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The reactivity of zinc verdoheme, [Z(OEOP)](QCCH:) where OEOP is the monoanion of octaethyl-5-
oxaporphyrin, with cyanide ion has been shown to be a complex process that involves not only the expected
ring-opening of the macrocycle, as occurs with other nucleophiles (methoxide, methanethiolate, dimethylamide),
but also substitution at one or two of the meso positions. The ring-opened products have been subjected to
crystallographic study. The structures @fH,0-{Zn"(OEB-10,19-(CN))}» and u-H,O-{(Zn"(OEB-10,15,19-
(CN)3)}2 both consist of two helical tetrapyrrole subunits that are coordinated to a zinc ion through febl Zn
bonds. The two zinc ions are coordinated to a bridging water molecule that is also hydrogen bonded to a lactam
oxygen atom at one end of each tetrapyrrole subunit. Thus the chiral sense of one hd({@Z+10,19-(CN))

portion is transmitted to the other HOEB-10,19-(CNy) unit and the resulting binuclear unit is chiral. In contrast
Cd'(OEB-15,19-(CN)), which was obtained by the insertion of Co(ll) into the free ligand, is monomeric with a
four-coordinate cobalt ion. A series of DFT geometry optimization calculations were performed on zinc complexes
of 5-oxaporphyrins (verdoheme), verdins (bilindione), 4-cyano-5-oxaporphyrins, and 19-cyanoverdins in an effort
to gain insights to the features of these complexes and the reactions that leaesésyano-substituted
cyanoverdins.

Introduction cobalt(ll), and zinc(ll) verdoheme complexes of the 5-oxaoc-

_ _ taethylporphyrins, [P§OEOP)]", [Co'(OEOP)J", and [Zr'-

As seen in Scheme 1, the 5-oxaporphyrin macrocycle can be oeop), with methoxide ion results in ring-opening to
synthesized from porphyrins by the process of coupled oxida- 4,4y ce metal complexes that contain the dianion of the open-
tionl2 or by the dehydration of biliverdin in the presence of a chain tetrapyrrole, [OEBOMe] as seen in Scheme 1312
metal ion? Scheme 2 shows the numbering scheme used for Aqgitional work from this laboratory has shown that [Zn

the various tetrapyrroles discussed in this article. In the ProCess OEQOP)J reacts with thiolate and amide ions to produce the
of coupled oxidation an iron or cobalt porphyrin is oxidized by helical, open-chain tetrapyrrole complexes! @EBSMe) and

molecular oxygen in th_e presence of a str_ongly coordinatin_g Zn'(OEBNMey), as again seen in Schem&Presumably, these
ligand (pyridine or cyanide ion) and a reducing agent (ascorbic (g qnening reactions proceed through nucleophilic attack on

acid or hydrazinej.* ® Metal complexes of the 5-oxaporphyrin  ne of the carbon atoms adjacent to the oxygen atom of the
macrocycle are generally deep green in color and are known asgrgoheme to form initially a tetrahedral carbon atom which

8.9 ) i i .
verdoheme$:° The 5-oxaporphyrin macrocycle is also pro- g psequently opens to form the verdoheme structure.
duced as a detectable intermediate in heme cleavage caused by In this article we examine the reactions of cyanide ion with

the enzyme heme oxygend@e.. the 5-oxaporphyrin ligand. During studies of the coupled
Although the 5-oxaporphyrin macrocycle resembles the . iqation of Fé! (OEP)CI in the presence of cyanide ibme
corresponding porphyrin in structure, itis much more vulnerable ¢ ng that the process was highly dependent on the specific
to attack by anionic nucleophiles. Previous work from this raaction conditions, in particular the efficiency of mass transport
laboratory has conclusively shown that treatment of iron(ll), of air into the reaction mixture and the duration of the reaction.
When F&(OEP) is oxidized under coupled oxidation conditions

.T!Dermar]ent address: Department of Chemistry, PO Box 6045, West jn the presence of cyanide ion but with stirring that is not
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ion was undertaken. To facilitate isolation of stable products,
the addition of cyanide ion to the zinc complex [ZDEOP)](Q-
CCH;s) was examined. Previous work indicated that the zinc

cyanide and ascorbic acid in methanol with rapid, but nontur-
bulent, stirring produces a muddy, brown-green solution. This
contrasts with the previously reported translucent green solution
that is obtained with turbulent stirrirfgWorkup of the reaction
proceeds with some difficulty to afford a brown solid rather
than the expected dark blue, crystalline sofitNC),Fe!'-
(OEOP}. Separation of the product mixture by preparative thin-
layer chromatography results in 4 major and 6 minor resolved
bands. One of the major bands contains the known compound
octaethylbiliverdin, H(OEB). Another major band affords a
yellow-green compound, which we identified ag(BEB-15,-
19-(CN)), below. The relative amounts of material contained
in the different TLC bands varied with the duration of the
reaction. The amount of ¥OEB-15,19-(CN)) present increases
when the reaction time is lengthenedrr® h toroughly 11 h,

but decreases at extended times. The other products of this
reaction remain unidentified at this time. Since such a complex
mixture of products was obtained, we did not pursue this route
as a means of preparing other cyanoverdins.

The UV/vis spectrum of {{OEB-15,19-(CN)) is shown in
trace B of Figure 1. The spectrum has a broad absorption at
420 nm, a region typical of a porphyrin Soret band, and a lower
intensity absorption at 778 nm. The number, shapes, and relative
intensities of the spectral bands resemble those of octaethyl-
formylbiliverdin, Hy(OEFB)1*15 except that the visible bands
are red-shifted by roughly 50 nm and the Soret band by 15 nm.
The presence of two broad-NH resonances at 12.60 and 8.81
ppm in the!H NMR spectrum of the compound establishes that

complexes of the open-chain tetrapyrroles are significantly more it is a free base rather than a metal complex. THeNMR

stable than their cobalt(ll) and iron(ll) analogdést® Moreover,
the use of the zinc complexes minimized complications from
metal-centered redox reactions.

Results

Isolation of Hy(OEB-15,19-(CN}) from the Coupled
Oxidation of CIFe" (OEP) with Cyanide and Ascorbate.

spectrum also resembles that of(BEFB) but differs in the
respect that a formyl proton peak is absent, only two rather than
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533.

(15) Koerner, R.; Olmstead, M. M.; Ozarowski, A.; Phillips, S. L.; Van
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120, 1274.
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Figure 1. Inset A shows the UV/vis spectrum of blue-green

[Zn"(OEOP)](QCCH;) for comparison. Electronic absorption spectra
of (B) green H(OEB-15,19-(CN)) [Amax NM (€, M~1 cm™) (relative
absorbance): 302 (0.83), 412 (1.00), 722 sh (0.25), 778 (0.33)]; (C)
brown Zr'(OEB-15,19-(CN)) [Amax M €, M~ cm™%): 308 (12000),
430 (16300), 796 (3800), 868 (5700)]; and (D) browr' @EB-10,-
15,19-(CN}) [Amax, NM (€, M~1 cm™): 444 (13700), 906 (3480)], all

in chloroform.

three methine resonances are observed in the rar@eppm,
and the dispersion of the ethyl group €Huartets and Ckl
triplets is greater than in OEFB. Insertion of zinc intg(@EB-
15,19-(CN)) led to little change in théH NMR spectrum other
than loss of the NH resonances at 12.60 and 8.81 ppm.
However, zinc insertion results in a dramatic 90 nm red shift
of the visible absorption spectral band to 871 nm.

