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Bovine heart cytochrome oxidase and related heme copper oxidases are inhibited by cyanide, which binds at
the binuclear hemas/Cug site where dioxygen is reduced to water. To determine the mode of cyanide binding,
heme-based binuclear complexes containing-oyanide-copper bridges in different oxidation states have been
prepared by the reaction of [(py)(OEP)Fe(CN)] with Cu(ll,l) precursors and structurally characterized by X-ray
methods. Structures of two precursor complexes and two binuclearGDi+Cu species are reported. The
assembly [(py)(OEP)FeCN—Cu(Npys)]?" has a nearly linear fe-CN—CuU' bridge containing low-spin Fe-

(). The assemblies [(OEP)FENC—Cu(MeNpy)] ™ and [(OEP-CH,CN)Fe-NC—Cu(Npys)] " exhibit the high-

spin bridges PE—NC—Cu and Fé—NC—CuU, respectively. These are the first title bridges in these oxidation
states. Bridge atom sequences are obtained from structural refinements of both linkage isomers; those for the
reduced bridges are consistent with the soft-acid nature of Cu(l). Cyanide stretching frequencies respond to
metal oxidation state and bridge geometry and, using data for solution and solid states, fall into the following
ranges: F8—CN—Cu', 2120-2184 cn1?! (11 examples); FéE—NC—Cu, 2072-2100 cnt? (2 examples); Fe-
NC—Cu, 2099-2107 cnt! (1 example). These data are compared wih values for the enzymes in different
oxidation states. A nonlinear lte-CN—Cu' bridge (Cu-N—C = 150-160) is consistent with the 21462152

cm! range found for the fully oxidized enzymes. Bands that can be assigned with some certaintyGis Fe
vibrations in partially and fully reduced enzymes do not appear to correspond'teNfé—Cu' and F&—NC—

Cu bridges but rather to e-CN modes. The current work complements and extends our previous investigation
(Scott and HolmJ. Am. Chem. Sod994 116, 11357) of linear and nonlinear e-CN—Cu' bridges and is part

of an investigation directed at providing a molecular basis of cyanide toxicity. (MeNfys(2-(2-pyridylethyl))-
methylamine; Npy = tris(2-pyridylmethyl)amine; OEP= octaethylporphyrinate2), OEP-CH,CN = N-
(cyanomethyl)octaethylporphyrinatef).)

Introduction to clarify the expected properties of the putativé! FeX—Cu'"
. . . bridges in the oxidases, we have prepared a set of oxidized

Heme-copper terminal oxidases catalyze the reduction of binuclear hemecopper complexes with X 02~, OH-, and
dioxygen to water in a process whose free energy is used tORCO[ 4=7 and demonstrated antiferromagnetic coupling medi-

translocate; prptons across cell membranes, generating pr.OtOQated by these bridgés.Exogenous small ions and molecules
gndt e_Iectrlc tf'?lld gra%;n;s that ?_re ujeflh In ATT synth’isus. such as cyanide, isonitriles, carbon monoxide, nitric oxide, and
b_ro e;n crhys a o%rap H a;s ﬁ_or;‘lrmst te eéqs ;_ance oF @ azide have been used as spectroscopic probes of the binuclear
Ir:m:r?eea(;xizir;?j/ f;?nilse,oafl \':\rllelcerS\g ;; ef:ﬁr;:r;%r;ggjgrs' site. Among these species, cyanide binds to the oxidized and
Y reduced enzymes and is an irreversible inhibitor of enzyme

denitrificansand bovine heart, the site consists of a high-spin N . . 10 o
Fe(Ill) atom with an axial NHis ligand distal to a Cu(ll) atom action}® accounting for its toxicity® Cyanide ligation at the

which is implicated in Cu(NHis); coordination. The Fe-Cu
separations are Z2nd 4.5 A3 in the bacterial and bovine

(4) Lee, S. C.; Holm, R. HJ. Am. Chem. S0d.993 115 5833, 11789.
(5) Scott, M. J.; Zhang, H. H.; Lee, S. C.; Hedman, B.; Hodgson, K. O.;

enzymes, respectively. However, the bridging ligand or ligands, Holm. R. H.J. Am. Chem. Sod.995 117, 568.
whose presence is strongly inferred from magnetic and spec- (6) Scott, M. J.; Goddard, C. A.; Holm, R. Hhorg. Chem.1996 35,
troscopic propertieshave not yet been identified. In an attempt 2558. , _
(7) Oxo- and hydroxo-bridged systems have also been prepared by Karlin
and co-workers: Fox, S.; Nanthakumar, A.; WikstroM.; Karlin,
(1) (a) Malmstion, B. G.Chem. Re. 1990 90, 1247. (b) Babcock, G. K. D.; Blackburn, N. JJ. Am. Chem. So0&996 118 24 and references
T.; Wikstrom, M. Nature 1992 356, 301. (c) Gar@-Horsman, J. A,; therein.
Barquera, B.; Rumley, J.; Ma, J.; Gennis, R.B.Bacteriol. 1994 (8) Kauffmann, K. E.; Goddard, C. A.; Zang, Y.; Holm, R. H.;"ktk,
176, 5587. (d) Ferguson-Miller, S.; Babcock, G.Ghem. Re. 1996 E. Inorg. Chem.1997, 36, 985.
96, 2889. (9) (a) Baker, G. M.; Noguchi, M.; Palmer, G. Biol. Chem1987, 267,
(2) (a) lwata, S.; Ostermeier, C.; Ludwig, B.; Michel. Nature 1995 595. (b) Schoonover, J. R.; Palmer, Biochemistry1991, 30, 7541.
376, 660. (b) Ostermeier, C.; Harrenga, A.; Ermler, U.; Michel. H. (c) Day, E. P.; Peterson, J.; Sendova, M. S.; Schoonover, J.; Palmer,
Proc. Natl. Acad. Sci. U.S.A997 90, 1247. L. Biochemistryl993 32, 7855. (d) Lodder, A. L.; Van Gelder, B. F.
(3) (a) Tsukihara, T.; Aoyama, H.; Yamashita, E.; Tomizaki, T.; Yamagu- Biochim. Biophys. Actd994 1186 67. (e) Wilson, M. T.; Antonio,
chi, H.; Shinzawa-lIto, K.; Nakashima, R.; Yaono, R.; Yoshikawa, S. G.; Malatesta, F.; Sarti, P.; Brunori, M. Biol. Chem.1994 269,
Sciencel995 269, 1069. (b) Tsukihara, T.; Aoyama, H.; Yamashita, 24114. (f) Fabian, M.; Palmer, @iochemistry1995 34, 1534. (g)
E.; Tomizaki, T.; Yamaguchi, H.; Shinzawa-Ito, K.; Nakashima, R.; Panda, M.; Robinson, N. @iochemistry1l995 34, 10009.
Yaono, R.; Yoshikawa, SSciencel996 272 1136. (10) Lablanca, D. AJ. Chem. Educl979 56, 788.
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binuclear site blocks dioxygen binding and thus the reaction Chart 1. Designation of Complexes
O, + 4H" + 4e — 2H,0, the final step in aerobic metabolism.

2+ 7

The mode of cyanide binding to the binuclear sites of heme {gﬂmggmg% %25
copper oxidases is unresolved, a matter raised recently by [Cu(Npys)(CN)* 3
Palmer!! Proposals have included terminal binding to either [CU(MeNDYz)(OCQ)j 4
metal, bridging to both metals, and binding at the heme group {gﬂ;%ﬁgﬁ{gf\(‘(ﬁw] g

with the nitrogen end of the ligand subject to hydrogen-bonding [Fe(OEP)(py)(CN)] 721
interactions. That cyanide invades the binuclear site in the [(py)(OEP)Fe-CN—Cu(Npys)]?* 8

oxidized form is based, among other evidence, on conversion [(py)(OEP)Fe-CN—Cu(Mestren)F* 9%

of hemeag from a five-coordinate high-spin configuration to a KgE?E‘*“g:g“%ﬁW”ﬁ i%z
low-spin state, strongly implying six-coordinate Fe(lll), and &OEFQC‘;ZCN)F;(N%flgﬂ)(pr)r 12

strong modification of magnetic coupling between heapand
Cug.* Structural propositions have been based largely on the Experimental Sectior?
position and intensity of cyanide stretching frequenciesX
i i 2-17 imi
gf bovine hf?jrtfcytOChYOTiOdeaS?l. bi _Slr’r:llar_ggéigave interest in this work and are numerically designated in Chart 1. Of
een reported for several bacterial ubiquinol oxi ’ these,l, 2, 7, 9, and11 have been previously prepared.

