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Abstract: The isotropic shifts and relaxation induced in 1,3,5-trinitrobenzene, TNB, by tetra-p-tolylporphinatocobalt(Il) are
analyzed in terms of the formation of a 1:1 adduct. The induced TNB shift is separated into its ring current and dipolar con-
tributions by determining the TNB shift for the related complex with a diamagnetic nickel(II) porphyrin. By assuming par-
allel 7 planes and scaling the known dipolar shift and line width for the o-H of the porphyrin by the ratio of known geometric
factors for 0-H to the computed geometric factors for TNB in various configurations, the solution structure of the 1:1 adduct
is uniquely determined. This determination required the use of both the shift and relaxation geometric factors. The structure
is consistent with a peripheral complex indicating purely m—r contacts, with the interplane spacing 3.2 + 0.2 A, and with
TNB centered approximately over a pyrrole. The nitro groups are found not to interact with the cobalt in any manner.

Although the existence of = interactions of metallopor-
phyrins with aromatic donors or acceptors in the formation
of molecular complexes is well documented,?-° to date there
has not appeared an x-ray crystal structure which clearly
defines the point of contact between the two = systems. The
formation of an adduct between a metalloporphyrin and =
substrate does not necessarily derive its stabilization pri-
marily from w-= interaction. Thus chlorophyll dimeriza-
tion!® has been shown to involve primarily bonding forces
where a carbonyl group of one molecule provides the axial
base for the Mg ion in the other molecule. In the case of
Co(II) porphyrin interaction with a transition metal com-
plex acceptor, covalent bonds are formed!' even though a =
charge-transfer transition is observed.

Establishing =-= interactions as dominant sources of sta-
bilization therefore depends on demonstrating that the in-
teraction between a metalloporphyrin and = substrate oc-
curs at the periphery of the porphyrin where the w-electron
density is centered. The characterization of the factors con-
tributing to such stabilization is central to understanding
the important =-m heme-protein linkages which stabilize
the tertiary structure of hemoproteins.!2!3

Hill and co-workers’-% have carried out extensive proton
NMR studies on the interaction of natural porphyrin co-
balt(I) complexes with a variety of = substrates. They em-
ployed the proposed “shift reagent” properties’-® of low-
spin Co(lI) to induce dipolar shifts in the substrate which
were then analyzed in terms of the orientation of the sub-
strate relative to the metal and heme plane. However, most
of the substrates® studied were highly complex and unsym-
metrical, often containing functional groups capable of
bonding to the metal. The low symmetry of the substrates
as well as the porphyrin therefore afforded an undeter-

mined system for which it was not possible to offer unique
solution structures but rather families of approximate struc-
tures consistent with the available data.® In some cases, the
substrate was so large that it totally overlapped the porphy-
rin plane,® making it difficult to estimate the dominant
sources of stabilization for the complex. In a study using
trinitrobenzene, TNB, it was suggested’? that TNB resided
over the pyrrole ring, but no evidence was presented to sup-
port this hypothesis. The reasonableness of this suggestion,
however, is indicated by the x-ray characterization'4 of a
series of TNB adducts with divalent metal complexes of sal-
icylidinimine, salen, where the TNB was located exclusively
over the ligand = system.

With the definitive characterization'? of the origin of the
phenyl isotropic shifts in the 1:1 complex of TNB with p-
tolylporphinatocobalt(II), p-CH3-TPPCo:TNB, as wholly
dipolar,'® as reported in the preceding paper, hereafter re-
ferred to as I, it should be possible to unambiguously deter-
mine the solution structure of the complex if there are avail-
able as many independent pieces of data as there are pa-
rameters necessary to describe the structure. TNB com-
plexed with a synthetic porphyrin should provide the ideal
case for determining the point of #-= contact which would
be free from most of the problems® of aggregation and sub-
strate and porphyrin symmetry.!” TNB is axially symmetric
so that its orientation relative to the porphyrin can be de-
fined accurately with very few parameters (at least for the
expected case of parallel = planes, vide infra).

