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Receied September 29, 2006 FIGURE 1. Hindered rotation irmesetetrakis(N-alkylpyridinium-2-
' yl)-porphyrin leads to the existence of atropisomers. Inset: Alkyl
substituents used in this study are shown.

R alkylpyridinium-2-yl)-porphyrins are of particular interest be-

R ”Ngﬁo cause they have been shown to have superior superoxide
th” N dismutas&and peroxynitrite decomposition properfieslative

to those of the 3-pyridyl and 4-pyridyl isomers and high potency
in animal models of inflammatory disease. The 2-pyridyl
isomers also offer potential synthetic access to chiral metal-
loporphyrin scaffolds for use as water-soluble oxidation catalysts

K and hosts for chiral recognition.

79% o.of3B atropisomer (R = (R)-bornyl) The products of the alkylation of 2-pyridyl porphyrins are

. . . expected to be a mixture of four possible rotational isomers as
mesaTetrakis(2-pyridyl)-porphyrin (2-PyP) was tetha- a result of hindered interannular rotation of the pyridyl groups

alkyla'ged with three dlﬁerem-bromoaggtqm|des to generate i, respect to the porphyrin plane (Figure!®}1The statistical
a series of water-solubl&-alkylpyridinium porphyrins distribution of theowaiat, aciarB, o3, andayBoys atropisomers
(1-3). The pr_oduct mixtures Showed a mar.ked preference is 12 505, 509, 25%, and 12.5%, respectively, and mixtures
for the formation of thexa3 atropisomer. Withu-bromo- it similar distributions are generally observed in porphyrin
N-n-butylacetamide, the correspondiag$ 2-tetrakis N- synthesig213 For enantioselective cataly&ié4 and chiral
n-butylacetamido)-pyridyl porphyrin (2-TnBuPyRB) was recognition in wate?, the aa38 or theofas atropisomers are
obtained in 69% isolated yield in a single step. Prolonged highly desirable because of their intrinsic symmetry. Given the
heating lead to equilibration of the rotational isomers for the potential applications of these compounds, it would be particu-
less bulky alkyl groups, indicating that the observed prefer- larly useful to develop strategies for the facile assembly of a
ence is a kinetic effect. The intermediate products for the single rotational isomer oN-functionalized mesetetrakis-2-
N-bornyl case were identified by LC/ESI-MS to deduce an pyridinium porphyrins.
explanation for the observed nonstatistical selectivity. Isolable atropisomers are generally obtained witho-substi-
tutedmesephenyl porphyrind®15In practice, atropisomer ratios
have been shown to deviate from the statistical distributions in
Cationic metalloporphyrins have a wide range of applications some case®¥ 18 and strategies employing thermodynamic
as water-soluble oxidation catalystsand as hosts for the  effects have afforded practical approaches to gt and

molecular recognition of small molecules in watérEurther, ao3p atropisomerd? 22 However, the atropisomers of water-
some porphyrins of this type have shown considerable promise
as therapeutic agents’Alkylation of the pyridyl nitrogen of (8) Hambright, P.; Fleischer, E. Bnorg. Chem.197Q 9, 1757-1761.

mese(pyridyl)-porphyrins is one attractive synthetic strategy (9) BatinicHaberle, I.; Benov, L.; Spasojévit; Fridovich, 1. J. Biol.

L ; ; Chem.1998 273 24521-24528.
to generate cationic porphyrifisMetalated mesetetrakis(N- (10) Roge’ E3.‘; Andrioletti, B.: Zrig, S.: Quelquejeu-Bfie M. Chem.

