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Four novel low-spin bis(amine) Co(lll) porphyrins [Co(TPP)(BzHSbFs), 1, [Co(TPP)(1-BuNH),](SbFs),

2, [Co(TPP)(PhCHCHNH,);](SbFs), 3, and [Co(TPP)(1-MePipz)SbFs), 4, have been synthesized and
characterized by low-temperature X-ray crystallography, IR, electronic, and NIMR3C, and®®Co) spectroscopy.

The mean Ce N, distance for the four structures is 1.986(1) A. The-Gby distances for the*lamine derivatives
average to 1.980(5) A; the axial bonds of tifeanine derivative are significantly longer, averaging 2.040(1) A.
The porphyrin core conformation dfis significantly nonplanar (mixture d&-ruf and D,¢-sad distortions) due

to a staggered arrangement of the axial ligands over the porphyrin corenesephenyl group orientations

< 90°. The X-ray structures have been used with the coordinates for [Co(TPRB)R{®}) (Scheidt et alJ. Am.

Chem. Soc1973 95, 8289-8294.) to parametrize a molecular mechanics (MM) force field for bis(amine)
complexes of Co(lll) porphyrins. The calculations show that two types of crystal packing interactions (van der
Waals and hydrogen bonding) largely control the crystallographically observed conformations. Gas phase
conformational energy surfaces have been computed for these complexes by dihedral angle driving methods and
augmented with population distributions calculated by MD simulations at 298 K; the calculations demonstrate
that the bis(1 amine) complexes are significantly more flexible than the Bis{@ine) analogue$?Co NMR
spectra have been acquired for a range of [Co(TPP)(agh@iejerivatives as a function of temperature. The
59%Co chemical shifts increase linearly with increasing temperature due to population of thermally excited vibrational
levels of thelA; ground state. Activation energies for molecular reorientation (tumbling) have been determined
from an analysis of the%Co NMR line widths as a function of I lower barriers exist for the conformationally

rigid 2° amine derivatives (2:63.8 kJ mott). The5%Co chemical shifts vary linearly with the DFT-calculated
radial expectation valueg—3[34 for the Co(lll) ion. The correlation leads to the following order for thelonor
strengths of the axial ligands: BzNH: CI~ > 1-BuNH, > PhCHCH,NH; > 1-Bwp,NH > Et,NH. The>Co

NMR line widths are proportional to the square of the DFT-calculated valence electric field gradient at the Co
nucleus. Importantly, this is the first computational rationalization of#® NMR spectra of Co(lll) porphyrins.

Introduction ligands. Marchon and co-workers have, for example, shown that
selective binding of mainly one enantiomer from a racemic
mixture of a chiral ligand is possible when a chiral Co(lll)
porphyrin receptor is used®

Our interest in bis(amine) complexes of Co(lll) porphyrins
stems from our work on the isoelectroni€e(ll) complexe%
and fundamental questions which relate to the role of the
N-terminal amino group of Tyr-1 in the plant cytochronfélt
as an axial ligand to the heme iron. In the case of Co(lll)
porphyrins, the coordination of amine ligands has been studied
[mainly by 1H NMR spectroscopy? 14 particularly since these
kinetically inert diamagnetic complexes are useful as NMR shift

* To whom correspondence should be addressed. E-mail: MunroO@ reagents$:8151°Although X-ray structures of [Co(TPP)(Pip)]-

Although Co(lll) porphyrins are not naturally occurring, they
have become increasingly important as useful receptors for
amines, amino acids, and other ligadd%. Advantageous
physical properties such as slow axial ligand exchange on the
IH NMR time scale, a large diamagnetic ring current effext,
and negligible line broadening have resulted in the use of Co(lll)
porphyrins as NMR shift reagents for a range of ligand
system£8 An interesting, recent development with analytical
applications is the use of chiral Co(lll) porphyrins as enantio-
selective receptors for amino acids, their esters, and other chira

nu.ac.za. (NO3), 1718 [Co(TPP)(PhCH(CH)NH,)2]Br,%° [Co(TMCP)(®R/
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9-prolinol-N);]Cl,2 and [Co(TMCP)(§)-2-butylamine)]CI® have
been reported, there have beengystematicstructural, com-
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benzophenone. Dichloromethane, pyrrole, benzylamine, 1-butylamine,
phenethylamine, and 1-methylpiperazine (all from Aldrich) were

putational, and spectroscopic studies of a carefully tailored rangedistilled over Cal. Benzaldehyde (Merck) and silver hexafluoro-

of bis(amine) Co(lll) porphyrin derivatives. The coordination

chemistry, conformational energetics, electronic structures, and
physical properties of this class of compounds have therefore

not been fully delineated. Moreover, there have beef°Go
NMR studies of bis(amine) complexes of Co(lll) porphyrins,
even though this technique has been applied to bis(imida¥cke)
and bis(pyridin€®® complexes of Co(lll)mesetetraaryl por-
phyrins and is one of the few currently available direct
experimental probes of the metal center.

antimonate(V) (Aldrich) were used as receivedT PP was synthesized
using published procedurés[Co(TPP)CI] was prepared by metalation
of H,TPP with cobalt(ll) chloride hydrate in refluxing DVAE,
Instrumentation. Electronic spectra were recorded with a Shimadzu
UV-2101PC UV~vis scanning spectrophotometer using dry methylene
chloride solutions containing 0-10.5 M amine in 1.0 and 0.1 cm path
length cuvettes. Samples for IR spectroscopy were KBr mulls of
polycrystalline material. FT-IR spectra were recorded with a Perkin-
Elmer Spectrum One spectrometer (4 scans, spectral resotatiof
cm1). Microanalytical data (3 measurements per sample) were obtained

In this paper, we present a general method for the SynthesiSWith a Perkin-Elmer CHN 2400 Elemental Analyzét. and*3C NMR

of bis(amine) complexes of low-spin cobalt(lll) porphyrins. Four
complexes of the type [Co(TPP){(SbFs), where L= benzyl-
amine, 1-butylamine, phenethylamine, and 1-methylpiperazine

spectra of all [Co(TPP)(L)SbFs species were recorded using saturated
solutions in CDG with a 500 MHz Varian Unity Inova spectrometer
equipped with an Oxford magnet (11.744 T). Standardnd**C pulse

' sequences were used for 1D and 2D spectra. The probe and setting

have been characterized by X-ray crystallography as well &s jomperatures of the instrument were calibrated using the chemical shift

electronic, IR, and NMR 1, 13C, and®%°Co) spectroscopy.
Moreover, together with the atomic coordinates of [Co(TPP)-
(Pip)](NGs), 8 the four X-ray structures of this study have been
used to parametrize a force field (MN for bis(amine)

difference between the methyl and hydroxyl resonances of methanol
for variable-temperature work.5Co NMR spectra were recorded for
several [Co(TPP)(LJCI derivatives, where L= 1-butylamine,5,
benzylamineg, phenethylamine?, piperidine,8, 1-methylpiperazine,

derivatives of Co(lll) porphyrins. The conformational energetics 9. diethylamine 10, and dibutylaminel1, as a function of temperature.
of these complexes have been determined by a combination ofSamples were prepared by dissolving5—20 mg of [Co(TPP)CI] in

conventional dihedral angle mapping and MD simulations at

298 K. The force field has also been used to calculate accurate

input geometries for DFT calculations of the electronic structures
of a range of [Co(TPP)(aming) complexes. Importantly, this

is the first report on the use of MM, MD, and DFT methods to
delineate the fundamental factors which deternifi@ chemi-

cal shifts and line widths in Co(lll) porphyrins. We have found
that the total 3d electron populations or, more fundamentally,
the radial expectation valués 334 reflect theo-donor strengths

of the axial ligands coordinated to the Co(lll) ion. Moreover, a
linear correlation exists between tHfi€o NMR line width,w1z,

and the square of the calculated valence electric field gradient,

0%, of the Co(lll) ion.

Experimental Section

General Information. All manipulations were carried out under
nitrogen using a double manifold vacuum line, Schlenkware, and
cannula techniques. THF and hexane were distilled over sodium/

(15) Gaudemer, A.; Gaudemer, F.; MerienneQty. Magn. Resorl1983
21, 83.

(16) Abraham, R. J.; Bedford, G. R.; Wright, Brg. Magn. Resorl983
21, 637-642.

(17) Abbreviations: 1-BuNH 1-butylamine; 1-MePipz, 1-methylpipera-
zine; 49, 4 standard deviations; BzNHbenzylamine; & Cy, Cpm,
porphyrin alpha:, beta, and mesecarbons; ¢ and G, phenyl and
ligand carbons; CSA, chemical shift anisotropy; DFT, density func-
tional theory; DMF, N,N-dimethylformamide; EFG, electric field
gradient; L, ligand in general; MD, molecular dynamics; MM,
molecular mechanics; g\ porphinato nitrogen; b, axial ligand
nitrogen;|Ny|, |C4dl, |Cpl, and|Cr| are the mean absolute perpendicular
displacements of the porphyrin nitrogems, -, and mesecarbons
from the 24-atom porphyrin mean plane, respectively; P@HY-
NHa, phenethylamine; Pip, piperidine; THF, tetrahydrofuran; TMCP,
dianion of 5, 10, 15, 20-tetrakis(2-methoxycarbonyl-3,3-dimethylcyclo-
propyl)porphyrin; TPP, 5, 10, 15, 20-tetraphenylporphyrin dianion.

(18) Scheidt, W. R.; Cunningham, J. A.; Hoard, JJLAm. Chem. Soc.
1973 95, 8289-8294.

(19) Riche, C.; Chiaroni, A.; Gouedard, M.; GaudemerJAChem. Res.,
Synop.1978 32—33.

(20) Hagen, K. I.; Schwab, C. M.; Edwards, J. O.; Sweigart, DlnArg.
Chem.1986 25, 978-983.

(21) Hagen, K. I.; Schwab, C. M.; Edwards, J. O.; Jones, J. G.; Lawler, R.
G.; Sweigart, D. AJ. Am. Chem. S0d.988 110, 7024-7031.

(22) Bang, H.; Edwards, J. O.; Kim, J.; Lawler, R. G.; Reynolds, K.; Ryan,
W. J.; Sweigart, D. AJ. Am. Chem. S0d.992 114, 2843-2852.

(23) Medek, A.; Frydman, V.; Frydman, . Phys. Chem. B997 101,
8959-8966.

300uL of CDCls in thin-walled 5-mm diameter NMR tubes prior to
adding 300uL of freshly distilled amine. A broad band probe with
three separate frequencies (76.750 MHz, deuterium lock; 499.982 MHz,
proton decoupler; and 119.533 MH2Co observation frequency) was
used for all®®Co NMR spectra. Thé°Co resonance frequency of a
saturated solution of #Co(CN)] in D,O was used as an external
reference (eq 1),

(Vmeasured_ 1/referenca

Co— 118.068

6referenc

|
+ (6samp - lock

lock (1)
where 118.068 MHz is the theoretic#Co resonance frequency at
11.744 T;05mPleand ofefee"®are the lock solvent frequencies of the
sample (CDGJ) and reference (ED), respectively’:2 A pulse width

of 7.0 us was used with an acquisition time of 0.5 s (full relaxation
was, however, evident after 0.01 s in all cases) and a spectral window
of 400 kHz. Between 5000 and 10 000 transients were accumulated
into 64 000 data points. Spectral singlets were fit to a single Voigt
amplitude function with a time index of 13.2, eq 2,

o exp(t?) wexpt) |\t
| = dt x = dt|] (2
% '/;w 2 Vobs — Q1 2 'ﬁm ag +1t2 @
a3 + T - t

where the adjustable variables, a,, a,, andas are the amplitude,
resonance frequency, line width, and line shape, respecti¥dlyje
quintet spectra obtained féwere fit to the sum of five Voigt amplitude
functions with equivalent width and shape parameters. A linear
background was used for all line shape analyses. Becausd batid

(24) Barnett, G. H.; Hudson, M. F.; Smith, K. M. Chem. Soc., Perkin
Trans. (1)1975 1401-1403.

(25) Adler, A. D.; Longo, F. R.; Kampas, F.; Kim,J.Inorg. Nucl. Chem.
197Q 32, 2443-2445.