The UV/vis and'H NMR data suggest that the yellow-green
compound formally is derived from OEFB by replacement of
the formyl group and one methine proton with cyano groups.
This is confirmed by the MALDI mass spectrum of the
compound, which shows a parent ion peaknéd¢ 611.3406
(CsH44NgO + Nah). The only dipyrrolic fragment observed
hasm/e 283.1792. This corresponds to agd,3N.0O fragment
resulting from scission at the C+€11 bond and is identical
to the dipyrrolic fragment obtained fromstOEB). In addition,
the tripyrrolic fragment @Hs4N3O, which corresponds to
cleavage at the C}4C15 bond and contains no cyano groups,
is observed at/e 404.2659. Thus, themesecyano group must
be at C15, on the same side of the verdin asotfoyano group
at C19.

Attempts to confirm that the yellow-green compound is H
(OEB-15,19-(CN)) and to characterize its novel structure by
X-ray diffraction were thwarted by difficulties in growing of
suitable crystals with the small amount of compound available.
H2(OEB-15,19-(CNy) is readily soluble in a wide range of
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solvents including hexane, ether, chloroform, methanol, and
acetone. Crystals grown by diffusion of water into acetone were
extensively twinned. Preparation of zinc complexes by nucleo-
philic addition of cyanide anion to [ZHOEOP)]" offered the
promise of cyanoverdin compounds that would be available in
greater quantity and more readily crystallized.

Synthetic Studies of Cyanide Addition to Zinc Verdoheme,
[Zn" (OEOP)](O,CCHy3). The results of addition of cyanide ion
to the zinc verdoheme, [ZOEOP)](QCCHg), and related
compounds are summarized in Scheme 4. Surprisingly, the
reaction results in substitution of one or two cyano groups at
meso positions as well as the introduction of a cyano group at
C19. The substitution is regioselective and affords the mono-
mesecyano-substituted regioisomer that is identical to the one
isolated from the iron chemistry.

Addition of tetrap-butyllammonium cyanide to [Zn
(OEOP)](QCCHg) produces a mixture of at least three prod-
ucts: H(OEB-15,19-(CN)), Zn'(OEB-15,19-(CNy), and Zr-
(OEB-10,15,19-(CN). The color of the reaction solution
changes from the blue-green of the verdoheme complex (trace
A of Figure 1) to an intermediate yellow-green, which then
changes to brown upon washing with water. Thin-layer chro-
matography of the product mixture on silica with dichlo-
romethane results in the separation g{ ®EB-15,19-(CN}),
Zn'(OEB-15,19-(CNJ), and Zi(OEB-10,15,19-(CN). The
yields of these three compounds are variable. Conditions were
not found that led to eithenesecyano substitution exclusively
at C15 or complete substitution at both C10 and C15. The
reaction is most useful and reliable for the preparation gf H
(OEB-15,19-(CNy), which is the first compound to elute during
chromatography. Pure samples of'ZBEB-15,19-(CN)) and
Zn"(OEB-10,15,19-(CN) are difficult to obtain from the
product mixture because chromatographic separation can be
incomplete and the complexes cocrystallize. Indeed(@&B-
10,15,19-(CNy) was discovered when disorder was observed
during attempts to determine the X-ray crystal structure df Zn
(OEB-15,19-(CN)). The disorder could be modeled by partial
occupancy of the site by a molecule with a third cyano group
at C10.

The UV/vis spectra of these three compounds are shown in
traces B, C, and D of Figure 1. The spectrum o{®EB-15,-
19-(CN)) strongly resembles that of (OEBOMe), which has
Amax Of 402, 710 sh, and 790 nm. The UV/vis spectra of Zn
(OEB-15,19-(CNy) and Zr{ (OEB-10,15,19-(CN) have similar
features, but the spectrum of YOEB-10,15,19-(CNy) is red-
shifted with respect to the spectrum of Z@EB-15,19-(CN)).

The overall spectral patterns for OEB-15,19-(CN)) and
Zn'"(OEB-10,15,19-(CNy) resemble the spectral patterns seen
for the related helical complexes BOEBOMe), Zi (OEB-
SMe), and ZA(OEBNMe,),1213 except for the presence of
additional broad shoulders in the 56600 nm region in the
spectra of ZH(OEB-15,19-(CN)) and Zd'(OEB-10,15,19-
(CN)3).

A synthetic route to introduce the 10-cyano substituent prior
to cyanide addition to the zinc verdoheme was developed in an
effort to prepare samples of the 10,15,19-tricyano compléx Zn
(OEB-10,15,19-(CNy) in higher yield and purity. This, in turn,
might serve to eliminate disorder in X-ray structure determina-
tions. The previously reported compoung(8EB-10-(CN)) is
obtained by treating ${OEB) with cyanide ion in dimethyl
sulfoxide solutiort® Insertion of zinc(Il) into H(OEB-10-(CN))
produces Zh(HOEB-10-(CN)), which was isolated as green

(16) Falk, H.; Schlederer, Monatsh. Chem197§ 109, 1013.
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Scheme 4
[Zn”(OEOP)]+ H,OEB-15,19-(CN),
Co(OAc),
Et oC Et
pe
Zn(OAc),
CN’
Zn"(HOEB-10-(CN)) [Zn"(OEOP-15-(CN)]* Zn"(OEB-10,19-(CN)s)
solid. The UV/vis spectra of iOEB-10-(CN)) and ZW(HOEB- methyl protons of the ethyl groups, respectively. The downfield

10-(CN)) are shown in traces A and B of Figure 2, respectively. regions, which contain the meso resonances, are the most
As expected, metal ion insertion is accompanied by a red shift informative. The spectrum of the verdoheme [RDEOP-15-

in the spectra. ZHHOEB-10-(CN)) undergoes ring closure in  (CN))](O.CCHs) shows, as expected for the symmetrical
the presence of acetic anhydride to give the verdoheme analoguestructure, a single resonance at 9.24 ppm for the two meso
[Zn"(OEOP-15-(CN))](QCCHs), whose UV/vis spectrum is  protons. The spectra of the isomeric'ZDEB-15,19-(CN)) and
shown in trace C of Figure 2. (Note: the change in the Zn"(OEB-10,19-(CN})) show two equally intense meso reso-
numbering of the meso positions is a consequence of a shift innances at 5.9 and 6.4 ppm for Y{®EB-15,19-(CN)) and at
origin in the numbering conventions for verdins and oxapor- 5.86 and 6.94 ppm for ZfOEB-10,19-(CN)). As expected,
phyrins, see Scheme 2.) This complex has a characteristicZn"(OEB-10,15,19-(CNy) displays only a single meso reso-
verdoheme spectrum with a strong absorption at 690 nm. nance at 6.12 ppm.

[Zn"(OEOP-15-(CN))](QCCHg) ring-opens when treated with The Crystal and Molecular Structures of g-H,O-{Zn"-

cyanide, as shown in Scheme 3, to give mixtures of(DB- (OEB-10,19-(CN})},-0.5acetone0.6H,O and p-H,0-{(Zn" -
10,15,19-(CNy) and a fourth ring-opened complex, Y®EB- (OEB-10,15,19-(CN))}2-acetone. Crystals of u-H,O-{Zn!'-
10,19-(CN}). The composition of the mixture can be varied (OEB-10,19-(CNy)},-0.5aceton®.6H0 andu-H,O4{ (Zn'(OEB-
by changing solvents and time of reaction."#BEB-10,19- 10,15,19-(CNy)} .-acetone were grown by layering water over

(CN),) was purified by column chromatography (see Experi- a saturated acetone solution of ZOEB-10,19-(CN)) or Zn''-
mental Section) and isolated as a dark brown solid. The UV/ (OEB-10,15,19-(CNy), respectively. Although the two com-
vis spectrum of ZWOEB-10,19-(CN)) shows characteristics  plexes crystallize in different space groufénfor u-H,O-

similar to those of ZWOEB-15,19-(CN)) and Zri' (OEB-10,- {zn"(OEB-10,19-(CNy)}» and C2/c for u-H,O-{(zZn"(OEB-
15,19-(CN3}) with absorption at 426 and 900 nm as shown in 10,15,19-(CNy)}»), the structures of the two binuclear complexes
trace D of Figure 2. are remarkably similar. The most significant difference between

