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ABSTRACT: The formal replacement of a pyrrole moiety of N

meso-tetraarylporphyrin 1 by an oxazole moiety is described. 2 steps .%A\r o_q %)A\L(O OH ‘,z’ii(o Alkyl
The key step is the conversion of porpholactones 4 (prepared Ar Ar ——> N{ 7 N Ayl T N:CA”W'
by a known two-step oxidation procedure from 1) by addition 4 AN o WA WA

of alkyl Grignard reagent to form meso-tetraaryl-3-alkyl-2- A !

oxachlorins 9 (alkyloxazolochlorins; alkyl = Me, Et, iPr).

Hemiacetal 9 can be converted to an acetal, reduced to an ether, or converted to bis-alkyloxazolochlorins 11. The optical
properties (UV—visible and fluorescence spectroscopy) are described. The chlorin-like optical properties of the
alkyloxazolochlorins are compared to regular chlorins, such as 2,3-dihydroxychlorins and nonalkylated oxazolochlorins made
by reduction from porpholactone 4. The conformations of the mono- and bis-alkylated 2-oxachlorins, as determined by single
crystal X-ray diffractometry, are essentially planar, thus proving that their optical properties are largely due to their intrinsic
electronic properties and not affected by conformational effects. The mono- and bis-3-alkyl-2-oxachlorins are a class of readily
prepared and oxidatively stable chlorins.

B INTRODUCTION Scheme 1. Diimide Reduction of Porphyrin 1 to Generate

Chlorins, 2,3-dihydroporphyrins, generally possess UV—visible Chiorin 2

spectra that are red-shifted and endowed with strongly Ph Ph HH

enhanced A, absorbance bands when compared to the spectra HH

of the corresponding porphyrins."” It is this property that HN=NH

makes them nature’s most prominent photosynthetic pig- Ph Ph — > Pph Ph

ments.>* Since red wavelengths also penetrate tissue better

than shorter ones, chlorins fulfill the photophysical criteria of

the ideal photochemotherapeutic drug or ghotolabeling dye to Ph Ph

be used in vivo better than porphyrins.*®’ Their broader and 1 2

more intense absorbance in the visible range of the spectrum porphyrin-like UV-vis chlorin-like UV-vis
spectrum, An,.y = 648 nm spectrum, Amax = 652 nm

makes chlorins also more attractive targets for synthetic light-
harvesting applications.”” Thus, the development of the
synthesis of chlorins (and bacteriochlorins) is one of the key
areas in current synthetic porphyrin chemistry, whereby three
principally different approaches toward synthetic chlorins can ) ]
be distinguished: The manipulation of naturally occurring tetraphen)_rlporphy.rm 1 (_or closely related di- and tetraar-
chlorins, their total syntheses, and the conversion of preformed ylp orphyrlnsl)%_ztlhls reaction  generates d11.1ydroxychlor11.1 3
porphyrins to chlorins. ¥~ 12 .(Scheme 2). o We reported the use o.f dlhydroxychlorln‘?a
The most basic conversion of a porphyrin to a chlorin is the in Fhe synthesis of a number of chlorin-like .chromophores in
reduction of a porphyrin with diimide (generated in situ)." which one or two pﬁroles.of 2 lg%}z)gl_yzrén were formally
Applied to meso-tetraphenylporphyrin 1, this forms chlorin 2 replaced by a nonpy}'rohc'mmety. B
(Scheme 1). However, this reaction is fraught with a number of One such reaction 1'nvolved the OX‘datPn of 3 to
problems. First, the chlorin is hard to separate from the pf)rpholactone.4, 1; which can also be apph‘ed to related
bacteriochlorin byproducts and the remaining starting material. dlhydroxy. chlorins. Po.rpholactone‘ 4 was prev10ule7 Zlénowp
Second, chlorin 2 is oxidatively unstable and tends to revert altbou.gh it was synthesized a.long c/hﬁfermg pathways.””" This
back to a porphyrin (or other products). oxidation r.eplaces a porphyrin ﬁ,[)’ -carbon dou.ble bond‘by a
Thus, a range of alternative irreversible porphyrin-to-chlorin lactone moiety (or a pyrrole moiety by an oxazolidone moiety).
conversion strategies were reported.”®'" Perhaps the most Furthermore, porpholactone 4 c'ould be redu.ced to p(?rp}.IO-
successful and varied strategy entails the removal of a f3,5- lactol 5 and the oxazolochlorin 6 possessing chlorin-like
double bond by involving it in an electrocyclic addition
reaction.'* One other synthetic method is the osmium Received: May 18, 2012
tetraoxide-mediated dihydroxylation of porphyrins. Long Published: June 25, 2012

known for octaalkylporphyrin," this reaction was applied to
meso-tetraarylporphyrin only more recently."®™'® Using meso-

W ACS Publications  © 2012 American Chemical Society 6199 dx.doi.org/10.1021/j0300964v | J. Org. Chem. 2012, 77, 6199-6207


pubs.acs.org/joc

The Journal of Organic Chemistry

Scheme 2. Literature-known Syntheses of Oxazolochlorins 5
and 6
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chromophores with, in part, dramatically enhanced long
wavelength absorbances.”® This enhancement was shown to
be due to the presence of the ring oxygen.*® While the
hemiacetal § is available through several routes,”**”*° the more
interesting oxazolochlorin 6 is available only by reduction of
5.2¢ However, this intriguing chlorin analogue proved to be
exceedingly unstable with respect to oxidation.***®

Total synthesis approaches to chlorins have been much more
rare. Many of them involve a large number of linear steps and
operate only on small scales and are thus of diminished
practical value. Archetypical of these types of syntheses is the
classic Woodward synthesis of chlorophyll a.>*° However, the
group of Lindsey recently introduced novel methodologies to
form chlorins of the types 7 and 8. Their studies also delineated
the structural requirements that result in high extinction
coefficients in these chromophores."> Notably, both chlorins
types 7 and 8 contain gem-dimethyl groups at the pyrroline §-
positions, contributing to their high chemical stability. Despite
requiring total syntheses, the generation of various key
dipyrromethane precursors to 7 and 8 were optimized to a
point where they became available at gram scales.*’ Thus, the
limitation of the small-scale syntheses described for most
chlorin total syntheses to date that prohibited their application
in most applications were substantially mediated or even
eliminated.

O

Ar

7 8

Lindsey’s work inspired the work described here, namely the
generation of 2-oxazolochlorins that are mono- and bis-alkyl-
substituted o to the oxazole oxygen atom to impart greater
chemical stability onto the chromophore. We recently provided
a preliminary report on this work, namely the conversion of
meso-tetraphenylporpholactones to meso-tetraphenyl-3-alkyl-2-
oxachlorins and -dioxabacteriochlorins with tunable optical
spectra.”® Herein, we will expand on this work and report the
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details of the syntheses of mono- and bis-alkyloxazolochlorins
and some of their chemical reactivity. The work by Lindsey
challenged us to optimize key alkyloxazolochlorin syntheses to
the point that we could make them available in half gram or
even full gram scales. We will detail the optical properties of the
3-alkyl-2-oxachlorins (UV—visible and fluorescence spectra).
We will also present a structural description of a number of free
base and Zn(Il) oxazolochlorins using single crystal X-ray
diffraction structure elucidation. These investigations allow us
to differentiate between direct electronic substituent effects and
conformational effects to rationalize their optical properties.

B RESULTS AND DISCUSSION

Synthesis of Mono- and Bis-alkyloxazolochlorins.
Addition of alkyl (methyl, ethyl, i-propyl) Grignard reagents
to the zinc(II) complex of porpholactone 4 under anhydrous
conditions results in the formation of a more polar product. An
aqueous acidic workup using a strong enough acid to
demetalate the zinc complexes provided free base porphyr-
inoids with a chlorin-like UV—visible spectra as the main
products in good to satisfactory yields (for a detailed
description of the optical spectra of all compound prepared,
see below). The HR—MS (ESI+) of these compounds
suggested their composition to be derived from the parent
porpholactone to which a single equivalent of methane, ethane,
and propane was added, respectively. Their 'H, *C NMR, and
IR spectra also confirmed the loss of the lactone functional
group and the presence of an alkyl chain attached to the
oxazole moiety. These spectroscopic data and their similarity to
those of the hemiacetals 5°° identified these products as the
alkylated hemiketals 9. The use of 2—3 equivalents of Grignard
reagent was found to provide the highest yields of product. The
reaction is rapid (5—20 min at ambient temperature), and can
be scaled up to 1.5 g of starting porpholactone 4Zn (2.15
mmol) (or 600 mg of 4"Zn, 0.62 mmol, whereby the addition
of the Grignard reagent at lower temperatures, —78 °C for
"PrMgBr and —45 °C for EtMgCl, was found beneficial for this
substrate). The presence of the ‘protecting group’ zinc(Il) is
obligatory as the alkylation of free base porpholactones failed.

Even the use of a large excess of Grignard reagent (e.g., a 15-
fold molar excess) did not generate more than traces of the
corresponding bis-alkylated systems. The use of the more
electron-withdrawing p-CF;Ph-derivatives also did not improve
the yield of formation of the bisalkylated products. However,
reaction of 4Zn/4%Zn with an alkyl-Grignard reagent, followed
by reaction of the crude zinc complex of 9 with a Lewis acid
and further addition of alkyl-Grignard reagent furnished the
dialkyl-derivatives 11 in satisfying yields (Scheme 3). We
screened a number of Lewis acids (BF;-OEt,, TMSOTS,
Sc(OTf);, InCl;, Ti(O'Pr),, and TiCl,) for their ability to
catalyze this reaction and found TMSOTT to be the best choice.
The intermediacy of the TMS-ether of 9Zn was shown as it
could be detected in the reaction mixture by ESI(+) LR-MS.