In this study we will analyze the dipolar!® shifts of TNB
induced by p-CH;3-TPPCo in terms of the solution structure
of the complex. In order to maximize the amount of experi-
mental data and to improve the quality of the resulting
structure, both shift and relaxation data'® will be employed.
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Principles
Analysis of the TNB shift first requires obtaining the
shift in the 1:1 complex, i.e., (AH/H).. Based on eq 3-5 in

I, eq 6 in I can be rewritten'> for the observed substrate
(TNB) shift or line width:

Py + Sy 1
X)obsd = A X = Xp) | ———+
( )bsd ( c f)[ 2S0 2SOK
1 \/ PO—S0>2 Po+So ., 1 ]
- + +—1| @
So < 2 2K 4K? (1)

where (X), X, Xy are the averaged, complexed and free
observables (shift, AH/H, or line width, §), respectively,
and Py and Sy are the total amounts of p-CHs-TPPCo and
TNB in the solution. A two-parameter complex fit of the
experimental data to eq | will provide two more indepen-
dent determinations of K to compare with the value ob-
tained from porphyrin shifts in I.

Since the relative dipolar shifts of two nonequivalent pro-
tons are given by eq 2 of I, the geometric factor for the
TNB protons in the 1:1 complex with p-CH;3-TPPCo can be
obtained directly by:

{(3cos2§ — 1)r—3)TNE

= ((3 cos?f — 1)r=3)oH <%>T:DB/ <A—:>:': @

(AH/H)gip®" was determined in I and ((3 cos? 6
—1)r=3)°-H has been computed'®20 from x-ray data. Deter-
mination of (AH/H)¢ip VB via eq 1 will yield the geometric
factor for TNB which can then be compared with values for
a variety of structures.

Additional structural information can be obtained by an-
alyzing the substrate line broadening. Paramagnetic relaxa-
tion of the TNB protons by the cobalt spin occurs exclusive-
ly by the dipolar mechanism,2! for which the applicable
equation for the axially symmetric g tensor is:'%:2?

76 =Ty = Kr%[g2 + g cos2 6 + g, 2sin2 81f(r) (3)

where K = y282S(S + 1)/15, f(7) is a function which is
identical for all spins in the intact complex, and g2 = %(g?
+ 2g.?%) (8 and r are as defined for the shift geometric fac-
tor in eq 1 of I). Hence the ratio of line widths for two non-
equivalent protons in the 1:1 complex depends only on the
relative values of (g2 + g|2 cos? § + g, 2 sin? 6)r7%, and
leads to the equation:2?

(g2 + gi2cos? 8+ g, 2sin2 0)r~%)tnp
= (g2 + gi?cos’ 8+ g, 2sin2 8)r=6), yoTNB/Bo-n  (4)

Since the term in brackets can be computed accurately for
0-H, 8,.u is known,'> and dtnp is obtained by the fit to eq
1, (22 + g,2 cos? 6 + g 2 sin? B)r=6)Tnp can be obtained
and compared with values computed from various struc-
tures.

Furthermore, it will be shown that, while a unique struc-
ture cannot be determined using either only shift or only
line width data, the simultaneous use of the data will pro-
vide a structure which clearly demonstrates the peripheral
m-m interaction,

Experimental Section

The samples of p-CH3-TPPCo and TNB used in this study are
those reported in 1. meso-Tetraisopropylporphyrin and its Ni(Il)
complex, p-i-Pr-TPPNI, were prepared by the methods of Adler et
al.2? The shifts and line width for TNB in the presence of p-CHj3-
TPPCo and p-i-Pr-TPPNi were obtained from samples containing
fixed amounts of porphyrin, and variable, carefully weighed
amounts of TNB in CDCl; solutions.

Proton NMR spectra were recorded on a JEOL PS-100
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Figure 1. Plot of the averaged TNB isotropic shift (O) and line width
(®) as a function of the mole ratio TNB to p-CH3-TPPCo:[p-CH;-
TPPCo] = 6.74 X 1073 M, and T = 25 °C. The solid lines are the opti-
mum computer fitstoeq 1.

Table I.  Equilibrium Constants, Shifts, and Line Widths for
p-R-TPPM(11):TNB 7= Complexes?

Method R M K (AH/HY? 8¢
Porphyrin shift ~ CHj Co 17.5+£ 059 +7.46 (o-
H)4
TNB shift CH; Co 16.7+£0.6 +47.5
TNB line width  CH3 Co 21 +4 330
TNB shift i-C3H7  Ni 12.7+£0.7 +7.35

@ At 25 °C, in CDCls solution. ® Chemical shift difference between
the proton in the 1:1 complex and either p-CH3-TPPM(11) or free
TNB, in ppm. ¢ Line width in Hz at 100 MHz. ¢ Taken from 1.