(26) Braun, S.; Kalinowski, H.-O.; Berger, $50 and More Basic NMR
ExperimentsWiley-VCH: Weinheim, 1998; pp 136139.

(27) Brevard, C.; Granger, Pandbook of High-Resolution Multinuclear
NMR, John Wiley & Sons: New York, 1981; p 43.

(28) The temperature-dependence of #€o0 resonance frequency of
K3[COo(CN)g], vreference Was established so that the correction could
be applied at all temperatures.

(29) The program PeakFit 4.0 (SPSS Inc., 444 N. Michigan Avenue,
Chicago, IL 60611) was used for all line shape analyses. Equation 2
is written with integrals because the convolution integrals lack real
closed form solutions. The analytical closed form complex solutions
are, however, used during fitting to give exact Voigt functions to at
least 14 significant figures.
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11 showed some CSAeffects (slight to moderate line shape distortion),
Voigt amplitude functions with variable width and shape parameters
were used to fit the NMR data. The intrinsic line widths for these two
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134.29 ¢-C, TPP); 134.41)(-C, PhCHCH,NH;); 135.08 (G, TPP);
140.35 (Gheny—Cm, TPP); 143.77 (g TPP).
Synthesis of [Co(TPP)(1-MePipz)(ShFe), 4. [Co(TPP)CI] (100

derivatives were taken as the average width of the three (resolved) centeing, 0.15 mmol), AgShi(224 mg, 0.65 mmol), and 1-methylpiperazine

lines of the quintet in each case.

Synthesis of [Co(TPP)(BzNH),](SbF), 1. To [Co(TPP)CI] (100
mg, 0.15 mmol) and AgSRR58 mg, 0.17 mmol) in a two-neck 100-
mL round-bottom flask under nitrogen was added 50 mL of freshly
distilled THF. The solution was allowed to stir fer24 h at room
temperature prior to removing the solvantvacua The red-brown
solid, [Co(TPP)(FSb{j], was redissolved in dichloromethaneZ0 mL)
and filtered under nitrogen. Addition of benzylamine (0.5 mL, 4.6
mmol) changed the solution from red-brown to purple on swirling. The
solution was transferred-2-mL aliquots) into ten 15< 150 mm test
tubes; each aliquot was layered with hexane. X-ray quality crystals
were obtained after 5 days. Crystalslofvere collected by filtration
and washed with 40% ethanol in hexane to remove yellow-brown
crystals of benzylamine. Isolated yield: 72 mg, 46%. Anal. Calcd for
CseHseNgC0OSbF: C, 62.1; H, 4.1; N, 7.5. Found: C, 61.8; H, 3.7; N,
7.4. IR (KBr pellet): 3309 cmt, 3254 cnt? (w, v(N—H)), 1588 cn1t
(m, 6(NHy)), 1165 cntt (m, p(NHy)), 658 cnt? (s, v(Sb—F)). UV—

Vis (CH,Clp) [Amax, M €, M~lcm™Y)]: 431 (238x 10%), 546 (12.2x

109), 577 (5.71x 10°). *H NMR (499.98 MHz, CDGJ) [0, ppm]: 9.17
(s, 8H, pyrrole-H); 8.15 (cJ = 7.0 Hz, 8H, TPRo-H); 7.80 (m, 12H,
TPPm,pH); 6.67 (t,%J = 7.7 Hz, 2H, BzNH p-H); 6.46 (t,3) = 7.7
Hz, 4H, BzNH, m-H); 4.58 (d,3) = 7.7 Hz, 4H, BzNH o-H); —2.78
(t, 3 = 7.0 Hz, 4H,a-CHy); —5.50 (t,%J = 7.0 Hz, 4H, NH). °C
NMR (125.736 MHz, CDGJ) [0, ppm]: 41.62 ¢-C, BzNH,); 119.76
(Cm, TPP); 125.47 ¢-C, BzNH,); 127.28 (n-C, TPP); 127.53¢-C,
BzNH,); 128.09 (M-C, BzNH,); 128.45 p-C, TPP); 133.53 4-C,
BzNH;,); 134.18 0-C, TPP); 135.48 (& TPP); 140.09 (Gheny—Cin,

TPP); 143.47 (g TPP).

Synthesis of [Co(TPP)(1-BuNH),](SbFs), 2. A similar procedure
to that described above was employed using [Co(TPP)CI] (100 mg,
0.15 mmol), AgSbE(74 mg, 0.22 mmol), and 1-butylamine (300,

2.9 mmol). The reaction mixture was transferred in equal aliquots to
four 25 x 180 mm Schlenk tubes and layered with hexane. X-ray
quality crystals were obtained from the gB./hexane mixture after 4
days. Isolated yield: 77.6 mg, 50%. Anal. Calcd fepsoNsCoSbks:

C, 59.3; H, 4.8; N, 8.0. Found: C, 59.2; H, 4.7; N, 7.8. IR (KBr
pellet): 3302 cm?, 3258 cnt* (w, ¥(N—H)), 1584 cn1* (m, 6(NHy)),
1100 cmt (m, p(NHy)), 655 cn1? (s, »(Sb—F)). UV—vis (CHCl,)
[Amax NM €, M~lcm™)]: 430 (534 x 10°), 545 (24.1x 10%), 580
(10.1 x 10°). *H NMR (499.98 MHz, CDGJ) [0, ppm]: 9.18 (s, 8H,
pyrrole-H); 8.17 (dd2J = 7.4 Hz,%J = 1.7 Hz, 8H,0-H); 7.80 (m,
12H,m,pH); —0.37 (1,3 = 7.4 Hz, 6H, CH); —0.89 (m, 4H,y-CH,):
—1.66 (m, 4H5-CH,); —4.00 (m, 4H,0-CHy); —5.93 (t,3J = 5.8 Hz,

4H, NHy). 1*C NMR (125.736 MHz, CDG) [0, ppm]: 11.90 ¢-C,
1-BuNH); 17.48 (-C, 1-BuNH); 28.64 (3-C, 1-BuNH); 37.10 (-

C, 1-BuNH); 119.93 (G, TPP); 127.24r+-C, TPP); 128.41-C, TPP);
134.22 ¢-C, TPP); 135.18 (§; TPP); 140.40 (Gheny—Cm, TPP); 143.73
(Cs TPP).

Synthesis of [Co(TPP)(PhCHCH:NH>),](SbFe), 3. [Co(TPP)CI]
(100 mg, 0.15 mmol), AgSkH142 mg, 0.41 mmol), and phenethyl-

(330 uL, 3.0 mmol) were reacted as described above. X-ray quality
crystals of the monohydrate, [Co(TPP)(1-MePiji&bkFs)-H-0, were
grown from CHCl,/hexane over a period of 5 days in five ¥5150
mm test tubes. Isolated yield: 53 mg, 32%. Anal. Calcd feiHe:Ne-
OCoSbk: C, 57.6; H, 4.8; N, 10.0. Found: C, 57.1; H, 4.6; N, 9.8.
IR (KBr pellet): 3234 cm? (w, »(N—H)), 660 cn* (s, v(Sb—F)).
UV —Vvis (CHCly) [Amax NM €, M~cm2)]: 430 (266x 10°), 544 (12.6
x 109), 578 (5.48x 10%). IH NMR (499.98 MHz, CDG)) [0, ppm]:
9.24 (s, 8H, pyrrole-H); 8.19 (ddJ = 7.6 Hz,%J = 1.7 Hz, 8H, TPP
o-H); 7.83 (m, 12H, TPRn,pH); 0.94 (s, 6H, N-CHj3); 0.44 (d,J =
13.4 Hz, 4H,3-CH,); —0.98 (t,J = 11.8 Hz, 4H,5-CHy); —3.76 (m,
4H, a-CH,); —4.52 (d,J = 12.6 Hz, 4H,0-CHy); —6.89 (t,3J = 11.8
Hz, 2H, NH).13C NMR (125.736 MHz, CDG) [0, ppm]: 43.83 (N-
CHs, 1-MePipz); 43.93 §-C, 1-MePipz); 53.25 d-C, 1-MePipz);
120.40 (G, TPP); 127.4410-C, TPP); 128.771-C, TPP); 134.34¢
C, TPP); 135.86 (& TPP); 139.73 (heny—Cm, TPP); 143.77 (& TPP).
X-ray Structure Determinations. Intensity measurements were
made on air-stable crystals of compouriis4 that were platelike
lustrous purple rhombs with the approximate dimensions<0@®5 x
0.4 mn?, 0.6 x 0.5 x 0.2 mn¥, 0.4 x 0.4 x 0.3 mn?, and 0.8x 0.3
x 0.2 mn? (needlelike), respectively. The X-ray diffraction data were
collected with a Siemens SMART 1000 CCD area detector diffracto-
meter at—100 °C with graphite-monochromated MooKradiation
(A = 0.71703 A). Data were corrected for Lorentz and polarization
factors but not for absorption(~0.9 mnt? for all four compounds).
A total of 28 493, 46 199, 28 353, and 50 381 observed reflections
(Fo = 2.00(F,)) were collected and averaged to 5760, 5947, 12 360,
and 12 264 unique reflections far-4, respectively.
Direct methods (SHELXS-97, OSCAIL V&)3were used to solve
the structures ol and2 in the orthorhombic space grolgbcn The
structures of3 and 4 were similarly solved in the monoclinic space
groupsP2; andP2,/c, respectively. Difference Fourier syntheses were
used to locate the remaining non-hydrogen atoms in each case. The
structures were refined anisotropically agaif3tvith SHELXL-97 32
A final difference Fourier synthesis fdrlocated all of the hydrogens
atoms, including those of the coordinated amine nitrogens. In the case
of 2, the final difference Fourier synthesis located most of the hydrogen
atoms and indicated that the axial ligand methyl group (C(34)) was
disordered about two positions. The latter were refined as separate parts
to a final site occupancy factor of 0.718. In the case3pthe final
difference Fourier synthesis located all of the porphyrin hydrogens and
suggested that one of the axial phenethylamine ligands had two
conformations that were related by a 43r®tation about the Coe
N(6) bond (measured by the N2 o—N(6)—C(61) dihedral angle).
Both conformations were refined as separate parts (the final dihedral
angle between the disordered phenyl groups measured 2).1{%
final site occupancy factor of 0.527. The absolute configuratioB of
could not be determined unambiguously from the value of the Flack
paramete?? The final difference Fourier synthesis félocated all of
the porphyrin hydrogens as well as an oxygen atom of a water molecule

amine (40QuL, 3.2 mmol) were reacted as described above. Testtubes 3 93 A from the methylated nitrogen, N(6), of one of the axial

(15 x 150 mm) were used for crystallization; X-ray quality crystals
were obtained from C¥Cl./hexane after 5 days. Isolated yield: 126.4
mg, 75%. Anal. Calcd for HsoNeCoSbk: C, 62.7; H, 4.4; N, 7.3.
Found: C, 62.3; H, 4.2; N, 7.2. IR (KBr pellet): 3307 ctin3252
cmt (w, »(N—H)), 1587 cn* (m, 6(NHy)), 1145 cntt (m, p(NHy)),
654 cm! (s, v(Sb—F)). UV—vis (CH,CL,) [Amax M (€, M~cm™)]:
429 (363x 1(°), 544 (17.3x 10%), 577 (8.67x 1(°). 'H NMR (499.98
MHz, CDCh) [0, ppm]: 9.13 (s, 8H, pyrrole-H); 8.08 (dd) = 6.6
Hz, %) = 1.7 Hz, 8H,0-H); 7.80 (m, 12H,mp-H); 6.81 (1,3 = 7.4
Hz, 2H, PhCHCH,NH, p-H); 6.64 (1,3 = 7.8 Hz, 4H, PhChHCH,-
NH, m-H); 5.08 (d,2J = 7.0 Hz, 4H, PhCHCH;NH; o-H); —0.23 (t,

3] = 6.6 Hz, 4H,8-CHy); —3.74 (1,3 = 7.0 Hz, 4H,0-CH,); —5.99
(t,3J = 6.2 Hz, 4H, NH). 13C NMR (125.736 MHz, CDG) [0, ppm]:
32.07 3-C, PhCHCH,NH,); 37.83 (-C, PhCHCH;NH,); 119.98 (G,
TPP); 126.23 §-C, PhACHCH,NH,); 126.54 6-C, PhCHCH,NH,);
127.11 (n-C, TPP); 128.12r(-C, PhCHCH,NH,); 128.37 p-C, TPP);

1-methylpiperazine ligands. With the exception of the hydrogen atoms
belonging to the solvate water df all hydrogen atoms for the four
structures were included as idealized contributors in the least-squares
process with standard SHELXL-97 idealization parameters. The final
refinements converged to the discrepancy indices listed below. The
maximum (and minimum) electron densities on the final difference
Fourier maps ofl—4 were 0.446 {0.623), 0.590 {0.645), 0.350
(—0.475), and 2.541-1.311) e/&, respectively. The maximum residual
electron density peak, Q(1), of 2.541 &/ the difference Fourier
map of4 was located 1.14 A from N(6) and 2.00 A from the oxygen

(30) Sheldrick, G. MActa Crystallogr., Sect. A99Q A46, 467—-473.