Toward the end of ultimately providing a molecular basis  Ppreparation of Compounds. Except for those of Cu(ll) complexes,
for cyanide toxicity by defining the structures of cyanide-bound all preparations were carried out under a pure dinitrogen atmosphere
binuclear enzyme sites, we have prepared and structurallyusing Schlenk or standard glovebox techniques. Solvents were dried
characterized a set of hemeopper complexes containing the ~and degassed by standard methods. - )
bridge [Fé' —CN—Cu'].2122 These complexes have afforded Caution! Although we have experienced no difficulty with the

a necessary database of bridge structures and valuesg, @fs Zﬁ?gﬁgﬂﬂf S : i‘;ﬁ%ﬁgdhzgibf;;(;wrate salts are potentially explosive

dependent on the metric parameters of the pr@ges. Bridge (a) Copper Complexes. [Cu(Npy)(CN)J(CIO4) ([31(CIO.). A
Cu—N bond lengths and CtN—C angles vary within the set,  solution of 27 mg (0.41 mmol) of KCN in 15 mL of methanol was
allowing a correlation between these parametersigidand added to a solution of 0.25 g (0.40 mmol) of [Cu(N}{MeCN)]-
leading to the conclusion that a (nonlinear) bridge structure in (ClO,).” in 5 mL of methanol. The reaction mixture was stirred
the enzymes is possibf. A vibrational analysis of a species overnig_ht anc_i filtered, a_nd the fiI_trate was reduceql t_o dryness in vacuo.
with a nearly linear bridge strengthens the bridge structure The solid residue was dissolved in 5 mL of acetonitrile, and the solution

. I was filtered. Ether (20 mL) was slowly added to the filtrate, and the
proposal and further suggests that the binuclear site is SUf'mixture was allowed to stand for 6 h. A blue crystalline solid was

ficiently flexible structurally to accommodate other €x0genous  cojiected by filtration and washed with ether to afford 86 mg (45%) of
ligands?® In addition to the fully oxidized F&/Cu' form, the product. IR (Nujol mull): vey 2143 cnr®. Anal. Caled for GoHie-
binuclear site can be adjusted to the half-reduced and fully CICuNsO,: C, 47.67; H, 3.78; N, 14.61. Found: C, 47.48; H, 3.78;
reduced states B¢Cu and Fé/Cu, respectively, with which N, 14.53.

cyanide also reacts. There being no structural or vibrational — [Cuz(Npys)(CN)I(CIO) ([6](CIO4)). A solution of 0.14 g (0.98
information on heme-based cyanide-bridged molecules with MmOl of (ELN)(CN) in 5 mL of acetonitrile was added to a solution
these lower oxidation states, we have synthesized several0f 0.50 g (1.0 mmol) of [CuNPH(MECN)J(CIOY* in 5 mL. of

~acetonitrile. The mixture was stirred for 10 min, resulting in a white

examples of such bridged assemblies and determined t}"e'rsuspension. The solvent was removed in vacuo, and the solid residue

structures for the purpose of defining the nature of their bridges. was partially dissolved in a minimal volume of THF. The solution
Whereas the fully oxidized complexes possess the foregoingwas filtered, and the filtrate was reduced to dryness in vacuo to give a
bridge atom sequené&?2the possibility of linkage isomerism,  yellow solid. This material was dissolved in 5 mL of acetonitrile, and
viz., Fe=CN—Cu vs Fe-NC—Cu, appears in the reduced forms 20 mL of ether was added to the solution. After several days, the
and in any enzyme bridge in these oxidation states. The resultsProduct was obtained as 0.17 g (20%) of a yellow solid. FAB-MS:
of our expanded investigation of cyanide-bridged hewapper 2. /32 (M), 379 (M* — Npys), 353 (M — Npys — CN). IR
N . S ._(Nujol): vey 2107 cmit. The THF-insoluble solid is formulated as

assemblies in three different oxidation states are reported hereing,o polymer [Cu(Npy)(CN)Jx. FAB/MS: miz 379 (M*), 353 (M* —

CN). The polymer was also prepared by the reaction of CUCN with

Designation of Complexes. Complexes1—12 are of principal

(11) Palmer, GJ. Bioenerg. Biomembi993 25, 145. Npys in THF in 80% yield.

(12) Yoshikawa, S.; Caughey, W. $. Biol. Chem.199Q 265, 7945, [Cuz(MeNpy2)2(CN)](CIO,) ([5](CI04)). [Cu(MeNpys)(OCIOy)]

(13) Cau_ghey, W. S.; Dong, A.; Sampath, S.; Yoshikawa, S.; Zhao, X.-J. \yas prepared in a procedure analogous to that for [Cu(MeNP¥)2®
J. Bioenerg. Biomembd993 25, 81. using MeNpy?® and [Cu(MeCN)](ClO4).2” The compound was

(14) Tsubaki, M.; Yoshikawa, SBiochemistryl993 32, 164.
(15) Li, W.; Palmer, GBiochemistry1993 32, 1833.

(16) Yoshikawa, S.; Mochizuki, M.; Zhao, X.-J.; Caughey, W.JSBiol. (24) Abbreviations: hs, high-spin; Is, low-spin; bigen, 1,1,4,7,7-pen-
Chem.1995 270, 4270. tamethyldiethylenetriamine; 1-Melm, 1-methylimidazole, Mebpy
(17) Hirota, S.; Ogura, T.; Shinzawa-Itoh, K.; Yoshikawa, S.; Kitagawa, bis(2-(2-pyridylethyl))methylamine; Mgen, tris(2-(dimethylamino)-
T. J. Phys. Cheml1996 100, 15274. ethyl)amine; Npy, tris(2-pyridylmethyl)amine; OEP, octaethylpor-
(18) Tsubaki, M.; Mogi, T.; Anraku, Y.; Hori, HBiochemistryl993 32, phyrinate(2-); OEP-CH,CN, N-(cyanomethyl)octaethylporphyrinate-
6065. (1-); TPP, 5,10,15,20-tetraphenylporphyrinatef2TTP, 5,10,15,20-
(19) Tsubaki, M.; Magi, T.; Hori, H.; Sato-Watanabe, M.; Anraku, J. tetrap-tolylporphyrinate(2-). Note that the ligand Npy(so named
Biol. Chem.1996 271, 4017. here for comparison with MeNpy has been previously designated
(20) Tsubaki, M.; Matsushita, K.; Adachi, O.; Hirota, S.; Kitagawa, T.; as TMPA and originally as TPA (Anderegg, G.; Wenk,Helv. Chim.
Hori, H. Biochemistry1997 36, 13034. Acta 1967 50, 2330).
(21) (a) Lee, S. C.; Scott, M. J.; Kauffmann, K.;"kk, E.; Holm, R. H. (25) Tyekla, Z.; Jacobson, R. R.; Wei, N.; Murthy, N. N.; Zubieta, J.;
J. Am. Chem. S0d994 116, 401. (b) Scott, M. J.; Lee, S. C.; Holm, Karlin, K. D. J. Am. Chem. S0d.993 115 2677.
R. H.Inorg. Chem.1994 33, 4651. (26) Sanyal, I.; Mahroof-Tahir, M.; Nasir, M. S.; Ghosh, P.; Cohen, B. |.;
(22) Scott, M. J.; Holm, R. HJ. Am. Chem. S0d.994 116, 11357. Gultneh, Y.; Cruse, R. W.; Farooq, A.; Karlin, K. D.; Liu, S.; Zubieta,
(23) Gardner, M. T.; Deinum, G.; Kim, Y.; Babcock, G. T.; Scott, M. J.; J.Inorg. Chem.1992 31, 4322.

Holm, R. H.Inorg. Chem.1996 35, 6878. (27) Hemmerich, P.; Sigwart, Experiential963 19, 488.
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Table 1. Crystallographic Datafor the Copper Complexes

Lim and Holm

[1](ClO,)2MeCN [21(CIO4) [5]1(ClO,) [6](CIOy)
formula C22H24C|20UN(503 C20H21C|CUN504 C31H33C|CU2N704 C37H36C|CL12NQO4
fw 634.92 494.42 735.24 833.30
cryst syst monoclinic orthorhombic monoclinic monoclinic
space group P2:/c Fdd2 P2:/n Cilc

4 16 4 4
a A 18.832(4) 26.209(5) 11.9295(4) 14.723(3)

b, A 10.778(2) 26.379(5) 19.2561(3) 11.548(2)

c A 14.566(3) 12.550(2) 14.5407(3) 22.256(5)

p, deg 110.18(3) 96.60(3) 97.62(2)

v, A3 2775(1) 8677(3) 3318(1) 3750(1)

T, K 223 223 223 298

ealr glc? 1.520 1514 1.433 1.476

w, mnrt 1.04 1.17 141 1.26

R (WRy),> % 3.69 (10.18) 5.14 (6.18) 5.73 (11.92) 5.37 (12.92)

a Obtained with graphite-monochromatized Mo Kadiation ¢ = 0.710 73 A).L R= S ||Fo| — |Fdll/3 |Fol; WR: = { S [W(Fo2 — FA)2/ S [W(F)?]} 2.