FTNMR spectrometer as described in 1. Shifts are reported in
ppm and line widths in Hz at 100 MHz. Computer calculations
were carried out on a Burroughs B6700 computer. Fits to eq 1
were determined by an iterative least-squares minimization proce-
dure. The geometric factors in eq 6 and 7 were computed using
known TPPM(11)20 and TNB geometry.24

Results

Figure 1 illustrates a set of experimental data for the av-
eraged TNB shift for fixed [p-CH3-TPPCo] and variable
[TNB]. The solid line indicates the optimum computer fit,
with K = 16.7 £ 0.6. In this same figure we also present an
example of the averaged [TNB] line width as a function of
[TNB]. The optimum fit to eq 1, indicated in the solid line,
yielded K = 21 £ 4. The value for the coordinated shift and
line width are given in Table I. The effect of p-i-Pr-TPPNi
on the TNB shift is depicted in Figure 2, and the solid line
reflects the computer fit, with K = 12.7 &£ 0.7. The TNB
shift in the 1:1 complex is shifted 7.35 ppm upfield from the
free TNB signal (9.39 ppm below TMS).

Discussion

The equilibrium constant for formation of the 1:1 com-
plex of Co(II) obtained from the TNB shifts andeq 1, K =
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Figure 2. Plot of the averaged TNB shifts as a function of the mole

ratio of TNB to p-i-Pr-TPPNi:[p-i-Pr-TPPNi} = 4.73 X 1073 M, T =
25 °C. The solid line represents the optimum computer fit toeq 1.

16.7 £ 0.6, is in excellent agreement with the value ob-
tained in I from the porphyrin shifts, K = 17.5 & 0.5. Even
K obtained from the TNB line width and eq | yieldsa K =
21 £ 4, which is within experimental error of the much
more accurate values from shift data. The large uncertainty
in K from the line width data is due to difficulties in deter-
mining TNB line widths in the presence of the p-CHs-
TPPCo signals at a number of TNB concentrations. Also,
quantitative corrections from diffusional relaxation could
not be made. Hence we choose to use the much more reli-
able average value from shift data, K = 17.5 £ 1.0, to ob-
tain &, the TNB line width in the 1:1 complex from accu-
rately determined line width at low [TNB]/[p-CHs-
TPPCo] ratios. The values for 6.TVB as well as (AH/
H).TNB_are listed in Table 1.

Analysis of TNB Shifts. The TNB shift in p-CHj-
TPPCo:TNB, (AH/H).TNB, however is not solely paramag-
netic in origin, since it was referenced against free TNB,
and therefore does not correct for any diamagnetic ring cur-
rents.?? Such ring currents for « substrates have been re-
ported,>¢-10 5o that the ring current contribution to (AH/
H)."™™B must be determined in order to obtain the dipolar
contribution, (AH/H)4ip" B, i.e.,

TNB TNB / TNB
(3™ (2™ (aE)T 5)
H c H re H / dip

(AH/H),.TNB can be determined from the TNB shift from
the free TNB position in an analogous 1:1 complex of a dia-
magnetic nickel(II) porphyrin. A TPP-type complex of
Ni(II) should serve as an excellent model for obtaining the
ring current contribution, since the structural similarity of
the pure complexes should produce very similar 1:1 com-
plexes with TNB.2¢ Due to the improved solubility, p-i-Pr-
TPPNi was selected and its effect on TNB shifts deter-
mined. The data and computer fit to eq | are given in Fig-
ure 2, and the resulting K and (AH/H),.TNB are listed in
Table 1.

The value of (AH/H).TNB in the Co(Il) complex and
(AH/H)..T™B from the Ni(Il) complex and eq 5 yield
(AH/H)gip'™B = 4+40.1 ppm, as recorded in Table II. The
paramagnetic contribution to (AH/H).;TNB can be attrib-
uted solely to the dipolar interaction since our analysis in I

Table II.  Dipolar Shifts and Calculated Geometric Factors for TNB
and o-H Protons in p-CH3-TPPCo:TNB¢

TNB o-H
(AH/H )., ppm +475 +7.46°
(AH/H)ce ppm 7.35 0b
(AH/H)aip, ppm +40.1 +7.46°
8¢, Hz 330 36
((3cos28—1)/r3), A3 1.97 X 1072¢ 3.62 X 1073 ¢