ThelH NMR spectra (see Experimental Section for details) the two structures is the presence of two cyano groups (per
of these zinc compounds are consistent with their structures. biliverdin) in u-H,O{Zn"(OEB-10,19-(CN))}» and three (per
For each compound, complex multiplets are observed in the biliverdin) in u-H,O-{(Zn""'(OEB-10,15,19-(CNy)}>). In addi-
regions 2.5-2.0 ppm and 1.20.8 ppm for the methylene and  tion, the structure ofu-H,O{Zn"'(OEB-10,19-(CN))}, is
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Figure 3. A perspective view ofu-H,O-{Zn"(OEB-10,19-(CN))}»
showing the numbering scheme and 50% thermal ellipsoids. The ethyl
groups are removed to emphasize the helical nature of the inner core.
D There is a cyano group with 0.17 partial occupancy attached at C15
which also is not shown.
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Figure 2. Electronic absorption spectra of chloroform solutions of (A)
H30EB-10-CN Rmax NM €, M~ cm™): 380 (50000), 680 (10000),
726 (15000)]; (B) ZH(HOEB-10-CN) fmax NmM (€, M~ cm™2): 388
(50300), 790 (18600)]; (C) [ZHOEOP)-15-CNJ(O,CCH) [Amax, NM

(e, M~ cmY): 388 (50300), 790 (18600)]; and (D) ZOEB-10,19-
(CN)2) [Amax NM (€, M~2 cm™1): 422 (65000), 896 (13100)].

disordered so that there is partial occupancy (0.17) of a cyano
substituent at C15. Figure 3 shows a drawing of the structure
of u-H,0-{Zn(OEB-10,19-(CN))}, with the ethyl groups
removed so that the core structure is more readily appreciated.
Figure 4 shows a perspective view @oH,0-{ (Zn"(OEB-10,-
15,19-(CN})} » with the ethyl groups included. The disposition
of ethyl groups seen in this drawing is also the one observed in
u-H0-{Zn"(OEB-10,19-(CN))}>. Selected interatomic dis-
tances and angles for both binuclear complexes are presentedtigure 4. A perspective view ofi-H,04 (Zn"(OEB-10,15,19-(CN)} »
in Table 1. showing the numbering scheme and 50% thermal ellipsoids. The ethyl
The structures of botl-H,0-4{ Zn"(OEB-10,19-(CN))}» and groups are included.
u-H04{(zZn"(OEB-10,15,19-(CN)} » consist of two tetrapyrrole
subunits that are coordinated to zinc through four-Rhbonds.
The ligand in each monomeric portion has a helical geometry, - SR )
which is similar to that of a number of other complexes of open- contains a racemic mixture of the binuclear complexes.

i i i i I
chain tetrapyrrole ligands. Particularly relevant examples of The coordination geometry of each zinc atormhlzo-{_Zn
these include four-coordinate HOEBOMe}? and Zrl (OEB- (OEB-10,19-(CN))}» approximates a trigonal bipyramid. The

NMe,),!2 and five-coordinate (bD)Zn'(OEFB)1” The helical axial portion is _composed of the NEZn—N(3) segment, Wh.iCh
units, { Zn' (OEB-10,19-(CN})} or { (Zn'(OEB-10,15,19-(CN)} has a nearl_y linear geometry (bond angle, 172°)(2)ithin

are combined into the binuclear molecules by coordination of the equatorial plane, the N¥n—N(4) and O(2)-Zn—N(2)

each zinc ion to a bridging water molecule. The bridging water angles (138.1(3)and 126.1(2), respectively) are wider than
molecule is also hydrogen-bonded to a lactam oxygen atom atthe expected 120 The O(2}-Zn—N(4) angle of 95.8(2) is

one end of each tetrapyrrole subunit. The oxygen atom of the Narrower than the expected value. The sum of these three bond
bridging water molecule in each of the two structures resides angles is 364 S0 the ZnO(2)N(2)N(4) unitis planar. The bond
on a crystallographic 2-fold axis. Thus, each binuclear zinc gngles at the zinc between the axial and eq_uatorlal do_nors fal
complex is chiral, and both of the two helical tetrapyrrole units into a reasonably narrow range, 838", that is near the ideal

within any one binuclear complex have the same chirality. ©f 90°. The bridging water is of particular note. The Znf1)
0O(2)-2Zn(2) angle of 109.8(3)is near the expected value of

(17) Struckmeier, G.; Thewalt, U.; Fuhrhop, J..HAm. Chem. So4976 109.5 for tetrahedral geometry, and the Of2)(2) distance
98, 278. is in the range typical of hydrogen bonding.

However, both of the binuclear complexes crystallize in
centrosymmetric space groups. Consequently, each crystal
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Figure 5. A perspective view of C{OEB-15,19-(CN)) showing a
numbering scheme and 50% thermal contours for all atoms. The
hydrogen atoms were removed for clarity.

Table 1. Selected Bond Lengths (A) and Bond Angles (deg) for
u-H0-{Zn"(OEB-10,15,19-(CN)}>,
u-H0-{Zn'"(OEB-10,19-(CNy)} 2, and C4(OEB-15,19-(CNy)

u-H0{Zn"(OEB- u-H,O{Zn"(OEB- Cd'(OEB-
10,19-(CN}}>  10,15,19-(CNyg)}> 15,19-(CNy)
Bond Lengths (A)
M—N(1) 2.029(6) 2.0254(15) 1.854(3)
M—N(2) 2.040(6) 2.0048(15) 1.882(3)
M—N(3) 2.039(5) 2.0186(14) 1.872(3)
M—N(4) 2.054(6) 2.0263(16) 1.888(3)
M—0(2) 2.222(4) 2.2685(11)
O(2)—H---0O(1) 1.86(3) 2.011(14)
C(1)-0(1) 1.229(9) 1.236(2) 1.212(4)
C(19)-C(20) 1.401(13) 1.433(3) 1.433(4)
Bond Angles (deg)
N(1)-M—N(2) 88.8(2) 89.91(6) 91.21(12)
N(1)—M—N(3) 172.1(2) 173.45(6) 166.45(11)
N(1)-M—N(4) 98.0(2) 97.80(6) 92.73(12)
N(2)—-M—N(3) 87.8(2) 89.66(6) 94.01(11)
N(2)—-M—N(4) 138.1(2) 135.31(6) 148.12(11)
N(3)—M—N(4) 89.3(2) 87.08(7) 89.44(11)
M-0(2)—-M' 109.8(3) 110.62(8)

Each zinc atom in-H,O-{ (Zn"(OEB-10,15,19-(CN)} 2 is
also five-coordinate with trigonal bipyramidal geometry. Inspec-
tion of Table 1 reveals that the differences in the coordination
geometry ofu-H,0-{ (Zn"(OEB-10,15,19-(CN)} » andu-H,0-
{Zn"(OEB-10,19-(CNy)}» are small.

