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Regioselective Borylation of Porphyrins by C—H Bond Activation under
Iridium Catalysis to Afford Useful Building Blocks for Porphyrin Assemblies
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Abstract: Highly regioselective and ef-
ficient borylation of a variety of por-
phyrins has been achieved by reaction
with bis(pinacolato)diboron through
C—H bond activation under iridium
catalysis on the basis of the synthetic

whose peripheral (-positions are steri-
cally hindered. Curiously, § substitu-
ents adjacent to the aryl group to be
borylated have unexpectedly large ef-
fects on the regioselectivity, because
the iridium catalyst can discriminate

between subtle steric differences. Che-
moselective borylation was also ach-
ieved for several functionalized por-
phyrins. This borylation protocol can
be applied to various monomeric and
oligomeric  functional  porphyrins,

protocol developed by Miyaura, Hart-
wig, and Smith. A boryl group can be
selectively introduced at sterically un-
congested positions in the peripheral
aryl groups of porphyrin substrates

C-H
porphyrins

Introduction

Multiporphyrin arrays'!! have attracted much attention be-
cause of their potential in a wide range of applications that
include artificial photosynthetic antennae,” dye-sensitized
solar cells,”! conductive organic materials,¥ near-infrared
dyes,”! nonlinear optical (NLO) materials® molecular
wires,[” and building blocks for supramolecular structures.®
Among various linkages that have been used to connect por-
phyrins, aromatic spacers have a distinct advantage for re-
stricting the conformations of porphyrin arrays because of
the well-defined sizes of the aromatic segments and the
somewhat predictable orientations of the aromatic spacer
toward a porphyrin segment.”’) Diphenylethynyl and related
spacers have also been extensively used for the construction
of multiporphyrin arrays, which serve to enhance the elec-
tronic interaction between the linked porphyrins.'*!! Most
of these synthetic strategies employ dipyrromethanes that
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hence offering an efficient route to
elaborate multiporphyrin-based molec-

. ular constructs.
iridium -

bear preinstalled suitable handles (aldehyde equivalents,
halogens, and protected ethynyl groups) for the later por-
phyrin synthesis via acid-catalyzed condensation and oxida-
tion. As a different approach, directly linked porphyrins
have been synthesized through chemical or electrochemical
oxidation.' However, these acidic and oxidative conditions
restrict the functionalities that can be introduced onto por-
phyrins.

One promising candidate is the Suzuki-Miyaura coupling
reaction,™'™ which allows carbon-carbon bond formation
with high compatibility toward a variety of functionalities
under very mild conditions. This strategy achieves the effi-
cient construction of well-designed molecular structures
with borylated porphyrins as key building blocks."”! More-
over, borylated porphyrins also exert an important function:
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they serve as sensing agents for sugars and anions owing to
the Lewis acidity of the boron center."*'”! Shinkai and co-
workers have used borylated porphyrins extensively for the
precise recognition of sugars.

Porphyrins with borylated aromatic substituents have
been synthesized in low yields through conventional porphy-
rin synthesis by using borylbenzaldehyde.'” A new method-
ology for accessing this important class of compounds is
highly desirable for the facile installation of boryl substitu-
ents into porphyrins after porphyrin synthesis.

The introduction of the boryl group onto the peripheral
positions of porphyrins was pioneered by Therien and co-
workers.'*! meso-Boryl porphyrins constitute a good plat-
form for the synthesis of meso-functionalized porphyrin de-
rivatives. 3-Borylporphyrin was prepared by Nocera and co-
workers for the synthesis of P,p-linked diporphyrin.*¥
These peripherally borylated porphyrins were obtained by
palladium-catalyzed coupling of meso- or B-bromoporphy-
rins with pinacolborane (pinBH) or bis(pinacolato)diboron
(pin,B,) as the boron source (Scheme 1). Consequently, the
regiochemistry is predetermined by the position of the bro-
mide. Although meso-bromoporphyrins can be readily ob-
tained by regioselective bromination of meso-unsubstituted

meso
Br  Pdcat

mnBH

Bpin

P'nsz

base
.Bpn

BH pin,B, =
o

Scheme 1. Synthesis of borylporphyrins from bromoporphyrins.
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porphyrins, selective 3 bromination by conventional meth-
ods is possible only with 5,10,15,20-tetrasubstituted porphy-
rins.’® In this sense, B-selective functionalization of 5,15-di-
substituted and 5,10,15-trisubstituted porphyrins is a rather
difficult task. Accordingly, the design and synthesis of por-
phyrin-based molecules often rely on meso-functionaliza-
tion. However, if a reaction that enables selective f§ func-
tionalization of porphyrins is available, one can design and
prepare new types of porphyrin assemblies with specific
properties.

Recently, iridium-catalyzed direct borylation of aromatic
compounds by C—H bond activation®! has emerged as an
efficient route to organoboron compounds.”’***! Dioxaboro-
lanyl groups can be efficiently introduced to aromatic and
heteroaromatic compounds under mild reaction conditions,
thus providing organoboranes that are otherwise often diffi-
cult to prepare by conventional methods. We envisioned the
possibility of direct borylation for the synthesis of various
borylated porphyrins and developed a new method of regio-
selective modification of porphyrins, which can be accom-
plished through direct borylation of various porphyrins
under iridium catalysis (Scheme 2).12¥

Ar Ar

[I(OMe)(cod)], cat Bpin

dtbpy

PR T ane, reflux
tBu
Ar Ar= Ar
tBu

Scheme 2. Ir-catalyzed direct borylation of porphyrin by C—H activation.
cod=1,5-cyclooctadiene, dtbpy =4,4'-di-tert-butyl-2,2'-dipyridyl.

Herein, we disclose the further application of the selective
borylation strategy to a variety of substrates, including func-
tionalized porphyrins and porphyrin oligomers, thus demon-
strating the usefulness of this protocol in the synthesis of
porphyrin-based molecular architectures.

Results and Discussion
Selective Borylation on meso-Aryl Groups of Porphyrins

As reported previously,?* the reactivity and selectivity in
iridium-catalyzed borylation are heavily affected by the
steric constraints of the substrates. For instance, tetrakis(3,5-
di-fert-butylphenyl)porphyrin, which has only congested -
pyrrolic protons, was recovered unchanged even with excess
diboron after a prolonged reaction time (Scheme 3). We
then anticipated that the peripheral aromatic substituents
could be selectively borylated instead of the porphyrin core
by careful design of the substitution pattern of the porphyrin
substrates.
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Ar
pinzB;
[Ir(cod)OMe],
dtbpy
1,4-dioxane
tBu

Ar Ar No reaction

Ar=

tBu
Scheme 3. The unreactivity of a 5,10,15,20-tetrasubstituted porphyrin.

Treatment of 5,10,15-tris(3,5-dioctyloxyphenyl)-20-phenyl-
porphyin (1) with bis(pinacolato)diboron under iridium cat-
alysis provided borylated porphyrins 2 (Scheme 4).”! No
borylation of the porphyrin core occurred. The reaction ex-
hibited considerable meta-se-
lectivity, and meta,meta-bisbo-
rylphenylporphyrin 2b was se-
lectively obtained in excellent
yield with 6.0 equivalents of di-
boron reagent. Although bory-
lation of simple monosubstitut-
ed benzenes often exhibits a
statistical distribution of meta-
and para-borylated products in
a ratio of around 2:1, the se-
lectivity in this case is much
higher.”" Interestingly, the re-
gioselectivity was switched to
para-selectivity in the case of
p-alkylated porphyrins
(Scheme 5): borylation of 3
provided predominantly
di(para-boryl)phenylporphyrin
4a. Such a dramatic change in
regioselectivity due to the indi-
rect spatial steric interaction is
seldom observed in borylation
of simple aromatic compounds.
Borylation of § also exhibited
para-selectivity, and the selec-
tivity was slightly enhanced by
zinc metallation.

