Inorg. Chem.1997,36, 62876291 6287

Structure and Stability of 2-Aza-21-carbaporphyrin Tautomers Prearranged for

Coordination

Ludmita Szterenberg and Lechostaw Latos-Gragnski*

Department of Chemistry, University of Wroctaw, 50 383 Wroctaw, Poland

Receied May 15, 1997

2-Aza-21-carba-5,10,15,20-tetraarylporphyrin (CTRRi{erted porphyrin) and its methylated derivatives, acting

as ligands, can be structurally related to the following hypothetical tautomers: 2-aza-5,10,15,20-tetraphenyl-21-
carbaporphyrin (2-NH-CTPPH); 2-aza-5,10,15,20-tetraphenyl-21-methyl-21-carbaporphyrin (21-HQTREHH);
2-aza-5,10,15,20-tetraphenyl-21-methyl-21-carbaporphyrin (2-NH-2JCTRAPH); 2-aza-2,21-dimethyl-5,10,-
15,20-tetraphenyl-21-carbaporphyrin (2-N&2L-CHCTPPH). Their structures and electronic energies have been
investigated applying the density functional theory (DFT) for idealized 21-carbaporphyrin, created by a replacement
of phenyl and methyl groups with hydrogen, yielding GPPiL-H-CPH, 2-NH-CPH, and 2-NH-21-H-CP. The
B3LYP/6-31G optimized bond lengths and angles of 21-carbaporphyrin skeletons are in satisfactory agreement
with X-ray crystallographic values when compared in structurally related pairs, i.e.; @RHCTPPH, 21-H-

CPH and (21-CHTPP)Ni', and 2-NH-CPH and (2-NC#21-CHCTPP)NI'l. The calculated total electronic
energies, using the B3LYP/6-31-G**//B3LYP/6-31G approach, demonstrate that relative stability of the postulated
tautomers decreases in the order GPH21-H-CPH > 2-NH-CPH > 2-NH-CPH, > 2-NH-21-H-CP. The
difference between the electronic energy of the regular porphyrin &ktl the fundamental tautomer
21-carbaporphyrin CPHis calculated to be 20.41 kcal/mol. The DFT calculation reproduced properly the
distribution of mobile protons for the tautomer of the lowest energy for each stable 21-carbaporphyrin and provided
some insight into the analysis of energy required for the suggested prearrangement process imposed by insertion

of a metal ion. The spectacular flexibility of the

ligand structure including a reversible trigonal-pyramidal geometry

change at the C(21) center has been also discussed.

Introduction

Formal permutation of a pyrrole nitrogen ang3anethine
pyrrolic group of 5,10,15,20-tetraarylporphyrin (TPRIHesults
in creation of the porphyrin-like skeleton 2-aza-21-carba-5,10,-
15,20-tetraarylporphyrin (CTPRHnverted porphyrin) although
with drastically changed electronic and coordination properties
(Chart 1)12 Synthetically, 21-carbaporphyrin is readily acces-
sible through a one-step alteration of cyclopolymerization in
the classical Rothemund condensation of pyrrole and arylalde-
hyde, typically used to generate 5,10,15,20-tetraarylporpRyrin.
Recently the peralkylated, meso-unsubstituted inverted porphy-
rin* and core-modified meso-substituted inverted porph§rins
have been stepwise synthesized.

The inverted porphyrin belongs to a larger group of recently
emerged porphyrinic isomefslthough this particular molecule
presents a sole case where the pattern of the porphyrinic
framework is completely preserved. A complementary area of
porphyrin modification involves the replacement of one pyrrole

* Author to whom the correspondence should be addressed.
® Abstract published irAdvance ACS Abstractdyovember 15, 1997.
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Chart 1

2-NCH3CTPPH 2-NCH3-21-CH3CTPPH

ring by cyclopentadiene, benzene, and its derivatives, azulene
and cycloheptatrien. Such a strategy implants a CH unit in
the position of pyrrole nitrogen, establishing a (N,NH,NH,CH)
central core as a common structural denominator of 21-
carbaporphyrin-like macrocycles.