{(Z72+ gy2cos28+ g, 2sin? 67X 1073¢ 7.32 X 1074/

0yr=6), A=

@ At 25 °C in CDCl; solution. ¢ Taken from I. ¢ Computed via eq 6.
4 Computed in ref 19. ¢ Computed via eq 7. / Computed using same
parameters as for (3cos?8 — 1)r~3,and gy = 1.8, g, =3.5.

indicated that TNB does not interact with the metal ion
(vide infra), and there is no delocalized = spin density!? in
cobalt(II) porphyrins. Also, both the aromatic proton and
methyl protons in the trinitrotoluene complex were found to
be upfield in I, as expected from the dipolar shift. Contact
shift from = spin density would have resulted in shifts of op-
posite sign for the proton and methyl group.?’

Using (AH/H)qi,"™™B = +40.1 ppm from Table II,
(AH/H)gip°H = +7.46 ppm from I, and the computed o-H
geometric factor reported earlier,!%:28 eq 3 yields

<3c0520—1

: >ms =(1.97+£02) X 10-2A-3  (6)

,
Similarly, inserting 6.TNB from Table I, 6.°H from I, and
the computed value for ((g2 + gp® cos? § + g, 2 sin?
8)r=6) .1 into eq 4 yields:

(22 + g)2cos2 0+ g, 2sin? 8)r~6)tnp
=(6.71 £0.6) X 1073 A~6 (7)

The appropriate values of g and g, to use are those deter-
mined by the upper limits of magnetic anisotropy, as esti-
mated in I, namely gy = 1.8 and g, = 3.5. Such g values
have been reported® for the 1:1 TNB complex with meso-
porphyrin dimethyl ester cobalt(II). Since the geometric
factors for both TNB and o-H are affected similarly for
changes in g values, small changes of 0.1-0.2 affect the
ratio insignificantly. These two experimentally determined
geometric factors will permit determination of the structure
if it can be described by at most two independent parame-
ters.

Structure Determination. The problem of effecting a
structure determination based on the data in eq 6 and 7 is
made tractable when we make the reasonable assumption
that if a - interaction occurs at the porphyrin periphery,
then the TNB and porphyrin = planes should be essentially
parallel. This appears a sound assumption based on the high
symmetry of TNB and the observation of parallel = planes
in previously characterized TNB 7 complexes.?® Failure to
make this assumption leads to too many parameters and an
insoluble structure. The validity of this assumption is also
strongly supported by the physical reasonableness of the re-
sulting studies (vide infra).

Upon assuming parallel planes, the structure is described
by two parameters Q and Z, as illustrated in Figure 3. The
axial symmetry of the porphyrin renders both TNB geomet-
ric factors independent of the rotational angle in the x,y
plane. However, inspection of space-filling molecular mod-
els3® clearly indicates that the perpendicular orientation of
the meso-aryl groups?® precludes an approach of TNB for
Z < 4 A unless the approach is with the center of TNB
along a vector passing through the trans nitrogens, i.e.,
along either the x or y axes, as shown in Figure 4. Since our
calculations show that the computed ((3 cos? 6§ — 1)/
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Figure 3, Definition of the two structural parameters for the 1:1 adduct
with parallel = planes; Z is the interplane spacing, and @ is the radial
distance of the center of TNB from the Z axis.

Figure 4. Structural models depicting possible rotational orientations of
TNB relative to the x axis. In (a), a nitro group points toward the
metal (case (ii) in text), while in (b), the nitro group points away from
the metal (case (iii) in text).

r3)yrng for Z = 4 cannot account for the observed value in
eq 6, we proceed based on interaction with the center of
TNB along the x (or p) axis.