We have also tested methyl and i-propyl lithium as alkylating
agents. The reactions formed the expected monoalkylated
compounds. However, the experimental conditions (reaction
temperatures of —78 °C were required for both reagents) and
the precautions associated with using alkyllithium reagents were
not offset by higher yields, a larger fraction of bisalkylated
products, or cleaner reactions when compared to the Grignard
reactions. Thus, we did not develop this route toward
alkyloxazolochlorins.
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Scheme 3. Synthesis of Mono- and Bis-alkyloxazolochlorins
by alkyl-Grignard Addition to Porpholactones 4Zn/4"Zn

4Zn, Ar = CgHs
4FZn, Ar = p-CF3Ph

9a, Ar = CgHs, R = Me, 71%
9b, Ar = CgHs, R = Et, 65%

9c, Ar = CgHs, R = Pr, 75-82%
9Fb, Ar = p-CF4Ph, R = Et, 78%
1. RMgBr, dry THF 9Fc, Ar = p-CF4Ph, R = 'Pr, 80-85%
2. TMSOTTf, then

_ RIB\/I()g;+Br, dry THF BF, OFt,,

3.H Et,SiH

11a, Ar = CgHs, R = Me, 74%
11b, Ar = CgHs, R = Et, 45%
11c, Ar = CgHs, R = 'Pr, 61%
11Fb, Ar = p-CF3Ph, R = Et, 51%
11Fc, Ar = p-CF4Ph, R = Pr, 56%

10a, Ar = CgHs, R = Me, 88%
10b, Ar = CgHs, R = Et, 85%

10c, Ar = CgHs, R = Pr, 76%
10Fb, Ar = p-CF3Ph, R =Et, 71%
10Fc, Ar = p-CF4Ph, R = 'Pr, 84%

Analogously to hemiacetals 5, their alkylated analogues 9/9F
can be hydro-dehydroxylated using triethylsilane in the
presence of BF;-OEt,, forming monoalkyloxazolochlorin 10/
10%. The success of this reaction is indicated by the loss of one
oxygen atom in the composition of the product 10 as
determined by HR—MS, the appearance of one hydrogen
signal in the pyrroline region of the spectrum (6.1—7.2 ppm)
that is coupled with the corresponding alkyl group (CH; of Me,
CH,CH, of Et, and CH(CH,;), of iPr), and a similar ~20 nm
red-shift of the optical spectrum of alkyloxazolochlorin 10 as
observed upon formation of oxazolochlorin 6 by dehydrox-
ylation of hemiacetal 5.>° The oxazolochlorins of types 9 and
11 are distinguished by excellent solubilities but the
monoalkyloxazolochlorins of type 10 possessed markedly
reduced solubilities. Also, the dimethyl-substituted oxazolo-
chlorins possess poor solubility (good quality C NMR
spectra, for example, could not be recorded over 12 h
acquisition times), particularly when compared to the excellent
solubility of the bis-ethyl and bis-iPr derivatives. The generally
improved solubility of the p-CF;Ph-derivatives was not enough
to overcome these solubility issues.

Derivatization of Hemiketals 9. The hydroxy group of
hemiketal 9 is susceptible to facile acid-catalyzed ketalization.
This reaction is parallel to the reaction of its nonalkylated
ana.logues.26 Under the right reaction conditions, this reaction
is reversible, with no apparent destruction of the macrocycle,
providing some evidence for the robust nature of the
alkyloxazolochlorins. Interestingly, after zinc(II) insertion into
acetal 12¢, a TMSOTf-mediated substitution of the methoxy
group with an alkyl group gave rise to, after demetalation, an
alternative synthesis of the bisalkylated product 11c (Scheme
4).
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Scheme 4. Ketalization of Hemiketals 9 and Alternate
Pathway to Bisalkyloxazolochlorin 11c

30% MeOH/
DCM, [TFA]
= Ar
5-10% of

3M HCl in THF,
reflux, 24 h

9c, Ar = CgHs, 90-95%
9Fc, Ar = p-CF4Ph, 90-95%

12¢, Ar = CgHs, 90%
12F¢, Ar = p-CF4Ph, 70%

for 12c:
Zn(OAc),, 30% MeOH/CHCl,

12cZn, 89%

11c, 50%

Structural Aspects of Alkyloxazolochlorins. The crystal
structures of mono-iso-propyloxazolochlorin hemiketal 9c, its
methyl ketal zinc(I) complex 12¢Zn, and of the bis-iso-
propyloxazolochlorin 11c were determined by single crystal X-
ray diffraction (Figure 1). These structures confirm the
connectivity of the oxazolochlorins but more importantly,
they prove the conformation of the macrocycles (in the solid
state). The conformations of all three macrocycles are
essentially planar. The small deviations from planarity that
can be observed vary from chromophore to chromophore but
are all not large enough to affect the optical properties in any
major way. Hydroporphyrins are known to be conformationally
somewhat more flexible than the corresponding porphyrins.**
The conformational analysis of the two halves of an
oxazolochlorin dimer also showed small and distinct con-
formation differences of the two chromophores, suggestive of a
somewhat flexible macrocycle.”* As will be shown below, the
optical spectra of all oxazolochlorins do not show any degree of
broadening, further allowing us to conclude that the conforma-
tional flexibility of oxazolochlorins is not unusually high (as, for
instance, observed in the morpholinochlorin that differ from
the oxazolochlorins by the presence of an additional sp*-
hybridized carbon atom in the nonpyrrolic moiety).>*

Unlike many of the structures of the corresponding
porpholactones,® the structures of 11c and 12c¢Zn are not
disordered. The structure of 9c exhibits a small degree of
disorder in the oxazole ring, which adopts two orientations
within an approximately 80/20 ratio. In all three cases, bond
distances, angles and overall porphyrin planarity can be
unambiguously observed. The Cs—O bond in the oxazole
ring is significantly lengthened in all three compounds
(1.4483(18) A in 11c, 1.461(5) A in 12c¢Zn and 1.457(4) A
for the primary orientation of 9¢) versus a typical C;~Cj bond
length of ~1.36 A in a normal porphyrin. The C,—O bond
distance is appreciably shorter, however, with distances of
(1.3594(17) Ain 11c, 1.374(4) A in 12¢Zn and 1.351(3) A for
the primary orientation in 9c), indicative of a significant degree
of double bond character. The C,-C; bonds in the oxazole rings
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Figure 1. Single crystal X-ray structures of 9¢, 11c, and 12c¢Zn. All hydrogen atoms attached to carbon positions and the minor disorder contribution

of 9¢ have been omitted for clarity.

are clearly single in bond character, with observed bond lengths
of 1.545(2) A'in 11¢, 1.518(5) A in 12¢Zn and 1.578(4) A for
the primary orientation in 9c. In all three compounds, the N—C
bonds in the oxazole moiety are asymmetric, with one
measuring a typical distance of ~1.36—1.37 A, and the second
being shorter at ~1.34 A.

All three porphyrinoids exhibit primarily planar conforma-
tions in the solid state with some small and varying deviations.
In 9c, the largest deviation from the mean 24 atom plane of the
porphyrinoid is 0.27 A, with an average deviation of 0.09 A. In
11¢, the maximum deviation is 0.23 A with an average deviation
of 0.11 A. The zinc complex 12cZn also exhibits a
predominantly planar porphyrinoid macrocycle (maximum
deviation 0.27 A, average deviation 0.10 A); the presence of
the zinc ion does not distort the conformation of the ring,
although the greatest deviations from planarity are observed in
the oxazole unit. The zinc ion is five coordinate with an axial
pyridine, and the Zn(II) ion is pulled away from the plane of
the porphyrinoid macrocycle by 0.38 A, as is commonly
observed for pentacoordinated zinc porphyrin complexes.*®

Optical Properties of Alkyloxazolochlorins. Benchmark
compound free base porpholactol § possesses a chlorin-type
UV—visible absorption spectrum (4,,,, = 646 nm) (Figure 24A;
see also ESI). The spectrum of the monoalkylated analogues
(9a: A, = 647 nm, 9b: A = 648 nm, 9c: A, = 649 nm, 9*b:
Amax = 649 nm, 9Fc: A, = 650 nm) are nearly indistinguishable
from that nonalkylated species S. Likewise, the optical spectra
of the methyl, ethy, and i-propyl derivatives were indistinguish-
able from each other. On the other hand, the formal
replacement of the hemiketal hydroxy group by a hydrogen
(as in 6, A = 668 nm) or an alkyl group (as in 10a: A, = 667
nm, 10b: A = 667 nm, 10c: A, = 668 nm, 10%b: 1, = 669
nm, 10%c: 4,,,, = 670 nm) significantly red-shifts the spectrum.
The corresponding profound effect of the hydroxy groups
located at the chlorin-specific $,#-bond on the optical
properties of the chromophore and a qualitatively similar
auxochromic effect upon removal of the hydroxy group was
observed for nonalkylated oxazolochlorins and chlorins.'®*®
The bis-alkyloxazolochlorins 11 possess An,, values that are
similar to those of the dehydroxylated monoalkyloxazolochlor-
ins 10. However, the shapes of their Soret bands and the peak
positions of the remaining Q-bands are distinctly different.
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Figure 2. (A) UV—visible and (B) fluorescence spectra of lactol §
(green trace), a-i-propyl lactol 9c (blue trace), a-i-propyl oxazolo-
chlorin 10c (magenta trace), and a,a’-bis-i-propyl oxazolochlorin 11c
(red trace) (all in CHCl; at ambient temperature; Aeciation = Asoret)-

Also, irrespective of whether bis-alkyloxazolochlorins 11a, 11b
or 1lc are concerned, the UV—visible spectra of the bis-
alkyloxazolochlorins possess almost 50% lower extinction
coefficients compared to the corresponding monoalkylated
species 10a, 10b and 10c.

The fluorescence emission spectra of the alkyloxazolochlor-
ins are all chlorin-type (Figure 2B; see also Supporting
Information), with the small Stokes™ shift characteristic for
porphyrins. The fluorescence yields are in the range of 0.19 to
0.30. A detailed experimental study of the excited state
photophysical properties of the oxazolochlorins will be reported
in due course.