In the context of organometallic chemistry, facilitated by an
appropriate construction of the polydentate macrocycle, the
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Chart 2 Chart 3

2-NH-21-H-21-CH3CTPP 2-NCH3-21-H-21-CH3CTPP

(2-NH-21-CH3CTPP)NiX (2-NCH3-21-CH3CTPP)NiX

the relative stability of the invoked tautomers of 21-carbapor-
phyrin and methylated 21-carbaporphyrins. To approach this
problem, we have performed theoretical investigations applying
the density functional theory (DFT).

inverted porphyrin offers an interesting coordinating environ-
ment, potentially accessible for a large variety of metal ions.
Heretofore, organometallic chemistry involving 21-carbapor-
phyrin has been focused solely on nickel chemisfyt® The
localization of the 21-carbon atom imposes the extremely rare yyatnoq

coordination of a carbon donor to nickel(lll) or paramagnetic

nickel(11).9-12 Taking advantage of a peculiar reactivity of the Ab initio methods were used for investigation of tautomeric equilibria
nickel 21-carbaporphyrin and free 21-carbaporphyrin we have ©f 21-carbaporphyrin. Calculations were carried out with the GAUSS-
extended the group of inverted porphyrin to methylated deriva- IAN94 program®® All structures_ were optimized with un(_:onstralr_1ed
tves: 2-aza-Z-methy-5.10,15 20-erapheny-21-carbaporphyrin Gt STHENY of e S usno HE oy e densy ot
(2-NCH;CTPPH), 2-aza-5,10,15,20-tetraphenyl-21-methyl-21-

. the gradient-corrected functionals of Lee, Yang, and Parr (DFT(B3-
carbaporphyrin (21-CHCTPPH), and 2-aza-2-methyl-5,10,- | yp)) 14 The final estimations of the total electronic energies were

15,20-tetraphenyl-21-methyl-21-carbaporphyrin (2-N€-  performed at the B3-LYP level with the 6-3IGbasis set using the
CH3CTPPH)8® The series constitutes a group where a position B3-LYP/6-31G reference structures.

of methylation has been essentially varied (Chart 1). 21-
Carbaporphyrin and methylated 21-carbaporphyrin act as mono-Results and Discussion
or dianionic ligands toward the nickel(ll) ion (Chart 2).

Nickel(ll) coordination imposes the drastic rearrangement on
the inverted porphyrin skeleton as illustrated at Charts 1 and 2.
Consequently, 21-carbaporphyrin acting as a ligand, can be
structurally related to the following hypothetical tautomers:
2-aza-5,10,15,20-tetraphenyl-21-carbaporphyrin (2-NH-CTP-
PH), 2-aza-5,10,15,20-tetraphenyl-21-methyl-21-carbaporphyrin
(21-H-21-CHCTPPH), 2-aza-5,10,15,20-tetraphenyl-21-methyl-
21-carbaporphyrin (2-NH-21-G&TPPH), and 2-aza-2,21-
dimethyl-5,10,15,20-tetraphenyl-21-carbaporphyrin (2-NCH
21-CHCTPPH), shown in Chart 3.

The spectacular flexibility of the ligand structure has been
exemplified by a reversible trigonal-pyramidal geometry change
at the C(21) center in the course of nickel(ll) insertion or
removal’#~19 In this context, we have raised the question of