Synthesis of Cd (OEB-15,19-(CN}). Since efforts to obtain
crystals of ZH(OEB-15,19-(CN)) did not meet with success,
the corresponding cobalt complex, 'GOEB-15,19-(CN)), was
prepared and crystallized. fi®EB-15,19-(CN)) was prepared
by treating H(OEB-15,19-(CNy) with cobalt(ll) acetate. Cb
(OEB-15,19-(CNy), a somewhat air-sensitive compound when
allowed to stand in solution, has UV/vis spectral featuiggsy
440 nm, 796 nm) very similar to those previously reported for
CO'(OEFB)15

The Crystal and Molecular Structure of Co'' (OEB-15,-
19-(CN),)-acetone A perspective view of this complex is shown
in Figure 5. The structure clearly shows the presence of cyano
substituents at the 15 and 19 positions of the open-chain
tetrapyrrole. The cobalt ion is four-coordinate and can best be

described as having a flattened tetrahedral shape with bond

angles, internal to the chelate, that approach B0contrast to
Zn"'(OEB-10,19-(CN)) and ZAd(OEB-10,15,19-(CNy), the
cobalt ion shows no affinity for water as an additional ligand
and shows structural features that are similar to those 8¢ Co
(OEFB)1>The ligand in C8(OEB-15,19-(CN)) adopts a helical
structure in order to relieve steric constraints imposed by the
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terminal keto and cyano functionalities. Since the ligand is no
longer constrained to a macrocyclic environment, radial contrac-
tion about the cobalt can occur, and the-@bdistances shorten.
Thus the Ce-N distances (1.854(3), 1.872(3), 1.882(3), and
1.888(3) A) in Cd(OEB-15,19-(CN)) are shorter than those
of corresponding cobalt(ll) porphyrins. For example, the-Glo
distances in C{OEP) are 1.967(3) and 1.975(3)*A.

Theoretical Studies.A series of DFT geometry optimization
calculations were performed on zinc complexes of 5-oxapor-
phyrins (verdoheme), verdins (bilindione), 4-cyano-5-oxapor-
phyrins, and 19-cyanoverdins in an effort to gain insights to
the features of these complexes and the reactions that lead to
mesecyano-substituted cyanoverdins. Because zinc potentially
could be four- or five-coordinate in solution, the series included
complexes in which zinc had no additional axial ligand, a neutral
axial water ligand, or an anionic axial cyanide ligand. Hydrogen
atoms were used in place gfalkyl substituents in order to
decrease the already considerable computational challenge of
the optimizations and to speed convergence by eliminating side
chain conformations. Complexes witliesecyano substituents
at C10 and C15 were also examined. Starting geometries were
obtained from a graphical builder rather than from X-ray
coordinates, with the exception of tpeH,O-{(Zn'"(OEB-10,-
15,19-(CN})} > complex. Some of the results of the calculations
are summarized in Tables 2 and 3.

The structural parameters calculated for the zinc oxaporphyrin
complexes are in good agreement with corresponding parameters
observed in the X-ray structures reported for this class of
complexes:589.151920 he oxaporphyrin units of both series of
complexes are planar and show near 2-fold symmetry with
respect to the C5M—0O axis. Unfortunately, most reported
oxaporphyrin structures display orientational disorder that
involves multiple sites for theneseoxa group, which obscures
small variations in bond lengths in regions near the disordered
oxa group. One structure with an ordered oxaporphyrin unit is
that of [(OEOP)CH](PFs)-CH,Cl,.5> The oxa group of the
complex has two €0 bond distances that are indistinguishable
and average 1.344 A and a<©—C bond angle of 1248
Calculated values agree within 0.01 A and°] @spectively,
values that are< 20 for the X-ray structure determination. The
Co structure shows some alternation of bond lengths in the inner
conjugation pathway in the half of the molecule that contains
the oxa group. The C6N2 bond, which is adjacent to the oxa
group, is roughly 0.06 A shorter than the €82 bond in the
same pyrrole ring, and the €10 bond is roughly 0.02 A
shorter than the C10C11 bond. These differences are repro-
duced in the calculated structures. The one reported structure
of a zinc oxaporphyrin complex, that of [Zn(oxa-mesoporphyrin
dimethyl ester)Cl], was of limited quality due to poor crystal
quality, limited data, and side-chain disord&rHence, the
markedly different bond lengths of the oxa group (1.26 and 1.37
A) and the large alternation in bond lengthsQ(1 A) in the
inner conjugation pathway of the molecule, features not observed
in other reported oxaporphyrin structures, may be suspect.
Nonetheless, the ZaN bond lengths and the 0.54 A out-of-
plane displacement of the Zn atom are in good agreement with
those in the calculated structure of the five-coordinate complex
[Zn(oxaporphyrin)CN]. The calculated 2N bond lengths are
smaller in [Zn(oxaporphyrin)(tD)]*, which has a neutral axial
ligand, and smallest in the four-coordinate [Zn(oxaporphytin)]

(18) Scheidt, W. R.; Turowska-Tyrk, Inorg. Chem.1994 33, 1314.

(19) Balch, A. L.; Noll, B. C.; Safari, NInorg. Chem 1993 32, 2901.

(20) Fuhrhop, J.-H.; Kiger, P.; Sheldrick, W. Slustus Liebigs Ann. Chem
1977, 339.
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Table 2. Results of Density Functional Theory Calculations on Zn(tetrapyrrole)L Comglexes

tetrapyrrole substitueht L charge Ecd HOMO¢ LUMO¢®

5-oxaporphyrin +1 —2792.87103 —0.34222 —0.28057
15-CN +1 —2884.37193 —0.35339 —0.29548

H,O +1 —2868.80603 —0.33363 —0.27159

CN 0 —2885.15712 —0.21584 —0.16139

verdin -1 —2867.92060 —0.05425 —0.01815
H,O -1 —2943.86410 —0.05433 —0.01760

4-cyano-5-oxaporphyrin 0 —2885.16439 —0.18853 —0.14775
15-CN 0 —2976.67833 —0.20207 —0.16445

H-0 0 —2961.09455 —0.18245 —0.14343

15-CN HO 0 —3052.60905 —0.19663 —0.15967

CN -1 —2977.33423 —0.06870 —0.03550

19-cyanoverdin 0 —2885.17936 —0.19984 —0.16428
10-CN 0 —2976.69067 -0.21371 —0.17994

H,O 0 —2961.12722 —0.19919 —0.16025

10-CN HO 0 —3052.64021 —0.21224 —0.17645

10,15-(CN) H,O 0 —3144.14812 —0.22349 —0.19060

CN -1 —2977.34179 —0.08056 —0.04871

aLocal density functional theory calculations using VWN exchange-correlation with DN** biakication of substituent on tetrapyrrole ligand
referred to numbering scheme for that ligand systeBnergies in hartree unit Results for water and cyanide anion aré5.90755 h and-92.08570
h, respectively® Unlike other complexes, HOMO is centered on axial CN ligand.

Table 3. Calculated Energy Change for Ring-Openings of and the zinc atom are coplanar within 0.15 A. The two five-
Zn(19-cyanoverdin)L membered lactam rings (the Gi®H group is deprotonated
substituerit L AE (kcal/mol) in the zinc verdin complex) are individually planar, but canted
939 with respect to the rest of the structure to give the verdin ligand
10-CN - —7.74 an overall helical conformation. An unexpected feature of the
H.0 —-20.5 five-coordinate complex is hydrogen bonding between the axial
10-CN HO —-195 water ligand and the oxygen atom of one lactam. The complex
CN —4.74 is approximately trigonal bipyramidal at zinc. The ldtom of
2 Position of substituent in cyanoverdin product. the hydrogen-bonded lactam ring and the opposite pyrrole ring

. o . occupy the axial coordination sites{NZn—N¢ = 164.7), and
which has no axial ligand. The out-of-plane displacements of the remaining N atoms and the coordinated water occupy
the zinc atoms in the latter two complexes, which are 0.25 and equatorial sites, whose bond angless{Nn—Np = 139.4,

0.00 A, respectively, are also smaller than that in the complex Ng—Zn—0 = 129.%, and Nb—Zn—0 = 91.3) deviate from
with the axial cyanide ligand. the idealized 120 Several starting geometries that had different