Table 2. Crystallographic Datafor the Iron—Copper Cyanide-Bridged Assemblies

[8](ClO4)2-2MeCNEL,O

[10](ClO.)-2MeCN

[12)(CIO,)-MeCN [12)(ClO4)-EtCN

formula CagHggClzCUFGNzOg C56H69C|CUF6N004 C59H67C|CUFGN_104 CeoHsgClCUFeN]_O4
fw 1402.79 1101.08 1149.10 1163.13
cryst syst orthorhombic monoclinic monoclinic monoclinic
space group Pca2; P2:/n P2i/c P2i/c

Z 4 4 4 4

a A 35.469(2) 18.8322(3) 12.079(9) 12.1215(2)
b, A 12.9779(8) 15.1367(1) 33.79(2) 33.9151(4)
c, 15.6382(9) 19.9600(2) 15.04(1) 15.0970(2)
B, deg 103.473(1) 110.35(3) 110.395(1)
vV, A3 7198.4(7) 5533.2(1) 5754(7) 5817.3(1)

T, K 213 213 213 213

eale glc® 1.294 1.322 1.327 1.329

w, mmt 0.63 0.75 0.72 0.72

R (WRy),» % 6.81 (12.75) 6.45 (17.72) 7.79 (13.37) 5.21 (12.14)

a Obtained with graphite-monochromatized Mo Kadiation ¢ = 0.710 73 A).b R= 3 ||Fo| — |Fd/|/Y [Fol; WR: = { S [W(Fo2 — FA2/ 3 [W(FDF} V2.

obtained in 50% vyield as a pale yellow solid. A solution of 0.10 g
(0.25 mmol) of [Cu(MeNpy)(OCIOs)] in 25 mL of acetonitrile was
treated with 16 mg (0.25 mmol) of KCN. The reaction mixture was
stirred overnight and filtered. The collected solid was dissolved in 20
mL of dichloromethane, and the solution was filtered. Ether (50 mL)
was added to the filtrate, resulting in the separation of the product as
0.11 g (60%) of a yellow microcrystalline solid. IR (Nujolycy 2103
cm L. Anal. Calcd for GiH3sCICWwLN,O4: C, 50.64; H, 5.21; N, 13.34.
Found: C, 50.53; H, 5.18; N, 13.29. The compound has also been
identified by an X-ray structure determination.

(b) Iron —Copper Bridged Assemblies. [(py)(OEP)Fe CN—Cu-
(Npy3)](ClO 4)2+0.5E£0 ([8](ClO 4),+0.5E£0). A solution of 16 mg
(27 umol) of [Cu(Npys)(MeCN)](CIOy),” in 0.5 mL of acetonitrile was
added slowly to a solution of 19 mg (28nol) of [Fe(OEP)(CN)(py*
in 0.5 mL of acetonitrile. The dark red solution was stirred for 20
min and filtered. Several volume equivalents of ether were introduced
into the filtrate by vapor diffusion. The product was collected by
filtration, washed with ether, and obtained as 25 mg (74%) of red-
violet crystals. Absorption spectrum (dichloromethan&)ax (em) 397
(86 000), 521 (8400), 560 (5400), 623 (1700), 832 (770) nm.
(Nujol): ven 2175 cnrt. *H NMR (MexCO), §: 10.10, 10.21 (Ch);
3.31 (CH), 1.24 (CH) (OEP). The product analyzed satisfactorily as
an ether hemisolvate. Anal. Calcd forH7,Cl,CuFeNOss C,
58.01; H, 5.65; Cu, 4.95; Fe, 4.35; N, 10.91. Found: C, 57.72; H,
5.48; Cu, 5.03; Fe, 4.41; N, 10.29. This compound has also been
identified by an X-ray structure determination. TR¥N-labeled
compound was prepared in the same way using [Fe(GERNJ(py)].
ven (Nujol): 2135 cntt

[(OEP)Fe—NC—Cu(MeNpy,)](ClO 4)-2MeCN ([10](ClO4)-2MeCN).
A solution of 8.4 mg (2Iumol) of [Cu(MeNpy)(OCIOs)] in 0.5 mL
of acetonitrile was added to a solution of 13 mg (@®ol) of [Fe-
(OEP)(CN)(py)] in 0.5 mL of acetonitrile. The reaction mixture was
stirred fa 2 h and filtered. Several volume equivalents were introduced

IR

into the filtrate by vapor diffusion of pentane/ether (1:1 v/v). The
product was collected by filtration, washed with ether, and obtained as
12 mg (57%) of black crystals. Absorption spectrum (dichlo-
romethane): Amax (em) 379 (110 000), 503 (9900), 639 (3600), 830
(1700). IR (Nujol): ven 2072 cnmt. 'H NMR (Me;CO), 6: 54.2,
44.8 (CH); 7.80 (CH) (OEP). Anal. Calcd for HgosCICUFeNO4:
C, 61.09; H, 6.32; Cu, 5.77; Fe, 5.07; N, 12.72; Found: C, 61.19; H,
6.26; Cu, 5.83; Fe, 4.94; N, 12.63.
[(OEP—CH,CN)Fe—NC—Cu(Npys)](CIO 4)-MeCN ([12](CIO4)-
MeCN). A solution of 20 mg (39mol) of [Cu(Npys)(MeCN)](CIO,)?
in 0.5 mL of acetonitrile was slowly added to a solution of 26 mg (38

umol) of [Fe(OEP)(CN)(py)] in 0.5 mL of dichloromethane. The dark

brown solution was stirred for 10 min and filtered. Several volume
equivalents were introduced into the filtrate by vapor diffusion of
pentane/ether (1:1 v/v). The product was collected by filtration, washed
with ether, and obtained as 12 mg (28%) of black needlelike crystals.
IR (Nujol mull): vcy 2099 cnt. H NMR (Me,CO),: 28.66, 25.03,
21.68, 20.60 (Ch); 0.88, —0.36 (CHy) (OEP-CH:CN). The bulk
sample contained an ca. 20 mol % impurity of [Fe(OEP)CI]; all efforts
to remove this material failed. For this reason, the preparation was
not analyzed. This compound has also been identified by an X-ray
structure determination.

[(OEP—CH.CN)Fe—NC—Cu(Npy3)](CIO4)-EtCN ([12](CIO 4)-
EtCN). This compound was prepared by an analogous procedure but
with propionitrile instead of acetonitrile. It was obtained in a yield
comparable to that of the preceding compound and also contained an
impurity of [Fe(OEP)CI]. This compound has also been identified by
an X-ray structure determination.

X-ray Structure Determinations. Structures were determined for
the eight compounds in Tables 1 and 2, which contain cell parameters
and refinement results. Crystals di({ClO4)MeCN, [2](CIO,), [6]-
(ClOy), [8](ClO4)2:2MeCNELO, and [LOJ(CIO4)-2MeCN were grown
by vapor diffusion of ether into saturated acetonitrile solutions. Crystals
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CN
py 7
MeCN
t[Cu Npy)s(MeCN)J2* 1[Cu(Me6tren)(0H2)]2* ‘[Cu(Meprz)(omos)] l[Cu(Me5dien)(MeCN)]” 1[Cu(pr3)(MeCN)]”
f\’l N
oD -,
~( .l N N rﬂe =
cu" = ( 1 Me |
\ /N/ C —N \ /N\ — d
)1750 174° N—C”_N C
1740 }_'*', - |u o N 177° 175°
( 165° N 169 ‘76°(:N
III
\\CN
8 9 10 11 12

Figure 1. Synthesis of hemecopper bridged assemblies utilizing heme complend the indicated Cu(ll,l) precursors: "HEU', 8, 9; F€''/CU,
10, 11; F€'/CU, 12. The crystal structures of all assemblies have been determined in this and previodd #aqrkpbable bridge atom sequences
for 10—12 are indicated.

of [5](ClO,4) were obtained by vapor diffusion of ether into a saturated final difference Fourier maps showed no significant electron density.
dichloromethane solution. Crystals dfJ(ClO4)-RCN (R= Me, Et) Final agreement factors are contained in Tables 1 afid 2.
were grown by vapor diffusion of ether/pentane (1:1 v/v) into a saturated ~ Other Physical Measurements. 'H NMR spectra were obtained
solution in acetonitrile/dichloromethane (1:1 v/v) or propionitrile/  with a Bruker AM-500 spectrometer. Infrared spectra were recorded
dichloromethane (1:1 v/v). Crystals were mounted in Paratone-N oil on a Nicolet IR/42 FT-IR spectrometer. Absorption spectra were
on the ends of glass capillaries and frozen under a dinitrogen cold recorded on a Perkin-Elmer Lambda 4C spectrophotometer.
stream. Data for ](CIOs) were obtained at ambient temperature
because of the cracking of crystals at low temperature. Data were Results and Discussion
collected on a Nicolet P3F for copper complexes and on a Siemens ) o o
SMART CCD Area Detector System for irertopper complexes. Cell Preparation of Compounds. In our earlier investigations
parameters were determined from a least-squares analysis of more tha®f cyanide-bridged binuclear hemeopper complexes, empha-
30 reflections with 12 < 20 < 24° for the copper complexes. None  sis was placed on the fully oxidized 'Fe CN—Cu' bridge.
of the compounds showed significant decay over the course of dataSome 10 species containing this bridge were prepdr&dhese
collection. Peak profile fitting was performed by the program XDISK, were sought primarily to understand the effect of variant bridge
and absorption corrections were applied usjngcan techniques for  cy—N distances and GuN—C angles on the vibrational
[1](C104)2"MeCN, [2)(CIO,), [S)(CIO4), and B](CIO.). Raw intensity properties of the bridge, especially the cyanide stretching
data for BJ(CIO.)>"2MeCNELO, [10(CIO)-2MeCN, and L2(CI0) faquencie€223 In this work, we have prepared one additional
RCN were integrated to structure factor amplitudes and their esd’s by . .

example of this bridge and have sought reduced forms of the

the program SAINT, and absorption corrections were applied by brid h iah d h f he
SADABS. Space groups were confirmed by systematic absences and ridge that might correspond to other states o uwpper

by successful structural refinements.. Structures were solved by directoXidases reported to bind cyanide. Methods of synthesis of the
methods and refined oR? using the programs SHELXTL 5.03 or ~ Cyanide-bridged irorrcopper assemblie8, 10, and 12 are
SHELXTL 97. All non-hydrogen atoms except the disordered carbon outlined in Figure 1. The preparations®f andL1?2 have been

and nitrogen bridge atoms iB]{CIO4) were described anisotropically;  described previously. All are derived from heme complex
hydrogen atoms were placed in calculated positions. One methyl group by reaction with the appropriate Cu(ll,I) precursor in acetonitrile.
of a porphyrin ethyl substituent ifl{](ClO)-2MeCN is disordered  The latter contain labile ligands that are displaced by the cyanide
over two positions and was refined with occupancy factors of 0.7 and group of 7. The synthesis 08, obtained in 74% yield fron?