For simplification, all calculations have been carried out for
2-aza-21-carbaporphyrin and its tautomers. Therefore, the
corresponding phenyl and methyl groups of 2-aza-5,10,15,20-
tetraphenyl-21-carbaporphyrins and its methylated derivatives
presented in Charts 1 and 3 have been replaced by hydrogen,
yielding CPH, 21-H-CPH, 2-NH-CPH, and 2-NH-21-H-CP,
respectively, as shown in Chart 4. To evaluate the relative
stability of 21-cabaporphyrin with respect to the regular
porphyrin skeleton, we have also included porphinejjP&ur
calculation resulted in the similar geometry of Pt$ determined
previously’® In addition, we have taken into account the
tautomeric derivative 2-NH-CPH which was suggested by
GhosH® to promote the hypothetical and intriguing carbene-
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Chart 4 of 21-carbaporphyrin. Here we have distinguished two cases
of essentially trigonal (CPk 2-NH-CPH, 2-NH-CPH) and
tetrahedral (21-H-CPH, 2-NH-21-H-CP) geometry around the
C(21) carbon atom. Accordingly the NE(3), N(2)-C(1),

and C(3)-C(4) bond distances of 21-H-CPH, 2-NH-21-H-CP
are markedly shorter than the bond distances €C(21) and
C(4)—C(21). The environment of the C(21) atom approaches
tetrahedral geometry, as illustrated by the respective bond angles
and distances in Tables 2 and 3. Remarkably, the optimized
C(21)-C(1) and C(21}C(4) bond distances are 1.51 A
characteristic for of tetrahedral geometry. Thus, the pattern of
bond lengths within this fragment of the macrocycle is modified
to allow s-delocalization exclusively via the outer path. The
planar trigonal geometry is acquired for the remaining tautomers
(CPH,, 2-NH-CPH, 2-NH-CPH). The bond length pattern,
determined for CPh 2-NH-CPH tautomers, suggests two
alternativerr-delocalization pathways as the bond distances are
in the range expected for porphyrins, although the E{(2)

and N(2)-C(3) bond lengths of CPHapproach limits of isolated
single and double carbemitrogen bonds but acquire a more
aromatic character for the 2-NH-CPH tautomer. The optimized
bond lengths and angles show satisfactory agreement with X-ray
crystallographic values when compared in structurally related
pairs, i.e., CPhdand CTPPH?2 21-H-CPH and (21-CkTPP)-
Ni",® and 2-NH-CPH and (2-NC#21-CHCTPP)NI'L,® re-
spectively (Tables 2 and 3).

The calculated total electronic energies, using the B3LYP/
6-31-G**//B3LYP/6-31G approach, demonstrate that relative
stability of the postulated tautomers decreases in the ordes CPH
> 21-H-CPH> 2-NH-CPH> 2-NH-CPH, > 2-NH-21-H-CP.
The total electronic energy difference between the regular
2-NH-CPH2 2-NH-21-H-21-CP porphyrin PH and the fundamental tautomer of 21-carbapor-
phyrin CPH is calculated to be 20.41 kcal/mol.

Previously Vogel et al. calculated, using the B3LYP/3-21-

Table 1. Calculated Relative Electronic Energies

B3LYP/3-21G// B3LYP/6-31G// B3LYP/6-31G**// G**//[B3LYP/3-21-G method, that other porphyrin isomers,

macrocycle  B3LYP/3-21G B3LYP/6-31G  B3LYP/6-31G namely, porphycene-1.5 kcal/mol), hemiporphycene (5.1 kcal/
PH —22.95 —21.08 —20.41 mol), corrphycene (12.0 kcal/mol), and isoporphycene (19.0
CPH, 0 0 0 kcal/mol), show comparable stability of relative total electronic
21-H-CPH 6.20 8.22 3.00 ith | hvifh Th h
>-NH-CPH 3.39 456 456 energy with respect to regular porphyth.Thus, the energy
2-NH-CPH, 31.44 33.82 34.56 of 21-carbaporphyrin, calculated by a similar method, ap-
2-NH-21-H-CP 41.31 43.93 36.00 proaches the electronic energy calculated for isoporphycene and

a1n kilocalories per mole with respect to the inverted porphyrin fits prPe”y in a series of ISomeric pOVPhY”,”S_- The cglculated
CPH. energies of the other hypothetical porphyrinic isomers increased

