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A, respectively, and the polymetallates Sb,2" and Sb;*~. The
distances in Sb,2" are rather short (average 2.75 A, bond order
= 1.25 from MO theory) and very close to the value obtained in
534 Tn Sb,* the distances vary between 2.717 (2) and 2.906 (2)
A4 Interestingly the Sb—Sb distance, 2.663 A, in [trans-n*-
{(CO)sWSb(Ph)Sb(Ph)W (CO) )W (CO)s], which is thought to
have a bond order of about 1.5, is also very close to the values
seen in 5.3° The above data suggest that the Sb-Sb “single” bond
in 8 is significantly shorter than expected. Shortened E-E dis-
tances have been seen in species such as [P{P(O)(O-i-Pr),},] 3¢
and [P{P(O)Ph,},]" ¥ (P-P = 2.12-2.15 A) where p—d = bonding
has been cited as a factor in shortening the P-P bonds. It may
be possible that a similar interaction is occurring here. The
SbSbSb angle of 88.8 (1)° is acute. This is difficult to account
for in terms of Bent’s rule unless the SbPh, group is considered
to be a more electronegative substituent than Ph, which seems

(33) Becker, G.; Freudenblum, H.; Witthauer, C. Z. Anorg. Allg. Chem.
1982, 492, 37.

(34) Critchlow, S. C.; Corbett, J. D Inorg. Chem., 1984, 23, 770.

(35) Huttner, G.; Weber, U.; Sigarwarth, B.; Scheidsteger, O. Angew.
Chem., Int. Ed. Engl. 1982, 21, 215. Also: Cowley, A. H.; Norman, N. C.;
Pakulski, M; Bricker, D. L.; Russell, D. H. J. Am. Chem. Soc. 1988, 107,
8211.

(36) Weber, D.; Peters, K.; von Schnering, H. G.; Fluck, E. E. Z. Na-
turforsch, B: Anorg. Chem. Org. 1983, 38b, 208,

(37) Schmidpeter, A.; Burger, g.; von Schnering, H. G.; Weber, D. Angew.
Chem., Int. Ed. Engl. 1984, 23, 816.

unlikely. The Sb(2)Sb(2)’ distance is 3.864 (1) A, ruling out
significant bonding interactions between these atoms.

One other structural feature detailed in Table II concerns the
dihedral angles between the phenyl rings. It is apparent that there
is a rough correlation between this parameter and the C-E-C
angle, but no correlation that would indicate a multiple bonding
interaction between the = levels in the phenyl rings and the main
group 5 central atom.

In conclusion, the results in this paper show that (i) 12-crown-4
is a useful reagent in abstracting lithium ions from their [ER,]”
(E = P, As, or Sb) salts, forming rare two-coordinate group 5
anions; (ii) the structures of the arsenic complexes are significantly
different from their phosphorus and antimony analogues; (iii) it
is probable that lithium derivatives of terminal amides are mostly
planar, whereas the monomeric heavier element derivatives are
pyramidal at the pnictide; (iv) it may also be possible to solubilize
main group 5 elements such as As, Sb, or Bi in solutions of their
LiER, derivatives in the same way that phosphorus has been
solubilized with soft anionic bases.’’
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Abstract: Selective preparation of a pentacoordinate gable porphyrin-Fe!lyo,w-diimidazolylpropane which serves as a model
for R-state Hb was achieved (ca. 97%). Its CO affinity and resonance Raman spectrum were studied in order to compare
it with the corresponding pentacoordinate T complex previously prepared by use of diimidazolylmethane as a bridging ligand.
Imidazolylpropionylamido-TPP-Fe® was newly prepared as a T model to compare its CO affinity and resonance Raman spectrum
with the corresponding R model, imidazolylvaleramido-TPP-Fe!!. These T/R couples combined with known T/R couples—Hb
a8, vs. isolated « or 8; Fell.TpivPP-DMI (1,2-dimethylimidazole) vs. Fe'"TpivPP.1MI (1-methylimidazole); Fe':pocket
porphyrin-DMI vs, Fell:pocket porphyrin.1 MI—confirm that structural differentiation of the T state from the R state is conveniently
made by considerable low-frequency shift by 8-34 cm™ in the resonance Raman vp.y stretch and remarkable decrease in
CO and O, affinities. The observed CO and O, affinity changes due to T — R structure change are ranging between 33 and
420 for Ko,(R)/Ko,(T) and between 40 and 750 for Kco(R)/Kco(T). On the basis of these appropriate T- and R-structure
models, the magnitudes of cooperativity operating in O, and CO binding to native (Hb, number of cooperative sites n = 4)
and artificial (gable-Fe'l, n = 2) allosteric systems, defined by (X,/K,)/(Kg/Kr). were estimated to be considerably smaller
than unity, suggesting that the R forms of the allosteric systems are not fully relaxed compared to the “ideal” R form independently

prepared.

Allosteric control of successive O, binding to hemoglobin (Hb)
is best interpreted by remarkable conformation change from the
low O, affinity form, T (tense), to the high O, affinity form, R
(relaxed), on O, binding to the subunit protein (a or 8) in the
tetrameric protein (&,8,).! The conformation change in the oxy
subunit(s) further causes induced T — R conformation change
in the deoxy subunit.

The allosteric effect itself is well characterized by the sigmoid
curve in isothermal O, binding (cooperativity) on one hand, while

* To whom correspondence should be addressed.