0.3. The bridge atoms ir6](ClO,) are disordered across the inversion and 1, closely parallels that 0® and other Fé—CN—Cu'

center and were refined with the site occupancies Gt5G.5N. In ‘21,22 | |
[5](CIO.), the Cu(1)-N—C—Cu(2) and disordered Cu@N/CC/N— assemblies!?? The F¢' —=NC—Cu complex10was prepared
by reaction of7 with the preformed Cu(l) complekand isolated

Cu(2) bridge atom sequences refined to the same agreement factors,
the bridge is concluded to be disordered. Both isomeric bridge atom in 57% yield. Itis precedented only By, having a different

sequences were examined in the final refinement of the Gie copper ligand and, despite multiple attempts, obtained only in
compounds. The following factors were obtained for FECN—Cu/ very small yields. The Fe-NC—Cu complex12 is formed
Fe—NC—Cu refinements. §](ClO4),2MeCNELO: 6.81/6.83. 10]- by the reaction of7 and Cu(l) complex2 in acetonitrile/
(ClO4)-MeCN: 6.62, 6.44. 12)(CIO4)-EtCN: 5.44, 5.21. The Fe dichloromethane. While the bridge oxidation level is that
CN~—Cu sequence is preferred f8iand the FeNC—Cu sequence for  desired, the N-cyanomethylation of the OEP ligand was
10 and11 on the basis oR factors and reasonable values of thermal

parameters (C, N); these preferences were supported by the Hamllton(zg) W. C. Hamilton, W. CActa Crystallogr.1965 18, 502.

test® at the 1% significance level. In the final cycles of refinement of  (29) See paragraph at the end of this article concerning Supporting
all structures, all parameters shifted ky1% of their esd’s and the Information available.
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[Cu(Npys)(MeCN)P**

B

[Cu(Npys)(MeCN)]'™*

D

e

[Cu,(MeNpy,),CN]'™

@ D

Figure 2. Structures of Cu(ll) 1) and Cu(l) @) precursors to bridged

Lim and Holm

(MeCN)]" derivative in which one pyridyl group carries a
—CO;Me substituent> In 2, however, the Cu(l) atom lies 0.55
A below the equatorial plane, placing the NEIGu—N(2—4)
angles at ca. 75 The displacement is in the direction of the
axial acetonitrile ligand whose CtN(5) bond length is 1.99-
(1) A. This results in an axial CuN(1) bond length of 2.43-
(1) A, as compared with equatorial values in the range 2.67(1)
2.12(1) A. The pattern of GuN distances is an obvious
manifestation of the preference of Cu(l) for tetrahedral rather
than five-coordinate stereochemistry, even with the semirigid
trigonal ligand Npy which can present four donor sites within
normal bonding distances.

Complexes5 and 6 evidence distorted tetrahedral Cu(l)
coordination and nearly linear four-atom bridges (bridge angles
174 and 173. In 5, with two chemically equivalent but
crystallographically inequivalent Cu(MeNgpyportions, refine-
ment indicates a disordered bridge. Because of the centrosym-
metry imposed upof, its bridge is necessarily disordered. Note
that, in6, the potentially tetradentate Npligand functions in
a tridentate mode with one pyridyl group uncoordinated, another

assemblies (upper) and two binuclear cyanide-bridged Cu(l) complexesindication of the four-coordinate preference of Cu(l). Trico-

(5, 6) (lower), showing atom-labeling schemes and 50% probability
ellipsoids.

unexpected. When the reaction was conducted in propionitrile/
dichloromethane, the same complex was obtained, showing tha
the source of the cyanomethyl group is coordinated acetonitrile.

N-Alkylporphyrins®® and their metal complexes, including those
of Fe(ll,111),3%-33 are well-known, but we are unaware of any
prior alkylation reaction of a metalloporphyrin by coordinated
or free acetonitrile. Two solvates]7](ClO4)-RCN (R= Me,

Et), were obtained after recrystallization. While neither com-
pound could be obtained in bulk form completely free of [Fe-

ordinate ligands are useful for the preparation of the precursors
[Cu(Mesdien)(MeCN)}" 22 and 4 (Figure 1) and for the stabi-
lization of Cu(l) in bridged assemblies.

Structures of Cyanide-Bridged Heme-Copper Assem-

lies. Three new complexes of this typ8, 10, and12—have
been prepared. Their X-ray structures have been determined
and are presented in Figures—8. Selected interatomic
distances and angles are summarized in Table 4. The structure
of heme precursor complekis described elsewhefe.

(a) FE" —CN—Cu'" Bridged Assembly. Complex8 is our
latest addition to this set of species and is best compared with

(OEP)CI], a persistent contaminant that we were unable to 92! (Figure 1). It features a low-spin six-coordinate ferriheme
separate, single crystals of both solvates suitable for X-ray 9roup; & nearly linear FeC—N—Cu bridge (Fe-C—N 173.7-

analysis were obtained.

Structures of Cu(ll,I) Complexes. We note briefly the
structures of four complexes, two of which are synthetic
precursors 1, 2) and two of which are bridged speci€s 6)
useful in comparison ofvcy values with those of other

(7)°, Cu—N—C 174.5(8)), and a distorted trigonal pyramidal
Cu'(Npys) fragment (Figure 3). While there are some small
differences between this fragment and initial complexnost
notably a decrease in the axial €N distance from 2.104(2)
to 2.007(7) A upon cyanide binding, dimensions are very similar.

complexes. Structures are depicted in Figure 2, and metric data,1 N comparison extends to a 0.26 A displacement of Cu(ll)
some of them given as ranges of values, are collected in Tabletoward cyanide with the same pattern of axiajuatorial bond

3. Complexesl and 2 provide a structural comparison of

angles found irl. As in 9 and related complexes, there is no

different oxidation states with the same ligand set. Copper(ll) 'arge structural change in the Cu(ll) fraglrlnent upon formation
complexl has a somewhat distorted trigonal bipyramidal shape ©f the cyanide bridge. All previous heme'FeCN structures,

and closely resembles [Cu(NEZI]*.34 The Cu(ll) atom is
displaced by 0.28 A from the equatorial plane N@ toward
the axial acetonitrile ligand, accounting for the angles N(1)
Cu—N(2—4) being less than 90 The principal elements of
distortion from idealizedCz, symmetry are the unequal €u
N(2—4) bond lengths, which vary over 0.041 A, and the N(2)
Cu—N(3) angle, which is 7.0 smaller than the other two
equatorial bond angles. Copper(l) compkalso approaches
trigonal symmetry and is nearly identical to a [Cu(Npy

(30) Lavallee, D. K.The Chemistry and Biochemistry of N-substituted
Porphyrins VCH Publishers: New York, 1987.

(31) Anderson, O. P.; Kopelove, A. B.; Lavallee, D.likorg. Chem198Q
19, 2101.

(32) (a) Balch, A. L.; La Mar, G. N.; Latos-Graaski, L.; Renner, M. W.
Inorg. Chem1985 24, 2432. (b) Balch, A. L.; Cornman, C. R.; Latos-
Graznski, L.; Olmstead, M. MJ. Am. Chem. S0d.99Q 112, 7552.

(33) (a) Wystouch, A.; Latos-Grahski, L.; Grzeszczuk, M.; Drabent, K.;
Bartczak, TJ. Chem. Soc., Chem. Comm@88 1377. (b) Bartczak,
T. J.; Latos-Gragnski, L.; Wystouch, Alnorg. Chim. Actal99Q 171,
205.