(31) McArdle, P.J. Appl. Crystallogr.1995 28, 65.

(32) Sheldrick, G. M.; Schneider, T. Rlethods Enzymol997, 277, 319—
343.

(33) Flack, H. D.Acta Crystallogr., Sect. A983 A39, 876-881.
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atom, O(1), of the water molecule H-bonded to N(6). Since the angles time steps. Data were collected at 7.5 fs intervals, affording<61®*

C(52)-N(6)—Q(1) (102.7) and C(53>N(6)—Q(1) (139.8) were
inconsistent with those for an $hybridized quaternary nitrogen (e.g.,

snapshots. At least four simulations, starting from unique input
coordinates, were used to check the generality of the results in each

a protonated nitrogen), the peak was not assigned to any specific atomcase. The data were reduced for plotting by using a 75 fs sampling

Complete crystallographic details, fractional atomic coordinates for

all non-hydrogen atoms, anisotropic thermal parameters, fixed hydrogen

interval for the analysis of each MD trajectory.
DFT Calculations. DFT calculations (pseudospectral mettbd,

atom coordinates, bond lengths, bond angles, and dihedral angles forB3LYP functional‘® LACVP basis set® medium grid) were performed

compounds—4 are given in the Supporting Information (Tables-S1
S28). Experimental lattice constants and SHELXL-97 refinement
parameters for the four compounds are given below.

[CO(TPP)(BZNHQ)Q](SbFe) C53H45N6C05b['_5, fw = 1121.69 amu,
a=17.0323(8) Ab = 12.2935(6) Ac = 23.4079(11) AV = 4901.3-
(4) A3, orthorhombic,Pbcn Z = 4, D, = 1.520 g cm?3, u = 0.959
mm, T = 173(2) K,R; (WR)3* = 0.0342 (0.0759) for 4922 unique
data withl > 20(1), R, (WR:) = 0.0433 (0.0803) for all 5760 dat&;
= 0.0347).

[Co(TPP)(1-BuNH,),](SbFg). Cs;HsoNsCoSbFs, fw = 1053.66 amu,
a = 16.2614(9) A,b = 12.7546(7) A,c = 23.2873(12) AV =
4830.0(5) A, orthorhombic,Pbcn Z = 4, D, = 1.449 g cm?3, u =
0.968 mm?, T = 173(2) K, R, (WR)** = 0.0593 (0.0857) for 4579
unique data witH > 20(l), R; (WR;) = 0.0868 (0.0930) for all 5947
data Rt = 0.0725).

[Co(TPP)(PhCH,CH2NH,),](SbFs). CeoHsoNeCOSbFs, fw = 1149.74
amu,a = 10.6378(5) Ab = 22.0466(11) Ac = 10.9585(5) A =
94.2140(10), V = 2563.1(2) &, monoclinic,P2, Z = 2, D, = 1.490
gcm 3, u=0.919 mm?, T=173(2) K,R; (WRy)** = 0.0334 (0.0708)
for 11393 unique data with> 20(l), Ry (WR;) = 0.0388 (0.0746) for
all 12360 data R = 0.0255).

[Co(TPP)(1-MePipz))(SbFs)H20. CsHsNsOCoSbhis, fw = 1125.70
amu, solvent/asymmetric unie H,O, a = 13.4112(9) A b =
19.0611(12) Ac = 19.6630(13) A = 93.2450(10), V = 5018.4(6)
A3, monoclinic,P2)/c, Z = 4, D, = 1.487 g cm?, u = 0.939 mn1?,

T = 173(2) K, Ri (WR,)%* = 0.0951 (0.2360) for 7271 unique data
with | > 20(1), Ry (WR,) = 0.1547 (0.2759) for all 12264 datR{ =
0.0868).

Molecular Mechanics Calculations.HyperChem 5.02 (MM- force
field)3® was used for all calculations. Porphyrin core parameters were
taken from our published force field for iron porphyrii§s3® New bond

stretching, angle bending, and dihedral angle parameters for bis(amine)

cobalt(ll1) derivatives were developed by fitting the structureg-oft

and [Co(TPP)(Pip)(NOg),8 calculated in the presence of all lattice
neighbors, to their X-ray structurésA root-mean-square gradient
termination cutoff of 0.005 kcal/(A mol) was used for geometry
optimization with the PolakRibiere conjugate gradient algorithm. A
dielectric constant of 1.5 D was employed for all calculations. The

vacuum dielectric constant (1.0 D) was not used because even in the

gas-phase some screening of intramolecular dipdipole interactions
occurs?®#! Partial atomic charges were not included in the calcula-
tions384243Conformational surfaces for [Co(TPP)(1-BubH™, [Co-
(TPP)(1-MePipz]*, and [Co(TPP)(ENH),]* were calculated as
described previousl.

Molecular Dynamics Simulations.HyperChem 5.02 was used for
gas-phase MD simulations of [Co(TPP)(1-Bup4tt, [Co(TPP)-
(BzNH,)2]*, [Co(TPP)(PhCHCH,NH,);]*, [Co(TPP)(1-MePipz],
and [Co(TPP)(ENH).]* at a constant temperature of 298 K with a

with Jaguar 4.9 running on a Compaqg AlphaStation DS20e. The
LACVP basis set employs effective core potentials for the elements
K—Cu, Rb-Ag, Cs-La, and Hf-Au. Second and third row s- and
p-block elements are described by Pople’s 6-8l@sis set. Input
coordinates for all [Co(TPP)(L)" cations were energy minima obtained
from MM geometry optimizations in the gas phase. In the case of [Co-
(TPP)CI], the X-ray coordinatéswere used as a starting structure for
a full geometry optimization at the B3LYP/LACVP level of theory.
The converged DFT wave functions for each complex were analyzed
with Weinhold’s NBO 4.M prografi which uses the first-order reduced
density matrix of the wave function to obtain natural atomic orbitals
(NAOs) and natural electron populations for the system.

Results

Crystal Structures. The molecular structures @fand4 are
shown in the ORTER plots of Figure 1. Formal diagrams of
the porphinato cores of the two derivatives are shown in Figure
2; the perpendicular displacement of each crystallographically

(39) The following parameters were developed for bis(amine) Co(lll)
porphyrins using the X-ray structures df4 and [Co(TPP)(Pip)-
(NOs)18for parametrization. Bond deformation: botg(mdyn A-2),
lo (A); Np—Co(lll), 2.000, 1.892; M—Co(lll), 2.650, 1.927. Bond
angle deformation: angldy, (mdyn A rad?), 6, (deg); trans-Np—
Co(Ill)—Np, 0.005, 180.0¢is-Np—Co(lll)—Np, 0.200, 90.0; N—Co-

(1) =Nax, 1.250, 90.0; M—Co(Ill)—Nay 1.000, 180.0; &Np—
Co(lll), 0.700, 126.8; C(sh—Nax—Co(lll), 0.600, 124.0; H-Nax—
Co(lll), 0.400, 109.47; C(sp—Nax—C(sp’), 0.630, 111.7. Dihedral
angle deformation: dihedral anghé, V-, V3 (kcal mol?); Ca—Np—
Co(lll)—N, (Np—Co(lll)—Np trans), 0.000, 0.000, 0.000;,EN,—
Co(Ill)=Np (Np—Co(Ill)—Np cis), 0.000, 0.100, 0.000; Co(IHNax—
C(sp)—H, 0.000, 0.000, 0.520; Co(IH)Nax—C(sp)—C(sp), —0.200,
0.730, 0.800; Co(lll}-Na—C(sp)—C(sp), 0.000, 0.000, 0.000; N-
Co(lll)—=Nax—C(sp’), 0.000, 0.000, 0.000; \N-Co(lll)—Nax—H, 0.000,
0.000, 0.000; M—Co(lll)=Nax—H, 0.000, 0.000, 0.000; C(3p-
C(sp)—C(sp)—Nax, 0.000, 0.000, 0.000;4=Cs—N,—Co(lll), 0.000,
0.100, 0.000; G—Ca—Ny—Co(lll), 0.000, 0.200, 0.000. Out-of-plane
deformation: sphybridized-attached atonkeop, (mdyn A rad?); Np—
Co(lll), 0.050; G—Np, 0.050.

(40) (a) Allinger, N. L.J. Am. Chem. S0d977, 99, 8127. (b) Allinger, N.

L.; Yuh, Y. MM2(87). Distributed to academic users by QCPE, under
special agreement with Molecular Design Ltd., San Leandro, CA. (c)
Sprague, J. T.; Tai, J. C.; Young, Y.; Allinger, N.L.Comput. Chem.
1987, 8, 581.

(41) Jensen, F. Introduction to Computational Chemistry; Wiley: New
York, 1999; pp 23-25.

(42) Shelnutt, J. A.; Medforth, C. J.; Berber, M. D.; Barkigia, K. M.; Smith,
K. M. J. Am. Chem. Sod99], 113 40774087.

(43) The force field includes the standard M#Bond dipoles for the EC
and C-N bonds. All M—L bond dipoles have an assigned value of
zero.

bath relaxation constant of 0.1 ps. A heating time of 10 ps was used to (44) Jagudr solves the Scfidinger equation iteratively using SCF methods

heat the system from 0 to 298 K b K increments. This was followed

by a 500 ps simulation interval at the set temperature employing 0.5 fs

(34) Ru= 3 |IFol — IFcll/3|Fol andwRe = { 3 [W(Fo? — F&)F/ S [WFo*} 2
R factorsR; are based ofr, with F set to zero for negativE2 The
criterion of F2 > 20(F?) was used only for calculatinB;. R factors
based orF2 (WRy) are statistically about twice as large as those based
onF.

(35) HyperChemversion 5.02: Hypercube, Inc.: Gainsville, FL.

(36) Munro, O. Q.; Bradley, J. C.; Hancock, R. D.; Marques, H. M.;
Marsicano, F.; Wade, P. WI. Am. Chem. Sod992 114 7218~
7230.

(37) Marques, H. M.; Munro, O. Q.; Grimmer, N. E.; Levendis, D. C.;
Marsicano, F.; Pattrick, G.; Markoulides, J. Chem. Soc., Faraday
Trans.1995 91, 1741-1749.

(38) Munro, O. Q.; Marques, H. M.; Debrunner, P. G.; Mohanrao, K;
Scheidt, W. RJ. Am. Chem. S0d.995 117, 935-954.

to calculate the lowest-energy wave function within the space spanned
by the basis set. The fundamental integrals are, however, computed
in physical space on a grid rather than in the spectral space defined
by the basis functions, affording a sizable speed increase for large
systems. (a) Friesner, R. Zhem. Phys. Lett1985 116, 39. (b)
Friesner, R. AAnnu. Re. Phys. Chem1991], 42, 341.

(45) Becke, A. D.J. Chem. Phys1993 98, 5648.

(46) Hay, P. J.; Wadt, W. Rl. Chem. Phys1985 82, 299-310.

(47) Jaguar, version 4.0; Schidinger, Inc.: Portland, OR, 2000.