T and R structures are characterized by X-ray? or EXAFS? only
in limited examples. However, selective preparation of artificial

(1) (a) Monod, J.; Wyman, J.; Changeux, J.-P. J. Mol. Biol. 1965, 12, 88.
(b) Perutz, M. F. Nature (London) 1970, 228, 726. (¢) Gibson, Q. H. The
Porphyrins; Dolphin, D., Ed.; Academic: New York, 1978; Vol. V, p 153.
(d) Antonini, E.; Brunori, M. Hemoglobin and Myoglobin in their Reactions
with Ligands; Elsevier: New York, 1971; p 225. (e) MacQuarrie, R.; Gibson,
Q. H. J. Biol. Chem. 1971, 246, 5832. (f) Imai, K. Biochemistry 1973, 12,
798. (g) Imai, K. J. Biol. Chem. 1974, 259, 7607. (h) Steinmeier, R. C.;
Parkhurst, L. J. Biochemistry 1975, 14, 1564. (i) Huestis, W ; Raftery, M.
A. Ibid. 1975, 14, 1886. (j) Sharma, V. S.; Schmidt, M. R,; Ranney, H. M.
J. Biol. Chem. 1976, 251, 4267. (k) Sawicki, C. A.; Gibson, Q. H. Ibid. 1977,
252, 7538.
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Table I. Base Association Constants and Optimal Formation of Pentacoordinate Porphyrin-Fe!'.B Complexes?

type porphyrin ligand log K log K¢ Ks/Kq penta, %
i TPP DMI¢ 4.43 0.39 11000 98/
TPP HIm? 39 4.9 0.1 14%
TPP COs 4.82 2.14 470 92k
ii capped IMI¢ 3.31 0.77 350 90
TpivPP IMI¢ 4.8 3.5 20 94/
MedPoc IMI¢ 4.46 -0.7 140000 >99%
il tailed e 2.4/ 2.0/ 2.3/ >90/
iv Fell,.gable DIM* 7.7 4.9 ~630 96™
Fe'l,.gable DIP¢ 7.8 4.5 2000 97m

4 Abbrevations used are as follows: TPP, meso-tetraphenylporphyrinato; capped 5,10,15,20-[pyromellitoyltetrakis(o-oxyethoxyphenyl)]-
porphyrinato; MedPoc, 5,10,15-[(1,3,5-benzenetriyltripropionyl)tris(a,«,a-0-aminophenyl)]-20-(a-o-pivalamidophenyl)porphyrinato; tailed, dianion
of deuteroporphyrin 6-methyl ester 7-histidine methyl ester; HbA, native hemoglobin, adult; Mb, native myoglobin; TpivPP, meso-tetrakis(a,o,a,a-
o-pivalamidophenyl)porphyrinato; DMI, 1,2-dimethylimidazole; 2MI, 2-methylimidazole; 1MI, 1-methylimidazole; PocPiv, 5,10,15-[(1,3,5-
benzenetriyltriacetyl)tris(a,o,-0-aminophenyl)]-20-(a-o0-pivalamidophenyl) porphyrinato; TPP-3CIm, meso-5-[o-(3-(N-imidazolyl)propionamido)-
phenyl]-10,15,20-triphenylporphyrinato; TPP-5CIm, meso-5-[o-(5-(N-imidazolyl)valeramido)phenyl]-10,15,20-triphenylporphyrinato; gable, 3; DIM,
di- N-imidazolylmethane; DIE, 1,2-di-N-imidazolylethane; DIP, 1,3-di-N-imidazolylpropane. ®imidazole, [HIm]g,, = | X 10 M, in benzene. °In
toluene, 23 °C. “In toluene, 25 °C. “In benzene, 25 °C. /Reference 3g. #Reference 6. *Reference 6b. ‘ Reference 3c. /Reference 3n. * Reference
3p. !Reference 4d, e, g; K5 = 230, Ky = 102 M1, " This work, [Fe!';gable] = 5 X 10 M.

pentacoordinate T and R complexes has not yet been successful,
except in such elaborate approach as capped or face-to-face
porphyrin (1)* and tailed porphyrin (2).* Even for these so-

phisticated examples, preparation of a porphyrin capable of as-
suming interconvertible T and R forms of the same (or very
similar) local structure is not possible except our previous mo-
lecular systems,’ in which the R form seems to be produced as
an intermediate but without firm spectroscopic evidence.

In this article, we report selective preparation of stable T and
R pentacoordinate gable porphyrin complexes (3)-Fe!',:B by the

- use of bridging bifunctional ligands (4) of appropriate linking units®
1 2
CHsCH, N
4 ~ \)PN
(2) (a) Perutz, M. F.; Rossmann, M. G.; Cullis, A. F.; Muirhead, H.; Will, ¢ NZ =
G.; North, A. C. T. Nature (London) 1960, 185, 416. (b) Kendrew, J. C.; Q CHaCHyCHyN

Dickerson, R, E.; Strandberg, B. E.; Hart, R. G.; Davies, D. R.; Phillips, D.
C.; Shore, V. C. Ibid. 1960, 185, 422. (c) Nobbs, C. L.; Watson, H. C;
Kendrew, J. C. Ibid. 1966, 209, 339. (d) Muirhead, H.; Greer, J. Ibid. 1970,
228, 516. (e) Shaanan, B. Ibid. 1982, 296, 683. (f) Shaanan, B. J. Mol. Biol.
1983, 171, 31. (g) Moo-Pen, W. F.; Joe, D. L.; Johnson, M. H.; McDonald,
M. J.; Turci, S. M,; Shih, T. B.; Jones, R. T.; Therrell, B. L., Jr.; Arone, A.
Ibid. 1984, 180, 1119. (h) Also see ref 9-11. (i) EXAFS: Eisenberger, P.;
Shulman, R. G.; Kincaid, B. M.; Brown, G. S.; Ogawa, S. Nature (London)
1978, 274, 30. (j) Woolery, G. L.; Walters, M. A_; Suslick, K. S.; Powers,
L. S.; Spiro, T. G. J. Am. Chem. Soc. 1985, 107, 2370.