(34) Karlin, K. D.; Hayes, J. C.; Juen, S.; Hutchinson, J. P.; Zubieta, J.
Inorg. Chem.1982 21, 4108.

of which 7 is but one examplé’ have been finally refined with
the indicated atom sequence. We note that linear and nonlinear
four-atom bridges can be distinguished by EXAFS owing to
the enhancement of multiple-scattering intensity when the bridge
approaches linearit$f

(b) Fé"" —NC—Cu' Bridged Assembly. Bridged assembly
10is composed of a five-coordinate ferriheme group, a nonlinear
bridge, and an irregular QiMeNpy) fragment (Figure 4). The
mean Fe-N bond length (2.051(2) A) and displacement of the
iron atom from the porphyrin mean plane (0.38 A) are consistent
with high-spin Fe(llI}7 (vide infra). The Fe-N—C—Cu bridge
atom sequence is preferable from the X-ray refinement. The
bridge angle FeN—C = 162.1(3} is comparable with the value
of 165.3(4Y in 11?2 however, the bridge departs from linearity
to a smaller extent i10 (176.7(3)) than in11 (168.9(4}) on
the basis of the indicated G«C—N angles.

(35) Scheidt, W. R.; Hatano, KActa Crystallogr.1991, C47, 2201.

(36) zhang, H. H.; Filipponi, A.; Di Cicco, A.; Scott, M. J.; Holm, R. H.;
Hedman, B.; Hodgson, K. Q.. Am. Chem. S0d.997, 119 2470.

(37) Scheidt, W. R.; Reed, C. Ahem. Re. 1981, 81, 543.



Molecular Heme-Cyanide-Copper Bridged Assemblies Inorganic Chemistry, Vol. 37, No. 19, 1998903

Table 3. Selected Interatomic Distances (A) and Angles (deg) of Cu(ll,l) Compléx&s5, and6
[Cu(Npys)(MeCN)P* (2)

[Cu(Npys)(MeCN)I" (2)

Cu-N(1) 2.104(2) 2.43(1)
Cu-N(2) 2.074(2) 2.08(1)
Cu-N(3) 2.057(2) 2.12(1)
Cu-N(4) 2.033(2) 2.07(1)
Cu—N(5) 1.967(2) 1.99(1)
N(1)—Cu—N(2—4) 81.58(9)-82.46(9) 74.4(5%75.1(5)
N(1)—Cu—N(5) 178.3(1) 179.5(5)
N(L)—Cu—N(2) 81.58(9) 75.1(4)
N(1)—Cu—N(3) 82.39(9) 75.1(5)
N(1)—Cu—N(4) 82.46(9) 74.4(5)
N(5)—Cu—N(2—4) 96.9(1)-98.9(1) 104.5(5)106.0(6)
N(2)—Cu—N(3) 113.5(1) 117.6(4)
N(2)—Cu—N(4) 120.5(1) 107.9(4)
N(3)—Cu—N(4) 120.4(1) 114.8(4)

[Cux(MeNpy,).CNJ* (5)
Cu(1)-N(1) 2.162(7) Cu(2yN(4) 2.145(8)
Cu(1)-N(2) 2.055(8) Cu(2yN(5) 2.059(7)
Cu(1)}-N(3) 2.006(7) Cu(2)yN(6) 2.070(8)
Cu(1)-N/C 1.93(1) Cu(1yN/IC—CIN 174.2(9)
CIN=N/C 1.15(1) Cu(2)-C/IN—N/C 174.0(9)
Cu(2-CIN 1.87(1)

[Cuz(Npy3),CN]* (6)°

Cu(L)-N(1) 2.314(5) CuByNIC 1.865(4)
Cu(1)-N(2) 2.054(5) Cu(1yN/C—C/N 178.4(7)
Cu(1)-N(3) 2.064(5) C-N/N—-C 1.180(8)

aC = C(31), N= N(7).C = C(19), N= N(5).

[(py}OEP)Fe-CN-Cu(Npy;)]** [(OEP)Fe-NC-Cu{MeNpy,)]'*

Figure 4. Structure of F&/Cu bridged assembl$0, showing the atom-

Figure 3. Structure of F&/CU' bridged assemblg, showing the atom- labeling scheme and 50% probability ellipsoids.

labeling scheme and 50% probability ellipsoids.

(c) Fé'—=NC—Cu' Bridged Assembly. Two crystal struc- length of 2.09(3) A are in good agreement with the correspond-
tures were solved containing bridged assenttfy(Table 1), ing values (2.329(2), 2.11(2) A) for the latter complex. Both
which were essentially identical. Results for the propionitrile [F€'(N-MeTPP)CI] andL2 have identical displacements of 0.62
adduct are reportedd. The complex contains a five-coordinate A from the porphyrinic N plane. Given the well-known effects
N-alkylated iron(ll) porphyrin, a nonlinear bridge, and an of metal spin state and radius on heme stereochenfisirys
irregular three-coordinate GMpys) fragment with one unbound  clear thatl2 contains high-spin Fe(ll).
pyridyl group (Figure 5§8 Here also, the X-ray refinement Linkage Isomerism. Historically, cyano (M-CN) vs iso-
favors the FeN—C—Cu bridge. The porphyrin is configured cyano (M—NC) bonding has been differentiated by neu#fon
such that the cyanomethyl group is distal to the bridging cyanide and (in favorable cases) X-r&ydiffraction results usually
ligand. Atom N(1), to which the methyl group is bound, is
displaced 0.086 A below the porphyrinic N¢2) plane, i.e.,
away from the axial ligand. Analogous stereochemistry is found
with [F€'(N-MeTPP)CIJ3! [FE'' (N-MeTTP)CIJ",32° and related
five-coordinate complexe®¥. Other structural features df2
closely follow those of square pyramidal [R&l-MeTPP)CI],
which has been shown to contain high-spin Fe{il)The Fe-
NMe bond length of 2.360(3) A and the mean-f¢(2—4) bond

(39) (a) Curry, N. A.; Runciman, W. AActa Crystallogr 1958 12, 674.
(b) Sequeira, A.; Chidambaram, Rcta Crystallogr 1966 20, 910.

(c) Seccombe, R. C.; Kennard, C. H.Organomet. Chenl969 18,
243.

(40) (a) Ozbirn, W.; Jacobson, R. Morg. Chim. Actal97Q 4, 377. In
this study of [Co(NH)s(CN)](ClO4)2:0.5H,0, conventional and
weightedR-factors for the Ce-C—N (R = 0.082,R, = 0.119) and
Co—N—-C (R=0.085,R, = 0.123) models were considered decisive
for the cyano isomer. For more recent examples (but without the results
of alternative refinements), cf.: (b) Figgis, B. N.; Reynolds, PJA.
Chem. Soc., Dalton Tran&987, 1747. (c) Griffith, W. P.; Mockford,
M. J.; Skapski, A. Clnorg. Chim. Actal99Q 175 161.

(38) An uncoordinated pyridyl group has been observed in [Cu{Npy
(PPh)]* 25
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[(OEP-CH,CN)Fe-NC-Cu(Npy,)|™* course of forminglOand11l. While a similar event presumably
occurs in the preparation of2, the reaction sequence is
complicated by N-cyanoalkylation and reduction of Fe(lll). The
reductant has not been identified.

Solution Properties. The absorption spectra of heme
complex?, low-spin bridged assembli@&and9, and high-spin
assemblied0and11l, all in dichloromethane, are presented in
Figures 6 and 7. Soret maxima are summarized in Table 5.
The Soret bands & (397 nm) and® (404 nm) are blue-shifted
relative to that of7 (407 nm), while those 010 (379 nm) and
11 (380 nm) occur at shorter wavelengths. It is immediately
apparent that the two types of assemblies can be distinguished
by their Soret features and also by bands at lower energies
(500-700 nm). Within each type, the different copper frag-
ments have little effect on the electronic features of the heme

> centers. When examined B NMR, the OEP methylene
Figure 5. Structure of F&/CU bridged assembl$2, showing the atom- protons of8 (10.10, 10.21 ppm) anél (8.10, 11.66 ppm) and
labeling scheme and 50% probability ellipsoids. of 10 (44.8, 54.2 ppm) and.1 (45.3, 57.0 ppm) show the
) . . . . expected diastereotopic splittings with chemical shifts consistent
reflneg(lil In allte'rna]'?vlie t.)t())ndlmg Imodells. Thfe.classm work ]?f with low-spin and high-spin heme configurations, respectitely.
Jones, invo V'Eg ull vibrational analyses of isotopomers of 1, spin state ofl0 has been further confirmed by EPR; in
[MCN)2] (M = Ag, Au)_ and Hg(CN}and a Ju_dgment of the (gichloromethane at 4.2 K, this complex affords affords a nearly
reasonableness of certain force constants derived therefrom, le xial, typical high-spin spectrum wit, = 5.81 andgy, = 2.00

to thte C?EC.ISS'Ontthat these were cyano'dsp%c'lgs. dOur asst;?.n;not shown). By these techniques, we have found no evidence
gn_e;lzs Ot " g_ela omtﬁequenli:esfm cy?nll te- :' ge fgssem tle or dissociation of bridged assemblies in acetone or dichlo-
rests mainly on the results of crystal structure refinements. - .- o<l tions.