Recent theoretical calcula-
tions by DFT revealed that iri-
dium-catalyzed borylation in-
volves formation of an iridi-
um-benzene 1 complex prior
to the transition state of the
oxidative addition of the active
trisboryliridium complex [Ir-
(dtbpy)(Bpin);]*"! to the C-H
bond to yield the phenyliridi-
um species.”® In this situation,
B-alkyl substituents are likely
to interfere with the sterically demanding trisboryliridium
species, which lies perpendicular to the phenyl ring, more

C6H13

CeHyz 3

5H M=HH
5Zn M=12n
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Scheme 4. meta-Selective borylation.
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Scheme 5. para-Selective borylation.

severely at the meta than at the para position. The meta po-
sition is clearly closer to the (-alkyl substituents than the
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www.chemasianj.org



FULL PAPERS

para: the shortest distance be-
tween the p-methyl H and
meta-phenyl C atoms is 3.13 A,
whereas that between the f-
methyl H and para-phenyl C
atoms is 3.64 A in the opti-
mized structure at the B3LYP/
6-31G* level (Figure 1).

Figure 1. Optimized structure of a
B-methyl porphyrin by the DFT
method.

The borylation can be per-
fectly regioselective by the
proper choice of the peripheral
aromatic substituents to be
borylated (Scheme 6). The re-
action of porphyrin 7 with a 3-
methoxyphenyl group furnish-
ed only meta-borylation prod-
uct 8 in 86% yield, whereas
the reaction of porphyrin 9
proceeded well with perfect
para-selectivity.

This regioselective function-
alization is quite powerful for
the synthesis of multiporphy-
rinic architectures. Borylation
of meta-phenylene-bridged di-
porphyrin 11 afforded mono-
borylated dimer 12 quantita-
tively (Scheme 7). Again, -
alkyl substituents have a cru-
cial effect on the reaction, as
borylation did not proceed
with f-methyl porphyrin dimer
13. Borylated meta-phenylene-
bridged diporphyrin 12 ena-
bled the rapid synthesis of por-
phyrin pentamer 15 over two
steps from 11 through direct
borylation and Suzuki-
Miyaura coupling with meso-
dibromoporphyrin 14. Further-
more, we successfully demon-
strated a terminal-selective
functionalization of meso,me-
so-linked porphyrin tetramer

16 in an efficient manner, by taking advantage of the high
regioselectivity in borylation with 3-methoxy substituents
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www.chemasianj.org

H. Shinokubo, A. Osuka et al.

Ar Ar

pinyB;
[Ir(OMe)cod],
dtbpy

O dioxane

OMe  OCgHy,
7 8 86%
Ar=

OCgHy7

CEH’\S

pinyB;
[Ir(OMe)cod],
dtbpy
dioxane

OMe

CeHiz 9 CeHys

Scheme 6. Highly selective borylation of 3-methoxy- and 2,6-dimethoxyphenyl groups.
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Scheme 7. Selective borylation of a porphyrin dimer and cross-coupling to a porphyrin pentamer. dba=
dibenzylideneacetone, DMF = N,N-dimethylformamide.

(Scheme 8). meso,meso-Linked porphyrin oligomers are ex-
pected to act as photonic wires that convey light energy
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pinB

Scheme 8. Terminal-selective borylation of a porphyrin tetramer.

owing to the strong excitonic coupling between the adjacent
porphyrin motifs.'” In this sense, a terminal-selective reac-
tion of molecular wires is important for the efficient synthe-
sis of functional materials based on meso,meso-linked por-
phyrin oligomers.

Iridium-catalyzed direct borylation exhibits a wide range
of functional tolerance. We attempted the functionalization
of porphyrin 18, which bears a pyromellitimide as an elec-
tron acceptor (Scheme9). To our delight, the reaction
worked very well to provide borylated product 19 in 94 %
yield without affecting the imide functionalities. As subse-
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quent Suzuki-Miyaura cou-
pling would install further
donor moieties onto 19, the
present direct-borylation pro-
cedure enables straightforward
access to sophisticated mole-
cules, which are useful in the
study of photoinduced electron
transfer.

It is important to compare
the reactivity of the pB-C—H
bond of the porphyrin core
with the aromatic C—H bond
of the substituent. For this pur-
pose, we designed porphyrin
20, which bears both types of
C—H bonds (Scheme 10). The
3,5-dioctyloxyphenyl groups
enabled the reaction in hexane
at lower temperatures. The re-
action of 20 at 50°C provided
p-borylated porphyrins 21a as
a major product, clearly eluci-
dating the higher reactivity at
the B-positions in the boryla-
tion reaction of porphyrins.

Selective f§ Borylation of Porphyrin Core

In the preliminary communication, we reported 3 borylation
of a limited number of substrates.”**! We then applied this
protocol further to various substrates, including functional-
ized ones, to elucidate the scope and limitations of this reac-
tion.

We generally used 1,4-dioxane as the reaction solvent, but
we encountered difficulty in carrying out the reaction with
substrates that have low solubility in dioxane. In these cases,

o} o} OMe 0 o
borylation
CH,N NCegH;3 — pinB O O CHyN NCeH13
94%
(e} (o] OMe 19 (o] (o]

Scheme 9. Chemoselective borylation of a porphyrin bearing an electron acceptor.

pinB;
[I(OMe)cod], PINB
O P O
hexane, 50°C
OCSHW

Ar 21a 58%

OC8H17

Ar Ar
pinB pinB Bpin
O 7
€ pinB OMe OMe
Ar 21b 14% Ar 21c 14%

Scheme 10. Comparison of the reactivity of C—H bonds at the f-position versus that of the aromatic substituent.
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mesitylene can be used as an alternative solvent. For exam-
ple, borylation of zinc porphyrin 22 in dioxane provided a
trace of borylation products (Scheme 11). However, the use
of mesitylene instead of dioxane allowed the reaction to
proceed and afforded the desired porphyrin 23 in 44%
yield. The reaction of meso-alkylporphyrin 24 was also slug-
gish in dioxane, but gave the desired product 25 in 37 %
yield in mesitylene, along with recovery of the starting mate-
rial 24 (46 %).

Ar A
Bpin
[Ir(OMe)cod],
dtb
+ pingB; Ll
(0.75 equiv)
tBu
5k

Ar 22 Ar=

‘Bu trace in dioxane
44% in mesitylene
n-CgHys n-CgHya
Bpin
[Ir(OMe)cod],
+ pin282 dtopy
0.50 ; mesitylene
(0-80equiv) - 00 ¢
37%
n-CeHiz 24 n-CeHiz 55

Scheme 11. Borylation of porphyrins in mesitylene.