(3) (a) Almog, J.; Baldwin, J. E; Dyer, R. L.; Peters, M. J. Am. Chem.
Soc. 1975, 97, 226. (b) Traylor, T. G.; Campbell, D.; Tsuchiya, S. Ibid. 1979,
101, 4748. (c) Linard, J. E,; Ellis, P. E., Jr.; Budge, J. R.; Jones, R. D.; Basolo,
F. Ibid. 1980, 102, 1896. (d) Ellis, P. E., Jr,; Linard, J. E.; Szymanski, T.; s
Jones, R. D.; Budge, J. R.; Basolo, F. Ibid. 1980, 102, 1889. (¢) Ward, B.;
Wang, C.-B.; Chang, C. K. Ibid. 1981, 103, 5236. (f) Traylor, T. G.; Mitchell,

M. J; Tsuchiya, S.; Campbell, D. G.; Stynes, D. V.; Koga, N. Ibid. 1981, 103,
5234. (g) Hashimoto, T.; Dyer, R. L,; Crossley, M. J.; Baldwin, J. E.; Basolo,
F. Ibid. 1982, 104, 2102. (h) Traylor, T. G.; Koga, N.; Deardurff, L. A,;
Swepston, P. N.; Ibsers, J. A. Ibid. 1984, 106, 5132. (i) Traylor, T. G.;
Tsuchiya, S.; Campbell, D.; Mitchell, M.; Stynes, D.; Koga, N. Ibid. 1985,
107, 604. (j) Traylor, T. G.; Koga, N.; Deardurff, L. A. Ibid. 1988, 107, 6504.
(k) Collman, J. P.; Brauman, J. L; Suslick, K. S. Ibid. 1975, 97, 7185. (1)
Collman, J. P.; Gagne, R. R.; Reed, C. A.; Halbert, T. R.; Lang, G.; Robinson,
W. T. Ibid. 1975, 97, 1427. (m) Jameson, G. B.; Molinaro, F. S.; Ibers, J.
A.; Collman, J. P.; Brauman, J. I; Rose, E.; Suslick, K. S. Ibid. 1980, 102,
3224. (n) Tabushi, I.; Kodera, M.; Yokoyama, M. Ibid. 1988, 107, 4466. (o)
Collman, J. P.; Brauman, J. I.; Collins, T. J.; Iverson, B.; Sessler, J. L. Ibid.
1981, 103, 2450. (p) Collman, J. P.; Brauman, J. L.; Collins, T. J.; Iverson,
B.; Lang, G.; Pettman, R. B.; Sessler, J. L.; Walters, M. A. Ibid. 1983, 105,
3038. (q) Collman, J. P.; Brauman, J. I.; Iverson, B. L.; Sessler, J. L.; Morris,
R. M.; Gibson, Q. H. Ibid. 1983, 105, 3052.

(4) (a) Chang, C. K,; Traylor, T. G. J. Am. Chem. Soc. 1973, 95, 5810.
(b) Chang, C. K.; Traylor, T. G. Ibid. 1973, 95, 8475, 8477. (c) Almog, J.;
Baldwin, J. E.; Dyer, R. L.; Huff, J.; Wilkerson, C. J. Ibid. 1974, 96, 5600.
(d) Momentequ, M.; Rougee, M.; Loock, B. Eur. J. Biochem. 1976, 71, 63.
(e) Collman, J. P.; Brauman, J. I.; Doxsee, K. M. Proc. Natl. Acad. Sci.
US.A. 1979, 76, 6035. (f) Collman, J. P.; Brauman, J. I.; Doxsee, K. M.;
Halbert, T. R.; Suslick, K. S. Ibid. 1978, 75, 564. (g) Geibel, J.; Cannon,
J.; Campbell, D.; Traylor, T. G. J. Am. Chem. Soc. 1978, 100, 3375. (h)
Traylor, T. G.; Berzins, A. P. Proc. Natl. Acad. Sci. U.S.A. 1980, 77, 3171.
(i) Collman, J. P.; Brauman, J. I; Doxsee, K. M.; Halbert, T. R.; Bunnenbeg,
E.; Linder, R. E.; La Mar, G. N.; Gaudio, J. D.; Lang, G.; Spartalian, K. J.
Am. Chem. Soc. 1980, 102, 4182. (j) Olson, J. S.; Mckinnie, R. E.; Mims,
M. P.; White, D. K. Ibid. 1983, 105, 1522.

(5) (a) Tabushi, I.; Sasaki, T. J. Am. Chem. Soc. 1983, 105, 2901. (b)
Tabushi, 1.; Sasaki, T. Tetrahedron Lett. 1982, 23, 1913. (c) Tabushi, I;
Kugimiya, S.; Kinnaird, M. G.; Sasaki, T. J. Am. Chem. Soc. 1985, 107, 4192,
(d) Tabushi, I.; Kugimiya, S.; Sasaki, T. Ibid. 1985, 107, 5159.
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as B, where the T = R structural change is simply controlled by
change in the arm length, m, without any undesirable structure
perturbation. the R complex thus formed seems to serve as an
“ideal” model for the R form in the artificial allosteric system.

We also would like to report here resonance Raman (RR)
spectra of 3-Fe'l,.4 complexes and related monomeric T and R
complexes. Raman spectroscopy is shown to serve as appropriate
tool for characterization of the T and R structures.

Results and Discussion

A pentacoordinate porphyrin-Fell:base complex is formed as
a transient species when a tetracoordinate complex of an ordinary
iron porphyrin like TPP-Fe!! is titrated with an ordinary base like
imidazole. It is mainly due to the ready hexacoordination taking
place after pentacoordination, where Ks/K; ranges from 0.1 to
1 as exemplified in Table I. At the moment, three approaches
are available for selective preparation of stable pentacoordinate
complexes: (i) using a bulky base such as 1,2-dimethylimidazole
to retard the base approach to the porphyrin-Fe!! plane’ from both
sides, (ii) preparing a “face-to-face” or “capped” porphyrin.Fe!!
complex, which has too small of a space to accommodate a sixth
base,’ and (iii) using a “tailed” porphyrin.Fe! complex, which has
a tail base linked covalently through an adjustable arm.*

Among these three, the first approach may suffer the limitation
that the pentacoordinate T/R couple is available only with con-
siderable difference in base structure (e.g., 1-methylimidazole vs.
1,2-dimethylimidazole), making direct T/R comparison difficult.
A limitation of the other approaches may come either from the
porphyrin plane bending on too short capping (in the case of
capped porphyrins) or from considerable entropy loss in penta-
coordination with a tail base connected by a long arm (tailed
porphyrins).