Prior to consideration of the relation of bridge structure and Cyanide Stretching Frequencies. Values ofvey relative

values oficy, we note certain other matters bearing on linkage to the free cyanide ion are set by three main factors: (i) electron
i i — i ,35,42 i .
isomerism. The FE—CN group in all heme® and in8, donation from the filled 6* MO of cyanide to the metal,

9, and seven additional bridged assemBliés closely ap- . )
proaches or achieves linearity, the range of angles being 175 _strengthenu_ng _the €N_ bond and raisingven, effe(_:_ts that
increase with increasing metal oxidation state; (ii) electron

18C°. If in the generalized bridge He-X—Y —M, the angle . , ;
involving the iron atom is very close to or within this range dqnatlon from the metal to-the vacam*ZMO.s. ofmcya-nlde, .
and the angle involving atom M is not, then the bridge is most with consequences opposite to_those in (i); (.”') klnema_t|c
likely Fe—C—N—M. If the converse is true, the bridge is coup_hng,whlch resu_ltsm cons}gamtﬁ on the motion of_cyamde
pobably Fe--C-, 3 siuaon Tat for = Cu() 1s | S S Bpeen o ey e B et
reinforced by the usual close approach to or achievement of of increased charge removal; (i) applies only to bridged species
linearity by the Cl—CN unit. Application of this test td.0 -narge - )y app Yy ged Species.
and 11 affords the crystallographically preferred structures, Further_cons;dgratlon of Fhesg factors and relevant examples
although11 presents a close call (Figure 1). Here, the-Fe are a.vallablé.’ Sum_marlzed in Table 5 aney data for.free
N—C—Cu arrangement would rest more heavily on the-Fe Cy‘?”'de' (_:oppefcyanld_e C(_)mplexes, bridged assemblles_, and
oxidases in different oxidation states. Values for uncoordinated

N—C angle (165.4(3)%9. In addition to structural features, . ; o
there are prior reactivity observations that suggest a reasonableCyanlde vary with the compound and the medium; 2080°cm

probability for the preferred Be-N—C—Cu atom sequence iIs a reasonable comparative value. For bridged complexes
in 10 and11 In the aquation reactions of [Cr(QH(CN)]2* 5—-12, the small differences between solid and solution values

and [Cr(OR)s(NC)J* in the presence of Hg, the rate of indicate that the bridged structures are maintained in solution.
reaction of the isocyano isomer is much faster because the (@ CU''—CNand Cu'=CN—Cu'. In mononuclear Cu(ll)
formation of the [CFCN—Hg]*" intermediate and its linkage complex3, the frequency is increased over t_hat of free cyanide,
isomerization to [C+NC—Hg]** are obviated® Reaction of as expec.ted: The only structurally characterlzed molecular Cu
the cyano complex [Cr(es(CN);]* with 1 equiv of Agt induces ~ CN species is [CU(HB(M@z)(CN)]",°* in which the metal has
linkage isomerization and the formation of the-@—C—Ag trigonally distorted tetrahedral coordination. The frequency shift

bridge, as inferred from band shifts in absorption spettra. - - —

These results are demonstrations of the affinity of soft acids (4®) C‘?”)‘pgr?;“’g L“Bethy'e”[‘?: CFSES?:Il]S(hAﬁShm am;tgges@ffg@ow- -
L S spin), 5.77, 6.46 ppm; [Fe igh-spin), 39.5, 41.8 ppm. The

for the carbon end of cyanide in systems where that affinity is spectra oB—10were recorded in acetortg; and the spectrum dfl

expressed by linkage isomerization. Copper(l), also being a was recorded in dichloromethaog-

soft acid, has a similar affinity, sufficiently pronounced so as (46) Dows, D. A.; Haim, A.; Wilmarth, W. KJ. Inorg. Nucl. Chem1961,

: . i . . 21, 33.
to induce isomerization of cyanide bound to Fe(lll)7imn the (47) (a) Bignozzi, C. A.; Argazzi, R.; Schoonover, J. R.; Gordon, K. C.;
Dyer, R. B.; Scandola, Anorg. Chem.1992 31, 5260. (b) Dunbar,

(41) Jones, L. HJ. Chem. Physl957 26, 1578;1957, 27, 468, 665. K. R.; Heintz, R. A.Prog. Inorg. Chem1997, 45, 283. (c) Laidlaw,
(42) Additional examples: (a) [Fe(TPP)(CN)(py)pcheidt, W. R.; Lee, W. M.; Denning, R. GJ. Chem. Soc., Dalton Tran$994 1987.

Y. J.; Luangdilok, W.; Haller, K. J.; Anzai, K.; Hatano, Knorg. (48) Nakamoto, Kinfrared and Raman Spectra of Inorganic and Coor-

Chem.1983 22, 1516. (b) [Fe(TPP)(CN) —Scheidt, W. R.; Haller, dination Compoundsgjth ed.; Wiley-Interscience: New York, 1986;

K. J.; Hatano, KJ. Am. Chem. S0d.98Q 102 3017. pp. 272-280.
(43) (a) Birk, J. P.; Espenson, J. lHorg. Chem1968 7, 991. (b) Espenson, (49) Penneman, R. A,; Jones, L. Bl. Chem. Physl956 24, 293.

J. H.; Bushey, W. RInorg. Chem.1971, 10, 2457. (50) (a) Lipschutz, B. H.; James, B. Org. Chem1994 59, 7585. (b)
(44) Heatherington, A.; Oon, S. M.; Vargas, R.; Kane-Maguire, N. A. P. Lipschutz, B. H.; Sharma, S.; Ellsworth, E.L.Am. Chem. So¢99Q

Inorg. Chim. Actal98Q 44, L279. 112, 4032.
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Table 4. Selected Interatomic Distances (A) and Angles (deg) of Bridged Assemblids-Es—Cu' (8), Fé'—NC—Cu (10),
Fe'—CN-CU (12)

[(py)(OEP)Fe-CN—Cu(Npy)]** (8)
1.91(1)

bridge Fe-C(55) Fe-C(55)-N(9) 173.7(7)
C(55)-N(9) 1.157(9) Cu-N(9)—C(55) 174.5(8)
Cu—N(9) 1.906(8) Fe-Cu 4.96
heme Fe-N(1) 1.979(7) Fe-N(10) 2.043(6)
Fe-N(2) 2.014(8) Fe-Ct 0.017
Fe—N(3) 1.979(9) C(55yFe—N(1-4) 85.3(5)-92.3(3)
Fe—N(4) 1.992(8)
mean of 4 1.99(2)
Cu fragment Cu-N(5) 2.007(7) N(5)-Cu—N(6—8) 81.1(3)-84.7(5)
Cu—N(6) 2.01(1) N(9)-Cu—N(6—8) 95.0(5)-101.1(3)
Cu—N(7) 2.06(1) N(5)-Cu—N(9) 177.1(4)
Cu—N(8) 2.084(8) N(6)-Cu—N(7) 128.0(4)
Cu—N(9) 1.906(8) N(6)-Cu—N(8) 119.5(4)
N(7)—Cu—N(8) 107.6(4)
[(OEP)Fe-NC—Cu(MeNpy)]* (10)
bridge Fe-N(8) 1.997(3) Fe-N(8)—C(52) 162.1(3)
C(52)-N(8) 1.151(5) Cu-C(52)-N(8) 176.7(3)
Cu—C(52) 1.870(4) Fe-Cu 4.95
heme Fe-N(1) 2.053(3) Fe-Ct? 0.38
Fe-N(2) 2.048(3) N(8)-Fe-N(1—4) 97.0(1)-103.9(1)
Fe—-N(3) 2.050(3)
Fe-N(4) 2.053(3)
mean of 4 2.051(2)
Cu fragment CuN(5) 2.163(5) N(5)-Cu—N(6) 95.4(2)
Cu—N(6) 2.048(4) N(5)-Cu—N(7) 97.5(2)
Cu—N(7) 2.052(4) N(6)-Cu—N(7) 108.3(2)
C(52)-Cu—N(5-7) 114.7(2)-118.6(2)
[(OEP—CH,CN)Fe-NC—Cu(Npy)]* (12)®
bridge Fe-N(9) 2.033(3) Fe-N(9)—C(55) 175.6(2)
C(55)-N(9) 1.156(4) Cu-C(55)-N(9) 174.7(3)
Cu—C(55) 1.869(3) Fe-Cu 5.05
heme Fe-N(1) 2.360(3) Fe-Ct 0.62
Fe-N(2) 2.101(2) N(9)-Fe—-N(1) 92.4(1)
Fe—N(3) 2.062(2) N(9-Fe—-N(2) 101.6(1)
Fe-N(4) 2.116(2) N(9)-Fe-N(3) 122.6(1)
N(1)—Fe—N(2) 82.16(9) N(9)-Fe—-N(4) 109.9(1)
N(2)—Fe—N(3) 88.02(9)
N(3)—Fe—N(4) 87.41(9)
N(4)—Fe—N(1) 81.99(9)
Cu fragment Cu-N(5) 2.273(3) N(53-Cu—N(7) 76.4(1)
Cu—N(7) 2.116(3) N(5)-Cu—N(8) 80.4(1)
Cu—N(8) 2.051(3) N(73-Cu—N(8) 105.2(1)
C(55-Cu—N(5) 126.8(1)
C(55-Cu—N(7) 117.2(1)
C(55-Cu—N(8) 133.1(1)

a Displacement (&) from porphyrin mean plane toward gy NC (10). P Data refer to 12](ClO4)-EtCN. ¢ Displacement (A) from plane N(2,3,4);
N(1) is displaced—0.086 A from this plane.

is essentially zero because tidvonding effect (i) compensates  precursor7 to afford the linear assembli@sand 92! raisesvcy

for the o-bonding effect (i). In the bridged linear Cu(l) by ca. 56-60 cnt!through the operation of factors (i) and (iii).
complexess and 6 (Figure 2), the effect of two metals raises From a normal-coordinate analysis of [(1-Melm)(OEPYEN—

ven by 30-40 cntl, presumably because of the combined Cu(Mestren)R*, these vibrational modes consist entirely of the
dominance of factors (i) and (iii). These results are consistent C—N stretching coordinaté®® When the Ct-N—C angle is
with those for other bridged Cu(l) speci®syith the value for decreased to near 15@he Cu-N bond length increases and
solid CUCN ¢cn 2172 cni't 49) being an apparent upper limit. .\ decreases. At the small-angle limit, stretching frequencies

(b) F¢" —CN—Cu'". Data are now available for some 11 closely approach the 214@152 cnr values found for the fully
linear and nonlinear bridged assemblies containing this unit. oxidized enzymes (Table 5).