Although the functional tolerance of the iridium-catalyzed
borylation of aromatics has been documented, the present
conditions require higher temperatures than the original
Miyaura protocol. Hence, the compatibility of functionalized
porphyrins in direct borylation was examined (Scheme 12).
Borylation of alkynylporphyrin 26 proceeded nicely to fur-
nish 27 without affecting the alkynyl moiety. This feature is
worthy of note in view of the derivatization of alkynylpor-
phyrins, which often exhibit fascinating electrooptical and
NLO properties. meso,p3,p’-Triborylporphyin 29 was obtained
in reasonable yield under the same reaction conditions, but
the reaction was complicated owing to the partial removal
of the meso-boryl group. The reaction also tolerated the
presence of a cyano group at the meso position to provide
meso-cyano-p-borylporphyrin 31. Unfortunately, the reac-
tion of meso-bromoporphyrin with 3,5-di(terz-butyl)phenyl
groups was sluggish, and debromination took place exten-
sively under the standard conditions in refluxing dioxane.
The use of octane as a solvent for bromoporphyrin 32,
whose long alkyl chains on the aromatic substituents make
it soluble, allowed the borylation reaction to proceed at
80°C to provide monoborylated bromoporphyrin 33 in 32 %
yield. However, even the modified conditions at lower
temperature could not inhibit debromination perfectly.
meso,meso-Linked porphyrin dimer 34 was efficiently bory-
lated to provide tetraboryldiporphyrin 35 in 60 % yield.
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dtbpy
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tBu
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dtbpy
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OCsHy7

Ar 32 Ar 33 32%
OCgH,7

pinzB, (17 equiv)
[Ir(cod)OMe],
dtbpy

1,4-dioxane
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Scheme 12. Borylation of functionalized porphyrins. TMS = trimethylsilyl.

Conclusions

We have achieved regioselective direct borylation of the
porphyrin core and the aromatic substituents of a variety of
porphyrins by the proper design of porphyrin substrates.
Steric effect plays an essential role in determining the regio-
selectivity of borylation. (3-Substituents, in particular, have a
significant effect on the regioselectivity of borylation of the
aromatic substituents through indirect steric interactions.
Borylated porphyrins thus prepared would be useful plat-
forms for constructing porphyrin-containing architectures by

Chem. Asian J. 2007, 2, 849 -859
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Suzuki-Miyaura cross-coupling and as sensor molecules
based on the properties of boronic acid moieties. The pres-
ent protocol should allow for the selective borylation of
other more-sophisticated functional segments, which would
be a challenging subject worthy of further investigation.

Experimental Section
General

"HNMR (600 MHz) spectra were recorded on a JEOL ECA-600 spec-
trometer. Chemical shifts are reported in ppm relative to CHCI; and
1,1,2,2-tetrachloroethane as internal references (0=7.26 and 5.91 ppm,
respectively). UV/Vis absorption spectra were recorded on a Shimadzu
UV-2550 spectrometer. MALDI-TOF mass spectra were obtained with a
Shimadzu/KRATOS KOMPACT MALDI 4 spectrometer by using posi-
tive-MALDI ionization without matrix. High-resolution ESI-TOF mass
spectra were recorded on a Bruker microTOF spectrometer. Recycling
preparative GPC-HPLC was carried out on a JAI LC-908 chromato-
graph with preparative JAIGEL-2H, -2.5H, and -3H, or -2.5H, -3H, and
-4H. 1,4-Dioxane and mesitylene were distilled from calcium hydride and
stocked under argon with dried 4-A molecular sieves. Unless otherwise
noted, materials obtained from commercial suppliers were used without
further purification. Theoretical calculations were carried out by the
DFT method with the Gaussian 03 package.®”!

Procedure for Borylation of Porphyrins

Borylation of 5,10,15-tris(3,5-dioctyloxyphenyl)-20-phenylporphyin (1): A
flask containing [Ir(OMe)(cod)], (4.0 mg, 6.0 umol), 4,4'-di-tert-butyl-2,2'-
bipyridyl  (3.2mg, 12 pmol), bis(pinacolato)diboron  (152.4 mg,
0.60 mmol), and 1 (138.4 mg, 0.10 mmol) was flushed with argon and
then charged with 1,4-dioxane (1.5 mL). The mixture was stirred at reflux
for 48 h. After cooling, the reaction mixture was passed through a short
pad of silica gel with dichloromethane. Concentration and purification by
recycling preparative GPC-HPLC gave the products 2a (18.1 mg, 12%)
and 2b (133.8 mg, 82%). 2a: UV/Vis (CH,CL): 4,,,, (€) =645 (7100), 590
(10000), 550 (11000), 515 (27000), 421 nm (531000 m~'em™'); 'H NMR
(CDCly): 6=8.94 (s, 4H, B-pyrrole), 8.94 (d, /=4.6 Hz, 2H, B-pyrrole),
8.81 (d, J=4.6 Hz, 2H, B-pyrrole), 8.23 (d, J=8.0 Hz, 2H, ortho-phenyl),
8.20 (d, /=8.0 Hz, 2H, meta-phenyl), 7.38-7.36 (m, 6 H, ortho-dioctyloxy-
phenyl), 6.90-6.87 (m, 3H, para-dioctyloxyphenyl), 4.11 (t, /J=6.4 Hz,
12H, OCH,), 1.90-1.83 (m, 12H, CH,), 1.51 (s, 12H, pinacol), 1.51-1.46
(m, 12H, CH,), 1.39-1.33 (m, 12H, CH,), 1.33-1.24 (m, 36 H, CH,), 0.86
(t, J=6.9 Hz, 18H, CH;), —2.82 ppm (s, 2H, NH); HRMS (ESI): m/z
caled for CygH,3BN,Oq: 1510.0617 [M +H]*; found: 1510.0567. 2b: UV/
Vis (CH,CL): A, (€) =646 (5600), 590 (7900), 550 (8900), 516 (23000),
422 nm (486000 M 'cm™'); 'TH NMR (CDCly): 6=8.98 (s, 4H, B-pyrrole),
8.95 (d, J=3.7Hz, 2H, B-pyrrole), 8.79 (d, J=3.7 Hz, 2H, B-pyrrole),
8.73 (d, J=14Hz, 2H, ortho-phenyl), 8.71 (d, J=14Hz, 1H, para-
phenyl), 7.41-7.39 (m, 6H, ortho-dioctyloxyphenyl), 6.92-6.89 (m, 3H,
para-dioctyloxyphenyl), 4.14 (t, J=6.6 Hz, 12H, OCH,), 1.91-1.86 (m,
12H, CH,), 1.55-1.49 (m, 12H, CH,), 1.40 (s, 24H, pinacol), 1.40-1.24
(m, 48H, CH,), 0.89-0.85 (m, 18H, CHj;), —2.80 ppm (s, 2H, NH);
HRMS (ESI): m/z caled for C,p4H;4B,N,O,y: 1636.1483 [M +H]*; found:
1636.1430.