Molecular models indicate3® that van der Waals contact
between TNB and the porphyrin plane can occur under the
above conditions with no serious steric interactions, but that
TNB would not be free to rotate about the C; axis in the 1:1
complex. This latter observation leads us to consider three
models: (i) a centrosymmetric model with the TNB center
directly over the cobalt, (ii) the TNB center on the x axis
with an NOj pointing toward the metal, i.e. (a) in Figure 4,
and (iii) same as (ii) except that the NO> is pointing away
from the metal, as depicted in (b) of Figure 4. The intercon-
version between models (ii) and (iii) in the complexed form
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Flgure 5. Graph of the possible combinations of Z and Q which satisfy
the shift data in eq 6 (line a), and the line width data in eq 7 (line b).
Lines a’, a”, b/, and b” indicate the 10% error limits in the determined
geometric factors.

is prevented by the meso-aryl groups and can only occur via
dissociation of the complex. Computer calculations were
carried out for the geometric factors in eq 6 and 7 as a func-
tion of Q and Z for each of the three models, and the results
were compared with the experimentally determined values.
Since there are two sets of nonequivalent TNB protons in
each of models (ii) and (iii) which are averaged by rapid ex-
change with free TNB, the computed average geometric
factor, (GF) for the three TNB protons, is given by

3
>3 (GF), ®)
3=

For model (i), the centrosymmetric case, the largest
value of ((3 cos?§ — 1)r=3)rnp < 0.017 was found at Z =
3.0 A. However, this maximum value! is still 15% smaller
than the experimentally determined value, and the predict-
ed line width is too large by a factor of 2. For the interplane
spacing for which eq 7 is satisfied, ((cos2 8 — 1)r73)Tnp is
too low by a factor of 2. Hence this model can be discarded.
The lack of direct axial interaction was also indicated by
the increase in magnetic anisotropy, as discussed in 1.

In the case of model (ii) where the NO, group is pointing
toward the metal, it is again found that the maximum posi-
tive3! value for the geometric factor, independent of @ and
Z,is {(3cos?2§ — 1)r3)rnp < 0.017, which occurs at Z =
3.2and @ = 0.3 A, This value is again 15% too low, reflect-
ing the inappropriateness of this model. Furthermore, the
value of @ = 0.3 A places the TNB essentially over the
metal, which is totally inconsistent with the changes in
magnetic anisotropy characterized in I. The inability to pre-
dict the geometric factor given in eq 6 leads us to reject this
model as unrealistic.

The computed geometric factors for model (iii) are given
in Figure 5. The combinations of Z and @ consistent with
eq 6 are line a, while those combinations consistent with eq
7 are labeled line b. Lines a’ and a” represent the error lim-
its for line a, while b” and b” serve the same purpose for b.
As seen in Figure 5, a precise fit to both eq 6 and 7 is ob-
tained at Z = 3.2 A and Q = 2.8 A. Within the error limits
of the two geometric factors, structures consistent with the
data are found in the area bounded by lines a’, a”, b’, and
b”, with ranges of 3.1 < Z <34 Aand 22 <Q <33 A,
We therefore conclude that the solution structure repre-

(GF),™NB =
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sents a peripheral = complex with an interplane spacing of
3.2 # 0.2 A and the TNB over the pyrrole with its center
displaced 0.4 + 0.4 A from the center of the pyrrole ring
toward the cobalt, and a proton pointing toward the metal.
The schematic structure (b) of Figure 3 is drawn to scale
and depicts the structure as determined above.

This structure based on model (iii) is consistent with
other x-ray crystallographically characterized = complexes
of TNB for which interplane spacings in the range 3.2-3.5
A have been obtained.'425 For the related salen-metal
complexes Z = 3.25 A prevailed.'* The location of the TNB
over a pyrrole is also consistent with expectations for a 7-=7
complex in that this is the location of the maximum = elec-
tron density in the porphyrin. The apparent greater stabili-
zation of the orientation with the NO; pointing away rather
than toward the cobalt probably arises from steric interac-
tion of the two equivalent NO; groups with the adjacent
meso-aryl groups, as shown in (a) of Figure 4, The prefer-
ence for the orientation of the NO, group away from the
metal underscores the absence of important stabilizing ef-
fects from substrate-functional-group interactions with the
metal and confirms the dominance of =- interaction.

In addition to providing a definitive description of the so-
lution structure of the p-CH3-TPPCo:TNB complex, the
present analysis demonstrates the utility of employing re-
laxation data to complement shift data in effecting mean-
ingful quantitative structural determination by NMR.
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were employed.

(31) The reason that the computed geometric factor, ((3 cos® # —
1)r73) 1ng, is always too small is that the angular term is very small,
i.e., the average position of the TNB proton is near the magic angle.
The geometric factor does become numerically large enough for unrea-
sonably close interplane spacings of 0 < Z < 2 A, but under these con-
ditions the geometric factor has the wrong sign, and the predicted line
width is much too large.
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