The calculated charge distributions and frontier orbitals of orientations of non-hydrogen-bonded axial water ligands con-
the zinc oxaporphyrin complexes are consistent with Mulliken verged to this structure. It is noteworthy that the LUMOs of
population analysis and orbital contributions previously obtained poth complexes have a large amplitude at C10. Many examples
from semiquantitative Fenskédall LCAO molecular orbital of nucleophile addition at C10 of verdins have been re-
calculations on the oxaporphyrin anidtunlike the Mulliken  ported!6:2526Aiso noteworthy is the relatively instability (high
charges, though, charges determined by fits to the electrostaticenergy) of the HOMO of these complexes as seen in Table 3.
potential establish that the valley carbons (C4 and C6) adjacentFree-base verdins and their metal complexes are known to be
to the oxa group in the three zinc complexes have markedly readily susceptible to oxidatic:272°
greater positive charge than any other atom in the complex,  cajcylations establish that addition of cyanide anion to the

including the zinc atoms (0.370.52 for C4 vs 0.190.24 for 416y carbon of zinc oxaporphyrin complexes affords zinc
Zn). Experimentally, the valley carbons are the sites most 4_cyang-5.0xaporphyrin complexes that are stable relative to
susceptible to nucleophilic attack. The Fenskiall HOMO and  yhe"starting complex and free cyanide. The structural features
LUMO resemble those ca_lculated _for _the Zn comp_lexes,_ but around the site of addition change to reflect th&hggbridization
orbital energies and relative contributions of atomic orbitals ¢ .obon atom C4 in the adduct. The €M1, C4-C3. and
differ. Qne exception is the cyanide qomplex, whose HOMOis ~4_ 1 pond distances lengthen to 1.43, 1.50, and 423
primarily centered on the axial cyanide ligand. _ A, respectively. Bond angles about C4 are close to°1G&h

The calculated structure of the four-coordinate zinc verdin o exception of 105°lin the five-membered pyrrole ring and
anion reproduced the general features observed in helical, four-ll4_6, in the adjacent six-membered ring. The cyanide group
coordinate metal complexes of verdins, but detailed comparisonsiS canted somewhat from perpendicular to the oxaporphyrin ring
are complicated because the state of verdin protonation and th%hich deviates from planarity in the region of C4 and O. The,
metal and verdin oxidation states are not entirely certain in theseC4—O—C6 bond angle decreases to 116accommodate these
complexeg!24 The two interior pyrrole rings adjacent to C10 deviations. The HOMO of the adduct, which has a large

(21) Bonfiglio, J. V.; Bonnett, R.; Buckley, D. G.; Hamzetash, D.;
Hursthouse, M. B.; Malik, K. M. A.; McDonagh, A. F.; Trotter, J. (25) Falk, H.; Miler, N.; Schlederer, TMonatsh. Chem198Q 111, 159.

Tetrahedron1983 39, 1865. (26) Falk, H.; Marko, HMonatsh. Chem1991, 122, 319.

(22) Balch, A. L.; Mazzanti, M.; Noll, B. C.; Olmstead, M. M. Am. (27) Attar, S.; Ozarowski, A.; Van Calcar, P. M.; Winkler, K.; Balch, A.
Chem. Soc1993 115 12206. L. Chem. Commurl997 1115.

(23) Balch, A. L.; Mazzanti, M.; Noll, B. C.; Olmstead, M. M. Am. (28) Balch, A. L.; Koerner, R.; Olmstead, M. M.; Mazzanti, M.; Safari,
Chem. Soc1994 116, 9114. N.; St. Claire, T.J. Chem. Soc., Chem. Commu®95 643.

(24) Lord, P. A,; Olmstead, M. M.; Balch, A. Lnorg. Chem.200Q 39, (29) Attar, S.; Balch, A. L.; Van Calcar, P. M.; Winkler, K. Am. Chem.

0000. Soc.1997 119 3317
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amplitude at C20 and somewhat lesser amplitude at C15, is
significantly destabilized in the adduct relative to the oxapor-
phyrin.
The structures calculated for the 19-cyanoverdin complexes
are similar to those of the verdin complexes except for the
replacement of the hydroxyl group at C19 with a cyano group.
The cyanoverdin ligand adopts a helical conformation around
the zinc atom, which has a distorted trigonal bipyramidal
geometry in the five-coordinate water and cyanide complexes.
Hydrogen bonding occurs between the coordinated water and
the remaining carbonyl oxygen at C1 in the water complex.
The HOMO of the cyanoverdin is also destabilized relative to
the oxaporphyrin, but is more stable than that of the 4-cyano-
5-oxaporphyrin. In contrast to the latter, the HOMO of the
cyanoverdin has large amplitude at C5, the meso carbon adjacent
to the lactam ring.
The total energies of the 19-cyanoverdin complexes are more
negative than the energies of the corresponding 4-cyano-5-
oxaporphyrin complexes. The energy by which the cyanoverdin
complexes are favored at equilibrium is presented in Table 3.
Formation of a hydrogen bond in the 5-coordinate aquo complex
of the cyanoverdin certainly helps drive the conversion. Data
for the four-coordinate complex and 5-coordinate cyanide
complex suggest, though, that the conversion is spontaneous
without the added stability of the hydrogen bond. Comparisons
of the structure of the complexes, Figure 6, suggest that
activation barriers to conversion could be significant. The-O4
distance must increase from 1.42 A in the 4-cyano-5-oxapor-
phyrin to between 3.25 and 3.8 A in the cyanoverdin. The cyano
group moves from off perpendicular to coplanar with the five-
membered pyrrole ring upon rehybridization of the carbon from
sp® to sp@. Finally, significant changes must occur in the
coordination geometry about zinc and in the conformation of
the ligand.
Substitution of cyano groups at the meso positions of the
series of complexes had limited effects. Thg—Cy bond
lengths to the substituted meso carbon increase slightly, and
the G:—Cn—C, bond angle decreases slightly. The energies of
the HOMOs were stabilized by roughly 0:60.02 eV percyano  Figure 6. Comparisons of the calculated structures of (A) Zn(4-cyano-
group. They resembled those of the unsubstituted complexes 5-oxaporphyrin)(HO) and (C) Zn(19-cyanoverdin)@®), and of the
but the amplitude of the wave function at the substituted meso magnitude of the SOMO mapped onto the electron density surface
carbon decreased. (0.002 e/R) of the cation radicals (B) Zn(4-cyano-5-oxaporphyrin)-
An optimized geometry was calculated fopaH,0 (Zn'- (H20)" and (D) Zn(19-cyanoverdin)@D)". The orientations of the

. ; . molecules are identical in the pair A and B and in the pair C and D.
(OEB-10,15,19-(CN)}> complex with starting coordinates The view in all structures is from the direction of the axial water ligand.

obtained from the X-ray structure g#H,O(zn"(OEB-10,- Blue indicates a large value of the SOMO, and red is a zero value.
15,19-(CN})} .. To make the calculation tractablg; symmetry The SOMO mappings for B and D are on the same absolute scale.
was imposed, all ethyl group substituents were replaced with Meso carbon numbers in A and B are indicated in the appropriate

H atoms, and the acetone of solvation was omitted. The major "umbering system for the two different tetrapyrrole ligands.
differences between the optimized structure and the X-ray or dimethylamide are added to the same zinc verdoheme.

structure involved coordination of zinc by the bridging water Addition of these nucleophiles to [#(OEOP)](QCCHs)

Ilgal?d elmd the hgdtrﬁgetzn bct)_nd b?tweeig th'z _wztar:er atr_1d_th§ proceeded in good yield to produce helical complexes of the
C?r c;ny 0)%]96;' Oo d'mt erac |gns S ren% fene 2m26§ ?péml'gg ring-opened tetrapyrroles as shown in Scheme 2. In these cases
structure. The £r©) distance decreased from . 02 there was no indication of further reaction of the nucleophile

A, the H-O distance in the hydrogen bond decreased from 2.010 - .- .

to 1.579 A, and the ZrO—Zn bond angle decreased from mm t&iﬂ'{g;gﬁ;‘ﬁgggﬂ r:ic;:e'_HOV\rI]?rY eri, V\;hen r(;y anrll?eedr?)ads

