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Rational Routes to Formyl-Substituted Chlorins B-octaethylchlorif® or mesetetraarylchloring) so as to avoid
formation of regioisomers, although one notable exception is
the regioselective 20-formylation of selected naturally occurring
chlorins®!1 A third approach entails the modification of
naturally occurring chlorins such as chlorophgll Examples
Department of Chemistry, North Carolina State fisity, include (i) oxidation of a 3-vinyl group to give a 3-formyl

Raleigh, North Carolina 27695-8204 specied? (i) oxidation of an 8-vinyl group to give an 8-formyl
species? (i) rupture of the isocyclic ring followed by
functional group transformations to give the 13-formylchlo-
rin1214 or 15-formylchlorin!® and (iv) derivatization of alkyl
groups at the 8- or 12-positiofdé The ability to place formyl
groups at designated sites in chlorins would benefit from more
versatile methods of synthesis, particularly methods that do not
rely on naturally occurring chlorins as starting materials.

We recently prepared a family of chlorins bearing auxo-
chromes at the 3- and 13-positios® The chlorins were
prepared by de novo synthesis and contained a geminal dimethyl
group in the reduced ring to ensure stability toward adventitious
oxidation. The substituents were introduced at the 3,13-positions
because the transition that gives rise to the long-wavelength
(Qy) band is polarized along this axis. The auxochromes included

synthetic chlerins o] 0 phenyl, vinyl, TIPS-ethynyl, and acetyl, of which the acetyl
R = H, p-tolyl (RS only) or CHO O-phytyl group gave the most pronounced changes in the absorption

. spectra. The presence of a single acetyl group at the 13-position

Two distinct approaches have been developed for thecaysed a 26 nm red shift, whereas 3,13-diacetyl substitution
synthesis of chlorins bearing formyl groups: (1) reaction of ¢aysed a 56 nm red shift. On the other hand, similar groups at
an acetal-substltu_ted 1-a<_:y|d|pyrrorr_lethane with 2,3,5,6- the 15-position caused much smaller effééxtension of this
tetrahydro-1,3,3-trimethyldipyrrin to give upon hydrolysis & approach to synthetic chlorins bearing formyl groups at specific
5-formylchlorin and (2) Pd-mediated coupling of a bromo- qsitions is of great interest because the formyl group is
chlorin with a one-carbon synthon (hydroxymet_hyl tnbuty]tm expected to be a more potent auxochrome than acetyl, ethynyl,
or CO) to give a 13-, 15-, or 3,13-formylchlorin. The zinc o vinyl. Toward this goal, we report herein two rational routes
chlorins exhibit long-wavelength peak absorption maxima (g chlorins that enable placement of formyl groups at designated
ranging from 626 to 667 nm, |nd.|ca}t|ng the wavelength sites, including the 5-, 13-, 15-, and 3,13-positions.
tunability afforded by formyl substitution. Synthesis of a 5-Formylchlorin from an Acetal-Dipyr-

romethane.The synthesis of a 5-formylchlorin was approached

Formyl-substituted porphyrins have proved valuable for through use of a 21O-acyld|pyrromethan'e that contains a protected
fundamental spectroscopic studies and as versatile synthetid®™mY! group ().22 Other acetal-chlorins have been prepared
intermediates. Formyl-substituted chlorins have provoked inter- PY reduction of the corresponding porphyfiror from the
est_ owing to_ the distinct spectra provided by c_h_loropﬂyll (8) Smith, K. M.; Bisset, G. M. F.: Bushell, M. Bioorg. Chem198Q
which contains a formyl group at the 7-position, versus g, 1-26.
chlorophyll a, which contains a 7-methyl group. The formyl h(9) bKallisch, W. W.; Senge, M. O.; Ruhlandt-Senge, Rhotochem.