considerably £ > 30 kcal/mol) leading to doubts that these

like coordination of 21-carbon. The calculated total electronic species will be stable molecul&s.
energies and optimized structural parameters are presented at To mimic the behavior of C-methylated or 2-N-methylated
Tables 1-3, respectively. For the sake of comparison, the derivatives, we have excluded intramolecular mobility of 21-
relevant X-ray structural data of porphydihinverted porphy- CH or 2-NH protons, into Chart 4. Consequently, for 21s€H
rin,2 and nickel(ll) methylated 21-carbaporphy#fiase included CTPPH we have eliminated the 2-NH-CBHpecies, which
in Tables 2 and 3. requires the carbene-like electronic structure at the 21-carbon,

Comparison of bond distances within the pyrrole and inverted to obtain the relative stability. Accordingly, the methylation
pyrrole (inverted methylated pyrrole) portions demonstrates that at the peripheral nitrogen will generate the following sequence
extensive delocalization exists through out the macrocycle andof stability: 2-NH-CPH > 2-NH-CPH, > 2-NH-21-H-CP
extends to the inverted pyrrole fragment. Generally bond (immobilized proton marked in italic).
distances of the regular pyrroles€Cs > Cy—Creso > Ca— At present, the experimental thermodynamic values necessary
Cn > Cs—Cg, are similar to the pattern, within the normal for comparison with the calculated relative stabilities of tau-
porphyrin macrocycle PH The largest differences in the bond tomers are not accessible. However, we have determined by
lengths are in the range of a few hundred of angstroms. Thus,H NMR the structures of the fundamental tautomers of inverted
the inversion of the pyrrole ring and its methylation plays a porphyrins, i.e., CTPPE2-NCH,-CTPPH, 21-CHCTPPH, and
rather moderate role in determination of the electronic and 2-NCHs-21-CH,CTPPHL89 Our studies do reproduce properly
molecular structure of the complementary part of the macro- the distribution of mobile protons for the tautomer of the lowest
cycle. By contrast, there is an appreciable effect within the energy for each stable 21-carbaporphyrin. Thus, the following
inverted pyrrole fragment as well as on the overall properties

(18) Vogel, E.; Bfoing, M.; Fink, J.; Rosen, D.; Schmickler, H.; Lex, J.;
(16) Gosh, A.Angew. Chem., Int. Ed. Endl995 34, 1028. Chan, K. W. K.; Wu, Y.-D. Plattner, D. A.; Nendel, M.; Houk, K. N.
(17) Chen, B. M. L.; Tulinsky, AJ. Am. Chem. Sod.972 94, 4144. Angew. Chem., Int. Ed. Endl995 34, 2511.
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Table 2. Selcted Optimized and X-ray DetermirieéiBond Lengths (A)

Szterenberg and Latos-Gydmski

PH, CPH, 21-H-CPH 2-NH-CPH 2-NH-CPHl 2-NH-21-H-CP PH? CTPPHP (21-CHCTPP)NI'® (2-NCHs-21-CHCTPP)NI'IC
C(1)-N(2) 1.446  1.390 1.420 1.456 1.393 1.443 1.372(9) 1.406(14)
N(2)—C(3) 1.317  1.345 1.361 1.342 1.375 1.336 1.344(9) 1.332(14)
C(3)-C(4) 1.480  1.430 1.416 1.429 1.388 1.454 1.392(9) 1.407(14)
C(1)-C(21) 1.404  1.500 1.389 1.415 1.507 1.355 1.480(8) 1.390(14)
C(4)-c(21) 1.404 1500 1.420 1.448 1.520 1.378 1.468(9) 1.41(2)
C(4)-C(5)" 1.394 1.404  1.380 1.429 1.424 1.407 1.382  1.410 1.393(9) 1.436(14)
C(5)-C(6) 1.398 1.400 1.417 1.380 1.381 1.393 1.382  1.366 1.401(9) 1.379(14)
C(6)-C(7) 1.465 1.441  1.468 1.469 1.444 1.468 1431 1.441 1.445(9) 1.435(14)
C(7)-C(8) 1.362 1.381  1.365 1.362 1.373 1.366 1.366  1.352 1.349(10) 1.36(2)
C(8)-C(9) 1.465 1.438  1.466 1.472 1.451 1.476 1.476  1.475 1.419(9) 1.439(2)
C(6)-N(22) 1.379 1.391 1.368 1.403 1.396 1.381 1.380 1.430 1.385(8) 1.421(13)
C(9)-N(22) 1.379 1.378  1.383 1.355 1.370 1.357 1.380 1.366 1.378(8) 1.354(12)
C(9)-C(10) 1.398 1.397  1.391 1.416 1.400 1.413 1.382  1.411 1.396(9) 1.401(14)
C(20)-C(1) 1.394 1.404  1.404 1.385 1.397 1.391 1.436 1.394(9) 1.44(2)