Borylation of 5,15-diphenyl-2,8,12,18-tetrahexyl-3,7,13,17-tetramethylpor-
phyrinatozinc(I) (3): The reaction of 3 (46.0 mg, 50 pmol) with [Ir-
(OMe)(cod)], (3.3 mg, 5.0 umol), 4,4'-di-tert-butyl-2,2"-bipyridyl (2.7 mg,
10 umol), and bis(pinacolato)diboron (102.4 mg, 0.40 mmol) in 1,4-diox-
ane (1.0 mL) gave 4a (39.3 mg, 77 %) and 4b (7.4 mg, 14%). 4a: UV/Vis
(CH,CL): Apa (rel. 1)=573 (0.031), 539 (0.053), 411 nm (1); 'H NMR
(CDCl,): 0=10.08 (s, 2H, meso), 8.18 (d, J=7.3 Hz, 4H, ortho-phenyl),
8.10 (d, J=7.3 Hz, 4H, meta-phenyl), 3.89 (t, /=7.8 Hz, 8H, 3-CH,), 2.43
(s, 12H, B-CH,), 2.17 (tt, J=17.8, 7.5Hz, 8H, CH,), 1.75 (tt, /=725,
7.5Hz, 8H, CH,), 1.56 (s, 24H, pinacol), 1.51 (tt, J=7.5, 7.5 Hz, 8H,
CH,), 1.40 (qt, J=7.5, 7.5 Hz, 8H, CH,), 0.94 ppm (t, /=7.5Hz, 12H,
CH,); HRMS (ESI): m/z caled for C;,HyB,N,O,Zn: 1169.7160 [M +H]*;
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found: 1169.7165. 4b: UV/Vis (CH,CL): A, (rel. 1)=574 (0.03), 539
(0.051), 412 nm (1); 'HNMR (CDCl;): 6=10.16 (s, 2H, meso), 8.70 (s,
1H, para-phenyl), 8.62 (s, 2H, ortho-phenyl), 8.16 (d, J=7.8 Hz, 2H,
ortho-phenyl), 8.10 (d, J=7.8 Hz, 2H, meta-phenyl), 3.96 (t, J=8.7 Hz,
4H, B-CH,), 3.95 (t, J=8.7 Hz, 4H, -CH,), 2.45 (s, 6H, -CHj;), 2.39 (s,
6H, p-CH;), 2.20-2.15 (m, 8H, CH,), 1.78-1.70 (m, 8H, CH,), 1.54 (s,
12H, pinacol), 1.52-1.45 (m, 8H, CH,), 1.42-1.32 (m, 8H, CH,), 1.38 (s,
24H, pinacol), 0.94-0.89 ppm (m, 12H, CH;); HRMS (ESI): m/z calcd
for CysH;10BsN,O6Zn: 1295.8024 [M +H]*; found: 1295.8007.

Borylation of 2,3,7,8,12,13,17,18-octaethyl-5-phenylporphyrin (5H): The
reaction of SH (45.8mg, 75pmol) with [Ir(OMe)(cod)], (3.0 mg,
4.5 pmol), 4,4'-di-tert-butyl-2,2'-bipyridyl (2.4 mg, 9.0 umol), and bis(pina-
colato)diboron (114.3 mg, 0.45 mmol) in 1,4-dioxane (1.0 mL) gave 6aH
(41.5mg, 74%) and 6bH (12.0 mg, 17%). 6aH: UV/Vis (CH,CL): A,
(rel. 1)=406 (1), 505 (0.085), 539 (0.042), 573 (0.039), 625 nm (0.016);
'HNMR (CDCly): 6=10.22 (s, 2H, meso), 9.98 (s, 1 H, meso), 8.29 (dd,
J=14, 7.5 Hz, 2H, ortho-phenyl), 8.15 (dd, /=14, 7.5 Hz, 2H, meta-
phenyl), 4.15 (q, /=7.8 Hz, 4H, $-CH,), 4.12 (q, /=7.8 Hz, 4H, $-CH,),
4.07 (q, J=7.8 Hz, 4H, -CH,), 2.81 (q, /J=7.4 Hz, 4H, -CH,), 1.97 (t,
J=7.8Hz, 12H, $-CH,;), 1.91 (t, /=7.8 Hz, 6 H, $-CH3), 1.56 (s, 12H, pi-
nacol), 1.20 (t, J=7.4 Hz, 6H, §-CH;), —2.94 (s, 1H, NH), —3.08 ppm (s,
1H, NH); HRMS (ESI): m/z caled for C,4Hg,BN,O,: 737.4968 [M +H]*;
found: 737.4942. 6bH: UV/Vis (CH,CLy): A, (rel. 1)=406 (1), 504
(0.084), 539 (0.041), 573 (0.038), 625 nm (0.015); '"H NMR (CDCly): 6=
10.17 (s, 2H, meso), 9.93 (s, 1H, meso), 8.75 (s, 2H, ortho-phenyl), 8.71
(s, 1H, para-phenyl), 4.11 (q, J=7.8 Hz, 4H, p-CH,), 4.08 (q, /=7.8 Hz,
4H, p-CH,), 4.01 (q, J=7.8 Hz, 4H, B-CH,), 2.67 (q, /=7.8 Hz, 4H, -
CH,), 1.93 (t, J=7.8 Hz, 6H, -CHj;), 1.92 (t, J=7.8 Hz, 6 H, $-CH,), 1.87
(t, J=7.8 Hz, 6H, -CHj3), 1.36 (s, 24 H, pinacol), 1.19 (t, J=7.8 Hz, 6H,
B-CH;), —2.99 (s, 1H, NH), —3.17 ppm (s, 1H, NH); HRMS (ESI): m/z
caled for Cs4H,;B,N,O,: 863.5829 [M +H]™; found: 863.5833.

Borylation of 2,3,7,8,12,13,17,18-octaethyl-5-phenylporphyrinatozinc(II)
(5Zn): The reaction of 5Zn (50.6 mg, 75 umol) with [Ir(OMe)(cod)],
(3.0 mg, 4.5 pmol), 4,4'-di-tert-butyl-2,2-bipyridyl (2.4 mg, 9.0 umol), and
bis(pinacolato)diboron (114.3 mg, 0.45 mmol) in 1,4-dioxane (1.0 mL)
gave 6aZn (48.0mg, 80%) and 6bZn (8.9 mg, 13%). 6aZn: UV/Vis
(CH,CL): Ay (rel. I)=406 (1), 536 (0.058), 572 nm (0.054); 'H NMR
(CDCly): 0=10.14 (s, 2H, meso), 9.95 (s, 1 H, meso), 8.28 (d, J=7.5 Hz,
2H, ortho-phenyl), 8.12 (d, J=7.5Hz, 2H, meta-phenyl), 4.06 (q, J=
7.5 Hz, 8H, -CH,), 4.03 (q, J=7.5Hz, 4H, B-CH,), 2.74 (q, J=7.5 Hz,
4H, p-CH,), 1.93 (t, J=7.5Hz, 6H, p-CH,), 1.92 (t, /=7.5Hz, 6H, p-
CHs;), 1.90 (t, J=7.5Hz, 6H, B-CHj;), 1.56 (s, 12H, pinacol), 1.19 (t, J=
7.5Hz, 6H, B-CH;); HRMS (ESI): m/z caled for C,HsBN,O,Zn:
798.4025 [M]*; found: 798.4011. 6bZn: UV/Vis (CH,CLy): Ay (rel. I)=
408 (1), 537 (0.049), 573 nm (0.046); 'H NMR (CDClL): 6=10.17 (s, 2H,
meso), 10.07 (s, 1H, meso), 8.76 (s, 2H, ortho-phenyl), 8.70 (s, 1H, para-
phenyl), 4.11 (q, J=7.8 Hz, 8H, f-CH,), 4.02 (q, /=7.8 Hz, 4H, B-CH,),
2.63 (q, J=7.5Hz, 4H, B-CH,), 1.94 (t, J=7.8 Hz, 6H, $-CH;), 1.93 (t,
J=7.8Hz, 6H, $-CH,), 1.88 (t, /=7.8 Hz, 6H, -CH,), 1.35 (s, 24H, pi-
nacol), 1.20 ppm (t, J=7.5 Hz, 6H, $-CH;); HRMS (ESI): m/z calcd for
Cs4H,B,N,0,Zn: 924.4887 [M]*; found: 924.4910.