Comparison to Other Porphyrinoids Containing
Oxazole Moieties. We previously discussed the structural
parallels between our 2-oxachlorins®® and the 2-oxa-21-

dx.doi.org/10.1021/j0300964v | J. Org. Chem. 2012, 77, 6199—6207
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carbachlorin®* described by Pawlicki and Latos-Grazynski.
Recently, an example of a 3,3-dimethyl-oxazole-containing
phthalocyanine-analogue, 13, made by total synthesis, was
reported (Scheme 5).>° Mixed condensation of either

Scheme 5. Synthesis of 2,2-Dimethyl-3-oxa-tri(1,2-
benzo)tetraazachlorin (13) According to Dudkin et al.>®

@ECN ﬂ CP

phthalonitrile (14) (or phthalimide) and $,5-dimethyl-1,3-
oxazolidine-2,4-dione (15) in the presence of nickel chloride
and an ammonium molybdate catalyst (MOA) in quinoline at
250 °C led to a mixture of [phthalocyaninato ]Ni(I) (PcNi) as
the main product and 2,2-dimethyl-3-oxa-tri(1,2-benzo)-
tetraazachlorin (13) as a sparingly soluble product in 4.2%
yield that required HPLC purification. The optical spectrum of
this oxazolotetraazachlorin analogue is qualitatively similar to
those of regular tetraazachlorins, albeit the 4, band is 32 nm
red-shifted. An increased oxidation stability of the oxazolo-
analogues compared to the regular chlorin analogue was also
noted. In these respects, the results reported for tetraazachlorin
13 parallel those reported for our oxazolochlorins, highlighting
general properties the (alkylated) oxazole moiety impart on
porphyrinoids.

NiCly, quinoline,
urea, MOA, A

B ———

N«

N + PcNi

B CONCLUSIONS
The addition of alkyl-Grignard reagents to the porphyrin-like

meso-tetraarylporpholactones resulted in the formation of
mono- and bis-alkylated oxazolochlorins. The monoalkylated
hemiketals can be deoxygenated or converted to ketals. As
previously demonstrated for the corresponding hemiacetals §

this allows the facile derivatization of these chromophores. The
oxazolochlorins possess chlorin-like optical properties that are
slightly modulated depending on the nature of the substituents
located on the sp*-hybridized carbon a to the oxazole oxygen.
Since porpholactones are readily accessible in gram-scales and
the key reactions were demonstrated at gram or half-gram
scales, this methodology offers straightforward access to
significant quantities of a class of stable chlorin-like
chromophores that are endowed with somewhat tunable
optical spectra. This tunability, the reasonably high fluorescence
quantum yields and the facile derivatization of the chromo-
phores encourage the further study and application of this
unique porphyrinoid class. Experiments to test their applic-
ability as light-harvesting devices and in photomedicine are
currently underway.

B EXPERIMENTAL SECTION

X-ray Single Crystal Diffractometry. X-ray crystallographic
analysis: Single crystals of 9¢, 11¢, and 12¢Zn were coated in Fomblin
oil, mounted on a CryoLoop and placed on the goniometer head
under a stream of nitrogen cooled to 100 K. The data were collected
on a Bruker APEX2 CCD diffractometer with either IyS microfocus
Cu source K, radiation (4 = 1.54178 A, 11c) or IuS microfocus Mo
source K, radiation (4 = 0.71073, 9c and 12c¢Zn). The frames were
integrated with the Bruker SAINT software package using a narrow-
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frame algorithm. Data were corrected for absorption effects using the
multiscan method (SADABS) and the structure was solved and refined
using the Bruker SHELXTL Software Package until the final
anisotropic full-matrix, least-squares refinement of F* converged.
Data collection and structural parameters for the structure elucidations
of 9¢, 11¢, and 12¢Zn can be found in the ESIL

Materials and Instrumentation. [meso-Tetraarylporpho-
lactonato]Zn(1I) 4Zn and 4¥Zn were synthesized as reported in the
literature.”® Flash column chromatography was performed manually in
glass columns or on an automated flash chromatography system, on
normal-phase silica (solvents used are indicated; isochratic eluation
modes).

meso-Tetraphenyl-3-hydroxy-3-methyl-2-oxachlorin (9a).
General Procedure for the Conversion of Lactone 4Zn to
Hemiketal 9. For a typical reaction, a N,-flushed, oven-dried S0 mL
round-bottom flask was loaded with [meso-tetraphenyl-2-oxa-3-
oxoporphyrinato]Zn(II) (4Zn, 100 mg, 0.145 mmol) dissolved in
dry THF (15 mL). Then, S equiv of MeMgBr (3 M solution in Et,0O,
0.24 mL) was slowly added at ambient temperature. The reaction
progress was monitored using UV—vis spectroscopy (disappearance of
the band at ~600 nm and development of a band at ~625 nm). The
reaction was completed within 15 min. Upon completion, the reaction
was quenched by addition of a saturated aqg NH,Cl solution (2—3
mL). The mixture was transferred into a 250 mL separatory funnel and
washed with a saturated aq NH,Cl, and the chlorin was extracted with
CH,Cl,. Note: it appears critical to ensure that all Grignard reagent is
quenched; repeated aq NH,Cl washes may be necessary. Crude 9aZn
was dissolved in THF (15 mL) and stirred, and 6 M aq HCl (2—3 mL)
is added. The reaction was stirred for ~2 h. The reaction progress was
monitored by UV—vis spectroscopy. Upon disappearance of the
metallochlorin spectrum of a neutralized aliquot, the green reaction
mixture was transferred into a separatory funnel and a saturated aq
NaHCO; solution was added (Caution, foam!). CH,Cl, was added
and the organic layer was extracted. The aq NaHCO; wash was
repeated until the organic layer was pure purple in color. The organic
phase was isolated and dried over K,CO;. The product was isolated by
flash chromatography (silica-CH,Cl,) to afford product 9a as a purple
solid in good yield (76%, 72 mg). MW = 648.8 g/mol; R; = 0.5§
(silica-CH,CL); UV—vis (CHCLy) An (log €): 419 (5.29), 516
(4.08), 551 (4.14), 594 (3.86), 647 (4.53) nm; Fl A, (CHCly, Aoy =
420 nm): 652, 704 nm, ¢ = 0.28; 'H NMR (300 MHz, CDCL, §):
8.57 (d, ¥ = 5.0 Hz, 1H), 8.46 (d, ¥ = 5.0 Hz, 1H), 8.41-8.39 (m,
2H), 8.33 (d, %] = 4.4 Hz, 1H), 8.15—7.60 (m, 21H), 3.72 (s, 1H), 1.96
(s, 3H), —0.67 (s, 1H), —1.1 (s, 1H) ppm; *C NMR (100 MHg,
CDCl,, 8): 162.6, 155.1, 153.5, 151.6, 143.1, 142.1, 141.9, 14138,
139.2,139.1, 137.1, 134.8, 134.7, 134.4, 134.1, 133.9, 133.9, 133.6,
131.6, 129.7, 1282, 1280, 127.9, 127.6, 127.5, 127.1, 127.0, 126.9,
1269, 1264, 1263, 125.5, 122.6, 121.2, 111.5, 109.2, 100.3, 27.6 ppm;
HR-MS (ESI+ of MHY, 100% CH,CN, TOF): m/z caled for
C4H33N,0,: 6492604, found 649.2579.