aReference 152 Reference 2¢ Reference 9.

Table 3. Selected Optimized and X-ray Determined Bond Angles (leg)

CPH, 21-H-CPH 2-NH-CPH 2-NH-CPH 2-NH-21-H-CP 21-CTPPH (21-CHCTPP)NI'® (2-NCHs-21-CHCTPP)NI'¢

C(1)-C(21)- C(4) 10854 102.69 109.26 106.28 103.99 109.9 100.2(5) 106.7(9)
C(1)-C(21)-H(37) 12548 112.63 125.05 112.94 113.1(5) 125.0(11)
C(4)-C(21-H(37) 125.98 112.87 125.68 113.90 113.8(5) 125.0(9)

N(2)-C(1)-C(21) 109.30  110.56 106.14 110.10 106.09 110.7 111.5(6) 107.8(10)
C(1)-N(2)-C(3) 10578 107.76 109.89 108.04 112.47 103.5 108.3(6) 109.3(9)
N(2)-C(3)-C(4) 112.62 113.70 108.39 108.43 110.12 112.3 110.5(6) 108.7(10)
C(3)-C(4)-C(21) 103.76 105.32 106.32 110.17 107.32 104.2 109.6(5) 107.4(9)
C(5)-C(4)-C(21) 128.29 125.63 126.77 126.77 127.17 1316 124.4(6) 128.8(10)

aThe relevant optimized angle values (deg) for porphyrin are equal (the X-ray data are given in parenthg$€s):100.75 (108.6); NEC;,
106.5 (107.9); @CsCs, 108.14 (107.9); NGCnmesa 125.9 (125.2), as in ref 18.Reference 2¢ Reference 9.

Table 4. Rearangement Energly

fundamental tautomer preorganization product stability difference adequate nickel(ll) complex

CPH, 2-NH-CPH 4.56 (CTPP)Ni

CPH, 21-H-21-CPH 3.00 (21-CHCTPP)NI!

2-NH-CPH 2-NH-CPH 0 (2-NCHCTPP)NI!

2-NH-CPH 2-NH-CPH 0 (2-NCH-21-CH3CTPP)NIl

21-H-CPH 2-NH-CPH 1.56 (21-CH21-CTPP)NI + HI = (2-NH-21-CH:-21-CTPP)NII
2-NH-CPH 2-NH-21-H-CP 31.44 not found

an kilocalories per mole.

structural correspondences have been unambiguously estabganization step in order to match the 21-carbaporphyrin
lished: CPH <= CTPPH, CPH, < 21-CH;-CTPPH, and geometry and the specific requirements of the nickel(ll)
2-NH-CPH <= 2-NCHs-CTPPH or 2-NCH-21-CH,CTPPH, coordination. A preorganization may contribute to the overall
respectively. This observation provides an appropriate experi- activation energy of the metal insertion. In fact, a hypothetical
mental criterion for the correctness of the DFT calculations demetalation mechanism via a straightforward replacement of
carried out for 21-carbaporphyrins. nickel(ll) by protons will give the geometry of the preorganized