Borylation of 5,10,15-tris(3,5-dioctyloxyphenyl)-20-(3-methoxyphenyl)-
porphyrinatozinc(II) (7): The reaction of 7 (73.7 mg, 50 umol) with [Ir-
(OMe)(cod)], (1.7 mg, 2.5 pmol), 4,4'-di-tert-butyl-2,2"-bipyridyl (1.3 mg,
5.0 umol), and bis(pinacolato)diboron (63.5 mg, 0.25 mmol) in 1,4-diox-
ane (0.75 mL) gave 8 (43.2 mg, 86 %) along with the starting porphyrin 7
(4.2 mg, 8%). 8: UV/Vis (CH,CL): A, (rel. 1)=422 (1), 549 (0.044),
574 nm (0.009); '"HNMR (CDCl;): =9.06 (s, 4H, B-pyrrole), 9.05 (d,
J=4.6 Hz, 2H, B-pyrrole), 8.96 (d, J=4.6 Hz, 2H, B-pyrrole), 8.28 (s, 1 H,
ortho-phenyl), 7.90 (s, 1H, ortho-phenyl), 7.77 (s, 1 H, para-phenyl), 7.41
(s, 6H, ortho-dioctyloxyphenyl), 6.90 (s, 3H, para-dioctyloxyphenyl),
416-4.11 (m, 12H, OCH,), 4.04 (s, 3H, OCHj;), 1.91-1.86 (m, 12H,
CH,), 1.55-1.48 (m, 12H, CH,), 1.41 (s, 12H, pinacol), 1.41-1.35 (m,
12H, CH,), 1.35-1.26 (m, 36 H, CH,), 0.89 ppm (t, /=6.4 Hz, 18 H, CH;);
HRMS (ESI): m/z caled for CgH;3BN,OyZn: 1601.9858 [M+H]";
found: 1601.9912.

Borylation of 5,15-bis(2,6-dimethoxyphenyl)-2,8,12,18-tetrahexyl-
3,7,13,17-tetramethylporphyrin (9): The reaction of 9 (76.9 mg, 80 pmol)
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with [Ir(OMe)(cod)], (3.2 mg, 4.8 umol), 4,4'-di-tert-butyl-2,2"-bipyridyl
(2.6 mg, 9.6 umol), and bis(pinacolato)diboron (121.9 mg, 0.48 mmol) in
1,4-dioxane (2.0 mL) afforded 10 (82.2 mg, 84 %) after purification by re-
crystallization from dichloromethane/methanol. 10: UV/Vis (CH,CL,):
Amax (rel. T)=411 (1), 508 (0.074), 543 (0.025), 576 (0.031), 628 nm
(0.009); 'HNMR (CDCl;): 6=10.20 (s, 2H, meso), 7.49 (s, 4H, meta-
phenyl), 4.05 (t, J=7.1Hz, 8H, f-CH,), 3.67 (s, 12H, OCH,), 2.67 (s,
12H, B-CHs), 2.26 (tt, J=7.1, 7.1 Hz, 8H, CH,), 1.78 (tt, J=7.1, 7.1 Hz,
8H, CH,), 1.57 (s, 24H, pinacol), 1.53 (tt, /=7.1, 7.1 Hz, 8H, CH,), 1.43
(tq, J=7.1, 7.3 Hz, 8H, CH,), 0.97 (t, J=7.3 Hz, 12H, CH;), —2.11 ppm
(s, 2H, NH); HRMS (ESI): m/z calcd for C;qH,00B,N,Oy: 1227.8449 [M+
H]*; found: 1227.8478.

Borylation of 1,3-bis[10,15,20-tris(3,5-dioctyloxyphenyl)porphyrinato-
(zinc)-5-yl]benzene (11): The reaction of 11 (281.7 mg, 0.10 mmol) with
[Ir(OMe)(cod)], (4.0mg, 6.0 pmol), 4.4'-di-tert-butyl-2,2"-bipyridyl
(3.2 mg, 12 umol), and bis(pinacolato)diboron (152.4 mg, 0.60 mmol) in
1,4-dioxane (1.2 mL) afforded 12 (285.7 mg, 97 %) after purification by
recrystallization from dichloromethane/methanol. 12: UV/Vis (CH,Cl,):
Amax (rel. I)=419 (1), 432 (0.835), 549 (0.079), 587 nm (0.016); '"H NMR
(CDCL): 6=9.41 (d, J=4.6 Hz, 4H, B-pyrrole), 9.22 (dd, /=1.8, 1.8 Hz,
1H, para-phenyl), 9.18 (d, J=4.6 Hz, 4H, p-pyrrole), 9.05 (d, J=4.5 Hz,
4H, B-pyrrole), 9.04 (dd, J=1.8, 1.8 Hz, 2H, ortho-phenyl), 9.03 (d, /=
4.5 Hz, 4H, B-pyrrole), 7.44 (s, 4H, ortho-dioctyloxyphenyl), 7.38 (s, 2H,
ortho-dioctyloxyphenyl), 7.35 (s, 2H, ortho-dioctyloxyphenyl), 7.32 (s,
4H, ortho-dioctyloxyphenyl), 6.88 (s, 4H, para-dioctyloxyphenyl), 6.87 (s,
2H, para-dioctyloxyphenyl), 4.18-4.13 (m, 8H, OCH,), 4.11 (t, J=6.4 Hz,
4H, OCH,), 4.07 (t, J=6.7Hz, 4H, OCH,), 4.03 (t, J=6.4Hz, 8H,
OCH,), 1.92-1.74 (m, 24H, CH,), 1.56-1.45 (m, 24H, CH,), 1.45-1.16 (m,
96H, CH,), 1.41 (s, 12H, pinacol), 0.88 (t, J=6.7 Hz, 12H, CHj;), 0.86 (t,
J=6.7Hz, 6H, CH;), 0.82 (t, J=6.7 Hz, 6H, CHj;), 0.78 (t, J=6.7 Hz,
12H, CH;); HRMS (ESI): m/z caled for C;gH,5,BNgO,Zn,: 2938.8103
[M+H]*; found: 2938.8213.

Suzuki-Miyaura cross-coupling of 12 with 14: Phenylene-bridged dimer
12 (29.4 mg, 10 ymol), 14 (4.8 mg, 4.0 pmol), Cs,CO; (4.9 mg, 15 pmol),
[Pd,(dba);] (0.5mg, 0.50 umol), and triphenylphosphine (0.5 mg,
2.0 umol) were dissolved in a mixture of toluene (1.0 mL), DMF
(0.50 mL), and water (0.10 mL). The solution was deoxygenated by ap-
plying a freeze-pump-thaw degas cycle three times, and the resulting
mixture was stirred at 80°C under argon atmosphere. After 8 h, the reac-
tion was quenched with water, and the mixture was extracted with diethyl
ether. The organic layer was washed with water, dried over anhydrous
Na,SO,, and evaporated. Purification by recycling preparative GPC-
HPLC gave the coupling product 15 (12.5mg, 47%). 15: UV/Vis
(CH,CL): A (£)=593 (31000), 554 (125000), 433 (1180000), 416
(899000), 310nm (95000 M 'em™'); 'HNMR ([D,]1,1,2,2-tetrachloro-
ethane, 50°C): 0=9.82 (d, /J=4.6 Hz, 4H, f-pyrrole), 9.80 (d, J=4.6 Hz,
8H, B-pyrrole), 9.46 (s, 4H, ortho-phenyl), 9.45 (s, 2H, para-phenyl),
9.29(d, J=4.6 Hz 4H, B-pyrrole), 9.27 (d, J=4.6 Hz, 8H, B-pyrrole), 8.96
(d, J=4.6 Hz, 8H, B-pyrrole), 8.94 (d, J=4.6 Hz, 8H, B-pyrrole), 7.32 (s,
4H, ortho-dioctyloxyphenyl), 7.29 (s, 16 H, ortho-dioctyloxyphenyl), 7.27
(s, 4H, ortho-dioctyloxyphenyl), 7.26 (s, 4H, ortho-dioctyloxyphenyl),
6.87 (s, 2H, para-dioctyloxyphenyl), 6.82 (s, 8H, para-dioctyloxyphenyl),
6.79 (s, 4H, para-dioctyloxyphenyl), 4.09-3.99 (m, 56 H, OCH,), 1.79-1.70
(m, 56H, CH,), 1.41-1.33 (m, 56H, CH,), 1.30-1.10 (m, 224H, CH,),
0.77-0.68 ppm (m, 84H, CH;); MS (MALDI-TOF): m/z calcd for
CuooHs6N30O55Zn5: 6655.98 [M]™; found: 6660.07.