Attachment of Cu(ll) to the nitrogen end of cyanide in heme (c) Fél —~NC—Cu'. Two examples of this type of assembly,

10 and11,22 both with bridges that depart from strict linearity,

are available. In the solid stategy values differ by 28 cmt,

but by only 2 cn? in solution. Perhap&l relaxes to a bridge

geometry closer to that dfo when placed in solution. Values

of vcyn in solution are used for comparison. The bridge has

isomerized upon coordination of Cu(l), whosebonding to

Cu-N, 2.10(4) A, N-Cu-C, 119.9(1)-135.5(1}. (HB(Mezpz)s = cyanide via the carbon end results in frequencies that are ca.
hydrotris(3,5-dimethylpyrazolyl)borate €J.) 1 mt bel h f

(52) Huang, H.: Alvarez, K.; Liu, Q.; Barnhart, T. M. Snyder, J. P.; Penner- 40 cnm lower than that of7 and ca. 90 c elow those o
Hahn, J. EJ. Am. Chem. S0d.996 118 8808. the linear or slightly bent Fe—CN—Cu' assemblies. The

(51) The compound (EN)[Cu(HB(Mexpz)s)(CN)] was prepared by the
reaction of CuCN and Na(HB(Mpz)s) in THF followed by addition
of (EuN)(BFy). It crystallizes in trigonal space groufl with a =
9.961(2) A,b = 10.845(2) A,c = 14.585(3) A,o. = 86.55(3), 8 =
83.62(3), y = 63.04(3}, Z = 2, andV = 1395.6(5) &. With use of
4921 unique data, the structure was refineRiffovR, = 4.67/12.13%.
Selected parameters: €€, 1.872(3) A; C-N, 1.143(4) A; mean
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L T | | ] M—C=N—M" <«— M=C=R
120 4(37—— [Fe(OEP)YCN)py)] "

---- [{(pY){(OEP)Fe-CN-Cu(Npys)I** I i
100 [~ —-—- [(py)(OEP)Fe-CN-Cu(Megtren)]?*|

The foregoing interpretations oy values in the three types

n of bridges are entirely qualitative and do not take into account

the (usually small) differences in geometry and metric features

at the iron and copper sites and in bridge linearity. Values of

Cu—C, C—-N, and Fe-N bond distances are, however, nearly

constant. Comparison df0/11 and 12 involves species with

. the same coordination numbers and donor atoms at both metal

sites. Summarized below is the entire range& values for

the three types of FeCu bridged assemblies in the solid and

solution states from this and prior wotkZ2bridge angles are

indicated. Bridges containing the GtCN fragment are
distinguishable from those with &&+N. However, the two

300 400 500 600 700 types of bridges containing Cu(l) are not necessarily distinguish-

Mom) able by this IR criterion.

gy x 107

Figure 6. UV/visible absorption spectra of low-spin Fe(lll) complex

7 (—) and low-spin F&/Cu' bridged assemblie8 (---) and9 (—+—) Is-Fé'—CN—CU'  2181-2172cm® linear ¢173)
in dichloromethane solutions. Band maxima are indicated. 2164-2120 cnrt nonlinear (146-16%)

hs-F¢' —NC—Cu 2100-2072 cmt*  nonlinear (162177)

120 T T I ' hs-Fé —NC—Cu 2107-2099 cm!  linear =175)
379
| —— [(OEP)Fe-NC-Cu(MeNpys)]'*

[(OEP)Fe-NC-Cu(Mesdien)]™* | Attempts to obtain other bridge types were not successful.
The Is-Fé' —CN/NC—Cu bridge was sought by the reaction
of 100r 11 ([(OEP)Fe-NC—CuL]") with potential axial ligands

- in dichloromethane or acetone. Wit equiv of added base,
the products were [Fe(OEP)B (B = py, 1-Melm) and
insoluble [CuL(CN)}, the precipitation of which helps drive
the reaction. Heme products were identified by absorption and
IH NMR spectral comparisons with authentic complexes gener-
_ ated in [Fe(OEP)(OCIg)]5%2B reaction systems. Chemical or
electrochemical reduction @ or 9 as a means to generate
Fe!'l' —CN/NC—CuU bridges afforded multiple products which

. have not yet been fully identified.

Relevance to Heme Copper Oxidases. Cytochromec
oxidase contains four one-electron redox centers: binuclegr Cu
600 700 hemea, and the binuclear hen&/Cug site. The other enzymes

are ubiquinol oxidases and lack LusSites in the latter enzymes
Figure 7. UV/visible absorption spectra of high-spin'HE€u bridged are believed to be closely analogous to those in bovine heart
assefmbliele (—) and 11 (---) in dichloromethane solutions. Band CcO, in part because the primary structures @oCand the
maxima are indicated. . . . . .

quinol oxidases are highly homologous. Cyanide stretching

observed solution values (2080, 2082 ¢jnare very close to  frequencies for four enzymes in different total oxidation states
that of the C&+—CN complex [Cu(HB(Mepz)s(CN)]~ (2077 are compiled in Table 5. Their authenticity was demonstrated
cm™t). This result strongly suggests that thébonding effect  py the spectra of isotopomers of cyanide; in several cases, the
(ii) dominates in this type of bridge and that kinematic coupling assignment of Fe-CN vibrations is based on the diminution
and the presence of Fe(lll) at the nitrogen end of the bridge are gf hand intensities on exposure of the enzyme to CO. New IR
minor factors in determining the stretching frequencies. datd”192% have become available since our last report on

(d) Fe'=NC—Cu'. Complex12is the only heme-based \jprational properties of heme-based cyanide-bridged assem-
example of this type of bridged assembly. The bridge is nearly pjie523 Some of these results are included in Table 5 and in
linear, W'.th angles belng in the 17—31760_ range. The solid the following discussion, which provides a current brief sum-
anqlsol_utlorw(;N values differ by 9 cm’, with the latter ca. 25 mary of band assignments and their relation to this investigation.
cm* higher than those fod0 and 11. The effect of the For detailed arguments, the primary literafdré® should be

oxidation state of iron omcy in Cu(l) bridges by the comparison . . - .
) . . consulted. Information for protein-bound and synthetic cyanide
of 1011 and12is complicated by different extents of departure species is considered in terms of the oxidation level of the

from linearity. Evidently, the closer approach to linearity in

12 contributes to a high stretching frequency, a matter easily enzyme. o ) o
appreciated by consideration of structuteandll. Possibly ~ (a) Fully Oxidized. The binuclear site is hs-FéCu' before
Fe(ll) differentially diminishesz-bonding by Cu(l) owing to a  incubation with cyanide and Is-F*éCu' after binding of cyanide,
smaller extent of charge removal from cyanide compared to as deduced from magnetic susceptibilifeand absorption,
Fe(lll). However, the apparent influence of Fe(lll) 10 and
11, when compared to the reference €GN complex, is slight. (53) Dolphin, D. H.; Sams, J. R.; Tsin, T. Biorg. Chem1977, 16, 711.

