.
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The spectrum of dione 8, prepared by oxidation of
the diol 3 (Scheme 1) [40], is included since it possesses
a [chlorinato]Ni(II)-type chromophore to which two
carbonyl groups in B-positions are in conjugation with
the macrocycle. The strong electronic influence of conju-
gated carbonyl groups on the UV-Vis spectrum of por-
phyrinic chromophores is well known [54-56], and as a
comparison of the spectra of 3 and 8 clearly demon-
strates. Further, the conformation of 8 was determined
to be similar to that of the porphyrin 1 (for 8,
RMS =0.293 A) [40]. Thus, the differences of the spec-
tra of 3 and 8 are largely due to the electronic effects
of the two carbonyl groups. [Secochlorinato]Ni(II) bisal-
dehyde 4 also carries two carbonyl groups at equivalent
B-positions to those in 8, albeit they can rotate freely
and, most importantly, the conformation of the macro-
cycle is dramatically distorted from planarity. * The
cumulative effects of the non-planar conformation of
the macrocycle and the two conjugated carbonyl groups
result in a UV-Vis spectrum of 4 that shows similarities
and differences with that of 8. It also displays a ‘double’
Soret band but the intensity ratio of the two bands is
inverted. Although less pronounced, 4 also features a
red-shifted and broadened side band. Removal of one
carbonyl group changes the conformation only slightly
(RMS of 0.492 A) but the UV—Vis spectrum of 5 is sig-
nificantly different from that of 4. The double-Soret
band collapses into one (although a shoulder at ~410
nm is still evidence for the presence of two distinct tran-
sitions) and the side band gains definition and is slightly
hypsochromically shifted.

The large difference between the spectra of 4 and 5
highlights again the strong electronic effect of the carbo-
nyl substituents. Correspondingly, removal of the carbo-
nyl group from 5 produces chlorophin 6 with a
bathochromically shifted Ni(II) chlorin-type spectrum
(Soret band is shifted by 6 nm as compared to the Soret
band of 3). This shift is likely due to the non-planarity of
5. The comparison, however, neglects the electronic ef-
fects of the benzylic oxygens of 3 [57]. [Morpholinochlor-
inato]Ni(Il) 7 also carries benzylic oxygens (albeit three
as compared to two on 3). A comparison of the spectrum
of 7 with that of 3 and 6 is illustrative of the conforma-
tional effects. The chromophore of 7 is very non-planar
(RMS of 0.468 A). As a result, it displays a bathochromi-
cally shifted spectrum as compared to chlorin 3.

The acid-induced demetallation of [secochlori-
nato]Ni(Il) and [chlorophinato]Ni(I) complexes fails
to provide the free base analogues. Instead, extensive
decomposition is observed. Hence, no comparisons can

4 Shelnutt and co-workers [6] have shown that certain distortion
modes contribute to a much larger extent to the modulation of the
UV-Vis spectra of porphyrin than others. Therefore, the overall
distortion of the macrocycle expressed in the root mean square (RMS)
displacement from planarity is not necessarily the best measure for the
conformational influence of the chromophore on the UV-Vis spectra.

1892
05

rms of CgN,Ni plane: 0.468 A
average Ni-N bond distance: 1.892(3) A

.

ms of C1gN,Ni plane: 0.465 A
average Ni-N bond distance: 1.892(3) A

rms of C4gN4Ni plane: 0.492 A
average Ni-N bond distance: 1.897(2) A

ms of C1gN4Ni plane: 0.368 A
average Ni-N bond distance: 1.910(3) A

rms of C;gN4Ni plane: 0.293 A
average Ni-N bond distance: 1.938(5) A

rms of C1gN,Ni plane: 0.263 A
average Ni-N bond distance: 1.931 A

Fig. 2. Top view of and edge-on view (along the pseudo-twofold N-
Ni-N axis) of the chromophores of 1, 4-6, and 7. The Ni-N bond
distances for 6 were determined by averaging the equivalent bond
lengths of the two molecules present in the asymmetric unit.

be made with the free base analogs of 4-6. Molecular
modeling studies suggest, however, that the free base
of 4 is perfectly planar [58].
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Fig. 3. Stacked plot of the normalized UV-Vis spectra of 3-8 (CHCl5).