Borylation of meso,meso-di-(3-methoxyphenyl)-meso,meso-linked por-
phyrin tetramer 16: The reaction of 16 (43.6 mg, 10 umol) with [Ir(OMe)-
(cod)], (2.7mg, 4.0umol), 44-di-tert-butyl-2,2"-bipyridyl (2.1 mg,
8.0 umol), and bis(pinacolato)diboron (101.6 mg, 0.40 mmol) in 1,4-diox-
ane (1.0 mL) afforded 17 (44.0 mg, 95 %) after purification by recrystalli-
zation from dichloromethane/methanol. 17: UV/Vis (CH,CL): A, (¢)=
571 (168000), 486 (386000), 417 (446000), 309 nm (67000 m~'cm™);
'"HNMR (CDCLy): 6=9.13 (d, J=4.6 Hz, 4H, B-pyrrole), 9.06 (d, J=
4.6 Hz, 4H, B-pyrrole), 8.90 (d, J=4.6 Hz, 4H, B-pyrrole), 8.87 (d, /=
4.6 Hz, 4H, B-pyrrole), 8.86 (d, /=4.6 Hz, 2H, B-pyrrole), 8.85 (d, J=
4.6 Hz, 2H, B-pyrrole), 8.37 (s, 2H, ortho-phenyl), 8.30 (d, J=4.6 Hz, 4H,
B-pyrrole), 8.24 (d, J=4.6 Hz, 4H, B-pyrrole), 8.24 (d, J=4.6 Hz, 2H, f-
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pyrrole), 8.17 (d, J=4.6 Hz, 2H, B-pyrrole), 7.98 (s, 2H, ortho-phenyl),
7.81 (s, 2H, para-phenyl), 7.44 (s, 16 H, ortho-dioctyloxyphenyl), 6.82 (s,
4H, para-dioctyloxyphenyl), 6.71 (s, 4H, para-dioctyloxyphenyl), 4.10 (s,
6H, OCH,), 4.08 (t, J=6.6 Hz, 16H, OCH,), 4.10 (t, /=6.6 Hz, 16H,
OCH,), 1.81 (tt, J=6.6, 6.6 Hz, 16H, CH,), 1.73 (tt, J=6.6, 6.6 Hz, 16H,
CH,), 1.4 (tt, J=6.6, 6.6 Hz, 16H, CH,), 1.4 (s, 24 H, pinacol), 1.38 (tt,
J=6.6, 6.6 Hz, 16H, CH,), 1.34-1.12 (m, 128 H, CH,), 0.81 (t, /=6.6 Hz,
24H, CH,), 0.75 (s, /= 6.6 Hz, 24H, CH;); MS (MALDI-TOF): m/z caled
for CopH30,N 402,70, 4604.52 [M]*; found. 4607.10.

Borylation of phenylene-linked porphyrin pyromellitimide diad 18: Por-
phyrin 18 (41.7 mg, 41.6 pmol), [Ir(cod)OMe], (2.6 mg, 4.0 umol), 4,4'-di-
tert-butyl-2,2’-bipyridyl (2.2 mg, 8.0 pmol), and bis(pinacolato)diboron
(63.5 mg, 25.0 umol) were purged with argon and then dissolved in 1,4-di-
oxane (1.0 mL). The mixture was stirred at 100°C for 24 h. After cooling,
the reaction mixture was passed through a short silica-gel column with
ethyl acetate. Purification by size-exclusion chromatography and recrys-
tallization from dichloromethane/methanol gave the product 19 (44.9 mg,
39.8 umol, 95%). 19: UV/Vis (CH,CL): 4.« (¢€) =628 (1340), 573 (5640),
541 (4300), 507 (14400), 409 nm (185800 M 'cm™"); '"H NMR (CDCL,):
0=10.16 (s, 2H, meso), 8.38 (s, 2H, aromatic imide), 8.04 (d, /=7.8 Hz,
2H, phenyl), 7.74 (d, J=7.8 Hz, 2H, phenyl), 7.42 (s, 2H, dimethoxy-
phenyl), 5.30 (s, 2H, benzylic), 4.04-3.93 (m, 8H, CH,CHs;), 3.77 (t, J=
7.3 Hz, 2H, Hex-1), 3.61 (s, 6H, OMe), 2.59 (s, 6H, Me), 2.41 (s, 6H,
Me), 1.70-1.78 (m, 12H, CH,CH,), 1.58 (s, 12H, pinacol), 1.28-1.43 (m,
8H, Hex-2-5), 0.89 (t, J=6.9 Hz, 3H, Hex-6), —2.44 ppm (br, 2H, NH);
HRMS (ESI): m/z caled for CeHsBNOg: 1129.5974 [M +H]*; found:
1129.5961.