100 |~
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Molecular Heme-Cyanide-Copper Bridged Assemblies

Table 5. Cyanide Stretching Frequencies and Soret Band Maxima

Inorganic Chemistry, Vol. 37, No. 19, 1998907

VCN, cm?
group/bridge compd solid solrP Amax? NM ref
CN- NaCN 2080 2080 48,49
(EuN)CN 2085 e
(BusN)CN 2070 2080 50a
Cu'-CN [3](ClO4) 2143 2142 e
Cu—CN g 2083 2077 e
Cu—-CN—-CU [5](ClOy) 2103 2103 e
[6](ClOs) 2107 2109 e
Fe'—CN 7 2129 2121 407 2le
Fd'-CN—-Cu' [8](ClO4)2 2175 2172 397 e
[91(ClOy)2 2177 2179 404 21
Fd'—-NC—Cu [10](ClOs)2 2072 2080 379 e
[11](ClOg)2 2100 2082 380 e
Fd'—=NC—Cu [12](ClOs)2 2099 2107 i e
ox. CcO (bovine heart) 2150-2152 12, 14, 16, 17
ox. cytochromebo (E. coli) 2146 18
ox. cytochromeay, o (A. acet) 2147, 2146 20
partially red. @O (bovine heart) 2132, 2093 12,14,16
fully red. CcO (bovine heart) 2058, 2045, 2037 14,16
fully red. cytochromebo (E. coli) 2035 19
fully red. cytochromen; (A. acet) 2051 20

2Nujol mull or KBr. ? Dichloromethanes Acetonitrile. ¢ Aqueous. This work. T THF; also reported at 2057 cir® 9 (EuN)[Cu(HB(Mepz)(CN)].5*
h Nitromethane! Not isolated in pure form. All enzymes in aqueous buffer.

resonance Raman, and “Bkbauer spectroscopi®®> All

state is Is-F#/Cu with perhaps a minor amount of Is/Fe

enzymes show a sharp, intense band in the narrow interval Cu;562¢58with no cyanide present, the iron centers are high-

2146-2152 cntl. For bovine heart €, it has been established
that one cyanide binds per binuclear s$feStructural inter-
pretations have varied from terminal'fe CN binding with a
possible hydrogen-bonding interaction at the nitrogen-®tad
the bridged structure fe-CN—Cu', but without specification

of bridge geometry. The possible validity of a bridge structure
was reinforced by the MCD determination of 8a= 1 ground
state for bovine heart 6 a result obtained well before IR

spin>4-56 Two bands appear at 2132 and 2093 ¢énand that
near 2150 cm! is abolished. The 2132 crhfeature has been
assigned to Fé—CN, unbridged to the copper sité!416 This
frequency is close to that Gfand protein-bound oxidized heme
cyanide$® The 2093 cm! band has been associated with
terminal CU—CN coordinationt41¢ This value is near, but
higher thanycy for our CU—CN reference complex. It is also
close to the range for the hs!IFe NC—Cu bridged assemblies

data were available. Presumably, a bridging ligand propagates10and11and the hs-Pe-NC—Cu assemblyl2. Intervention

the ferromagnetic coupling required to effect this state. Our
earlier work showed that the enzymegy values can be achieved
with a nonlinear Fé —CN—Cu' bridge having a linear Fe
C—N portion with normal bond distances, a €N bond
distance of 2.£2.2 A, and a Ca-N—C bond angle of 156
16C°. Note that a nearly linear structure such as thosearid

9 generategcy values that are about 2580 cnm? too high

of these bridge types would require an enzyme EPR spectrum
similar to those ofL0 and 11 for the former and evidence for
high-spin Fe(ll) for the latter. We are unaware of spectral
features possibly corresponding to these bridges in partially
reduced enzymes treated with cyanide.

(c) Fully Reduced. This state is reached by a four-electron
reduction of bovine heart€® and has also been produced for

(Table 5). The bridge structure based on IR results now enjoystwo ubiquinol oxidases. The binuclear site is I8/, Three

a level of acceptancé:1”.1° Finally, 9 has an integer spin ground

state § = 1)*” as do the oxidase$;>® a seemingly fortuitous

finding if a bridge structure does not obtain in the enzymes.
(b) Partially Reduced. Addition of less than 4 equiv of

electrons to the fully oxidized form of bovine heat@affords

the partially reduced form, in which electrons are equilibrated

over the four redox centers. In the binuclear site, the oxidation

(54) (a) Babcock, G. T.; Vickery, L. E.; Palmer, G.Biol. Chem1976
251, 7907. (b) Babcock, G. T.; Callahan, P. M.; Ondrias, M. R.;
Salmeen, IBiochemistryl981 20, 959. (c) Sherman, D.; Kotake, S.;
Ishibe, N.; Copeland, R. AProc. Natl. Acad. Sci. U.S.A991, 88,
4265.

(55) (a) Kent, T. A.; Munck, E.; Dunham, W. R.; Filter, W. F.; Findling,
K. L.; Yoshida, T.; Fee, J. AJ. Biol. Chem.1982 257, 12849. (b)
Kent, T. A;; Young, L. J.; Palmer, G.; Fee, J. A.;'Nuk, E.J. Biol.
Chem.1983 258 8543.

(56) (a) Thomson, A. J.; Johnson, M. K.; Greenwood, C.; Gooding, P. E.
Biochem. J1981, 193 687. (b) Thomson, A. J.; Eglinton, D. G.; Hill,
B. C.; Greenwood, CBiochem. J.1982 207, 167. (c) Hill, B. C.;
Brittain, T.; Eglinton, D. G.; Gadsbhy, P. M. A.; Greenwood, C.;
Nicholls, P.; Peterson, J.; Thomson, A. J.; Woon, TB@chem. J.
1983 215 57.

(57) Kauffmann, K. E.; Day, E. P.; Mhek, E.; Lee, S. C.; Holm, R. H.
Unpublished results.

cyanide stretching frequencies have been detected dor i@
addition to a residual 2093 crh band. The 2058 and 2045
cm! bands are suppressed by CO and thus assigned to heme-
bound ligands. Heterogeneity at the binuclear site has been
proposed, such that the 2058 chabsorption arises from the
weak interaction Fe-CN:---Cu and the 2045 cmi feature from

a weaker interaction, or no interaction, with Cu() Perturba-

tion of vcn by hydrogen bonding has been discounted owing to
the absence of an appreciable isotope effect. Assignment of
the 2037 cm? band is less certain and may arise from thé-Cu
(CN), group of doubly substituted Gid* Bands for the two
bacterial oxidases have been assigned to the-E&l group®2°

Summary. The following are the principal results and
conclusions of this investigation.

(1) Heme-based molecular assemblies containing the bridges
Is-Fe''—-CN—CuU' (8, 9) , hs-Fd' —NC—Cu (10, 11), and hs-
Fe'—=NC—Cu (12) have been prepared by the reaction of [Fe-
(OEP)(py)(CN)] with appropriate Cu(ll,l) precursors in this and

(58) Nicholls, P.; Chanady, G. MBiochem. J1982 203 541.
(59) Yoshikawa, S.; O'Keefe, D. H.; Caughey, W.JSBiol. Chem1985
260, 3518.
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prior work 2122 The last bridge type occurs in a species in which and hs-FE—NC—Cu and have been assigned by others te- Fe
one porphyrin nitrogen atom is cyanomethylated by coordinated CN vibrations. There is no clear evidence that these bridges
acetonitrile in the precursor Cu(l) complex. exist in the reduced enzymes where heamappears to be low-

(2) In the complexes of (1), bridges are nearly lineé&r9, spin in the presence of cyanide. Howeweiy data are lacking
12) or somewhat bentlQ, 11) but with no bridge angle<162°. for the bridges Is-P&"" —CN/NC—CU, which thus far we have
Structures of the Fe(lll,1l) sites are typical of high- or low-spin  been unable to prepare.
states. The indicated bridge atom sequences are preferred from T define the structural nature of the binuclear site in cyanide-
X-ray structure refinements; the GtCN linkage is consistent  inhibited enzymes, a desirable next step is a correlated
with the soft acid character of Cu(l). From this and earlier vyiprational and X-ray absorption study of an enzyme lacking
studiesi-??there are nine structurally established heme-based cy, From examination of structurally defined bridged as-
assemblies with Is-Fie-CN—Cu', two with hs-Fé'—NC—Cu, semblies, iron and copper EXAFS criteria have been developed
and one with hs-Fe-NC—Cu . These constitute a (partial)  for linear and nonlinear bridgé§. However, EXAFS cannot
basis set for the investigation of cyanide stretching frequencies distinguish bridge linkage isomers, the possible existence of

as dependent on bridge structure. . which has gone largely unnoticed in analyses of enzyme
(3) From the basis set of bridged assemblies, rangesof  viprational spectral results.

values are defined from solid and solution IR data. Values for

Is-Fé''—=CN—Cu' are well above that for uncoordinated cyanide ~ Acknowledgment. This research was supported by NSF
because ofi-bonding and kinematic effects. Those for hdlFe Grant CHE 95-23830. X-ray diffraction equipment was obtained
NC—Cu and hs-FE—NC—Cu are below that of free cyanide, by NIH Grant 1 S10 RR 02247. We thank Professor Y. Kishi
primarily because of Ct-CN z-bonding. Thesecy ranges for use of the FT-IR spectrophotometer. The structure of the
may not, of course, encompass all subsequent examples of hemecu —CN reference compouftiwas obtained by Dr. C. Chiou

based assemblies with the same bridge types. in this laboratory.

(4) Values ofvcy in fully oxidized cyanide-inhibited heme
copper oxidases fall into a narrow (6 ch) range and are Supporting Information Available: Tables of crystal and intensity
entirely consistent with Is-Fe-CN—Cu' having a linear Fe collection data, positional and thermal parameters, and interatomic

distances and angles for the compounds in Tables 1 and 2 (86 pages).

C—N and a nonlinear (ca. 180 Cu—N—C fragment at the T SN
Ordering information is given on any current masthead page.

hemeas/Cug site. Data for cyanide-inhibited partially and fully
reduced enzymes fall below the ranges for h$-FABIC—CU, 1C9801793