meso-Tetraphenyl-3-ethyl-3-hydroxy-2-oxachlorin (9b). 9b
was prepared from [meso-tetraphenyl-2-oxa-3-oxoporphyrinato]Zn(II)
(4Zn, 100 mg, 0.145 mmol) according to the reaction procedure
described for the preparation of 9a, except the reaction was performed
using S equiv of EtMgBr (2 M solution in THF, 0.145 mL). The
product 9b was isolated by flash chromatography (silica-CH,Cl,) as a
purple solid in 65% (61.5 mg) yield. MW = 662.78 g/mol; R; = 0.55
(silica-CH,CL,); UV—vis (CHCly) A, (log €): 420 (5.59), 516
(4.16), 552 (4.45), 593 (4.19), 648 (4.84) nm; Fl A, (CHCl,, A, =
420 nm): 652, 710 nm, ¢ = 0.31; 'H NMR (300 MHz, CDCl,, §):
8.59 (d, *] = 4.4 Hz, 1H), 8.48 (d, ] = 3.0 Hz, 1H), 8.43—8.34 (m,
2H), 8.35 (d, ] = 4.0 Hz, 1H), 8.17—7.59 (m, 21H), 3.75 (s, 1H),
2.38-2.32 (m, 1H), 1.99—-1.94 (m, 1H), 0.75 (t, °] = 7.1 Hz, 3H),
—0.64 (s, IH), —1.04 (s, 1H) ppm; *C NMR (100 MHz, CDCl,, 6):
1632, 155.1, 152.1, 151.6, 143.1, 142.1, 141.9, 141.8, 139.4, 138.9,
137.1, 134.9, 134.4, 1342, 134.1, 133.9, 133.8, 133.6, 131.5, 129.7,
1283, 1280, 127.9, 127.9, 127.7, 127.5, 127.1, 1269, 1269, 126.8,
1263, 1262, 125.5, 122.5, 1212, 112.2, 111.6, 100.1, 32.5, 8.67 ppm;
HR-MS (ESI+ of MHY, 100% CH,CN, TOF): m/z caled for
CysHysN,O,: 663.2760, found 663.2754.
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meso-Tetraphenyl-3-hydroxy-3-isopropyl-2-oxachlorin (9c).
9c was prepared from [meso-tetraphenyl-2-oxa-3-oxoporphyrinato]Zn-
(I1) (4Zn, 1.5 g 2.15 mmol) according to the reaction procedure
described for the preparation of 9a, except the reaction was performed
using 2 equiv of i-PrMgBr (2 M solution in THF, 2.15 mL). The
product 9¢ was isolated by flash chromatography (silica-CH,Cl,) as a
purple solid in 75% yield (1090 mg). MW = 676.80 g/mol; R; = 0.50
(silica-CH,CL); UV—vis (CHCLy) An (log €): 420 (5.22), 516
(4.13), 550 (4.14), 592 (3.92), 649 (4.49) nm; Fl A, (CHCl,;, A, =
420 nm): 653, 710 nm, ¢ = 0.35; "H NMR (300 MHz, CDCL,, 5) 8.59
(d, ] = 5.0 Hz, 1H), 8.45—8.47 (m, 3H), 8.34 (d, ] = 4.5 Hz, 1H),
7.95-8.17 (m, 7H), 7.85 (m, 1H), 7.65=7.72 (m, 11H), 7.48—7.57
(m, 3H), 2.17-2.26 (m, 1H), 1.28 (d, ¥] = 6.7 Hz, 3H), 0.67 (d, %] =
6.7 Hz, 3H), —0.60 (s, 1H), —0.99 (s, 1H) ppm; *C NMR (100 MHz,
CDCl,, §): 163.4, 1552, 153.6, 151.7, 143.2, 142.2, 142.0, 1394,
139.0, 137.2, 134.9, 134.4, 1342, 134.1, 133.9, 133.6, 131.6, 131.0,
129.8, 128.9, 128.3, 128.0, 127.9, 127.6, 127.2, 127.0, 126.9, 126.3,
125.6, 122.67, 121.3, 113.6, 111.4, 100.2, 36.4, 30.0, 17.8, 16.1 ppm;
LR-MS (ESI+, 30 V, CH;CN): m/z = 677 (MH*); HR-MS (ESI+ of
MH", 100% CH,CN, TOF): m/z caled for C,H;,N,0,: 676.2917,
found 677.2918.
meso-Tetrakis(4-trifluoromethylphenyl)-3-ethyl-3-hydroxy-
2-oxachlorin (9b). 9Fb was prepared from [meso-tetrakis-
(trifluoromethylphenyl)-2-oxa-3oxoporphyrinato]Zn(I) (4Zn, 113
mg, 0.117 mmol) according to the reaction procedure described for
the preparation of 9a, except the reaction was performed at —45 °C
using 2 equiv of EtMgBr (2 M solution in THF, 117 uL). For best
yield, the reaction should be maintained at —45 °C until it is
quenched. The product 9Fb was isolated by column chromatography
(silica-50% petroleum ether/CH,Cl,) as a purple solid in 78% (85
mg) yield. MW = 934.8 g/mol; R; = 0.26 (silica-50% petroleum ether
30—60/CH,CL,); UV—vis (CHCLy) ., (log €): 419 (5.13), 513
(4.00), 548 (3.99), 595 (3.75), 649 (4.45) nm, Fl A, (CHCL,, A, =
419 nm): 654, 702 nm, ¢ = 0.29; "H NMR (300 MHz, CDCL,, 5):
8.59 (d, 3] = 5.1 Hz, 1H), 845 (d, 3] = 3.9 Hz, 1H), 842 (d, 3] = 5.0
Hz, 1H), 8.39 (d, 3] = 4.6 Hz, 1H), 8.32 (d, 3] = 4.6 Hz, 1H), 8.18—
7.99 (m, 15H), 7.87 (d, 3] = 8.0 Hz, 1H), 7.77 (4, ] = 8.0 Hz, 1H),
3.84 (s, 1H), 2.38—2.29 (m, 1H), 1.92—1.86 (m, 1H), 0.74 (t, 3] = 7.3
Hz, 3H), —0.63 (s, 1H), —0.99 (s, 1H) ppm; *C NMR (100 MHz,
CDClL, 8): 1632, 1549, 152.3, 151.4, 1454, 1452, 142.9, 142.7,
142.3, 141.6, 136.9, 135.3, 134.2, 1342, 134.0, 134.0, 1339, 133.8,
131.8, 130.0, 129.9, 127.7, 126.0, 125.7, 125.1, 125.1, 125.0, 124.3,
124.3, 124.1, 124.1, 124.0, 123.9, 123.9, 123.3, 123.3, 123.3, 123.3,
122.8, 120.1, 112.3, 110.7, 9.2, 32.7, 8.57; HR-MS (ESI+ of MH",
100% CH;CN, TOF): m/z caled for C,oHy; F,N,O,: 935.22585, found
935.2236.
meso-Tetrakis(4-trifluoromethylphenyl)-3-hydroxy-3-iso-
propyl-2-oxachlorin (9F¢c). 9Fc was prepared from [meso-tetrakis-
(trifluoromethylphenyl)-2-oxa-3-oxoporphyrinato]Zn(II) (4%Zn, up to
500 mg scale) according to the reaction procedure described for the
preparation of 9a, except the reaction was performed using i-PrMgCl
(2 M solution in THF, 0.515 mL for 500 mg scale) maintained at —78
°C. The product 9fc was isolated by chromatography (silica-50%
petroleum ether 30—60/CH,CL,) as a purple solid in 80—85% yield
(up to 415 mg). MW = 948.8 g/mol; R = 0.32 (silica-50% petroleum
ether 30—60/CH,Cl,); UV—vis (CHCI;) A, (log €): 420 (5.24), 513
(4.10), 548 (4.09), 595 (3.88), 650 (4.55) nm; FlA,,, (CHCls, Agy =
420 nm): 655, 703 nm, ¢ = 0.36; 'H NMR (300 MHz, CDCl,, §):
8.57 (d, 3] = 49 Hz, 1H), 8.42 (m, 2H), 8.36 (d, ’] = 4.5 Hz, 1H),
8.15—7.95 (m, 19H), 3.87 (s, 1H), 2.14—2.08 (m, 1H), 1.28 (d, ¥] =
6.5 Hz, 3H), 0.65 (d, 3] = 6.7 Hz, 3H), —0.63 (s, 1H), —0.99 (s, 1H)
ppm; °C NMR (100 MHz, CDCl,, §): 1632, 154.8, 153.7, 151.3,
145.4, 145.1, 142.8, 142.7, 142.7, 142.4, 141.8, 136.9, 135.3, 134.2,
134.1, 134.0, 133.9, 133.9, 133.9, 133.7, 131.7, 129.8, 127.7, 125.7,
1250, 1243, 1242, 1242, 124.1, 124.0,124.0, 1239, 123.8, 1233,
123.3, 1232, 122.8, 120.1, 113.6, 110.4, 99.1, 36.4, 17.5, 15.9; HR-MS
(ESI+ of MH*, 100% CH,CN, TOF): m/z caled for CHy F ,N,O,:
949.2412, found 949.2431.
meso-Tetraphenyl-3-methyl-2-oxachlorin (10a). General
Procedure for the Conversion of Hemiketal 9 to Monoalkyl
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Oxazolochlorin 10. meso-Tetraphenyl-3-hydroxy-3-methyl-2-oxa-
chlorin (9a, 54 mg, 0.083 mmol), was dissolved in CH,Cl, and
stirred at room temperature. To this solution, excess BF;-OEt, (20 eq,
0.2 mL) and Et;SiH (20 eq, 0.26 mL) were added slowly. The reaction
mixture was left stirring overnight. Reaction progress was monitored
using UV—visible spectroscopy (formation of the diagnostic peak at
~660 nm in a neutralized aliquot). Upon completion, the reaction
mixture was quenched by addition of a saturated aq NaHCO; solution.
The mixture was transferred into a separatory funnel. The aq NaHCO,
wash was repeated until the organic layer was purple/green in color.
The organic layer was isolated, dried over Na,SO,, and the solvent was
evaporated by rotary evaporation. The crude product was purified by
flash chromatography (silica—CH,Cl,) to afford the product 10a as a
purple solid in 88% yield (46 mg). MW = 632.8 g/mol; R; = 0.89
(silica—CH,Cl,); UV—visible (CHCLy) ..., (log €): 424 (5.25), 519
(4.05), 557 (3.94), 610 (3.79), 667 (4.61) nm; Fl A, (CHCl,;, A, =
424 nm): 672, 718 nm, ¢ = 0.29; '"H NMR (300 MHz, CDCl,, §):
8.47 (s, 1H), 8.40 (s, 1H), 8.31—8.24 (m, 3H), 8.16—7.95 (m, 10H),
7.71 (s, 12H), 7.10 (d, %] = 5.6 Hz, 1H), 1.60 (d, 3] = 5.4 Hz, 3H), 0.09
(s, 1H), —0.29 (s, 1H) ppm; *C NMR (100 MHz, CDCl,, §): 167.9,
159.7, 154.7, 1514, 143.9, 142.1, 141.9, 141.8, 140.4, 1392, 136.7,
134.9, 134.2, 134.0, 133.9, 133.8, 133.7, 132.9, 131.1, 129.8, 129.1,
1282, 128.1, 128.0, 127.97, 127.91 127.8, 127.6, 127.1, 126.99, 126.94,
1264, 124.62, 121.61, 121.1, 108.7, 99.3, 83.0, 21.8 ppm; HR—MS
(ESI+ of MH*, 100% CH;CN, TOF): m/z caled for C,H;;N,O:
633.2654, found 633.2646.
meso-Tetraphenyl-3-ethyl-2-oxachlorin (10b). 10b was pre-
pared from meso-tetraphenyl-3-ethyl-3-hydroxy-2-oxachlorin (9b, 4S
mg, 0.07 mmol) according to the reaction procedure described for the
preparation 10a. The product 10b was isolated by flash chromatog-
raphy (silica—CH,Cl,) as a purple solid in 85% (38 mg) yield. MW =
646.8 g/mol; Ry = 0.92 (silica—CH,CL,); UV—visible (CHCL;) Ay
(log €): 425 (5.36), 520 (4.18), 556 (4.06), 610 (3.92), 667 (4.70)
nm; Fl A, (CHCl,, A, = 424 nm): 673, 718 nm, ¢) = 0.20; '"H NMR
(300 MHz, CDCl,, 6): 8.45 (dd, %] = 4.8, ¥ = 0.8 Hz, 1H), 8.38 (dd, %]
=4.4,% = 1.2 Hz, 1H), 8.29 (d, 3] = 4.5 Hz, 1H), 8.23 (m, 2H), 8.15—
7.92 (m, 9H), 7.70—7.65 (m, 12H), 7.08 (dd, 3] = 7.9, *] = 3.5 Hz,
1H), 2.06—1.99 (m, 1H), 1.75—1.69 (m, 1H), 0.69 (t, 3] = 7.4 Hg,
3H), 0.08 (s, 1H), —0.31 (s, IH) ppm; *C NMR (100 MHz, CDCl,,
8): 168.7, 157.9, 154.7, 151.4, 143.9, 142.1, 141.9, 141.8, 140.5, 139.3,
1367, 134.5, 1342, 133.99, 133.92, 133.8, 133.75, 133.70, 133.6,
1329, 131.1, 130.8, 129.8, 129.1, 12822, 128.18, 128.0, 127.99,
127.96, 127.92, 127.8, 127.7, 127.1, 127.0, 126.9, 126.4, 124.6, 121.6
121.1, 108.9, 99.1, 87.5, 27.7, 8.1 ppm; HR—MS (ESI+ of MH*, 100%
CH,CN, TOF): m/z caled for C4sH;N,O: 647.2811, found 647.2814.
meso-Tetraphenyl-3-isopropyl-2-oxachlorin (10c). 10c was
prepared from meso-tetraphenyl-3-hydroxy-3-isopropyl-2-oxachlorin
(9¢, 100 mg, 0.14 mmol) according to the reaction procedure
described for the preparation of 10a. The product 10c was isolated by
flash chromatography (silica—CH,Cl,) as a purple solid in 76% (7S
mg) yield. MW = 660.8 g/mol; R¢ = 0.90 (silica—CH,Cl,); UV—visible
(CHCL,) A, (log €): 423 (5.27), 519 (4.14), 556 (4.03), 611 (3.93),
668 (4.63) nm; Fl A, (CHCl;, A, = 423 nm): 674, 728 nm, ¢ =
0.26; 'H NMR (300 MHz, CDCl,, §): 8.45 (dd, ] = 4.7, *] = 1.5 Hz,
1H), 8.38 (dd, 3] = 4.7, 4] = 1.8 Hz, 1H), 8.29 (d, ’] = 4.5 Hz, 1H),
8.27 (dd, *] = 5.0, /T = 1.7 Hz, 1H), 821 (d, }] = 4.5 Hz, 1H), 8.13—
8.17 (m, 2H), 7.92—8.02 (m, 6H), 7.64—7.72 (m, 13H), 6.90 (d, %] =
2.3 Hz, 1H), 1.95-2.25 (m, 1H), 1.10 (d, ¥ = 6.8 Hz, 3H), 0.50 (d, ¥J
= 6.8 Hz, 3H), 0.11 (s, 1H), —0.28 (s, 1H) ppm; C NMR (100
MHz, CDCL,, 8): 168.9, 158.0, 154.6, 151.3, 143.8, 142.0, 141.9, 141.8,
140.5, 139.2, 136.6, 134.5, 134.1, 133.9, 133.8, 133.7, 133.6, 133.3,
132.8, 130.9, 130.6, 129.8, 129.0, 128.1, 127.9, 127.8, 127.7, 127.5,
127.1, 126.9, 126.8, 1263, 124.6, 121.5, 121.0, 108.9, 98.8, 91.1, 32.9,
31.8, 20.4, 14.4 ppm; HR—MS (ESI+ of MH", 100% CH,CN, TOF):
m/z caled for C,HyN,O: 661.2967, found 661.2932.
meso-Tetrakis(4-trifluoromethylphenyl)-3-ethyl-2-oxachlor-
in (10°b). 10"b was prepared from meso-tetrakis(4-trifluoromethyl-
phenyl)-3-ethyl-3-hydroxy-2-oxachlorin (9%b, 80 mg, 8.5 X 10™° mol)
according to the reaction procedure described for the preparation of
10a. The product 10°b was isolated by flash chromatography (silica—
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CH,CL,) as a purple solid in 71% (56 mg) yield. MW = 918.7 g/mol;
Ry = 0.93 (silica—50% petroleum ether 30—60/CH,Cl,); UV—visible
(CHCLy) Ay (log €): 424 (5.12), 518 (3.96), 553 (3.78), 613 (3.71),
669 (4.53) nm; Fl 4., (CHCl;, 4, = 424 nm): 675, 720 nm, ¢ =
0.27; 'H NMR (300 MHz, CDCl,, §): 8.41 (dd, ] = 5.0, /] = 1.5 Hz,
1H), 8.33 (dd, ] = 4.7, ¥] = 1.7 Hz, 1H), 7.95—8.25 (m, 20H), 7.05—
7.07 (m, 1H), 1.99-2.06 (m, 1H), 1.66—1.73 (m, 1H), 0.70 (t, 3] = 7.4
Hz, 3H), 0.09 (s, 1H), —0.29 (s, 1H) ppm; *C NMR (100 MHz,
CDCly, 5): 168.6, 158.1, 154.4, 151.1, 145.4, 145.2, 143.9, 143.7,
142.7, 141.5, 136.5, 134.7, 134.0, 133.9, 133.8, 133.7, 133.1, 131.3,
131.2, 130.9, 130.7, 130.4, 130.28, 130.17, 129.9, 129.8, 128.1, 126.3,
1262, 126.1, 1260, 125.8, 1253, 12528, 12522, 125.17, 125.14,
125.10, 125.06, 125.0, 124.9, 124.3, 12427, 12424, 12420, 124.1,
124.09, 124.0, 123.4, 123.3, 123.1, 121.2, 120.5, 107.9, 98.2, 87.5, 27.9,
8.1 ppm; HR-MS (DART", 100% CH,;CN, orifice voltage 20 V, TOF,
of MH"): m/z caled for C,oH; F,N,O: 919.2306, found 919.2331.