(48) (a) Rassolov, V. A.; Pople, J. A.; Ratner, M. A.; Windus, T.JL.
Chem. Phys1998 109, 1223. (b) Francl, M. M.; Pietro, W. J.; Hehre,
W. J.; Binkley, J. S.; Gordon, M. S.; DeFrees, D. J.; Pople, JJ.A.
Chem. Phys1982 77, 3654-3665.

(49) Sakurai, T.; Yamamoto, K.; Naito, H.; Nakamoto,Bull. Chem. Soc.
Jpn. 1976 49, 3042-3046.

(50) Glendening, E. D.; Badenhoop, J. K.; Reed, A. E.; Carpenter, J. E.;
Weinhold, F.NBO 4.M Theoretical Chemistry Institute, University
of Wisconsin: Madison, WI, 1999.
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Figure 2. Formal diagrams of the porphyrin cores of (a) [Co(TPP)-
(1-BuNH,),](SbR;) and (b) [Co(TPP)(1-MePipz)SbFs)-H20. Aver-

aged values (and their esd’s) of the chemically unique bond distances
(in A) and angles (in degrees) are shown. The perpendicular displace-
ments (in units of 0.01 A) of the cobalt and 24 porphyrin core atoms
from the porphyrin mean plane are also displayed. The dihedral angles
(deg) of the axial ligands (N-Co—Nax—C,) are indicated by the solid
and dashed lines for the above- and below-plane ligands, respectively.

Figure 1. ORTEP diagrams (displaying selected atom labels) of the

low-temperature X-ray structures {00°C) of (a) [Co(TPP)(1-BuNbj;]- The crystal structure d is centrosymmetric and, to a large

(SbR) and (b) [Co(TPP)(1-MePipd)SbR)-H,0. Thermal ellipsoids Y o of the conformmtions of the 1t bg L

are drawn at the 50% probability level. Hydrogen atoms,sSkRions, eXt?m’ repfesgntatlve O. the conformations of the .t ree bis(
amine) derivatives of this study; each has a relatively planar

and a solvent water molecule in (b) have been omitted for clarity. . : - : ]
porphyrin core conformation (Figures 2 and S2) and axial amine
unique atom from the 24-atom porphyrin mean plane and the °rientations that reflect either the crystallographically required

averaged values of the chemically unique bond distances and®enter of inversion at the cobal(lll) ion or, in the case3pén
angles are displayed in each case. The orientations of the axia@PProximately ceAr.]trosymmetrtmn The Co-Na distance
ligands relative to the GeN,, bonds are also shown. (Selected ' 2 1S 1.980(2) A; the CeN, distances average to 1.987(4)
bond distances and angles for compoutest are given in A. The butyla_mlne Il_gand§ exhibit an anti arrangement with a
Table 1; the averagabsoluteperpendicular displacements of symmetry-unique orientation of 30.2(2()9Iat|ve to the nearest
the chemically unique atoms of the porphyrin core from the S0~ Npvector (N(2)-Co—N(3)-C(31) dihedral angle). The two
24-atom mean plane are given in Table 2.) ORTEP plots and _C(F_Nax vectors are slightly canted ffo'.“” the heme normal with
formal diagrams of the porphinato coresloand3 are given g‘fg"iua_l”':lp_cco?\l’\gs_) é\nsglles splannlng the r?r;gle 88'h2(1)
in the Supporting Information (Figures S1 and S2, respectively). = (1J. The Co-N(3)~C(31) angle measures 02 he

. dihedral angles between the phenyl rings appended to C(m1)
Complete listings of structural data (bond lengths, bond angles, .
and gihedral e?ngles) for compourgi 4 areggiven in theg and C(m2) and the 24-atom porphyrin mean plane are 69.4(1)

Supporting Information (Tables S®5, S16-S12, S17-.519,  and 73.3(1), respectively. As noted above, the structure2of
is exemplary of the bisflamine) derivatives; the rather similar
and S24-S26). e .
coordination group distances and angleslfand3 are therefore
(51) ORTEP-3 for WindowsrL05. (F L . Aool Crvetal given in Table 1 without further comment. One noteworthy
-3 for Windowsv1.05. (Farrugia, L. JJ. Appl. Crystallogr. ;
1997 30, 565.) This program is based @RTEP-II, v1.02. (Bumett, difference between. the structure afand the. strgctures.of
M. N.; Johnson, C. K. Oak Ridge National Laboratory report ORNL- €Ompoundsl and 3 is the absence of H-bonding interactions

6895, 1996.) between the Skf anion and the axial ligand NtHprotons. As
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Table 1. Selected Bond Lengths and Bond Angles for [Co(TPP)(1-Be)dEEbFs), [Co(TPP)(BzNH).](SbFs),
[Co(TPP)(PhCHCH:NH,),](SbFs), and [Co(TPP)(1-MePipzZ)(Sbk)-H.O

[Co(P)(LY)z]X*P [Co(P)(L)2]X 2 [Co(P)(L)]X 2 [Co(P)(L)2]X2€
(A) bond lengths (A)
Co—N(1) 1.995(2) 1.989(2) CeN(1) 1.986(2) 1.994(5)
Co—N(2) 1.979(2) 1.984(2) CoN(2) 1.988(2) 1.976(4)
Co—N(3) 1.983(2) 1.980(2) CeN(3) 1.982(2) 1.971(4)
Co—N(4) 1.986(2) 1.997(5)
Co—N(5) 1.972(2) 2.039(5)
Co—N(6)" 1.983(2) 2.041(5)
(B) bond angles (deg)
N(1)—Co—N(1)? 180.0(0) 180.0(1) N(3YCo—N(1) 179.8(1) 179.7(2)
N(2)—Co—N(2)9 180.0(0) 180.0(1) N(4)Co—N(2) 179.8(1) 178.7(2)
N(3)—Co—N(3)’ 180.0(0) 180.0(2) N(5yCo—N(6)" 179.4(1) 177.5(2)
N(2)—Co—N(3) 88.7(1) 91.8(1) N(5}Co—N(3) 94.0(1) 91.3(2)
N(2)0—Co—N(3) 91.3(1) 88.2(1) N(3)}Co—N(6)" 86.1(1) 91.1(2)
N(2)—Co—N(3)? 91.3(1) 88.2(1) N(5)} Co—N(1) 85.9(1) 88.5(2)
N(2)0—Co—N(3)? 88.7(1) 91.8(1) N(8)-Co—N(1) 94.0(1) 89.1(2)
N(2)—Co—N(1) 89.8(1) 90.1(1) N(5}Co—N(4) 90.0(1) 87.5(2)
N(2)0—Co—N(1) 90.2(1) 89.9(1) N(3)Co—N(4) 89.9(1) 90.2(2)
N(2)—Co—N(1)? 90.2(1) 89.9(1) N(8)-Co—N(4) 89.4(1) 92.2(2)
N(2)0—Co—N(1)? 89.8(1) 90.1(1) N(1}Co—N(4) 90.3(1) 90.1(2)
N(3)—Co—N(1) 91.3(1) 90.4(1) N(5yCo—N(2) 89.9(1) 91.3(2)
N(3)0—Co—N(1) 88.7(1) 89.6(1) N(3yCo—N(2) 90.1(1) 89.6(2)
N(3)—Co—N(1)? 88.7(1) 89.6(1) N(6)-Co—N(2) 90.7(1) 89.1(2)
N(3)0—Co—N(1)? 89.8(1) 90.4(1) N(1}Co—N(2) 89.7(1) 90.1(2)

aX = Sbk, P= TPP.PL! = benzylamine¢ L? = 1-butylamine f L® = phenethylamines L* = 1-methylpiperazine’ The estimated standard
deviations of the least significant digits are given in parenthésggmmetry equivalent-{x,—y, —2). "N(7) in the case of [Co(TPP)(1-
MePipz}](SbFs)-H20.
Table 2. Selected Crystallographic and MM-Calculated Conformational Data for Bis(ammesg#tetraphenylporphinato)Co(lll) Derivatives
[Co(TPP)(LY)]X 2 [Co(TPP)(L2),]X2 [Co(TPP)(L3)]X [Co(TPP)(L#)]X -H,02 [Co(TPP)(L5),]Y -Pip?
X-ray lattice gas$ X-ray lattice gas  X-ray lattic® gas X-ray lattice gas X-ray? lattice® gas$

Co—Nae 1.980(2) 1.976(0) 1.971(0) 1.983(2) 1.978(0) 1.969(0) 1.978(8) 1.975(1) 1.984(0) 2.040(1) 2.054(4) 2.028(0) 2.060(3) 2.061(2) 2.047(0)
Co-N,f 1.987(4) 1.988(5) 1.986(3) 1.987(11) 1.986(5) 1.986(3) 1.986(3) 1.987(3) 1.987(4) 1.985(13) 1.982(7) 1.973(3) 1.979(6) 1.987(4) 1.987(0)

@9 30.2(2) 33.5(1) 0(0)  38.4(2) 33(1) O0(0)  28.7(8) 27.3(8) 8(2)  18.3(2) 19.7(0) 21.4(0) 23.1(2) 20(4) 21.7(1)
46.1(2) 39.8(0) 21.2(0)
Co" 3 0 0 2 1 0 1 0 0 0 1 0 0 1 0

INol™ 2(2)  3(2)  0(0)  2(1) 64 10 22 42 52 @ 4Q) 650 00 33 32 00
ICd" 200 1(1)  0(00)  2(1) 32)  000) 53 31 22 11(7)  10(9) 21(0) 4(2) 3(3)  0(0)
IGol"  1(1) 21  10)  3(2) 54)  1(0) 11(3) 7(4)  43)  21(9)  28(10) 14(0) 6(2)  5(3)  0(0)
Col” 1(1)  1(0)  1(00)  3(3) 6(3) 1(0) 6(4) 42  5(4) 20(2) 19(4) 42(1) 6(4) 73)  1(1)
Daf"  2(1)  2(1)  10) 202 53) 1(00) 6(5) 5(3) 4(3)  14(9)  16(12) 18(13) 5(3)  4(3)  0(0)

al 71(2) 77(3) 89.4(1) 73.8(3) 78.8(6) 89.6(2) 68(6) 8l(4) 87(1) 67(11) 69(13) 89.9(0) 67(3) 73(4)  89.7(1)
rmsd Al 0.054 0.034 0.078  0.047 0.040  0.096 0.068  0.161 0.032° 0.056
rmsd B¢ 0.266  0.485 0.218 0.722 0.364 0.599 0.194 0.688 0.163  0.475

a1 = 1-pbutylamine, B = benzylamine, E = phenethylamine, £= 1-methylpiperazine, .= piperidine, X= Sbk, Y = NOz. ? Calculation
on a single molecule with all nearest neighb6iGas-phase calculatiofRef 18.¢ Mean axial Ce-N distance (A) Mean equatorial CeN distance
(A). 9 Mean axial ligand orientation (deg) defined as the dihedral angle between the axial digearthon and the closest porphyrin nitrogen.
hCa|, INpl, |Cal, |Cb|, and|Cr| are the mean absolute perpendicular displacements (in units of 0.01 A) of the Co(lll) ion, porphyrin nitcegens,
B-, andmesecarbons, respectively, from the 24-atom porphyrin mean pldhg; is the average for all atomsya,, mean porphyrin corephenyl
group dihedral angle (deg)Root-mean-square difference (A) for a fit of the calculated and observed structures (Co(lll) ion, 24 porphyrin core
atoms, and axial nitrogeng)Root-mean-square difference (A) for a fit of the calculated and observed structures (all atoms).

shown in the edge-on ORTEP diagram of Figure 3, both protons distances average to 2.040(1) A, substantially longer than the
of the NH, group of the uppermost phenethylamine ligan@of = mean Coe-Nyy distances of the bisflamine) complexes. The
(i.e., that coordinated to Co via N(5) in Figure S1) are hydrogen mean Ce-N,, distance is 1.985(13) A. The G\ vectors are
bonded to a pair of cis fluorine atoms of the closely juxtaposed slightly tipped relative to the heme normal; individugi-NCo—
SbRs~ anion. Similar H-bonding interactions involving one of Nax angles span the range 87.5(®2.2(2f. The modest off-
the two NH protons are observed fdr (Figure S3). axis tilt of the axial donor atoms is also evident from thg-N