We have been investigating metallogable porphyrins as prom-
ising artificial allosteric systems.’ As we have reported previously,
3-M, complexes bind dimeric ligand 4a from the endo,endo side,*
forming stable, bridged pentacoordinate complexes. For 3-Zn!!
and da, the observed K,,q,/K.., amounted to more than 10?,
favoring strongly endo coordination entropically. As a result,
pentacoordination is greatly favored to give K5/K = 630, due
to the favored endo coordination. A great advantage in the gable
system is to provide interconvertible T = R states of the same
(or very similar) local structures. However, a corresponding stable
R-complex model has not been available.

Selective Preparation of Pentacoordinate T and R Porphyrin-
-Fe!l.B Complexes for Allosteric and Nonallosteric Systems.
Bridging dimeric imidazoles with different linking arm lengths,
4b, and 4¢, were newly prepared for the preparation of the stable
pentacoordinate R complexes, and complex formation between
da—-c and 3-M, was studied spectroscopically by using electronic,
NMR, and resonance Raman spectroscopies (RR). In situ for-
mation (up to 97%) of the corresponding pentacoordinate complex
in a benzene solution was observed when an appropriate amount
of a base was employed. The results sharply contrast the
TPP-Fe!!/imidazole couple, where less than 14% of the penta-
coordinate complex is formed, at most, based on the observed
titration profile. The results are summarized in Table I. Again,
remarkably favored endo,endo coordination over exo is mainly
responsible for the observed unusual enhancement in the K5/K,
ratio, 1300-350 for the gable-Fe!!/bridging base systems vs. 1-0.11
for TPP-Fe!!/monomeric base systems.

On the basis of the CPK molecular model, some excess strain
in the molecular framework or in the coordination bond together
with out-of-plane movement of the central metal ion is expected
for the shortest briding base 4a, while none or very small excess
strain is expected for longer bridging bases 4b and 4¢. As discussed
below (on RR spectra), the former seems to correspond with the
T structure, while the latter two with the R structure.

The observed free-energy difference AAG, between AG; for base
pentacoordination and AG; for base hexacoordination® (see Table

(6) (a) Brault, D.; Rougee, M. Biochemistry 1974, 13, 4591. (b) Wayland,
B. B.; Mehne, L. F.; Swartz, J. J. Am. Chem. Soc. 1978, 100, 2379.
(7) Collman, J. P.; Reed, C. A. J. Am. Chem. Soc. 1973, 95, 2048.

Tabushi and Kugimiya

Table II. Free-Energy Differences between Pentacoordination and
Hexacoordination of Ferrous Porphyrins®?

Fe''sP TPP TPP capped MedPoc tailed gable gable

L DMI HIm IMI IMI DIM DIP
AAG* 5.6 -14 35 7.1 27 39 4.6

4 All abbreviations are shown in Table 1. ®Calculated from K and
K¢ with AAG = RT In K5/K¢, T = 298 K. “In kecal /mol.

(a) (b)

Figure 1. T and R structures of artificial allosteric systems in the deoxy
state. (a) gable-Fe',;:DIM, (b) gable:-Fe!,.DIP.

II), amounting to ca. 3.8 kcal/mol for 4a and ca. 4.5 kcal/mol
for 4b and d4c, respectively, suggests that 3-4a complexation is
accompanied by additional strain of at least 0.8 kcal/mol com-
pared to 4b or 4¢. The observed additional strain supports the
mechanism that 4a affords the T structure, while 4b and 4c afford
the R structure (see Figure 1).

Therefore, it may be concluded that the entropically favored
endo,endo coordination of a series of dimeric bases of similar
structures to the gable porphyrin-Fe'!, commplex provides an ideal
T/R couple of stable pentacoordinate complexes with the least
structures difference. The inductive effect of the introduced
imidazole on the base binding is negligible as seen from the
observed base association constants—log Ky (with TPP.Co!!) for
IMI and 4a is 3.4 and 3.5, respectively.®® The model T/R couple
allows detailed spectroscopic and thermodynamic and/or kinetic
studies for T/R structure problem related to the observed allosteric
effect.

Resonance Raman Spectra of Pentacoordinate T and R Com-
plexes. The T/R structure was originally proposed for the deoxy
Hb/oxy Hb couple where some deoxy subunits (originally in the
T form) are assumed partly converted to the R form during the
O, binding process. However, direct observation of this partial
conversion seems extremely difficult, and usually the monomeric
Hb subunit or Mb (myoglobin) is taken as a typical R conformer.®
This T/R structure difference may be best described by the
magnitude of out-of-plane movement of the central Fe!!, being
0.63 and 0.55 A for deoxy T Hb and deoxy R Mb, respectively'®
(see Figure 2). This out-of-plane movement is believed to be
caused by pulling by the fifth ligand connected with the Hb “F
helix”, which is again pulled by moderately strong subunit in-
teraction at the subunit surface. As a result, strain in the T form
seems to be distributed among the Fe!'-B stretching and the Fe
out-of-plane movement.!! However, the Fe!'-B stretching or the
Fe!! out-of-plane movement, of course, highly depends also on the
base structure (electron density, etc.), porphyrin structure, and
local environment. Also it should be noted that the change in the
Fe!'-B distance may not be sufficiently large in magnitude to be
observed directly by X-ray, even when induced strain in Fe!’-B
is reasonably large. For example, interestingly, deoxy T Hb and
deoxy R Mb have the very close Fe!'-B distance, 2.0 A for the
« subunit and 2.2 A for the 8 subunit in deoxy T Hb while 2.1

(8) As a minimum estimation.