110.6 to 108.F. These changes probably reflect relaxation of N » INg-opening 18 accompa -
) T a degree of substitution at the meso positions. The reaction is

constraints imposed by the presence of the acetone of SOIVat'Onreminiscent of the reaction of cyanide with®EB which results

which occupies the space between the two cyanoverdin hehcesIn meso substitution and the formation of(@EB-10-(CN))16

in the region of the bridging water ligand. However, the reaction of cyanide with [Z{OEOP)](QCCHs)

is difficult to control, and at least three products(BEB-15,-

19-(CN)), zn"(OEB-15,19-(CNy), and Z#(OEB-10,15,19-
The results presented here demonstrate that the addition of(CN)3), are formed. Clean separation of these products is

cyanide ion to [ZH(OEOP)](QCCHg) is a more complex difficult to achieve, and an alternate route t0'ZDEB-10,15,-

process than that observed when methoxide, methanethiolate19-(CN)) that utilizes H(OEB-10-(CN)) to afford more

Discussion
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Scheme 5

complete substitution at the 10-position has been devised.calculations and is shown in Scheme 4. Addition of cyanide to
Substitution of the meso protons during this process appears tothe valley carbon of the oxaporphyrin complex leads to a
occur preferentially at the 15 position with additional substitution substantial increase in the energy of the HOMO of the resulting
also occurring at the 10 position. Note that this preference differs 4-cyano-5-oxaporphyrin complex. Oxidation of the complex by
from that observed with the free ligan®EB, where substitu-  air or other oxidant would afford a radical whose singly occupied

tion occurs preferentially at the 10 positiéh. MO resembles the HOMO of the 4-cyano-5-oxaporphyrin
When crystallized from acetone/water, the binuclear com- complex. Calculations show the SOMO and spin density have
plexes u-H,O{Zn"(OEB-10,19-(CN)}> and u-H,O-{(zn"- greatest magnitude at C20 and a smaller magnitude at C15

(OEB-10,15,19-(CN)}» are obtained. These complexes have (which correspond to C15 and C10, respectively, in the ring-
helical structures in which the chirality of both tetrapyrroles is open cyanoverdin). These are represented by the shaded circles
the same in any one molecule. The bridging water molecule, at these sites in Scheme 5. Nucleophilic attack by a cyanide
which is hydrogen bonded to both tetrapyrrole ligands, serves anion at these meso sites followed by oxidation and loss of the
as an effective link that transfers the helical sense of one original meso proton would afford mesecyano-substituted
tetrapyrrole on to the adjacent tetrapyrrole. Consequently the 4-Cyano-5-oxaporphyrin complex. A second cycle of oxidation,
entire binuclear complex is chiral for both compounas{,0- addition, and oxidation could afford a 4-cyano-5-oxaporphyrin
{Zn"(OEB-10,19-(CN))}» and u-H,0- (Zn"(OEB-10,15,19- complex with twomesecyano substituents. Ring-opening would
(CN)3)}2. However, each of these complexes crystallizes in a give the final cyanoverdin products with correct regioselectivity.
centrosymmetric space group, and hence each crystal is alhe calculations further suggest that substitution does not occur
racemate. It is likely that these five-coordinate binuclear by oxidation once the cyanoverdin complex has formed. Figure
complexes dissociate into four-coordinate monomers in solution. 6 compares the magnitudes of the SOMOs of the 4-cyano-5-
Prior crystallographic studies of #(OEBOMe), Zri{(OEB- oxaporphyrin radical and the 19-cyanoverdin radical mapped
SMe), and ZR(OEBNMe,) indicate that each exists as a four- on their respective electron density surfaces. The SOMO of the
coordinate monomeé#f3and we suspect that similar monomeric  cyanoverdin radical has greatest magnitude at C5 and would
units are found in solution for the new complexes outlined in therefore afford the wrong regioisomeric product. Thus, meso
Scheme 4. Although zinc complexes of open and closed substitution appears to be competitive with ring-opening, which
tetrapyrrole ligands can be either four- or five-coordinate, we we suggested above should have a non-negligible activation
have not been able to identify another example of a zinc barrier. The kinetic complexity of the scheme helps rationalize
tetrapyrrole complex that incorporates a bridging water mol- the observed variability in product yields with small differences
ecule. A search of the Cambridge Structural Database showsin reaction conditions. Precedent for the mechanism proposed
the existence of only a single zinc compléfy-H,0)Zn(H0)- in Scheme 5 can be found in a related mechanism involving
SOy)(u-hypoxanthininatd),, with bridging water moleculé® nucleophilic attack on oxidatively generated verdin cations
The major questions raised by our experimental results areWhich has been suggested to explain the formation of 15,16-
what is the mechanism ahesecyano substitution in these  dimethoxybilindione compound$:33
reactions and why is the substitution regioselective. Cyanide
ion is readily oxidized to cyanogen by transition metal ions
including Cu(ll) and Hg(ll). In addition, ferric porphyrin Preparation of Compounds.The preparations of 4{OEB-10-(CN))
complexes are known to autoreduce in the presence of exces@nd [Z'(OEOP)|(QCCH;) were adapted from previously reported
cyanide to afford ferrous porphyrin biscyanide complexes and syntheseé‘?_-z_OAI_I solvents were used as purchased and used without
cyanide radicat! Thus, radical addition and/or substitution further purification. }
reactions might be possible during the coupled oxidation of iron H2(OEB-15,19-(CN}). Method 1. [Fe"'(OEP)]CI (113 mg, 0.1181

hvri | in th f ide i H mmol) was added to a solution of ascorbic acid (1.00 g, 5.68 mmol)
porpnyrin COMpIEXEs in the presence of Cyanide 1on. HOWeVer, potassium cyanide (1.50 g, 23.0 mmol) in 200 mL of methanol.

Zn(ll) is incapable of oxidizing cyanide. A more general tpe mixture was stirred rapidly, but without turbulence, in air for 11
mechanism fomesaecyano substitution is suggested by the DFT 1, The resulting brownish green solution was evaporated to dryness

Experimental Section

(30) Duber, E.; Haggi, G.; Schmalle, Hinorg. Chem.199Q 29, 2518. (32) Eivazi, F.; Hudson, M. F.; Smith, K. Mletrahedronl977, 33, 2959.
(31) Del Gaudio, J.; La Mar, G. NI. Am. Chem. Sod.976 98, 3014. (33) Eivazi, F.; Smith, K. MJ. Chem. Soc., Perkin Trans.1D79 544.
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under reduced pressure. The residue was redissolved by treatment withemperature. Zinc acetate dihydrate (22.7 mg, 0.104 mmol) was
100 mL of dichloromethane and 100 mL of water. This mixture was dissolved in 20 mL of methanol and added to the chloroform solution.
transferred to a separatory funnel and washed with watex @00 After 30 min the resulting yellow-green solution was taken to dryness
mL). Care was taken to allow emulsions which formed during the under reduced pressure. Removal of zinc acetate was accomplished by
washes to break up before the layers were separated. The dichlo-the introduction of cold methanol with agitation and subsequent filtration
romethane solution was separated, dried over anhydrous sodium sulfategf the product. The resulting olive-green solid was washed with cold
filtered, and evaporated under reduced pressure. A portion of the solid methanol. Yield: 7 mg, 55%. UV/vis spectrum in chloroforim,

was dissolved in chloroform. The resulting solution was filtered through iy (¢, M-1 cm™1)]: 388 (50300), 790 (18600). 300 MHH NMR

a membrane-type HPLC syringe filter onto a preabsorbent zone of & (pyridineds): ¢ 12.06 (br s, 1 H, ®l), 5.85 (s, 2 H, 5,154), 3.02 (br