meso-Tetrakis(4-trifluoromethylphenyl)-3-isopropyl-2-oxa-
chlorin (10fc). 10%c was prepared from meso-tetrakis(4-trifluorome-
thylphenyl)-3-hydroxy-3-isopropyl-2-oxachlorin (9%¢, 52 mg, 6.0 X
10~ mol) according to the reaction procedure described for the
preparation of 10a. The product 10%¢ was isolated by flash
chromatography (silica—CH,Cl,) as a purple solid in 84% (43 mg)
yield. MW = 932.8 g/mol; R = 0.93 (silica—50% petroleum ether 30—
60/CH,CL,); UV—visible (CHCL) .. (log £): 425 (5.14), 519
(3.98), 555 (3.81), 615 (3.74), 670 (4.54) nm; Fl A, (CHCl,, A\ =
424 nm): 676, 722 nm, ¢ = 0.24; "H NMR (300 MHz, CDCl,, §):
8.41 (d, ’] = 4.7 Hz, 1H), 8.32 (d, 3] = 4.8 Hz, 1H), 8.07 (m, 20H),
6.95 (s, 1H), 1.90—1.95 (m, 1H), 1.11 (d, 3] = 6.6 Hz, 3H), 0.48 (d, ]
= 6.0 Hz, 3H), 0.10 (s, 1H), —0.27 (s, 1H) ppm; *C NMR (100
MHz, CDCl,, 5): 168.9, 1582, 154.4, 1511, 145.4, 145.2, 144.1, 143.7,
1427, 141.6, 135.6, 134.7, 133.9, 133.8, 133.7, 133.1, 1312, 130.9,
130.6, 130.4, 130.3, 130.1, 139.9, 128.1, 1262, 126.1, 126.0, 125.3,
1252, 125.1, 1249, 1243, 1242, 124.1, 123.3, 121.2, 1204, 107.9,
98.0, 91.3, 33.3, 204, 144 ppm; HR—MS (ESI+ of MH', 100%
CH;CN, TOF): m/z caled for CgH;3F,N,0: 933.2463, found
933.2433.

meso-Tetraphenyl-3,3-dimethyl-2-oxachlorin (11a). General
Procedure for the Conversion of Porpholactone 4Zn to Bis-
alkyloxazolochlorin 11. Step 1: Lactone zinc(II) complex 4Zn (103
mg, 0.15 mmol) was dissolved in dry THF and stirred under N, at
room temperature and 3 equiv of MeMgBr (3 M solution in THF,
0.15 mL) were added. The reaction progress was monitored using
UV—visible spectroscopy (development of an intense peak at ~62S
nm indicates the formation of the acetal moiety). Upon completion
(~30 min), the reaction was quenched and washed with distilled H,O
in a separatory funnel. The organic phase was extracted with CH,Cl,,
the organic phase isolated, and reduced to dryness using a rotary
evaporator. The residue was then dissolved in dry THF (10 mL), and
passed through a plug of Na,SO, and dried using rotary evaporation.
Step 2: The round-bottom flask containing the dried residue from part
1 was purged with N, prior to adding dry THF (10 mL). Under N,,
2.5 equiv of TMSOTY (0.067 mL) was added and stirred for S—10
min, followed by S equiv of MeMgBr (0.25 mL of a 3 M solution in
THF). In order to avoid incomplete reaction, the molar equiv of alkyl-
Grignard should double that of TMSOTT in this step. The reaction
progress was monitored by UV—visible spectroscopy (a small aliquot
is being treated with drops of 6 M HCI and neutralizing with aq
NaHCO;, the formation of a peak at ~665 nm indicates the formation
of the product). Step 3: Upon completion, the reaction was quenched
with water (1—2 mL), then 6 M HCI (10 mL) was added to the
reaction mixture to affect demetalation. The reaction mixture was
stirred until the demetalation was complete (as monitored by UV—
visible spectroscopy; formation of a free-base chlorin spectrum upon
neutralization indicates the formation of the product). Once
demetalation was achieved, the mixture was neutralized with a
saturated aq NaHCOj solution in a separatory funnel. CH,Cl, (10
mL) were added and the organic phase was isolated and dried using
rotary evaporator. Product 11a was isolated and purified by column
chromatography (silica—CH,Cl,) as a purple solid in 74% yield (71
mg). MW = 646.8 g/mol; Ry = 0.96 (silica—CH,Cl,); UV—visible
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(CHCL,) A, (log €): 424 (5.10), 519 (3.93), 556 (3.87), 607 (3.75),
666 (4.42) nm; Fl A, (CHCl;, A, = 425 nm): 668, 715 nm, ¢ =
0.19; 'H NMR (300 MHz, CDCl,, §): 8.42 (dd, *] = 5.2, ¥] = 1.4 Hg,
1H), 8.28 (dd, ’] = 4.5, *] = 1.9 Hz, 1H), 8.25 (d, ’] = 4.5, 1H), 8.22—
820 (m, 1H), 8.18 (d, ¥ = 4.5, 1H), 8.06—7.58 (m, 21H), 1.85 (s,
6H), 0.06 (s, 1H), —0.33 (s, 1H) ppm; due to its poor solubility, high-
quality *C NMR spectra could not be obtained; HR—MS (ESI+ of
MY, 100% CH;CN, TOF): m/z caled for C,H;,N,O: 646.2733, found
646.2729.