(9) X-ray structure of partially oxygenated Hb («-0,),8; was reported,
suggesting that the « subunit still keeps the T form. Brzozowski, A.; Der-
ewenda, Z.; Dodson, E.; Dodson, G.; Grabowski, M.; Liddington, R.; Shar-
zynski, T.; Vallely, D. Nature (London) 1984, 307, 74.

(10) (a) Bolton, W.; Perutz, M. F. Nature (London) 1970, 228, 551. (b)
Takano, T. J. Mol. Biol. 1976, 110, 537, 567.

(11) (a) Fermi, G. J. Mol. Biol. 1975, 100, 3. (b) Baldwin, J.; Chothia,
C. Ibid. 1979, 129, 175. (C) Gelin, B. R.; Lee, A. W.-M.; Karplus, M. Ibid.
1983, 171, 489. (d) Fermi, G.; Perutz, M. F.; Shaanan, B.; Fourme, R. Ibid.
1984, 175, 159.
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(a)

Figure 2. Local heme structures in (a) deoxy Hb (a) and (b) deoxy R
Mb. See ref 11b.

va

230 205 cm-!

Figure 3. Low-frequency resonance Raman spectra of TPP-3CIm-Fe!!
in benzene. The conditions are similar to that of gable-Fe!»DIM except
[TPP-3CIm-Fe!!] = 2 X 107 M.

+ 0.1 A in deoxy R Mb,!2 showing that the T/R structural effect
is “hidden” among the other effects within experimental error.
Therefore, it is really necessary to prepare a T/R couple of the
same (or very similar) structure and environment and to have
reliable spectroscopic methods to detect the T-R structure change,
in order to gain further insights into structural and mechanistic
features of the T/R problem in a solution.'?

For this purpose, RR spectra of a series of pentacoordinate
porphyrin Fe'.B complexes were investigated, since in a few
examples RR spectroscopy has been properly applied to the T/R
structure problem.!* A novel tailed porphyrin with a short arm,
§, was newly prepared as a new member of the T/R family, the
size of which is rather small at the moment. The RR bands
characteristic of Fe!'-B stretching of pentacoordinate complexes!®
appeared in a 190-230-cm™! region and are roughly classified into
less stretched and more stretched groups. Two groups seem to
correspond to R and T structures (see Table III and Figure 3),
respectively. Especially interesting results were obtained for the
present gable system (3-Fe!';.d), where the short bridging base
4a forms the deoxy complex with a RR band at 200 cm™,!1%8 while
the longer arm bases 4b and 4c form the deoxy complexes with
RR bands at 227 and 232 cm™), respectively, strongly suggesting
that the T and R complexes are formed depending on the mag-
nitude of base pulling, just like the T/R couple of Hb. Out-of
plane displacement of the central Fel! is also reflected in the
observed RR shift in the 1640-1460-cm™ region. However,
contrary to the clear single peak for Fel'-Imd stretching, several
peaks appeared in the 1640-1460-cm™! region, making analysis
more difficult.

(12) See ref 10.

(13) In an allosteric condition.

(14) (a) Shelnutt, J. A.; Rousseau, D. L.; Friedman, J. M.; Simon, S. R.
Proc. Natl. Acad. Sci. US.A. 1979, 76, 4409. (b) Freidman, J. M.; Rousseau,
D. L.; Ondrias, M. R.; Stepnoski, R. A. Science (Washington, D. C.) 1982,
218, 1244, (c) Freidman, J. M; Scott, T. W.; Stepnoski, R. A.; Ikeda-Saito,
M.; Yonetani, T. J. Biol. Chem. 1983, 258, 10564. (d) Ondrias, M. R.;
Rousseau, D. L.; Simon, S. R. Ibid. 1983, 258, 5638. (e) Scott, T. W.;
Friedman, J. M. J. Am. Chem. Soc. 1984, 106, 5677. (f) Bangcharoen-
paurpong, O.; Schomacker, K. T.; Champion, P. M. Ibid. 1984, 106, 5688.
(g) Matsukawa, S.; Mawatari, K.; Yoneyama, Y ; Kitagawa, T. Ibid. 1985,
107, 1108,

(15) (a) Tilting in coordination is partly responsible for the observed large
shift; see ref 14f. (b) Kitagawa, T.; Tsubaki, M.; Nagai, K. FEBS. Let. 1979,
104, 376. (c¢) Hori, H.; Kitagawa, T. J. Am. Chem. Soc. 1980, 102, 3608.
(d) Ogura, T.; Hon-nami, K.; Oshima, T.; Yoshikawa, S.; Kitagawa, T. Ibid.
1983, 105, 7781. (e) See ref 30. (f) See also ref 14.

J. Am. Chem. Soc., Vol. 108, No. 22, 1986 6929

Table ITI. »g_y in Resonance Raman Spectra of Deoxy Hb and Mb
and Model Systems®?

Fe'.porphyrin Raman obsd vg,.n>¢
HbA#

a8, 215

isolated o 223

isolated 3 224
MbAdk 222
Fe!l TpivPP.L*

L, DMI 200

L, 2MT 209

L, IMV 225
Fell.PocPiv-L£

L, DMI 193

L, 2MI 215

L, IMI 227
Fe!'. TPP-n-CIm*™

n, 3 204

n, S 224
Fe,'.gable:L’

L, DIM 200

L, DIE 227

L, DIP 232

9 All abbreviations are shown in Table I. X-ray Fe—N distances are
shown in footnotes j-m. ?Imidazole N. ¢Incm™. “In pH 7.0, inositol
hexaphosphate 1 mM, 10 °C, [heme] = 0.4 mM, ref 14g. ¢In CH,Cl,,
[heme] = 0.3 mM, ref 15g. /In solid state. #In CH,Cl, or benzene; 25
°C, ref 3p. *In benzene, [heme] = ca. | mM; room temperature, this
work. ‘In benzene, [heme] = ca. 0.25 mM, room temperature, this
work. /X-ray Fe-N distance, « = 2.0 A and § = 2.2 A, *X-ray Fe-N
distance, 2.1 A, /X.ray Fe-N distance, 2.095 A. "The band at
201-202 cm™ also appeared nearly the same intensity due to formation
of the hexacoordinated species.