The small calculated energy difference between Bt ligands, illustrated in selection by the 21-carbaporphyrin tau-
21-H-CPH or 2-NH-CPH species suggests the possibility of tomers (Chart 4). Consequently, we have evaluated the differ-
equilibrium with the less stable tautomer and raises the questionence in stabilization energy between the idealized porphyrin and
of their simultaneous detection. At present, thé NMR its preorganized ligand-like tautomer. The relevant comparison
evidence the supports the exclusive presence of a single species Table 4 shows the preorganization energy within the lower
for each considered inverted tetrarylporphy##f Here, one limits of activation energy determined for metal ion insertion
has to keep in mind that our calculations offer only an evaluation into regular porphyrin or N-methylated porphyrin. However,
of the energy of isolated meso-unsubstituted structures. There-one has to be aware that the mechanistic reasons for activation
fore, the actual differences in solution may be more pronounced. enthalpy in the case of regular porphyrins and 21-carbaporphy-
In a relevant comparison, the exchange of NH protons of regular rins may be essentially differe®t2! The relatively small 21-
porphyrin involves two fundamental tautomeric structures: trans HCPH < 2-NH-CPH ligand preorganization energy accounts
and cis. The recently calculated energy of the cis tautomer with well for marked changes of geometry around the C(21) carbon
respect to the trans equals ca-Bl kcal/mol*® In spite of (pyramidal vs planar one) in the reaction
the small difference in stability the cis porphyrin structure has
yet to be directly observed spectroscopically.

The analysis of the calculated relative stabilities of 21-
carbaporphyrin tautomers sheds some light on 21-carbaporphy- . . . . .
rins as macrocyclic organometallic ligands. In considering a and in the reversible nickel removalfinsertigh.
mechanism of nickel(ll) insertion into 21-carbaporphyrin and

its methylated derivatives, one may conceive a crucial preor- (20) ((g)) Foirgg,”%ht#f'égcv%?képm?Qﬁ%bf,’h%r'"j?Z%ﬂf":%ﬁlﬁgbt_
Ner, M. Ann. N.Y. Acad. Scl973 206, 420. (c) Longo, R. F.; Brown,
E. M.; Rau, G. W..; Adler, A. D. InThe Porphyrins Dolphin, D.,
Ed.; Academic Press: New York, 1978; Vol. 5, p 459.

(21) Bain-Ackerman, M. J.; Lavallee, D. Knorg. Chem1979 18, 3358.

(21-CH,-CTPP)NI' + HI = (2-NH-21-CH,-CTPP)NI'|

(19) (a) Reimers, J. R.; LuTl. X.; Crossley, M. J.; Hush, N. Sl. Am.
Chem. Socl1995 117, 2855. (b) Gosh, A.; Alnilf J. J. Phys. Chem.
1995 99, 1073 and reference cited therein.
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Chart 5 Conclusion. The different tautomeric forms may be invoked
to account for coordination of 21-carbaporphyrin and C- and
N-methylated 21-carbaporphyrins. Some of these tautomers
have not been experimentally reported but represent a useful
presentation of the feasible coordination modes, adjusting the
specific ligand structure to the requirements of the metal ion
(Chart 6). The DFT calculations have revealed the relative
stabilities of real and hypothetical structures and provided some
insight into the analysis of energy required for the prearrange-
ment process. Previously Ghosh considered the hypothetical
carbene-like coordination of 2-NH-CBFf In light of our
Chart 6 calculations, it does not seem to be the preferred choice as far
as the prearrangement step is considered.

\
N N N= Finally, we have shown that with the defined restrictions on
the mobility of N(2) and C(21) protons in the model structures,
the DFT calculation gives the proper distribution of protons in
\
\
/NO\ /NQ\

the dominating tautomeric form.
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