Borylation of 10-(3-methoxyphenyl)-5,15-bis(3,5-dioctyloxyphenyl)por-
phyrinatozinc(II) (20): A flask containing [Ir(OMe)(cod)], (1.5 mg,
2.3 umol), 4,4'-di-tert-butyl-2,2"-bipyridyl (1.2 mg, 4.5 umol), bis(pinacola-
to)diboron (38.1 mg, 0.15 mmol), and 20 (114.4 mg, 0.10 mmol) was flush-
ed with argon and then charged with hexane (1.0 mL). The mixture was
stirred at 50°C for 24 h. After cooling, the reaction mixture was passed
through a short pad of silica gel with dichloromethane. Concentration
and purification by recycling preparative GPC-HPLC gave the mono-
borylated porphyrin 21a (73.6 mg, 58 %) and diborylated porphyrin re-
gioisomers 21b and 21¢ (38.1 mg, 27 %, 1:1), along with the starting por-
phyrin (13.9 mg, 12%). 21a: UV/Vis (CH,Cl,): A, (rel. I)=584 (0.01),
547 (0.047), 420 nm (1); '"HNMR (CDCl): 6=10.95 (s, 1H, meso), 9.73
(s, 1H, B-pyrrole), 9.50 (d, J=4.1 Hz, 1H, B-pyrrole), 9.21 (d, J=4.1 Hz,
1H, B-pyrrole), 9.09 (d, J=4.6 Hz, 1H, B-pyrrole), 9.06 (d, J=4.6 Hz,
1H, B-pyrrole), 8.98 (d, J=4.6 Hz, 1H, p-pyrrole), 8.97 (d, J=4.6 Hz,
1H, B-pyrrole), 7.82 (d, J=7.4 Hz, 1H, ortho-phenyl), 7.75 (s, 1 H, ortho-
phenyl), 7.63 (dd, J=7.4, 8.8 Hz, 1 H, meta-phenyl), 7.42 (s, 2H, ortho-di-
octyloxyphenyl), 7.40 (s, 2H, ortho-dioctyloxyphenyl), 7.29 (d, J=8.8 Hz,
1H, para-phenyl), 6.90 (s, 1 H, para-dioctyloxyphenyl), 6.89 (s, 1 H, para-
dioctyloxyphenyl), 4.16-4.12 (m, 8H, OCH,), 3.93 (s, 3H, OCH,), 1.91-
1.85 (m, 8H, CH,), 1.74 (s, 12H, pinacol), 1.55-1.48 (m, 8H, CH,), 1.42—
1.26 (m, 32H, CH,), 0.91-0.87 ppm (m, 12H, CH;); HRMS (ESI): m/z
caled for C;;H,(,BN,O,Zn: 1269.7140 [M +H]*; found: 1269.7147. 21b:
"HNMR (CDCly): =11.43 (s, 1 H, meso), 9.72 (s, 2H, B-pyrrole), 9.02
(d, J=4.6 Hz, 2H, B-pyrrole), 8.93 (d, J=4.6 Hz, 2H, B-pyrrole), 7.80 (d,
J=17.3 Hz, 1H, ortho-phenyl), 7.74 (s, 1 H, ortho-phenyl) 7.62 (dd, J=7.3,
8.7 Hz, 1H, meta-phenyl), 7.40 (s, 4H, ortho-dioctyloxyphenyl), 7.29 (d,
J=8.7Hz, 1H, para-phenyl), 6.91 (s, 2H, para-dioctyloxyphenyl), 4.19—
4.13 (m, 8H, OCH,), 3.94 (s, 3H, OCH;), 1.92-1.86 (m, 8H, CH,), 1.75
(s, 24H, pinacol), 1.55-1.49 (m, 8H, CH,), 1.42-1.26 (m, 32H, CH,),
0.90-0.86 ppm (m, 12H, CH;). 21¢: 'H NMR (CDCly): 6=10.93 (s, 1H,
meso), 9.73 (s, 1H, pB-pyrrole), 9.49 (d, J=4.1 Hz, 1 H, B-pyrrole), 9.20 (d,
J=4.1Hz, 1H, B-pyrrole), 9.07 (d, J=4.6 Hz, 1 H, B-pyrrole), 9.04 (d, J=
4.6 Hz, 1H, B-pyrrole), 8.96 (d, J=4.6 Hz, 1H, B-pyrrole), 8.94 (d, J=
4.6 Hz, 1H, B-pyrrole), 8.26 (s, 1H, ortho-phenyl), 7.86 (s, 1H, ortho-
phenyl), 7.75 (s, 1H, para-phenyl), 7.43 (s, 2H, ortho-dioctyloxyphenyl),
7.40 (s, 2H, ortho-dioctyloxyphenyl), 6.91 (s, 1 H, para-dioctyloxyphenyl),
6.90 (s, 1H, para-dioctyloxyphenyl), 4.19-4.13 (m, 8H, OCH,), 4.02 (s,
3H, OCHs;), 1.92-1.86 (m, 8H, CH,), 1.73 (s, 12 H, pinacol), 1.55-1.49 (m,
8H, CH,), 1.42-126 (m, 32H, CH,), 1.40 (s, 12H, pinacol), 0.90-
0.86 ppm (m, 12H, CH;). HRMS (ESI) of 21b and 21¢: m/z calcd for
Cg3H,13BoN,O0Zn: 1395.8004 [M +H]*; found: 1395.8019.
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Regioselective Borylation of Porphyrins

Borylation of 5,15-bis(3,5-di-tert-butylphenyl)porphyrinatozinc(II) (22):
The reaction of 22 (149.6 mg, 0.20 mmol) with [Ir(OMe)(cod)], (1.0 mg,
1.5 umol), 4,4'-di-tert-butyl-2,2'-bipyridyl (0.8 mg, 3.0 umol), and bis(pina-
colato)diboron (38.1 mg, 0.15 mmol) in mesitylene (2.0 mL) gave 23
(76.2 mg, 44 %), along with the diborylated porphyrin (24%) and the
starting porphyrin 22 (28%). 23: UV/Vis (CH,ClL): A (€)=577
(12000), 542 (30000), 415 nm (457000 v'cm™"); '"H NMR (CDCL): 6=
11.03 (s, 1H, meso), 10.28 (s, 1 H, meso), 9.78 (s, 1H, B-pyrrole), 9.55 (d,
J=4.4Hz, 1H, B-pyrrole), 9.43 (d, J=4.4 Hz, 1 H, B-pyrrole), 9.42 (d, J=
4.4 Hz, 1H, B-pyrrole), 9.20 (d, J=4.4 Hz, 2H, B-pyrrole), 9.19 (d, /=
4.4 Hz, 1H, p-pyrrole), 9.15 (d, J=4.4 Hz, 1H, B-pyrrole), 8.16 (s, 2H,
ortho-di-tert-butylphenyl), 8.14 (s, 2H, ortho-di-tert-butylphenyl), 7.85 (s,
1H, para-di-tert-butylphenyl), 7.84 (s, 1H, para-di-tert-butylphenyl), 1.72
(s, 12H, pinacol), 1.59 (s, 36 H, tert-butyl); HRMS (ESI): m/z calcd for
Cs5HgBN,O,Zn: 875.4417 [M +H]*; found: 875.4513.

Borylation of 5,15-dihexylporphyrin (24): The reaction of 24 (95.7 mg,
0.20 mmol) with [Ir(OMe)(cod)], (0.7 mg, 1.0 umol), 4.4'-di-tert-butyl-
2,2"-bipyridyl (0.5 mg, 2.0 umol), and bis(pinacolato)diboron (25.4 mg,
0.10 mmol) in mesitylene (2.0 mL) gave 25 (45.0 mg, 37 %), along with
the diborylated porphyrin (8 %) and the starting porphyrin 24 (46 %). 25:
UV/Vis (CH,CL): Ay (rel. I)=640 (0.006), 585 (0.015), 542 (0.012), 509
(0.049), 411 nm (1); '"HNMR (CDCl;): =10.89 (s, 1H, meso), 10.11 (s,
1H, meso), 10.07 (s, 1H, B-pyrrole), 9.54 (d, J=4.6 Hz, 2H, p-pyrrole),
9.51 (d, /J=4.6 Hz, 1H, B-pyrrole), 9.50 (d, J=4.6 Hz, 1H, B-pyrrole),
9.35 (d, J=4.6 Hz, 1H, B-pyrrole), 9.34 (d, J=4.6 Hz, 1H, B-pyrrole),
5.03 (t, /=83 Hz, 2H, CH,), 4.96 (t, J=8.3 Hz, 2H, CH,), 2.57-2.51 (m,
4H, CH,), 1.88-1.79 (m, 4H, CH,), 1.78 (s, 12H, pinacol), 1.56-1.50 (m,
4H, CH,), 1.46-1.37 (m, 4H, CH,), 0.97 (t, /J=72Hz, 3H, CH,),
097 ppm (t, J=72Hz, 3H, CH;); HRMS (ESI): m/z caled for
C3H50BN,O,: 605.4028 [M +H]*; found: 605.4048.

Borylation of 5,15-bis(3,5-di-tert-butylphenyl)-10-trimethylsilylethynylpor-
phyrinatozinc(IT) (26): The reaction of 26 (67.7 mg, 80 umol) with [Ir-
(OMe)(cod)], (2.1 mg, 3.2 umol), 4,4'-di-tert-butyl-2,2"-bipyridyl (1.7 mg,
6.4 umol), and bis(pinacolato)diboron (81.3 mg, 0.32 mmol) in 1,4-diox-
ane (1.5mL) gave 27 (54.5 mg, 70%), along with the starting porphyrin
26 (15%). 27: UV/Vis (CH,CLy): Ay, (8)=600 (17000), 559 (25000),
429 nm (371000 M 'em™'); '"HNMR (CDCly): 6=10.86 (s, 1H, meso),
9.76 (d, J=4.6 Hz, 1H, B-pyrrole), 9.75 (d, J=4.6 Hz, 1H, B-pyrrole),
9.62 (s, 1H, p-pyrrole), 9.41 (d, J=4.6 Hz, 2H, f-pyrrole), 9.05 (d, J=
4.6 Hz, 1H, B-pyrrole), 9.04 (d, /=4.6 Hz, 1H, B-pyrrole), 8.99 (d, /=
4.6 Hz, 1H, B-pyrrole), 8.11 (s, 2H, ortho-di-tert-butylphenyl), 8.08 (s,
2H, ortho-di-tert-butylphenyl), 7.84 (s, 1 H, para-di-tert-butylphenyl), 7.84
(s, 1H, para-di-tert-butylphenyl), 1.70 (s, 12H, pinacol), 1.60 (s, 36 H, tert-
butyl), 0.63 (s, 9H, TMS); HRMS (ESI): m/z calcd for CsyH;,BN,O,SiZn:
971.4814 [M +H]*; found: 971.4812.