Table IV. O, and CO Affinities for Native and Artificial R and T
Hemes

Fe'".porphyrin Ko, mm™'®  Kco, mm® ref
Mb 1.43¢ 83.3¢ 1d
HbA, K, 0.007% 104 0, lg
HbA. K, 0.67 149 Co: li
HbA, isolated o 1.674 400¢ 1d
HbA, isolated 8 2,944 6254 1d
Fe!.TPP.DMI 667 3
Fe!l. TPP-2MI 135  3q
Fe!\ TpivPP-DMI 0.026 112 3q
Fe!' TpivPP-2MI 0.071 3q
Fe! TpivPP-IMI™ 2.04 3q
Fe'.PocPiv-DMI 0.083 14.9 3o
Fe'l.PocPiv:1MI 2,78 667 3q
Fe!'l.TPP-3CIm# 0.4 this work
Fe!l. TPP-5CIm# 3007 this work
Fe'ligable-DIM* 5d
nonallosteric* 8.3¢ 5d
allosteric,’ K, 0.8¢ 5d
allosteric,’ K, 18¢
Fell,.gable:DIE* 158/ this work
Fe!'»gable:DIP* 330/ this work

¢ All abbreviations are shown in Table I. ®In toluene, 25 °C unless
otherwise noted. ¢In 0.05 M bis(Tris) buffer, pH 7.4, 25 °C. “In
bis(Tris) buffer, pH 7.4, DPG, 25 °C. ¢In DMF, 18 °C. /In DMF, 25
°C. £[heme] = 2 X 107 M, predominant intermolecular coordination
at high concentration. #[Fe!l,;gable] = 5 X 10 M, [DIE or DIP] = 5§
X 10 M. ‘K, and K, are sensitive to the conditions for the measure-
ments. K of 0.0144 and K, of 8.0 were observed in 0.1 M NaCl and 2
mM DPG (2,3-diphosphoglycerate), giving the largest K,/K, of 556.
K, of 0.077 and K, of 4.11 were reported in a NaCl free, DPG free
0.05 M bis(Tris) buffer, pH 7.4, 25 °C, giving a K,/K, value of 53.
Reference 1g. /K, of 15 and K, of 66 were reported in a DPG free, 0.1
M NacCl solution, pH 6.75, bis(Tris) buffer, giving a K,/K, value of
4.4. Reference li. *[DIM] = 6.0 X 10 M, [Fe!l;-gable] = 6.0 X 1076
M. /[DIM] = 7.7 X 107> M, [Fe",.gable] = 6.0 X 10 M. ™In solid
state.

On the basis of these results, the Fe-N stretching frequency
in the RR spectrum is concluded to be valuable for the study of
the T/R structure problem in solution.!¢ It also confirms pen-
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Table V. Relative CO and O, Affinities for T and R Fe!'Porphyrin
Couples Which Showed Appreciable Raman Shifts?

Ay =
VR — V1s
Fe'l.porphyrin cm™ Ko, (R)/Ko(T) Kco(R)/Kco(T)
HbaA, isolated a/(az8,) 8 238 40
HbA, isolated 8/(xy8;) 9 420 62.5
HbA, allosteric 96 (50-556) = 149 (4.4-14.9)
Ki/K¢

Fe!l. TpivPP

IMI/DMI 25 78 4004
Fe!'PocPiv

IMI/DMI 34 33 48
Fe!l.TPP-n-CIm

-5/-3 20 750
Fell;.gable
DIP/DIM 32 40°¢
Fe!,.gable DIM

allosteric 23 = K /K

2 All abbreviations are shown in Table I. ? Allosteric index of four sites.
“See Footnote / and j in Table IV. “Reported K value for Fel'Pivs-
(5CIm)Por is used as Ky value. ¢Ratio for DIP/nonallosteric DIM couple.
/Allosteric index of two sites.

tacoordination since tetracoordinate complexes showed no bands
in the region of 200-240 cm™.17 1t also tells the magnitude of
induced Fe!'-B stretching, characteristic of the T structure of
porphyrin-Fe! complexes including the present 3-Fe';-4 complexes.
Further differentiation between hexa- and pentacoordination was
conveniently made by use of magnetic circular dichroism
(MCD).!® A typical example was seen for TPP-Fe!! complexes,
in which the pentacoordinate complex with DMI showed a strong
positive absorption at 435 nm, while the hexacoordinate complex
with 1MI showed a very weak negative absorption at 425 nm. All
of the gable complexes, 3-4a, 3-4b, and 3-4¢, gave pentacoordinate
complexes predominantly based on MCD spectroscopy. Therefore,
a conclusion may be drawn that our artificial allosteric system,
pentacoordinate 3-4a, takes the typical T structure in its deoxy
state.

CO and O, Affinities of T and R Fe'Porphyrins and the
Magnitude of Cooperativity. CO affinities of pentacoordinate
Fel.porphyrin-B complexes 3-4b, 3-d¢, and § were measured by
following the characteristic absorptions of the CO complexes near
422 and 541 nm. The observed association constants, K¢q, to-
gether with reported Ko, and K for a series of pentacoordinate
Fellporphyrin-B complexes are listed in Table IV. Although the
magnitudes of Ko, and Kco are spread over wide ranges,!
0.026-2.94 and 0.4-45400 mm}, respectively, there is a clear trend
that for each T/R couple, always the R form has considerably
higher O, and CO affinities than the T form, as shown in Table
V. The trend confirms the concept of cooperativity?® based on
the T/R reactivity-structure relationship, where T/R structures
are independently confirmed by the Raman spectroscopy (loc. cit.).
The observed CO affinity, Kco = 0.8 and 330 mm™! for 3a-da and
3a-4c, respectively, further supports the previous conclusion that
our artificial allosteric system, pentacoordinate 3a-4a complex in
the deoxy state takes the low-affinity T structure. As expected
3a.4b behaves as the R complex similarly to 3a-4¢ with a very
minute contribution of strain due to the relatively short arm length
of 4b. The situation was typically reflected in the observed CO
affinity of Koo = 158 mm™'at 7.1 X 10°M 3aand 7 X 10 M
4b in DMF at 25 °C, which is very close to but slightly smaller
than 3a-4c.