20 x 20 cm Analtech 0.5 mm silica gel preparative TLC plate. The q, 4 H, CHy), 2.40 (br g, 12 H, &), 1.36 (t, 6H, Gis), 1.22 (t, 6H,
plate was developed with chloroform to give 10 resolved bands and CH), 1.16 (t, 6H, G3), 1.03 (t, 6H, Gs). IR (Fluorolube mull, crm):

an unresolved brown smear extending upward from the origin. The 3150 br w, 2970 m, 2930 m, 2860 m, 2220 WEN)), 1690 s, 1660
colors of the resolved bands on the dried plate in order of decreasmgW’ 1620 m, 1560 m, 1530 m. 1500 m, 1480 w, 1450 w, 1380 w, 1360

R: were yeIIow,_brown-yeIonv, yellow-green which containeg{ GEB- w, 1320 w, 1300 w, 1280 w, 1260 w, 1200 s, 1160 s, 1140 s, 1060 w,
15,19-(CN)), pink, purple-pink, peach, purple, blue, purple-gray, and 1020 m. 980 m

red-violet. Fractions of the yellow-green band were scraped from the
silica plate with a scalpel and extracted from the silica with chloroform.  [Zn" (OEOP-15-(CN))[(O,CCH3). Green H(OEB-10-(CN)) (62.8
Multiple TLC separations were conducted to recover roughly 3 mg of Mg, 0.11 mmol) was dissolved in 50 mL of chloroform and heated
H,[OEB-15,19-(CN)]. UV —vis (CHCk): Amax nm (relative absor- under reflux. Zinc acetate dihydrate (100 mg, 0.46 mmol) was dissolved
bances) 302 (0.83), 412 (1.00), 722 sh (0.25), 778 (0.38)NMR in 20 mL of methanol and added to the chloroform solution. After 10
(CD.Cl): 6 12.60 (brs, 1 H, NH), 8.81 (br s, 1 H, NH), 6.89 and min the reaction mixture was evaporated to dryness to give a green
6.26 (s 1 H each, 5,10-H), 3.10, 2.95, 2.75, 2.46, 2.282d each, residue that contained ZHOEB-10-(CN)). This residue was dissolved
CHy), 2.70-2.52 (m 6 H, CH), 1.40-1.19 (m, 18 H, CH), 1.15 and in 10 mL of acetic anhydride and heated under reflux. After 5 min the

1.06 (t 3 H each, CH). MS (MALDI): m/e 611.3406 (G7H44NeO + contents of the flask were evaporated to dryness. The product was

Na'), 585.3359 (GHiNsO + Nat, i.e., loss of CN), 416.2694 purified by column chromatography on silica with chloroform as eluant.

(C27H3aN30), 404.2659 (@sHz4N3z0), 283.1792 (GeH23N20). Two unidentified bands (green and red) were allowed to pass through
H>(OEB-15,19-(CN}). Method 2.[Zn"(OEOP)(QCCHy) (70 mg, the column. Addition of 24% methanol in chloroform to the column

0.11 mmol) was dissolved in 30 mL of dichloromethane in a 100 mL  eluted the desired product as a broad green band. Yield: 23 mg, 30%.
ﬂaSk- and brought to reflux temperature. Te[m)(utyl)gmmonlum UV/vis Spectrum in Ch|0r0f0rrn/'[[max’ nm (6, M1 Cmfl)]: 410 (54000),
cyanide (172 mg. 0.66 mmol) was added to the dichloromethane g40 (8000), 688 (48000). 400 MH& NMR (chloroformd): 6 9.24

solution and the reaction mixture stirred for 30 min. A color change (s 2 H, meso protons), 3.87 (m, 4 H, methylene protons), 3.52 (m, 12
from green to yellow-green was observed during this time frame. The methylene protons), 1.64 (m, 24 H, methyl protons).

contents of the flask were poured into 70 mL of dichloromethane and " 0
then extracted with water (& 100 mL). The dichloromethane layer Zn' (OEB-10,19-(CN}). [Zn"(OEOP-15-(CN))|(QCCHs) (20 mg,
0.030 mmol) was dissolved in 10 mL of dichloromethane with stirring

was observed to change from a yellow-green to a brown-green. This ; - ; 5
layer was separated, dried with sodium sulfate, and taken to dryness!© 91Ve @ green solution. Tetraputyl)ammonium cyanide (39 mg, 0.15
mmol) was added to produce an immediate change in color from green

to give an olive-green solid. Column chromatography of this solid on ! ¢ 8 ]
silica (3 x 20 cm), with 2% tetrahydrofuran in dichloromethane, to brown. The reaction solutlonlwas poured into 50 mL qf dichlo-
produced many different colored bands. The first major band, yellow- romethane and then washed with waterx350 mL). The dichlo-
green H(OEB-15,19-(CN)), was isolated and repurified by column ~ fomethane layer was dried with anhydrous sodium sulfate and
chromatography on silica (% 15 cm) with 10% tetrahydrofuran in ~ evaporated to dryness. The product was purified by column chroma-
hexanes. The second major band, browr (DEB-10,15,19-(CN), tography on silica (25 mmx 150 mm) with 10% ethyl acetate in
was also collected and repurified by column chromatography on silica hexanes as eluant. An unidentified green band eluted first, and a second
(8 x 15 cm) with 10% tetrahydrofuran in hexanes (characterization brown band, identified as 2(OEB-10,19-(CN;y), was collected and
provided below). A third major band, brown Z©EB-15,19-(CNy), evaporated to dryness. Yield: 4 mg, 21%. UV/vis spectrum in
was collected and repurified by column chromatography on silica (3 chloroform Jimax, nm (€, M~ cm™3)]: 422 (65000), 896 (13100). 400

x 15 cm) with 10% tetrahydrofuran in hexanes (characterization MHz *H NMR (chloroformd): 6 6.94 (s, 1 H, meso proton), 5.86 (s,
provided below). Two remaining purple fractions were not identified. 1 H, meso proton), 2.93 (m, 4 H, methylene protons), 2.50 (m, 12 H,
Yield: 9.5 mg, 15%. UV/vis spectrum in chloroformafa, nm, 6, methylene protons), 1.18 (m, 24 H, methyl protons). IR (Fluorolube
M~tcm )] 302 (21700), 416 (26200), 724 (7100), 774 (9300). 300 mull, cn): 2960 s, 2930 s, 2900 m, 2206 M(CN)), 1700 m, 1640

MHz *H NMR (chloroformd): 12.61 (br's, 1 H, M), 8.86 (br s, 1 H, m, 1580 s, 1520 s, 1450 s, 1350 m. MALDI mass spectromz651.35
NH), 6.82 and 6.26 (sL H each, 5,104), 3.20-2.20 (m 16 H, &), (M.

1.50-1.00 (m, 24 H, Ei3). 1
. ) . Zn'"(OEB-10,15,19-(CNj). Method 1. A sample of [Zi(OEOP-
1 - -
Zn_ (OEB 10,1_5,19 (CNY). T_he isolation of this compound was 15-(CN))[(0:CCH) (27 mg, 0.040 mmol) was dissolved in 25 mL of
described above in the synthesis o{ GEB-15,19-(CN)) as the second . S - .
chloroform with stirring to give a green solution. Tetma{utyl)-

major band (brown). Yield: 4.4 mg, 6.1%. UV/vis spectrum in . .
chli)roform ﬁ( nm)(e M-t emY)): 4%14 (13700), 906 (35)180) 400 @mmonium cyanide (25 mg, 0.093 mmol) was added to the green
e y . ’ . solution, which was stirred for 2 h. The reaction solution was then

MHz *H NMR (chloroformd): 6 6.12 (s, 1 H, 5H), 2.90 (m, 4 H, ! .
CH), 2.50 (m (12 H, Gly), 1 )15 (m, 24 |E| ). IR (I):Iuorolu(be mull poured into 75 mL of chloroform and extracted with water3L.00

cmY): 2970 s, 2930 s, 2880 m, 2850 m, 2210 WQN)), 1720 w mL). The chloroform layer was dried with sodium sulfate and
1670 w, 1550 s, 1500 m, 1460 m, 1380 m. MS (MALDHYe 676.24 evaporated to dryness. The resulting brown oil was purified by column
(M*) (CasHaN,0Zn). chromatography on silica (25 mm 150) with 10% acetic anhydride