meso-Tetraphenyl-3,3-diethyl-2-oxachlorin (11b). Prepared
from [meso-tetraphenyl-2-oxa-3-oxoporphyrinato]Zn(II) (4Zn, 103
mg, 0.15 mmol) and EtMgCl according to the reaction procedure
described for the preparation of 11a except for the following: In Step
1, 1.5 equiv of EtMgCl (3 M solution in THF, 0.075 mL) was used
with the reaction time of ~S min at room temperature. In Step 2, 2
equiv of TMSOTS (0.054 mL) were added at room temperature and
stirred for ~S min, then 4 equiv of EtMgCl (3 M solution in THF,
0.198 mL) were added and the solution stirred for additional ~5 min
at room temperature. (Note: increased reaction time does not result in
better yield, in fact, the opposite effect was noticed.) The product 11b
was isolated by flash chromatography (silica—CH,Cl,) as a purple
solid in 45% (45 mg) yield MW = 674.8 g/mol; R; = 0.9 (silica-
CH,Cl,); UV—visible (CHCL;) A, (log €): 425 (5.10), 517 (3.87),
556 (3.76), 608 (3.66), 664 (4.4S) nm; Fl A, (CHCL, 4, = 425
nm): 669, 719 nm, ¢ = 0.30; '"H NMR (300 MHz, CDCl,, 6): 8.43 (d,
%] = 4.9 Hz, 1H), 8.30 (d, ’] = 4.2 Hz, 1H), 8.27 (d, ] = 4.4 Hz, 1H),
8.20 (d, 3] = 4.4 Hz, 2H), 8.06 (d, ¥ = 6.1 Hz, 4H) 7.96-7.91 (m,
4H), 7.69—7.56 (m, 14H), 2.15—2.04 (m, 4H), 0.78 (t, °] = 7.2 Hz,
6H), 0.11 (s, 1H), —0.32 (s, IH) ppm; *C NMR (100 MHz, CDCl,,
5): 167.6, 157.9, 154.8, 150.9, 143.8, 142.8, 142.2, 141.8, 139.9, 1394,
137.0, 133.9, 133.8, 133.7, 133.6, 133.5, 132.9, 130.6, 129.6, 1284,
127.9, 127.8, 127.5, 127.4, 127.1, 126.8, 126.6, 126.5, 125.0, 121.5,
120.9, 109.0, 99.1, 97.4, 34.0, 8.3; HR—MS (ESI+ of MH*, 100%
CH,CN, TOF): m/z calcd for C,HyN,O: 674.3046, found
674.3031.

meso-Tetraphenyl-3,3-diisopropyl-2-oxachlorin (11c). Pre-
pared from [meso-tetraphenyl-2-oxa-3-oxoporphyrinato]Zn(II) (4Zn,
250 mg, 0.36 mmol) and i-PrMgCl according to the reaction
procedure described for the preparation of 1la except for the
following: In Step 1, 2 equiv i-PrMgCl (2 M solution in THF, 0.36
mL) were added slowly and stirred for S min at r.t. In Step 2, 2 equiv
of TMSOTf (0.13 mL) were added at r.t. and stirred for 5 min, then 4
equiv of i-PrMgCl (2 M solution in THF, 0.72 mL) were added and
stirred for ~5 min. Product 11c¢ was isolated by flash chromatography
(silica—CH,CL,) as a purple solid in 61% (152 mg) yield. MW = 702.3
g/mol; R¢ = 0.9 (silica—CH,CL,); UV—visible (CHCL;) A, (log €):
424 (5.06), 516 (3.88), 554 (3.75), 609 (3.66), 667 (4.38) nm; Fl A,
(CHCl,, A, 425 nm): 670, 726 nm, ¢ = 0.31; "H NMR (300 MHz,
CDCl,, 6): 8.43 (d, °] = 4.8 Hz, 1H), 8.24—8.27 (m, 3H), 8.17 (m,
1H), 8.03—8.06 (m, 4H), 7.91—-7.96 (m, 4H), 7.57—7.69 (m, 13H),
2.55-2.59 (m, 2H), 1.07 (d, ] = 6.6 Hz, 6H), 0.66 (d, ’] = 6.8 Hz,
6H), 0.08 (s, 1H), —0.30 (s, IH) ppm; *C NMR (100 MHz, CDCl,,
5): 167.6, 161.1, 154.8, 150.8, 143.5, 142.4, 141.8, 140.3, 140.1, 137.1,
134.8, 134.1, 133.9, 133.7, 133.6, 133.4, 132.9, 130.5, 129.5, 1284,
127.9, 127.8, 127.7, 127.5, 127.4, 127.2, 126.9, 126.8, 126.7, 126.4,
125.1, 122.1, 120.7, 108.9, 100.9, 99.2, 36.9, 19.3, 18.9; HR—MS (ESI+
of MH*, 100% CH;CN, TOF): m/z calcd for CyoH,;N,O: 703.3437,
found 703.3459.

meso-Tetrakis(4-trifluoromethylphenyl)-3,3-diethyl-2-oxa-
chlorin (11%b). 11"b was prepared from [meso-tetrakis(4-trifluor-
omethylphenyl)-2-oxa-3-oxoporphyrinato]Zn(II) (47Zn, 40 mg, 4.1 X
107° mol) and EtMgCl according to the reaction procedure described
for the preparation of 11a, except for the following: In Step 1, 2 equiv
of EtMgCl (2 M solution in THF, 0.041 mL) were added at —4S °C.
In Step 2, 3 equiv of TMSOTf (0.022 mL) were added and the
solution was stirred for ~90 min at —45 °C. Into the reaction mixture,
10 equiv of EtMgCl (2 M solution in THF, 0.205 mL) were added at
—45 °C. The reaction was then stirred for ~4 h at —4S5 °C while the
progress was closely monitored as described in the preparation of 11a.
The product 11¥b was isolated by chromatography (silica—60%
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petroleum ether 30—60/CH,Cl,) as a purple solid in 51% (20 mg)
yield. MW = 946.8 g/mol; R; = 0.97 (silica—50% petroleum ether 30—
60/CH,CL,); UV—visible (CHCL;) A, (log €): 423 (5.15), 516
(3.99), 553 (3.86), 609 (3.82), 666 (4.56) nm; Fl A, (CHCl;, Ay =
424 nm): 671, 721 nm, ¢ = 0.29; '"H NMR (300 MHz, CDCL,, §):
8.41 (d, °] = 429 Hz, 1H), 8.26 (d, %] = 3.40 Hz, 1H), 8.2—7.08 (m,
19H), 7.61 (d, ¥ = 3.60 Hz, 1H), 2.20-2.17(m, 2H), 2.01-1.97 (m,
2H), 0.79 (t, *] = 7.18 Hz, 6H), 0.10 (s, 1H), —0.31 (s, 1H) ppm; *C
NMR (100 MHz, CDCl,, §): 167.4, 158.2, 154.6, 150.7, 145.5, 14S.5,
143.6, 14326, 14325, 142,98, 142.97, 142.5, 136.9, 134.0, 133.9,
133.71, 133.66, 133.5, 133.2, 130.9, 129.8, 127.7, 125.33, 125.29,
12434, 12431, 12427, 124.1, 124.04, 124.01, 123.8, 123.7, 1218,
119.8, 108.0, 98.2, 97.7, 34.1, 8.2 ppm; HR—MS (ESI+ of MH"*, 100%
CH,CN, TOF): m/z caled for CgHyF,N,O: 947.2619, found
947.2603.

meso-Tetrakis(4-trifluoromethylphenyl)-3,3-diisopropyl-2-
oxachlorin (11F¢). 11%¢ was prepared from [meso-tetrakis(4-
trifluoromethylphenyl)-2-oxa-3-oxo-porphyrinato]Zn(II) (4¥Zn, 53
mg, 5.5 X 107 mol) and i-PrMgCl according to the reaction
procedure described for the preparation of 1la except for the
following: In Part 1, 3 equiv of i-PrMgCl (2 M solution in THF, 0.083
mL) were added and the solution stirred for ~1 h at —78 °C. In Step
2, 3 equiv of TMSOTf (0.03 mL) were added and the reaction was
stirred for ~1 h at =78 °C. Next, 6 equiv of i-PrMgCl (2 M solution in
THEF, 0.164 mL) was added at —78 °C, then the reaction was stirred
for about ~1 h at this temperature. The product 11¥c was isolated by
column chromatography (silica—60% petroleum ether 30—60/
CH,CL,) as a purple solid in $6% (30 mg) yield MW = 974.3 ¢/
mol; R; = 0.97 (silica-S0% petroleum ether 30—60/CH,CL,); Ay, (log
€): 425 (5.29), 517 (4.11), 554 (3.95), 610 (3.92), 668 (4.67) nm; Fl
Amax (CHCLy, A = 425 nm): 673, 718 nm, ¢ = 0.27; "H NMR (300
MHz, CDCl,, §): 8.41 (d, ’] = 4.4 Hz, 1H), 8.22—7.88 (m, 20H), 7.53
(d, ¥ = 2.5 Hz, 1H), 2.55—2.48 (m, 2H), 1.09 (d, %] = 6.2 Hz, 6H),
0.67 (d, ] = 6.6 Hz, 6H), 0.08 (s, 1H), —0.03 (s, IH) ppm; *C NMR
(100 MHz, CDCl,, §): 167.5, 161.4, 154.6, 150.5, 145.6, 145.0, 143.9,
143.5, 143.3, 143.0, 136.9, 134.2, 134.0, 133.7, 133.6, 133.4, 133.2,
130.9, 130.7, 129.7, 127.7, 125.3, 125.2, 124.98, 124.9S5, 124.33,
124.30, 124.0, 123.9, 123.8, 123.7, 122.3, 119.7, 107.9, 101.4, 98.2,
37.0, 19.3, 19.0; HR—MS (ESI+ of MH", 100% CH,CN, TOF): m/z
caled for Cg3HzoF|,N,O: 9752932, found 975.2901.