3.4. Chemical reactivity of 5 and 6

We have reported on the reactivity of [secochlori-
nato]Ni(II) 4 with respect to its conversion to 7 and re-
lated macrocycles [14-18]. Also, while attempting the
acid-induced demetalation of 4, we discovered the
acid-catalyzed intramolecular electrophilic aromatic
substitution of the o-phenyl hydrogens by adjacent for-
myl groups, resulting in the formation of indaphyrins
[16,17], but the chemistry of secochlorin 5 and the chlo-
rophin 6 remained hitherto unexplored.

Secochlorin monoaldehyde 5 is conceptually accessi-
ble via Vilsmeier-Haak formylation of 6. For this reac-
tion to lead to the expected product, however, the
reactivity of the a-position toward electrophilic aro-
matic substitution needs to be more pronounced than
those of the B-positions (formylation of the phenyl

groups is not observed under these conditions [59]).
Formylation of 6 under standard Vilsmeier—-Haak
conditions lead to the formation of monoformylated
products, as seen by the occurrence of a strong peak
at m/e = 674 in the APCI+ mass spectrum of the crude
reaction mixture. Preparative plate chromatography of
the mixture allowed the isolation of 5 as the main prod-
uct (~30%). A second, slightly more polar, dark green
fraction proved to be a mixture of compounds of identi-
cal mass (APCI+, m/e = 674). Due to their near-identical
Ry values, the isolation of pure products failed. The 'H
NMR of the product mixture showed five singlets in
the range of 9.5-9.8 ppm, indicative of formyl- and o-
hydrogens. The spectrum also allowed the identification
of at least eight signals (two singlets, six doublets with
J=5 Hz) in the B-hydrogen region of the spectrum
(8.0-9.0 ppm), and showed a complex feature between
7.5 and 7.9 ppm, typical of the phenyl hydrogens. The
relative integrated intensity of the peaks in the phenyl
range vs. those in the low-filed region of the spectrum
was 2.5:1. These data indicate that formylation has ta-
ken place over all (or at least several) available B-posi-
tions, leading to a mixture of (up to 4) regioisomers of
6 (9) (Scheme 2).

Next to the dark green formylation products of 6, we
noticed the appearance of a trace amount (estimated to
be <3%) of a turquoise (Amax = 411 and 608 nm, 1:0.23
intensity ratio), low polarity compound. Traces of this
product were also found as one of the few side-products
during the deformylation of 4. A number of observations
led us to speculate that this pigment is alcohol 11. Its
HR-FAB+ mass spectrum showed a peak at mife =
674.1623, corresponding to C43H,sN4NiO (expected m/
e: 674.1617). EI+ and APCI+ spectra of 11 show as
the most prominent peak the dehydroxylated species
13 (m/e = 657). This fragment represents a particularly
well conjugated and stable carbocationic species. The
"H NMR of 11 (CDCls, 300 MHz) is simple, reflecting
the twofold symmetry of the molecule. The B-region of
the spectrum (two overlapping d at 8.45 and 8.46 pp,
J=4.8 Hz, one s at 8.23 ppm, 1:1:1 integrated intensity
ratio, 6H total) is clearly separated from the phenyl

Scheme 2. Vilsmeier-Haak formylation of chlorophin 6. Reaction
conditions: (i) DMF/POCI;, 0 °C, 20 min, then warming to 60 °C for 40
min, followed by aq NaHCOj; quench; preparative TLC chromatog-
raphy (silica—1:1 CH,Cl,:pet ether 30-60).
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region (two d, J =8 Hz at 7.94 and 8.00 ppm, 2H each,
and multiplets at 7.36-7.43, 7.61-7.65, and 7.7-7.8 ppm,
total of 20H). The two (complex) doublets, assigned to
the o- and o’-hydrogens of the phenyl groups next to
the four-membered ring, reflect the face differentiation
of the single hydroxy functionality on the azepin ring.
An equivalent face differentiation was shown to operate
in the NMR spectrum of vic-diol chlorins [14]. Two fur-
ther signals are of diagnostic value: One d (6.58 ppm,
J=9 Hz, 1H) and one br d at 2.88 ppm (/=9 Hz,
1H), assigned to the protons of azepine CH(OH) group.
These signal simplify upon treatment of the NMR sam-
ple with D,0O. The proton giving rise to the high field
signal is exchangeable with D,O and vanishes, and the
low-field signal becomes a singlet. While all indications
point toward the confirmation of our structural assign-
ment of 11, we were not able to prepare enough sample
to further corroborate its structure. It should be noted,
however, that Crossley and King [11] were the first to
suggest, in 1984, the occurrence of a pyrrole-modified
porphyrin containing a contracted, four-membered ring.