The noncentrosymmetric crystal structure #4fis more Co—Nax angle of 177.5(2) The mean CeNy—C, angle is
unusual. The axial 1-methylpiperazine ligands adopt a staggeredl16.8(5). The axial ligand orientations, measured by the-N
arrangement over the porphyrin core which is clearly nonplanar. Co—Na—C, dihedral angles, are 7.1(4JN(4)—Co—N(7)—
The NH proton of the uppermost ligand in Figure 1 is hydrogen C(61)), 43.5(5) (N(3)—Co—N(7)—C(64)), 18.3(4) (N(3)—Co—
bonded to a fluorine atom of the SpFanion. The distances  N(5)—C(51)), and 21.7(4) (N(2)—Co—N(5)—C(54)). The
and angle of the interaction are F{5H(7) = 2.258 A, F(5) dihedral angles between the foomesephenyl groups and the
N(7) = 3.173 A, and F(5)*H(7)—N(7) = 167.8 (Figure 3). 24-atom porphyrin mean plane measure 60.6(2), 82.8(2), 60.5(1),
A solvate water molecule is hydrogen bonded to the noncoor- and 64.2(2) for the phenyl rings attached to Cm(1) through
dinated nitrogen atom, N(6), of the trans 1-methylpiperazine Cm(4), respectively. Both thenesecarbons and the four pairs
ligand. The distance, N(6YO(1), is 2.928 A. The CoNax of p-carbons of the porphyrin macrocycle are alternately
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Figure 3. ORTEP diagrams (50% probability surfaces for all non-H
atoms) showing the intermolecular hydrogen bonding interactions in
edge-on views (parallel to the N(@Co—N(2) planes) of (a) [Co(TPP)-
(PhCHCH,NH,),](SbFs) and (b) [Co(TPP)(1-MePipd(SbFs;)-H,0.
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ppm), and 3.17(4) ppC (8586(1) ppm) for [Co(TPP)CIE,

5, 7,10, and11, respectively. As shown in Figures 4 and 5, the
59Co line widths also decrease rather markedly with increasing
temperature. The narrowest lines were observed@¢8.9(6)—
6.5(9) x 10? Hz over the temperature range 551.4°C). Line
widths for 7 were the broadest, ranging from 3.3(0)10° Hz

at 37.2°C to 1.3(2)x 10* Hz at—34.5°C. Both8 and9 were
NMR-silent on the>®Co NMR time scale, irrespective of the
width of the spectral window used for data acquisition or the
solution temperature. THel and3C spectra of these derivatives
were, however, normal. The complexes with intrinsically narrow
line widths, namely6, 10, and 11, showed strong°Co—*N
spin—spin coupling between the cobalt and axially coordinated
nitrogen nuclei, as evidenced by the emerging quintet pattern
at higher temperatures for tR&Co resonance @ in Figure 4.
The value oflJc,—n measured 600(5) Hz in each case. The
sterically hindered secondary amine derivati¥®snd11 each
showed an additional signal due to the mixed-ligand intermedi-
ate, [Co(TPP)(ENH)CI], even with a large excess of ligand
present.

Molecular Mechanics Calculations.New M—L force field
parameters were developed for bis(amine) complexes of Co(lll)
porphyrins using the four X-ray structures of this study and that
of [Co(TPP)(Pip)](NO3)!8 for parametrization. Two types of
calculation were performed for each complex: (1) a gas-phase
geometry optimization on the isolated [Co(TPP}{l")cation;

(2) a geometry optimization on a single [Co(TPP){l")cation
within its lattice environment. In the latter case, the lattice subset
modeled comprised all neighboring cations, anions, and solvate
molecules (when present). Since these calculations were com-
putationally expensive5000 atoms), an initial parameter set
was developed by comparison of the calculated gas phase
conformations with the X-ray structures. Final adjustments to
the M—L interaction parameters of the force field were made
by comparing the structures calculated in the presence of all
lattice neighbors with those observed crystallographically.

Metrical data comparing the calculated and X-ray coordina-
tion sphere geometries, ligand orientations, porphyrin core
conformations, anthesephenyl group orientations df—4 and
[Co(TPP)(Pip)](NO3) are given in Table 2. Figure 6 depicts
these data more graphically for one of the five compounds by
showing least-squares fits of the MM-calculated (gas phase and
solid state) and crystallographically observed structured. of
The results collectively demonstrate that the calculated gas phase
structures fit the X-ray structures poorly on the whole. The best

displaced above and below the porphyrin mean plane (Figure (rmsd= 0.034 A) and poorest (rms¢ 0.161 A) fits were for

2, Table 2).

NMR Spectroscopy.The 'H and13C NMR spectra ofl—4
were consistent with the NMR spectra reported for other bis-
(amine) low-spin 8 Co(lll) porphyrinst?2~14 (Assigned high-
resolution'H and3C spectra ofl are illustrated for complete-

[Co(TPP)(1-BuNH),]* and [Co(TPP)(1-MePipz)*", respec-
tively. The largest deviations between theory and experiment
are for the Ce-Nyy distances, axial ligand anehesephenyl
group orientations, and, in the case of the nonplanar derivative
4, the porphyrin core conformation. Significantly improved fits

ness in Figure S4.) The narrow line widths and resolved triplet of the X-ray structures were obtained when a full set of nearest

patterns observed for the Nigrotons ofLl—3 (3Jyn,—cH, = 5.8~
7.0 Hz) and the NH proton of (3Jyn—ch, = 11.8 Hz) indicate
that both the spirspin relaxation rate and the rate of axial
ligand exchange are slow on the 500 MHz NMR time scale for
this class of compounds.

Figure 4 shows selecté8Co NMR spectra for compoungl
as a function of temperature. TR¥o chemical shifts 05—7,
10, and11 all exhibit a linear increase (decrease in shielding)

with increasing temperature (Figure 5, Table S29). The temp-

erature coefficients (and intercepts) are 3.50(4) pEn(8163(2)
ppm), 3.72(2) ppmiC (8132.6(7) ppm), 2.75(5) pph€ (8322(1)
ppm), 3.21(6) ppniC (8383(2) ppm), 2.88(1) ppii (8623.6(5)

neighbors to the [Co(TPP)(&))" cation selected for geometry
optimization were included in the calculation; rmsd’s ranged
from 0.032 A for [Co(TPP)(Pip}(NOs) to 0.078 A for1l.

Figure 7 compares gas phase conformational energy surfaces

for [Co(TPP)(1-BuNH),]*t and [Co(TPP)(ENH),]™ as plots

of the change in total steric energy with axial ligand orientation.
Similar plots for [Co(TPP)(1-MePipz)" are given in the
Supporting Information (Figure S5). The data for [Co(TPP)-
(EtzNH),] ™ are included in Figure 7 even though we have not
determined the X-ray structure of this complex because the
conformational surface, population distribution, and energy
minima are directly relevant to our interpretation of #§€o
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s0 @ [Co(TPP)(PhCH,CH,NH,),ICI
o [Co(TPP)(1-BuNH,),]C!
8.8 { v [Co(TPP)(BzNH,),IC!
—_ & [Co(TPP)(Et,NH),ICI
g_ 8.6 - 0 [Co(TPP)(1-BuNH),ICI
S 8
(s
o
;__:.’ 8.4 +
=
[
Q
) 8.2 1
3
8.0
7.8 T T T : :
-60 -40 -20 0 20 40 60
T(°C)
5
@ [Co(TPP)(1-BuNH,),]CI
0 [Co(TPPYPhCH,CH,NH,),IC
4 v [Co(TPP)BzNH,),IC!
o [Co(TPP)(1-BuyNH),ICI
& [Co(TPP)(Et,NH),ICI
N
I 3
&
&
> 2
9
1 o
00 05 10 15 20 25 30 35 40 45 50
1T (103 K)

Figure 5. Plot of the variation 0¥°Co chemical shift with temperature
(top) and the log of thé°Co line width, log(wi2), with reciprocal
temperature (bottom) for five [Co(TPP)(amig€) derivatives.

NMR spectra of [Co(TPP)(EWH),]Cl and the other bis(amine)
derivatives of this study.

Three types of low-energy conformation were found for [Co-
(TPP)(1-BuNH),]*. The lowest energy conformerAt = 0
kcal/mol) havestaggeredaxial ligands A¢ = 90°) positioned
directly over a cis pair of CoNp bonds, e.g.¢1, ¢2 = 0°, 9C°.
The remaining two types of local minimum occur (1) when the

axial ligands adopt aanti arrangementA¢ = 18C) over a
trans pair of Ce-Np bonds (e.g.¢1, ¢ = 0°, 18C°; AUt =
0.03 kcal/mol) and (2) when the axial ligands are exactly
eclipsed(A¢ = 0°) and lie directly over a single CeNp bond,
e.g.,¢1, ¢2 = 0°, 0° (AUt = 0.16 kcal/mol). In each case, the
o-CH, protons of the ligands are staggered relative to the pyrrole
nitrogens (H-*N, ~2.8 A)53

The steric energy changes for [Co(TPP)(i),]* are~7.5
times larger AUrmax ~7.5 kcal/mol) than those for [Co(TPP)-
(1-BuNH,)2]* (Figure 7), consistent with the increased steric
bulk of the axial ligands. Three types of low-energy conforma-
tions exist for the ENH derivative. The N-H bonds of the
axial ligands arestaggered90° apart) and are positioned over
the bisectors of adjacewis-N,—Co—Np angles in the lowest-
energyS-ruffled conformations AUt = 0 kcal/mol, e.g. g1,
¢2 = 121°, 34%). The first type of local minimumAUr ~3.2
kcal/mol, e.g.¢1, ¢o = 209, 344) has a planar porphyrin core
conformation and exact inversion symmeti@)( the N—-H
bonds of the axial ligands adopt anti arrangement (18Gapart)
and lie over the bisector of aissNp—Co—N, angle. In the
second type of local minimumAUT ~3.3 kcal/mol, e.g.¢s,
¢ = 21(°, 165’) the N—H bonds of the axial ligands are
eclipsedand lie over the bisector of eissN,—Co—N, angle
(planar porphyrin core). For all low-energy conformations, the
axial pairs ofa-CH, protons of the ligands point toward a pair
of cis porphyrin nitrogens, favoring longer nonbonded contacts
(H++*Np ~2.7 A) than for the higher energy conformaticis.

Molecular Dynamics Calculations. Scatter plots showing
the axial ligand orientationsp; and ¢,, for 6800 snapshots
(0.075 ps sampling interval) taken during a typical 500 ps
constant temperature (298 K) MD simulation for [Co(TPP)(1-
BuNH,)2] ™ and [Co(TPP)(ENH)]* are given in Figure 7. For

(52) Scheidt, W. R.; Lee, Y. Btruct. Bondingl987, 64, 1-70.

(53) Three unique types of high-energy conformation (energy differences
> 0.02 kcal/mol) exist for [Co(TPP)(1-BuN#]*: (1) conformations
with staggeredaxial ligands (relative orientationsi¢, of 90°)
positioned approximately over adjacent porphynesecarbons, e.g.,
@1, 2 = 45°, 225 (AUt = 0.96 kcal/mol), (2) conformations with
an anti axial ligand arrangemeni\¢ = 180°) over the bisector of a
cis-N,—Co—N; angle, e.g.¢1, ¢2 = 45°, 135 (AUt = 1.05 kcal/
mol), and (3) conformations with atlipsedaxial ligand arrangement
(A¢ = 0°) over the bisector of ais-N,—Co—Np angle, e.g.¢1, ¢2 =
45°, 315 (AUt = 1.23 kcal/mol). In each case, theCH, protons of
gle butylamine ligands point at adjacent pyrrole nitrogens-{i ~2.6

).
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Figure 6. Comparison of MM-calculated (solid lines) and crystallo-
graphically observed (broken lines) structures of [Co(TPP)(1-Meipz)
(SbFs)-H20. The gas-phase MM-calculated structure is shown in (a);
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(e.g.,¢1, 2 = 90°, 135). High energy conformations of [Co-
(TPP)(1-BuNH),]* (e.g., ¢1, ¢ = 45°, 225) are only oc-
casionally populated. In marked contrast, only one of several
possible low-energy Suffled conformations of [Co(TPP)(E&t
NH),]* is significantly populatedd, ¢> = 121, 344) through-
out the MD simulation period. The adjacent local minimum with
Ci symmetry ¢, ¢ = 209, 344) and a planar porphyrin core
geometry is also partially populated at 298 K during the
simulation. From Figure 7, high-energy conformations of [Co-
(TPP)(EtNH),] ™ are clearly not populated during the 500-ps
interval. A similar MD trajectory was obtained for the related
bis(secondary amine) derivative [Co(TPP)(1-MePipzjFigure
S5).