; ; ; ; Photobiol 199§ 67, 312-323.
group also provides a valuable site for synthetic elaboration of . - ) )
chlorins2-5 althouah the svnthesis of formvichlorins has (20) Mironov, A. F.; Moskalchuk, T. V.; Shashkov, A. Buss. J. Bioorg.
; g Y| Yy Chem.2004 30, 261—267.

presented a number of challenges. (11) Ando, T.; Irie, K.; Koshimizu, K.; Takemura, T.; Nishino, H.;

One popular synthetic approach has been to use chlorophyll'Wﬁ(‘ig')r‘@n?e-aga,'f/laJ_'?gh?éi(isﬁ?%?e"g?]i%%’gg?g §6é22§—1;2§fo'
b dllreg:tly in Qerlvatlzatlon processes, including format|on.of (13) Sasaki, S.-I.. Tamiaki, HBull. %hem. Soc. Jpre004 77, 797
the imine® olefin,” or the meso-carbon of an attached porph¥rin.  800.
A second approach has been to formylate an intact chlorin. This ~ (14) Ma, L.; Dolphin, D.Tetrahedron Lett1995 36, 7791-7794.
approach is largely restricted to simple substituted chlorins (e.g., 22(15) Wray, V.; Jugens, U.; Brockmann, H., J¥etrahedronl979 35,
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SCHEME 1

79% l NBS, THF, -78 °C

2 (X =Br)

(1) NaBH,, THF/MeOH (4:1)
()

JNH  N=
16% Z 3
TFA, CHsCN

(3) AgOTf, Zn(OAc),
TMP, CH4CN, reflux

Y

0._0O

1
84%l TFA/H,0, CH,Cl,

Oy _H

FbC-F°P'® (M =H, H)
quant. l Zn(0AC)»2H,0

ZnC-F5P10 (M = Zn)

formylchlorin?? 1-Acyldipyrromethanel was treated with
NBS?3 at —78 °C for 1 h toafford the corresponding 1-bromo-
9-acyldipyrromethane?] in 79% yield (Scheme 1). Reduction
of 2 with NaBH, afforded the 1-bromodipyrromethane-9-
carbinol (Eastern half). The latter was immediately subjected
to condensatioft with tetrahydrodipyrrind>* (Western half) in
the presence of TFA to obtain the tetrahydrobilarterivative,
which upon oxidative cyclization gave the 5-acetal-substituted
zinc chlorin4 in 16% yield. The acetal group was hydrolyzed
(and the zinc chlorin was demetalated) by treatment with TFA/
H,0 in CH.Cl,, thereby affording the free base formylchlorin
FbC-F°P10 in 84% yield. Treatment ofFbC-F°P° with

(21) Balaban, T. S.; Linke-Schaetzel, M.; Bhise, A. D.; Vanthuyne, N.;
Roussel, CEur. J. Org. Chem2004 3919-3930.

(22) Tamiaki, H.; Kubo, M.; Oba, TTetrahedror200Q 56, 6245-6257.

(23) Taniguchi, M.; Ra, D.; Mo, G.; Balasubramanian, T.; Lindsey, J.
S.J. Org. Chem2001, 66, 7342-7354.

(24) Ptaszek, M.; Bhaumik, J.; Kim, H.-J.; Taniguchi, M.; Lindsey, J.
S. Org. Process Res. De2005 9, 651-659.
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SCHEME 2

Br
ZnC-M'°Br'3 R5=H
ZnC-T*M'%Br'3 RS = p-tolyl

R = p-tolyl onl (1) TFA, CH.Cly, 1t
( oy y (2) Pd(PPhg)4, THF, reflux
(1) TFA,
CHoCly, 1t
(2) Pd(PPhg),,
THF, reflux
BU3SH/\OH

(3) MnOy, toluene

Bussn/\OH

RS

OH

47% overall

5 R5=H (51%)
6 RS = p-tolyl (49%)

l MnO,, toluene, 1 h

RS

0 H

FbC-M'OF13 RS =H (91%)
FbC-TSM1OF13 R5= p-tolyl (92%)

Zn(OAc)*2H,0 afforded the zinc chela@nC-F5P°in quan-
titative yield.

Synthesis of Formylchlorins from Bromochlorins. For the
more general introduction of formyl groups at varigéposi-
tions, we first investigated Stille coupling of a bromochlorin
and hydroxymethyltributyltif??® to give the corresponding
hydroxymethylchlorin (Scheme 2). The zinc chelate of the 13-
bromochlorin ZnC-M 1%Br13)17 gave limited conversion upon
refluxing with THF. Demetalation oZnC-M 10Br13 with TFA
afforded the crude free base chlorin. Coupling of the latter and
BusSNCHOH in the presence of Pd(Pghin THF for 30 h
gave the 13-hydroxymethylchlorin 51% yield. The oxidation
of 5 with MnO; in toluene at room temperature afforded the
13-formylchlorin FoC-M1%F13 in 91% vyield. The free base
formylchlorin FbC-T3M19F13 was obtained similarly (Scheme
2). A streamlined procedure including demetalation, Pd-
coupling, and oxidation gav&bC-TM1%F12 in 47% vyield
starting fromZnC-T3M10Br13,