Zn"(OEB-15,19-(CN}Y). The isolation of this compound was N hexanes as eluant. The first unidentified green band was set aside.

described above in the synthesis o{®EB-15,19-(CN}) as the third The second band (brown), identified as'ZDEB-10,15,19-(CN), was
major band (brown). Yield: 10 mg, 14%. UV/vis spectrum in collected and taken to dryness. Yield: 8 mg, 29%. UV/vis spectrum
chloroform Pmas NM (6, M=t cm3)]: 308 (12000), 430 (16300), 796  in chloroform fimax, nm €, M~ cmY)]: 444 (13700), 906 (3480). 400
(3800), 868 (5700). 300 MH#H NMR (chloroforms): ¢ 6.41 and MHz *H NMR (CDCl): ¢ 6.12 (s, 1 H, meso proton), 2.90 (m, 4 H,
5.90 (s 1 H each, 5,1(H), 3.10-2.2 (m, 16 H, &), 1.30-1.05 (m, methylene protons), 2.50 (m, 12 H, methylene protons), 1.15 (m, 24
24 H, Hj). H, methyl protons). IR (Fluorolube mull, ci): 2970 s, 2930 s, 2880

Zn"(HOEB-10-(CN)). Green H(OEB-10-(CN)) (11.9 mg, 0.021 m, 2850 m, 2210 wi(CN)), 1720 w, 1670 w, 1550 s, 1500 m, 1460
mmol) was dissolved in 50 mL of chloroform and heated to reflux m, 1380 m. MALDI mass spectrumm/z 676.24 (M').
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Table 4. Crystal Data and Data Collection Parameters
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u-H,0-{Zn"(OEB- u-H,0{Zn"(OEB- Cd'(OEB
10,19-(CN))}» 10,15,19-(CNy)} - -15,19-(CN}))-
0.5aceton®.6H,0 acetone acetone
formula Grs.sdHs9.69N12.3004.10ZM2 Cr9HooN1404Z12 CaoHagNsO2Co
fw 1369.39 1430.40 703.77
color and habit black parallelpiped black plates black plates
cryst syst orthorhombic monoclinic _triclinic
space group Pbcn Qlc P1
a, 23.102(4) 23.3553(11) 11.465(3)
b, A 15.6338(16) 15.1570(7) 12.133(4)
c A 20.557(3) 20.8893(10) 13.833(13)
o, deg 90 90 96.780(4)
B, deg 90 97.4790(10) 96.299(4)
y, deg 90 90 104.384(4)
Vv, A3 7424.8(17) 7340.5(6) 1831.5(8)
T, K 133(2) 91(2) 90(2)
z 4 4 2
earca,g cr 3 1.225 1.294 1.276
radiation ¢, A) Cu Ka (1.54178) Mo K (0.71073) Mo K (0.71073)
w, mmt 1.230 0.713 0.511
range of transm factors 0.6@.91 0.78-0.90 0.78-0.96
no. of unique data 4893 11801 6631
no. of params refined 449 479 453
R12 0.080 0.043 0.052
WR2® 0.245 0.117 0.143

2 For data withl > 20(1). ® For all data.

Zn'"(OEB-10,15,19-(CNj)). Method 2.[Zn"(OEOP-15-(CN))|(&- complex produced black parallelepipeds. A parallelepiped was coated
CCHg) (27 mg, 0.040 mmol) was dissolved in 25 mL of chloroform  with a light hydrocarbon oil and mounted in the 133 K dinitrogen stream
and stirred to give a green solution. Tetrdlutyl)Jammonium cyanide of a Siemens P4 diffractometer equipped with a Siemens LT-2 low-
(25 mg, 0.093 mmol) was added to the green solution, which was stirred temperature apparatus. Intensity data were collected using graphite-
for 2 h. The reaction contents were then poured into 75 mL of monochromated Cu & radiation. Crystal data are given in Table 4.
chloroform and extracted with water (8 100 mL). The chloroform Two check reflections showed only randomi@6) variation in intensity
layer was dried with sodium sulfate and taken to dryness. The resulting during data collection. The data were corrected for Lorentz and
brown oil was purified by column chromatography on silica (25 mm polarization effects.

x 150) with 10% ethyl acetate in hexanes as eluant. The first  Solution and Structure Refinement.Calculations were performed
unidentified green band was set aside. The second band (brown),with the SHELXTL 5 series of programs. Scattering factors and
identified as ZW(OEB-10,15,19-(CNy), was collected and taken to  correction for anomalous dispersion were taken from a standard
dryness. Yield: 8 mg, 29%. Spectral data matches that of tHe Zn source* An absorption correction was applied geH,0-{Zn"(OEB-
(OEB-10,15,19-(CN) sample prepared above. 10,19-(CN})},-0.5acetond).6H,0%2 and to C4(OEB-15,19-(CNy)-

Co''(OEB-15,19-(CN}). Approximately 10 mg of K{OEB-15,19- acetoné® The solutions were determined by direct methods and
(CN),) was dissolved in 5 mL of acetone and titrated with a saturated subsequent cycles of least-squares refinement and calculation of
solution of cobalt(ll) acetate in methanol. The insertion reaction was difference Fourier maps.
monitored by UV/vis spectroscopy until a complete change from the  Calculation Methods. Local density functional calculations were
free-ligand absorbances (412 nm, 778 nm) to the metal-inserted performed using the SVWN implementation of the Vosktilk —
absorbances (440 nm, 796 nm) occurred. Once the metal insertion wasNusair (VWN) local exchange-correlation potential in Spartans5.0,
complete, the acetone solution was quickly evaporated to dryness. TheDN** basis sets, and a fine mesh for numerical integrations. Starting
resulting brown film was redissolved in 1 mL of acetone and transferred geometries were obtained from Spartan’s graphical builder. Symmetry
to a pipet, which contained a small plug of silica. The acetone effluent, constraints generally were not imposed on the geometry optimizations.

which contained CH{OEB-15,19-(CN)), was carefully layered over
water n a 5 mmo.d. glass tube. Dark black plates of the product Acknowledgment. We thank. the. NIH (GM'26.22.6). for
support. A.M.S. thanks the University of West Virginia for

appeared after-35 days. . .
X-ray Data Collection for g-H,0-{(Zn" (OEB-10,15,19-(CN})} »* granting a sabbatical leave.

acetone and C6(OEB-15,19-(CN})-acetone Crystals were obtained Supporting Information Available: X-ray crystallographic files
by layering an_acetone solution of '2(®EB-'10,1_5,19-(CI\13) over a in CIF format foru-H,0< Zn'(OEB-10,19-(CN))} »-0.5aceton®.6H:0,
layer of water n a 5 mmglass tube. Slow diffusion of water into the u-H0{ (Zn"(OEB-10,15,19-(CN)} »-acetone, and (*¢OEB-15,19-

acetone solution of the complex produced black parallelepipeds. A (cNy),)-acetone. This material is available free of charge via the Internet
parallelepiped was coated with a light hydrocarbon oil and mounted in 4 http://pubs.acs.org.

the 91 K dinitrogen stream of a Bruker SMART 1000 diffractometer
equipped with a CRYO Industries low-temperature apparatus. Intensity 1C0103300
data were collected using graphite-monochromated Maor&diation.
Crystal data are given in Table 4.

X-ray Data Collection for u-H,O-{Zn"(OEB-10,19-(CN})},
0.5acetone0.6H,0. Crystals were obtained by layering an acetone
solution of ZH(OEB-10,19-(CN)) over a layer of watern a 5 mm
glass tube. Slow diffusion of water into the acetone solution of the
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