DFT Calculations. Valence orbital (4s, 4p, and 3d) electron
populations computed at the B3LYP/LACVP level of theory
are given in Table 3 along with values of the electric field
gradient,gya;, calculated from the TownedDailey approxima-
tion (eq 3)%557

_45-3 1
G = 1 gp{—sz + 3N, + pr)} +
4 _ 1
2 3@{ Noye — Nga+ Ng_ = 3(Ng_ + Nq, )} 3)

whereN, andNy are the calculated electron populations of the
individual 4p and 3d orbitals(i3Eq and 034, are the
expectation values of ¥ taken over the 3d and 4p radial
functions, respectively. The value @f (44 was determined for
each complex from the total 3d electron population by interpola-
tion between the following estimated expectation values: 5.36
au for Co configuration 34 6.08 au for 38, and 6.84 au for
3cP. These estimates are based on those reported by Weissbluth
and Maling® for iron, but are corrected for the well-known
variation of [i0Owith atomic numbeP?° The value ofld—34,
was taken as 1/8 335"

The total 3d electron population varies from 7.6189 for the
Ci symmetry conformation of [Co(TPP)@#tH),] ™ to 7.6731
for [Co(TPP)CI]. The electron populations of individual 3d
orbitals vary considerably with the nature of the axial ligand
and the porphyrin core conformation; theBarbital shows the

the structure calculated in the presence of all lattice neighbors is shownlargest population variation from 0.3853 in [Co(TPP)CI] to

in (b). Two rmsd’s (in A) are shown for each fit. The first is for the
Co(lll) ion, the 24 porphyrin core atoms, and the two axial nitrogens.

The second (in parentheses) is for all non-hydrogen atoms. Hydrogen

atoms have been omitted for clarity.

[Co(TPP)(1-BuNH),]*, all minima on the potential energy
surface have a high population frequency. However, the global
minima (e.g.,¢1, ¢2 = 90°, 9C°) show a slightly higher
population density than the local minima (e.gi, ¢> = 90°,
18C°). The pathway from one minimum to the next occurs

1.6820 in [Co(TPP)(1-BuNE);]*. A significant increase in the
34,, population from 0.9377 in [Co(TPP)(1-BuNJ* to 1.9821

in the C; symmetry conformation of [Co(TPP)(#&tH),] " is also
evident. The 4p electron populations are similar for the [Co-
(TPP)(L)]* derivatives listed in Table 3 and show very minor
changes with axial ligand orientation in the case of [Co(TPP)-
(EtzNH),] ™. The electric field gradientya, is smallest for the

Ci symmetry conformation of [Co(TPP)@&tH)2]* (0.0209) and
largest for [Co(TPP)(PhCH¥H,NH,);] ™ (0.1060). The sign of

mainly through the saddle points on the surface, as evidenceddval i negative for the-ruffled conformations of [Co(TPP)-

by the relatively high population densities linking the minima

(54) As with [Co(TPP)(1-BuNk),] ", three types of high-energy conforma-
tions exist for [Co(TPP)(ENH),] . In the highest energy conforma-
tions (AUt ~7.5 kcal/mol, e.g.¢1, ¢ = 85°, 10C°), the N—H bonds
of the axial ligands adopt aamti arrangement (18Capart over a planar
porphyrin core) and lie approximately over a pairtodnsCo—N,
bonds (within 18). The next highest energy maximalr ~5.8 kcal/
mol) are slightlySs-ruffled and occur when the NH bonds of the
axial ligands areclipsed(< 20° apart) and lie over a single Gd\p
bond, e.g.,¢1, ¢» = 177, 200°. The least strained high-energy
structures have slightly saddled porphyrin cores and arise when the
axial ligand N-H bonds arestaggered(~60° apart) and lie within
20° of an orthogonal pair of CeN, bonds AUt ~5.4 kcal/mol, e.g.,
¢1, 92 = 177, 122). In each case, the-CH, groups of the ligands
come close to eclipsing a pair of transiorphyrin nitrogens, leading to
short nonbonded contacts {+N, ~2.4 A) and a high steric energy.

(Et;NH)2] T and [Co(TPP)(1-BeNH),] ™ and the local minimum
conformation of [Co(TPP)(ENH),] ™ in which the axial ligand
N—H groups are eclipsed and oriented over &Co vector
(Cs symmetry). The natural atomic charges of the Co(lll) ion
vary from+1.0014 in [Co(TPP)(BzNb)]* to +1.0823 in the

(55) Townes, C. H.; Dailey, B. Rl. Chem. Phys1949 17, 782-796.

(56) Bancroft, G. M.; Mays, M. J.; Prater, B. H. Chem. Soc. A97Q
956—968.

(57) Grodzicki, M.; Maning, V.; Trautwein, A. X.; Friedt, J. MJ. Phys.
B: At. Mol. Phys.1987 20, 5595-5625.

(58) Weissbluth, M.; Maling, J. El. Chem. Physl967 47, 4166-4172.

(59) Cowan, R. DThe Theory of Atomic Structure and Spertiaiversity
of California Press: Berkley, 1981; p 236.

(60) Mason, JChem. Re. 1987, 87, 1299-1312.

(61) Trautwein, A.Struct. Bondingl974 20, 101-167.
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Figure 7. Surface plot of the change in steric energy) as a function of axial amine orientation for [Co(TPP)(1-BudH and [Co(TPP)-
(ENH)2]* (top). The center plots are contour maps of the three-dimensional surfaces; broken lines indicate regions encompassing minima on each
surface. The bottom graphs are scatter plots showing 6800 out of a total of 68 000 sampled conformations during a 500 ps MD simulation for each
complex at 298 K in the gas phase. In each pletand¢, correspond to the dihedral angleg-NCo(lll)—Nax—C, for the top and bottom ligands,
respectively.

Cs symmetry conformation of [Co(TPP)@&tH),] ™. The primary Discussion
amine complexes exhibit higher axial nitrogen charge densities

(ranging from—0.7806 in the 1-BuNkiderivative to—0.7870 Molecular and Crystal Structures. The X-ray structures of
in the PhCHCH,NH, derivative) than the secondary amine 1—3 are the first examples ai-unsubstituted primary amine
complexes whergy,, varies from—0.6025 in [Co(TPP)(1-By complexes of Co(lll) porphyrins. They are also isoelectronic,

NH),]™ to —0.6080 in theCs symmetry conformation of [Co-  but not isomorphous, with the structurally analogous Fe(ll)
(TPP)(EtNH),] ™. complexes, each has an essentially planar porphyrin core
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Table 3. DFT-Calculated d-Orbital Electron Populations and Selected Mean Atomic Charges for [Co(LPPRbinplexed®

1-BuNH, BzNH, PhCHCH,NH, EtNHe Et;NHd EtNHe 1-BuNHe  [Co(TPP)CI|
4s 0.0035 0.0038 0.0036 0.0039 0.2592 0.2589 0.2538 0.2826
4p, 0.0008 0.0011 0.0010 0.0013 0.0011 0.0011 0.0016 0.0036
4p, 0.0012 0.0012 0.0010 0.0017 0.0015 0.0015 0.0015 0.0036
ap, 0.0012 0.0012 0.0011 0.0013 0.0012 0.0011 0.0016 0.0027
3dzy2 1.3624 1.1965 1.7841 0.9132 0.9176 0.9035 0.9512 1.5483
3dz 1.6820 1.5817 1.5894 1.0844 1.0632 1.0658 1.1360 0.3853
3d,, 0.9377 1.0662 1.5442 1.9758 1.9821 1.9790 1.9470 1.9639
3dy 1.9073 1.9312 1.4220 1.6922 1.6868 1.6927 1.6477 1.9639
3d,y 1.7723 1.8933 1.3266 1.9781 1.9785 1.9779 1.9650 1.8117
Total (3d) 7.6617 7.6689 7.6663 7.6437 7.6372 7.6189 7.6469 7.6731
(3 4.8636 4.8583 4.8602 4.8770 48818 4.8953 4.8746 4.8552
Total (val)  7.6653 7.6706 7.6698 7.6475 7.8964 7.8777 7.9006 7.9556
EFG, Gal 0.0837 0.0260 0.1060 ~0.0753 0.0209  —0.0564  —0.0478 2.8055
Gco 1.0093 1.0014 1.0091 1.0561 1.0635 1.0823 1.0547 1.0222
v, —0.5309(11) —0.5308(61) —0.5304(26) —0.5327(71) —0.498(29) —0.537(11) —0.5329(79) —0.4984(0)
O —0.7806(1) —0.7769(0)  —0.7870(2)  —0.6054(5) —0.6067(0) —0.6080(1) —0.6025(41) —0.6152(0)

a All geometries, except that of [Co(TPP)CI], were energy minima derived from MM calculations. DFT calculations were single point calculations
on theS = 1 ground-state configurations with the LACVP basis set (B3LYP metHd@dpulations and charges in electronic charge uhis.
ruf>2 porphyrin core conformatiorf. Ci-symmetry local minimumAU+ = 3.149 kcal/molip; = 70°, ¢» = 20°). ¢ Local minimum AUr = 3.864
kcal/mol; ¢; = 70°, ¢, = 29C°). f DFT-optimized geometry@, symmetry).9 Charge on axial chloride ligand.

conformation. The X-ray structure &f although not the only distortion G-ruf andDog-sad)?264whereas the porphyrin core
structure of a bis(secondary amine) Co(lll) porphyif,is of [Co(TPP)(Pip)](NO3) is effectively planar €; symmetry).
nonetheless remarkable because hydrogen bonding interaction$he S,-ruf perturbation in4 clearly favors a sterically efficient
within the lattice which involve the axial piperazine ligands approach of the axial ligands and thus shorter-Sg, distances.
render the structure noncentrosymmetric. Moreover, the partly The modest distortion from planarity in the bis(1-MePipz)
staggered relative orientations of the axial ligands lead to a complex is brought about by a noncentrosymmetric arrangement
significantly nonplanar conformation for the tetrapyrrole ligand of the axial ligands above and below the porphyrin core (Figures
(vide infra), a phenomenon more commonly observed with 1—3) and significant tilting (by up to 30from the heme normal)
sterically hindered porphyrin ligands:38:62.63 of the mesephenyl group$® The unusual axial ligand arrange-
The Co-Nayx bonds ofl—3 average 1.980(5) A and compare ment primarily reflects the H-bonding interactions within the
favorably with the axial bond distance reported for [Co(TPP)- lattice while the cantethesephenyl substituents are consistent
(PhCH(CH)NH,)]Br (1.983 A)19 even though the axial ligands ~ with crystal packing interactions, a well documer$t&ihs

in the latter complex are substituted at teearbon. The Ce phenomenon that is clearly demonstrated by the MM-calculated
Nax distances of the-unsubstituted primary amines of this study conformations of Figure 6 and Table 2.
are also equivalent (withindd to those reported for [Co(TMCP)- The mean Ce N, distances of compounds(1.987(11) A),

((9-2-butylamine)]* (1.985(10) and 2.023(10) &)This is 2 (1.987(4) A), 3 (1.986(3) A), and4 (1.985(13) A) are
somewhat unexpected since the chiral porphyrin ligand in the equivalent and compare favorably with the mean—Gig
latter complex is strongl$-ruffled and provides an orthogonal  distance of 1.985(3) A reported for [Co(TPP)(PhCHEMNH.).]-

pair of ligand binding cavities above and below the porphyrin Br.1® The sizable dispersion in the €dl, distances of the
ring. The rather similar CoNay distances of the available BzNH, and 1-MePipz derivatives indicates that the equatorial
crystallographically characterized bi§(amine) Co(lll) por- coordination group distances are asymmetric; the shorter Co
phyrins suggest that primary amines bind in a sterically efficient N, distances are to the porphinato nitrogens that are within 40
manner. This conclusion is verified by the conformational energy of the planes containing the ligandcarbons (Table 1). We
surface for [Co(TPP)(1-BuNpk] ™ (Figure 7) which shows that  attribute most, but not all, of the in-plane asymmetry of the
the coordination of primary amines by sterically unhindered Co- Co—N, bonds to crystal packing effects because the MM-

(1) porphyrins is characterized by steric strain energfe$.2 calculated structures only begin to reprodus&(—60%) the

kcal/mol. dispersion in the CeN, bond distances when carried out in
The mean CeNax distance o#4 (2.040(2)) is significantly the presence of all lattice neighbors (Table 2).

longer than that observed for the bis(@mine) derivatives, Finally, the axial ligand orientations (measured by the-N

consistent with a larger steric bulk for the secondary amine Co—Na,—C, dihedral angles) vary markedly fronf @or the
ligands and an attendant increase in van der Waals repulsion

between the porphyrin core atoms and the axial ligar@H, (64) Shelnutt, J. A. IfiThe Porphyrin Handbogkkadish, K. M., Smith,
hydrogens. Interestingly, the Edx distances for the 1-MePipz K. M., Guilard, R., Eds.; Academic: New York, 2000; Vol. 7, pp
derivative are somewhat shorter than those reported for [Co- . 167-223. . .