The observed ratios Ko,(R)/Ko,(T) and Kco(R)/Kco(T) now
are spread over much narrower ranges than the XK values them-

(16) Mitchell, M. L.; Campbell, D. H.; Traylor, T. G.; Spiro, T. G. Inorg.
Chem. 1988, 24, 967.

(17) Corresponding hexacoordinate complexes showed absorptions in a
206-190-cm™! region, but MCD spectroscopy is capable of differenciation of
penta- from hexacoordination (vide infra). See ref 4i.

(18) Our preliminary results.

(19) See ref 3i and ).

(20) (a) See ref 1b. (b) See ref 1a.

Tabushi and Kugimiya

Scheme I. Energetics of Cooperativity

C=—=> pentacoordinate
T complex

preorganization
achieved by
prepaid negative® entropy

AAGepo,b = -A88°T(888° << 0) 848G o >64G7>0

AGpenta —8Ghexa< 0

soHT = BV, o
(0 <1< n®

aaGy. saHT: strain

— low Oz and CO affinities — <~ pentacoordinate

comformation
change, etc. R complex

K1 < Kg
848G, 120G - AGy
=I‘AAGT
0 <wd <1
Kn < KRitree

4Prepaid during the preceding skeletal synthesis. ®Including subunit
interaction as the most important component. A part of the strain is
distributed in additional stretching of the Fe-B bond. ¢u = magnitude
of cooperativity.

selves, 33-420 and 23-400, respectively. It may be interesting
to see the magnitude of X,,/K,, which determines the magnitude
of cooperativity in a n-site allosteric system.2?® In the native (Hb,
n = 4) as well as the artificial (gable, n = 2) allosteric system,
the R form operating as a subunit in the total allosteric system
is not so fully relaxed as it should be in an isolated state. The
magnitude of cooperativity is then to be defined by (X,/K})/
(Kr/Krt). By taking the corresponding free-energy difference,
a sketchy description on the energetics of cooperativity in a (native
or artificial) allosteric system may be made (see Scheme I).

Experimental Section

Instruments and Apparatus. Resonance Raman spectra were recorded
on a JRS-400T spectrometer (JEOL, Okazaki Institute for Molecular
Science) with a spinning Pyrex cell (20 X 20 mm). An argon ion laser
(Spectra-Physics 164-05, 5 W, Okazaki Institute for Molecular Science)
was used for excitation at 4579 A, Calibration of the Raman spectrom-
eter was performed with the 217-cm™ band of CCl,?!  Electronic spectra
were measured with a Union SM-401 high-sensitivity spectrometer at 25
°C. CO determination was carried out with a gas chromatograph GC-4C
(Shimadzu) equipped with a molecular sieve 13X (1.5 m).

Materials. Commercially available 1MI and 2MI (both from Nakarai
Chemical Co.) were used after distillation under Ar or recrystallization
from benzene, just before use. a,w-(N,N*-diimidazolyl)-n-poly(methy-
lene), Im(CH,),,Im (m = 1-3) was prepared by the reported procedure?
with slight modification. Short tailed porphyrin, meso-[o-(3-(N-
imidazolyl)propionamido)phenyl]triphenylporphyrin (3-tail TPP), 5, was
prepared from (o-aminophenyl)triphenylporphyrin and 3-(N-
imidazolyl)propinyl chloride hydrochloride according to the literature.?
Ferrous porphyrins (Fe!',.gable, Fe'’3-tail-TPP, and Fe!l.5-tail-TPP) and
others were prepared from corresponding ferric complexes by the reported
procedure.”* DMF was dried over CaH, and fractionally distilled at
reduced pressure under Ar just before use. Benzene was dried with
metallic Na and distilled on metallic Na under Ar.

Sample Preparation for the Raman Spectroscopy. All procedures were
carried out in a Vacuum Atmospheres drybox, the internal atmosphere
of which was constantly circulated through a MnO column (40 X 80
mm) settled inside to remove traces of oxygen2® slowly penetrating in
through the rubber gloves.

In a typical experiment, ferrous-gable porphyrin dissolved in benzene
(ca. 5 X 10™* M, 0.5 mL) and a benzene solution of an axial ligand (ca.
5 X 107 M, 0.5 mL) were placed in a spinning Pyrex cell (20 X 20 mm)
equipped with a two-way high-vacuum stopcock. The atmosphere in the
cell was replaced by Ar by a repeated evacuation-Ar (or an Ar-CO
mixed gas of appropriate ratio) back-flushing (5 times) with external ice
cooling. The spinning cell was sealed for further measurements.

(21) See ref 15¢c.

(22) White, D. K.; Cannon, J. B.; Traylor, T. G. J. Am. Chem. Soc. 1979,
101, 2443.

(23) See ref 4i.

(24) See ref 5S¢

(25) Jampolsky, L. M.; Kaiser, M. B. S.; Sternbach, L. H.; Goldberg, M.
W. J. Am. Chem. Soc. 1952, 74, 5222.
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Measurements of Resonance Raman Spectra. The spinning cell was
rotated at the rate of 1800 rpm.2® The ferrous.gable porphyrin solution
prepared as described above was excited by Ar laser irradiation at 4579
A (80 mW) with a 458-nm pass filter. Resonance Raman spectra were
recorded between 175 and 675 cm™ (scanning speed, 2.5 cm™! per min;
time constant, 32 s; slit height, 10 mm; slit widths were kept at 400, 500,
and 400 gm). Under the conditions, Raman spectra were satisfactory.
However, at the low concentrations (ca. 1075 M) of the ferrous porphy-
rins, intensities of the peaks in resonance Raman spectra were too weak
to determine the band intensity of vge_im.