meso-Tetraphenyl-3-isopropyl-3-methoxy-2-oxachlorin
(12¢). General Procedure for the Conversion of Hemiketals 9
to Ketals 12. Hemiacetal meso-tetraphenyl-3-hydroxy-3-isopropyl-2-
oxachlorin (9¢, 190 mg, 0.28 mmol) was dissolved with 30% MeOH in
THF (v/v), and stirred at r.t. A catalytic amount (few small drops) of
TFA was added. Reaction progress was monitored using TLC and
complete conversion typically required overnight stirring (15—18 h).
Upon completion, the reaction was quenched by addition of Et;N
(~2—3 mlL, added dropwise until solution turns to pink/red). The
neutralized solution was evaporated by rotary evaporation. The bright
pink, nonpolar product 12¢ was isolated by column chromatography
(silica—CH,Cl,) as a purple solid in excellent yield (181 mg, 93%).
MW = 690.83 g/mol; R; = 0.88 (silica-CH,CL,); UV—visible (CHCl;)
A (log €): 421 (4.94), 516 (3.76), 551 (3.77), 595 (3.52), 650
(4.19) nm; Fl A, (CHCI, A, = 420 nm): 653, 702 nm, ¢ = 0.36; 'H
NMR (300 MHz, CDCl,, §): 8.61 (d, ] = 4.9 Hz, 1H), 8.49 (d, 3] =
4.9 Hz, 1H), 8.45 (d, 3] = 5.0 Hz, 1H), 8.43 (d, *] = 4.5 Hz, 1H), 8.36
(d,3] = 4.5 Hz, 1H), 8.18—7.99 (m, 8H), 7.86—7.55 (m, 13H), 3.04 (s,
3H), 2.19 (m, 1H), 1.22 (d, ’] = 6.5 Hz, 3H), 0.67 (d, 3] = 6.5 Hg,
3H), —0.56 (s, 1H), —0.99 (s, 1H) ppm; *C NMR (100 MHz,
CDCl,, 8): 164.1, 155.1, 151.6, 150.9, 143.0, 142.2, 142.0, 141.8,
139.4, 138.8, 137.0, 134.2, 134.1, 133.9, 133.8, 133.5, 1334, 131.5,
129.7, 1282, 1280, 127.9, 127.6, 127.5, 127.1, 1269, 1262, 126.1,
125.5, 122.6, 1212, 117.5, 1114, 99.8, 50.9, 35.8, 17.4, 16.5, ppm;
HR-MS (ESI+ of MH', 100% CH,;CN, TOF): m/z calcd for
C,HyoN,0,: 691.3073, found 691.3062.

General Procedure for the Reversion of Ketals 12 to
Hemiketals 9. Ketal 12c¢ (100 mg, 0.145 mmol) was dissolved in
10% 3 M HCl in THF (v/v) and stirred overnight at 45 °C. The
reaction was washed with aq. NaHCO; solution and the organic layer
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was extracted using CH,Cl,. The organic layer was evaporated by
rotary evaporation and the product was isolated by flash chromatog-
raphy (CH,CL,) as a purple solid in 90—95% yield (88—93 mg).

meso-Tetrakis(4-trifluoromethylphenyl)-3-isopropyl-3-me-
thoxy-2-oxachlorin (1 2Fc). 12F¢ was prepared from meso-tetrakis(4-
trifluoromethylphenyl)-3-hydroxy-3-isopropyl-2-oxachlorin  (9%¢, 51
mg, 5.4 X 107 mol) according to the procedure described for the
preparation 12c. The product 12Fc was isolated by flash chromatog-
raphy (silica-CH,Cl,) as a purple solid in 70% (36 mg) yield. MW =
962.8 g/mol; Ry = 0.88 (silica—30% petroleum ether 30—60/CH,Cl,);
UV—visible (CHCl;) A (log €): 420 (5.22), 514 (4.11), 548 (4.11),
595 (3.60), 652 (4.54) nm; Fl A, (CHCl,, A 420 nm): 65S, 703
nm, ¢ = 0.35; '"H NMR (300 MHz, CDCl,, §): 8.56 (d, 3] = 3.8 Hg,
1H), 8.42 (t, ’] = 3.9 Hz, 2H), 8.34 (d, 3] = 4.5 Hz, 1H), 7.85—8.28
(m, 18H), 3.04 (s, 3H), 2.04—2.09 (m, 1H), 1.19 (d, ’] = 6.4 Hz, 3H),
0.63 (d, ¥ = 6.8 Hz, 3H), —0.62 (s, 1H), —1.02 (s, 1H) ppm; *C
NMR (100 MHz, CDCL,, 8): 164.0, 154.8, 151.4, 151.3, 145.4, 145.1,
1429, 142.8, 142.3, 1417, 1369, 1342, 13395, 133.92, 133.88,
133.81, 133.7, 133.6, 131.7, 130.6, 130.4, 130.3, 129.9, 127.8, 126.1,
1257, 1252, 125.1, 12505, 125.00, 124.98, 124.96, 124.4, 124.3,
1242, 124.1, 123.4, 123.3, 1232, 122.8, 120.1, 117.7, 110.4, 98.8, 51.0,
36.0, 17.3, 16.5 ppm; HR—MS (ESI+ of MH", 100% CH,CN, TOEF):
m/z calc’'d for C5H3sF,N,O,: 963.2568, found 963.2539.

[meso-Tetraphenyl-3-isopropyl-3-methoxy-2-
oxachlorinate]Zn(ll) (12cZn). meso-Tetraphenyl-3-isopropyl-3-me-
thoxy-2-oxachlorin (12¢, 67 mg, 9.7 X 10~ mol), was dissolved in
30% MeOH/CHCl; (v/v) and heated to reflux. A solution of
Zn(OAc),-H,0 (~5—7 equiv, 100—150 mg) in MeOH (5—10 mL)
was added and the mixture was stirred and heated overnight. The
reaction progress was monitored by TLC (silica—CH,Cl,; the bright
pink nonpolar starting material is converted to a more polar green
spot). Upon completion, the product was isolated by rotary
evaporation, followed by flash chromatography (silica—CH,CL,). The
material was obtained as crystalline material by crystallization using a
slow solvent exchange from CH,Cl, to MeOH or pentane as a green
crystalline solid (65%, 47 mg). MW = 754.2 g/mol; R; = 0.50 (silica—
CH,CL,); UV—visible (CHCL,) A, (log &): 417 (5.36), 455 (4.07),
516 (3.76), 581 (3.88), 622 (4.58) nm; Fl A, (CHCl,, A, = 420
nm): 626, 679 nm, ¢ = 0.19; '"H NMR (300 MHz, CDCl,, 6): 8.58 (d,
%] = 4.7 Hz, 1H), 8.49 (d, *] = 3.3 Hz, 1H), 8.41—8.33 (m, 3H), 8.13—
7.88(m, 9H), 7.78=7.58 (m, 12H), 3.1 (s, 3H), 2.26—2.17 (m, 1H),
125 (d, ¥ = 6.4 Hz, 3H), 0.75 (d, ’] = 6.6 Hz, 3H) ppm; *C NMR
(100 MHz, CDCL,, 5): 162.2, 156.0, 155.1, 149.9, 147.9, 146.6, 145.3,
145.2, 142.4, 139.6, 139.3, 134.2, 133.9, 133.8, 133.7, 133.65, 133.60,
133.5, 133.1, 132.0, 130.3, 128.5, 128.4, 128.1, 128.0, 127.98, 127.87,
127.82, 127.7, 127.3, 127.0, 126.9, 126.8, 126.3, 126.2, 122.9, 117.6,
112.5, 98.5, 50.9, 36.1, 17.5, 16.2 ppm; HR—MS (ESI+ of MH*, 100%
CH4CN, TOF): m/z caled for C,;H;N,0,Zn: 7522130, found
752.2120.

B ASSOCIATED CONTENT

© Supporting Information

'H, ®C NMR, and IR spectra of all obtained compounds and
experimental details to the crystal structure determination of
9¢, 11c, and 12¢Zn, including the cif files. This material is
available free of charge via the Internet at http://pubs.acs.org.

B AUTHOR INFORMATION

Corresponding Author
#Fax: (+1) 860 486-2981. Tel: (+1) 860 486-2743. E-mail: c.
bruckner@uconn.edu.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work was supported by the US National Science
Foundation (CHE-0517782 and CHE-1058846 to C.B.).

dx.doi.org/10.1021/j0300964v | J. Org. Chem. 2012, 77, 6199—6207


http://pubs.acs.org
mailto:c.bruckner@uconn.edu
mailto:c.bruckner@uconn.edu

The Journal of Organic Chemistry

CJ.Z. acknowledges the National Science Foundation (CHE-
0840446) for funds used to purchase the diffractometer used in
this work.

B REFERENCES

(1) Flitsch, W. Adv. Heterocycl. Chem. 1988, 43, 73—126.

(2) Gouterman, M. In The Porphyrins; Dolphin, D., Ed.; Academic
Press: New York, 1978; Vol. 3, pp 1-165.

(3) Chlorophylls and Bacteriochlorophylls; Grimm, B., Porra, R. ],
Riidinger, W., Scheer, H., Eds.; Springer: Dordrecht, NL, 2006; Vol.
28S.

(4) Chlorophylls; Scheer, H., Ed.; CRC Press: Boca Raton, FL, 1991.

(5) The “optical window” is between 600 and 1300 nm; the
wavelength of maximum penetration of breast tissue is <725 nm:
Cerussi, A. E.; Berger, A. J.; Bevilacqua, F.; Shah, N.; Jakubowski, D.;
Butler, J.; Holcombe, R. F.; Tromberg, B. J. Acad. Radiol. 2001, 8,
211-218.

(6) Sternberg, E. D.; Dolphin, D.; Briickner, C. Tetrahedron 1998, 54,
4151—4202.

(7) (a) Bonnett, R. Chemical Aspects of Photodynamic Therapy;
Gordon & Breach: Langhorne, PA, 2000. (b) Pandey, R. K.; Zheng, G.
In The Porphyrin Handbook; Kadish, K. M., Smith, K. M., Guilard, R,
Eds.; Academic Press: San Diego, 2000; Vol. 6, pp 157—230.