. (65) Although nonplanar, the structure 4fs considerably less distorted
(TPP)(Pip)](NO3) (2.060(3) A), although they may be regarded than that of [Co(TMCP)®-2-butylamine)]*.3 The mean absolute
as being equivalent withina4 The main difference in the perpendicular displacement of theesecarbons of the chiroporphyrin

structures of these two secondary amine derivatives is that the ~ derivative measures 0.63(4)%he equivalent parameter fdiis only
~30% of this value (0.20(2) A). The larg&-ruf distortion for [Co-

porphyrin core conformation of is a mixture of two types of (TMCP)((9-2-butylamine)]* results from the presence of four
sterically bulkya,3,a.,5-mesecyclopropyl substituents rather than the
(62) Munro, O. Q.; Serth-Guzzo, J. A.; Turowska-Tyrk, I.; Mohanrao, K.; steric bulk of the axial ligands, as is the case 4o0iThe markeds,-
Shokhireva, T. Kh.; Walker, F. A.; Debrunner, P. G.; Scheidt, W. R. ruffling of the chiroporphyrin macrocycle also leads to compression
J. Am. Chem. S0d.999 121, 11144-11155. of the Co-N, bonds to a rather short mean distance of 1.949(11) A.
(63) Senge, M. O. IThe Porphyrin Handbogkadish, K. M., Smith, K. (66) Scheidt, W. R. InThe Porphyrin Handbogkkadish, K. M., Smith,
M., Guilard, R., Eds.; Academic: New York, 2000; Vol. 1, pp 239 K. M., Guilard, R., Eds.; Academic: New York, 2000; Vol. 3, pp

347. 49-112.
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four X-ray structures (Table 2). The conformation observed in
each crystal structure is therefore significantly different from a
local or global minimum on the conformational energy surface
for the molecule in the gas phase (Figure 7). The dominant role
of intermolecular interactions in controlling the conformations
of simple bis(amine) Co(lll) porphyrins reflects two main
factors. (1)7-Bonding between the axial ligands and the d
orbitals is not possible for alkylamines sincesymmetry MOs
with nonvanishing amplitude on the N-donor atom are absent.
(2) The steric energy penalties to rotation of the axial ligands,
particularly in the bis(1amine) derivatives, are relatively small.

59Co Chemical Shifts. The%%Co chemical shifts of [Co(TPP)-
Cl], 5-7, 10, and 11 all increase linearly with increasing
temperature (Figure 5 and Table S29). The extent of nuclear
shielding in diamagnetic Co(lll) complexes and its temperature
dependence is usually interpreted with Ramsey’s magnetic
shielding theory (vide infraJ?” The nuclear screening constant,
Oco, IN the Larmor frequency equation (eq 4)

Yc
Veo = ZOBO(J- ~ 0co) (4)
wherevco, Yco, andBg are the Larmor frequency, the magne-
togyric ratio, and the applied magnetic field, respectively, is
given by

®)

The two termsA and B/AE in eq 5 correspond to the
diamagnetic %) and paramagneticof) contributions to the
shielding, respectively (i.e.gco = 09 + oP). Because the
magnitude ofA is determined by the core electrons of the
nucleus in questiof5%it is independent of both the ligand field

0cy=A— BIAE
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Figure 8. Plot of the relationship between tPo chemical shift and

environment and the temperature of the system for a constanty,e ragial expectation valu@-33 for the Co(lll) ion (top) and the
spin and oxidation state. The magnitude of the paramagnetic dependence of th#Co line width, w1/, on the square of the electric

term B/AE is, however, governed by the symmetry and nature
of the coordination sphere of the metal ion. For sinfpjeCo-

(1) coordination complexesAE is the energy difference
between théAi4 (ground) and' T terms for the low-spin @
ion. A linear relationship is observed between@o chemical
shift and the wavelength of th&A,; — Ty4 transition in
complexes with unobscured-dl transitions’® For a complex
with effectiveC,, symmetry (the Co(lll) derivatives of this study
have nondegenerate porphyrin and metalymmetry orbitals,
consistent with< 4-fold symmetry), thé T4 term will be split
into its subtermsA,, 1B;, and'B,. The paramagnetic term of
eq 5 is thus inversely proportional to the mean energy of the
1A — 1A, 1A; — 1By, and!A; — 1B, transitions, eq 6,

. 2
P(Ca) = —H g2,
n(A) . a(B) | n('B)
1 1 1 (6)
3AE('A,) 3AE(B) 3AE('B,)

whereuo, s, andi—3[3q are the vacuum permeability, the Bohr
magneton, and the expectation value of taken over the 3d
radial function for the C¥%" ion, respectively. The parameters
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field gradient,qsal, (bottom) for several low-spin Co(lll) porphyrins.
The 95% confidence interval is shown in the lower plot.

n(*A2), n(*By), and n('B;) are covalency (nephelauxetic)
parameters for the three excited-state teffn& The decrease

in shielding with increasing temperature for [Co(TPP)CI] and
the five bis(amine) complexes of Figure 5 therefore reflects an
increase in the population of the higher-lying vibrational levels
of the1A; ground state. This lowers tH&; — 1A, 1A; — 1By,
and!A; — 1B, transition frequencies aridcreaseshe contribu-
tion (deshielding) of the paramagnetic term in eq 6 to the
shielding of the Co(lll) nucleus.

A second, often overlooked factor is the variable nature of
i34y for the complex® Specifically, as the mean GdN
distance increases with the heightened vibrational amplitude of
the M—L bonds at higher temperatures, a decrease in the total
3d electron population from poorerdonation is to be expected.
Depopulation of the 3d orbitals, even if slight, will lead to an
increase in the magnitude dfi—3Fy4 and thus the relative
importance ofoP to the nuclear shielding. As shown in Figure
8, a good linear correlation between €0 shift and@—3[4q
exists, confirming the relationship of eq 6. Interestingly, the
calculated values offi—3[3y appear to be sensitive to the
conformation of the complex. This is illustrated f®in Table
3. TheSy-ruf conformation (Ce-Np = 1.969(3) A, Co-Nax =
2.057(0) A, Figure S6) has a smaller valuelf3{y than the
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Ci symmetry planar conformation (G, = 1.989(2) A, Co-
Nax = 2.078(0) A), consistent with somewhat shorterM

distances and a commensurate increase in total 3d electron

density due to bettar donation. The conformation dependent
spread ini—3[34 values for each derivative in Table 3 and Figure
8 is estimated to be about 0.0025 au. It follows that a large
change N34 (of the order of 0.0050.010 au) is required
before a statistically significant difference in tPi€o chemical
shift can be predicted from the calculat@d®[3, values for this

class of Co(lll) complexes. Several other important factors may

also contribute to the magnitude of th&Co chemical shift
observed for a particular complex. These include variations in
the mean energy of th\; — 1A, 1A; — 1B, and!A; — 1B,
transitions for the different Co(lll) derivatives as well as
variations in the solvent dielectric constant, particularly since
50% (v/v) amine/CDGlsolutions were used to acquire €0
NMR spectra of each derivative. Significant solvent and
counterion effects 0f°Co chemical shifts have in fact been
reported by Edwards and co-work&rs? for bis(imidazole)
complexes of Co(lll)mesetetraarylporphyrins.

A significant outcome of the relationship between #€o
chemical shifts and the total 3d electron populationiofdg,
is that a quantitative measure of thedonor strengths of the
axial ligands is immediately apparent. From Figure 8, the
o-donor power of the ligands in this series of [Co(TPP)[L)
derivatives follows the following order: BzNH> Cl~ >
1-BuNH, > PhCHCH,NH, > 1-Buw,NH > Et;NH. Importantly,
this ordercannotbe predicted from thelas of the ligand& or
the Mulliken populations of the free ligand donor atoms. Since
the d—d absorption bands of the low-spifiidn are completely
obscured by bands from the strongly allowed porphyrifn>
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time, z¢, is temperature-dependent (eq’9),

_ 0 Ve
T, =T, €X R_T
and proportional to the hydrodynamic volunaé, of the solute
and the viscosityg, of the solvenf®7°

9)

7, = (47/3)(@C/KT) (10)
The activation energy for tumbling/, is therefore dependent

on botha and¢. Importantly, a plot of the log of the line width
against reciprocal temperature may be used to determine the
activation energyV, for a range of related Co(lll) complexes
(eq 12)77

log(w,,) = log A+ E(l) (11)

v R\T,

Equation 11 therefore permits straightforward quantification of
the effect that the reduction in solvent viscosity with increasing
temperature has on the tumbling rate and rotational correlation
time through the variation in line width. From the fitted data in
Figure 5, the following activation energies (and intercepts) were
obtained for the six Co(lll) complexesil, 2.6(1) kJ mot?
(1.77(5));10, 3.12(6) kJ mot! (1.45(2)); [Co(TPP)CI], 3.8(2)

kJ mol? (2.08(7));5, 5.3(2) kJ mot?! (1.29(7));6, 6.0(2) kJ
mol~1 (0.34(7)); and7, 6.3(2) kJ mot? (1.09(8)). Interestingly,
there is no obvious correlation between the measured values of
V. and the calculatéfivan der Waals volumes of the molecules,
as might have been expected from eq 10. However, the

7* transitions, electronic spectroscopy cannot be used to gaugeviscosities of the CDGlamine mixtures used for acquisition

the ligand field strength at the metal either. Thus, when of the>Co NMR spectra are probably not constant across the
combined with an accurate calculation of the total 3d electron series and this is likely to have contributed in part to the

population for the metafCo NMR spectroscopy is the only
reliable method for measuring the axial ligand field strength in
Co(lll) porphyrins.