(25) (a) Kosugi, M.; Sumiya, T.; Ogata, T.; Sano, H.; Migita,Ghem.
Lett. 1984 1225-1226. (b) Kosugi, M.; Sumiya, T.; Ohhashi, K.; Sano,
H.; Migita, T. Chem. Lett1985 997—998.

(26) (a) Ahman, J.; Somfai, FSynth. CommurlL994 24, 1117-1120.

(b) Danheiser, R. L.; Romines, K. R.; Koyama, H.; Gee, S. K.; Johnson, C.
R.; Medich, J. ROrg. Synth.1993 71, 133-139.



TABLE 1. Scope of Pd-Mediated Carbonylation of Chlorins
RS
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R® RS

CO, HCOONa, (PPhg),PdCl,,
PPhg, DMF, 108 °C

R5
R1 5 R1 3
Bromochlorin

R15 R1®

Formylchlorin

bromochlorin R R15 R3 R13 formylchlorin RS R3 R13 yield, %
azZnC-M 10Br13 H H H Br ZnC-M 10F13 H H CHO 68
bZnC-T5M10Br13 p-tolyl H H Br ZnC-T5M 10F13 H H CHO 72
aznC-Br3M10Br13 H H Br Br ZnC-F3\ 10F13 H CHO CHO 52
€ZnC-T5M19Br15 p-tolyl Br H H ZnC-T5M10F15 CHO H H 35
aReference 172 Reference 29 Reference 30.
TABLE 2. Spectral Properties of Chloring® Selected absorption spectra of tieC-M 10 series are shown
Jg (fwhm) g, (fwhm) Av in Figure 1 (see the Supporting Information for additional
compd innm in nm lg/le® (cmd spectra).
ZnC-M10 405 (13) 606 (12) 4.3 The presence of a formyl group at the 3-, 5-, 13-, or 15-
ZnC-p10 405 (13) 605 (11) 4.1 " d shift of the | I h ab .
ZnC-M 10A13 418 (18) 632 (14) 21 680 positions causes a red shift of the long-wavelength absorption
ZnC-M 10F13 418 (20) 634 (12) 2.2 730 (Q,) band. However, the magnitude of the red shift, the
%ng-ggrﬂlfow igg ggg 22(7) g% 613-421 1;88 sharpness of the (Qband, and the intensity of the,@and
nC- . . . .
ZNG-ASM 10A13 436 (21) 662 (18) 15 1400 rela.tl.ve to the ba.md. in the blue region (B bgnd) depend on the
position of substitution. The major observations are as follows:
ZnC-T5M10 412 (13) 608 (11) 5.0 _
ZnC-T5M10F15 417 (16) 626 (20) 5.6 470 (1) A 13-formyl group causes a red shift of 730 ch(28
ZnC-TMIOFIS 424 (15) 637 (13) 2.6 750 nm; ZnC-M 19F13 yersusZnC-M 19), to be compared with only
FbC-Mlzo 400 (34) 637 (9) 2.7 680 cn! (26 nm) for the corresponding 13-acetylchldfin
FbC-P 403 (34) 637 (9) 28 (ZnC-M1°A13). The relative intensity of the (band increases
FbC-M10F13 414 (35) 659 (11) 1.9 520 . 10p13 1000
FbC-T5M10F13 422 (36) 663 (11) 22 620 by approximately 2-fold foZn_C-M FversusZnC-M while
FbC-F5p10 416 (41) 672 (27) 5.0 820 the sharpness (fwhm) remains relatively constant (12 nm). Note

an toluene at room temperatureAll compounds that are not synthe-
sized herein are described in ref ¥®Ratio of the intensities of the B and
Qy bands .9 The red shift of the @band relative to that of the parent chlorin
(ZnC-M 10, ZnC-T>M1°, or FbC-M19),

We next investigated the more direct method of Pd-mediated
reductive carbonylatio®’28 A short survey of conditions
(solvent, palladium source, and amount of sodium formate)
identified effective conditions. Thus, treatmentZofC-M 1°Br13
(10 mM) with sodium formate (20 mM) in the presence of
(PPh),PdCL (20 mol %) and PPh(20 mol %) in DMF at 108
°C under an atmosphere of CO afforded the 13-formylchlorin
ZnC-M 1F13 in 68% yield. This Pd-mediated carbonylation
method was successfully applied to introduce the formyl group
into the chlorin macrocycle at the 13-, 3,13-, and 15-positions
(Table 1).