(8) Imahori, H.; Kurotobi, K.; Walter, M. G.; Rudine, A. B.; Wamser,
C. C. In Handbook of Porphyrin Science; Kadish, K. M., Smith, K. M.,
Guilard, R., Eds.; World Scientific: River Edge, NY, 2012; Vol. 18, pp
58—123.

(9) For example, see: Artificial Photosynthesis & Solar Fuels thematic
issue of Acc. Chem. Res. 2009, 42, December issue.

(10) (a) Montforts, F.-P.; Gerlach, B.; Hoeper, F. Chem. Rev. 1994,
94, 327—347. (b) Galezowski, M.; Gryko, D. T. Curr. Org. Chem.
2007, 11, 1310—1338. (c) Taniguchi, M.;; Mass, O.; Boyle, P. D;
Tang, Q,; Diers, J. R; Bocian, D. F.; Holten, D.; Lindsey, J. S. J. Mol.
Struct. 2010, 979, 27—45. (d) Taniguchi, M;; Kim, H.-J; Ra, D;
Schwartz, J. K; Kirmaier, C.; Hindin, E.; Diers, J. R;; Prathapan, S,;
Bocian, D. F.; Holten, D.; Lindsey, J. S. J. Org. Chem. 2002, 67, 7329—
7342. (e) Kee, H. L,; Kirmaier, C.; Tang, Q.; Diers, J. R;; Muthiah, C,;
Taniguchi, M.; Laha, J. K; Ptaszek, M.; Lindsey, J. S.; Bocian, D. F,;
Holten, D. Photochem. Photobiol. 2007, 83, 1125—1143. (f) Kee, H. L,
Kirmaier, C.; Tang, Q; Diers, . R.;; Muthiah, C.; Taniguchi, M.; Laha,
J. K; Ptaszek, M.; Lindsey, J. S.; Bocian, D. F.; Holten, D. Photochem.
Photobiol. 2007, 83, 1110—1124. (g) Laha, J. K; Muthiah, C;
Taniguchi, M.; McDowell, B. E; Ptaszek, M.; Lindsey, J. S. J. Org.
Chem. 2006, 71, 4092—4102. (h) Ruzie, C.; Krayer, M.; Lindsey, J. S.
Org. Lett. 2009, 11, 1761—1764.

(11) Shanmugathasan, S.; Edwards, C.; Boyle, R. W. Tetrahedron
2000, 56, 1025—1046.

(12) (a) Taniguchi, M.; Ptaszek, M.; McDowell, B. E; Boyle, P. D.;
Lindsey, J. S. Tetrahedron 2007, 63, 3850—3863. (b) Taniguchi, M,;
Ptaszek, M.; McDowell, B. E; Lindsey, J. S. Tetrahedron 2007, 63,
3840—3849.

(13) (a) Whitlock, H. W, Jr.; Hanauer, R.; Oester, M. Y.; Bower, B.
K. J. Am. Chem. Soc. 1969, 91, 7485—7489. (b) Bonnett, R.; White, R.
D.; Winfield, U. J.; Berenbaum, M. C. Biochem. ]. 1989, 261, 277—280.
(c) Senge, M. O.; Kalisch, W. W.; Runge, S. Tetrahedron 1998, $4,
3781—3798.

(14) (a) Silva, A. M. G;; Cavaleiro, J. A. S. Prog. Heterocycl. Chem.
2008, 19, 44—69. (b) Tome, A. C.; Neves, M. G. P. M. S.; Cavaleiro, J.
A. S. J. Porphyrins Phthalocyanines 2009, 13, 408—414.

(15) (a) Fischer, H.; Pfeiffer, H. Liebigs Ann. Chem. 1944, 556, 131—
153. (b) Inhoffen, H. H.; Nolte, W. Liebigs Ann. Chem. 1969, 725,
167—176. (c) Chang, C. K;; Sotiriou, C. J. Org. Chem. 1985, 50, 4989—
4991.

(16) Briickner, C.; Dolphin, D. Tetrahedron Lett. 1995, 36, 3295—
3298.

(17) Briickner, C.; Rettig, S. J.; Dolphin, D. J. Org. Chem. 1998, 63,
2094—2098.

6207

(18) Samankumara, L. P.; Zeller, M.; Krause, J. A.; Briickner, C. Org.
Biomol. Chem. 2010, 8, 1951—1965.

(19) (a) Lara, K. K; Rinaldo, C. K.; Briickner, C. Tetrahedron 2005,
61,2529-2539. (b) Banerjee, S.; Zeller, M.; Briickner, C. J. Org. Chem.
2010, 75, 1179—1187.

(20) Khalil, G. E.; Daddario, P.; Lau, K. S. F.; Imtiaz, S.; King, M.;
Gouterman, M.; Sidelev, A.; Puran, N.; Ghandehari, M.; Briickner, C.
Analyst 2010, 135, 2125—-2131.

(21) The numering of chlorins as 2,3-dihydroporphyrins is against
TUPAC recommendations, IUPAC-IUB Joint Commission on
Biochemical Nomenclature, Pure Appl. Chem. 1987 59, 779—-832,
but frequently used, intuitive, and convenient.

(22) For a representative example, see: Briickner, C.; Gdtz, D. C. G;
Fox, S. P.; Ryppa, C.; McCarthy, J. R;; Bruhn, T.; Akhigbe, J.; Banerjee,
S.; Daddario, P.; Daniell, H. W.; Zeller, M.; Boyle, R. W.; Bringmann,
G. J. Am. Chem. Soc. 2011, 133, 8740—8752.

(23) (a) McCarthy, J. R;; Jenkins, H. A.; Briickner, C. Org. Lett. 2003,
5, 19—22. (b) Samankumara, L. P.; Wells, S.; Zeller, M.; Acufia, A. M.;
Réder, B.; Briickner, C. Angew. Chem., Int. Ed. 2012, 51, 5757—5760.

(24) Akhigbe, J.; Ryppa, C.; Zeller, M.; Briickner, C. J. Org. Chem.
2009, 74, 4927—4933.

(25) Ogikubo, J.; Briickner, C. Org. Lett. 2011, 13, 2380—2383.

(26) Briickner, C.; Ogikubo, J.; McCarthy, J. R.; Akhigbe, J.; Hyland,
M. A; Daddario, P.; Worlinsky, J. L.; Zeller, M.; Engle, J. T.; Ziegler,
C. J; Ranaghan, M. J; Sandberg, M. N.; Birge, R. R. J. Org. Chem.
2012, DOI: 10.1021/jo300963m.

(27) McCarthy, J. R; Melfi P. J; Capetta, S. H.; Briickner, C.
Tetrahedron 2003, 59, 9137—9146.

(28) (a) Crossley, M. J,; King, L. G. J. Chem. Soc, Chem. Commun.
1984, 920—922. (b) Gouterman, M.; Hall, R. J.; Khalil, G. E.; Martin,
P. C; Shankland, E. G,; Cerny, R. L. J. Am. Chem. Soc. 1989, 111,
3702—3707. (c) Khalil, G.; Gouterman, M.; Ching, S.; Costin, C,;
Coyle, L; Gouin, S.; Green, E,; Sadilek, M.,; Wan, R; Yearyean, J;
Zelelow, B. J. Porphyrins Phthalocyanines 2002, 6, 135—145. (d) Kopke,
T.; Pink, M,; Zaleski, J. M. Chem. Commun. 2006, 4940—4942.
(e) Jayaraj, K; Gold, A.; Austin, R. N.; Ball, L. M.; Terner, J.; Mandon,
D.; Weiss, R.; Fischer, J; DeCian, A.; Bill, E; Miither, M,;
Schiinemann, V.; Trautwein, A. X. Inorg. Chem. 1997, 36, 4555—4566.

(29) (a) Briickner, C.; McCarthy, J. R;; Daniell, H. W.; Pendon, Z.
D,; Ilagan, R. P.; Francis, T. M.; Ren, L.; Birge, R. R; Frank, H. A.
Chem. Phys. 2003, 294, 285—303. (b) McCarthy, J. R.; Perez, M. J;
Briickner, C.; Weissleder, R. Nano Lett. 2008, S, 2552—2556.

(30) (a) Woodward, R. B.; Ayer, W. A; Beaton, J. M.; Bickelhaupt,
F.; Bonnett, R.;; Buchschacher, P.; Closs, G. L.; Dutler, H.; Hannabh, J.;
Hauck, F. P; Ito, S; Langemann, A,; LeGoff, E.; Leimgruber, W.;
Lwowski, W.; Sauer, J.; Valenta, Z.; Voltz, H. . Am. Chem. Soc. 1960,
82, 3800—3802. (b) Woodward, R. B.; Ayer, W. A,; Beaton, J. M;
Bickelhaupt, F.; Bonnett, R.; Buchschacher, P.; Closs, G. L.; Dutler,
H.; Hannah, J; Hauck, F. P; It6, S.; Langemann, A.; Goff, E. L;
Leimgruber, W.,; Lwowski, W.; Sauer, J; Valenta, Z.; Volz, H.
Tetrahedron 1990, 46, 7599—7659.

(31) Ptaszek, M,; McDowell, B. E,; Taniguchi, M; Kim, H.-J;
Lindsey, J. S. Tetrahedron 2007, 63, 3826—3839.

(32) Kratky, C; Waditschatka, R; Angst, C.; Johansen, J. E,;
Plaquevent, J. C.; Schreiber, J.; Eschenmoser, A. Helv. Chim. Acta
1985, 68, 1313—1337.

(33) Senge, M. O. In Porphyrin Handbook; Kadish, K. M., Smith, K.
M., Guilard, R., Eds.; Academic Press: San Diego, 2000; Vol. 10, pp 1—
218.

(34) (a) Pawlicki, M.; Latos-Grazynski, L. Chem.—Eur. ]. 2003, 9,
4650—4660. (b) Pawlicki, M.; Latos-Grazynski, L. J. Org. Chem. 2008,
70, 9123—9130.

(35) Dudkin, S. V.; Makarova, E. A.; Fukuda, T.; Kobayashi, N;
Lukyanets, E. A. Tetrahedron 2011, 52, 2994—2996.

dx.doi.org/10.1021/j0300964v | J. Org. Chem. 2012, 77, 6199—6207