Soc. Re. 2005 34, 573-583.
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FIGURE 2. H NMR of aofp-1 showing the amide CON and
N*tCH,CO protons. Inset’H NMR spectra of the other atropisomers
of 1 showing the amide CON protons.

soluble cationic porphyrins have not been studied as extensively.
Isomers ofmesetetrakis(N-methylpyridinium-2-yl)-porphyrin
(2-TMPyP) have been characteriZéd*2% and statistical
distributions of the atropisomers have also been obsé#ved.
Here we report the preferential formation of a single atropi-
somer (thena3 isomer) as the major product in the synthesis
of a series of novel cationic porphyrins (Figure 1, inset), obtained
by alkylating 2-PyP with bromoacetamides. Two of these
porphyrins have chiral alkyl groups (porphyriisand 2) and
hence could be used as water-soluble chiral hosts or catalysts

The HPLC separation and characterization of the atropisomers

of N-bornyl derivativel and its partially alkylated precursors
were explored. The time course gkideticpreferences observed
for the successivbl-alkylations provide an explanation for the
observed selectivity in thBl-alkylation of 2-PyP.

2-TetrakisN-(R)-(+)-bornylacetamido)-pyridylporphyrin (2-
TRBorPyP,1) was prepared by alkylating 2-PyP witR)¢bor-
nylbromoacetamide (see Experimental Section). The reaction
mixture was analyzed by ESI-MS, analytical reversed phase
HPLC, andH NMR. HPLC separation and ESI-MS of the
separated products indicated the presence of three tetraalkylate
(designated F F», and R; see Figure 4) and one trialkylated
porphyrin (T;, 6.7% of reaction mixture). Analytical HPLC
indicated that after 27 h at 10, the relative abundances of
the three tetraalkylated components were 79%, (£6.4% (),
and 4.3% (k).

In the 'H NMR spectrum of It (Figure 2) the four amide
CONH protons appear at6.7 (integration 2H) and)7.3
(integration 2H) as doublets split by the adjacent proton on the
bornyl group. The signals for enantiotopic'®H,CO protons
of the alkyl groups are also seen as a pair of overlapping AB
quartets. In the case of ti@-symmetricoa 3 isomer, the two
chiral ortho-substituents on one face of teesetetrakis(2-
pyridyl)-porphyrin are nonequivalent. These features of the
spectrum prove definitively that the major tetraalkylated com-

(19) Rose, E.; Ren, Q. Z.; Andrioletti, BEhem. Eur. J2004 10, 224~
230.

(20) Zimmer, B.; Bulach, V.; Drexler, C.; Erhardt, S.; Hosseini, M. W.;
De Cian, A.New J. Chem2002 26, 43—57.

(21) Collman, J. P.; Wang, Z.; Straumanis, A.; Quelquejeu, M.; Rose,
E.J. Am. Chem. S0d.999 121, 460-461.

(22) Rose, E.; Cardon-Pilotaz, A.; Quelquejeu, M.; Bernard, N.; Kossanyi,
A.; Desmazieres, BJ. Org. Chem1995 60, 3919-3920.

(23) Lindsey, JJ. Org. Chem198Q 45, 5215-5215.

(24) Kachadourian, R.; Menzeleev, R.; Agha, B.; Bocckino, S. B.; Day,
B. J.J. Chromatogr. B2002 767, 61—67.

(25) Dixon, D. W.; Pu, G.; Wojtowicz, H]. Chromatogr. AL998 802,
367—380.

(26) Kaufmann, T.; Shamsai, B.; Lu, R. S.; Bau, R.; Miskelly, G. M.
Inorg. Chem.1995 34, 5073-5079.

JOCNote

ponent (f) isolated by semipreparative HPLC is tl®s
atropisomer.

Further proof for this assignment came from examination of
the IH NMR spectra of the two other tetra-alkylated atropiso-
mers (R and R). TheH NMR for F, indicated no symmetry
and clearly had four doublets for the four CBlgrotons (Figure
2, inset). The only compound that has no symmetry isihe/3
isomer. The spectrum forFFigure 2, inset), on the other hand,
shows only one peak for each kind of proton. It had one doublet
for the CONH protons that integrated to four and indicated that
all of the amide protons were equivalent. This clearly indicated
that the compound isolated gFhad D, or C, symmetry and
hence could be either theaao or the afa isomer.