Absorption Spectra of Formylchlorins. The absorption
spectra of the formylchlorins (in toluene at room temperature)
are summarized in Table 2. Three classes are noted: zinc
chlorins bearing a 10-mesityl grouZr{C-M 1° series); zinc
chlorins bearing a p-tolyl group and a 10-mesityl grougC-
T5M10 series); and various free base chlorifbC series).

(27) Pri-Bar, I.; Buchman, QJ. Org. Chem1984 49, 4009-4011.

(28) Okano, T.; Harada, N.; Kiji, JBull. Chem. Soc. Jpnl994 67,
2329-2332.

(29) Laha, J. K.; Muthiah, C.; Taniguchi, M.; Lindsey, JJSOrg. Chem.
2006 71, 7049-7052.

(30) Taniguchi, M.; Kim, M. N.; Ra, D.; Lindsey, J. 8. Org. Chem.
2005 70, 275-285.

that the 10-mesityl and 10-phenyl groups give essentially
identical spectra?

(2) 3,13-Diformyl groups cause a red shift of 1500 ¢n61
nm; ZnC-F3M10F13 versusZnC-M 19), to be compared with
1400 cn1! (56 nm) for the corresponding 3,13-diacetylchléfin
(ZnC-A3M10AL3) A further increase in relative intensity of the

(a) (b} (c)(d)

L B LA

400 500

600
Wavelength (nm)

700

FIGURE 1. Absorption spectra (normalized) in toluene at room

temperature oZnC-M1° (trace aq, 606 nm);” ZnC-M 1°F*3 (trace

b, Zq, 634 nm),ZnC-F5P (trace c,lq, 650 nm), andZnC-F3M10F13
(trace d,Aq, 667 nm).
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Qy band occurslg/lg = 1.4 for ZnC-F3M¥F12 versus 4.3 for Schlenk flask for 1 h. DMF (1.2 mL) was added, and CO gas was
ZnC-M 19 while the sharpness (fwhm) decreases only modestly bubbled through the reaction mixturerf2 h at 108°C. Then the
(17 nm). reaction mixture was heated at 108 under a balloon containing

(3) A 5-formyl group causes a strong red shift of 1100ém  CO for 24 h. After cooling to room temperature, the reaction
(44 nm;ZnC-F5P versusZnC-P19), which is more pronounced mixture was treated with Cil, and water. The organic layer was

. . . . ted, washed (water, brine), dried,®@), and concentrated.
than at any other single site examined herein. However, the Q separated, f .
band is relatively broad (fwhre 36 nm). The resulting residue was chromatographed [silica, hexangs/CH

. Cl, (1:2) — CH,Cl, — CH,Cl,/ethyl acetate (7:1)] to afford a trace
(4) A 15-formyl group causes a modest red shift of 470€m g 6unt 5% of the total) of a mono-formylated chiorin followed
(18 nm;ZnC-T3M1F15 versusZnC-T>M9), band broadening by the title compound as a green solid (6.1 mg, 5296): NMR
(fwhm = 20 nm), and no increase in the relative intensity of (300 MHz)6 1.82 (s, 6H), 2.03 (s, 6H), 2.60 (s, 3H) 4.53 (s, 2H),
the Q band (g/lo = 5.6 forZnC-T>M -5 versus 5.0 foZnC- 7.23 (s, 2H), 8.38 (dJ = 4.5 Hz, 1H), 8.62 (s, 1H), 8.87 (d,=
T5M 10), 4.5 Hz, 1H), 9.00 (s, 1H), 9.26 (s, 1H), 9.61 (s, 1H), 10.3 (s, 1H),
Thus, the formyl group is a slightly more potent auxochrome 10.88 (s, 1H), 11.15 (s, IH}*C NMR ¢ 188.8, 188.7, 172.8, 167.4,
than the acetyl group at those positions where comparisons cant62.1, 161.5, 160.8, 144.0, 141.9, 140.2, 138.9, 137.9, 137.5, 1358,
be made (13- or 3,13-positions), causing bathochromic and 135.7, 131.9, 130.6, 128.2, 128.1, 110.3, 107.7, 98.3, 96.6, 94.5,

hyperchromic effects without substantial band broadening. The 226512393 3|1'O? 572éf5024152|}| LI\? l\észgt_’id SZﬁ'S;nFAEég'SG g7bsd
bathochromic shift increases in order of positions<5l3 < : » callC : {8125N40,Z1); Aaps(toluene) 439,