CO Affinity Measurements. All procedures of sample preparation
were carried out in a Vacuum Atmospheres drybox, the internal atmo-
sphere of which was constantly circulated through a freshly prepared
MnO column (20 X 40 mm) settled inside to remove traces of oxygen.

In a typical experiment, Fe'';.gable porphyrin dissolved in DMF (ca.
5% 10° M, 2 mL) and a DMF solution of an axial ligand (0.5 X 1073
M, 20 pL-0.2 mL) were placed in a 10-mm quartz cell equipped with
a two-way high-vacuum stopcock.

The cell was then connected with a vacuum line, and the atmosphere
in the cell was replaced by CO/Ar via repeated evacuation at 1 X 107

(26) Kitagawa, T.; Kyogoku, Y.; Iizuka, T.; . Saito, M. J. Am. Chem. Soc.
1976, 98, 5169.

torr (with external cooling at —40 °C by use of a dry ice—acetone bath)
followed by back-flushing of an Ar=CO gas mixture through the MnO
column (8 X 100 mm). The stopcock was closed, and the solution was
warmed up to 25 °C. Then, the electronic spectra of the solution were
recorded.

The volume ratio of the Ar—CO gas mixture was determined by GC
in the following conditions: 0.5 mL of gas mixture; molecular sieve 13X
(1.5 m), He carrier (0.6 kg/cm?), column temperature 30 °C.
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Abstract: A stable adduct was isolated from copper(1I) chloride and the stable free radical 2-phenyl-4,4,5,5-tetramethyl-

imidazoline-1-oxyl 3-oxide. The stoichiometry of the adduct is 1:2, and a crystal structure analysis has shown the copper ion

to be four planar coordinated by two chlorine atoms and two oxygen (nitroxyl) atoms. The nitroxyl ligands are bound with

a short Cu-O distance of 1.988 (1) A. Magnetic measurements show that this material is in a doublet state from 30 to 300

K. At lower temperature a spin Xairing process became operative. Crystal data: monoclinic, P2,/n, a = 11.988 (4) A, b
Y 6

=10.878 (3) A, c = 11.788 (4)

Although a large number of relatively stable complexes of
transition-metal ions with free radical have been described,? those
classes which are sufficiently stable for isolation and character-
ization remain quite limited. Notable among these are the adducts
of organometallic Lewis acid with dialkyl nitroxides.*'? Special

(1) (a) Centre d’Etudes Nucléaires de Grenoble. (b) University of Flor-
ence.

(2) (a) Hendrickson, D. N. In Magneto-Structural Correlations in Ex-
change Coupled Systems; Willett, R. D., Gatteschi, D., Kahn, O, Eds.; D.
Reidel: Dordrecht, Holland, 1985; pp 523-554. (b) Milaeva, E. R.; Robe-
zhov, A. Z,; Prokof’ev, A, 1.; Okhlobystin, O. Yu. Usp. Khim. 1982, 51, 1638.
(c) Milaeva, E. R.; Robezhov, A. Z.; Prokof’ev, A. I.; Okhlobystin, O. Yu.
Russ. Chem. Rev. (Engl. Trans.) 1982, 51,942, (d) Larionov, S. V. Struk:.
Khim. 1982, 23, 125. (e) Eaton, S. S.; Eaton, G. R. Coord. Chem. Rev. 1978,
26, 207.

(3) (a) Dong, T. Y.; Hendrickson, D. N.; Felthouse, T. R.; Shieh, H. S.
J. Am. Chem. Soc. 1984, 106, 5373. (b) Cotton, F. A.; Felthouse, T. R. Inorg.
Chem. 1982, 21, 2667. (¢) Richman, R. M.; Kuechler, T. C.; Tanner, S. P.;
Drago, R. S. J. Am. Chem. Soc. 1977, 99, 1055.

(4) Brown, D. G.; Maier, T.; Drago, R. S. Inorg. Chem. 1971, 12, 2804,

(5) Lim, Y. Y.; Drago, R. S. Inorg. Chem. 1972, 11, 1334.

(6) Richardson, P. F.; Kreilick, R. W. J. Am. Chem. Soc. 1977, 99, 8183.

(7) Anderson, O. P.; Kuechler, T. C. Inorg. Chem. 1980, 19, 1417.

= 106.14 (2)°, Z = 2.

interest has been devoted to those in which the metal ion is
paramagnetic and the nitroxide metal coordinated.*'* These
studies allow the opportunity of obtaining first hand information
on metal-ligand interaction monitored by the magnetic coupling
with the metal electrons.

Indeed several different behaviors have now been observed,
ranging from a complete pairing of the unpaired electrons to an
intermediate coupling, which can be either ferro->!214 or anti-
ferromagnetic>’-1%13 depending on the nature of the metal ion and
on the relative geometries of the magnetic orbitals on the radical
and on the metal ion.

(8) Dickman, H. M.; Doedens, R. J. Inorg. Chem. 1981, 20, 2677.

(9) Grand, A.; Rey, P; Subra, R. Inorg. Chem. 1983, 22, 391.

(10) Porter, L. C.; Dickman, M. H.; Doedens, R. J. Inorg. Chem. 1983,
22, 1964.

(11) Laugier, J.; Ramasseul, R.; Rey, P.; Espié, J. C.; Rassat, A. Nowv.
J. Chem. 1983, 7, 11.

(12) Bencini, A.; Bernelli, C.; Gatteschi, D.; Zanchini, C. J. Am. Chem.
Soc. 1984, 106, 5813.

(13) Porter, L. C.; Doedens, R. J. Inorg. Chem. 1985, 24, 1006.
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