Thus, we have unambiguously identified thess (F1) and
theaoaf (F,) isomers. The order of HPLC elution for the four
atropisomers of 2-TMPyP has been reported tabes, aoss,
oo, and thenaaoa.! For 2-TRBorPyP, the elution order
on reversed phase HPLC wasg, FA (0088), and then k
(aaa). F4 was the first compound that eluted on the HPLC,
and hence it is likely to be thefas compound. Also, since
the alkylating groups for this compound are very bulky, the
missing isomer is presumed to be.ao because of the extreme
steric congestion expected for this arrangement of substituents.
Thus, we assignedsRas afaf (4%), R asaaff (79%), and
F, asaaof (16.4%).

2-TetrakisN-(R)-(+)-methylbenzylacetamido)-pyridylporphy-
rin (2-TRMBzPyP,2) was prepared by alkylating 2-PyP with
(R)-(+)-methylbenzylbromoacetamide. The simplicity of #he
NMR spectrum of both the crude reaction mixture and the
purified porphyrin indicated that the mixture of atropisomers
was biased toward one or two isomers rather than forming as a
statistical mixture. The two differing methylbenzyl fragments
show two sets of equally intense signals throughout all the
regions of the'H NMR spectrum as expected for thaxss3
jpomer (Figures S4S7, Supporting Information). The relative
abundance ofio35-2 from HPLC was 44%.

2-TnBuPyP B) was prepared by alkylating 2-PyP with
butylbromoacetamide. Particularly diagnostic in #ie NMR
spectrum was the appearance of th&ON,CO protons as a set
of two doublets nead 5.5 Jas = 17 Hz) closely resembling
an AB quartet (Figure S8, Supporting Information). Only the
oap3p isomer would be expected to give this splitting pattern
since this arrangement ha<Ca axis of symmetry and a plane
of symmetry (the alkylating groups are achiral). Workup
affordedao56-3 in 69% isolated yield.

Atropisomerization of 2-TRMBzPyP (2) upon Prolonged
Heating. The reaction for the synthesis #fvas monitored over
time by quenching the reaction at different time points and
identifying the products by LC-ESI. Thew3s isomer of
2-TRMBzPyP was identified by comparison to a stock sample
of atropisomerically pure 2-TRMBzPyP obtained by semi-
preparative HPLC (top trace, Figure 3). At= 4 h, at least
nine partially alkylated and tetraalkylated products were evident.
At t =12 h, two major peaks appeared at 13.1 min (44% relative
abundance from HPLC) and at 13.5 min (30% relative abun-
dance from HPLC). Further heating caused the peak at 13.1
min to lose intensity relative to the peak at 13.5 min, indicating
that isomerization was taking place (Figure 3).

The identity of the peak at 13.1 min was confirmed by its
identical retention time!H NMR spectrum, and ESI-MS as
compared to a standard sampleoais 2-TRMBzPyP. The
peak at 13.5 min (also tetraalkylated from ESI-MS) was assigned

J. Org. ChemVol. 72, No. 5, 2007 1819



JOCNote

pure oop-2 F,
a7h -

£ F
c 25h 1
S aopp oo £ 5h
A T Fa
0
® h 4
[0] -
2 12 h ®| 3h
8 aofBll  pooaB 3
5 & Ts
g g
< 2 1h M
4h 2 P D, D,
4 T,

9 10 11 12 13 14 15 16 17 18 19
10.0 11.0 12.0 13.0 14.0 15.0 16.0 Retention time (min) ——

Retention time (min) ——

FIGURE 4. Formation of intermediates in the synthesis of 2-TR-
FIGURE 3. Reaction progress during the preparation of 2-TRMBzPyP BorPyP () monitored by analytical HPLC. M= monoalkylated; B,
(2) monitored by taking aliquots from the reaction mixture and D2, Ds, Ds = dialkylated; T, T2, Ts = trialkylated; k, F, Fs =
analyzing by reversed phase HPLC. tetraalkylated.