15, whereas the band-broadening effect increases in order of ™
L - - L . Streamlined Procedure via Hydroxymethylation: 13-Formyl-
Egzgl?;lso%irs]s v:\L/ﬁeresc.:osrrl:ggﬁrsg:;((j:zr:lvsger;‘;éid in the free 17,18-dihydro-18,18-dimethyl-_lO-mesityI-53-tonIporphyrin (FbC-
. ) T5M10F13). A sample of chloriiznC-T5M1%Br 13 (7.50 mg, 0.0108
In summary, we have developed rational approaches for the ymoly was treated with TFA (25.0L, 0.324 mmol) in CHC,
Syn'[hESIS Of fOI’mlehlorInS. Pd'med|ated fOI’my|a'[I0n IS attrac- (10 mL) The reaction mixture was stirred at room temperature
tive where suitable bromochlorins are available (positions 3, for 3 h. The reaction mixture was guenched by the addition of a
13, 15, etc.), otherwise a complementary route entails construc-mixture of saturated aqueous NaH¢@énd CHCl,. The organic
tion of a chlorin with use of an acetal-substituted precursor (e,g., layer was separated, washed (water, brine), dried§Ng, and
5-position). Both approaches were successfully implemented toconcentrated to afford the free base chlorin. Following a procedure
give milligram quantities of formylchlorins. The absorption for Stille coupling with chloring; a mixture of free base chlorln
spectra of zinc chelates of 5-, 13-, 3,13-, and 15-formylchlorins (~0-0108 mmol) and Pd(PBa(2.50 mg, 0.00216 mmol) was dried
revealed a significant effect of the formyl group depending on " @ Schienk flask for 30 min. Hydroxymethyltributyltin (13.8 mg,
the position of substitution. The long-wavelength absorption 0.0432 mmol) in THF (1.0 mL) was added, and the reaction mixture
) was refluxed for 30 h. The reaction mixture was concentrated. The
ba”d can now be tuned over the range of 6_667 nm. For resulting residue was dissolved in toluene (0.20 mL), and MnO
applications in flow cytometry, the chlorins with distinct and (47,0 mg, 0.540 mmol) was added. The reaction mixture was stirred
sharp bands could provide a panel of fluorophores. For at room temperature for 1 h. The reaction mixture was concentrated
applications in solar energy conversion, the collection of and chromatographed [silica, hexareshexanes/ChCl, (1:1) —
wavelength-tunable chlorins, including the chlorins with broad (2:8)] to afford a purple solid (3.0 mg, 47%) with characterization
bands, could provide enhanced solar coverage. Taken togetherdata {H NMR, °*C NMR, LD-MS, FAB-MS, UV-vis) consistent
the routes described herein afford versatile access to formyl-with those for the product obtained via individual stepwise
chlorins for use in fundamental spectroscopic studies and furtherProcedures (see the Supporting Information).
synthetic elaboration.
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Carbonylation Procedure: Zn(ll)-3,13-Diformyl-17,18-dihy-
dro-18,18-dimethyl-10-mesitylporphyrin (ZnC-FM1°F13), Fol-
lowing a procedure for CO-mediated formylati#ha mixture of
ZnC-Br3M19Br13(13.8 mg, 0.0203 mmol), (PRAPdCL (2.85 mg,
0.00406 mmol, 20 mol %), PRI(1.06 mg, 0.00406 mmol, 20 mol
%), and sodium formate (3.50 mg, 0.0507 mmol) was dried in a JO0707885

Supporting Information Available: Spectral data (absorption,
IH NMR, LD-MS) for all new chlorins, and additional experimental
procedures. This material is available free of charge via the Internet
at http://pubs.acs.org.
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