Borylation of 5,15-bis(3,5-di-tert-butylphenyl)-10-(4,4,5,5-tetramethyl-
1,3,2-dioxaborolan-2-yl)porphyrinatozinc(II) (28): The reaction of 28
(87.4 mg, 0.10 mmol) with [Ir(OMe)(cod)], (6.6 mg, 10 pmol), 4,4'-di-tert-
butyl-2,2"-bipyridyl (5.4 mg, 20 umol), and bis(pinacolato)diboron
(254.0 mg, 1.0 mmol) in 14-dioxane (1.5 mL) gave diborylated product
29 (65.3mg, 59%). 29: UV/Vis (CH,CL): A, (rel. 1)=588 (0.027), 552
(0.064), 423 nm (1); '"HNMR (CDCl;): 6=11.50 (s, 1H, meso), 9.90 (d,
J=4.5 Hz, 2H, B-pyrrole), 9.73 (s, 2H, B-pyrrole), 9.10 (d, J=4.5 Hz, 2H,
B-pyrrole), 8.13 (s, 4H, ortho-di-tert-butylphenyl), 7.85 (s, 2H, para-di-
tert-butylphenyl), 1.87 (s, 12H, pinacol), 1.73 (s, 24H, pinacol), 1.61 (s,
36H, tert-butyl); HRMS (ESI): m/z caled for CeHgsB3N,OgZn: 1127.6142
[M+H]"; found: 1127.6144.

Borylation of 5-cyano-10,20-bis(3,5-di-tert-butylphenyl)porphyrin (30):
The reaction of 30 (42.2 mg, 0.059 mmol) with [Ir(OMe)(cod)], (2.2 mg,
3.3 umol), 4,4'-di-tert-butyl-2,2'-bipyridyl (1.8 mg, 6.7 umol), and bis(pina-
colato)diboron (75 mg, 0.3 mmol) in 1,4-dioxane (0.8 mL) gave borylated
product 31 (20.4 mg, 41%). 31: '"HNMR (CDCL): 6=11.02 (s, 1H,
meso), 9.63 (d, J=4.6 Hz, 1H, B-pyrrole), 9.61 (d, J=4.6 Hz, 1H, B-pyr-
role), 9.53 (S, 1H, B-pyrrole), 9.41 (d, J=4.6 Hz, 1 H, B-pyrrole), 9.10 (d,
J=4.6 Hz, 1H, B-pyrrole), 9.04 (d, J=4.6 Hz, 2H, B-pyrrole), 8.99 (d, J=
4.6 Hz, 1H, B-pyrrole), 8.08 (d, J=1.9 Hz, 2H, ortho-di-tert-butylphenyl),
8.06 (d, J=1.9 Hz, 2H, ortho-di-tert-butylphenyl), 7.85 (t, /=19 Hz, 1H,
para-di-tert-butylphenyl), 7.84 (t, /=19 Hz, 1H, para-di-tert-butylphen-
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yl), 1.67 (s, 12H, pinacol), 1.5 (br, 24H, tert-butyl), —2.40 ppm (s, 2H,
NH); HRMS (ESI): m/z caled for CssHgBN;O,: 838.5235 [M+H]*;
found: 838.5266.

Borylation of 5-bromo-10,20-bis(3,5-dioctyloxyphenyl)porphyrin (32):
The reaction of 32 (158.1 mg, 0.15 mmol) with [Ir(OMe)(cod)], (7.5 mg,
11 pmol), 4,4'-di-tert-butyl-2,2"-bipyridyl (6.0 mg, 23 umol), and bis(pina-
colato)diboron (190.5 mg, 0.75 mmol) in octane (1.5mL) gave 33
(57.0 mg, 32 %), along with the diborylated porphyrin (12%). The meso-
debrominated f,p'-diborylated product was also obtained in 5% yield.
33: UV/Vis (CH,CL): A, (rel. 1)=650 (0.007), 593 (0.017), 552 (0.015),
517 (0.054), 422 nm (1); '"H NMR (CDCl;): =10.86 (s, 1H, meso), 9.71
(d, J=4.6 Hz, 1H, B-pyrrole), 9.69 (d, /J=4.6 Hz, 1H, p-pyrrole), 9.57 (s,
1H, B-pyrrole), 9.36 (d, J=4.6 Hz, 1H, p-pyrrole), 9.07 (d, J=4.6 Hz,
2H, B-pyrrole), 9.02 (d, J=4.6 Hz, 1H, B-pyrrole), 7.38 (d, /J=1.9 Hz,
2H, ortho-di-tert-butylphenyl), 7.35 (s, 2H, ortho-di-tert-butylphenyl),
6.92 (d, J=2.3 Hz, 1H, para-di-tert-butylphenyl), 6.91 (d, /=19 Hz, 1H,
para-di-tert-butylphenyl), 4.16 (t, /J=6.6 Hz, 4H, OCH,), 4.15 (t, J=
6.6 Hz, 4H, OCH,), 1.92-1.86 (m, 8 H, CH,), 1.70 (s, 12H, pinacol), 1.57-
1.49 (m, 8H, CH,), 1.42-1.25 (m, 32H, CH,), 0.88 (t, /=69 Hz, 6H,
CH,;), 0.87 (t, J=6.9 Hz, 6H, CH;), —2.89 (s, 2H, NH); HRMS (ESI):
m/z caled for C,)Hy;BBrN,Oy: 1179.6690 [M +H]*; found: 1179.6666.
Borylation of 5,5-linked 10,20,10",20'-tris(3,5-di-tert-butylphenyl)porphy-
rinatozinc(II) dimer 34: The reaction of 34 (59.9 mg, 47 umol) with [Ir-
(OMe)(cod)], (5.3 mg, 8.0 umol), 4.4'-di-tert-butyl-2,2-bipyridyl (4.3 mg,
16 pmol), and bis(pinacolato)diboron (203.2 mg, 0.80 mmol) in 1,4-diox-
ane (1.5mL) gave the tetraborylated product 35 (56.2 mg, 60 %), along
with the triborylated diporphyrin (26 %). 35: UV/Vis (CH,Cl,): A, (rel.
I)=563 (0.21), 458 (0.88), 426 nm (1); 'HNMR (CDCl): 6=11.55 (s,
2H, meso), 9.77 (s, 4H, B-pyrrole), 8.67 (d, J=5.0 Hz, 4H, p-pyrrole),
8.10 (d, J=5.0 Hz, 4H, B-pyrrole), 8.09 (s, 8H, ortho-di-tert-butylphenyl),
7.69 (s, 4H, para-di-tert-butylphenyl), 1.76 (s, 48 H, pinacol), 1.46 (s, 72H,
tert-butyl); HRMS (ESI): m/z caled for CyH,;4;B4NgOsZn,: 2000.0345
[M+H]*; found: 2000.0320.
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