TABLE 1. Comparison of Experimental and Statistical Ratios of
Intermediates and Products for the Synthesis of 2-TRBorPyP (1)

Di Stat’ Expt? Tri  Stat® Expt?  Tetra Stat® Expt?

to theaoia3 isomer on the basis of it4d NMR, which showed
that the molecule had no symmetry. This interpretation is further
supported by the similar isomer elution pattern for 2-TRBorPyP
(). The loss of intensity at 13.1 min and the subsequent rise in H 166 25 b 50 83 E’::‘r[) 25 793
the peak at 13.5 min over time indicates that ¢tvgs3 isomer

will isomerize tooaa3 with heating. The results presented here TC% 166 25 ﬁ:% 25 6 50 164
for 2-TRMBzPyP R) support a kinetic effect during the

alkylation reaction, since we observed that tleg3 isomer is tf B3 25 g y ’s . I y s 4

enriched at an early point in the reaction and then isomerizes

upon prolonged heating.
Probing the Mechanism Leading to the Unusualaofps 333 25 125 43

Alkylation Selectivity. Previously, an excess of a single isomer a Statistical distribution? Experimental distributiont Expected ratio of

in the Synt_heSiS of uncharged, picket-fence porphyrins has be_er\rialkylated products from the experimental ratio of dialkylated products.
observed in a couple of cases. The mechanism of selectivity 9 Not obtained in analytical HPLC separations.

was attributed to either sterics or the separation tech-
niqueld16-18.23.27.28|n gur studies, we have shown selectivity
toward theaoSf isomer for three positively charged picket
fence porphyrins with acetamide groups in the pickets. Since
this is an intriguing and potentially useful result, we decided to
probe the mechanism of this selectivity.

The progress of the reaction for the synthesis of 2-TRBorPyP
(1) was monitored by looking at the various partially alkylated
species formed during the reaction. This porphyrin was chosen
for probing because we were able to identify the partially
alkylated products formed during the course of the reaction.
The reaction was monitored by taking aliquots of the reaction
mixture at different time points, quenching them, and analyzing
them by reversed phase HPLC. The extent of alkylation of the
products formed was obtained by LC-ESI. The results are
summarized in Figure 4, and the details of the identification of
the intermediates have been included in Supporting information.

Figure 4 shows the time evolution of the various intermediates
and products. From the HPLC integration values (assuming that
these porphyrins have similar extinction coefficients), we can
get relative abundances of the products and intermediates. W
tried to look at the time point at which there was maximum
dialkylation and obtain relative abundances of the dialkylated
isomers. The same was done for the trialkylated intermediates.
Table 1 compares the ratio of products obtained from this

analysis with the expected statistical ratio. At the dialkylation
stage, the four expected dialkylated products are formed in
approximately equal amounts within the first 30 min of the
reaction. Statistically, the ratio of 5,ba, 5,150/, 5,100q,
and 5,10e3 (porphyrinmesopositions are numbered as 5, 10,
15 and 20, Figure 1) should be 1:1:2:2. The fact that the
dialkylated products are obtained in equal amounts indicates
that there is a small preference for the formation of the 5,15
isomers over the 5,10 isomers in the dialkylation stage, which
could be due to the fact that the positive charges are more
separated in the 5,15 isomers. The three trialkylated products
oo, oafa, andoao should be formed in 50%, 25%, and 25%
relative yields statistically. Table 1 shows that the deviation in
the ratio of dialkylated products should not lead to any deviation
from the statistical distribution for the ratio of trialkylated
products obtained. The experimental abundances for the tri-
alkylated products obtained aft® h of reaction time are 83%
oaf, 6% ofa, and 11%aoa. Although some tetraalkylated
eproduct might already have formed at this time, the distribution
indicates that the formation of theen5 isomer is favored over
the other two isomers and that there is a deviation from the
statistical distribution that leads to an excess ofdthg isomer.
The final products of the reaction after 27 h of heatingegfe3,
o038, andaoas in the relative abundances 4%, 79%, and 16%
- ) ) - (by neglecting the presence of the trialkylated product left in

So(c?zggie'fgg'féz’égl“g'ggfer'sm'th’ 3. A Whitten, D. & Am. Chem. the end of the reaction). These results indicate that the observed