6

l Vilsmeier-Haak

11, C43HogN4NIO
m/z =674

9£\MSA

h Ph
0 N
Ph Ph  Ph Ph
h Ph 13

13, C43H27N4Ni
m/z = 657

12, C45H33NgNi
m/z="701

15, C43Ho6N4NIO
m/z=672

Scheme 3.

During the oxidative degradation of free base dioxopor-
phyrins they proposed the existence of ketone 15. Per-
haps somewhat surprisingly, we did not observe the
spontaneous (air) oxidation of 11 to 15 during our stud-
ies of 11.

Cation 13 is also observed in the APCI+ mass spec-
trum of an unquenched crude reaction mixture resulting
from a Vilsmeier—Haak reaction of chlorophin 6. Fracti-
onation of the crude mixture showed that one pigment
with a mass corresponding to 12, was the origin of frag-
ment 13. Both azepin-derivatives 11 and 13 are perceiv-
ably derived from a similar mechanism. Either the
primary Vilsmeier product, the imine 10, or the (proto-
nated) monoformyl secochlorin 5 - H" serve as intramo-
lecular electrophiles in an electrophilic aromatic
substitution reaction at the neighboring a-position
(Scheme 3). This mechanism suggests that conditions
could be found to convert 5 directly to 11, a hypothesis
we were not able to confirm.

4. Conclusions

We have shown how to degrade one pyrrolic unit of
the initial starting material meso-tetraphenylporphyrin
2 in three steps (dihydroxylation, diol cleavage, decar-
bonylation) to an aldimine linkage. While other porphy-
rin degradation pathways have been reported before,
mainly involving cleavages at the meso-position, this
degradation of the B-positions is novel to the chemistry
of porphyrins. A degradation of the B,B’-moiety of a
porphyrazine diol chlorin was reported [44]. However,
the mechanism of the degradation and the resulting
product, a seco-chlorin-type chromophore incorporat-
ing a urea-like functionality, vary from those reported
here. The X-ray crystal structure determination of 4, 5,
and 6 revealed their severe ruffled conformations. The
driving force for the deviation of the porphyrinic chro-
mophores from planarity lie in the achievement of ideal
Ni-N bond distances, assisted by the formyl substitu-
ents. Substituents may accentuate this twist, as seen in
the more pronounced twist in 4 and 7 as compared to
that seen in 6.

While the conformational effects of the coordination
of Ni(II) to porphyrinic macrocycles is well known, they
were hitherto not demonstrated in systems lacking a
B,B’-bond. It can be concluded that no significantly lar-
ger degree of Ni(Il)-induced ruffling of a porphyrinic
chromophore than that observed in 4 and 7 can be
achieved because the ideal Ni(II)-N bond distances are
attained in these systems. Furthermore, the electronic ef-
fects of the formyl substituents on the UV—Vis spectra of
the chromophore are strong and override the more sub-
tle conformational effects.

The chemical reactivity of the secochlorins remains to
be further explored but evidence was gathered for the
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existence of the intriguing pyrrole-modified porphyrin
14 in which one pyrrolic unit of a porphyrin was for-
mally replaced by anazetin moiety. Work regarding
the reactivity of secochlorins continues to be explored
in our laboratories.

5. Supplementary material

Complete crystallographic data (excluding structure
factors) for the structure of monoformyl [secochlori-
nato]Ni(II) S have been deposited at the Cambridge Crys-
tallographic Data Centre, CCDC #244651. Copies of the
data can be obtained free of charge on application to: The
Director, CCDC, 12 Union Road, Cambridge CB2 1EZ,
UK (fax: +44 1223336 033, email: deposit@ccdc.cam.
ac.uk or www: http://www.ccdc.cam.ac.uk).
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