59Co Line Widths and Electric Field Gradients. In addition

observed order of/; values. Perhaps more interesting from a
structural standpoint is the fact that the nonplanar complexes
11 (Se-ruf), 10 (Si-ruf), and [Co(TPP)CI] Cs, dome) all have
relatively small activation energies for molecular reorientation,

to changes in nuclear shielding, there are marked changes inwhile those that are conformationally flexible exhibit signifi-
the5°Co line widths with temperature. Figure 5 shows that the cantly higher activation energies. The marked difference in
line widths decrease linearly with increasing temperature. For conformational flexibility between [Co(TPP)(1-BuN}]* and
a single quadrupolar nucleus of sginfor which quadrupole ~ [Co(TPP)(EiNH)]* is strikingly demonstrated in the plots of
relaxation is the dominant spin relaxation mechanism, and for the MD trajectories of these two systems at 298 K in Figure 7.
which molecular motion is characterized by an isotropic Provided that the solvent viscosities and hydrodynamic radii
tumbling correlation timer., the line width is given by eq 7, of the species being compared are reasonably similar, it is not
untenable to suggest from the gas phase MD data in Figure 7
15 that a spread in conformational isomers in solution may lead to
D12 + 37 )Tc () a mean activation energy barrier for molecular reorientation that
is overall higher than that for a system which largely populates
a single type of conformation in solution.
For a constant temperature, e.g., 24, the NMR data in
Figure 5 and Table S29 show that t€o line widths follow

the orderl0 < 6 < 11 < 5 < [Co(TPP)CI] < 7. Any attempt

_3n (21 +3) 2(1
101221 — 1)
wherey and# are the nuclear quadrupole coupling constant

and asymmetry parameter, respectii8lfhe nuclear quadru-
pole coupling constant is given by eq 8,

e2q Q to explain this trend must also account for the fact that neither
y=— (8) 8 nor 9 showed &°Co resonance. Equations 7 and 8 indicate
h that the line width,wy, is proportional to the square of the

whereeis the charge on the electrap, the principal component

of the EFG at the nucleus, a@ithe nuclear electric quadrupole
moment®® The asymmetry parameter lies in the range § <

1 and is given ag = (dyy — OxJ)/dzz The rotational correlation
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principal component of the EFGy,, Clearly, a quantitative in-plane coupling constant (roughly 100 Hz) is close in
explanation of the line width variation from one Co(lll) complex magnitude to the reportetlc,-n value of 45 Hz for [Co-

to the next requires determination of the EFG at the nucleus. (NHz)e] ™81

We have used DFT methods to calculate the valence shell MM, MD, and DFT Calculations. One of our main
electron populations for all of the bis(amine) Co(lll) porphy- objectives has been to use MM, MD, and DFT calculations to
rinates of this study. The task of obtaining reliable ground state help delineate the fundamental factors affecting the crystal-
wave functions was simplified by using accurate input geom- |ographic conformations anCo NMR spectra of bis(amine)
etries derived from MM calculations. As shown in Table 3, the complexes of Co(lll) porphyrins (vide supra). An accurate force
electric field gradients calculated from the Co(lll) valence field, even if specific for metalloporphyrins, therefore underpins
electron populations vary significantly depending on the type the theoretical work in this report. As shown in Figure 6 and
of ligand coordinated to the Co(lll) ion and the conformation Table 2, the force field parameters that we have developed
of the complex. More importantly, tféCo line widths increase  provide an acceptable level of accuracy for the calculation of
linearly with the square of the valence EFGa (Figure 8). [Co(TPP)(aming)*t structures in the solid state. When the
This relationship holds well for the bis(amine) complexes listed results of a “lattice” calculation are compared with a calculated
in Table 3 but does not extend to the parent derivative [Co- gas phase conformation of the same molecule, the effects of
(TPP)CI]. Thus, provided one is dealing with a class of Co(lll)  crystal packing interactions on the molecular conformation are
porphyrins with relatively similar axial ligands, it is possible readily identified and indeed proven. The present force field
to quantitatively account for th€Co line widths in terms of  has also allowed the calculation of accurate gas phase and
the magnitude of the EFG due to the valence electrons of the sojution phase conformatidiof [Co(TPP)(amine)]™ deriva-

metal. Moreover, the good correlation afiz with oZ in tives for which X-ray data are lacking. This has been essential
Figure 8 indicates that the contribution to the EFG from the for obtaining suitable input coordinates for DFT calculations
ligand electrons is insignificant and may be neglected. (Table 3) and for predicting the low energy conformations of

The fact that neitheB nor 9 afforded &°Co NMR spectrum [Co(TPP)(1-BuNH)z] ™ and [Co(TPP)(ENH),]*. A challenging
is indicative of a large nuclear quadrupole coupling constant test of the force field parametrization is whether Marchon’s
(i.e., a large EFG) and a very shdi,. The crucial test of the highly distorted X-ray structufeof [Co(TMCP)((S)-prolinol-
combined MM/DFT approach to delineating the electronic N),]* can be suitably matched by an MM-calculated structure.
structures of these complexes is whether an unusually large EFGThe predicted conformation is summarized by the following
is predicted for these secondary amine derivatives. A DFT parameters: CeNp = 1.951(3) A, Co-Nax = 2.058(0) A,|Ny|
calculation (B3LYP/LACVP) on th&;-ruffled global minimum = 0.03(3) A,|C4 = 0.31(2) A, |Cy] = 0.17(4) A, andCp| =
conformation of9 gave the following relevant Co(lll) valence  0.65(3) A. The data for the X-ray structure are as follows:—Co
orbital electron populations (in units ef and parameters: 4s, N, = 1.951(4) A, Co-Nax = 2.046(1) A, |Ny| = 0.02(1) A,
0.0042; 4p, 0.0015; 4p, 0.0050; 4p 0.0013; 3¢-?, 0.8556; |Cal = 0.35(2) A,|Cp| = 0.24(3) A, andC,| = 0.65(3) A. The
3dz, 0.8883; 3¢}, 1.9623; 3¢, 1.9672; 3¢, 1.9750; 13[4y, rmsd for a least-squares fit of the calculated structure to the
4.8736;1 3y, 1.6245,qva;, 10.883. The value afy4 calculated X-ray structure is 0.074 A. This level of agreement clearly
for 9 is 2 orders of magnitude larger than that calculatedrfor  indicates that the force field is capable of predicting accurate
(Table 3). This unusually large EFG f@ris suggestive of a  structures for bis(amine) Co(lll) porphyrins that are fairly remote

very short relaxation timeT,q, and infinitely broad®Co line from those used for parametrization.

width, consistent with the experimental fact that PRCo The conformational energy surface for [Co(TPP)(1-BuNH

resonance could be detected for this complex and the relatedshown in Figure 7 is representative of the type of surface

bis(piperidine) derivative. _ obtained for the bisCLamine) complexes of this study. It is
*9Co—*N Coupling Constants.The {Jco-n,, coupling con-  aiso identical in symmetry to that calculated for [Fe(TPP)(1-

stants for6, 10, and11 measured 600(5) Hz, as evidenced by BuNH,),].? However, the steric energy changes are up 105
the well resolved quintet spectrum @&t elevated temperatures  times larger for the Co(lll) derivative due to the fact that the

(Figure 4). More recently, we have determined &o-n,, Co—Ngy force constant (2.65 mdyn ) is ~1.4 times larger
coupling constant of 615 Hz for [Co(TPRRINH,)]CI. than that used for the Ee-Nay interaction (1.90 mdyn A?) 983
Importantly, this is the first direct observation 8IN—°%Co Although empirically derived, these force constants do take into
spin—spin coupling for Co(ll) porphyrins. An intriguing  account the enhanced electrostatie-Mattractions in the Co-
question is why coupling to only the axially coordinat& (1) derivatives and thus offer a qualitatively correct picture of
spins is observed for a select few of the Co(lll) derivatives the energetics of axial ligand rotation for this class of com-
studied. The key requirement for the observatiof’Gb spin- pounds. Interestingly, the conformational energy surface for [Co-

spin coupling is that the complex has a relatively small electric (Tpp)(EgNH),]* is significantly different to that calculated for
field gradient and thus an intrinsically narré#Co line width. [Co(TPP)(1-MePipz]*+ (Figure S5). In addition to a lower
If at a given temperatur@iz < *Jco-n,, then resolution of the  symmetry, the changes in steric energy for [Co(TPRNE)]*
spin—spin coupling is possible. This is readily seen from the are more marked:; the highest energy conformations for the Et
line width data for6, 10, and11in Table S29. The fact that  NH derivative lie~2 kcal/mol above the analogous maxima
spin—spin coupling between the cobalt nucleus and the por- for [Co(TPP)(1-MePipz]*. This mainly reflects the wider &-
phyrin N nuclei is not observed strongly suggests #as-n,

is significantly smaller than-390 Hz, the narrowest line width (81) Jordan, R. BJ. Magn. Resonl980 38, 267

measured in Table S29 (compoubdat 55.1°C). This result (82) The difference between a gas phase and solution phase structure is

is consistent with Edward’s estimate of 40 Hz fdg,-n, for negligibly small for a solute in a nonpolar solvent and manily reflects
bis(imidazole) complexes of Co(llmesetetraarylporphyringdt the choice of dielectric constant for the calculatfén.
h( h .)14 P lei h ( T imil ry porphy h (83) The conformational energy surface for [Co(TPP)(1-MeRjp{)igure
The porp' yr'n. N nuclei f"‘re t ere OI’Q simi ar.'n ,nat.ure to the S5) is very similar to that calculated previoustgr [Fe(TPP)(Pip) ™
1N nuclei of simple ammine ligands since the intrinsically small and also shows an increase in the magnitude of the strain energy

maxima by a factor of~1.4 relative to the surface for the Fe(ll)
(80) Jamieson, S.; Munro, O. Q. Unpublished work. derivative.
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However, the line widths narrow significantly upon on warming
so that the multiplets from the two conformers are sufficiently
resolved at 37.2C. We speculate that the lower intensity signal
is due to the less frequently populated local minimum with
approximate €symmetry and a planar porphyrin core confor-
mation (Figure S6). The total 3d electron population (7.637 e)
for this conformer is marginally smaller than that for t8e
ruffled conformation (7.644 e). From the correlation between
AT the>9Co chemical shift andi—3[34in Figure 8, one would predict
8800 grso 8700 8650 similar, probably unresolvable, chemical shifts for these two
species. However, the 4s electron population calculated for the
planar conformer (0.259 e) is significantly larger than that
o150 | o0 | seso | 8800 calculated for they-ruffled conformer (0.004 e); the higher
s-electron density clearly accounts for the upfield chemical shift
of the 5°Co resonance from the planar conformation.

37.2°C

17.6°C

14°C

8700 8650 8600 8550

Bco (ppPM) Conclusions
Figure 9. Selected®®Co NMR spectra of [Co(TPP)(RtH,),]CI at Four new low-spin bis(amine) Co(lll) porphyrins have been
different temperatures in 50% (v/v) ligand/CRCsolution. The  synthesized and structurally characterized. The X-ray data have
downfield multiplet from the major conformational isomer78% at been used in the parametrization of a molecular mechanics force

37.2°C) is assigned to the ensemble of lowest-eneggyuf confor- ’ : : :
mational isomers of [Co(TPP)@H,),ICl: the upfield multiplet is field (MM +) for this class of metalloporphyrins. Together with

assigned to the higher-energy planar conformations of [Co(TRP)(Et VD and DFT calculations we have been able to show (1) that
NH,);|Cl. bis(1° amine) complexes are inherently more flexible than their

secondary amine counterparts, (2) crystal packing interactions
have a significant impact on the crystallographically observed
conformations of these complexes, (3) #€o chemical shifts
depend directly on the total 3d electron population (or, more
fundamentally, the radial expectation valie®dy), (4) the>Co
NMR line widths are proportional to the square of the calculated
electric field gradient at the cobalt nucleus, and (5) that the
calculated conformational populations in the gas-phase correlate
well with those observed in solution B§Co NMR spectroscopy,
particularly in the case of sterically hindered bis(secondary
amine) complexes. Importantly, this paper describes the un-
precedented use of electronic structure theory calculations to
rationalize the>Co NMR spectra of diamagnetic Co(lll)
porphyrins.

N—C, angles in the bis(ENH) complex (111.8), relative to
those of the bis(1-MePipz) complex (107).8and the attendant
increase in axial ligandporphyrin core nonbonded repulsion.
The latter effect is also consistent with the longer—Chy
distances for the lowest-energy gas phase conformation of [Co-
(TPP)(EtNH)2]* (2.057(0) A) relative to those calculated for
[Co(TPP)(1-MePipz]* (2.028(0) A). The lower symmetry of
the surface for [Co(TPP)(EH),] " reflects the partly staggered
ethyl group configuration for the axial ligands (Figure S6); this
is absent in [Co(TPP)(1-MePip#) since the chair conforma-
tions of the piperazine rings are rigorously maintained, favoring
eclipsed Ny—C,—Cg—N torsion angles.

As noted above, the conformational energy surfaces are useful
when combined with scatter plots of the MD trajectories for
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