(28) Elliott, C. M. Anal. Chem198Q 52, 666—-668. selectivity appeared in the tri- and tetraalkylation stages.
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FIGURE 5. (A) Flowchart of reactions leading to the preferential formation pfdepicting the relative fluxes at each step based on estimates of
the pseudo-first-ordeX-alkylation rate constants obtained from the simulations. The order of the rate constdats 46e* s73; ko, kiz, kis = 1078

s 1 kg, kiz = 1078 s71; the rest of the rate constants were of the orde® 30 (B) Kinetic simulations of the reactions leading to the experimental
ratio of products obtained. Comparison of the experimental datafevith the simulated data is shown in the inset.

The formation and disappearance of the several intermediateenough to sterically hinder further a 5,b%: alkylation, since
products of the alkylation reaction can be modeled to obtain the 2-pyridyl nitrogens in the 5 and 15 positions are brought
relative rates. Modeling can provide further information on the closer. The nitrogens on the 5 and 10 positions, on the other
mechanism underlying the selectivity. Before considering dia- hand, become more separated as a result of this ruffling and
stereomers and enantiomers, at least 12 products can bérence 5,10xa alkylation should be relatively less hindered.
envisioned in this complex system. The scheme of reactions In summary, we report the synthesis and characterization of
leading to the four tetraalkylated products is shown in Figure three water-solubléN-acetamido-2-pyridinium porphyrins by
5A as a flow diagram. alkylating 2-PyP. In each case we obtained ¢tegs3 isomer

We used kinetic simulations to write chemical reactions, plot as the major product. The results support a kinetic effect during
reaction profiles, and obtain values for the rate constants (seelater stages of the sequentidalkylation reaction. Finally, these
Supporting Information for details). Since we were able to results and the kinetic simulations indicate that the w&5-
identify most of the reaction intermediates leading to 2-TR- alkylation is disfavored at the tri- and tetraalkylation stages and
BorPyP (), the progress of the alkylation process could be this is the reason for the observed selectivity. The results are
determined from the HPLC data. The comparison of one of the significant since they open an avenue for usingNkegkylation
simulated curves (Figure 5B, inset) shows that the results of 2-PyP as a simple route to a single atropisomer that can then
obtained from the simulations matched well with the experi- be used as a chiral host, asymmetric catalyst, or a drug candidate.
mental data (Figure 5B). These simulations indicate that the
reaction rates for the conversion of intermediatet®T, and Experimental Section
that of T, to & are at least 100 times slower than the other  Generic Route for Porphyrin Synthesis.Porphyrinsl—3 were
rates and hence should be the most significant cause of thesynthesized by alkylatingnesetetrakis(2-pyridyl)-porphyrin (2-
unusual selectivity. In both of these steps the alkylating group PyP) with either theN-(R)-bornyl, N-(R)-methylbenzyl, orN-n-
has to approach on the same side as another alkylated pyridylbutyl-o-bromoacetamides. The reaction mixtures were stirred in
moiety, leading to a 5,16 interaction. Thus, the experimental ~anhydrous DMF at 95110 °C under argon until the porphyrin
results and simulations indicate that 5d&- alkylation is  Soret band shifted ta = 418-420 nm (solvent methanol). The

; ; . : ; reaction mixtures were analyzed by ESI-MS, analytical reversed
?&ffﬁl\gogebdsgézz tsnel2(r:lt(ijvtite;rif;;]a:?gsagc>srtlasgtgges andis the Causephase HPLC, LC-ESI, antH NMR. The separated atropisomers

. . and partially alkylated products were identified by ESI-MS and
A_n explan_atlon for the slow rate_of 5, Jiec alkylatlon_ can IH NMR and from the analytical HPLC retention times. The details
be inferred if we consider the ruffling of the porphyrin ring.  of the synthesis and characterization are provided in Supporting

Ruffling is the structural deformation observed mese Information.
substituted porphyrins in which the macrocycle is markedly . .
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